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ABSTRACT Podophyllotoxin (PPT), a toxic polyphenol derived from the roots of
genus Podophyllum, had been reported with strong inhibition on both normal human
cells and tumor cells, which hindered the development of PPT as the candidate
antitumor agent. In the present work, multiple NQO1-activatable PPT prodrugs were
synthesized for reducing normal cell toxicity and keeping tumor cell toxicity. The
antiproliferative activities in vitro showed prodrug 3 was greatly selectively toxic to
tumor cells over-expressing NQOI, taxol-resistant A549, hypoxia A549 and HepG2,
and lower damage to normal cells in comparison with podophyllotoxin, prodrug 1 and
2. As elucidated by further mechanistic research, prodrug 3 was activated via NQO1 to
efficiently while gently produce cytotoxic PPT units and kill tumor cells. In additions,
in vivo study revealed that 3 significantly suppressed cancer growth in HepG2
xenograft models without obvious toxicity. Therefore, this NQO1-activatable prodrug
delivery system exhibits good biosafety and provides a novel strategy for the
development of drug delivery systems.
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1. Introduction

Naturally occurring substances account for the abundant sources to discover the
anticancer drugs,' however, a number of antitumor naturally-occurring substances do
not show target specificity, which may even show adverse toxicity to non-carcinoma
cells. For reducing cytotoxicity and maintaining the treatment activity of those bio-
active naturally occurring substances, appropriate structural modification may be
adopted to be the vital way to develop drugs. Podophyllotoxin (PPT), one of the
naturally occurring aryltetralin lignins, is separated based on plant podophyllum.?
PPT, together with the derivatives, is suggested recently to show obvious anticancer
effects.* Unfortunately, PPT shows high toxicity to non-carcinoma cells,> which
hinders the development of it to antitumor agent. Moreover, it is of great challenge to
lower PPT toxicity to non-carcinoma cells and maintain its toxicity against tumor cells.

Tumor-specic prodrugs can be accurately activated at cancer sites via species
showing selectivity to tumor, like glutathione (GSH),*? enzymes®’ and reactive oxygen
species (ROS),%? which can significantly improve the therapeutic efficacy of anticancer
drugs. NAD(P)-H:quinone oxidoreductase-1 (NQO1, DT-diaphorase, EC 1.6.99.2)
catalyzes the direct two electrons reduction for various quinones, with NADPH and
NADH being the cofactors.!® NQO1 is up-regulated within some human cancer
tissues,!!"!7 such as non-small cell lung carcinoma (NSCLC), pancreatic carcinoma
(PCa), or colorectal cancer (CRC), as a result, it is a meaning target to activate quinone
prodrugs or the fluorescent probes.'8-24 In this work, we designed and synthesized three

NQOl-activatable PPT prodrugs which were constituted by an active drug PPT, a



different self-immolative linker, and a NQO1-responsive trigger group, respectively
(Fig. 1). Based on the outcomes of preliminary tumor cell selection, compound 3 with
the highest potency and selectivity was assessed for its ability of PPT release

responding to NQOI, together with its antitumor effect and stability within plasma or

buffers.
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Fig. 1. Structures for NQO1-activatable PPT prodrugs.

2. Results and discussion
2.1. Chemistry

Scheme 1 and 2 describe the synthetic routes for prodrugs 1-3. Firstly, with dry
methanesulfonic acid, trimethylhydroquinone 4 reacted with the 3,3-dimethylacrylic
acid to yield 5, and it was then subjected to N-bromosuccinimide (NBS) treatment
within the aqueous acetone, finally yielding 6 (Scheme 1). Quinone unit 6 was coupled
to PPT by EDCI, along with appropriate volume of DMAP for producing 1. The
syntheses of prodrugs 2 and 3 are shown in Scheme 2. Compound 6 was activated with
isobutyl chloroformate and coupled with p-aminobenzylalcohol 7a and p-
methylaminobenzylalcohol 7b for giving compounds 8a and 8b, respectively. Finally,

compounds 8a and 8b were activated by 4-nitrophenyl chloroformate with DIPEA,



followed by treatment with PPT, to yield the prodrugs 2 and 3, in parallel.
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Scheme 1. Synthesis of 6. Reagents and conditions: (a) 3,3-dimethylacrylic acid,

CH;SO;H, 70°C; (b) NBS.
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Scheme 2. Synthesis of prodrugs 1-3. Reagents and conditions: (a) DCC, DMAP; (b)
isobutyl chloroformate, p-aminobenzylalcohol (7a), p-methylaminobenzylalcohol (7b);

(c) p-nitrobenzylchloroformate, DIPEA; (d) PPT, DMAP.

