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Peroxiredoxin 6 (PRDX6), as a bifunctional enzyme with glutathione peroxidase activity (GPx) and Ca2*t-inde-
pendent phospholipase A2 (iPLA2) activity, has a higher expression in various cancer cells, which leads to the
increase of antioxidant properties and promotes tumorigenesis. However, only a few inhibitors of PRDX6 have
been discovered to date, especially the covalent inhibitors of PRDX6. Here, we firstly identified Withangulatin A
(WA), a natural small molecule, as a novel covalent inhibitor of PRDX6. SILAC-ABPP identified that WA could
directly bind to PRDX6 and inactivate the enzyme activity of PRDX6 by the a, f-unsaturated ketone moiety.
Moreover, WA also facilitated the generation of ROS, and inhibited the GPx and iPLA2 activities. However, WA-
1, with a reduced o, B-unsaturated ketone moiety, had no significant inhibition of the GPx and iPLA2 activities.
Biolayer interferometry and LC-MS/MS analysis further demonstrated the selectively covalent binding of WA to
the cysteine 47 residue (Cys47) of PRDX6, while mutation of Cys47 blocked the binding of WA to PRDX6.
Notably, WA-mediated cytotoxicity and inhibition of the GPx and iPLA2 activities were almost abolished by the
deficiency of PRDX6. Therefore, this study indicates that WA is a novel PRDX6 covalent inhibitor, which could
covalently bind to the Cys47 of PRDX6 and holds great potential in developing anti-tumor agents for targeting

PRDX6.

1. Introduction

The peroxiredoxins (PRDXs) are a ubiquitous family of highly
conserved enzymes that use the thiol groups of their redox-active cys-
teines (Cys) to catalyze the reduction of peroxides, including hydrogen
peroxide or other hydroperoxides [1-3]. The PRDXs are classified into
two categories, 1-Cys and 2-Cys, based on whether the protein contains
one or two conserved cysteine residues directly involved in catalysis
[4-6]. There are six isoforms of PRDX enzymes (PRDX1-6) that have
been identified in mammals to date [4]. In the PRDXs family, five
(PRDX1, PRDX2, PRDX3, PRDX4, and PRDX5) are 2-Cys enzymes that
utilize thioredoxin as the electron donor of their catalytic cycle [7].
Whereas PRDX6, the sole mammalian 1-Cys PRDX, uses glutathione
(GSH) plus GSH S-transferase (GST) for reduction and resolution of its
oxidized peroxidation Cys [2].

As the only 1-Cys PRDX, PRDX6 also has several significant functions
that differ from the other PRDXs. Uniquely among the PRDXs, PRDX6 is
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the only peroxiredoxin that can bind and reduce phospholipid hydro-
peroxides (PLOOH) following oxidative stress, which is associated with
a decreased content of phospholipid hydroperoxides in the cell mem-
brane [6,8,9]. The activity responsible for PLOOH reduction of PRDX6
has been called phospholipid hydroperoxide GSH peroxidase (GPx) ac-
tivity, which is similar to the enzymatic activity of GSH peroxidase 4
(GPX4) [10]. The GPx activity is thought to be of a major importance in
the ability of PRDX6 to protect cells against oxidant stress [11]. Besides,
unlike the other PRDXs, PRDX6 has a calcium-independent phospholi-
pase A2 (iPLA2) activity [12]. The PLA2 activity catalyzes the hydrolysis
of the acyl group at the sn-2 position of glycerophospholipids, with
special affinity for phosphatidylcholines, to produce free fatty acids and
a lysophospholipid [10]. Due to the various physiological and patho-
logical functions, PRDX6 has been identified as a promising therapeutic
target.

An increasing number of studies showed that the expression of
PRDX6 is elevated in a variety of human cancers, including breast
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cancer, liver cancer, cervical cancer, ovarian cancer and lung cancer
[13-17]. With the antioxidant properties, upregulation of PRDX6
facilitated the proliferation and development of cancers by protecting
cancer cells against oxidative stress [7,18,19]. There had been reported
that the GPx and iPLA2 activities were increased in cancer cells with
high expression of PRDX6 [14,19,20]. Moreover, there have been re-
ported that overexpressed PRDX6 could facilitate resistance to radiation
and chemotherapeutics, while the inhibition of PRDX6 can sensitize
cells to chemotherapy and promote apoptosis [16,21,22]. Conversely,
the deficiency or downregulation of PRDX6 promoted the cell cycle
arrest and apoptosis of cancer cells [17,23]. Thus, targeted inhibition of
PRDX6 provides a potential therapeutic strategy for cancers with high
expression of PRDX6. Nonetheless, only a few inhibitors of PRDX6 have
been discovered to date. Therefore, it is of vital importance to discover
the PRDX6 targeting inhibitors.

Withangulatin A (WA), a withanolide isolated from Physalis angulata
var. villosa, has been reported to inhibit the proliferation of various
cancer cells [24]. Herein, we first report that WA, a natural small
molecule, is a novel covalent inhibitor of PRDX6. There had been re-
ported that PRDX6 was highly expressed in non-small cell lung cancer
cells, and overexpression of PRDX6 could significantly promote the
proliferation of non-small cell lung cancer cells [14,19]. In this study, we
found that WA remarkably inhibited the proliferation of H1975
non-small cell lung cancer cells, and identified that PRDX6 was the
cellular target of WA by quantitative chemical proteomics. Further
studies demonstrated that WA significantly suppressed the enzyme ac-
tivity of PRDX6, and significantly inhibited the GPx and iPLA2 activities
of H1975 cells. Unlike other competitive inhibitors, we demonstrated
that WA selective covalently modified with the Cys47 residue (Cys47) of
PRDX6 by the o, p-unsaturated ketone moiety and inactivated the
PRDX®6 to exhibit the inhibition of H1975 cells. These findings indicate
that WA is a novel PRDX6 covalent inhibitor, which could be used as a
promising lead compound in the development of PRDX6 inhibitor for
oncotherapy.

