Accepted Manuscript =

EUROPEAN JOURNAL OF

Synthesis of naphthazarin derivatives and identification of novel thioredoxin reductase
inhibitor as potential anticancer agent A

Junmin Zhang, Yaping Liu, Danfeng Shi, Guodong Hu, Baoxin Zhang, Xinming Li, 7
Ruijuan Liu, Xiao Han, Xiaojun Yao, Jianguo Fang 4

PII: S0223-5234(17)30741-9
DOI: 10.1016/j.ejmech.2017.09.027
Reference: EJMECH 9742

To appearin:  European Journal of Medicinal Chemistry

Received Date: 3 April 2017
Revised Date: 15 September 2017
Accepted Date: 15 September 2017

Please cite this article as: J. Zhang, Y. Liu, D. Shi, G. Hu, B. Zhang, X. Li, R. Liu, X. Han, X. Yao,

J. Fang, Synthesis of naphthazarin derivatives and identification of novel thioredoxin reductase
inhibitor as potential anticancer agent, European Journal of Medicinal Chemistry (2017), doi: 10.1016/
j-ejmech.2017.09.027.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ejmech.2017.09.027

Graphical abstract
OH O

Redox imbalance Apoptosis

Total thi0|5¢ - Oxidative
stress
GSHIGSSG 4,

l kills

HL-60 cells

48 h, IC50: 0.72 yM




©

10

11

Synthesis of naphthazarin derivatives and identification of novel thioredoxin

reductase inhibitor as potential anticancer agent

Junmin Zhang ™ ¢ Yaping Liu® ¢, Danfeng Shi, Guodong H& ¢ Baoxin Zhand" ¢ Xinming Li® ¢

Ruijuan Liu®® Xiao Har™ ¢ Xiaojun Yad® and Jianguo Farfy*

2 Gate Key Laboratory of Applied Organic Chemistry, ® School of Pharmacy, and © College of
Chemistry and Chemical Engineering, Lanzhou University, Lanzhou, Gansu 730000, China

’ Corresponding author. Tel: +86 931 8912500; fax6 981 8915557.

E-mail: fangjg@Izu.edu.cn (J. Fang).



12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28
29
30
31
32

33

34

Abstract

Mammalian thioredoxin reductase (TrxR) enzymes playucial role in regulating multiple
redox-based signaling pathways and have attrant#dasing attention as promising anticancer drug
targets. We report here the synthesis of a panehoiithazarin derivatives and discovery of
2-methyl-5,8-dihydroxy-1,4-naphthoquinor® 2-methylnaphthazarin) as a potent cytotoxic agent
with a submicromolar half maximal inhibitory contextion to the human promyelocytic leukemia
HL-60 cells. Mechanism studies reveal that the counmpl selectively inhibits TrxR to induce
oxidative stress-mediated apoptosis of HL-60 c&lieockdown of TrxR sensitizes the cells3o
insults, while overexpression of the functionalyane confers resistance to the compound treatment,
underpinning the physiological significance of &trgg TrxR by3. Clarification of the interaction of
compound3 with TrxR unveils the cellular action of the conupal, and sheds light in considering

development of the compound as a potential carf@notherapeutic agent.

Keywords. Naphthazarin derivatives; 2-methylnaphthazarinpiddoxin reductase; Reactive

oxygen species; Oxidative stress; Apoptosis.

Abbreviations: BSO: L-buthionine-(S,R)-sulfoximine; DCFH-DA: 2',-dichlorfluorescein diacetate; DHE:
dihydroethidium; GR: glutathione reductase; HeL&rsR1: Hela cells transfected with shTrxR1 plasmids
HelLa-shNT: HelLa cells transfected with shNT plasrilBK-TrxR1: HEK 293T cells stably overexpressingHR1;
HEK-IRES: HEK 293T cells stably transfected withiextor; NAC: N-acetyl-L-cysteine; ROS: reactive gen
species; Sec: selenocysteine; Trx: thioredoxinRTitkioredoxin reductase.
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1. Introduction

The thioredoxin system, consisting of NADPH, thawgin reductase (TrxR) and thioredoxin
(Trx), is a major disulfide reductase system themgfers electrons from NADPH to a multitude of
enzymes, and plays an essential role in regulatinigple cellular redox signaling pathways [1-3].
Elevated levels of Trx/TrxR are frequently obserwredifferent types of cancer, and are recognized
as association with aggressive cancers, poor patiegnosis and resistance to chemotherapy [4, 5].
Furthermore, transfection with dominant-negativedantiTrx or depletion of TrxR results in a
retardation in tumor progression and metastasig][@\ccordingly, the thioredoxin system has been
a promising target for anticancer drug developnin8]. The past decades have witnessed growing
interests in identifying and developing small males targeting the TrxR/Trx as potential cancer
chemotherapeutic agents [8-16].

The diversity of natural products such as quinofiagpnoids, terpenoids, and alkaloids has
inspired the drug discovery, and is still a unigoarce of biologically active lead compounds [17,
18]. Approximately, half of the drugs in the marlae¢ natural products or their derivatives. In the
case of anti-infective and anticancer agents,rdtie is even higher [19]. As an essence of thgdru
discovery progress, the generation of novel andsirally diverse lead compounds with potential
pharmacological properties has been actively sodghbng these natural products, 1, 4-
naphthoquinones are an important family. The 1ghttaoquinone pharmacophore is known to
afford antitumor activity in a number of clinicallysed drugs, such as streptonigrin [20], mitomycins
[21], and doxorubicin [22]. Naphthazarin (5, 8-dilngxy-I, 4-naphthoquinone) is one of a natural 1,
4-naphthoquinone derivatives derived from the rabdtseveral members of the gerim aginaceae
[23] and is employed in food, cosmetics and tegtidaphthazarin derivatives have been
documented possessing a wide variety of pharmaicallogctivities due to containing a 1,
4-naphthoquinone pharmacophore, including antimffeatory, anticancer, antibacterial, antioxidant,
and antifungal effects [24-27]. Aleb al. synthesized a series of naphthazarin derivativesigin
modifying 5, 8-dihydroxy, and evaluated their cgidtity and inhibition of DNA topoisomerase |
[28-30]. In recent years, large attention has lgeed to the potential anticancer potency of
naphthazarin derivatives due to induction of apsigton multiple types of tumor cells, and various
putative cellular mechanisms were proposed, inolyidxidative stress [24], depolymerization of

microtubules [25], interference with lysosomal ftioo [31], activation of mitochondrial apoptosis
3
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inducing factor (AIF) [32] and p53-dependent p2fivation [33]. Shikonin, a naturally occurring
naphthazarin derivative, was previously investigdie killing cancer cellsia targeting TrxR by
our lab [15]. In consideration of the importancebpB-dihydroxy-1, 4-naphthoquinone scaffold, we
synthesized a series of 2-substituted naphthadarimatives, and evaluated their cytotoxicity in a
panel of tumor cells and normal cells. After iditgtotoxicity screening, we discovered ti3at
(2-methylnaphthazarin) displayed the most cytot@ftiect against HL-60 cells with andg@value of
0.72uM after 48 h treatment. The follow-up studies diseld thaB results in a time- and
concentration-dependent inhibition of the TrxR. Ph@rmacological action &in cells involves
inhibition of TrxR, accumulation of reactive oxygepecies (ROS), decrease of GSH/GSSG ration
and cellular total thiols, and activation of caspasFinally, compound elicits oxidative
stress-mediated apoptosis of HL-60 cells. KnockdoWhrxR sensitizes the cells &insults, while
overexpression of the functional enzyme allevi#ttescytotoxicity, underpinning the physiological
significance of targeting TrxR 8: We expect thad could be a novel cancer chemotherapeutic

agent for further development.

