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Background: Celastrol has been shown to inhibit hepatocellular carcinoma (HCC) progression, but the underlying mechanism
is unknown. Fanconi anemia complementation group D2 (FANCD2), a ferroptosis inhibitor, promotes HCC proliferation and
invasion. This study aims to investigate whether Celastrol exerts its effects by targeting FANCD2.
Methods: Using data from The Cancer Genome Atlas (TCGA), we identified differentially expressed genes in HCC utilizing
Gene Expression Profiling Interactive Analysis 2 (GEPIA 2). FANCD2 and Celastrol were analyzed for molecular docking us-
ing Autodock, which was based on geometric matching and energy matching. The correlation between FANCD2 and survival
rate was analyzed using Kaplan-Meier’s estimates by log-rank (Mantel-Cox) test. HCC cell lines (SNU-423 and SNU-387) were
overexpressed or silenced with FANCD2 and treated with Celastrol. Autophagy and ferroptosis were evaluated by measuring
oxidative stress and related markers, and cell function experiments were performed.
Results: High expression of FANCD2 was correlated with poor survival in HCC patients. Celastrol targeted FANCD2, reducing
its level in SNU-423 and SNU-387 cells. FANCD2 overexpression resulted in increased SNU-423 cell viability, migration, invasion,
and tube formation ability, as well as attenuated autophagy and ferroptosis, while FANCD2 knockdown in SNU-387 cells showed
opposite effects. Additionally, FANCD2 overexpression reversed the ability of Celastrol to induce autophagy and ferroptosis and
to inhibit SNU-423 cell survival in vitro, while FANCD2 knockdown enhanced the effects of Celastrol in SNU-387 cells.
Conclusion: Celastrol inhibits malignant behavior in HCC cells by targeting FANCD2 to induce autophagy-dependent ferropto-
sis.
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Introduction

Liver cancer is the second most lethal tumor world-
wide, with a 5-year survival rate of 18% [1]. Most primary
liver cancers are hepatocellular carcinoma (HCC), which
is primarily caused by hepatitis B and C viruses and al-
coholism [2]. In recent years, despite significant advances
in HCC diagnosis and treatment, including surgical resec-
tion, radiation, chemotherapy, and radiofrequency ablation
[3], the poor prognosis and high recurrence in HCC patients
highlight the need for new, safe, and effective therapies [4].

Ferroptosis, an iron-dependent cell death character-
ized by lipid peroxidation, is involved in various conditions
such as cancer, including HCC [5]. It is defined as an adap-
tive mechanism that destroys HCC cells [6]. Excessive iron
from disrupted redox systems or abnormal iron metabolic
processes generates reactive oxygen species (ROS), lead-
ing to oxidative stress, lipid peroxidation, and ferropto-
sis [5,7,8]. Autophagy, a cellular degradation process, re-
sults in iron accumulation and ROS production, which fur-
ther promotes lipid peroxidation to induce ferroptosis [9].

Autophagy-dependent ferroptosis plays a role in HCC treat-
ment [10].

Fanconi anemia complementation group D2
(FANCD2), a protein involved in the repair of DNA
damage [11], inhibits autophagy-dependent ferroptosis
[12,13]. Targeting FANCD2 to inhibit ferroptosis is
considered as a new strategy to reduce the malignancy
of glioblastoma cells [14]. Moreover, FANCD2 is highly
expressed in HCC tissues, and the knockdown of FANCD2
suppresses HCC cell progression by crippling the prolifer-
ative and invasive abilities of these cells [15]. Therefore,
targeting FANCD2 may promote autophagy-dependent
ferroptosis, thereby limiting HCC progression.

With China attaching great importance to Traditional
Chinese Medicine (TCM), the TCM industry has devel-
oped rapidly [16]. Celastrol, a pentacyclic triterpene de-
rived from Tripterygium wilfordii Hook. F., is a traditional
herbal medicine used to treat autoimmune diseases, cancer,
diabetes, and neurodegenerative diseases [17,18]. Celastrol
is also an effective drug against HCC, strongly inhibiting
proliferation and invasion while inducing HCC cell apopto-
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sis [19,20]. A previous study showed that Celastrol inhibits
EZrin-mediated HCC migration [21]. Celastrol also miti-
gates HCC proliferation by indirectly regulating the interac-
tion of the farnesoid X receptor and the retinoid X receptor
α in vivo and in vitro [22]. In the present study, through
the bioinformatics tool, Herb, Celastrol was predicted to
target FANCD2. Because of this, we further speculated
that targeting FANCD2-induced promotion of autophagy-
dependent ferroptosis of HCC cells may serve as the down-
stream mechanism by which Celastrol contains HCC pro-
gression.

In this study, the role of FANCD2 in modulating
autophagy-dependent ferroptosis and malignant behaviors
of HCC cells was demonstrated. We also investigated
whether and how FANCD2 expression manipulation affects
the tumor-suppressive effect of Celastrol in HCC. Our study
aimed to uncover a novel downstream mechanism through
which Celastrol suppresses HCC progression.

Materials and Methods

Cell Lines and Drugs
Human HCC cell lines procured from American Type

Culture Collection (ATCC,Manassas, VA, USA), including
SNU-387 (CRL-2237), SNU-423 (CRL-2238), and human
normal hepatocytes (THLE-2; CRL-2706), were grown
in Dulbecco’s Modified Eagle Medium: F-12 (DMEM/F-
12; A4192001, Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% fetal bovine serum (FBS; 12103C,
Sigma-Aldrich, St Louis, MO, USA) and 1% penicillin-
streptomycin (TMS-AB2, Sigma-Aldrich, St. Louis., MO,
USA) (temperature, 37 °C; humidity, 5% CO2). The cul-
ture medium was replaced every 2 days. All cells used in
this studyweremycoplasma negative, and their identity was
verified by short tandem repeat (STR) analysis.

