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Abstract

KRAS is one of the most frequently mutated oncogenehuman non-small cell lung
cancer (NSCLC). Mutations in KRAS are detected0f630f NSCLC cases, with most
of them occurring in codons 12 and 13 and less confynin others. Despite intense
efforts to develop drugs targeting mutant KRAS effective therapeutic strategies have
been successfully tested in clinical trials. Hexe, investigated molecular targets for
KRAS-activated lung cancer cells using a drug hjara total of 1,271 small molecules
were screened in KRAS-mutant and wild-type lungcearcell lines. The screening
identified the cytotoxic effects of benzimidazolerigatives on KRAS-mutant lung
cancer cells. Treatments with two benzimidazoleivdéves, methiazole and
fenbendazole—both of which are structurally speeHyielded significant suppression
of the RAS-related signaling pathways in KRAS-mediat cells. Moreover,
combinatorial therapy with methiazole and tramétina MEK inhibitor, induced
synergistic effects in KRAS-mutant lung cancerselur study demonstrates that these
benzimidazole derivatives play an important rolesuppressing KRAS-mutant lung
cancer cells, thus offering a novel combinatorlarapeutic approach against such

cancer cells.

Keywords. screeningmethiazole; fenbendazole; trametinib; combinatdhatapy

List of abbreviations: NSCLC—non-small cell lung cancer; EGFR—epidernmaivgh

factor receptor; ALK—anaplastic lymphoma kinaseARsfibroblast growth factor

receptor; MAPK—mitogen-activated protein kinase
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1. Introduction

Lung cancer is the leading cause of death worldwadeémated to account for
more than one million deaths per year [1]. Non-$roall lung cancer (NSCLC)—the
main histological type comprising adenocarcinong@asous carcinoma, and large cell
carcinoma—accounts for approximately 85% of algl@ancer cases [2]. Unfortunately,
the prognosis of lung cancer remains dismal, witHive-year survival rate of
approximately 15% [3]. Cytotoxic chemotherapy haprioved the prognosis of both
early- and advanced-stage NSCLC, and new advanc#geidiscovery of oncogenic
drivers as well as specific targeted therapies haeleed significant improvements in
outcomes and quality of life of NSCLC patients [4].

In recent years, many studies have focused on ionsain epidermal growth
factor receptor (EGFR) and anaplastic lymphomaden@LK) in NSCLC patientd5,

6]. Specific targeted agents, such as gefitinib enbtinib, designed to treat NSCLC,
are known to be effective in patients [7, 8]. Migas of the RAS family are detected in
up to ~30% of human cancers, with 20-30% of NSClaliepts carrying KRAS
mutations[9-11]. The function and importance of KRAS as aRase are evidenced
from its role in connecting upstream signals fragil surface receptors, such as those in
the FGFR and ERBB families to the MAPK cascade aftiter cancer-associated
pathways[12]. Although KRAS signaling is a major oncogemuligver of lung cancers
and is associated with a poor prognosis and therapistance, effective targeted
therapy for KRAS-mutated lung cancer patients rsenly lacking[13]. While indirect
strategies such as synthetic lethality have emef@éfl novel treatment strategies to
combat this major oncogenic mutation are urgergiyded.

Most studies in past decades have sought to dewriogs that target the

downstream effectors of KRAS. Mutant-activated KRASBediates several key
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functions, including those involving intracellulaignaling pathways that regulate cell
proliferation, differentiation, and survivdll5, 16]. Activation of KRAS leads to the
stimulation of signaling pathways, including the3RIAKT and RAF/MEK/ERK
pathways [17]. Several studies have demonstratgdihtations in the kinases of these
so-called ‘canonical’ RAS signaling pathways aegtrently observed in human cancer,
identifying them as suitable therapeutic targgi8, 19]. With advances in molecular
biology and high-throughput methodologies, as wadl developments in genome
sequencing, researchers now employ target-baseersog for new drug discoveff0].
However, the target-based discovery of oncologicays has been less successful than
initially predicted. Reviews have shown that arralative, phenotype-based approach
with small molecule libraries has played a prominesie in the discovery of new
chemical probes [21]. Consequently, there is adtran drug discovery of cancer
therapeutics toward phenotypic screening to prowpleater confidence that the
molecules discovered will deliver the desired tperdic efficacy[22]. Small-molecule
libraries that have a well-annotated pharmacolagysaitable for phenotypic screening.
Here, we used the Prestwick Chemical Library® (R&h)library comprising more
than 1,200 drugs approved by the FDA, EMA, and oflgencies.