2. Materials and methods
2.1. Compounds and cell lines

Withagulatin A (WA) was isolated from Physalis angulata var. villosa
in our previous study [24]. NCI-H1975 (H1975) non-small cell lung
cancer cells and human embryonic kidney 293T cells (HEK293T cells)
were purchased from the Cell Bank of Shanghai Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences (Shanghai, China). All
cells were negative for Mycoplasma during this investigation. H1975
cells were cultured in RPMI-1640 (GIBCO, NY, USA) supplemented with
10% FBS (GIBCO, NY, USA) at 37 °C with 5% CO,. HEK293T cells were
cultured in DMEM (GIBCO, NY, USA) supplemented with 10% FBS
(GIBCO, NY, USA) at 37 °C with 5% COx.

2.2. Cell viability and proliferation assay

The Cell Counting Kit-8 (CCK-8) assay which is used to test cell
viability according to the manufacturer’s protocol (MedChemExpress,
NJ, USA). In brief, Cells (7 x 103/well) were seeded into a 96-well culture
plate (Corning, NY, USA) for 24 h. Then cells were incubated with or
without serial dilutions of WA for 24 h. Then the CCK-8 detection re-
agent was added and incubated for 4 h. The absorbance at 450 nm was
measured by a microplate reader. For the colony formation assay, cells
were seeded into 35 mm plates at a density of 1x10°/well and incubated
overnight. Then, the cells were treated with various concentrations of
WA for 24 h. The growth medium was refreshed every three days. After
14 days, the cells were fixed and stained with a crystal violet solution
(Sigma-Aldrich, MO, USA) for 15 min, and images of colonies were taken
manually.
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2.3. SILAC-ABPP and proteomics analysis of WA target proteins

The stable isotope labeling by amino acids in cell culture (SILAC) and
activity-based protein profiling (ABPP) were based on previously re-
ported procedures [25,26]. H1975 cells were grown in RPMI-1640
medium containing either Lysine and Arginine (Light) or *3Cs,' Ny-Ly-
sine and '3Gg,'°N4-Arginine (Heavy). The “Light” or “Heavy” cells were
preincubated with 20 pM of WA or DMSO for 2 h, and then treated with
WP for 4 h. After incubation, the cells were lysed. Next 100 uM of Bio-
tin-N3 (from 100 mM stock solution in DMSO), 1 mM of CuSO4 (from 50
mM stock solution in deionized water), 100 pM of TBTA (from 100 mM
stock solution in deionized water) and 1 mM of TECP (from 100 mM
stock solution in deionized water) were added to the lysates. The reac-
tion was further incubated for 2 h with gentle mixing at room temper-
ature. Next, tagged proteins were precipitated with prechilled acetone.
The precipitated proteins were subsequently collected by centrifugation
(15000 rpm, 10 min, 4 °C). Then the precipitated proteins were redis-
solved with 200 pl of lysis buffer by sonication. Upon incubation with
streptavidin beads for 2 h at room temperature, the beads were washed
with PBS. The enriched proteins were suspended by 1 x loading buffer
and boiled for 15 min, then separated by SDS-PAGE for target validation
and analyzed by LC-MS/MS.

2.4. Drug affinity responsive target stability (DARTS)

DARTS was performed as previously reported [27]. Briefly, the cells
were collected and total protein was isolated by using lysis buffer. The
cell lysates were centrifuged at 15000 rpm for 15 min at 4 °C. The su-
pernatants were 1:10 diluted with 10 x TNC buffer (500 mM Tris-HCl,
pH 8.0, 500 mM NacCl, 100 mM CacCl,) and treated with different con-
centrations of WA or DMSO. After incubation for 1 h at room tempera-
ture, pronase (5 pg/ml) was added into the lysates for a further 15 min at
37 °C. Reactions were stopped by adding protease inhibitor cocktail and
SDS-PAGE loading buffer followed by immunoblotting.

2.5. Cellular thermal shift assay (CETSA)

CETSA was performed as previously reported [27]. Briefly, H1975
cells were treated with WA (4 pM) or DMSO and incubated for 4 h. Cells
were collected and washed with PBS, then resuspended to a density of
5x10° cells/ml in PBS supplemented with protease inhibitor. 100 pl of
each cell suspension was then dispensed into PCR tubes and heated at
44-60 °C by a thermal cycler for 3 min and immediately lysed by
freeze-thaw in liquid nitrogen. The cell lysates were clarified by
centrifugation at 15000 rpm for 15 min at 4 °C. Then supernatants were
analyzed by immunoblotting.

2.6. Biolayer interferometry assay (BLI)

The binding affinities of compounds for recombinant PRDX6 or
mutant recombinant PRDX6 were determined by a biolayer interfer-
ometry assay using Octet RED96 (ForteBio). Ni-NTA biosensor tips
(ForteBio, Menlo Park, CA) were used to immobilize the his-labeled
proteins after prewetting with kinetic buffer (PBS, 0.05% bovine
serum albumin, 0.01% Tween 20). The equilibrated Ni-NTA biosensors
were loaded with recombinant proteins (100 pg/ml). Background
binding controls used a duplicate set of sensors that incubated in a buffer
without proteins. All assays were performed by a standard protocol in
96-well black plates with a total volume of 250 pl/well at 30 °C. All the
data were analyzed by Octet data analysis software. The signals were
analyzed by a double reference subtraction protocol to deduce nonspe-
cific and background signals and signal drifts caused by biosensor
variability. Equilibrium dissociation constant (Kp) values were calcu-
lated from the ratio of Ky to Kop.
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Fig. 1. The quantitative chemical proteomics identified PRDX6 as the direct target of Withangulatin A. (A) Chemical structures of Withangulatin A (WA) and
Withangulatin A-alkyne probe (WP). (B) The cell viabilities of H1975 cells treated by WA and WP were measured by CCK-8 assay. (C) The overall scheme of the
SILAC-ABPP (stable isotope labeling by amino acids in cell culture-activity-based protein profiling) experiments to profile WA targets in situ. (D) The SILAC Heavy/
Light (H/L) ratio was measured by a competitive SILAC assay. (E) Labeling of recombinant PRDX6 protein with different concentrations of WP. Protein affinity pull-
down assay was performed and the precipitated proteins were processed by coomassie blue staining. (F) Protein affinity pull-down assay was performed in H1975
cells by different concentrations of WP, and immunoblotting by PRDX6 antibody. Data are presented as the mean =+ SD, n = 3, ***P < 0.001, compared with control
group (0 pM). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.7. The PRDX6 enzyme assay

