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Summary

Estrogens, in particular estradiol (E2) play an important role in estrogen-dependent diseases
(EDDs), such as non-small-cell lung cancer (NSCLC) and endometriosis. 17B-Hydroxysteroid
dehydrogenase type 1 (17p-HSD1) is frequently expressed in NSCLC tissues, leading to cancer
development and progression. Thus, the first objective of this study (chapter 3.1) is the
development of a novel series of highly potent non-steroidal, selective 173-HSD1 inhibitors in
order to enhance the treatment of NSCLC. This section of the study showed that 173-HSD1 is
a promising therapeutic target for NSCLC, providing new avenues for the treatment of this
lethal cancer. Steroid sulfatase (STS) and 17p-HSD1 are promising targets for the treatment of
endometriosis because they limit estrogen formation mainly in the target cells, leading to fewer
side effects. Thus, the second part of the study (chapter 3.2) aims at developing dual inhibitors
of STS and 17B-HSD1, which provide a novel treatment option. The synthesized sulfamates
should be drugs for inhibition of STS, and prodrugs for 17p-HSD1 inhibition. The most active
compounds of this part showed nanomolar 1Cso values for STS in cellular assays and their
corresponding phenols displayed potent 178-HSD1 inhibition in cell-free and cellular assays as
well as high selectivity over 17p-HSD2. These findings suggest that the “drug-prodrug concept”
has been applied successfully (chapter 3.2).
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Zusammenfassung

Estrogene, insbesondere Estradiol (E2), spielen eine zentrale Rolle bei Estrogen-abhangigen
Erkrankungen (estrogen-dependent diseases, EDD) wie nicht-kleinzellige Bronchialkarzinome
(non-small-cell lung cancer, NSCLC) und Endometriose. 17p-Hydroxysteroid Dehydrogenase
Typ 1 (17p-HSD1) ist in NSCLC-Gewebe hdufig Uberexprimiert und tragt zu Tumorentstehung
und-wachstum bei. Das erste Ziel dieser Arbeit war daher die Entwicklung von neuartigen und
hochpotenten, nicht-steroidalen 173-HSD1 Inhibitoren als potenzielle NSCLC-Therapeutika
(Kapitel 3.1). Die Daten zeigen, dass 17p-HSD1 ein vielversprechendes Target darstellt, das
neue Maoglichkeiten in der NSCLC-Therapie eréffnen kann. Steroid Sulfatase (STS) und 17p-
HSD1 sind vielversprechende Wirkstofftargets zur Behandlung der Endometriose, da sie die
E2-Produktion lokal im erkrankten Gewebe reduzieren, was im Vergleich zu systemischen
Therapien zu weniger Nebenwirkungen flhren sollte. Gegenstand des zweiten Teils der Arbeit
(Kapitel 3.2) war die Entwicklung von dualen Inhibitoren von STS und 17B-HSD1. Die so
synthetisierten Sulfamate sollten Drugs fir die Hemmung von STS und gleichzeitig Prodrugs
fur die Hemmung von 17p-HSD1 darstellen. Die aktivsten Verbindungen dieses Teils zeigten
nanomolare ICso-Werte flr STS in zelluldaren Assays und ihre entsprechenden Phenole zeigten
eine starke 17p-HSD1-Hemmung in zellfreien und zelluldaren Assays sowie eine hohe
Selektivitdat gegeniiber 17B-HSD2. Die Daten belegen, dass das verfolgte “Drug-Prodrug-

Konzept” der dualen Hemmstoffwirkung erfolgreich umgesetzt wurde (Kapitel 3.2).
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Introduction 1

1. Introduction

1.1 Steroid sex hormones

Steroid hormones are lipophilic, cholesterol-derived molecules. Cholesterol has the
cyclopentanoperhydrophenanthrene nucleus (steroid core) as the basic structure with three rings

of cyclohexane (A, B and C) and a ring of cyclopentane (D) as shown in Figure 1.

HO

Figure 1: Structure of cholesterol showing ring identification system (A-D) and standard

carbon numbering system (1-27).

Steroid hormones can be classified into two categories: corticosteroids (synthesized in adrenal
cortex) and sex steroids (synthesized in gonads or placenta). According to the receptors to which
they bind, they can be subcategorized into five classes: glucocorticoids, mineralocorticoids
(both corticosteroids), androgens, estrogens and progestogens (sex steroids) 2. Androgens
(male sex hormones) including androstenedione (A4) and testosterone (T) are produced
predominantly in the testes, while dihydrotestosterone (DHT) is mostly formed in the prostate.
Estrogens (female sex hormones) including estradiol (E2) and estrone (E1) are mainly formed
in the placenta and ovaries. Sex steroids are important hormones for the proper growth and
function of the body; they control sexual differentiation, and patterns of sexual activity. The
potency of these hormones is facilitated by the action of different enzymes. Sex hormones are
secreted through two mechanisms: firstly, an endocrine mechanism, which generates the active
hormones in certain glands and transfers them through blood circulation to the target tissues to
exert their effects; and secondly, by an intracrine mode of action, which requires certain
hormones to be secreted within target cells without releasing them into the pericellular

compartment 3.

1.2 Estrogens, the female sex hormones

1.2.1 General



Introduction 2

Estrogens are females' main sex steroid hormones. In 1929, Edward Doisy and coworkers
successfully crystallized estrone from urine extracts of pregnant women 7. This was followed in
1936 by the discovery of estradiol. These two discoveries had a significant effect on the area of
endocrinology. Estrone (E1), 17B-estradiol (E2) and estriol (E3) are the three estrogens present
in the body and the most potent and effective one in women of reproductive age is E2. E3,
which evolved from El by 16 a-hydroxylation, is the least potent estrogen, but is formed in
high concentrations by the placenta during pregnancy, where it plays a greater role. In
postmenopausal women, E1 is the most relevant estrogen and produced from
dehydroepiandrosterone (DHEA) in the adipose tissue . Figure 2 displays the structures of E1,
E2, and E3.

-1OH

HO HO HO

Estrone Estradiol Estriol
(E1) (E2) (E3)

Figure 2: Structures of the estrogens in the body °.

1.2.2 Biosynthesis of estrogens

The pathways involved in the biosynthesis of estrogens from cholesterol are illustrated in Figure
31011 The first step is the production of pregnenolone from cholesterol through the action of
the side-chain cleavage enzyme (SCC), CYP11A1, which takes place in the mitochondria 2.
So, cholesterol has to be transferred by a cholesterol carrier protein, StAR (steroidogenic acute
regulatory protein), into the mitochondria before the first step occurs. 3f-hydroxysteroid
dehydrogenase type 2 (3- HSD2) activates the conversion of pregnenolone to progesterone by
the dehydrogenation of the hydroxyl group at C-3 of pregnenolone, giving a keto group, and
the migration of the double bond from C-5-C-6 to C-4-C-5 (product, progesterone) 3. The
bifunctional 17a-hydroxylase/17,20 lyase (CYP17Al) transforms pregnenolone into
dehydroepiandrosterone (DHEA) or progesterone into androstenedione (A4) 3. DHEA can be
transformed quickly by 3p-HSD2 to androstenedione (A4) or by (17-HSD 1 and 5) to

androstenediol (Adiol).


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dehydrogenation
https://www.sciencedirect.com/topics/medicine-and-dentistry/hydroxyl-group

Introduction 3

21
“. 0022 24 26 o)
° ! CYP11A1
—_—
HO 5% HO
4
Cholesterol Pregnenolone (P5)
CYP17A1 l l 3p-HSD2
o) 0 o)
STS
SULT
HO _
Dehydroepiandrosterone Dehyﬁr?epgzcljzrggtesrone 0
(DHEA) sulfate ( -S) Progesterone (P4)
17B-HSD || 17p-HSD %
2,4 1,5 o, CYP17A1
O

HO5SO o

Androstenediol Androstenediol

Androstenedione (A4)

(Adiol) sulfate (Adiol-S)
CYP19A1
3p-HSD2
0]
OH
%/\«\5% HO
\1\ N Estrone
C ) E1
“; OH AN
Testosterone b“% STS | SULT1EA1
2Ly 0]
HO
Estradiol HO,;SO
(E2) Estrone sulfate
(E1-S)

Figure 3: Pathway for estrogen biosynthesis from cholesterol .
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Both A4 and Adiol are further converted to testosterone by 17p-HSD 3 and 5 and 3p-HSD?2,
respectively *>2!, Testosterone is then transformed by the aromatase enzyme (CYP19A1) into
estradiol (E2). Furthermore, A4 is formed in the ovarian theca cells that surround the developing
follicles and then transferred to the granulosa cells in the follicles, where it is converted to the
weakly active estrogen, estrone (E1) by aromatase (CYP19A1), and then 17p-HSD1 mediates
the catalysis of E1 to the most potent estrogen, estradiol (E2) 6. In premenopausal women,
circulating E2 is produced primarily by the ovaries 2> and moved to the target organs such as
the mammary glands through circulation. The pregnenolone to estrogen pathway can be divided
into two specific steps, each occurring in specialized ovarian follicle cells: the synthesis of
androgens in the theca cells and the transformation of androgens into estrogen in the granulosa

cells, as shown in Figure 4 8 %,

Thecal cell Granulosa cell
Cholesterol Cholesterol
E LCYP11A1 : E lCYP11A1 !
| . |
1 o ]
5 LSB—HSDZ |8 lBB—HSD !
: . GEJ !
| (Progesterone ] =< = | T—

: Vel

; +CYP17A1 CE]

1 1 n

. S

! 17-HSD | |®|

' (anrogens ) H=(Androgers )

: : E lCYP19A1 5
E E Estradiol

Figure 4: Cell-specific estrogen synthesis in the ovary 8.

After menopause, the ovaries become atrophied and fail to work and estrogens are mainly
produced by peripheral tissues e.g., endometrium, placenta, adipose tissue, brain, liver, and skin
8,22 These tissues convert the inactive sulfated forms E1-S, DHEA-S and Adiol-S to their free

parents by the action of the steroid sulfatase enzyme (STS).
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1.2.3 Regulation of production

Estrogen production is regulated by gonadotropins, luteinizing hormones (LH) and follicle
stimulating hormone (FSH) 2. For premenopausal women, estrogen production is accompanied
by monthly periods during which an ovum is released. Each cycle consists of follicular and
luteal phases corresponding to the pre- and postovulatory phases 2. The gonadotropin-release
hormone (GnRH) secretion from the hypothalamus triggers LH and FSH release during the
follicular process, which, in turn, stimulates ovarian output of estrogen and induces endometrial
proliferation.

As the estrogen level peaks, FSH secretions are blocked and a beneficial feedback loop is
activated where estrogen stimulates the anterior pituitary gland to release LH. This contributes
to a rise in LH that induces ovulation and marked the transition into the period luteal level. The
developed empty follicles mature into what is known as the corpus luteum, which secretes E2
and progesterone. The secretion of LH and FSH is disrupted by negative feedback as the amount
of both hormones increases. The corpus luteum regresses without continued stimulation by LH,
and the secretion of progesterone and E2 decreases. Consequently, this triggers the release of

LH and FSH and the start of a new cycle.

1.2.4 Estrogen receptors and mode of action

Two receptors of estrogens, ERa and ERp, are known as nuclear transcription factors activated
by estrogens 2%°. ERa. is the most common subtype, and usually expressed in cervix, breasts,
vagina, and several various extra destined organs, whereas ERB exhibited more restricted
patterns of expression, and detected mainly in ovaries, prostates, testis, spleen, endometrium,
and lung *!. The ER is the main mediator of estrogen action in these target organs and tissues,
which normally influences target cell growth and differentiation 2. When an estrogen binds, it
creates a conformational shift within the ER that enables the receptor monomers to be dimerized
33, The homodimer then binds the estrogen response elements (ERES) in DNA binding sites.
The DNA binding receptor stimulates (up-regulation) or represses (down-regulation) the
expression of the gene of interest. This mechanism is called the ERs genomic signaling pathway
29, Figure 5 provides a graphical depiction of these steps.
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Figure 5: Genomic signaling pathways of estrogen and its mode of action: (1) cell membrane
diffusion of E2; (2) development of the ER-steroid complex (ER-E2); (3) conformational
changes and complex dimerization; (4) regulatory gene transcription; (5) the synthesis of

regulatory proteins (Figure revised from 4).

1.2.5 Actions of estrogens

Estrogens are associated with the natural production and growth of the female reproductive
system, breast development and the conventional female form of the body. E2 promotes
granulosa cell proliferation and follicle growth in the ovary 3%, In the uterus, E2 controls the
cyclic development of the endometrium in conjunction with progesterone® and promotes the
development of breast epithelium 3% %°. Moreover, estrogen and progesterone are essential for
sustaining pregnancy and fetal growth #1: 42, Estrogens also have an effect on a variety of other
physiological processes: for example, in the skeleton, estrogens are essential for adult women
to sustain bone mass by balancing osteoblasts and osteoclasts ** 43, Furthermore, several studies
have demonstrated the role of estrogen in the cardiovascular 4, central nervous 9, and

immune systems *°,

1.3 Estrogen-dependent diseases

1.3.1 General

The different vital physiological functions of estrogens are closely linked with the initiation and

development of many diseases once a misbalance in the estrogen levels occurs °*. These diseases
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are known as estrogen dependent diseases (EDDs), that include various kinds of female cancers
52: preast %> %, endometrial > ¢ and ovarian %" % cancers. Endometriosis * ¢, non-small cell
lung cancer (NSCLC) %1% and osteoporosis 6% are general diseases that are closely associated
with females' estrogen.

1.3.2 Non-small cell lung cancer (NSCLC)

Lung cancer (LC) is the world's largest cause of cancer death ®°. The two most common types
of lung cancer are small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). The
latter is the major type of LC in women, and is responsible for 85% of all LC cases. It is one of
the most fatal human cancers, despite comprehensive research efforts for new treatments. While
smoking is still the leading cause of LC and the lung is historically not considered to be an
objective tissue for sex hormones, many studies have found variations in LC pathogenesis
between the sexes '% 71, These findings indicate that estrogens may play an important role in the
development of LC. According to some studies, women are more vulnerable to the adverse
effects of smoking 7274, since smoking has been shown to increase the expression and function
of cytochrome P450 family 1 subfamily B member 1 (CYP1B1) in the lungs ’°, potentially
leading to the development of 2- and 4-catechol estrogens, which can be transformed to toxic
metabolites and mediates DNA damage "® 7. Furthermore, E2 can increase in vitro and in vivo
development of lung cancer cells "8 7, In vitro, E2 can stimulate the secretion of growth factors
such as vascular-endothelial growth factor (VEGF) and epidermal growth factor (EGF) in both
lung cancer cells and normal lung fibroblasts "2, In addition, estrogen receptors (ERS), as well
as amembrane G protein-coupled ER (GPER) were found in NSCLC tumors in several studies,
regardless of sex ® 79818 Estrogen can act through these receptors and contribute to cancer
development and progression %%, Niikawa et al found high levels of E2 in LC tissues in
patients with NSCLC, suggesting local biosynthesis of estrogens during LC development .
Also, it was shown that increased E2 levels in LC tissues are associated with enhanced
expression of aromatase, which transforms A4 into estrone (E1) and testosterone to E2 & 87,
Exemestane, an aromatase inhibitor, has been tested in preclinical experiments, and the results
have been promising . According to recent research 8-°!, 178-HSD1 and 17B-HSD2 are
overexpressed in NSCLC which contribute to the tumor growth and development: the first is
by catalyzing E1 into E2 and the second is by triggering the reverse reaction, which protects
against an excess of E2. Also, the expression of 173-HSD1 in NSCLC tissues was higher
compared with matched, histopathologically unaltered specimens °> %', Because E2 is so

important in the progression of NSCLC, interfering with E2 synthesis intratumorally has been
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proposed as a treatment option and recently, 17p-HSD1 became a new drug target for NSCLC

treatment.

1.3.3 Endometriosis

1.3.3.1 General

Endometriosis is a gynecological condition caused by the existence of endometrial tissue
outside the uterus, usually on the ovaries (ovarian endometriosis), pelvic peritoneum (peritoneal
endometriosis), and uterosacral ligaments, and in vesico-uterine fold and the rectovaginal
septum °2°4, It is a serious disease, sometimes correlated with pelvic pain and infertility %, and
can contribute to deformation of the pelvic anatomy and extensive pelvic adhesions which
negatively impacts the quality of life and productivity at work . Initially, endometriosis was
largely considered as a benign disease *7. Nowadays, it is considered to be a neoplastic disease
that may grow into a specific type of invasive ovarian cancer % %, It is believed that 6 to 10
percent of the endometriotic cases are in premenopausal women, while occurrence increases up
to 50 percent in cases of women with infertility 9. Estrogens have been found to play a key role
in the development and maintenance of endometriosis *%. In the development of E2 related
endometriosis, regulation of sex hormones producing enzymes has an important role. Over-
expressions of aromatase, STS, 17B-HSDI, and deficiency of 17B-HSD2 are found in

endometriotic tissues, which may contribute to an accumulation of E2 101,

1.3.3.2 Etiology and pathogenesis of endometriosis
Many hypotheses have been proposed to clarify the pathogenesis of endometriosis. To date,

however, none of these hypotheses can integrate all phenomena related to the development and
evolution of this disease. Rather, the pathology of endometriosis appears to be a complex
interaction of the factors described in the various theories. The one with the widest acceptance
is the transplantation theory of Sampson %2 which states that the condition arises from the
movement of endometrial tissue into the peritoneal cavity through fallopian tubes (retrograde
theory) 1% 104 There is also another hypothesis called coelomic metaplasia theory, which
assumes that disease is thought to develop as a result the metaplasia of cells lining the abdominal
peritoneum under the influence of hormones, growth factors, inflammatory and stimuli from
undifferentiated celomic epithelial cells 1%, The discovery of endometrioma in a woman with
Rokitansky—Kster—Hauser syndrome who lacked a uterus, supports the coelomic metaplasia
theory 1% 1% Following the implantation of the endometrial lesion in the surface of the
peritoneum or the ovaries, an inflammatory reaction is triggered, and is followed by adhesion

to tissues, fibrosis, neuronal infiltration and anatomical distortion resulting in pain and
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infertility 9 %, Also, there are positive feedback loops in endometrial tissue for E2 and

107

prostaglandin synthesis **/, as shown in Figure 6.

Arachidonic acid
l COX-2=-.

: Inflamation 28 I

@::> :Growth

Ovary ] Androgens Aromatase
Adrenal

Endometriotic lesion

Figure 6: The positive feedback loop for the formation of estrogen and prostaglandin in
endometriotic lesions. StAR, steroidogenic acute regulatory protein; COX-2, cyclooxegenase-

2; PGE,, prostaglandin E. (Figure revised from 1°7).

High levels of E2 in the endometriotic lesions promote cell proliferation and growth of
endometriotic tissue and, on the other hand, induce type 2 cyclooxygenase (COX-2) 1%, COX-
2 activation results in increased prostaglandin (PGE>) biosynthesis, which mediates both pain
(inflammation) and infertility 1%. In endometriotic lesions, PGE: is a strong stimulator of StAR
and aromatase and also increases 3B-HSD2, CYP11A1, and CYP17A1 expressions 1021 This
offers a positive feedback loop for the continued formation of estrogen and prostaglandin in

endometriosis 1%,

1.3.3.3 Treatment options of endometriosis
Endometriosis is diagnosed during pelvic exams, like gynecological examinations,

laparoscopy, CT and MRI scans 1%, Present treatment choices include surgical removal of
endometrial lesions and/or pharmacological therapy. Both give only a temporary pain relief,
and recurrence happens in most cases after treatment is interrupted. Medical therapy includes
analgesics, hormonal contraceptives, progestogens, anti-progestogens, and endocrine therapy
(GnRH receptor agonists and aromatase inhibitors) %2 9111113 The first line of pharmacological

treatments for this disease are non-steroidal anti-inflammatory drugs (NSAIDs) because they
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relieve dysmenorrhea, but their use is limited to those who have extreme endometriosis because
of the potential adverse effects which may appear *'* 1'°, Progestogens, antiprogestogens, and
hormonal contraceptives act by regulating the amount of menstrual secretions and relieving
menstrual pain, but they have no effect on the progression of the disease. The goal of endocrine
therapy is to suppress biosynthesis of E2, but its use is limited to 6-9 months due to the
developed side effects associated with low systemic levels of estrogen %> 16, Aromatase
inhibitors could decrease local biosynthesis of estrogens in endometriosis. However, they block
the negative feedback mechanisms of estrogen on the hypothalamic pituitary axis, leading to
dangerous side effects such as a reduced bone mineral mass, so that the hormonal contraception
or GnRH agonists are often paired with them %, When all other choices are unsuccessful,
Danazol, an anterior pituitary suppressant that suppresses the production of gonadotropins, is
added to the protocol but its use is restricted due to extreme hyper-androgenic side effects %. In
conclusion, the current treatment options have significant side effects related to the lowering of
systemic estrogen levels and do not stop the progression of the disease. Therefore, novel drugs
that could repress endometriosis, without impacting the levels of circulating E2, are required.
These therapies are anticipated to exhibit fewer side effects, a better safety profile and a longer
treatment window than the current treatment options. The local biosynthesis of estrogen in

endometriosis and the key enzymes involved will be addressed in detail in the section below.

1.3.4 Local estrogen biosynthesis in endometriosis

1.3.4.1 General
As described before, estrogens are also synthesized in extragonadal sites, such as the kidney,

adipose tissue, skin and brain and the synthesized estrogens remain locally at the site of
production and maintain vital tissue actions by performing paracrine or intracrine functions 8.
The local production of estrogens in extragonadal sites occurs by one of two pathways: the
“aromatase pathway” and the “sulfatase pathway”, in which the precursors of estrogens are
androgens or estrogen sulfates, respectively * 7. Figure 7 provides a description of the 2

pathways.
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Figure 7: Schematic of the aromatase and sulfatase pathways for local estrogen biosynthesis
17 E1-S, estrone-3-sulfate; DHEA(-S), dehydroepiandrosterone (sulfate); Adiol(-S)
androstenediol (sulfate); STS, steroid sulfatase; SULT, sulfotransferase; E1, estrone; E2, 173-
estradiol; 17B-HSD, 17B-hydroxysteroid dehydrogenases; 3B-HSD2, 3[B-hydroxysteroid
dehydrogenase type 2; A4, androstenedione; T, testosterone, AR, aromatase; ER, estrogen

receptor.

1.3.4.2 Aromatase pathway
The enzyme responsible for this pathway is aromatase cytochrome P450 (P450arom), a member

of the cytochrome P450 superfamily, particularly the CYP19 family, located in the endoplasmic
reticulum of estrogen-producing cells''8, Aromatase activates the aromatization of 19-carbon
androgenic steroids to 18-carbon estrogens®'®. Dehydroepiandrosterone sulfate (DHEA-S) and
androstenediol sulfate (Adiol-S) are the inactive hormonal precursors that supply the aromatase
pathway. They are carried into the bloodstream and picked up by target cells where they are
hydrolyzed to DHEA and Adiol by steroid sulfatase (STS) through the hydrolysis of sulfate
group. *?°. DHEA is a precursor to androgens: testosterone (T) and androstenedione (A4), which
are aromatase enzyme substrates '?*. Adiol is structurally an androgen, but functions as an
agonist of the estrogen receptor and hence exerts an estrogenic effect. In addition, it was
proposed that Adiol was the major estrogen present after menopause 22124 and able to boost
breast cancer cell development in vitro *?° and promoting mammary tumors in vivo 26, While
its receptor affinity is weak, high Adiol levels can have an estrogenic effect compared to that of
E2 27, As demonstrated in Figure 7, DHEA and Adiol are transformed to A4 and T,
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respectively, by the action of 3p-HSD2 2. A4 can either be transformed to E1 by aromatase,
from which 17B-HSD1 can form E2, or it can be converted to T by 17p-HSD3, which will be
converted directly into E2 by aromatase 7 12° It was observed that levels of aromatase

expression were highest in ovarian endometriosis 3% 131,

1.3.4.3 Sulfatase pathway
The bulk of synthesized estrogens are transferred by sulfotransferase (SULT) to their

physiologically inert, hydrophilic 3-sulfates and transported to their target tissues in the form
of estrone-3-sulfate (E1S) *2 1%, E1-S has a longer half-life than E2, and hence considered to
be the storage form of estrogens. In the sulfatase pathway, E1S is the most essential precursor
of E2, since it is the most abundant estrogen in women of all ages and men 7. In this pathway,
two enzymes synthesize estrogens from the highly available precursor E1S: steroid sulfatase
(STS) that hydrolyses E1-S into El, and 17B-HSD1 which reduces El into E2 using NADPH as
a cofactor (Figure 7). Therefore, STS and 17p-HSD1, the two enzymes responsible for
transforming EL1S into the strong estrogen E2, are important therapeutic targets for estrogen
depletion strategies. 17p-hydroxysteroid dehydrogenase type 2 (173-HSD2) deactivates E2 to
E1 through oxidation of the 17B-hydroxyl group to a ketone group, and is therefore the
physiological counterpart of 17B-HSD1 *4. Also, when comparing the activity of aromatase
and STS at various stages of the disease, the activity of STS was higher at advanced stages,
while the activity levels of aromatase did not vary significantly ***. Furthermore, both STS and
17B-HSD1, have been shown to be over-expressed in endometriosis relative to normal
endometriotic tissue *°. This showed that the sulfatase pathway is more significant in local

estrogen biosynthesis and in the progression of endometriosis than the aromatase pathway 3%
136

1.4 Sulfatases
1.4.1 General

Sulfatases are esterases that act in the reverse direction of sulfotransferases and catalyze the
sulfate ester hydrolysis in various substrates, such as proteoglycans, conjugated steroids, and
aromatic compounds '%. Seventeen sulfatases have been characterized in humans, (Table
1) 137139 gulfatases are now considered to have functions in various processes such as hormone
regulation, cellular degradation, development of bone and cartilage, intracellular

communication, and signaling pathways 140 141,
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Table 1. Human sulfatases: their substrates and cellular locations (taken from 149)

Sulfatase Name Abbreviation  Location Substrate Ref.
Aryl sulfatase A ARSA Lysosome Cerebroside sulfate 142
Aryl sulfatase A ARSA Lysosome Dermatan sulfate 143

Aryl sulfatase C (Steroid ARSC (STS) ER Steroid sulfates 142
sulfatase)

Aryl sulfatase D ARSD ER Unknown 144

Aryl sulfatase E ARSE Golgi App. Unknown 144

Aryl sulfatase F ARSF ER Unknown 145

Aryl sulfatase G ARSG ER Unknown 146

Aryl sulfatase H ARSH Unknown Unknown 139

Aryl sulfatase | ARSI Unknown Unknown 139

Aryl sulfatase J ARSJ Unknown Unknown 139

Aryl sulfatase K ARSK Lysosome Glycosaminoglycans 147

Galactosamine (N-acetyl)-6- GALNS Lysosome Keratin and Chondroitin sulfate 148
sulfatase

Glucosamine (N-acetyl)-6- G6S Lysosome Heparan and Keratan sulfate 149
sulfatase

N-sulfoglucosamine SGSH Lysosome Heparan sulfate 150

sulfohydroloase

Iduronate-2-sulfatase IDS Lysosome Dermatan and Heparan sulfate 151

Endo sulfatase 1 Sulf 1 ECM Heparan sulfate 152

Endo sulfatase 2 Sulf 2 ECM Heparan sulfate 152

1.4.2 Steroid sulfatase (STS)

1.4.2.1 Structural characteristics

Human steroid sulfatase (E.C.3.1.6.2) is found in almost all mammalian tissues, but often
located in placenta (the richest source of STS), breasts, fallopian tubes, endometrium, ovary,
testis, adrenal glands, brain, kidney, skin, fetal lung, and bone 1°% %, STS is expressed as a
monomeric protein of 63-73 kDA composed of residues of 583 amino acids. The difference in
molecular weight is attributed to the change in glycosylation states on the enzyme at four
potential N-glycosylation sites 42, Dr. Debashis Ghosh, New York, reported the crystal
structure of STS in 2003 (Figure 8) **°.

STS assumes a tertiary structure consisting of a polar globular domain (the head of the
mushroom) and a hydrophobic stem domain (two antiparallel a-helices 8 and 9) resembling a
mushroom's shape. The mushroom (hydrophobic domain) stem is thought to anchor STS into
the endoplasmic reticulum membrane. The active site is located at the base of the polar domain,

close to the top of the two hydrophobic o-helices .
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Figure 8: STS crystal structure revealing the tertiary mushroom-shape structure **°,

1.4.2.2 Biological characteristics
Steroid sulfatase catalyzes the desulfation of steroidal sulfates to produce unconjugated steroids

by hydrolysis of the sulfate group of 3p-hydroxysteroid sulfates, including estrone sulfate (E1-
S), estradiol sulfate (E2-S), and dehydroepiandrosterone sulfate (DHEA-S) (Figure 9) °°,
Sulfated steroid substrates are biosynthesized using 3'-phosphoadenosine-5'-phosphosulfate
(PAPS), which acts as a sulfate donor, through the action of sulfotransferase (SULT) (Figure
9). Sulfated steroids are biologically inert and are not capable of binding to steroid hormone
receptors until the sulfate group is removed by STS. Sulfated steroids have been proposed as a
water soluble and transportable storage reservoir of steroids and thus, serve as the source of
bioactive steroid hormones after their activation with STS. This is confirmed by the observation
that sulfated steroids such as E1-S and DHEA-S are considerably higher in circulating plasma
concentrations than their non-sulfated counterparts, E1 and DHEAY. In comparison, the
plasma half-life of E1-S and DHEA-S is about 10-12 hours, which is slightly longer than the
E1 and DHEA-S half-life of 30-40 minutes 1%,
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Figure 9: Reactions catalyzed by STS %

1.4.2.3 STS and EDDs

STS expression in breast tissue is significantly higher than normal one 3¢ 157: 159,160 ‘ang STS
expression is now used as a prognostic factor in human breast carcinoma 61, STS activity is
around 50 to 200 times greater in malignant breast tissue than aromatase activity. Furthermore,
in endometriotic lesions, the STS enzyme was found to be overexpressed 162163 and the levels
of STS expression were correlated to the severity of the disease 1641, In ovarian endometriosis,
STS mRNA expression was observed to be five times greater than normal endometrium and in
peritoneal endometriosis, STS activity was higher than aromatase activity 3> 162, Also, STS is
upregulated in endometrial carcinoma 671, Moreover, STS inhibitors were shown to slow
the development of endometriotic lesions in a mouse model while keeping E2 levels in the

plasma unchanged 6°.

1.517B-HSDs
1.5.1 General

17B-HSDs are oxidoreductive enzymes that depend on NADPH/NAD® for their activity,
interconverting ketones and the respective secondary alcohols. The principal substrates are
steroid hormones, but certain HSDs are active in the synthesis of various non-steroidal
compounds 17172 |t is reported that there are 15 known types of 17p-HSDs 1317 but only
thirteen have been characterized in human (17p-HSD6 and 173-HSD9 have only been identified
in rodents). The 17p-HSDs belong to two superfamilies of proteins: the protein superfamily of

short-chain dehydrogenase/reductase (SDR) "® and the protein superfamily of aldo-
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ketoreductase (AKR) "7, Except for 17p-HSD5, all 17p-HSDs belong to the SDR protein
superfamily. They can be divided into two categories: (a) reductive enzymes (17B-HSD1, 3, 5,
7, 12 and 15) that catalyze NADP(H)-dependent reduction of active steroid hormones in vivo
and b) oxidative enzymes (17B-HSD2, 4, 6, 8, 9, 10, 11, 13 and 14), which catalyze the NADP"-
dependent oxidation in vivo and hence the inactivation of steroids *’®. 17p-HSDs play an
essential role in the final stages of estrogen and androgen biosynthesis and are expressed
exclusively in the tissues. They've also attracted a lot of attention in recent years as possible
therapeutic targets for steroid-related sex-hormone disorders. Table 2 gives an overview of the
various functions and disease associations for the fifteen 173-HSDs. The various 173-HSDs are

numbered in the order of their discovery.

Table 2. Oxidative and reductive 17p-HSDs (modified and updated from 178-181

SDR Expression .
Cofactor Subcellular . Disease or
Enzyme  nomencl- . pattern Substrate Function Ref.
preference  localization Pathology
ature
Breast
Breast, ovary Estrogens, cancer,
: - ’ 1 A H 182-
7B sprogcr  NADP(H) 0PI rdometrium,  M2™NOT &y production  POSEE
HSD1 cytosol extent cancer,
placenta, lung -
androgens endometriosi
S
Liv
er, Gl tract Breast
breast,
prostate eancer,
’ r 180,
17p- SDROC? Membrane bones, lungs,  Estrogens, E2, T p():;]s;::e 182,
HSD2 NAD(H) bound kidney, androgens  inactivation L e
onER endometriosi
placenta, s
endometrium o
osteoporosis
Membrane Pseudo_h_erma
17p- . . . phroditism 185
SDR12C2  NADP(H) bound mainly testis Androgens T production
HSD3 and prostate
on ER
cancer
Prostate
Estrogens, E2 ngzg;‘i]c}
17B- Breast, liver,  androgens, inactivation, - . - 186
HSD4 SDR8C1 NAD(H)  Peroxisomes  |yng, placenta  bile acids,  oxidation of Bl;‘)tizgzgnal
fatty acids Fatty acids e
v vy deficiency,
. Androgens Breast
17B- Soluble in . Tand E2 ' 187-
AKR1C3 NADP(H Liver, prostate and . rostate
HSD5 H) cytosol P production P 189
estrogens cancer
Not -
17B- . Retinoid 190
HSD6 SDR9C6 NAD(H) Endosomes ch'aracterlzed - metabolism -
in human
Liver, ovar Breast
17p- Membrane breas’t Iuny, Estrogens Cholesterol cancer, 101
HSD7 SDR37C1  NADP(H) bound Iaca’antag, cholegtero’l synthesisand ~ malformation g,
on ER P ' E2 production as CHILD
thymus

syndrome
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E2 and
HSDS8 NAD(H) P ’ androgens . 1aney 196
fatty acid disease
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1.5.2 17p-HSD1

1.5.2.1 Structural characteristics

Human 17p-hydroxysteroid dehydrogenase type 1 (EC 1.1.1.62) has a molecular weight of 34.9
kDa and it contains 327 amino acid residues %!°. The enzyme is commonly expressed in
endometrium, breast, ovaries, placenta, breast tissues, skin, and adipose tissues. The first
crystallization of human estrogenic 173-HSD1 was published by Zhu and co-workers in 1993
211 In 1995, the first three-dimensional X-ray structure of 17p-HSD1 was reported 212, Since
then, 22 17B-HSD1 structures have been added to the protein data bank (PDB) 213 214 as crystal
structures with estrogenic 2>2%8 androgenic 21°-??! ligands or with steroid-based inhibitors 22>
223 This led to a description of the enzyme's substrate and cofactor binding cavities at the atomic
level and a thorough explanation of its mode of action 217220224 Hyman 17p-HSD1 is a part of
the SDR family and is a soluble cytosolic homodimer. 173-HSD1 has a core structure made up

of a seven-stranded parallel B-sheet (BA to BG) surrounded by six parallel a-helices (aB to aG),
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three on either side of the p-sheet (Figure 10). The protein structure typically forms into two
segments: the first segment, BA to BF, is a classic Rossmann fold, responsible for cofactor
binding; the second segment, BD to BG, is partially in the Rossmann fold, regulating the binding

of the steroid substrate 212 216,225,

Figure 10: Stereo ribbon presentation of human 17B8-HSD1 structure. The alpha-helices are
represented as magenta coils, B-strands are blue arrows, and loops and turns are drawn as gray

ropes. The N- and C-termini of the protein molecule are both shown in the figure 212,

1.5.2.2 Biological characteristics

17B-HSD1 converts the weakly active estrogen, estrone (E1), into the active estrogen, E2
(Figure 11) 2% 227 In addition, it can reduce dehydroepiandrosterone (DHEA) into 5-
androstene-3f,17p-diol (Adiol) and dihydrotestosterone (DHT) into Sa-androstane-3(3,17p-diol
(3p-diol) 22822 Adiol has been indicated to be the major estrogen present after menopause 2%
123 while 3p-diol has been able to activate and proliferate o estrogen receptor (ERa) 2%, It
requires the involvement of a cofactor of dinucleotides (NADP*/NADPH or NAD*/NADH)
during estrogen conversion. In vitro, both NAD(H) and NADP(H) are used as cofactors 23, but

only NADPH has been identified as a cofactor in cells and in vivo %2,
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Figure 11: Human 17B-HSD1 catalyze the conversion of E1 to E2, DHEA to Adiol, and DHT
to 3p-diol 227229,

1.5.2.3 17p-HSD1 and EDDs
In comparison to the expression of aromatase and sulfatase mRNA, 178-HSD1 mRNA

expression levels are substantially higher in tumors from postmenopausal women than from
those who are premenopausal and that indicates the significance of 173-HSD1 upregulation in
maintaining high intratumoral E2 levels in postmenopausal patients 233. Compared to normal
endometrium, 173-HSD1 upregulation and downregulation of 173-HSD2 mRNA were found
in lesions of endometrial patients 108 135.162,165.234 'Asg breast cancer 233 2%° endometrial cancer
236,237 ovarian cancer 28, and NSCLC % % are characterized by the over-expression of 17p-
HSD1. As aresult, 17p-HSD1 inhibition is being considered as a potential therapeutic approach

for treating these diseases .
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1.6 Novel treatment approaches for endometriosis

1.6.1 STS inhibitors

For over 30 years, studies have been conducted focused on the discovery of STS inhibitors with
minimal side effects as drug candidates. At that time, several scientific papers were written
explaining the synthesis, and biological evaluation of steroidal or non-steroidal compounds *°®
239248 1n general, STS inhibitors are divided into two categories: irreversible aryl sulfamate
inhibitors and reversible non-sulfamate inhibitors 4% 4% and the majority of STS inhibitors

identified to date are irreversible aryl sulfamate inhibitors.

0 OH
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H2N\S//O HZN\S//O e o0 o
g © g ©
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EMATE E2MATE
o O
o N HaN ¢~ |
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O// "0 0" ~O O
STX64 (667 COUMATE or Irosustat) Chromenone

Figure 12: Structures of selected sulfamate inhibitors.

EMATE, estrone-3-O-sulfamate 25 2!, and E2MATE, estradiol-3-O-sulfamate 2°* 252, highly
active and irreversible STS inhibitors, are the earliest examples of this class and are used as a
reference for evaluating the effectiveness of other STS inhibitors in vitro (Figure 12).
Unfortunately, they are estrogenic, so they are not acceptable candidates for the further
development of drugs 2. However, several studies have successfully addressed the
estrogenicity problem, and a number of highly effective non-estrogenic STS inhibitors based
on aryl sulfamate have also been developed, such as COUMATE?*, STX64 (also known as
667-COUMATE or Irosustat) 2 and chromenone 2® (Figure 12). In cellular assays, all these
compounds are also very powerful STS inhibitors. While STX64 has passed the phase I clinical
trials with success in breast cancer therapy 2°’, concerns have been raised about the poor stability

of its aqueous solution and the possible adverse effects of the long-term application 24°.
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1.6.2 17p-HSD1 inhibitors

In recent years, a variety of 17B-HSD1 inhibitors have been developed, and there are various
review articles published several steroidal and non-steroidal 17p-HSD1 inhibitors 180 225 258-263
The majority of 178-HSD1 inhibitors are based on the steroid core by modification of the
substrate E1 or the product E2 2642%, Variations have been performed on the steroid backbone
by substitution at different positions (C2, C6, C15, and C16 %72%). Two patents from Solvay
Pharmaceuticals include examples of E1 derivatives replaced at position 15 2'* and in a
recombinant 17p-HSD1 assay, compound A demonstrated an ICso value of 4 nM (Figure 13).
Compound B, EM-1745, with an ICsp value of 52 nM is an example of C16 substitution which
could interact with E1 (substrate) and NADPH (co-factor) binding sites, thereby producing dual
site inhibitors 222274, The drug candidate STX1040 (Figure 13, compound C) produced at Bath
University is another example of C16 substitution with cellular ICso of 27 nM and blocked the
proliferation of El-stimulated T-47D cells in vitro and significantly reduced the volume of
tumor and plasma levels of E2 in vivo 2. The development of non-steroidal 178-HSD1
inhibitors is of rising concern as they have many benefits over steroidal inhibitors, such as
selectivity, non-estrogenicity, ease of synthesis and drug-likeness. Most of the synthesized
compounds maintain certain essential characteristics which include a phenol moiety and a
hydrophobic  scaffold that mimics the steroid center. Benzothienopyrimidones,
phenylnaphthalenes and derivatives of coumarin are the scaffolds used. One of the most active
benzothienopyrimidones is compound D, with 1Cso value of 5 nM, selective for 178-HSD1 over
17B-HSD2 and doesn’t show undesired estrogenicity in the ER-o. or ER-B binding assay 276278,
(Figure 13). To date, four different highly active classes of non-steroidal inhibitors have been
developed in our group, all of which showed good selectivities towards 173-HSD2. The first
class were bis(hydroxyphenyl) substituted arenes and the most active one in this series was
compound E, with a cell-free ICso = 8 nM 279282 Extensive SAR studies have been performed
to this class leading to identification of further classes, for example, (hydroxphenyl)
naphthalenes 283285 among which compound F was the most potent one with a cell-free ICso
value of 15 nM. Compound G was an example of the bicyclic substituted hydroxyphenyl-
methanones (BSHSs) 2% 287 and showed strong inhibitory activity toward the 17B-HSD1 enzyme
(cell-free ICso= 0.5 nM) as well as high selectivity towards 17p-HSD2 25!, and estrogen
receptors 2%, rendering it a promising candidate for further development as a therapeutic agent.
It was shown that a 178-HSD1 inhibitor was effective at lowering elevated E2 levels in human
endometriosis samples 2°. Recently, a novel 17p-HSD1 inhibitor, FOR-6219, developed
primarily by Forendo Pharma for the treatment of endometriosis was studied in a phase I clinical



Introduction 22

trial and it was found to be safe and well tolerated (NCT03709420) 2% 2% |n addition, its
developers reported no side effects associated with systemic estrogen deficiency. It is now
entering phase Il clinical development with endometriosis patients in the US to assess its
efficacy as a long-term treatment option for endometriosis. A second 173-HSD1 inhibitor that
has reached the stage of in vivo testing (in murine and monkey models) is a covalent inhibitor
of 17B-HSD1 (called PBRM), whose biopharmaceutical attributes and pharmacodynamics are
conducive to further development 123 292293 |t js |ikely that these drugs will be coupled with
other ovarian function inhibitors (progestins, GhnRH-agonists).
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Figure 13: Structures of selected 173-HSD1 inhibitors.
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1.6.3 Dual inhibition of STS and 17p-HSD1

Targeting multiple biological targets by single agents is an attractive and emerging approach in
the design and discovery of new medications and may enhance the efficacy of novel treatment
methods 6% 2%4-303 Using a single agent could prevent drug-drug interactions, as well as
overcome resistance that may arise from single targeted drugs. One of the drawbacks of
aromatase inhibitors is that the affected tissues seek to compensate for decreased levels of
estrogen by increasing the expression of enzymes associated with other biosynthetic pathways
of estrogen, for example, over-expression of STS and 17B-HSD1 in breast cancer tissue 3%,
Also, the synthesis of E2 derived from the aromatase pathway is not prevented by selective STS
inhibitors, and selective 17B-HSD1 inhibitors do not preclude the synthesis of E1 from E1-S
via the sulfatase pathway. Yet, it can be imagined that a more effective decrease in estrogen
levels could be accomplished by the use of (a) a combination of two distinct inhibitors or (b) an
inhibitor and an antagonist of the ER. In the literature, there are some examples of dual acting-
agents which affect estrogen production or the action of it at the ER. In 1996, the synthesis and
biological evaluation of 17B-HSDL1 inhibitors having antiestrogenic activity were reported by
Tremblay et al. The most potent example was compound H, (Figure 14) which inhibited 17f-
HSD1 activity with an I1Cso of 14 uM while being antiestrogenic at 1 uM 274, Several flavonoids
were found to inhibit the action of both 173-HSD1 and aromatase, as shown by Apigenin
(compound 1, Figure 14), which inhibited the activity of these enzymes by 78% and 95%,
respectively in placental microsomes % 3%, Multitargeting drugs that inhibit both aromatase
and STS have been termed dual aromatase-sulphatase inhibitors (DASIs). Woo et al. 254 307,308
published the first examples of DASIs with high potency. The first dual aromatase-STS
inhibitors (DASIs) have been synthesized by Woo et al*®® and compound J (Figure 14) was
active in vivo against both enzymes. Many new DASIs have been developed in recent years,
including sulfamoylated letrozoles 31932 and anastrozole derivatives 3%, Both the aromatase
and sulfatase pathways are blocked by DASISs, resulting in severe hypo-estrogenic side effects

that may hinder their therapeutic application.

The development of molecules which inhibit STS and modulate estrogen receptors has been
pursued by several groups 314316 In particular, EO-33 (compound K, Figure 14) 315317 was one
of the most promising candidates, which is a sulfamate derivative based on
tetrahydroisoquinoline that acts as an STS inhibitor and selective estrogen receptor modulator
at the same time. The compound exerted strong activity against STS (ICso = 3.9 nM) in HEK-

293 cells. In addition, it displayed a SERM effect in ovariectomized mice, blocked changes in
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uterine weight induced by E1S, and had no toxic effects (based on body weight, liver weight,

and liver appearance) 315317,
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Figure 14: Structure of dual-acting agents: combined 17p-HSD1 inhibitor and antiestrogen
(compound H), dual 17B-HSD1 and aromatase inhibitor (Apigenin, compound I), dual STS and
aromatase inhibitor, DASI (compound J), combined STS inhibitor and selective estrogen

receptor modulator (compound K).

