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Abstract: The present study intends to clarify the hypoth-
esis that isocitrate dehydrogenase 1 (IDH1) mutation in
cholangiocarcinoma impairs tumor progression by sensi-
tizing cells to ferroptosis through the in vitro and in vivo
experiments. Cholangiocarcinoma RBE cell line was trans-
fected with IDH1 R132C mutation plasmids and treated
with erastin to induce ferroptosis, which were then micro-
scopically photographed. Cell viability rate was calculated
by trypan blue staining. The lipid ROS level was deter-
mined by using flow cytometer. The BALB/c nude mice
were injected subcutaneously with IDH1 knockout (KO),
WT, or R132C mutation cell line, followed by injecting era-
stin intraperitoneally. The tumor tissue was surgically
separated for the measurement of tumor volume and
weight. The results showed that IDH1 mutant RBE cell
line are sensitive to erastin-induced ferroptosis, evidenced
by the increased number of propidium iodide-positive
cells, the decreased cell viability, and increased lipid
ROS level. However, current targeted inhibitors of IDH1
mutation (AG120 and IDH305) reversed these effects caused
by IDH1 mutation. The in vivo experiment showed that IDH1
mutation in cholangiocarcinoma impairs tumor progression
by sensitizing cells to erastin-induced ferroptosis. This study
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indicated that IDH1 mutation in cholangiocarcinoma impairs
tumor progression by sensitizing cells to erastin-induced
ferroptosis.
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1 Introduction

Cholangiocarcinoma is an adenocarcinoma of the epithe-
lial cells that occurs anywhere in the bile duct, which can
be classified into intrahepatic, periportal, and distal types
based on its clinical features. Surgery and liver transplan-
tation are the recommended treatment options for all
types of bile duct cancer in a small number of patients.
The 5-year survival rate for patients with early-stage
intrahepatic cholangiocarcinoma is 15%. However, if intra-
hepatic cholangiocarcinoma has spread to more distant
parts of the body, the 5-year survival rate decreases to
2% [1]. Since surgery cannot completely remove metastatic
tumors, other non-surgical treatments are recommended.

Iron-dependent lipid peroxide accumulation leads to
cell death in the form of “ferroptosis” [2]. Recent studies
have shown that ferroptosis is closely related to various
human diseases and closely related to the mechanisms
and treatments of tumorigenesis [3]. Studies have shown
that herbal monomers (quercetin [4], artemisinin [5],
salvia [6], etc.) can exert antitumor effects by inducing
ferroptosis. In addition, Han et al. [7] found significantly
lower levels of glutathione (GSH), peroxides, glutathione
peroxidase (GPX) and ferrous iron [Fe*"] in extrahepatic
cholangiocarcinoma compared to controls, suggesting
the dysregulated iron metabolism and GPX-regulated
ferroptosis.

Gene mutations are thought to play a key role in the
development and progression of cholangiocarcinoma.
Mutations in several genes (e.g., KRAS, Tp53, etc. [8])
have been found to be associated with the development
of bile duct cancer. Mutations in isocitrate dehydro-
genase 1 (IDH1) are presented in several human cancers
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including cholangiocarcinoma [9]. Wang et al. [10] found
that mutated IDH1 was associated with a beneficial prog-
nosis in cholangiocarcinoma and inhibited tumor growth
by suppressing Akt signaling. Our previous study [11]
demonstrated that IDH1 mutations in cholangiocarci-
noma impair tumor progression by inhibiting isocitric
acid metabolism. It raises the possibility that IDH1 muta-
tion in cholangiocarcinoma impairs tumor progression by
inducing ferroptosis. It was shown that the mutant form
of IDH1/2 catalyzes the irreversible accumulation of 2-
hydroxyglutaric acid (2HG), which is an alternative marker
for IDH1 mutated intrahepatic cholangiocarcinoma [12],
while 2HG produced by IDH1 mutations has been reported
to promote erastin-induced ferroptosis in human fibroma
cells and esophageal squamous carcinoma cells [13].

