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Abdract

Multidrug resistance (MDR) in cancer cells is actal aspect to consider for a successful
cancer therapy. P-gp/ABCB1, a member of ABC trarsps, is involved in the main tumour
MDR mechanism, responsible for the efflux of dragsl cytotoxic substances. Herein, we
describe a discovery of potent selenium-contaifM8B1 MDR efflux pump modulators
with promising anticancer activity. On three growgbpselenoethers comprehensive studies in
terms of design, synthesis, and biological assaysluding an insight into cellular
mechanisms of anticancer action as well as an ADME&€eningn vitro were performed,
followed by in-depth SAR analysis. Among the invgstied new phenylselenoether hybrids,
four compounds showed significant cytotoxic and-priliferative effects, in particular, in
resistant cancer cells. Hydantoin derivatives Y were significantly more effective than the
reference inhibitor verapamil (up to 2.6-fold atl@-fold lower concentration) modulating
ABCB1l-efflux pump, also possessing a good drug-dmggraction profile. The best
compound §) was further evaluated in human JURKAT T-lymphacytancer cells for its
impact on cell proliferation rate. Mechanisticalllye expression of cyclin D1, an enhancer of
the cell cycle, decreases, while p53, an inhibitocell proliferation, was up-regulated upon
the treatment with compoun@ alone or in combination with the chemotherapeagent
doxorubicin. In summary, a new chemical space ahlyi active selenium-containing
anticancer agents has been discovered, with a @ea@evdompound that warrants more in-
depth biological evaluation and further pharmacountatibn.

Keywords:MDR; selenother; ABCB1, P-glycoprotein inhibitdrlymphoma, JURKAT



1. Introduction

During the last decades, numerous new classestie€arcer drugs emerged, which
usually support the natural body defence. At thmesdime, the cancer cells developed
different mechanisms to face the cytotoxic effecth@se drugs. In this field, the term of
multidrug resistance (MDR) is defined as the lowssvity for certain cells against drugs,
often found in cancer for tumour therapy [1-5]. MBRhow a deeply investigated issue in the
field of chemotherapy. It can result in the upregjoh of drug efflux/ drug efflux pumps, cell
growth, and survival signalling. MDR can also bated to the down-regulation of apoptosis

signals or drug uptakes.

Nevertheless, key players of the MDR action are AiRling cassette (ABC)
transporters, such as the P-glycoprotein (Pgp, ABCBVRP1 (ABCC1l) and BCRP
(ABCG2) ones [6], which are involved in essentiabgesses in cancer cells’ defence.
Moreover, the inhibition of these transporters ddog beneficial to overcome drug resistance
[7]. In more detail, P-glycoprotein/ ABCB1 (P-gp/&B1) is a member of the ABC
transporter family, which is encoded by th®OR1 (ABCBJ gene, found in a plethora of
healthy and cancerous cells. In the latter onesy Hre often overexpressed and work as a
self-defence against cytotoxic substar{8e®] by acting as an efflux pump for various dsug

including anticancer agents.

One critical key in the battle against cancer iso¥@rcome drug resistance thus to
resume the activity of current or well-known ardiRcer drugse.g topotecan, doxorubicin,
vincristine, cisplatin, cyclophosphamide, methoatexor 5-fluorouracil. A successful and
well-accepted method in this field is the inhibitiof P-gp function during chemotherapy
[10]. The co-administration of efflux pump inhibigo(EPIs), which are specific compounds
able to modulate the efflux action of MDR drug sparters, has been reported and well-
reviewed[1-5]. Due to the complexity of cancer aetiologyc@mbined approach targeting
these MDR proteins as well as hitting known antibuah pathways such as p53 is more and

more considered to be a successful strategy to ¢ayhcer.

Recently, plenty of compounds that modulate P-gpainous assays conditions were
synthesized and studied. Mainly, three generatbmeversal MDR agentg,.g.verapamil (1),
dexniguldipine (Il) and zosuquidar (lll) (Fig. 1Apve been widely investigated [1, 3, 7, 11].
Furthermore, a group of inhibitors for other ABGni&y members involved in cancer MDR,

i.e. MRP1 (MK571, LY171883 and BAYu9773, Fig. 1B) an€BP (Ko143 and FTC, Fig.
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1C), have been evaluated [6]. However, their thewtip usage is restricted by insufficient
pharmaceutical profile, in particular, in the fietd safety. Thus, further search for EPIs
among new chemical groups is in great medical itapae, but it is worth tu emphasize that
rational design of new EPIs is a high challengegh@ugh recent scientific achievements
provided crystal structures of some MDR ABC tramtgrs, the computer aided structure-
based design is significantly limited in this priotéamily due to a variety of key-points that

could be targeted by inhibiotors, and thus progduarious structurally different “binding

pockets”. For instance, some structures can inaetipump as enrgy users acting on ATP,

while different structures can act via a compatitiath a drug-substrate to one of the binding

sites.
(A)
\
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Verapamil () Dexniguldipine (1)
(B)
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o
o] o)
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/ H3
Kol143 Fumitremorgin C (FTC)

Fig. 1. Selected structures of cancer efflux ABC effluxrguinhibitors; (A) three generations (I-11) of AEB1
inhibitors; (B) inhibitors of MRP1: MK571, LY171888nd BAYu9773; (C) inhibitors of BCRP: Ko143 and
FTC [6].

On the other hand, the structure-activity relatiopsanalysis (SAR) in the vast group

of Pgp-modulators allowed to indicate a benefic@k for hydrophobic/aromatic ending
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within their structures and also some flexibilitythe middle (Fig. 1 A). Although the number
of modulators found for either MRP1 or BCRP is mgamaller, SAR for their several agents
shows that both groups differ from the Pgp pharmphoeces. In contrast to bulky aromatic
ends of members of the three generations of Pgp#als (Fig. 1A), the inhibitors MRP1

(MK571, LY171883, BAY u9773, Fig. 1B) tend to hama amphiphilic structure with the

clear hydrophilic moiety at the end opposite to #nematic/hydrophobic one, while BCRP
inhibitors (Kol143, FTC, Fig. 1C) seem to prefer at- 5-fused ring structures. Thus, the
ligand-based design is still a predominant appraadhe rational design of cancer EPIs, in

particular in the case of ABCB1, thanks to the tibhary of modulators identified so far.

In the last decade, our research team describedenous) compounds targeting
ABCBL1 inhibitors in cancer cell lindselonging to the types of inhibitors shown in Flg\
[12-16].In more detail, we were able to show highly po#®BCB1-inhibitory properties for
aryl-piperazine hydantoin compounfl2, 14, 15]. The 5-aromatic substituted hydantoins
were particularly potent [12, 15]yhile the potency decreased when the aromatic snoias
moved into position 3 [13]. Among the most actiyel&ntoin-compounds found so far, the
5,5-diphenylhydantoin derivativé and spiro-fluorene derivativ@ (Fig. 2) were 4-7-fold
more potent than the reference P-gp inhibitor vamdp but they did not display either
cytotoxic or antiproliferative activity towards aaar cell lines,.e., T-lymphoma [15] and

NCI60 cell line panel (https://dtp.cancer.gov/disexy development/nci-60/, data not

published). In contrast, recent evidence indicatescreasing role of the triazine scaffold in
potent hybrid anticancer agents [16], including ,3-{8iazine-2,4-diamines [17, 18],
especially, piperazine and morpholine derivativepldyed strong cytotoxic effecis vitro

against NCI160 cancer cell lines [18].

Furthermore, our recent follow-up study was focusedaromatic selenoesters and
seleno-anhydrides, possessing both anticancer agplifhibitory properties [10[The most
active compounds3 and 4 (Fig. 2), were tested in MDR mouse T-lymphoma <cell
overexpressing P-gp, displaying at the same tim&o (8e4-fold more potent P-gp modulatory
effect compared to the reference verapamil [19¢ itain drawback of those selenoesters and
seleno-anhydride lies in their low chemical stapiéind their very unpleasant intensive smell,
limiting their further evaluation and potential thpeutic application.
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Fig. 2 Hydantoin Pgp-modulatorg and2, and seleno-compound3 énd4) with both anticancer and Pgp-
modulatory properties found previously

Taking into consideration the conclusions of presigtudies [10, 12-19], and the fact
that selenium in the form of ethers is chemicallycimn more stable and devoid of any
unpleasant smell, we decided to design and inastig series of new phenylselenoethers
with different aromatic/heterocyclic terminatiom this study, a new series of compounds
was designed as hybrid structures of both selercethnd moieties found in the previous
active P-gp inhibitors. We designed phenylselererederivatives, which can be divided into
three main groups: (i) aryl-hydantoins and theaidmsteres with variable alkyl chain lengths
(5-7, group A), (ii) (aryl)piperazines with various situents at N-piperazine, including
aromatic, alkyl and ester moietie® 13, group B), as well as (iii) the 1,3,5-triazine f$clal
with small C1-linker branche$<17, group C, Table 2). The new hybrid compounds were
synthesized and tested against P-gp in mouse THgmp cells, then, their possible ability to
regulate the cell proliferation rate and their ¢gkic effects were evaluated, as well. The best
compounds>-7 were further studied regarding the mechanism oCBB modulation. For
the most active compoun®)( we extended our studies from the mouse cella tellular
model of human T-lymphocytic cancer (JURKAT) [201,order to evaluate its effects alone
or in combination with the reference chemotherapeadent doxorubicin, as well as potential
molecular mechanisms of action for the selenoether cellular level. Selected compounds,
active in lymphocytic cancer cells, were also exsdion their antiproliferative action in
neuroblastoma cancer cell lines. Furthermore, welueted their drug-like properties,
including lipophilicity, possible metabolic pathwsyand potential drug-drug interactions

(DDI) risks. Finally, qualitative structure-actiyitelationships (SAR) were discussed.

