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Oridonin, a diterpenoid compound isolated from traditional Chinese medicine Rabdosia
rubescens, has shown antitumor effects to esophageal cancer. However, its molecular
mechanism is not fully understood, which limits its clinical application. In the present
study, we used RNA-seq analysis to check the transcriptome changes after oridonin
treatment and we found genes controlling the GSH-ROS system were up-regulated,
namely SLC7A11, TXNRD1, TRIM16, SRXN1, GCLM, and GCLC. Furthermore, our data
suggest that oridonin significantly increased the production of ROS in EC109 and TE1
cells, which can be inhibited by NAC. Interestingly, oridonin can dramatically reduce
intracellular GSH levels in TE1 cells in a concentration and time-dependent manner.
In addition, cell death caused by oridonin was strongly inhibited by GSH (1 mM), while
GSSG (1 mM) had little effect. At the same time, we also found that oridonin showed
selective cytotoxicity to esophageal squamous carcinoma cell with p53 mutation since
mut-p53 cells had lower SLC7A717 expression, a component of the cystine/glutamate
antiporter. We also found that y-glutamyl cysteine synthetase inhibitor (BSO) synergizes
with oridonin to strongly inhibit EC109 cells at a low dose. These results suggested that
the antitumor effects of oridonin are based on its —SH reactivity and glutathione depletion.
Esophageal squamous carcinoma cells with p53-mutation showed hypersensitivity to
oridonin because of the suppression of SLC7A11 expression by p53 mutation.

Keywords: oridonin, RNA seq, glutathione, esophageal squamous cell carcinoma cells, p53-mutation

INTRODUCTION

Esophageal cancer is a common malignant tumor of the digestive system. It is mainly divided into
esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC) according
to different etiology and pathological features (1-3). However, due to frequent recurrence after
surgery, the effect is not satisfactory after chemotherapy or radiotherapy, their overall 5-year
survival rate is <20% (4, 5). Therefore, the development of new therapeutic drugs or the search
for new therapeutic targets is very urgent for the clinical treatment of esophageal cancer.
Oridonin, an active diterpenoid compound extracted and purified from Rabdosia rubescens,
has great effects on suppressing the proliferation of esophageal, gastric, liver, and colon cancer
cells (6-8). Previous shreds of evidence have shown that oridonin-mediated apoptosis involves
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multiple proteins and pathways, such as protein kinase B (AKT),
the nuclear factor-kappa B (NF-kB) and mitochondrial redox
signaling pathway (9-11). However, the molecular target of the
anti-tumor effect of oridonin has not been fully elucidated, which
limits the further clinical application of oridonin.

In this study, we used a full transcriptome analysis technique
(RNA-seq) to elucidate the potential molecular targets of
oridonin. We found that the expression of heat shock-related
protein, such as HSPAIA, HSPA1B, BAG3, HSPH1, and DNAJBI
was significantly increased after treatment with oridonin. These
results validated that HSP70 is one of the molecular targets for
the action of oridonin, which is in keeping with the reported by
Vasaturo et al. (12). Furthermore, TRIM16, SLC7A11, TXNRDI,
SRXN1, GCLM, GCLC, and other genes are closely related to
intracellular GSH, ROS levels were also upregulated. According
to relevant literature reports (13), we found that these gene
expression changes were highly consistent with changes in
gene expression after APR-246 treatment of cells, which mainly
consumes intracellular glutathione by binding to -SH on GSH
in cancer cells, eventually causing the cell death via excessive
lipid peroxidation (13). Through chemical structure analysis, we
found that APR-246 has similar reactive groups to oridonin (14).
To this end, we further verified that oridonin has the similar
function of targeting GSH.

METHODS

Reagents

Oridonin (B20310) was purchased from Yuanye company
(Shanghai, China. APR-246 was provided by MCE (USA). GSH
and GSSG Assay Kit (S0053) and Reactive Oxygen Species Assay
Kit (S0033) were from Beyotime. Annexin V-FITC Apoptosis
Detection Kit (KGA106) was from KeyGEN. Lipofectamine 3000
Reagent (L3000008) was from Invitrogen. Anti-xCT (ab175186)
and GAPDH Monoclonal Antibody (AC033) were supplied by
Abcam and Abclonal, respectively. Goat Anti-Mouse I1gG (H +
L)/HRP antibody (bs-40296G-HRP) was from Bioss.

Cell Cultures

The following panel of human esophageal cancer cell lines was
used; TE-1, KYSE-30, and KYSE-450 (mut-p53); EC109, KYSE70,
and KYSE 410 (wt-p53). KYSE-450 and EC109 cells were cultured
in Dulbecco modified Eagle medium (DMEM). TE-1, KYSE-
30, KYSE70, and KYSE410 cells were maintained in RPMI 1640
medium. All culture media supplemented with 10% FBS, 100 U
ml~! penicillin and 100 mg/ml streptomycin. Otherwise, all cells
were cultured at 37°C with 5% CO,.

Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) was used to detect cytotoxicity. EC109, KYSE70,
KYSE410, TE-1, KYSE-450, and KYSE-30 cells were seed at a
density of 5 x 10 per well in 96-well plates. The following
day, the cells were treated with oridonin for 24, 48, and 72h
respectively. And then MTT (5 mg/ml) was added and incubated
for 4h at 37°. Measurement of absorbance at 562 nm is done by
microplate reader (Thermo).

Apoptosis Detection

Apoptosis of EC109 and TEl cells was assessed by flow
cytometry. EC109 and TE1 cells were plated in 6-well plates at
a density of 5 x 10° per well. The next day, cells were treated
with different concentrations of oridonin for 24 h, stained with
Annexin V-FITC Apoptosis Detection Kit (KeyGEN) according
to the manufacturer’s instructions, and apoptosis rate was
measured by flow cytometry (BD).

RNA Sequencing

TE-1 and EC109 cells were treated with 30 wM of oridonin or
DMSO control for 4 h. Total RNA from three duplicate wells per
group were extracted by using RNA prep Pure Cell/Bacteria Kit
(Qiagen) according to the manufacturer’s instructions. The RNA
concentration and integrity were detected by Nandrop (Thermo)
and Agilent 2100 Bioanalyzer (Agilent Systems. RNA-seq cDNA
libraries were prepared using TruSeq Stranded mRNA LT Sample
Prep Kit (Illumina). The sequencing process was completed
by Microanaly Technology Co., Ltd., Shanghai. The paired-end
library was sequenced with the Illumina HiSeq 4000 with a read
length of 2 x 150 bp.

Analysis of RNA-seq Data

The RNA-seq data analysis protocol followed the best practices
proposed by Conesa et al. (15). In brief, Fast QC was used
to do quality control checks for raw sequencing data. STAR
aligner was used to align reads to the Ensembl human reference
genome (GRCh37, version 75) (16). Adapter trimming was not
performed since the STAR aligner can soft clip the ends of reads
and handle contaminant sequences at the ends properly. Salmon
was used to in quantitating the expression of genes (17). All
the mentioned software was implemented in the bcbio-nextgen
analysis pipeline and the pipeline was used to analyze RNA-
seq data. Then bcbioRNASeq R package was used to conduct
differential gene expression analysis.

Gene Expression With Quantitative RT-PCR
RNA from cell lines was isolated using the RNA prep Pure Cell /
Bacteria Kit (Tiangen), and first-strand cDNA was prepared with
PrimeScript™ RT Master Mix (TaKaRa). Real-time PCR was
performed using the ChamQ™ Universal SYBR qPCR Master
Mix (Vazyme). Gene expression was normalized to GAPDH. And
data is analyzed using the 2722 method.

Intracellular Glutathione and ROS Assay
TE-1 and EC109 cells were a seed to 6-well plates in triplicates
and treated. Intracellular total glutathione content is assayed
by GSH and GSSG Assay Kit (S0053, Beyotime) according to
the manufacturer’s instructions. The total GSH content was
calculated by the standard curve. Intracellular ROS were detected
using Reactive Oxygen Species Assay Kit (S0033, Beyotime.
Cells were incubated for 20min at 37°C in the dark with
10 uM DCFH-DA, collected and analyzed using BD Accuri™
C6 Plus Flow Cytometer. The data were analyzed through the
Flowjo software.

Western Blot Analysis
Cells were lysed in RIPA buffer (solarbio) containing 1 mM
PMSEFE (solarbio) for 30min at 4°C. After centrifugation at
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13,000 x g at 4°C for 30 min, the supernatant fractions were
denatured in SDS for 10 min and quantified by BCA Protein
Assay Kit (P0012S, Beyotime). Equal amounts of protein were
separated by 10% SDS-PAGE and transferred to polyvinylidene
difluoride membranes. Membranes were blocked in Blocking
Buffe (P0023B, Beyotime) for 1h at room temperature, and
then incubated overnight with primary antibodies at 4°C.
Blots were washed by 1 x PBST buffer thrice (5min each),
and then incubation with the Goat Anti-Mouse IgG (H +
L)/HRP antibody (bs-40296G-HRP) for 1 h at room temperature.
Blots were visualized by using BeyoECL Moon (P0018ES,
Beyotime). Protein quantitative analysis was calculated using
Image]J software.

siRNA Knockdown

SLC7A11 siRNA Transfection cells were seed in 6-well plates
and transfected with SLC7A11 siRNA (RIBOBIO, China) and
control siRNA using Lipofectamine™ 3000 Reagent (L300008,

Invitrogen) according to the manufacturer’s instructions.
After transfection for 72h, cells were harvested for further
experiments. The efficiency of siRNA knockdown was
determined by RT-PCR and Western blot analysis.

Statistical Analysis

All data were expressed in mean + SD and performed at
least three independent experiments. Significant differences
between groups were assessed by one-way ANOVA (*P < 0.05;
P < 0.001).