2. Results
2.1. Chemistry

Synthesis of the naphthoquinone derivatives wapeed by condensation of maleic
anhydrides with various phenols under a molten uneéxbf aluminium chloride and sodium chloride
[34]. The general synthetic routes were depictefldneme 1. After construction of the naphthazarin
(2) scaffold, various substituted naphthazarin weepg@redvia reactions oR with different amines
in ethanol as described in the literatures [35, BB resulting products were purified by silich ge
column chromatography. All the naphthoquinone dgivwes were fully characterized by, *°C
NMR, and mass spectrometry. The original NMR s@ectrcompounds were shown in the

Supporting Information (Fig. S1-S30).

2.2. Evaluation of cytotoxicity.
Initially, we employed the MTT assay to assesscifietoxicity of all the synthetic compounds
(1-16, structures presented in Scheme 1 and Table BrtlsaHL-60 cells at a fixed concentration of

20 uM over a duration of 48 h. Under this conditiore tell viability was summarized and listed in
4
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Table 1. Compoundaand3 showed the highest cytotoxicity. Analyzing theatgkicity data reveals
that introducing a substituted amino group to thmone double bond (compoundi4.6)

significantly decreases the cytotoxicity, whichades information for further preparation of such
compounds. Next, we chose these two compoundiddiotiow-up studies. As shown in Fig.1A,
compound® and3 display comparable efficacy toward HL-60 tumods&lith a submicromolar
ICspvalue after 48 or 72 h treatment, but compo8mgbpears higher potency. As compoudsd3
have similar structures, it is likely that they shthe same action mechanism in cells. Thus, we
chose3 to confirm the results from the MTT assay by emig the trypan blue exclusion assay,
which gives an 16 value of 0.86uM (Fig. 1C) upon treatment of HL-60 cells for 48Ttis is quite
consistent with the value from the MTT assay@D.72uM). To confirm whetheB is cytotoxic to
other tumor cells and normal cells, several hunsarter and noncancerous cell lines were treated
with various concentrations 8ffor 48 h, including human alveolar adenocarcinaelaline A549,
human cervical cancer cell line HeLa, human hepdlidar carcinoma cell line HepG2, human
embryonic kidney 293T cell line HEK 293T and huniamortalized normal liver cell line LO2. As
shown in Fig. 1B, compouriglexhibited the most potency on HL-60 cells compavéh other cell
types. Interestingly, compourddisplays less potency to LO2 cells and HEK 2936 cvo
noncancerous cell lines (Fig. 1D). Collectivelyr oesults demonstrate that compoBylossesses
the promising cytotoxicity in all compounds andibits growth of multiple cell lines, with the most

potency to HL-60 cells. Thus, our follow-up studvesre focused o8.

2.3. Inhibition of TrxR by 3 invitro

Since3d displays the highest cytotoxicity to HL-60 celige then asked the possible cellular
target of the compound. CompouBdelongs to the naphthoquinone family, a clas®attive
natural products whose chemical structures all@mntko interact with pharmacological targets by
forming covalent bonds and/or by serving on electransfer agents in biological redox reactions
[37]. More importantly, its structure is reminis¢@f shikonin [15], and juglone [38], two
established TrxR inhibitors. Thus we speculatetl 3haight be a novel inhibitor of TrxR. Initially,
we determined whether compouBéhhibits TrxR using the purified enzyme. Incubatiaf 3 with
the reduced enzyme causes a dose-dependent ioibftits activity with an Ig value around 0.7

uM (Fig. 2A), which is more potent than other knoWrR inhibitors, such as securinine [14],
5
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shikonin [15], and parthenolide [16] . RemovaBdfom the incubation mixture by desalting column
did not recover the enzyme activity, suggesting poamd3 inhibits TrxR1 irreversibly. TrxR
possess an N-terminal redox center characterizeddiiol motif (-Cys-XXXX-Cys-) and a
C-terminal active site with a -Cys-Sec- motif. Thec residue has a significantly low pKa value
(5.24 for the selenol/selenate couple compared2® #®r the thiol/thiolate couple), resulting in an
enhanced nucleophilic property [39, 40]. As manyR mhibitors have been demonstrated to target
the Sec residue in the enzyme [11, 13, 14, 41}, mexdetermined wheth&ralso targets the Sec
residue by comparing the inhibition potencyddbwards the wild type enzyme and the mutant
U498C TrxR enzyme, where the Sec498 was replacé&tlbyAs shown in Fig. 2A, compoufd
gave very weak inhibition to U498C TrxR. Glutathéoreductase (GR) is a homologous of TrxR
with a similar overall structure but lacks the @a@al -Cys-Sec- redox center. Compotiidad
marginal effect on the enzyme activity (Fig. 2Agl&tively inhibiting WT enzyme but not U498C
TrxR or GR implies the Sec residue is specificilygeted bys. In addition, the possible binding
mode for compoun8 with TrxR protein was figured out by the covaldotking method. As shown
in Fig. 2B, the carbon atom indicated with an askeof compound connects covalently with the
selenium atom of Sec498. The binding pocket formonmd3 was formed by the C-terminal active
site redox center of one subunit constituted byiG6y Cys497, Sec498, Gly499 and some
hydrophobic residues of the other subunit includfiade0’, lle65’, Leull?2’, lle347'. A hydrogen
bonding was found between the phenolic hydroxyugrof compoun@® and the carboxyl group of
Gly499 and a-n stacking interaction also occurs between the benrag of compound and the
imidazolyl group of His472. All these results pnetesl a clear view that compouBdeacts with
Sec498 of TrxR irreversibly by forming a covaleond and all the non-bonding interactions
between compoun8and the residues around Sec498 seems to supplpalide environment for
the formation of the covalent bond. Taken togetbempound selectively targets the Sec residue

in TrxR to inhibit its activityin vitro.

2.4. Inhibition of TrxR contributes to the cytotoxicity of 3
Sincecompound effectively inhibits the purified TrxR, to extetlois discovery in a cellular
content, we determined the inhibition of TrxR in480Q cells. Firstly, we employed the TRFS-green,

a specific TrxR fluorescence probe developed bylauf42], to assess the cellular TrxR activity. As
6
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illustrated in Fig. 3A, treatment of HL-60 cellsttvB causes a dose-dependent decrease of the
fluorescence, demonstrating the inhibition of TiyR3. Secondly, we performed the classic
Trx-mediated insulin reduction assay to confirmflberescence results. Again, treatment of HL-60
cells with3 causes a remarkable decrease in the cellular dcxRity with an 1Go value around 2.4
uM (Fig. 3B), which is more potent than other knoWwrR inhibitors, such as securinine [14],
parthenolide [16], and alantolactone [41]. Thenpesps no apparent change of TrxR1 expression
after the HL-60 cells were treated wRHor 24 h (Fig. 3C), suggesting that the decreaseyme
activity is caused by the direct inhibition of TrxRnally, to further demonstrate whether the
inhibition of TrxR is involved in the cytotoxicitgf 3, we then turned to compare the sensitivity of
the cells that stably transfected with a vector (HRES) and HEK cells stably overexpressing
TrxR1 (HEK-TrxR1) toward$ treatment. The transfection efficiency was conéichiby measuring
the enzyme activity and the protein expressionuinprevious publication [41]. As shown in Fig. 3D,
3 shows lower cytotoxicity to HEK-TrxR1 cells tharEK-IRES cells. Meanwhile, to further verify
the biological relevance of TrxR-mediated cytotayiof 3, we further determined the cytotoxicity
of 3 after knocking down TrxR expression. Due t@ libw transfection efficiency of HL-60 cells, we
employed the HelLa cells for the knockdown experitaieinockdown of TrxR1 in HelLa cells
(HeLa-shTrxR1) was assessed in our group previabBgation [41]. TrxR knockdown could yield
drug-specific alteration of cytotoxicity of smallabecule drugs [43]. We observed tlBadisplays
elevated potency to HeLa-shTrxR1 cells comparet thi¢ cells only transfected with a
non-targeting vector (HeLa-shNT) (Fig. 3E). Takegsdther, our results revealed that inhibition of

