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Corosolic acid sensitizes ferroptosis by upregulating HERPUD1
in liver cancer cells
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Primary liver cancer is the third leading cause of cancer death in the world, and the lack of effective treatments is the main reason
for the high mortality. Corosolic acid (CA) has been proved to have antitumor activity. In this study, we found that CA can sensitize
liver cancer cells to ferroptosis, which is a regulated form of cell death characterized by iron-dependent lipid peroxides reaching
lethal levels. Here, we revealed that CA can inhibit glutathione (GSH) synthesis via HERPUD1, decreasing the cellular GSH level and
causing liver cancer cells to become more sensitive to ferroptosis. Mechanistically, further studies found that HERPUD1 reduced the
ubiquitination of the GSS-associated E3 ubiquitin ligase MDM2, which promoted ubiquitination of GSS, thereby inhibiting GSH
synthesis to increase ferroptosis susceptibility. Importantly, a mouse xenograft model also demonstrated that CA inhibits tumor
growth via HERPUD1. Collectively, our findings suggesting that CA is a candidate component for the development of treatments
against liver cancer.
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INTRODUCTION
Cancer is a major public problem in all countries of the world, and
it is the leading cause of shortening lifespan and leading to death
[1]. The liver is the sixth most common site of primary cancers, but
liver cancer is the third leading cause of cancer-related death
globally [2]. Hepatocellular carcinoma (HCC) is the most prevalent
type of primary liver cancer, accounting for ~75–85% of cases [2].
Lack of effective drug treatments is one of the main reasons for
the high mortality of liver cancer patients. Therefore, there is an
urgent need to develop more effective HCC treatment drugs.
Ferroptosis is a type of programmed cell death that has been

discovered in recent years, which is morphologically, biochemi-
cally, and genetically distinct from other forms of cell death [3–5].
The characteristic of this process is that it relies on ferrous ions
and reactive oxygen species (ROS) to increase the amount of lipid
peroxide (LPO) accumulation. Numerous metabolic pathways
related to lipids, iron and amino acids have been reported to
control cellular susceptibility to ferroptosis [6]. Recent studies have
shown that ferroptosis inducers can increase lipid ROS by directly
or indirectly inhibiting glutathione (GSH) synthesis and ultimately
lead to cell death [7]. Liver cancer cells can be cleared by
ferroptosis [8, 9]. RAS-selective lethal 3 (RSL3) and erastin can
induce ferroptosis and liver cancer cell death [10, 11]. Further-
more, liver cancer may be induced by inhibiting ferroptosis
[12–14], which provides a new method for fighting liver cancer in
clinical practice.
Corosolic acid (CA; Fig. 1A) is a monomer extracted from the

root of Actinidia valvata Dunn. As a natural pentacyclic triterpene
acid, CA has been shown to have many properties, such as anti-
diabetes [15], enhancing weight loss, anti-inflammatory activities
[16], antiviral and anti-cardiovascular disease effects [17]. It was

reported that CA has antitumor activities [18–20]. In a study of the
antitumor activity of CA, it was found that CA can inhibit tumor
cell cycle and induce tumor cell apoptosis [21]. In addition, CA has
been proven to have pharmacological activity against cancers
such as renal cancer [22], gastric cancer [23], colon cancer [24],
osteosarcoma cells [25], and others. In our previous study, we
further found that actinomycin D can inhibit the activity of Yes-
associated protein (YAP), thereby enhancing the anti-liver cancer
activity of CA [26]. There is no relevant report on the effect of CA
on ferroptosis of liver cancer cells. In this study, we found for the
first time that CA can sensitize liver cancer cells to ferroptosis.
Furthermore, we investigated the mechanism by which CA
increases the ferroptosis sensitivity of human liver cancer cells,
and revealed that CA sensitized ferroptosis by upregulating
Homocysteine inducible ER protein with ubiquitin-like domain 1
(HERPUD1) in liver cancer cells. Importantly, in both cellular and
mouse xenograft models, we demonstrated that HERPUD1
reduced the ubiquitination of the GSS-associated E3 ubiquitin
ligase MDM2, which promoted ubiquitination of GSS, thereby
inhibiting GSH synthesis to increase ferroptosis susceptibility.

RESULTS
Corosolic acid can increase the sensitivity of liver cancer cells
to ferroptosis
In order to explore the effect of CA on the cell viability of liver
cancer cells, five hepatocellular carcinoma cell lines, Bel-7402, Bel-
7404, HepG2, SMCC-7721, SK-Hep1, and a normal hepatocyte cell
line HL-7702 were treated with a series of concentrations of CA (0,
10, 20, 40, and 60 μM), and the CCK-8 assay was performed.
Among the five liver cancer cell lines, Bel-7404 is relatively more
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Fig. 1 CA increases the sensitivity of liver cancer cells to ferroptosis. A Chemical structure of CA. B Established HCC cell lines (Bel-7402, Bel-
7404, SMCC-7721, SK-Hep1, HepG2) and normal hepatocyte cell (HL-7702) were treated with a series of concentrations (0, 10, 20, 40, 60 μM) of
CA for 24 h, and cell viability was determined by CCK-8 assay. C, D Bel-7402 and Bel-7404 cells were seeded at an appropriate density in six-
well plates and cultured for 24 h, then treated with: 10 μM erastin or 5 μM RSL3; 10 μM CA; pretreatment with 10 μM CA for 1 h followed by
10 μM erastin or 5 μM RSL3; 2 μM ferroptosis inhibitor Fer-1, in complete medium for 24 h. Cell death was quantified by SYTOX-Green staining
followed by flow cytometry. E, F Production of lipid ROS in (C, D) was measured by C11-BODIPY staining followed by flow cytometry after 10 h
of drug treatment: 10 μM erastin or 5 μM RSL3; 10 μM CA; pretreatment with 10 μM CA for 1 h followed by 10 μM erastin or 5 μM RSL3. Data
were analyzed using Student’s t test and expressed as mean ± SD from three independent experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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sensitive to CA, while Bel-7402 is relatively less sensitive to CA (Fig.
1B). Interestingly, we found that CA has almost no effect on
normal liver cells at low concentrations. Thus, Bel-7402 and Bel-
7404 were selected for the subsequent experiments.
We next used flow cytometry to detect two phenotypes related

to ferroptosis, cell death, and lipid ROS. Bel-7402 and Bel-7404
were treated with CA for 1 h, and then supplemented with
ferroptosis inducer erastin or RSL3. Cell death was detected by
SYTOX-Green and the results showed that CA pretreatment
combined with ferroptosis inducer has more cell death than with
ferroptosis inducer alone (Fig. 1C, D). Cell death was reversed by
ferroptosis inhibitor Fer-1. To determine the lipid ROS in liver
cancer cells post-treatment, we used C11-BODIPY staining and
then perform flow cytometry detection. The results showed that
CA alone has no effect on lipid ROS production. Consistent with
the cell death results, we found that CA pretreatment for 1 h could
produce more lipid ROS, and can be corrected by Fer-1 (Fig. 1E, F).
Taken together, we showed that CA can increase the sensitivity of
liver cancer cells to ferroptosis.

