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candesartan cilexetic (CDC, 1)
Inhibiting the cullin1-Nedd8 at the rang of
12.5~25 pM in enzyme-based assay;
Inhibiting the cullins-Nedd8 at the rang of
25~50 uM in cell-based assay;

Inhibiting various types of cacer cells and
inducing the apoptosis;

suppressing the tumor growth comparable
to MLN4924 in vivo.
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Abstract

Protein neddylation is a posttranslational modifara of conjugating the neuronal
precursor cell-expressed developmentally down-eggdl protein 8 (Nedd8) to
substrates. Our previous work revealed that netidylapathway is overactivated in
various human lung cancers and correlates withdisease progression, whereas
pharmacologically targeting this pathway has entkrge an attractive therapeutic
strategy. As a follow-up research, 1331 approvedgsirwere investigated the
inhibitory activities of cullinl neddylation for smening the hit compounds via an
improved enzyme-based assay. An antihypertensiwantagandesartan cilexetic
(CDC), was identified as a novel neddylation intubithat ATP-competitively
suppressing Nedd8-activating enzyme (NAE, E1) irchmeism, which inhibited the
cullins neddylation superior than two represen&ation-covalent NAE inhibitors,
M22 and mitoxantrone. Following with the findingsch as apoptotic induction and
tumor growth suppression in human lung cancer AB¥9itro andin vivo, CDC
represents a potential anticancer lead compoundh \witomising neddylation
inhibitory activity.

Keyword: Neddylation, drug repurposing, candesartan cilex®AE inhibitor.



1. Introduction

Protein neddylation is an important posttranslaiamodification that conjugates
Nedd8 to substrates via a three-step enzymaticadaseaction by E1 (NAE), E2s
(Ubcl2/UBE2M or UBE2F) and Nedd8 ligases (E3s, RBRQAC1, RBX2/ROC2,
etc.) [1, 2]In the process of neddylation, mature Nedd8 i &denylated and then
activated via binding NAE in an MYATP dependent manner to form NAE-Nedd8
[3]. Subsequently, activated Nedd8 is transferredohe of two E2s through a
transthiolation reaction and forms the E2-Nedd8 Ngdd8 is ultimately transferred
from E2-Nedd8 to the specific substrates in thesgmee of E3s (Figure 1A). The
best-known substrates of neddylation are memberhefcullin family, which are
involved in the assembly of cullin-RING E3 ubiqguitigases (CRLs). CRLs act as a
large family of ubiquitin ligases that target céluprotein substrates for proteasomal
degradation [5, 6]. The inhibition of the neddydatipathway inactivates CRLs and
decreases the protein levels of ubiquitination sutaisequent degradation of substrates
which are regulated by CRLs substrates, such asl\\ge p27 [8], and Nrf2 [9],
thereby leading to the suppression of the tumognession. Besides CRL substrates,
neddylation also regulates several non-cullin sabss, such as MDM2, p53, and
VHL [10] (Fig 1A). In recent years, overactivate@éddylation was observed in
various types of human cancers and positively tated with poor prognosis [11-15].
Thus, the inhibition of neddylation pathway has rbekeveloped as an attractive
anticancer strategy recently [16-18].

NAE has emerged as a novel target in the neddylatathway for drug discovery.



MLN4924 is a neddylation inhibitor that suppressesidylation modification by
covalently binding the adenosine triphosphate (Abiaging pocket of NAE, which
has been advanced into phase Il/lll clinical trigdgy S1) [19, 20]. However, recent
preclinical studies identified the resistance to NM924 for the heterozygous
mutations nearby its covalently binding site witAB highlighting the necessity to
develop other neddylation inhibitors [21, 2Zherefore, Chung-Hang Leung and
other researchers discovered a series of noncdvdkR inhibitors by utilizing the
structure-based virtual screening of compound fibsa including natural product 6,
6”-biapigenin, metal complex 1, M22, mitoxantrofg, LP0O040 and deoxyvasicinone
derivatives (Fig S1) [23-30]. Notably, the core Isken of 7g, mitoxantron, LP0040
and deoxyvasicinone derivatives are similar to MBR4, suggesting that these
benzohetercyclic may be an essential group for tamimg the neddylation inhibitory
effects of these inhibitors. Furthermore, long dledible side links with amide or
amino groups increased the affinities of compouadd NAE. In addition to NAE
inhibitors, several E3 inhibitors were obtainedthg high throughput screening (HTS)
[31-35]. However, a majority of currently reporteeddylation inhibitors lack enough
druggability-related evaluations or structural poiity, and accompany with seldom
exploring the inhibitory effects of cullins neddiytan comprehensively.

