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Abstract:

Nuclear receptor RX&plays an important role in many biological andhoétgical processes.
The nongenomic action of RXRs implicated in many cancers. K-8008, a non-c&arRXRa
ligand derived from sulindac, inhibits the ThBctivated PISK/AKT pathway by mediating the
interaction between a truncated form of RXERXRa) and the p8& regulatory subunit of PI3K
and exerts potent anticancer activity in animal ehoderein we report our studies of a novel series
of K-8008 analogs as potential anticancer agemtgeting RXR.. Two compounds8b and18a
were identified to have slightly stronger bindimyRXRo and improved apoptotic activities in

breast cancer cells.
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1. Introduction

As a unique and important member of the nucleagptc (NR) superfamily, retinoid X
receptore. (RXRa) plays critical roles in many biological and pdtgical processes [1].
Dysfunctions of RXR are implicated in a number of diseases, such meecd2]. Targeted
disruption of RXR: gene leads to prostatic preneoplastic lesionarn@]skin abnormalities [4].

RXRa exhibits a modular organization structurally cstieg of three main functional
domains: an N-terminal region, a DNA binding domaind a ligand-binding domain (LBD). The
LBD is composed of a ligand-binding pocket (LBPY fainding small molecule ligands; a
transactivation function domain termed AF-2 composé helix 12 (H12) of the LBD, a
co-regulator binding surface, and a dimerizatioriese [5, 6]. A well-studied mechanism of NR
action is the ligand-mediated transcriptional ragoh. Ligand binding to the LBP induces the
conversion of the corepressor-binding site intoactivator-binding site that triggers a cascade of

events and leads to biological activities. Thus,RaXis widely studied for its action as a
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ligand-mediated transcription factor and many malles have been reported to bind to the LBP of
RXRaua. In general, RXR LBD ligands are constituted of three importantezsp, including a polar
motif head, such as carboxyl group, a central payaker and a hydrophobic tail [7, 8]. Theig-
retinoic acid (%is-RA) is identified as an endogenous RXRyand. Targretin, an RXR-selective
ligand, acts as a highly effective agent for manmntarcinoma and is approved by FDA to treat
cutaneous T-cell lymphoma [9, 10].

Besides acting as a transcription factor, RXpbssesses important extracellular functions
[11-15]. We previously discovered that RXRnd its ligands can directly modulate the PISK/AKT
survival pathway in a TNd=dependent manner. THs a multifunctional cytokine that controls
diverse cellular events such as cell survival asathl that control the destiny of cancer cells [16].
PI3K/AKT activation is implicated in oncogenesiglairug resistance. Aberrations in this pathway
can potentially cause cell transformation, metabdisorders, and neurodegenerative diseases, as
well as drug resistance [17]. The pathway has thexdoeen targeted extensively for therapeutic
application. However, strategies that rely on dimekibition of PI3K/AKT activities are hindered
by toxicity or lack of selectivity [18]. Thus, id&fying key molecules involved in the aberrant
PISK/AKT activation could offer new strategies fdrug development. We found that an
N-terminally truncated RXR (tRXRa), detected in a variety of cancer cell lines, doatt to
mediate TN activation of PI3K/AKT in a number of cancer cdihes [19]. tRXRx is
cytoplasmic and interacts with the p8Subunit of PI3K to activate the PI3K/AKT survival
pathway and induce anchorage-independent cell grnmwitro and cancer cell growth in animals.
Therefore, this nongenomic regulation of the PI3KIAsignaling pathway by tRX®& provides
new strategies to inhibit the activation of PISK/AKknh cancer cells by targeting RXR

We found that K-8008 (Fig. 1), a derivative of adlc, can bind tRXé& and mediate the
interaction between tRXdRand p8& regulatory subunit of PI3K, leading to the inhitwit of the
TNFa-activated PI3K/AKT pathway [19-21]. In animal exjments, K-8008 effectively inhibited

the growth of tumor, implying that K-8008 could agotential anticancer lead. Furthermore, the
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crystal structure of the K-8008 bound RXRBD reveals a new binding mode, which is different
from the canonical ligand binding in the LBP. Thi&sB008 represents a new class of RXR
ligands. Here we report the design, synthesis aolbdical evaluation of a series of K-8008
derivatives. A total of 26 compounds were syntheizand their apoptotic activity, binding
activity and SAR were investigated. Two compouBldsand 18a displayed improved apoptotic

activities in breast cancer cells.

2. Chemistry

The proposed K-8008 derivatives were synthesizedrding toSchemes 1-4. Compounds
8a-k and compoun8a were prepared using Scheme 1. Under the treatmh&nCO; as a catalytic
base, benzaldehydereacted with propionic anhydrid@a) or acetic anhydride2b) at 140°C
overnight to afford2a in 83% yield and2b in 60% yield.2a-b was reduced by hydrogen gas
catalyzed by Pd/C at room temperature in methamdl§ h to afforda-b in about 90% yield4a-b
were prepared frorBa-b usingpolyphosphoric acid (PPA) as the condensing age3@ ®C for 4 h.
With the help of samarium (Il) iodide in THF soluialso known as "Kagan's reagent", indanone
4a-b successfully coupled with acrylonitrile and theoguct mixtures were processed with a
solution of HSO, and HOAc (v/v= 10:1) to afforfla and5b in 20% to 55% yields. The obtained
cyano product$a-b were reacted with sodium azide, catalyzed byhyiatnine hydrochloride in
DMF to form the tetrazole producéa (84%) and7a (56%), respectively. For step vi. sodium
methoxide was used as the base for the condensatiotion of compoun@a or 7a with different
substituted aromatic aldehydes to afford compo@ads and compoun@®a. The stereochemistry
of this condensation is dictated by the preseneeRfgroup [22]. When = -CHjs, Z-isomers are
the main products. Whereas R-H, E-isomers are the key products. Compdl8aiwas prepared
using scheme 2. Compoudd was treated with diethyl cyanethylphosphonatéepresence of
DBU as catalyst to affortiOa in 75% yield. Formation ofl was easily achieved by reactifiga

with hydroxylamine (50% wt in wateil the absence of catalyst. With the treatmentof &d in
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the presence of DBU as catalykt,underwent ring closure to give the 4H-1,2,4-oxadligroduct

12. Productl3a was finally obtainedby the condensation of 12 with aromatic aldehgeme

3 was used to make compouhdh and18a. Reformatsky reaction was applied to introduce a
methyl carboxylate into fluorinated indanobé with active zinc powderg-bromide ester, and a
mixture of MeOH and 1N NaOH solution (v/iv= 4:3)ftam carboxylic acidl5 in 52% vyield.16
was synthesized by the condensation reaction wisbgropylbenzaldehydé6 was subsequently
amidated by reagent Amino-1H-tetrazole and cat&l{XCI/HOBT in CHCl,at room temperature
for 12 h to give product7ain 87% yield. To form compournitBa, compoundl6 was reacted with

EtOH in the presence of catalysi3®0, and without further purification, and the produestre kept
on reacting with hydroxylamine to gii@a. The final productscompound®0a-i and21a-b) were

afforded usingScheme 4 which is similar toScheme 1. All the synthesized compounds were
structurally elucidated by different spectrometmiethods, includingH NMR (600 MHz),**C

NMR (151 MHz) and HRMS (ESI) (see the spectra emghpporting information).
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Scheme 1. Reagents and conditions. (i) Acetic anhydriderapionic anhydride, ¥COs, 140 °C,

overnight; (ii) H/Pd-C, MeOH, r. t., 16 h; (iii) PPA, 80 °C, 4 hy)Xisamarium (ll) iodide,
acrylonitrile, isopropyl alcohol, THF, 0 °C, 20 miAcOH, H,SQ,, r. t., overnight; (v) sodium
azide, triethylamine hydrochloride, DMF, 100 °C, B4 (vi) R-PhCHO, sodium methoxide,

MeOH, 80 °C, 4 h, 41%~95%.
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Scheme 2. Reagents and conditions. (i) diethyl cyanethyfitmnate, DBU, acetonitrile, r. t., 18
h;(ii) hydroxylamine (50% wt in water), EtOH, 80,°8 h; (iii) CDI, DBU, 1,4-dioxane, 100 °C, 4

h; (iv) 4-isopropylbenzaldehyde, sodium methoxideOH, 80 °C, 4 h.
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Scheme 3. Reagents and conditions. (i) ethyl bromoacetite, powder, iodine, THF, 60 °C, 4 h;
NaOH, MeOH, r. t., overnight; (ii) 4-isopropylbetdehyde, sodium methoxide, MeOH, 80 °C, 4
h; (iii) amino-1H-tetrazole, EDCI, HOBT, GBlI,, 0 °C - r. t., 12 h. (iv) EBO,, EtOH, 60 °C, 2 h;

hydroxylamine, sodium methoxide, MeOH, r. t., 4 steps).

20a, R, = 4-CH(CH3),
20b, R, = 4-OCF;
20c, R, = 4-OCH,
20d, R, = 4-SCH;
20e, R; = 4-C(CH);

- 20f, R, = 4-CF
NN 20g, R, = 3-CF;
o] CN NN 20h, R, = 2-CF,
i i, H S
O = oG-S
4a,R, = CH, 10a, Ry = CHg, 75% 19a, Ry = CHs, 77% 21a,Ry=H
4b,Ry=H 10b, R; = H, 60% 19b, Ry =H, 56% "R, = 4-CH(CH),
21b, R, = H
R2 = 4-OCH3

Scheme 4. Reagents and conditions. (i) diethyl cyanethyfjpitmnate, DBU, acetonitrile, r.t., 18 h;
(i) sodium azide, triethylamine hydrochloride, DME10 °C, 40 h; (iii) RPhCHO, sodium

methoxide, MeOH, 80 °C, 4 h, 29%~57%.