TrxR is involved in the cellular action 8f

2.5. Induction of oxidative stress by 3 in HL-60 cells

The thioredoxin system is critical for the intrdakdr redox balance to prevent excess ROS
accumulation. A great majority of TrxR inhibitosjch as curcumin [44] and shikonin [15], could
promote ROS production and induce oxidative strdssordingly, we determined whether
compound3 has the similar effects. Firstly, DCFH-DA was eoyadd to assess the overall ROS
levels in HL-60 cells. DCFH-DA is a well-establishprobe to determine intracellular levels of ROS.
As shown in Fig. 4A, the ROS levels in HL-60 celle undetectable under basal conditions.

Treatment of the HL-60 cells withnotably promotes the ROS production. The higheceatration
7
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of 3 leads to more ROS generation. The DCFH-DA-base8 BR§3ay is prone to artifacts as
extensively discussed in the literature [45], wefer employed another probe, DHE, to confirm the
ROS generation in HL-60 cells. Again, compowelokes the fluorescence in a dose-dependent
manner (Fig. 4B). Collectively, these data indidateat3 could promote ROS accumulation in
HL-60 cells.

Cellular thiols are important antioxidants to nalile ROS accumulation. To assess the overall
redox states of the HL-60 cells afetreatment, the amount of thiols was determine®®biXB
titration. After HL-60 cells were treated wil) the amount of cellular thiols is decreased (E{Q).
Furthermore, we assessed the changes of glutath@neostasis in HL-60 cells treated with the
indicated concentration & As shown in Fig. 4D, incubation 8fwith the cells causes a reduction
of the ratio of GSH/GSSG dose-dependently. Accutiariaof ROS and oxidation of thiols indicate
the intracellular environment is shifted to an @tide state. Thus, we further asked if the addation
oxidative stimulants could improve the cytotoxiaitfy3. As shown in Fig. 4E, pretreatment of the
HL-60 cells with3 significantly incited the cells to hydrogen pemxichallenge. Under our
experimental conditions, hydrogen peroxide ((80) and3 (1 uM) caused 4% and 27% cell death,
respectively. However, treatment with a combinatbbhydrogen peroxide arBistimulates more
than 43% cell death, indicating tfahas synergistic action with hydrogen peroxidenttuce cell
death. A similar effect was observed for the coraban of 3uM of 3 with hydrogen peroxide.

Taken together, all these data support the indadfmxidative stress byin HL-60 cells.

2.6. Promotion of cell death by GSH depletion and protection of cell death by NAC

As 3 could lead to disorder of cellular redox balaneéd eduction of oxidative stress in HL-60
cells, we next explored the functions of GSH depieand NAC supplement in the process of
3-induced HL-60 cell death. NAC is a thiol antioxrd@and precursor for biosynthesis of GSH.
Pretreatment of the HL-60 cells with NAC alleviathe cytotoxicity of3, and a high concentration
of NAC (5 mM) completely rescues the cells (Fig.)5Next, we measured the effect of GSH
depletion on the cytotoxicity &. In contrast to the protective role of NAC, degetof the cellular
GSH by pretreatment of the cells with BSO remarkabigments the cytotoxicity &f(Fig. 5B).
Under our experimental conditions, the intraceH@&H level was reduced to less than 20% of the

control after treatment of HL-60 cells with i BSO for 24 h. GSH is a crucial component of
8



215 glutathione system, another redox regulation nétwesides thioredoxin system in cells. Our results
216 that depletion of cellular GSH sensitizes the ottty while supplement of NAC protects the cells
217 to 3 treatment support the oxidative stress is engagtte pharmacological action 8f

218

219  2.7. Induction of apoptosisin HL-60 cells

220 We presented evidence here tBills HL-60 cells predominantly through the indiact of

221 apoptosis (Fig. 6). Since the apoptotic processisarly event of cell death, we chose a shorter
222 treatment time (24 h) for the apoptosis assag. Well known that caspase 3 is a major component of
223 apoptotic machinery in mammalian cells, and itévatibn is one of hallmarks in the process of

224  apoptosis. We detected the activation of caspag®e3 treatment. As shown in Fig. 6A, compound
225 3 activates caspase 3 activity in HL-60 cells. Hogrea higher concentration 8f(5 uM) decreased
226 the activity of caspase 3 slightly. This could lne dio inactivation of caspase 3 by the high

227 concentration 08. When HL-60 cells were incubated with indicated aamtrations o8 followed by
228 Hoechst 33342 staining, an increasing number ¢é ezhibited condensed and highly fluorescent
229 nuclei, a characteristic morphology of cells undarg apoptosis (Fig. 6B). Further evidence from
230 the Annexin V-FITC/PI double staining assay quaedithe apoptotic population by flow cytometer
231 (Fig. 6 C&D). Treatment of the cells with Qu/4, 1 uM, 3 uM and 5uM 3 for 24 h causes ~10%,
232  ~23%, ~42% and ~56% cell apoptosis, respectivajpid, NAC could antagonize the apoptosis. A
233 slight increase of the necrotic cells was obseafeat the cells were treated withuM 3 for 24 h,

234  consistent with the higher concentratiorBqb uM) decrease the activation of caspase 3 (Fig. 6A).
235 This could be due to the excessive oxidative staased by. Taken together, our results reveal
236 that compoun@® predominantly induces apoptosis in HL-60 cells.

237

238 3. Discussion

239 [, 4-Naphthoquinone moiety is believed to be areesal pharmacophore of many

240 pharmaceutically active compounds. We have syrehdsa series of 2-substituted I, 4-

241 naphthoquinone derivatives, evaluated their antieaactivity, and explored the underlying

242  mechanism. Among these compounds, compa@undibits the growth of multiple cell lines, with
243 the most potency to HL-60 cells. We presented exiddnerein that the cytotoxicity 8fis mediated,

244  atleast in part, by targeting the selenoenzym&TEirstly, we compared the inhibition potencyBof
9



245  to the purified WT TrxR1, GR and U498C TrxR1 (F2#\). Single mutation of Sec to Cys sharply
246 decreased the potency3fsuggesting that the Sec residue in TrxR is agmyrtarget of3. The

247  structure of GR is closely related to TrxR, howeweder our experimental conditions, very weak
248 inhibition of GR was observed. The selective intidioi of WT TrxR1 but not U498C TrxR1 nor GR
249  suggests a specific interaction3#ith TrxR. Secondly, we also investigated the igdnode of

