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Abstract

Current research suggests therapy-induced senes€EI®) of cancer cells characterized by distinct
morphological and biochemical phenotypic changgsesent a novel functional target that may
enhance the effectiveness of cancer therapy. lerdal identify novel small-molecule inducers of
cellular senescence and determine the potentidetaised for the treatment of melanoma, a new
method of high-throughput screening (HTS) and hightents screening (HCS) based on the
detection of morphological changes was designeid. ifitage-based and whole cell-based technology
was applied to screen and select a novel classntypraliferative agents on cancer celldi-4
chromenol[2,3]pyrimidin-4-one derivatives, which induced senemeelike phenotypic changes in
human melanoma A375 cells without serious cytoioxi@gainst normal cells. To evaluate structure-
activity relationship (SAR) study ofHtchromeno([2,3]pyrimidin-4-one scaffold starting from h#

a focused library containing diversely modified lagaes was constructed and which led to the
identification of38, a hovel compound to have remarkable anti-melanactigity in vitro with good

metabolic stability.
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1. Introduction

Melanoma is the most aggressive form of skin catitararises from melanocytes. It is estimated
that more than 192,310 new patients per year wadlehand consequently about 7,230 melanoma
related deaths occur in 2019 [1, 2]. In the caseanly stage of melanomas (stage | and Il), theotum
can be surgically resected with high success Wteereas five-year survival rates for regional and
distant stage melanomas are 64 % and 23 %, regplgdtl-4].

Two major drugs for the treatment of patients witbtastatic melanoma, including monoclonal
antibody to cytotoxic T lymphocyte antigen 4 (CTDAilimumab, and a selective small molecule
inhibitor of V600E mutated BRAF kinase, vemurafentmve been attributed to an improved
understanding of its immune microenvironment andegwar genetics of the disease, respectively [5-
7]. However, these two treatments induced seriooklems like autoimmune response of ipilimumab
[8, 9] and acquired drug resistance to vemuraf¢hih 11]. Even though two new drugs having
slightly different mechanism of action, dabrafeaiid trametinib, have been recently approved by the
FDA, they are only indicated for use in patientshwwhose tumors express the BRAF V600E gene
mutations [12]. Therefore, there is an urgent rneeitdentify novel therapeutic targets and develop
novel drug candidates to treat metastatic melanoma.

Over the past several years, acutely stress-resspofrms of cellular senescence have been
discovered that seem to play important roles dutimgor development. Senescence can effectively
function as anin vivo tumor suppressor mechanism, limiting proliferatioh damaged cells.
Mechanistically, senescence is being induced bgreety of pathways involving tumor suppressors
such as p53 and retinoblastoma protein (Rb) as aglincreased expression of cyclin dependent
kinase (CDK) inhibitors including p21 (Cipl/Waf1p16 (INK4a) and p27 (Kipl) [13]. Current
studies have discovered that therapy-induced senesc(TIS), a type of senescence caused by
ionizing radiation or genotoxic drugs, could plagrdical role in anti-cancer therapy and will pide
insights into the development of powerful stratégrytherapeutic benefits [14-17]. They have been
known to trigger senescence pathways so that semestates have been observed in breast,

melanoma and lung cancers after drug treatmen2@]8interestingly, senescence induction followed



by chemotherapy has been correlated with a faverphtient outcome [21]. Furthermore, it was
reported that cellular senescence induced by pS3besn associated with tumor clearance and
contributed to the outcome of cancer therapy [2R]these studies underscore the role of senescence
in limiting oncogene-initiated tumorigenesis anchamcing the antitumor effects of some cancer
drugs [23-27]. Previously, established anti-cariberapies have been associated with the generation
of senescent stat@s vivo, as shown in patients with breast cancer [28]ar-small cell lung cancer
[29] after neoadjuvant chemotherapy [17, 30]. Appdy therefore, the strategy of stopping
deregulated, malignant cell growth through activatbf a senescence program appears feasible even
in the advanced stages of melanoma.

In the search for new modulating tools of cellulsenescence, senescence-associfted
galactosidase (SB-gal) activity of the cells has been generally usethe small-molecule screening
as a senescence marker [31, 32]. However, it Hasitafor adaptation to the high-throughput assay
format due to the use of bright-field microscopythis study, we report newly designed image-based
assay system for high-throughput screening (HTS) high-contents screening (HCS), and its
application to develop novel small-molecule cantdidavhich induce senescence-like morphological
changes. In addition, we report structure-activitdyationship (SAR) study of Hkchromeno[2,3-
d]pyrimidin-4-one derivatives and than vitro biological evaluation of senescence-associated ant
melanoma activities, which chemical scaffold wdsaed and demonstrated by the novel phenotypic
assay for the discovery of senescence inducers.iiftsige-based assay was designed for as a whole
cell-based approach that allows for the selectiba oew set of compounds based on the unique
phenotypes of senescent cells. Focused libraryomastructed for the improvement of activity and
metabolic stability starting from initial hi8, which was identified through developed phenotypic
screening of commercial library, and then the mediimolecule 38 wasdeveloped foin vivo study

as a consequence.



2. Result and discussion
2.1 Development of phenotypic assay to identify senescence-inducing compounds

To identify novel small molecules to induce clliisenescence and assess their antitumor acgivitie
against melanoma cells, novel phenomic assay weaslafed to measure cellular morphological
changes with counting the number of cells in a wetlr evaluating senescence-like morphological
changes, three different fluorescent dye were @isethe cellular staining of nucleus DNA, plasma
membrane and lysosomes respectively after fixatiooompound-treated cells and then phenotypic
changes due to cellular senescence such as entarggiasm containing a large nuclei and increased
cytoplasmic granules were detected. As shown inEithis newly developed image-based assay was
validated by reference compound, doxorubicin, wh&known as a topoisomerase Il inhibitor and
has been reported to induce the DNA damage-medsatieglscence in human cells [33-35]. After the
drug treatment for 3 days, stained images of humealanoma A375 cells were acquired and analyzed
by customized software which needs segmentatiooepoe of each stained image before analysis
(Fig. 1A). This process has been developed for coatipnal analysis of acquired cellular images to
assess diverse information such as number of petisvell, cell size, nucleus size, granule size, th
distance of each granules, cytoplasmic texture, \atdme of each organelles. As a result, dose-
response curves to calculatesE@nd 1Gowere generated based on the analytical data afuhwer
of cells as well as the ratio of senescent celisygd! (Fig. 1B). In this study, ‘EC’ means theexffive
concentration to induce cellular senescence phpaptyhich represents dose-response curve to go
uphill. ‘IC’ means the cell growth inhibitory conuation to reduce cell number, so it is used to
express dose-response curve to go downhill. Tdwseinescence phenotype induced by doxorubicin,
A375 cells treated with doxorubicin were also diegdavith an enhanced activity of JAgal which

is a commonly accepted and widely used senescémeeiker (Fig. 1C) [36].
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Fig. 1. Assay validation with doxorubicin-treated cell#) (Segmented images of negative control (0.5 %
DMSO) and positive control (37 nM doxorubicin in50% DMSO) for data analysis. (B) Dose dependent
changes of doxorubicin—treated cells. Measuremértet growth and senescence effect were analyzed b
customized algorithm. All experiments were dupkchtespectively. (C) Senescence effect of doxomil§g7?

nM in 0.5 % DMSO) in phenomic assay and $8al assay. Human melanoma A375 cells were treaitdor
without doxorubicin (37 nM) for 3 days. In phenonaissay, the cells were acquired images after staiith
Hoechst 33342, LysoTracker® Red DND-99, and Cellfd$Upper panel). Under the same condition, cells
were performed S/A-gal (Lower panel) assay. Scale bar iqib)

2.2. Morphological and biochemical changes in human melanoma cells induced by initial hit 3
Compound3 (Table 1) bearing M-chromeno[2,3]pyrimidin-4-one scaffold was one of initial hits
selected from the screening of ~110,000 compoubrdrly to induce senescence-like morphological
changes. The experimental evaluation8 afere conducted on human melanoma cell line (A3@b) f
particular senescence events in the cell populatmtuding SAf-gal activity, dose response
morphological changes, and counting the numbeeli$ aith customized image analysis software as

well as effects on colony formation and p53 pathy/g. 2). As shown in Fig. 2A, compoursd
treated cells showed senescent phenotypes clasly & enlarged and flattened morphology with
decreased cancer cell proliferation. As comparedthe negative control (0.5 % DMSO),
morphologically changed A375 cells after the treaitmof 3 were also detected with an enhanced

activity of SA$-gal (Fig. 2A). Using customized software, cell gea after compound treatment

taken from confocal microscopy were analyzed t@detell number and morphological changes in



dose response. Whereas the number of total celis dexreasing in dose-dependent patterg, ¢C
0.09uM), the number of morphological changed cells inl weere increasing (E& = 0.11uM, Fig.
2B).

To check whether these events are irreversiblengdiormation assay was performed after 3 days
incubation with3. When melanoma cells initially treated with snrablecule3 were incubated with
fresh media for additional 4 days, they have nenbeacreasing colony number or expanding colony
size in the concentration of 281 as EGgo(Fig. 2C).

As noted above, cellular senescence induced by athemrapy has been known to be closely related
to not only the activation of p53 and p21 but alephosphorylation of Rb. From the result of western
blotting experiment shown in Fig. 2D, we confirntbdse elevations in the expression of p53 and p21
in compound-treated cells. In addition, anothel cgtle arrest marker, Rb was appeared to be
dephosphorylated even at the concentration of N1 This finding indicates that the activation of

p53 signaling pathway after compound treatment diegethe cell cycle arrest and may lead to the

cellular senescence.
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Fig. 2. Activity of 3 in morphological and biochemical changes of humatanoma A375 cells. (A) Results of
negative control (0.5 % DMSO) an8l (EC,o, 2.2 UM) after 3 days’ incubation in SA-gal assay and
morphometric assay. (B) Dose-response analysid dthe dose response curves used to determine thg EC
(black line) and IG,(red line) values. Black line represents a pergente senescent cell population in a well.
Red line means the number of cells in a well. (8% €ffect of3 in colony formation. Cells were incubated with
or without3 for 72 hrs and then they were cultured in fresh imedill the formation of colonies, cells were
changed media for every 3 days. (D) Biochemicahgkea of compound-treated cells in western bloterA&
days treatment @, cells were blotted for p53, p21 and Rb.

2.3. Céellular senescence independent of DNA-damage mechanism

DNA damage response (DDR) is a common feature tmitaring genome integrity [37]. The post-
translational modification of DDR factors plays prinent roles in controlling the formation of foai i
response to DNA-damaging agents. To define whathercellular events 03 are related in DNA-
damage mechanism, two different experiments werglwcted for the DNA damage analysis: the
immunostaining of DNA damage markeysH2AX and 53BP1, and the examination of DNA single-
strand break (SSB) formation (Fig. 3A and B).

When cells are exposed to DNA-damaging chemothat&pagents like doxorubicin, double-
stranded breaks (DSBs) are generated that rapediyltrin the phosphorylation of histone H2A
variant H2AX. Because phosphorylation of H2AX at’&gy-H2AX) is relevant, and correlates well
with each DSB, it is the most sensitive marker ttat be used to examine the DNA damage [38].
53BP1 is also known as a typical marker of DNA dgenaccomplishing its function in DNA repair
[39]. As shown in Fig. 3A, compoungl did not induce the recruitment @fH2AX and 53BP1 in
senescent cells, while doxorubicin-treated celleevgenerated and increased {H42AX and 53BP1
foci in the nuclei, which induces the DNA damagedimted senescence in human cells [33, 40, 41].