Erastin is a recognized inducer of ferroptosis that has
been validated in a variety of tumor cells, such as breast
cancer [14], hepatocellular carcinoma [15], and acute
myeloid leukemia [16]. However, the effects of erastin
on cholangiocarcinoma are little reported. Combined with
the findings from previous studies, this study aimed to
explore whether IDH1 mutation in cholangiocarcinoma
impairs tumor progression by sensitizing cells to erastin-
induced ferroptosis.

2 Materials and methods

2.1 Plasmid, chemicals, reagents, and
materials

Cholangiocarcinoma RBE cell line was purchased from
the American Type Culture Collection (ATCC). AG-120
(CSNpharm), IDH305 (DC Chemicals), erastin (MedChemExpress,
ME) were purchased commercially. Male BALB/c nude
mice were purchased from Guangzhou Laboratory Animal
Center (Guangzhou, China).

2.2 Cell culture

Cells were cultured in complete Dulbecco’s modified
Eagle medium (DMEM) containing fetal bovine serum
(FBS, 10%) and antibiotics (penicillin and streptomycin,
1%) under 37°C in the presence of CO, (5%) at constant
humidity.
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2.3 Cell viability

The cells (30 x 10*) were inoculated into 12 well plates
and cultured under the specified treatment conditions
(DMSO or erastin) for 12 h. Subsequently, the cells were
digested with trypsin and collected for trypan blue staining.
The cell viability was counted and calculated by using an
automated cell counter (Count Star, IC 1000). Cell viability
under test conditions is reported as a percentage relative to
those before treatment.

2.4 Construction of IDH1 mutation cell line

The IDH1 knockout (IDH1 KO) cell line was constructed
using CRISPR-Cas9 (Shanghai Liangtai Biotech Company,
Shanghai, China). In brief, when the RBE cells reached
70% confluency, cells were transfected with CRISPR-Cas9
knockout plasmids containing guide RNA sequence of IDH1
and sequence of Cas9 protein.

The IDH1 R132C mutation cell line was constructed by
transfecting the IDH1 KO cell line with IDH1 R132C muta-
tion plasmids. IDH1 KO REB cells transfected with vector
(empty plasmid) and plasmids containing WT IDH1 were
respectively named as Vector group and IDH1 WT group.

2.5 Groups

After construction of IDH1 Mutation, IDH1 WT, and Vector
cell line, cells were treated with 5puM erastin (DMSO as
control) for 12h. In another experiment, after construc-
tion of IDH1 Mutation cell line, cells were treated with
AG120 (0.5pM) or IDH305 (5nM) for 12h, followed by
administration of 5 uM erastin (DMSO as control) for 12 h.

2.6 Cell state and propidium iodide (PI)
staining

According to the grouping, PI dye was added to the cells
treated with erastin and incubated at 37°C for 15 min. The
cell state was captured by microscope, and the PI-stained
cells were observed and photographed by fluorescence
microscope.



DE GRUYTER

2.7 Cellular lipid ROS assay

Cells were seeded (6-well dishes, 400,000 cells/well) for
24 h, and then stained with C11-BODIPY 581/591 (Thermo
Fisher Scientific, San Jose, CA, USA; D3861) for 30 min at
37°C and then harvested by trypsinization. Cells were re-
suspended in PBS and strained through a 40 pm cell
strainer (BD Falcon), and then analyzed cells using flow
cytometer (Accuri C6, BD Biosciences) equipped with
488 nm laser for excitation. Data were collected from
the FL1. A minimum of 10,000 cells were analyzed per
condition.

