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Research advances of ferritinophagy in renal diseases
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Abstract: Ferritinophagy is a selective autophagy of cell mediated by a specific cargo receptor NCOA4,
which transports intracellular ferritin to lysosome-autophagy for degradation and releases free iron.
Ferritinophagy is essential for the regulation of iron homeostasis. However, excessive activation of
ferritinophagy can lead to intracellular iron overload ,generates Reactive Oxygen Species by the Fenton
reaction of Haber-Weiss cycle, and promotes the occurrence of intracellular lipid peroxidation ,which
induces cellular ferroptosis .Recently, the study of ferritinophagy has become an increasingly concerned
field, and has been proved to play a crucial role in the pathological mechanisms of a variety of
diseases .In this review , we will review the research progress of the role of ferritinophagy in related
kidney diseases in order to provide reference for future clinical and scientific research.
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1. Introduction

NCOAA4, also named as androgen receptor-associated protein 70 (ARA70), was originally described
as a coactivator of multiple nuclear hormone receptors. Mancias at all[1]identified that nuclear receptor
coactivator4(NCOA4) as a specific cargo receptor mediating ferritinophagy by proteomic analysis of
purified autophagosomes. Thus discovering and naming the concept of ferritinophagy for the first time.
NCOAA4 is consider as a key regulator of ferritinophagy, which transports ferritin(mainly ferritin heavy
chain 1)into lysosome-autophagy(autophagosomes)for degradation, resulting in the release of ferritin-
bound iron into free iron to regulate the selective autophagy of intracellular iron metabolism. When
ferritinophagy is over-activated, excessive intracellular iron deposition induces glutathione (GSH)
depletion as well as reduced expression of glutathione peroxidase 4, which leads to the collapse and
rupture of cellular membrane structure and ultimately leads to cellular ferroptosis. In recent years, it has
been shown that ferritinophagy is involved in the pathological processes of a variety of diseases,
including neurodegenerative diseases, metabolic diseases, infectious diseases, cancer and so on. In this
study, we will review the potential mechanisms of ferritinophagy, the relationship between ferritinophagy
and ferroptosis, and the research progress of ferritinophagy and related kidney diseases, in order to
provide new potential therapeutic targets for kidney diseases.

2. The process of ferritinophagy

Ferritinophagy is a process ,in which NCOA4 , as a cargo receptor of ferritin , mediates the transport
of ferritin to autophagosomes and promotes the degradation of ferritin into lysosomes to release iron ions,
which includes two stages: the formation of the NCOA4-ferritin complex and degradation of
ferritin[2]. NCOA4 and ferritin are key regulators of ferritinophagy. NCOA4 has both an N-terminus and
a C-terminus; the former binds MCM7 to control DNA replication, and the latter binds FTH]1, both of
which together support ferritin degradation by NCOA4[3, 4]. NCOA4 has two transcription variants:
NCOAA4a located in the nucleus and NCOAA4 located in the cytoplasm[5]. NCOA4a protein is a protein
with N- terminal domain and C- terminal domain, in which the C-terminal domain has the binding site
of FTH1 and E3 ubiquitin ligase 2 (HERC2), while NCOA4p only shares the N-terminal domain and
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part of the C-terminal domain with NCOA4qa[6]. Ferritin is the main form of iron storage protein, which
consists of 24 ferritin heavy chain 1(FTH1) and ferritin light chain (FTL) subunits and each ferritin can
store up to 4500 iron atoms[7]. It was found that only FTH participated in the process of ferritinophagy
due to the difference of surface residues between FTH and FTL. In vitro assays with recombinant with
FTH1 and NCOA4 showed that the C- terminal domain of NCOA4 directly interacted with the key
surface arginine (R23) of FTH1. The mutant FTHIR23A blocked the interaction between FTH1 and
NCOA4 in cells and inhibited the delivery of ferritin to lysosomes, which proved that the direct
combination of R23 of FTHI and C- terminal element of NCOA4 was necessary for ferritin to be
delivered to lysosomes through autophagosomes [5]. FTL does not bind to NCOA4, but FTL may also
play an important role in the formation of ferritin complexes, the interaction between NCOA4 and ferritin
complex, and the degradation of ferritin complexes [5, 8]. NCOA4- ferritin complex can bind to protein
microtubule-associated protein 1 light chain 3b (LC3B) like autophagy-related gene (ATG)8, isolate the
complex in autophagosomes, and then the autophagy with lysosomes fuse to promote the degradation of
ferritin and the release of iron, thus completing the ferritinophagy process[9]. The above process can be
blocked by bafilomycin A1, which inhibits the fusion of autophagosomes and lysosomes, thus avoiding
the degradation of ferritin and he occurrence of ferritinophagy[10]. It has also been shown that
the endosome sorting complex -mediated delivery pathway for NCOA 4 and ferritin is independent of
ATG 8, and it has been proved that escort-III endosome pathway mediates the rapid degradation of
autophagy receptors, such as NCOA 4, p 62, TAX 1BP 1 and NDP 52 induced by starvation[11]. It can
be seen that the lysosomal transport and degradation of ferritin complexes are carried out through
multiple pathways, and its specific mechanisms of action need to be further elucidated.

