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ABSTRACT: Eukaryotic elongation factor 2 kinase (eEF-2K) is an un
alpha kinase involved in protein synthesis through phosphorylati ,- 2
elongation factor 2 (EF2). eEF-2K is highly overexpressed in breast cancers
and its activity is associated with signitly shortened patient survival and .I
proven to be a potential molecular target in breast cancer. The crystal
structure of eEF-2K remains unknown, and there is no potent, safe, and

e ective inhibitor available for clinical applications. We designed and\f‘\\

MDA-MB-236

Tumor volume (mm3)

synthesized several generations of potential inhibitors.ethefethe Qe C
inhibitors at the binding pocket of eEF-2K was analyzed after developing@apes=—= : —.
3D target model by using a domain of anothdnase called myosin weors

heavy-chain kinase A (MHCKA) that closely resembles eEFsii€o

studies showed that compounds with a counchidicone core have high predicted bindimgtias for eEF-2K. Usimg vitro

studies in highly aggressive and invasive (MDA-MB-436, MDA-MB-231, and BT20) and noninvazive (MCF-7) breast cancer ct
we identied a lead compound that was highctve in inhibiting eEF-2K activity at submicromolar concentrations and at
inhibiting cell proliferation by induction of apoptosis with no toxicity in normal breast epithslighesystemic administration

of the lead compound encapsulated in single lipid-based liposomal nanoparticles twice @amtigkssigpiessed growth of
MDA-MB-231 tumors in orthotopic breast cancer models in nude mice with no observed toxicity. In conclusion, our study provic
a highly potent and vivoe ective novel small-molecule eEF-2K inhibitor that may be used as a molecularly targeted therapy brec
cancer or other eEF-2K-dependent tumors.
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[ ukaryotic elongation factor 2 kinase (eEF-2K) belongs tBRCA1-mutated, and ERreast cancer cells, and its
Lalpha kinase family and is involved in regulation of protei@xpression is associated with poor clinical outcome, metastatic
synthesis by phosphorylating elongation factor 2 (EF2) as gisease, and shorter patient survival in TRBCInhibition
unusual kinase® eEF-2K has a limited sequence identity toof eEF-2K by genetic methods (i.e, siRNA and miRNA)
more than 500 conventional protein kinases and cannot Iségnicantly suppressed cancer cell proliferation, migration,
inhibited by kinase inhibitors such as staurosporin. eEF-2Kiyasion, and tumorigenesis in breast cancer, pancreatic, and
activated by the calciucaimodulin system and various lung cancer modefs."” More importantlyin vivatherapeutic
oncogenic signaling, mitogen, and growth factors (i.e., EGF#)ibition of eEF-2K by genetically targeted therapies using
Cellular and metabolic stress such as hypoxia, nutrieiRNA or micRNA approaches sigatly suppressed growth
deprivation, and autophagy induce eEF-2K activity, suggestﬂfdﬁuman cancer xenografts in various tumor modelsigm mice,
that this kinase acts as a survival pafhiWasEF-2K plays a Including TNBC and BRCAL-mutated breast caricets.
role in regulating the Warburgeet in tumor cells by Furthermore, we demonstrated thaivaargeting of gEF-ZK
modulating the synthesis of protein phosphatase 2A (PP2§§ siRNA enhanced the @cy of chemotherapy in tumor
and promotes expression of the c-Myc pathway pyruvate kin qdels’ Overall, these studies suggested that eEF-2K is an
(PK) M2 isoform, the key glycolytic enzyme transcriptionallynportam driver of breast cancer growth, especially TNBC and
activated by c-My¢.Recently, adenosine monophosphate
activated kinase (AMPK), one of the key regulators of enerdigceived: January 19, 2021
homeostasis, was ideedi as another substrate of eEEZ2K, Published:March 30, 2021
revealing that eEF-2K signaling is involved in regulation of the
metabolism and cellular energy.

We previously demonstrated for ttst time that eEF-2K is
highly upregulated in triple negative breast cancer (TNBC),

© 2021 American Chemical Society https://doi.org/10.1021/acsptsci.1c00030

W ACS PUbncatiOHS 926 ACS Pharmacol. Transl. 021, 4, 926 940


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ferah+Comert+Onder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nermin+Kahraman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esen+Bellur+Atici"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+Cagir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hakan+Kandemir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gizem+Tatar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tugba+Taskin+Tok"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tugba+Taskin+Tok"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Goknur+Kara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bekir+Karliga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Serdar+Durdagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mehmet+Ay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bulent+Ozpolat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsptsci.1c00030&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsptsci.1c00030?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org/ptsci?ref=pdf

ACS Pharmacology & Translational Science pubs.acs.org/ptsci

Figure 1.Docking and molecular dynamics interactions of comp@uaidd eEF-2K. (A, B) 3D and 2D ligand interactions diagra@® of
(docking poses); (left) pose 2, (right) pose 4. (C) 2D ligand interactions diag@(mepiesentative MD poses); (left) pose 2, (right) pose 4.
The gure also shows interaction fractions of crucial residues at the binding.
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BRCA1-mutated subtypes, and serves as a potential nosteucture of eEF-2K. In coumarhalcone scalds, com-
molecular target breast cancers. pound2C was identied as the lead small-molecule inhibitor.

