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Induction of ferroptosis is a promising strategy for tumor treatment. In light of the fact that the in-
hibition of ferroptosis suppressor protein 1 (FSP1) can enhance the susceptibility of hepatoma cells to
glutathione peroxidase 4 (GPX4) inhibitors, we hypothesized that FSP1 degraders may conspicuously im-
prove the therapeutic efficacy of GPX4 inhibitors against hepatoma. Here, we developed a strategy using
an iFSP1 analog (FSP1 inhibitor) and the pomalidomide (E3 ligase ligand) to construct proteolysis target-

Keywords: ing chimeras (PROTACs) for degrading FSP1. Among these, C7, the first-in-class PROTAC degrader of FSP1,
FSP1 induced FSP1 degradation with a half-maximal degradation concentration (DCsq) value of 0.66 pmol/L.
GPX4 The synergistic application of C7 (1 pmol/L) and the GPX4 inhibitor ML162 (100 nmol/L) markedly in-
PROTACs duced ferroptosis and effectively inhibited hepatoma cells viability. Further mechanism studies revealed
gzir;gizz that C7 targets FSP1 and down-regulates it through the ubiquitin-proteasome pathway. In vivo exper-

iments demonstrated that the therapeutic alliance of C7 and ML162 markedly surpassed the efficacy of
iFSP1 (FSP1 inhibitor) and ML162 in suppressing tumor proliferation. Collectively, these findings indicated
that PROTAC degraders of FSP1 function as potent sensitizers of GPX4 inhibitors to induce ferroptosis,

thus representing a promising strategy for hepatoma treatment.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The development of innovative therapy strategies remains cru-
cial, as hepatoma represents a significant global health challenge,
characterized by high incidence and mortality rates [1]. Ferropto-
sis, a distinctive form of regulated cell death dependent on iron
and characterized by the excessive accumulation of lipid peroxides
(LPO) on cellular membranes, has gained significant attention in
recent years [2-4]. One of the most effective strategies to induce
ferroptosis is to destroy the defense mechanism of ferroptosis [5,6].
The cystine/glutamate antiporter-glutathione-glutathione peroxi-
dase 4 (system Xc~-GSH-GPX4) axis, a glutathione-dependent pro-
tective pathway, plays a key role in guarding against ferroptosis
and is considered a crucial antioxidant mechanism [7,8]. GPX4, in
particular, has become a prominent target in tumor research [9-
11]. However, inhibiting GPX4 alone was insufficient to induce fer-
roptosis in certain cell types or cell lines [12,13]. Hence, it is imper-
ative to investigate innovative approaches to boost the therapeutic
efficacy of GPX4 in cancer treatment.
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Ferroptosis suppressor protein 1 (FSP1) is a glutathione-
independent ferroptosis suppressor and disassociate from the GPX4
[14,15]. Mechanistically, both GPX4 and FSP1 inhibit ferroptosis by
reducing LPO production. Notably, knockdown of GPX4 in tumor
cells would lead to the up-regulation of FSP1, likely through feed-
back regulation [16]. In fact, FSP1 inhibition selectively sensitizes
tumor cells to ferroptosis inducers, as iFSP1 (FSP1 inhibitor) treat-
ment sensitizes hepatoma cells to GPX4 inhibitor-induced ferrop-
tosis. Furthermore, genetic deletion of FSP1 is more efficient than
small-molecule inhibition in sensitizing tumor cells to GPX4 in-
hibitors [13]. These findings indicate that merely inhibiting the en-
zymatic activity of FSP1 may not be sufficient to achieve complete
functional loss. Instead, agents that degrade FSP1 may be more ef-
fective in enhancing the sensitivity of hepatoma cells to GPX4 in-
hibitors.