Based on our screening results using the chemlwary, we identified the
biological effects of benzimidazole derivatives,clsuas methiazole, fenbendazole,
carbendazim, and benzimidazole itself on KRAS-mutang cancer cells. Moreover,
we determined the molecular mechanism of these oangs. Our data provide novel
insights for targeting KRAS-mutant lung cancer selthereby advancing the

development of future therapeutics.
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2. Materialsand Methods

2.1. Cdl culture

All the human lung cancer cell lines were purchaedh American Type Culture
Collection (ATCC, Manassas, VA, USA). Detailed infation about the cell lines and

culturing methods is described in Table S1.

2.2. Drug treatment

The Prestwick Chemical Library® was purchased frdPmestwick Chemical
(likirch-Graffenstaden, France). This library caims 1,271 small molecules, 95% of
which are approved drugs (FDA, EMA, and other ag=)c Methiazole was obtained
from Latoxan (Portes-lés-Valence, France). Fenlmsidabenzimidazole, carbendazim,
oxibendazole, mebendazole, albendazole, and fadiw propionate were obtained
from TCI Chemicals (Tokyo, Japan). Nocodazole whtioed from Wako (Tokyo,
Japan). Estramustine was obtained from Sigma-Aidri§t. Louis, MO, USA).
Vemurafenib, dabrafenib, and trametinib were olgdifrom Selleck (Houston, TX,

USA). The drugs were prepared at i by dissolving in DMSO for each analysis.

2.3. Céll proliferation assay

Cell proliferation was evaluated using the CellfiBo® 2.0 Assay (Promega, Madison,
WI, USA) as described in the manufacturer’s indtams. Each cell line was seeded in
a 96-well white plate at 5.0 x 1@ells/well. Six hours after seeding the cells, dhegs
were added at a 1M concentration. Forty-eight hours after for A-548d 72 hours
after for the other cell lines, the cells were meed using the CellTiter-Glo® 2.0
reagent. Luminescence measurements were taken iteries) after adding the agent

using a microplate reader (BioTek, Gen5 Synergy™\Mihooski, VT, USA).



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

2.4. Data analysis and visualization

Beeswarms and boxplots were created using the lbeeswackage and PCA maps
were created wusing the ggplot2 package in the CRAfMpository
(http://cran.r-project.org/). Heatmaps of the Zresowere generated using the publicly
available software Morpheus (https://software.bmastitute.org/morpheus/) and
hierarchal clustering with the Euclidean distancd an average linkage method. Curve
fitting and 1G, determinations were performed using the curvendjtinalysis tool in
Prism 7 (Version 7.0d, GraphPad Software, San Di€gg USA). Drug synergism was

analyzed using CompuSyn (version 1.0) (http://wwambosyn.com/index.html), which

is based on the combination index (ClI) theorenhef@hou-Talalay metho{P3].

2.5. Immunofluor escence

Cells were washed with PBS (-) three times anddfixe4% paraformaldehyde (Wako)
for 15 minutes at 25C. The cells were again washed with PBS (-) threeesi and
treated with 5% BSA (Sigma-Aldrich) and 0.1% Trit§nl00 (Sigma-Aldrich) in PBS
(-) overnight at £C. The cells were again washed with PBS (-) threesi and treated
with diluted Anti-Ki-67 antibody (1:250, Abcam, Candge, UK) with 5% BSA in
PBS (-) for X2 hours at 37C. The staining results were imaged using a BZ-X700
fluorescence microscope (Keyence, Osaka, Japamg uBZ-X analyzer software

(Keyence).

2.6. Apoptosis assay measurement in vitro
To evaluate apoptotic activity, a luminescent caspgal7 activation assay was

performed. The cells were seeded in a white 96-platke; after six hours of incubation,
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selected drugs were added at a concentration @fM.OAfter incubation for 48 to 72
hours, Caspase-Glo® reagent (Caspase-Glo® 3/7 ;afsaynega) was added and
incubated for one hour, then the activity of casp®§ was measured using a

microplate reader (BioTek, Gen5 Synergy™ H4).