3. Results and Discussion
3.1 Design of K-8008 derivatives

Previously we determined the crystal structureX¥Rao-LBD/K-8008 complex and identified
the binding mode of K-8008 in the LBD of R¥RPBD code: 4N8R) [20]. In the crystal structure,
two separate K-8008 molecules bind to the dimets@RXRx tetramer. Each K-8008 is located in
a region close to the dimer-dimer interface (Fi4).2The tetrazole motif of K-8008 plays an
important role by anchoring the ligand via makifmuge-dipole interaction with Helix 11. The
rigid indene portion of the ligand is tightly imkset in a hydrophobic environment (Fig. 2B).
However, there is considerable space around tHeeRzene ring (Fig. 2B and Table 1.), offering
opportunity to introduce substituents on thebenzene ring to improve the binding affinity ogth
ligands. Therefore, we first focused on explorifffedent substituents on the-lRenzene ring. 11
compoundsBa-k were designed and synthesized as series 1. Pstyvioe also reported that an
E-isomer of K-80003 (Fig. 1) [21]Jcompound30 exerted enhanced binding activity compared to
K-80003. Thus, we also made an E-isodeiof K-8008 (as series 2 in Table 1.). Furthermore,
K-8008 was developed based on K-80003 using thisdsitere concept and so we asked if tetrazole
could be replaced by other bioisosteres. Threeshsteéres of K-8008 were synthesized as
compoundd3a, 17a and18a (series 3 in Table 2, Scheme 2 and 3).

Recently we reported the crystal structure of K&0ound to RXR-LBD and discovered
that the binding mode of K-80003 is different froime binding mode of K-8008 (Fig. 2B). In the
complex structure of RXiRLBD with K-80003, three molecules of K-80003 bitalthe same
large hydrophobic cavity where only one molecul&eB008 is bound in the crystal structure of
RXRa-LBD/K-80008 complex (Fig. 2C-D) [23]. The differem in the binding modes between
K-80003 and K-8008 could be due to the length eflthker between the charged group and the

indene ring or to the difference in the naturehef tharged groups. To have a better understanding



of the role of the linking length, compoun23a-i (series 4, in Table 3 and Scheme 4) ataib

(series 5, in Table 3 and Scheme 4) were desigmédynthesized for biological evaluation.

N=N

N |
0 \—~NH o
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Ty o o
OO >
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K-80003 K-8008 (E-isomer of K-80003)

H

Fig 1. The chemical structures of K-80003, K-80a8 apd 30.
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Fig 2. Crystal structures of RXRLBD in complex with K-8008 and K-80003. (A) Crykta
Structure of RXR-LBD in complex with K-8008 (PBD code: 4N8R) revedhat two K-8008
molecules bind to the dimers of the R&RBD tetramer. The K-8008 molecules are shown in
magenta sticks and the tetramer structure is showibbon drawing. (B) Interactions between
K-8008 and RXR-LBD. K-8008 molecule is displayed in green stigligh its binding region in
surface representation. (C) and (D) Superpositfdheocrystal structures of RXR_LBD/K-80003
(PBD code: 5TBP) and RXRLBD/K-8008 (PBD code: 4N8R). The ribbon drawing of

RXRa-LBD/K-80003 are displayed in yellow and the K-8@Q@olecules are in orange sticks. The
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ribbon drawing of RXR-LBD/K-8008 are displayed in cyan and the K-8008lguales are in

magenta sticks.

3.2 Antagonism activity of K-8008 derivatives

The synthesized compounds were first evaluatedhiair effects on RXR transactivation
activity by employing RXR-LBD reporter assay. The LBD of RX¥Rvas cloned as a Gal4 fusion
and the resulting Gal4-RX®RBD chimera and Gal4 reporter system were usedvatuate the
effect of synthesized compounds. Gal4-RMXEBD strongly activated the Gal4 reporter in the
presence of @s-RA. Compounds were tested for their ability toibihthe transactivation of
9-cissRA at three different concentrations (MM, 10 uM and 50 uM). Compounds that
demonstrated inhibition effects in a dose-dependemner (Table 1-3) were considered to possess
antagonism activity and were further evaluated tf@ir anticancer activities. Among the 26
derivatives, 15 compounds displayed the dose-degendhibition of 9eis-RA-induced reporter

activity of RXRa.

3.3 In vitro anticancer activity and SAR study

The 15 compounds that could inhibit the RXRanscription activity in dose-dependent
manner were then evaluated for their growth intdhibf breast cancer cells in 2 cancer cell lines,
MBA-MD-231 and MCF-7, using K-8008 as a positivettol. Results are listed in Tables 1, 2 and
3. Based on the obtained data, structure-actiwtgtionship was analyzed and summarized in
Figure 3.

For compound series 1 (Table 1), we mainly focuseexploring different substituents on the
R.-benzene ring to study their structure-activityatieinship. Firstly, larger steric hindrance group
such as naphthalene rirgpf was introduced to fill the available space whbeeR-benzene group
binds as described in figure 2A, but surprisinglg tompound failed to dose-dependently inhibit

the transcriptional activity (see the supportinfpimation S1). This result probably indicated that
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simultaneous modification with large steric hindramgroup at thertho andmeta position of the
R,-benzene ring was not in favor. Modifications wight-butyl group 8c) slightly larger than the
isopropyl group as in K-8008 at thmara position maintained its antagonism activity (ske t
supporting information S1) but did not enhance dpoptotic activity against breast cancer
cell(Table 1,8c). Compound8b where a slightly smaller but electron-withdrawiagd high
lipophilicity group trifluoromethoxy was used atetpara position had also no reduction in its
inhibition of the RXRx transcriptional activity (see the supporting imf@ation S1) but mildly
enhanced its apoptotic effect against MDA-MB-23tl MCF-7(1G= 8.90 + 0.72/M and 17.34

+ 0.78uM respectively) (Table 18b). Introduction of other electron-withdrawing grauguch as
trifluoromethyl and chlorine8h and8k) at thepara position of the Rbenzene moiety could still
maintain the compounds’ antagonism activity (see #upporting information S2) but
unfortunately displayed weaker apoptotic activityn the contrary, electron-donating groups such
as methoxy or methylthiol grouBd and8e) failed to work, with diminished antagonism effect
(see the supporting information S1-2 and Tablelhys, it appears that thpara position of the
R.-benzene ring prefers substituents with appropsite K-8008, 8c) and electron-withdrawing
groups 8b, 8h, 8k). For themeta position of R-benzene moiety, similar biological effects |
and8k were observed when trifluoromethyl or chlori® @r 8g) was introduced. Compoun8ét
and8i with R,= Cl and Ck respectively at th®rtho-position showed abolished activity (see the
supporting information S2), implying that titho-position of R-benzene cannot tolerate any
substituents. For series 2 (Table 1.), Esssomer product9a) also reserved its antagonism
activity (see the supporting information S3) bud lsareduced apoptosis effect.

For series 3 (Table 2.), when the tetrazole groagp transformed to oxadiazol and the length
between polar group and indene moiety was chanmgeddthyl to methyl, the antagonism activity
of compoundl3a was reserved (see the supporting information &8)its apoptotic effect in
MDA-MB-231 cancer cell was slightly improved frord.B4 + 0.85uM (K-8008) to 9.04 + 1.06

uM (13a). The improvement in the apoptotic effect was alsserved for compounzDa (8.48 +
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0.68uM in MDA-MB-231) where its oxadiazol was restored to tetraz2la {n Table 3.). When a
longer linker was usedl{a), the compound did not show any apoptotic actsit{Table 3.).
although its antagonism activity was retained (seesupporting information S3zompoundl8a
resulted fromsubstituting the tetrazole of compourida with a carboxamide displayed an
enhanced apoptotic effect. As evidenced from thev@lues, compountiBa was 2.5-fold (5.00 *
0.57 uM) more potent than K-8008 in MDA-MB-231 cancerldigle and 1.3-fold (20.77 + 0.78
uM) more potent than K-8008 in MCF-7.

We then changed the linking length between polaugrand indene moiety from ethyl to
methyl and evaluated the effect of different subsetits on Rbenzene moiety (series 4, Table 3). It
is interesting to find that compounds of serieelaved differently from series 1. Modification at
para position was not in favor of electron-withdrawirggoup such as trifluoromethoxy or
trifluoromethyl @0b or 20f). In addition, introduction of electron donatingadiphatic groups such
as methoxy and tertiary buty2qc and20e) did not result in improved apoptotic activity. like
compounds of series 1, when trifluoromethyl wasoiticed atpara, meta or ortho position
respectively, only substitution attho position 0h) could maintain its antagonism and apoptotic
activity. The difference in the structure-activitglationship between series 1 and series 4
suggested that compounds of series 4 bind to RXferehtly from compounds of series 1.
Furthermore, replacing ;fbenzene moiety with thiophene lost its apoptoffeat (20i). Two
E-isomers 21a and21b) as series 5 were made and evaluated. Btarand21b did not display

any obvious antagonistic effect (Table 3.).

