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Kyushu University, Fukuoka, Japan TP53-induced glycolysis and apoptosis regulator (TIGAR) is an important gene that
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hepatic cholangiocarcinoma (ICC), and its role in ferroptosis is unclear. Ninety ICC

staining for TIGAR was performed. The regulation of malignant activity by TIGAR and
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two (24.4%) patients were categorized into TIGAR-high and -low groups by immuno-

between the two groups, but TIGAR positivity was an independent prognostic factor
in disease-free survival (hazard ratio [HR], 2.00; 95% confidence interval [Cl], 1.04-
3.85, p=0.0378) and overall survival (HR, 2.10; 95% Cl, 1.03-4.30, p=0.00422) in a
multivariate analysis. In vitro, TIGAR knockdown (KD) decreased cell motility (cell pro-
liferation/migration/invasion/colony-forming capabilities) and elevated ROS and lipid
peroxidation. This indicated that TIGAR KD induced ferroptosis. TIGAR KD-induced
ferroptosis was suppressed using liproxstatin. TIGAR KD decreased the expression
of glutathione peroxidase 4, known as factor-suppressing ferroptosis. The combina-
tion of TIGAR KD with cisplatin significantly induced more ferroptosis. In conclusion,

TIGAR is associated with poor outcomes in ICC patients and resistance to ferroptosis.
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HBV-Ag, hepatitis B surface-antigen; HCV-Ab, hepatitis C virus-antibody; ICC, intrahepatic cholangiocarcinoma; MDA, malondialdehyde; NADP, nicotinamide adenine dinucleotide
phosphate; NADPH, nicotinamide adenine dinucleotide phosphate; Nrf2, nuclear factor erythroid 2-related factor 2; OS, overall survival; RNA, ribonucleic acid; ROS, reactive oxygen
species; TIGAR, TP53-induced glycolysis and apoptosis regulator; xCT, system Xc™; y-GTP, y-glutamyl transpeptidase.
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1 | INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) is the second most com-
mon primary liver malignancy after hepatocellular carcinoma,
comprising approximmately 15%, and its incidence has increased
worldwide in the past few decades.! The only potentially cura-
tive treatment for ICC is hepatic resection, but its recurrence rate
remains high.?® Systemic therapy with gemcitabine plus cispla-
tin (CDDP) has been performed for locally advanced, metastatic,
and recurrent ICC.% Recently, research on drug resistance and fu-
sion genes, such as fibroblast growth factor receptor 2, has been
conducted.>¢

TP53-induced glycolysis and apoptosis regulator (TIGAR) was
identified as an important gene that encodes a regulatory enzyme of
glycolysis and reactive oxygen species (ROS) detoxification.” TIGAR
contributes to the production of nicotinamide adenine dinucleotide
phosphate (NADPH) by promoting the pentose phosphate pathway.
Because of its role, it has been reported that dynamic ROS control
by TIGAR regulates cancer initiation and progression in pancreatic
cancer.® In other carcinomas, such as breast and colorectal cancer,
high TIGAR expression is reported to be associated with a worse
prognosis.c”’10

In cancer research, it is important to efficiently kill cancer cells
while leaving healthy cells intact. Cancer cells often have defective
cell death execution mechanisms, which is one of the main reasons
for their resistance to therapy. Ferroptosis was first proposed by
Dixon et al. in 2012 as an iron-dependent regulated cell death mech-
anism, occurring through excessive peroxidation of polyunsaturated
fatty acids.** While ferroptosis plays an important role in cell metab-
olism, resistance to ferroptosis in cancer cells has recently attracted
attention, and establishing how to induce ferroptosis in cancer cells
is important in cancer therapy.12 However, the potential importance
of ferroptosis in cancer therapy is not yet fully understood.

To our best knowledge, there is no report showing the impact
of TIGAR on the prognosis of ICC patients, and its association with
ferroptosis remains unclear. This study aimed to demonstrate the
prognostic impact of TIGAR and its critical role in resistance to fer-
roptosis in ICC.

2 | MATERIALS AND METHODS
2.1 | Patients and specimen preparation

This retrospective study was approved by the ethics committee of
Kyushu University Hospital. We retrospectively enrolled 90 patients
who had undergone hepatic resection for primary ICC without pre-
operative chemotherapy or radiation. This study was conducted by

reviewing the patients’ medical records from May 1993 to Decem-
ber 2020 at Kyushu University Hospital in Japan. The detailed surgi-
cal procedure for hepatic resection has previously been described.*®
The specimens were fixed in 10% formalin solution, embedded in
paraffin, and sectioned into 4-pm-thick slices to evaluate the histo-
logical features.

2.2 | Data collection of clinicopathological
characteristics

Patient data were recorded, including age, sex, hepatitis B surface
antigen (HBV-Ag) positivity, hepatitis C virus-antibody (HCV-Ab)
positivity, total bilirubin, alkaline phosphatase, y-glutamyl trans-
peptidase, albumin, platelet count, carcinoembryonic antigen,
carbohydrate antigen 19-9 (CA19-9), maximum tumor size, tumor lo-
calization, poor differentiation, microvascular invasion, intrahepatic

metastasis, lymph node metastasis, and histological liver cirrhosis.

