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As a special pattern of programmed cell death, ferroptosis is reported to
participate in several processes of tumor progression, including regulating
proliferation, suppressing apoptotic pathways, increasing metastasis, and
acquiring drug resistance. The marked features of ferroptosis are an abnormal
intracellular iron metabolism and lipid peroxidation that are pluralistically
modulated by ferroptosis-related molecules and signals, such as iron
metabolism, lipid peroxidation, system Xc~, GPX4, ROS production, and
Nrf2 signals. Non-coding RNAs (ncRNAs) are a type of functional RNA
molecules that are not translated into a protein. Increasing studies
demonstrate that ncRNAs have a diversity of regulatory roles in ferroptosis,
thus influencing the progression of cancers. In this study, we review the
fundamental mechanisms and regulation network of ncRNAs on ferroptosis in
various tumors, aiming to provide a systematic understanding of recently
emerging non-coding RNAs and ferroptosis.
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1 Introduction

Cell death has been reported to be closely related to cell growth and development, tissue
repair, and various physiological processes (Fuchs and Steller, 2011). Cell death includes two
significant forms: accidental cell death and regulated cell death (Galluzzi et al, 2018).
Accidental cell death is triggered by intensively destructive physical and chemical factors.
Correspondingly, regulated cell death could be controlled by external intervention and
internal gene changes. There are two regulated cell death forms: apoptotic and non-apoptotic
forms. Ferroptosis was first reported as a specific erastin-triggering and iron-dependent non-
apoptotic cell death in 2012 (Dixon et al,, 2012). Increasing studies have shown that
ferroptosis is a pattern of programmed cell death (PCD) characterized by abnormal
intracellular iron metabolism and lipid destruction of the cell membrane, which is
entirely different from apoptosis or necroptosis (Yang and Stockwell, 2016).

Additionally, ferroptosis could be induced by some small molecules, such as erastin
and RAS-selective lethal (RSL) (Dixon et al., 2012). The accumulation of intracellular
iron ions is another trigger for ferroptosis. Ferroptosis could be inhibited by antioxidant
factors. System Xc~ protects the cell from ferroptosis via importing cystine and
increasing the biosynthesis of GSH (Lewerenz et al., 2013). GPX4 inhibits ferroptosis
by decreasing phospholipid hydroperoxide and repressing lipoxygenase-mediated lipid
peroxidation (Yang et al., 2014). Nrf2 can repress ferroptosis by indirectly regulating
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lipid oxidation (Sun et al., 2016). Reactive oxygen species (ROS)
can lead to lipid peroxidation and, hence, destroy the cell
membrane, leading to ferroptosis (de Carvalho and Caramujo,
2018).
progression of many diseases, such as neurodegenerative
diseases (Belaidi and Bush, 2016), ischemia (Guan et al,
2019), and cancers (Xi et al, 2022; ZhangLncRNA et al,
2022). In recent years, a large number of studies have shown

Ferroptosis is involved with the occurrence and

that non-coding RNAs (ncRNAs) could affect tumor progression
by regulating ferroptosis. ncRNA is a functional RNA molecule
that is not translated into a protein. A growing number of studies
have developed and confirmed that ncRNAs are an important
regulator of ferroptosis. Here, we reviewed the fundamental
regulation of ncRNAs
ferroptosis, aiming to provide a systematic understanding of

mechanisms and networks on
the recently emerging non-coding RNAs and ferroptosis in

various tumors (Figure 2; Table 1).

1.1 Major mechanisms in ferroptosis

1.1.1 Iron metabolism

The accumulation of iron could cause excess ROS production
via the Fenton reaction, inducing ferroptosis (Dixon and Stockwell,
2014). Therefore, homeostasis of intracellular iron is a key factor
affecting ferroptosis. Intracellular iron homeostasis is regulated
finely and dynamically by iron regulatory proteins (IRPs), which
depend on their ability to bind to iron-responsive elements (IREs)
(Zhang et al., 2014). In general, transferrin binds to extracellular iron
to transfer iron from extracellular to intracellular in a transferrin
receptor-dependent manner (Gao et al., 2015). Ferritin degradation
is another alternative method to promote the concentration of
intracellular iron (Hou et al, 2016). Correspondingly, ferritin-
containing multivesicular bodies (MVBs) and exosomes are the

10.3389/fgene.2023.1136240

extracellular space (Brown et al., 2019). Solute carrier family
40 member 1 (SLC40Al), an iron transporter, has a significant
effect on iron export (Donovan et al, 2005), which could be
regulated by transcription factor BTB and CNC homology 1
(BACHI1) (Nishizawa et al,, 2020). Other studies also reported
that Tau protein and ferritin chain proteins, FTH1 and FTLI,
participate in the iron efflux adjustment (Tuo et al, 2017;
Nishizawa et al., 2020), but the specific underlying mechanism
needs to be further explored. NCOA4 is a ferritin cargo receptor,
and NCOA4-mediated ferritinophagy is required to maintain
intracellular and systemic iron homeostasis and, thus, iron-
dependent physiological processes (Gao et al, 2016; Santana-
Codina et al,, 2021). In summary, intracellular iron homeostasis
is a process involving multiple pathways, which coordinate and
regulate intracellular iron levels, thereby affecting the level of
ferroptosis.

1.1.2 Lipid peroxidation

Lipids participate in the formation of biomembranes and play an
important role in molecular signal transmission. Ferryl radical,
peroxynitrite (ONOO~), and many instable molecules that
require hydrogen atoms can combine with allylic hydrogen atoms
in polyunsaturated fatty acids (PUFAs), thus forming lipid radicals
(Higdon et al.,, 2012). Subsequently, lipid alkoxyl (LOe) and lipid
peroxyl (LOOe®) radicals can combine with other PUFAs, leading to
a continuously expanding reaction (Porter et al, 1995). The
accumulation of lipid peroxidation products and the relative
inadequacy of GPX4/GSH cause ferroptosis (Kagan et al., 2017).
Recent studies suggest that PUFAs, including arachidonoyl (AA)
and adrenoyl (AdA), are sensitive to oxidation and participate in the
ferroptosis process (Yang and Stockwell, 2016; Kagan et al., 2017).
Kagan, V. E. et al. discovered oxygenated di-acyl AA/AdA-
containing phosphatidylethanolamines (PEs) acted as pivotal

ferroptosis signals via LC-MS/MS identification (Kagan et al,
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FIGURE 1

Regulatory mechanisms in ferroptosis. Solute carrier family 40 member 1 (SLC40AL1); ferritin heavy chain 1 (FTH1); ferritin light chain 1 (FTL1); reactive
oxygen species (ROS); phosphatidylethanolamines (PE); arachidonoyl (AA) adrenoyl (AdA); lipoxygenases (LOXs); polyunsaturated fatty acids (PUFA);
phospholipids (PL-OOH); and lyso-phosphatidylcholine acyltransferase 3 (LPCAT3).
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Molecular pathways in ncRNA-regulated ferroptosis among malignant cancers. (A—N) propose how ncRNAs regulate ferroptosis-related molecules
and signals. HCC, Hepatocellular carcinoma; RCC, Renal cell carcinoma; AML, Acute myeloid leukemia; GBM, Glioblastoma.

(ACSL4) can catalyze AA/AdA into AA/AdA-CoA (Kiich et al,
2014; Kagan et al, 2017). Then, lyso-phosphatidylcholine
acyltransferase 3 (LPCAT3) esterifies AA/AdA-CoA to PE (Yang
etal,, 2016; Kagan et al., 2017). Interestingly, although AA and AdA
can be oxygenated by LOX, as well as cyclooxygenases (COX) and
cytochrome P450 (CYP450), ferroptosis is inhibited only when LOX
is suppressed (Kagan et al, 2017), suggesting that LOX plays a
distinctive role in ferroptosis. Therefore, lipid metabolism plays an
important role in ferroptosis, and lipid peroxidation products
participate in ferroptosis directly.