Presently, small molecules targeting FSP1 primarily act to di-
rectly or indirectly inhibit its biological activity, without affecting
the expression level of FSP1 [17,18]. However, recent studies have
revealed that the expression of FSP1 protein is modulated through
the ubiquitin (Ub)-proteasome system [19], suggesting that the
level of FSP1 could potentially be reduced by enhancing its ubiq-
uitination process. As a key regulatory target of ferroptosis, the
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biological effects of decreased FSP1 protein level are still unclear.
Therefore, it is urgent to develop FSP1 degradation agents to eluci-
date the biological functions of FSP1. Proteolysis targeting chimeras
(PROTACs) represent a cutting-edge technology specifically de-
signed to degrade pathogenic proteins via the Ub-proteasome
pathway. This innovative PROTACs strategy has garnered significant
attention and is poised as a highly promising approach in the ex-
ploration and development of novel therapeutics for the treatment
of various diseases [20-22]. More significantly, the entry of PROTAC
molecules into clinical trials indicates that PROTAC degraders hold
practical application prospects [23,24]. iFSP1s were the first iden-
tified class of FSP1 inhibitors. Subsequent studies have shown that
iFSP1s targeted the quinone-binding pocket of FSP1 [15]. Based on
structure-activity relationship study, we speculated that structural
modification of the chlorine atom on the benzene ring in iFSP1-8
would not significantly affect its biological activity [13]. The dock-
ing model of iFSP1-8 and FSP1 showed that the chlorine atom was
oriented towards the solvent region (Fig. S1 in Supporting infor-
mation), which further supported the feasibility of the modifica-
tion. Therefore, a series of PROTAC degraders of FSP1 were de-
signed and synthesized using iFSP1-8 as the FSP1 ligand. Among
them, C7 showed the most potent FSP1 degradation potency. More
importantly, we also found that C7 was able to increase the sus-
ceptibility of hepatoma cells to GPX4 inhibitors, with a more pro-
nounced effect than iFSP1. In combination therapy studies, C7
and ML162 (a GPX4 inhibitor) showed significantly enhanced in
vivo antitumor efficacy against HepG2 xenograft tumors compared
to iFSP1 and ML162. These findings underscored the potential of
PROTAC degraders of FSP1, as potent GPX4 sensitizers to induce
ferroptosis, thus representing a promising strategy for hepatoma
treatment.

The PROTAC molecule consists of three distinct parts, a war-
head that targets the protein of interest, a suitable linker and an
E3 Ub ligase-recruiting ligand. Compound iFSP1-8 was selected for
modification to serve as an FSP1 ligand in the design of PROTACs.
Initially, the iFSP1-8 derivative 5 was obtained through a de novo
synthesis approach. Compound 5 exhibited comparable biological
activity to iFSP1-8 (Fig. S2 in Supporting information), with its hy-
droxyl group serving as a conjugation site for the further attach-
ment of target molecules. To identify the most effective E3 lig-
ase ligand, we selected pomalidomide (cereblon, CRBN) and VH032
(von Hippel-Lindau, VHL), which are well-established ligands for
E3 ligases, for PROTACs construction. Additionally, the efficiency of
protein degradation mediated by PROTACs is influenced not only
by the ligands’ affinity and selectivity for their respective targets
but also by the length of the chemical linker [25,26]. Consequently,
we chose a variety of linkers with different lengths to connect the
FSP1 ligand with the E3 ligase ligand. The structures of target com-
pounds C1-12 and V1-9 were depicted in Scheme 1.

To evaluate the FSP1 degradation efficiency of the designed
PROTACs, FSP1 protein levels in HepG2 cells were analyzed after
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treatment with 21 distinct target compounds. Our observations re-
vealed that the majority of VHL-series compounds exhibited in-
significant degradation efficiency for FSP1, with only V7-9 showing
a slight effect on FSP1 degradation (Fig. S3A in Supporting infor-
mation). In contrast, the majority of CRBN-series compounds dis-
played substantial degradation activity (Fig. S3B in Supporting in-
formation). Notably, compounds C6, C7, C9, C10, and C11 achieved
degradation rates of exceeding 75%. These results suggested that
CRBN outperformed VHL in degrading FSP1, and that the length of
linker chain was a critical determinant of the biological activity of
PROTAC molecules. Given its demonstration of the most significant
FSP1 degradation potential, compound C7 was selected for further
investigation.

