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ABSTRACT

Previous studies have now well-established that epithelial cancer cells can
utilize ketone bodies (3-hydroxybutyrate and aceto-acetate) as mitochondrial fuels,
to actively promote tumor growth and metastatic dissemination. The two critical
metabolic enzymes implicated in this process are OXCT1 and ACAT1, which are
both mitochondrial proteins. Importantly, over-expression of OXCT1 or ACAT1 in
KXPDQ EUHDVW FDQFHU FHOOV LV VXOFLHQW WR JHQHWLFDOO\ GULYH WXPRUL.:
metastasis, validating that they indeed behave as metabolic “tumor promoters”. Here,
we decided to target these two enzymes, which give cancer cells the ability to recycle
NHWRQH ERGLHV LQWR $FHW\O &R$ DQG WKHUHIRUH WR SURGXFH LQFUHDVH
used computational chemistry ( in silico  drug design) to select a sub-set of potentially
SURPLVLQJ FRPSRXQGYVY WKDW VSDWLDOO\ ¢W ZLWKLQ WKH DFWLYH VLWH
based on their known 3D crystal structures. These libraries of compounds were then
SKHQRW\SLFDOO\ VFUHHQHG IRU WKHLU HNHFWV RQ WRWDO FHOOXODU $73
ZHUH IXUWKHU YDOLGDWHG E\ PHWDEROLF AX[ DQDO\VLV 2XU UHVXOWV LQGL
WKHVH FRPSRXQGV HNHFWLYHO\ LQKLELWHG PLWRFKRQGULDO R[\JHQ FRQVX
these compounds also induced a reactive glycolytic phenotype in cancer cells. Most
importantly, using the mammosphere assay, we showed that these compounds can be
used to functionally inhibit cancer stem cell (CSC) activity and propagation. Finally, our
molecular modeling studies directly show how these novel compounds are predicted
to bind to the active catalytic sites of OXCT1 and ACAT1, within their Coenzyme A
binding site. As such, we speculate that these mitochondrial inhibitors are partially
mimicking the structure of Coenzyme A. Thus, we conclude that OXCT1 and ACAT1 are
important new therapeutic targets for further drug development and optimization.
We propose that this new class of drugs should be termed “ mitoketoscins " WR UHAHFW
that they were designed to target ketone re-utilization and mitochondrial function.
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INTRODUCTION RESULTS

Ketones (3-hydroxybutyrate, acetoacetate and
acetone) are high-energy mitochondrial fuels; they are  Overall strategy for the discovery of new
naturally ggngrated b_y hepatocytes, qluring period.s of inhibitors of ketone re-utilization and
calquc restrlgtlon, fasting and/qr starvation ['1-3]. During mitochondrial metabolism
nutrient deprivation, ketone bodies secreted into the blood
are then directed towards the brain, where neurons convert
WKHP EDFN LQWR $FHW\O &R$ VR WKH\Irerdertoqidentify payal mefapelig)ighibitors to
utilized as an energy source [1-3]. The two most critical ~ target the re-utilization of ketone bodies as mitochondrial
neuronal enzymes for this ketone re-utilization process are  fuels, we took advantage of the known 3D crystal
OXCT1 and ACATL1 [2, 3], as they are directly involved structures of the enzymes responsible for this process,
in the conversion of ketone bodies into Acetyl-CoA,  hamely ACAT1 and OXCT1. Both of these enzymes are

so that they can re-enter the TCA cycle and generate mitochondrial proteins, which are involved in the chemical
mitochondrially-derived ATP. conversion of ketone bodies into Acetyl-CoA, which

Recently, we showed that a similar “ketone-shuttle” =~ FDQ WKHQ HQWHU WKH 7&$ F\FOH 6R
also exists in human tumors, whereby ketogenic cancer- OXCTL inhibitors would be expected to phenotypically