2.2. In vitro antiproliferative activity

After the synthesis of prodrugs 1-3, five cell lines including NQO1-overexpressing



A549 and HepG2, hypoxia-induced A549 (A549/Hyp) and HepG2 (HepG2/Hyp),
taxol-resistant A549 (A549/T), normal human liver LO2 cell lines were screened for
better evaluating their antiproliferative effects. As shown in Table 1, prodrug 3
displayed the most potent activities against NQO1-overexpressing A549 and HepG2
cells, and IC 5y values were 84 and 100 nM, respectively, which were comparable to
those of PPT. In comparison, 1-2 were relatively less active toward the two cells. It was
possibly because of the rapid reducibility of 3, resulting in unfavorable degradation
within the extracellular environment. As regards therapeutic range, compound 3
showed greater selectivity, normal liver cells in which NQO1 was not detected had the
ICso of 313 nM, which was 3.72 folds higher than the anti-HepG2 effect, while 3.67
folds greater than PPT (85 nM), suggesting that prodrug 3 showed a broad therapeutic
index. In addition, compared with PPT, 3 had a significant inhibitory effect on A549/T
cells, HepG2/Hyp and A549/Hyp cells. Based on the above research on antiproliferative
activity, prodrug 3 of the most potent and selective was further evaluated its effect on
PPT release responding to NQO/1, stability within plasma or buffers, and the antitumor

effect.



Table 1. The antiproliferative activities of PPT prodrugs 1-3.

ICs9 (nM)

Compound. HepG2  A549 LO2 HepG2/Hyp  A549/Hyp  A549/T

1 10711 16014 228436 193+14  315+44 302+33
2 262+29 274439 452433 425432 596+70 574+50
3 849 10019 312434 113+13 185+24 197+29
PPT 83+8 10515 85 +11 209+16  291+£25 338+38

2.3 Molecular modelling studies

Molecular modeling was carried out by the use of Autodock vina 1.1.2 for explaining
how 3 was bound within NQO1 As a result, 3’s quinone moiety bound to residues at
NQOI1 active site together with flavinadenine dinucleotide (FAD), and this was
necessary for catalytic performance of NQO1 (Fig. 2). For PPT, its leaving groups were
maintained out of binding pocket of substrates, which indicated that reaction between

quinone and active site in NQO1 was unaffected by introducing PPT into quinone.
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Fig. 2. Proposed binding model for prodrug 3 (orange) binding with NQO1.



2.4. In vitro drug release profiles of PPT

Prodrug 3 release profile responding to NQOI and the cofactor NADPH was
investigated through HPLC assay (Fig. 3A ). We observed the prodrug release time
dependence for prodrug 3 (Fig. 3B ). As the incubation time increased, the PPT
proportion showed a steady increase trend, with the plateau being observed at 9 h,
reaching 83.4 %. To determine whether 3 was dependent on NQO1 for release, 3 was
tested combined with dicoumarol (DIC, the NQO1 inhibitor). The results suggested that
transformation of 3 into PPT was suppressed when DIC content increased to 50 pM.
Then, the PPT formation within the recombinant NQOI at different concentrations of
the prodrug 3 was measured through HPLC assay. Later, the Michaelis—Menten curves
were plotted, and the apparent Km and Vmax were 6.997 uM and 26.18 nmol/mg/min,

respectively (Fig. 3C).
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Fig 3. Prodrug 3 release profiles of PPT. (A) HPLC spectrum of 3 in the presence of
NQOI1. (B) PPT released from prodrug in the presence of NQO1(red), NQO1+DIC

(blue) respectively. (C) Michaelis—Menten curves for 3 with NQOI.

A plausible process of PPT release from prodrug 3 is proposed in Fig. 4. To respond
to the activation of NQO1 bioreduction, “trimethyl lock” that contained the trigger

group of quinone propionic acid in 3 firstly underwent intramolecular cyclization, later,



linker was removed through the renounced 1,6-elimination reaction for the spontaneous
liberation of PPT, thus specifically targeting tumor cells. Besides, HRMS assay was
conducted to observe the expected PPT production (Fig. 5). Following the coincubation
of 3 with NQOI as well as NADPH, this study detected related fragments, such as PPT
([M + Na] * m/z =437.1291), 5 (M + Na] * m/z = 257.1136) and 10 ([M + H] " m/z =

120.0808), which offered enough information for PPT delivery when there was NQO1.
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Fig. 5. HRMS analyses for 3 following co-incubation with NQO1 for 30 min.