Human umbilical vein endothelial cells (HUVECs;
PCS-100-01, ATCC, Manassas, VA, USA) were used for
the tube formation assay, before which cells were cultured
in specific culture medium (CM-0122, Procell Life Science
& Technology, Wuhan, China) in 5% CO2 at 37 °C.

Celastrol in powder form was obtained from Yuanye
Bio-Technology (34157-83-0, Shanghai, China) and dis-
solved in dimethylsulfoxide (DMSO; ST038, Beyotime,
Shanghai, China). For Celastrol treatment, SNU-423 and
SNU-387 cells were cultured in the presence of different
concentrations (1, 2, 4, 8 µmol/L) of Celastrol for 48 h.

Bioinformatics Analyses
In the The Cancer Genome Atlas (TCGA) website,

liver hepatocellular carcinoma (LIHC) was searched, fol-
lowed by selection of RNA-seq data and transcriptome pro-
filing data and addition of cart for downloading mRNA
data. Limma was employed to perform gene differential
expression analysis in HCC. FANCD2 expression in HCC
and normal specimens, along with the association between

FANCD2 expression and HCC patient survival (log-rank
[Mantel-Cox] test), both underwent dissection by Gene Ex-
pression Profiling Interactive Analysis 2 (GEPIA 2; http:
//gepia2.cancer-pku.cn/#survival). Autodock (https://auto
dock.scripps.edu) was used to predict the three-dimensional
structure of the docking of FANCD2 with Celastrol.

Transfection
The sequences of FANCD2 used for over-

expression are listed in Supplementary File 1.
The FANCD2 overexpression plasmid, empty plas-
mid (negative control, NC), small interfering RNA
(siRNA, 5′-AGAAGCTCTTTCAGACCCTG-3′) for
FANCD2, and siRNA-negative control (siNC, 5′-
GTTCCGCGTTACATAACTTA-3′) were prepared by
Genepharma (Shanghai, China). SNU-423 and SNU-387
cells underwent transfection of FANCD2 and NC or
siFANCD2 and siNC, respectively. In brief, 2 × 105
cells/mL cells in a 6-well plate were cultured in 2 mL
medium. When the confluence of cells reached 80%, 2 µg
of plasmid and 3 µL of Lipofectamine 3000 Transfection
Reagent (L3000001, Thermo Fisher Scientific, Waltham,
MA, USA) were added to cells at 37 °C for 48 h for
transfection. Cells were later collected for analysis or
further treated with Celastrol.

Cell Counting Kit-8 (CCK-8) Assay
The viability of the transfected SNU-423 and SNU-

387 cells in complete medium for 0, 24, and 48 h was de-
termined using a CCK-8 Kit (C0037, Beyotime, Shang-
hai, China). In brief, 100 µL of adherent cells (5 × 104
cells/mL) in a 96-well plate were incubated with 10 µL of
CCK-8 solution for 1 h at 37 °C. Subsequently, the optical
density (OD) at 450 nm was read by a microplate reader
(Fluoroskan Ascent, Thermo Fisher Scientific, Waltham,
MA, USA).

Cell Apoptosis Assay
Apoptosis of SNU-423 and SNU-387 cells after trans-

fection and/or Celastrol treatment was measured using an
Annexin Ⅴ-FITC Apoptosis Detection Kit (C1062, Bey-
otime, Shanghai, China). After digesting with trypsin and
washing with phosphate-buffered saline (PBS; C0221A,
Beyotime, Shanghai, China), 5 × 104 cells were stained
with 195 µL of Annexin V-FITC binding buffer together
with 5 µL of Annexin V-FITC and 10 µL of propidium
iodide (PI) in darkness for 15 min. Apoptosis was eval-
uated using a flow cytometer (BD FACSCalibur, Becton-
Dickinson, Franklin, NJ, USA), and data were analyzed
using FlowJo software (VX10, Tree Star, Ashland, OR,
USA).

ROS Production Assessment
A 2′,7′-Dichlorodihydrofluorescein diacetate

(DCFDA)-Cellular ROS Assay Kit (ab113851, Ab-
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cam, Cambridge, MA, USA) was used to measure ROS
production in SNU-423 and SNU-387 cells. After trans-
fection and/or Celastrol treatment, SNU-423 or SNU-387
cells in a 96-well plate (2.5× 104 cells/well) were cultured
to be adherent to the plates, after which 100 µL of diluted
DCFDA solution was added to each well for 45 min. Cells
were rinsed with buffer and observed with a fluorescent
microscope (BX63, Olympus, Tokyo, Japan) at ×200
magnification.

Malondialdehyde (MDA), Superoxide Dismutase
(SOD), Glutathione (GSH), and Iron Level
Determination

SNU-423 and SNU-387 cells that underwent transfec-
tion and/or Celastrol treatment were subjected to colorimet-
ric assays, in which MDA, SOD, GSH, and iron ion lev-
els were determined in 96-well plates with an MDA/SOD
Assay Kit (ab118970/ab65354, Abcam, Cambridge, MA,
USA) or a GSH/Iron Assay Kit (E2015/E1042, Applygen
Technologies, Beijing, China).

For the MDA assay, cells (2.5× 106) were lysed with
MDA lysis buffer and reacted with 600 µL of TBA reagent
(95 °C, 60 min). Cells were then cooled to room temper-
ature, followed by detection at 532 nm using a microplate
reader (iMark, Beyotime, Shanghai, China).