DVVRFLDWHG ¢EUREODVWYV &$)Vv drireAbRylepletignincangsr FellsN HW R Q H

bodies, for their re-utilization by mitochondria in adjacent 2XU RYHUDOO VFUHHQLQJ VWUDWH
human breast cancer cells [2-8]. In further support of VFKHPDWLFDOO\ LQ )LJXUH JLUVW  Z|
this “metabolic-coupling” hypothesis, recombinant over- ~ 0f porcine OXCT1 and human ACATL1 proteins to
expression of ACAT1 or OXCT1 in MDA-MB-231 breast virtually screen an in-house library of ~30,000 compounds
FDQFHU FHOOV ZDV LQGHHG VXvFLMHQG LW RQONMRPRWH MNCEMRIW RI a F
growth and lung metastasis [4]. These data provide genetic are predicted to bind to these proteimssilico. ) XUW K H U
evidence that ketone body re-utilization can help dive =~ DQDO\VLV RI SUHGLFWHG ELQGLQJ DvQl
tumor progression and metastasis [4, 5]. was performed. Compounds performing well in all

Using a metabolo-genomics approach, we also DQDO\VLV VWHSV DQ RYHUDOO OLEUDL
WHVWHG WKH HUHFWV RI NHWRQH HEfesselqajedfanassaH WUDQVFULSWLRQDO
SUR¢OH RI 0&) EUHDVW FDQFHU FHO &¢&cosd, e resyltipngiogrppound librargs were then
ZH REVHUYHG WKDW WKHVH NHW R @Hiectedixrhenatymosdiug ssreeringai-ageoncentration
were most tightly associated with (1) stemness (neural, ©0f 20 UM, to identify which compounds functionally
embryonic and hematopoietic), (2) a reduction in DNA  induce ATP-depletion, before inducing cell death.
damage and (3) breast cancer (ER-negative vs. ER- Subsequently, positive hits were re-screened at the same
positive) [8]. Most importantly, the ketone-induced “gene  and lower concentrations (20 uM and 10 pM), to identify
signature” was able to predict poor clinical outcome  the top eight compounds that most potently induced ATP-
(including recurrence and metastasis), in ER(+) human depletion.

EUHDVW FDQFHU SDWLHQWYVY ,Q DFFRUGDQ@REROAL WK HVKIHWVHW ;WS WV ZHU
treatment of embryonic stem (ES) cells with ketone bodies ~ Using 3D mammosphere assays to assess their potential
ZDV VXVFLHQW WR HQKDQFH WKHLU QWb &R@F K NORWMR sEHHO@&RQ P FWLYLW\
example, ES cell colony size (diameter) was increasedup £ZDV DOVR SHUIRUPHG WR GHWHUPLQH
to 25%, while colony number was increased by ~2-3-fold i) mitochondrial oxygen consumption and ii) glycolytic

[8]. activity.

Based on these and other ketone-related studies, it Thus, the overall hit rate was 8 out of 30,000
appears that the enzymes driving ketone re-utilization, LI ZH LQFOXGH ERWK
namely ACAT1 and OXCT1, would be excellent phenotypic screening. After further validation studies
therapeutic targets for drug development, especially for RFXVHG RQ DQWL &6& DFWLYLW\ RQ
the eradication of cancer stem cells (CSCs). Here, wve  UHPDLQHG ZLWK ,& fV EHWZHHQ DC
tested this hypothesis directly, by identifying new small DPQ RYHUDOO KLW UDWH RI RXW RI
molecules to exploit ketone metabolism. Importantly, our ~ As such, this screening and validation procedure
results directly show that these new chemical entites, VSHFL¢{FDOO\ H[FOXGHG RI' WKH F
WDUJHWLQJ $&%7 DQG 2;&7 DUH L@@ﬁﬂq-G VXVFLHQW WR
EORFN &6& SURSDJDWLRQ DQG WR HUHFWLYHO\ LQKLELW R[LGDWLYH
mitochondrial metabolism.
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Functional and metabolic characterization of the
positive hit compounds

The structures of the eight positive hit compounds
DUH VKRZQ LQ )LJXUH
are derived from the OXCT1 screen, while compounds
5-8 are from the ACATL1 screen. Interestingly, note that
compounds 2 and 8 are very structurally similar, indicating
that some of these compounds could be possibly used to
target both OXCT1 and ACAT1, at the same time.

