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Abstract: The enzyme NQOL is a potential target for seleatemecer therapy due to
its overexpression in certain hypoxic tumors. Aeseof prodrugs possessing a variety
of cytotoxic diterpenoids (oridonin and its analeglas the leaving groups activated
by NQOL1 were synthesized by functionalization dh@droxymethyl)indolequinone,
which is a good substrate of NQO1l. The target camge 9a-m) exhibited
relatively higher antiproliferative activities agat NQOZ1-rich human colon
carcinoma cells (HT-29) and human lung carcinoma4@® cells (IGy = 0.263-2.904
uM), while NQO1-defficient lung adenosquamous cavoia cells (H596) were less

sensitive to these compounds, among which, compa8mexhibited the most potent



antiproliferative activity against both A549 and 429 cells, with 1G, values of 0.386
and 0.263:M, respectively. Further HPLC and docking studiemdnstrated th&9h

is a good substrate of NQO1. Moreover, the invasitbig of anticancer mechanism
showed that the representative compoR®@d affected cell cycle and induced NQOL1
dependent apoptosis through an oxidative streggyemed mitochondria-related
pathway in A549 cells. Besides, the antitumor atgtiof 29h was also verified in a
liver cancer xenograft mouse model. Biological eafibn of these compounds
concludes that there is a strong correlation betw@®0O1 enzyme and induction of
cancer cell death. Thus, this suggests that sontgeafirget compounds activated by

NQO1 are novel prodrug candidates potential faectele anticancer therapy.
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1. Introduction

Nonselective toxicity is a major factor that cobtries to poor prognosis for cancer
patients. One of the approaches to improve thetapeifectiveness and decrease
systemic side effects is design of targeted antiemprodrugs for tumor site-specific
activation [1]. A number of prodrug designs haveerbgroposed to meet these
requirements by taking advantages of low extralzllpH [2], elevated enzymes in
tumor tissues [3], hypoxic environment inside theors [4], and so on [5]. Hypoxia
is a common feature of most solid tumors, tissugoRia due to inadequate blood
supply and rapid tumor growth will induce cancelisceesistant to radiotherapy and
to many chemotherapeutic strategies [6]. Howewenor hypoxia also distinguishes
tumor cells from normal cells, thus providing agque strategy for selective cancer
therapy [7]. Hypoxic cells prevalent in solid turearould be selectively targeted by
bio-reductive compounds whose activation is limitechypoxic tumor regions thus
minimizing the systemic side effects [8]. Hypoxiaiaated prodrugs are activated by
biotransformation following reductive metabolism leypdogenous human cellular
oxidoreductases [9].

Although a variety of oxidoreductases are knownb® involved in prodrug



reduction, two-electron oxidoreductases NAD(P)Hhguie oxidoreductase (NQO1)
is shown to be the most extensively researched NQO1 (E.C. 1.6.99.2, reduced
nicotinamide adenine dinucleotide phosphate, atgawk as DT-diaphorase, DTD) is
an obligate two electron quinone reductase. Thasoknzyme can utilize either
NADH or NADPH to catalyze the reduction of variobi®-reductive prodrugs [11].

NQO1 has received considerable attention in regeats for prodrug development,
due to the fact that this enzyme is overexpressedlarious types of tumors as
compared with the paired normal tissue, makingnitirteresting target enzyme.
Elevated levels of NQOL1 in human tissues have lme®rved in primary tumors
from lung (12- to 18-fold), liver (4- to 19-foldgplon (3- to 4-fold), and breast (3-fold)
compared with normal tissue [12]. Therefore, NQ@tdmes an attractive target for
enzyme-directed anticancer prodrugs designed tuctese activation.

Several classes of bio-reductive compounds thatucalergo enzymatic reduction
to active species have been developed [13-15]. dpeins the structural moiety
commonly associated with reductive activation whidn be easily reduced by
various reductive enzymes to hydroquinones[16]. nQué is present in many
bio-reductive compounds, such as mitomycin X}, @ clinically used antitumor
antibiotic [17], and EO92) that shows improved properties over mitomycinl@]|

as well as other quinone-containing compounds (Eid) [19-20].
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Figure 1. Chemical structures of antitumor quinones.

The indolequinone nucleus is the most common q@neinich is a good substrate
of NQO1 and can be activated through an obligatk rasn-reversible two-electron

reduction. Recently, structure-activity relationshi(SAR) analysis of the



indolequinone moiety and the molecular featureatirey to substrate specificity for
human NQO1 has been examined [21-23]. Evidenceates that substitution with a
potential leaving group at the 3-position of thelalequinone moiety is a viable
means for bio-reductive drug delivery [24]. Fig@reshows a proposed mechanism for
the release of drugs following reduction of thealedjuinone prodru. When5 is
reduced by two electrons to dihydroxyindokein the presence of NQO1, the
electron-density at the indole nitrogen increasaskedly, triggering expulsion of the
leaving group/. This expulsion generates an alkenyliminium etgatile 8, which is

a potential electrophile capable of DNA-alkylationother cellular-damaging events
contributing to the cytotoxicity to tumor cells [RF his reduction is often inhibited in
the presence of oxygen, thus increasing the spggifior hypoxic solid tumors.
Interestingly, if the leaving group is a bioactive group, thus they may have
secondary biological effects due to the eliminatemlecule7 [26-28]. As shown in
Figure 2, there are two mechanisms through whidbleguinone-based prodrugs can
induce cytotoxicity. Firstly, the indolequinone wstture itself can be converted to a
reactive, cytotoxic species by reduction to a hgdmone. Secondly, the
indolequinone moiety can be used to form a prodhag selectively releases other
cytotoxic agents to hypoxic tissues. Thus, desigth synthesis of NQO1-activated
indolequinone prodrugs by functionalization at (imelol-3-yl)methyl position with a
variety of cytotoxic leaving groups have become iateresting area to develop

targeted anticancer prodrugs.
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Figure 2. Schematic illustration for activation of NQO1-tate@ prodrugs upon

hypoxic irradiation.

