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Abstract

Since its discovery more than 85 years ago, ferritin has principally been known as an iron

storage protein. However, new roles, beyond iron storage, are being uncovered. Novel processes
involving ferritin such as ferritinophagy and ferroptosis and as a cellular iron delivery protein

not only expand our thinking on the range of contributions of this protein but present an
opportunity to target these pathways in cancers. The key question we focus on within this review is
whether ferritin modulation represents a useful approach for treating cancers. We discussed novel
functions and processes of this protein in cancers. We are not limiting this review to cell intrinsic
modulation of ferritin in cancers, but also focus on its utility in the trojan horse approach in cancer
therapeutics. The novel functions of ferritin as discussed herein realize the multiple roles of ferritin
in cell biology that can be probed for therapeutic opportunities and further research.
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1. Introduction

Ferritin has long been established as an iron storage protein with a central role in iron
regulation. In mammals ferritin is composed of 24-subunits and consists of two distinct
subunits, H (Heavy, 21 kDa) and L (Light, 19 kDa) chains!-2. The H subunit (FTH1)

has ferroxidase activity, which converts Fe2+ to Fe3+ for storage inside the shell, and L
subunit (FTL) has a nucleation site for iron. Ferritin H and L subunits are encoded by

two different genes, and the proteins co-assemble in various ratios (isoferritins) with a
tissue-specific distribution. For example, H chain is expressed highly in the heart, whereas
L-chain expressed predominantly in the liver3. In the brain, the oligodendrocytes, microglia,
and neurons express ferritin®. Oligodendrocytes express equal amounts of both H and L
subunits, whereas microglia are enriched in L-ferritin, and neurons predominantly have the
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H-subunit of ferritin. In physiological states, ferritin can store nearly 2000 Fe3*. When

the cavity is completely saturated, ferritin can store up to 4500 Fe3* This form of iron
storage prevents peroxide and reactive oxygen species production which occurs typically via
a Fenton reaction between Fe?* and H,0, making ferritin not only a crucial part of the
cellular iron trafficking machinery but also an important cellular defense against stress and
inflammation®-9. Sequestering iron and converting it to a non-toxic Fe3* thereby protecting
nucleic acids, proteins, and lipids from ROS, is crucial for cell survival as increased ROS
could lead to cell death. This is further highlighted by the observation that homozygous
murine knock outs of H-ferritin are embryonically lethall0,

Our laboratory has been focusing on ferritin, especially H-ferritin as a potential irondelivery
proteinll. Furthermore, our and other studies also demonstrated that ferritin is a multi-
functional protein with possible roles in proliferation, angiogenesis, antioxidation, and
immunosuppression12. In this review, we discuss structure, ferritin uptake and release
followed by regulation of ferritin synthesis and an overview of types of ferritins.
Additionally, we will be focusing H-ferritin’s role in cancers and its potential as a
therapeutic target and as a targeting molecule in cancer therapeutics.

1.1 Ferritin Structure

The H and L subunits are essentially made up of 4 a- helices, A, B, C and D, which form
the main bundle and a 5t C-terminal small a-helix, E (Fig. 1). The helices are assembled in
a 4-3-2 symmetry to form a hollow spherical cage with an inner and outer diameter of 7~8
nm and 12~14 nm respectively and a thickness of 2~2.5 nm1314, The symmetrical assembly
of helices leaves openings aka channels at 3- and 4-fold subunit junctions which are lined
with hydrophilic and hydrophobic residues allowing iron entry-exit and exchange of electron
transport respectively1®16, Fe2* jons enter the protein via the hydrophilic channels and are
guided towards the Glu and His rich ferroxidase centers of the H-subunit which oxidize 2
FeZ* to 2 Fe3* at a time. Fe3* ions being unstable at the ferroxidase center migrate to a, Glu
rich, nucleation center of the L-subunit6-17-19,

Iron mineralization grows at the nucleation centers inside the shell of the protein
accommodating up to 4500 oxygen- and hydroxyl-bridged iron atoms®16. Mineralized iron
in ferritin is in the form of a crystalline ferric oxyhydroxide, (Fe3*)203+0.5H,0, typically
accompanied by phosphate in ratio of =10:1. Iron mineralization grows at the nucleation
centers inside the shell of the protein accommodating up to 4500 oxygen- and hydroxyl-
bridged iron atoms®16,

1.2 H-Ferritin Uptake and release

Several studies have indicated H-ferritin is taken up into the brain parenchymal® and its
trafficking across the blood brain barrier (BBB) via endothelial cells?0-23, One of the
important functions of ferritin being taken from extracellular environment is to deliver iron.
Our laboratory has previously established that H-ferritin can replace transferrin as an iron
source for oligodendrocytes?4. In addition to oligodendrocytes, H-ferritin uptake has been
observed in hepatocytes, reticulocytes, lymphoid cells, and erythroid precursor cells22:25,
The mechanism of H-ferritin uptake is reported via a receptor mediated binding and
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endocytic uptake of this protein (Fig. 2)27. Some of the receptors implicated in its uptake,
by cells, include TfR128, Tim120-2% Tim2 (rodent models)3%:31, CXCR432, and Scara 5

(for FTL specifically)33-35, Some studies focusing on the downstream fate of ferritin, post
uptake, have shown ferritin entering the endosomal and lysosomal compartments in MOLT4
T-lymphoblast cell line28.

However, there is a gap in our current understanding of the uptake pathway and the
downstream fate of ferritin in cancer cells36. For example, does ferritin enter the endo-
lysosomal compartment and release iron in the acidic milieu of that compartment? How
do the cells handle the surge in iron (as exogenous ferritin carries anywhere from 100 to
1000 times as much iron as transferrin)? If ferritin is broken down in the lysosomes, do
the individual polypeptides of ferritin assemble back into the nanocage and are recycled?
All in all, it seems clear that endocytosis of ferritin results in increased intracellular iron
suggesting a more efficient iron delivery system at play in times of high iron demand,
such as during neural development, rapid growth, and cancers!!. Riding on this potential
of efficient delivery (of iron) to cells ferritin has been extensively studied for its use as a
nanoparticle that can deliver chemotherapeutics to various cancer cells in vivo. It is even
more attractive as a nanoparticle delivery agent especially in brain tumors because it can
easily cross the BBB. We will discuss this delivery potential of ferritin detail later in this
article.

While uptake of ferritin is believed to deliver iron to the cells it is also released from cells
potentially as a signal regarding local cellular iron status that can be communicated to other
cells or as a mechanism to decrease the cellular iron content. As stated later in this article,
newer research has suggested that some of the extracellular ferritin is part of extracellular
vesicles which are now beginning to emerge as signaling vesicles between the cells. Because
cancer cell signaling in crucial for cell survival, proliferation, drug-and radio resistance
ferritin release might emerge as a critical signaling mechanism.

