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miRNA/RNAi Pathway
MicroRNAs (miRNAs) are a class of non-protein-coding RNAs 

with length of 18-25 nucleotides (nt) [1,2]. They are involved in nearly 
every aspect of development and cell physiology, and contribute to 
pathogenesis of some diseases by the alteration of mRNA expression 
levels or some specific cellular signals [3-5]. MiRNA genes are 
frequently localized within intronic regions but are also expressed 
from non-protein coding transcripts localized in intergenic regions 
[6,7]. Generally, mature miRNAs are generated by two sequentially 
biochemical processing steps. First, the pri-miRNAs, which are 
transcribed initially by RNA polymerase II from 5’-capped, spliced 
and polyadenylated, range from 100 to 1000nt in length and bear one 
or more hairpin structures in mammals [8,9]. In most cases, the first 
processing step takes place inside the nucleus, where the pri-miRNAs 
are recognized and cleaved by Drosha and its partner DGCR8 [10-13]. 
Drosha is an RNA endonuclease III in mammals. DGCR8 is a RNA-
binding protein that is essential for maturation of miRNAs. They cleaves 
pri-miRNAs to ~70 nt stem-loop-structured precursor miRNAs (pre-
miRNAs) [14]. The pre-miRNAs are then transported into cytoplasm by 
exportin-5/RanGTP for secondary processing [15,16]. Dicer, another 
member of the RNase III family, further cleaves the pre-miRNAs to 
generate mature miRNAs along with its co-factors TAR RNA binding 
protein 2 (TRBP) and PACT [17,18]. The mature form of miRNAs must 
be loaded into RNA-Induced Silencing Complex (RISC) to guide it to 
its target mRNA sequence, and functionally regulate gene expression 
at post-transcriptional levels. MiRNAs recognize miRNA Responsive 
Elements (MREs), sequences with partial complementary localized 
within the 3’ Untranslated Region (UTR) of mRNAs. Depending on the 
level of complementarily between miRNA and MRE, this interaction 
either limits mRNA translation or decreases mRNA stability [11]. In 
addition, mRNAs containing identical MREs in their 3’UTR will co-
regulate each other’s expression by competing for a limited miRNA 
pool [19-21]. Likewise, MRE-containing pseudogenes and long non-
coding (lnc) RNAs may act as ‘sponges’ for miRNAs. Under some 
circumstances, the expression of a specific miRNA remains unaltered, 
but the distribution of miRNAs on their target mRNAs changes hence 

imposing an additional layer of post-transcriptional control on gene 
expression [22-24].

Iron Homeostasis and Regulatory Network
Iron is an essential micronutrient required as a cofactor for normal 

cellular processes including oxygen transport, heme biosynthesis, DNA 
synthesis, cell proliferation, cytochrome p450 enzyme activity, and 
hypoxic response reactions [25,26]. Iron can quickly transform between 
a reduced ferrous Fe (II) and oxidative ferric Fe (III) state a property 
which is important for many catalytic processes. Iron homeostasis is 
well controlled, but its disorder such as iron deficiency or iron overload 
can lead to cytotoxicity, cell growth arrest and apoptosis, respectively 
[27,28]. It is well known that iron deficiency is the leading cause of 
anemia, interfering significantly with normal cognitive development in 
children. Conversely, the iron overload observed in common diseases 
like hemochromatosis and thalassemia results in liver and heart failure 
[29]. The redox activity of iron can lead to the production of hydroxyl 
radicals, the most toxic Reactive Oxygen Species (ROS), damaging lipid 
membranes, proteins, and nucleic acids. Iron regulatory proteins (IRPs) 
are the iron regulatory proteins that control post-transcriptionally iron 
homeostasis in most mammals [25]. Trans-acting IRPs interact with 
ferritin and Transferrin Receptor (TfR) Iron-Responsive Elements 
(IREs) through their metal availability sensors. IREs are conserved 
hairpin structures found in the UTRs of mRNA, and control either 
mRNA stability or initiation of translation. Expression of the genes 
involved in maintenance of cellular iron homeostasis is predominantly 
controlled post-transcriptionally by the binding of IRPs 1/2 to IREs. In 
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Abstract
Iron is a micronutrient essential for fundamental cellular processes. Iron deficiency has been proven to be the 

