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Abstract

Cancer cells increase their glucose uptake andobfyc activity to meet the high energy
requirements of proliferation. Glucose transport@&UTs), which facilitate the transport of
glucose and related hexoses across the cell memlpkay a vital role in tumor cell survival and
are overexpressed in various cancers. GLUT1, th&t owerexpressed GLUT in many cancers,
is emerging as a promising anti-cancer target. &eelbp GLUTL1 inhibitors, we rationally
designed, synthesized, structurally characteriaed, biologically evaluateth-vitro andin-vivo

a novel series of furyl-2-methylene thiazolidinedés (TZDs). Among 25 TZDs tested, F18 and
F19 inhibited GLUT1 most potently (¢11.4 and 14.7 uM, respectively). F18 was equally
selective for GLUT4 (16 6.8 pM), while F19 was specific for GLUT1 @£152 pM in
GLUT4). In-silico ligand docking studies showed that F18 interaet#d conserved residues in
GLUT1 and GLUT4, while F19 had slightly differenttéractions with the transporters. il
vitro antiproliferative screening of leukemic/lymphoiells, F18 was most lethal to CEM cells
(CCsp of 1.7 uM). Flow cytometry analysis indicated that F18 atee cell cycle growth in the
subGO0-G1 phase and lead to cell death due to necaosl apoptosis. Western blot analysis
exhibited alterations in cell signaling proteinensistent with cell growth arrest and dedtf.
vivo xenograft study in a CEM model showed that F18aimgal tumor growth significantly.
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1. Introduction

A major challenge of cancer research is to idertafget therapies that kill cancer cells while
sparing normal ones. To keep pace with the raptd o proliferation and high energy

requirement, tumor cells significantly increaseirtlggucose dependence and metabolism[1-3].
Interestingly, cancer cells can shift their metabwol from aerobic oxidation to anaerobic
glycolysis, irrespective of the oxygen levels. Aredi consequence of this metabolic
reprogramming is lower ATP production, leading to &ncrease in facilitative glucose

transporters (GLUT, gene family SLC2) on the membraurface[4]. Since GLUTs are

upregulated in many cancer cell types, includingkémia[5,6], they provide a selective

mechanism to kill tumor cells.

The human GLUT family has 14 members, which varguhstrate affinity and specificity, tissue
localization and expression level[7-9]. For insnGLUT1, 3, 4, 8, and 12 transport glucose,
GLUTS only transports fructose, GLUTZ2, 7, 9, and ttdnsport both glucose and fructose,
GLUT13 transports myo-inositol. Literature also eals a correlation between inhibition of
GLUTs and cancer suppression[10-13]. Given the murob GLUTs and their involvement in
various types of cancers, the process is still eemplex and hence the need for GLUT specific
ligands[14].

Leukemia is a cancer of the bone marrow, a dynaissae consisting of different types of cells,
interdependent for their proper functioning, grow#nd survival. Since leukemic cells are
rapidly growing, they exhibit high glycolytic acity. Several mutational changes, such as those
in IDH1/2, have also been found in leukemia[15].eThigh glycolytic activity, along with
mutations, leads to microenvironment modificatithrest can alter the support capacity of stromal
cells for normal blood-forming cells. The developrnef therapeutic agents that can reduce the
glycolytic rate directly or indirectly in leukemieells is expected to both control leukemic cell
proliferation and also reverse changes in othds ed@thin the bone marrow, returning them to
normal hematopoiesis. Several reports indicateexypeession of GLUT1 and GLUT4 in various
types of leukemia[16—18]. Fasentin binds direatly3i.UT1 inhibiting glucose uptake of U-937
leukemia cells[19]. Nilotinib and imatinib, inhibits of a tyrosine kinase, downregulate GLUT4
in chronic myeloid leukemia (CML)[20,21]. IL-3 stiration is involved in the translocation of
glucose transporter protein (GLUT1) to the cellface in CML cells[22]. Small molecules have
been found to inhibit GLUTs in acute myeloid leukarfAML) cells, HL60 cells, and T-Cell
lymphomas[17,23].



Several natural and synthetic inhibitors of the GLbhembers have been reported[24-28],
including Thiazolidinediones (TZD)[29,30]. TZD sé&alfl containing antidiabetic agents such as
pioglitazone(PG), ciglitazone(CG) and troglitazd@] which are PPAR-agonists, exhibits
moderate antiproliferative effects[31,32], but thesage was limited due to mounting evidences
on side effects and toxicity of these drugs, whigre attributed to the full agonistic activity at
binding sit of PPAR[33,34]. Thus, TZDs devoid of PPARr agonistic activity retaining
antiproliferative effects or exhibiting PPARmdependent antitumor effects, came in limelight.
Recent studies of PPAR- inactive analogs of Ciglitazone (CG)\2CG, proved ability to
mimic glucose starvation through the inhibition giicose uptake[35]. Thus, TZD analogs
possess the capacity to create glucose deficietatg 81 cancer cells and can act as energy
restriction mimetics to achieve antitumor effec&B¥]. Interestingly, a couple of compounds
possessing the TZD scaffold have been reportediasRPAR and GLUT4 activators of their
protein expression (MRNA level), and found to ha@verapeutic applications as anti-diabetic
agents[38,39]. Close observation of their strugureveals that the TZD ring location may
determine the GLUT activity of the compound: adiraof GLUT expression or GLUT
inhibitor. Thus, we hypothesized that when the Témy is at one end of the molecule, the
compounds exhibit GLUT upregulation, whereas plgainin the centerKig. 1., Compound
2)[29] of the molecule leads to GLUT inhibitory patial. For more than a decade, we have been
working on TZD scaffold modifications to achieveril PPAR/ agonistic[40,41], anti-
angiogenic[42], and HDAC inhibitory activity[43,44h the current work, we have designed a
novel series of TZD derivatives targeting GLUT1 dzh®n insights obtained from the literature
regarding desirable structural features for GLUTibition, and our knowledge of structure-
based drug discovery (SBDD).

2. Results and Discussion
2.1. Designing aspects of Novel series of compourksF25.

Not much literature is available about the fingens of structural features needed to develop
inhibitors for GLUTs. Also, only a few crystal sttures of human GLUTs liganded with
inhibitors are available[45]. Some TZD-containingletules are energy restriction mimetic
agents, which selectively inhibit GLUT1[29,30,38].US patent by Cheret al. have described
novel TZD-based GLUT1 inhibitors with an d&value of 2uM[29]. Our work has also been
focused for more than a decade on TZD-based attgaiive agents in anticancer drug
discovery. We noticed the structural similaritysmime of our previously reported TZD%)[@6]
(Fig. 1) with the commercially available GLUT1 inhibitdFasentin 1) [19] (GLUT1 1G5 =10
uM), and with a TZD molecule?f reported by cheret al.[29], which induced anticancer effects
by inhibiting GLUT1. Therefore, we decided to exploTZD-based agents for GLUT1
inhibition.



Intriguingly, the above two classes of GLUTL1 inldos and our previous TZD derivatives share
the following pharmacophoric features:

a. Aryl acetyl amido (Ar-NH-CO-C}) functionality as present in Fasentir),(and

b. 5-benzylidene-2,4-TZD scaffold similar to thergmund2[29] molecule reported by Cheet.
al

Thus, after carefully analyzing all three structyreve designed a novel series of potential
GLUT1 inhibitors by modifying our previously reped TZDs to meet the structural
requirements for GLUT1 inhibitory activity={g. 1). We kept the TZD ring in the middle of the
molecule, as in the structures of GLUT inhibitoeparted by Cheret al.[29], since having it at
the compound terminus may lead to GLUT upregulfB8;39]

GLUT1 ICs 10 pM GLUTI1 ICs 2 pM ‘

(o)
H
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General structure of designed compounds F1-F25

Heterocyclic/ Heteroaryl/
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Figure 1. Designing a novel series of GLUTL1 inhibatrs. F1-F25compounds were designed to
incorporate features from two potent GLUT1 inhibstoshared with our previously reported
TZD-based antiproliferative series[46]: the aryéit amido moiety (red) and the 5-
benzylidene-2,4-TZD scaffold (blue).

3.2 Chemistry



Figure 2 outlines the synthetic pathway for the target coomas F1-F25 Their construction
involved the synthesis of 5-(furan-2-ylmethylendjiazolidine-2,4-dione,5, by refluxing
furfuraldehyde,3, with 2,4-TZD, 4, in the presence of acetic acid and a catalytiouarn of
sodium acetate. Compoubgdon further treatment with ethanolic KOH, yieldeatgssium sal,
which was a common intermediate for all the taggghpounds. Bot/s and6 were obtained in
good vyield. Compound®2a-2y resulted from N-chloroacetylation of various ardicaand
heteroaromatic amine@la-1y), using a weak base like ,€O; in organic solvents such as
dichloromethane (DCM). The final step involved tbendensation betwee®a-2y and 6 in
acetone to produce the target compountld-25. The reactions were monitored for completion
by thin layer chromatography. The structures of Igesynthesized compounds were confirmed
spectrally by'"H NMR,**C NMR, FTIR, and mass spectrometry (Supplementata)D

FT-IR spectra of synthesized derivatives displagbdracteristic absorption in the following
domains: 3340-3166 cincorresponding to N vibration of the amide group; 1687-1660tm
corresponding to C=@ of the amide group, and 1080-1120 and 1200-1288 eonresponding
to C-O-Ggs) ether linkage of the furan ring.

Proton NMR spectra oF1-F25 compounds showed a characteristic singlet of -NFmide
linkage in the region 06=10.01-12.87 ppm. A characteristic singlet of fidghe -C=CH- was
observed in the region é& 8.00-8.10 ppm for intermediat®dsand 6, and final compoundB1-
F25. The singlet of the two protons from methylene,Gihs observed &= 4.40-4.80 ppm,
confirming the formation of the target compoundscbydensation a2a-2y and6. The spectra
also showed various peaks in the aromatic andatliphegions corresponding to the protons of
variously substituted aromatic and heteroaromaticigs attached to the N atom of the amide
linkage. Peaks of the furan ring appeared in tbenatic region aé= 6.50-8.00 ppm.

Furthermore*C NMR spectra of1-F25 compounds elicited characteristic peaks of carbony
carbon, C=0, at=162-169 ppm, and of linker -GHat5=43-45 ppm. Furylidene carbon-C=CH-
was found ab= 147-148 ppm. They also had three peakd¥-4ai3-114, 115-118, and 149-150
ppm corresponding to the four carbon atoms of tbearf ring. Various other peaks
corresponding to carbon atoms of aromatic or hateroatic substitution at the N atom of the
amide linkage were also observed.