PRDX6 enzyme activity was determined as previously reported [28].
Briefly, the reaction buffer was 50 mM Tris-HC1 (pH 8.0), 0.1 mM EDTA,
0.3 mM NADPH, 0.36 mM GSH, and 0.23 units/ml glutathione reduc-
tase. For the inhibition assay, compounds and recombinant Prdx6 were
preincubated at room temperature for 30 min. Fluorescence was
continuously recorded at 460 nm (340 nm excitation). After a steady
baseline was achieved, the reaction was started by the addition of sub-
strate (7.6 pM H204 or 100 pM PLPCOOH plus 0.1% Triton X-100) and
the linear change in fluorescence indicating utilization of NADPH for

reduction of oxidized GSH.
2.8. GPx activity and iPLA2 activity assay

Intracellular GPx activity and iPLA2 activity were performed as
previously reported [19,20]. Briefly, GPx assay and iPLA2 assay Kkits
were purchased from Cayman Chemical (703102, 765021, MI, USA),
and the activities were measured according to the manufacturer’s
recommendations.
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2.9. Generation of PRDX6 knockout (KO) cell lines by CRISPR/Cas9
system

To obtain the PRDX6 KO H1975 cells, H1975 cells were transfected
with the PRDX 6 CRISPR/Cas9 KO plasmid according to the manufac-
turer’s instructions (sc-401549-HDR, Santa Cruz Biotechnology, Inc.).
After transfection, cells were selected with puromycin according to the
manufacturer’s instructions, then single clones were picked and vali-
dated by immunoblotting analysis.
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2.10. Measurement of reactive oxygen species (ROS) levels

The intracellular ROS levels were measured as previously described
[29]. Briefly, the H1975 cells were incubated with serial dilutions of WA
for 12 h. Then incubated in the dark with 10 mM oxidation-sensitive
fluorescent probe DCFH-DA (Beyotime Biotechnology, China) for 20
min at 37 °C. The fluorescence intensity was then measured with a BD
Accuri C6 flow cytometer or an imageXpress® confocal microscope.
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Fig. 2. WA directly binds to PRDX6. (A) Immunoblotting analysis of the whole

cell lysate (WCL) in H1975 cells or (B) the recombinant PRDX6 protein treated with

WP in the absence or presence of WA for the competitive binding, and followed by protein affinity pull-down assay. The PRDX6 bound to the WP was detected by
immunoblotting. Data are presented as the mean + SD, n = 3, ***P < 0.001, compared with WP alone group (8 pM). (C) The CETSA assay was used to evaluate the
binding between WA (4 pM) and PRDX6 in thermodynamic levels. The expression of PRDX6 was detected by immunoblotting. (D) H1975 cells lysates were treated
with different concentrations of WA, and then incubated with pronase (5 pg/ml). The expression of PRDX6 was detected by immunoblotting. Data are presented as

the mean + SD, n = 3, 7##P < 0.001, compared with lysates group,
PRDX6 protein was analyzed by BLI assay.

P < 0.001, compared with pronase alone group. (E) Interaction between WA and recombinant
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2.11. Measurement of total antioxidant capacity (T-AOC), 4-hydroxy-
nonenal (4-HNE) and malondialdehyde (MDA) levels

The T-AOC, 4-HNE and MDA levels were measured as previously
described [30,31]. Briefly, the T-AOC levels were measured by using the
total antioxidant assay kit (Beyotime Biotechnology, China). The
detailed measurements were carried out with reference of the kit in-
structions. The 4-HNE concentrations were examined by an Elisa assay
kit (Elabscience, China). The detailed measurements were carried out
according to the manufacturer’s instructions. The MDA concentrations
were measured using a Lipid Peroxidation MDA assay kit (Beyotime
Biotechnology, China). The detailed measurements were carried out
with reference of the kit instructions.

2.12. Plasmid transfection

The PRDX6 C47A plasmid was purchased from Zoonbio Biotech-
nology (Nanjing, China). Cells were seeded in 6-well plates. The PRDX6
C47A plasmid were transfected into the cells using Lipofectamine 3000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
The primer sequence was showed in Supplementary Table 2.

2.13. Immunoblotting analysis

Cells with different treatments were washed twice with PBS, then
collected and lysed in RIPA buffer. The cell lysates were separated on
SDS polyacrylamide gels and transferred to PVDF membranes (Bio-Rad,
Hercules, CA). After blocking nonspecific binding with TBS-T (0.1%
Tween) containing 5% non-fat milk for 1 h at room temperature, the
membranes were immunoblotted with the primary antibodies at 4 °C
overnight. Then, the membranes were incubated with HRP-conjugated
goat anti-rabbit secondary antibody for 2 h at room temperature. The
protein bands were detected using the ChemiDOC™ system (Bio-Rad,
Hercules, CA).

