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ABSTRACT

The extra virgin olive oil (EVOO)dihydroxy-phenol oleaceinis a natural inhibitor of multiple metabolic anc
epigeneticenzymescapable of suppressingthe functional traits of cancerstem cells (CSC)Here, we used a
natural product-inspired drug discoveryapproachto identify new compoundsthat phenotypically mimic the
anti-CSQactivity of oleacein.We coupled 3D quantitative structure-activity relationship-basedvirtual profiling
with phenotypicanalysisusing3D tumorsphereformation asa gold standardfor assessinghe presenceof CS(
Among the top 20 computationally-predicted oleacein mimetics, four fulfilled the phenotypic endpoint of
specifically suppressingthe tumorsphereinitiating capacity of CSCjn the absenceof significant cytotoxicity
againstdifferentiated cancercellsgrowing in 2D culturesin the samelow micromolar concentrationrange. Of
these, 3,4-dihydrophenetyl butyrate ¢alipophilic ester conjugateof the hydroxytyrosolmoiety of oleaceirt, and
(E)YN-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarbothioamide) can inhibitor of Trypanosoma cruz
triosephosphateisomerase were also highly effective at significantly reducing the proportion of aldehyde
dehydrogenaseALDH)positive CSdike proliferating cells. Preservationof the mTOR/DNMTbinding mode of
oleaceinwas dispensablefor suppressionof the ALDH-CSGunctional phenotype in hydroxytyrosotunrelatec
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mimetics. The anti-CSQhemistry of complexEVOQOphenolssuchas oleaceincan be phenocopiedthrough the

useof mimeticscapturingits physicochemicalproperties.

INTRODUCTION

Extra virgin olive oil (EVOOQO) is a unique functional
food with a major contribution to the heafthomoting
effects of the sealled Mediterranean diet. EVOO
contains a group of complex phefanjugated
compounds named oleosidic secoiridoids or oleosides
that exert nutritional and beneficial effects on majo
agingdriven diseases including cancefi 1D]. Using a
holistic approach for phenotypic drug discovery coupled
with mechanisrof-action functional profiling and
target deconvolution, we recently identified the
dihydroxy-phenol oleacein (the dialdehydiorin of
decarboxymethyl elenolic acid linked
hydroxytyrosol) [1117] as a metabolepigenetic
inhibitor of the mammalian target of rapamycin
(mTOR) kinase and DNA methyltransferases (DNMTSs).
Oleacein was found to specifically and potently
suppressing thefunctional traits of tumomitiating
cancer stem cells (CSC) in genetically diverse types of
cancer cell populations [18].

to

The antiCSC effects of oleacein are most likely related
to its chemical structure, largely due to the presence of
two hydroxyl goups in the hydroxytyrosol moiety [9,
19i 21]. Therefore, one could envision that its scaffold
might be used as a chemical prototype to facilitate
selection and advancement of new #EC hits via
cell-based phenotypic screenings. However, a recent
delineation of the higevel functions of oleagn in
terms of biomolecular interactions, signaling pathways,
and proteirprotein interaction networks revealed that
the sacalled oleacein target landscape likely involved
more than 700 proteins rather than solely mTOR and
DNMTs [22]. Thus, although thability of oleacein to
operate as a multaceted regulator of numerous
metabolic  processes and chromatindifying
enzymatic activities might open new horizons for €SC
targeted therapy based on the molecular bridge that
connects metabolism and epigenetigth the aberrant
state of stemness in cancer tissuesi?33 a
biomimicry design process of oleacein mimetics
remains a highly challenging task.

Here, we used a natufatoductinspired drug discovery
approach to identify new small molecules capalfle o
phenotypically mimicking the anr@€SC actions of

ol eacein. Using the struct
coupled 3D quantitative structueetivity relationship
(3D-QSAR)based virtual profiling (VP) with
laboratorybased phenotypic testing using tusyrere
formation potential as a gold standard for evaluating the

presence of CSCF{gure 1). We provide evidence that
oleacein can be phenocopied through the use of
mimetics with antiCSC activity, which might guide the
design of synthetically tractable afh molecules
capable of phenotypically imitating the a@BSC
chemistry of complex EVOO phenolics.