Thus, the goal of this work was a comprehensivaedystiegarding differently
substituted seleno-ethers-17 Table 1), in order to find new lead structure(s) in seaoth

innovative anticancer drugs to overcome cancer MiRhanisms.



Table 1 Chemical structures of compourtaid7

N Y
R NH,
5-7 813 1417
Cpd Gr. Ar R n

5 A -CH,COOCH 4
%

6 A -CH,COOCH; 6
%

>
N
8

B Ph

B 2-MeO-Ph
10 B 4-F-Ph
11 B 3,4-diCl-Ph -
12 B -CH; -

0

13 B HSCAOJ\S i
14 C -H
15 C CH; -
16 C C,Hs -
17 C diCH; -

2. Results and discussion

2.1. Chemical synthesis

Compounds$-17 (Table 1) wereobtained according to the synthesis route show®scimeme

1. The hydantoin derivativeS-7 (group A) were prepared applying a one-pot symshes
method, including Se-alkylation of previously déised hydantoin intermediates-20 [14,
21-23]. In more detail, a reduction of the diphedidelenide to produce sodium selenolate
was performed using sodium borohydride in watedtgtdrofuran mixture (THF) 1/1 under a
nitrogen atmosphere [23]. Upon decolourization bé tsolution, a suitably substituted

hydantoin in dichloromethane (DCM) was injectedhwiit any need of a deprotonation salt to
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produce the corresponding phenyl selenium hydasitbid@ in moderate yields and with
excellent purity, within 3-4 days. (Scheme 1A).

R
R\N 0 1) NaBH, N ©
THF/H,0

o Ny v Se
A) ©/S%2 .9 NﬁBr 1:1,N, Ay
o n 2) DCM, N, o :

18-20 5-7

O O R=-CH,COOCH;, n=4
20,7: - O R=CHs, n=4
O O R=-CH,COOCH;, n=6

N —

N2 R/

NaBH, Q
PPN THF/H,0
B) [)/8%2 . N cl 1:1 (\)l/\/\s
21-26

21,8: R=Ph 23,10: R=4-F-Ph 25,12: R=-CH; 0}
22,9: R=2-MeO-Ph 24,11: R=3,4-diCI-Ph 26,13: R= H C,O\)K%
3

NH NH ©
1) NaBH, LU HSC\N/\ .56
\ THF/H,0 HN"N N NN R
C) @Sez 1:1,N, » LN R
2) DCM, N, RL{/Se

> Na, MeOH dry Nﬁ/N

)\ COOCH, NH,

Br”~ “COOCH, 2730 1417
27,14: R1=R?=H 29,16: R'=R?= CHj,4

28,15: R'=CHj3, R?=H 30,17: R'=C,Hs, R%=H

Scheme 1. Synthesis pathways of the final compodii7 and the relative intermediat&8-30.



In the case of the phenyl selenium piperazine davigs B-13), the appropriate
commercially available piperazines were alkylatesing 1-bromo-3-chloropropane in the
presence of anhydrous potassium carbonate in a&et®rsolvent at room temperat(ag).
The so obtained crude intermediates were used iagpllye Se-alkylation method described
for 5-7 (Scheme 1B).

1,3,5-Triazine selenium derivativesl4(17) were obtained as follows: firstly, the
preparation of the sodium selenoate was carriedghautimilar way as described for group A.
The subsequent Se-alkylation was performed withdnh®urs, without any need to use higher
temperatures or deprotonation salt. The next steplved cyclic condensations in basic
conditions with methyl piperazine biguanide, as/mesly described [23, 24].

Spectral and chromatographic analytical methodgircoed the structures and purity of the
final compounds5-17. The intermediates2{-30) were either bought22 and 24) or
synthesized in the case of compoulds?23, and 25-30 according to the previous methods
[24-29]. The compound®-17 have been transformed into the corresponding alfiyst
hydrochloric salts for the relative biological siesl

2.2. Pharmacology
2.2.1. Efflux modulating effects

Compoundss-17 (Table 1) were evaluated for their efflux modulgtieffects in mouse T-
lymphoma cell line transfected with the humMDR1 gene that codes for the ABC
transporter ABCB1 measuring the accumulation ofddmine 123, which is a substrate for
ABCB1 [12, 30-32]. The percentage of mean fluoraseeintensity was calculated for the
treated MDR cells compared to the untreated caltsl then a fluorescence activity ratio
(FAR) was determined/erapamil was tested at the commonly used condeniré20 uM).

All compounds %-17) were investigated at the 10-fold lower concerdrat2 M) while
weakly-active ones8(10, 12-17) also at the concentration of verapamil. In theecaf the
active modulators at gM (FAR>2, 5-7, 11), the FAR values were determined at a low

concentration of 0.AM, as well. Results are presented in Table 2.
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Table 2 Effects of compound5-17 on rhodamine 123 retention by humsidbR1 (ABCB1)
gene-transfected mouse lymphoma cells

FAR (Control)

DMSO (2 vIv%) 0.84

Compounds FAR (0.gM) FAR (2 uM) FAR (20uM)

Verapamil - - 17.59
5 2.47 42.91 -
6 2.77 24.20 -
7 1.09 45.05 -
8 - 1.07 1.57
9 - 0.92 1.02
10 - 1.07 4.25
11 1.07 2.27 -
12 - 0.97 0.85
13 - 0.75 0.96
14 - 0.82 0.87
15 - 0.83 0.95
16 - 0.93 1.13
17 - 1.11 1.40

FAR, Fluorescence activity ratio was calculatechgshe following equation:
MD Rtreateg‘ MDR control
" parentakaied parentabniol
The inhibition of ABCB1 transporter is evident whEAR >1.[32] Since the treatment had no effect on
the parental cells (PAR) lacking the overexpresSBE€B1 system, the intensity of fluorescence did not

change in the treated cells compared to the coatres, for this reason, the denominator was coreide
as 1.

Among the evaluated derivatives, the compoubds (tested at 2uM) displayed strong
inhibitory potency, being up to 2.6-fold more etige than the reference inhibitor verapamil
(at 20 uM). Other compoundslQ, 11), had significantly lower inhibitory activitied=AR
2.27 at 2uM or 4.25 at 2QuM), while compounds, 9 and12-17 were inactive (Table 2).

2.2.1.1. Studies on ABCB1 modulating mechanisrosropound$-7

The most active compounds found in the rhodamirg a@umulation assag-{/) were
tested at 100 uM on their influence on ATPase #agtof Pgp pump in the luminescence Pgp-
Glo™ Assay, according to previously described mashand protocols [33-35] (Fig. 3). In
this assay, the Pgp-dependent decreases in luremesare measured to reflect its increased
ATP consumption. The ABCB1 basal ATP consumptioaséb activity) is considered as a
difference between the luminescent signal of sampkated with sodium orthovanaddtes
selective and potent Pgp inhibitor (100% inhibitiobserved), and the luminescence of
untreated Pgp samples. Thus, inhibitors give loveduwes (<100% of the basal activity), while

the pump stimulators/substrates cause a statigtighificant increase of the basal activity.
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Verapamil at 200 uM was used as a reference madulaith the substrate/ATPase
stimulatory mode of action, and caffeine as a ezfee inactive towards ABCBL1 transporter
to give negative control.

The obtained results showed that all compoubdssignificantly increased (p<0.001,
p<0.0001) the Pgp basal activity in a similar wiayt stronger, than verapamil (Fig. 3). These
results are in line with those from the rhodami@8 &fflux assay, where stronger effects for

5-7 in respect verapamil were also found.

P
'S 300 Fkkk
.‘r_’ *k%k *kkk
(3] *k%k
S 200- o
o
©
.
3 1004 /= T
S
X
0
\4{6 Q§ ()Qé %) © A
& N | I
N I |
>
& & 100 uM

Fig. 3 The effect of the ABCB1 substrate verapamil (VERDO uM), ABCB1-negative
compound caffeine (CFN) (1QM) and compounds, 6 and7 (100uM) on ABCB1 basal
activity. The compounds are recognized as an AB8Wistrate if they stimulate their basal
activity (>100%). Data are presented as the meaB8Dt Statistical significance was
evaluated by one-way ANOVA, followed by Bonferrentomparison test (***p<0.001,
****p<0.0001 compared with the basal activity).

Summing up, compounds? did not inhibit the work of Pgp pump in this as$ay displayed
a substrate property. Thus, the putative mechambrthe dye-substrate efflux inhibition
caused by-7 (Table 2) was the most probably associated witbhrapetitive displacement in

the substrate-binding site of this MDR transporter.

2.2.2. Cytotoxic and anti-proliferative effects

The whole seriesb{17) was also examined on their cytotoxic and antiifedtive activity in
both sensitive (PAR) and resistant (MDR) mousemgiioma cell lines (Table 3).

