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Abstract

Metabolic reprogramming is a sign of malignant tumors, and targeting the metabo-
lism of tumor cells has become a promising therapeutic approach. Here, we report
that Silybin (a nontoxic flavonoid commonly used for liver protection) exhibits promi-
nent anti-tumor effects on human ovarian cancer cells. Treatment of an ovarian can-
cer cell line with Silybin interfered with glutamine metabolism and the tricarboxylic
acid cycle. We applied the drug affinity responsive target stability approach to show
that Silybin binds to isocitrate dehydrogenase 1 (IDH1). This combination leads to
reduced phosphorylation of IDH1 and inhibits enzyme activity. IDH1 dysfunction
significantly increases the ratio of NADP/NADPH in the cell, causing an increase in
reactive oxygen species generation. Immunohistochemistry demonstrated that IDH1
was increased in ovarian cancer samples compared with normal para-tumoral tissues.
Xenograft murine experiments indicated that Silybin administered orally suppressed
the growth of the tumor formed by ovarian cancer cells. In combination, our data
strongly suggest that Silybin targets IDH1 in ovarian cancer cells and may be a novel

treatment candidate.
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1 | INTRODUCTION

Ovarian cancer is a highly malignant tumor from which more than
0.125 million women die every year.! The cancer can become resis-
tant to chemotherapy and radiotherapy, resulting in treatment fail-
ure.? To overcome this, alternative treatment strategies are urgently
needed, in addition to the identification of new biomarkers.

Silymarin contains four components. The main active component
is SIL, which is present together with isosilibinin, silydianin, and si-
chhristin.3’5 SIL (also written as silibinin) has been approved by the
United States Food and Drug Administration to treat liver diseases.®
Recently, it was found that SIL has anti-cancer activity, as demon-
strated for prostate and colorectal cancers.” SIL was also shown to
reduce the glycolytic activity of pancreatic ductal adenocarcinoma
cells, which was correlated to reduced the expression of glyco-
lytic enzymes GLUT1 and HKII. It has also been reported that SIL
treatment could increase apoptosis in human ovarian cancer cells.®
Consistent with a previous study, we also observed that apoptosis
increased following a 24 h treatment with 50 uM SIL, but no changes
were observed with twice that dose, although cellular morpholog-
ical changes were observed. However, the biochemical role of SIL
associated with cellular metabolism in ovarian cancer remains unex-
plored to date.

Tumor cells enhance the expression of antioxidant compo-
nents that are expressed to detoxify increased ROS levels and re-
store a redox balance, while maintaining protumorigenic signaling.
Therefore, altering ROS production may provide a potentially ef-
fective therapeutic strategy for cancer.’ Although SIL participates
in multiple cellular processes, there is some controversy about its
role in ROS production. It was shown that SIL treatment led to in-
creases in ROS generation and downregulation of the MAPK/ERK
and Akt pathways.® Studies on isolated mitochondria from liver cells
revealed that SIL reduced ROS production associated with electron
transfer chain activity.!® IDH is a key enzyme of the TCA (citric acid)
cycle. In humans, five IDH genes exists that code for three distinct
IDH enzymes: IDH1, IDH2, and IDH3. The activity of IDH1 and
IDH2 depends on nicotinamide adenine dinucleotide phosphate
(NADP*), whereas that of IDH3 is nicotinamide adenine dinucleo-
tide (NAD™) dependent.11 Several mutations in the IDH genes are
involved in oncogenesis, such as the R132H mutation in IDH1.
This mutation results in novel enzymatic activity that catalyzes the
NADPH-dependent reduction of alpha-ketoglutarate (a-KG) to p-2-
hydroxyglutarate, as has been demonstrated in various forms of can-
cer.t?13 IDH1 is overexpressed in glioblastoma cells, which facilitate
tumor cell growth in vitro and in vivo and decreases the survival of
glioblastoma patient-derived xenografts.!* A recent study demon-
strated that suppression of IDH1 activity reduced tumor cell growth
through an effect on redox homeostasis.**

In this study, we focused on the function of SIL in vitro and in
vivo, and explored its underlying regulatory mechanisms. For in vitro
experiments, two ovarian cancer cell lines were used, and in vivo
experiments involved a xenograft mouse model. We confirmed high
levels of IDH1 expression in ovarian cancer tissues obtained from
patients and found that SIL resulted in a reduction of the level of
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IDH1 phosphorylation, interfered with the TCA cycle and increased

the production of ROS, resulting in tumor cell death.