2.5. Stability of prodrug 3

A majority of agents show no tissue specificity, and can be easily removed from liver
and plasma. In this case, only a fraction of agents penetrate the site of treatment, leading
to reduced efficacy. Prodrug 3 displayed good stability under 37 °C within the
phosphate buffer (pH 5-9) in the presence of NADPH, rat plasma and human liver
microsomes incubated for 9 h (Fig. 6). These findings indicated that 3 showed relative
stability for providing sufficient exposure time at physiological conditions, as a result,

3 was targeted to produce cytotoxic substance into tumor tissue that over-expressed

NQOI1

b

-

o

o

3

o)

s
(=]
o

-]
o

ﬁ

@
o
z

(-2

s

-
o
i
£
o
i

-+ |Inrat plasma
-+ In pooled human liver S9 fraction

Percentage of 4 (%)
Percentage of 3 (%)

N

[=]

I
N
<

o
-
o

o
<
~
©
w

o

200 400 600
PH Time (min)

Fig. 6. The stability of prodrugs 3. (A) in phosphate buffer. (B) in rat plasma (red) and

human liver microsomes (blue).

2.6. Immunofluorescence and inhibition of microtubule assembly analysis

For investigating the effect of prodrug 3 on disrupting microtubular dynamics with
alive cells, this study carried out immunofluorescent assay based on the HepG2 cells.
According to Fig. 7, HepG2 cells of control group were arranged and organized
normally. Nonetheless, when cells were treated with 50 nM 3 for 48 h, those

microtubular networks within cytosol were destroyed, suggesting that 3 potentially



induced microtubular network collapse. To investigate whether the prodrug was related
to the interactions with microtubule systems, 3 were evaluated as tubulin
polymerization inhibitor. The results indicated that 3 had no inhibitory effects on the
tubulin polymerization activity. Following co-incubation of prodrug 3 with NADPH
and NQOI, the product was capable of inhibiting tubulin polymerization activity. These
results provided sufficient evidence that NQO1 could facilitate the transformation of 3
into PPT which could effective inhibition microtubule assembly and showed the high
antitumor activity.
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Fig. 7. (A) Effects of 3 on microtubule network organization, HepG cells were
subjected to 48 h of DMSO, 50 nM of 3, and 50 nM of PPT treatments. (B) Effects of

3 on tubulin polymerization in vitro.

2.7. Analysis of cell cycle

A majority of tubulin-destabilizing drugs might destroy distribution of cell cycle, this
study conducted flow cytometric analysis for examining how 3 affected the progression
of HepG2 cell cycle through staining with propidium iodide (PI). It was observed from
Fig. 8 that, incubation with 3 resulted in cell cycle arrest at G2/M phase. In comparison
with control cells subjected to DMSO incubation, HepG2 cells incubated using 50 nM

3 elevated the cell percentage at G2/M phase between 12.26% and 27.30%.
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Fig. 8. 3 effects on the progression of HepG2 cell cycle. Cells were subjected to 24 h

of 3 (50 nM) and PPT (50 nM) treatments.

2.8. Analysis of cell apoptosis

For assessing the effect of compound 3 on inducing cell apoptosis, this study
conducted the Annexin V-FITC/PI assay. It was illustrated from Fig. 9 that, following
24 h treatment, the apoptotic cell percentage was as low as 3.40% of that of control
group. After incubation using 50 nM 3 for 24 h, there were 17.5% apoptotic cells at the

early or later stage. As suggested by the above findings, 3 could efficiently induce

HepG?2 cell apoptosis.
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Fig. 9. Compound 3 led to apoptosis of HepG2 cells under 3 (50 nM) and PPT (50 nM)

treatments.



