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Abstract

Designing novel inverse agonists of NR R@Rill represents a challenge for the pharmacaltic
community to develop therapeutics for treating imendiseases. By exploring the structure of NRs
natural ligands, the representative arotenoid tigeand RORs specific ligands share some chemical
homologies which can be exploited to design a nawelecular structure characterized by a
polycyclic core bearing a polar head and a hydrbghdail. Compound MG 27788], a
cyclopentala]phenantrene derivative, was identifeed lead compound which was chemically
modified at position 2 in order to obtain a smairary for preliminary SARs. Cell viability and
estrogenic activityf compounds/, 8, 19a 30, 31 and32 were evaluated to attest selectivity. The
selected7, 8, 19aand31 compounds were assayed in a Gal4 UAS-Luc co-tratisfesystem in
order to determine their ability to modulate R@Rctivity in a cellular environment. They were
evaluated as inverse agonists taken ursolic acidfasence compound. The potency of compounds
was lower than that of ursolic acid, but their edfty was similar. CompountBa was the most

active, significantly reducing RGQRactivity at low micromolar concentrations.
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1. Introduction

Nuclear receptors (NRs) form a family of transaédptfactors that are composed of modular protein
structures with DNA- and ligand-binding domains [@#and LBDs). The DBDs confer gene target
site specificity, whereas LBDs serve as controltaas for NR functionln each case the overall
fold of the LBD is conserved and the ligand is babw@mtirely within the protein, completing the



core as the protein refolds around it.was shown that despite the chemical diversitthe natural

nuclear receptor ligands, their volumes are higolyserved.
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Figure 1. The natural ligands of nuclear receﬁtors

For many NRs, both endogenous and synthetic sn@éaule ligands bind to small pockets within
the LBDs, resulting in conformational changes tlegfulate transcriptional activity. This property
of NRs has proven to be a rich source as targetsldeeloping of therapeutics for a myriad of
human diseases, ranging from inflammatory diseas®b cancer to endocrine and metabolic
diseases.

The retinoic acid nuclear receptors subfamily idelsi RAR, RARB and RAR and it is
evolutionarily closed to the retinoic acid receptelated orphan receptors subfamily, which is
constituted by RO ROR3 and ROR or RORc. RORt is a splice variant of RORand is
encoded by a single gene called RORc. RO&selectively expressed in thymocytes (T celis)
appears to drive the activation and differentiadrCD4+ and CD8+ cells into IL17-producing T
helper cells (§17) and cytotoxic T cells (Tcl7).4I7 and Tcl7 are effector cells that promote
inflammation, adaptive immunity, and autoimmunity producing IL17 and other inflammatory
cytokines such as IL21. Both synthetic and putagwelogenous agonists of R@Rhave been



shown to increase the basal activity of R@&hhancing 17 cell proliferation. Among the various
transcriptional regulators RQRs a uniquely tractable drug target for manipulgtiTy17 cell
development and function in the context of autoimmuliseasesThe RORt LBD is an ideal
domain to target via small molecules. Small molesubrgeting RORs come in at least two types:
inverse agonists, which block ROR-dependent trgptsmnal activity; and agonists, which enhance
the transactivation of RORs.
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Since the discovery of the first small molecule 00817%° (Table 1), many ROR ligands with
agonistic and inverse agonistic activity have baisnlosed in the literature*°Using the T0901317
scaffold as a lead compound, a series of synth@&y inverse agonists have been developed,
including SR1001, SR1555, and SR2211 Some structurally complex natural products, sush a
digoxin and ursolic acid have also been reportedetdROR inverse agonistS;*°*Dan Littman’s
group, who discovered the crucial role for R@i Tyl7 cells, identified the cardiac glycoside
digoxin as a specific inhibitor for RGR transcriptional activity using a chemical library
screening® They confirmed that digoxin inhibited murineyd7 cell differentiation without
affecting other T cell lineages, and it was efintien a mouse EAE model. Digoxin was also
identified in a random screening campaign, as dmbitor of mouse and humanyI7 cell
differentiation, and the crystal structure of thBL of ROR#t in complex with digoxin at 2.2 A°

resolution has been solved. (Fig. 2)*’

Figure 2. Digoxin binding mode in the R@Rigand binding domairy’

Ursolic acid, another natural produgtas also found in a compound library screening ms a
inhibitor of ROR.*® Importantly, both digoxin and ursolic acid have leisterol-like chemical

structures, which might account for their similatian on the NR.



Recently, a team at Genentech identified N-isobutly((5-(4-(methylsulfonyl)phenyl)thiophen-2-
yl)methyl)-1-phenylmethanesulfonamide as a ROiRverse agonist via a biochemical screening
campaigrf’ Although the development of R@Rinverse agonists has shown significant promise,
?L22the development of new R@Rselective modulators with therapeutic potentidil ®mains an
urgent need.

Wang et af® first reported that the natural products:-tydroxycholesterdl and 24S-
hydroxycholesterdf were inverse agonists (i.e. functional antagohistsRORx and ROR that
suppressed transcriptional activities in hepatacy@xysterols are well known natural ligands for
the related NR including the liver X receptor (LXR)erefore their interaction with the LBDs of
RORs was not surprisirf§.Most small molecule inhibitors and drugs are basedyclic systems,
which leads to a stiffening of the molecule, rasglin enhanced target affinity due to less entropy
loss upon binding. The structural homology of NRggested to evaluate ligands for other class of
receptors as possible cognate compounds that omgbytmodified could switch their target classes

becoming specific RARS/RORS agonists or inverseistm

1.1 Designing a lead compound

Very recently, the authors were involved in expagdiheir research in the field of inflammatory
and auto-immune diseases, by modulating the agtigit NRs. Looking through the NRs
superfamily and the chemical variety of the ligarsdaffolds (polyenes, polycyclic compounds,
aromatic or aliphatic rings, eicosanoids, farnesoakysterols, and tryptamine) (Figure 1), it could
seem very unlikely that a novel R@kverse agonist lead candidate could be desigiedever,
the authors decide to explore the possibility tgea ROR/ receptor with a novel lead candidate,
characterized by a cyclopenta[a]phenantrene scafidie design of a novel R@Rverse agonist
lead candidate was rationalized by means of atstreidased approach founded on hybridization of
chemical structures, which mix the features of R@&ural ligands (cholesterol-like derivatives,
digoxin, ursolic acid) with the features of repms¢ive arotenoids (Figure %) This choice was
made because RARs and RORs receptors are evotiijariased and shared sequence homofbgy.
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Figure 3. Arotenoids selective ligands



The envisaged novel RORs inverse agonist may rdsent conceptually defined by the following

attributes:

1) A central polycyclic fused structure is presenbther natural ligands of different classes of
NRs assuring a suitable molecular volume to futfié LBD of the ROR receptors. The
conservation of volumes among the natural liganideuzlear receptors is likely to be a
useful criterion in the design of high-affinity dogs? It serves as a linker and supporting
structure for the other fundamental chemical fuordi necessary for delivering the

biological activity of the compound.
2) An aromatic ring as usually represented in arowsioi

3) A large lipophilic scaffold (cyclic, polycyclic opoly methylated scaffold) mimicking the
cyclic RA function or other bulky substituents cected to the polycyclic linker

4) A polar terminus corresponding to or mimicking tRA& and ursolic acid acidic function

(COOH or any of the known bioisosters or derivagjve
5) A hydroxylic function, as represented in arotenpa®lesterol-like ligands and ursolic acid

The molecular structure of a lead compound mighhbkdetracycle MG 2778 as shown in Figure 4:

linker

O
bulky lipophilic “ polar terminus
DO

HO
hydrogen bond vl I—,

donor aromatic ring

Figure 4. Lead structure of MG 2778. The molecukn doe divided into three parts: an acidic head, a
cyclopentafa]phenantrene backbone, and a lipoptailic The activity was investigated after struelumodification of

lipophilic group.

The early objective was to develop an efficienttegtic path for obtaining the proposed compound
as described in Figure 4 (MG 2778). MG 2778 is dapenta[a]phenantrene derivative bearing an
adamanthyl group at 2 position. This large groupasition 2 was placed also because it was found
to be effective in reducing hormonal effects ofr@s¢ and estradiol analogs in non-feminizing
neuroprotective agents and so preventing estragmaptor binding® It also has an-B-unsaturated
carboxylic group at 16 and a phenolic hydroxyl asipon 3. Next, with the aim to obtain
preliminary SARs, a small series of analogs modifi position 2 of the polycyclic nucleus with



groups other than adamanthyl but maintaining theplilic and bulky features was planned, since a
suitable substitution at this position is considesgnificant for giving selectivity. To synthesi2e
substituted analogs we adopted methods such adeFfgafts alkylation, acylation and Suzuki-
Miyaura cross-coupling reactions on aromatic ri@gk compounds@, 8, 193 30-32) were tested
for cytotoxicity and estrogen receptor activity.elselected four non-cytotoxic compounds §,

194 31) were assayed in a Gal4 UAS-Luc co-transfectiiesy in order to determine their ability
to modulate ROR activity in a cellular environment. They were kxded as inverse agonists
taken ursolic acid as reference compotfhéResults from the synthetic work and preliminary

biological evaluation are reported.

2. Results and Discussion

2.1 Docking simulations of MG 2778 (8) in RO LBD

We further employed molecular modelling analysisitaulate MG 27788) binding in the ROR
binding pocket. We selected the crystal structdir@©@Ryt in complex with one of the best-known
inverse agonists, digoxin (PDB code 3BO¥/Computer docking simulation of compouBdvas
performed using Maestro 10.5 Glide software SPigi@T

Figure 5 shows the binding mode of the most fawyrese of compoun8 in the presumptive
binding site in comparison with digoxin. We fourt compound could be readily accommodate
in the pocket. Moreover, ROR shows a binding pocket mostly characterized bgréyhobic
residues (Leu-287, Leu-292, Trp-317, Cys-320, A24;3Ala-327, Val-361, Met-365, Ala-368, Val-
376, Phe-377, Phe-378, Phe-388, Leu-396) which esigga binding interaction mode mainly
characterised by hydrophobic interactions. No direteraction between compourl and the
residues responsible for digoxin binding was folmhHowever, even if the molecular volume of
compoundd is smaller than that of digoxin, it is possiblattthe bulky substituent in position 2 of
the cyclopenta[a]phenanthrene core (which occupiegposition of the first sugar ring in digoxin)
might be sufficient to disturb the polar interaogoobserved in the agonist-bound RORBD,
involving His-479, Tyr-502 and Phe-506 which wouteé important to stabilize the active

conformation of helix H12>’



Figure 5. Comparison of the crystallographic sutetof digoxin (in orange) in complex with R@Rigand binding
domain (Protein Data Bank code 3BOW) and the erieedly most favourable pose of compouidin green) obtained

by molecular docking simulation. Hydrophobic residare shown in white. Hydrogen atoms are omitted.

2.2 Chemistry

The synthetic work has been organized into fouesws that describe the optimized synthetic
pathways as a result of trials to improve yieldd parity of reaction products. The schemes report
the routes carrying to final compounds for the bgsts of which the pre-formed polycyclic scaffold
3-hydroxyestra-1,3,5(10)-triene-17-one (estrone3 s&lected as starting material. In all cases, the
early protection of phenolic OH was necessary &v@nt unresolvable mixtures formation along
the pathway. Schemes 1 and 2 describe two alteenatutes to obtain compoudd(named MG
2778) by performing the same reactions in a diffeader. For this purpose, intermedidtevas
obtained from the starting commercial estrone kylating with CH;l in the presence of BNI and
NaOH 10% in CHCIl, at 70° C (99% vield}® As previously reporte®f, compoundL was submitted

to a Friedel-Crafts reaction conducted with adammambl, BF; Et,O in hexane for 4 h. The reaction
proved to be highly region-specific yielding onliget 2-adamanthyl substituted compoud
(95%yield). The following 16-C methoxycarbonylatioeactiori® was carried out with dimethyl
carbonate, NaH at refluxing (85° C) for 3h yieldiogmpound3 (yield 93%). In order to form the
16-17 double bond, at first the 17-carbonyl growgsweduced to secondary alcodly a chemo-
selective reaction with NaBFf in a mixture of THF/CHOH 9:1 for 1 h at room temperature (yield
90%). The obtained alcohat was mesylated with MsCl in anhydrous £&H*? giving the
intermediate ester 17-methylsulfon&tevhich by treatment with DBU in benzéAdor 6h at 60°C
and after Flash Chromatography purification, fumeis the precursor intermedi&@¢€60% yield).



