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Liver cancer is the sixth most frequently diagnosed cancer and the third dominant cause of cancer death worldwide. Ferroptosis is characterized as an iron-dependent form of regulated cell death, with accumulation of lipid peroxides to lethal amounts. Evidences have showed that ferroptosis is closely associated with HCC, but the mechanisms are still poorly understood. In this review, we mainly summarize the roles of several typical molecules as well as radiotherapy in regulating the ferroptosis process in HCC. Chances are that this review may help address specific issues in the treatment of HCC.
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INTRODUCTION
Liver cancer is the sixth most frequently diagnosed cancer and the third dominant cause of cancer death worldwide. Globally about 905677 new liver cancer cases (4.7%) and 830180 new deaths (8.3%) were estimated to occur in 2020. Rates of both incidence and mortality of liver cancer show marked gender differences, with higher rates among men than among women (Sung et al., 2021). Hepatocellular carcinoma (HCC) comprises approximately 75–85% of liver cancer cases. HCC is closely associated with inflammation as most of HCC cases arise on the basis of hepatic injury and inflammation (Bishayee, 2014). HCC patients have previously suffered from chronic liver disease and cirrhosis, which are closely associated with major risk factors including HBV and/or HCV infection, excessive alcohol intake, non-alcoholic fatty liver disease (NAFLD), aflatoxin B1 exposure, diabetes, and obesity (El-Serag and Rudolph, 2007; Singal and El-Serag, 2015; Marengo et al., 2016; Wang et al., 2016). Increasing efforts have been devoted to addressing the problems associated with treatment of HCC such as drug resistance, but few progresses have been made.
Ferroptosis is characterized as an iron-dependent form of regulated cell death, with accumulation of lipid peroxides to lethal amounts. Ferroptosis was first noticed in 2003 when erastin induced death of engineered cell lines that expressed oncogenic RAS. The nuclear morphology of erastin-treated tumorigenic cells was distinct from that of apoptotic cells (Dolma et al., 2003). The mitochondrial morphologies of erastin-treated cells, such as loss of structural integrity, were different from cells of apoptosis, necrosis, and autophagy. Two isoforms of human mitochondrial voltage-dependent anion channels (VDAC2 and VDAC3) were confirmed to be associated with action of erastin. Besides, activation of RAS-RAF-MEK pathway was proved necessary for erastin function (Yagoda et al., 2007). By synthetic lethal screening, two other compounds, RAS-selective lethal 3 (RSL3) and RAS-selective lethal 5 (RSL5), were identified to display synthetic lethality to mutant RAS. Cell deaths induced by RSL3/5 were considered to be non-apoptotic and dependent on the RAS-RAF-MEK pathway. Similarities of erastin and RSL3/5-induced cell deaths were further found, as they were all inhibited by iron chelation and accompanied by accumulation of reactive oxygen species (ROS) (Yagoda et al., 2007; Yang and Stockwell, 2008). Finally, this oxidative, iron-dependent cell death was described as ferroptosis (Dixon et al., 2012). In this review, we are going to focus on ferroptosis, and summarize diverse regulatory mechanisms associated with ferroptosis in HCC. We hope that this review will be beneficial to solve problems regarding treatment of HCC.
BIOCHEMICAL CHARACTERISTICS OF FERROPTOSIS
Depletion of GSH, inactivation of GPX4, and accumulation of cellular iron and lipid ROS are identified as typical molecular events of ferroptosis (Figure 1).
[image: Figure 1]FIGURE 1 | Iron accumulation and lipid peroxidation are two critical characteristics of ferroptosis and induce oxidative damage. Ferroptosis inducers act to intervene the key molecules involved in the regulatory network of ferroptosis.
Depletion of GSH
Glutathione, as a significant scavenger of reactive species, protects cells from the stress of peroxides and other toxic compounds. Glutathione usually presents in the forms of reduced glutathione (GSH) and oxidized glutathione (GSSG). Conversion of GSH to GSSG mediated by glutathione peroxidases (GPXs) enables the reduction of peroxides (e.g., R–OOH) to their corresponding alcohols (e.g., R–OH). GSSG is later reduced back to GSH by GSSG reductase, accompanied with the consumption of NADPH. GPX4 is a unique subtype of GPXs, acting as a phospholipid hydro-peroxidase to reduce lipid peroxides to lipid alcohols. The endogenous redox cycle maintained by GSH and GPX4 is essential to defend lipid peroxidation (Lu, 2009; Brigelius-Flohé and Maiorino, 2013; Lu, 2013; Forcina and Dixon, 2019). Depletion of GSH and/or inhibition of GPX4 may lead to the breaking of redox balance and ultimately the accumulation of lipid peroxides.