Development of inhibitors foreetively targeting eEF-2K Initially, we used a rigid protein docking appfdagtih
have been major aim for clinical translatiofi.However,  AutoDock and docking results showed that compd@nd
development of ective eEF-2K inhibitors has been highlybinds to the ATP-binding site of eEF2f (Figure S)L To
challenging task. Several inhibitors of eEF-2K have betke the exibility of binding pocket residues of model protein
described in the literatiffe?® However, these inhibitors have into account, we used the Glide/inducetidocking (IFD)
been neither potent nor specfor clinical applications. For method. Glide/IFD results showed tB&t binds to similar
instance, 1l-benzyl-3-c&ymethylimidazolium iodide region identied by rigid docking; however, its binding pose
(NH125), an imidazolium derivative, was trgt inhibitor was slightly derent, as expected. We then used the top-
published. Studies showed that it does not inhibit eEF8ocking IFD pose and carried out the long (400 ns) all-atom
phosphorylation when exposed to TeffsLater, A-484954  molecular dynamics (MD) simulations. When we checked the
(7-amino-1-cyclopropyl-3-et2yfl-dioxo-1,2,3,4-tetrahydro collected trajectories B€ at the binding site of the target
pyrido[2,3d]pyrimidine-6-carboxamide), a pyrido-pyrimidine-protein, we found that compoundudies from the binding
dione, was identtd by Abbott Laboratories as eEF-2K pocket Figure SR Next, we used the top 5 docking poses
inhibitor, but it is weak and inhibits cell proliferation at verywhich all have very similar docking scores changing between
high doses (I 50 75 M).**2 Other well-known and ( 9.95 to 8.92 kcal/mol) in MD simulations. For each
commercial available inhibitors, TX-1918 (2-((3,5-dimethyl-4docking pose, 50 ns all-atom MD simulations are carried out,
hydroxyphenyl)-methylene)-4-cyclopentene-1,3-dione) arahd MD simulations results were shown that poses 2 and 4 did
DFTD (2,6-diamino-4-(2uorophenyl)-H-triopyran-3,5-di- not di use from the initial docking poses and were stable
carbonitrile), have been reported as eEF-2K inhibitors witfFigure SB Figure 1shows 2D and 3D ligand interactions
ICso Oof 0.44 1 and 60 M, respectively. However, TX-1918 diagrams of stable docking poses of com@alird order to
has been shown to also inhibit many kinases including Soheck the target spegty of the2C, we evaluated its binding
PKA, PKC, and EGFR** Thus, development of highly to related kinases and calculated the docking scores by Glide/
e ective and selective inhibitors targeting eEF-2K is urgentlyD. As mentioned above, compoR@advhich exerted a high
needed for clinical translation. docking score or high specibinding anity for eEF-2K

The major obstacle for rationale drug design and develop-9.95 kcal/mol), compared to other related and clinically
ment of eective eEF-2K inhibitors is the lack of informationsigni cant kinases, including PKC-delt®.43 kcal/mol),
regarding its 3D structure of the catalytic domain. TOAKT-Protein kinase B 6.39 kcal/mol), PKR-RNA-activated
overcome this challenge, we designed and screemedtdi protein kinase (7.58 kcal/mol), AXL (7.11 kcal/mol),
scaolds of compounds and evaluated their activitydiyco YES1 (7.54 kcal/mol), and MAPKAP kinase 2 (MK2)
using homology modeled target structure of eEF-2k and ( 6.67 kcal/mol) Table Sp
vitro assays. Our results showed that compounds includingThroughout the MD simulations, 1000 trajectory frames
coumarin chalcone cores have high predicted bindinifya ~ were collected, and the last 500 trajectories were used in free
to eEF-2K. Thus, a series of compounds including coumarirenergy calculations of the ligand. The average molecular
chalcone compounds were synthesized, and using theechanics generalized Born surface area (MM/GBSA)
homology modeling, compou@& was identied as the  predicted binding energy scores of poses 2 and 4 of compound
lead small molecule inhibitor. Furihesilicastudies (induced  2C were found to be similar §7.88+ 4.20 and 61.86+

t docking -IFD, quantum polarized ligand docking, molecula.30 kcal/mol, respectively). While Leul37, Met143, Tyr236,
dynamics (MD) simulations and postprocessing analysis b§s238, Asp274, and GIn276 were found in crucial interactions
MD trajectories) were carried out and theceof2C at the with compoun@C starting the MD simulations with pose 2,
binding pocket of eEF-2K was investigated in atomic detaithe corresponding residues were Vall68, Lys170, lle232,
Ourin vitroresults indicated that lead inhibitor comp@@d  Tyr236, and Val278 when we start the MD simulations from
was highly ective in inhibiting eEF-2K in breast cancer cellpose 4. The main dirence between poses 2 and 4 throughout
at submicromolar concentrations (<) and showed the simulations were observed in solvent accessible surface area
signi cant antiproliferative ects by inducing apoptosis. (SASA) values. Throughout the simulations initiated with pose
More importantly, compourC was also highly ective in 2, we observed water molecules that were bridging the
inhibiting tumor growth of highly aggressive MDA-MB-23hydrogen bonds between residues and comg@und