For the SOD assay, cells (2.5 × 106) were lysed with
lysis buffer (P0013J, Beyotime, Shanghai, China), which
were then combined with water-soluble tetrazolium salt
(WST) working solution (200 µL/well) and enzyme work-
ing solution (20 µL/well). After mixing, cells were in-
cubated (20 min, 37 °C), followed by detection at 450
nm using a microplate reader (iMark, Beyotime, Shanghai,
China).

For the GSH assay, 10 µL homogenate or standards,
10 µL protein removal reagent S solution and with 150 µL
total glutathione detection working solution sequentially
added to each well of a 96-well plate (room temperature,
2 min), and then with 50 µL of nicotinamide adenine dinu-
cleotide phosphate (NADPH) working solution (20 min, 25
°C). Subsequently, the wells were detected at 412 nm using
a microplate reader (iMark, Beyotime, Shanghai, China).

For the iron assay, 100 µL of cell lysate was reacted
with 100 µL of reaction mix (60 °C, 1 h) and then with
30 µL of iron ion detector (60 min), followed by detec-
tion at 550 nm using a microplate reader (iMark, Beyotime,
Shanghai, China).

Tube Formation Assay
Each well of the µ-Slide (81506, IBIDI, Martinsried,

Germany) was coated with 10 µL of Matrigel (356231,
BD Biosciences, Franklin Lakes, NJ, USA), bubbles were
removed by low-speed aseptic centrifugation, and plates
were incubated at 37 °C for 30–60 min. HUVECs were
digested with 0.25% trypsin and resuspended in culture su-
pernatants of SNU-423 and SNU-387 cells, whichwere pre-

viously subjected to transfection and/or Celastrol treatment.
HUVECs were then seeded onto a layer of SNU-423 cells
that underwent transfection and Celastrol treatment. The
conditioned medium was collected. Next, HUVECs were
seeded onto Matrigel (3 × 104 cells/well). After culture in
the conditioned medium for 4 h, the medium from the up-
per chamber was removed and 50 µL of calcein diluted in
serum-free medium (6.25 µg/mL, HY-D0040, MedChem-
Express, Shanghai, China) was added, followed by incu-
bation at room temperature for 30 min in darkness. The
capillary-like structures were captured by a fluorescence
microscope (Nikon E800 FluorescenceMicroscope, Nikon,
El Segundo, CA, USA) at 200×magnification. The length,
covering area, and branch points of the capillary-like tubes
were measured and counted.

Cell Scratch Assay
After transfection and/or Celastrol treatment, SNU-

423 and SNU-387 cells were processed for the cell scratch
assay to assess their migratory ability. Cells in a 6-well
plate (2× 104 cells/well) were cultured to 95% confluence.
A vertical scratch was created with a sterile pipette tip, and
cell debris was removed by rinsing with PBS. At 0 and 24 h
of incubation with Celastrol, cell images in the scratch area
were obtainedwith an optical microscope (Axiolab 5, Zeiss,
Oberkochen, Germany) at 100× magnification. Each ex-
periment was performed in triplicate.

Transwell Assay
After transfection and/or Celastrol treatment, SNU-

423 and SNU-387 cells were digested and washed with
0.25% trypsin (C0201) and PBS (C0221A; twice) ob-
tained from Beyotime (Shanghai, China), respectively.
Cells (3 × 105 cells/mL) were suspended in serum-free
medium (A4192001, Thermo Fisher Scientific, Waltham,
MA, USA). Next, 100 µL of the cell suspension was added
to the upper Matrigel-coated chamber, and 500 µL of com-
plete medium was added to the lower chamber. Cells re-
maining in the upper chamber were removed by cotton
swabs, and invaded cells were fixed (4%paraformaldehyde,
8.18715, Sigma-Aldrich, St Louis, MO, USA), stained
(0.1% crystal violet, R40052, Thermo Fisher Scientific,
Waltham,MA,USA), and counted under amicroscope (Ax-
iolab 5, Zeiss, Oberkochen, Germany) at 100× magnifica-
tion.

Quantitative Reverse Transcription-Polymerase
Chain Reaction (qRT-PCR)

The total RNA extracted from HCC/adjacent tissue
specimens or cells harvested after transfection and/or Celas-
trol treatment was processed for qRT-PCR. HCC tissue
specimens and cells were digested with 1 mL of TRIzol
reagent (15596026, Thermo Fisher Scientific, Waltham,
MA, USA). The isolated RNA was diluted with 200 µL
of trichloromethane (T117625, Aladdin, Shanghai, China)
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Table 1. Primer sequences for qRT-PCR.
Primer name Primer sequence (5′-3′)

FANCD2-F AAAACGGGAGAGAGTCAGAATCA
FANCD2-R ACGCTCACAAGACAAAAGGCA
Bcl-2-F GTGGAGGAGCTCTTCAGGGA
Bcl-2-R AGGCACCCAGGGTGATGCAA
Bax-F GGCCCACCAGCTCTGAGCAGA
Bax-R GCCACGTGGGCGTCCCAAAGT
GAPDH-F GGAGCGAGATCCCTCCAAAAT
GAPDH-R GGCTGTTGTCATACTTCTCATGG
FANCD2, Fanconi anemia complementation groupD2; Bcl-
2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F,
Forward; R, Reverse; qRT-PCR, Quantitative Reverse
Transcription-Polymerase Chain Reaction.