Corosolic acid increases the sensitivity of liver cancer cells to
ferroptosis by upregulating HERPUD1
To identify the key genes that enable CA to increase ferroptosis
sensitivity, high-throughput omics for sequencing were utilized.
As shown in Fig. 2A, compared with the control group, after CA
treatment, we screened out three co-upregulated genes, namely
HERPUD1, 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1),
growth differentiation factor 15 (GDF15) through transcriptome
sequencing technology and tandem mass tags (TMT). To
determine the most critical gene, we first pretreated with CA for
1 h, before treatment with ferroptosis inducer erastin or RSL3.
mRNA expression of the three genes was quantified by qPCR. All
three genes were all upregulated after CA treatment, further
confirming the high-throughput omics results (Fig. 2B–D). Inter-
estingly, we found that relative HERPUD1 mRNA level was
significantly higher when pretreated with CA compared with CA
or ferroptosis inducers alone, while GDF15 and HMGCS1 did not
show the same tendency. Therefore, we hypothesized that CA
sensitizes ferroptosis through HERPUD1. Immunoblotting was
used to detect the expression of HERPUD1 after the treatment.
The results showed that the HERPUD1 protein level increased
when pretreated with CA, compared with the control group, with
CA or ferroptosis inducer alone, but HMGCS1 and GDF15 did not
show this trend (Fig. 2E). From gene and protein levels, we
showed that CA increased the sensitivity of liver cancer cells to
ferroptosis by upregulating HERPUD1.
Next, we examined whether HERPUD1 played a vital role in

increasing the sensitivity of liver cancer cells to ferroptosis
following CA treatment. Firstly, Crispr–Cas9 was used to construct
cells that stably knocked out HERPUD1. The knockout efficiency of
HERPUD1 was verified in two liver cancer cell lines (Fig. 3A, B). The
first knockout (HERPUD1-sg1) was more efficient and was used in
further downstream analysis. Flow cytometry was used to observe
whether the two phenotypes related to ferroptosis changed after
knocking out HERPUD1. We treated WT and HERPUD1-sg1 liver
cancer cells: ferroptosis inducer treatment group, CA treatment
group, CA and ferroptosis inducers combined treatment group.
After 24 h of treatment, cell death was quantified by flow
cytometry. Compared with WT liver cancer cells, cell death was
reduced in HERPUD1-sg1 cells after treatment (Fig. 3C, D).
Similarly, after the same drug treatment for 10 h, the production
of lipid ROS was also reduced in HERPUD1-sg1 cells (Fig. 3E, F).
Interestingly, the same number of cell death or lipid ROS were
produced in HERPUD1-sg1 cells when erastin or RSL3 were added
after 1 h of CA pretreatment compared to wild-type liver cancer
cells. Liver cancer cells that knockout HERPUD1 produced less lipid
reactive oxygen species and cell death after treatment with the CA
or ferroptosis inducers. In summary, we can infer from the above

results that CA increases the sensitivity of liver cancer cells to
ferroptosis by upregulating HERPUD1.

Corosolic acid inhibits glutathione synthesis through the gene
HERPUD1
Ferroptosis is caused by the inhibition of the glutathione (GSH)
synthesis pathway, the large accumulation of iron, and excessive
lipid synthesis [27]. Ferrous ions (Fe2+) can initiate liposome
peroxidation through Fenton reaction to promote ferroptosis [28].
Therefore, the degree of ferroptosis can be quantified by
detecting the content of Fe2+. Similarly, ferroptosis can also be
detected by quantifying the content of GSH. We confirmed that
CA increases the sensitivity of liver cancer cells to ferroptosis
through HERPUD1. We next investigated the mechanism of how
CA increases the sensitivity of liver cancer cells to ferroptosis
through HERPUD1. We tested GSH and Fe2+ contents in WT and
HERPUD1-sg1 liver cancer cells after different treatments. The
content of GSH was decreased after adding ferroptosis inducers
erastin or RSL3 to WT liver cancer cells. Moreover, the results
showed that GSH decreased more significantly after CA pretreat-
ment (Fig. 4A). In HERPUD1-sg1 liver cancer cells, the content of
GSH in the same treatment group was significantly higher than
that in WT liver cancer cells (Fig. 4A). The Fe2+ content in WT liver
cancer cells increased after adding erastin or RSL3, but the Fe2+

content did not increase significantly after CA pretreatment
compared with adding ferroptosis inducer alone (Fig. 4B). In
addition, Fe2+ content in the same treatment did not change
significantly in WT and HERPUD1-sg1 liver cancer cells (Fig. 4B).
Therefore, we preliminarily inferred that CA increases ferroptosis
sensitivity through HERPUD1 by reducing the content of
intracellular GSH. We then further explored how HERPUD1 affects
GSH content. GSH is synthesized from glycine, cysteine, and
glutamate [29, 30], and cystine and cysteine can be produced by
the metabolic axis of glucose to serine [31, 32]. The GSH synthesis
pathway and the pivotal enzymes required in the synthesis
process are shown in Fig. 4C. We examined the enzymes that
participate in GSH metabolism to investigate which is essential for
HERPUD1 to regulate GSH. These enzymes include cystathionine
beta-synthase (CBS), cystathionine gamma-lyase (CTH), serine
hydroxymethyltransferase 2 (SHMT2), glutamate-cysteine ligase
catalytic subunit (GCLC) and glutathione synthetase (GSS) (Fig. 4C).
We first designed primers for these enzymes and then used qPCR
to detect whether the mRNA expression of these enzymes
changed in HERPUD1-sg1 cells compared with WT cells. The
results showed that the expression of enzymes did not change at
the mRNA level (Fig. 4D). Immunoblotting experiments were used
to detect the changes of these enzymes at the protein level.
Compared with wild-type cells, the expression of GSS protein
increased after the HERPUD1 gene was knocked out, and there
were no significant changes in other proteins (Fig. 4E). To sum up,
we can infer that CA increases ferroptosis sensitivity through
HERPUD1 mainly by reducing the protein level of GSS and
reducing the synthesis of GSH.

