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Abstract

The aldehyde dehydrogenases (ALDHSs) are a famitetdxifying enzymes that are overexpressed
in various cancers. Increased expression of AL®Bssociated with poor prognosis, stemness, and
drug resistance. Because of the critical role oDALIn cancer stem cells, several ALDH inhibitors
have been developed. Nonetheless, all these inlsl®ither lack efficacy or too toxic or not been
tested extensively. Thus, the continued developmiAt DH inhibitors is warranted. In this study,
we designed and synthesized potent multi-ALDH isofmhibitors based on the isatin backbone.
The early molecular docking studies and enzymaststrevealed th&a-1) and4(a-1) are the potent
ALDH1A1, ALDHAZ2, and ALDH3AL inhibitors. ALDH inhilitory 1Cs¢s of 3(a-1) and4(a-1) were

230 nM to >10,000 nM for ALDH1A1, 939 nM to >10,08M for ALDH2 and 193 nM to >10,000
nM for ALDH3AL. The most potent compoun8@-I) had 1Ggs for killing melanoma cells ranged
from 2.1 to 5.7 uM, while for colon cancer cellagad from 2.5 to 5.8 uM and for multiple
myeloma cells ranged from 0.3 to 4.7 pM. Toxicitydses of3(h-1) revealed thadh to be the least
toxic multi-ALDH isoform inhibitor. Mechanistically3(h-l) caused increased ROS activity, lipid
peroxidation, and toxic aldehyde accumulation, sdaoy to potent multi-ALDH isoform inhibition
leading to increased apoptosis and G2/M cell cgnlest Together, the study details the design,
synthesis, and evaluation of potent, multi-isofédxbDH inhibitors to treat cancers.



1. Introduction

The human aldehyde dehydrogenases (ALDHS) are ilyfafrl9 enzymes that oxidize endogenous
and exogenous aldehydes to less reactive, morblsalarboxylic acids in a NAD(Pdependent
reaction [1, 2]. The ALDHSs protect cells againsidative stress and reactive oxygen species (ROS),
which trigger lipid peroxidation and the accumudatpf toxic aldehydes, such as acrolein,
malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HN#&)d 4-hydroxy-2-hexanal (4-HHE) [3].
Collection of such aldehydes damages cells by fogrprotein adducts through non-enzymatic,
covalent bonds with lysine, cysteine, and histidiegdues, as well as through increased ROS
generation and lipid peroxidation [3-5]. Conseqlyemancer cells often overexpress ALDH

isoforms to combat oxidative stress secondarydh metabolic demands, radiation, and ROS-

generating chemotherapeutics, including paclitad@korubicin, staurosporine, and sorafenib [6].

Overexpression of ALDH isoforms is associated wahcer progression, resistance and poor
prognosis in numerous cancers including breasg, loolorectal, esophageal, Ewing’s sarcoma, head
and neck squamous cell carcinoma (HNSCC), melanomasgthelioma, multiple myeloma,
neuroblastoma, prostate, and pancreatic cance8][/ALDH1A1 and ALDH3A1 directly

metabolize the active metabolites of cyclophospldangontributing to resistance against this
chemotherapeutic drug [19]. Cancer cells with enstell-like phenotype, which are a small subset

of multipotent cells within tumors responsible fomor initiation, progression, resistance, and
metastasis, often express high levels of ALDH [21], Further, retinoic acid generated by
ALDH1A1, ALDH1A2, and ALDH1A3 can lead to the indiien and function of tumor-infiltrating
regulatory T cells, which create an immunosuppvesgimor microenvironment and impair tumor

immunity [22].

Due to the role of ALDH overexpression in cancergpession and therapy resistance, many ALDH
inhibitors have been developed [23]. Current ALDHIbitors can be classified into multi-ALDH
isoform inhibitors and isoform-specific inhibitosshich primarily inhibit one isoform [23]. Multi-
ALDH isoform inhibitors includeN,N-diethylaminobenzaldehyde (DEAB), 4-dimethylamino-4
methyl—-pent-2-ynthioic acid-S-methylester (DIMATE}tral, ALDH inhibitors (aldis)-1, -2, -3, -4
and -6 and dyclonine [23-33]. Each inhibitor extslantiproliferative effects on cultured cancer
cells, particularly as combinatorial therapy, butydDEAB, DIMATE, citral, aldi-6, and dyclonine
have been tested in vivo cancer models [23-33]. DEAB, DIMATE, citral, anidlia6 show



antitumor efficacy as monotherapy; however, vasiaiin ALDH expression hinder the efficacy of
DEAB, the oral bioavailability of DIMATE has not be reported, and citral has a range of off-target
effects leading to toxicity [24, 26-30, 32]. Aldigd 24 mg/kg/day inhibits HNSCC xenograft
development by 60% with no toxicity observed [32pwever, it was administered via an osmotic

mini-pump, and due to its recent development, lnabeaen tested further [32].

Isoform-specific ALDH inhibitors include the ALDH1Aspecific inhibitors Cpd 3, CM037,

CMO026, NCT-501, NCT-505, NCT-506, 13g and 13h,Ah®H?2 specific inhibitor CVT10216, and
the ALDH3A1 specific inhibitors CB7 and CB29 [23}-30]. Minimalin vivo data exist for these
compounds, either due to limited efficacy, pooravigilability, or recent development [23, 34-40].
NCT-501 has been testavivo, and leads to a 78% reduction in HNSCC xenografivth;

however, it was administered via intratumoral itige [36]. Thus, the development of novel, potent,
non-toxic, bioavailable ALDH inhibitors is still eeed [41]. Targeting more than one ALDH
isoform is likely necessary for optimal anticanttesrapy, as ALDH activity within cancer cells is

generally a composite of the activity of multipl&BH isoforms [1, 2, 41].

In the present study, a series of novel, potenttitAlLDH isoform inhibitors were designed and
synthesized. Ligand-based docking studies were tasielgntify 3(a-1) and4(a-1). 3(a-1) and4(a-l)
indicated strong docking scores for ALDH1A1, ALDH#hd ALDH3A1 and were subsequently
synthesized and ALDH inhibitory activity evaluat€&bmpound$8(h-1) had the highest potency
against ALDH1A1, ALDHZ2, and ALDH3A1 and showed e#tcy and selectivity for killing cultured
colon cancer, multiple myeloma, and melanoma cekl Toxicity in animals was significant for
3(i-1), whereassh was not toxic. Thus3h may be useful for the treatment of cancer.
Mechanistically3(h-1) led to a significant increase in toxic aldehydeuswulation, ROS activity,
and lipid peroxidation mediated by potent ALDH1AX,DH2, and ALDH3AL1 inhibition leading to
increased apoptosis and G2/M arrest of the celecyl-acetyl cysteine (NAC), a ROS scavenger
reduced the activity of the active compounds dertmatisg the significance of ROS activity in
ALDH pathway.



2. Results and Discussion
2.1. Molecular docking studies

Multi-ALDH isoform inhibition may be more useful f@ancer treatment since ALDH activity
within cancer cells is a composite of multiple ALB#dforms [1, 2]. Cpd 3, an isatin analog, is one
of the most potent ALDH1A1 specific inhibitorBi{. 1) [34]. We have previously identified KS99
(Fig. 1), a similar isatin analog, to be a potent ALDHibitor to reduce cancer growth [42-44]. It
exhibits multi-ALDH isoform inhibition with IGes of 350 nM, 1.5 uM, and 850 nM for ALDH1A1,
ALDH2, and ALDH3AL1, respectively (unpublished datiajit is toxic in animals starting at 5
mg/kg/day [44]. Thus, we attempted to optimizestracture of KS99 using molecular docking

studies to develop novel, non-toxic, potent, maltbH isoform inhibitors.