and incubated for 5 min. The reaction mixture was cen-
trifuged (12,000 rpm, 20 min, 4 °C), and RNA was pre-
cipitated with 1 mL of isopropyl alcohol (9500-1, Thermo
Fisher Scientific, Waltham, MA, USA). RNA was dis-
solved in DEPC-treated water (750024, Thermo Fisher Sci-
entific, Waltham, MA, USA) and reverse-transcribed us-
ing a PrimeScript RT reagent Kit (RR037A, Takara, Tokyo,
Japan). In brief, 5×PrimeScript Buffer, PrimeScript RTEn-
zyme Mix I, RT Primer Mix, and RNase Free dH2O were
combined with RNA to synthesize cDNA. Subsequently,
PCR amplification was performed by a TB Green Premix
Ex Taq™ II (RR820A, Takara, Tokyo, Japan): TB Green
Premix Ex Taq II, ROX Reference Dye II, appropriate
primer, cDNA, DEPC-treated water, and primer sequences
(Table 1) were mixed uniformly, the mixture was added into
Applied Biosystems 7500 Fast Dx Real-Time PCR Instru-
ment (Thermo Fisher Scientific, Waltham,MA, USA). Am-
plification was performed at 95 °C (30 s), followed by 40
cycles at 95 °C (5 s) and 60 °C (30 s). Gene quantification
was performed using the 2−∆∆Ct method [23].

Western Blot Assay

Protein expression in HCC/adjacent tissue speci-
mens and cells after transfection and/or Celastrol treat-
ment was quantitated by western blot. Following pro-
tein extraction (lysis buffer) and concentration determina-
tion (BCA assay kit, P0012, Beyotime, Shanghai, China),
20 µL of proteins were loaded on 10% SDS polyacry-
lamide gel (P0012AC, Beyotime, Shanghai, China), elec-
trophoresed, and transferred to polyvinylidene fluoride
(PVDF) membranes (FFP26, Beyotime, Shanghai, China).
Membranes were immersed into 5% non-fat milk (1 h,
37 °C) for blocking, incubated with primary antibodies
(overnight, 4 °C), washed with TBST (91414, Sigma-
Aldrich, St. Louis., MO, USA), and incubated with sec-
ondary antibodies (room temperature, 2 h). The anti-
bodies (Abcam, Cambridge, MA, USA) were as follows:
FANCD2 (ab108928, 1:1000, 155 kDa), Beclin (ab207612,

1:2000, 52 kDa), light chain 3 (LC3)BII/LC3BI (ab192890,
1:2000, 14/16 kDa), B-cell lymphoma-2 (Bcl-2, ab59348,
1:1000, 26 kDa), Bcl-2-associated X protein (Bax,
ab32503, 1:2000, 21 kDa), Cleaved Caspase-3 (ab2302,
1:1000, 17 kDa), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, ab8245, 1:20,000, 36 kDa), and goat
anti-rabbit/mouse IgG H&L (HRP) (ab205718/ab205719,
1:2000/1:5000). Immunoreactivity was detected with an
enhanced chemiluminescence (ECL) kit (P0018, Beyotime,
Shanghai, China) and a chemiluminescence imaging sys-
tem (ChemiDoc XRS+, Bio-Rad, Hercules, CA, USA).
Band densities were analyzed by software (Image J 1.5i,
National Institutes of Health, Bethesda, MD, USA). All
protein expression levels were normalized against GAPDH.

Statistical Analysis
Mean ± SD was used to depict all values. One-way

analysis of variance (ANOVA) test was performed to com-
pare means between multiple groups. All analyses were
performed by GraphPad Prism (version 8, GraphPad Soft-
ware, San Diego, CA, USA). p value < 0.05 indicated a
statistically significant difference.

Results

FANCD2 was Highly Expressed in HCC
Using limma based on the mRNA data downloaded

from TCGA, we performed gene differential expression
analysis. The results were visualized through a volcano plot
(Fig. 1A) and a heat map (Fig. 1B), which displayed that
the HCC specimens harbored upregulated and downregu-
lated mRNAs. Compared to the normal tissues, FANCD2
expression was among the upregulated mRNAs in the HCC
specimens (Fig. 1C, p < 0.05).

FANCD2 was Downregulated by Celastrol in HCC
Cells where Highly Expressed FANCD2 was Detected
and Associated With Poor Survival of HCC Patients

Molecular docking analysis using Autodock illus-
trated that FANCD2 can dock with Celastrol (Fig. 2A).
To investigate the effect of Celastrol on the expression of
FANCD2 in HCC, qRT-PCR was performed using Celas-
trol (1, 2, 4, and 8 µM)-treated SNU-423 and SNU-387
cells. SNU-423 and SNU-387 cells that were treated with
Celastrol (2, 4, and 8 µM) exhibited reduced FANCD2 ex-
pression (p < 0.05, Fig. 2B,C). Next, HCC patients were
dichotomized into two groups, namely patients with low
FANCD2 expression and patients with high FANCD2 ex-
pression, according to the cut-off value, the median of
FANCD2 expression. Kaplan-Meier’s estimates showed
that high FANCD2 expression was associated with shorter
survival time of HCC patients, compared to low FANCD2
expression (p = 0.0051, Fig. 2D).
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Fig. 1. FANCD2 was highly expressed in HCC. (A,B) Based on data from TCGA, limma was used to analyze differentially expressed
mRNAs in HCC, and these mRNAs were visualized in a volcano plot (A) and a heat map (B), red: upregulation; green: downregulation.
(C) Prediction on FANCD2 expression in HCC (T, red) and normal samples (N, gray) (Gene Expression Profiling Interactive Analysis
2 (GEPIA 2), http://gepia2.cancer-pku.cn/#survival). *p < 0.001, vs. normal samples. HCC, hepatocellular carcinoma; TCGA, The
Cancer Genome Atlas; GEPIA 2, Gene Expression Profiling Interactive Analysis 2.