3. Regulatory mechanism of ferritinophagy
3.1 Iron regulates ferritinophagy

The amount of iron released by ferritinophagy is regulated by the level of NCOA4[12], which in turn
is strictly negatively regulated by the level of iron in cells. HERC2 is a HECT E3 ubiquitin ligase, which
is related to many protein degradations, and may have multiple ubiquitination targets[13].Mancias [1] et
al. showed that the content of NCOA4 depends on whether it interacts with another protein called
HERC2.Research with the 293T, U20S, HCT116, and K562 cell lines showed that when the intracellular
iron level was high, the C-terminal domain of NCOA4 was recognized by the CUL7 homologous domain
of HERC2, which could target the degradation of NCOA4 through the ubiquitin-proteasome system,
leading to a decrease in the level of NCOA4 on the autophagosomes, thereby preventing the excessive
release of iron from ferritinophagy and ferritin. Conversely, When the intracellular iron level is low, the
binding of between HERC2 and NCOA4 was reduced, which results in the increase of NCOA4 levels on
autophagosomes, and promotes the ferritinophagy flux to restore the intracellular free iron[5].In addition,
elevated iron levels can also inhibit the binding of NCOA4 to ferritin, thus further inhibiting the
occurrence of ferritinophagy[14]. It can be seen that NCOA4 level is the core factor of determining
ferritinophagy flux and a key regulator of intracellular iron metabolism homeostasis.

3.2 Hypoxia regulates ferritinophagy

HIF is a key transcription factor mediating adaptation to hypoxia, hypoxia-inducible factors (HIFs)
consist of HIF-1, HIF-2 and HIF-3[15, 16].Most recent studies have shown that NCOAA4 is regulated by
hypoxia-inducible factor (HIF). Stabilized HIF increases NCOA4 mRNA. However, this effect is
attenuated when HIF-10 and HIF-2a are knocked down Meanwhile, HIF-1o and HIF-2a can bind to the
region containing the NCOA4 mRNA promoter that contains the HRE motif [17].Moreover, the NCOA4
expression decrease results from impaired transcriptional regulation under hypoxia combined with its
mRNA degradation by micro RNA 6862-5p, which is controlled by c-jun N-terminal kinase (JNK).
FTMT and ferritin heavy chain (FTH) cooperated to protect macrophages from ferroptosis under
hypoxia[3]. This suggests that the HIF-NCOA4 axis mediates ferritinophagy regulation.

3.3 Lysosome regulates ferritinophagy

At present, the mechanism of NCOA4-ferritin trafficking to the lysosome is unclear with evidence
for both classical ATG8-dependent autophagic delivery to the lysosome and a non-classical ESCRT-
mediated delivery system. In this pathway, ferritin transport involves the NCOA4 binding partners
TAX1BP1, VPS34, ATG9A, and the ULK1 /2-FIP200 complex[11]. Contribution of each degradation
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pathway may be different according to cell type or even type of iron deprivation, e.g., one report suggests
that ferroportin-mediated iron export promotes ferritin degradation by the proteasome while iron
chelation agents induce degradation in the lysosome[18].Although the multiple mechanisms of ferritin
degradation have been reported, it may suggest an environment-dependent pattern of ferritin turnover;
NCOA4-mediated mechanism seems to be the main way of ferritin degradation.

3.4 Autophagy regulates ferritinophagy

Autophagy plays an important role in ferritinophagy, and inhibition of autophagy affects NCOA4-
mediated ferritinophagy. In MEFs and HT1080 cells, NCOA4 and LC3B were co-localized, but the
expression level of NCOA4 decreased. After autophagy inhibitor or genetic treatment, the decrease of
NCOAA4 level could be inhibited by autophagy inhibitor bafilomycin Al or ATG3 gene knockout,
indicating that autophagy may mediate the degradation of ferritin and NCOA4[19, 20].Yes-associated
protein 1 (YAP1) negatively regulates autophagosome formation, and overexpression of YAP1 can also
impede the NCOA4 - FTHI interaction and affect ferritinophagy[21, 22].Moreover, NCOA4 levels
increase with autophagy inhibition or ATG7 disruption. NCOA4 levels decrease over time in iron-
deficient cells, similar to p62[23]. These findings suggest that autophagy plays a vital role in
ferritinophagy.