Utilizing new approaches and conceptions to discov@el therapeutic regimes
and potential lead compounds has gradually becontrera in the field of drug
research and development (R&D) [24, 36-38]. Drymurposing is the re-exploration

of clinically approved drugs and compounds for ordication being applied to new



and different diseases, which can significantlyumscost and save time during the
R&D of new drugs [39-41]. In this study, drug reposing was performed for
screening potential neddylation inhibitors, whihe tcullinl neddylation level as the
important phenotype was explored by an improvedymatic assay in this screen.
With a lab in-house “Old drug bank”, 1331 approwkdgs were firstly screened
vitro with this assay, and investigated whether somatagmuld suppress the growth
of human tumor cell with the neddylation inhibitioAn antihypertensive agent
candesartan cilexetil (CDC) presented superior bitdry activity on cullinl
neddylation and structurally modificational potefity than other hit compounds
after two rounds of screening. Further experimeatealed that CDC was able to
block cullins neddylation by inhibiting the NAE adty in enzymatic and cellular
assays, which also displayed potent anticanceviggciin vitro andin vivo. These
evidences indicated that CDC is suitable for furtsteuctural modification as a lead
compound. In addition, CDC as a benzimidazole-@erineddylation inhibitor is also
similar to some reported inhibitors in the chemgtalicture [19-22]. This finding may
afford us more rational design about novel denxetiin the following-up studies
2. Materials and Methods
2.1. Cell culture and reagents

Human lung cancer cell lines A549, EKVX, H1299, Hamrliver cancer cell lines
HepG2, Huh7, Human breast cancer cell lines T-4AMBF-7, Human gastric cancer
cell lines MKN45, MGC803, PLC were obtained frone tAmerican Type Culture

Collection (Manassas, VA) and passaged five totisnes before use. Cells were



cultured in Dulbecco’s modified Eagle’s medium (Mye, Logan, UT), containing
10% fetal bovine serum (Biochrom AG, Berlin, Geryrand 100 units il
penicillin/streptomycin solution and maintained anhumidified atmosphere of 5%
CQO, at 37°C (standard culture conditions). MLN4924HCand other drugs were
dissolved in dimethyl sulfoxide (DMSQO) and kept -@0°C for in vitro studies.
MLN4924 and CDC were dissolved respectively in 5%
2-hydroxypropylp-cyclodextrin and 5% castor oil (Macklin ReagentiaBghai,
China) in vivo study. The solution of either MLN4924 or CDC wasshly made
when was used.
2.2. Enzyme-based neddylation activity assay

The protein Nedd8, NAE, Ubc12, Rbx1/Cullfi? were prepared and gifted by
Prof. Jin Huang, Shanghai Jiao Tong University $thaf Medicine, China. The
similar protocol was described [42] and appliedAwgf. Yi Sun, Zhejiang University
School of Medicine, China. In respect of drug soreéul UBA3-NAE (final
concentration, 0.028M), 1uL Nedd8 (final concentration, M), 1uL Ubcl2 (final
concentration, IM), 1 uL RBX1/cullin1™ (final concentration, M), 1uL Tris-HCI
(1M, pH=7.4; final concentration, 50 mM)ull MgCl, (0.1M), uL DTT (10mM),
0.2uL 0.1mg/mL BSA, 2.8L ddH,O, were added into in each well of 96-well plates,
followed with 2.QuL water solution of MLN4924 (final concentrationQyM) or test
drugs (final concentration, ). 4.0uL (final concentration, 20M) ATP was added
to reaction after the mixture was incubated for ttOmt room temperature. The

mixture was incubated at 37°C for 30min. The reactwas quenched by 10% loading



buffer, and heated for 5 min at 95°C by a real-tiR@R. Protein samples were
electrophoresed under non-reducing conditions di0-815% SDS-PAGE gel, and
cullin1-Nedd8 levels were determined by immunolgttanalysis. To determine the
neddylation inhibitory activities of agent CDC, mars concentration CDC groups
(final concentration, 6.128/1, 12.5uM, 25uM, 50uM, and 10@M) were used. For
the ATP-competitive assay, CD(inal concentration, 50M) and ATP (final
concentration, @, 10uM, 100uM, 500uM, and 100QM) were used, which all other
conditions remained the same.
2.3. Cell-based neddylation activity assay