All eight compounds were next screened to
functionally assess their ability to inhibit mammosphere
formation, which directly measures cancer “stem cell
activity”. This assay measures the ability of CSCs to

ORUH VSHF Lk QR AaRI0Y

undergo clonal anchorage-independent growth, under
non-adhesive conditions, which is a characteristic of cells
associated with metastatic potential. Six of the compounds

successfully inhibited mammosphere formation, with IC-
EHWZHH JLIXUH 7t

Their rank order potency was as follows: 8 > 2 > 6

! ! ! ! 7KXV ZH GHFLGHG WR
the metabolic characterization of the top four compounds
! ! ! ZLWK ,& TV EHWZHHQ
this context, it is important to note that compounds 8 and
2 are nearly structurally identical, and as such functionally
VKRZ H{WUHPHO\ VLPLODU ,& TV EHWZ]

targeting the propagation of CSCs.

IRF?

D

Figure 1: Schematic diagram illustrating our overall drug discovery strategy, employing both in silico and phenotypic
drug screening.1. Virtual high-throughput screening (vHTS) - We used the 3D structure of porcine OXCT1 and human ACAT1 proteins

WR VFUHHQ D YLUWXDO FROOHFWLRQ RI

FRPSRXQGVY DQG LGHQWL¢HG D VXEVH

RI SUHGLFWHG ELQGLQJ DvQLW\ DQG YLVXDO LQVSHFWLRQ ZDV SHUIRUPHG &RPSRX
assay. 2. Phenotypic drug screening - The resulting compound libraries were then subjected to phenotypic drug screening at a concentration
of 20 pM, to identify which compounds functionally induce ATP-depletion, before inducing cell death. Subsequently, positive hits were
re-screened at the same and lower concentrations (20 uM and 10 pM), to identify the top eight compounds that most potently induced
$73 GHSOHWLRQ JXQFWLRQDO YDOLGDWLRQ 7KH WRS KLWV ZHUH WKHQ IXUWKHL
FDQFHU VWHP FHOO DFWLYLW\ OHWDEROLF AX[ DQDO\VLY WR GHWHUPLQH VSHFLF
activity, and viability assays were also carried out.
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Table 1: IC-50 values for the mitoketoscins

Compound ID IC-50 (uM)

OXCIL HIts

1 ALB-H01004577 160.4

2 ALB-H09465625 113

3 ALB-H15358970 46.7

4 ALB-H15354504 166.8
ACATL Hits

5 ALB-H04367562 66.7

6 LEG19576081 22.9

8 ALB-H01005022 10.1

IC-50 values of top hit compounds are shown highlighting
" VSKHURLG

WKHLU HvFDF\ LQ WKH
activity.

Compounds 1 to 4 are hits from the OXCT1 screen.
Compounds 5 to 8 are hits from the ACAT1 screen.

Figure 2: Chemical structures of the top 8 hitsOXCT1
hits: a FRPSRXQG $/% +b) compound 2

$/% + c FRPSRXQG $/% +d)
compound 4 (ALB-H15354504); ACAT1 hit€) compound
$/% + f FRPSRXQG /(*

g FRPSRXQG
(ALB-H01005022).

$/% + h) compound 8

JLIXUHYV DQG VKRZ WKDW FRF
and 8 all successfully targeted mitochondrial oxygen
consumption (OCR} as predicted, driving ATP depletion,

DV PHDVXUHG E\ XVLQJ WKH 6HDKRUV
DQDO\|HU ,Q DGGLWLRQ FRPSRXQGV
stimulated aerobic glycolysis in the cancer cells (ECAR,;
J)LIXUH

Molecular modeling of hit compounds: docking
within the active catalytic sites of OXCT1 and
ACAT1

JLIXUH LOOXVWUDWHY WKH SUHGL
top four hit compounds and their binding partners.

ORUH VSHFL{FDOO\ ZH VKRZ WKH C
using the VHTS program eHiTS, of compounds 2 and 3
at the succinyl-CoA binding site within the 3D crystal
structure of OXCTL1. Similarly, we depict the predicted
BoekihD df ceniyboHiSVE BN B/ htGhé GoA Kinding site of
3D crystal structure of ACAT1.