Natural product oridoninlQ), anentkaurene diterpenoid extracted frdRadosia
Rubescenswas firstly identified in 1967 as an antitumoreag[29-30]. Numerous
researches have shown that oridonin has certaituor effects on human breast
cancer, gallbladder cancer, leukemia, gastric gantweman cervical carcinoma,
hepatocellular carcinonand other tumors [31]. In our previous studiesjamin and
its semi-synthesized analogues exhibited safe, ueniand extensive antitumor
activities [32-34]. In the present study, a seakegeductively triggered novel prodrugs
were designed by substitution at the 3-positiorthef indolequinone nucleus with
cytotoxic diterpenoids oridonin or its analoguetieTactive drug oridonin or its
analogues were subsquently released under biotreducansformation by NQO1
which is overexpressed in tumor tissues. This deggexpected to enhance drug
specificity toward tumor cells and thus reduce sflects.

Herein, we report the design, synthesis and preényi drug release study of
NQOl-targeted oridonin prodrugs possessing indabemqe moiety for

bio-reductively triggered drug release.

2. Results and discussion

2.1. Synthesis of NQO1-targeted oridonin prodrugs



The conversion of kaurene-type oridonin to 6,7-demarene-type compounds
12-13 was achieved by periodate. As shown in Schenredtment oflO with sodium
periodate in water gavé2 in 98% vyield. Subsequent oxidation ®2 with Jones
reagent at room temperature afforded lact@8ein 90% vyield. According to our
previous report, treatment &0 with 2,2-dimethoxypropane in the presence of TsOH
in acetone provided ketd4 in 95% yield [35]. Compound4 upon reaction with
Ac,O/DMAP/TEA led to acetylated compountb in the yield of 92%. Then,
deprotection ofl5 with 10% HCI/THF gave the corresponding alcoh6lin almost
guantitative yield. Besides, the 1-hydroxy of commp14 was selectively activated
by MsCI, which was subsequently subjected to anieétion reaction in the presence
of Li,COs and LiBr in DMF at 110C to provide 1-end9 in 85% yield. Removal of
the acetonide group itiY and19 with 10 % HCI aqueous solution offer&éd and20

in yield of 93 % and 95%, respectively.

Scheme 1. Synthesis of oridonin analoguék-20*

®Reagents and conditions: (a) Jones’ reagent, age@dE, 15 min, 94%; (b) Nalg)
H.O, rt, 24 h, 98%; (c) Jones’ reagent, acetone, 1%, min, 90%; (d)
2,2-Dimethoxypropane, acetone, TsOH,°66 30 min, 95%; (e) A©, TEA, DMAP,



rt, 2 h, 92%; (f) 10% HCI, THF, rt, 30 min, 97%;) (§IsCl; TEA, 0°C, 2 h, 88%; (h)
10% HCI, THF, rt, 20 min, 93%. (i) LICQLIiBr, THF, 110°C, 1 h, 85%; (j) 10% HCI,
THEF, rt, 30 min, 95%.

The synthesis of indolequinone skeleton was camwigdas depicted in Scheme 2
starting from 5-methoxyindole2{) [36]. Briefly, formylation of21 produced22 in
almost quantitative yield, methylation 82 using methyl iodide in the presence of
sodium hydride gava3 in 95% yield. Nitration o23 using conc. HN®@in acetic acid
gave24 in 73% yield. Reduction of the nitro group 2% using Sn/HCI produced the
amine 25 followed by oxidation using Fremy’s salt to gawa&, which was
subsequently reduced using Napid afford 27 in 70% yield. In order to install
oridonin or its analogues at the 10-position ofoieduinone, we converted the
hydroxyl group of27 into the carboxyl function to give compoun@8a-b using
succinic anhydride or glutaric anhydride. The tagmmpound®9a-n were obtained
by coupling28a-b with oridonin or its analogues through the contkeien reaction

in the presence of EDCI and DMAP with 48-92% yields

Scheme 2. Synthesis of NQO1-targeted prodrug candidagasn?®



299, n=2 29i, n=2 29k, n=2 29m, n=2
29h, n=3 29j, n=3 291, n=3 29n, n=3

®Reagents and conditions: (a) PQ@MF, 0 °C to rt, 2 h, 90%; (b) NaH, Mel, DMF,
rt, 30 min, 95%; (c) HN@ AcOH, 10-15 °C, 73%; (d) Sn, HCI, MeOH, rt, 57¢é)
Fremy’s salt, acetone, PBS pH=6.4, 3 h, 45%; (fBNa MeOH, 10 min, 70%; (Q)
Anhydride, DMAP, DCM, rt, 12-24 h, 55%-80%; (h) ED®MAP, rt, 0.5-24 h,
48-92%.