leading course of some blood diseases. Though essential, iron overload may contribute to the generation of free 
radicals capable for cell damaging. As such, the maintenance and control of iron homeostasis is critical to prevent 
either iron deficiency or iron overload toxicity. Iron homeostasis is largely coordinated by a family of Iron Regulatory 
Proteins (IRP) that functions to control iron uptake, storage, transport, and utilization. More recently, iron metabolism 
has also been implicated in the modulation of microRNA (miRNA), a class of small non-coding RNA recognized as 
the major regulation mechanism for gene expression at post-transcriptional level. Vice versa, miRNAs have been 
demonstrated to regulate the expression of genes associated with iron acquisition (transferrin receptor and divalent 
metal transporter), iron export (ferroportin), iron storage (ferritin), iron utilization (ISCU), and coordination of systemic 
iron homeostasis (HFE and hemojevelin), bridging the crosstalk between miRNAs regulation and iron homeostasis. 
Herein we briefly summarize recent advances in the inter-regulation between miRNAs and maintenance of iron 
homeostasis. It will enhance our understanding of mechanisms by which cells respond to changes in iron demand 
and/or iron availability to control cellular iron homeostasis, and how miRNAs regulate iron homeostasis.
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iron-deficient conditions, IRE/IRP complexes form within an mRNA 
5’UTR to inhibit translation, whereas IRP binding to IREs in the 3’UTR 
of TfR1 and the Divalent Metal Transporter 1 (DMT1) prevents mRNA 
degradation. Mice lacking both copies of the IRP1 and the IRP2 genes 
die at the embryonic stage, indicating that the IRE/IRP regulatory 
network is essential, at least for early development [30]. Therefore, 
cellular iron homeostasis is carefully maintained by an exquisite system 
of IRPs through sensing the cellular iron levels and coordinating the 
expression of targets of importance for balancing iron export and 
uptake with intracellular storage and utilization [31,32].

Ferritins (Fn) are the main iron storage proteins and essential for 
metabolisms in mammals. Poly (rC)-binding protein 1 (PCBP1) was 
found to bind to ferritin in vivo and facilitate the loading of iron into 
ferritin [33]. Depletion of PCBP1 inhibits iron loading and increases 
cytosolic iron pools, suggesting that PCBP1 functions as a cytosolic 
iron chaperone in the delivery of iron to ferritin. It was also noted that 
PCBP2, a paralog of PCBP1, could also potentially contribute to ferritin 
iron loading [33].

Ferroportin (FPN) is a transmembrane iron efflux channel protein, 
and highly expressed on cells that release iron, such as hepatocytes, 
macrophages and enterocytes. FPN functions as the main iron exporter 
in mammalian cells and plays a critical role in the maintenance of iron 
balance [34-36]. FPN is regulated at multiple levels–transcriptionally by 
heme post-transcriptionally by the IRP system and post-translationally 
by the iron regulatory hormone hepcidin [29,37-42]. During iron 
deficiency, IRPs inhibit the translation of FPN by binding to the IRE 

located in the 5’ UTR of FPN mRNA, leading to lower FPN protein 
levels, decreased export of iron, and cellular iron retention [29].

Hepcidin, an antimicrobial peptide hormone, is produced by 
the liver in response to hypoxia, systemic iron availability, erythroid 
iron demand and inflammatory cues. Hepcidin was found to control 
systemic iron homeostasis by interacting with its target FPN [43,44]. 
Upon hepcidin binding, FPN is internalized and degraded [42]. 
Although hepcidin levels are controlled by systemic iron requirements, 
iron levels are not directly sensed by hepcidin. This is because hepcidin 
expression is balanced either by upstream activators, such as Hfe [45,46], 
transferrin receptor 2 (TfR2), hemojuvelin (Hjv) or by inhibitors such 
as Smad family member 7 and the transmembrane protease, serine 6 
(TMPRSS6) [47-53]. Hepcidin deficiency or hepcidin resistance due to 
FPN mutations eventually leads to systemic iron overload in the form 
of Hereditary Hemochromatosis (HH) resulting in significant tissue 
damage and multi-organ failure with limited therapeutic options [54-
57].