2.14. Xenograft tumor model

Five-week-old male BALB/c nude mice were purchased from the
Model Animal Research Center of Nanjing University (Nanjing, China).
For the tumor xenograft assay, 3x10° H1975 cells were suspended in
200 pl PBS and subcutaneously injected into the right flank of the mice.
When the tumors reached approximately 100 mm?, the tumor-bearing
mice were randomly divided into four groups. Then, WA (5 mg/kg or
10 mg/kg) were intraperitoneally administered every three days. After
four weeks, all of the mice were euthanized. Then, the tumors and
visceral organs of each group were collected and fixed in 4% para-
formaldehyde. All animal experimental procedures followed the Na-
tional Institutes of Health guide for the care and use of laboratory
animals and were performed in accordance with protocols approved by
the Institutional Animal Care and Use Committee (IACUC) of China
Pharmaceutical University Experimental Animal Center.

2.15. Statistical analysis

Statistical significance was determined using GraphPad Prism Soft-
ware 8. Data are represented as mean + SD. Student’s t-test and one-way
ANOVA test were used for statistical analyses of the data. P < 0.05,
<0.01 or <0.001 were considered statistically significant.
3. Results
3.1. PRDXG6 is identified as a direct target of WA by SILAC-ABPP

To explore and identify the cellular targets of WA, an alkyne-tagged

WA-based probe WP was designed and synthesized (Fig. 1A and Scheme
S1). The alkyne tag can be further appended with an azide-biotin tag
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through click chemistry, allowing the cellular targets of WA to be af-
finity purified for mass spectrometry identification [32]. The cytotoxic
experiment showed that WA significantly suppressed the proliferation of
H1975 non-small cell lung cancer cells (Fig. 1B and Fig. S1). WP had
similar cytotoxicity compared with WA (Fig. 1B), suggesting that the
addition of the alkyne tag had no significant influence on the cytotoxic
activity of WA.

Affinity-based protein profiling (ABPP), as a chemical proteomics
strategy, is usually employed to identify the protein targets of bioactive
small molecules [33,34]. Especially, the stable isotope labeling by amino
acids in cell culture (SILAC), a widely used method in quantitative
chemical proteomics, has been successfully performed by the combi-
nation of ABPP for target identification of bioactive small molecules
[35]. Thus, we applied WP for identifying the cellular targets of WA
through SILAC-ABPP experiments in situ (Fig. 1C). After competition by
excessive WA and protein affinity pull-down assay, the digested peptides
were analyzed by LC-MS/MS. The LC-MS/MS analysis indicated that the
quantified SILAC ratio (heavy/light) of PRDX6 was the highest (Fig. 1D
and Supplementary Table 1). Furthermore, the results of the coomassie
blue assay and immunoblotting assay revealed that PRDX6 was pulled
down by WP both in recombinant PRDX6 protein and H1975 cells
(Fig. 1E and F). These data indicate that PRDX6 is a direct target of WA
in H1975 cells.

Although the thioredoxin (TXN), thioredoxin reductasel (TXNRD1),
glutathione reductase (GSR) and other peroxiredoxins (PRDXs) were
also identified, the quantified SILAC ratio of these proteins were less
than that of PRDX6. Moreover, the significance B of the quantified SILAC
ratio of these proteins (TXN, TXNRD1, GSR and PRDXs) were>0.05
(Supplementary Table 1), indicating the interactions of WA with TXN,
TXNRD1, GSR and PRDXs had no significant difference. As shown in
Fig. S2, WA had no significant effect on the activities of TXN, TXNRD
and GSR in H1975 cells at the corresponding concentration (0.25-1 pM),
which was consistent with our previous study [36]. Furthermore, we
also examined the difference of the binding capacities of WA with
PRDXs. As shown in Fig. S3, the protein affinity pull-down assay showed
that the binding between WP and PRDX6 was the strongest among the
PRDXs under the same condition. Therefore, we considered that PRDX6
was a major target protein of WA.

3.2. WA directly binds to PRDX6

To further validate the interaction of WA with PRDX6, we carried out
competitive binding experiments by excessive WA. Notably, the binding
of WP to PRDX6 was blocked by preincubating with WA both in H1975
cells and recombinant PRDX6 protein (Fig. 2A and B). We next per-
formed the CETSA and DARTS assays in H1975 cells. The CETSA assay is
used to examine the interaction between the protein and compound,
while the thermal stability of protein is elevated after the compound
bound to protein [27]. The DARTS assay is also applied to test the
interaction between the protein and compound, while the binding of
compound to protein could against the proteolysis by pronase [27]. The
thermal stability of PRDX6 was increased after the treatment of WA in
CETSA, suggesting the interaction of WA with PRDX6 (Fig. 2C). Mean-
while, WA also significantly reversed the proteolysis of PRDX6 by pro-
nase, suggesting WA could bind to PRDX6 (Fig. 2D). More importantly,
the BLI assay further confirmed that there was a strong direct interaction
between WA and PRDX6, and the Kp value of WA binding to recombi-
nant PRDX6 protein was 7.51 pM (Fig. 2E). Collectively, these results
indicate that WA could directly bind to PRDX6.

3.3. WA covalently binds to PRDX6 by the a, p-unsaturated ketone
moiety

We further investigated whether WA could irreversibly bind to
PRDX®6. Interestingly, posttreatment with excessive WA could not pre-
vent PRDX6 binding to WP both in H1975 cells and recombinant PRDX6
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with or without WA-1 (40 pM) for 2 h and further incubated with WP (4 pM) for 4 h, then protein affinity pull-down assay was performed. Data are presented as the
mean + SD, n = 3, ns, no significance, compared with WP alone group. (F) The recombinant PRDX6 protein was preincubated with or without WA-1 (40 uM) for 2 h
and further incubated with WP (4 uM) for 2 h, then protein affinity pull-down assay was performed. Data are presented as the mean + SD, n = 3, ns, no significance,
compared with WP alone group. (G) Interaction between WA-1 and recombinant PRDX6 protein was analyzed by BLI assay.