A series of compound3(a-1) and4(a-1) were designed and tested for the ability to imtthe active
site pockets of ALDH1A1, ALDHZ2, and ALDH3A1 usingatecular docking studies. 1,4-
bis(bromomethyl) benzene was selected as a liokeorinect the isatin scaffold and isothiourea
moieties. The protein structures of ALDH1A1, ALDHihd ALDH3AL co-crystallized with the
corresponding potent, isoform-specific ALDH inhdais CM037 (ALDH1A1), psoralen (ALDH?2)
and CB7 (ALDH3A1) were selected. The designed camgs were first docked into the ligand-
binding pocket of ALDH1AL1. Significant interactiomdentified between the crystal ligand, CM037,
and ALDH1A1 were a-n interaction with the W178 residue and an H-borndractions with the
Gly458 and Serl121 residues along with interactieitis Cys303. Isatin did not exhibit any of these
interactions with ALDH1A1; however, KS99 had a danit-r interaction with the W178 residue
and H-bond interactions with the Gly458 and SenEaldues of ALDH1AL. Cpd 3 had interactions
with W178 and S121. Importantly, compourgfa-1) and4(a-l) shared similar interactiongi@. 2
andFig. S1) with residues in the ligand-binding pocket of AHDA1 compared to CM037 and
KS99, suggesting they could potentially be inhitstof ALDH1AL.

Docking studies were similarly conducted with commpds and the ALDH2 and ALDH3A1 protein
structuresn-rn interactions with the F459 residue and H-bondradgons with the L269 residues
occurred between ALDH2 and the crystal ligand, asor. Similarlyz-n interactions with the T115
residue occurred between ALDH3A1 and the crystrd, CB7. Importantly, compound&-I)
and4(a-1) shared similar interactions with residues in tgarid-binding pockets of ALDH2 and

ALDH3A1 compared to psoralen and CB7, respecti{Elg. 2 andFig. S1), suggesting they could



be inhibitors of ALDH2 and ALDH3A1. As Cpd 3 is nat inhibitor of ALDH2 and ALDH3A1, it
did not have these interactions. Docking score8(& 1) and4(a-l) ranged from -7.495 to -11.938
for ALDH1AL, -6.756 to -11.205 for ALDH2 and -12910 -14.564 for ALDH3A1Table1).
Based on these strong docking scogés|) and4(a-1) were synthesized for further analysis of

ALDH enzyme inhibitory activity, anticancer efficacand toxicity.
2.2. Chemistry

The synthesis of target compounds, substituted(2-B+dioxo-2,3-dihydroindol-1-
ylmethyl)benzyllisothiourea hydrobromidag-I) and 2-[4-(2,3-diox0-2,3-dihydroindol-1-
ylmethyl)benzyl]lisoselenourea hydrobroma@alogsd(a-1) are illustrated irscheme 1. The key
intermediate®(a-1) were prepared in one step. Initially, unsubsgtiyts or 7 mono substituted, and
5,7-disubstituted isatins were reacted with 1,4ds@momethyl)benzene in the presence of
potassium carbonate in DMF to the correspondNr{@-bromomethylbenzyl) isatirda-l) in a good
yield. These intermediateXa-1) were then refluxed with thiourea in ethanol toduce the
corresponding 2-[4-(2,3-dioxo-2,3-dihydroindol-Ingthyl)benzyl]isothiourea hydrobromidé&@-

[) andrefluxed with selenourea in ethanol to yield 2-§43tdioxo-2,3-dihydroindol-1-
ylmethyl)benzyl]lisoselenourea hydrobromaealogsd(a-1) in an excellent yield. The structures of
all isatin derivatives were confirmed Biy NMR, *C NMR, and HRMS analysis. The compound
purity (>98%) was confirmed by analytical high-merhance liquid chromatography (HPLC) before

proceeding forn vitro biological assays.
2.3. ALDH isoforminhibitory activity

All the synthesized compoun@8-l) and4(a-1) were assessed for the inhibition of ALDH1A1,
ALDH2, and ALDH3A1 enzyme activity at various contations, and the results were summarized
in Table 2. The enzymes inhibition were evaluated by meaguhe conversion of NAD+ to NADH
following the addition of isoform-specific aldehyslm the presence 8{a-1) and4(a-1). ALDH
inhibitory 1Cses activity of3(a-1) and4(a-1) were 230 nM to >10,000 nM for ALDH1A1, 939 nM to
>10,000 nM for ALDH2 and 193 nM to >10,000 nM fot BH3A1. (Table 2; dose-response
curvesin Fig. S2). 3(h-1), 4b, and4(j-I) had the most potent inhibition of ALDH1A1, ALDHand
ALDH3AL1 at the concentrations tested and were atared potent, multi-ALDH isoform inhibitors.
The most potent multi-ALDH isoform inhibitor, on@age, wasgj, which had IGes of 230 nM,

1542 nM, and 193 nM for ALDH1A1, ALDH2, and ALDH3Adnzyme activity Table 2).



Several trends in the structure-activity relatiopssf compound$(a-I) and4(a-1) were noted
(Tables 1 and 2). Compounds (X=S, series 3) with isothiourea nyogetnerally had greater multi-
ALDH isoform inhibitory activity than that of corsponding isoselenourea compounds (X=Se,
series 4). The lower inhibitory activity of selemwanalogs may vary due to the larger size of
selenium than a sulfur atom, which may interferthwhe binding in the active-site pocket. For
instance3h and3j were more potent ALDH inhibitors thah and4j, respectively. ALDH
inhibitory activity of3(a-1) and4(a-1) depended on the halogen substitution gafitl/or R.
Specifically, -dibromo substitution8j( 4j) led to the best ALDH inhibition, followed by -ditoro
(3k, 4k), -fluoro, bromo 8l, 4l), trifluoromethyl @h), -fluoro @3f, 4f) and finally un-substitute4,
4a) compounds. Also, 5,7-disubstituted compourgjis3k) were more effective compared to 5-
substituted 3b, 3d) or 7-substituted3c, 3e) compounds. Further, 7-substituted compouBds3g)
were more effective than 5-substituted compouBts3d). Finally, 5,7-dibromo substitution8j(
4j) had greater ALDH inhibitory activity compared3eluoro,7-bromo substitution$lI( 4l).
Among all the compounds, 5,7-dibromo substitutiotisnately had the best ALDH inhibitory
activity, may be due to larger size of bromine caneg to other halogens and more hydrophobic

nature of bromine, which facilitated the interantia the hydrophobic binding pocket.
2.4. Cdlular activity

Since isothiourea compounds (series 3) were inrgemaore potent ALDH1A1, ALDH2, and
ALDH3AL1 inhibitors compared to the correspondingsisleno analogs (series 4), o8(-1), the
most potent inhibitors in series 3, were testedafdiproliferative effects on cultured cancer cells
Specifically,3(h-1) were evaluated for inhibition of proliferation afltured melanoma cells (UACC
903 and 1205 Lu) as ALDH overexpression is impdriamelanoma progression [45, 46]. The
range of IGes against UACC 903 cells was 3 to 5.7 uM, and &f51Lu cells was 2.1 to 5.7 uM
(Table 3; dose-response curveskig. S3), with 3j and3k being the most effective across both cell
lines. Cell killing by3(h-1) was also specific for melanoma cells comparedtaal human
fibroblasts (FF2441). Specificallg(h-1) were 2- to 3.8-fold more selective for killing mabma
cells (Table 3). Importantly,Cpd 3 and the inactive compoura had 1Gs greater than 100 uM in
all the cell lines evaluated, demonstrating thedrtgnce of substitutions on the isatin ring of the

compounds synthesized.



Subsequently3(h-1) were evaluated for antiproliferative effects ines@l cancer types. Colon
cancer cells (HCT116 and HT29) were studied as AldvErrexpression is also crucial in colon
cancer progression [11, 47, 48]. Averagex$dor each compound across both cell lines were 5.3
MM for 3h, 5.15 uM for3i, 2.7 uM for3j, 2.9 uM for3k and 5.1 uM foBl (Table 3; dose-response
curves inFig. S3). Compoundsj and3k were most effective in inhibiting the colon cancell
survival likely due to their strong inhibition oft®H1A1 and ALDH3AL. Multiple myeloma cells
were also examined, as ALDH1A1 overexpression leas lassociated with stemness, therapy
resistance, and poor outcomes in this cancer typedP-52]. Average l&gs for3(h-l) across all
multiple myeloma cell lines tested (NCIH929, U26#MI18226, MM.1R, MM.1S) were 1.9 uM for
3h, 3.8 uM for3i, 1 uM for3j, 1.6 uM for3k and 2.4 uM foBIl (Table 3; dose-response curves in
Fig. $4). Compounds$h, 3j, and3k showed more potent growth inhibition of multiplgefoma

cells when compared to melanoma and colon cantlsf demonstrating the more effectiveness of
these compounds even in hematological malignangiditionally, these compounds displayed
better IGos at killing melanoma cell with time, andsiS of 3] were 7.2 uM at 24 hours compared to
4.1 uM at 48 hours and 3.7 uM at 72 hotig)(S5). Thus,3(h-l) were specific to cancer cells and
displayed antiproliferative activity against cutdrmelanoma, colon cancer, and multiple myeloma
cells, indicating the potential for these compouttdise translated into the clinic. Moreovagh-I)
displayed chemical properties predictive of goollsitity, absorption, metabolism, and excretion
(Table4), indicating the drug-like properties of these coonmuis. All these compounds adhered to