2.7. Western blot analysis

The cells were gently scraped from the cultureeglaresuspended in 1,000 of
M-PER buffer, and shaken for five minutes. The daspere then centrifuged at
14,000 x g for ten minutes. The supernatants were collectad the protein
concentration was calculated using a Qubit 2.0 féleeter (Thermo Fisher Scientific,
Waltham, MA, USA). Protein extracts (3@ per lane) were prepared and run on-a 4
20% Mini-PROTEAN® TGX" gel (Bio-Rad, Hercules, CA, USA) or 7.5%
Mini-PROTEAN TGX gel (Bio-Rad) then transferred # 0.45um polyvinylidene
difluoride (PVDF) membrane. The membranes werekaddor one hour at 2% using
Blocking One (Nacalai Tesque, Kyoto, Japan) thealated overnight at € with the
primary antibodies shown in Table S2. Two secondarybodies [Anti-Mouse 1gG,
HRP-Linked Whole Ab Sheep (GE Healthcare, Chicdgp,USA); and Anti-Rabbit
IgG, HRP-Linked Whole Ab Donkey (GE Healthcare)]reveused at a dilution of
1:5,000 and the membranes were developed using mo&tar LD (Wako) and imaged

using the FUSION SOLO 7S (Vilber-Lourmat, MarneMaliée, France).

2.8. Crystal violet staining
The cells were seeded in a 6-well plate at 2.0 %c&ls/well. Six hours after seeding,
the cells were treated according to the combinat@dministered dose. Forty-eight

hours after culturing, the cells were washed wiBSR-) three times and fixed in 4%
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PBS and stained with 0.5% crystal violet solutio2%°C for 30 minutes. After rinsing

with PBS, the plates were photographed using aadligganner.

2.9. Animal studies.

All mouse experiments were approved by the Nati@aalcer Center Research Institute,
Institute of Laboratory Animal Research (Number:8T0D9). Five-week-old female
BALB/C nude mice were used for animal experimeAt549 cells (KRAS-mutant) and
H-1650 cells (wild-type) were injected into the higflank of the mice with
matrigel/PBS (1.0 x T0cells, 50% final concentration) of each mouse statgish
xenograft models. One week after inoculation, eachise was randomly separated into
two groups (n = 6/group) of treatments with vehialene (olive oil with 3% DMSO)
and with methiazole (total 72Qg/mouse) by intraperitoneal injection. Mice were
monitored carefully and the size of their tumorswaeasured using a Vernier caliper.
Tumors were harvested 19 days after inoculatiocaotcer cells and tumor weight was

measured.

2.10. Statistical analysis
The data are presented as meanzSD. Statisticalfisigite was determined using

Student’s-test. Differences were considered significant waith value < 0.05.
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3. Results

3.1. Screening of small moleculesto identify effective compounds for

KRAS-mutant and wild-type cell lines

To perform the screening to discover compoundscie for KRAS-mutant lung
cancer cells, we first used three KRAS-mutant (&;54-23, and H-1573) and three
wild-type (H-1650, H-522, and Calu-3) lung cancell tnes (Fig. S1A). The screening
procedure is summarized in Figure la. Cells seeded 96-well white plate were
treated with 1,271 small molecules at a final cot@ion of 10uM for each well. The
library was selected because it contained smalkoubés approved by the FDA, EMA,
and other agencies. The data were highly reprotiuaiimong independent experiments
(Fig. S1B). All the cell lines were screened usthg library, cell proliferation was
evaluated using an ATP-based assay, and growtlbifiom rates were assessed by
Z-score analysis (Fig. 1b, Fig. S1C-G). The disiitns of the number of compounds
according to Z-score analysis obtained from thenary screening are shown in Figure
1c and Figure S2A. Most of the compounds (> 80%infithe library that were not
effective had a Z-score < 1 and the compounds avithscore> 1 were considered for
further experimental validation. The compounds wvatlZ-score> 1 comprised 32%
(24/75) oncological compounds and 6% (72/1,196)}oeological compounds and the
remainder contained many antitumor compounds, peated (Fig. 1d). The results of
the primary screening were visualized as a heatanapwere represented consistently

with a histogram (Fig. 1e).

3.2. Confirmation of the candidate compounds
To investigate the inhibitory effect of compoundsnfi the results of the primary

screening, they were analyzed by principal compbreralysis (PCA). Figure 2a-c

10
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shows the PCA map using Z-score analysis of thibitany effect of the compounds.
The blue plots in Figure 2a show all the compouadd the difference between
oncological (orange) and nononcological compoultigkt(blue) is shown in Figure 2b.
The loading profile of PC1 at the x-axis suggelsésihhibitory effect of the compounds
for both KRAS-mutant and wild-type cells, and PCR the y-axis suggests the
difference of an inhibitory effect of the compounbdstween KRAS-mutant and
wild-type cells. The average Z-scores of all compusu for KRAS-mutant and
wild-type cells are colored according to their disition range (Fig. 2c). The 50
top-ranked compounds of the average Z-score coatprld oncological compounds
(15%, 11/75) and 39 nononcological compounds (384,,296) (Fig. 2d). These results
are similar to previous results (Fig. 1d), inclulicommonly used chemotherapeutic
agents. Figure 2e shows the effects of the onccdbgiompounds from the top 50 on
cell proliferation. All the top-ranked oncologicabmpounds showed a significant
inhibitory effect for both KRAS-mutant and wild-tgpcells; the results of the

compounds and positive control (cisplatin) usedstoeening are shown in Figure S2B.

