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Oleanolic acid blocks the purine salvage pathway for
cancer therapy by inactivating SOD1 and stimulating
lysosomal proteolysis
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Metabolic reprogramming is a core hallmark of cancer and is key
for tumorigenesis and tumor progression. Investigation of
metabolic perturbation by anti-cancer compounds would allow
a thorough understanding of the underlying mechanisms of
these agents and identification of new anti-cancer targets.
Here, we demonstrated that the administration of oleanolic
acid (OA) rapidly altered cancer metabolism, particularly sup-
pressing the purine salvage pathway (PSP). PSP restoration
significantlyopposedOA-inducedDNAreplication and cell pro-
liferation arrest, underscoring the importance of this pathway
for the anti-cancer activity of OA. Hypoxanthine-guanine phos-
phoribosyltransferase (HGPRT) and 50-nucleotidase (50-NT),
twometabolic enzymes essential for PSP activity, were promptly
degraded by OA via the lysosome pathway. Mechanistically, OA
selectively targeted superoxide dismutase 1 (SOD1) and yielded
reactive oxygen species (ROS) to activate theAMP-activatedpro-
tein kinase (AMPK)/mammalian target of rapamycin complex 1
(mTORC1)/macroautophagy pathway, thus eliciting lysosomal
degradation of HGPRT and 50-NT. Furthermore, we found
that the PSP was overactivated in human lung and breast can-
cers, with anegative correlationwithpatient survival. The results
of this study elucidated a new anti-cancer mechanism of OA by
restraining the PSP via the SOD1/ROS/AMPK/mTORC1/mac-
roautophagy/lysosomal pathway. We also identified the PSP as
a new target for cancer treatment andhighlightedOAas a poten-
tial therapeutic agent for cancers with high PSP activity.
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INTRODUCTION
Cancer is a devastating disease and the second-leading cause of deaths
worldwide.1 Breakthroughs in fundamental and clinical research have
allowed the development of cancer treatment approaches including
surgery, chemotherapy, radiotherapy, targeted therapy, and immuno-
therapy.2 However, the therapeutic outcomes and prognoses of pa-
tients with cancer remain unsatisfactory.2 Therefore, new therapeutic
agents and targets must be identified. Natural compounds have long
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been recognized as valuable sources for anti-cancer drug develop-
ment.3,4 For instance, bioactive ingredients in triterpenoid species
with anti-cancer activity have been discovered.5 Oleanolic acid
(OA) is one such bioactive ingredient that has been well studied.
This compound occurs in various natural plants that are extensively
used in anti-cancer Chinese herbal medicine formulas, such as Ligus-
trum lucidum Ait. and Epimedii folium.6,7 OA tablets have been
approved in China for adjuvant therapy in patients with acute or
chronic hepatitis.8 Recently, OA has been reported to show anti-can-
cer activity by modulating various oncogenic signaling pathways,
including the AMP-activated protein kinase (AMPK)/mammalian
target of rapamycin complex 1 (mTORC1), ERK/Nrf2/reactive oxy-
gen species (ROS), and phosphatidylinositol 3-kinase (PI3K)/AKT/
mammalian target of rapamycin (mTOR) signaling pathways.9,10

However, further investigation is needed to comprehensively under-
stand the anti-cancer mechanisms of this natural compound.

Recent studies have demonstrated that metabolic reprogramming is a
core hallmark of cancer and is involved in tumorigenesis and tumor
progression.11 In response to the excessive requirement for building
blocks and energy, cancer cells rewire their glycolysis and truncate
the tricarboxylic acid (TCA) cycle by expediting glucose and gluta-
mine utilization.12,13 Additionally, alternative metabolic fuels,
including fructose, lactate, and branched-chain amino acids, are
also utilized by cancer cells to sustain the metabolic activities of
rapy: Oncolytics Vol. 23 December 2021 ª 2021 The Author(s). 107
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glycolysis, TCA cycle, and synthesis of nonessential amino acids,
respectively.14–16 Nucleotide synthesis is also hyperactive in cancer
cells to produce abundant genetic material, including DNA and
RNA.17,18 OA reportedly restrained glycolysis and lipid biosynthesis
in cancer cells.9 However, the effects of OA on the metabolism of can-
cer cells and its major downstream metabolic targets remain to be
elucidated.

Mass spectrometry-based metabolomic profiling is sensitive and
robust for the simultaneous identification of some small-molecule
metabolites from various samples.19 This method has been exten-
sively applied in cancer research to ascertain the essential metabolic
pathways that promote tumor progression.14,20 The present study
used a gas chromatography-time-of-flight mass spectrometry (GC-
TOFMS)-based approach to detect the effects of OA on the meta-
bolism of cancer cells and to identify the key metabolic pathways
targeted by this agent. We then performed experiments to explore
the underlying mechanism of OA in modulating these identified
metabolic targets in cancer cells.

RESULTS
OA restrains cancer cell growth in vitro and in vivo

Previous studies have reported that OA inhibits the rapid growth of
various cancer cell lines.9,10,21 However, the time point at which
OA begins to show this inhibitory effect remains unclear. Three
lung cancer cell lines (A549, Hop62, and Hop92) and two breast can-
cer cell lines (MDA-MB-231 and MCF-7) were selected for investiga-
tion. First, cell viability and colony formation assays were performed
to verify the inhibitory effects of OA. OA repressed cancer cell prolif-
eration and colony growth in a dose-dependent manner (Figures 1A,
1B, and 1C; Figures S1A and S1B). Subsequently, we conducted a time
course experiment using an OA concentration of 200 mM as reported
previously.9 As shown in Figure 1D, OA significantly suppressed cell
growth beginning at 48 and 24 h after treatment initiation in A549
and MDA-MB-231 cells, respectively. The expression of the well-
known cell proliferation marker proliferating cell nuclear antigen
(PCNA) consistently started to decrease until 48 h of treatment in
A549 cells and 24 h of treatment in MDA-MB-231 cells, with a stron-
ger decrease observed in late-stage OA treatment (Figure 1E). Collec-
tively, these in vitro data demonstrated the inhibitory effect of OA on
cancer cell growth over a long treatment period.

To elucidate the underlyingmechanism by which OA curtailed cancer
cell growth, we performed cell cycle and apoptosis assays. The results
showed that 200 mM OA treatment elicited a time course of cell
apoptosis and G1 phase arrest in A549 and MDA-MB-231 cells (Fig-
ures S1C and S1D), indicating that OA impaired cancer cell growth by
inducing cell apoptosis and hindering cell cycle progression.