RESULT

Oridonin Induces Apoptosis in TE1 and
EC109 Cells

To confirm the cytotoxicity of oridonin to EC109 cells and TE1
cells, MTT assay was employed to detect the cell viability with
or without oridonin treatment (Figure 1A). Oridonin showed
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FIGURE 1 | Oridonin induces apoptosis in esophageal cancer cell lines TE1 and EC109. (A) Chemical structure of oridonin. (B) EC109 and TE-1 cells were treated
with different concentrations of oridonin or vehicle for 24, 48, and 72 h. The cell inhibition rate was determined using MTT assay, (C) IC50 values comparison between
EC109 and TE-1 cells. (D) Fluorescence-activated cell sorting plots of Annexin V/Pl-labeled cells treated with 10, 20, and 40 uM oridonin for 24 h. (E) The apoptosis
rate is expressed as the mean + SD (n = 3). The data were obtained from three independent experiments. *P < 0.05, **P < 0.01 compared to EC109 cell group.

100 2044 404
conc. (M)

DMSO

Frontiers in Oncology | www.frontiersin.org

January 2020 | Volume 9 | Article 1525


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Lietal Glutathione Depletion and Selective Cytotoxicity
A
TE A O/ TE-1 (down) EC10% (down) " LQ Fold
ENSGO0000001084 030278 000350432 7530263
ENSG00000108448  TRIM16 017477 006347091 1517308
Tl ENSGO0000151012 SLC7A1L 1.84853 285628 57038
ENSG00000198431  TXNRD1 123103 2586108 4oc)cgy
EC109VS control ~ TE-1 VS control ENSG00000271303 SRXN1 0.64397 115E21 79514
G e | = e ENSGO0000023909 GOLM 0.59709 e | wreenne
ENSG00000001084 GeLe 0447517  9.18E-10 493303
: ENSG00000108448  TRIM16 0595750181 143623 3172323
%' I EC109  ENSGOO000151012 SLC7A1l 1239458 875668  ggsssis
47 ENSG00000198431  TXNRD1 0.80438 397687 305aa09
' ENSG00000271303 SRXN1 0630363 692622  g3zga1g
ENSG00000023909 GCLM 0823669  170E51 4578802
C
. EC109 B TE-1 EC109 TE4
v . ) 4
20w . = o w o H
“ -
-g 10 'S ! -
“ 1 -
= —
— °
s n =
- _ s <
< hd
% | %
nd= — [

N\

&
& ¢ &
g o é" Q' 0'0\\") &

evo*:
& X g
CUR AR N
(’?\\‘3‘\‘30‘\}

0.05, P < 0.01 compared to DMSO group.

FIGURE 2 | Transcriptome changes induced by oridonin using RNA-seq. (A) Venn diagram showing amounts of differentially expressed genes after treatment with
oridonin for 4 h in EC109 cells and TE1 cells. (>two-fold up/down-regulated, P < 0.01). (B) The “volcano plot” graph of the differentially expressed genes in EC109
and TE1 cells. (C) Verify RNAseq by gPCR analysis. TRIM16, TXNRD1, SRXN1, SLC7A11, GCLC, or GCLM and HSPA1A, HSPA1B, BAG3, DNAJBT1, HSPH1 in
EC109 cells and TE1 cells, respectively. Cells were treated with 30 wM oridonin or DMSO for 4 h. (D) Differentially expressed genes related to GSH in RNAseq. *P <
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effective cytotoxicity on EC109 and TE-1 cells in a time- and
dose-dependent manner (Figure 1B). However, TE-1 cells were
more sensitive than EC109 cells to oridonin, and the IC50 values
of TE-1 cells were significantly reduced regardless of the length of
treatment, compared with EC109 cells (Figure 1C, P < 0.01). Our
flow cytometry analysis also indicated that oridonin increases
the percentage of apototic (annexin V-PI positive) cells in TE1
compared to EC109 cells, especially when treated with 40 uM
oridonin (P < 0.01, Figures 1D,E).

Effect of Oridonin on Global Gene

Expression

The molecular target of Oridonin is not fully elucidated.
Transcriptome analysis might be a convenient way to explore its
potential molecular mechanism. Here we treated the cells for 4 h
with 30 wM oridonin, a dosage very close to the IC50 values of
oridonin in TE1 and EC109 cells. Then total RNA was extracted
and proceed to do RNA-seq analysis.

Differentially expressed genes (DEGs) were analyzed using
DESeq2 (adjusted P-value<0.01, log2 |FC| 0). In general,
the number of DEGs uniquely present in TE1l cells after
treatment was 2,023 (up-regulated) and 1,642 (down-regulated),
while 463 (up-regulated) and 419 (down-regulated) genes were
significantly present in EC109 cells (Figures 2A,B, P < 0.01).
Supplementary Tables 1, 2 list the top 20 most upregulated and
downregulated genes of TE1 and EC109 cells, by fold change. We
verified the differentially expressed genes by RT-PCR and found
that protein misfolding stress responsive genes, such as HSPAIA,
HSPAIB, BAG3, HSPH1, and DNAJBI were significantly up-
regulated (Figure 2C), which demonstrates that oridonin cause
genes upregulation similar to heat shock response (12). In
addition, genes related to the regulation of reactive oxygen
species and glutathione activity, such as TRIM16, SLC7All,
TXNRDI1, SRXN1, GCLM, and GCLC are significantly enhanced
in TE1 cells (Figure2D). The upregulation of SLC7All
expression was shown by RNA-seq, but not confirmed by
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FIGURE 3 | ROS produced by the oridonin treatment. (A) ROS analysis was treated with 30 uM oridonin, 30 uM APR-246 and/or 5mM NAC in TE1 cells, and treated
with 40 uM oridonin, 30 wM APR-246 and/or 5mM NAC in EC109 cells for 4 h. The levels of intracellular ROS were determined using DCF-DA. (B) The mean
fluorescence intensity is shown. (C) Viability at 24 h post-treatment with 30 uM oridonin (TE1 cells) or 40 wM oridonin (EC109 cells), 30 wM APR-246 and/or 5 mM
NAC. All data are presented as the mean £ SD, **P < 0.01 compared to the DMSO.