3.5 HERC2-FBXL5-IPR? regulates ferritinophagy

HERC2 regulates the steady state level of FBXLS5,which catalyzes the ubiquitination and
proteasomal degradation of iron regulatory protein 2 (IRP2), thus regulating cellular and systemic iron
homeostasis[24] [25]. HERC2 is an FBXL5-associated protein, and Inhibition of the HERC2-FBXL5
interaction or depletion of endogenous HERC2 by RNA interference leads to the stabilization of FBXLS5
and a subsequent increase in its abundance[24]. Overexpressed FBXLS targets ferritinophagy protein 2
for proteasome degradation, and the degradation of IRP2 leads to the decrease of intracellular ferrous
content, thereby increasing the iron release flux of ferritinophagy[26].Therefore, the HERC2-FBXLS5-
IRP2 axis plays important role in NCOA4-mediated ferritinophagy.

3.6 Other mechanisms regulate ferritinophagy

In addition, there are many factors regulating the abundance of NCOA4 and the level of
ferritinophagy. ATM dominates the intracellular labile free iron by phosphorylating NCOAA4, facilitating
NCOAA4-ferritin interaction and therefore sustaining ferritinophagy[27]. Inhibition of DNMT-1 alleviates
ferroptosis through NCOA4 mediated ferritinophagy during diabetes myocardial ischemia/reperfusion
injury[28]. COPZ1 knockdown also led to the increase in nuclear receptor coactivator 4 (NCOA4),
resulting in the degradation of ferritin, and a subsequent increase in the intracellular levels of ferrous iron
and ultimately ferroptosis. These data demonstrate that COPZ1 is a critical mediator in iron
metabolism[29]. NCOA4 was upregulated by ubiquitin specific peptidase 14 (USP14) via a
deubiquitination process in damaged neurons, and pharmacological inhibition of USP14 effectively
reducing NCOA4 levels to protect neurons from ferritinophagy-mediated ferroptosis[30]. TRIM11
suppresses  ferritinophagy  through UBE2N/TAX1BP1  signaling in pancreatic  ductal
adenocarcinoma[31].CIRBP promotes ferroptosis by interacting with ELAVL1 and activating
ferritinophagy during renal ischaemia -reperfusion injury[32]. Exosomes derived from vascular
endothelial cells antagonize glucocorticoid-induced osteoporosis by inhibiting ferritinophagy with
resultant limited ferroptosis of osteoblasts[33]. Small mMRi62 induces ferroptosis in pancreatic ductal
adenocarcinoma (PDAC) via lysosomal degrading of NCOAE and Ferritin Heany Chain (FTH1)[34]. So
far, multiple levels of ferritinophagy regulatory pathways have been found, it is necessary to further study
its regulatory mechanism and the relationship between them. It is believed that focusing on this issue will
be of great benefit to the clinical treatment of the disease.

4. NCOA4-mediated ferritinophagy modulates ferroptosis

Ferritinophagy is closely related to ferroptosis, and protein, which induces or participates in
ferroptosis, can potentially regulate Ferroptosis pathway. Iron autophagy is closely related to iron death,
and related proteins that induce or participate in iron death can potentially regulate the iron autophagy
pathway. Ferroptosis is a process of iron-dependent regulated cell death mediated by lipid peroxidation
that damages the cell membrane[35, 36]. Ferroptosis is distinct from other identified types of cell death
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(apoptosis, necrosis or autophagy) at the morphological level, with absence of plasma membrane rupture
or blebbing, presence of small mitochondria with reduced cristae, and lack of chromatin
condensation[35]. In general, the main ferroptosis-inducing event is lipid peroxidation, which is triggered
by inactivation of the lipid repairing phospholipid peroxidase, GPx4 (directly by compounds such as
RAS-selective lethal 3 (RSL3) and indirectly by blocking cystine metabolism and glutathione synthesis
(erastin, sorafenib and BSO)), or by iron accumulation leading to ROS and lipid peroxidation production
Given NCOA4-mediated ferritinophagy modulates intracellular iron levels, ferroptosis sensitivity has
recently been shown to be affected by NCOA4 level[2, 19]. In cell culture models, NCOA4 depletion
decreases intracellular bioavailable iron and thereby decreases sensitivity to ferroptosis-inducing insults.
On the other hand, NCOA4 over-expression in cellular models increases ferritinophagy flux and thereby
increases sensitivity to ferroptosis. This confirms that synthesized compound 9a directly binds to NCOAA4,
blocking its binding to FTH1 and thereby reducing iron levels to block ferroptosis[37]. Moreover,
knockout of the NCOA4 gene blocked sideroflexin 1 (SFXN1) mediated iron overload in mitochondria,
which inhibited ferroptosis [38]. In fact, treatment with sorafenib, a ferroptosis-inducing drug [39, 40],
increased NCOA4 expression correlating with its role as mediator of ferroptotic cell death by promoting
ferritinophagy and ROS production [41]. While the authors report upregulation of ELAVLI, a
transcriptional regulator, as necessary for induction of autophagy/ferritinophagy, it is unclear whether
there is a direct relationship between sorafenib, ELAVLI1 function, NCOA4 expression levels, and flux
through the ferritinophagy pathway [41].Interestingly, in NCOA4 knockout mice, consistent with their
iron overload phenotype and elevated basal levels of tissue iron, NCOA4 depletion in mice fed with an
iron-rich diet increased expression of GPx4 and SOD, likely due to overloaded FTH1 leading to iron
leakage in tissues followed by upregulation of GPx4 and SOD as a compensatory mechanism to cope
with oxidative stress[42].In conclusion, this data suggests that iron overload is the initiating link of
ferritinophagy triggering ferroptosis. The key to regulating ferritinophagy is to affect its core substance,
NCOAA4, by regulating the level or hindering its binding to ferritin. In summary, NCOA4-mediated
ferritinophagy plays an important role in regulating ferroptosis, mainly by regulating intracellular iron
balance and affecting the production of ROS. Future studies are necessary to explore ways that
ferritinophagy regulates ferroptosis and to explore intervention drugs targeting ferritinophagy to improve
the ferroptosis-related pathological process in various diseases.