The last step to produce the designed comp@uwvds attempted with various hydrolytic methods
and most of them failed. Among all, the treatmeithwMeOH, NaOH 2M, in CKCI,* for 96 h
gave the acid derivativé by 95% yield and only the method involving the o§&laSCH in NMP

at refluxing for 9f* was successful in giving the desired compo8mdth a yield of 56%.

Scheme 1. Synthesis of compouhd
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Reagents and conditions: a) §HBu;N+I-, CH,Cl,, NaOH 10%, ref., 3h, 99%; b) 1-adamantanol;BBJO, hexane,
4h, 95%; c) GHgOs, NaH, ref., 3h, 93%; d) NaBHTHF/CH,OH 9:1, 1h, 90%; e) MsCI, B, anhydrous CkCly; f)
DBU, GgHg, ref., 6h, 60%; g) NaOH, MeOH, G8l,, 96 h, 90%; h) NaSCHNMP, ref., 9h, 56%.

In scheme 2, the route to compouhdas set up in an attempt to improve the work upeattion
mixtures. Indeed, through the previous reactionses® 1, with compounds bearing the 2-
adamanthyl substitution the procedure resultedcditf Thus, the adamanthyl moiety was inserted
at the end of the pathway. Henceforward, compoundwvas transformed into the 16-
methoxycarbonylated derivativ@&® (93%) that was reduced to the 17-hydroxylic deiweal0™
(60%). Then, the last was mesylated to compodddand this reacting with DBU produced the
precursor compounti2®? (84%) showing the 16-17 double bond. At this poihe introduction of
the adamanthyl group again produced only compdubdt unfortunatelywith low yields (12%)°
Evidently, the presence of the 16-17 double bordgked the formation of byproducts in the F-C
reaction. Following, compounti3 gave the described adsdby reacting with NaSCHand NMP at
reflux.3* Accordingly, by comparing the two synthetic patlygiéscheme 1 and 2), it was concluded
that by the pathway in scheme 2 the scope to ffatglthe synthetic work was achieved, but despite



the laborious work up, the pathway in scheme 1wakoubtedly the more advantageous because of

the higher yields.

Scheme 2. An alternative pathway for the synthelscompound
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Reagents and conditions: ayHgOs, NaH, ref., 3h, 95%; b) NaBH THF/CH,OH 9:1, 1h, 60%; c) MsCI, B,
anhydrous ChkCl,, 84%; d) DBU, GHs, ref., 6h, 99%; e) NaOH, MeOH, GEl,, 96 h, 90%; f) 1-adamanthanol,
BF3Et,O, hexane, 4h, 12%; g) NaSgHNMP, ref., 5h, 32%.

Next, in view of the synthesis of various 2-sulogéiti analogs oB, the synthetic work has
proceeded with an assessment of the reactivity-miethoxylated estrong towards the Friedel-
Crafts (F-C) acylation and the Suzuky-Miyaura (S-dpss-coupling reaction. For this purpose,
following the above useful pathway and carrying th& same kind of reactions as in scheme 1,
scheme 3 describes the synthesis of 2-benzoyl-congp@4. The 3-methoxy-estron& was
submitted to the F-C reaction with benzoyl chlorici¢he presence of Algin CH,CI, at 0°C for 3
h3° In this case, a mixture of three compounds wasioed that were separated by Flash
Chromatography. As expected, due to the more elecich position 2, the 2-benzoyl-3-methoxy-
derivative 14a wasretrieved in greater amount (58%), the 4-benzoythaey isomerl4b (31%)
and in lesser amount the 2-benzoyl-3-hydroxy déxiealdc (2%). The last formed due to the
demethylating property of reaction conditions. Comnpd 14a was then transformed into the 16-
methoxycarbonylated derivativies (33%)° before being selectively reduced to the 17-hydioxy
compoundl16 by NaBH, (97%)3! This compound was first mesylateti7( 17-OSQCH3)*? and
thereafter by treatment with DBU, compouf8l (17-H)** showing the 16-17 double bond, was
obtained (21%). Finally, compouri8 was reacted with NaSGHn DMF** for 1 h whenat this
time the starting compound disappeared on mongdhe reaction progress by TLC. After work-up
of the reaction mixture, the raw material was pedfby Flash Chromatography giving three



compounds, identified ak9a, b and c. Unfortunately,the desired compountQa was present in
lesser amount (25%)9b (37,5%) andl9c (37%). The different reactivity of benzoyl compadui8

in comparison with compoun@ (schemes 1 and 2) towards NaSGtas not been understood. In
this case, the F-C acylation reaction of 3-methestrone, as for some reported alkylatfoother
than with adamanthanol, was proved not to be afsgecific reaction. Therefore, it is possible to
conclude that the lack of region specificity of Fa€ylation towards position 2 together with the
low yields of compoundl9a might represent a drawback for the future synthedi novel 2-

substituted analogs.

Scheme 3. Synthesis of compourtd
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14b (4-Boyl, 3-MeO)
14c (2-Boyl, 3-OH)

Reagents and conditions: a) benzoyl chloride, Al@hhydrous DCM, 3h, 91%; bkEs0s, NaH, rif., 3h, 31%; c)
NaBH,, THF/CH;OH 9:1, 0.5 h, 94%; d) MsCI, i, anhydrous CkCly; €) DBU, GHe, rif., 5h, 21%; f) NaSCH]
DMF, 1h., 63%.

It is known that the Suzuki-Miyaura cross-coupliegctiori® is a robust method to obtain a variety
of aromatic derivatives because of the large amaintommercially available boronic acids,

therefore it was planned to study also the postiliid obtain novel 2-substituted analogs by this
kind of cross-coupling. In scheme 4, the synthesithree novel 2-substituted compounds by this

method is reported.

Preliminary results suggested an optimal pathwagre/ithe starting estrone was protected as
benzyl ether, easily removable later in the pating compound20 (BzCl, BuNI) (99%Y? that
was then transformed into the 16-methoxycarbonglderivative21, as before (81%Y This was

first selectively reduced with NaBHo the corresponding alcoh2® (68%)3' After mesylation of



17-hydroxy @3) and the next treatment with DBU, compoutdiwas obtained (54%). In previous
experiments it was seen that as for 3-methoxy camgd?, also the 2-benzyloxy derivativai
resulted not to be a suitable intermediate fornatlon step. Thus, compou2@ was catalytically
reduced (Pd/C 10%, #f" producing the 2,17-dihydroxylic derivatias (93%) that was submitted
to the successful iodination to compou@é with NIS, (CRESOs)sln in CHCN for 8h3®
Bromination had previously been carried out on 3hoey-estronel (scheme 1) but it was slightly
region-selective (data not shown) and mainly witl 2-Br-derivatives the cross-coupling did not
take place later in the synthesis. The iodinatibieanpound25 with NIS yielded the desired 2-
iodinated produc6 (51%) and a little amount of 4-iodinated and 2 idinated as deduced from
'H NMR spectrum of the reaction mixture. Thereféoeljnating with NIS and (C§50s)sIn proved

to be more region-selective compared with the othethods carried out (data not shown). It is
worth to underline that the chromatographic puaificn of 26 in presence of other two iodinated
compounds was only feasible when the two phenohd alcoholic hydroxyls were free.
Unfortunately, for compound26 16-17 double bond formation was no longer possible
Preliminarily, the S-M cross-coupling reaction adngpound26 was accomplished with three
boronic acids of different hindrance and followitvgp different methods: conventional synth&sis
and MW added organic synthe&isThe first one provided only complex mixtures, wehihe second
one was found to be successful due to the follovadgantages: shorter reaction times, higher
yields, less by-products and thus easier to progesdures. After flash chromatography
purification, compound&7-29were obtained in good yields 26%, 33%, 42%, rebpay.

Finally, the three methyl este§-29 were transformed into the corresponding acidsréagtinent
with MeOH-NaOH 10% giving the compoun@® (99%), 31 (98%) and32 (97%)° For all the
synthesized compounds, complete characterizatianoaeied out by mono-dimensiorfal- **C-
and bi-dimensional HSQC, HMBC and COSY NMR expenise



Scheme 4. Synthesis of compoul@s32
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Reagents and conditions: a) BzCl,,Ril", CH,Cl,, NaOH 10%, rif., 3h, 99%; b) #8¢0s, NaH, rif., 3h, 31%; c)
NaBH,, THF/CH,OH 9:1, 1h, 68%; d) Pd/C, HEtOAc, r.t., 8h, 93%; e) NIS, (GED;)sln, CH:CN, 8h, 51%; f) 1.
C1,H1:BO,, Pd(PPH),, K,CO5, CHgO,, MW (160° C), 30 min, 33%; 2. Pd(PHh K.COs, CHgO,, MW (160° C), 30
min, 42%; 3. GH,BO,, Pd(PPk)4, K,COs, CHgO,, MW (160° C), 30 min, 26%; g) MeOH, NaOH 10%, fif), 99%.

Furthermore, it is noted that the synthesis desdrib scheme 4, despite the successful S-M cross-
coupling on the iodinate@6, presents a strong restriction due to the impralkity to obtain the
designed compounds with 16-17 double bond. Indeetination reaction with NIS didn’t work
with compoundsl2 and 24 and additionally the chromatographic purificatiohthe 2-iodinated
derivative was achievable only with the di-hydragydompound26 that however was not suitable

for the removal of 17-alcoholic OH by the methodaded before.

2.3 Biology
2.3.1 Effect of compounds 7, 8, 19a, 30-32 on cadbility.

In order to verify whether the synthetic R@Rnverse agonists had any effect on cell growtth an
survival, MTT assay was performed on HepG2 cells.shown in Figure 6, compouri®a was
found to be toxic at the highest concentrationtete@5uM, p<0.01vs vehicle; 50uM, p<0.001vs
vehicle), whereas compound@@ and32 caused a significant decrease of cell viabilitgreat lower
concentrations. No cytotoxic effects were obsereed after incubation of HepG2 cells with

compound¥, 8and31
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Figure 6. Cell viability assay on HepG2 cells treated witle synthetic compoundg 8, 19aand 30-32, reported as
percentage of viable cells with respect to conttrehted with medium. Results are mean + SEM. * @50** p<0.01

and *** p<0.001 vs vehicle, one-way ANOVA followdsy Dunnett post hoc test. Three independent expgerisnwere
performed in quadruplicate.



Table 2. Structure of compounds tested for cytotoxic ancbgsiic activity

Compound Structure Formula MW
7 C3oH3503 446.62
8 CooH3603 432.27
19a Co6H2604 402.18
30 CaiH3204 | 468.59
31 C31H3005 482.57
32 CosHog04 | 392.49

2.3.2 Estrogenic activity of the synthetic compourgl7, 8, 19a and 30-32.

Estrogenic activity of the novel steroidal composiig8, 19aand30-32was evaluated because of
the molecular structure being derived from estran&nown estrogenic agent. Real time PCR
analysis was performed on RNA extracts from anogsin-receptors (ERs) expressing cell line
(MCF-7). Cells were treated with the compoundsriteo to test whether the expression of GREB1
and CXCL12, two target genes for ERs, was alteFégglire 7 shows that the expression of both
GREB1 and CXCL12 was increased by compo8rid<0.05 and p<0.001 for GREB and CXCL12
MRNA expressionvs vehicle, respectively)30 (p<0.001 for GREB and CXCL12 mRNA
expressionvs vehicle),31 (p<0.001 for GREB and CXCL12 mRNA expressi@vehicle) and32



(p<0.001 and p<0.05 for GREB and CXCL12 mRNA expi@svs vehicle, respectively), while

neither compound nor 19adisplay any estrogenic activity.
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Figure 7. Gene expression of GREB1 (A) and CXCL12 (B) in MCEells treated with the synthetic compoufds,
19a and 30-32 All the compounds were tested at 2 puM concewnatResults are mean = SEM. * p<0.05 and ***
p<0.001 vs vehicle, one-way ANOVA followed by Dutin@ost hoc test. Three independent experiments wer

performed in triplicate.