2 | MATERIALS AND METHODS

2.1 | Study approval

The Ethics Committee of Shunde Hospital (FoShan) approved the
use of discarded tissue from patients with ovarian cancer. Informed
consent for the procurement and analysis of these samples was also
obtained.

2.2 | Chemicals and reagents

SIL was purchased from Cayman Chemical Company (Michigan,
USA), and radiolabeled [*C-U,] glucose and [**C-U,] glutamine
were obtained from Cambridge Isotope Laboratories Inc. (Boston,
MA, USA). Glucose-free DMEM and glutamine-free RPMI-1640 me-
dium were purchased from Gibco (Waltham, MA, USA). The primary
antibody against IDH1 was rabbit polyclonal ab172964 (Abcam,
Cambridge, MA, USA). Glucose, oligomycin, 2-deoxyglucose (2-DG),
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
and rotenone-antimycin A were purchased from Agilent (Agilent
Technologies, Santa Clara, CA, USA). NAC was purchased from the
Beyotime Institute of Biotechnology (Shanghai, China).

2.3 | Cellculture

Human ovarian cancer cell lines OVCAR3 and SKOV3 were obtained
from the Southern Medical University Cancer Institute (Guangzhou,
China). All experiments were performed with mycoplasma-free cells.
The cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin in a humidified 37°C
incubator.

2.4 | Cell transfection

shRNA-IDH1 was procured from WZ Biosciences Inc. for gene si-
lencing. Compounds were inserted into the lentiviral pLenti-Ué6-
CMV-copGFP-P2A-Puro vector. The full-length IDH1 gene was
inserted into the lentiviral plLenti-EFla-FH-CMV-RFP-P2A-Puro
vector. Both vectors were introduced into OVCARS cells, and puro-
mycin was applied to screen for stable cell clones.

2.5 | Patient samples

The 27 pairs of cancerous tissues and adjacent normal tissues used
in this study were collected from the Department of Pathology,
Shunde Hospital, Southern Medical University (The First People's
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Hospital of Shunde, Foshan). The study was conducted in accord-
ance with the Declaration of Helsinki (as revised in 2013) and ap-
proved by the ethics board of Shunde Hospital, Southern Medical
University. All participants were counseled regarding the potential
uses of their tissue and had given their written consent.

2.6 | Determination of enzyme activity and
cell apoptosis

The ratios of NADP*/NADPH and of glutathione/glutathione di-
sulfide (GSH/GSSG) were determined with dedicated kits (Beyotime
Institute of Biotechnology, Shanghai, China). IDH1 activity was de-
tected using recombinant human IDH1 (Abcam, Cambridge, UK) and
an IDH activity colorimetric assay kit (BioVision, San Francisco, CA,
USA). Cell apoptosis was determined using a TUNEL apoptosis de-
tection kit (YEASEN, Shanghai, China).

2.7 | Cytotoxicity assays

CCK-8 assays were performed to determine the viability of the
OVCARS cells following SIL treatment. The cells were seeded onto
96-well plates, and grown for 24 h, and subsequently exposed to SIL
at different concentrations, with a negative control included. The
cells were cultured for 24 h in an incubator, after which 10 ul CCK-8
was added to every well and cells cultured at room temperature for
a further 2 h. Absorbance was then measured using a Bio-Tek multi-
mode reader. The experiment was performed in triplicate.