5. The role of ferritinophagy in related kidney diseases
5.1 Ferritinophagy and acute kidney injury

Acute renal injury (AKI), previously known as acute renal failure (ARF), is a heterogeneous critical
disease with high morbidity and mortality caused by various causes such as ischemia-reperfusion injury,
sepsis, nephrotoxic drugs, rhabdomyolysis and urinary tract obstruction[43]. The pathogenesis of AKI is
a combination of many factors, including renal endothelial injury, microvascular dysfunction and
oxidative stress, all of which will lead to the death of renal tubular epithelial cells. AKI involves a variety
of cell death pathways, but its exact molecular mechanism has not been fully elucidated. Previous studies
have confirmed that renal tubular epithelial cells participate in acute kidney injury by necrosis, apoptosis,
pyroptosis, autophagy and ferroptosis. Recent studies have shown that ferritinophagy occurs in the
kidneys of animals from AKI disease models. AKI involves multiple cell death pathways, but the exact
molecular mechanisms have not been fully elucidated, and previous studies have demonstrated that renal
tubular epithelial cells are involved in acute kidney injury by necrosis, apoptosis, pyroptosis, autophagy,
and ferroptosis. Modalities are involved in acute kidney injury. Recently, the presence of iron autophagy
has been demonstrated in the kidneys of animals from a variety of AKI disease models. During ischemia—
reperfusion injury induced AKI, according to Sui et al[32], CRIBP promotes renal injury in IRI by
upregulating ferroptosis, and silencing CRIBP can inhibit the occurrence of ferroptosis in HK-2 cells.
Further studies revealed that CIRBP promotes ferroptosis by interacting with ELAVL1 and activating
ferritinophagy during renal IR injury. Our results provide experimental evidence that ferritinophagy-
mediated ferroptosis is responsible for CIRBP-enhanced renal IR injury. Meanwhile, another study on
IR, Jin et al. [44] showed that STING activated NCOA4-mediated ferritinophagy and promoted the
autophagic degradation of ferritin, leading to intracellular accumulation of free iron and subsequent iron-
dependent ferroptosis. We demonstrate The regulation of STING on ferroptosis is dependent on its
modulation on NCOA4- mediated ferritinophagy. In addition, Su et al. [45]demonstrated that acute
kidney injury (AKI) during the perioperative period,Panx1 deletion induced the expression of a
cytoprotective chaperone, heme oxygenase-1 (HO-1), and inhibited ferroptinophagy via the mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway. Therefore, the
pannexin 1 (PANX1)-RRAS-RAF1-MAP2K1-MAP2K2-MAPK1-MAPK3 axis is expected to regulate
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ferritinophagy, thus denoting a role for ferritinophagy in AKI in the perioperative period. Deng et al.
[46]showed that overexpression of the renal proximal tubule-residing myo-inositol oxygenase (MIOX)
aggravates cellular redox damage and ferroptosis by promoting ferritinophagy and suppressing GPX4
activity, NADPH, and GSH levels in HK-2 cells treated with cisplatin (an in vitro model of AKI), and
CD1 mice (an in vivo model of nephropathy). Therefore, MIOX may be a potential target for intervening
in ferritinophagy and AKI. During LPS induced septic AKI, Tang et al. [47] showed that accompanied
with reduction of cytosolic Fe2+ and lipid peroxidation accumulation, ISL could significantly inhibit the
expression of HMGBI and increased the expression of NCOA4 both in vivo and in vitro following LPS
stimulation. It could be concluded that ISL might attenuate LPS induced AKI by regulating
ferritinophagy-mediated ferroptosis. During patulin induced AKI, Hou at al.[48]showed that PAR-
induced ferroptosis depends on the autophagy pathway. The increase of lipid peroxidation, the formation
of the autophagy lysosome, and the autophagic degradation of ferritin are all important causes of
ferroptosis. Concomitantly, inhibition of lipid peroxidation, chelating iron ions, and inhibition of the
ferritinophagy pathway can significantly alleviate. These finding provides a potential pharmacological
target for the prevention and treatment of AKI.