To assess the FSP1 degradation efficiency of C7, HepG2 cells
were exposed to escalating concentrations of C7, after which
the intracellular levels of FSP1 protein were quantified. The re-
sults indicated that C7 significantly reduced FSP1 expression in
a concentration-dependent manner, with a half-maximal degra-
dation concentration (DCsg) value of 0.66 pmol/L (Fig. 1A). Re-
assuringly, the maximum effective degradation rate (Dmax) of C7
reached 86 %. Moreover, to determine the time required for C7 to
exert its biological activity, HepG2 cells were incubated with C7
at various time points. The results showed that C7 initiates FSP1
degradation after 6 h and achieved Dnax at 24 h (Fig. 1B).

To further investigate the degradation mechanism of FSP1 by
C7 in HepG2 cells, a series of rescue experiments were conducted.
Initially, HepG2 cells were pretreated with iFSP1, which competed
with C7 for binding to FSP1 (Fig. S4 in Supporting information).
The results showed that iFSP1 attenuated C7-induced degradation
of FSP1 (Fig. S4A). Next, pretreatment of HepG2 cells with poma-
lidomide substantially impaired the potency of C7 to degrade FSP1
(Fig. S4B). The proteasome inhibitor MG132 also rescued the de-
crease of FSP1 level in HepG2 cells (Fig. 1C). We further assessed
the impact of C7 on the protein levels of ikaros family zinc finger 1
(IKZF1), ikaros family zinc finger 3 (IKZF3) and G1 to S phase tran-
sition 1 (GSPT1). Our data revealed no significant alteration in the
abundance of these proteins upon C7 treatment (Fig. S4C), thereby
confirming that FSP1 degradation by C7 occurs in a target-selective
manner. Additionally, C7N (a negative control of C7), containing a
methyl group in glutarimide NH, lost the ability to target CRBN and
had no significant effect on FSP1 level (Figs. S5A and B in Sup-
porting information). Furthermore, co-immunoprecipitation results
demonstrated that C7 significantly increased the ubiquitination of
FSP1 in HepG2 cells (Fig. 1D). Surface plasmon resonance (SPR) as-
say showed that C7 has an obvious binding signal to the FSP1 pro-
tein, high affinity and strong concentration dependence, with a Ky
of 0.87 umol/L (Fig. S6 in Supporting information). Molecular dy-
namics (MD) simulation indicated that C7 could recruit CRBN to
FSP1 and form a ternary complex (Fig. S7 in Supporting informa-
tion). These findings confirmed that C7 degrades FSP1 through the
Ub-proteasome pathway.
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Scheme 1. The synthesis of the target compounds. Reagents and conditions: (i) K;CO3, DMF, 90°C, 12 h; (ii) sodium ascorbate, CuSO4, DMF/H,0, r.t., 24 h.
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Fig. 1. Compound C7 induced FSP1 degradation via the Ub-proteasome system. (A) Western blot (WB) analysis of FSP1 level after treatment with indicated concentrations
of C7 for 24h in HepG2 cells. (B) WB analysis of FSP1 level after treatment with C7 (1 pmol/L) at indicated time points in HepG2 cells. (C) WB analysis of FSP1 level after
treatment with indicated compounds in HepG2 cells for 24 h; C7 (1 umol/L) and MG132 (10 pmol/L). (D) HepG2 cells were treated with indicated concentrations of C7 for
24 h. The total proteins were immunoprecipitated with anti-FSP1 and immunoblotted with anti-Ub antibodies. Analysis results represented mean & SD (n=3). *P <0.05,
**P < 0.01, ***P < 0.001 vs. control group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IP, immunoprecipitation; IB, immunoblotting.

A B0 B 150+
® S
£ 100 2 100
Z i
5 2
= 50+ = 504
3 3
e S
0 od
ML162 (100 nmol/L) - + o+ + Time(th) 0 6 12 18 24
iFSPI(1pmolL) - -+ -
CI(lpmolL) - - -+
2.5 3

2.01
1.54
1.04

The intensity
of MDA
The intensity
of 4-HNE

| o4
MLI162 (100 nmol/L) - + + + +
+

MLI162 (100 nmol/L) - + * +* +

iFSP1 (1 pmol/L) - . . iFSP1 (1 pmolL) - - -
C7(0.5 pmol/L) - 8 = + C7(0.5 pmol/L) - 5 * + &
C7 (1 pmol/L) - - - - + C7(1 pmol/L) - - - - -