FANCD2 Expression was Altered in HCC Cells

In line with qRT-PCR results, FANCD2 expression
was higher in SNU-387 and SNU-423 cells than in THLE-2
cells (p < 0.001, Fig. 2E). SNU-423 cells were transfected
with FANCD2 overexpression plasmids, and SNU-387 cells
were transfected with siFANCD2. FANCD2 protein and
mRNA expression levels were increased in SNU-423 cells
after FANCD2 overexpression plasmid transfection (p <

0.001, Fig. 3A–C), while transfection with siFANCD2 led
to decreased FANCD2 protein and mRNA expression lev-
els in SNU-387 cells (p < 0.001, Fig. 3D–F).

FANCD2 Positively Modulated HCC Cell Viability
and Negatively Impacted HCC Cell Apoptosis
Induced by Celastrol

Cell viability was measured with the CCK-8 as-
say. At 48 h after transfection, the OD value was higher
in SNU-423 cells overexpressing FANCD2 compared to
NC-transfected SNU-423 cells (p < 0.01, Fig. 4A), but
was lower in SNU-387 cells transfected with siFANCD2
compared to siNC-transfected SNU-387 cells (p < 0.01,
Fig. 4B). Flow cytometry analysis revealed that treatment
with Celastrol (4 µM, used in the following experiments,
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Fig. 2. FANCD2 was downregulated by Celastrol in HCC cells where highly expressed FANCD2 was detected and associated
with poor survival of HCC patients. (A) Autodock (https://autodock.scripps.edu) was used to predict the three-dimensional structure
of the docking of FANCD2 genes treated with Celastrol. (B,C) FANCD2 expression in SNU-423 and SNU-387 cells after Celastrol
(1, 2, 4, 8 µM) treatment (qRT-PCR). (D) Analysis of the association between FANCD2 and HCC patient survival (GEPIA 2, http:
//gepia2.cancer-pku.cn/#survival). (E)FANCD2 expression in THLE-2, SNU-387, and SNU-423 cells (qRT-PCR,GAPDH as the internal
reference). *p < 0.05, **p < 0.001, ***p < 0.001, vs. Control; +++p < 0.001, vs. THLE-2. n = 3.
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Fig. 3. FANCD2 expression was altered in HCC cells. (A–F) FANCD2 expression in SNU-423 cells transfected with NC or FANCD2
plasmids and in SNU-387 cells transfected with siNC or siFANCD2 (western blot (A,B,D,E) and qRT-PCR (C,F), GAPDH as the internal
reference). &&&p < 0.001, vs. NC; ωωωp < 0.001, vs. siNC. n = 3. NC, negative control; siNC, small interfering RNA for NC.

as it is closest to the half maximal inhibitory concen-
tration of Celastrol for HCC cells) caused SNU-423 cell
apoptosis promotion and SNU-387 cell apoptosis promo-
tion (p < 0.001, Fig. 4C–E), which were attenuated by
FANCD2 overexpression (p < 0.001, Fig. 4C,E) and po-
tentiated by FANCD2 knockdown (p < 0.001, Fig. 4D,E).
FANCD2 knockdown, compared to siNC transfection, fa-
cilitated SNU-387 cell apoptosis (p < 0.001, Fig. 4D,E).

Celastrol Downregulated FANCD2 to Promote ROS
Production in HCC Cells

In both SNU-423 and SNU-387 cells, ROS levels in-
creased after Celastrol treatment, and FANCD2 overexpres-
sion weakened the effect of Celastrol on ROS production in
SNU-423 cells, whereas FANCD2 knockdown potentiated
the effect in SNU-387 cells (p < 0.001, Fig. 5A–C).

Celastrol Downregulated FANCD2 to Facilitate
Ferroptosis and Autophagy in HCC Cells

The levels of proteins related to ferroptosis were as-
sessed in HCC cells after transfection and/or Celastrol treat-
ment. FANCD2 overexpression had no effect on the level of
MDA but increased SOD and GSH levels in SNU-423 cells
(p < 0.05, Fig. 6A–C). In contrast, MDA levels increased
but SOD and GSH levels decreased in SNU-387 cells af-
ter FANCD2 knockdown (p < 0.05, Fig. 6E–G). However,
both FANCD2 overexpression and FANCD2 knockdown
did not affect the levels of iron in SNU-423 and SNU-387
cells (Fig. 6D,H). Celastrol treatment increased MDA and

iron levels, while decreasing SOD and GSH levels in both
SNU-423 and SNU-387 cells (p < 0.001, Fig. 6A–H). The
effect of Celastrol on the levels of the ferroptosis-related
molecules mentioned above was neutralized by FANCD2
overexpression (p < 0.05, Fig. 6A–D) but was potentiated
by FANCD2 knockdown (p < 0.05, Fig. 6E–H).

In HCC cells, after transfection and/or Celastrol treat-
ment, the expression levels of autophagy-related molecules
were examined. The expression of Beclin, LC3BII, and
LC3BII/LC3BI decreased, while the expression of LC3BI
increased after FANCD2 overexpression in SNU-423 cells
(p < 0.05, Fig. 6I–K). FANCD2 knockdown in SNU-
387 cells increased the expressions of Beclin, LC3BII,
and LC3BII/LC3BI, while diminishing the expression of
LC3BI (p< 0.05, Fig. 6L–N). Both SNU-423 and SNU-387
cells treated with Celastrol exhibited increased expressions
of Beclin, LC3BII, and LC3BII/LC3BI, and decreased
LC3BI expression (p < 0.01, Fig. 6I–N). FANCD2 over-
expression offset the effect of Celastrol on the expressions
of these autophagy-related molecules in SNU-423 cells (p
< 0.01, Fig. 6I–K), but FANCD2 knockdown strengthened
the effect in SNU-387 cells (p < 0.01, Fig. 6L–N).