2.3 | Follow-up strategy

All patients underwent monthly screening for recurrence by under-
going computed tomography every 3months and testing for tumor
markers every month after discharge. If recurrence was suspected,
MRI was conducted and we diagnosed the presence or absence of
recurrence. Overall survival (OS) was defined as the time from treat-
ment to death, regardless of disease recurrence. Disease-free sur-
vival (DFS) was defined as the time from hepatic resection to tumor
recurrence or death.

2.4 | Dataacquisition and preprocessing

We downloaded three sets of ribonucleic acid (RNA) expression data
with patient prognostic information from the GSE107943 dataset of
the Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/). iDEP is an integrated web application that incor-
porates differential expression and pathway analyses to help biolo-
gists interpret read counts or other types of expression matrices
derived from read mapping. We performed transcriptomic analyses
of GSE107943 by iDEP.

2.5 | Immunohistochemistry

Immunohistochemical staining was performed as previously de-
scribed.* Formalin-fixed, paraffin-embedded tissue sections from
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patients with ICC were immunostained for anti-rabbit TIGAR anti-
body (1:500 dilution; Abcam) and anti-mouse 4-hydroxy-2-nonenal
(4-HNE) antibody (1:50 dilution; Japan Institute for the Control of
Aging) overnight at 4°C. After adding secondary antibodies and
incubating at room temperature for 1h, color development was
performed using 3,3-diamino-benzidine, followed by counterstain-
ing with Mayer's hematoxylin. Stained slides were scanned by
NanoZoomer (Hamamatsu Photonics KK) and three experienced
researchers (K.T., S.I., and T.l.) who were blinded to the patient's
clinical status when evaluating immunohistochemical data. The
evaluation method and cut-off value of TIGAR were previously re-
ported, and staining cell intensity was graded as follows: O=nega-
tive; 1=weakly positive; 2=moderately positive; and 3=positive.
The proportion of tumor cells was defined as follows: O=Iless than
5%; 1=5%-25%; 2=26%-50%; 3=51%-75%; and 4=greater than
75%. The score was determined by the product of cell staining inten-
sity and the proportion of tumor cells. Staining intensity 0-7 was de-
fined as low expression while staining intensity 8-12 was defined as
high expression.'® The evaluation method of 4-HNE was previously
reported, and staining cell intensity was graded as follows: 0=nega-
tive; 1=weakly positive; 2=moderately positive; and 3=positive.
The percentage of stained cells ranged from 0 to 100%. Then, we
multiplied the intensity and percentage scores to obtain the final ex-

pression score.'®

2.6 | Cell culture and reagents

Two ICC cell lines, HUCCT1 and SSP-25 (Riken Cell Bank), were
cultured in RPMI medium (Thermo Fisher Scientific) supplemented
with 10% FBS in a humidified atmosphere of 5% CO, at 37°C. Nega-
tive control and TIGAR siRNA (TriFECTa Kit DsiRNA Duplex) were
purchased from Integrated DNA Technology and transfected 48h
after seeding cells by forward transfection using Lipofectamine
RNAIMAX (Thermo Fisher Scientific) according to the manufac-
turer's instructions. Cellular ROS assay kit, glycolysis assay, NADP/
NADPH assay, and oxidized glutathione (GSSG)/reduced glutathione
(GSH) quantification kits were purchased from Dojindo (cat. 340-
09811, 343-09921, 344-09331, and 342-09011, respectively;
Kumamoto, Japan). A malondialdehyde (MDA) assay kit was pur-
chased from JalCA (cat. KMD-008W). A liproxstatin and caspase-
3/7 fluorescence assay kit was purchased from Cayman-Chemical
(cat. 950455-15-9 and cat. 10009135). CDDP was purchased from
Sigma-Aldrich (cat. 15663-27-1).

2.7 | Real-time polymerase chain reaction

RNA extraction was performed using the Maxwell RSC RNA cells
and RNA tissue kit (Promega). Complementary DNA was synthesized
using a SuperScript cDNA synthesis kit (Invitrogen). We performed
RT-PCR with a StepOnePlus System (Applied Biosystems) using
SYBR Green PCR Master Mix (Applied Biosystems). Relative gene

expression was normalized to B-actin mRNA and calculated using
the delta-delta CT method. The human glucose-6-phosphonate
dehydrogenase (G6PD) RT-PCR forward and reverse primers were
5-CTGTTCCGTGAGGACCAGATCT-3’ and 5-TGAAGGTGAGGATA
ACGCAGGC-3/, respectively.

2.8 | Western blotting analysis

After collecting the cells and extracting the proteins, samples were
heated at 95°C for 5min and subjected to electrophoresis using
SuperSep Ace 10% gels (Fujifilm) at 20mA for 80min. The pro-
teins were transferred onto a polyvinylidene difluoride membrane
using the Trans-Blot Turbo Transfer System (Bio-Rad). Primary and
secondary antibodies were diluted in iBind solution (Invitrogen);
the primary antibodies were anti-rabbit TIGAR (1:1000; Protein-
tech), anti-rabbit glutathione peroxidase 4 (GPX4; 1:1000 dilution;
Abcam), anti-rabbit nuclear factor erythroid 2-related factor 2
(Nrf2) antibody (1:1000 dilution; Abcam), and anti-rabbit p-actin
(1:5000; GeneTex), and the secondary antibody was goat anti-
rabbit 1IgG H&L (1:5000; Abcam). The membrane was incubated in
iBind solution with both primary and secondary antibodies. Each
blot was incubated with Chemiluminescent HRP Antibody Detec-
tion Reagent (Denville Scientific) and imaged using an Amersham
Imager 600 (GE Healthcare).

