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1 EINLEITUNG

1.1 Estrogene

1.1.1 Estrogene als Steroidhormone

Estrogene gehoren zu den Steroidhormonen. Unter diesem Begriff werden Derivate des Sterans
zusammengefasst, welche als Hormone wirken. Beziiglich des Hauptbildungsortes lassen sich
die Steroidhormone einteilen in Corticosteroide, welche groftenteils in der Nebenniernenrinde
gebildet werden, und Sexualhormone mit den Gonaden als Hauptentstehungsort.

Die Corticosteroide werden weiterhin unterteilt in Mineralocorticoide, welche Salz- und
Wasserhaushalt aufrechterhalten, und Glucocorticoide, welche fiir die Glucosehomdostase
benotigt werden. Unter den Sexualhormonen lassen sich drei Steroidhormonklassen
zusammenfassen: Gestagene, Androgene und Estrogene. Gestagene werden auch als C21-
Steroide bezeichnet und haben im humanen Organismus einen wesentlichen Vertreter, das
Progesteron. Bei den Androgenen handelt es sich im Allgemeinen um C19-Steroide.
Hauptvertreter der Androgene sind Dihydroepiandrosteron (DHEA), Androstendion (Adion),
Androsteron, Testosteron (Testo) und Dihydrotestosteron (DHT). Ein weiteres humanes C19-
Steroid stellt das Androstendiol dar, welches jedoch estrogene Wirkung besitzt. Durch
Aromatisierung des steroidalen A-Rings entstehen aus den Androgenen Estrogene, deren
Hauptvertreter die C18-Steroide Estron (E1), das am stirksten wirksame Estradiol (E2) und
Estriol (E3) sind. Wesentlicher Bildungsort der Estrogene sind die Ovarien in der
pramenopausalen Frau (Sasano et al., 1989). Es gibt jedoch weitere Gewebe, welche in
geringerem Ausmal} Estrogene produzieren. Zu diesen Geweben gehoren Leber, Fettgewebe,
Gehirn (Bulun et al., 2001), Haut (Nelson und Bulun, 2001), Knochen, Plazenta (Simpson,
2003) und die Zona reticularis der Nebennieren (Moreau et al., 2008; Wasada et al., 1978).

1.1.2 Biosynthese und Regulation der Estrogene

Wie auch Androgene und Gestagene leiten sich Estrogene als Derivate des Sterans vom
Cholesterol ab, dessen Seitenkette zunidchst in einer katalytischen Reaktion durch das

mitochondriale CYP11A1 (side chain cleaving enzyme) abgespalten wird (Abbildung 1).
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Abbildung 1: Estrogenbiosynthese ausgehend vom Cholesterol.

Das aus dieser Reaktion entstehende Pregnenolon kann unter Einfluss der 33-Hydroxysteroid-
Dehydrogenase (3BHSD), welche im endoplasmatischen Retikulum lokalisiert ist, durch
Oxidation in Position 3 und Verschieben der Doppelbindung in Progesteron umgewandelt
werden. Beide Steroide, Pregnenolon und Progesteron, konnen in Position 170 hydroxyliert
werden. Vermittelt wird diese Reaktion durch das bifunktionale Enzym CYP17 (170-
Hydroxylase-C17/20-Lyase), welches zunéchst in der Hydroxylasereaktion die Bildung von 17-
Hydroxy-Pregnenolon und 17-Hydroxyprogesteron katalysiert, aus welchen dann in der
nachfolgenden Lyasereaktion DHEA und Adion dargestellt werden (Hall, 1991). Prinzipiell
kann E2 nun auf zwei Wegen gebildet werden. Die erste Mdoglichkeit ist die reversible
Reduktion der Androgene DHEA und/oder Adion durch 17BHSDs in Position 17 mit
nachfolgender, irreversibler Aromatisierung des steroidalen A-Rings durch das microsomale

CYP19 (Aromatase). Alternativ kann auch die Reihenfolge von Aromatisierungsschritt und
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Reduktion in Position 17 vertauscht sein. Die Konversion der 17-Ketosteroide zu den 17-
Hydroxysteroiden kann grundsitzlich durch unterschiedliche 17p-Hydroxysteroid-
Dehydrogenasen (17BHSD) katalysiert werden (Luu-The, 2001).

Die einzelnen Subtypen haben jedoch unterschiedliche Expressionsmuster und
Substratpriferenzen (Kap. 1.2.2). Der bevorzugte Weg der E2-Synthese verlduft iiber Adion
(Brueggemeier, 2001; Bulun et al., 2000), welches aus DHEA unter Einfluss der 3pHSD
gebildet werden kann und durch CYP19 zum E1 aromatisiert wird (Thompson und Siiteri,
1974). Im letzten Schritt wird das entstandene E1 in einer katalytischen Reaktion durch die
17BHSD1 in Position zum E2 reduziert (Gangloff ez al., 2001) (Abbildung 1).

Die Estrogenproduktion unterliegt der endokrinen Regulation des hypothalamisch-
hypophysiren Systems (Robker und Richards, 1998) (Abbildung 2). In der hypophysiotropen
Zone des Hypothalamus (kleinzellige Kerne) wird Gonadotropin Releasing Hormon (GnRH)
gebildet und pulsatil in den hypophysiren Pfortaderkreislauf sezerniert. Dadurch wird in der
Adenohypophyse (Hypophysenvorderlappen) die Freisetzung von Follikelstimuliernendem
Hormon (FSH) und Luteinisierendem Hormon (LH) stimuliert. FSH bewirkt in den Ovarien die
Follikelreifung (Richards er al., 1998). LH 16st die Ovulation aus und leitet die Bildung des
Corpus luteum (Gelbkorper) ein (Rao et al., 1978), welcher Progesteron produziert. Aulerdem
stimuliert LH in den Thekazellen des Follikels die Bildung von Androgenen, welche in den

Granulosazellen unter Einfluss von FSH zu Estrogenen konvertiert werden (Richards, 1980).

> Hypothalamus— . J |
{ /

l' - 4

< GnRH

f—— Hypophys y

4= FSH, LH l

— Estrogene, Progesteron

A J
Effekte

Abbildung 2: Zentrale Regulierung der Ausschiittung von Estrogenen und Progesteron. GnRH,
Gonadotropin Releasing Hormon; FSH, Follitropin, LH: Lutropin.
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Dariiberhinaus wird auch in den Nebennieren die Bildung von Androgenen gesteigert, welche
nachfolgend aromatisiert werden. Der Hormontransport vom Bildungsort ins Zielgewebe erfolgt
teilweise gebunden an Transportproteine und teilweise in der freien oder sulfatierten Form im
Blut (Suzuki et al., 2005). Durch Feedback-Mechanismen wird die Versorgung der Gewebe mit
Estrogenen kontrolliert.

Priamenopausal unterliegt die Estrogenkonzentration im Blut also starken Schwankungen. In der
ersten Zyklushilfte steigt die E2-Plasmaspiegel an bis sie kurz vor der Ovulation ihren
Maximalwert erreicht. Nach dem Eisprung sinkt der Plasma-E2-Spiegel zunichst ab, steigt aber
schnell wieder auf ein hohes Niveau an, da der Gelbkorper neben Progesteron auch E2 bildet.
Am Zyklusende werden wieder basale Werte erreicht. Da postmenopausal die ovarielle
Estrogenproduktion eingestellt wird, unterliegt die Blutkonzentration, die nun hauptséchlich
durch die Nebennieren aufrechterhalten wird, wesentlich geringeren Schwankungen. Auflerdem
sinkt die Estrogenkonzentration im Blut deutlich ab. So kann postmenopausal nur ca. ein
Zehntel der primenopausal beobachteten Werte detektiert werden (Miller und O'Neill, 1987;
van Landeghem et al., 1985).

Hormone-producing organs Hm'mone-talrget tissues
T T Bioactive -
hormones

IruieC tivee PO rreirue

Hormone-producing
ENZVINES

Bloactive hormone

Receptor

Promoler llﬂ“:l'l all
the target gens

Abbildung 3: Endokrine Hormonsekretion (Suzuki et al., 2005).

Diesem endokrinen Mechanismus, bei dem die aktiven Steroidhormone an einem Ort produziert
und danach zum Zielgewebe transportiert werden (Abbildung 3), steht nun die intrakrine
Versorgung des Zielgewebes gegeniiber (Abbildung 4). Dieser Begriff wurde 1991 von F.
Labrie gepréigt (Labrie, 1991) und besagt, dass lokal produzierte Androgene und/ oder
Estrogene ihre Wirkung in derselben Zelle entfalten, wo ihre Synthese stattgefunden hat, ohne
vorher in den extrazelluliren Raum abgegeben worden zu sein (Labrie et al., 2000).

H(.’Il mone- pl ()[lll(.lll“ (Jl'gclll‘s H()I‘ll]()llt‘-tll["";‘t ti‘;‘illt“&
o T~ Inactive —

Hormone-producing
i) 1]
/ hormones ﬂmm
. O\, uﬂO

Inactive hormone

|
[
| Hormone-producing il Bloactve hommone
4 enzymes Vessels ’
1 E i) Receptor
| Promoter reglon of
the target gene

Abbildung 4: Intrakrine Hormonsekretion (Suzuki et al., 2005).

Unterstiitzt wird die Theorie der E2-Aktivierung im erkrankten Gewebe auch dadurch, dass in
postmenopausalen Frauen dhnlich hohe E2-Konzentrationen in Brusttumorgewebe gefunden

wurden wie bei primenopausalen, obwohl nach der Menopause die Blut-E2-Konzentration stark
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vermindert ist (Gunnarsson et al., 2005; Miyoshi et al., 2001; van Landeghem et al., 1985).
AufBerdem wurde in Brusttumoren eine zehnfach hohere E2-Konzentration festgestellt als im
Blut (Suzuki et al., 2000).

Zieht man nun in Betracht, dass im Blut wesentlich mehr E1 vorliegt als E2, kommt der
17BHSDI1 unter dem Aspekt der Intrakrinologie besondere Bedeutung zu. Sie ist ndmlich in der
Lage, das aus der Transportform freigesetzte E1 direkt im Zielgewebe zu E2 zu aktivieren

(Lukacik et al., 2006; Luu-The et al., 1995).

1.1.3 Physiologische = Wirkungen und Wirkmechanismus der
Estrogene

Estrogene greifen in unterschiedlichen Zielgeweben an. Dabei zeigen sie hauptsédchlich genitale
Wirkung. Das heil3t, sie wirken auf die Sexualorgane wachstumsférdernd und sind fiir die
Priagung der weiblichen sekundidren Geschlechtsmerkmale zustidndig. Ebenso finden auch der
Aufbau der Uterusschleimhaut (Groothuis ef al., 2007), die Bildung der Endometriumdriisen,
sowie die Viskosititserniedrigung des Zervikalschleims unter Einfluss der Estrogene statt.
Durch E2 wird die Uterusschleimhaut fiir den Einfluss von Progesteron sensitiviert und damit
fiir die Implantation vorbereitet (Navot und Bergh, 1991; Riesewijk ef al., 2003). Auch fiir die
Aufrechterhaltung der Schwangerschaft und die fetale Entwicklung ist E2 essentiell (Albrecht et
al., 2000; Pepe und Albrecht, 1995).

Daneben entfalten Estrogene auch extragenitale Effekte. Im Knochen bewirken sie durch
Schluss der Epiphysenfuge die Beendigung des Langenwachstums und steigern die Resorption
von Kalzium sowie dessen Einlagerung in den Knochen (Turner et al., 1994). Neben der
Retention von NaCl und Wasser (Mendelsohn und Karas, 1999) sorgen sie fiir die
Vergroferung der subkutanen Fettdepots und zeigen schwache anabole Effekte.

Estrogene entfalten ihre Wirkung im Wesentlichen durch Aktivierung der Estrogenrezeptoren
(ER). Derzeit sind zwei Subtypen, ERa (Walter et al., 1985) und ERB (Kuiper et al., 1996;
Mosselman et al., 1996), im humanen Organismus bekannt. Prinzipiell zeigen sie denselben
Aufbau (Kumar et al., 1987) aber eine unterschiedliche Gewebeverteilung (Nilsson und
Gustafsson, 2000). So ist der ERa vorwiegend in Uterus, Leber, Niere und Herz exprimiert,
wihrend der ERP hauptsichlich in Ovarien, Prostata, Lunge, Gastrointestinaltrakt, Blase und im
zentralen Nervensystem {iberwiegt. In zahlreichen Geweben sind beide Rezeptortypen
coexprimiert, beispielsweise in Brustdriise, Schilddriise, Nebennieren und Knochen (Kuiper et
al., 1997). Auch in malignen Tumoren der Brust, Endometrium und endometriotischem Gewebe
wurden beide Subtypen detektiert (Cotterchio et al., 2003; Deroo und Korach, 2006; Dotzlaw et
al., 1997; Jensen et al., 2001; Maaroufi et al., 2000; Palmieri et al., 2002).

Beide Rezeptorsubtypen gliedern sich in sechs funktionelle Doménen A bis F (Abbildung 5).

Die A/B-Domidne am aminoterminalen Ende enthdlt die ligandenunabhingige
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Transaktivierungsfunktion 1 (Kumar et al., 1987). Im mittleren Bereich der C-Region befindet
sich die DNA-Bindungssequenz, welche den Rezeptor nach Dimerisierung in Wechselwirkung
treten ldsst. Hier sind beide Rezeptorsubtypen hochhomolog. Doméne D, eine flexible Region,
enthilt das Kernlokalisationssignal und aulerdem fiir die Dimerisierung wichtige Aminosiuren
(Picard und Yamamoto, 1987). In Doméne E mit einer Homologie von lediglich 59 % findet die
Ligandenbindung statt. C-terminal gelegen ist die ligandenabhiingige Aktivierungsfunktion
lokalisiert (Pratt ef al., 1988; Webster et al., 1988), welche in die variable F-Domine iibergeht
(Vegeto et al., 1992).

A/B cC D E F
ERa H.,N COOH
Homologie 18% 97% 30% 59% 18%
ERB H,N

Abbildung 5: Vergleich der humanen ER.

Ebenso wie im Expressionsmuster unterscheiden sich die Rezeptortypen auch in der Art der
vermittelten Effekte (Gustafsson, 1999; Ham und Parker, 1989; Katzenellenbogen, 1996;
Katzenellenbogen et al., 1993; Montano et al., 1996). So ist der bereits linger bekannte ERa fiir
die Auslosung der klassischen und proliferationsférdernden estrogenen Effekte verantwortlich,
wihrend dem ERp ein antiproliferativer, sogar antagonistischer Effekt zum ERa zugeschrieben
wird (Hall und McDonnell, 1999; Strom er al., 2004; Weihua et al., 2000). Diese
antagonistische Wirkung soll durch Heterodimerisierung zustande kommen (Lindberg et al.,
2003; Matthews und Gustafsson, 2003). AuBerdem scheint der ERB wichtig zu sein fiir die
Funktion der Ovarien und damit fiir die Fertilitét.

Estrogene Effekte konnen molekular auf unterschiedlichen Wegen ausgelost werden
(Abbildung 6). Man kann vier verschiedene Wege der ER-Aktivierung unterscheiden: die
ligandenabhingige, direkte Aktivierung, die ligandenabhidngige, indirekte Aktivierung, die
ligandenunabhingige Aktivierung (Murdoch und Gorski, 1991), welche die Aktivierung von
Genen auslosen, und nichtgenomische Effekte (Morani et al., 2008; Nilsson und Gustafsson,

2000).
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Direct activation

Gene activation

Target gene promoter

Indirect activation

l:l 2 . i . - M Gene activation
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Target gene promoter
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I'l + — ‘ . h B il Hf?.md physiological

Ligand e, fecis

Ligand—independent activation

Kinase activation —+ Gene activation
Il R . —&l—’—
Growth Growth factor
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Abbildung 6: Molekulare Wege der Effektauslosung durch den ER.

Bei der ligandenabhingigen, direkten Rezeptoraktivierung laufen bis zur Transkription mehrere
Prozesse ab. Nach Ligandenbindung erfolgt zunichst eine Rezeptordimerisierung. Dabei
konnen Homo- und Heterodimere gebildet werden. Daraufthin transloziert das Dimer in den
Nucleus und bindet an das estrogen-responsive element (ERE) in der Promotorregion des
Targetgens (Nilsson und Gustafsson, 2000). Eine weitere Regulationsinstanz stellen die
Coaktivatoren und -repressoren dar, welche einen Komplex mit Dimer und DNA eingehen und
dadurch die mRNA-Produktion anregen oder unterdriicken konnen (Heldring et al., 2007; Ozers
et al., 2005; Smith et al., 1997a).

Die ligandenabhiéngige, indirekte Rezeptoraktivierung 14uft dhnlich wie die direkte Aktivierung
ab. Der Unterschied besteht darin, dass hier non-ERE-Reportergene durch Aktivierung von
Transkriptionsfakoren wie SP1 abgelesen werden (Saville et al., 2000).

Im Falle des ligandenunabhingigen Weges sind Wachstumsfaktoren Ausloser der
Rezeptoraktivierung. Nach Bindung der Wachstumsfaktoren an ihren Rezeptor kommt es zur
Aktivierung von Kinasen, welche den ER phosphorylieren. Das phosphorylierte Protein ist nun
ebenfalls in der Lage zur Dimerisierung und nachfolgender ERE-Bindung. Dieser Mechanismus
scheint am Wachstum hormonunabhingiger Tumoren beteiligt zu sein (Coutts und Murphy,
1998; Shim et al., 2000).

Der Mechanismus der nichtgenomischen Effekte unterscheidet sich von den iibrigen
Aktivierungswegen, da die Wirkung hier nicht {iber die Ablesung von Targetgenen vermittelt
wird. Auf diesem Wege konnen schnelle Effekte der Estrogene ausgelost werden, da hier nicht
die DNA, sondern second messenger und Strukturproteine zur Verfiigung stehen. Die
Auslosung nichtgenomischer Effekte wurde in neueren Arbeiten auch als ,,membrane-initiated

steroid signalling” (MISS) bezeichnet, da offenbar eine Assoziation von Rezeptor und
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Membran bedeutend ist (Daufeldt et al., 2003; Song, 2007). Im Gegensatz dazu wurde
vorgeschlagen, die genomischen Effekte unter dem Begriff NISS fiir ,,nucleus-initiated steroid
signalling® zusammenzufassen (Nemere et al., 2003). Letztlich wird vermutet, dass die MAP-
Kinase (mitogen-activated protein kinase) und/ oder Wachstumsfaktoren wie EGF (epidermal
growth factor) oder IGF-1 (insulin-like growth factor 1) aktiviert werden (Heldring et al., 2007;
Mirquez und Pietras, 2001). Dariiberhinaus sind Estrogene in der Lage, durch Interaktion mit
Ionenkanilen sehr schnelle Effekt auszulosen. AuBerdem kann offenbar auch iiber die Bildung

von NO eine Vasodilatation hervorgerufen werden (Chen et al., 1999).

1.2 17BHSD1

1.2.1 17BHSD1 als Hydroxysteroid Dehydrogenase

Die Hydroxysteroid Dehydrogenasen sind Enzyme, welche stereospezifische Reaktionen an
unterschiedlichen Positionen des Steroidgrundgeriistes katalysieren (Penning, 1996). Sie
konnen zwei unterschiedlichen Enzymfamilien zugeordnet werden (Penning, 1997). Zu den
Aldo-Keto Reduktasen (AKR) gehdren die 17fHSDS, 3aHSDs und 200HSDs (Jez et al., 1997).
Die Enzyme dieser Familie liegen als Monomere vor und zeigen circa 67 % Sequenzidentitit
der Aminosduren. Fiir die AKR wird der Hydridtransfer nach dem 4-pro-R-Mechanismus
postuliert (Schlegel et al., 1998).

Die zweite Enzymfamilie, welche Hydroxysteroid Dehydrogenasen umfasst, sind die Short-
Chain Dehydrogenase/ Reduktasen (SDR) (Jornvall et al., 1995). Zu dieser Familie gehdren die
3BHSDs, die 11BHSDs und die 17BHSDs (Peltoketo et al., 1999a; Wu et al., 2007) mit
Ausnahme der 17BHSDS (Dufort et al, 1999). Die Enzyme liegen als Mono- Di-, oder
Multimere vor. Charakteristisch fiir die SDR ist der so genannte Rossman fold mit der
konservierten Struktur aus alternierenden [-Faltblittern und a-Helices (B-o-B-a-f), einem
Proteinabschnitt, in dem die Cosubstratbindung erfolgt. AuBerdem ist ein Tyr-X-X-X-Lys-
Motiv konserviert, dessen Tyrosin an der katalytischen Reaktion beteiligt ist (Puranen et al.,
1994). Die Sequenzidentitdt der Aminoséduren liegt bei circa 25 % innerhalb der Familie. Im
Falle der SDR wird die Hydridiibertragung nach dem 4-pro-S-Mechanismus vorgeschlagen
(Penning, 2003).

Die Funktion der Dehydrogenasen ist es, hochaktive Hydroxy- und weniger aktive Ketosteroide
ineinander zu iiberfithren (Penning, 2003). Innerhalb der SDR lassen sich weiterhin die echten
Dehydrogenasen, welche bevorzugt die Substratoxidation katalysieren, von den Reduktasen

unterscheiden, welche die Substratreduktion priferieren (Kap. 1.2.2).
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1.2.2 allgemeine Aspekte der 17BHSDs

Die Familie der 17BHSDs umfasst Enzyme, welche in der Lage sind, stereospezifisch
oxidoreduktive Reaktionen in Position 17 des Steroidgrundgeriistes zu katalysieren. Sie zeigen
jedoch eine relativ geringe Sequenzidentitit von 25 bis 30 % innerhalb der Familie (Lukacik et
al., 2006). Zur Zeit sind fiinfzehn Subtypen bekannt (Luu-The ef al., 2008). Die Nummerierung
erfolgt chronologisch nach dem Zeitpunkt der Erstbeschreibung. Zwolf der fiinfzehn Subtypen
kommen im humanen Organismus vor (Tabelle 1 und Tabelle2). 17BHSD6, 9 und 13 wurden in
Nagetieren gefunden (Biswas und Russell, 1997; Moller und Adamski, 2006; Su et al., 2007).
Die humanen néchsten Homologe zu 17BHSD6 und 9 sind — anders als in den Nagetieren —
wahrscheinlich in den Retinoidstoffwechsel involviert.

Obwohl alle Vertreter der 17BHSDs prinzipiell zur Katalyse beider Reaktionsrichtungen in der
Lage sind, konnen die Enzyme dieser Familie in oxidativ und reduktiv wirkend unterteilt
werden, da sie intrazelluldr eine Priferenz der Katalyserichtung zeigen (Miettinen ef al., 1996).
Dies ist durch zwei Faktoren erkldrbar (Abbildung 7, Abbildung 8).

Zum einen ist intrazellulir NADPH die Hauptelektronenquelle fiir reduktive Reaktionen. Die
Konzentration innerhalb der Zelle liegt im millimolaren Bereich, da die kontinuierliche
Regeneration aus NADP® iiber den Pentosephosphatweg gewihrleistet ist. Dagegen sind
intrazellulir lediglich micromolare Konzentrationen an NADH und NADP" vorhanden. Als
Elektronenakzeptor fiir oxidative Reaktionen stehen dagegen millimolare Mengen an NADH
zur Verfiigung, welches stindig iiber die Zellatmung erneuert wird (Williamson et al., 1967).
Zusammenfassend wird also intrazellulédr ein Ungleichgewicht der Cosubstrate aufrechterhalten,
in dem ca. 500mal mehr NADPH als NADP" fiir reduktive Prozesse vorhanden ist und ca.
700mal mehr NAD" als NADH vorliegt, um oxidative Reaktionen zu gewihrleisten (Agarwal
und Auchus, 2005; Sherbet et al., 2007) (Abbildung 7).

Glucose

/ % GIucose-G-phos@ﬁehydrogenase \

NADPH 500: 1,NADP’

OH

17R-HSD1

HO HO

Estron (E1) Estradiol (E2)

NADH 1:700 NAD'

\
\ Atmungskette % Zelle/

o, ¥

Abbildung 7: Intrazellulire Determinierung der Priferenz der Katalyserichtung von 17fHSDI1 und
17pHSD2.
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Der zweite Faktor, welcher zur Determinierung der Katalyserichtung beitrégt, ist eine Cofaktor-
Priferenz der einzelnen 17BHSD-Subtypen (Vihko et al., 2001). In kinetischen Studien wurde
beobachtet, dass die K,-Werte fiir NADP(H) und NAD(H) sich subtypabhingig stark
unterscheiden. Beispielsweise zeigt die 17pHSDI1 eine Priferenz fir NADPH (K, = 0,07 uM)
im Vergleich zu NADH (Km = 0,42 pM) (Gangloff et al., 2001; Jin und Lin, 1999; Mazza et
al., 1998). Analysen der Rontgenkristallstrukturen zeigten, dass in der N-terminalen Region des
Rossman fold reduktiver 17BHSDs ein Arginin-Rest vorhanden ist, dessen positiv geladene
Guanidinium-Fuktion eine Salzbriicke mit dem 2°-Phosphatrest des NADPH ausbilden kann
(Duax et al., 2003; Pletnev et al., 2004; Sawicki et al., 1999). Dadurch wird die Affinitdt zum
phosphorylierten Cosubstrat stark erhoht. Im Gegensatz dazu enthalten oxidative 17BHSDs eine
negativ geladene Aminosiure anstelle des oben erwéhnten Arginins, welche die Ladung des 2°-
Phosphatrestes der phosphorylierten Cofaktor-Form abstoen wiirde. Andererseits ist sie
geeignet, um Wasserstoffbriicken mit der 2°-OH-Funktion des NAD" auszubilden und damit die
Affinitdt zur nicht phosphorylierten Form erhoht (Chen et al., 1991; Huang et al., 2001).

H, ©OH O ) "% 2 o\(\Asp
— F Oy §F (o]
s U N S S O S
Ha( N \0\ o, 0 O =N HQ
N\ = PO HN\Arg e P NG
HoN iy TN HoN A i} ,/N,\
) )
=
! Z~NH + Z~NH
NADPH L NAD P

Abbildung 8: Cosubstratpriferenz reduzierender bzw. oxidierender HSD.

Die bevorzugte Katalyserichtung beinhaltet, dass die reduktiven Subtypen eine aktivierende
Funktion innehaben, da sie die weniger wirksamen 17-Ketosteroide in die hochaktiven 17-
Hydroxysteroide umwandeln (Gangloff et al., 2001). Dagegen wirken die oxidativen 17BHSDs,
welche die Bildung der 17-Ketosteroide katalysieren, inaktivierend und damit moglicherweise
protektiv (Miettinen et al., 1996).

Die 17BHSDs unterscheiden sich nicht nur beziiglich der Priferenz von Cosubstrat und
Katalyserichtung, sondern auch beziiglich der Hauptexpressionsorte, der subzellulidren
Lokalisation und der Substratpriferenz (Puranen et al., 1997). Dadurch kommt jedem einzelnen
Enzym eine bestimmte physiologische Rolle zu.

Tabelle 1 fasst die wichtigsten Charakteristika der reduktiven humanen 17BHSDs zusammen
(Moller und Adamski, 2006; Peltoketo et al., 1999a; Prehn et al., 2008). Sie zeigt auf, dass die
Expression sowohl in hormonabhingigen als auch in hormonunabhingigen Geweben erfolgt.
Dariiberhinaus wird deutlich, dass die Subtypen 1, 7 und 12 prinzipiell zur Aktivierung von
Estrogenen in der Lage sind (Krazeisen et al., 1999; Luu-The et al., 2006; Peltoketo et al.,
1999b). Die tatsdchliche physiologische Rolle der Typen 7 und 12 wird jedoch in Cholesterol-
und Lipidbiosynthese gesehen (Blanchard und Luu-The, 2007; Day et al., 2008; Marijanovic et
al., 2003; Moon und Horton, 2003; Ohnesorg und Adamski, 2006).
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Tabelle 1: Charakteristika der humanen, reduktiven 17HSDs.
Enzym Vorkommen Substrate (Patho)pﬁzlsll:loglsche Literatur
Brust, Bereitstellung hoher (Langer und Engel,
17BHSDI Endometrium,  Estrogene, Konzentrationen an 1958; Peltoketo et
Ovarien, Plazenta Androgene aktiven Steroiden (E2, al., 1988; Poutanen
(Cytosol) Testo) im Zielgewebe et al., 1993)
Bildung von Testo; .
17BHSD3 ‘Testes Androgene Defizienz: Pseudo- (Geissler et al.,
(Microsomen) .. 1994)
hermaphroditismus
AKtivierung von -y e or 7. 1999;
Leber, Prostata Androgenen, steigende Khanna et al
17BHSDS ’ Androgene Androgenspiegel in der 7
(Cytosol) . 1995; Penning et
Pubertit bei Pseudo-
- al., 2000)
hermaphroditismus
Cholesterolbiosynthese, (Krazeisen et al.,
Brust, Leber, . ’ .. :
17BHSD7 Plazenta Estrogene, Estrogenaktivierung, 1999; Marijanovic
(Membran) Zymosteron Defizienz: CHILD- et al., 2003; Torn et
Syndrom al., 2003)
(Blanchard und
Brust, Niere, Estrogene, Reeulation der Luu-The, 2007;
17BHSD12 Leber, Plazenta langkettige Li i%lbios nthese Luu-The et al.,
(Microsomen)  Fettsduren p y 2006; Moon und
Horton, 2003)
17BHSDI5 Prostata Androgene Pathogenese des (Luu-The et al.,

Prostatakarzinoms

2008)

Tabelle 2 gibt einen Uberblick iiber die oxidativen humanen 17BHSDs (Méller und Adamski,
2006; Peltoketo et al., 1999a; Prehn et al., 2008). Hier wird klar, dass vor allem Typ 2 und 4 fiir

die Inaktivierung von Estrogenen von Bedeutung sein konnen (Leenders et al., 1994). Typ 4

wird jedoch in Verbindung mit der f-Oxidation und dem Gallensdurenmetabolismus gebracht

(Adamski et al., 1995; Leenders et al., 1996; Normand et al., 1995), wihrend der 17HSD2

eine protektive Rolle bei estrogenabhéngigen Erkrankungen zugeschrieben wird.

Zusammenfassend kann man aus Tabellen 1 und 2 entnehmen, dass 17BHSDs im Korper in

vielen Geweben exprimiert werden. Es gibt jedoch subtypabhingige Expressionsmuster.

Dariiberhinaus sind die 17BHSDs in der Lage, verschiedene Substrate zu akzeptieren, wobei die

einzelnen Enzyme bestimmte Priferenzen aufweisen und unter anderem deshalb mit

bestimmten Erkrankungen assoziiert werden konnen.
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Tabelle 2: Charakteristika der humanen, oxidativen 173HSD:s.

(Patho)physiologische

Rolle Literatur

Enzym Vorkommen  Substrate

(Blomquist et al.,

Brust, Niere, Estrogene, = Gewebeprotektion vor zu 1985; Moghrabi,

Lunge, Plazenta

17BHSD2 Prostata > Androgene, hohen Spiegeln an 1998; Puranen et
) Progesteron aktivem Steroid al., 1999; Wu et al.,
(Microsomen)
1993)
Inaktivierung von (Adamski et al.,
Brust, Leber, Gallensiuren Steroidhormonen, f3- 1992; Adamski et
17BHSD4 Lunge, Plazenta Estrocene > Oxidation, Gallensiduren- al., 1995; van
(Peroxisomen) & metabolismus; Defizienz: Veldhoven et al.,
Zellweger Syndrom 1996)

Inaktivierung von i
TN v (Fomitcheva et al.,

Leber, Ovarien Androgene, Ste{mc.lhormor.len; 1998; Ohno et al.,
17BHSDS . moglicherweise .
(Microsomes)  Estrogene .. 2008; Pelletier et
bedeutend fiir al.. 2005)
Fettstoffwechsel v

(He et al., 1999; He

17BHSDI0 Ne%i:::)rsal:tsem [Ergilr?g;;:’ Pathogenese von Morbus et al., 2001; He et
y gene, Alzheimer al., 1998; Shafqat

(Mitochondrien) Gallensduren et al., 2003)

Niere, Leber, Lipide, Regulation der

17BHSDI 1 Lunge Estrogene, L1p1d.bl.osynthese, (Chai et al., 2003;
. . Inaktivierung von Keller et al., 2006)
(Microsomen) Gallensduren .
Steroidhormonen

(Jansson et al.,
2006; Lukacik et
al., 2006)

Pathogenese des

17BHSD14 Prostata Androgene Prostatakarzinoms

1.2.3 Strukturelle und biologische Merkmale der 17BHSD1

Die 17BHSD1 wurde erstmals von Langer und Engel 1958 als ,,plazentare Estradiol-17§-
dehydrogenase 1“ beschriecben (Langer und Engel, 1958) und nachfolgend durch
unterschiedliche Gruppen charakterisiert (Luu-The et al., 1995; Peltoketo et al., 1988; Tseng
und Mazella, 1981). Nach der Enzymnomenklatur der International Union of Biochemistry and
Molecular Biology wird sie unter der Abkiirzung EC1.1.1.62 eingeordnet.

Das entsprechende Gen ist auf Chromosom 17q12.1 lokalisiert und 3,2 kbp gro8. Es besteht aus
sechs Exons und fiinf Introns (Luu-The er al., 1990; Luu The et al., 1989; Peltoketo et al.,
1999b). Die 17BHSDI1 wird in einer Reihe von Geweben exprimiert. Die stirkste Expression
findet sich jedoch in Brustgewebe, Endometrium, den Ovarien und in der Plazenta (Martel et
al., 1992) (Tabelle 1).

Die erste Rontgenkristallstruktur der 17BHSD1 wurde 1995 publiziert (Ghosh et al., 1995). In

diesem Fall handelte es sich um das native Enzym. Seit dem wurden jedoch auch mehrere
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Kristallstrukturen mit verschiedenen Liganden generiert, welche als bindre oder ternire
Komplexe mit Estrogenen (Azzi et al., 1996; Breton et al., 1996; Duggan et al., 2008; Mazza et
al., 1998; Zhu et al., 1993) oder Androgenen (Fournier et al., 2008) vorliegen (Abbildung 9).
Auch mit Inhibitoren wurde die 17BHSDI1 bereits kristallisiert (Qiu et al., 2002; Sam et al.,
1995). Die Strukturen sind in der Proteindatenbank veroffentlicht (http://www.pdb.org).

Abbildung 9: Rontgenkristallstruktur der humanen 17fHSDI1 (Monomer) als Kokristallisat mit E2
(magenta) und NADP* (PDB-code 1FDT). Auflosung 2,2 A.

Wie aus Tabelle 1 hervorgeht ist die 17BHSD1 prinzipiell dazu in der Lage, Androgene und
Estrogene zu reduzieren (Gangloff et al., 2003; Lin et al., 2006; Luu-The et al., 1995; Poutanen
et al., 1993). Dabei ist jedoch zu beachten, dass die Affinitit zu E1 (K, = 0,03 pM) etwa
1000fach héher ist als die zu DHEA (K, = 33 uM) (Han et al., 2000). In Mutagenesestudien
konnte gezeigt werden, dass Leul49 von Bedeutung ist fiir diese Androgen-Estrogen-
Diskriminierung (Shi und Lin, 2004). Die schwichere Affinitit der Androgene lédsst sich damit
erkldren, dass die zusitzliche Methylgruppe der Androgene (C19) durch diese Aminosidure
sterisch gehindert wird. Dies bedeutet, dass die physiologische Funktion der 17BHSDI1 im
weiblichen Organismus die selektive Reduktion von E1 zu E2 ist.

Wie aus den Rontgenkristallstrukturen hervorgeht, ldsst sich die 17BHSDI1 strukturell in
Substratbindungstasche, Cofaktorbindungstasche, Eintrittskanal und einen flexiblen Loop als
wichtigste Merkmale einteilen. So kann man sich die Substratbindungstasche mit Eintrittskanal
als hydrophoben Tunnel vorstellen, welcher in der N#he des aktiven Zentrums hohe
Komplementaritdt zum Steroid aufweist. Vor dem Eintrittskanal liegt ein Loop, welcher in den
Kristallstrukturen aufgrund seiner Flexibilitit hidufig nicht aufgelost ist. Da dieser
Proteinabschnitt jedoch gleichzeitig auch die Grenze von Substrat- und Cofaktorbindungstasche
reprisentiert, definiert er Volumen und Form beider Kavititen. Das humane Enzym ist aus 327
Aminosduren aufgebaut und liegt als Homodimer vor, dessen Untereinheiten je 34,9 kDa

schwer sind (Lin et al., 1992). Ein Monomer besteht aus sieben parallel angeordneten [-
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Faltbldttern und 11 a-Helices. Die Fliche, welche aus den Faltbléttern gebildet wird, ist auf

beiden Seiten von drei a-Helices umgeben, welche gleichzeitig den Rossmann fold bilden

(Ghosh et al., 1995).

Abbildung 10: Schematische Darstellung des im aktiven Zentrum gebundenen E2 der 17fHSDI1
(PDB-code 1A27). Blaue Ellipsen reprdsentieren polare Aminosduren, gelbe Ellipsen reprisentieren

lipophile Aminosduren; Wasserstoffbriickenbindungen sind in rot dargestellt.

Die katalytische Tetrade wird von den Aminosduren Asnll4, Ser142, Tyr155 und Lys159
gebildet (Filling ef al., 2002; Puranen et al., 1997; Puranen et al., 1994). Diese stabilisieren das
Steroid durch Wasserstoffbriicken-Bindungen in der weitgehend hydrophoben Bindetasche
(Breton et al., 1996), welche an polaren Aminosduren lediglich Tyr218 und Ser222 enthiilt.
Diese treten jedoch offensichtlich nicht in Wechselwirkung mit dem Steroid (Abbildung 10).

1.2.4 Propagierter Katalysemechanismus

Als Katalysemechanismus fiir die 17BHSD1 wird ein pro-S-Hydridtransfer postuliert
(Abbildung 11), bei dem das Hydridion vom Nicotinamidrest des Cosubstrates in Position 17
auf die a-Seite des Steroids iibertragen wird (Penning, 2003). Die Protoneniibertragung von
Tyr155 auf die Carbonylfunktion in Position 17 erfolgt nach Ausbildung einer
Wasserstoffbriickenbindung. In diesem Fall wird der Transfer durch mehrere Faktoren
begiinstigt. Einerseits befinden sich in direkter Nihe die protonierte Seitenkette des Lys159,
sowie die 2"-OH-Gruppe der Ribose. Andererseits sind mehrere Wassermolekiile vorhanden,
welche iiber Wasserstoffbriicken in Verbindung stehen mit der Carbonylgruppe von Asnl14 im
Proteinbackbone. Diese Konstellation fiihrt zu einer Erhohung der Aciditidt der phenolischen
OH-Gruppe des Tyrosins und erleichtert damit die Protoneniibertragung (Breton et al., 1996;
Ghosh et al., 1995).
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Abbildung  11: Darstellung des propagierten  Katalysemechanismus der 178HSDI.

Wasserstoffbriickenbindungen sind als gestrichelte Linien dargestellt.

1.3 Estrogenabhangige Erkrankungen

1.3.1 Brustkrebs

1.3.1.1 Allgemeines

Brustkrebs ist das unkontrollierte Wachstum von Brustgewebe, welches die Fihigkeit besitzt, in
andere Gewebe einzuwandern. Laut WHO starben im Jahre 2007 weltweit 548000 Frauen an
Brustkrebs'. Das entspricht 7 % der durch Krebs verursachten Todesfille. Damit war Brustkrebs
2007 die hdufigste Krebserkrankung bei Frauen.

Die Klassifizierung bestehender Tumoren erfolgt in der Regel nach ER-Status, da die
Abhingigkeit des Wachstums von Estrogenen ein Ansatz fiir eine mogliche Therapie sein kann.
ER-exprimierende Gewebe (ER+) werden als estrogenabhingig eingestuft. Das bedeutet, dass
Estrogene das weitere Fortschreiten der Erkrankung stimulieren. Tumoren, in denen kein ER
nachgewiesen werden kann (ER-), werden als estrogenunabhéngig angesehen (Cotterchio et al.,
2003). Etwa 50 — 60 % der Brusttumoren bei pridmenopausalen Frauen sind ER+.
Postmenopausal zeigen sogar 75 % der Tumoren estrogenabhingiges Wachstum (Keen und
Davidson, 2003; Lower et al., 1999).

Ein weiterer Aspekt, welcher fiir die Wahl der optimalen Therapie wichtig sein kann, ist die
Expression des ,,human epidermal growth factor receptor” (Her2/neu) (Mackey et al., 2009).

Dieser wird jedoch nur in 15 — 20 % der Tumoren gefunden (Martin ef al., 2005).

1.3.1.2 Pathophysiologie

Im allgemeinen wird die Entwicklung von Brustkrebs iiber mehrere Stadien hinweg

angenommen (Page et al., 1984). Die initiale Verinderung wird bezeichnet als ,,proliferative

"http://www.who.int/mediacentre/factsheets/fs297/en/
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disease without atypia“ (PDWA), welche sich weiterentwickeln kann zur atypischen
Duktalhyperplasie. Diese wird noch nicht als Krebserkrankung eingestuft. Erst das folgende
Stadium, das DCIS (ductal carcinoma in situ) zéhlt zu den nichtinvasiven Krebserkrankungen.
Hierbei handelt es sich um die Proliferation bosartiger Zellen, wobei es noch nicht zu einer
Uberschreitung der Basalmembran gekommen ist. Im weiteren Verlauf entsteht schlieBlich der
invasive Brustkrebs (IBC) (Boughey et al., 2007; Miki et al., 2008).

Einer der wichtigsten Faktoren im frithen Stadium des Brustkrebses ist die E2-Exposition
(Thomas, 1984). So ist das Brustkrebsrisiko assoziiert mit verldngerter Estrogenexposition,
beispielsweise durch friihe Menarche und spite Menopause (Cauley et al., 1999; Russo et al.,
2006). Auch im Tierversuch konnte gezeigt werden, dass Estrogene Brusttumoren sowohl
hervorrufen als auch deren Wachstum stimulieren konnen (Nandi et al., 1995; Travis und Key,
2003). Verantwortlich fiir die vermehrte Proliferation sind letztlich peptidische
Wachstumsfaktoren, deren Expression durch Estrogene induziert wird (Garvin et al., 2005;
Nakamura et al., 1996). Dariiberhinaus sind Estrogene auch fiir die Upregulation verschiedener
Onkogene verantwortlich (Redeuilh et al., 2002).

Dieser kausale Zusammenhang zwischen Estrogenexposition und vermehrter Proliferation
spiegelt sich ebenfalls in einem MiBverhéltnis von E2 und E1 in malignem Gewebe wider (van
Landeghem et al., 1985). So konnte bei primenopausalen Frauen und in ER+ Tumoren eine
signifikante Erhohung dieses Verhiltnisses festgestellt werden (Miyoshi et al., 2001).

Als Ursache fiir eine erhohte Estrogenexposition des erkrankten Gewebes kommen
verschiedene Enzyme in betracht. So konnte gezeigt werden, dass die Sulfatase-mRNA in
malignem Gewebe erhoht ist (Utsumi et al., 2000). Selbiges wurde auch fiir die
Aromataseexpression gefunden (Brodie et al., 1997).

AuBerdem konnte in vielen Brustkrebsgeweben eine Uberexpression der 17PHSDI1 detektiert
werden (Gunnarsson et al., 2005; Gunnarsson et al., 2001; Vihko et al., 2003). Im Gegensatz
dazu wurde keine Erhohung der 17BHSD2-Expression festgestellt (Luu-The et al., 1995; Vihko
et al., 2004; Vihko et al., 2001). In mehreren Fillen wurde sogar eine Verminderung gefunden
(Bulun et al., 2000; Sasano et al., 2000; Zeitoun et al., 1998). Das daraus resultierende erhchte
Verhiltnis von 17BHSD1 zu 17BHSD2 (Miyoshi et al., 2001) sorgt fiir einen erhohten E2-
Spiegel im erkrankten Gewebe, welcher fiir die weitere Proliferation verantwortlich ist

(Subramanian et al., 2008; Suzuki et al., 2000).

1.3.1.3 Therapieoptionen

In der Therapie des Brustkrebses steht zunichst die chirurgische Entfernung des Primértumors
im Vordergrund. Nach Moglichkeit werden brusterhaltende Eingriffe vorgenommen, jedoch
kann auch eine Mastektomie nétig sein. Der Chirurgie schlieft sich in der Regel eine
Radiotherapie an, um Rezidive zu vermeiden (Fisher et al., 1993; Fisher et al., 2001). Diese

kann auch vor der Entfernung des Primértumors nétig sein, um diesen auf eine operable Grofle
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zu verkleinern. Vor allem im fortgeschrittenen Stadium oder bei Metastasierung kommt auch
die Chemotherapie zur Behandlung in Frage. Daneben stehen auch Interferone, Interleukine
oder Zytokine als Therapie zur Verfiigung. Deren Einsatz spielt zur Zeit jedoch eine
untergeordnete Rolle. Bei Expression von Her2/neu im Tumorgewebe ist der Einsatz von
Trastuzumab, einem monoklonalen Antikorper eine gute Therapieoption (Boughey et al., 2007,
Buzdar et al., 2005; Fisher et al., 1999).

Fiir estrogenabhiingigen Brustkrebs ist der endokrine Ansatz als adjuvante Therapie Mittel der
Wahl (Adamo et al., 2007; Miller et al., 2007) (Abbildung 12). Darunter versteht man die
Interferenz mit dem hormonellen System mit dem Ziel, die Estrogenwirkung zu unterdriicken
(Miller et al., 2007). Einerseits ist dies durch die Inhibition der Estrogenbiosynthese moglich,

andererseits durch die Verhinderung der Estrogenwirkung.

Hypotha!amys Y/

GnRH-Analoga q

Aromatase-

Inhibitoren q
A

SERM, SERD q Estrogenrezepteff &

Abbildung 12: Schematische Darstellung der endokrine Therapieoptionen des Mammakarzinoms.

Die Biosynthese der Estrogene kann durch GnRH-Analoga gehemmt werden, welche den
zentralen Feedbackmechanismus unterbrechen (Emons er al., 2003). In diesem Fall konnen
sowohl Agonisten wie Buserelin als auch Antagonisten wie Cetrorelix angewendet werden.
Durch die vollige Unterdriickung der Estrogenbildung im gesamten Organismus, treten jedoch
schwerwiegende Nebenwirkungen auf.

Peripher lasst sich die Estrogenbiosynthese durch Aromataseinhibitoren unterdriicken. Hier
stehen sowohl steroidale Inhibitoren wie Exemestan als auch nicht steroidale wie Anastrozol
zur Verfligung. Auch hier findet ein vollstindiger Estrogenentzug statt, welcher zu
Nebenwirkungen wie Osteoporose, Hitzewallungen oder Depressionen fiihrt (Perez, 2007)
(Abdulhaq und Geyer, 2008). Dariiberhinaus stellt die Resistenzentwicklung ein Problem fiir

die langerfristige Anwendung von Aromatasechemmern dar (Urruticoechea, 2007).
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Die Verhinderung der Estrogenwirkung kann durch ER-Antagonisten erreicht werden. Diese
Antiestrogene konnen unterteilt werden in selektive ER-Modulatoren (SERM) wie
beispielsweise Tamoxifen und pure Antiestrogene wie Fulvestrant (Adamo et al., 2007). SERM
konnen gewebeabhidngig als Agonisten oder Antagonisten am Rezeptor wirken. Daraus ergeben
sich entsprechende Nebenwirkungen wie beispielsweise einem verstirkten Wachstum von
Uterusgewebe bis hin zum Endometriumkarzinom (DeMichele et al., 2008; Saadat et al., 2007).
Fir Fulvestrant wurde festgestellt, dass der Abbau des Fulvestrant-ERo-Komplexes
beschleunigt ablduft. Damit wird der Gehalt an ERa-Protein im erkrankten Gewebe vermindert,
ohne die Expression auf mRNA-Ebene zu verdndern. Deshalb wird Fulvestrant auch zu den
selektiven ER-Downregulatoren (SERD) gezéhlt (Osborne et al., 2004). Dieser Mechanismus
wird auch fiir weitere pure Antiestrogene propagiert (Fan et al., 2007). Ebenso wie fiir die
Aromataseinhibitoren ist auch im Falle der ER-Antagonisten eine Resistenzentwicklung hiufig
zu beobachten (Gradishar, 2004; Hurvitz und Pietras, 2008; Jordan und O'Malley, 2007).

Eine Kombination der einzelnen Therapieoptionen ist moglich und wird auch héufig
durchgefiihrt. Es existieren heute also effiziente Therapieoptionen in der Behandlung von
Brustkrebs, welche jedoch auch eine Reihe von Nachteilen aufweisen. Deshalb besteht die

Notwendigkeit, neue Ansétze zur Brustkrebstherapie zu finden.

1.3.2 Endometriose

1.3.2.1 Allgemeines

Endometriose ist definiert als histologisch nachgewiesenes ektopes endometriales Driisen- und
Stromagewebe. Meist sind viszerale und peritoneale Oberflichen betroffen. Dabei besteht
jedoch keine Korrelation zwischen Ort oder GroBe der Lasionen und Stirke der Symptomatik.
Es handelt sich um eine nicht maligne, jedoch rezidivierende Erkrankung, die hiufig assoziiert
ist mit starken Schmerzen und damit einer erheblichen Beeintrichtigung der Lebensqualitit.
AuBerdem kann eine bestehende Endometriose zu Zyklusstdrungen sowie zur Infertilitit fiihren.
Endometriose wird bei 6 — 10 % der Frauen im gebéarfihigen Alter diagnostiziert (Giudice und
Kao, 2004). Unter den Frauen mit bestehender Infertilidt sind sogar 25 — 40 % betroffen (Ozkan
et al., 2008).

Nach makroskopischer Erscheinung werden drei Krankheitsbilder unterschieden: die
peritoneale Endometriose, die zystische Ovarialendometriose und die retroperitoneale, tief

infiltrierende Endometriose einschlieBlich Adenomyosis (Donnez et al., 1995).

1.3.2.2 Pathophysiologie

Fir die Pathogenese wurden in der Vergangenheit unterschiedliche Theorien propagiert
(Donnez et al., 2002). Nach der Metaplasietheorie soll pluripotentes Zolomepithel aus dem

Bereich der Urogenitalfalte beim Erwachsenen ausdifferenzieren und endometriotische
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Liasionen hervorrufen (Demir et al., 2004; Nap et al., 2004). Entsprechend der Theorie der
Autotraumatisierung des Uterus soll es infolge einer Hyperperistaltik der Gebidrmutter zur
verstiarkten Abschilferung basaler Endometriumfragmente kommen, welche dann durch den
erhohten intrauterinen Druck wihrend der Menses in die Bauchhohle gelangen konnen
(Leyendecker et al., 2002). Am ehesten akzeptiert ist die von Sampson postulierte
Implantationstheorie, nach der normale Endometriumzellen durch retrograde Menstruation in
die Bauchhohle gelangen und sich dort nach der Implantation zu Endometrioseherden
weiterentwickeln (Sampson, 1927). Zusitzlich scheinen jedoch auch andere Faktoren wie
Enzymausstattung, Zytokine und Wachstumsfaktoren eine Rolle zu spielen, da nicht jeder
retrograden Menstruation eine Implantation folgt. Gestiitzt wird diese Theorie auch durch die
Beobachtung, dass bei Affen durch Spiilen von Endometriumzellen durch den Uterus in den
Bauchraum die Induktion einer Endometriose méglich ist (D'Hooghe und Debrock, 2002;
Einspanier et al., 2006).

Auf molekularer Ebene ist offenbar ein positiver Feedback-Mechanismus (Abbildung 13)
zwischen E2 und Prostaglandin E, (PGE,) verantwortlich fiir Implantation und Proliferation des

ektopen Gewebes (Bulun ef al., 2000).

Endometriotische Zelle
/ Arachidonsaure \

COX-2
Cholesterol E2 Prollferatlon
StAR
17BHSD1
CYP19

\ Adion > E1 /

Abbildung 13: Schematische Darstellung der molekularen Ursachen der Endometriose. Blaue Pfeile

reprdsentieren Enzyminduktion, rote Pfeile reprisentieren Effekte. COX-2, Cyclooxygenase Typ 2;
PGE2, Prostaglandin E2; StAR, steroidogenes akutes regulatorisches Enzym.

In endometriotischem Gewebe wurde eine erhohte Expression der Cyclooxygenase (COX) Typ
2 nachgewiesen, welche fiir den Abbau der Arachidonsdure zu PGE, verantwortlich ist. PGE,
wiederum stimuliert das steroidogene akute regulatorische Protein (StAR) (Tsai et al., 2001).
Infolgedessen kommt es lokal zur verstirkten Synthese von Adion aus Cholesterol, welches
durch CYP19 in E1 umgewandelt wird. Fiir CYP19 konnte im Endometriosegewebe ebenfalls
eine sehr hohe Expression festgestellt werden (Smuc ez al., 2007). Das entstandene E1 wird nun

durch die 17BHSD1 zum E2 reduziert, welches einerseits fiir das weitere Wachstum
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verantwortlich ist und andererseits die COX2 induziert (Bulun et al., 2005). Dariiberhinaus
wurden in der Peritonealfliissigkeit betroffener Frauen erhohte Spiegel von Interleukin 18 (IL-
1) und vaskulirem endothelialen Wachstumsfaktor (VEGF) gefunden (Gazvani und
Templeton, 2002; Shifren et al., 1996), welche ihrerseits potente Induktoren der COX2 sind.
Die erhohte E2-Produktion im endometriotischen Gewebe (Delvoux et al., 2008) wird
aullerdem dadurch begiinstigt, dass die 17BHSD1 im erkrankten Gewebe iiberexprimiert zu sein
scheint (gmuc et al., 2007), wahrend die 17pHSD2-Expression vermindert ist (Zeitoun et al.,
1998). Ahnlich wie beim Brustkrebs liegt also auch hier ein gestortes Verhiltnis der Expression
von 17BHSD1 und 17BHSD2 vor (Kitawaki et al., 2002).

Zusammengefasst lauft in endometriotischen Lisionen ein Teufelskreis ab, welcher die
Endometriose als Erkrankung mit zwei Komponenten charakterisiert, da sowohl ein
entziindlicher Prozefl mit Zytokinen und Prostaglandinen als Mediatoren stattfindet als auch ein

invasiver Vorgang, der durch die kontinuierliche E2-Produktion stimuliert wird.

1.3.2.3 Therapieoptionen

Entsprechend der beiden oben beschriebenen Charakteristika der Endometriose werden zur Zeit
verschiedene Therapien angewandt. Hiufig eingesetzt werden COX-Hemmer, welche das
entziindliche Geschehen der Endometriose ansprechen (Laschke ef al., 2007) und gleichzeitig
fiir eine Schmerzlinderung sorgen.

Um die verstédrkte E2-Produktion zu bremsen wird — wie auch beim Brustkrebs — mit GnRH-
Analoga, aber auch mit oralen Kontrazeptiva oder Androgenen therapiert. Antiestrogene und
Aromataseinhibitoren haben aktuell noch keinen Eingang in die Behandlung der Endometriose
gefunden. In ersten Studien konnten jedoch positive Resultate mit Aromataseinhibitoren erzielt
werden (Bulun et al., 2001).

AuBerdem steht noch die Laparoskopie bzw. Laparotomie als Therapie zur Verfiigung, welche
in der Regel lediglich fiir eine voriibergehende Entfernung der endometriotischen Lésionen

sorgt, da hdufig Rezidive entstehen.