Celastrol Downregulated FANCD2 to Inhibit Tube
Formation Induced by HCC Cells

The results of the tube formation assay are shown
in Fig. 7A–C. FANCD2 overexpression promoted the
ability of SNU-423 cells to form HUVEC tubes (p <

0.05, Fig. 7A,B). On the contrary, FANCD2 knockdown
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Fig. 4. FANCD2 positively modulated HCC cell viability and negatively impacted HCC cell apoptosis induced by Celastrol. (A,B)
Viability of SNU-423 cells transfected with NC or FANCD2 plasmids and that of SNU-387 cells transfected with siNC or siFANCD2 (Cell
Counting-Kit-8 assay). (C–E) Apoptosis of SNU-423 cells transfected with NC/FANCD2 plasmids and treated with Celastrol (4 µM) and
that of SNU-387 cells transfected with siNC/ siFANCD2 and treated with Celastrol (4 µM) (flow cytometry). &&p< 0.001, vs. NC; ωωp
< 0.01, ωωωp< 0.001, vs. siNC; ***p< 0.001, vs. Control; △△△p< 0.001, vs. NC+Celastrol; θθθp< 0.001, vs. siNC+Celastrol. n =
3. siFANCD2, small interfering RNA for FANCD2.

weakened the ability of SNU-387 cells to form HU-
VEC tubes (p < 0.05, Fig. 7A,C). In addition, it was
observed that Celastrol treatment weakened the ability
of SNU-423 and SNU-387 cells to form HUVEC tubes
(p < 0.001, Fig. 7A–C). FANCD2 overexpression abol-
ished the Celastrol-induced destruction of HUVEC tubes
treated with SNU-423 cell-conditionedmedium (p< 0.001,
Fig. 7A,B), while FANCD2 knockdown potentiated the
Celastrol-induced destruction of HUVEC tubes treated with
SNU-387 cell-conditioned medium (p < 0.05, Fig. 7A,C).

Celastrol Downregulated FANCD2 to Inhibit HCC
Cell Migration and Invasion

In the cell scratch assay, FANCD2 overexpression in-
creased the rate of gap closure in SNU-423 cells (p <

0.01, Fig. 8A,B), while FANCD2 knockdown decreased
the rate of the gap closure in SNU-387 cells (p < 0.001,
Fig. 8A,C). Celastrol treatment inhibited SNU-423 and
SNU-387 cell migration (p < 0.001, Fig. 8A–C). More-
over, FANCD2 overexpression counteracted the Celastrol-
induced inhibition on SNU-423 cell migration (p < 0.01,
Fig. 8A,B), while FANCD2 knockdown intensified the

Celastrol-induced inhibition on SNU-387 cell migration (p
< 0.001, Fig. 8A,C). Transwell invasion assay showed sim-
ilar results. The invasion rate of FANCD2-overexpressed
SNU-423 cells was higher than that of NC-transfected cells
(p < 0.01, Fig. 8D,F), while FANCD2 knockdown com-
pared to siNC transfection, decreased the invasion rate of
SNU-387 cells (p < 0.001, Fig. 8E,F). Celastrol treatment
inhibited the invasive ability of SNU-423 and SNU-387
cells (p < 0.001, Fig. 8D–F). In addition, FANCD2 over-
expression attenuated the effect of Celastrol on SNU-423
cell invasion (p< 0.001, Fig. 8D,F), while FANCD2 knock-
down potentiated the effect of Celastrol in inhibiting SNU-
387 cell invasion (p < 0.001, Fig. 8E,F).

Celastrol Modulated the Expressions of
Apoptosis-Related Factors in HCC Cells by
Negatively Regulating FANCD2 Expression

In both SNU-423 and SNU-387 cells, Celastrol treat-
ment downregulated FANCD2 and Bcl-2 protein and
mRNA expression levels (p < 0.05, Fig. 9A–F) and up-
regulated Bax and cleaved caspase-3 protein and mRNA
expression levels (p < 0.001, Fig. 9A–F). FANCD2 over-
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Fig. 5. Celastrol downregulated FANCD2 to promote ROS production in HCC cells. (A–C) ROS production of SNU-423 cells that
were transfected with NC/FANCD2 plasmids and treated with Celastrol (4 µM) and that of SNU-387 cells that were transfected with
siNC/siFANCD2 and treated with Celastrol (4 µM) were analyzed by the DCFDA method (magnification: ×200; scale bar: 100 µm).
***p< 0.001, vs. Control; △△△p< 0.001, vs. NC+Celastrol; θθθp< 0.001, vs. siNC+Celastrol. n = 3. ROS, reactive oxygen species;
DCFDA, 2′,7′-Dichlorodihydrofluorescein diacetate.
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Fig. 6. Celastrol downregulated FANCD2 to facilitate ferroptosis and autophagy in HCC cells. (A–H) MDA, SOD, GSH, and iron
levels in SNU-423 cells transfected with NC/FANCD2 plasmids and treated with Celastrol (4 µM) and those of SNU-387 cells trans-
fected with siNC/siFANCD2 and treated with Celastrol (4 µM) (colorimetric assay). (I–N) Beclin, LC3BI, LC3BII, and LC3BII/LC3BI
expression levels in SNU-423 cells transfected with NC/FANCD2 plasmids and treated with Celastrol (4 µM) and those in SNU-387 cells
transfected with siNC/siFANCD2 and treated with Celastrol (4 µM) (western blot, GAPDH as an internal reference). &p < 0.05, &&p <
0.01, &&&p< 0.001, vs. NC; ωp< 0.05, ωωp< 0.01, ωωωp< 0.001, vs. siNC; **p< 0.01, ***p< 0.001, vs. Control; △p< 0.05, △△p
< 0.01, △△△p < 0.001, vs. NC+Celastrol; θp < 0.05, θθp < 0.01, θθθp < 0.001, vs. siNC+Celastrol. n = 3. MDA, malondialdehyde;
SOD, superoxide dismutase; GSH, glutathione; LC3, light chain 3.
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Fig. 7. Celastrol downregulated FANCD2 to inhibit tube formation induced by HCC cells. (A–C) Tube formation ability of SNU-
423 cells after FANCD2 plasmid/NC transfection and/or Celastrol (4 µM) treatment and that of SNU-387 cells after siFANCD2/siNC
transfection and/or Celastrol (4 µM) treatment to form capillary-like tubes (tube formation assay) (magnification: ×200; scale bar: 100
µm). &&p < 0.01, vs. NC; ωωp < 0.01, vs. siNC; ***p < 0.001, vs. Control; △△△p < 0.001, vs. NC+Celastrol; θp < 0.05, vs.
siNC+Celastrol. n = 3.