2.2. Effect of prodrugs on cancer cell growth

To assess the extent to which NQO1 contributesh& dytotoxicity of these



compounds, MTT assay was performed in three diftetemor cell lines: human
colon carcinoma cells (HT-29), human lung carcinaralls (A549), and human lung
adenosquamous carcinoma cells (H596). HT-29 an®A®ls have a high level of
NQO1 activity, while H596 cells have a relative |dsvel of NQO1 activity. Taxol
was used as a positive control in this study. Aewshin Table 1, most target
compounds exhibited relatively higher anticanceivdies against NQO1-rich A549
and HT-29 cell lines, with I§ values ranging from 0.216 to 2.90M, whereas
NQO1-defficient H596 cells were markedly less s@resito these compounds.
Selectivity ratios defined as 36fH596)/1Gso(A549) were generally > 1, except for
compound 29a, indicating that these compounds were more cytotdw the
NQOZ1-rich cells due to activation by NQO1 enzyms.cAmpared to parent oridonin,
NQO1 targeted prodrugs showed higher antiprolifeeatctivities against all three
cancer cell lines. Compoun@®h and29f were at least 17 times more active than
parent oridonin) against NQO1-rich cells. The difference was nmagable in A549
cells, where29h was 59-fold more potent than oridonin. Among thested
compounds, compoun29h exhibited the strongest antiproliferative activagainst
both A549 and HT-29 cells, with ¥gvalues of 0.386 and 0.263M, respectively,

which deserves further investigations.

Table 1. ICso values M) of final and reference compounds inhibiting

proliferation of human cancer and normal cells

|Cso (uM)"
Compounds HT-29 AB49 H596 Selectivity®
(NQO1+) (NQO1+)  (NQO1-) -
Taxol 0.025 0.023 0.035 0.002 1.52
1 7.099 15.525 11.969 25.023 0.77
2% 1.112 2.904 1.699 7.907 0.59
29 1.299 0.458 1.681 8.232 3.67

29c 0.755 1.077 1.650 5.539 1.53




29d 0.693 0.363 1.062 4.124 2.93

2%e 1.119 2.596 3.747 4.893 1.44
20f 0.399 0.286 1.350 1.276 4.72
299 0.344 0.524 0.890 1.096 1.70
29h 0.386 0.263 1.505 2.113 5.72
29i 1.054 0.689 1.863 7.722 2.70
29 0.462 0.403 0.900 2.044 2.23
29k 1.715 2.067 2.631 6.087 1.27
29 0.754 0.405 2.001 3.269 4.94
29m 0.527 0.729 0.782 1.590 1.07
29n 1.114 0.373 1.746 7.458 4.68

®MTT methods, cells were incubated with indicatechpounds for 72h, the values are the means
of three independent experimerﬁbI;T-29, Human colon carcinoma cells (High NQO1 autjv
NQO1+); A549, Human lung carcinoma cells (High NQ&ztivity, NQO1+); H596, Human lung
carcinoma cells (No NQO1 activity, NQO1-); LO2, Hamnormal liver cells{Selectivity =

ICso(H596)/ 1Gso(A549).

Consequently we measured the antiproliferative viiets of three potent
representative compoung@sf, 29h, 29n in the presence of dicoumarol (DIC, 10 mM),
an effective NQO1 inhibitor that blocks the catayefficiency of the enzyme by
interacting with the NAD(P)H-binding site of theidized enzyme form. As shown in
Figure 3A, the co-incubation with DIC led to lowsensitivity of A549 cells to
compound<29f, 29h, 29n, and increasing & values up to 7.5-, 4.5- and 5.9- fold,
respectively, which implies that they might be st influenced by their
NQO1-catalyzed bio-reductive activation.

Furthermore, we found the synergic effect of cormgb29h in both A549 and
H596 cells. As shown in Figure 3B, compou?@h contains an oridonin analogue
(compound13) and indolequinone2f) moieties, the Ig values of29h for A549
(0.263 uM) and H596 cells (0.38M) were significantly less than that of the



equimolar combination df3 and27 (ICsp = 6.143 and 5.823M), respectively. These
results suggest that the anti-tumor activity26h may be attributed to the synergic
effects of oridonin and indolequinone moieties &l &s hypoxia-selective activation

in cancer cells.
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Figure 3. NQO1 contributes to the cytotoxicity of these newtesigned
indolequinone prodrugs. (A) Compounds induced oyticity is NQO1 dependent.
A549 cells were pretreated with 10 mM DIC for 30nmthen incubated with
indicated compounds, DIC (dicoumarin), NQO1 inlobit (B) Comparison of
anticancer activity of compoun2Bh with that of equimolar mixture of3 and27.
MTT methods, cells were incubated with indicatethpounds for 72h, (means + SD,

n=3).