250 compound3 with TrxR using the covalent docking method (FAB), supporting the covalent bond
251 formation between Sec498 and compoBnBinding of3 to the enzyme is further supported by a
252  series of non-bonding interactions between the camg and the residues around Sec498. Thirdly,
253 we provided evidence in cellular contexts to supfiog unique role of TrxR for the cellular actioin o
254 3. Compound displays remarkable inhibition of TrxR activity iimtact cells and in cell lysates (Fig.
255 3A & B). More importantly, involvement of TrxR inbition to the cytotoxicity byd was further

256 demonstrated by the TrxR overexpression and knagkdexperiments (Fig. 3D & E). Under our
257 experimental conditions, compouBdlisplays potent cytotoxicity to a variety of cancells, but has
258 the highest potency to HL-60 cells (Fig. 1B). Wasened this selectivity may be related to the

259 intrinsic TrxR activity in different cells. HL-60etls, which are most sensitive 3among the four

260 tested cell lines, show the lowest TrxR activit$][ITrxR knockdown experiments further confirm
261 this result (Fig. 3 E). Finally, the glutathionessgm and thioredoxin system are two major networks.
262  Although they work independently, a few crosstakable them acting as mutual backup in

263 managing the intracellular redox homeostasis [@6}. observations that depletion of cellular GSH
264 by BSO elevates the cytotoxicity, while upregulatad GSH by NAC lessens the cytotoxicity®f

265 (Fig. 5A & B) also suggest that TrxR is involvedtire cellular action 08. Inhibition of TrxR would
266 further promote accumulation of ROS, decrease leglthiol pool, and finally elicit oxidative stress
267 Acquiring resistance toward apoptosis is one ofhémarks of malignant cells [47].

268  Activation of apoptosis in tumor cells is thus ispiensable to tumor therapy. We provided evidence
269 that the cell death caused ®ys predominantly through apoptosis (Fig. 6), thgrstrengthening the
270 application of3 in treatment of cancer. In addition, as we havealestrated that treatment of the
271  cells with3 promotes accumulation of ROS, decrease of GSH/G&8&ah and depletion of

272 intracellular total thiols in HL-60 cells, it is mblikely that3 induces oxidative stress-mediated

273 apoptosis. Based on these results shown, we hesenged thaargeting TrxR by3 contributes to

274 inducing oxidative stress-mediated apoptosis of@flcells.
10



275 In summary, we have synthesized a series of |, phth@quinone derivatives and discovered
276 compound3 as a potent cytotoxic agent with a submicromoddf tmaximal inhibitory concentration
277 to HL-60 cells. The follow-up mechanistic studiésctbsed that the cellular action of compouid
278 related to its ability to target the selenoenzymeRT Further investigation revealed ti3atould

279 induce ROS production and thiol depletion, and mtEoxidative stress-mediated apoptosis in
280 HL-60 cells. Clarification of the interaction of mpound3 with TrxR unveils the cellular target of
281 the compound, and sheds light in considering demeént of it as a potential cancer

282 chemotherapeutic agent.

283

284 4. Experimental section

285 4.1. Materials

286 The recombinant rat TrxR1 (WT TrxR1) was a giftnfr&rof. Arne Holmgren (Karolinska

287 Institute, Sweden). Thi. coli Trx and recombinant U498C TrxR1 mutant (Sd€cys) were

288 produced as described [12]. The shRNA plasmidetarg TrxR1 (shTrxR1) and non-targeting
289  control (shNT), and HEK 293T cells stably transéekctvith a vector (HEK-IRES) and the cells
290 stably overexpressing TrxR1 (HEK-TrxR1) were gfftsm Prof. Constantinos Koumenis

291 (University of Pennsylvania School of Medicine)l pictures of cell imaging were acquired by a
292 FLoid Cell Imaging Station (Thermo Fisher ScierifiN-acetyl-L-cysteine (NAC), L-buthioniné(
293 R)-sulfoximine (BSO), bovine insulin, N-acetyl-AsgtGVal-Asp-p-nitroanilide (Ac-DEVD-pNA),
294 G418, 3-[(3-Cholamidopropyl) dimethylammonio]-1-pemesulfonate (CHAPS), reduced

295 glutathione (GSH), glutathione disulfide (GSSGasteglutathione reductase (GR), puromycin,
296 dimethyl sulfoxide (DMSO), 2, 7’-dichlorfluoresaeidiacetate (DCFH-DA), Dulbecco’'s modified
297 Eagle’s medium (DMEM), RPMI 1640 medium and Hoe@8&342 were obtained from

298  Sigma-Aldrich (St. Louis, USA). NADPH was purchagemm Roche (Mannheim, Germany). Fetal
299 bovine serum (FBS) was obtained from Sijiging (Haragu, China). The PVDF membrane was from
300 Millipore (Billerica, MA). Penicillin, streptomycinand 3-(4, 5-Dimethylthiazol-2-yl)-2,

301 5-diphenyltetrazolium bromide (MTT) were obtainedn Amresco (Solon, OH). Bovine serum
302 albumin (BSA), sodium orthovanadate (V) qN®,), trypan blue phenylmethylsulfonyl fluoride
303 (PMSF), and actin antibody (AA128-1) were obtaifresn Beyotime (Nantong, China). The

304 apoptosis detection kit containing propidium iod{e4) and fluorescein-5-isothiocyanate-conjugated
11
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Annexin V (Annexin V-FITC) was from Zoman BiotecBdjjing, China). DTNB was obtained from
J&K Scientific (Beijing, China). TrxR1 primary abthdy (sc-28321), anti-mouse 1gG-HRP (sc-2031),
anti-rabbit IgG-HRP (sc-2004) and dihydroethidiudHE) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CAH NMR and™C NMR spectra were recorded with a Bruker AMX
spectrometer at 400 and 100 MHz, respectively,gi§MS as the internal standard. Mass spectra
were recorded on Trace DSQ GC-MS spectrometentA#r reagents were of analytical grade and
were purchased from commercial supplies. All remdiwere carried out under a deoxygenated and

dry argon atmosphere unless otherwise indicated.

4.2. General method for the preparation of naphthazarins

To a mixture of anhydrous Alg(10 mmol, 1.33 g) and NaCl (5 mmol, 0.29 g) thasveated
in an oil bath till molten was added maleic anhgdror 2-methylmaleic anhydride (1 mmol) and 1,
4-benzenediol or 4-chlorophenol (1 mmol). The terapge was slowly increased and maintained at
165°C for 4 h. The reaction mixture was cooled f€0and 10 mL of 10% HCI was added, and the
mixture was stirred for 15 min at 0 °C and theruwefd for 30 min. The reaction mixture was cooled
to room temperature and extracted with ethyl aeefdte resulting product was purified by silica gel
column chromatography using petroleum ether anyl atfetate as the mobile phase. For preparation
of substituted naphthazarins, compo@1d14 mg, 0.6 mmol) was stirred in EtOH (10 mL)dan
different amines (0.7 mmol) were added. The reactias allowed to stir for several hours at room
temperature and the reaction process was monityrétin layer chromatography. After the reaction
completed, the solvent was evaporated under vacandithe resulting product was purified by
silica gel column chromatography using petroleuneetind ethyl acetate as the mobile phase.
4.2.1. 5-chloro-8-hydroxy-1, 4-naphthoquinone (1)