2.9. Antitumor activity in vivo

In line with favorable observations of 3 in vitro, the efficacy of this compound in
vivo to resist HepG2 xenograft was assessed using BALB/c nude mouse mode, with.
PPT being the positive control. First, HepG2 cells were subcutaneously inoculated to
mouse right flank to establish the mouse model of liver cancer allograft. When the
tumor grew to a size of about 70-100 mm? and became palpable, all mice were randomly
divided as blank, vehicle control or treatment group (with 6 in each group). Vehicle or
drugs were administered intraperitoneal every other day for 17 consecutive days.
Vehicle (5% DMSO + 40% PEG300 + 5% Tween 80 + 50% normal saline) was
administered to control mice. PPT was administrated at the dosage of 10 mg/kg, and
two different doses (10 and 5 mg/ kg) for 3 were studied. On day 17 following the initial
administration, each mouse was sacrificed to harvest the tumor. Then, liver, heart,
kidney, lung, and spleen and tumor tissues were sliced and stained using hematoxylin
and eosin (H&E). Animals subjected to PPT treatment died in the experimental period,
which might be due to the high toxicity of PPT. Relative to vehicle group,
intraperitoneal injection with 10 mg/kg 3 markedly reduced tumor growth. Upon the
completion of our observation, it inhibited tumor growth up to 64% (Fig. 10A-C).
Moreover, 3 had no significant effect on body weight, even at 10 mg/kg (Fig. 10D).
Then, the standard H&E staining protocol was applied in histologically examining liver,
heart, lung, kidney spleen and tumor tissues. Under light microscope, the morphology
and structure of these tissues were normal and showed no significant histological
damage as compared with that in the control (Fig 11). The above results suggested that,
compound 3 was successfully designed to decrease PPT cytotoxicity in vivo, which

might be potentially used as the antitumor drug with low toxicity.
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Fig.10. 3 suppressed the growth of liver cancer xenograft in vivo. Following vehicle,
PPT (10 mg/kg/two day), 3 (10 mg/kg/ two day) and 3 (5 mg/kg/two day) treatments
for 17 consecutive days, all animals were sacrificed to harvest and weigh the tumors.
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in mouse tumor volume in the treatment process. (D) Changes in mouse body weight

in the process of treatment. **P <0.01 vs. Control.
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3. Conclusions

To sum up, this study introduces a novel successful design for converting the
naturally occurring PPT with high toxicity to the potential antitumor agent with low
toxicity. The antiproliferative activities in vitro showed prodrug 3 was greatly
selectively toxic to tumor cells over-expressing NQOI1, taxol-resistant A549, hypoxia

A549 and HepG2, and lower damage to normal cells in comparison with ppt, prodrug



1, 2 and 3. Further mechanism studies elucidated that the NQOI1 activates prodrug 3 in
a bioreductive way, followed by intramolecular cyclization as well as 1,6-elimination
reaction, thus efficiently liberating parent drug PPT. In additions, as indicated by in
vivo anticancer assessment, the prodrug 3 exerted the stronger anticancer effect and the

higher safety than PPT.

4. Experimental section
4.1. Chemiistry
4.1.1. General

The 98% PPT was provided by Macklin Inc. (Shanghai, China). Recombinant NQO1
(DT-diaphorase) with the purity of >90% was provided by Sigma-Aldrich China Co.,
Ltd. (Shanghai, China). Compound 5 and 8 were prepared according to literature.?’ The
remaining reagents were purchased from commercial sources. Melting points were
determined with a XT-4 binocular microscope and are uncorrected. The 'H NMR and
13C NMR spectra were measured on a Bruker AV-400 instrument using deuterated
solvents with tetramethylsilane (TMS) as internal standard. High resolution mass
spectra (HRMS) were recorded on a Bruker micrOTOF-QIII mass spectrometer. The
ACS Accurasil C18 column (dimension, 4.6 mm % 150 mm, 5 um) was utilized for
HPLC analysis by the use of the solvent acetonitrile /water mixture at the 0.5 mL/min
flow rate, and the UV absorption was observed at the wavelength of 292 nm.
4.1.2. Synthesis of prodrug 1