RESULTS
Computer-assisteddiscovery of oleacein mimetics

When a 2D similarity, ligantbased VP program was
executed over the Chembl(vl9) database ushmy

Tanimoto coefficient and 2D (Morgan/circular)
fingerprints, only the closely related secoiridoid
molecule  oleocanthal (CHEMBL2172394) was

identified. The execution of a comparative molecular
similarity indices analysis (CoMSIA)ased 3D VP
program, howver, identified several compounds with
physicachemical similarity scores greater than 0.75
(Figure 1). Taking advantage of the previously
described binding modes of oleacein to mMTOR and
DNMT [18], we ran rigiddocking calculations to
characterize the biting modes of the top 20 oleacein
mimetics Gupplementary Figure 1), both at the
crystallographic sites and at additional cavities
occurring within the whole protein structures of mTOR
and DNMT (Supplementary Tablesi3). Table 1
summarizes the computataliy-predicted oleacein
mimetics ranked according to reweighted energies
based on short molecular dynamics (MD) simulations
followed by molecular mechanics with generalized
Born and surface area solvation (MM/GBSA)
calculations, for both the crystallograptand the best
MTOR/DNMT cavities for each of the selected oleacein
mimetics Supplementary Tablesahdb5).

Binding modes of olacein mimetics to mTOR and
DNMT

The binding mode of oleacein to mTOR was predicted
to share key amino acid residues withe thinding
modes of secondeneration  ATRcompetitive
TORKIinhibs and, consequently, partially mimicked the
binding behavior of PP242 and Torin 2 to the ATP
binding catalytic pocket [18]. But, the presence of more
aromatic rings in the oleacein molecule il in a
slightty diffdrentobinding steength fremsthat of RR242e
and Torin 2. Similarly, the presence of aromatic rings
notably influenced the binding of the selected oleacein
mimetics to mTOR Kigure 2). In fact, we predicted
three different binding modgsne of them involving 5
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oleacein mimetics that apparently shared the originally
described binding mode of parental oleacein; and
another two models encompassing 13 compounds and 2
compounds showing a binding mode closely resembling
that of TORKiInhibs [igure 2). Rigid docking
calcul ations ori-‘gistadd ki mpg
occur between the aromatic ring of oleacein and the
Trp2239 residue (or Tyr2225 upon conformational
changes of either oleacein or the mTOR catalytic pocket
itself) in the catiytic site of mMTOR. MD simulations
confirmed the
Trp2239 (and a more fluctuating interaction with
Tyr2225), as well as a significant number of additional
residues providing key electrostatic interactions [18]. In
the cae of oleacein mimetics, it was evident that
Trp2239, Tyr2225, and Phe2358 played a central role in

=

Predicted OLEACEIN MIMETICS

CHEMBL2172394 (0.848/0.761) —- CHEMBL1085246 (0.804)
CHEMBL357073 (0.803) - CHEMBL1632504 (0.781)
CHEMBL126593 (0.775) - CHEMBL1950046 (0.772)

CHEMBL1440472 (0.765) - CHEMBL 1300434 (0.762)
CHEMBL1890048 (0.758) - CHEMBL 1180264 (0.757)
CHEMBL165714 (0.757) - CHEMBL1621113 (0.755)
CHEMBL1079062 (0.755) - CHEMBL267516 (0.754)
CHEMBL154778 (0.754) - CHEMBL1366164 (0.754)
CHEMBL1642794 (0.753) - CHEMBL2165395 (0.752)
CHEMBL45196 (0.752) - CHEMBL2143987 (0.751)

Cell-based

phenotyping

3D ALDH?*

Figure 1. Computeassisted discovery of oleacein
biomimetics with anttCSC activitySchematic illustration of
the computational framework coupled tdaboratorybased
phenotypic testing. The values in parentheses are similarity
scores calculated with respect to parental oleacein.

the stabilization of their respective complexes with
MTOR Supplementaryrable 6).