1SY220H

w
[}
2!
5
g
£

oSN

Fig. 2. Compound C7 sensitized HepG2 cells to ML162. (A) The percentage of cell viability after treatment with indicated compounds for 24 h in HepG2. (B) The percentage of
cell viability after treatment with €7 (1 pmol/L) and ML162 (100 nmol/L) at indicated time points in HepG2 cells. (C) CLSM imaging of intracellular LPO level after treatment
with indicated compounds for 24 h in HepG2 cells. Scale bar: 100 pm. (D) The intracellular MDA level and (E) 4-HNE level after treatment with indicated compounds for 24 h
in HepG2 cells. Analysis results represented mean + SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group.

Next, we evaluated the potential of C7 to increase the sensitiv-
ity of HepG2 cells to GPX4 inhibitor. Attentionally, ML162 (GPX4
inhibitor), at a concentration of 100 nmol/L, did not substantially
inhibit the growth of HepG2 cells. However, ML162 demonstrated
potent effect of growth inhibition in combination with C7 (Fig. 2A,
Figs. S8A and B in Supporting information). Notably, C7 exhibited
stronger effect than iFSP1 at the same concentration, suggesting
that reducing FSP1 expression is more advantageous than merely
inhibiting its activity in tumor suppression. However, the sensi-
tizing effect of C7N (a negative control of C7) on GPX4 inhibitor
was greatly diminished (Fig. S8C in Supporting information). Addi-
tionally, cell viability was evaluated over a temporal gradient fol-
lowing drug treatment. Co-treatment with ML162 and C7 for 6h
did not affect HepG2 cell viability. However, prolonged exposure to
ML162 and C7 led to a marked reduction in cell viability in a time-
dependent manner (Fig. 2B). The time required for the combination
of ML162 and C7 to produce cytotoxicity was consistent with the
time required for C7 to start degrading FSP1, indicating that the
antiproliferative effects of ML162 and C7 are mediated primarily
by inhibiting GPX4 activity and reducing FSP1 level. These results
suggested that FSP1 degrader has greater potential to increase the
sensitivity of HepG2 cells to GPX4 inhibitor.

To investigate the mechanism underlying the activity of C7 and
ML162, the ferroptosis inhibitor Fer-1 was employed. The results
demonstrated that the cytotoxic effect induced by the combination
of C7 and ML162 in HepG2 cells could be reversed by Fer-1 (Fig.
S8D in Supporting information), highlighting the involvement of
ferroptosis in their mechanism of action. The LPO accumulation

was a key characteristic of ferroptosis [27]. In HepG2 cells, the
LPO level did not change after administration of ML162 or C7
alone. While the intracellular LPO level was significantly increased
after co-treatment with C7 and ML162 (Fig. 2C, Figs. S9A and B in
Supporting information). Significantly, at equivalent concentration,
C7 proved to be more effective than iFSP1 in increasing LPO.
Furthermore, LPO breakdown leads to generate reactive toxic
aldehydes, such as malondialdehyde (MDA) and 4-hydroxynonenal
(4-HNE). These aldehydes inactivate proteins that are critical for
cellular processes by crosslinking, thereby promoting ferroptosis
[28]. Upon co-treatment with C7 and ML162, the intracellular
levels of MDA and 4-HNE elevated in a dose-dependent manner
(Figs. 2D and E, Figs. S9C and D in Supporting information). Addi-
tionally, after treatment with C7 and ML162 for 24 h, the Fe2* and
ROS content in HepG2 cells was obviously increased, accompanied
by a significant downregulation of GSH level (Figs. S10A-D in
Supporting information). These results indicated that the combina-
tion of C7 and ML162 inhibited HepG2 cells viability by inducing
ferroptosis. Moreover, C7 demonstrated superior activity compared
to iFSP1, suggesting that FSP1 degraders hold the much greater
potential than FSP1 inhibitors in hepatoma therapeutics.