Table 1. The growth inhibition (Kg uM) of series 1 and 2 compounds against MDA-MB-28d a

MCF-7.
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Compound R; R, isomer  Reporter Assay® M DA-M B-231° MCF-7°

K-8008 ChH 4-CH(CH;), z D¢ 12.34 £0.85 26.99 £3.78

8a O z ND° NT® NT®
8b CH 4-OCR z D° 8.90 +0.72 17.34+0.78
8¢ CH 4-C(CHy)s z D° 12.49+151 31.10 £1.29
8d Chy 4-OCH, z ND® NT® NT®
8e CH 4-sCH z ND° NT® NT®
8f CHs 2-Cl z NDF NT® NT®
8g CH 3-Cl z o 2473 +0.33 45.55 +3.61
8h CH 4-Cl z o 15.24 +1.73 56.29 +5.00
8i CHs 2-CR z ND° NT® NT®
8 CHs 3-CR z D° 15.58 +2.42 28.76 + 4.62
8k Ch 4-CR z D° 22.08 +1.54 39.36 +3.67
9%a H 4-CH(CH), E o 15.57 +1.29 41.78 £5.34

*Reporter assay. Cells were incubated with corredipgrcompounds of 3 concentrationghl, 10 uM and 50uM. Compounds were
tested for its dose-dependent antagonism activity.

PMTT methods. Cells were incubated with correspogdimmpounds at a concentration from 0.{u86to 100uM for 48 h. Compounds
were tested for its I§g value. Values are mean of three independent erpats.

°D: Dependent; ND: Not dependent; NT: Not tested.
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Table 2. The growth inhibition (Kg uM) of series 3 compounds against MDA-MB-231 and

MCF-7.
R
Ra ‘ I
\
Compound Rs R4 Reporter Assay® MDA-MB-231° MCF-7°
N-0
13a —( Ao H D° 9.04+1.06 2375+ 167
H
o NN
17a M LN F D° NT® NT®
NH™ N
H
0
18a A oy F D° 5.00 + 0.57 20.77 +0.78
NH”

*Reporter assay. Cells were incubated with corredipgrcompounds of 3 concentrationgMl, 10 uM and 50uM. Compounds were
tested its dose-dependent antagonism activity.

®MTT methods. Cells were incubated with correspogdimmpounds at a concentration from 0.{®6to 100uM for 48 h. Compounds
were tested its I§ value. Values are mean of three independent expets.

°D: Dependent; ND: Not dependent; NT: Not tested.

Table 3. The growth inhibition (Kg uM) of series 4 and 5 compounds against MDA-MB-28d a
MCF-7.

15



Compound R: R isomer Reporter Assay® MDA-M B-231° MCF-7°

20a CH 4-CH(CH), z D* 8.48 £ 0.68 27.61+1.64
20b ChH 4-OCK z ND° NT® NT®
20c Ch 4-OCH; z D° 25.72+£0.82 104.00 £ 7.39
20d ChH 4-SCH z ND° NT® NT®
20e CH 4-C(CHy); z D° 14.33 +0.49 38.39+1.708
20f CH; 4-Ch z ND¢ NT® NT®
20g Ch 3-Ck z ND¢ NT® NT®
20h Ch 2-Ck z D* 40.80 +3.10 62.28 £+11.40
a i
20i \/’WV\ z D° 53.29 +2.81 1245+11.11
=%
22 Z
21a H 4-CH(CH), E NDF NT® NT®
21b H 4-OCH E ND NT® NT®

*Reporter assay. Cells were incubated with corredipgrcompounds of 3 concentrationghl, 10 uM and 50uM. Compounds were
tested its dose-dependent antagonism activity.

PMTT methods. Cells were incubated with correspogdimmpounds at a concentration from 0.{i86to 100uM for 48 h. Compounds
were tested its 16 value. Values are mean of three independent expats.

°D: Dependent; ND: Not dependent; NT: Not tested.
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Ethyl is superior to methyl
when R; is tetrazole.

Necessary for activity:
carboxyl or its bioisosteres.

Introduction of fluorine

x(R)—
may increase its activity. Ra. O‘ s
TR1)y
\

Changing methyl to hydrogen

Important for binding and apoptosis. \_1.// (from Z-isomer to E-isomer) is
Modification in para-position is more R, tolerated for series land 2;

suitable. Most potent when R,= OCF; lose activity for series 4 and 5.

Fig 3. Summary of the structure-activity relatioipsh

3.4 The binding affinity of K-8008 derivatives

Fluorescence quenching assay was utilized to amallie binding property of K-8008
derivatives. The compounds were titrated into thestte filled with a RXR-LBD protein solution
(1 wmol/L) with an increasing concentration from Q&ol/L to 35umol/L. The fluorescence
absorption excited by RXRLBD was quenched due to the interaction betweenptiotein and
compounds. We used K-80003 as a positive contatlwlas reported before as a unique RXR
modulator with a dissociation constanyi6f 2.4uM by means of &is-RA competition binding
assay [21]. Using the fluorescence quenching aghaydissociation constant of K-80003 was
evaluated as 2.38 + 0.1 (Fig. 4A), which is consistent with the data frdime 9¢issRA
competition binding assay. We then measured trsodiation constant (# of three compounds
(K-8008, 8b and18a) that exerted enhanced apoptotic activityokK2.05 + 0.26:M, 1.59 + 0.20
uM and 1.13 + 0.14M were obtained foK-8008, 8b and18a respectively (Fig. 4). The results
showed thaboth of8b and18a bind to RXRu slightly better than K-8008 which was consistent

with the apoptotic activity results from the MTTsay.
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Fig 4. Fluorescence quenching assaymbl/L protein solution was added in cuvette and

compounds with increasing concentration of #ol/L to 35umol/L was titrated to the cuvette.

The excitation wavelength was set at 280 nm andsam was detected from 290 nm to 450 nm.

The value of the fluorescence intensity in 300 nenenrecorded as F. Y-axis value was set tg F-F

and X-axis value was set to the equivalence rdt@mpounds concentration to protein

concentration. Four compounds were tested: (A) BE30(B) K-8008 (C) compoungb (D)

compoundl8a.

3.5 K-8008 derivatives induce the cleavage of galyP-ribose) polymerase (PARP)

We further evaluated the apoptotic effec8obfand18a at protein level and its dependency on

RXRa. Firstly, poly (ADP-ribose) polymerase (PARP) clage assay showed that both the

compounds &b and18a) exerted improved PARP cleavage activity in corigoer with K-8008
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(Fig. 5A and 5C). Furthermore, their PARP cleavaffect was dose-dependent. Previously, we
reported that sulindac analogs could inhibit the=@fhduced AKT activation in cancer cells and
enhanced the TNF-induced apoptosis [19]. Thus, we further testedRARP cleavage effect of
compoundBb or 18a in combination with TNE. Fig. 5B and 5D showed that treatment of HelLa
cells or MCF-7 cells with compoungb or 18a in combination with TNE could significantly
enhance the cleavage PARP. Knocking down R¥Rpression in HelLa cells by siRNA weakened
the effect of compound®b and18a on inducing the PARP cleavage (Fig. 6A), implythgt the

compounds’ apoptotic effect is RXRlependent. Similar results were observed in MQlasYcer

cell (Fig. 6B).
A B
10 20 10 20 10 20 pM/8h - - - + + + + TNFa20ng/8h
HeLa - k8 k8 8b 8b 18a 18a HeLa - K8 8b 18a - k8 8b 18a 15puM/Sh
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Fig 5. Induction of PARP cleavage by K-8008 (lableds k8) and its derivatives without (A) or
with TNF-o (B) in HeLa Cells and without (C) or with TNi=(D) in MCF-7 Cells. Cells cultured in
medium with 0% FBS were treated with compounds@ntiNF-a (20 ng/mL) for 8 hours in Hela

or 12 hours in MCF-7 and analyzed for PARP cleayagenmunoblotting.
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Fig 6. RXRx siRNA transfection inhibits the apoptotic effe€#e8008 (labeled as k8). (A) HeLa
cells transfected with control or RXRiRNA for 48 h were treated with K-8008 and itsidatives
8b or18a (20 uM) for 8 h and analyzed by immunoblotting. (B) MCFeells transfected with
control or RXRy siRNA for 48 h were treated wisb or 18a (30 uM) for 12 h and analyzed by

immunoblotting.

3.6 Molecular docking studies

Compounds8b and18a displayed similar binding affinities to RXR.BD and comparable
biological activities, though they are differentusturally. Thus, we were intrigued to understand
their binding modes, and therefore perform moleculimcking to study their binding
conformations.

For compound8b, the original goal was to mimic the binding modie Kk8008 while
introducing some modification in the Broup (Table 1) to enhance its interaction with pinotein
in the lipophilic tail. Therefore, the K-8008/RX¥R.BD complex crystal structure (PDB code:
4AN8R) was used for docking study. The results (F&). showed that the binding mode&iif was
almost identical to K-8008 [20]. Notably, trifluarethoxy of8b was positioned closely to Ala271
and form stronger interaction with Ala 271 compangith K-8008 through its fluorine atoms (Fig.
7B). This may explain why compoungb exerts slightly enhanced activity over K-8008.

Compoundl8a was designed based on the bioisostere conceppbgcing the carboxylic
acid in K-80003 with hydroxyformamide. Thuthe K-80003/RXR-LBD complex crystal
structure (PDB code: 5TBP) was used to carry autlthicking study. As 3 K-80003 molecules can
bind to the same large hydrophobic cavity wherg onke K-8008 molecule is bound in the crystal
structure of RXR-LBD/K-80008 complex [23], we assumed that like 8683 318a molecules
would bind to each large hydrophobic cavity in BX¥Ra-LBD tetramer, and therefore docked 3
18a molecules separately to the three different regjishere the 3 K-80003 molecules bind (Fig.