RT-PCR in all cell lines. Both TXNRDI encoding thioredoxin
reductase (TrxR) and SRXNI encoding thiourea reductase are
important intracellular redox regulators (13). The change of
intracellular glutathione content is controlled by the cystine-
glutamate reverse transporter, which was encoded by SLC7A11
(14). The GCLC and GCLM genes mainly encode y-glutamyl
cysteine synthetase, which is a rate limiting enzyme for the
synthesis of GSH (18). Therefore, the increased expression
upregulation of these genes may also be interpreted as a
response to increased intracellular ROS. Although TRIM16 has
not been previously reported to be implicated in controlling
redox balance, it was regulated by another drug, APR-
246, which regulates intracellular reactive oxygen species and
GSH content (13). Therefore, we next explored the effects
of oridonin on intracellular ROS and GSH. To further
demonstrate the similar molecular mechanism between APR-
246 and oridonin, we use APR-246 as a comparison in the
following studies.

Oridonin Promotes Intracellular ROS

Accumulation

To investigate whether the cytotoxicity of oridonin is related
to reactive oxygen species (ROS), we measured intracellular
ROS levels by flow cytometry. Of interest, we found that
the baseline level of ROS in TEl cells is much higher
compared to EC109 cells (Figures 3A,B) While oridonin (30
and 40 uM) significantly induced intracellular ROS generation
at 4 h for both cell lines (P < 0.01), N-acetyl-L-cysteine (NAC),
Sulfhydryl-containing antioxidant, can significantly inhibit the
ROS production induced by oridonin in EC109 cells and TE-
1 cells (Figures 3A,B). In addition, NAC (5mM) can also
obviously reverse the cytotoxicity caused by oridonin in EC109
cells and TE-1 cells (Figure 3C). It is well known that excessive
accumulation of reactive oxygen species leads to oxidative
damage and cell death. Therefore, we speculated that the reason
why TEI cells retains higher sensitivity to oridonin could be
its higher level of endogenous ROS, thus additional oxidative
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damage caused byoridonin would easily bring the cellular
oxidative damage level over the given lethal threshold.

Oridonin Reduces Intracellular GSH Level
We explored the effects of oridonin on GSH in esophageal
cancer cells. Our results showed that the treatment of TEl
cells and EC109 cells with different doses of oridonin results
in lower intracellular GSH (Figures 4A,B,D,E). Among them,
oridonin rapidly reduced GSH levels in a concentration and
time-dependent manner in TEI cells, however, GSH levels in
EC109 cells were only slightly reduced at the median lethal
dose (Figures 4C,F). These results also confirmed a significantly
different endogenous ROS status comparing with TE1 cells
and ECI109 cells: in TE1 cells the higher baseline level of
oxidative stress has consumed a significant portion of cellular
GSH reservoir, thus oridonin dependent GSH depletion would
be more apparent in such context.

In addition, to further confirm that oridonin-induced cell
death is mediated through GSH depletion, we explored the effects
of GSH and GSSG (oxidized glutathione) on cell viability by
MTT assay (Figures 4G,H). Our results indicated that cell death
caused by oridonin was strongly inhibited by GSH (1 mM) in
both EC109 and TE1 cells, while GSSG had little effect. This

suggests that the sulthydryl group in the GSH structure may be
the critical active group contracting oridonin.

SLC7A11 Blockade Causes Esophageal
Cancer Cells to Be More Sensitive to
Oridonin

Since the intracellular GSH is regulated by SLC7AII, a
cysteine/glutamate antiporter (14), the relationship between
SLC7AI11 and oridonin cytotoxicity needs to be further
demonstrated. We first verified the expression of SLC7AII
in multiple esophageal squamous carcinoma cells by RT-PCR
and western-blot. We found that SLC7All, transcript and
protein levels are significantly lower in cell lines harboring
mutant p53 mutations (Figure 5A). This result is consistent
with the previous findings of David et al., that mutant p53
can repress the expression of SLC7AI1 (14). Furthermore, we
detected multiple esophageal squamous carcinoma cell lines
(with either wild type p53 or mutant p53) by MTT assay.
Consistent with intracellular SLC7A11 expression, KYSE450, and
KYSE30 cells have significantly lower IC50 values than KYSE70,
KYSE410 cells (Figures 5B-E). Our data suggest that mut-p53
esophageal cancer cells are more sensitive to oridonin, probably
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FIGURE 5 | SLC7A11 expression predicts and affects ESCC sensitivity to oridonin. (A) Transcriptional expression of the SLC7A11 gene in esophageal squamous
carcinoma cells. (B-D) KYSE70, KYSE410. KYSE30 and KYSE450 cells were treated with different concentrations of oridonin or vehicle for 24 h (B), 48 h (C), and 72
h (D). The cell’s inhibition rate was determined using MTT assay, (E) IC50 values comparison for them. (F) Oridonin was applied 72 h post-transfection of SLC7A11
and non-targeting control (NC) siRNA with viability measured at 24 h post oridonin by MTT assay, (G) ROS analysis in cells treated with 40 M oridonin 72 h after NC
or siSLC7A11 transfection. Intracellular ROS was detected after treatment with oridonin for 4 h. *P < 0.05, **P < 0.01, compared to the NC.