A549 cells were exposed to the indicated conceatratof MLN4924 (1@QM) or
CDC (23M, 50uM, 75uM, 100uM, or 5QuM, 60uM, 70uM, 80uM, 90uM, 100uM,
or 5QuM, 75uM, 100uM, 125uM) or 0.1% (v/v) DMSO for 6h or 12h, respectively.
Cells were washed three times with ice-cold PBSuspended in RIPA lysis buffer,
and incubated on ice for 30min. Cell debris was aeed by centrifugation at
15,000rpm for 10min at 4°C. The protein concertratof the supernatant was
determined with Thermo Fisher protein assay dygeet(Thermo Fisher). Equal
protein amounts were electrophoresed under noreneglu (cullinl-Nedd8,
cullin2-Nedd8, cullin3-Nedd8, cullinda-Nedd8, andillim5-Nedd8) or reducing
(Weel, p27 or Clever-Parp) conditions on SDS-PAGikt subjected to western blot
analysis.
2.4. Cell proliferation and cell clonogenic assays

For evaluating the proliferation of cultured cellzlls seeded (A549, EKVX,



H1299, HepG2, Huh7, T-47D, MCF-7, MKN45, MGC803,daRLC) in 96-well
plates with 2500 cells per well, in triplicate, atwaltured overnight were treated with
MLN4924 or CDC for 48 hours, followed by cell coung kit-8 (CCK-8) assay. For
clonogenic assays, A549 cell were seeded in sikqaates (150 cells per well) in
triplicate, and were treated with MLN4924 (0M, 0.33uM, and uM) or CDC (quM,
10uM, 15uM, and 2Q@M) and cultured for 10 days. Colonies were congideas 50
cells or more and counted. The representative teesof three independent
experiments with similar trend were presented.

2.5. Cell cycle and cell apoptosis assays

Cells treated with DMSO or various concentratiohagent CDC (2pM, 50uM,
75uM) were harvested and fixed in 90% ethanol at -Cfifr 24h, then centrifuged at
15,00rpm for 10min at 4°C in tubes. The residueanh tube was washed three times
with ice-cold PBS, and stained with 0.5mL propidisadide solution (3@g/mL;
Sigma, St. Louis, MO) contained RNase Ay@0nL; Sigma) at 37 °C for 30 minutes,
and analyzed for cell-cycle profile with Flowjo. ptesentative results of three
independent experiments with similar trends arsqmted.

Apoptosis was evaluated using FITC Annexin V apsigtdetection kit. A549 cells
were seeded at 2.5xLells per well in 6-well plates and allowed tcaatt overnight.
Cells were treated with increasing concentration€0BC (25uM, 50uM, 75uM) for
48h. Cells were dissociated using trypsin, washegettimes with ice-cold PBS, and
resuspended in 10Q 1xbinding buffer. The addition of & FITC Annexin V

staining solution and & PI staining solution were added. After incubatenroom



temperature in the dark for 15min, another 0@ xbinding buffer was added.
Stained cells were analyzed immediately by fluczase-activated cell sorting
(FACS).
2.6. Molecular modeling

The X-ray structure of NAE was downloaded from Bretein Data Bank (PDB ID:
3GZN). Crystallographic water, ligands and alteenebnformations were removing
by using the protein preparation protocol in Autckld.0. The docking procedure was
performed by employing DOCK program in Autodock,4a@d the structural image
was obtained using PyMOL software.
2.7. Tumor xenograft growth inhibition

Female nude mice were subcutaneously injected 2wttt A549 cells in 10QuL
PBS according to protocols of tumor transplantaese After tumor induction (about
7 days), nude mice were divided into five groupsdamnly, including mock group
(10% 2-hydroxypropyB-cyclodextrin/water solution), positive group (MLB24-60
mg/kg), and the other three were for various treatisy of CDC,respectively.
Compounds were administrated by intraperitoneactnpn (60 mg/kg vs 30 mg/kg).
All groups were treated with one dose per day. Bedights and tumor volumes were
measured every 2 days. On the 32th day after iation| all the mice were sacrificed.
Tumor volumes and mass were measured for each.group
3. Results and Discussion
3.1.Discovery of optimal neddylation inhibitor CDC