2.8 | Immunoblotting

Cells were washed twice with 2 ml PBS, after which they were lysed
with RIPA lysis buffer containing 1% protein phosphatase inhibitors
and 1% PMSF (Fdbio Science, Hangzhou, China). The protein con-
centration in the sample was determined using a BCA kit (Beyotime,
Shanghai, China) with reference to a standard curve. The samples
were mixed with SDS-PAGE loading buffer containing DTT (Solarbio,
Beijing, China) and, after separation, the bands were transferred elec-
trophoretically onto PVDF membranes (Millipore, USA). The PVDF
membranes were blocked with 5% bovine serum albumin for 1 h.
Incubation was carried out with the following primary antibodies:
anti-IDH1 antibody (Abcam, catalog no. ab172964, 1:5000 dilution),
anti-tubulin antibody (Affinity, catalog no. AF7011, 1:1000 dilu-
tion), anti-P(S-T-Y) antibody (abmart, catalog no. M210030, 1:2000
dilution), anti-ERK antibody (Bioss, catalog no. bsm52259R, 1:1000
dilution), anti-phospho-ERK antibody (Bioss, catalog no. bs3016R,
1:1000 dilution), anti-AKT antibody (Bioss, catalog no. bs6951R,
1:1000 dilution), and anti-phospho-ERK antibody (Bioss, catalog no.
bs5193R, 1:1000 dilution). Membranes were washed with PBS three
times and incubated with HRP-conjugated IgG secondary antibod-
ies (Proteintech, catalog nos. 15015 and 15014, 1:5000 dilutions)

for 1 h at room temperature. Signals were visualized using the ECL
Western Blot Kit (Millipore, catalog no. P90720).

2.9 | Drug affinity responsive target stability
(DARTS) analysis

The DARTS assay was performed according to a published proto-
col.'> OVCAR3 cells were collected and grown to 80% confluency,
washed with PBS, and lysed in M-PER (catalog 78501, Thermo Fisher
Scientific) containing 1x protease phosphatase inhibitor cocktail
(catalog P1048, Beyotime, Shanghai, China). The protein concentra-
tion after adding TNC buffer was measured using the BCA protein
assay kit (catalog PO012s, Beyotime, Shanghai, China). The lysate
was divided into two 1.5ml tubes and incubated with DMSO or SIL
for 1h at room temperature. After incubation, the mixture was di-
gested with pronase (catalog 10165921001, Roche) at 37°C for 1h.
Following SDS-PAGE, specific bands indicative of protection were

excised and analyzed using LC-MS (Shenzhen Win innovate Bio).

2.10 | ROS level analysis

Intracellular ROS was detected using an oxidation-sensitive fluores-
cent probe (DCFH-DA) as described previously.® For dichlorofluo-
rescein (DCF) fluorescence, a flow cytometer was used (BD, USA).
For each sample 10,000 events were analyzed and the experiments

were performed at least three times.

2.11 | Glucose consumption assay and lactate
secretion assay

Cells were seeded into 96-well plates at a density of 6000 cells per
well. After cells attached to the wells, the medium was exchanged
for medium containing 100 uM SIL or not and cells were cultured
for a further 24 h. Next, the culture medium was collected and the
Glucose Colorimetric Assay Kit Il (catalog no. K686-100, BioVision)
was used for a glucose consumption assay according to the manu-
facturer's instruction. In addition, the Lactate Colorimetric Assay Kit
Il (catalog no. K627-100, BioVision) was used for a lactate secretion
assay according to the manufacturer's instruction. Absorbance was

measured at 450nm on a microplate.

2.12 | Metabolic flux analysis (MFA) with stable
isotope tracing

For in vitro studies, 5x 10° cells/well OVCARS3 cells were seeded
with basal medium and cultured for 12 h, after which the culture
medium was changed to glutamine-free RPMI 1640 medium con-
taining [U-13C5]glutamine. Glutamine was added to the cells at
indicated time points at a final concentration of 2mM. The cells
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were washed with PBS and lysed directly in extraction buffer, fro-
zen in liquid nitrogen and stored at -80°C. After 1 min, 200l of
ice-cold norvaline (5 pg/ml) was added to each well and the con-
tent was collected in tubes. In total, 500 ul of cooled chloroform
was added and fully mixed. Samples were immediately centrifuged
at 13,000 g for 10 min at 4°C to separate the phases and the
chloroform phase was extracted and dried using an airflow. The
extract was then either used directly for derivation or stored at
-20°C. Derivation was performed within a day, as described previ-
ously.® Metabolites were profiled using GC-MS comprised of a
Thermo GC 1300 gas chromatograph connected to a Thermo MS
1SQ spectrometer.