These findings prompted our group to determine whether a similar concept could be applied to
the dual inhibition of 17B-HSD1 and STS. Simultaneous inhibition of both enzymes is a new
strategy for the reduction of local E2 biosynthesis and a potential therapeutic strategy for
endometriosis and has the following advantages compared to known endocrine approaches: (a)
STS is the key enzyme in local estrogen biosynthesis and according to literature plays a more
important role than aromatase in the progression of the disease; (b) Also, STS inhibition causes
the suppression of androstenediol (Adiol) production, which has estrogenic activity; (c) The
conversion of E1 to E2 is blocked when 173-HSD1 is inhibited, regardless of whether the source
of E1 is from the sulfatase or aromatase pathway, and finally; (d) It is expected that systemic
estrogen levels will remain relatively unaltered, resulting in less side effects 318, since inhibition
of STS and 17B-HSDL1 is an intracrine concept aimed at preventing local estrogen biosynthesis
in diseased tissues, where enzymes are overexpressed. Bacsa et al.3!°, discovered a non-
sulfamate steroidal derivative that inhibits both STS and 173-HSD1 with I1Cso values of 230 and
360 nM, respectively. Recently our workgroup published the first dual inhibitors of STS and
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17B-HSD1 (DSHIs) as promising therapeutics for estrogen-dependent diseases 5. The design
of DSHIs was facilitated by the introduction of a sulfamate aryl pharmacophore which is
important for STS inhibitory activity, for example, STS-64, into an established 17p-HSD1
inhibitor (compound L), Figure 15. Among 12 synthesized compounds, compound L was the
most potent derivative, and it was active against both enzymes (cellular 1Cso (STS) = 15.6 nM
and cellular 1Cso (17B-HSD1) = 22.2 nM), Figure 15 %°. It is also an irreversible inhibitor of
STS, has a high selectivity over 173-HSD2 and effectively reversed proliferation of T47D breast

cancer cell lines stimulated by E1-S and E1 without cytotoxicity or interference with ERs 16°.

STS inhibitor
Dual STS/173-HSD1 inhibitor

17B-HSD1 inhibitor STX-64
(Example of DSHIs)

Figure 15: Structures of compound L (17B-HSD1 inhibitor), STS inhibitor and compound M
(dual STS and 173-HSD1 inhibitor, DSHI).
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2. Aim of the thesis

In the treatment of EDDS, for example non-small cell lung cancer (NSCLC) and endometriosis,
drugs which antagonize the ER or inhibit estrogen biosynthesis play a central role. Although
the effects of using endocrine agents such as antiestrogens and aromatase inhibitors are
important, but yet there is a clear need to find alternative treatments for patients that may not
respond or become resistant to these therapies. Inhibition of peripheral E2 production is now
thought to be a safer therapeutic approach for treating EDDs than conventional endocrine
treatments, with the potential for less adverse effects since systemic estrogen levels may not be
influenced. Such a clinical approach (intracrine concept) is currently being followed by using
Sa-reductase inhibitors in the treatment of benign prostate hyperplasia. Two pathways can
produce E2 locally: the first is the aromatase pathway, in which aromatase and reductive 17p-
hydroxysteroid dehydrogenases catalyze the process of converting androstenedione or
testosterone into estradiol (E2), the potent estrogen. The other pathway is the sulfatase pathway
which is mediated by the actions of steroid sulfatase (STS), which converts estrone-sulfate (E1-
S) into estrone (El), and 17B-hydroxysteroid dehydrogenase type 1 (17B3-HSD1), which
activates E1 into E2. In addition, STS and 173-HSD1 are also involved in the synthesis of
additional steroids such as Adiol, produced by the STS action on dehydroepiandrosterone
sulfate (DHEA-Sulfate), which is then reduced to androst-5-ene-3p (Adiol) by the action of
17B-HSD1. Furthermore, aromatase inhibitors will not impair Adiol biosynthesis. Adiol has
been proposed as the main estrogen after menopause and can stimulate in vivo mammalian
tumors and induce breast cancer cell growth in vitro. The sulfatase pathway has been found to

be more important in local estrogen biosynthesis than the aromatase pathway.

As mentioned before, many studies have shown that E2 can contribute to the progression of
non-small cell lung cancer (NSCLC) and both estrogen receptors (ERs) o and B are also
expressed in NSCLC tissues. In addition, both 178-HSD1 and 173-HSD2 have recently been
discovered to be expressed in NSCLC, with the first catalyzing the intratumoral E1 to E2 and
the second activating the reversible reaction, thereby protecting against an excess of E2. As a
result, the first part of this study aimed to discover novel, potent and selective non-steroidal
inhibitors of 17B-HSD1 capable of improving therapeutic response in estrogen-dependent
NSCLC patients and for achieving this aim, novel 178-HSD1 inhibitors have been designed
and synthesized. This section presents the first proof that a highly selective 173-HSD1 inhibitor

can be used to inhibit NSCLC cell proliferation. After evaluation of the inhibitory activities of
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the compounds towards 178-HSD1 in a cell-free assay, the selectivity of the compounds
towards 173-HSD2 was also measured. Further biological investigations were done on the most
potent compound including, the efficacy of this compound in cellular experiments using human
NSCLC Calu-1 cell lines, its toxic effect on HEK293 cells, a preliminary pharmacokinetic study
using Sprague-Dawley rats inoculated with human cancer cells as a preclinical proof of
principle and finally the metabolic half-life of it in rat liver S9 fraction. This work is presented
in paper | chapter 3.1.

The steroidogenic enzymes STS and 17B-HSD1 have recently emerged as potential therapeutic
targets for the treatment of endometriosis, since their inhibition can potentially achieve an
efficient depletion of peripheral and local estrogen levels. 17p-HSD2 catalyzes the conversion
of potent estrogen, estradiol E2 to estrone E1 and thereby plays a protective role and should not
be inhibited. The pharmacophore for STS inhibition has long been identified as an aryl-O-
sulfamate moiety and its incorporation into an established non-steroidal 173-HSD1 inhibitor
(in-house compound library), by masking the OH group with the sulfamate moiety, gave rise to
a new design concept for inhibition of the two target enzymes (drug-prodrug approach).
Phenolic derivatives (17p-HSD1 inhibitors) are anticipated to be released from their sulfamate
compounds through inactivation of STS and/or chemical hydrolysis, as it was known that the
OH group plays an essential role in the inhibition and selectivity profiles towards 173-HSD1.
Accordingly, the aim of the second part of the thesis was to develop a range of non-steroidal
molecules which could be used as drugs for STS inhibition and prodrugs for 178-HSD1
inhibition, provided that the sulfamate group is cleaved to the phenolic hydroxyl group in a
biological system, and thus is a “drug-prodrug approach”. One of the most potential advantages
of this drug-prodrug strategy is the improvement of metabolic stability achieved by masking
the OH group as a sulfamate moiety, as it was previously known that the existence of a free OH
group would result in potentially poor metabolic stability (phase Il metabolism). These
inhibitors could be used as lead compounds for a novel endometriotic therapy choice, as well
as scientific tools in proof-of-concept experiments to study the impact of dual inhibition of STS
and 17p-HSD1 on local biosynthesis of E2. The synthesized sulfamates were tested against STS
in a cellular assay (T47D tumor cells), and their corresponding phenols were evaluated towards
17p3-HSD1 in both cell-free and cellular assays. The selectivity of the compounds towards 173-
HSD?2 (cell-free assay) and their binding to estrogen receptor ERa (binding affinity test) were
also assessed. Moreover, the most promising inhibitors were screened for their metabolic

stability using human and mouse liver microsomes. An assay that quantifies and time-
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dependently monitors the formation of the phenolic compound from the parent sulfamate should
be developed and at the same time, this assay should facilitate measuring the percentage of 17p-
HSD1 inhibition as a function of time. The findings of the second part of this study are
summarized in paper Il chapter 3.2. The structural outline of the compounds in chapter 3 is

given in Figure 16.

General structure of compounds
described in chapter 3.1

o)
@ Rq= H, CI, F, CHj, 3,5-CHa, 3,5-Cl

N Aryl-O-Sulfamate
__________ . STS pharmacophore
inNOZSO ! 0~ ~O0
""""" STX-64

STS inhibitors
General structures of compounds

Enzymatic (STS enzyme) described in chapter 3.2

and/or non-enzymatic

hydrolysis -Ring A: phenyl or pyridine; Ri=H, F

-Ring B: furan, oxadiazole, oxazole,thiazole
-Ring C: Ry,=H,Cl, F, CH3

178-HSD1 inhibitors %

Figure 16: Proposed design and a general overview of the compounds mentioned in this thesis.
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3. Results

3.1 17p-Hydroxysteroid Dehydrogenase Type 1 Inhibition:
A Potential Treatment Option for Non-Small Cell Lung
Cancer (Publication A)

Abdelrahman Mohamed*, Emanuele M. Gargano*, Ahmed S. Abdelsamie, Giuseppe
F. Mangiatordi, Hanna Drzewiecka, Arcangela Mazzini, Chris Van Koppen, Mathias W.
Laschke, Orazio Nicolotti, Angelo Carotti, Sandrine-Marchais-Oberwinkler, Rolf W.
Hartmann, and Martin Frotscher.

Reprinted with permission Med. Chem. Lett. 2021, 12 (12), 1920-1924.
DOI:10.1021/acsmedchemlett.1c00462.
Copyright (2021) American Chemical Society

* These authors contributed equally

Publication A

Contribution Report

The author contributed to the design, synthesis and characterization of all the compounds. He
performed the in vitro cell-free inhibition assays. Moreover, He conceived and wrote the
manuscript.
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ung cancer is the leading cause of death from cancer

worldwide," and in particular, non-small cell lung cancer
(NSCLC), which accounts for more than 85% of the cases,
shows only 15.9% and 49% five-year predicted survival rate for
all and early stages of lung cancer, respectively.” Thus, finding
more efficient drugs with novel modes of action is an urgent
necessity.

The recognition of the great heterogeneity of lung cancer
constitutes the most important advance in the field made in
recent years,” suggesting the need for exploring different
therapeutic targets and leading today to the discovery of a few
novel targets and therapies.” We disclose in this report that
compound 1, a highly selective inhibitor of 174-hydroxysteroid
dehydrogenase type 1 (17f-HSD1), inhibits NSCLC cell
proliferation at low nanomolar concentrations, providing the
first proof of principle of 174-HSD1 as a target for NSCLC
treatment. We document that 1 presents suitable in vitro
properties and shows an acceptable bioavailability and
toxicological profile. Finally, we provide a rationale for its
very high selectivity over 17f-hydroxysteroid dehydrogenase
type 2 (174-HSD2).

Over the last 20 years, increasing evidence has demonstrated
the pivotal role of estrogens in lung tumorigenesis, both in
women and men.””” Different strategies to target the estrogen
signaling pathway, such as the use of the down-regulator of
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estrogen receptors (ERs) function. Fulvestrant® and aromatase
inhibitors such as Anastrazole’ and Exemestane'® have shown
promising results in preclinical studies. However, 174-HSD1
and 174-HSD2, which are key local regulators of the estradiol/
estrone (E2/E1) ratio,"" have remained unexplored targets for
the treatment of NSCLC. 174-HSD1 catalyzes the conversion
of the weakly active El to the potent E2, and 174-HSD?2 is its
biological counterpart. The expression levels of these enzymes
were found to be altered in NSCLC cells compared to healthy
tissue, providing a significant prognostic factor and contribu-
ting to tumor progression in a stimulatory fashion, probably by
increasing the E2/El ratio.!?™*% Selective inhibition of 17p-
HSD1 seems therefore a potential approach for the treatment
of NSCLC and might be superior to aromatase inhibition in
terms of potential side effects: 174-HSD1 inhibition would
result in only a local, intracellular drop in estradiol levels in the
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target cells while aromatase inhibition would decrease systemic
circulating estradiol levels.

We have reported on the synthesis of different classes of
174-HSD1 inhibitors for the treatment of breast cancer and
have demonstrated their antitumor activity in vitro.'”'” In light
of the higher expression of 174-HSD2 mRNA in NSCLC cells
than in breast carcinoma cells and given the positive
correlation between 175-HSD2 expression and NSCLC
survival rate,'” we reasoned that a 175-HSD1 inhibitor should
display very high selectivity over 174-HSD2 to be effective in
NSCLC.

Applying our experience in the SARs of 174-HSD1 and 17f-
HSD2 inhibitors, we synthesized around 50 furan analogues of
compound A'® and screened them for inhibitory activity
toward 174-HSD1 and 174-HSD2, affinity for the estrogen
receptors & and f# (ERs), metabolic stability, and cytotoxicity.
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Table 1 shows the inhibitory data of the ten most interesting
compounds which resulted. Inhibitor 1 emerged from this

Table 1. Inhibition of 178-HSD1 and 178-HSD2 by 2,5-
Disubstituted Furans 1—-10

1Cy, (nM)“
compound R 174-HSD1¢ 17p-HSD27 s.£°
1 3,5-Me 5.6 3185 563
2 3-Me 8.1 1171 145
3 2-Me 31.0 1077 3s
4 H 552 2786 50
s 2-Cl 31.5 426 14
6 2-F 224 928 41
7 3-F 11.6 RN7 80
8 3-Cl 27 203 75
9 3,5-F 18.0 56 3
10 3,5-Cl 2.9 71 25

“Mean value of at least two determinations, standard deviation less
than 20%. Ycf. Scheme 1. “Human placental, cytosolic fraction,
substrate E1 [S00 nM], cofactor NADH [500 xM]. “Human
placental, microsomal fraction, substrate E2 [S00 nM], cofactor
NAD"™ [1500 uM]. “sf.: selectivity factor = ICy, (174-HSD2)/
1Cso(174-HSD1).

study with the desired attributes, including very high selectivity
over 174-HSD2.

Compounds 1—10 were synthesized as depicted in Scheme
1. The intermediate S-bromofuran-2-carboxylic acid chloride
was obtained from the corresponding carboxylic acid by
reaction with SOCI,. Subsequent reaction with N,2-
dimethylaniline afforded the amide 1b. The latter was
subjected to a Suzuki coupling reaction with the appropriate
boronic acid, under microwave irradiation (150 °C, 150 W, 20
min), providing the desired 2,5-disubstituted furans. The
cleavage of the methoxy group was performed using a boron
trifluoride dimethyl-sulfide complex.

Compound 1 displayed a half-life of 50 min in human liver
preparation (S9 fraction; phase I and II metabolism), a relative
binding affinity (RBA) toward ERs lower than 0.1%, and no
detectable toxic effect on HEK293 cells at a concentration
1000-fold higher than the human 174-HSD1 ICS0 value (for
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Scheme 1. Synthesis of the 2,5-Disubstituted Furans 1—10

H
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details, see Supporting Information). Human NSCLC Calu-1
cells convert E1 to E2, which in turn promotes Calu-1 cell
proliferation.'* We investigated the effect of inhibitor 1 on this
stimulation (Figure 1).

The proliferation of Calu-1 cells was monitored in real-time
(Figure 1A). After seeding (phase 1), Calu-1 cells were
preincubated with medium, 50 nM compound 1, 500 nM
compound 1 or DMSO (vehicle control) for 48 h (phase 2).
There was no effect of 50 or 500 nM compound 1 on cell
proliferation (see Figure 1 legend for details). Then, cells were
exposed to the compounds: 0.5 pM E1 (green curve), 0.5 uM
El + 50 nM compound 1 (dark blue curve), 0.5 uM E1 + 500
nM compound 1 (red curve), or DMSO alone (purple curve)
as a vehicle control (phase 3). Addition of E1 to the incubation
medium during a total of 75 h strongly increased cell
proliferation compared to vehicle control (Figure 1). Co-
incubation of E1 with 50 nM of compound 1 reduced the cell
profileration to the vehicle control level at all time points
(Figure 1B). There was no statistical difference in cell
proliferation between coincubation between either 50 or 500
nM compound 1 (together with E1) and vehicle control, as
measured at 12, 24, 36, 48, 60, and 72 h after initiation of
phase 3 (Tukey HSD test, P > 0.05).

Preclinical proof of principle is to be demonstrated in vivo in
an animal model of cancer, usually nude mouse or rat xenograft
models inoculated with human cancer cells. We therefore
performed a preliminary pharmacokinetic study with inhibitor
1 administered subcutaneously in Sprague—Dawley rats at a
dose of 200 ymol/kg (67.0 mg/kg). Successive administration
at 0, 24, 48, and 72 h resulted in plasma concentrations more
than sufficient to block human 174-HSD1 (i.e., S1, 82, 119,
and 156 nM at 23.5, 47.5, 71.5, and 95.5 h, respectively). Half-
life of 1 was determined in rat liver S9 fraction to be 19 min.

Among known nonsteroidal 174-HSD1 inhibitors, com-
pound 1 displays the highest selectivity over 17/-HSD2, whose
crystal structure, contrary to 17f-HSDI, is not yet available.
To provide a structure-based hypothesis for this remarkable
selectivity, docking simulations of 1 were performed by GLIDE
v6.8"% on the 17-HSD1 crystal structure (PDB 3HB5).”” The
top score pose is shown in Figure 2. As displayed, the phenolic
hydroxy group engages an H-bond interaction with the
carboxylate group of E282, while the benzamide moiety
establishes 7z—n interactions with two close aromatic side
chains, namely Y155 and F192.

https://doi.org/10.1021/acsmedchemlett.1c00462
ACS Med. Chem. tett. 2021, 12, 1920-1924
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Figure 1. Effect of compound 1 on Calu-1 cell proliferation in the
presence of El in real-time conditions. (A) Proliferation of Calu-1
cells was monitored in real-time by the xCELLigence RTCA DP
System. Cells were seeded and incubated overnight in phenol red-free
RPMI 1640 medium, supplemented with 10% charcoal-dextran-
stripped FBS (Phase 1). After 24 h, cells were cultured for 48 h (phase
2) in the following experimental groups: control group—cells cultured
in phenol red-free RPMI 1640 alone (green curve), cells cultured in
phenol red-free RPMI 1640 plus S0 nM compound 1 (dark blue
curve), cells cultured in phenol red-free RPMI 1640 plus S00 nM
compound 1 (red curve), and vehicle control group—cells cultured in
phenol red-free RPMI 1640 plus DMSO (final conc. 0.02%) (purple
curve). At 72 h, media were changed once again, and cells were
cultured further in the presence of following compounds (Phase 3):
0.5 uM E1 (green curve), 0.5 uM El + 50 nM compound 1 (dark
blue curve), 0.5 uM E1 + 500 nM compound 1 (red curve), and
DMSO (0.02%) as a vehicle control (purple curve). Cell index values
were normalized to the starting time point of phase 3 (black vertical
line). Four replicates at each investigated time point were used, and
the mean normalized cell index values with standard deviation for
each time point for each group are shown. The electrical impedance
was measured at 15 min intervals throughout the cultivation period
(total time: 150 h). There was no statistical significance between the
data groups at 4, 12, and 20 h after seeding (phase 1) or between the
data groups after 12, 24, 36, and 45 h of phase 2 treatment as assessed
by ANOVA analysis. (B) Statistical analysis of Phase 3. Effect of
inhibitor 1 treatment on Calu-1 cell proliferation in the presence of
0.5 #uM El. Mean values of normalized cell index & SD for each group
after 12, 24, 36, 48, 60, and 72 h of treatment (see Figure 1, A) are
shown. All experiments were performed in four replicates. Data
groups were assessed by ANOVA to evaluate whether there was
significance (p < 0.05) between the groups. Individual comparisons
were made by post hoc Tukey’s HSD (honestly significant difference)

more details, see the Supporting Information.

Comparison between the primary sequences of binding sites
of the two 17f-HSD enzymes, although appearing highly
conserved, revealed an interesting difference: 17-HSD2 shows
an arginine (R364) in place of the glutamate (E282) of 174-
HSD1. Therefore, these two residues may play a pivotal role in
addressing ligand protein interactions and even in explaining
the molecular selectivity. In fact, the side chains of arginine and
glutamate are very much diverse, with the result that
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Figure 2. Top-scored docking pose of 1. Important amino acid
residues of 178-HSD1, cofactor NADPH, and compound 1 are
rendered as sticks, while the protein is shown as a surface. For the
sake of clarity, the nonpolar hydrogen atoms of the ligand are not
displayed. H-bond interaction is depicted with a black dotted line;
7—7 interactions are depicted with a blue dotted line.

replacement of the negative charge of E282 in 174-HSD1 by
the positively charged R364 in 175-HSD2 should lead to a
stronger binding of negatively ionized species to 175-HSD2.

To prove the validity of this interaction model, we
synthesized and tested a series of derivatives of compound 1.
The methyl groups next to the hydroxy function were
exchanged by different substituents, leading to inhibitors 2—
10 (Table 1), with diverse hydroxy-associated pK, values. The
new molecules were obtained using the same synthetic strategy
as applied for 1 (Scheme 1).

It is acknowledged that the C—O bond distance (d¢_¢) is an
appropriate measure to explain the electronic effects of
substituents on physicochemical properties like pK, of phenols
and it has been successfully correlated with the empirical
Hammett constant.’"** Consequently, the relationship be-
tween the de_g values, measured using density functional
theory (DFT) optimized structures, and the pICs observed
for 17-HSD2 inhibition was investigated for 1—10. As shown
in Figure 3, a very good linear correlation was found: the lower
the d._ value (thus, lower pK,), the higher is 174-HSD2
inhibition. On the contrary, such correlation is not found with
pICs, values observed for 174-HSD1 inhibition.

8.0
r?=0.854
75 M
=
ol
0O 7.0
Z}
= 651
o~
o=
= 6.04
o
a2}
E 55
Q
50
4.5 T T T T T T
1.340 1.345 1.350 1.355 1.360 1.365 1.370 1.375 1.380
dc-o(A)

Figure 3. Relationship between pICs, values toward 174-HSD2 and
de_o distance calculated with the DFT optimized structures.

https://doi.org/10.1021/acsmedchemlett.1c00462
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risk of chance correlations.

The robustness of this relationship was further challenged
performing an intensive y—rvagndomization analysis to avoid the
In this respect, we performed 1 million y-scrambling runs to
assess the reliability and goodness of the correlations (Figure
$2), and satisfactorily, all the scrambled +* values were far from
that reported in Figure 3.

The obtained correlation supports the hypothesis whereby
the electronic structure of the phenolic ring is a key element
for addressing molecular selectivity.

The discovery that the inhibitory activity on 173-HSD2 is
dependent on the pK, of the phenolic group is an important
finding which can be further exploited for the rational
development of additional selective 174-HSD1 inhibitors.

In summary, we validated 174-HSD1 as new therapeutic
target for the treatment of NSCLC. Compound 1 fully inhibits
the El-dependent Calu-1 cell proliferation at low nanomolar
concentrations. In addition, its pharmacological profile renders

it a highly suitable candidate for further in vivo studies in

animal models to establish a novel strategy for the treatment of
NSCLC, which is urgently needed.
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ABSTRACT: A novel approach for the dual inhibition of steroid
sulfatase (STS) and 17/-hydroxysteroid dehydrogenase type 1(17/3
HSD1) by a single drug was explored, starting from in-house 174
HSD1 inhibitors via masking their phenolic OH group with a
sulfamate ester. The sulfamates were intentionally designed as
drugs for the inhibition of STS and, at the same time, prodrugs for
176-HSD1 inhibition (“drug-prodrug approach”). The most
promising sulfamates 13, 16, 18—20, 22—24, 36, and 37 showed
nanomolar ICg, values for STS inhibition in a cellular assay and
their corresponding phenols displayed potent 174-HSD1 inhibition
in cellfree and cellular assays, high selectivity over 174-HSD2,
reasonable metabolic stability, and low estrogen receptor « affinity.
A close relationship was found between the liberation of the phenolic compound by sulfamate hydrolysis and 174-HSDI1
inactivation. These results showed that the envisaged drug-prodrug concept was successfully implemented. The novel compounds
constitute a promising class of therapeutics for the treatment of endometriosis and other estrogen-dependent diseases.

H INTRODUCTION

17p-estradiol (E2) plays a vital role in the progression of several
estrogen—depelxdent diseases (EDDs), such as endometrio-
sis,) ™ breast cancer,”” endometrial cancer,”” and ovarian
cancer.® Endometriosis is an estrogen-activated gynecological,
frequently chronic, inflammatory disease in women where
endometriotic glands and stroma are located at sites outside the
uterus. Endometriotic lesions can be located in various areas;
mostly in the pelvic area including the ovaries, ligaments,
peritoneal surfaces, and at the vesico-uterine fold.”'® The
disease can lead to the deformation of the pelvic anatomy and is
often accompanied by pelvic pain and infertility.”"" It affects
~5—10% of women in their reproductive age (~176 million
women worldwide), whereas the percentage increases up to 50%
of women with infertility.'>'* Current treatment options for
endometriosis involve the surgical removal of endometriotic
lesions and/or medical therapy. Surgical excision of endome-
triosis significantly decreases pain symptoms.'> However, the
recurrence rate of pain symptoms after surgery is high.'*
Available medical treatment does not eradicate the disease and
the pharmaceutical possibilities of intervention suffer from the
same main drawbacks, in that they must be stopped before the
side effects get more severe than the symptoms being treated,
and the symptoms reappear after the treatment has been
terminated.'>*° Analgesics, such as NSAIDs, are the first line but
only relieve symptoms such as dysmenorrhea.'” Current
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hormonal therapies are aimed either at minimizing estrogen
biosynthesis [by use of gonadotropin-releasing hormone
(GnRH) analogues or aromatase inhibitors (Als)] or at blocking
the estrogen action at the receptor level [with antiestrogens or
selective estrogen receptor modulators (SERMs)]."¥ However,
these therapies can cause systemic estrogen deprivation, leading
to unwanted adverse effects.’” 2> Therefore, their use is
restricted to a period of 3—6 months. There is thus a substantial
demand for novel drug treatment options which effectively
suppress the progression of endometriosis over a prolonged
period of time and have fewer side effects.

Reducing estrogen levels in the target tissues is a rather new
strategy for the treatment of endometriosis and could be linked
to less adverse effects. In the diseased tissues, E2 can be
biosynthesized mainly through the sulfatase pathway by the
actions of steroid sulfatase (STS),*™”° which hydrolyzes
inactive estrone-sulfate (E1-S), the main transport- and storage
form of estrogens, into estrone (E1), and 17f-hydroxysteroid
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Figure 1. Sulfatase pathway of local estrogen biosynthesis.

weakly estrogenic
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highly estrogenic

Chart 1. First Dual STS/174-HSD1 Inhibitor (A)”* and 178-HSD1 Inhibitor (B),”" Reported by Our Group®

\ N O OSO,NH,
0. S

E F Cl
HO I
Compound A

Cellular STS IC54= 15 nM

Cellular (217B-HSDI1)=22.2 nM
Cell-free (#1738-HSD1)= 1.1 nM
Cell-free (£17B3-HSD2) = 36.1 nM
Selectivity Factor (SF) =33
Metabolic stab. t; 5 (£S9) <5 min
Metabolic stab. t;,» (11S9) <5 min

| I OH
N (o]

¥

Lead compound B

Cellular STS = n.i

Cellular (#173-HSD1)=2.9nM
Cell-free (h17B-HSD1) = 5.6 nM
Cell-free (A17p-HSD2) = 3155 nM
Sclectivity Factor (SF) = 563
Mectabolic stab. t;, (#S9) = 38.1 min
Metabolic stab. t;;, (mS9) = 19.1 min

“Experimental data are derived from previous publications of the authors.”*”" H173-HSD1: human 178-HSD1, hS9 and mS9: human and mouse
liver S9 fraction, S.F.: selectivity factor = cell-free hICq(174-HSD2)/hIC4,(174-HSD1), n.i: no inhibition (<10% inhibition at 1 pM).

dehydrogenase type 1 (175-HSD1),>”** which catalyzes the
conversion of the weakly active estrogen El into the highly
active E2 (Figure 1).

For local estrogen production, the sulfatase pathway was
found to play an even more important role than the aromatase
pathway.”* ™' Additionally, STS has been found to be
overexpressed in endometriotic lesions,”** and the levels of
STS expression were correlated to the severity of the disease.”
Furthermore, 174-HSD1 is overexpressed in endometrio-
sis®*** and at the same time, 174-HSD2 is downregulated
which impairs E2 deactivation to E1.”***** Also, STS and 178-
HSD1 are involved in the synthesis of other steroids such as
androst-5-ene-34,17f-diol (A-diol), which is produced by the
action of STS on dehydroepiandrosterone sulfate (DHEA-
sulfate) to give dehydroepiandrosterone (DHEA), which is then
reduced by 174-HSD1 to A-diol.”*® A-diol was suggested to be
the major estrogen present after menopause.®” > It is known to
induce the growth of breast cancer cells in vitro*® and to
stimulate mammary tumors in vivo."' A-diol biosynthesis is
unaffected by aromatase inhibitors. STS and 174-HSD1 thus
represent promising drug targets for treating endometriosis.
174-HSD2 catalyzes the inactivation of E2 to E1 (Figure 1).
Thus, it plays a protective role and should therefore not be
inhibited. A variety of steroidal and non-steroidal 174-HSD1
inhibitors have been developed, and there are several review
articles giving a good overview.”>™*° Recently, a novel 17p-
HSD1 inhibitor, FOR-6219, developed primarily by Forendo
Pharma for the treatment of endometriosis was studied in a
phase I clinical trial and it was found to be safe and well tolerated
(NCT03709420). In addition, no side effects associated with
systemic estrogen deficiency are reported. The compound is
now entering phase II of clinical development with endome-
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triosis patients in the US to assess its efficacy as a long-term
treatment option for endometriosis. A second 174-HSDI1
inhibitor that has reached the stage of in vivo testing (in murine
and monkey models) is a covalent inhibitor of 17f-HSD1
(called PBRM), whose biopharmaceutical attributes and
pharmacodynamics are conducive to further develop-
ment 355052

It is likely that these drugs will be coupled with other ovarian
function inhibitors (progestins, GnRH-agonists). Also, for STS,
a number of steroidal and non-steroidal inhibitors are
described.***~%

Targeting multiple biological targets by single agents is an
attractive and emerging approach in the design and discovery of
new medications and may enhance the efficacy of novel
treatment methods.®* =" Using a single agent could prevent
drug—drug interactions, as well as overcome resistance that may
arise from single targeted drugs. In the literature, there are some
examples of dual acting-agents which affect estrogen production
or estrogenic effects. In 1996, the synthesis and biological
evaluation of 17-HSD1 inhibitors having antiestrogenic activity
were reported by Tremblay et al. The most potent derivative
inhibited 174-HSD1 activity with an ICg, of 14 4M while being
antiestrogenic at 1 gM.”® Several flavonoids were found to
inhibit the action of both 17-HSD1 and aromatase. An example
is apigenin, which inhibited the activity of these enzymes by 78
and 95%, respectively, in placental microsomes. 7677 Multi-
targeting drugs that inhibit both aromatase and STS have been
termed dual aromatase-sulfatase inhibitors (DASIs). Woo et
al.7#7%0 published the first examples of DASIs with high potency.
For instance, in a cellular assay (JEG-3 cells), STX1983
inhibited STS and aromatase activities with ICs, values of 5.5
and 0.5 nM, respectively, and it was non-estrogenic. Many new

https://doi.org/10.1021/acs jmedchem.2c00589
J. Med. Chem. 2022, 65, 11726—11744
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{ Hydrolysis of sulfamate + . 173-HSD1
gresopanelanaanaes 3 TR A 5
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IRREVERSIBLE INHIBITION

Figure 2. Proposed mechanism of action for aryl sulfamate compounds.

-Ring A: phenyl or pyridine; R.=H, F
-Ring B: furan, oxadiazole, oxazole, thiazole
-Ring C: Ry=H.CI, F, CH3

Chart 2. Design Rationale and General Structures of Drug-Prodrug STS/17-HSD1 Inhibitors (13—24, 28—30, and 35—38) and
Their Corresponding Phenolic Compounds (112, 25—27, and 31—-34)

Lead compound B

i

[In-house 173-HSD1 inhibitor]

Arylsulfamates
(STS inhibitors)

13-24, 28-30 and 35-38

|

Enzymatic (STS enzyme)
and/or non-enzymatic hydrolysis

-1y
SR‘ ° Phenols

"""""" {17B-HSD1 inhibitors)
1.12, 25-27 and 31-34

-Ring A: phenyl or pyridine; Ry=H, F
-Ring B: furan, oxadiazole, oxazole, thiazole
-Ring C: Ry=H, CI, F, CH;

DASIs have been developed in recent years, includin:
sulfamoylated letrozoles® ™ and anastrozole derivatives.”
Both the aromatase and sulfatase pathways are blocked by
DASISs, resulting in severe hypo-estrogenic side effects that may
hinder their therapeutic application. The development of
molecules which inhibit STS and modulate estrogen receptors
has been pursued by several groups.”>™ In particular, EO-
33,%7" was one of the most promising candidates, which is a
sulfamate derivative based on tetrahydroisoquinoline that acts as
an STS inhibitor and selective estrogen receptor modulator at
the same time. The compound exerted strong activity against
STS (ICso = 3.9 nM) in HEK-293 cells. In addition, it displayed
a SERM effect in ovariectomized mice, blocked changes in
uterine weight induced by E1S, and had no toxic effects (based
on body weight, liver weight, and liver appearance).g()_g8

The simultaneous inhibition of both STS and 17-HSD1 with
a dual-acting drug may result in a better therapeutic option for
patients with endometriosis, with the prospect of fewer adverse
effects compared to the current treatments, and it may be more
effective than selectively inhibiting either STS or 174-HSD1
alone.®” Systemic estrogen levels should remain rather
unaltered, resulting in less side effects because the inhibition
of STS and 178-HSD1 primarily interferes with intracrine
estrogen modulation, preventing the local biosynthesis of active
estrogen from the inactive precursor E1-S in diseased tissues
where the enzymes are overexpressed. Bacsa et al,,”” discovered
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a non-sulfamate steroidal derivative that inhibits both STS and
174-HSD1 with IC, values of 230 and 360 nM, respectively.
Recently, our workgroup published the first dual inhibitors of
STS and 17f-HSD1 (DSHIs) as promising therapeutics for
estrogen-dependent diseases.”*

B RESULTS AND DISCUSSION

Design. Dual inhibitors of STS and 174-HSDI1 recently
published by our group showed strong inhibition of both target
enzymes.”* The most interesting compound was compound A
(Chart 1), bearing a thiophene moiety. It showed IC, values in
the low nanomolar range. Unfortunately, the thiophene scaffold
was found to suffer from some drawbacks. Compound A and
related thiophene-based inhibitors showed fast biotransforma-
tion when tested using human and mouse liver S9 fractions. In
addition, they displayed low to moderate selectivity over 175-
HSD2, see Chart 1.”* Therefore, the lead for the present was a
hydroxyphenylfurancarboxamide scaffold recently reported by
our group (compound B, Chart 1)°' that showed better
selectivity (SF = 563 for B vs 33 for A) and higher metabolic
stability than A (half-life in human liver S9 fraction 38 min for B
vs less than $ min for A).

Design Rationale (Drug-Prodrug Approach). The novel
inhibitors of STS and 174-HSD1 were rationally designed based
upon two considerations: First, most literature-known STS
inhibitors bear an N-unsubstituted aryl sulfamate group as a

https://doi.org/10.1021/acs.jmedchem.2c00589
J. Med. Chem. 2022, 65, 1172611744
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Chart 3. Design of Compounds Based on Lead Compound B“

ABC system is important to keep the potency in general

Lead compound B

Ring A Ring B

maodifications

modifications

Ring C
modifications

@ = = l17|3-Hsn1 s-rsl
F
@ F\@ /@ﬁ Nl’N\ ‘ O>_; -Position of -Position of
i \2‘0> | Y OH 0SO,NH,
L 1: Position 4 13: Position 4
021 1022 1123 1224 31,35 32,36 2: Position 3 14: Position 3
’ ’ , ’ S N\ 3: Position 2 15: Position 2
S Jo :
/N \ W7 \ yZ \ 4: R, = 3-Cl 16: R, = 3-Cl
s < - 33,37 34, 38 5: Ry = 3-CH3 17: Ry = 3-CHj
N 6: R, = 3-F 18: R, = 3-F
25,28 26,29 27,30 7: R, = 2-Cl 19: R, = 2-Cl
8: R, = 2-F 20: R, = 2-F

“Ring A was modified by introducing a fluorine atom as an electron-withdrawing group (compounds 9—12 and 21-24). Moreover, ring A was
exchanged by the more hydrophilic pyridine system (compounds 25—30). The furan ring B was replaced with different heterocyclic rings, namely,
oxadiazole (compounds 31 and 35), oxazole (compounds 32 and 36), and thiazole (compounds 33, 34, 37 and 38) in order to modulate the
lipophilicity of the compounds. The substitution pattern of ring C was optimized. On the one hand, this involved the search for the optimal
position of the hydroxyl or sulfamate group, respectively (compounds 1-3 and 13—15). On the other hand, the influence of additional electron-
donating or -withdrawing groups added to ring C on the biological properties was investigated (compounds 4—8 and 16—20).

common feature that acts as the main pharmacophore for
(irreversible) STS inhibition. A prominent example is STX-64
which was the first STS inhibitor to be used in clinical trials.”
Therefore, the aryl sulfamate group was implemented also in the
newly designed compounds. The second consideration was that
the sulfamate group is cleaved by STS (and/or non-enzymati-
cally)—as shown for literature described STS inhibitors—
releasing the free phenolic parent compound.”>™**’ These two
considerations give rise to an intriguing concept for sequential
inhibition of the two target enzymes. We aimed at synthesizing
compounds in which a phenolic OH group of a 175-HSD1
inhibitor, that is, a main pharmacophoric feature for 174-HSD1
inhibition, is masked by a sulfamate group (Figure 2).

On the one hand, this approach should be advantageous in
terms of pharmacokinetics as free phenolic OH-groups often
give rise to fast biotransformation and elimination. On the other
hand—and more fascinating: it may be anticipated that the thus
modified compounds are inhibitors of STS, but probably not of
17p-HSD1 because from earlier studies, the central role of a free
phenolic OH-group for strong 174-HSD1 inhibition is
known.*>*>*® However, after application to a biological system,
the free OH-group should be released again from the sulfamate
compound in a time-dependent manner (enzymatically by
concomitant STS-inhibition or non-enzymatically), transform-
ing an STS inhibitor into an inhibitor of 174-HSD1. Thus, the
designed aryl sulfamates should be drugs for inhibition of STS
and at the same time prodrugs for inhibition of 174-HSD1.
Therefore, the underlying concept may be called a “drug-
prodrug approach”. Properly selecting the substitution pattern
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of the aromatic ring bearing the sulfamate group should facilitate
the discovery of compounds releasing the phenolic product in an
appropriate time frame, enabling ST S-inhibition before the 174-
HSD1 inhibiting molecular species are formed. As mentioned
before, STS is inactivated by transferring the sulfamoyl group
from aryl sulfamates to the active site of the enzyme, releasing
the phenolic component of the inhibitor. In addition to this, the
activation of the prodrug (sulfamate) to the drug (phenol) of
17p-HSD1 inhibition can also occur non-enzymatically through
chemical hydrolysis. As known from the literature—and as
demonstrated also in this study—there is an irreversible
inhibition of STS by aryl sulfamates. Consequently, chemical
hydrolysis is another route of forming the drug for 174-HSD1
inhibition if cleavage by STS is prevented, for example, in the
case of advanced irreversible inactivation of the enzyme.
Preliminary experiments using compound 13 (Chart 3) as a
probe compound suggested the feasibility of this approach (data
not shown). The general structure of potential drug-prodrug
STS/178-HSD1 inhibitors (compounds 13—24, 28—30, and
35—38) is given in Chart 2.

Due to its favorable properties, compound B (Chart 1) was
chosen as a starting point for inhibitor design. Previous
investigations revealed that the presence of both the three
rings (rings A, B, and C) and of the methyl group on ring A is
important for biological activity (data not shown). Con-
sequently, these structural properties were maintained. In
order to find a substitution pattern that leads to strong
inhibition of the target enzymes (STS and 174-HSD1) and at
the same time establishes selectivity toward 173-HSD2, three

https://doi.org/10.1021/acs.jmedchem.2c00589
J. Med. Chem. 2022, 65, 1172611744
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Scheme 1. Synthetic Route to Compounds 124
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1, 5-8,10: Y=0OH
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Method F | Method G
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'Rz 3

19: Ry = H, R, = 2-Cl, 4-OSO,NH,
20: Ry = H, Ry = 2-F, 4-0SO,NH,
21: Ry = 2F, R, = H, 4-0SO,NH,
22: R, = 3F, R, = H, 4-OSO,NH,
23: Ry = 4'F, R, = H, 4-OSO,NH,
24: R, = 5-F, R, = H, 4-0SO,NH,

Rig
1324

“(a) SOCIl,, DMF cat,, toluene, reflux 4 h (method A); (b) corresponding amine, Et;N, DCM, rt, overnight {method B); (c) NaH, DMF, CH,], 0
°C tort, 2 h (method C); (d) corresponding phenyl boronic acid, Cs,CO5, Pd(PPh;),, DME /water (1:1), 110 °C, 4 h (method D); (e) (CH3),S-
BE;, DCM, reflux 40 °C, overnight (method E); (f) CISO,NCO, Formic acid 99% (1 equiv), 0 °C to rt, 15 min, (sulfamoyl chloride prepared in
situ) (method F); and (g) DMA, sulfamoyl chloride, 0 °C to rt, overnight (method G).

Scheme 2. Synthetic Route to Compounds 25—30“

B a R e b R
Ho M-8 —= R = ——— R ©
) 0
0 25b-27b Method © 252-27a
/N
28:R= ¢ Method D
. C
N
29: R= (Q—P d
A Method F A
- SN OSOMNH, <———— g o Gk
30:R= 0 Method G © 25-27
N 28-30

“(a) Corresponding aminopyridine, DCC, DMAP, rt, overnight; (b) NaH, DMF, CH;], 0 °C to rt, 2 h (method C); (c) 4-hydroxyphenyl boronic
acid, Cs,COs, Pd(PPh,),, DME/water (1:1), 110 °C, 4 h (method D); (d) CISO,NCO, formic acid 99% (1 equiv), 0 °C to rt, 15 min, (sulfamoyl
chloride prepared in sifu) (method F); and (e) DMA, sulfamoyl chloride, 0 °C to rt, overnight (method G).

types of modifications have been applied to compound B (Chart
3).

Chemistry. Compounds 1—24 were synthesized according
to Scheme 1. 5-Bromofuran-2-carboxamides were obtained
from S-bromofuran-2-carboxylic acid by reaction with SOCI,
and the corresponding aniline according to methods A and B
yielding the intermediates 1b, 9b, 10c, 11b, and 12b. N-
methylation for intermediates 9b, 10c, 11b, and 12b was
attained by the reaction with methyl iodide according to method
C affording intermediates 9a, 10b, 11a, and 12a.

Phenolic derivatives 1—12 were obtained either directly by
Suzuki coupling reaction (method D) with the corresponding
hydroxyphenylboronic acids or—when methoxyphenylboronic
acids were used—by additional ether cleavage (method E) using
BF3-S(CH3)2 after the coupling reaction. Sulfamoylation
(method G) was achieved by the reaction of phenolic derivatives
1—12 with freshly prepared sulfamoyl chloride (method F) in
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dimethylacetamide (DMA) to obtain the final compounds 13—
24 (Scheme 1). The starting point for the synthesis of
compounds 25—30 (Scheme 2) was amide formation by the
reaction of S-bromofuran-2-carboxylic acid with the correspond-
ing aminopyridine derivatives in the presence of DCC and
DMAP to yield the intermediates 25b—27b.

Subsequent Suzuki coupling reaction (method D) with (4-
hydroxyphenyl)boronic acid yielded the phenolic derivatives
25—27. The latter were reacted with freshly prepared sulfamoyl
chloride in DMA (method G), giving the final compounds 28—
30.

The synthesis of compounds 31 and 35 (Scheme 3) started
with refluxing of methyl 4-methoxybenzoate with hydrazine
hydrate in MeOH for 6 h to afford 4-methoxybenzohydrazide
31d. The latter was stirred with DIPEA, DMAP, ethyl 2-chloro-
2-oxoacetate, Et;N, and TsCl in DCM yielding the 1,3,4-
oxadiazole carboxylic acid ethyl ester 31¢ which was converted

https://doi.org/10.1021/acs.jmedchem.2c00589
J. Med. Chem. 2022, 65, 11726—11744
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Scheme 3. Synthetic Route to Compounds 31—-38“
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-Synthesis of 31-38 from carboxylate intermediates 31b-34b
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“(a) NH,NH,.H,0, MeOH, reflux, 6 h; (b) ethyl 2-chloro-2-oxoacetate, DIPEA, DMAP, DCM, 0 °C to rt, overnight, then TsCl, NEt;, rt,
overnight; (c) ethyl bromopyruvate, ethanol reflux, 5 h; (d) 4-methoxyphenyl boronic acid, Cs,CO;, Pd(PPh,),, toluene/ethanol(1:1), Na,CO,,
120 °C, 4 h; (e) for 31b: THF/ethanol (2:1), KOH, 0 °C 2h; for 32b: THF/EtOH (2:1), KOH, 0 °C, 2 h, acidify with 2 M HCI to pH 2; f) For
31b: (i) oxalyl chloride, DMF cat,, CH;CN, 0 °C to rt, 2 h. (ii) N,2-dimethylaniline, DIPEA, DCM, 0 °C to rt, overnight; for 32b—34b: (i) SOCl,,
DMEF cat., toluene, reflux 4 h. (ii) N,2-dimethylaniline, Et;N, DCM, rt, overnight; (g) (CH3),S-BF;, DCM, reflux, 40 °C overnight (method E); (h)
CISO,NCO, formic acid 99% (1 equiv), 0 °C to rt, 15 min, (sulfamoyl chloride prepared in situ) (method F); and (i) DMA, sulfamoyl chloride, 0

°C to rt, overnight (method G).

into the corresponding carboxylic acid potassium salt 31b by
hydrolysis using THF/EtOH in an aqueous solution of KOH.
The potassium salt was reacted with oxalyl chloride and a
catalytic amount of DMF in acetonitrile to give the acyl chloride.
Subsequent amide formation using N,2-dimethylaniline in the
presence of DIPEA yielded the ether derivative 31a. Ether
cleavage (method E) of the latter afforded the phenolic
derivative 31 which was reacted with sulfamoyl chloride
(method G) to give the sulfamate derivative 35.