Cullinl-regulated CRL (CRL1) emerges as the moatlistl cullins-associated



complex in neddylation [43-45]. In order to ratitipaevaluate the neddylation
inhibitory activities of the approved drugs, anne-based assay that simulated the
process of cullinl neddylatian vivo was set up in this study. The assay was operated
with ATP under the cascade reaction of protein edd (NAE)-E2 (Ubcl2)-E3
(RBX1)-cullinl pathway (Figure 1B). Taking advargagf the assay, we primarily
screened 1331 FDA-approved drugs and explored tieeidylation inhibitory effects
(Figure 1C). Theoretically, Nedd8 in control grouwgh ATP could conjugate the
substrate cullinl, thereby forming the cullinl-N8dadduction, whereas the groups
without ATP failed to form cullinl-Nedd8 adductidifrigure S2). Similar to the
groups without ATP, MLN4924 groups competitivelyppuessed the formation of
cullinl neddylation in the presence of ATP (Fig&2 WB-01). If the cullin1-Nedd8
conjugation of the drug-treated groups decreasedasito that of MLN4924, these
data would suggest these drugs are neddylatiohitots. In this assay, 106 drugs that
presented either partially accumulating of culliofl deceasing of cullin1-Nedd8
adduction were identified as hit compounds andcsediefor reinspection. (Figure S3).
In the secondary hit compounds screening, five dnitgs displayed superior
neddylation inhibitory activities than the othenscluding CDC (01, MT04D0301),
Trifluoperazine @2, MT05C1901), Bismuth Potassium Citrat@3( MT08A1201),
Cetylpyridinium Chloride @4, MT20B0301), and Procyanidir0%, MT24A0201)
(Figure 1D). In this study, we first investigatdx tcullin1-Nedd8 adduction inhibition
of those five hit compounds by a cell-based assayrémoving the pan-assay

interference compounds (PAINS) in the enzymati@aask generalCDC presented
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significant neddylation inhibitory activity at thmncentration of 1QM comparable
to MLN4924, whereas hit compoun@g, 03, and04 failed to display efficacy (Figure
S4). Meanwhile 05 not only showed inferior neddylation inhibitorytagies than
CDC, but seriously violated the Lipinski’s rule fofe in the respect of structure as
well [46, 47]. Thus, dru@DC was selected as the best lead compound torexjble
mechanism of neddylation inhibition.
3.2.CDC suppresses neddylation pathway via inhibitidd=N

To further explore the efficacy and interactive hmtdsm of CDC, a
dose-dependent experiment with various concentraticCDCwas firstly performed
for measuring the level of cullin1-Nedd8 adductibfeanwhile, since NAE activates
Nedd8 and transfers it to Ubcl2 in the process eddglation, the level of
Ubc12-Nedd8 conjugation was assessed in paraligiridiminary determining target
enzyme of CDC. The results showed that the formatibcullin1-Nedd8 adduction
was significantly inhibited by CDC at the concetita of 25~5@M, while the
formation of Ubcl2-Nedd8 adduction was completeliiibited at 5a0M as well
(Figure 2A), suggesting that CDC inhibits the eneyim the upstream of neddylation
(NAE or Ubcl2). ATP-binding pocket of NAE emergesl @an excellent drug target
with distinct mechanism in neddylation has beerizeti for the discovery of
neddylation inhibitors, such as MLN4924, M22, m#oxone. Thus, an ATP
concentration-dependent assay was conducted tonde&e whether CDC was an
ATP-competitive inhibitor. The results showed ttred inhibitory activities of CDC on

cullin1-Nedd8 and Ubc12-Nedd8 were reduced witlhgasing concentrations of ATP
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(Figure 2B).

Furthermore, in order to obtain enzyme inhibitiomperties of CDC, a kinetic
analysis on the inhibition was performed using lieaver-Burk representation
analysis. The Lineweaver-Burk plot showed that\Wheax values were regardless of
concentration of CDC while the Km values were elestawith increasing
concentrations of CDC (Figure S5), demonstratingt tilCDC represents an
ATP-competitive inhibitor to suppress the neddglati Meanwhile, an additional
kinetics binding assay was addressed for expldhegbinding affinity of CDC with
NAE by the application of surface plasmon resonai8fR) technology. The SPR
results showed CDC displayed moderate binding efgg=195uM) with NAE
(Figure S6). Consequently, these results suggested CDC acts as an
ATP-competitive neddylation inhibitor by targetitige enzyme NAE.