Lipinski’s rule of five for drug-like compounds.
2.5. Toxicity studies

Since compound3(h-l) were identified to be potent, multi-ALDH isoformhibitors with
antiproliferative activity in multiple cancer typekbe toxicity of these compounds were evaluated fo
translatability to the clinic. Previously, we iddid that KS99 was toxic in animals at 5 mg/kg/day
[44]. Based on this data, we selected 5 mg/kg/aee dor the toxicity study witB(h-I) compounds.
Specially, Swiss-Webster mice were treated withgdkgiday of3(h-1) i.p. for 14 days, and animal
weight was compared to vehicle contralalle 5). Compound$(i-l) led to significant weight loss
(10-15% body weight) after 14 days of treatmentevBh led to no significant weight loss (toxicity

timeline inFig. S6). Thus,3h was identified to be the least toxic agent, whithy be due to lesser



ALDH inhibitory activity when compared to compour®{g-1). Toxicity of 3(i-I) could be mitigated
using controlled release formulations such as nposbmes [53].

2.6. ROSand lipid peroxidation activity and toxic aldehyde accumulation

Accumulation of toxic aldehydes (e.g., 4-HNE, 4-HHHDA, acrolein) secondary to ALDH
inhibition can lead to protein adduct formatiorgriesased ROS levels and lipid peroxidation,
ultimately causing cell damage and apoptosis [3blis, to evaluate the mechanism by which the
ALDH inhibitors killed the cultured cancer cellsR®OS assay was performed using DCFDA dye
[54]. Specifically, colon cancer cells, HCT116 &/480 were treated with 5 uM of the most
potent ALDH inhibitor identified, compoundj and the least toxigh for 24 hours and ROS
activity in treated cells was compared to DMSO.iAactive molecule in the serie®a was also
included as a negative control, angddwas used as a positive control. As showhigure 3A and
3B, compoundsgh and3j significantly increased ROS levels in both colefi knes, indicating
elevated ROS levels likely contribute to their gnbliferative effects. Additionally, compoura,
an inactive derivative, did not significantly inase the ROS activity in any of the cell lines
evaluated. Importantly, the ROS-inducing actidfycompound$8h and3j was abrogated by the
addition of N-Acetyl Cysteine (NAC), a scavengeRES activity in cells, indicating that the
compounds affect the ROS-pathway.

To evaluate i8h and3j led to increased lipid peroxidation and toxic alglde accumulation, a lipid
peroxidation assay was performed using a TBARSydgs§65]. Specifically, HCT116 cells were
treated with 5 uM o8h and3j for 24 hours, and lipid peroxidation activity atacic aldehyde
accumulation in treated cells were compared to DM&Oshown inFigure 3C, compoundgh and
3j significantly increased lipid peroxidation anditoaldehyde accumulation in HCT116 colon
cancer cell line, likely contributing to their aimtioliferative effects. Additionally3a was
ineffective in increasing the lipid peroxidationhie the addition of NAC abrogated the effects of
3h and3j, indicating the importance of ROS pathway in tbeuenulation of toxic aldehydes by
these ALDH inhibitors.

Further, the effect of the addition of NAC on thetigoroliferative and apoptotic activity of ALDH
inhibitors was also evaluated. Addition of NACrieased the cell killing 16gs of 3h and3j in colon
cancer cell line, HCT116 by 6-fold, and 8-fold,pestively Fig. 3D). Similar activity was

observed in apoptosis and cell cycle assays whafe &brogated the activity of the potent ALDH



inhibitors. When HCT116 colon cancer cells weeated with3h and3j at 5 uM for 24 hours, the
percentage of cells which are both Annexin-V andAD positive were significantly higher than the
DMSO control-treated cells or inactive compouBalfreated cellsKig. 3E; representative dot plots
in Fig. S7). When NAC was added to these compounds, thesenaancrease in apoptotic cells
compared to DMSO treated cells. Similarly, compts8) and3h caused a G2/M arrest in the cell
cycle activity of the colon cancer cell line HCT1#hich was truncated by addition of NAEig.

3F; representative histogramshing. S8). These data suggest that the potent ALDH inbiibit
induce ROS activity, lipid peroxidation and accuatign of toxic aldehydes to inhibit cell survival

and induce apoptosis through the modulation of R&t8way.
3. Conclusion

In summary, this report details the design andisgis of a series of novel, potent, multi-isoform
ALDH inhibitors. Compounds with the best multi-ALDiBoform inhibition3(h-I) were evaluated

for antiproliferative effects in multiple cancepgs and displayed efficacy and selectivity for
cultured cancer cells. Compou8id was not toxic in animals and thus may be the masnising
anticancer drug in this study. Compouisl) were toxic, however, nanoliposomal formulations of
3(i-1) could be developed to improve toxicity profileswas| as bioavailability. Mechanistically,
potent multi-isoform ALDH inhibition led to signantly increased ROS activity, lipid

peroxidation, and toxic aldehyde accumulation.
4. Experimental

4.1. Chemistry

4.1.1. General methods and materials

Isatin was purchased from Sigma-Aldrich (Sigma-&Aldy St. Louis, MO, USA), 5,7-dibromo isatin
was synthesized using previously reported methé2ls Dther chemicals were purchased from
commercial vendors. Anhydrous solvents were usedlf@xperiments. Reactions were carried out
using dried glassware and under an atmospherdrofjan. Reaction progress was monitored with
analytical thin-layer chromatography (TLC) on alaonin-backed precoated silica gel 60 F254 plates
(E. Merck). TheN-benzylisatins were highly colored and would usub# seen on a TLC plate;
colorless compounds were detected using UV ligbt@riodine vapor. Column chromatography

was carried out using silica gel 60 (230-400 mesierck) with the solvent system indicated in



the individual procedures. NMR spectra were reabiang a Bruker Avance 11 500 or 600 MHz
spectrometers. Chemical shiftg (vere reported in parts per million downfield frahe internal
standard. The signals are quoted as s (singlétpublet), t (triplet), m (multiplet), dd (doublet
doublet), ddd (doublet of doublets of doublets)ditublet of triplets). Spectra are referencedo t
residual solvent peak of the solvent stated inntezidual procedure. High-resolution mass spectra
(HRMS) were determined in 5600 (QTOF) TripleTOFwgsa Duospray™ ion source (Sciex,
Framingham, MA). The capillary voltage was set.&tld/ in positive ion mode with a declustering
potential of 80V. The mass spectrometer was scafioed50 to 1000 m/z in operating mode with a
250 ms scan from 50 to 1000 m/z. Melting pointseadgtermined on a Fischer-Johns melting point
apparatus and are uncorrected. The purity of thgpoond was established by HPLC using an HP-
Agilent 1200 HPLC system on a C18 column, andraldompounds had a purity of >98% unless
mentioned.

4.1.2. General procedure for the synthesis of compounds 2(a-I)

Initially, mono (5 or 7) or di-substituted (5,7) emnsubstituted isatinga-I) (10 mmol) were

dissolved in anhydrous DMF (30 mL) and cooled @wigth stirring. Solid dry KCOs (11 mmol)

was added in one portion, and the dark-coloredesuspn was brought to room temperature and
stirred for a further 1 h. 1,4-bis(bromomethyl)benz (40 mmol) was added slowly with constant
stirring until the mono or di-substituted isatiarsing material had been consumed (TLC). The
reaction mixture was poured into cold water andaetéd with ethyl acetate. The ethyl acetate layer
was washed with water, brine, and dried over MgS@e solvent was removed, and the crude
product was purified by silica gel column chromatgany using (hexanes/EtOAc, 80:20) as eluent
to yield the key intermediatesN-p-bromomethyl benzyl)isatin®a-l) (yield 75-80%) as orange-

red crystals.