1.1.3 System Xc~

System Xc~ consists of solute carrier family 7 member 11
(SLC7A11 or xCT, catalytic subunit) and solute carrier family
3 member 2 (SLC3A2, regulatory subunit) and possesses high
selectivity for cystine and glutamate transport, especially for the
anionic form. System Xc~ can absorb one cystine and export one
glutamate simultaneously (Sato et al, 1999). Cystine can be
catalyzed into cysteine. Cysteine, glutamic acid, and glycine can
be synthetized into GSH, which prevents the cell membrane or
biomacromolecules from peroxide destruction or ferroptosis

Frontiers in Genetics

(Lewerenz et al., 2013). However, the small-molecule erastin and
anti-cancer drug sorafenib can inhibit system Xc~ to induce
ferroptosis. ~ Specifically, erastin causes the depletion of
intracellular cystine to repress GSH synthesis. In addition, erastin
also initiates endoplasmic reticulum (ER) stress (Dixon et al., 2014).
The expression of system Xc™ can be regulated at the transcription or
translation level. Chen, D. et al. uncovered that transcription factor 4
(ATF4) increases system Xc~ expression and glutamate exportation
to inhibit ferroptosis (Chen et al, 2017a). Nrf2 signals also
participate in system Xc~ regulation, which acts as a transcription
factor of system Xc. Nrf2 overexpression or Keapl knockdown can
upregulate system Xc ™. Nrf2 can repress ferroptosis by facilitating
glutamate exportation (Fan et al, 2017). In Zhang, Y. et al’s
research, SLC7A11 was a significant downstream target of tumor
suppressor BRCA1-associated protein 1 (BAP1). BAP1 can encode a
nuclear deubiquitinating (DUB) enzyme that participates in the
composition of the polycomb repressive deubiquitinase (PR-DUB)
complex. BAP1 promotes lipid peroxidation via repressing
SLC7A11 expression in a PR-DUB complex-repressing histone
2A ubiquitination (H2Aub) manner (Zhang et al, 2018a).

Moreover, epigenetic modification involving with system Xc~ was
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TABLE 1 Regulatory pathways and functions of ferroptosis-related ncRNAs in various cancers.

Cancer types  ncRNAs Molecular mechanism Biological function References
Lung cancer miR-27a-3p Inhibit SLC7A11 Induces ferroptosis Lu et al. (2021b)
miR-4443 METTL3/FSP1 Inhibits ferroptosis and induces cisplatin resistance Song et al. (2021)
miR-302a-3p Target ferroportin Induces ferroptosis and inhibits NSCLC cell growth and Wei et al. (2021)
proliferation
miR-6077 Keapl-Nrf2-SLC7A11/NQO1 Inhibits ferroptosis and induces CDDP/PEM resistance Bi et al. (2022)
IncRNA HI19 miR-19b-3p/FTH1 Inhibits ferroptosis Zhang et al. (2022a)
IncRNA T-UCR Uc.339 | miR-339/SLC7A11 Inhibits ferroptosis and promotes metastasis ZhangLncRNA et al.
(2022)
IncRNA GSEC miRNA-101-3p/CISD1 Promotes LUAD cell growth and migration Jiang et al. (2021)
circDTL miR-1287-5p/GPX4 Inhibits ferroptosis and promotes NSCLC progress Shanshan et al. (2021)
Esophageal cancer =~ IncRNA BBOX1-AS1 miR-513a-3p/SLC7A11 Inhibits ferroptosis and promotes ESCC cell proliferation Pan et al. (2022)
and invasion
circPVT1 miR-30a-5p/FZD3 Inhibits ferroptosis and 5-FU chemosensitivity Yao et al. (2021a)
circBCAR3 miR-27a-3p/TNPO1 Promotes ferroptosis Xi et al. (2022)
Gastric cancer miR-375 Target SLC7A11 Induces ferroptosis and inhibits stemness of GC cells Ni et al. (2021)
exo-miR-522 Decrease ALOX15 Inhibits ferroptosis and promotes cisplatin resistance Zhang et al. (2020b)
miR-4715-3p AURKA/GPX4 Promotes ferroptosis, UGC cell death, and cisplatin Gomaa et al. (2019)
sensitivity
IncRNA PMAN Stabilize SLC7A11 Inhibits ferroptosis and promotes tumor development Lin et al. (2022)
IncRNA CBSLR CBS/ACSL4 Inhibits ferroptosis Yang et al. (2022)
IncRNA BDNF-AS WDR5/FBXW7/VDAC3 Inhibits ferroptosis and promotes GC formation and PM Huang et al. (2022)
Colorectal cancer ~ miR-545 Decrease transferrin Inhibits ferroptosis and promotes CRC development Zheng et al. (2021)
miR-15a-3p Target GPX4 Promotes ferroptosis Liu et al. (2022a)
miR-19a Target IREB2 Inhibits ferroptosis and promote CRC development Fan et al. (2022)
LINC00239 Keap1/Nrf2 Inhibits ferroptosis and promotes CRC cell growth and Han et al. (2022)
proliferation
LINC01606 SCD1-Wnt/B-catenin-TFE3 loop = Inhibits ferroptosis and promotes colon cancer Luo et al. (2022)
development
circ0007142 miR-874-3p/GDPD5 Inhibits ferroptosis and promotes cell proliferation Wang et al. (2021a)
Pancreatic cancer IncRNA A2M-AS1 Interact with PCBP3 Promotes ferroptosis and inhibits pancreatic cancer Qiu et al. (2022)
development
HCC miR-23a-3p ETS1/miR-23a-3p/ACSL4 Inhibits ferroptosis and promotes sorafenib resistance Lu et al. (2022)
miR-214-3p Target ATF4 Promotes ferroptosis Bai et al. (2020)
IncRNA HEPFAL Decrease SLC7A11 Promotes ferroptosis and inhibits tumor proliferation and Zhang et al. (2022b)
migration
IncRNA GABPBI1-AS1 Interact with GABPB1 Promotes ferroptosis and HepG2 cell death Qi et al. (2019)
IncRNA NEAT1 miR-362-3p/MIOX Promotes ferroptosis and HCC development Zhang et al. (2022¢)
IncRNA HULC miR-3200-5p/ATF4 Inhibits ferroptosis Guan et al. (2022)
LINC01134 Nrf2/GPX4 Inhibits ferroptosis and oxaliplatin resistance Kang et al. (2022)
circcIARS Interact with ALKBH5 Promotes ferroptosis Liu et al. (2020)
circIL4R miR-541-3p/GPX4 Inhibits ferroptosis and promotes tumorigenesis Xu et al. (2020)
¢irc0097009 miR-1261/SLC7A11 Inhibits ferroptosis and promotes HCC development Lyu et al. (2021)

(Continued on following page)
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TABLE 1 (Continued) Regulatory pathways and functions of ferroptosis-related ncRNAs in various cancers.