CA regulates GSS content by reducing MDM2 ubiquitination
through HERPUD1
We have shown that CA inhibits the synthesis of GSH by reducing
GSS through HERPUD1. We will further clarify the specific
mechanism by which CA affects GSS through HERPUD1. The
results of cycloheximide (CHX) chase experiment showed that the
half-life of GSS was prolonged in liver cancer cells after HERPUD1
was knocked out (Fig. 5A). Then, we need to explore why the half-
life of GSS is prolonged after HERPUD1 is knocked out. HERPUD1 is
upregulated in response to endoplasmic reticulum stress [33]. It is
reported that HERPUD1 is related to ubiquitination [34, 35], so we
hypothesized HERPUD1 reduces the content of GSS by affecting
the ubiquitination of GSS. Co-IP experiment was used to verify
whether the ubiquitination level of GSS has changed in WT or
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Fig. 2 RNA-seq and TMT screened out the gene HERPUD1. A Three genes that were co-upregulated were identified by RNA-seq and TMT in
Bel-7402 and Bel-7404 cells. B–D The candidates were further screened by adding CA and ferroptosis inducers. qPCR experiment was used to
detect the mRNA of these three candidate genes after adding drugs. E HERPUD1, HMGCS1, and GDF15 expression were measured by
immunoblotting in liver cancer cell lines (Bel-7402 and Bel-7404), as indicated. The IB data are representative images from three biological
replicates. F Densitometric analysis of HERPUD1 protein expression in Bel-7402 and Bel-7404 cells normalized to housekeeping protein
GAPDH. Data were analyzed using Student’s t test and expressed as mean ± SD. ***P < 0.001; ****P < 0.0001.
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Fig. 3 CA increases the sensitivity of HCC cells to ferroptosis by upregulating HERPUD1. A Immunoblotting analysis of the expression of
HERPUD1 in liver cancer cells after Crispr–Cas9-mediated HERPUD1 depletion. B The relative protein level of HERPUD1 is normalized
according to the level of GAPDH calculated using ImageJ software. C, D Bel-7402 and Bel-7404 cells with either wild-type or HERPUD1-sg1
were seeded at an indicated density in six-well plates and cultured for 24 h, then treated with: 10 μM erastin or 5 μM RSL3; 10 μM CA;
pretreatment with 10 μM CA for 1 h followed by 10 μM erastin or 5 μM RSL3, in complete medium for 24 h. Cell death was quantified by flow
cytometry. E, F Lipid ROS measurement of HERPUD1-sg1 and the wild-type cells seeded in six-well plates after treated with: 10 μM erastin or
5 μM RSL3; 10 μM CA; pretreatment with 10 μM CA for 1 h followed by 10 μM erastin or 5 μM RSL3, in complete medium for 10 h. Data were
analyzed using Student’s t test and expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 4 HERPUD1 downregulates GSH by reducing the protein level of GSS. A, B GSH and Fe2+ content in liver cancer cells with or without
HERPUD1 after adding erastin, RSL3, CA. C The ferroptosis-related metabolic axis from glucose to GSH. D mRNA levels of GCLC, GSS, CBS, CTH,
and SHMT2 were analyzed by qPCR in Bel-7402 and Bel-7404 cells with or without HERPUD1. E Protein levels of GCLC, GSS, CBS, CTH, and
SHMT2 were analyzed by immunoblotting in Bel-7402 and Bel-7404 cells with or without HERPUD1. F The relative protein level of GCLC, GSS,
CBS, CTH, and SHMT2 are normalized according to the level of GAPDH calculated by ImageJ software. The data were analyzed using Student’s
t test and shown as the mean ± SD from three biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001 indicates statistical significance.
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HERPUD1-sg1 liver cancer cells. We found that after knocking out
HERPUD1, the ubiquitination of GSS was reduced compared with
the control group (Fig. 5B). We further added ferroptosis inducer
and CA to detect how the ubiquitination of GSS changes in liver
cancer cells. The ubiquitination of GSS increased after erastin and

RSL3 were added (Fig. 5C). When cells were pretreated with CA
followed by erastin and RSL3, the ubiquitination of GSS increased
more significantly (Fig. 5C). Based on this finding, we considered
whether HERPUD1 could increase the ubiquitination of GSS by
affecting the ubiquitinating enzyme associated with GSS. GSS-
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related ubiquitinating enzymes were retrieved using the UbiBrow-
ser software. Two major E3 ubiquitination ligases SYVN1 and
MDM2 were selected (Fig. 5D). Co-IP experiments were used to
verify whether GSS interacts with these two ubiquitinating
enzymes. The results demonstrated that GSS interacts with
MDM2, but not with SYVN1 (Fig. 5E). We also tested whether
the binding between GSS and the two ubiquitinases changed
following HERPUD1 overexpression. The results demonstrated that
after HERPUD1 is overexpressed, the binding between GSS and
MDM2 becomes stronger, but the relationship between GSS and
SYVN1 does not change (Fig. 5F). According to reports, murine
double minute 2 (MDM2) is an oncoprotein [36–38] and can
induce the ubiquitination of multiple target proteins [39].
Compared with normal liver cancer cells, the ubiquitination of
MDM2 was increased in HERPUD1-sg1 liver cancer cells by co-IP
experiments (Fig. 5G), and the half-life of MDM2 was prolonged in
liver cancer cells knocked out HERPUD1 by CHX chase experi-
ments (Fig. 5H). These results demonstrate that CA increases the
sensitivity of liver cancer cells to ferroptosis by upregulating
HERPUD1, while HERPUD1 reduces the ubiquitination of MDM2 to
reduce the content of GSS, thereby inhibiting GSH synthesis and
promoting ferroptosis.

In vivo experiments showed that CA increased ferroptosis
sensitivity by upregulating HERPUD1
Previously, we demonstrated through in vitro cell experiments that
CA acts on MDM2 via HERPUD1 to reduce GSS and then inhibit GSH
synthesis, thereby increasing ferroptosis. Next, we verified whether
CA has the same effect in vivo using xenograft model experiments.
In vivo experiments showed that CA and ferroptosis inducer IKE
could inhibit the growth of xenografts, and the inhibition effect was
more significant when combined (Fig. 6A–C). The results shown that
after the same drug treatment, the size of HERPUD1-sg1 xenografts
is larger than that of wild-type, indicating that ferroptosis is reduced
after knockout of HERPUD1, and the inhibitory effect of drugs on
xenografts is weakened (Fig. 6A). We randomly removed tissues
from each treatment group for grinding, and detected the content
of GSH, we found that the content of GSH decreased after adding
CA and the ferroptosis inducer IKE, and the reduction of GSH
content was more significant when the two drugs were combined
(Fig. 6D). However, after the same drug treatment, the GSH content
of each group knocking out HERPUD1 was generally higher than
that of the wild-type (Fig. 6D), which was consistent with the in vitro
results. The results show we detected the expression of HERPUD1 at
the mRNA and protein levels (Fig. 6E, F), which were consistent with
the previous in vitro results. The interaction between GSS and
MDM2 in tissues detected by co-IP experiments (Fig. 6G), which was
consistent with the experimental results in vitro. The ubiquitination
of GSS was reduced, and the ubiquitination of MDM2 was increased
after knockout HERPUD1 (Fig. 6H, J). The ubiquitination of GSS
increased after the addition of CA and the ferroptosis inducer IKE,
and the increase in ubiquitination was more pronounced after these
two drugs were combined. Overall, the results of the in vivo

experiments are consistent with our previous in vitro experiments.
Therefore, we confirmed from both in vivo and in vitro experiments
that CA acts on MDM2 through HERPUD1 to reduce GSS, and then
inhibit the synthesis of GSH to increase ferroptosis.