due to depletion of GSH and systemic xC blockade causing
cysteine deficiency, which leads to impaired GSH synthesis. To
examine whether such differential oridonin sensitivity is indeed
mediated by mutant p53 dependent SLC7A11 downregulation,
we investigate whether the sensitivity of wt-p53 esophageal
cancer cells to oridonin can be enhanced by knocking down
the SLC7AIl gene. Indeed, we found that knocking down
SLC7A11 (Figure 5F) significantly increased the cytotoxicity of
oridonin to EC109 cells, and resulted in increased ROS levels
correspondingly (Figure 5G).

Inhibition of GSH Synthetase Synergizes
With Oridonin to Inhibit EC109 Cells

Besides SLC7AI11 or similar glutamate transporter, the
intracellular GSH content is also greatly affected by y-glutamyl
cysteine synthetase, a rate limiting enzyme of GSH synthesis
(19). Therefore, we used L-Buthionine-sulfoximine (BSO),
y-glutamyl cysteine synthetase inhibitor, to examine whether

it synergizes with oridonin to eliminate EC109 cells. At sub
IC50 dosage, neither oridonin (10 uwM) nor BSO (0.5mM)
induced any significant cell cytotoxicity (mean values of
5.1 and 5.6%, respectively) in EC109 cells, but they had a
striking synergistic cytotoxic effect in combination, which
can be reversed by NAC, suggesting the synergy is through
increasing cellular ROS stress. In addition, their synergistic
effect remains despite gradual increase of with oridonin
dosage (Figures 6A,B).

Next, to assess whether the cytotoxicity caused by the
combination of oridonin and BSO is related to intracellular GSH
and ROS levels in EC109 cells. As shown in Figure 6C, Oridonin
alone did not lower intracellular GSH at a concentration of
10 mM. However, when combined with BSO, a significant
reduction of intracellular GSH was observed in EC109 cells.
At the same time, we found an increase of intracellular ROS
levels in EC109 cells specifically with the synergistic treatment
(Figure 6D). This suggests that in the case of BSO combined with
oridonin, the increase of intracellular GSH consumption may
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FIGURE 6 | Enhancement of oridonin cytotoxicity with GSH synthesis inhibitor BSO. (A) EC109 cells were incubated with BSO (0.5 mM) or/and oridonin (10 M) or
APR-246 (10 M) for 24 h. and cell viability was assessed using MTT. (B) Increased doses of oridonin enhance synergy with BSO. EC109 cells were incubated for 24 h
with serial concentrations of oridonin in the presence of 0.5 mM BSO. (C) GSH analysis of EC109 cells treated with 10 uM oridonin or 10 uM APR-246 and/or 0.5 mM
BSO. (D) ROS of EC109 cells were detected at 4 h post-treatment with oridonin (10 uM) or APR-246 (10 uM) and/or 0.5 mM BSO. “*P < 0.01, compared to treatment
with vehicle control or either of the compounds alone.

be responsible for the increased ROS production, indicated the
role of glutathione depletion in BSO plus oridonin-induced ROS
production and cell death.

DISCUSSION

The current chemotherapy for esophageal squamous cancer is
very limited and there is still an urgent need to find new chemicals
for ESCC. Oridonin, a major diterpenoid component of leaf
extracts from Rabdosia rubescens, has been demonstrated to be
effective to a variety of cancers, such as esophageal, leukemia,
lung, pancreatic, prostate, breast, and colon both in vivo/vitro
(20). Although great efforts have been devoted to study the
molecular mechanism of its anti-cancer effects, there is still a lack
of concrete evidence to fully elucidate at the whole transcriptome
level. In the present study, we employed RNA-seq for qualitative
and quantitative analysis of all transcriptome changes induced by
oridonin. Firstly, we chose EC109 and TE1, two commonly used
ESCC cancer lines to explore the potential molecular targets of
oridonin. We verified that oridonin induces apoptosis in both

TE1 and EC109 cells. To see the early transcriptome changes
induced by oridonin at a cytotoxic dose, we chose 30 uM of
oridonin and 4h treatment and then extracted all the RNAs
to do RNA-seq analysis. By DESeq2 analysis, we found 284
genes were up-regulated in two cell lines, and 176 genes were
down-regulated in both cells.