Cancer types

ncRNAs

Molecular mechanism

Biological function

References

RCC

miR-4735-3p

Targeting SLC40A1

Promotes ferroptosis

Zhu et al. (2022)

Bladder cancer

miR-324-3p

IncRNA RP11-89

Reduce GPX4

miR-129-5p/PROM2

Induces ferroptosis of RCC cells

Inhibits ferroptosis and promote tumorigenesis

Yu et al. (2022)

Luo et al. (2021)

Prostate cancer

circST6GALNAC6

miR-15a

IncRNA PCAT1

HSPB1/p38 MAPK

Downregulate GPX4

¢-Myc/miR-25-3p/SLC7AT1

Promotes ferroptosis and inhibits tumor development

Promotes ferroptosis and inhibits prostate cancer cell
proliferation

Inhibits ferroptosis and promotes docetaxel resistance

Wang et al. (2022a)

Xu et al. (2022a)

Jiang et al. (2022a)

IncRNA OIP5-AS1

miR-128-3p/SLC7A11

Inhibits ferroptosis and promotes cell growth

Zhang et al. (2021c¢)

Breast cancer miR-5096 Target SLC7A11 Promotes ferroptosis and inhibits cancer development Yadav et al. (2021)
miR-324-3p Decrease GPX4 Promotes ferroptosis Hou et al. (2021)
circRHOT1 miR-106a-5p/STAT3 Inhibits ferroptosis and promotes malignant development Zhang et al. (2021b)
circGFRA1 miR1228/AIFM2 Inhibits ferroptosis and promotes cancer development Bazhabayi et al. (2021)

Ovarian cancer miR-424-5p Target ACSL4 Inhibits ferroptosis Ma et al. (2021b)

IncRNA ADAMTS9-AS1

miR-587/SLC7A11

Inhibits ferroptosis and promotes epithelial ovarian cancer
development

Cai et al. (2022)

Cervical Cancer circLMO1 miR-4291/ACSL4 Promote ferroptosis and inhibits cell proliferation and Ou et al. (2022)
invasion
circEPSTI1 miR-375/409-3p/515-5p- Inhibits ferroptosis and promotes cell proliferation Wu et al. (2021b)
SLC7A11
circACAP2 miR-193a-5p/GPX4 Inhibits ferroptosis and promotes cell proliferation Liu et al. (2022b)
AML LINC00618 Target SLC7A11 Promotes ferroptosis and inhibits AML development Wang et al. (2021c)
circKDM4C hsa-let-7b-5p/p53 Promotes ferroptosis and inhibits AML development Dong et al. (2021)
Glioblastoma miR-147a Target SLC40A1 Induces ferroptosis Xu et al. (2022b)
miR-670-3p Target ACSL4 Inhibits ferroptosis Bao et al. (2021)
IncRNA Hsa-miR-27a-3p/FANCD2, Inhibits ferroptosis and promotes GBM development Chen et al. (2021b)
TMEM161B-AS1 CD44
circLRFN5 PRRX2/GCH1 Promotes ferroptosis and inhibits GBM development Jiang et al. (2022b)
Melanoma miR-9 Downregulate GOT1 Inhibits ferroptosis Zhang et al. (2018b)
miR-137 Target SLC1A5 Inhibits ferroptosis Luo et al. (2018)
miR-130b-3p DKKI1-dependent Nrf2/HO-1 Inhibits ferroptosis Liao et al. (2021)
miR-21-3p Target TXNRD1 Induces ferroptosis and increased anti-PD- Guo et al. (2022)

1 immunotherapy sensitivity

also reported. N°-methyladenosine (m°A) “reader” YT521-B
homology containing 2 (YTHDC2) repressed the system Xc~
regulatory subunit SLC3A2 via decreasing the stability of
homeobox A13 (HOXA13), which elevated SLC3A2 expression
(Ma et al, 202la). In summary, system Xc  inhibits the
ferroptosis process, and the subunit SLC7A11 is the principal
and common regulator used to investigate ferroptosis.

1.1.4 GPX4
GPX4 belongs to selenium-dependent glutathione peroxidases,
and it can catalyze phospholipid and cholesterol hydroperoxides to

Frontiers in Genetics

appropriate alcohols relying on its selenocysteine residue and GSH
(Maiorino et al., 2018). GPX4 catalyzes GSH to oxidized glutathione
(GSSG). Correspondingly, glutathione reductase and NADPH/H+
work together to catalyze GSSG back to GSH, and this provides an
effective cycle for GSH metabolism (Circu and Aw, 2008). GPX4 can
prevent cell membranes from lipid peroxidation, while small
ferroptotic inducers such as erastin, RSL3, and l-buthionine
sulfoximine (BSO) can inhibit this process (Yang et al, 2014).
Other studies found that GPX4 helps to decrease the production
of PUFA hydroperoxides and phospholipids (PL-OOH) (Imai and
Nakagawa, 2003), as well as inhibit the accumulation of oxygenated
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PE (Kagan et al., 2017). Additionally, some molecular signals
participate in GPX4 regulation. Zhang, Y. et al. found that
system Xc~ dependent on cystine can increase GPX4 synthesis
through the Rag-mTORCI1-4EBP pathway, thus
ferroptosis (Zhang et al, 2021a). The ferroptosis inducer
Fin56 can inhibit the translation of GPX4, thus inducing
2021), KLE2
transcription of GPX4 to repress ferroptosis (Lu et al., 2021a).

inhibiting

ferroptosis (Sun et al, while increases the
Moreover, the transcription factor Nrf2 can be recruited to the
GPX4 promoter to elevate its expression (Kang et al., 2022). In brief,
GPX4 can prevent cancer cells from ferroptosis by countering lipid
peroxidation. The blocking of GPX4 enhances cell ferroptosis, while
the overexpression of GPX4 reverses this impact (Yang et al.,, 2014)

(Figure 1).

1.1.5 Others

ROS accumulation leads to lipid peroxidation, thus promoting
cell membrane destruction and ferroptosis (Dixon et al., 2012). ROS
can be generated from oxygen metabolism, iron-mediated Fenton
reaction, or lipid peroxidation, including superoxide anions (O,""),
hydroxyl radicals (¢OH), NO, and RO® (Dixon et al., 2012; Brandes
etal., 2014). ROS is also reported to be derived from some enzymatic
reactions mediated by oxidases, such as cyclooxygenases (COXs),
lipoxygenases (LOXs), and cytochrome P450 (Florean et al., 2019).
Erastin and RSL can accumulate lipid ROS, thus inducing ferroptosis
(Dixon et al., 2012).

Kelch-like ECH-associated protein 1 (Keapl) can bind to both
Nrf2 and the actin cytoskeleton to retain Nrf2 in the cytoplasm
(Wakabayashi et al., 2003), and Nrf2 is an indispensable regulator of
reduction-oxidation balance. The Cullin-3 E3 ligase complex is a
potential upstream of Keapl, which can polyubiquitinate Nrf2 in a
Keapl-dependent manner (Kobayashi et al, 2004). Another study
uncovered that the tumor suppressor ARF can suppress Nrf2 and its
downstream target SLC7A11 to facilitate ferroptosis (Chen et al.,
2017b). Moreover, Sun, X. et al. found that p62 can attenuate
Nrf2 degradation and accumulate Nrf2 in the nucleus via
mediating Keapl inactivation, thus inhibiting ferroptosis (Sun
et al,, 2016). Moreover, Nrf2 can inhibit ferroptosis via increasing
iron storage protein ferritin or heme oxygenase 1 (Kerins and Ooi,
2018). Nrf2 can also activate GPX4 (Kang et al., 2022). Therefore, the
Keap1/Nrf2 axis acts as a suppressor regulator in ferroptosis.

P53, known as a tumor suppressor, is also associated with
ferroptosis. Interestingly, the role of p53 on ferroptosis is still
controversial. Jiang, L. et al. reported that p53 can increase
susceptibility to ferroptosis by inhibiting SLC7A11 expression
and abating cystine uptake (Jiang et al., 2015). On the contrary,
Xie, Y. et al. found that p53 represses ferroptosis in human colorectal
cancer (CRC) cells. Downregulated p53 can reduce dipeptidyl
peptidase 4 (DPP4) in the nucleus, thus indirectly promoting
DPP4-mediated lipid peroxidation in plasma and membrane (Xie
etal., 2017). Thus, p53 is a complicated factor in ferroptosis, and its
distinct regulatory roles in ferroptosis need to be clarified.

1.2 ncRNAs in ferroptosis

Different from messager RNA, non-coding RNAs (ncRNAs)
cannot be directly translated into bioactive proteins but can regulate
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the transcription and translation of target transcripts. ncRNAs
include microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), circular RNAs (circRNAs), Piwi-interacting RNA
(piRNA), small nucleolar RNA (snoRNA), and chimeric RNA,
but different ncRNAs have distinguishing regulatory mechanisms
in ferroptosis.