The formation of DNA SSB is a different type of DNoeamage response, which is caused by
oxidative attack of free radicals generated fromh metabolism or chemotherapeutic agents [37]. In
comparison with control cells, however, compouhdid not promote single-strand breaks in cells
(Fig. 3B). In addition, compound effect on cell ifievation was evaluated by measuring the
distribution of the cells in the different phasdstlwe cell cycle by flow cytometry. Compourgi
induced statistically significant cell cycle arr@stG2-M phase and Pre-G1 phase as well (Fig. 3C).

The ratio of apoptotic cells and senescent celkulmG1 fraction was dose-dependently investigated



by the detection of caspase-3 and morphologicalgdsrespectively. On the basis of this experiment,
we found that small part of cells underwent apdptas 72 hrs-treatment (Fig. 3D). We supposed that
apoptotic cells at 72 hrs came from fully senescelis which underwent apoptosis due to continuous
stimuli by compound3. These results indicated thatinduced DNA damage-independent cellular

senescence through G2-M phase arrest.
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Fig. 3. The effect o8 in DNA damage mechanism and cell cycle arrestR@gruitment of 53BP1 andH2AX
(Ser®% in A375 cells. A375 cells were incubated withwithout 37 nM of doxorubicin (Dox) an8for 3 days.
After fixation, untreated cells, Dox- anBireated cells were incubated with anti-53BP1 ant-@d12AX.
Fluorescent images were acquired by automated cahfoicroscopy (Opera). White arrows indicated fioci
nuclei and scale bar represents 20. (B) Single strand break response30{C) Cell cycle analysis in A375
cells with 20uM of 3. (D) Dose response effect ®fn apoptosis and cellular senescence. After 3 ttagsment,
apoptosis and senescence of cell population pdrwegk analyzed by caspase-3 and morphometric &sang
All experiments were duplicated respectively.

2.4. The cell growth inhibition of 3 without any influence in BRAF and NRAS mutations
The major oncogenic mutations of melanoma are kntmvbe frequently associated with BRAF
and/or NRAS kinases [42]. To profile the specifiaf 3 against melanoma mutations, compound was

tested in six different melanoma cell lines whictvé different mutations in BRAE® and NRAS®



(Fig. 4A). This result showed that compouBdvas more sensitive on some melanoma cell lines,
however, its activity was not limited to BRAF andRNS mutations. Furthermore, compoudavas
also tested in various types of cancer cells aasatiwith different oncogenic mutations, and then
examined its specificity of cancer and genetic ithong. As shown in Fig. 3B, similar doses3ofvere
needed to inhibit different types of cancer celithvelow 1uM. Although common genetic factors
within tested cancer cells have not yet been ifledfi this finding may lead to the better
understanding of mechanism of action when the tgggein of3 might play an important role in a

specific signaling pathway related to anti-prokfiéon on a broad spectrum of cancer cell lines.
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Fig. 4. Cell growth inhibition of3 in different mutations and cancer types. (A) Growithibition of 3 in various
melanoma cells containing different mutations. &dlls were incubated witB for 72 hrs in dose response and
then were counted cell numbers. (B) Activity priofj of 3 in various cancer types. All experiments were
performed in triplicate.

2.5. Construction of focused library and their structure-activity relationship

To improve senescence-associated anti-melanomataetind metabolic stability foim vivo study,
a series of MW-chromeno[2,3]pyrimidin-4-one analogues were prepared. The ®sithof H-
chromeno[2,3]pyrimidin-4-one derivatived\ and their isomerB with double bond migration were
conducted following the synthetic procedure whidsvpreviously reported (Scheme 1) [43, 44]. 2-
Iminocoumarin-3-carboxamide® were obtained by the reaction of salicylic aldeds/@ with 2-
cyanoactamide in the presence of catalytic amotipiperidine. The interaction of intermediat2s

with aldehydes resulted in a mixture of isom&randB in most cases. The ratio of isomers depended



on the structure of the starting aldehyde, theti@atemperature, and the reaction time as prelyous
reported [43, 44]. All final compounds newly syrglred @-38) were characterized by low resolution
ESI mass and NMR, the melting points of some comgsuwere measured as well. Despite several
plausible tautomeric structures of final tricycting, a singlet -Cht in pyran ring ofB observed in
the range of near 4 ppm was clearly differentidtedh -CH- of A type tautomers observed in the
downfield based on the proton NMR spectravitro activities inducing senescence-like phenotype

(EGs0) and anti-proliferative activities (k) of synthetic compounds were summarized in Table 1

R1 [e] R1 0] R1 (@] R1

Rz CHO a BN N Rz b HN = R2 HN Rz
—_— 2 —_— > )\ + )\\ ‘
NS

R3 OH HN™ O R3 R™ N O R3 R™ N° O R3

R4 R4 Ra R4

1 2 3,519, 21-38 4,20

Isomer A Isomer B

Scheme 1. Synthesis for analogués-38. Reagents and conditions: (a) 2-cyanoacetamigeyidine, EtOH; (b)
RCHO, piperidinen-pentanol.

Table 1. Activity inducing senescence-like phenotype {g@nd anti-proliferative activity (16 of synthetic
4H-chromenol[2,3d]pyrimidin-4-one derivatives

Chemical Structure Activity (uM)
e Scaffold R R R? R® R* ECss ICso”
3 A 4-hydroxyphenyl —(CH)s— H H 0.11 0.09
4 B 4-hydroxyphenyl —(CH)s~ H H 1.19 0.64
5 A 4-hydroxyphenyl H H H H >20 6.60
6 A 4-hydroxyphenyl H fluoro H H 15.0 0.37
7 A 4-hydroxyphenyl H methyl H H 0.57 0.19
8 A 4-hydroxyphenyl H ethyl H H 0.10 0.02
9 A 4-hydroxyphenyl H ®propyl H H 0.09 0.10
10 A 4-hydroxyphenyl H “hutyl H H 0.20 0.20
n A 4-hydroxyphenyl H phenyl H H 0.14 0.22
12 A 4-hydroxyphenyl H 3-furyl H H 0.27 0.33
13 A 4-hydroxyphenyl H methoxy H H 0.19 0.31
14 A 4-hydroxyphenyl H phenoxy H H 0.32 0.28
15 A 4-hydroxyphenyl H dimethylamino H H 0.59 0.47
16 A 4-hydroxyphenyl H morpholino H H 11.0 6.00
17 A 4-hydroxyphenyl H H diethylamino H > 20 18.0
18 A 4-hydroxyphenyl H “hutyl H “hutyl > 20 > 20
19 A phenyl H ®propyl H H 0.01 0.01
20 B phenyl H =propyl H H 0.28 0.26




21 A benzyl H *propyl H H > 20 >20
22 A cyclohexyl H ®propyl H H > 20 > 20
23 A cyclopropyl H “propyl H H > 20 > 20
24 A ®propyl H ®propyl H H > 20 > 20
25 A 2-thiophenyl H “propyl H H 0.04 0.08
26 A 3-hydroxyphenyl H ®propyl H H 0.11 0.06
27 A 2-hydroxyphenyl H “propyl H H 3.00 6.00
28 A 4-fluorophenyl H ®propyl H H 7.00 0.52
29 A 3-fluorophenyl H =propyl H H 0.25 0.20
30 A 3-methoxyphenyl H ®propyl H H 0.03 0.01
31 A 4-toluyl H “propyl H H 0.09 0.01
32 A 4-dimethylaminophenyl H ®propyl H H > 20 3.00
33 A 3-fluoro-4-hydroxyphenyl H =propyl H H 0.10 0.05
34 A 2-fluoro-4-hydroxyphenyl H ®propyl H H 0.94 0.28
35 A 4-hydroxy-3-methoxyphenyl  H “propyl H H 0.08 0.04
36 A 5-benzodioxol H ®propyl H H 0.09 0.08
37 A 2,3-dimethoxyphenyl H “propyl H H 20.0 4.00
38 A 2,3-dimethylphenyl H ®propyl H H 0.003 0.004
Doxorubicin 0.009 0.011

2 ECso means the effective concentration of a drug théti¢es senescence in a half populatid@s, represents
the dose of a compound where the cell number iscestiby 50 %.

To investigate structure-activity relationships, &@alogues of initial hi8 were synthesized and
evaluated their activities inducing senescence{likenotype (E€) and anti-proliferative activities
(ICsg). In this experiment, a known chemotherapeuticnggdoxorubicin, was used as a positive
control, which induces cellular senescence viabitibn of topoisomerase Il and DNA damage under
low concentration [33, 41]. A comparison of scalfA andB had been a priority for the construction
of focused library. Compound$ (1.19 uM) and 20 (0.28 uM) bearing scaffoldB, which are the
counterparts of initial hiB (0.11 uM) and 19 (0.01 uM) bearing scaffoldA, respectively, showed
significant decrease of activities to induce seeese-like phenotype more than 10-fold. This finding
indicated that conformational change of main stmest44-chromeno[2,3]pyrimidin-4-one, caused
by double bond migration might influence on thedimg event of putative target biomolecules. In
terms of substituent effects on tricyclic benzeing (R*-R?), the presence of electron donating and
hydrophobic alkyl or aryl substituent af Buch as ethyl8), isopropyl 0), and phenyl 11) was
necessary to retain activities so that they shopredhising EG, values (0.10, 0.09, and 0.14M,

respectively) similar to that &, which fused with benzene to make tetracyclic firmgn R to R.



Whereas other derivatives with electronegative rihe (6) or hydrophilic morpholine 1) at the
same position as well as the analogue without gubst 6) were significantly losing their activities
or even inactive. Alkyl substituents af Ras not good for the activity becaud&aving two*"butyl
groups at Rand R was found to be inactive whilg0 having one™'butyl group at Rshowed
promising activity with 0.26uM. In addition, hydrophilic substituent af Rke diethylamino group
(17) was not effective for the improvement of activithile 15 having dimethylamino group at’R
showed moderate activity with 0.5@/.

To assess the importance of R, a series of compd2¥38 were synthesized and evaluated their
activities to stimulate senescence-like morpholalgathange. All analogues described here embedded
with isopropyl group at Rinstead of fused benzene beca@ehowed improved activity in
comparison with initial hiB (Tables 1 and 2). As shown in Table 1, phenyl groughe position of R
was essential for maintaining activity due to thetfthat synthetic analogues to have ben2ij or
the saturated hydrocarbons such as cycloheg)| €yclopropyl €3), and isopropylZ4) were found
to be inactive. In the search for proper substisi@m the phenyl ring in the R, various substitsent
with different electronic effects, different hyderyg bonding properties, or different position were
applied in the phenyl ring, and then finaB§ bearing two methyl groups ortho- andmeta-positions
was selected as the most potent compound in thuséoclibrary with the activity of 3 nM, which was
an activity inducing senescence-like phenotype coatge to that of reference drug, doxorubicin (9
nM). As shown in Table 1, anti-proliferative actigs of all synthetic analogues designated by IC
were correlated well with the correspondingsE@hich were determined by image-based senescence-
inducing activities. In addition to the promisingprovement of anti-proliferative activity relateal t
senescence, dimethyl substituted-phenyl embeddéeemie 38 was metabolically stable,
demonstrating significant improvement in the irgiinclearance against both human and mouse liver

microsomes (Table 2).