1.3 Regulation

Cellular iron status is the primary regulator of ferritin synthesis inside the cells3’. Regulation
by iron mainly occurs at the post-transcriptional level when mRNA binding proteins, iron
regulatory protein (IRP) 1 and 2, bind to the 5’ stem loop structure on ferritin mMRNA

to inhibit its translation. The 5” stem loop structure aka iron responsive element (IRE) is
highly conservative in nature and is found on other proteins that are regulated by iron levels
(for example, transferrin receptor) as well. During iron scarcity cells rely on iron content
stored in their ferritin and allow ferritin degradation by proteasomal or lysosomal machinery
to balance the intracellular iron levels. In such iron scarce situations additional ferritin
translation is unnecessary and cells accomplish this translation blocking using IRP1/IRP2
binding to 5’ IREs. IRP1 usually exists as a cytosolic aconitase in presence of abundant

iron but assumes an open conformation that allows it to bind to IRE. Both FTH1 and FTL,
encoded by different highly conserved genes having 3 introns and 4 exons, encode the
highly conserved 5° IRE38:39, Both IRP1 and IRP2 have tissue specific expressions and
regulate FTH and FTL in a highly context dependent manner in cancers.
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For example, FTH1 but not FTL is specifically downregulated by IRP2 in breast and prostate
cancer cell lines#041, Post transcriptional regulation by miRNAs, binding to mRNA 3’
untranslated regions (UTRS) to inhibit translation or induce degradation of the transcript, is
also known. miR335 for example, has been shown to directly bind to FTH1 transcript and
direct it for degradation®2. Unlike post transcriptional regulation, transcriptional regulation
of the ferritin genes particularly FTH1 are less well elucidated. Tissue specific transcription
activation of FTH1 gene was shown to be mediated by cyclic AMP and hemin via a 0.1kb B-
site located upstream of transcription initiation sequence. However, much work needs to be
done to understand the transcription factors binding to the B-site and the various regulators
regulating FTH1 transcription®3. Apart from iron, pro-inflammatory cytokines (TNFa. and
IL-1a), growth factors, hormones, oxidative stress, hypoxia, non-coding RNAs (ncCRNAS),
and some proteins such as p53 have been shown to play a role in regulating ferritin levels in
an iron-independent manner#445, Regulation by these factors is briefly discussed below.

1.3.1 Regulation by oxidative stress—Ferritin is an antioxidant and has a
cytoprotective roles against iron catalyzed ROS and oxidative stress. Hence, its regulation

by oxidative stress is predictable. Oxidative stress proteins such as Nrf2 activate ferritin

gene transcription via the conserved antioxidant/electrophile response element (ARE). FTH1
ARE consists of two activator protein 1 (AP1) binding sites, upstream of the transcription
start site. While FTL ARE consists of an additional Maf recognition element (MARE) which
makes it highly responsive to oxidative stress; even more than by iron levels?®.

Nrf2 directly binds to the AP1 binding sites to activate FTH1 and FTL transcription. Binding
of Nrf2 to FTH1 ARE however is highly dependent on epigenetic methylation. In human
HaCaT keratinocytes for example methylation of histone H4R3 and H3R17 in the FTH1
ARE region and subsequent binding of protein arginine (R) methyltransferases 1 and 4
(PRMT1 and PRMTA4) to the methylated histones drives the activation of transcriptiont7+48,
Like Nrf2, other b-zip transcription factors, JunD and JunB, are also involved in binding
FTH1 ARE and activating its transcription in HepG2 hepatocarcinoma cells*349, In
erythroleukemia, transcription factor regulatory protein PIAS3 (protein inhibitor of activated
STAT3) indirectly activates FTH1 transcription by inhibiting the DNA binding capacity of

a repressor, ATF1 (Activating Transcription Factor 1), on ARE sequence®?. These studies
demonstrate that various oxidative stress responsive proteins potently activate FTH1 in
various cancer cells.

1.3.2 Regulation by hypoxia—Hypoxia is a common pathological feature of cancers.
Hypoxia promotes tumor malignancy, EMT, angiogenesis and drug resistance. In U87 and
U251 glioma cells, FTL was shown to be upregulated under hypoxia and hypoxia inducible
FTL was a positive regulator of epithelial mesenchymal transition (EMT). In these cells,
Hypoxia-inducible factor 1-alpha (HIF 1a) directly bound to the HRE-3 region on the FTL
promoter to activate its transcription®0. HIF1a is upregulated in hypoxia and is implicated
in promoting tumor growth and metastasis in multiple tumors including glioma, breast,
hepatocellular, and hypernephroma®!. FTH1 regulation by HIF1A is complex. FTH1 is
known to stabilize HIF1A by reducing PHD (HIF prolyl hydroxylase that targets HIF1A
for proteasomal degradation) activity through deprivation of Fe2*. Additionally, FTH1
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interacts with FIH (factor inhibiting HIF inhibits the transcriptional activity of HIF-1a.)

and activates its hydroxylase activity that inhibits HIF1A. Thus, FTH1 has opposing effect
on two negative regulators of HIF1A. In hypoxic human primary macrophages FTH1

and mitochondrial ferritin expression was elevated and protected these cells from iron
induced cell death®2. In cancer cells, K562, however, hypoxia only marginally activated
FTH1 translation by reducing the IRE-IRP interactions. In the same study, cobalt chloride,
a hypoxia mimetic, was shown to reduce FTH1 expression by increasing the IRE-IRP
interactions, resulting in translational block of the FTH1 mRNAD33, These studies depict

a reciprocal regulation between hypoxia/HIF1A and ferritin and further highlight the
differences in use of hypoxia mimetics such as cobalt chloride versus hypoxic conditions
developed via maintaining 1% O gas conditions. A point to remember here is that hypoxia
in the tumor microenvironment is a complex state that employs distinct mechanisms for
expression of various genes including ferritin genes by targeting both DNA and RNA
regulatory elements. While FTH1 might play a role in protecting normal cells from hypoxic
damage, cancer cells on the other hand might utilize this same machinery to their advantage
in sustaining and promoting tumorigenesis processes.

1.3.3 Regulation by oncogenes and tumor suppressors—One of the first reports
of an oncogene regulating FTH1 came in 1993, from a report by Y Tsuji et al., describing
preferential repression of FTH1 but not FTL by E1A oncogene in fibroblast cells®?.
Consistent with this report, proto-oncogene c-myc was also shown to repress FTH1 and
stimulate IRP2 expression in highly tumorigenic, c-myc—transformed, Epstein-Barr virus—
immortalized B cells®®. Another report in U937 cells, a pro-monocytic, human myeloid
leukemia cell line, showed c-myc downregulation corresponding with upregulation of FTH1
levels38. C-myc, a proto-oncogene and a transcription factor, is often hyper-activated in
cancers. One way to explain reduction in ferritin in presence of c-myc (and other oncogenes
described above) is to look at ferritin’s classical role in the cells which is to sequester iron.
Repressing ferritin causes an increase in the labile iron pool (LIP) which is considered
actively available iron for cellular processes®. In cancer cells, which are often known to

be “iron addicted’, intracellular iron funds multiple different processes such as cellular
proliferation, invasion, migration, and drug metabolism®’. Increase in LIP might thus
ultimately feed into cancer cell progression mechanisms. This idea has support in a related
study showing c-myc expression increasing TfR1 expression suggesting an increase in iron
uptake, and thereby LIP, in cancer cells®8,

Tumor suppressor p53 regulates cell cycle and apoptosis. Cellular stress, including DNA
damage, hypoxia, ribosomal stress, and loss of adhesion activates p53. Once activated

p53 can lead to activation of genes that promote growth arrest, cell death, or senescence

and repress certain genes that mediate cell proliferation, growth and metastasis®®:60. The
relationship between p53 and FTH1 is anything but simple. On one hand excess p53
downregulates FTH1 gene via a trimeric transcription factor, NF-Y, in HeLa cells®1. On

the other, in lung cancer cells, H1299, excess p53 upregulates FTH1 via reducing its binding
to IRP1%°. FTH1 in return also regulates p53. In HEK293T, H1299, and MCF7 cell lines,
FTH1 was shown to bind directly with p53 and upregulate its levels during hydrogen
peroxide mediated oxidative stress®2. In a more recent report, FTH1 upregulated p53 levels,
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in non-small cell lung cancer (NSCLC) cells, via miR-125b%3. These studies suggest that
FTH1 perhaps has a tumor suppressive role in conjunction with p53 and can be targeted for
specific cancer therapeutics to enhance this activity.