DISCUSSION
Liver cancer remains a major global health challenge with rising
incidence worldwide and high mortality, according to estimates
by the World Health Organization (WHO) [2]. Standard chemother-
apy is ineffective for most patients with liver cancer, finding more
effective treatment methods and drugs is very urgent. Sorafenib,
an oncogenic kinase inhibitor, is an FDA-approved drug for the
treatment of advanced HCC and has been shown to prolong
overall survival in unresectable HCC [40]. The artemisinin
derivative dihydroartemisinin can sensitize cancer cells to
ferroptosis by increasing free iron levels [41]. CA has received
extensive attention due to its various pharmacological activities
such as anti-inflammatory, antitumor and anti-diabetic, among
which the antitumor effect has become a research hotspot. A
previous study [42] showed that CA has anti-HCC effects both
in vitro and in vivo for the treatment of HCC cells. In this study, we
found that the combination of CA with ferroptosis inducers can
increase the sensitivity of liver cancer cells to ferroptosis (Fig. 1).
The key gene HERPUD1 that CA increases the ferroptosis

sensitivity of liver cancer cells was screened by RNA-seq and TMT
(Fig. 2). HERPUD1 is an endoplasmic reticulum (ER) membrane
protein that is generally expressed and highly induced during
unfolded protein responses (UPR) and cell stress [35]. HERPUD1
plays a role in the regulation of cellular homeostasis and protein
degradation through the formation of endoplasmic reticulum-
associated degradation (ERAD) complex in the proteasomal
pathway [33]. HERPUD1 is a recognized UPR target, a component
and regulator of ERAD [43], and E3 ubiquitin ligase HRD1 [44, 45],
ubiquitin [45], SEL1L, OS-9 and Derlin-1 [44] interact to degrade a
variety of proteins. A previous study showed that Circ_002117
upregulated HERPUD1 through miR-370 binding to increase the
apoptosis of gastric cancer cells induced by ER stress [46].
HERPUD1 reduces apoptosis by reducing the content of inositol
1,4,5-trisphosphate receptor (ITPR) [33]. However, the role of
HERPUD1 in liver cancer and ferroptosis is less clear. In this study,
we found that CA increased the sensitivity of liver cancer cells to
ferroptosis by upregulating HERPUD1 (Figs. 2 and 3).
Ferroptosis is a regulated form of cell death that is iron-

dependent. Recent research has shown that ferroptosis is
implicated in numerous human diseases and pathological
processes, such as tumors [47], ischemia-reperfusion injury [48],
renal damage [49], cardiomyopathy [50], blood diseases [51], and
iron metabolism-related diseases [52]. GSH is an important
antioxidant, and GSH-related antioxidant systems can provide
energy for cell growth and migration. In liver cancer cells, GSH-
related antioxidant systems can inhibit ferroptosis [53–55],
because GSH can reduce lipid peroxides to the corresponding

Fig. 5 HERPUD1 affects the ubiquitination of GSS by acting on MDM2. A Half-life of GSS in Bel-7402 or Bel-7404 cells with or without
HERPUD1 knocked out was detected by CHX chase experiments. The relative protein levels of GSS were normalized to those of GAPDH, and
the “0 h” point was arbitrarily set to 100%. B Total ubiquitination of GSS was detected by co-IP experiments and measured by an anti-total
ubiquitin antibody. C Bel-7402 and Bel-7404 cells were seeded at the indicated density in 10 cm petri dish and cultured for 24 h, then treated
with: 10 μM erastin or 5 μM RSL3; 10 μM CA; pretreatment with 10 μM CA for 1 h followed by 10 μM erastin or 5 μM RSL3, in complete medium
for 24 h. The drug-treated protein was then collected, co-IP was performed with anti-GSS antibody according to the previous steps, and
measured by anti-total ubiquitin antibody. D UbiBrowser online software and the literature was used to identify GSS-related ubiquitinating
enzymes. E Reciprocal IP experiments of GSS, MDM2 and SYVN1 in wild-type Bel-7402 and Bel-7404 cells. F Reciprocal IP experiments for
detecting GSS, MDM2 and SYVN1 in Bel-7402 and Bel-7404 cells which HERPUD1 were overexpressed. G Endogenous MDM2 was
immunoprecipitated by anti-MDM2 antibody and ubiquitination of MDM2 were measured by anti-ubiquitin antibody in Bel-7404 and Bel-
7402 cells with or without HERPUD1 knocked out. Representative images of IB are shown in the figure. H Half-life of MDM2 was detected by
CHX chase experiments in Bel-7402 and Bel-7404 cells with or without HERPUD1 knocked out. The relative protein levels of MDM2 were
normalized to those of GAPDH, and the “0 h” point was arbitrarily set to 100%. Data were expressed as mean ± SD. Images of all the
immunoblots are representative of three independent experiments.

Y. Peng et al.

8

Cell Death Discovery           (2022) 8:376 



alcohols and protect cells from lipid peroxide damage [53, 56]. It is
also understandable that GSH depletion leads to ferroptosis
[56–58]. According to previously published reports, both glycine
and cysteine, the raw materials for the synthesis of GSH, can be
produced through the metabolic process of converting glucose to

serine (Fig. 4C) [31, 32]. Therefore, the maintenance of anti-
ferroptotic activity in cancer cells is closely related to the enzyme
that converts serine to GSH [59]. For GSS, one study reported that
inhibition of GSS by the compound solanine, isolated from
Solanum melongena, increased lipid ROS levels in HepG2 cells [60].
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In our study, we found that CA reduced the protein level of GSS by
upregulating HERPUD1 (Fig. 4E) and inhibited the synthesis of
GSH, thereby promoting the occurrence of ferroptosis.
We found that HERPUD1 is related to the ubiquitination of GSS