1.4 Neuer Therapieansatz zur Behandlung estrogenabhéngiger
Erkrankungen

1.4.1 17BHSD1 als Schliisselenzym der Estradiol-Aktivierung

Wie in den Kapiteln 1.3.1.2 und 1.3.2.2 beschrieben wurde ist die kontinuierliche Produktion
von Estrogenen entscheidend fiir Initiation und Progression von Brustkrebs und Endometriose.
Fiir die Ausiibung der estrogenen Effekte ist hauptsidchlich E2 verantwortlich, da E1 etwa eine
10fach schwichere Affinitit zu den ER aufweist. Die Aktivierung von E1 zu E2 wird durch die

17BHSD1 katalysiert, welche sowohl in Brusttumoren als auch in endometriotischen Lésionen
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iiberexprimiert ist. Dadurch ist die E2-Biosynthese lokal im erkrankten Gewebe verstirkt. Somit
steht mehr E2 zur Verfiigung, welches die Proliferation direkt stimulieren kann. Die Bedeutung
der 17BHSDI1 fiir estrogenabhingige Erkrankungen wurde in einem transgenen Mausmodell
untermauert, in dem das humane Enzym in der Nacktmaus iiberexprimiert wurde. Die erhohte
Enzymaktivitit konnte in vivo und ex vivo nachgewiesen werden (Saloniemi et al., 2007). Die
so verdnderten Tiere entwickelten Endometriumhyperplasie, und in ca. der Hilfte der
weiblichen Versuchstiere entwickelte sich ein Mammakarzinom. Deshalb ist die Hemmung der
17BHSDI ein interessanter Ansatz um direkt im Zielgewebe die E2-Konzentration vermindern
zu konnen und damit das Fortschreiten der Erkrankung zu unterdriicken. Durch die
Uberexpression im erkrankten Gewebe wiirde die Enzyminhibition auch vor allem dort
wirksam, wodurch weniger Nebenwirkungen erwartet werden konnen. Unter diesem Aspekt ist
auch der Eingriff in den letzten Schritt der E2-Biosynthese zu sehen, da auf diese Art und Weise
nachfolgende Reaktionen nicht beeinflusst werden.

Der Vorteil von 17BHSD1-Inhibitoren verglichen mit etablierten endokrinen Therapien besteht
darin, dass nur die Biosynthese des Estrogens E2 gehemmt wird. E1 kann im Organismus
weiterhin seine schwache, estrogene Wirkung entfalten und damit dem radikalen
Estrogenentzug vorbeugen, welcher die typischen Nebenwirkungen wie
Stimmungsschwankungen bis hin zur Depression, Osteoporose oder Hitzewallungen hervorruft.
Auch bei Versagen etablierter Therapien, beispielsweise durch Resistenzentwicklung gegeniiber
Tamoxifen, konnten 17BHSD1-Inhibitoren als zusitzliche Option von Nutzen sein.

Deshalb ist die 17BHSDI1 ein neues, vielversprechendes Target fiir die nebenwirkungsarme

Therapie estrogenabhéngiger Erkrankungen.

1.4.2 17BHSD1 zur Therapie des estrogenabhéngigen

Mammakarzinoms

Im Mammakarzinomgewebe wiirde das oben beschriebene, abnormal hohe Verhiltnis der
Aktivitidten von 17BHSDI1 und 17BHSD2 auf ein physiologisches Niveau herabgesenkt werden.
Dies ist vor allem vor dem Hintergrund von Bedeutung, dass mit einer erhohten 17pHSD]1-
Expression bei Brustkrebs eine schlechte Prognose verbunden ist (Gunnarsson et al., 2005;
Gunnarsson et al., 2001; Subramanian et al., 2008).

Um entwickelte 17BHSDI1-Inhibitoren auf ihre Wirkung in der Zellkultur oder in
Versuchsorganismen zu testen, kommen mehrere, bereits etablierte Modelle in Betracht.
Zunichst existieren zwei Zellwachstumsmodelle, in denen die Proliferation humaner
Mammakarzinomzellen, welche die 17BHSD1 exprimieren, mit E1 stimuliert wird. Als Maf fiir
die Wirksamkeit wird in diesen Experimenten die Hemmung der stimulierten Proliferation
herangezogen. Hier erwiesen sich bereits steroidale 17BHSDI1-Inhibitoren als wirksam. Im
Modell nach Laplante et al. (Laplante et al., 2008) wurde jedoch nicht deutlich, ob diese
Wirksamkeit auf der Hemmung der 17BHSD1 beruht oder aufgrund potentieller antiestrogener
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Wirkungen hervorgerufen wurde. Ahnlich bleibt im Modell nach Day et al. (Day et al., 2008)
unklar, ob die Wirkung moglicherweise durch einen Partialagonismus am ER entsteht.
AuBerdem wurden in diesen Untersuchungen relativ hohe Inhibitorkonzentrationen bendtigt.
Die durchgefiihrten Versuche zeigen zwar erste positive Ergebnisse fiir das Konzept der
17BHSD1-Inhibition als Brustkrebstherapie, die Entwicklung weiterer Inhibitoren, sowie die
Verfeinerung der beschriebenen Modelle sind jedoch notig.

In etablierten Tiermodellen kdnnen weiterfithrende Untersuchungen gemacht werden. So wurde
das unter Punkt 1.4.1 beschriebene transgene Nacktmausmodell verindert, indem das humane
Enzym unter dem mouse mammary tumor virus (MMTV) Promotor exprimiert wurde. In dem
resultierenden Modell kann die Konversion von E1 zu E2 in vivo bestimmt werden. Durch Gabe
eines 17BHSD1-Inhibitors wurde die Umsetzung gehemmt (Lamminen et al., 2008).

Eine weitere Modifizierung des transgenen Nacktmausmodells ist die zusitzliche Exprimierung
eines ERE mit Luciferase-Reportergen. Als Vorstufe zum Krankheitsmodell koénnen hier
anhand der Lumineszenzintensitit Unterschiede in der Aktivitdt der Estrogene im Gewebe
detektiert werden (Saloniemi et al., 2007). In Zusammenschau mit einer Aktivititsbestimmung
der 17BHSD1 im betreffenden Gewebe lassen sich hier interessante Einblicke gewinnen.

Als Krankheitsmodelle sind vor allem zwei Xenograft-Modelle fiir die Indikation Brustkrebs zu
erwihnen, in denen durch humane Mammakarzinomzellen Tumoren in Nacktmiusen induziert
werden. Eines dieser Modelle arbeitet mit MCF-7-Zellen (Husen et al., 2006a; Husen et al.,
2006b). Dabei handelt es sich um eine Brustkrebszelllinie, welche nur in geringem Ausmal
17BHSD1 exprimiert (Day ef al., 2006; Smuc und Rizner, 2008). Deshalb wurden die Zellen
vor der Inokulation in die Flanke ovariektomierter Méuse stabil mit 17BHSD] transfiziert. Zur
Etablierung der Tumoren wird zunéchst mit E2 stimuliert. Wiahrend der Experimente wird E1
zugefiihrt. Als Parameter fiir die Wirksamkeit der getesteten Substanzen wird die Tumorgrof3e
herangezogen. In diesem Modell wurden bereits steroidale Inhibitoren untersucht. Thr Einsatz
verhinderte das durch E1 induzierte Tumorwachstum.

Im zweiten Xenograft-Modell werden T47D-Zellen benutzt (Day et al., 2008), welche selbst
geniigend 17BHSDI1 exprimieren (Day et al., 2006). Ebenso wie im MCF-7-Modell werden die
Nacktmiduse vor den Versuchen ovariektomiert. Allerdings erfolgt hier keine initiale
Stimulation mit E2 sondern mit E1, um die Tumoren zu etablieren. Hier konnen Tumorgrofie,
Plasmaestradiolspiegel und 17BHSD1-Aktivitdt im Tumor untersucht werden. Auch in diesem
Modell wurden bereits steroidale Inhibitoren untersucht, welche das El-induzierte
Tumorwachstum hemmten. Auflerdem konnte gezeigt werden, dass die 17BHSD1-Aktivitit im
Tumor ebenso wie der Plasmaspiegel an E2 abgesenkt wurden.

Die ersten positiven Ergebnisse, welche mit steroidalen Inhibitoren der 17BHSD1 erhalten
wurden, untermauern die Bedeutung der 17BHSD1 in der Entwicklung, aber auch in der

Therapie des Mammakarzinoms.
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1.4.3 17BHSD1 zur Endometriosetherapie

In endometriotischem Gewebe wiirde die Hemmung der 17BHSDI1 zu einer Unterbrechung des
unter 1.3.2.2 beschriebenen Circulus vitiosus fiihren.

Auch fiir die Endometriose existieren mehrere interessante Tiermodelle. Uber die Stufe der
Nagetiere hinaus kommen hier auch Primatenmodelle in Frage. Da jedoch nur eines der
Endometriosemodelle  mit humanem Enzym arbeitet, sind hier entsprechende
Speziesunterschiede bei der Enzymhemmung zu beachten.

Im Skinfoldchamber-Modell konnen unterschiedliche Nager eingesetzt werden. Hier werden
den Tieren autolog Endometriumfragmente in die Nackenfalte transplantiert (Laschke et al.,
2005; Menger et al., 2002). Diese konnen dann am lebenden Tier untersucht werden. Als
Parameter fiir die Wirksamkeit einer Substanz werden die erreichte GroBe des Transplantats
sowie dessen vaskularisierte Zone und die Dichte der Mikrogefile verwendet. Auflerdem
konnen VEGF und PCNA (proliferating cell nuclear antigen) als Marker fiir das Wachstum
herangezogen werden. Bisher wurden noch keine 17BHSD1-Inhibitoren in diesem Experiment
untersucht.

Das zweite Nagermodell arbeitet mit humanem Enzym. In diesem Falle werden menschliche
Endometriosefragmente am Peritoneum von ovariektomierten Nacktmiusen festgeniht
(Griimmer et al., 2001; Scotti et al., 2000). Als untersuchte Parameter dienen die
Expressionsidnderung E2-sensitiver Gene sowie der 17BHSD1 und der Aromatase. Als
Proliferationsmarker wird Ki67 herangezogen. Auflerdem wird der Blutestradiolspiegel
iiberwacht. Die Anwendung eines 17BHSDI-Inhibitors fiihrte zu einer Reduktion der
Expression von 17BHSD1 und CYP19 (Fechner et al., 2007).

Im dritten Nagetier-Versuch werden transgene Miuse mit ubiquitdrer Luciferase-Aktivitit
generiert. Endometriumfragmente einer Maus werden danach am Bauchfell einer zweiten, nicht
transgenen Maus angeniht. Um die Wirksamkeit applizierter Substanzen zu untersuchen, kann
die Anderung der Lumineszenzintensitit herangezogen werden, welche im lebenden Tier
gemessen werden kann. Auflerdem werden Mikrogefd3dichte und Gewebeviabilitit gemessen
(Becker et al., 2006). In diesem Modell wurde bisher kein 17BHSD1-Inhibitor untersucht.

Die weniger artifiziellen, jedoch aufwendigeren Primatenmodelle werden an Zynomolgen
(Macaca fascicularis) oder Marmosetaffen (Callithrix jacchus) durchgefiihrt.

Im Zynomolgenmodell werden Endometriumfragmente autolog in das Abdomen transplantiert.
Die GroBe der entstandenen Lésionen, sowie IL-6 (Interleukin 6) und IL-6-SR (Interleukin 6
soluble receptor) als Endometriosemarker werden gemessen. AufBerdem wird der
Plasmaestradiolspiegel tiberwacht (Sillem et al., 1996; Yang et al., 2000).

Im Marmosetaffen dagegen verlduft die Induktion der Endometriose auf einem Weg, welcher
die Entstehungstheorie nach Sampson (vgl. 1.3.2.2) aufgreift. Hier werden Endometriumzellen

mit Pufferlosung durch den Uterus in den Bauchraum gespiilt, wo sie sich zu
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Endometrioseherden entwickeln. Als Parameter fiir die Wirksamkeit einer Substanz werden die
GroBe der entstandenen Lision sowie der Blutfluss innerhalb dieser herangezogen. Weiterhin
werden die Protein- und mRNA-Expression der ER sowie von CYP19 und 17HSD1 untersucht
(Einspanier et al., 2006).

Auch in Endometriosemodellen konnten bereits erste positive Resultate mit 17pHSDI1-
Inhibitoren erzielt werden.

Zusammenfassend unterstreichen die Ergebnisse der Tiermodelle die Bedeutung der 17pHSD1
fiir estrogenabhiéngige Erkrankungen. Die Entwicklung von 17BHSD1-Inhibitoren ist somit ein

vielversprechender Ansatz zu deren Therapie.

1.4.4 Bekannte 173HSD1-Inhibitoren

In den letzten zehn Jahren sind eine Reihe von Publikationen iiber 17BHSD1-Inhibitoren
erschienen (BroZic et al., 2008; Poirier, 2003). Die meisten Veroffentlichungen befassen sich
mit steroidalen Hemmstoffen, welche sich in der Regel von E1 oder E2 ableiten (Allan ef al.,
2006a; Allan et al., 2006b; Vicker, 2006). Auch Hybridinhibitoren, in denen ein steroidales
Grundgeriist iiber einen Linker mit einem Adenosinrest verkniipft wurde, sind beschrieben
(Fournier et al., 2008; Qiu et al., 2002).

Weit weniger Arbeiten beschéftigen sich mit der Entwicklung nichtsteroidaler Inhibitoren. Als
erste Verbindungen mit geringer Aktivitit wurden Coumestrol- und Gossypol-Derivate
beschrieben (Brown et al., 2003; Mikeld et al., 1995). Aulerdem wurden Biphenylethanon-
Derivate mit einer inhibitorischen Aktivitit im niedrigen micromolaren Bereich publiziert
(Allan et al., 2008). In der Klasse der Thienopyrimidinone wurden Verbindungen mit sehr
hoher Aktivitédt (ICso = 5 nM) beschrieben (Messinger et al., 2006).

Auch im Arbeitskreis von Prof. Hartmann wurden in den letzten Jahren nichtsteroidale
Inhibitoren der 17BHSD1 entwickelt. Aus der Forschungsarbeit resultieren zwei Klassen an
hochaktiven und gegeniiber 17BHSD2  selektiven = Hemmstoffen:  1-substituierte
Hydroxyphenylnaphthole (Frotscher er al., 2008; Marchais-Oberwinkler et al., 2008a;
Marchais-Oberwinkler et al., 2008b) und Bisphenyl-substituierte Arene und Heteroarene (Al-
Soud et al., 2009; Bey et al., 2008a; Bey et al., 2008b; Bey et al., 2008c).

Da in der Entwicklung potentieller Arzneistoffe nicht nur eine exzellente inhibitorische
Aktivitét erreicht werden muss, werden in der Entwicklung im — im Unterschied zu anderen
Arbeitsgruppen — zusitzliche MalBstibe zur Beurteilung der Substanzen angelegt, welche
potentielle Nebenwirkungen, pharmakokinetische Aspekte, physikochemische Eigenschaften
(Lipinski’s rule of five) (Lipinski, 2000) und Speziesunterschiede adressieren (Kruchten et al.,
2008).

Dabei sollten nichtsteroidale Verbindungen fiir eine nebenwirkungsarme Therapie besser
geeignet sein als steroidale, da das Risiko einer Affinitit zu weiteren steroidbindenden

Proteinen geringer ist.
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E2 ist an der Entstehung und Progression estrogenabhingiger Erkrankungen beteiligt. Durch die
Uberexpression der 17BHSDI1 in Brustkrebs und Endometriose wird im erkrankten Gewebe
vermehrt E2 produziert, welches das Fortschreiten der Erkrankung stimuliert. Die Inhibition der
17BHSD1 eroffnet einen neuen Angriffspunkt zur sensitiven Behandlung estrogenabhingiger
Erkrankungen. Durch Hemmung der 17BHSD1 sollen selektiv im erkrankten Gewebe die
erhohten E2-Spiegel abgesenkt werden. Da 17BHSDI1-Inhibitoren lediglich in den letzten
Schritt der E2-Biosynthese eingreifen, bleibt im gesamten Organismus das schwach aktive E1
erhalten. Damit findet kein vollstindiger Estrogenentzug statt, woraus bei den etablierten
Therapien starke Nebenwirkungen resultieren.

Im Arbeitskreis sollen hochpotente Inhibitoren der 17BHSD1 entwickelt werden, welche sich
zur Anwendung als potentielle Therapeutika eignen. Um dies beurteilen zu konnen, soll
zunichst ein leistungsfihiges Screeningsystem aufgebaut werden, mit dessen Hilfe sowohl
pharmakodynamische als auch pharmakokinetische Aspekte evaluiert werden konnen (Kap.3.1).
AuBerdem sollen sich aus unterschiedlichen Tests Struktur-Wirkungs-Beziehungen, SARs,
ableiten lassen, welche fiir die weitere Optimierung der Verbindungen notwendig sind (Kap.3.2
und 3.3). Relevante Eigenschaften fiir 17BHSD1-Inhibitoren, welche in einem Screeningsystem

evaluiert werden miissen, sollen gefunden werden.

Tabelle 3: Aspekte fiir die Beurteilung von 17HSD1-Inhibitoren als potentielle Therapeutika.

Pharmakodynamische Eigenschaften Pharmakokinetische Eigenschaften

Inhibitorische Aktivitit an 17pHSD1 Intestinale Absorption
(zellfrei und intrazellular)
Inhibition der hepatischen CYP-
Selektivitit gegeniiber 17pHSD2, Enzyme
ERa und ER (CYP1A2, CYP2B6, CYP2C9,
CYP2C19, CYP2D6, CYP3A4)

Proliferationsfordernde und -hemmende
Lebermetabolismus
Eigenschaften

Toxizitat Erreichbare Plasmaspiegel

Wirksamkeit in geeigneten Modellen
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Die wichtigsten Aspekte in der Entwicklung der 17BHSDI1-Inhibitoren als potentielle
Therapeutika sind in Tabelle 3 zusammengefasst. Um diese Eigenschaften beurteilen zu
konnen, sollen geeignete Tests ausgewihlt und etabliert werden. Durch sinnvolle Kombination
zu einem Screeningsystem soll die verldssliche und schnelle Auswahl geeigneter Verbindungen
gewdhrleistet werden, welche fiir den Eintritt in die préaklinische Phase in Frage kommen.

Zur Vorbereitung auf das davor anstehende proof of principle im Tierversuch sollen
inhibitorische Aktivitit und Selektivitit am Enzym einer geeigneten Spezies untersucht werden.
Dieser Schritt ist notwendig, da sich das humane Enzym zum Teil erheblich von den Proteinen
iiblicher Labortiere unterscheidet. Fiir die Untersuchungen wurde die Ratte als geeignetes
Labortier ausgewidhlt, an dem auch Pharmakokinetikstudien durchgefiihrt werden. Im ersten
Schritt soll die Aktivitit des oxidativen und der reduktiven 17BHSDIls im Lebergewebe
bestimmt werden (Kap. 3.4). Als nichstes sollen geeignete Priparationen angefertigt werden,
um zwei getrennte Inhibitorentests aufzubauen, in welchen die Inhibition der Reduktion von E1
bzw. der Oxidation von E2 untersucht werden kann. In den etablierten Assays sollen nun die
inhibitorische Wirkung der vorhandenen Verbindungen evaluiert werden (Kap. 3.5).

Um die Wirksamkeit potentieller Kandidaten fiir die Weiterentwicklung beurteilen zu konnen,
soll ein weiterer Test aufgebaut werden, welcher aussagekriftig ist im Hinblick auf die
Reduktion der Proliferation estrogenabhingig  wachsender Zellen. In  diesem
Zellkulturexperiment soll die humane Brustkrebszelllinie T47D zum Einsatz kommen, welche
17BHSDI1, 17BHSD2 und die ERs exprimiert. Das erhohte Verhiltnis der Expressionen von
17BHSD1 zu 17BHSD2 spiegelt die Verhiltnisse im estrogenabhingigen Brustkrebs wider.
Nach einer Stimulation mit E1 sollen Aussagen moglich sein iiber die Verminderung der
Proliferation durch den Einsatz von 17BHSDI-Inhibitoren. Daneben soll der Versuch
Informationen geben iiber proliferationsférdernde und -hemmende Wirkungen der

Verbindungen selbst sowie iiber estrogene und antiestrogene Effekte (Kap. 3.6).
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3 ERGEBNISSE

3.1 Development of a biological screening system for the
evaluation of highly active and selective 178HSD1-
inhibitors as potential therapeutic agents

Patricia Kruchten, Ruth Werth, Sandrine Marchais-Oberwinkler, Martin Frotscher, Rolf
W. Hartmann

Dieses Manuskript wurde als Artikel in folgendem Journal veréffentlicht:
Molecular and Cellular Endocrinology (2009) 301, 154-157.

Publikation I

Abstract

17B-Hydroxysteroid dehydrogenase type 1 (17BHSD1) catalyses the intracellular conversion of
oestrone (E1) to oestradiol (E2). E2 is known to be involved in the development and
progression of breast cancer and endometriosis. Since 17BHSDI is overexpressed in these
oestrogen-dependent diseases, inhibition of this enzyme may be a more target-directed
therapeutical approach compared to established medical treatments. For the identification of
highly active and selective 17BHSD1-inhibitors that are suitable for application as potential
therapeutics, there is a need for an appropriate, efficient and reliable screening system. Here, we
report the development and application of our screening system using our in house library of
potential 17BHSD1-inhibitors. Four potent and selective compounds with a good first
pharmacokinetic profile were identified.

Introduction

17BHSD1 catalyses the NADPH dependent reduction of the weak oestrogen E1 to E2 (final step
of oestrogen biosynthesis). E2 is the principal and most potent oestrogen in humans. In addition
to non-genomic effects, it performs crucial functions in the endocrine system by binding to the
oestrogen receptors (ERs). However, it has also been shown to stimulate the proliferation of
diseases such as endometriosis (Zeitoun et al., 1998) and breast cancer (Thomas, 1984; Vihko et
al., 2003). 17BHSDI is overexpressed in endometrial tissue (Smuc er al, 2007) and in many
breast tumours. This leads to a high intracellular concentration of E2 which activates cell
proliferation (Miyoshi et al., 2001). Inhibition of this enzyme is therefore an attractive novel
concept for the treatment of oestrogen-dependent diseases. Compared to established endocrine
therapies that systemically reduce E2 action, fewer side effects are expected.

To be suitable as potential therapeutics 17BHSD1-inhibitors must meet several requirements.
High 17BHSDI inhibitory activity and low inhibition of its physiological counterpart 17BHSD2
(Wu et al., 1993) are essential. Besides, the inhibitors must not activate the ERs a and P to
avoid stimulation of tumour growth. Moreover, good intestinal absorption, sufficient metabolic
stability and low interaction with hepatic CYP-enzymes are very important. Consequently, it is
necessary to have a biological screening system on hand for the evaluation of active
compounds. Here, we describe our biological test system that enabled us to identify two series
of highly active non-steroidal 17BHSD1-inhibitors with good selectivities towards 17pHSD2
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and both ER subtypes (Frotscher et al., 2008; Marchais-Oberwinkler et al., 2008; Bey et al.,
2008).

Materials and methods

Cell-free competitive inhibition assay on human 17pHSD1

The assay was performed similar as described by Sam et al. (Sam et al., 1998). Briefly, human
enzyme was partially purified from placental tissue and incubated with [2, 4, 6, 7-’H]-E1 for 10
min at 37 °C in the presence of NADH. After ether extraction, substrate and product were
separated by HPLC and detected with a radioflow detector (Berthold Technologies, Bad
Wildbad) (Frotscher et al., 2008).

Cell-free competitive inhibition assay on human 17pHSD2

Human enzyme is partially purified from placental tissue and incubated with
[2, 4,6, 7—3H]—E2 (500 nM) for 20 min at 37 °C in the presence of NAD". After ether extraction,
substrate and product were separated by HPLC and detected with a radioflow detector
(Frotscher et al., 2008).

Competitive ER binding assay

ER-binding affinity was determined similarly to a previously described method (Zimmermann
et al, 2005). ERa or ERpB was incubated with [2, 4, 6, 7-3H]—E2 and inhibitor for 1 h at room
temperature. Receptor-bound and free E2 were separated by means of hydroxyapatite. The
amount of bound radioactivity was measured in a liquid scintillation counter. Non-specific
binding was determined with diethylstilbestrol (Bey et al, 2008).

Cytotoxicity assay

For evaluation of cytotoxicity, conversion of MTT was determined as described by Denizot and
Lang with minor modifications (Denizot and Lang, 1986). T47D cells were incubated with the
inhibitor for 3 h at 37 °C in a 5 % CO, humidified atmosphere. After an MTT-incubation of 3 h
the cleavage of MTT to a blue formazane by mitochondrial succinate-dehydrogenase was
quantified spectrophotometrically at 590 nm.

Cellular activity

T47D cells were pre-incubated with the inhibitor for 30 min. After 30 min incubation with [2, 4,
6, 7-3H]-E1 at 37 °C in a 5 % CO, humidified atmosphere the supernatant was extracted with
ether. Probe analysis was performed according to the cell-free inhibition assays.

Qestrogenicity assay

T47D cells were grown in phenolred-free medium supplemented with stripped fetal calf serum.
T47D cells were incubated with the compounds for 10 days at 37 °C in a 5 % CO, humidified
atmosphere. The medium containing the respective inhibitor was exchanged every 2 to 3 days.
E2 was used as positive, ethanol as a negative control. Determination of cell number was
performed by MTT-conversion as described for the cytotoxicity assay.

CaCo2-permeability assay

CaCo-2 cell culture and transport experiments are performed as described by Yee (Yee et al,
1997) with small modifications. Four reference compounds (atenolol, testosterone, ketoprofene,
erythromycin) were used in each assay for validation. Samples were taken from the acceptor
side after 0, 60, 120 and 180 min, and from the donor side after 0 and 180 min. The integrity of
the monolayers is checked by measuring the transepithelial electrical resistance (TEER) before
the transport experiments and by measuring lucifer yellow permeability after each assay. All
samples of the CaCo-2 transport experiments are analysed by HPLC-MS/MS.
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Metabolic stability assay

The assay is performed with liver microsomes from rats (Sprague Dawley, male pool; BD
Gentest, USA). The incubation consists of a microsomal suspension of 0.33 mg/ml protein in
phosphate buffer NADP*-regenerating system (NADP®, glucose-6-phosphate, glucose—6-
phosphate dehydrogenase, MgCl,). The reaction is initiated by the addition of test compound
(final concentration 1 uM) to the pre-incubated microsomes/buffer mix at 37 °C. The samples
are removed from the incubations after 0, 15, 30, and 60 min, and processed for acetonitrile
precipitation. Analysis is performed by LC-MS/MS.

Inhibition of hepatic CYP-enzymes

The commercially available P450 inhibition kits from BD Gentest (Heidelberg, Germany) are
used according to the manufactorer’s instructions. Compounds are tested for inhibition of the
following enzymes: CYP1A2, 2B6, 2C9, 2C19, 2D6 and 3A4. Inhibitory potencies are
determined as ICsy-values.

In vivo pharmacokinetics

Male Wistar rats weighing 300-330 g (Janvier, France) are housed in a temperature-controlled
room (20-22 °C) and maintained in a 12 h light/ 12 h dark cycle. Food and water are available
ad libitum. Compounds are applied orally in a cassette dosing to four rats by using a feeding
needle. The compounds are dissolved in a mixture labrasol/water (1:1) and given at a volume of
5 ml/kg. Blood samples (0.2 ml) are taken at O, 1, 2, 3, 4, 6, 8, 10 and 24 h postdose and
analysed by HPLC-MS/MS.

Results

Table 1: Requirements for inhibitors and corresponding tests.

Necessary properties for
17pHSD1-inhibitors as
potential therapeutic agents

Relevant assays for the evaluation of
the inhibitors

Pharmacodynamic aspects

High inhibitory activity at the = Cell-free 17BHSDI inhibition assay

target enzyme

Selectivity towards 17pHSD2

No (anti-)oestrogenic effects

No acute or chronic toxicity

Cellular 17BHSDI inhibition assay

Cell-free 17pHSD2 inhibition assay

Competitive ERa and ERp binding
assay
T47D proliferation test

T47D MTT-cytotoxicity assay (acute)
T47D proliferation test (chronic)

Pharmacokinetic aspects

Good cellular absorption

Low interference with liver
metabolism

Pharmacokinetic properties

Cellular inhibition assay
CaCo2-permeability test

Rat liver microsome stability assay
CYP-inhibition assays

In vivo test in rats
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Requirements of 17HSD1-inhibitors as potential therapeutic agents

For the design of a screening system that can assess relevant aspects of 17BHSD1-inhibitors as
potential therapeutics it is necessary to establish the corresponding single tests for the
evaluation of different properties and combine them into an efficient screening system.
Important properties of the inhibitors as well as appropriate tests are given in Table 1.

Description of the developed screening system

The first and principal feature is a high inhibitory activity towards the target enzyme 17HSD]1.
It can be evaluated quickly by a competitive inhibition assay using the partially purified human
enzyme. With this test it is possible to deduce reliable structure-activity relationships. Besides,
it is also important that inhibitors are active intracellularly. This property can be investigated by
a cellular assay. Moreover, this assay provides first insights into cell permeability, intracellular
metabolism and protein adsorption. To avoid side effects the physiological counterpart of the
target enzyme, 17BHSD2, which catalyses the reverse reaction, should not be blocked (Fig. 1).

0 OH
17B-HSD1, NAD(P)H

) 17B-HSD2, NAD*

HO™ HO

E1 E2
Figure 1: Interconversion of estrone (E1) and 17 Bestradiol (E2) by 17HSDs.

Therefore, a cell free competitive inhibition assay using the human 17BHSD2 must be applied at
an early stage to gain additional SAR regarding selectivity. For a comparison of the inhibitors,
ICso-values are determined in both cell-free assays and selectivity factors are calculated. A
second aspect of selectivity concerns the ERs. Neither an agonistic nor antagonistic effect is
acceptable, as side effects could also be evoked via ER-antagonism. For this reason, binding
affinity is evaluated for each subtype of human ER (o and P) in a competitive binding assay.
Going beyond the step of ligand binding in a second functional test, the proliferation stimulating
properties of the inhibitors are evaluated in a cellular system with the oestrogen-dependent
breast cancer cell line T47D. For the evaluation of toxic effects, a further cellular assay has
been established. Acute cytotoxicity is assessed by determining the number of living cells after
a short incubation time using the MTT-test. Chronic cytotoxic effects may also be seen in the
oestrogenicity assay, in which the cells are incubated with inhibitor for ten days.

In addition to these pharmacodynamic considerations pharmacokinetic aspects play also an
important role in preclinical drug design. A prerequisite for the application of a compound as
therapeutic is good absorption in the gastrointestinal tract. A first evidence on cell permeability
is given by the cellular inhibition test mentioned before. For the determination of intestinal
absorption a CaCo2-permeability assay is performed. In contrast to artificial membrane models
such as PAMPA (parallel artificial membrane permeability assay) this colon carcinoma derived
cell line allows for the observation of relevant metabolic steps and active transport processes in
the gastrointestinal tract. To ensure a high throughput a cassette dosing procedure has been
developed. Interference with liver metabolism is of special interest in drug development. On the
one hand the compounds must display sufficient metabolic stability in order to reach the target.
Therefore, metabolic stability is assessed by the determination of the half life time in rat liver
microsomes. On the other hand the compounds should not inhibit the degradation of other
endogenous or exogenous substances. To evaluate this effect inhibition of the six most
important hepatic CYP-enzymes is determined in a cell-free assay. The final step in the
evaluation process is an in vivo test in rats that is performed to assess the pharmacokintetic
profile of the inhibitors.
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Inhibitor Competitive inhibition assay
identification (human 17BHSD1 from placental tissue)

Competitive inhibition assay
(human 173HSD2 from placental tissue)
Selectivity
Competitive binding assay
(both subtypes of human estrogen receptor;
ER« and ERB)

Cytotoxicity assay

flioxicityjinhitr {mammalian cells; T47-D)

Intracellular activity Cellular activity assay
(mammalian cells; T47-D)

E . Proliferation assay
strogenicity (MTT; mammalian cells; T47-D)

Intestinal

absorption CaCo2permeability assay

Metabolic stability assay

Metaboalic stability (rat liver microsomes)

Risk of drug-drug- Inhibition of hepatic enzymes
interactions (CYP1A2, CYP3A4, CYP2BG, CYP2CY,
in vitro CYP2C19, CYP2D6)
Pharmacokinetic Pharmacokinetic studies
propetties in vivo in rat model

[ ]

Figure 2: Combination of single assays to a powerful screening system.

For the development of a powerful screening system that provides a maximum of information it
is necessary to apply the single evaluation steps in a reasonable and efficient order (Fig. 2). In
every single step inhibitors undergo selection. By application of this screening sequence hit
structures can be identified, the development to lead structures is supported, input in the
optimisation of these lead structures is provided, and candidate substances for further evaluation
can be proposed. For the fast determination of SAR three cell-free activity and selectivity assays
are performed. Before applying cellular assays, cytotoxic effects are determined to make sure
that the measured inhibitions are not artifactual. Subsequently, intracellular inhibition, as well
as oestrogenic effects, is determined. Intestinal absorption is only determined for compounds
which are intracellularly active and non oestrogenic. After that the interplay of inhibitors and
hepatic enzymes is evaluated in two steps followed by pharmacokinetic studies in rats. For the
determination of in vivo activity several models are described (Day et al, 2008; Einspanier et al,
2006; Griimmer et al, 2001; Husen et al, 2006; Laschke et al, 2005). Presently, the most
appropriate for our screening procedure is being elaborated.

Application of the established screening system

For the evaluation of the effectiveness of the developed screening system 214 non-steroidal
compounds of different structural classes were designed, synthesised and tested (Fig. 3). Eighty-
two compounds were highly active 17BHSD1 inhibitors with ICs,-values below 1 uM, and 23 of
these were also selective against 17BHSD2. The latter compounds were evaluated in the ER-
affinity tests. Sixteen turned out to have a very low affinity to both ER subtypes and no
cytotoxic effects on T47D cells. Five of these showed a good intracellular activity. After
performing the oestrogenicity test, four compounds turned out to be candidates for extended
pharmacokinetic evaluation.
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Compound collection consisting of 214
potential 173-HSD1-inhibitors

L |

82 highly active 17p-HSD1-inhibitors

23 selective compounds towards 173-HSD2

16 selective compounds towards
ERa and 3

16 non acute cytotoxic
compounds

5 compounds with good
intracellular activity

4 non estrogenic
or chronically

toxic compounds

! §

Selected compounds for extended

evaluation

Figure 3: Efficiency of the screening system.

Discussion and Conclusion

As mentioned above, non-steroidal compounds are of major interest. Fewer side effects are
expected from these compounds, since the non-steroidal scaffold should show less affinity to
other steroid-binding proteins. Nevertheless, the affinity of our compounds for the ERs is of
particular interest, because ERa agonism leads to further disease progression and thus impairs
the therapeutic benefit. An agonistic effect on ER might have a benefit in the treatment of
oestrogen-dependent diseases due to the putative antiproliferative effect of this receptor
(Matthews and Gustaffson, 2003; Strom et al, 2004). However, this may lead to ERB-derived
side effects. Conversely, ERa antagonists decrease proliferation, but they also show typical
anti-oestrogenic side effects. Therefore, an ERa antagonism is also not tolerable for this
approach. Since a deficiency of ER might lead to uterine hyperproliferation, ERp-antagonism
is also undesirable (Weihua et al, 2000). For these reasons, we performed two ER-binding
assays that enabled us to deduce SAR for the development of compounds with no or low
affinity to the ERs.

For a closer investigation of the compounds there is a need for a cellular model that fulfills the
following requirements. First, the cells should be of mammalian origin and be related to one of
the oestrogen-dependent diseases. Secondly, they must express 17BHSDI1 and 178HSD2.
Stronger expression of the former is desirable, as this is the case in the diseased tissue.
Moreover, the cells should express ERo and ERP, which leads to oestrogen dependent
proliferation. For this reason, we consider that T47D cells are very appropriate for the in vitro
studies.

After investigating the important aspects as mentioned above, the compounds must be evaluated
in disease models. Using different animal models, 17BHSD1 has been validated as an
appropriate target for treating breast cancer and endometriosis (Griimmer et al, 2001;
Einspanier et al, 2006). For the investigation of the in vivo activity of our compounds we are
presently examining their PK-profile and their inhibitory potency on E2-formation in the
corresponding species.

In the present study we have established several single tests and combined them into a powerful
screening system. In this test sequence, relevant properties of potential therapeutics were
investigated at an early stage of inhibitor development. A number of non-steroidal compounds
were evaluated. Using the single assays SAR were deduced and applied for the optimisation of
the synthesised compounds. As a result two series of novel 17BHSD1-inhibitors with promising
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features were discovered. The most interesting compounds were highly active and selective
inhibitors of 17BHSD1 and showed good pharmacokinetic properties. They are candidates for a
further preclinical development.
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Abstract

17B-Hydroxysteroid dehydrogenase type 1 (17B-HSDI1) is responsible for the catalytic
reduction of weakly active E1 to highly potent E2. E2 stimulates the proliferation of hormone-
dependent diseases via activation of the estrogen receptor o (ERa). Due to the overexpression
of 17B-HSD1 in mammary tumors, this enzyme should be an attractive target for the treatment
of estrogen-dependent pathologies. Recently, we have reported on a series of potent 17p-HSD1
inhibitors: bis(hydroxyphenyl) azoles, thiophenes and benzenes. In this paper, different
substituents were introduced into the core structure and the biological properties of the
corresponding inhibitors were evaluated. Computational methods and analysis of different X-
rays of 17B-HSD1 lead to identification of two different binding modes for these inhibitors. The
fluorine compound 23 exhibits an ICs, values of 8 nM and is the most potent non-steroidal
inhibitor described so far. It also shows a high selectivity (17B-HSD2, ERa) and excellent
pharmacokinetic properties after peroral application to rats.

Introduction

Estrogens are involved in the regulation of the female reproduction system. However, it is also
well known that 17B-estradiol (E2), the natural ligand of the estrogen receptors (ERs) o and B,
plays a critical role in the development of several estrogen-dependent pathologies like breast
cancer (Travis and Key, 2003) and endometriosis (Dizerega et al., 1980).

Until now, hormone-dependent breast cancers are treated using three different endocrine
therapies (Bush et al., 2007; Miller et al., 2007): aromatase inhibitors and GnRH analogues
disrupt the estrogen biosynthesis while selective estrogen receptor modulators (SERMs) or pure
antiestrogens (Adamo et al., 2007) prevent E2 to unfold its action at the receptor level. Besides
specific disadvantages of each therapeutic approach, all of these strategies have in common a
rather radical reduction of estrogen levels in the whole body leading to significant side effects.
A softer approach could be the inhibition of an enzyme of the 17p-hydroxysteroid
dehydrogenase (17B-HSD) family, especially one which is responsible for the E2 formation
from estrone (E1). Until now, three subtypes (1, 7 and 12) are able to catalyze this reaction, the
most important being 173-HSD1. The primary physiological role of 173-HSD7 and 178-HSD12
1s supposed to be in the cholesterol synthesis (Ohnesorg et al., 2006; Shehu et al., 2008) and in
the regulation of the lipid biosynthesis (Sakurai et al., 2006), respectively. In addition, Day et
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al., 2008 recently, showed that 17B-HSD12, although highly expressed in breast cancer cell
lines, is inefficient in E2 formation.

17B-HSD1, which is responsible for the intracellular NAD(P)H-dependent conversion of the
weak El into the highly potent estrogen E2, is often overexpressed in breast cancer cells
(Gunnarsson et al., 2001; Gunnarsson et al., 2005; Miyoshi et al., 2001) and endometriosis.
Inhibition of this enzyme is therefore regarded as a promising novel target for the treatment of
estrogen-dependent diseases.

Recently, two groups (Day et al., 2008; Husen et al., 2006a; Husen et al., 2006b) reported about
the in-vivo efficacy of 17B-HSD1 inhibitors to reduce El induced tumor growth using two
different mouse models and indicating that the 17B-HSD1 enzyme is a suitable target for the
treatment of breast cancer.

In order to not counteract the therapeutic efficacy of 17B-HSD1 inhibitors, it is very important
that the compounds are selective toward 178-HSD2, the enzyme which catalyzes the
deactivation of E2 into E1. Additionally, to avoid intrinsic estrogenic effects, the inhibitors
should not show affinity to the estrogen receptors o and f.

During the last decade, several groups reported on 17B-HSD1 inhibitors, most of them having
steroidal structures (BrozZic et al., 2008; Penning, 1996; Poirier 2003). Recently, non-steroidal
cores have been published, too. Until today four classes of compounds are described:
thienopyrimidinones (Karkola et al., 2008; Messinger et al., 2006), biphenyl ethanones (Allan
et al., 2008) and from our group (hydroxyphenyl)naphthalenes (Frotscher er al., 2008;
Marchais-Oberwinkler et al., 2008; Marchais-Oberwinkler et al., 2009) and
bis(hydroxyphenyl)azoles, thiophenes, benzenes and aza-benzenes (Al-Soud et al., 2009; Bey et
al., 2008a; Bey et al., 2008b; Kruchten et al., 2009a; Kruchten et al., 2009b). The most
promising compounds of the latest series are thiophenes 1, 7 and 33, thiazole 36 and phenylene
40 exhibiting ICs, values toward 17B-HSD1 in the nanomolar range and high selectivity toward
17B-HSD2 and the ERs (Chart 1).

ICqy= 69 NM ICeq= 216 M ICep= 77 1M

N
/ A\
s
OH
HO 36 O 40
ICyp= 50 "M ICyp= 173 nM
OH
N
:<\ )\
N*lil o
N OH
N
A HO B
inactive I1C50=310 nM
HO OH

Chart 1: Described bis(hydrophenyl)azoles, thiophenes, benzenes and aza-benzenes.

In the following, we will report on structural optimizations which led to the discovery of new
highly potent and selective 173-HSD1 inhibitors.
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Chart 2: Title compounds.

Design

Up to now, several crystal structures of human 173-HSD1 were resolved: as apoenzyme (i.e.
PDB code: 1BHS (Ghosh et al., 1995)), as binary complex (enzyme-E2, i.e. PDB code: 110L
(Azzi et al., 1996)) or as ternary complex (enzyme-E2-NADP": i.e. PDB code 1FDT (Breton ef
al., 1996); 1A27 (Mazza, 1997); enzyme-HYC (hybride inhibitor): PDB code: 1I5R (Qiu et al.,
2002)).

The analysis of the ternary complexes available from 173-HSD1 provides useful knowledge
about the architecture of the enzyme and important hints for structure based drug design: a
substrate binding site SUB and a cofactor binding pocket COF can be identified as well as the
most important amino acids responsible for substrate and cofactor anchoring. The SUB is a
narrow hydrophobic tunnel containing two polar regions at each end: His221/Glu282 on the one
side and Ser142/Tyr155 on the other side, corresponding to the binding oxygens in 3- and 17-
hydroxy group of E2. Additionally a flexible loop can be identified which is not well resolved
in almost all the structures.

From previous results obtained in the class of bis(hydroxyphenyl)azoles, thiophenes, benzenes
and aza-benzenes (Bey et al., 2008a; Bey et al., 2008b), a SAR study highlighted four structural
features which are important for high 178-HSD1 inhibitory activity: 1. one hydroxyphenyl
moiety on the core structure is not sufficient for a high potency, 2. only the meta-para and
meta-meta dihydroxy substitution pattern (O-O distance in the same range as observed for the
steroid, d = 11 A) are active, 3. the presence of the meta-hydroxy group is more important for
inhibitory activity than the para-, 4. only central aromatic rings without hydrogen bond donor
function like thiophene, thiazole, benzene exhibit inhibitory activity. It was also shown that a
correlation seems to exist between the activity of the compounds and the electrostatic potential
distribution of the molecules (Bey et al., 2008a): to be active the ESP values of the different
regions of the inhibitor has to be in an appropriate range.

In the present report, we will present the structure optimization of this class of compounds
leading to an increase in activity and in selectivity of these inhibitors. First, the influence of the
bioisosteric exchange of one OH group on the enzyme activity will be determined. Secondly,
the space availability around the inhibitors and the nature of the most appropriate substituent
will be investigated by substitutions, either on the heterocycle, or on the hydroxyphenyl
moieties. The nature of the substituent will be varied in order to investigate the possible
interactions between the inhibitor and the enzyme. Thirdly, computational studies (docking
studies and ESP calculations) will be performed in order to identify the most plausible binding
mode for this class of compounds. Furthermore, the selectivity toward 173-HSD2 and the ERs
o and B will be determined as well as the potency of the compounds in T47D cells and
inhibition of the two most important hepatic CYP enzymes. Finally, the pharmacokinetic profile
of the two most promising candidates will be evaluated in rats after oral administration.

Chemistry

The synthesis of compounds 1 to 11, 21 to 25 and 32 is presented in Scheme 1. Starting from
the mono-brominated key intermediate 1b and the appropriate commercially available boronic
acids, the preparation of compounds 1a to 11a, 21a to 25a and 32a was accomplished via
Suzuki cross coupling reaction (Miyaura and Suzuki, 1995) under microwave assisted
conditions (Method A: Cs,CO;, DME/EtOH/water (1:1:1), Pd(PPh;),, MW (150 W, 150 °C, 15
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bars), 15 min). The resulting disubstituted thiophenes were subsequently submitted to ether
cleavage with borontribromide (Bey et al., 2008b) (Method C: BBr;, CH,Cl,, -78 °C to rt, 18 h)
leading to compounds 1 to 11, 21 to 25 and 32 (Scheme 1). In case of intermediate 25a, the
boronic acid 25b was prepared in a three step synthesis pathway: first, an iodine substituent was
selectively introduced in position 2 of the para-bromoanisole (compound 25d) using
(diacetoxyiodo) benzene (Togo et al., 1998). Then, a selective Suzuki reaction on the iodo-
position of 25d under Method B (Na,COs;, toluene/water (1:1), Pd(PPh3),, reflux, 20 h) led to
the intermediate 25¢ and the corresponding boronic acid 25b was prepared using n-butyl lithium
and triethyl borate followed by hydrolysis with diluted hydrochloric acid.

Scheme 1: Synthesis of compounds 1 to 11, 21 to 25 and 32.

/ \
s ’/O\(
1a-11a 1-11

21a-24a 21 25

32a
{b

OMe OMe OMe OMe
. | g Ph Ph ¢ J Ph
OMe
Br Br Br B(OH), MeO

25d 25¢ 25b 25a
Cmpd R] Rz Cmpd R1 RZ
H
SO
2 H H 10 H %H/ 20
3 F H 11 H s @
X ~s0,
4 NH, H 21 OH CH;
5 SH H 22 OH OH
6 CN H 23 OH F
7 H OH 24 OH CF;
8 H F 25 OH Ph
32 F F

Reagents and conditions: (a) Method A: Cs,CO;, DME/EtOH/water (1:1:1), Pd(PPh3),, MW (150 W,
150 °C, 15 bars), 15 min; (b) BBr;, CH,Cl,, -78 °C to rt, 18 h; (c) PhI(OAc),, I,, AcOEt, 60 °C, 5 h; (d)
Ph-B(OH),, Method B: Na,CO;, toluene/water (1:1), Pd(PPh;),, reflux, 20 h; (e) 1. n-BuLi, dry THF, 5
min, -78 °C, 2. B3, 2 h -78°C to rt, 3. HCI 1IN, rt; (f) Method B: Na,CO3;, toluene/water (1:1), PA(PPh;),,
reflux, 20 h.

The preparation of compounds 31 and 33 to 42 is similar to the synthetic pathway presented in
Scheme 1 for compounds 1 to 11. The first Suzuki coupling was carried out according to
Method B with the corresponding dibrominated heterocycle and the methoxylated benzene
boronic acid. The resulting mono substituted compounds 31b and 33b to 42b were submitted to
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a second cross coupling reaction under microwave assisted conditions following Method A. The
compounds were subsequently demethylated with boron tribromide to yield compounds 31 and
33 to 42.

Scheme 2: Synthesis of compounds 12, 14 and 15.

B B(OH),
B /U\B +
rosT o OMe
la
R
Br B(OH), Br O
7\ a 7\ b
s~ TBr + — O S O OMe———= / \
OMe O s O OMe
MeO MeO
12¢ 12b 4-OMe MeO
14b 3-OMe 12a 4-OMe, R= 3-OMe

14a 3-OMe, R=H
15a 3-OMe, R= 3-OMe

12
14-15
Reagents and conditions: (a) Method B: Na,COs, toluene/water (1:1), Pd(PPhs),, reflux, 4 h; (h) boronic
acid, Method B: Na,CO;, toluene/water (1:1), PdA(PPhy),, reflux, 20 h; (d) BBr;, CH,Cl,, -78 °C to rt, 18
h.

The synthesis of compounds 12, 14 and 15 is depicted in Scheme 2. The key intermediate mono
methoxylated dibromothiophene 12b was prepared following two successive Suzuki coupling
reactions according to Method B (Na,CO;, toluene/water (1:1), Pd(PPh;),, reflux, 4 h) from
2,3,5-tribromothiophene and methoxybenzene boronic acid. The reaction time of both cross
couplings was carefully controlled (restricted to 4 h) in order to get a selective bromine
replacement each time. Intermediates 12a, 14a, and 15a were obtained via a third Suzuki
coupling using Method B. The methoxy substituents were cleaved in a last step, using boron
tribromide (Method C: BBr;, CH,Cl,, -78 °C to rt, 18 h).

Scheme 3: Synthesis of compounds 16 to 20.

B(OH),
OMe

a

Br
I\ b I\ c ]\
s B T s~ TB(OH), * O s G R,
MeO MeO R OMe  nMeo
16¢ 16b ? OMe

16a R,=5-CH,
17a R,=5-F

— 18a R,=4-CH,
19a R,=4-F

d 20a R,=4-OMe

—> 16-20

Reagents and conditions: (a) Method B: Na,CO;, toluene/water (1:1), Pd(PPhs),, reflux, 4 h; (b) 1.n-
BuLi, anhydrous THF, -78 °C, 15 min, 2. B3, THF, -78 °C to rt, 2 h, 3. HCI 1N; (c) Method A for 17a-
20a (Cs,CO;3;, DME/EtOH/water (1:1:1), Pd(PPhs),, MW (150 W, 150 °C, 15 bars), 15 min); Method B
for 16a (Na,COQs, toluene/water (1:1), Pd(PPhs),, reflux, 20 h); (d) BBr;, CH,Cl,, -78 °C to rt, 18 h.
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Compound 13 was synthesized under microwave assisted conditions in a one pot reaction using
2,5-dibromo-3-methylthiophene and 3-hydroxyphenyl boronic acid following Method A
(Cs,CO;, DME/EtOH/water (1:1:1), Pd(PPh;),, MW (150 W, 150 °C, 15 bars)) for 15 min.

The synthesis of the molecules bearing an additional substituent on the meta-hydroxyphenyl
moiety of thiophene 1 (compounds 16 to 20) is shown in Scheme 3. Intermediate 16¢ was
prepared via Suzuki reaction from the para-methoxylated benzene boronic acid and the 2,5-
dibromothiophene following Method B heating the reaction 4 h instead of 20 h in order to avoid
any dicoupling reaction. Treatment of 16¢ with n-butyl lithium and triethyl borate afforded after
hydrolysis with diluted hydrochloric acid the corresponding boronic acid 16b. The resulting
compound was subjected to an additional cross coupling reaction which was carried out with
the appropriate bromine derivative following Method A for compounds 17a to 20a and Method
B for compound 16a. The hydrolysis of the methoxy groups with boron tribromide (Method C)
led to compounds 16 to 20.

Scheme 4: Synthesis of compounds 26 to 28.
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a b 7\ OH ¢ 7\ o
e T O
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260+ (EO)F_~0 O O _e B
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W e
MeO 26a HO 2%
\f
3, 9 ()
O e N
OMe O s O OH
e0 27a HO

27

M

Jg
5 ) o ()
/3 N o B N
O S O OMe O S O oH
MeO 28a HO 28

Reagents and conditions: (a) NaBH,, THF/EtOH (1:1), 0 °C to rt, 2 h; (b) Method A: Cs,COs3,
DME/EtOH/water (1:1:1), Pd(PPh3)4, MW (150 W, 150 °C, 15 bars), 15 min; (c) PCC, CH,Cl,, rt, 30
min; (d) NaH, THF dry, rt, 4 h; (e) BBr;, CH,Cl,, -78 °C to rt, 18 h; (f) 1. LiOH, THF/H,0 (2:1), reflux,
20 h, 2. aniline, EDCI, HOBt, CH,Cl,, reflux, 20 h; (g) PA(OH),, THF/EtOH (1:1), H,, rt, 20 h.

The synthesis of compounds 26 to 28 substituted in ortho-position of the para-OH group is
depicted in Scheme 4. The preparation of the key intermediate 26b started from the
commercially available 3-formyl-4-methoxyphenyl boronic acid. Reduction of the aldehyde
function using sodium borohydride followed by a cross coupling reaction with 1b under
microwave irradiation according to Method A (Cs,CO;, DME/EtOH/water (1:1:1), Pd(PPh;),,
MW (150 W, 150 °C, 15 bars), 15 min) afforded the disubstituted thiophene 26¢. The alcohol
function of 26¢ was subsequently oxidized with pyridinium chlorochromate to yield to the key
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aldehyde 26b. It was subjected to the Horner-Wadworths-Emmons conditions (Emmons, 1961)
to introduce the acrylic ester moiety (intermediate 26a). Hydrolysis of the ester function using
lithium hydroxide (Marchais-Oberwinkler et al., 2008), amide bond formation with aniline,
EDCI and HOBt (Pascal et al., 1998) afforded compound 27a The catalytic double bond
hydrogenation of 27a was performed using Perlman’s catalyst (Hwang et al., 1992). The ether
functions of 26a, 27a and 28a were deprotected using boron tribromide (Method C) to give the
desired compounds 26 to 28.

The synthesis of the difluorinated thiophenes 29 and 30 is presented in Scheme 5. These
compounds were obtained after two successive cross coupling reactions: in a first step 2,5-
dibromothiophene reacted with 3-fluoro-4-methoxyphenyl boronic acid following Method B
(Na,CO;, toluene/water (1:1), Pd(PPh;)4, reflux, 20 h). In a second step, the resulting mono
substituted thiophene 29b was subsequently submitted to a second cross coupling reaction
under microwave irradiation (Method A: Cs,COs;, DME/EtOH/water (1:1:1), Pd(PPh;),, MW
(150 W, 150 °C, 15 bars), 15 min) to yield the intermediates 29a and 30a. Ether cleavage with
boron tribromide led to the final compounds 29 and 30.

Scheme 5: Synthesis of compounds 29 to 30.

B(OH),
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OMe OMe
MeO F
F R 29a R= 3-F
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Reagents and conditions: (a) Method B: Na,CO;, toluene/water (1:1), Pd(PPhs),, reflux, 20 h ; (b)
Method A: Cs,CO;, DME/EtOH/water (1:1:1), Pd(PPhs),, MW (150 W, 150 °C, 15 bars), 15 min; (c)
BBr3;, CH,Cl,, -78 °C to 1t, 18 h.

Biological Results

Activity: inhibition of human 17p-HSD1

Placental enzyme was partially purified following a described procedure (Bey et al., 2008a; Bey
et al., 2008b). Tritiated E1 was incubated with 17B-HSD1, cofactor and inhibitor. After HPLC
separation of substrate and product, the amount of labelled E2 formed was quantified. The
inhibition values of the test compounds are shown in Tables 1 to 5. Thiophenes 1, 2, 7 and 29,
thiazole 33 and phenylenes 35 and 37, identified in our previous article (Bey et al., 2008b),
were used as reference compounds.