4.1.3. General procedure for the synthesis of compounds 3(a-I)

To each unsubstituted, mono, and di-substitutde(i§-bromomethyl benzyl)isatin®a-I)
(2.02mmol), thiourea (1.02 mmol) and ethanol (25wds added and heated to reflux until the
starting material had been disappeared (TLC). Dhesat was removed under vacuum. The crude
product was washed with ethyl acetate to removeaated (N-(p-bromomethyl benzyl)isatins. The

products3(a-1) were recrystallized by ethanol-ethyl acetate \gitbhd yields.



4.1.4. General procedure for the synthesis of compounds 4(a-1)

To each unsubstituted, mono, and di-substitutde(i§-bromomethyl benzyl)isatin®a-I)
(2.02mmol), selenourea (1.02 mmol) and ethanohB5vas added and heated to reflux until the
starting material had been disappeared (TLC). Dhesat was removed under vacuum. The crude
product was washed with ethyl acetate to removeaated (N-(p-bromomethyl benzyl)isatins. The
productsA(a-1) were recrystallized by ethanol-ethyl acetate \gitbhd yields.

4.1.5. 2-[4-(2,3-Dioxo-2,3-dihydroindol-1-ylmethyl )benzyl ] i sothi our ea hydrobromide (3a) (KS104).

Yellow solid, Yield: 83%; mp: 208-210 °CH NMR (500 MHz, DMSO-g): § 9.18 (s, 2H), 8.98 (s,
2H), 7.61 - 7.57 (m, 2H), 7.46 - 7.38 (m, 4H), 7(8i8 J=0.6, 7.5 Hz, 1H), 6.98 (dd, J=0.5, 8.2 Hz,
1H), 4.92 (s, 2H), 4.47 (s, 2H}C NMR (150 MHz, DMSO-g¢): 5 183.5, 169.5, 158.8, 150.8, 138.5,
135.9, 134.8, 129.8, 128.3, 125.0, 123.9, 118.3,5143.1, 34.4. MS (ESI) m/z 326 [M+H]; HRMS
(ESI) m/z for G7H1sN30,S calculated 326.0885, found m/z: 326.0963.

4.1.6. 2-[ 4-(5-Bromo-2,3-dioxo-2,3-dihydroindol - 1-yl methyl )benzyl] i sothiourea hydrobromide (3b)
(KS108).

Orange solid, Yield: 75%; mp: 217-219 *& NMR (500 MHz, DMSO-g): 5 9.15 - 8.96 (m, 4H),
7.78 - 7.75 (m, 2H), 7.46 - 7.37 (m, 4H), 6.93 (@#0.5, 8.2 Hz, 1H), 4.91 (s, 2H), 4.46 (s, 2¥.
NMR (150 MHz, DMSO-¢): 6 182.3, 169.5, 158.5, 149.6, 140.1, 135.6, 1348,7, 128.2, 127.2,
120.1, 115.6, 113.6, 43.1, 34.4. MS (ESI) m/z 404 H]; HR-MS (ESI) m/z for G/H14BrN30,S
calculated 403.9990, found m/z: 404.0075.

4.1.7. 2-[ 4-(7-Bromo-2,3-dioxo-2,3-dihydroindol - 1-yl methyl )benzyl] isothiourea hydrobromide (3c)
(KS110).

Yellow solid, Yield: 78%; mp: 206-208 °CH NMR (500 MHz, DMSO-g): & 9.18 (s, 2H), 8.99 (s,
2H), 7.76 (dd, J=1.2, 8.1 Hz, 1H), 7.65 (dd, J=%.3,Hz, 1H), 7.39 (m, 4H), 7.10 (dd, J=7.4, 8.1
Hz, 1H), 5.26 (s, 2H), 4.48 (s, 2HJC NMR (150 MHz, DMSO-g): § 182.3, 169.5, 159.9, 147.5,
143.3, 137.5, 134.1, 129.6, 127.2, 125.6, 124.8,11203.6, 44.4, 34.5. MS (ESI) m/z 404 [M+H];
HRMS (ESI) m/z for G;H14BrN3O,S calculated 403.9990, found m/z: 404.0091.

4.1.8. 2-[4-(5-Chloro-2,3-dioxo-2,3-dihydroindol - 1-ylmethyl ) benzyl] i sothiour ea hydr obromide (3d)
(KS112).



Orange solid, Yield: 77%; mp: 226-228 *&f NMR (500 MHz, DMSO-g): & 9.17 (s, 2H), 8.97 (s,
2H), 7.65 - 7.63 (m, 2H), 7.42 (dd, J=8.2, 26.3 #H1), 6.99 (dd, J=1.6, 7.4 Hz, 1H), 4.92 (s, 2H),
4.48 (s, 2H).13C NMR (150 MHz, DMSO-g): 6 182.4, 169.5, 158.6, 149.2, 137.3, 135.6, 134.8,
129.7,128.3, 128.1, 124.5, 119.7, 113.2, 43.24.34S (ESI) m/z 360 [M+H]; HRMS (ESI) m/z for
C17H14CIN3O,S calculated 360.0495, found m/z: 360.0570.

4.1.9. 2-[4-(7-Chloro-2,3-dioxo-2,3-dihydroindol - 1-yl methyl ) benzyl] i sothiour ea hydr obromide (3e)
(KS114).

Orange solid, Yield: 73%; mp: 225-227 *& NMR (600 MHz, DMSO-g): & 9.18 (s, 2H), 9.03 (s,
2H), 7.62 (d, J=2.4 Hz, 1H), 7.61 (dd, J=1.1, 474 tH), 7.40 (m, 4H), 7.17 (t, J=7.7 Hz, 1H), 5.22
(s, 2H), 4.51 (s, 2H)*C NMR (150 MHz, DMSO-g): & 182.3, 169.5, 159.8, 146.0, 139.9, 137.5,
134.2,129.6,127.2, 125.3, 124.1, 121.8, 116.8,84.5. . MS (ESI) m/z 360 [M+H]; HRMS (ESI)
m/z for G7H14CIN3O,S calculated 360.0495, found m/z: 360.0584.

4.1.10. 2-[ 4-(5-Fluoro-2,3-dioxo-2,3-dihydroindol - 1-ylmethyl ) benzyl] i sothiour ea hydrobromide (3f)
(KS116).

Orange solid, Yield: 75%; mp: 208-210 *& NMR (600 MHz, DMSO-g): § 9.17 (s, 2H), 9.03 (s,
2H), 7.50 (dd, J=2.4, 7.0 Hz, 1H), 7.47 (d, J=84 tH), 7.46 (d, J=8.3 Hz, 2H), 7.41 (d, J=8.4 Hz,
2H), 7.00 (dd, J=3.8, 8.6 Hz, 1H), 4.92 (s, 2H}14(s, 2H)*C NMR (150 MHz, DMSO-g): &

182.9, 169.5, 159.0, 158.9, 147.0, 135.7, 134.8,81228.3, 124.3, 119.2, 112.9, 112.0, 43.2, 34.4.
MS (ESI) m/z 344 [M+H]; HRMS (ESI) m/z for&H14FN3O,S calculated 344.0791, found m/z:
344.0883.

4.1.11. 2-[4-(7- Fluoro -2,3-dioxo-2,3-dihydroindol - 1-yl methyl ) benzyl ] i sothiour ea hydrobromide
(30) (KS118).

Orange solid, Yield: 71%; mp: 210-212 *& NMR (600 MHz, DMSO-g): § 9.20 (s, 2H), 9.06 (s,
2H), 7.52 (dd, J=8.6, 11.6 Hz, 1H), 7.48 (d, JHB3 1H), 7.41 (m, 4H), 7.16 (ddd, J=7.9, 7.9, 3.8
Hz, 1H), 4.97 (s, 2H), 4.51 (s, 2HJC NMR (150 MHz, DMSO-g): § 182.3, 169.5, 158.9, 147.7,
136.8, 136.5, 134.6, 129.7, 127.7, 126.2, 125.1,51221.3, 45.3, 34.4. MS (ESI) m/z 344 [M+H];
HRMS (ESI) m/z for G;H14FN3O,S calculated 344.0791, found m/z: 344.0882.



4.1.12. 2-[ 4-(2,3-Dioxo-5-trifluoromethyl-2,3-dihydroi ndol-1-yl methyl )benzyl] i sothiourea
hydrobromide (3h) (KS106).