The binding mode of oleacein to DNMT svaredicted

to closely resemble that of DNMT inhibitors such as 5
azdaytidinee G110, fared tcurcumin [18]. In the case of
oleacein mimetics, we were able to predict two different
binding modes Rigure 3): one of them shared the
oleacein pattern of spatiarientation and included 17
compounds and another one involved only 3 molecules

ma i ns toacccku rnrgé€Rgeriet3ho Rigid * docking calculations and MD

simulations predicted that the main residues involved in
the stabilization of the oleacelPNMT complex were
Serl446, Proll25, A§p43, Phell45, Gly1150,
Leull51, Asn1158, Vall580, and Gly1223, along with
a significant number of additional residues providing
key electrostatic interactions. In the case of oleacein
mimetics, Phell145, Trpl1170, Prol224, and Prol225
were predicted as themain catalytic residues
(Supplementarirable 7).

Oleacein mimetics specifically suppress GSdriven
mammosphere formation

To explicitly test the oleacein mimetics on CSC, we
measured their effect dn vitro tumorspherdormation

in low-density noradherent serutfree medium
supplemented with growth factors [23b], considered
one of the gold standards for evaluating CSC- self
renewal activity. As a source of CSC, we used the-CSC
enriched triplenegative breast cancer neddDA-MB-
436, which can form smooth and round tumorspheres
(mammospheres) in suspension culture [33]. The
Cel |l 2Spher e3, 34 was ased th dvlluate
the differential ability of oleacein mimetics to
specifically suppress the ability of CSC to\gue and
proliferate as floating 3D microtumors without
promoting nonspecific, cytotoxic effects on the same
cells grown in 2D adherent, differentiating conditions
(Figure4).

Using the focal adhesion kinase inhibitor “8863
(defactinib) [38 40] and the lysinepecific demethylase
KDMZ1A inhibitor ORY-1001 (iadademstat) [34,1] as
mechanistically distinct an€SC compounds and
selecting a 1@umol/L cutoff for 2D cytotoxicity (i.e.,
lower than the original I§ value of oleaceifl8 + 5
pmol/L] against CS&lriven mammosphere formation),
4 out of the 14 oleacein mimetics tested specifically
suppressed mammosphere  formation, namely
CHEMBL 16 211 t4&nitro-2-(rilléromethyl)
phenyl]propan€,3-diamine), CHEMBL1632504 (E)-
N-allyl-2-((5-nitrofuran2-yl)methylene)hydrazinecarbo
thioamide), CHEMBL126593 N-(4-nitrobenzyl)ethe
nesulfonamide), and CHEMBL1950046 3J,4-dihy
droxyphenethyl butyrajewhile not exerting significant
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Table 1. MM/GBS#ased binding energy rescoring calcutats over MD simulations of computationaHgredicted

oleacein mimetics.

Candidates ranked by MM/GBSA energy Candidates ranked by MM/GBSA energy
MM/GBSA energy Crystallographic cavity / MM/GBSA energy Crystallographic cavity /
4JT6 (MTOR) Best cavity 4AWXX (DNMT) Best cavity
oleacein -26.8226 +36.9331 oleacein -30.567 /-36.5163
CHEMBL1300434 -38.7014 }27.361 CHEMBL1632504 -38.2609 +36.6319
CHEMBL2143987 -32.4070 +40.3344 CHEMBL2143987 -36.4821 F43.6863
CHEMBL1545778 -30.5493 /25.0387 CHEMBL2165395 -33.4134 }25.8227
CHEMBL126593 -29.2106 +F26.6329 CHEMBL1300434 -33.3421 F33.9773
CHEMBL1085246 -27.4436 F19.6725 CHEMBL267516 -32.8788 F28.1508
CHEMBL267516 -27.3710 F44.6454 CHEMBL1180264 -31.7196 +32.3981
CHEMBL45196 -27.2624 F17.1961 CHEMBL357073 -28.4676 F27.0541
CHEMBL1632504 -25.7896 +24.6272 CHEMBL1440472 -27.5899 £29.3600
CHEMBL357073 -25.0102 }33.5462 CHEMBL1621113 -26.6488 F29.3269
CHEMBL1366164 -24.3303 F17.8085 CHEMBL1890048 -26.0912 +26.2952
CHEMBL1642794 -24.1435 [19.439 CHEMBL126593 -25.7134 }F35.3592
CHEMBL1621113 -22.9663 £21.0309 CHEMBL45196 -24.5175 F32.1555
CHEMBL1950046 -20.2999 £31.6794 CHEMBL1950046 -24.3167 F21.7283
CHEMBL2165395 -19.8235 F27.2639 CHEMBL1079062 -24.2025 F24.4205
CHEMBL1890048 -19.6392 £21.2089 CHEMBL1545778 -21.6215 F22.9832
CHEMBL2172394 -18.4177 F34.4392 CHEMBL1085246 -17.8140 F21.8923
CHEMBL1180264 -18.2272 F29.4140 CHEMBL1642794 -16.1264 +20.6555
CHEMBL1079062 -17.4413 F24.7585 CHEMBL1366164 -15.4957 F19.6201
CHEMBL1440472 -16.6468 £21.2853 CHEMBL165714 -12.1247 F30.3770
CHEMBL165714 -16.1321 F21.4634 CHEMBL2172394 -11.8887 F31.0757