2.8 Xenograft mouse model

Male BALB/c nude mice (6 weeks old) were housed in
a room (a 12-h light-dark cycle) and fed under experi-
mental conditions (22-24°C, humidity of 50 * 5%).
Animal procedures were approved by the Animal Care
and Use Committee in First Affiliated Hospital of Anhui
Medical University. After acclimatization for 1 week,
the mice were grouped into three groups, which were,
respectively, subcutaneously injected with 2 x 10° REB
IDH1 KO, REB IDH1 WT, or Vector cell line. After 1 week,
mice in each group were sub-grouped into 2 groups:
erastin was injected intraperitoneally at a dose of
15mg/kg in one group, and an equal volume of DMSO
was injected intraperitoneally in the other group, every
2 days for 20 days. Mice were administered once every
2 days, a total of 10 times. After the first administration,
the diameter and volume of tumor tissue of mice in
each group were measured every 3 days until the end of
the administration. Animals were executed and tumor
tissue was surgically isolated and removed, photographed,
and focused. The tumor volume was measured every
3 days, according to the formula: length x width? x 0.52.

2.9 Statistics

GraphPad 6.0 software was used for statistical analysis.
Data were represented as mean value + SD. Student’s
t-test was used for the comparisons between the two
groups and one-way analysis of variance (ANOVA) was
used for the comparisons among three or more than three
groups. p < 0.05 was considered as significant.
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3 Results

3.1 IDH1 mutation promoted erastin-induced
ferroptosis in cholangiocarcinoma RBE
cell line

To gain a clear understanding on the functional role of
IDH1 in the ferroptosis, cholangiocarcinoma RBE cell line
was, respectively, transfected with WT or Mutant IDHI
expressing plasmid to construct and IDH1 WT or knock-
down cell lines, followed by erastin treatment. The micro-
scopical photograph showed that the number of PI-posi-
tive cells was enhanced in erastin-treated IDH1 WT cell
line (Figure 1a and b). As shown in Figure 1c, the cell
viability assay showed that the viability of erastin-treated
IDH1 mutation cell line was significantly decreased as
compared to that of erastin-treated IDH1 knockdown or
IDH1 WT cell line. Besides, since excessive accumulation
of lipid ROS is a critical cause of ferroptosis, the subse-
quent assay was performed to determine whether mutant
IDH1 could promote the sensitivity of cholangiocarci-
noma to erastin by increasing lipid ROS. As shown in
Figure 1d-e, the lipid ROS levels in erastin-treated IDH1
mutation cell lines were increased compared to that in
erastin-treated IDH1 knockdown or WT cell line. Taken
together, IDH1 mutation could aggravate erastin-induced
ferroptosis in cholangiocarcinoma by increasing lipid ROS.

3.2 Inhibitors of IDH1 mutation reversed its
effects on erastin-induced ferroptosis in
cholangiocarcinoma RBE cell line

Current targeted inhibitors (AG120 and IDH305) of IDH1
mutation can selectively inhibit mutant IDH protein,
which were used to further verify the effects of IDH1
mutation on erastin-induced ferroptosis in cholangiocar-
cinoma. The microscopical photograph showed that, as
compared to the DMSO treatment, the number of PI-posi-
tive cells was significantly decreased after AG120 or
IDH305 treatment (Figure 2a and b). The Trypan blue
staining assay showed that, compared to the DMSO treat-
ment, the viability of IDH1 mutation cell line was signifi-
cantly increased, but there was no significant change in
the IDH1 mutation inhibitors groups (Figure 2c). Besides,
as shown in Figure 2d and e, AG120 or IDH305 treatment
decreased the lipid ROS levels in IDH1 mutation cell line
as compared to that with DMSO treatment. Taken together,
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Figure 1: IDH1 mutation promotes erastin-induced ferroptosis in cholangiocarcinoma RBE cell line. The IDH1 KO RBE cell line was constructed
using CRISPR-Cas9, and then the IDH1 KO cell line was, respectively, transfected with Vector, IDHI WT, or IDHI R132C mutation plasmid to
construct the IDH1 WT or mutation cell lines, followed by erastin (5 pM) treatment for 12 h, and (a) cells were microscopically photographed.
(b) The number of Pl-positive cells was statistically quantified. (c) The trypan blue staining assay was used to determine the cell viability.
(d and e) The lipid ROS levels were determined by using flow cytometer. *p < 0.05 vs DMSO treatment group, *p < 0.05, ##p < 0.001 vs IDH1
WT or IDH1 R132C group.