MiRNAs are small, single-stranded, non-coding RNA molecules
containing 21 to 23 nucleotides. MiRNAs typically have an
endogenous suppressor effect on gene expression via binding to
3’-untranslated regions (3’'UTR). MiR-27a-3p (Lu et al., 2021b),
miR-339 (ZhangL.ncRNA et al., 2022), and miR-375 (Ni et al., 2021)
were reported to bind to the 3UTR of SLC7A11 to decrease its
expression. MiR-1287-5p (Shanshan et al., 2021) and miR-15a-3p
(Liu et al, 2022a) can target GPX4’s 3’UTR to inhibit its
antioxidation function. Similarity, miR-23a-3p (Lu et al, 2022)
and miR-424-5p (Ma et al, 2021b) are regulators of ACSL4,
which can result in the downregulation of PUFA-CoA. MiR-545
is a regulator of transferrin, which can reduce iron intake (Zheng
et al, 2021). Therefore, the role of miRNA in ferroptosis mostly
depends on its negative regulation of ferroptosis-related genes.

Long non-coding RNAs (IncRNAs) are a type of RNAs,
generally defined as transcripts of more than 200 nucleotides that
are not translated into protein. LncRNAs regulate gene expression in
a variety of ways at the epigenetic, chromatin remodeling,
transcriptional, and translational levels. As for ferroptosis,
IncRNAs usually interact with miRNAs in a competitive manner,
leading to the inhibition of miRNAs. For instance, IncRNA
H19 upregulates FTHI by interacting with miR-19b-3p (Zhang
et al, 2022a). LncRNA T-UCR Uc.339 increased SLC7A11 via
interacting with miR-339 (ZhangLncRNA et al, 2022), and
LINC01606  interacts  with  miR-423-5p  to  elevate
SCD1 expression (Luo et al, 2022). In addition, IncRNAs were
also reported to participate in the modulation of mRNA stability and
protein ubiquitination. For example, IncRNA PMAN can stabilize
SLC7A11 mRNA to promote its translation (Lin et al, 2022).
LncRNA HEPFAL can promote SLC7A11 protein ubiquitination,
decreasing the level of SLC7A11 (Zhang et al., 2022b). Chao Mao
reported a G3BP1-interacting IncRNA that can promote ferroptosis
in cancer via the nuclear sequestration of p53 (Mao et al., 2018). In
short, IncRNAs regulate ferroptosis in multiple ways.

Circular RNA (or circRNA) is a type of single-stranded RNA
that, unlike linear RNA, forms a covalently closed continuous
loop without 5 caps or 3’ tails. Most current studies demonstrate
that circRNAs function as a sponge for miRNAs, thus regulating
ferroptosis-related genes. For example, circPVT1 sponges miR-
30a-5p to target FZD3 (Yao et al., 2021a); circBCAR3 sponges
miR-27a-3p to upregulate TNPO1l (Xi et al, 2022); and
circ0007142 acts as a sponge for miR-874-3p, thus regulating
GDPD5 (Wang et al., 2021a); circRHOT1 functions as a sponge
for miR-106a-5p to promote the expression of STAT3 (Zhang
et al., 2021b). In addition, circRNA was also reported to bind to
protein directly to influence ferroptosis. Zhiqian Liu found that
hsa_circ_0008367 physically interacts with RNA-binding
protein (RBP) ALKBHS5, which is a regulator of ferroptosis
(Liu et al., 2020). CircST6GALNAC6 binds to the N-terminus
of small heat shock protein 1 (HSPB1) and, thus, blocks the
erastin-induced phosphorylation of HSPBI at the Ser-15 site, a
phosphorylation site in the protective response to ferroptosis
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stress (Wang et al., 2022a). CircEXOC5 has a direct binding
relationship with PTBP1 to aggravate ferroptosis (Wang et al.,
2022b). Up to now, circRNAs have been reported to regulate
ferroptosis in the abovementioned two ways. However, we
consider the protein-coding and transcriptional regulation
ability of circRNAs to be an option for them to affect ferroptosis.

In addition, epigenetic modification N°-methyladenosine (m°A)
was reported to be involved with ncRNA-mediated ferroptosis.
Methyltransferase METTL3 can be regulated by miR-4443, and
METTL3 reduced ferroptosis suppressor protein 1 (FSP1) via
m°A  modification (Song et al, 2021). IncRNA CBSLR
destabilized CBS mRNA dependent on m°A “reader” protein
YTHDE2; thus, decreasing CBS leads to ACSL4 downregulation
(Yang et al., 2022).

PiRNAs can combine with piwi proteins to make up a piRNA/
piwi complex, which can cause gene silencing via interacting with a
target transcript (Liu et al., 2019). For instance, the piR-36712/
SEPW1P RNA/miR-7/-324/P53/P21 axis participates in the
regulation of breast cancer cell proliferation and invasion (Tan
et al, 2019). Considering that ferroptosis is a p53-mediated
activity during tumor suppression (Jiang et al., 2015), we believe
that piRNAs are another type of ncRNAs that can regulate
ferroptosis. tRNAs, rRNAs, snRNAs, and snoRNAs are also
contained in the family of non-coding RNAs. However, studies
on the relationship between these ncRNAs and ferroptosis are few,
even though they signature as biomarkers for multiple tumors
(Zhang et al,, 2020a). Our previous study identified many novel
chimeric RNAs in prostate cancer, which may function as ncRNAs
(Wang et al, 2022c). Although we have not yet studied the
relationship between these chimeric RNAs and ferroptosis, their
parental genes such as GNPDA1 and EEF2 are significant in the
process of ferroptosis (Zhong et al., 2020; Dai et al.,, 2021), suggesting
that chimeric RNAs could be a new repertoire for biomarker and
drug-target discovery related to ferroptosis.

In summary, the current research on ferroptosis-related
ncRNAs is still mainly focused on miRNAs, IncRNAs, and
circRNAs. For other types of ncRNAs, further research is still
needed.

1.3 Ferroptosis in cancers

As a special pattern of programmed cell death, ferroptosis is
inconsistent with the characteristics of the unlimited proliferation of
cancer cells, suggesting that ferroptosis is a procedure to inhibit
tumor progression. It is reported that the abnormal iron
homeostasis is involved in many malignant tumors (EI Hout
et al, 2018). More and more novel ferroptosis-related small
molecules or genes have been elucidated participating in tumor
progression. FINO2 is an endoperoxide-containing 1,2-dioxolane
that can oxidize Fe(II) and repress GPX4 enzymatic catalytic activity
indirectly, which leads to extensive lipid peroxidation, aggravating
the ferroptosis process of cancer cells (Gaschler et al., 2018). Non-
thermal plasma (NTP) can induce lipid peroxidation occurrence
and mitochondrial superoxide generation dependent on catalytic
Fe(II), thus killing cancer cells via ferroptosis (Sato et al., 2019).
Certainly, it is common that ferroptosis regulates cancer cell
death via traditional ferroptosis-related molecules. Ferroptosis
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inhibits the proliferation, invasion, and migration of cancer cells
via SLC7A11 (Zhang et al, 2022b), GPX4 (Liu et al, 2022a),
SLC40A1 (Zhu et al, 2022), ACSL4 (Ou et al, 2022), and
p53 (Dong et al, 2021). In addition, many experimental
targeting GPX4, and Nrf2 have
been used to induce ferroptosis against cancer development

compounds system Xc,
(Shen et al, 2018). Ferroptosis can also increase the anti-PD-
1 immunotherapy effect (Guo et al, 2022) and the
chemotherapeutic sensitivity, such as cisplatin (Roh et al., 2016)
and oxaliplatin (Kang et al, 2022). However, therapeutic
strategies  targeting ferroptosis-related ncRNAs are still
inadequate. Therefore, elucidating the role of diverse ncRNAs
in different tumors is imperative for the development of new
diagnosis and therapeutic strategies.