A mixture containing 5 (140 mg, 0.6 mmol), EDCI (115mg, 0.6mol) and CH,Cl, (10
mL) was incubate at 0 °C. After stirring for 30min, 6 mg DMAP (0.05 mmol) and 207
mg PPT (0.5 mmol) were put into the resultant mixture for 24 h reaction under ambient

temperature. After reaction completion, the mixed product was rinsed by the NaHCO;



saturated solution together with brine. Then, anhydrous Na,SO,4 was used for drying
the solvent. After filtration, evaporation in vacuum was conducted to concentrate the
organic solvent, and column chromatography was conducted to purify the crude
products, with petroleum ether/ethyl acetate (v:v=2:1) being used to be the eluent, for
yielding 293 mg (51%) yellow power, m.p.102-103 °C; 'H NMR (400 MHz, DMSO-
dg) 0: 6.75 (s, 1H), 6.60 (s, 1H), 6.32 (s, 1H), 6.02 (d, 2H, J= 10 Hz), 5.82 (d, 1H, J =
10 Hz), 4.54 (d, 1H, J = 4.4 Hz), 4.20-4.08 (m, 2H), 3.65 (s, 6H), 3.62 (s, 3H), 3.36-
3.31 (m, 1H), 3.12 (d, 1H, J=16.4 Hz), 2.99 (d, 1H, J = 16.4 Hz), 2.75-2.67 (m, 1H),
2.10 (s, 3H), 1.89 (s, 3H), 1.86 (s, 3H), 1.43 (s, 3H), 1.42 (s, 3H); '*C NMR (100 MHz,
DMSO-dy) 0: 190.7, 187.2,174.3, 173.1, 152.5 (2C), 152.3, 147.8, 147.4, 142.7, 139.3,
138.6, 136.9, 136.1, 132.7, 129.1, 109.9, 108.5 (2C), 106.9, 101.9, 73.3, 70.9, 60.4,
56.2 (2C), 47.6, 44.5, 43.3, 38.6, 38.2, 29.0 (2C), 14.5, 12.8, 12.3; HRMS-ESI (m/z):
calcd for C3¢H33NaO;; [M+Na]* 669.2306, found: 669.2308.
4.1.3. Synthesis of compound 9

Compound 8 (1 mmol) was dissolved in dry CH,Cl, (30 mL), and 4-nitrophenyl
chloroformate (425 mg, 2 mmol) was added. To the above solution, DIPEA (260 mg,
2 mmol) was added dropwise. The resultant mixture was kept stirring for 6 h at room
temperature. After completion of the reaction, 100 mL water was used to wash the
reaction solution for thrice, and anhydrous Na,SO,4 was used for drying. Later, solvent
was discarded, silica gel column chromatography was performed to purify the residue
on, with petroleum ether/ethyl acetate (v:v=3:1) being used to be the eluent for
obtaining compound 9.

N-(4-(hydroxymethyl)phenyl)-3-methyl-3-(2,4,5-trimethyl-3,6-dioxocyclohexa-
1,4-dienyl)butanamide (9a). Compound 9a was prepared from 8a as a yellow solid,

m.p.127-128 °C, yield 69%, m.p.127-128 °C- '"H NMR (400 MHz, CDCl3) 6: 8.19 (d, J



=7.2 Hz,2H), 7.38 (d, J = 8.4 Hz,2H), 7.29 (d, J = 8.4 Hz,4H), 7.15 (s, 1H), 5.16 (s,
2H), 2.97 (s, 2H), 2.09 (s, 3H), 1.89 (s, 3H), 1.88 (s, 3H), 1.42 (s, 6H); *C NMR (100
MHz, CDCl;) d: 190.6, 186.5, 169.4, 154.5, 151.7, 151.4, 144.3, 142.1, 137.5, 137.4,
137.3, 128.8, 128.7 (2C), 124.3 (2C), 120.8 (2C), 118.8 (2C), 69.6, 49.4, 37.4, 28.1
(20), 13.2, 11.7, 11.2; HRMS-ESI (m/z): calcd for C,3HpgN,NaOg [M+Na]* 543.1738,
found: 543.1747.

N-(4-(hydroxymethyl)phenyl)-N,3-dimethyl-3-(2,4,5-trimethyl-3,6-
dioxocyclohexa-1,4-dienyl)butanamide (9b). Compound 9a was prepared from 8a as a
yellow oil, yield 68%, 'H NMR (400 MHz, CDCls) ¢: 8.29 (d, J=9.2 Hz, 2H), 7.55 (d,
J=28.0 Hz, 2H), 7.43 (d, J=9.2 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 5.36 (s, 2H), 3.18
(s, 3H), 2.78 (s, 3H), 2.11 (s, 3H), 2.01 (s, 3H), 1.96 (s, 3H), 1.42 (s, 6H); 3C NMR
(100 MHz, CDCl;) o: 191.2, 187.6, 172.0, 155.4, 154.6, 152.4, 145.4, 144.5, 143.5,
137.8, 136.3 (2C), 133.9, 130.1 (2C), 127.9, 125.3 (2C), 121.8 (2C), 70.1, 47.7, 38.1,
37.1,28.5(2C), 14.1, 12.7, 12.1; HRMS-ESI (m/z): calcd for Cy9H39N,NaOg [M+Na]*
557.1900, found: 557.1890.