5.2 Ferritinophagy and chronic kidney disease

Chronic kidney disease (CKD)is a significant public health concern that affects approximately 10%
of the global population[49]. The pathological progress of CKD includes progressive glomerulosclerosis,
renal tubular atrophy/dilatation, renal tubular cell death and interstitial fibrosis. The most common risk
factors for CKD include diabetes, hypertension, cardiovascular disease, a family history of CKD, and
age greater than 60 years. The CKD rat model was established after 5/6 nephrectomy. According to the
research of Wang et al. [50] , the CKD rat model showed typical characteristics of ferroptosis, such as
increased iron content, oxidative stress and lipid peroxidation. Further study found that the expression of
NCOA4 was up-regulated and the expression of FTH1 and FTL was down-regulated, but this situation
was reversed after DFO treatment. These data show that ferritinophagy occurs in the residual kidney of
CKD rats, and may cause iron overload and lead to ferroptosis in CKD patients. Therefore, down-
regulating intracellular free iron by inhibiting ferritinophagy and ferroptosis may be an effective
therapeutic target for CKD.

5.3 Ferritinophagy and polycystic kidney disease

Polycystic kidney disease is the most common potentially lethal single-gene inherited disease in
human. Autosomal dominant polycystic kidney disease (ADPKD) and autosomal recessive polycystic
kidney disease (ARPKD) are the two main forms of PKD. Polycystic kidney disease (PKD)is
characterized by the proliferation of fluid-filled kidney cysts that enlarge over time, causing damage to
the surrounding kidney and ultimately resulting in kidney failure. Radadiya et al [51] showed that, ferritin
levels were markedly elevated in cystic kidneys of PKD mice, and CPX-O treatment reduced renal
ferritin levels. The reduction in ferritin was associated with increased ferritinophagy marker nuclear
receptor coactivator 4, which reversed upon CPX-O treatment in PKD mice. These data suggest that
CPX-O can induce ferritin degradation via ferritinophagy, which is associated with decreased cyst growth
progression in PKD mice.

5.4 Ferritinophagy and renal cell carcinoma

Renal cell carcinoma (RCC) refers is a kind of malignant tumor originated from of renal tubular
epithelial cells, among which clear cell renal cell carcinoma (ccRCC) is the most common subtype of
renal cell carcinoma, accounting for almost about 80-85% of RCC[52].Renal cell carcinoma is
characterized by mutations in target genes involved in metabolic pathways. Metabolic reprogramming
covers different processes such as aerobic glycolysis, fatty acid metabolism, and the utilization of
tryptophan, glutamine, and arginine. Currently, surgery combined with targeted and immunotherapy-
based comprehensive therapy is often used. However, due to the limited objective remission rate of
targeted therapy and the increased drug resistance of immunotherapy, it is very necessary for RCC to
urgently need new treatment methods. Mou et al.[S3]showed that the gene expression level of NCOA4
was significantly lower in tumor samples in comparison to normal tissues of ccRCC on the basis of
various databases including TCGA, GEO and Human Protein Atlas, which is associated with overall
survival (OS) and immune cell infiltration in patients with ccRCC. By using STRING tool to analyze the
PPI network of NCOA4 protein, we further found that FTL and FTH11 are the major factors regulating
iron metabolism, and the increase of FTH1 mRNA levels were associated with the worse prognosis of
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RCC patients. Thus, it is plausible that NCOA4 defect reduce ferroptosis and thus possibly debilitate
antitumor immune effects in ccRCC. Targeting NCOA4 may be a promising therapeutic strategy for
ferroptosis-induction or/and with the combination of immunotherapy in ccRCC.

5.5 Ferritinophagy and urinary tract infections

Urinary tract infections (UTIs)are among the most frequent bacterial infections acquitted in the
community and hospitals, recognized as a severe public health concern to healthcare systems around the
globe. Gram-negative bacilli are the most common pathogens of UTIs, of which Escherichia coli is the
most prevalent, followed by Proteus, Klebsiella, Citrobacter and so on. As uropathogens are high
recurrence rates and increasing antimicrobial resistance, it may be time to explore alternative strategies
for managing UTIs. Bauckman et al.[54]showed that iron overload in bladder epithelial cells induces
ferritinophagy in an NCOA4-dependent manner causing increased iron availability for UPEC, triggering
bacterial overproliferation and host cell death. Even moderate levels of iron is sufficient to increased
autophagic flux and UPEC growth in urothelial cells. Therefore, selective inhibition of iron processing
or ferritinophagy or iron chelation decreased bacterial growth in urothelial cells and reversed host cell
death. In conclusion, he persistence of UPEC in BECs is involved in ferritinophagy, which promotes the
death of BECs and aggravates UTIs. The inhibition of ferritinophagy and downregulation of iron content
in BECs may provide new research ideas and perspectives for exploring effective antibiotic alternative
therapies to prevent and treat RUTIs. Thus, ferritinophagy might be a potent driving force to induce
UPEC persistence. Inhibition of the selective autophagy pathway might provide a therapeutic target to
reverse host cell death and impede the development of UTIs.