By further analyzing the function of those up-regulated genes,
we believe that at least two sets of genes played major roles in
oridonin cytotoxicity to ESCC cells. The first set of genes are
heat shock genes, such as HSPAIA, HSPAIB, BAG3, HSPHI,
DNAJB1, HSPA8, HSP90AA1, DNAJA4, and DNAJAI, whose
transcriptions are strongly regulated by HSF1. HSF1 binds to
HSP70 and loses its transcriptional activity. When oridonin binds
to its targets, HSF1 may dissociate with HSP70 and therefore
is activated, thereby increasing the expression of downstream
heat shock proteins (21, 22). Those results prove theoretically
that HSP70 is one of the molecular targets. The second set of
genes are TRIMI16, SLC7A11, TXNRDI, SRXNI, GCLM, and
GCLC, etc., which are also closely related to intracellular ROS
and GSH levels (23). Through literature research (13), we found
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that these genes are highly consistent with the gene profile of
the APR-246, so we speculated that the anti-tumor mechanism
of oridonin may be similar to APR-246, inducing tumor cell
death by depleting intracellular GSH (14, 24, 25). The next,
we treated EC109 cells and TE1 cells with oridonin or APR-
246, respectively, and tested intracellular ROS and GSH levels.
To further verified that GSH played a major role in oridonin
cytotoxicity to ESCC cells, we designed several experiments to
test this hypothesis. First, we found that TE1 cells had a higher
level of ROS compared to EC109 cells, both oridonin and APR-
246 can increase intracellular ROS levels, which can be reversed
by NAC. It is well-known that excessive accumulation leads
to oxidative damage and cell death (11). Therefore, we made
hypothesis that esophageal cancer cells with elevated ROS are
sensitive to further oxidative damage caused by oridonin, and
thus are more likely to induce cell death. On the other hand, we
found that oridonin can rapidly reduce GSH levels in TE1 cells
in a time- and dose-dependent manner, but less affects EC109
cells. In addition, GSH can significantly resist the cytotoxicity of
oridonin and APR-246 in both cell lines by MTT assay, but GSSG
cannot. These results further confirm that the target of oridonin is
consistent with APR-246, which is combined with the thiol group
of GSH (26). For EC109 cells with high GSH content, oridonin
plays a toxic role mainly by binding to other thiol-containing
proteins in addition to GSH, such as heat shock proteins,
while for TEI cells with less GSH content, oridonin induces
apoptosis mainly by depleting intracellular GSH. Second, we
test if the expression of SLC7A11, cystine/glutamate antiporter
and essential for GSH synthesis, is related to the sensitivity of
oridonin, we examined the expression of SLC7AII in multiple
esophageal squamous carcinoma cell lines and their cytotoxicity
against oridonin. Our data showed that cell lines with higher
expression of SLC7A11, such as EC109, KYSE70, and KYSE410
treated with oridonin, respectively, had lower IC50 values after
24h than cells with lower expression of SLC7A11, such as
KYSE450, KYSE30 and TE1 cells. In fact, SLC7A11 expression is
down-regulated by mut-p53. Since KYSE450, KYSE30 and TE1
cells have mut-p53, their SLC7AII expression is much lower
compared to those cells with wt-p53. Therefore, ESCC cells with
mut-p53 showed enhanced cytotoxic sensitivity to oridonin. To
interrogate the functional relationship between SLC7AI1 and
cellular sensitivity to oridonin, we knocked down SLC7AI11 in
EC109 cells. We found that inhibition of SLC7A11 expression
significantly increased the sensitivity of EC109 cells to oridonin
and intracellular ROS. Finally, to further explain the effect of
intracellular GSH content on the sensitivity of oridonin, we

REFERENCES

1. Lin EW, Karakasheva TA, Hicks PD, Bass AJ, Rustgi AK. The tumor
microenvironment in esophageal cancer. Oncogene. (2016) 35:5337-49.
doi: 10.1038/0nc.2016.34

2. Ni Shil FJ, Zhang X. overexpression of human p-defensin
2 promotes growth and invasion during esophageal
carcinogenesis. Oncotarget. (2014) 5:11333-44. doi: 10.18632/onco
target.2416

tested their effects on cell viability, GSH and ROS levels by the
combined application of oridonin or APR-246, and BSO. We
found that the use of oridonin alone, APR-246 or BSO were
less toxic to 109 cells, but after combined use, it significantly
increased cytotoxicity, and the combined effect of oridonin was
significantly stronger than APR-246.

In summary, this study validates our hypothesis that GSH
acts as a target for oridonin. Esophageal squamous carcinoma
cells with lower expression of SLC7A11 and mut-p53 are more
sensitive to oridonin and are more susceptible to oxidative
stress. For esophageal cancer cells with a high level of
SLC7A11, GSH can be synergistically depleted by the combined
use of oridonin and y-glutamyl cysteine synthetase inhibitor
(BSO), leading to irresistible ROS accumulation and cell death.
Therefore, we can formulate a reasonable plan for the clinical
treatment of oridonin according to the expression of SLC7A11
and mut-p53.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in The
National Omics Data Encyclopedia (NODE). Data link: https://
www.biosino.org/node (Accession No: OEP000514).