Yield: 22%.*"H NMR (400 MHz, CDCJ): 5 12.62 (s, 1H), 7.64 (d,= 8.8 Hz, 1H), 7.25 (d] =
8.8 Hz, 1H), 6.95 (m, 2H}*C NMR (100 MHz, CDGJ): & 189.8, 182.7, 161.3, 140.9, 140.4, 136.9,
126.8, 126.4, 125.5, 116.0. EI-MSz (%): 208 (M, 100), 207 (32), 210(31), 152 (23), 57 (21), 71
(21), 126 (20), 85 (19), 44 (16).
4.2.2. 5, 8-dihydroxy-1, 4-naphthoquinone (2)

Yield: 15%."H NMR (400 MHz, DMSO0)3 12.22 (s, 2H), 7.28 (s, 4HY'C NMR (100 MHz,

DMSO): 5 172.2, 134.5. EI-M$vz (%): 190 (M, 100), 189 (49).
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4.2.3. 2-methyl-5, 8-dihydroxy-1, 4-naphthoquinone (3)

Yield: 20%.*H NMR (400 MHz, CDCJ): § 12.57 (s, 1H), 12.45 (s, 1H), 7.21 (m, 2H), 6.80 (
1H), 2.24 (s, 3H)**C NMR (100 MHz, CDGJ): 5 183.3, 182.9, 162.9, 162.3, 148.2, 135.2, 131.2,
130.9, 111.8, 16.2. EI-MBVz (%): 204 (M, 100), 189 (22).

4.2.4. 2-methylamino-5, 8-dihydroxy-1, 4-naphthoquinone (4)

Yield: 85%.*H NMR (400 MHz, DMS0)513.70 (s, 1H), 11.68 (s, 1H),8.09 (m, 1H), 7.32)(d,
= 9.2 Hz, 1H), 7.20 (dJ = 9.2 Hz, 1H), 5.60 (s, 1H), 2.84 (s, 3HC NMR (100 MHz, DMS0)5
186.1, 183.6, 156.3, 155.0, 150.6, 130.7, 125.7,711111.1, 98.6, 29.2. EI-M®z (%): 219 (M,
100), 218 (23), 149(18).

4.2.5. 2-ethylamino-5, 8-dihydroxy-1, 4-naphthoquinone (5)

Yield: 89%."H NMR (400 MHz, DMS0)513.71 (s, 1H), 11.69 (s, 1H), 8.01 (m, 1H), 7.32 (d
J= 9.2 Hz, 1H), 7.20 (d]) = 9.2 Hz, 1H), 5.68 (s, 1H), 3.28 (g, 2H), 1.18 {)3°C NMR (100
MHz, DMSO):6 186.1, 183.8, 156.3, 154.9, 149.4, 130.7, 123.6,71 111.0, 98.5, 36.9, 12.9.
EI-MS m/z (%): 233 (M, 95), 218 (100).

4.2.6. 2- propylamino-5, 8-dihydroxy-1, 4-naphthoquinone (6)

Yield: 88%.*H NMR (400 MHz, DMS0)513.72 (s, 1H), 11.70 (s, 1H), 8.05 (m, 1H), 7.33 (d
J=9.2 Hz, 1H), 7.20 (d) = 9.2 Hz, 1H), 5.70 (s, 1H), 3.22 (t, 2H), 1.64 (rAl)20.92 (t, 3H)*C
NMR (100 MHz, DMSO)3 186.1, 183.7, 156.3, 154.9, 149.7, 130.7, 129.6,71 111.0, 98.5, 43.7,
20.7, 11.3. EI-MSWz (%): 247 (M, 47), 218 (100), 149 (25), 219 (21).

4.2.7. 2-n-butylamino-5, 8-dihydroxy-1, 4-naphthoguinone (7)

Yield: 85%.'H NMR (400 MHz, DMS0)$13.71 (s, 1H), 11.70 (s, 1H), 8.03 (m, 1H), 7.32 (d
J= 9.2 Hz, 1H), 7.19 (d] = 9.2 Hz, 1H), 5.67 (s, 1H), 3.24 (t, 2H), 1.58 (1hl)21.36 (m, 2H), 0.92
(t, 3H)*C NMR (100 MHz, DMSO)5 186.1, 183.7, 156.3, 154.9, 149.6, 130.7, 128.6,71 111.0,
98.5, 41.8, 29.4, 19.6, 13.6. EI-MSz (%): 261 (M, 33), 44 (100), 218 (81), 57 (35), 149 (29), 194
(24).

4.2.8. 2- n-hexylamino-5, 8-dihydroxy-1, 4-naphthoquinone (8)

Yield: 87%.*H NMR (400 MHz, DMS0)$13.71 (s, 1H), 11.69 (s, 1H), 8.03 (m, 1H), 7.32 (d
J= 9.2 Hz, 1H), 7.19 (d]) = 9.2 Hz, 1H), 5.67 (s, 1H), 3.21 (t, 2H), 1.58 (AH), 1.28 (m, 10H),
0.86 (t, 3H).**C NMR (100 MHz, DMSO)5 186.1, 183.7, 156.3, 154.9, 149.6, 130.7, 124.6.71

111.0, 98.5, 42.1, 31.2, 28.7, 28.6, 27.2, 26.4),28.9. EI-MSWz (%): 317 (M, 33), 218 (100),
13
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156 (24), 219 (23).
4.2.9. 2-hydroxyethylamino-5, 8-dihydroxy-1, 4-naphthoquinone (9)

Yield: 89%."H NMR (400 MHz, DMS0)513.68 (s, 1H), 11.68 (s, 1H), 7.79 (m, 1H), 7.33 (d
J= 9.2 Hz, 1H), 7.21 (d) = 9.2 Hz, 1H), 5.75 (s, 1H), 4.90 (m, 1H), 3.62 (1H)23.31 (M, 2H).
13C NMR (100 MHz, DMSO)5 186.3, 183.6, 156.3, 154.9, 149.9, 130.8, 128.7,61 110.9, 98.9,
58.4, 44.8. EI-MSnz (%): 249 (M, 35), 218 (100), 219 (15).

4.2.10. 2-isobutylamino -5, 8-dihydroxy-1, 4-naphthoquinone (10)

Yield: 85%.*H NMR (400 MHz, DMS0)513.72 (s, 1H), 11.71 (s, 1H), 7.62 (m, 1H), 7.33 (d
J=9.2 Hz, 1H), 7.20 (dJ = 9.2 Hz, 1H), 5.72 (s, 1H), 3.58 (m, 1H), 1.70 (H)11.57 (m, 1H),

1.19 (d,J = 6.4 Hz, 2H), 0.89 (tJ = 7.2 Hz, 3H)3C NMR (100 MHz, DMSO)5 186.1, 183.7,
156.2, 154.8, 148.9, 130.6, 125.5, 111.6, 110.5,98.5, 27.8, 18.7, 10.4. EI-M8z (%): 261 (M,
47), 232 (100), 71 (24), 57 (23), 85 (21).

4.2.11. 2-isobutylamino-5, 8-dihydroxy-1, 4-naphthoquinone (11)

Yield: 80%.*H NMR (400 MHz, DMS0)513.70 (s, 1H), 11.69 (s, 1H), 8.00 (m, 1H), 7.32 (d
J=9.2 Hz, 1H), 7.19 (d]) = 9.2 Hz, 1H), 5.65 (s, 1H),3.25 (m, 2H), 1.67 (m)A48 (m, 2H), 0.92
(d,J= 6.8 Hz, 6H).13C NMR (100 MHz, DMSO)5 186.0, 183.7, 156.3, 154.9, 149.5, 130.7, 125.6,
111.7, 111.0, 98.5, 40.4, 35.9, 25.4, 22.3. EHMS(%): 275 (M, 36), 218 (100), 219 (54), 178
(19).