2.3. Compoun@%h is a good substrate of NQO1

To assess the efficacy of these newly synthesizadpounds as substrates for
NQOL1, HPLC analysis was used to monitor the decaitipa of 29h in the presence
or absence of NQO1 in pH 7.4 buffer. Upon reductwath NQO1, the electron



density at the indole nitrogen increases drasyictllygering expulsion of the leaving
group in a reverse-Michael-like process, releasimgdrug at the 3-position of the
indolequinone nuclear. As shown in Figure 4, withthhmin, a significant amount of
29h was decomposed in the presence of NQO1, and ih, Irkarly 70% of the
compound was consumed. However, during the sanme pigniod, in the absence of
NQOL1, 29h remained stable in pH 7.4 buffer suggesting NQOuLlctanediate
hypoxic induced, enzyme-directed bio-reductive diativery.

Moreover, docking study of representative compo28tdwas further performed to
observe whether this prodrug is a good substraté@@D1. The molecular operating
environment (MOE) was used to analyse the bindingemf29h with NQO1, Figure
4B showed the possible docking conformationZ8n with NQOL. It can be clearly
seen that indolequinone moiety binds with the nessdof the NQO1 active site and
flavin adenine dinucleotide (FAD) which is requiréor NQO1 catalytic activity
(Figure 4B). The leaving groupt3 is left outside the substrate binding pocket,
suggesting that the interaction of indolequinonthWQO1 active site is not affected
by the introduction of oridonin or its analoguesrtdolequinone. This binding mode

was consistent with the HPLC data indicating &8kt is a good substrate for NQO1.
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Figure 4. These newly synthesized prodrugs are good substEteNQO1. (A)
Decomposition profiles a29h in the presence and absence of NQO1 were detetmine
by HPLC analysis. (B) Docked conformation of compd29h into active site of
NQOL1. The interaction mode was obtained throughemdér docking (PDB id: 1h29)
and depicted using PyMOL. FAD is expressed in magand29h is represented as
stick model, nitrogen atoms are colored in blugjgex atoms are colored in red, and
carbon atoms are colored in cyan. Hydrogen bonelsemresented by dashed yellow

lines along with their distances.

2.4. Compoun@9h induces NQO1 dependent apoptotic cell death

To further investigate the effect 88h on cell proliferation, Hoechst 33342 staining
was used to assef&8h-dependent changes in cell morphology. Both A54® 14596
cells treated witt29h for 36 h displayed changed morphologies, over %2d the
H596 cells exhibited chromatin condensation upof @M of 29h treatment,

indicating the induction of apoptosis (Figure 5Mpwever, chromatin condensation



was more obvious on A549 cells after treatment @iuM 29h, approximately 30%
cells exhibited changed morphologies. FurthermdJ&lEL assays were performed to
confirm that29h induced cell death is due to the induction of NQ@pendent
apoptosis. As shown in Figure 58h induced a concentration dependent apoptosis
in A549 cells and the TUNEL positive cells reacloeg@r 18.5% upon 0.bM of 29h
treatment, whereas the TUNEL positive cells detedtem H596 cells upor29h
treatment is of no difference from control treattnanthis concentration. The results
of TUNEL assays are in complete agreement withelimsm MTT based cytotoxicity

studies, strongly suggesting ti2&h induces an NQO1 dependent apoptotic cell death
in A549 cells.

Control 0.125 pM 0.25 uM 0.5 pM

Hoechset 33342

8

H59%
(NOQI-)

w
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Apoptosis%
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AS49
(NOQI+)
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1 mm A549
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Apoptosis%

Figure 5. Evidence shows that compoun2Bh induces apoptosis. (A) Cell
morphological alterations and nuclear changes &gsdcwith A549 and H596 cells
after 29h treatment were assessed by staining with Hoe@®&tZand visualized by
fluorescence microscopy. **p < 0.001 compared between A549 and H596 groups.
(B) TUNEL assay was used to identify apoptosistdtisams display the percentage
of apoptotic cells. Data were represented as meadDzof three independent

experiments. ***p < 0.001vs control group.



2.5. The role of ROS generation and mitochondrigmirane depolarization in
29h-induced cell apoptosis

Cellular reactive oxygen species (ROS) generatiam significantly impact the
effects of various anticancer agents on tumor agdiptosis. We have found tHz8h
was reduced by NQO1 to induce the apoptosis in A&, In order to monitor
intracellular ROS levels in the presence and atleseic29h, DCF staining was
applied to detec29h induced ROS formation. As shown in Figure 6A, D&&ning
data displayed th&9h induced excessive ROS formation in A549 cells ittt in
H596, and29h treated A549 cells had significantly higher levelsROS than that in
control cells. The above results indicated that R@P®duced from NQO1
bio-activation is an important mediator 28h induced apoptotic cell death. ROS are
considered to play an important role in apoptosisvarious types of cells, and
mitochondrial membrane depolarization is associatgd mitochondrial production
of ROS, therefore we measured the mitochondrial bmare potential (MMP) in both
A549 and H596 cells with fluorescent probe JC-14@%ells were incubated with
different concentrations (0, 0.25, 0.5¢M) of 29h for 48 h prior to staining with the
JC-1, the number of cells with collapsed mitoch@aldmembrane potentials in
different groups were determined by flow cytomeainalysis, yielding 4.6%, 23.4%,

31.4%, and 46.3% apoptotic cells, respectively.
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Figure 6. The depolarization of mitochondrial membrane poétm@nd accumulation
of ROS production induced I8h are required for cell apoptosis. (A) Effect2¢h

on ROS generation. The generation of ROS was measlny using the
ROS-detecting fluorescent dye DCF-DA in combinatianth FACScan flow
cytometry.The corresponding histograms of FACScan flow cytoynes shown; (B)
Effect of compound29h on the mitochondrial membrane potentials of A54&8sc
A549 cells were incubated with the indicated cotr@ions of compoun@%h for 48

h, cells were then collected and stained with J@sllpwed by flow cytometric

analysis.