During ferroptosis process induced by erastin, both GSH and GSSG were significantly depleted, accompanied with accumulation of lipid ROS. The increase in erastin concentration was correlated with the degree of GSH depletion. Lethal analogs of erastin were verified to deplete GSH more effectively than unlethal analogs of erastin. Besides, additional increasement of GSH was able to reverse cell death caused by erastin, indicating that GSH depletion was a pivotal factor in erastin-induced ferroptosis (Yang et al., 2014). GSH level was not influenced during oxidative cell death caused by some antioxidant inhibitors including DETC (an SOD inhibitor), DIA (a thiol-reactive reagent), and DCNB (a thioredoxin reductase inhibitor), suggesting that oxidative stress was not enough to induce ferroptosis.
A possible explanation for the GSH depletion during ferroptosis is the disturbance of GSH synthesis. Glutamate cysteine ligase (GCL) and GSH synthetase (GS) are rate-limiting enzymes of GSH synthesis that affect two separate ATP-dependent steps. GCL helps the combination of glutamate with cysteine into γ-glutamylcysteine, which later cooperates with glycine to synthesize GSH under the catalysis of GS (Forman et al., 2009; Lu, 2013). GCL is a heterodimer of catalytic (GCLC) and modifier (GCLM) subunits. Buthionine sulfoximine (BSO) is a robust inhibitor of GCL and causes extensive depletion of cellular GSH (Griffith and Meister, 1979; Meister, 1995). Previous studies have verified BSO’s cytotoxic effects on newborn rats and HCC cells (Mãrtensson and Meister, 1991; Lee et al., 2017). Another verified mechanism of suppressing GSH synthesis is the inhibition of the cystine/glutamate antiporter system Xc–. System Xc–is mainly composed of two subunits including SLC7A11 and SLC3A2, and widely existed in phospholipid bilayers. Cystine import and glutamate export are mediated by system Xc–at a ratio of 1:1 (Bannai and Kitamura, 1980). Cystine is then reduced to cysteine, providing raw materials for GSH synthesis. The actions of some molecules (e.g., erastin, sulfasalazine, sorafenib) to inhibit system Xc–have been confirmed. Excessive addition of glutamate also has a negative effect on system Xc– (Forcina and Dixon, 2019).
Inactivation of GXP4
Loss of GPX4 activity is viewed as another defining event of ferroptosis. As has been demonstrated, GPX4 is a unique subtype of GPXs and contributes to the elimination of lipid ROS (Forcina and Dixon, 2019). Knockdown of GPX4 was able to induce ferroptosis (Yang et al., 2014). Systemic depletion of GPX4 was noticed to be lethal to mice (Imai et al., 2003). RSL3 has been confirmed by affinity purification experiment to target GPX4 to induce ferroptosis (Yang et al., 2014). Mechanically, RSL3 covalently binds to the selenocysteine at the active site of GPX4 and inhibits its enzymatic activity irreversibly. A few DPI complexes (e.g., DPI7, DPI12, and DPI17) share the same binding site with RSL3 and act as inducers of ferroptosis (Yang et al., 2016).
Polyunsaturated fatty acyl moieties (PUFAs) are a class of lipid that are highly susceptible to oxidative damage. The bis-allylic protons of PUFAs are easily abstracted by hydrogen atoms, with the production of alkyl radicals which interact with molecular oxygen to generate peroxyl radicals. Peroxyl radicals could further interact with other PUFAs, leading to a chain reaction of lipid peroxidation. Analysis by LC tandem mass spectrometry (LC-MS/MS) showed that PUFAs were the potential target of GPX4 and functionally involved in ferroptosis. In addition, classic PUFAs such as arachidonic acid and linoleic acid were confirmed to sensitize RSL3-induced ferroptosis (Yang et al., 2016).
Increased Level of Iron
High body iron stores were previously identified as risk factors of various cancers including HCC (Knekt et al., 1994; Stevens et al., 1994; Tang et al., 2020). Increased levels of iron were identified indispensable for ferroptosis process. Fenton chemistry refers to the formation of hydroxide (OH−) and hydroxyl radicals (OH•) from the reaction between Fe2+ and hydrogen peroxide (H2O2) (Harris and DeNicola, 2020). The autoxidation with Fenton chemistry was thought as a spontaneous, non-catalytic process which contributed to the lipid peroxidation (Capelletti et al., 2020).
Ferroptosis induced by RSLs was suppressed by iron chelators such as DFOM and compound311 dependent on their abilities of depleting iron, highlighting the significance of iron in ferroptosis. The iron responsive elements (IREs)/iron regulatory proteins (IRPs) regulatory system could regulate the expression of genes associated with iron uptake (transferrin receptor 1 (TfR1) and divalent metal transporter 1 (DMT1)), storage (ferritin), and release (ferroportin), maintaining the intracellular iron homeostasis (Recalcati et al., 2010). Expression of TfR1 was increased, while expression of an iron storage protein complex which includes ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL) was decreased during ferroptosis, indicating the increase in iron uptake and decrease in iron storage during this process (Dolma et al., 2003). Erastin-induced ferroptosis requires the existence of transferrin, which carries iron and interacts with TfR1 to import iron. Transferrin was able to induce cell death in a dose-dependent manner, which could be inhibited by knockdown of TfR1 (Gao et al., 2015).