DE GRUYTER
(a)
DMSO
(@)
0
=
[=)
o
N
5
(O]
>4
n
o
R
x =
(=]
(c)
150+
<
2100+
E
]
>
3 50
(&)
o-
DMSO
(e) DMSO
8004
517%
o 600 -
n 5
E 8 400
(=)
2004
0 L] e T T T
0 102 103 10 105
ROS
800+
704%
_:_ 600+
®
IE § 400
2004
0 T T T
0 10 ID3 10‘ 10
ROS

Erastin

Erastin/PI staining

Role of IDH1 mutation in cholangiocarcinoma

(b)

PI (+) cell %

— 867

[
o
J
*
*
*

(223
o
1

IS
<

N
o
1

&
Q
(d)
1007 mm DMSO
Il DMSO G
4580 AG-120
W AG120 o 80
= B IDH-305
B IDH-305 & 40l
]
o
T 404
-
-
20+
0- [ |
Erastin DMSO
AG120 IDH1-305
® 5.23% 7 568%
I — [ —1
€ 400 00
Q Q
[$) o
2004 2004
0 Y T T b § 9 et T T iy |
o 102 100 w0t 1 o 102 100 w0t 1
ROS ROS
400
0] 391% 3004 382%
—_ —_
§ 400 § .
[$) o
200 100
0 T T L | 0 T T ey
0 10 TR TA ' 0 10 U T
ROS ROS

Erastin

Figure 2: Inhibitors of IDH1 mutation reversed its effects on erastin-induced ferroptosis in cholangiocarcinoma RBE cell line. Current
targeted inhibitors of IDH1 (AG120 and IDH305) were administrated into IDH1 R132C mutation cell line with erastin and DMSO treatment, and
(a) cells were microscopically photographed. (b) The number of Pl-positive cells was statistically quantified. (c) The trypan blue staining
assay was used to determine the effects of AG120 or IDH305 on the cell viability. (d) The effects of AG120 or IDH305 on the lipid ROS levels
were determined by using flow cytometer, and (d and e) statistically quantified. ***p < 0.001 vs DMSO treatment group.
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Figure 3: IDH1 mutation promotes erastin-induced tumor growth inhibition in cholangiocarcinoma. Male BALB/c nude mice were injected
subcutaneously with IDH1 KO, WT, or mutation cell line. One week later, mice were injected intraperitoneally with erastin or DMSO at a dose
of 15 mg/kg. (a) After administration, the diameter and volume of the tumor tissue were measured every 3 days until the end of the
administration. The animals were executed and the tumor tissue was surgically removed for photography (b), and for the measurement of
(c) tumor weight. *p < 0.05 vs DMSO treatment group, #p < 0.05 vs IDH1 WT group.

AG120 and IDH305 could reverse IDH1 mutation effects on
erastin-induced ferroptosis in cholangiocarcinoma.

3.3 IDH1 mutation promotes erastin-induced
tumor growth inhibition in
cholangiocarcinoma

Male BALB/c nude mice were injected subcutaneously
with IDH1 Knockdown cell line. One week later, the mice
were injected intraperitoneally with erastin at a dose of
15 mg/kg. After the first administration, the diameter and
volume of tumor tissue of mice in each group were mea-
sured every 3 days until the end of the administration. The
animals were executed and the tumor tissue was surgically
separated and removed for photography (Figure 3b). In
total, the tumor volume and weight were, respectively,
decreased by erastin treatment as compared to that by
DMSO treatment in IDH1 mutation group, indicating the

simulative effects of erastin on inhibiting tumor growth.
Besides, erastin had no significant effect on IDH1 WT cell
line and IDH1 knockout cell line. Taken together, IDH1
mutation promotes erastin-induced tumor growth inhibi-
tion in cholangiocarcinoma.