2.13 | Mitochondrial respiration

The oxygen consumption rate and extracellular acidification
rate (ECAR) in the cultured cells were detected using an XF96
Extracellular Flow analyzer (Seahorse Bioscience, Billerica, MA,
USA), according to the manufacturer's protocols and previous de-
scriptions.“’ The concentrations of compounds injected during the
analysis were 10mM glucose, 1 pM oligomycin, 50mM 2-DG and
1 uM oligomycin, 0.5 uM FCCP, and 0.5 pM rotenone-antimycin A
for the cells. Data were obtained using XF96 Analyzer software.

2.14 | Immunohistochemistry

Paraffin-embedded tumor blocks and sections were stained with
H&E using standard methods. IDH1 immunohistochemistry was car-
ried out according to the SP Rabbit & Mouse HRP Kit (DAB) using
1:200 rabbit polyclonal ab172964 as the primary antibody against
IDH1.

2.15 | Phos-tag assay

Phos-tag analysis was performed according to the manufacturer's
instructions (APExBIO, F4002). First, the proteins were separated
onto 10% SDS polyacrylamide gels prepared with 50 uM phosbind
acrylamide and 40uM ZnCl,. Second, the gel was equilibrated in a
buffer containing 5mM EDTA for 10 min before transfer. Finally,
proteins were transferred onto a PVDF membrane for immunoblot

analyses.

2.16 | Immunoprecipitation assay

Cells were lysed in lysis buffer (20mM Tris-HCI [pH 7.9], 100mM
NaCl, 0.2% NP-40, 20% glycerol) containing 1% protein phos-
phatase inhibitors. The lysates were incubated with anti-IDH1 or
anti-l1gG primary antibody at 4°C overnight. Bound proteins were
eluted with 0.1 M glycine (pH 2.5) and neutralized with 1 M Tris

buffer. Eluted proteins were detected using western blot or used
for IDH1 activity.

2.17 | Murine xenograft experiments

Female BALB/c nude mice (3-5weeks old) were obtained from
Beijing Hua Fu Kang Biotechnology Co. Ltd (Beijing, China). The
animals were housed under 12h light/dark cycles, at 26-28°C and
a relative air humidity of 50%, and had free access to water and
food. All animal experiments were performed in accordance with
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals, following a protocol approved by the Medical
Ethics Committee of Shunde Hospital, Southern Medical University
(The First People's Hospital of Shunde, Foshan). The mice were ran-
domly divided into nine groups: NaCl and SIL; Sh-IDH1 +NaCl and
Sh-IDH1+SIL; OV-IDH1+NaCl and OV-IDH1+SIL; OV-IDH1, sh-
IDH1, and NC; a sample size of eight animals per treatment group
was chosen.

OVCAR3 cells (2x10% were injected subcutaneously into the
right foreleg of each animal. At 10days after this injection, SIL
(100mg/kg) or saline (control) was administered daily by oral gavage
for a period of 6 weeks, after which the animals were sacrificed by
cervical dislocation and the tumors were excised.

2.18 | Statistical analysis

Statistical analyses were performed using GraphPad Prism statistical
software (GraphPad Software, Inc., San Diego, CA, USA). Statistical
tests were undertaken using GraphPad Prism software. The num-
ber of biological replicates was presented by individual data points
in each bar graph. The differences between groups were calculated
using two-tailed Student's t-test or two-way ANOVA. Error bars rep-
resent SEM, and a P-value <0.05 was considered statistically signifi-
cant. *P<0.05, **P<0.01, ***P<0.001.

3 | RESULTS

3.1 | SlILinhibits cell proliferation through
increasing ROS levels

When cultured OVCARS3 cells were treated with SIL at 50 pM or
100uM for 48h, this led to increased apoptosis (Figure 1A). SIL
treatment decreased cell viability at time points 24h and 48h,
with both tested concentrations (Figure 1B). In subsequent experi-
ments, cells were exposed to 100uM SIL for 24 h. To determine
whether SIL inhibited cell growth by interfering with redox home-
ostasis, changes in DCFH-DA were measured in treated OVACR3
cells, which demonstrated a significant increase in ROS genera-
tion. To determine whether ROS affects cell proliferation and
morphology, rescue experiments using antioxidants (NAC) were
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FIGURE 1 SILinhibits cell proliferation through increasing ROS levels. (A) OVCARS3 cells were cultured in the desired concentrations
of SIL (0, 50, 100 uM) for 24 h, 48 h individually and subjected to fluorescence microscopy. Blue fluorescence indicates the nucleus and
red arrows indicate the apoptotic site. (B) The viability of OVCARS3 cells after incubated at different concentrations of SIL (0, 50, 100 uM)
for 24 h, 48 h and subjected to CCK-8 assay. Bars represent the means + SD of three independent experiments. (C) OVCAR3 cells were