2.3.3 Evaluation of inverse-agonist activity of copounds 7, 8, 19a an@1 on RORyt

Based on the MTT assay results, where compound$and 31 did not display any cytotoxic
activity, and compoundl9a was cytotoxic only at the highest concentratio8-50 uM),
compounds?, 8, 19aand 31 were selected for evaluating their ability to madal the in vitro
RORMt activity in a cellular environment by means dBal UAS-Luc cotransfection system taken
ursolic acid as reference compound. Since the absgfin vitro cytotoxicity at low concentrations

is a promising feature for candidate drugs desidaoetifetime lasting diseases such as autoimmune



diseases, no further in vitro characterization36fand 32 was performed. To ascertain whether
HEK-293 cells had been successfully transfected tieé plasmids, ROR protein expression was
evaluated by means of Western Blot analysis. Asvehio Figure 8, the cells transfected with all
three plasmids (RORGal4, UAS-Luc, NanoGlo) express R@Rwhereas the cells transfected
with the plasmids UAS-Luc and NanoGlo do not exprig® protein containing the R@RLBD.
Densitometric analysis confirmed that R@# not expressed in lanes 2 and 3 (Data not shown

RORyt - 55 kDa
GAPDH === 30

+ Ga RORYL LED
+ + - DAS-laciferase expression
+ + _  Manoluc reporter

Figura 8. Western blot analysis of RQR(58 kDa) protein in whole protein extracts of HR2K3 cells transfected with
Gal4-RORg LBD plasmid, UAS-luc and NanoLuc repogsmid (+) or not-transfected cells (-). GAPDF ({Da)
was used as loading control.

Figure 9 shows the ability of the tested compoundsecrease activity, as luminescence lessening,
at various concentrations. After 2M treatment only compound 19a displayed a slight bu
significant activity, at 3uM both compound8 and19adecreased activity in a significant amount,
at 10uM a dramatic decrease in R@Rctivity could be observed after addition for thié tested
compounds (p<0.001), and finally, at 20 all compounds showed an inhibitory effect compéra

to that of ursolic acid. Fig. 9 shows that compaid8, 19a and 31 displayed a concentration-
dependent activity. Extrapolated IC50 values warelar for compoundd9aand31 (4,4 uM and

4,7 UM, respectively), and increased for compoun@sd8 (6,8 and 6,5 UM, respectively). The
most relevant outcome of tievitro RORyt inhibitory activity by the selected compounds et
compound19a significantly reduced ROR activity at low concentrations (2-5 puM, p<0.95

vehicle).
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Figure 9. Evaluation of inverse-agonist activity of compourn®s8, 19aand 31 on RORt (A) and dose-dependent
efficacy (B). Results are mean A+ SEM. * p<0.05 &ftdp<0.001 vs vehicle, one-way ANOVA followed byunnett
post hoc test. Three independent experiments wefermed in triplicate.

2.3.4 Effect of compounds 7, 8, 19a and 31 on ogfcle distribution

In order to complete the characterization of theced synthetic compounds, we analysed their
effect on cell cycle distribution both in HepG2 aH&K-293 cells. Fig. 10 shows the effect of
compound¥, 8, 19aand31 on both cell viability of HepG2 and HEK-293 eithteasinsfected or not
with RORyt- Gal4 plasmid, and cell cycle distribution. Afnfirming the absence of cytotoxicity



of the selected synthetic compounds on both ce#sli we also demonstrated that cell cycle
distribution was not affected even after incubatiath the highest concentrations (10 and20)

tested previously (see Section 2.3.3).
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Fig. 10. Cell viability of HepG2 (left) and HEK-298ght) cells after incubation with compoundss, 19aand31 at 10
and 20uM. Below, cell cycle distribution analysis at 20M. The results are expressed as meaSEM. Three
independent experiments were performed in duplicate

2.4 Docking study of compound 19a

Compoundl9a was docked using the crystal structure of ROIR complex with digoxin (PDB
code 3BOWY." Computer docking simulation df9a was performed using Maestro 10.5 Glide
software SP precision. The most favoured posafFigure 11) in the presumptive binding site is
similar to the one found fa8 (Figure 5). Compound9a could be readily accommodated in the
pocket, but also in this case, no significant at8ons with residues responsible for digoxin
binding were found® Again, we can suggest the possibility that thesstient in position 2

(benzoyl group in this case), could perturb therimttions necessary for R@Ractivity.>*’
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Figure 11.Comparison of the crystallographic structure ofodig (in orange) in complex with RGRligand binding
domain (Protein Data Bank code 3BOW) and the ernieadly most favourable pose dfBa (in green) obtained by

molecular docking simulation. Hydrophobic residaes shown in white. Hydrogen atoms are omitted.

3. Conclusion

Looking the NRs natural ligands structure througdpresentative arotenoids ligands and RORs
ligands, by means of a structure-based approaatdémlion hybridization of chemical structures, a
lead compoun@® (MG 2778) was identified, synthesized and cherigabdified in order to obtain

a small series of novel steroidal compounds adm&OR inverse agonists. Docking simulations
of compounds8 and Ba into RORt LBD in complex with digoxin showed a potentiahiing
affinity.

The four non-cytotoxic compounds 8, 19a and31 were tested by means of a Gal UAS-Luc co-
transfection system taken ursolic acid as referamrepound, resulting to act as R@Rnverse
agonists in a dose dependent manner. Consideragg tpreliminary biological results, we can
propose that using the tetracycle scaffold is ar@piate approach for the further design of ROR
inverse agonists. Regarding the bound groups atad 16 positions, we can deduce that a bulky
alkyl or aryl group in the 2 position is necessargrder to reduce estrogenic activity, although lo
estrogenic activity is maintained in presence @ fitee 3-phenolic OH as for compouBdvith
respect to compound (3-OCHs). However, no estrogenic activity was observedctimpoundl9a
having the free 3-OH. In this case, we suggese#igtence of a H-bond, between the carbonyl of
the flexible benzoylic group and the phenolic Olkbldably, this event could hamper the interaction



of the OH itself at the ER, however, at the doclsimgulation ofl9ain RORyt LBD (Figure 10) we
didn’t see it. The polar terminus (16-COOH) is ess for activity while the 16-17 double bond
not as noted for compourgl that was active as well as compounds showing tubld bond at
that position. The potency of our compounds is lotlian that of ursolic acid, the strongest known
RORMt inverse agonist, but their efficacy is similan. particular, compound9a was the most
active, causing a significant reduction of R@Rctivity at low micromolar concentrations. From
the above considerations, we can conclude XBatmay represent a good candidate for further in
vitro and in vivo characterization and may serveaasseful tool for developing R@Rinverse

agonists.

4. Experimental section

Melting points were determined on a Buchi M-560 ikafy melting point apparatus and are
uncorrected*H NMR spectra were determined on Bruker 300 andMB@ spectrometers, with the
solvents indicated; chemical shifts are reported ifppm) downfield from tetramethylsilane as
internal reference. Coupling constants are giveheriz. In the case of multiplets, chemical shifts
were measured starting from the approximate celtregrals were satisfactorily in line with those
expected based on compound structure. Mass spseta obtained on a Mat 112 Varian Mat
Bremen (70 eV) mass spectrometer and Applied Biesys Mariner System 5220 LC/MS (nozzle
potential 140 eV). Column flash chromatography wasformed on Merck silica gel (250-400
mesh ASTM); chemical reactions were monitored bglyital thin-layer chromatography (TLC)
on Merck silica gel 60 F-254 glass plates. Microeasgsisted reactions were performed on a CEM
Discover® monomode reactor with a built-in infrareehsor assisted-temperature monitoring and
automatic power control; all reactions were perfedmn closed devices under pressure control.
Solutions were concentrated on a rotary evapornamoler reduced pressure. The purity of new
tested compounds was checked by HPLC using theiment HPLC VARIAN ProStar model 210,
with detector DAD VARIAN ProStar 335. The analysias performed with a flow of 1 mL/min, a
C-8 column of dimensions 250 mm X 4.6 mm, a patgike of 5 mm, and a loop of 10 mL. The
detector was set at 254 nm. The mobile phase d¢edsi$ phase A (Milli-Q HO, 18.0 MU, TFA
0.05%) and phase B (95% MeCN, 5% phase A). Graéietibn was performed as reported: 0 min,
% B ¥4 10; 0e20 min, % B ¥4 90; 25 min, % B ¥4 90n#6, % B ¥4 10; 31 min, % B % 10.

Starting materials were purchased from Sigma-Aldiand Alfa Aesar, and solvents were from
Carlo Erba, Fluka and Lab-Scan. DMSO was obtaimégd@rous by distillation under vacuum and

stored on molecular sieves.



Dulbecco's modified Eagle's medium (DMEM), was ol#d from Sigma-Aldrich ltaly (Milan,
Italy). Dulbecco's modified Eagle's medium (DMEMyas obtained from Sigma-Aldrich Italy
(Milan, Iltaly). Foetal bovine serum (FBS), glutamirand penicillin-streptomycin (pen-strep)

solutions were obtained from Gibco (Life Techno&sgitalia, Monza, Italy).

4.1 Synthesis

4.1.1 General procedure for the synthesis of of-protected estrone derivatives 1 and 20. As a typical
procedure, the synthesis of the-3-methoxy-estrareative is described in detail. A mixture of
commercial estrone (1.00 g, 3.70 mmol) and tetsdhotmonium iodide (0.068 g, 0.185 mmol)
was suspended in GHI, (18 mL). Methyl iodide (0.875 mL, 14.06 mmol) aad10% NaOH
solution (18 mL) were added. The mixture was refllxat 70°C for 3 h. The reaction was
monitored by TLC analysis (eluent chloroform/methia®5:5). At the end of the reaction, the two
phases were clearly transparent and were sepafidiecaqueous phase was extracted with@H
(30 mLx3)and the combined organic phases were washed witb, litried over sodium sulphate,
filtered and evaporated under vacuum to give aendolid product (1.045 g).
(8R,9S,13S,14S)-7,8,9,11,12,13,15,16-octahydro-3tmogy-13-methyl-6H-
cyclopentajg]phenanthren-17(14H)-one (1). Yield 99%; R = 0.88 (chloroform/methanol, 95:5);
mp = 177-178°C*H NMR (300 MHz, CDGJ): 6 0.84 (s, 3H), 1.49 (m, 1H), 1.50 (m, 1H), 1.52 (m,
1H), 1.53 (m, 1H), 1.61 (m, 1H), 1.65 (m, 1H), 1(&7, 1H), 2.05 (m, 1H), 2.09 (m, 1H), 2.27 (m,
1H), 2.42 (m, 1H), 2.51 (m, 1H), 2.53 (m, 1H), 2@8, 2H), 3.80 (s, 3H), 6.67 (d,= 2.73 Hz,
1H), 6.75 (ddJ = 8.61 Hz,J = 2.73 Hz, 1H), 7.23 ppm (d,= 8.61 Hz, 1H)*C NMR (75 MHz,
CDCl3): 6 13.86, 21.60, 25.94, 26.57, 29.68, 31.60, 35.83%8 43.99, 48.03, 50.43, 55.22,
111.59, 113.89, 126.35, 132.03, 137.77, 157.91,9226pm. HRMS (ESI-MS, 140 eV): m/z [M +
H*] calculated for GgH»s0,", 285.1855; found, 285.1865.
(8R,9S,13S,14S)-3-(benzyloxy)-7,8,9,11,12,13,15t6hydro-13-methyl-6H-
cyclopentajg]phenanthren-17(14H)-one (20). Compound20 was prepared as for compouhdby
reacting estrone (2.50 g, 9.25 mmol), tetrabutylamionm iodide (0.178 g, 0.462 mmol), benzyl
bromide (4.18 mL, 35.14 mmol) in a mixture of &H, /10% NaOH solution (45 mL each). After
the workup, the obtained residue was washed wittare to remove excess benzyl bromide
yielding 3.301 g of yellow solid. Yield 99%;:R0.38 (n-hexane/ethyl acetate, 8:2); mp = 128-
129°C;*H NMR (400 MHz, CDCJ): 0.91 ppm (s, 3H), 1.50 (m, 1H), 1.52 (m, 1H), 1(B8 1H),
1.56 (m, 1H), 1.62 (m, 1H), 1.65 (m, 1H), 1.99 (Hi), § 2.04 (m, 1H), 2.09 (m, 1H), 2.17 (m, 1H),
2.29 (m, 1H), 2.43 (m, 1H), 2.51 (m, 1H), 2.88 @Hl), 5.04 (s, 2H), 6.73 (d,= 2.7 Hz, 1H), 6.79
(dd,J = 8.6, 2.8 Hz, 1H), 7.20 (d,= 8.4 Hz, 1H), 7.34 — 7.29 (m, 1H), 7.40 — 7.35 §H), 7.45 —