tumorsin vivowith no observed toxicity, suggesting2fat When the induced charge polarization by the active site of

may be considered fam vivo targeting of eEF-2K and the protein environment is considered, quantum mechanics

preclinical development for clinical translation. (QM) modeling may give the highest level of docking
Homology Modeling, Molecular Docking, and Mo- accuracy. For these reasons, quantum polarized ligand docking

lecular Dynamics (MD) Simulations.Currently, the crystal (QPLD) is also considered which usds initio charge
structure of eEF-2K is not solved yet. However, the threealculations for the docking score comparison with the
dimensional structures of the catalytic domain of anether previously studied eEF-2K inhibitofialle S} Results
kinase called myosin heavy-chain kinase A (MHCKA) ishowed that compour@C ( 7.691 kcal/mol) has better
available and has been studied in considerable*’detaildocking scores than some of the published eEF-2K inhibitors
Therefore, we developed a predicted model of human eEsuch as nonpotent inhibitor A4849545.621 kcal/mol),

2K used myosin heavy-chain kinase A (MHCK-A) as &H125 ( 4.503 kcal/mol), and TX-1918%.533 kcal/mol),
template with homology modeling stutfiedlext, we except for nonspeci eEF-2K inhibitor Rottlerin 8.263
designed and screenededént sceolds of compounds kcal/mol).

including the coumarichalcone scald and evaluated Pharmacological Properties and Predicted ADME
their activity byin silicousing a homology-modeled target Pro les of Lead Compound 2C.To determine the druglike
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Figure 2.CompoundCinhibits proliferation and colony formation in breast cancer cellse{fg & compouriC on the colony formation of
highly invasive TNBC (MDA-MB-436, BT-20, and MDA-MB-231) and noninvazive ER+ MCF-7 cells. Treatment with2€lagdond
marked inhibition of proliferation and colony formation of all BC cells in a dose-dependent manner. (B) MDA-MB-231 cell2@realisd with
were imaged by light microscopy at 24 and 48 t&)(Treatment of BC cells with A484954, a previously reported EF2K inhibitor, did not inhibit
cell proliferation up to 5M concentrations in the BC cells. (F, G) Compd@@did not show any toxicity on a normal immortalized human

929 https://doi.org/10.1021/acsptsci.1c00030
ACS Pharmacol. Transl. 221, 4, 926 940


https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00030?fig=fig2&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00030?rel=cite-as&ref=PDF&jav=VoR

ACS Pharmacology & Translational Science pubs.acs.org/ptsci

Figure2. continued

mammary epithelial cell line for 24 and 48 h (MCF-10A). Cell colonies were stained with crystal violet, and the number of colomids was quanti
after 8 14 days. (H) Knockdown of eEF-2K by a spexiRNA targeting eEF-2K mRNA suppressed cell proliferation and colony formation in
MDA-MB-436, BT-20, and MDA-MB-231 cells. Cells were transfected with control or eEF-2K siRNA (50 nM) using hiperfect transfection reage
24 h after plating cells into 6-well plates. The panels are representative images of the colony cultured 6-well pldt2s & eBfs2t0
knockdown by eEF-2K siRNA was demonstrated in MDA-MB-436 through Western blot analysis. Cells were transfected with eEF-2K or cor
siRNA (50 nM) and collected and analyzed 72 h later by Western blot. eEF-2K inhibition by siRNA reduced levels of both eEF-2K and
downstream substrate p-EF2 (Th56) in MDA-MB-436 cells.

Figure 3.CompoundC inhibits activity of eEF-2K as indicated by reduced phosphorylation of its downstream target EF2. (A) MDA-MB-231
cells were treated with compo@@lin the range of 0.1L M and pEF2 levels analyzed by Western blot. (B) BT-20 cells were treated with
increasing doses of compogad1 and 5 M) for 6 h. (C) MDA-MB-231 cells were treated with comp@aHoketween 0.1 and M for 2 h,

and p-EF2 levels were evaluated. (D) MCF-7 cells were treated with c@@pddnd/ up to 48 h. pEF2 levels were analyzed by Western blot.