AUTHOR CONTRIBUTIONS

QZ and YG designed, performed the research, and wrote the
paper. YL, NL, and TA did all the experiments and helped to write
the paper. JS did the RNA-seq analysis. HL, JG, and WT helped
with the discussion and design of the paper.

ACKNOWLEDGMENTS

Data analysis in the current study was supported by the Henan
Supercomputer Center (Zhengzhou). This work is supported
by the National Key Research Program of Proteins (Nos.
2016YFA0501800 and 2017YFD0501401) and Construction of
the Big Data Platform for the Accurate Medical Treatment
of Common Malignant Tumors Such as Lung Cancer (Major
Science and Technology Projects of Henan, 161100311500).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.01525/full#supplementary-material

3. Fu L, Wang Y-Q, Han B-K, Li X-R, Shi X-J, Yin E et al. Gene
expression profiling and pathway network analysis of anti-tumor activity
by Jaridon 6 in esophageal cancer. Euro | Pharmacol. (2017) 815:478-86.
doi: 10.1016/j.ejphar.2017.08.004

4. Wang L, Lu A, Meng F, Cao Q, Shan B. Inhibitory effects of lupeal acetate
of Cortex periplocae on N-nitrosomethylbenzylamine-induced rat esophageal
tumorigenesis. Oncol Lett. (2012) 4:231-6. doi: 10.3892/01.2012.717

5. Rustgi AK, El-Serag HB. Esophageal carcinoma. N Engl ] Med. (2014)
371:2499-509. doi: 10.1056/NEJMral314530

Frontiers in Oncology | www.frontiersin.org

January 2020 | Volume 9 | Article 1525


https://www.biosino.org/node
https://www.biosino.org/node
https://www.frontiersin.org/articles/10.3389/fonc.2019.01525/full#supplementary-material
https://doi.org/10.1038/onc.2016.34
https://doi.org/10.18632/oncotarget.2416
https://doi.org/10.1016/j.ejphar.2017.08.004
https://doi.org/10.3892/ol.2012.717
https://doi.org/10.1056/NEJMra1314530
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Lietal

Glutathione Depletion and Selective Cytotoxicity

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Shang CH, Zhang QQ, Zhou JH. Oridonin inhibits cell proliferation

and induces apoptosis in rheumatoid arthritis fibroblast-like
synoviocytes. Inflammation. (2016) 39:873-80. doi: 10.1007/s10753-016-
0318-2

. Zhang T, Tan Y, Zhao R, Liu Z. DNA damage induced by oridonin involves

cell cycle arrest at G2/M phase in human MCEF-7 cells. Contemp Oncol. (2013)
17:38-44. doi: 10.5114/w0.2013.33772

. He H, Jiang H, Chen Y, Ye J, Wang A, Wang C, et al. Oridonin is a covalent

NLRP3 inhibitor with strong anti-inflammasome activity. Nat Commun.
(2018) 9:2550. doi: 10.1038/s41467-018-04947-6

. Liu X, Kang J, Wang H, Huang T. Mitochondrial ROS contribute to oridonin-

induced HepG2 apoptosis through PARP activation. Oncol Lett. (2018)
15:2881-8. doi: 10.3892/01.2017.7665

Song M, Liu X, Liu K, Zhao R, Huang H, Shi Y, et al. Targeting AKT with
oridonin inhibits growth of esophageal squamous cell carcinoma in vitro
and patient-derived xenografts in vivo. Mol Cancer Ther. (2018) 17:1540-53.
doi: 10.1158/1535-7163.MCT-17-0823

Kuo LM, Kuo CY, Lin CY, Hung ME Shen JJ, Hwang TL. Intracellular
glutathione depletion by oridonin leads to apoptosis in hepatic stellate cells.
Molecules. (2014) 19:3327-44. doi: 10.3390/molecules19033327

Vasaturo M, Cotugno R, Fiengo L, Vinegoni C, Dal Piaz E, De Tommasi N.
The anti-tumor diterpene oridonin is a direct inhibitor of Nucleolin in cancer
cells. Sci Rep. (2018) 8:16735. doi: 10.1038/s41598-018-35088-x

Synnott NC, Madden SE Bykov VJN, Crown J, Wiman KG, Duffy
MJ. The mutant p53-targeting compound APR-246 induces ROS-
modulating genes in breast cancer cells. Transl Oncol. (2018) 11:1343-9.
doi: 10.1016/j.tranon.2018.08.009

Liu DS, Duong CP, Haupt S, Montgomery KG, House CM, Azar W],
et al. Inhibiting the system xC(-)/glutathione axis selectively targets
cancers with mutant-p53 accumulation. Nat Commun. (2017) 8:14844.
doi: 10.1038/ncomms 14844

Conesa A, Madrigal P, Tarazona S, Gomez-Cabrero D, Cervera A, McPherson
A, et al. A survey of best practices for RNA-seq data analysis. Genome Biol.
(2016) 17:13. doi: 10.1186/s13059-016-0881-8

Dobin A, Davis CA, Schlesinger F Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15-21.
doi: 10.1093/bioinformatics/bts635

Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast
and bias-aware quantification of transcript expression. Nat Methods. (2017)
14:417-9. doi: 10.1038/nmeth.4197
Shu G, Qiu Y, Hao J, Fu
alleviates acetaminophen-induced liver

Q, Deng X.
injury: roles

gamma-Oryzanol
of modulating

20.