For the synthesis of compounds 32 and 36, 4-methoxybenza-
mide and ethyl bromopyruvate were refluxed in ethanol for 5 h
to give the ethyl ester of oxazole 32¢, which was then converted
into carboxylic acid 32b (Scheme 3). Subsequent amide
formation using methods A and B gave the intermediate 32a.
Demethylation (method E) of the latter afforded the phenolic
derivative 32, which in turn was sulfamoylated to the sulfamate
36. The thiazoles 33, 34, 37, and 38 were synthesized according
to Scheme 3 by Suzuki coupling of 2-bromothiazole-carboxylate
esters with (4-methoxyphenyl)boronic acid to give the
carboxylic acids 33b and 34b which were converted into the

amides 33a and 34a according to methods A and B. The
phenolic derivatives 33 and 34 were obtained by subsequent
ether cleavage (method E). Finally, sulfamoylation of the
phenols 33 and 34 gave the sulfamates derivatives 37 and 38,
respectively.

B [N VITRO BIOLOGICAL RESULTS AND DISCUSSION

Cellular Inhibition of Human STS. Sulfamates 13—24,
28-30, and 35—38 were incubated with intact T47D human
breast cancer cells followed by the addition of radiolabeled
substrate E1-S7*. After 24 h incubation, the radiolabeled steroids
were isolated and quantified with HPLC coupled to a radio
detector, and ICy, values are used to express the inhibitory
activities, compared to STX-64 (Irosustat) (Table 1). The
optimal position of the sulfamate moiety for strong activity
toward STS is the para position of ring C; moving it to the meta
position decreased the inhibitory activity and the ortho position
is unfavorable (compare compounds 13—15). Furthermore, the
presence of an electron-withdrawing group at ring C
(compounds 16, 18—20) increased STS inhibition, while the

https://doi.org/10.1021/acs.jmedchem.2c00589
J. Med. Chem. 2022, 65, 11726—11744
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Table 1. Inhibitory Activities of Compounds 13—24, 28—30, and 35—38 toward hSTS in Cellular Assays and Metabolic Stability

in Human and Mouse Hepatic S9 Fractions

O0SO,NH, | A
W 3 ! - OSO,NH, \[(L >~@OSO i
R 2NH;
‘i ° Ly
5 13-24 28-30 35-38
Cell-free
Cellular PO it Clint
. -OSO:NH: ICso (nM)* % mhlbm,fm at fi2|min] |nL/min/mg protein]¢
Cpd Tosition Ri R: 1w
ASTS® irri‘ft"ll.'fiblc A17B-HSD1/ human? mouse® human? mouse”
13 4 H H 28 31 15 47 25 15 31
14 3 H H 690 nd nd nd nd nd nd
15 27 H H ni nd nd nd nd nd nd
16 4’ H 3'-Cl 25 27 25 48 31 15 24
17 4’ H 3'-CH» 570 nd nd nd nd nd nd
18 4’ H 3'-F 17 17 18 43 6.1 16 140
19 4 H 2°-Cl 27 29 13 39 20 18 39
20 4’ H 2'-F 12 16 19 51 23 14 38
21 4’ 2-F H 150 nd nd nd nd nd nd
22 4 3-F H 40 nd ni 34 39 21 180
23 4’ 4-F H 14 15 13 44 4.6 16 150
24 4 5-F H 27 25 nd 24 48 29 150
R
28 1100 nd nd nd nd nd nd
7N\
—N
29 820 nd nd nd nd nd nd
7N
=
30 N 270 nd nd nd nd nd nd
7N
Y,
S
35 \(T:N\) | 1100 nd nd nd nd nd nd
36 o 60 68 nd 180 47 3.9 15
\([/; ?
N
37 S 63 60 17 50 15 14 46
/
ol
38 N 130 nd nd nd nd nd nd
| N
A
7-Hydroxy: nd nd nd 5.0 3.0 140 280
coumarin
STX-64 (Irosustat) 27 2.6 nd nd nd nd nd

Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells, standard deviation less than 15%.

*Mean value of at least two independent experiments each conducted in duplicates, standard deviation less than 20%. “Mean value of three
independent experiments, standard deviation less than 15%. “t, ,,: half-life. “Substrate [*H]-E1S * E1S [5 nM]."Human placenta, cytosolic fraction,
substrate [*H]-E1 + E1 [500 nM], and cofactor NADH [0.5 mM]. #Human liver $9 fraction. “Mouse liver $9 fraction. ‘Reference compound for
the metabolic stability assay; ni: no inhibition (<10% inhibition at 1 #M); and nd: not determined.

methyl group as an electron-donator decreased it (compound
17). This is in agreement with the hypothesis for how aryl
sulfamates inactivate STS by transferring the sulfamoyl group to
the active site of the enzyme, releasing the phenolic part of the
inhibitor.?>'""1%? Indeed, the inactivation of STS is more
facilitated, as the sulfamate group is more easily transferred to
the STS (sulfamoyl transfer potential). Enhancement of the STS
inhibitory activity of the halogenated sulfamates can thus be
attributed to the increased leaving group ability of the phenolate
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moiety by electronic effects.”®'®7'% The lower potency

observed for the compound methylated 17 is consistent with
previous observations which showed that the presence of alkyl
substituents on the ring bearing the sulfamate group lead to a
decrease of STS inhibition."""'**'"” A fluoro-substitution of
ring A in positions 3, 4, or § (compounds 22—24) kept STS
inhibitory activity in the low nanomolar range, while a fluorine
atom in position 2 {(compound 21) was unfavorable. A 10- to 40-
fold reduction in STS inhibitory activity compared to compound

https://doi.org/10.1021/acs.jmedchem.2c00589
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Table 2. Inhibitory Activities of Compounds 1—12, 25—27, and 31—34 toward h174-HSD1 and 2 in Cellular and Cell-Free Assays

and the Corresponding Selectivity Factors

OH Y,
2 A M8 - VA on s
3 o 4 R}{ o] N\H/LX OH
4 0 2R, ¥ 9 o
1
5 1-12 25-27 31-34
Cellular Cell-free
F ICso (nM)* ICs0 (nM)*
Cpd Pogt?nn Ry R; ) * Sk
A17B-HSD1” h17B-HSDI¢ R17B-HSD2Y
1 47 H H 21 55 2800 51
2 3z H 29 150 2800 19
3 2’ H H 1900 1900 >10000 >5.2
4 4’ H 3'-Cl 52 2 200 74
5 4 H 3"-CHs 8.6 8.1 1200 150
6 4 H 3] 10.0 11 930 85
7 4 11 2°-Cl 14 32 430 13
8 4’ I 2°-F 10.0 22 930 42
9 4 2-F 120 310 3200 10
10 4 3-F 12 41 2200 54
11 4’ 4-¥ H 7.6 23 1700 74
12 4 5-F 11 50 170 3900 23
R
25 1100 3300 >10000 >3
7N\
=N
26 64 260 =>20000 =77
/N
=
27 N 43 160 =30000 =190
7N
7Y,
1N
JEH
31 NN 320 490 6200 13
TR
L
32 Q 110 250 >10000 =40
\/[N/H
S 391
33 \([/: 12 34 3900 115
N
600 4500 7.5

N
34 3 340
sl

“Mean value of at least two independent experiments each conducted in duplicates, standard deviation less than 15%. Using intact T47D cells,
substrate [*H]-E1 + E1 [$0 nM]. “Human placenta, cytosolic fraction, substrate [H]-E1 + E1 [500 nM], and cofactor NADH [0.5 mM]. “Human
placenta, microsomal fraction, substrate [°H]-E2 + E2 [500 nM], and cofactor NAD* [1.5 mM]. “SF (selectivity factor): ICs,(178-HSD2)/

IC4(174-HSD1).

13 was observed when the phenyl moiety of ring A was replaced
by pyridine (compounds 28—30). Replacement of the furan ring
(B) of 13 with oxazole (compound 36) or thiazole (compounds
37 and 38) resulted in a low to moderate decrease in STS
inhibition, while oxadiazole (compound 35) proved to be an
even less suitable substitute for the furan ring. As a conclusion,
the furan derivatives 13, 16, 18-20, and 22-24, the oxazole 36,
and the 2,4-disubstituted thiazole 37 demonstrated potent
inhibition of STS with nanomolar ICg, values (albeit not quite
reaching the inhibitory potency of the reference compound
Irosustat), suggesting high activity and good cell penetration.
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Irreversible Inhibition of Human STS. An important part
of the present investigation was to obtain further information
about the nature of the STS inhibition induced by sulfamate
derivatives. T47D cells were pretreated with the most potent
sulfamates (compounds 13, 16, 18—20, 23, 24, 36, and 37) and
the reference STX64, respectively. After thorough washing with
phosphate-buffered saline (PBS) in order to remove the
compounds, the radiolabeled substrate E1-S was added to the
cells. After an incubation time of 24 h, STS activity was
evaluated. The compounds effectively inhibited STS, and the
obtained IC, values were close to those obtained from the

https://doi.org/10.1021/acs.jmedchem.2c00589
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standard intracellular STS inhibition assay (Table 1), implying
an irreversible mode of STS inhibition. These findings are in
agreement with an irreversible inhibition of the STS enzyme as
shown for other sulfamate-containing STS inhibitors, for
example, for STX64."'"”

Cellular and Cell-Free Inhibition of Human 178-HSD1.
The immediate product released by a sulfamate-based STS
inhibitor after STS inactivation and/or hydrolytic cleavage is its
corresponding phenol.”*' "> Therefore, the phenols 1—
12, 25—27, and 31—34 were anticipated to be released from
their sulfamate congeners and act as 174-HSD1 inhibitors
because of the formation of the important pharmacophore for
174-HSD1 inhibition, the phenolic moiety. The 175-HSD1
cellular assay was carried out in the same manner as the STS
assay, except that tritiated E1 was used as the substrate, and the
incubation time was reduced to 40 min. In the case of the cell-
free 174-HSD1 assay, the human placental enzyme was purified
following a previously described protocol'”” and incubated with
tritiated E1, NADH, and inhibitor for 10 min at 37 °C. HPLC
was used to separate the steroidal substrate and product. The
importance of a phenolic hydroxyl group for 174-HSDI1
inhibition was shown in previous studies.””''” In accordance
to this, all STS inhibitors of the present study which have been
tested for 17f-HSD1 inhibition in the cell-free assay
(compounds 13, 16, 18—20, 22, and 23—all of them lacking
a free phenolic OH group) only showed marginal activities
(Table 1), which can be reasonably attributed to partial
hydrolysis of the inactive sulfamates to their corresponding
highly active phenols during incubation. Strong 174-HSD1
inhibition, however, was exerted by the phenols 1-12, 25-27,
and 31—34 (Table 2). All phenolic compounds which were
expected to be released from the hydrolysis of the most
interesting sulfamate compounds showed good to potent
inhibition of 175-HSD1. The best position of the hydroxyl
group in the ring C is the para position (compound 1). For drug
design, this is advantageous because the position coincides with
the optimal position of the sulfamate group for STS inhibition
(Table 1). Interestingly, the presence of both electronegative
atoms (F and Cl) or an electron-donating group (CH;)
increased the inhibitory activity (see compounds 4-—8).
Fluorination of ring A in positions 3 and 4 (compounds 10
and 11) led to an increase in activity compared to the
unsubstitated furan 1 in both cellular and cell-free assays. The
2,4-disubstituted thiazole 33 showed stronger inhibitory activity
compared to the furan 1 while inhibitory potency decreased
when furan was replaced with oxadiazole (31), oxazole (32), and
2,5-disubstituted thiazole (34).

Selectivity: Cell-Free Inhibition of Human 174-HSD2
and Affinities to the Estrogen Receptor a. Inhibition of
human 17#-HSD2 was determined under cell-free conditions
using tritiated E2 and NAD" as a co-substrate. IC, values for
phenolic derivatives 1—12, 25—27, and 31—34 and selectivity
factors (SF) [SF = IC,(175-HSD2)/IC,(174-HSD1)] are
shown in Table 2. Regarding the different phenyl ring (C)-
modified compounds, compounds with substituents in position
3 (ortho to OH) are more selective over 174-HSD2 than
compounds with substituents in position 2 (meta to OH),
compared to the unsubstituted compound 1 (see compounds
4—6). Fluorination of ring A in positions 3 and 4 (compounds
10 and 11) maintained or increased selectivity over 174-HSD2,
while in positions 2 and 5 (compounds 9 and 12) selectivity
decreased compared to the unsubstituted compound 1. Pyridine
derivatives 26 and 27 showed high selectivity. The nature of the

five-membered middle ring also affected selectivity: the 2,4-
disubstituted thiazole (33) showed a strong increase in
selectivity (compared to compound 1) and oxazole (32) gave
the same selectivity factor as 1, while substitution of furan with
oxadiazole (31) and 2,5-disubstituted thiazole (34) provided
compounds with decreased selectivity over 174-HSD2.

Interaction with ER is another critical parameter for the
potential applicability of the compounds as drugs. Agonistic
effects will of course conflict with the therapeutic approach of
STS/17p-HSD1 inhibition, while antagonistic effects will lead to
undesired systemic antiestrogenic or SERM like-effects.
Consequently, an ER affinity as low as possible should be
aimed at. The relative binding affinities (RBA) of the 10 most
active compounds (sulfamates 13, 16, 19, 23, and 37 and their
corresponding phenols 1, 4, 7, 11, and 33) were determined
using the fluorescence-based PolarScreen ER Alpha Competitor
Assay, Green (Thermo Fisher Scientific). RBA of E2 was set to
100%. Most of the compounds showed low RBA values in the
range of 0.28—1.5% (Table 3). Although the values are rather
low, they still reveal some residual receptor affinities which
might be relevant. Further compound optimizations will address
this issue.

Table 3. Binding Affinities of Selected Compounds for the
Human Estrogen Receptor «

RBA (%)
Cpd ERa”
1 0.51
4 1.05
7 4.98
11 0.45
33 0.73
13 0.55
16 0.28
19 1.47
23 1.51
37 0.38

“RBA (relative binding affinity), mean value of at least two
independent experiments, standard deviations less than 20%.
®Incubation of human recombinant receptor ERg, with 10 uM
FITC-E2 and inhibitor for 1 h at 25 °C.

In Vitro Metabolic Stability and Cytotoxicity. The most
interesting sulfamates (13, 16, 18—20, 22—24, 36, and 37) were
tested for their metabolic stability using human and mouse
hepatic 89 fractions. The half-lives and intrinsic body clearances
are shown in Table 1. Oxazole 36 proved to be the most stable
compound in both human and mouse hepatic $9 fractions. The
furan containing compounds 13, 16, 18—20, and 22—24
showed good metabolic stability in human hepatic §9 fraction
and low intrinsic clearance Clint (<30 y#L/min/mg protein).
Concerning mouse liver microsomes, compounds (13, 16, 19,
and 20) showed moderate half-lives, while compounds (18 and
22—24) showed low half-lives and high intrinsic clearance which
indicate low metabolic stability. In all cases, the newly
synthesized compounds have higher metabolic stability than
the previously discovered thiophene compounds such as
compound A (Chart 1).

The most promising sulfamates 13, 16, 19, and 37 as well as
their conjugate phenols 1, 4, 7, and 33 were analyzed for
potential cytotoxicity in an MTT assay using HEK-293 cells. Ata
concentration of 20 uM, cell growth was inhibited by 11.7%

11734 https://doi.org/10.1021/acs jmedchem.2c00589
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(13) to 30.0% (19), indicating a low cytotoxicity. Only for
compounds 4 and 16, slightly higher values of approximately
55% were detected. The assay conditions and a table with the
data of all eight compounds are given in the Supporting
Information (page $36, Table S1).

Validation of the Drug-Prodrug Approach. Based upon
its beneficial biological properties, compound 13 was considered
a suitable candidate for the validation of the drug-prodrug
approach. For this purpose, the development of a new assay was
required, which allowed to monitor the transformation of the
STS inhibitor 13 (prodrug for 174-HSD1 inhibition) to the 174-
HSD1 inhibitor 1 both in buffer and in a cell-based setup
quantitatively and in a time-dependent manner. In parallel, the
assay should facilitate the quantification of the increase in 17/-
HSD1 inhibition. Thus, a possible correlation of phenol
formation and 176-HSD1 inhibition could be derived.
Compound 13 was incubated at 37 °C either in phosphate
buffer or in the presence of T47D cells in DMEM. These two
assay variants were established to be able to compare the results
with those of the respective 174-HSD1 inhibition assays
described above. At different time points, samples were taken
and analyzed to quantify the percentage of conversion of
compound 13 to its phenolic counterpart 1 using LC—MS/MS.
Simultaneously, the percentage of 174-HSDI inhibition exerted
by the released drug at the same time points was evaluated. The
starting concentration of compound 13 in the assay variant used
(cell-free or cellular) was chosen based on the respective ICq;
see the Experimental Section for more details.

The data showed that compound 13 remained within
detection limits after 24 h of incubation and that it was more
stable in phosphate buffer than in T47D/DMEM (40% vs 94%
conversion after 24 h). In the cell-free setup (phosphate buffer),
the starting concentration of 13 was set to 250 nM. The
experiment revealed a clear correlation between the formation of
compound 1 and 17-HSD1 inhibition (Figure 3). Moreover, a

100 =
90+
80+
70+
601
50

Cell-free

50% inhibition

%

......... . N—

40
i T -l P 62.5 nM of cpd.1
20+ E -@ % Inhibition of 17R3-HSD1
10 y W %conversion of cpd 13

T T T T T T T T T T T T T T T T T T T T T
10 15 20 25 30

Incubation time (hr)

Figure 3. Plots of percentage conversion (blue) of 13 to 1 and
percentage inhibition of 174-HSD1 (red) at a starting concentration of
13 of 250 nM in a cell-free system. Each data point in the figure
represents the mean value of two independent experiments each
conducted in duplicates, standard deviation less than 20%.

closer data analysis showed that when 50% inhibition of 17/-
HSD1 was reached (after 13.5h), 25% of 13 had been converted
into 1, which corresponds to a concentration of 62.5 nM of 1.
This is in very good agreement to the previously determined
cell-free ICy, value for 174-HSD1 inhibition of 1 (5 nM).

In the cellular setup, compound 13 was applied in a starting
concentration of S0 nM in the presence of T47D cells in
DMEM. After 6.5 h, 50% inhibition of 17-HSD1 was achieved
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when 47% of 13 had been transformed to 1 which is equivalent
to a concentration of 23.6 nM of 1 (Figure 4). Again, this value

Cellular

50% inhibition

" 236 nM of cpd 1

30
20 -8 % inhibition of 173-HSD1
10 - % conversion of cpd.13

10
Incubation time (hr)

15 20 25 30

Figure 4. Plots of percentage conversion of 13 into 1 and the
percentage inhibition of 17-HSD1 at a starting concentration of 50
nM of 13 in a cellular system. Each point in the figure represents the
mean value of two independent experiments each conducted in
duplicates, standard deviation less than 20%.

matches well the previously determined IC, for 174-HSD1
inhibition exerted by 1 in the cellular assay (21 nM). It is worth
mentioning that even after 24 h of incubation, 174-HSDI1
inhibition does not increase much above 60%. This can be
attributed to the fact that 13 was applied in a low starting
concentration of 50 nM, which is consequently the maximum
concentration of 1 after complete conversion of 13. A full
inhibition was achieved at higher starting concentrations of 13
(see Supporting Information, page S34).

In summary, the experiments demonstrate—both in the cell-
free and in the cellular setup—that the 174-HSD1 inhibitor 1 is
released time-dependently from the sulfamate prodrug 13 and
that 174-HSD1 inhibition is exerted by the released phenol-
based drug 1 exclusively. Thus, the envisaged drug-prodrug
concept was successfully implemented.

In addition to compound 13, three of the most active
sulfamates (16, 19, and 37) were subjected to the assay. The
results are provided in the Supporting Information (page $29).
In all cases, the validity of the drug-prodrug concept was
confirmed. Moreover, the data indicate that the rate of
conversion from sulfamate to phenol is delicately dependent
on additional substituents present at the aryl sulfamate moiety.

Bl CONCLUSIONS

Inhibition of STS and 174-HSD1 with dual acting drugs is a
promising strategy for the treatment of endometriosis and other
estrogen-dependent diseases. Pursuing the novel idea to design
compounds which are drugs for STS inhibition and prodrugs for
17p-HSD1 inhibition was facilitated by the fact that in-house
174-HSD1 inhibitors possessed the structural requirements to
be modified for the implementation of this “drug-prodrug
approach”. Nineteen new aryl sulfamates have been synthesized.
Many of them were highly potent STS inhibitors, and their
respective phenols showed strong and selective inhibition of
17-HSD1. Due to their beneficial biological properties, among
them good metabolic stabilities, 4 of the 19 aryl sulfamates
(compounds 13, 16, 19, and 37) were selected for the successful
validation of the novel approach. To the best of our knowledge,
this is the first time that compounds have been intentionally and
successfully designed as drugs for one target and prodrugs for a
second target, both of which are involved in the pathogenesis of
the same disease. Highly interesting, though not unexpected,

https://doi.org/10.1021/acs.jmedchem.2c00589
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Results

46

Journal of Medicinal Chemistry

pubs.acs.org/jmc

was the finding that the rate of transformation from aryl
sulfamate to phenol was strongly dependent on the substitution
at the aryl moiety bearing the sulfamate group. This fact opens
up the exciting possibility to modulate the transformation rate
according to the demands—which may differ, for instance,
depending on the application route of the compound—by
selecting an appropriate substitution.

B EXPERIMENTAL SECTION

Chemical Methods. Chemical names follow TUPAC nomenclature
[PerkinElmer ChemDraw Professional 16.0.1.4 (77)]. Starting
materials were purchased from Acros Organics, Alfa Aesar, Combi-
Blocks, Fluorochem, and Sigma-Aldrich. Column chromatography was
performed on silica gel (0.04—0.063 mm, Macherey—Nagel) and
reaction progress was monitored by TLC on aluminum sheets (Silicagel
60 F254, Merck). Visualization was accomplished with UV light at 254
nm.'H and "*C NMR spectra were measured on a Bruker-500 (at 500
and 126 MHz, respectively) or Bruker-300 (at 300 MHz). Chemical
shifts are reported in & (parts per million: ppm) using residual peaks of
the deuterated solvents as an internal standard: (CD,),SO (DMSO-
dg): 2.50 ppm ('H NMR), 39.52 ppm (°C NMR); (CD,),CO
(acetone-d6): 2.05 ppm ('H NMR), 29.84, and 206.26 ppm ("*C
NMR); CDCly (chloroform-d): 2.05 ppm (‘H NMR), 29.84, and
206.26 ppm ('*C NMR). Signals are described as s, d, t, dd, ddd, dt, td,
and m for singlet, doublet, triplet, doublet of doublets, doublet of
doublet of doublets, doublet of triplets, triplets of doublets, and
multiplet, respectively. All coupling constants (J) are given in Hertz
(Hz). All tested compounds have >95% chemical purity as evaluated by
LC/MS. The Surveyor-LC-system consisted of a pump, an
autosampler, and a PDA detector. Mass spectrometry was performed
by a TSQ Quantum (ThermoFisher, Dreieich, Germany). The triple
quadrupole mass spectrometer was equipped with an electrospray
interface (ESI). The system was operated by the standard software
Xcalibur. A RP C18§ NUCLEODUR 100-5 (3 mm) column
(Macherey-Nagel GmbH, Diiren, Germany) was used as a stationary
phase. All solvents were of HPLC grade. In a gradient run, the
percentage of acetonitrile (containing 0.1% trifluoroacetic acid) was
increased from an initial concentration of 30% at 0 min to 100% at 12
min and kept at 100% for 3 min. The injection volume was 25 L and
the flow rate was set to 700 #L/min. MS analysis was carried out at a
needle voltage of 3000 V and a capillary temperature of 350 “C. Mass
spectra were recorded in the positive mode from 100 to 1000 m1/z, and
UV spectra were recorded at the wavelength of 254 nm. The melting
points were measured using Stuart melting point apparatus SMP3.

Method A, General Procedure for Acyl Chloride Forma-
tion.""""? A mixture of S-bromofuran-2-carboxylic acid (2 mmol),
thionyl chloride (4 mmol), and DMF (5 drops) in toluene (10 mL) was
refluxed at 110 °C for 4 h. The reaction mixture was cooled to room
temperature; the solvent and the excess of thionyl chloride were
removed under reduced pressure. The crude product was used in the
next step without any further purification.

Method B, General Procedure for Amide Formation.
The corresponding aniline (2 mmol) and Et;N (2 mmol) in DCM (10
mL) were added at 0 °C to the acyl chloride. After 30 min at 0 °C, the
ice bath was removed and the solution was warmed up and stirred at
room temperature overnight. The reaction mixture was extracted twice
with ethyl acetate (2 X 15 mL); the organic layer was dried over
MgSO,, filtered, and the solution was concentrated under reduced
pressure. The residue was purified by silica gel column chromatogr:%phy.

Method C, General Procedure for the N-Methylation.'”® A
mixture of furan-2-carboxamide (1 equiv) and NaH (2 equiv) in DMF
(20 mL) was stirred for 30 min at room temperature, and then,
iodomethane (1 equiv) was added. After 2 h, the reaction mixture was
poured into water. The resulting precipitate was collected, washed with
water, dried, and purified by silica gel column chromatographgr.

Method D, General Procedure for Suzuki Coupling.''® Aryl
bromide (1 equiv), boronic acid derivative (1.5 equiv), cesium
carbonate (4 equiv) or sodium carbonate (S5 equiv), and tetrakis-
(triphenylphosphine) palladium (0.05 equiv) were added to an oxygen-

111,112

free DME /water (1:1) or toluene/ethanol (1:1) and refluxed under a
nitrogen atmosphere for 4 h. The reaction mixture was cooled to room
temperature. The aqueous layer was extracted with ethyl acetate
(acidify with 2 M HCl to pH 2 if the product is acid before extraction).
The organic layers were combined, dried over MgSO,, and
concentrated to dryness under reduced pressure. The product was
purified by column chromatography.

Method E, General Procedure for Ether Cleavage.''” To a
solution of methoxy heteroaryl derivative (1 equiv) in DCM (30 mL) at
0 °C boron trifluoride methyl sulfide complex (10 equiv per methoxy
group) was added. The reaction mixture was warmed up to room
temperature and stirred overnight. Methanol was added to quench the
reaction at 0 °C. After warming up to room temperature for 1 h, the
solvent was carefully removed under reduced pressure (temperature of
bath was 25 °C). Cold water was added to the residue and the aqueous
layer was extracted with DCM (3 X 15 mL). The organic layer was
washed once with water, dried over MgSQ,, filtered, and evaporated to
dryness under reduced pressure. The product was purified by column
chromatography.

Method F, Preparation of Sulfamoyl Chloride.”* A fresh
solution was prepared for each reaction. Chlorosulfonyl isocyanate (1
equiv) was cooled to 0 °C. Then, formic acid 99% (1 equiv) was then
added dropwise to the isocyanate slowly over 10 min. Slow, steady
evolution of CO, was observed; eventually a white solid was formed.
After 15 min, the ice bath was removed and the reaction mixture was
warmed to room temperature and then used in the next reaction
without further workup.

Method G, General Procedure for Sulfamoylation.”* A
solution of phenol derivative (1 equiv) in DMA was cooled to 0 °C.
A freshly prepared sulfamoyl chloride (S equiv) was subsequently
added over 5 min and the reaction mixture was warmed to room
temperature and stirred overnight. The reaction was quenched with
water, and then, the aqueous layer was extracted with ethyl acetate. The
organic layers were combined, dried over MgSO,, and concentrated to
dryness under reduced pressure. The product was purified by column
chromatography.

4-{5-[Methyl(o-tolyl)carbamoylifuran-2-ylipheny!l Sulfamate
(13). The title compound was prepared according to method G by
the reaction of 1 (0.2 g, 0.65 mmol, 1 equiv) and sulfamoyl chloride
(0.375 g 3.25 mmol, S equiv) in DMA (S mL). The product was
purified by column chromatography (dichloromethane/methanol
98:2) to give 0.175 g (0.45 mmol/70%) of the analytically pure
compound (purity: 98.22%). C;oHsN,0;S; MW 386.42; mp 194—196
°C; 'H NMR (500 MHz, DMSO-dg): & 8.05 (s, 2H), 7.43—7.36 (m,
2H), 7.36—7.29 (m, 4H), 7.27—7.21 (m, 2H), 6.91 (d, ] = 3.6 Hz, 1H),
6.46 (d, ] = 3.6 Hz, 1H), 3.25 (s, 3H), 2.17 (s, 3H); '*C NMR (126
MHz, DMSO-ds): § 157.79, 153.39, 150.00, 146.80, 142.70, 135.27,
131.17,128.29, 128.12, 127.45, 127.41, 125.31, 122.58, 118.37, 107 45,
36.98, 16.97; MS (ESI): 387.02 (M + H)".

3-{5-{Methyl(o-tolyljcarbamoylifuran-2-yi}phenyl Sulfamate
(14). The title compound was prepared according to method G by
the reaction of 2 (0.2 g, 0.65 mmol, 1 equiv) and sulfamoyl chloride
(0.375 g, 3.25 mmol, S equiv) in DMA (S mL). The product was
purified by column chromatography (petroleum ether/ethyl acetate
1:1) to give 0.175 g (0.452 mmol/70%) of the analytically pure
compound (purity: 96.37%). C,oH N,O0,S; MW 386.42; mp 191—193
°C; TH NMR (500 MHz, DMSO-d,): 6 8.05 (s, 2H), 7.47—7.38 (m,
2H), 7.40=7.31 (m, 1H), 7.35—=7.25 (m, 2H), 7.30—7.23 (m, 1H),
7.24-7.17 (m, 2H), 6.95 (d, J = 3.6 Hz, 1H), 6.40 (d, J = 3.7 Hz, 1H),
3.26 (s, 3H), 2.17 (s, 3H); "*C NMR (126 MHz, DMSO-d,): § 157.77,
153.01, 150.57, 146.87, 142.52, 135.21, 131.20, 130.65, 130.25, 128.43,
128.05, 127.43, 122.08, 121.98, 118.14, 117.66, 108.04, 36.90, 16.92;
MS (ESI): 387.08 (M + H)".

2-{5-[Methyl(o-tolyl)carbamoylifuran-2-yliphenyl Sulfamate
(15). The title compound was prepared according to method G by
the reaction of 3 (0.157 g, 0.51 mmol, 1 equiv) and sulfamoy] chloride
(0.295 ¢, 2.25 mmol, S equiv) in DMA (S mL). The product was
purified by column chromatography (petroleum ether/ethyl acetate
2:1) to give 0.148 g (0.38 mmol/75%) of the analytically pure
compound (purity: 96.32%). C,gH gN,0S; MW 386.42; mp 188—190
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°C; 'H NMR (500 MHz, DMSO-d,): 5 8.32 (s, 2H), 7.46—7.42 (m,
2H), 7.41-7.30 (m, 4H), 7.25 (td, J = 7.6, 1.3 Hz, 1H), 7.02 (dd, ] = 8.0,
1.7 Hz, 1H), 6.90 (d, ] = 3.6 Hz, 1H), 6.34 (d, ] = 3.6 Hz, 1H), 3.27 (s,
3H),2.17 (s, 3H); *C NMR (126 MHz, DMSO-d,): § 157.79, 149.69,
146.24, 146.12, 142.52, 135.26, 131.28, 129.53, 128.42, 128.16, 127.56,
126.43, 12629, 122.05, 121.90, 118.24, 111.57, 37.04, 16.95; MS
(ESI): 387.00 (M + H)".

2-Chloro-4-{5-[Methyl(o-tolyl)carbamoylifuran-2-ylipheny! Sul-
famate (16). The title compound was prepared according to method
G by the reaction of 4 (0.130 g, 0.38 mmol, 1 equiv) and sulfamoyl
chloride (0.219 g, 1.9 mmol, § equiv) in DMA (5 mL). The product was
purified by column chromatography (petroleum ether/ethyl acetate
1:1) to give 0.092 g (0.21 mmol/57%) of the analytically pure
compound (purity: 99%). C,sH,CIN,OS; MW 420.86; mp 176—178
°C; 'H NMR (500 MHz, DMSO-d;): & 8.32 (s, 2H), 7.45—7.39 (m,
2H), 7.40—7.30 (m, 4H), 7.224 (d, ] = 2.1 Hz, 1H), 7.04 (d, ] = 3.6 Hz,
1H), 6.68 (d, ] = 3.6 Hz, 1H), 3.26 (s, 3H), 2.16 (s, 3H); '*C NMR
(126 MHz, DMSO-d,): & 157.57, 151.88, 151.87, 147.33, 145.69,
142.68,135.22,131.12, 128.44, 128.08, 127.41, 127.17, 125.24, 124.15,
123.69, 118.67, 108.57, 37.05, 16.98; MS (ESI): 421.00, 423.01 (M +
H)*".

2-Fluoro-4-{5-[Methyl(o-tolyl)carbamoylifuran-2-ylipheny! Sul-
famate (17). The title compound was prepared according to method
G by the reaction of § (0.130 g, 0.39 mmol, 1 equiv) and sulfamoyl
chloride (0.230 g, 1.9 mmol, § equiv) in DMA (5 mL). The product was
purified by column chromatography (dichloromethane/methanol
99:1) to give 0.1 g (0.24 mmol/62%) of the analytically pure
compound (purity: 99.99%). CoH,FN,0;S; MW 404.41; mp 188—
190 °C; 'H NMR (500 MHz, DMSO-d,): & 829 (s, 2H), 7.43—7.37
(m, 3H), 7.36—7.30 (m, 2H), 7.21-7.11 (m, 2H), 7.02 (d, ] = 3.6 Hz,
1H), 6.60 (d, J = 3.6 Hz, 1H), 3.26 (s, 3H), 2.16 (s, 3H); *C NMR
(126 MHz, DMSO-d): 8 157.62, 154.42 (d, J = 249.8 Hz), 152.18,
147.27, 142.70, 136.97 (d, ] = 12.6 Hz), 135.26, 131.15, 128.86 (d, ] =
7.3Hz), 12823 (d, J = 27.1 Hz), 127.45, 125.24, 120.29 (d, ] = 3.5 Hz),
118.56, 112.29 (d, J = 21.4 Hz), 108.61, 105.81, 37.05, 16.98; MS
(ESI): 404.90 (M + H)".

2-Methyl-4-{5-[Methyl(o-tolyl)carbamoyljfuran-2-ylipheny! Sul-
famate (18). The title compound was prepared according to method
G by the reaction of 6 (0.196 g, 0.60 mmol, 1 equiv) and sulfamoyl
chloride (0.35 g, 3.04 mmol, S equiv) in DMA (5 mL). The product was
purified by column chromatography (dichloromethane/methanol
98:2) to give 0.180 g (0.44 mmol/75%) of the analytically pure
compound (purity: 99.99%). CyoH,oN,05S; MW 400.4S; mp 190—192
°C; 'H NMR (500 MHz, DMSO-d,): 5 8.08 (s, 2H), 7.45—7.28 (m,
4H),7.24 (t,J = L4 Hz, 2H), 7.03 (s, 1H), 6.89 (d, ] = 3.6 Hz, 1H), 6.60
(d,] = 3.6 Hz, 1H), 3.25 (s, 3H), 2.26 (s, 3H), 2.16 (5, 3H); ’C NMR
(126 MHz, DMSO-d,): § 157.77, 153.55, 148.62, 146.81, 142.82,
135.26,131.77, 131.18, 128.31, 128.10, 127.45, 127.24, 126.44, 122.80,
122.58, 118.60, 107.30, 37.08, 17.01, 16.04; MS (ESI): 401.05 (M +
H)".

3-Chloro-4-{5-[Methyl(o-tolyl)carbamoyllfuran-2-yliphenyl Sul-
famate (19). The title compound was prepared according to method
G by the reaction of 7 (0.174 g, 0.509 mmol, 1 equiv) and sulfamoyl
chloride (0.294 g, 2.54 mmol, S equiv) in DMA (S mL). The product
was purified by column chromatography (petroleum ether/ethyl
acetate 2:1) to give 0.185 g (0.43 mmol/86%) of the analytically
pure compound (purity: 99.99%). C,oH,CIN,O,S; MW 420.86; mp
193—195 °C; 'H NMR (500 MHz, DMSO-d,): 5 8.20 (s, 2H), 7.45—
7.36 (m, 3H), 7.35—7.29 (m, 2H), 7.23 (dd, ] = 8.8, 2.4 Hz, 1H), 7.07
(d,] = 3.7 Hz, 1H), 7.00 (d, ] = 8.8 Hz, 1H), 6.47 (d, ] = 3.7 Hz, 1H),
3.26 (s, 3H), 2.17 (s, 3H); *C NMR (126 MHz, DMSO-d;): 6 157.64,
149.79, 149.54, 146.84, 142.55, 135.24, 131.28, 129.87, 128.82, 128.38,
128.14, 127.54, 125.61, 124.17, 121.33, 117.94, 112.19, 37.04, 16.97;
MS (ESI): 421.00, 422.99 (M + H)".

3-Fluoro-4-{5-[Methyl(o-tolyl)carbamoyljfuran-2-yljphenyl Sul-
famate (20). The title compound was prepared according to method
G by the reaction of 8 (0.2 g, 0.614 mmol, 1 equiv) and sulfamoyl
chloride (0.355 g, 3.07 mmol, S equiv) in DMA (S mL). The product
was purified by column chromatography (petroleum ether/ethyl
acetate 2:1) to give 0.182 g (0.45 mmol/73%) of the analytically
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pure compound (purity: 99.99%). C,,H;FN,O:S; MW 404.41; mp
199201 °C; 'H NMR (500 MHz, DMSO-d): & 8.19 (s, 2H), 7.45—
7.39 (m, 1H), 7.42—7.35 (m, 1H), 7.37—7.29 (m, 2H), 7.25 (dd, J =
11.8,2.3 Hz, 1H), 7.12 (dd, ] =8.7, 2.3 Hz, 1H), 7.01 (t, ] = 8.7 Hz, 1H),
6.76 (t, J = 3.7 Hz, 1H), 6.47 (d, ] = 3.6 Hz, 1H), 326 (s, 3H), 2.17 (s,
3H); *C NMR (126 MHz, DMSO-d,): 6 15828 (d, J = 220.3 Hz),
156.94, 150.35 (d, J = 11.2 Hz), 147.49 (d, ] = 3.0 Hz), 146.78, 142.54,
135.25,131.21, 128.25 (d, J = 31.2 Hz), 127.49, 126.52 (d, ] = 4.0 Hz),
118.62 (d, ] = 3.3 Hz), 118.26, 115.48 (d, J = 11.8 Hz), 111.32, 111.23,
110.71 (d, ] = 24.2 Hz), 36.99, 16.94; MS (ESI): 404.90 (M + H)".

4-{5-[(2-Fluoro-6-methylphenyl)(methyi)carbamoylifuran-2-yi}-
phenyl Sulfamate (21). The title compound was prepared according to
method G by the reaction of 9 (0.085 g, 0.261 mmol, 1 equiv) and
sulfamoy] chloride (0.15 g, 1.30 mmol, § equiv) in DMA (S mL). The
product was purified by column chromatography (petroleum ether/
ethyl acetate 2:1) to give 0.05S g (0.52 mmol/52%) of the analytically
pure compound {purity: 99.99%). C;,H ;FN,0:S; MW 404.41; mp
180—182 °C; 'H NMR (300 MHz, Acetone-dg): 5 7.46—7.36 (m, 2H),
7.36—7.32 (m, 1H), 7.31=7.25 (m, 2H), 7.24—7.11 (m, 3H), 6.88—
6.74 (m, 2H), 6.63 (dd, ] = 22.5, 3.6 Hz, 1H), 3.29 (5, 3H), 2.29 (s, 3H);
3C NMR (126 MHz, DMSO-d,): 6 160.31 (d, J = 240.6 Hz), 156.85,
152.42, 149.01, 145.69, 138.01 (d, J = 2.3 Hz), 137.23 (d, ] = 8.6 Hz),
129.10 (d, ] = 10.3 Hz), 126.43, 124.22, 121.64, 117.53, 11648 (d, ] =
254 Hz), 112.99 (d, J = 23.7 Hz), 106.54, 35.98, 16.05; MS (ESI):
404.94 (M + H)".

4-{5-[(5-Fluoro-2-methylphenyl) (methylcarbamoylifuran-2-yi}-
phenyl Sulfamate (22). The title compound was prepared according to
method G by the reaction of 10 (0.275 g, 0.845 mmol, 1 equiv) and
sulfamoyl chloride (0.488 g, 4.22 mmol, S equiv) in DMA (S mL). The
product was purified by column chromatography (petroleum ether/
ethyl acetate 1:1) to give 0.238 g (0.58 mmol/69%) of the analytically
pure compound (purity: 97.54%). CoH;FN,OS; MW 404.41; mp
193—195 °C; 'H NMR (500 MHz, DMSO-dg): 6 8.07 (s, 2H), 7.4 (t, |
=7.5Hz, 1H), 7.38—7.29 (m, 3H), 7.28—7.22 (m, 3H), 6.96 (d, ] = 3.6
Hz, 1H), 6.62 (d, ] = 3.6 Hz, 1H), 3.25 (s, 3H), 2.13 (s, 3H); '*C NMR
(126 MHz, DMSO-dg): & 160.79 (d, J = 243.8 Hz), 157.62, 153.49,
150.08, 146.63, 143.76 (d, J = 10.8 Hz), 132.28 (d, ] = 8.4 Hz), 131.55
(d,] = 4.6 Hz), 127.39, 125.22, 122,62, 118.67, 115.24 (d, ] = 20.1 Hz),
115.07 (d, J = 18.1 Hz), 107.58, 36.80, 16.27; MS (ESI): 404.88 (M +
H)*".

4-{5-[(4-Fluoro-2-methyiphenyl) (methyl)carbamoyllfuran-2-yl}-
phenyl Sulfamate (23). The title compound was prepared according to
method G by the reaction of 11 (0.227 g, 0.697 mmol, 1 equiv) and
sulfamoyl chloride (0.403 g, 3.48 mmol, S equiv) in DMA (S mL). The
product was purified by column chromatography (petroleum ether/
ethyl acetate 1:1) to give 0.190 g (0.46 mmol/67%) of the analytically
pure compound (purity: 97.03%). CoH;FN,O:S; MW 404.41; mp
200—202 °C; 'H NMR (500 MHz, DMSO-d,): 6 8.07 (d, J = 3.5 Hz,
2H), 7.43—7.34 (m, 3H), 7.31 (dd, j = 9.7, 3.0 Hz, 1H), 7.28—7.23 (m,
2H),7.16 (td, ] = 8.5,3.1 Hz, 1H), 6.94 (d, ] = 3.6 Hz, 1H), 6.52 (d, ] =
3.6 Hz, 1H), 3.24 (s, 3H), 2.17 (s, 3H); 3C NMR (126 MHz, DMSO-
dg): 6161.32 (d, J = 245.2 Hz), 157.86, 153.43, 150.01, 146.69, 139.02
(d,J=2.1Hz),138.24 (d, ] = 8.2 Hz), 130.11 (d, J = 9.2 Hz), 127.43,
125.23, 122,64, 118.54, 117.49 (d, ] = 22.4 Hz), 114.00 (d, ] = 22.5 Hz),
107.54, 36.99, 17.05; MS (ESI): 404.96 (M + H)".

4-{5-[(3-Fluoro-2-methylphenyl) (methyl)carbamoylifuran-2-yi}-
phenyl Sulfamate (24). The title compound was prepared according to
method G by the reaction of 12 (0.2 g, 0.614 mmol, 1 equiv) and
sulfamoyl chloride (0.355 g, 3.07 mmol, 5 equiv) in DMA (5 mL). The
product was purified by column chromatography (petroleum ether/
ethyl acetate 1:1) to give 0.150 g (0.37 mmol/60%) of the analytically
pure compound (purity: 99.99%). C;oH;;FN,OS; MW 404.41; mp
196—198 °C; 'H NMR (500 MHz, DMSO-dy): 6 8.07 (s, 2H), 7.44—
7.28 (m, 4H), 7.28—7.21 (m, 2H), 7.21 (d, = 7.4 Hz, 1H), 6.95 (d, j =
3.6 Hz, 1H), 6.63 (d, ] = 3.6 Hz, 1H), 3.26 (s, 3H), 2.09 (s, 3H); P*C
NMR (126 MHz, DMSO-dy): § 161.09 (d, J=243.2 Hz), 157.97 (d,] =
9.5Hz), 155.21, 145.30, 144.55 (d, ] = 8.9 Hz), 127.89 (d, ] = 10.0 Hz),
125.54,124.23,122.85 (d, J= 16.9 Hz), 122.59, 120.34, 118.80, 115.53,
114.70 (d, J = 21.8 Hz), 104.72, 37.02, 9.29; MS (ESL): 404.94 (M +
H)*.
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4-{5-[Methyl(3-methyipyridin-2-yl)carbamoyljfuran-2-yl}pheny!
Sulfamate (28). The title compound was prepared according to
method G by the reaction of 25 (0.3 g 0.972 mmol, 1 equiv) and
sulfamoyl chloride (0.562 g, 4.86 mmol, S equiv) in DMA (S mL). The
product was purified by column chromatography (petroleum ether/
ethyl acetate 2:1) to give 0.273 g (0.704 mmol/72%) of the analytically
pure compound (purity: 99.99%). C,sH-N,0:S; MW 387.41; mp
197—199 °C; 'H NMR (500 MHz, DMSO-d;): § 8.36 (ddd, ] = 4.8,
1.9, 0.7 Hz, 1H), 8.06 (s, 2H), 7.89 (ddd, J = 7.6, 1.9, 0.8 Hz, 1H), 7.41
(dd, J =7.6,4.7 Hz, 1H), 7.34—7.19 (m, 4H), 6.97 (d, ] = 3.6 Hz, 1H),
6.78 (s, 1H), 3.26 (s, 3H), 2.23 (s, 3H); °C NMR (126 MHz, DMSO-
dg): 6 158.22, 154.91, 153.44, 150.00, 146.95, 146.90, 140.29, 130.25,
12727, 125.17, 123.82, 122.62, 11849, 107.63, 35.10, 16.68; MS
(ESI): 387.94 (M + H)".