Numerous efforts have been devoted to clarifying the regulation of iron during ferroptosis. Heme oxygenase-1 (HO-1) is involved in removal of toxic heme and production of biliverdin, iron ions, and carbon monoxide. It was reported that HO-1 was required for iron reutilization in mammals (Tenhunen et al., 1969; Poss and Tonegawa, 1997). Recently HO-1 has been demonstrated to play a significant role in lipid peroxidation during ferroptosis. Erastin-induced cell death was inhibited by ZnPP which acted as a HO-1 inhibitor, with decreased level of lipid peroxidation. Besides, the by-product of HO-1 could promote cell death induced by erastin. HO-1 may contribute to the lipid peroxidation and the ferroptosis process, probably due to its regulatory role in iron metabolism and the Fenton chemistry (Kwon et al., 2015).
SPECIFIC INDUCERS OF FERROPTOSIS
Numerous studies have confirmed the effects of a series of substances in inducing ferroptosis. Generally, those substances can be divided into four groups according to their regulating properties. The first group includes erastin, sulfasalazine, and sorafenib, which inhibit the cystine/glutamate antiporter system Xc– (Dixon et al., 2014). The second group of ferroptosis inducers, such as RSL3 and some DPI complexes (e.g., DPI7), could directly inhibit the active site of GPX4. The third group includes FIN56 that applies two approaches to induce ferroptosis. First, FIN56 promotes degradation of GPX4. Second, FIN56 binds to and activates the enzyme squalene synthase, giving rise to the depletion of coenzyme Q10 which serves as an endogenous antioxidant (Shimada et al., 2016). The last group of ferroptosis inducers comprises the 1,2-dioxolane FINO2, which can both directly oxidize the labile iron and indirectly inhibit enzymatic function of GPX4 (Gaschler et al., 2018).
Above, we have discussed the main molecular events as well as typical inducers of ferroptosis. To further elucidate the role of ferroptosis in HCC, we mainly introduce several typical molecules and the high-LET CI, and narrate the mechanisms of how they are involved in regulation of ferroptosis in HCC.
The Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2)
Nrf2 is a critical regulator of antioxidant response. Mechanically, Nrf2 acts by heterodimerizing with small Maf proteins and binding to antioxidant responsive elements (ARE) to regulate genes involved in antioxidant homeostasis (Itoh et al., 1997; Ma, 2013). Kelch-like ECH-associated protein 1 (Keap1) is a negative regulator of Nrf2. Under unstressed conditions, Keap1 acts as an adaptor of the ubiquitin ligase complex and mediates the degradation of Nrf2 through ubiquitin-proteasome pathway (Itoh et al., 1999; Cullinan et al., 2004; Kobayashi et al., 2004). Oxidative stress could inactivate Keap1 and promote the stabilization of Nrf2 (Wakabayashi et al., 2004; Kobayashi et al., 2006). A selective substrate for autophagy, p62 (also called sequestosome 1), was reported to competitively interact with the Nrf2-binding site of Keap1, resulting in the indirect activation of Nrf2 (Komatsu et al., 2010). Recently, this p62-Keap1-Nrf2 pathway was believed to be involved in the regulation of ferroptosis induced by erastin and sorafenib in HCC cells (Sun et al., 2016b).
Erastin, sorafenib, and BSO were able to increase the expression of Nrf2 in HCC cells, with decreased expression of Keap1 and increased interaction between p62 and Keap1. The upregulated Nrf2 was thought to contribute to the resistance to ferroptosis. Knockdown of Nrf2 enhanced the decrease in cell viability induced by erastin and sorafenib in HCC cells, with increased defining events of ferroptosis (e.g., GSH depletion, lipid ROS accumulation, and increased level of iron), which could be reversed by inhibitors of ferroptosis other than inhibitors of apoptosis and necroptosis. Knockdown of Keap1 had the opposite influence. Several genes were identified as target genes of Nrf2 following treatment of erastin and sorafenib, including quinone oxidoreductase 1 (NQO1), heme oxygenase-1 (HO1), and ferritin heavy chain 1 (FTH1), which were involved in ROS and iron metabolism. In vivo experiments further indicated that the ferroptosis process could be enhanced by Nrf2 silencing, with the HCC tumor eliminated more efficiently (Sun et al., 2016b).
In conclusion, the p62-Keap1-Nrf2 antioxidative signaling pathway is involved in ferroptosis induced by erastin and sorafenib in HCC cells, probably through regulating genes associated with ROS and iron metabolism. Decreased expression of Nrf2 could increase the susceptibility of HCC cells to ferroptosis induced by erastin and sorafenib. In addition, Nrf2 has previously been associated with induction of SLC7A11 gene by electrophilic agents, indicating its role in GSH metabolism and another method of regulating ferroptosis process (Sasaki et al., 2002).