exposed to 100puM SIL in the presence or absence of 5mM NAC for 24 h and morphological changes were observed. Magnification is x10.
(D) OVCARS cells were loaded with DCFH-DA for 1 h and afterwards exposed to 100 uM SIL in the presence or absence of 5mM NAC for
24 h. DCF fluorescence intensity was measured by flow cytometry. Statistical analysis: Student's t-test. Error bars represent SEM. A P-value

<0.05 was considered statistically significant. **P<0.01, ***P<0.001, All experiments were repeated three times

performed (Figure 1C,D). These results indicated that SIL inhibits
cell proliferation and induces morphological change through in-

creasing ROS levels.

3.2 | SILinhibits mitochondrial oxidative
phosphorylation and PPP

To investigate whether SIL treatment affected energy generation
in the cell, we evaluated the oxygen consumption rate in treated
OVCARS3 cells in the presence of specific inhibitors. Oligomycin, an
ATP synthase inhibitor, inhibits oxidative phosphorylation. The ex-
periments showed that basal respiration, maximal respiration, and
ATP production were all reduced in OVCARS3 cells following SIL
treatment (Figure 2A,B,E). The extracellular acidification rate (ECAR)
was measured as the basal acidification rate before the addition of
glucose, which determines glycolysis-dependent ECAR. Oligomycin
was added to measure glycolytic capacity, whereas 2-DG was added
to inhibit glycolysis and determine nonglycolytic acidification. The
tested cell energy metabolism indicated that ECAR was not affected
by SIL treatment (Figure 2C,D). There was no difference in the effect
of SIL on glucose uptake and lactate production in OVCARS cells,
which is an important indicator of glycolysis (Figure 2F). The total
reaction formula of the pentose phosphate pathway (PPP) is:

G-6-P+12NADP* +7H,0 — 6CO, + Pi+ 12NADPH + 12H*

PPP is an important donor of NADPH. The results showed that
PPP is suppressed, the intracellular NADP' concentration increased
and NADPH decreased after SIL treatment (Figure 2F).

3.3 | SIL suppresses the TCA cycle in OVCARS3
cells and accelerates glutamine reduction

To investigate the effect of SIL on glutamine metabolism, stable
isotope-traced glutamine was used to analyze metabolic fluxes. As
described by DeBerardinis and colleagues,’’” glutamine-derived re-
ducing nitrogen is an important material for maintaining nucleotide
and nonessential amino acids biosynthesis and also replenishes the
TCA cycle intermediates. Moreover, glutamine catabolism is the
main source of NADPH. This cofactor is essential for electron trans-
fer and to maintain redox balance. SIL treatment increased the total
levels of ®C-labeled glutamine, glutamate, and citrate, and the Glu
M5/GIn M5 ratio in the cells, indicating that it promotes the uptake
of glutamine (Figure 3A,D,E). The a-KG derived from glutamate can
enter oxidative metabolism, or form citrate with four 3C atoms (M4)
from the reductive carboxylation of a-KG with five (M5) C atoms.
Glutamate can enter the TCA cycle, which converts it to M4
succinate, M4 malate, and then M4 citrate. Our results showed
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FIGURE 2 SIL inhibits mitochondrial oxidative phosphorylation and PPP. (A, B) Detection of OCR using Seahorse XF technology in
OVCAR:s cells after treatment with 100 M SIL for 24 h. Each value represents the mean +SD in three independent experiments. (C, D)
Detection of cellular ECAR using Seahorse XF technology in OVCARs cells after treatment with 100uM SIL for 24 h. Statistical analysis:
Student's t-test was used in and two-way ANOVA was used in. (E) ATP content in OVCARs cells after treating with 100 uM SIL for 24 h. (F)
Glucose uptake and lactate production of the OVCARS3 cells. (G, H) Content of the NADP* and NADPH for the OVCARS cells. Error bars
represent SEM, and P<0.05 was considered statistically significant. *P<0.05, **P<0.01, ***P<0.001, All experiments were repeated three
times
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FIGURE 3 SIL suppresses the TCA cycle in OVCARS3 cells and accelerates glutamine reduction. (A) Schematic of carbon atom (circles)
transitions and tracers used to detect glutamine metabolism. (B) Relative level of oxidative glutamine metabolism, determined by M4 and
M2 labeling TCA cycle metabolites from [U-13C5] glutamine. Succinic (Suc), malate (Mal), and citrate (Cit). (C, E-G) Ratios of, Suc M2/Cit M4,
Glu M5/GIn M5, Cit M5/Glu M5 and Mal M3/Cit M5. (D) Relative level of M5 glutamine (GIn), glutamate (Glu), and citrate (Cit) from [U-13C5]
glutamine after 100 uM SIL treatment or not for 24 h. The ratios of Glu M5/GIn M5. Statistical analysis: Student's t-test was used in (C, E-G)
and two-way ANOVA was used in (B, D). Error bars represent SEM, and a P-value <0.05 was considered statistically significant. **P<0.01,
***P<0.001, All experiments were repeated three times