expression had effects opposite to the role of Celastrol on
FANCD2 and cleaved caspase-3 expression in SNU-423
cells (p < 0.05, Fig. 9A–C), and no effects on Bax and
Bcl-2 expression (Fig. 9A–C). The effect of Celastrol on
FANCD2, Bax, Bcl-2, and cleaved caspase-3 expression in
SNU-387 cells (p < 0.05, Fig. 9D–F) was similar to that
of FANCD2 knockdown. Moreover, the effects of Celastrol
on FANCD2, Bax, Bcl-2 and cleaved caspase-3 expressions
were offset by FANCD2 overexpression in SNU-423 cells
(p < 0.05, Fig. 9A–C), but were strengthened by FANCD2
knockdown in SNU-387 cells (p < 0.05, Fig. 9D–F).

Discussion

HCC, which accounts for the majority of liver cancers,
is the fourth leading cause of cancer-related mortality [24].
Unlike traditional methods, such as surgical resection and
conventional chemotherapy, which often cause significant

pain and have high recurrence rates and low surgical sur-
vival rates [25], Celastrol, a naturally occurring pentacyclic
chemical compound, exerts an anti-HCC effect with mini-
mal adverse effects and high efficacy [19]. However, the
mechanism by which Celastrol achieves this effect is not
fully understood.

Ferroptosis, an iron-dependent form of regulated cell
death, primarily affects the cells deficient in critical nu-
trients or susceptible to infection or ambient stress [26].
Cancer cells exist in a state of constant oxidative stress;
however, the delicate balance between thiols and catalytic
iron they harbor deters the occurrence of ferroptosis dur-
ing cancer development [27]. Therefore, ferroptosis is
exogenously triggered for therapeutic benefits in cancer
[28]. Celastrol can induce ferroptosis in non-small-cell
lung cancer (NSCLC) cells, demonstrating its potential an-
ticancer activity [29]. In our study, bioinformatics predic-
tions based on Autodock illustrated that Celastrol can dock
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Fig. 8. Celastrol reversed the effects of overexpression FANCD2 on HCC cell migration and invasion. (A–C) Migratory ability of
SNU-423 cells afterFANCD2 plasmid/NC transfection and/or Celastrol (4 µM) treatment and that of SNU-387 cells after siFANCD2/siNC
transfection and/or Celastrol (4 µM) treatment (cell scratch assay) (magnification: ×100; scale bar: 100 µm). (D–F) Invasive ability
of SNU-423 cells after FANCD2 plasmid/NC transfection and/or Celastrol treatment and that of SNU-387 cells after siFANCD2/siNC
transfection and/or Celastrol treatment (Transwell invasion assay) (magnification: ×100; scale bar: 100 µm). &&p< 0.01, vs. NC; ωωωp
< 0.001, vs. siNC; ***p < 0.001, vs. Control; △△p < 0.01, △△△p < 0.001, vs. NC+Celastrol; θθθp < 0.001, vs. siNC+Celastrol. n =
3.

with FANCD2, a ferroptosis-inhibitory protein [30], and re-
duce expression of FANCD2 in HCC cells. Based on these
and the previously reported anti-HCC effects of Celastrol,

we hypothesize that Celastrol targets FANCD2 to promote
ferroptosis in HCC cells, thereby suppressingHCCprogres-
sion.
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Fig. 9. Celastrol regulated the expressions of apoptosis-related factors in HCC cells by negatively regulating FANCD2 expres-
sion. (A–F) FANCD2, Bax, Bcl-2, and cleaved caspase-3 expression in SNU-423 cells after FANCD2 plasmid/NC transfection and/or
Celastrol (4 µM) treatment and those in SNU-387 cells after siFANCD2/siNC transfection and/or Celastrol (4 µM) treatment (western
blot (A,B,D,E) and/or qRT-PCR (C,F), GAPDH as an internal reference). &p < 0.05, &&&p < 0.001, vs. NC; ωp < 0.05, ωωp < 0.01,
ωωωp < 0.001, vs. siNC; *p < 0.05, ***p < 0.001, vs. Control; △p < 0.05, △△p < 0.01, △△△p < 0.001, vs. NC+Celastrol; θp <

0.05, θθp < 0.01, θθθp < 0.001, vs. siNC+Celastrol. n = 3.