Sigma-1 Receptor (S1R)
Sigma-1 Receptor (S1R) is a non-opioid receptor which exhibits molecular chaperone activity and is widely expressed in many organs including liver (Lievens and Maurice, 2021). S1R is involved in antioxidant homeostasis through activation of ARE which could be regulated by Nrf2. Knockdown of S1R has been associated with decreased function of system Xc–and reduced expression of SLC7A11, with increased endogenous ROS levels (Nguyen et al., 2003; Pal et al., 2012; Wang et al., 2015). SLC7A11 was identified by integrated analysis as one of the potential targets for the prognosis and diagnosis of HCC. Both mRNA level and expression of SLC7A11 were upregulated in HCC tumors. Inhibition of SLC7A11 rendered lipid peroxidation in HCC cells, with increased levels of ROS (Tang et al., 2020).
It was found that sorafenib increased the expression of S1R and induced most of S1Rs away from nucleus in HCC cells, which could be suppressed by ferrostatin-1, suggesting the potential regulatory role of S1R in ferroptosis. Suppression of S1R significantly enhanced cell death of HCC cells induced by both erastin and sorafenib, which could be inhibited by ferroptosis inhibitors (e.g., ferrostatin-1) other than inhibitors of apoptosis or necroptosis. Knockdown of S1R could sensitize HCC tumors to sorafenib in vivo. In S1R knockdown HCC cells, increased levels of MDA (a typical product of lipid peroxidation) and iron were noticed following the treatment of erastin and sorafenib, suggesting that S1R probably modulates lipid peroxidation and iron metabolism to affect ferroptosis. Iron metabolism associated genes (e.g., FTH1) and lipid peroxidation associated genes (e.g., HO-1 and GPX4) were inhibited in S1R knockdown HCC cells following erastin and sorafenib treatment (Bai et al., 2019).
Briefly, S1R is thought as a negative regulator of ferroptosis in human HCC cells through involving in ROS and iron metabolism. Inhibition of S1R is able to sensitize HCC cells to erastin and sorafenib both in vitro and in vivo.
Heat Shock Protein Beta-1 (HSPB1)
The heat shock proteins (HSPs) are thought to function as molecular chaperones and be involved in various biological processes, including the folding, assembly, transportation, and degradation of proteins. Typically, HSPs are essential to dealing with the abnormally folded proteins within the cells (Georgopoulos and Welch, 1993). It has been demonstrated that HSPs are involved in the proliferation, migration, invasion, and metastasis of cancer cells, as well as resistance to various anti-cancer drugs (Okuno et al., 2016; Wu et al., 2017). Heat Shock Protein Beta-1 (HSPB1) (also known as HSP27), as a member of small HSPs, is an ATP-independent molecular chaperone and exhibits strong cytoprotective properties (Garrido et al., 2006).
HSPB1 is viewed as a prognostic biomarker of HCC. According to statistics from The Cancer Genome Atlas (TCGA) database, expression of HSPB1 was significantly increased in HCC tissues. HCC patients with high HSPB1 levels showed worse overall survival rates and poor prognosis. Overexpression of HSPB1 was closely correlated with migration and invasion of HCC cells, as well as the in vivo metastasis (Zhang et al., 2016; Long et al., 2021). Besides, HSPB1 was identified as a hub gene in the regulatory network associated with HCC progression and ferroptosis (Fei et al., 2021).
HSPB1 has been reported to be a negative regulator of ferroptosis (Sun et al., 2015). Inhibition of HSPB1 and HSF1 which acted as an upstream regulator of HSPB1 enhanced erastin-induced ferroptosis, accompanied with increased levels of cellular iron and lipid ROS. The process could be rescued by deferoxamine (an iron chelator) and ferrostain-1 (a ferroptosis inhibitor). The phosphorylation of HSPB1 could be mediated by protein kinase C (PKC) and set a protective effect on erastin-treated cancer cells, probably due to its involvement in actin polymerization and reorganization which inhibits iron uptake. Knockdown of HSPB1 was associated with increased expression of TfR1 and mildly decreased expression of FTH1 (Lavoie et al., 1993; Sun et al., 2015).
In summary, HSPB1 is clinically correlated with poor prognosis in HCC patients. Overexpression of HSPB1 in HCC cells is closely linked to migration and invasion in vitro and metastasis in vivo. HSPB1 has been identified by bioinformatic strategies as a hub gene in the regulatory network associated with HCC progression and ferroptosis. Mechanically it may negatively regulate ferroptosis process through involvement in iron metabolism.
Metallothionein-1G (MT-1G)
Metallothioneins (MTs) are a superfamily of intracellular, low molecular weight, cysteine-rich polypeptides. The unique structures of MTs enable their metal binding function and redox capabilities. MTs have been considered important for adapting to cellular stress from oxyradicals, toxic metals, inflammation, infection and low Zn nutrition (Sun et al., 2016a). MTs are closely associated with carcinogenesis, progression, and drug resistance of cancers including HCC (Deng et al., 1998; Gumulec et al., 2014; Si and Lang, 2018). The MT-1, which is among the most widely expressed isoforms in the body, includes 13 subtypes in which Metallothionein-1G (MT-1G) has been associated with sorafenib resistance in HCC through inhibiting ferroptosis (Sun et al., 2016a).