We have previously shown the overactivated nedidyla€RLs axis amplified the
lung cancer development [13]. Thus, we chose huAa#9 lung cancer cells to
explore the efficacy against the neddylation madiion, and then identified the level
of global protein neddylation using a specific Nedahtibody to investigate the
efficacy of CDCagainst the neddylation pathway (Figure 2C). Intiast to the
control group, the treatment groups could dimintble level of global protein
neddylation, even comparable to MLN4924. Cullin iigmmembers act as the
best-known substrates of neddylation that involwedhe assembly of CRLs are
modulated by Ubc12 and UBEZ2F. In cullin family meardy individual cullinl, 2, 3,

4a or 4b is catalyzed by the Ubcl2 neddylation,levbullin5 is catalyzed by the
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UBE2F neddylation [48, 49]. In the present stutigse characteristics were utilized
for evaluating the neddylation inhibitory abilityné identifying target enzyme of
CDC by comprehensively exploring the levels of ingiNedd8 adduction (Figure
2D). In general, CDC represented an efficient n&dhn inhibitor for suppressing
the whole cullins neddylation significantly at |Bd. On the other hand, the
neddylation inhibition resulted in a correspondidgcrease in the abundance of
cullins-Nedd8 with the dosage increase of CDC,aatiing that the whole neddylation
pathway was blocked by CDC. Meanwhile, the degradatof two representative
CRLs substrates Weel and p27 were decreased mafignating with CDC in this
assay (Figure 2E), validating that CDC stabilizedL€ substrates by suppressing
neddylation-CRLs pathway.

Nedd8 activating enzyme NAE in neddylation pathusayglosely related to some
enzymes in ubiquitination or sumoylation [19], saegting that CDC may also block
these pathways. Herein, Sumo-conjugating enzymedUbb-conjugating enzyme
UbcH10, Sumol and ubiquitin antibodies were intalfor investigating the effects
of CDC on ubiquitination and sumoylation by immuladting (Figure S7). The
results showed that the formation of either Ubc@a8wr Ubc10-Ub adduct were
almost not suppressed at different concentratiér@DC. Furthermore, the levels of
Sumol- and Ub-modified proteins also had no sigaift decrease in the presence of
CDC, suggesting that CDC selectively blocks the dy&tion pathway. Small
molecule M22 as a known noncovalent NAE inhibitoattdisplays the significant

antitumor activitiesn vitro andin vivo was suitable for comparing the inhibition of
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CDC [25]. In this study, we synthesized compoun®NRZigure S8) and compared its
cullin1-Nedd8 and global Nedd8 modification inhdri¢ effects with those of CDC.
Despite M22 had significant inhibitory effect agatiNedd8-associated conjugation at
the range of 60~8M in correspondence to literature reports, theiriiNedd8 and
global neddylation inhibition of M22 was inferioo those of CDC (Figure S9A).
Similarly, another known NAE inhibitor mitoxantrorfan antitumor drug) was also
used in our study to compare with CDC [26]. Theultissshowed that mitoxantrone
had no effect on cullinl neddylation at the conidn of 5uM but partly inhibited
the formation of cullin1-Nedd8 at @b, which was inferior to CD@s well (Figure
S9B).
3.3. The effect of neddylation inhibitor CDC on anticanectivityin vitro

Considering that blocking the neddylation pathwag effectively suppress tumor
progression [11-15], we examined the antiprolifieratactivities of CDC against
A549 cell by CCK-8 cell viability assay (Figure 3A)he results displayed that CDC
could inhibit A549 cell proliferation in the micratar range (16=63.93+4.18M).
To further investigate the anti-cell survival etieof CDC, colony formation assay
was performed as a side-by-side assay (Figure 3B, Stnilarly, the results
demonstrated CD@hibited the clonogenic survival in a dose-dependeanner.

To further explore whether growth inhibition supgsed by CDC was associated

with cell cycle, DNA content of cell nuclei was deted by flow cytometry, as shown
in Figure 3D. In general, phases G1, S, G2 hadigmfieant difference in various

concentrations of CD@eated groups in 24h, whereas the cell populaticBub-G1
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phase increased 0.89% to 30.45%, suggesting th&tiGdced cancer cell apoptosis.
Moreover, Annexin-V/PI double staining assay washier performed for evaluating
the capacity of CDC to induce apoptosis (Figure. 3der treatment with various
concentrations (25, 50, or M, 24h) of CDC, the total numbers of early and late
apoptotic cells were 9.6%, 25.2%, and 50.9%, rdgmdg In addition, we found that
cleaved-PARP (Poly ADP ribose polymerase, cleavgdcéspase-3), as another
classical apoptosis marker, was accumulated afeatmhent with the increasing
concentration of CDC (Figure 3F). Taken togethkese results validated that the
treatment of CDGnduced cell death through apoptosis in the A548.ce