that SIL induced an increase in the M5 glutamine-derived oxidative citrate (Figure 3B). We used product/substrate ratios to indicate the
intermediates M4 malate and M4 citrate, but it reduced levels of metabolic flow. This demonstrated that the ratio of M2 succinate/
M2 succinate, M2 malate, and M2 citrate, all derivatives from M4 M4 citrate, and that of M3 malate/M5 citrate were both reduced,
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indicating that SIL inhibits the TCA cycle (Figure 3C,G). The ratio M5

citrate/M5 glutamate was increased, which indicates that SIL pro-

motes glutamine reductive carboxylation (Figure 3F).

34 |

IDH1 as the target enzyme for SIL and its

expression patterns in patient specimens

To further elucidate the mechanism by which SIL affected increased

glutamine reduction, we applied DARTS, an approved method to

screen or verify drug-protein binding. The subsequent SDS-PAGE

gel revealed a strong protein band at 45kDa that had been pro-

tected in the proteolyzed extracts of SlL-treated cells. This protein

band was excised and, together with the band from the control lane,

these were examined by mass spectrometry, and results showed

that there were 128 differential proteins (Table S1). Based on me-

tabolomic analysis, there are five metabolic enzymes that may be

target molecules (Table S1). Combined with the two above results,

we then confirmed the interaction of SIL protein with western blot

experiments, which ultimately identified IDH1 as the target protein

of SIL (Figures 4B and S1). Immunohistochemical and H&E analysis

of clinical ovarian cancer samples were then performed. H&E stain-

ing revealed increased sizes of nucleoli and nuclear abnormalities

compared with the para-carcinoma tissue. Immunohistochemistry

showed that clinical carcinoma tissues expressed higher levels
of IDH1, P53, CEA, CK7, and Ki-67 than para-carcinoma tissue

(Figure 4C-F).

3.5 | SIL inhibit the activity of IDH1 by
dephosphorylation

Western blotting was performed to confirm whether SIL inhibited
the conversion of a-KG to isocitrate by suppressed IDH1 phos-
phorylation. The results showed that SIL treatment did not change
IDH1 expression, but reduced its total level of phosphorylation
(Figure 5A,E). To find direct evidence of phosphorylation of IDH1,
we utilized IDH1 antibody to pull down IDH1 protein, using a pan-
phosphorylated antibody P-(S-T-Y) that can detect the change in
serine, threonine, and tyrosine phosphorylation levels. The ex-
perimental results demonstrated that there was no change in the
total protein in the cell, but reduced IDH1 levels of phosphorylation
(Figure 5B,E). We confirmed that cells expressed wild-type IDH1,
independently of DMSO or SIL treatment (Figure 5C,F). The activity
of purified recombinant IDH1 protein was inhibited by SIL treatment
(Figure 5D,G). SIL also inhibited IDH activity in cells (Figure S2).