Both mRNA level and protein expression of MT-1G were increased in HCC cells by treatment of sorafenib. Nrf2 was involved in this process that silencing of Nrf2 was able to inhibit MT-1G mRNA induced by sorafenib. Cell viabilities were decreased significantly by inhibition of MT-1G and Nrf2 following the treatment of sorafenib, which could be rescued by ferroptosis inhibitors such as ferrostatin-1 and liprostatin-1. Knockdown of MT-1G was also noticed to enhance cell death induced by other inducers of ferroptosis such as erastin, indicating the involvement of MT-1G in regulation of ferroptosis. In addition, following treatment of erastin and sorafenib, knockdown of MT-1G was able to deplete GSH and increase the level of MDA which is an end product of lipid peroxidation. In vivo experiments further demonstrated that inhibition of MT-1G significantly improved efficacy of sorafenib in treatment of HCC, with decreased GSH levels and increased expression of PTGS2 which served as a marker to assess ferroptosis (Sun et al., 2016a).
In summary, increased expression of MT-1G is induced by sorafenib via a Nrf2-dependent manner in HCC cells. MT-1G is involved in resistance to sorafenib in HCC, probably through inhibiting GSH depletion and suppressing the ferroptosis process.
P53
TP53 is a well-known tumor suppressor gene that is closely associated with cell cycle arrest, cellular apoptosis, and cellular senescence. Inactivation of TP53 was observed in more than half of sporadic human cancers including HCC (Junttila and Evan, 2009; Bieging et al., 2014; Calderaro et al., 2017).
In human HCC cells, a nonsynonymous single-nucleotide polymorphism at codon 47 of TP53 (also known as S47) was reported to disrupt the transactivate functions of p53 and induce resistance to ferroptosis (Jennis et al., 2016), suggesting p53’s role in inducing ferroptosis. TP53 was involved in the transcription of SLC7A11 which is a critical component of system Xc– (Koppula et al., 2021). Chromatin immunoprecipitation revealed that p53 protein could be recruited to the promoter region of the SLC7A11 gene. Activation of p53 significantly reduced the mRNA level and the expression of SLC7A11, leading to the inactivation of system Xc–and reduced cellular level of GSH in cancer cells. Overexpression of p53 resulted in increased cellular sensitivity to erastin, which could be inhibited by ferrostatin-1 and reversed by upregulation of SLC7A11, suggesting that p53 acted to sensitize cells to ferroptosis via SLC7A11 (Jiang et al., 2015). Indeed, in HCC cells, inhibition of TP53 was reported to increase expression of SLC7A11 following treatment of sorafenib (Zheng et al., 2022).
In conclusion, disfunction of p53 is correlated with resistance to ferroptosis in human HCC, probably through transcriptionally regulating the expression of SLC7A11.
Yes-Associated Protein (YAP)/ Transcriptional Co-Activator With PDZ-Binding Motif (TAZ)
Yes-Associated Protein (YAP)/TAZ are effectors of Hippo signaling pathway and transcriptionally regulate the initiation, progression, and metastasis of cancer (Piccolo et al., 2014; Zanconato et al., 2016; Sun and Chi, 2021). TAZ was identified by a genome-wide shRNA-mediated synthetic lethality screen as an intrinsic driver of sorafenib resistance in HCC cells. High levels of YAP and TAZ were found in sorafenib-resistant HCC cells. Suppression of YAP/TAZ rendered lipid peroxidation and enhanced cell death following the treatment of sorafenib and erastin, which could be prevented by ferrostatin-1. Moreover, forced expression of YAP was able to prevent cell death induced by sorafenib, suggesting that YAP/TAZ act as inhibitors of ferroptosis in HCC cells (Gao et al., 2021).
It was postulated that YAP/TAZ target the SLC7A11 to affect ferroptosis in HCC cells, thus contributing to resistance to sorafenib (Gao et al., 2021). Expression of SLC7A11 was positively correlated with expression of YAP in HCC patient samples. Knockdown of YAP and TAZ were confirmed to reduce the mRNA levels and the expression of SLC7A11 in HCC cells, with enhanced cell death induced by sorafenib. Forced expression of SLC7A11 was able to set a protective effect on YAP/TAZ-deficient HCC cells, suggesting that YAP/TAZ’s influences on ferroptosis in HCC cells was through regulation of SLC7A11. Moreover, a TEAD binding motif on the promoter sequence of SLC7A11 was identified among the binding site of YAP/TAZ.