The mass spectrum was recorded for both positidenagative ionization. There was extensive
ionization in positive scanning, but in negativersuing, the characteristic [M"Hpeak was
observed at 40-100% intensity for all the compounds

Details of the synthesis procedure and additiopatsal observations are presented in Materials
and Methods and Supplementary Data.
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Figure 2. Synthetic route for the synthesis of intenediates and F1-F25a) K,CO;, DCM, 24
hrs; b) AcOH, Sodium acetate, reflux 5 hrs; c) Ef®I@H, reflux 3 hrs; d) Acetone, reflux 6
hrs. ‘Het’ and ‘Ar’ are abbreviations for heteroaratic and aromatic, respectively. The specific
aromatic moiety (Ar) in the final product is defthéor each compound.

2.3. Screening for transport activity inhibition of GLUT1, GLUT4, and GLUT5.

To assay the transport activity and determine ffecteof designed compounds on a singular

GLUT, we used GLUT-specific assay systems: hexcmesporter deficient yeast cellx()

expressing a particular human GLUT[47]. imt° strains, yeast cell growth in hexose-based

media relies solely on the transport activity o texpressing human GLUT for bringing the
6



carbon source into cells. Thus, GLUT transportvégtis determined as the'thexose uptake
into whole cells[47]. The primary inhibition scréeg was carried out at 100M compound
concentration on three glucose transporters: GLUGEJT4, and GLUT5. For compounds that
decreased the relative transport activity by 50%nore, inhibitor concentration was varied in
the assay from 0.1 to 100 uM to determine inhibi@y. In the primary screen, none of the
tested compounds inhibited GLUT5 significantly, biie compoundsF8, F18 and F19
decreased the relative activity of GLUT1 and GLWMat least 50%Hig. 3a-9. F8 was a weak
inhibitor (Fig. 3d, g;1Cs0 72 £3 uM and 123.3 + 1.5 pM for GLUT1 and GLUTdspectively).
F18 inhibited both GLUT1 and GLUT4 similarly, with gvalues 11.4 +1.2 pM and 6.8 + 1.1
UM, respectivelyKig. 3e, H. F19 was more specific for GLUTL; its ¥gfor GLUT1 inhibition
(IC5014.7 £ 1.2 uM) was approximately ten times lowanthhat for GLUT4 (1G=152.3 + 1.5
uM) (Fig. 3f, i). Nevertheless-19 was less efficacious thdfl8 in inhibiting GLUT1; at 100
MM F19 concentration GLUTL1 retained ~ 30% of its relatigetivity, while the same
concentration of18 inhibited GLUT1 almost completelyig. 3e, ). Thus, with experimental
proof of GLUT1 and GLUT4 inhibition, our observatioof differentiating TZD-containing
analogs as activators of GLUT protein level or GLtgd@nsport activity inhibitors, based on the
position of the TZD ring terminally or centrally, ay serve as a critical milestone in the
discovery of TZD analogs as GLUT modulating ageamtd their application as antidiabetic and
anticancer agents.

We had designed the molecules to target GLUT1 bunhd thatF18 and F19 inhibited the
activity of both GLUT1 and GLUT4, though with difnt affinities and specificities.
Nevertheless, neithérl8 nor F19 affected the transport activity of GLUT5. Basedsaguence
homology, GLUTSs are divided into three classes; GlLldnd GLUT4 belong to class I, GLUTS5
to class 1l [48]. While botlr18 andF19 seem to distinguish between class | and class UT3,
F19 also discriminates between GLUT1 and GLUT4, mal&i§ a promising starting point for
the design of future GLUT1-specific probes.
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Figure 3. Screening of F1-F23 for inhibition of theransport activity by GLUT1, GLUT4
and GLUTS5. Relative transport activity of GLUT1 (a), GLUT4 (&hd GLUTS5 (c) in the
presence of 10QM concentration oF1-F23 Dose response curve of GLUT1 fe (d), F18
(e), andF19 (f). Dose response curve of GLUT4 fe8 (g), F18 (h), andF19(i). Error bars
represent standard deviation from three independeasurements. Transport activity was
determined irhxt’ yeast cells expressing a single GLUT. Transpogyas&s initiated by the
addition of 5 mM €* glucose for GLUT1 or GLUT4 or 10 mM*&fructose for GLUT5 and
stopped after 10 minutes (see Materials and Metfmdietails).

2.4. Ligand docking studies.

Consistent with the alternating transport mecharo$ithe major facilitator superfamily (MFS)
proteins, GLUTs have two major states for theirstwgte cavity: inward-facing (open towards
cytoplasm) and outward-facing (open towards theaeetlular space); these states have been
captured in the crystal structures of GLUTs andrthemologs[49]. Mutagenesis, functional,
and structural data have established the locatiaieo substrate binding site and the residues
essential for substrate bindingg. 4 shows thdigand docking ofF18 andF19 to the inward-
facing and outward-facing conformations of GLUTA18 docks to the substrate binding site
formed by residues Q282, Q283, W388, W412, andrsthe both the inward- and outward-
facing conformations of GLUT1. Howevef19 docks to the substrate binding site only in the
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inward-facing conformation. In GLUT1 and GLUT4, thesidues forming the substrate binding
site in the outward-facing conformation are consdrbut those forming the inward-facing
conformation have two differences: TE3ér1 vs. S153.ur4 and H16@. ut1 vS. N17&Luta
(Supplementary Data, Table SR In the inward-facing conformatiof,19 docks close to H160
(4 A between Cl ofF19 and the imidazole of H160), which is N176 in GLUT#terestingly,
H160 is adjacent to the highly conserved Q161[30ld varies in all other GLUTS, except for
GLUT2 (Supplementary Data, Table SB On the other handk18 does not interact with either
T137 or H160. The validation of modeled structumeas done by docking n-nongtD-
glucopyranoside to GLUT1 crystal structure (PDB4BYP) Supplementary Data, Fig. S1L

Thus, F18 can bind to both the inward- and outward-facingnffoomations of GLUT1 and
GLUT4, interacting with conserved residues in thieaasporters, where&4.9 binds only to the
inward-facing conformation of the transporters, anay interact differently with GLUT1 and
GLUT4. The increased stabilization of the chloriciearge by the pyrrole nitrogen of H160
compared to the carboxamide of N176 may accounth®riO-fold difference in the kgof F19
for GLUT1 and GLUT4, and suggests a way to incrd@sand specificity in GLUT1: optimize
ligand interactions with H160 versus its substimtin GLUT4 or other GLUTS, especially given
the low conservation of this residue in other GLUS8gpplementary Data, Fig. SXhows the
two-dimensional representation of GLUT1 interacsiomith F18 or F19 generated with MOE
(https://www.chemcomp.com) ligand interaction fuowct




Figure 4. Docking of F18 and F19 to GLUT1.Inward- (a) and outward-facing (b)
conformations of GLUT1. Red circles show the sidistbinding siteF18 andF19 are shown as
ball and stick model. Close-up view 18 docking to the inward- (c) and outward-facing (d)
conformations of GLUT1. Close-up view B9 docking to the inward- (e) and outward-facing
(f) conformations of GLUT1.F19 docks away from the substrate binding site incilsvard-
facing conformation and does not have significatgractions with protein residues. Labeled
GLUT1 residues Q161, Q282, Q283, W388, N411, and2\&te conserved in GLUT4;
however, T137 and H160 are S153 and N176 in GLWagpectively. H1, H2, H4, H5, H7, H10
and H11 indicate the transmembrane helices suriogride substrate cavityhe figure was

drawn using UCSF Chimera version 1.12 (http://rbvi.ucsf.edu/chimera/).
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2.5. Prediction of physicochemical, pharmacokinetic and ADME properties with
SwissADME.

To predict the physicochemical and pharmacokinptmperties of the compounds) silico
calculations were performed using the SwissSADMEag51,52] Supplementary data, Table
S1) Results showed that the molecular weight&bf-25 ranged between 328.34 and 486.13
g/mol, octanol-water partition coefficient ilogP]54aried from 1.97 to 3.20, topological polar
surface area (TPSA) was between 104.92 and 150%74 Fhe number of hydrogen bond
acceptors was <10, and of hydrogen bond donors<aSixty percent of the compounds were
predicted to be soluble, and the rest moderatelybtn The solubility of the latter could be
mitigated using solubility enhancement techniqueshsas salt formation. Eighty percent of the
compounds exhibited high gastrointestinal tractT(Gabsorption. All the compounds were
predicted not to penetrate the blood—brain bariB#A), indicating no CNS adverse effect.
Also, compounds were predicted not to be substifateB |glycoprotein (PIgp). P-gp, present
in different organs, acts as an efflux transpaated pumps xenobiotics out of the cells leading to
increased clearance of drugs[53]. All 25 compouhdd a bioavailability score of 0.55 and
fulfilled the drug-likeness as indicted by Lipinskirule of five[54], Veber's rule[55], Ghose
filter[56], Egan rule[57] and Muegge’s filter[58xcept for molecular weight in some cases.

The bioavailability radar plot depicts the predittral bioavailability, and its pink zone shows
the ideal zone for lead-like molecules. This optimradar zone appraises six physicochemical
properties: size, polarity, lipophilicity, soluliili saturation, and flexibilitySupplementary
Data, Fig. S3shows the bioavailability radar plot of compourkds3 andF19. All compounds
F1-F25were in the pink zone, with the degree of satarasilightly deviating out of the radar as
the fraction of sp3 hybridized carbons was less tO25. ForF8, F14, F16, F18, and F25,
polarity slightly deviated out of the pink zone BBSA was >140 A Thus, the results of tHa
silico ADME prediction analysis suggest that this sergfs compounds have favorable
physicochemical and pharmacokinetic propertiescatilie of drugllikeness.