properties of compourL, we investigated pharmacokinetic various breast cancer cell lines, including highly aggressive and
properties such as blodatain barrier (BBB, log ratio), invasive TNBC cells such as MDA-MB-231 (p53- and Kras-
lipophilicity, the log of compound octamneater distribution  mutated), BT-20 (PI3K- and p53-mutated), and MDA-MB-
(G-Log P), human serum protein binding (prot-bind, %), 436 (p53- and BRCAl-mutated) and noninvasive MCF-7
water solubility (WSol, log mg/L), human hERG channelER') cells®* As shown inFigure 2, treatment with the
inhibition (hERG-inh, 1), human serotonin transporter compound2C dramatically reduced cell proliferation and
inhibition (SERT-inh, ij) of compound2C®® (Table SR colony formation in breast cancer cell liégufe 2).
The data for the BBB penetration model is expressed as I6ompound2C inhibited cell proliferation and the number of
values of the ratio of the metabolite concentrations in braicolonies in at 1M or lower concentrations in most of the cell
and plasma. According to these calculations, thevalute of lines compared to DMSO treated control cells while previously
this parameter should be betweeh3 and 1.5 in the published A484954 did not inhibit cell proliferation up to 50
MetaCore/MetaDrug tool. Since the calculated BBB value oM drug concentrations in MDA-MB-231, MDA-MB-436, and
2C is very close to the cutovalue,2C is predicted to  BT-20 cellsKigure £ E). We also investigated thea of
penetrate through the BBB. The lipophilicity value ofC on normal breast epithelial cells. The results showed that
compound2C also shows the permeability capacity. As seecompound2C did not have any ect on a normal
in theTable S3human hERG channel inhibitiorK{jpvalue immortalized human mammary epithelial cell line (MCF-
of compoun@C was determined to bé.27, suggesting that 10A) (Figure E,F).
compound@C may not play a role as hERG channel blocker; To demonstrate the role of eEF-2K in the proliferation and
thus, its cardiotoxicity risks (i.e., long QT syndrome) will besurvival of breast cancer cells that were used for evaluation of
limited. However, the predicted human serum protein bindinthe activity of the inhibitor compounds, we knocked down
percentage basaed on QSAR is found to be high, suggestftf--2K in MDA-MB-231, MDA-MB-436, and BT-20 cells by
that compoun@C can achieve ective drug concentrations using a sped siRNA targeting eEF-2K mRNAs shown in
and is very informative in establishing safety margins. Figure M, inhibition of eEF-2K by siRNA (50 nM)
Compound 2C Inhibits Cell Proliferation and Colony suppressed cell proliferation and colony formation of MDA-
Formation of Breast Cancer CellsThe e ect of compound  MB-436, BT-20, and MDA-MB-231 cells compared with
2C on cell proliferation and colony formation was evaluated icontrol-siRNA treated cells. eEF-2K knockdown by eEF-2K
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Figure 4.eEF-2K inhibitor compourC induces apoptosis in ER+ breast cancer cells Congfourdiices apoptosis in MCF-7 cells. (A)
MCF-7 cells were treated with compoR€d2.5 10 M) for 72 h or left untreated and analyzed by PI staining and FACSe(B)E
compoun@C on cell cycle distribution in breast cancer cells. MCF-7 cells were treated with @rgpaliodll cycle was evaluated by FACS.
(C, D) Bar graphs show the percentages of the cell apoptosis and cell cycle for MCF-7 cells.

siRNA was demonstrated in MDA-MB-436 through Western Compound 2C Inhibits eEF-2K Activity in Breast

blot analysisHigure B. For this purpose, MDA-MB-436 cells Cancer Cells.To determine the ect of 2C on eEF-2K

were transfected with eEF-2K or control siRNA (50 nM) andactivity in breast cancer cells, we treated cells and evaluated the
collected and analyzed 72 h later by Western blot. eEF-2ihibition of eEF-2K by examiming p-EF2 (Thr56) levels by
inhibition by siRNA reduced both EF2K and its downstreariVestern blot>* Treatment with compoun®C led to a
substrate p-EF2 (Thr56) levels in MDA-MB-436 cells marked inhibition of eEF-2K as indicated by reduced levels of
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Figure 5.eEF-2K inhibitor compour€ induces apoptosis in TNBC cells. (A) MDA-MB-231 cells were treated with caxpat@ M for

72 h. Annexin V-FITC and PI staining assay was used to determine the apoptotic cell death. (B) Levels of cell apoptosiscatmiwed a signi
di erence in the cells compared to DMSO. (C) Cell cycle was evaluated by FACS. (D) Bar graphs show the percentages of cell cycle for MDA-
231 cells.

p-EF2, a direct downstream target of eEF-2KMatrilbreast and BT20 cells underwent apoptotosis28ytreatment;

cancer cells up to 48 h. GAPDH andctin were used as however, the number of apoptotic cells was much lower

loading controls. CompourC showed strong inhibition compared to that in MCF7 cellsdures A,B and’A,B). To

against eEF-2K at 0.IM (Figure &). Compound2C evaluate the mechanism by wBi€nhibits cell proliferation,

treatment inhibited eEF-2K in a dose-dependent manner hteast cancer cells were treated 2@thnd analyzed by cell

increasing doses (1, 2.5, andj at 6 h (Figure B). The cycle distribution andow cytometry. Results showed

time-dependent inhibition of eEF-2K by compd@d1l signi cant accumulation in G1 and G2 and reduced SM
M) was evaluated in TNBC MDA-MB-231 and HRF-7 phases following treatment with compo@@d (Figures

cells Figure €,D). Our results indicated that inhibition of 4C,D 7C,D).