12



Table 3 Cytotoxic and antiproliferative effect of the conymals5-17 on sensitive parental
(PAR) and resistant (MDR) mouse T-lymphoma cells

Cytotoxic effects Antiproliferative effects

Compound PARmean |G MDRmeanlG  PARmeanlG  MDR mean IG,
(UM) + SD (UM) + SD (UM) + SD (UM) + SD

5 291 +0.18 3.39 + 0.09 16.75 + 1.37 7.82 £ 0.57
6 0.67 £0.03 0.90 £ 0.07 3.84+0.05 1.34+0.05
7 3.25+0.11 4.21 +0.40 12.53 £ 0.95 4.67 +0.38
8 21.50 +0.24 44.35 + 2.88 28.96 +2.30 13.07 £ 0.97
9 >100 >100 >100 71.94 + 4.30
10 6.55 + 0.53 29.09 + 0.97 13.92 £ 0.07 7.67 £0.84
11 2.27 +0.26 3.50 £ 0.29 17.04 +2.22 3.66 +1.23
12 60.59 + 0.98 98.56 + 0.64 62.91 +3.03 23.40+1.22
13 51.56 + 1.30 75.70 + 3.31 53.72+1.71 37.67 +1.95
14 >100 >100 >100 >100
15 >100 >100 38.12 + 1.74 28.93 +1.89
16 84.93+1.36 >100 6516 + 1.36 48.47 + 2.56
17 >100 >100 3529 + 1.07 8.28 + 1.47

The tested compoundis7 and11 showed very high cytotoxic effects in both MDR @R

cell lines (IGo< 5 uM), with compound6 presenting the highest activity among the tested
selenoethers. Most compounds of the series displlayeer cytotoxic concentrations for PAR
T-lymphoma cells in comparison to MDR ones. Thifedéence is particularly evident in the
case of compoundO (>4-fold) and8 (>2-fold), and only slight in the case of the most
cytotoxic compoundss(7 and11). Compoundd?2, 13 with low cytotoxic effects in PAR cell
lines were less potent in MDR cells too, while campds 9 and 14-17 displayed no
cytotoxicity in both PAR and MDR cell lines, evenaaconcentration of 100M (84 uM for

16 tested in PAR).

The series demonstrated unexpectedly interestitigraliferative properties in MDR mouse
T-lymphoma cells, as each member caused more patdiptoliferative effects in MDR than
in PAR cells. AlImost the whole series displayedol®1DR) lower than 10QuM, while 5-7,
10, 11, and17 lower than 1QuM. Similar to the cytotoxicity test results, conymal 6 also
displayed the most potent antiproliferative actionboth PAR (IG= 3.83uM) and MDR
(ICs0 = 1.33uM) cells, being the only member with 4&10uM in PAR cells. To sum up,
13



most of the compoundshowed moderate antiproliferative properties in P&Rs, with 1Go
in the range of 12-65M, excluding9 and 14, which were inactive up to a concentration of

100 M.

2.2.3. Anticancer properties in JURKAT human T-lgotgastic leukaemia cell line.
2.2.3.1. Effects of compouBdn proliferation rate in JURKAT cells.

Compound6 was the best compound of our series so far ingesmantiproliferative and
cytotoxic activities, as well endowed with signémd efflux pump inhibitory properties in
mouse T-lymphoma. In order to extend the analysia human cell context, representing an
immortalized T lymphocyte cell line used as a mofiel acute lymphoblastic leukaemia
(ALL) [36], we decided to explore the effect of compouhan proliferating JURKAT
leukaemia cells. This cellular system representsseful model for testing the effects of
different compounds on cell metabolism [37] andlifgmation rate [38]. The effects of
compound6 on either proliferation rate or cell cycle-relatgeine expression were examined
alone or in combination with doxorubicin (a chenestdpeutic agent able to block tumour
growth in vivo) in order to find whether the co-treatment shoalthance the effect of
doxorubicin [38-40] Doxorubicin is a well-known and successful antirasfic drug
commonly used as a chemotherapeutic agent in \&ar@amcers, including ALL, but, at

present, drug resistance is common [41, 42]

For these reasons, we performed proliferation @ssayJURKAT cells treated with
compound6 at 0.1- 0.5 and gM concentrations, alone or in combination with daucin,
tested at 50 and 250 nM at two distinct time pofatsand 72 hours).

While at early time compoun® did not significantly affect cell proliferation tey
doxorubicin alone was able to block proliferati@specially at higher concentrations (Fig.
4A). Notably, at 72 hours post-treatment, a sigatifit reduction in proliferation was observed
in cells treated with compourl alone and with doxorubicin alone, but a more digant
effect was detected in cells co-treated with batmgound6 and doxorubicin. These data
highlighted a synergistic effect of compoudavith doxorubicin, especially when compound
6 was added to cell cultures at a higher dos@N2 (Fig. 4B). In summary, these results
indicate that the co-treatments with compouBdand doxorubicin counteracted cell
proliferation in JURKAT cells and that the co-tnea&int with compoun@& enhances the effect

of doxorubicin.
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Fig. 4. Dose-response curves for anti-proliferation agtiaf compounds and doxorubicin in a dose
range (0.1, 0.5, andV for compounds and 50 and 250 nM for doxorubicin) on JURKAT celfter

24 h (A) and 72 h (B) of treatment. The resultsreéepnt the average cell number + SEM of three
independent experiments. Significance is repredeme*p < 0.05 and **p < 0.01 related to control
groups.

2.2.3.2. Effects of compouBdn cell cycle-related gene expression in JURKAT

In order to estimate a potential molecular mecharfisr the anticancer activity found féy

we focused on the expression levels of cyclin Diyedi-known gene related to cell cycle
progression contributing to uncontrolled prolifepatand found to be negatively regulated in
a previous study by the treatment with a seleniemtaining compound in gastric cancer
[20]. In addition, we analysed the expression l@fgd53 involved in apoptotic response, cell

cycle arrest, and senescence [43].

In order to understand whether compowas able to limit cell proliferation through gene

expression regulation of cyclin D1 and p53, wetedaJURKAT cells with compoun@ at
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three concentrations (0.1, 0.5 angiM) and doxorubicin (50 nM), analysing with RT-PCR

the mRNA transcripts levels of cyclin D1 and p53480 was used as a negative control.

The results depicted in Fig. 5 show that compo@ineas able to significantly reduce cyclin
D1 expression and increase the level of p53 (H9, &lready after 24 hours of treatment.
Moreover, the co-treatment with both compo@ahd doxorubicin enhanced the effect of the

single treatments on gene expression.
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Fig. 5. (A-C) JURKAT cells were treated with compoufidO0,1 - 0,5 or 21M) alone or (B-D) in combination
with doxorubicin (50nM) or with DMSO (CTR), as antool, for 24 hours. Expression of cyclinD1 (A-B)da
p53 (C-D) mRNAs were evaluated on total RNA by gRTR. Bars represent means + SEM of 6 experiments.

To sum up, these results indicate that compduimtibited cell cycle progression through the
reduction of the expression of cyclin D1 and intaldi cell proliferation by inducing p53

expression.

2.2.4. Anticancer action against neuroblastoma eamells
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In order to estimate a broader range of anti-capo&ncy, including also non-lymphocytic
cancer cells, an influence of the most active sm#rers5-7 on neuroblastoma cancer
proliferation was investigated in SH-SY5Y cellseafing their viability (Fig. 6). The results
show that all tested compounds at a concentratio@OouM significantly inhibited cell
proliferation up to 60%. Compoun@sand?7 were the most active ones, inhibiting cell growth
by 12% and 8%, respectively, already at a conceotraof 0.5uM, while the compound

was active only at 1QM.
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Fig. 6. Effect of selenoethers-7 on neuroblastoma cell viabilitpH-SYS5Y cells were incubated for

72 h in the presence of the compoubBékat a concentration of 0.1, 0.5, 2, 1M]. Cell viability was
measured by MTS assay. Each point (mean + SEM ofitlependent experiments, each of which
consisted of six replicates per treatment groupyesents absorbance units and is expressed as a
percentage of control compared to 0.1% DMSO contetls (set as 100%). Statistical analysis by
one-way ANOVA showed significant differences betwelee groups (0.05) and was followed by

the Bonferroni multiple comparison test. Data imaid with ****P<0.0001, ***P<0.001, **P<0.01
reflects statistically significant differences betm control and experimental groups.

2.4. Drug-likeness in vitro
2.4.1. Lipophilicity

In the presented work, the lipophilicity of the esbethers was estimated using standard RP-

TLC method. Retention parameters for the compouwvete designated and analysed to give
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Rwo values that reflect the lipophilic properties béttested compounds (details in Table S1,

Supplementary).

The Ryo values of the tested compounds ranged from 0. 8056 (Fig. 7) and were
corresponding to structural differences of the coomgls. Thus, group A of hydantoin
derivatives $-7) was more lipophilic than both, group B of phemyirazine selenoether8-(
13) and Cof 1,3,5-triazine derivatived4-17). In the case of group B, the significant internal
diversity of lipophilic properties between aromat{®-11) and non-aromatic piperazing2(

13) compounds was seen in good accordance with thergdine substituent properties. In
contrast, most of the members of group 1@, (15 and 17) demonstrated almost identical
lipophilic character. Taking into consideration tiesults, lipophilic-dependent trends can be
observed for the ABCB1 modulatory action examin€db{e 2). Thus the most lipophilic
hydantoin derivatives6f7) displayed significantly stronger action than eitlpiperazine -

13) or triazine {14-17) ones. Furthermore, compoutd the outstanding one in terms of
cytotoxicity and antiproliferative properties inetltancer cells, was also the most lipophilic

within the series.
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Fig. 7. Lipophilicity data for compounds-17. * Lipophilicity tested for the basic forn8), unlike the
hydrochloric salts of the rest of group 8X7). This relatively overstated lipophilicity o8, as not
comparable, was excluded from the discussion aritses

2.4.2. Metabolic stability in vitro

The metabolic stability of selenoorganic compoubdswas investigated using mouse
liver microsomes (MLMs). The UPLC spectra of theaateon mixtures after 120 min

incubation with MLMs showed that all examined compds were metabolically unstable
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(Fig. 8).
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Fig. 8. UPLC spectra of the reaction mixtures after 120 imcubation of selenoethesgA), 6(B) and
7 (C) with MLMs. The peak at the retention time 612t was identified as the contamination.
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Compound5 was metabolized completely into four metabolited-M4, as no parent
compound was observed at UPLC spectra (Fig. 8A)ly @nslight amount (4.5%) of
compound6 remained in the reaction mixture. This compound Wentransformed mainly
into metabolite M1 and small amounts of three maretabolites M2-M4 (Fig. 8B).
Compound/ was metabolized mainly into metabolite M1 and foware metabolites M2-M5
(Fig. 8C).