2.6. Cell viability assay of TZD derivatives.

To evaluate the cytotoxic potential of this compduseries, we performed the Differential
Nuclear Staining (DNS) assays after exposing humamatologiccancer cell lines to each
compound, individually, for 48 hours. The DNS assses two fluorescent nuclear stains,
Hoechst 33342 and Propidium iodide (PI), to seletyi label living and dead cells[59]. In the
initial high-throughput screening of all compoun#s562, KCL-22, and CEM leukemia cells,
and triple-negative breast cancer MDA-MB-231 cellere treated with 5uM compound
concentration. Each compound solubilized in DMSQhat desired concentration was directly
added to cell-containing wells at a final conceattraof 1% (v/v) DMSO. Out of 25 compounds,
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seven induced considerable cell death (>50%) inawmaore cancer cell lineS@pplementary
Data, Fig. S4. These seven compounds were further assesseddncentration range of 0.5-
100 uM via a secondary DNS assay on all three leukemiklioes to estimate their cytotoxic
concentration 50% (Cf) values Table 1); CGCs indicates the concentration of a given
compound needed to kill 50% of the cell populatioBGs, values were estimated by linear
interpolation of the two concentrations nearest S@d%death. Except fdfF18 andF19, all other
compounds had moderate antiproliferative effectalinthree leukemic cell lines tested with
CGCsp values in the mid-micromolar range in one or merwgkemia cell linesF19 CGCsp values
were in the mid-micromolar range in the K-562 chkfle. Interestingly,F18 and F19
demonstrated potent cytotoxicity at low-micromolaoncentration toward CEM acute
lymphoblastic leukemia cells (G&= 1.7uM and 7.8uM, respectively), but were less effective
against K-562 and KCL-22 chronic myelogenous leukepell lines. CG, value of F18 in
MDA-MB-231 was in mid-micromolar rangeléble 1). Notably, except folF18, substantial
dose-dependent crystallization was observed aterdrations over 5aM. These crystals were
roughly cell-sized but were easily excluded wheamiflying cell death via IN Cell Analyzer
software.

The cytotoxic effect of the two most active compadsy18 and F19, against non-cancerous
human HS-27 fibroblasts was assessed after 48 lmdureatment with concentrations ranging
from 1 to 100 uM. The Cég value forF18 was 44.0 = 2.75 uM, while F19 elicited an averafje
just 27.32% cell death at 100 uM. When compareth¢oCG, values ofF18 andF19 against
CEM leukemia cells, 1.7 uM and 7.8 uM respectiviéigse derivatives demonstrated significant
cancer-selectivity. Selective cytotoxic index (S@8lues ofF18 and F19 were calculated to
indicate the capacity of these compounds to prefeéy kill cancer cells in vitroF18 was
highly selective toward CEM (Gg 1.7 uM) with an SCI value of 25.8. F19 was alsghty
selective, with an SCI greater than 12.8. Thesgirfigs suggest th&18 andF19 could be safe
for normal cells at therapeutic dosage.

Table 1 Cytotoxic concentration 50% (CGg) values of active F-series compounds in human
cancerous and non-tumorigenic cell line€CEM, K-562, and KCL-22 are leukemia cell lines,
MB-231 is an abbreviation for MDA-MB-234 triple-negative breast cancer cell line. HS-27 is
a normal foreskin fibroblast cell line.

Cell CCso (UM)*
Line |F7 =) F15 F18 F19 F21 F23
cEmM | /99% %68 4, 174003 7.8+16 8l+1 1&1321}15
3.74 0.61 7 £0. 81 +1.120.
986+ 019+  433%
K-562 | >100 97105 350 o 753 94+1.28 >100
KCL-22 | >100 97+1.94 >100 153+ 722+ 982 >100
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2.53 1.63 +1.79

451 +

MB-231 | nd nd nd 024 nd nd nd
440 +

HS-27 nd nd nd 2 75 >100 nd nd

*Values are reported as the mean + the SD of 4caiph per treatment. *nd - not determined.

2.7. HDAC enzyme activity assay.

We have reported an N-substituted TZD analog aslRAC inhibitor in our earlier work[44],
and currenF1-F25 series compounds are also N-substituted TZD d&ras Even though the
designing of the molecules is entirely differemt,ascertain the selectivity of these compounds
for GLUTs over HDACs, we undertook HDAC screenirfgFkd-F25 on two subtypes, HDAC4
and HDACS8. We selected these two isoforms as tluesggss high deacetylation activity and
represent two different classes of HDAC, class1 Ad8B) and class Il (HDAC4). The primary
screening was performed with 50 uM e1-F25 (Fig. 5, Supplementary Data-Table S4nd
Table S5) Only one compound;14, produced a significant change in HDACS activitgsidual
enzyme activity: (17+3) % ). The dgof F14 was subsequently be determined to be 13 puM.
However,F14 did not inhibit GLUT1, 4, or 5, anB25 was not evaluated for GLUT inhibition.
All remaining compounds retained HDAC activity grewathan 50% for HDAC8 and HDACA4,
respectively, indicating that these derivatives mayinteract with HDACs to such an extent to
elicit therapeutic effect.

— 1401
1201

— HDAC4 m=mmm HDACS

100
80410 ~ull 7 N i .
60 -
40-
20+

Residual enzyme activity (%
}

oLl LN 1| ] il mi . i il _mi | o

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20 F21 F22 F23 F24 F25

Compound Code

Figure 5. Histone Deacetylase (HDAC) activity assafercent relative activity of HDAC4 and
HDACS after treatment witk1-F25at 50uM concentrationValues were determined in
triplicates and presented as MeanzSD.
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2.8. Apoptosis studies

Apoptotic cell death of cells treated with GLUT ibitors has been observed in various
cancerous cells; it has been attributed to activatif caspase 8 and 3[60], sensitizing cells to
FAS, a death receptor belonging to the TNF famdy[Z5LUT1 inhibitors can decrease the
levels of GLUTL, intracellular ATP, and glycolytienzymes, leading to cell-cycle arrest,
senescence, and necrosis through an increase iiessign of AMPK, an ATP sensing enzyme,
and decrease in cyclin E2[61]. OSU-CG5, a TZD asiwe, has been shown to induce apoptosis
through induction of ER stress[37]. Thus, the cqneaces of GLUT inhibition, which lead to
anticancer effects, are the induction of apoptasegrosis, and cell cycle arrest. In agreement
with these observations, our GLUT1/GLUT4 inhibitB4,8, exhibited apoptotic and necrotic cell
death in lymphoid leukemic CEM cellS{pplementary Data, Fig. S5)

To examine whether the cytotoxicity induced 8 is linked to apoptosis, we used CEM cells
treated with annexin V-FITC/PI double staining afetermined the rate of apoptosis by flow
cytometry. Treatment df18in CEM cells at its C§ concentration caused an increase of cell
population in the apoptotic region as comparedatairol (Fig. 6b). For F18, the percentage of
apoptotic cells in the late and early apoptosisoregvas 55.87% and 1.38%, respectively. The
percentage of live cells was only 26.14% compareath 82.15% of control (refer to
Supplementary Datafor cytogramsFig. S6) A considerable number of cells (16.60%) were
observed in the necrotic region, in agreement witbervations by Liet al., who have reported
that WZB117, a GLUTL1 inhibitor, induces cell-cy@erest and necrosis as a consequence of
GLUT1 inhibition[61]. Thus, our results suggestttbampound~18 can cause apoptotic death
in the CEM cell line by induction of apoptosis amecrosis. This drug-induced cell death is, at
least in part, attributable to apoptosis, as detnatesl by an increase in caspase 3 cleavage in
response to compourkl 8 (see below in western blotting section).
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Figure 6. In vitro cytotoxicity screening andin vivo impact of F18 on a CEM xenograft
tumor model. (a) Flow cytometry analysis of CEM cells treateihw18 (n=3, P = 0.001).
Controls were: untreated cells, cells treated witth DMSO, or 1 mM hydrogen peroxide
(H20). Concentrations foF18 treatment were 10, 25 and 50 uM. (aphical representation
of apoptotic events of untreated aRtiS-treated CEM cells. L-Live cells, EA- Early apoptot
LA-Late apoptotic. (n=3, P <= 0.001). (c) Dose response curves K8 in CEM cells
(continuous line) and WBCs (dotted line); the meail viability is plotted versus increasing
concentrations oF18. Human leukemic cell line CEM and normal WBC celisre treated with
variousF18 concentrations for 48 hours. (d) Western blot ysialof markers associated with:
apoptosis (Caspase 3), cell cycle regulation (p-RT@d CDK2), and ER stress (GRP78) in
F18-treated cells (F18) and controls (UT — untreatetlsc Stauro - staurosporin positive
control).

2.9. Cell cycle analysis

Cell cycle progression was assessed via a Beckmoahe€ Gallios flow cytometer to investigate
if compoundF18 perturbs this process. CEM cells were exposé&®diaV, 25 uM, or 10uM of
F18 for 72 hours, then permeabilized and stained single step with a NIM-DAPI reagent
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(Beckman Coulter). The fluorescent signal of DARIs then analyzed to quantify DNA content
in each sample[62]. A dose-dependent increaseNA Bagmentation, as indicated by the sub
GO/G1 population, was observed in cells treateti #it8 (Supplementary Data, Fig. S5) The
GO0/G1, S, and G2-M phases were also significariljugted in a dose-dependent manrkeg.(
6a). Treatment withF18 caused cell cycle disruption, closely mirroringttish the hydrogen
peroxide positive control and displaying arresthaf cell cycle in the sub GO/G1phase.

2.10.Western blotting

After identifying changes related to glucose tramsg@ctivity, apoptosis, and changes in cell
cycle regulation, Western blotting was performeddentify the consequences of the treatment
with F18 on cell signaling proteins such as p-mTOR, CDKRR38 and Caspase 3. GLUT1
inhibitors can downregulate the levels of mMTOR &t phosphorylated enzymes involved in
cell growth signaling pathway, and energy homeas&3-65]. Endoplasmic reticulum (ER)
stress studies of GLUT inhibitors found increasedels of ER stress markers such as
GRP78/BiP and PKR-like endoplasmic reticulum kin3ERK)[66], indicating induction of ER
stress leading to apoptosis. Phosphorylated rdéstdma (pRb) regulates G1 arrest, and
phosphorylation of pRb is controlled by the cydiependent kinase (CDK)2/cyclin E2 complex.
Thus, downregulation of CDK2 or cyclin E2 leadslexreased level of phosphorylated pRb and
arrest of cells in early G1 phase[61,67—-69]. THati@nship between cell cycle progression and
caspase 3 activation in leukemic cells has beerodstrated and found to be associated with G1
phase arrest. Activation of caspase 3 cleavesuih&trste DNA triggering fragmentation leading
to apoptosis[70].

In agreement with these observations, Westerndnialysis of lysates from cells treated with 10
uM F18 for 6 hours showed a decrease in levels of phogtated mMTOR and CDK2 proteins,
an increase in endoplasmic stress marker, GRP7®8, aativation of caspase JFif. 6d).
Together, data revealed that after exposurEli® cancer cells experienced a drop in glucose
levels due to GLUT inhibition and maybe a concomntitdecrease in some key glycolytic
enzymes and metabolites like ATP and lactate[6kis Turther leads to changes in key enzymes,
particularly mTOR and CDK2. All these changes caus# cycle arrest, accompanied by
induction of ER stresses and caspase 3 activdtiotier inhibiting cancer cell growth. Thus,
early G1 arrest, mediated by downregulation of CK#& phosphorylation of mTOR, induction
of ER stress, DNA fragmentation by activation ofmase 3, and subsequent necrosis/apoptosis
was the major mechanism underlying the inhibitaryom of F18 on cancer cell growth.