This type of key structural and topological

JLIXUH (UHFWV Rl WKH WRS KLW
mammosphere formation. Compound 2 and 8 (Panél
andB.) were the two most potent hits in decreasing the number
of mammospheres, a measure of cancer stem cell activity, at a
FRQFHQWUDWLRQ RI —0 &RPSRXQG DQC
(see paneC. andD.), while compound 5 and 1 (parielandF.)
were less potent inhibitors of mammosphere growth. Compound

KDG QR HuUHFW FRPSRXQG ZDV H[FOXGF
due to solubility problems. Bar graphs are shown as the mean
+ SEM; t-test, two-tailed testp*< 0.05, **p < 0.005, ***p <
0.0001.
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JLIXUH (UHFWV Rl WKH WRS KLW FRPSRXQGV RQ WKH
(Teellltsanggeict\é:)s/uggti?nCrFaZe r('g?:; WZ ;eiqséa;i';gegsing Figure 5: Quantitation of respiration and ATP production

WKH 6HDKRUVH ;)H OHWDEROLF )OX][ $(%B%§]&-ﬁ)l_U?Kﬂ%?%vvy\éuyf%g?)?ﬁgngUFDF\\)NPLSRF‘
normalized to protein content (SRB assay). Note that compound ) u Q

RU WUHDWPHQWY UHGXFHG PLWRFKR(Béeu%r?i%%%awg?%ﬁ%%%5)3%???@%@%%@%LWLF

even at a dose as low as 5 uM (see panendB.). Compound
6 and 3 were also potent inhibitors (pa@elandD. 0&)
FHOOV ZHUH WUHDWHG ZLWK HDFK FRPSRXQG IRU KRXUYV

J)LIXUH &RPSDUDWLYH PHWDEROLF

the top 5 hit compounds in MCF7 cells Extracellular

) L J X U @uantitation of respiration and ATP production DFLGL(FDWLRQ UDWH (&$5 ZDV PHDVXUH
EROLF ) @)XThéQaangrd hbrmalized

LQ 0&) FHOOV WUHDWH GA)ZahiX FF\QAF)SL'RX%H
(B). 7KHLU HUHFWV RQ EDVDO UHVSLUD ggéte'nvﬁ?ﬁunﬁﬁwwm)éywwtg%g m\‘;\%ﬂg 3JO\FRO

production, maximal respiration and spare respiratory capacity V GLVSOD\HG LO WKH JUD
DUH DOO VKRZQ 6HH )LIXUH IRU DGGLV{ZE@(EEﬁDVé%WVﬁﬁé XQG IRU KRXSV
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information will be important for the further optimization approach (computational chemistry) to identify a sub-
of these hit compounds, for the more potent targetingof VHW RI PROHFXOHV WKDW FKHPLFDOC(

OXCT1 and ACAT1, in future studies. site of OXCTL1 or ACAT1, as determined based on their
published 3D crystal structures.
DISCUSSION These compound libraries were then subjected

to phenotypic drug screening to identify molecules that
selectively induce ATP depletion. The resulting positive
Discovery of the mitoketoscins: targeting hits were functionally validated further, by using the
mitochondrial OXCT1 and ACAT1 6HDKRUVH ;) WR TXDQWLWDWLYHO\ F
oxygen consumption (OCR) and glycolytic (ECAR)
rates. Importantly, four of the positive hits inhibited
Ketone bodies functionally behave as mitochondrial  mitochondrial oxidative metabolism and two of the
fuels, which can actively drive tumor growth and positive hits also induced a reactive increase in aerobic
metastasis. In this context, OXCT1 and ACAT1 are  glycolysis. The overall chemical structures of these
two mitochondrial proteins that participate in ketone IRXU SRVLWLYH KLWV DUH VKRZQ LOQ
UH XWLOL]DWLRQ VXPPDUL]JHG LQ wé dsel the mampiRsphdild BISEy @rassess cancer stem
recombinant transduction of human breast cancer cells cell activity. Importantly, we showed that these four hit
(MDA-MB-231) with either OXCT1 or ACAT1 is indeed FRPSRXQGYV VLIQL,{FDQWO\ LQKLELW &
VXVFLHQW WR PHWDEROLFDOO\ SURZRWHW MOXWRY PURDWHK FDEISU UDQJH
PHWDVWDVLV LQ SUH FOLQLFDO PR Grbfedulafmiddetidg stifled\aksh Mtbat €d@w th@sé\émall
we proposed that they function as “metabolic oncogenes”.  molecules presumably bind, within the active site of
In this report, we molecularly targeted OXCT1 and OXCT1 and ACAT1. As such, we believe that OXCT1
ACAT1, to prevent cancer cells from recycling ketone  and ACAT1 are critical “druggable” targets, for continued
bodies into Acetyl-CoA, which normally enters the  therapeutic developmeriiere, we propose the new term
TCA cycle, driving mitochondrial ATP production. SPLWRNHWRVFLQV" WR UHAHFW WKDW \
ORUH VSHFL¢FDOO\inZikcoRG@RIHG DRYSHFL,;FDOO\ GHVLIQHG WR WDUJHW N