It was first investigated whether one of the two hydrophenyl moieties could be exchanged by
another functional group having similar properties. Previous results (Bey ef al., 2008b) showed
that the meta-hydroxy group is highly important for activity and was therefore maintained in the
core structure. The exchange of the para-hydroxy group on the meta-para disubstituted
thiophene (1, IC5,= 69 nM) by a bioisosteric function (F, NH,, SH) resulted in moderate (3,
ICso= 717 nM) or weak inhibitors (4 and 5, ICs,> 5000 nM) of 17B-HSD1 (Table 1). Moving
the F atom from the para- (compound 3) to the meta-position (compound 8) led to a small
increase in activity (8, ICso= 535 nM vs. 3, IC5= 717 nM). Replacement of the meta-fluorine
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for a methylsulfonamide moiety (9) did not improve the activity (9, IC5p= 523 nM vs. 8, ICsp=
535 nM), while a compound bearing a bulky substituent like tolylsulfonamide (11, IC5y= 350
nM) showed comparable activity to the mono hydroxylated thiophene (2, ICso= 342 nM)
indicating that there is some space in this region of the enzyme for substitution but it is unlikely
that specific interactions between the tolylsulfonamide moiety and amino acids of the active site
take place. The insertion of a Cl-linker between the phenyl moiety and the methylsulfonamide
group was detrimental for the activity (9, ICso= 523 nM vs. 10, ICs;> 1000 nM). It can be
therefore concluded that the two hydroxy functions are necessary for high activity and the para-
hydroxy group can not be replaced by a bioisoteric group.

Table 1: Effect of the exchange of one OH substituent for other functional groups on human 17
HSDI1 and 17 3-HSD?2 inhibitory activities.

/S\R /s\

HO 16 HO 2 R
7-11
ICsy (nM)* ICso (aM)* .
selectivity selectivity
cmpd R 17p- 17p- . |cmpd R 17p- 17p- ;
factor factor’
HSD1” HSD2° HSD1” HSD2¢
1 OH 69 1950 28 7 OH 173 745 4
2 H 342 2337 7 2 H 342 2337 7
3 F 717 3655 5 8 F 535 1824 3
>\H‘so/
4 NH, >5000 nt 9 2 523 1575 3
)ON/SOZ\
5 SH  >5000 nt 10 H >1000 nt
H
6 CN  >1000 nt 11 XN\sop/ 350 276 1

*Mean values of three determinations, standard deviation less than 10 %; ®Human placenta, cytosolic
fraction, substrate H-E1 + El [500 nM], cofactor NADH [500 puM], ‘Human placenta, microsomal
fraction, substrate “H-E2 + E2 [500 nM], cofactor NAD" [1500 pM], dICSO (17B-HSD2)/ 1Csy (17B-
HSD1); ni: no inhibition, nt: not tested

In order to improve the activity and the selectivity of our inhibitors, substituents capable to
establish further interactions with the enzyme were added either on the heterocycle or on the
hydroxyphenyl moieties. Additional functional groups were introduced in both of the meta-para
2,5-bis(hydroxyphenyl)thiophene 1 (ICsy = 69 nM) and the meta-meta 2,5-disubstituted
derivative 7 (ICso = 216 nM).

Concerning substitution on the heterocycle, two kinds of hydrophobic substituents (Me, Ph)
were introduced in position 3 on the thiophene ring to investigate the space availability around
the core (Table 2). The meta-meta thiophenes bearing a methyl (compound 13) or phenyl
(compound 14) as well as the meta-para thiophene bearing a hydroxyphenyl substituent
(compound 12) showed a drop of activity compared to the reference compound 7 (IC5= 216
nM vs. ICsp> 1000 nM, 567 nM and 493 nM for 12, 13 and 14, respectively). It is striking that
only in case of the meta-meta disubstituted series the insertion of a polar mefa-hydroxyphenyl
substituents leads to an increase in activity (15, ICso= 119 nM vs. 12, ICso> 1000 nM). This
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exemplifies that there is space available for further substitution around the heterocycle only in
case of the meta-meta bis(hydroxyphenyl) substitution pattern and that the third mefa-OH group
is certainly at an appropriate distance to establish supplementary hydrogen bond interactions
with the active site.

Table 2: Inhibition of human 17B3-HSDI and 17HSD2 by compounds bearing a supplementary
substituent on the thiophene core structure.

R R
]\ I\
S
s 1 o ()
HO 1 HO 7 OH
12 13-15
ICsp (nM)? ICsy (mM)* »
selectivity selectivity
cmpd R 178- 178- . |cmpd R 17- 17- .,
factor factor’
HSD1® HSD2¢ HSD1” HSD2°
1 H 69 1950 28 7 H 173 745 4
13 CH, 567 856 1
14 x@ 493° n.t.
OH OH
12 X© >1000  n.t. 15 X© 119 188 2

*Mean values of three determinations, standard deviation less than 10 %; ®Human placenta, cytosolic
fraction, substrate H-E1 + El [500 nM], cofactor NADH [500 puM], ‘Human placenta, microsomal
fraction, substrate “H-E2 + E2 [500 nM], cofactor NAD" [1500 pM], dICSO (17B-HSD2)/ 1Csy (17B-
HSD1); ‘calculated value, obtained with the LOGIT transformation; ni: no inhibition, nt: not tested

Concerning the substitution of the hydroxyphenyl rings, different groups were introduced either
on the meta-hydroxyphenyl ring (compounds 16 to 20) or on the para-hydroxyphenyl moiety
(compounds 21 to 28, Table 3). The ortho-position was not considered, as these compounds
would not be planar any more.

Introduction of a substituent in position 5 on the meta-hydroxyphenyl moiety resulted in case of
a methyl group in a drop of activity (16, ICs;= 629 nM vs. 1, IC5,= 69 nM). The introduction of
a fluorine atom led to slight increase in activity in comparison to the unsubstituted compound 1
(17, ICsp= 42 nM vs. 1, IC5p= 69 nM). Moving these functional groups to position 4 gave a
highly active fluorinated compound 19 (ICs,= 113 nM) and a very weak methylated inhibitor 18
(ICso> 5000 nM). Substituents have also been introduced in position 5 on the para-
hydroxyphenyl ring: a polar group like a hydroxy (compound 22) or a bulky substituent like a
phenyl (compound 25) in ortho- of the para-OH induced a decrease in activity compared to
thiophene 1 (ICso= 69 nM vs. ICso= 402 nM and >5000 nM for 22 and 25, respectively). The
introduction of a fluorine substituent into the same position led to the highly potent compound
23 (ICs= 8 nM) while substituents like methyl or trifluoromethyl showed equal or slightly
better activities compared to the reference compound 1 (ICso= 69 nM vs. IC5,= 46 nM and 38
nM for 21 and 24, respectively). Other functional groups showing a higher flexibility like
ethylacrylate (compound 26), phenylacrylamide (compound 27) or phenylpropaneamide
(compound 28) were also synthesized and the resulting compounds 26, 27 and 28 turned out to
have weaker inhibitory activity compared to the unsubstituted thiophene 1 (ICs= 69 nM vs.
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130, 427 and 620 nM for 26, 27 and 28, respectively). The low activity of the unconjugated
compound 28 indicates that an overall distributed electronic density is an important parameter
for activity. These results indicate that there is space available in this area for substituents but
the nature of the substituents is probably not yet optimal (Table 3).

Table 3: Effect of a supplementary substituent on the hydroxyphenyl moieties on the inhibition of the
human 17p-HSD1 and 17-HSD2.

0. oL

16-20 Ho e
ICsy (nM)* selectivity
cmpd R 17p- 17- facior”
HSD1" HSD2°
: = %5 1950 28
iy 5.CH, 629 2584 4
N o 0 463 11
8 4-CH, >5000 nt
o AE 113 183 ?
2 4-OH >5000 nt
21 i, 46 1971 49
b OH 402 1636 4
- . g 940 118
24 CFy N " 3
s Ph >5000 nt
26 MoEt 130 i 4
(0]
S
”; MH @ 427 468 1

[0}
28 ot g 620 982 2

®Mean values of three determinations, standard deviation less than 15 %; "Human placenta, cytosolic
fraction, substrate H-E1 + El [500 nM], cofactor NADH [500 uM], ‘Human placenta, microsomal
fraction, substrate H-E2 + E2 [500 nM], cofactor NAD* [1500 uM], “ICs (17B-HSD2)/ ICs, (17p-
HSD1); ni: no inhibition, nt: not tested

The influence of the introduction of a second fluorine on the highly active thiophene 23 (ICsy= 8
nM), either one F on each hydroxyphenyl ring or two F on the same hydroxyphenyl moiety, was
also examined (Table 4). When the two F were located on each hydroxyphenyl moieties, the 4-
substituted fluoro derivative (compound 30) is slightly more potent that the one with the
fluorine in 5-position (29, ICso= 29 nM, vs. 30, ICso= 17 nM). A slight decrease in activity was
observed when the two fluorine substituents were present at the same hydroxyphenyl ring
(compound 31, ICs,= 56 nM). The exchange of the para-OH function of 23 by a fluorine atom
(compound 32) confirmed the essential role of this para-hydroxy moiety as previously
observed.
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Table 4: Effect of two additional fluorine atoms on the 17 3HSDI and 17 f-HSD?2 inhibitory activity.

. / F AR F R F
4 S O OH OH F
HO 23 31 F HO .

HO
29-30
ICS() (nM)a o
selectivity
cmpd R, 17B- 17p- y
factor
HSD1"  HSD2°

23 H 8 940 118

29 5-F 29 227 8

30 4-F 17 218 13

31 56 312 6

32 780 2640 3

®Mean values of three determinations, standard deviation less than 10 %; "Human placenta, cytosolic
fraction, substrate H-E1 + El [500 nM], cofactor NADH [500 uM], ‘Human placenta, microsomal
fraction, substrate “H-E2 + E2 [500 nM], cofactor NAD* [1500 uM], “ICs, (17B-HSD2)/ ICs, (17p-
HSD1); nt: not tested.

Methyl and fluorine substituents have been identified as functional groups able to increase the
inhibitory activity of the 2,5-bis(hydroxyphenyl) thiophene 1. Previously (Bey et al., 2008b),
we reported that other central core structures like 2,4-thiophene, 2,5-thiazole and 1,4-benzene
lead to highly active compounds. The influence of an additional methyl or fluorine substituent
at these structures was therefore also investigated (Table 5). Introduction of CH; or F into the
para-hydroxyphenyl ring of 33, 36, 38 and 40 resulting in compounds 34, 35, 37, 39 and 42 led
to equally active derivatives in case of 34 and 35 (ICso= 64 nM vs. 21, IC5p= 46 nM). A
decrease in inhibitory activity in the thiazole and in the benzene classes of compounds was
observed compared to the thiophene family (37, ICsp= 143 nM vs. 21, ICs5o= 46 nM; 39 and 42,
ICso= 123 nM and 51 nM, respectively vs. 23, IC5;= 8 nM). Amongst the investigated
molecules, introduction of a methyl or fluorine substituent led only in the class of the
bisthydroxyphenyl) thiophenes to an increase in activity.
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Table 5: Influence of the core and a supplementary substituent on the inhibition of the human 17
HSDI and 173-HSD2.

OH 33-42

ICsy (nM)*
cmpd cycle R, R; 17p-  17p-
HSD1" HSD2°

21 m CH; OH 46 1971 49
s

selectivity

factor”

23 F OH 8 940 118
33 H OH 77 1270 16
34 ﬁ CH, OH 64 869 14
35 S F OH 64 510 8
36 %/23\# H OH 50 4000 80
37 s CH, OH 143 2023 14
38 H OH 471 4509 10
39 F OH 123 872 7
40 ﬁ OH H 173 2259 21
41 OH CH; 171 1248 7
42 OH F 51 239 5

*Mean values of three determinations, standard deviation less than 13 %; ®Human placenta, cytosolic
fraction, substrate “H-E1 + El [500 nM], cofactor NADH [500 uM], “‘Human placenta, microsomal
fraction, substrate “H-E2 + E2 [500 nM], cofactor NAD" [1500 pM], dICSO (17B-HSD2)/ 1Csy (17B-
HSD1); ni: no inhibition, nt: not tested

Selectivity: inhibition of 17p-HSD2 and affinities to the estrogen receptors a and

In order to gain insight into the selectivity of the most active compounds, inhibition of 17 -
HSD2 and the relative binding affinities to the estrogen receptors o and p were determined.
Since 17B-HSD2 catalyzes the inactivation of E2 into E1, inhibitory activity toward this enzyme
must be avoided. The 178-HSD2 inhibition was determined using an assay similar to the 17p-
HSDI1 test. Placental microsomes were incubated with tritiated E2 in the presence of NAD" and
inhibitor. Separation and quantification of labelled product (E1) was performed by HPLC using
radio detection. A selection of the most potent 17B-HSD1 inhibitors was tested for inhibition of
17B-HSD2. ICsp-values and selectivity factors (ICso HSD2 / IC5y HSD1) are presented in Tables
1to5.
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Mono-hydroxylated compounds (Table 1) exhibited a poor selectivity regarding 173-HSD2, the
most selective one being compound § with a selectivity factor of 5. This finding suggests that
the para-OH is important for activity as well as for selectivity (selectivity of the para-meta
derivative 1: 28). Introduction of further substituents (Tables 2 to 5) into the highly active
bis(hydroxyphenyl) scaffold induced a loss of selectivity against 173-HSD2 except in case of
compounds 21 and 23, which exhibit excellent selectivity factors of 49 and 118, respectively
toward 173-HSD2.

A further prerequisite for 178-HSDI1 inhibitors to be used as potential drugs is that they do not
show affinity for ERaand ERp, since binding to these receptors could counteract the
therapeutic concept of selective 17B-HSD1 inhibition. The binding affinities of the most
selective compounds of this study were determined using recombinant human protein in a
competition assay applying [’H]-E2 and hydroxyapatite (Table 6). All tested compounds show
very marginal to marginal affinity to the ERs except compound 23, which binds weakly to ER]
(RBA=1 %). Compound 21 was evaluated for estrogenic effects on the ER-positive, mammary
tumor T47D cell line. No agonistic, i.e. stimulatory effect was observed after application of
compound 21 even at a concentration 1000 fold higher compared to E2.

Table 6: Binding affinities for the human estrogen receptors acand B of selected compounds.

cmpd RBA" (%)
ER¢’ ERp®
1 0.1<RBA <1 1.5
17 0.1<RBA <1 0.1<RBA <1
21 <0.01 <0.01
23 0.01< RBA <0.1 1
30 0.1 0.01< RBA <0.1
34 0.01< RBA <0.1 0.01< RBA <0.1
37 0.01< RBA <0.1 <0.01

"RBA (relative binding affinity), E2: 100 %, mean values of three determinations, standard deviations
less than 10 %; ®Human recombinant protein, incubation with 10 nM *H-E2 and inhibitor for 1 h.

Further biological evaluations

Additionally, the intracellular potency of compounds 21 and 23 on E2 formation was evaluated
using a cell line which expresses both 17B-HSD1 and 17B-HSD2 (T47D cells). Compound 21
and 23 inhibited the formation of E2 after incubation with labelled E1 showing ICs, values of
426 nM and 282 nM, respectively. These results indicate that both compounds are able to
permeate the cell membrane and inhibit the transformation of E1 into E2.

Compounds 21 and 23 were further investigated for inhibition of the two most important human
hepatic enzymes: CYP3A4 and CYP2D6, which are responsible for 75 % of drug metabolism.
At a concentration of 2 puM, both compounds turned out to be equally active inhibiting the
CYP3A4 by 80 (21) and 71 % (23), respectively and CYP2D6 by 55 (21) and 56 % (23),
respectively. The relatively high inhibition of these enzymes has to be taken into consideration
in the process of further developing these compounds but should not have an impact on the
proof of concept in vitro.
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The pharmacokinetic profiles of compound 21 and 23 were determined in rats after oral
administration in a cassette dosing approach. Each group consisted of 4 male rats and the
compounds were administered in doses of 10 mg/kg. Plasma samples were collected over 24 h
and plasma concentrations were determined by HPLC-MS/MS. The pharmacokinetic
parameters are presented in Table 7. The maximal concentration (C,x obs) @s well as the AUC-
value is higher for compound 23 (C,,= 1388.2 ng/mL, AUC= 19407 ng/mL) than for
compound 21 (C= 905.0 ng/mL, AUC= 12275 ng/mL). The maximal plasma concentration
(tmax obs) for compounds 21 and 23 was reached after 4.0 and 8.0 h, respectively, after oral
administration. These data show that both compounds exhibit excellent pharmacokinetic
properties in the rat and might therefore be good candidates for further experiments in disease-
oriented rat models.

Table 7: Pharmacokinetic parameters of compounds 21 and 23 in male rats after oral application (10
mg/kg).

cmpd
parameters®
21 23
Cinax obs (ng/mL) 905.0 1388.2

C, (ng/mL) 43.3 24.9
tmax obs (h) 40 80

t, (h) 24.0 24.0

ti, (h) 3.8 27

AUC., (ng/mL) 12275 19407

* Cnax obs, maximal measured concentration; C,, last analytical quantifiable concentration; tyay obs, time to
reach the maximum measured concentration; t,, time of the last sample which has an analytical
quantifiable concentration; t;,,, half-life of the terminal slope of a concentration time curve; AUC_,, area
under the concentration-time curve extrapolated to infinity.

Computational chemistry

Molecular modelling

From the biological results it became apparent that introduction of a fluorine atom in ortho-
position to the para-OH phenyl thiophene structure (compound 23) led to a significant increase
in the 17B-HSD1 inhibitory activity. To get an insight into the binding mode of this compound
and to better understand the favourable interactions achieved by this inhibitor in the active site,
computational studies were performed by means of the docking software GOLDv3.2 and
Autodock 4.1.

The choice of the 3D-structure of the enzyme, i.e. crystal structure, used for the docking studies
is crucial for obtaining reliable results. It was decided to focus on X-ray structures of 173-HSD1
having a high resolution and showing a ternary complex (to get closer to the in vivo 3D-enzyme
structure). Three structures appeared to fulfil the criteria: 1FDT and 1A27 both describing the
ternary complex: enzyme-E2-NADP" and 1I5R, describing the binary complex: enzyme-
steroidal hybride inhibitor (HYC), the latter being an adenosine moiety linked to an E2 core via
a C9-linker. These three crystal structures differ mainly in the location of the amino acids
belonging to the flexible loop aG’BF (Pro187-Pro200). Since this loop borders both the SUB
and the COF, its conformational variations strongly influence the size of both binding cavities.
It is therefore important to take care of the position of this loop in the structures used for the
docking studies.
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In the X-ray structure 1FDT, the residues 187-200 are not well resolved, but two plausible
conformations for the loop (noted 1FDT-A and 1FDT-B) have been described (Breton et al.,
1996) The backbones of these two loops are similar (RMSD of ~ 1 A), while the main
difference is given by the orientation of the sidechains, mainly concerning the four amino acids
Phe192, Met193, Glul194 and Lys195. In 1FDT-A, Phel192 and Met193 are turned toward the
outer part of the enzyme while Glu194 and Lys195 are oriented toward the substrate and the
cofactor (extending the substrate binding site = open conformation). On the other hand, in
1FDT-B these two couples of residues show a reversed orientation limiting length and volume
of the steroid binding site compared to 1FDT-A (= closed conformation). Although others
(Karkola et al., 2008) have only considered 1FDT-B, we decided to investigate both
conformations of this loop.

Interestingly, the flexible loop in 1A27 shows a comparable geometry as observed in 1FDT-B,
with Phe192 and Met193 oriented toward the nicotinamide moiety, also restricting the space in
the substrate binding site. In case of 1I5R, the loop is shifted in direction of the cofactor,
resulting in a different conformation compared to both 1FDT-A and 1FDT-B. Although, like for
1FDT-A, it extends the SUB.

Compound 23 was docked with NADPH into four different X-ray structures: 1FDT-A, 1FDT-
B, 1A27 and 1I5R. Two different binding modes were observed for compound 23: in case of
1FDT-B and 1A27, the inhibitor is located exclusively in the steroid binding site (Figure 1)
adopting a similar orientation as previously described for the bis(hydroxyphenyl) oxazole B
(Bey et al., 2008a; chart 1) while for 1IFDT-A and 1I5R, the inhibitor is located in between the
steroid and the cofactor binding sites, interacting with the nicotinamide moiety. In the
following, this binding mode will be named as alternative binding mode (Figure 2).

C185 ' \ - :

Figure 1: Docking complex between 174-HSDI1 (X-ray IFDT-B) and compound 23 (blue; SUB
binding mode). NADPH, interacting residues and ribbon rendered tertiary structure of the active site
are shown. Residues of the flexible loop are rendered in sticks and colored in yellow. Hydrogen bonds
and 77 stackings (and hydrophobic interactions) are drawn in yellow and blue dashed lines,
respectively. For comparison, E2 is depicted in magenta lines. Figures were generated with Pymol
(http://www.pymol.org).

In case of the steroidal binding mode (1FDT-B and 1A27, Figure 1) the following specific
interactions can be observed: hydrogen bond interactions between the meta-hydroxy group of
23 and Ser142/Tyr155 (do.o= 2.6 A for both amino acids) and between the para-OH group and
His221/Glu282 (don= 2.8 A and do.o=3.8 A, Figure 1). Additionally, hydrophobic interactions
and 7-7 stackings (Phe226, Phe259) are also involved.
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Figure 2. Docking complex between 17 3HSD1 (X-ray 1IFDT-A) and compound 23 (green; alternative
binding mode). NADPH, interacting residues and ribbon rendered tertiary structure of the active site
are shown. Residues of the flexible loop are rendered in sticks and colored in blue. Hydrogen bonds
and 77 stackings (and hydrophobic interactions) are drawn in yellow and blue dashed lines,
respectively. For comparison, E2 is depicted in magenta lines.

In the alternative binding mode obtained using 1FDT-A and 1I5R (Figure 2), compound 23 is
also stabilized by hydrogen bond interactions: the meta-OH group forms a strong H-bond with
the phosphate group of the cofactor (do.o= 2.9 A). The fluorine atom could establish halogen
bonds with the backbone -NH- of Vall43 and Gly144 (dr.n= 3.2 A and 3.8 A, respectively), in
addition to a halogen bond with the OH-group of Ser142 (dr.o= 3.5 A) which is involved in the
catalytic process. Further, the para-OH points perpendicular toward Phe259 (do.centroiac= 4.5 A)
indicating a possible OH-m interaction. This could explain the importance of this group
observed in the SARs. Moreover, strong -7 stacking interactions seem to stabilize the inhibitor
in this binding mode: between the meta-OHphenyl-thiophene moiety and the nicotineamide part
of the cofactor (parallel-displaced configuration; distance between the two ring centers, 4.3 A)
and between the para-OH-phenyl-thiophene moiety and Phe226 (T-shape conformation; closest
C-C contact distance 3.7 A). Moreover, electrostatic interactions between the sulfur atom of the
heterocycle with the surrounding amino acids like Tyr155 and Ser142 might also play a role as
described (Bruno et al., 1997).

The results presented so far suggest that both binding modes have to be considered as possible
for this class of inhibitors. They depend mainly on the orientation of the flexible loop. There is
only one conformation of the loop leading to a steroidal binding mode (1FDT-B/1A27). In case
of 1FDT-A/1I5R the pose showing the alternative binding mode is obtained using two X-ray
structures having two different conformations of the loop. Unfortunately, due to the almost
identical scoring function values observed for both poses with the docking programs (Gold and
Autodock), it was not possible to determine which model (1IFDT-A/115R or 1FDT-B/1A27) is
the most appropriate to describe the interactions between the inhibitor and the enzyme and
therefore which is the most plausible binding mode.

Comparing both poses obtained by docking of 23 in IFDT-A and 1FDT-B shows that there is a
common area in the neighborhood of the catalytic tetrade which corresponds to the D-ring of
the enzyme-substrate complex (Figure in Supporting Information).

Molecular Electrostatic Potential (MEP)

Recently, we reported on the influence of the electronic density (MEP maps, “semi-QMAR”) on
the potency of the inhibitors in this class of compounds (Bey et al., 2008b). The 3D-structures
of the inhibitors were virtually divided into three areas and a given optimal range of ESP values
(in Hartree) was determined for each region (-1.7 to -1.2 x 102 for I, -1.6 to -0.9 x 107 for II
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and -1.2 to -0.5 x 107 for III). The MEPs of compound 23 were calculated as shown in Figure
3. The molecular ESP distribution observed (-1.8 to -1.2 x 107 for 1, -1.6 to -0.8 x 107 for II
and -1.1 to -0.4 x 10 for III) fitted well to the optimal ranges identified previously, confirming
the correlation between the ESP range and the potency of the compounds. The MEP maps of the
natural substrate E1 and of E2 were also calculated (Figure 3) and compared to the one of 23.
The finding that the ESP distribution of 23 and E2/E1 is very different might be an indication
that compound 23 does not bind in the same way as the steroid.

Il"l_
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NADPH
truncated
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Figure 3. Structures and MEP maps of both ventral (steroidal o¢side) and dorsal (steroidal [B-side)
views of truncated NADPH (A), thiophene 23 (B), E1 (C) and E2 (D). MEP surfaces were plotted with
GaussView 3.09.

According to the alternative binding mode, the meta-hydroxyphenyl thiophene part of 23
overlaps with the nicotinamide part of the cofactor and forms stabilizing ©-7 interactions. The
ESP distribution of these two entities should therefore show complementarity. To get an insight
into this, the MEP map of a truncated NADPH - the counterpart of the meta-OHphenyl-
thiophene moiety - was calculated by ab initio methods. As it can be seen in Figure 3 a certain
complementarity was observed. The NADPH MEP maps give the explanation for the
observation (Bey ef al., 2008b) that a strong polarization between the vertex and the base of the
central ring of the inhibitors is negative for binding. Positive ESP values on the vertex side lead
to repulsion effects with the nicotinamide and therefore reduce the inhibitory activity. This
finding indicates that this class of compound might bind according to the alternative binding
mode (Figure 2). However, this hypothesis needs to be further investigated.

Discussion and Conclusion

Structural optimizations of compound 1 led to the discovery of new substituted 2,5-
bis(hydroxyphenyl)thiophene derivatives: the fluorinated 23 and the methylated 21 being the
most active and selective inhibitors identified.

From a previous work in this class of compounds (Bey et al., 2008b) it was demonstrated that
removal of one of the two hydroxyphenyl moieties is detrimental for the activity. In this paper it
was shown that replacement of the para-OH function by a bioisoteric group like F, NH,, SH,
CN leads to a drop of activity. The lack of hydrogen donating properties of the fluoro and cyano
substituents might not be the only reason for this decrease in activity as the amino and the thiol
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derivatives are also less active than the parent compound 1. Interestingly, the omission of a C1-
linker between the methylsulfonamide moiety and the phenyl ring (compound 9) resulted in an
increase of potency. Deprivation of electrons from the phenyl ring, obviously is necessary for a
good inhibition. The relatively high activity observed for compound 11 (ICsp= 350 nM)
especially compared to compound 9 (ICsp= 523 nM) demonstrates that in the protein there is
some space available in this position for a bulky substituent. Furthermore, the tolyl group might
also be involved in the stabilization of the inhibitor in the binding site, establishing 7t-7 stacking
interactions with appropriate amino acid residues present in this region.

With the aim to increase the activity and the selectivity in this class of compound, substituents
were introduced on the 2,5-bis(hydroxyphenyl)thiophenes 1 and 7. This was successful for
compound 15 (ICsp= 119 nM vs. 7, ICsp= 216 nM). Apparently, the formation of an additional
hydrogen bond is responsible for this increase in inhibitory activity, while a pure ®-7 stacking
interaction as supposed for compound 14 is not sufficient. The 2,5-disubstituted thiophenes 12
and 15 differ only in the position of one hydroxy group (para: compound 12, meta: compound
15). The fact that compound 15 shows a much higher activity (ICso= 119 nM vs. 12, ICs,> 1000
nM) indicates that only in case of 15 the geometry of the OH groups is acceptable for a
reasonable interaction. It demonstrates, as observed already (Bey ef al., 2008a; Frotscher et al.,
2008), a sharp SAR and a reduced flexibility in this region of the active site.

The trisubstituted compound 14 bearing a phenyl substituent at the thiophene differs from the
triazole A (Al-Soud et al., 2009; Chart 2) only in the nature of the heterocycle. The following
comparisons highlight the importance of the heterocycle for the potency of the molecules:
inactive compound A vs. thiophene 14 (IC5y= 493 nM), thiophene 21 (ICsp= 46 nM) vs. thiazole
37 (ICso= 143 nM) and thiophene 23 (IC5,= 8 nM) vs. benzene 39 (ICsy= 123 nM). It becomes
apparent that the thiophene ring is the most appropriate heterocycle for high inhibitory activity.
Provided that all compounds bind according to the same binding mode, there are different
explanations for these results: 1. the presence of one or several nitrogens in this area of the
enzyme is not well tolerated, 2. the absence of the sulfur leads to an inadequate repartition of
the electron density in the molecule, 3. a reduced flexibility in the binding site is responsible
that the enzyme can not adjust its geometry to the different hydroxyphenyl moieties (depending
on the heterocycle, the angles between the phenyl-OHs are different).

A high increase in activity and selectivity could be reached by introduction of substituents into
the hydroxyphenyl moiety, especially when the substituent is located ortho- of the para-
hydroxyphenyl group (compounds 21 to 24). Not all substituents are equally well tolerated:
there is no space available for a phenyl group (compound 25). An additional OH group
(compound 22) is obviously not able to establish specific interactions while small lipophilic
substituents (methyl, compounds 21; fluorine, compound 23 and trifluoromethyl, compound 24)
are enhancing the activity. There is enough space in this region of the enzyme to introduce a
flexible chain (26) but conjugation seems to be necessary to achieve a higher activity as already
observed with the tolylsulfonamide substituent (compound 11).

The positive influence of the fluorine atom has often been demonstrated in medicinal chemistry
(Bohm et al., 2004; Muller et al., 2007; Hagmann, 2008) and was also proven in this study with
compound 23 (ICso = 8 nM). The position of the fluorine is decisive for an increase in activity:
it has to be in meta-position (17 and 23). Highest activity was achieved in ortho- of the hydroxy
group (compound 23). This indicates that either direct interactions of the fluorine with amino
acid residues in this region of the active site or the increase of acidity of the neighboring OH
groups might be responsible for this effect.

Introduction of a second fluorine atom into this fluorohydroxyphenyl ring (compound 31) does
not enhance the activity suggesting that the effects of the fluorine are not additional. A second
fluorine was also added to the other hydroxyphenyl moiety (in ortho- and meta- of the meta-OH
group) leading to compounds 29 and 30. However, no enhancement of the activity compared to
the monofluorinated 23 was observed indicating that there are no specific interactions of the
second fluoro substituent.

A close look at the X-ray structures of 17B-HSDI1 crystallized in presence of different steroidal
ligands showed that the flexible loop (amino acids 187-200) can adopt different geometries
depending on the nature of the ligand and on the absence or presence of the cofactor in the
catalytic region. It indicates that some parts of the enzyme can adapt their geometry to the
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molecule present in the active site in order to stabilize it. However, other parts are rigid,
explaining the sharp SAR observed in this paper and previously (Bey et al., 2008a; Bey et al.,
2008b).

Two plausible conformations of the loop in the ternary complex enzyme-E2-NADP*, PDB
code: 1FDT, have been described (1FDT-A, 1FDT-B). We have shown that both can be used
for docking studies. In case of 1FDT-A the substrate binding site is extended, enhancing the
volume of the active site. It is therefore a good model to evaluate an alternative binding mode
for inhibitors which are larger than the steroid. A binding mode as observed for steroids in the
X-ray structures was found when the loop closes the SUB (1FDT-B). Surprisingly, when the
inhibitors were docked to the protein with the loop in the open conformation, they interact with
the nicotinamide part of the cofactor. MEP calculations showed a certain complementarity
between the electronic density of 23 and of the nicotinamide moiety of the cofactor indicating
that this alternative binding mode is not only plausible, it might be the one which is more likely.
Up to now, designing compounds as potential 17B-HSDI1 inhibitors, several groups (Bérubé et
al., 2004; Fournier et al., 2008; Poirier et al., 2005; Qiu et al., 2002) tried to mimic the cofactor.
Our finding of the above mentioned alternative binding mode makes another strategy very
promising: the cofactor, which is likely to be present in the active site when the inhibitor is
entering, could be used as partner to achieve additional interactions rather than trying to
displace it.

The most potent 17B-HSD1 inhibitors 21 and 23 exhibit a higher selectivity toward 17p-HSD2
compared to parent compound, (selectivity factors 49 and 118, respectively vs. 28 for 1). This
indicates that the amino acids close to the CH; or F substituents must have different properties
in the two 178-HSD enzymes, which could be further exploited to increase selectivity.

The most potent inhibitors show only marginal to very little affinity to the ERa and no
stimulation of cell proliferation (agonistic effect) in the ER-positive T47D cell line could be
observed. The weak affinity of compound 23 for ER} may not be critical as it is reported that
ERp exhibits anti-proliferative effects in breast cancer cells (Hartman et al., 2006).

Compound 23 might be used in an appropriate animal model to prove the concept of 178-HSD1
inhibition with non-steroidal inhibitors. This compound shows a good pharmacokinetic profile
in rats.

In this paper, we described the synthesis of substituted bis(hydroxyphenyl)thiophenes, thiazoles
and benzenes as inhibitors of 173-HSD1 and the evaluation of their biological properties. The
most promising compounds of this study, 21 and 23, exhibit high selectivity toward 178-HSD2,
marginal binding to ERo and excellent pharmacokinetic profiles in rats after peroral
application. These new compounds provide useful tools to validate 17B-HSD1 as a target for the
treatment of estrogen-dependent diseases.

Experimental section

Chemical methods

Chemical names follow IUPAC nomenclature. Starting materials were purchased from Aldrich,
Acros, Lancaster, Roth, Merck or Fluka and were used without purification.

Column chromatography (CC) was performed on silica gel (70-200 um) coated with silica,
preparative thin layer chromatography (TLC) on 1 mm SIL G-100 UV,s, glass plates
(Macherey-Nagel) and reaction progress was monitored by TLC on Alugram SIL G UV,
(Macherey-Nagel).

IR spectra were recorded on a Bruker Vector 33 spectrometer (neat sample).

'H-NMR and C-NMR spectra were measured on a Bruker AM500 spectrometer (500 MHz) at
300 K. Chemical shifts are reported in & (parts per million: ppm), by reference to the
hydrogenated residues of deuteriated solvent as internal standard (CDCls: § = 7.24 ppm (‘H
NMR) and 8 = 77 ppm (°C NMR), CD;0D: § = 3.35 ppm (‘"H NMR) and § = 49.3 ppm ("°C
NMR), CD;COCD;: § = 2.05 ppm (‘"H NMR) and § = 29.9 ppm ('*C NMR), CD;SOCDs: § =
2.50 ppm ("H NMR) and & = 39.5 ppm (°C NMR)). Signals are described as s, d, t, g, dd, m, dt
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for singlet, doublet, triplet, quadruplet, doublet of doublets, multiplet and doublet of triplets,
respectively. All coupling constants (J) are given in hertz (Hz).

Mass spectra were recorded on a TSQ Quantum (Thermofischer) instrument. Elemental
analyses were performed at the Department of Instrumental Analysis and Bioanalysis, Saarland
University.

Compounds ~ 2-bromo-5-(3-methoxyphenyl)thiophene ~ (1b),  2-(3-methoxyphenyl)-5-(4-
methoxyphenyl)thiophene  (1a),  3-[5-(4-hydroxyphenyl)-2-thienyl]phenol (1), 2-(3-
methoxyphenyl)-5-phenylthiophene  (2a), 3-(5-phenyl-2-thienyl)phenol  (2), 2,5-bis(3-
methoxyphenyl)thiophene (7a), 3,3'-thiene-2,5-diyldiphenol ), 2-bromo-5-(4-
methoxyphenyl)thiophene (16¢) (Bey et al., 2008b), 4-bromo-2-iodo-1-methoxy-benzene (25d)
(Smith et al., 2006), 5-bromo-2-methoxybiphenyl (25¢), [6-methoxy-1,1'-biphenyl-3-yl]boronic
acid (25b) (Pfahl et al., 2002), [3-(hydroxymethyl)-4-methoxyphenyl]-boronic acid (26d)
(Duggan et al., 2008), 4-bromo-2-(3-methoxyphenyl)thiophene (33b), 2-(3-methoxyphenyl)-4-
(4-methoxyphenyl)thiophene (33a), 3-[4-(4-hydroxyphenyl)-2-thienyl]phenol (29), 5-bromo-2-
(3-methoxyphenyl)-1,3-thiazole (36b), 2-(3-methoxyphenyl)-5-(4-methoxyphenyl)-1,3-thiazole
(36a), 3-[5-(4-hydroxyphenyl)-1,3-thiazol-2-yl]phenol (36), 4'-bromo-3-methoxybiphenyl
(38b), 3,4"-dimethoxy-1,1":4',1"-terphenyl (38a), 1,1:4',1"-terphenyl-3,4"-diol (38), 3,3"-
dimethoxy-1,1":4',1"-terphenyl (40a) and 1,1":4',1"-terphenyl-3,3"-diol (40) (Bey et al., 2008b)
were prepared following described procedures.

General procedure for Suzuki coupling

Method A:

A mixture of aryl bromide (1 eq), aryl boronic acid (1.2 eq), caesium carbonate (2.2 eq) and
tetrakis(triphenylphosphine) palladium (0.01 eq) was suspended in an oxygen free
DME/EtOH/water (1:1:1) solution. The reaction mixture was exposed to microwave irradiation
(15 min, 150 W, 150 °C, 15 bars). After cooling to rt, water was added and the aqueous layer
was extracted with ethyl acetate. The combined organic layers were washed with brine, dried
over magnesium sulfate, filtered and concentrated to dryness. The product was purified by
column chromatography (CC).

Method B:

A mixture of arylbromide (1 eq), aryl boronic acid (1 eq), sodium carbonate (2 eq) and
tetrakis(triphenylphosphine) palladium (0.05 eq) in an oxygen free toluene/water (1:1) solution
was stirred at 100 °C for 20 h under nitrogen atmosphere. The reaction mixture was cooled to rt.
The aqueous layer was extracted with ethyl acetate. The combined organic layers were washed
with brine, dried over magnesium sulfate, filtered and concentrated to dryness. The product was
purified by CC.

General procedure for ether cleavage

Method C:

To a solution of methoxyphenyl derivative (1 eq) in dry dichloromethane at -78 °C (dry
ice/acetone bath), boron tribromide in dichloromethane (1 M, 3 eq per methoxy function) was
added dropwise. The reaction mixture was stirred for 20 h at rt under nitrogen atmosphere.
Water was added to quench the reaction, and the aqueous layer was extracted with ethyl acetate.
The combined organic layers were washed with brine, dried over sodium sulfate, filtered and
concentrated to dryness. The product was purified by preparative thin layer chromatography
(TLC).

2-(4-Fluorophenyl)-5-(3-methoxyphenyl)thiophene (3a). The title compound was prepared
by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (150 mg, 0.56 mmol), 4-
fluorophenylboronic acid (94 mg, 0.67 mmol), caesium carbonate (383 mg, 1.24 mmol) and
tetrakis(triphenylphosphine) palladium (6.4 mg, 5.6 pmol) according to method A. The product
was purified by CC (hexane/ethyl acetate 9:1); yield: 75 % (120 mg).
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3-[5-(4-Fluorophenyl)-2-thienyl]phenol 3. The title compound was prepared by reaction of 2-
(4-fluorophenyl)-5-(3-methoxyphenyl)thiophene (3a) (80 mg, 0.28 mmol) and boron tribromide
(0.84 mmol) according to method C. The product was purified by preparative TLC
(hexane/ethyl acetate 1:1); yield: 68 % (52 mg); MS, ESI: 270 (M+H)"; Anal. (C;¢H,;FOS) C,
H, N.

4-[5-(3-Methoxyphenyl)-2-thienyl]aniline (4a). The title compound was prepared by reaction
of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (150 mg, 0.56 mmol), 4-aminophenylboronic
acid (92 mg, 0.67 mmol), caesium carbonate (383 mg, 124 mmol) and
tetrakis(triphenylphosphine) palladium (6.4 mg, 5.6 pmol) according to method A. The product
was purified by CC (hexane/ethyl acetate 7:3); yield: 63 % (100 mg).

3-[5-(4-Aminophenyl)-2-thienyl]phenol (4). The title compound was prepared by reaction of
4-[5-(3-methoxyphenyl)-2-thienyl]aniline (4a) (100 mg, 0.37 mmol) and boron tribromide (1.11
mmol) according to method C. The product was purified by preparative TLC (hexane/ethyl
acetate 1:1); yield: 82 % (82 mg); MS, ESI: 268 (M+H)"; Anal. (C;sH;3NOS) C, H, N.

4-[5-(3-Methoxyphenyl)-2-thienyl|benzenethiol (5a). The title compound was prepared by
reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (250 mg, 0.93 mmol), 4-
mercaptophenylboronic acid (172 mg, 1.12 mmol), caesium carbonate (636 mg, 2.05 mmol) and
tetrakis(triphenylphosphine) palladium (10.8 mg, 9.3 umol) according to method A. The
product was purified by CC (hexane/ethyl acetate 7:3); yield: 61 % (160 mg).

3-[5-(4-Sulfanylphenyl)-2-thienyl]phenol (5). The title compound was prepared by reaction of
4-[5-(3-methoxyphenyl)-2-thienyl]benzenethiol (S5a) (150 mg, 0.50 mmol) and boron tribromide
(1.50 mmol) according to method C. The product was purified by preparative TLC
(hexane/ethyl acetate 1:1); yield: 81 % (115 mg); MS, ESI: 285 (M+H)"; Anal. (C,sH,,0S,) C,
H, N.

4-[5-(3-Methoxyphenyl)-2-thienyl]benzonitrile (6a). The title compound was prepared by
reaction by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (200 mg, 0.74 mmol), 4-
cyanophenylboronic acid (131 mg, 0.89 mmol), caesium carbonate (508 mg, 1.64 mmol) and
tetrakis(triphenylphosphine) palladium (8.5 mg, 7.4 pmol) according to method A. The product
was purified by CC (hexane/ethyl acetate 7:3); yield: 27 % (60 mg).

4-[5-(3-Hydroxyphenyl)-2-thienyl]benzonitrile (6). The title compound was prepared by
reaction of 4-[5-(3-methoxyphenyl)-2-thienyl]benzonitrile (6a) (42 mg, 0.14 mmol) and boron
tribromide (0.42 mmol) according to method C. The product was purified by preparative TLC
(hexane/ethyl acetate 6:4); yield: 62 % (25 mg); MS (APCI): 277 (M)"; Anal. (C;;H;;NOS) C,
H, N.

2-(3-Fluorophenyl)-5-(3-methoxyphenyl)thiophene (8a). The title compound was prepared
by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (150 mg, 0.56 mmol), 3-
fluorophenylboronic acid (94 mg, 0.67 mmol), caesium carbonate (381 mg, 1.22 mmol) and
tetrakis(triphenylphosphine) palladium (6.5 mg, 5.6 pmol) according to method A. The product
was purified by CC (hexane/ethyl acetate 9:1); yield: 82 % (130 mg).

3-[5-(3-Fluorophenyl)-2-thienyl]phenol (8). The title compound was prepared by reaction of
2-(3-fluorophenyl)-5-(3-methoxyphenyl)thiophene (8a) (130 mg, 0.45 mmol) and boron
tribromide (1.35 mmol) according to method C. The product was purified by preparative TLC
(dichloromethane/methanol 99:1); yield: 66 % (82 mg); MS, ESL: 271 (M+H)"; Anal.
(Ci¢HFOS) C, H, N.

N-(3-[5-(3-Methoxyphenyl)-2-thienylJphenyl)methanesulfonamide (9a). The title compound
was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (160 mg, 0.60
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mmol), 3-methylsulfonylaminophenylboronic acid (155 mg, 0.72 mmol), caesium carbonate
(410 mg, 1.32 mmol) and tetrakis(triphenylphosphine) palladium (6.9 mg, 6.0 pmol) according
to method A. The product was purified by CC (petroleum ether/ethyl acetate 6:4); yield: 75 %
(150 mg).

N-(3-[5-(3-Hydroxyphenyl)-2-thienylJphenyl)methanesulfonamide (9). The title compound
was prepared by reaction of N-(3-[5-(3-methoxyphenyl)-2-thienyl]phenyl)methanesulfonamide
(9a) (150 mg, 0.44 mmol) and boron tribromide (1.32 mmol) according to method C. The
product was purified by preparative TLC (hexane/ethyl acetate 1:1); yield: 61 % (92 mg); MS,
ESI: 346 (M+H)"; Anal. (C,;H;sNOsS,) C, H, N.

N-(3-[5-(3-Methoxyphenyl)-2-thienyl]benzyl)methanesulfonamide (10a). The title
compound was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (150 mg,
0.56 mmol), 3-[(methylsulphonylamino)methyl]benzeneboronic acid (153 mg, 0.67 mmol),
caesium carbonate (382 mg, 1.23 mmol) and tetrakis(triphenylphosphine) palladium (6.5 mg,
5.6 umol) according to method A. The product was purified by CC (petroleum ether/ethyl
acetate 8:2); yield: 58 % (122 mg).

N-(3-[5-(3-Hydroxyphenyl)-2-thienyl]benzyl)methanesulfonamide (10). The title compound
was prepared by reaction of N-(3-[5-(3-methoxyphenyl)-2-thienyl]benzyl)methanesulfonamide
(10a) (122 mg, 0.37 mmol) and boron tribromide (1.11 mmol) according to method C. The
product was purified by preparative TLC (hexane/ethyl acetate 1:1); yield: 33 % (44 mg); MS,
ESI: 360 (M+H)"; Anal. (C;sH;;NOsS,) C, H, N.

N-(3-[5-(3-Methoxyphenyl)-2-thienyl]phenyl)-4-methylbenzenesulfonamide (11a). The title
compound was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (150 mg,
0.56 mmol), [3-[[(4-methylphenyl)sulfonyl]amino]phenyl]-boronic acid (195 mg, 0.67 mmol),
caesium carbonate (383 mg, 1.23 mmol) and tetrakis(triphenylphosphine) palladium (6.5 mg,
5.6 umol) according to method A. The product was purified by CC (petroleum ether/ethyl
acetate 9:1); yield: 88 % (214 mg).

N-(3-[5-(3-Hydroxyphenyl)-2-thienyl]phenyl)-4-methylbenzenesulfonamide (11). The title
compound was prepared by reaction of N-(3-[5-(3-methoxyphenyl)-2-thienyl]phenyl)-4-
methylbenzenesulfonamide (11a) (214 mg, 0.49 mmol) and boron tribromide (1.47 mmol)
according to method C. The product was purified by preparative TLC (hexane/ethyl acetate
1:1); yield: 75 % (156 mg); MS (APCI): 421 (M)"; Anal. (C53H;9NOsS,) C, H, N.

3,5-Dibromo-2-(3-methoxyphenyl)thiophene (12c¢). The title compound was prepared by
reaction of 2,3,5-tribromothiophene (100 mg, 0.31 mmol), 3-methoxybenzeneboronic acid (46
mg, 0.31 mmol), sodium carbonate (67 mg, 0.62 mmol) and tetrakis(triphenylphosphine)
palladium (17.9 mg, 15.5 wmol) according to method B heating the reaction 4 h instead of 20 h.
The product was purified by CC (petroleum ether/ethyl acetate 9:1); yield: 23 % (25 mg).

3-Bromo-2-(3-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (12b). The title compound
was prepared by reaction of 3,5-dibromo-2-(3-methoxyphenyl)thiophene (12¢) (500 mg, 1.43
mmol), 4-methoxybenzeneboronic acid (268 mg, 1.72 mmol), sodium carbonate (333 mg, 3.15
mmol) and tetrakis(triphenylphosphine) palladium (82.6 mg, 71.5 wmol) according to method
B. The product was purified by CC (petroleum ether/ethyl acetate 9:1); yield: 52 % (278 mg).

2,3-Bis(3-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (12a). The title compound was
prepared by reaction of 3-bromo-2-(3-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (12b)
(250 mg, 0.67 mmol), 3-methoxybenzeneboronic acid (124 mg, 0.80 mmol), sodium carbonate
(142 mg, 1.34 mmol) and tetrakis(triphenylphosphine) palladium (38.7 mg, 33.5 pmol)
according to method B. The product was purified by CC (petroleum ether/ethyl acetate 9:1);
yield: 72 % (194 mg).
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3,3’-[5-(4-Hydroxyphenyl)thiene-2,3-diyl]Jdiphenol (12). The title compound was prepared by
reaction of 2,3-bis(3-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (12a) (100 mg, 0.24
mmol) and boron tribromide (2.16 mmol) according to method C. The product was purified by
preparative TLC (hexane/ethyl acetate 1:1); yield: 92 % (79 mg); MS, ESI: 359 (M-H)"; Anal.
(CH16055) C, H, N.

3,3’-(3-Methylthiene-2,5-diyl]diphenol (13). The title compound was prepared by reaction of
2,5-dibromo-3-methylthiophene (150 mg, 0.58 mmol), 3-hydroxybenzeneboronic acid (179 mg,
1.27 mmol), caesium carbonate (868 mg, 2.79 mmol) and tetrakis(triphenylphosphine)
palladium (6.7 mg, 5.8 pumol) according to method A. The product was purified by CC
(hexane/ethyl acetate 4:6); yield: 45 % (73 mg); MS, ESI: 281 (M-H)"; Anal. (C,;H,,0,S) C, H,
N.

3-Bromo-2,5-bis(3-methoxyphenyl)thiophene (14b). The title compound was prepared by
reaction of 3,5-dibromo-2-(3-methoxyphenyl)thiophene (12¢) (250 mg, 0.72 mmol), 3-
methoxybenzeneboronic acid (134 mg, 0.86 mmol), sodium carbonate (148 mg, 1.44 mmol) and
tetrakis(triphenylphosphine) palladium (41.6 mg, 36.0 pmol) according to method B. The
product was purified by CC (petroleum ether/ethyl acetate 9:1); yield: 72 % (194 mg).

2,5-Bis(3-methoxyphenyl)-3-phenylthiophene (14a). The title compound was prepared by
reaction of 3-bromo-2,5-bis(3-methoxyphenyl)thiophene (14b) (102 mg, 0.27 mmol),
benzeneboronic acid (38 mg, 0.27 mmol), sodium carbonate (58 mg, 0.54 mmol) and
tetrakis(triphenylphosphine) palladium (15.6 mg, 13.5 pmol) according to method B. The
product was purified by CC (petroleum ether/ethyl acetate 9:1); yield: 54 % (51 mg).

3,3’-(3-Phenylthiene-2,5-diyl)diphenol (14). The title compound was prepared by reaction of
2,5-bis(3-methoxyphenyl)-3-phenylthiophene (14a) (50 mg, 0.13 mmol) and boron tribromide
(0.78 mmol) according to method C. The product was purified by preparative TLC
(hexane/ethyl acetate 1:1); yield: 53 % (49 mg); MS, ESIL: 345 (M+H)"; Anal. (C,,H;c0,S) C,
H, N.

2,3,5-Tris(3-methoxyphenyl)thiophene (15a). The title compound was prepared by reaction of
3-bromo-2,5-bis(3-methoxyphenyl)thiophene (14b) (102 mg, 0.27 mmol), 3-methoxybenzene
boronic acid (42 mg, 0.27 mmol), sodium carbonate (58 mg, 0.54 mmol) and
tetrakis(triphenylphosphine) palladium (15.6 mg, 13.5 pmol) according to method B. The
product was purified by CC (petroleum ether/ethyl acetate 9:1); yield: 34 % (37 mg).

3,3’,3’’-Thiene-2,3,5-triyltriphenol (15). The title compound was prepared by reaction of
2,3,5-tris(3-methoxyphenyl)thiophene (15a) (37 mg, 0.09 mmol) and boron tribromide (0.81
mmol) according to method C. The product was purified by preparative TLC (hexane/ethyl
acetate 1:1); yield: 67 % (21 mg); MS, ESI: 361 (M+H)"; Anal. (C;,H;605S) C, H, N.

5-(4-Methoxyphenyl)-2-(boronic acid)thiophene (16b). To a solution of 2-bromo-5-(4-
methoxyphenyl)thiophene (16¢) (100 mg, 0.37 mmol, 1 eq) in anhydrous THF cooled to -78 °C
for 5 min, n-BuLi (1.6 M in hexane, 0.28 mL, 0.44 mmol, 1.2 eq) was added dropwise and
stirred at -78 °C. After 15 min, triethyl borate (0.37 mL, 2.22 mmol, 6 eq) was added at -78°C
and the mixture was stirred for 2 h. After warming to rt, the crude material was acidified with
20 mL of a 1IN hydrochloric acid solution. The aqueous layer was washed with ethyl acetate.
The combined organic layers were dried over sodium sulfate, filtered and evaporated under
reduced pressure. The title compound was not characterized and used without further
purification.

2-(3-Methoxyphenyl-5-methylphenyl)-5-(4-methoxyphenyl)thiophene (16a). The title
compound was prepared by reaction of 1-bromo-3-methoxy-5-methylbenzene (150 mg, 0.74
mmol), [5-(4-methoxyphenyl)-2-thienyl]-boronic acid (16b) (206 mg, 0.88 mmol), sodium
carbonate (181 mg, 1.76 mmol) and tetrakis(triphenylphosphine) palladium (42.7 mg, 37.0
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pmol) according to method B. The product was purified by CC (hexane/ethyl acetate 7:3);
yield: 22 % (50 mg).

3-[5-(4-Hydroxyphenyl)-2-thienyl]-5-methylphenol (16). The title compound was prepared
by reaction of 2-(3-methoxyphenyl-5-methylphenyl)-5-(4-methoxyphenyl)thiophene (16a) (50
mg, 0.16 mmol) and boron tribromide (0.96 mmol) according to method C. The product was
purified by preparative TLC (hexane/ethyl acetate 1:1); yield: 90 % (41 mg); MS, ESI: 281 (M-
H)*; Anal. (C7H40,S) C, H, N.

2-(3-Fluoro-5-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (17a). The title compound
was prepared by reaction of 2-bromo-5-(4-methoxyphenyl)thiophene (16¢) (200 mg, 0.75
mmol), 3-fluoro-5-methoxybenzeneboronic acid (152 mg, 0.89 mmol), caesium carbonate (513
mg, 1.65 mmol) and tetrakis(triphenylphosphine) palladium (8.7 mg, 7.5 pumol) according to
method A. The product was purified by CC (hexane/ethyl acetate 7:3); yield: 43 % (122 mg).

3-Fluoro-5-[5-(4-hydroxyphenyl)-2-thienyl]phenol (17). The title compound was prepared by
reaction of 2-(3-fluoro-5-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (17a) (100 mg, 0.32
mmol) and boron tribromide (1.92 mmol) according to method C. The product was purified by
preparative TLC (hexane/ethyl acetate 7:3); yield: 88 % (80 mg); MS (APCI): 286 M"; Anal.
(Ci¢H11FO,S) C, H, N.

5-[5-(4-Methoxyphenyl)-2-thienyl]-2-methylphenol (18a). The title compound was prepared
by reaction of 5-bromo-2-methylphenol (250 mg, 1.34 mmol), [5-(4-methoxyphenyl)-2-
thienyl]-boronic acid (16b) (690 mg, 2.95 mmol), caesium carbonate (914 mg, 2.94 mmol) and
tetrakis(triphenylphosphine) palladium (15.5 mg, 13.4 umol) according to method A. The
product was purified by CC (hexane/ethyl acetate 7:3); yield: 47 % (193 mg).

5-[5-(4-Hydroxyphenyl)-2-thienyl]-2-methylphenol (18). The title compound was prepared
by reaction of 5-[5-(4-methoxyphenyl)-2-thienyl]-2-methylphenol (18a) (161 mg, 0.54 mmol)
and boron tribromide (3.24 mmol) according to method C. The product was purified by
preparative TLC (hexane/ethyl acetate 7:3); yield: 27 % (42 mg); MS, ESI: 283 (M+H)"; Anal.
(C7H140,5) C, H, N.

2-(4-Fluoro-3-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (19a). The title compound
was prepared by reaction of 2-bromo-5-(4-methoxyphenyl)thiophene (16¢) (200 mg, 0.75
mmol), 4-fluoro-3-methoxybenzeneboronic acid (152 mg, 0.89 mmol), caesium carbonate (553
mg, 1.78 mmol) and tetrakis(triphenylphosphine) palladium (8.7 mg, 7.5 pmol) according to
method A. The product was purified by CC (hexane/ethyl acetate 7:3); yield: 49 % (149 mg).