7.41 ppm (m, 2H)**C NMR (101 MHz, CDGJ): § 13.89, 21.62, 25.95, 26.58, 29.69, 31.63, 35.90,
38.40, 44.04, 48.04, 50.47, 70.00, 112.42, 114198,37, 127.45, 127.88, 128.57, 132.36, 137.29,
137.82, 156.90, 220.94 ppm. HRMS (ESI-MS, 140 e¥lz [M + H'] calculated for GsH,q0,",
361.2168; found, 361.2149.

4.1.2 (8R,9S,13S,14S)-7,8,9,11,12,13,15,16-octaby2kadamantyl-3-methoxy-13-methyl-6i-
cyclopentajg]phenanthre ne-17(14H)-one (2). Into a two-necked 100 mL round-bottomed flask,
compoundl (1.08 g, 3.80 mmol) and 1-adamantanol (0.70 g, #6tbl) were placed and stirred
for 15 min in hexane at 0°C. Under Btmosphere, BFE,O (1.6 mL, 12.74 mmol) was added
dropwise with a syringe. The mixture was stirredadm temperature for 4 h. The reaction was
monitored by TLC analysis (eluent cyclohexane/etpgtate, 8:2). At the end of the reaction, the
mixture was transferred to a single-necked rountbbted flask and the solvent was removed
under vacuum. The obtained residue was treatedwatler to obtain a yellowish solid. The solid
was filtrated and dried overnight under vacuumieddyl1.55 g of yellow powder. Yield 95%; R
0.50 (cyclohexane/ethyl acetate, 8:2); mp = 253*CNMR (400 MHz, CDCJ): & 0.93 (s, 3H),
1.47 (m, 1H), 1.53 (m, 1H), 1.54 (m, 1H), 1.56 (thi), 1.64 (m, 1H), 1.65 (m, 1H), 1.76 (6H), 1.97
(m, 1H), 2.01 (m, 1H), 2.06 (m, 1H), 2.11 (3H), @208 (6H), 2.30 (m, 1H), 2.47 (m, 1H), 2.53
(m, 2H), 2.92 (m, 2H), 3.83 (s, 3H), 6.63 (s, 1A)8 ppm (s, 1H*C NMR (101 MHz, CDG): &
13.90, 21.61, 26.04, 26.63, 29.17, 29.30, 31.60023536.94, 37.16, 38.55, 40.79, 44.36, 48.08,
50.42, 55.03, 112.09, 123.68, 131.03, 134.72, 736.66.87, 221.12 ppm. HRMS (ESI-MS, 140
eV): m/z [M + H] calculated for GoH3¢0,", 419.2950; found, 419.2932.

4.1.3 (8R,9S,13S,14S5)-7,8,9,11,12,13,15,16-octaby2hbenzoyl-3-methoxy-13-methyl-H-
cyclopentajg]phenanthre ne-17(144)-one (14). In a dried round-bottomed flask, a suspension of
anhydrous Al (1.260 g, 9.453 mmol) in 15 mL of anhydrous £CH was prepared. The mixture
was cooled to 0°C and benzoyl chloride (0.880 mk7Z mmol) was added dropwise. The mixture
turned pink and was stirred for 1 h at room temijoeea After this period, the mixture was cooled
again at 0°C and then a solution of compoan(d.077 g, 3.787 mmol) in anhydrous &, (10
mL) was added dropwise. The reaction mixture turpetbw immediately and it was kept at 0°C
for all the duration. The progression of the reattivas monitored by TLC analysis (hexane/ethyl
acetate 6:4). At the end of the reaction, the susipa was poured into an ice/water mixture and it
was acidified with concentrated HCIl. The two phas&se separated: the aqueous phase was
extracted with ChLCl, and the resulting organic phase was washed withratatl sodium
bicarbonate solution, brine and dried over sodiwdplste. The mixture was filtered, and the
solvent evaporated under vacuum to yield 1.344 ghife solid. Yield 58%l4a 31% 14b, 2%;



14c R; = 0.49 (hexanelethyl acetate, 6:4); mp = 229 CNMR (300 MHz, CDCJ): § 0.91 (s,
3H), 1.45 (m, 1H), 1.49 (m, 1H), 1.50 (m, 1H), 185, 1H), 1.59 (m, 1H), 1.60 (m, 1H), 1.92 (m,
1H), 2.05 (m, 1H), 2.05 (m, 1H), 2.06 (m, 1H), 2(@5, 1H), 2.32 (m, 1H), 2.51 (m, 1H), 2.97 (m,
2H), 3.68 (s, 3H), 6.70 (s,1H), 7.30 (s, 1H), 77386 (m, 2H); 7.50-7.57 (m, 1H), 7.81 ppm (dd,

= 8.3, 1.3 Hz, 2H)!*C NMR (400 MHz, CDGCJ): 5 13.83, 21.56, 25.77, 26.40, 29.94, 31.45, 35.81,
38.26, 43.80, 47.94, 50.35, 55.64, 111.79, 126127,07, 128.08, 129.77, 131.98, 132.64, 138.20,
140.97, 155.54, 196.47, 220.60 ppm. HRMS (ESI-M&) &V): m/z [M + H] calculated for
Ca6H2903", 389.2117; found, 389.2212.

4.1.4 General procedure for the synthesis of derivatives (3,9,15,21). As a typical procedure, the
synthesis of the methyl 2-adamantyl-3-methoxy-1l®haaylate estrone derivativis described in
detail. Compound2 (0.640 g, 1.53 mmolvas suspended in dimethyl carbonate (11.2 mL, 132.9
mmol) and NaH (0.320 g, 13.33 mmol) was added. talgtic amount of CHOH was added. The
mixture was refluxed for 3h at controlled temperat(85°C). The reaction was monitored by TLC
analysis (eluent cyclohexane/ethyl acetate, 8:2YhA end of the reaction, the mixture was cooled
at room temperature and quenched withsGH (1 mL). The mixture was acidified with glacial
acetic acid and poured into water (150-200 mL). Huspension was stirred and once the
precipitate was formed, filtrated to obtain a yellprecipitate that was dried overnight under
vacuum to yield 0.511 g of yellow powder.

(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16, &¢adhydro-2-adamantyl-3-methoxy-13-
methyl-17-oxo0-61-cyclopentafg]phenanthrene-16-carboxylate (3). Yield 93%; R = 0.30
(cyclohexane/ethyl acetate, 8:2); mp = 180-1814€C:NMR (300 MHz, CDCJ): & 0.98 (s, 3H),
1.37 (m, 1H), 1.51 (m, 1H), 1.52 (m, 1H), 1.57 (b)), 1.63 (m, 1H), 1.65 (m, 1H), 1.76 (6H),
1.85 (m, 1H), 1.99 (m, 1H), 2.03 (m, 1H), 2.11 (3RY0-2.08 (6H), 2.29 (m, 1H), 2.44 (m, 1H),
2.88 (m, 2H), 3.21 (ddl = 9.9, 8.5 Hz, 1H), 3.76-3.79 (s, 3H), 3.80 (s),3161 (s, 1H), 7.14 ppm
(s, 1H); **C NMR (75 MHz, CDCJ): & 13.31, 25.90, 26.40, 29.17, 29.30, 32.50, 36.9098
37.16, 38.40, 40.79, 44.80, 47.87, 50.42, 52.501(455.03, 112.09, 124.20, 131.03, 134.72,
136.07, 156.87, 169.87, 212.05 ppm. HRMS (ESI-M&) &V): m/z [M + H] calculated for
Cz1H104", 477.3005; found, 477.3015.
(8R,9S,13S,14S)-methyl7,8,9,11,12,13,14,15,16,1Fattgdro-3-methoxy-13-methyl-17-o0xo-
6H-cyclopentaf]phenanthrene-16-carboxylate(9). Compound was prepared as for compound
3 by reacting compound (1.045 g; 3.674 mmol) with dimethyl carbonate (2682, 319 mmol)
and NaH (0.768 g, 32.01 mmol). Yield 93%;-R0.33 (hexane/ethyl acetate, 8:3:NMR (300
MHz, CDCk): 6 0.98 (s, 3H), 1.37 (m, 1H), 1.51 (m, 1H), 1.52 @H), 1.57 (m, 1H), 1.63 (m,



1H), 1.65 (m, 1H), 1.85 (m, 1H), 1.99 (m, 1H), 2@3 1H), 2.29 (m, 1H), 2.44 (m, 1H), 2.88 (m,
2H), 3.21 (ddJ = 9.9, 8.5 Hz, 1H), 3.76-3.79 (s, 3H), 3.80 (s),3467 (dJ = 2.73 Hz, 1H), 6.75
(dd,J = 8.61 Hz, 2.73 Hz, 1H), 7.23 ppm (&5 8.61 Hz, 1H).
(8R,9S,13S,14S)-methyl-7,8,9,11,12,13,14,15,16,&€alhydro-2-benzoyl-3-methoxy-13-
methyl-17-oxo0-61-cyclopentafg]phenanthrene-16-carboxylate(15). Compoundl5 was prepared
as for compoun@ by reacting compountl4 (1.259 g; 3.241 mmol) with dimethyl carbonate (23.7
mL, 281.5 mmol) and NaH (0.677 g, 28.23 mmol). Anoant of 1.290 g of a crude product was
obtained, and this was purified by silica gel flastumn chromatography (hexane/ethyl acetate) to
give 0.430 g of compountb. Yield 33%; R= 0.35 (hexane/ethyl acetate, 2:1); mp = 114°C;

'H NMR (400 MHz, CDCJ): & 0.99-0.96 (m, 3H), 1.40(m, 1H), 1.41 (m, 1H), 1(42 1H), 1.45
(m, 1H), 1.52 (m, 1H), 1.90 (m, 1H), 2.07 (m, 1B))7 (M, 1H), 2.24 (m, 1H), 2.26 (m, 1H), 2.27
(m, 1H), 2.91 (m, 2H), 3.22 (dd,= 9.9, 8.4 Hz, 1H), 3.68 (s, 3H), 3.77 (s, 3HY6(s,1H), 7.29
(s, 1H), 7.39-7.46 (m, 2H); 7.50-7.57 (m, 1H), 7@im (dd,J = 8.3, 1.3 Hz, 2H)**C NMR (101
MHz, CDCk): 6 13.27/14.34, 25.70, 26.31, 26.39, 30.05, 31.57/83137.82, 43.78, 47.82, 48.89,
52.61, 54.01, 55.62, 111.75, 126.49, 127.05, 1281@9.77, 131.75, 132.69, 138.14, 140.91,
155.54/155.56, 169.80/170.32, 196.48, 211.79 ppRMB (ESI-MS, 140 eV): m/z [M + B
calculated for GgHz10s", 447.2171; found, 447.2157.