To evaluate the antitumor potency of combination of C7 and
ML162 in vivo, the nude mouse HepG2 xenograft models were
established. All protocols were approved by the Animal Experi-
mentation Committee of China Pharmaceutical University (IACUC
Number: 2024-05-067). As shown in Fig. 3 and Fig. S11A (Sup-
porting information), ML162 alone was not sufficient to effectively
suppress tumor growth. However, when administered in combina-
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Fig. 3. In vivo antitumor activity of C7/ML162 in the mouse HepG2 xenograft models. Change of (A) tumor volume, (B) tumor weight and (C) body weight was exhibited
after treated with vehicle or compounds. Analysis results represented mean + SD (n=6). **P < 0.01, ***P < 0.001 vs. control group.

tion with C7, there was a significant inhibition of tumor growth,
and no significant changes in the body weight of the mice were
noted during the administration period. The tumor growth inhi-
bition ratio (TGI) was calculated based on tumor weight. The C7
(10 mg/kg) + ML162 (1 mg/kg) group performed a TGI of 89.9%; the
C7 (5mg/kg)+ML162 (1 mg/kg) group performed a TGI of 70.8%
and the iFSP1 (10 mg/kg) + ML162 (1 mg/kg) group performed a TGI
of 65.1%. An essential observation lay in the prominent synergism
revealed by this combination, affirming the presence of the syn-
thetic antitumor effects between FSP1 degradation and GPX4 inhi-
bition in vivo.

Additionally, hearts, kidneys, livers, lungs, spleens, and tumors
were collected for further pathology and biochemical criterion
analysis. Hematoxylin and eosin (H&E) staining of the organs sug-
gested that there was no significant morphological change between
the vehicle group and drug-treated groups (Fig. S11B in Supporting
information), indicating a praisable biosecurity of C7. Furthermore,
the median lethal dose (LDsq) of C7 was measured and found to be
201.4mg/kg (Table S1 in Supporting information). Moreover, com-
pared with the vehicle group, the FSP1 level was obviously de-
creased in tumor issues after the treatment of C7 (Fig. S11C in
Supporting information) by immunohistochemistry (IHC) analysis
of tumors. These results proved that C7 was a safe and efficacious
degradation agent of FSP1.

Given the excellent biological efficacy of C7, we further investi-
gated its pharmacokinetic (PK) properties in rats (Table S2 in Sup-
porting information). The data indicated that C7 exhibits a favor-
able PK profile, with a half-life (t;;;) of 2.55h following a single
intravenous administration. However, the PK properties of C7 were
found to be lower with intraperitoneal injection compared to intra-
venous administration, resulting in a bioavailability of only 15.7 %.
Although the bioavailability of C7 via intraperitoneal injection was
low, its significant antitumor effect in vivo highlighted the poten-
tial value of the FSP1 degrader in hepatoma therapeutics.

Summarily, based on the importance of FSP1 in the ferropto-
sis defense mechanism, we hypothesized that rapid degradation
of FSP1 would have advantages over simply inhibiting its activity.
Taking advantage of the PROTAC platform, we designed the VHL-
recruiting and CRBN-recruiting degraders for the FSP1 using iFSP1
analogue that targets the quinone-binding pocket of FSP1. Among
these, C7, as the first FSP1 PROTAC degrader, displayed the most
efficient FSP1 degradation potency and was picked for biological
activity studies in HepG2 cells. Mechanistically, C7 played a pivotal
role in the recruitment of CRBN to the proximity of FSP1, thereby
facilitating the formation of a FSP1-C7-CRBN ternary complex. This
complex subsequently led to the down-regulation of FSP1 levels
via the Ub-proteasome pathway. Furthermore, as the first FSP1
PROTAC degrader, C7 could significantly enhance the sensitivity of
HepG2 cells to ML162 (GPX4 inhibitor). The combination of C7 and
ML162 significantly upregulated the ferroptosis signaling pathway,
resulting in the failure of the ferroptosis defense mechanism and

the accumulation of LPO. Moreover, the combination of C7 and
ML162 significantly inhibited tumor growth without obvious tox-
icity in the HepG2 xenograft model. All the results indicated that
C7 can be used as a chemical probe for FSP1-related disease explo-
ration, and that PROTAC degraders of FSP1 function as potent sen-
sitizers of GPX4 inhibitors to induce ferroptosis, thus representing
a promising strategy for hepatoma treatment.
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