Yellow solid, Yield: 76%; mp: 225-227 °G¢H NMR (500 MHz, DMSO-g): *H NMR (500 MHz,
DMS0) 8 9.17 (s, 2H), 9.00 (s, 2H), 7.96 (dd, J=1.3, 824 HH), 7.89 (d, J=1.7 Hz, 1H), 7.49 - 7.39
(m, 4H), 7.15 (d, J=8.4 Hz, 1H), 4.98 (s, 2H), 4482H).*C NMR (150 MHz, DMSO-g): &

182.0, 169.5, 159.0, 153.4, 135.5, 134.9, 134.9,71228.3, 124.4, 124.2, 121.5, 118.9, 112.0,,43.3
34.4. MS (ESI) m/z 394 [M+H]; HRMS (ESI) m/z for#E,4F3N3O,S calculated 394.0759, found
m/z: 394.0838.

4.1.13. 2-[ 4-(2,3-Dioxo-7-trifluoromethyl-2,3-dihydroi ndol-1-yl methyl )benzyl] i sothiourea
hydrobromide (3i) (KS122).

Yellow solid, Yield: 70%; mp: 216-218 °¢H NMR (600 MHz, DMSO-g): *H NMR (600 MHz,
DMSO0) 6 9.23 (s, 2H), 9.05 (s, 2H), 7.95 (d, J=7.6, Hz),1H94 (dd, J=1.4, 7.2 Hz, 1H), 7.39 -

7.33 (m, 5H), 5.03 (s, 2H), 4.49 (s, 2H). 3C NMB@ MHz, DMSO-¢): 6 181.4, 169.5, 160.5,
148.4, 136.5, 135.0, 133.8, 129.4, 129.0, 126.3,9,223.3, 121.7, 112.8, 46.3, 34.4. MS (ESI) m/z
394 [M+H]; HRMS (ESI) m/z for @H14F3N30,S calculated 394.0759, found m/z: 394.0852.

4.1.14. 2-[4-(5, 7-Dibromo-2, 3-dioxo-2, 3-dihydroindol-1-ylmethyl)benzyl] isothiourea
hydrobromide (3j) (KS100).

Orange solid, Yield: 84%; mp: 196-198 *& NMR (500 MHz, DMSO-g): § 9.17 (s, 2H), 8.98 (s,
2H), 8.01 (d, J=2.0 Hz, 1H), 7.82 (d, J=2.0 Hz, TH¥2 - 7.36 (m, 4H), 5.25 (s, 2H), 4.47 (s, 2H).
13C NMR (150 MHz, DMSO-g): 6 181.1, 169.48, 159.6, 146.7, 143.8, 137.4, 1329,6, 127.2,
126.8, 123.3, 116.2, 104.7, 44.5, 34.5; MS (ESH 481 [M+H]; HRMS (ESI) m/z for
Ci17H13Br2NsO,S calculated 481.9173, found m/z: 481.9164.

4.1.15. 2-[4-(5,7-Dichloro-2,3-dioxo-2,3-dihydroindol - 1-ylmethyl ) benzyl] isothiour ea hydr obromide
(3K) (KS102).

Orange solid, Yield: 81%; mp: 203-205 *& NMR (500 MHz, DMSO-g): § 9.22 (s, 2H), 9.04 (s,
2H), 7.78 (d, J=2.1 Hz, 1H), 7.70 (d, J=2.1 Hz, TH#3 - 7.37 (m, 4H), 5.19 (s, 2H), 4.49 (s, 2H).
13C NMR (125 MHz, DMSO-g): § 181.1, 169.5, 159.6, 144.8, 138.0, 137.4, 13429,68, 128.5,



127.1, 123.7,122.7, 117.0, 44.8, 34.4. MS (ESH 394 [M+H]; HRMS (ESI) m/z for
C17H13CIbN3O5S calculated 394.0106, found m/z: 394.0187.

4.1.16. 2-[ 4-(7-Bromo-5-fluoro-2,3-dioxo-2,3-dihydroi ndol - 1-ylmethyl )benzyl] i sothiour ea
hydrobromide (3l) (KS120).

Orange solid, Yield: 67%; mp: 216-218 °t&t NMR (500 MHz, DMSO-g): § 9.25 (s, 2H), 9.14 (s,
2H), 7.79 (dd, J=2.7, 8.8 Hz, 1H), 7.63 (dd, J=B.3,Hz, 1H), 7.37 (m, 4H), 5.23 (s, 2H), 4.50 (s,
2H). **C NMR (125 MHz, DMSO-¢): 5 181.6, 166.6, 159.3, 158.7, 144.1, 137.0, 1389,5,
128.8, 127.1, 122.6, 112.0, 103.5, 44.4, 30.5. M9 m/z 421 [M+H]; HRMS (ESI) m/z for
C17H13BrFN3O,S calculated 421.9895, found m/z: 421.9991.

4.1.17. 2-[4-(2,3-Dioxo-2,3-dihydroindol-1-ylmethyl)benzyl] i sosel enour ea hydrobromide (4a)
(KS105).

Yellow solid, Yield: 77%; mp: 216-218 °CH NMR (500 MHz, DMSO-g): & 9.25 (s, 2H), 9.12 (s,
2H), 7.61 - 7.57 (m, 2H), 7.43 - 7.37 (m, 4H), 7(88 J=7.5, 7.5, 0.7 Hz, 1H), 6.99 (dd, J=0.6, 8.4
Hz, 1H), 4.90 (s, 2H), 4.50 (s, 2HJC NMR (150 MHz, DMSO-g): & 183.5, 166.7, 158.8, 150.8,
138.5, 136.8, 135.5, 129.8, 128.2, 125.0, 123.8,201111.5, 43.1, 30.4. MS (ESI) m/z 374 [M+H];
HRMS (ESI) m/z for G;H1sN30,Se calculated 374.0329, found m/z: 374.0414.

4.1.18. 2-[ 4-(5-Bromo-2,3-dioxo-2,3-dihydroindol - 1-yl methyl )benzyl] i sosel enour ea hydr obromide
(4b) (KS109).

Orange solid, Yield: 70%; mp: 208-210 *& NMR (500 MHz, DMSO-g): § 9.24 (s, 2H), 9.15 (s,
2H), 7.78 - 7.74 (m, 2H), 7.43 - 7.36 (m, 4H), 6(83J=8.3 Hz, 1H), 4.90 (s, 2H), 4.50 (s, 2HE
NMR (150 MHz, DMSO-g): 6 182.3, 166.7, 158.5, 149.6, 140.1, 136.8, 1329,7, 128.2, 127.2,
120.1, 115.6, 113.6, 43.2, 30.4. MS (ESI) m/z 431Hl]; HRMS (ESI) m/z for G/H14BrN3;O.Se
calculated 451.9435, found m/z: 451.9550.

4.1.19. 2-[ 4-(7-Bromo-2,3-dioxo-2,3-dihydroindol -1-ylmethyl ) benzyl] i sosel enour ea hydrobromide
(4c) (KS111).

Orange solid, Yield: 72%:; mp: 202-204 &t NMR (500 MHz, DMSO-g): § 9.24 (s, 2H), 9.12 (s,
2H), 7.77 (dd, J=1.2, 8.1 Hz, 1H), 7.65 (dd, J=1.3,Hz, 1H), 7.36 (m, 4H), 7.10 (dd, J=7.3, 8.1
Hz, 1H), 5.25 (s, 2H), 4.51 (s, 2HJC NMR (150 MHz, DMSO)5 182.3, 166.7, 159.9, 147.5,



143.3,137.1, 136.1, 129.6, 127.1, 125.6, 124.8,012103.6, 44.4, 30.5. . MS (ESI) m/z 451 [M+H];
HRMS (ESI) m/z for G;H14BrN3;O,Se calculated 451.9435, found m/z: 451.9543.

4.1.20. 2-[ 4-(5-Chloro-2,3-dioxo-2,3-di hydr oindol -1-ylmethyl )benzyl ] i sosel enour ea hydrobromide
(4d) (KS113).