8). In generall8a molecules (labeled d8a-A, 18a-B and18a-C) bound in a similar fashion to the
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K-80003 molecule, especialiyBa-A and 18a-B (Fig. 8). As K-80003A moleculel8a-A could
form hydrogen bond with Trp305 in chain A. Howeueer-r interaction between Trp305 and the
ligand seems to be stronger fila-A because both of the two benzene ringd&#-A could
contribute to ther-r interaction whereas only one of the two benzengsriof K-80003A could
form n-n interaction with Trp30518a-B was predicted to form hydrogen bond with backboihe
Arg302 in chain C, differently from K-80003B whidbrms a H-bond with Trp305 in chain C.
Other than that18a-B and K-80003B make similar hydrophobic interactisith the protein.
18a-C could make stronger interaction with the protéiart K-80003C by forming 4 hydrogen
bonds with GIn275, Arg316 and backbones of Ala3a¥ lzeu309 in chain A (Fig. 8). Overall, our
docking results showed th#8a may display an enhanced bind affinity to RKR.BD tetramer

than K-80003.

~ i

Fig. 7. Molecular docking study of compou8lo. (A) Compoundb was docked to the
K-8008/RXRu-LBD complex crystal structure (PDB code: 4N8R) angerimposed with K-8008.
Compoundb was showed in red sticks and K-8008 in green sti€ke binding pocket &b was showed

in yellow surface. (B) The interactions between poomd8b and RXRx in 2-D drawing.
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Fig. 8. Molecular docking studies of compout&h. Compoundl8a was separately docked to the regions
where the three molecules of K-80003 bind in th8A03/RXRx crystal structure (PDB code: 5TBP). 18a
was showed in yellow sticks, K-80003 in green &tiekd the amino acid residue in white sticks. The
hydrogen bonds between 18a and RXRere showed in yellow dashed lines and K-80003 RK&o in

orange dashed lines.

4. Conclusion

In summary, we have reported studies on a sefieevo K-8008 derivatives on their SAR as
anticancer agents targeting RKRTwo new compound$gb and18a, showed slightly enhanced
anticancer activity compared to K-8008. Compo8hndvas 1.4-fold (IG,= 8.90 + 0.72:M) more
potent than K-8008 in MDA-MB-231 cancer cell linadal.6-fold (IGy=17.34 £ 0.78uM) in
MCF-7 and thel8a compound was 2.5-fold (kg= 5.00 + 0.57uM) more potent than K-8008 in
MDA-MB-231 cancer cell line and 1.3-fold (§= 20.77 + 0.78 M) in MCF-7. The dissociation

constant (k) of 8b and18a was 1.59 + 0.2uM and 1.13 + 0.14M, respectively. Further
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biological evaluation revealed th@h and18a are more potent than K-8008 in inducing PARP
cleavage and the apoptotic effects of the compowrdsRXRi-dependent. The studies also
demonstrated the feasibility of replacing the pajaoup in K-8008 with different carboxyl

bioisosteres as an optimization approach.

5. Experiment section
5.1 Chemistry
5.1.1 General procedure A: the synthesis of indlmivative from appropriate indene moiety.

To a solution of corresponding indene productsg@ol, 1.0 equiv) in MeOH (5.0 mL) was
added 2.5 N NaOMe (0.75 mmol, 0.25 mL, 3.0 equivpam temperature to get an orange mixture.
After stirring for 30 min, the mixture was addedwappropriate aromatic aldehyde (0.5 mmol, 2
equiv). The resulting mixture was refluxed at 80f&€ 4 h. After concentrated under reduced
pressure, the residue was acidified with a 1 N $t@tion to pH 4.0~6.0. After stirring for another
0.5 h at room temperature, the mixture was extdaetith EtOAc (15 mL *3). The combined
organic layers were dried over anhydrous,®@, filtered, and concentrated under reduced

pressure. The residue was purified by flash chrography to afford indene derivative [21].

5.1.2 Compound-6a.
Compound 1-6a was synthesized according to theerafe [19, 20].

5.1.3 Compounda.

Compoundra was synthesized according to the reference [0, 21

5.1.4 (2)-5-(2-(2-methyl-1-(naphthalen-1-ylmethygi H-inden-3-yl)ethyl)-1H-tetrazoBg)
CompoundBa was synthesized according to the general proceiudellow solid, 74 mg,

yield: 81.7%H NMR (600 MHz, DMSO-¢) 5 8.03 (t,J = 7.06 Hz, 2H), 7.96 (d,= 8.25 Hz, 1H),
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7.65 (s, 1H), 7.63 (dl = 6.97 Hz, 1H), 7.61 (d = 7.89 Hz, 1H), 7.58 (d, = 8.07 Hz, 1H), 7.54 (t,
J=7.50 Hz, 1H), 7.23 (d|= 7.52 Hz, 1H), 7.12 (1 = 7.34 Hz, 1H), 6.73 (| = 7.43 Hz, 1H), 6.66
(d,J=7.52 Hz, 1H), 3.15 (8= 7.61 Hz, 2H), 3.03 (1= 7.52 Hz, 2H), 2.12 (s, 3H}C NMR (151
MHz, DMSO-&) & 144.2, 142.8, 137.7, 134.8, 134.6, 134.3, 13331,4] 129.0, 128.9, 128.5,
128.3, 127.4, 127.0, 126.8, 126.0, 125.4, 124.2,71418.3, 23.9, 22.7, 10.2. HRMS (ESI) calcd

for C,JH19N4 [M-H]: 363.1610; found: 363.1614.

5.1.5 (2)-5-(2-(2-methyl-1-(4-(trifluoromethoxy)beylidene)-1H-inden-3-yl)ethyl)-1H-tetrazole
(8b)

Compound8b was synthesized according to the general proceflukellow solid, 94 mg,
yield: 94.7%H NMR (600 MHz, DMSO-g¢) & 7.65 (dd,J = 1.00, 8.44 Hz, 2H), 7.46 (d= 8.07
Hz, 2H), 7.23 - 7.26 (m, 2H), 7.16 - 7.21 (m, 2BL92 (t,J = 7.90 Hz, 1H), 3.11 (] = 7.61 Hz,
2H), 2.99 (tJ = 7.52 Hz, 2H), 1.97 (s, 3HYC NMR (151 MHz, DMSO-¢) 5 148.4, 144.3, 141.8,
137.8,136.2, 134.9, 134.1, 131.6, 129.1, 128.6,01222.4, 121.5, 119.72, 118.4, 23.9, 22.6, 10.1.

HRMS (ESI) calcd for gH;6F3N4O [M-H]: 397.1276; found: 397.1278.

5.1.6 (2)-5-(2-(1-(4-(tert-butyl)benzylidene)-2-rhgt-1H-inden-3-yl)ethyl)-1H-tetrazole3¢€)
Compound8c was synthesized according to the general procefluiellow solid, 63 mg,
yield: 68.5%H NMR (600 MHz, CHLOROFORM-d) 7.47 (d,J = 7.52 Hz, 1H), 7.38 - 7.42 (m,
4H), 7.10 (ddy = 1.00, 7.30 Hz, 1H), 7.09 (d= 7.15 Hz, 1H), 7.07 (s, 1H), 6.88 (dt 1.00, 7.30
Hz, 1H), 3.27 (t) = 7.52 Hz, 2H), 3.05 (1] = 7.61 Hz, 2H), 1.92 (s, 3H), 1.36 (s, 9tC NMR
(151 MHz, CHLOROFORM-dp 151.4, 143.5, 140.6, 135.7, 135.6, 134.4, 13336,8 129.2,
127.8, 125.3, 124.6, 122.9, 117.4, 34.8, 31.3,,22205, 10.0. HRMS (ESI) calcd for,fl,sN,

[M-H] : 369.2079; found: 369.2079.

5.1.7 (2)-5-(2-(1-(4-methoxybenzylidene)-2-meth¥d-inden-3-yl)ethyl)-1H-tetrazoles()
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Compoundd was synthesized according to the general procetlurellow solid, 36.29 mg,
yield: 42.2%H NMR (600 MHz, DMSO-¢) 8 7.50 (d,J = 8.62 Hz, 2H), 7.43 (d,= 7.52 Hz, 1H),
7.24 (d,J = 7.34 Hz, 1H), 7.20 (s, 1H), 7.18 (dt= 1.00, 7.50 Hz, 1H), 7.04 (d= 8.62 Hz, 2H),
6.93 (dt,J = 1.01, 7.47 Hz, 1H), 3.83 (s, 3H), 3.11)t 7.61 Hz, 2H), 2.99 (] = 7.61 Hz, 2H),
1.97 (s, 3H);*C NMR (151 MHz, DMSO-¢) 5 159.8, 144.1, 140.0, 136.6, 135.1, 134.3, 131.4,
130.9, 128.9, 128.1, 124.7, 122.3, 118.2, 114.47,553.9, 22.8, 10.2. HRMS (ESI) calcd for

C2H19N4O [M-H]: 343.1559; found: 343.1561.