2 Regulation of ncRNAs related with
ferroptosis in cancers

2.1 Lung cancer

Lung cancer is by far the leading cause of cancer death,
accounting for 11.4% of diagnosed cancers and 18.0% of cancer
deaths (Sung et al, 2021). MiR-27a-3p is downregulated in
NSCLC cells, which can inhibit the expression of SLC7A11 by
binding to its 3’-UTR (Lu et al, 2021b). MiR-4443 is an
important suppressor of m°A methyltransferase METTL3.
METTL3 can regulate ferroptosis-related gene FSP1 via m°A
modification, thus leading to cisplatin resistance (Song et al,
2021). Another example is miR-302a-3p, which can bind to the
3UTR of ferroportin and inhibit its expression. It decreased
ferroportin-overloaded intracellular iron and, finally, resulted in
lipid peroxidation and ferroptosis (Wei et al., 2021). Bi, G. et al.
reported that the miR-6077-Keapl-Nrf2-SLC7A11/NQO1 axis
impedes ferroptosis and induces cisplatin (CDDP)/pemetrexed
(PEM) resistance (Bi et al., 2022).

LncRNAs and circRNAs also play an important role in lung
cancer progression through regulating ferroptosis. For example,
IncRNA H19 can bind to miR-19b-3p in a competitive manner,
and then, the ferritin heavy chain 1 (FTHI), a miR-19b-3p
endogenous target, was activated to reduce intracellular iron
followed by the repression of ferroptosis (Zhang et al., 2022a).
LncRNA Uc.339 is overexpressed in lung adenocarcinoma, and it
has been reported to bind to pre-miR-339 to prevent the maturity of
miR-339, and then, SLC7A11, the downstream of miR-339, is
upregulated (ZhangLncRNA et al.,, 2022).

In lung adenocarcinoma (LUAD), many bioinformatics analyses
predicted a large number of ferroptosis-related IncRNAs related to
survival (Yao et al, 2021b; Lu et al, 2021c; Guo et al,, 2021).
Ferroptosis-related CISD1 plays an oncogene role in promoting
LUAD growth and migration, which is regulated by the IncRNA
GSEC/miRNA-101-3p/CISD1 axis (Jiang et al., 2021). CircDTL is
overexpressed in NSCLC patient tissues and cell lines, and
Shanshan, W. et al. found that it can inhibit ferroptosis by
targeting the miR-1287-5p/GPX4 axis (Shanshan et al, 2021)
(Figure 2A). In conclusion, ncRNA affects the progress of the
lung cancer by regulating the expression of ferroptosis-related
genes, mainly through the RNA-RNA-binding mechanism. In
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particular, SLC7A11 is the target of many ncRNAs, suggesting that it
may play a more important role in lung cancer compared to other
genes.

2.2 Esophageal cancer

There were 604,000 new cases of esophageal cancer and
544,000 deaths worldwide in 2020 (Sung et al.,, 2021). Chunfeng
Pan reported that the downregulation of IncRNA BBOXI-AS1
inhibits cell proliferation and metastasis and accelerates cell
ferroptosis in esophageal squamous cell cancer (ESCC) by
upregulating miR-513a-3p to reduce SLC7All expression (Pan
et al, 2022). Yao W.s research suggests a key role for
circPVTL in ESCC 5-FU-chemosensitivity by regulating
ferroptosis via the miR-30a-5p/FZD3 axis. They found that
knocking down circPVT1 increased ferroptosis through
downregulating p-fB-catenin, GPX4, and SLC7All, while the
inhibition of miR-30a-5p and overexpression of FZD3 reversed
the phenotype through their upregulation (Yao et al, 2021a).
Yong Xi et al. demonstrated that hypoxia induces the
upregulation of E2F7, which transcriptionally activates QKI in
esophageal cancer QKI
circBCAR3 by  juxtaposing the  circularized
CircBCAR3 binds with miR-27a-3p to promote transportin-1
(TNPO1) expression, thus promoting cancer cell proliferation,

cells. increases the formation of

€xons.

migration, and invasion (Xi et al., 2022) (Figure 2B). Up to now,
there are few reported ferroptosis-related ncRNAs, suggesting that
the role of ncRNA in esophageal cancer may not be as important as
other tumors.

2.3 Gastric cancer

Gastric cancer caused 769,000 deaths worldwide in 2020, and its
incidence rate ranks fifth among cancers in the world (Sung et al.,
2021). Ni, H. et al. found that miR-375 can trigger ferroptosis to
inhibit GC cell stemness through targeting SLC7A11 (Ni et al,
2021). Haiyang Zhang et al. found that cisplatin and paclitaxel
promote miR-522 secretion from CAFs by activating the USP7/
hnRNPA1 axis. MiR-522 leads to ALOXI15 suppression and
decreases ferroptosis in cancer cells, ultimately resulting in
decreased chemosensitivity (Zhang et al, 2020b). Gomaa, A.
et al. identified a novel epigenetic mechanism mediating the
silencing of miR-4715-3p and induction of Aurora kinase A
(AURKA) in UGCs. MiR-4715-3p downregulates AURKA by
directly targeting its 3’UTR. The inhibition of AURKA or the
reconstitution of miR-4715-3p inhibits GPX4 and induces cell
ferroptosis (Gomaa et al., 2019).

LncRNAs are also important in ferroptosis in gastric cancer.
HIF-la can bind to the endogenous HRE site in the PMAN
promoter, thus upregulating IncRNA PMAN. LncRNA PMAN
improves the stability of SLC7A11 mRNA dependent on the
cytoplasmic distribution of ELAVL1 (Lin et al, 2022). HIF-la
can also induce the expression of IncRNA CBSLR. CBSLR
with YTHDF2 a CBSLR/YTHDF2/CBS
signaling axis that decreases the stability of CBS mRNA by
enhancing the binding of YTHDF2 with the m°A-modified

interacts to form
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coding sequence (CDS) of CBS mRNA. Under decreased CBS
levels, the methylation of the ACSL4 protein is reduced, leading
to protein polyubiquitination and the degradation of ACSL4, which,
in turn, decreases the proferroptosis phosphatidylethanolamine
(PE) (Yang et al, 2022). Huang, G. et al. found that IncRNA
BDNF-AS is highly expressed in gastric cancer (GC) and
peritoneal metastasis (PM) tissues. Their further study
demonstrated that BDNF-AS can regulate FBXW7 expression by
recruiting  WDRS5, thus affecting FBXW?7 transcription, and
FBXW?7 regulates the protein expression of VDAC3 through
ubiquitination to protect GC cells from ferroptosis (Huang et al.,
2022). Moreover, bioinformatics analysis predicted some other
IncRNAs
signatures or references for clinical outcomes (Li et al., 2022a;

ferroptosis-related which can act as prognosis
Geng et al, 2022) (Figure 2C). Overall, ferroptosis can be
induced when gastric cancer faces environmental stresses, and
on ncRNAs. This

characteristic is conducive to finding ferroptosis-related ncRNAs

this effect may be more dependent

in gastric cancer.

2.4 Colorectal cancer

More than 1.9 million new CRC cases were diagnosed and the
incidence rate of CRC ranked third in 2020 (Sung et al., 2021).
Zheng, S. et al. found that miR-545 accelerated CRC cell survival via
reducing transferrin, and while transferrin overexpression blocked
miR-545-induced changes in ROS, MDA, and Fe** levels in HT-29
and HCT-116 cells, thereby inducing CRC ferroptosis (Zheng et al.,
2021). Another study identified that miR-15a-3p promotes
ferroptosis ~ via  directly repressing the expression of
GPX4 through binding to the 3’-untranslated region of GPX4,
resulting in increased reactive oxygen species levels, intracellular
Fe*" levels, and malondialdehyde accumulation in vitro and in vivo
(Liu et al, 2022a). In addition, iron-responsive element-binding
protein 2 (IREB2), as an inducer of ferroptosis, is a direct target of
miR-19a (Fan et al., 2022).