eEF-2K as indicated by reduced p-EF2 (Thr56) levels lastedin Vivo Systemic Administration of the eEF-2k

up to 48 h Figure €,D). Inhibitor Encapsulated in Lipid Nanoparticles Sup-
Compound 2C Induces Apoptosis and Alters Cell presses Growth of Orthotopic Tumor Xenografts in
Cycle Distribution in Human Breast Cancer Cells.To TNBC Tumors in Mice.To determine thén vivoeEF-2K

evaluate of programmed cell death following the treatment imhibitory eect and therapeutic eacy of compounaC in
compoundC (2.5, 5, and 10M for 72 h) in breast cancer highly aggressive TNBC tumor models, MDA-MB-231 cells
cells, we rst investigated the induction of apoptosis bywere orthotopically implanted into the mammary fat pad in
Annexin V-FITC and PI staining assay staining. These resutisde mice. About 2 weeks later, single-lipid nanoparticles
revealed that compou€ induces apoptosis in all breast (SLNPs) incorporatin®2C (5 mice/group) were intra-
cancer cell lines. Compowd induced dramatic increase in peritoneally (i.p.) administered twice a week at 20 mg/kg
apoptotic cells in MCF-7 cells, leading to total number of latdose for 4 weeks. Becads® is a highly hydrophobic

and early apoptotic cells percentage as high as 91.38% atrti@ecular not water-solulile vivoadministration o2C we
highest dose F{gures A,B). Compound2C signicantly  used SLNP¥"*®iposomal NPs are commonly used due to
induced apoptosis in 70.8% of MDA-MB-231 cells compardHeir safety and increased payload delivery into tumor tissues
to that in control treated celBigure 3, 5B). MDA-MB-436  because of the leaky nature of the angiogenic vessel
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Figure 6.eEF-2K inhibitor compourf induces apoptosis in TNBC cells. (A) MDA-MB-436 cells were treated with co@fmrncR h.

Annexin V-FITC and PI staining assay was used to determine the apoptotic cell death. (B) Levels of cell apoptosiscariwieerarsigrin

the cells compared to DMSO. (C)et on cell cycle was evaluated by FACS. (D) Bar graphs show the percentages of cell cycle for MDA-MB-43;
cells.

endothelium and increased junction gaps, redincivigo eEF-2K Inhibitor 2C Did Not Cause Any Toxicity in
doses of drugs compared to free drugs. As shbigoria @, Mice. Treatment with eEF-2K inhibitdC for 4 weeks did
treatment with SLNPs incorporatt@signi cantly inhibited ~ not cause any negativee@s in eating habits of mice and
tumor growth in micep(< 0.05). Furthermore, we assessedbehavioral change, apprearance of mice nor did it lead to any
the role of the inhibitor in inhibiting eEF-2K activiipivivo ~ observed toxicity. As showrigure & treatment with eEF-
TNBC tumors. As shown iRigure 8, eEF-2K inhibitor 2K inhibitor NP2C for 4 weeks did not cause weight loss in
treatment led to sigmiant reduction in eEF-2K activity as Mice. Blood chemistry of toxicity markers for liver (i.e, ALP,
indicated by reduced levels of p-EF2 (Thr56) in MDA-MB-AST, ALT, total bilurubin), kidneys (BUN, creatinine), total
231 tumor xenographs in mice by Western blot analys%loc’d protein, globulin, albumin, and blood I|p|d.I|p|ds such as
compared to control treated tumors. cholesterol were not markedly altered, suggesting that eEF-2K
NP-2C Therapy Induces Apoptosidn Vivo in Breast inhibitor 2C is e ective and safe for vwor_:mppllcatlons.
Cancer Tumor XenographsBreast tumor cell apoptosis was Wiﬁogpr?fncigﬁrlls\f}tg%h% Tr?t\(jinvtol &Tﬁ\'}ﬁr ?rf eBi:aitK
assessed via immunorescent staining for TUNEL in tumors ancerg Models. The ndinas oresented hgre suggest that
obtained in highly aggressive MDA-MB-231 tumor model. Né:;ompoundZC is. a highly |c?oteFr)1t inhibitor of eEFg-]gK with
igé?:?ﬁthB‘X?\;’é Igg f%':%‘,gt\'l?vr&cg —S?gtlifpﬁgmcge” signi cantin vitroandin vivoactivity in breast cancer models.

) o = Our results also demonstrated that comp@ahdinds to
Photomicrographs (mageation, 208) of TUNEL-positive  egF.2K with high anity, inhibits its activity at submicromolar

breast tumor cells (green) and tumor-cell nuclei (BRB)€  concentrations and suppresses breast cancer proliferation.
8C). The expression of Ki-67, an intratumoral proliferationvore importantly,in vivo treatment with compoung@C
marker, was visualized using IHC in breast tumor xenograftsdfcapsulated in SLNPs sigantly suppressed growth of
mice after 4 weeks of treatment with Z@re ®) and highly aggressive triple breast cancer tumor models in mice
quantied using densitometry with meahSD) values.  with no observed toxicity. Our results indicate that compound
Although there was a trend for inhibition of Ki-67, it was2C encapsulated in nanoliposomes is a higldgtiee

not statistically sigmiant. approach fom vivoinhibition of eEF-2K and tha@C may
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Figure 7.CompoundC induces apoptosis in BT-20 cells. (A) BT-20 cells were treated with copmm? h. Annexin V-FITC and PI
staining assay was used to determine the apoptotic cell death. (B) Levels of cell apoptosis sluamedi@iegoe in the cells compared to
DMSO. (C) E ect on cell cycle was evaluated by FACS. (D) Bar graphs show the percentages of cell cycle for BT-20 cells.