3.3. KRAS-mutant cells are sensitive to benzimidazole derivatives

Next, we focused on the difference in the compoeifects between KRAS-mutant and
wild-type cells from the results of the primaryening. An analysis of the Z-scores of
the inhibitory effect of the compounds between KRABtant and wild-type cells is
shown in volcano plots (Fig. 3a). We identified legigcompounds classified by a
difference in the Z-score > 0.80 and p-value < (Gd5subsequent validation assays.
Figure 3b shows the heatmap representing the eliféer in the average Z-scores of the
compounds between KRAS-mutant and wild-type celifgriguingly, we found a

structural similarity among the selected compourated most of them were

11
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benzimidazole derivatives whose structural formalees shown in Figure 3c. The eight
selected compounds from the primary screening wested by cell viability assays
using ATP-based experiments; most of them showsdrificant difference in their
inhibitory effect on cell proliferation between KBAmutant and wild-type cells (Fig.
3d, Fig. S3A and B). Taken together, our primamgsning and validation assay results
indicate that benzimidazole derivatives exhibit ign#icant difference in their
inhibitory effect on cell proliferation between KBAmutant and wild-type cells. The
more effective chemical compounds, methiazole ambdndazole, were selected for

further validation studies using additional celids (Fig. S3C).

3.4. Methiazole and fenbendazole inhibit cell proliferation and induce apoptosisin
KRAS-mutant cells

Having demonstrated the effect of benzimidazolavdaves, we sought to perform
further analysis for methiazole and fenbendazolaoAg the benzimidazole derivatives
that show an inhibitory effect on cell proliferatidor KRAS-mutant cells, not all of
them showed a significant difference between KRA8amt and wild-type cells. Given
that the compounds with a simpler structure seerbetonore effective, we selected
methiazole and fenbendazole for subsequent expetsmdo validate the effect of
methiazole and fenbendazole on KRAS-mutant celks,performed cell proliferation
assays with additional cell lines (KRAS-mutant: 274 H-1373, H-1734, H-2444,
H-2347, A-549, H-23, and H-1573; wild-type: H-1398;1435, H-1838, H-2228,
H-2286, H-1650, H-522, and Calu-3) (Fig. 4a and. B§C). Both methiazole and
fenbendazole showed a significant difference inirthehibitory effect between
KRAS-mutant and wild-type cells. To further evakidhe function of benzimidazole

derivatives, we performed immunofluorescence fo6Kiof KRAS-mutant cell lines

12
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(A-549 and H-23) and wild-type cell lines (H-1650daH-2228) after treatment with
methiazole and fenbendazole. Ki-67-positive cellsrev reduced significantly in
KRAS-mutant cells compared to wild-type cells; hatmore, morphological changes
were observed upon treatment with methiazole antheiedazole, while no changes
were observed upon treatment with DMSO (Fig. 4b kigd S4A). We next sought to
determine the cellular effects (cytotoxicity or astasis) of methiazole and
fenbendazole. Apoptosis after treatment with metilm and fenbendazole was
analyzed based on nuclear DNA fragmentation (F#). $hese experiments in other
cell lines as well as treatment with fenbendaztde eeduced Ki-67-positive cells (Fig.
S4A and B). To confirm apoptotic cell death afthe ttreatments, we performed a
caspase 3/7 assay and nuclear DNA fragmentatiomtiogu KRAS-mutant cells
showed significantly higher caspase 3/7 activitg greater numbers of apoptotic cells
than wild-type cells (Fig. S4C-E). These resultggast that benzimidazole derivatives
inhibit cell proliferation and induce apoptosis e@spase 3/7 activity. The above results
indicate that methiazole and fenbendazole have mintgbitory effects on
KRAS-mutant cells than on wild-type cells and causgotoxicity via apoptosis.
Regarding methiazole and fenbendazole, thg Was determined by inhibition curves
drawn based on the results of the cell viabilityags We found that KRAS-mutant cells
were more sensitive to methiazole (A-549: 1.9 uM234 0.6 uM) and fenbendazole
(A-549: 1.5 uM; H-23: 0.4 uM), and the gL values were much lower than those of
wild-type cells (methiazole = H-1650: > 40 uM, HZ& > 40 uM; fenbendazole =
H-1650: 6.2 uM, H-2228: 7.8 uM) (Fig. 4c and Fi$)SNe also evaluated the in vivo
therapeutic effects of the benzimidazole derivativea subcutaneous xenograft model.
We treated A-549 (KRAS-mutant) and H-1650 (wildéyxenografted mice with