Many IncRNAs and circRNAs were also reported to influence
the progression of CRC through ferroptosis. Han, Y. et al.
explored the transcriptomic profiles of IncRNAs in primary
CRC tissues and found that LINCO00239 is significantly
overregulated  in tissues and its

colorectal  cancer

overexpression predicts poorer survival and prognosis.
Mechanically, LINC00239 plays a novel and indispensable role
in ferroptosis by nucleotides 1-315 of LINC00239 to interact with
the Kelch domain (Nrf2-binding site) of Keapl, inhibiting
Nrf2 ubiquitination and increasing Nrf2 protein stability, thus
inhibiting ferroptosis and promoting chemoresistance (Han
et al., 2022). Yajun Luo et al. found that LINC01606 protects
colon cancer cells from ferroptosis by decreasing the
concentration of iron, lipid-reactive oxygen species, and
mitochondrial superoxide and increasing the mitochondrial
membrane potential. Mechanistically, LINC01606 enhances
the expression of stearoyl-CoA desaturase 1 (SCD1), serving
as a competing endogenous RNA to modulate miR-423-5p
expression, subsequently activating canonical Wnt/B-catenin
signaling, and transcription factor binding to IGHM enhancer
3 (TFE3) increases LINCO01606

also transcription after
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recruitment to the promoter regions of LINC01606 (Luo et al.,
2022). Wang, Y. et al. uncovered that circ0007142 is a miR-874-
3p sponge. MiR-874-3p targets glycerophosphodiester
phosphodiesterase domain containing 5 (GDPD5), and the
upregulation of GDPDS5 reverses the miR-874-3p-triggered
tumor inhibition and ferroptosis promotion (Wang et al,
2021a).
ferroptosis-related IncRNAs involved with CRC prognosis

Bioinformatics  analysis also  predicted some
(Wu et al, 2021a) (Figure 2D). In summary, many ncRNAs
are reported to associate to colorectal cancer, and the
that

colorectal cancer maybe more sensitive to ferroptosis-related

downstream pathways are also diverse, suggesting

therapies.

2.5 Pancreatic cancer

Pancreatic cancer is extremely malignant. There were
496,000 new cases and 466,000 deaths due to its badly poor
prognosis (Sung et al., 2021). Xin Qiu et al. found that IncRNA
A2M-AS1 can directly interact with poly (rC)-binding protein 3
(PCBP3), which is involved closely with iron metabolism. In
addition, the A2M-AS1/PCBP3 axis can facilitate p38 activation
and inhibit the phosphorylation of the AKT-mTOR signaling
pathway, and the two pathways mentioned above are reported to
participate in regulating ferroptosis (Qiu et al., 2022). The
linc02432/Hsa-miR-98-5p/HK2 axis is another example that
can inhibit ferroptosis and predict immune infiltration, tumor
mutation burden, and drug sensitivity in pancreatic
adenocarcinoma (Tan et al, 2022). Bioinformatics analysis
identified some ferroptosis-related IncRNAs in pancreatic
cancer, such as IncZNF236-DT, IncCASCS8, and IncPAN3-AS1
(Ping et al., 2022) (Figure 2E). Current studies have not reported
on the relationship between ncRNAs and classic ferroptosis
genes, and there are still no abundant ncRNAs reported to
regulate ferroptosis in pancreatic cancer, which means the
effect of ferroptosis therapies may not be inadequate for this

type of cancer.

2.6 Hepatocellular carcinoma

Liver cancer is the sixth most common cancer worldwide, with
approximately 906,000 new cases and 830,000 deaths in 2020 (Sung
et al, 2021). Lu, Y. et al. reported that the ETS1/miR-23a-3p/
ACSL4 axis contributes to sorafenib resistance in hepatocellular
carcinoma (HCC) through regulating ferroptosis. ETS1 activated
miR-23a-3p on its promoter transcriptionally by recognizing the
DNA-binding GGAA/T sequence (Lu et al, 2022). MiR-214-3p
increases intracellular iron accumulation and reduces GSH by
inhibiting ATF4, thus facilitating ferroptosis (Bai et al., 2020).

LncRNA HEPFAL is reduced in HCC, and it can promote
ferroptosis by reducing the stability of SLC7A11 and increasing
the levels of intracellular lipid ROS and iron. In addition, IncRNA
HEPFAL increases the sensitivity of erastin-induced ferroptosis,
which may be related to mTORC1 (Zhang et al., 2022b). Erastin
upregulates the GABPBI antisense chain IncRNA GABPB1-AS1,
which downregulates the GABPBI protein levels by blocking
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GABPB1I mRNA recruitment to polysomes and binding with
elF4A, leading to the downregulation of the gene encoding
(PRDX5)
suppression of the cellular antioxidant capacity (Qi et al., 2019).
Erastin and RSL3 increase IncRNA NEAT1 expression by
promoting the binding of p53 to the NEAT1 promoter.

peroxiredoxin-5 peroxidase and the eventual

NEAT1 can competitively interact with miR-362-3p to avoid
binding to MIOX 3’UTR, MIOX-mediated ROS
production, and decreases the intracellular levels of NADPH and

elevates

GSH, resulting in enhanced ferroptosis (Zhang et al, 2022c).
LncRNA HULC was found to function as a ceRNA of miR-3200-
5p, and miR-3200-5p regulates ferroptosis by targeting ATF4,
resulting in the inhibition of proliferation and metastasis within
the HCC cells (Guan et al.,, 2022). LINC01134 is reported to be
positively correlated with GPX4 and associated with poor clinical
prognosis. LINC01134 can promote Nrf2 recruitment to the
GPX4 promoter region via the interaction of the RNA-DNA
sequence to increase the transcripts of GPX4, and while
LINCO01134 silencing leads to oxaliplatin sensitivity by inhibiting
the total ROS, lipid ROS, and MDA levels and decreasing the GSH/
GSSG ratio (Kang et al,, 2022). Guanghao Li et al. predicted some
ferroptosis-related IncRNAs associating with immunosuppressive
phenotype and drug sensitivity (Li et al., 2022b). Moreover, in Liu, Z.
et al’s research, circRNA cIARS were found to be upregulated in
sorafenib-induced HCC cells, which can promote ferroptosis via
ferritinophagy by repressing the anti-autophagy effect of ALKBHS5
(Liu et al., 2020). CircIL4R was also found to inhibit ferroptosis in
the HCC, which can act as a sponge of miR-541-3p, affecting the
expression of GPX4 (Xu et al, 2020). Another study found that
circ0097009 was increased
Circ0097009  knockdown promoted ferroptosis via  the
circ0097009/miR-1261/SLC7A11  axis 2021)
(Figure 2F). It seems that ncRNAs participate in multiple steps of

in HCC tissues and cell lines.
(Lyu et al,

ferroptosis via regulating key genes or pathways. HCC is a
promising tumor that may benefit from ferroptosis-related
therapies.

2.7 Renal cell carcinoma

More than 431,000 kidney cancer cases and 179,000 deaths
occurred worldwide in 2020 (Sung et al., 2021). Recent research
reports that decreased miR-4735-3p is verified in clear cell renal cell
carcinoma (RCC) tissues. Overexpressed miR-4735-3p can
downregulate SLC40A1 to facilitate ferroptosis (Zhu et al., 2022).
In addition, icariside II (an antitumor flavonoid) increased miR-
324-3p, which can reduce GPX4 expression, and facilitated the
ferroptosis of RCC cells (Yu et al.,, 2022) (Figure 2G). In short,
there is still insufficient research to clarify the relationship between
ncRNAs and ferroptosis pathways. Therefore, the importance of
ferroptosis-related ncRNAs in the progression of RCC is not yet
determined.