2-Fluoro-5-[5-(4-hydroxyphenyl)-2-thienyl]phenol (19). The title compound was prepared by
reaction of 2-(4-fluoro-3-methoxyphenyl)-5-(4-methoxyphenyl)thiophene (19a) (100 mg, 0.32
mmol) and boron tribromide (1.92 mmol) according to method C. The product was purified by
preparative TLC (hexane/ethyl acetate 7:3); yield: 88 % (80 mg); MS, ESI: 287 (M+H)"; Anal.
(Ci¢H11FO,S) C, H, N.

2-(3,4-Dimethoxyphenyl)-5-(4-methoxyphenyl)thiophene (20a). The title compound was
prepared by reaction of 2-bromo-5-(4-methoxyphenyl)thiophene (16¢) (195 mg, 0.73 mmol),
3.4-dimethoxybenzene boronic acid (160 mg, 0.88 mmol), caesium carbonate (500 mg, 1.61
mmol) and tetrakis(triphenylphosphine) palladium (8.4 mg, 7.3 pmol) according to method A.
The product was purified by CC (dichloromethane/methanol 99:1); yield: 46 % (119 mg).

4-[5-(4-Hydroxyphenyl)-2-thienyl]benzene-1,2-diol (20). The title compound was prepared
by reaction of 2-(3,4-dimethoxyphenyl)-5-(4-methoxyphenyl)thiophene (20a) (100 mg, 0.31
mmol) and boron tribromide (2.79 mmol) according to method C. The product was purified by
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preparative TLC (hexane/ethyl acetate 1:1); yield: 17 % (49 mg); MS, ESI: 285 (M+H)"; Anal.
(C16H1203S) C9 Hv N

2-(4-Methoxy-3-methylphenyl)-5-(3-methoxyphenyl)thiophene (21a). The title compound
was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (250 mg, 0.92
mmol), 3-methyl-4-methoxybenzeneboronic acid (152.8 mg, 0.92 mmol), sodium carbonate
(243 mg, 2.36 mmol) and tetrakis(triphenylphosphine) palladium (53.1 mg, 46.0 pumol)
according to method B. The product was purified by CC (hexane/ethyl acetate 7:3); yield: 54 %
(154 mg).

4-[5-(3-Hydroxyphenyl)-2-thienyl)-2-methyl]phenol (21). The title compound was prepared
by reaction of 2-(4-methoxy-3-methylphenyl)-5-(3-methoxyphenyl)thiophene (21a) (100 mg,
0.32 mmol) and boron tribromide (1.92 mmol) according to method C. The product was
purified by preparative TLC (hexane/ethyl acetate 6:4); yield: 79 % (72 mg); MS, ESI: 281 (M-
H)*; Anal. (C;7H,40,S) C, H, N.

2-(3,4-Dimethoxyphenyl)-5-(3-methoxyphenyl)thiophene (22a). The title compound was
prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (206 mg, 1.14 mmol),
3.4-dimethoxybenzeneboronic acid (247 mg, 1.36 mmol), caesium carbonate (779 mg, 2.51
mmol) and tetrakis(triphenylphosphine) palladium (13.2 mg, 11.4 umol) according to method
A. The product was purified by CC (dichloromethane/methanol 99:1); yield: 34 % (126 mg).

4-[5-(3-Hydroxyphenyl)-2-thienyl]benzene-1,2-diol (22). The title compound was prepared
by reaction of 2-(3,4-dimethoxyphenyl)-5-(3-methoxyphenyl)thiophene (22a) (100 mg, 0.32
mmol) and boron tribromide (2.88 mmol) according to method C. The product was purified by
preparative TLC (hexane/ethyl acetate 6:4); yield: 61 % (56 mg); MS, ESI: 283 (M-H)"; Anal.
(Ci¢H12055) C, H, N.

2-(3-Fluoro-4-methoxyphenyl)-5-(3-methoxyphenyl)thiophene (23a). The title compound
was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (370 mg, 1.37
mmol), 3-fluoro-4-methoxybenzeneboronic acid (255 mg, 1.50 mmol), caesium carbonate (717
mg, 3.01 mmol) and tetrakis(triphenylphosphine) palladium (15.8 mg, 13.7 umol) according to
method A. The product was purified by CC (hexane/ethyl acetate 7:3); yield: 98 % (421 mg).

2-Fluoro-4-[5-(3-hydroxyphenyl)-2-thienyl]phenol (23). The title compound was prepared by
reaction of 2-(3-fluoro-4-methoxyphenyl)-5-(3-methoxyphenyl)thiophene (23a) (240 mg, 0.76
mmol) and boron tribromide (4.56 mmol) according to method C. The product was purified by
preparative TLC (hexane/ethyl acetate 1:1); yield: 90 % (195 mg); MS, ESI: 285 (M-H)*; Anal.
(Ci¢H11FO,S) C, H, N.

2-(3-Methoxyphenyl)-5-[4-methoxy-3-(trifluoromethyl)phenyl]thiophene (24a). The title
compound was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (408 mg,
1.51 mmol), 3-trifluoromethyl-4-methoxybenzeneboronic acid (398 mg, 1.81 mmol), caesium
carbonate (1033 mg, 3.32 mmol) and tetrakis(triphenylphosphine) palladium (17.5 mg, 15.1
umol) according to method A. The product was purified by CC (hexane/ethyl acetate 7:3);
yield: 75 % (412 mg).

4-[5-(3-Hydroxyphenyl)-2-thienyl]-2-(trifluoromethyl)phenol (24). The title compound was
prepared by reaction of 2-(3-methoxyphenyl)-5-[4-methoxy-3-(trifluoromethyl)phenyl]-
thiophene (24a) (300 mg, 0.82 mmol) and boron tribromide (4.95 mmol) according to method
C. The product was purified by preparative TLC (hexane/ethyl acetate 1:1); yield: 98 % (272
mg); MS, ESI: 285 (M-H)"; Anal. (C;;H;,F;0,S) C, H, N.

2-(6-Methoxybiphenyl-3-yl)-5-(3-methoxyphenyl)thiophene (25a). The title compound was
prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (287 mg, 1.07 mmol), [6-
methoxy-1,1'-biphenyl-3-yl]boronic acid (25b) (338 mg, 1.29 mmol), sodium carbonate (250



ERGEBNISSE 62

mg, 2.35 mmol) and tetrakis(triphenylphosphine) palladium (61.8 mg, 53.5 umol) according to
method B. The product was purified by CC (hexane/ethyl acetate 7:3); yield: 35 % (135 mg).

5-[5-(3-Hydroxyphenyl)-2-thienyl]biphenyl-2-0l (25). The title compound was prepared by
reaction of 2-(6-methoxybiphenyl-3-yl)-5-(3-methoxyphenyl)thiophene (25a) (100 mg, 0.26
mmol) and boron tribromide (1.56 mmol) according to method C. The product was purified by
preparative TLC (hexane/ethyl acetate 1:1); yield: 88 % (81 mg); MS, ESI: 343 (M-H)"; Anal.
(C»H60,5) C, H, N.

[2-Methoxy-5-[5-(3-methoxyphenyl)-2-thienyl]phenylJmethanol (26¢). The title compound
was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (408 mg, 1.51
mmol), [3-(hydroxymethyl)-4-methoxyphenyl]-boronic acid (26d) (329 mg, 1.81 mmol),
caesium carbonate (1032 mg, 3.32 mmol) and tetrakis(triphenylphosphine) palladium (17.5 mg,
15.1 pmol) according to method A. The product was purified by CC (hexane/ethyl acetate 8:2);
yield: 12 % (59 mg).

2-Methoxy-5-[5-(3-methoxyphenyl)-2-thienyl]benzaldehyde (26b). To a solution of [2-
methoxy-5-[5-(3-methoxyphenyl)-2-thienyl|phenylJmethanol (26¢) (100 mg, 0.31 mmol, 1 eq)
in dichloromethane, pyridium chlorochromate (66 mg, 0.31 mmol, 1 eq) was added in small
portions over 5 min and stirred at rt. After 30 min, the reaction was quenched with water. The
resulting organic layer was dried over sodium sulfate, filtered and concentrated to dryness. The
title compound was not characterized and used in the next step without purification.

Ethyl-(2E)-3-[2-Methoxy-5-[5-(3-methoxyphenyl)-2-thienylJphenyl]acrylate (26a). To a
solution of sodium hydride (10.4 mg, 0.43 mmol, 1 eq) in anhydrous THF triethyl phosphonate
(93 uL, 0.46 mmol, 1.1 eq) was added dropwise and stirred at rt. After 15 min, 2-methoxy-5-[5-
(3-methoxyphenyl)-2-thienyl]Jbenzaldehyde (26b) (100 mg, 0.31 mmol, 0.6 eq) was added and
stirred for 4 h at rt. To quench the reaction water was added and the resulting organic layer was
washed with brine, dried over sodium sulfate, filtered, evaporated and purified by CC
(hexane/ethyl acetate 7:3); yield: 98 % (120 mg).

Ethyl-(2E)-3-[2-hydroxy-5-[5-(3-hydroxyphenyl)-2-thienyl]phenyl]acrylate (26). The title
compound was prepared by reaction of ethyl (2E)-3-[2-methoxy-5-[5-(3-methoxyphenyl)-2-
thienyl]phenyl]acrylate (26a) (60 mg, 0.15 mmol) and boron tribromide (0.90 mmol) according
to method C. The product was purified by preparative TLC (hexane/ethyl acetate 1:1); yield: 17
% (10 mg); MS (APCI): 366 (M)"; Anal. (C,;H;30,S) C, H, N.

(2E)-3-[2-Methoxy-5-[5-(3-methoxyphenyl)-2-thienyl]phenyl]-N-phenylacrylamide (27a).
Ethyl-(2E)-3-[2-methoxy-5-[5-(3-methoxyphenyl)-2-thienyl]phenyl]acrylate (26a) (720 mg,
2.22 mmol, 1 eq) in a solution of THF/water (2:1), was refluxed for 20 h together with lithium
hydroxide (320 mg, 13.33 mmol, 6 eq). After cooling to rt, ether was added, the aqueous layer
was acidified with hydrochloric acid 1N and washed with dichloromethane. The combined
organic layers were dried over sodium sulfate, filtered and evaporated under reduced pressure.
The resulting carboxylic acid was solubilized in dichloromethane (180 mg, 0.53 mmol, 1 eq)
and refluxed for 20 h with EDCI (102 mg, 0.53 mmol, 1 eq) and HOBt (72 mg, 0.53 mmol, 1
eq). After cooling to rt, the organic layer was washed with a 1.5 M sodium hydrogenocarbonate
solution, brine, dried over sodium sulfate, evaporated under reduced pressure and purified by
CC (hexane/ethyl acetate 7:3); yield: 51 % (120 mg); MS, ESI: 442 (M+H)".

(2E)-3-[2-Hydroxy-5-[5-(3-hydroxyphenyl)-2-thienyl]phenyl]-N-phenylacrylamide (27).
The title compound was prepared by reaction of (2E)-3-[2-methoxy-5-[5-(3-methoxyphenyl)-2-
thienyl]phenyl]-N-phenylacrylamide (27a) (55 mg, 0.13 mmol) and boron tribromide (0.78
mmol) according to method C. The product was purified by preparative TLC (hexane/ethyl
acetate 4:6); yield: 31 % (17 mg); MS, ESI: 414 (M+H)"; Anal. (C,sH;oNO;S) C, H, N.
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3-[2-Methoxy-5-[5-(3-methoxyphenyl)-2-thienyl]phenyl]-N-phenylpropanamide (28a).
(2E)-3-[2-Methoxy-5-[5-(3-methoxyphenyl)-2-thienyl]phenyl]-N-phenylacrylamide (27a) (50
mg, 0.11 mmol, 1 eq) was solubilized in thr mixture of THF/EtOH (1:1). After addition of
palladium hydroxide (1.7 mg, 0.01 mmol, 0.1 eq) the reaction was stirred at rt under nitrogen
atmosphere for 20 h. The crude mixture was filtered and the organic layer was evaporated under
reduced pressure; yield: quantitative.

3-[2-Hydroxy-5-[5-(3-hydroxyphenyl)-2-thienyl]phenyl]-N-phenylpropanamide (28). The
title compound was prepared by reaction of 3-[2-methoxy-5-[5-(3-methoxyphenyl)-2-
thienyl]phenyl]-N-phenylpropanamide (28a) (55 mg, 0.13 mmol) and boron tribromide (0.78
mmol) according to method C. The product was purified by preparative TLC (hexane/ethyl
acetate 1:1); yield: 20 % (10 mg); MS, ESI: 416 (M+H)"; Anal. (C,sH,;NO;S) C, H, N.

2-Bromo-5-(3-fluoro-4-methoxyphenyl)thiophene (29b). The title compound was prepared
by reaction of 2,5-dibromothiophene (500 mg, 2.10 mmol), 3-fluoro-4-methoxybenzeneboronic
acid (357 mg, 2.10 mmol), sodium carbonate (432 mg, 4.20 mmol) and
tetrakis(triphenylphosphine) palladium (121 mg, 1.05 mmol) according to method B. The
product was purified by CC (hexane/ethyl acetate 95:5); yield: 85 % (427 mg).

2-(3-Fluoro-4-methoxyphenyl)-5-(3-fluoro-5-methoxyphenyl)thiophene (29a). The title
compound was prepared by reaction of 2-bromo-5-(3-fluoro-4-methoxyphenyl)thiophene (29b)
(100 mg, 0.41 mmol), 3-fluoro-5-methoxybenzeneboronic acid (85 mg, 0.50 mmol), caesium
carbonate (280 mg, 0.90 mmol) and tetrakis(triphenylphosphine) palladium (4.7 mg, 4.1 pmol)
according to method A. The product was purified by CC (hexane/ethyl acetate 9:1); yield: 82 %
(113 mg).

2-Fluoro-4-[5-(3-fluoro-5-hydroxyphenyl)thien-2-yl]phenol (29). The title compound was
prepared by reaction of 2-(3-fluoro-4-methoxyphenyl)-5-(3-fluoro-5-methoxyphenyl)thiophene
(30a) (100 mg, 0.30 mmol) and boron tribromide (1.80 mmol) according to method C. The
product was purified by preparative TLC (hexane/ethyl acetate 6:4); yield: 38 % (35 mg); MS,
APCI: 304 (M)"; Anal. (C;6H,0F,0,S) C, H, N.

2-(3-Fluoro-4-methoxyphenyl)-5-(4-fluoro-3-methoxyphenyl)thiophene (30a). The title
compound was prepared by reaction of 2-bromo-5-(3-fluoro-4-methoxyphenyl)thiophene (29b)
(100 mg, 0.41 mmol), 4-fluoro-3-methoxybenzeneboronic acid (85 mg, 0.50 mmol), caesium
carbonate (279 mg, 0.90 mmol) and tetrakis(triphenylphosphine) palladium (4.7 mg, 4.1 pwmol)
according to method A. The product was purified by CC (hexane/ethyl acetate 9:1); yield: 72 %
(100 mg).

2-Fluoro-4-[5-(4-fluoro-3-hydroxyphenyl)thien-2-yl]phenol (30). The title compound was
prepared by reaction of 2-(3-fluoro-4-methoxyphenyl)-5-(3-fluoro-5-methoxyphenyl)thiophene
(30a) (100 mg, 0.30 mmol) and boron tribromide (1.80 mmol) according to method C. The
product was purified by preparative TLC (hexane/ethyl acetate 6:4); yield: 75 % (69 mg); MS,
APCI: 304 (M)"; Anal. (C;6H,0F,0,S) C, H, N.

2-(3,5-Difluoro-4-methoxyphenyl)-5-(3-methoxyphenyl)thiophene  (31a). The title
compound was prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (430 mg,
1.60 mmol), 3,5-difluoro-4-methoxybenzeneboronic acid (357 mg, 1.92 mmol), caesium
carbonate (1094 mg, 3.52 mmol) and tetrakis(triphenylphosphine) palladium (18.5 mg, 16.0
wmol) according to method A. The product was purified by CC (petroleum ether/ethyl acetate
9:1); yield: 42 % (223 mg).

2,6-Difluoro-4-[5-(3-hydroxyphenyl)-2-thienyl]phenol (31). The title compound was
prepared by reaction of 2-(3,5-difluoro-4-methoxyphenyl)-5-(3-methoxyphenyl)thiophene (31a)
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(220 mg, 0.62 mmol) and boron tribromide (3.72 mmol) according to method C. The product
was purified by preparative TLC (hexane/ethyl acetate 5:5); yield: 10 % (18 mg); MS, ESI: 305
(M+H)"; Anal. (C;¢H,,F,0,S) C, H, N.

2-(3,4-Difluorophenyl)-5-(3-methoxyphenyl)thiophene (32a). The title compound was
prepared by reaction of 2-bromo-5-(3-methoxyphenyl)thiophene (1b) (150 mg, 0.56 mmol),
3.4-difluorobenzeneboronic acid (105 mg, 0.67 mmol), caesium carbonate (383 mg, 1.23 mmol)
and tetrakis(triphenylphosphine) palladium (6.5 mg, 5.6 pumol) according to method A. The
product was purified by CC (hexane/ethyl acetate 9:1); yield: 90 % (152 mg).

3-[5-(3,4-Difluorophenyl)-2-thienyl]phenol (32). The title compound was prepared by
reaction of 2-(3,4-difluorophenyl)-5-(3-methoxyphenyl)thiophene (32a) (120 mg, 0.40 mmol)
and boron tribromide (1.20 mmol) according to method C. The product was purified by CC
(dichloromethane/methanol 99:1); yield: 85 % (98 mg); MS, ESL: 289 (M+H)"; Anal.
(C1sHoF,0S) C, H, N.

4-(4-Methoxy-3-methylphenyl)-2-(3-methoxyphenyl)thiophene (34a). The title compound
was prepared by reaction of 4-bromo-2-(3-methoxyphenyl)thiophene (33b) (400 mg, 1.49
mmol), 3-methyl-4-methoxybenzeneboronic acid (296 mg, 1.79 mmol), caesium carbonate
(1019 mg, 3.27 mmol) and tetrakis(triphenylphosphine) palladium (17.2 mg, 14.9 pmol)
according to method A. The product was purified by CC (hexane/ethyl acetate 7:3); yield: 69 %
(320 mg).

4-[5-(3-Hydroxyphenyl)-3-thienyl]-2-methylphenol (34). The title compound was prepared
by reaction of 4-(4-methoxy-3-methylphenyl)-2-(3-methoxyphenyl)thiophene (34a) (180 mg,
0.58 mmol) and boron tribromide (3.48 mmol) according to method C. The product was
purified by preparative TLC (hexane/ethyl acetate 1:1); yield: 54 % (88 mg); MS, ESI: 281 (M-
H)+, Anal. (C17H14OZS) C, H, N.

4-(3-Fluoro-4-methoxyphenyl)-2-(3-methoxyphenyl)thiophene (35a). The title compound
was prepared by reaction of 4-bromo-2-(3-methoxyphenyl)thiophene (33b) (400 mg, 1.49
mmol), 3-fluoro-4-methoxybenzeneboronic acid (303 mg, 1.78 mmol), caesium carbonate
(1019 mg, 3.30 mmol) and tetrakis(triphenylphosphine) palladium (17.2 mg, 14.9 wmol)
according to method A. The product was purified by CC (petroleum ether/ethyl acetate 9:1);
yield: 80 % (403 mg).

2-Fluoro-4-[5-(3-hydroxyphenyl)-3-thienyl]phenol (35). The title compound was prepared by
reaction of 4-(3-fluoro-4-methoxyphenyl)-2-(3-methoxyphenyl)thiophene (35a) (400 mg, 1.27
mmol) and boron tribromide (7.63 mmol) according to method C. The product was purified by
CC (dichloromethane/methanol 98:2); yield: 22 % (88 mg); MS, ESI: 287 (M-H)

4-(4-Methoxy-3-methylphenyl)-2-(3-methoxyphenyl)-1,3-thiazole (37a). The title compound
was prepared by reaction of 5-bromo-2-(3-methoxyphenyl)-1,3-thiazole (36b) (402 mg, 1.49
mmol), 3-methyl-4-methoxybenzeneboronic acid (247 mg, 1.79 mmol), caesium carbonate
(1019 mg, 3.27 mmol) and tetrakis(triphenylphosphine) palladium (17.2 mg, 14.9 wmol)
according to method A. The product was purified by CC (hexane/ethyl acetate 7:3); yield: 69 %
(320 mg).

4-[2-(3-Hydroxyphenyl)-1,3-thiazol-5-yl]-2-methylphenol (37). The title compound was
prepared by reaction of 4-(4-methoxy-3-methylphenyl)-2-(3-methoxyphenyl)-1,3-thiazole (37a)
(80 mg, 0.26 mmol) and boron tribromide (1.56 mmol) according to method C. The product was
purified by preparative TLC (hexane/ethyl acetate 3:7); yield: 16 % (11 mg), MS, ESI: 274
(M+H)"; Anal. (C;sH;3NO,S) C, H, N.

3-Fluoro-3'" ,4-dimethoxy-1,1':4',1"'-terphenyl (39a). The title compound was prepared by
reaction of 4'-bromo-3-methoxybiphenyl (38b) (175 mg, 0.67 mmol), 3-fluoro-4-
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methoxybenzeneboronic acid (136.7 mg, 0.88 mmol), caesium carbonate (457 mg, 1.47 mmol)
and tetrakis(triphenylphosphine) palladium (7.7 mg, 6.7 pumol) according to method A. The
product was purified by CC (hexane/ethyl acetate 98:2); yield: 58 % (117 mg).

3"-Fluoro-1,1':4',1""-terphenyl-3,4''-diol (39). The title compound was prepared by reaction
of 3-fluoro-3",4-dimethoxy-1,1"4',1"-terphenyl (39a) (115 mg, 0.37 mmol) and boron
tribromide (2.22 mmol) according to method C. The product was purified by preparative TLC
(dichloromethane/methanol 99:1); yield: 62 % (65 mg); MS, ESI: 281 (M+H)".

3,3""-Dimethoxy-4-methyl-1,1':4',1'"-terphenyl (41a). The title compound was prepared by
reaction of 4'-bromo-3-methoxybiphenyl (38b) (230 mg, 0.87 mmol), 4-methoxy-3-
methylbenzeneboronic acid (172 mg, 1.04 mmol), caesium carbonate (595 mg, 1.91 mmol) and
tetrakis(triphenylphosphine) palladium (10.1 mg, 8.7 pumol) according to method A. The
product was purified by CC (hexane/ethyl acetate 98:2); yield: 53 % (140 mg).

4-Methyl-1,1':4',1"'-terphenyl-3,3''-diol (41). The title compound was prepared by reaction of
3,3"-dimethoxy-4-methyl-1,1"4",1"-terphenyl (41a) (120 mg, 0.39 mmol) and boron tribromide
(2.34 mmol) according to method C. The product was purified by preparative TLC
(dichloromethane/methanol 97:3); yield: 38 % (42 mg); MS, ESI: 277 (M+H)".

4-Fluoro-3,3"'-dimethoxy-1,1':4',1"'-terphenyl (42a). The title compound was prepared by
reaction of 4'-bromo-3-methoxybiphenyl (38b) (200 mg, 0.76 mmol), 4-fluoro-3-
methoxybenzeneboronic acid (154 mg, 0.91 mmol), caesium carbonate (520 mg, 1.67 mmol)
and tetrakis(triphenylphosphine) palladium (8.8 mg, 7.6 umol) according to method A. The
product was purified by CC (hexane/ethyl acetate 9:1); yield: 75 % (175 mg).

4-Fluoro-1,1':4',1"-terphenyl-3,3"'-diol (42). The title compound was prepared by reaction of
4-fluoro-3,3"-dimethoxy-1,1":4',1"-terphenyl (42a) (175 mg, 0.57 mmol) and boron tribromide
solution (3.42 mmol) according to method C. The product was purified by preparative TLC
(hexane/ethyl acetate 1:1); yield: 63 % (100 mg); MS, EST: 281 (M+H)".

Biological Methods

[2, 4, 6, 7—3H]—E2 and [2, 4, 6, 7—3H]—El were bought from Perkin Elmer, Boston. Quickszint
Flow 302 scintillator fluid was bought from Zinsser Analytic, Frankfurt.

178-HSD1 and 17B-HSD2 were obtained from human placenta according to previously
described procedures (Kruchten et al., 2009c; Qiu et al., 2002; Zhu et al., 1993). Fresh human
placenta was homogenized and centrifuged. The pellet fraction contains the microsomal 17f-
HSD2, while 17B-HSD1 was obtained after precipitation with ammonium sulfate from the
cytosolic fraction.

1. Inhibition of 17p-HSD1

Inhibitory activities were evaluated by a well established method with minor modifications (Lin
et al., 1992; Sam et al., 1995; Sam et al., 1998). Briefly, the enzyme preparation was incubated
with NADH [500 uM] in the presence of potential inhibitors at 37 °C in a phosphate buffer (50
mM) supplemented with 20 % of glycerol and EDTA (ImM). Inhibitor stock solutions were
prepared in DMSO. Final concentration of DMSO was adjusted to 1 % in all samples. The
enzymatic reaction was started by addition of a mixture of unlabelled and [2, 4, 6, 7-3H]-E1
(final concentration: 500 nM, 0.15 uCi). After 10 min, the incubation was stopped with HgCl,
and the mixture was extracted with ether. After evaporation, the steroids were dissolved in
acetonitrile. E1 and E2 were separated using acetonitrile/water (45:55) as mobile phase in a C18
rp chromatography column (Nucleodur C18 Gravity, 3 um, Macherey-Nagel, Diiren) connected
to a HPLC-system (Agilent 1100 Series, Agilent Technologies, Waldbronn). Detection and
quantification of the steroids were performed using a radioflow detector (Berthold
Technologies, Bad Wildbad). The conversion rate was calculated according to following
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DE?2

equation: %conversion =————— 100 . Each value was calculated from at least three

DE2+%El

independent experiments.

2. Inhibition of 17p-HSD2

The 17B-HSD2 inhibition assay was performed similarly to the 17B-HSDI1 procedure. The
microsomal fraction was incubated with NAD" [1500 uM], test compound and a mixture of
unlabelled- and [2, 4, 6, 7—3H]—E2 (final concentration: 500 nM, 0.11 uCi) for 20 min at 37 °C.
Further treatment of the samples and HPLC separation was carried out as mentioned above.

3. ER affinity

The binding affinity of selected compounds to the ERa and ERP was determined according to
Zimmermann et al., 2005. Briefly, 0.25 pmol of ERa or ER, respectively, were incubated with
[2, 4, 6, 7—3H]—E2 (10 nM) and test compound for 1 h at rt. The potential inhibitors were
dissolved in DMSO (5 % final concentration). Non-specific-binding was performed with
diethylstilbestrol (10 uM). After incubation, ligand-receptor complexes were selectively bound
to hydroxyapatite (5 g/ 60 mL TE-buffer). The formed complex was separated, washed and
resuspended in ethanol. For radiodetection, scintillator cocktail (Quickszint 212, Zinsser
Analytic, Frankfurt) was added and samples were measured in a liquid scintillation counter
(Rack Beta Primo 1209, Wallac, Turku). For determination of the relative binding affinity,
inhibitor and E2 concentrations required to displace 50 % of the receptor bound labelled E2
were determined. RBA values were calculated according to the following equation:

RBA[%] = ICs0(E2)
ICso(compound )

-100. The RBA value for E2 was arbitrarily set at 100 %.

4. Evaluation of the estrogenic activity using T47D cells

Phenol red-free medium was supplemented with sodium bicarbonate (2 g/ L), streptomycin (100
pg/ mL), insuline zinc salt (10 ug/ mL), sodium pyruvate (1 mM), L-glutamine (2 mM),
penicillin (100 U/ mL) and DCC-FCS 5 % (v/v). RPMI 1640 (without phenol red) was used for
the experiments. Cells were grown for 48 h in phenol red-free medium. Compound 21 was
added at a final concentration of 100 nM. Inhibitors and E2 were diluted in ethanol (final
ethanol concentration was adjusted to 1 %). As a positive control E2 was added at a final
concentration of 0.1 nM. Ethanol was used as negative control. Medium was changed every two
to three days and supplemented with the respective additive. After eight days of incubation, the
cell viability was evaluated measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazoliumbromide (MTT). The cleavage of MTT to a blue formazan by
mitochondrial succinat-dehydrogenase was quantified spectrophotometrically at 590 nm as
described by Denizot and Lang, 1986 with minor modifications. The control proliferation was
arbitrarily set at 1 and the stimulation induced by the inhibitor was calculated according to

. ) . _1

[proly‘erc.ltlon(.compounfl induced) ] 100% . Bach
[ proliferation(E2 — induced )— 1]

value is calculated as a mean value of at least three independent experiments

following equation: %stimulation =

5. Inhibition of human hepatic CYPs
The commercially available P450 inhibition kits from BD Gentest™ (Heidelberg, Germany)
were used according to the instructions of the manufacturer. Compounds 21 and 23 were tested
for inhibition of the following enzymes: CYP2D6 and 3A4. Percentage of inhibition at 2 uM for
compounds 21 and 23 were determined.

6. In Vivo Pharmacokinetics

Male Wistar rats weighing 300-330 g (Janvier France) were housed in a temperature-controlled
room (20-22 °C) and maintained in a 12 h light/12 h dark cycle. Food and water were available
ad libitum. They were anesthetized with a ketamine (135 mg/kg)/ xylyzine (10 mg/kg) mixture
and cannulated with silicone tubing via the right jugular vein and attached to the skull with
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dental cement. Prior to the first blood sampling, animals were connected to a counterbalanced
system and tubing to perform blood sampling in the freely moving rat.

Compounds 21 and 23 were applied orally in a cassette dosing in 4 rats at the dose of 10 mg/kg
body weight by using a feeding needle. The compounds were dissolved in a mixture
labrasol/water (1:1) and given at a volume of SmL/kg. Blood samples (0.2 mL) were taken at O,
1,2,3,4, 6,8, 10 and 24 h postdose and collected in heparinised tubes. They were centrifuged
at 3000g for 10 min, and plasma was harvested and kept at -20 °C until analyzed.
HPLC-MS/MS analysis and quantification of the samples was carried out on a Surveyor-HPLC-
system coupled with a TSQ Quantum (Thermo/Fisher) triple quadrupole mass spectrometer
equipped with an electrospray interface.

Computational Chemistry

1. Molecular Modelling

All molecular modelling studies were performed on Intel(R) P4 CPU 3.00 GHz running Linux
CentOS 5.2. The X-ray structures of 17B-HSD1 (PDB-ID: 1A27, 1FDT and 1I5R) were
obtained from the Protein Databank (Berman et al., 2000) and further prepared using the
BIOPOLYMER module of SYBYL v8.0 (Sybyl, Tripos Inc., St. Louis, Missouri, USA). Water
molecules, E2 (or HYC for 1I5R) and sulfate ions were stripped from the PDB files and missing
protein atoms were added and correct atom types set. Finally hydrogen atoms and neutral end
groups were added. All basic and acidic residues were considered protonated and deprotonated,
respectively. Since almost all histidines are oriented toward the outer part of the enzyme,
accessible for the surface, they were considered as protonated (HIP) after a prediction run made
by MolProbity (Davis et al., 2007). For 1I5R the cofactor NADPH was merged into the enzyme
after an accurate overlay with the hybrid inhibitor HYC and the X-rays 1A27 and 1FDT.
Further, every crystal structure was minimized for 500 steps with the steepest descent
minimizer as implemented in SYBYL with the backbone atoms kept at fixed positions in order
to fix close contacts, followed by 2000 steps conjugate gradient minimization requested for an
overall better starting structure.

Inhibitor 23 was built with SYBYL and energy-minimized in MMFF94s force-field as
implemented in Sybyl. Subsequently an ab-initio geometry optimizations was performed gas
phase at the B3ALYP/6-311**G (d,p) level of density functional theory (DFT) by means of the
Gaussian03 software (Bayly et al., 1993; Frisch et al., 2003), in order to obtain the RESP
charges of compound 23, thought to better perform in Autodock4.

Two different softwares were used for docking studies: GOLDv3.2 (Jones et al., 1997) and
Autodock4 (Huey et al., 2007; Morris et al., 1998), using the graphical user interface
AutoDockTools (ADT 1.5.2). Since both allow flexible docking of ligands, no conformational
search was employed to the ligand structure. For both programs the compound 23 was docked
in 50 independent genetic algorithm (GA) runs.

GOLDv3.2: Active-site origin was set at the center of the steroid binding site, while the radius
was set equal to 13 A. The automatic active-site detection was switched on. Further, a slightly
modified GOLDSCORE fitness function (increased scaling for hydrophobic contacts) was used
and genetic algorithm default parameters were set as suggested by the GOLD authors.
Autodock4: The docking area has been defined by a box, centered on the mass center of the
CD-rings of the cocrystallized E2. Grids points of 60 x 70 x 74 with 0.375 A spacing were
calculated around the docking area for all the ligand atom types using AutoGrid4. The
Lamarckian genetic algorithm local search (GALS) method was used. Each docking run was
performed with a population size of 200. A mutation rate of 0.02 and a crossover rate of 0.8
were used to generate new docking trials for subsequent generations. The GALS method
evaluates a population of possible docking solutions and propagates the most successful
individuals from each generation into the next one.

Both programs performed in a similar way, supporting the herein suggested binding modes. The
quality of the docked poses was evaluated based mainly on visual inspection of the putative
binding modes of the ligand, and secondly on the scoring functions, which give a good measure
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to discriminate between the found binding modes for one single X-ray conformation, but do not
help us to compare the poses of different X-rays.

2. MEP

For selected compounds ab-initio geometry optimisations were performed gas phase at the
B3LYP/6-311*%*G (d,p) level of density functional theory (DFT) by means of the Gaussian03
software and the molecular electrostatics potential map (MEP) was plotted using GaussView3,
the 3D molecular graphics package of Gaussian (Dennington et al., 2003). These electrostatic
potential surfaces were generated by mapping 6-311G** electrostatic potentials onto surfaces of
molecular electron density (isovalue = 0.0002¢/A). The MEP maps are color coded, where red
stands for negative values (3.1* 102 Hartree) and blue for positive ones (4.5* 102 Hartree).
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Abstract

17B-Estradiol (E2) is implicated in the genesis and the development of estrogen-dependent
diseases. Its concentration is mainly regulated by 17B-hydroxysteroid dehydrogenase type 1
(17B-HSD1) which catalyzes the reduction of the weak estrogen estrone (E1) to the highly
potent E2. This enzyme is thus an important target for the treatment of hormone-dependent
diseases. Thirty-seven novel substituted 6-phenyl-2-naphthols were synthesized and evaluated
for 17B-HSD1 inhibition, selectivity toward 17B-HSD2 and the estrogen receptors (ERs) a and
B as well as pharmacokinetic properties. SAR studies revealed that the compounds most likely
bind according to binding mode B to the active site i.e. the 6-phenyl moiety mimicking the
steroidal A-ring. While substitution at the phenyl ring decreased activity, introduction of
substituents at the naphthol moiety led to highly active compounds, especially in position 1. The
1-phenyl compound 32 showed a very high inhibitory activity for 178-HSD1 (ICsy = 20 nM)
and good selectivity (17B-HSD2 and ERs) and pharmacokinetic properties after peroral
application.

Introduction

It is well recognized that estrogens play a central role in female physiology. 17p-Estradiol (E2),
the endogenous ligand of the estrogen receptors, however, is also known to be involved in the
development of estrogen-dependent diseases, inducing cell proliferation in breast cancer (Travis
and Key, 2003) and playing a critical role in the development and growth of endometriosis
(Dizerega et al., 1980).

Until today, two different strategies have been developed for the treatment of hormone-
dependent breast cancer (Bush, 2007; Miller et al., 2007): 1. reduction of the estrogen
biosynthesis either by aromatase inhibitors, which prevent the transformation of androgens into
estrogens or using GnRH analogues, which inhibit ovarian estrogen formation. 2. blockage of
estrogen action at the receptor level via selective estrogen receptor modulators (SERMs).
Another approach to reduce the estrogen action could be achieved by inhibition of 17p-
hydroxysteroid dehydrogenase type 1 (17B-HSD1, EC1.1.1.62), the enzyme catalyzing the last
step in E2 biosynthesis.

17B8-HSD1 transforms the weak estrogen estrone (E1) into the most potent estrogen E2 (Chart
1). 17B-HSD1 is a cytosolic enzyme which was crystallized with different steroidal ligands
(Azzi et al., 1996; Breton et al., 1996; Gangloff et al., 2003; Ghosh et al., 1995; Han et al.,
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2000; Mazza et al., 1998; Qiu et al., 2002; Sawicki et al., 1999; Shi and Lin, 2004). The X-ray
structures provide information on the active site of the enzyme: it is an elongated hydrophobic
tunnel with two polar ends (His221, Glu282 on one side and Ser142, Tyr155 on the other side,
the last two amino acids are involved in the catalytic tetrad). Interestingly, another two polar
amino acids (Ser222 and Tyr218) are also located in this narrow cavity, close to the B/C ring of
the steroid but do not interact directly with it.

o)
ﬁ 178-HSD1, NADPH r\’/,
B B
HO™ > 17B-HSD2, NAD*  HO™ >

E1 E2
Chart 1: Interconversion of estrone (El) to estradiol (E2).

17B-HSD1 is often over-expressed in breast cancer cells (Gunnarsson et al., 2001; Gunnarsson
et al., 2005; Miyoshi et al., 2001; Suzuki et al., 2000) resulting in high intracellular E2
concentrations. Inhibition of 178-HSD1 will prevent the transformation of El into E2 and thus
will reduce the intracrine (Labrie, 1991) effect of E2. In contrast to aromatase inhibition the E1
level will not be affected and a basal estrogenic activity will be maintained: 178-HSD1
inhibitors therefore might be softer therapeutics for the treatment of estrogen-dependent
diseases, i.e. they should lead to less side-effects. 17B-HSDI is therefore an attractive target for
the design of new drugs for breast cancer and endometriosis.

Recently, Laplante et al., 2008 showed that potent estradiol type inhibitors were able to reduce
the E1 induced T47D cell proliferation by 62% in vitro. Husen et al. (Husen et al., 2006a;
Husen et al., 2006b) and Day et al., 2008 have described mouse models to evaluate the efficacy
of 17B-HSD1 inhibitors in vivo. Both groups have used ovariectomized immunodeficient mice
and implanted MCF-7 cells stably transfected with human 17B-HSD1 (Husen et al., 2006a;
Husen et al., 2006b) or T47D cells (Day et al., 2008), respectively. The El induced tumor
growth could be reduced by 173-HSD1 inhibitors.

Regarding the therapeutic concept it is important that inhibitors of 17B-HSD1 are selective
toward 17B-HSD2 — which inactivates E2 to El, thus acting as an adversary to the type 1
enzyme — and toward the estrogen receptors o and f i.e. they should have no or little affinity to
these proteins.

Over the last years, several groups have reported about 173-HSD1 inhibitors, most of them
having a steroidal structure (BroZic et al., 2008; Laplante et al., 2008; Poirier, 2003). The first
non-steroidal inhibitors of 17B-HSDI1, the thiophenepyrimidinones were published by
Messinger et al., 2006. However, most of the non-steroidal 178-HSD1 inhibitors described so
far do not appear to be drug-like. Recently, based on our experience in the design of steroid
mimicking compounds (Jagusch et al., 2008; Salem et al., 2006; Ulmschneider et al., 2005), we
reported on the discovery of (hydroxyphenyl)naphthalenes as potent and selective inhibitors of
178-HSD1 (Frotscher et al., 2008). The most promising compound of this series of
steroidomimetics was the 6-(3-hydroxyphenyl)-2-naphthol 1 (Chart 2).

Compound 1 can be considered as a scaffold for structure optimization. Introduction of
additional substituents leading to new interactions with amino acids from the active site might
increase potency and selectivity of this class of inhibitors. In this report, the rational design of
novel, selective inhibitors of 173-HSD1 — based on the analysis of possible binding modes of
the scaffold in the substrate binding site of the enzyme — will be presented. Subsequently
synthesis and biological evaluation of the derived substituted 6-phenyl-2-naphthols (Chart 2)
will be described.
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Chart 2: Synthesized compounds.
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Chart 2: Synthesized compounds (continued).

XCOR4
19 - 30
Cmpd R4 Cmpd X
H
19 SN 25
A NN
20 ~ @ 26 ~ IJ 32 1- -
N OH H\(SY o
sy S
21 % @ 27 S/ 33 1- *\@
, o_.0
o [ N 1- XS
22 “O 28 XX o 34 % \@\
23 N 29 HAXL X @ 35 N
o ' TN
\N/\ K , H o /@
24 L_NH 30 XK BUN 36 3. )LH
37 4- 5y
38 8- 7\\\N

Design

There are two modes for the binding of compound 1 into the substrate binding site (Figure 1).
Binding mode A is characterized by interactions of the phenyl-OH with Ser142 and Tyr155
from the catalytic tetrad while the naphthol-OH interacts with His221 and Glu282. Binding
mode B is characterized by the formation of hydrogen bonds between the phenyl-OH and
His221, Glu282, as well as between the naphthol-OH and Ser142, Tyr155. Docking of
compound 1 into the active site of 178-HSD1 (PDB-ID: 1FDT with the amino acids of the
flexible loop in the B conformation), after having removed E2, shows that the space available
for additional substituents on the lipophilic core structure is different in the two binding modes.
This is visualized in Figure 1 with colored arrows: green arrows indicate that there is space
available for large substituents, in orange positions are shown with limited space (small
substituents) and in red positions are marked where no space is available for substitution.
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binding mode A

Glu282 8
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Figure 1: Two possible binding modes for compound 1. For each binding mode A and B, investigation
of the space available around 1 for introduction of substituents. Green arrows indicate enough space
for large substituents, orange arrows: space for smaller substituents and red arrows: no space for any
substituents.

In case compound 1 binds according to mode A, space is available around position 4’ of the
phenyl ring and position 1 of the naphthalene moiety to introduce a substituent: a compound
substituted at these positions should have some activity. On the contrary, introducing a
substituent in positions 5°, 6°, 3, 4 or 7 should result in an inactive compound. Accordingly, in
case compound 1 binds in binding mode B, a substituent in position 2’ and 1 should be tolerated
and lead to some activity while substitution in position 4’ and 6’ should result in inactive
compounds. These considerations are only valid when the amino acids of the flexible loop (188-
201) are in the B conformation, while there is more space available for substitution in the A
conformation.

Compounds substituted at positions 4’ and 5° of the phenyl ring and positions 1, 3, 4 and 8 of
the naphthalene moiety were synthesized to get more insight in the binding mode of this class of
compounds and to find out about the best position to gain activity.

Chemistry
Substitution at the phenyl ring

The synthesis of compounds 2-18 substituted in position 4’ and 5’ of the phenyl ring is depicted
in Schemes 1-4. Scheme 1 shows the synthesis of compounds 2-3 substituted in position 4’ of
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the phenyl ring with an amide moiety. These compounds were obtained from Suzuki coupling
(Miyaura and Suzuki, 1995) using 4-bromo-2-methoxyaniline 2¢ and 6-methoxy-2-naphthalene
boronic acid 2d as reactants. The aniline moiety was N-acylated with two different acid
chlorides. Subsequent ether cleavage with boron tribromide (Bhatt and Kulkarni, 1983) led to 2
and 3.

Scheme 1°: Synthesis of compounds 2-3.

o)
<o O NH,
B(OH), NH, .
. e
~o Br ~o
2d 2¢ 2b
b
OH H \O
N

2R1=-CH, 2aR1=-CH,
3R1=-Ph 3aR1=-Ph

@ Reagents and conditions: a. Pd(PPh,),, ag. Na,CO,, toluene, 80 °C, overnight; b. RCOCI, CH,Cl,,
DMAP, RT, overnight; c. BBr;, CH,CI,, -78 °C, overnight.

Scheme 2°: Synthesis of compounds 4-6.

e
0 OH
- B(OH),
(0]
\O O O
- _—
a Rl b R
Br R1
\o HO
4b R1= -CH 4aR1= CH 4 Rt =-CH,
ESC R1 =-Br c|:5bR1=-Br
E 7c R1=-COOH 7b R1 = -COOH
9¢ R1 =-CH=CHCOOH 9b R1 = -CH=CHCOOH

HO

5aR2 = \CL 5R2= OH
sar2- L. 6R2= O
@ Reagents and conditions: a. Pd(PPh,),, aq. Na,CO,, DME, 80°C, 12 h to 26 h; b. BBr;, CH,Cl,,

-78 °C, 4 h; c. KMnQ,, pyridine/H,0O (2:5), 75 °C, 65 h, d. acrylic acid, PPh;, Pd(OAc),, NEt,, xylene,
100 °C, 11 h.
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Compounds 4-6 bearing alkyl or aromatic substituents in position 5’ of the phenyl ring were
synthesized according to the route described in Scheme 2. Suzuki coupling between the bromo
derivatives (4b, 5c) and the appropriate boronic acid (one Suzuki reaction for 4a and two
successive Suzuki couplings for 5a and 6a), followed by a demethylation step using boron
tribromide gave compounds 4-6.

Compounds 7-8 with an amide moiety directly linked to position 5’ of the phenyl ring and
compounds 9-12 bearing the amide function linked via a C2 spacer were synthesized according
to the pathway described in Scheme 3. These compounds were obtained after Suzuki coupling,
acylation in presence of EDCI and HOBt (Pascal et al., 1998) and ether cleavage (boron
tribromide). The intermediates 7b and 7¢ were prepared by oxidation of the methyl derivatives
4a and 4b, respectively, with potassium permanganate (Claudi et al., 2000; Scheme 2). The
acrylic acid 9c¢, the precursor of 9b was prepared from the corresponding bromo derivative 5c¢
via Heck reaction (Patel et al., 1977; Scheme 2). Subsequent catalytic hydrogenation of the
double bond (9a, 10a) was performed using Pearlman’s catalyst (Hwang et al., 1992).

Scheme 3°: Synthesis of compounds 7-12.

O/
¢ i
H O
e oI
- X%N/
¢ - = H
~N
a O

7bn=0 7an=0,R=-CH,

9bn =1, X = -CH=CH- 8an=0,R=-Ph
9an =1, X =-CH=CH-, R = -CH,

¢ 10an=1,X=-CH=CH-, R = -Ph
. c 11an =1, X = -CH,CH,-, R = -CH,

12an =1, X = -CH,CH,-, R = -Ph

H
7n=0,R=-CH,
8n=0,R=-Ph

9n=1,X=-CH=CH-, R = -CH,
10n =1, X = -CH=CH-, R = -Ph
11n=1, X = -CH,CH,, R = -CH,
12n =1, X = -CH,CH,-, R = -Ph

2 Reagents and conditions: a. RNH,, EDCI, HOBt, CH,Cl,, 0 °C to RT, overnight; b. BBr;, CH,Cl,, -78 °C,
4 h; c. Pd(OH),, H,, THF, RT, 20 h.

Compounds 13-16 with a nitro- instead of a hydroxy-moiety in position 3’ of the phenyl ring
and an amide function in position 5’ were also synthesized. The preparation of these compounds
13-16 is described in Scheme 4 and is similar to the route leading to 3’-hydroxyphenyl
naphthalenes 7-8 mentioned above. Reduction of the nitro groups, either by hydrogenation in
presence of palladium on charcoal as catalyst (Clark and Lin, 1986) or by action of tin with
hydrochloric acid (Ogata et al., 1987), afforded amines 17-18.
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Scheme 4°: Synthesis of compounds 13-18.

(OH), O
/“/ OO COOH
~o

COCH a

b
C
-

—— 13 R1=-CH; R2 =-NO, 13a R1 = -CH,
— 14 R1 = -Ph, R2 = -NO, 14aR1 = -Ph

d 15R1=-(pOH)Ph, R2 = -NO, 15a R1 = -(pOMe)Ph
e 16 R1 = -(mOH)Ph, R2 = -NO, 16a R1 = -(mOMe)Ph

> 17 R1 =-CH, R2 = -NH,
L > 18 R1 =-Ph, R2 = -NH,

2 Reagents and conditions: a. Pd(PPh,),, agq. Na,CO,, DME, 80 °C, overnight; b. RNH,, EDCI,
HOBt, CH,Cl,, 0 °C to RT, 48 h; d. BBr,, CH,Cl,, -78 °C, 4 h; d. H,, Pd/C, EtOH, 0 °C to RT,
overnight; e. Sn, HCI, THF, 50 °C, 1 h.

Substitution at the naphthalene ring

The synthesis of compounds 19-38 substituted in positions 1, 3, 4 and 8 of the naphthalene
moiety is depicted in Schemes 5-9.

Substituents introduced in position 1 include carboxylic acid amides, bromine, phenyl and
sulfones. Synthesis of the amides 19-30 is shown in Scheme 5. Formylation at position 1 of the
naphthalene moiety, performed according to the procedure described by Royer and Buisson,
1980, followed by Suzuki cross-coupling led to the key intermediate, aldehyde 19c. It was
oxidized (Gao et al., 2001) into the corresponding carboxylic acid 19b. After conversion to the
amides 19a-27a, the ether functions were deprotected to give the desired compounds 19-27. In
another synthetic route, the aldehyde 19¢ was subjected to the Horner-Wadsworth-Emmons
conditions (Wadsworth and Emmons, 1961) to introduce an acrylic ester moiety (compound
28c). Hydrolysis of the ester, amide formation and ether cleavage afforded compounds 28-29.
Reduction of the double bond by hydrogenation using Pearlman’s catalyst led to 30.
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Scheme 5°: Synthesis of compounds 19-30.

oo r‘ﬁa“

19a - 27a
a T
c

Br 9w O
o OO o o
Q b
I GHo

R2 19-27
19d
NH
Y R”
h : 28c X = -CH=CH-, Y = -OFEt . 28 X =-CH=CH-, R = -CH,
—> 28b X=-CH=CH-, Y =-OH ! 29 X = -CH=CH-, R = -Ph
e |—» 28aX=-CH=CH-, Y =-NHCH, 30 X = -CH,CH,-, R = -CH,

> 29a X =-CH=CH-, Y =-NHPh

2 Reagents and conditions: a. TiCl,, dichloromethylmethylether, CH,Cl,, 0 °C to RT, overnight;
b. 3-methoxybenzeneboronic acid, Pd(PPh,),, toluene, ag. Na,CO,, 80 °C, 24 h; c. H,NSO,H,
NaOCIO, H,O/acetone (1:2), 0 °C, 30 min; d. (i) SOCI,, RT, 30 min; (ii) RNH,, DME or CH,CI,,
DMAP, RT, overnight; e. RNH,, EDCI, HOBt, CH,Cl,, RT, overnight; f. BBr,;, CH,Cl,, -78 °C
to RT, overnight; g. triethylphosphonoacetate, NaH, dry DME, RT, 1 h; h. LiOH, THF/H,O (3:1),
reflux, overnight; i. Pd(OH),, H,, ethanol/THF (2:1), RT, overnight.

Cmpd R1 R2
19a/19 -CH; -H
20a/20 -Ph -H
21a/21 -(mOMe)Ph/-(mOH)Ph -H
22a /22 -piperidine-
23a/23 -morpholine-
24a /24 -piperazine-
25a/25 2-pyridinyl -H
26a/26 pyrimidin-4-yl -H
27a/27 5-methyl-1,3,4-thiadiazol-2-yl -H

The synthesis of the 1-phenyl naphthalene 32 is depicted in Scheme 6. Regioselective Suzuki
reaction of the 1,6-dibromonaphthalene 31b led to the 1-bromo-6-(3’-
methoxyphenyl)naphthalene 31a. Subsequent ether cleavage led to the 1-bromonaphthol 31
which in turn was submitted to a second Suzuki coupling to give compound 32.
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Scheme 6°: Synthesis of compounds 31-32.

gt

Br 31b

@ Reagents and conditions: a. 3-methoxybenzeneboronic acid, Pd(PPh,),, toluene,
aqg. Na,CO,, 80 °C, overnight; b. BBr,;, CH,Cl,, -78 °C to RT, overnight;
c. benzeneboronic acid, Pd(PPh,),, toluene, aq. Na,CO,, 80 °C, 23 h.

The synthesis of the 1-sulfonylnaphthalenes 33-34 was performed according to the route
described in Scheme 7 from the key intermediate 31a. Aromatic nucleophilic substitution of the
1-bromonaphthalene 31a by sodium benzenethiolate or 4-methylbenzenethiolate (Bahuguna et
al., 1982) led to the thioethers 33b and 34b. Hydrolysis of the methoxy groups and oxidation
with m-CPBA (Wang et al., 2006) gave the corresponding sulfones 33 and 34.

Scheme 7°: Synthesis of compounds 33-34.

corTe oy oo
O — 0 ————> HO
I a I c

Br Nas\©\ S S
St | Q @ 33a
R

33b R = -H ]
HO”/‘\
SO,

34b R = -CH,
33R =-H

34 R =-CH,

@ Reagents and conditions: a. DMF, reflux, 11 h; b. m-CPBA, CH,Cl,, 0 °C to RT, 12 h; c. BBr;, CH,Cl,,
-78 °C to RT, overnight.
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Introduction of amide moieties in position 3 of the 2-naphthol core was carried out as depicted
in Scheme 8. The intermediate 35¢ was synthesized using the route described by Murphy et al.,
1991. It was submitted to Suzuki coupling, amide formation and ether cleavage to give the final
compounds 35 and 36.

Scheme 8°: Synthesis of compounds 35-36.

MeOOC
o OO
35d

5¢c
e f
i QU
EDO O
H g
HO

35 R =-CH, 35a R =-CH,
36 R =-Ph 36a R =-Ph

2 Reagents and conditions: a. Br,, acetic acid, reflux, 2 h; b. Sn, HCI, acetic acid, reflux, 3 h; c. DMS,
K,CO,, acetone, reflux, 3 h; d. 3-methoxybenzeneboronic acid, Pd(PPh;),, toluene, ag. Na,CO,, 80 °C,
overnight; e. LiOH, THF/H,O (1:1), reflux, 90 min; f. RNH,, EDCI, HOBt, CH,Cl,, 0 °C to RT, overnight;
g- BBr;, CH,CI,, -78 °C to RT, overnight.

Scheme 9°: Synthesis of compounds 37-38.

37c CN

Br
O 0"
—_— —_—
S d ~ a
(e} HO
CN

a, b’ c 38a

O CN CN
e
. c_ . OH
TiO q -
0 a
CN HO
37a 37

37b

a Reagents and conditions: a. pyridinium hydrochloride; 190 °C, 2 h; b. NaOMe, CuBr, reflux, 3 h;
c. Tf,0, pyridine, CH,CI,, 0 °C; d. 3-methoxybenzeneboronic acid, Pd(PPh,),, DME, aqg. Na,CO,,
80 °C, overnight.

The synthesis of compounds substituted with a cyano moiety at position 4 (37) or 8 (38) of the
2-naphthol system started from the common intermediate 37c¢ (Scheme 9). The latter was
obtained using the route described by Mewshaw et al, 2005. Starting from 37c the 4-
cyanonaphthalene 37 was prepared in a five steps pathway according to the literature
(Mewshaw et al., 2005). Suzuki coupling between 37c¢ and 3-methoxybenzeneboronic acid
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followed by a subsequent ether cleavage with pyridinium hydrochloride afforded the 8-
cyanonaphthalene 38.

Biological results

Inhibition of human 17p-HSD1

As source of enzyme, both recombinant as well as human placental enzymes were used. The
incubations were run with tritiated E1, cofactor and inhibitor and led to comparable results
using both enzymes. The separation between substrate and product was performed by HPLC.
The percent inhibition values of all hydroxy compounds are shown in Tables 1 and 2 except for
compounds 2-3 and 5-18, which are inactive and are not reported. The ICs, values of selected
compounds are shown in Table 3. Compounds showing less than 10% inhibition at 1 uM were
considered to be inactive. All molecules with methoxy groups showed no activity (data not
shown).