4.2.12. 2-phenylamino-5, 8-dihydroxy-1, 4-naphthoquinone (12)

Yield: 82%.*H NMR (400 MHz, DMS0)513.36 (s, 1H), 11.78 (s, 1H), 9.59 (s, 1H), 7.49 (m
2H), 7.40 (m, 3H), 7.29 (m, 2H), 6.55 (s, 1H), 6(611H).*C NMR (100 MHz, DMS0)5 187.2,
183.7, 156.4, 154.9, 149.7, 147.6, 137.6, 130.9,4226.4, 125.9, 124.1, 115.6, 111.7, 110.9,3.01.
EI-MS m/z (%): 281 (M, 40), 149 (100), 45 (83).

4.2.13. 2- phenylmethylamino-5, 8-dihydroxy-1, 4-naphthoquinone (13)

Yield: 81%."H NMR (400 MHz, DMS0)513.54 (s, 1H), 11.71 (s, 1H), 8.60 (m, 1H), 7.35 (m
3H), 7.32 (d,J = 9.3 Hz, 1H), 7.28 (m, 1H), 7.21 (d= 9.3 Hz, 1H), 5.59 (s, 1H), 4.50 (@= 6.4
Hz, 1H)."*C NMR (100 MHz, DMSO0)35 186.3, 183.7, 156.3, 155.0, 149.6, 137.0, 13(®28,5],
127.2,127.1, 125.9, 111.7, 110.9, 99.8, 45.2. BlaVz (%): 295 (M, 67), 91 (100), 129 (50), 204
(34).

4.2.14. 2-piperidyl-5, 8-dihydroxy-1, 4-naphthoquinone (14)
14



395 Yield: 89%.'H NMR (400 MHz, DMS0)$13.35 (s, 1H), 11.70 (s, 1H), 7.30 (& 9.2 Hz,

396 1H), 7.21 (dJ = 9.2 Hz, 1H), 6.00 (s, 1H), 3.57 (m, 4H), 1.65 (1) 6°C NMR (100 MHz,

397 DMSO):6 186.1, 185.3, 155.9, 154.5, 154.1, 129.2, 123,41 111.1, 108.4, 50.3, 25.5, 23.6.
398  EI-MS miz (%): 273 (M, 100), 149 (95), 43 (70), 57 (69), 83 (66).

399 4.2.15. 2-morpholin-5, 8-dihydroxy-1, 4-naphthoquinone (15)

400 Yield: 88%.*H NMR (400 MHz, DMS0)513.22 (s, 1H), 11.73 (s, 1H), 7.32 & 9.2 Hz,

401 1H), 7.24 (dJ = 9.2 Hz, 1H), 6.06 (s, 1H), 3.74 (m, 4H), 3.61 (H)4°C NMR (100 MHz,

402 DMSO0):6 186.7, 185.0, 156.1, 154.7, 154.0, 129.4, 124.8,21 111.0, 109.6, 65.7, 49.4. EI-MS
403 m/z(%): 275 (M, 10), 149 (100), 167 (35), 57 (30).

404  4.2.16. 2-(pyrrolidin-1-yl)-5, 8-dihydroxy-1, 4-naphthoquinone (16)

405 Yield: 80%.'"H NMR (400 MHz, DMS0)513.79 (s, 1H), 11.86 (s, 1H), 7.30 (& 9.2 Hz,

406  1H), 7.19 (dJ = 9.2 Hz, 1H), 5.64 (s, 1H), 3.98 (m, 2H), 3.38 (1H)21.94 (m, 4H)**C NMR (100
407 MHz, DMSO):6 185.5, 185.0, 156.1, 154.4, 149.5, 129.7, 123.8,61 111.1, 103.0. EI-MBVz (%):
408 259 (M, 100), 190 (24), 149 (19).

409

410 4.3. Cdl linesand culture conditions

411 HL-60, HepG2, HelLa, HEK 293T and LO2 cells wereami¢td from the Shanghai Institute of
412 Biochemistry and Cell Biology, Chinese Academy oifeices. HepG2, HelLa, HEK 293T and L02
413  cells were kept in DMEM with 10% FBS, 2 mM glutamjrand 100 units/ml penicillin/streptomycin
414 and maintained in an atmosphere of 5%,@087 °C. HL-60 cells were kept in RPMI 1640

415 supplemented 10% FBS under the same conditionsa4dBNT and HelLa-shTrxR1 cells were
416 generated in our lab [38] and were cultured unkerseame conditions as those of HelLa cells with
417  additional supplement of puromycin |(&/ml) in DMEM. HEK-IRES and HEK-TrxR1 cells were
418 cultured under the same conditions as those of B&K cells with additional supplement of 0.1
419 UM sodium selenite and 0.4 mg/ml G418 in DMEM.

420

421  4.4. Cdl viability analysis.

422 441 MTT assay

423 Cells (1x18) were incubated with compounds in triplicate @6awell plate for indicated times

424  at 37 °C in a final volume of 1Q4L. Controls were treated with 0.1% DMSO alone.l#¢ €nd of
15
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the treatment, 10l of MTT (5 mg/ml) was added and continued incubgtior additional 4 h. After
addition of the extraction buffer (1@Q0, 10% SDS, 5% iso-butanol, 0.1% HCI), cells weardHer
incubated overnight. The absorbance was deternah®&d0 nm using a microplate reader (Thermo
Scientific Multiskan GO, Finland). Data are cal¢athas cell viability (% control) and corresponds

to the percentage viable cells compared to uniteza#s.

4.4.2. Trypan blue exclusion assay

HL-60 cells (5x16) were incubated witB or other agents in 24-well plates for indicatedes
at 37 °C. Controls were treated with DMSO alone] egll viability was measured by the trypan blue
exclusion assay. After treatment indicated timies,dells were stained with trypan blue (0.4%, w/v),

and the number of dead (stained) and viable (naned) cells were determined using a microscope.

4.5, Purified TrxR activity assay

The purified TrxR activity was measured by the DTiBuction assay. NADPH-reduced TrxR
(85 nM) or U498C TrxR (350 nM) was incubated wittrying concentrations @&for 1 h at room
temperature in &6-well plate (5QuL). A master mixture containing NADPH and DTNB il T
buffer (50 mM Tris-HCI, 1 mM EDTA, pH 7.5, 50L) was added. The final concentrations of
DTNB and NADPH in the mixture are 2 mM and 3@, respectively. The linear increase of
optical density at 412 nm from the initial 3 minsu@ad. TrxR activity was expressed as percentage

of the control.

4.6. GR assay

The NADPH-reduced GR (0.25 units/ml) in TE buffemsnncubated with varying
concentrations a3 for 1 h in a 96-well plate at room temperatura itotal volume of 10QL.
Reactions were initiated by the addition of NADHiA4l concentration 40QM) and GSSG (final
concentration 1 mM). The GR activity was assayedbwitoring the decrease in absorbance at 340

nm during the initial 3 min. The GR activity waspeassed as percentage of the control.