To evaluate the capacity of CDagainst other cell lines, we tested additional nine
cancer cell lines using the CCK-8 assay. These loek included EKVX (lung
cancer), H1299 (lung cancer), HepG2 (liver canceigh7 (liver cancer), T-47D
(breast cancer), MCF-7 (breast cancer), MKN45 (gasaincer), MGC803 (gastric
cancer), and PLC (gastric cancer), as shown ineTdblWe observed that CDC
decreased the proliferation of various types of logks in the micromolar range. In
addition, two normal cell lines BEAS-2B (Normal mepithelial cell) and 16HBE
(Normal bronchial epithelial cell) were utilizedrfexploring the selectivity of CDC
(Table 1). In general, neddylation inhibitor CDCegented minor proliferation
inhibitory activities against these two normal deles (IGo = 89.94 + 5.16M and
ICs0 > 10QuM, respectively), along with the overactivation tafrget neddylation
pathway in various cancer tissues in vivo as desdrabove [11, 12], suggesting that

CDC has a certain selective effect in suppressamger cell lines.
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3.4.The neddylation inhibitory activity of CDC origirest from its unique structure

Molecular modeling studies were performed for iiggding the binding mode
between CDC and NAE by Autodock 4.0. As shown iguFé 4A, the binding mode
of CDC in the NAE complex was similar to that of M#924 in general, but its
binding conformation had some difference with MLI249 (Figure 4B, C). In
comparison with MLN4924 (PDB ID: 3GZN), CDC wasiesited to form various
interactions in the binding pocket, including twebdnds to both the side chain
guanidine group of Arg22 (3.1A) and carboxylateugr@f Asp167 (1.9A) through its
tetrazolium substituent. Meanwhile, CDi@ad the same H-bond to the side chain
amide group of GIn149 (2.3A) through its tetrazoligilexetil substituent as that of
MLN4924. Unlike MLN4924, CDC lacked the sulphamgteup to form the covalent
adduct with NAE. These molecular interactions ssgggthat CDC had high affinity
with NAE comparable to MLN4924.

CDCis a well-known prodrug of candesartan that owesntloderate angiotensin |l
type 1 receptor (A2T1R) antagonistic activity, whicansfers into potent candesartan
by oral administration. In this study, we could poeclude the possibility th&DC
would suppress the neddylation through its A2T1R@onistic activity. Thus, other
nine FDA-approved A2T1Rantagonists, including losartan, irbesartan, azédsa
olmesartan medoxomil, eprosartan, telmisartan,avias, candesartan, and valsartan
were explored for neddylation inhibitory activities A549 cell line (Figure 4D). The
results showed that formations of cullinl-Nedd8lefdito be blocked after the

treatment of these antagonists in contrast to ®hafDC. Notably, candesartan, a

16



metabolic product of CDC, displayed no anti-nedtigtaactivity, indicating that the
inhibition effect of CDCis related to its unique structure and irrelevantART1R
antagonistic effect.
3.5.Neddylation inhibitor CDC suppresses the growthAB#9 xenograft tumors in
mice

To evaluate the antitumor activity of CO@ vivo, we administered CDC to nude
mice bearing human tumor cell xenografts and mositaumor growth rate. Tumors
were established after 8 days after subcutaneaasilistion of A549 lung cancer cells
(the tumor volume is at 70~100m)n tumor bearing mice were then randomly
allocated into four groups: mock group, MLN4924atexl group as positive control
(60mg/kg gd) and CDC-treated groups (60mg/kg gqd Z0mdg/kg gd) with six mice
per group. The indicated agents were administrhiethtraperitoneal injection. As
shown in Figure 5A, B, in contrast to mock groul tr@atment groups significantly
decreased tumor volume and tumor weight after 2¢s.d&urthermore, CDC
displayed the dose-dependent activities throughpeoative analyses with those CDC
treatment groups (Figure 5A). To our surprise, @ltth the MLN4924 group
presented superior antitumor activity in the as€dyC treated with 60mg/kg group
had no significant difference with MLN4924 vivo. Compared with either Mock or
MLN4924 groups, CD@reated with 60 or 30mg/kg group did not affect thaly
weight (Figure 5B). In addition, the tumor weiglaisd sizes were measured and the
two CDGtreated groups had a decrease in tumor growth cadpa the Mock group