Activating transcription factor 4 (ATF4) is a critical mediator of oxidative homeostasis and has been validated to inhibit ferroptosis induced by sorafenib, erastin, and RSL3 via acting on SLC7A11 (Chen et al., 2017). ATF4 was found to be a driver of SLC7A11 expression in sorafenib-resistant HCC cells. Evidences showed that ATF4 inhibition promoted the ferroptosis process induced by sorafenib in HCC with increased lipid peroxidation, decreased GSH, and decreased cell viability, which could be suppressed by ferrostatin-1 as well as forced expression of SLC7A11, suggesting that ATF4 was involved in resistance to ferroptosis in HCC through the regulation of SLC7A11. Interestingly, ATF4 was associated with YAP/TAZ that activation of YAP/TAZ led to the nuclear translocation of ATF4 to transcriptionally increase its expression, as well as suppression of ATF4’s ubiquitination and proteasomal degradation, ultimately stabilizing ATF4 protein (Gao et al., 2021).
In short, YAP/TAZ are negative regulators of ferroptosis in HCC cells through activating SLC7A11 dependent on the TEAD motif, and through interacting with ATF4 which is a promotor of SLC7A11 expression.
Transforming Growth Factor Beta-1 
Transforming Growth Factor Beta-1 (TGF-β1) has previously been associated with GSH metabolism TGF-β1-induced apoptosis in hepatocyte was accompanied with inactivation of GCLC which is catalytic subunit of a rate-limiting enzyme of GSH synthesis (Franklin et al., 2003). Those results gave rise to the hypothesis that TGF-β1 could contribute to the ROS metabolism and the ferroptosis process.
HCC cell lines with an early TGF-β1 gene signature include PLC/PRF/5, Huh7, Huh6, and HepG2, which exhibit cytostasis and apoptosis in response to TGF-β1 (Dzieran et al., 2013). Expression of SLC7A11 was downregulated in those cells following the treatment of TGF-β1, which could be inhibited by knockdown of Smad3. Forced expression of Smad3, similar to TGF-β1 treatment, led to the repression of SLC7A11 expression in HCC cells, and additional treatment of TGF-β1 was able to enhance the repression, indicating that TGF-β1 suppressed expression of SLC7A11 via Smad3. TGF-β1-induced SLC7A11 inhibition was accompanied with increased levels of ROS which was alleviated by forced expression of SLC7A11. C11-BODIPY probe was used to measure degree of lipid peroxidation. It turned out that the increased lipid peroxidation induced by TGF-β1 could be inhibited by ferrostatin-1 (a ferroptosis inhibitor) and deferoxamine (DFOA, an iron chelator), but cell viability was not clearly affected which was probably due to the compensatory antioxidant pathways discussed below. Interestingly, TGF-β1 could enhance the reduced cell viability induced by RSL3, suggesting that TGF-β1 could sensitize GPX4 to RSL3 and thus promote the ferroptosis in HCC cells (Kim et al., 2020).
In short, TGF-β1 is able to inhibit expression of SLC7A11 dependent on Smad3 in HCC cells with an early TGF-β1 signature and promote lipid peroxidation in a non-lethal manner. In addition, TGF-β1 probably contributes to ferroptosis that it could enhance the reduced cell viabilities induced by RSL3 in HCC cells.
Interferon Gamma (IFNγ)
IFNγ is well-known as a pleiotropic immunomodulator. The immune response induced by IFNγ involves T helper (Th) CD4+ T cells and CD8+ cytolytic T cells, and is paradoxically associated with cancers (Castro et al., 2018; Alspach et al., 2019). It was found that IFNγ was closely associated with ferroptosis. IFNγ could be derived from immunotherapy-activated CD8+ T cells and give rise to ferroptosis through negatively regulating SLC7A11 (Lang et al., 2019). Regulation by IFNγ on ferroptosis was also reported in HCC cells.
Pretreatment of IFNγ was noticed to enhance ferroptosis induced by erastin and RSL3 in HCC cells, with increased accumulation of ROS which could be reversed by ferrostatin-1 (Kong et al., 2021). Mitochondria was previously linked to ferroptosis that cysteine deprivation induced the hyperpolarized potential on mitochondrial membrane and subsequent accumulation of lipid peroxides (Gao et al., 2019). Actually, pretreatment of IFNγ was found to increase mitochondria oxidation in HCC cells following treatment of erastin. Besides, this combination of IFNγ with ferroptosis inducers (e.g., erastin and RSL3) led to increased cell cycle arrest accompanied by decreased activity of cyclinD1/CDKs complex, suppressing proliferation of HCC cells. System Xc–was thought as target of IFNγ to regulate ferroptosis since expressions of SLC7A11 and SLC3A2 were both significantly decreased. IFNγ mediated JAK/STAT1/IRF1 activation was considered critical to this process since STAT1 and STAT3 were verified to bind to promoter sites of SLC7A11 and transcriptionally reduce its expression (Motaghed et al., 2014). Correspondingly, increased levels of p-STAT1, p-STAT3, and IRF1 were observed in HCC cells following the synergic treatment of IFNγ and ferroptosis inducers (Kong et al., 2021).
In short, IFNγ could negatively regulate the expression of SLC7A11 and SLC3A2 through JAK/STAT pathway in HCC cells, and increase mitochondria oxidation, thus sensitizing HCC cells to ferroptosis.