6. Conclusion

Ferritinophagy is an important mechanism for regulating iron level in vivo, and it is a new special
type of autophagy, which has become a research hotspot at present. It has been proved that iron is closely
related to related kidney diseases. Although the molecular mechanism of ferritinophagy is still uncertain,
the inhibition of ferritinophagy can prevent and reverse various related kidney diseases. In-depth study
on the molecular mechanism and signal pathway of ferritinophagy in renal diseases is expected to provide
a new theoretical basis for the targeted treatment of related kidney diseases in the future.

References

[1] Mancias J D, Wang X, Gygi S P, et al. Quantitative proteomics identifies NCOA4 as the cargo receptor
mediating ferritinophagy [J]. Nature, 2014, 509(7498):105-109.

[2] Hou W, Xie Y, Song X, et al. Autophagy promotes ferroptosis by degradation of ferritin [J]. Autophagy,
2016, 12(8): 1425-1428.

[3] Fuhrmann D C, Mondorf A, Beifufs J, et al. Hypoxia inhibits ferritinophagy, increases mitochondrial
ferritin, and protects from ferroptosis [J]. Redox Biol, 2020, 36: 101670.

[4] Bellelli R, Castellone M D, Guida T, et al. NCOA4 transcriptional coactivator inhibits activation of
DNA replication origins [J]. Mol Cell, 2014, 55(1): 123-137.

[5] Mancias J D, Pontano Vaites L, Nissim S, et al. Ferritinophagy via NCOA4 is required for
erythropoiesis and is regulated by iron dependent HERC2-mediated proteolysis [J]. Elife, 2015, 4.

[6] Santana-Codina N, Mancias J D. The Role of NCOA4-Mediated Ferritinophagy in Health and
Disease [J]. Pharmaceuticals (Basel), 2018, 11(4).

[7] Muckenthaler M U, Rivella S, Hentze M W, et al. A Red Carpet for Iron Metabolism [J]. Cell, 2017,
168(3): 344-361.

[8] Fujimaki M, Furuya N, Saiki S, et al. Iron Supply via NCOA4-Mediated Ferritin Degradation
Maintains Mitochondrial Functions [J]. Mol Cell Biol, 2019, 39(14).

[9] Quiles Del Rey M, Mancias J D. NCOA4-Mediated Ferritinophagy: A Potential Link to
Neurodegeneration [J]. Front Neurosci, 2019, 13: 238.

[10] Kong Z, Liu R, Cheng Y. Artesunate alleviates liver fibrosis by regulating ferroptosis signaling
pathway [J]. Biomed Pharmacother, 2019, 109: 2043-2053.

[11] Goodwin J M, Dowdle W E, Dejesus R, et al. Autophagy-Independent Lysosomal Targeting
Regulated by ULK1/2-FIP200 and ATG9 [J]. Cell Rep, 2017, 20(10): 2341-2356.

[12] Masaldan S, Clatworthy S A S, Gamell C, et al. Iron accumulation in senescent cells is coupled with
impaired ferritinophagy and inhibition of ferroptosis [J]. Redox Biol, 2018, 14: 100-115.

[13] Galligan J T, Martinez-Noél G, Arndt V, et al. Proteomic analysis and identification of cellular

Published by Francis Academic Press, UK
-44-



International Journal of Frontiers in Medicine
ISSN 2706-6819 Vol.5, Issue 10: 39-46, DOI: 10.25236/1JFM.2023.051007

interactors of the giant ubiquitin ligase HERC?2 [J]. J Proteome Res, 2015, 14(2): 953-966.

[14] Gryzik M, Srivastava A, Longhi G, et al. Expression and characterization of the ferritin binding
domain of Nuclear Receptor Coactivator-4 (NCOA4) [J]. Biochim Biophys Acta Gen Subj, 2017, 1861(11
PtA): 2710-2716.

[15] Urrutia A A, Aragonés J. HIF Oxygen Sensing Pathways in Lung Biology [J]. Biomedicines, 2018,
6(2).

[16] Li W, Xiang Z, Xing Y, et al. Mitochondria bridge HIF signaling and ferroptosis blockage in acute
kidney injury [J]. Cell Death Dis, 2022, 13(4): 308.

[17] Li X, Lozovatsky L, Sukumaran A, et al. NCOA4 is regulated by HIF and mediates mobilization of
murine hepatic iron stores after blood loss [J]. Blood, 2020, 136(23): 2691-2702.