be considered for further development of molecularly targetéthibitors for eEF-2K and can be used for the purpose of
therapies in breast and other cancers that overexpress eEFRd2Keloping clinically applicable targeted therapies. One of the
and rely of this kinase for proliferation and survival. major advantages of coumarins is that they are associated with
Breast cancer is a heterogeneous disease with several niajer toxicity’>* Chalcones are linked by a -unsaturated
subtypes which harbor various growth factor receptors awsdrbonyl systef.Interestingly, one of the chalcones (i.e,
mutations, leading to @rent clinical source and prognosis. rottlerin, a natural compound) has been reported act as a
TNBC is characterized by lack of molecular targets (e.g., BRynspecic eEF-2K inhibitor and inhibits various other protein
PR, and HER2 receptors) and considered an aggressive &mhses at concentrations lower than those needed to inhibit
metastatic subtype of breast cancer. TNBC tumors are treailF-2K.5?® In the present study, we found that the presence
with the conventional chemotherapies such as anthracyclimdsa CkK group at position 3 on the phenyl ring of the
(e.g., doxorubicin) and taxane-based therapeutics quickdgumarinyl chalcone structure enhanced its eEF-2K inhibitor
develop resistance to chemothrerapeutics and can not benactivity due to its electron withdrawing group properties and
from available targeted therapies including anti-estrogérductive eects of triuoromethyl group.
hormone or HER2-targeted antibody therapies. Currently, NH125 has been reported to be tret eEF-2K inhibitor in
there is no FDA-approved targeted therapy for TNBC patientthe literature. However, we and others demonstrated that it
Identi cation of new molecular targets and potent inhibitor oficts as a nonspeziprotein-aggregating agent.A-484954
these targets are critical for development of novel targeteda weak inhibitor of eEF-2K and ha&stve concentrations
treatments in TNBC to improve poor prognosis and dismatigher than 5075 M in cells. Another compound, a pyrido
patient survival and reduce high mortality rates. Recently, us[@g3-b]pyrimidine-2,4-dione derivative, has been reported but
genetic methods, we have previously validated eEF-2K ais ot more potent than A-484954; each only caused partial
potential molecular target TNBE*® pancreatic’® and inhibition of eEF2 phosphorylation at K6in MDA-MB-231
lung cancer. breast cancer celfsAdditionally, we have shown that a
Highly potent and ective small-molecule inhibitors natural compound thymoquinone (TQ) inhibits eEF-2K and
targeting eEF-2K are greatly needed for clinical translatiolecrease the phosphorylation of EF2 and the expression of
and targeting of cancers that rely of eEF-2K for tumor growttEF-2K in a dose-dependent manner &t b breast cancer
and progression. In the current study, we discovered theglls’® Although TQ was highly ective in inhibiting eEF-2K
coumarin chalcone compounds may be potent and newn in vivatumor models at 20 mg/kg doses, it is not a gpeci
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Figure 8.In vivotreatment with eEF-2K inhibitor 2C suppressed growth of highly aggressive MDA MB-231 tumors in orthotopic xenograpl
models in mice. (A) The mice were systemically treated with either SLNPs incorporating @@n¢fumdg/kg) or empty control
nanoparticles. Tumor volumes were measured weekly by electronic calipers and are shawBlagB)eBumor samples from mice were
collected 24 h after the last R@or NP-control (empty vehicle) treatment and analyzed for pEF2 expression by Western blot. GAPDH was used
as a loading control. (C, D) Immunohistochemical staining was used to evaluate the expreasimapoptosis marker TUNEL and
proliferation marker Ki-67, microvessel density marker CD31, and in MDA-MB-231 mouse xenografts trea@dnadmixst-NP-mimic.