protein (Fig. 3A and B), revealing the existence of an irreversible
interaction between WA and PRDX6. Due to the a, -unsaturated ketone
moiety is considered as a Michael acceptor that could covalently bind to
the thiol of cysteine in protein, which is essential for the biological ac-
tivity of multiple compounds [37,38]. We speculated whether WA is
reacted with PRDX6 by the o, p-unsaturated ketone moiety. Therefore,
we synthesized WA-1 by reduction reaction of WA to reduce the a,
f-unsaturated ketone moiety (Fig. 3C and Scheme S2). Strikingly, WA-1
had no obvious influence on the proliferation of H1975 cells (Fig. 3D),
suggesting that the cytotoxicity of WA depended on the a, p-unsaturated
ketone moiety. Meanwhile, it was noteworthy that preincubation of
WA-1 could not prevent PRDX6 binding to WP both in H1975 cells and
recombinant PRDX6 protein (Fig. 3E and F), further indicating that WA
covalently bound to PRDX6 by the a, p-unsaturated ketone moiety. BLI
assay further confirmed that there was no obvious direct interaction
between WA-1 and PRDX6, which the Kp value of WA-1 binding to re-
combinant PRDX6 protein was more than 100 pM (Fig. 3G). Taken
together, these results indicate that WA could covalently bind to PRDX6.

3.4. Cysteine 47 residue of PRDX6 is covalently modified by WA

Since the o, p-unsaturated ketone moiety of WA is most likely a

reactive Michael acceptor, which might form a covalent bond with
cysteine residues of proteins. Therefore, we speculated that the cysteine
residues in PRDX6 (Fig. S4) might be the binding sites of WA. To confirm
which of these residues was modified by WA, we incubated recombinant
PRDX®6 protein with or without WA followed by LC-MS/MS analysis. In
our previous study, we found that WA could break into fragments during
the LC-MS/MS analysis, which the MS/MS spectra of WA showed sodi-
ated ion at m/z 489.2255, which might be obtained via neutral losses of
CH3COOH (Fig. S5). Thus, we performed the protein MS/MS database
search by using the mass of 466.24 Da. The further MS/MS analysis
proved that the Cys47-containing peptide DFTPVC4;TTELGR (from y7
to y9 fragment ions) had a 466.24 Da mass shift in the peptide spectra of
the WA treatment group (Fig. 4A and B), which was consistent with the
addition of one molecular unit of WA-residue (466.24 Da).

In PRDX1-5 (2-cys peroxiredoxins, Supplementary Table 3), the
resulting sulfenic acid then reacts with another (resolving) cysteine
residue, forming a disulfide that is subsequently reduced by an appro-
priate electron donor to complete a catalytic cycle [7]. PRDX6 also
contains another cysteine residue (Cys91), which is not the active-site
Cys residue of PRDX6. However, we did not find the binding of WA to
the Cys91 of PRDX6 in the LC-MS/MS analysis (Fig. S6).

To further prove the binding of WA to the Cys47 of PRDX6, we
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Fig. 4. WA selective covalently binds to the Cys47 residue of PRDX6. (A) The recombinant PRDX6 protein was incubated without or (B) with WA, then the peptide
fragment were identified by MS/MS. (C) The recombinant WT PRDX6 and mutant PRDX6 (C47A) proteins were incubated with WP, and followed by protein affinity
pull-down assay. The PRDX6 bound to the WP was detected by immunoblotting. (D) Flag-tagged PRDX6 and mutant (E) PRDX6 C47A were expressed in HEK-293T
cells. The protein affinity pull-down assay was performed by WP. The expression of Flag-PRDX6 was detected by immunoblotting. (F) BLI analysis of the interaction
between WA and recombinant PRDX6 C47A protein.
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Fig. 5. WA inhibits the activity of PRDX6 and promotes the generation of ROS. (A) Dose-response inhibition curve of PRDX6 enzyme activity by WA and (B) WA-1
were measured by PRDX6 enzyme assay. (C) H1975 cells were treated with different concentrations of WA or (D) WA-1 for 12 h, then the GPx activities were
measured by a GPx assay kit. Data are presented as the mean + SD, n = 3, **P < 0.01, ***P < 0.001, compared with control group (0 pM). (E) H1975 cells were
treated with different concentrations of WA or (F) WA-1 for 12 h, then the iPLA2 activities were measured by an iPLA2 assay kit. Data are presented as the mean +
SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group (0 pM). (G) H1975 cells were treated with different concentrations of WA for 12 h, then
the ROS levels in H1975 cells were measured by flow cytometry and (H) fluorescence microscope (DCFH-DA staining). Data are presented as the mean + SD, n = 3,

**P < 0.01, ***P < 0.001, compared with control group (0 pM). Scale bar = 50 pm. (I) H1975 cells were treated with different concentrations of WA-1 for 12 h, then
the ROS levels in H1975 cells were measured by flow cytometry and (J) fluorescence microscope. Scale bar = 50 pm. (K) The expression of PCNA, Bcl-2, XIAP and
survivin in H1975 cells were measured by immunoblotting after treatment with different concentrations of WA for 24 h. Data are presented as the mean + SD, n = 3,
i"‘*P < 0.001, compared with control group (0 pM).
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Fig. 6. Effect of PRDX6 knockout (KO) on the proliferation and oxidative stress of H1975 cells. (A) Immunoblotting analysis of the PRDX6 in WT and PRDX6 KO
H1975 cells by the CRISPR/Cas9 system. Data are presented as the mean + SD, n = 3, ***P < 0.001, compared with WT group. (B) Growth curve of WT and PRDX6
KO H1975 cells. Data are presented as the mean + SD, n = 6, ***P < 0.001, compared with WT group. (C) Cell proliferative activity of PRDX6 WT and PRDX6 KO
H1975 cells were evaluated by the colony formation assay. Data are presented as the mean + SD, n = 3, ***P < 0.001, compared with WT group. (D) GPx activities
and (E) iPLA2 activities of PRDX6 WT and PRDX6 KO H1975 cells were measured by a GPx assay kit or an iPLA2 assay kit. Data are presented as the mean + SD, n =
3, **P < 0.01, compared with WT group. (F) The ROS levels of PRDX6 WT and PRDX6 KO H1975 cells were measured by flow cytometry. Data are presented as the
mean + SD, n = 3, ***P < 0.001, compared with WT group. (G) The ROS levels of PRDX6 WT and PRDX6 KO H1975 cells were measured by fluorescence microscope.
Scale bar = 50 pm. (H) The expression of PCNA, Bcl-2, XIAP and survivin in PRDX6 KO H1975 cells were measured by immunoblotting. Data are presented as the
mean + SD, n = 3, ***P < 0.001, compared with WT group.