According to UPLC spectra, compouiidvas determined as the most stable among
the tested series, as around 30% of this compoentined in the reaction mixture. The
performed next MS and precise ion fragment analydethe parent compounds and their
metabolites allowed for a determination of the rbeli@ pathways and the most probable
structures of metabolites among tested series. r@gnethe most common metabolic
pathways of5 and 6 were ester hydrolysis and hydroxylation (Fig. STAand S2A-D,
Supplementary information). Compouiddwas mostly hydroxylated and decomposed at Se
atom (Fig. S3A-E, Supplementary information). A ganto 7 decomposition pattern for Se
was also observed for compoubd(Fig. S1D and S3B, Supplementary information). All

metabolic pathways of the tested selenoethers suerenarized in Table 4.

Table 4 The molecular masses and metabolic pathways of congs5-7.

Molecular Number of Molecular
Substrate mass identified o> of t-he Metabolic pathway
(m/z) metabolites metabolite
(m/z)
539.13 (M1) ester bond hydrolysis, hydroxylation
5 537 14 4 555.08 (M2) ester bond hydrolysis, double hydroxylation
523.11 (M3) ester bond hydrolysis
379.21 (M4) decomposition at the Se atom
551.22 (M1) ester bond hydrolysis,
567.18 (M2) ester bond hydrolysis, hydroxylation
6 565.18 4 568.44 (M3) ester bond hydrolysis, ke.tone reduction,
hydroxylation
568.37 (M4) ester bond hydrolysis, ketone reduction,
hydroxylation
493.13 (M1) hydroxylation
319.20 (M2) decomposition at the Se atom
7 477.11 5 493.13 (M3) hydroxylation
337.21 (M4) decomposition at the Se atom, hydroxylation
509.15 (M5) double hydroxylation
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2.4.3. Drug-drug interactions prediction

The potential drug-drug interactions (DDI) of salethers5-7 were predicted byn vitro
assessment of their effect on CYP3A4 isoform beélmggmost involved in drug metabolism.
The compounds-7 were screened at 10 uM, and the results were caapa the reference
selective CYP3A4 inhibitor ketoconazole. All exaeuh compounds in a statistically
significant manner (****p <0.0001) reduced CYP3Adtiaity (Fig. 9).

-
o
o

50

% of CYP3A4 activity

10 pM

Fig. 9. The influence of selenoethebs?, and the reference inhibitor ketoconazole (KE) ofPGA4 activity.
The statistical significance was evaluated by a-wag ANOVA, followed by Bonferroni's Multiple
Comparison Testé**p < 0.0001 compared with untreated control).

The weakest inhibition was shown for compowdvhich reduced CYP3A4 activity up to
~53% of untreated control, where&sand 7 decreased its activity up to 28 and 20%,
respectively. However, the observed effectsbef were much weaker than that for the
reference drug ketoconazole, which reduced almmastely CYP3A4 activity at 1 uM (Fig.

9).

2.5. General and SAR discussion

In order to find new anticancer hybrids able torceene MDR mechanisms, we explored
the chemical space of moieties that were usefijpitothe phenylselenoether fragment as a
fixed scaffold, including selenoether linkers. @ational design of suitable moieties based on
results coming from recent literature evidence I8§-or our previous experiences in
searching anticancer and anti-MDR agents [10-Xbthis context, our present modifications
divided the chemical space of the phenylselenoatbevatives into three main groypse,
5-arylhydantoin derived compounds-{, group A), aryl- 8-11), alkyl- (12) or ester- 13)
piperazine derivatives (group B) and 1,3,5-triazulegivatives with different alkyl branches

within the Se-ether linker14-17, group C). The comprehensive biological screening,
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including cancer efflux pump inhibitory-, cytotoxamd antiproliferative properties for whole
the series%-17) on the one hand, and ADMERM vitro studies for selected compournsi3,
on the other hand, has provided exciting and evesxpected qualitative structure-activity
relationship (Fig. 10).

The most active agents
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Fig. 10. SAR overview of compound®-17. The common phenylselenoether (red) moiety is prigbab
responsible for the trend of more potent antipeséifive activity in the resistant T-lymphoma (MDR)an that
in sensitive (PAR) cells in all three series A-Glvantage of these new-discovered hydantoin selkacefred),
referring to previous Se-esters, is the lack of amgleasant smell and their higher chemical stgbili

Among the three considered groups, hydantoin dives (group A5-7) were found to be
the most promising structural moiety, being up ®-ld more effective MDR EPI (at a 10-
fold lower concentration) than the reference ABGBHibitor verapamil. These compunds
possessed also significant ABCB1 substrate poten&gp ATPase test, significantly higher
than that of reference verapamil. Both assays atditthe realtively strongest effect for the
compound with the rigid spirofluorene moief),(if comparing tcb and6 containing rotable
5,5-diphenyl moiety (marked in green, Fig. 10).Rartmore, all three member®-1)
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displayed significant cytotoxic and antiprolifexegiproperties in the MDR cancer cells of T-
lymphoma. The length of the linker seems to be ohsterable importance, as 5,5-
diphenylhydantoin compoungl (ICsp <1.5uM in both cases, Table 3) with the longest (C6)
linker was the best one of the present stddking into account our previous results, both
5,5-diphenylhydantoin and 5-spirofluorenehydantwioieties, appeared in the structures of
highly potent arylpiperazine ABCB1-inhibitors [14].Their combination with a

phenylpiperazine moiety gave even stronger inhipiteffects than those observed in this
study, more than 20-fold stronger than verapanil.[Blowever, those compounds displayed

neither cytotoxic nor antiproliferative actions cancer cells (T-lymphoma).

Furthermore, a too potent ABCB1-inhibitory propedgn be considered as risky for host
organisms, taking into consideration the role ofGCABansporters in healthy human cells,
which protect them from toxic substances or drgem a therapeutic point of view, the
identified pharmacological properties of selenoheipylhydantoine seem to be much more
promising, and thus provides a new therapeuticctioe for structural derivatives of
anticonvulsant drug phenytoin (5,5-diphenylhydamyoit should be noted that the hydantoin
scaffold is a common motive in other anticancergdrie.g., the 5,5-dimethylhydantoin
derivative, nilutamide. However, our previous sasdon the series of 5,5-dimethylhydantoin
derivatives indicated a weaker (usually negligib®BCB1-inhibitory properties in T-

lymphoma in comparison to their 5,5-diphenyl anakgy[13, 14, 32].

Comparing the piperazine phenylselenoeth&43( group B) to hydantoinsh{7), the
phenylpiperazine subgroup demonstrated generaliyeigoharmacological effects but with
notable mutual differences, almost regular and lgigbrresponding to their structural traits.
The structural difference of compour8ld3 concerns substituents at N-piperazine, including
aromatic, alkyl and ester moieties, which influenitte hydrophobic properties of the
subseries, in the following order: 3,4-diCIPH) > 4-FPh 10)> Ph 8) > 2-MeOPh 9)>Me
(12)>EtOCO (3). Almost an identical order can be observed fahBCB1-inhibitory and
anticancer properties, including cytotoxic and puaiferative actions (Tables 2 and 3). The
biggest and most hydrophobic 3,4-dichlorophenyksitited compoundl() was outstanding
in the field of the efflux pump modulatory actidfAR=2.27 at 21M), also exceeding the rest
of group B in cytotoxic (I6=3.50uM) and antiproliferative action (Kg=3.66 uM). The 4-
fluorophenyl derivative X0), the next in the hydrophobicity order, displaysdme EPI
properties at the high concentration (FAR=4.25(ld), but was especially potent in terms
of antiproliferative action in the MDR T-lymphom#C§;=3.50 uM). It is worth to underline
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that both,11 and 10, displayed corresponding or even slightly strongatiproliferative

properties than those of hydantoin derivativesd7, respectively (Table 3).

The last subseries of the triazine phenylselenoetfid-17, group C) was surprisingly
inactive, taking into consideration increasingrhtere evidence indicating a beneficial role of
the 1,3,5-triazine scaffold in various cancers B§- This small subseries differs only in the
field of the C1-linker branches, which undoubtemtiffuence slightly hydrophobicity and the
steric hindrance/flexibility due to the variety thfe spacer. In this group, only the dimethyl-
branched derivativd?7 displayed notable antiproliferative property in RDI-lymphoma
(ICs0 =8.28uM). It should be noted that the antiproliferativatian of compound7 is almost
4-fold more potent in the MDR- than in the PAR sell

The trends of more potent antiproliferative acyivih the resistant T-lymphoma (MDR),
than that in sensitive (PAR) cells, was noted fbthaee series A-C (Table 3). It suggests that
the phenylselenoether moiety, as the charactemstiomon feature, is responsible for this
favourable behaviour (marked in red, Fig. 10), elwhangeable moieties could modulate the
intensity of this effect. The strongest result whserved for the 3,4-dichlorophenylpiperazine

derivativell and the aforementioned triazine derivatlve

Comparing the lack of anticancer action in previostsidies for the hydantoin-
phenylpiperazines [14, 32] to the significant eféefound in this study (groups A and B), it is
not hard to recognize that the selenoether linkethe most probable structural factor,
responsible for an introduction of both, the cykitaand antiproliferative, properties into the
considered chemical families of hydantoin and ph@pgrazines. Likewise, the length of the
linker seems to be crucial. It catches the eye thatmost active hydantoin derivatige
distinctly predominant in the whole series is onlye that contains the longest C6-linker,
while the anticancer action is decreasing with @kdr & and 7) and C3-linker of
phenylpiperazine derivative8-(3, group B), to be the weakest in the case of shattratner
stiff C1-linkers of 1,3,5-triazine derivativdgl-17 (group C). This is especially noticeable in
the results of cytotoxic properties in both MDR &AR T-lymphoma cells (Table 3).