5.1.8 (2)-5-(2-(2-methyl-1-(4-(methylthio)benzylide)-1H-inden-3-yl)ethyl)-1H-tetrazol 8€)
Compound8e was synthesized according to the general procefluiellow solid, 46 mg,
yield: 51.5%H NMR (600 MHz, DMSO-g) 8 7.49 (d,J = 8.07 Hz, 2H), 7.39 (d,= 7.70 Hz, 1H),
7.35 (d,J = 7.89 Hz, 2H), 7.24 (d] = 7.34 Hz, 1H), 7.20 (s, 1H), 7.17 (dts 1.00, 7.20 Hz, 1H),
6.93 (dt,J = 1.00, 8.10 Hz, 1H), 3.11 {,= 7.61 Hz, 2H), 2.99 (1] = 7.61 Hz, 2H), 2.54 (s, 3H),
1.97 (s, 3H)*C NMR (151 MHz, DMSO-g) 5 144.2, 140.7, 139.3, 137.1, 135.1, 134.2, 133.0,
130.4, 130.4, 128.3, 125.9, 124.8, 122.5, 118.9€,22.7, 14.8, 10.2. HRMS (ESI) calcd for

C21H1oN4S [M-H]: 359.1331; found: 359.1334.

5.1.9 (2)-5-(2-(1-(2-chlorobenzylidene)-2-methyl-litlen-3-yl)ethyl)-1H-tetrazoles()

Compound8f was synthesized according to the general procefluellow solid, 60 mg,
yield: 69.3%H NMR (600 MHz, DMSO-¢) 8 7.62 (dd,) = 1.00, 8.44 Hz, 1H), 7.57 (dd= 1.19,
7.43 Hz, 1H), 7.47 (dtl = 1.56, 7.66 Hz, 1H), 7.44 (dt= 1.19, 7.47 Hz, 1H), 7.25 (d= 7.52 Hz,
1H), 7.19 (dtJ = 1.00, 6.40 Hz, 1H), 7.14 (s, 1H), 6.89)t 7.89 Hz, 2H), 3.15 (] = 7.61 Hz,
2H), 3.01 (tJ = 7.61 Hz, 2H), 2.01 (s, 3HYC NMR (151 MHz, DMSO-¢) 3 144.2, 142.4, 138.3,
135.3,134.5, 134.2, 133.0, 131.7, 130.6, 130.8,712427.6, 126.8, 125.0, 122.5, 118.5, 23.8, 22.5,

10.1. HRMS (ESI) calcd for gH:¢CIN, [M-H] : 347.1064; found: 347.1066.
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5.1.10 (2)-5-(2-(1-(3-chlorobenzylidene)-2-methy-Inden-3-yl)ethyl)-1H-tetrazoled()
Compound8g was synthesized according to the general proceiudellow solid, 79 mg,
yield: 90.7%1H NMR (600 MHz, DMSO-g¢) 8 7.52 (s, 1H), 7.48 (d,= 7.15 Hz, 1H), 7.44 - 7.47
(m, 2H), 7.23 (dJ = 7.34 Hz, 1H), 7.14 - 7.20 (m, 3H), 6.90 @t 1.00, 7.90 Hz, 1H), 3.12 (=
7.52 Hz, 2H), 2.99 (tJ = 7.61 Hz, 2H), 1.95 (s, 3H}’C NMR (151 MHz, DMSO-g) & 144.3,
142.1, 139.1, 138.0, 134.9, 134.1, 133.7, 130.8,11228.9, 128.6, 128.4, 128.2, 125.0, 122.5,

118.5, 23.8, 22.6, 10.1. HRMS (ESI) calcd fegH;6CIN, [M-H] = 347.1064; found: 347.1066.

5.1.11 (2)-5-(2-(1-(4-chlorobenzylidene)-2-methy-Inden-3-yl)ethyl)-1H-tetrazoleBf)
Compound8h was synthesized according to the general proceflukellow solid, 55 mg,
yield: 63.7%H NMR (600 MHz, DMSO-g¢) & 7.49 - 7.55 (m, 4H), 7.23 3,= 8.30 Hz, 2H), 7.15
-7.20 (m, 2H), 6.91 (] = 7.43 Hz, 1H), 3.11 (§ = 7.52 Hz, 2H), 2.99 (8 = 7.52 Hz, 2H), 1.96 (s,
3H); *C NMR (151 MHz, DMSO-g) & 155.9, 144.2, 141.7, 137.7, 135.7, 135.0, 13433,3]
131.5,129.3,129.0, 128.5, 124.9, 122.5, 118.8,22.6, 10.1. HRMS (ESI) calcd fopdE16CIN,

[M-H] : 347.1064; found: 347.1066.

5.1.12 (2)-5-(2-(2-methyl-1-(2-(trifluoromethyl)beylidene)-1H-inden-3-yl)ethyl)-1H-tetrazole
(8i)

Compound8i was synthesized according to the general procefluiellow solid, 56 mg,
yield: 58.5%H NMR (600 MHz, DMSO-¢) & 7.89 (d,J = 7.89 Hz, 1H), 7.75 (| = 7.43 Hz, 1H),
7.67 (t,J = 7.70 Hz, 1H), 7.59 (dl = 7.52 Hz, 1H), 7.28 (d,= 1.00 Hz, 1H), 7.25 (d, = 7.34 Hz,
1H), 7.17 (dtJ = 1.00, 8.10 Hz, 1H), 6.83 (dt,= 1.00, 7.90 Hz, 1H), 6.49 (d,= 7.70 Hz, 1H),
3.13 (t,J = 7.70 Hz, 2H), 3.00 (f = 7.70 Hz, 2H), 2.00 (s, 3HYC NMR (151 MHz, DMSO-g¢) &
144.2, 142.9, 138.6, 135.9, 134.3, 134.2, 133.1,81329.2, 128.6, 127.43, 126.6, 126.0, 125.0,
124.59, 122.6, 118.6, 23.8, 22.5, 10.0. HRMS (E8IBd for G;H16F:N4 [M-H]: 381.1327; found:

381.1329.
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5.1.13 (2)-5-(2-(2-methyl-1-(3-(trifluoromethyl)beylidene)-1H-inden-3-yl)ethyl)-1H-tetrazole
(8)

Compoundgj was synthesized according to the general procefuiellow solid, 39 mg,
yield: 40.8%H NMR (600 MHz, DMSO-¢) 8 7.85 (d,J = 6.42 Hz, 2H), 7.78 (d,= 7.70 Hz, 1H),
7.72 (t,J = 7.98 Hz, 1H), 7.31 (s, 1H), 7.27 (= 7.34 Hz, 1H), 7.20 (df = 1.00, 7.90 Hz, 1H),
7.11(dJ=7.70 Hz, 1H), 6.91 (dd,= 1.00, 7.90 Hz, 1H), 3.13 (t= 7.61 Hz, 2H), 3.01 (8= 7.61
Hz, 2H), 1.98 (s, 3H)**C NMR (151 MHz, DMSO-¢) & 144.4, 142.3, 138.1, 138.0, 135.0, 134.0,
133.6, 130.1, 129.8, 128.8, 128.8, 126.2, 125.3,01224.6, 122.2, 118.6, 23.9, 22.6, 10.1. HRMS

(ESI) calcd for GiH16FsN4 [M-H] : 381.1327; found: 381.1328.

5.1.14 (2)-5-(2-(2-methyl-1-(4-(trifluoromethyl)beylidene)-1H-inden-3-yl)ethyl)-1H-tetrazole
(8k)

Compound8k was synthesized according to the general procefludellow solid, 57 mg,
yield: 60%.'"H NMR (600 MHz, DMSO-¢) 5 7.84 (d,J = 8.25 Hz, 2H), 7.74 (d}, = 8.07 Hz, 2H),
7.28 (s, 1H), 7.26 (dl = 7.34 Hz, 1H), 7.20 (11 = 7.43 Hz, 1H), 7.15 (d, = 7.52 Hz, 1H), 6.93 (t,
J=7.34 Hz, 1H), 3.13 (1 = 7.52 Hz, 2H), 3.01 (] = 7.61 Hz, 2H), 1.98 (s, 3H)YC NMR (151
MHz, DMSO-d) d 144.3, 142.4, 141.3, 138.3, 134.9, 134.0, 13(28,8, 125.9, 125.8, 125.8,
125.1,124.7, 122.5, 118.5, 23.9, 22.6, 10.1. HRES) calcd for GiH;¢FN4 [M-H]: 381.1327;

found: 381.1329.

5.1.15 (E)-5-(2-(1-(4-isopropylbenzylidene)-1H-img@-yl)ethyl)-1H-tetrazole9a)

Compoundda was synthesized according to the general procefludéellow solid, 70 mg,
yield: 84.0%H NMR (600 MHz, DMSO-¢) 8 7.81 (dJ = 7.15 Hz, 1H), 7.60 (d,= 8.25 Hz, 2H),
7.55 (s, 1H), 7.38 (dl = 7.34 Hz, 1H), 7.35 (d = 8.07 Hz, 2H), 7.29 (df = 1.10, 7.34 Hz, 1H),
7.26 (dt,J = 0.92, 7.70 Hz, 1H), 6.89 (s, 1H), 3.35)(& 8.10 Hz, 2H), 3.11 (i = 7.52 Hz, 2H),
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2.94 (quind,) = 6.87, 13.80 Hz, 1H), 1.24 (@= 6.79 Hz, 6H)*3C NMR (151 MHz, DMSO-g) &
149.5, 146.6, 141.5, 138.5, 137.9, 134.6, 130.8,012127.7, 127.4, 125.9, 122.1, 119.8, 119.2,

33.7, 25.7, 24.2, 22.1. HRMS (ESI) calcd fopt:N, [M-H] : 341.1766; found: 341.1767.