2.11. F18 effect on the viability of non-transformd WBCs.

We evaluated the cytotoxic effects 18 on normal WBCs by MTT assay after treatment of
WBCs with F18, at concentrations ranging from 2.5 to 100 uM, 48rh Eig. 6¢). The 1Go
value (187.2:M) was 107 times greater than tfatthe CEM cell line (1.74M). More than 62%
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of the WBCs were viable even after treatment witie thighest concentration ofl1l&
(Supplementary Table S2)Hence, these findings suggest tRaB could not be interfering much
with the metabolic activities of normal blood cedisd could be safer to them.

2.12. In-vivo effect of F18 on the CEM xenograft tumor.

To examine ifF18 hasin-vivo anticancer activity in CEM cells, we established iatvivo
xenograft model with CEM cells. A total of 18 SChilce were used, and tumors were generated
using CEM cell lines. When the tumor reached pdialze, mice were randomly divided into
three groups: the untreated group received theesakhicle, the standard drug treated group
received 20 mg/kg of doxorubicin, and the test dytgup received 50 mg/kg &fL8 for 18 days
(details in Supplementary Information). Tumor volimas measured every two days. Treatment
with F18 impaired the growth of tumors, as evidenced byttimeor growth curveKig. 78 and
tumor size Fig. 7b). In the untreated group, all xenografts contingealving, and the volumes
of the xenografts were approximately 1.5 and 2 $immigher compared with those of xenografts
from the doxorubicin ané18 treated groups, respectively. Th#4,8 exhibited potentn-vivo
antitumor activity, which was comparable to doxacubbut at a higher dose and far better than
the untreated control. Moreover, throughout theeexpent, no considerable weight loss or any
other noticeable signs of toxicity were observedny of the mice treated witFl8.

a b

450,0

3 Doxorubicin
| 20 mg/ke Lp.

—=Ur

=il Dox
400,0

F18
50mh/kg Lp.

| Untreated
Control

Figure 7. Tumor regression by F18 in CEM xenograftmodel. (a) Graph of tumor volume vs.
time in CEM xenografts treated with doxorubicin®@/kg i.p. (red)F18 50 mg/kg i.p. (green),
and saline i.p. (blue). Error bars represent SEM. 1p<0.001. (b) Excised tumor image of the
animals treated with doxorubicin 20mg/kg i.p. , BIBmg/Kg i.p. ,untreated saline i.p.

3. Conclusion

This series of furyl TZDs was designed for GLUT hibition, wherein we found that two
compoundsF18 andF19, inhibited both GLUT1 and GLUT4F19 had higher selectivity for
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GLUT1, and ligand docking analysis showed tRa® could only bind to the inward-facing
conformation of the transporters, with slightlyfdient interactions in GLUT1 and GLUTE18
inhibited potently and comparably both GLUT1 andWd¥, as indicated by the igvalues,
consistent with the ligand docking analysis showtimat F18 had similar interactions with both
transporters, irrespective of the transporter giade substrate cavity opened to either sidénef t
membrane). The compourfl8 was taken further forn-vitro and in-vivo antiproliferative
evaluation. It exhibited promising cytotoxic effean the CEM cell line, in sub-micromolar
range, and flow cytometric analysis indicated #f&8 arrested cell cycle growth in the sub GO-
G1 phase and lead to cell death due to necrosigpopitosis. On the other hand, normal cells
withstood 100-fold higheF18 concentrations than CEM cells, indicating tRa8, besides its
drug-likeness shown in the ADME analysis, may dlsosafe on non-cancerous cells. Western
blot analysis data supported apoptosis and celthrarrest inF18-treated cells, as evidenced
by changes in the levels of proteins involved il geowth signaling: downregulation of p-
mMTOR and CDKS, activation of caspase 3, and indactif ER stresses by increased levels of
ER stress marker, GRP78. These changes sugge&libat inhibition could lead to cell growth
inhibition and apoptosisF{g. 8). F18 demonstrated its antiproliferative effects in thevivo
xenograft study too, wherein it impaired the growthtumors much more effectively compared
to untreated tumors. Thus, based on our obsengtibmppears that the beneficial anticancer
effects of F18 are due, at least in part, to inhibition of GLU&hd GLUT4.F19 also looks
promising as it inhibits the growth of CEM cells the sub-micromolar range and may exert
beneficial effects if evaluated further. Furthermogiven the increased selectivity B19 for
GLUT1, the interactions ofF19 with GLUT1, particularly involving residue H160am be
exploited in designing even more potent and spe@tiUT1 inhibitors.

Associated changes in cellular responses

p-mTOR J
, . Cell Growth Arrest
(Fig. 3) » CDK2 \ ; (Fig. 6a)
Compound —* Glucose & —» (Fig. 6d) :
s , Caspase3 T i
Apoptosis

» GRP78 1 ; (Fig. 6b)

Figure 8. Schematic depiction of the proposed mod# action for compoundF18 in CEM
cells

4. Materials and methods
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4.1. Chemistry

4.1.1. General

Commercial reagents were from S D Fine Chem (Chienndia), Research Lab (Mumbai,
India), or Sigma Aldrich (St. Louis, USA), and wemecured from suppliers in India. Thin layer
chromatography was performed on Merck pre-coatkédaSkel 60 F254. Melting points (M.P.)
were determined by the open capillary method onEEGO melting point apparatus and are
uncorrected. Infrared spectra were recorded onn&uteu FT/IR-8400S by direct sampling
technique*H and**C NMR spectra were recorded at 400 MHz on a Brifstrument using
tetramethylsilane (TMS) as internal standard, ahenudcal shifts §) are reported in ppm. J
values for coupling constants are in hertz (Hz)bélviations used in NMR interpretation are: bs
- broad singlet, s - singlet, d - doublet, t - letpand m - multiplet. Mass spectra were recorded
on a LC-MS Agilent Technologies 1260 Infinity instnent. The purity of final derivatives
(>95%) was confirmed by HPLC (high-performance ligaidomatography) on an Agilent 1100
system. The conditions for chromatography wereurool - Hemochrome C18, 15 cm; detection
wavelength - 300 nm; detector - UV visible detectlmw rate - 1 mL/min; oven temperature 30
°C; gradient elution with a run time of 15 min omlole phase - Methanol: (0.1%) formic acid
(FA) in a ratio 70:30. The chemical synthesis soh&nnFig. 2

4.1.2.Synthesis of intermediate[5-(Furan-2-ylmethylene)thiazolidine-2,4-dion€] (5).

Furfuraldehyde3 (5 ml, 0.07 mol), thiazolidine-2,4-diore (5 g, 0.04 mol) and sodium acetate
(3 g, 0.03 mol) were added to 5 ml of acetic acid eefluxed for 5 h. The reaction mixture was
then cooled to room temperature (RT), and predgitaolid was collected by filtration under
vacuum, then washed several times with water aretldit RT. Crude solid was purified by
recrystallization from appropriate solvent to obtarown shiny crystals &.

Yield 7.7 g (68%); M.P. 238.4 °C; Brown shiny dajs; IR (cm') 3234.73, 3140.22, 3010.98,
1674.27, 1604.83, 1543.10, 1512.24, 1263.42, 184ABNMR (400 MHz, DMSO-d65 ppm)
6.72-6.73 (m, 1H), 7.06 (d, J = 3.6 Hz, 1H), 7.,51¢4), 12.43 (s, 1H).

4.1.3. Synthesis of intermediate,Potassium-5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-
ide (6).

To the solution of potassium hydroxide (2.5 g, @.@4ol) in 25 ml of ethano$ (5 g, 0.025 mol)
was added with stirring, and the reaction mixtueswefluxed for 3 h. A fine light brown solid
was obtained after cooling the reaction mixturejcwhwas collected by filtering and washed
with cold ethanol to obtain potassium galt

Yield 4.9 g (94 %); M.P. 269.9 °C (charred); Lidiown solid; IR (cri) 3037.99, 1662.69,
1626.05, 1585.54, 1531.53, 1139.97, 1226:AMNMR (400 MHz, DMSO-¢, 8 ppm) 6.56-6.59
(m, 2H), 7.06 (s, 1H), 7.75-7.76 (m, 1H).
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4.1.4. Condensation of 6 with 2a-2y to produce F125 (Figure 2).

Differently substituted chloroacetylated amiq2a-2y) were prepared according to our previous
work[40,46,71]. Acetone (10 ml) was transferred RBF, into which variously substituted
chloroacetylated amideg4-2y) and6 (in equimolar ratio) were added and refluxed fd@ Brs
and monitored by TLC for completion. After compbetj the reaction was stopped and cooled.
Acetone layer was evaporated to obtain a crude uyatpdwvhich was purified by either
recrystallization from an appropriate solvent or églumn chromatography (Ethyl acetate:
Hexane, 1:4) to produdel-F25

2-(5-(Furan-2-yimethylene)-2,4-dioxothiazolidin-3-yl)-N-phenylacetamide (F 1)

Yield 42.5%; M.P. 234.7 °C (Charred); Buff whiteleosolid; IR (cm') 3269, 1741, 1689,
1614, 1599, 1111, 12554 NMR (400 MHz, DMSO-¢,  ppm) 4.41 (s, 2H), 6.78-6.79 (m, 1H),
7.06-7.10 (t, J = 7.2 Hz, 1H), 7.18-7.19 (d, J &8z, 1H), 7.30-7.34 (t, J = 7.8 Hz, 2H), 7.54-
7.56 (d, J = 8 Hz, 2H), 7.82 (s, 1H), 8.10 (s, 11,39 (s, 1H)**CNMR (400 MHz, DMSO-¢)
43.84, 113.68, 117.50, 149.113, 119.60, 119.96,702328.85, 138.32, 147.97, 163.81, 165.07,
167.85; UV spectrum (10 ppmjnax 349 nm; MS (m/z) 327.0, 328.0 [M-H] HPLC Purity %
Area 99.61, retention time (RT) 4.58 mins.