(8R,9S,13S,14S)-methyl 3-(benzyloxy)-7,8,9,11,121815,16,17-decahydro-13-methyl-17-oxo-
6H-cyclopentaf]phenanthrene-16-carboxylate (21). Compound 21 was prepared as for
compound3 by reacting compoungd0 (3.301 g; 9.157 mmol) with dimethyl carbonate (&7roL,
795.46 mmol) and NaH (1.914 g, 79.78 mmol) to yi&lto4 g of yellow powder. Yield 81%j; R
0.27 (hexanel/ethyl acetate, 8:2); mp = 155¥CNMR (300 MHz, CDCJ): § 0.98 ppm (s, 3H),
1.45 (m, 1H), 1.46 (m, 1H), 1.48 (m, 1H), 1.51 @Hl), 1.62 (m, 1H), 1.63 (m, 1H), 1.98 (m, 1H),
2.03 (m, 1H), 2.07 (m, 1H), 2.25 (m, 1H), 2.40 (tK), 2.89 (m, 2H), 3.21 (dd} = 9.9, 8.5 Hz,
1H), 3.76 (s, 3H), 5.04 (s, 2H), 6.74 (&= 2.6 Hz, 1H), 6.79 (dd} = 8.6, 2.7 Hz, 1H), 7.20 (d,=

8.5 Hz, 1H), 7.32 (t) = 7.1 Hz, 1H), 7.38 (t) = 7.3 Hz, 2H), 7.43 ppm (d,= 6.9 Hz, 2H);*C-
NMR (75 MHz, CDC}): 6 13.29, 25.78, 26.54, 29.56, 31.94, 36.90, 37.3499} 47.95, 48.94,
52.57,54.07, 69.97, 112.47, 114.92, 126.32, 121.22,87, 128.55, 132.00,137.22, 137.67, 156.94,
169.85, 212.90 ppm. HRMS (ESI-MS, 140 eV): m/z [NHY calculated for G;H3104", 419.2222;
found, 419.2237.

4.1.5 General procedure for the synthesis of derivatives (4,10,16,22). As a typical procedure, the
synthesis of methyl 17-hydroxy-2-adamantyl-3-meth&8-methyl-16-carboxylatd is described
in detail. Compoun@ (1,711g, 3.59 mmoNvas suspended in a mixture THF/§HH 9:1 (20 mL).



The mixture was cooled and stirred for 15 min &,ahen NaBH(0.156 g, 4.12 mmol) was added
carefully in portions. The temperature was mairgdiat 0°C and the reaction was monitored by
TLC analysis (eluent cyclohexane/ethyl acetate).ZThe reaction was completed in 0.5h. The
mixture was acidified with HCI 2N solution and eadted with ethyl acetate. The combined organic
phases were washed with brine, dried over sodiuphate, filtered and evaporated to dryness to
yield 1.725 g of spongy solid. The crude productswaurified by silica gel flash column
chromatography (hexane/ethyl acetate) to give ¢.6Bwhite solid.

(8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15,16,&€adhydro-17-hydroxy-2-adamantyl-3-
methoxy-13-methyl-@1-cyclopentajg]phenanthrene-16-carboxylate (4). Yield 90%; R = 0.57
(hexane/ethyl acetate, 2:1); mp = 210-21T%CNMR (300 MHz, CDCJ): § 0.83 (s, 3H), 1.18 (m,
1H), 1.32 (m, 1H), 1.35 (m, 1H), 1.45 (m, 1H), 1(8%1H), 1.68 (m, 1H), 1.76 (6H), 1.91 (m, 1H),
1.80 (m, 1H), 2.02 (m, 1H), 2.02 (3H), 2.10 (6H)32 (m, 1H), 2.35 (m, 1H), 2.83 (m, 2H), 3.14
(dd,J =18.7, 9.1 Hz, 1H), 3.72 (s, 3H), 3.80 (s, 3HBB(d,J = 10.0 Hz, 1H), 6.59 (s, 1H), 7.16
ppm (s, 1H)*C NMR (300 MHz, CDG)): § 11.67, 26.71, 27.25, 27.74, 29.48, 29.71, 37.24%
37.62, 38.72, 41.11, 44.44, 44,57, 44.69, 48.9604255.10, 82.16, 112.39, 124.03, 131.70,
135.07, 136.25, 156.87, 175.94 ppm. HRMS (ESI-M&) &V): m/z [M + H] calculated for
Cz1H4304", 479.3161; found, 479.3149.

(8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15,16,&€adhydro-17-hydroxy-3-methoxy-13-
methyl-6H-cyclopentajg]phenanthrene-16-carboxylate(10). CompoundlO was prepared as for
compound4 by reacting compouné (1.195, 3.49 mmol) with NaBH0.151 g, 4.005 mmol) for
0.5 h, to give 1.166 g of spongy solid. The crudaedpct was purified by silica gel flash column
chromatography (hexane/ethyl acetate) to give 0.g14f white solid. Yield 60%; R= 0.53
(hexanelethyl acetate, 2:T4 NMR (300 MHz, CDCYJ): § 0.83 (s, 3H), 1.18 (m, 1H), 1.32 (m,
1H), 1.35 (m, 1H), 1.45 (m, 1H), 1.57 (m, 1H), 1(@3 1H), 1.68 (m, 1H), 1.85 (m, 1H), 1.99 (m,
1H), 2.02 (m, 1H), 2.32 (m, 1H), 2.35 (m, 1H), 23 2H), 3.14 (ddJ = 18.7, 9.1 Hz, 1H), 3.72
(s, 3H), 3.80 (s, 3H), 3.88 (d,= 10.0 Hz, 1H), 6.67 (d] = 2.73 Hz, 1H), 6.75 (dd} = 8.61 Hz,
2.73 Hz, 1H), 7.23 ppm (d,= 8.61 Hz, 1H).

(8R,9S,13S,14S)-methyl 2-benzoyl-7,8,9,11,12,1315416,17-decahydro-17-hydroxy-3-
methoxy-13-methyl-@1-cyclopentajg]phenanthrene-16-carboxylate (16). Compound 16 was
prepared as for compouddy reacting compountl5 (0.564g, 1.263 mmol) with NaBH0.055 g,
1.449 mmol) for 0.25 h, to give 0.553 g of spon@jics Yield 97%; R = 0.54 (hexane/ethyl
acetate, 1:1); mp = 250°¢ NMR (400 MHz, CDCJ):  0.84 (s, 3H), 1.23 (m, 1H), 1.31(m, 1H),
1.31 (m, 1H), 1.47 (m, 1H), 1.70 (m, 1H), 1.87 @hi), 1.87 (m, 1H), 1.93 (m, 1H), 2.01 (m,1H),
2.17 (m, 1H), 2.98 (m, 2H), 3.14 (ddl= 18.8, 9.1 Hz, 1H), 3.67 (s, 3H), 3.72 (s, 3HR73(d,J =



10.0 Hz, 1H), 6.68 (s,1H), 7.30 (s, 1H), 7.42)(t 7.5 Hz, 2H), 7.54 (1) = 7.3 Hz, 1H), 7.83 —
7.77 ppm (m, 2H)*C-NMR (101 MHz, CDGCJ): & 11.28, 27.19, 27.44, 29.67/29.25, 30.01,
37.16/37.07, 38.14, 43.75, 44.05, 44.38, 48.6586155.64, 81.71, 111.76, 126.41, 127.16,
128.11/128.07, 129.79, 132.33, 132.59, 138.27,0R411.55.47, 175.41, 196.53 ppm. HRMS (ESI-
MS, 140 eV): m/z [M + H] calculated for GgH3305", 449.2328; found, 449.2548.
(8R,9S,13S,14S)-methyl  3-(benzyloxy)-7,8,9,11,121815,16,17-decahydro-17-hydroxy-13-
methyl-6H-cyclopentajg]phenanthrene-16-carboxylate(22). Compound22 was prepared as for
compound4 by reacting compoungl (3.104 g, 7.42 mmol) with NaBH0.322 g, 8.52 mmol) for
0.5 h, to give 3.586 g of orange solid. The crudmpct was purified by silica gel flash column
chromatography (cyclohexane/ethyl acetate) to @ividl g of white solid. Yield 68%; (R= 0.45
(cyclohexane/ethyl acetate, 2:1); mp = 186°@;NMR (300 MHz, CDCJ): & 0.84 ppm (s, 3H),
1.38 (m, 1H), 1.41 (m, 1H), 1.55 (m, 1H), 1.56 (@hl), 1.77 (m, 1H), 1.90 (m, 1H), 2.05 (m, 1H),
2.12 (m, 1H), 2.26 (m, 1H), 2.36 (m, 1H), 2.89 @h), 3.13 (m, 1H), 3.73 (s, 3H), 3.88 (d, 1H),
5.03 (s, 2H), 6.72 (d] = 2.7 Hz, 1H), 6.78 (dd] = 8.4, 2.6 Hz, 1H), 7.20 (d,= 8.5 Hz, 1H), 7.31
(dd,J = 8.5, 5.9 Hz, 1H), 7.37 (dd,= 8.1, 6.5 Hz, 2H), 7.43 ppm (d,= 6.9 Hz, 2H);"*C-NMR
(75 MHz, CDC¥): 6 11.29, 26.24, 27.32, 29.33, 29.69, 37.16, 38.B00} 44.04, 48.62, 51.88,
69.93, 81.76, 112.29, 114.79, 126.35, 127.43, 17128.53, 132.64, 137.25, 137.81, 156.74,
175.57 ppm. HRMS (ESI-MS, 140 eV): m/z [M +]Halculated for G;Hz30,", 421.2379; found,
421.2364.

4.1.6 General procedure for the synthesis of derivatives (6,12,18). As a typical procedure, the
synthesis of methyl 2-adamantyl-3-methoxy-16-caytebte derivatives is described in detail. In a
double-necked round bottomed flask compouhd0.659g, 1.377 mmolwas dissolved in
anhydrous CHKECl,. Under a N atmosphere, triethylamine (0.273mL, 1.956 mmol)s vealded
dropwise to the solution and then methanesulfohjorade (0.112 mL, 1.456mmol) was poured
into the mixture. The obtained solution was stiree@rnight. The mixture was then washed with
water, saturated NaHGGolution, brine, filtered and evaporated underuuac to yield a yellow
solid (6). The obtained residue (0.741 g, 1.331 mmol) was dissolved in benzene (20 mL), and
DBU (0.397 mL, 2.662 mmol) was added. Under a dmosphere, the reaction mixture was
refluxed for 5 h. The progress of the reaction wamitored by TLC analysis (hexane/ethyl acetate
2:1). Even though the reaction was not complethd, mixture was cooled and washed with
equivalent volumes of 5% HCI solution, brine antussted NaHC® solution. The organic phase

was evaporated to dryness under vacuum and thamedtarude product was purified by silica gel



flash column chromatography (hexane/ethyl acetatgjve 0.179 g of white solid correspondent to
the desired produc6) and 0.287 g of starting material.