(Fig. 5B, C), and further found the related key ubiquitination enzyme
MDM2 of GSS by UbiBrowser software (Fig. 5D–F). Murine double
minute 2 (MDM2), or HDM2 in humans, is an oncoprotein [36–38].
The MDM2 gene has been shown to be aberrantly upregulated in
human tumor cell lines through gene amplification, increased
transcription, and enhanced translation [61]. It is known that MDM2
can induce the ubiquitination of multiple target proteins. MDM2 is in
cancer cell types, including lung, breast, colorectal adenocarcinoma,
and osteosarcoma. MDM2 is elevated in a multiple of cancer cell
types, including colorectal adenocarcinoma, breast cancer, lung
cancer, and osteosarcoma [36, 62]. Clinically, aberrant upregulation
of MDM2 is associated with drug resistance, metastasis, and poor
prognosis in liver cancer [63]. We found that HERPUD1 reduces
MDM2 ubiquitination in liver cancer cells (Fig. 5G), while MDM2
induces the ubiquitination of GSS, thereby reducing the content of
GSS, and finally inhibiting the synthesis of GSH to increase
ferroptosis. In our study, we confirmed by in vivo and in vitro
experiments that HERPUD1 reduces GSS by acting on MDM2,
thereby inhibiting the synthesis of GSH, and ultimately increasing
the sensitivity of HCC cells to ferroptosis (Fig. 7).

CONCLUSION
In conclusion, our data are the first to show that CA can increase
the sensitivity of liver cancer cells to ferroptosis by upregulating
HERPUD1. We further explored the mechanism of ferroptosis and
found that CA acts on GSS-related ubiquitinating enzyme MDM2
by inducing HERPUD1 expression to reduce GSS and inhibit GSH
synthesis, thereby promoting ferroptosis.

MATERIALS AND METHODS
Cell culture, vectors, and drug
Liver cancer cell lines Bel-7402, SMMC-7721, Bel-7404, HepG2, and SK-
Hep1, and the hepatocyte cell line HL-7702, which were obtained from our
previous study [64]. These cell lines were authenticated, and no
mycoplasma contamination was detected. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, HyClone, Logan, UT, USA)
supplemented with 1% penicillin–streptomycin and 10% fetal bovine
serum (FBS, Gibco, Carlsbad, CA, USA). The cells were maintained in a 37 °C
incubator containing 5% carbon dioxide. Cells were treated with CA
(SC8500, Solarbio, Beijing, China), erastin (E7781, Sigma, St Louis, MO, USA),
RAS-selective lethal 3 (RSL3, S8155, Selleck), ferrostatin-1 (Fer-1, SML0583,
Sigma), and Cycloheximide (CHX, HY-12320, MCE, Shanghai, China).

Immunoblotting (IB)
Conventional protocols were used for IB with the details available
elsewhere. The following primary antibodies were used for IB: anti-
HERPUD1 (1:1000, ab150424, Abcam, Cambridge, UK), anti-GCLC (1:1000,
ab190685, Abcam), anti-CBS (1:1000, ab140600, Abcam), anti-CTH (1:1000,
ab189916, Abcam), anti-SHMT2 (1:1000, #33443, Cell Signaling Technology
(CST), Boston, MA, USA), anti-GSS (1:1000, #ab124811, Abcam) or GSS (H-7)

(1:500, sc-166882, Santa Cruz, Heidelberg, Germany), anti-MDM2 (1:1000,
ab259265, Abcam), anti-SYVN1 (1:1000, #14773, CST), anti-GAPDH (1:1000,
#5174, CST). The membranes were incubated with anti-rabbit IgG, HRP-
linked antibody (1:2000, #7071, CST) or anti-mouse IgG, HRP-linked
antibody (1:2000, #7076, CST) at room temperature for one hour, and
visualized using Clarity Western ECL substrate. The relative expression
levels of proteins were determined by densitometry using ImageJ software
and were normalized to housekeeping protein.

Co-immunoprecipitation (co-IP)
Cell lysates were incubated with the corresponding antibodies overnight at
4 °C, followed by incubation with protein A/G beads. Subsequently, the beads
were collected after washing with 1 × PBS and double-distilled water, and an
appropriate amount of 1 × loading buffer was added for IB. The antibodies
used for co-IP were anti-GSS (1:200, #ab124811, Abcam) or GSS (H-7) (1:50, sc-
166882, Santa Cruz), anti-MDM2 (1:200, ab259265, Abcam), anti-SYVN1
(1:200, #14773, CST) and anti-ubiquitin (1:200, #3936, CST).

Quantitative real-time PCR (qRT-PCR)
According to the manufacturer’s instructions, TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) was used to extract total RNA. RNA was reverse
transcribed into cDNA using a kit from Vazyme (R323-01, Nanjing, China). All
qPCR reactions were performed using 2× SYBR Green qPCR Master Mix. The
qPCR data is analyzed using the ΔΔCt method: ΔCt= Ct (target gene)− Ct
(GAPDH), ΔΔCt=ΔCt (test group)−ΔCt (control group). The relative
expression level of the target gene in cells was calculated as follows: relative
mRNA level= 2−ΔΔCt. The primers are listed in Supplementary Table 1.

Fig. 6 In vivo experiments demonstrate that CA increases ferroptosis sensitivity through HERPUD1. A Representative tumor pictures after
CA (10mg/kg), IKE (50mg/kg), CA and IKE combined treatment (n= 5/group). B Tumor growth curve monitored for 36 days, tumor volume
(mm3)= 0.5 × length × width2. C Tumors weighed after 36 days. D GSH content in tumors was detected after drug treatment using a GSH kit.
EmRNA levels of HERPUD1 in tumors were analyzed by qPCR assay after drug treatment. F Protein levels of HERPUD1 in tumors were analyzed
by immunoblotting. Representative images of IB were shown in the figure. G The interaction of GSS and MDM2 in tumors were detected by
co-IP experiments. H Total ubiquitination of GSS, as co-IP by anti-GSS antibody for the indicated treatment in Bel-7402 cells with or without
HERPUD1 knocked out, and measured by anti-total ubiquitin antibody. I Total ubiquitination of GSS, as co-IP by anti-GSS antibody for the
indicated treatment in Bel-7402 cells with or without drug treatment, and measured by anti-total ubiquitin antibody. J Total ubiquitination of
MDM2, as co-IP by anti-MDM2 antibody for the indicated treatment in Bel-7402 cells with or without HERPUD1 knocked out, and measured by
anti-total ubiquitin antibody. Images of all the immunoblots are representative of three independent experiments. Data were analyzed using
Student’s t test and expressed as mean ± SD from three biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001 indicates statistical significance.

Fig. 7 Mechanism diagram of CA increasing ferroptosis sensitivity
of liver cancer cells. Briefly, CA sensitizes ferroptosis by upregulat-
ing HERPUD1 in liver cancer cells. It was further analyzed that CA
acts on MDM2 through HERPUD1, increases the ubiquitination of
GSS, and then reduces the content of GSS to reduce the synthesis of
GSH, thereby increasing the sensitivity of liver cancer cells to
ferroptosis.
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Cell viability
Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China) was used to detect
cell viability. For CCK-8-based cell viability assays, Bel-7402 and Bel-7404
cells (8000 cells per well) were seeded in 96-well plates. The medium was
changed post-treatment to include CCK-8, incubated 30min at 37 °C, and
absorbance was measured at 450 nm.