Analysing the present results for the new Se-etimenpounds F-17) in comparison to
those for the previous selenoestetys dnd selenoanhydrides,(Fig. 1) [15], corresponding
efflux pump inhibitory and cytotoxic effects in MDRIlymphoma can be observed. In more
detail, the ABCB1-inhibitory properties of the masitive hydantoin-selenoethe&®) were

in the range of 1.38-2.56 of the action of verapdatia 10-fold higher concentration), while

24



they were 1.57 and 3.43, tested in the same conditfor the selenoanhydridg@ and
selenoested, respectively. In the case of cytotoxic actionMDR T-lymphoma, the 16
values were 4.65M (3) and 1.03uM (4) vs 0.90-4.21uM for the best selenoethers found in
this study. Interestingly the most active compou(teg) were also active in neuroblastoma
SH-SY5Y cells.

On the other hand, an undeniable advantage of tmese-discovered hydantoin
selenoethers, referring to previous Se-esterdhaslack of any unpleasant smell and their
higher chemical stability observed in the test ¢omigls. Furthermore, the results of the assays
using anin vitro CYP3A4 model for most active compounds7) demonstrated their low
DDl risk in comparison to ketoconazole (Fig. 9).wéwer, their metabolic stability tested in
mouse microsomes was rather low; the highest #talilas observed in the case of the
spirofluorene derivative7]. These results require further scientific consatiens,i.e., more
comprehensive studies on biotransformatioB-Gfand their potential metabolites, also using
human metabolism models, as well as an estimatiaheintrinsic anticancer/ MDR EPI
properties of the most probable metabolites. On ttker hand, further rational
pharmacomodulations to improve metabolic stabiihd general “drugability” within this

interesting new group of hydantoin-selenoethereeded.

This study also provided an insight into potentredlecular mechanisms of actions for the
hydantoin-selenoether compounds. In order to egplbe biological effects of the best
compound determined from the mouse T-lymphoma asség longest-linker hydantoin
derivative 6, was evaluated in JURKAT human lymphoblastoid scedince these cells
represent a good system to study drug resistaetledeath and proliferation in response to
drugs treatment [38]. It has been reported in cobamcer cells that selenium shows
chemotherapeutic potential against cancer cellsiractivating AKT and leading to
suppression of cyclin D1 while triggering apopto9]. Notably, methylselenol exposure
changed the expression of genes related to théateguof cell cycle and apoptosis, among
which the tumour suppressor gene p53 [40]. Thus, feeised on the regulation of
proliferation rate and on cyclinD1 and p53 expr@ssWe were pleased to observe that the
selenium-containing compour@linhibited cell proliferation through the negatikegulation
of cyclin D1, while enhanced the expression offi8 gene. Furthermore, the co-treatment of
JURKAT cells with doxorubicin and our compound emtes the chemotherapeutic effect of
this drug, suggesting a synergistic activity watiramn further studies. This effect is evident

and statistically significant especially after 7@uhs of treatment and when compouhds
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used at the higher dose testedu{2). At the present this data indicate the effeair®gs of
strategies based on different compound combinatiorsnhance the activity of commonly
used antineoplastic drugs.

3. Conclusions

In the present work, we have discussed a new cla¢néenily of potent selenium-
containing compounds as hybrids of phenylselenogtheith either arylhydantoin or
phenylpiperazine moieties. Comprehensive studesdesign, synthesis and both, biological
and ADMET-screeningn vitro, including an insight into cellular mechanisms afieancer
action and followed by in-depth SAR analysis, hdeen performed, yielding promising
results.

Among the new hybrids5(17), the hydantoin derivative$,(6, and7) were significantly
more effective than the reference inhibitor verapgmp to 2.6-fold at a 10-fold lower
concentration) in order to inhibit the crucial twmoMDR mechanism of ABCB1-efflux
pump. The very high stimulation of Pgp efflux purfy200% of Pgp basal activity) at the
presence ob-7 confirmed their substrate potency and the probabfapetitive action with
123 rhodamine to the binding site in ABCB1-efflundulating assay. Next, the cytotoxic and
anti-proliferative action in both, sensitive (PAR)d resistant (MDR), mouse T-lymphoma
cell lines revealed that both hydantoi®-7) and phenylpiperazine-selenoethdd® and11)
possessed a good activity profile, being the Sphweinylhydantoin compoun®)(the best one
out of the complete series. The promising antifeaditive action of the hydantoin compounds
6 and 7 were confirmed additionally in non-lymphocytic can cells,i.e. neuroblastoma,
suggesting a therapeutically-promising broader tspec of anticancer potency for this
chemical family, also with an accent on the lonlggter compound ). The mechanistic
study results indicate that compoudichhibits cell cycle progression through the reducof
the expression of cyclin D1 and cell proliferatioy inducing p53 expression, thus giving a
first insight into the mechanism of action. Furthere, the SAR analysis proved that the
lipophilic properties, together with a longer selether spacer, are the likely factors affecting
all, cancer EPI-, antiproliferative- and cytotoxffects, in the tested cancer models for the
new family of selenocompounds.

Overall, this study discovered a new chemical spdd@ghly active selenium-containing
anticancer agents, worthy of being studied mordepth in order to improve drug-likeness
and to reveal the precise mode of action. In tbrgext, compoun@, asthe most active agent
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found in this study, will serve as a new lead gtree for further pharmacomodulations and

extended mechanistic studies as well as a mediclrahistry optimization.

4. Experimental

4.1. Chemistry

Reagents were bought from Alfa Aesar (Karlsruhesn@ay) or Sigma Aldrich (Darmstadt,
Germany). Solvents were dried over calcium hydrooté (toluene) or calcium oxide
(methanol). Reaction progress was verified usingy Tayer Chromatography (TLC), which
was carried out on 0.2 mm Merck silica gel 60 Fakdes. Spots were visualized by UV light
or treatment with Dragendorff reagent. Melting geifmp) were determined using a MEL-
TEMP |l apparatus and are uncorrected. TH&IMR and**C NMR spectra were obtained on
a Varian Mercury-VX 300 MHz spectrometer and foe ff'Se NMR on a Bruker Variance
500MHz spectrometer in DMS@;, CDCk-d, MeOD-d4, or Acetoneds. Chemical shifts in
the relative NMR spectra were reported in partsrp#lion (ppm) on thed scale using the
solvent signal as an internal standard. Data aporied as follows: chemical shift,
multiplicity (s, singlet; br. s, broad singlet; doublet; t, triplet; dd, doublet of doublet, q,
quintet, td triplet of doublet, m, multiplet),), @woling constant] in Hertz (Hz), number of
protons, proton’s position (Ph-phenyl, Flou-Floeri®p-piperazine). LC-MS were carried out
on a system consisting of a Waters Acquity UPLCupted to a Waters TQD mass
spectrometer. Retention times)(iare given in minutes. The UPLC/MS purity of alhél
compounds was determined (%). The intermedid®820 are described in our previous
works. [14, 21, 22] While the intermediat$, 23, 25-30 were obtained according to the
procedure described earlien] and are known in the literature [24, 26-29, 44, (#& details
see Supporting Information).

4.1.1. General procedure for the Se-alkylation £-1

As part of this general procedure, the approprifghenyl diselenide (9.5 mmol) was
dissolved in a 1:1 mixture of water and THF (50 minder protective nitrogen gas. Then,
sodium borohydridé47.5 mmol) was added, and the mixture was stiiwedpproximately 35
minutes, with a decolourization of the solution @fved already after 1-3 minutes. Next, a
solution of hydantoin substitutions or piperazimeiatives (19.37 mmol) in THF or DCM (5
mL) was slowly added, and the reaction mixture vgéged at room temperature and

monitoredvia TLC until the complete consumption of the startmgterial which occurred
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after 24-48 hours. Upon completion, the reactiors \yaenched with 50 mL of a saturated
aqgueous solution of ammonium chloride and extractét diethyl ether. The combined
organic layers were dried over sodium sulphate ewaporated under reduced pressure to
yield the desired products14.

4.1.1.1. Methyl 2-(2,5-dioxo-4,4-diphenyl-3-(4-(philselanyl)butyl)imidazolidin-1-yl)acetate
©)

Compound18 (10 mmol) was used. White solid, mp 128°C. Yie®i58%. LC/MS/: purity:

100 %, £=8.97, (ESI)M/z[M+H]* 537.33. GgH2s0:N,Se (MW 536.12)'H NMR (DMSO0)$

7.47-7.43 (m, 5H-Ph), 7.29 (s, 10H-2Ph), 4.34 KCH,), 3.71 (s, 3H-Ch), 3.33-3.28 (m,
2H-CH,), 2.62 (t,J = 7.3 Hz, 2H-CH), 1.37-1.17 (m, 2H-C}), 0.88 (dt,J = 15.3, 7.7 Hz,
2H-CH,). *C NMR (DMSO0) § 172.80, 167.95, 136.69, 131.32, 129.15, 128.98,. 7%
128.15, 128.07, 126.44, 74.51, 73.31, 52.55, 2726147, 26.01.'Se NMR (CDCL) &

294.61.