Next, we explored whether OA could also impede tumor growth
in vivo. OA was orally administered to mice harboring tumor xeno-
grafts. The results showed that OA administration significantly atten-
uated tumor xenograft growth in A549 and MDA-MB-231 cells
(Figures 1F-1I). Of note, mouse body weight and the histological
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structures of the liver and kidney were not obviously altered by OA
treatment, indicating the negligible side effects of OA for in vivo
use (Figure S2).
OA rapidly suppresses PSP in vitro and in vivo

Metabolic reprogramming plays an essential role in tumorigenesis
and tumor progression.11,22,23 We hypothesized that OA exerts its
anti-cancer effects by modulating key metabolic pathways in cancer
cells. To this end, we conducted a metabolomic study to elucidate
the major metabolic pathways targeted by OA. An essential issue
was to determine the time point of OA treatment for metabolomic
surveys. As mentioned above, OA treatment for <48 h did not
influence A549 cell growth (Figures 1D and 1E). In addition, our pre-
liminary study showed that the production of lactate, a targeted
metabolite of OA,9 was downregulated by OA treatment for 6 h,
whereas a stronger reduction of this metabolite was observed after
OA treatment for 8 h (Figure S3A). Thus, we harvested A549 cells
treated with OA for 8 h and control A549 cells treated with vehicle
for the same time for metabolomic profiling. A principal component
analysis model fitted with metabolomics data revealed altered meta-
bolism in the OA-treated A549 cells (Figure 2A). At the metabolite
level, a total of 163 metabolites were identified, 18 of which were
significantly altered by OA treatment (Bonferroni-adjusted p <
0.05) (Figure 2B). Subsequently, we included all detected metabolites
to calculate the differential abundance scores of each metabolic
pathway with an algorithm described previously.24 The results
showed that the purine salvage pathway (PSP) was the most severely
inhibited pathway after OA treatment for 8 h (Figure 2C). To ascer-
tain whether the reduction of PSP metabolites induced by OA treat-
ment was caused by the expedited catabolism of these compounds, we
compared the levels of uric acid, the end product of purine ring degra-
dation, between control and OA-treated A549 cells. The results
showed that OA treatment did not dramatically perturb the abun-
dance of uric acid (Figure S3B), indicating that OA did not accelerate
the catabolism of PSP metabolites. Furthermore, we assessed whether
OA treatment repressed de novo purine synthesis, which could cause
compensatory upregulation of the PSP to increase the conversion of
nucleosides to nucleotides, thereby downregulating PSP metabolites
in cancer cells. The abundance of inosine monophosphate (IMP),
the first purine nucleotide product of de novo purine synthesis, did
not significantly change in A549 cells after OA treatment (p = 0.19)
(Figure S3C). Thus, OA did not modify the de novo purine synthesis
of cancer cells.

As illustrated by the schematic of the PSP, OA treatment significantly
downregulated inosine, hypoxanthine, and adenosine, whereas the
homeostasis of these purine metabolites was regulated by two key
metabolic enzymes, hypoxanthine-guanine phosphoribosyltransfer-
ase (HGPRT) encoded by HPRT1 and 50-nucleotidase (50-NT)
encoded by NT5E (Figure 2D). To verify whether OA treatment in-
hibited PSP activity, we measured the changes in HGPRT and 50-
NT activity. We found that 200 mM OA treatment for 8 h markedly
reduced the activity of both enzymes in A549 cells (Figure 2E).



Figure 1. OA hinders cancer cell growth in vitro and in vivo

(A and B) The influence of different OA concentrations on cell proliferation (A) and colony formation (B) in A549 and MDA-MB-231 cells. In the cell proliferation assay, the cells

were treated for 72 h and viable cells were counted with an ATPlite kit. The cell inhibition rate (%) was defined as (mean luminescence value of control cells � luminescence

value of cells treated by different OA concentrations)/mean luminescence value of control cells� 100. In the cell colony formation assays, A549 andMDA-MB-231 cells were

treated for 14 and 18 days, respectively. (C) Quantitative measurements of colony formation in A549 and MDA-MB-231 cells treated with different OA concentrations. (D)

Time course assay of cell proliferation in A549 and MDA-MB-231 cells treated with 200 mMOA or vehicle (DMSO diluted at a ratio of 1:1,000). Viable cells were counted with

an ATPlite kit. (E) Time course assay of proliferating cell nuclear antigen (PCNA) expression in A549 and MDA-MB-231 cells treated with 200 mMOA or vehicle (DMSO diluted

at a ratio of 1:1,000) for 72 h. (F–I) Impact of oral OA (120 mg/kg/day) administration on subcutaneous tumor xenograft growth of A549 (F and G) and MDA-MB-231 (H and I)

cells. Error bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test.
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This result provided robust evidence to verify OA-induced restraint
of PSP activity in cancer cells.

To confirm whether in vivoOA administration also inhibited the PSP,
we carried out a metabolomic investigation of A549 tumor xenografts
with or without the oral administration of OA. Consistent with
in vitro findings, OA administration dramatically altered the meta-
bolismofA549 xenografts (Figure 2F). Notably, the oral administration
of OA dramatically restrained PSP activity, as demonstrated by the
downregulated metabolites of this pathway, including hypoxanthine,
inosine, and adenosine (Figure 2G). Thus, we concluded that the PSP
is a key downstream target of OA both in vitro and in vivo.

PSP blockade is required for the anti-cancer activity of OA

We performed rescue assays to determine whether the PSP blockade
by OA contributed to the anti-cancer activity of this herbal
Molecular Therapy: Oncolytics Vol. 23 December 2021 109
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Figure 2. OA treatment quickly alters metabolism and restrains the PSP of cancer cells in vitro and in vivo

(A) Principal component analysis (PCA) score plot showingmetabolic profiles of A549 cells treated with 200 mMOA and vehicle, respectively. The cells were treated for 8 h. (B)

Heatmap showing differentially expressed metabolites between A549 cells treated with 200 mMOA or vehicle (DMSO diluted at a ratio of 1:1,000) for 8 h. The metabolites of

(legend continued on next page)
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compound. Two parameters, DNA replication (measured by 5-ethy-
nyl-20-deoxyuridine [EdU] incorporation) and cell proliferation, were
analyzed. OA treatment hindered EdU incorporation into A549 and
MDA-MB-231 cells in a time-dependent manner (Figures 3A and
3B), indicating that OA repressed DNA replication in cancer cells.
Notably, the exogenous addition of inosine or hypoxanthine restored
EdU incorporation into OA-treated cells (Figures 3C–3F). Impor-
tantly, when the PSP was not disturbed by OA, exogenous
supplementation with inosine or hypoxanthine did not alter EdU
incorporation (Figures 3C–3F).

Subsequently, we noted that exogenous supplementation of inosine or
hypoxanthine restored the growth of A549 and MDA-MB-231 cells
suppressed by OA (Figures 3G and 3H). Correspondingly, both hypo-
xanthine and inosine restored PCNA expression in cancer cells
treated with OA (Figures 3G and 3H). Notably, when the endogenous
PSP was not disturbed by OA, the exogenous provision of hypoxan-
thine or inosine did not influence cancer cell proliferation or PCNA
expression (Figures 3G and 3H). These findings indicated that PSP
blockade was responsible for the anti-cancer activity of OA.

OA promptly downregulates two key metabolic enzymes of PSP

via lysosomal proteolysis

As natural compounds can affect the activities of major protein degra-
dation pathways and modulate the homeostasis of intracellular pro-
teins,25 we speculated that OA could rapidly downregulate HGPRT
and 50-NT, two key enzymes mentioned above, to repress the PSP.
Indeed, the protein levels of HGPRT and 50-NT in cancer cells were
slightly decreased beginning at the 6th hour of OA treatment, with
a much stronger reduction observed at the 8th hour (Figure 4A).
Consistent with in vitro findings, the oral administration of OA
also remarkably downregulated HGPRT and 50-NT in A549 and
MDA-MB-231 tumor xenografts (Figures 4B and 4C). To confirm
the role of these two enzymes in controlling cancer cell proliferation,
we conducted gene knockout (KO) assays and found that the simul-
taneous deletion of HPRT1 and NT5E markedly reduced A549 cell
proliferation (Figure 4D). Furthermore, overexpression of HPRT1
or NT5E restored both DNA synthesis and cell propagation impaired
by OA treatment (Figure 4E; Figure S3D).