Flow cytometry analysis
Different treatments were performed on Bel-7402 and Bel-7404 cells
seeded on a 6-well plate at an appropriate cell density. The cells were
collected, centrifuged, and washed twice with cold PBS. Cells were
resuspended in 200 μL PBS containing BODIPY 581/591 C11 (D3861,
Thermo Fisher, Waltham, MA, USA) and incubated at 37 °C in the dark for
10min. Flow cytometry was used to detect lipid ROS. Cell death was
analyzed by staining with SYTOX-Green (KGA261, KEYGEN, Nanjing, China)
followed by flow cytometry. Data were analyzed using FlowJo software.

GSH determination
Micro Reduced Glutathione (GSH) Assay Kit (BC1175, Solarbio) was used to
determine the content of GSH, and a microplate reader was used to
measure the absorbance at 412 nm according to the manufacturer’s
instructions. GSH content were normalized to protein concentration and
expressed as μM/mg protein.

Iron assay
Ferrous iron in wild-type (WT) and HERPUD1 knockout (HERPUD1-sg1) cells
was measured using iron assay kit (ab83366, Abcam, Cambridge, MA)
according to the manufacturer’s instructions.

RNA Sequencing (RNA-seq) and tandem mass tags (TMT)
analysis
The transcriptome sequencing and analysis were conducted by OE Biotech
Co., Ltd. (Shanghai, China). TMT analysis was performed and analyzed by
Luming Biotechnology (Shanghai, China).

Xenograft mouse model
A total of 24 male athymic nude mice (4–6 weeks old) (JieSiJie, Shanghai,
China) were randomly divided into four groups. 1 × 107 WT or HERPUD1-
sg1 Bel-7402 cells were injected subcutaneously into the back of the mice.
At day 14, Imidazole ketone erastin (IKE, 50 mg/kg, S8877, Selleck,
Shanghai, China), CA (10mg/kg), or CA (10 mg/kg) combined with IKE
(50mg/kg) were injected. Tumors were measured every other day. Tumor
volume was calculated as follows: 0.5 × length × width2. All animal
experiments were approved by the Ethics Committee of Shanghai Hospital
of Traditional Chinese Medicine and performed according to the NIH Guide
for the Care and Use of Laboratory Animals.

Statistical analysis
All data and error bars are presented as the mean ± SD from at least three
independent experiments. All the data were normally distributed. Tests to
examine the differences between groups included Student’s t test and
one-way ANOVA. P < 0.05 was regarded as statistically significant. The
variance was similar between the groups and was statistically compared.

DATA AVAILABILITY
RNA-seq data have been deposited in GEO (accession number: GSE201455), RNA-seq
date can be viewed at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201455,
and the password is ubevqgeyxtslnsd. TMT data have been deposited in ProteomeX-
change Consortium (accession number: PXD033462), TMT data can be viewed at https://
www.iprox.cn/page/PSV023.html;?url=16510400506514YTD, and the password is JKhP.

REFERENCES
1. Bray F, Laversanne M, Weiderpass E, Soerjomataram I. The ever-increasing

importance of cancer as a leading cause of premature death worldwide. Cancer
2021;127:3029–30.

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209–49.

3. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al. Fer-
roptosis: an iron-dependent form of nonapoptotic cell death. Cell 2012;149:1060–72.

4. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ, et al.
Ferroptosis: a regulated cell death nexus linking metabolism, redox biology, and
disease. Cell 2017;171:273–85.

5. Gao M, Jiang X. To eat or not to eat-the metabolic flavor of ferroptosis. Curr Opin
Cell Biol. 2018;51:58–64.

6. Stockwell BR, Jiang X, Gu W. Emerging mechanisms and disease relevance of
ferroptosis. Trends Cell Biol. 2020;30:478–90.

7. Wang L, Liu Y, Du T, Yang H, Lei L, Guo M, et al. ATF3 promotes erastin-induced
ferroptosis by suppressing system Xc(.). Cell Death Differ. 2020;27:662–75.

8. Wu F-Q, Fang T, Yu L-X, Lv G-S, Lv H-W, Liang D, et al. ADRB2 signaling promotes
HCC progression and sorafenib resistance by inhibiting autophagic degradation
of HIF1α. J Hepatol. 2016;65:314–24.

9. Louandre C, Ezzoukhry Z, Godin C, Barbare JC, Maziere JC, Chauffert B, et al. Iron-
dependent cell death of hepatocellular carcinoma cells exposed to sorafenib. Int
J Cancer. 2013;133:1732–42.

10. Sun X, Niu X, Chen R, He W, Chen D, Kang R, et al. Metallothionein-1G facilitates
sorafenib resistance through inhibition of ferroptosis. Hepatology 2016;64:488–500.

11. Zhu G, Murshed A, Li H, Ma J, Zhen N, Ding M, et al. O-GlcNAcylation enhances
sensitivity to RSL3-induced ferroptosis via the YAP/TFRC pathway in liver cancer.
Cell Death Discov. 2021;7:83.

12. Chen Y, Zhu G, Liu Y, Wu Q, Zhang X, Bian Z, et al. O-GlcNAcylated c-Jun
antagonizes ferroptosis via inhibiting GSH synthesis in liver cancer. Cell Signal.
2019;63:109384.

13. Zhang X, Du L, Qiao Y, Zhang X, Zheng W, Wu Q, et al. Ferroptosis is governed by
differential regulation of transcription in liver cancer. Redox Biol. 2019;24:101211.

14. Zhang Y, Shi J, Liu X, Feng L, Gong Z, Koppula P, et al. BAP1 links metabolic
regulation of ferroptosis to tumour suppression. Nat Cell Biol. 2018;20:1181–92.

15. Xu S, Wang G, Peng W, Xu Y, Zhang Y, Ge Y, et al. Corosolic acid isolated from
Eriobotrya japonica leaves reduces glucose level in human hepatocellular carci-
noma cells, zebrafish and rats. Sci Rep. 2019;9:4388.

16. Liu G, Cui Z, Gao X, Liu H, Wang L, Gong J, et al. Corosolic acid ameliorates non-
alcoholic steatohepatitis induced by high-fat diet and carbon tetrachloride by
regulating TGF-beta1/Smad2, NF-kappaB, and AMPK signaling pathways. Phyt-
other Res. 2021;35:5214–26.