N-(2-fluorophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)acetamide (F2)

Yield 44.5%:; M.P. 248.4 °C (Charred); Buff whitelar solid; IR (cm') 3269, 1741, 1668,
1616, 1602, 1112, 1263, 1383 NMR (400 MHz, DMSO-¢, 5 ppm) 4.46 (s, 2H), 6.77-6.79
(m, 1H), 7.14-7.18 (m, 3H), 7.25-7.30 (m, 1H), 7886 (m, 2H), 8.09 (s, 1H), 10.26 (s, 1H);
3CNMR (400 MHz, DMSO-g) 43.68, 113.680, 115.471, 149.107, 115.661, 107.519.590,
119.967, 123.679, 123.800, 124.474, 125.332, 1855#27.959, 164.443, 165.041, 167.832; UV
spectrum (10 ppMimax 350.3 nm;. MS (m/z) 345.0, 346.2 [M-H]HPLC Purity % Area 99.71,
RT 4.52 mins.

N-(3-fluorophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl) acetamide (F 3)

Yield 50.2%; M.P. 250.2 °C (Charred); Brown colafid; IR (cm*) 3269, 1737, 1681, 1612,
1599, 1111, 1263, 1373 NMR (400 MHz, DMSO-¢, 5 ppm) 4.50 (s, 2H), 6.74-6.79 (m, 1H),
6.89-6.94 (m, 1H), 7.18-7.19 (d, 1H), 7.27-7.29 ({H), 7.34-7.40 (m, 1H), 7.50-7.53 (d, 1H),
7.82 (s, 1H), 8.10 (s, 1H), 10.62 (s, 1HJCNMR (400 MHz, DMSO-g) 43.86, 113.693,
114.910 149.100, 117.428, 119.652, 120.036, 130.%38.617, 139.933, 140.043, 147.995,
160.897, 163.298, 164.273, 165.031, 167.826; U\ttspm (10 ppmMhmax 349.8nm; MS (m/z)
345.0, 346.0 [M-HT; HPLC Purity % Area 98.85, RT 5.61 mins.

N-(4-bromo-2,6-difluorophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-
yl)acetamide (F4)
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Yield 48.7%; M.P. 279.5 °C (Charred); BrownishidplR (cm’) 3269, 1745, 1680, 1695,
1618, 1545, 1114, 1379, 66% NMR (400 MHz, DMSO-g, § ppm) 4.51 (s, 2H), 6.77 (s, 1H),
7.17 (d, J = 3.2 Hz, 1H), 7.43-7.48 (m, 1H), 7.88J = 8 Hz, 1H), 7.81 (s, 1H), 8.08 (s, 1H),
10.19 (s, 1H)®*CNMR (400 MHz, DMSO-¢) 43.172, 104.256, 104.515, 104.775, 113.671,
115.725, 116.011, 117.557, 119.554, 119.933, 173.223.370, 147.948, 149.095, 164.579,
164.899, 167.689; UV spectrum (10 ppiplx 349.5 nm; MS (m/z) 440.9, 442.9 [M-H]HPLC
Purity % Area 97.97, RT 4.61 mins.

N-(2,4-difluorophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)acetamide (F5)

Yield 44.4%:; M.P. 227.8 °C (Charred); Buff whitelar solid; IR (cm') 3267, 1737, 1664,
1612, 1537, 1099, 1259, 114H NMR (400 MHz, DMSO-¢, § ppm) 4.55 (s, 2H), 6.77-6.78
(m, 1H), 7.07 (t, J = 8.2 Hz, 1H), 7.17 (d, J = Bf 1H), 7.31-7.36 (m, 1H), 7.77-7.85 (m, 2H),
8.09 (s, 1H), 10.26 (s, 1HYC NMR (400 MHz, DMSO-g) 43.578, 103.977, 104.216, 104.483,
111.098, 111.316, 113.681, 117.496, 119.599, 119.921.844, 125.276, 147.968, 149.100,
164.509, 165.019, 167.816; UV spectrum (10 ppm) 351.3 nm; MS (m/z) 363.0, 364.0 [M-H]
*: HPLC Purity % Area 99.60, RT 4.97 mins.

2-(5-(Furan-2-yimethylene)-2,4-dioxothiazolidin-3-yl)-N-(3-(trifluoromethyl ) phenyl)
acetamide (F6)

Yield 46.3%; M.P. 216.7 °C (Charred); Yellowish o solid; IR (cnt) 3271, 1691, 1658,
1618, 1554, 1116, 115584 NMR (400 MHz, DMSO-g, 5 ppm) 4.53 (s, 2H), 6.78 (t, J = 1.6 Hz,
1H), 7.18 (d, J = 3.2 Hz, 1H), 7.44 (d, J = 7.6 H4), 7.58 (t, J = 8 Hz, 1H), 7.73 (d, J = 8 Hz,
1H), 7.82 (s, 1H), 8.04 (s, 1H), 8.10 (s, 1H), B0(8, 1H);’*CNMR (400 MHz, DMSO-g)
43.875, 113.692, 115.209, 117.413, 119.665, 120.022.745, 125.316, 129.399, 129.713,
130.177, 139.040, 148.000, 149.094, 164.567, 165.087.839; UV spectrum (10 pprihax
349.9 nm; MS (m/z) 395.0, 396.0 [M-H]HPLC Purity % Area 97.79, RT 8.95 mins.

N-(4-chloro-2-(trifluoromethyl) phenyl)-2-(5-(furan-2-ylmethylene)-2,4-di oxothiazolidin-3-
yl)acetamide (F7)

Yield 41.5%; M.P. 274.4 °C (Charred); Buff whiteler solid; IR (cnt) 3275, 1739, 1680,
1618, 1545, 1124, 1273, 1159, 748;NMR (400 MHz, DMSO-¢,  ppm) 4.51 (s, 2H), 6.77 (d,

J =1.6 Hz, 1H), 7.17 (d, J = 3.6 Hz, 1H), 7.51J¢& 8.4 Hz, 1H), 7.76-7.83 (m, 3H), 8.08 (s,
1H), 10.17 (s, 1H)!*CNMR (400 MHz, DMSO-g) 43.416, 113.673, 117.503, 119.575, 119.948,
121.114, 123.837, 126.396, 131.352, 131.797, 133.133.448, 147.955, 149.093, 164.934,
165.442, 167.703; UV spectrum (10 ppa)x 350.9 nm; MS (m/z) 429.0, 430.9, 429.9 [M-H]
HPLC Purity % Area 98.72, RT 7.93 mins.

2-(5-(Furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)-N-(4-methyl benzo[ d] thiazol - 2-
yl)acetamide (F8)
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Yield 47.5%; M.P. 220.2 °C (Charred); Pale yellsulid; IR (cm') 3302, 2941, 1712, 16686,
1610, 1548, 1147, 12844 NMR (400 MHz, DMSO-g, 8 ppm) 2.57 (s, 3H), 4.66 (s, 2H), 6.78
(d, J =1.2 Hz, 1H), 7.18 (d, J = 3.6 Hz, 1H), 7(82J = 7.6 Hz, 1H), 7.26 (d, J = 6.8 Hz, 1H),
7.78 (d, J = 7.6 Hz, 1H), 7.82 (s, 1H), 8.09 (s),1¥2.92 (s, 1H)**CNMR (400 MHz, DMSO-
ds) 17.843, 43.345, 113.698, 117.402, 119.125, 11A.720.141, 123.785, 126.715, 130.065,
131.103, 147.503, 148.026, 149.089, 164.924, 187.8B¥ spectrum (10 ppnmYmax 350.2 nm;
MS (m/z) 398.0, 399.0 [M-HT, HPLC Purity % Area 999.4, RT 14.09 mins.

2-(5-(Furan-2-yimethylene)-2,4-dioxothiazolidin-3-yl)-N-(4-phenoxyphenyl)acetamide (F 9)

Yield 45.6%; M.P. 163.5 °C (Charred); Brown cofmlid; IR (cm') 3269, 1739, 1678, 1618,
1529, 1109, 1153, 1230, 126H NMR (400 MHz, DMSO-g, § ppm) 4.53 (s, 2H), 6.78 (s, 1H),
6.87 (d, J = 3.6Hz, 1H), 7.04 (d, J = 8 Hz, 2H},17(s, 2H), 7.17 (d, J = 4 Hz, 2H), 7.41(t, J =
7.4 Hz, 2H), 7.80 (s, 1H), 7.98 (s, 1H), 8.09 (4),110.05 (s, 1H)**CNMR (400 MHz, DMSO-
ds) 43.772, 113.677, 117.516, 118.431, 118.713, B19.519.927, 123.150, 123.535, 123.632,
125.207, 129.012, 129.947, 147.340, 147.946, 149136.449, 164.354, 165.048, 167.804; UV
spectrum (10 ppmM)max 349.7 nm; MS (m/z) 418.8, 420.1 [M-H]HPLC Purity: % Area 97.67,
RT 10.62 mins.

N-(2-chloro-5-(trifluoromethyl) phenyl)-2-(5-(furan-2-ylmethylene)-2,4-di oxothiazolidin-3-
yl)acetamide (F 10)

Yield 44.5%; M.P. 242.6 °C (Charred); Buff whiteler solid; IR (cnt) 3261, 1739, 1678,
1614, 1587, 1126, 1265, 1265, 839;NMR (400 MHz, DMSO-¢, 5 ppm) 4.65 (s, 2H), 6.77 (s,
1H), 7.18 (d, J = 2.8 Hz, 1H), 7.56 (d, J = 8 H4),17.77 (d, J = 8.4 Hz, 1H), 7.82 (s, 1H), 8.09
(s, 1H), 8.16 (s, 1H), 10.33 (s, IHJCNMR (400 MHz, DMSO-¢) 43.727, 113.676, 117.414,
119.640, 120.041, 121.373, 122.726, 124.841, 137.928.240, 130.885, 135.135, 147.985,
149.089, 164.997, 165.250, 167.815; UV spectrumpf®) Amax 350.4 nm; MS (m/z) 431.0,
429.9 [M-HJ; HPLC Purity % Area 96.76, RT 9.95 mins.

N-(4-bromo-2-fluorophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)acetamide
(F11)

Yield 48.2%; M.P. 257.6 °C (Charred); Buff whiteler solid; IR (cnt) 3261, 1739, 1668,
1614, 1593, 1112, 1273, 1381, 76d;NMR (400 MHz, DMSO-¢,  ppm) 4.57(s, 2H), 6.77 (s,
1H), 7.17 (d, J = 3.2 Hz, 1H), 7.38 (d, J = 8.8 HH), 7.61 (d, J = 10.4Hz, 1), 7.81-7.89 (m,
2H), 8.08 (s, 1H), 10.37 (s, 1H*CNMR (400 MHz, DMSO-g) 43.701, 113.673, 115.975,
116.059, 117.448, 118.796, 119.022, 119.611, 130.004.876, 125.056, 125.170, 127.534,
127.568, 147.962, 149.092, 164.601, 165.003, 167.8Y spectrum (10 ppmmax 349.3nm;
MS (m/z) 424.9, 423.0 [M-HT, HPLC Purity % Area 98.50, RT 8.79 mins.