Because of the importance of HGPRT and 50-NT in the PSP activity of
cancer cells, a key question was howOA regulates these twometabolic
enzymes in cancer cells. First, we performed quantitative polymerase
chain reaction assays to evaluate the effect of OA on the transcription
the PSP are highlighted in red. The metabolites were subclassified as follows: (1) amino

acids, and (6) unclassified. (C) A pathway-based analysis of metabolic alterations betwe

score revealed the average change for metabolites in a pathway. Scores of 0.5 and

respectively. (D) Scheme representing the metabolites and metabolic enzymes in the PS

deep sky blue, and metabolites with no significant alteration by OA treatment are highlig

are highlighted in white. Two enzymes, HGPRT and 50-NT, responsible for the genera

HGPRT and 50-NT in A549 cells treated with 200 mMOA or vehicle (DMSO diluted at a rat

on metabolism of A549 tumor xenografts. (G) Three metabolites differentially expressed

Error bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test
of these two enzymes. The results showed thatOA treatment for 8 h did
not alter HPRT1 and NT5E transcription (Figure 5A). Subsequently,
we tested whether OA influenced the translation of these two enzymes
frommRNA. Cycloheximide (CHX), a reagent that blocks the elonga-
tion phase of eukaryotic protein translation,26 was used to treat cancer
cells incubated with or without OA. We observed dramatically faster
HGPRT and 50-NT degradation by OA treatment when protein syn-
thesis was blocked by CHX (Figure 5B; Figures S4A and S4B).

As the general protein degradation systems are proteasome-mediated
and lysosome-mediated degradation,27 we determined which pathway
was activated by OA to accelerate HGPRT and 50-NT degradation.We
added the lysosome inhibitor chloroquine (CQ) and the proteasome in-
hibitor MG13228 to A549 cells under OA treatment. We observed that
CQ, but not MG132, blocked HGPRT and 50-NT degradation induced
by OA (Figure 5C), suggesting that OA activated lysosomal proteolysis
to accelerate HGPRT and 50-NT degradation. To verify this result, we
used another lysosome inhibitor, bafilomycin A1 (BAF).29 The results
showed that the inhibition of lysosomal proteolysis by BAF also
impeded OA-induced HGPRT and 50-NT degradation (Figure 5D).
Notably, OA treatment did not alter the ubiquitination of HGPRT in
A549 cells (Figure S4C), indicating thatOAdid not trigger the degrada-
tion of the PSP enzyme via the ubiquitination pathway. Thus, our re-
sults demonstrated thatOA reducesHGPRT and 50-NT levels in cancer
cells by activating lysosomal proteolysis.

OA selectively inactivates superoxide dismutase 1 to degrade

HGPRT and 50-NT via ROS/AMPK/mTORC1/macroautophagy

pathway

Next, we determined which upstream pathway stimulated by OA
delivered HGPRT and 50-NT to the lysosomes for degradation. At
least three pathways have been described to transport materials to ly-
sosomes, including autophagy, endocytosis, and micropinocytosis.30

Of note, the function of CQ and BAF mentioned above is to impair
autophagosome-lysosome fusion, thus suppressing lysosome-medi-
ated protein degradation.28,29 In addition, AMPK is an important up-
stream modulator of autophagy31 and is strongly activated by OA
treatment.9 Therefore, we assumed that OA could activate the
AMPK/autophagy pathway to deliver HGPRT and 50-NT to the lyso-
somes for degradation. Indeed, on treatment with OA in A549 cells,
phosphorylated AMPK at Ser172, phosphorylated acetyl-CoA
carboxylase 1 (ACC) at Ser79 (a substrate of AMPK), and the auto-
phagosome forming marker LC3-II isoform increased over time (Fig-
ure 6A), indicating that OA activated both AMPK and autophagy. To
acids, (2) carbohydrates, (3) nucleotides, (4) organic acids, (5) lipids including fatty

en A549 cells treated with 200 mM OA or vehicle for 8 h. The differential abundance

�0.5 indicated increases or decreases in all detected metabolites in a pathway,

P. Metabolites significantly downregulated by OA treatment for 8 h are highlighted in

hted in black. Metabolites participating in the pathway but not detected in the study

tion of metabolites perturbed by OA, are underlined in red. (E) Enzyme activities of

io of 1:1,000) for 8 h. (F) PCA score plot showing the impact of oral OA administration

between A549 tumor xenografts with oral OA (n = 5) or vehicle (n = 5) administration.

.

Molecular Therapy: Oncolytics Vol. 23 December 2021 111

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Oncolytics

112 Molecular Therapy: Oncolytics Vol. 23 December 2021



www.moleculartherapy.org
further confirm that OA accelerated autophagic flux in cancer cells,
we adopted a previously reported approach.32 During the time course
of OA treatment, the autophagy inhibitor BAF dramatically enhanced
the accumulation of LC3-II in A549 cells relative to the vehicle (Fig-
ure S5A), demonstrating that OA treatment expedited the autophagic
flux of cancer cells. Unc-51-like autophagy activating kinase 1
(ULK1) is a key component of the autophagy apparatus that is acti-
vated by AMPK via phosphorylation of Ser555 or repressed by
mTORC1 via phosphorylation of Ser757.31 Our results showed that
OA treatment significantly reduced phosphorylated ULK1 at Ser757
but did not influence phosphorylated ULK1 at Ser555 (Figure 6A).
Thus, OA-induced AMPK activation may elicit autophagy by
suppressing mTORC1. Therefore, we measured two well-known
substrates of mTORC1, 4EBP1 and p70S6K, and found that OA treat-
ment markedly decreased levels of phosphorylated 4EBP1 at Thr37/
46 and phosphorylated p70S6K at Thr389 over time (Figure 6A; Fig-
ure S5B), demonstrating that OA inhibited mTORC1 activity. AMPK
is a well-established negative upstream regulator of mTORC1.33

Therefore, these results suggested that OA treatment activated the
AMPK/mTORC1/autophagy pathway.

To determine whether OA-induced autophagy was required for
HGPRT and 50-NT degradation, we used two previously reported
ULK1 inhibitors, ULK-101 and MRT68921,34,35 to suppress auto-
phagy in A549 cells. The results showed that both ULK1 inhibitors
rapidly downregulated phosphorylated ATG14 at Ser29, a well-estab-
lished substrate of ULK1,36 reduced LC3-II isoform expression, and
stabilized HGPRT and 50-NT (Figure 6B). This result demonstrated
that OA-induced autophagy contributed to HGPRT and 50-NT
degradation.