Positively stained cells in both treatment groups were egiglawer panel) (scale bar = 100 nm). (E) Mice weights were measured after 4
weeks of NL-empty and NG treatment. (F) Blood chemistry for toxicity markers were evaluated in serum after 4 weeks of NL-empty and NL-
2C treatment.
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inhibitor of eEF-2K and inhibits other targets as well, making @larivate Analytics was uStdetaCore/MetaDrug uses
di cult use in clinical settings. binary QSAR models for the prediction of the pharmacokinetic
The e orts for developing potent eEF-2K inhibitors haveproperties. The prediction of a therapeutic activity or toxic
been hindered by the lack of a crystal and a 3D structure ferect using recursive partitioning algorithm is calculated based
eEF-2K. However, the development of a homology model ofi the ChemTree ability to correlate structural descriptors to
eEF-2K based on the known structures of other members thiat property. These pharmacokinetic properties successfully
the -kinase family such as CMAK has markedly increaséavestigated the predicted toxicity and adsorption, distribution,
rationale drug design and the discovery of potent and selectivetabolism, and excretion (ADME) of compd@d
eEF-2K inhibitor¥. In fact, using the homology modeling of  Molecular Modeling Studies. Ligand Preparation.
eEF-2K using the homology modeling, we recently édenti Compound2C was prepared with the OPLS3 foredd
coumarin-3-carboxamides (A1 and A2) with morpholine andsing LigPrep module (Schrodinger Release 2Qli§Prep)
tertbutyl piperazine-1-carboxylate groups attached to thef the Maestro molecular modeling program. The protonation
phenyl ring via the methylene bridge as eEF-2K inhibitors states at neutral pH 7 was determined by the Epik mbdule.
1 and 2.5 M doses, respectivéfy-ere, we idented as one  Prepared ligands were further optimized by the quantum
of the most eective eEF-2K inhibitors (compo@) that is mechanics (QM) method using the Jaguar module of Maestro.
about 100-fold more potent and exerts a higher eEF-2Kor this aim, 6-31Gbasis set, B3LYP density functional, and
inhibitory activity compared with known eEF-2K inhibitors‘ultra ne SCF accuracy level was used. Mulliken partial
(i.e., A-484954, IGfor cell proliferation = 75M).***? More charges were recorded, and these partial charges were used in
importantly, compoundC was very ective in inhibiting  further docking studies.
tumor growth of highly aggressive MDA-MB-231 TNBC Protein PreparationA model 3D structure of protein was
model in mice at a 20 mg/kg twice a week injection with nased as a target. Protein Data Bank protein ID 5DYJ was used
observed toxicity, suggesting 2@may have a potential for as a template to produce the 3D structure of the target protein.
in vivoapplications. Homology modeling studies were carried out with Swiss
The topology of the binding pocket region of the protein Model. The target protein was prepared with the Protein
ligand complex is largely dependent on conformation@reparation module of Maestro. The protonation states of the
changes caused by the bound ligand. Unfortunately, unravelfagidues were estimated in PROPKA at blood pH (7.4). Then,
the X-ray structure of a proteligand complex requires the renement of protein coordinates with geometry
considerable time and investment and mostlydsitliSince  optimization using the OPLS3 foredd was carried ot.
the IFD approach takes into account tebility of both the Docking Studies Were Performed with Extended IFD
ligand and the active site residues, with this method it Simulations.For rigid docking, we have used Autodock 4.2.
possible to explore binding modes and associated conforrmiéye docking procedure used a rigid préteimd a exible
tional changes of both the docked ligand and crucial residuesigand was identd with the Lamanckian genetic algorithm.
the binding. Since the correct partial charges of ligand ame grid was adjusted to points 126, 126, and ¥2§-rand
crucial in docking, we carried out quantum mechanicgdirections with a grid spacing of 0.375 A, and a distance-
calculations and used these charges at the docking site. efidpendent function of the dielectric constant was used to
2K does not have a deep binding pocket, so we used the tog&iculate the energetic map. Fexible docking, we carried
docking poses of compouz@ and carried out all-atom MD  out IFD; thus, initially, Glide/SP was carried out. In geometry
simulations for these poses. Results showed that two of the tgftimization, 5.0 A around the docking poses was used. The
ve poses (poses 2 and 42Gfhave stable conformations and re ned binding pocket of the target protéaivas then used in
do not diuse from the binding pocket and constructthe redocking procedure using the Glide/XP protocbiin
interactions with crucial residues. These two poses haggLD calculations, initially Glide/SP docking was carried out
similar binding modes with a slighedence in conformation,  to generate 10 poses for each docked compound. These poses
suggesting that data regarding interact®@wfth eEF-2Kis  were submitted to QM charge calculations which uses the 6-
highly reliable. 31G/LACVP* basis set, B3LYP density functional, and
In conclusion, development iof vivoactive and potent  «yjtra ne’ SCF accuracy level.
inhibitors targeting eEF-2K is greatly needed for clinical Molecular Dynamics (MD) Simulationghe docking
translation for cancer patients. Oundings indicate that poses were used in MD simulations as input coordinates.
compoundCis a potent, highly selectiveyivoactive, and  T|P3p water models were used in solvation with 10.0 A from
safe inhibitor of eEF-2K with no observed toxicity and inducege edges of protein for the determination of the solvation box.
signi cant apoptotic response in breast cancer tumorgor MD simulations, the Desmond program was used. An MD
suggesting that compouzd may be a potential therapeutic protocol similar to that in our previously reported studies was
strategy for molecularly targeted strategies in breast canggfed!” The last 50% of the trajectories from the MD
Compound2C may be used as a therapeutic agent not onlgjmulations were used in free energy calculations. For this
against breast cancer but also for other cancers such as Igpg, MM/GBSA calculations from Prime were carriedQut.
and pancreatic cancers that are sensitive to eEF-2K |nh|b|t|0n5ynthes|s of Compound 2C.A conventional Synthesis
Further studies including extensive safety and pharmacoifethod was applied to obtain B}8-(3-(tri uoromethyl)-
netics studies need to be carried out for further development ghenyl)acryloyl)42-chromen-2-one) (compour2C). For
this compound and completion of preclinical development. this purpose, 3-acetylcoumarin was synthesized with a high
yield by Knoevenagel condensation reaction of salicylaldehyde
MATERIALS AND METHODS and eth)/Iacetoacetate using piperidine in ethanol under
In Silico Pharmacokinetic Pro les of Compound 2C. re ux*® “* This condensation method was used in the second
To investigate then silicopharmacokinetic pries of step to obtain substituted coumarinyl chalcoméuanol as
compound2C, the MetaCore/MetaDrug platform from a solvent®**
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Cell Lines and Reagents.American Type Culture tumor sections, according to the manufa&ypestocol as
Collection (ATCC) (Manassas, VA) provided all cell linesdescribed previousf.
including human highly aggressive and invasive triple-negativémmunohistochemistry. Tumor samples of MDA-MB-
breast cancer (TNBC) cell lines (ERR, and HER2) such 231 tumors were obtained from the mice, and formatlin-
as MDA-MB-231, MDA-MB-436, and BT-20, and noninvazivand paran-embedded tumors were sectionedn® and
estrogen receptor positive {(ERICF-7 BC cells. Dulbecso  Stained with hematoxylin and eosin. Immunostaining for Ki-67
modi ed Eagle medium (DMEM)/F12 was used forvitro was carried out to evaluate intratumoral cell proliferation
culture of TNBC, and MCF-7 cells were cultured withaccording to the manufactisgarotocol. After staining, slides
supplements such as 10% FBS and 1% perstifptomy- were analyzed under an Eclipse TE200-U microscope (Nikon
cin®* Instruments Inc., Melville, NY) as previously descfibed.