2.8 Bladder cancer

There were approximately 573,000 new cases and
213,000 deaths in bladder cancer in 2020 globally, and the

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1136240

Hu et al.

incidence rate in males is approximately four times that in females
(Sungetal., 2021). It is reported that IncRNA RP11-89 functions as a
sponge for miR-129-5p, which targets PROM2. PROM2 induces the
formation of multivesicular bodies to promote iron export and
ferroptosis resistance (Luo et al, 2021). In addition, integrated
analyses predicted that some IncRNAs are closely related with
prognosis in bladder cancer (Chen et al., 2021a; Wang et al,
2022d). Wang, L. et al. suggested that
circST6GALNACS6 functions as a tumor suppressor in bladder
cancer, which can facilitate ferroptosis via the circST6GALNAC6/
HSPB1/p38 MAPK axis. Meanwhile, circST6GALNAC6 can
suppress small heat shock protein 1 (HSPB1) by binding to the
N-terminus to block the phosphorylation of HSPB1 at the Ser-15
site, thus activating the P38 MAPK pathway (Wang et al., 2022a)
(Figure 2H). The current research only shows that ncRNAs affect
ferroptosis through the PROM2 and MAPK pathways, and the
relationship between ncRNAs and other key genes/pathways is
unclear. Therefore, more research is expected concerning the
bladder cancer phenotype mediated by ncRNAs through ferroptosis.

2.9 Prostate cancer

Prostate cancer is the second most common cancer among
males, and there were nearly 375,000 deaths of prostate cancer
patients worldwide in 2020 (Wang et al., 2021b; Sung et al., 2021).
Recent research suggests that miR-15a represses cell proliferation
and facilitates ferroptosis by binding to GPX4’s 3’'UTR in prostate
cancer (Xu et al., 2022a). Moreover, Jiang, X. et al. uncovered that
IncRNA PCAT1 overexpression suppresses ferroptosis and
promotes docetaxel resistance, while its knockdown has the
opposite effect. On one hand, IncRNA PCAT1 elevates C-Myc
protein stability via interacting with its 151-202 aa, thus
upregulating SLC7A11 by binding to its promoter at the
transcription  level. On  the other hand, IncRNA
PCAT]1 increases SLC7A11 by sponging miR-25-3p. Moreover,
transcription factor TFAP2C can bind to the PCAT1 promoter to
elevate its expression (Jiang et al., 2022a). In Zhang, Y.’s research,
IncRNA OIP5-AS1 inhibited ferroptosis and facilitated cell
growth, colony formation, and cell invasion in PC3 and
DU145 exposed to cadmium. LncRNA OIP5-ASI functions as
a ceRNA for miR-128-3p and represses ferroptosis via the miR-
128-3p/SLC7A11 pathway (Zhang et al, 2021c) (Figure 2I).
Compared with other urinary tumors, ncRNAs in prostate
cancer seems to be more inclined to affect classic genes related
to ferroptosis, such as GPX4 and SLC7A11, which means that
experimental design from the downstream classic gene is a good
option for the study of ferroptosis-related ncRNAs.

2.10 Breast cancer

Breast cancer has become the main cause of cancer-related
deaths globally. There were 2.3 million new diagnosed breast
cancer cases in 2020, accounting for 11.7% of all cancer cases
(Sung et al,, 2021). In studies on ferroptosis-related ncRNAs,
Yadav, P. et al. found that miR-5096 targets SLC7A11 to facilitate
ferroptosis in MDA-MB-231 cells, thus inhibiting proliferation,
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colony formation, migration, and invasion (Yadav et al., 2021).
Metformin, a hypoglycemic drug, promotes ferroptosis through
miR-324-3p, which downregulates GPX4 by binding to its 3UTR
(Hou et al,, 2021). CircRHOT]1 notably inhibits ferroptosis and
the levels of ROS, iron in breast cancer cells through sponging
miR-106a-5p, which targets the signal transducer and activator of
transcription 3 (STAT3) (Zhang et al., 2021b). Bazhabayi, M.’s
work showed that upregulated circGFRA1 was clarified in
HER2+
circGFRA1 knockdown induced ferroptosis and inhibited cell

breast  cancer  tissues and  cells,  while
proliferation and metastasis in HER2+ breast cancer cells.
Mechanically, circGFRA1 can sponge miR-1228, which targets
AIFM2 (a ferroptosis suppressor) (Bazhabayi et al, 2021)
(Figure 2J). Taken together, STAT3 and AIFM2 are two
unfamiliar ferroptosis-related regulators in breast cancer,
suggesting that novel ferroptosis-related signals mediated by

ncRNAs may be more prevailing in breast cancer.

2.11 Ovarian cancer and cervical cancer

There were 314,000 (3.4% of all new cancer cases) new
ovarian cancer cases and 207,000 deaths (4.7% of all deaths)
globally in 2020 (Sung et al., 2021). Recent studies found that the
upregulation of miR-424-5p suppresses ACSL4 by directly
binding to its 3’-UTR, which subsequently reduces erastin-
and RSL3-induced ferroptosis in ovarian cancer (Ma et al,
2021b). Li Cai demonstrated that IncRNA ADAMTS9-AS1
attenuates ferroptosis by targeting the miR-587/SLC7A11 axis
(Cai et al., 2022) (Figure 2K). There is little evidence identifying
the regulatory role of ferroptosis mediated by ncRNAs.
Therefore, more studies on the molecular mechanisms of
ncRNA-regulated ferroptosis need to be conducted.

Cervical cancer is the fourth cause of cancer deaths among
females. It is estimated that 604,000 new cases and 342,000 deaths
occurred globally in 2020 (Sung et al., 2021). In previous research on
ferroptosis-related circRNAs, Ou, R’s team identified decreased
circLMOL1 in cervical cancer cell lines. CircLMO1 suppresses cell
proliferation and invasion via sponging miR-4291 to upregulate
ACSL4, thus promoting ferroptosis. Interestingly, they also found
that I3RC (reverse complementary sequence in intron 3) can
accelerate the circularization of circLMOI, and RNA-binding
protein DExH-Box Helicase 9 (DHX9) negatively regulates
circLMO1 (Ou et al, 2022). Wu, P. et al. showed that the
circEPSTI1-miR-375/409-3P/515-5p-SLC7A11 the
proliferation of cervical cancer via the competing endogenous
RNAs (ceRNAs) mechanism, and circEPSTI1 silence promotes
the ferroptosis process mediated by SLC7A11 (Wu et al,, 2021b).
Similarly, Liu, Y. et al. suggest that circACAP2 silence suppresses cell

axis affects

proliferation and promotes ferroptosis in SiHa and HeLa cells.
CircACAP2 functions as a ceRNA of miR-193a-5p, thus
regulating its target GPX4 (Liu et al., 2022b) (Figure 2K).
Various ferroptosis-associated traditional signals such as
SLC7A11, GPX4, and ACSL4 have been uncovered in cervical
cancer, and it seems that circRNAs provide prominence to
regulate ferroptosis-related signals in cervical cancer. Whether
circRNAs can develop into therapeutic targets to treat breast
cancer needs further research.
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2.12 Acute myeloid leukemia

More than 474,000 new leukemia cases and 311,000 deaths
(3.1% of all deaths in both sexes) occurred worldwide in 2020
(Sung et al, 2021). LINC00618 attenuates the expression of
lymphoid-specific helicase (LSH), and LSH can increase the
transcription of SLC7A11 after recruitment to the promoter
regions of SLC7A11, further promoting ferroptosis in human
acute myeloid leukemia (AML). Interestingly, LINC00618 can be
induced by the chemotherapeutic reagent vincristine (VCR)
(Wang et al., 2021c). In addition, decreased circKDM4C is
found in AML patients, while circKDM4C overexpression can
promote ferroptosis and repress cell proliferation, migration, and
invasion. Mechanically, circKDM4C functions as a sponge for
hsa-let-7b-5p to increase p53 expression (Dong et al., 2021)
2L). The
ferroptosis in AML is still insufficient, and more studies

(Figure regulation of ncRNAs involved with

involving in-depth exploration need to be conducted.