17. Sivakumar G, Vail DR, Nair V, Medina-Bolivar F, Lay JO Jr. Plant-based corosolic
acid: future anti-diabetic drug? Biotechnol J. 2009;4:1704–11.

18. Zhang B-Y, Zhang L, Chen Y-M, Qiao X, Zhao S-L, Li P, et al. Corosolic acid inhibits
colorectal cancer cells growth as a novel HER2/HER3 heterodimerization inhibitor.
Br J Pharmacol. 2021;178:1475–91.

19. Li X, Widjaya AS, Liu J, Liu X, Long Z, Jiang Y. Cell-penetrating corosolic acid
liposome as a functional carrier for delivering chemotherapeutic drugs. Acta
Biomater. 2020;106:301–13.

20. Ma B, Zhang H, Wang Y, Zhao A, Zhu Z, Bao X, et al. Corosolic acid, a natural
triterpenoid, induces ER stress-dependent apoptosis in human castration resis-
tant prostate cancer cells via activation of IRE-1/JNK, PERK/CHOP and TRIB3. J Exp
Clin Cancer Res. 2018;37:210.

21. Xu Y, Ge R, Du J, Xin H, Yi T, Sheng J, et al. Corosolic acid induces apoptosis
through mitochondrial pathway and caspase activation in human cervix ade-
nocarcinoma HeLa cells. Cancer Lett. 2009;284:229–37.

22. Woo SM, Seo SU, Min KJ, Im SS, Nam JO, Chang JS, et al. Corosolic acid induces
non-apoptotic cell death through generation of lipid reactive oxygen species
production in human renal carcinoma caki cells. Int J Mol Sci. 2018;19:1309.

23. Cheng QL, Li HL, Li YC, Liu ZW, Guo XH, Cheng YJ. CRA (crosolic acid) isolated
from Actinidia valvata Dunn.Radix induces apoptosis of human gastric cancer cell
line BGC823 in vitro via down-regulation of the NF-kappaB pathway. Food Chem
Toxicol. 2017;105:475–85.

24. Sung B, Kang YJ, Kim DH, Hwang SY, Lee Y, Kim M, et al. Corosolic acid induces
apoptotic cell death in HCT116 human colon cancer cells through a caspase-
dependent pathway. Int J Mol Med. 2014;33:943–9.

25. Cai X, Zhang H, Tong D, Tan Z, Han D, Ji F, et al. Corosolic acid triggers mito-
chondria and caspase-dependent apoptotic cell death in osteosarcoma MG-63
cells. Phytother Res. 2011;25:1354–61.

26. Xu Y, Zhao Y, Xu Y, Guan Y, Zhang X, Chen Y, et al. Blocking inhibition to YAP by
actinomycinD enhances anti-tumor efficacy of Corosolic acid in treating liver
cancer. Cell Signal. 2017;29:209–17.

27. Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, et al. Ferroptosis: process and
function. Cell Death Differ. 2016;23:369–79.

28. He YJ, Liu XY, Xing L, Wan X, Chang X, Jiang HL. Fenton reaction-independent
ferroptosis therapy via glutathione and iron redox couple sequentially triggered
lipid peroxide generator. Biomaterials 2020;241:119911.

29. Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of ferroptosis
in cancer. Nat Rev Clin Oncol. 2021;18:280–96.

Y. Peng et al.

11

Cell Death Discovery           (2022) 8:376 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201455
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201455
https://www.iprox.cn/page/PSV023.html;?url=16510400506514YTD
https://www.iprox.cn/page/PSV023.html;?url=16510400506514YTD


30. Chi MC, Lo YH, Chen YY, Lin LL, Merlino A. Gamma-glutamyl transpeptidase archi-
tecture: effect of extra sequence deletion on autoprocessing, structure and stability
of the protein from Bacillus licheniformis. Biochim Biophys Acta. 2014;1844:2290–7.

31. DeNicola GM, Chen PH, Mullarky E, Sudderth JA, Hu Z, Wu D, et al. NRF2 regulates
serine biosynthesis in non-small cell lung cancer. Nat Genet. 2015;47:1475–81.

32. Mullarky E, Lucki NC, Beheshti Zavareh R, Anglin JL, Gomes AP, Nicolay BN, et al.
Identification of a small molecule inhibitor of 3-phosphoglycerate dehy-
drogenase to target serine biosynthesis in cancers. Proc Natl Acad Sci USA.
2016;113:1778–83.

33. Paredes F, Parra V, Torrealba N, Navarro-Marquez M, Gatica D, Bravo-Sagua R,
et al. HERPUD1 protects against oxidative stress-induced apoptosis through
downregulation of the inositol 1,4,5-trisphosphate receptor. Free Radic Biol Med.
2016;90:206–18.

34. Li W, Wang Y, Zhu L, Du S, Mao J, Wang Y, et al. The P300/XBP1s/Herpud1 axis
promotes macrophage M2 polarization and the development of choroidal neo-
vascularization. J Cell Mol Med. 2021;25:6709–20.

35. Americo-Da-Silva L, Diaz J, Bustamante M, Mancilla G, Oyarzun I, Verdejo HE, et al.
A new role for HERPUD1 and ERAD activation in osteoblast differentiation and
mineralization. FASEB J. 2018;32:4681–95.

36. Oliner JD, Kinzler KW, Meltzer PS, George DL, Vogelstein B. Amplification of a gene
encoding a p53-associated protein in human sarcomas. Nature 1992;358:80–83.

37. Shangary S, Wang S. Targeting the MDM2-p53 interaction for cancer therapy. Clin
Cancer Res. 2008;14:5318–24.

38. Iwakuma T, Lozano G. MDM2, an introduction. Mol Cancer Res. 2003;1:993–1000.
39. Shen H, Zhang J, Wang C, Jain PP, Xiong M, Shi X, et al. MDM2-mediated ubi-

quitination of angiotensin-converting enzyme 2 contributes to the development
of pulmonary arterial hypertension. Circulation 2020;142:1190–204.

40. Tovoli F, Ielasi L, Casadei-Gardini A, Granito A, Foschi FG, Rovesti G, et al. Man-
agement of adverse events with tailored sorafenib dosing prolongs survival of
hepatocellular carcinoma patients. J Hepatol. 2019;71:1175–83.

41. Chen GQ, Benthani FA, Wu J, Liang D, Bian ZX, Jiang X. Artemisinin compounds
sensitize cancer cells to ferroptosis by regulating iron homeostasis. Cell Death
Differ. 2020;27:242–54.

42. Ku CY, Wang YR, Lin HY, Lu SC, Lin JY. Corosolic acid inhibits hepatocellular
carcinoma cell migration by targeting the VEGFR2/Src/FAK pathway. PLoS ONE.
2015;10:e0126725.