methiazole according to the protocol shown in FegB6A. As expected, the tumor size

13
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in A-549-xenografted mice was significantly decexh§~ig. 4d lower panels) while that
in H-1650-xenografted mice was unchanged. Althotlgl tumor weight tended to
decrease in A-549-xenografted mice, the changenaistatistically significant (Fig. 4d

upper panels and S6B).

3.5. Structural specificity of the benzimidazole derivatives

To further understand the structural relationshepMeen the benzimidazole derivatives
and KRAS-mutant and wild-type cells, the effectsottier benzimidazole derivatives
were also examined. Given that methiazole and feddmole have relatively simple
structures, these compounds were considered. B&tanle and carbendazim, two
benzimidazole derivatives, are also structuraligpde, and, were used for the analysis
(Fig. S7A). To investigate the biological charaisttits of benzimidazole and
carbendazim, the same experiments as those forianelh and fenbendazole were
performed. From the results of an ATP-based callifpration assay, benzimidazole
was found not to affect the cell proliferation ioth KRAS-mutant and wild-type cells,
while carbendazim inhibited cell proliferation bshowed no difference between
KRAS-mutant and wild-type cells (Fig. 5a). No effewas observed for Ki-67
immunofluorescence and apoptotic cells treated Withzimidazole. Similar to the
ATP-based cell proliferation assay, carbendazinbitdd cell proliferation and induced
cell apoptosis, but there was no significant défere between KRAS-mutant and
wild-type cells (Fig. 5b and Fig. S7B). Cell viahjland caspase 3/7 activity were also
consistent with the results described above (FigC Snd D). Furthermore, cell
proliferation assays including compounds with amdamole structure revealed that not
all compounds demonstrated cytotoxicity and onlytaie compounds among the

benzimidazole derivatives showed inhibitory effemisKRAS-mutant cells (Fig. 5¢ and

14
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Fig. S7E). Importantly, methiazole exhibited almost cytotoxic effects on normal

epithelial cells compared with cisplatin (Fig. S/Mhile fenbendazole possessed
slightly higher cytotoxicity. According to thesestdts, it was suggested that the
structural components contained in methiazole anbdéndazole may contribute to
RAS selectivity because no significance was obskmvahe analysis of benzimidazole

and carbendazim between KRAS-mutant and wild-tyglks.c

3.6. Methiazole and fenbendazole affect RAS signaling and exhibit synergy when
combined with a MEK inhibitor

To explore the differences in the mechanisms o$eéheompounds between
KRAS-mutant and wild-type lung cancer cells, wef@ened western blot analysis after
treatment with methiazole, fenbendazole, benzinultgz and carbendazim. We
examined the status of the PISK/AKT and RAF/MEK/ERthways to assess the
effect of these compounds (Fig. 6a). Treatment BAR-mutant cells (H-23) with
methiazole and fenbendazole simultaneously supgdesbe PISK/AKT pathway
(confirmed by low levels of phosphorylated AKT), RIMEK/ERK pathway (verified
by low levels of phosphorylated ERK), and Statlelsv SAPK, NkB, and PI3Ks
exhibited no specific differences upon treatmentthwihe drugs (Fig. S8A).
Benzimidazole and carbendazim showed little or maluction effect in both
KRAS-mutant and wild-type cells. These resultscati that benzimidazole derivatives,
especially methiazole and fenbendazole, inhibit PH@K/AKT and RAF/MEK/ERK
pathways compared with the normal control (Fig. 6b)

Given that methiazole and fenbendazole could pasippress KRAS
downstream signaling, the data prompted us to ttestcombinatorial effects of the

benzimidazole derivatives with RAS signaling-rethtgrosine kinase inhibitors such as