Table 2. Metabolic stability of syntheticH-chromeno[2,H]pyrimidin-4-one derivatives

Compound Metabolic Stability (T,2%, min)




Phase | Phase fi

Human Mouse Human Mouse
43.6 9.30 N/T N/T
325 7.97 N/T N/T
>60 13.0 N/T N/T
19 39.7 11.8 N/T N/T
20 >60 30.1 17.8 17.4
25 21.6 6.56 N/T N/T
26 37.6 6.65 N/T N/T
29 14.7 8.47 N/T N/T
30 329 14.7 N/T N/T
31 32.0 6.44 N/T N/T
33 57.1 13.2 N/T N/T
35 >60 20.2 >60 2.88
36 325 18.6 N/T N/T
38 51.6 549 >60 >60

& T, means the time which the concentration of a dsugduced by half for 1 hr incubatidnGlucuronidation
only.® N/T not tested.

Based on the data of metabolic stabil@8,was selected for mouse pharmacokinetics (PK) study
As indicated in Table 338 demonstrated modest oral bioavailability with gtable half-lives in
blood circulation, suggesting strong possibilitattla series of M4-chromeno[2,3]pyrimidin-4-one
analogues could be developed as oral drugs. Exemliththe intraperitoneal (IP) administration gave
2-fold higher AUC and prolongedtthan oral (PO) administration, PK profile 88 did not exhibit
in vivo efficacy which could be explained Iy vitro EG;y correction with plasma protein binding.
Therefore, optimization of the series of compoutglgequired to improve drug-like properties,
maintaining theirin vitro activities. Currently further optimization of cooynds is underway to

improve oral PK parameters that are expected tav $heivo efficacy in xenograft model.

Table 3. Pharmacokinetic parameters 8&in mice

. 3/ Crnax’ AUC! cLe
Admin  Dose (mg/kg) ((;r:g /mL) ty7" (h) (ngxhllfi:tL) (mL/min/kg) Ved(mUkg) MRTS(h) ' (%)
\ 2 446 1.26 265 116 8714 0.870 N/A
PO 10 142 3.57 479 N/A N/A 3.78 36.1
IP 10 380 9.32 1397 N/A N/A 4.95 105

3 C, means concentration at time 0 hr for I\C,. means maximum concentration for PO and tp; indicates
half-life. ¢ AUC,x means area under the curve from 0 to 24 L means systemic clearanéa/ss means



volume of distribution at steady-staleMRT means mean residence tifiés means oral bioavailability.N/A
not available.

2.6. Pharmacophore modeling

To investigate SAR of M-chromeno[2,3H]pyrimidin-4-one derivatives, total of eight common
pharmacophore hypotheses (CPH) featuring six phzoptere sites were developed. Based on
survival score, AAHPRR.2 was selected as the bBst Raving the highest score (8.105) than others.
It consists of two H-bond acceptors (A), one hythagc (H), two aromatic rings (R), and one
positive ionizable (P) features. Active ligands everell aligned with all six pharmacophoric features
such as the most active compouB8,(Fig. 5A). The conformation difference of the matnucture,
4H-chromeno[2,3]pyrimidin-4-one, was clearly distinguished betweseaffolds A and B. The
conformation of3 with the scaffoldA was puckered up above the plane at the saturatéuigyne
ring. However, the centroid of P8 feature was riginad with the nitrogen atom in the pyrimidine
ring in the scaffoldB of 4 (10-fold less active) due to a flat conformatioused by double bond
migration (Fig. 5B). The contribution of phenyl gmor aromaticity in the position of R in biologica
activities were validated with the pharmacophorgpivag results. Analogue&l with benzyl and?4
with isopropyl substituents in the position of Rreveénapped with only five features of CPH. These
substituents of those inactive compounds failechép with the aromatic ring feature, R10 (Fig. 5C).
In case of Rposition, the presence of electron donating aratdphobic alkyl or aryl substituents at
R? were very important for the good biological adgviof the compounds. When there is no
substituent in this position like compour the activity was significantly lost suggested Hy
feature not matching with (Fig. 5D). Having a substituent in different pasit like a diethylamino
group in R of 17 was also not effective for the anti-proliferatiaetivity. The orientation of most of

the features mapped witlY (Fig. 5D) were moved away from the centroid.



Fig. 5. (A) The best CPH, AAHPRR.2, is superimposed wfith best compound®8 (yellow). Two aromatic
ring features (R9 and R10), two H-bond acceptotufea with lone pairs of electron (A2 and A3), q@usitive
ionizable (P8) feature, and one hydrophobic feafti® are shown in orange rings, pink spheres, bplere,
and green sphere, respectively. The distances batwharmacophoric features are shown in magentaddot
lines with values. (B) Conformational differencesicaffolds A and B are shown between compoungellow)
and4 (light blue). (C) The substituents in R positidniractive compoundgl (yellow) and24 (light blue) did
not map with R10 feature. (D) Inactive compourfigyellow) with no B substituent and7 (light blue) with a
hydrophilic R substituent, did not map with H7 feature.

3. Conclusion

Due to the fact that cellular senescence is cheniaetl by a sustained growth arrest and is
commonly observed in premalignant lesions, it heenlbsupporting the notion that senescence acts as
a potent tumor suppressor mechanism restrictirigpogiferation [21]. A series of -chromeno[2,3-
d]pyrimidin-4-one derivatives were identified as @val class of anti-proliferative agents associated
with senescence. For the selection and evaluafiemall-molecule hits, advanced image-based assay
was designed for high-throughput screening (HTS) high-contents screening (HCS) as a whole
cell-based approach that could recognize the urpgeaotypes of senescent cells. The hit compound,
3 was initially confirmed as an inducer of seneseemgsociated morphological changes in high-
throughput phenotypic screening, which was accomepamy anti-proliferative activity against
melanoma cells without DNA damage. The dose depdrsimescence effect 8fin melanoma cells
corresponded to a cell cycle arrest in G2-M phaskdid not relate to BRAF and NRAS mutations.
In addition, cancer profiling data suggests that #ensitivity of cancer cells again8t was

independent on cancer type. Together, our resultsige the possibility of senescence as an



alternative anti-cancer therapy even though theha@sm should be investigated more. After
constructing a series of analogues derived fi@manalysis of the structure-activity relationship
revealed that 2-phenyl and 5-alkyl substituentspeeilly propyl, on 4-chromeno[2,3-
d]pyrimidin-4-one tricyclic ring played a criticable to display anti-proliferative activity. In adidin,
hydrophobic dimethyl substituents in 2-phenyl reévdhanced metabolic stability so ti3&twas finally
selected forn vivo PK study. This advanced molecule was a potengiadiidate to be suitable for oral
administration with modest oral bioavailability anappropriate intrinsic clearance. Further
optimization of compounds is on-going to improvaldPK parameters arid vivo efficacy study in
xenograft model. According to the developed phaophore model, the best CPH generated,
AAHHRR.2, was found to be predictive in differenitily active and inactive H-chromeno[2,3-
d]pyrimidin-4-one analogues based on senescencetatswh antitumor activity. It predicted the
aromatic ring (R10) as well as the hydrophobic (F&Atures as important determinants in biological
activity. In addition, one positive ionizable (P&)d two H-bond acceptor features (A2 and A3) were
critical in sustaining the conformational differenlbetween saturated and unsaturated main scaffold,
4H-chromenol2,3]pyrimidin-4-one.

Even though the molecular mechanism of senescengariicular of melanoma cells remains to be
examined in detail, it is no doubt that cellulansgcence is an attractive therapeutic strategy to
prevent melanoma cell proliferation. In this regadid-chromeno[2,3]pyrimidin-4-one derivatives
will be a good starting point to develop novel dmablecule probes exploring the potential targets
for pro-senescence drugs. A follow-up studies idiclg optimization ofin vivo efficacy and

elucidation of mechanism of action are currentlgemvay.



4. Experimental section
4.1. General chemistry information

'H and**C NMR spectra were recorded on a Varian High ReésslUFT-NMR Spectrometer-400,
and chemical shifts were measured in ppm relativenternal tetramethylsilane (TMS) standard or
specific solvent signal. Routine mass analyses werormed on Waters LC/MS ZQ2000 system
equipped with a reverse phase column (XBrifg818x 3.5um, 50x 2.1 mm) and photodiode array
detector using electron spray ionization (ESI). Bnadient mobile phase consisting of acetonitrile /
water with 0.1% formic acid and UV detection at 2&4d 210 nm were used to confirm all final
products to be95%. Melting point analyses were performed on BUGHKIting point M-565. Most
reagents used in the synthetic procedure were asechfrom Sigma-Aldrich, Alfa Aesar, and TCI.
The progress of reaction was monitored using tyed chromatography (TLC) (silica gel 6654
0.25 mm), and the products were visualized by Wtli(254 and 365 nm) or by ninhydrin staining
followed by heating. Silica gel 60 (0.040-0.063 mused in flash column chromatography was
purchased from Merck. Other solvents and orgarsgests were purchased from commercial venders

and used without further purification unless otheeamentioned.

4.1.1. Synthetic procedure for 4H-chromeno[ 2,3-d] pyrimidin-4-one derivatives A and their isomers B
(3-39)

All compounds 3-38 were obtained using the previously reported prosedwith small
modification. Briefly, to a stirred solution of gatlic aldehyded (1.0 eq.) and 2-cyanoacetamide (1.1
eg.) in ethanol, piperidine was added (0.05 edhk fleaction mixture was stirred for about 5 hrs at
room temperature. After the reaction was completee,solid was filtered and washed with ethanol
and driedin vacuo to give desired 2-iminocoumarin-3-carboxamide \d#ives @) with 60-80 %
yields. Compoundg was added to a stirring mixture of correspondiltiglayde (RCHO, 1.5 eq.) and
piperidine (2.0 eq.) im-pentanol. The reaction mixture in the sealed batihs heated (12040 °C)
for about 10 min. After the reaction was completdw reaction mixture cooled down to room

temperature. The solid was filtered and washed witianol and driedn vacuo to give desired



product. In case solid was not generated, the iogaatixture was evaporated and then purified by
flash column chromatography (methanol /LCH) to give desired product.

9-(4-Hydroxypheny!)-7aH-benzo[ 5,6] chromeno] 2,3-d] pyrimidin-11(10H)-one (3). Yellow solid; 'H
NMR (400 MHz, DMSO#€) § 9.45 (s, 1H, OH), 8.94 (s, 1H, NH), 8.63 (s, 1HCB-C), 8.46 (d,) =
8.4 Hz, 1H, Ar-H), 8.13 (dJ = 8.8 Hz, 1H, Ar-H), 8.00 (d] = 8.0 Hz, 1H, Ar-H), 7.70 ( = 7.6 Hz,
1H, Ar-H), 7.57 (tJ = 7.4 Hz, 1H, Ar-H), 7.42 (d] = 8.8 Hz, 1H, Ar-H), 7.18 (d] = 8.4 Hz, 2H, Ar-
Hin R), 6.76 (dJ = 8.4 Hz, 2H, Ar-H in R), 6.20 (s, 1H, N-CH-0); IS (ESI) m/z 343 [M+H].