4.7. Imaging TrxR activity in HL-60 cells by TRFS-green

We employed TRFS-green, a specific fluorescencbepad TrxR, to image TrxR activity in
16



455 intact cells according to our published protocd!®][ Briefly, HL-60 cells (1x1f) were incubated

456  with indicated concentrations 8fin 12-well plates for 8 h, then followed by furthecubation with
457 TRFS-green (1QM) for 4h at 37 °C. The fluorescence and brighitfienages were acquired.

458

459  4.8. Assay of TrxR activity in cell lysates by the endpoint insulin reduction assay

460 HL-60 cells (70-80% confluence) were incubated walying concentrations &for 24 h.

461 They were harvested, and washed twice with phosgha#fered saline (PBS). Total cellular proteins
462 were extracted by RIPA buffer (50 mM Tris-HCI pHb,70.5% deoxycholate, 2 mM EDTA, 0.1%
463 SDS, 150 mM NacCl, 1% Triton X-100, 1 mM PMSF anchi1 NazVO,) for 30 min on ice, and

464  were quantified using the Bradford procedure. TadRvity in cell lysates was assayed by the

465 endpoint insulin reduction assay according to adnlighed protocols [41].

466

467  4.9. Measurement of ROS production

468 HL-60 cells (5x18) were plated in 12-well plates and were treateti tie indicated

469 concentrations a8 for 1 h. The ROS indicator DHE (30M) or DCFH-DA (10uM) in fresh

470 FBS-free medium was added to each well, and furtieeibated for 30 min at 37 °C. The cells were
471 viewed and images were acquired.

472

473  4.10. Measurement of intracellular thiols

474 After treatment of HL-60 cells (2x2pwith increasing concentrations ®for 24 h in 100 mm
475 dishes, the cells were collected, and washed twitePBS. Total cellular proteins were extracted
476 by RIPA buffer, and were quantified using the Baadfprocedure. Total cellular thiols were

477 measured by DTNB-titration. Briefly, cell lysated({iL) was added to cuvettes containing DTNB (1
478 mM in 90uL of 6 M guanidine hydrochloride, pH 8.0). Aftercubation for 5 min at room

479 temperature, the absorbance at 412 nm was readniecr@plate reader. Total thiols were calculated
480 from a calibration curve using GSH as the standard.

481

482  4.11. Measurement of cellular glutathiones

483 Measurement and quantification of the total glutate and GSSG was based on the enzymatic

484  recycling method according to our previously puiid [41]. Cells (2x19) were treated with the
17
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indicated concentrations 8ffor 24 h in 100 mm dishes, and were resuspended ice-cold
extraction buffer containing 0.1% Triton X-100 ab@% sulfosalicyclic acid in 0.1 M potassium
phosphate buffer with 5 mM EDTA, pH 7.5 (KPE bujfekfter sonication of the suspension in ice
water for 2-3 min with vortexing every 30 s, théusion was centrifuged at 3000 g for 4 min at 4 °C,
and the supernatant was immediately collected s§ayathe total glutathione, a solution (120
containing 1.66 units/ml GR and 0.33 mg/ml DTNB wasled to each sample (20. Then

NADPH (60ul of 0.66 mg/ml) was added and the absorbancezah#iwas immediately readed
every 10 s for 2 min. GSSG was determined after @&iivatization by 2-vinylpyridine. Briefly,

two microliters of 2-vinylpyridine was added to 100of cell supernatant and mixed, then the
reaction was allowed to take place for 1 h at réemperature in a fume hood. Finally, six
microliters of triethanolamine was added to theesnatant and the solution was mixed. Assay of
GSSG was performed as described above for totitgione. The amount of GSSG was subtracted

from the total glutathione to give the GSH content.

4.12. Western blot analysis

For western blot analysis, total cellular proteiese extracted by RIPA buffer, and were
guantified using the Bradford procedure. Equal am®of protein in each lysate sample were
separated by SDS-PAGE (12% gel,i4Pper lane) under reducing conditions and thersteared to
poly-vinylidene difluoride (PVDF) membranes (Milbpe, USA). The blots were blocked with 5%
non-fat milk in TBST at room temperature for 2 et membranes were incubated with specific
primary antibodies in 5% non-fat milk at 4 °C ovighit. Following three washes with TBST, the
membranes were incubated with the peroxidase catgdgecondary antibodies for 1 h at room
temperature. The immunoreactive bands were visa@lg using an enhanced chemiluminescence

kit from GE Healthcare.

4.13. Apoptosis assays
4.13.1. Assessment of caspase 3 activity

After treatment of HL-60 cells (2x2pwith varying concentrations &ffor 24 h in 100 mm
dishes, the cells were collected, and washed twittePBS. Total cellular proteins were extracted

by RIPA buffer, and were quantified using the Baadfprocedure. A cell extract containing o of
18
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total proteins was incubated with the assay mists® mM Hepes, 0.1% CHAPS, 2 mM EDTA, 5%
glycerol, 10 mM DTT, 0.2 mM Ac-DEVD-pNA, pH 7.5) f@ h at 37 °C in a final volume of 1Q0.
The absorbance at 405 nm was readed by using aptate reader. Controls were treated with the
same amounts of DMSO alone and the caspase 3tpetas expressed as the percentage of the
control.
4.13.2. Annexin V/PI staining

HL-60 cells (1x18) were incubated with 0.5, 1, 3 and 5 |BNbr 24 h in 6-well plates. The
cells were harvested and washed twice with PBS.aplegtotic cells, necrotic cells and live cells
were identified by the Pl double and Annexin V-FI$@ining assay according to the manufacturer’'s
instructions. After staining, the cells were detiered by a FACSCanty flow cytometer (BD
Biosciences, USA), and the data were analyzed télCellQuest software.
4.13.3. Hoechst 33342 staining

HL-60 cells (1x16) were plated in 12-well plates and incubated Wik, 1, 3 or uM 3 for 24
h. Hoechst 33342 was added to reach a final coratemt of 5ug/ml and further incubated for 20

minutes. The cells were viewed and photographed.

4.14. Molecular docking simulation

A covalent docking was performed in the programr&dimger Suite (Schrodinger, LLC: New
York, NY, 2015) to investigate the binding modecompound3 and the enzyme. A rat TrxR1
structure (PDB code 3EAN [48], Chain A and B) wasamed from the Protein Data Bank and
further prepared in the Protein Preparation Wizaodiule. The residue Sec498 in chain A was
selected as the reactive residue involved in thehk®| addition and also set as the centroid of the

docking pocket. The default parameters were us#ukeinlocking simulation.

4.15. Satistics

All data were presented as mean + SE from 3-5reiffieexperiments. The differences between
sets of data were assessed by $tedentd-test. Compare means between control and treatment
groups were performed by using one-way analysiaoance (ANOVA). A p value <0.05 was used

as the criterion for statistical significance
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665 Scheme 1 Synthesis of compounds16. (a) 1) AICk/NaCl, 165 °C for 4 h; 2) 10% HCI; (b) R-NH

666 EtOH, rt.
667
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Table 1 Cytotoxicity of all compoundsl{16) against human promyelocytic leukemia HL-60 cells.