2-(5-(Furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)-N-(4-methoxyphenyl) acetamide (F12)
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Yield 52.5%; M.P. 246 °C (Charred); Pale yellowidpIR (crmi®) 3286, 1737, 1667, 1640, 1546,
1111, 1284, 1149'H NMR (400 MHz, DMSO-¢, 8 ppm) 3.72 (s,3H), 4.46 (s, 2H), 3.78-3.79
(m, 1H), 6.90 (d, J = 9, 2H), 7.19 (d, J = 3.48),1H46(d, J = 9.04, 2H), 7.82 (s, 1H), 8.10 (d, J
= 1.56 Hz, 1H), 10.22 (s, 1H)’C NMR (400 MHz, DMSO-g) 43.331, 54.953, 111.396,
124.271, 125.202, 127.980, 129.492, 129.711, 137.639.449, 149.322, 150.965, 159.528,
163.947, 165.532, 171.024; UV spectrum (10 ppm) 350.1 nm; MS (m/z) 357.0, 357.8 [M-H]
*: HPLC Purity % Area 99.53, RT 4.33 mins.

N-(4-fluorophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl) acetamide (F 13)

Yield 42.5%; M.P. 240.8 °C (Charred); Brownish dplR (cni') 3286, 1743, 1676, 1612, 1545,
1105, 1217, 1149H NMR (400 MHz, DMSO-g, 5 ppm) 4.48 (s, 2H), 6.77-6.78 (m, 1H), 7.14-
7.18 (m, 3H), 7.54-7.58 (m, 2H),7.80 (s, 1H), 8(681H), 10.46 (s, 1H)">*CNMR (400 MHz,
DMSO-d;) 43.737, 113.695, 115.333, 115.554, 117.478, 179.619.984, 120.976, 121.055,
134.647, 134.670, 147.946, 149.079, 157.007, 189.3%3.803, 165.067, 167.881; UV
spectrum (10 ppMymax 345.2 nm; MS (m/z) 345.0, 345.9 [M-R]HPLC Purity % Area 99.5,
RT 5.09 mins.

2-(5-(Furan-2-yimethylene)-2,4-dioxothiazolidin-3-yl)-N-(4-nitrophenyl) acetamide (F14)

Yield 47.5%; M.P. 277.5 °C (Charred); Pale yelloglig IR (cm') 3267, 1735, 1670, 1614,
1595, 1103, 1217, 14984 NMR (400 MHz, DMSO-g, 5 ppm) 4.57 (s, 2H), 6.78 (d, J = 1.2
Hz, 1H), 7.18 (d, J = 3.2 Hz, 1H), 7.79-7.82 (m,)3BL09 (s, 1H), 8.23 (d, J = 9.2 Hz, 2H),
11.02 (s, 1H)®*CNMR (400 MHz, DMSO-¢) 44.017, 113.710, 117.336, 119.004, 119.725,
120.129, 125.046, 142.587, 144.355, 148.026, 189.064.968, 164.990, 167.818; UV
spectrum (10 ppm)max 348.8 nm; MS (m/z) 371.9, 373.0 [M-R]HPLC Purity % Area 96.95,
RT 6.94 mins.

2-(5-(Furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)-N-(5-methylisoxazol -3-yl Jacetamide
(F15)

Yield 41%; M.P. 253.6 °C (Charred); Buff white opkolid; IR (cnt) 3288, 2985, 1732, 1689,
1610, 1564, 1105, 1267, 137H NMR (400 MHz, DMSO-g, § ppm) 2.36 (s, 3H), 4.50 (s, 2H),
6.56 (s, 1H), 6.77 (s, 1H), 7.16 (d, J = 3.2 Hz),1H8 (s, 1H), 8.07 (s, 1H), 11.02 (s, 1H);
3CNMR (400 MHz, DMSO-g) 12.038, 43.531, 96.114, 113.688, 117.426, 119.620.034,
147.958, 149.060, 157.534, 164.961, 167.828, 169.9% spectrum (10 ppnmYmax 351.1 nm;
MS (m/z) 332.0, 333.0 [M-HT, HPLC Purity % Area 99.48, RT 3.66 mins.

2-(5-(Furan-2-yimethylene)-2,4-dioxothiazolidin-3-yl)-N-(thiazol-2-yl) acetamide (F 16)

Yield 41.5%; M.P. 223.4 °C (Charred); Buff whitel@osolid; IR (cm') 3290, 1726, 1680,
1608, 1564, 1109, 128 NMR (400 MHz, DMSO-¢, 5 ppm) 4.60 (s, 2H), 6.78-6.79 (m, 1H),
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7.18 (d, J = 3.2 Hz, 1H), 7.25 (d, J = 3.6 Hz, TH9 (d, J = 3.6 Hz, 1H), 7.82 (s, 1H), 8.10 (s,
1H), 12.58 (s, 1H)**CNMR (400 MHz, DMSO-¢) 43.182, 113.710, 114.027, 117.413, 119.709,
120.099, 137.759, 148.028, 149.085, 164.956, 167.8¥ spectrum (10 ppnHmax 351.8 nm;
MS (m/z) 333.9, 335.0 [M-HT, HPLC Purity % Area 96.04, RT 3.88 mins.

N-(3-chloro-4-methyl phenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)acetamide
(F17)

Yield 40.3%; M.P. 228.1 °C (Charred); Light browalid; IR (cni') 3263, 3041, 1743, 1687,
1618, 1585, 1112, 1274, 81%) NMR (400 MHz, DMSO-g, 8 ppm) 2.26 (s, 3H), 4.48 (s, 2H),
6.77 (t, J = 1.6 Hz, 1H), 7.17 (d, J = 3.2 Hz, 1AHR7-7.34 (m, 2H), 7.72 (d, J = 0.8 Hz, 1H),
7.81 (s, 1H), 8.08 (s, 1H), 10.50 (s, 1HJCNMR (400 MHz, DMSO-g) 18.870, 43.812,
113.677, 117.455, 117.795, 119.166, 119.612, 159.990.442, 131.296, 133.066, 137.377,
147.956, 149.093, 164.034, 165.039, 167.846; U\ttspm (10 ppMimax 350.2 nm; MS (m/z)
375.0, 375.8 [M-HT; HPLC Purity % Area 96.53, RT 10.01 mins.

N-(benzo[d]thiazol-2-yl)-2-(5-(furan-2-ylmethyl ene)-2,4-dioxothiazolidin-3-yl )acetamide (F 18)

Yield 38.5%:; M.P. 220.2 °C (Charred); Buff whitelar solid; IR (cm') 3223, 1735, 1662,
1602, 1545, 1112, 125% NMR (400 MHz, DMSO-g, 5 ppm) 4.67 (s, 2H), 6.79 (t, J = 1.6 Hz,
1H), 7.19 (d, J = 3.2 Hz, 1H), 7.33 (t, J = 7.4 W), 7.46 (t, J = 7.8 Hz, 1H), 7.77 (d, J = 8 Hz,
1H), 7.83 (s, 1H), 7.98 (d, J = 8 Hz, 1H), 8.1QLKY, 12.87 (s, 1H);}*CNMR (400 MHz,
DMSO-a;) 43.423, 113.723, 117.381, 119.754, 120.180, B¥1.123.853, 126.275, 148.050,
149.083, 164.945, 167.840; UV spectrum (10 ppra) 349.4 nm; MS (m/z) 384.0, 384.8 [M-H]
*: HPLC Purity % Area 97.36, RT 8.82 mins.

N-(3,4-dichlorophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl) acetamide (F19)

Yield 46%; M.P. 246.2 °C (Charred); Buff white cololid; IR (cm) 3302, 1735, 1668, 1608,
1587, 1288, 817*H NMR (400 MHz, DMSO-¢, & ppm) 4.51 (s, 2H), 6.77-6.78 (m, 1H), 7.17
(d, J = 3.2 Hz,1H), 7.45 (dd, J = 8.8 Hz, 1H), 1&,7J = 8 Hz, 1H), 7.81 (s, 1H), 7.91 (d,J=2.4
Hz, 1H), 8.08 (s, 1H), 10.71 (s, IHJCNMR (400 MHz, DMSO-¢): 43.863, 113.684, 117.391,
119.252, 119.655, 120.061, 120.450, 125.272, 180.861.118, 138.324, 147.980, 149.083,
164.471, 164.998, 167.818; UV spectrum (10 ppra) 350.1 nm; MS (m/z) 395.0, 396.9 [M-H]
*: HPLC Purity % Area 99.13, RT 13.18 mins.

N-(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-2-(5-(furan-2-ylmethylene)-2,4-
dioxothiazo lidin-3-yl)acetamide (F 20)

Yield 42.5%; M.P. 254.7 °C (Charred); BrownishigplR (cm®) 3201, 1735, 1708, 1680,
1616, 1593, 1109, 12884 NMR (400 MHz, DMSO-g, & ppm) 2.10 (s, 3H), 3.04 (s, 3H), 4.45
(s, 2H), 6.77 (s, 1H), 7.16 (d, J = 3.2 Hz, 1HR47(d, J = 8.4 Hz, 3H)7.50 (t, J = 7.6 Hz, 2H),
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7.81 (s, 1H), 8.08 (s, 1H) 10.71(s, 1HCNMR (400 MHz, DMSO-g) 11.117, 35.825, 43.347,
106.474, 113.658, 117.653, 119.492, 119.834, 123.626.399, 129.086, 134.839, 147.910,
149.122, 152.062, 161.423, 164.732, 165.046, 167.8Y spectrum (10 ppnmax 349.3 nm;
MS (m/z) 439.1 [M-HJ'; HPLC Purity % Area 98.25, RT 3.41 mins.

N-(4-bromophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl )acetamide (F21)

Yield 45.5%:; M.P. 242.2 °C (Charred); Buff whitelar solid; IR (cm') 3254, 1743, 1687,
1614, 1591, 1111, 1274, 81%) NMR (400 MHz, DMSO-¢, § ppm) 4.49 (s, 2H), 6.78 (s, 1H),
7.18 (s, 1H), 7.51 (s, 4H), 7.81 (s, 1H), 8.091¢4), 10.53 (s, 1H)**CNMR (400 MHz, DMSO-
ds) 43.868, 113.681, 115.338, 117.463, 119.620, 120.021.131, 131.676, 137.672, 147.974,
149.102, 164.056, 165.035, 167.824; UV spectrump@®) Ayax 350.3 nm; MS (m/z) 406.9,
405.1 [M-H]"; HPLC Purity % Area 96.4, RT 8.53 mins.