FANCD2, a master regulator of the maintenance of
common fragile sites in genomic regions [31], is an upreg-
ulated gene in HCC tissue specimens [32]. Moreover, high
expression of FANCD2 predicts poor prognoses in patients
and is associated with larger tumor size; conversely, inhibi-
tion of FANCD2 expression attenuates the proliferation of
HCC cells [15], which signifies the growth-inhibitory role
of FANCD2 in HCC cells. Consistently, our study showed
that high FANCD2 expression in HCC cells was associated
with the short survival time of patients, and FANCD2 pos-
itively modulated HCC cell viability. The deficiency of
FANCD2 leads to DNA repair inhibition [33], which is ac-
companied by HCC cell apoptosis [34]. Bcl-2, Bax, and
cleaved caspase-3, which are components of the apoptotic
signaling pathway, play important roles in regulating apop-
tosis [35]. Bcl-2 is an antiapoptotic factor that inhibits can-
cer cell apoptosis and promotes survival, while Bax and
cleaved caspase-3 promote apoptosis [36]. The present
study revealed that HCC cell apoptosis, along with Bax
and cleaved caspase-3 upregulation and Bcl-2 downregu-
lation, was induced upon FANCD2 knockdown. Celastrol
can also induce HCC cell apoptosis [37]. In the present
study, FANCD2 knockdown and FANCD2 overexpression
were shown to potentiate or attenuate the pro-apoptotic ef-
fect of Celastrol in HCC cells, respectively, suggesting that
targeting FANCD2 can alter the growth-inhibitory effects of
Celastrol in HCC.

Ferroptosis is often triggered with apoptosis to in-
hibit cell growth [38], and it is characterized by oxidative
stress-induced membrane lipid peroxidation [39], which
is triggered by ROS accumulation in the presence of ex-
cess iron [5]. MDA is produced as the principal byprod-
uct of polyunsaturated fatty acid peroxidation [40]. SOD
and GSH are both key antioxidant enzymes preventing ox-
idative stress [41]. In the present study, FANCD2 over-
expression increased SOD and GSH levels and decreased
ROS levels, while FANCD2 knockdown promoted MDA
and ROS production and decreased SOD and GSH activ-
ity, suggesting that FANCD2 protects HCC cells against ox-
idative stress. Although FANCD2 inhibits ferroptosis [30],
the level of iron in HCC cells was not affected by the ma-
nipulation of FANCD2 expression. Furthermore, Celastrol
significantly upregulated the level of iron in HCC cells,
while Celastrol ameliorated oxidative stress in HCC cells,
as previously reported [42]. These findings illustrate that
Celastrol induced ferroptosis in HCC cells. We also dis-
covered that FANCD2 overexpression/knockdown weak-
ened/strengthened the effect of Celastrol on ferroptosis in
HCC cells, where Celastrol can downregulate FANCD2.
Our results suggest that Celastrol reduced oxidative stress
in HCC cells in part by decreasing FANCD2 expression;
however, whether FANCD2 is involved in the ferroptosis-
inhibitory effect of Celastrol in HCC cells remained un-
clear.
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Autophagy, which is defined as a cellular degradation,
promotes iron overload or directly induces lipid peroxida-
tion to trigger ferroptosis when excessively activated [9].
Beclin, an ATG protein, forms protein complexes that are
crucial to the formation of the autophagic vesicle mem-
brane [43], after which autophagosome maturation is ini-
tiated [44] and LC3 is cleaved to generate LC3BI, which is
then conjugated to the lipid phosphatidylethanolamine on
the membrane, followed by the lipidation of LC3BI into
LC3BII. Interestingly, the rate of lipidation reflects the ex-
tent of autophagosome formation [45]. Subsequently, au-
tophagosomes, which engulf damaged organelles or mis-
folded proteins, are transported to the lysosome for degra-
dation, completing the process of autophagy [46]. FANCD2
is critical for autophagy-dependent ferroptosis [13], which
is supported by the results of our study. We found that
FANCD2 negatively influenced autophagy in HCC cells,
as its expression was negatively correlated with beclin and
LC3BI/LC3BII. Given that excessive autophagy elicits fer-
roptosis, we inferred that FANCD2 negatively regulates
autophagy-ferroptosis in HCC cells. Meanwhile, Celastrol
can enhance autophagy in HCC cells [47], consistent with
our results. Taken together with our findings showing de-
creased FANCD2 expression in HCC cells, these results in-
dicate that Celastrol targets FANCD2 to induce autophagy-
dependent ferroptosis in HCC cells.

In addition, FANCD2 is a key oncogene in HCC be-
cause HCC cell proliferation and invasion are dampened
by FANCD2 knockdown [15]. Inhibition of HepG2 cell mi-
gration is associated with FANCD2 knockdown [48]. Con-
sistent with these findings, our study demonstrated the mi-
gratory and invasive role of FANCD2 in HCC cells. Fur-
thermore, angiogenesis correlates with tumor cell migra-
tion and invasion, further leading to the onset of metasta-
sis [49,50], a phenomenon responsible for the high recur-
rence and mortality rate of cancer [51]. Our study is the
first to reveal that FANCD2 has a positive correlation with
in vitro angiogenesis prompted by HCC cells. Celastrol can
suppress HCC progression by reducing tumor angiogenesis
and inhibiting cancer cell growth, migration, and invasion
[19,52]. In our study, the inhibitory effect of Celastrol on
HCC cell angiogenesis, migration, and invasion was atten-
uated by FANCD2 overexpression but was potentiated by
FANCD2 silencing, indicating that Celastrol suppressed in
vitro HCC progression by downregulating FANCD2.

Conclusion

In conclusion, our study demonstrates that Celastrol
promotes autophagy-dependent ferroptosis and inhibits an-
giogenesis, migration and invasion of HCC cells, and the
anti-HCC effect of Celastrol may be the result of FANCD2
inhibition.
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