Transferrins (Tf) are iron-binding glycoproteins that control the 
level of free iron in biological fluids. The transferrin-bound iron (Tf-
Fe2) in the plasma is taken up by most mammalian cell types satisfy 
their iron needs via transferrin receptor 1 (TfR1). The complex is 
then internalized by clathrin-dependent endocytosis. Subsequent 
acidification of early endosomes promotes the release of iron from 
transferring. Fe (III) is reduced to Fe (II) by members of the STEAP 
family of metalloreductases for transport into the cytoplasm via the 
endosomally expressed DMT1. TfR1 and apo-transferrin are recycled 
to the cell surface [58]. Although TfR1 is ubiquitously expressed, 
the transferrin cycle is most critical for the massive iron demand of 
erythroid precursor cells (Figure 1).

miRNA Processing is Regulated by Iron Homeostasis
Heme-mediated control of miRNA biogenesis

Iron appears to play a critical role in miRNA processing via 
its physiological role as the functional component in heme. This 
potential role for iron to participate in miRNA biogenesis was first 
demonstrated when DGCR8 was identified as a heme-binding protein 
[59]. In reconstituted pri-miRNA processing assays, heme binds to 
and enhances DGCR8 dimerization, which is required for increased 
activity of this essential miRNA processing cofactor [60-63]. During 
this process, heme binds to DGCR8 via its Fe (III) iron co-factor. By 
contrast, Fe (II) heme is unable to enhance miRNA processing, and 
reduction of the ferric heme iron in DGCR8 greatly increases the rate 
of heme dissociation, suggesting that the oxidation state of iron in heme 
affects heme-mediated regulation of DGCR8, and the rate and efficiency 
of pri-miRNA processing [63]. Additional studies demonstrated that 
heme-free DGCR8 was less active than heme-bound DGCR8 and 
suggests that an impaired ability to synthesize heme as a result of 
inadequate iron could decrease pri-miRNA processing [59] (Figure 1). 
Heme excess also produces changes in miRNA profiles, which likely 
contribute to the modulation of targeted mRNA expressions [64].

Iron-mediated control of miRNA biogenesis

Iron was found to be significantly synergistic in up regulating 
Reactive Oxygen Species (ROS) abundance, and miRNA-125b and 
miRNA-146a expression. Treatment of iron stressed cells with the 
antioxidant Phenyl Butyl Nitrone (PBN) or the metal chelator-anti-
oxidant Pyrollidine Dithiocarbamate (PDTC), abrogated induction of 
these miRNAs [65]. It suggests that iron may modulate the biogenesis 
of miRNAs by oxidative stress or other signal pathway. When study 

Figure 1: miRNA processing is regulated by Iron Homeostasis

The ubiquitously expressed transferrin receptor-1 (TfR1) controls cellular up-
take of iron-bound transferrin (Tf). The Tf-iron-TfR1 complex is taken up into 
the cell via endocytosis and the iron is released from the endosome by the 
nonIRE isoform of Divalent Metal Transporter 1 (DMT1). In the cytoplasm iron 
is incorporated within the cellular labile iron pool (LIP), and is stored by ferritin 
or is utilized by mitochondria for heme synthesis and Fe–S cluster biogenesis. 
Heme is critical for the processing of miRNA primary transcripts (pri-miRNAs) 
and binds to the microprocessor complex composed of DGCR8 and Drosha. 
miRNA precursors (pre-miRNA) are exported to the cytoplasm where cellular 
iron levels affect dimerization of poly(C) binding protein 2 (PCBP2), associa-
tion of PCBP2 and DICER, binding of PCBP2 and pre-miRNAs, and process-
ing of DICER-conferred processing of pre-miRNAs to mature miRNAs. The 
dimerized PCBP2 is the functional form of PCBP2, and the increased cellular 
iron level leads to enhanced monomerization of PCBP2, disassociation of 
DICER and PCBP2, lost binding of PCBP2 and pre-miRNAs and consequent-
ly to inhibition of pre-miRNAs processing into mature miRNAs.
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HBV replication in human hepatocytes, it was found that cellular 
microRNA expression profiles were significantly different in iron-
treated cells compared with untreated control cells [66]. In many cases, 
exposure to iron changed microRNA expression in opposite directions. 
Introduction in cells of sequences representing such differentially 
expressed microRNAs, e.g., hsa-miR-125a-5p and -151-5p, even 
reproduced effects on virus replication of iron. This knowledge should 
suggest that iron may involve in Drosha/DGCR8/heme-mediated 
processing of microRNAs.