9-(4-Hydroxyphenyl)-10H-benzo[ 5,6] chromeno[ 2,3-d] pyrimidin-11(12H)-one (4). Yellow solid;
mp = 267.3 °C*H NMR (400 MHz, DMSO#d) § 8.06 (d,J = 8.8 Hz, 2H, Ar-H in R), 7.98-7.90 (m,
3H, Ar-H), 7.66 (tJ = 7.6 Hz, 1H, Ar-H), 7.54 () = 7.6 Hz, 1H, Ar-H), 7.38 (d] = 8.8 Hz, 1H, Ar-
H), 6.89 (d,J = 8.8 Hz, 2H, Ar-H in R), 4.02 (s, 2H, -CGE}); LC/MS (ESI) m/z 343 [M+H]

2-(4-Hydroxypheny!)-3H-chromenol 2,3-d] pyrimidin-4(10aH)-one (5). Pale yellow solid*H NMR
(400 MHz, DMSOd) & 9.45 (s, 1H, OH), 8.91 (s, 1H, NH), 8.00 (s, 1HsH), 7.67 (dd,J = 7.6 and
1.6 Hz, 1H, Ar-H), 7.53=7.49 (m, 1H, Ar-H), 7.2338.(m, 2H, Ar-H), 7.14 (dJ = 8.4 Hz, 2H, Ar-H
inR), 6.74 (dJ = 8.4 Hz, 2H, Ar-H in R), 6.13 (s, 1H, N-CH-O); I\gS (ESI) m/z 293 [M+H].

7-Fluor 0-2-(4-hydroxyphenyl)-3H-chromeno[ 2,3-d] pyrimidin-4(10aH)-one (6). Yellow solid; *H
NMR (400 MHz, DMSOds) § 9.47 (bs, 1H, OH), 8.99 (s, 1H, NH), 7.99 (s, BrtH), 7.58 (dd,J =
8.6 and 3.0 Hz, 1H, Ar-H), 7.37 (td= 8.6 and 3.2 Hz, 1H, Ar-H), 7.25-7.22 (m, 1H,A¥-7.14 (d,
J=8.4Hz, 2H, Ar-H in R), 6.75 (d,= 8.4 Hz, 2H, Ar-H in R), 6.13 (s, 1H, N-CH-O); I\aS (ESI)
m/z 311 [M+HT.

2-(4-Hydroxyphenyl)-7-methyl-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (7). Yellow
solid; mp = 270.2 °C*H NMR (400 MHz, DMSO¢,) & 9.45 (s, 1H, OH), 8.89 (s, 1H, NH), 7.94 (s,
1H, Ar-H), 7.46 (dJ = 1.6 Hz, 1H, Ar-H), 7.32 (dd] = 8.4 and 1.6 Hz, 1H, Ar-H), 7.13 (@~ 8.8
Hz, 2H, Ar-H in R), 7.09 (dJ = 8.4 Hz, 1H, Ar-H), 6.74 (d] = 8.8 Hz, 2H, Ar-H in R), 6.11 (s, 1H,
N-CH-0), 2.30 (s, 3H, CH3); LC/MS (ESI) m/z 307 [M¥F.

7-Ethyl-2-(4-hydroxyphenyl)-3,10a-di hydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (8). Pale yellow

solid; *H NMR (400 MHz, DMSOe) & 9.45 (s, 1H, OH), 8.90 (s, 1H, NH), 7.95 (s, 1H;H), 7.51



(d,J = 2.0 Hz, 1H, Ar-H), 7.36 (ddl = 8.4 and 2.0 Hz, 1H, Ar-H), 7.14-7.10 (m, 3H, AY-6.74 (d,
J=8.8 Hz, 2H, Ar-H in R), 6.11 (s, 1H, N-CH-0)68.(q,J = 7.6 Hz, 2H, €H,CH,), 1.19 (t,J = 7.6
Hz, 3H, -CHCHs); LC/MS (ESI) m/z 321 [M+H].

2-(4-Hydroxyphenyl)-7-isopropyl-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one  (9). Pale
yellow solid;*H NMR (400 MHz, DMSOd,) & 9.45 (s, 1H, OH), 8.89 (s, 1H, NH), 7.97 (s, 1H; A
H), 7.55 (dJ = 1.6 Hz, 1H, Ar-H), 7.40 (d] = 8.6 and 2.2 Hz, 1H, Ar-H), 7.12 (t= 8.0 Hz, 3H, Ar-
H), 6.74 (d,J = 8.6 Hz, 2H, Ar-H in R), 6.11 (s, 1H, N-CH-0)93-2.85 (m, 1H,GH(CH),), 1.21
(d,J = 6.8 Hz, 6H, -CHCH3)); LC/MS (ESI) m/z 335 [M+H].

7-(tert-Butyl)-2-(4-hydroxyphenyl)-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (10). Pale
yellow solid;*H NMR (400 MHz, DMSOd,) 5 9.44 (s, 1H, OH), 8.88 (s, 1H, NH), 8.01 (s, 1H; A
H), 7.71 (d,J = 2.4 Hz, 1H, Ar-H), 7.40 (d] = 8.8 and 2.4 Hz, 1H, Ar-H), 7.14-7.11 (m, 3H, Y-
6.74 (d,J = 8.4 Hz, 2H, Ar-H in R), 6.11 (s, 1H, N-CH-0)29.(s, 9H,Bu); LC/MS (ESI) m/z 349
[M+H] "

2-(4-Hydroxyphenyl)-7-phenyl-3H-chromeno[ 2,3-d] pyrimidin-4(10aH)-one (11). Yellow solid; *H
NMR (400 MHz, DMSOsg) § 9.45 (s, 1H, OH), 8.95 (s, 1H, NH), 8.06 (s, 1hkH), 8.02 (dJ=2.0
Hz, 1H, Ar-H), 7.82 (ddJ = 8.4 and 2.0 Hz, 1H, Ar-H), 7.69 @@z 8.4 Hz, 2H, Ar-H), 7.51-7.46 (m,
3H, Ar-H), 7.41-7.37 (m, 1H, Ar-H), 7.29 (d= 8.4 Hz, 1H, Ar-H), 7.16 (d] = 8.4 Hz, 2H, Ar-H in
R), 6.75 (d,J = 8.4 Hz, 2H, Ar-H in R), 6.15 (s, 1H, N-CH-0); &S (ESI) m/z 369 [M+H].

7-(Furan-3-yl)-2-(4-hydroxyphenyl)-3H-chromeno[ 2,3-d] pyrimidin-4(10aH)-one  (12). Yellow
solid; mp = 241.8 °C*H NMR (400 MHz, DMSOdg) & 9.45 (s, 1H, OH), 8.95 (s, 1H, NH), 8.18 (s,
1H, Ar-H), 7.96 (s, 1H, Ar-H), 7.93 (d,= 2.0 Hz, 1H, Ar-H), 7.77-7.75 (m, 2H, Ar-H), 7.8®,J =
8.4 Hz, 1H, Ar-H), 7.15 (dJ) = 8.4 Hz, 2H, Ar-H in R), 6.96 (s, 1H, Ar-H), 6.18,J = 8.4 Hz, 2H,
Ar-H in R), 6.14 (s, 1H, N-CH-O)**C NMR (100 MHz, DMSQd,) & 159.1, 157.6, 154.3, 152.8,
145.0, 139.8, 133.1, 133.0, 130.5, 128.4, 127.8,71225.0, 119.8, 116.5, 115.6, 115.4, 109.1,;71.2
LC/MS (ESI) m/z 359 [M+H].

2-(4-Hydroxyphenyl)-7-methoxy-3H-chromeno[ 2,3-d] pyrimidin-4(10aH)-one (13). Yellow solid;

mp = 267.7 °C*H NMR (400 MHz, DMSO¢) & 9.44 (s, 1H, OH), 8.91 (s, 1H, NH), 7.97 (s, 1H; A



H), 7.28 (d,J = 2.8 Hz, 1H, Ar-H), 7.15-7.08 (m, 4H, Ar-H), 6.7 J = 8.8 Hz, 2H, Ar-H in R), 6.11
(s, 1H, N-CH-0), 3.77 (s, 3H, -OG} *C NMR (100 MHz, DMSOQ#ds) § 159.2, 157.6, 155.7, 154.5,
148.1, 133.31, 133.27, 127.9, 119.9, 119.8, 111186,6, 115.3, 113.3, 71.1; LC/MS (ESI) m/z 323
[M+H] "

2-(4-Hydroxyphenyl)-7-phenoxy-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one  (14). Pale
yellow solid; *H NMR (400 MHz, DMSOdg) 6 9.46 (s, 1H, OH), 8.95 (s, 1H, NH), 8.00 (s, 1H; A
H), 7.44 (dJ = 2.4 Hz, 1H, Ar-H), 7.39 (t] = 8.0 Hz, 2H, Ar-H), 7.24-7.12 (m, 5H, Ar-H), 7.4, J
= 8.8 Hz, 2H, Ar-H in R), 6.75 (d = 8.4 Hz, 2H, Ar-H in R), 6.13 (s, 1H, N-CH-G¥C NMR (100
MHz, DMSOg) 6 159.0, 157.6, 157.5, 154.3, 152.3, 150.1, 1332,9 130.6, 127.9, 124.3, 123.8,
120.7, 119.9, 118.3, 117.6, 115.60, 115.58, 71CIMS (ESI) m/z 385 [M+H].

7-(Dimethylamino)-2-(4-hydr oxyphenyl)-3,10a-dihydr o-4H-chromeno[ 2,3-d] pyrimidin-4-one (15).
Yellow solid; mp = 262.4 °C*H NMR (400 MHz, DMSOds) & 9.44 (s, 1H, OH), 8.86 (s, 1H, NH),
7.95 (s, 1H, Ar-H), 7.12 (d] = 8.4 Hz, 2H, Ar-H in R), 7.05 (d = 9.2 Hz, 1H, Ar-H), 7.00 (d] =
2.8 Hz, 1H, Ar-H), 6.93 (dd] = 8.8 and 2.8 Hz, 1H, Ar-H), 6.74 (di= 8.4 Hz, 2H, Ar-H in R), 6.09
(s, 1H, N-CH-0), 2.89 (s, 6H, -N(GM); *°C NMR (100 MHz, DMSOdq) 5 159.4, 157.5, 154.7,
147.7, 145.7, 134.1, 133.5, 127.8, 119.6, 118.6,311115.5, 115.0, 112.3, 71.1, 41.0; LC/MS (ESI)
m/z 336 [M+H].

2-(4-Hydroxyphenyl)-7-mor pholino-3,10a-di hydr o-4H-chromeno[ 2,3-d] pyrimidin-4-one (16).
Yellow solid; mp = 274.2 °C*H NMR (400 MHz, DMSOde) & 9.44 (s, 1H, OH), 8.88 (s, 1H, NH),
7.93 (s, 1H, Ar-H), 7.23 (dl = 2.8 Hz, 1H, Ar-H), 7.17-7.08 (m, 4H, Ar-H ), 8.7d,J = 8.4 Hz, 2H,
Ar-H in R), 6.10 (s, 1H, N-CH-O), 3.76-3.74 (m, 4HNCH,CH,0-), 3.10-3.08 (m, 4H, -
NCH,CH,O-); LC/MS (ESI) m/z 378 [M+H].