The unsubstituted compound 1 identified as lead in the previous work (Frotscher et al., 2008)
was used as reference compound. Compounds substituted at the position 4’ and 5’ of the phenyl
ring 2-18 were all inactive except compound 4, with a methyl group in position 5° which
presented a medium activity (42% and 14% inhibition at 1 uM and 100 nM, respectively).
Substituents at position 4’ of the phenyl ring as well as at position 5’ with the exception of
methyl are not tolerated by the enzyme. A lack of space in this region of the active site might be
responsible for the loss of activity compared to compound 1. In case the compounds bind
according to binding mode A, the flexible loop might reduce the space in the area of the
catalytic tetrad. It could be expected that the loop adopts also other conformations, space should
then be present in the region close to position 4’ and 5’ of the phenyl ring. The high diversity of
substituents introduced at these positions, leading to inactive compounds, shows that either the
loop remains located in front of the substrate binding site or that this series of compounds does
not bind according to binding mode A.

A bromine and a phenyl ring were also inserted in position 1 of the naphthalene. The
corresponding compounds 31 and 32 turned out to be at least as active as the reference
compound 1 (Table 2). This shows that there is space available for an aromatic moiety in this
region of the active site. The enhanced activity of compound 32 might be indicative of n-n
stacking interactions.
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Table 1: Inhibition of human 173-HSD1 and 17-HSD2 by compounds 19-30.
OH

HO I I

HO I I

OH

XCOR4
1 19 - 30
Inhibition of Inhibition of
Cmpd X R4 17p-HSD1 [%]*  17p-HSD2 [%]°
100nM 1pM 1puM
1 91 94 20
19 SN 2 76 18
. H
20 /N\© 40 80 28
. H
21 <N©°“ 21 70 n.d.
22 \n@ 29 73 nd.
23 Ay 28 62 n.d.
3
24 XN ni. 45 nd.
s
H
25 3NN n.it nil n.d.
9
NN
< = - b - b
26 LﬁN n.i. n.i. n.d.
N s
27 et n.d. 73° n.d.
N—N
B , H
28 Ba N NS 19 58 n.d.
. , . H
29 PN KN\© n.i. 60 n.d.
, , o H d
30 S SN n.i. 80 36

* Recombinant human 17B-HSD1, substrate [3H]-E1 [30 nM], NADPH [1 mM] Procedure A; mean value
of 2 determinations, relative standard deviation <20%, ® Human placental 178-HSDI1, substrate [3H]-E1
[500 nM], NADH [500 uM] Procedure B, mean value of 3 determinations, relative standard deviation:
10% for 27; © Human placental 17p-HSD2, substrate [3H]-E2 [500 nM], NAD" [1500 pM] Procedure D,
mean value of 3 determinations, relative standard deviation: 38% for 19 and 27% for 20; 4 Recombinant
human 17B-HSD2 [3H]-E2 [30 nM], NAD" [1 mM] Procedure C, mean value of 2 determinations,
relative standard deviation <20%, n.i. = no inhibition (inhibition <10%), n.d. = not determined.
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Table 2: Inhibition of human 173-HSD1 and 17-HSD2 by compounds 31-38.
H OH

1 31-38
Inhibition of Inhibition of
Cmpd RS 178-HSD1 [%]*  178-HSD2 [%]
100nM 1pM 1uM

1 91 94 20
31 1- XBr 83 88 57
32 1-7 76 89 61

o, ,0

VS
33 1-% @ n.d. 33 n.d.

o, .0

1- 8
34 ©\ nd. 75 n.d.
(0]

35 3- %H/ n.i. 18 n.d.

R
36 3Ny 17 62 n.d.

H

37 4- 1, 73°  99b 74
38 8- "y ni’® 53 n.d.

* Recombinant human 17B-HSD1, substrate [3H]-E1 [30 nM], NADPH [1 mM] Procedure A; mean value
of 2 determinations, relative standard deviation <20%, ® Human placental 178-HSD1, substrate [3H]-E1
[500 nM], NADH [500 uM] Procedure B, mean value of 3 determinations, relative standard deviation
<17%, © Human placental 17p-HSD2, substrate [3H]-E2 [500 nM], NAD" [1500 uM] Procedure D, mean
value of 3 determinations, relative standard deviation <15%; n.i. = no inhibition (inhibition <10%), n.d. =
not determined.

Substitution in position 3 of the naphthalene was also investigated: the amides 35 and 36,
however, exhibited only little and moderate activity. Introduction of a cyano function in
position 8 of the naphthalene ring (38) reduced activity while the same substituent in position 4
(37) was very well tolerated (Table 2).

For selected compounds ICs, values were determined (Table 3). Compounds 31 and 32 with an
ICsy value of 40 nM and 20 nM, respectively, were the most potent inhibitors identified in this
series (three to four times more potent than the reference compound 1).
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Table 3: ICsy values, selectivity factor and binding affinities for the estrogen receptors a and f for
selected compounds.

Cmpd 17p-HSD1  17p-HSD2  Selectivity ERa ERS
ICso [nM]*® ICso [nM]>€ factor? RBA (%)°¢ RBA (%)°
1 116 5641 48 0.2 0.8
31 40 639 16 0.01<RBA<0.1  0.01<RBA<O0.1
32 20 540 27 0.01<RBA<0.1  0.01<RBA<O0.1

* Mean value of 3 determinations, relative standard deviation <20%, ® Human placental 17B-HSDI,
substrate [3H]-E1 [500 nM], NADH [500 uM] Procedure B, © Human placental 17B-HSD2, substrate
[*H]-E2 [500 nM], NAD"* [1500 uM] Procedure D, 4 1Cs (17B-HSD2)/ ICs, (17B-HSD1), ° RBA:
Relative Binding Affinity, estradiol: 100%.

Selectivity

To assess the selectivity of the most interesting compounds, inhibition of 17B-HSD2 and
affinity to the estrogen receptors a and B were determined.

Since 17B-HSD2 catalyses the oxidative transformation of E2 into El, thus “inactivating” E2,
inhibition of this enzyme is contra-productive for the treatment of estrogen-dependent diseases.
Briefly, human placental microsomes as source of 17B-HSD2 were incubated with [*H]-E2 in
the presence of NAD" and inhibitor. The amount of labeled E1 formed from substrate was
determined after HPLC separation. Inhibition of 17B8-HSD2 was measured for compounds
showing more than 75% inhibition of 17B-HSD1 at 1 uM. Compounds substituted at the phenyl
ring have weak to no inhibitory activity toward 17B-HSD2 (<20%, data not shown).
Compounds substituted at the naphthalene ring are also weak to moderate inhibitors of 17f3-
HSD2 (Table 1 and 2). Using the ICs, values, selectivity factors (ICso HSD2 / ICso HSD1) were
calculated (Table 3). It turned out that compounds 31 and 32 show reasonable selectivity.
Furthermore, inhibitors of 17B-HSD1 should have low or no affinity for the estrogen receptors o
and B (ER o and B), since binding to these receptors could counteract the therapeutic concept of
17B8-HSD1 inhibition. For the most interesting compounds, binding affinities were determined.
The ER assays were performed using recombinant human protein, [’H]-E2 and inhibitor.
Separation of bound and free E2 was carried out using hydroxyapatite. Compounds 31 and 32
show very little affinity to the ERs (Table 3).

Since the ER binding affinity experiments do not explore the intrinsic activity at the receptor,
compounds 1 and 32 were further investigated. Using the estrogen dependent mammary tumor
cell line T47D, cell proliferation was monitored after incubation with the test compounds. E2
was used as positive control. At an E2 concentration of 0.1 nM, a strong stimulation of cell
proliferation was observed after eight days incubation. Administered in the same concentration,
compounds 1 and 32 did not show any stimulatory effect. The compounds had to be applied in a
much higher concentration (100 nM, 1000 fold excess compared to E2) to see a weak
stimulation (41 and 39%, respectively, of the E2 effect).

Pharmacokinetic evaluation of compound 1 and 32

To get an idea about the in vivo behavior of compounds 1 and 32, their pharmacokinetics were
determined in the rat. After peroral administration of 1 and 32 to male rats (10 kg/kg) (n=4) in a
cassette dosing approach, plasma samples were collected over 24 h and concentrations
determined by LC-MS/MS. The pharmacokinetic parameters of 1 and 32 are presented in Table
4. Each compound first showed a continuous increase in plasma concentration over time for 6 h
for 1 and for 4 h for 32 (Figure 2). Maximal plasma concentration (C,,,. ,»;) Was higher for 1
(2226 ng/ml) than for 32 (860 ng/ml), the time of maximal plasma concentration (t,,.. ,»s) Was
measured 6 h and 4 h after administration for 1 and 32, respectively. Subsequently, plasma
concentrations decrease again. Plasma levels were very low 24 h after administration. The mean
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profile of the plasma concentration of 1 and 32 is depicted in Figure 2. These results indicate
that both compounds exhibit a good pharmacokinetic profile in the rat and that they might be
good candidates for further experiments in disease-oriented models.

3000 —

—m—Compound 1 (n=4)
2500 | —Aa— Compound 32 (n=4)

2000 /

1500

1000

4 \i

5 10 15 20 25
time post-dose (h)

plasma level (ng/ml)
\
BN
S

Figure 2: Mean profile () SEM of plasma levels (ng/ml) in rat versus time after oral application (10
mg/kg) of compounds 1 and 32 in cassette dosing.

Table 4: Pharmacokinetic parameters of compounds 1 and 32 in rats after oral application.

parameters”
Cmpd DOSC Cmax obs Cz tmax obs tz t1/22 AUCO-tz AUCO-oc
[mg/kg] [ng/ml] [ng/ml]  [h] [h] [h]  [ng-h/ml] [ng-h/ml]

1 10 2226 159 6 24 4 29694 30698

32 10 860 115 4 24 6 11701 12669

* Cpuax obs: Maximal measured concentration, C.: last analytical quantifiable concentration, t,,q, o time to
reach the maximum measured concentration, t: time of the last sample which has an analytical
quantifiable concentration, t;,.: half-life of the terminal slope of a concentration — time curve, AUC_,:
area under the concentration-time curve up to the time ¢, of the last sample, AUC,.,: area under the
concentration-time curve extrapolated to infinity.

Molecular Modeling

The biological results show that introduction of substituents in position 4’ or 5’ of the phenyl
ring is detrimental for activity with the exception of a small group in 5° (medium activity).
Substitution at the naphthalene ring is well tolerated in position 1 and 4, while a decrease in
activity is observed in position 3 and 8. A correlation between these experimental data and the
space available around each position of compound 1 (deduced from the docking poses presented
in Figure 1) can be established in case of binding mode B which appears to be the most favorite
binding mode of this series of substituted (3’-hydroxyphenyl)naphthalenes.
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The most potent inhibitor described in this report, the 1-phenyl naphthol 32, was docked in the
enzyme (PDB-ID: 1FDT) to better understand the favorable interactions achieved by 32 in the
active site. The obtained pose is shown in Figure 3. It is located in the substrate binding pocket
according to binding mode B. It has a flat geometry, like compound 1, only the 1-phenyl moiety
is turned about 60° away from the plane of the naphthalene.

Compound 32 seems to be stabilized in the active site by hydrogen bond and hydrophobic
interactions (Van der Waals and arene-arene interactions). The phenyl-OH moiety establishes
hydrogen bond interactions with His221 and Glu282, the naphthalene-OH with Ser142 and
Tyr155 as described for compound 1 (Frotscher et al., 2008). Additionally, the phenyl-OH is
stabilized via m-7 interaction with Tyr218 in a parallel-displaced geometry (distance between
the two ring centres: 5.09 A). The phenylnaphthalene backbone is stabilized by hydrophobic
interactions (Van der Waals). The phenyl ring in position 1 of the naphthalene seems to be
involved in hydrophobic interactions with the nicotinamide part of the cofactor. The distance of
the ring centres (4.72 A) and the closest contact distance between a carbon of the phenyl ring of
32 and of the nicotinamide (3.63 A) are in a good range as it is described for 7-T interactions by
McGaughey et al., 1998. Furthermore, this 1-phenyl ring could additionally establish 7-7
interactions with Phe226 and with Tyr155 (both T-shape interaction). The distances between the
ring centres are 4.23 A and 542 A, respectively. From the docking pose, it also becomes
apparent that a small hydrophobic pocket is located close to position 4 of the naphthalene. The
finding that the 4-cyano compound 37 is active is in agreement with the observation that there is
space available for a small substituent.

Looking at the protein structure, steric hindrance and electrostatic repulsion might be the reason
for the fact that amide groups in position 3 of the naphthalene (35-36) decrease activity of the
parent compound 1. However, in case of the phenyl amide 36 the aromatic moiety might be able
to reach the hydrophobic area close to position 4, stabilizing the molecule and explaining a
regain in activity compared to the methyl amide 35.
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Figure 3: Structure of the 17f-HSD1 binding pocket (green amino acids) with the docked compound
32 (yellow) following binding mode B in presence of the cofactor. Hydrogen bonding interactions and
77 stacking interactions are marked by violet lines and blue lines, respectively. All distances are
expressed in A. The figure was generated with Pymol (http://www.pymol.org).

Discussion and conclusion

The biological results obtained confirm the hypothesis (Frotscher et al., 2008) that substituted
(3’-hydroxyphenyl)naphthalenes bind in the active site according to binding mode B, i.e. the
phenyl-OH moiety of the compounds mimic the A-ring of E2. In this region, there is no or very
little (5’-methylphenyl, compound 4) space for a substituent. On the other hand, space is
available around the naphthalene scaffold in positions 3, 8 and especially 1 and 4 (region
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mimicking the C/D-ring of E2). These results are in agreement with the activity of substituted
steroidal inhibitors of 17B-HSD1 reported in the literature: the most active compounds are
substituted with large groups only at the D-ring (Poirier et al., 2005; Vicker et al., 2006)
(position 15 or 16) and a few at the B-ring (Tremblay et al., 2005) (position 6 or 7). Only a
small substituent like ethyl or methoxy (Lawrence ef al., 2005) is tolerated in position 2 of the
steroid (A-ring), but activity is often reduced. These findings are very important for drug
design: the space available for substituents on the scaffold of our compounds is very limited (in
the region corresponding to the A-ring of E2), while an empty cavity is present in the
neighborhood of the catalytic tetrad (around the D-ring of E2).

Furthermore, our results indicate that position 1 of the naphthalene ring is appropriate for the
introduction of large substituents and that aromatic groups are better tolerated than amides or
sulfones. The latter substituents were introduced with the aim of establishing hydrogen bonds
with Ser222 and Tyr218 which might have been adequate partners in case of binding mode A.
The fact that all compounds 19-30 show a decrease in activity is certainly in disfavor of binding
mode A, as in this mode hydrogen bond interactions should have been possible. The low
activity of these compounds, however, also demonstrates that these groups are not able to
interact with the nicotinamide moiety of the cofactor (binding mode B).

It remains to be elucidated whether it is possible to establish interactions with Ser222 and
Tyr218 to improve activity and selectivity. It is striking that these two polar amino acids, which
do not interact with the steroid, are present in the active site. However, they might be involved
in the stabilization of the three dimensional structure of the protein and thus might not be free to
establish another interaction.

In binding mode B, the phenyl moiety of the most potent inhibitor 32, is located in the catalytic
region where space is available. It might undergo m-m stacking interactions with the
nicotinamide part of the cofactor (parallel-displaced geometry). Other -7 interactions might
also occur with the aromatic amino acids Phe226 and Tyr155. It remains unclear why the 1-
bromo compound 31 is more active than 1. It might be due to the electronic effect of the
bromine. However, hydrophobic interactions of the bromine with the cofactor can not be
excluded.

Concerning the selectivity of the highly active 17B-HSDI1 inhibitors, selected compounds were
tested for inhibition of 17B-HSD2 and affinity to the estrogen receptors a and . Compounds 31
and 32 showed a high selectivity for 17B-HSD2 exhibiting selectivity factors of 16 and 27,
respectively. They also showed very little affinity to the estrogen receptors a and B (between
0.01% and 0.1% that of E2). This result is in accordance with the data reported by Mewshaw et
al., 2005, who found that the introduction of a phenyl group into the 1 position of 6-(4-
hydroxyphenyl)-2-naphthol, reduced estrogen receptor affinity strongly. This shows that there is
no or little space in the ERs to introduce a bulky substituent at the 1 position (Mewshaw et al.,
2005). In contrast to substitution in the 1 position, a gain in estrogen receptor affinity was
described for compounds substituted at the 4 position with a cyano group (Mewshaw et al.,
2005). Therefore, position 1, and not position 4, is appropriate to achieve selective 178-HSD1
inhibition. The affinity of 32 to the ERs corresponds to a very small agonistic effect. Tested in
1000 fold higher concentration than E2 using the ER-positive T47D mammary tumor cell line,
it showed 39% of the stimulatory effect of E2.

In this report, we described the synthesis of substituted (3’-hydroxyphenyl)-2-naphthols as
inhibitors of 17B-HSD1 and the evaluation of their biological properties. SAR studies using the
17B-HSD1 inhibition data revealed that the compounds most likely bind according to binding
mode B into the active site. A new, potent and selective 178-HSD1 inhibitor, compound 32, was
discovered. It contains a phenyl group at the 1 position of the naphthalene that may interact with
binding partners in the catalytic region. It is highly selective toward 17B-HSD2 and the ERs o
and B and shows a good pharmacokinetic profile after peroral application. It could be used in an
in vivo disease-oriented model to further validate the concept that 17B-HSDI1 might be a
promising target for the treatment of estrogen-dependent diseases.

Experimental Section
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Chemical Methods

IR spectra were measured neat on a Bruker Vector 33FT-infrared spectrometer.

'"H-NMR spectra were recorded on a Bruker AM500 (500 MHz) instrument at 300 K in CDCl;,
CD;0OD, DMSO-ds or acetone-ds. Chemical shifts are reported in & values (in ppm), the
hydrogenated residues of deuteriated solvent were used as internal standard (CDCls: 8 = 7.26
ppm in 'H-NMR and 8 = 77 ppm in "C-NMR, CD;0D: § = 3.35 ppm in 'H-NMR and & = 49.3
ppm in "C-NMR, DMSO-ds: § = 2.58 ppm in 'H-NMR and § = 39.7 ppm in "C-NMR,
acetone-ds: & = 2.05 ppm in 'H-NMR and & = 29.8 ppm in ’C-NMR). Signals are described as
s, d, t, q, dd, ddd, m, b for singlet, doublet, triplet, quadruplet, doublet of doublet, doublet of
doublet of doublet, multiplet and broad, respectively. All coupling constants (J) are given in Hz.
Mass spectra (ESI and APCI) were measured on a TSQ Quantum instrument (ThermoFisher).
Chemical names follow IUPAC nomenclature.

Starting materials (compounds 2d, Sc, 13c, 19e) were purchased from Aldrich, Acros, Lancaster
or Fluka and were used without purification. No attempts were made to optimize yields.

Column chromatography was performed using silica gel (70-200 um) and the reaction progress
was determined by TLC analyses on ALUGRAM SIL G/UV,ss (Macherey-Nagel). Preparative
chromatography was performed on glass plate SIL G-100/UV,s4 (TLC, silica, 1 mm thick) from
Macherey-Nagel.

The following compounds were prepared according to previously described procedures:
4-Bromo-2-methoxyaniline 2¢ (Davis et al., 1989), 1-bromo-3-methoxy-5-methylbenzene 4b
Chan et al., 2001), 1,6-dibromo-2-methoxynaphthalene 31b (Voets et al., 2005), methyl 7-
bromo-3-methoxy-2-naphthoate 35¢ (Murphy et al., 1991), 8-cyano-6-methoxy-2-naphthyl
trifluoromethanesulfonate 37b (Mewshaw et al., 2005), 3-bromo-7-methoxy-1-naphthonitrile
37c¢ (Mewshaw et al., 2005).

General procedure for Suzuki coupling:

Method A: A mixture of arylbromide (1 eq), boronic acid (1 eq), 2% aqueous solution of
sodium carbonate (2 eq) and tetrakis(triphenylphosphine) palladium(0) (0.1 eq) in toluene or
DME was stirred at 80 °C under nitrogen for 4 h- 26 h. The reaction mixture was cooled to
room temperature, quenched by the addition of 2% HCI and extracted with dichloromethane.
The organic layer was washed with brine, dried over MgSO, and concentrated to dryness. The
product was purified by chromatography.

General procedures for amide bond formation:

Method B: A mixture of carboxylic acid (1 eq) and amine (1 eq) dissolved in dichloromethane
was added dropwise to a solution of EDCI (1 eq) and HOBt (1 eq) in dichloromethane at 0 °C.
The reaction mixture was stirred at room temperature overnight. After evaporation of the
solvent, the residue was dissolved in ethyl acetate, washed with saturated sodium carbonate
solution and brine, dried over MgSO,, filtered and concentrated. The product was purified by
chromatography.

Method C: A mixture of carboxylic acid (1 eq), EDCI (1 eq), HOBt (1 eq) and triethylamine (1
eq) in dichloromethane was cooled at 0 °C. The amino derivative (1 eq) was dissolved in
dichloromethane and added dropwise. The reaction mixture was refluxed for 1.5 h and
quenched by addition of aqueous HCI (0.1 M). The organic layer was separated, washed with
sodium carbonate and brine, dried over MgSO,, filtered and concentrated. The crude product
was purified by chromatography.

Method D: Thionyl chloride (4 eq) was added to the carboxylic acid (1 eq) under nitrogen and
stirred in presence of a drop of DMF for 30 min. After evaporation of the thionyl chloride, the
acid chloride (1 eq) was dissolved in dry THF or dichloromethane and added to the
corresponding amine (1 eq) in solution in CH,Cl,, together with triethylamine (1.2 eq) and a
catalytic amount of DMAP. During the addition, the temperature was kept at 0 °C. The reaction
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mixture was refluxed overnight, quenched by the addition of water and extracted with ethyl
acetate. The organic phase was dried over MgSO,4 and concentrated to dryness. The desired
amide was purified by chromatography.

General procedures for ether cleavage:

Method E: To a solution of methoxy derivative (1 eq) in toluene was added aluminum chloride
(3 eq to 5 eq per methoxy function) at room temperature under N,. The reaction mixture was
heated at 90 °C for 2 h and then allowed to cool to room temperature. The reaction was
quenched by the addition of 2% Na,COs;. After extraction with ethyl acetate, the combined
organic layers were washed with brine and dried over MgSO,. After evaporation of the solvent,
the crude product was purified by chromatography.

Method F: To a solution of methoxy derivative (1 eq) in dichloromethane cooled at -78 °C
boron tribromide (1M solution in cyclohexane, 3 eq to 5 eq per methoxy function) was slowly
added under N,. The reaction mixture was stirred at -78 °C for 1 h and then allowed to warm to
room temperature. The reaction was quenched by the addition of 2% Na,COj; and extracted with
dichloromethane. The combined organic layers were washed with brine and dried over MgSQO,.
After evaporation of the solvent the product was purified by chromatography.

Method G: The methoxy derivative (1 eq) and pyridinium hydrochloride (12 eq) were heated at
220 °C for 3 h. The reaction mixture was cooled at room temperature and 1 N HCI (4 ml) were
added. The resulting precipitate was collected and dissolved in a small amount of ethyl acetate.
The organic layer was washed with water, dried over Na,SO, and the solvent was evaporated in
vacuo.

General procedure for reduction of the double bond:

Method H: A suspension of the olefinic compound (1 eq) and a catalytic amount of Pd(OH), in
a mixture ethanol/THF (2:1) was stirred at room temperature for 20 h under hydrogen
atmosphere. After completion of the reaction, the crude was filtered and concentrated.

2-Methoxy-4-(6-methoxy-2-naphthyl)aniline hydrochloride (2b). The title compound was
prepared by reaction of 4-bromo-2-methoxyaniline 2¢ (400 mg, 1.98 mmol, 1 eq) with 6-
methoxy-2-naphthalene boronic acid 2d (600 mg, 2.97 mmol, 1.5 eq) according to method A.
An etheral solution of hydrochloric acid (2 M) was added to the organic layer and the crystals
formed were filtered off (50% yield, 312 mg). C;sH;7NO,-HCl; MW 315.

N-[2-Methoxy-4-(6-methoxy-2-naphthyl)phenyl]acetamide (2a). The title compound was
prepared by reaction of 2-methoxy-4-(6-methoxy-2-naphthyl)aniline 2b (140 mg, 0.50 mmol, 1
eq) with acetyl chloride (64 pl, 71 mg, 0.91 mmol, 1.8 eq) according to method D. The
analytically pure compound was obtained after purification by column chromatography
(gradient dichloromethane/methanol 100:0 to 98:2) in 66% yield (106 mg). C,0H;oNO;; MW
321.

N-[2-Hydroxy-4-(6-hydroxy-2-naphthyl)phenyl]acetamide (2). The title compound was
prepared by reaction of N-[2-methoxy-4-(6-methoxy-2-naphthyl)phenyl]acetamide 2a (54 mg,
0.17 mol, 1 eq) with boron tribromide (2.52 mmol, 15 eq) according to method F. The desired
product  was  obtained  after  purification by  preparative  chromatography
(dichloromethane/methanol 95:5) in 45% yield (23 mg). C;sHsNOs;; MW 293; MS, ESI: 294
(M+H)".

N-[2-Methoxy-4-(6-methoxy-2-naphthyl)phenyl]benzamide (3a). The title compound was
prepared by reaction of 2-methoxy-4-(6-methoxy-2-naphthyl)aniline 2b (140 mg, 0.50 mmol, 1
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eq) with benzoyl chloride (0.1 ml, 123 mg, 0.88 mmol, 3 eq) according to method D. The
analytically pure compound was obtained after purification by column chromatography
(gradient hexane/ethyl acetate 9:1 to 5:5) in 90% yield (101 mg). C,sH, NO3;; MW 383.

N-[2-Hydroxy-4-(6-hydroxy-2-naphthyl)phenyl]benzamide, 3. The title compound was
prepared by reaction of N-[2-methoxy-4-(6-methoxy-2-naphthyl)phenyl]benzamide 3a (49 mg.
0.13 mol, 1 eq) with boron tribromide (2.25 mmol, 15 eq) according to method F. The desired
product was  obtained  after  purification by  preparative = chromatography
(dichloromethane/methanol 95:5) in quantitative yield (46 mg). C;,H;;NO;; MW 355; MS, ESIL:
356 (M+H)".

2-Methoxy-6-(3-methoxy-5-methylphenyl)naphthalene (4a). The title compound was
prepared by reaction of 6-methoxy-2-naphthalene boronic acid 2d (201 mg, 1.0 mmol, 1 eq)
with 1-bromo-3-methoxy-5-methylbenzene 4b (200 mg, 1.0 mmol, 1 eq) according to method
A. The product was purified by column chromatography (hexane/ethyl acetate 9:1). Yield: 60%
(167 mg). C19H;30,; MW 278; MS, ESIL: 279 (M+H)".

6-(3-Hydroxy-5-methylphenyl)-2-naphthol (4). The title compound was prepared by reaction
of 2-methoxy-6-(3-methoxy-5-methylphenyl)naphthalene 4a (26 mg, 0.10 mmol, 1 eq) with
boron tribromide (1 mmol, 10 eq) according to method F. The pure compound was obtained in
quantitative yield (18 mg). C;H,0,; MW 250; MS, ESI: 249 (M-H).

2-(3-Bromo-5-methoxyphenyl)-6-methoxynaphthalene (5b). The title compound was
prepared by reaction of 6-methoxy-2-naphthalene boronic acid 2d (510 mg, 2.54 mmol, 1.5 eq)
with 1,3-dibromo-5-methoxybenzene Sc (450 mg, 1.69 mmol, 1 eq) for 20 h according to
method A. The product was purified by column chromatography (hexane/dichloromethane 8:2).
Yield: 34% (199 mg). CsH;s BrO,; MW 343; MS, ESI: 343-345 (M+H)".

3,4’-Dimethoxy-5-(6-methoxy-2-naphthyl)biphenyl (5a). The title compound was prepared
by reaction of 6-methoxy-2-naphthalene boronic acid 2d (331 mg, 1.64 mmol, 1.5 eq) with 1,3-
dibromo-5-methoxybenzene Sc¢ (290 mg, 1.09 mmol, 1 eq) for 18 h according to method A. The
mono-substituted product 2-(3-bromo-5-methoxyphenyl)-6-methoxynaphthalene Sb which was
purified by column chromatography (hexane/dichloromethane 8:2) and then used in a second
Suzuki coupling (182 mg, 0.53 mmol, 1 eq) with (4-methoxyphenyl)boronic acid (121 mg, 0.79
mmol, 1.5 eq) for 18 h according to method A. The final product Sa was purified by column
chromatography (hexane). Overall yield: 42% (78 mg). C,sH2,03; MW 370.

5-(6-Hydroxy-2-naphthyl)biphenyl-3,4'-diol (5). The title compound was prepared by
reaction of 3,4’-dimethoxy-5-(6-methoxy-2-naphthyl)biphenyl Sa (40 mg, 0.11 mmol, 1 eq)
with boron tribromide (1.35 mmol, 12 eq) according to method F. The analytically pure product
was obtained as a precipitate after the addition of water. Yield: 92% (34 mg). C,,H;603; MW
328; MS (APCI): 329 (M+H)".

2-Methoxy-6-[3-methoxy-5-(6-methoxy-2-naphthyl)phenyllnaphthalene (6a). The title
compound was prepared by reaction of 6-methoxy-2-naphthalene boronic acid 2d (472 mg, 2.34
mmol, 2.5 eq) with 2-(3-bromo-5-methoxyphenyl)-6-methoxynaphthalene Sb (250 mg, 0.93
mmol, 1 eq) according to method A. The product was purified by column chromatography
(hexane/dichloromethane 8:2). Yield: 49% (192 mg). C,yH,,05;; MW 420; MS, ESI: 421
(M+H)".

6,6’-(5-Hydroxy-1,3-phenylene)di(2-naphthol) (6). The title compound was prepared by
reaction of 2-methoxy-6-[3-methoxy-5-(6-methoxy-2-naphthyl)phenyl]naphthalene 6a (100 mg,
0.24 mmol, 1 eq) with boron tribromide (3.6 mmol, 15 eq) according to method F. Purification
by column chromatography (hexane/ethyl acetate 9:1) afforded 90 mg of the desired product.
Yield: 99%. CyH;505; MW: 378; MS, ESI: 379 (M+H)".
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3-Bromo-5-methoxybenzoic acid (7c). To a mixture of 1-bromo-3-methoxy-5-methylbenzene
4b (187 mg, 0.93 mmol, 1 eq) in pyridine (2 ml) and water (5 ml ) was added in small portions
potassium permanganate (469 mg, 2.97 mmol, 3.2 eq) at 75 °C. The reaction mixture was
stirred for 65 h at 75 °C and then filtered. The aqueous layer was acidified, the precipitate was
collected and dried to give the title compound in 50% yield (107 mg). CgH;BrO;; MW 231.

3-Methoxy-5-(6-methoxy-2-naphthyl)benzoic acid (7b). To a mixture of 2-methoxy-6-(3-
methoxy-5-methylphenyl)naphthalene 4a (100 mg, 0.36 mmol, 1 eq) in pyridine (2 ml) and
water (5 ml) was added in small portions potassium permanganate (182 mg, 1.15 mmol, 3.2 eq)
at 75 °C. The reaction mixture was stirred for 42 h at 75 °C and then filtered. The aqueous layer
was acidified, the precipitate was collected and dried to give the title compound in 27% yield
(30 mg).

The title compound was also prepared by reaction of 6-methoxy-2-naphthalene boronic acid 2d
(55 mg, 0.27 mmol, 1.5 eq) with 3-bromo-5-methoxybenzoic acid 7¢ (42 mg, 0.18 mmol, 1 eq)
according to method A. The product was purified by preparative chromatography (hexane/ethyl
acetate 7:3). Yield: 43% (23 mg). CoHc04; MW 308.

3-Methoxy-5-(6-methoxy-2-naphthyl)-N-methylbenzamide (7a). The title compound was
prepared by reaction of 3-methoxy-5-(6-methoxy-2-naphthyl)benzoic acid 7b (500 mg, 1.62
mmol, 1 eq) with a solution of methylamine (33% in ethanol, 0.22 ml, 50 mg, 1.62 mmol, 1 eq)
according to Method B. Purification by column chromatography (hexane/ethyl acetate 1:1)
afforded 148 mg of the desired product. Yield: 28%. CyH;sNO;; MW 321.

3-Hydroxy-5-(6-hydroxy-2-naphthyl)-V-methylbenzamide (7). The title compound was
prepared by reaction of 3-methoxy-5-(6-methoxy-2-naphthyl)-N-methylbenzamide 7a (110 mg,
0.34 mmol, 1 eq) with boron tribromide (1.7 mmol, 5 eq) according to method F. The desired
compound was obtained in quantitative yield (100 mg). C;gH;sNO;; MW 293; MS, ESI: 292
(M-H)".

3-Methoxy-5-(6-methoxy-2-naphthyl)-N-phenylbenzamide (8a). The title compound was
prepared by reaction of 3-methoxy-5-(6-methoxy-2-naphthyl)benzoic acid 7b (500 mg, 1.62
mmol, 1 eq) with aniline (151 mg, 1.62 mmol, 1 eq) according to Method B. Purification by
column chromatography (hexane/dichloromethane 1:1) afforded the desired product. Yield:
33% (204 mg). C,sH, 1 NO;; MW 383.

3-Hydroxy-5-(6-hydroxy-2-naphthyl)-V-phenylbenzamide (8). The title compound was
prepared by reaction 3-methoxy-5-(6-methoxy-2-naphthyl)-N-phenylbenzamide 8a (300 mg,
0.78 mmol, 1 eq) with boron tribromide (3.9 mmol, 5 eq) according to method F. Purification
by column chromatography (dichloromethane/methanol 99:1) afforded 32 mg of the desired
product. Yield: 11%. C3H;NOs; MW 355; MS, ESI: 356 (M+H)".

(2E)-3-(3-Bromo-5-methoxyphenyl)acrylic acid (9¢). To a solution of 1,3-dibromo-5-
methoxy-benzene (2.4 g, 9.18 mmol, 1 eq) in 2 ml xylene were successively added acrylic acid
(0.63 ml, 9.18 mmol, 1 eq), Pd(OAc), (20.7 mg, 0.01 eq), triphenylphosphine (96.2 mg, 0.37
mmol, 0.04 eq) and triethylamine (2.7 ml, 1.95 g, 19.3 mmol, 2.1 eq). The reaction mixture was
stirred under nitrogen at 100 °C for 11 h. Na,CO; (2 g) and water (20 ml) were added and the
reaction mixture was stirred for 15 min at 100 °C. The aqueous layer was separated and
acidified with conc. HCI. The resulting solid was filtered, dried and purified by column
chromatography (hexane/ethyl acetate 1:1) to give 751 mg of the desired product. Yield: 32%.
ClngBr3O; MW 257.

(2E)-3-[3-Methoxy-5-(6-methoxy-2-naphthyl)phenyl]acrylic acid (9b). The title compound
was prepared by reaction of (2E)-3-(3-bromo-5-methoxyphenyl)acrylic acid 9¢ (751 mg, 2.92
mmol, 1 eq) with 6-methoxynaphthaleneboronic acid 2d (590 mg, 2.92 mmol, 1 eq) for 26 h
according to method A. The aqueous layer was acidified with conc. HCI and the title compound
precipitated. Yield: 64% (620 mg). C;;H;504; MW 334,
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(2E)-3-[3-Methoxy-5-(6-methoxy-2-naphthyl)phenyl]-V-methylacrylamide (9a). The title
compound was  prepared by reaction of  (2E)-3-[3-methoxy-5-(6-methoxy-2-
naphthyl)phenyl]acrylic acid 9b (300 mg, 0.90 mmol, 1 eq) with a solution of methylamine
(33% in ethanol, 0.012 ml, 0.90 mmol, 1 eq) according to Method B. Purification by preparative
chromatography (hexane/ethyl acetate 2:1) afforded 200 mg of the desired product. Yield: 64%.
C22H21NO3; MW 347.

(2E)-3-[3-Hydroxy-5-(6-hydroxy-2-naphthyl)phenyl]-NV-methylacrylamide (9). The title
compound was prepared by reaction of (2E)-3-[3-methoxy-5-(6-methoxy-2-naphthyl)phenyl]-
N-methylacrylamide 9a (200 mg, 0.58 mmol, 1 eq) with boron tribromide (29 mmol, 5 eq)
according to method F. Purification by preparative chromatography (dichloromethane/methanol
9:1) afforded 25 mg of the desired product. Yield: 13%. CyH;NO5;; MW 319; MS, ESI: 320
(M+H)".

(2E)-3-[3-Methoxy-5-(6-methoxy-2-naphthyl)-phenyl]-V-phenylacrylamide (10a). The title
compound was prepared by reaction of (2E)-3-(3-bromo-5-methoxyphenyl)acrylic acid 9¢ (300
mg, 0.90 mmol, 1 eq) with aniline (83 mg, 0.90 mmol, 1 eq) according to Method B.
Purification by preparative chromatography (hexane/ethyl acetate 2:1) afforded 261 mg of the
desired product. Yield: 71%. C,;H,3NO3; MW 409.

(2E)-3-[3-Hydroxy-5-(6-hydroxy-2-naphthyl)-phenyl]-N-phenylacrylamide (10). The title
compound was prepared by reaction of (2E)-3-[3-methoxy-5-(6-methoxy-2-naphthyl)-phenyl]-
N-phenylacrylamide 10a (126 mg, 0.31 mmol, 1 eq) with boron tribromide (1.55 mmol, 5 eq)
according to method F. Purification by preparative chromatography (dichloromethane/methanol
98:2) afforded 17 mg of the desired product. Yield: 14%. CysHoNO3;; MW 381; MS, ESI: 382
(M+H)".

3-[3-Methoxy-5-(6-methoxy-2-naphthyl)phenyl]-N-methylpropanamide (11a). The title
compound was prepared by reaction of (2E)-3-[3-methoxy-5-(6-methoxy-2-naphthyl)phenyl]-
N-methylacrylamide 9a (100 mg, 0.29 mmol, 1 eq) and Pd(OH), (2.82 mg) in ethanol (1 ml)
and THF (0.5 ml) under hydrogen for 19 h according to method H. The reaction mixture was
filtered and concentrated to give the desired compound in a quantitative yield (100 mg).
C22H23NO3; MW 349.

3-[3-Hydroxy-5-(6-hydroxy-2-naphthyl)phenyl]-NV-methylpropanamide (11). The title
compound was prepared by reaction of 3-[3-methoxy-5-(6-methoxy-2-naphthyl)phenyl]-N-
methylpropanamide 11a (48 mg, 0.16 mmol, 1 eq) with aluminum chloride (213 mg, 1.60
mmol, 10 eq) according to method E. Purification by preparative chromatography
(dichloromethane/methanol 98:2) afforded 16 mg of the desired product. Yield: 35%.
CyHoNO;; MW 321; MS, ESI: 322 (M+H)".

3-[3-Methoxy-5-(6-methoxy-2-naphthyl)phenyl]-N-phenylpropanamide (12a). The title
compound was prepared by reaction of (2E)-3-[3-methoxy-5-(6-methoxy-2-naphthyl)phenyl]-
N-phenylacrylamide 10a (70 mg, 0.17 mmol, 1 eq) and Pd(OH), (2.5 mg) in ethanol (1 ml) and
THF (0.5 ml) under hydrogen atmosphere for 20 h according to method H. The reaction mixture
was filtered and concentrated to give the desired compound in a quantitative yield (70 mg).
CyH,sNO3;; MW 411.

3-[3-Hydroxy-5-(6-hydroxy-2-naphthyl)phenyl]-N-phenylpropanamide (12). The title
compound was prepared by reaction of 3-[3-methoxy-5-(6-methoxy-2-naphthyl)phenyl]-N-
phenylpropanamide 12a (55 mg, 0.13 mmol, 1 eq) with aluminum chloride (291 mg, 2.19
mmol, 12 eq) according to method E. Purification by preparative chromatography (hexane/ethyl
acetate 1:1) afforded 17 mg of the desired product. Yield: 23%. C,sH,1NO;; MW 383.
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3-(6-Methoxy-2-naphthyl)-5-nitrobenzoic acid (13b). The title compound was prepared by
reaction of 6-methoxy-2-naphthalene boronic acid 2d (0.82 g, 4.1 mmol, 1 eq) with 3-bromo-5-
nitro-benzoic acid 13¢ (1 g, 4.1 mmol, 1 eq) according to method A. The analytically product
was obtained in quantitative yield (1.32 g) after acidification with conc. HCl and filtration.
C18H13N05; MW: 323.

3-(6-Methoxy-2-naphthyl)-N-methyl-5-nitrobenzamide (13a). The title compound was
prepared by reaction of 3-(6-methoxy-2-naphthyl)-5-nitrobenzoic acid 13b (500 mg, 1.55
mmol, 1 eq) with a solution of methylamine (33% in ethanol, 0.2 ml, 1.55 mmol, 1 eq)
according to method B. Purification by column chromatography (hexane/ethyl acetate 7:3)
afforded 395 mg of 13a. Yield: 76%. CoHsN,O4; MW: 336.

3-(6-Hydroxy-2-naphthyl)-N-methyl-5-nitrobenzamide (13). The title compound was
prepared by reaction of 3-(6-methoxy-2-naphthyl)-N-methyl-5-nitrobenzamide 13a (100 mg,
0.30 mmol, 1 eq) with boron tribromide (1.8 mmol, 6 eq) according to method F. Purification
by preparative chromatography (dichloromethane/methanol 9:1) afforded the desired product in
quantitative yield (97 mg). C;sH14N,O4; MW: 322,

3-(6-Methoxy-2-naphthyl)-5-nitro-N-phenylbenzamide (14a). The title compound was
prepared by reaction of 3-(6-methoxy-2-naphthyl)-5-nitrobenzoic acid 13b (1 g, 3.1 mmol, 1
eq) with aniline (0.3 ml, 3.1 mmol, 1 eq) according to method B. Purification by column
chromatography (hexane/ethyl acetate 2:1) afforded 579 mg of the pure compound. Yield: 47%.
C24H13N204; MW: 398.

3-(6-Hydroxy-2-naphthyl)-5-nitro-N-phenylbenzamide (14). The title compound was
prepared by reaction of 3-(6-methoxy-2-naphthyl)-5-nitro-N-phenylbenzamide 14a (500 mg,
1.26 mmol, 1 eq) with boron tribromide (7.56 mmol, 6 eq) according to method F. Purification
by preparative chromatography (hexane/ethyl acetate 1:1) afforded 269 mg of the desired
product. Yield: 56%. C,3HcN,O4; MW: 384.

3-(6-Methoxy-2-naphthyl)-N-(4-methoxyphenyl)-5-nitrobenzamide  (15a). The title
compound was prepared by reaction of 3-(6-methoxy-2-naphthyl)-5-nitrobenzoic acid 13b (500
mg, 1.55 mmol, 1 eq) with p-methoxyaniline (190 mg, 1.55 mmol, 1 eq) according to method
B. Purification by column chromatography (hexane/ethyl acetate 9:1) afforded 128 mg of the
pure compound. Yield: 19%. C,sH,N,O5; MW: 428.

3-(6-Hydroxy-2-naphthyl)-N-(4-hydroxyphenyl)-5-nitrobenzamide = (15). The title
compound was prepared by reaction of 3-(6-methoxy-2-naphthyl)-N-(4-methoxyphenyl)-5-
nitrobenzamide 15a (100 mg, 0.23 mmol, 1 eq) with boron tribromide (1.38 mmol, 6 eq)
according to method F. Purification by column chromatography (dichloromethane/methanol
99:1) afforded 48 mg of the desired product. Yield: 51%. C,;HsN,O5; MW: 400.

3-(6-Methoxy-2-naphthyl)-N-(3-methoxyphenyl)-5-nitrobenzamide  (16a). The title
compound was prepared by reaction of 3-(6-methoxy-2-naphthyl)-5-nitrobenzoic acid 13b (500
mg, 1.55 mmol, 1 eq) with m-methoxyaniline (0.2 ml, 1.55 mmol, 1 eq) according to method B.
Purification by column chromatography (hexane/ethyl acetate 9:1) afforded 404 mg of the pure
compound. Yield: 61%. C,sH,)N,Os; MW: 428.

3-(6-Hydroxy-2-naphthyl)-N-(3-hydroxyphenyl)-5-nitrobenzamide = (16). The title
compound was prepared by reaction of 3-(6-methoxy-2-naphthyl)-N-(3-methoxyphenyl)-5-
nitrobenzamide 16a (300 mg, 0.70 mmol, 1 eq) with boron tribromide (4.2 mmol, 6 eq)
according to method F. Purification by column chromatography (dichloromethane/methanol
98:2) afforded 142 mg of the desired product. Yield: 51%. C»;H;sN,Os; MW: 400.



ERGEBNISSE 97

3-Amino-5-(6-hydroxy-2-naphthyl)-N-methylbenzamide hydrochloride (17). The title
compound was prepared by reaction of 3-(6-hydroxy-2-naphthyl)-N-methyl-5-nitrobenzamide
13 (70 mg, 0.22 mmol, 1 eq) in presence of Pd/C 5% (20 mg, 0.021 mmol, 0.1 eq) in anhydrous
ethanol (100 ml) under a hydrogen atmosphere overnight. After filtration over celite and
evaporation of the solvent the crude was solved in acetonitrile. The expected compound 17 was
obtained pure as precipitate after addition of HCIl in ether (2M) in 33 % yield (21 mg).
ClngéNzozHCI, MW: 328.

3-Amino-5-(6-hydroxy-2-naphthyl)-NV-phenylbenzamide (18). A suspension of 3-(6-
hydroxy-2-naphthyl)-5-nitro-N-phenylbenzamide 14 (200 mg, 0.52 mmol, 1 eq) in THF (5 ml)
and tin pellet (124 mg, 1.04 mmol, 2 eq) and 6N HCI (1 ml) was stirred at 50 °C for 1 h. The
reaction mixture was filtered and concentrated under reduced pressure. The desired compound
was obtained after purification by column chromatography (hexane/ethyl acetate 1:1) in 28%
yield (52 mg). C;;H sN,O,; MW: 354.

6-Bromo-2-methoxy-1-naphthaldehyde (19d). To TiCl, (9.7 ml, 16.8 g, 0.09 mol, 2.1 eq) and
dichloromethyl methyl ether (4.2 ml, 5.33 g, 0.089 mol, 1.1 eq) in solution in dichloromethane
(20 ml) at 0 °C was added drop wise 2-bromo-6-methoxynaphtalene 19e (10 g, 0.042 mol, 1 eq)
in CH,Cl, (200 ml), maintaining the temperature below 5 °C. After completion of the addition,
the reaction mixture was stirred at room temperature overnight. Aqueous hydrochloric acid 1%
(300 ml) was added to quench the reaction. The organic layer was separated. The aqueous layer
was extracted with CH,Cl,. The organic layers were combined, washed with brine, dried over
MgSO, and concentrated to give the desired compound in quantitative yield (11.1 g).
ClegBrOZ; MW 265.

2-Methoxy-6-(3-methoxyphenyl)-1-naphthaldehyde (19¢). The title compound was prepared
by reaction of 6-bromo-2-methoxy-1-naphthaldehyde 19d (2 g, 7.55 mmol, 1 eq) with 3-
methoxybenzeneboronic acid (1.3 g, 8.30 mmol, 1.1 eq) according to method A. The product
was purified by column chromatography (hexane/ethyl acetate 1:1). Yield: 86% (1.89 g).
C19H1603; MW 292.

2-Methoxy-6-(3-methoxyphenyl)-1-naphthoic acid (19b). A solution of 2-methoxy-6-(3-
methoxyphenyl)-1-naphthaldehyde 19¢ (200 mg, 0.68 mmol, 1 eq) in water (8 ml) and acetone
(17 ml) was cooled in ice bath. Sulfamic acid (140 mg, 1.51 mmol, 2.2 eq) and sodium chlorite
80% (0.77 mmol, 1.1 eq) were added. After stirring for 30 min at 0°C, the acetone was
evaporated and dichloromethane added. The organic layer was washed 3 times with brine. The
title compound was obtained in 87% yield (308 mg) as yellow solid after drying over MgSO,
and concentration under reduced pressure. C9H;s04; MW 308.

2-Methoxy-6-(3-methoxyphenyl)-V-methyl-1-naphthamide (19a). The title compound was
prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic acid 19b (300 mg, 0.97
mmol, 1 eq) with a solution of methylamine (33% in ethanol, 0.12 ml, 0.97 mmol, 1 eq)
according to method B. The crude product was purified by column chromatography
(hexane/ethyl acetate 2:1) and 19a was obtained in quantitative yield (311 mg). CyH;sNOs;
MW 321.

2-Hydroxy-6-(3-hydroxyphenyl)-N-methyl-1-naphthamide (19). The title compound was
prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-N-methyl-1-naphthamide 19a (250
mg, 0.78 mmol, 1 eq) with boron tribromide (3.9 mmol, 5 eq) according to method F.
Purification by column chromatography (dichloromethane/methanol 98:2) afforded the desired
product in 95 % yield (217 mg). C;sH;sNO5;; MW 293; MS, ESI: 292 (M-H)".

2-Methoxy-6-(3-methoxyphenyl)-V-phenyl-1-naphthamide (20a). The title compound was
prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic acid 19b (200 mg, 0.65
mmol, 1 eq) with aniline (5.8 pl, 60 mg, 0.65 mmol, 1 eq) according to method B. The title
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compound was obtained after purification by column chromatography (hexane/ethyl acetate
2:1) with 85% yield (318 mg). CosH,;NO5;; MW 383.

2-Hydroxy-6-(3-hydroxyphenyl)-N-phenyl-1-naphthamide (20). The title compound was
prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-N-phenyl-1-naphthamide 20a (217
mg, 0.57 mmol, 1 eq) with boron tribromide (3.42 mmol, 6 eq) according to method F.
Purification by column chromatography (dichloromethane/methanol 95:5) afforded the desired
product in 23% yield (45 mg). C,;H;NO3; MW 355; MS, ESI: 356 (M+H)".

2-Methoxy-N,6-bis(3-methoxyphenyl)-1-naphthamide (21a). The title compound was
prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic acid 19b (300 mg, 0.97
mmol, 1 eq) with m-anisol (0.11 ml, 120 mg, 0.97 mmol, 1 eq) according to method B. The
desired compound was obtained after purification of the crude product by column
chromatography (hexane/ethyl acetate 2:1) in 41% yield (165 mg). C,cHz3NO4; MW 413.

2-Hydroxy-N,6-bis(3-hydroxyphenyl)-1-naphthamide (21). The title compound was prepared
by reaction of 2-methoxy-N,6-bis(3-methoxyphenyl)-1-naphthamide 21a (150 mg, 0.36 mmol,
1 eq) with boron tribromide (2.9 mmol, 8 eq) according to method F. Purification by column
chromatography (dichloromethane/methanol 93:7) afforded the desired product in 50% yield
(66 mg). C,3H7NO,; MW 371; MS, ESI: 372 (M+H)".

6-(3-Hydroxyphenyl)-1-(piperidin-1-ylcarbonyl)-2-naphthol (22). The title compound was
prepared by reaction of 2-hydroxy-6-(3-hydroxyphenyl)-1-naphthoic acid (160 mg, 0.57 mmol,
1 eq) with piperidine (113 ml, 97 mg, 1.14 mmol, 2 eq) according to method D. After
purification of the crude product by column chromatography (dichloromethane/methanol 95:5)
compound 22 was obtained in 8% yield (16 mg). C,,H,1NO5;; MW 347.

4-[2-Methoxy-(6-(3-methoxyphenyl)-1-naphthyl)]-1-morpholine (23a). The title compound
was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic acid 19b (200 mg,
0.65 mmol, 1 eq) with morpholine (1.1 ml, 6.5 mmol, 10 eq) according to method D. After
purification of the crude product by column chromatography (dichloromethane/methanol 98:2)
compound 23a was obtained in 85% yield (194 mg). The title compound was not characterized;
it was directly used for ether cleavage. C,3H,3sNO4; MW 377.

6-(3-Hydroxyphenyl)-1-(morpholin-4-ylcarbonyl))-2-naphthol (23). The title compound was
prepared by reaction of 4-[2-methoxy-(6-(3-methoxyphenyl)-1-naphthyl)]-1-morpholine 23a
(195 mg, 0.52 mmol, 1 eq) with boron tribromide (2.6 mmol, 5 eq) according to method F.
Purification by column chromatography (dichloromethane/methanol 95:5) afforded the
compound 23 in 93% yield (170 mg). C,;H;sNO4; MW 349; MS, ESI: 348 (M-H)".

tert-Butyl 4-(2-methoxy-6-(3-methoxyphenyl)-1-naphthoyl)piperazine-1-carboxylate (24a).
The title compound was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic
acid 19b (200 mg, 0.65 mmol, 1 eq) with Boc-piperazine (121 mg, 0.65 mmol, 1 eq) according
to method B. The compound was not characterized; the crude product was directly used in the
next step. C28H32N205; MW 476.

6-(3-Hydroxyphenyl)-1-(piperazin-1-ylcarbonyl))-2-naphthol (24). The title compound was
prepared by reaction fert-butyl 4-(2-methoxy-6-(3-methoxyphenyl)-1-naphthoyl)piperazine-1-
carboxylate 24a (200 mg, 0.42 mmol, 1 eq) with boron tribromide (2.52 mmol, 6 eq) according
to method F. The desired compound was obtained in 60% yield (81 mg). C;;HyN,O3; MW 348;
MS, ESI: 349 (M+H)".

2-Methoxy-6-(3-methoxyphenyl)-N-(2-pyridyl)-1-naphthamide (25a). The title compound
was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic acid 19b (580 mg,
1.88 mmol, 1.7 eq) with 2-aminopyridine (100 mg, 1.12 mmol, 1 eq) according to method D.
After purification of the crude product by column chromatography (hexane/methanol 99:1)
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compound 25a was obtained in 48% yield (206 mg). C,sH,0N,O3; MW 384; MS, ESI: 385
(M+H)*.

2-Hydroxy-6-(3-hydroxyphenyl)-N-pyridin-2-yl-1-naphthamide (25). The title compound
was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-N-(2-pyridyl)-1-naphthamide 25a
(33 mg, 0.086 mmol, 1 eq) with boron tribromide (0.52 mmol, 6 eq) according to method F.
Purification by column chromatography (dichloromethane/methanol 99:1) afforded the desired
compound in 36% yield (11 mg). C»H;sN,O3; MW 356; MS, ESI: 357 (M+H)".

2-Methoxy-6-(3-methoxyphenyl)-N-(pyrimidin-4-yl)-1-naphthamide (26a). The title
compound was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic acid 19b
(465 mg, 1.50 mmol, 1.5 eq) with 2-aminopyrimidine (100 mg, 1.0 mmol, 1 eq) according to
method D. After purification of the crude product by column chromatography
(dichloromethane/methanol 98:2) compound 26a was obtained in 45% yield (173 mg). It was
not characterized, it was directly used in the next step. C,3H;9N303; MW 385.

2-Hydroxy-6-(3-hydroxyphenyl)-V-(pyrimidin-4-yl)-1-naphthamide = (26). The title
compound was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-N-(pyrimidin-4-yl)-1-
naphthamide 26a (117 mg, 0.30 mmol, 1 eq) with boron tribromide (2.12 mmol, 7 eq)
according to method F. Purification by column chromatography (dichloromethane/methanol
98:2) afforded the desired compound in 96% yield (99 mg). C,;H5N;05;; MW 357; MS, ESI:
358 (M+H)".