4.1.1.2. Methyl 2-(2,5-dioxo-4,4-diphenyl-3-(6-(phiselanyl)hexyl)imidazolidin-1-yl)acetate
(6)

Compoundl19, Cas Number (1350707-01-5) (10 mmol) was used.oMash solid, mp 80°C.
Yield 23.20%. GoH3,04N.Se (MW 564.15). LC/MS: purity: 92.76%, §=9.65, (ESI)m/z
[M+H] " 565.25."H NMR (CDCk) & 7.31-7.27 (m, 2H-Ph), 7.26-7.18 (m, 10H-2Ph), #.12
7.04 (m, 3H-Ph), 4.17 (s, 2H-GH 3.64 (s, 3H-Ch), 3.20-3.14 (m, 2H-C}), 2.62 (tJ = 7.5
Hz, 2H-CH), 1.44 (s, 2H-ChH), 1.36-1.28 (m, 2H-C}), 0.97 (dt,J = 14.9, 7.5 Hz, 2H-C}),
0.83 (dt,J = 14.6, 7.3 Hz, 2H-C}), 0.72 (dtJ = 15.0, 7.5 Hz, 2H-Ch). *3C NMR (CDCE) 5
173.57, 167.70, 154.88, 136.93, 132.30, 130.56,9828128.96, 128.79, 128.46, 126.59,
77.26, 77.01, 76.75, 75.25, 52.70, 42.13, 39.845%332.25, 29.69, 28.96, 27.60, 27.57,
26.03.”’Se NMR (CDCLs) § 290.63.

4.1.1.3. 1'-Methyl-3'-(4-(phenylselanyl)butyl)sgfreorene-9,4'-imidazolidine]-2',5'-dione
()

Compound20 (10 mmol) was used. White solid, mp 132°C. YieBl2D%. GgH240.N,Se
(MW 476.10). LC/MS/: purity: 95.87%, #=8.56, (ESI)m/z [M+H]* 477.18.'H NMR
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(CDCly) 6 7.72 (d,J = 7.6 Hz, 2H-Flu), 7.45 (tdl = 7.5, 1.1 Hz, 2H- Flu), 7.36-7.31 (m, 2H-
Flou), 7.28 (tdJ) = 7.5, 1.0 Hz, 2H- Flu), 7.21 (d,= 7.5 Hz, 2H- Ph), 7.20-7.17 (m, 3H-Ph),
3.17 (s, 3H-CH), 2.96 (t,J = 7.4 Hz, 2H-CH), 2.66—2.55 (m, 2H-C}), 1.44 (dt,J = 15.1,
7.5 Hz, 2H-CH), 1.20 (dt,J = 15.0, 7.5 Hz, 2H-CH. **C NMR (CDC}) & 171.89, 157.27,
141.52, 140.17, 132.64, 130.31, 129.85, 128.83,242826.71, 123.57, 120.89, 77.16, 76.91,
76.65, 75.01, 40.63, 28.83, 26.87, 26.83, 25.&®e NMR (CDCl) § 292.63.

4.1.1.4. 1-Phenyl-4-(3-(phenylselanyl)propyl)pipare @)

Compound21 (10 mmol), CAS Number (10599-17-4), was used. Wsivlid, mp 248°C.
Yield 20.11%. GoH24N.Se (MW 360.11). LC/MS: purity: 100%, &=4.82, (ESI)m/z
[M+H]* 361.07.*H NMR (MeOD)$ 7.61-7.58 (m, 2H-Ph), 7.34—7.28 (m, 5H-Ph), 7.0827
(m, 2H-Ph), 6.94 (ddd] = 8.3, 2.0, 1.0 Hz, 1H-Ph), 3.79-3.37 (m, 8H-Pe2+ Pp-3,5-H),
3.36 (s, 2H-CH), 3.05 (t,J = 7.1 Hz, 2H-CH), 2.24-2.16 (m, 2H-C}.**C NMR (DMS0)3
149.57, 131.56, 129.57, 129.32, 129.07, 126.75,8B19415.87, 55.10, 50.65, 45.21, 42.46,
23.74, 23.32"'Se NMR (DMSO): 283.99.

4.1.1.5. 1-(2-Methoxyphenyl)-4-(3-(phenylselanydjpi)piperazine hydrochloride)

Commercial 1-(3-chloropropyl)-4-(2-methoxyphenyperazine (10 mmol), CAS Number
(21279-77-6), was used. White solid, mp 287°C. ¥ #6%. Basic form &H,sON,Se (MW
390.12), GoH27,CION,Se (MW 426.10). LC/MS: purity: 100%, £=4.97, (ESI)m/z [M+H]"
391.17.'"H NMR (DMS0) 8 11.36 (s, 1H, NH), 7.23-7.15 (m, 6H-Ph), 6.91 (@= 8.4 Hz,
2H-Ph), 6.78 (tJ = 7.3 Hz, 1H-Ph), 3.69 (dd,= 11.7, 5.3 Hz, 2H-C}), 3.43 (d,J = 10.3 Hz,
2H-CH,), 3.16-2.96 (m, 8H-Pp-2,6-H+ Pp-3,5-H), 2.10-2(62 2H-CH). **C NMR (126
MHz, DMSO)4 131.58, 129.59, 129.41, 129.31, 129.08, 126.76,86] 50.58, 45.19, 23.74,
23.31, 0.10’Se NMR (DMSO): 481.64.

4.1.1.6. 1-(4-Fluorophenyl)-4-(3-(phenylselanyl)pybpiperazine hydrochloridelQ):

Compound21 (10 mmol), was used. White solid, mp 204°C. Yi&£.68%. Basic form
CioH23FN,Se (MW 378.10), GH24CIFN,Se (MW 414.08). LC/MS: purity: 100%, £=4.83,
(ESI) m/z[M+H]* 379.14."H NMR (DMSO0)§ 11.10 (s, 1H, NF), 7.50-7.46 (m, 2H-Ph),
7.31-7.21 (m, 3H-Ph), 7.08-7.02 (m, 2H-Ph), 6.9&m, 2H-Ph), 3.65 (dl = 10.3 Hz,2H-
CH, ), 3.47 (d,J = 9.8 Hz, 2H-CH), 3.20-2.96 (m, 8H-Pp-2,6-H+ Pp-3,5-H), 2.08 (Ht
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15.2, 7.5 Hz,2H-Ch). **C NMR (DMSO)$ 164.50, 157.51, 155.63, 146.41, 131.63, 129.55,
129.34, 126.82, 117.84, 117.78, 115.58, 115.40,5%:0.72, 46.06, 23.85, 23.2Se NMR
(DMSO): 285.00.

4.1.1.7. 1-(3,4-Dichlorophenyl)-4-(3-(phenylselgpypyl)piperazine hydrochloridel():

Commercial 1-(3-chloropropyl)-4-(3,4-dichlorophe)pyperazine (10 mmol), CAS Number
(101364-27-6), was used. White solid, mp 170°Cldrie5.09%. Basic form gH,.Cl.N,Se
(MW 428.03), GgH3ClIsN>Se (MW 464.01). LC/MS: purity: 99.22%, 4=5.84, (ESI)m/z
[M+H] " 429.12*H NMR (DMS0)& 11.31 (s, 1H, NA), 7.55-7.48 (m, 2H, Ph), 7.44 @ =
9.0 Hz, 1H, Ph), 7.35-7.20 (m, 4H, Ph), 6.99 @d,9.0, 2.9 Hz, 1H, Ph), 3.86 (d= 13.2
Hz, 2H, CH), 3.48 (d,J = 11.7 Hz, 2H, CH), 3.28-3.16 (m, 4H, Pp-2,6-H), 3.12-2.98 (m,
4H, Pp-3,5-H), 2.11 (p] = 7.5 Hz, 2H, CH). **C NMR (DMSO0)& 149.28, 131.65, 131.61,
131.57, 130.63, 129.59, 129.33, 126.79, 120.75,9616.15.79, 55.15, 50.22, 44.65, 23.75,
23.30.'Se NMR (DMSO): 284.24.

4.1.1.8. 1-Methyl-4-(3-(phenylselanyl)propyl)pipeiree hydrochloride12):

Commercial 1-(3-chloropropyl)-4-methylpiperazine0 (inmol), CAS Number (104-16-5),
was used. White solid, mp 132°C. Basic formHz,N,Se (MW 298.09), &H».CIN,Se (MW
333.59). Yield 11.97%. LC/M$%: purity: 97.97%, §=2.89, (ESI)m/z [M+H]* 299.13.'H
NMR (DMS0)§ 12.01 (s, 1H, NF), 7.52-7.46 (m, 2H, Ph), 7.33-7.22 (m, 3H, Ph§03.
3.13 (m, 10H, 8H-Pp-2,6-H+ Pp-3,5-H+ 2H-@H3.01 (t,J = 7.4 Hz, 2H, Ch), 2.81 (s, 3H,
CHs), 2.07 (p,J = 7.6 Hz, 2H)*C NMR (DMS0)§ 131.47, 129.59, 129.34, 129.25, 126.74,
55.29, 49.39, 47.99, 23.89, 23.31, 23.05, 22/85e NMR (DMSO): 284.41.