OH O OH O OH O O OH
] R W)
(L] | 4
| € (9] OH
1 2 3 4-16
Compound R substituents Céell viability (%)*
1 — 23.08 +0.12
2 — 0
3 — 0
4 NHCH; 62.96 + 1.69
5 NHCH,CH; 56.39 + 1.52
6 NH(CH,)2CHs 59.38 + 0.66
7 NH(CH2)3CH3 59.21 +2.68
8 NH(CH,),CHs 61.10 + 1.43
9 NH(CH,),OH 50.28 + 0.36
10 NHGHCH,CH, 57.04 +2.16
CH,
NHCH,CH,CHCH;
1 | 54.26 + 1.92
CH,
12 NHPh 59.72 + 2.98
13 NHCH,Ph 54.58 + 1.65
14 N 54.85 + 1.28
15 N O 50.13 + 3.29
__/
16 N@ 97.23 +2.21

* Cells were treated with the tested compoundsuf2) for 48 h and the cell viability was

determined by the MTT assay.
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Fig. 1 Cytotoxicity of compound and3 in cells. (A) Time-dependent cytotoxicity &for 3

towards HL-60 cells. The HL-60 cells were incubateth the varying concentrations &for 3 for

the indicated times. Cell viability was assessetheyMTT method. (B) Cytotoxicity a3 towards
HL-60, A549, HepG 2, and HelLa cells. The cells waceibated with the indicated concentrations of
3 for 48 h and the cell viability was assessed ey T method. (C) Cytotoxicity a3 towards

HL-60 for 48 h. Cell viability was determined byethlrypan blue exclusion assay. (D) Cytotoxicity of
3 towards L02 and HEK 293T cells in comparison wvidih60 cells. Cells were treated with the
compound for 48 h, and the cell viability was asedsy the MTT method. Data are expressed as
mean + SE from triplicates. **, P< 0.01 vs. the wohgroups in (A) & (C); **, P< 0.01 vs. the

normal cells in (D).
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Fig. 2 Targeting the Sec residue of TrxR &y(A) Inhibition of purified TrxR, U498C TrxR andR5
by 3. NADPH-reduced recombinant rat TrxR1 (WT TrxR1198C TrxR1, and GR were incubated
with the indicated concentrations®for 1 h at room temperature, and the enzymesviacivas
determined and expressed as the percentage abrih@ic (B) Molecular docking of compoursd
with TrxR1 was carried out using the covalent dogkprotocol in the program Schrédinger Suite
(Schrodinger, LLC: New York, NY, 2015). The dockisgore for the non-bonding interaction was

-5.81 kcal/mol. Two subunits of TrxR1 were repreedrby green and cyan cartoons respectively.
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Fig. 3 Involvement of TrxR for the cellular action 8f(A) Imaging the cellular TrxR activity in live
HL-60 cells by TRFS-green. After treatment of HL-&flls with varying concentrations 8ffor 12 h,
the TrxR activity was stained by the TrxR probe BRiteen. The bright filed pictures (top panel)
and the fluorescence pictures (bottom panel) wegeieed. Scale bars: 20n. (B) Inhibition of

TrxR activity in HL-60 cells bya. After the cells were treated with the indicatedaentrations o3

for 24 h, the TrxR activity in cells was determingdthe end point insulin reduction assay. (C) No
obvious changes of TrxR1 protein levels in HL-60cgeated with3. Cells were treated with the
indicated concentrations 8ffor 24 h, and the cell extracts were assessed éstékh blots. (D)
Overexpression of TrxR1 decreases the cytotoxadi§ The HEK-IRES and HEK-TrxR1 cells were
incubated with the various concentration8dbr 48 h, and the cell viability was assayed kg th
MTT method. (E) Knockdown of TrxR1 increases thotyxicity of 3. The HelLa-shTrxR1land
HeLa-shNT cells were incubated with the indicatedaentrations o8 for 48 h, and the cell viability
was assayed by the MTT method. Data are expresse@an + SE of three experiments. **, P< 0.01

vs. the control groups in (B); **, P< 0.01 vs. tHEK-IRES cells in (D) and HeLa-shNT cells in (E).
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Fig. 4 Induction of oxidative stress I8yin HL-60 cells. ROS accumulation in HL-60 cells

determined by (A) DCFH-DA or (B) DHE staining. HIG@ells were treated with varying
concentrations a3 for 1 h followed by the incubation with DCFH-DAQuM) or DHE (10uM) for

30 min. The fluorescence pictures (bottom paned)tae bright filed pictures (top panel) were
acquired. Scale bars: 2n. (C) Alteration of cellular total thiol levelstaf 3 treatment. HL-60 cells
were treated with 1, 3 andu® 3 for 24 h, and cellular total thiols were deterndiriyy DTNB
titration. (D) Alteration of GSH/GSSG ratio in cellThe HL-60 cells were treated wiHor 24 h.
Intracellular GSH and GSSG levels were measureghizymatic recycling method, and the
GSH/GSSG ratio was shown. (E) Increase of hydrqgeaxide cytotoxicity bys. After treatment of
HL-60 cells with 1 or 31M 3 in the absence or presence ofuB0 hydrogen peroxide for 24 h, the
cell viability was measured by the MTT assay. Catexpressed as mean £ SE from triplicates. *,

P< 0.05 and **, P< 0.01 vs. the control groupsGn &nd (D); ** P< 0.01 vs. th8& groups in (E).
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Fig. 5 Effect of NAC supplement and GSH depletion ondyimtoxicity of 3. (A) Impairment of the
cytotoxicity of 3 by NAC. After treatment of HL-60 cells with thediicated concentrations of NAC
and3 for 24 h, the cell viability was measured by th& Massay. (B) Enhancement of the
cytotoxicity of 3 by GSH depletion. HL-60 cells were incubated VM BSO for 24 h to reduce
the intracellular GSH level, followed IB/treatment for an additional 48 h, and the celbiity was
measured by the MTT assay. Data are expressedas#rteE of three experiments. **, P< 0.01 vs.

the groups without NAC in (A); *, P< 0.05 and **<®.01 vs. the groups without BSO in (B).
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Fig. 6 Induction of apoptosis byin HL-60 cells. (A) Activation of caspase 3 Byn HL-60 cells.
HL-60 cells were treated with the indicated concarins of3 for 24 h and the caspase 3 activity in
cell lysates wasdetermined by a colorimetric assay. (B) Morphatajand nuclear changes afger
-treatment. HL-60 cells were treated with indicatedcentrations a3 for 24 h followed by Hoechst
33342 staining. Phase contrast (top panel) anddhoence (bottom panel) images were acquired.
Scale bars: 20im. (C) Analysis of apoptosis by Annexin V/PI doubtaining assay. HL-60 cells
were treated with different concentrations3dor 24 h, and the population of live cells, apdigto
cells and necrotic cells was analyzed by flow cygtmy Cells in the scattergrams show four different
cell populations marked as the follows: Pl-posithend FITC-negatively stained cells showing
necrotic cells (upper left, Q1), double-negativestained) cells showing live cells (lower left, Q3)
FITC and PI double-stained cells showing late apsipt(upper right, Q2), and FITC-positively and
Pl-negatively stained cells showing early apoptdsiser right, Q4). (C) Quantification of live csll

(Q3), apoptotic cells (Q2 and Q4), and necrotitsdg€)1) was illustrated. The data are expressed as
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747 mean * SE of three independent sampkes.0.01 vs. the control groups in (A) and (D).
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Highlights

» A panel of naphthazarin derivatives were synthesized.

» Compound 3 (2-methyl naphthazarin) shows highest cytotoxicity to HL-60 cells.

» Compound 3 inhibits thioredoxin reductase (TrxR).

» Overexpression of TrxR confers protection, while knockdown of TrxR increases toxicity of 3.

» Compound 3 induces oxidative stress-mediated apoptosis of HL-60 cells.