Orange solid, Yield: 70%; mp: 216-218 *& NMR (500 MHz, DMSO-g): § 9.24 (s, 2H), 9.15 (s,
2H), 7.65 - 7.63 (m, 2H), 7.43 - 7.36 (m, 4H), 6(€€, J=1.8, 7.3 Hz, 1H), 4.91 (s, 2H), 4.50 (s,
2H). *C NMR (150 MHz, DMSO-g): & 182.4, 166.7, 158.6, 149.3, 137.3, 136.9, 1329,7,
128.2,128.1, 124.5, 119.7, 113.2, 43.2, 30.4. EIS)Y m/z 407 [M+H]; HRMS (ESI) m/z for
C17H14CIN3O,Se calculated 407.9940, found m/z: 408.0035.

4.1.21. 2-[4-(7-Chloro-2,3-dioxo-2,3-dihydroindol -1-ylmethyl ) benzyl] i sosel enour ea hydrobromide
(4e) (KS115).

Orange solid, Yield: 70%; mp: 192-194 *&f NMR (500 MHz, DMSO-g): & 9.24 (s, 2H), 9.14 (s,
2H), 7.62 (dd, J=1.2, 7.3 Hz, 1H), 7.61 (dd, J=8.2,Hz, 1H), 7.37 (m, 4H), 7.16 (dd, J=7.3, 8.1
Hz, 1H), 5.20 (s, 2H), 4.51 (s, 2HJC NMR (150 MHz, DMSO-g): & 182.3, 166.7, 159.8, 146.0,
140.0, 137.1, 136.2, 129.6, 127.1, 125.3, 124.1,81216.2, 44.8, 30.5. MS (ESI) m/z 407 [M+H];
HRMS (ESI) m/z for G;H14CIN3O,Se calculated 407.9940, found m/z: 408.0041.

4.1.22. 2-[ 4-(5-Fluoro-2,3-dioxo-2,3-dihydroindol-1-yl methyl ) benzyl] isosel enour ea hydrobromide
(4f) (KS117).

Orange solid, Yield: 72%; mp: 201-203 °t&t NMR (500 MHz, DMSO-g): § 9.25 (s, 2H), 9.12 (s,
2H), 7.52 - 7.44 (m, 2H), 7.43 - 7.37 (m, 4H), 6(€d, J=3.8, 8.6 Hz, 1H), 4.90 (s, 2H), 4.50 (s,
2H). **C NMR (150 MHz, DMSO-g¢): 5 182.9, 166.7, 159.0, 158.9, 147.0, 136.9, 1329,8,
128.2,124.3,119.2,112.9, 112.0, 43.2, 30.4. B m/z 392 [M+H]; HRMS (ESI) m/z for
C17H14FN3O,Se calculated 392.0235, found m/z: 392.0337.

4.1.23. 2-[ 4-(7- Fluoro -2,3-dioxo-2,3-dihydroindol-1-yl methyl ) benzyl] i sosel enour ea hydr obromide
(49) (KS119).

Orange solid, Yield: 69%; mp: 206-208 &t NMR (500 MHz, DMSO-g): § 9.25 (s, 2H), 9.13 (s,
2H), 7.51 (ddd, J=1.0, 8.4, 11.8 Hz, 1H), 7.48 (.0, 7.4 Hz, 1H), 7.38 (m, 4H), 7.15 (ddd,
J=4.0, 7.5, 8.3 Hz, 1H), 4.96 (s, 2H), 4.50 (s,.280 NMR (150 MHz, DMSO-g):  182.3, 166.7,



158.9, 147.6, 136.6, 136.3, 129.7, 127.6, 126.23,01221.4, 121.3, 45.3, 30.5. MS (ESI) m/z 392
[M+H]; HRMS (ESI) m/z for G/H14FN3O,Se calculated 392.0235, found m/z: 392.0334.

4.1.24. 2-[ 4-(2,3-Dioxo-5-trifluoromethyl-2,3-dihydr oi ndol-1-yl methyl )benzyl] i sosel enourea
hydrobromide (4h) (KS107).

Yellow solid, Yield: 72%; mp: 218-220 °CH NMR (500 MHz, DMSO-g): § 9.24 (s, 2H), 9.13 (s,
2H), 7.96 (dd, J=1.2, 8.4 Hz, 1H), 7.89 (d, J=12 H), 7.45 - 7.37 (m, 4H), 7.15 (d, J=8.4 Hz,
1H), 4.96 (s, 2H), 4.50 (s, 2H}C NMR (150 MHz, DMSO)5 182.1, 166.7, 159.0, 153.4, 136.9,
135.1, 134.9, 129.7, 128.2, 124.4, 124.2, 121.8,911112.0, 43.3, 30.4. MS (ESI) m/z 442 [M+H];
HRMS (ESI) m/z for GgH14F3N30,Se calculated 442.0203, found m/z: 442.0285.

4.1.25. 2-[ 4-(2,3-Dioxo-7-trifluoromethyl-2,3-dihydr oi ndol-1-yl methyl )benzyl] i sosel enourea
hydrobromide (4i) (KS123).

Yellow solid, Yield: 62%; mp: 212-214 °CH NMR (600 MHz, DMSO-g): & 9.25 (s, 2H), 9.13 (s,
2H), 7.85 (d, J=7.4 Hz, 1H), 7.75 (d, J=7.7 Hz, 1H}6 - 7.31 (m, 5H), 5.05 (s, 2H), 4.50 (s, 2H).
3C NMR (150 MHz, DMSO-¢): 6 181.3, 166.5, 160.4, 158.4, 136.5, 135.0, 1326,4], 129.1,
126.5, 123.8, 123.3, 121.8, 112.8, 46.2, 30.4. SN m/z 442 [M+H]; HRMS (ESI) m/z for
Ci18H14F3N30,Se calculated 442.0203, found m/z: 442.0311.

4.1.26. 2-[4-(5, 7-Dibromo-2, 3-dioxo-2, 3-dihydroindol-1-ylmethyl)benzyl] isoselenourea
hydrobromide (4j) (KS101).

Orange solid, Yield: 78%; mp: 193-195° NMR (600 MHz, DMSO-g): § 9.29 (s, 2H), 9.17 (s,
2H), 8.01 (d, J=2.0 Hz, 1H), 7.81 (d, J=2.0 Hz, 1H38 (m, 4H), 5.24 (s, 2H), 4.54 (s, 2HC
NMR (150 MHz, DMSO-¢): 6 181.1, 166.7, 159.6, 146.7, 143.8, 136.9, 13&@%,6, 127.1, 126.8,
123.2, 116.2, 104.7, 44.5, 30.5. MS (ESI) m/z 32%Hl]; HRMS (ESI) m/z for G/H13Br.NsO,Se
calculated 529.8617, found m/z: 529.8618.

4.1.27. 2-[4-(5, 7-Dichloro-2, 3-dioxo-2, 3-dihydroindol-1-ylmethyl)benzyl] isosel enourea
hydrobromide (4k) (KS103).

Orange solid, Yield: 76%; mp: 213-215 &t NMR (500 MHz, DMSO-g): § 9.26 (s, 2H), 9.15 (s,
2H), 8.01 (s, 1H), 7.81 (d, J=2.0 Hz, 1H), 7.37443), 5.24 (s, 2H), 4.51 (s, 2HYC NMR (150
MHz, DMSO-&): 6 181.1, 166.7, 159.6, 146.7, 143.8, 136.9, 13@9,5], 127.1, 126.8, 123.2,



116.2, 104.7, 44.5, 30.5. MS (ESI) m/z 441 [M+HRMS (ESI) m/z for G/H13Cl,N30,Se
calculated 441.9550, found m/z:; 441.9545.

4.1.28. 2-[ 4-(7-Bromo-5-fluoro-2,3-dioxo-2,3-dihydroindol - 1-yl methyl ) benzyl] i sosel enour ea
hydrobromide (4l) (KS121).

Orange solid, Yield: 65%; mp: 195-197 °t&t NMR (600 MHz, DMSO-g): § 9.23 (s, 2H), 9.12 (s,
2H), 7.79 (dd, J=2.7, 8.7 Hz, 1H), 7.63 (dd, J=B.8,Hz, 1H), 7.37 (m, 4H), 5.24 (s, 2H), 4.51 (s,
2H). **C NMR (150 MHz, DMSO-g): 5 181.6, 166.6, 159.2, 158.8, 144.1, 137.0, 1389,5,
128.9, 127.1, 122.6, 112.0, 103.6, 44.4, 30.5. S m/z 469 [M+H]; HRMS (ESI) m/z for
C17H13BrFN3O,Se calculated 469.9340, found m/z: 469.9437.