2.6. Compoun@9h induces cell cycle arrest at G2/M phase

Most of the antitumor agents inhibit cell prolifacen through induction of cell
cycle arrest [37]. To determine whether the summioesof the cell growth bg9h was
caused by a cell-cycle effect, DNA-based cell cyatalysis was performed using
flow cytometry. As illustrated in Figure 7, compal29h influenced cell cycle

progression at sub-micromolar concentrations andexhblockage of the cell cycle at



G2/M phase. Compared with the control cells treatéd DMSO, when A549 cells
were treated with increasing concentrations 26h (0.125, 0.25, 0.5:M), the
percentage of cells in the G2/M phase increaseu ft8.65 % to 26.57 %, and the
percentages of cells in S and G1 phases decreasedmitantly. The above results
suggested that these prodrugs may inhibit candepriferation through cell cycle

arrest at G2/M phase.
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Figure 7. Compound29h induces G2/M phase arrest in the A549 cells. Aédis
were treated with DMSO and varying concentratioh2% (0.125, 0.25, 0.aM) for
48 h, cells were harvested and stained with Ph Hrealyzed by flow cytometry. The
percentage of cells at different phases of cellecyeas determined by ModFit 4.1,

histograms display the percentage of cell cycl&ibigtion.

2.7. Compoun@9h regulates apoptotic related proteins

The intrinsic and extrinsic pathways that lead he tnduction of apoptosis are
known to activate a series of proteases known apasas [38]. To explore the
signalling mechanism aZ9h-induced apoptosis, we examined the expressioheof t
apoptosis-related proteins including caspase-39;&nd cytochrome C. As shown in
Figure 8A, A549 cells treated wittOh had increased levels of the cleaved active

forms of caspase-3, -8, -9, and cytochrome C insedlependent manner, indicating



that29h activated the caspase cascade.

The Bcl-2 family has been identified as essentigtgns in controlling the
mitochondrial pathway. This family includes pro-apatic proteins (e.g., Bax, Bad)
and anti-apoptotic proteins (e.g., Bcl-2, Bcl-xlthe balance between these two
groups determines the fate of cells [39]. Bax azroa the mitochondria to induce the
mitochondrial permeability transition, resulting iime release of some components,
including cytochrome C. To confirm whether such achanism is involved in
apoptosis induced B8h, the expression of Bax and Bcl-xI was examined\Magtern
Blotting analysis. As shown in Figure 8B, the exgsien of Bax in A549 cells began
to increase after the treatment28h with increasing concentratiorier 48 h, while
the Bcl-xl expression markedly decreased at conggons of 0.25M and above.

While a similar trend was observed in H596 celtsybver, such effect was minimal.

B
A AS49(NQO1+) AS49(NQO1+) H596(NOQ1-)

Control 0.25pM 0.5 pM 1.0 pM Control 0.25uM 0.5pM 1.0 pM  Control 0.25 pM 0.5 pM 1.0 pM

pactin (g N9 G a9 focin Gl AED D G A A0 - -

Caspase 3

i D - - - D S e

Caspase 8 VSR L —

Caspase 9

Cytochrome C

Figure 8. Effects of compoun@9h on the apoptosis related proteins. A549 and H596
cells were treated with various concentration2%f (0, 0.25, 0.5, 1.aM) for 48h,

the expressions of caspase-3, caspase-8, caspagm&éhrome C, Bcl-2, and Bax
were determined by Western Blotting using speafitibodies s-actin was used as

internal control.

2.8. In vivo antitumor activity of compouggh
To evaluate thén vivo antitumor activity of29h, liver cancer xenograft in mice

was established by subcutaneous inoculation of ¢¢H2 into the right flank of mice.



As shown in Figure 9A, compoun2bh caused a remarkable reduction in tumor
growth, and reached a 64.3% reduction by the erkdeobbservation period compared
with administration of vehicle only. It is interexy to note that the effect on tumor
volume reduction by9h was much better than that of oridonin, which cdus&0.8%
of reduction at day 18. During the whole treatmpatiod, no significant weight
changes in the treated animals were observed @igD), suggesting th&9h has

minimal toxicity.
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Figure 9. 29h exerted potent antitumor activity against livenoar xenograft growth
in vivo. (a) H22 cells were subcutaneously inoculated tiioright flank of mice. The
mice were randomly divided into four groups withmce in each group arndeated
intravenously with29h (20 mg/kg), oridonin (20 mg/kg), cyclophosphami(®®
mg/kg), and DMSO (dissolved in sodium chloride astl) every day for 18 days
and the figure showed the average measured tumiomes; (b)29h treatment
resulted in significantly lower tumor weight comedrwith control, ***P<0.001; (c)
The resulting tumors were excised from the animéier treatment; (d) Body weight

changes of mice during treatment.