This form of autophagy is referred to as macroautophagy, which in-
volves a multi-step process and formation of autophagosomes.37 In
addition to macroautophagy, the two other types of autophagy in cells
include microautophagy and chaperone-mediated autophagy
(CMA).38,39 Thus, we ascertained whether these types of autophagy
were activated by OA to contribute to HGPRT and 50-NT degrada-
tion. TSG101 and LAMP-2A are two marker proteins for microau-
tophagy and CMA, respectively.39 OA treatment did not increase
TSG101 and LAMP-2A expression in A549 cells (Figure S5C), indi-
cating that OA did not activate microautophagy and CMA. 3-Meth-
yladenine (3-MA) is another reported inhibitor of macroautophagy.39

Treatment with 3-MA not only repressed LC3-II isoform expression
but also curtailed HGPRT and 50-NT degradation in A549 cells (Fig-
ure 6C). In addition, the blockade of microautophagy by knockdown
Figure 3. PSP blockade is required for the anti-cancer activity of OA

(A and B) EdU (green) incorporation assay showing the impact of OA treatment (200 mM

phenylindole (DAPI, blue). Scale bars: 100 mm, A549 cells; 250 mm, MDA-MB-231 cell

induced by OA treatment (200 mM) was restored by exogenous supplementation of inosin

EdU (green) incorporation, whereas cell nuclei were stained with DAPI (blue). Scale

quantitative results of (C) and (E) are shown in (D) and (F), respectively. (G and H) Curtailed

200 mM OA treatment was recovered by exogenous supplementation of inosine (G) or

liferation was measured with Cell Counting Kit-8 (CCK8). Error bars represent mean ±
of TSG101 did not alleviate OA-induced HGPRT and 50-NT degrada-
tion, suggesting that microautophagy was not involved in OA-elicited
proteolysis of these two metabolic enzymes (Figure S5D). Collec-
tively, these results indicated that OA triggered macroautophagy,
but not microautophagy and CMA, to initiate HGPRT and 50-NT
degradation.

Subsequently, we investigated whether OA-induced AMPK activa-
tion repressed mTORC1 activity, triggering macroautophagy and
leading to lysosomal degradation of HGPRT and 50-NT. AMPKa is
a catalytic subunit of AMPK encoded by PRKAA1.40 PRKAA1 KO
significantly downregulated total AMPK, phosphorylated AMPK at
Thr172, and phosphorylated ACC at Ser79, indicating that PRKAA1
KO markedly inhibited AMPK activity (Figure 6D). In OA-treated
A549 cells, inhibition of AMPK activity by PRKAA1 KO resulted in
sustained activation of 4EBP1 and p70S6K, and inhibition of ULK1
(Figure 6D; Figure S5E). Consequently, OA-induced expression of
LC3-II isoform was impeded and HGPRT and 50-NT were stabilized
(Figure 6D). Collectively, these results showed that OA-induced
AMPK activation was required for the stimulation of the mTORC1/
macroautophagy/lysosome pathway and degradation of HGPRT
and 50-NT.

Finally, we explored the upstream mechanism by which OA activated
AMPK in cancer cells. OA treatment induces ROS generation in can-
cer cells.41 ROS is a well-known upstream signal for AMPK activa-
tion.42 Therefore, we hypothesized that OA treatment activated
AMPK by inducing ROS generation. We observed that OA treatment
for <8 h significantly upregulated ROS levels in A549 cells (Fig-
ure 6E). When OA-induced ROS were removed by the antioxidant
N-acetyl-L-cysteine (NAC), phosphorylated AMPK at Thr172, phos-
phorylated ACC at Ser79, and LC3-II isoform were all restrained,
while OA-induced HGPRT and 50-NT degradation was blocked;
thus, cancer cell growth was recovered (Figures 6E–6G). This
result indicated that OA promoted ROS generation to activate
the AMPK/macroautophagy/lysosome pathway, thereby degrading
HGPRT and 50-NT and impeding cancer cell growth. Energy deficit,
as characterized by an increased ratio of ADP:ATP or AMP:ATP, is
another well-known upstream signal that activates AMPK.43 To
ascertain whether OA caused an energy deficit, we measured the AD-
P:ATP ratio under OA treatment. The results showed that OA
remarkably elevated the ADP:ATP ratio in A549 cells beginning at
the 3rd hour of treatment (Figure S5F), indicating that an OA-
induced energy deficit was potentially involved in activating
AMPK. Notably, the ROS inhibitor NAC removed �81% of
) on DNA replication of cancer cells. Cell nuclei were stained with 40,6-diamidino-2-

s. Quantitative analysis is shown in (B). (C–F) DNA replication arrest of cancer cells

e (80 mM) (C) or hypoxanthine (100 mM) (E) for 8 h. DNA replication wasmeasured by

bars: 100 mm, A549 cells; 250 mm, MDA-MB-231 cells. Hyp, hypoxanthine. The

cell proliferation and proliferating cell nuclear antigen (PCNA) expression induced by

hypoxanthine (H). Hyp, hypoxanthine. Cells were cultured for 72 h. Viable cell pro-

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test.
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Figure 4. OA promptly downregulates two key metabolic enzymes in the PSP

(A) Western blot showing the time course of 200 mMOA treatment effects on protein levels of HGPRT and 50-NT in A549 and MDA-MB-231 cells. (B and C) The influence of

oral administration of OA on protein levels of HGPRT and 50-NT in A549 (B) and MDA-MB-231 (C) tumor xenografts. OA was orally administered to the treatment group at

120 mg/kg/day until the end of the experiment. Twenty-two days after the subcutaneous injection of tumor cells, the tumor xenografts were resected for western blot assay.

(D) The impact of individual and simultaneous deletion of HPRT1 and NT5E on A549 cell proliferation. The cells were cultured for 72 h, and viable cells were counted with an

ATPlite kit. (E) Individual overexpression ofHPRT1 andNT5E in A549 cells opposing proliferation arrest induced by 200 mMOA treatment. The cells were cultured for 72 h, and

viable cells were counted by CCK-8. Error bars represent mean ± SEM. **p < 0.01, ***p < 0.001, Student’s t test.
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phosphorylated AMPK and 71% of phosphorylated ACC1 elicited by
OA treatment for 8 h (Figure 6F), demonstrating that OA-induced
ROS was a major upstream signal to stimulate AMPK in cancer cells.

Next, we determined which upstream factor was modulated by OA
to lead to ROS production. Generally, there are two superoxide dis-
mutases (SODs) in cells, SOD1 and SOD2, which are important for
removing ROS.44 We observed that OA administration rapidly
suppressed the activity of total SODs but not SOD2, while overex-
pression of SOD1 remarkably reduced OA-induced ROS, enhanced
HGPRT and 50-NT stability, and reversed cell proliferation arrest
elicited by OA (Figures 6H and 6I; Figure S5G). Furthermore,
we applied a well-reported SOD1 inhibitor, LCS-1,45 to determine
114 Molecular Therapy: Oncolytics Vol. 23 December 2021
whether the 40% reduction of SOD1 activity, as shown in Fig-
ure S5G, could elicit overt ROS accumulation in cancer cells. Treat-
ment with 5 mM LCS-1 for 6 h resulted in �40% decline in intra-
cellular SOD1 activity in A549 cells, leading to a 1.7-fold increase
in ROS levels in these cells (Figures S5H and S5I). In addition, we
investigated whether SOD1 knockdown mimicked the effects of
OA. Downregulation of SOD1 expression by RNAi in A549 cells
markedly stimulated AMPK and suppressed PCNA expression
(Figure S5J), indicating that SOD1 knockdown mimicked the ef-
fects of OA. Therefore, we concluded that OA selectively inacti-
vated SOD1 and generated ROS to stimulate HGPRT and 50-NT
degradation via the AMPK/mTORC1/macroautophagy/lysosome
pathway.