15



vemurafenib, dabrafenib, and trametinib. Upon w&icombinations of these drugs,
most exerted synergistic effects at high conceptrat (Fig. S8B); however, the
combination of methiazole with trametinib, a MEKhibitor, showed a maximum
synergistic effect even at a low concentration Basa the calculations using the
median-effect principle and combination index-idolgoam theorem (Fig. 6¢ and Fig.
S9). Thus, the combinatorial treatment of methiazmhd fenbendazole with tyrosine

kinase inhibitors, especially trametinib, may offenovel therapeutic strategy.
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4. Discussion

Despite years of developmental work on KRAS-muthumg cancer, the
effective targeting of the molecular driver of KRAS lung cancer cells remains
unsuccessful[24]. Extensive efforts have been directed towarlitlentification of new
strategies, such as synthetic lethal target intierae with oncogenic KRAS-expressing
cells [25, 26]. The identification of small molecules tladfect KRAS or KRAS-related
signaling pathways would be a step in this directithrough drug library screening, we
have demonstrated that benzimidazole derivativeg s&s selective cytotoxic agents for
KRAS-mutant lung cancer cells. Benzimidazole ddiwes induce apoptotic cell death
and inhibit KRAS-mutant lung cancer cell prolifecat. We identified that methiazole
and fenbendazole significantly inhibit the expressiof the RAS-related signaling
pathway in KRAS-mutant lung cancer cells. Consisteith the in vitro experiments,
treatment with methiazole showed significant intaky effects in vivo. The
combinatorial treatment of tyrosine kinase inhitsto especially trametinib with
methiazole, showed synergistic effects in KRAS-mutang cancer cells. Presently,
there is no effective direct therapy for KRAS-muthmg cancer cells though multiple
strategies have been employed to identify such idatel inhibitors using
high-throughput screening, fragment-based screeoinip silico screenind27]. Here,
we showed the effectiveness of a phenotypic apprasing a drug library and
identified an effective combination strategy in KBRAnutant lung cancer cells.

As previously reported, benzimidazole derivativese aommonly used as
anthelmintic therapeutics against roundworms apévwarms in animals and humans
[28, 29]. Recently, these compounds have beeniftihtis potent anticancer agents
and their mechanism of antitumor activity may beotigh the binding of tubulif30,

31], inhibition of poly (ADP-ribose) polymerase2ARP-1)[32], topoisomerase[B3],
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and tyrosine kinasef34]. Several studies have shown that benzimidadelevatives
may serve as novel agents for anticancer thef8py. Most of the clinically approved
kinase inhibitors include bicyclic nitrogen heteyoles, but the benzimidazole scaffold
interacts with kinases using multiple binding mod886]. Regarding the recently
developed molecular target therapeutic approaaghgdeenzimidazole derivatives have
been synthesized as kinase inhibitors, proteinsdnak2 (casein kinase 2) inhibitors
[37], CDK9 (cyclin-dependent kinase 9) inhibito[88], and multi target kinase
inhibitors [34, 39]. Given that the benzimidazole derivatives ideetifin the primary
screening exhibited antitumor effects and thererglegively few reports on methiazole
and fenbendazole, we tried to assess their furatimechanisms. It is worth noting that
methiazole and fenbendazole possess significanbiiafy effects on KRAS-mutant
lung cancer cells. In the era of molecular targetdal strategies in NSCLC, attempts to
inhibit downstream effector pathways have showry timited succes440]. However,
the results of treatment with methiazole and fedbenle in KRAS-mutant lung cancer
cells clearly revealed the suppression of the PABR/ and RAF/MEK/ERK pathways,
both RAS-dependent pathways, indicating the undeylynechanism of the compound
effects. The analysis of the structurally simplesmpounds of benzimidazole
derivatives, benzimidazole and carbendazim, as albther compounds having an
imidazole structure, showed that, among the benmldrnule derivatives, there is a
structural specificity in the inhibitory effect @ell proliferation that differs between the
presence and absence of KRAS mutation.