Retinoblastoma (Rb)
Retinoblastoma (Rb) is known as the first tumor suppressor gene (Dyson, 2016). Through inhibition of E2F, the Rb protein could arrest cells in G1 phase of cell cycle (Burkhart and Sage, 2008). Loss of Rb is involved in initiation of cancers including retinoblastoma, HPV, small-cell lung carcinoma, and HCC (Meuwissen et al., 2003; Doorbar, 2006; Mayhew et al., 2007; Munakata et al., 2007; Dimaras et al., 2008). In HCC, invalidation of Rb could be achieved from gene mutation, epigenetic modification, and molecular regulation, and give rise to the carcinogenesis process (Laurent-Puig and Zucman-Rossi, 2006; Mayhew et al., 2007; Anwar et al., 2014).
In addition to its role in initiating HCC, loss of Rb was believed to be related to sensitivity to sorafenib of HCC cells. Decreased viability of sorafenib-treated HCC cells was correlated with loss of Rb. Besides, in murine HCC xenografts, knockdown of Rb strongly enhanced sorafenib’s efficacy in eradicating HCC tumors. Inhibitors of ferroptosis (e.g., DFX and Fer-1) were able to rescue Rb-knockdown HCC cells from cytotoxic effects of sorafenib, suggesting the roles of ferroptosis in sensitizing Rb-knockdown cells to sorafenib treatment. Knockdown of Rb was also capable to enhance the cytotoxic effect on HCC cells by erastin which was another inducer of ferroptosis and structurally different from sorafenib, further indicating that loss of Rb may sensitize HCC cells to ferroptosis (Louandre et al., 2015; Liang et al., 2019). Levels of ROS, especially those from mitochondrial production, were noticed increased by knockdown of Rb, but levels of GSH and GPX4 were not clearly affected. Cytotoxicity of sorafenib on HCC cells could be alleviated by inhibitors against mitochondrial respiratory chain. Considering sorafenib’s effect on morphological remodeling of mitochondria, loss of Rb probably acted to increase mitochondrial ROS to promote the cytotoxic effect of sorafenib on HCC cells (Louandre et al., 2015).
In conclusion, loss of Rb probably sensitizes ferroptosis induced by sorafenib in HCC cells through increasing the mitochondrial production of ROS.
Radiotherapy
Radiotherapy has recently been associated with ferroptosis in HCC. The high linear energy transfer (LET) carbon ions (CI) were widely employed in the treatment of tumors. The sharp Bragg peak induced by high-LET CI could give rise to improved efficacy of tumor treatment without increasing the damage to normal tissues (Kamada et al., 2015; Nickoloff, 2015). The PKR-like ER kinase (PERK) is a transmembrane sensor that is involved in the regulation of unfolded protein response (UPR) to deal with ER stress induced by CI irradiation (Nagelkerke et al., 2013; Bhat et al., 2017). CI irradiation was reported able to increase expression of p53 via PERK (Zheng et al., 2022). P53 helped link CI irradiation to both apoptosis and ferroptosis in HCC cells. P53 could upregulate the expressions of PUMA and NOXA which were typical Bcl-2 family proteins that promote apoptosis (Edlich, 2018; Zheng et al., 2022). As has been discussed, disfunction of p53 contributed to resistance to ferroptosis in HCC cells (Jennis et al., 2016). Knockdown of TP53 was able to increase expression of SLC7A11 in HCC cells and lead to reduced sensitivity to CI irradiation. CI irradiationpromoted lipid peroxidation and the shrunken mitochondria with increased membrane density and decreased crest following treatment of sorafenib in HCC cells, which were considered as morphological characteristics of ferroptosis. However, the reduced expression of SLC7A11 was found to be induced by combined treatment of CI irradiation and sorafenib other than CI irradiation alone, and could be rescued by ferrostatin-1 (Zheng et al., 2022).
In conclusion, high-LET CI is able to enhance the ferroptosis process following the treatment of sorafenib in HCC by negatively regulating expression of SLC7A11, probably through the upregulation of p53 via PERK.
DISCUSSION
Ferroptosis is a newly defined form of regulated cell death, with iron-dependent accumulation of lipid peroxides to lethal amounts. Hepatic ferroptosis has been associated with liver diseases including nonalcoholic steatohepatitis (NASH) (Tsurusaki et al., 2019), APAP-induced acute liver failure (Yamada et al., 2020), and HCC. The high incidence and mortality of HCC have made it a serious hazard to human health worldwide (Sung et al., 2021). Increasing resistance to targeted therapies for HCC has become a challenge. Ferroptosis may provide new strategies to prevent the acquired resistance to those therapies. In this review, we mainly concentrate on several typical molecules including Nrf2 (Sun et al., 2016b), S1R (Bai et al., 2019), HSPB1 (Sun et al., 2015), MT-1G (Sun et al., 2016a), p53 (Jiang et al., 2015; Jennis et al., 2016), YAP/TAZ (Gao et al., 2021), TGF-β1 (Kim et al., 2020), IFNγ (Kong et al., 2021), Rb (Louandre et al., 2015), and the high-LET CI (Zheng et al., 2022) (Table 1), and narrate how they are involved in regulation of ferroptosis in HCC (Figure 2). Summary of these mechanisms is expected to help solve problems associated with clinical treatment of HCC, including resistance to sorafenib.