Figure 5. OA reduces HGPRT and 50-NT in the PSP by activating lysosomal proteolysis

(A) Reverse transcription-quantitative polymerase chain reaction (RT-PCR) time course showing the impact of OA treatment (200 mM) on HPRT1 and NT5E transcription in

A549 and MDA-MB-231 cells. (B) The influence of OA (200 mM) on HGPRT and 50-NT degradation when using cycloheximide (CHX) (50 mg/mL) to block protein synthesis in

A549 cells. The curves on the right side of the western blot images indicate the quantification of protein levels. (C) The impact of lysosome inhibitor chloroquine (CQ) (0.02 mM)

and the proteasome inhibitor MG132 (0.01 mM) on the degradation of HGPRT and 50-NT induced byOA (200 mM) in A549 cells. The curves on the right side of the western blot

images indicate the quantification of protein levels. (D) The influence of two lysosome inhibitors, CQ (0.02 mM) and bafilomycin A1 (BAF) (0.08 mM), on HGPRT and 50-NT
degradation induced by OA (200 mM) in A549 cells. The curves on the right side of the western blot images indicate the quantification of protein levels. Error bars represent

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test.

www.moleculartherapy.org
The PSP is overactivated in human lung cancer and breast

cancer with a negative linkage to patient survival

We next assessed the clinical relevance of the newly discovered down-
stream targets ofOAand the PSP. First, we analyzedHGPRTand50-NT
expression in the PSP in clinical tissue samples. In lung cancer patient
cohort 1 (n = 5) (Table S1), the levels of both enzymes were elevated in
cancerous tissues relative to theirmatched normal adjacent tissues (Fig-
ure 7A). In lung cancer patient cohort 2 (n = 34) (Table S2) and a breast
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Figure 6. OA selectively inactivates SOD1 to degrade HGPRT and 50-NT via the ROS/AMPK/mTORC1/macroautophagy/lysosome pathway

(A) Western blot showing the time course of the effects of OA treatment (200 mM) on the abundance of phospho-AMPK (Thr172), AMPK, phospho-ACC (Ser79), ACC,

phospho-ULK1 (Ser555), phospho-ULK1 (Ser757), ULK1, phospho-4EBP1 (Thr37/46), 4EBP1, and LC3-I/II in A549 cells. (B) The effects of two ULK1 inhibitors, ULK-101

(1 mM) and MRT68921 (1 mM), on levels of phospho-ATG14 (Ser29), ATG14, LC3-I/II, HGPRT, and 50-NT in OA-treated A549 cells. (C) Western blot showing the influence of

3-MA (1 mM) on HGPRT, 50-NT, and LC3-I/II expression in OA-treated A549 cells. (D) Western blot showing the time course of the effects of 200 mM OA treatment on the

expression of phospho-AMPK (Thr172), AMPK, phospho-ACC (Ser79), ACC, phospho-ULK1 (Ser757), ULK1, phospho-4EBP1 (Thr37/46), 4EBP1, LC3-I/II, HGPRT, and

50-NT in A549 cells with and without PRKAA1 KO. (E) Measurement of reactive oxygen species (ROS) generation induced by OA (200 mM) and ROS removal following

N-acetyl-L-cysteine (NAC) (5 mM) treatment in A549 cells. (F) Time course of the reversion of phospho-AMPK (Thr172), phospho-ACC (Ser79), ACC, HGPRT, 50-NT, and
LC3-I/II in OA-treated A549 cells after NAC (5 mM). The values of phospho-AMPK (Thr172) were normalized as follows: the raw abundance of phospho-AMPK (Thr172) of

each lane was first normalized by the corresponding actin, and the actin-normalized proteins of all lanes were then further normalized by the actin-normalized protein on the

(legend continued on next page)
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cancer patient cohort (n = 20) (Table S3), the levels of these enzymes
were also significantly upregulated in cancerous tissues (Figures 7B
and 7C). Notably, the enzyme activities of HGPRT and 50-NT were
markedly upregulated in cancerous tissues relative to matched normal
adjacent tissues derived from lung cancer patient cohort 1 (Figure 7D).
Second, we analyzed the purine metabolites of the PSP in clinical tissue
samples. In lung cancer patient cohort 3 (n = 34) (Table S4), fivemetab-
olites in the PSPwere significantly elevated in cancer tissues (Figure 7E).
Collectively, these results indicated PSP overactivation in human lung
and breast cancers.

Subsequently, we examined whether the PSP affected cancer mortality
by investigating the association between HPRT1 or NT5E expression
and the overall survival rate of patients with cancer in the public
TCGA and GTEx databases with the online bioinformatics analysis
tool GEPIA2 (http://gepia2.cancer-pku.cn/).46 We found that high
HPRT1 orNT5E expression was closely associated with inferior overall
survival in patients with lung or breast cancers (Figures 7F and 7G).

In conclusion, the present study uncovered a new mechanism for the
herbal compound OA to impair cancer cell growth by blocking
the PSP via the degradation of key metabolic enzymes in this
pathway through the SOD1/ROS/AMPK/mTORC1/macroautophagy/
lysosome pathway (Figure 7H).

DISCUSSION
This study thoroughly evaluated the metabolic targets of OA, an
important compound in natural plants with anti-cancer applications,
using a metabolomic approach. The results of this study revealed two
novel findings. First, we determined that the PSP is a key metabolic
target through which OA demonstrates anti-cancer activity. Second,
we elucidated the molecular mechanism by which OA blocks the
PSP by selectively inactivating SOD1 and degrading PSP enzymes,
including HGPRT and 50-NT, via the ROS/AMPK/mTORC1/macro-
autophagy/lysosome pathway. Notably, OA treatment also inhibited
other metabolic pathways, such as glucose-alanine cycle, glycolysis,
and galactose metabolism (Figure 2C). These metabolic pathways
are important for cancer cell growth.20,47 Therefore, it is reasonable
to speculate that OA-stimulated autophagy could also degrade the
metabolic enzymes to prevent these pathways and suppress cancer
cell malignancy. Taken together, these findings not only ascertained
the crucial metabolic target of OA but also deepened our understand-
ing of the molecular mechanism by which this natural compound
modulates cancer metabolism.

In cancer cells, purine de novo synthesis, and not salvage synthesis,
is considered a fundamental pathway to replenish the purine
pool.17,18,48,49 However, our study revealed that the PSP is essential
for the homeostasis of the purine pool and plays a crucial role in
fourth lane (control group treated by OA for 8 h). Normalized phospho-ACC (Ser79) w

proliferation and PCNA expression by NACwith OA treatment (200 mM). Viable cell prolife

treated A549 cells with and without SOD1 overexpression. (I) Under OA treatment,

expression. Error bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Stu
cancer cells. Two lines of evidence support this conclusion. OA
treatment dramatically reduced the levels of PSP metabolites and
PSP enzymes, as well as the activity of PSP enzymes in cancer cells,
whereas exogenous supplementation of PSP metabolites signifi-
cantly restored DNA replication and cancer cell growth impeded
by OA. Furthermore, immunoblot, immunohistochemistry (IHC),
enzyme activity, and metabolomic investigations of our patient co-
horts showed overactivated PSP activity in human lung and breast
cancers, while bioinformatics analysis of public databases showed
that high expression of PSP enzymes was linked to poor patient sur-
vival. Notably, the overexpression of PSP enzymes including
HGPRT and 50-NT in both cancer cell lines and primary cancer
cells of patients has been reported recently.50,51 As the PSP is a
key downstream metabolic target of OA, as shown by the current
study, it is reasonable to speculate that OA would show efficacy
in cancer cells with high PSP activity. Which types of cancer are
sensitive to OA treatment based on the PSP activity in human can-
cers requires further investigation.