7-(Diethylamino)-2-(4-hydroxyphenyl)-3H-chromenol 2,3-d] pyrimidin-4(10aH)-one (17). Yellow
solid; mp = 212.4 °C*H NMR (400 MHz, DMSOdg) & 9.41 (s, 1H, OH), 8.49 (s, 1H, NH), 7.81 (s,
1H, Ar-H), 7.38 (d,J = 8.8 Hz, 1H, Ar-H), 7.11 (d] = 8.4 Hz, 2H, Ar-H in R), 6.73 (d = 8.4 Hz,
2H, Ar-H in R), 6.54 (dJ = 8.8 Hz, 1H, Ar-H), 6.38 (s, 1H, Ar-H), 6.04 (&, N-CH-0), 3.42 (qJ =

6.8 Hz, 4H, -NCH,CHs),), 1.13 (t,J = 6.8 Hz, 6H, -N(CHCH3),); LC/MS (ESI) m/z 364 [M+H].



7,9-Di-tert-butyl-2-(4-hydroxyphenyl )-3H-chromeno[ 2,3-d] pyrimidin-4(10aH)-one (18). Yellow
solid; mp = 248.9 °C*H NMR (400 MHz, DMSOs) & 9.46 (s, 1H, OH), 8.56 (s, 1H, NH), 7.98 (s,
1H, Ar-H), 7.58 (d,J = 2.4 Hz, 1H, Ar-H), 7.44 (d] = 2.4 Hz, 1H, Ar-H), 7.15 (d] = 8.6 Hz, 2H,
Ar-H in R), 6.75 (d,J = 8.6 Hz, 2H, Ar-H in R), 6.12 (s, 1H, N-CH-0)40.(s, 9H!Bu), 1.29 (s, 9H,
Bu); 1°C NMR (100 MHz, DMSOds) § 159.3, 157.6, 154.5, 150.3, 146.1, 135.8, 1383,4], 127.9,
127.7, 125.3, 119.4, 115.6, 114.2, 71.3, 35.0,,315, 30.0; LC/MS (ESI) m/z 405 [M+H]

7-1sopropyl-2-phenyl-3,10a-di hydr o-4H-chromeno[ 2,3-d] pyrimidin-4-one (19). Yellow solid; H
NMR (400 MHz, DMSO#d,) & 8.99 (s, 1H, NH), 8.00 (s, 1H, Ar-H), 7.57 (= 2.0 Hz, 1H, Ar-H),
7.42-7.32 (m, 6H, Ar-H), 7.13 (d,= 8.4 Hz, 2H, Ar-H), 6.23 (s, 1H, N-CH-O), 2.9482.(m, 1H, -
CH(CHs),), 1.21 (dJ = 6.8 Hz, 6H, -CHCH3),); LC/MS (ESI) m/z 319 [M+H].

7-1sopropyl-2-phenyl-3,5-dihydr o-4H-chromeno| 2,3-d] pyrimidin-4-one (20). Pale yellow solid;H
NMR (400 MHz, DMSOsdg) & 8.13 (d,J = 7.6 Hz, 2H, Ar-H), 7.60-7.52 (m, 3H, Ar-H), 7-17712
(m, 2H, Ar-H), 7.06 (dJ = 8.4 Hz, 2H, Ar-H), 3.73 (s, 2H, -CGE-), 2.90-2.84 (m, IHGH(CHy)»),
1.21 (d,J = 7.2 Hz, 6H, -CHCHz),); LC/MS (ESI) m/z 319 [M+H].

2-Benzyl-7-isopropyl-3,10a-dihydro-4H-chromeno| 2,3-d] pyrimidin-4-one (21). Pale yellow solid;
'H NMR (400 MHz, CROD) § 7.58 (s, 1H, Ar-H), 7.38 (dl = 8.4 Hz, 1H, Ar-H), 7.27 (s, 1H, Ar-H)
7.14-7.11 (m, 5H, Ar-H and NH), 7.07 @z= 8.4 Hz, 1H, Ar-H), 5.56 (t) = 4.0 Hz, 1H, N-CH-0),
3.07-3.02 (m, 2H), 2.91-2.87 (m, 11&H(CH,),), 1.15 (d,J = 6.8 Hz, 6H, -CHCH,),); LC/MS (ESI)
m/z 333 [M+HT.

2-Cyclohexyl-7-isopropyl-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (22). Pale yellow
solid; mp = 253.2 °Ct*H NMR (400 MHz, DMSOdg) & 8.51 (s, 1H, NH), 7.85 (s, 1H, Ar-H), 7.50 (d,
J=2.4 Hz, 1H, Ar-H), 7.38 (dd] = 8.4 and 2.0 Hz, 1H, Ar-H), 7.12 (@= 8.4 Hz, 1H, Ar-H), 5.03
(s, 1H, N-CH-0), 2.92-2.85 (m, 1HCH(CH),), 2.56—2.45 (m, 1H, cyclohexyl in R) 1.72-1.55 (m,
6H, cyclohexyl in R), 1.26-0.86 (m, 4H, cycloheiylR), 1.20 (dJ = 6.8 Hz, 6H, -CHCHa),); **C
NMR (100 MHz, DMSO€) 6 160.1, 154.8, 152.2, 144.5, 132.8, 131.4, 12718,3] 115.8, 115.5,
72.9, 45.6, 33.1, 27.7, 26.5, 26.2, 26.0, 25.®;24C/MS (ESI) m/z 325 [M+H].

2-Cyclopropyl-7-isopropyl-3,10a-dihydr o-4H-chromeno[ 2,3-d] pyrimidin-4-one (23). Pale yellow



solid; mp = 224.8 °C*H NMR (400 MHz, DMSOdg) & 8.70 (s, 1H, NH), 7.88 (s, 1H, Ar-H), 7.52 (d,
J=2.0 Hz, 1H, Ar-H), 7.39 (dd] = 8.4 and 2.0 Hz, 1H, Ar-H), 7.11 (@= 8.4 Hz, 1H, Ar-H), 4.82
(d, J = 6.4 Hz, 1H, N-CH-0), 2.93-2.86 (m, 1HGH(CH),), 1.20 (d,J = 6.8 Hz, 6H, -CHCHy),),
1.16-1.10 (m, 1H, cyclopropyl in R), 0.45-0.33 @, cyclopropyl in R);”*C NMR (100 MHz,
DMSO-ds) 6 159.6, 154.8, 152.2, 144.6, 133.1, 131.5, 12715,21 115.8, 115.2, 71.2, 33.1, 26.7,
24.2,19.6, 1.9, 1.6; LC/MS (ESI) m/z 283 [M+H]
2,7-Diisopropyl-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (24). Pale yellow solid;'H
NMR (400 MHz, CQOD) § 7.95 (s, 1H, Ar-H), 7.44-7.42 (m, 2H, Ar-H), 7.(& J = 9.2 Hz, 1H,
Ar-H), 5.16 (dd,J = 3.4 and 1.0 Hz, 1H, N-CH-O), 2.98-2.91 (m, 1EH(CH),), 2.04-1.96 (m, 1H,
-CH(CHjy),in R), 1.27 (dJ = 6.8 Hz, 6H, -CHCH3),), 1.00 (dJ = 6.8 Hz, 3H, -CHCH,),in R), 0.93
(d,J = 6.8 Hz, 3H, -CHCH),in R); LC/MS (ESI) m/z 285 [M+H]
7-1sopropyl-2-(thiophen-2-y1)-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one ~ (25). Pale
yellow solid;*H NMR (400 MHz, DMSOdg) & 9.21 (s, 1H, NH), 8.03 (s, 1H, Ar-H), 7.58 (t 2.0
Hz, 1H, Ar-H), 7.48-7.43 (m, 2H, Ar-H), 7.20-7.18,(2H, Ar-H), 7.02—7.00 (m, 1H, Ar-H), 6.52 (s,
1H, N-CH-0), 2.95-2.88 (m, 1HCH(CH,),), 1.21 (d,J = 6.8 Hz, 6H, -CHCH3),); LC/MS (ESI)
m/z 325 [M+HT.
2-(3-Hydroxyphenyl)-7-isopropyl -3,10a-dihydr o-4H-chromeno[ 2,3-d] pyrimidin-4-one (26). Yellow
solid; *H NMR (400 MHz, DMSOdg) § 9.43 (s, 1H, OH), 8.96 (s, 1H, NH), 8.00 (s, 1HsH), 7.57
(d, J = 2.0 Hz, 1H, Ar-H), 7.41 (dd] = 8.4 and 2.4 Hz, 1H, Ar-H), 7.18-7.12 (m, 2H, A)-6.78—
6.68 (m, 3H, Ar-H), 6.11 (s, 1H, N-CH-0), 2.94-2 @, 1H, CH(CH,),), 1.21 (d,J = 7.2 Hz, 6H, -
CH(CH,),); LC/MS (ESI) m/z 335 [M+H].
2-(2-Hydroxyphenyl)-7-isopropyl -3,10a-dihydr o-4H-chromeno[ 2,3-d] pyrimidin-4-one  (27). Pale
yellow solid; *H NMR (400 MHz, DMSOdg) 6 9.66 (s, 1H, OH), 8.64 (s, 1H, NH), 7.94 (s, 1H; A
H), 7.55 (dJ = 2.4 Hz, 1H, Ar-H), 7.38 (dd] = 8.4 and 2.0 Hz, 1H, Ar-H), 7.15-7.09 (m, 3H, K-
6.81-6.77 (m, 2H, Ar-H), 6.32 (s, 1H, N-CH-0), 2:9387 (m, 1H, EH(CHy),), 1.21 (d,J = 7.2 Hz,
6H, -CH(CHs),); LC/MS (ESI) m/z 335 [M+H].

2-(4-Fluorophenyl)-7-isopropyl-3,10a-dihydro-4H-chromenol 2,3-d] pyrimidin-4-one (28). Yellow



solid; *H NMR (400 MHz, DMSOdg) & 8.99 (s, 1H, NH), 8.00 (s, 1H, Ar-H), 7.57 (s 2.0 Hz, 1H,
Ar-H), 7.43-7.39 (m, 3H, Ar-H), 7.20 (§,= 8.8 Hz, 2H, Ar-H), 7.13 (d] = 8.4 Hz, 1H, Ar-H), 6.25
(s, 1H, N-CH-0), 2.94-2.87 (m, 1HCH(CHa),), 1.21 (d,J = 6.8 Hz, 6H, -CHCH,),); LC/MS (ESI)
m/z 337 [M+HT.

2-(3-Fluorophenyl)-7-isopropyl-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one  (29). Pale
yellow solid;*H NMR (400 MHz, DMSOse) 5 9.02 (s, 1H, NH), 8.01 (s, 1H, Ar-H), 7.57 (s, 1;
H), 7.43-7.41 (m, 2H, Ar-H), 7.23-7.13 (m, 4H, AJ;}6.26 (s, 1H, N-CH-O), 2.92-2.87 (m, 1H, -
CH(CHs),), 1.21 (dJ = 6.8 Hz, 6H, -CHCH3),); LC/MS (ESI) m/z 337 [M+H].