43. Leitman J, Shenkman M, Gofman Y, Shtern NO, Ben-Tal N, Hendershot LM, et al.
Herp coordinates compartmentalization and recruitment of HRD1 and misfolded
proteins for ERAD. Mol Biol Cell. 2014;25:1050–60.

44. Schulze A, Standera S, Buerger E, Kikkert M, van Voorden S, Wiertz E, et al. The
ubiquitin-domain protein HERP forms a complex with components of the endo-
plasmic reticulum associated degradation pathway. J Mol Biol. 2005;354:1021–7.

45. Kim TY, Kim E, Yoon SK, Yoon JB. Herp enhances ER-associated protein degra-
dation by recruiting ubiquilins. Biochem Biophys Res Commun. 2008;369:741–6.

46. Zhou N, Qiao H, Zeng M, Yang L, Zhou Y, Guan Q. Circ_002117 binds to
microRNA-370 and promotes endoplasmic reticulum stress-induced apoptosis in
gastric cancer. Cancer Cell Int. 2020;20:465.

47. Alvarez SW, Sviderskiy VO, Terzi EM, Papagiannakopoulos T, Moreira AL, Adams S,
et al. NFS1 undergoes positive selection in lung tumours and protects cells from
ferroptosis. Nature 2017;551:639–43.

48. Fang X, Wang H, Han D, Xie E, Yang X, Wei J, et al. Ferroptosis as a target for
protection against cardiomyopathy. Proc Natl Acad Sci USA. 2019;116:2672–80.

49. Wenzel SE, Tyurina YY, Zhao J, St Croix CM, Dar HH, Mao G, et al. PEBP1 wardens
ferroptosis by enabling lipoxygenase generation of lipid death signals. Cell
2017;171:628–41. e626

50. Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. Glutaminolysis and transferrin
regulate ferroptosis. Mol Cell. 2015;59:298–308.

51. Li J, Cao F, Yin HL, Huang ZJ, Lin ZT, Mao N, et al. Ferroptosis: past, present and
future. Cell Death Dis. 2020;11:88.

52. Wang H, An P, Xie E, Wu Q, Fang X, Gao H, et al. Characterization of ferroptosis in
murine models of hemochromatosis. Hepatology 2017;66:449–65.

53. Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: the role of GSH and
GPx4. Free Radic Biol Med. 2020;152:175–85.

54. Baulies A, Montero J, Matias N, Insausti N, Terrones O, Basanez G, et al. The
2-oxoglutarate carrier promotes liver cancer by sustaining mitochondrial GSH
despite cholesterol loading. Redox Biol. 2018;14:164–77.

55. Huang ZZ, Chen C, Zeng Z, Yang H, Oh J, Chen L, et al. Mechanism and sig-
nificance of increased glutathione level in human hepatocellular carcinoma and
liver regeneration. FASEB J. 2001;15:19–21.

56. Tang H, Li C, Zhang Y, Zheng H, Cheng Y, Zhu J, et al. Targeted manganese doped
silica nano GSH-cleaner for treatment of liver cancer by destroying the intra-
cellular redox homeostasis. Theranostics 2020;10:9865–87.

57. Fei W, Chen D, Tang H, Li C, Zheng W, Chen F, et al. Targeted GSH-exhausting and
hydroxyl radical self-producing manganese-silica nanomissiles for MRI guided
ferroptotic cancer therapy. Nanoscale 2020;12:16738–54.

58. Tang H, Chen D, Li C, Zheng C, Wu X, Zhang Y, et al. Dual GSH-exhausting
sorafenib loaded manganese-silica nanodrugs for inducing the ferroptosis of
hepatocellular carcinoma cells. Int J Pharm. 2019;572:118782.

59. Yang Y, Lin J, Guo S, Xue X, Wang Y, Qiu S, et al. RRM2 protects against ferroptosis
and is a tumor biomarker for liver cancer. Cancer Cell Int. 2020;20:587.

60. Jin M, Shi C, Li T, Wu Y, Hu C, Huang G. Solasonine promotes ferroptosis of
hepatoma carcinoma cells via glutathione peroxidase 4-induced destruction of
the glutathione redox system. Biomed Pharmacother. 2020;129:110282.

61. Momand J, Jung D, Wilczynski S, Niland J. The MDM2 gene amplification data-
base. Nucleic Acids Res. 1998;26:3453–9.

62. Oliner JD, Saiki AY, Caenepeel S. The role of MDM2 amplification and over-
expression in tumorigenesis. Cold Spring Harb Perspect Med. 2016;6:a026336.

63. Jia M, Xiong Y, Li M, Mao Q. Corosolic acid inhibits cancer progress through
inactivating YAP in hepatocellular carcinoma. Oncol Res. 2020;28:371–83.

64. Zhang X, Xu Y, Qian Z, Zheng W, Wu Q, Chen Y, et al. circRNA_104075 stimulates
YAP-dependent tumorigenesis through the regulation of HNF4a and may serve
as a diagnostic marker in hepatocellular carcinoma. Cell Death Dis. 2018;9:1091.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China
(8187141410). We thank Fahad A. Benthani, PhD, for editing the English text of a draft
of this manuscript.

AUTHOR CONTRIBUTIONS
YX and YP were involved in conceptualization; YX, YP, and NL were involved in
methodology; YP, FT, and JL were involved in the investigation; YX and YP were
involved in data curation; YX, YP, and FT formally analyzed the data; YX and NL were
involved in funding acquisition; YX and YP oversaw the project; YP, CQ, TJ, and YX
wrote the initial draft; YX and YP reviewed and edited the manuscript. All authors
read and approved the final version of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-022-01169-0.

Correspondence and requests for materials should be addressed to Yanfeng Xu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Y. Peng et al.

12

Cell Death Discovery           (2022) 8:376 

https://doi.org/10.1038/s41420-022-01169-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Corosolic acid sensitizes ferroptosis by upregulating HERPUD1 in liver cancer cells
	Introduction
	Results
	Corosolic acid can increase the sensitivity of liver cancer cells to ferroptosis
	Corosolic acid increases the sensitivity of liver cancer cells to ferroptosis by upregulating HERPUD1
	Corosolic acid inhibits glutathione synthesis through the gene HERPUD1
	CA regulates GSS content by reducing MDM2 ubiquitination through HERPUD1
	In vivo experiments showed that CA increased ferroptosis sensitivity by upregulating HERPUD1

	Discussion
	Conclusion
	Materials and methods
	Cell culture, vectors, and drug
	Immunoblotting (IB)
	Co-immunoprecipitation (co-IP)
	Quantitative real-time PCR (qRT-PCR)
	Cell viability
	Flow cytometry analysis
	GSH determination
	Iron assay
	RNA Sequencing (RNA-seq) and tandem mass tags (TMT) analysis
	Xenograft mouse model
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