3. Conclusion

In this study, a series of hypoxia-selective prgdrwere designed and synthesized



by functionalization of the 3-(hydroxymethyl)indgl@none with a variety of leaving
groups including anticancer diterpenoids oridonind aits analogues at the
(indol-3-yl)methyl position. The resulting compowsn@9a-m) exhibited relatively
high antitumor activities against NQO1-rich A549damT-29 cell lines, and
compound29h has been found to be the most potent compound I®ghvalues of
0.386 and 0.263:M against A549 and HT-29 cells, respectively. Angigant
correlation between NQOL1 activation and cytotoyieitas observed by using MTT
assay, HPLC analysis and docking study, suggedtiady indolequinone moiety
contributes to the increased antiproliferative \aitis of targeted compounds.
Moreover, the investigation of anticancer mechanisuealed that the representative
compound29h affected cell cycle and induced NQO1 dependenpi@sss through an
oxidative stress triggered mitochondria-relatechyaty in A549 cells. Besides, the
anti-tumor activity of29h was verified in a liver cancer xenograft mouse etadth
no observable toxicity.

Overall, these NQO1-targeted oridonin prodrugs @&sisag indolequinone moiety
represent a promising class of cytotoxic agenth pittential novel therapeutic values.
All properties including the cancer cell selectyipotency, and promising vivo
activity of compound29h suggested its outstanding potential as a persmuhli

anticancer therapy [40].

4. Experimental section

4.1. Materials
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazain bromide (MTT),
5,5,6,6-Tetrachloro-1,13,3-tetraethyl-imidacarbocyanine iodide (JC-1),

DT-diaphorase enzyme, NADH, FDA, and 2, 7'-Dichlfumrescein diacetate
(DCF-DA), were purchased from Sigma Chemical Cad. (Suis, MO, USA).

Primary antibodies against caspase-3, caspases@as=9, Bax, Bcl-xl, cytochrome
C, B-actin were purchased from Beyotime (Jiangsu, Qherad secondary antibodies
(goat-anti-rabbit or goat-anti-mouse) were purctdsem Life Technologies (Grand

Island, N, USA). All cell culture reagents inclagdi no-essential amino acids (NEAA)



and the BCA protein assay kit were purchased fraien Technologies (Grand Island,
NY, USA). Institute of Cancer Research (ICR) femaleee were purchased from

Shanghai SLAC Laboratory Animals Co. Ltd. (China).

4.2. Cell Lines and Cell Culture

Human NSCLC cell lines A549 (NQO1+), NCI-H596 (NQP&nd Human colon
carcinoma cells HT-29 (NQO1+) were obtained frore #american Type Culture
Collection (ATCC, USA).Cells were grown in RPMI 1640 medium (Life
Technologies, USA). The media for all cell linesrevsupplemented with 10% fetal
bovine serum (Life Technologies, USA), 109/mL streptomycin (Life Technologies,
USA), and 100 U/mL penicillin (Life TechnologiesS&) and maintained at 37°C in

a humidified atmosphere with 5% @O

4.3. Determination of In Vitro Anticancer Activity

The overall growth level of human cancer cell livess determined by the MTT
colorimetric assay. Cells were plated in 96-weditps at a density of 10000 cells/mL
and incubated at 37 °C in a humidified 5 % Q@cubator for 24 h prior to the
experiments. After medium removal, 1@Q of fresh medium containing the test
compound at different concentrations was addechth evell and incubated at 37 °C
for 72 h, the percentage of DMSO in the medium nexeeeded 0.25%. The number
of living cells after 72 h of culture in the presenor absence: control) of the various
compounds is directly proportional to the intensitythe blue, which is quantitatively
measured by a plate reader at 560 nm. The expearim@s performed in

guadruplicate and repeated 3 times.

4.4. Metabolism of 29h by DT-D

A 10 mM stock solution o29h was prepared in DMSO and stock solutions of 4
mM NADH and 100uM FAD were prepared in TRIS buffer pH 7.4. The eney
stock solution was prepared by dissolving 1.5 mgtlé lyophilized human

DT-Diaphorase (Sigmaz>100 units; wherein 1 unit is 1.dmole cytochrome C



reduced per min/mg) in TRIS buffer pH 7.4 to maksotution of 40 mU/uL. The
reaction mixture was prepared according the spremi$elow. The reaction mixtures
were stirred at 37”C and were monitored by HPLC analysis carried omitao
Prominence LC-20AT HPLC system equipped with a mwiuAgilent eclipse XDB
C18 fum, 4.6*250mm). The mobile phase used for elutiors walinear gradient

beginning with 50:50 (v/v) methanol: water at axflcate of 1 mL/min.

Entry Conditions HO Buffer 29h NADH FAD NQO1
1 Control 80uL 40pL 600uL 40uL 40uL 0
2 With DTD 40uL 40uL 600uL 40uL 40uL 40uL
Final
/ / 25mM  0.15mM 02mM 5.0mM 2.0muU/pL
concentration

4.5. Molecular Modelling c29h in NQO1

For docking purposeshe crystallographic coordinates of the human NQ@%
obtained from Protein Data Bank, (PDB code 1H69 mswlution 1.86 A) and the
structure was edited accordingly to provide a mosoof the protein (A chain) by
MOE 2014.09. Then compour®h was constructed using the builder molecule and
was energy minimized as a MDB file. The receptos wafined as the the monomer
protein and its FAD cofactor. The active site wadired as being the quinone
scaffold of the original ligand in its crystal posethe monomer of 1H69. For these
experiments, the placement was set as TriangleRdgteescoring 1 was London dG,
refinement was forcefiled, and rescoring 2 was GBX8A dG. Other docking
parameters were set to default. The best pose isasalized with PyMOL Molecular

Graphics System version 2.7.