5.1.16 2-(2-methyl-1H-inden-3-yl)acetonitril&0g)

Diethyl cyanomethylphosphonate (13.409 g, 2 equias dissolved in 65 mL acetonitrile in
0 °C, and was dropwise added with DBU (17.272 eqv), stirring for 30 min. The mixture was
added with compound 4a (5 g, 1 equiv) and stirredoam temperature overnight. After
concentrated under reduced pressure, the mixtuseextacted with EtOAc (15 mL *3) and
washed with brine (15 mL). The combined organietaywere dried over anhydrous JS@),
filtered, and concentrated under reduced presdure.residue was purified by flash chroma-
tography to afford compoundOa. White solid, 3.5 g, yield : 75%H NMR (600 MHz,
CHLOROFORM-d) 7.39 (dJ = 7.34 Hz, 1H), 7.32 (d,= 7.15 Hz, 1H), 7.31 (8= 7.52 Hz, 1H),
7.18 (dt,J = 1.19, 7.20 Hz, 1H), 3.54 (s, 2H), 3.35 (s, 2P)L5 (s, 3H);°C NMR (151 MHz,
CHLOROFORM-d)d 144.1, 143.2, 141.8, 126.6, 125.5, 124.8, 12318, 117.1, 42.9, 14.2,

13.9. HRMS (ESI) calcd for GHi;NNa" [M+Na]™: 192.0789; found: 192.0784.

5.1.17 2-(1H-inden-3-yl)acetonitrild@b)

CompoundlOb was synthesized according to compodfid. White solid, 4.3 g, yield: 60%.
'H NMR (600 MHz, CHLOROFORM-dj 7.53 (d,J = 7.89 Hz, 1H), 7.40 (§ = 7.24 Hz, 1H), 7.37
(d, J = 7.34 Hz, 1H), 7.28 (] = 7.50 Hz, 1H), 5.65 (s, 1H), 3.08 - 3.13 (m, 4K NMR (151
MHz, CHLOROFORM-d» 167.4, 149.7,138.1, 131.8,127.2, 125.9, 1211.8.31 85.8, 31.4, 29.9.

HRMS (ESI) calcd for GHgNNa" [M+Na]*: 178.0633; found: 178.0628.

5.1.18 N-hydroxy-2-(2-methyl-1H-inden-3-yl)acetiraidide (1)
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To a solution of compountiOa (338 mg, 1 equiv) was dissolved in EtOH (5 mL) avas
added with hydroxylamine of 50% w.t. in water (388, 8 equiv) at 80 °C for 3 h. The mixture was
extracted with EtOAc (30 mL *3) and washed witmier{30 mL *3). The combined organic layers
were dried over anhydrous pBO,, filtered, and concentrated under reduced pres$heeresidue
was purified by flash chroma- tography to affordéne derivative. White solid, 363 mg, yield:
92%*H NMR (600 MHz, DMSO-g)  8.90 (s, 1H), 7.34 (] = 6.60 Hz, 2H), 7.17 (] = 7.70 Hz,
1H), 7.06 (dtJ = 1.00, 7.70 Hz, 1H), 5.18 (s, 2H), 3.28 (s, 422 (s, 2H), 2.09 (s, 3HYC NMR
(151 MHz, DMSO-¢) 6 151.3, 146.8, 142.3, 141.2, 132.2, 126.2, 1228,3] 119.2, 42.6, 27.8,

14.4. HRMS (ESI) calcd for £H13N,0 [M-H]: 201.1028; found: 201.1024.

5.1.19 3-((2-methyl-1H-inden-3-yl)methyl)-1,2,4-akazol-5(4H)-one 12)

CompoundL1 (404 mg, 1 equiv) in 6 mL dioxane was added witH (389 mg, 1.2 equiv) and
DBU (334 mg, 1.1 equiv). After stirring at 100 °@r # h, the residue was acidified with a 1 N HCI
solution to pH 4.0~6.0. After stirring for anoth@’s h at room temperature, the mixture was
extracted with EtOAc (30 mL *3). The combined origdayers were dried over anhydrous,8@y,
filtered, and concentrated under reduced presdure.residue was purified by flash chroma-
tography to afford produd2. White solid, 242 mg, yield: 53%H NMR (600 MHz, DMSO-g) &
7.39 (dJ=7.34 Hz, 1H), 7.20 - 7.25 (m, 2H), 7.11 (@t 2.20, 7.00 Hz, 1H), 3.80 (s, 2H), 3.36 (s,
2H), 2.12 (s, 3H)**C NMR (151 MHz, DMSO-¢) 5 160.4, 158.8, 145.5, 144.1, 142.3, 128.4,
126.5, 124.4, 123.7, 118.6, 42.8, 21.7, 14.5. HRESI) calcd for GsH;,N,O,Na" [M+Na]™:

251.0797; found: 251.0791.
5.1.20
(2)-3-((1-(4-isopropylbenzylidene)-2-methyl-1H-ind&-yl)methyl)-1,2,4-oxadiazol-5(4H)-one

(13a)
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Compoundl3a was synthesized according to the general procealureliow solid, 48 mg,
yield: 54%.'H NMR (600 MHz, DMSO-g) 5 12.35 (br.s., 1H), 7.50 (d,= 7.89 Hz, 2H), 7.42 (d,
J=7.70 Hz, 1H), 7.33 - 7.39 (m, 3H), 7.20Jd; 7.15 Hz, 1H), 7.17 (] = 7.06 Hz, 1H), 6.93 (dt,
J=0.92, 7.90 Hz, 1H), 3.89 (s, 2H), 2.96 (t, 6.88 Hz, 1H), 2.20 (s, 3H), 1.25 (b= 6.79 Hz,
6H); *C NMR (151 MHz, DMSO-g) & 160.3, 158.6, 149.4, 143.8, 140.2, 137.8, 1343a,Q]
132.3, 130.3, 129.9, 128.3, 126.9, 125.0, 122.8,6/133.8, 24.2, 22.0, 10.8. HRMS (ESI) calcd

for C,3H2N,O,Na’" [M+Na]": 381.1579; found: 381.1574.

5.1.21 Compound4-16

Compoundl4-16 was synthesized according to the reference [19].

5.1.22
(2)-2-(1-(4-isopropylbenzylidene)-2-methyl-1H-ind8ryl)-N-(1H-tetrazol-5-yl)acetamidel {a)

To a solution ofl6 (141 mg, 1 equiv.) was added HOBT (72 mg, 1.2\ejjand EDCI (101
mg, 1.2 equiv.) at 0 °C for 1 h. Then, amino-1H#&etble (85 mg, 2.5 equiv.) was added to the
mixture and stirring in room temperature for 1Z’he mixture was extracted with EtOAc (30 mL
*3). The combined organic layers were dried overyainous NaSQ,, filtered, and concentrated
under reduced pressure. The residue was purifidigly chroma- tography to afford proddeg.
Yellow solid, 88 mg, yield: 87%H NMR (600 MHz, DMSO-¢) & 15.87 (br. s., 1H), 12.33 (br. s.,
1H), 7.49 (d,) = 8.07 Hz, 2H), 7.35 - 7.38 (m, 3H), 7.34 (s, 1A)9 (ddJ = 2.38, 9.35 Hz, 1H),
6.75 (dt,J = 2.38, 8.80 Hz, 1H), 3.83 (s, 2H), 2.96 (Ipt, 6.88 Hz, 1H), 2.22 (s, 3H), 1.26
6.79 Hz, 6H)>*C NMR (151 MHz, DMSO-¢) 5 169.2, 162.8, 149.4, 147.2, 139.4, 139.3, 133.8,
131.9, 131.6, 130.0, 129.9, 127.0, 123.5, 110.8,61(83.8, 32.6, 24.2, 11.0. HRMS (ESI) calcd

for C,3H,.FNsONa' [M+Na]™: 426.1706; found: 426.1695.

5.1.23 (2)-N-hydroxy-2-(1-(4-isopropylbenzyliden2methyl-1H-inden-3-yl)acetamidé&ga)
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To a solution ofL6 (100 mg, 0.3 equiv) in EtOH (4 mL) was added WitlsO, (0.3 mL) at
60 °C for 2 h. The mixture was extracted with EtO®&6 mL *3). The combined organic layers
were dried over anhydrous pBO,, filtered, and concentrated under reduced pres$uithout
further purification, the products continued toateaith hydroxylamine (330 mg, 1.0 equiv) and
sodium methoxide (1.0 mL, 2.4 mol/L) in MeOH (5 ndf)room temperature for 4 h. The mixture
was extracted with EtOAc (30 mL *3). The combinedamic layers were dried over anhydrous
N&aSQ,, filtered, and concentrated under reduced presSure residue was purified by flash
chroma- tography to afford produt8a. Yellow solid, 63 mg, yield: 60%H NMR (600 MHz,
DMSO-d) 3 10.71 (d,J = 1.46 Hz, 1H), 8.87 (d,= 1.47 Hz, 1H), 7.46 - 7.50 (M= 8.07 Hz, 2H),
7.35 - 7.38 (mJ = 8.25 Hz, 2H), 7.33 (dd,= 5.32, 8.44 Hz, 1H), 7.29 (s, 1H), 7.13 (dd; 2.38,
9.35 Hz, 1H), 6.73 (dfl = 2.75, 9.20 Hz, 1H), 3.31 (s, 2H), 2.96 (Spt,6.88 Hz, 1H), 2.19 (s, 3H),
1.26 (d,J = 6.97 Hz, 6H);*C NMR (151 MHz, DMSO-¢g) & 166.4, 162.7, 149.3, 147.4, 139.5,
138.6, 134.0, 132.7, 131.3, 130.1, 129.8, 127.8,4,210.6, 106.5, 33.8, 30.4, 24.2, 10.9. HRMS

(ESI) calcd for GHFNO;Na" [M+Na]™: 374.1533; found: 374.1526.