1.3.4 Regulation by non-coding (ncRNA) and pseudogenes—The role of
ncRNAs, especially miRNAs, in regulating gene expression, has been extensively studied
and continues to attract attention of researchers in cancer and other diseases. mMiRNAs

are 19-25 nucleotides long and can modulate gene expression by inhibiting translation

or inducing degradation of mMRNA transcripts. A single miRNA could regulate multiple
genes and it has been suggested that around 60% of the protein coding genome is

regulated by miRNAs. Specific patterns of miRNA expression (miRNome) during different
stages, subtypes, tissue- cell type specific, have been explored for cancer diagnosis,
prognosis, and therapeutics4:65, Reciprocal regulation exists between miRNAs and FTHA.
FTH1 regulates let-7g, let-7f, let-7i and miR-125b expression, and their down-stream
genes, in K562 erythroleukemia cell line. While oncogenic miRNA (oncomiRs) miR-200b
targets FTH1 expression in highly aggressive breast cell line MDA-MB-231. Moreover,
downregulation of FTH1 by miR200b increased the sensitivity of the breast cancer cells

to doxorubicin chemotherapy®¢. miR-335 has been shown to target FTH1 and induce
ferroptotic cell death in Parkinson’s disease*?. A recent study in prostate cancer identified
FTH1 and its pseudogenes to be top targets of oncogenic miRNA, miR638, hinting at

a larger miRNA:gene:pseudogene network. Pseudogenes are ncRNA transcripts that act

as a sponge for the miRNAs that are targeted to their ancestral genes and thus possess
competing endogenous RNAs (ceRNA) activity. Apart from miRNAs, long non-coding
RNAs (IncRNA), circular RNAs (circ RNA), pseudogenes, and some mRNAs could
compete for and sequester shared miRNAs thus displaying ceRNA activity. Some other
oncogenic miRNAs targeting the FTH1 gene:pseudgene network in prostate cancer are
miR-19b-3p, 19b-1-5p, 181a-5p, 210-3p, 362-5p and 616-3p°’. Interestingly, this network
of miRNAs that target FTH1 and its pseudogenes is targetable. In prostate cancer cell lines,
FTH1 and pseudogenes have a tumor suppressive role and hence targeting miRNAs that
degrade FTH1 gene and pseudogenes could prove to be a beneficial therapeutic strategy®’.

Apart from the above discussed modes of regulation, growth hormones, cytokines,
inflammation also regulate ferritin expression. The readers are guided to the excellent review
on these additional regulatory mechanisms by F. M. Torti et al38. These different regulatory
pathways of ferritin highlight the diversity and complexity of its post-transcriptional
regulation. Considering the intra and inter- tumoral heterogeneity and specialized roles of
ferritin in the different cells in the tumor microenvironment (TME) these different modes of
regulation seem very plausible.

1.4 Types of Ferritin

Ferritin mainly exists in the cytosolic compartment of the cells. However, it has also been
observed in the nuclear and mitochondrial compartments®-71, Extracellularly, ferritin has
been reported in the serum, urine, synovial and cerebrospinal fluids172.73, The presence
of ferritin in different sub-cellular and extracellular regions provides evidence of its multi-
functional capacity which is discussed in this review further below.

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shesh and Connor

Page 7

1.4.1 Cytosolic ferritin—Cytosolic ferritin is the most abundant form of ferritin. The
structure and function of ferritin discussed above are of a typical cytosolic ferritin.

1.4.2 Mitochondrial ferritin—Mitochondrial ferritin, as the name suggests, is located,
specifically in the mitochondrion. Mitochondrial ferritin (MtFt) resembles H-ferritin subunit
in structure and function but lacks the IRE sequence and is synthesized as a precursor that is
targeted to mitochondria with the help of a 60 amino acid leader sequence’* 7>, The leader
sequence is processed inside the mitochondria yielding a 22 kDa H-ferritin like protein
which assembles into a 24 subunit homopolymer shell possessing ferroxidase activity .
Since, MtFt lacks IRE sequence, it is found to be regulated by epigenetic mechanisms
activated in response to oxidative stress’’. MtFt functions to regulate mitochondrial iron
levels thereby reducing the reactive oxygen species (ROS) formation and instigating a
cytoprotective effect on the cells. MtFt is maintained at low levels in normal cells as

higher levels siphon off iron from cytosol to mitochondria, leading to a reduced availability
of iron in cytosol, causing an iron deficient phenotype. However, higher expression of
MtFt is observed in tissues that have high oxygen consumption and increased metabolic
activity such as testes, brain, and erythrocytes’78. Higher expressions of MtFt have also
been observed in disease states such as sideroblastic anemia, refractory anemia with ringed
sideroblasts, and in in vivo cancer cells’®. In normal cells, MtFt functions to regulate
mitochondrial iron levels thereby reducing the reactive oxygen species (ROS) formation
and instigating a cytoprotective effect on the cells. For example, cytoprotective effects of
MtFt were observed when its overexpression inhibited erastin induced ferroptosis (iron
induced cell death) in SH-SY5Y, neuroblastoma, cells. Overexpression of MtFt even
rescued transgenic drosophila, fed an erastincontaining diet, from dying as compared to
the drosophila with normal MtFt levels0,

In cancer cells, however, MtFt plays an important role in being a tumor suppressor. For
example, MtFt was found to be overexpressed in the HeLa and leukemic (K562) cells
causing apoptosis of cells via cytosolic iron deprivation induced activation of Janus kinase
2 (JAK?2) - signal transducer and activator of transcription 5 (STAT5) pathway /17981,
Tumor inhibitory effects of high MtFt levels, likely due to cytosolic iron deprivation,

were also observed in non-small cell lung carcinoma (H1299) cells82. High expressions

of MtFt in neuroblastoma cell lines (SH-SY5Y) were shown to have an inhibitory effect on
cellular proliferation. In SH-SY5Y, MtFt caused upregulation of tumor suppressors p53 and
N-myc downstream-regulated gene-1 (NDRG1) and downregulation tumor promotors such
as C-myc, N-myc and p-Rb’®. Another example of tumor suppressor function of MtFt was
observed when ovarian cancer cells overcame cisplatin resistance in presence roflumilast
induced up-regulation of MtFt via the activation of CAMP/PKA/CREB signals83:84, Thus,
MtFt plays key roles in iron metabolism impacting important cellular functions such as
proliferation, apoptosis, ferroptosis, iron metabolism and oxidative stress management.

1.4.3 Nuclear ferritin—Nuclear ferritin has been observed in some cell types such as
macrophages, hepatocytes, reticular, muscle, and nerve cells. It has also been observed

in some brain tumors and glial cell lines in vitro. Unlike mitochondrial ferritin, nuclear
ferritin is translated from the same mRNA that generates cytosolic ferritin. However,
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O-linked glycosylation of the six putative glycosylation sites on the nuclear ferritin sets

it apart from the cytosolic ferritin and at the same time it enables it to translocate into

the nucleus via an ATP dependent mechanism®’:69, Since nuclear ferritin is produced

from the same mRNA as FTH1, its expression is also primarily regulated by the IRE-

IRP system. Functionally, nuclear ferritin protects cells from the UV and iron-induced
oxidative stresses. In 2002, our group showed for the first time, that nuclear ferritin

binds to DNA and protects it from iron-induced oxidative damage by sequestering excess
iron70:85.86_Strycturally, nuclear ferritin, like mitochondrial ferritin, is mainly composed of
the H-subunits. However, unlike mitochondrial ferritin which has a leader sequence, nuclear
ferritin lacks a nuclear localization signal (NLS)87. Even though no specific NLS has been
found on the nuclear ferritin, a separate transporter called ferritoid which contains an NLS
has been shown transporting nuclear ferritin in the corneal epithelium (CE) cells. Ferritoid
mediated transport of nuclear ferritin is believed to be specific to CE cells. CE cells are

in fact believed to be highly tolerant to UV mediated DNA damage due to the protective
effect of nuclear ferritin®. Protective role of nuclear ferritin led our group to perform studies
on the role of nuclear ferritin in cancer cells where we have shown that reducing ferritin
levels in the cancer cells increases their sensitivity to radiation and chemotherapy®:9. Thus,
nuclear ferritin seems to be facilitating tumorigenesis.