AMPK is a key player in the elegant system that accurately modulates
cellular metabolism based on nutrient availability.33 Although AMPK
activation by OA has been reported,9 the underlying molecular mech-
anism was unknown. The results of the current study demonstrated
that OA selectively inactivated SOD1, an important regulator of redox
homeostasis,52 thereby upregulating ROS and stimulating AMPK.
Previous studies on the mechanisms by which AMPK regulates
cellular metabolism mainly focused on its effects on the activity of
various signal proteins (mTORC1 and TSC2) and metabolic enzymes
(ACC1 and ACC2) via phosphorylation of these protein substrates.33

The results of the present study showed that AMPK activated by OA
dramatically expedited lysosomal degradation of the metabolic en-
zymes in the PSP by inhibiting mTORC1 activity and stimulating
macroautophagy. Therefore, this study elucidated the mechanism
by which OA activates AMPK and revealed a new mechanism by
which AMPK modulates cellular metabolism by promoting the lyso-
somal degradation of metabolic enzymes.

Finally, the translational potential of OA for cancer therapy high-
lighted in the present study should be noted. The efficacy of OA
administration on lung cancer A549 cells and breast cancer
MDA-MB-231 cells in vitro and in vivo demonstrated the potential
of this natural compound in cancers with high PSP activity. In addi-
tion, the in vivo use of this compound showed negligible side effects,
indicating its safety. Furthermore, metabolic inhibitors exhibit
obvious synergistic effects with conventional chemotherapeu-
tics.14,20,53 It would be interesting to test in the future whether a
combination of OA and conventional chemotherapeutic drugs can
give rise to synergistic anti-cancer efficacy and further refine patient
outcomes.
as acquired by the same computation approach. (G) Restoration of impaired cell

ration wasmeasured with an ATPlite kit. (H) Measurement of ROS generation in OA-

SOD1 overexpression enhanced HGPRT and 50-NT stability and restored PCNA

dent’s t test. Ns, no significance.
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MATERIALS AND METHODS
Cell culture and reagents

The human lung cancer cell line A549 was obtained from the National
Cancer Institute, whereas the human breast cancer cell line MDA-
MB-231 was purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cell identities of these two cell lines
were authenticated by short tandem repeat profiling. Both cell lines
were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Thermo Scientific,Waltham,MA, USA) supplemented with 10% fetal
bovine serum (FBS; Thermo Scientific, Waltham, MA, USA). Cells
were cultured at 37�C and 5% CO2 in a cell incubator. The reagents
used in this study included OA (Sigma-Aldrich, St. Louis, MO,
USA), dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO,
USA), hypoxanthine (MedChemExpress, Monmouth Junction, NJ,
USA), inosine (MedChemExpress, Monmouth Junction, NJ, USA),
cycloheximide (Sigma-Aldrich, St. Louis, MO, USA), MG132 (Med-
ChemExpress, Monmouth Junction, NJ, USA), CQ (Cell Signaling
Technology, Boston, MA, USA), BAF (Cell Signaling Technology,
Boston, MA, USA), ULK-101 (MedChemExpress, Monmouth Junc-
tion, NJ, USA), MRT68921 (MedChemExpress, Monmouth Junction,
NJ, USA), IMP (MedChemExpress, Monmouth Junction, NJ, USA),
3-MA (MedChemExpress, Monmouth Junction, NJ, USA), NAC
(MedChemExpress, Monmouth Junction, NJ, USA), SOD1 inhibitor
LCS-1 (Sigma-Aldrich, St. Louis, MO, USA), and NP40 buffer (Beyo-
time, Shanghai, China).

Cell viability and cell colony formation assays

For cell viability analysis, cells were seeded into 96-well plates at a
density of 3,000/well for A549 cells and 2,000/well for MDA-MB-
231 cells in medium prepared with DMEM, 10% FBS, and reagents
indicated in figures or figure legends. Cell viability was analyzed
with a Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kuma-
moto-ken, Japan) or ATPlite (PerkinElmer, Waltham, MA, USA) ac-
cording to the manufacturer’s recommendation.

For cell colony formation assay, cells were seeded into 6-well plates at
a density of 500/well. Distinct concentrations of OA were added into
cell medium. Cell colonies were stained with 0.05% (v/v) crystal violet
(Sigma-Aldrich, St. Louis, MO, USA) and counted with ImageJ soft-
ware (Version 1.8.0_112, https://imagej.nih.gov/ij/).
Figure 7. The PSP is overactivated in human lung cancer and breast cancer, w

(A) Western blot showing HGPRT and 50-NT expression in tumorous and paired normal

immunohistochemistry stained images of lung tissue microarrays using HGPRT and 50-
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HGPRT and 50-NT antibodies in samples from patients with breast cancer (n = 20). Scal
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Enzyme activity of HGPRT and 50-NT in tumorous and paired normal adjacent tissues de

Student’s t test. (E) Differentially expressed PSP metabolites between tumorous and no

Meier curves showing the association of expression ofHPRT1 or NT5E and overall surviv

The p values were gained by log-rank test. (H) A model proposed by the current study fo

degrading HGPRT and 50-NT in this pathway through the SOD1/ROS/AMPK/mTORC1
Assessment of the therapeutic efficacy of OA on tumor

xenograft growth in vivo

A549 (5� 106) or MDA-MB-231 (3� 106) cells were subcutaneously
injected into the right hind flanks of 8-week-old female BALB/c-nude
mice (Shanghai SLAC Laboratory Animal, Shanghai, China). After
8 days of subcutaneous injection, mice were randomly divided into
the treatment group and the vehicle group. OA solution was orally
administered to the treatment group with a dosage of 120 mg/kg/
day as described previously.9 The same volume of physiological saline
was given to the vehicle group. OA was administered until the end of
the experiment. The tumor length and width were measured every
3 days by caliper, and tumor sizes were calculated with a formula of
0.5 � length � width2. After 22 days from subcutaneous injection
of tumor cells, tumor xenografts were resected for imaging andweigh-
ing. Subsequently, tumor xenografts were flash-frozen and stored in
liquid nitrogen until western blot and metabolomic assay. Mouse
studies were performed in specific pathogen-free (SPF) facilities
with approval of the Institutional Animal Care and Use Committee
of Fudan University (SYXK(Hu)2014-0029).

Lactate production assay

A549 cells were seeded into 96-well plates at a density of 1� 104/well
in glucose-free DMEM with 10% dialyzed fetal bovine serum (dFBS;
Thermo Scientific, Waltham, MA, USA) and 6 mM glucose. Spent
media at distinct time points were collected for examination of lactate
production with an Amplite Colorimetric L-Lactate Assay kit (AAT
Bioquest, Sunnyvale, CA, USA) according to the manufacturer’s
protocol.