4.1.4. Synthesis of prodrug 2

Compound 9a (520 mg, 1 mmol) and DMAP (122 mg, 1 mmol) were dissolved in
dry CH,Cl, (20 mL), then added PPT ((414 mg, 1 mmol), and the reaction mixture was
stirred for overnight at room temperature. Later 50 mL was used to wash reaction
mixture for twice, and then organic layer was isolated, followed by drying with
anhydrous Na,SO,. Later, rotary evaporation was performed to remove solvents,
column chromatography was applied on silica gel to purify crude product, with
petroleum CHCI3/ethyl acetate (v:v=10:1) being used to be the eluent for yielding
compound 2 (382 mg, 48%) as a yellow oil. 'H NMR (400 MHz, CDCl;) o: 7.44 (d,

2H, J = 8.4 Hz), 7.33 (d, 2H, J = 8.4 Hz), 7.19 (s, 1H),6.84 (s, 1H), 6.53 (s, 1H), 6.37



(s, 2H), 5.98 (s, 2H), 5.74 (dd, 1H, J = 3.2, 7.2 Hz), 5.14 (s, 2H), 4.60 (d, 1H, J=2.0
Hz), 4.44-4.40 (m, 1H), 4.24-4.19 (m, 1H), 3.80 (s, 3H), 3.74 (s, 6H), 3.04 (s, 2H), 2.92
(d, 2H, J=3.2 Hz), 2.16 (s, 3H), 1.95 (s, 3H), 1.94 (s, 6H), 1.49 (s, 6H); *C NMR (100
MHz, CDCls) d: 191.6, 187.5, 173.6, 170.4, 155.4, 152.6 (2C), 148.3, 147.7, 143.2,
138.5, 138.2, 137.0, 134.6, 132.3, 129.5 (2C), 127.6, 127.4, 126.2, 119.8 (2C), 115.6,
109.7,107.9 (2C), 107.2, 101.6, 71.2, 69.9, 60.8, 56.1 (2C), 50.5, 45.5, 43.7,38.4,29.7,
29.1 (20), 19.0, 14.2, 12.7, 12.2; HRMS-ESI (m/z): calcd for C44H4sNNaO;; [M+Na]*
818.2783, found: 818.2784.
4.1.6. Synthesis of prodrug 3

Compound 9b (534 mg, 1 mmol) and DMAP (122 mg, 1 mmol) were dissolved in
dry CH,Cl, (20 mL), then added PPT ((414 mg, 1 mmol), and the reaction mixture was
stirred for overnight at room temperature. Later 50 mL was used to wash reaction
mixture for twice, and then organic layer was isolated, followed by drying with
anhydrous Na,SO,. Later, rotary evaporation was performed to remove solvents,
column chromatography was applied on silica gel to purify crude product, with
petroleum CHCI3/ethyl acetate (v:v=10:1) being used to be the eluent for yielding
compound 2 (382 mg, 48%) as a yellow soild, m.p.115-116 °C-. 'H NMR (400 MHz,
CDCly) 0: 7.49 (d, 2H, J= 7.6 Hz), 7.25 (d, 2H, J= 7.6 Hz), 6.87 (s, 1H), 6.55 (s, 1H),
6.39 (s, 2H), 5.99 (d, 2H, J = 1.6 Hz), 5.80 (d, 1H, J= 7.6 Hz), 5.30 (s, 2H), 4.61 (d,
1H, J=3.2 Hz), 4.48-4.44 (m, 1H), 4.28-4.23 (m, 1H), 3.80 (s, 3H), 3.78 (s, 6H), 3.17
(s, 3H), 2.99-2. 92 (m, 2H), 2.76 (s, 2H), 2.11 (s, 3H), 2.00 (s, 3H), 1.94 (s, 3H), 1.31
(s, 6H); 3C NMR (100 MHz, CDCl3) 6: 191.3, 187.7, 173.5, 172.1, 155.4, 154.5, 152.7
(20), 148.4,147.7, 144.4,143.4, 138.0, 137.2, 136.5, 134.6, 134.4, 132.4, 129.8, 127.8,
127.5, 126.1, 115.5, 109.8 (2C), 108.1, 107.1, 101.7, 77.7, 71.2, 69.5, 60.8, 56.2 (2C),