5.1.24 5-((2-methyl-1H-inden-3-yl)methyl)-1H-tetda (19a)

A flask (10 mL) was charged with compound 10a (8i@ 2 mmol), dry DMF (8 mL),
triethylamine hydrochloride (1.1 g, 8 mmol) and isod azide (520 mg, 8 mmol) which were
added to the solution under nitrogen. The mixtuas hveated for 40 h at 110 °C, then cooled to the
room temperature, concentrated in vacuo and dilwigdwater (100 mL). The aqueous solution
was then acidified to pH 2.0 using concentrated,HRtracted with EtOAc (30 mL*3). The
combined organic layers were washed with brine(8), miried over anhydrous NaQ,, filtered,
and concentrated under reduced pressure. The eas@hkipurified by flash chromatography (ethyl
acetate : PE = 1: 1) to afford crude compoi@al White solid, 299 mg, yield : 77%4 NMR (600
MHz, DMSO-d) & 7.37 (d,J = 7.34 Hz, 1H), 7.17 (] = 7.24 Hz, 1H), 7.14 (d} = 7.15 Hz, 1H),
7.09 (dt,J = 1.00, 7.30 Hz, 1H), 4.17 (s, 2H), 3.36 (s, 2P{)}3 (s, 3H);°C NMR (151 MHz,
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DMSO-a;) 6 145.6, 142.8, 142.5, 130.7, 126.4, 124.3, 123.8,6l 42.7, 19.9, 14.4. HRMS (ESI)

calcd for G,H11N4 [M-H] ™ 211.0984; found: 211.0979.

5.1.25 5-((1H-inden-3-yl)methyl)-1H-tetrazol#9p)

Compound 19b was synthesized using the same mefHi®d. White solid, 222 mg, yield :
56%."H NMR (600 MHz, DMSO-g) 5 7.49 (d,J = 7.34 Hz, 1H), 7.34 (d,= 7.34 Hz, 1H), 7.27 (t,
J=7.34Hz, 1H), 7.21 (| = 7.30 Hz, 1H), 6.34 (s, 1H), 4.25 (b 1.47 Hz, 2H), 3.38 (s, 2H)C
NMR (151 MHz, DMSO-¢) 6 144.4, 144.2, 138.4, 132.0, 126.5, 125.4, 12419,5| 37.9, 22.6.

HRMS (ESI) calcd for gHgN,4 [M-H]™: 197.0827; found: 197.0822.

5.1.26 (2)-5-((1-(4-isopropylbenzylidene)-2-metliy-inden-3-yl)methyl)-1H-tetrazole20a)
Compound?0a was synthesized according to the general procedlureliow solid, 25 mg,
yield: 29.1 %*H NMR (600 MHz, DMSO-¢) 5 7.50 (d,J = 7.89 Hz, 2H), 7.40 (d,= 7.52 Hz, 1H),
7.37 (s, 1H), 7.35 (dl = 3.48 Hz, 2H), 7.13 (= 7.20 Hz, 1H), 7.10 (d,= 7.15 Hz, 1H), 6.92 (dt,
J=1.10, 7.90 Hz, 1H), 4.25 (s, 2H), 2.96 (Spt, 7.00 Hz, 1H), 2.22 (s, 3H), 1.26 (tk 6.97 Hz,
6H); *C NMR (151 MHz, CHLOROFORM-d} 149.5, 143.0, 140.2, 137.4, 134.1, 133.7, 132.1,
129.5, 128.0, 126.6, 125.0, 123.0, 117.7, 58.60,323.9, 18.3, 10.5. HRMS (ESI) calcd for

CuHigN,4 [M-H] : 341.1766; found: 341.1766.

5.1.27
(2)-5-((2-methyl-1-(4-(trifluoromethoxy)benzylidejréH-inden-3-yl)methyl)-1H-tetrazol(Qb)
Compound20b was synthesized according to the general proceduyellow solid, 52 mg,
yield: 54.3%H NMR (600 MHz, DMSO-¢) 8 7.67 (d,J = 8.25 Hz, 2H), 7.49 (d,= 8.44 Hz, 2H),
7.38 (s, 1H), 7.20 (dl = 7.52 Hz, 1H), 7.15 (dff = 1.00, 7.20 Hz, 1H), 7.12 (d= 6.79 Hz, 1H),

6.92 (dtJ = 1.28, 7.34 Hz, 1H), 4.26 (s, 2H), 2.23 (s, 380;NMR (151 MHz, DMSO-g) 5 148.5,
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144.0, 141.6, 136.6, 136.0, 133.8, 133.5, 131.6,213128.6, 125.2, 122.4, 121.5, 120.6, 118.8,

20.1, 10.7. HRMS (ESI) calcd forgl14/N40 [M-H]: 383.1120; found: 383.1121.

5.1.28 (2)-5-((1-(4-methoxybenzylidene)-2-methyl-iidlen-3-yl)methyl)-1H-tetrazole2(c)
Compound?20c was synthesized according to the general procefluv@llow solid, 46 mg,
yield: 50.6%H NMR (600 MHz, DMSO-g) 8 7.53 (d,J = 8.62 Hz, 2H), 7.45 (d,= 7.52 Hz, 1H),
7.34 (s, 1H), 7.10 - 7.15 (m, 2H), 7.06 Jc 8.44 Hz, 2H), 6.93 (dfi= 1.00, 7.20 Hz, 1H), 4.26 (s,
2H), 3.83 (s, 3H), 2.23 (s, 3HC NMR (151 MHz, DMSO-¢) 5 159.9, 143.8, 139.7, 136.8, 134.1,
132.2,132.0, 131.5, 128.7, 128.0, 124.9, 122.8,6,1114.5, 55.7, 20.1, 10.8. HRMS (ES]) calcd

for Ci1gH1sN4O [M-H]: 329.1403; found: 329.1404.

5.1.29 (2)-5-((2-methyl-1-(4-(methylthio)benzylid®rlH-inden-3-yl)methyl)-1H-tetrazoldd)
Compound?20d was synthesized according to the general procesureliow solid, 29 mg,
yield: 34.6%H NMR (600 MHz, DMSO-g) 8 7.52 (d,J = 8.25 Hz, 2H), 7.42 (d,= 7.52 Hz, 1H),
7.36 (d,J = 8.25 Hz, 2H), 7.34 (s, 1H), 7.14Jt= 7.00 Hz, 1H), 7.11 (d,= 6.97 Hz, 1H), 6.93 (dt,
J=1.00, 7.70 Hz, 1H), 4.26 (s, 2H), 2.54 (s, 3423 (s, 3H)*C NMR (151 MHz, DMSO-g) &
143.8, 140.5, 139.5, 136.8, 134.0, 132.8, 132.1,513130.4, 128.2, 125.9, 125.0, 122.4, 118.6,

20.1, 14.8, 10.7. HRMS (ESI) calcd for8;sN,4S [M-H]: 345.1174; found: 345.1175.

5.1.30 (2)-5-((1-(4-(tert-butyl)benzylidene)-2-megitli H-inden-3-yl)methyl)-1H-tetrazole€2Qe)
Compound20e was synthesized according to the general procefluvellow solid, 35 mg,
yield: 39.4%1H NMR (600 MHz, DMSO-¢) 8 7.51 (s, 4H), 7.43 (d,= 7.70 Hz, 1H), 7.35 (s, 1H),
7.09 - 7.15 (m, 2H), 6.93 (di,= 1.10, 7.70 Hz, 1H), 4.26 (s, 2H), 2.23 (s, 3HR3 (s, 9H);°C
NMR (151 MHz, DMSO-¢) 6 151.6, 143.8, 140.4, 136.8, 134.1, 133.7, 133%,9, 129.6, 128.2,
125.8, 125.0, 122.4, 118.6, 35.0, 31.5, 20.2, 1BRMS (ESI) calcd for gH»N4 [M-H]™:

355.1923; found: 355.1924.
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5.1.31 (2)-5-((2-methyl-1-(4-(trifluoromethyl)berimyene)-1H-inden-3-yl)methyl)-1H-tetrazole
(20f)

Compound20f was synthesized according to the general procedlu¥&llow solid, 35 mg,
yield: 38.4%H NMR (600 MHz, DMSO-g) 5 7.85 (d,J = 7.52 Hz, 2H), 7.76 (d,= 7.89 Hz, 2H),
7.42 (s, 1H), 7.15 (1 = 7.50 Hz, 2H), 7.12 (d} = 6.97 Hz, 1H), 6.92 (df = 1.19, 7.38 Hz, 1H),
4.27 (s, 2H), 2.24 (s, 3H}C NMR (151 MHz, DMSO-¢) & 144.0, 142.2, 141.2, 136.6, 134.0,
133.8,130.4, 129.9, 129.0, 128.7, 125.9, 125.8,3,222.5, 118.9, 20.2, 10.6. HRMS (ESI) calcd

for CyH14F3N4 [M-H] = 367.1171; found: 367.1170.