4.2. Biology
4.2.1. Cdl line and culture conditions

Dr. Craig Myers, Penn State College of MedicinetdHey, PA, provided normal human fibroblasts
(FF2441). The mutant V600E-BRAF human melanomaliced|1205 Lu was provided by Dr.
Herlyn; Wistar Institute, Philadelphia, PA, and UB®G03 was provided by Dr. Mark Nelson;
University of Arizona, Tucson, AZ. Colon cancerlsgdHCT116, HT29) and multiple myeloma
cells (NCIH929, U266, RPMI8226, MM.1R, MM.1S) wegrmcured from ATCC. Cell lines were
maintained in a 37°C humidified 5% G@tmosphere incubator and periodically monitored fo
phenotypic, genotypic characteristics, and tumarigpotential to validate and confirm cell line
identity.

4.2.2. Molecular docking studies

Binding interactions of isatin and isatin derivaswvith ALDH1A1 (PDB: 4X4L), ALDH2 (PDB:
5L13), and ALDH3AL1 (PDB: 4L20) proteins were anagaising the GLIDE (Grid Ligand

Docking with Energetics) docking application in M&e 10.1 software as described previously [56-
58]. Proteins were prepared using the protein peg¢joa wizard tool (Schrodinger, LLC, 2017) with
default parameters. The proteins were optimizednaimimized for spatial conformations. Grids
were generated based on the location of the criyg#add-binding site (CM037 for ALDH1AL,
psoralen for ALDH2, and CB7 for ALDH3A1), using t.IDE grid module. Default parameters

were used, and no constraints were included dgrireiggeneration. Ligand preparation was then



performed using the ligprep module in Schrodingepr@viously described [56-58]. The docking
study was performed using GLIDE 6.6 in Maestro 10He GLIDE algorithm estimates a
systematic search of positions, orientations, amdarmations of the ligand in the enzyme-binding
pocket via a series of hierarchical filters. Alishivere subjected to the extra precision (XP) nadde
GLIDE. During the docking process, the GLIDE scawes used to select the best conformation for
each ligand [56-58].

4.2.3. Predicted drug-like properties of compounds.

Drug-like properties of the designed compounds peeeicted by using the Quikprops module of
Maestro 10.1 software [56-58].

4.2.4. ALDH isoform-specific enzyme assays

ALDH1A1, ALDH2, and ALDH3A1 enzyme assays were penied as described by the
manufacturer (R & D systems). Isoform-specific alglies were converted to their respective
carboxylic acids along with the conversion of NARHNADH (absorbance at 340 nm).
Specifically, 1 pg/mL of ALDH1A1 was treated witliffdrent concentrations &a-1) and4(a-l) for
15 minutes followed by addition of substrate migt(®0 mM propionaldehyde; 100 mM KCI; 1
mM NAD; 2 mM DTT; 50 mM Tris pH 8.5) and the absarnte of NADH was measured in kinetic
mode for 5 minutes. Similarly, 0.5 pg/mL of ALDHZw/ used in the reaction with 2 mM of
acetaldehyde as the substrate, and 0.2 pg/mL of-fdA1 was used in the reaction with 1 mM of

4-nitrobenzaldehyde as the substrate.
4.2.5. Cdl viability assay

Melanoma, colon cancer, multiple myeloma, and FE2HRIIS treated witBa or 3(h-1) and cell
viability assays were performed as described pusiyo54, 59, 60]. Briefly, 5,000 cells per well
were plated in a 96-well plate and incubated owgtnat 37°C in a 5% C{atmosphere. Cells were
treated with3a or 3(h-1) at various concentrations and incubated for A&$icAdditionally, cells
were also treated with 10 mM of NAC. 20 pL of MTéagent was then added into each well, and
the formation of tetrazolium was measured by alemb after 1 hour at 492 nm.shalues for
each experimental group were measured in 3 indepemkperiments using GraphPad Prism
version 7.04 (GraphPad Software, La Jolla, CA)e&aelity indices for3(h-I) were calculated as a

ratio of 1Gss in fibroblasts/average of 465 in melanoma cell lines.



4.2.6. Toxicity studies
To determine the toxicity @(h-l), compounds (5 mg/kg/day) were injected i.p. Bwiss-Webster
mice once daily for 14 days [61, 62]. Animals warenitored for changes in body weight,

behavior, and physical distress compared to DMStirab

4.2.7. ROS assay

ROS activity was measured using DCFDA dye [54]efyi cells were treated with 5 uM 84, 3h,
or 3j for 24 hours. Additionally, cells were also trehteith 10 mM of NAC. Cells were incubated
with 10 uM of DCFDA for 1 hour, and fluorescenceswaeasured at 485 nm excitation and 510 nm

emission. ROS levels in treated cells were comper&MSO control.
4.2.8. Lipid peroxidation and toxic aldehyde accumulation

Lipid peroxidation and toxic aldehyde accumulatweere measured using the thiobarbituric acid
reactive substances (TBARS) kit according to thaufecturer’s instructions [55]. Briefly, cells
were treated with 5 M da, 3h, or 3j for 24 hours. Additionally, cells were also trehteith 10

mM of NAC. Cell pellets were lysed in PBS by sotii@a on ice. Lipids in the lysates were
hydrolyzed in the presence of acetic acid and sodiudroxide. Free MDA released from lipids was
measured by the reaction to TBA colorimetricallyp80 nm. Lipid peroxidation in treated cells was
compared to DMSO control.

4.2.9. Apoptosis assay

Apoptosis assay was measured using Annexin-V-PBD-Ait according to the manufacturer’s
instructions [54]. Briefly, cells were treated vk uM of3a, 3h, or 3j for 24 hours. Additionally,
cells were also treated with 10 mM of NAC. Cellerevdetached, washed with PBS, and stained
with Annexin-V-PE and 7-AAD. Cells were acquiregd BD Fortessa flow cytometer from Penn
State Hershey Flow Cytometry core facility. Céllat are double-positive for both Annexin-V and

7-AAD were considered late-stage apoptotic anccangpared to DMSO control.
4.2.10. Céll cycleanalysis

Cell cycle analysis was performed using Propidiothde staining [54]. Briefly, cells were treated
with 5 uM of3a, 3h, or 3j for 24 hours. Additionally, cells were also tetvith 10 mM of NAC.

Cells were detached, washed with PBS, and fixetD# ethanol solution. Cells were stained with



Propidium iodide and acquired by BD Fortessa flgtometer from Penn State Hershey Flow

Cytometry core facility. Cell cycle analysis wasfprmed using FlowJo software.
4.2.11. Satistics

Statistical analysis was undertaken using the oagtwo-way ANOVA GraphPad PRISM Version
7.04 software. Dunnett’s as post hoc analysis wea®pned when there was a significant difference.

A p-value of <0.05 was considered statisticallyngigant.
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Schemes:

Scheme 1. Synthesis of compounda-1) and4(a-1). Reagents and conditions: a)®0s;, DMF, 1,4-
bis(bromomethyl)benzene; b) Thiourea, EtOH, 909CGGaienourea, EtOH, 90°C.

Figurelegends:

Figure 1. Isatin based structures ALDH1A1, ALDH2, and ALDH3Ahibitors.

Figure 2. Molecular docking studies of compounds in the &ctite pockets of ALDH1A1,
ALDH2, and ALDH3A1.3h is shown as a representative compoundfail) and4(a-l).

Figure 3. ROS and lipid peroxidation activity and toxic algdh accumulatiorHCT116 @A) and
SW480 B) cells were treated with 5 uM 84, 3h, or 3j for 24 hours with or without NAC (10

mM). ROS levels were measured using DCFDA dye amdpared to DMSO control.
Malondialdehyde (MDA) levels were measured in catancer cell line HCT116 using
thiobarbituric acid and compared to DMSO contf@). ( Cell survival assay was performed by MTS
assay D), apoptosis by Annexin-V/7-AADH) and cell cycle by propidium iodide staining irlao
cancer cell line HCT116).



Tablelegends:

Table 1. Structures and docking scores3@-1) and4(a-1). Docking scores were calculated for
compounds against ALDH1A1, ALDH2, and ALDH3AL1 usithge Glide module of Schrodinger.