3.6 | Effectof SIL on the ERK and Akt

The level of IDH1 was suppressed by the addition of IDH1-IN-1
(a specific inhibitor for IDH1) (Figure 6A). In addition, to ascertain
whether SIL downregulated ERK and Akt, western blot analysis was
carried out using antibodies specific for their respective phosphoryl-
ated form. Phosphorylation of ERK and Akt was reduced (Figure 6B).
This phenomenon was prevented by the addition of NAC (Figure 6C).
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with SIL shows interaction with IDH1 from reduced degradation of IDH1. (C) H&E analysis of clinical ovarian cancer samples. (D-F)
Immunohistochemical analysis of the pattern of IDH1, P53, CEA, CK7, and Ki-67 in primary tumor
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The ratios of GSH/GSSG and NADP*/NADPH were both signifi-
cantly increased, whereas SOD activity was decreased after SIL
treatment compared with the control, but no change was observed
for IDH1-IN-1 between the presence or absence of SIL (Figure 6D-
K). These results indicated that SIL inhibited the phosphorylation
of ERK and AKt, and disrupted the balance between oxidative and

reducing substances.

3.7 | SILinhibits the growth of OVCARS cells in
axenotransplantation mice model

To determine the antineoplastic effect of SIL in vivo, an OVCAR-3
xenograft was created in BALB/c nude mice by subcutaneous in-
jection. The animals were then given SIL or saline by oral gavage
daily. Because previous research had shown that doses of 100-
200mg/kg of SIL play an anti-tumor role in the animal model of

human bladder cancer and glioblastoma,'®*’

combined with previ-
ous pre-experiment results, we chose a dose of 100mg/kg body
weight. Following 6 weeks of treatment, the size of the tumor was
assessed postmortem. The tumor volume and tumor weight were
significantly smaller in the SlL-treated mice than in mice receiving
saline treatment, except for transfection of the sh-IDH1 lentiviral

vector (Figure 7A-C). IDH1-knockdown OVCARS cells significantly
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suppressed tumor growth compared with parent OVCARS cells,
IDH1-overexpressing OVCAR3 cells significantly enhance tumor
growth compared with parent cells (Figure 7D). Interestingly, there
was no change in the body weight of the mice (Figure S3). The latter
displayed more mitotic signs and an increased nucleoplasmic ratio
compared with the SlL-treated animals (Figure 7E). For analysis of
the collected tumor-forming tissues, IDH1 expression was knocked
down after transfection with the sh-IDH1 lentiviral vector, and there
was overexpression after transfection with the OV-IDH1 lentiviral
vector (Figure 7F). All these results suggested that IDH1 expression
was inhibited as a result of the treatment, which could control the
growth of cancer tissue to some extent (Figure 8).

4 | DISCUSSION

SIL is a natural polyphenolic compound with anti-neoplasmic and
anti-diabetic activity.?%?' We observed that treatment of an ovarian
cancer cell line with SIL increased ROS generation. This SlL-induced
ROS generation coincided with binding to IDH1 and decreased its
activity by altering its phosphorylation levels. NADPH is a matter
reductant needed at high demand in tumor cells to fuel the synthe-
sis of lipids and antioxidants; several studies have shown that IDH1
is an important source of NADPH in cytoplasm.?>2% These studies,
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FIGURE 7 SILinhibits the growth of OVCARS cells in a xenotransplantation mice model. Cells (2 x 10°) were injected subcutaneously
into the right hind leg of 4-week-old female nude mice. After injection, SIL (100mg/kg) in 10 pl of saline or with 100l of saline (vehicle) was
administered by oral gavage daily. The tumor volume was recorded weekly throughout experiments. After 6 weeks, the tumors were excised
and tumor volume was calculated using the following equation: tumor volume (mm?) = (length x width?) x=/6. (A-D) Tumor volume and
weight. (E) Immunohistochemical analysis of the expression IDH1 in the tumor tissues. (F) Western blot analysis of IDH1 expression in the
tumor tissues. Statistical analysis: Student's t-test. Error bars represent SEM, and P <0.05 was considered statistically significant. **P<0.01.
All experiments were repeated three times.
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together with our observation that SIL can increase the NADP*/
NADPH ratio (Figure 6F,J), suggested that IDH1-generated cytoplas-
mic NADPH is important for redox homeostasis to accelerate tumor
growth and survival. The molecular mechanism for the toxicity of SIL
toward tumor cells takes place via the IDH1/NADPH/ROS cascade.