4-{5-[Methyl(4-methylpyridin-3-yl)carbamoylifuran-2-ylipheny!
Suifamate (29). The title compound was prepared according to
method G by the reaction of 26 (0.21 g, 0.681 mmol, 1 equiv) and
sulfamoyl chloride (0.393 g, 3.4 mmol, § equiv) in DMA (5 mL). The
product was purified by column chromatography (petroleum ether/
ethyl acetate 2:1) to give 0.15 g (0.38 mmol/57%) of the analytically
pure compound (purity: 96.79%). C,5H,;N;0S; MW 387.41; mp
180—182 °C; '"H NMR (500 MHz, Acetone-dy) 6 8.80 (s, 1H), 8.73 (d,
J=5.4Hz, 1H), 7.84 (d, ] = 5.4 Hz, 1H), 7.33—7.28 (m, 4H), 7.20 (s,
2H), 6.96 (s, 1H), 6.90 (s, 1H), 3.43 (s, 3H), 2.47 (s, 3H); *C NMR
(126 MHz, Acetone-d,): & 161.23, 157.71, 156.46, 155.76, 138.43,
138.16, 136.80, 135.93, 133.38, 130.10, 129.75, 125.18, 117.85, 104.01,
37.62, 27.40; MS (ESD): 387.84 (M + H)".

4-{5-[Methyl(2-methylpyridin-3-yl)carbamoylifuran-2-yl}pheny!
Suifamate (30). The title compound was prepared according to
method G by the reaction of 27 (0.246 g, 0.797 mmol, 1 equiv) and
sulfamoyl chloride (0.46 g, 3.98 mmol, § equiv) in DMA (5 mL). The
product was purified by column chromatography (petroleum ether/
ethyl acetate 2:1) to give 0.177 g (0.45 mmol/57%) of the analytically
pure compound (purity: 98.89%). C;sH-N,05S; MW 387.41; mp
194—196 °C; "H NMR (500 MHz, Acetone-d): 6 8.88 (dd, ] = 5.5, 1.5
Hz, 1H), 8.46 (d, ] = 8.0 Hz, 1H), 7.97 (dd, J = 8.1, 5.5 Hz, 1H), 7.33 (d,
J=6.6 Hz, 4H), 7.22 (s, 2H), 7.06 (s, LH), 6.93 (s, 1H), 3.48 (s, 3H),
273 (s, 3H); BC NMR (126 MHz, Acetone-dg): 8 160.12, 159.82,
155.67, 155.35, 151.66, 147.71, 128.59, 126.28, 126.00, 123.71, 120.91,
117.83, 115.54, 108.28, 37.35, 17.50; MS (ESI): 387.93 (M + H)".

4-{5-[Methyl(o-tolyl)carbamoyl-1,3,4-oxadiazol-2-yl}pheny! Sul-
famate (35). The title compound was prepared according to method G
by the reaction of 31 (0.25 g 0.808 mmol, 1 equiv) and sulfamoyl
chloride (0.466 g, 4.04 mmol, § equiv) in DMA (S mL). The product
was purified by column chromatography (dichloromethane/methanol
95:5) to give 0.24 g (0.62 mmol/76%) of the analytically pure
compound (purity: 99.55%). C,;H ¢N,O5S; MW 388.40; mp 206—208
°C; 'H NMR (500 MHz, Acetone-dg): 8 7.98—7.92 (m, 2H), 7.53—
7.47 (m, 2H), 7.40—7.31 (m, 3H), 7.34—7.26 (m, 2H), 7.26—7.19 (m,
1H), 3.41 (s, 3H), 2.36 (s, 3H); '*C NMR (126 MHz, Acetone-d,): &
165.23, 162.03, 158.64, 156.14, 142.39, 136.92, 132.07, 129.82, 129.73,
129.09, 128.01, 117.05, 115.35, 37.11, 17.64; MS (ESL): 388.91 (M +
H)*"

4-{4-[Methyl(o-tolyl)carbamoyljoxazol-2-yl}pheny! Sulfamate
(36). The title compound was prepared according to method G by
the reaction of 32 (0.2 g, 0.648 mmol, 1 equiv) and sulfamoyl chloride
(0.374 g, 3.24 mmol, S equiv) in DMA (S mL). The product was
purified by column chromatography (dichloromethane/methanol
97:3) to give 0.175 g (0.45 mmol/69%) of the analytically pure
compound (purity: 99.15%). C sH ;N;04S; MW 387.41; mp 186—188
°C; TH NMR (500 MHz, DMSO-d,): 6 8.13 (s, 2H), 7.84—7.78 (m,
2H), 7.62 (s, 1H), 7.40—7.35 (m, 2H), 7.33 (d, ] = 7.3 Hz, 1H), 7.30
(dt, ] = 12.1, 4.3 Hz, 1H), 7.25 (d, ] = 4.0 Hz, 2H), 3.26 (s, 3H), 2.19 (s,
3H); 3C NMR (126 MHz, DMSO-d,): & 160.70, 158.76, 151.91,
142.32, 141.68, 136.49, 135.54, 130.94, 128.38, 128.35, 127.65, 127.12,
124.26, 122.85, 36.52, 17.11; MS (ESI): 387.97 (M + H)".

4-{4-[Methyl(o-tolyl)carbamoylthiazol-2-yi}pheny! Sulfamate
(37). The title compound was prepared according to method G by
the reaction of 33 (0.2 g, 0.616 mmol, 1 equiv) and sulfamoyl chloride
(0.355 g, 3.08 mmol, S equiv) in DMA (S mL). The product was
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purified by column chromatography (petroleum ether/ethyl acetate
2:1) to give 0.156 g (0.386 mmol/62%) of the analytically pure
compound (purity: 99.99%). C,,H,,N;0,S,; MW 403.47; mp 186—
188 °C; 'H NMR (500 MHz, DMSO-dy): § 8.1 (s, 2H), 8.02 (s, 1H),
7.61(d,J=8.2Hz,2H),7.29 (t,] =7.4 Hz, 3H), 7.19 (1t, ] = 7.9, 3.9 Hz,
1H), 7.15 (d, ] = 4.2 Hz, 2H), 3.27 (s, 3H), 2.23 (s, 3H); '*C NMR
(126 MHz, DMSO): & 164.18, 162.56, 151.43, 150.71, 143.35, 135.30,
130.73, 130.55, 128.04, 127.66, 127.54, 126.71, 125.04, 122.78, 36.85,
17.39; MS (ESD): 403.92 (M + H)*.

4-{5-[Methyl{o-tolyl)carbamoylithiazol-2-ylipheny! Sulfamate
(38). The title compound was prepared according to method G by
the reaction of 34 (0.25 g, 0.771 mmol, 1 equiv) and sulfamoyl chloride
(0.445 g, 3.85 mmol, S equiv) in DMA (S mL). The product was
purified by column chromatography (petroleum ether/ethyl acetate
2:1) to give 0.21 g (0.52 mmol/67%) of the analytically pure compound
(purity: 98.12%). C,3H;N;,0,S,; MW 403.47; mp 203-205 °C; 'H
NMR (500 MHz, DMSO-dy): 6 8.13 (s, 2H), 7.91-7.84 (m, 2H),
746—741 (m, 2H), 7.40—7.34 (m, 4H), 7.17 (s, 1H), 3.29 (s, 3H),
2.18 (s, 3H); C NMR (126 MHz, DMSO-d): § 169.31, 159.83,
151.96, 146.51, 141.44, 135.98, 133.44, 131.72, 130.41, 129.53, 129.00,
127.95, 127.88, 123.00, 37.00, 16.87; MS (ESI): 403.90 (M + H)".

Biochemical Assays. h174-HSD1 and h17p8-HSD2 Cell-Free
Inhibition Assays. The human enzymes were partially purified from
human })lacental tissue according to previously described proce-
dures.'” Presh human placenta was provided by the Department of
Obstetrics and Gynecology, Saarland University, Homburg/Saar,
Germany. After birth, the placenta was kept at 0 °C and was
immediately processed. After homogenization, the cytosolic and
microsomal fractions were separated by fractional centrifugation. In
the case of the h174-HSD1 assay, the cytosolic fraction was incubated
with NADH (500 pM), while in the case of the /#17/-HSD2 assay, the
microsomal fraction was incubated with NAD* (1500 #M) at 37 °Cina
phosphate buffer (50 mM) with 20% of glycerol and EDTA (1 mM) in
the presence of potential inhibitors which were prepared in DMSO
(final DMSO concentration in the assay was 1%). The enzymatic
reaction was started by the addition of a mixture of unlabeled and
radiolabeled substrate {final concentration: 500 nM), [*H]-E1 for 10
min in the case of #17/-HSD1 assay or with [*H]-E2 for 20 min in the
case of h17/-HSD2 assay.'"” HgCl, (10 mM in case of h17-HSD1 or
1mM in case of h17f-HSD2) was used to stop the enzymatic reactions
and the steroids were extracted with diethyl ether. After evaporation,
they were dissolved in acetonitrile/water (45:55). E1 and E2 were
separated on a C18 reverse phase chromatography column (Nucleodur
Cyy Isis, Macherey-Nagel) connected to an Agilent 1200 Series (Agilent
Technologies) HPLC-system using acetonitrile/water (45:55) as the
mobile phase. A radio flow detector (Ramona, raytest) was coupled to
the HPLC-system for the detection and quantification of the steroids.
After the analysis of the resulting chromatograms, the conversion rates
were calculated according to the following equation

%product

X 100

Y%conversion =
%product + Y%substrate

Each value was calculated from at least two independent experi-
ments.

Then, the percentage inhibition corresponding to each inhibitor
concentration was calculated according to the following equation:

osinhibition = |1 %conversion of the inhibitor
binh = -
%conversion of the control{ DMSO)

X 100

At least three different concentrations of each inhibitor leading to
inhibitions ranging from 30 to 80% were chosen to deduce the ICg, of
each inhibitor. The ICs, of each inhibitor was calculated from at least
two independent experiments.

Cell Culture, The T47D human mammary cancer cell line was
purchased from ECACC, Salisbury. The cells were routinely cultivated
in Dulbecco’s modified Eagle medium (DMEM, Sigma) (supple-
mented with 10% FCS (Sigma) and 100 IU/mL penicillin—

https://doi.org/10.1021/acs jmedchem.2c00589
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streptomycin) and incubated at 37 °C under a humidified atmosphere
of 5% CO,. The medium was changed every 2—3 days, and the cells
were passed every 9—10 days. The T47D cells were seeded into a 24-
well flat-bottom plate at § X 10° cells/well in DMEM supplemented
with 10% FCS and 100 1U/mL Penici]lin—streptomyci.n according to
previously described procedures.''!'* After incubation for 24 h at 37
°C, the medium was exchanged by 445 4L of a fresh FCS-free DMEM,
and S uL of the test compound dissolved in DMSO was added (final
concentration of DMSO was adjusted to 1% in all samples). Followed
by the incubation of T47D cells for 1 h (in case of ASTS and h178-
HSDI cellular inhibition assays) or different pre-incubation time points
(in case of validation of drug-prodrug model).

hSTS and h178-HSD1 Cellular Inhibition Assays. After 1 h, the
incubation period was started by the addition of a mixture of unlabeled
and radioactive substrate ([*H]-E1-S for 24 h in case of STS or with
[*H]-E1 (50 nM, 50 zL) for 40 min in the case of k175-HSD1 assay) at
37 °C. The reaction was stopped by the removal of the supernatant
(200 pL in the case of STS or 450 L in the case of the h17/4-HSD1
assay). In the case of STS, the supernatant was centrifuged at 12,500
rpm for 15 min at 4 °C to precipitate any suspended cells or proteins
and then was injected directly, but in the case of the #174-HSD1 assay,
the supernatant was added to 500 pL of ethyl acetate in Eppendorf
tubes and then the tubes were shaken for 10 min and evaporated to
dryness in a speed-vac operating at vacuum and 37 °C for 30 min. The
injection was done into the same radio-HPLC system mentioned above
for cell-free inhibition assays and the 1Cq;s are calculated as described.

Nature of Inhibition of STS Activity. In order to investigate the
mode of inhibition of STS activity, T47D cells were cultivated as
mentioned above but with some changes described by Purohit et al'”®
The cells were pre-incubated with the inhibitors for 2 h at 37 °C, and
then, the medium was removed and the cells were washed 3—4 times
with PBS. The remaining STS activity was performed as described in
the recent procedure by incubating the cells using[*H]-E1S for 24 h at
37 °C, then subsequent quantification of the steroids in the supernatant
was determined using HPLC coupled to a radio detector. ICg, values
were calculated as described for the cell-free inhibition assay.

Estrogen Receptor Affinity (ERa) in a Cell-free Assay.
Compounds were tested for ERa affinity using the PolarScreen ER
Alpha Competitor Assay Green (Thermo Fisher Scientific) according
to the manufacturer’s protocol with the only exception that fourfold
instead of twofold concentrated Fluormone ES2 Red (fluorescent
probe) was used to obtain a sufficient signal-to-noise ratio. Serial
dilutions of each compound were prepared from a 200 uM stock
solution in binding buffer containing 4% DMSQO resulting in nine
concentrations ranging from 50 #M to 1 nM in a final working volume
of 20 L. The ERa and Flourmone ES2 Red stock solutions were
diluted to 288 and 72 nM, respectively, and preincubated in an ice bath
for at least 30 min (master mix). A 10 #M solution of E2 was chosen as
the positive control and bare master mix as the negative control. S yL of
binding buffer (4% DMSO) along with S pL of each dilution of the
positive control were pipetted in a 384-well plate in quadruplicates and
brought to the final volume of 20 L by the addition of 10 gL of the
freshly preincubated master mix. The negative control consisted of 10
#L of binding buffer and 10 4L of master mix. The freshly prepared well
plate was placed in an opaque box together with a moistened piece of
pulp to avoid evaporation. After 1 h of incubation at 25 °C, the parallel
and perpendicular polarization values of each well were measured using
a plate reader (BMG Labtech POLARstar Omega, 384-well plate
format, top-optics) equipped with a 485 nm excitation filter and a 520
nm emission filter (both with 20 nm bandwidth, BMG Labtech) and a
preset gain adjustment of 2800. The plate was shaken prior to the
measurement (double-orbital, 10 s, 500 rpm). The polarization values
were converted into percentage displacement (D %) with respect to the
controls using the equation D % = (Pyeg=Py)/(Pyeg—Ppos), Where Py,
and Py, are the polarization values for the negative (0% displacement
and positive (100% displacement) controls, respectively, and Py is the
observed polarization value in each well. The obtained values for
displacement were plotted against the concentrations of the
compounds using OriginPro 2020 (PerkinElmer) and were analyzed
using a four-parameter log-logistic function (“dose—response”) to
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obtain relative ICj, values (the concentration needed to displace half of
the fluorescent probe) without restrictions to any parameter. The
relative IC5, values were transformed to relative binding aflinities
(RBA'’s) for the purpose of comparison via the equation RBA [ %] =
[ICy, X 10%/ICs, (compound)] X 100. The performance of the assay
was checked by the Z—factor introduced by Zhang et al.''® It is a
dimensionless parameter which takes the replicated controls (positive
and negative) into account to assess information about the separation
band and the dynamic range of the assay and to make the assays
comparable made within and between days. Z is expressed in the
following equation

3o +0)
Z=1—(+—
I, — pl

where o, and o_ are the standard deviations of the means of the positive
resp. negative control and y, and g_ are the means of the replicated
controls. Assays with values in the range of 1.0 > Z > 0.5 are declared as
excellent assays.""”

Metabolic Stability. Compounds were tested according to
established method.''"""%="* For the evaluation of phases 1 and I
metabolic stability, | 4M compound was incubated with I mg/mL
pooled mammalian (human or mouse) liver $9 fraction (BD Gentest,
Heidelberg, Germany), 2 mM NADPH regenerating system, 1 mM
UDPGA, 10 mM MgCl,, and 0.1 mM PAPS at 37 °C for 0, 5, 15, and 60
min at a final volume of 100 gL of 100 mM Potassium hydrogen
phosphate buffer pH = 7.4. The incubation was stopped by the
precipitation of S9 enzymes with 2 volumes of cold acetonitrile
containing internal standard and then centrifuged for 10 min at 4 °C
and 12,500 rpm. For quantification, a calibration curve was developed
for each compound assayed by LC—MS/MS (Accucore RP-MS, TSQ
Quantum triple quadrupole mass spectrometer, ESI interface) using a
serial dilution of 6 standards in the range 10—500 nM. Then, LC—MS/
MS was used to analyze the remaining concentration of the test
compound at different time points. The halfife (t;,,) was determined
using the following equation

In(2)
=R

1/2

where K (decay rate) is the slope of the linear regression from log [test
compound] versus time:

e In(Concentration)
Time
Then, the intrinsic clearance (Cl,,) [#L/min/mg protein] estimates
of the compounds were determined using the following equation

Cliy =KX VXf

where: V = incubation volume [yL]/microsomal protein [mg]
=1000[¢L/mg protein]. f, = unbound fraction of the tested
compounds (unknown) = 1

Validation of the Drug-Prodrug Concept. Our drug-prodrug
model was validated using a new assay, and the principle of the assay
had been discussed earlier. For cell-free assays, the test compounds (13,
16, 19, and 37) dissolved in DMSO were pre-incubated at different
time points in Eppendorf tubes at 37 “C in 345 L of phosphate buffer
(S0 mM) with 20% of glycerol and EDTA (1 mM). The tubes were
divided into two identical groups: the first group (group A) is for
measuring the percentage of inhibition of 174-HSD1 as a function of
time, and the second one (group B) is for quantifying the percentage
conversion of R—OSO,NH, into R—OH. The time points measure-
ments were performed in duplicates. At the end of the incubation
periods, 50 gL of cytosolic fraction of h178-HSD1, 50 uL of NADH
(500 uM), and 50 uL of a mixture of unlabeled and radioactive
substrate [*H]-E1 (50 nM) were added to all tubes in group A. Tubes
were incubated for 10 min at 37 °C. Then, the workup and measuring
percentages of inhibition of 174-HSD1 were done as described for the
h17f3-HSD1 cell-free inhibition assay. For group B, the reaction was
stopped by the addition of S00 yL of diethylether, the tubes were

https://doi.org/10.1021/acs jmedchem.2c00589
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shaken, centrifuged for 10 min, and the organic layers were evaporated
to dryness. 25 uL of 2 M diphenhydramine (DPH) solution in ACN
was used for re-dispensing and then transferred to an HPLC vial with
micro-insert. 2 #L was injected onto the analytical column and the
samples were measured using LC—MS/MS. The following equation
was used to calculate the percentage conversion of R—OSO,NH, into
R—OH for each biological duplicate:

Quantity of ROH
Quantity of ROSO2NH2 + Quantity of ROH

Y%conversion =

X 100

For cellular assays, the test compounds dissolved in DMSO were pre-
incubated at different time points at 37 °C with T47D cells seeded into
a 24-well flat-bottom plate as mentioned above in cell culture
preparation. The plate was divided into two groups, A and B as
above. The time points were performed in duplicates. At the end of the
incubation periods, a mixture of unlabeled and radiocactive substrate
[*H]-E1 (50 nM, 50 ¢L) was added to all wells in group A and cells were
incubated for 40 min at 37 °C and then the workup and measuring
percentages of inhibition of 17-HSD1 were done as mentioned in 17/-
HSD1 cellular inhibition assays. For group B, the reaction was stopped
by the removal of 450 yL of supernatant, added to 500 uL of ethyl
acetate, tubes were shaken then centrifuged for 10 min, and the organic
layers were evaporated to dryness. Re-dispensing, injection in LC—MS/
MS, and calculation of percentage conversion were done as mentioned
above.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00589.

Additional information on the synthesis of compounds
1a, Sa—12a, 25a-27a, 32a—34a, 1b, 9b, 10b—12b, 25b,
26b,31b—34b, 10¢, 31¢, 32¢,1-12,25-27,and 31-34;
representative '"HNMR, '*CNMR, and MS spectra of
compounds 13, 17, 19, 33, and 37; validation of the drug-
prodrug concept (compounds 16, 19, and 37); validation
of the drug-prodrug concept for compound 13 at different
starting concentrations; HEK-293 cell growth inhibition
assay; and cytotoxicity data (PDF)

Molecular formula strings (CSV)

H AUTHOR INFORMATION

Corresponding Author
Martin Frotscher — Department of Pharmacy, Pharmaceutical
and Medicinal Chemistry, Saarland University, Saarbriicken
D-66123, Germany; ® orcid.org/0000-0003-1777-8890;
Phone: +49 681 / 302-70330; Email: m.frotscher@mx.uni-
saarland.de

Authors

Abdelrahman Mohamed — Department of Pharmacy,
Pharmaceutical and Medicinal Chemistry, Saarland
University, Saarbriicken D-66123, Germany; Pharmaceutical
Organic Chemistry Department, Assiut University, Assiut
71526, Egypt

Mohamed Salah — Department of Pharmacy, Pharmaceutical
and Medicinal Chemistry, Saarland University, Saarbriicken
D-66123, Germany; Department of Pharmaceutical
Chemistry, Faculty of Pharmacy, October University for
Modern Sciences and Arts, Cairo 12451, Egypt

Mariam Tahoun — Department of Pharmacy, Pharmaceutical
and Medicinal Chemistry, Saarland University, Saarbriicken
D-66123, Germany; Present Address: PharmaCenter Bonn,

Pharmaceutical Institute, Pharmaceutical & Medicinal
Chemistry, University of Bonn, An der Immenburg 4, D-
53121 Bonn, Germany; © orcid.org/0000-0001-8787-
0399

Manuel Hawner — Department of Pharmacy, Pharmaceutical
and Medicinal Chemistry, Saarland University, Saarbriicken
D-66123, Germany

Ahmed S. Abdelsamie — Department of Chemistry of Natural
and Microbial Products, Institute of Pharmaceutical and Drug
Industries Research, National Research Centre, Cairo 12451,
Egypt; Department of Drug Design and Optimization,
Helmbholtz Institute for Pharmaceutical Research Saarland
(HIPS) - Helmholtz Centre for Infection Research (HZI),
Saarbriicken 66123, Germany; © orcid.org/0000-0002-
5326-4400

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jmedchem.2¢00589

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to the Deutsche Forschungsgemeinschaft
(DFG) for financial support (Grants HA1315/12—1 and
FR3002/1—1). We would like also to thank the Deutscher
Akademischer Austauschdienst (DAAD) for funding this
publication as part of the German-Egyptian Research Long
Term Scholarship Program (GERLS) 2016 (57222240) and
Short-Term Scholarships for Foreign Students (STIBET) 2020/
2021. Thanks are due to Dr. Stefan Boettcher and Martina
Jankowski for their help in performing the metabolic stability
tests and to Dr. Matthias Engel, Nathalie Gladys Kagerah, and
Marie Grétschla for performing the cytotoxicity test.

B ABBREVIATIONS

17p-HSD, 17f-hydroxysteroid dehydrogenase; ADDs, andro-
gen-dependent diseases; A-diol, androst-S-ene-38,174-diol; Als,
aromatase inhibitors; DCC, N,N’-dicyclohexylcarbodiimide;
DCM, dichloromethane; DHEA, dehydroepiandrosterone;
DIPEA, N,N-diisopropylethylamine; DMA, dimethylacetamide;
DMAP, 4-dimethylaminopyridine; DME, dimethyl ether;
DMEM, Dulbecco’s modified Eagle medium; DMF, dimethyl
formamide; DPH, diphenhydramine; DSHIs, dual STS and 175-
HSD1 inhibitors; E1(-S), estrone(-sulfate); E2, estradiol;
EDDs, estrogen-dependent diseases; ER, estrogen receptor;
FCS, fetal calf serum; GnRH, gonadotropin releasing hormone
analogues; ki, human; HPLC, high-performance liquid chroma-
tography; MgSO,, magnesium Sulfate; m, mouse; MTT, 3-(4,5-
dimethylthiazol-2-y1)2,5-diphenyltetrazolium bromide; NAD®,
nicotinamide adenine dinucleotide; NADPH, dihydronicotina-
mide adenine dinucleotide phosphate; NSAIDs, nonsteroidal
anti-inflammatory drugs; PAPS, 3'-phosphoadenosine-5'-phos-
phosulfate; PBS, phosphate-buffered saline; RBArelative bind-
ing affinitySERMs, relative binding affinitySERMsselective
estrogen receptor modulators; SF, selectivity factor; ST,
steroid sulfatase; THF, tetrahydrofuran; TsCl, 4-toluenesulfonyl
chloride; UDPGA, uridine-diphosphate-glucuronic acid

B REFERENCES

(1) Delvoux, B.; D’'Hooghe, T.; Kyama, C.; Koskimies, P.; Hermans,
R. J; Dunselman, G. A; Romano, A. Inhibition of type 1 175-

11740 httpsy//doi.org/10.1021/acs jmedchem. 200589

J. Med. Chem. 2022, 65, 1172611744



Results

51

Journal of Medicinal Chemistry

pubs.acs.org/jmc

hydroxysteroid dehydrogenase impairs the synthesis of 17f-estradiol in
endometriosis lesions. J. Clin, Endocrinol. Metab. 2014, 99, 276—284.

(2) Smuc, T.; Pucelj, M. R;; Sinkovec, J.; Husen, B.; Thole, H.; RiZner,
T. L. Expression analysis of the genes involved in estradiol and
progesterone action in human ovarian endometriosis. Gynecol.
Endocrinol. 2007, 23, 105—111.

(3) Mori, T; Ito, F.; Matsushima, H.; Takaoka, O.; Koshiba, A.;
Tanaka, Y.; Kusuki, I; Kitawaki, ]J. Dienogest reduces HSD17bl
expression and activity in endometriosis. J. Endocrinol. 2018, 225, 69—
76.

(4) Miyoshi, Y.; Ando, A; Shiba, E.; Taguchi, T.; Tamaki, Y.;
Noguchi, S. Involvement of up-regulation of 17f-hydroxysteroid
dehydrogenase type 1 in maintenance of intratumoral high estradiol
levels in postmenopausal breast cancers. Int. J. Cancer 2001, 94, 685—
689.

(5) Lin, S.-X; Chen, J.; Mazumdar, M.; Poirier, D.; Wang, C.; Azzi, A;
Zhou, M. Molecular therapy of breast cancer: progress and future
directions. Nat. Rev. Endocrinol. 2010, 6, 485—493.

(6) Konings, G. F;; Cornel, K. M,; Xanthoulea, S,; Delvoux, B.;
Skowron, M. A.; Kooreman, L.; Koskimies, P.; Krakstad, C.; Salvesen,
H. B.; van Kuijk, K.; Schrooders, Y. ].; Vooijs, M.; Groot, A. ].; Bongers,
M. Y,; Kruitwagen, R. F,; Romano, A. Blocking 17f-hydroxysteroid
dehydrogenase type 1 in endometrial cancer: a potential novel
endocrine therapeutic approach. J. Pathol. 2018, 244, 203-214.

(7) Cornel, K. M.; Kruitwagen, R. F.; Delvoux, B.; Visconti, L.; Van de
Vijver, K. K; Day, J. M.; Van Gorp, T.; Hermans, R. J.; Dunselman, G.
A.; Romano, A. Overexpression of 17f-hydroxysteroid dehydrogenase
type | increases the exposure of endometrial cancer to 17f-estradiol. J.
Clin. Endocrinol. Metab. 2012, 97, E591—E601.

(8) Blomquist, C. H.; Bonenfant, M.; McGinley, D. M.; Posalaky, Z.;
Lakatua, D. J.; Tuli-Puri, S.; Bealka, D. G.; Tremblay, Y. Androgenic and
estrogenic 17f-hydroxysteroid dehydrogenase/17-ketosteroid reduc-
tase in human ovarian epithelial tumors: evidence for the type 1,2 and §
isoforms. J. Steroid Biochem. Mol. Biol. 2002, 81, 343—351.

(9) Giudice, L. Clinical Practice. Endometriosis. N. Engl. J. Med. 2010,
362, 2389—2398.

(10) Kiesel, L.; Sourouni, M. Diagnosis of endometriosis in the 21st
century. Climacteric 2019, 22, 296—302.

(11) Zondervan, K. T.; Becker, C. M.; Missmer, S. A. Endometriosis.
N. Engl. J. Med. 2020, 382, 1244—1256.

(12) Bulun, S. E. Endometriosis. N. Engl. J. Med. 2009, 360, 268—279.

(13) Duffy, J. M.; Arambage, K.; Correa, F. J. S.; Olive, D.; Farquhar,
C.; Garry, R.; Barlow, D. H.; Jacobson, T. Z. Laparoscopic surgery for
endometriosis. Cochrane Database Syst. Rev. 2014, 4, CD011031.

(14) Shakiba, K; Bena, ]J. F.; McGill, K. M.; Minger, J.; Falcone, T.
Surgical treatment of endometriosis: a 7-year follow-up on the
requirement for further surgery. Obstet. Gynecol. 2008, 111, 1285—
1292.

(1) Vercellini, P.; Vigano, P.; Somigliana, E.; Fedele, L.
Endometriosis: pathogenesis and treatment. Nat. Rev. Endocrinol.
2014, 10, 261—275.

(16) Fedele, L.; Bianchi, S.; Zanconato, G.; Tozzi, L.; Raffaelli, R.
Gonadotropin-releasing hormone agonist treatment for endometriosis
of the rectovaginal septum. Am. J. Obstet. Gynecol. 2000, 183, 1462—
1467.

(17) Brown, J.; Crawford, T. J.; Allen, C.; Hopewell, S.; Prentice, A.
Nonsteroidal anti-inflammatory drugs for pain in women with
endometriosis. Cochrane Database Syst. Rev. 2017, 1, CD004753.

(18) Barra, F; Grandi, G.; Tantari, M.; Scala, C.; Facchinetti, F.;
Ferrero, S. A comprehensive review of hormonal and biological
therapies for endometriosis: latest developments. Expert Opin. Biol.
Ther. 2019, 19, 343—360.

(19) Bush, N. J. Advances in hormonal therapy for breast cancer.
Semin. Oncol. Nurs. 2007, 23, 46—54.

(20) Dunselman, G.; Vermeulen, N.; Becker, C.; Calhaz-Jorge, C.;
D’Hooghe, T.; De Bie, B.; Heikinheimo, O.; Horne, A ; Kiesel, L.; Nap,
A.; Prentice, A; Saridogan, E.; Soriano, D.; Nelen, W. ESHRE
guideline: management of women with endometriosis. Hum. Reprod.
2014, 29, 400—412.

11741

(21) Giudice, L. C. Clinical Practice. Endometriosis. N. Engl. J. Med.
2010, 362, 2389—2398.

(22) Miller, W. R;; Bartlett, J; Canney, P.; Verrill, M. Hormonal
therapy for postmenopausal breast cancer: the science of sequencing.
Breast Cancer Res. Treat. 2007, 103, 149—160.

(23) Boon, W. C.; Chow, J. D.; Simpson, E. R. The multiple roles of
estrogens and the enzyme aromatase. Prog. Brain Res. 2010, 181, 209—
232.

(24) Miller, W. R. Aromatase inhibitors: mechanism of action and role
in the treatment of breast cancer. Semin. Oncol. 2003, 30, 3—11.

(25) Reed, M. ].; Purohit, A.; Woo, L. W.; Newman, S. P.; Potter, B. V.
Steroid sulfatase: molecular biology, regulation, and inhibition. Endocr.
Rev. 2005, 26, 171-202.

(26) Sinreih, M.; Knific, T.; Anko, M.; Hevir, N; Vouk, K,; Jerin, A;
Frkovi¢ Grazio, S.; Rizner, T. L. The significance of the sulfatase
pathway for local estrogen formation in endometrial cancer. Front.
Pharmacol. 2017, 8, 368.

(27) Dumont, M.; Luu-The, V.; de Launoit, Y.; Labrie, F. Expression
of human 17f-hydroxysteroid dehydrogenase in mammalian cells. .
Steroid Biochem. Mol. Biol. 1992, 41, 605—608.

(28) The, V. L; Labrie, C.; Zhao, H. F,; Couét, J.; Lachance, Y.;
Simard, J.; Leblanc, G.; Céte, J.; Bérubé, D.; Gagné, R.; Labrie, F.
Characterization of cDNAs for human estradiol 174-dehydrogenase
and assignment of the gene to chromosome 17: evidence of two mRNA
species with distinct 5’-termini in human placenta. Mol. Endocrinol.
1989, 3, 1301—-1309.

(29) Santner, S.; Feil, P.; Santen, R. In situ estrogen production via the
estrone sulfatase pathway in breast tumors: relative importance versus
the aromatase pathway. J. Clin. Endocrinol. Metab. 1984, 59, 29-33.

(30) Purohit, A.; Fusi, L.; Brosens, J.; Woo, L.; Potter, B.; Reed, M.
Inhibition of steroid sulphatase activity in endometriotic implants by
667 COUMATE: a potential new therapy. Hum. Reprod. 2008, 23, 290.

(31) Chetrite, G.; Cortes-Prieto, J.; Philippe, J.; Wright, E.; Pasqualini,
J. Comparison of estrogen concentrations, estrone sulfatase and
aromatase activities in normal, and in cancerous, human breast tissues.
J. Steroid Biochem. Mol. Biol. 2000, 72, 23—27.

(32) Adamson, G. D.; Pasta, D. J. Endometriosis fertility index: the
new, validated endometriosis staging system. Fertil. Steril. 2010, 94,
1609—-1615.

(33) Borghese, B.; Mondon, F.; Noél, J.-C.; Fayt, L; Mignot, T.-M.;
Vaiman, D.; Chapron, C. Research resource: gene expression profile for
ectopic versus eutopic endometrium provides new insights into
endometriosis oncogenic potential. Mol. Endocrinol. 2008, 22, 2557—
2562.

(34) Zeitoun, K.; Takayama, K.; Sasano, H.; Suzuki, T.; Moghrabi, N.;
Andersson, S.; Johns, A.; Meng, L.; Putman, M.; Carr, B.; Bulun, S. E.
Deficient 17f-hydroxysteroid dehydrogenase type 2 expression in
endometriosis: failure to metabolize 17f-estradiol. J. Clin. Endocrinol.
Metab. 1998, 83, 4474—4480.

(35) Bulun, S. E,; Cheng, Y.-H,; Pavone, M. E; Yin, P.; Imir, G.;
Utsunomiya, H.; Thung, S.; Xue, Q;; Marsh, E. E.; Tokunaga, H.;
Ishikawa, H.; Kurita, T; Su, E. J. 17Beta-hydroxysteroid dehydrogen-
ase-2 deficiency and progesterone resistance in endometriosis. Semir.
Reprod. Med. 2010, 28, 44—50.

(36) Aka, J. A;; Zerradi, M.; Houle, F.; Huot, J.; Lin, S.-X. 17beta-
hydroxysteroid dehydrogenase type 1 modulates breast cancer protein
profile and impacts cell migration. Breast Cancer Res 2012, 14, R92.

(37) Simard, J.; Vincent, A.; Duchesne, R.; Labrie, F. Full oestrogenic
activity of C19-AS adrenal steroids in rat pituitary lactotrophs and
somatotrophs. Mol. Cell. Endocrinol. 1988, 55, 233—242.

(38) Trottier, A.; Maltais, R.; Ayan, D.; Barbeau, X.; Roy, J.; Perreault,
M.; Poulin, R.; Lagiie, P.; Poirier, D. Insight into the mode of action and
selectivity of PBRM, a covalent steroidal inhibitor of 17f-hydroxyste-
roid dehydrogenase type 1. Biochem. Pharmacol. 2017, 144, 149—-161.

(39) Apa, R; Lanzone, A; Miceli, F.; Mastrandrea, M.; Caruso, A.;
Mancuso, S.; Canipari, R. Growth hormone induces in vitro maturation
of follicle- and cumulus-enclosed rat oocytes. Mol. Cell. Endocrinol.
1994, 106, 207—212.

https://doi.org/10.1021/acs.jmedchem.2c00589
1. Med. Chem. 2022, 65, 11726—11744



Results

52

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(40) Poulin, R; Labrie, F. Stimulation of cell proliferation and
estrogenic response by adrenal C19-AS-steroids in the ZR-75-1 human
breast cancer cell line. Cancer Res. 1986, 46, 4933.

(41) Dauvois, S.; Labrie, F. Androstenedione and androst-5-ene-3/,
17f-diol stimulate DMBA-induced rat mammary tumors-role of
aromatase. Breast Cancer Res. Treat. 1989, 13, 61—69.

(42) Poirier, D. Inhibitors of 17f-hydroxysteroid dehydrogenases.
Curr. Med. Chem. 2003, 10, 453—477.

(43) Poirier, D. 17f-Hydroxysteroid dehydrogenase inhibitors: a
patent review. Expert Opin. Ther. Pat. 2010, 20, 1123—1145.

(44) Deluca, D.; Krazeisen, A.; Breitling, R.; Prehn, C.; Méller, G.;
Adamski, J. Inhibition of 17beta-hydroxysteroid dehydrogenases by
phytoestrogens: Comparison with other steroid metabolizing enzymes.
J. Steroid Biochem. Mol. Biol. 2005, 93, 285—292.

(45) Salah, M.; Abdelsamie, A. S.; Frotscher, M. Inhibitors of 174-
hydroxysteroid dehydrogenase type 1, 2 and 14: structures, biological
activities and future challenges. Mol. Cell. Endocrinol. 2019, 489, 66—81.

(46) Gobec, S.; Brozic, P.; Rizner, T. Inhibitors of 17/-hydroxysteroid
dehydrogenase type 1. Curr. Med. Chem. 2008, 15, 137—150.

(47) Day, J. M.; Tutill, H. J.; Purohit, A.,; Reed, M. J. Design and
validation of specific inhibitors of 17f-hydroxysteroid dehydrogenases
for therapeutic application in breast and prostate cancer, and in
endometriosis. Endocr. Relat. Cancer 2008, 15, 665—692.

(48) Day, J. M,; Tutil, H. J; Purchit, A. 178-hydroxysteroid
dehydrogenase inhibitors. Minerva Endocrinol 2010, 35, 87—108.

(49) Marchais-Oberwinkler, S.; Henn, C.; Méller, G.; Klein, T.; Negri,
M.; Oster, A.; Spadaro, A.; Werth, R.; Wetzel, M.; Xu, K; Frotscher, M.;
Hartmann, R. W.; Adamski, J. 17f-Hydroxysteroid dehydrogenases
(17/--HSDs) as therapeutic targets: Protein structures, functions, and
recent progress in inhibitor development. J. Steroid Biochem. Mol. Biol.
2011, 125, 66—82.

(50) Maltais, R.; Trottier, A.; Roy, J.; Ayan, D.; Bertrand, N.; Poirier,
D. Pharmacokinetic profile of PBRM in rodents, a first selective
covalent inhibitor of 17/3-HSD1 for breast cancer and endometriosis
treatments. J. Steroid Biochem. Mol. Biol. 2018, 178, 167—176.

(51) Poirier, D.; Roy, J.; Maltais, R. A Targeted-Covalent Inhibitor of
174-HSD1 Blocks Two Estrogen-Biosynthesis Pathways: In Vitro
(Metabolism) and In Vivo (Xenograft) Studies in T-47D Breast Cancer
Models. Cancers 2021, 13, 1841.

(52) Poirier, D.; Nyachieo, A.; Romano, A.; Roy, J.; Maltais, R.; Chaj,
D.; Delvoux, B.; Tomassetti, C.; Vanhie, A, An irreversible inhibitor of
17-hydroxysteroid dehydrogenase type 1 inhibits estradiol synthesis in
human endometriosis lesions and induces regression of the non-human
primate endometriosis. J. Steroid Biochem. Mol. Biol. 2022, 222,
106136.

(53) Shah, R; Singh, J; Singh, D; Jaggi, A. S.; Singh, N. Sulfatase
inhibitors for recidivist breast cancer treatment: A chemical review. Eur.
J. Med. Chem. 2016, 114, 170—190.

(54) Foster, P. A;; Reed, M. J.; Purohit, A. Recent developments of
steroid sulfatase inhibitors as anti-cancer agents. Anti Cancer Agents
Med. Chem. 2008, 8, 732—738.

(55) Purohit, A.; Foster, P. A. Steroid sulfatase inhibitors for estrogen-
and androgen-dependent cancers. J. Endocrinol. 2012, 212, 99—110.

(56) Maltais, R.; Poirier, D. Steroid sulfatase inhibitors: a review
covering the promising 2000—2010 decade. Steroids 2011, 76, 929—
948.

(57) Mostafa, Y. A; Taylor, S. D. Steroid derivatives as inhibitors of
steroid sulfatase. J. Steroid Biochem. Mol. Biol. 2013, 137, 183—198.

(58) Woo, L. L,; Purohit, A.; Potter, B. V. L. Development of steroid
sulfatase inhibitors. Mol. Cell. Endocrinol. 2011, 340, 175—185.

(59) Geisler, J.; Sasano, H.; Chen, S.; Purohit, A. Steroid sulfatase
inhibitors: promising new tools for breast cancer therapy? J. Steroid
Biochem. Mol. Biol. 2011, 125, 39—45.

(60) Dasko, M.; Demkowicz, S.; Biernacki, K; Ciupak, O.; Kozak, W.;
Maslyk, M.; Rachon, J. Recent progress in the development of steroid
sulphatase inhibitors — examples of the novel and most promising
compounds from the last decade. J. Enzyme Inhib. Med. Chem. 2020, 35,
1163—1184.

11742

(61) Foster, P. A. Steroid Sulphatase and Its Inhibitors: Past, Present,
and Future. Molecules 2021, 26, 2852.

(62) Anbar, H. S;; Isa, Z.; Elounais, J. J.; Jameel, M. A; Zib, J.; Samer,
A. M,; Jawad, A. F.; El-Gamal, M. L. Steroid sulfatase inhibitors: the
current landscape. Expert Opin. Ther. Pat. 2021, 31, 453—472.

(63) Morphy, R,; Rankovic, Z. The physicochemical challenges of
designing multiple ligands. J. Med. Cherm. 2006, 49, 4961—4970.

(64) Morphy, R; Rankovic, Z. Designed multiple ligands. An
emerging drug discovery paradigm. J. Med. Chem. 2008, 48, 6523—
6543,

(65) Espinoza-Fonseca, L. M. The benefits of the multi-target
approach in drug design and discovery. Biorg. Med. Chem. 2006, 14,
896—897.

(66) Baraldi, P. G.; Preti, D.; Fruttarolo, F.; Tabrizi, M. A.; Romagnoli,
R. Hybrid molecules between distamycin A and active moieties of
antitumor agents. Biorg. Med. Chem. 2007, 15, 17-35.

(67) Chen, L.; Wilson, D.; Jayaram, H. N.; Pankiewicz, K. W. Dual
inhibitors of inosine monophosphate dehydrogenase and histone
deacetylases for cancer treatment. J. Med. Chem. 2007, 50, 6685—6691.

(68) Apsel, B.; Blair, J. A.; Gonzalez, B.; Nazif, T. M.; Feldman, M. E.;
Aizenstein, B.; Hoffman, R.; Williams, R. L.; Shokat, K. M.; Knight, Z.
A. Targeted polypharmacology: discovery of dual inhibitors of tyrosine
and phosphoinositide kinases. Nat. Chem. Biol. 2008, 4, 691—699.

(69) Meunier, B. Hybrid molecules with a dual mode of action: dream
or reality? Acc. Chem. Res. 2008, 41, 69—77.

(70) Wei, D,; Jiang, X.; Zhou, L.; Chen, J.; Chen, Z.; He, C.; Yang, K.;
Liu, Y.; Pei, J.; Lai, L. Discovery of multitarget inhibitors by combining
molecular docking with common pharmacophore matching. J. Med.
Chem. 2008, 51, 7882—7888.

(71) Gangjee, A,; Li, W,; Yang, J.; Kisliuk, R. L. Design, synthesis, and
biological evaluation of classical and nonclassical 2-amino-4-oxo-5-
substituted-6-methylpyrrolo [3, 2-d] pyrimidines as dual thymidylate
synthase and dihydrofolate reductase inhibitors. J. Med. Chem. 2008, 51,
68—76.

(72) Woo, L. L.; Bubert, C.; Purohit, A; Potter, B. V. Hybrid dual
aromatase-steroid sulfatase inhibitors with exquisite picomolar
inhibitory activity. ACS Med. Chem. Lett. 2011, 2, 243—247.

(73) Gediya, L. K; Njar, V. C. Promise and challenges in drug
discovery and development of hybrid anticancer drugs. Expert Opin.
Drug Discov 2009, 4, 1099—1111.

(74) Salah, M.; Abdelsamie, A. S.; Frotscher, M. First dual inhibitors of
steroid sulfatase (STS) and 17f-hydroxysteroid dehydrogenase type 1
(178-HSD1): designed multiple ligands as novel potential therapeutics
for estrogen-dependent diseases. . Med. Chem. 2017, 60, 4086—4092.

(75) Pelletier, J. D.; Poirier, D. Synthesis and evaluation of estradiol
derivatives with 16a-(bromoalkylamide), 16a-(bromoalkyl) or 16a-
(bromoalkynyl) side chain as inhibitors of 17f-hydroxysteroid
dehydrogenase type 1 without estrogenic activity. Biorg. Med. Chem.
1996, 4, 1617—1628.

(76) Le Bail, J.; Laroche, T.; Marre-Fournier, F.; Habrioux, G.
Aromatase and 17f-hydroxysteroid dehydrogenase inhibition by
flavonoids. Cancer Lett 1998, 133, 101—106.