(8S,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15-octaby2adamantyl-3-methoxy-13-methyl-
6H-cyclopenta p] phenanthrene-16-carboxylate(6). Yield 60%; R = 0.80 (hexane/ethyl acetate,
2:1); mp = 179°C*H NMR (300 MHz, CDCJ): 6 0.88 (s, 3H), 1.50 (m, 1H), 1.63 (m, 1H), 1.65
(m, 1H), 1.70 (m, 1H), 1.77 (6H), 1.91 (m, 1H), 1. @n, 1H), 2.05 (3H), 2.09-2.06 (6H), 2.10 (m,
1H), 2.27 (m, 1H), 2.37 (m, 1H), 2.42 (m, 1H), 2(8, 1H), 2.86 (m, 2H), 3.76 (s, 3H), 3.81 (s,
3H), 6.62 (s, 1H), 6.92 (dl = 1.7 Hz, 1H), 7.14 (s, 1H}’*C-NMR (75 MHz, CDC}): § 16.48,
26.68, 28.13, 29.48, 29.55, 31.51, 35.38, 37.24R737.73, 41.11, 44.90, 47.50, 51.73, 55.30,
55.34, 112.44, 123.60, 131.85, 135.14, 135.26,1636.55.12, 157.02, 166.78 ppm. HRMS (ESI-
MS, 140 eV): m/z [M + H] calculated for H4:05", 461.3056; found, 461.3067.
(8S,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15-octaby8 methoxy-13-methyl-6-
cyclopentajg]phenanthrene-16-carboxylate(12). Compoundl2 was prepared as for compoudd
by reacting compoundO (0.660 g, 1.916 mmol) with triethylamine (0.379 ni.722 mmol) and
methanesulfonyl chloride (0.119 mL, 2.026 mmol)eTdbtained crude produtt (0.659 g, 1.560
mmol) was treated with DBU (0.466 mL, 3.120 mmatdaafter the work-up, it was purified by
silica gel flash column chromatography (hexaneledogtate) to give 0.523 g of white solid. Yield
84%:; R = 0.83 (hexanelethyl acetate, 2:1; NMR (300 MHz, CDCJ): & 0.88 (s, 3H), 1.50 (m,
1H), 1.63 (m, 1H), 1.65 (m, 1H), 1.70 (m, 1H), 1(®1, 1H), 1.97 (m, 1H), 2.10 (m, 1H), 2.27 (m,
1H), 2.37 (m, 1H), 2.42 (m, 1H), 2.58 (m, 1H), 2@®6, 2H), 3.76 (s, 3H), 3.81 (s, 3H), 6.67 (d,
1H), 6.75 (dJ = 1.7 Hz, 1H), 7.23 ppm (d, 1H).

(8S,9S5,13S,14S)-methyl  7,8,9,11,12,13,14,15-octaby2tbenzoyl-3-methoxy-13-methyl-6i-
cyclopentajg]phenanthrene-16-carboxylate(18). Compoundl8 was prepared as for compouéd
by reacting compound6 (0.656 g, 1.462 mmol) with triethylamine (0.289 n#.077 mmol) and
methanesulfonyl chloride (0.119 mL, 1.546 mmol)eTdbtained crude produt? (0.495 g, 0.940
mmol) was treated with DBU (0.317 mL, 2.126 mmaiplafter the work-up, it was purified by
silica gel flash column chromatography (hexaneletlogtate) to give 0.104 g of white solid. Yield
21%; R; = 0.66 (hexane/ethyl acetate, 2:1); mp = 107+CNMR (300 MHz, CDCJ): § 0.91 (s,
3H), 1.54 (m, 1H), 1.61 (m, 1H), 1.68 (m, 1H), 1(#2, 1H), 1.74 (m, 1H), 1.90 (m,1H), 2.04 (m,
1H), 2.35 (m, 1H), 2.38 (m,1H), 2.39 (m, 1H), 20, 1H), 2.89 (m, 2H), 3.68 (s, 3H), 3.71 (s,
3H), 6.65 (s, 1H), 6.85 (d, = 1.8 Hz, 1H), 7.22 (s, 1H), 7.44 (&= 7.4 Hz, 2H), 7.58 — 7.50 (m,
1H), 7.84 — 7.77 (m, 2H)’C-NMR (75 MHz, CDC}): § 15.95, 26.04, 27.65, 29.99, 31.23, 34.78,
37.10, 43.95, 46.99, 51.54, 54.88, 55.60, 111.28,417, 126.79, 128.09, 129.83, 132.52, 132.59,



132.60, 134.72, 141.27, 154.60, 155.43, 166.51,6B96pm. HRMS (ESI-MS, 140 eV): m/z [M +
H"] calculated for GgH3:0,4", 431.2222; found, 419.2473.

4.1.7 (8S,9S5,13S,14S)-7,8,9,11,12,13,14,15-octaty@iadamantyl-3-methoxy-13-methyl-6i-
cyclopentafg]phenanthrene-16-carboxylic acid (7). In a round bottomed flask, compourid
(0.1669, 0.360 mmol) was dissolved in a mixtureCef,Cl,/CH3;OH (9:1), and then 2 mL of 3M
methanolic NaOH solution were added. The mixturs stared at room temperature for 96 h. The
progression of the reaction was monitored by TL&lysis (hexane/ethyl acetate 2:1). At the end of
the reaction, 1M HCI solution was added and theawig phase was extracted with CHCThe
combined organic phases were washed with 1M HQltieol, brine and dried over sodium
sulphate. After filtration, the organic phase waap®rated to dryness to yield 0.153 g of white
solid. Yield 95%; R= 0.49 (hexane/ethyl acetate, 2:1); mp = over G98H NMR (300 MHz,
CDCl3): 8 0.89 (s, 3H), 1.46 (m, 1H), 1.58 (m, 1H), 1.65 {H), 1.72 (m, 1H), 1.77 (6H), 1.81 (m,
1H), 1.95 (m, 1H), 2.03 (m, 1H), 2.05 (3H), 2.09&(6H), 2.27 (m, 1H), 2.36 (m, 1H), 2.37 (m,
1H), 2.56 (m, 1H), 2.88 (m, 2H), 3.80 (s, 3H), 6(811H), 7.05 (dJ = 1.7 Hz, 1H), 7.14 (s, 1H);
¥C-NMR (75 MHz, CDC}): 5 16.38, 26.65, 28.13, 29.46, 29.59, 31.19, 35.2®2 37.47, 37.72,
41.09, 44.85, 47.79, 55.27, 55.35, 112.43, 12382,77, 134.74, 135.15, 136.19, 157.03, 157.88,
170.75 ppm. HRMS (ESI-MS, 140 eV): m/z [M +]Halculated for GoHz90s", 447.2899; found,
447.2878. RP-C8 HPLCi £ 19.80 min, 98.9% (A%).

41.8 (8S,95,13S,14S)-7,8,9,11,12,13,14,15-octaty@iadamantyl-3-hydroxy-13-methyl-6--
cyclopentajg]phenanthrene-16-carboxylic acid (8). Compound7 (0.103 g,0.217 mmol) was
dissolved in 5 mL of NMP and treated with a suspensf NaSCH (0.092 g, 1.32 mmol) in 5 mL
of NMP. The mixture was refluxed for 5 h and moret by TLC analysis. Once the starting
material spot disappeared on TLC, a mixture of waitel ice was added, and then 1M HCI solution
until pH=1. The mixture was extracted with ethyktate, washed with water, brine and dried over
sodium sulphate. The solvent was evaporated unalemwn and the black residue obtained was
dissolved with diluted NEIsolution. The solution was acidified again with H\CI until pH=1 to
obtain a subtle precipitate. The suspension watiftegated and the supernatant discarded. The
obtained powder was dried to yield 0,057 g of fipedduct. Yield 56%; R= 0.49 (hexane/ethyl
acetate, 2:1); mp = over 300°&4 NMR (400 MHz, CDCJ): & 0.89 (s, 3H), 1.46 (m, 1H), 1.72
(m,1H), 1.75 (m, 1H), 1.76 (m, 1H), 1.77 (6H), 1.@8, 1H), 1.97 (m, 1H), 2.06 (m, 1H), 2.07
(3H), 2.11 (6H), 2.30 (m, 1H), 2.31 (m, 1H), 2.42, (LH), 2.66 (m, 1H), 2.88 (m, 2H), 6.39 (s, 1H),
7.03 (d,J = 1.7 Hz, 1H), 7.12 ppm (s, 1HYC-NMR (101 MHz, CDGJ): & 16.98, 26.16, 28.91,



29.46, 29.59, 32.06, 34.85, 36.45, 37.47, 37.60)UM4.52, 47.39, 55.15, 116.3, 123.74, 131.74,
133.69, 134.19, 134.73, 151.14, 157.60, 168.99 gpRMS (ESI-MS, 140 eV): m/z [M + B
calculated for GHs705", 433.2743; found, 433.2761. RP-C8 HPLE= 116.59 min, 99.1% (A%).

4.1.9 (8S,9S5,13S,14S)-7,8,9,11,12,13,14,15-octatm@ibenzoyl-3-hydroxy-13-methyl-61-
cyclopentajg]phenanthrene-16-carboxylic acid(19). Compoundl8 (0.124 g, 0.289 mmol) was
dissolved in 5 mL DMF and treated with NaS£d.123 g, 1.759 mmol). The mixture was refluxed
for 1 h and monitored by TLC analysis (hexane/etupgtate 1:1). Once the starting material spot
disappeared on TLC, DMF was evaporated under vacnunthe residue was acidified with 1M
HCI. The mixture was extracted with ethyl acetatashed with water, brine and dried over sodium
sulphate. The solvent was evaporated under vacaugivé 0.074 g of a spongy yellow solid. The
crude product was purified by RP-C18 flash colurhromatography (tetrahydrofuran/water 8:2) to
give a solid correspondent to the products: 2834 37,5%19b and 37%19c as approximately
evaluated byH-NMR. The mixture was further separated by a flaslumn chromatography (Ethyl
acetate/hexane 8:2) yielding the desired compoudti88 g. Overall yield 16%; mp = over 300°C;
'H NMR (300 MHz, CDCJ): & 0.87 (s, 3H), 1.56 (m, 1H), 1.66 (m, 1H), 1.68 (th), 1.70 (m,
1H), 1.71 (m, 1H), 1.91 (m,1H), 2.02 (m, 1H), 24, 1H), 2.31 (m,1H), 2.36 (m, 1H), 2.58 (m,
1H), 2.91 (m, 2H), 6.69 (s, 1H), 6.90 (b= 1.7 Hz, 1H), 7.28 (s, 1H), 7.42 {t= 7.4 Hz, 2H), 7.57

— 7.50 (m, 1H), 7.83 — 7.78 (m, 2H}C-NMR (75 MHz, CDCJ): § 16.09, 26.11, 27.56, 29.98,
31.16, 34.81, 37.12, 43.99, 47.10, 55.62, 111.28,2l7, 126.78, 128.07, 129.79, 132.52, 132.61,
132.61, 134.88, 141.17, 154.67, 155.45, 166.40,6896pm. HRMS (ESI-MS, 140 eV): m/z [M +
H™] calculated for GsHo704", 403.1909; found, 403.1889. RP-C8 HPLE=t17.75 min, 98.7%
(A%).

4.1.10 (8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,83,7-decahydro-3,17-dihydroxy-13-
methyl-6H-cyclopentajg]phenanthrene-16-carboxylate (25). Into a double-necked round
bottomed flask, previously dried in oven, about00.8 of Pd/C 10% and approximately 40 ml of
ethyl acetate were placed. After connecting thekfkm an elastomer balloon containing hydrogen
gas, the mixture was stirred at room temperaturelfoto saturate the suspension of Pd/C with
hydrogen. Then, compound 22 (2.121 g, 5.04 mmaB0imL of ethyl acetate was added dropwise
to the suspension, and the mixture was stirred ungérogen at atmospheric pressure and heated
by means of an oil bath at 50 °C for 8 h, monitgtine progression of the reaction by TLC analysis
(cyclohexane/ethyl acetate 2:1). At the end ofrdetion the mixture was filtered, and the solution

was concentrated to dryness on a rotavapor to &80 g of white solid. Yield 93%;:R 0.20



(cyclohexane/ethyl acetate, 2:1); mp = 125PONMR (300 MHz, DMSO-d6)5 0.76 (s, 3H), 1.14
(m, 1H), 1.21 (m, 1H), 1.24 (m, 1H), 1.25 (m, 1#)32 (m, 1H), 1.41 (m, 1H), 1.81 (m, 1H), 1.82
(m, 1H), 1.83 (m, 1H), 2.11 (m, 1H), 2.26 (m, 1R)71 (m, 2H), 3.04 (q] = 8.7 Hz, 1H), 3.60 (s,
3H), 3.77 (s, 1H), 5.00 (dd,= 8.8, 5.4 Hz, 1H), 6.43 (d,= 2.6 Hz, 1H), 6.50 (ddl = 8.4, 2.5 Hz,
1H), 7.03 (dJ = 8.3 Hz, 1H), 8.99 ppm (s, 1HFC-NMR (75 MHz, DMSO-d6)5 12.11, 26.62,
27.46, 28.59, 29.63, 37.08, 38.71, 43.88, 44.582618.94, 51.72, 80.89, 113.32, 115.38, 126.64,
130.85, 137.71, 155.37, 175.70 ppm. HRMS (ESI-M&) &V): m/z [M + H] calculated for
CaoH2704", 331.1909; found, 331.1901.