mutated Cys47 of PRDX6 into alanine. The protein affinity pull-down
assay further demonstrated that the C47A mutation abolished the ca-
pacity of PRDX6 binding to WP (Fig. 4C). In vivo, we also transfected

Flag-PRDX6 and C47A mutated Flag-PRDX6 plasmid into HEK293T cells
which is usually used for transfection and protein expression, and fol-
lowed by a protein affinity pull-down assay with WP. Immunoblotting
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Fig. 7. Effect of WA on the proliferation and oxidative stress of PRDX6 KO H1975 cells. (A) Growth curves of PRDX6 KO H1975 cells after treatment with or without
WA (1 pM). Data are presented as the mean + SD, n = 6, ns, no significance, compared with PRDX6 KO group. (B) Cell proliferative activity of PRDX6 KO H1975 cells
after treatment with or without WA (1 uM) by the colony formation assay. Data are presented as the mean + SD, n = 3, ns, no significance, compared with PRDX6 KO
group. (C) PRDX6 KO H1975 cells were treated with or without WA (1 uM) for 12 h, then the GPx activities were measured by a GPx assay kit. Data are presented as
the mean =+ SD, n = 3, ns, no significance, compared with PRDX6 KO group. (D) PRDX6 KO H1975 cells were treated with or without WA (1 uM) for 12 h, then the
iPLA2 activities were measured by an iPLA2 assay kit. Data are presented as the mean + SD, n = 3, ns, no significance, compared with PRDX6 KO group. (E) PRDX6
KO H1975 cells were treated with or without WA (1 pM) for 12 h, then the ROS levels were measured by fluorescence microscope. Scale bar = 50 pm. (F) PRDX6 KO
H1975 cells were treated with or without WA (1 pM) for 12 h, then the ROS levels were measured by flow cytometry. Data are presented as the mean + SD, n = 3, ns,
no significance, compared with PRDX6 KO group. (G) The expression of PCNA, Bcl-2, XIAP and survivin in PRDX6 KO H1975 cells were measured by immunoblotting
after treatment with WA (1 uM) for 24 h. Data are presented as the mean + SD, n = 3, ns, no significance, compared with PRDX6 KO group.

results revealed that Flag-PRDX6 could bind to WP, while C47A mutated
Flag-PRDX6 was not bound to WP (Fig. 4D and E). What’s more, the BLI
assay further certified that there was a weak interaction between WA
and recombinant PRDX6 C47A proteins, which the Kp value of WA
binding to recombinant PRDX6 C47A proteins was 68.45 pM (Fig. 4F).
Taken together, these results demonstrate that WA selective covalently
binds to the Cys47 of PRDX6.

3.5. WA inhibits the activity of PRDX6 and induces the generation of ROS

With the covalent binding of WA to PRDX6, we examined the effect
of WA on the function of PRDX6 via an enzyme activity assay. As shown
in Fig. 5A and Fig. S7A, the enzyme activities of PRDX6 were

10

significantly inhibited by WA and WP. In contrast, WA-1 had a slight
inhibitory effect on the enzyme activity of PRDX6 (Fig. 5B). PRDX6 is
capable of reducing hydroperoxides through its GPx activity and iPLA2
activity. As shown in Fig. 5C and Fig. S7B, WA and WP remarkably
suppressed the GPx activity in H1975 cells, while WA-1 had no signifi-
cant effect on the GPx activity in H1975 cells (Fig. 5D). Similar results
were also shown in the measurement of iPLA2 activity in H1975 cells
(Fig. 5E and F and Fig. S7C). Moreover, WA also significantly increased
the generation of ROS in H1975 cells (Fig. 5G and H), whereas WA-1 had
no obvious effect on the generation of ROS in H1975 cells (Fig. 5I and J).
WA also decreased the reduced GSH in H1975 cells (Fig. S7D). Further
immunoblotting results showed that the expression of PCNA, Bcl-2,
XIAP and survivin regulated by PRDX6 were also decreased after
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Fig. 8. Effect of WA on the proliferation of H1975 non-small cell lung cancer cells in vivo. (A) Tumor images of H1975 cells tumor-bearing mice after treated with
WA (5 mg/kg and 10 mg/kg). (B) Changes of tumor volume, (C) tumor weight, and (D) body weight were showed after treated with WA (5 mg/kg and 10 mg/kg) in
the xenograft model. Data are presented as the mean + SD, n = 6, *P < 0.05, ***P < 0.001, compared with model group. (E) GPx activities were measured by a GPx
assay kit after treated with WA (5 mg/kg and 10 mg/kg) in tumor tissue. Data are presented as the mean + SD, n = 6, **P < 0.01, compared with model group. (F)
iPLA2 activities were measured by an iPLA2 assay kit after treated with WA (5 mg/kg and 10 mg/kg) in tumor tissue. Data are presented as the mean + SD, n = 6, *P
< 0.05, **P < 0.01, compared with model group. (G) The total antioxidant capacities (T-AOC) in tumor tissue were measured by a total antioxidant assay kit. Data
are presented as the mean + SD, n = 6, **P < 0.01, ***P < 0.001, compared with model group. (H) 4-Hydroxynonenal (4-HNE) were measured by an ELISA assay.
Data are presented as the mean + SD, n = 6, *P < 0.05, ***P < 0.001, compared with model group. (I) The levels of malondialdehyde (MDA) were analyzed by a
MDA assay kit. Data are presented as the mean + SD, n = 6, **P < 0.01, ***P < 0.001, compared with model group. (J) Histopathology of xenograft tumors stained
\Lvith PCNA and Ki67. Data are presented as the mean + SD, n = 6, **P < 0.01, compared with model group. Scale bar = 50 pm.

treatment of WA (Fig. 5K). Together, these results reveal that WA de-
creases the activity of PRDX6 and increases the production of ROS in
H1975 cells.