2-Methoxy-6-(3-methoxyphenyl)-N-(5-methyl-1,3,4-thiadiazol-2-yl)-1-naphthamide (27a).
The title compound was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-naphthoic
acid 19b (630 mg, 2 mmol, 1.2 eq) with 5-methyl-1,3,4-thiadiazole-2-amine (187 mg, 1.63
mmol, 1 eq) according to method D. After purification of the crude product by column
chromatography (dichloromethane/methanol 95:5) compound 27a was obtained in 94% yield
(620 mg). The title compound was not characterized; it was directly used in the next step.
C22H19N3O3S; MW 405.

2-Hydroxy-6-(3-hydroxyphenyl)-V-(5-methyl-1,3,4-thiadiazol-2-yl)-1-naphthamide  (27).
The title compound was prepared by reaction of 2-methoxy-6-(3-methoxyphenyl)-N-(5-methyl-
1,3,4-thiadiazol-2-yl)-1-naphthamide 27a (620 mg, 1.53 mmol, 1 eq) with boron tribromide
(12.24 mmol, 8 eq) according to method F. Purification by column chromatography
(dichloromethane/methanol 98:2) afforded compound 27 in 20% yield (115 mg). CyH;5N305S;
MW 377; MS, ESI: 378 (M+H)".

Ethyl (2FE)-3-[2-methoxy-6-(3-methoxyphenyl)-1-naphthyl)]acrylate (28c). NaH (55-65%)
(10 mg, 0.21 mmol, 1.2 eq) was suspended in 5 ml dry DME under nitrogen atmosphere
together with triethylphosphonoacetate (46 mg, 0.21 mmol, 1.2 eq). The mixture was stirred for
15 min at room temperature. After the addition of 2-methoxy-6-(3-methoxyphenyl)-1-
naphthaldehyde 19¢ (50 mg, 0.17 mmol, 1 eq) the reaction mixture was stirred at room
temperature for 1 h. Water was added and the aqueous layer extracted with ethyl acetate. The
organic layers were combined and dried over MgSO,. After evaporation of the solvent under
reduced pressure, the title compound was obtained as yellow solid in quantitative yield (61 mg).
C23H2204; MW 362.

(2E)-3-(2-Methoxy-6-(3-methoxyphenyl)-1-naphthyl)acrylic acid (28b). Lithium hydroxide
(418 mg, 8.52 mmol, 5 eq) was added at 0 °C to a solution of ethyl (2E)-3-[2-methoxy-6-(3-
methoxyphenyl)-1-naphthyl)Jacrylate 28¢ (600 mg, 1.66 mmol, 1 eq) in a THF/water 3:1 (20
ml). After heating the reaction mixture at reflux overnight, the solvent was removed under
reduced pressure. The residue was acidified with 2N-HCI and extracted with ethyl acetate. The
combined organic layers were dried over MgSQ,, filtered and the solvent was removed under
reduced pressure. The compound was pure enough to be used without purification (quantitative
yield, 554 mg). C,1H;504; MW 334,
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(2E)-3-[2-Methoxy-6-(3-methoxyphenyl)-1-naphthyl)]-V-methylacrylamide (28a). The title
compound was prepared by reaction of (2E)-3-(2-methoxy-6-(3-methoxyphenyl)-1-
naphthyl)acrylic acid 28b (400 mg, 1.20 mmol, 1 eq) with a solution of methylamine (33% in
ethanol, 0.16 ml, 1.28 mmol, 1 eq) according to method B. The compound was purified by
column chromatography (dichloromethane/methanol 98:2) and obtained in 44% yield (184 mg).
C21H22NO3; MW 347.

(2E)-3-[2-Hydroxy-6-(3-hydroxyphenyl)-1-naphthyl)]-N-methylacrylamide (28). The title
compound was prepared by reaction of (2E)-3-[2-methoxy-6-(3-methoxyphenyl)-1-naphthyl)]-
N-methylacrylamide 28a (127 mg, 0.37 mmol, 1 eq) with boron tribromide (2.31 mmol, 8 eq)
according to method F. Purification by column chromatography (dichloromethane/methanol
95:5) afforded the desired product in 60% yield (71 mg). C,0H;NO;; MW 319; MS, ESI: 320
(M+H)".

(2E)-3-[2-Methoxy-6-(3-methoxyphenyl)-1-naphthyl)]-V-phenylacrylamide (29a). The title
compound was prepared by reaction of (2E)-3-(2-methoxy-6-(3-methoxyphenyl)-1-
naphthyl)acrylic acid 28b (200 mg, 0.60 mmol, 1 eq) with aniline (54 ul, 56 mg, 0.60 mmol, 1
eq) according to method B. The compound was obtained in quantitative yield (245 mg). It was
used in the next step without further purification. C,7H,;NO3; MW 409.

(2E)-3-[2-Hydroxy-6-(3-hydroxyphenyl)-1-naphthyl)]-N-phenylacrylamide (29). The title
compound was prepared by reaction of (2E)-3-[2-methoxy-6-(3-methoxyphenyl)-1-naphthyl)]-
N-phenylacrylamide 29a (70 mg, 0.17 mmol, 1 eq) with boron tribromide (1.36 mmol, 8 eq)
according to method F. Purification by column chromatography (dichloromethane/methanol
95:5) afforded the product in 13% yield (8 mg). C,sH;oNOs; MW 381; MS, ESI: 382 (M+H)".

3-[2-Hydroxy-6-(3-hydroxyphenyl)-1-naphthyl)]-N-methylpropanamide (30). The title
compound was prepared by hydrogenation of (2E)-3-[2-hydroxy-6-(3-hydroxyphenyl)-1-
naphthyl)]-N-methylacrylamide 28 (40 mg, 0.13 mmol, 1 eq) with Pd(OH), according to
method H. The compound 30 was obtained in quantitative yield (40 mg). Co0H;4NO3; MW 321;
MS, ESI: 322 (M+H)".

1-Bromo-2-methoxy-6-(3-methoxyphenyl)naphthalene (31a). The title compound was
prepared by reaction of 1,6-dibromo-2-methoxynaphthalene 31b (5.75 g, 18.20 mmol, 1 eq)
with 3-methoxybenzeneboronic acid (2.77 g, 18.20 mmol, 1 eq) according to method A.
Purification by column chromatography (hexane) afforded the desired compound in 81% yield
(506 g) C18H15Br02; MW 343.

1-Bromo-6-(3-hydroxyphenyl)-2-naphthol (31). The title compound was prepared by reaction
of 1-bromo-2-methoxy-6-(3-methoxyphenyl)naphthalene 31a (500 mg, 1.46 mmol, 1 eq) with
boron tribromide (7.3 mmol, 5 eq) according to method F. It was obtained in quantitative yield
(460 mg). C;6H,;BrO,; MW 315; MS, ESI: 313-315 (M-H)".

6-(3-Hydroxyphenyl)-1-phenyl-2-naphthol (32). The title compound was prepared by reaction
of 1-bromo-6-(3-hydroxyphenyl)-2-naphthol 31 (50 mg, 0.16 mmol, 1 eq) with benzeneboronic
acid (19.4 mg, 0.16 mmol, 1 eq) according to method A. The crude product was purified by
column chromatography (hexane/ethyl acetate 7:3) to give 32 in 30% yield (15 mg). C»H;60,;
MW 312; MS, ESI: 311 (M-H)".

2-Methoxy-6-(3-methoxyphenyl)-1-(phenylsulfanyl)naphthalene (33b). A mixture of 1-
bromo-2-methoxy-6-(3-methoxyphenyl)naphthalene 31a (850 mg, 2.47 mmol, 1 eq) and
sodium benzenethiolate (391 mg, 2.96 mmol, 1.2 eq) in dry DMF (10 ml) was refluxed for 11 h
under nitrogen atmosphere. The reaction mixture was poured in ice, the precipitate was
collected, washed with water and dried in a desiccator (42% yield, 385 mg). The compound was
pure enough to be used in the next step without further purification. C,4H,,0,S; MW 372.
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6-(3-Hydroxyphenyl)-1-(phenylsulfanyl)-2-naphthol (33a). The title compound was prepared
by reaction of 2-methoxy-6-(3-methoxyphenyl)-1-(phenylsulfanyl)naphthalene 33b (376 mg,
1.01 mmol, 1 eq) with boron tribromide (8 mmol, 8 eq) according to method F. The compound
was obtained in 94% yield (325 mg). C,,H;60,S; MW 344; MS, ESI: 343 (M-H)".

6-(3-Hydroxyphenyl)-1-(phenylsulfonyl)-2-naphthol (33). To a solution of 6-(3-
hydroxyphenyl)-1-(phenylsulfanyl)-2-naphthol 33a (71 mg, 0.21 mmol, 1 eq) in anhydrous
dichloromethane (10 ml) at O °C, was added m-CPBA (192 mg, 0.82 mmol, 3.9 eq) in CH,Cl,
(10 ml). The reaction mixture was stirred at 0 °C for 1 h and at room temperature for 12 h. The
reaction was poured into ice water and the crude was extracted with ethyl acetate. The
combined organic layers were washed with NaHCO; and brine and dried over Na,SO,. After
purification of the crude product by column chromatography compound 33 was obtained in
50% yield (38 mg). C,,Hs04S; MW 376; MS, ESI: 375(M-H)".

2-Methoxy-6-(3-methoxyphenyl)-1-[(4-methylphenyl)sulfanylJnaphthalene (34b). A
mixture of 1-bromo-2-methoxy-6-(3-methoxyphenyl)naphthalene 31a (100 mg, 0.29 mmol, 1
eq) and sodium 4-methylbenzenethiolate (51 mg, 0.34 mmol, 1.2 eq) in dry DMF (10 ml) was
refluxed for 11 h under nitrogen atmosphere. The reaction mixture was poured in ice. The
precipitate formed was collected, washed with water and dried in a desiccator (73% yield, 80
mg). The compound was pure enough to be used in the next step without further purification.

C25H22028 ) MW 386.

6-(3-Hydroxyphenyl)-1-(4-methylphenyl)sulfonyl)-2-naphthol (34). To a solution of 2-
methoxy-6-(3-methoxyphenyl)-1-[(4-methylphenyl)sulfanylnaphthalene 34b (385 mg, 1.03
mmol, 1 eq) in anhydrous dichloromethane (10 ml) at 0 °C was added m-CPBA (1.42 g, 8.24
mmol, 8.2 eq) in CH,Cl, (10 ml). The reaction mixture was stirred at 0 °C for 1 h and at room
temperature for 12 h, poured into ice water and extracted with ethyl acetate. The combined
organic layers were washed with NaHCO; and brine and dried over Na,SO,. A
monodemethylation occurred during the oxidation step. The second methoxy group of the
product (105 mg, 0.26 mmol, 1 eq) was then removed by reaction with boron tribromide (2.1
mmol, 8 eq) according to method F. The product was obtained in 79% yield (80 mg).
C23H1804S; MW 390, MS, ESI: 389(M—H)>

Methyl 3-methoxy-7-(3-methoxyphenyl)-2-naphthoate (35b). The title compound was
prepared by reaction of methyl 7-bromo-3-methoxy-2-naphthoate 35¢ (2.2 g, 7.45 mmol, 1 eq)
with 3-methoxyphenyl boronic acid (1.37 g, 8.95 mmol, 1.5 eq) according to method A. The
reaction mixture was purified by column chromatography (dichloromethane/hexane, gradient
5:5 to 7:3, dichloromethane/methanol 95:5) to give 1.58 g of compound 35b. Yield: 66%.
C20H1804; MW 322.

3-Methoxy-7-(3-methoxyphenyl)-V-methyl-2-naphthamide (35a). The title compound was
prepared by reaction of 3-methoxy-7-(3-methoxyphenyl)-2-naphthoic acid (323 mg, 1.05 mmol,
1 eq) with a solution of methylamine (33% in ethanol, 0.13 ml, 1.05 mmol, 1 eq) according to
method C. Purification by column chromatography (hexane/ethyl acetate 8:2) gave 247 mg of
the amide 35a. Yield: 74%. C,0H,;sNO5; MW 321; MS, ESI: 322 (M+H)".

3-Hydroxy-7-(3-hydroxyphenyl)-N-methyl-2-naphthamide (35). The title compound was
prepared by reaction of 3-methoxy-7-(3-methoxyphenyl)-N-methyl-2-naphthamide 35a (93 mg.
0.29 mol, 1 eq) with boron tribromide (5.5 mmol, 19 eq) according to method F. The product
was obtained in a quantitative yield (87 mg). C;sH;sNOs; MW 293; MS, ESI: 294 (M+H)".

3-Methoxy-7-(3-methoxyphenyl)-V-phenyl-2-naphthamide (36a). The title compound was
prepared by reaction of 3-methoxy-7-(3-methoxyphenyl)-2-naphthoic acid (323 mg, 1.05 mmol,
1 eq) with aniline (95 pl, 1.05 mmol, 1 eq) according to method C. Purification by column
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chromatography (hexane/ethyl acetate 8:2 and 6:4) gave 281 mg of the amide 36a. Yield: 70%.
C25H21NO3; MW 383, MS, ESI: 384 (l\/I+H)+

3-Hydroxy-7-(3-hydroxyphenyl)-N-phenyl-2-naphthamide (36). The title compound was
prepared by reaction of 3-methoxy-7-(3-methoxyphenyl)-N-phenyl-2-naphthamide 36a (86 mg,
0.22 mol, 1 eq) with boron tribromide (4.45 mmol, 20 eq) according to method F. After
purification of the crude product by column chromatography (hexane/ethyl acetate 6:4)
compound 36 was obtained in 50% yield (40 mg). C,;H;NO3; MW 355; MS, APCI: 355 (M)".

3-Methoxy-7-(3-methoxyphenyl)-1-naphthonitrile (37a). The title compound was prepared
by reaction of 8-cyano-6-methoxy-2-naphthyl trifluoromethanesulfonate 37b (466 mg, 1.4
mmol, 1 eq) with 3-methoxybenzene boronic acid (260 mg, 1.7 mmol, 1.2 eq) according to
method A. The reaction mixture was purified by column chromatography (hexane/ethyl acetate
7:3) to give 37a as a yellow solid. Yield: 25% (101 mg). C9H;sNO,; MW 289.

3-Hydroxy-7-(3-hydroxyphenyl)-1-naphthonitrile (37). The title compound was prepared by
reaction of 3-methoxy-7-(3-methoxyphenyl)-1-naphthonitrile 37a (100 mg, 0.35 mmol, 1 eq)
with pyridinium hydrochloride (492 mg, 4.3 mmol, 12 eq) according to method G. The desired
compound was obtained in 64% yield (58 mg). C7H;;NO,; MW 261; MS, ESI: 260 (M-H)".

7-Methoxy-3-(3-methoxyphenyl)-1-naphthonitrile (38a). The title compound was prepared
by reaction of 3-bromo-7-methoxy-1-naphthonitrile 37¢ (1.4 g, 1.76 mmol, 1 eq) with 3-
methoxybenzene boronic acid (320 mg, 2.11 mmol, 1.2 eq) according to method A. The
reaction mixture was purified by column chromatography (hexane/ethyl acetate 7:3) to give 38a
as a yellow solid. Yield: 53% (270 mg). C,oH;sNO,; MW 289.

7-Hydroxy-3-(3-hydroxyphenyl)-1-naphthonitrile (38). The title compound was prepared by
reaction of 7-methoxy-3-(3-methoxyphenyl)-1-naphthonitrile 38a (110 mg, 0.39 mmol, 1 eq)
with pyridinium hydrochloride (547 mg, 4.76 mmol, 12.2 eq) according to method G. The
compound was obtained in 62% yield (63 mg). C;;H;NO,; MW 261; MS, ESI: 260 (M-H)".

Biological Methods

[2,4,6,7—3H]—E1 and [2,4,6,7—3H]—E2 were purchased from Perkin Elmer, Boston. Quickszint
Flow 302 scintillator fluid was bought from Zinsser Analytic, Frankfurt. T47D cells (passage 9)
were obtained from ECACC, Salisbury. FCS was purchased from Sigma, Taufkirchen. Cell
culture media and dextran coated charcoal stripped FCS (DCC-FCS) were bought from
CCPRO, Oberdorla. Other chemicals were purchased from Sigma, Roth or Merck.

1. 178-HSD1 and 17B-HSD2 Enzyme preparation

Recombinant human enzyme (Procedure A and C):

Recombinant baculovirus was produced by the "Bac to Bac Expression System" (Invitrogen).
Recombinant bacmid was transfected to Sf9 insect cells using "Cellfectin Reagent" (Invitrogen).
Sixty hours later cells were harvested; the microsomal fraction was isolated as described by
Puranen et al., 1994. Aliquots containing 17B-HSD1 or 17B-HSD2 were stored frozen until
determination of enzymatic activity.

Human enzyme enriched from placental tissue (Procedure B and D):

178-HSD1 and 17B-HSD2 were obtained from human placenta according to previously
described procedures (Ghosh et al., 1995; Zhu et al., 1993). Fresh human placenta was
homogenized and the enzymes were separated by subcellular fractionation (centrifugation
method). For the purification of 178-HSDI1, the cytosolic fraction was precipitated with
ammonium sulfate. 17B3-HSD2 was obtained from the microsomal fraction. Aliquots containing
17B-HSD1 or 17B-HSD2 were stored frozen.
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2. Inhibition of 173-HSD1

The synthesized compounds were tested for their ability to inhibit 17B-HSD1 according to
Procedure A (recombinant human enzyme, percentage of inhibition determination). For select
compounds, ICs, values were determined according to Procedure B (human placental enzyme).
Procedure A and B differ from enzyme source and substrate concentration. The two procedures
have been compared and give similar results.

Procedure A using recombinant human enzyme

Assay: Recombinant human protein (0.1 pg/mL) was incubated in 20 mM KH,PO, pH 7.4 with
30 nM [*H]-estrone and ImM NADPH for 30 min at room temperature, in the presence of
potential inhibitors at concentrations of 1 uM or 100 nM. Inhibitor stock solutions were
prepared in DMSO. Final concentration of DMSO was adjusted to 1% in all samples. The
enzyme reaction was stopped by addition of 10% trichloroacetic acid (final concentration).
Samples were centrifuged in a microtiter plate at 4000 rpm for 10 min. Supernatants were
applied to reverse phase HPLC on a Waters Symmetry C18 column, equipped with a Waters
Sentry Guard column. Isocratic HPLC runs were performed at room temperature at a flow rate
of 1 mL/min of acetonitrile/water (48:52) as running solvent. Radioactivity of the eluate was
monitored by a Packard Flow Scintillation Analyzer. Total radioactivities for estrone and
estradiol were determined in each sample. The conversion rate was calculated according to the
following formula: % conversion = 100 * [(cpm E2 in sample with inhibitor)/(cpm E1 in sample
with inhibitor + cpm E2 in sample with inhibitor)]/[(cpm E2 in sample without inhibitor)/(cpm
El in sample without inhibitor + cpm E2 in sample without inhibitor)]. Percentage of inhibition
was calculated according to the following equation: % inhibition = 100 - % conversion. Each
value was calculated from two independent experiments.

Procedure B using human placental enzyme

Assay: Inhibitory activities were evaluated by an established method with minor modifications
(Lin et al., 1992; Sam et al., 1995; Sam et al., 1998). Briefly, the enzyme preparation was
incubated with NADH [500uM] in the presence of potential inhibitors at 37 °C in a phosphate
buffer (50 mM) supplemented with 20 % of glycerol and EDTA 1mM. Inhibitor stock solutions
were prepared in DMSO. Final concentration of DMSO was adjusted to 1% in all samples. The
enzymatic reaction was started by addition of a mixture of unlabelled- and [°H]-E1 (final
concentration: 500 nM, 0.15 pCi). After 10 min, the incubation was stopped with HgCl, and the
mixture was extracted with ether. After evaporation, the steroids were dissolved in acetonitrile.
El and E2 were separated using acetonitrile/water (45:55) as mobile phase in a CI8 rp
chromatography column (Nucleodur C18 Gravity, 3um, Macherey-Nagel, Diiren) connected to
a HPLC-system (Agilent 1100 Series, Agilent Technologies, Waldbronn). Detection and
quantification of the steroids were performed using a radioflow detector (Berthold
Technologies, Bad Wildbad). The conversion rate was calculated according to following

%E?2
equation: %oconversion = — =% «100. Each value was calculated from at least three

PDE2+ %E1

independent experiments.

2. Inhibition of 17p-HSD2

The synthesized compounds were tested for their ability to inhibit 178-HSD2 according to
Procedure C (recombinant human enzyme) or D (human placental enzyme). For select
compounds, ICs, values were determined according to Procedure D (human placental enzyme).
Procedure C and D differ from enzyme source and substrate concentration. The two procedures
have been compared and give similar results.

Procedure C using recombinant human enzyme

The 17B-HSD2 inhibition assay was performed as previously described for 178-HSDI1
according to procedure A from the recombinant human protein, using [*H]-E2 as substrate [30
nM] and NAD" [1 mM] as cofactor.
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Procedure D using human placental enzyme

The 17B-HSD2 inhibition assay was performed similarly to the 17B8-HSD1 procedure. The
microsomal fraction was incubated with NAD" [1500 uM], test compound and a mixture of
unlabelled- and [°H]-E2 (final concentration: 500 nM, 0.11 UCi) for 20 min at 37°C. Further
treatment of the samples and HPLC separation was carried out as mentioned above forl7p-
HSDI.

3. ER affinity

The binding affinity of select compounds to the ERa and ERP was determined according to
Zimmermann et al., 2005 using recombinant human proteins. Briefly, 0.25 pmoles of ERa or
ERB, respectively, were incubated with [’H]-E2 (10 nM) and test compound for 1 h at room
temperature. The potential inhibitors were dissolved in DMSO (5% final concentration). Non-
specific-binding was performed with diethylstilbestrol (10 uM). After incubation, ligand-
receptor complexes were selectively bound to hydroxyapatite (5 g/ 60 ml TE-buffer). The
formed complex was separated, washed and resuspended in ethanol. For radiodetection,
scintillator cocktail (Quickszint 212, Zinsser Analytic, Frankfurt) was added and samples were
measured in a liquid scintillation counter (Rack Beta Primo 1209, Wallac, Turku). For
determination of the relative binding affinity, RBA, inhibitor and E2 concentrations required to
displace 50% of the receptor bound labelled E2 were determined. RBA values were calculated

ICs0(E2)

100 . The RBA value for
ICso(compound)

according to the following equation: RBA[%] =

E2 was arbitrarily set at 100%.

4. Proliferation assay

Cell culture: Stock culture of T47D cells (ecacc, United Kingdom) was maintained in RPMI-
1640 supplemented with sodium bicarbonate (2 g/1), streptomycin (100 pg/ml), insuline zinc
salt (10 pg/ml), sodium pyruvate (1 mM), penicillin (100 U/ml) and FCS 10% (vol/vol). Cells
were cultured at 37 °C under 5% CO, humidified atmosphere. Medium was changed every two
to three days, cells were subcultured every four to five days.

Evaluation of estrogenic effects on the estrogen dependent human breast cancer cell line
T47D: Phenol red-free medium was supplemented with sodium bicarbonate (2 g/l),
streptomycin (100 ug/ml), insuline zinc salt (10 pg/ml), sodium pyruvate (1 mM), L-glutamine
(2 mM), penicillin (100 U/ml) and DCC-FCS 5% (vol/vol). RPMI 1640 (without phenol red)
was used for the experiments. Cells (7500 cells/96-wellplate) were grown for 48 h in phenol
red-free medium. The compounds tested were added at a final concentration of 100 nM.
Inhibitors and E2 were diluted in ethanol (final ethanol concentration was adjusted to 1%). As a
positive control E2 was added at a final concentration of 0.1 nM. Ethanol was used as negative
control. Medium was changed every two to three days and supplemented with the respective
additive. After eight days of incubation, the cell viability was evaluated measuring the reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT). The cleavage of MTT
to a blue formazan by mitochondrial succinat-dehydrogenase was quantified
spectrophotometrically at 590 nm as described by Denizot and Lang, 1986 with minor
modifications. The control proliferation was arbitrarily set at 1 and the stimulation induced by
the inhibitor was calculated according to following equation:

[ proliferation(compound — induced )
[ proliferation(E2 — induced ) — 1]
as a mean value of at least three independent experiments.

-1
% stimulation = ] ©100% . Each value is calculated

5. Evaluation of plasma concentrations of compounds 1 and 32 after peroral application to
adult male rats in cassette dosing.

Four adult male Wistar rats (Janvier, France) were used. Animals were housed in a temperature-
controlled room (20-22 °C) and maintained in a 12 h light/12 h dark cycle. Food and water were
available ad libitum. Rats were anaesthetized with a ketamine (135 mg/kg)/ xylazine (10 mg/kg)
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mixture and cannulated with silicone tubing via the right jugular vein. Prior to the first blood
sampling, animals were connected to a counterbalanced system and tubing, to perform blood
sampling in the freely moving rat. Compounds 1 and 32, dissolved in labrasol/water (1:1) as
vehicle, were administered perorally at doses of 10 mg/kg in a cassette dosing approach. Each
application group consisted of 4 rats. At Time 0, compounds 1 and 32 were applied and blood
samples (200 ul) were taken at 1, 2, 3, 4, 6, 8, 10 and 24 h post-dose, collected in heparinised
tubes and stored on ice. Plasma was harvested and kept at —20 °C until being assayed.
HPLC-MS/MS analysis and quantification of the samples was carried out on a Surveyor-HPLC-
system coupled with a TSQ Quantum (ThermoFisher) triple quadrupole mass spectrometer
equipped with an electrospray ioninterface. This test was performed according to the Laws on
Animal Care and Use and had been approved by the local Animal Care Committee.

Molecular modeling

All molecular modelling studies were performed on Intel(R) P4 CPU 3.00GHz running Linux
Suse 9.3. X-ray structure of 17p-HSD1 (PDB-ID: 1FDT, www.pdb.org) was prepared using the
BIOPOLYMER module of SYBYL v7.0 (Sybyl, Tripos Inc., St. Louis, Missouri, USA). Water
molecules, E2 and sulfate ions were stripped from the PDB file and missing protein atoms were
added and correct atom types set. Finally hydrogen atoms and neutral end groups were added.
All basic and acidic residues were considered protonated and deprotonated, respectively.
Further, the crystal structure was minimized for 200 steps with the steepest descent minimizer
as implemented in SYBYL with the backbone atoms kept at fixed positions in order to fix close
contacts (Arg37).

Docking of selected inhibitors, built with SYBYL and energy-minimized in MMFF94s force-
field as implemented in Sybyl, into the substrate binding site was performed by the docking
program GOLD v.3.0.1 (Jones et al., 1997). Since GOLD docking program allows flexible
docking of ligands, no conformational search was employed to the ligand structures. Ligands
were docked in 50 independent genetic algorithm (GA) runs. Active-site origin was set at the
center of the steroid binding site, while the radius was set equal to 13 A. The automatic active-
site detection was switched on. Further, the CHEMSCORE fitness function was used and
genetic algorithm default parameters were set as suggested by the GOLD authors.

The quality of the docked poses was evaluated based on the scoring function, which give a good
measure to discriminate between the found binding modes, and mainly on visual inspection of
the putative binding modes of the ligands.
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Abstract

Clinical trials failed to show a beneficial effect of postmenopausal hormone replacement
therapy, whereas experimental studies in young animals reported a protective function of
estrogen replacement in cardiovascular disease. Because these diverging results could in part be
explained by aging effects, we compared the efficacy of estrogen substitution to modulate
cardiac hypertrophy and cardiac gene expression among young (age 3 months) and senescent
(age 24 months) spontaneously hypertensive rats (SHRs), which were sham operated or
ovariectomized and injected with placebo or identical doses of 17B-estradiol (E2; 2 ug/kg body
weight per day) for 6 weeks (n = 10/group). Blood pressure was comparable among sham-
operated senescent and young SHRs and not altered by ovariectomy or E2 treatment among
young or among senescent rats. Estrogen substitution inhibited uterus atrophy and gain of body
weight in young and senescent ovariectomized SHRs, but cardiac hypertrophy was attenuated
only in young rats. Cardiac estrogen receptor-o expression was lower in intact and in
ovariectomized senescent compared with young SHRs and increased with estradiol substitution
in aged rats. Plasma estradiol and estrone levels were lower not only in sham-operated but
surprisingly also in E2-substituted senescent SHRs and associated with a reduction of hepatic
17B-hydroxysteroid dehydrogenase type 1 enzyme activity, which converts weak (ie, estrone)
into potent estrogens, such as E2. Aging attenuates the antihypertrophic effect of estradiol in
female SHRs and is associated with profound alterations in cardiac estrogen receptor-o
expression and estradiol metabolism. These observations contribute to explain the lower
efficiency of estrogen substitution in senescent SHRs.

Introduction

The development of cardiovascular disease in postmenopausal women follows declining
estrogen plasma levels with a delay of several years (August and Oparil, 1999). The underlying
mechanisms are still largely unknown. Observational studies initially suggested a protective
function of postmenopausal hormone replacement therapy (HRT) against heart disease with risk
reductions of <35% to 50% (Hillard et al., 1991). But controlled clinical end point studies, such
as Heart and Estrogen/progestin Replacement Study (HERS) and the recently terminated
Women’s Health Initiative trial, reported no protective function of HRT consisting of
conjugated equine estrogens plus medroxy-progesterone-acetate for the primary or secondary
prevention of coronary artery disease (Rossouw er al., 2002). In contrast, estrogen
supplementation in animal models of human heart disease was mostly associated with beneficial
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hormone effects. But the majority of these studies were conducted in young animals and, thus,
do not take the possibility of aging effects into account, which might, in part, explain
controversial results between animal and human studies (van Eickels et al., 2005; Wallen et al.,
2000; Williams et al., 2004). Until recently, these shortcomings could be attributed to the lack
of animalmodels that mimic postmenopausal hypertension. Meanwhile, senescent
spontaneously hypertensive rats (SHRs) and aged Dahl salt-sensitive rats have been identified
and characterized as suitable models to study postmenopausal hypertension. As reported
recently, female SHRs stop cycling at the age of 10 to 12 months and develop further increases
in blood pressure thereafter (Reckelhoff and Fortepiani, 2004). Similar studies have been
conducted in Dahl salt-sensitive rats (Hinojosa-Laborde et al., 2004). Increased blood pressure
in postmenopausal SHRs is associated with the natural cessation of ovarian function and
decreasing estrogen plasma levels, which closely resemble observations in postmenopausal
women (Burt et al., 1995). These studies provided substantial and new insight into gender and
aging aspects of hypertension. In contrast, aging aspects in the development of cardiac
hypertrophy, gene expression, and function are less well documented, although it seems
conceivable that estrogen substitution of young and postmenopausal female SHRs might result
in different cardiac phenotypes. Therefore, and because most previous studies including our
own were conducted in young animals, we determined cardiovascular function, cardiac gene
expression, as well as plasma sex hormone profiles in sham-operated and ovariectomized young
and senescent female SHRs on long-term treatment with placebo or identical, body weight-
adjusted doses of 17f-estradiol (E2). In particular, we speculated whether the efficacy of
estrogen substitution to modulate cardiac hypertrophy and gene expression might be blunted in
aged SHRs.

Methods

Animal Model and Treatment

Female SHRs (SHR/Ncrllco) obtained from Charles River Laboratories (IFFA/CREDO, Lyon,
France) at the age of 12 weeks were kept under standard conditions until reaching
postmenopause at 24 months of age (senescent SHRs, n=30). A second batch of animals was
purchased from the same supplier at the age of 12 weeks for parallel studies in young SHRs
(n=30). Young and senescent SHRs were repartitioned into 6 study groups including sham
operation (young: n=10; old: n=10 per group), ovariectomy ([ovx] young: n=10; old: n=10), and
ovariectomy plus estradiol supplementation ([ovx+E2] young: n=10; old: n=10). All of the
animals were kept under standard conditions including a 12 hours on/off light cycle,
commercial diet, and water ad libitum. Ovarectomies and sham operations were performed
under isoflurane anesthesia (isoflurane 1.5 volume [vol] percent supplemented by 0.5 L of
oxygen per minute) after pretreatment with tribromoethanol/amylene hydrate ([Avertin] 2.5%
weight/vol, 6 uL/g body weight IP). Ovariectomized rats were injected either with placebo (95
uL of peanut oil + 5 puL of ethanol SC) or a body weight-adjusted dose of E2 (95 puL peanut oil
plus 2 pg/kg BW per day of E2 dissolved in 5 pL of EtOH) on a daily basis. All of the animals
were treated for 6 weeks before hemodynamic and morphometric measurements. A separate set
of young (n=10) and senescent (n=7) SHRs was ovariectomized and treated with E2 under
exactly identical conditions to assess hepatic enzyme activity levels of 17B-hydroxysteroid
dehydrogenases (17BHSDs) type 1 (17BHSD1) and type 2 (17BHSD2). All of the protocols
were reviewed and accepted by the local ethics committee and performed in accordance with
the current National Institutes of Health guide for the care and use of laboratory animals.

Hemodynamic Analysis

Hemodynamic measurements were performed according to published protocols after 6 weeks of
continuous treatment under light isoflurane anesthesia and spontaneous respiration (isoflurane
1.5 vol percent supplemented by 0.5 L of oxygen per minute) (Pelzer et al., 2005). Pressure
curves were measured via polyethylene tubing and a microtip manometer (Millar Instruments)
calibrated to midchest level. Systolic and diastolic blood pressure measurements were obtained



ERGEBNISSE 112

on catheter placement in the thoracic aorta. A calibrated flowmeter (2.5 mm; Statham) was
placed around the ascending aorta for continuous measurement of aortic blood flow (cardiac
output). Measurements were performed by a trained observer blinded for treatment groups.
Animals with nonphysiological heart rate <250 bpm were excluded from hemodynamic analysis
(senescent rats: sham: n=3; ovx: n=2; ovx+E2: n=2). Blood pressure in senescent SHRs was
also monitored by telemetry (online supplement II, please see http://hyper. ahajournals.org).

Morphometry

Body weight, heart weight, uterus weight, and tibia length were determined after hemodynamic
analysis. Relative heart weight was determined by normalizing absolute heart weight for tibia
length.

Plasma Hormone Level

Plasma samples obtained after hemodynamic analysis and within identical time frames after
hormone injection were used for radioimmunoassay (RIA) measurements of E2, estrone (E1),
total testosterone, free-testosterone, and 4-androstendione according to the manufacturer’s
instructions (Diagnostic Systems Laboratories, Inc). Cross-reactivity of the third-generation
estradiol RIA was 6.9% with E1 and with other hormones was not detectable. Cross-reactivity
of the E1 RIA was 1.25% with estradiol and with other hormones was not detectable. Cross-
reactivity for androstenedione RIAs with dihydrotestosterone was 0.08%, with E1 0.03%, and
with E2 and testosterone not detectable. Cross-reactivity for testosterone RIAs with
dihydrotestosterone was 6.6%, with androstenedione 0.9%, and with E2 not detectable.
Information on RIA cross-reactivities were provided by the manufacturer.

Cardiac Protein Expression

Cardiac a and  myosin heavy chain protein (a- and B-MHC) expression was analyzed by SDS-
PAGE electrophoresis with subsequent visualization of protein bands by silver staining
according to published protocols (Pelzer et al., 2005). Left ventricular samples were
homogenized in ice-cold sample buffer containing a protease inhibitor mixture, centrifuged, and
500 ng of the extract were subjected to SDS-PAGE analysis using a 6% polyacrylamide gel
containing 5% glycerol for 18 hours at 4°C before band visualization by silver staining (Silver
Stain Plus, Bio Rad). Band intensities for a- and B-MHC were determined by densitometry
using the ScanPack 3.0 software (Biometra).

Cardiac protein expression was also analyzed by Western blots using unfractionated ventricular
protein extracts, which were separated on 7% to 10% polyacrylamide sodium dodecyl sulfate
gels followed by electrophoretic transfer on nitrocellulose membranes. Nonspecific background
was blocked using 5% nonfat milk powder in PBS/Tween 20 (1 hour, room temperature). The
following primary antibodies were used: anti-ERa (ER21, rabbit polyclonal; generous gift of Dr
G. Greene, University of Chicago, Chicago, IL), anti-ERB (ER3919, rabbit polyclonal; raised
against rat ERP ligand binding domain; see online supplement I for details), anti-
phospholamban (mouse monoclonal, Alexis), anti-phospho-phospholamban (rabbit polyclonal,
Upstate Biotechnology), anti-SERCA 2 (rabbit polyclonal, Abcam), and anti-aB crystallin
(rabbit polyclonal, StressGen). Antirabbit and anti-mouse secondary antibodies conjugated with
horseradish peroxidase (anti-mouse, anti-rabbit; Amersham, 1:5000) and the ECL detection
system (Amersham) were used to visualize immunoreactive proteins. Gel loading was
normalized to a-B-crystallin expression.

17pHSD1 and 17pHSD2 Activity Assays

Frozen liver samples were homogenized and fractionated into cytosolic extracts for
measurements of 17BHSDI activity and microsomal extracts to assess 17BHSD2 activity (Qiu
et al., 2002; Zhu et al., 1993). Enzymatic 17BHSD activities were measured according to
published protocols at 37°C in a phosphate buffer supplemented with 20% glycerol (vol/vol)
and 1 mmol/L of EDTA the presence of oxidized nicotinamide-adenine dinucleotide and [3H]—
estradiol for 20" in 17BHSD2 assays or in the presence of reduced nicotinamideadenine
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dinucleotide and [H]-E1 for 10" in 17PHSDI1 assays followed by steroid extraction with ether
(Lin et al., 1992; Sam et al., 1997; Sam et al., 1995). [’H]-Estradiol and [’H]-E1 were obtained
from Perkin Elmer LAS. Substrates and products were separated using acetonitrile/water
(47.5:52.5 vol/vol) as a mobile phase on a C18 rp chromatography column (Nucleodur C18
Gravity, 3 um, Macherey-Nagel) connected to a high performance liquid chromatography
system (Agilent 1100 Series, Agilent Technologies). Steroid detection and quantification was
performed using a radioflow detector (Berthold Technologies). Substrate conversion rates were
calculated, and the formation of 1 umol of product per minute was defined as 1 U of enzyme
activity. Specific activities are given in units per milligram of protein.

Statistics

Statistical significance was calculated by 1-way ANOVA followed by Student-Newman-Keuls
post hoc testing in all of the experiments except 17BHSD activities, in which statistical
significance was determined by 2-sided t tests. Values are mean + SEM, and P<0.05 was
considered significant.

Results
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Figure 1: A, Body weight of young and senescent SHRs after sham operation (sham), ovarectomy plus
placebo treatment (ovx), and ovarectomy plus substitution with E2 (ovx+E2). B, Uterus weight of
young and senescent SHRs after sham operation, ovarectomy plus placebo treatment, and ovarectomy
plus substitution with E2. C, Relative heart weight of young and senescent SHRs after sham operation
ovarectomy plus placebo treatment and ovarectomy plus substitution with E2. Bars indicate
mean+SEM (n=10 animals per group; ***P<0.001, **P<0.01, *P<0.05).
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Body weight was comparable among sham-operated senescent and young rats (Figure 1A). The
gain of body weight in ovariectomized animals was attenuated by E2 treatment in young and
aged SHRs. Uterus weight, which was not different between sham-operated young and
senescent rats, decreased with ovariectomy, but residual uterus weight was higher in senescent
SHRs (Figure 1B). Estradiol treatment resulted in increased uterus mass in ovariectomized
young and senescent SHRs. Relative heart weight, which was higher in sham-operated
senescent compared with young SHRs, increased in young but not in senescent rats on
ovariectomy (Figure 1C). Estradiol substitution attenuated cardiac hypertrophy in young but not
in senescent rats. Cardiac mass was higher in estrogen-substituted senescent compared with
estrogen substituted young SHRs.

Hemodynamics and Telemetric BloodPressure Analysis

Ovariectomy and E2 substitution did not affect blood pressure among the groups of aged and
among the groups of young SHRs (Table). However, mean blood pressure levels were higher in
sham-operated and estrogen-substituted senescent compared with young SHRs receiving
estrogen substitution. Left ventricular stroke volume and cardiac output were comparable
among all of the groups of senescent and young rats. Telemetric blood pressure analysis was in
good agreement with invasive measurements and did not reveal a blood pressure-lowering
effect of E2 substitution in senescent SHRs (online supplement II).

Table: Invasive Hemodynamic Measurements. Hemodynamic measurements in young and senescent
SHRs after sham operation (sham), ovariectomy plus placebo treatment (ovx), and ovariectomy plus
substitution with E2 (ovx+E2). HR indicates heart rate; CO, cardiac output; SAP, systolic blood
pressure; MP, mean blood pressure; SV, stroke volume. *P<0.05 vs ovariectomized young; {P<0.05 vs
ovariectomized E2 young.

Treatment
n HR, bpm CO,ml/min SAPmmHg MP,mmHg SV, ul/beat
Group
Sham young 10 341 £5 58+2.1 221 +£5.8 174 £5.3 170 £7.8
Ovx young 10 3557 56 +1.5 219 £5.7 171 £4.8 157 +£4.7
Ovx+E2
10 363 +8 61+2.1 210+ 6.5 162 +54 170 £ 6.5
young
Sham
7 312 £13* 48 +£4.0 244 +£13.5 192 £7.47 148 £7.4
senescent
Ovx
8 319 £ 7% 50+34 236+ 14.2 181 £8.8 159+ 14.6
senescent
Ovx+E2
8 325+8 52+34 243 +£9.1 192 £4.37 159 £8.2
senescent

Plasma Sex Hormone Levels

Plasma E2, El, total, and free testosterone, as well as androstendione plasma levels, were
significantly higher in sham-operated young compared with senescent SHRs (Figure 2).
Ovariectomy decreased plasma levels of E2 and E1 in young rats but had no such effect in
senescent SHRs. Plasma androgen levels were lower in ovariectomized SHRs of both age
groups. Estradiol, as well as E1, levels were higher in young SHRs treated with E2 compared
with placebo-treated ovariectomized animals. In contrast, plasma E2 and El levels in E2-
substituted senescent SHRs were not different from placebo-treated aged rats. E1 and estradiol
levels were closely correlated among all of the samples (P<0.001; R*=0.71).
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Figure 2: Sex hormone plasma levels of young (grey) and senescent SHRs (black) after sham
operation (sham), ovarectomy plus placebo treatment (ovx), and ovarectomy plus substitution with E2
(ovx+E2). All of the measurements were performed using plasma samples obtained within identical
time frames (15 to 19 hours) after hormone or placebo injection. Bars indicate mean+SEM (n=10
animals per group; ***P<0.001, **P<0.01, *P<0.05).

o

Cardiac MHC Expression

The a-MHC protein was the predominant cardiac isomyosin in sham-operated young SHRs,
whereas senescent hearts contained both myosin subtypes at approximately equal amounts
(Figure 3). Ovariectomy decreased cardiac a-MHC expression in young SHRs and shifted the
MHC ratio toward o-MHC accumulation (sham: 1.7440.12 versus ovx 1.07+0.07; P<0.01; n=10
per group). E2 substitution of ovariectomized young SHRs resulted in increased amounts of a-
MHC protein (ovx+E2: 1.5240.13; P<0.01; versus ovx; n=10 per group). In contrast,
ovariectomy and E2 treatment conferred only insignificant effects on cardiac MHC expression
in senescent SHRs.
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Figure 3: Cardiac a/ff MHC protein ratios of young and senescent SHRs after sham operation (sham),
ovarectomy plus placebo treatment (ovx), and ovarectomy plus substitution with E2 (ovx+E2)
including representative silver stained sodium dodecyl sulfate gels from young and senescent SHRs.
Bars indicate meantSEM (n=10 animals per group; ***P<0.001, *P<0.05).

Cardiac Protein Expression Analysis

Cardiac estrogen receptor a (ERa) expression was lower in sham-operated and ovariectomized
senescent compared with young SHRs (Figure 4A). E2 substitution increased cardiac ERa
expression in senescent rats to levels that were no longer different from those observed among
young animals. In contrast, cardiac ER} expression was uniform and not different among all of
the treatment groups (Figure 4B). The expression levels of cardiac calcium handling proteins
such as SERCAZ2, phospholamban, and phosphorylated phospholamban were not different
among all of the animals (data not shown).
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Figure 4: Cardiac ERa (A) and ERf (B) expression in young and senescent SHRs after sham
operation (sham), ovarectomy plus placebo treatment (ovx), and ovarectomy plus substitution with E2
(ovx+E2). Representative Western blot experiments shown below include positive and negative controls
(recombinant human ERo and ERp) for the ERa antibody. Control experiments showing specificity
for the ERf antibody are available from online supplement 1. Bars indicate mean+SEM (n=10;
*P<0.05).

17pHSD1 and 17gHSD2 Activity

Hepatic 17BHSDI1 activity, which catalyzes the reduction of weak estrogens, such as El, to
potent estrogens, such as E2, was significantly lower in senescent compared with young SHRs
receiving estrogen substitution (Figure 5A). Activity levels of 17HSD2, which metabolizes E2
to less potent estrogens, such as El, was comparable among estrogen-treated young and
senescent SHRs (Figure 5B).
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Figure 5. Hepatic 17fHSD1 (A) and 17HSD2 (B) activities in ovarectomized (ovx) and E2-substituted
young and senescent SHRs. 17fHSD activities were measured in quadruplicate in each individual
animal. Bars indicate mean 17fHSDI1 and 17fHSD?2 activities in units per milligram of proteintSEM
(young SHR: n=10; senescent SHR: n=7; *P<0.05).
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Discussion

The primary result of this study is the observation that estrogen substitution is significantly less
efficient to attenuate cardiac hypertrophy in senescent compared with young female SHRs.
Although several biomarkers, such as body weight, uterus weight, and cardiac ERa expression,
were responsive to E2 supplementation of senescent SHRs, heart weight and cardiac isomyosin
expression were not. Lower E2 plasma levels in sham-operated and in estradiol-substituted
senescent rats together with lower 17BHSD1 activity indicate that aging in SHRs is associated
not only with reduced E2 synthesis but also with altered E2 metabolism. These observations
could at least in part explain the blunted effect of E2 on cardiac hypertrophy in aged SHRs.
Aging is associated with increased blood pressure and cardiac hypertrophy in postmenopausal
women (August and Oparil, 1999; Burt et al., 1995). Blood pressure levels were comparable
and not different among all 3 of the groups of young rats and among the different groups of
senescent SHRs, which is in line with previous findings, including our own (Pelzer ef al., 2005;
Sharkey et al., 1999). Telemetric blood pressure measurements in senescent SHRs were in good
agreement with invasive blood pressure levels and again did not reveal a blood pressure-
lowering effect of estradiol. In line with previous observations, blood pressure differed,
however, between some groups of aged and young SHRs, because systolic and mean blood
pressure was higher in intact and in estrogen-treated senescent SHRs compared with young rats
receiving hormone substitution (Fortepiani et al., 2003).

Cardiac hypertrophy, which is frequently associated with hypertension, represents an
independent predictor of cardiovascular mortality (Levy et al., 1990). Increased cardiac mass in
sham-operated senescent compared with young SHRs could result from higher blood pressure
levels in aged rats, although statistical significance was not reached in comparisons between
treatment groups receiving identical treatment (ie, intact young versus intact senescent, etc). In
line with previous observations, E2 efficiently attenuated cardiac hypertrophy in ovariectomized
young SHRs, but blood pressure levels were not significantly different among all of the groups
of young SHRs (Pelzer et al., 2005; Widder et al., 2003). These findings indicate that estrogens
are able to attenuate cardiac growth also by direct and blood pressure-independent mechanisms,
such as cardiac ANP expression and mitogen-activated protein kinase activation, as we and
others have reported before (Babiker et al.,, 2004). But in contrast to young animals, estrogen
substitution failed to attenuate cardiac hypertrophy in aged SHRs. These observations are
supported by measurements of cardiac isomyosin expression. Cardiac hypertrophy in rodents is
associated with a prototypical switch in cardiac isomyosin expression from predominant o- to 3-
MHC expression. As one would predict from measurements of cardiac mass, estrogen treatment
reversed the downregulation of o-MHC in ovariectomized young but not in aged SHRs.
Estrogen effects on cardiac hypertrophy in senescent rats are at present not fully understood. Xu
et al. (2000) reported on increased left ventricular remodeling in ovariectomized adult Sprague-
Dawley rats that was prevented by E2 substitution. However, the aim of these studies, which
were conducted in normotensive rats, was clearly different from the present study and not
designed to compare the efficiency of E2 substitution between young and adult rats (Fortepiani
et al., 2003). The role of estrogens in hypertension and cardiac hypertrophy in aged rats has also
been evaluated by Hinojosa-Laborde ef al. (2004), who provided solid evidence for increased
blood pressure in ovariectomized compared with sham-operated Dahl salt-sensitive rats that was
attenuated by estrogen substitution. But cardiac hypertrophy has so far not been assessed in E2-
treated Dahl rats (Hinojosa-Laborde et al., 2000). Sharkey et al. (1999) reported that absolute
heart weight was not affected by E2 treatment of aged, heart failure-prone hypertensive rats
(SHHF/Mcc-fa®). However the focus of these studies, which were conducted in intact and heart
failure-prone rats, was on young animals. Moreover, the lack of complete hemodynamic data,
estrogen plasma levels, and estrogen receptor expression did not allow for a more
comprehensive analysis and a direct comparison between E2-supplemented young and
senescent rats.

General inefficiency of estrogen treatment does not exist in aged rats, because established
biomarkers of estrogen activity, such as uterine weight and body weight, responded to hormone
treatment in young and aged SHRs as observed here and reported before (Xu et al., 2003).
Although uterus weight decreased with ovariectomy in young and in senescent SHRs, the loss
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of uterine mass was less pronounced in senescent SHRs, which supports the hypothesis that
uterus mass in sham-operated aged rats is less representative for estrogen action.

Aging is associated with profound alterations of male and female sex hormone plasma levels in
humans and in rodents. Moreover, heart weight and body weight, as well as blood pressure, are
subjected to regulation via estrogens and androgens, including their pharmacologically active
metabolites (Burger et al., 2002; Burger, 2002). As expected, plasma estradiol levels were
lower in ovariectomized SHRs and restored to physiological levels in E2-treated young SHRs.
Lower plasma E2 levels in intact senescent compared with young SHRs match with previous
reports and with decreased plasma levels of El. El is generated by different 17B-steroid
dehydrogenases that catalyze the conversion of potent into less potent estrogens in an initial
step of E2 metabolism (Adamski and Jakob, 2001; Vihko et al., 2004) Surprisingly, plasma
samples from estrogen-substituted senescent SHRs, which were taken within identical time
frames after hormone injection in young and aged animals, revealed low E2 levels that were
indistinguishable from ovariectomized and placebo-treated senescent SHRs. These results,
which are supported also by low El plasma levels in E2-substituted senescent SHRs, suggest
that estrogen metabolism differs between young and senescent SHRs. Interestingly, E2 plasma
levels were also lower in aged compared with young Dahl salt-sensitive rats receiving E2
supplementation via silastic implants (30£2 versus 20£3 ng/mL; young versus old; P<0.05). But
these findings in 12-month compared with 4-month-old rats were not explicitly interpreted as an
indicator of increased E2 metabolism (Hinojosa-Laborde et al., 2004). The present study, thus,
substantiates previous findings and provides completely independent evidence for aging-
associated alteration in estrogen metabolism.

Estrogen metabolism is initiated by 17BHSDs, which are expressed in multiple isoforms in
multiple tissues and catalyze not only the conversion of potent into less potent estrogens but
also opposite reactions yielding high affinity from low-affinity ER ligands. Oxidative 17HSDs,
which include isoforms 2, 4, 8, 10, and 11, convert high-affinity to low-affinity estrogen
receptor ligands (Adamski and Jakob, 2001; Penning, 1997; Peltoketo et al., 1999). Comparable
hepatic 17BHSD2 activity levels among E2-substituted young and senescent SHRs suggest that
17BHSD?2 is most likely not responsible for lower E2 plasma levels in E2-substituted senescent
SHRs. However, we cannot rule out that oxidative 17BHSD isoforms other than 17BHSD2
might show increased activities in senescent SHRs. In contrast to oxidative enzymes, reductive
17BHSDs, such as the type 1 enzyme, catalyze the synthesis of potent, high-affinity estrogen
receptor ligands, such as E2, from low-affinity precursors, such as El. El plasma levels in
senescent SHRs provide a suitable substrate pool for 17BHSD1 to catalyze the formation of E2,
and it is therefore conceivable that lower hepatic 17BHSDI activities in senescent compared
with young SHRs might have contributed to lower E2 plasma levels. Although the extent to
which 17BHSDI1 regulates E2 plasma levels has up to now not been determined, different
hepatic 17BHSDI1 activity profiles in young and senescent SHRs further support the idea that
aging is associated with functionally important alterations in estrogen metabolism.

The biological function of estrogens is mediated by 2 different estrogen receptor subtypes, ERa
and estrogen receptor B (ERB), which are functionally expressed in numerous tissues and cell
types, including cardiac myocytes and vascular cells (Green et al., 1986; Mendelsohn and
Karas, 1999). In contrast to previous studies, which failed to detect measurable amounts of ERa
and ERp protein in the mouse heart, several independent studies reported on robust cardiac
expression levels of both ER subtypes in rats and humans (Pelzer et al., 2005; Forster et al.,
2004; Nordmeyer et al., 2004). However, cardiac expression levels of ERa and ER} may not
only vary between different species but also among young and senescent SHRs. Therefore, it is
interesting to note that cardiac ERa expression was significantly lower in sham-operated and
ovariectomized aged rats, whereas ER} was detected at comparable amounts in the heart of
young and senescent rats. The observation that estradiol upregulates ERa expression in vascular
cells suggests that lower plasma E2 levels might result in a downregulation of cardiac ERa
expression (Ihionkhan et al., 2002) This hypothesis is supported by increased cardiac ERa
content in E2 supplemented senescent SHRs; although plasma E2 levels remained low in these
rats, ERa-mediated signal transduction seems, at least in part, to be functional in aged rats.
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Perspectives

The current study provides first evidence for lower efficacy of estrogen substitution and altered
E2 metabolism in senescent SHRs. Estrogen substitution in postmenopausal women is
frequently initiated during the transition phase to menopause. Because SHRs stop cycling at
~12 months of age, estrogen substitution in ovariectomized 24-month-old senescent SHRs does
not resemble estrogen replacement at an early postmenopausal stage. Further studies will, thus,
be required to determine whether initiation of estrogen replacement in SHRs during the decline
of endogenous estrogen plasma levels is more efficacious than in senescent SHRs. Further
studies will also be required to determine the functional relevance of individual 17BHSD
isoforms that have not yet been studied in young and in senescent SHRs.
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3.5 Development of biological assays for the identification of
selective inhibitors of estradiol formation from estrone in

rat liver preparations

Développement de tests d’activités pour I’identification
d’inhibiteurs sélectifs de la transformation d’estrone en
estradiol chez le rat
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Publikation V

Abstract

Estradiol (E2) is the most important estrogen in humans. Besides its physiological effects it is
involved in the initiation and progression of estrogen dependent diseases like breast cancer and
endometriosis. Common endocrine therapies have a strong influence on systemic E2 action and
thus cause the corresponding side effects. For an optimisation of therapy in estrogen dependent
diseases there is need for new innovative approaches. 17p-Hydroxysteroid dehydrogenase
type 1 (17BHSD1) is considered as a promising target in therapy, because it catalyses the
reduction of estrone (E1) to E2 (last step of E2-biosynthesis) and is often overexpressed in
diseased tissue. Highly active and selective inhibitors of the human 17BHSD1 with promising
properties for further preclinical development have been identified in our group. Further
investigations regard the demonstration of efficacy in an appropriate animal experiment. For
this reason, adequate tests for the assessment of the inhibitors in other species have to be
established. Here we describe the development of two assays for determination of E2-activation
and -inactivation, respectively, as well as the identification of inhibitors of E2-formation in rat
liver preparations and their evaluation for selectivity.