4.1.11 (8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,63,7-decahydro-3,17-dihydroxy-2-iodo-13-
methyl-6H-cyclopentajg]phenanthrene-16-carboxylate (26). Compound 25 (1.550 g, 4.69
mmol), N-iodosuccinimide (1.161 g, 5.160 mmol),itmd (IIl) trifluoromethanesulfonate (0.264 g,
0.47 mmol) were mixed together and dissolved inagtile. The mixture was stirred overnight in
the dark (wrapped in foil) at room temperature. phegression of the reaction was monitored by
TLC analysis (cyclohexane/ethyl acetate 1:1). At émd of the reaction water was added and the
organic phase was extracted with ethyl acetate. chmebined organic phases were washed with
brine and dried over sodium sulphate. After fiioaf the solvent was evaporated under vacuum to
yield 2.183 g of yellow product. The product wasifeed by silica gel column chromatography (
=3 cm,l = 35 cm, 230-400 mesh, eluent cyclohexane/ ettslade 1:1) to yield 0.639 g of white
product. Yield 30%; R= 0.66 (cyclohexane/ethyl acetate, 1:1); mp = €794 NMR (300 MHz,
CDCl3): 6 0.82 (s, 3H), 1.16 (m, 1H), 1.31 (m, 1H), 1.32 (tH), 1.48 (m, 1H), 1.51 (m, 1H), 1.76
(m, 1H), 1.88 (m, 1H), 2.05 (m, 1H), 2.09 (m, 1B)16 (m, 1H), 2.24 (m, 1H), 2.78 (m, 2H), 3.13
(dd,J = 18.7, 9.2 Hz, 1H), 3.72 (s, 3H), 3.88 Jd; 10.1 Hz, 1H), 5.74 (s br, 1H), 6.68 (s, 1H),17.5
ppm (s, 1H)*C NMR (75 MHz, CDCJ): § 11.33, 26.28, 27.10, 29.23, 29.28, 37.02, 37.962
44.15, 45.99, 48.53, 51.99, 81.68, 82.23, 115.@4,.7b, 135.20, 138.94, 152.83, 175.63 ppm.
HRMS (ESI-MS, 140 eV): m/z [M + B calculated for GoH»604", 457.0876; found, 457.0853.

4.1.12General procedure for the synthesis of derivatives (27, 28, 29). As a typical procedure, the
synthesis of (8R,9S,13S,14S)-methyl 7,8,9,11,124135,16,17-decahydro-3,17-dihydroxy-13-
methyl-2-(4-byphenyl)-B-cyclopentag]phenanthrene-16-carboxylat27 is described in detail.
Compound26 (0.200 g, 0.438 mmolvas dissolved in dioxane (2 mL) and then biphemybhic
acid (0.174 g, 0.880 mmol), potassium carbonate24®. g, 1.760 mmol) and
tetrakis(triphenylphosphine)palladium (0) (0.05000045 mmol) were added. The mixture was

microwave irradiated at 160°C (power set point ¥80ramp time 60 sec, hold time 30 min). The



reaction progression was monitored by TLC anal{lsexane/ethyl acetate 1:1). At the end of the
reaction, the mixture was diluted with water (10 )mdnd extracted with ethyl acetate. The
combined organic phases were dried over sodiunmhatépfiltered and the solvent removed under
vacuum. The crude product was purified by silicafigsh-column chromatography (hexane/ethyl
acetate) to give 0.081 g of compowzid

(8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15,16,&cathydro-3,17-dihydroxy-13-methyl-2-(4-
byphenyl)-6H-cyclopentafg]phenanthrene-16-carboxylate (27). Yield 33%; R = 0.54
(hexane/ethyl acetate, 1:1); mp = 232°@4 NMR (400 MHz, MeOD-@): 5 0.94 (s, 3H), 1.46 (m,
1H), 1.65 (m, 1H), 1.69 (m, 1H), 1.79 (m, 1H), 1(@4, 1H), 1.85 (m, 1H), 1.90 (m, 1H), 1.91 (m,
1H), 1.93 (m, 1H), 2.03 (m, 1H), 2.65 (m, 1)74 (m, 1H), 2.76 (m, 1H), 2.95 (m, 1H), 3.70 (s,
3H), 3.82 (dJ = 10.5 Hz, 1H), 6.75 (s, 1H), 7.39 (s, 1H), 7.41, AA'BB’, 2H), 7.45 (m, AA'BB’,
2H), 7.62 (m, 1H), 7.68 (m, 2H), 7.65 (m, 2H) ppHC-NMR (101 MHz, MeOD-d4)5 11.64,
24.70, 26.41, 29.32, 34.27, 36.48, 39.02, 42.58747.91, 53.39, 55.64, 84.23, 114.35, 127.01,
127.28, 127.50, 127.61, 127.67, 128.78, 129.03,41371.38.56, 139.34, 140.25, 142.65, 158.70,
174.60 ppm. HRMS (ESI-MS, 140 eV): m/z [M +]Halculated for GH3zs0,4", 483.2535; found,
483.2547.

(8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15,16,&cathydro-3,17-dihydroxy-13-methyl-2-(4-
dibenzofuranyl)-6H-cyclopentaf]phenanthrene-16-carboxylate (28). Compound 28 was
prepared as for compound?7 by reacting compound6 (0.308 g, 0.675 mmol) with 4-
(dibenzofuranyl)-boronic acid (0.287 g, 1.356 mmeWtassium carbonate (0.375 g, 2.710 mmol)
and tetrakis(triphenylphosphine)palladium (0) (8@7 0.068 mmol). The obtained crude product
was purified by silica gel flash column chromatqama (hexane/ethyl acetate) to give 0.129 g of
white solid. Yield 42%; R= 0.53 (hexane/ethyl acetate, 1:4)p = 215°C;’H NMR (400 MHz,
MeOD-dy): 4 0.80 (s, 3H), 1.14 (m, 1H), 1.15 (m, 1H), 1.24 @Hi), 1.31 (m, 1H), 1.42 (m, 1H),
1.43 (m, 1H), 1.52 (m, 1H), 1.72 (m, 1H), 1.94 ({hl), 2.07 (m, 1H), 2.24 (m, 1H), 2.82 (m, 2H),
3.16 (q,J = 6.82 Hz, 1H), 3.70 (s, 3H), 3.91 (¥= 5.07 Hz, 1H), 7.13 (dl = 9.04 Hz, 1H), 7.59 (d,
J=2.24 Hz, 1H), 7.65 (dd] = 9.12, 1.94 Hz, 1H), 7.88 (n,= 7.54, 1.12 Hz, 1H), 7.98 (n,=
7.45, 0.98 Hz, 1H), 8.08 (d,= 8.94 Hz, 1H), 8.15 (d] = 9.14 Hz, 1H), 8.22 (s, 1H), 8.55 ppm (s,
1H). *C-NMR (101 MHz, MeOD-d4)5 10.45, 27.02, 27.76, 29.53, 30.01, 32.31, 38.45]%
45.02, 47.54, 47.35, 55.72, 82.01, 113.06, 124128,08, 125.10, 126.11, 126.40, 127.21, 128.05,
128.86, 130.09, 131.20, 134.89, 138.55, 139.71,81%42149.81, 154.89, 159.11, 169.81 ppm.
HRMS (ESI-MS, 140 eV): m/z [M + B calculated for GH3:05", 497.2328; found, 497.2341.
(8R,9S,13S,14S)-methyl 7,8,9,11,12,13,14,15,16,&€adhydro-3,17-dihydroxy-13-methyl-2-
phenyl-6H-cyclopentafg]phenanthrene-16-carboxylate (22 Compound29 was prepared as for



compound?7 by reacting compoung6 (0.131 g, 0.287 mmol) with phenyl boronic acid {@Qy,
0.577 mmol), potassium carbonate (0.158 g, 1.150 olnm and
tetrakis(triphenylphosphine)palladium (0) (0.0330d)29 mmol). The obtained crude product was
purified by silica gel flash column chromatograpghgxane/ethyl acetate) to give 0.081 g of white
solid. Yield 26%; R= 0.47 (hexane/ethyl acetate, 1:1); mp = 240#CNMR (400 MHz, MeOD-
ds): 8 0.89 (s, 3H), 1.22 (m, 1H), 1.34 (m, 1H), 1.37 (H), 1.54 (m, 1H), 1.55 (m, 1H), 1.91 (m,
1H), 1.94 (m, 1H), 1.97 (m, 1H), 2.23 (m, 1H), 2(86 1H), 2.41 (m, 1H), 2.85 (m, 2H), 3.18 {q,

= 8.8 Hz, 1H), 3.71 (s, 3H), 3.96 (@= 10.5 Hz, 1H), 6.62 (s, 1H), 7.14 (s, 1H), 7.29.27 (m,
1H), 7.41 — 7.38 (m, 2H), 7.54 — 7.51 ppm (m, 2K NMR (101 MHz, MeOD-g): § 10.74,
26.17, 27.23, 28.30, 28.94, 37.36, 38.51, 43.9434618.30, 48.85, 50.78, 82.90, 115.51, 125.89,
126.08, 127.17, 127.65, 129.12, 131.38, 136.76,313951.47, 176.20 ppH‘ﬁC-NMR (101 MHz,
MeOD-d4):5 10.74, 26.17, 27.23, 28.30, 28.94, 37.36, 38.81914 46.43, 48.30, 48.85, 50.78,
82.90, 115.51, 125.89, 126.08, 127.17, 127.65,129131.38, 136.76, 139.31, 151.47, 176.20
ppm. HRMS (ESI-MS, 140 eV): m/z [M + "H calculated for GgHs;04", 407.2222; found,
407.2234.