1.4.4 Serum and other extracellular ferritins—Extracellular ferritin is the secreted
form of ferritin present in various body fluids such as serum, urine, synovial, and
cerebrospinal fluid. Serum ferritin (SF) is an extracellular ferritin that is the most clinically
assessed biomarker as its concentrations may reflect systemic iron levels with < 100 ng/ml
corelating with iron deficiency and > 800 ng/ml corelating with iron overload. SF, a 24-mer
protein that resembles L-ferritin immunologically and structurally, is thus, a marker of
choice when iron deficiency or anemia is suspected91-94, SF levels are also upregulated

in many other diseases with inflammatory biology including COVID-19 infections®?,
autoimmune diseases, and cancers®’. High SF levels are in fact reported in numerous
cancers including glioblastoma, neuroblastoma, breast, renal, and cervical cancers and is
often associated with poor survival in these patients®’. Nevertheless, because increased
levels of SF are reported during inflammatory conditions, which often confounds several
diseases, much caution must be administered in using SF as a disease detection marker9®.
Iron saturation levels of SF are a matter of controversy in the existing literature as differing
reports have been published. One group demonstrated that hemochromatosis patients have
SF which is iron poor while another demonstrated that hemochromatosis patients have iron
rich SF98.99, |n general, however, it can be summarized that SF is found to be saturated
with iron from anywhere between 5% to almost 50% depending on certain factors such

as inflammation or developmental stage. Inflammation in general causes SF to have low
iron saturation due to an obstruction in the mobilization of iron from the reticuloendothelial
system. In terms of relative iron content, SF is known to carry less iron atoms when
compared to liver ferritin. Liver ferritin can carry 4500 iron atoms%0 while SF can carry ~
700 iron atoms. Although SF carries less iron atoms relative to other cytoplasmic ferritins it
still carries higher iron atoms than Transferrin (TF) protein which can carry only two iron
atoms?5,
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Many cell types including hepatocytes and macrophages have been shown to secrete ferritin
in normal and disease states. Bone marrow derived macrophages secrete extracellular ferritin
that is composed of 50% H- and 50% L- subunits. This composition is slightly different
from the typical SF, which is primarily of the L subunit type, suggesting that macrophage
secreted ferritin could be carrying a larger iron payload than the typical SF10%. Tumor
associated macrophages (TAMS) in certain cancers such as melanoma and breast cancer
have been shown to secrete ferritin into the tumor microenvironment02.103 |n breast cancer,
secreted ferritin from TAMs, induced by tumor necrosis factor alpha (TNFa) and interleukin
1 beta (IL-1B), was found to stimulate proliferation of the cancer cells192-104, Taken
together, this raises the possibility that released/secreted ferritin, with higher H- subunit
composition, could be functioning as an iron delivery protein during times when cells need
considerably more iron, such as during development, growth, and in iron addicted tumors
(tumor cells), than what can be delivered by just TF.

Ferritin in cerebrospinal fluid (CSF) is a secreted, extracellular, form of ferritin that has
been shown to be elevated in certain inflammatory neurologic disease and in patients with
malignant involvement of the CNS. In 2008, a group from Brazil showed that CSF ferritin
levels were highest in group of patients with malignant infiltration as compared to 4 other
groups; (1) that had no malignancy, (2) with inflammatory neurological diseases, (3) with
neurocysticercosis, (4) and with acute bacterial meningitis. This data led to the conclusion
that CNS ferritin could be used as an adjuvant biomarker for diagnosing CNS malignant
infiltrations105-107,

A portion of the SF has been shown to be glycosylated and binds to concanavalin

A9L.108 Because of glycosylation of SF, classical endoplasmic reticulum (ER) - Golgi
secretory pathway is believed to be involved in secretion of some portion of SF. However,
some other reports have shown a lack of secretion signal on SF ruling out the classical
endoplasmic reticulum - Golgi secretory pathway192. In such cases, two non-classical
secretory pathways that have been identified, so far, for ferritin are: a lysosomal secretory
pathway demonstrated by Cohen et al. in 2010 and a multivesicular body-exosome pathway
described by Truman-Rosentsvit et al. in 2018102.103-111 Ferritin is found in exosomes of
neuroblastoma cells12:113 and more recently in exosomes released from brain endothelial
cells114, Thus, secretion/release via lysosomal secretory, exosomal, or ER-Golgi pathway,
all organelle-based, regulated pathways, suggests that ferritin’s presence in the extracellular
milieu is not a product of cell damage or death but a regulated signaling mechanism. All in
all, iron content of the ferritin, its mode of release, cell type from which it is released, and
the target cell type where it is taken up might drive the function of the released ferritin. For
example, ferritin released in extracellular vesicles might play a significant role in cell-cell
signaling or might be ousted from the cancer cells as a way to export iron out of the cells to
avoid iron mediated cell death (ferroptosis)!11. Whereas ferritin released from macrophages,
containing high iron content, might play a role in iron delivery to the neighboring tumor
cells in the tumor microenvironment. Thus, there are multiple functions to ferritin that are
released via multiple different pathways showing the ability of cells including cancer cells to
fine tune mechanisms that help drive their survival and growth.
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2. Ferritin in cancer

Dysregulation of iron metabolism has been associated with multiple cancers. Frequently
termed as “iron addicted”, cancer cells have evolved to regulate the expression of multiple
iron metabolism proteins to not only suffice their abnormal iron demands but to utilize

them in various capacities exceeding their specified roles1®. Ferritin protein and mMRNA
levels are reportedly dysregulated in many cancers including breast193, glioblastomal1,

and prostate!17. The significance of altered ferritin levels in cancer is highlighted in the
following section and a schematic overview of the cancer processes affected by FTH1 is also
presented (Fig. 3).

2.1 Functional role of ferritin in cancer

Functionally ferritin impacts various cellular processes in cancer cells ranging from
proliferation, apoptosis, and EMT. Its individual role in cellular processes is summarized
below.