2.9 | Assessment of cell viability

Cell viability was evaluated using a Celltiter-Glo luminescent cell vi-
ability assay kit (cat. G7570; Promega), which determined cellular vi-
ability by measuring ATP levels 48 h after cell seeding.

2.10 | Assessment of invasion, migration, and
colony formation abilities

For invasion assays, a Falcon Permeable Support was added to
a six-well plate with 15pL 5mg/mL Matrigel Matrix (Corning) on
an 8-pum Transparent PET Membrane (Corning) 48h after seed-
ing. The infiltrated cells were stained with Diff-Quik (JACLaS) on
the Transwell membrane surface, counted in five randomly se-
lected fields at x200 magnification, and quantified using Image
J software (https://imagej.net/). Cells were seeded in a six-well
flat-bottomed plate and incubated until 90% confluency. Conflu-
ent cell monolayers were scratched using plastic tips. Images of
scratched areas were captured 24 h after scratching and evalu-
ated as the percentage of migration (migration index: 1-[length at
24 h]/[length at Oh]). Cells were seeded in six-well flat-bottomed
plates in RPMI supplemented with 10% FBS. After 10 days of cul-
ture, colonies were fixed and stained with Diff-Quik. The number
of colonies was counted using Image J software (https://imagej.
net/).
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2.11 | Evaluation of intracellular reactive oxygen
species and lipid peroxidation

We measured intracellular ROS and MDA as previously de-
scribed.?”!® Cells were seeded in 500pL 10% FBS RPMI medium
in 24-well clear bottomed plates (20,000 cells/well) and incubated
at 37°C for 48 h in 10% CO,. After washing cells with HBSS, cells
were incubated with 10 mM DCFH-DA at 37°C for 30 min. Subse-
quently, we performed fluorescent microplate measurements and
measured the fluorescence of cells to assess the amount of intra-
cellular ROS. Next, we evaluated lipid peroxidation using an MDA
assay kit. Cells were seeded into 24-well plates (20,000 cells/well)
and incubated at 37°C for 48 h in 10% CO,. After the addition of
butylated hydroxytoluene, 2-thiobarbituric acid, and acid reagent
were added to samples, which were incubated at 60°C for 60 min.
Subsequently, we collected the supernatant after centrifugation
at 10,0004 for several minutes and subjected it to optical density
measurement at 532nm on a microplate reader. ROS and MDA
levels were normalized by cell viability to calculate ROS/cell vi-
ability and MDA /cell viability.'?

2.12 | Glycolysis assay

Glycolysis analysis was performed using a Glycolysis Assay Kit.
Cells (20,000/well) after TIGAR knockdown (KD) were seeded into
a 24-well plate. The glycolytic activity was evaluated by inhibit-
ing adenosine triphosphate synthesis by oxidative phosphoryla-
tion with oligomycin and measuring the change in lactate content
(absorbance).

2.13 | GSH/GSGG assay

GSH/GSGG analysis was performed using a GSSG/GSH Quantifi-
cation Kit. Cells (20,000/well) after TIGAR KD were seeded into a
24-well plate. Cells were homogenized with 500uL methanol, ho-
mogenates were centrifuged at 12,000g at 4°C for 5min, and su-
pernatants were collected. Cell homogenates were dried at room
temperature under reduced pressure, and the residue was dissolved
in 100uL purified water containing 1.97puM 5-sulfosalicylic acid.
GSSG/GSH quantification was determined based on fluorescence

intensity in cells using a microplate reader.

2.14 | NADP/NADPH assay

Cells (50,000/well) after TIGAR KD were seeded into a 24-well plate
and incubated at 37°C for 48 h in 10% CO,,. The intracellular levels of
reductive NADP+/NADPH were determined based on the fluores-
cence intensity in cells using a microplate reader (BioTek) according

to the manufacturer's instructions.

2.15 | Caspase-3/7 fluorescence assay

Cells (50,000/well) after TIGAR KD were seeded into a 96-well plate
and incubated at 37°C for 48h in 10% CO,. Caspase-3/-7 analysis
was performed using a caspase-3/-7 fluorescence assay kit; caspase-
3/-7 activity was determined based on the fluorescence intensity
in cells using a microplate reader, according to the manufacturer's

instructions.

2.16 | Statistical analysis

All statistical analyses were performed using SAS software (JMP Pro
15; SAS Institute). The Shapiro-Wilk test was used to assess whether
continuous variables were normally distributed. Continuous variables
were presented as the median and were compared using the Mann-
Whitney U-test. Categorical variables were reported as percentages
and compared using the Xz-test or Fisher's exact test. Cumulative
DFS and OS rates were calculated using the Kaplan-Meier method,
and differences between the curves were evaluated using the log-
rank test. Survival data were used to establish a univariate Cox pro-
portional hazards model. Covariates that were significant at p<0.05
were included in the multivariate Cox proportional hazards model.