4.1.13 General procedure for the synthesis of derivatives (30, 31, 32). As a typical procedure, the
synthesis of (8R,9S,13S,14S)-7,8,9,11,12,13,146]156/3decahydro-3,17-dihydroxy-13-methyl-2-
(4-byphenyl)-&1-cyclopentafjphenanthrene-16-carboxylic acid0 is described in detalil.
Compound27 was dissolved in 8 mL of methanol and then 4 mL1@% NaOH solution were
added. The mixture was heated to reflux for 1 h emwhitored by TLC analysis (hexane/ ethyl
acetate, 2:1). As the starting reagent spot disapge the solvent was reduced with rotavapor and
the mixture acidified with concentrated HCI untitil. The suspension was centrifugated and the
supernatant discarded. The obtained powder wad tirigield 0,069 g of final product.
(8R,9S,13S,14S)-7,8,9,11,12,13,14,15,16,17-decatng]i 7-dihydroxy-13-methyl-2-(4-
byphenyl)-6H-cyclopentafg]phenanthrene-16-carboxylic acid (30). Yield 98%; mp = over
300°C;*H NMR (400 MHz, MeOD-g): & 0.94 ppm (s, 3H), 1.46 (m, 1H), 1.65 (m, 1H), 1(69
1H), 1.79 (m, 1H), 1.81 (m, 1H), 1.85 (m, 1H), 1(®9, 1H), 1.91 (m, 1H), 1.93 (m, 1H), 2.03 (M,
1H), 2.65 (m, 1H), 2.74 (m, 1H), 2.76 (m, 1H), 2@8, 1H), 3.82 (d, 1H), 6.77 (s, 1H), 7.39 (s,
1H), 7.41 (m, AA'BB’, 2H), 7.45 (m, AA'BB’, 2H), B4 (m, 1H), 7.68 (m, 2H), 7.69 ppm (m, 2H);
3C-NMR (101 MHz, MeOD-d4)5 11.12, 25.94, 26.17, 29.23, 34.16, 36.72, 38.9%7% 44.89,
47.95, 53.47, 79.66, 114.12, 127.07, 127.34, 127124.69, 127.82, 128.87, 128.92, 137.42,
138.43, 139.24, 140.32, 142.68, 158.76, 177.55 pptRMS (ESI-MS, 140 eV): m/z [M + Hi
calculated for giH330,4", 469.2379; found, 469.2354. RP-C8 HPL&= 118.89 min, 99.23% (A%).



(8R,9S,13S,14S)-7,8,9,11,12,13,14,15,16,17-decatng]i 7-dihydroxy-13-methyl-2-(4-
dibenzofuranyl)-6H-cyclopentafg]phenanthrene-16-carboxylic acid (31). Compound31 was
prepared as for compours®. Yield 97%; mp = over 300°C'H NMR (400 MHz, DMSO-g): &
0.81 (s, 3H), 1.14 (m, 1H), 1.15 (m, 1H), 1.24 @Hi), 1.31 (m, 1H), 1.42 (m, 1H), 1.43 (m, 1H),
1.52 (m, 1H), 1.72 (m, 1H), 1.94 (m, 1H), 2.07 @#H{), 2.24 (m, 1H), 2.82 (m, 2H), 3.16 @7
6.82 Hz, 1H), 3.91 (dJ = 5.07 Hz, 1H), 7.13 (d] = 9.04 Hz, 1H), 7.59 (d] = 2.24 Hz, 1H), 7.65
(dd,J = 9.12, 1.94 Hz, 1H), 7.89 (n,= 7.54, 1.12 Hz, 1H), 7.98 (nd,= 7.45, 0.98 Hz, 1H), 8.08
(d, J = 8.94 Hz, 1H), 8.15 (d] = 9.14 Hz, 1H), 8.22 (s, 1H), 8.59 ppm (s, 1HE-NMR (101
MHz, DMSO-d): 6 10.94, 26.98, 27.88, 29.72, 30.04, 32.24, 38.4414 45.09, 47.53, 47.88,
82.04, 113.12, 124.12, 125.06, 125.07, 126.15,316127.93, 128.01, 128.92, 130.14, 131.24,
134.93, 138.56, 139.72, 142.82, 149.82, 154.83,1159.69.87 ppm. HRMS (ESI-MS, 140 eV):
m/z [M + H'] calculated for GiH3:0s", 483.2171; found, 483.216RP-C8 HPLC: 4 = 14.32 min,
98.8% (A%).

(8R,9S,13S,14S)-7,8,9,11,12,13,14,15,16,17-decatng]i 7-dihydroxy-13-methyl-2-phenyl-&1-
cyclopentajg]phenanthrene-16-carboxylic acid (32). Compound 32 was prepared as for
compound30. Yield 90%; mp = over 300°CH NMR (400 MHz, MeOD-g): 5 0.94 (s, 3H), 1.46
(m, 1H), 1.65 (m, 1H), 1.69 (m, 1H), 1.79 (m, 1#)31 (m, 1H), 1.85 (m, 1H), 1.90 (m, 1H), 1.91
(m, 1H), 1.93 (m, 1H), 2.03 (m, 1H), 2.65 (m, 1B)74 (m, 1H), 2.76 (m, 1H), 2.95 (m, 1H), 3.82
(d, 1H), 6.88 (s, 1H), 7.38 (s, 1H), 7.40 (m, 1A¥2 (m, 2H), 7.45 ppm (M, 2HFC-NMR (101
MHz, MeOD-d4)5 11.48, 26.12, 26.17, 29.42, 34.16, 36.72, 39.6554 44.12, 47.93, 53.47,
79.66, 113.01, 127.69, 127.81, 128.87, 128.92,0429137.42, 138.76, 139.24, 158.76, 177.52
ppm. HRMS (ESI-MS, 140 eV): m/z [M + "H calculated for GsH,904", 393.2066; found,
393.2973. RP-C8 HPLCi £ 11.81 min, 99.1% (A%).

4.2 Biology

4.2.1 Cell viability assay

Cell viability was determined by the 3-(4,5-dimdthyhiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St Louis, MO, USA) ass as previously describ&t Briefly,
HepG2 cells were cultured in DMEM supplemented vilith glutamine, pen-strep and 10% FBS;
cells were seeded in 96-multiwells culture platea aoncentration of (5000 cells/well) and treated
with compounds7, 8, 193 30, 31 and 32 (6.25, 12.5, 25, 5QM) for 24 h. The formazan
absorbance was measured at 570 nm, using a MekiRlate Reader VICTOR™ X3 (Wallac

Instruments, Turku, Finland). Three independenteexrmpents were performed in quadruplicate.



4.2.2Cell cycle distribution analysis

Cell cycle distribution analysis was evaluated loywfcytometry (Epics XL, Beckmann Coulter)
with CXP software, according to an already desdiimethod*? Cells (200000 per well), 24 hours
after seeding into 6 well-plates, were treated witmpounds 7, 8, 19a, 31 at 20 uM for 24 h. The
cells were washedith PBS and fixed with ethanol 70%. After 15 mifhiocubation, cells were
resuspended with RNase A (0,1 mg/mL) and 25 pLropipium iodide (1 mg/mL) for 15 miat
roomtemperature. The results of the different experts@rere analyzed with CXP software. Three

independent experiments were performed in duplicate

4.2.2 Evaluation of the estrogenic activity by gRTRCR

The estrogenic activity of the compounds8, 19a 30, 31 and 32 was evaluated in the human
breast adenocarcinoma cell line MCF-7 which higitkpresses estrogen receptor (ERYICF-7
cells were cultured in high glucose DMEM withouteplol red supplemented with 1% glutamine,
pen-strep and 10% FBS, and seeded in 6-well culplaées at a concentration of (250000
cells/well). Samples were treated with compoundd 19a 30, 31 and32 (2 uM) for 24 h. Estrone

(2 uM) was used as positive control. At the end ofitleeibation period, MCF-7 were scraped away
from cell culture dishes and total RNA was extrdc@d purified by means of the SV Total RNA
Isolation System (Promega Corporation, Madison, ,Vé8 already describ&d.Integrity and
guantity of RNA were evaluated by an RNA 6000 Nageay in an Agilent BioAnalyser (Agilent
Technologies Inc., Palo Alto, CA, USA). The relatiexpression of GREB-1 and CXCL12, two
genes which increase their transcription afterabgvation of ER® was determined by real-time
PCR (Eco™ lllumina, Real-Time PCR system, San DiggA, USA) using One Step SYBR
PrimeScript RT-PCR Kit (Takara Bio, Inc., Otsu, &hiJapan). PCR amplifications were tested for
linearity and efficiency using standard curves otgd with serial dilution of cDNA; the specificity
of amplification and absence of dimers were condinby melt-curve analysis. All genes were
normalized to Glyceraldehyde-3-phosphate dehydmagge(GAPDH). The primers used in this
study are listed in Table 3. Expression levels BEB-1 and CXCL12 genes were calculated by the
AACt method using the Eco™ Software v4.0.7.0. Modifans of mMRNA levels were expressed as
fold variation compared with that of untreated £ellhree independent experiment were performed

in triplicate.



Gene Forward primer Reverse primer RefSeq Size(bp)

GREB-1 5'-gtt-ctg-aag-cta-gac-acg-ga-3' 5'-ttg-ageatcgg-tcc-acc-aa-3' NM_014668.3 185
CXCL12 5'-tac-aga-tgc-cca-tgc-cga-tt-3' 5'-gaa-tcact-tta-gct-tcg-gg-3' NM_000609.6 157
GAPDH 5'-aca-tca-aga-agg-tgg-tga-agc-a-3' 5'-gtc-aaggt-gga-gga-gtg-ggt-3' NM_001289746.1 119

Table 3. Primer sequences used in this study, N€Brence sequences and amplicon sizes (base. pairs)

4.2.3 Cell transient transfection assays

HEK293 cells were maintained in DMEM supplementedhwl0% FBS, 1% penicillin and
streptomycin. Cells were plated at a concentradioB0000/well in 96-well plates, according to an
already described meth68.HEK293 cells were transiently transfected in OPEMI (Gibco)
medium using lipofectamine 2000 (Invitrogen) foliogy manufacturer instructions. Each plate was
cotransfected with 0,2 ug of Gal4-RORg LBD plastf@l4-driven reporter assays), 0.1 ug UAS-
luciferase expression plasmid (both plasmids wardlk furnished by prof. Griffin) and 0.01 pg of
NanoLuc reporter plasmid (Promega, Italy). 6 h rafransfection medium was replaced with
DMEM supplemented with 1% FBS. The following daymmounds?/, 8, 19aand32 were added at
different concentrations (2, 5, 10, 20 uM). Ursamd was used as a positive control. 48 h after
transfection luminescence emission was measured) déano-glo dual-luciferase reporter assay
system (Promega) following manufacturer instruciovith a Perkin Elmer en-vision system. All
the assays were performed in triplicate, and taedsird errors were calculated accordingly.

4.2.4 Western blot analysis.

Protein expression levels of R@Rn transient transfected HEK293 cells was evaldidity Western
blot analysis, as already descrifédriefly, 20 pg per lane of proteins were subjedi@dodium
dodecylsulfate polyacrylamide gel electrophoreSIB$-PAGE) on 10% polyacrylamide gel®q
mV for 15" and 150 mV for 90’) and transferred to a 0.45um nitrocellulose men®i@io-Rad
Laboratories S.r.l., Segrate, Milan, Italy) at 268 for 90 min in the presence of 25 mM Tris - 192
mM glycine. Mouse monoclonal anti-R@RMillipore, Billerica, MA, USA) and rabbit polycial
anti-GAPDH (Santa Cruz Biotechnology, Dallas, TXSA) primary antibodies (both diluted
1:500) were used to detect R@Rand GAPDH (used as a loading control). Signagnsity of

immunoreactive bands was analyzed by the Quantity $dftware (Bio-Rad Laboratories S.r.l.).

4.2.5 Statistical analysis
Comparison of the experimental data obtained fromtrol cell cultures and those treated with the

synthetic compounds was made by one-way analysisacghnce (ANOVA). In the case of



significant differencesa( = 0.05), the analysis of variance was followedthyy Dunnetipost-hoc
test. P < 0.05 was considered statistically sigaitt. If not otherwise stated, data are preserded a

mean * standard deviation.

4.3 Molecular docking simulations

The 3D structure of orphan nuclear receptor RIOR complex with the inverse agonists, digoxin,
was retrieved from the Protein Data Bank (www.rcslp. PDB code 3BOW).

Prior to docking simulation, protein structure waecessed with Maestro 10.5 Protein Preparation
tool using OPLS-2005 force field. Maestro 18.Receptor Grid tool was used for the docking site
identification, indicating bound digoxin as the dyrcentre and a length of 10 A. Molecular
structures of compoundsand19aused for virtual docking were designed using thédgr tool of
MOE 2015.18® and prepared for the docking simulation with Meedt0.5" Ligand Preparation
tool using OPLS-2005 force field. The docking siatidns were performed with Maestro 10.5
Glide software SP precision, using flexible ligasdampling and performing post-docking

minimization.
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