[18] De Domenico I, Vaughn M B, LI L, et al. Ferroportin-mediated mobilization of ferritin iron precedes
ferritin degradation by the proteasome [J]. Embo j, 2006, 25(22): 5396-5404.

[19] Gao M, Monian P, Pan Q, et al. Ferroptosis is an autophagic cell death process [J]. Cell Res, 2016,
26(9): 1021-1032.

[20] Dong W, Tan Y, Qin Q, et al. Polybrominated Diphenyl Ethers Quinone Induces NCOA4-Mediated
Ferritinophagy through Selectively Autophagic Degradation of Ferritin [J]. Chem Res Toxicol, 2019,
32(12): 2509-2516.

[21] Pavel M, Renna M, Park S J, et al. Contact inhibition controls cell survival and proliferation via
YAP/TAZ-autophagy axis [J]. Nat Commun, 2018, 9(1): 2961.

[22] Zhang J, Zheng Y, Wang Y, et al. YAPI alleviates sepsis-induced acute lung injury via inhibiting
ferritinophagy-mediated ferroptosis [J]. Front Immunol, 2022, 13: 884362.

[23] Dowdle W E, Nyfeler B, Nagel J, et al. Selective VPS34 inhibitor blocks autophagy and uncovers a
role for NCOA4 in ferritin degradation and iron homeostasis in vivo [J]. Nat Cell Biol, 2014, 16(11):
1069-1079.

[24] Moroishi T, Yamauchi T, Nishivama M, et al. HERC2 targets the iron regulator FBXLS5 for
degradation and modulates iron metabolism [J]. J Biol Chem, 2014, 289(23): 16430-16441.

[25] Ruiz J C, Bruick R K. F-box and leucine-rich repeat protein 5 (FBXL5): sensing intracellular iron
and oxygen [J]. J Inorg Biochem, 2014, 133: 73-77.

[26] Yao F, Cui X, Zhang Y, et al. Iron regulatory protein 1 promotes ferroptosis by sustaining cellular
iron homeostasis in melanoma [J]. Oncol Lett, 2021, 22(3): 657.

[27] Wu H, Liu Q, Shan X, et al. ATM orchestrates ferritinophagy and ferroptosis by phosphorylating
NCOA4 [J]. Autophagy, 2023, 19(7): 2062-2077.

[28] Li W, Wang Y, et al. Inhibition of DNMT-1 alleviates ferroptosis through NCOA4 mediated
ferritinophagy during diabetes myocardial ischemia/reperfusion injury [J]. Cell Death Discov, 2021,
7(1): 267.

[29] Zhang Y, Kong Y, Ma Y, et al. Loss of COPZ1 induces NCOA4 mediated autophagy and ferroptosis
in glioblastoma cell lines [J]. Oncogene, 2021, 40(8): 1425-1439.

[30] Li C, Sun G, Chen B, et al. Nuclear receptor coactivator 4-mediated ferritinophagy contributes to
cerebral ischemia-induced ferroptosis in ischemic stroke [J]. Pharmacol Res, 2021, 174: 105933.

[31] Shang M, Weng L, Xu G, et al. TRIM1I suppresses ferritinophagy and gemcitabine sensitivity
through UBE2N/TAXIBP1 signaling in pancreatic ductal adenocarcinoma [J]. J Cell Physiol, 2021,
236(10): 6868-6883.

[32] Sui M, Xu D, Zhao W, et al. CIRBP promotes ferroptosis by interacting with ELAVLI and activating
ferritinophagy during renal ischaemia-reperfusion injury [J]. J Cell Mol Med, 2021, 25(13): 6203-6216.
[33] Yang R Z, Xu W N, Zheng H L, et al. Exosomes derived from vascular endothelial cells antagonize
glucocorticoid-induced osteoporosis by inhibiting ferritinophagy with resultant limited ferroptosis of
osteoblasts [J]. J Cell Physiol, 2021, 236(9): 6691-6705.

[34] Li J, Lama R, Galster S L, et al. Small-Molecule MMRi62 Induces Ferroptosis and Inhibits
Metastasis in Pancreatic Cancer via Degradation of Ferritin Heavy Chain and Mutant p53 [J]. Mol
Cancer Ther, 2022, 21(4): 535-545.

[35] Dixon S J, Lemberg K M, Lamprecht M R, et al. Ferroptosis: an iron-dependent form of
nonapoptotic cell death [J]. Cell, 2012, 149(5): 1060-1072.

[36] Stockwell B R, Friedmann Angeli J P, Bayir H, et al. Ferroptosis: A Regulated Cell Death Nexus
Linking Metabolism, Redox Biology, and Disease [J]. Cell, 2017, 171(2): 273-285.

[37] Fang Y, Chen X, Tan Q, et al. Inhibiting Ferroptosis through Disrupting the NCOA4-FTHI
Interaction: A New Mechanism of Action [J]. ACS Cent Sci, 2021, 7(6): 980-989.