3.6. Deficiency of PRDX6 restrains the proliferation and increases the
oxidative stress of H1975 cells

In order to assess the function of PRDX6 in H1975 cells, the PRDX6
gene knockout (KO) H1975 cells were generated by CRISPR/Cas9 sys-
tem. Immunoblotting results showed that PRDX6 was effectively
knockout in H1975 cells (Fig. 6A). The deletion of PRDX6 markedly
inhibited the proliferation of H1975 cells (Fig. 6B and C).

As a result of the deficiency of PRDX6, the GPx activity and iPLA2
activity were decreased in PRDX6 KO H1975 cells (Fig. 6D and E). In
addition, the ROS levels were also increased in PRDX6 KO H1975 cells
(Fig. 6F and G). The immunoblotting analysis further showed that the
expression of PCNA, Bcl-2, XIAP and survivin were observably decreased
in PRDX6 KO H1975 cells (Fig. 6H). Overall, these results indicate that
the deficiency of PRDX6 could raise the levels of ROS and inhibit the
proliferation of H1975 cells.

3.7. WA-mediated cytotoxicity and generation of ROS are dependent on
PRDX6 in H1975 cells

Since PRDX6 was vital to the regulation of ROS and WA could se-
lective covalently bind to PRDX6, we further examined the effect of WA
on the proliferation and oxidative stress in PRDX6 KO H1975 cells.
Interestingly, in comparison with the control group, PRDX6 KO H1975
cells were insensitive to the treatment of WA (Fig. 7A and B). Notably,
WA had no significant inhibition on the GPx and iPLA2 activities in
PRDX6 KO H1975 cells (Fig. 7C and D). Furthermore, the ROS levels had
no remarkably increased in PRDX6 KO H1975 cells after treatment of
WA (Fig. 7E and F). Consistent with these, WA had no obvious effect on
the expression of PCNA, Bcl-2, XIAP and survivin in PRDX6 KO H1975
cells (Fig. 7G). In addition, WA had lower cytotoxicity in normal lung
epithelial BEAS-2B cells (Fig. S7E), which had lower expression of
PRDX6 compared with H1975 cells (Fig. S7F). In summary, these results
suggest that PRDX6 contributes to the production of ROS and cytotox-
icity mediated by WA in H1975 cells.

3.8. WA suppresses the proliferation of H1975 cells in vivo

To investigate the effect of WA on the proliferation of H1975 cells in
vivo, we established a xenograft model of H1975 cells. Compared with
the model group, WA dramatically suppressed the growth of tumors
(Fig. 8A-C). As shown in Fig. 8D and Fig. S8, WA did not cause an
obvious change in the mice body weight, and no obvious morphological
changes were observed in the organs of the mice after treating with WA,
indicating WA had low toxicity to the mice. Consistent with the results in
vitro, WA also inhibited the GPx and iPLA2 activities in the xenograft
model of H1975 cells (Fig. 8E and F). As a result of the inhibition of the
GPx and iPLA2 activities, the total antioxidant capacity (TAC) was
reduced after treatment of WA (Fig. 8G). Meanwhile, the levels of
malondialdehyde (MDA) and 4-hydroxynonenal (4HNE), two major
lipid peroxidation products, were elevated after treatment of WA
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(Fig. 8H and I). The positive expression of Ki67 and PCNA were also
decreased after the treatment of WA (Fig. 8J). Together, these data
indicate that WA could induce the oxidative stress and inhibit the pro-
liferation of H1975 cells in vivo.

3.9. PRDX6 contributes to the inhibition of WA on the proliferation of
H1975 cells in vivo

To further evaluate the selectivity of WA on the inhibition of PRDX6,
we established a xenograft model of PRDX6 KO H1975 cells. As shown in
Fig. 9A-C, the proliferation of PRDX6 KO H1975 cells was slower than
the PRDX6 WT H1975 cells in the xenograft model. The positive
expression of Ki67 was also significantly decreased in the xenograft
model of PRDX6 KO H1975 cells (Fig. 9D). Moreover, the GPx and iPLA2
activities were also decreased in the xenograft model of PRDX6 KO
H1975 cells (Fig. 9E and F). Notably, WA had no obvious inhibitory
effect on the cell proliferation in the xenograft model of PRDX6 KO
H1975 cells (Fig. 9G-I). In addition, there were no remarkable decrease
of the GPx and iPLA2 activities after treatment of WA in the xenograft
model of PRDX6 KO H1975 cells (Fig. 9J and K). In summary, these
results reveal that the inhibition of WA on the proliferation of H1975
cells was dependent on the suppression of PRDX6.

4. Discussion

PRDX®6, as an antioxidant enzyme, could reduce cellular peroxides
including short chain hydroperoxides and phospholipid hydroperoxides
through its GPx activity, which could protect cells against oxidative
stress [2,3,7]. There had been reported that inhibition or deficiency of
PRDX6 could increase the intracellular oxidative stress and cause the
cell injury [39-41]. Increasing evidence had demonstrated that PRDX6
had a critical role in the development of human cancers [19,23]. High
levels of PRDX6 has been found in multiple cancer cells and contributes
to the proliferation of cancer cells. Therefore, selective inhibition of
PRDXG6 provides a potential therapeutic strategy for certain cancers with
overexpressed PRDX6. Nonetheless, only a few inhibitors of PRDX6 have
been discovered to date, which is limited to the development of tar-
geting PRDX6 therapeutic strategy in cancer.