2.13 Glioblastoma

Glioblastoma is characterized by malignant cell heterogeneity,
invasion and migration, which leads to its incurability
(Venkataramani et al, 2022). Xu, P’s team suggested that the
miR-147a mimic inhibits cell survival and induces ferroptosis by
targeting SLC40A1’s 3’UTR in U87MG and A172 cells but not iron
storage protein FTH1 or intake protein TFR (Xu et al., 2022b). Bao,
C. uncovered that miR-670-3p inhibits ferroptosis by targeting
ACSL4 in U87MG and A172 cells (Bao et al., 2021). Chen, Q.
et al. found that IncRNA TMEMI161B-AS1 knockdown induces
ferroptosis, thus repressing cell proliferation, migration, and
invasion in U87 and U251 «cells. Mechanically, IncRNA
TMEM161B-AS1  sponges hsa-miR-27a-3p, which targets
FANCD2 and CD44 via binding to the seed region of their 3’
UTR sequence. FANCD2 and CD44 silencing can increase
intracellular iron accumulation and lipid ROS (Chen et al,
2021b). CircLRFN5 binds to transcription factor PRRX2 and
promotes its degradation via a ubiquitin-mediated proteasomal
PRRX2
GCHI expression in GSCs, which is a ferroptosis suppressor via

pathway. can transcriptionally upregulate
generating the antioxidant tetrahydrobiopterin (BH4) (Jiang et al.,
2022b) (Figure 2M). Taken together, ncRNAs participate in the
regulation of iron transporter SLC40A1 and PRRX2 degradation in
GBM. However, more studies are expected to explore the regulatory
mechanism of ncRNAs in glioblastoma through other ferroptosis

molecules, such as GPX4, SLC7A11, and Nrf2.

2.14 Melanoma

More than 324,000 new diagnosed melanoma cases and
57,000 deaths occurred worldwide in 2020 (Sung et al., 2021).
Zhang, K. et al. reported that miR-9 inhibits ferroptosis by
downregulating  glutamic-oxaloacetic ~ transaminase  (GOT1)
(Zhang et al., 2018b). In addition, miR-137 inhibits ferroptosis by
targeting SLC1A5 in A375 and G-361 melanoma cells in a
glutaminolysis-dependent manner, thus inhibiting Gln uptake,
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while SLC1A5 overexpression can reverse the suppression effect
on ferroptosis (Luo et al., 2018). Liao, Y.’s team found that miR-
130b-3p suppresses ferroptosis by binding to the 3’UTR of
DKKI1 and regulating DKK1-dependent Nrf2/HO-1 signaling in
A375 and G-361 cells. MiR-130b-3p suppresses intracellular iron
accumulation and lipid ROS, while DKK1 overexpression can block
the suppression of miR-130b-3p (Liao et al., 2021). Ferroptosis is
also involved in enhancing chemotherapy efficacy. Guo, W. et al.
found that miR-21-3p promotes ferroptosis and lipid peroxidation
by targeting TXNRD1. Moreover, the miR-21-3p/TXNRD1 axis also
increases sensitivity to anti-PD-1 immunotherapy by inducing
ferroptosis in melanoma (Guo et al., 2022) (Figure 2N). Different
from other cancers, ncRNAs mainly mediate the new system Xc~
subunit SLC1A5, which provides us with another dimension of
thought concerning ferroptosis regulation and a new perspective on
melanoma inhibition and chemotherapy sensitivity through
ferroptosis.

3 Discussion

As a distinctive PCD regulating cancer development,
ferroptosis is characterized by an abnormal iron metabolism
and lipid peroxidation. A large majority of studies suggest that
ferroptosis is closely associated with malignant cancer
development. Many familiar ferroptosis-remarked molecules
have been confirmed, including system Xc, GPX4, ACSL4,
Keapl/Nrf2 signals, and p53. Nevertheless, there are no
ferroptosis-remarked ncRNAs yet. Some ncRNAs regulate
ferroptosis in different malignant cancers; for example, miR-
324-3p mediates ferroptosis in RCC and breast cancer
simultaneously (Hou et al., 2021; Yu et al,, 2022), and miR-
27a-3p regulates ferroptosis in lung cancer and glioblastoma
(Chen et al.,, 2021b; Lu et al., 2021b). However, it has not
been determined whether miR-324-3p or miR-27a-3p mediates
the ferroptosis process in other malignant cancers. Therefore,
more research is expected to clarify ncRNAs® commonality
effectiveness in ferroptosis among cancers. Some unfamiliar
ferroptosis markers have also been validated, such as STATS3,
ATFM2, and VDACS3.

A large number of studies have shown that ncRNAs can
affect the progression of liver cancer by mediating various
ferroptosis-related classical molecules or signals, such as
SLC7A11, GPX4, and ACSL4 (Bai et al., 2020; Zhang et al,
2022b; Lu et al, 2022). However, there are few reports on
pancreatic cancer and acute myeloid leukemia. On one hand,
it may be due to the bias of the researcher’s study. On the other
hand, we suppose that different types of cancer cells have
discrepant sensitivity to ferroptosis. We believe that ncRNA-
mediated tumor progression through ferroptosis is possibly
individual in different malignant cancers. Current studies still
suggest that miR-4443, IncRNA BDNF-AS, and circRNA-
ST6GALNAC6 play indispensable roles in a variety of
malignant cancers, and they may become potential markers
for the diagnosis and treatment of some specific cancers
(Song et al.,, 2021; Wang et al., 2022a; Huang et al., 2022).

There are few reports on the upstream regulation of ferroptosis-

related ncRNAs until now. We believe the conventional
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transcription or splicing factors can potentially reveal a hidden
repertoire as a mechanism of exploration. For example, HIF-1a
can bind to the endogenous HRE site in the IncRNA PMAN
promoter to increase IncRNA PMAN (Lin et al., 2022). ETSI can
bind to the miR-23a-3p promoter motif to stimulate its expression
(Lu et al., 2022). Transcription factor binding to IGHM enhancer 3
(TFE3) can be recruited to the LINC01606 promoter to promote
LINC01606 transcription (Luo et al., 2022). p53 can also bind to the
IncRNA NEAT1 promoter to elevate its expression (Zhang et al.,
2022c). It is reported that the NF-kB pathway can promote
tumorigenesis by inducing miR-130b/301b (Man et al., 2019), but
there is still a lack of systematic research on the upstream of
ferroptosis-related ncRNAs, and our next work will focus on this
discovery and attempt to discover some common characteristics in
order to determine upstream regulatory mechanisms.

Targeting ncRNA-mediated ferroptosis may provide a prognosis
reference and novel therapeutic methods to repress the development
of malignant tumors. On one hand, an increasing number of studies
suggest that ncRNAs can function as a biomarker to predict tumor
progression and clinical prognosis. On the other hand, according to
studies on ncRNA-regulated ferroptosis, the ferroptosis process can
be altered via the intervention of the expression of ncRNAs, thus
affecting cancer cell proliferation, invasion, migration, and
chemoresistance. However, there are possibly many limitations in
the application of potential ncRNA-targeted therapeutic methods.
First, the ncRNA-mediated ferroptosis process is finite in the
regulation of tumorigenesis. Second, the individual differences in
ncRNA gene expression and the individual sensibility to
intervention compounds are also two unpredictable directions.
Third, it is complicated for ncRNAs to regulate ferroptosis
between cancer progression and chemoresistance. Consequently,
more studies need to be performed to explore clinical compounds
targeting ferroptosis-related ncRNAs.
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