4 Discussion

In our previous study, IDH1 was identified as a high fre-
quency mutated gene in patients with cholangiocarci-
noma. The in vitro study showed that IDH1 promoted
cell proliferation, invasion and migration, whereas con-
versed results were found in IDH1 R132C mutation cells.
The in vivo study indicated that tumor volume in mice
transplanted with the IDH WT cells was significantly
increased when compared with that in mice transplanted
with the IDH R132C mutation cells. These results supported
that IDH1 R132C mutation impaired the development of



DE GRUYTER

cholangiocarcinoma [11]. Partly similar and more in-depth
is this article reveals that IDH1 R132C mutation damages
cholangiocarcinoma by inducing ferroptosis, and the evi-
dence is the increase of lipid ROS level. However, current
targeted inhibitors of IDH1 mutation (AG120 and IDH305)
reversed these effects caused by IDH1 mutation. The in vivo
experiment showed that IDH1 mutation promotes erastin-
induced tumor growth inhibition in cholangiocarcinoma.
Taken together, IDH1 mutation in cholangiocarcinoma
impairs tumor progression by sensitizing the cells to era-
stin-induced ferroptosis.

IDH1 mutations have been identified in many types of
cancer, including glioma [17], colon cancer [18], leukemia
[19], and prostate cancer [20]. In recent years, ferroptosis
has become an important subject of tumor research, whose
predictive and prognostic value in patients with cholan-
giocarcinoma has been reported recently. By constructing
ferroptosis scores, a previous study effectively predicted
the prognoses of patients with cholangiocarcinoma, and
discovered the potential gene targets to further enhance
the efficacy of photodynamic therapy [21]. Besides, Han
et al. [7] found significantly lower levels of GSH, peroxides,
GPX, and ferrous iron [Fe?*] in extrahepatic cholangiocar-
cinoma compared to controls, suggesting dysregulated
iron metabolism and GPX-regulated ferroptosis. This study
indicated the important role of IDH1 mutation in the pro-
gression of ferroptosis in cholangiocarcinoma.

A previous study [7] indicated that mutant IDH1
reduces the protein level of GPX4, a key enzyme in
removing lipid ROS and ferroptosis, and promotes deple-
tion of glutathione. Consistently, the lipid ROS levels in
erastin-treated IDH1 mutation cell line was increased
compared to that in erastin-treated IDH1 knockout or
WT cell line, indicating that IDH1 mutation could aggra-
vate erastin-induced ferroptosis in cholangiocarcinoma
by increasing lipid ROS. It is believed that excessive accu-
mulation of lipid peroxide (lipid ROS) is a critical cause
leading to ferroptosis [22]. Deeper investigations should
be performed to further validate the links between lipid
ROS and tumor progression in cholangiocarcinoma. Yuan
et al. [23] indicated that targeting the ROS/Tnf/JNK axis
may provide opportunities for intrahepatic cholangiocar-
cinoma therapy. Thongsom et al. [24] suggested that
piperlongumine induces G2/M phase arrest and apoptosis
in cholangiocarcinoma cells through the ROS-JNK-ERK
signaling pathway.

Wandee et al. [25] indicated that derrischalcone
suppresses cholangiocarcinoma cells through targeting
ROS-mediated mitochondrial cell death, Akt/mTOR, and
FAK pathways. The involvement of these pathways in the
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regulatory network between IDH1 mutation-mediated tumor
progression and ROS-induced ferroptosis, need validations
of more molecular mechanism experiments.

In conclusion, this study indicated that IDH1 muta-
tion in cholangiocarcinoma impairs tumor progression by
sensitizing cells to erastin-induced ferroptosis. This study
may provide a potential mechanism for better under-
standing the role of IDH1 mutation in cholangiocarcinoma.
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