7-1sopropyl -2-(3-methoxyphenyl)-3,10a-di hydr o-4H-chromeno[ 2,3-d] pyrimidin-4-one (30). Yellow
solid; *H NMR (400 MHz, CRQOD) § 8.08 (s, 1H, NH), 7.47 (s, 1H, Ar-H), 7.45 (= 8.8 Hz, 1H,
Ar-H), 7.32 (t,J = 7.8 Hz, 1H, Ar-H), 7.15 (d] = 8.0 Hz, 1H, Ar-H), 6.99-6.95 (m, 2H, Ar-H), 6.91
(dd,J = 8.0 and 2.4 Hz, 1H, Ar-H), 6.24 (s, 1H, N-CH-B)80 (s, 3H, -OC}j, 3.00-2.93 (m, 1H, -
CH(CHs),), 1.28 (d,J = 6.4 Hz, 6H, -CHCH3),); LC/MS (ESI) m/z 349 [M+H].

7-1sopropyl-2-(p-tolyl)-3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (31). Yellow solid; *H
NMR (400 MHz, DMSOsg) § 8.95 (s, 1H, NH), 7.98 (s, 1H, Ar-H), 7.56 (d= 2.4 Hz, 1H), 7.40 (dd,
J=8.4and 2.0 Hz, 1H, Ar-H), 7.23 (8= 8.4 Hz, 2H, Ar-H in R), 7.18 (d, = 8.4 Hz, 2H, Ar-H in
R), 7.12 (dJ = 8.4 Hz, 1H, Ar-H), 6.18 (s, 1H, N-CH-0), 2.9482(m, 1H, EH(CHy),), 2.29 (s, 3H,
Ph-CH), 1.21 (dJ = 7.2 Hz, 6H, -CHCH3),); LC/MS (ESI) m/z 333 [M+H].

2-(4-Dimethylaminophenyl)- 7-i sopropyl - 3,10a-dihydro-4H-chromenol 2,3-d] pyrimidin-4-one  (32).
Yellow solid; '"H NMR (400 MHz, DMSOdg) & 8.87 (s, 1H, NH), 7.96 (s, 1H, Ar-H), 7.55 (= 2.4
Hz, 1H), 7.40 (ddJ = 8.8 and 2.4 Hz, 1H, Ar-H), 7.14-7.11 (m, 3H,Y-6.70 ( = 8.8 Hz, 2H, Ar-
Hin R), 6.10 (s, 1H, N-CH-0), 2.92-2.87 (m, 1i@H(CH,),), 2.87 (s, 6H, -N(CH),), 1.21 (d,J =
7.2 Hz, 6H, -CHCHs),); LC/MS (ESI) m/z 362 [M-+H].

2-(3-Fluoro-4-hydroxyphenyl)- 7-isopropyl - 3,10a-di hydro-4H-chromeno[ 2,3-d] pyrimidin-4-one
(33). Yellow solid; '"H NMR (400 MHz, DMSOds) & 8.92 (s, 1H, NH), 7.98 (s, 1H, Ar-H), 7.56 (,
= 2.4 Hz, 1H, Ar-H), 7.41 (ddl = 8.8 and 2.4 Hz, 1H, Ar-H), 7.14-7.10 (m, 2H, AY-6.99-6.91 (m,

2H, Ar-H), 6.14 (s, 1H, N-CH-O), 2.94-2.87 (m, 1KGH(CH,),), 1.21 (d,J = 7.2 Hz, 6H, -



CH(CHs),); °C NMR (100 MHz, DMSOd,) § 159.3, 152.2, 145.1, 144.9, 144.7, 134.2, 1338,6
127.6, 122.8, 119.3, 118.0, 115.9, 114.9, 1144 5170.5, 33.1, 24.2; LC/MS (ESI) m/z 353 [M+H]

2-(2-Fluoro-4-hydroxyphenyl)- 7-isopropyl - 3,10a-di hydro-4H-chromenol 2,3-d] pyrimidin-4-one
(34). Yellow solid; *H NMR (400 MHz, DMSOdg) § 9.96 (s, 1H, OH), 8.86 (s, 1H, NH), 7.99 (s, 1H,
Ar-H), 7.56 (d,J = 2.4 Hz, 1H, Ar-H), 7.41 (dd} = 8.8 and 2.4 Hz, 1H, Ar-H), 7.17-7.11 (m, 2H, Ar-
H), 6.61—-6.52 (m, 2H, Ar-H), 6.28 (s, 1H, N-CH-@)94—2.87 (m, 1H,GH(CH),), 1.21 (d,J = 7.2
Hz, 6H, -CHCHz),); LC/MS (ESI) m/z 353 [M+H].

2-(4-Hydroxy-3-methoxyphenyl)-7-isopropyl-3,10a-dihydro-4H-chromeno| 2,3-d] pyrimidin-4-one
(35). Pale yellow solid*H NMR (400 MHz, DMSOde) 5 9.01 (s, 1H, OH), 8.89 (s, 1H, NH), 7.97 (s,
1H, Ar-H), 7.55 (s, 1H, Ar-H), 7.40 (d,= 8.8 Hz, 1H, Ar-H), 7.12 (d] = 8.4 Hz, 1H, Ar-H), 6.91 (s,
1H, Ar-H), 6.77-6.72 (m, 2H, Ar-H), 6.13 (s, 1H,BH-0), 3.75 (d,) = 1.6 Hz, 3H, Ph-OCk2.93-
2.87 (m, 1H, EH(CHs),), 1.21(d,J = 7.2 Hz, 6H, -CHCH,),); *C NMR (100 MHz, DMSOdq) &
159.3, 154.6, 152.2, 147.9, 146.8, 144.6, 133.8,5.331.6, 127.6, 119.3, 119.0, 115.9, 115.7,0115.
111.1, 71.2, 56.1, 33.1, 24.2; LC/MS (ESI) m/z B@5H]".

2-(Benzo[ d] [ 1,3] dioxol-5-y1)-7-isopropyl -3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (36).
Yellow solid; *H NMR (400 MHz, DMSOse) 5 8.91 (s, 1H, NH), 7.98 (s, 1H, Ar-H), 7.56 (s, 1Ad;
H), 7.41 (dJ = 8.4 Hz, 1H, Ar-H), 7.13 (dd = 8.4 and 1.6 Hz, 1H, Ar-H), 6.90-6.82 (m, 3H, Y-
6.15 (s, 1H, N-CH-0), 6.01 (d,= 1.6 Hz, 2H, -OCkD-), 2.94-2.87 (m, 1HGH(CH),), 1.21 (d,J
= 6.8 Hz, 6H, -CHCHs),); LC/MS (ESI) m/z 363 [M-+H].

2-(2,3-Dimethoxyphenyl)-7-isopropyl -3,10a-di hydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (37).
Pale yellow solid*H NMR (400 MHz, DMSO#d) & 8.80 (s, 1H, NH), 7.98 (s, 1H, Ar-H), 7.56 (b5
2.0 Hz, 1H, Ar-H), 7.39 (ddj = 8.4 and 2.4 Hz, 1H, Ar-H), 7.11-7.01 (m, 3H, A)-6.82 (dd,J =
7.6 and 2.0 Hz, 1H, Ar-H), 6.37 (s, 1H, N-CH-O)8B.(s, 3H, Ph-OCH), 3.72 (s, 3H, Ph-OCj
2.94-2.87 (m, 1H,GH(CHy),), 1.21 (dJ = 7.2 Hz, 6H, -CHCHz),); LC/MS (ESI) m/z 379 [M+H].

2-(2,3-Dimethyl phenyl)-7-isopropyl -3,10a-dihydro-4H-chromeno[ 2,3-d] pyrimidin-4-one (38). Pale
yellow solid; mp = 231.6 °CtH NMR (400 MHz, DMSOd) & 8.85 (s, 1H, NH), 7.99 (s, 1H, Ar-H),

7.55 (d,d = 2.4 Hz, 1H, Ar-H), 7.39 (dd] = 8.8 and 2.4 Hz, 1H, Ar-H), 7.14-7.03 (m, 4H, AY-



6.49 (s, 1H, N-CH-O), 2.93-2.86 (m, 1KGH(CHy),), 2.29 (s, 3H, Ph-C§, 2.27 (s, 3H, Ph-C#),
1.21 (d,J = 6.8 Hz, 6H, -CHCHs),); *C NMR (100 MHz, DMSOdy) § 159.4, 154.2, 151.8, 144.2,
140.0, 136.8, 133.6, 133.3, 133.0, 127.2, 127.8,31218.8, 114.5, 68.8, 32.7, 32.6, 23.9, 23.63,20

20.1, 14.3, 14.1; LC/MS (ESI) m/z 347 [M+H]

4.2. Cell linesand cell cultures

Human melanoma cell lines (A375, SK-MEL28, WM26&4dd SK-MEL2) and other cell lines
(A549, MDA-MB231, DU145 and T47D) were purchasednir American Type Culture Collection
(ATCC, USA), and the other human melanoma cellsliiM/M1366, WM3670) were obtained from
Coriell (Coriell Institute for Medical Research, AS Human cell lines (A375, SK-MEL28, WM266-
4, A549, MDA-MB231, DU145 and T47D) were maintainedDMEM high glucose (Gibco, USA)
supplemented with 10 % fetal bovine serum (FBScGitySA) and 1 % penicillin, streptomycin and
1 % sodium pyruvate (Gibco, USA). SK-MEL2 was crat in ATCC-formulated Eagle’s Minimum
Essential Medium (EMEM, ATCC, USA) containing 10 BBS. The other melanoma cell lines
(WM1366, WM3670) were cultured in 4:1 mixture of @B153 (WelGENE Inc., Korea) and
Leibovitz L-15 (Gibco, USA), supplemented with 2 BBS, 5ug/mL of insulin (Gibco, USA) and
1.68 mM of CaGl (Withlab Co., Ltd, Korea) in 37 °C, 5 % G@tmosphere at constant humidity.
WM1366 and WM3670 cells were cultured on bio-codtask (BD Biosciences, USA). All cell lines
were mycoplasma free when periodically tested i MycoAlert™ Mycoplasma Detection Kit

(Lonza, USA).