3 | RESULTS

3.1 | Association between TP53-induced
glycolysis and apoptosis regulator expression and
clinicopathological characteristics

In our study of 90 patients with ICC, 58 patients were male (64.4%).
The median age of the patients was é66years (range, 33-87 years).
Figure 1A shows representative immunohistochemical staining for
TIGAR in ICC tissues, and TIGAR expression was observed in the
cytoplasm. Twenty-two patients (24.4%) were high for TIGAR by im-
munohistochemistry. The associations between TIGAR expression
and patient clinicopathological factors are shown in Table 1. The
TIGAR-high group contained less HBs-Ag positivity (p=0.0143) and
more HCV-Ab positivity (p=0.0087), but there was no significant
difference in pathological factors.

3.2 | Univariate survival analysis of patients
with intrahepatic cholangiocarcinoma according
to TP53-induced glycolysis and apoptosis
regulator expression

We assessed the association between TIGAR expression and patient
postoperative survival after hepatic resection using the Kaplan-
Meier method (Figure 1B,C). The median DFS was 3.19 years (range,
1.17-9.86years) in the TIGAR-negative group and 1.16years (range,
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FIGURE 1 TP53-induced glycolysis
and apoptosis regulator (TIGAR) is an
indicator of poor prognosis in our cohort.
(A) Immunohistochemical staining of
TIGAR. Grade 0, negative staining; Grade
1, weak staining; Grade 2, moderate
staining; Grade 3, strong staining (x200
magnification). (B) Disease-free survival

(DFS) and (C) overall survival (OS) in
intrahepatic cholangiocarcinoma (ICC)
patients according to TIGAR expression
in our cohort. TIGAR, TP53-induced
glycolysis and apoptosis regulator.
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0.51-1.74) in the TIGAR-high group. Median OS was 8.15years
(range, 3.78-NA years) in the TIGAR-negative group and 2.25years
(range, 1.28-4.29years) in the TIGAR-high group. Kaplan-Meier
also analysis revealed the trend towards significantly impaired DFS
(p=0.0213) and OS (p=0.0027) in the TIGAR-high group.

3.3 | Risk factors associated with
disease-free survival

Table 2 lists the univariate and multivariate analyses results associ-
ated with DFS in patients with ICC after hepatic resection. Univariate
analysis of the association between DFS and patient characteris-
tics showed that the significant prognostic factors were maximum
tumor size (25cm; hazard ratio [HR], 2.50; 95% confidence interval
[Cl], 1.44-4.35; p=0.0011), tumor localization (perihilar type; HR,
2.04; 95% Cl, 1.15-3.59; p=0.0142), intrahepatic metastasis (HR,
2.96; 95% Cl, 1.71-5.15; p=0.0001), microvascular invasion (HR,
3.51; 95% Cl, 1.91-6.44; p<0.0001), lymph node metastasis (HR,
3.15;95% Cl, 1.72-5.77; p=0.0002), and TIGAR positivity (HR, 2.07;
95% Cl, 1.10-3.91; p=0.0243). Multivariate analysis also showed
that the independent prognostic factors for DFS were maximum
tumor size (25cm) (HR, 2.75; 95% Cl, 1.52-4.99; p=0.0008), tumor
localization (perihilar type; HR, 2.50; 95% Cl, 1.25-5.01; p=0.0098),

microvascular invasion (HR, 2.31; 95% Cl, 1.13-4.73; p=0.0214),
and TIGAR positivity (HR, 2.00; 95% Cl, 1.04-3.85; p=0.0378).

3.4 | Riskfactors associated with overall survival
Table 3 lists the univariate and multivariate analyses results associ-
ated with OS in patients with ICC after hepatic resection. Univariate
analysis of the association between OS and patient characteristics
showed that the significant prognostic factors were albumin (<4.0g/
dL; HR, 1.81; 95%Cl, 1.00-3.28; p=0.0488), CA19-9 (38 U/mL; HR,
2.18; 95% Cl, 1.18-4.00; p=0.0123), maximum tumor size (=5cm;
HR, 2.38; 95% Cl, 1.31-4.33; p=0.0042), tumor localization (peri-
hilar type; HR, 2.60; 95% ClI, 1.36-4.97; p=0.0038), intrahepatic
metastasis (HR, 2.61; 95% Cl, 1.45-4.73; p=0.0015), microvascular
invasion (HR, 2.40; 95% Cl, 1.29-4.46; p=0.0053), lymph node me-
tastasis (HR, 4.62; 95% Cl, 2.44-8.74; p<0.0001), and TIGAR posi-
tivity (HR, 2.60; 95% Cl, 1.36-4.97; p=0.0038). Multivariate analysis
also showed that independent prognostic factors for DFS were albu-
min (<4.0g/dL; HR, 2.08; 95% Cl, 1.09-3.97; p=0.0263), maximum
tumor size (25cm; HR, 2.82; 95% Cl, 1.43-5.56; p=0.0027), tumor
localization (perihilar type; HR, 2.12; 95% Cl, 1.04-4.33; p=0.0389),
lymph node metastasis (HR, 2.81; 95% Cl, 1.30-6.04; p=0.0084),
and TIGAR positivity (HR, 2.10; 95% Cl, 1.03-4.30; p=0.0422).
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TABLE 1 Comparison of
clinicopathological characteristics of
patients with TIGAR-negative and positive
following hepatic resection of ICC.