2.1.1 Proliferation—Uncontrolled proliferation is a hallmark of cancer cells. Ferritin has
been shown to support proliferation of cells irrespective of its iron content. Breast cancer
cell lines such as MCF7 and T47D, for example, were shown to proliferate in presence of
ferritin in an iron independent manner103, Upregulated FTH1 expression is associated with
poor survival in multiple cancers, such as, Brain lower grade glioma (LGG), Acute myeloid
leukemia (LAML), Head and neck squamous cell carcinoma (HNSC), and uveal melanoma
(UVM). A recent study in hepatocellular carcinoma (HCC) cells, HCCLM3 and MHCC97H,
showed that upregulated FTH1 expression enhanced cell proliferation by reducing peroxide
and ROS levels!8, FTL levels are also associated with cancer proliferation. For example,
in Glioblastoma (GBM) FTL is upregulated, and it promotes cell growth via deactivation
of pro-apoptotic GADD45A/INK pathway. FTL was shown to bind GADD45A further
suggesting that it could be inhibiting dimerization, essential for activation of GADDA45A.
In the same study, FTL was shown to be associated with upregulation of c-myc and cyclin
D1 which further contributed to promoting proliferation of the cells!1®. In HeLa cells,
upregulation of FTL levels was shown to increase proliferation in an iron - independent
manner'20, FTL was also shown to promote proliferation of osteosarcoma, MG-63, cells
via GADDA45/INK pathway regulation!?L. It is not just the intracellular expression of
ferritin that affects proliferation. As described in the previous section, extracellular ferritin
secreted from TAMs also stimulates cancer cell proliferation via tumor microenvironment
reprogramming. All in all, ferritin behaves as a positive regulator of proliferation in many
different cancers.

2.1.2 Apoptosis—While many cancer cells have increased proliferation in presence

of increased FTH1, association of FTH1 with tumor suppressor p53 has been shown to
decrease the proliferation in H460 and A549 non-small-cell lung cancer (NSCLC) cells. In
the H460 and A549 cell lines, FTH1 was shown to upregulate the expression of p53 by
downregulating a p53 inhibitor miR125b via an indirect epigenetic mechanism. Increased
p53 in presence of increased FTH1 led to induction of apoptotic pathway in these cells83:122,
In human erythroleukemic K562 cell line high MtFt led to increased apoptosis in cells

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shesh and Connor

Page 11

through cytosolic iron sequestration and JAK2/STAT5 pathway activation’®. Contrasting the
apoptotic activity, downregulation of the FTH1 at transcriptional and translational levels, by
using antisense oligonucleotides, led to specific increase in apoptosis in MCF7 breast cancer
cell line, suggesting FTH1’s role in protecting the cancer cells from apoptotic cell death123,
In another report, increased expression of a ferroxidase mutant and wild type FTH1 in
HeLa cells was shown to rescue from TNFa induced apoptosis in these cells'?4, Further
suggesting that FTH1 participates in anti-apoptotic activity in some cancer cells irrespective
of its iron content potentially by physically binding and inhibiting apoptotic activators.
Indeed, in a separate report, in 293T cells, FTH1 was shown to bind and inhibit key
apoptotic activating protein Bax125. In melanoma cells derived from a primary cutaneous
melanoma, FTL downregulation was shown to inhibit cell proliferation in vitro and cell
growth in vivo and increase sensitivity to apoptosist26. All this evidence suggests that
although ferritin has a context dependent role in different cancers it primarily behaves as an
oncogenic protein in protecting cancer cells from apoptotic cell death and supporting cell
growth and proliferation.

2.1.3 Epithelial-mesenchymal transition (EMT)—EMT is a process whereby
epithelial cells take on mesenchymal features i.e., they acquire fibroblast-like phenotype
with reduced adhesive and augmented motility. Regulated EMT is mainly seen during
development and adult tissue regeneration stages. Whereas in cancers, EMT is highly
deregulated allowing cancer metastasis and invasion!2’. In lung cancer cell line A549,
transforming growth factor beta 1 (TGFB1) triggered EMT was enhanced in presence

of autophagic degradation of FTH1. It was shown that autophagic degradation of FTH1
induced iron-driven oxidant injury that caused a feed forward loop which further increased
autophagy during EMT128.129 FTH1 downregulation was shown to induce EMT in breast
cancer cell lines MCF7 and H460 as well. In MCF7 and H460 cells, FTH1 silencing

was associated with activation of two crucial EMT regulating pathways; c-x-c motif
chemokine 4 (CXC4)/c-x-c motif chemokine ligand 12 (CXCL12) CXCR4/CXCL12 and
iron/ROS. In contrast to FTH1, FTL levels were observed to either increase or decrease
the metastatic, proliferative, and invasive capacities of the cancers in a context specific
manner. For example, in osteosarcoma cancer cell line, MG-63, high FTL levels decreased
the metastatic potential via a reduction in metastatic protein players such as CDH2 and
Vimentin21, Whereas, in GBM, FTL downregulation repressed EMT via AKT/GSK3p/B-
catenin signaling both in vitro and in vivol30, A process closely dependent on acquisition
of EMT features in the cancer cells is invasion capacity!3L. Ferritin affects EMT in cancer
cells suggesting that it might directly or indirectly (through iron delivery) affect the invasion
capacity of the cells as well.

2.1.4 Angiogenesis—New growth in vascular network is required for cancer cell
progression, dissemination, attainment of nutrients and oxygen, and removal of waste
products. New growth of blood vessels from the existing ones, aka angiogenesis, depends
on several activating and inhibiting factors. FTH1 has been shown to have either inhibitory
or activating roles in angiogenesis depending on its interactions with these factors. For
example, in human prostate cancer xenograft model, FTH1 was shown to support vessel
growth by binding to and subsequently inhibiting the 22 amino acid antiangiogenic
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subdomain of HKal32.133_ On the other hand, in colon cancer cell lines, HCT116 and
SW480, FTH1 was shown to repress the HIF1a transcriptional activity in normoxic and
hypoxic conditions134. HIF1a is an oxygen sensitive transcriptional mediator of hypoxia
which regulates angiogenesis via activating factors such vascular endothelial growth factor
(VEGF), placental growth factor (PIGF), and angiopoietins!35. The current literature on
the relationship of FTH1 is contradictory and the impact may relate to its iron status. For
example, FTH1 activity on blood vessels was shown to be independent of iron.132

2.1.5 Therapeutic resistance—Normal cells activate various endogenous stress
mitigation pathways (SMPs) to survive when they are exposed to stressors such as DNA
damage, starvation, toxins, infections, etc. Cancer cells utilize these endogenous SMPs to
survive when they are exposed to stressors such as those coming from a variety of cancer
therapeutics. These SMPs are not limited to individual cells but also encompass heterotypic
cell-cell signaling which is required for maintaining the right tumor microenvironment that
can support in mitigating the stresses. Genetic modulations such as upregulation of multi
drug resistant (MDR) genes, reinforcement of DNA repair systems, and rewiring of the
cell signaling pathways such as incapacitation of cell death pathways, and fortification

of antioxidant defenses are some of the SMPs evolved by cancer cells!36. Intrinsic drug
resistance mechanisms include pre-existing clones and some genetic mutations while
acquired drug resistance mechanisms include non-genetic modifications such as cancer cell
plasticity, and microenvironment modulations. Drug efflux, inactivation and/or alterations
in the drug targets are also commonly acquired drug resistance mechanisms36:137, Since
ferritin is an important player in antioxidant defense, many cancer cells utilize altered
ferritin expression to survive the stresses from various cancer therapeutics such as chemo-,
radio-, and immunotherapies. One of the first reports of FTH1 involvement in cancer
resistance came from a study in leukemia cells that had enhanced resistance to oxidants

in presence of elevated FTH1 levels138. FTL is also implicated in conferring resistance
against oxidants in melanoma cells125. In erythroleukemia cells, increased FTH1 levels
increased resistance to oxidative stress via increasing expression of multidrug resistance
mutation 1 a (MDR1a) proteinl3°. Nuclear ferritin’s ability to protect the DNA is involved
in resistance against DNA alkylating agents such as doxorubicin, BCNU, and cisplatin in
glioma, breast, and leukemia cells®6:89.140.141 Gjven nuclear ferritin’s role in protecting
the DNA from damage, our laboratory has established its role in conferring radioresistance
in U251 glioma cells in vitro and in vivol42. Another report of FTH1’s involvement in
radioresistance comes from a recent study of lipid droplets (LDs) in breast, bladder, lung,
neuroglioma, and prostate cancer cells. In this study, it was shown that increased number of
LDs, carrying elevated FTH1, was associated with radioresistance in these cells143, While
FTH1 seems to be conferring radio resistance in some cancers, its absence in certain others
such as ovarian cancer cells, SKOV3, activates NF-xB induced chemoresistancel44. Based
on these reports modulating FTH1 levels in cancer cells might be a mechanism to alleviate
therapeutic resistance in cancers.