Cell Proliferation and Colony Formation Assay. In Vivo Preliminary Toxicity of SLNP-EF2K Inhibitor
Colony formation in the cells was detected with compountRC) in Mice. eEF-2K inhibitor ZC)-incorporating SLNP
2C, and clonogenic assay was carried out according to dignoliposomesi(= 5 mice) or empty SLNP (contral=5
previous stud§>® For this purpose, breast cancer cells (30gMic€) were intravenously injected (20 mg/kg) into the tail of
cells/well) were seeded in 24-well plates and treated wifRiC€ in 100 L of PBS, and 48 h of later blood samples were
changing doses of compo@@i(1, 2.5, 5, and 10M and at  collected. Biochemical toxicity markers were evaluated as
decreased doses (011 M)) and cultured for 812 days.  follows: kidney (BUN, creatinine), liver (ASL, ALT, ALKP),
Crystal violet was used to stain the colonies, and these wg%d lipid panel (lipid, triglceride), Albumin, globulin, and

quantied using ImageJ software (National Institutes oP/00d organ toxicity marker (LDH) were evaluated in serum.
Health, Bethesda, MD) Statistical Analysis. Data of three independent experi-

Protein Extraction and Western Blotting. Western blot ~ MENts was given as meagD. Studerd t-test was used for

analysis was carried out according to our previously report%@t!St!cal analyfsﬂg.values Ie_ss .than 0.05 were qon5|dered
studie<®> Following the treatment of MDA-MB-231 cells statistically sigrdant and are indicated by an asterisk.

with compound2C, primary antibodies including p-EF2

(Thr56), eEF2, eEF2K, andactin (Sigma) and their ASSOCIATED CONTENT

secondary antibodies were used to detect the expression leve!sSupporting Information

Time response manner studies were carried out foThe Supporting Information is available free of charge at
compound2C in MDA-MB-231, MCF-7 cells at M https://pubs.acs.org/doi/10.1021/acsptsci.1cQ0030
concentration from times of 30 min to 48 h compared to
DMSO. The most ective p-EF2 inhibition dose was
determined. Finally, the tintesponse approach was applied

to compound2C in MCF-7 cell lines. Cell signaling
technology antibodies were used in this study.

Analysis of Cell Death and Cell CycleTo determine
programmed cell death levels, Annexin V assay was used as
reported previousty.Cells were seeded in 25%crulture

asks (2x 10 cells/ ask). The cells were treated with
increasing concentrations of potent compa0n@.5, 5, and AUTHOR INFORMATION
10 M) in TNBC cells for 72 h and cells treated with DMSO
were used as a control. Annexin V/propidium iodide (PI)
staining assay was applied to analyze the cells according to t
manufacturér protocol (BD Pharmingen FIT&nnexin V
kit, San Diego, CA). FACS analysis was carried out to detect
and quantied positive cells.

Orthotopic Xenograft Tumor Model of TNBC. MDA-
MB-231 cells (2 1 cells in 20% matrigel) were injected into
the mammary fat pad of each mouse and about 2 weeks later
SLNPs incorporating the eEF-2K inhibitor compaandas
administered twice a week, at twerint doses (20 mg/kg)
by intravenous injection. Nanoparticles incorporating eEF-2K
inhibitor were prepared based on a method previouslxuthors
published by uS.Tumor volumes were evaluated weekly by Ferah Comert Onder Department of Experimental

electronic calipers. After 4 weeks of treatment and 24 h after Therapeutics, The University of Texas, MD Anderson Cancer
the last injection, mice were euthanized under constagnt CO  Center, Houston, Texas 77030, United States; Department of

Interaction analysis of homology model of eEF-2K with
compoun®C, RMSD-time plot of protein and top and
second top-poses &fC, QPLD docking score
comparison 02C with other eEF-2K inhibitors, IFD
docking score comparison € at the clinically
important kinases, and Predicted ADMEIlgscof the
compoundC (PDR
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