ROS, produced by various biochemical and physiological oxi-
dative processes in the body, are associated with numerous phys-
iological and pathophysiological processes.?* ROS can induce the
activation of AKt and ERK; conversely it has also been reported
that ROS can trigger the downregulation of the ERK and Akt path-
Ways.zs'26 ROS play the role of signaling molecules in cancer, pro-
moting abnormal cell growth and metabolic disorders, and can lead
to a differentiation blockade.?”-?® Elevated ROS levels can increase
glucose metabolism.2”*° Nevertheless, ROS toxicity levels in can-
cer have anti-tumor effects, leading to increased irreparable DNA
damage, genomic instability, and tumor cell death.33? When the
TCA cycle is dampened, intracellular ROS levels are increased,
which reduces ATP production, potentially reducing cell prolifera-
tion.’ Aberrant metabolism, also called metabolism reprogramming,
is a common characteristic of cancer cells; changes in cancer cell
metabolism can affect the response to many chemotherapy treat-
ments.%33* Ovarian cancer is characterized by tumor cells displaying
high glycolysis rates; the involved enzymes present probable can-
didates for specific treatment targets.>3>3¢ In addition to glucose,

proliferating cancer cells also rely on glutamine.37 For this reason,
targeting enzymes involved in glutamine production and associated
ROS generation may provide a novel approach for treatment of ovar-
ian cancer.

SIL abolishes the decrease of various antioxidants.® It also regu-
lates glucose uptake in adipocytes by obstructing insulin-dependent
glucose transporter 4 (GLUT4).%? Here, we report that SIL had no
significant effect on ECAR. However, the oxygen consumption rate,
ATP production, and basal respiration were all reduced in SlL-treated
OVACRS3 cells (Figure 2A,B,E). In addition, SIL not only blocked the
generation of succinate from glutamate, but also obviously inter-
fered with both glutamine catabolism and reductive carboxylation,
which are catalyzed by IDHs and glutamate dehydrogenase, as the
latter catalyzes the reversible oxidative deamination of glutamate
to a-KG.

Inhibition of IDH activity may be an important method, even
in cancers in which IDH mutations are not involved.!? The drug
AG-120 has been approved by the United States Food and Drug
Administration to treat cancers with IDH mutations.*® Our study
clearly demonstrates that SIL can bind to IDH1 in cells; this report
is the first to our knowledge describing that activity. Our interpreta-
tion was corroborated using the DARTS method, which can detect a
protein target of a drug, as binding of the drug and protein protects
the latter from degradation.***2 Phosphorylation is a very common
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strategy in the cell to regulate protein activity or expression, and
approximately one-third of proteins are typically phosphorylated.
Chen and colleagues demonstrated phosphorylation of IDH1 mono-
mers, which promotes the formation of dimers that display enhanced
binding toward the substrates isocitrate and a-ketoglutarate.**> Our
results showed that IDH1 phosphorylation markedly decreased as a
result of SIL treatment.

As described by Calvert and colleagues, IDH1 has a higher max-
imal enzymatic activity than other enzymes that produce NADPH
in glioblastoma tissue. It is the most difference in the expression
NADPH-producing enzyme in glioblastoma compared with normal
group.** These studies, together with the observations described
here that identified increased citrate concentrations in SlL-treated
cells, indicate that the NADPH produced by IDH1 is the key and pos-
sible rate limiting factor for maintaining ROS homeostasis, in agree-
ment with the interpretation by others.

In healthy tissue, cells have an adequate means to remove exces-
sive ROS. Tumor cells express increased levels of antioxidants (GSH,
NADPH and SOD) to clear spare ROS, whereas they maintain tumor-
promoting signaling activities. Our results showed that SOD activity,
as well as the ratios of GSH/GSSG and NADP*/NADPH, all dramati-
cally declined with increasing ROS levels, resulting in toxic ROS con-
centrations. This is consistent with a previous report that described
how the toxicity of the sensitizer Rose Bengal in the acute promyelo-
cytic leukemia (AML) cell line HL-60 was enhanced by knockdown
IDH1, which resulted in decreased levels of GSH and NADPH and
increased ROS production.45 Altogether, we provide evidence that
suggests a potential for SIL for suppressing tumor proliferation by
interfering with the redox balance and we consider SIL a novel can-
didate for the treatment of ovarian cancer.
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