2.1.6 Cancer initiating cells—Cancer initiating cells aka cancer stem cells (CSCs)
have been shown to be iron addicted. CSCs demonstrate increased iron uptake, and
storage along with a reduced export. There is considerable evidence that suggests that
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iron is essential for maintaining stem- cell phenotype. High FTH1 expression was recently
associated with CSC features in breast!4®, prostatel4®, and cholangiocarcinomas46. FTH1
downregulation in GBM CSCs has been shown to inhibit it’s in vivo tumorigenic potential.
In these cells, FTH1-STAT3-FOXML1 axis was uncovered to be maintaining stemness and
survivalll6, Reports from our laboratory have also confirmed FTH1’s role in survival and
stemness of GBM CSCs%.

3. Ferritin in cancer therapy

Ferritin is an attractive target for cancer therapy. It has been shown that sSiRNA

mediated downregulation of FTH1 in HeLa cells47, and human glioma cells8 increases
chemosensitivity. FTH1 downregulation by siRNA also showed selective radiation
sensitivity of GBM CSCs%. Thus, cellular processes that influence ferritin levels such as
ferritinophagy and ferroptosis may be targetable for therapeutic purposes. Below, we discuss
the potential of targeting these pathways for cancer therapy and further discuss the potential
of ferritin itself aiding in transporting therapeutics to tumors.

3.1 Ferritinophagy

Ferritinophagy is the selective autophagy process whereby nuclear receptor coactivator

4 (NCOAA4) binds to ferritin to traffic it to the lysosomes where it is degraded, and

iron stored within it released148, NCOA4 is crucial for iron homeostasis at cellular and
systemic levels as dysregulation of NCOA4 renders cells susceptible to ferroptosis. During
selective autophagy, degradation cues guide the selective receptors, such as NCOA4, to
recognize, bind and link their bound cargo to the autophagosomal membrane by interacting
with lipidated ATG8 proteins (LC3/GABARAP). NCOA4 binds directly with a conserved
c-terminal domain on FTH1 subunit. NCOAA4 is regulated by the iron levels in the cells.
During iron replete conditions, NCOA4 is recognized by a multifunctional ubiquitin E3
ligase, HERC2, and directed for degradation via the ubiquitin—proteasome system4.
NCOA4 mRNA and protein levels have been shown to be relevant to carcinogenesis

in many different cancers. In ovarian cancer for example, NCOA4 mRNA and protein
levels were upregulated in multiple malignant subtypes; serous, serous papillary, and
mucinous. A knockdown of NCOAA4 in the malignant ovarian cancer cells increased

FTHZ1 levels which was accompanied by reduced cell survivall®0. Recently, upregulation

of NCOA4 has also been reported in patient derived and murine PDAC models of pancreatic
ductal adenocarcinoma (PDAC). Ablation of NCOAA4 in these PDAC models, improved
survival and delayed tumor progression emphasizing the critical role of NCOA4 mediated
ferritinophagy in survival and tumor progression'>1. Low NCOAA4 levels, on the other hand,
were recently discovered to be associated with high grade malignancy, poor survival, and
defective immune cell infiltration in clear cell renal carcinoma (ccRCC). NCOA4 depletion
in ccRcc increased FTH1 levels and lowered the occurrence of ferroptosis (iron mediated
cell death)152, Thus, an imbalance in FTH1 levels due to dysregulated NCOAA4 plays a
crucial role in carcinogenesis and ferroptosis. NCOAA4 from the ferritinophagy pathway can
thus be targeted depending on the cancer type, to initiate mechanisms that trigger cancer
cell death. Further evidence and importance of NCOA4/FTH1 mediated ferritinophagy in
ferroptotic cell death is provided below.
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3.2 Ferroptosis

Ferroptosis is a recently discovered form of regulated, iron-dependent, cell death pathway.
Membrane damage due to oxidation of polyunsaturated fatty acid (PUFA)-containing
phospholipids because of a reduction in glutathione peroxidase (GPX4) activity and
accumulation of redox active iron are the trademarks of ferroptotic cell deathl53. Multiple
different cellular pathways such as KEAP1/NRF2, iron metabolism, EMT, cell adhesion,
ferritinophagy, and RAS/MAPK, and cell intrinsic molecules such as p53, GPX4, and
system xc™ regulate ferroptotic cell deathl53, Small molecules that can inhibit GPX4 or
system xc~ (an antiporter which imports cystine into the cells) such as (1S, 3R)-RSL3 and
erastin, respectively, have been shown to induce ferroptosisl>4. One of the first reports of
ferroptotic cell death induction by RSL3 and erastin came from a screen to identify small
molecules that can selectively be lethal to RAS-mutant tumor cells (hence the name RAS-
selective lethal (RSL) compounds)15°:156, There are various other small molecules that can
induce ferroptosis via multiple different routes that have been covered in excellent reviews
by Dixon and Stockwell153, Mou et al.157, and Lu et al.134. Clinically, immunotherapy

and a combination of immuno- and radiotherapy have been shown to synergistically induce
cancer cell death via ferroptosis'>8.159, Administering drugs that might trigger ferroptosis in
drug resistant cancer cells is an area that is actively under research. There are three main
pathways that can be targeted to induce ferroptosis to reverse drug resistance cancers: (1)
canonical GPX4-regulated pathway, (2) iron metabolism pathway, (3) and lipid metabolism
pathway160. One of the ways iron metabolism pathway can be targeted is via modulating
labile iron pool of the cells. For example, dihydroartemisinin, an antimalarial drug, was
found to increase labile iron pool in cisplatin resistant pancreatic ductal adenocarcinoma
consequently triggering ferroptototic cell death62. Similarly, inhibitors of the divalent metal
transporter 1 (DMT1), a membrane protein which allows translocation of ferrous iron (Fe2*)
to the cytosol following iron endocytosis, were shown to increase labile iron pool and
subsequently trigger ferroptosis in drug resistant breast cancer stem cells'2, Another way
to target iron metabolism pathway to induce ferroptosis is via modulating FTH1 levels.
One of the first reports of involvement of FTH1 in ferroptosis comes from a study by

N. D. Yang et al. where an anti-malarial repurposed for cancer therapy, artesunate, was
reported to induce ferroptosis in HeLa and hepatocellular carcinoma, HepG2, cells. In

that study, overexpression of FTH1 directly and indirectly, via knockdown of NCOA4,

was able to rescue artesunate mediated ferroptosis®3:164, Artesunate was found to induce
ferroptosis, in a similar manner, in the highly apoptotic resistant pancreatic cancer cells as
well165, A role for FTH1 in ferroptosis was further confirmed in a study by Y. Q. Wang

et al. that showed that overexpressing FTH1 in neuronal cells inhibited erastin induced
ferroptosis®0:166, In another report degradation of NCOA4 in pancreatic and fibrosarcoma
cancer cells was shown to suppress ferroptosis®’. In GBM mice models, downregulation
of COPZ1 (Coatomer protein complex subunit zeta 1) was shown to induce ferroptosis

by increasing NCOA4 mediated ferritinophagy downregulation of FTH1. Thus, COPZ1/
NCOAA4/FTH1 axis could be another target for destroying GBM cells'68, Taken together,
high FTH1 levels protect cancer cells from ferroptotic cell death and therapeutic strategies
that can downregulate FTH1 levels, thereby triggering ferroptosis, might prove to be a
promising target for cancer therapeutics.
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3.3 Ferritin Nanoparticles