cytotoxic effects against differentiatedancer cells
growing in 2D in the same low micromolar range
(Figure 5). CHEMBL1085246 N-(4-chloro-5-
nitrothiazol2-yl)hexanamide exhibited antCSC
activity due to unspecific cytotoxicity against CSC and
nonCSC cells Supplementaryigure?).

Oleacein mimetics target ALDH breast cancer stem
cells

Oleacein selectively suppresses functional traits of CSC
such as the expression of aldehyde dehydrogenase
(ALDH) [18], a wellrecognized marker of tumorigenic
cell fractions enriched for proliferagn epitheliallike
CSC capable of sefenewal [31,32, 35, 42]. We next
selected the 2 oleacein mimetics with the best -CSC
targeted profile (i.e., an€SC activity at low micromolar
range and lack of cytotoxic activity against differentiated
cancer cells namely CHEMBL1950046 3(4-
dihydroxyphenethyl butyrate; a.k.a. hydroxytyrosol
butyrate) and CHEMBL1632504 (K)-N-allyl-2-((5-
nitrofuran2-yl)methylene)hydrazinecarbothioamige)to
evaluate their capacity to target epitheliied CSC cells
with high levés of ALDH1 (ALDH1"). To do this, we
used the Aldefludt reagent, which quantifies ALDH
activity by measuring the conversion of the ALDH
substrate BODIPY aminoacetaldehyde to the fluorescent

product BODIPY aminoacetateFigure 6A). Using
HER2-overexpressip BT-474 cells as a breast cancer
model naturally enriched with ALDHXells, we detected
a significant decrease (up to 63% reduction) in the
number of ALDHZ cells when BT474 cells were treated
with a noncytotoxic concentration (10umol/L) of
CHEMBL195M046 (hydroxytyrosol butyrate). A more
pronounced effect was seen with CHEMBL16325&-(
N-allyl-2-((5-nitrofuran2-yl)methylene)hydrazinecarboth
ioamide) which significantly decreased the proportion of
ALDH" cells from 40+2% in untreated BA74 cells to
levels as low as 2+1% (96% reduction). To corroborate
the ability of oleacein mimetics to target ALDH1
epitheliatike CSC irrespective of the mutational
landscape of cancer cells, we employed tniggative
MDA-MB-436 cells as a second breast cancer enod
naturally enriched with ALDH1 cells. Treatment with
hydroxytyrosol butyrate decreased the ALDHtell
content of MDAMB-436 by approximately 40%.
Remarkably, the large population of ALDHzells in
untreated MDAMB-436 cultures (42+8%) was
drasticallyreduced by 93% (from 42+8% to 3+1%) in the
presence of (E)-N-allyl-2-((5-nitrofuran2-yl)meth
ylene)hydrazinecarbothioamide

Preservation of the oleacein binding mode is required
for a dual mMTOR/DNMT inhibitory activity but not for
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their anttCSC behavior of oleacein mimetics. We
finally evaluated whether the selected mimetics
hydroxytyrosol  butyrate  and (E)-N-allyl-2-((5-
nitrofuran2-yl)methylene)hydrazinecarbothioamide
preserved the dual antiTOR/DNMTactivity of the
parental oleagin.