[38] Tang M, Huang Z, Luo X, et al. Ferritinophagy activation and sideroflexinl-dependent
mitochondria iron overload is involved in apelin-13-induced cardiomyocytes hypertrophy [J]. Free Radic
Biol Med, 2019, 134.: 445-457.

[39] Xie Y, Hou W, Song X, et al. Ferroptosis: process and function [J]. Cell Death Differ, 2016, 23(3):

Published by Francis Academic Press, UK
-45-



International Journal of Frontiers in Medicine
ISSN 2706-6819 Vol.5, Issue 10: 39-46, DOI: 10.25236/1JFM.2023.051007

369-379.

[40] Louandre C, Marcq I, Bouhlal H, et al. The retinoblastoma (Rb) protein regulates ferroptosis
induced by sorafenib in human hepatocellular carcinoma cells [J]. Cancer Lett, 2015, 356(2 Pt B): 971-
977.

[41] Zhang Z, Yao Z, Wang L, et al. Activation of ferritinophagy is required for the RNA-binding protein
ELAVLI1/HuR to regulate ferroptosis in hepatic stellate cells [J]. Autophagy, 2018, 14(12): 2083-2103.
[42] Bellelli R, Federico G, Matte A, et al. NCOA4 Deficiency Impairs Systemic Iron Homeostasis [J].
Cell Rep, 2016, 14(3): 411-421.

[43] Bellomo R, Kellum J A, Ronco C. Acute kidney injury [J]. Lancet, 2012, 380(9843): 756-766.

[44] Jin L, Yu B, Wang H, et al. STING promotes ferroptosis through NCOA4-dependent ferritinophagy
in acute kidney injury [J]. Free Radic Biol Med, 2023, 208: 348-360.

[45] Su L, Jiang X, Yang C, et al. Pannexin 1 mediates ferroptosis that contributes to renal
ischemia/reperfusion injury [J]. J Biol Chem, 2019, 294(50): 19395-19404.

[46] Deng F, Sharma I, Dai Y, et al. Myo-inositol oxygenase expression profile modulates pathogenic
ferroptosis in the renal proximal tubule [J]. J Clin Invest, 2019, 129(11): 5033-5049.

[47] Tang Y, Luo H, Xiao Q, et al. Isoliquiritigenin attenuates septic acute kidney injury by regulating
ferritinophagy-mediated ferroptosis [J]. Ren Fail, 2021, 43(1): 1551-1560.

[48] Hou Y, Wang S, Jiang L, et al. Patulin Induces Acute Kidney Injury in Mice through Autophagy-
Ferroptosis Pathway [J]. J Agric Food Chem, 2022, 70(20): 6213-6223.

[49] Kovesdy C P. Epidemiology of chronic kidney disease: an update 2022 [J]. Kidney Int Supp! (2011),
2022, 12(1): 7-11.

[50] Wang J, Wang Y, Liu Y, et al. Ferroptosis, a new target for treatment of renal injury and fibrosis in
a 5/6 nephrectomy-induced CKD rat model [J]. Cell Death Discov, 2022, 8(1): 127.

[51] Radadiya P S, Thornton M M, Puri RV, et al. Ciclopirox olamine induces ferritinophagy and reduces
cyst burden in polycystic kidney disease [J]. JCI Insight, 2021, 6(8).

[52] Bray F, Ferlay J, Soerjomataram I, et al. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries [J]. CA Cancer J Clin, 2018, 68(6):
394-424.

[53] Mou Y, Wu J, Zhang Y, et al. Low expression of ferritinophagy-related NCOA4 gene in relation to
unfavorable outcome and defective immune cells infiltration in clear cell renal carcinoma [J]. BMC
Cancer, 2021, 21(1): 18.

[54] Bauckman K A, Mysorekar I U. Ferritinophagy drives uropathogenic Escherichia coli persistence
in bladder epithelial cells [J]. Autophagy, 2016, 12(5): 850-863.

Published by Francis Academic Press, UK
-46-



	1. Introduction
	2. The process of ferritinophagy
	3. Regulatory mechanism of ferritinophagy
	3.1 Iron regulates ferritinophagy
	3.2 Hypoxia regulates ferritinophagy
	3.3 Lysosome regulates ferritinophagy
	3.4 Autophagy regulates ferritinophagy
	3.5 HERC2-FBXL5-IPR2 regulates ferritinophagy
	3.6 Other mechanisms regulate ferritinophagy
	4. NCOA4-mediated ferritinophagy modulates ferroptosis
	5. The role of ferritinophagy in related kidney diseases
	5.1 Ferritinophagy and acute kidney injury
	5.2 Ferritinophagy and chronic kidney disease
	5.3 Ferritinophagy and polycystic kidney disease
	5.4 Ferritinophagy and renal cell carcinoma
	5.5 Ferritinophagy and urinary tract infections
	6. Conclusion
	References