Factors

Age (years)

Sex, male/female
HBs-Ag positive
HCV-ADb positive
Total bilirubin (mg/dL)
ALP (U/L)

y-GTP (IU/L)

Albumin (g/dL)
Platelet count (10 L)
CEA (ng/mL)

CA19-9 (U/mL)
Maximum tumor size (cm)

Tumor localization (peripheral
type/perihilar type)

Poor differentiation (%)

Microvascular invasion (%)
Intrahepatic metastasis (%)
Lymph node metastasis (%)

Histological liver cirrhosis (%)

TIGAR-low (n=68)

66 (33-87)
42/26

10 (14.1%)

2 (2.9%)

0.7 (0.3-8.7)
304 (125-1337)
75 (16-1071)
4.1(3.2-5.3)
20.0 (6.1-54.3)
2.4(0.1-41.8)
37(0.1-40,795)
4.1(1.1-12.0)
48/20

40 (58.8%)
32 (47.1%)
22 (32.4%)
13 (19.1%)
6(8.8%)

Note: Data are presented as n (%) or the median (range).

Abbreviations: ALP, alkaline phosphatase; CA19-9, carbohydrate antigen 19-9; CEA,
carcinoembryonic antigen; HBs-Ag, hepatitis B surface antigen; HCV-Ab, hepatitis C virus

64 (41-80)
16/6

0 (0%)
5(22.7%)

0.7 (0.2-1.8)
369 (174-1344)
94 (21-472)
4.1(2.9-4.9)
20.1(5.2-42.0)
2.8(0.4-117)
36.0(1.1-98,106)
4.0(1.9-8.5)
16/6

14 (63.6%)
13 (59.1%)
7 (31.8%)
6(27.3%)
3(13.6%)

— 175
Cancer Science XyIiSana

TIGAR-high (n=22)

p-value

0.8877
0.3434
0.0143
0.0087
0.9854
0.6547
0.8604
0.8130
0.8054
0.1875
0.2596
0.6672
0.8468

0.6876
0.3265
0.9628
0.4152
0.6829

antibody; ICC, intrahepatic cholangiocarcinoma; TIGAR, TP53-induced glycolysis and apoptosis
regulator; y-GTP, y-glutamyl transpeptidase.

TABLE 2 Univariate and multivariate analyses of factors related to DFS in patients with ICC.

Factors

Age (270vyears)

Sex, male

Univariate analysis

HR (95% ClI)

1.10(0.61-1.97)
1.22(0.68-2.18)

Multivariate analysis

(
Albumin (s4.0g/dL) 1.34(0.77-2.33)
CA19-9 (238U/mL) 1.64 (0.94-2.88)
Maximum tumor size (>5cm) 2.50(1.44-4.35)
2.04 (1.15-3.59)
1.55(0.88-2.75)
2.96(1.71-5.15)
3.51(1.91-6.44)
3.15(1.72-5.77)
2.07 (1.10-3.91)
1.02 (0.40-2.59)

Tumor localization (perihilar type)
Poor differentiation

Intrahepatic metastasis

Micro vascular invasion

Lymph node metastasis
TIGAR-high

Histological liver cirrhosis

p-value HR (95% Cl) p-value
0.7541
0.4878
0.2879
0.0777
0.0011 2.75(1.52-4.99) 0.0008
0.0142 2.50(1.25-5.01) 0.0098
0.1271
0.0001 1.63(0.81-3.26) 0.1665
<0.0001 2.31(1.13-4.73) 0.0214
0.0002 1.38 (0.63-2.99) 0.4122
0.0243 2.00(1.04-3.85) 0.0378
0.9503

Abbreviations: CA19-9, carbohydrate antigen 19-9; Cl, confidence interval; DFS, disease-free survival; HR, hazard ratio; ICC, intrahepatic

cholangiocarcinoma; TIGAR, TP53-induced glycolysis and apoptosis regulator.

3.5 | TP53-induced glycolysis and apoptosis
regulator knockdown affects biological behaviors in
intrahepatic cholangiocarcinoma cell lines

We confirmed the biological function of TIGAR using ICC cell lines
HuCCT1 and SSP-25. Western blot assay verified a significant re-
duction in TIGAR expression upon siRNA treatment (Figure 2A).

In addition, the results of viability, invasion, colony formation, and
scratch assays indicated that TIGAR KD suppressed cell motility of
ICC cells compared with the negative control (Figure 2B-E). In ad-
dition, we performed transcriptomic analysis to examine functional
changes between the high- and low-TIGAR expression groups using a
GEO dataset. When divided into TIGAR-high/-low groups according
to TIGAR expression, the cases were clearly stratified (Figure S1A,B).
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TABLE 3 Univariate and multivariate analyses of factors related to OS in patients with ICC.

Factors

Age (>70vyears)

Sex, Male

Albumin (s4.0g/dL)

CA19-9 (238U/mL)
Maximum tumor size (>5cm)
Tumor localization (perihilar type)
Poor differentiation
Intrahepatic metastasis
Microvascular invasion
Lymph node metastasis
TIGAR-high

Histological liver cirrhosis

Univariate analysis

Multivariate analysis

HR (95% ClI)

1.49 (0.80-2.77)
1.24 (0.66-2.31)
1.81(1.00-3.28)
2.18(1.18-4.00)
2.38(1.31-4.33)
2.60 (1.36-4.97)
1.20(0.67-2.18
2.61(1.45-4.73
2.40(1.29-4.46
4.62(2.44-8.74
2.60(1.36-4.97)
1.13(0.40-3.17)

)
)

)
)

p-value HR (95% ClI) p-value
0.2023
0.4947
0.0488 2.08 (1.09-3.97) 0.0263
0.0123 1.72 (0.90-3.29) 0.0999
0.0042 2.82(1.43-5.56) 0.0027
0.0038 2.12 (1.04-4.33) 0.0389
0.5364
0.0015 1.53(0.70-2.34) 0.3562
0.0053 1.71(0.79-3.71) 0.1772
<0.0001 2.81(1.30-6.04) 0.0084
0.0038 2.10(1.03-4.30) 0.0422
0.8190

Abbreviations: CA19-9, carbohydrate antigen 19-9; Cl, confidence interval; HR, hazard ratio; ICC, intrahepatic cholangiocarcinoma; OS, overall

survival; TIGAR, TP53-induced glycolysis and apoptosis regulator.