Résumeé

Estradiol (E2) est le plus important des estrogenes chez I’homme. En plus de son role
physiologique, il est impliqué dans I’initiation et la progression de maladies liées aux estrogenes
comme le cancer du sein et ’endométriose. Les thérapies couramment utilisées influencent
I’action systémique de E2 ce qui cause de séveres effets secondaires. Il est donc nécessaire de
trouver une nouvelle stratégie pour le traitement de ces maladies. L’enzyme 17BHSDI est
considérée comme une cible prometteuse pour les thérapies du cancer du sein et de
I’endométriose car elle catalyse la derniere étape dans la cascade de syntheése de E2 (réduction
de estrone (E1) en E2) et car elle est souvent surexprimée dans les tissues atteints. De nouveaux
inhibiteurs de I’enzyme humaine 17BHSDI1 hautement actifs, sélectifs et présentant un profil
prometteur pour des essais précliniques ont été synthétisés, évalués et identifiés par notre
groupe. De plus amples investigations seraient nécessaires pour montrer 1’efficacité de ces
produits dans un modele animal approprié. Pour cette raison, de nouveaux tests doivent €tre mis
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au point pour évaluer I'activité de ces inhibiteurs dans d’autres espeéces animales. Nous
décrivons dans ce rapport la mise au point de deux tests d’activité chez le rat permettant de
déterminer I’activation ou I'inactivation de E2 par ces inhibiteurs, d’identifier les composés
actifs et d’évaluer leurs capacités a inhiber la formation de E2.

Introduction

Breast carcinoma is the leading cause of cancer mortality among women in the Western
hemisphere (Jemal et al., 2002). Endometriosis is diagnosed in about 10 % of women in the
reproductive age (Giudice and Kao, 2004). It has been shown that estrogens play an important
role in both diseases (Thomas, 1984; Dizerega et al., 1980; Zeitoun et al., 1998). Common
therapies target systemic action of estradiol (E2) and consequently cause severe side effects.
Thus, there is need for novel therapeutical approaches. 17p-Hydroxysteroid dehydrogenase
type 1 (17BHSD1), which catalyses the NADPH-dependent reduction of the weakly potent
estrogen estrone (E1) to the highly active E2 (Fig. 1), is often overexpressed in the diseased
tissue (Gunnarsson et al., 2005; Gunnarsson et al., 2001; Miyoshi et al., 2001; Suzuki et al.,
2000; Smuc et al., 2007). Hence, a selective inhibition of this enzyme would lead to a reduction
of active estrogen especially in the concerned tissue. Therefore, 17BHSD1 is considered as an
appropriate new target for the therapy of estrogen dependent diseases.

o OH
17B-HSD1, NAD(P)H

173-HSD2, NAD*
HO HO

E1 E2
Figure 1: Estrogen interconversion by 17 HSDs.

Several requirements must be fulfilled for 17BHSD1-inhibitors to be applied in therapy. The
major pharmacodynamic demands are high inhibitory activity at the target enzyme, selectivity
towards its physiological counterpart 17BHSD2, which inactivates E2 to E1 (Fig. 1), and
towards the estrogen receptors (ER) a and 3, which mediate estrogenic effects. Moreover, the
most important hepatic CYP-enzymes should not be inhibited to avoid interference with
metabolism of other endogenous or exogenous compounds. Besides, the inhibitors must meet
pharmacokinetic prerequisites such as cell permeability, metabolic stability, and a sufficient
intestinal absorption. For this reason, a biological screening system was developed and applied
to our compound collection of potential h17BHSD1-inhibitors (Kruchten et al., 2009b). Using
this test sequence a number of highly active and selective inhibitors of the human target enzyme
were identified to have adequate pharmacokinetic properties and hence to be suitable for further
evaluations in a disease oriented animal model (Day et al., 2008; Einspanier et al., 2006;
Griimmer et al., 2001; Husen et al., 2006; Laschke et al., 2005).

The efficacy of selected compounds was demonstrated in T47D cells. Thus, a first proof of
concept for the indication of breast cancer was performed (Kruchten et al., 2009a). With respect
on endometriosis therapy, the efficacy should be proven in an appropriate animal model like the
rat. Before performing in vivo experiments it must be shown, that the inhibitors of the human
enzyme are active in the rat enzyme as well. For the selection of suitable compounds to
investigate in the animal model, there is need for appropriate tests.

Here we report the establishment of two assays for the determination of selective inhibition of
E2-production from E1 in rat tissue preparations. Using these two assays 100 potential
17BHSD1-inhibitors were evaluated for inhibitory activity of estrogen conversion.

Results

Ammonium sulphate precipitate of rat liver cytoplasm was used for the evaluation of the
reduction of E1 to E2. Rat liver microsomes were applied for the reverse oxidative reaction. For



ERGEBNISSE 125

tissue preparation fresh rat livers were homogenised and fractionally centrifuged. Ammonium
sulphate precipitate was prepared and immediately tested for specific conversion of E1 into E2.
Accordingly, the microsomal fraction was obtained and evaluated for activity. In both cases a
specific reaction was detectable with a reasonable conversion. The amount of product formed
was dependent on the dilution factor of the respective tissue preparation. The microsomal
fraction showed a higher specific enzymatic activity (0.26 U/mg protein) than the ammonium
sulphate precipitate (0.03 U/mg protein). Protein content was determined according to Bradford
(Bradford, 1976).

For an easy and reproducible test procedure it is desirable to preserve activity of the obtained
fractions during storage. Thus, fractions were frozen in liquid nitrogen and retested for activity
after they had been thawed. No activity was detected (data not shown). In a second procedure
freezing buffer was supplemented with 20 % of glycerol. Samples were frozen in liquid
nitrogen and thawed repeatedly and after each cycle tested for activity. Under the applied
conditions, enzymatic activity was maintained even after two freeze-thaw-cycles (Fig. 2).

gdﬂ'
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Figure 2: Maintenance of enzymatic activity after repeated freezing. Grey bars represent ammonium
sulphate precipitate from cytosolic fraction, striped bars microsomal fraction. Conditions of EI- and
E2-conversion were identical for each enzyme preparation.

Since both enzymes in principle are able to catalyse the respective back-reaction in a non
cellular environment after addition of the corresponding cofactor (Sherbet et al., 2007), the
reverse conditions were applied to each fraction. In both cases the respective back-reaction was
observed running to a smaller extent indicating reasonable purity of the preparations (Fig. 3).
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Figure 3: Direction of reaction under different conditions. Grey bars represent ammonium sulphate
precipitate from cytosolic fraction, striped bars microsomal fraction. Conditions of EI1- and E2-
conversion were identical for each enzyme preparation. Concentration of EI or E2, respectively: 500
nM, concentration of NADH: 500 uM, concentration of NAD": 1500 uM, 37 °C.

For comparison of the results of the rat enzymes with the human enzymes, assay conditions
have to be similar. Therefore, substrate concentrations (500 nM, each) were adopted from the
established test procedures and respective cosubstrates were added in excess (Bey et al., 2008a).
For reproducible inhibitor evaluation, the enzymatic conversion must be linear over time.
Hence, time-dependent conversion was determined. In the cytosolic precipitate conversion was
linear for 15 min whereas reaction ran linearly for 30 min in the microsomal fraction.
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After definition of the respective reaction conditions 100 compounds were tested for inhibition
of E2-formation. The compounds can be assigned to the structure classes depicted in Figure 4,
which were shown to contain selective inhibitors of h17BHSD1 (Bey et al., 2008a; Bey et al.,
2008b; Frotscher et al., 2008; Marchais-Oberwinkler et al., 2008). For a comparison of human
and rat data compounds with high, medium and without inhibitory activity at the human enzyme
were chosen comprising a high structural diversity.

Series A Series B R3
}(_\5/@ / RS
R1~®/W\‘£' R1\®/As
HO
R1, R2=-OH, -OCHj,4, -H R1, R3, R4, R5=-OH, -F, -H, -CF;,
W, X, Y,Z=N, S, O, C, CH, Se, NH R2=-CHj, -H
X=C,N
Series C Series D -
<
W— R2
(G (I
Qy=z R3 HO
R1
R1
R1, R2, R3= -OH, -OCH,, -H, -F R1= -Phenyl, -Hydroxyphenyl, -Pyridyl
W, X, Y, Z= C,N R2, R3= -OH, -NO,, -H, -Hydroxyphenyl,

.,

For the identification of inhibitors of the rat enzyme, percent inhibition of the compounds at a
concentration of 1 uM was determined. Although most of the screened compounds were
inactive at the rat enzyme (data not shown), inhibitors could be identified both in the class of
bis(hydroxyphenyl)heteroarenes and -arenes and 6-aryl-substituted 2-hydroxynaphthalenes
(Tab. 1).

Ten compounds turned out to be moderate or good inhibitors of the rat E2-production (%
inhibition > 25 %). For these compounds, ICsy-values were determined. Four compounds
showed ICsp-values below 1 uM (Tab. 2).

Interestingly, in case of the bis(hydroxyphenyl)heteroarenes only sulphur-containing
heterocycles as core showed inhibition of the enzymatic reaction, the 2,5-disubstitution of the
heterocycle in general leading to a higher activity than the 2,4-disubstitution. The combination
of both substitution pattern, as implemented in the 2,4,5-tris(hydroxyphenyl)-thiophene (6),
does not increase inhibitory potency but leads to medium activity. Moreover, it is striking that
the highly active inhibitors of this series are fluorine-substituted, the most potent being
compound 4.

Figure 4: Structures of evaluated compounds.
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Table 1: Structure of selected compounds tested for inhibition of E2-formation from EI in rats.

R1

R4
R3
1-6 7-11
Cmpd X Y R1 R2 R3 R4 R5
1 C S CH; H OH H H
2 C S F H OH H H
3 S C F H OH H H
4 S C F F OH H H
5 S C F H OH F H

OH E—QOH
7 OH é—%<::>%—OH

LN
8 NO, \[( \©\
O OH

H
H
H
9 OH H §—©
OH
10 OH H §_©
H

11 H H

Regarding compounds with a naphthalene system most of the identified inhibitors were 6-
hydroxyphenyl-substituted 2-naphthols (7, 9, and 10). Obviously, the hydroxyl-substituent of
the phenyl moiety is needed for activity in the rat enzyme (11). But also a 6-nitrophenyl-
substituted 2-naphthol (8) showed moderate inhibition of E2-production. Generally, two
substitution sites in addition to the hydroxy-groups seem to be tolerated, the 5°-position of the
hydroxy- or nitrophenyl-moiety and the 1-position of the naphthalene core, leading to
comparable inhibitory activities (7 and 9). In 1-position of the hydroxynaphthalene core a
phenyl-moiety increased inhibitory activity compared to the unsubstituted compound (11 %
inhibition at 1 uM vs. of 69 % for 9). However, further substitution of this phenyl-ring
decreased activity again (data not shown).
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Table 2: Inhibition of rat E2- and E1-formation by selected compounds.

compound h17pHSDI1* E2-formation” El-formation*
Inhibition a Inhibition a
ICso [uM] [%]d’e ICs [uM] [%]d’e I1Cso [uM]
1 <0.1 27 2.60 51 0.98
2 <0.1 55 0.85 83 0.24
3 <0.1 50 1.08 68 0.42
4 <0.1 81 0.27 95 0.08
5 <0.1 47 0.96 69 0.45
6 ni.' 28 2.28 65 0.37
7 ni.' 49 1.08 66 0.56
8 ni.' 37 1.60 56 0.68
9 <0.1 69 0.56 48 1.06
10 <0.1 26 5.37 <10 6.25
11 > 10 <10 n.d.t n.d.t n.d.®

“human placenta, ammonium sulphate precipitate from cytosolic fraction, substrate ['H]-EI + E1 [500
nM], cofactor NADH [500 uM], data given for comparison; YRat liver, ammonium sulphate precipitate
Jrom cytosolic fraction, substrate [3H]-E1 + E1 [500 nM], cofactor NADH [500 uM]; ‘Rat liver,
microsomal fraction, substrate FHJ-E2 + E2 [500 nM], cofactor NAD" [1500 uM]; Mean values of
three determinations standard deviation less than 17%, ‘inhibitor concentration 1 uM; fn.i., no
inhibition; ®n.d., not determined

Comparing inhibition of human and rat E2-synthesis it is noticeable that highly active
h17BHSD1-inhibitors show also moderate to good inhibition of rat E2-formation. On the other
hand, there are also compounds among the ten best inhibitors in the rat which lack inhibitory
activity at h17BHSDI1. Remarkably, in 5 -position even a large substituent is tolerated by the rat
enzyme while this compound is inactive at the human protein (Tab. 2, compounds 7 and 8).
Nevertheless as a rule highly active h17BHSD1-inhibitors were observed to show inhibition of
E2-activation in rat liver preparations.

Discussion and conclusion

Using our screening system we had been able to identify a number of h17BHSD1-inhibitors
with suitable properties for further preclinical studies (Bey et al., 2008a; Bey et al., 2008b;
Frotscher et al., 2008; Marchais-Oberwinkler et al., 2008). As a next step, their efficacy should
be demonstrated in a disease oriented animal model. Currently, several animal models are
available using different species and addressing the two estrogen dependent diseases, breast
cancer and endometriosis.

Regarding breast cancer two models can be considered for application, both using nude mice as
host for human breast cancer cells (Husen et al., 2006a; Husen et al., 2006b; Day et al., 2008).
However, due to the artificial environment of the established tumour cell line the prediction of
side effects of the inhibitors is limited.

Concerning endometriosis several models are potentially usable for the evaluation of inhibitors.
One of them is similar to the breast cancer experiments in nude mice and therefore bears similar
advantages and drawbacks. It uses human endometrial fragments, which are introduced into the
peritoneal cavity of nude mice (Griimmer et al., 2001; Fechner et al., 2007). Furthermore, there
are two monkey models available, in which an endometriosis is established by introducing
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autografts of endometrial tissue into the abdomen of the animals. One model is working with
marmoset monkeys, non menstruating primates, the other with menstruating cynomolgus
monkeys (Einspanier et al., 2006; Yang et al, 2000). Both give a good insight into
endometriosis and its potential treatments. However, major disadvantage of these models is the
fact that they are very labour-intensive and require monkey specific 17BHSD1-inhibitors. A
further described model is applicable to different rodent species such as hamster, mouse, and
rat. In this experiment, endometrial autografts are implanted into the dorsal skinfold (Menger et
al., 2002; Laschke et al., 2005). This is a relatively artificial model, but on the other hand has
the advantage of host-derived disease tissue. Moreover, aminoacid-sequences of rat and mouse
proteins are known and can possibly be used for the identification of inhibitors.

However, before performing an animal experiment in a certain species pharmacokinetic data of
the active inhibitors have to be determined for the respective animal. First routine
pharmacokinetic-studies in rats are promising, and we decided to screen for inhibitors of the rat
E2-formation first aiming at a potential application in the mentioned endometriosis model.

For this purpose, rat liver was used as enzyme source, because 17BHSD1-activity was described
for this tissue (Martel et al., 1992). As it is the case in humans, rat 17BHSD1 is a cytosolic
enzyme, whereas 17BHSD2 is membrane associated (Akinola et al., 1996; Akinola et al., 1998).
Consequently, tissue was homogenised and fractionated by centrifugation. In both obtained
fractions (cytosol and microsomes) the expected conversions were found to run specifically.
The finding that there is obviously a pronounced E2-inactivation might be related to the
discovery that enzymatic activity in case of E2-oxidation is age dependent as was shown before
(Jazbutyte et al., 2006).

Screening of our substance library containing of highly active 17BHSD1-inhibitors for selective
inhibiton of E2-formation in the rat led to ten compounds with moderate to good activity.
Keeping in mind that the compounds were designed as substrate mimetics a higher number of
compounds active in the rat enzyme were expected. On the other hand, those compounds with
high inhibitory activity towards the human enzyme were also moderate to good inhibitors of rat
E2-formation. Structure-activity-relationships are similar for both species although there is only
an amino acid identity of 68 % between the two proteins (Ghersevich et al., 1994). Inhibitors of
the rodent El-reduction which were not active in the human enzyme (6, 7, and 8) have large
substituents in positions which differ from those of the highly active h17BHSD1-inhibitors. This
finding indicates that there is additional space available in the rat enzyme which is not present
in the human.

In conclusion, we successfully established assays for the inhibition of E2-formation from E1
and vice versa in rats. Using these tests, we are able to determine the potency of a compound to
selectively inhibit E2-formation in rats. Applying the developed assays a screening for rat
17BHSD1-inhibitors was performed and compounds with a satisfying inhibitory activity were
identified.

Experimental section

[PH]-E1 and [’H]-E2 were purchased from Perkin Elmer, Boston. Quickszint Flow 302
scintillator fluid was bought from Zinsser Analytic, Frankfurt. Other chemicals were purchased
from Sigma, Roth or Merck.

Tissue preparation and determination of inhibition

Cytosol and microsomal fraction from rat liver tissue were separated according to a procedure
described previously (Jazbutyte ef al., 2006; Sam et al., 1997). Ammonium sulphate precipitate
from cytosolic fraction was used for evaluation of E2-formation. Microsomal fraction was
purified and used for the determination of E2-inactivation.

For determination of enzymatic activity, the preparations were incubated with NADH and [H]-
El (precipitate) or NAD" and [’H]-E2 (microsomes), respectively, at 37 °C in a phosphate
buffer (pH 7.4) supplemented with 20 % of glycerol and EDTA 1 mM. Reaction was stopped
with HgCl, and steroids were extracted into ether. Substrates and products were separated using
an acetonitrile/water (45/55 v/v) mixture as mobile phase in a C18 rp chromatography column
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(Nucleodur C18, 3 um, Macherey-Nagel, Diiren) connected to a HPLC-system (Agilent 1100
Series, Agilent Technologies, Waldbronn). Detection and quantification of the steroids were
performed using a radioflow detector (Berthold Technologies, Bad Wildbad).

Specific enzymatic activity

Protein amount of the preparations was determined as described by Bradford (Bradford, 1976).
Specific activities were given in U/mg protein.

Conversion rates were evaluated and the formation of one micromole of product per minute was
defined as representing 1U enzyme activity.
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Publikation VI

Abstract

The most potent estrogen estradiol (E2) plays a pivotal role in the initiation and progression of
estrogen dependent diseases. 17p-Hydroxysteroid dehydrogenase type 1 (17BHSD1) catalyses
the NADPH-dependent E2-formation from estrone (E1). It is often overexpressed in breast
cancer and endometriosis. For this reason, inhibition of 17BHSD1 is a promising strategy for the
treatment of these diseases. In the present paper, we investigate the estrogen responsive cell
growth of T47D breast cancer cells, the intracellular inhibitory activity of non-steroidal
17BHSD1-inhibitors and their effects on estrogen dependent cell growth in vitro. At equal
concentrations the estrogens E1 and E2 induced the same extent of growth stimulation
indicating fast intracellular conversion of El1 into E2. Application of inhibitors selectively
prevented stimulation of proliferation evoked by E1-treatment whereas E2-mediated stimulation
was not affected. Furthermore, intracellular E2-formation from E1 was significantly inhibited
with ICsp-values in the nanomolar range. In conclusion, our findings strongly support suitability
of non-steroidal 17BHSD1-inhibitors for the treatment of estrogen dependent diseases.

Introduction

17B-Hydroxysteroid dehydrogenase type 1 (17BHSD1) catalyses intracellularly the NADPH-
dependent reduction of the weakly active estrone (E1) to the highly potent estradiol (E2).
Besides its physiological effects in the development and differentiation of estrogen-sensitive
tissues, E2 is involved in the initiation and progression of estrogen dependent diseases like
breast cancer (Thomas, 1984; Cauley et al., 1999; Russo et al., 2006) and endometriosis
(Dizerega et al., 1980; Zeitoun et al., 1998).

In addition to the type 1 enzyme, until recently 17BHSD7 and 12 were supposed to primarily
catalyse intracellular conversion of El into E2 (Krazeisen et al., 1999; Luu-The et al., 2006).
But 17BHSD7 was found to be mainly involved in cholesterol synthesis (Marijanovic et al.,
2003; Ohnesorg and Adamski, 2006), and 17BHSD12 was observed to be inefficient in
intracellular E2-production compared to 17BHSD1 even at high expression levels as was
demonstrated using T47D cells (Day et al., 2008).

In many breast cancer tissues (Gunnarsson et al., 2001; Gunnarsson et al., 2005; Vihko et al.,
2003) and endometriotic lesions (gmuc et al., 2007) overexpression of 17BHSDI1 could be
detected. In contrast, expression of 17B-hydroxysteroid dehydrogenase type 2 (17BHSD2),
which catalyses the deactivation of E2 and therefore plays a protective role (Luu-The et al.,
1995; Vihko et al., 2001; Vihko et al., 2004), was not found to be increased, in several cases
even decreased (Zeitoun et al., 1998; Bulun et al., 2000; Sasano et al., 2006). The resulting
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enhancement of 17BHSDI1 to 17BHSD2 expression ratio (Miyoshi et al., 2001) maintains the
supply of tissue with E2 which is needed for further proliferation (Suzuki et al., 2000). For this
reason, the importance of 17BHSD1 in estrogen dependent diseases was recognised (Oduwole et
al., 2004), and its inhibition is considered as a promising strategy for their treatment.

Until now different endocrine therapies have been administered in breast cancer (Miller ef al.,
2007). SERMs (Selective Estrogen Receptor Modulators) and pure antiestrogens like fulvestrant
(Osborne et al., 1976) block the estrogen action at the receptor level while aromatase inhibitors
and GnRH-analogues restrain the formation of estrogens. This strong reduction of systemic
estrogen action is a rather radical approach resulting in the well-known side effects of these
strategies like osteoporosis, hot flushes, or depressive mood. A softer therapy could be the
inhibition of 17BHSDI1 catalysing the last step of the E2 biosynthesis. Compared to established
endocrine breast cancer therapies, which systemically reduce E2-action (Miller et al., 2007),
fewer side effects are expected, because mainly tissue overexpressing 17BHSD1 will be
affected.

Over the last decade, several steroidal (BroZic et al., 2008) and few non-steroidal (Messinger et
al., 2006; Karkola et al., 2008; Allan et al., 2008) classes of 17BHSDI1-inhibitors were
discovered. Recently, we described two series of non-steroidal compound classes (Frotscher et
al., 2008; Marchais-Oberwinkler et al., 2008; Bey et al., 2008a; Bey et al., 2008b), which were
evaluated by means of our screening system (Kruchten et al., 2009). Since inhibitors show high
selectivities towards 17BHSD2 and both subtypes (a and B) of the estrogen receptor (ER) as
well as promising pharmacokinetic properties, they are appropriate for further investigations.
Before application in a suitable animal model can be envisaged, efficacy should be shown in
cellular experiments. For this purpose, estrogen dependent breast cancer cell lines as T47D or
MCEF-7 are available. T47D cells were chosen, because they express 17BHSD1 and 17BHSD2 in
sufficient amount in contrast to MCF-7 (Day et al., 2006). Additionally, they show a high
17BHSD1 to 17BHSD2 expression ratio (Duncan and Reed, 1995), which is similar as in the
diseased tissue. The main objective of this work is to examine whether selective 17pHSD1-
inhibition is an appropriate way to reduce estrogen dependent cell proliferation.

Materials and Methods

Chemicals

El, E2 and MTT were obtained from Sigma, Seelze. Radioactive labeled [2, 4, 6, 7-3H]—E1 (50-
100 Ci/mmol) and [2, 4, 6, 7-"H]-E2 (70-115 Ci/mmol) were purchased from Perkin Elmer,
Boston. Quickszint Flow 302 and Quickszint 212 scintillator fluids were bought from Zinsser
Analytic, Frankfurt. Recombinant ERa and ERP were purchased from Invitrogen, Carlsbad.
Other chemicals were received from Sigma, Roth or Merck.

Cell culture

T47-D cells were obtained from ECACC, Salisbury. Stripped FCS and cell culture media were
purchased from CCpro, Oberdorla. Stock culture of cells was routinely cultivated in RPMI 1640
medium supplemented with 10 % FCS (Sigma), L-glutamine (2 mM), penicillin (100 IU/mL),
streptomycin (100 pug/mL), insulin zinc salt (10 pg/mL) and sodium pyruvate (1 mM) at 37 °C
under 5 % CO, humidified atmosphere. Subculture was carried out every two to three days.

Cell free inhibition assays of 17HSD1 and 17pHSD2

For the purification of 17BHSD1, the cytosolic fraction of human placenta was precipitated with
ammonium sulphate following a well established procedure (Sam et al., 1997). 17BHSD2 was
obtained from the microsomal fraction.

Inhibitory activities were evaluated as described before (Bey et al., 2008a; Bey et al., 2008b).
Briefly, for determination of 17BHSDI1-inhibition the enzyme preparation was incubated with
NADH [500 uM] in presence of potential inhibitors at 37 °C in a phosphate buffer (50 mM)
supplemented with 20 % of glycerol and EDTA 1 mM. The enzymatic reaction was started by
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addition of [2, 4, 6, 7—3H]—E1 (500 nM, 0.15 pCi). After 10 min, the incubation was stopped
with HgCL.

The 17BHSD2 inhibition assay was performed similarly to the 17B-HSD1 procedure. The
microsomal fraction was incubated with NAD" [1500 uM], test compound and [2, 4, 6, 7—3H]—
E2 (500 nM, 0.11 uCi) for 20 min at 37°C. Steroids were extracted into diethylether. Substrate
and product were separated using acetonitrile/water (45:55) as mobile phase in a C18 reversed
phase chromatography column (Nucleodur C18, 3 um, Macherey-Nagel, Diiren) connected to a
HPLC-system (Agilent 1100 Series, Agilent Technologies, Waldbronn). Detection and
quantification of the steroids were performed using a radioflow detector (Berthold
Technologies, Bad Wildbad; Quickszint Flow 302, efficiency 50 %).

ER-affinity assay

Binding affinity of inhibitors to ERa or ERP was determined as described before (Bey et al.,
2008a) similarly to Zimmermann et al. (Zimmermann et al., 2005). Briefly, 0.25 pmol of ERa
or ERp, respectively, were incubated with [2, 4, 6, 7—3H]—E2 (10 nM, 0.07 pCi) and test
compound for one hour at room temperature. Non-specific-binding was performed with
diethylstilbestrol (10 uM). After incubation, ligand-receptor complexes were bound to
hydroxyapatite (HAP; 5 g/ 60 mL TE-buffer). After centrifugation the HAP-fraction was
separated, washed and resuspended in ethanol. For radiodetection, scintillation cocktail
(Quickszint 212) was added and samples were measured in a liquid scintillation counter (Rack
Beta Primo 1209, Wallac, Turku). The relative binding affinity was calculated after inhibitor
and E2 concentrations required to displace 50 % of the receptor bound labelled E2 were
determined, using the following equation:

RBA[%]= —1 CslE2) 14
ICso(compound) .
The RBA value for E2 was arbitrarily set at 100 %.

MTT-Cytotoxicity assay

The number of living cells was evaluated measuring the reduction of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazoliumbromide (MTT). Experiments were performed in 96-well cell
culture plates in DMEM supplemented with 10 % FCS. Cells were incubated for three hours
with 2.5 pM of test compound at 37 °C in a humidified atmosphere at 5 % CO,. For cleavage
reaction MTT-solution (5 mg/mL in PBS) was added and incubation was continued for another
three hours. Reaction stop and cell lysis were carried out by addition of sodium dodecyl
sulphate (SDS) in 0.01IN HCl (10 %). The produced blue formazan was quantified
spectrophotometrically at 590 nm as described by Denizot and Lang with minor modifications
(Denizot and Lang, 1986).

Cellular inhibition assay of 17HSD1

Experiments were performed in 24-well plates in DMEM supplemented with 10 % FCS (Pan
Biotech GmbH, Aidenbach), L-glutamine (2 mM), penicillin (100 IU/mL), streptomycin (100
pg/mL), insulin-zinc-salt (10 pg/mL) and sodium pyruvate (1 mM). After an adaption phase of
24 hours the medium was changed for fresh serum free DMEM and a solution of test compound
in DMSO was added. The final concentration of DMSO was adjusted to 1 % in all samples.
After a pre-incubation of 30 min, incubation was started by addition of [2, 4, 6, 7—3H]—E1 (50
nM, 0.15 uCi). After 30 min, the conversion reaction was stopped by removing the supernatant
medium. The steroids contained in the aspirated medium were extracted into diethylether.
Further treatment of the samples was carried out as described above.

Proliferation assay

RPMI 1640 (without phenol red) was used for the experiments and was supplemented with
streptomycin (100 pg/mL), insuline zinc salt (10 pg/mL), sodium pyruvate (1 mM), L-
glutamine (2 mM), penicillin (100 U/mL) and charcoal-stripped FCS 5 % (v/v). Cells were
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grown for two days in phenol red-free medium before washing and addition of estrogens and/ or
compounds. Inhibitors, 4-hydroxytamoxifen, E1 and E2 were diluted in ethanol. The final
ethanol concentration was adjusted to 1 %. The medium was changed every two to three days
and supplemented with the respective additive. After eight days of culture without passage in
the presence of the respective additives, the cell viability was evaluated measuring the reduction
of MTT as described above. Proliferation in presence of vehicle was set at 100 %.

Statistics

Statistical significance was calculated by two-sided t-tests. Values are mean + SEM. P < 0.05
was considered as significant, P < 0.003 as highly significant.

Results

Selection of appropriate candidate compounds for extended investigation in T47-D cells

Following our screening procedure several compounds had been identified for further
evaluation (Bey et al., 2008a; Bey et al., 2008b). Table 1 shows data of the most promising
17BHSD1-inhibitors. They all are bis(hydroxyphenyl)substituted six or five membered aryls,
the latter consisting of 2,5- and 2,4-disubstituted thiophenes.

For comparison of the compounds, their inhibitory activities at 17BHSD1 and 17pHSD2 were
determined in cell free procedures. All compounds showed ICsy-values below 200 nM for
inhibition of 17BHSD1 and selectivity factors of more than 10 towards 17BHSD?2. Affinities to
the ERs were marginal with RBA-values below 1.0 % (E2: RBA = 100 %) except for 5 with
slightly enhanced ERp-affinity. Nevertheless, binding affinities did never exceed the RBA of
El (RBA(ERw) = 5.5 %; RBA(ERP) = 3.1 %). Furthermore, survival rate of the cells after three
hours in presence of 2.5 uM of 17HSDI-inhibitor was evaluated to ensure that intracellular
inhibitory activities were not caused by unspecific cytotoxic effects. No significant reduction of
cell number was observed indicating, that the compounds do not exert cytotoxic effects at the
given concentration. Evaluation of the compounds in a cellular 17BHSD1-inhibition assay using
T47-D cells showed inhibitory activities, which were less pronounced compared to the cell free
assay. Nevertheless, all inhibitors showed ICsy-values below 500 nM in intact cells.

Based on the data presented in Table 1, candidates for the investigation of the influence of
selective 17BHSDI1-inhibitors on estrogen-responsive cell growth were chosen. For selection,
different aspects were taken into account. Aside from inhibitory activity and selectivity towards
17BHSD2, affinities to the ERs were an important criterion. Since estrogenic or antiestrogenic
effects would interfere with the investigation of estrogen dependent cell proliferation, inhibitors
with lower RBA-values were preferred to those with higher binding affinity. Structural diversity
was an additional aspect for selection. Thus, one representative of each core structure was
chosen: 2 because of its very low ERa-affinity, 4 for its higher inhibitory activity and slightly
better selectivity compared to 3, and 6, the most potent inhibitor in the cell free assay with
promising data in the other tests (Tab. 1).
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Table 1: Inhibitory activity of compounds 1-6 at 178HSDI1 and 17HSD2, binding affinities to ERa
and ERp and cell survival rate after compound application.

cell-free assays; aps survival cellular
cmpd structure ICs, [nM]“"’ RBA [%] rate®! assay™
¢ a selectivity 2 g ICs
17pHSD1® 17pHSD2 factor® ERo®* ERP [%] [nM]
1 Q \—7 O 101 3399 34 <0.1 <0.01 90 382
HO OH
2 173 2259 13 <0001 <01 95 316
HO OH
)
3 @ 0 151 1690 11 <0.1 <1.0 105 404
HO
OH
)
4 0 @ 77 1271 17 <0.1 <1.0 102 413
OH
OH
/ \
5 0 S @ 69 1953 28 <1.0 <10 99 469
HO
OH
[\
6 @ s O 46 1971 43 <0.01 <0.01 109 425
HO
OH

“Mean values of three determinations, standard deviation less than 16 %; data given for comparison,
‘Human placenta, ammonium sulphate precipitate from cytosolic fraction, substrate [’HJ-EI + E1 [500
nM], cofactor NADH [500 uM]; ‘Human placenta, microsomal fraction, substrate [3H ]-E2 + E2 [500
nM], cofactor NAD* [1500 uM]; *ICsy(17BHSD2)/ ICs5y(17HSDI); 'RBA (relative binding affinity),
E2: 100 %, <0.01 = 0.001 < RBA <0.01, <0.1 =0.01 <RBA <0.1,<1.0=0.1<RBA<1.0,<10=1.0<
RBA < 10; *human recombinant protein, incubation with 10 nM PHJ-E2 and inhibitor for 1 h;
"survival rate of T47D cells after incubation with compound at 2.5 uM for 3 hours, amount of living
cells determined by MTT-conversion, control: 100%; ‘intact T47D cells substrate [’H]-EI1 + EI1 [50
nMj.

Investigation of estrogen stimulation of cell proliferation in T47D cells

Extended evaluations of 17BHSD1-inhibitors were carried out in the estrogen dependent breast
cancer cell line T47D. For experiments, phenol red-free culture medium supplemented with 5 %
of stripped FCS was used. Prior to inhibitor application, estrogen responsiveness of the cells
was confirmed. For this purpose, E1 or E2 was added to the culture medium at different
concentrations ranging from 0.1 pM to 10 nM, and the number of living cells was determined
after eight days of incubation without passage (Fig. 1A). E1 stimulated cell proliferation to the
same extent as E2, although E1 is known to be the weaker estrogen. A significant stimulation
could be observed at a concentration as low as 0.5 pM. Maximum stimulation was reached at an
estrogen concentration of 0.1 nM. Consequently, an estrogen-concentration of 0.1 nM was
chosen for further experiments.
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Figure 1: A. Concentration dependent stimulation of cell proliferation (T47D). Grey bars represent
E2-stimulation, striped bars E1-stimulation. The control was arbitrarily set at 100 %. First significant
stimulation was observed at 0.5 pM (p < 0.05) B. Effect of 4-hydroxytamoxifen on estrogen-stimulated
cell proliferation in vitro. T47D cells were treated with 4-hydroxytamoxifen at 10 or 500 nM in
presence (0.1 nM) or absence of E2 or El, respectively and at 0.5 nM or 1 nM (0.1 nM) in presence of
E2 or E2. *P < 0.05, ** p < 0.003.

In order to confirm that estrogen stimulation is receptor-mediated, cells were treated with 4-
hydroxytamoxifen, the active metabolite of tamoxifen, in presence or absence of 0.1 nM of E1
or E2, respectively (Fig. 1B). The number of living cells was determined after eight days
without passage. 4-Hydroxytamoxifen was added in four concentrations in presence of estrogen
ranging from 0.5 nM to 500 nM and in two concentrations (10 nM and 500 nM) in absence of
estrogen. Even at a concentration of 500 nM, 4-hydroxytamoxifen did not stimulate or reduce
cell proliferation. The stimulation, which was evoked by 0.1 nM of E1 or E2, respectively, was
dose dependent and fully prevented by simultaneous addition of 4-hydroxytamoxifen at 10 nM.
This finding demonstrates, that E1 and E2 unfold their growth stimulatory effect via ER-
activation.

Effects of selective 17HSD1-inhibitors on estrogen stimulated cell proliferation

Compounds 2 and 6 were tested at higher concentrations. They were able to reduce El-
stimulation to control-level when added at a concentration of 1 uM. An example of the dose
dependent reduction of stimulated cell growth is given in figure 2. First significant reduction
could be observed at an inhibitor concentration of 0.1 nM. At 1 nM highly significant growth
inhibition was seen. Therefore, a concentration of 1 nM was chosen for further experiments.

ovehicle m®mE10.1 nM

proliferation [%]

S O 90 2 9 N N
< S S N o
& N

conc cmpd 6 [nM]

Figure 2: Concentration dependent inhibition of El-stimulated cell growth for compound 6 in T47D
cells. Grey bar represents the vehicle treated control. Black bars represent El-treated cells. 6 was
added at different concentrations ranging from 0.1 nM to 1000 nM. Cells were incubated with the
respective additives for eight days without passage. Medium was changed every two to three days.
Vehicle = ethanol, *p < 0.05, ** p < 0.003.

The ability of the inhibitors to reduce estrogen stimulated cell growth was evaluated in a
proliferation assay using T47D cells (Fig. 3). The compounds should not stimulate or reduce
cell proliferation per se, because this finding would indicate estrogenic or toxic effects. In
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contrast, selective 17BHSDI1-inhibitors should reduce stimulation when added simultaneously
with E1, as they inhibit E1-conversion to E2. Consequently, the smaller amount of highly active
E2 in the cells should result in a decrease of cell growth stimulation. In case of simultaneous
addition of E2 and 17BHSD1-inhibitor, E2-stimulated cell proliferation should not be prevented,
provided that the inhibitor does not exert antiestrogenic effects at the receptor level.
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Figure 3: Effects of compounds 2, 4, and 6 on estrogen-stimulated cell proliferation in T47D. Cells
were grown in phenol red-free RPMI 1640 medium supplemented with 5% stripped FCS before and
during treatment. Proliferation was stimulated with E1 or E2 at a dose of 0.1 nM, respectively.
Compounds 2, 4, and 6 were added at a concentration of 1 nM in presence or absence of EI or E2.
Cells were incubated with the respective additives for eight days without passage. Medium was
changed every two to three days. Vehicle = ethanol, *p < 0.05, ns p > 0.05. Each panel represents the
mean of at least three independent experiments.

Compounds 2, 4, and 6 were evaluated in the proliferation assay as representatives of 1,4-
disubstituted arenes (2), 2,4-disubstituted thiophenes (4), and 2,5-disubstituted thiophenes (6).
Experiments were conducted in phenol red-free medium supplemented with 5 % of stripped
FCS. E1 or E2 was added in combination with 17BHSD1-inhibitor or alone. Inhibitors were
added at a concentration of 1 nM in presence or absence of 0.1 nM of E1 or E2, respectively.

El and E2 stimulated cell proliferation to the same extent. None of the inhibitors caused any
significant alteration of cell proliferation when added at 1 nM without estrogen. Even at
concentrations of 100 nM, inhibitors did not show any significant reduction or stimulation of
basal cell growth (data not shown). This result was expected regarding the determined RBA-
values and shows that the inhibitors do not act as estrogens at the applied concentrations.
Simultaneous treatment of the cells with E1 and 17BHSD1-inhibitor led to significant reduction
of cell proliferation compared to the treatment with E1 alone. The finding, that all inhibitors
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were effective at the same concentration is in accordance with the comparable ICsy-values
determined in the cellular inhibition assay. In contrast, none of the three inhibitors influenced
E2-stimulated cell growth. The finding that 17BHSD1-inhibitors are able to selectively reduce
El-mediated cell proliferation without influencing E2-stimulation clearly demonstrates that this
effect is caused by 17BHSD1-inhibiton and not by receptor blockade.

Discussion and Conclusion

The present paper shows that selective 17BHSD1-inhibitors are able to reduce the stimulation of
proliferation induced by El-addition to T47D cells.

This cell line was chosen because intracellular enzyme concentrations especially 17HSD1 and
17BHSD2 are similar to those found in estrogen dependent diseases (Day et al., 2006). T47D
cells express ERs and show estrogen dependent proliferation (Horwitz, 1981; Malet et al.,
1991). The enhanced ratio of 17BHSDI1 to 17BHSD2 as it is observed in T47D cells is very
similar to that seen in diseased tissue. This elevated proportion leads to a pronounced
intracellular E2-production from E1.

Estrogen responsive growth of the obtained cells was confirmed by addition of E1 or E2 at
several concentrations. The stimulation of cell proliferation was dose dependent with both
estrogens. The finding that the weaker estrogen E1 stimulates cell proliferation to the same
extent as does E2 when given at the same concentration can be explained by a rapid
intracellular conversion of El into E2. The high ratio of 17pHSD1/ 17pHSD2 leads to an
estrogen balance in the cells which is characterised by an excess of E2. Hence, the formed E2 is
responsible for ER-activation and consequently for enhanced cell growth in the El-treated cells
confirming the relevance of T47D cells as a model for estrogen dependent diseases.

Since cell proliferation was not altered by application of 17BHSD1-inhibitors alone even at a
concentration of 100 nM, we conclude that our compounds do neither activate the ER nor show
unspecific reduction of proliferation by for example toxic effects.

As found in case of 4-hydroxytamoxifen, blockade of the ERs would reduce E2-mediated cell
proliferation. When added in combination with E2, the inhibitors did not reduce hormone-
mediated cell proliferation. Thus, it can be excluded that the compounds reduce cell
proliferation via ER-blockade at the given concentration. Considering these findings, the tested
17BHSD1-inhibitors do not interfere with the ERs at the concentrations applied in the
proliferation assay as was expected from the receptor assays.

The stimulation achieved by El-addition could be reduced by simultaneous application of
different non-steroidal 17BHSD1-inhibitors. This observation is in agreement with experiments
of Day et al. (2008) and Laplante et al. (2008), who describe significant reduction of El-
induced proliferation by steroidal 17BHSD1-inhibitors in a cell culture experiment. Both groups
use higher inhibitor concentrations than 1 nM as used in our experiment: 500 nM and 100 nM,
respectively. Moreover, in case of Laplante et al., the inhibitor caused a stimulation of cell
proliferation when added at a concentration of 10 nM to the cells, suggesting estrogenic
activity. In the experiment of Day et al., the used inhibitor reduced the E2-stimulated cell
proliferation at the applied concentration. To our knowledge we are the first to show selective
inhibition of E1-stimulated proliferation with non-steroidal inhibitors at very low concentrations
without affecting the ER.

Inhibition of 17BHSDI is an innovative, novel concept which might be superior or at least
adequate to existing endocrine treatment modalities. One current therapy option is the
application of SERMs like e.g. tamoxifen, which block the ER. It is successfully administered
in the majority of ER+ tumors. But SERMs have several drawbacks. At first they show
estrogenic effects in the uterus and therefore can evoke endometrial carcinomas (Saadat et al.,
2007). Secondly, they only antagonize estrogenic effects. The proliferation-stimulating agent E2
is still present in the diseased tissue. By antagonizing the estrogenic effects unselectively in the
whole body, SERMs cause side effects (Abdulhaq and Geyer, 2008). Moreover, in long term
treatment resistance development occurs often. Therefore, there is need for a therapy change
after a certain time (Gradishar, 2004). Consequently, SERMs are an effective but not an optimal
treatment of breast cancer.
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For the reduction of E2 in the diseased tissue there are different possibilties. One can use
GnRH-analogues, which suppress estrogen production at ovarian level. Since they totally
reduce the estrogens in the whole body, they cause strong side effects.

Another possibility is administration of aromatase inhibitors, which is normally applied in
postmenopausal women. In reproductive age, usually the central feedback mechanism has to be
suppressed by additional application of GnRH-analogues. The advantages of aromatase
inhibitors are effectiveness, low risk of estrogenic effects and inhibition of the estrogen
synthesis, which is a more causal approach than SERM-treatment. But the total blockage of
estrogen synthesis is a reason for severe side effects (Abdulhaq and Geyer, 2008; Perez, 2007).
As described for the SERMs there is also the risk of resistance development, which is an
additional drawback.

We conclude that nowadays, we have effective medical treatments in hands but they are not the
optimal therapy. Therefore, we think that new therapeutical approaches have to be considered.
For this purpose, we propose 17BHSD1-inhibitors. In first animal studies, they show promising
results in breast cancer treatment. 17BHSD1-inhibitors selectively suppress the biosynthesis of
the proliferation-stimulating E2. Since the enzyme shows a tissue specific expression pattern
and in case of breast cancer even an overexpression, a better selectivity of E2-reduction will be
reached. Therefore, 17BHSD1-inhibitors should show fewer side effects than current therapeutic
agents and may be less problematic in treatment of premenopausal women. For these reasons,
we consider 17BHSD1-inhibitors as potential further option in the treatment of breast cancer.

In the present paper, we focus on the indication of breast cancer but 17BHSD1-inhibitors may
also have a benefit in endometriosis, which is also an estrogen dependent disease. In
endometriosis 17BHSD1 was also found to be overexpressed (Smuc er al., 2006) while
expression of 17BHSD2 seems to be reduced (Bulun et al., 2006). Therefore, in endometriosis
there is an environment present which favours E2-production over E2-inactivation. This
enhanced ratio of 17BHSD1/ 17BHSD2 may be regulated by 17BHSD1-inhibitors. Therefore,
17BHSD1-inhibitors may also be valuable for the treatment of endometriosis.

In summary, we were able to show, that selective non-steroidal 17BHSDI1-inhibitors are
appropriate to reduce El-mediated T47D cell proliferation, while E2-induced stimulation was
not affected. This finding validates 17BHSD1-inhibition as an effective strategy in inhibition of
uncontrolled cell proliferation in estrogen dependent diseases. Consequently, 17pHSDI1-
inhibitors should be considered as an additional therapy option in breast cancer and
endometriosis.
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4 DISKUSSION UND AUSBLICK

4.1 Vergleichende Bewertung innovativer Ansatze zur Therapie
estrogenabhangiger Erkrankungen

Wie in Kapitel 1.3 dargelegt, besteht nach wie vor die Notwendigkeit, neue Ansitze in der
Therapie estrogenabhidngiger Erkrankungen zu verfolgen, da die etablierten endokrinen
Therapeutika zwar wirksam sind, jedoch systemisch die Estrogenbiosynthese bzw. -wirkung
unterdriicken und somit nicht die optimale Behandlung darstellen. Unter diesem Aspekt werden
nicht nur Inhibitoren der 17fHSD1 sondern auch der Sulfatase entwickelt. Auch ERp,
17BHSD7 und 12 werden als potentielle Targets in der Behandlung estrogenabhingiger
Erkrankungen propagiert.

4.1.1 Sulfataseinhibitoren

Die Sulfatase (Estronsulfatase, Steroidsulfatase, Arylsulfatase C) ist ein Enzym, welches
Steroidhormone aus ihrer inaktiven Transportform, die im Blut groBtenteils vorliegt, wieder
freisetzt. Durch Abspaltung des in der Transportform vorhandenen 3-Sulfatrestes entstehen
erneut die urspriinglichen Steroide (Pasqualini ez al., 1989). Dabei steht die Freisetzung von El
aus El-sulfat (E1-S) und die von DHEA aus DHEA-sulfat (DHEA-S) im Vordergrund, da im
Blut vorwiegend E1-S und DHEA-S vorhanden sind (Pasqualini ef al., 1996).

3 il

DHEA-S E1-S

Sulfatase l l Sulfatase
3BHSD CYP19

DHEA ————— > Adion

17pHSD1, 5 17pHSD3, 5 17pHSD1

3pHSD CYP19
Adiol ————— > Testo ————» E2

Qelzelle /

Abbildung 14: Lokale Darstellung von E2 aus den Transportformen DHEA-S und E1-S.

DHEA kann durch die 3BHSD zum Adion und durch CYP19 weiterhin zu E1 umgesetzt
werden. Alternativ kann DHEA auch durch die 17BHSDI1 bzw. 5 zum Adiol und erst
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nachfolgend durch 3HSD und CYP19 zum E2 umgesetzt werden. E1 kann im Zielgewebe
unter Einfluf der 17BHSD1 direkt zu E2 reduziert werden (Abbildung 14).

Das bedeutet, dass zur Darstellung des aktiven Hormons E2 im Zielgewebe in jedem Falle der
EinfluB einer reduktiven 17BHSD benétigt wird. Da in estrogenabhéngigen Erkrankungen die
17BHSD1 haufig stark tiberexprimiert ist (Gunnarsson et al., 2001; Vihko et al., 2003), diirfte
ihr EinfluB auf die E2-Darstellung entscheidend sein.

Die Bedeutung der Sulfatase fiir die Entstehung und Progression von Brustkrebs wird durch
unterschiedliche Studien deutlich. Die Sulfatase-mRNA-Expression korreliert negativ mit dem
krankheitsfreien Uberlebensintervall nach der Diagnose Brustkrebs (Miyoshi et al., 2003;
Utsumi et al., 1999). Sie kann also als prognostischer Marker angesehen werden. Diese
Feststellung legt den Schluf nahe, dass eine erhohte Sulfataseexpression zu einem hohen
Estrogenspiegel im Tumor fiihrt, welcher das Wachstum stimuliert. Dariiberhinaus wurde
gefunden, dass die Sulfatase in Brustkrebsgewebe iiberexprimiert ist (Utsumi et al., 2000) und
50 bis 200fach aktiver ist als die Aromatase (Pasqualini ef al., 1996). Deshalb wird propagiert,
dass das im Brustkrebsgewebe vorhandene E1 groftenteils durch die Sulfatase bereitgestellt
wird. Dem gegeniiber steht jedoch die Tatsache, dass die CYP19-Aktivitidt zur Biosynthese der
Estrogene unerldsslich ist, da nur durch die Aromatisierung des A-Rings der Androgene
Estrogene gebildet werden konnen. Die Sulfatase moduliert also lediglich die Aktivitit der
bereits gebildeten Estrogene. Durch Hemmung der Sulfatase erhofft man sich jedoch, speziell
das iiberexprimierte hochaktive Enzym im erkrankten Gewebe zu beeinflussen und damit eine
nebenwirkungsirmere Therapieoption bieten zu kdnnen als es Aromataseinhibitoren sind.

Ein sich vom Coumarin ableitender Inhibitor der Sulfatase (Reed et al., 2005) STX64
(667COUMATE) wurde bereits erfolgreich im Krankheitsmodell fiir Brustkrebs eingesetzt
(Purohit et al., 2000). Hierbei wurde in Ratten ein Brusttumor induziert, dessen Wachstum nach
Ovariektomie mit E1-S stimuliert wurde. Nach einer peroralen Applikation des Inhibitors
(10mg/kg/d) wurde die Lebersulfatase-Aktivitit um 93 % gehemmt. Das Tumorvolumen wurde
im Vergleich zur Kontrolle signifikant vermindert.

Auch in einer klinischen Studie der Phase I wurde STX64 erfolgreich eingesetzt (Stanway et
al., 2006). Am Ende der Behandlungsperiode war die Sulfataseaktivitit im Brustkrebsgewebe
zu 99 % gehemmt. In vier Patienten wurde eine Stabilisierung der Erkrankung fiir 2,75 bis 7
Monate erreicht. Ebenfalls wurde eine Absenkung der Plasmaspiegel an E1, E2, Adiol, DHEA,
Adion und Testosteron festgestellt. Eine mogliche Akkumulation von E1-S im Gewebe, welche
insbesondere vor dem Hintergrund méglich ist, dass die Sulfotransferase ebenfalls im
Mammakarzinomgewebe exprimiert ist (Pasqualini et al., 1992), wurde nicht untersucht. Es
wurde jedoch deutlich, dass nicht nur Estrogene, sondern auch Androgene beeinflusst werden.
Daraus lassen sich auch einige der in der Studie beobachteten Nebenwirkungen wie

Hitzewallungen, Stimmungsschwankungen oder Kopfschmerzen erkldren. Dies zeigt das
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Nebenwirkungspotential der Sulfataseinhibitoren auf, welches durch die alternative Hemmung
der 17BHSD1 moglicherweise umgangen werden kann, da hier selektiv in den letzten Schritt
der E2-Biosynthese eingegriffen wird.

Zusammengefasst stellt die Inhibition des Sulfataseweges einen vielversprechenden Ansatz zur
endokrinen Therapie von Brustkrebs dar. Auch die Anwendung bei Endometriose (Purohit et
al., 2008) oder beim Endometriumkarzinom (Foster et al., 2008) wurde kiirzlich vorgeschlagen.
Um nebenwirkungsdrmere Therapieoptionen zu entwickeln, sollte der Eingriff in die
Darstellung des E2 jedoch mdglichst spédt im Syntheseweg erfolgen. Somit sollten Inhibitoren
der Sulfatase nebenwirkungsdrmer sein als Aromatasehemmstoffe. Optimal wire jedoch der

Eingriff in den letzten Schritt der E2-Synthese durch Hemmung der 17HSD1.

4.1.2 ERp-Agonisten

Eine etablierte Therapie des estrogenabhéngigen Brustkrebses sind die ERa-Antagonisten. Da
sie effektiv in der Behandlung sind, entstand die Idee, auch den ERp als Target zur Behandluing
estrogenabhédngiger Erkrankungen zu nutzen. Aufgrund der beobachteten antiproliferativen
Effekte von ERP (Strom et al., 2004; Weihua et al., 2000) wurde propagiert, dass ERp-
Agonisten moglicherweise positive Effekte bei estrogenabhingigen Erkrankungen haben
konnten. Durch Heterodimerisierung mit dem ERa soll dessen proliferationsférdernde Wirkung
abgefangen werden (Lindberg et al., 2003; Matthews und Gustafsson, 2003).

In Zellkulturexperimenten wurde gefunden, dass der ERP bei Koexpression mit ERa
antiproliferativ wirkt. So wurde in der ERa-exprimierenden Brustkrebszelllinie T47D
tetrazyklinabhédngig ERP exprimiert. In Zellen, in denen die ERB-Expression unterdriickt war,
induzierte E2 eine Zellproliferation, wihrend in ERP exprimierenden Zellen keine
Wachstumsstimulation durch E2 beobachtet wurde (Covaleda et al., 2008). Dariiberhinaus fiihrt
ein erhohtes ERo/ ERB-Verhiltnis, wie es in vielen Brusttumoren gefunden wurde, zur
verstirkten Proliferation des Gewebes unter Einflul eines ERa-Agonisten (Covaleda et al.,
2008). Deshalb wurde vorgeschlagen, dieses erhohte Wachstum durch ERB-Agonisten zu
unterdriicken (Saji et al., 2005).

Weiterhin wurde gefunden, dass ein erhohtes Verhéltnis von ERP zu ERa offenbar mit einer
niedrigeren Wahrscheinlichkeit zur malignen Transformation im Brustgewebe assoziiert ist
(Shaaban et al., 2003). Damit konnte der ERp nicht nur bei der Progression, sondern auch bei
der Initiation von Brustkrebs eine Rolle spielen. In beiden Fillen scheint jedoch die relative
Expression zum ERa entscheidend zu sein.

Weniger gut kann die Wirkung von ERB-Agonisten in Geweben beurteilt werden, welche ERa
nicht exprimieren. Hier ist die genaue Funktion von ERf weiterhin unklar. Damit kénnen die
Folgen einer ERpB-Aktivierung, welche potentielle Nebenwirkungen darstellen, nur schwer

vorhergesagt werden.
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Experimente an knockout-Miusen zeigten, dass eine verringerte Expression von ERP vor
Osteoporose schiitzt (Ke et al., 2002). Dies deutet auf den EinfluB des Rezeptors auf das
Knochenwachstum hin und ldsst vermuten, dass eine potentielle Nebenwirkung von ER-
Agonisten die Osteoporose ist.

Auflerdem wird durch den Agonismus am ERP nicht die eigentliche pathophysiologische
Veridnderung angesprochen, sondern lediglich die verstirkte E2-Wirkung auf hohem Niveau
abgefangen.

Zusammengefasst bieten ERP-Agonisten einen interessanten Ansatz zur Therapie
estrogenabhédngiger Erkrankungen. Es sind jedoch weitere Untersuchungen nétig, um beurteilen

zu konnen, ob dieser Ansatz effizient und hinsichtlich der Nebenwirkungen vertretbar ist.