2-(5-(Furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)-N-(pyridin-2-yl) acetamide (F22)

Yield 35.5%; M.P. 230.1 °C (Charred); Pale yellowlics IR (cm*) 3117, 1730, 1674, 1614,
1583, 1105, 1205H NMR (400 MHz, DMSO-g, & ppm) 4.56 (s, 2H), 6.77-6.79 (m, 1H), 7.12
(dd, J = 6.8 Hz, 1H), 7.18 (d, J = 3.6 Hz, 1H),77(d, J = 1.2 Hz, 1H), 7.81 (s, 1H), 7.96 (m,
1H), 8.09 (d, J = 0.8 Hz, 1H), 8.34 (d, J = 4 H4),110.53 (s, 1H)**CNMR (400 MHz, DMSO-
ds) 43.827, 113.489, 113.688, 117.494, 119.613, ¥5).819.986, 138.397, 147.978, 148.085,
149.107, 151.309, 165.047, 167.848; UV spectrump@®) Anax 350.3 nm; MS (m/z) 330.0,
331.0 [M-H]"; HPLC Purity % Area 97.43, RT 3.79 mins.

2-(5-(Furan-2-yimethylene)-2,4-dioxothiazolidin-3-yl)-N-(p-tolyl)acetamide (F 23)

Yield 49.5%; M.P. 268.2 °C (Charred); Buff whitelar solid; IR (cnt) 3267, 3041, 1687,
1658, 1618, 1597, 1111, 125H NMR (400 MHz, DMSO-g, § ppm) 2.25 (s, 3H), 4.47 (s, 2H),
6.78 (t, J = 1.6 Hz, 1H), 7.12 (d, J = 8.4 Hz, 2H)8 (d, J = 3.2 Hz, 1H), 7.43 (d, J = 8.4 Hz,
2H), 7.81 (s, 1H), 8.09 (s, 1H), 10.29 (s, 1HENMR (400 MHz, DMSO-¢) 43.803, 113.675,
117.543, 119.165, 119.565, 119.927, 129.214, 182.685.822, 147.948, 149.116, 163.547,
165.083, 167.854; UV spectrum (10 ppa)x 350.5 nm; MS (m/z) 340.9, 341.2, 342.0 [M-H]
HPLC Purity % Area 96.44, RT 5.75 mins.

N-(3,4-dibromophenyl)-2-(5-(furan-2-ylmethylene)-2,4-dioxothiazolidin-3-yl)acetamide (F24)

Yield 41.2%:; M.P. 247.2 °C (Charred); Buff whitelar solid; IR (cm') 3255, 1735, 1672,
1610, 1585, 1111, 1288, 536§ NMR (400 MHz, DMSO-g, 8 ppm) 4.50 (s, 2H), 6.78 (s, 1H),
7.18 (d, J = 2.8 Hz, 1H), 7.46 (d, J = 8.8 Hz, TH}8 (d, J = 8.8 Hz, 1H), 7.81 (s, 1H), 7.91 (s,
1H), 8.09 (s, 1H), 10.71 (s, 1HY*CNMR (400 MHz, DMSO-¢) 43.862, 113.699, 117.389,
119.269, 119.673, 120.068, 120.457, 125.273, 130.831.114, 138.321, 147.992, 149.078,
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164.481, 165.003, 167.824; UV spectrum (10pppa) 350nm; MS (m/z) 394.9, 396.9 [M-H]
HPLC Purity % Area 99.27, RT 13.08 mins.

2-(5-(Furan-2-yimethylene)-2,4-dioxothiazolidin-3-yl)-N-(4-methylthiazol -2-yl Jacetamide
(F25)

Yield 36%; M.P. 268.7 °C (Charred); Buff white opbolid; IR (cnt) 3117, 2972, 1734, 1672,
1612, 1579, 1109, 1286, 1368 NMR (400 MHz, DMSO-g, § ppm) 2.33 (s, 3H), 4.57 (s, 2H),
6.77-6.78 (m, 1H), 7.15 (d, 1H), 7.18 (d, 1H), 7(811H), 8.09 (s, 1H), 12.37 (s, IHJCNMR
(400 MHz, DMSO-¢) 11.045, 43.147, 113.708, 117.435, 119.681, 13).026.854, 148.005,
149.079, 164.956, 167.824; UV spectrum (10 ppra) 350.8 nm; MS (m/z) 348.1, 349.0 [M-H]
" HPLC Purity % Area 95.74, RT 13.1 mins.

4.2. GLUT1, GLUT4, and GLUTS5 transport assay.

Synthesized compounds were examined for their teffat transport activity of human
GLUT1[47], GLUT4[47], and GLUT5[72] expressed inXuse transporter null yeast celkt).
Yeast cell culturing was done at 30 °C with shak{i§0 rpm). VW400fyyl yeast cells
expressing GLUT1[47] were cultured for 2-3 daysthe Synthetic Complete media without
uracil (SC-uracil) with 2% (w/v) maltose. Cells wewashed once in SC-uracil with 2% (w/v)
glucose media, transferred in the same media abd#20.5, and grown further for 1-2 days.
VW4000rgylergd yeast cells expressing GLUT4[47] were cultureek IBLUT1, but in media
with lower concentrations of maltose and glucoge:usacil with 1% (w/v) maltose media for
the initial cell culture, and SC-uracil with 0.2%/¢) glucose media for the final cell culture.
VW4000 yeast cells expressing GLUT5[72] were catufor one day in YEP [1% (w/v) yeast
and 2% (w/v) peptone] media with 2% (w/v) maltosd 400 pg/ml geneticin G418. Cells were
washed once in YEP media with 2% (w/v) fructose 20@d pg/ml geneticin G418, transferred in
the same media at Q&.,+~0.5, and grown further for 1-2 days. For transjgsgay, cells in the
hexose media were centrifuged (1000xg, 5 minutesished once in PBS buffer (10 mM
NaHPQO,, 1.8 mM KHPOy, 2.7 mM KCI, 137 mM NaCl, pH 7.4), then resuspehdte PBS
buffer at an Olhonm~ 10; each assay contained 100 pul of this cellt&wl. Transport assay was
started by the addition of'Ghexose to a final concentration of 5 mM glucose @.UT1 or
GLUT4 and 10 mM fructose for GLUTS. Transport assegs stopped after 10 minutes by
adding 3-ml ice-chilled Quench buffer (0.1 M KPi1l®M LiCl, pH 5.5), followed by filtration on

a glass fiber filter (GC50; Advantec, Tokyo, Japanyler vacuum, and another wash with 3-ml
Quench buffer and filtration. The filtration membes were transferred to scintillation vials, and
10 ml of Scintillation buffer (BioSafell; Researéhroducts International, Mount Prospect, IL,
USA) was added in each vial. After brief vortexin@dioactivity was measured with a
scintillation counter (Tri-carb 2900TR, Perkin EimESA). As all synthesized compounds were
solubilized in dimethyl sulfoxide (DMSO), contrdisr the determination of the relative activity
included 1% (v/v) DMSO - to account for DMSO contation in the transport assay due to
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inhibitor addition - as well as saturating concatitms of known inhibitors for GLUTs [200 uM
phloretin for GLUT1 and GLUT4[73], and 100 uM N-{thethylsulfonyl)-2-nitrophenyl]-1,3-
benzodioxol-5-amine (MSNBA) for GLUT5[74]]. All inhitors were added to the assay from
stock concentrations so that the final concentnaiothe assay was 1% (v/v). Initial inhibition
screening for TZD compounds was done at 100 uM enation; for the compounds that
decreased the relative transport activity by 50%nore, inhibitor concentration was varied in
the transport assay from 0.1 to 100 uM to deternmingbitor 1Cso. Data were analyzed with
GraphPad Prism (San Diego, CA, USA).

4.3. Docking studies.

The SiteFinder function of Molecular Operation Howiment (MOE, Chemical Computing
Group, Montreal, Canada) was used to model thargmslites of compounds F18 and F19 in the
3D crystal structure of GLUT1 inward-facing confation (PDB ID: 4PYP, www.rcsb.org),
and a GLUT1 outward-facing homology model basedhenGLUT3 crystal structure (PDB ID:
4ZWC, www.rcsb.org). The latter model was generatedOE with the Homology Model
function. Possible conformations of the compoun@sengenerated with MOE Conformational
Generation functionF18 had 29 conformations$;19 had 104 conformations. Virtual docking
was carried out with the MOE Dock function with theiangle Matcher placement scoring
London dG and Rigid Receptor refinement scoring GBAA dG against the dummy atoms
around the substrate binding site. Potential darlpositions were selected with a selection
criterion of the lowest energy scoring algorithmdaverifying that the docking pocket has
sufficient space for the compound binding and reabte interactions with the protein residues.
The homology models and docking were validated ®Wi#imachandran plots and docking of the
octyl glucoside, the original ligand in the crystlucture, to the GLUT1 crystal structure
(Supplementary Data, Figure S1)

4 4. Cell cultures.

Three human leukemia/lymphoma cancer cell linesl{&X; K562, and CCRF-CEM), one breast
cancer cell line (MDA-MB-231), and one normal, ncamcerous, fibroblast cell line (HS-27)
were used to test the cytotoxic potential of thetlsgtic derivatives. MDA-MB-231 and HS-27
cells were grown in DMEM medium (HyClone, Logan UT$SA) supplemented with 10% (v/v)
FBS, 100 U/ml penicilin and 10Qug/ml streptomycin. The culture medium for the
leukemic/lymphoid cancer cells was RPMI, suppleradnin the same manner. Cell cultures
were maintained at 37 °C in a humidified 5% £&mosphere. Cells were counted and seeded
for experimental use upon reachiz@% viability and 65—-75% confluence.