4.1.1.9. Ethyl 4-(3-(phenylselanyl)propyl)piperait-carboxylate hydrochloridel3):

Synthesis from 10 mmol of est@6. White solid, mp 83°C. Yield 23.59%. Basic form
Ci6H24N20,Se (MW 356.10), @H24CIN,O,Se (MW 391.60). LC/MS: purity: 98.59%,
tr=3.82, (ESI)m/z[M+H]* 357.21."H NMR (DMSO0)§ 11.62 (s, 1H, NH), 7.53-7.48 (br,
2H), 7.33-7.23 (m, 3H, Ph), 4.06 (m, 2H, Ph), 4@Q = 13.4 Hz, 2H, CH), 3.39 (dJ=9.8
Hz, 4H, Pp-2,6-H), 3.18-3.11 (m, 2H, @H3.04-2.91 (m, 4H, Pp-3,5-H), 2.08 (b= 7.5
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Hz, 2H), 1.18 (tJ = 7.1 Hz, 3H)."*C NMR (DMSO) 154.27, 131.65, 131.60, 131.56,
129.57, 129.31, 126.76, 61.31, 55.27, 50.31, 2328629, 14.47/'Se NMR (DMSO)?
283.96.

4.1.2. General procedure of synthesisof 1,3,5-triazines (14-17)

Sodium (10 mmol) was dissolved in 10 mL of absola&thanol, then 4-methylpiperazin-
1-yl biguanidine x 2HCI (5 mmol) and the appropgiaarboxylic acid ester (5 mmol) were
added. The reaction mixture was refluxed for 15hR3After cooling to room temperature,
water (10 mL) was added and the mixture was stifoeed0.5 h. The precipitated triazine

product was separated and crystallized from methano

4.1.2.1. 4-(4-Methylpiperazin-1-yl)-6-((phenylsal§methyl)-1,3,5-triazin-2-amine
hydrochloride 14):

Synthesis from 10 mmol of est@®7. White solid. Yield 26%, mp 249°C. Basic form
CisHo0NeSe (MW 364.09), GH20CINgSe (MW 400.07). LC/MS purity: 100%, #=2.82,
(ESI) m/z [M+H]" 365.12."H-NMR (DMSO) & 11.50 (s, 1H-NH), 7.87 (br.s. 2H-Nb),
7.61-7.56 (m2H Ph), 7.37-7.25 (n8H Ph), 3.96 (dJ=5.4 Hz, 2H-CH), 3.50-2.78 (m, 8H
4H-Pp-2,6-H+4H-Pp-3,5-H), 2.73 (d, = 4.0 Hz 3H-CH,). *C-NMR (DMSO0) § 175.48,
171.16, 167.35, 164.82, 134.10, 131.78, 131.40,4530129.49, 129.25, 127.03, 125.59,
54.77, 46.23, 42.84, 34.62, 33.19.

4.1.2.2. 4-(4-Methylpiperazin-1-yl)-6-(1-(phenytsgl)ethyl)-1,3,5-triazin-2-amine
hydrochloride 15) :

Synthesis from 10 mmol of est@B. White solid. Yield 12.19%, mp 238°C. Basic form
CieH2oNeSe (MW 378.11), GH2:CINgSe (MW 413.81). LC/ME: purity: 100%, =3.23,
(ESI)m/z[M+H]* 379.08.*H-NMR (DMSO) & 11.93 (s, 1H-NH), 8.33 (br.s, 2H-Nb), 7.54
(dt,J = 7.0, 1.4 Hz, 2H-Ph), 7.45-7.29 (m, 3H-Ph), 4&4J = 7.0 Hz, 1H-CH), 4.11-2.55
(m, 11H, 4H-Pp-2,6-H + 4H-Pp-3,5-H + 3H-Pp-§HL.59 (s, 3H-Ch). *C-NMR (DMS0)$
162.20, 136.14, 131.33, 129.98, 129.64, 129.22,3U2851.62, 42.38, 18.18’Se NMR
(DMSO) 5 492.76.

41.2.3 4-(4-Methylpiperazin-1-yl)-6-(1-(phenylsgl§propyl)-1,3,5-triazin-2-amine
hydrochloride(16)
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Synthesis from 10 mmol of est@® White solid. Yield 29.78%, mp 231°C. Basic form
CiH24NgSe (MW 392.12), GH.:sCINgSe (MW 428.10). LC/ME: purity: 100%, §=3.67,
(ESI) m/z[M+H]* 393.17.*H NMR (DMSO0)$ 11.87 (s, 1H, NF), 9.02—7.87 (br, 2H, Ny,
7.56—-7.50 (m, 2H, Ph), 7.42-7.30 (m, 3H, Ph), 4103 = 7.6 Hz, 1H, CH), 3.54-2.93 (m,
8H, Pp-2,6-H+ Pp-3,5-H), 2.75 (s, 3H, §H1.94 (d,J = 76.0 Hz, 2H, CH), 0.95 (t,J = 7.2
Hz, 3H, CH). **C NMR (DMS0)$ 167.12, 164.46, 162.05, 135.95, 131.30, 130.48,912
129.64, 129.19, 128.32, 51.89, 42.44, 42.37, 2883)5, 21.87, 13.76, 12.82, 11.3%e
NMR (DMSO) s 454.52.

41.2.4. 4-(4-Methylpiperazin-1-yl)-6-(2-(phenytsgfl)propan-2-yl)-1,3,5-triazin-2-amine
hydrochloride(17)

Synthesis from 10 mmol of est&d. Light yellow solid. Yield 12.19%, mp 252°C. Basmarin
Ci7H24NsSe (MW 392.12), GH2sCINgSe (MW 428.10). LC/ME: purity: 96.21%, 4=3.72,
(ESI)m/z[M+H]* 393.10'H NMR (DMS0)§ 11.45 (br, 1H, NH), 8.83-7.75 (br, 2H, Ny,
7.61-7.41 (m, 3H, Ph), 7.39-7.33 (m, 2H, Ph), 32386-(m, 8H, Pp-2,6-H+ Pp-3,5-H), 2.76
(s, 3H, CH), 1.69 (s, 6H, 2Chk. *C NMR (DMSO0)§ 174.94, 162.37, 162.09, 157.22,
132.42, 131.30, 130.45, 129.96, 128.31, 71.57,8158.54, 42.41, 42.36, 28.81, 27.59,
18.71.”’Se NMR (DMSO) 447.73.

4.2. Biological assays
4.2.1. Assays in mouse T-lymphoma

Cell lines

The L5178Y mouse T-cell lymphoma cells (ECACC @&t 87111908, obtained from FDA,
Silver Spring, MD, USA) were transfected with pHaDR1/A retrovirus. TheABCBZ1
expressing cell line (MDR) was selected by cultgrithe infected cells with colchicine.
L5178Y (parental, PAR) mouse T-cell lymphoma cellsd the L5178Y humaABCBZ1
transfected subline were cultured in McCoy’s 5A mad supplemented with 10% heat-
inactivated horse serum, 200 mM L-glutamine, andgién-streptomycin mixture in 100 U/I
and 10 mg/l concentration, respectively.

Assay for cytotoxic effect in mouse lymphoma cells

Stock solutions of compounds were 10 mM in DMSO.e Thffects of increasing

concentrations of the drugs alone on cell growthrewtested in 96-well flat-bottomed
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microtiter plates. The compounds were diluted i® 0 of McCoy's 5A medium. 1x1D
mouse T-cell lymphoma cells (PAR or MDR) in 100D of medium were then added to each
well, with the exception of the medium control wgellThe culture plates were further
incubated at 37 °C for 24 h; at the end of thebation period, 2@L of MTT solution (from
a 5 mg/mL stock) was added to each well. After bation at 37 °C for 4 h, 104 of SDS
solution (10% in 0.01 M HCI) was added to each waalid the plates were further incubated
at 37 °C overnight. The cell growth was determibgadneasuring the OD at 540 nm (ref. 630
nm) with a Multiscan EX ELISA reader (Thermo Lak®yss, Cheshire, WA, USA). g

values were calculateda the following equation:

ODsamplc - (']Dtl'lf,:(liurrl control
oD oD

100 x 100

cell control — medium control

Assay for antiproliferative effect in mouse lympharalls

The effects of increasing concentrations of thegdralone on cell growth were tested in 96-
well flat-bottomed microtiter plates. The compoumngsre diluted in 10QL of McCoy's 5A
medium. 6x1&mouse T-cell lymphoma cells (PAR or MDR) in 100 of medium were then
added to each well, with the exception of the medaontrol wells. The culture plates were
further incubated at 37 °C for 72 h in a £@&ubator; at the end of the incubation period, 20
uL of MTT solution (from a 5 mg/mL stock) was addedeach well. After incubation at 37
°C for 4 h, 10QuL of SDS solution (10% in 0.01 M HCI) was addedetich well, and the
plates were further incubated at 37 °C overnighte Tell growth was determined by
measuring the OD at 540 nm (ref. 630 nm) with atidoan EX ELISA reader (Thermo
Labsystems, Cheshire, WA, USA).sfvalues were calculatada the following equation:

OD&amplc - (]Dll'lcﬁliurtl control

100 x 100

OD{:&:H control — ODmedium control

Fluorescence uptake assay
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The cell numbers of the L5178Y PAR and MDR celebnwere adjusted to 2>A6ells/mL,
resuspended in serum-free McCoy’s 5A medium, amstriduted in 0.5 mL aliquots into
Eppendorf centrifuge tubes. The tested compounds agded at a final concentration of 0.2,
2, or 20uM, and the samples were incubated for 10 min anrtamperature. Verapamil was
applied as a positive control at gM. DMSO was added to the negative control tubethén
same volume as had been used for the tested comgdua activity of DMSO was observed.
Next, 10 pL (5.2 puM final concentration) of the dhochrome and ABCB1 substrate
rhodamine 123 was added to the samples, and tlsenssle incubated for a further 20 min at
37 °C, washed twice and re-suspended in 1 mL PB8nalysis. The fluorescence of the cell
population was measured with a PartecCyElitow cytometer (Partec, Miinster, Germany).
The percentage of mean fluorescence intensity \absilated for the treated MDR cells as
compared with the untreated cells. A fluoresceratvity ratio (FAR) was calculated based

on the measured fluorescence valieghe following equation:

FAR= MDR treate;zf MDR control
parentaleated parentabntrol

4.2.2. Assays with JURKAT human T-lymphocytes

Cell culture and treatments

JURKAT human T lymphocyte cells (ATCC, VA, USA) wepropagated in RPMI 1640
medium (Gibco, Monza, Italy) with 10% fetal boviserum (FBS; Gibco, Monza, lItaly),
2mML-glutamine (Euroclone, Pero (Ml), Italy), andtidiotics (100 U/mL penicillin, 100
g/mL streptomycin) (Euroclone, Pero (Ml), Italy).