4.3. Senescence screening assay

The compounds were added to the assay plate (E¥o88-well microplate, Germany) with 10
pL DMEM (Gibco, USA) supplemented with 1.0 mmol/Lodum pyruvate, 1 %
streptomycin/penicillin and 10 % heat-inactivate8SF using Hummingbird. A375 cells were
cultivated in DMEM (Gibco, USA) medium supplementeih 1.0 mmol/L sodium pyruvate, 1 %

streptomycin/penicillin and 10 % heat-inactivateBSFat 37 °C and 5 % GOAfter compound



addition, cells (5x 10" cells/mL) were diluted in DMEM supplemented witt0 Immol/L sodium
pyruvate, 1 % streptomycin/penicillin and 10 % Reattivated FBS, seeded in 40 pL per well using
WELLMATE (Thermo Scientific Matrix WellMate, USA) ral incubated at 37 °C for 72 hrs.
Doxorubicin hydrochloride as the reference compo(pasitive control) at 37 nM as the kgand

0.5 % DMSO (negative control) were used in all pittes for data normalization. After 3 days of
incubation, the assay plates were stained with h&t88342 (Invitrogen, USA), LysoTrackérRed
DND-99 (Invitrogen, USA) and CellMask™ Deep ReddPti@ membrane Stain (Invitrogen, USA)
for 1 hr. Microplates were read in an Operéligh Content Screening System (PerkinElmer Inc.,
USA), enabling the determination of the senescefieet ratio by image analysis. An algorithm for
image analysis was developed to determine senesceffects and count cell number. With this
technique, the senescence was determined by 18€6ipems such as cell size, nucleus size, texture
of cells etc. The average senescent ratios fronptiseéive and negative controls were normalized to
0 % and 100 % senescence effect, and the senastientead from each compound activity was
proportionally distributed within this range. Z-fac was used for protocol validation and active
compound selection acceptance. Z-factor, calculased-[36,+0n)/(1p-1tn)], Wherep,, op, pn ando,

are the meangu] and standard deviations)(of both the positive (p) and negative (n) corgr@nd
other parameters, including DRC control for vedfion of the reference drug Ef(accepted if
within the range of 3x higher or lower than a definvalue from the literature), coefficient of
variation not higher than 10 % in the controls &ude effect evaluation, were used for screening

validation and hits selection.

4.4. Double strand DNA and single strand DNA assay

For checking double DNA damage of cells, cells vemeded in 384-well plates 210’ cells/well),
and exposed to dose response concentration (DR&xompound from 0 to 20M for 3 days. And
then cells were fixed in 4 % paraformaldehyde (WAKI@pan) for 20 min at room temperature and
washed twice in PBS (WelGENE Inc., Korea) and petized in 0.5 % Triton X-100 (Sigma, USA)

in PBS for 15 min. Cells were washed twice in PBS blocked for 1 hr in 3 % BSA (Sigma, USA)



in PBS containing Tween-20 (PBST, Sigma, USA), raftbich they were incubated in anti-53BP1
(Millipore, USA) and antiyH2AX (Millipore, USA) in 1 % BSA-PBST buffer for arnight at 4 °C.
After 24 hrs, cells were washed three times in PBSd@ incubated in Alexa Fludr488 goat anti-
mouse and Alexa Flubr 532 goat anti-rabbit secondary antibody (InvitmpggdSA) in 1 % BSA-
PBST for 1 hr at room temperature to label 53BR1yad2AX. Cells were washed three times for 10
min, stained with Hoechst (Invitrogen, USA) for @i, and then washed three times for 10 min. The
images were photographed atx2@ater magnifications using Opé&raTo measure single-stranded
DNA, we purchased Quant-iT™ OliGrdenssDNA Assay Kit (Invitrogen, USA) and followed a

procedure in manual as described.

4.5. Senescence-associated -galactosidase (SA--gal) assay

A375 cells in 96-well plates (4 107 cells/well) were incubated with 0.5 % DMSO ahtbr 72 hrs.
After 3 days, the adherent cells were fixed forn@@ at room temperature in 0.2 % glutaraldehyde
(Sigma, USA) and stained for 3 days at 37 °C fyegitepared X-Gal staining solutions (pH 6.0)
containing 1 mM MgG, 0.1 mg/mL X-Gal (Invitrogen, USA), 5 mM potassidetricyanide (Sigma,
USA), and 5 mM potassium ferrocyanide (Sigma, USR)e images were photographed at several

magnifications using a microscopy.

4.6. Colony formation assay

Cells in 96-well plates (20 cells/well) were seeded incubated with a compound for 3 days. And
then the fresh media was replaced for 4 days. Sdegn after seeding, cells were fixed in 4 %
paraformaldehyde (WAKO, Japan) at room temperafioré?0 min, washed twice with PBS. Next,
cells were stained with 0.1 % crystal violet (SigraksA) in PBS for 20 min at room temperature.

Stained surviving cells were photographed.

4.7. Flow cytometry analysis of cell cycle



Human melanoma A375 cells were incubated witbrapound (2QuM) for 72 hrs, and harvested
up to 1x 106 cells/10QuL into FACS tubes. They were washed 2 times byrag@ mL of PBS (or
HBSS), centrifuged for 5 min at 300g, and then resuspended in 1 mL of flow cytomstaining
buffer (R&D Systems, USA). After adding L of propidium iodide staining solution (1 mg/mL,

Sigma, USA), cells were analyzed by BD FACSAri#ll (BD Biosciences, USA).

4.8. Microsomal metabolic stability

Human liver microsomes (mixed gender, pool of 2@@ye purchased from XenoTech (Lenexa,
USA). Mouse male microsomes and nicotinamide aderdinucleotide phosphate (NADPH)
regenerating system were purchased from BD Ge(iésburn, USA). A Quattro Premier™ triple
guadrupole mass spectrometer (Waters, USA) witbtrelgpray ionization (ESI) was applied for
sample analysis. Instruments were controlled bysWasg software (Version 4.0, Waters, USA). An
analytical column was applied after the trappindridges (Agilent, Zorbax Eclipse plus RRHD C18,
50 mm x 2.1 mm, 1.8m, USA). Compounds (gM as final concentration) are incubated with both
human and mouse liver microsomes in potassium padsuffer at 37 °C. The microsomal protein
concentration in the assay was 0.5 mg/mL and thed fiercent of DMSO was 0.2 %. Reaction was
started by the addition of NADPH and terminatetiesitimmediately or at 10, 20, 30 and 60 min for a
precise estimate of clearance. The correspondsydbparent compound was determined by LC/MS.
The mobile phases were (A) water with 0.1 % of fieracid and (B) acetonitrile with 0.1 % of formic
acid at a flow rate of 0.4 mL/min. The LC conditsonwere 10 % B at 0 min, a linear gradient from 10
to 90 % B over 0.25 min, held at 90 % B for 0.7 pand back to 10 % B over 0.2 min, then held at
10 % B for the remaining 0.6 min. The percentageravhaining compound was calculated by
comparing with the initial quantity at time 0 midalf-life was then calculated, based on first-order

reaction kinetics.

4.9. Glucuronidation assay using 9 fraction



Human liver S9 (mixed gender, pool of 200) werecpased from XenoTech (Lenexa, USA).
Mouse male S9 and uridine glucuronosyl transfe(e&&T) mix solution were purchased from BD
Gentest (Woburn, USA). Compoundsy(# as final concentration) were incubated with blothman
and mouse liver S9 fraction in Tris buffer at 37 T@e S9 protein concentration in the assay was 1.0
mg/mL and the final percent DMSO was 0.2 %. Reacti@s started by the addition of 25 mM
uridine diphosphate glucuronic acid (UDPGA) to tesua final UDPGA concentration of 2 mM and
terminated either immediately or at 10, 20, 30 @danin for a precise estimate of clearance. H&df-li

was calculated, based on first-order reaction leaet

4.10. In vivo pharmacokinetics study

Male balb/c mice (8 weeks old) were used for phaokmetic studies. Compound3 were
administered by intravenous bolus, oral (PO) orajpéritoneal (IP) injection. The compound were
formulated in 5 % DMSO and 20 % hydroxyprojytyclodextrin (HPB-CD) for the study. Blood
samples were collected from the animassretro-orbital venous plexus by at 0.033, 0.25, 0,2, 4,
6, 8 and 24 hrs post-dose for IKor PO and IP, blood samples were taken at 0.028, 0.5, 1, 2, 4,
6, 8 and 24 hrs post-dose. Blood samples were ctetleinto tubes pretreated with EDTA and
centrifuged at 3,200 g for 10 min at 4 °C. Follogvitentrifugation, plasma was transferred into tubes
and frozen prior to LC-MS/MS analysis. Analysis pghsma samples were conducted on Quattro
Premier™ triple quadrupole mass spectrometer (WatelSA) coupled with Acquity® ultra

performance liquid chromatography (Waters, USA).

4.11. Pharmacophore modeling

A dataset of 36 compounds in Table 1 was usdautid a pharmacophore model based on their
activities inducing senescence-like phenotypes(E@\l structures were built on Maestro, a module
of Schrodinger [45]. Low energy 3D conformationscofnpounds were processed with the LigPrep
program [46], and they were energy minimized witRLS_2005 force field method. Next, the

conformers were generated for each compound by astorsional search method with ConfGen [47].



Total of 100 conformers per rotatable bonds wereegged with the maximum number of conformers
set as 1,000 per compound. The minimization andggnealculation were done by applying
OPLS_2005 force field. The activity value for eadmpound was taken as a negative logarithm of
ECs value. The activities of synthetic derivatives édeen classified as follows: 10 active analogues
(-log EGy > 1.0), 12 moderately active analogues (0.0 < H@g < 1.0) and 14 inactive analogues (-
log EG, < 0.0). Phase program was used to generate comnawmabophore hypothesis (CPH) [48].
Initially, pharmacophores generated for all confations of synthetic derivatives were examined, and
then pharmacophore models having common featuree wentified as CPH. Hypotheses were
generated by a systematic variation of minimum @agimum number of sites set to 6, and to match
all 10 active analogues. The best CPH was sele¢atedve high ranking scores overall across various

scoring terms such as survival score.



ASSOCIATED CONTENT

Characterization data 8f38 including’H, and / orC (PDF)

Molecular formula strings (CSV)

AUTHOR INFORMATION

Corresponding authors
Tel.: +82-31-698-3832; fax: +82-31-698-3842; e-masiong@hanaph.co.kr
Tel.: +82-2-527-5036; fax: +82-2-527-5020; e-madnmolral973@naver.com
Notes

The authors declare no competing financial interest

ACKNOWLEDGEMENTS

This work was supported by the National Researcindation of Korea (NRF) grant funded by the
Korea government (MSIP, No. 2007-00559, No. 2014087 and MSIT (NRF-

2017M3A9G6068257) , Gyeonggi-do and KISTI.

ABBREVIATIONS USED

TIS, therapy-induced senescence; HTS, high-throuigBpreening; HCS, high-contents screening;
SAR, structure-activity relationship; FDA, U.S. Eboand Drug Administration; SAg-gal,
senescence-associated beta-galactosidase; DMS@thginsulfoxide; DDR, DNA damage response;
SSB, single-strand break; DSBs, double-strandedkbreNMR, nuclear magnetic resonance; ESI,
electrospray ionization; CPH, common pharmacophotgpotheses; LC/MS, liquid

chromatography/mass spectrometry; TLC, thin-laygomatography; DRC, dose-response curve.



References

[1] American Cancer Society: Cancer Facts and ega019. Atlanta, GA: American Cancer Society 2019.

[2] R.L. Siegel, K.D. Miller, A. Jemal, Cancer sgtics, 2019, CA Cancer J. Clin. 69 (2019334.

[3] http://www.cancer.org/cancer/skincancer-melaafietailedguide/melanoma-skin-cancer-survival-rates

[4] N. Howlader, A.M. Noone, M. Krapcho, D. Millep,. Brest, M. Yu, J. Ruhl, Z. Tatalovich, A. Mariot D.R.
Lewis, H.S. Chen, E.J. Feuer, D.A. Cronin, SEER dearStatistics Review, 1973016, National Cancer
Institute. Bethesda, MD, https://seer.cancer.goid635 2016/, based on November 2018 SEER data
submission, posted to the SEER web site, April 2019

[5] A. Mullard, Dual fronts poised to transform raebma therapy, Nat. Rev. Drug Discov. 10 (2011%-326.