53.4,47.8,45.5,43.7,38.4, 38.1, 28.5 (2C), 14.1, 12.7, 12.1; HRMS-ESI (m/z): calcd



for C4sHygNaO,; [M+Na]*810.312, found: 810.3123.
4.2. Antiproliferative experiment

The A549, HepG2, A549/Hyp, HepG2/Hyp, A549/T cells, and normal LO2 cells
were used to test compound anti-proliferative effects. The logarithmic cells were
inoculated into the 96-well plates for adherence, followed by 48 h of incubation using
compounds at specific doses. After adding MTT, cells were further incubated for 2-3 h.
Later, MTT formazan crystal was mixed into DMSO, and absorbance (A) was detected
at 570 nm.
4.3. Molecular modeling studies

NQOI crystal structure in the complex containing a coumarin-based inhibitor (PDB
code 3JSX) was used for docking study. Then, ligand was eliminated, leaving the
receptor complex in later docking study, followed by the geometrical addition of polar
hydrogen atoms into protein. AutoDock Tools were utilized to assign docking regions.
The default parameters were applied in Vina docking, except as otherwise specified.
This study selected the optimal-scoring pose determined based on Vina docking score,
while PyMoL 1.7.6 (http://www.pymol.org/) was used for visual analysis.
4.4. HPLC and HRMS assays for drug 3 release studies

HPLC was used to determine the activation of prodrug, with NQO1 being the
stimulus (eventual dose of 10 pg/mL). Incubation mixtures contained 10 mM PBS with
2 % tween 80, 100 uM NADPH, and 20 pM prodrug 3. Recombinant NQO1 was
directly put to the incubation mixtures for reaction initiation and then the solution was
incubated at 37 °C for appropriate time intervals. The reaction was terminated by adding
cold acetonitrile (100 pL). After centrifugation in a refrigerated centrifuge, 20 puL of
the liquid were loaded and analyzed by HPLC and HRMS analysis. To investigate the

DIC effect, NQO1 was previously incubated using 50 uM DIC for 20 min.



4.5. Formation rates of CA-4 in recombinant NQO|1 from PPT

The rate of NQOI1 catalysis were calculated during the first 30 min to determine the
susceptibility of the prodrugs 3 on target enzyme NQO1. The assay mixtures contained
NADPH (100 uM), recombinant human NQOI1 (10 ug/mL) and 3 (40, 20, 10, 5, 2.5,
1.25,0.625 uM ) within 100 pL PBS (10 mmol , pH 7.4) with 2 % tween 80. 30 min of
reactions were conducted under 37 °C, and 100 puL cold acetonitrile was added to
terminate reactions. After centrifugation in a refrigerated centrifuge, 20 puL of the liquid
were loaded and analyzed by HPLC. Enzymatic variables (K, along with V,,,.) were
determined based on kinetic curves using GraphPad Prism 7.0.

4.6. Stability study of 3

HPLC was conducted for examining prodrug 3 stability in PBS buffer with different
pH values, in rat plasma and pooled Human Liver S9 Fraction. The assays were
performed at 37 °C and conducted in triplicate.

Stability of prodrug 3 in PBS buffer with different pH values: In the absence of
NQOLI, the prodrug (10 pM) was co-incubated with cofactor NADPH (100 uM) in PBS
with 2 % tween 80 at different pH values. After incubation for appropriate time intervals,
the reaction was terminated by adding cold acetonitrile (100 puL). After centrifugation
in a refrigerated centrifuge, 20 uL of the liquid were loaded and analyzed by HPLC.

Metabolic Stability in plasma: Rat plasma were subjected to vortex mixing and then
centrifugation for 5 min at 10000 rpm to deproteinize and the resulting supernatants
were withdrawn, prodrug 3 (10 uM) was co-incubated with supernatants with 2 %
tween 80 at 37 °C for 0, 10, 30, 60, 1800, 360 and 540 min. After centrifugation in a
refrigerated centrifuge, 20 uL of the liquid were loaded and analyzed by HPLC.