Combinatorial experiments with methiazole, fenksaale, and tyrosine
kinase inhibitors revealed synergistic effects KBRAS-mutant lung cancer cells (Fig.
6¢c and Fig. S8B). Although most of the strategagdting mutant KRAS had a low

specificity or less therapeutic efficacy, treatmenddalities based on synthetic lethal
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interaction have been explored [25, 26, 41]. Gitleat methiazole and fenbendazole
suppress the protein expression of AKT and ERK he RAS-related signaling
pathways of the RAF/MEK/ERK and PI3K/AKT pathwaysye performed
combinational experiments using several tyrosin@ase inhibitors. Synergistic
cytotoxic effects on KRAS-mutant lung cancer celisre observed upon combination
and methiazole or fenbendazole with trametinib, BKVinhibitor, showed a highly
synergistic effect at low concentration. As a si& for a direct target to attack RAS
proteins themselves, the MAPK pathway component§, RAEK, and ERK and PI3K
pathway components were expected to act as aliezngrgets. However, these
pathways are much more complicated and variousestimhve attempted to confirm the
interaction of these pathways [42-44]. Our datadshght on the ability of the
combinatorial treatment of benzimidazole derivativand a MEK inhibitor. Another
study reported that a synthetic lethal approacfpetarg MEK and FGFRL1 is effective
for KRAS driven cancer cell§45]; however, further synergistic or synthetichigit

analysis for KRAS-related oncogenesis is warranted.
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Figure L egends

Figure 1 Screening to identify compounds from a small-molecule library that
inhibits the proliferation of both KRAS-mutant and wild-type cells. a. Schematic
overview of the protocol used for screenittg. Graph showing the Z-scores of the
inhibitory effect of the compounds from the primagreen for A-549c. Histogram of
the Z-scores of the compounds for A-549 Ratio of the compounds with an average
Z-score> 1 in oncological compounds and non-oncological poamds.e. Heatmap

showing the effect of compounds in KRAS-mutant asid-type cell lines.

Figure 2 Highly effective compounds from primary screening. a. PCA analysis of all
screened compounds. PCA analysis of oncological compounds and nonlaggical

compoundsc. PCA analysis of effective compounds for KRAS-nmitand wild-type
cells.d. Fifty top ranked compounds that inhibit cell pieration.e. Inhibitory effect of

the selected compounds in oncological fields nedattd control.

Figure 3 Benzimidazole derivatives are more effective in KRAS-mutant cells. a.
Difference in the effect of compounds between KRA&ant and wild-type cells.
Clustering analysis of the selected compourmsStructure of the benzimidazole
derivatives.d. Quantitative effect of the selected compoundgelhproliferation. The
values are mean = SD (n = 4). *, p < 0.05; **, ©81; ** p < 0.001; and n.s., not

significant.

Figure 4 Methiazole and fenbendazole are more effectivein KRAS-mutant cells. a.
Quantification of the proliferation rate followingreatment with methiazole and

fenbendazole in KRAS-mutant and wild-type cellse Malues are mean = SD (n = 4).
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* p < 0.01; ** p < 0.001.b. Effects of methiazole and fenbendazole on the
proliferation of A-549 and H-2228 cells as deteredrby Ki-67 analyses. The values
are mean = SD (n = 3). *, p < 0.05; **, p < 0.0F**p < 0.001.c. The cells were
treated with increasing doses of methiazole. Cibility was determined using an
ATP-based assay. The values are mean + SD (n & Quantitative analysis of tumor
progression starting from the first instance atohha solid tumor mass was identified.
Data shown are normalized to pretreatment tumorsn@s day three from cell
inoculation. Representative images of dissectedtarare shown in upper panels. The

values are mean £ SD (n = 6). **, p < 0.01; and, mat significant.

Figure 5 Analysis of the structural differences in the benzimidazole derivatives. a.
Quantification of the proliferation rate followinggeatment with benzimidazole and
carbendazim in KRAS-mutant and wild-type cels. Effects of benzimidazole and
carbendazim on the proliferation of A-549 and H-222lls as determined by Ki-67
analyses. The values are mean + SD (n = 3). nad. significant.c. Only certain
compounds of benzimidazole derivatives showed itdnp effects on both

KRAS-mutant and wild-type cells.

Figure 6 Effects of methiazole and fenbendazole on RAS-related signaling. a.
Western blot analyses of RAS-related signaling {23Hand H-1650 cell lines treated
with benzimidazole derivatived. Quantification of the blots of p-AKT, p-ERK, and
Statl.c. Image of the combinatorial experiment of methiaznd trametinib in A-549
cells. Data of the combinatorial experiment and lom@tion index scores for A-549

cells treated with methiazole and trametinib atitlaicated concentrations.
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Supplemental I nformation

Figure S1 Primary screening data.

A. Morphological characteristics of KRAS-mutant s€\-549, H-23, and H-1573) and
wild-type cells (H-1650, H-522, and Calu-8. Linear progression of the luminescence
of proliferation assays in two different experingeriReproducibility of Rvalues > 0.90.
C-G. Graphs showing the Z-scores of the inhibitoreeffof the compounds from the

primary screen on H-23, H-1573, H-1650, H-522, @atu-3 cells.