Recently, we have identified iron chelators as a class of enhancers for 
the miRNA/RNAi pathway in a way that these chelators could promote 
the processing of both miRNA precursors and short hairpin RNAs 
(shRNAs) [67]. We found that cytosolic iron, but not heme, regulated 
the activity of the miRNA pathway through poly(C)-binding protein 
2 (PCBP2), but not its analogue PCBP1. This specificity is particularly 
intriguing given the high similarity between these two proteins [68]. 
Indeed, an earlier proteomic analysis of Argonaute-containing mRNA-
protein complexes in human cells suggested that PCBP2 (hnRNP E2), 
but not PCBP1, is associated with Argonaute 1 protein-containing 
complex with Dicer activity [69]. PCBP2 is associated with Dicer and 
promotes the processing of miRNA precursors. Cytosolic iron could 
modulate the association between PCBP2 and Dicer, as well as the 
multimerization of PCBP2 and its ability to bind to miRNA precursors, 
altering the processing of miRNA precursors. Our findings indicate 
that the role of iron homeostasis in the regulation of miRNA biogenesis. 
Altered miRNA expression might contribute directly to the molecular 
pathogenesis of human diseases associated with disrupted iron 
homeostasis. When cytosolic iron is low, PCBP2 could multimerize, 
bind to miRNA precursors, and present them to Dicer for more efficient 

miRNA processing. Excess cytosolic iron will interfere with the binding 
of PCBP2 to miRNA precursors as well as its association with Dicer, 
and lead to the reduced production of mature miRNAs [67] (Figure 1).

miRNAs-Mediated Control of Iron Homeostasis
miRNAs have emerged as a class of noncoding genes involved in 

regulating a wide variety of biological processes. Here we review that 
several miRNAs have been found to regulate targets with key roles in 
iron homeostasis (Table 1).

miRNA regulates cellular iron homeostasis by targeting 
ferroportin

The monitoring of local iron levels by cellular microRNAs leads to 
dynamic responses to spatial and temporal fluctuations. While both 
microRNAs and IRPs are iron-responsive and target a group of mRNAs, 
they may also respond to different sets of non-iron environmental 
conditions and regulate distinct sets of target mRNAs to allow for 
diversity and fine-tuning of gene regulation. The targeting of FPN by 
microRNAs in the 3’UTR allows for the possibility of iron-dependent 
regulation of subsets of FPN mRNAs known to lack the 5’ UTR [70,71]. 
Additionally, high-throughput techniques to probe the microRNA-
mRNA interactome offer powerful complementary approaches to 
identify the in vivo target mRNAs associated with Ago2 during different 
iron states [72,73]. Such exploration of iron-responsive microRNAs 
and their respective targets will lead to a more comprehensive pathway 
that demonstrates an integrated role for microRNAs in the regulation 
of cellular iron homeostasis. Since FPN is known to be repressed by 
the IRP/IRE system under the iron-deficient condition, it is suggested 
that a potential cooperative relationship between RNA-Binding 
Proteins (RBPs) and microRNAs in the regulation of FPN. miR-485-
3p is an important post-transcriptional regulator of endogenous FPN. 
Through gain-of-function and loss-of function studies, miR-485-3p 
is found to directly target the 3’ UTR of FPN and modulate cellular 
iron homeostasis [74]. The cooperative contribution of RBPs, including 
both IRPs and the microRNA guided RISC, to the post-transcriptional 
regulation of target RNAs constitutes a major regulatory layer of gene 
expression [75,76]. RBPs can function to promote or inhibit microRNA 
target availability and binding, leading to the enhancement or inhibition 
of mRNA stability and translation [77]. In the case of FPN, it is possible 
that the IRP/IRE 5’UTR interaction can be further stabilized and fine-
tuned by the microRNA-mediated RISC on the 3’UTR. This enable 
a more dynamic and fine-tuned expression over a wide range of iron 
conditions.