Figure 6Bshows the mTOR activity rate as a function
of oleacein mimetics concentratiotdydroxytyrosol
butyrateinhibited mTOR activity with an 16 of ~39

e mo | / (E):-N-allyl-2-((5-nitrofuran2-yl)methylene)
hydrazinecarbothioamide was unable to decrease
mTOR activity even at the maximum concentration
tested.

We first employed the FREfased ZL Y TEE Ki nas e

Assay to test the ability of the selected oleacein We finally carried out a radioisotofmsed
mimetics to inhibit MTOR activity. Ten concentrations methyltransferase profiling measuring the DNMTF3A
of hydroxytyrosol butyrate and (E)-N-allyl-2- catalyzed incorporain of Sadenosyl[methyl-

((5-nitrofuran2-yl)methylene)hydrazinecarbothioia
spanning over five logarithmic decades were selected.

Binding mode #1

N = : -

By =

o

Binding mode #2

Binding mode #2

Binding mode #3

®H]methionine (SAM{H]) into DNA (DNA 5-[methyk
®H]-cytosine) in the absence or presence of oleacein

oleacein

- .

N

CHEMBL 1950046

oleacein

Figure 2. Binding modes of oleacein mimetics to mTQRft panels.Graphical representation of the binding modes of the

computationallypredicted oleacein mimetics to the catalytic cavity of mTOR. The black, red, and purple arrows indicate the location of the

aromatic rings in the binding modes #1, #2, and #3, respegtiRéyht panelsGraphical representation of the binding modes of parental
oleacein and selected oleacein mimetics with @8C activity (Rige 4, 5) to the catalytic cavity of mTOR.
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mimetics. The selected oleacemmetics were tested in DISCUSSION
10-dose 1Gy mode with 2fold serial dilution and

reactions were carried out atuinol/L SAM. Although The molecular frameworks of natural products can
hydroxytyrosol butyratelecrease@®NMT3A activity in provide feasible and innovative templates for medicinal
a dosedependent manner, concentrations higher than chemistry and drug discovery [43]. But, despite the long
150 umol/L were necessg to reach the Ig value.(E)- tradition of natural produghspired discovery of
N-allyl-2-((5-nitrofuran2-yl)methylene)hydrazinecarbo synthetic compounds, there has been little refto

thioamide did not reach the half maximal inhibitory utilize EVOO biophenols chemotypes as a springboard
concentration of DNMT3a activity even at the highest for lead discovery. Here, we carried out such a drug
concentration tested. discovery approach to uncover new compounds capable

CHEMBL1682504

oleacein

oleacein

CHEMBL 1950046

Figure 3. Binding modes of oleacein mimetics to DNMZEft panels.Graphical representain of the binding modes of the
computationallypredicted oleacein mimetics to the catalytic site of DNMT. The black and red arrows indicate the location of the aromatic
rings in the binding modes #1 and #2, respectivBight panelsGraphical representation of the binding modes of parental oleacein and
selected oleacein mimetics with ar@iSC activity (Riges 4and5) to the catalytic cavity of DNMT.
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Figure 4. Phenotypic screening of the af@iSC activity of oleacein mimetic9.(Left. Comparative analysis ofsyvalues of the
computationallypredicted oleacein mimetics in 2D monolayer cultures and 3D mammosphere systems. WitholtD as a cutoff, 4/16
compounds tested were more potent in 3D than in 2D and were selectedta€8€ candidates; 1/16 compounds tested was equally potent
in 3D and in 2D and was designated as cytot®ight CHEMBL structures of the computationgihedicted oleacein mimetics with arGSC
(blue box) and cytotoxic (red box) activity.