Figure 8: Docking images of the top 4 hitsCompound 2 docking at the succinyl-CoA binding site of 3-oxoacid CoA-transferase 1
(OXCT1) (Paneh); compound 8 docking at the CoA binding site of human acetyl-CoA acetyltransferase (ACAT1BP&uwehpound

3 docking at the succinyl-CoA binding site of 3-oxoacid CoA-transferase 1 (OXCT1) (Pareimpound 6 docking at the CoA binding
site of human acetyl-CoA acetyltransferase (ACAT1) (PBjel
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Figure 9: Schematic diagram summarizing how
OXCT1 and ACAT1 are thought to fuel mitochondrial
metabolism. Note that OXCT1 and ACAT1 functionally
convert ketone bodies (3-hydroxy-butyrate and aceto-acetate)
into Acetyl-CoA, which can then enter the mitochondrial TCA
cycle, driving ATP production. As such, ketone bodies fuel
tumor growth and metastasis, via mitochondrial metabolism.

Figure 11: Structure activity relationships (SAR) for
compounds 3 and 4A. Note that compounds 3 and 4 are
nearly structurally identical, but compound 3 is approximately
4 times more potent for targeting CSC propagation. Arrows

KLIKOLJKW WKHLU VBVTh& phalxa¢dpor&foru H U

compounds 2 & 8 is shown for comparison.

Figure 10: Chemical structures of novel OXCT1 and
ACAT1 inhibitors. A. The 4 top positive hit compounds
and their IC-50's for inhibiting CSC propagation are shoBun.
The chemical structure of arecoline is shown for comparison.
Arecoline is a naturally occurring ACAT1 inhibitor.

Figure 12: Structure of Coenzyme A (CoA) and
comparison with hit compounds 2 and 8A. The structure

of CoA is shown. Note that it consists of cysteine, pantothenate
(vitamin B5), adenosine and a series of phosphate groups. A blue
arrow points at the Acetyl-group of Acetyl-CoB.. The structure

of CoA is shown and is compared with top hit compounds 2
ﬁlrgj'gHA\y\ area of potentially interesting structural similarity is
highlighted, using blue ovals.
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ultimately block mitochondrial metabolisniowever, and 8 is also compared to the molecular structure of

ZH PRUH EURDGO\ GH¢{QH 3PLWRNHWRNGLE@W 3$D\& DR\ )V PDOWHD ZKLFK LO

molecule(s) or peptide(s) that bind to ACAT/OXCT recognizable similarities.

gene family members and, as a consequence, inhibit In addition, two of the molecules from the OXCT1

mitochondrial function, i.e., ACAT/OXCT inhibitors. screen (compounds 3 and 4) are chemically similar
Interestingly, our top hit for the OXCT1 screen WR HDFK RWKHU )LJXUH +RZHYH

(compound 2) and our top hit for the ACAT1 screen  observed IC-50 values, compound 3 is nearly 4 times
(compound 8) are nearly identical chemically, with more potent than compound 4, in its ability to target
WKH H[FHSWLRQ RI PLQRU IXQFWLRQD @ropagdidh. JTbheRuhBjve chemigdl groups that

6R LQ HVVHQFH WKH XQGH U O\ digtidggdishkiheseltwdndledied stircu@lly (highlighted
or pharmacophords the same for both of these small by arrows), may therefore be responsible for the observed
PROHFXOHV )LJXUH 7KLV LV SHUKBSIH@QFRW VRIUWBKHVYUQE TV REVHU)
since OXCT1 and ACAT1 are two enzymes within the  of CSC propagation. This structure-activity relationship
same metabolic pathway, and they both handle very (SAR) will undoubtedly facilitate and allow for further
similar metabolic substrates. However, it is actually  optimization of compound 3.
quite encouraging that using these two independent and
divergent approaches (OXCT1 versus ACAT1 vHTS) that  Arecoline, a natural ACAT1 inhibitor
two structurally similar small molecules are functionally
VHOHFWHG E\ SKHQRW\SLF VFUHHQLQJ IURP WKHVH WZR GLUHUHQW
starting points. Compound 2 was initially selected for its . Q D. . UHF H QW U &S Hz UW '  )DQ &KH(
ability to bind “in silico” to the succinyl-CoA binding site g:::\gggﬂead:sltilr?gapl)rzvgii?ccael cr)r:c?dg:se for (’;gﬁ‘;{/ ears an
in OXCT1. Similarly, Compound 8 was originally selected ' N ) ’
for its ability to bind “in silico” to the CoA binding site in WKH\ VFUHHQHG D FKHPLFDO OLEUDU\ |