(77) Le Bail, J.-C.; Pouget, C.; Fagnere, C.; Basly, J.-P.; Chulia, A.-J.;
Habrioux, G. Chalcones are potent inhibitors of aromatase and 174-
hydroxysteroid dehydrogenase activities. Life Sci. 2001, 68, 751—761.

(78) Woo, L. L.; Howarth, N. M.; Purchit, A.; Hejaz, H. A;; Reed, M.
J.; Potter, B. V. Steroidal and nonsteroidal sulfamates as potent
inhibitors of steroid sulfatase. J. Med. Chem. 1998, 41, 1068—1083.

(79) Woo, L. L,; Sutcliffe, O. B.; Bubert, C; Grasso, A.; Chander, S. K.;
Purchit, A.; Reed, M. J.; Potter, B. V. First dual aromatase-steroid
sulfatase inhibitors. J. Med. Chem. 2003, 46, 3193—3196.

(80) Woo, L. L.; Wood, P. M,; Bubert, C.; Thomas, M. P.; Purohit, A.;
Potter, B. V. Synthesis and structure—activity relationship studies of
derivatives of the dual Aromatase—sulfatase inhibitor 4-{[(4-
Cyanophenyl)(4H-1, 2, 4-triazol-4-yl) amino] methyl} phenyl
sulfamate. ChemMedChem 2013, 8, 779—799.

(81) Wood, P. M.; Woo, L. L,; Labrosse, J.-R;; Trusselle, M. N.;
Abbate, S.; Longhi, G.; Castiglioni, E.; Lebon, F.; Purohit, A.; Reed, M.
J.; Potter, B. V. Chiral aromatase and dual aromatase—steroid sulfatase

https://doi.org/10.1021/acs.jmedchem.2c00589
1. Med. Chem. 2022, 65, 11726—11744



Results

53

Journal of Medicinal Chemistry

pubs.acs.org/jmc

inhibitors from the letrozole template: Synthesis, absolute config-
uration, and in vitro activity. j. Med. Chem. 2008, 51, 4226—4238.

(82) Wood, P. M.; Woo, L. L.; Labrosse, J. R.; Thomas, M. P.; Mahon,
M. F; Chander, S. K; Purohit, A.; Reed, M. J.; Potter, B. V. Bicyclic
derivatives of the potent dual aromatase—steroid sulfatase inhibitor 2-
Bromo-4-{[(4-cyanophenyl)(4H-1, 2, 4-triazol-4-yl) amino] methyl}
phenylsulfamate: Synthesis, SAR, crystal structure, and in vitro and in
vivo activities. ChemMedChem 2010, S, 1577—1593.

(83) Wood, P. M.; Woo, L. L.; Thomas, M. P.; Mahon, M. F.; Purohit,
A; Potter, B. V. Aromatase and dual aromatase-steroid sulfatase
inhibitors from the letrozole and vorozole templates. ChemMedChem
2011, 6, 1423—1438.

(84) Jackson, T.; Woo, L. L.; Trusselle, M. N.; Chander, S. K.; Purohit,
A.; Reed, M. J; Potter, B. V. Dual aromatase—sulfatase inhibitors based
on the anastrozole template: synthesis, in vitro SAR, molecular
modelling and in vivo activity. Org. Biomol. Chem. 2007, 5,2940—2952.

(85) Rausch, L.; Green, C; Steinmetz, K,; LeValley, S.; Catz, P
Zaveri, N.; Schweikart, K.; Tomaszewski, J.; Mirsalis, J. Preclinical
pharmacokinetic, toxicological and biomarker evaluation of SR16157, a
novel dual-acting steroid sulfatase inhibitor and selective estrogen
receptor modulator. Cancer Chemother. Pharmacol. 2011, 67, 1341—
1352,

(86) Ouellet, C.; Quellet, 1:3.; Poirier, D. In vitro evaluation of a
tetrahydroisoquinoline derivative as a steroid sulfatase inhibitor and a
selective estrogen receptor modulator. Invest. New Drugs 2018, 33, 95—
103.

(87) Ouellet, C.; Maltais, R; Ouellet, E; Barbeau, X.; Lagiie, P,;
Poirier, D. Discovery of a sulfamate-based steroid sulfatase inhibitor
with intrinsic selective estrogen receptor modulator properties. Eur. J.
Med. Chem. 2016, 119, 169—182.

(88) Ouellet, E.; Maltais, R.; Ouellet, C.; Poirier, D. Investigation of a
tetrahydroisoquinoline scaffold as dual-action steroid sulfatase
inhibitors generated by parallel solid-phase synthesis. MedChemComm
2013, 4, 681—692.

(89) Lespérance, M.; Roy, J.; Ngueta, A. D.; Maltais, R.; Poirier, D.
Synthesis of 16f-derivatives of 3-(2-bromoethyl)-estra-1, 3, 5 (10)-
trien-17/-ol as inhibitors of 17//-HSD1 and/or steroid sulfatase for the
treatment of estrogen-dependent diseases. Steroids 2021, 172, 108856.

(90) Bacsa, L; Herman, B. E; Jéjirt, R;; Herman, K. S.; Wolfling, J.;
Schneider, G.; Varga, M.; Toémbély, C.; Rizner, T. L.; Szécsi, M,
Mernydk, E. Synthesis and structure—activity relationships of 2-and/or
4-halogenated 13 f-and 13a-estrone derivatives as enzyme inhibitors of
estrogen biosynthesis. ]. Enzyme Inhib. Med. Chem. 2018, 33, 1271—
1282.

(91) Gargano, E. M.; Mohamed, A.; Abdelsamie, A. S.; Mangiatordi,
G.F.; Drzewiecka, H.; Jagodzifiski, P. P.; Mazzini, A.; van Koppen, C.J.;
Laschke, M. W.; Nicolotti, O.; Carotti, A.; Marchais-Oberwinkler, S.;
Hartmann, R. W.; Frotscher, M. 17f-Hydroxysteroid dehydrogenase
type 1 inhibition: A potential treatment option for non-small cell lung
cancer. ACS Med. Chem. Lett. 2021, 12, 1920—1924.

(92) Stanway, S. J.; Purohit, A.;; Woo, L. L.; Sufi, S.; Vigushin, D.;
Ward, R.;; Wilson, R. H,; Stanczyk, F. Z.; Dobbs, N.; Kulinskaya, E.;
Elliott, M.; Potter, B. V. L.; Reed, M. ].; Coombes, R. C. Phase I study of
STX 64 {667 Coumate) in breast cancer patients: the first study of a
steroid sulfatase inhibitor. Clin. Cancer Res. 2006, 12, 1585—1592.

(93) Ahmed, S.; James, K.; Owen, C. P.; Patel, C. K.; Patel, M. Novel
inhibitors of the enzyme estrone sulfatase (ES). Bioorg. Med. Chem. Lett.
2001, 11, 841—844.

(94) Ferriz, J. M.; Vinsova, J. Prodrug design of phenolic drugs. Curr.
Pharm. Des. 2010, 16, 2033—2052.

(95) Williams, S. J.; Denehy, E.; Krenske, E. H. Experimental and
theoretical insights into the mechanisms of sulfate and sulfamate ester
hydrolysis and the end products of type I sulfatase inactivation by aryl
sulfamates. J. Org. Chem. 2014, 79, 1995—2005.

(96) Spillane, W. J.; Malaubier, J.-B. Mechanism of the hydrolysis of
the sulfamate EMATE—an irreversible steroid sulfatase inhibitor.
Tetrahedron Lett. 2010, 51, 2059—2062.

(97) Spillane, W. J,; McCaw, C. J; Maguire, N. P. Kinetic and
mechanistic studies of the hydrolysis of sulfamate esters: a non-

elimination decomposition route. Tetrahedron Lett. 2008, 49, 1049—
1052.

(98) Bojarova, P.; Williams, S. J. Sulfotransferases, sulfatases and
formylglycine-generating enzymes: a sulfation fascination. Curr. Opin.
Chem. Biol. 2008, 12, $73—581.

(99) Ahmed, V,; Liu, Y,; Silvestro, C.; Taylor, S. D. Boronic acids as
inhibitors of steroid sulfatase. Biorg. Med. Chem. 2006, 14, 8564—8573.

(100) Woo, L. W. L.; Bubert, C.; Sutcliffe, O. B.; Smith, A.; Chander,
S. K;; Mahon, M. F.; Purohit, A.; Reed, M. J.; Potter, B. V. L. Dual
aromatase— steroid sulfatase inhibitors. J. Med. Chem. 2007, 50, 3540—
3560.

(101) Nussbaumer, P.; Billich, A. Steroid sulfatase inhibitors. Med. Res.
Rev. 2004, 24, 529—576.

(102) Potter, B. V. SULFATION PATHWAYS: steroid sulphatase
inhibition via aryl sulphamates: clinical progress, mechanism and future
prospects. J. Mol. Endocrinol. 2018, 61, T233—T252.

(103) Purohit, A.; Williams, G. J.; Howarth, N. M.; Potter, B. V.; Reed,
M. J. Inactivation of steroid sulfatase by an active site-directed inhibitor,
estrone-3-O-sulfamate. Biochemistry 1995, 34, 11508—11514.

(104) Reed, J. E.; Lawrence Woo, L. L.; Robinson, J. J.; Leblond, B.;
Leese, M. P.; Purohit, A; Reed, M. J.; Potter, B. V. 2-
Difluoromethyloestrone 3-O-sulphamate, a highly potent steroid
sulphatase inhibitor. Biochem. Biophys. Res. Commun. 2004, 317,
169—-175.

(105) Woo, L. L.; Purohit, A.; Malini, B.; Reed, M. J.; Potter, B. V.
Potent active site-directed inhibition of steroid sulphatase by tricyclic
coumarin-based sulphamates. Chem. Biol. 2000, 7, 773—791.

(106) Purohit, A.; Vernon, K.; Wagenaar Hummelinck, A. W.; Woo,
L.; Hejaz, H.; Potter, B.; Reed, M. The development of A-ring modified
analogues of oestrone-3-O-sulphamate as potent steroid sulphatase
inhibitors with reduced oestrogenicity. J. Steroid Biochem. Mol. Biol.
1998, 64, 269—275.

(107) Thomas, M. P.; Potter, B. V. Discovery and development of the
aryl O-sulfamate pharmacophore for oncology and women’s health. J.
Med. Chem. 2018, 58, 7634—7658.

(108) Chander, S.K.; Purohit, A.; Woo, L. L.; Potter, B. V.; Reed, M.J.
The role of steroid sulphatase in regulating the oestrogenicity of
oestrogen sulphamates. Bjochem. Biophys. Res. Commun. 2004, 322,
217-222.

(109) Kruchten, P.; Werth, R.; Marchais-Oberwinkler, S.; Frotscher,
M.; Hartmann, R. W. Development of a biological screening system for
the evaluation of highly active and selective 17#-HSD1-inhibitors as
potential therapeutic agents. Mol. Cell. Endocrinol. 2009, 301, 154—157.

(110) Abdelsamie, A. S.; van Koppen, C.].; Bey, E.; Salah, M.; Borger,
C.; Siebenbiirger, L.; Laschke, M. W.; Menger, M. D.; Frotscher, M.
Treatment of estrogen-dependent diseases: Design, synthesis and
profiling of a selective 174-HSD1 inhibitor with sub-nanomolar IC50
for a proof-of-principle study. Eur. J. Med. Chem. 2017, 127, 944—957.

(111) Gargano, E. M; Perspicace, E; Hanke, N,; Carotti, A,;
Marchais-Oberwinkler, S.; Hartmann, R. 'W. Metabolic stability
optimization and metabolite identification of 2, 5-thiophene amide
17f-hydroxysteroid dehydrogenase type 2 inhibitors. Eur. J. Med. Chem.
2014, 87, 203—219.

(112) Perspicace, E.; Cozzoli, L.; Gargano, E. M.; Hanke, N.; Carotti,
A.; Hartmann, R. W,; Marchais-Oberwinkler, S. Novel, potent and
selective 17f-hydroxysteroid dehydrogenase type 2 inhibitors as
potential therapeutics for osteoporosis with dual human and mouse
activities. Eur. . Med. Chem. 2014, 83, 317—-337.

(113) Abdelsamie, A. S.; Bey, E.; Gargano, E. M.; van Koppen, C. J.;
Empting, M.; Frotscher, M. Towards the evaluation in an animal disease
model: Fluorinated 178-HSD1 inhibitors showing strong activity
towards both the human and the rat enzyme. Eur. J. Med. Chem. 2015,
103, 56—068.

(114) Chetrite, G. S.; Ebert, C.; Wright, F.; Philippe, A.-C.; Pasqualini,
J- R. Control of sulfatase and sulfotransferase activities by medroge-
stone in the hormone-dependent MCF-7 and T-47D human breast
cancer cell lines. J. Steroid Biochem. Mol. Biol. 1999, 70, 39—45.

(118) Kruchten, P; Werth, R,; Bey, E.; Oster, A; Marchais-
Oberwinkler, S.; Frotscher, M.; Hartmann, R. W. Selective inhibition

11743 https://doi.org/10.1021/acs jmedchem.2c00589

J. Med. Chem. 2022, 65, 11726—11744



Results

54

Journal of Medicinal Chemistry

pubs.acs.org/jmc

of 17f-hydroxysteroid dehydrogenase type 1 (17fHSDI1) reduces
estrogen responsive cell growth of T47-D breast cancer cells. J. Steroid
Biochem. Mol. Biol. 2009, 114, 200—206.

(116) Zhang, J.-H.; Chung, T. D.; Oldenburg, K. R. Confirmation of
primary active substances from high throughput screening of chemical
and biological populations: a statistical approach and practical
considerations. J. Comb. Chem. 2000, 2, 258—265.

(117) Zhang, J.-H.; Chung, T. D.; Oldenburg, K. R. A simple statistical
parameter for use in evaluation and validation of high throughput
screening assays. J. Biomol. Screen. 1999, 4, 67—73.

(118) Moreno-Farre, J.; Workman, P.; Raynaud, F. Analysis of
potential drug-drug interactions for anticancer agents in human liver
microsomes by high throughput liquid chromatography/mass spec-
trometry assay. Aust.-Asian J. Cancer 2007, 6, 55—69.

(119) Hui, J. P.; Stuart Grossert, J.; Cutler, M. J.; Melanson, J. E.
Strategic identification of in vitro metabolites of 13-desmethyl spirolide
C using liquid chromatography/high-resolution mass spectrometry.
Rapid Commun. Mass Spectrom. 2012, 26, 345—354.

(120) Dj, L.; Kerns, E. H.; Hong, Y.; Kleintop, T. A.; Mc Connell, O.
J; Huryn, D. M. Optimization of a higher throughput microsomal
stability screening assay for profiling drug discovery candidates. J.
Biomol. Screen. 2003, 8, 453—462.

11744

https://doi.org/10.1021/acs.jmedchem.2c00589
J. Med. Chem. 2022, 65, 11726-11744



Results 55

3.3 A Hybrid In Silico/In Vitro Target Fishing Study to
Mine Novel Targets of Urolithin A and B: A Step Towards
a Better Comprehension of Their Estrogenicity

Luca Dellafiora, Marco Milioli, Angela Falco, Margherita Interlandi,
Abdelrahman Mohamed, Martin Frotscher, Benedetta Riccardi, Paola Puccini,
Daniele Del Rio, Gianni Galaverna, and Chiara Dall’ Asta

Reprinted with permission Mol. Nutr. Food Res. 2020, 64 (16), 2000289.
DOI: 10.1002/mnfr.202000289

Copyright (2020) Wiley Online Library

Publication C

Contribution Report

The author performed and interpreted the radiolabeled in vitro biological assays.



Results

56

RESEARCH ARTICLE

M@llar Nutrition

www.mnf-journal.com

A Hybrid In Silico/In Vitro Target Fishing Study to Mine
Novel Targets of Urolithin A and B: A Step Towards a Better
Comprehension of Their Estrogenicity
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Abdelrahman Mohamed, Martin Frotscher, Benedetta Riccardi, Paola Puccini,
Daniele Del Rio, Gianni Galaverna, and Chiara Dall’Asta

Scope: Urolithin A and B are gut metabolites of ellagic acid and ellagitannins
associated with many beneficial effects. Evidence in vitro pointed to their
potential as estrogenic modulators. However, both molecular mechanisms
and biological targets involved in such activity are still poorly characterized,
preventing a comprehensive understanding of their bioactivity in living
organisms. This study aimed at rationally identifying novel biological targets

underlying the estrogenic-modulatory activity of urolithins.

Methods and Results: The work relies on an in silicofin vitro target fishing
study coupling molecular modeling with biochemical and cell-based assays.
Estrogen sulfotransferase and 17 8-hydroxysteroid dehydrogenase are
identified as potentially subject to inhibition by the investigated urolithins.
The inhibition of the latter undergoes experimental confirmation either in a
cell-free or cell-based assay, validating computational outcomes.
Conclusions: The work describes target fishing as an effective tool to identify
unexpected targets of food bioactives detailing the interaction at a molecular
level. Specifically, it described, for the first time, 17 8-hydroxysteroid
dehydrogenase as a target of urolithins and highlighted the need of further
investigations to widen the understanding of urolithins as estrogen

modulators in living organisms.
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1. Introduction

Urolithins are small molecules with a
dibenzo-alpha-pyrone scaffold variously
hydroxylated (Figure 1) produced by
the human gut microbiota from ellag-
itannins and ellagic acid.'! Urolithin
precursors can be prevalent in certain
diets being abundant in many fruits
(e.g., pomegranates and berries), nuts
(e.g., walnuts and almonds), and some
wines.l?l Urolithins may have a promi-
nent role in the health benefits associated
to diets rich in ellagitannins and ellagic
acid, as a consequence of their rapid gas-
trointestinal formation and to the higher
bioavailability in comparison to their
high molecular weight precursors.*! In-
deed, unlike ellagitannins and ellagic
acid, urolithins may reach relatively high
plasma concentration (up to 40 pwm)
with a prevalence of conjugated forms
and with a significant age-dependent
variability.[**! Urolithin aglycones were
shown to be abundant in feces!® and their
release from glucuronides either upon
gastrointestinal fermentation or at tissues level was displayed in
vitro.l”#] The accumulation of both urolithin aglycones and glu-
curonides was also described in several tissues and at a cellular
level,**1% pointing to their capability to get broadly distributed
throughout the body, either in the conjugated or un-conjugated
state.

The spectrum of health-promoting effects of urolithins in-
cludes anti—inﬂammatory, anti-carcinogenic, cardioprotecﬁve,
and neuroprotective properties./'""?l From a molecular perspec-
tive, urolithin A and B (UroA and UroB) can bind and modu-
late estrogen receptors (ERs)."*"5] Additionally, urolithins were
shown to act as estrogen modulators by influencing the ex-
pression of estrogen-regulated genes via an ERa-dependent
mechanism."®) This evidence suggests a possible protective
role in the framework of the cardiovascular system and pre-
vention against estrogen-dependent cancer, similarly to other
phytoestrogens.['”1®1 However, the network of biological tar-
gets underlying their capability to affect estrogenic pathways is
only partially elucidated, preventing a full comprehension of
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Figure 1. Structures of UroA, UroB, and genistein.

estrogen-related actions of urolithins in vivo. Contextually, the
multi-target activity of food bioactives is increasingly gaining ev-
idence. Therefore, additional targets beyond ERs are likely to be
involved in urolithin estrogenicity and their identification has a
primary importance for a more comprehensive understanding of
urolithin bioactivity.

In this context, we applied an in silico/in vitro target fish-
ing study to identify novel proteins possibly involved in the
network of molecular events underlying the modulatory activ-
ity of urolithins on the estrogenic system. The workflow con-
sisted in a ligand-based virtual screening followed by structure-
based molecular modeling. All the ligands bound to proteins
recorded in the Protein Data Bank (PDB; https://www.rcsb.org)
were screened to find those most similar to UroA, taken as a ref-
erence. The chemical similarity between UroA and PDB ligands
could be used as “bait” to identify proteins conceivably able to
interact with urolithins. The interaction between the best pro-
tein candidates identified and UroA or UroB was then inves-
tigated with structure-based molecular modeling as previously
shown.[”l The interaction with the most promising candidate
was checked experimentally.

2. Experimental Section
2.1. In Silico Study

2.1.1. Assembly of Ligands Database

The 3D structures of UroA and UroB were retrieved from Pub-
Chem (https://pubchem.ncbinlm.nih.gov; CID 5488186 and
5380406, respectively). The ligands database derived from the
small molecules (26.868 structures; accessed on December 17,
2018) bound to proteins recorded in PDB (https://www.rcsb.org).
The downloaded structures were processed using the FLAP soft-
ware (https://www.moldiscovery.com)!®”! using default setting
and choosing the descriptors (“probes”) H, DRY, N1, and O to
describe ligands in terms of shape, hydrophobicity, and capabil-
ity to donate or receive hydrogen bonds, respectively.

2.1.2. Ligand-Based Virtual Screening

The ligands database was screened using FLAPI?Y with de-
fault parameters selecting UroA as external template. The
“quadruplet-based bit string mode” was used to speed up calcu-
lations. The outcome was ranked according to the “Global Sum”
parameter.

Mol. Nutr. Food Res. 2020, 64, 2000289
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2.1.3. Structure-Based Molecular Modeling

Docking simulations, pharmacophoric analysis, and molecular
dynamic (MD) were applied on a selection of targets identi-
fied by the ligand-based virtual screening. The docking software
GOLD was used to calculate binding architectures, as previously
shown.!?!l The models for estrogen sulfotranferase (EST), fun-
gal and human 178-hydroxysteroid dehydrogenase (178-HSD)
were derived from PDB structures having code 1G3M, 4FJ1, and
3HBS, respectively. Software parameters, protocols, models, and
ligands were set as previously reported.?2) The GOLD scoring
function PLPScore was sued as it may reliably estimate the ca-
pability of ligands to satisfy pocket requirements (the higher the
score, the better the fitting within pockets).[*! For each protein
target, the best-scored docking pose was considered as the most
likely binding architecture, which served as input for MD.

MDs were run to investigate the permanence of urolithing
within proteins binding site and to check the geometrical stability
of complexes over the time. GROMACS version 5.1.4/2*l was used
with CHARMM27 all-atom force field parameters support.[?*]
Urolithins were processed with CHARMM?27 all-atom force field
using the SwissParam tool (http://www.swissparam.ch).[?’! Un-
resolved amino acid side chains were added using the “Com-
position” tool of “Biopolymer” module of Sybyl software (www.
certara.com). A 50 nanoseconds simulation (300 K with a cou-
pling time of 0.1 ps and 1 bar with a coupling time of 2.0 ps) for
each complex was run as previously described.[?]

2.2. In Vitro Assessment of Enzyme Inhibition

All non-radioactive chemicals were purchased with the high-
est grade available from Merk Sigma (St. Louis, MO, US) or
Gibco—Thermo Fisher Scientific (Waltham, MA, US) unless
stated otherwise. Radioactively labeled [2,4,6,7-*H]-E1 (50-100 Ci
mmol~') was purchased from Perkin Elmer, Boston. Quick Safe
Flow 2 Plus scintillator fluid was bought from Zinsser Analytic,
Frankfurt.

2.2.1. Cell-Free 17p-Hydroxysteroid Dehydrogenase Type 1 Inhibition
Assay

The human enzyme was partially purified from human placental
tissue as previously described.[?”] Fresh human placenta was ho-
mogenized, then cytosolic and microsomal fractions were sepa-
rated by centrifugation. The cytosolic fraction was incubated with
NADH (500 pm) in phosphate buffer (50 mm, 37 °C pH = 7.4)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with 20% glycerol and EDTA (1 mw) in the presence of inhibitors
in DMSO (the final DMSO concentration in the assay was 1%).
The enzymatic reaction was started adding a mixture of unlabeled
and radiolabeled substrate (total final concentration 500 nwm).
After 10 min, mercuric chloride (10 mm) was added to stop
the reaction and steroids were extracted with diethylether. Af-
ter evaporation, they were dissolved in acetonitrile/water (45:55).
Estrone (E1) and 17p-estradiol (E2) were separated on a C18
reversed phase chromatography column (Nucleodur C18 Grav-
ity, Macherey-Nagel) connected to an Agilent 1200 Series (Agi-
lent, Palo Alto, CA, USA) HPLC-system using acetonitrile/water
(45:55) as mobile phase. A radioflow detector (Ramona, raytest)
was coupled to the HPLC-system for the detection and quantifi-
cation of steroids. After reviewing chromatograms (three inde-
pendent experiments each), the conversion rates were calculated
according to the following equation:

% E2

%E2+ % 51] X 100 )

%conversion = [

Finally, the percentage of inhibition was calculated according to
the following equation:

%inhibition =

1- %conversion with inhibitor
%conversion of control (DMSO)

% 100 )
Standard deviations were below 10%.
2.2.2. Cell-Based Assay

Cell Culture: Breast cancer cell line (MCF-7 cells) was ob-
tained from the American Type Culture Collection and main-
tained in a 75 am? culture flask at 37 °C in a humidified at-
mosphere at 5% CO,. Cells were grown in DMEM/F12 (1:1)
with 15 mm HEPES, without phenol red, supplemented with
10% fetal bovine serum (FBS), 1% 1-glutamine and 1% peni-
cillin/streptomycin. The medium was replaced every 2 days. Cells
at 80% confluence were sub-cultured every 7 days by routine
trypsinization. The assessment of enzymatic inhibition and pro-
liferation assays were performed using cells from the same flask
to minimize outcomes variability.

178-HSD Inhibition Assay: Cells were seeded in 24-well
plates (65 x 10°* cells per well) in complete medium until they
reached 80% confluence. Then they were placed in DMEM/F-12
(1:1) supplemented with 5% charcoal stripped and delipidated
FBS for 2 days. To evaluate the inhibitory effect on 17-g-HSD,
cells were treated with UroA or UroB at three different concentra-
tions (10, 25, or 50 pm). Each plate was pre-incubated for 30 min
with enzyme inhibitors only (genistein, UroA, UroB, or HBSS
buffer for control wells), as formerly mentioned,/*”] hence co-
incubated with inhibitors plus the enzyme substrate E1 (50 nm).
The well-known 178-HSD inhibitor genistein was taken as pos-
itive control (25 pM), while the treatment with E1 50 nM alone
was used to evaluate the baseline activity of the enzyme. Plates
were incubated at 37 °C with 5% CO, for 3 and 6 h. At each time
point (T0, 3 h, and 6 h) the supernatant was collected to evaluate
the amount of E2 in all experimental conditions. Moreover, cell
lysates were collected via osmotic lysis to measure inhibitors in-
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take and growth medium was removed. Thus, cells were placed in
lysis solution (250 pL acetonitrile/water 75:25) and were shaken
for 20 min. Three replicates of each treatment were run in each
experiment and collected samples were analyzed using LC-ESI-
MS/MS (see below).

Proliferation Assay:  The effects of urolithins and genistein on
MCE-7 viability were evaluated using the In Vitro toxicology as-
say kit-MTT based according to the manufacturer’s instructions
(Merk Sigma, St. Louis, MO, USA). Cells were seeded in 96-well
microtiter plates at a density of 10.000 cells per well in mainte-
nance medium. Absorbance was spectrophotometrically detected
at a wavelength of 570 nm. Background absorbance of multiwell
plates at 690 nm (blank containing complete medium without
cells) was also measured and subtracted from the 570 nm mea-
surement.

LC-ESI-MS/MS Analyses: An Agilent 1260 liquid chromatog-
raphy system was used (Agilent, Palo Alto, CA, USA). Auto-
sampler and column oven were kept at 8 °C and 35 °C, respec-
tively. Chromatographic separation was achieved on a Gemini
NX C18 (50 mm X 2.1 mm, 5 pm, Phenomenex, Torrance, CA,
USA) using ammonium hydroxide 0.5 mwm in water (Solvent A)
and ammonium hydroxide 0.5 mwm in methanol (Solvent B) as
mobile phases for E2. The gradient program was 0.0-0.5 min,
10% B; 0.5-2.0 min, gradient to 80% B; 2.0-3.5 min, gradient to
95% B; 3.5-3.7 min, gradient to 10% B; 3.7-6.0 min, 10% B. Re-
garding urolithins and genistein, ammonium formate (10 mm,
pH = 4.6, Solvent A) and acetonitrile (Solvent B) were used. The
gradient program was 0.0-0.5 min, 5% B; 0.5-2.0 min, gradient
to 95% B; 2.0-3.0 min, 95% B; 3.0-3.5 min, gradient to 5% B;
3.5-6.0 min, 5% B. The flow rate and injection volume were set
at 0.8 mL min~! and 10 pL, respectively. The HPLC system was
coupled with an AB SCIEX 4500 Q-TRAP triple quadrupole mass
spectrometer (AB Sciex, Foster City, CA) equipped with an ESI
Turbo ionspray source. The mass spectrometer was operated in
negative ion mode. Ion spray voltage and temperature were set
at —4500 V and 550 °C, respectively. Curtain and source gases
were set at 30 and 35, respectively. Quantification was operated
in multiple reaction monitoring (MRM) mode using the follow-
ing m/z transitions: 271.011—144.950 for E2, 268.900—132.933
for genistein, 226.891—-197.848 for UroA, 210.880—166.865 for
UroB and 266.927—251.888 for formononetin (IS), respectively.
Calibration curves were built from 3 to 125 nm for E2 (1/x?
weighting, r = 0.995), from 6 to 1000 nwm for urolithing (1/x
weighting, r = 0.997) and from 6 to 500 nm for genistein
(1/x weighting, r = 0.997). Data were acquired and processed us-
ing Analyst 1.6.2 software (AB Sciex, Foster City, CA).

Statistical Analysis: Data were expressed as means + SEM.
Statistical analyses were performed with GraphPad Prism 8.3.0
(GraphPad Software, San Diego, CA, USA) using two-way anal-
ysis of variance (ANOVA) and Tukey’s post hoc test. Statistical
significance was set at p <0.05.

3. Results and Discussion

3.1. Target Fishing Study

Target fishing refers to the identification of novel biological tar-
gets for a given small molecule.!?®] It was applied here to identify
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Table 1. List of top-ranked ligands from ligand-based virtual screening and respective proteins.

Ligand PDB code Glob-Sum Associated protein Protein name Organism
PDB code
4HB 29.0 3Zve cis-biphenyl-2,3-dihydrodiol-2,3-dehydrogenase Comamonas testosteroni
64l 27.7 41GS/41CC Aldo-keto reductase Homo sapiens
DD) 27.6 3vL KatG catalase-peroxidase Haloarcula marismortui
7G3 26.1 5TNg ERu H. sapiens
7G2 21.0 STN7 ERq H. sapiens
PCQ 18.0 4MAS/2G5U Transthyretin H. sapiens
1G3M Estrogen sulfotransferase (EST) ! H. sapiens
REF 175 6RWD Glutathione transferase Schistosoma japonicum
4YUA Glycogen phosphorylase Oryctolagus cuniculus
27)W Casein kinase 2 (CK2) H. sapiens
HOM 16.6 1CJF Profilin H. sapiens
15Q 16.2 4IWF ERu H. sapiens
7EG 13.9 5TLG ERw H. sapiens
JSX 13.6 5QA8 Oxicillinase-48 Klebsiella pneumonie
CHV 13% 41GF Enoyl-acyl-carrier-protein reductase Plasmodium falciparum
Dv7 13.3 6B)Z Antibody fragment H. sapiens
13.2 3CN2 Transthyretin H. sapiens
3W) 13.0 4% 2F Growth factor 8 receptor type 1 kinase domain H. sapiens
6/M 12.9 5)C) Pteridine reductase 1 Trypanosoma brucei brucei
THP 12.9 2QSE ERu H. sapiens
27N 12.9 4MGD ERu H. sapiens
TCT 12.8 TNNU Enoyl-acyl-carrier-protein reductase Plasmodium folciparum
CUE 12.7 SKR9 ERa Homo sapiens
4FIZ/3QWI 173-hydroxysteroid dehydrogenase (175-HSD) * Cochliofobus lunatus
MYU 12.7 2064 Pim-1 kinase H. sapiens
3V3V c-Jun NH2-terminal kinases H. sapiens
BP7 12.7 4AMMM Pdrx5 H. sapiens
2EI0 1,2-dihydroxynaphthalene dioxygenase Pseudomonas sp.
F95 12,6 4QAG/5HBM HIV-1 Reverse Transcriptase Human immunodeficiency virus
MRI 12.6 6AE3 GSK3-kinase H. sapiens
SAUY Death-associated protein kinase 1 H. sapiens
4EV 12.6 4YKZ HS protein 90 H. sapiens

“indicates proteins considered for molecular modeling.

novel targets likely involved in the capability of UroA and UroB to
modulate the estrogenic system. As previously described,!"! the
target fishing study consisted in: i) ligand-based virtual screen-
ing to calculate chemical similarities between UroA and a wide
set of molecules with known biological targets; ii) structure-based
molecular modeling to study the interaction of urolithins with the
targets identified (“fished”) in the ligand-based virtual screening.

3.1.1. Ligand-Based Virtual Screening

The ligands database was derived from all the ligands bound
to proteins collected in PDB (26.036 ligands from the Lig-
ands Repository; database accessed on December 17, 2018;
https://www.rcsb.org). The FLAP software was used to screen
26.011 (25 ligands were excluded due to processing flaws)
using UroA as template. Ligands were ranked according to the
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“Glob-Sum” parameter, which estimates chemical similarities
between molecules (the higher the score, the higher the ligands
similarity), supporting a straightforward identification of ligands
similar to UroA. The top 1% of ranked ligands was subsequently
analyzed to track the respective biological targets to be considered
for the next steps of analysis. The analysis was limited to the top
1%, focusing on proteins closely related to a ligand-dependent
estrogenicity, to define a manageable set of proteins to carry forth
the analysis. Three proteins directly related to a ligand-dependent
estrogenic action were identified (Table 1): ER alpha, EST, and
17p-HSD. UroA and UroB were previously depicted as ER lig-
ands and their identification proved the fit-for-purpose effective-
ness of methodology used. However, the presence of additional
relevant targets among those listed in Table 1, either with indirect
or ligand-independent roles on urolithing estrogenicity, cannot
be excluded. For instance, CK2 is a kinase involved in the trans-
activation and expression of ERs!?! and assessing its inhibition,
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Figure 2. Docking simulations and pharmacophoric analysis of EST. The protein is represented in cartoon. Ligands and residues involved in polar
interactions are represented in sticks. Yellow dotted lines indicate polar contacts. Black rings indicate the improper arrangement of polar groups within
hydrophobic space. White, blue and red meshes indicate spaces suitable to receive hydrophobic, H-bond donor and H-bond acceptor groups, respectively.
A) Graphical representation of EST (PDB code 1G3M). B) Superimposition of crystallographic and computed pose of PCQ (white and yellow, respectively)
as in the structure with PDB code 1G3M. C) Calculated pose of UroA. D) Calculated pose of UroB. E) Superimposition of the crystallographic pose of
PCQ (PDB code 1G3M; white) and the calculated pose of UroA and UroB (cyan and yellow, respectively).

which may have an indirect role on urolithins-dependent
estrogenicity, might worth future dedicated investigations.

3.1.2. Structure-Based Modeling

EST and 17p-HSD underwent structure-based modeling, con-
sisting in docking simulations to predict the binding mode of
urolithins, coupled with pharmacophoric analysis and MD sim-
ulations to better estimate their capability to fit enzymes pocket
and stably persist therein, as previously shown.[?¢]

Estrogen sulfotransferase (EST). The enzyme may reduce estro-
gens activity transferring a sulfate group to free phenolic groups
lowering estrogens amount at systemic or local level.?%*!] The ca-
pability of UroA and UroB to interact with EST was assessed com-
paring their docking pose with the crystallographic architecture
of the similar ligand identified by ligand-based virtual screening
(PCQ; Table 1). Moreover, docking poses were analyzed in respect
to the pocket pharmacophoric fingerprint to visually check the de-
gree of urolithin-pocket complementarity. Furthermore, MD sim-
ulations were run to estimate the capability of UroA and UroB
to persist within EST ligand binding site. Concerning docking
simulations, the calculated pose of PCQ (43.4 score units) was
in agreement with its crystallographic architecture (Figure 2B),
pointing to the procedural efficacy to provide reliable binding ar-
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chitectures, as previously discussed.*®] The calculated poses of
UroA and UroB (37.2 and 35.2 score units, respectively) were
found well-fitting the ligand binding site with a good match be-
tween molecules arrangement and pocket pharmacophoric fin-
gerprint (Figure 2C,D). However, the polar benzopyrone moi-
ety of both urolithing occupied a hydrophobic region suggest-
ing a degree of hydrophobic/polar interferences possibly result-
ing in a weaker interaction in comparison to PCQ (which bet-
ter matched pocket hydrophobicity instead). This evidence was
in line with the lower scores recorded for urolithins compared
to PCQ. However, UroB was found mimicking the pocket oc-
cupancy of PCQ better than UroA (Figure 2E), potentially sug-
gesting a more favored interaction. Concerning MD, the overall
structure of EST in complex with both urolithins increased the
RMSD (root-mean-square deviation) value during the first 20 ns,
reaching a more stable geometry in the last part of simulations
(Figure 3A). This result highlighted the non-optimal geometrical
stability of starting conformations. Moreover, the analysis of geo-
metrical stability of ligands and the network of polar interactions
revealed important differences between the two urolithins (Fig-
ure 3B,C). UroA was found stably interacting within the pocket
(with a low RMSD and a stable residence within the binding site
over the time), while UroB was found less stable, as evidenced by
the high RMSD value, with a trajectory outward the ligand bind-
ing site. Moreover, the analysis of hydrogen bonds described a
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Figure 3. MD of EST. A) RMSD plots of protein C-alpha in complex with UroA or UroB. B) RMSD plot of UroA and UroB. C) Time-step representation
of trajectories of UroA (on the right) and UroB (on the left). The from-red-to-blue color switch indicates stepwise changes of ligand coordinates over the
time. The black arrow indicates the outward trajectory. D) Hydrogen bonds between EST and UroA or UroB over the time.

more favored interaction for UroA than UroB: the latter showed
an early loss of hydrogen bonds, while the former was found most
frequently engaging the protein with at least one hydrogen bond
(Figure 3D). The hydrogen bonds loss of UroB could reasonably
explain its trajectory outward the binding site. Overall, these re-
sults described EST as a possible target of both urolithin, though
UroA seemed interacting more favorably than UroB.
17p-hydroxysteroid dehydrogenase (17f-HSD). The enzyme
modulates the potency of steroids interconverting inactive 17-
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keto-steroids and their more active 17f-hydroxy forms.*?! The
fishing study found an orthologous of human 178-HSDs from
the fungus Cochliobolus lunatus. This enzyme is however con-
sidered representative of the class of enzymes it belongs to, pro-
viding a valid benchmark model to study human orthologous.**]
Therefore, the fungal 174-HSD was considered for docking sim-
ulations and pharmacophoric analysis to check the capability of
UroA to fit its ligand binding site. As described for EST, the abil-
ity of UroA to interact with 174-HSD was assessed comparing
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Figure 4. Docking simulations and pharmacophoric analysis of 178-HSD. The protein is represented in cartoon. Ligands and residues involved in polar
interaction are represented in sticks. Yellow dotted lines indicate polar contacts. Black rings indicate hydroxyl group proximal to hydrophilic space. White,
blue and red meshes indicate spaces suitable to receive hydrophobic, H-bond donor and H-bond acceptor groups, respectively. A) Graphical represen-
tation of fungal 178-HSD (PDB code 3HBS). B) Superimposition of crystallographic and computed pose of CUE (white and yellow, respectively) as in
the structure having PDB code 3QWI. C) Superimposition of calculated pose of UroA and crystallographic pose of CUE (white and yellow, respectively)
as in the structure having PDB code 3QW!I. D) Calculated pose of UroA. E) Calculated pose of UroB.

its docking pose with the crystallographic architecture of the
similar ligand identified by ligand-based virtual screening (CUE;
Table 1). The calculated pose of CUE (76.6 score units) was
in agreement with its crystallographic architecture (Figure 4B),
supporting the procedure efficacy to provide reliable binding
architectures. The calculated pose of UroA (76.2 score units)
overlapped the crystallographic pose or CUE satisfying the phar-
macophorical requirements of pocket (Figure 4C). The potential
of urolithins to interact with 178-HSD pocket was inferred ac-
cordingly. Therefore, the interaction of UroA and UroB with the
human orthologous 174-HSD1, which converts E1 to the more
potent E2,?7] was calculated. Concerning docking simulations
and pharmacophoric analysis, UroA and UroB (58.6 and 59.2
score units, respectively) were found matching pharmacophor-
ical requirements of 174-HSD1 pocket. However, UroA placed
the hydroxyl group in position #8 close to a hydrophilic pocket
patch possibly resulting in a more favored interaction than UroB
(Figure 4D,E).

Regarding MD, the RMSD analysis unveiled that com-
plex geometry with both urolithins was found overall sta-
ble, with a steady-state fluctuation along the all simulation
(Figure 5A,B). Moreover, the analysis of urolithins trajecto-
ries revealed their capability to stably persist within the cat-
alytic site (Figure 5C). These results were in line with the
stable network of hydrogen bonds found for both urolithins
(Figure 5D).

On this basis, UroA and UroB were found stably interacting
with the human 178-HSD1 and a degree of inhibitory activity was
inferred for them accordingly.
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3.2. Experimental Assessment

The computational results collected for UroA and UroB pointed
to a possible degree of inhibitory activity against 174-HSD1, and
its actual inhibition was checked experimentally. Nonetheless, a
degree of interaction with EST may also be expected (see Section
3.1.2). Specifically, in silico analysis aimed at: i) defining the the-
oretical capability of urolithins to interact with 178-HSD1; and ii)
providing a qualitative estimate of their likeliness as inhibitors.
Therefore, computational outcomes were not quantitatively com-
pared to the results collected in vitro.

3.2.1. Cell-Free Inhibitory Assay

As a preliminary screening, UroA and UroB were tested at 20 pm
in a 178-HSD1 cell-free inhibition assay. Genistein (20 pm), a
strong 174-HSD1 inhibitor previously described,**! was used as
positive control. The inhibition percentage observed for UroA,
UroB and genistein with respect to the control (DMSO) was 82%,
64%, and 95%, respectively (mean value of 3 independent mea-
surements, standard deviation < 10 %). These results proved the
actual capability of both urolithins to inhibit 174-HSD1, in agree-
ment with computational findings.

3.2.2. Cell-Based Model

The capability of UroA or UroB to inhibit 174-HSD1 was then
assessed in a cell-based model checking the conversion of E1 to
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Figure 5. MD of 178-HSD1. A) RMSD plots of protein C-alpha in complex with UroA or UroB. B) RMSD plot of UroA and UroB. C) Time-step representa-
tion of trajectories of UroA (on the right) and UroB (on the left). The from-red-to-blue color switch indicates the stepwise changes of ligand coordinates
over the time. D) Hydrogen bonds number between 17-HSD and UroA or UroB over the time.
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Figure 6. Results of cell-based 178-HSD1 inhibitory assay. A) E2 accumulation in untreated cells (E1) or treated with, genistein, UroA or UroB. B) Cell
viability of untreated cells (E1) or upon treatment with, genistein, UroA, or UroB. C) Cell internalization of genistein, UroA or UroB.

E2 in MCF-7 cells as formerly shown.[**! MCF-7 cells represent a
gold standard to check the estrogenicity of compounds, including
urolithins.[**l Moreover, previous studies proved the expression
of 178-HSD1 gene in MCF-7 electing this cell line as suitable
for studying a ligand-dependent inhibition of 174-HSD1.[3%¢¥7I
Nonetheless, this cell-based assay could not isolate precisely the
role of 174-HSD1 from that of other enzymes possibly involved
in the modulation of E2 level. However, the integrated use of cell-
free measurements (see above) consistently confirmed the actual
role of 174-HSD1 inhibition to reduce the level of E2, though
the involvement of other ancillary mechanisms could not be ex-
cluded.

Inhibitory activity of UroA or UroB was tested at 10, 25, or
50 pm upon three or six treatment hours (3 and 6 h, respec-
tively; Figure 6). Genistein (25 pm) was used as a positive con-
trol. The treatment with E1 alone served as reference control to
measure the full transformation of E1 to E2. Genistein signifi-
cantly reduced the production of E2 at 6 h compared to the cells
treated with E1 alone (p < 0.05; Figure 6A). UroA 25 and 50 pm
significantly reduced E2 production at 6 h compared to E1 alone
(p < 0.05). Also, UroA 50 pm at 6 h was found more effective
than the equimolar treatment with genistein. Concerning UroB,
all examined concentrations were found able to significantly re-
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duce E2 production at 6h in comparison to the treatment with E1
alone (p < 0.05). Additionally, UroB 25 and 50 pm at 3 or 6 h were
found more efficient than genistein (p < 0.05). Moreover, com-
paring UroA with UroB, the latter appeared significantly more
effective than the former at 10 pm upon 3 h of treatment and at
25 pm upon 6 h of treatment (p < 0.01). Keeping in mind that the
inhibition of 174-HSD1 leads to a depletion of E2, eventually re-
sulting in anti-estrogenic effects, the lower inhibitory activity of
UroA compared to UroB was in line with the higher estrogenicity
of the former, as previously described./']

Cell viability was also assessed via MTT assay for all tested con-
ditions and no significant differences were found for UroB when
compared to the corresponding time point controls with E1 alone
or genistein (Figure 6B). Conversely, UroA 25 and 50 pm at the
time zero were found able to slightly reduce cell viability more
than the respective controls (p < 0.05), though at 3 and 6 h cell vi-
ability was comparable either to that of the treatments with genis-
tein or E1 alone. All investigated compounds showed at the time
zero a mean value lower than the one observed when cells were
exposed to E1 alone. The reduction of viability observed in these
treatments was in line with the anti-proliferative action against
breast cancer cells previously described for urolithins and other
polyphenols.*®3°l However, transient adaptive mechanisms to

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Results

65

ADVANCED
SCIENCE NEWS

Mo lar Nutrition

ood Research

www.advancedsciencenews.com

xenobiotics treatments at a very short exposure time tested are
likely to be involved as well.