Enzyme activity assays of HGPRT and 50-NT in cell samples and

clinical tissue specimens

For cells, A549 cells were seeded into 6-well plates at a density of 1.5�
105/well and treated with 200 mM OA for 8 h. After removal of the
medium, cells were harvested into 1.5-mL tubes and 200 mL of lysis
solution was added into each tube to acquire cell lysates. For tissues,
�15 mg of each histological tissue of each patient was weighed and
put into a 2-mL tube, and 100 mL of lysis solution was then added
into each tube to obtain cell lysates. The enzyme activity of HGPRT
of each sample was measured with a PicoProbe Hypoxanthine Phos-
phoribosyl Transferase Activity Assay Kit (Fluorometric) (BioVision,
ith a negative linkage to patient survival

adjacent tissues from patients with lung adenocarcinoma (n = 5). (B) Representative

NT antibodies from samples obtained from patients with lung cancer (n = 34). Scale
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the interquartile ranges. The p values were calculated with non-parametric Wilcoxon
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Milpitas, CA, USA), and the enzyme activity of the 50-NT of each
sample was assessed with a 50-Nucleotidase (CD73) Activity Kit
(Colorimetric) (Abcam, Cambridge, UK). Enzyme activity assays
were conducted according to the manufacturers’ instructions.
Metabolomic profiling of cell and tissue samples

For each cell sample, 1� 107 cells were harvested and extracted to ac-
quire metabolites. For each tissue sample, �20 mg of tissue was
weighed and homogenized for metabolite extraction. Subsequently,
GC-TOFMS (LECO, St. Joseph, MI, USA) was used for metabolite
measurement. Metabolomic assay was carried out by Metabo-Profile
(Shanghai, China), using previously published methods.20,54 The me-
tabolites were identified by comparison with the internal library built
with standard reference compounds.
Knockdown ofHPRT1,NT5E, andPRKAA1bymeans of CRISPR-

Cas9 approach

We downregulated HPRT1, NT5E, and PRKAA1 in cancer cells
with CRISPR-Cas9 technology as described previously.55 In brief,
nontarget control (NC) guide RNA (gRNA) duplex (Forward 50-AAG
AAGAATTGGGGATGATG-30; Reverse 50-CATCATCCCCAATTC
TTCTT-30), gRNA duplex targeting HPRT1 encoding HGPRT (For-
ward 50-GAGCTGCTCACCACGACGCC-30; Reverse 50-GGCGTCG
TGGTGAGCAGCTC-30), gRNA duplex targetingNT5E encoding 50-
NT (Forward 50-TTACCATGGCATCGTAGCGC-30; Reverse 50-G
CGCTACGATGCCATGGTAA-30), and gRNA duplex targeting
PRKAA1 encoding AMPKa (Forward 50-AGTAAAAACAGGCTCC
ACGA-30; Reverse 50-TCGTGGAGCCTGTTTTTACT-30) were in-
serted into the lenti-Guide-CRISPR-v2-puro vector, respectively.
The lentivirus was produced as follows: lenti-Guide-CRISPR-v2-
puro vector containing NC gRNA or lenti-Guide-CRISPR-v2-puro
vector containing target gRNA was co-transfected with psPAX2
and pMD2.G plasmids into HEK293T cells with a Lipofectamine
3000 Transfection Reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instruction. After 48 h
of incubation, lentivirus-containing supernatants were collected and
filtered (0.45-mm filter) to remove cells. Subsequently, cancer cells
were infected with lentivirus with NC gRNA or lentivirus with target
gRNA in the presence of 8 mg/mL polybrene. Infected cells were
selected with puromycin for 48 h.
Overexpression of HPRT1 and NT5E

We overexpressed HPRT1 or NT5E in cancer cells with CRISPR-
Cas9-SAM technology as described previously.56 First, lenti-MPH-
v2 vector was co-transfected with psPAX2 and pMD2.G plasmids
into HEK293T cells with a Lipofectamine 3000 Transfection Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instruction. After 48 h of incubation, lentivirus-con-
taining supernatants were collected and filtered (0.45-mm filter) to re-
move cells. Subsequently, cancer cells were infected with the lentivirus
lenti-MPH-v2 in the presence of 8 mg/mL polybrene. Infected cells,
which were selected with hygromycin for 7 days, were used for the
following lentivirus infection.
120 Molecular Therapy: Oncolytics Vol. 23 December 2021
Second, the lentivirus lenti-SAM-v2-puro was constructed for en-
forced expression of targeted genes. NC gRNA duplex (Forward 50-A
AGAAGAATTGGGGATGATG-30; Reverse 50-CATCATCCCCAA
TTCTTCTT-30), gRNA duplex targeting HPRT1 encoding HGPRT
(Forward 50-CAGGCTCACTAGGTAGCCGT-30; Reverse 50-ACG
GCTACCTAGTGAGCCTG-30), and gRNA duplex targeting NT5E
encoding 50-NT (Forward 50-TCGTGCGTTCTCAACCCAAC-30;
Reverse 50-GTTGGGTTGAGAACGCACGA-30) were inserted into
the lenti-SAM-v2-puro vector, respectively. The lentivirus was pro-
duced as follows: lenti-SAM-v2-puro vector containing NC gRNA
or lenti-SAM-v2-puro vector containing target gRNA was co-trans-
fected with psPAX2 and pMD2.G plasmids into HEK293T cells
with a Lipofectamine 3000 Transfection Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s
recommendation. Subsequently, cancer cells were infected with
lentivirus with NC gRNA or lentivirus with target gRNA in the pres-
ence of 8 mg/mL polybrene. Infected cells were selected with puromy-
cin for 48 h.

Measurement of DNA replication in cells with 5-ethynyl-20-
deoxyuridine incorporation assay

Cells were seeded into 6-well plates at a density of 3� 105/well for A549
cells and 3� 105/well forMDA-MB-231 cells inmediumpreparedwith
DMEM, 10%FBS, and reagents indicated infigures orfigure legends.At
the time points designated, cells were labeled with EdU (Beyotime,
Shanghai, China) at a concentration of 10 mM at 37�C for 2 h. After
removal of the medium, cells were fixed in 4% paraformaldehyde for
15 min and then permeabilized with 0.03% Triton X-100 for 10 min
at room temperature. EdU incorporation was assessed with a Beyoclick
EdU Cell Proliferation Kit with Alexa Fluor 488 (Beyotime, Shanghai,
China) according to the manufacturer’s instructions.

Quantitative RT-PCR

The transcription of metabolic genes involved in PSP was measured
by quantitative RT-PCR (qRT-PCR). Actin was used as the internal
reference. The assay was carried out with a SYBR Premix Ex Taq
(Tli RNaseH Plus) Kit (Takara, Ostu, Japan) on an Applied Bio-
systems Q5 PCR machine (Applied Biosystems, Foster City, CA,
USA). All primers are listed in Table S5.