Gene set enrichment analysis showed that lipid oxidation was up-

regulated in the TIGAR-low group.

3.6 | TP53-induced glycolysis and apoptosis
regulator is associated with ferroptosis in intrahepatic
cholangiocarcinoma cell lines

TIGAR regulates intracellular oxidative stress, and its associa-
tion with ferroptosis was investigated. We examined the effect of
TIGAR KD on ROS and lipid peroxidation. First, TIGAR KD signifi-
cantly increased ROS levels (Figure 3A) and upregulated MDA levels
(Figure 3B). Using liproxstatin, known as lipid peroxidation inhibitor,
ferroptosis, ROS levels, and MDA levels were significantly inhibited
by TIGAR KD (Figure 3C,D). Next, we investigated how TIGAR KD
induces ferroptosis. TIGAR is known to increase NADPH produc-
tion by promoting the pentose phosphate cycle and preventing
glycolysis, and G6PD is the only rate-limiting enzyme in it; thus, we
assessed the change in glycolysis, G6PD expression, and NADPH
production by TIGAR KD. TIGAR KD significantly increased gly-
colysis level and decreased G6PD mRNA expression (Figure 3E,F).
There was no significant difference in total NADP+ and NADPH,
but the NADP+/NADPH ratio was significantly elevated by TIGAR
KD (Figure 3G). Similarly, the GSGG/GSH ratio was also significantly
increased (Figure 3H) and GPX4 protein levels were decreased by
TIGAR KD (Figure 3l).

3.7 | Association between 4-HNE and TP53-
induced glycolysis and apoptosis regulator

4-HNE protein has been described as a reliable and stable marker
of lipid peroxidation in liver disease. We examined the association

between 4-HNE and TIGAR expression in ICC tissue. Figure 4A
shows representative immunohistochemical staining for 4-HNE in
ICC tissues, and 4-HNE expression was observed in the cytoplasm.
The median score of 4-HNE was 20, and the cut-off values for the
score were determined by ROC curves (cut-off, 60; area under the
curve, 0.58). The number of 4-HNE positive cases was 18 (26.5%)
in the TIGAR-low group and 1 (4.6%) in the TIGAR-high group,
with significantly fewer cases in the TIGAR-high group (p=0.0345;
Figure 4B).

3.8 | TP53-induced glycolysis and apoptosis
regulator induces not only ferroptosis but
also apoptosis

Asits name suggests, TIGAR is an apoptosis regulator and suppresses
apoptosis; hence, we confirmed whether TIGAR is associated with
apoptosis in ICC cell lines. TIGAR KD significantly elevated caspase
3/7 activity (Figure S2A) and the BAX/BCL-2 ratio (Figure S2B).
These findings indicated that TIGAR regulated apoptosis in ICC.

3.9 | Induction of ferroptosis by TP53-induced
glycolysis and apoptosis regulator knockdown in
combination with CDDP

CDDP is a systemic therapy for ICC patients. We next examined
the effect of TIGAR KD in combination with CDDP on cell viabil-
ity, ROS, and lipid peroxidation. At first, we confirmed that the use
of CDDP did not change the TIGAR protein expression (Figure S3).
TIGAR KD and CDDP treatment significantly decreased cell viability
(Figure 5A), increased ROS levels (Figure 5B), and increased MDA
levels (Figure 5C) compared with TIGAR KD alone and CDDP alone.
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FIGURE 2 TIGAR promotes ICC cell motility. (A) Expression and TIGAR KD in cell lines. TIGAR KD significantly inhibited cell viability (B),
invasion (C), colony formation (D), and migration (E) compared with the negative control (NC). (E) Migration index: 1-[length at 24 h]/[length
at Oh]. *p<0.05. KD, knockdown; NC, negative control; TIGAR, TP53-induced glycolysis and apoptosis regulator.

85UB017 SUOWILLIOD BAIFeR1D) 8|l dde auj Aq pausenob ae s3ole WO ‘88N JO S3NJ oy A%1q17 8UIIUO AB]IM UO (SUOTPUOD-PLE-SWLS}L0D A8 |IM A1 1[ouUo//Stiy) SUORIPUOD pue swie | 8U1 88S *[202/60/80] Uo Akeiqiauliuo Ao jIm Aseaiun nusnAy Ag T86GT Seo/TTTT OT/I0p/L0d A8 M Aseiq 1 jeul|uoy/sdiy wouy papeojumoq ‘T ‘#202 ‘900L67ET



13497006, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/cas.15981 by Kyushu University, Wiley Online Library on [08/09/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