21.

22.

23.

24.

25.

26.

AMPK/GSK3beta/Nrf2 and NF-kappaB signaling pathways. Food Funct.
(2019) 10:6858-72. doi: 10.1039/C9FO01808E

. LiC, ShiQ, Yan Y, Kong Y, Meng Y, Wang T, et al. Recuperating lung decoction

attenuates the oxidative stress state of chronic obstructive pulmonary
disease by inhibiting the MAPK/AP-1 signal pathway and regulating
v-GCS. Evid Based Complement Alternat Med. (2017) 2017:9264914.
doi: 10.1155/2017/9264914

Lebedeva IV, Wang C, Jiang L, Wang S, Shi H, Wang J, et al. The antitumor
activity of the novel compound jesridonin on human esophageal carcinoma
cells. PLoS ONE. (2015) 10:e0130284. doi: 10.1371/journal.pone.0130284

Shi Y, Mosser DD, Morimoto R. Molecular chaperones as HSF1-
specific transcriptional —repressors. Genes Dev. (1998) 12:654-66.
doi: 10.1101/gad.12.5.654

Zheng X, Krakowiak ], Patel N, Beyzavi A, Ezike J, Khalil AS, et al. Dynamic
control of Hsfl during heat shock by a chaperone switch and phosphorylation.
Elife. (2016) 5:e18638. doi: 10.7554/eLife.18638.027

Wang P, Ng Q, Zhang B, Wei Z, Hassan M, He Y, et al. Employing
multi-omics to elucidate the hormetic response against oxidative stress
exerted by nC60 on Daphnia pulex. Environ Pollut. (2019) 251:22-9.
doi: 10.1016/j.envpol.2019.04.097

Tessoulin B, Descamps G, Moreau P, Maiga S, Lode L, Godon C,
et al. PRIMA-1Met induces myeloma cell death independent of
p53 by impairing the GSH/ROS balance. Blood. (2014) 124:1626-36.
doi: 10.1182/blood-2014-01-548800

Mohell N, Alfredsson ], Fransson A, Uustalu M, Bystrom S, Gullbo J, et al.
APR-246 overcomes resistance to cisplatin and doxorubicin in ovarian cancer
cells. Cell Death Dis. (2015) 6:€1794. doi: 10.1038/cddis.2015.143

Zhang Q, Bykov VJN, Wiman KG, Zawacka-Pankau J. APR-246 reactivates
mutant p53 by targeting cysteines 124 and 277. Cell Death Dis. (2018) 9:439.
doi: 10.1038/s41419-018-0463-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Li, Li, Shi, Ahmed, Liu, Guo, Tang, Guo and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Oncology | www.frontiersin.org

10

January 2020 | Volume 9 | Article 1525


https://doi.org/10.1007/s10753-016-0318-2
https://doi.org/10.5114/wo.2013.33772
https://doi.org/10.1038/s41467-018-04947-6
https://doi.org/10.3892/ol.2017.7665
https://doi.org/10.1158/1535-7163.MCT-17-0823
https://doi.org/10.3390/molecules19033327
https://doi.org/10.1038/s41598-018-35088-x
https://doi.org/10.1016/j.tranon.2018.08.009
https://doi.org/10.1038/ncomms14844
https://doi.org/10.1186/s13059-016-0881-8
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1039/C9FO01808E
https://doi.org/10.1155/2017/9264914
https://doi.org/10.1371/journal.pone.0130284
https://doi.org/10.1101/gad.12.5.654
https://doi.org/10.7554/eLife.18638.027
https://doi.org/10.1016/j.envpol.2019.04.097
https://doi.org/10.1182/blood-2014-01-548800
https://doi.org/10.1038/cddis.2015.143
https://doi.org/10.1038/s41419-018-0463-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Involvement of Glutathione Depletion in Selective Cytotoxicity of Oridonin to p53-Mutant Esophageal Squamous Carcinoma Cells
	Introduction
	Methods
	Reagents
	Cell Cultures
	Cell Viability Assay
	Apoptosis Detection
	RNA Sequencing
	Analysis of RNA-seq Data
	Gene Expression With Quantitative RT-PCR
	Intracellular Glutathione and ROS Assay
	Western Blot Analysis
	siRNA Knockdown
	Statistical Analysis

	Result
	Oridonin Induces Apoptosis in TE1 and EC109 Cells
	Effect of Oridonin on Global Gene Expression
	Oridonin Promotes Intracellular ROS Accumulation
	Oridonin Reduces Intracellular GSH Level
	SLC7A11 Blockade Causes Esophageal Cancer Cells to Be More Sensitive to Oridonin
	Inhibition of GSH Synthetase Synergizes With Oridonin to Inhibit EC109 Cells

	Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