[6] G. Bollag, J. Tsai, J. Zhang, C. Zhang, P. liorg K. Nolop, P. Hirth, Vemurafenib: the first drapproved
for BRAF-mutant cancer, Nat. Rev. Drug Discov. 20%2), 873886.

[7] E.J. Lipson, C.G. Drake, Ipilimumab: an anti408-4 antibody for metastatic melanoma, Clin. CanRes.

17 (2011), 69586962.

[8] J.S. Weber, K.C. Kéhler, A. Hauschild, Managemef immune-related adverse events and kinetics of
response with ipilimumab, J. Clin. Oncol. 30 (202891-2697.

[9] M.K. Callahan, M.A. Postow, J.D. Wolchok, Immamodulatory therapy for melanoma: ipilimumab and
beyond, Clin. Dermatol. 31 (2013), 1a199.

[10] F. Su, W.D. Bradley, Q. Wang, H. Yang, L. >81,Higgins, K. Kolinsky, K. Packman, M.J. Kim, Krdnzer,
R.J. Lee, K. Schostack, J. Carter, T. Albert, Stn@&e, J. Rosinski, M. Martin, M.E. Simcox, B. LasfiD.
Heimbrook, G. Bollag, Resistance to selective BRAlkibition can be mediated by modest upstream paghw
activation, Cancer Res. 72 (2012), 9698.

[11] M.D. Thakur, F. Salangsang, A.S. Landman, WSRllers, N.K. Pryer, M.P. Levesque, R. Dummer, M.
McMahon, D.D. Stuart, Modelling vemurafenib resigta in melanoma reveals a strategy to forestaly dru
resistance, Nature 494 (2013), 2355.

[12] H. Berman, J. Westbrook, Z. Feng, G. Gillilafid Bhat, H. Weissig, I. Shindyalov, P. BournegTgrotein
data bank, Nucleic Acids Res. 28 (2000), 23%.

[13] C.A. Schmitt, Cellular senescence and canmeatment, Biochim. Biophys. Acta 1775 (200726.

[14] S. Lee, J.-S. Lee, Cellular senescence: A pioig strategy for cancer therapy, BMB Rep. 52 @@5-41.
[15] A. Vilgelm, A. Richmond, Combined therapiesthinduce senescence and stabilize p53 block melano
growth and prompt antitumor immune responses, @merinology, 4 (2015), €1009299.

[16] L. Wang, R.L. de Oliveira, C. Wang, J.M.F. Ne8. Mainardi, B. Evers, C. Lieftink, B. Morris, Jochems,

L. Willemsen, R.L. Beijershbergen, R. Bernards, Higtoughput functional genetic and compound screens
identify targets for senescence induction in cantel Reports 21 (2017), 7#383.

[17] J.A. Ewald, J.A. Desotelle, G. Wilding, D.fFrdard, Therapy-induced senescence in cancer,tl.Q¢ecer
Inst. 102 (2010), 1536.546.

[18] A. Laine, H. Sihto, C. Come, M.T. Rosenfeldt, Zwolinska, M. Niemel&a, A. Khanna, E.K. Chan, M.-
Kahari, P.-L. Kellokumpu-Lehtinen, O.J. Sansom,.GVvan, M.R. Junttila, K.M. Ryan, J.-C. Marine, H.

Joenssu, J. Westermarck, Senescence sensitivilyeakt cancer cells is defined by positive feekldaop



between CIP2A and E2F1, Cancer Discov. 3 (2013);187.

[19] S. Haferkamp, A. Borst, C. Adam, T.M. Becké&:, Motschenbacher, S. Windhovel, A.L. Hufnagel, R.
Houben, S. Meierjohann, Vemurafenib induces semescéeatures in melanoma cells, J. Investig. Desiat
133 (2013), 16041609.

[20] H. Luo, C. Yount, H. Lang, A. Yang, E.C. RiemK. Lyons, K.N. Vanek, G.A. Silvestri, B.A. Sclte] G.Y.
Wang, Activation of p53 with Nutlin-3a radiosensés lung cancer cells via enhancing radiation-ieduc
premature senescence, Lung Cancer 81 (2013)17&7

[21] S. Giuliano, M. Ohanna, R. Ballotti, C. Bextib, Advances in melanoma senescence and poteliniaal
application, Pigment Cell Melanoma Res. 24 (20225-308.

[22] C.A. Schmitt, J.S. Fridman, M. Yang, S. Lee, Earanov, R.M. Hoffman, S.W. Lowe, A senescence
program controlled by p53 and g2 contributes to the outcome of cancer therapy, 0@9l (2002), 335346.
[23] M. Braig, C.A. Schmitt, Oncogene-induced seeese: putting the brakes on tumor developmentc€an
Res. 66 (2006), 2882884.

[24] Z. Chen, L.C. Trotman, D. Shaffer, H.-K. LiA,A. Dotan, M. Niki, J.A. Koutcher, H.I. Scher, Tudwig,

W. Gerald, C. Cordon-Cardo, P.P. Pandolfi, Crucit¢ of p53-dependent cellular senescence in sapjore of
Pten-deficient tumorigenesis, Nature 436 (2005%-720.

[25] E.L. Denchi, C. Attwooll, D. Pasini, K. HelinDeregulated E2F activity induces hyperplasia and
senescence-like features in the mouse pituitanydgMol. Cell. Biol. 25 (2005), 26662672.

[26] C. Michaloglou, L.C. Vredeveld, M.S. Soengé&s, Denoyelle, T. Kuilman, C.M. Van Der Horst, D.M.
Majoor, J.W. Shay, W.J. Mooi, D.S. Peeper, BRRFassociated senescence-like cell cycle arrest ofanu
naevi, Nature 436 (2005), 72024.

[27] I.B. Roninson, Tumor cell senescence in catreatment, Cancer Res. 63 (2003), 270AL5.

[28] R.H. te Poele, A.L. Okorokov, L. Jardine, Jun@mings, S.P. Joel, DNA damage is able to induce
senescence in tumor celllsvitro andin vivo, Cancer Res. 62 (2002), 1883.

[29] R.S. Roberson, S.J. Kussick, E. Vallieresy3.-Chen, D.Y. Wu, Escape from therapy-induceckerated
cellular senescence in p53-null lung cancer celtsia human lung cancers, Cancer Res. 65 (20095-2B03.
[30] B.C. Kim, H.J. Yoo, H.C. Lee, K.-A. Kang, S.Bung, H.-J. Lee, M. Lee, S. Park, Y.-H. Ji, YL8e, Y.-G.
Ko, J.-S. Lee, Evaluation of premature senescendesanescence biomarkers in carcinoma cells anogxafh
mice exposed to single or fractionated irradiatoncol. Rep. 31 (2014), 2228235.

[31] J.A. Ewald, N. Peters, J.A. Desotelle, F.M.fid@nn, D.F. Jarrard, A high-throughput methodderitify
novel senescence-inducing compounds, J. Biomoke®bcrl4 (2009), 85858.

[32] B.G. Bitler, L.S. Fink, Z. Wei, J.R. Petersd®, Zhang, A high-content screening assay for smalkecule
modulators of oncogene-induced senescence, J. BiG@ueen. 18 (2013), 1052061.

[33] M.A. Sliwinska, G. Mosieniak, K. Wolanin, A.dbik, K. Piwocka, A. Magalska, J. Szczepanowska, J.
Fronk, E. Sikora, Induction of senescence with doliin leads to increased genomic instability €H16
cells, Mech. Ageing Dev. 130 (2009),-32.

[34] M.-Y. Yang, P.-M. Lin, Y.-C. Liu, H.-H. HsiaoW.-C. Yang, J.-F. Hsu, C.-M. Hsu, S.-F. Lin, Intdan of

cellular senescence by doxorubicin is associatéld wgpregulatedniR-375 and induction of autophagy in K562



cells, PloS One 7 (2012), e37205.

[35] A. Bielak-Zmijewska, M. Wnuk, D. Przybylska, . \&rabowska, A. Lewinska, O. Alster, Z. Korwek, A.
Cmoch, A. Myszka, S. Pikula, G. Mosieniak, E.A. @& A comparison of replicative senescence and
doxorubicin-induced premature senescence of vasan@oth muscle cells isolated from human aorta,
Biogerontology 15 (2014), 4B4.

[36] T. Kuilman, C. Michaloglou, W.J. Mooi, D.S. &ger, The essence of senescence, Genes Dev. 2%),(201
2463-2479.

[37] S.E. Polo, S.P. Jackson, Dynamics of DNA daenaggponse proteins at DNA breaks: a focus on iprote
modifications, Genes Dev. 25 (2011), 4@383.

[38] L.-J. Mah, A. EI-Osta, T. KaragiannigH2AX: a sensitive molecular marker of DNA damagel aepair,
Leukemia 24 (2010), 67886.

[39] A. Fradet-Turcotte, M.D. Canny, C. Escriban@B A. Orthwein, C.C. Leung, H. Huang, M.-C. LapdL.
Kitevski-LeBlanc, S.M. Noordermeer, F. Sicheri, Durocher, 53BP1 is a reader of the DNA-damage-iaduc
H2A Lys 15 ubiquitin mark, Nature 499 (2013),”5d.

[40] S. Cruet-Hennequart, A.M. Prendergast, G. SHa® Barry, M.P. Carty, Doxorubicin induces thBlA
damage response in cultured human mesenchymalksiésnint. J. Hematol. 96 (2012), 64856.

[41] D.E. Joyner, J.D. Bastar, R.L. Randall, Domcin induces cell senescence preferentially opeptosis in
the FUJSY[1 synovial sarcoma cell line. J. Orthop. Res. 206, 1163-1169.

[42] H. Tsao, L. Chin, L.A. Garraway, D.E. Fishdtelanoma: from mutations to medicine. Genes Dev. 26
(2012), 113+1155.

[43] C.N. O'Callaghan, Isomerisation of 2-aryl-4eeX, 3-dihydrobenzopyrano [2¢§-pyrimidines to 2-aryl-4-
hydroxy-HH-benzopyrano [2,8] pyrimidines. J. Chem. Soc. Perkin 1 (1980), 13B337.

[44] A.V. Borisov, S.G. Dzhavakhishvili, 1.O. Zhwel, S.M. Kovalenko, V.M. Nikitchenko, Parallel ligl-
phase synthesis of benzopyrano [@®yrimidine libraries. J. Comb. Chem. 9 (200785

[45] Maestro, version 9.3, Schrédinger, LLC, NewRkyd\'Y, 2012.

[46] LigPrep, version 2.6, Schrodinger, LLC, NewkoNY, 2012.

[47] ConfGen, version 2.6, Schrddinger, LLC, NewRk/a\Y, 2012.

[48] Phase, version 3.4, Schrodinger, LLC, New Ydik, 2012.



Highlights

v A new phenotypic screening based on morphological changes was designed and
performed.

Vv This assay was developed to identify small-molecule inducers of cellular senescence.
Vv A new class of 4H-chromeno[2,3-d]pyrimidin-4-one derivatives was identified.

v Compound 38 showed good in-vitro anti-melanoma activity and metabolic stability.
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*H NMR of compound 32
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*H NMR of compound 33
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*H NMR of compound 34
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*H NMR of compound 35
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*H NMR of compound 36
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