(Figure 5C, D). In particular, CD@eated with 60 mg/kg group decreased the tumor
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weight comparable with MLN4924 group. Taken togetlieese data indicated that
CDC was efficacious in suppressing tumor groimtiivo with no observable toxicity.
4. Conclusion

One major challenge in developing neddylation iitbils as therapeutic drugs is
lack of enough druggability studies and the co$teesearch and development. The
advantage of drug repurposing is cost and timecefieness as absorption,
distribution, metabolism, excretion, and basic ¢ayiare already well established and
can be immediately taken to phase Il/lll clinicabls [39-41]. In this study, we
screened 1331 approved drugs from our in house d@ld bank” to discover CDC as
a potential neddylation inhibitor based on a newyere-based assay with evaluating
the cullinl-Nedd8 inhibition. The findings from shistudy demonstrated the
practicability of this screening strategy for thésocdvery of novel neddylation
inhibitors.

The additional enzyme-based assays revealed th& @@ only significantly
inhibited neddylation pathway by evaluating thenfations of cullin1-Nedd8 and
Ubcl2-Nedd8 adductions, but ATP-competitively sesped the neddylation
modification as well. As for cellular-based assayBC could significantly suppress
various cullins neddylation pathway in cancer ¢eltamparable to its performance in
enzymatic assay. Further study with investigatimg inhibitions of other structurally
similar A2T1R antagonists validated that the neddylation intobitiof CDC
originated from its unique structure, not relatedA2T1R antagonistic activity. A

molecular modeling verified the high affinity of @with NAE. In addition, CDC
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inhibited the cullins neddylation more significatitan two representative NAE
inhibitors M22 and mitoxantrone. Taken together, CCDepresents a novel
neddylation inhibitor for suppressing the enzymemNA

Furthermore, anticancer experimemsitro showed that CDC inhibited cancer cell
growth and survival in the micromolar range. Aduhital cell cycle and Annexin-V/PI
double staining assays displayed that GBdiiced apoptosis in the A549 cancer cell.
Antitumor activityin vivo indicated CDC significantly inhibited the growti &549
xenograft tumors in mice. These findings demonsttathat CDC presents the
passable efficacy on suppressing the tumor gramthtro andin vivo. However, the
neddylation and anticancer inhibitory activitiesGIDC are inferior to those of clinical
agent MLN4924. Meanwhile, the defects of struclyraasy hydrolysis by oral
administration and potential A2T1R-related toxicdiso limit CDC to develop a
novel cancer therapeutic drug. Thus, subsequedtestwvill focus on the structural
modification by medicinal chemistry to overcome dboweaknesses. Especially,
based on the results of docking model, we will civatty modify the hydrolyzable
cilexetil group in the structure of CDC for elevagithe neddylation and anticancer
inhibitory activities andn vivo stability. In summary, CDC significantly inhibitee
neddylation modification by targeting enzyme NABdaepresents a promising lead
compound for the development of new anticancersirug
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Figure legends

Figure 1. (A) The process of protein modification by neddigla and reported
neddylation inhibitors. (B) The screening stratelygt exploration the inhibition of
approved drugs on the Nedd8-NAE-Ubcl12-RBX1-cullipdthway was conducted
analyzed by immunoblotting. (C) The process of sty of neddylation inhibitors
from “Old Drug Bank”. (D) Hit compounds and leadhgoound neddylation inhibitor
CDC.

Figure 2. (A) Various concentrations of CDC inhibited bothllini-Nedd8 and
Ubcl2-Nedd8 formation in the enzyme-based assay. GBC inhibited both
cullin1-Nedd8 and Ubcl12-Nedd8 formation with the diidn of various
concentrations of ATP in an enzyme-based assayC[X) inhibited the global Nedd8
modification in A549 cell. (D) CDC blocked the dni-Nedd8 pathway in A549 cells.
(E) CDC suppressed degradation of CRLs substrnat&549 cells.