5.1.32 (2)-5-((2-methyl-1-(3-(trifluoromethyl)berimyene)-1H-inden-3-yl)methyl)-1H-tetrazole
(209)

Compound?20g was synthesized according to the general procealureliow solid, 35 mg,
yield: 38.4%.'H NMR (600 MHz, DMSO-g) & 7.87 (d,J = 6.24 Hz, 2H), 7.80 (d} = 7.70
Hz, 1H), 7.74 (tJ = 7.98 Hz, 1H), 7.45 (s, 1H), 7.13 - 7.17 (m, 2A)2 (d,J = 7.70 Hz,
1H), 6.90 (dt,J = 1.00, 7.20 Hz, 1H), 4.27 (s, 2H), 2.24 (s, 3K, NMR (151 MHz,
DMSO-d;) 6 144.1, 142.1, 137.9, 136.6, 133.8, 133.8, 13336,2, 129.9, 129.8, 128.7, 126.2,
125.3,125.1,124.6,122.2, 118.9, 20.1, 10.6. HRE®) calcd for GoH14F3N4[M-H] = 367.1171;

found: 367.1171.

5.1.33 (2)-5-((2-methyl-1-(2-(trifluoromethyl)berimyene)-1H-inden-3-yl)methyl)-1H-tetrazole
(20h)

Compound20h was synthesized according to the general proceduyellow solid, 43 mg,
yield: 46.4%H NMR (600 MHz, DMSO-¢) 5 7.91 (d,J = 7.70 Hz, 1H), 7.76 (| = 7.43 Hz, 1H),
7.68 (t,J=7.70 Hz, 1H), 7.61 (d = 7.52 Hz, 1H), 7.42 (d,= 1.00 Hz, 1H), 7.12 (d} = 4.22 Hz,
2H), 6.80 - 6.84 (m, 1H), 6.50 (@= 7.52 Hz, 1H), 4.27 (s, 2H), 2.23 (s, 3t NMR (151 MHz,
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DMSO-d) & 143.9, 142.7, 135.8, 135.7, 134.0, 133.1, 13128,3, 128.6, 127.3, 127.0, 126.7,
126.6, 125.5, 125.1, 122.6, 118.9, 20.2, 10.5. HRES) calcd for GoHiFsN, [M-H] = 367.1171;

found: 367.1171.

5.1.34 (2)-5-((2-methyl-1-(thiophen-2-yImethylenE}-inden-3-yl)methyl)-1H-tetrazol Qi)
Compound20i was synthesized according to the general procelulellow solid, 22 mg,
yield: 29.4%H NMR (600 MHz, DMSO-¢) 5 7.94 (d,J = 7.70 Hz, 1H), 7.80 (dd,= 1.01, 5.04
Hz, 1H), 7.51 (dJ = 3.48 Hz, 1H), 7.38 (s, 1H), 7.23 (dbk 3.58, 5.04 Hz, 1H), 7.17 @=7.34
Hz, 1H), 7.13 (dJ = 7.15 Hz, 1H), 7.04 (df, = 1.00, 7.20 Hz, 1H), 4.24 (s, 2H), 2.21 (s, 3FQ;
NMR (151 MHz, DMSO-¢) 8 155.0, 143.8, 140.1, 138.6, 137.0, 133.6, 1338,7, 129.7, 128.5,
128.4, 125.2, 123.6, 122.7, 118.8, 20.2, 10.8. HREE) calcd for GH1sN,S [M-H]: 305.0861;

found: 305.0862.

5.1.35 (E)-5-((1-(4-isopropylbenzylidene)-1H-ind&wy)methyl)-1H-tetrazoleZ1a)
Compound?la was synthesized according to the general procedluveliow solid, 47 mg,
yield: 57.8%H NMR (600 MHz, DMSO-¢) 5 7.84 (dJ = 7.15 Hz, 1H), 7.37 (s, 1H), 7.33 (tk
6.97 Hz, 1H), 7.30 (dt] = 1.00, 7.30 Hz, 1H), 7.27 (d~ 7.89 Hz, 2H), 7.22 - 7.26 (m, 2H), 7.19
(d,J =8.07 Hz, 2H), 3.96 (s, 2H), 2.85 (st 6.82 Hz, 1H), 1.18 (d} = 6.97 Hz, 6H);°C NMR
(151 MHz, DMSO-d) 6 151.2, 146.8, 145.3, 142.9, 137.4, 136.1, 1224,3, 126.9, 126.7, 123.9,
120.8, 120.4, 106.9, 33.9, 33.5, 24.4. HRMS (E8lya for G;HigN4 [M-H]: 327.1610; found:

327.1611.

5.1.36 (E)-5-((1-(4-methoxybenzylidene)-1H-indegiBnethyl)-1H-tetrazole Z1b)
Compound21b was synthesized according to the general proceduyellow solid, 23 mg,

yield: 29.3%H NMR (600 MHz, DMSO-g) 8 7.83 (dd,J = 2.75, 5.69 Hz, 1H), 7.66 (d,= 8.62

Hz, 2H), 7.63 (s, 1H), 7.27 - 7.30 (m, 1H), 7.2827 (m, 2H), 7.06 (d] = 8.80 Hz, 2H), 6.99 (s,
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1H), 4.38 (s, 2H), 3.82 (s, 3HJC NMR (151 MHz, DMSO-¢) & 160.4, 141.4, 140.6, 138.6, 136.1,
132.3, 129.4, 129.3, 127.4, 125.9, 124.0, 119.9,411115.0, 55.8, 22.7. HRMS (ESI) calcd for

C1oH1sNLO [M'H]-: 315.1246; found: 315.1246.

5.2 Cell Culture and Transfection

Human breast cancer cell lines MDA-MB-231, weremtained in DMEM containing 10%
fetal bovine serum. Human breast cancer cell lif@FV¥, and human cervical cancer cell line
HelLa were cultured in MEM supplemented 10% fetalih® serum. These cells were maintained
at 5% CQ at 37 °C. Subconfluent cells with exponential growth wersed throughout the
experiments. Cell transfections were carried outusing Lipofectamine 2000 (Invitrogen)

according to the instructions of the manufacturer.

5.3 MTT Assay

Confluent cells cultured in 96-well dishes wereateel with various concentrations of
compounds for 48 hr. The cells were then incubategdith 2 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazatiu bromide (MTT) for 4 hr at 3?C. MTT
solution was then aspirated, and formazan in easinstantly dissolved by addition of 100 of

DMSO each well. Absorbance was measured at 490 nm.

5.4 Dual-Luciferase Reporter Assay

Cells were transfected with the corresponding pildsrfor 24 hours and then treated with
compounds for 18 hours. Cells were lysed and Ltesie relative activity was tested by the
Dual-Luciferase Reporter Assay System accordingdananufacturer’s instructions. Transfection

effciency was normalized to Renilla luciferase\dti

5.5 Western Blotting
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Cell lysates were boiled in sodium dodecyl sulf@BS) sample loading buffer, resolved by
10% SDS—polyacrylamide gel electrophoresis (SDS—HPyPdnd transferred to nitrocellulose. The
membranes were blocked in 5% milk in Tris-buffesatine and Tween 20 (TBST; 10 mM Tris—
HCI [pH 8.0], 150 mM NacCl, 0.05% Tween 20) for htroom temperature. After washing twice
with TBST, the membranes were incubated with apjmtg primary antibodies in TBST for 1 h
and then washed thrice at room temperature, prolwéd horseradish peroxide-linked
anti-immunoglobulin. After three washes with TBSmmunoreactive products were visualized

using enhanced chemiluminescence reagents anddiggraphy.

5.6 Fluorescence quenching

Fluorescence quenching assay was performed ugiydf RXRa-PBS solution. Following
this, increasing concentrations (0.5 —88) of the pre-selected 2 compounds were titrated in
protein-PBS solution. The fluorescence excitatioavelength set at 280 nm and emission
wavelength range of 290-450 nm, at 25°C. Fluorescemission at the wavelength of maximum
intensity (300 nm) was monitored for each conceiatnaof compounds. Fluorescence data were
fitted to binding curves using the methods repof24d for dissociation constant (Kcalculation.
All experiments were performed in triplicates armdadwere processed using the software Origin

2016.

5.7 Antibody and reagents

Anti-p-actin (Cat. 4970S), and PARP (Cat. 9542) were lmased from Cell Signal
Technology (Beverly, MA, USA). RX&®D-20) (Cat. sc- 553), and GAPDH (Cat. 47724) was
purchased from Santa Cruz Biotechnology (Santa, ¥z USA). a- Tubulin (66031-1-Ig) was

purchased from proteintech. Si-RNA control and ERRfrom Sigma.

5.8 Molecular docking method
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The compounds were prepared by LigPrep module aedto 10.5 [25] and was then
converted from 2D to 3D with conformation energyimiized using the OPLS3 force field. The
crystal structure of RX®LBD tetramer retrieved from the Protein Data Bgnkvw.rcsb.org)
(PDB code: 5TBP or 4N8R) was used for the dockingys The protein structure was prepared
using Protein Preparation Wizard module in Maedfhdb, during which hydrogen atoms were
added and crystallographic water molecules wereveoh Missing side chains and loops were
built using Prime in Maestro 10[26]. The binding site was defined based on thetipas of
crystallized molecules around which the 3D grid b@s generated in a size of Aper dimension
for docking. Glide in Maestro 10.5 [27] was used denerating the grids and carrying out the

docking studies. compounds were docked using thra precision (XP) mode.
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Highlights:

- Four series of sulindac analogs (atotal of 26 compounds) were designed and synthesi zed.

- Two compounds 8b and 18awere identified to have improved binding affinity and apoptotic
activity against breast cancer cells.

- 8b and 18acan induce the PARP cleavage more potently than K-8008 in a RXRa-dependent
manner.