Metabolic Stability in pooled Human Liver S9 Fraction: The metabolic stability was

performed in 10 mmol M PBS (pH 7.4) containing 2 % tween 80, 3 (10 uM) and pooled



Human Liver S9 Fraction (0.5 mg) at 37 °C. The reaction was started by adding 100
uM NADPH and terminated at 0, 10, 30, 60, 1800, 360 and 540 min by adding 100 pL
cold acetonitrile . After centrifugation in a refrigerated centrifuge. 20 pL of the liquid
were loaded and analyzed by HPLC with UV detection under 292 nm.
4.7. Cell cycle analysis

HepG2 cells were first of all inoculated into the 12-well plates for 24 h, followed by
24 h incubation after 3 treatment. Then, cells were harvested and rinsed by cold PBS
for two times, followed by 3 h suspension within the 70% ethanol. Following addition
of 5 mL RNase A (10 mg/mL), the suspension was subjected to 1 h incubation under
ambient temperature. Subsequently, 10 mL PI (50 mg/mL) was also put into the
suspension. At last, cell proportions at diverse cell cycle phases were measured by flow
cytometry..
4.8. Cell apoptosis analysis

The Annexin-V FITC/PI assay was conducted to evaluate the apoptotic effect of
prodrug 3. First of all, the HepG2 cell line was cultivated into the 6-well plates for 24
h incubation. Thereafter, the original medium was replaced with the complete medium
supplemented with 3 (50 nM) to incubate for another 24 h. Later, supernatant was
collected to obtain cells through trypsinization, which were subjected to PBS washing,
15 min Annexin-V/FITC (5 mL) staining within PBS under ambient temperature, and
10 min staining using PI solution. The apoptosis levels were evaluated by flow
cytometry.
4.9. Immunofluorescence staining

HepG2 were inoculated into the 96-well plate to incubate under 37 °C for 12 h under
5% CO, condition. Later, cells were subjected to 48 h DMSO, PPT, and 3 treatments,

separately, methanol fixation as well as 0.5% Triton X-100/PBS permeabilization.



Then, cells were carried out overnight incubation using the a-tubulin primary antibody
under 4 °C. Following PBS washing, cells were subjected to 1 h incubation using related
fluorescence-labeled secondary immunofluorescence staining antibody. Later, DAPI
was used to label cell nucleus, and the fluorescence microscope was utilized for
visualization.
4.10. Tubulin polymerization test

The tubulin polymerization test was conducted in accordance with manufacturer’s
instructions using the tubulin polymerization kit (BK004P, Cytoskeleton). Absorbance
were recorded for 1 h at 340 nm wavelength every 30 seconds, to obtain the kinetic
curves of polymerization and depolymerization of microtubules. The reaction groups
for these experiments included: vehicle control, 3 (3 uM), 3 (3 uM) + NQO1, PPT (3
uM) and Paclitaxel (3 pM).
4.11. In vivo antitumor effect

HepG2 cells were utilized to investigate the antitumor effect of 3 within the BALB/c
nude mice. The BALB/c nude mice (6 weeks old) were provided by Vital River
Laboratory Animal Technology Co. Ltd. Then, 5x10° HepG2 cells contained within the
100 mL sterile PBS were subcutaneously injected into the dorsal regions of mice to
induce tumor. When the tumor grew to 70-100 mm?, the animals were randomLy
separated as 4 groups (with 6 in every group): control, 10 mg/kg PPT, 5/10 mg/kg 3,
and the compounds were administrated every other day for 17 days by intraperitoneal
injection. All the compounds were prepared with the formulation in 5% DMSO, 40%
PEG 300, 5% tween-80 and 50% saline. Body weight as well as tumor volume was
measured at an interval of 2 days following prodrug treatment, among which, the latter
was recorded using calipers through determining length (A) and width (B) for

calculation according to the formula V =AB?/2. In addition, tumor weight was



measured and tumor growth inhibition rate was calculated upon treatment completion.

Liver tissue samples were obtained following execution, which were then subjected to

4% paraformaldehyde fixation, ethanol dehydration, paraffin embedding, followed by

HE staining and microscopic observation.
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Highlights
» Three NQO1-activatable podophyllotoxin prodrugs were synthesized

» Prodrug 3 had highly selective toxicity to cancer cells and lower damage to normal

cells

» Prodrug 3 could be activated by NQO1 and effectively liberate podophyllotoxin and

kill tumor cells.

» Prodrug 3 exerted a stronger anticancer activity and a more favorable safety profile

1n vivo
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