CHEMBL1621113 CHEMBL1632504 CHEMBL126593 CHEMBL1950046

1.
*
*
0. 0. 0.
£k
0

01041237111333100 0.1 0.4 12 3.7 11.133.3 100 0 010412 3.7 11.133.3 100 0 0.1 04 1.2 37 11.133.3 100

7

0 0.1 04 1.2 37 11.133.3 100 0 0.4 04 1.2 3.7 11.133.3 100 0 010412 37 111333100 0 0.4 04 12 3.7 11.133.3 100

0.D. (570 nm)
0.D. (570 nm)

£k
*x

0.D. (570 nm)
J%?
*
0.D. (570 nm)

%
'

Hk **

#mammospheres

#mammospheres

# mammospheres

#mammospheres
*

100
[umol/L]

d

CHEMBL1621113 CHEMBL 1632504 CHEMBL126593 CHEMBL1950046

Figure 5Phenotypic screening of the artCSC activity of oleacein mimetics ([Tpp panelsMTT reductiorbased measurement of
cell viability is expressed as percentage uptakes¢gpPelative to untreated controls (=100% cell viabilighttom panelsRepresentative
microscope images (x2.5 magnification) of mammospheres formed by-WBA436 cells growing in sphere medium for 6 days in the
absence or presence of graded concentrations of oleacein mimetics. The number of mammosphergar(>di@theter) isexpressed as
means ¢olumng + SD barg). *P< 0.05 and *P< 0.005, statistically significant differences from the untreated (control) group.
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of phenotypically mimicking the an€SC effects of the
EVOO dihydroxyphenol oleacein.

We took advantage of modern bioinformatics
approaches with the aim of identifying physicochemical
mimetics of the alCSC behavior of EVO@erived
oleacein. First, the somewhat structurally complex
framework of the dialdehydic form of decarboxymethyl
elenolic acid linked to hydroxytyrosol (i.e., oleacein)
was computationally captured in terms of molecules
with oleaceindlike physicechemical profiles. Second,
we in silico compared the binding modes of the top 20
computationallypredicted oleacein mimes to the two
molecular targets originally involved in the capacity of
oleacein to specifically suppress the functional traits of
tumorinitiating CSC (i.e., mTOR and DNMT) [14].
Third, we phenotypically explored the computationally
discovered oleacein bidmetics in terms of their anti
CSC activity. Fourth, we evaluated the structure
MTOR/DNMT bioactivity relationship of the most
promising oleaceimimetic candidates. By doing so,

four ol eacein mi #denttro-2 s ,
(trifluoromethyl)phenyl]propand,3-diamine, (E)-N-
allyl-2-((5-nitrofuran2-yl)methylene)hydrazinecarboth
ioamide, N-(4-nitrobenzyl)ethenesulfonamidand 3,4-
dihydroxyphenethyl butyrate (a.k.a. hydroxytyrosol
butyrate) fulfilled the first phenotypic endpoint of the
selection criteriawhich was the specific suppression of
the 3D mammosphere forming capability of CSC in the
low micromolar range without highly significant
cytotoxic effects against differentiated cancer cells
growing in 2D cultures in the same range of
concentrations. M@over, norcytotoxic concentrations
of the oleacein mimetichydroxytyrosol butyrateand
(E)-N-allyl-2-((5-nitrofuran2-yl)methylene)hydrazine
carbothioamidesfficiently suppressed the population of
ALDH1" epitheliatlike proliferating CSC [3132, 35,
42], a second phenotypic endpoint of the selection
criteria for antiCSC candidates.

The fact that the oleacein mimetiEsponsive
phenotypes were exclusively manifested under 3D stem

Figure 6. Phenotypic screening of thetaf€SC activity of oleacein mimetics (Ii{)) Changes in the number of ALTiells in BT

474 and MDAVIB-436 populations cultured in the absence or presence of fiinal/L of CHEMBL1950046 and CHEMBL1632504. The results
are expressed as percentages megwumng = SD barg). *P< 0.05 and *P < 0.005, statistically significant differences from the untreated
(control) group. B) Left. A doseresponse inhibition curve of ATdependent activity of mMTOR kinase was created by plotting FRET signal of
the Z-LYTE Kinase assay as the function of CHEMBL1950046 and CHEMBL1632504 concRigtstiDoseresponse curves of SAM
dependent methjation activity of DNMT3A were created by plottimgdioisotope signals of the Hotsﬁ?ﬁ'tassay aghe function of
CHEMBL1950046 and CHEMBL1632504 concentratdholecular scaffolds of oleacein.
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