The accumulation of genistein, UroA, and UroB by cells was
also checked measuring the compounds in cell lysates (Fig-
ure 6C). The treatment time did not affect significantly their
accumulation. However, a higher mean accumulation for both
urolithins with respect to genistein was found at 25 and 50 pm for
all investigated time points, with a higher average concentration-
dependent accumulation of UroA compared to UroB. However,
keeping in mind that cells may express phase Il enzymes,!'?]
the diverse detection of UroA with respect to UroB in cell lysate
might be due to a differential metabolic transformation of these
compounds.

These results are important in the light of data collected in
cell-free trials as, despite the lower inhibitory activity of both
urolithins in comparison to genistein, the treatment with UroB
at 25 and 50 pm resulted in a time-dependent higher inhibition
compared to genistein 25 pmM. The more pronounced accumula-
tion of urolithins in comparison to genistein is reasonably cru-
cial to determine the strong E2 reduction observed. However,
the formation of more potent inhibitory metabolites due to cell
metabolism cannot be excluded. Specifically, UroB could pro-
vide inhibitory metabolites more potent than UroA. This may
rationally explain the inverted rank observed in the two assays
(the cell-based assay UroB produced a stronger inhibition than
UroA while the latter was a stronger inhibitor in the cell-free sys-
tem). Furthermore, effects on other enzymes either involved in
E2 formation or depletion may also differentiate the activity of
urolithins. For instance, the inhibition of aromatase, an enzyme
involved in the E2 biosynthesis, has been proved for UroA.[*)
Moreover, considering the capability of cells to express phase-
II enzymes,[!? a differential formation of phase-II metabolites
from the two compounds possibly resulting in the diverse ob-
served outcomes cannot be excluded. Generally, this and other
similar phenomena related to a different enzyme inhibition by
urolithing are likely to diversify their estrogenic/antiestrogenic
action, potentially resulting in diverse effects on estrogens levels
either in cell systems or in living organisms.

Notably, the concentration of aglycones assessed in this study
may exceed what commonly found in plasma upon consump-
tion of food rich in urolithin precursors. However, the over-
all reported plasma levels of urolithin metabolites may span
over a wide range, including those assessed in this study (e.g.,
ref. [41]). Moreover, plasma levels of urolithin conjugates three
times higher than the highest concentration assessed here have
been reported in a 3-day pilot walnut intervention study in hu-
man volunteers.*?] This is particularly relevant in the light of
the f-glucuronidase activity of tumor cells (including MCEF-7),
that can release aglycones from polyphenol conjugates, as pre-
viously shown (e.g., ref. [43]). Specifically, a significant role of
f-glucuronidases, which are highly expressed in solid tumors,
has been observed in the wide release of urolithin A and B agly-
cones from their respective glucuronides./**! Actually, the real in-
ternal level of aglycones at the site of action (i.e., the concen-
tration at the district of protein-ligand interaction) is hard to
estimate a priori, but it may poorly reflect the circulating level
in plasma under some circumstances (e.g., in the case of cells
with a high expression of g-glucuronidases). Indeed, conjugates-
reverting activity of certain cell lines (e.g., MCF-7) and the high
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plasma concentration of urolithin conjugates might result in a
potentially high transient concentration of aglycones at the site of
interaction. This made the assessment of aglycones at the tested
concentrations reasonable to consistently describe urolithins in
a representative mechanistic model system, accounting for the
reversible conjugation—deconjugation phenomenon.

4. Concluding Remarks

The identification of previously unknown biological targets un-
derlying urolithins effect on the estrogenic system is advisable
towards a comprehensive understanding of their biological
roles. In this context, computer-aided target fishing approaches
may support a straightforward identification of novel and unex-
pected protein targets. This study described, for the first time,
174-HSD1 among the biological targets of UroA and UroB. In
particular, even though the real relevance to the in vivo condition
could not be easily extrapolated, the collected results clearly
pointed out: i) the capability of certain dibenzo-alpha-pyrones to
interact and inhibit this enzyme in vitro (UroA and UroB were
used as case studyy); ii) cells prone of conjugates-reverting activity
may be exposed to 174-HSD1 inhibition by UroA and UroB.
Although the outcomes of cell-based assays could not exclude
the existence of other 17p-HSD-independent mechanisms,
the evidence produced through cell-free conditions proved the
actual inhibition of 174-HSD1. These results highlighted a new
mechanism, with possible implications in living organisms,
the relevance of which is worth additional research to better
understand urolithin bioactivity. Of note, the inhibitory activity
described in this study might cause anti-estrogenic effects.
However, the overall effect of UroA and UroB in vivo shall need
to be interpreted from a more general point of view consid-
ering the complex network of mechanisms involved, also in
the light of the likely combined action of chemical mixtures of
food origin. The provided results also underlined the need to
carefully investigate the differential cellular fate of UroA and
UroB as they might generate a pattern of metabolites with a
different inhibitory action against 17-HSD1. Particularly, the
phase-11 conjugates deserve a high priority. Moreover, the results
collected clearly described the multi-target activity of this class of
compounds, which may have a manifold action on urolithins es-
trogenicity. Specifically, UroA and UroB might have differential
estrogenic/antiestrogenic effects at both ligand-dependent and
ligand-independent levels, acting on enzymes directly involved
in the estrogens level (e.g., EST and 178-HSD1) or on proteins
involved in the regulation/expression of ERs (e.g., CK2).

As a general remark, this work represents a proof of princi-
ple towards a better comprehension of the mechanisms of ac-
tion of urolithins bioactivity. In this context, the study provided
a knowledge-based foothold to better understand the possible
effects of urolithins on the estrogenic system from a molecu-
lar standpoint. Further studies need to be carried out to address
more comprehensively the inhibitory potential of other urolithin
metabolites and the design of future in vitro to in vivo extrap-
olation studies is desirable to better link our evidence to the in
vivo conditions. However, this work provided a compelling line-
of-evidence to consider the inhibition of 174-HSD1 in future
investigations to better describe the modulatory effects of ellagi-
tannins derivatives in vivo.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Discussion and conclusions

The main goal of the thesis was to create inhibitors that can be used to treat estrogen dependent
diseases (EDDs), such as non-small cell lung cancer (NSCLC) and endometriosis, by inhibiting
peripheral E2 development via targeting the enzymes responsible for E2 synthesis in the
diseased tissues, such as STS and 173-HSD1. In comparison to the current endocrine treatments
for EDDs, this novel approach is now seen as a safer therapeutic strategy with the possibility
of fewer adverse effects since systemic estrogen action should be less affected. The work was
divided into two approaches to achieve the goal of this study: the first is the development of a
new class of non-steroidal and selective inhibitors of 17p-HSD1 capable of improving the
treatment of NSCLC, chapter 3.1, and the second is the synthesis of sulfamate compounds that
are drugs for STS inhibition and prodrugs for 173-HSD1 inhibition as a new therapeutic option
for the treatment of endometriosis (drug-prodrug approach), chapter 3.2. For description of the
compounds listed in this section, a capital letter for the respective manuscript accompanying an

Arabic number for compound numbers in the respective manuscript are used.

4.1 Synthesis of inhibitors of 178-HSD1 for treatment non-
small cell lung cancer (NSCLC)

As stated in the introduction, lung cancer is the world's most frequent cause of death associated
with cancer, and more than 85 percent of cases represented by NSCLC. Consequently, it is
imperative to discover more effective medicines with innovative modes of action. According to
rising evidence over the last two decades, estrogens play a key role in lung tumorigenesis in
both men and women and 17B-HSD1, which catalyzes the weakly active E1 to the potent
estrogen E2, is widely expressed in NSCLC cells, and help to stimulate tumor progression.
Thus, 17p-HSD1 inhibition appears to be a promising therapeutic alternative for NSCLC. A
small library of 2,5- disubstituted furane amide derivatives was synthesized and tested towards
17B-HSDL1 in cell-free assays and they displayed exceptionally high 173-HSD1 inhibitory
activity, (results were shown in chapter 3.1). Additionally, the selectivity of the compounds
over 173-HSD2 was studied, and it was discovered that Al and A2 (Figure 17) were extremely
selective over 173-HSD2 (selectivity factors = 563 and 145, respectively), suggesting that
methyl groups improved selectivity over 17p3-HSD2. Compound Al was the most promising
compound in the series and thus had been tested for its affinity to the estrogen receptors a and
B (ERs) and it showed low affinity with a relative binding affinity (RBA) below 0.1%.
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Furthermore, the effectiveness of compound Al was explored in cellular studies using NSCLC
Calu-1 cell lines, and it completely inhibited E1-dependent Calu-1 cell proliferation at low
nanomolar concentrations, providing the first compelling proof that 173-HSD1 is an appropriate
target for the treatment of NSCLC, opening up new perspectives to deal with this deadly disease,
which is urgently required. In contrast to the previously discovered 2,5-disubstitued thiophene
amide derivatives which had short half-lives (< 5 minutes), compound A1l had a 50-minute half-
life in human liver S9 fraction (phase | and Il metabolism). It can be concluded that the furan
ring plays a major role in the stability of such compounds. In addition, cytotoxicity for A1 was
tested in the MTT assay using HEK293 cells, and no toxic impact was observed up to 6.25 M,
which was more than 1000 times the 1Cso value. This section of the study provided the first
proof that a highly selective 178-HSD1 inhibitor may be used to suppress NSCLC cell

proliferation.

4.2 Dual inhibition of STS and 17p-HSD1: a novel drug-
prodrug approach for the treatment of endometriosis

In recent years, the steroidogenic enzymes STS and 178-HSD1 have gained attention as
promising therapeutic targets for endometriosis, as their inhibition has the ability to effectively
reduce estrogen levels in the peripheral and local tissues without the common hypo-estrogenic
side effects that characterize the existing treatment options. It was found that, both STS and
17B-HSD1 have been shown to be over-expressed in endometriosis compared to normal
endometrial tissue. This section of the project looked at the design and synthesis of a variety of
non-steroidal molecules that function as dual inhibitors of STS and 17B-HSD1 (DSHIs) as a
new strategy for the treatment of endometriosis. Agents that inhibit multiple enzymes in the
steroidogenic pathway can help to block estrogen biosynthesis in endometriotic tissues more
effectively, which might be capable of providing the effects of a combination therapy as a single
drug. To see whether this idea could also be generalized to the dual inhibition of STS and 17-
HSD1, a number of novel compounds were synthesized by introducing the pharmacophore
required for inhibition of STS (aryl-O-sulfamate moiety) into in-house 17p-HSD1 inhibitors.
We hoped to engineer inhibitory action against STS into these compounds, and the parent
phenols will be released in vivo to inhibit 17p-HSD1 through chemical hydrolysis and/or
sulfatase-mediated cleavage of their corresponding sulfamates after STS inactivation. As a
result, sulfamate final compounds are drugs for STS inhibition and prodrugs for 173-HSD1
inhibition. Several sulfamates were synthesized and tested in cellular assays for STS inhibition,

using T47D breast cancer cell lines and their precursor phenols were also synthesized and tested
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towards 17B-HSD1 in both cell-free and cellular assays. Structure activity relationship (SAR)
studies have been performed on this class and is presented in chapter 3.2. It was discovered that
the optimal position of the sulfamate moiety to the attachment point of the ring was in meta or
para positions (position 3: B13 and 4: B14 on ring C in Figure 17), while the compound with
an ortho sulfamate group showed no STS inhibitory activity. Further, STS inhibitory activity
was improved relative to B13 with the inclusion of electron-withdrawing groups into ring C (F:
B18, B20; Cl: B16, B19), while methyl as an electron-donating group decreased it. When the
phenyl moiety of ring A (Figure 17) was substituted with pyridine (B28-B30), the STS
inhibitory activity was reduced 10 to 40-fold compared to B13. The replacement of the furan
ring (B) with oxazole B36 and thiazole B37 resulted in a 2-fold reduction for the inhibition of
STS, whereas oxadiazole had a drastic decrease in inhibitory function, compared to B13. 2,4-
thiazole B37 had a 2-fold increase in potency when compared to its isomer 2,5-thiazole. As a
conclusion, furan derivatives (B13, B16, B18-B20, and B22-B24), oxazole B36, and 2,4-
thiazole B37 displayed nanomolar ICso values when tested against STS in T47D cells,
suggesting good cell penetration and also, they were able to significantly inhibit STS in an
irreversible mode of action. The hydroxyl group has been shown in the literature to play an
important role in the inhibition of 17B-HSD1 and this was proved by testing the most active
sulfamate compounds towards 17p-HSD1 in cell-free assays, and the results showed that the
tested sulfamates were inactive against 173-HSD1. So, the corresponding phenolic derivatives
were synthesized and screened against 178-HSD1 in both cell-free and cellular assays. It was
discovered that for good 17p-HSD1 activity, the hydroxyl group of ring C should be in the para
B1 or meta position B2, as the ortho position abolished the activity (Figure 17). In addition, the
introduction of electronegative atoms (F: B6, B8; Cl: B4, B7) and electron donation group (CHa:
B5) enhanced the inhibitory activity against 17p-HSD1. In comparison to B1, the pyridine
derivatives B26 and B27 displayed a 2-3-fold decrease in cellular 173-HSD1 inhibitory activity,
while B25 completely abolished the activity (Figure 17). For ring B, 2,4-thiazole B33 improved
17B-HSD1 inhibitory activity relative to furan B1, while the other heterocyclic rings;
oxadiazole, oxazole, and 2,5-thiazole decreased it. Moreover, the selectivity of all 17p-HSD1
inhibitors over 17B-HSD2 was tested. In comparison to B1 (SF = 51), insertion of Cl (B4, SF
=74), CHz (B5, SF=150), and F (B6, SF =85) in position 3 (ortho to OH) of ring C (Figure 17)
improved selectivity and compounds with substituents in position 3 (ortho to OH) were more
selective than those with substituents in position 2 (meta to OH). Pyridine derivatives B26 and
B27 were highly selective for 17B-HSD2. In terms of the effect of different middle rings on

selectivity over 178-HSD?2, 2,4-thiazole B33 displayed a significant improvement in selectivity
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(SF=115) and oxazole B32 gave the same selectivity factor as B1, while furan substitution with
oxadiazole and 2,5-thiazole resulted in compounds with reduced selectivity over 173-HSD2.
It's also important that the compounds should have no or just a minor affinity for ERs, as binding
to these receptors may interfere with therapeutic efficacy. Thus, the ERa binding affinities of
sulfamate derivatives B13, B16, B19, B23, and B37, as well as their corresponding phenols B1,
B4, B7, B11, and B33, were examined, and the compounds displayed low binding affinities.
Metabolic stability plays an important in maximizing the bioavailability of new drugs, which
improves their probability of effectiveness after their in vivo application. Therefore, the most
active sulfamates B13, B16, B18-B20, B22-B24, B36, and B37 were tested for their metabolic
stability, using human and mouse hepatic S9 fractions. Oxazole B36 had the highest metabolic
stability profile, with t1» of 181 and 47 minutes, in both human and mouse hepatic S9 fractions,
respectively. 2,4-thiazole B37 was less metabolically stable than oxazole B36 in both human,
tio= 50 min and mouse, ti2= 15 min hepatic S9 fractions. Furthermore, furan containing
compounds B13, B16, B18-B20, and B22-B24 showed moderate metabolic stability, ti.= 47,
48, 43, 39, 51, 34, 44 and 24 min, respectively, supporting a reasonable metabolic profile. In
addition, MTT assays were performed using HEK-293 cells to assess the potential cytotoxicity
of B13, B16, B19, and B37, as well as their conjugate phenols B1, B4, B7, and B33. At a
concentration of 20 puM, cell growth was inhibited by 11.7% to 30.0%, indicating low
cytotoxicity. The prodrug-drug principle was confirmed after a quantitative assay was
developed to track and monitor the time-dependent formation of the phenolic compound (17-
HSD1 inhibitor), following incubation of its parent sulfamate (STS inhibitor) under cellular
(T47D/DMEM) and cell-free (phosphate buffer) conditions, and simultaneously evaluate the
percentage inhibition of 17B-HSD1 as a function of time. For the isolation, identification, and
quantification of both sulfamate and phenolic compounds, a reliable and sensitive LC-MS/MS
analytical system was developed and optimized. Four sulfamated compounds (B13, B16, B19
and B37) were used for incubation and the expected phenolic derivatives (B1, B4, B7 and B33)
were monitored. The percentage inhibition of 178-HSD1 was found to be associated with the
time-dependent release of the phenolic compound, indicating a close relationship between
phenol formation and inactivation of the enzyme. Also, the compounds had various half-life
times ranging from hours to days, based on the substitution pattern of the compounds. These
findings reflect the efficient and successful implementation of the drug-prodrug concept and
also showed that a new structural group of DSHIs was established, from which new compounds
with therapeutic potential for endometriosis treatment can be further developed.
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B37:Cellular STS IC59= 63 nM
B37:human t;,,= 50 min
B33:Cellular HSD1 IC59= 12 nM
B33:Selectivity Factor HSD2/1=115

B33:R=0OH

Figure 17: Biological data of the most potent compounds in the thesis
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5. Supporting information

This section contains the supporting information of the studies presented in chapter 3.1 and 3.2.
It contains further experimental details, as well as additional figures and results.

5.1 Supporting Information for Publication A

5.1.1 Chemical Methods

Chemical names follow IUPAC nomenclature. Starting materials were purchased from Aldrich,
Acros, Combi-Blocks or Fluorochem and were used without purification. Normal pressure
column chromatography was performed on silica gel (70-200 xm) and reaction progress was
monitored by TLC on Alugram SIL G/UV254 (Macherey-Nagel). Visualization was
accomplished with UV light.*H and *3C NMR spectra were measured on a Bruker-500 (at 500
MHz and 126 MHz, respectively) or Bruker-300 (at 300 MHz and 75 MHz, respectively).

Chemical shifts are reported in & (parts per million: ppm), using residual peaks of the deuterated
solvents as internal standard: (CD3)2SO (DMSO-d6): 2.50 ppm (*H NMR), 39.52 ppm (**C
NMR); (CD3)2CO (Acetone-d6): 2.05 ppm (*H NMR), 29.84 ppm and 206.26 ppm (**C NMR);
CDClIs (Chloroform-d): 2.05 ppm (*H NMR), 29.84 ppm and 206.26 ppm (}3C NMR). Signals
are described as br (broad), s (singlet), d (doublet), t (triplet), dd (doublet of doublets), ddd
(doublet of doublet of doublets), dt (doublet of triplets) and m (multiplet). All coupling
constants (J) are given in Hertz (Hz). Melting points (mp) were measured in open capillaries on
a Stuart Scientific SMP3 apparatus and are uncorrected.

Mass spectrometry was performed on a TSQ Quantum (ThermoFisher, Dreieich, Germany).
The triple quadrupole mass spectrometer was equipped with an electrospray interface (ESI).
The purity of the compounds was assessed by LC/MS. The Surveyor-LC-system consisted of a
pump, an auto sampler, and a PDA detector. The system was operated by the standard software
Xcalibur. A RP C18 NUCLEODUR 100-5 (3 mm) column (Macherey-Nagel GmbH, Diihren,
Germany) was used as stationary phase. All solvents were HPLC grade. In a gradient run the
percentage of acetonitrile (containing 0.1 % trifluoroacetic acid) was increased from an initial
concentration of 20% at 0 min to 100 % at 12 min and kept at 100 % for 3 min. The injection
volume was 20 pL and flow rate was set to 700 uL/min. MS analysis was carried out at a needle
voltage of 3000 V and a capillary temperature of 350 °C. Mass spectra were acquired in positive
mode, using an electron spray ionization method, from 100 to 1000 m/z and UV spectra were
recorded at the wave length of 254 nm and in some cases at 360 nm. IR spectra were recorded
for selected compounds on a Bruker Vector 33 spectrometer (neat sample).

All microwave irradiation experiments were carried out in a 507 CEM-Discover microwave
apparatus.

All tested compounds exhibited > 95% chemical purity as measured by LC/MS.

Method A, general procedure for amide formation:
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A mixture of 5-bromofuran-2-carboxylic acid (1eq), thionyl chloride (2.5 eq) and DMF (5
drops) in toluene (10 mL) was refluxed at 110°C for 4 hours. The reaction mixture was cooled
to room temperature; the solvent and the excess of thionyl chloride were removed under reduced
pressure. The corresponding N-methylamine (1 eq) and EtsN (1 eq) in CH2Cl> (10 mL) was
added at 0°C under N2 atmosphere to the acyl chloride. After 30 minutes at 0°C, the ice bath
was removed and the solution was warmed up and stirred at room temperature overnight. The
reaction mixture was extracted twice with CH2Cl> (2 x 15 mL); the organic layer was dried over
MgSOs, filtered and the solution was concentrated under reduced pressure. The residue was
purified by silica gel column chromatography using hexanes and EtOAc as eluent or by
trituration in a mixture of diethyl ether / petroleum ether to afford the desired compound.

Method B, general procedure for Suzuki-Miyaura coupling:

In a sealed tube the previously prepared 5-bromo-N-heteroaryl-furan-2-carboxamide derivative
(1 eqg.) was introduced followed by the corresponding boronic acid (1.5 eq.), cesium carbonate
(3 eq.), tetrakis (triphenylphosphine)palladium (0.02 eqg.) and a mixture of DME/EtOH/H20
(2:1:1, v:viv, 3 mL) as solvent. The reactor was flushed with N2 and submitted to microwave
irradiation (150°C, 150 W) for 20 minutes. After cooling to room temperature, a mixture of
EtOAc/H20 (1:1, v:v, 2 mL) was added to stop the reaction. The aqueous layer was extracted
with EtOAc (3 x 10 mL). The organic layer was washed once with brine and once with water,
dried over MgSOs, filtered and the solution was concentrated under reduced pressure. The
residue was purified by column chromatography using hexanes and EtOAc as eluent to afford
the desired compound.

Method C, general procedure for ether cleavage:

To a solution of methoxyaryl compounds (1 eg.) in dry dichloromethane (5 mL/mmol of
reactant), boron trifluoride-dimethyl sulfide complex (6 eq./methoxy function) was added
dropwise at 0 °C and stirred for 6-14 h at room temperature. After the reaction was finished, the
reaction mixture was diluted with dichloromethane and 5% aqueous NaHCO3 was added until
neutral pH was obtained. The aqueous layer wad extracted with dichloromethane. The
combined organic layers were washes with brine, dried over sodium sulfate, evaporated to
dryness under reduced pressure. The product was purified by column chromatography using
EtOACc as eluent to afford the desired compound.
5-bromo-N-methyl-N-(o-tolyl)furan-2-carboxamide 1b

L
o)

(L
The title compound was prepared by reaction of 5-bromofuran-2-carboxylic acid (500 mg, 2.6
mmol), thionyl chloride (0.5 mL, 6.8 mmol) and N,2-dimethylaniline (315 mg, 2.6 mmol)
according to method A. The residue was purified by silica gel column chromatography (n-
hexane/ethyl acetate 70:30) to afford the desired product as grey solid (349 mg, 45

9%).C1sH12BrNO2; MW 294: mp: 93 — 95°C; MS (ESI) 294, 296 [M+H]*; tH NMR (500 MHz,
DMSO-ds) & 7.39 — 7.32 (m, 2H), 7.34 — 7.24 (m, 2H), 6.47 (d, J = 3.6 Hz, 1H), 5.51 (d, J = 3.6

Br
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Hz, 1H), 3.21 (s, 3H), 2.12 (s, 3H); 3C NMR (126 MHz, Acetone-ds) 5 158.3, 150.6, 142.5,
138.7,131.1, 129.5, 129.2, 128.2, 125.1, 118.9, 113.9, 38.4, 21.2.

5-(4-methoxy-3,5-dimethylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 1a

The title compound was prepared by reaction of 1b (500 mg, 1.70 mmol), (4-methoxy-3,5
dimethylphenyl) boronic acid (367 mg, 2.04 mmol), cesium carbonate (1662 mg, 5.10 mmol)
and tetrakis(triphenylphoshine) palladium (39 mg, 0.02 eq.) according to method B. The
residue was purified by silica gel column chromatography (n-hexane/ethyl acetate 70:30) to
afford the desired product as yellow solid (75 mg, 65%). C22H23NOz; MW 349; mp : 128-132
°C MS (ESI) 350 [M+H]*; *H NMR (500 MHz, Acetone-ds) & 7.33-7.43 (m, 3H), 7.29 (dd, J =
2, 8 Hz, 1H), 6.94 (brs, 2H), 6.64 (d, J = 3 Hz, 1H), 6.62 (d, J = 3 Hz, 1H), 3.68 (s, 3H), 3.30
(s, 3H), 2.22 (s, 9H);**C NMR (126 MHz, Acetone-ds) & 159.1, 158.4, 156.0, 148.1, 144.6,
136.8, 132.2, 132.1, 129.2, 129.1, 128.3, 126.3, 125.6, 119.3, 106.4, 60.6, 37.5, 17.6, 16.1; IR
(cm) 3049, 2981, 2924, 2856, 1626.

5-(4-methoxy-3-methylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 2a

The title compound was prepared by reaction of 1b (500 mg, 1.70 mmol), (4-methoxy-3-
methylphenyl) boronic acid (339 mg, 2.04 mmol), cesium carbonate (1662 mg, 5.10 mmol) and
tetrakis(triphenylphoshine) palladium (39 mg, 0.02 eg.) according to method B. The residue
was purified by silica gel column chromatography (n-hexane/ethyl acetate 90:10) to afford the
desired product as colorless oil (213 mg, 37%). C21H2:NO3; MW 335; MS (ESI) 336 [M+H]";
'H NMR (500 MHz, Acetone-ds) & 7.44 — 7.26 (m, 4H), 7.19 (dd, J = 8.6, 2.3 Hz, 1H), 7.04 —
7.00 (m, 1H), 6.87 (d, J = 8.5 Hz, 1H), 6.58 (d, J = 3.6 Hz, 1H), 6.51 (d, J = 3.6 Hz, 1H), 3.83
(s, 3H), 3.29 (s, 3H), 2.22 (s, 3H), 2.15 (s, 3H);3C NMR (126 MHz, Acetone-ds) §159.2, 159.1,
156.4, 147.6, 144.5, 136.8, 132.2, 129.2,129.1, 128.3, 127.5, 127.3, 124.3,123.1, 119.2, 111.1,
105.5, 55.9, 37.4, 17.6, 16.2; IR and (cm™) 3052, 2933, 2838, 1627.

5-(4-methoxy-2-methylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 3a

The title compound was prepared by reaction of 1b (500 mg, 1.70 mmol), (4-methoxy-2-
methylphenyl) boronic acid (339 mg, 2.04 mmol), cesium carbonate (1662 mg, 5.10 mmol) and
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tetrakis(triphenylphoshine) palladium (39 mg, 0.02 eq.) according to method B. The residue
was purified by silica gel column chromatography (n-hexane/ethyl acetate 90:10) to afford the
desired product as white solid (247 mg, 41%). C21H2:NOs; MW 335; mp : 90-93 °C MS (ESI)
336 [M+H]*; 'H NMR (500 MHz, Acetone-ds) & 7.27-7.40 (m, 4H), 6.99 (d, J = 7 Hz, 1H),
6.78 (s, 1H), 6.72 (dd, J = 2 Hz, 8 Hz, 1H), 6.42 (d, J = 3 Hz, 1H), 6.33 (d, J = 3 Hz, 1H), 3.79
(s, 3H), 3.29 (s, 3H), 2.35 (s, 3H), 2.22 (s, 3H);:*C NMR (126 MHz, Acetone-ds) & 160.6, 159.3,
155.6, 147.2,144.4, 137.6, 136.7, 132.3, 129.6, 129.2, 129.1, 128.4, 122.8, 118.6, 117.2, 112.4,
109.4, 55.6, 37.4,22.1, 17.6 ; IR (cm™) 3052, 2960, 2936, 2859, 2835, 1639.

5-(4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 4a

yl O\ J

L

The title compound was prepared by reaction of 1b (80 mg, 0.27 mmol), (4-
methoxyphenyl)boronic acid (54 mg, 0.35 mmol), cesium carbonate (266 mg, 0.82 mmol) and
tetrakis(triphenylphoshine) palladium (6 mg, 0.02 eq.) according to method B. The residue was
purified by silica gel column chromatography (n-hexane/ethyl acetate 70:30) to afford the
desired product as yellow solid (52 mg, 29%). C20H1sNOs; MW 321; mp: 92-95 °C; MS (ESI)
322 [M+H]"; *H NMR (500 MHz, DMSO-ds) § 7.42 — 7.26 (m, 4H), 7.23 (d, J = 8.7 Hz, 2H),
6.90 (d, J = 8.8 Hz, 2H), 6.71 (d, J = 3.6 Hz, 1H), 6.36 (d, J = 3.6 Hz, 1H), 3.77 (s, 3H), 3.24

(s, 3H), 2.16 (s, 3H);3C NMR (126 MHz, Acetone-ds) & 160.9, 159.1, 156.0, 147.6, 144.4,
136.7, 132.1, 129.2, 129.0, 128.2, 126.6, 123.5, 119.0, 114.9, 105.6, 55.7, 37.3, 17.5.

5-(2-chloro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 5a

Cl

N o (o)

(LT

The title compound was prepared by reaction of 1b (500 mg, 1.70 mmol), (2-chloro-4-
methoxyphenyl) boronic acid (380 mg, 2.04 mmol), cesium carbonate (1662 mg, 5.10 mmol)
and tetrakis(triphenylphoshine) palladium (39 mg, 0.02 eq.) according to method B. The
residue was purified by silica gel column chromatography (n-hexane/ethyl acetate 90:10) to
afford the desired product as white solid (150 mg, 25%). C21H1sCINO3; MW 356; mp : 92-94
°C; MS (ESI) 356, 358 [M+H]"; *H NMR (500 MHz, Acetone-ds) & 7.41 — 7.28 (m, 4H), 7.00
(d, J=2.6 Hz, 1H), 6.95 (d, J = 8.9 Hz, 1H), 6.89 (d, J = 3.7 Hz, 1H), 6.86 (dd, J = 8.9, 2.6 Hz,
1H), 6.50 (d, J = 3.7 Hz, 1H), 3.84 (s, 3H), 3.30 (s, 3H), 2.21 (s, 3H);**C NMR (126 MHz,
Acetone-ds) 6 161.0, 159.0, 152.1, 147.7, 144.4, 136.8, 132.3, 131.8, 130.2, 129.22, 129.16,
128.4, 121.7, 118.7, 116.4, 114.4, 111.2, 56.2, 37.5, 17.6; IR (cm™) 2996, 2944, 2915, 2844,
1619.

5-(2-fluoro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 6a
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The title compound was prepared by reaction of 1b (80 mg, 0.27 mmol), (2-fluoro-4-
methoxyphenyl)boronic acid (60 mg, 0.35 mmol), cesium carbonate (266 mg, 0.82 mmol) and
tetrakis(triphenylphoshine) palladium (6 mg, 0.02 eq.) according to method B. The residue was
purified by silica gel column chromatography (n-hexane/ethyl acetate 80:20) to afford the
desired product as yellow oil (60 mg, 67%). C20H1sFNOs; MW 339; MS (ESI) 340 [M+H]*; H
NMR (500 MHz, Acetone-ds) 6 7.41 — 7.28 (m, 4H), 6.97 (t, J = 8.8 Hz, 1H), 6.81 — 6.72 (m,
2H), 6.55 (t, J = 3.7 Hz, 1H), 6.49 (d, J = 3.6 Hz, 1H), 3.84 (s, 3H), 3.30 (s, 3H), 2.22 (s, 3H);
13C NMR (126 MHz, Acetone-ds) & 162.2, 162.1, 161.7, 159.7, 159.0, 150.2, 147.6, 145.3,
144.4, 136.8, 132.2, 129.2, 129.1, 128.4, 128.1, 128.0, 119.1, 111.54, 111.52, 111.48, 111.40,
110.0, 109.9, 102.8, 102.6, 56.3, 37.4, 17.6.

5-(3-fluoro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 7a

The title compound was prepared by reaction of 1b (100 mg, 0.34 mmol), (3-fluoro-4-
methoxyphenyl) boronic acid (75 mg, 0.44 mmol), cesium carbonate (332 mg, 1.02 mmol) and
tetrakis(triphenylphoshine) palladium (8 mg, 0.02 eq.) according to method B. The residue was
purified by silica gel column chromatography (n-hexane/ethyl acetate 70:30), to afford the
desired product as a yellow oil (75 mg, 65%). C20H1sFNOz; MW 339; MS (ESI) 340 [M+H]";
'H NMR (500 MHz, Chloroform-d) 6 7.28 — 7.20 (m, 2H), 7.18 (dt, J = 7.5, 4.4 Hz, 1H), 7.12
—7.07 (m, 1H), 6.93 (ddd, J = 8.5, 2.1, 1.3 Hz, 1H), 6.82 — 6.71 (m, 2H), 6.35 (d, J = 3.6 Hz,
1H), 6.26 (d, J = 3.6 Hz, 1H), 3.77 (s, 3H), 3.26 (s, 3H), 2.13 (s, 3H);°C NMR (126 MHz,
Acetone-ds) & 158.9, 154.7, 154.1, 152.1, 148.8, 148.7, 148.1, 144.3, 136.7, 132.1, 129.12,
128.3, 123.9, 123.8, 121.49, 121.46, 119.1, 114.71, 114.70, 112.7, 112.5, 106.7, 56.6, 37.4,
17.5.

5-(3,5-difluoro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 9a

The title compound was prepared by reaction of 1b (500 mg, 1.70 mmol), (3,5-difluoro-4-
methoxyphenyl) boronic acid (383 mg, 2.04 mmol), cesium carbonate (1662 mg, 5.10 mmol)
and tetrakis(triphenylphoshine) palladium (39 mg, 0.02 eq.) according to method B. The
residue was purified by silica gel column chromatography (n-hexane/ethyl acetate 70:30) to
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afford the desired product as yellow oil (236 mg, 39%). C2oH17F2NO3; MW 357; mp : 70-72
°C; MS (ESI) 358 [M+H]"; *H NMR (500 MHz, Acetone-ds) & 7.30-7.43 (m, 4H), 6.89 (d, J =
9 Hz, 2H), 6.84 (d, J = 4 Hz, 1H), 6.64 (d, J = 4 Hz, 1H), 3.97 (s, 3H), 3.31 (s, 3H), 2.23 (s,
3H);"*C NMR (126 MHz, Acetone-ds)5 158.8, 157.81, 157.7, 155.85, 155.80, 153.2, 148.9,
144.3,137.2,136.8, 132.2, 129.3, 129.2, 128.4, 126.1, 126.0, 125.9, 119.3, 109.1, 108.9, 108.8,
108.6, 62.4, 37.5, 17.6; IR (cm™) 2921, 2847, 1625.

5-(3,5-dichloro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 10a

Cl

oy
© cl

The title compound was prepared by reaction of 1b (500 mg, 1.70 mmol), (3,5-dichloro-4-
methoxyphenyl) boronic acid (450 mg, 2.04 mmol), cesium carbonate (1662 mg, 5.10 mmol)
and tetrakis(triphenylphoshine) palladium (39 mg, 0.02 eq.) according to method B. The
residue was purified by silica gel column chromatography (n-hexane/ethyl acetate 80:20) to
afford the desired product as yellow solid (438 mg, 39%). C20H17CI2NOs; MW 390; mp : 114-
117 °C MS (ESI) 390, 392 [M+H]*; *H NMR (300 MHz, Acetone-ds) § 7.31-7.46 (m, 4H), 7.24
(s, 2H), 6.94 (d, J =4 Hz, 1H), 6.78 (d, J =4 Hz, 1H), 3.89 (s, 3H), 3.33 (s, 3H), 2.25 (s, 3H);**C
NMR (75 MHz, Acetone-ds) 6 158.7, 152.8, 152.5, 149.3, 144.3, 136.7, 132.2, 130.5, 129.5,
129.1, 128.4, 128.3, 125.2, 119.4, 109.0, 61.3, 37.5, 17.6.

5-(4-hydroxy-3,5-dimethylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 1

N o OH

L

The title compound was prepared by reaction of 1a (260 mg, 0.74 mmol) and BF3-SMe> (470
pL, 4.44 mmol) according to method C. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as yellow solid
(74 mg, 30%). C21H21NO3; MW 335; mp: 175-178 °C; MS (ESI) 336 [M+H]*; 'H NMR (300
MHz, Chloroform-d) 6 7.21 (dt, J = 16.6, 4.3 Hz, 3H), 7.10 (d, J = 7.3 Hz, 1H), 6.78 (s, 2H),
6.37 (d, J = 3.6 Hz, 1H), 6.21 (d, J = 3.5 Hz, 1H), 6.03 (s, 1H), 3.27 (s, 3H), 2.15 — 2.08 (m,
9H); 3C NMR (75 MHz, Chloroform-d) & 159.6, 156.5, 153.4, 145.4, 143.1, 135.8, 131.4,
128.4, 128.1, 127.4, 124.8, 123.9, 121.6, 119.5, 104.4, 37.6, 17.4, 16.0; IR (cm™) 3274, 2952,
2912, 1614, 1592.

5-(4-hydroxy-3-methylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 2

N o OH
o
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The title compound was prepared by reaction of 2a (224 mg, 0.67 mmol) and BFs-SMe> (420
pL, 4.02 mmol) according to method C. The residue was purified by crystallization in water
and ethanol to afford the desired product as green solid (140 mg, 65%). C20H19NO3; MW 321,
mp: 183-186 °C; MS (ESI) 322 [M+H]*; *H NMR (500 MHz, DMSO-ds) § 9.66 (s, 1H), 7.42
—7.25 (m, 4H), 7.02 (d, 1H), 6.87 (s, 1H), 6.71 (d, J = 8.3 Hz, 1H), 6.60 (d, J = 3.7 Hz, 1H),
6.42 (d, J = 3.7 Hz, 1H), 3.23 (s, 3H), 2.14 (s, 3H), 2.08 (s, 3H); *C NMR (126 MHz, DMSO-
ds) 6 157.9, 156.0, 155.3, 145.4,142.9,135.2,131.1, 128.18, 128.11, 127.3, 126.3, 124.3, 123.0,
120.2, 118.5, 114.7, 104.4, 36.9, 17.0, 15.7; IR (cm™) 3132, 2907, 1573.

5-(4-hydroxy-2-methylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 3

N o OH

LY

The title compound was prepared by reaction of 3a (200 mg, 0.60 mmol) and BF3-SMe; (468
pL, 3.60 mmol) according to method C. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as white solid (178
mg, 92%). C20H19NO3; MW 321; mp: 219-221 °C; MS (ESI) 322 [M+H]*; 'H NMR (500 MHz,
DMSO-de) 6 9.64 (s, 1H), 7.26-7.38 (m, 4 H), 6.83 (d, J = 8 Hz, 1H), 6.62 (s, 1H), 6.55 (d, J =
7 Hz, 1H), 6.42 (d, J = 3 Hz, 1H), 6.20 (d, J = 3 Hz, 1H), 3.23 (s, 3H), 2.23 (s, 3H), 2.15 (s,
3H);**C NMR (126 MHz, DMSO-ds) & 158.0, 157.5, 154.6, 145.1, 142.8, 136.3, 135.2, 131.2,
128.4,128.2,128.1, 127.4, 119.8, 117.8, 117.6, 113.0, 108.1, 36.9, 21.3, 17.0; IR (cm™) 3243,
3056, 2966, 2920, 2853, 1616.

5-(4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 4

L
o OH

L1

The title compound was prepared by reaction of 4a (50 mg, 0.16 mmol) and BF3-SMe> (100
pL, 0.96 mmol) according to method C. The residue was purified silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as yellow solid
(45 mg, 92%). C19H17NOs; MW 307; mp: 172-175 °C; MS (ESI) 308 [M+H]"; *H NMR (500
MHz, DMSO-ds) 6 9.76 (s, 1H), 7.41 —7.25 (m, 4H), 7.13 (d, J = 8.4 Hz, 2H), 6.72 (d, J = 8.7
Hz, 2H), 6.61 (d, J = 3.6 Hz, 1H), 6.30 (d, J = 3.6 Hz, 1H), 3.23 (s, 3H), 2.15 (s, 3H); **C NMR

(126 MHz, DMSO-ds) 6 157.95, 157.94, 155.1, 145.4, 142.8, 135.2, 131.1, 128.16, 128.13,
127.3, 125.6, 120.4, 118.3, 115.5, 104.5, 36.8, 16.9.

5-(2-chloro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 5

Cl

N o OH
o
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The title compound was prepared by reaction of 5a (120 mg, 0.34 mmol) and BF3-SMe> (265
pL, 2.04 mmol) according to method C. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as white solid (89
mg, 77%). C1sH16CINO3z; MW 342; mp: 198-201 °C; MS (ESI) 342, 344 [M+H]"; *H NMR
(500 MHz, DMSO-de) 8 10.27 (s, 1H), 7.42 — 7.26 (m, 4H), 6.85 (d, J = 2.4 Hz, 1H), 6.83 —
6.78 (m, 2H), 6.69 (dd, J = 8.7, 2.5 Hz, 1H), 6.36 (d, J = 3.7 Hz, 1H), 3.24 (s, 3H), 2.15 (s, 3H);
13C NMR (126 MHz, DMSO-ds) 6 158.2, 157.7, 151.0, 145.6, 142.7, 135.2, 131.2, 130.2, 129.2,
128.2,128.1, 127.4,118.5, 117.9, 116.8, 114.7, 109.7, 36.9, 16.9; IR (cm™) 3064, 2993, 2877,
2775, 2691, 1562.

5-(2-fluoro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 6

N o OH

(L

The title compound was prepared by reaction of 6a (57 mg, 0.17 mmol) and BF3-SMe> (110
pL, 1.01 mmol) according to method C. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as yellow oil (10
mg, 18%). C1oH16FNO3; MW 325; MS (ESI) 326 [M+H]*; *H NMR (500 MHz, DMSO-ds) &
10.29 (s, 1H), 7.42 — 7.26 (m, 4H), 6.82 (t, J = 8.8 Hz, 1H), 6.62 (dd, J = 13.1, 2.3 Hz, 1H),
6.58 (dd, J = 8.6, 2.4 Hz, 1H), 6.50 (t, J = 3.6 Hz, 1H), 6.35 (d, J = 3.6 Hz, 1H), 3.24 (s, 3H),
2.15 (s, 3H); *C NMR (126 MHz, DMSO-ds) & 160.2, 159.3, 159.2, 158.2, 157.7, 149.23,
1455, 142.7, 135.2, 131.1, 128.2, 128.1, 127.4, 126.9, 126.8, 118.2, 112.02, 108.5, 108.45,
108.40, 108.3, 103.2, 103.0, 36.9, 16.9.

5-(3-fluoro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 7

F

N o OH

LT

The title compound was prepared by reaction of 7a (60 mg, 0.18 mmol) and BF3-SMe> (110
pL, 1.06 mmol) according to method C. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as yellow solid
(55 mg, 95%). C19H16FNO3; MW 325; mp: 190-192 °C; MS (ESI) 326 [M+H]*; *H NMR (500
MHz, DMSO-ds) 6 10.22 (s, 1H), 7.42 — 7.26 (m, 4H), 7.00 — 6.92 (m, 2H), 6.89 (t, J = 8.8 Hz,
1H), 6.73 (d, J = 3.6 Hz, 1H), 6.44 (d, J = 3.6 Hz, 1H), 3.24 (s, 3H), 2.15 (s, 3H); 13C NMR
(126 MHz, DMSO-ds) 6 157.7, 153.7, 151.9, 150.0, 146.0, 145.4, 145.3, 142.8, 135.2, 131.1,

128.2,128.1, 127.3, 121.0, 120.9, 120.68, 120.65, 118.4, 118.02, 118.00, 111.9, 111.8, 105.8,
36.9, 16.9.

5-(3-chloro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 8
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Cl

N 0 OH

L

The title compound was prepared by reaction of 1b (80 mg, 0.27 mmol), (3-chloro-4-
hydroxyphenyl) boronic acid (61 mg, 0.35 mmol), cesium carbonate (266 mg, 0.82 mmol) and
tetrakis(triphenylphoshine) palladium (6 mg, 0.02 eq.) according to method B. The residue was
purified by crystallization in ethanol and water, to afford the desired product as white solid (36
mg, 39%). C1gH16CINO3; MW 342;mp : 77 — 80 °C; MS (ESI) 342, 344 [M+H]*; *H NMR (500
MHz, DMSO-ds) 5 10.53 (s, 1H), 7.43 — 7.26 (m, 4H), 7.14 (dd, J = 8.5, 2.2 Hz, 1H), 7.08 (d,
J =2.2 Hz, 1H), 6.90 (d, J = 8.5 Hz, 1H), 6.75 (d, J = 3.6 Hz, 1H), 6.50 (d, J = 3.6 Hz, 1H),
3.24 (s, 3H), 2.15 (s, 3H); 3C NMR (126 MHz, DMSO-ds) & 157.7, 153.43, 153.42, 146.0,

142.7, 135.2, 131.0, 128.3, 128.0, 127.3, 125.2, 124.0, 121.5, 120.2, 118.5, 116.8, 105.7, 36.9,
16.9.

5-(3,5-difluoro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 9

N o OH

C/\ © F

The title compound was prepared by reaction of 9a (180 mg, 0.50 mmol) and BF3-SMe> (320
pL, 3.00 mmol) according to method C. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as yellow solid
(140 mg, 81%). C19H1sF2NO3; MW 343; mp: 176-178 °C; MS (ESI) 344 [M+H]"; 'H NMR
(500 MHz, Acetone-ds) 6 9.25 (s, 1H), 7.30-7.42 (m, 4H), 6.88 (d, J = 7 Hz, 2H), 6.75 (d, J =
3Hz, 1H), 6.59 (d, J = 3 Hz, 1H), 3.31 (s, 3H), 2.22 (s, 3H);*C NMR (126 MHz, Acetone-ds)
0 158.9, 154.55, 154.50, 153.9, 152.6, 152.5, 148.4, 144.3, 136.8, 135.2, 135.0, 134.9, 132.2,
129.3,129.2, 128.4,122.1,122.0, 121.9, 119.3, 108.7, 108.6, 108.5, 108.4, 107.5, 37.5, 17.6;
IR (cm™) 3056, 2930, 1623.