TABLE 1 | Some typical molecules and radiotherapy are involved in regulation of ferroptosis in HCC.
[image: Table 1][image: Figure 2]FIGURE 2 | The mechanisms of regulating the ferroptosis process in HCC by several typical molecules and radiotherapy.
Sorafenib is a multi-kinase inhibitor of HCC and the only drug approved by FDA for first-line treatment of advanced HCC (Siegel et al., 2010). Clinical trials have validated sorafenib’s efficacy in prolonging the overall survival (OS) of advanced HCC patients (Llovet et al., 2008). However, acquired resistance to sorafenib has become an obstacle of HCC treatment. Evidences have demonstrated that sorafenib served as one of the agents that could induce ferroptosis and thus contribute to treatment of tumors. Sorafenib-induced cell death could be rescued by ferroptosis inhibitors including ferrostatin-1, deferoxamine, and N-acetyl-l-cysteine (Louandre et al., 2013; Wang et al., 2021). Similar to erastin, sorafenib was thought to inhibit system Xc–and cause GSH depletion, finally giving rise to accumulation of lipid peroxides (Dixon et al., 2014). This review describes some regulatory pathways partly explaining how ferroptosis affect sorafenib-resistance in HCC. It is reasonable that intervening those pathways may help solve problems of sorafenib-resistance during HCC treatment.
Radiotherapy, which uses targeted delivery of ionizing radiation (IR), is a mainstay treatment for localized solid cancers (Delaney et al., 2005; Chen, 2019). Radiotherapy functions by eliciting various types of DNA damage (Baidoo et al., 2013), inducing radiolysis of cellular water, and stimulating oxidative enzymes (Azzam et al., 2012), subsequently leading to damage to nucleic acids, lipids, and proteins. The curative radiotherapy has clinically been applied for decades. The applications of novel accelerators for the delivery of proton and heavy-ion charged-particle therapy have accessed therapeutic benefits (Thariat et al., 2013). However, it should be mentioned that radiation exposure usually leads to acute tissue inflammation which can bring about further DNA DSBs and damages to cells and tissues (Westbrook et al., 2012). A lot of efforts are needed to explore the ratio between an optimal dose in the tumor and the lowest dose possible in the organs at risk (OAR). In this review, we talked about the regulation of ferroptosis by high-LET CI. Actually, radiotherapy may interact with immunotherapy to affect the ferroptosis (Lang et al., 2019). T cell responses, which were typical characteristics of immunotherapy, were thought as drivers to increase efficacy of radiotherapy via IFNγ (Lee et al., 2009). IFNγ alone was able to downregulate expressions of SLC7A11 and induce ferroptosis. Synergic treatments of IFNγ and radiotherapy could enhance this influence. Anti-CTLA4, as one of the immune checkpoint inhibitors, was able to improve the efficacy of radiotherapy, with enhanced tumoral lipid peroxidation and increased CD8+ T cells within tumors. The liproxstatin-1 could suppress those effects induced by anti-CTLA4, further indicating the significant roles of ferroptosis in synergic treatment of radiotherapy and immunotherapy (Lang et al., 2019).
Controversially, compensatory antioxidant pathways may complicate regulation of ferroptosis. As has been demonstrated, BSO is an inhibitor of GCL that suppresses the synthesis of GSH (Griffith and Meister, 1979; Meister, 1995). BSO has been demonstrated to induce ferroptosis in hepatic stellate cells (Zhang et al., 2018). GCLC and GCLM are two subunits of GCL. Previous studies showed that knockout of GCLC in mice led to complete GSH deficiency and the embryonic death (Dalton et al., 2000). However, cellular GSH was significantly reduced but persisted after knockout of GCLM (Harris et al., 2015). Interestingly, GCLM-knockout cells were noticed able to survive after further treatment of BSO. Functions of BSO in eliminating established tumors were limited. It was also proposed that most cancer cell lines are largely unaffected by GSH depletion (Harris et al., 2019). A possible explanation for this is the existence of alternative antioxidant pathways. The thioredoxin (TXN) antioxidant pathway is able to reduce ROS in a GSH-independent manner (Holmgren and Lu, 2010). Actually, mRNA of thioredoxin reductase 1 (TXNRD1) was upregulated in GCLM-knockout mice. Although treatment of BSO and auranofin (AUR, an inhibitor of TXNRD) alone had limited effect on survival of cancer cells, combined treatment of BSO and AUR led to enhanced cell death (Harris et al., 2015). Knockout of GSR, Trx1 or TrxR1 have also been verified unlethal to mouse liver (Rogers et al., 2004; Prigge et al., 2017). The compensatory antioxidant pathways may account for the limited effect of GSH depletion on cancer cells. More efforts are needed to explore the complicated role of GSH depletion during ferroptosis and its clinical applications.
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