miRNAs control cellular iron uptake by transferrin cycle

Recent data suggest that transferrin cycle is controlled by miRNAs at 
two different steps. It was recognized that TfR1 expression is increased 
in neoplastic cells to satisfy their increased iron requirements for 
cellular proliferation [78,79]. Conversely, differentiation of neoplastic 
cells, such as the human leukemia cell line HL-60, into themonocytic/
macrophage lineage represses TfR1 expression and increases levels of 
miRNAs predicted to bind to the 3’UTR of TfR1 (miR-320, miR-200a, 
and miR-22) [80]. Of these, miR-320 represses the activity of luciferase 
reporter vectors fused to sequences of the TfR1 3’UTR that contain 
the miR-320-specific MRE. Likewise, enforced miR-320 expression in 
the lung carcinoma A549 cell line decreases TfR1 surface expression 
and slows down cell cycle progression and cell growth. Because 
the additional treatment of cells with a soluble iron salt reverses the 
growth inhibitory effect, it is inferred that decreased TfR1 expression 
in miR-320 overexpressing cells may lower iron availability and inhibit 

miRNAs Target genes References
miR-485-3p FPN [74]

miR-320 TfR1 [81]
miR-22 TfR1 [81]

miR-Let-7d
DMT1B [87]
BACH1 [88]

miR-210
Ferrochelatase [106]

TfR1 [110]
 ISCU 1/2 [101,110]

miR-200a TfR1 [81]
miR-200b FtH1 [116]
miR-122 Hfe and Hjv [92]
miR-221 TfR2 [91]
miR-222 TfR2 [91]
miR-214 Lactoferrin [120]
miR-584 Lactoferrin [121]
miR-31 TfR1 [82]

miR-194 FPN [82]
miR-19a DMT1 [82]

miR-133a FnL [82]
miR-141 TfR1 [82]
miR-145 TfR1 [82]
miR-149 DMT1 [82]
miR-182 TfR1 [82]
miR-758 TfR1 [82]
miR-196 BACH1 [89]

FPN: Ferroportin; TfR: transferrin receptor; DMT1: Divalent Metal Transporter 
1; Hjv: hemojuvelin; ISCU: iron-sulfur cluster assembly proteins; FtH: Ferritin 
heteropolymers heavy chains; IRP: iron regulatory proteins; IRE: iron-responsive 
elements; FnL: Ferritin light chain.

Table 1: Targets of miRNA associated with mammalian iron metabolism.
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cell proliferation [81]. In early stage of colorectal cancer (CRC), IRP2 
can be engaged in the mRNA stabilization of TfR1. However, in more 
advanced stages of CRC, mRNA level of TfR1 is related to miR-31 level. 
Ferroportin concentration is significantly associated with miR-194 
level, causing the reduction of TfR1amount in tumor tissues of patients 
with more advanced stages of CRC [82].

In addition to miRNA-dependent regulation of TfR1, miRNAs are 
involved in the regulation of transferrin cycle as well by controlling iron 
release from the endosome via DMT1. The gene coding for DMT1gives 
rise to four variant mRNA transcripts that either differ at their 5’end as a 
result of alternative promoter usage (DMT1A and 1B protein isoforms) 
or at the 3’end due to alternative splicing [83]. The alternative 3’UTR 
sequences differ as to whether they contain an IRE sequence motif, 
whereby only the IRE-containing isoforms are controlled in response 
to cellular iron levels by IRP binding [84]. All different DMT1 isoforms 
are capable of transporting iron [85]. Notably, the DMT1 splice variant 
lacking the IRE sequence (DMT1B-nonIRE) is abundantly expressed 
in erythroid cells where it is responsible for iron export across the 
membrane of acidified endosomes into the cytoplasm following 
iron-bound transferrin uptake [85,86]. Although the DMT1B-
nonIRE isoform plays a fundamental role during erythroid precursor 
differentiation, the regulatory mechanism underlying its expression 
remained unclear. A recent study in erythroid cells revealed that the 
expression of the DMT1B-nonIRE isoform is fine-tuned by the miRNA 
Let-7d, providing an alternative regulation mode for this isoform that 
cannot respond to iron availability through the IRE/IRP regulatory 
system [87]. Iron storage may also be indirectly affected by miRNA as 
both miR-196 and miR-let-7d target the heme-regulated transcriptional 
repressor Bach1 resulting in a de-repression of Bach1 targets such as 
HMOX1 and ferritin [88,89]. Although ferritin transcription may be 
reduced via Bach1, the capacity for miR-let-7d-dependent repression of 
Bach1 to de-repress ferritin expression and synthesis remains unknown 
[90]. 