5-(3,5-dichloro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide 10

Cl

N o OH

C/\ © cl

The title compound was prepared by reaction of 10a (240 mg, 0.61 mmol) and BF3-SMe; (476
pL, 3.66 mmol) according to method C. The residue was purified by silica gel column
chromatography (n-hexane/ethyl acetate 60:40) to afford the desired product as orange solid
(117 mg, 51%). C19H15CI2NO3; MW 376; mp: 134-137 °C; MS (ESI) 376, 378 [M+H]*; H
NMR (500 MHz, Acetone-de) 6 9.08 (s, 1H), 7.34-7.43 (m, 3H), 7.30 (d, J =8 Hz, 1H), 7.19 (s,
2H), 6.80 (d, J = 3 Hz, 1H), 6.71 (d, J = 3 Hz, 1H), 3.31 (s, 3H), 2.23 (s, 3H);**C NMR (126
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MHz, Acetone-ds) 6 158.9, 153.2, 150.0, 148.6, 144.3, 136.7, 132.2, 129.5, 129.1, 128.3, 125.0,
124.1, 123.4, 119.4, 107.5, 37.5, 17.6; IR (cm™) 3129, 2957, 2923, 2853, 1620.

5.1.2 Biological Methods

[2,4,6,7-*H]-E2 and [2,4,6,7-3H]-E1 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.

h17p-HSD1 and h178-HSD2 enzyme preparation. Cytosolic (h174-HSD1) and microsomal
(h17p5-HSD2) fractions were obtained from human placenta according to previously described
procedures.’® Fresh tissue was homogenized and the enzymes were separated from the
mitochondria, cell membrane, nucleus and other rests by fractional centrifugation at 1000 g,
10.000 g and 150.000 g. The pellet fraction containing the microsomal h174-HSD2 was used
for the determination of hl174-HSD2 inhibition, while h174-HSD1 was obtained after
precipitation with ammonium sulfate from the cytosolic fraction for use of testing of h174-
HSD1 inhibition. Aliquots containing h175-HSD1 or h174-HSD2 were stored frozen.

Inhibition of h174-HSD2 in cell-free assay. Inhibitory activities were evaluated following an
established method with minor modifications.® ” Briefly, the enzyme preparation was incubated
with NAD" [1500 uM] 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]-E2 (final
concentration: 500 nM, 0.11 uCi) at 37 °C. After 20 min, the incubation was stopped with HgCl>
and the mixture was extracted with ether. After evaporation, the steroids were dissolved in
acetonitrile/water (45:55). E1 and E2 were separated using acetonitrile/water (45:55) as mobile
phase in a C18 RP chromatography column (Nucleodur C18, 3um, Macherey-Nagel, Diren)
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 the
following equation: %conversion = (%E1/(%E1+%E?2))x100. Each value was calculated from
at least two independent experiments.

Inhibition of h17#-HSD1 in a in cell-free assay. The 178-HSD1 inhibition assay was
performed similarly to the h174-HSD2 test. The human cytosolic enzyme was incubated with
NADH [500 uM] while the rat recombinant enzyme was reacted with NADPH [500 puM]. Test
compound and a mixture of unlabelled- and [®H]-E1 (final concentration: 500 nM, 0.15 uCi)
were added and mixed for 10 min at 37°C. Further treatment of the samples and HPLC
separation was carried out as mentioned above for h174-HSD?2.

Estrogen receptor affinity in a cell-free assay. The binding affinity of compound 1 to ERa
and ERp was determined according to the recommendations of the US Environmental
Protection Agency (EPA) by their Endocrine Disruptor Screening Program (EDSP)® using
recombinant human proteins. Briefly, 1 nM of ERa and 4 nM of ERp, respectively, were
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incubated with [*H]-E2 (3 nM for ERa and 10 nM for ERS) and test compound (3uM for ERa
and 10 uM for ERp) for 16-20 h at 4°C.

The potential inhibitors were dissolved in DMSO (2% final concentration). Evaluation of non-
specific-binding was performed with unlabeled E2 at concentrations 100-fold of [*H]-E2 (300
nM for ERa and 1000 nM for ERp). After incubation, ligand-receptor complexes were
selectively bound to hydroxyapatite (83.5 g/LinTE-buffer). The bound complex was washed
three times and resuspended in ethanol. For radiodetection, scintillator cocktail (Quickszint 212,
Zinsser Analytic, Frankfurt) was added and samples were measured in a liquid scintillation
counter (1450 LSC & Luminescence Counter, Perkin Elmer).

From these results the percentage of [®H]-E2 displacement by the compounds was calculated.
The plot of % displacement versus compound concentration resulted in sigmoidal binding
curves. The compound concentrations necessary to displace 50% of the receptor bound [*H]-
E2 were determined. Unlabeled E2 ICso values were determined in each experiment and used
as reference. The E2 ICso determined were 3+20% nM for ERa and 10+20% nM for
ERp.Relative Binding Affinity was determined by applying the following equation: RBA [%]
= (ICs0(E2)/1Cso(compound)) - 100.1% This results in a RBA value of 100% for E2. After the
assay was established and validated, a modification was made to increase throughput.
Compounds were tested at concentrations of 1000 times the 1Cso(E2). Compounds with less
than 50% displacement of [*H]-E2 at a concentration of 1000 times 1Cso(E2) were classified as
RBA <0.1%.

Metabolic stability in a cell-free assay. Compound 1 was tested according to established
method.®*! For evaluation of phase I and 11 metabolic stability 1 pM compound was incubated
with 1 mg/ml pooled mammalian liver S9 fraction (BD Gentest), 2 mM NADPH regenerating
system, 1 mM UDPGA and 0.1 mM PAPS at 37°C for 0, 5, 15 and 60 minutes at a final volume
of 100 pL. The incubation was stopped by precipitation of S9 enzymes with 2 volumes of cold
acetonitrile containing internal standard. Concentration of the remaining test compound at the
different time points was analyzed by LC-MS/MS and used to determine half-life (t1).

MTT-Cytotoxicity assay. The number of living cells was evaluated measuring the reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT). Experiments were
performed in 96-well cell culture plates in DMEM supplemented with 10% FCS. Cells were
incubated for 66 h with 6.25, 12.50, 25, 50, and 100 uM of test compound at 37 °C in a
humidified atmosphere at 5% CO.. For cleavage reaction MTT-solution (5mg/mL in PBS) was
added and incubation was continued for another 66 h. Reaction stop and cell lysis were carried
out by addition of sodium dodecyl sulphate (SDS) in 0.01N HCI (10%). The produced blue
formazan was quantified spectrophotometrically at 590nm as described by Denizot and Lang *2
with minor modifications.

Cell culture. The human NSCLC cell line Calu-1 (squamous cell carcinoma) was purchased
from the American Type Culture Collection (Rockville, MD). Cells were routinely maintained
in RPMI 1640 medium, supplemented with 10% heat-inactivated fetal bovine serum (FBS),
2mM glutamine and penicillin-streptomycin-amphotericin B solution (10,000 units penicillin,
10 mg streptomycin and 25 pg amphotericin B/mL). Sigma-Aldrich Co. (St. Louis, MO) at
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37°C in a humidified incubator with 5% CO.. Prior to all experiments, cells were grown
overnight in a phenol red-free RPMI 1640 medium, supplemented with 10% charcoal-dextran-
stripped FBS, Sigma-Aldrich Co. (St. Louis, MO). The stock solutions of 1 (5.43 mM) and
estrone (E1) (7 mg/ml) were prepared in DMSO, aliquoted and stored at —20° C until use. The
investigated compounds were diluted in the culture medium to the desired concentration (50
nM or 500 nM for 1 and 5 uM for E1) and added to cell cultures during all experiments. The
same volume of DMSO was used as a vehicle control and its final concentration in culture
medium never exceeded 0.1%.

Impact of E1 and 1 treatment on Calu-1 cells growth in real time conditions. The
XCELLigence RTCA DP System, ACEA Biosciences (San Diego, CA), with 16-well E-Plates
was employed for label-free, real-time monitoring of cell proliferation. It is an electrical
impedance-based cell proliferation assay, where the impedance values from microelectrodes
located at the bottom of each well in E-plate are measured and converted by the software into
the Cell Index. Therefore, when cells adhere to the well surface and start to proliferate, the
change in electrode impedance is recorded. At the beginning of the experiment 150 uL of phenol
red-free RPMI 1640, supplemented with 10% charcoal-dextran-stripped FBS was added to each
well and the background impedance was measure after 30 minutes of incubation. Next, Calu-1
cells were harvested by a standard trypsinization method, counted automatically with EVETM
cell counter; NanoEnTek Inc. (Seoul, Korea), suspended in a phenol red-free RPMI 1640
medium, supplemented with 10% charcoal-dextran-stripped FBS and seeded into 16-well E-
Plates at a concentration of 3,5 x 103 cells/well to a final volume of 200 pl per well. In order to
avoid evaporation of medium, water was added to the spaces between all wells. E-plate was
allowed to incubate at room temperature for 30 minutes and then was inserted into the
XCELLigence RTCA DP device for continuous recording of impedance overnight. The next
day culture media were changed and for another 50 hrs Calu-1 cells were cultured in the
following experimental groups: (1) control — medium alone (phenol red-free RPMI 1640
medium, supplemented with 10% charcoal-dextran-stripped FBS), (2) medium with 1 at the
concentration of 50 nM, (3) medium with 1 at the concentration of 500 nM, (4) vehicle control
— medium with DMSO. Afterwards, media were replaced once again and cells were exposed to
the compounds for 75 hrs of incubation in the following groups: (1) 5 uM E1, (2) 5 uM E1 and
50nM 1, (3) 5 uM E1 and 500 nM 1, (4) vehicle control — medium with DMSO. Cell growth
in real time was monitored from the beginning of an experiment till 150 h and the electrical
impedance was measured at 15-minutes intervals throughout the cultivation period. Cell index
was normalized (normalized cell index) at the time point of E1 and 1 administration using
software provided by the manufacturer (RTCA Software, v. 1.2, November 2009). Four
replicates of each compound concentration for Calu-1 cell line were used.

5.1.3 Computational Details

Docking simulations. As a first step, the Restrained ElectroStatic Potential (RESP) charges®®
were computed for 1 to enhance the accuracy of the following docking simulations. In
particular, 1 was optimized at the Density Functional Theory level using the hybrid B3LYP
functional'* and the Pople6-311++G(d,p) basis set. Molecular electrostatic potential (MEP) was
thus computed on such structure, at Hartree-Fock (HF) level of theory, using a smaller basis set
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(6-31G(d)). Finally, the charge values were fitted in order to reproduce the computed MEPs.
All these calculations were performed with the Gaussian 09*° package apart from the charges
fitting performed using Antechamber, a freely accessible AmberTools program. Next, docking
simulations were performed on the crystal structure of a ternary complex (h175-HSD1-
inhibitor-NADP+ available from PDB with code 3HB5%°). The 3HB5 X-ray solved structure
was first pre-treated using the protein preparation module of Schrodinger suite 2015-3'7, which
enables to add missing hydrogen atoms and to determine the optimal protonation states for
histidine residues. The obtained structure was used for docking simulations performed by
GLIDE v6.8,* which is part of the Schrodinger Suite. During the docking process, the receptor
protein was held fixed, while full conformational flexibility was allowed for the ligand. The
described protocol was performed employing the default Force Field OPLS_2005, except for
the atomic charges, which were derived following the RESP protocol, as described above. A
cubic grid set on the center of mass of the cognate ligand having an edge of 13 A for the inner
box and of 30 A for the outerbox was used. All simulations were performed flagging the extra
precision (XP) mode. In order to ensure an adequate sampling of the conformational space,
20000 poses per ligand were generated in the initial phase and, among them, 10000 were
selected for post-docking minimization. Note that docking simulations were performed
including NADPH as cofactor, given its occurrence at much higher concentration with respect
to NADP+ in living cells.’® The herein described protocol was set on the basis of docking
calibration studies aimed at reproducing the X-ray pose of the 3HB5 cognate ligand.

All the docking parameters employed in our studies were initially calibrated trying to reproduce
as good as possible the X-ray binding conformation of the cognate ligand (i.e.,
3([(9beta,14beta,16alpha,17alpha)-3,17-dihydroxyestra-1,3,5(10)-trien-16-yl]methyl)
benzamide, hereafter referred to as E2B) embedded into 3HB5 available from PDB. In this
respect, Figure S1 shows unequivocally the goodness of the superimposition between docking
and X-ray poses showing a value of root-mean-square deviation (RMSD) equal to 0.64 A.

\/\.1 X N ;:i\ — ‘ ’ ,j

Figure S1. Crystal structure pose (in green) and top-scored docking pose (in cyan) of E2B in
the ternary complex of h174-HSD1 (PDB code: 3HB5).
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Density functional theory. All DFT calculations were carried out using the Gaussian 09
package.'® Geometry optimizations were performed at the B3LYP?/6-311++G(d,p) level of
theory. In order to take into account, the solvation effect, all calculations were carried out using
the polarizable continuum model (PCM) for water, as implemented in Gaussian 09.

Model validation. The robustness of the found correlation was challenged by performing a
randomization analysis. In order to assess the risk of chance correlation 1 million of y-
scrambled models were generated and for each of them the value of r> was computed. Notably,
the found correlation can be considered statistically significant if for all the randomized models
a value of r? lower that that observed for the non-randomized model is detected (Figure S2).

600000

400000

200000

count of y-scrambled models

03 04 05 06 0.7 08 09 1.0

2
I~ scr

Figure S2. Histogram of r?scr vs. number of randomized models over 1 million y-scrambling
runs.
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5.1.4 Representative *H-NMR and ¥C-NMR spectra
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Compound 4:
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Compound 6:
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Compound 8:
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5.1.5 Representative MS spectra
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Compound 2:
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Compound 4:
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Compound 5:
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Molecular Weight: 341.79

RT: 0.00 - 12.08

6.29 NL
7.46E5
uv_Vis_1
UV AB-05

700000

650000

@
o
o
=]
S
[=]

550000
500000
450000
400000

3500009

3000007

200000;

\

l

\

250000 H
|

1500003 x
\

100000

50000 |
3 5]1,608J
P

OFrrrrrrprr e T

0 1 2 3 4 5 6 7 8 9 10 11 12
Time (min)

AB-05 #278-318 RT: 5.89-6.74 AV: 41 NL: 1.30E6
T: {0,0} +c ESl!corona sid=55.00 det=1353.00 FL

100

342.04

90

o ~ ©
=1 o o

o
=]

w
=1

IN]
=1

IN
o
v b bevr e bevr e bvr e bre s br e braaa |l

364.03
404.96
120.05

14813 220.95
| | 279.01 308.00 [ \ 540.65 587.86 636.71 1L 765.19 797.94 880.51 922.57 957.94
[ARAE RaR Raan ARRS S AR A BARS RARS RS RS AR RRAS RARS RARS RARS RARS) T (ARRSRRSS)

T 1
100 200 300 400 500 600 700 800 900 1000
m/z

=
o

705.06

| 420.85 462.76
T

o




Supporting information 95

Compound 7:

OH

Molecular Weight: 325.34

RT: 0.00-12.05
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Compound 8:

Molecular Weight: 341.79

RT: 0.00-12.07
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5.1.6 Overview on molecular formulas and MS data

Table S1: Overview on molecular formulas, required masses and found masses for
compounds 1a - 10a, 1b and 1 - 10

Compound | Molecular Formula Mass required Mass found
(Exact Mass) [M+H]*

1b C13H12BrNO> 293.01 293.98 , 295.97*
la C22H23NO3 349.17 350.18

2a C21H21NO3 335.15 336.15

3a C21H2:NO3 335.15 336.27

4a C20H19NO3 321.14 322.12

5a C20H1sCINO3 355.10 356.06, 358.07*
6a CooH1sFNO3 339.13 340.13

7a CooH1sFNO3 339.13 340.22

9a C20H17F2NO3 357.12 357.90

10a C20H17CI:NO3 389.06 390.15, 392.09*
1 C21H2:NO3 335.15 336.10

2 C20H19NO3 321.14 322.06

3 C20H19NO3 321.14 322.20

4 C19H17NO3 307.12 308.05

5 C19H16CINO3 341.08 342.04, 344.09*
6 C19H16FNO3 325.11 326.01

7 C19H16FNO3 325.11 326.06

8 C19H16CINO; 341.08 342.05, 344.01*
9 C1oH15F2NO3 343.10 344.22

10 Ci19H15CI:NO3 375.04 376.14, 378.10*

*Higher value corresponds to molecular species containing the heavier halogen isotope (Cl, Br).
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5.2 Supporting Information for Publication B

5.2.1 Synthesis of compounds 1la, 5a-12a, 25a-27a, 32a-34a, 1b, 9D,
10b-12b,25b, 26b, 31b-34b, 10c, 31c, 32c, 1-12, 25-27 and 31-34

5-bromo-N-methyl-N-(o-tolyl)furan-2-carboxamide (1b). The title compound was prepared
according to method A and B using 5-bromofuran-2-carboxylic acid (1.90 g, 10 mmol), thionyl
chloride (1.45 ml, 20 mmol) and DMF (30 drops) in toluene (50 ml). The corresponding N,2-
dimethylaniline (1.25 ml, 10 mmol) and EtsN (2.79 ml, 20 mmol) in DCM (50 ml) was added
to the acyl chloride. The residue was purified by silica gel column chromatography (petroleum
ether /ethyl acetate 5:1) to give 2.1 g (7.13 mmol/ 71 %) of the analytically pure compound
(purity: 96.99 %). C13H12BrNO2; MW 294.15; *H NMR (500 MHz, DMSO-dg) § 7.39 — 7.32
(m, 2H), 7.34 — 7.24 (m, 2H), 6.47 (d, J = 3.6 Hz, 1H), 5.51 (d, J = 3.6 Hz, 1H), 3.21 (s, 3H),
2.12 (s, 3H); MS (ESI): 293.75, 295.95 (M+H)".

5-(4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (1a). The title compound was
prepared according to method D by the reaction of 1b (0.535 g, 1.82 mmol, 1 equiv) and (4-
methoxyphenyl)boronic acid (0.414 g, 2.73 mmol, 1.5 equiv) in the presence of cesium
carbonate (2.37 g, 7.28 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (105 mg,
0.091 mmol, 0.05 equiv) in DME/water 1:1 (50 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 4:1) to give 0.5 g (1.55 mmol/ 85 %) of the
analytically pure compound (purity: 98.48 %). C20H19NO3z; MW 321.38; *H NMR (500 MHz,
DMSO-de) 6 7.42 — 7.26 (m, 4H), 7.23 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 6.71 (d, J
= 3.6 Hz, 1H), 6.36 (d, J = 3.6 Hz, 1H), 3.77 (s, 3H), 3.24 (s, 3H), 2.16 (s, 3H); MS (ESI):
322.12 (M+H)".

5-(4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (1). The title compound was
prepared according to method E by the reaction of 1a (0.4 g, 1.24 mmol, 1 equiv) and BF3.SMe>
(2.30 ml, 12.4 mmol, 10 equiv) in dichloromethane (50 ml). The product was purified by
column chromatography (dichloromethane/methanol 98.5:1.5) to give 0.29 g (0.944 mmol/ 76
%) of the analytically pure compound (purity: 99.36 %). C19H17NO3; MW 307.35; mp: 172-175
°C; *H NMR (500 MHz, DMSO-ds) § 9.76 (s, 1H), 7.41 — 7.25 (m, 4H), 7.13 (d, J = 8.4 Hz,
2H), 6.72 (d, J = 8.7 Hz, 2H), 6.61 (d, J = 3.6 Hz, 1H), 6.30 (d, J = 3.6 Hz, 1H), 3.23 (s, 3H),
2.15 (s, 3H); 3C NMR (126 MHz, DMSO-ds) § 157.95, 157.94, 155.10, 145.49, 142.84, 135.26,
131.11, 128.16, 128.13, 127.38, 125.66, 120.43, 118.34, 115.52, 104.58, 36.88, 16.96; MS
(ESI): 308.12 (M+H)".

5-(3-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (2). The title compound was
prepared according to method D by the reaction of 1b (0.294 g, 1 mmol, 1 equiv) and (3-
hydroxyphenyl)boronic acid (0.206 g, 1.5 mmol, 1.5 equiv) in the presence of cesium carbonate
(2.3 g, 4 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (57 mg, 0.05 mmol,
0.05 equiv) in DME/water 1:1 (50 ml). The product was purified by column chromatography
(petroleum ether /ethyl acetate 3:1) to give 0.234 g (0.76 mmol/ 76 %) of the analytically pure
compound (purity: 98.92 %). C19H17NOs; MW 307.35; mp: 134-136 °C; *H NMR (500 MHz,
Acetone-ds) 6 8.43 (s, 1H), 7.43 — 7.26 (m, 4H), 7.15 (t, J = 7.9 Hz, 1H), 6.94 — 6.90 (m, 1H),
6.84 (d, J = 7.7 Hz, 1H), 6.77 (dd, J = 8.0, 2.5 Hz, 1H), 6.67 (d, J = 3.6 Hz, 1H), 6.29 (d, J =
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3.7 Hz, 1H), 3.30 (s, 3H), 2.23 (s, 3H); 13C NMR (126 MHz, Acetone-ds) & 159.15, 158.57,
155.87, 147.97, 144.15, 136.70, 132.18, 131.92, 130.67, 129.22, 129.15, 128.30, 118.66,
116.47, 116.38, 111.81, 107.25, 37.29, 17.52; MS (ESI): 308.00 (M+H)".

5-(2-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (3). The title compound was
prepared according to method D by the reaction of 1b (0.294 g, 1 mmol, 1 equiv) and (2-
hydroxyphenyl)boronic acid (0.206 g, 1.5 mmol, 1.5 equiv) in the presence of cesium carbonate
(2.3 g, 4 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (57 mg, 0.05 mmol,
0.05 equiv) in DME/water 1:1 (50 ml). The product was purified by column chromatography
(petroleum ether /ethyl acetate 3:1) to give 0.222 g (0.72 mmol/ 72 %) of the analytically pure
compound (purity: 98.24 %). C1gH17NOs; MW 307.35; mp: 197-199 °C; *H NMR (500 MHz,
DMSO-de) § 10.21 (s, 1H), 7.42 — 7.26 (m, 4H), 7.10 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H), 6.90 —
6.84 (m, 1H), 6.81 (dd, J = 8.8, 2.5 Hz, 2H), 6.75 - 6.69 (m, 1H), 6.46 (d, J = 3.6 Hz, 1H), 3.25
(s, 3H), 2.16 (s, 3H); 1°C NMR (126 MHz, DMSO-ds) 5 157.97, 154.06, 151.77, 145.14, 142.86,
135.16, 131.12, 129.21, 128.10, 128.04, 127.38, 125.41, 118.91, 118.32, 116.07, 115.92,
110.39, 36.99, 16.97; MS (ESI): 308.01 (M+H)".

5-(3-chloro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (4).The title
compound was prepared according to method D by the reaction of 1b (0.294 g, 1 mmol, 1 equiv)
and (3-chloro-4-hydroxyphenyl)boronic acid (0.259 g, 1.5 mmol, 1.5 equiv) in the presence of
cesium carbonate (1.3 g, 4 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (57 mg,
0.05 mmol, 0.05 equiv) in DME/water 1:1 (50 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 3:1) to give 0.233 g (0.68 mmol/ 68 %) of the
analytically pure compound (purity: 98.59 %). C1oH16CINOs; MW 341.79; mp: 77-80 °C; *H
NMR (500 MHz, DMSO-ds) & 10.53 (s, 1H), 7.43 — 7.26 (m, 4H), 7.14 (dd, J = 8.5, 2.2 Hz,
1H), 7.08 (d, J = 2.2 Hz, 1H), 6.90 (d, J = 8.5 Hz, 1H), 6.75 (d, J = 3.6 Hz, 1H), 6.50 (d, J = 3.6
Hz, 1H), 3.24 (s, 3H), 2.15 (s, 3H); 1°C NMR (126 MHz, DMSO-dg) & 157.74, 153.43, 153.42,
146.07, 142.79, 135.21, 131.09, 128.32, 128.08, 127.36, 125.27, 124.04, 121.54, 120.25,
118.57, 116.82, 105.73, 36.96, 16.98; MS (ESI): 342.07, 344.11 (M+H)".

5-(4-methoxy-3-methylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (5a). The title
compound was prepared according to method D by the reaction of 1b (0.441 g, 1.49 mmol, 1
equiv) and (4-methoxy-3-methylphenyl)boronic acid (0.373 g, 2.24 mmol, 1.5 equiv) in the
presence of cesium carbonate (1.94 g, 5.96 mmol, 4 equiv) and tetrakis(triphenylphosphine)
palladium (86 mg, 0.074 mmol, 0.05 equiv) in DME/water 1:1 (60 ml). The product was
purified by column chromatography (petroleum ether /ethyl acetate 3:1) to give 0.44 g (1.31
mmol/ 88 %) of the analytically pure compound (purity: 99.99 %). C21H2:NO3; MW 335.40;
H NMR (500 MHz, Acetone-ds) & 7.44 — 7.26 (m, 4H), 7.19 (dd, J = 8.6, 2.3 Hz, 1H), 7.04 —
7.00 (m, 1H), 6.87 (d, J = 8.5 Hz, 1H), 6.58 (d, J = 3.6 Hz, 1H), 6.51 (d, J = 3.6 Hz, 1H), 3.83
(s, 3H), 3.29 (s, 3H), 2.22 (s, 3H), 2.15 (s, 3H); MS (ESI): 336.18 (M+H)".

5-(4-hydroxy-3-methylphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide  (5). The title
compound was prepared according to method E by the reaction of 5a (0.420 g, 1.25 mmol, 1
equiv) and BFs.SMe> (1.31 ml, 12.52 mmol, 10 equiv) in dichloromethane (30 ml). The product
was purified by column chromatography (petroleum ether /ethyl acetate 2:1) to give 0.29 g (0.9
mmol/ 72 %) of the analytically pure compound (purity: 99.99 %). C20H19sNO3; MW 321.38;
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mp: 183-186 °C; *H NMR (500 MHz, DMSO-ds) 5 9.66 (s, 1H), 7.42 — 7.25 (m, 4H), 7.02 (d,
1H), 6.87 (s, 1H), 6.71 (d, J = 8.3 Hz, 1H), 6.60 (d, J = 3.7 Hz, 1H), 6.42 (d, J = 3.7 Hz, 1H),
3.23 (5, 3H), 2.14 (s, 3H), 2.08 (s, 3H); 13C NMR (126 MHz, DMSO-ds) 5 157.91, 156.09,
155.32, 145.49, 142.94, 135.25, 131.12, 128.18, 128.11, 127.39, 126.38, 124.32, 123.08,
120.27, 118.57, 114.75, 104.43, 36.98, 17.02, 15.74; MS (ESI): 322.15 (M+H)".

5-(3-fluoro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide  (6a). The title
compound was prepared according to method D by the reaction of 1b (0.294 g, 1 mmol, 1 equiv)
and (3-fluoro-4-methoxyphenyl)boronic acid (0.254 g, 1.5 mmol, 1.5 equiv) in the presence of
cesium carbonate (1.3 g, 4 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (57 mg,
0.05 mmol, 0.05 equiv) in DME/water 1:1 (50 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 4:1) to give 0.292 g (0.86 mmol/ 86 %) of the
analytically pure compound (purity: 98.26 %). C20H1gFNO3s; MW 339.37; *H NMR (500 MHz,
Chloroform-d) & 7.28 — 7.20 (m, 2H), 7.18 (dt, J = 7.5, 4.4 Hz, 1H), 7.12 — 7.07 (m, 1H), 6.93
(ddd, J=8.5, 2.1, 1.3 Hz, 1H), 6.82 — 6.71 (m, 2H), 6.35 (d, J = 3.6 Hz, 1H), 6.26 (d, J = 3.6
Hz, 1H), 3.77 (s, 3H), 3.26 (s, 3H), 2.13 (s, 3H); MS (ESI): 340.07 (M+H)".

5-(3-fluoro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide ~ (6). The title
compound was prepared according to method E by the reaction of 6a (0.250 g, 0.736 mmol, 1
equiv) and BFs.SMe> (0.775 ml, 7.36 mmol, 10 equiv) in dichloromethane (30 ml). The product
was purified by column chromatography (dichloromethane/methanol 98:2) to give 0.185¢
(0.56 mmol/ 77 %) of the analytically pure compound (purity: 98.48 %). C19H16FNO3; MW
325.34; mp: 190-192 °C; 'H NMR (500 MHz, DMSO-dg) § 10.22 (s, 1H), 7.42 — 7.26 (m, 4H),
7.00 - 6.92 (m, 2H), 6.89 (t, J = 8.8 Hz, 1H), 6.73 (d, J = 3.6 Hz, 1H), 6.44 (d, J = 3.6 Hz, 1H),
3.24 (s, 3H), 2.15 (s, 3H); *C NMR (126 MHz, DMSO-ds) & 157.78, 152.83 (d, J = 224.5 Hz),
150.02, 146.00, 145.42 (d, J = 12.3 Hz), 142.82, 135.25, 131.11, 128.18 (d, J = 12.8 Hz),
127.39, 121.00 (d, J = 7.2 Hz), 120.66 (d, J = 3.1 Hz), 118.49, 118.02, 118.00, 111.90 (d, J =
20.4 Hz), 105.80, 36.96, 16.98; MS (ESI): 326.01 (M+H)".

5-(2-chloro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide  (7a). The title
compound was prepared according to method D by the reaction of 1b (0.600 g, 2.03 mmol, 1
equiv) and (2-chloro-4-methoxyphenyl)boronic acid (0.57 g, 3.05 mmol, 1.5 equiv) in the
presence of cesium carbonate (2.64 g, 8.12 mmol, 4 equiv) and tetrakis(triphenylphosphine)
palladium (117 mg, 0.101 mmol, 0.05 equiv) in DME/water 1:1 (60 ml). The product was
purified by column chromatography (petroleum ether /ethyl acetate 3:1) to give 0.585 g (1.64
mmol/ 81 %) of the analytically pure compound (purity: 98.33 %). C20H1sCINO3; MW 355.82;
'H NMR (500 MHz, Acetone-dg) & 7.41 — 7.28 (m, 4H), 7.00 (d, J = 2.6 Hz, 1H), 6.95 (d, J =
8.9 Hz, 1H), 6.89 (d, J = 3.7 Hz, 1H), 6.86 (dd, J = 8.9, 2.6 Hz, 1H), 6.50 (d, J = 3.7 Hz, 1H),
3.84 (s, 3H), 3.30 (s, 3H), 2.21 (s, 3H); MS (ESI): 356.06, 358.07 (M+H)".

5-(2-chloro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (7). The title
compound was prepared according to method E by the reaction of 7a (0.585 g, 1.64 mmol, 1
equiv) and BFs.SMe> (1.72 ml, 16.44 mmol, 10 equiv) in dichloromethane (50 ml). The product
was purified by column chromatography (dichloromethane/methanol 98:2) to give 0.4 g (1.17
mmol/ 71 %) of the analytically pure compound (purity: 98.40 %). C19H16CINO3; MW 341.79;
mp: 198-201 °C; *H NMR (500 MHz, DMSO-ds) & 10.27 (s, 1H), 7.42 — 7.26 (m, 4H), 6.85 (d,
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J=2.4Hz, 1H), 6.83 — 6.78 (m, 2H), 6.69 (dd, J = 8.7, 2.5 Hz, 1H), 6.36 (d, J = 3.7 Hz, 1H),
3.24 (s, 3H), 2.15 (s, 3H); 3C NMR (126 MHz, DMSO-ds) & 158.28, 157.79, 151.09, 145.67,
142.71, 135.24, 131.23, 130.28, 129.21, 128.24, 128.15, 127.49, 118.54, 117.93, 116.89,
114.79, 109.74, 36.99, 16.98; MS (ESI): 342.02, 344.09 (M+H)*.

5-(2-fluoro-4-methoxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide (8a). The title
compound was prepared according to method D by the reaction of 1b (0.700 g, 2.37 mmol, 1
equiv) and (2-fluoro-4-methoxyphenyl)boronic acid (0.606 g, 3.56 mmol, 1.5 equiv) in the
presence of cesium carbonate (3.08 g, 9.48 mmol, 4 equiv) and tetrakis(triphenylphosphine)
palladium (137 mg, 0.118 mmol, 0.05 equiv) in DME/water 1:1 (80 ml). The product was
purified by column chromatography (petroleum ether /ethyl acetate 4:1) to give 0.674 g (1.98
mmol/ 83 %) of the analytically pure compound (purity: 99.99 %). C20H1sFNO3; MW 339.37;
'H NMR (500 MHz, Acetone-ds) & 7.41 — 7.28 (m, 4H), 6.97 (t, J = 8.8 Hz, 1H), 6.81 — 6.72
(m, 2H), 6.55 (t, J = 3.7 Hz, 1H), 6.49 (d, J = 3.6 Hz, 1H), 3.84 (s, 3H), 3.30 (s, 3H), 2.22 (s,
3H); MS (ESI): 340.13 (M+H)".

5-(2-fluoro-4-hydroxyphenyl)-N-methyl-N-(o-tolyl)furan-2-carboxamide  (8). The title
compound was prepared according to method E by the reaction of 8a (0.674 g, 1.98 mmol, 1
equiv) and BF3.SMe> (2.08 ml, 19.86 mmol, 10 equiv) in dichloromethane (50 ml). The product
was purified by column chromatography (dichloromethane/methanol 99.5:0.5) to give 0.55 g
(1.69 mmol/ 85 %) of the analytically pure compound (purity: 99.04 %). C19H16FNO3; MW
325.34; mp: 185-187 °C; *H NMR (500 MHz, DMSO-ds) 6 10.29 (s, 1H), 7.42 — 7.26 (m, 4H),
6.82 (t, J = 8.8 Hz, 1H), 6.62 (dd, J = 13.1, 2.3 Hz, 1H), 6.58 (dd, J = 8.6, 2.4 Hz, 1H), 6.50 (t,
J =3.6 Hz, 1H), 6.35 (d, J = 3.6 Hz, 1H), 3.24 (s, 3H), 2.15 (s, 3H); °C NMR (126 MHz,
DMSO-de) 6 160.19, 159.32 (d, J = 12.0 Hz), 158.21, 157.77, 149.20 (d, J = 2.6 Hz), 144.10
(d, J = 255.13 Hz), 135.25, 131.16, 128.18 (d, J = 12.9 Hz), 127.44, 126.87 (d, J = 5.0 Hz),
118.26, 112.01, 112.00, 108.48 (d, J = 10.6 Hz), 108.34 (d, J = 12.4 Hz), 103.12 (d, J = 23.4
Hz), 36.93, 16.95; MS (ESI): 326.06 (M+H)".

5-bromo-N-(2-fluoro-6-methylphenyl)furan-2-carboxamide (9b). The title compound was
prepared according to method A and B using 5-bromofuran-2-carboxylic acid (1.90 g, 10
mmol), thionyl chloride (1.45 ml, 20 mmol) and DMF (30 drops) in toluene (50 ml). The
corresponding 2-fluoro-6-methylaniline (1.11 ml, 10 mmol) and EtsN (2.79 ml, 20 mmol) in
DCM (50 ml) was added to the acyl chloride. The residue was purified by silica gel column
chromatography (petroleum ether /ethyl acetate 4:1) to give 1.5 g (5.03 mmol/ 50 %) of the
analytically pure compound (purity: 96.76 %). C12HeBrFNO2; MW 298.11; *H NMR (300 MHz,
DMSO-ds) 6 9.93 (s, 1H), 7.34 (d, J = 3.6 Hz, 1H), 7.31 — 7.19 (m, 1H), 7.18 — 7.06 (m, 2H),
6.84 (d, J = 3.6 Hz, 1H), 2.21 (s, 3H); MS (ESI): 297.82, 299.85 (M+H)".

5-bromo-N-(2-fluoro-6-methylphenyl)-N-methylfuran-2-carboxamide (9a). The title compound
was prepared according to method C using 5-bromo-N-(2-fluoro-6-methylphenyl)furan-2-
carboxamide (0.5 g, 1.67 mmol, 1 equiv), NaH (0.08 g, 3.35 mmol, 2 equiv) and iodomethane
(0.103 ml, 1.67 mmol, 1 equiv) in DMF (30 ml). The product was purified by column
chromatography (dichloromethane/methanol 99.5:0.5) to give 0.27 g (0.86 mmol/ 51 %) of the
analytically pure compound (purity: 98.10 %). C1sH11BrFNO2; MW 312.14; *H NMR (500
MHz, Methanol-ds) & 7.38 (td, J = 8.0, 5.6 Hz, 1H), 7.21 — 7.13 (m, 1H), 7.13 — 7.06 (m, 1H),
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6.35 (d, J = 3.6 Hz, 1H), 6.04 (d, J = 3.6 Hz, 1H), 3.29 (s, 3H), 2.24 (s, 3H); MS (ESI): 312.02,
313.91 (M+H)".

N-(2-fluoro-6-methylphenyl)-5-(4-hydroxyphenyl)-N-methylfuran-2-carboxamide (9). The title
compound was prepared according to method D by the reaction of 9a (0.168 g, 0.538 mmol, 1
equiv) and (4-hydroxyphenyl) boronic acid (0.111 g, 0.807 mmol, 1.5 equiv) in the presence of
cesium carbonate (0.701 g, 2.15 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (31
mg, 0.026 mmol, 0.05 equiv) in DME/water 1:1 (50 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 2:1) to give 0.098 g (0.3 mmol/ 56 %) of the
analytically pure compound (purity: 99.99 %). C19H1sFNOs; MW 325.34; mp: 171-173 °C; H
NMR (500 MHz, Chloroform-d) & 7.41 — 7.26 (m, 3H), 7.25 (s, 1H), 7.11 (ddt, J = 7.8, 1.6, 0.8
Hz, 1H), 7.06 (dddd, J = 9.0, 8.2, 1.4, 0.6 Hz, 1H), 6.93 — 6.86 (m, 2H), 6.37 — 6.30 (M, 2H),
3.37 (s, 3H), 2.25 (s, 3H); 13C NMR (126 MHz, Chloroform-d) § 159.98, 158.93 (d, J = 233.7
Hz), 156.78 (d, J = 52.2 Hz), 145.28, 138.80, 130.85 (d, J = 13.3 Hz), 129.40 (d, J = 8.6 Hz),
126.55 (d, J = 3.3 Hz), 126.44, 122.34, 119.06, 116.22, 115.90, 114.40 (d, J = 20.4 Hz), 104.90,
36.63, 17.38; MS (ESI): 325.94 (M+H)".

5-bromo-N-(5-fluoro-2-methylphenyl)furan-2-carboxamide (10c). The title compound was
prepared according to method A and B using 5-bromofuran-2-carboxylic acid (1.90 g, 10
mmol), thionyl chloride (1.45 ml, 20 mmol) and DMF (30 drops) in toluene (50 ml). The
corresponding 5-fluoro-2-methylaniline (1.11 ml, 10 mmol) and EtsN (2.79 ml, 20 mmol) in
DCM (50 ml) was added to the acyl chloride. The residue was purified by silica gel column
chromatography (petroleum ether /ethyl acetate 4:1) to give 2.1 g (7.04 mmol/ 70 %) of the
analytically pure compound (purity: 98.19 %). C12HeBrFNO2; MW 298.11; *H NMR (500 MHz,
DMSO-ds) 6 9.88 (s, 1H), 7.35 (d, J = 3.5 Hz, 1H), 7.29 (ddd, J = 8.5, 6.5, 0.9 Hz, 1H), 7.23
(dd, J =10.3, 2.8 Hz, 1H), 7.02 (td, J = 8.5, 2.8 Hz, 1H), 6.84 (d, J = 3.6 Hz, 1H), 2.19 (s, 3H);
MS (ESI): 298.02, 300.00 (M+H)".

5-bromo-N-(5-fluoro-2-methylphenyl)-N-methylfuran-2-carboxamide ~ (10b). The title
compound was prepared according to method C wusing 5-bromo-N-(5-fluoro-2-
methylphenyl)furan-2-carboxamide (1.766 g, 5.92 mmol, 1 equiv), NaH (0.284 g, 11.85 mmol,
2 equiv) and iodomethane (0.368 ml, 5.92 mmol, 1 equiv) in DMF (60 ml). The product was
purified by column chromatography (petroleum ether /ethyl acetate 4:1) to give 1.45 g (4.64
mmol/ 78 %) of the analytically pure compound (purity: 99.97 %). C13H11BrFNO2; MW 312.14;
'H NMR (500 MHz, DMSO-de) & 7.39 (dd, J = 8.6, 6.4 Hz, 1H), 7.29 (dd, J = 9.5, 2.7 Hz, 1H),
7.22 (td, J = 8.5, 2.7 Hz, 1H), 6.52 (d, J = 3.6 Hz, 1H), 5.83 (d, J = 3.7 Hz, 1H), 3.21 (s, 3H),
2.08 (s, 3H); MS (ESI): 311.98, 313.96 (M+H)".

N-(5-fluoro-2-methylphenyl)-5-(4-methoxyphenyl)-N-methylfuran-2-carboxamide (10a). The
title compound was prepared according to method D by the reaction of 10b (1.13 g, 3.64 mmol,
1 equiv) and (4-methoxyphenyl)boronic acid (0.830 g, 5.46 mmol, 1.5 equiv) in the presence of
cesium carbonate (4.74 g, 14.56 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium
(210 mg, 0.182 mmol, 0.05 equiv) in DME/water 1:1 (80 ml). The product was purified by
column chromatography (petroleum ether /ethyl acetate 4:1) to give 1.05 g (3.09 mmol/ 85 %)
of the analytically pure compound (purity: 96.64 %). C20H1sFNOs; MW 339.37; *H NMR (500
MHz, DMSO-dg) 6 7.45 — 7.39 (m, 1H), 7.30 (dd, J = 9.7, 2.8 Hz, 1H), 7.27 — 7.20 (m, 3H),
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6.92 (d, J = 8.5 Hz, 2H), 6.76 (dd, J = 3.7, 1.7 Hz, 1H), 6.58 — 6.53 (m, 1H), 3.7 (s, 3H), 3.24
(s, 3H), 2.12 (s, 3H); MS (ESI): 340.12 (M+H)".

N-(5-fluoro-2-methylphenyl)-5-(4-hydroxyphenyl)-N-methylfuran-2-carboxamide (10). The
title compound was prepared according to method E by the reaction of 10a (1.00 g, 2.94 mmol,
1 equiv) and BF3.SMe; (3.1 ml, 29.46 mmol, 10 equiv) in dichloromethane (80 ml). The product
was purified by column chromatography (petroleum ether /ethyl acetate 2:1) to give 0.711 g
(2.18 mmol/ 74 %) of the analytically pure compound (purity: 97.27 %). C19H16FNO3; MW
325.34; mp: 184-186 °C; *H NMR (500 MHz, DMSO-dg) § 9.79 (s, 1H), 7.44 — 7.38 (m, 1H),
7.28 (dd, J = 9.5, 2.7 Hz, 1H), 7.26 — 7.19 (m, 1H), 7.15 — 7.10 (m, 2H), 6.73 (d, J = 8.3 Hz,
2H), 6.66 (d, J = 3.5 Hz, 1H), 6.51 (s, 1H), 3.23 (s, 3H), 2.10 (s, 3H); 1*C NMR (126 MHz,
DMSO-ds) 6 160.78 (d, J = 243.4 Hz), 158.00, 157.78, 155.21, 145.34, 143.92 (d, J = 10.1 Hz),
132.22 (d, J = 8.8 Hz), 131.53 (d, J = 3.6 Hz), 125.59, 120.36, 118.70, 115.55, 115.19 (d, J =
21.7 Hz), 114.93 (d, J = 20.5 Hz), 104.71, 36.72, 16.26; MS (ESI): 326.14 (M+H)".

5-bromo-N-(4-fluoro-2-methylphenyl)furan-2-carboxamide (11b). The title compound was
prepared according to method A and B using 5-bromofuran-2-carboxylic acid (1.90 g, 10
mmol), thionyl chloride (1.45 ml, 20 mmol) and DMF (30 drops) in toluene (50 ml). The
corresponding 4-fluoro-2-methylaniline (1.11 ml, 10 mmol) and EtsN (2.79 ml, 20 mmol) in
DCM (50 ml) was added to the acyl chloride. The residue was purified by silica gel column
chromatography (petroleum ether /ethyl acetate 4:1) to give 2.53 g (8.48 mmol/ 84 %) of the
analytically pure compound (purity: 98.11 %). C12HeBrFNO2; MW 298.11; *H NMR (500 MHz,
DMSO-ds) 6 9.88 (s, 1H), 7.34 — 7.26 (m, 2H), 7.14 (ddd, J = 9.6, 3.0, 0.8 Hz, 1H), 7.04 (td, J
=8.6, 3.0 Hz, 1H), 6.83 (d, J = 3.6 Hz, 1H), 2.20 (s, 3H); MS (ESI): 297.99, 300.03 (M+H)".

5-bromo-N-(4-fluoro-2-methylphenyl)-N-methylfuran-2-carboxamide ~ (11a). The title
compound was prepared according to method C wusing 5-bromo-N-(4-fluoro-2-
methylphenyl)furan-2-carboxamide (1.119 g, 3.75 mmol, 1 equiv), NaH (0.18 g, 7.5 mmol,
2 equiv) and iodomethane (0.233 ml, 3.75 mmol, 1 equiv) in DMF (40 ml). The product was
purified by column chromatography (petroleum ether /ethyl acetate 4:1) to give 0.80 g (2.56
mmol/ 86 %) of the analytically pure compound (purity: 97.32 %). C13H11BrFNO2; MW 312.14;
'H NMR (500 MHz, DMSO-ds) & 7.34 (dd, J = 8.7, 5.5 Hz, 1H), 7.25 (dd, J = 9.5, 3.0 Hz, 1H),
7.13 (td, J = 8.5, 3.1 Hz, 1H), 6.51 (d, J = 3.6 Hz, 1H), 5.73 (d, J = 3.6 Hz, 1H), 3.20 (s, 3H),
2.12 (s, 3H); MS (ESI): 311.98, 313.97 (M+H)".