ACAT1. Therefore, the most likely possibility is that these DSSURYHG GUXJV DQG LGHQWL HG DUF

two inhibitors are somehow chemically mimicking the as a potential ACATL inhibitor> . @ecoline is a

structure of Coenzyme A. The structure of compounds 2 nicotinic acid-based alkaloid found within the areca nut,
| which is the fruit of the areca palm tree (Areca catechu)

[11]. In certain Asian countries, arecoline is administered

by chewing the areca nut, together with the betel leaf

(like chewing tobacco), as it behaves as a natural CNS
stimulant [11]. Importantly, this natural product, arecoline,
showed anti-tumor activity, further validating that drugs
targeting ACAT1 might be valuable as anti-cancer agents

> . Kdwever, the authors did not assess its capacity to
target CSCs. As arecoline is very small molecule (shown

LQ )LIXUH % IRU FRPSDULVRQ Lw
PRGL{¢HG VLIQL,;FDQWO\ E\ PHGLFLQDO
its potency.

Ketone bodies as a mitochondrial fuel source for
CSCs

Why would CSCs favor the exploitation of ketone
bodies over other energy-rich metabolic substrates for
oxidation? The reason may be related to oxidative stress.
Ketone bodies are metabolized by mitochondria, under
conditions that dramatically reduce and/or minimize ROS

Figure 13: Mitoketoscin therapy: Possible follow- SURGXFWLRQ > @ 7KLV PD\ EH HV
up treatment with mitochondrial substrates. The DOUHDG\ XQGF

WR &6&V DV WKH\ DUH )
SRWHQWLDO VLGH HUHFWV RI NHWRQH L K Eduht Ui e&sR HReStothb Ydiddlibe bR
ameliorated or “controlled” by including a “rescue” step, oncogenic driver mutations and the loss of tumor

consisting of follow-up treatment with other mitochondrial . ) L S
substrates, such as glucose, pyruvate, lactate, fatty acids and/or SUPPressor function, resulting in increased oxidative

acetyl-carnitine. Importantly, the idea of this follow-up treatment ~ Stress. Thus, the utilization of ketone bodies may provide

is extremely feasible, because sterile D-glucose and L-lactateiv. &6&V ZLWK D VLIQL/FDQW DPRXQW |
solutions (D5W, D5NS, Lactated Ringer's) are currently used  against ROS production, thereby preventing the onset of
routinely in hospitals for various clinical indications. oncogene-induced senescence. As such, the use of ketone
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bodies as a fuel source may help “shield” CSCs against an throughput screening (VHTS) used the eHIiTS screening

overwhelming amount of mitochondrial-based oxidative  program [18] to identify the top 1,000 ranked compounds

stress. Thus, removal of this “shield” against endogenous both for the OXCT1 and ACAT1 screen based on predicted

ROS, by employing ACAT1 and OXCT1 inhibitors, would ELQGLQJ DvQLW\ WR WKH VXFFLQ\O &

EH H{SHFWHG WR FRQWULEXWH VL J @ehgdrd3€)MhOpig WeRrt ddvaldntiy bbDr@ toFCDANROB Q

of CSCs. FRGH 2;2 RU EDVHG RQ SUHGLFWHG E
It is important to note that while normal ketone CoA binding site of human mitochondrial acetoacetyl-CoA

metabolism occurs strictly under conditions of WKLRODVH 3'% FRGH ) 6 &RQVHQVXYV

organismal starvation and/or severe nutrient deprivation, FRPSRXQGV ZDV FDUULHG RXW XVLC

this regulation is lost in human tumors, and ketone IROORZHG E\ IXUWKHU DQDO\VLV RI SU

metabolism appears to occur constitutively in cancer and visual inspection using the de novo design program

cells. Therefore, the targeting of ketone metabolism in  SPROUT [20]. Compounds performing well in all analysis

human tumors, under normal dietary conditions, woud VWHSV ZHUH VHOHFWHG IRU DVVD\ $