Ferritin’s use as nanoparticles is an area that has expanded in the past few decades. Detailed
descriptions on ways to engineer ferritin for its use as a therapeutic carrier can be found in
literature169-174 Here we provide an overview on ferritin and its various uses in cancers.
As described previously, 24-mer ferritin has a hollow spherical core where iron atoms are
stored in a mineralized form. The self- assembling property of the ferritin 24-mers, into

a spherical shape, is highly pH dependent. Where extreme pH of 2-3 or 10-12 causes

the spherical shell to decompose into subunits, physiological pH causes the re-assembly of
the protein into a spherical shell. This renders ferritin a highly useful drug carrier as it is
easy to package the drug in it with mere pH manipulations. Apart from easy packaging
some of the other properties that make ferritin an ideal nanocarrier are: (1) robust tumor
targeting ability: ferritin is highly permeable through the vasculature and is often enriched
at the tumor site. Speculated reasoning behind this enrichment is the uptake of ferritin by
tumors for their superior iron needs. Indeed, we have recently demonstrated that FTH1
binds to GBMs, and the amount of binding is sexdependent (Revised Manuscript under
review) providing novel clinical considerations for using ferritin as a therapeutic target,

(2) excellent biocompatibility and non-immunogenicity: ferritin is highly conserved among
various organisms38. Moreover, recombinant human ferritin can also be easily expressed in
E.coli and scaled up as required, (3) good stability: ferritin can withstand high temperatures
up to 75 °C for 10 min. It is also highly stable in presence of various denaturants1?>:176,

(4) easily modifiable: lysine and cysteine residues on the outer surface of ferritin allow
easy modifications to obtain better targeting capabilities. For example, EGF ligand has
been conjugated on the surface of recombinant human ferritin to target it to the EGFR
receptors in breast cancers, (5) hydrophobic drug packaging: the inner surface of the protein
allows packaging of hydrophobic drugs as well and since most of the cancer therapeutics
are hydrophobic in nature it can carry a vast variety of hydrophobic molecules!’7-180  (6)
versatility: ferritin is straightforwardly genetically and chemically modifiable increasing its
versatile use in medical therapeutics, imaging, diagnostics, bioelectronics, and non-medical
applications such as water purification, and as a bioactuator for potential development

as artificial muscles'81:182 This can open doors to combined photo- and chemotherapy
treatments. All in all, ferritin has the potential to become an ideal drug carrier for various
chemotherapeutics (Fig. 4)183-185,

There are numerous reports of ferritin being used as a nanocage drug carrier for a variety
of chemotherapeutics in different cancers!®. Typically, metal containing drugs such as
cisplatin, Gd-DO3A, and deferoxamine B are encapsulated in the ferritin nanocage via
passive loading i.e., allowing the molecules to enter ferritin via its six hydrophobic
channels and eight hydrophilic channels at room temperature. In a study in U87 GBM

cells, doxorubicin conjugated with Cu?* is packaged, via hydrophilic channels, in surface
engineered human ferritin molecules. It was shown that doxorubicin-Cu2* complex
packaged this way in ferritin had significantly enhanced pharmacokinetics such as prolonged
circulation and half-life, reduced non-specific cardiotoxicity, and much higher uptake in the
tumor cells'87. Similarly, Gefitinib, a tyrosine kinase inhibitor was passively encapsulated,
via hydrophobic channels, within human heavy chain apoferritin. Gefitinib packaged in
H-ferritin nanocage demonstrated increased cellular uptake and potency, against HER2
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overexpressing SKBR3 cell line, as compared to Gefitinib alonel®8. Release of the
chemotherapeutic drugs from ferritin is also mediated by these hydrophobic and hydrophilic
channels/pores. In a study by Luo et al., daunomycin was packaged with poly-L-aspartic
acid (PLAA) to enhance its sustained release from the hyaluronic acid (HA) surface
modified ferritin. Daunomycin packaged HA-ferritin allowed specific binding of ferritin

to CD44 markers on A549 lung cancer cells and improved sustained release of the drug from
the nanocarrier!89. Apart from passive loading, disassembly (and reassembly) of ferritin, to
load drugs, in presence of 8M urea and extreme pH conditions has also been reported. Fat
soluble drugs such as curcumin, paclitaxel, etc. have been packaged using such dissociation
methods?80,

Because of its ability to traffic across the blood brain barrier (BBB), via receptors such

as Tim1 and TfR, ferritin could prove effective in carrying drugs across the BBB to treat
various neurological diseases. Treatment of many of the diseases of the brain is challenged
by permeability of drugs across the BBB. In fact, it is well known that only 2% of the
pharmaceutical compounds can cross the BBB. In highly aggressive brain tumors such as
neuroblastoma or glioblastoma, ferritin thus, represents newer opportunities to explore. As
an example, Huang et al. had recently shown a 2- fold increase in mice glioma tumor
targeting capability, after crossing BBB, of H ferritin nanocarriers packed with doxorubicin.
The H-ferritin carriers in the study were genetically modified to carry a surface peptide that
targets a2B1 integrins!0, In another study, by Chen et al., ferritin packed with doxorubicin
was shown to reliably cross the BBB and increase survival period of mice treated with

the doxorubicin in H-ferritin nanocarrier (30 days) as compared to doxorubicin alone

(19 days)191, These examples highlight the potential of using ferritin to package drugs

for brain related ailments including lethal glioblastomas. As mentioned, our studies have
demonstrated FTH11 binding to GBMs (Revised Manuscript under review) and uptake into
orthotopic animal models'92. In further support of the potential to use FTH1 delivery to the
brain in non-tumor diseases, we have demonstrated that FTH1 is taken up into the brain in
normal mice where the uptake patterns are influenced by both age and sex193, Thus, the
data strongly support the exploration of ferritin as a mechanism for therapeutic interventions
strategies for the brain.

Apart from chemotherapeutics ferritin is being studied for carrying nucleic acids as well.
Because of the labile nature of siRNA its delivery in the in vivo systems has been
hampered. Ferritin encapsulated delivery of siRNA not only protects it from extracellular
nuclease degradation but also from scavenging activity of immune cells. Ongoing efforts
for using naive and modified ferritins for SiIRNA delivery are proving to be successful

in many different cancers. For example, a study by Li et al., has shown that sSiRNA

against insulin receptor (anti-InsR) can be easily packaged in ferritin via a pH modulated
disassembly-reassembly method. Anti-InsRferritin complexes were then shown to transfect
human colon adenocarcinoma cell line, Caco-2, with high efficiencyl®4. Recently, Yuan

et al. have developed genetically modified H-ferritin carriers containing cationic inner
surface. Arginine mutations in the inner surface of the protein presented robust electrostatic
forces that enhanced the siRNA encapsulation efficacy of the nanoparticle9°. Chemical
modifications of the inner surface by chemoselective conjugation of cationic piperazine-
based compounds have also been proven to be highly efficient in encapsulation and delivery
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of siRNA to cancer cells1%. Ferritin is thus emerging as a nanocarrier of choice for nucleic
acids.