4.6. Hoechst 33342 Staining

Approximately 5x10cells/well were planted in six-well plates, and tedls were
then incubated with 0, 0.125, 0.25, @M 29h for 36 h. After incubation, cells were
washed with PBS, fixed in 4% paraformaldehyde foan@n and then stained with 20



pg/ml Hoechst 33342 for 15 min at room temperataréhe dark. Cells were then

assessed by fluorescence microscopy for morphabgianges afté2oh treatment.

4.7. TUNEL assay

Terminal deoxynucleotidyl transferase-mediated Digtp end-labeling (TUNEL)
assay was used for detection of DNA strand brea@ks. detection was carried out
according to the instructions of situ Apoptosis Detection kit (KGA7025, Beyotime,
China). Briefly, the cells were rinsed once with $?Bnd fixed in 3.7% buffered
formaldehyde at room temperature for 10 min. Thedicells were pre-treated with
10% HO,, and end-labeling was performed with TdT labeliegction mix at 37 °C
for 1 h. Nuclei exhibiting DNA fragmentation weraswalized by incubation in
3’,3-diamino benzidine (Sigma) for 10 min. The seWere counter-stained with
methyl green and observed under light microscopg Auclei of apoptotic cells were
stained dark brown and TUNEL-positive cells weretedained with relative

percentage by randomly counting 100 cells.

4.8. JC-1 Assay to Determine MMP

The MMP was determined with the dual-emission nhitowrial dye JC-1. After
treatment with 0, 0.25, 0.5,:M 29h for 36 h, A549 and H596 cells were loaded with
10 pug/mL JC-1 dye for 30 min at 37 °C and then wasledfmin in PBS buffer. The
percentage of cells with healthy or collapsed niitowrial membrane potentials was
monitored by flow cytometry analysis with an extdga wavelength of 488 nm and

an emission wavelength of 530 nm an FC500 cyton{Beckman Coulter).

4.9. Measurement of Intracellular ROS Generation

Intracellular ROS production was detected by usthg peroxide-sensitive
fluorescent probe DCF-DA. In brief, after treatmenth 0, 0.25, 0.5, kM 29h for
36 h, A549 and H596 cells were incubated with 10 B®F-DA at 37 °C for 15 min.
The intracellular ROS mediated oxidation of DCF-Athe fluorescent compound

2',7’-dichlorofluorescein (DCF). Then cells wererbested and the pellets were



suspended in 1 mL PBS. Samples were analysed etatation wave length of 480
nm and an emission wave length of 525 nm by flowomyetry on an FC500

cytometer (Beckman Coulter).

4.10. Cell Cycle Analysis

5x10f cells were seeded into 6-well plates and incubatednight. Cells were then
treated with various concentrations of compowsth for 48 h. The cells were
harvested, washed with cold PBS and then fixed Wt®6 ethanol in PBS at -20 °C
for 12 h. Subsequently, the cells were re-suspemudeBS containing 10Qug/mi
RNase and 5@g/ml Pl and incubated at 37 °C for 30 min. Cellleydistribution of
nuclear DNA was determined by flow cytometry onRD500 cytometer (Beckman

Coulter).

4.11. Western Blot Analysis

A549 and H596 cells were incubated in the presef@9h, and after 48 h, were
collected, centrifuged, and washed two times withdold PBS. The pellet was then
re-suspended in lysis buffer. After the cells wWigsed on ice for 20 min, lysates were
centrifuged at 130009 at 4 °C for 15 min. The grot®ncentration in the supernatant
was determined using the BCA protein assay reagBqisal amounts of protein (20
Mg) were resolved using sodium dodecyl sulfate-polglamide gel electrophoresis
(SDS-PAGE) (8-12 % acrylamide gels) and transferted PVDF Hybond-P
membrane. Membranes were blocked for 1 h at roonpéeature. Membranes were
then incubated with primary antibodies against aasgB, caspase-8, caspase-9, Bax,
Bcl-xl, cytochrome Cp-actin, the membrane being gently rotated overnaght°C.
The bound antibodies were detected using horsérgdisoxidase (HRP)-conjugated

second antibodies and visualized by the enhancehitiminescent reagent.