EH SUHGLFWHG WR KDYH PLQLPDO P pevibinting @dll in tese ahahlfsisstels Werd thevi Relected

WKH SRWHQWLDO VLGH HuHFWYV R fofphERRhit dr@@kstréeenMgRIb Sunfmiay,BE ol tof

VLIQL,;FDQWO\ DPHOLRUDWHG RU 3BROQON QNP (B.00E8 ot @Q2B®)>X6rk Qelecied for

“rescue” step, consisting of a follow-up treatment with the OXCT1-based phenotypic screen. Similarly, 143 out

other mitochondrial substrates, such as glucose, pyruvate, of 30,000 compounds (0.0048 or 0.48%) were selected for

ODFWDWH IDWW\ DFLGYV DQG RU D HhElACKDL-BaBdd Qhenutyfizdcregm. J X U H

Sterile D-glucose and L-lactate i.v. solutions (D5W, D5NS,

Lactated Ringer’s) are already used routinely in hospitals  Phenotypic drug screening, with a metabolic ATP-

for other clinical and therapeutic indications, making the  depletion assay

idea of a follow-up treatment extremely feasible.

0&) FHOOV FHOOV ZHOO ZHL
CONCLUSIONS EODFN FOHDU ERWWRP ZHOO SODWHYV
. EHIRUH WUHDWPHQW 7KH UHVXOWLQ

In summary, here we used a computational

chemistry approach, together with phenotypic drug LG H4Q WL¢HG Ef\ v+76 T FRP S RX Qtﬁ Vv IRU
VFUHHQLQJ DQG PHWDEROLF AX] D?Q%%?éfﬁ’@pc"\ﬂfﬁ.o tﬂWé&éc“@)eQGwere en
functionally validate novel small molecule inhibitors subjected to phenotypic drug scréening araconcentration
X - : RI 0 WR LGHQWLI\ ZKLFK FRPSRXC(
of OXCT1 and ACAT1. Their ability to functionally : . . :
. . . . induce ATP-depletion, before inducing cell death.
target CSC propagation was directly validated using the . .
mammosphere assay, as a “classic’ measure of stem cell Subsequently, positive hits were re-screened at lower
L . : FRQFHQWUDWLRQV 0 WR LGHQWLI
activity. Molecular modeling revealed how we believe that entlv i ATP-depleti n
WKHVH VPDOO PROHFXOHV ¢W ZLW%%&R}% @ L M‘L& IWL%%FL .
HQJ\PHV ZKLFK ZLOO DOORZ IRU I%reé’éﬁ%'ﬂe g E'.F(BBAE l%) m?diawas Q
UH(QHPHQW RILWKHLU VWUXFWXU aspirated from tlﬁe weflls and p%es were washed with
warm PBS (supplemented w/ €and Mg*). Then, cells
were incubated with a Hoechst 33342 (Sigma) staining
solution (10 pg/ml) for 30 min and washed with PBS (to
HVWLPDWH FHOO YLDELOLW\ )OXRUHVI
_ reader using excitation/emission wave-lengths at 355/460-
Materials nm. Then, the CellTiter-Glo luminescent assay (Promega)
was performed to measure metabolic activity (ATP
0&) FHOOV ZHUH SXUFKDVHG $efeR) inheyernssagg wells that were treated with a
(American Type Culture Collection). Gibco-brand given compound. Assays were performed according to the
cell culture media (DMEM) was purchased from Life P DQX ID FWXU HU ﬂV_ Su RWR FRO )OXRUHV
Technologies. The top 8 hit compounds were custom- St&ining) and luminescence intensity (ATP content) was
synthesized and purchased from Avistron Chemistry Inc. normalized to vehicle-alone treated controls and were

approaches.