4.1.3 17BHSD7 und 12 als potentielle Targets bei estrogenabhéangigen
Erkrankungen

Nach der Identifikation der beiden 17BHSD-Subtypen 7 (Krazeisen et al., 1999) und 12 (Moon
und Horton, 2003) wurde in ersten Experimenten zur Charakterisierungen gefunden, dass beide
Enzyme zu den reduktiven 17BHSDs gehoren. Durch die Untersuchung potentieller steroidaler
Substrate wurde gezeigt, dass beide Subtypen in der Lage sind, die Reduktion von E1 zu E2 zu
katalysieren (Liu et al., 2005; Luu-The et al., 2006; Peltoketo et al., 1999b). Auch das
Expressionsmuster wurde evaluiert. 17BHSD7 und 12 wurden in estrogenabhingigen Geweben
detektiert (Liu et al., 2007; Torn et al., 2003). Aus diesen Befunden wurde geschlossen, dass
beide Proteine eine wesentliche Rolle spielen bei der E2-Aktivierung.

Weitere Studien an Brustkrebsgewebe zeigten, dass die 17BHSD7 in 47 % der Proben und Typ
12 sogar in 83 % der Proben detektiert wurden. AuBerdem war die Expression der 17HSD12
im Tumorgewebe signifikant erhoht verglichen mit gesundem Gewebe (Song et al., 2006).
Deshalb wurde fiir beide Proteine propagiert, dass sie involviert sind in Entstehung und
Fortschreiten estrogenabhédngiger Erkrankungen (Liu ef al., 2005).

Untersuchungen mit einem breiteren Spektrum an potentiellen Substraten fiithrten dazu, dass
auch andere Funktionen der 17BHSD7 und 12 in Betracht gezogen wurden (Blanchard und Luu-
The, 2007; Marijanovic et al., 2003). So wurde festgestellt, dass die 17BHSD7 die Umsetzung
von Zymosteron zu Zymosterol effizient katalysiert. Dariiberhinaus wurde eine intensive
Expression in Lebergewebe gefunden (Breitling et al., 2001; Liu et al., 2005). Damit wurde das
Enzym der Cholesterolbiosynthese zugeordnet (Ohnesorg und Adamski, 2006; Ohnesorg et al.,
2006). Fiir die 17pHSDI12 konnte eine Funktion in der Fettsduresynthese gefunden werden
(Moon und Horton, 2003).

Dariiberhinaus wurde durch Untersuchungen an Brustkrebszellen festgestellt, dass die Subtypen
7 und 12 intrazelluldr nicht in der Lage sind, E1 effizient zu E2 zu reduzieren (Day et al., 2008).
Die gefundene Expression in Brustkrebsgewebe konnte zwar bestétigt werden, jedoch wurde

keine Korrelation zur Uberlebenszeit der Patienten oder prognostischen Faktoren gefunden
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(Jansson, 2008). Kiirzlich wurde die 17BHSD12 selbst als prognostischer Faktor in Brustkrebs
vorgeschlagen. Hier wurde jedoch ein Zusammenhang mit einer Dysregulation des
Fettsdurestoffwechsels gesehen, welche das Tumorwachstum stimuliert (Nagasaki et al., 2009).
Zusammengefasst haben die beiden 17BHSD Subtypen 7 und 12 offenbar keinen relevanten
EinfluB auf die E2-Produktion in estrogenabhidngigen Erkrankungen. Sie konnen der
Cholesterol- bzw. Fettsduresynthese zugeordnet werden. Ob eine Beeinflussung dieser
Stoffwechselwege via Inhibition der 17BHSD7 oder 12 fiir die Therapie estrogenabhéngiger

Erkrankungen geeignet ist, muf} in weitern Studien untersucht werden.

4.2 Bewertung des Testsystems

4.2.1 Zellfreier Screeningassay fir 17BHSD1-Inhibitoren

Zur Evaluierung der inhibtorischen Aktivitit der potentiellen 17BHSD1-Hemmstoffe wird im
etablierten Screeningsystem Enzym aus humaner Plazenta aufgereinigt. Damit entfallen eine
aufwendige Transfektion geeigneter Zellen sowie deren zeit- und kostenintensive Kultur. Die
Stabilitit der erhaltenen Prédparation ist tiberraschend hoch, so dass die Enzymaktivitit auch
nach einem Jahr noch gewihrleistet ist.

Durch Aufarbeitung aus humanem Gewebe wird natives Enzym erhalten, welches jedoch im
Gemisch mit weiteren cytosolischen Enzymen vorliegt. Dies ist insbesondere dann
problematisch, wenn weitere Enzyme enthalten sein konnen, welche dieselbe Reaktion
katalysieren konnen. Im Falle der Plazentapriparation sind also die 17BHSD-Subtypen 7 und 12
von Interesse, welche hier in geringerem AusmafBl exprimiert werden. Wie aus Tabelle 1
hervorgeht, ist die 17BHSD7 ein zellmembranstindiges Enzym, wéhrend die 17HSDI12
microsomal lokalisiert ist. Demgegentiber ist die 17BHSDI1 16slich und liegt damit im Cytosol
vor. Durch fraktionierte Zentrifugation werden wéhrend der Aufarbeitung zunichst Zelldebris
und schwere Zellbestandteile abgetrennt. Damit wird die 17BHSD7 aus dem Gemisch entfernt.
In einem Ultrazentrifugationsschritt werden nachfolgend Cytosol und Microsomen voneinander
getrennt. Da nur mit dem Uberstand weitergearbeitet wird, stellt auch die 17BHSD12, welche
sich in den Microsomen befindet, kein Problem im etablierten Test dar.

Die Messung der 17BHSD1-Aktivitit erfolgt mittels Radiodetektion. Anders als im von Langer
und Engel beschriebenen Test (Langer und Engel, 1958), in welchem der Cofaktorumsatz
photometrisch gemessen wird, ist somit sichergestellt, dass spezifisch die Reduktion von E1 zu
E2 betrachtet wird. Damit spielen Enzyme, welche andere NADPH-abhiingige Reaktionen
katalysieren, keine Rolle.

Die etablierte Methode ist geeignet, schnell eine grole Zahl an Substanzen auf ihre
inhibitorische Aktivitdit an 17BHSD1 zu priifen, da die Quantifizierung mittels HPLC-

Separation mit anschlieBender Radiodetektion erfolgt. Durch die mogliche Determinierung von



DISKUSSION UND AUSBLICK 150

ICso-Werten konnen zuverlissig Struktur-Wirkungs-Beziehungen abgeleitet werden. Uber die
intrazellulire Wirksamkeit konnen jedoch keine Aussagen getroffen werden. Um
beispielsweise Membrangingigkeit, Adsorption oder intrazelluliren Metabolismus zu
bestimmen sind weitere Tests notig.

OH NH,

B Y

Abbildung 15: Referenzverbindung fiir den 178HSD1-Screeningassay.

Die Evaluierung eines bereits publizierten 17BHSD1-Inhibitors (EM-1745, Abbildung 15) aus
der Arbeitsgruppe von Prof. Poirier lieferte einen ICso-Wert von 31 nM (Literaturwert: ICsy =
52 nM) (Poirier, 2003; Qiu et al., 2002). Somit wurde auch durch Validierung mit externen
Proben gezeigt, dass die zuverldssige Identifikation von 17BHSDI1-Inhibitoren mit Hilfe des

Screeningassays moglich ist.

4.2.2 Relevanz der Selektivitdtstestung gegentiber 178HSD2

Ein wichtiger Aspekt der 17BHSD1-Inhibtioren ist die Selektivitit gegeniiber Enzymen, welche
in der Lage sind, E2 zu inaktivieren. Auch unter der Voraussetzung, dass die E2-Biosynthese im
erkrankten Gewebe durch die Anwendung der Hemmstoffe stark vermindert ist, muss
gewihrleistet sein, dass auch von auBen eindringendes E2 (z.B. Sulfataseweg, vgl. 4.1.1)
inaktiviert werden kann. Zudem wiirde eine Hemmung der 17BHSD?2 zusitzliche unerwiinschte
Wirkungen in anderen Geweben hervorrufen. Daher ist es wichtig, iiber einen zellfreien
Inhibitionstest zu verfiigen, um auch hier SARs ableiten zu konnen, welche in das weitere
Inhibitordesign eingehen.

Auch fiir diesen Test wurde eine Gewebepriparation aus humaner Plazenta verwendet, da die
17BHSD2 hier stark exprimiert ist. Eine Trennung vom Subtyp 1 durch Ultrazentrifugation ist
moglich, da die 17BHSD2 microsomal lokalisiert ist, wihrend die 17BHSDI1 ein 16sliches
Enzym ist (Tabelle 2).

Problematischer ist die Expression der 17BHSD4 im plazentaren Gewebe (Adamski ef al.,
1995). Aufgrund ihrer peroxisomalen Expression (Normand ef al., 1995; van Veldhoven et al.,
1996) ist eine vollstandige Trennung der Subtypen durch Zentrifugation nicht méglich. Daher
stellt sich die Frage, inwieweit der zu etablierende Test durch die Pridsenz der 17pHSD4
beeinflusst wird. Da die 17BHSD2 in stirkerem Ausmaf} als die 17BHSD4 in plazentarem
Gewebe exprimiert wird und auBerdem mit einem K,,-Wert von 0,21 uM (Wu et al., 1993) eine
hohere Affinitdt zu E2 hat als die 17HSD4 mit K, = 0,81 uM (Adamski et al., 1995), wurde

zundchst die erhaltene microsomale Fraktion fiir die weiteren Versuche verwendet. In den
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durchgefiihrten kinetischen Untersuchungen konnten keine Hinweise auf die Interferenz der
17BHSD4 gefunden werden: Der erhaltene K, -Wert von 403 nM + 80 nM stimmt gut mit dem
von Puranen beschriebenen Wert (390 nM + 90 nM) iiberein, welcher an in HEK293-Zellen
exprimiertem Enzym bestimmt wurde (Puranen et al., 1999). Desweitern konnte die Reduktion
von E2 in der Microsomenfraktion vollstindig durch Testosteron gehemmt werden. Da die
17BHSD4 keine Androgene als Substrate akzeptiert (Adamski ez al., 1995), sollte sich deren
Umsatz auch nicht durch die Zugabe von Testosteron hemmen lassen. Daher ist die aus
plazentarem Gewebe aufgereinigte Microsomenfraktion geeignet, um einen Test zur

Evaluierung der 17BHSD2-Inhibition aufzubauen.
O
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Abbildung 16: Referenzverbindung fiir den Inhibitionstest an 17fHSD?2.

Der etablierte Test wurde nochmals validiert, indem ein bereits publizierter 17HSD2-Inhibitor
getestet wurde (Abbildung 16), dessen Hemmaktivitit am Homogenat transfizierter HEK293-
Zellen gemessen wurde (Poirier ef al., 2001). Mit einem ICsp-Wert von 11 nM £ 0,1 nM wurde
die Verbindung als hochaktiver Hemmstoff identifiziert. Ein direkter Vergleich mit dem von
Poirier erhaltenen Wert (ICsy = 90nM) ist jedoch schlecht moglich, da in diesem Fall nicht El1,
sondern Adion als Substrat verwendet wurde. Der im etablierten Test erhalten Wert liegt jedoch
in derselben Groflenordnung wie der Literaturwert, welcher an in HEK-Zellen exprimiertem
Enzym bestimmt wurde. Somit kann geschlossen werden, dass der etablierte Test sich eignet,
um Hemmstoffe der 17BHSD2 zu identifizieren und damit auch, um die Selektivitit der

entwickelten 17BHSD1-Inhibitoren zu untersuchen.

4.2.3 Auswahl geeigneter Zellen fiir die zelluldre Evaluierung der
17BHSD1-Inhibitoren

Nach der Identifizierung hochaktiver 17BHSD1-Inhibitoren ist es entscheidend, zu untersuchen,
ob diese Verbindungen auch intrazelluldr in der Lage sind, ihre Wirkung zu entfalten. Ein Test
an intakten Zellen schlieft iiber die bloBe Hemmaktivitidt hinausgehend auch Aspekte der
Pharmakokinetik ein, beispielsweise Permeation durch die Zellmembran, Proteinadsorption
oder intrazelluldre Metabolisierung der Substanzen. Um einen solchen Test zu etablieren, muf3
eine geeignete Zelllinie ausgewihlt werden.

Tabelle 4 zeigt eine Auswahl verschiedener Zelllinien, welche prinzipiell fiir die Evaluation der
17BHSD1-Inhibitoren in Betracht kommen. Im Hinblick auf weiterfiihrende Untersuchungen

sollten die Zellen nicht nur die 17BHSD1 exprimieren, sondern auch verschiedene andere
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Anforderungen erfiillen. Zunichst sollten die verwendeten Zellen in Relation stehen zur
propagierten Indikation. Das heiBit idealerweise sollte es sich um Brustkrebs- oder
Endometriosezellen handeln. Da zur Zeit keine Endometriosezelllinien kommerziell erhéltlich
sind, wurden Zervix- und Endometriumkarzinomzellen stattdessen in Betracht gezogen.
Auflerdem ist eine Reihe von Brustkrebszelllinien zu erwerben, welche ebenfalls in die nihere
Auswahl kamen.

Weiterhin ist es wichtig, dass die 17BHSDI in einem Ausmal exprimiert wird, welches die
verldssliche Detektion der Estrogenkonversion gestattet. Daher wurde neben dem
Expressionslevel auch auf die intrazelluldre Aktivitidt des Enzyms geachtet. Zellen ohne oder
mit nur schwacher 17BHSD1-Aktivitdt kommen zur Etablierung zelluldrere Assays also nicht in
Frage. Dariiberhinaus sollen die 17BHSD-Subtypen 1 und 2 in einem Verhiltnis exprimiert
werden, welches die Gegebenheiten im erkrankten Gewebe widerspiegelt. Also sollte die
17BHSD1 dominant gegeniiber der 17BHSD?2 sein.

Um mogliche Auswirkungen der 17BHSDI1-Inhibition auf die Zellproliferation untersuchen zu
konnen, wurden ER-Expression sowie estrogenabhingiges Wachstum als weitere

Voraussetzungen angesehen.
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Tabelle 4: Ubersicht der Zelllinien welche potentiell fiir die Evaluierung von 17BHSDI-Inhibitoren
geeignet sind. Dominante 17FHSD-Subtypen sind fett gedruckt. 17fHSD-Subtypen mit schwacher
Aktivitit sind kursiv gedruckt. Die Expression nicht aufgefiihrter 17BHSD-Subtypen ist nicht

beschrieben.
Karzinom- .
zelllinie Herkunft ER Expression der 178HSD-Subtypen
Reduktiv Oxidativ
17BHSD1,
. 17BHSDS,
HeLa Zervix 17BHSDT.
17BHSD12
Kein estroger- Keine 17BHSDI, keine 17BHSD2,
Ishikawa  Endometrium abhiingi ges 17BHSD7, 17BHSDA4,
Elg 17BHSD12 17BHSDS,
MDA-MB- 1 mma 17pHSD2
231
17pHSD1, keine 17pHSD2,
keine 17pHSD3, 17BHSDA4,
JEG-3 Mamma 17BHSDS, 17BHSDS,
17BHSD7, 17BHSDI10,
17BHSD12 17BHSD11
17pHSDI, keine 17pHSD2,
17BHSD3, 17BHSDA4,
ZR-75 Mamma 17BHSDS, 17BHSDS,
17BHSD7, 17pHSD10,
17BHSD12 17BHSD11
17pHSDI, 17pHSD?2,
MCF-7 Mamma 17BHSD7, 17BHSD4,
17pHSD12 17BHSD8
17pHSD1, 17BHSD2,
keine 17HSD3, 17BHSD4,
T47D Mamma 17BHSDS, 17BHSDS,
17BHSD7, 17BHSDI10,
17BHSD12 keine 17BHSD11

Betrachtet man Tabelle 4 unter diesen Aspekten, so stellt sich die humane Brustkrebszelllinie
T47D als bestes der aufgefiihrten Modelle fiir die Evaluation von 17BHSD1-Inhibitoren heraus.
Sie exprimiert 17BHSD1 und 17BHSD2 in einem Verhiltnis, welches der pathophysiologischen
Situation im Mammakarzinom dhnelt (Day et al., 2006). Die ER werden exprimiert, und die
Zellen zeigen estrogenabhingiges Wachstum (Camby und Kiss, 1993). Deshalb wurde diese

Zelllinie fiir die weiteren zelluldren Untersuchungen ausgewéhlt.
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4.2.4 Bedeutung der Untersuchung ER-vermittelter Effekte der
17BHSD1-Inhibitoren

Da 17BHSDI-Inhibitoren auf Grundlage der Rontgenkristallstruktur des Enzyms sowie der
chemischen Struktur des E2 entwickelt wurden (Bey et al., 2008a; Marchais-Oberwinkler ef al.,
2008b) und somit potentielle Steroidomimetika darstellen, besteht die Gefahr, dass sie Affinitét
zu den ER besitzen und so selbst moglicherweise estrogene Effekte ausiiben. Wie in Kapitel
1.1.3 beschrieben haben die Rezeptor-Subtypen unterschiedliche Funktionen im Organismus.
Die Inhibitoren wiederum konnten bei vorhandener Affinitit als Agonisten oder als
Antagonisten wirken. Vereinfacht konnen also vier Fille betrachtet werden.

Agonisten am ERa wiirden klassische estrogene Wirkungen ausiiben und somit das Wachstum
des erkrankten Gewebes fordern. Deshalb sind 17BHSDI1-Inhibitoren, welche gleichzeitig
agonistisch an diesem Subtyp wirken fiir die weitere Entwicklung ungeeignet. Dagegen wiirden
ERa-Antagonisten als Antiestrogene positiven Einflul auf die Erkrankung nehmen. Dennoch
wiirden sich aus einem dualen Wirkprinzip aus 17BHSD1-Hemmung und ERa-Blockade auch
die typischen Nebenwirkungen der Antiestrogene ergeben. Damit sind solche Inhibitoren zwar
grundsitzlich fiir die weitere Entwicklung geeignet, miissen aber unter dem Aspekt der
Nebenwirkungen kritisch beurteilt werden.

Agonisten am ERP wirken moglicherweise antiproliferativ. Dies wiirde sich positiv auf den
Verlauf der bestehenden Krankheit auswirken. Dennoch ist zu beachten, dass ein zusitzliches
Target der Inhibitoren auch weitere Nebenwirkungen hervorrufen wird. Da iiber die genaue
Funktionsweise des ERP weiterhin diskutiert wird, muf3 auch ein Agonismus an diesem
Rezeptorsubtyp mit Vorsicht behandelt werden. Antagonisten des ERP wiren durch ihre
potentiellen proliferationsfordernden Wirkungen ungeeignet zur Therapie von Brustkrebs und
Endometriose.

Zusammenfassend hat also jedes Wirkprinzip an den Rezeptoren bestimmte Nachteile, welche
sich entweder auf den Verlauf der Erkrankung beziehen oder aber auf die Induzierung
zusitzlicher Nebenwirkungen. Deshalb wiére es wiinschenswert, 17BHSDI1-Inhibitoren zu
entwickeln, welche keine Affinitit zu den ER besitzen.

Um die Gefahr der Interferenz der Hemmstoffe mit den Rezeptoren beurteilen zu kdnnen, wird
zunichst ein Test benotigt, welcher Aussagen zuldsst iiber deren Bindung an die ER. Auch in
diesem Fall wurde zellfreien Assays den Vorzug gegeben, um SARs ableiten zu kdnnen, welche
ggf. zu einer Verringerung der Rezeptoraffinitit im Designprozef beitragen kénnen.

Fiir die weitere Entwicklung ist damit ein wichtiger Punkt, welche Affinitit zu den Rezeptoren
fir 17BHSD1-Inhibitoren akzeptabel ist. Diese Fragenstellung wird durch verschiedene
Faktoren beeinflusst.

Zunichst verhindern 17BHSD1-Inhibitoren lediglich die Bildung von E2 im Gewebe. Mit der

Prisenz von E1 muf3 weiterhin gerechnet werden. In den ER-Bindungstests wurden fiir E1
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folgende relativen Bindungsaffinititen, (RBA-Werte) ermittelt: RBA(E1, ERa) = 5,5%,
RBA(E1, ERP) = 3,1%. Um also gewihrleisten zu konnen, dass die entwickelten Inhibitoren
keine rezeptorvermittelten Effekte ausiiben, mufl ihre ER-Bindung in der bendtigten
Gewebskonzentration unter der des E1 liegen.

Da jedoch im zelluldren Aktivitétstest ICsp-Werte ermittelt wurden, welche 10-20mal héher
liegen als die Substratkonzentration (E1), mufl davon ausgegangen werden, dass die Inhibitoren
im erkrankten Gewebe entsprechend hoher konzentriert sein miissen als E1. Folglich muf} ihre
Affinitdt auch um den Faktor 10-20geringer sein als die des E1. Damit scheint ein RBA-Wert
von 0,1% oder kleiner angemessen fiir die Weiterentwicklung der Inhibitoren.

RBA-Werte iiber 0,1% miissen unter dem Aspekt der intrinsischen Aktivitét kritisch beurteilt
werden. Um diese beurteilen zu konnen, wurde ein weiterer zelluldrer Test entwickelt, in dem
untersucht wird, ob die 17BHSDI-Inhibitoren das Zellwachstum der estrogenabhingigen
Zelllinie T47D fordern. Dabei werden sowohl agonistische Effekte an ERa erfasst als auch
Antagonismus an ERP sowie die unspezifische Proliferationsférderung. Diese konnen im
etablierten Test zwar nicht unterschieden werden, die Weiterentwicklung der Substanz wire
aber in jedem der moglichen Fille nicht vertretbar. Somit geniigt die Aussage, welche mit Hilfe
dieses Tests getroffen werden kann zur Beurteilung der 17BHSD1-Inhibitoren.

Ein weiterer Vorteil dieses Versuchs besteht darin, dass auch proliferationshemmende
Wirkungen erkannt werden konnen. Gegebenenfalls konnen entsprechende Verbindungen in
dieser Hinsicht weiteruntersucht werden.

Damit wurden zwei Tests ins Screeningsystem integriert, welche geeignet sind, um die
(anti)estrogenen Eigenschaften der 17BHSD1-Inhibitoren zu beurteilen. Entsprechend kénnen
Verbindungen, welche nicht den Anforderungen entsprechen, bereits in einem frithen Stadium

aus der weiteren Entwicklung ausgeschlossen werden.

4.2.5 Stellenwert des MTT-Assays zur Ermittelung der zelluldren
Uberlebensrate

Ein ibliches Verfahren zur Beurteilung der Zytotoxizitit neuer Verbindungen ist die
Evaluierung in einem MTT-Assay, welcher Aufschluf gibt iiber die Uberlebensrate der Zellen
nach Inkubation mit der betreffenden Verbindung. Die Auswertung dieses Testes beruht darauf,
dass der Tetrazoliumring des eingesetzten MTT nur in lebenden Zellen zum Formazan reduziert
wird. Durch Lyse der Zellen mit dem Detergenz SDS werden die entstandenen, dunkelblauen
Kristalle in Losung gebracht, und die Farbintensitit kann photometrisch vermessen werden.
Dabei ist die Menge an gebildetem Farbstoff direkt proportional zur Zahl der lebenden Zellen
(Denizot und Lang, 1986). Die Lebendzellzahl kann damit anhand einer Kalibriergeraden
bestimmt werden. Dieser Test soll Hinweise geben auf mogliche toxische Wirkungen der
Verbindungen. In der Regel werden dafiir unterschiedliche Konzentrationen der Substanz an

mehreren Zelllinien iiber eine Inkubationszeit von 48h untersucht.



DISKUSSION UND AUSBLICK 156

Auch im etablierten Screeningsystem ist ein MTT-Test eingeschlossen, welcher jedoch
lediglich iiber eine Inkubationszeit von 3h l4uft. AuBerdem ist die Konzentration der Inhibitoren
mit 2,54M moderat. Damit ist der etablierte Test nicht als Ersatz fiir die Evaluation der
Zytotoxizitdt zu sehen. Durch diesen Assay sollen lediglich stark toxische Verbindungen
identifiziert und ausgefiltert werden.

Die Inkubationszeit wurde auf 3h festgelegt, da die Kontaktzeit der 17BHSD1-Inhibitoren im
zelluldren Aktivitdtstest 1h betrdgt. Durch die dreifach verldngerte Inkubation im MTT-Test
konnen toxische Einfliisse der Substanzen im Zelltest sicher ausgeschlossen werden. Mit 2,5uM
wurde die Konzentration der Inhibitoren doppelt so hoch angesetzt wie die im Zelltest
verwendete. Somit kann bei einer Uberlebensrate von 100% im MTT-Test eine Beeinflussung

des zelluldren Inhibitionstests durch zytotoxische Effekte sicher ausgeschlossen werden.

4.2.6 Bedeutung von PK-Parametern fir die Entwicklung von
17BHSD1-Inhibitoren

Da 17BHSD1-Inhibitoren als potentielle Therapeutika entwickelt werden, ist es notwendig, die
Verbindungen auch auf ihre PK-Eigenschaften hin zu untersuchen. Um auch diesen Aspekt in
die Entwicklung einflieBen lassen zu konnen, sollten entsprechende Evaluierungen bereits in
einem frithen Stadium erfolgen.

Zunichst spielt die intestinale Aufnahme in den Blutkreislauf, die Absorption, eine wichtige
Rolle, damit der Wirkstoff zum Zielgewebe gelangen kann. Dieser Vorgang wird im
aufgebauten Screeningsystem an CaCo2-Zellen untersucht. Im Gegensatz zu einfacheren
Membranmodellen wie PAMPA (parallel artificial membrane permeation assay) bietet die
zelluldre Zusammensetzung des CaCo2-Monolayers eine bessere Simulation der Permeation
durch das Diinndarmepithel. Auch konnen bestimmte Transport- und Effluxprozesse bereits
beriicksichtigt werden. Durch die Klassifiezierung der Substanzen im System nach Yee (Yee,
1997) konnen die Permeabilititen mit denen bereits zugelassener Arzneistoffe verglichen
werden, deren Absorptionsmechanismus bekannt ist. Damit ldsst der CaCo2-Assay eine
verlissliche Einschiitzung der intestinalen Absorption zu.

Ein weiterer, wichtiger Gesichtspunkt der PK ist der Metabolismus in der Leber. Dieser betrifft
sowohl die Wirksamkeit der Substanzen, welche durch eine schnelle Metabolisierung
beeintrichtigt wird, als auch die Nebenwirkungen der Inhibtioren. Durch Hemmung der
hepatischen CYP-Enzyme konnen sich ndmlich andere Verbindungen, welche Substrate dieser
Enzyme sind, anreichern und somit toxische Effekte ausiiben. Daher wurden in das
Screeningsystem zwei Tests integriert, welche den Metabolismus betreffen. Einerseits wird die
metabolische Stabilitit der 17pHSDI1-Inhibitoren mit Hilfe von Rattenlebermikrosomen
untersucht, da nur Substanzen mit geniigend langer Halbwertszeit geeignet sind, um als
Arzneimittel fiir diese Indikation eingesetzt zu werden. Andererseits wird die Hemmung der

hepatischen CYP-Enzyme durch die entwickelten 17BHSD1-Inhibitoren untersucht.
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Abbildung 17: humaner Arzneistoffmetabolismus in der Leber. Angegeben ist der prozentuale Anteil

unterschiedlicher hepatischer CYP-Enzyme am Arzneistoffmetabolismus.

Aus Abbildung 17 geht hervor, dass iiber 95% des Arzneistoffmetabolismus durch die
hepatischen CYP-Enzyme 1A2, 2B6, 2C9, 2C19, 2D6 und 3A4 erfolgen (Smith et al., 1997b).
Deshalb wird die Hemmung dieser sechs wichtigsten (Anzenbacher und Anzenbacherova, 2001;
Bertz und Granneman, 1997), humanen Isoenzyme durch 17BHSDI-Inhibitoren in sechs
einzelnen Assays untersucht. Damit kann das Nebenwirkungspotential, welches aufgrund der
Beeinflussung des Metabolismus entsteht, weitgehend eingeschitzt werden.

Distribution und Elimination als weitere Parameter sind erst in in vivo PK-Studien
eingeschlossen. Dabei wird die Ratte als Versuchstier bevorzugt gewéhlt. Entsprechend der

Fragestellung kann jedoch auch die Untersuchung in einer anderen Spezies notig sein.

4.2.7 Gesamtbewertung des Screeningsystems

Die serielle Anwendung verschiedener Testverfahren (Abbildung 18) zeigte, dass es moglich
ist, hochaktive 17BHSDI1-Inhibitoren zu entwickeln, welche gleichzeitig auch Selektivitit
aufweisen gegeniiber 17BHSD2 sowie den ER. Dabei konnte durch die sinnvolle
Aufeinanderfolge der einzelnen Tests die verldssliche Ableitung von SARs gewihrleistet
werden, welche in das weitere Design der Inhibitoren eingingen. Auch eine gute intrazellulédre
Hemmung des Zielenzyms sowie gute PK-Figenschaften wurden erreicht (Bey et al., 2008c;
Marchais-Oberwinkler et al., 2008b). Ein weiterer Vorteil der seriellen Testanwendung ist, dass
Verbindungen mit unzureichenden Eigenschaften frithzeitig ausgefiltert werden kénnen. Damit

kann deren weitere, kostspielige Evaluation verhindert werden (Kruchten et al., 2009¢c).
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Abbildung 18: Screeninsystem zur Auffindung hochaktiver, selektiver 17fFHSDI-Inhibitoren als
potentielle Therapeutika

Im Screeningsystem werden die entwickelten Verbindungen auf die fiir 17BHSD1-Inhibitoren
als Therapeutika relevanten Eigenschaften hin gepriift. Als weiterfithrende Untersuchungen
werden Experimente betrachtet, welche das proof of concept zum Ziel haben, oder direkt damit
in Zusammenhang stehen. Beispielsweise kann es sich um die Testung ausgewaihlter Inhibitoren
am Enzym anderer Spezies oder um PK-Studien handeln.

Verbindungen, welche das Screeningsystem passiert haben und ein akzeptables Profil
aufwiesen, wurden im Rahmen weiterfithrender Untersuchungen auf ihre Wirksamkeit in der
Zellkultur gepriift (in vitro proof of concept). Ein positives Ergebnis dieses Experiments kann
nicht nur als Validierung des Konzepts der 17pHSDI-Hemmung zur Therapie
estrogenabhédngiger Erkrankungen gesehen werde. Da anhand dreier Verbindungen die
Wirksamkeit in der Zellkultur belegt werden konnte, darf man ebenfalls schlieBen, dass die
Anwendung des Screeningsytems zur Auswahl geeigneter Inhibitoren fiir die weiteren

Untersuchungen fiihrt.

4.2.8 In vitro proof of concept

Zur ersten Validierung der 17BHSDI1 als Target wurde zunidchst ein Experiment in der
Zellkultur durchgefiihrt (Kap. 3.6). Dabei wurde die Modulation des estrogenabhiingigen

Zellwachstums durch 17BHSD1-Inhibitoren untersucht. Das Experiment beruht darauf, dass das
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Zellwachstum von T47D Zellen durch Aktivierung des ER stimulierbar ist. Durch eine
Reduktion an aktivem Estrogen in der Zelle oder durch Verminderung der ER-Aktivierung kann
diese Stimulation abgeschwécht oder sogar verhindert werden. Um zeigen zu konnen, dass die
17BHSD1-Inhibition ein adédquates Konzept zur Normalisierung des estrogenstimulierten
Zellwachstums ist, miissen beide Wirkprinzipien in entsprechenden Versuchen differenziert
werden konnen. Deshalb wurde eine entsprechende experimentelle Anordnung gewihlt, welche
sich eignet, um beide Wirkmechanismen zu unterscheiden. Auflerdem wurden Verbindungen
benutzt, von denen bereits bekannt war, dass sie intrazelluldr die 17BHSD1 hemmen konnen
und damit in der Lage sind, die Konzentration an E2 in der Zelle zu vermindern. Abbildung 19
zeigt beispielhaft das Ergebnis entsprechender Untersuchungen.

Aus den erhaltenen Resultaten lassen sich Aussagen ableiten, welche die Wirkungsweise der
Inhibitoren betreffen. Der Vergleich des Hemmstoffs alleine mit der unbehandelten Kontrolle
zeigt, dass die Verbindung selbst in der eingesetzten Konzentration weder estrogene noch
anders vermittelte proliferationsfordernde Effekte ausiibt. Ebenso bleibt das basale
Zellwachstum unbeeintrdchtigt. Die Inhibitoren vermitteln also in der angewendeten
Konzentration auch keine proliferationshemmenden Effekte, deren Mechanismus nicht bekannt
ist.

Durch die Zugabe von Estrogenen wird die Proliferation stimuliert. Dabei fillt diese
Stimulation in den El-stimulierten Proben ebenso stark aus wie in den E2-behandelten, obwohl
El ein schwicheres Estrogen ist. Dies deutet darauf hin, dass El durch die 17HSDI1
intrazellulidr zu E2 umgewandelt wird, welches dann den stimulierenden Effekt auslost.

Durch gleichzeitige Behandlung der Zellen mit 17BHSD1-Inhibitor und E1 wird die Stimulation
des Zellwachstums unterdriickt, da durch die Hemmung der 17BHSD1 in der Zelle weniger E2
gebildet wird, welches das Wachstum anregen kann. Die simultane Anwendung von E2 und
17BHSD1-Inhibitor dagegen fiihrt zu einer unverminderten Proliferationsférderung. Daraus
lasst sich schlieBen, dass die Inhibitoren in der angewandten Konzentration keine
antiestrogenen Wirkung entfalten.

Durch die vollstidndige Interpretation der Ergebnisse konnte gezeigt werden, dass die selektive
Hemmung der 17BHSD1 zu einer Wachstumsnormalisierung im Zellkulturversuch fiihrt,

welche nicht durch antagonistische Wirkung an den ER vermittelt wird (Kruchten et al., 2009a).
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Abbildung 19: Modulation des estrogenabhiingigen Zellwachstums durch einen nichtsteroidalen

17pHSD1-Inhibitor.

Ahnliche Experimente mit steroidalen Verbindungen wurden auch von Laplante et al. und Day
et al. durchgefiihrt. Beide Gruppen bendtigen jedoch hohere Inhibitorkonzentrationen, um die
E1-Stimulation zu vermindern. Im Falle von Laplante wurde dariiberhinaus das Zellwachstum
durch den Inhibitor selbst gefordert, was auf eine estrogene Wirkung der Verbindung hindeutet.
Ein Test auf antiestrogene Wirkung im Sinne eines Partialagonismus wurde hier nicht an der
Zellkultur durchgefiihrt (Laplante et al., 2008). In der Gruppe von Day wurde dieser Teil des
Versuchs ausgefiihrt. Da die E2-vermittelte Stimulation vermindert wurde, scheint es sich in
diesem Fall um einen 17BHSDI1-Inhibitor mit antiestrogener Wirkkomponente zu handeln.
Damit kann nicht eindeutig unterschieden werden, ob die Reduktion des stimulierten
Zellwachstums auf die Inhibition der 17BHSDI1 oder auf die Rezeptorblockade zuriickzufiihren
ist (Day et al, 2008). Die offensichtliche Rezeptoraffinitit der Substanzen beider
Arbeitsgruppen belegt wiederum das erhohte Nebenwirkungspotential, welches mit dem
steroidalen Grundgeriist einhergeht.

Zusammenfassend wurde im Zellkulturversuch gezeigt, dass die Hemmung der 17BHSD1 eine
geeignete Strategie ist, um das estrogenstimulierte Wachstum von Brustkrebszellen zu
normalisieren. Weiterhin wurde belegt, dass nichtsteroidale 17BHSD1-Inhibitoren entwickelt
und durch das bestehende Screeningsystem selektiert werden konnten, welche in der Lage sind,

das estrogenabhingige Zellwachstum zu modulieren.
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4.3 Ausblick
4.3.1 Auswahl eines geeigneten Tiermodells zur Evaluierung der
17BHSD1-Inhibitoren

Da der durchgefiihrte Test auf Wirksamkeit in der Zellkultur vielversprechende Resultate
ergeben hat, ist es im nichsten Schritt notwendig, diese Ergebnisse an einem relevanten
Krankheitsmodell zu bestitigen. Wie in den Kapiteln 1.4.2 und 1.4.3 beschrieben ist, stechen
prinzipiell mehrere Modelle fiir die Indikationen Brustkrebs und Endometriose zur Verfiigung.
Um zu einem aussagekriftigen Ergebnis zu kommen, miissen die durchgefiihrten Versuche
mehrere Anforderungen erfiillen. Im Vorangehenden wurden deshalb bereits Modelle selektiert,
welche in Bezug auf estrogenabhingige Erkrankungen relevant sind und in denen die
Expression der 17BHSD1 gezeigt wurde.

Die so ausgewihlten Brustkrebsmodelle (Day et al., 2008; Husen et al., 2006a) bieten den
Vorteil, dass das jeweilige Experiment an humanem Enzym durchgefiihrt wird. Die eingesetzten
Nacktmiuse fungieren hier lediglich als Tridger fiir die aus humanen Brustkrebszellen
etablierten Tumoren. Damit ist sichergestellt, dass die entwickelten Inhibitoren Aktivitit am
Zielenzym besitzen. Im Falle des MCF-7-Xenograftmodells wurden die Tumorzellen vor der
Inokulation mit 17BHSDI1 transfiziert. Damit ist dieses Modell artifizieller als das zweite
ausgewdhlte T47D-Xenograft-Experiment, da T47D-Zellen die 17BHSD1 natiirlich in
ausreichendem Mafle exprimieren (Day et al., 2006). Obwohl beide Modelle relativ artifiziell
sind, bieten sie dennoch die Moglichkeit, Aussagen zu treffen iiber die Beeinflussung von
Tumoren im lebenden Organismus. Aufgrund der passenden Eigenschaften der T47D-Zellen als
Brustkrebsmodell zur Evaluierung von 17BHSDI1-Inhbitioren (Kapitel 4.2.3) ist das T47D-
Xenograftmodell gut geeignet, um das proof of concept zu erbringen.

Im Bereich der Endometriose arbeitet nur eines der relevanten Modelle mit humanem Enzym
(Griimmer et al., 2001). In diesem Modell ist es moglich, die Auswirkung von 17BHSD1-
Inhibitoren auf humanes, endometriotisches Gewebe zu untersuchen, welches im Bauchraum
von Nacktmiusen angenidht wurde. Diese Tatsache wire von Vorteil fiir die Evaluation der
vorhandenen 17BHSD1-Inhibitoren, da auch hier sichergestellt ist, dass die eingesetzten
Verbindungen das Zielenzym prinzipiell hemmen konnen. Ein Nachteil dieses Modells ist

jedoch, dass die Induktion der endometriotischen Lésionen in der Maus artifiziell ist.
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Abbildung 20: CLUSTAL 2.0.10 Multiples Sequenzalignment der 17fHSD1-Sequenzen der Spezies
Mensch (HUMAN), Schimpanse (PANTR), Ratte (RAT) und Maus (MOUSE); gelbe Markierung:

unterschiedliche Aminosduren in humanem und Nagerenzymen; rote Markierung: unterschiedliche

Aminosduren

in menschlichem wund Schimpansenenzym;

schwarze Pfeile:

unterschiedliche

Aminosduren der Substratbindungstaschen von menschlichem und Nagerenzym; roter Pfeil:

unterschiedliche Aminosdure in der katalytischen Tetrade in menschlichem und Nagerenzym.
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In den iibrigen Experimenten sind Speziesunterschiede hinsichtlich der inhibitorischen Aktivitit
der entwickelten Inhibitoren in Betracht zu ziehen. Sowohl das Skinfoldchamber-Modell
(Menger et al., 2002), welches an unterschiedlichen Nagetieren durchgefiihrt werden kann, als
auch die beiden Primatenmodelle (Einspanier et al., 2006; Yang et al., 2000) sind interessant.
Die Vorteile eines Skinfoldchamber-Versuchs an der Ratte wiren einerseits die Moglichkeit der
intravitalen Kontrolle der bestehenden Lisionen (Laschke ef al., 2005), die geringeren Kosten
und andererseits die Tatsache, dass erste PK-Untersuchungen in der Regel an der Ratte
durchgefithrt werden. Die Primatenmodelle sind dagegen wegen ihres naturnahen
experimentellen Designs attraktiv. Um ein geeignetes Modell auswihlen zu konnen, muf3
jedoch gepriift werden, ob die zu testenden Inhibitoren am Enzym der zur Auswahl stehenden
Spezies aktiv sind. Dies wirft zunichst die Frage nach Aminosiureidentitit und -homologie der
17BHSD1 der potentiellen Versuchstiere mit dem humanen Protein auf.

Abbildung 20 zeigt das Alignment des humanen Enzyms mit denen der iiblichen Labortiere
Ratte (Rattus norvegicus), Maus (Mus musculus) sowie mit dem des Schimpansen (Pan
troglodytes) als Vertreter der Primaten. Dabei féllt auf, dass humanes und Schimpansenenzym
sich lediglich in der Aminosédure 122 unterscheiden (rote Markierung), wo das Methionin im
humanen Enzym gegen Valin ausgetauscht ist. Da diese Aminosdure nicht direkt in der
Substratbindetasche liegt (vgl. Abbildung 10), ist die Wahrscheinlichkeit hoch, dass
Verbindungen, welche das humane Enzym kompetitiv hemmen, auch am Schimpansenprotein
Aktivitét zeigen. Vergleicht man dagegen Mensch- und Nagerenzyme, so findet man wesentlich

groBere Unterschiede in den Aminosiduresequenzen (gelbe Markierungen).

Tabelle 5: Aminosdurenhomologien und -identititen der 17BHSDI1 unterschiedlicher Spezies

verglichen mit dem humanen Enzym (gesamte Sequenz).

Spezies Homologie [ %] Identitdt [ %]
Schimpanse 98,5 98,5
Ratte 87 70,8
Maus 77 69,1

Die aus dem Alignment resultierenden Proteinhomologien und -identitéiten sind in Tabelle 5
zusammengefasst. Dabei ergibt sich fiir den Primaten eine Aminosédureidentitit von 98,5 %.
Dagegen sind die die Identitdten zwischen menschlichem und Nagetierprotein mit 70,8 % fiir
die Ratte und 69,1 % fiir die Maus nur miBig. Vergleicht man die Aminosduren der
Substratbindungstaschen von humanem und Nagerenzym, so findet man ebenfalls gravierende
Unterschiede. Von 14 relevanten Aminosduren in der Substratbindungstasche (vgl. Kapitel
1.2.3) unterscheiden sich sieben (schwarze Pfeile), von denen sogar eine zur katalytischen

Tetrade gehort (roter Pfeil). Dies gilt sowohl fiir das Maus- als auch fiir das Rattenenzym.
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Damit besteht das Risiko, dass die Inhibitoren der humanen 17BHSD1 am Nagerenzym weniger
oder sogar inaktiv sind. Um dies zu iiberpriifen, wurden zwei Tests entwickelt, welche geeignet
sind, um die Hemmung der E1-Reduktion bzw. der E2-Oxidation durch Enzympriparationen
aus Rattenlebergewebe zu beurteilen (Kruchten et al., 2009b). Insbesondere im Hinblick auf die
Testung der Hemmstoffe im Skinfoldchamber-Modell sind diese Untersuchungen von hohem
Interesse.

Im Ergebnis konnten Verbindungen gefunden werden, welche die reduktive Reaktion in einem
akzeptablen Ausmall zu hemmen vermogen. Jedoch wurde in diesen Fillen auch die Oxidation
des E2 inhibiert. Somit stehen am Rattenenzym aktive aber nicht selektiver Verbindungen zur
Verfiigung.

Entsprechende Untersuchungen am Maus- oder Affenenzym wurden bisher nicht durchgefiihrt.
Da aus dem Alignment jedoch abzuleiten ist, dass das Primatenenzym dem humanen wesentlich
dhnlicher ist als die Nagetierproteine, wire es interessant, die entwickelten Verbindungen auf
ihre Wirksamkeit am Affenenzym zu testen. Dabei ist zu beachten, welche Primaten fiir ein
Endometriosemodell in Frage kommen. Da bisher in relevanten Primatenexperimenten lediglich
WeibBbiischelaffen oder Javaneraffen als Modellorganismus beschrieben wurden, scheint es
sinnvoll, #hnliche Untersuchungen an diesen Spezies durchzufiihren. Entsprechend der
Ergebnisse, kann dann entschieden werden, ob ein proof of concept in einem der

Primatenmodelle anzustreben ist.

4.3.2 17BHSD2 — ein neues Target in der Osteoporosetherapie?

Osteoporose ist eine Erkrankung des Knochens, welche gekennzeichnet ist durch eine
Verringerung der Knochensubstanz. Der Abbau der Knochensubstanz entsteht durch ein
Ungleichgewicht der Aktivitit der Knochenzellen, durch welches die Osteolyse beschleunigt
ablduft. Durch die verringerte Knochenmasse steigt die Wahrscheinlichkeit von
Krankenhausaufenthalten, welche durch Frakturen verursacht werden. Die durch Hiiftfrakturen
hervorgerufenen Krankenhausaufenthalte enden laut WHO in ca. 20 % der Fiille letal’.

Die hochste Abnahme der Knochendichte findet bei Frauen im Alter zwischen 50 und 55 Jahren
statt (Berger et al., 2008). In ca. 80 % der Osteoporosefille handelt es sich um postmenopausale
Frauen und ca. 30 % der Frauen nach der Menopause entwickeln diese Krankheit. Diese
Tatsache ist damit zu erkldren, dass postmenopausal der E2-Spiegel im Blut stark absinkt. Das
pridmenopausal in hoherer Konzentration vorhandene E2 wirkt sowohl auf die Osteoblasten als
auch auf die Osteoclasten. In den Osteoblasten iibt E2 mitogene und proliferationsférdernde
Effekte aus, indem es die Expression des Wachstumshormonrezeptors erhoht. Damit wird der

Knochenaufbau durch die Osteoblasten gefordert. Dagegen wird die Aktivitédt der Osteoclasten
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durch E2 vermindert und ihre Apoptose gefordert (Turner ef al., 1994). Somit bremst E2 die
Osteolyse (Abbildung 21A).

A s B P~s
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Abbildung 21: Einflup von E2 auf die Aktivitit von Osteoblasten und Osteoclasten. A.
prdmenopausales Gleichgewicht der Knochenzellaktivititen unter dem Einfluff hoher E2-Blutspiegel.

B. postmenopausal gestirtes Gleichgewicht der Knochenzellaktivititen durch verringerte E2-Spiegel.

Die Abnahme der E2-Plasmaspiegel in der Menopause triagt ma3geblich zur Pathogenese der
Erkrankung bei. Durch die verminderte Verfiigbarkeit des E2 sind die positiven Effekte auf die
Osteoblastenaktivitit und die negative Wirkung auf die Osteoclastenaktivitit herabgesetzt
(Abbildung 21B). Daneben wird durch die geringere Konzentration von E2 im Knochen die
Bildung von IL-1, IL-6 und Tumornekrosefaktor-a (TNF-a) erhoht. TNF-o wiederum regt die
Osteoklastendifferenzierung an, was zu einer weiterhin erhdhten Osteolyse fiihrt (Compston,
2001; Jerome et al., 1997). Dies wird auch dadurch bestitigt, dass bei Frauen iiber 65 Jahren der
E2-Spiegel mit der Knochendichte korreliert. AuBerdem kann dem verstirkten,
postmenopausalen Knochenabbau durch Estrogenersatz vorgebeugt werden (Harris et al.,
2002).

Nicht nur die Ovarien sind Quelle des im Knochen vorhandenen E2. Auch die 17BHSD1 sowie
CYP19 tragen in den Knochenzellen selbst zur Aufrechterhaltung der E2-Konzentration in den
Osteoblasten bei. Ebenso wird die 17BHSD2, welche E2 zu El inaktiviert, in Osteoblasten
exprimiert (Dong et al., 1998; Janssen et al., 1999; Purohit et al., 1992). Damit wird der
intrazelluldre E2-Spiegel in diesen Knochenzellen intrakrin moduliert. Ein neuer, schonender
Ansatz zur Erhohung der E2-Konzentration im Knochen wire deshalb die Inhibition der
17BHSD2 (Abbildung 22). Die Bedeutung der 17BHSD2 in der Pathogenese der Osteoporose

wird auch dadurch untermauert, dass transgene Miuse, in denen die 17BHSD?2 iiberexprimiert
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ist, charakterisiert sind durch ein niedrigeres Gewicht, verringerte Knochenmineraldichte und

retardiertes Wachstum (Shen et al., 2008).

OQvarien
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Abbildung 22: Konzept der 17FHSD2-Inhibition als moglicher Ansatz zur Privention und/ oder

Therapie der postmenopausalen Osteoporose.

Durch die Hemmung der Inaktivierung des Hormons bei gleichzeitiger ungebremster Synthese
durch CYP19 und die 17BHSDI ist eine Anreicherung zu erwarten. Dadurch konnten die
positiven Effekte des lokal erhohten E2-Spiegels ausgenutzt werden, wéahrend die
Nebenwirkungen einer Hormonersatztherapie moglicherweise umgangen werden kénnen.

Im Rahmen der Dissertation wurden auch bereits Strukturen identifiziert, welche die 17HSD2
inhibieren und sogar moderate Selektivitit gegeniiber der 17BHSD1 aufweisen. Diese konnten
als Basis fiir die Entwicklung hochaktiver und selektiver Inhibitoren der 17BHSD2 genutzt
werden. Auch die bereits etablierten Tests beziiglich ER-Affinitdt, Estrogenizitit, CYP-

Inhibition konnten zur Auffindung und Beurteilung geeigneter Inhibitoren genutzt werden.
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5 ZUSAMMENFASSUNG

Im Rahmen der Entwicklung selektiver Inhibitoren der 17p-Hydroxysteroid-Dehydrogenase
Typ 1, wurde ein komplexes Screeningsystem aufgebaut, welches sich zur Selektion
vielversprechender Verbindungen sowie zur Ableitung von Struktur-Wirkungsbeziehungen
eignet. Dadurch wurden zwei Leitstrukturen gefunden und hinsichtlich Selektivitit und
Pharmakokinetik optimiert. Die sequentielle Kombination der einzelnen Tests fiihrte zur
rationellen Identifizierung von Verbindungen, deren Eigenschaften einen Versuch zur
Targetvalidierung erlauben.

Deshalb wurden Aktivitit und Selektivitit ausgewihlter Verbindungen am Rattenenzym
evaluiert. Dazu wurden Leberpriparationen auf ihre altersabhidngige Fihigkeit hin untersucht,
E1 und E2 ineinander umzuwandeln. Es wurde eine signifikante Abnahme der E2-Produktion
mit steigendem Alter festgestellt. Die Préparationen wurden zur Etablierung zweier Tests auf
Inhibtion der Estrogenkonversion genutzt, durch welche Hemmstoffe der E2-Produktion
identifiziert wurden.

In einem Zellkulturversuch wurden selektierte Verbindungen auf ihre Fahigkeit zur
Modulierung der estrogenabhiingigen Proliferation hin untersucht. Die gefundene, selektive
Inhibition der durch E1 stimulierten Proliferation bei gleichzeitig unbeeinflusstem, E2-
induzierten Wachstum untermauert den Ansatz der 17BHSDI1-Inhibiton zur Therapie des
Mammakarzinoms. Damit wurden eine erste Targetvalidierung erbracht, wirksame Inhibitoren

identifiziert und die Effizienz des Screeningsystems gezeigt.
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6 SUMMARY

A complex screening system was developed for the identification and optimisation of selective
17B-Hydroxysteroid-Dehydrogenase type 1 inhibitors. Compounds were designed, synthesised,
and after testing active structures were identified. Elucidation of the structure-activity-
relationships resulted in the identification of two lead structures which were further optimised.
The rational combination and sequential application of the single tests led to an efficient
identification of compounds suitable for target validation.

Persuing this issue, activity and selectivity evaluation in rats were performed. Therefore, the age
dependent ability of rat liver preparations to convert E1 into E2 or vice versa was investigated.
E2-production was found to be reduced in the aged rats. Having shown both activities the liver
preparations were used for the development of two inhibition tests. Applying these assays active
inhibitors of E2-production were identified.

For target validation, inhibitors selected in the screening assay were investigated in a cell
culture experiment. Their ability to modulate estrogen-dependent growth was shown. El-
induced proliferation was selectively reduced by simultaneous inhibitor-addition. In contrast,
E2-mediated growth was not affected. This supports the approach of 17BHSD1-inhibition as
therapy option for breast cancer. Thus, a first target validation was performed, effective

inhibitors were identified and the efficiency of the screening system was shown.
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7 ANHANG

7.1 Abkirzungsverzeichnis

17BHSD 17B-Hydroxysteroid-Dehydrogenase
3BHSD 3B-Hydroxysteroid-Dehydrogenase
Adion Androstendion

AKR Aldo-Keto Reduktase

AUC area under the curve

CC Sdulenchromatographie

CD;0OD deuteriertes Methanol

CDCl, deuteriertes Chloroform

CO cardiac output

COX Cyclooxygenase

CYP Cytochrom P450

CYP11A1 side chain cleaving enzyme, Desmolase
CYP17 170-Hydroxylase-C17/20-Lyase
CYP19 Aromatase

DCIS ductal carcinoma in situ

DFT density function theory

DHEA Dehydroepiandrosteron

DHEA-S DHEA-sulfat

DHT Dihydrotestosteron

DMEM Dulbecco’s modified Eagle Medium
DMF Dimethylformamid

DMSO Dimethylsulfoxid

El Estron

E1-S El-sulfat

E2 Estradiol

E2-S E2-sulfat

E3 Estriol

EDTA Ethylendiamintetraessigsédure

EGF epidermal growth factor

Eq Aquivalent

ER Estrogenrezeptor

ERE estrogen-responsive element

ESP elektrostatisches Potential

FCS fetales Kélberserum

FSH Follikelstimuliernders Hormon, Follitropin
GA genetischer Algorithmus

GnRH Gonadotropin Releasing Hormon

HAP Hydroxyapatit

Her2/neu human epidermal growth factor receptor
HERS Heart and Estrogen/ Progestin Replacemant Study
HPLC high performance liquid chromatography
HR heart rate

HRT Hormonersatztherapie

HSD Hydroxysteroid-Dehydrogenase

IBC invasiver Brustkrebs

IGF-1 insulin-like growth factor
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IL-1B
IL-6
IL-6-SR
LH
MAP
MEP
MHC
MISS
MTT
NAD*
NADH
NADP*
NADPH
Ovx
PAGE
PAMPA
PCNA
PDB
PDWA
PGE,
PK
RBA
RIA
SAP
SAR
SDR
SDS
SERD
SERM
SHR
StAR
SV

T

TE
TEER
TLC
TNF-a
VEGF
WHI
WHO

Interleukin 1

Interleukin 6

Interleukin 6 soluble receptor

Luteinisierendes Hormon, Lutropin
mitogen-activated protein

molecular electrostatic potential

myosin heavy chain protein
membrane-initiated steroid signalling
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid
Nicotinsdureamid-Adenin-Dinukleotid
Nicotins6ureamid-Adenin-Dinukleotid (reduzierte Form)
Nicotinsdureamid-Adenin-Dinucleotidphosphat
Nicotinsdureamid-Adenin-Dinucleotidphosphat (reduzierte Form)
ovariektomiert
Polyacrylamid-Gelelektrophorese

parallel artificial membrane permeability assay
proliferating cell nuclear antigen
Proteindatenbank

proliferative disease without atypia
Prostaglandine E,

Pharmakokinetik

relative Bindungsaffinitit

Radioimmunoassay

systolic blood pressure
Struktur-Wirkungsbeziehung

Short-Chain Dehydrogenase/ Reduktase
Natriumdodecylsulfat

selektiver Estrogenrezeptor Downregulator
selektiver Estrogenrezeptor Modulator
spontaneously hypertensive rats

steroidogenes akutes regulatorisches Protein
stroke volume

Testosteron

Tris-EDTA

transepithelialer elektrischer Widerstand
Diinnschichtchromatographie
Tumornekrosefaktor-a

vaskulédrer endothelialer Wachstumsfaktor
Women's health initiative
Weltgesundheitsorganisation
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