Here, we firstly report that WA, a natural small molecule, is a novel
covalent inhibitor of PRDX6. Currently, the reported PRDX6 inhibitors
are mostly competitive inhibitors [42,43], whereas no covalent in-
hibitors of PRDX6 have been reported to date. Although there had been
reported that thiacremonone could bind to PRDX6, whereas there was
no direct evidence to support the covalent binding of PRDX6 and thia-
cremonone [43]. In this study, we designed and synthesized an
alkyne-tagged WA-based active probe WP to identify the direct target of
WA. With the utilization of SILAC-ABPP, we discovered that WA could
directly bind to PRDX6 and inhibit the activity of PRDX6.

Due to the a, p-unsaturated ketone moiety is considered as a Michael
acceptor that could covalently bind to the thiol of cysteine in protein. We
speculated whether WA is bound to PRDX6 by the a, p-unsaturated ke-
tone moiety. Interestingly, WA-1 had no obvious influence on the pro-
liferation of H1975 cells, which had a reduced o, -unsaturated ketone
moiety. There was almost no interaction between WA-1 and PRDX6 in
the BLI assay. Since the dependency of GPx and iPLA2 activities on
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Fig. 9. Effect of WA on the proliferation of PRDX6 KO H1975 cells in vivo. (A) Tumor images of PRDX6 WT and PRDX6 KO H1975 cells in xenograft model. (B)
Changes of tumor volume were showed in xenograft model of PRDX6 WT and PRDX6 KO H1975 cells. (C) Tumor weight of PRDX6 WT and PRDX6 KO H1975 cells in
xenograft model. Data are presented as the mean + SD, n = 6, ***P < 0.001, compared with WT group. (D) Histopathology of xenograft tumors stained with Ki67.
Data are presented as the mean &+ SD, n = 6, **P < 0.01, compared with WT group. Scale bar = 50 pm. (E) GPx activities were measured by a GPx assay kits in
xenograft model of PRDX6 WT and PRDX6 KO H1975 cells. Data are presented as the mean + SD, n = 6, *P < 0.05, compared with WT group. (F) iPLA2 activities
were measured by an iPLA2 assay kits in xenograft model of PRDX6 WT and PRDX6 KO H1975 cells. Data are presented as the mean + SD, n = 6, **P < 0.01,
compared with WT group. (G) Tumor images of PRDX6 KO H1975 cells tumor-bearing mice after treated with WA (10 mg/kg). (H) Changes of tumor volume, (I)
tumor weight were showed after treated with WA (10 mg/kg) in xenograft model of PRDX6 KO H1975 cells. Data are presented as the mean + SD, n = 6, ns, no
significance, compared with control group. (J) GPx activities and (K) iPLA2 activities were measured by a GPx assay kits and a iPLA2 assay Kkits after treated with WA
(10 mg/kg) in xenograft model of PRDX6 KO H1975 cells. Data are presented as the mean =+ SD, n = 6, ns, no significance, compared with control group.

PRDX6, the enzyme activity inhibition of PRDX6 by WA also effectively
restrained the GPx and iPLA2 activities in H1975 cells. However, WA-1
almost did not affect the GPx and iPLA2 activities, further supporting the
inhibition of PRDX6 by WA was dependent on the a, p-unsaturated ke-
tone moiety.

PRDX6 is a bifunctional protein with both the GPx and iPLA2
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activities, which could reduce the lipid peroxidation products such as
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) [7]. There had
been reported that 4-HNE, an a,p-unsaturated aldehydes, could cova-
lently modify to the Cys47 and Cys91 of PRDX6, which provided addi-
tional evidence for explaining the partial loss of PRDX6 activity upon
4-HNE treatment [44,45]. In the present study, no potential
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modification of 4-HNE was identified on PRDX6 in the LC-MS/MS re-
sults. Therefore, the a,f-unsaturated aldehydes may not involved in the
inhibition of PRDX6 by WA in the present study.

In the reported study [23], knockout of PRDX6 by CRISPR/Cas9
system had an antiproliferative effect in tumor cells. In the present
study, we also screened the viable cell which had the deletion of PRDX6
by CRISPR/Cas9 system. The proliferation of PRDX6 KO H1975 cells
was slower than the PRDX6 WT H1975 cells (Fig. 6B and C). The ROS
level of PRDX6 WT H1975 cells was also higher than that in PRDX6 KO
H1975 cells (Fig. 6F and G). The inhibition of PRDX6 by WA could lead
to the accumulation of hydrogen peroxide and phospholipid hydroper-
oxides, which elevated the intracellular oxidative stress and caused cell
injury. Therefore, the elevated oxidative stress mainly contributed to the
proliferation inhibition of H1975 cells by WA.

Unlike the other PRDXs, PRDX6 is the sole 1-Cys PRDXs. The cysteine
at position 47 (Cys47) in the amino acid sequence of PRDX6 is the active
site for the GPx activity [1,7]. Mutation of PRDX6 at Cys47 could result
in the inactivation of PRDX6 [2]. In this study, the LC-MS/MS analysis
further demonstrated that WA was covalently bound to the Cys47 res-
idue of PRDX6 while not the Cys91. Furthermore, the point mutation
also showed that WA had no interaction with the recombinant Cys47A
protein and the Cys47A mutated Flag-PRDX6. Although thiacremonone
was also reported to bind to the Cys47 of PRDX6, there was no direct
evidence for the binding of thiacremonone to the Cys47 of PRDX6.
Therefore, WA was the first reported covalent inhibitor of PRDX6 to
date.

Collectively, our findings reveal that WA is the first PRDX6 covalent
inhibitor, which could serve as a promising lead compound in the
development of new therapeutic agents for PRDX6-dependent cancers,
and also provides a novel chemical tool to investigate the functions of
PRDX6.
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