3
i
<
8
T
1%]
O
=
OO OO
[m)] [m)]
4 4 % *
1 10 -~ —
+ £ J
1 1 N = - o) - -
a * [} * o~ o
g g e & I @ T
Q Q Tz Tz
reY =) [y =} 7 =) rey =} NN 4L
- — =] - - o
Ty S * o Py =) [ =3
) (=) : [a)]
Tz IO
D D * *
14 —_ o~ —_ -~
- X - - =T _ LI
_Plu m - -
- O * O * Q (&)
c = =1 (@) — o~ (@) —_ o~
3 1 + =) 1 +
n T O T %) I -~ T - =
(I z z
1l | —_ o~ —_ o~
[ L] L OO
s [P 0, 5 o N e o ; . | . . ]
- - - o o o
= - S 2 g Y
Z SOY annejey & VAW enjeey ) &
] < = e SOY enneey =) VAN dARESY
(-]
(L] =
7 [0}
3
> £
=
- s)
—
S ©
i
[a'4
3
]
5 o



13497006, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/cas.15981 by Kyushu University, Wiley Online Library on [08/09/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

179

—
—
z ; ;
(-1 *
& o
= N
'S S B8 88" g
) n ones HdavN/+davN 0
2 N i
1 o *
(-] a a & 0
] 2 = o ?
n
— 2 8 9 g
] & - &
0 [a]
(1] @ & g 5 - <
Q S o - Py =) o
| o - = o
f z w0 i
S & ° ) Py = oljel HS9/99S9 wn . (6]
- = - =] z
e o
S
(Viowr) HAAVN Pue +dawN [ejoL
[=]
- = g
3
= a * =]
| 9 - [ 4 [a) I (&)
-~ = O X z
= | B
b5 Q -
o S 5
2 I S & © % &« o o * = = =
o [&] . - (=] o o o =) @© © ©
z = = I S 2 =]
m ones HdavN/+davN o =) N 8
- o b3
o 5]
Aynnoe sisA|0oA|6 aanejey uoissaldxa aAle|al YNYW-Ad9D m (] iy
I - R
oljel HS9/99SO
0 T =
b4 = = —
o
[0}
o~ - o >
A S £
=
(/1owrl) HAAVN PUe +davN [eloL S
—_ (@]
) ic o =
E - - 2
< ™
& w
< [~
la)
m U
S I
[l L




TOSHIDA ET AL.

180 H
LRRVWIRS Cancer Science

FIGURE 3 TP53-induced glycolysis and apoptosis regulator (TIGAR) knockdown increases ROS and lipid peroxidation. TIGAR KD
increased intracellular ROS levels (A) and lipid peroxidation (B). Ferroptosis by TIGAR knockdown was canceled by using 10 M liproxstatin
(C, D). TIGAR KD increased the glycolysis level (E) and decreased G6PD-mRNA expression in RT-PCR (F). TIGAR KD increased the
NADP-+/NADPH ratio (G) and GSGG/GSH ratio (H) and decreased GPX4 protein expression (I). *p <0.05. G6PD, glucose-6-phosphonate
dehydrogenase; GSGG, oxidized glutathione; GSH, reduced glutathione; GPX4, glutathione peroxidase 4; KD, knockdown; LS, liproxstatin;
MDA, malondialdehyde; mRNA, messenger ribonucleic acid; NC, negative control; NADP, nicotinamide adenine dinucleotide phosphate;
NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species; TIGAR, TP53-induced glycolysis and apoptosis

regulator.
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FIGURE 4 4-HNE expression is significantly lower in TP53-
induced glycolysis and apoptosis regulator (TIGAR)-high group.

(A) Immunohistochemical staining of 4-HNE. Grade 0, negative
staining; Grade 1, weak staining; Grade 2, moderate staining; Grade
3, strong staining (x200 magnification). (B) 4-HNE positive cases:
18 cases (26.5%) in the TIGAR-low group and one case (4.6%) in

the TIGAR-high group (p=0.0345). 4-HNE, 4-hydroxy-2-nonenal;
TIGAR, TP53-induced glycolysis and apoptosis regulator.

3.10 | Nrf2is one of the regulators of TP53-induced
glycolysis and apoptosis regulator expression in
intrahepatic cholangiocarcinoma

To investigate whether Nrf2, which has been reported as one of
the factors regulating TIGAR expression, is also applicable to ICC,
we performed Nrf2 KD using siRNA.%° TP53 has been reported as

upstream of TIGAR, but genetic mutations in TP53 were reported
in HUCCT1 and SSP-25 and were not examined. After the confirma-
tion of constant Nrf2 expression in HuCCT1 and SSP-25, we per-
formed Nrf2 KD. As shown in Figure 6A, Nrf2 KD reduced TIGAR
expression. In contrast, TIGAR KD did not reduce Nrf2 expression
(Figure 6B). These results indicated that Nrf2 is one of the regulators
of TIGAR expression in ICC.

4 | DISCUSSION

In the present study, we showed the relationship between TIGAR
and poor prognosis in ICC patients after hepatic resection. TIGAR
was strongly involved in tumor invasiveness, migration, and prolif-
eration and suppressed ferroptosis by controlling NADPH levels.