4.5. Cell viability assay by differential nuclear staining assay.
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The Differential Nuclear Staining (DNS) assay iéva cell imaging-based assay, which utilizes
two nuclear dyes to easily label living and deallsf9]. An initial assessment of cytotoxicity
on this series of 25 compounds was conducted e®hS assay upon exposure of CCRF-CEM,
K-562, KCL-22, and MDA-MB-231 human cancer celld;to 50uM of a compound for 48
hours. Compounds were dissolved and diluted inethg sulfoxide (DMSO) to reach the
desired concentration. DMSO, hydrogen peroxidd,artreated cells were the vehicle, positive
and negative controls, respectively, in all expenits. Cells were seeded in 96-well plates at a
density of 10,000 cells/well in 100 of complete culture media, with the exceptionH8-27,

for which only 3,000 cells/well were used to comgee for their large size. Cells were seeded
in 96-well plates at a density of 10,000 cells/wellLOOuL of complete culture media. Images
of stained cells were taken with the GE Healthdafe Sciences IN Cell Analyzer 2200. Two
hours before imaging, Hoechst, and propidium iodi@g stains were added to each well to
distinguish living and dead/dying cells. Hoeclsstidye capable of permeating the membranes
of all cells within a sample, whereas PI will omgnetrate cells with compromised membranes.
Colocalization of Hoechst (blue) and PI (red) slgnadicate the dead cell population [59]. In
this initial screening, experimental samples wesseased singularly, and control samples in
guadruplicate. Subsequent DNS assays, using CARF-B-562, KCI-22, and MDA-MB-231
cell lines, were then performed to determine th& 5fytotoxic concentration (Gg) values of
the seven compounds with the highest cytotoxicitythe initial screening. Similarly, the
selective toxicity of the two most active compouyné$8 and F19, was assessed using the non-
cancerous cell line HS-27. Cells were seeded idalhtibut were treated with test compounds at
concentrations ranging from 0.5 to 1001. Experimental samples and controls were evatliate
for cytotoxicity in quadruplicate after 48 hours iotubation. Selectivity Index (SCI) values
were calculated by dividing the G&for non-cancerous cell line HS-27 by the §g©f each
cancer cell line after 48 hours of incubation (S\lormal cell CG, / Cancer cell C€). High

SCI scores are suggestive of selective toxicityatmacancer cells, an effect which may or may
not be conferred in vivo.

4.6. Apoptosis studies by flow cytometry.

The induction of apoptosis by compoufRd8 was studied by flow cytometry, as described
earlier[75]. Cells were seeded in a 24-well flattbm microplate and incubated overnight at 37
°C in a CQ incubator for 24 hrs. The cell media was replamitti fresh media, and then the
cells were treated with Kg concentration of F18 for 24 hrs. Untreated cellsravused as
negative control. Post incubation, cells were weshkigh PBS, then centrifuged for 5 minutes at
500 g at 4 °C, and the supernatant was discar@edl. pellets were resuspended in ice-cold 1X
Binding Buffer and then mixed with 1 pL of anneXAFITC solution and 5 pL PI (propidium
iodide). Tubes were kept on ice and incubated fominutes in the dark, then 400 pL of ice-
cold 1X Binding Buffer was added, and cell preparst were analyzed by flow cytometry (BD
Accuri C5 flow cytometer, BD Biosciences, CA, USA)ytometry data were analyzed with
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FlowJo software (version 10.1, Ashland, OR, USAJ. é&xperimental treatments and controls
were assessed in triplicate

4.7. Cell cycle analysis by flow cytometry.

An asynchronous culture of CEM cells was seede@4iwell plates at a density of 100,000
cells/well in 1 mL of complete culture media andatied with concentrations of compound F18
for 72 hours. Controls included in this experimevere DMSO, hydrogen peroxide, and
untreated cells, as described above. Cells weaen with 50uM, 25 uM, or 10 uM of
compound~18. Concentrations of experimental treatments wbhosen based on the gfvalue

of the given compound. After 72 hours, cells weslected, centrifuged at 262 g for 5 minutes,
and resuspended in 1Q@Q of complete culture media. Then, 20Q of a nuclear isolation
medium (NIM)-DAPI solution, which simultaneouslyrpeeabilizes the plasma membrane and
stains DNA with the violet-excited DNA-intercalatiragent DAPI, was added to each sample
and immediately analyzed by flow cytometry. Approately 100,000 events (cells) were
analyzed per sample to obtain a well-defined oglecprofile using the Kaluza flow cytometry
software (Beckman Coulter)[76]. All experimenteédtments and controls were assessed in
triplicate

4.8. Western blotting.

Western blotting was carried out as per the manufas protocol. Briefly, cells grown in
multiwell dishes were washed twice with cold PBg&eld in Laemmli buffer (62.5 mM Tris-
HCI, pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS) slgmented with Complete protease
inhibitors (Roche), and sonicated before proteiangiication (DC BioRad Protein Assay Cat
No. 500-0114). Samples with equal protein quant#gre supplemented with 5% (v/\B-
mercaptoethanol, heated at 95 °C for 12 minutes;fsactionated on a 9% SDS-PAGE gel, and
transferred onto nitrocellulose membranes. All BRrecision Plus Protein Standard (Bio-Rad
Cat. No. 161-0373) was used as the protein siz&kenaMembranes were blocked for 45
minutes in PBS-T-milk (PBS buffer with 0.05% (v/¥veen, 5% (w/v) dried fat-free milk),
incubated with primary antibody diluted in PBS-TH{3 hours at room temperature), washed
(PBS-T), and incubated with secondary antibody telduin PBS-T-milk (1 hour at room
temperature). After the removal of unbound secondatibodies, signals were revealed using
Super Signal West Femto Maximum Sensitivity Subst(Rierce).

4.9. Isolation of WBCs and assessment of F18 effext viability of non-transformed WBCs.
Ethical clearance was obtained from the institwtlogthical committee of Maratha Mandal's
NGH Institute of Dental Sciences, Belagavi, for toflection of whole blood from healthy adult
volunteer for the current study. This study wagiedrout in accordance with relevant guidelines
and regulations and informed consent was obtainach the participant before collection of
blood samples. A volume of 2.5 ml HiSep was tramsteaseptically to a 15 ml clean centrifuge
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tube and overlaid with 7.5 ml diluted blood withautxing and centrifuged at 400xg at room
temperature for 30 minutes. The supernatant cantaplasma and platelets was discarded. Ten
milliliters of isotonic phosphate buffer were addasd the mononuclear cell suspension was
centrifuged at 200xg at room temperature for 10sm®ells were washed with isotonic buffer
and resuspended in an RBC lysis for 5 mins. Thenctils were centrifuged for 5 mins, the
supernatant was discarded, and cells were washid RES twice and maintained in a €0
incubator at 37 °C (95% humidity and 5% £ @l completion of MTT assay experiments. For
the cytotoxicity test, isolated WBCs were seededair®6-well flat-bottom microplate and
maintained at 37 °C in 95% humidity and 5% G®ernight. Cells were treated with different
concentrations oF18 and incubated for another 48 hours. The wells weashed twice with
PBS, 20uL of the MTT staining solution was added to eacli,vemd the plate was incubated at
37 °C. After 4 h, 10QL of DMSO was added to each well to dissolve thenezan crystals, and
absorbance was recorded at 570 nm using a miceogatler.

4.10.In-vivo tumor xenograft study in CEM mice model

4.10.1. Experimental dose determination.

SCID mice were housed in individually ventilatedyeaystem in 12 h light dark cycle. The area
was controlled for noise and humidity. Animals wéeel autoclaved commercial pellets and
water ad libitum. Animals were handled in a lamiagarflow hood. Mice 8-10 weeks were used
for the experiment. Five animals were administé&s®@@ mg/kg and 1000 mg/kg single dose of
F18 i.p. Animals receiving 1000 mg/kg showed symptashglistress, and two animals died.

None of the animals receiving 500 mg/kg died. Chhidistress symptoms recovered within 6
hours. A tenth of this dose was selected for expantal work.

4.10.2.Tumor regression in CEM mice model (efficacy study)

SCID mice, 8-10 weeks old, housed, fed, and handtedescribed above, were used for the
experiment. CEM cells 1x®0were injected on the back of the mice and allow@dorm
palpable tumors. Tumors were minced and regraftekperimental animals. The administration
of the test sample was done after the tumor reaahmalpable size. Doxorubicin 20 mg/kg i.p.,
F18 50 mg/kg i.p., were administered on day 1-328415-18. Tumor volume was measured
with a digital vernier calipers (Mitutoyo Japanjurfior volume was calculated as: Volume =
(width)® x length/2. At the end of the experiment, the amémwere sacrificed by cervical
dislocation. The animals were dissected, and toesed tumors were imaged immediately.

4.11. HDAC enzyme activity assay.

Recombinant HDAC8 was produced as described rggéntl Recombinant cHDAC4 was
expressed in a pET14b vector (Novagen, EMD Millgocontaining the codon-optimized
catalytic domain of human HDAC4. A serial dilutiofh inhibitor in assay buffer (25 mM Tris-
HCI, pH 8.0, 75 mM KCI, 0.001% Pluronic F-127) wasubated with HDAC in a black 96-well
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microtiter half-area plate (Greiner) for 60 min3& °C. Then, the reaction was initiated by the
addition of 20uM Boc-Lys(trifluoroacetyl)-AMC (Bachem) as the stiage for HDACS8 and
HDACA4. After incubation for 60 min at 30 °C, theaotion was stopped by the addition of 1.7
uM SATFMK for HDAC4 and 8. The deacetylated substratas converted into a fluorescent
product by the addition of 0.4 mg/ml trypsin (Amblem). The release of AMC was followed in
a microplate reader (PheraStar Plus, BMG Labtechb@ nm g« = 350 nm) and correlated to
enzyme activity. Dose-response curves were genkevath GraphPad Prism and fitted to a four
parameters logistic function to obtainst@alues[78]:

[Emn.r — ED)
14 1Ol lesliCsy J—ad +h

EA= E,+

in which EA is enzyme activity at a given inhibitor concenwatx, E; is enzyme activity
determined at zero, anH,.x iS enzyme activity at complete inhibition. siCindicates the
concentration of inhibitor at which half the enzymmenhibited, and h is the curve slope.

Abbreviations.

TZD- Thiazolidinediong GLUT1/4/5- Glucose transporter 1/4/BDAC-Histone deacetylase
DMF- Dimethyl Formamide DMSO- dimethylsulfoxide DCM- Dichloromethange NMR-
Nuclear magnetic resonance spectroscdpy Infrared Spectroscopy, DMEM- Dulbecco's
Modified Eagle MediumMTT- 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltezalium bromide
FBS- fetal calf serupRPMI- Roswell Park Memorial Institute medRBS- Phosphate-buffered
saline, SCID-severe combined immunodeficiency, WBBHe blood cells.
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A series of novel furyl thiazolidinedione derivatives were designed and synthesized as
GLUTL1 inhibitors.

The representative Compound F18 demonstrated GLUT1 and GLUT4 inhibitory activity
and potent antiproliferative activity against CEM cells.

Compound F18 could block the cell cycle in the sub GO/G1 phase and induce apoptosis.
Western blotting analysis of F18 caused decreased in expression levels of p-mTOR and
CDKZ2 proteins, induced Caspase 3 activation and GRP78 upregul ation.

Compound F18 exhibited promising in vivo antitumor activity in the CEM xenograft
model.
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