Table 2. ALDH enzyme inhibitory 1Ges of 3(a-1) and4(a-1). Compounds3(a-I) and4(a-1) were
evaluated for ALDH1A1, ALDH2, and ALDH3AL inhibitgractivity. The % inhibition was

calculated for each compound and compared to DMS@ral.

Table 3. in vitro anti-proliferative activity of selected compour{g-1). Compoundsg(h-1) were
evaluated for anti-proliferative effects on melamgmolon cancer, multiple myeloma, and normal
human fibroblasts (FF2441). Cells were treated &(thl) at various concentrations for 72 hours,

and 1Ggs were calculated.

#1Cso = Compound concentration required to inhibit pedliferation by 50%. Data are expressed as thexmea
+ SD from the dose-response curve of at least ihcEpendent experiments. ND-not determined.

® Melanoma

“Colon cancer

4 Multiple myeloma

¢ Normal human fibroblasts

Table 4. Drug-like properties of 3(h-). Drug-like properties o3(h-1) were predicted by
Quikprops module of Schrodinger.

SASA: solvent accessible surface area; donor HBntated number of hydrogen bonds that would be
donated by the solute to water molecules in an@egisolution; aacptHB: Estimated number of hydrogen
bonds that would be accepted by the solute fronemrablecules in an aqueous solution; QPlogPo/w:
Predicted octanol/water partition coefficient; QJMEERG: Predicted 1§ value for blockage of HERG'K
channels; QPPCaco: Predicted apparent Caco-2arefigability in nm/sec. Caco2 cells are a modetter
gut-blood barrier; QPlogBB: Predicted brain/bloadtfiion coefficient; QPPMDCK: Predicted apparent
MDCK cell permeability in nm/sec; #metab: Numbetikély metabolic reactions; Human Oral Absorption:
Predicted qualitative human oral absorption; Pdreleman Oral Absorption: Predicted human oral

absorption on 0 to 100% scale; Rule Of Five: Nundfesiolations of Lipinski’s rule of five.

Table5. Toxicity of 3(h-1). Compound$8(h-l) were dosed daily at 5 mg/kg/day via i.p. injection
Swiss-Webster mice for 14 days. % change in amnwmeayht was compared to DMSO control.
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Table 1.

0
R,
0O
o
i ﬂ NH HE
,‘\-h—<
Docking score

Compounc  # Ry R, X  ALDH1Al1 ALDH2 ALDH3Al
KS10¢4 3e H H s -10.71 -8.51 -13.38:
KS10¢ 3b Br H S -11.63° -10.2¢ -13.36¢
KS11( 3c H Br S -9.72i -7.30¢ -13.35¢
KS11zZ 3d CI H S -11.93¢ -11.02¢  -13.66¢
KS11¢« 3e H Cl s -11.27: -7.061 -14.23°
KS11¢ 3f F H S -11.05¢ -11.0% -12.157
KS11¢ 3¢ H F s -11.19° -11.208  -14.2¢
KS10¢ 3h CF: H s -11.72: -10.37¢  -12.22¢
KS12Z 3i H CF: S -10.83¢ -9.497 -14.56¢
KS100 K] Br Br S -10.24 -8.71¢ -13.85!:
KS10zZ 3k ClI Cl S -10.84: -8.16¢ -14.10:
KS12( 3l F Br S -10.43: -7.29¢ -13.03¢
KS10¢ g H H Se -11.48: -10.59: -12.37¢
KS10¢ 4h Br H Se -10.14¢ -6.82 -14.44:
KS111 4c H Br Se -10.14« -6.80¢ -14.50°
KS11: 4d CI H Se -10.1¢ -6.75¢€ -13.26¢
KS11Et 4e H Cl Se -10.84: -6.97¢ -13.8¢
KS117 4f F H Se -10.14« -7.92¢ -12.11¢
KS11¢ 4g H F Se -8.38i -8.60¢ -13.94:
KS107 4h CF: H Se -9.98¢ -11.14¢  -14.22¢
KS12:¢ 4i H CF:  Se -11.74: -9.49¢ -13.4¢
KS101 4j Br Br Se -10.14¢ -8.97¢ -12.63¢
KS10: 4 CI Cl Se -10.59: -10.84: -13.70:

KS121 4] F Br Se -7.49¢ -9.79: -12.56"




Table 2

Enzyme inhibition - 1Gy (nM)

CompoundALDH1A1 ALDH2 ALDH3A1

3a 4633 >10000 4205
3b 8524 >10000 4878
3c 1713 >10000 6323
3d >10000 >10000 3067
3e 177 >10000 3586
3f 5224 >10000 2855
39 598 >10000 241
3h 334 2137 360
3i 268 1783 246
3j 230 1542 193
3k 279 1642 219
3l 285 1782 219
4a >10000 >10000 4007
4b 333 939 344
4c 360 >10000 >10000
4d >10000 >10000 2767
4e >10000 >10000 >10000
Af 5192 >10000 2364
49 1054 >10000 246
4h 6492 >10000 1520
4i 657 3491 251
4j 397 2012 333
4k 384 1809 327

41 420 1917 368




Table 3.

ICso (LM)Y 72 F

Compouni UACC 9021205 L\ HCT11€ HT2  NCIH92¢" U26€° RPMI822¢! MM.1IR MM.1S" FF244%
3h 57+2C 57+1E 57+0. 49+1.1 15+02 2€+0€ 1.6+0.4 1.7404 22+0.2 20.7+1.2
3i 3.7+0.6 3.7+0.8 4.5+0.2 58+0.1 15+04 47+12 44+1.¢ 47+02 4.0+1.C 13.9+0.1
3] 3.7+0.2 21+0.6 2.9+0. 25+0.2 0.3+01 1.0+ 0.2 1.2+0.2¢ 1.3+0.6 2.1+0€ 9.8+0.5
3k 3+0.€ 24+0.2 3.2+0.7 26+0.2 0.7+0.2 27+0€ 1.3+0.17 1.6+0.2 16+0. 54+0.2
3l 39+11 56+1.5 58+0.1 44+07 16+04 2£+04 1.5+0.2¢ 3€+04 3.1+0. 10+0.C
3 >10( >10( ND ND ND ND ND ND ND >10(C
Cpd ¢ >10( >10( ND ND ND ND ND ND ND >10(C




Table 4.

Human Ore| Percent Hume
Compd SASA |Donor HBAccpt HB| QPlogPo/w QPlogHERG| QPPCac¢ QPlogBB | QPPMDCK #metab Rule of five

Absorption | Oral Absorption

3] |645.54: 3 6.t 2.6¢ -5.67 88.14: -1.€ 297.14¢ 2 3 77.50¢ 0

3k [636.11¢ 3 6.5 2.54¢ -5.61¢ 87.59: -1.61z2 255.41: 2 3 76.61¢ 0

3h | 638.90¢ 3 6.5 2.50: -5.49¢ 71.54¢ -1.71z2 187.95: 2 3 74.79¢ 0

3l |467.72¢ 0 5 1.68: -5.00¢ 1064.26: -0.43: 529.15¢ 1 3 90.97¢ 0

3i | 572.82¢ 0 5 3.8¢ -5.17¢ 1304.93. 0.17¢ 1000(¢ 1 3 10C 0




Table 5.

% of weight
loss comparedP-value

Compound Day 1 Day 7 Day 14 o control compared to
DMSO
(at day 14)
DMSQO 22.€ 24.2 24.4 - -
3h 22.5 20.¢ 23.¢ 2% 0.600¢
3i 23.1 20.7 20.€ 11% <0.000:
3 22.1 18.7 19.4 12% <0.000:
3k 22.4 19.¢€ 20.2 10% <0.000:
3l 22.€ 20.¢ 20.2 15% <0.000:
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Highlights:

24 derivatives were synthesized and tested for their ALDH1A1, ALDH2 and ALDH3A1

multi-isoform ALDH inhibitory activity.

3j was the most potent multi-ALDH isoform inhibitor identified in the series with | Cs of

ALDH1A1 at 230 nM and ALDH3A1 at 193 nM.

3(h-1) led to significant inhibition of cell proliferation in multiple cancer types.

3(h-I) caused increased ROS activity, lipid peroxidation and toxic aldehyde accumulation
and secondary to potent ALDH1A1, ALDH2 and ALDH3A1 inhibition.

3h was the least toxic multi-isoform ALDH inhibitor in vivo.
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