For the treatments with compou6Bddoxorubicin and DMSO as a negative control, cslise
seeded and treated once with compo@rad the final concentration of i, 0,5uM and 2
MM, alone or in combination with doxorubicin at theal concentration of 50 nM and 250
nM. Cells were collected after 24 and /or 72 holuosn the treatment and analysed for

proliferation rate and gene expression.

RNA extraction, reverse transcription, and quatitta PCR in JURKAT cells

RNAs were extracted by ReliaPrep™ RNA Tissue Miggp(Promega, Madison, WI, USA)
and reverse-transcribed with PrimeScript RT Ma#fet (Takara, Kusatsu, Shiga, Japan).
cDNAs were amplified by a qPCR reaction using Gog&¢CR Master Mix (Promega) and

analyzed with the oligonucleotide pairs specific the target genes. Relative amounts,
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determined with the 2@A&Ct) method, were normalized with respect to the &um
housekeeping gene L32.

The primers used are as follows: L32 (forward:G&AGCGACTGCTACGGAAG-3

reverse: 5GATACTGTCCAAAAGGCTGGAA-3), CyclinD1 (forward: 5-

CCTCTAAGATGAAGGAGACCA-3, reverse: 5CACTTGAGCTTGTTCACCA-3), and

p53 (forward: 5GGCCCACTTCACCGTACTAA-3 reverse: 5

GTGGTTTCAAGGCCAGATGT-3.

Cell proliferation assay

Cell viability was measured using a CellTiter 96@®@u#eous One Solution Cell Proliferation
Assay (MTS) (Promega) following the manufacturergructions, as reported in Stazi et al.,
2019 [46]. Briefly, JURKAT cells were seeded in W6ll tissue culture plates. After 24 h or
72 h of treatment with compours] doxorubicin, or DMSO as a negative control at the
reported concentrations, 20 of AQueous One Solution Reagent was added to watdhand
absorbance was recorded at 490 nm. Three indepeexigeriments were performed.

Statistical methods

Statistical analysis was performed using Statisttd® software (StatSoft, USA). The
correlation coefficientsr( r?), and the standard errors of the slope, interoaptind estimate
(S S, &) were used as the basis for testing the lineafitggression plots.

Statistical significance for gene expression anslgad proliferation assays was determined
with a t-test with GraphPad Prism version 5.0 (ldla)] CA, USA). Differences were
considered significant at P < 0.05 (*p < 0.05; ¥®.01; ***p < 0.001).

4.2.3. Assays with human neuroblastoma cell lineSSBY

Cell culture and treatment conditions

Human neuroblastoma cell line SH-SYSWMTICC® no. CRL-2266™) was grown in
Dulbecco’'s Modified Eagle’s Medium/Nutrient MixtureF-12 (DMEM/F12, Life
Technologies) with 10% (v/v) fetal bovine serum §;BBouth America, Life Technologies) at
37°C in a humidified atmosphere of 5% £9%% air. Cells were routinely passaged at 70%
confluence by trypsinization (0.05% Trypsin-EDTAwitrogen) and re-seeded at 5 x*10
cells/cnf. To make experiments comparable, cells at passdl3ég were evaluated. In every
experiment, cells were seeded in 4d0(96-well plates) of complete growth medium and
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initially cultured for 24h. Subsequently, the mediwas changed to medium containing
tested compounds diluted to the desired conceotratiAfter 72h, the given assay was
performed as described below. All tested compouvele dissolved in DMSO to generate 10
mM stock. Directly before analysis, each stock soiuof tested compounds was made in
DMSO as a 1000-fold stock solution and then dilutedulture medium to a final desired

concentration.
Cell viability assay

SH-SY5Y cells (2.5x1b cells/well) were cultured in transparent 96-wdktps Nund in
DMEM/F12 supplemented with 10% FBS in the preseoicdimethylsulfoxide (DMSO <
0.1%, vehicle control) or increasing concentrattdrcompounds, 6 and7 (0.1, 0.5, 2, 10
[uM]). Treatment with compounds was performed forh/2After the incubation time, cell
viability was examined using an MTS-based [3-(dfbethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl}R tetrazolium] CellTiter96® AQueous One
Solution Cell Proliferation Assay (Promega, MadistI8A) following the manufacturer’s
protocol. Briefly, 20ul of MTS solution was pipetted into each well conilag 100 ul of
culture or culture medium (negative control) ancuimated at 37°C for 4 h. After incubation
time, formazan product turnover absorbance was umedsat 49Gim using the microplate
reader EnSpire (PerkinElmer, Massachusetts, USA).

Statistical analysis

Data are presented as the mean + SEM of two indigmerexperiments. Each treatment point
was repeated (six times) in two technical and iedepnt replicates. All statistical analyses
were carried out using GraphPad Prism 7 with sicgiice determined by One-way ANOVA

followed by Bonferroni’'s post-hoc comparisons testsletailed in the figure legends.

4.2.4. Intrinsic activity towards Pgp in vitro

The luminescent Pgp-Glo™ Assay System used forrm@tation of 1,3,5-Triazine
selenium derivatives influence on P-gp activity vaschased from Promega (Madison, WI,
USA). The assay was performed in triplicate, axidesd previously [33-35]. Compouné8s
7 (100 uM) were incubated with Pgp membranes for 40 minaie87 °C. The references:
Pgp-stimulator verapamil (VER) and Pgp-negative poamd caffeine (CFN) were incubated
at 200 and 100 pM, respectively. For basal P-gpvigctcalculation, the membranes were
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incubated with 100 uM of sodium orthovanadate s{M@s). The luminescence signal was
measured by microplate reader EnSpire PerkinElm&ltham, MA, USA). The statistical
significances were calculated using GraphPad P3iéni software.

4.3. Lipophilicity study
Thin-Layer Chromatography

The mobile phases were prepared by mixing the otispeamounts of water and
organic modifier (methanol) in a range from 40 @® (v/v) in 5% increments. TLC was
carried out on Silica gel 60 RP-18kplates (7x10 cm) plates (Merck, Darmstadt, Germany
Methanol was used to prepare the solutions of thestances. Solutions (10 pL) of the
analysed compounds were applied to the platesvas bands, 10 mm apart, and 10 mm from
the lower edge and sides of the plates, by usiignamat V applicator (Camag, Basel,
Switzerland). The vertical chamber (Sigma—Aldrigh, Louis, USA), 20x10x18 cm in size,
was saturated with the mobile phase for 20 min. déwelopment was carried out over 9 cm
from the starting line at a temperature of°@0 Next, the plates were dried at room
temperature, and the spots were observed in wletvight at 254 and/or 366 nm (UV lamp,
Camag, Basel, Switzerland). In each case, shargandetric spots without a tendency for
tailing were obtained. Each experiment was runiplitate, and meaR- (retardation factor)
values were calculated.
Starting from thdr values, thdRy parameters were computed as described in the farmul
Ruv = log(1R--1)
Linear correlations between tiRy values of the substances and the concentrationgahic
modifier in mobile phases were calculated for eaompound with the Soczefgki-
Wachtmeister equation [47].
Ru = Rwo + aC whereC is the concentration of the organic solvent (inihe mobile phase,

ais the slope, anBy is the concentration of organic modifier extrapedato zero.

4.4. Metabolic stability assay

The in vitro evaluation of metabolic pathways was performedlB® min incubation of
compound$-7 at 37° C with mouse liver microsomes (MLMs) ob&drfrom Sigma-Aldrich
(St. Louis, MO, USA), according to the describedviously protocols [48, 49]. The LC/MS
analyses with additional MS ion fragmentation @& groducts and substrates were performed

to determine the most probable structures of métabo
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4.5. Drug-drug interaction prediction

The used CYP3A4 P450-Glb commercial assay was purchased from Promega (btadis
WI, USA). The influence of compounds on CYP3A4 wtyi was tested according to the
manufacturer protocol and as described previoul8y 49]. The bioluminescence signal was
measured with a microplate reader EnSpire (PerkimeE Waltham, MA, USA) in

luminescence mode.

Supporting Infor mation

In the supporting information available online aX we provide the detailed procedures for
the preparation of the compoun2ls30, copies of the NMR spectfél, °C, "’Se and LCMS
data for5-17, lipophilicity data for compound$-17 by RP-TLC and the ion fragment
analyses and the most probable structures of conts®, 6, 7 during our metabolic stability
tests.
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