4.12. In vivo tumor xenograft study

Five-week-old male Institute of Cancer ResearctRjl@ice were purchased from



Shanghai SLAC Laboratory Animals Co. Ltd. A totdl bX10° H22 cells were
subcutaneously inoculated into the right flank ©RI mice according to protocols of
tumor transplant research, to initiate tumor growither 7 d of tumor transplantation,
mice in H22 group was weighted and divided intorfgoups of eight animals at
random. The groups with oridonin a@gh were administered intravenously 20 mg/kg
in a vehicle of 10% DMF/2% poloxamer/88% salinespexctively. The positive
control group was treated with cyclophosphamide f&pkg) through intravenous
injection. The negative control group received 0.99rmal saline through
intravenous injection. All the test compounds wgikeen through injections after 7 d
of tumor transplantation. Treatment were donefaé@uency of intravenous injection
one dose per day for a total 18 consecutive dagdyBveights and tumor volumes
were measured every 2 days. After the treatmefit®f dhe mice were killed and
weighed. The following formula was used to deteertumor volumes: tumor volume
= LXWF/2, whereL is the length antlV the width. Ratio of inhibition of tumor (%) =
(1 — average tumor weight of treated group/avetageor weight of control group)
X 100%. The experimental protocols were evaluatedl approved by the Ethics

Committee of the China Pharmaceutical University.

4.13. Synthesis of target compounds
Synthetic methods of target compounds and interatesli were reported in

Supporting Information.
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Lists of Captions:

Figure 1. Chemical structures of antitumor quinones.

Figure 2. Schematic illustration for activation of NQO1-tate@ prodrugs upon

hypoxic irradiation.

Figure 3. NQO1 contributes to the cytotoxicity of these newlesigned
indolequinone prodrugs. (A) Compounds induced oydoity is NQO1 dependent.
A549 cells were pretreated with 10 mM DIC for 30nmihen incubated with
indicated compounds, DIC (dicoumarin), NQO1 intohbit (B) Comparison of
anticancer activity of compoun2Bh with that of equimolar mixture of3 and27.
MTT methods, cells were incubated with indicatethpounds for 72h, (means + SD,

n=3).

Figure 4. These newly synthesized prodrugs are good substEteNQOL. (A)
Decomposition profiles a29h in the presence and absence of NQO1 were detetmine
by HPLC analysis. (B) Docked conformation of compd29h into active site of
NQOL. The interaction mode was obtained througremdér docking (PDB id: 1h29)
and depicted using PyMOL. FAD is expressed in meagand29h is represented as
stick model, nitrogen atoms are colored in blugjgex atoms are colored in red, and
carbon atoms are colored in cyan. Hydrogen bonelsepresented by dashed yellow

lines along with their distances.

Figure 5. Evidence shows that compoun2Bh induces apoptosis. (A) Cell
morphological alterations and nuclear changes &gsdcwith A549 and H596 cells
after 29h treatment were assessed by staining with Hoe@®&tZand visualized by
fluorescence microscopy. **p < 0.001 compared between A549 and H596 groups.

(B) TUNEL assay was used to identify apoptosistdtjisams display the percentage



of apoptotic cells. Data were represented as meadDzof three independent

experiments. ***p < 0.001vs control group.

Figure 6. The depolarization of mitochondrial membrane po&t@nd accumulation
of ROS production induced 0h are required for cell apoptosis. (A) Effect2gh

on ROS generation. The generation of ROS was medslny using the
ROS-detecting fluorescent dye DCF-DA in combinatianth FACScan flow
cytometry. The corresponding histograms of FACScan flow cytioynes shown; (B)
Effect of compound29h on the mitochondrial membrane potentials of A5&8isc
A549 cells were incubated with the indicated cotregions of compoun@9h for 48

h, cells were then collected and stained with J@ellpwed by flow cytometric

analysis.

Figure 7. Compound29h induces G2/M phase arrest in the A549 cells. Aédis
were treated with DMSO and varying concentratioh2%h (0.125, 0.25, 0.aM) for
48 h, cells were harvested and stained with Ph Hrealyzed by flow cytometry. The
percentage of cells at different phases of cellecyeas determined by ModFit 4.1,

histograms display the percentage of cell cycl&ibigtion.

Figure 8. Effects of compoun@9h on the apoptosis related proteins. A549 and H596
cells were treated with various concentration2%f (0, 0.25, 0.5, 1.aM) for 48h,

the expressions of caspase-3, caspase-8, caspagm&éhrome C, Bcl-2, and Bax
were determined by Western Blotting using speafitibodies s-actin was used as

internal control.

Figure 9. 29h exerted potent antitumor activity against livenoar xenograft growth
in vivo. (a) H22 cells were subcutaneously inoculated tiioright flank of mice. The
mice were randomly divided into four groups withmce in each group arndeated

intravenously with29h (20 mg/kg), oridonin (20 mg/kg), cyclophosphami(®®



mg/kg), and DMSO (dissolved in sodium chloride astl) every day for 18 days
and the figure showed the average measured tumiomes; (b)29h treatment
resulted in significantly lower tumor weight comedrwith control, ***P<0.001; (c)
The resulting tumors were excised from the animéier treatment; (d) Body weight

changes of mice during treatment.

Scheme 1. Synthesis of oridonin analoguék-20*

Scheme 2. Synthesis of NQO1-targeted prodrug candidagasn?®

Table 1. ICso values M) of final and reference compounds inhibiting

proliferation of human cancer and normal cells



Highlights

1. NQO1-targeted oridonin prodrugs possessing indolequinone moiety
were prepared.

2. They showed relatively higher antineoplastic activities against
NQO1-rich cancer cells.

3. The most potent compond 29h is a good substrate of NQOL.

4. The anti-tumor activity of 29h was verified in a liver cancer xenograft

mouse modd!.