MATERIALS AND METHODS

(United Kingdom). displayed as percent control for comparison.
Virtual high-throughput screening (VHTS) Cell viability assay

Compounds were selected from a screening The Sulphorhodamine (SRB) assay is based on the
collection of 30,000 compounds. Initial virtual high- measurement of cellular protein content. After treatment
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IRU K LQ ZHOO SODWHV FHOOV®%ZBIVWDY [HOWLDWKWY ZHUH DQDO\]HG
trichloroacetic acid (TCA) for 1h in the cold room, and using one-way ANOVA and Student’s t-test calculations.
were dried overnight at room temperature. Then, cells All experiments were performed in triplicate.
were incubated with SRB for 15 min, washed twice with

DFHWLF DFLG DQG DLU GULHG IRgfatisiéal@he¥ey K )LQDOO\ WKH
protein-bound dye was dissolved in a 10 mM Tris, pH 8.8,

luti d read using the plate reader at 540-nm.
sotion andr 9 P 6WDWLVWLFDO VLJQL¢(FDQFH ZDV (

Student’s t-test, values of less than 0.05 were considered
VLIJQL,;FDQW 'DWD DUH VKRZQ DV WKI
stated otherwise.

$ VLQJOH FHOO VXVSHQVLRQ RI 0&) FHOOV ZDV SUHSDUHG
using enzymatic (1x Trypsin-EDTA, Sigma Aldrich) and Author contributions
manual disaggregation (25 gauge neefd#). Cells were

then plated at a density of 500 cells‘ammammosphere . . .
PHGLXP '0(0) % QJ PO (*) 3H Qa Lisanti and Dr. Sotgia conceived and
in non-adherent conditions, in culture dishes coated with  nitated th's project, and selected OXCT1 and ACAT1

(2-hydroxyethylmethacrylate) (poly-HEMA, Sigma). Cells as new targets for drug discovelry.silico computational
ZHUH JURZQ IRU GD\V DQG PDLQWMIHY ¥t erbp‘%kf%rﬁ‘?_d y Dig:¢atie Simmons, \
LQFXEDWRU DW f& DW DQ DWPRVS?IQUII_(IH%U H “DQGy5LFKDUG )R
carbon dioxide/air. After 5 days in culture, spheres >50  9fUg screening an wet- Iab validation

P ZHUH FRXQWHG XVLQJ DQ H\H SLeﬁHf"H“‘”ﬂ L?%‘i_']Vngllih'SB %“W‘?(Wformed by

percentage of cells plated which formed spheres was BHOD 2 KRWKHQ JHQHUD
calculated and is referred to as percent mammosphere and tables for the paper. Professor Lisanti and Dr. Sotgia

formation, normalized to vehicle-alone treated controls. ZURWH WKH ¢UVW GUDIW RI WKH PDQ

Mammosphere assays were performed in triplicate and further edited by all the pther co-authgrs. Professor Lisanti
repeated three times independently. generated the schematic summary diagram.
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@ 0&) FHOOV ZHUH PDLQWDLQHG LQ '0(0 VXSSOHPHQWHG

ZLWK )%6 IHWDO ERYLQH VHUXPCONEBI&%&’FDIRI%EREST
and 1% Pen- Strep. 5,000 cells per well were seeded into

;) ZHOO FHOO FXOWXUH SODWHV DQGOI%QIB@%D%H&§EI—HJQII:éI§WLQVWLQWHU
f& LQ D &2 KXPLGL,;HG DWPRVSKHUH $IW FHOOV
were treated with the top four hit compounds at various
FRQFHQWUDWLRQV RU YHKLFOH DOBE'ﬂEREN\HE% K Rl WUHDWPHQW
FHOOV ZHUH ZDVKHG LQ SUH ZDUPHG ;) DVVD\ PHGLD IRU
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/ ZHOO RI ;) DVVD\ PHGLD DW f&“"‘i’.“%ﬁo"ﬁc?‘ '%Jé’“gTerm emory. PLOS One
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0 )&&3 0 URWHQRQH 0 DQWLP\FLEBUYRUFNg5H 1DW S5HY &OLQ 2QFRO

PHDVXUHPHQW LQ ;) DVVD\ PHGL D 3Z Palris@&RE GH \Gartibe-BuRchooiki WE, Pestell RG,
LQMHFWLRQ SRUWV RI WKH ;)H VHQVRBWIDRD W ULBDIEWLXQBL @D QA VWHP FH

Mammosphere formation assays
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