N-(4-fluoro-2-methylphenyl)-5-(4-hydroxyphenyl)-N-methylfuran-2-carboxamide (11). The
title compound was prepared according to method D by the reaction of 11a (0.750 g, 2.4 mmol,
1 equiv) and (4-hydroxyphenyl) boronic acid (0.496 g, 3.6 mmol, 1.5 equiv) in the presence of
cesium carbonate (3.12 g, 9.6 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (138
mg, 0.12 mmol, 0.05 equiv) in DME/water 1:1 (80 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 2:1) to give 0.55 g (1.69 mmol/ 70 %) of the
analytically pure compound (purity: 95.22 %). C19H16FNO3s; MW 325.34; mp: 196-198 °C; *H
NMR (500 MHz, DMSO-ds) 6 9.78 (s, 1H), 7.35 (dd, J = 8.7, 5.5 Hz, 1H), 7.27 (dd, J = 9.8,
3.0 Hz, 1H), 7.15 (dd, J = 8.6, 3.3 Hz, 3H), 6.73 (d, J = 8.5 Hz, 2H), 6.65 (d, J = 3.6 Hz, 1H),
6.43 (d, J = 3.6 Hz, 1H), 3.22 (s, 3H), 2.15 (s, 3H); **C NMR (126 MHz, DMSO-dg) & 161.26
(d, J=244.8 Hz), 157.98, 155.14, 145.42, 139.18 (d, J = 2.6 Hz), 138.19 (d, J = 8.7 Hz), 130.06
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(d, 3= 9.1 Hz), 125.59, 125.58, 120.40, 118.62, 117.41 (d, J = 22.3 Hz), 115.53, 113.91 (d, J =
22.2 Hz), 104.66, 36.92, 17.04; MS (ESI): 326.11 (M+H)".

5-bromo-N-(3-fluoro-2-methylphenyl)furan-2-carboxamide (12b). The title compound was
prepared according to method A and B using 5-bromofuran-2-carboxylic acid (1.90 g, 10
mmol), thionyl chloride (1.45 ml, 20 mmol) and DMF (30 drops) in toluene (50 ml). The
corresponding 5-fluoro-2-methylaniline (1.11 ml, 10 mmol) and EtsN (2.79 ml, 20 mmol) in
DCM (50 ml) was added to the acyl chloride. The residue was purified by silica gel column
chromatography (dichloromethane/methanol 99.5:0.5) to give 2.31 g (7.77 mmol/ 77 %) of the
analytically pure compound (purity: 96.67 %). C12HeBrFNO2; MW 298.11; *H NMR (500 MHz,
DMSO-de) & 10.05 (s, 1H), 7.34 (d, J = 3.6 Hz, 1H), 7.25 (tdd, J = 8.2, 6.4, 0.7 Hz, 1H), 7.20 —
7.13 (m, 1H), 7.09 (ddd, J = 9.6, 8.3, 1.3 Hz, 1H), 6.84 (d, J = 3.5 Hz, 1H), 2.09 (s, 3H); MS
(ESI): 297.88, 299.97 (M+H)".

5-bromo-N-(3-fluoro-2-methylphenyl)-N-methylfuran-2-carboxamide ~ (12a). The title
compound was prepared according to method C wusing 5-bromo-N-(3-fluoro-2-
methylphenyl)furan-2-carboxamide (1.319 g, 7.77 mmol, 1 equiv), NaH (0.373 g, 15.55 mmol,
2 equiv) and iodomethane (0.483 ml, 7.77 mmol, 1 equiv) in DMF (70 ml). The product was
purified by column chromatography (petroleum ether /ethyl acetate 3:1) to give 1.97 g (6.31
mmol/ 81 %) of the analytically pure compound (purity: 98.04 %). C13H11BrFNO2; MW 312.14;
'H NMR (500 MHz, DMSO-ds) 6 7.37 — 7.24 (m, 2H), 7.18 — 7.13 (m, 1H), 6.51 (d, J = 3.6 Hz,
1H), 5.86 (d, J = 3.6 Hz, 1H), 3.22 (s, 3H), 2.04 (s, 3H); MS (ESI): 311.94, 313.95 (M+H)",

N-(3-fluoro-2-methylphenyl)-5-(4-hydroxyphenyl)-N-methylfuran-2-carboxamide (12). The
title compound was prepared according to method D by the reaction of 12a (1.55 g, 4.97 mmol,
1 equiv) and (4-hydroxyphenyl) boronic acid (1.029 g, 7.45 mmol, 1.5 equiv) in the presence
of cesium carbonate (6.47 g, 19.88 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium
(287 mg, 0.248 mmol, 0.05 equiv) in DME/water 1:1 (100 ml). The product was purified by
column chromatography (petroleum ether /ethyl acetate 2:1) to give 1.33 g (4.08 mmol/ 82 %)
of the analytically pure compound (purity: 99.99 %). C19H16FNOz; MW 325.34; mp: 195-197
°C; 'H NMR (500 MHz, DMSO-dg) & 9.78 (s, 1H), 7.38 — 7.31 (m, 1H), 7.28 (t, J = 8.9 Hz,
1H), 7.17 (dd, J = 7.8, 1.3 Hz, 1H), 7.11 (d, J = 8.2 Hz, 2H), 6.75 — 6.70 (m, 2H), 6.66 (d, J =
3.1 Hz, 1H), 6.53 (t, J = 2.5 Hz, 1H), 3.24 (s, 3H), 2.07 (s, 3H); *C NMR (126 MHz, DMSO-
de) 8 161.09 (d, J = 243.4 Hz), 157.97 (d, J = 10.4 Hz), 155.20, 145.30, 144.55 (d, J = 2.7 Hz),
127.89 (d, J=9.4 Hz), 125.54, 124.24,122.85 (d, J = 17.0 Hz), 120.34, 118.79, 115.53, 115.44,
114.71 (d, J = 22.4 Hz), 104.72, 37.01, 9.29; MS (ESI): 326.07 (M+H)".

5-bromo-N-(3-methylpyridin-2-yl)furan-2-carboxamide (25b). To a suspension of 5-
bromofuran-2-carboxylic acid (1.00 g, 5.23 mmol, 1 equiv), DCC (1.08 g, 5.23 mmol, 1 equiv),
DMAP (31 mg, 0.261 mmol, 0.05 equiv) in 40 mI DCM at 0 °C 4-methylpyridin-3-amine (0.565
g, 5.23 mmol, 1 equiv) was added. The mixture was stirred at room temperature overnight. The
mixture was quenched with water (50 mL) and extracted three times with ethyl acetate (3 x 30
mL). The organic layer was washed with water, dried over MgSO4, filtered and evaporated to
dryness under reduced pressure. The residue was purified by silica gel column chromatography
(dichloromethane/methanol 94:6) to give 0.956 g (3.4 mmol/ 65 %) of the analytically pure
compound (purity: 99.99 %). C11HoBrN2Oz; MW 281.11; *H NMR (500 MHz, DMSO-ds) §
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10.52 (s, 1H), 8.31 (ddd, J = 4.7, 1.9, 0.7 Hz, 1H), 7.73 (ddd, J = 7.6, 1.9, 0.8 Hz, 1H), 7.41 (d,
J=3.6Hz, 1H), 7.27 (dd, J = 7.5, 4.8 Hz, 1H), 6.84 (d, J = 3.6 Hz, 1H), 2.18 (s, 3H); MS (ESI):
280.95, 282.94 (M+H)".

5-bromo-N-methyl-N-(3-methylpyridin-2-yl)furan-2-carboxamide (25a). The title compound
was prepared according to method C using 5-bromo-N-(3-methylpyridin-2-yl)furan-2-
carboxamide (0.866 g, 3.08 mmol, 1equiv), NaH (0.147 g, 6.16 mmol, 2 equiv) and
iodomethane (0.191 ml, 3.08 mmol, 1 equiv) in DMF (30 ml). The product was purified by
column chromatography (dichloromethane/methanol 97:3) to give 0.754 g (2.55 mmol/ 82 %)
of the analytically pure compound (purity: 99.99 %). C1,H11BrN2O2; MW 295.14; 'H NMR
(300 MHz, DMSO-ds) & 8.35 (dd, J = 4.8, 1.8 Hz, 1H), 7.83 (ddd, J = 7.6, 1.8, 0.9 Hz, 1H),
7.40 (dd, J = 7.6, 4.7 Hz, 1H), 6.55 (d, J = 3.5 Hz, 1H), 6.13 (s, 1H), 3.25 (s, 3H), 2.17 (s, 3H);
MS (ESI): 294.99, 297.00 (M+H)".

5-(4-hydroxyphenyl)-N-methyl-N-(3-methylpyridin-2-yl)furan-2-carboxamide (25). The title
compound was prepared according to method D by the reaction of 25a (0.7 g, 2.37 mmol, 1
equiv) and (4-hydroxyphenyl) boronic acid (0.49 g, 3.55 mmol, 1.5 equiv) in the presence of
cesium carbonate (3.08 g, 9.48 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (136
mg, 0.118 mmol, 0.05 equiv) in DME/water 1:1 (40 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 1:1) to give 0.55 g (1.78 mmol/ 75 %) of the
analytically pure compound (purity: 99.99 %). C1gH1sN2O3; MW 308.34; mp: 202-204 °C; *H
NMR (500 MHz, DMSO-dg) 6 9.79 (s, 1H), 8.35 (ddd, J = 4.7, 2.0, 0.7 Hz, 1H), 7.85 (ddd, J =
7.6,1.9,0.8 Hz, 1H), 7.39 (dd, J = 7.6, 4.8 Hz, 1H), 7.04 (s, 2H), 6.74 — 6.69 (m, 2H), 6.68 (s,
2H), 3.25 (s, 3H), 2.20 (s, 3H); **C NMR (126 MHz, DMSO-dg) & 158.32, 157.99, 155.18,
155.08, 146.86, 145.69, 140.18, 130.24, 125.55, 123.67, 120.26, 118.52, 115.55, 104.75, 35.07,
16.70.; MS (ESI): 309.09 (M+H)".

5-bromo-N-(4-methylpyridin-3-yl)furan-2-carboxamide (26b). To a suspension of 5-
bromofuran-2-carboxylic acid (1.00 g, 5.23 mmol, 1 equiv), DCC (1.08 g, 5.23 mmol, 1 equiv),
DMAP (31 mg, 0.261 mmol, 0.05 equiv) in 40 mI DCM at 0 °C 4-methylpyridin-3-amine (0.565
g, 5.23 mmol, 1 equiv) was added. The mixture was stirred at room temperature overnight. The
mixture was quenched with water (50 mL) and extracted three times with ethyl acetate (3 x 30
mL). The organic layer was washed with water, dried over MgSO4, filtered and evaporated to
dryness under reduced pressure. The residue was purified by silica gel column chromatography
(dichloromethane/methanol 94:6) to give 1.1 g (3.91 mmol/ 74 %) of the analytically pure
compound (purity: 92.05 %). C11HoBrN2Oz; MW 281.11; *H NMR (500 MHz, DMSO-ds) §
10.11 (s, 1H), 8.43 (s, 1H), 8.33 (d, J = 5.0 Hz, 1H), 7.38 — 7.29 (m, 2H), 6.85 (d, J = 3.5 Hz,
1H), 2.22 (s, 3H); MS (ESI): 280.93, 282.94 (M+H)".

5-bromo-N-methyl-N-(4-methylpyridin-3-yl)furan-2-carboxamide (26a). The title compound
was prepared according to method C using 5-bromo-N-(4-methylpyridin-3-yl)furan-2-
carboxamide (0.94 g, 3.34 mmol, 1 equiv), NaH (0.16 g, 6.68 mmol, 2 equiv) and iodomethane
(0.207 ml, 3.34 mmol, 1equiv) in DMF (30 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 1:1) to give 0.65 g (2.2 mmol/ 65 %) of the
analytically pure compound (purity: 97.69 %). C12H11BrN2O2; MW 295.14; 'H NMR (500
MHz, DMSO-ds) 6 8.48 (d, J = 5.0 Hz, 1H), 8.42 (s, 1H), 7.41 (d, J =5.0 Hz, 1H), 6.52 (d, J =
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3.6 Hz, 1H), 6.01 (d, J = 3.7 Hz, 1H), 3.24 (s, 3H), 2.19 (s, 3H); MS (ESI): 294.97, 296.97
(M+H)*.

5-(4-hydroxyphenyl)-N-methyl-N-(4-methylpyridin-3-yl)furan-2-carboxamide (26). The title
compound was prepared according to method D by the reaction of 26a (0.453 g, 1.53 mmol, 1
equiv) and (4-hydroxyphenyl) boronic acid (0.317 g, 2.3 mmol, 1.5 equiv) in the presence of
cesium carbonate (1.99 g, 6.12 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (88
mg, 0.076 mmol, 0.05 equiv) in DME/water 1:1 (40 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 4:1) to give 0.33 g (1.07 mmol/ 70 %) of the
analytically pure compound (purity: 96.89 %). C1sH16N203; MW 308.34; mp: 174-176 °C; H
NMR (500 MHz, DMSO-ds) § 9.78 (s, 1H), 8.51 — 8.45 (m, 2H), 7.45 (d, J = 5.0 Hz, 1H), 7.03
(d, J =8.2 Hz, 2H), 6.72 (d, J = 8.3 Hz, 2H), 6.69 — 6.65 (m, 2H), 3.27 (s, 3H), 2.20 (s, 3H);
13C NMR (126 MHz, DMSO-ds) & 158.04, 157.97, 155.33, 148.91, 148.61, 145.36, 144.53,
139.93, 125.87, 125.56, 120.25, 119.18, 115.56, 104.77, 37.07, 16.42; MS (ESI): 309.14
(M+H)*,

5-bromo-N-(2-methylpyridin-3-yl)furan-2-carboxamide (27b). To a suspension of 5-
bromofuran-2-carboxylic acid (1.00 g, 5.23 mmol, 1 equiv), DCC (1.08 g, 5.23 mmol, 1 equiv),
DMAP (31 mg, 0.261 mmol, 0.05 equiv) in 40 mI DCM at 0 °C 4-methylpyridin-3-amine (0.565
g, 5.23 mmol, 1 equiv) was added. The mixture was stirred at room temperature overnight. The
mixture was quenched with water (50 mL) and extracted three times with ethyl acetate (3 x 30
mL). The organic layer was washed with water, dried over MgSO4, filtered and evaporated to
dryness under reduced pressure. The residue was purified by silica gel column chromatography
(dichloromethane/methanol 94:6) to give 1.3 g (4.62 mmol/ 88 %) of the analytically pure
compound (purity: 99.99 %). C11HsBrN2O2; MW 281.11; *H NMR (500 MHz, DMSO-ds) &
10.33 (s, 1H), 8.52 (dd, J = 5.2, 1.5 Hz, 1H), 8.12 — 8.06 (m, 1H), 7.58 (dd, J = 8.1, 5.2 Hz, 1H),
7.41 (dd, J = 3.6, 1.6 Hz, 1H), 6.88 (d, J = 3.5 Hz, 1H), 2.52 (s, 3H); MS (ESI): 280.94, 282.94
(M+H)".

5-bromo-N-methyl-N-(2-methylpyridin-3-yl)furan-2-carboxamide (27a). The title compound
was prepared according to method C using 5-bromo-N-(2-methylpyridin-3-yl)furan-2-
carboxamide (0.9 g, 3.2 mmol, 1 equiv), NaH (0.153 g, 6.4 mmol, 2 equiv) and iodomethane
(0.199 ml, 3.20 mmol, 1 equiv) in DMF (30 ml). The product was purified by column
chromatography (dichloromethane/methanol 97:3) to give 0.82 g (2.77 mmol/ 86 %) of the
analytically pure compound (purity: 95.81 %). C12H11BrN2O2; MW 295.14; 'H NMR (500
MHz, DMSO-dg) 6 8.53 — 8.48 (m, 1H), 7.74 (dd, J =7.9, 1.7 Hz, 1H), 7.35 (dd, J = 7.9, 4.8
Hz, 1H), 6.53 (d, J = 3.5 Hz, 1H), 6.00 (d, J = 3.1 Hz, 1H), 3.24 (s, 3H), 2.31 (s, 3H); MS (ESI):
294.97, 296.98 (M+H)".

5-(4-hydroxyphenyl)-N-methyl-N-(2-methylpyridin-3-yl)furan-2-carboxamide (27). The title
compound was prepared according to method D by the reaction of 27a (0.6 g, 2.03 mmol, 1
equiv) and (4-hydroxyphenyl) boronic acid (0.42 g, 3.04 mmol, 1.5 equiv) in the presence of
cesium carbonate (2.64 g, 8.12 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (117
mg, 0.101 mmol, 0.05 equiv) in DME/water 1:1 (40 ml). The product was purified by column
chromatography (petroleum ether /ethyl acetate 1:1) to give 0.466 g (1.15 mmol/ 74 %) of the
analytically pure compound (purity: 99.99 %). C1gH1sN2O3; MW 308.34; mp: 199-201 °C; *H
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NMR (500 MHz, DMSO-de) & 9.78 (s, 1H), 8.54 — 8.49 (m, 1H), 7.75 (dd, J = 7.9, 1.6 Hz, 1H),
7.37 (dd, J = 7.9, 4.7 Hz, 1H), 7.03 (d, J = 8.0 Hz, 2H), 6.71 (d, J = 8.2 Hz, 2H), 6.67 (s, 2H),
3.26 (s, 3H), 2.35 (s, 3H); 3C NMR (126 MHz, DMSO-ds) 5 158.04, 157.77, 155.82, 155.37,
148.20, 145.40, 138.94, 135.91, 125.58, 122.60, 120.25, 119.23, 115.55, 104.76, 36.82, 20.24;
MS (ESI): 309.11 (M+H)*.

4-methoxybenzohydrazide (31d).The title compound was prepared by refluxing methyl 4-
methoxybenzoate (1.00 g, 6.01 mmol, 1 equiv) with the mixture of hydrazine hydrate (2.91 ml,
60.17 mmol, 10 equiv) and methanol (15 mL) for 6 h. The excess hydrazine and methanol were
evaporated to give the crude product which was recrystallized from methanol to give 0.85 g
(5.11 mmol/ 85 %) of the analytically pure compound (purity: 96.49 %). CgH10N202; MW
166.18; 'H NMR (500 MHz, DMSO-ds) & 9.60 (s, 1H), 7.80 (d, 2H), 6.97 (d, 2H), 4.41 (s, 2H),
3.79 (s, 3H); MS (ESI): 166.80 (M+H)".

Ethyl 5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-carboxylate  (31c). A mixture of 4-
methoxybenzohydrazide (0.8 g, 4.81 mmol, 1 equiv), DIPEA (0.905 ml, 5.29 mmol, 1.1 equiv)
and DMAP (58 mg, 0.481 mmol, 0.1 equiv) was dissolved in DCM (20 ml) and treated with
ethyl 2-chloro-2-oxoacetate (0.592 ml, 5.29 mmol, 1.1 equiv) dropwise at 0 °C. The reaction
mixture was slowly warmed to room temperature and stirred overnight. Later, it was treated
with EtsN (0.671 ml, 4.81 mmol, 1 equiv) /TsCI (0.916 g, 4.81 mmol, 1 equiv) and stirred it
overnight. The reaction mixture was diluted with EtOAc/DCM and washed with water,
saturated aqueous NaHCOz and saturated aqueous NaCl. The organic layer was collected,
concentrated, and purified by column chromatography (petroleum ether /ethyl acetate 5:1) to
give 0.98¢g (3.94 mmol/ 82 %) of the analytically pure compound (purity: 94.79 %).
C12H12N204; MW 248.08; *H NMR (500 MHz, DMSO-ds) & 8.01 (d, 2H), 7.18 (d, 2H), 4.45
(9, J = 7.1 Hz, 2H), 3.87 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H); MS (ESI): 248.98 (M+H)".

Potassium  5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-carboxylate ~ (31b).  Ethyl  5-(4-
methoxyphenyl)-1,3,4-oxadiazole-2-carboxylate (0.9 g, 3.62 mmol, 1 equiv) was dissolved in
THF/EtOH (10 mL/5 mL) and treated with KOH (0.203 g, 3.62 mmol, 1 equiv) in H20 (1 mL)
at 0°C, the resulting mixture stirred for 2 h at 0°C. The product, Potassium 5-(4-
methoxyphenyl)-1,3,4-oxadiazole-2-carboxylate, precipitated out from the solution and was
separated by filtration and used for the next step without further purification to give 0.88 g (3.4
mmol/ 94 %) of the desired potassium salt. C1oH7KN204; MW 258.27; *H NMR (500 MHz,
Deuterium Oxide) ¢ 7.75 (d, 2H), 6.97 (d, 2H), 3.85 (s, 3H).

5-(4-methoxyphenyl)-N-methyl-N-(o-tolyl)-1,3,4-oxadiazole-2-carboxamide (31a). To a stirred
suspension of potassium 5-(4-methoxyphenyl)-1,3,4-oxadiazole-2-carboxylate (0.8 g, 3.09
mmol, 1 equiv) in acetonitrile (25 mL) at 0 °C, oxalyl chloride (0.471 g, 3.71 mmol, 1.2 equiv)
was added dropwise over 10 min. DMF (5 drops) was added to the reaction mixture, and
vigorous gas evolution was observed. The resulting reaction mixture was stirred for further 2 h
to form acyl chloride. The solvent was removed under reduced pressure. N,2-dimethylaniline
(0.386 ml, 3.09 mmol, 1 equiv) and DIPEA (1.37 ml, 7.72 mmol, 2.5 equiv) were dissolved in
DCM (25 mL) and added at 0 °C to the acyl chloride. The reaction mixture was stirred for 30
min at 0 °C, after which it was allowed to warm up to room temperature and stirred overnight.
The mixture was quenched with water (20 mL) and extracted twice with DCM (2 x 15 ml); the
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organic layer was dried over MgSO4, filtered and the solution was concentrated under reduced
pressure. The residue was purified by silica gel column chromatography (petroleum ether /ethyl
acetate 4:1) to give 0.7 g (2.16 mmol/ 70 %) of the analytically pure compound (purity: 99.99
%). C18H17N303; MW 323.35; 'H NMR (300 MHz, DMSO-dg) § 7.77 — 7.65 (m, 2H), 7.37 —
7.24 (m, 3H), 7.20 (td, J = 7.2, 6.7, 1.8 Hz, 1H), 7.16 — 7.04 (m, 2H), 3.85 (s, 3H), 3.33 (s, 3H),
2.27 (s, 3H); MS (ESI): 323.99 (M+H)".

5-(4-hydroxyphenyl)-N-methyl-N-(o-tolyl)-1,3,4-oxadiazole-2-carboxamide (31). The title
compound was prepared according to method E by the reaction of 31a (0.68 g, 2.10 mmol, 1
equiv) and BFz.SMe; (2.21 ml, 21.02 mmol, 10 equiv) in dichloromethane (50 ml). The product
was purified by column chromatography (dichloromethane/methanol 95:5) to give 0.5 g (1.61
mmol/ 77 %) of the analytically pure compound (purity: 99.00 %). C17H1sN303; MW 309.33;
mp: 210-212 °C; *H NMR (500 MHz, DMSO-ds) & 10.41 (s, 1H), 7.64 — 7.58 (m, 2H), 7.34 —
7.31 (m, 1H), 7.28 (ddd, J = 6.6, 3.7, 2.2 Hz, 2H), 7.23 — 7.17 (m, 1H), 6.93 — 6.85 (m, 2H),
3.33 (s, 3H), 2.26 (s, 3H); *°C NMR (126 MHz, DMSO-ds) & 164.01, 161.35, 157.24, 154.66,
140.91, 135.44, 131.02, 128.83, 128.79, 128.06, 127.10, 116.26, 112.90, 36.77, 17.03; MS
(ESI): ): 309.93 (M+H)".

Ethyl 2-(4-methoxyphenyl)oxazole-4-carboxylate (32c). A mixture of 4-methoxy benzamide
(0.6 g, 3.96 mmol, 1 equiv) and ethyl bromopyruvate (0.597 ml, 4.76 mmol, 1.2 equiv) was
refluxed in ethanol (40 ml) for 5 h. The solvent was removed under reduced pressure. The
residue was quenched with water, then extracted twice with ethyl acetate (2 x 15 ml). The
organic layers were combined, dried over magnesium sulfate and concentrated to dryness under
reduced pressure. The product was purified by column chromatography (petroleum ether /ethyl
acetate 3:1) to give 0.75 g (3.03 mmol/ 76 %) of the analytically pure compound (purity: 94.68
%). C13H1sNO4; MW 247.25; 'H NMR (500 MHz, DMSO-ds) & 8.85 (s, 1H), 7.94 (d, 2H), 7.10
(d, 2H), 4.31 (q, J = 7.1 Hz, 2H), 3.83 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H); MS (ESI): 247.98
(M+H)".

2-(4-methoxyphenyl)oxazole-4-carboxylic acid (32b). Ethyl 2-(4-methoxyphenyl)oxazole-4-
carboxylate (0.7 g, 2.83 mmol, 1 equiv) was dissolved in THF/EtOH (15 mL/7.5 mL) and
treated with KOH (0.158 g, 2.83 mmol, 1 equiv) in H2O (1 mL) at 0°C, the resulting mixture
stirred for 2 h at 0°C. The solvent was removed under reduced pressure. The residue was
quenched with water, acidified with 2 M HCI to pH 2 and extracted twice with ethyl acetate (2
x 10 ml). The organic layers were combined, dried over magnesium sulfate and concentrated to
dryness under reduced pressure. The product was purified by column chromatography
(petroleum ether /ethyl acetate 2:1) to give 0.45 g (2.05 mmol/ 72 %) of the analytically pure
compound (purity: 95.74 %). C11HoNO4; MW 219.20;*H NMR (500 MHz, DMSO-ds) & 13.09
(s, 1H), 8.77 (s, 1H), 7.94 (d, J = 9.0 Hz, 2H), 7.11 (d, J = 8.9 Hz, 1H), 3.84 (s, 3H); MS (ESI):
219.94 (M+H)".

2-(4-methoxyphenyl)-N-methyl-N-(o-tolyl)oxazole-4-carboxamide (32a). The title compound
was prepared according to method A and B using 2-(4-methoxyphenyl)oxazole-4-carboxylic
acid (0.4 g, 1.82 mmol), thionyl chloride (0.264 ml, 3.64 mmol) and DMF (5 drops) in toluene
(10 ml). The corresponding N,2-dimethylaniline (0.227 ml, 1.82 mmol) and EtsN (0.508 ml,
3.64 mmol) in DCM (10 ml) was added to the acyl chloride. The residue was purified by silica
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gel column chromatography (petroleum ether /ethyl acetate 2:1) to give 0.499 g (1.54 mmol/ 85
%) of the analytically pure compound (purity: 99.44 %). C1sH1sN203; MW 322.36; 'H NMR
(500 MHz, DMSO-dg) 6 7.70 — 7.64 (m, 2H), 7.46 (s, 1H), 7.35—7.25 (m, 2H), 7.28 — 7.21 (m,
2H), 7.05 - 6.99 (m, 2H), 3.79 (s, 3H), 3.24 (s, 3H), 2.17 (s, 3H); MS (ESI): 322.96 (M+H)".

2-(4-hydroxyphenyl)-N-methyl-N-(o-tolyl)oxazole-4-carboxamide (32). The title compound
was prepared according to method E by the reaction of 32a (0.45 g, 1.39 mmol, 1 equiv) and
BFs.SMe> (1.46 ml, 13.95 mmol, 10 equiv) in dichloromethane (30 ml). The product was
purified by column chromatography (dichloromethane/methanol 97:3) to give 0.31 g (1.00
mmol/ 72 %) of the analytically pure compound (purity: 99.91 %). C1sH1sN203; MW 308.34;
mp: 220-222 °C; *H NMR (500 MHz, DMSO-ds) § 10.10 (s, 1H), 7.60 — 7.54 (m, 2H), 7.38 (s,
1H), 7.35—7.25 (m, 2H), 7.28 — 7.21 (m, 2H), 6.82 (dd, J = 9.0, 2.5 Hz, 2H), 3.24 (s, 3H), 2.17
(s, 3H); *C NMR (126 MHz, DMSO-dg) § 160.93, 159.98, 159.96, 142.42, 140.37, 136.02,
135.51, 130.94, 128.35, 128.32, 127.86, 127.12, 117.15, 115.82, 36.49, 17.10; MS (ESI):
308.98 (M+H)".

2-(4-methoxyphenyl)thiazole-4-carboxylic acid (33b). The title compound was prepared
according to method D by the reaction of ethyl 2-bromothiazole-4-carboxylate (1.00 g, 4.23
mmol, 1 equiv) and (4-methoxyphenyl)boronic acid (0.965 g, 6.35 mmol, 1.5 equiv) in the
presence of sodium carbonate (2.24 g, 21.15 mmol, 5 equiv) and tetrakis(triphenylphosphine)
palladium (244 mg, 0.211 mmol, 0.05 equiv) in toluene/ethanol 1:1 (50 ml). The product was
purified by column chromatography (dichloromethane/methanol 90:10) to give 0.87 g (3.69
mmol/ 87 %) of the analytically pure compound (purity: 99.99 %). C11HoNOsS; MW 235.26;
H NMR (500 MHz, DMSO-ds) § 13.05 (s, 1H), 8.41 (s, 1H), 7.91 (d, 2H), 7.08 (d, 2H), 3.83
(s, 3H); MS (ESI): 236.00 (M+H)".

2-(4-methoxyphenyl)-N-methyl-N-(o-tolyl)thiazole-4-carboxamide (33a). The title compound
was prepared according to method A and B using 2-(4-methoxyphenyl)thiazole-4-carboxylic
acid (0.85 g, 3.61 mmol), thionyl chloride (0.524 ml, 7.22 mmol) and DMF (10 drops) in toluene
(20 ml). The corresponding N,2-dimethylaniline (0.45 ml, 3.6 mmol) and EtsN (1.00 ml, 7.22
mmol) in DCM (20 ml) was added to the acyl chloride. The residue was purified by silica gel
column chromatography (petroleum ether /ethyl acetate 3:1) to give 0.98 g (2.98 mmol/ 80 %)
of the analytically pure compound (purity: 98.76 %). C19H1sN20,S; MW 338.43; *H NMR (500
MHz, Acetone-ds) & 7.83 (s, 1H), 7.54 — 7.47 (m, 2H), 7.28 (ddt, J = 7.5, 1.4, 0.7 Hz, 1H), 7.22
—7.05 (m, 3H), 6.95 — 6.88 (m, 2H), 3.82 (s, 3H), 3.32 (s, 3H), 2.29 (s, 3H); MS (ESI): 339.05
(M+H)*.

2-(4-hydroxyphenyl)-N-methyl-N-(o-tolyl)thiazole-4-carboxamide (33). The title compound
was prepared according to method E by the reaction of 33a (0.650 g, 1.92 mmol, 1 equiv) and
BF3.SMe; (2.00 ml, 19.2 mmol, 10 equiv) in dichloromethane (40 ml). The product was purified
by column chromatography (petroleum ether /ethyl acetate 2:1) to give 0.359 g (1.1 mmol/ 57
%) of the analytically pure compound (purity: 99.99 %). C1sH1sN202S; MW 324.40; mp: 237-
239 °C; 'H NMR (500 MHz, DMSO-ds) & 9.97 (s, 1H), 7.81 (s, 1H), 7.40 — 7.34 (m, 2H), 7.30
—7.23 (m, 1H), 7.21 — 7.10 (m, 3H), 6.75 (dd, J = 9.0, 2.5 Hz, 2H), 3.26 (s, 3H), 2.22 (s, 3H);
13C NMR (126 MHz, DMSO-ds) & 165.68, 162.79, 159.52, 150.23, 143.44, 135.24, 130.51,
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128.00, 127.76, 127.54, 126.66, 123.85, 122.97, 115.66, 36.83, 17.40; MS (ESI): 324.94
(M+H)*.

2-(4-methoxyphenyl)thiazole-5-carboxylic acid (34b). The title compound was prepared
according to method D by the reaction of methyl 2-bromothiazole-5-carboxylate (1.00 g, 4.5
mmol, 1 equiv) and (4-methoxyphenyl)boronic acid (1.02 g, 6.75 mmol, 1.5 equiv) in the
presence of sodium carbonate (2.38 g, 22.5 mmol, 5 equiv) and tetrakis(triphenylphosphine)
palladium (260 mg, 0.225 mmol, 0.05 equiv) in toluene/ethanol 1:1 (50 ml). The product was
purified by column chromatography (dichloromethane/methanol 90:10) to give 0.89 g (3.78
mmol/ 84 %) of the analytically pure compound (purity: 94.68 %). C11HoNOsS; MW 235.26;
'H NMR (500 MHz, DMSO-ds) § 13.50 (s, 1H), 8.35 (s, 1H), 8.00 — 7.93 (m, 2H), 7.12 — 7.05
(m, 2H), 3.84 (s, 3H); MS (ESI): 236.01 (M+H)".

2-(4-methoxyphenyl)-N-methyl-N-(o-tolyl)thiazole-5-carboxamide (34a). The title compound
was prepared according to method A and B using 2-(4-methoxyphenyl)thiazole-5-carboxylic
acid (0.80 g, 3.4 mmol), thionyl chloride (0.493 ml, 6.8 mmol) and DMF (10 drops) in toluene
(20 ml). The corresponding N,2-dimethylaniline (0.424 ml, 3.4 mmol) and EtsN (0.95 ml, 6.8
mmol) in DCM (20 ml) was added to the acyl chloride. The residue was purified by silica gel
column chromatography (petroleum ether /ethyl acetate 4:1) to give 0.85 g (2.51 mmol/ 73 %)
of the analytically pure compound (purity: 95.60 %). C19H1sN20,S; MW 338.43; *H NMR (500
MHz, Acetone-de) 6 7.82 — 7.75 (m, 2H), 7.48 — 7.40 (m, 2H), 7.43 — 7.35 (m, 2H), 7.15 (s,
1H), 7.03 - 6.96 (m, 2H), 3.85 (s, 3H), 3.33 (s, 3H), 2.23 (s, 3H); MS (ESI): 339.05 (M+H)".

2-(4-hydroxyphenyl)-N-methyl-N-(o-tolyl)thiazole-5-carboxamide (34). The title compound
was prepared according to method E by the reaction of 34a (0.8 g, 2.36 mmol, 1 equiv) and
BF3.SMe; (2.48 ml, 23.6 mmol, 10 equiv) in dichloromethane (50 ml). The product was purified
by column chromatography (petroleum ether /ethyl acetate 3:1) to give 0.5 g (1.54 mmol/ 65
%) of the analytically pure compound (purity: 99.00 %). C1sH16N202S; MW 324.40; mp: 219-
221 °C; *H NMR (500 MHz, DMSO-dg) § 10.12 (s, 1H), 7.64 — 7.59 (m, 2H), 7.43 (dt, J = 8.8,
5.8 Hz, 2H), 7.37 (dd, J = 5.1, 2.3 Hz, 2H), 7.10 (s, 1H), 6.82 (dd, J = 9.1, 2.5 Hz, 2H), 3.27 (s,
3H), 2.16 (s, 3H); °C NMR (126 MHz, DMSO-ds) & 170.94, 160.22, 160.09, 146.43, 141.59,
135.98, 131.66, 131.36, 129.40, 128.99, 128.04, 127.89, 123.50, 116.00, 36.96, 16.88; MS
(ESI): 324.98 (M+H)".
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5.2.2 Representative H-NMR, ®C-NMR and MS

compounds 13, 17, 19, 33 and 37
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Compound 19
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Compound 37

LS
o~
w 6€L1— =
Tr———— u E9Te
0SWa 0§7— — Fed
S8'9¢
0SWA 10°6¢
- 0SWa 81°6€
Fa OSMA SE6E 4 i
OSWa 8968
[Tg—— T OSWA S8'6E \\
ol = OSWa 10°0%
|U )
e}
e} o o
-~ L2l

Hs f
N
0
CH,
T
5.0
f1 (ppm)
CHs
]
N
[}
CHy

80771
YOSZIAL
ey
vy
99221

(=}
Fe posz1
. S50
s £0T
Tieoe 0E'SET—
wn
iR
E661 SEEPT—
° 12051~
g0 FS £pIST—
o8
| 957791 —
© 8IHIT—

T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 {(ppm)

160




Supporting information 120

RT:0.00.1200 .ﬁ
78 N
20088
18000007 IV_VIS_1
v
18000003 ’”\Bfm
14000003 19103018
o707

12000009
=
2 1000000

8000003

000009

4000003

2000005

] 13 17 498 530 546 501 553 6.24 654 83
L L R R R AR R RN R R RS SR EEEEEEE s E e
00 05 10 15 20 25 20 LT 45 50 55 80 85 70 7TE 80 85 90 35 100 105 M0 M5 120
Time (min)
AB119-_191020130707 8481 RT: 787 AV 1 NL 481ET +
T: + ¢ ESI Q1MS [100.000-700.000]
40382

100+

804
L]
HEY
a
<
N
z4
]
&
« 0491

EY 40580

12592 18700 1!8|93 19295 22797 4091 27909 30087 324“9‘ 3972 3481 40214 1909 qaesp 4pess 475 B177H 3222 54912 554D SE890 B1IM4 LMD EEEE)  BH40E

I R B R R R R N RN NN RS EEEEEEEEEE
W 120 140 10 180 200 20 240 20 B0 W0 30 340 30 W0 40 40 440 450 480 GO0 G0 540 GE0 BB GO0 G20 B4 60 G0 TN
miz

5.2.3 Validation of drug-prodrug concept (compounds 16, 19, and
37)

To study the effect of the presence of an electronegative atom such as chlorine on the stability
of the sulfamate moiety, two compounds were studied 16 and 19, compound 16 contains
chlorine ortho to the sulfamate while 19 had its chlorine meta to it. It is expected that compound
13 (unsubstituted sulfamate) will be more stable than compound 19 (m-chloro sulfamate) which
in turn is assumed to be more stable than compound 16 (o-chloro sulfamate). Regarding 16, the
results revealed that it was completely hydrolyzed after 6 h incubation of 10 nM of it in
phosphate buffer. 50 % inhibition of 17p-HSD1 was reached quickly (below 1 h) and after 22
% of it converted to 4 (2.2 nM), see Figure 1. This is approximately equal to the cell-free 1Cso
of 17B-HSD1 for 4, which is 2.7 nM.
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Figure 1. Plots of percentage conversion of 16 to 4 and the percentage inhibition of 173-HSD1
at starting concentration of 10 nM of 16 in a cell-free system. Each point in the figure represents
mean value of two independent experiments each conducted in duplicates, standard deviation
less than 20 %.

However, in a cellular assay using T47D/DMEM, 16 hydrolyzes too quickly (Figure 2) to see
a steady rise in % inhibition because 4 is very potent in cellular systems with 5.2 nM ICs for
17B-HSD1. Also, T47D cells contain esterases that can accelerate hydrolysis of 16 to its
phenolic compound 4 (this may explain why it was more stable in phosphate buffer than in

T47D/DMEM).
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Figure 2. Plots of percentage conversion of 16 to 4 and the percentage inhibition of 173-HSD1

at starting concentration of 10 nM of 16 in a cellular system. Each point in the figure represents



Supporting information 122

mean value of two independent experiments each conducted in duplicates, standard deviation
less than 20 %.

During validation of the proposed drug-prodrug concept for dual inhibition of STS and 17p-
HSD1, the chosen prodrugs should ideally have suitable stability, but this was not the case with
16. Its instability compared to 13 could be explained by the ortho-chloro substituent to the
sulfamate group, which makes it more liable for hydrolysis. Compound 19 -with meta chlorine
to sulfamate moiety- was completely hydrolyzed to its phenolic derivative 7 in phosphate
buffer, after 12 h and in T47D/DMEM, after 9h. So, 19 showed an intermediate stability
between 13 (unsubstituted sulfamate) and 16 (ortho substituted sulfamate). 32.5 nM (50 % of
19) of 7 was reached after 6 h giving 50 % inhibition of 17B-HSD1 (cell-free I1Cso for 17p-
HSD1 of 7 equals 32 nM), see Figure 3. In a cellular assay, 50 % inhibition of 178-HSD1 was
reached after 45 % of 30 nM 19 was hydrolyzed to 7 to give 13.5 nM (cellular 1Cso for 17p-
HSD1 of 7 equals 14 nM), see Figure 4. In conclusion, the prodrug principle was validated, in
which the inhibition of 173-HSD1 was performed exclusively by the released drug upon
incubation of the prodrug in biological systems.

100
Cell-free

801 50% inhibition

Ve

S 50~
I
40 : e
30= 32.5 nM of cpd.7
20+ @ % inhibition of 173-HSD1
104 . -m % conversion of cpd.19
0 A/
o L B B o o L L e e |
0 5 10 15

Incubation time (hr)

Figure 3. Plots of percentage conversion of 19 to 7 and the percentage inhibition of 173-HSD1
at starting concentration of 75 nM of 19 in a cell-free system. Each point in the figure represents
mean value of two independent experiments each conducted in duplicates, standard deviation
less than 20 %.
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Figure 4. Plots of percentage conversion of 19 to 7 and the percentage inhibition of 173-HSD1
at starting concentration of 30 nM of 19 in a cellular system. Each point in the figure represents
mean value of two independent experiments each conducted in duplicates, standard deviation
less than 20 %.

Another example, thiazole 37 was less stable than the corresponding furan 13 in both cell-free
(% conversion of 37 to 33 = 65 % after 24 h) and cellular (% conversion of 37 to 33 =99 %
after 12 h) assays. Upon incubation of 75 nM of 37 in phosphate buffer, it had been noticed that
50 % inhibition of 17B-HSD1 had been attained when 50 % of 37 converted to 33 (37.5 nM) as
shown in Figure 5, and that is approximately equivalent to the cell-free 1Cso of 173-HSD1
inhibitor 33, which is 34 nM. Concerning cellular validation, starting concentration of 30 nM
of 37 gave 50 % inhibition of 17B-HSD1 after 42 % of it hydrolyzed to 33 (12.6 nM) as
illustrated in Figure 6, (cellular ICso of 33 =12 nM).
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Figure 5. Plots of percentage conversion of 37 to 33 and the percentage inhibition of 17p-HSD1
at starting concentration of 75 nM of 37 in a cell-free system. Each point in the figure represents
mean value of two independent experiments each conducted in duplicates, standard deviation
less than 20 %.
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Figure 6. Plots of percentage conversion of 37 to 33 and the percentage inhibition of 178-HSD1
at starting concentration of 30 nM of 37 in a cellular system. Each point in the figure represents
mean value of two independent experiments each conducted in duplicates, standard deviation
less than 20 %.
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5.2.4 Validation of drug-prodrug concept for compound 13 at
different starting concentrations
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Figure 7. Plots of percentage conversion of 13 to 1 and the percentage inhibition of 173-HSD1
at starting concentration of 100 nM of 13 in a cell-free system. Each point in the figure
represents the mean value of two independent experiments each conducted in duplicates,
standard deviation less than 20 %.
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Figure 8. Plots of percentage conversion of 13 to 1 and the percentage inhibition of 173-HSD1
at starting concentration of 500 nM of 13 in a cell-free system. Each point in the figure
represents the mean value of two independent experiments each conducted in duplicates,
standard deviation less than 20 %.
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Figure 9. Plots of percentage conversion of 13 to 1 and the percentage inhibition of 173-HSD1
at starting concentration of 750 nM of 13 in a cell-free system. Each point in the figure
represents the mean value of two independent experiments each conducted in duplicates,
standard deviation less than 20 %.
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Figure 10. Plots of percentage conversion of 13 to 1 and the percentage inhibition of 173-HSD1
at starting concentration of 75 nM of 13 in a cellular system. Each point in the figure represents
the mean value of two independent experiments each conducted in duplicates, standard
deviation less than 20 %.
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5.2.5 HEK-293 cell growth inhibition assay and cytotoxicity data

Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma) containing 10 %
fetal calf serum (FCS, Sigma). All cell media contained in addition penicillin G (final
concentration 100 U/mL) and streptomycin sulfate (final concentration 100 mg/mL) and were
maintained at 37 °C and 5 % CO> in a humidified incubator. Cells were seeded in 96-well
standard assay microplates at a density of 45000 cells per well, then allowed to adhere overnight
before compound addition. After 24 h, cells were treated with different concentrations of the
compounds (maximum concentration: 20 uM). Cells were incubated for additional 48 h at 37
°C, after which 20 uL of MTT reagent (prepared as 5 mg/mL phosphate buffer saline, PBS)
were added and then incubated for additional 1 h. After that, 100 uL of sodium dodecylsulfate
(SDS, prepared as 10% in 0.01-N HCI) were added and incubated for at least 2 h at 37 °C to
allow for cell lysis. Absorbance was then measured at a wavelength of 570 nm in a plate reader
(PolarStar, BMG Labtech, Freiburg, Germany). Tunicamycin was used as a positive control (50
% growth inhibition at 0.1 uM). Proliferation in the presence of the vehicle was arbitrarily set
to 0 % growth inhibition.

Table S1. Cytotoxicity data for sulfamates 13, 16, 19 and 37 and the conjugate phenols
1,4, 7 and 33.
Cpd Structure Cell Growth Inhibition at 20 pM [2!

13 Oy o 12.8 %

1 @ Lo 11.7 %

16 (:C‘, () 0SONHs 53.6%

4 @ [ on 54.6%

19 @CL [ 0SONH; 30.0 %

7 ©/\& [ on 25.1%

37 @ [~ D-osoam, 15.1%

33 ©/\,L W/ENS%QOH 25.9 %
[a1Mean value of at least two independent experiments, standard deviations less than 15 %
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