Use of ferritin nanocarriers is not limited to carrying chemotherapeutics, and anti-tumor
siRNAs. Ferritin nanocarriers have been developed for various imaging methods such

as computer tomography (CT), magnetic resonance imaging MRI, and near-infrared
fluorescence (NIRF) imaging. For example, Zhao et al., developed magnetoferritin probes
loaded with iron oxide in 1251 radionuclide- surface modified ferritin for multimodal
imaging in tumors of living micel%7. In another example, gadolinium- loaded ferritin was
developed to image endothelial cells in tumors by contrast MRI198, Ferritins loaded and/or
conjugated with fluorophores are not only being studied for advanced diagnostic imaging
but for image-guided surgery of cancers as well. For example, indocyanine loaded (ICG)
loaded ferritin was shown to trace cancer cells in a preclinical model of breast cancer.

Since ICG is already used in the clinics for lymph node mapping and NIR fluorescence
image-guided surgery (FGS), its encapsulation in the ferritin increases its potential to

be used in FGS in cancers'99. As mentioned previously, ferritin is highly versatile, and

that can be seen in the study by Lin et al. in which they developed a hybrid ferritin
nanoparticle that is activated in presence of tumor matrix metalloproteinases (MMPs). These
hybrid nanoparticles are developed by generating two different ferritin peptides, one that is
conjugated with infrared activated Cy5.5 fluorophore and a second type that has a black hole
quencher (BHQ-3) conjugation. Upon encountering the tumor MMPs the quencher molecule
is released, and the fluorophore fluoresces in presence of NIRF200,

Ferritin carrying ICG has been explored in cancer photothermal therapy (PTT) as well. ICG
is a, FDA approved photothermal agent that can absorb near-infrared light and convert it
into heat. This high then induces apoptosis a characteristic that can prove crucial in cancer
therapy20L. ICG derivative, IR820, packaged in ferritin was shown to achieve 100% tumor
elimination, without any evident non-specific toxicity, in subcutaneous mice model of breast
cancer?92, Combination of PTT with chemotherapy is another tool that has drawn interest in
cancer therapy. A very interesting example of this comes from a recent study by Lin et al.
They developed grenade-like nanoparticles, covered in NIR dye, that upon laser irradiation
burst open into smaller cluster warheads which are basically ferritin nanocages carrying
doxorubicin. Release of doxorubicin from these nanoparticles is further controlled by low
pH found in tumors and within the acidic compartments of tumor cells203, Use of ferritin as
a carrier for hydrophobic photosensitizers is also gaining traction for photodynamic cancer
therapy (PDT). Photosensitizers generate ROS, in the presence of oxygen, when activated by
specific light. High amounts of ROS can kill tumor cells, destroy tumor vasculature and/or
activate the immune system to kill tumor cells!80.

A surprising use of ferritin nanocarrier came from a study, in 2006, when Li et al.

first reported HIV1 Tat antigen functionalization on the outer surface of ferritin. Since
then, several studies have shown ferritin nanoparticle use in antigen/vaccine delivery. A
more comprehensive review on the vaccine development using ferritin nanoparticle can

be found in the review by Rodrigues et al204. More recently, there have been numerous
studies that have shown ferritin nanoparticles carrying SARS-CoV-2/COVID-19 vaccine to
induce robust innate immune activity in hosts?295-209, One of these SARS-CoV-2- vaccines,
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by Joyce et al., is active in phase I clinical trial (ClinicalTrials.gov ID NCT04784767).
Besides SARS-CoV-2, ferritin nanoparticle based vaccines against Influenza and Epstein
Barr Virus have also moved to phase I clinical trials (ClinicalTrials.gov ID NCT04579250
and NCT04645147). Combining drug resistance and ferroptosis in ferritin delivery, iron
saturated ferritin nanoparticles carrying doxorubicin were recently shown to activate
ferroptotic cell death in leukemia, CRC, breast, liver, cervical, and lung cancer cells210,

4. Conclusions

Ferritin is a protein that wears multiple hats when it comes to cancers and other potential
medical uses. While it performs its classical role of storing iron and protecting DNA

inside the nucleus quite efficiently, ferritin’s role as a tumor suppressor or an oncogene,
depending on the type of cancer, presents it as a potential target for cancer therapy. Cell-cell
communication via exosomes in the tumor microenvironment is also a recent novel concept
for ferritin. One of the most beneficial roles of ferritin is emerging in its use as a biological
nanocarrier for delivering chemotherapeutics. The current state of the art of the scientific
interrogation into the versatility of ferritin is likely just the tip of the iceberg when it comes
to understanding the role of this unique protein in cancer and its dynamic roles in both a
target and trojan horse for treating cancers.
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Fig. 1. Structure of Ferritin
(A) A representation of ferritin as a sphere showing the inner core and outer core diameter.

(B) Graphical representation of the identical ferritin H- and L- peptides. Images were built
in PyMOL 2.5.4 using ferritin heavy chain PDB ID 1FHA and ferritin light chain PDB

ID 2FFX. (C) The various interfaces of the heavy and light chain ferritin. The three- and
four-fold channels represent the open channels through which iron atoms can flow in and
out of the structure. Finally, a 24-mer representation of the ferritin structure containing iron
atoms is also presented. The image is inspired from the review by Chenxi Zhang et al*3.
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Fig. 2. Ferritin uptake and release
Schematic of ferritin uptake and its downstream journey. Left: Ferritin H-chain binding

and uptake has been shown to be mediated by receptors TfR1, Tim-1 (human), and Tim-2
(mice). Ferritin L-chain has been shown to bind Scara5 and CXCR4 receptors. Post binding
at the cell surface, ferritin is endocytosed into the endosomes. While not all receptors are
required simultaneously for endocytosis of ferritin, the schematic represents information
from the various reports that have identified the presence of the receptors in question in the
endosomes. The hypothesized fate of ferritin post endocytosis is shown. The dotted lines
from the endosomal compartments to the endolysosome compartment represent one of the
hypothesis for ferritin fate: which states that ferritin enters the lysosome and is degraded
due to the acidic milieu of the compartment. Degradation of ferritin causes the release of
the stored iron atoms which subsequently leave the compartment and become part of the
labile iron pool. Another hypothesis is that ferritin leaves the endosomal compartment as

is and becomes part of the intracellular ferritin levels. Intracellular ferritin can be shuttled
to the lysosome, via NCOA4, during iron deplete conditions or transported to the nucleus
or ubiquitinated and degraded in proteasome. Mitochondrial ferritin (MtFt) is shown in

this figure for completeness. See text for discussion. Right: Ferritin has been shown to be
secreted via two regulated pathways: (1) secretory autophagy/lysosomal secretory pathway
or (2) encapsulation in exosomes, released extracellularly via multivesicular bodies. This
image was created by using BioRender.
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Fig. 3. Ferritin in cancer
Schematic of a broad overview of ferritin’s impact on multiple processes in cancer.
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Fig. 4. Ferritin in nanotherapeutics
Ferritin 24-mer hollow sphere can be utilized in a trojan horse approach to deliver

chemotherapeutics to tumors. Specific targeting of the ferritin protein can be achieved by
genetically or chemically attaching peptide or peptide ligand molecules that bind to tumor
specific receptors. Apart from peptides a variety of other molecules such as polyethylene
glycol, fluorophores, and antibodies can be attached to ferritin surface. Furthermore, ferritin
nanocage can also be loaded with imaging agents, iron oxide, and nucleic acids such as
siRNA. Loading and modifying ferritin with these different molecules makes it useful in a
wide variety of applications such as tumor imaging, photodynamic and immunotherapy, and
tumor nano-vaccines. This presentation was created with the help of BioRender.
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