Figure 3. The antitumor activity of agent CDC on A549 lundlda vitro. (A)
Survival curve of CDC against A549 (n=3). (B, C)4&bwas treated with either
MLN4924 (0.1, 0.33, andiiM) or CDC (5, 10, 15, and 20/1) at indicated doses to
determine its therapeutic efficacy on clonogeniwisal (C, ***P < 0.001). (D) CDC
induced Sub-G1 arrest in A549 cancer cells. A548 egre incubated with DMSO
and various concentrations of CDC (25, 50, andvhsfor 24 h. Cells were harvested
and stained with Pl and then analyzed by flow cytygn(G1 in red, S in green, G2 in
blue and Sub-G1 in white). The percentages of delidifferent phases of the cell
cycle were analyzed by FlowJo. Histograms displalyedpercentage of cell cycle

distribution. (E) Evaluation of apoptosis on A548lldine by Annexin V/PI staining
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and flow cytometry detecting. 0.1% DMSO treated A%4% in 48h; CDC treated
A549 cell in 48h at the concentration ofu®8; CDC treated A549 cell in 48h at the
concentration of 5tM; CDC treated A549 cell in 48h at the concentratid 75.M.
Statistical significance was determined by the M#¥mitney test (two-tailed): ***p <
0.001, n.s. indicates no significant difference) GDC suppressed degradation of
apoptotic protein cleaved-parp in A549 cells.

Table 1.1Csq values of CDC or MLN4924 treated various cancdrlicees or normal
lung cell lines after 48huM, n=3).

Figure 4. Molecular modeling results. (A) Merging betweemp-tanked CDCpose
(shown in blue) and MLN4924 conformation (shownpurple) from NAE crystal
(PDB ID: 3GZN). (B, C) Low-energy binding confornats of CDC (shown in blue)
bound to NAE heterodimer generated by virtual ldy@wocking. The binding pocket
of NAE is represented as a gray ribbon form. Amawead residues and small
moleculars are depicted as a stick model showinfoca(gray, blue, or purple),
hydrogen (white), oxygen (red), nitrogen (blue)d aulfur (yellow) atoms. H-bonds
are indicated as black lines. (D) Further investngathe inhibitory effects of A2T1R
antagonists on the neddyaltion pathway.

Figure 5. CDC inhibited A549 xenograft growth in nude mi¢p=6). After
intraperitoneally administering vehicle (black), M&924 (60 mg/kg, red), CDC (60
mg/kg, orange), CDC (30 mg/kg, blue) for three veeeke mice were sacrificed, and
the tumors were weighed. (A) Tumor volume changednd treatment; (B) Body

weight changed of mice during treatment. (C) Thages of tumors from mice at 21
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days after initiation of treatment; (D) The tumosoueight of each group. Statistical
significance was determined by the Student's t t@sio-tailed): **p<0.01,

***n<0.001, n.s. indicates no significant differenc
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Table 1.1Csg values of CDC or MLN4924 treated various cancdrlicees or normal
lung cell lines after 48, n=3).

Cell line Tissue CbC Cell Tissue Type CbC
Type (M) line yp (M)
EKVX Lung >100 MKN4 o Gastic oo 00022
cancer cell 5 cancer cell
N .
H1299 Lung 4511 + MGC8 Gastric 57 14 + 3.36
cancercell 2.17 03 cancer cell
HepG2 Liver >100  PLC Gastic o021 +4.31
cancer cell cancer cell
Huh7 Liver 100 BEAS- Normallung g6 o) 5 16
cancer cell 2B epithelial cell
Normal

+
T-47D Breast — 64.35%+ . BE  bronchial > 100
cancercell 6.41 i -
epithelial cell

Breast
cancer cell

ICs0 > 1QuM against various cancer cell lines after 48h
MLN4924 1Cso at the range of 0.3-1u®1 against various cancer cell lines
after 72~96h

Ni, etc. Table 1.
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Ni, etc. Figure 5
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. Animproved screening system was set up for exploring neddylation inhibitor.

. 1331 approved drugs were investigated the inhibitory effects on the formations of
cullin1-Nedd8 adduction viathis screening assay.

. CDC was identified as a novel NAE inhibitor for selectively suppressing the
tumor growth by inducing the apoptotic.

. Additional investigating of CDC analogs and molecular modeling validated that
the neddylation inhibition of CDC originated from its unique structure.



Declaration of Interest Statement
This manuscript (title: Discovery of candesartan cilexetic as a novel neddylation
inhibitor for suppressing tumor growth (manuscript ID:
EJIMECH-D-19-02331) )has not been published or presented elsewhere in part or its
entirety, and is not under consideration by another journal. There are no conflicts of

interest to declare.