Figure S2 Distribution of the screened compounds. A. Histogram of the Z-scores of
the compounds for H-23, H-1573, H-1650, H-522, €&lcells.B. Violin plot for the

results of the Z-scores of the screening compoandscisplatin.

Figure S3 Detailed experimental results of the selected compounds. A, B. Cell
viability and caspase activity in all cell linedaftreatment with selected compounds

from primary screeningC. Gene mutation status of the cell lines.

Figure $4 Effects of methiazole and fenbendazole on KRAS-mutant cell
proliferation and apoptosis. A. Effects of methiazole and fenbendazole on the
proliferation of A-549, H-23, H-1650, and H-2228llseas determined by Ki-67
analyses at a low-power fieldB. Effects of methiazole and fenbendazole on the
apoptosis of A-549, H-23, H-1650, and H-2228 calisdetermined by Hoechst 33258
staining at a low-power fieldC. Ratio of caspase activity to the number of viata#s.

D. The ratio of apoptotic cells in the A-549, H-23;1650, and H-2228 cells after
treatment with methiazole and fenbendazole wasulzkd as the number of apoptotic

cells to the total cell number counted. The valresmean £ SD (n = 3). ***, p < 0.001.
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E. Caspase activity in the A-549, H-23, H-1650, &1d228 cells after treatment with
methiazole and fenbendazole was assessed usirigigpase 3/7 assay. The values are

mean £ SD (n = 3). *, p < 0.05.

Figure S5 ICs of fenbendazole. The cells were treated with increasing doses of
fenbendazole. Cell viability was determined usingAdP-based assay. The values are

mean £+ SD (n = 4).

Figure S6 Therapeutic effect of methiazole in a subcutaneous cancer xenogr aft
model. A. Schematic protocol of the animal study. Subcuasexenograft mouse
models were established with A-549 (KRAS-mutant)l &h1650 cells (wild-type).
Methiazole (180 mg / 200 pL olive oil) were injett@traperitoneal on day 6, 7, 12, 17
(total 720 mg). At the end of the treatment, tummere harvested on day 1B.
Methiazole inhibited tumor growth as measured byduweights. The values are mean

+SD (n = 6).

Figure S7 Analysis of structurally ssimilar compounds. A. Structure of benzimidazole
and carbendazinB. Effects of benzimidazole and carbendazim on tloéferation of
A-549, H-23, H-1650, and H-2228 cells as determinmd Ki-67 analyses at a
low-power field. C. The ratio of apoptotic cells in the A-549, H-23;1650, and
H-2228 cells after treatment with benzimidazole aatbendazim was calculated as the
number of apoptotic cells to the total cell numb@unted. The values are mean £ SD (n
= 3). n.s., not significanD. Caspase activity in the A-549, H-23, H-1650, &hk8228
cells after treatment with benzimidazole and cadbem was assessed using the

caspase 3/7 assay. The values are mean + SD (nres3)not significantz. Heatmap
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showing the effect of structurally similar compoand KRAS-mutant and wild-type
cell lines.F. The ratio of the caspase activity to the numldeviable cells in normal

epithelial cells treated with benzimidazole derfiwed and cisplatin.

Figure S8 Biological effects of benzimidazole derivatives and combinatorial effects
with tyrosine kinase inhibitors. A. Western blot analyses of SAPK, k& and PI3K
levels in H-23 and H-1650 cell lines treated widtnbimidazole derivative®. Image
of the combinatorial experiment of methiazole amshbiendazole with trametinib,
dabrafenib, vemurafenib in A-549 cells. The datdahef combinatorial experiment and
combination index scores for A-549 treated withbiemdazole and trametinib at the

indicated concentrations. The values are mean $nSP3).

Figure SO Caspase activity in combinatorial therapy. The data of the relative caspase
activity of combinatorial experiment for A-549 tted with methiazole and
fenbendazole with trametinib at the indicated cofeions. The values are mean + SD

(n =3).
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Figure 1 Shimomural et al.,
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Relative cell viability
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Figure 3 Shimomurall et al.,
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Figure 4 Shimomural et a.,
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Figure 5 Shimomural et al.,

Benzimidazole Carbendazim
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Figure 6 Shimomural et a.,
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Highlights

Drug screening identified benzimidazole derivatives as selected candidate

Benzimidazole derivatives showed cytotoxic effects for KRAS-mutant cells

specifically

Benzimidazole derivatives showed synergy combined with MEK inhibitor