Western blot and antibodies

Cells cultured in vitro were digested with 0.25% trypsin and lysed with
RIPA buffer (Sigma-Aldrich, St. Louis,MO,USA) containing 1%prote-
ase inhibitor cocktail (v/v; Sigma-Aldrich, St. Louis, MO, USA) on ice.
For tumor xenografts, tissues were cut into small pieces and homoge-
nized in RIPA buffer containing 1% protease inhibitor cocktail on ice.
Supernatants of cell/tissue lysates containing total proteins were ac-
quired by centrifugation at 12,000� g for 10 min, and their concentra-
tions were determined by use of a BCA Assay Kit (Thermo Scientific,
Waltham, MA, USA). Protein extracts were denatured by addition of
sample loadingbuffer (Bio-Rad,Hercules,CA,USA) followedbyboiling
for 10 min, resolved by SDS-PAGE, and then transferred to polyvinyli-
dene fluoride (PVDF) membranes. After incubation with primary
antibodies overnight at 4�C, the membranes were washed and then
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incubated with secondary antibodies conjugated with immunoglobulin
G (IgG)-horseradish peroxidase (HRP) (Cell Signaling Technology,
Boston, MA, USA). Primary antibodies against human PCNA (Cell
Signaling Technology, Boston, MA, USA), human HGPRT (ab10479,
Abcam, Cambridge, UK), human 50-NT (Cell Signaling Technology,
Boston, MA, USA), AMPK (Cell Signaling Technology, Boston, MA,
USA), LAMP-2A (Abcam, Cambridge, UK), phospho-AMPK
(Thr172) (Cell Signaling Technology, Boston, MA, USA), LC3-I/II
(Cell Signaling Technology, Boston, MA, USA), ULK1 (Cell Signaling
Technology, Boston, MA, USA), phospho-ULK1 (Ser555) (Cell
Signaling Technology, Boston, MA, USA), phospho-ULK1 (Ser757)
(Cell Signaling Technology, Boston, MA, USA), phospho-4EBP1
(Thr37/46) (Cell Signaling Technology, Boston, MA, USA), 4EBP1
(Cell Signaling Technology, Boston, MA, USA), ATG14 (Cell Signaling
Technology, MA, Boston, USA), phospho-ATG14 (Ser29) (Cell
Signaling Technology, Boston, MA, USA), ACC (Cell Signaling Tech-
nology, Boston,MA,USA), phospho-ACC(Ser79) (Cell SignalingTech-
nology, Boston, MA, USA), phospho-p70S6K (Thr389) (Cell Signaling
Technology, Boston, MA, USA), p70S6K (Cell Signaling Technology,
Boston, MA, USA), SOD1 (Proteintech, Wuhan, China), GAPDH
(Cell Signaling Technology, Boston, MA, USA), and Actin (Cell
Signaling Technology, Boston, MA, USA) were enrolled in this study.

ADP/ATP ratio measurement

A549 cells were seeded into 6-cm dishes at a density of 5 � 105/dish
and then treated with 200 mM OA for 0, 3, or 6 h. After removal of
the medium, cells of each dish were harvested into a 1.5-mL tube
and 100 mL of lysis solution was added into each tube to generate
cell lysates. The ADP/ATP ratio of cells of each dish was analyzed
with an ADP/ATP Ratio Assay Kit (bioluminescent) (Sigma-Al-
drich, St. Louis, MO, USA) according to the manufacturer’s
protocol.

Measurement of reactive oxygen species

Generation of ROS was measured by the reagent 20,70-dichloro-
fluorescein diacetate (DCFH-DA; Sigma-Aldrich, St. Louis, MO,
USA) as described previously.57 Briefly, A549 cells (1 � 104/well)
treated with 200 mM OA at distinct time points were incubated
in culture medium containing 10 mM DCFH-DA for 30 min at
37�C, washed with serum-free medium three times, and analyzed
with a fluorescence spectrophotometer (excitation 488 nm, emis-
sion 525 nm).

Activity assays of total superoxide dismutases and superoxide

dismutase 2

A549 cells were seeded into 6-well plates at a density of 2 � 105/well
and treated with 200 mMOA for 0, 3, or 6 h or treated with 5 mMLCS-
1 for 6 h. After removal of the medium by centrifugation, cells of each
well were harvested into a 1.5-mL tube and 200 mL of lysis solution
was added into each tube to acquire cell lysates. The total SOD activity
of each sample was assessed with a Total Superoxide Dismutase Assay
Kit with WST-8 (Beyotime, Shanghai, China), and the SOD2 activity
was measured with a Cu/Zn-SOD andMn-SODAssay Kit withWST-
8 (Beyotime, Shanghai, China).
Overexpression of superoxide dismutase 1

Superoxide dismutase 1 (SOD1) sequence was cloned with a pair
of primers (Forward 50-CAGGTGCCACTCCCAGGTCCAAG-30;
Reverse 50-GGCAACTAGAAGGCACAGTCGAGG-30) and inserted
into the pCMV3-Flag vector (Sino Biological, Beijing, China). The
control vector pCMV3-Flag and the recombinant vector pCMV3-
Flag-SOD1 were utilized for cell transfection according to the manu-
facturer’s instructions. The transfection was carried out with a
Lipofectamine 3000 Transfection Reagent (Thermo Scientific, Wal-
tham, MA, USA) according to the manufacturer’s protocol.

Human cancer tissue acquirement and immunohistochemistry

staining

We enrolled three lung cancer patient cohorts and one breast cancer
patient cohort in this study. Lung cancer patient cohort 1 (n = 5) (Ta-
ble S1) was from Nantong Cancer Hospital. Lung cancer patient
cohort 2 (n = 34) (Table S2) and breast cancer patient cohort (n =
20) (Table S3) were from Longhua Hospital. Lung cancer patient
cohort 3 (n = 34) (Table S4) was from Xinhua Hospital. All partici-
pants provided informed written consent in accordance with the reg-
ulations of the Institutional Review Board of each hospital in agree-
ment with the Declaration of Helsinki (Approval number 2019-
022). All of these enrolled patients had received no prior treatment
for their disease. Paired adjacent benign and tumorous tissues of these
patients were collected when they underwent surgery. Specimens
from lung cancer patient cohort 1, cohort 2, and cohort 3 were
used for western blot measurement, IHC staining, and metabolomic
assay, respectively, whereas specimens from the breast cancer patient
cohort were only used for IHC staining.

Tissue samples from lung cancer patient cohort 2 and the breast can-
cer patient cohort were used to construct a tissue microarray as
described previously.14,58 Tissue microarrays were stained with anti-
body against HGPRT, 5’-NT, or nonspecific IgG as a negative control.
The tissue sections were quantitatively scored based on the percentage
of positive cells and staining intensity as described previously.59 The
mean percentage of positive cells was computed in five areas of a given
sample at a magnification of �400 and scored from 0 to 100%. The
staining intensity was scored as 0 for negative, 1 for weak, 2 for mod-
erate, and 3 for strong. The proportion and intensity scores were then
combined to obtain a weighted staining score for each case, ranging
from 0 (0% of cells stained) to 3 (100% of cells stained).

RNA interference

The following small interfering RNAs (siRNAs) were synthesized
by Biotend, Shanghai, China: si-nontarget control (siNC): sense
sequence 50-UUCUCCGAACGUGUCACGU-30, antisense sequence
50-UUCUCCGAACGUGUCACGU-30; siTSG101: sense sequence 50-C
GUGAAACUGUCAAUGUUA-30, antisense sequence 50-UAACAUU
GACAGUUUCACG-30; siSOD1-1#: sense sequence 50-CGAGCAGA
AGGAAAGUAAU-30, antisense sequence 50-AUUACUUUCCUUC
UGCUCG-30; siSOD1-2#: sense sequence 50-GGUGGAAAUGAAG
AAAGUA-30, antisense sequence 50-UACUUUCUUCAUUUCCA
CC-30. Oligonucleotides were resuspended according to the supplier’s
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instructions. The siRNA transfection was carried out with a Lipofect-
amine RNAiMAX Transfection Reagent (Thermo Scientific,Waltham,
MA, USA) according to the manufacturer’s protocol.

Statistical analysis

Statistical analysis was performed with R software (R version 3.4.3,
https://www.r-project.org/). For multivariate analysis of metabolo-
mics data, a principal component analysis model was fitted to capture
the metabolic signatures of different groups with an R package of
mixOmics.60 Differential abundance scores of metabolic pathways
were computed to evaluate the impact of OA treatment on the activity
of metabolic pathways by using an algorithm reported previously.24

Significant differences between two groups were computed with Stu-
dent’s t test or nonparametric Wilcoxon rank-sum test. Survival anal-
ysis was performed by means of Kaplan-Meier method followed by
log-rank test.
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