TIGAR (c120rf5), as a TP53-regulated gene, was originally dis-
covered through induction by ionizing radiation, and its location is
mainly in the cytoplasm.21 There have been many reports on TIGAR
and cancer, and TIGAR KD was shown to reduce the ability of cells
to proliferate.®?? In pancreatic cancer in particular, TIGAR has been
shown to be dynamically upregulated and downregulated in tumors
and to modulate oxidative stress, and knockout of TIGAR also re-
duces the ability of cells to migrate.® Although the present study was
an in vitro experiment and could not mimic dynamic ROS changes, it
was shown that cell motility was reduced in ICC by TIGAR KD. The
results support that high TIGAR expression is a poor prognostic
factor for ICCs, but there were no significant differences in clini-
copathological characteristics between the low/high TIGAR expres-
sion groups in this study. Few papers have so far shown how TIGAR
regulates cell motility, and the relationship between TIGAR and im-
mune cells and cancer-associated fibroblast in actual tumors is one
of the issues to be examined in the future. Nrf2 has been reported
as one of the regulators of TIGAR in hepatocellular carcinoma, and
the results in Figure 5 suggested that Nrf2 was also involved in the
regulation of TIGAR in ICC.%°

Ferroptosis has recently attracted attention as a regulator of
oxidative stress in cancer, since Dixon SJ, et al. reported in 2012.2
ICC accounts for approximately 10% of liver cancer cases and is less
common than hepatocellular carcinoma, but the number of patients
with ICC has been increasing in recent years; thus, the understand-
ing of its pathogenesis is an urgent issue.?® Because there are fewer
cases compared with hepatocellular carcinoma, research on ferro-
ptosis in ICC is scarce. TIGAR is a critical protein in cellular metab-
olism, most notably in the regulation of oxidative stress, but there
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FIGURE 5 Promotion of ferroptosis (A) HUCCT1 SSP25
by TP53-induced glycolysis and apoptosis
regulator (TIGAR) knockdown in * *
combination with CDDP. The combination « *
of TIGAR KD and 10pM CDDP 1.04 1.0 .
significantly decreased cell viability (A) *
and increased the ROS level (B) and lipid > 0.8 0.81
peroxidation (C) compared with NC/TIGAR 5 0.64 0.6
KD alone/CDDP alone. *p<0.05. g = :
CDDP, cisplatin; KD, knockdown; MDA, 2 0.4 0.4
malondialdehyde; NC, negative control; ©
ROS, reactive oxygen species; TIGAR, 0.2 0.2
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are a small number of reports of its association with ferroptosis.2°

It has been shown that TIGAR activates AMP-activated protein ki-
nase, which is known to inhibit the production of polyunsaturated
fatty acid in esophageal cancer, and that TIGAR confers ferroptosis
resistance in colon cancer.}®?* Therefore, we examined whether
TIGAR was related to oxidative stress regulatory mechanisms such
as ferroptosis in ICC using the GEO dataset and found an associ-
ation with TIGAR and lipid peroxidation. Our experiments also

showed that TIGAR KD led to decreased cell viability and increased
ROS and MDA levels (i.e., it induced ferroptosis). There are three
main requirements in the process of ferroptosis. First, the polyun-
saturated fatty acid synthesis pathway is important as a substrate
for lipid peroxidation. Second, the accumulation of free intracellular
iron and subsequent ROS generation is needed to contribute to lipid
peroxidation. Third, the effect of cellular antioxidants including sys-
tem Xc~ (xCT) and GPX4 needs to be reduced: these mechanisms
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FIGURE 6 Nrf2 regulates TP53-induced glycolysis and apoptosis
regulator (TIGAR) expression in ICC. (A) Nrf2 KD reduced TIGAR
expression in WB analysis. (B) TIGAR KD did not reduce Nrf2
expression in WB analysis. ICC, intrahepatic cholangiocarcinoma;
KD, knockdown; Nrf2, nuclear factor erythroid 2-related factor

2; TIGAR, TP53-induced glycolysis and apoptosis regulator. WB,
western blot.

work together to induce ferroptosis.?’ In this study, we focused on
the ability of TIGAR to produce NADPH because TIGAR has the
function of promoting the pentose phosphate circuit and produc-
ing NADPH, an important reducing agent. We showed that TIGAR
KD increased the NADP/NADPH ratio (i.e., decreased NADPH-
producing capacity), followed by an increased GSGG/GSH ratio
and decreased GPX4 protein expression. Thus, we demonstrated
that TIGAR has a ferroptosis inhibitory effect by decreasing the
production of GPX4 downstream of xCT. In addition to ferroptosis,
TIGAR KD also induced apoptosis: TIGAR can induce two cell death
mechanisms simultaneously, making TIGAR a potentially important
therapeutic target in ICC.

CDDP exerts anticancer activity via multiple mechanisms, but its
most acceptable mechanism involves the generation of DNA lesions
by interacting with purine bases on DNA, and it has been used for
systemic therapy of ICC.%¢ In addition, CDDP is known not only for
its role in generating ROS but also for inducing ferroptosis by inhib-
iting GPX4 production, similar to TIGAR in this study.?”?® In fact, our
study found an increase in ROS and MDA even with CDDP alone,
suggesting that the strong reduction in inhibition by both TIGAR KD
and CDDP strongly induced ferroptosis.

A limitation of this study was its single-center retrospective
design with a relatively small study cohort to examine prognostic

factors influencing DFS and OS. Further large-scale studies are war-
ranted in the future.

In conclusion, we demonstrated that TIGAR was associated with
poor outcomes in ICC patients after curative hepatic resection and
with resistance to ferroptosis.
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