TfR2 cannot be regulated by IRPs because of the lack on the IRE 
elements at the 3’-UTR of its mRNA. For this reason, a different 
regulation mechanism can be supposed. It was showed that TfR2 

expression is regulated by miR-221 in a PD cellular model. TfR2 and 
miR-221 are inversely correlated in SH-SY5Y cells during the treatment 
with MPP+. Moreover, overexpression of miR-221 decreases the 
expression of TfR2 at the mRNA and protein levels [91]. TfR2 increase 
is involved in iron cellular uptake, and this could justify the excess of 
iron influx. The complex Tf/TfR2 let iron enters the cell by endocytosis. 
It is well known that the subsequent acidification of endosome causes 
the release of iron from transferrin.

miR-122-mediated regulation of systemic iron

MiRNA profiling using mouse models of iron overload shows that 
miR-122, a miRNA abundantly and selectively expressed in the liver, is 
downregulated in a murine disease model of Hfe-mediated Hereditary 
Hemochromatosis (HH) as well as in liver biopsies from HH patients 
with homozygous C282Y mutations [92]. Liver is the major iron storage 
site and the endocrine organ responsible for the regulation of systemic 
iron homeostasis. In appropriately low hepcidin activity as a result of 
mutations in Hfe, Hjv, TfR2, or hepcidin itself cause the iron overload 
disorder HH. The liver enriched miR-122 has been found to be critical 
for the control of systemic iron homeostasis in mice by targeting Hfe and 
Hjv, which encode proteins crucial for the hepcidin hormone response 
to systemic iron availability (Figure 2). Previously there were 2 groups 
had specifically silenced miR-122 in mice [93,94]. They observed that 
mRNA levels of Hfe and Hjv were up-regulated in the livers of mice 
silenced for miR-122 and wondered whether miR-122 plays a role 
in regulating iron homeostasis. To investigate this they profiled the 
expression of miRNAs in the livers of Hfe-/- mice and wild-type mice 
with iron overload caused by iron-dextran injection. They found miR-
122 was down-regulated in Hfe-/- mice. No down-regulation of miR-
122 was observed in wild-type mice with iron overload.

MiR-122 depleted mice are hallmarked by decreased systemic iron 
levels, which result in an inadequate iron supply to the erythron that 
mildly impairs hematopoiesis [92]. Specifically, miR-122 inhibition 
increases reticulocyte counts, decreases the mean corpuscular volume 
(MCV) of erythrocytes, and reduces the reticulocyte hemoglobin 
content. Additionally, the iron content of the liver (site of iron storage), 
the plasma (site of iron transport), and the spleen (site of iron recycling) 
were reduced in miR-122-inhibited mice. The decrease in plasma iron 
levels resulted in reduced transferring iron binding capacity (TIBC) 3 
weeks after antimiR-122 injection. The finding that miR-122 regulates 
systemic iron homeostasis adds to a growing list of liver functions that 
are controlled by miR-122. For example, miR-122 levels are decreased in 
advanced liver diseases such as cirrhosis and hepatocellular carcinoma 
pathologies known to be exacerbated by increased liver iron levels [95-
98].

miRNA-210 decreases heme by targeting ferrochelatase

MiR-210 is highly expressed in human and murine erythroid cells 
and in the spleen of mice with hemolytic anemia [99]. Erythrocytes 
require iron to perform their duty as oxygen carriers. Recent reports 
have shown that Therefore, miR-210 might reports have indicated that 
the expression of miR-210 is induced by hypoxic conditions [100]. 
Play an important role in the connection of iron and oxygen. Several 
hypoxia-induced miR-210 directly targets iron-sulfur cluster scaffold 
proteins (ISCU 1/2) important proteins for the biogenesis and integrity 
of iron-sulfur clusters and consequently proper functioning of the 
electron transport chain [101-105]. Through modulation of ISCU, miR-
210 has been shown to alter mitochondrial respiratory complex activity 
and mitochondrial function [101-103]. Repression of iron-sulfur 

Figure 2: Role of miR-122 in iron homeostasis

miR-122 is critical for the control of systemic iron homeostasis by targeting 
3’UTR of Hfe and Hjv, which encode proteins crucial for the hepcidin hormone. 
Hepcidin protein interacts with iron exporter, ferroportin, and inhibits systemic 
iron uptake and iron release.
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clusters increases the functionality of IRP1 as an RNA binding protein 
and indirectly alters IRP1-dependent regulation [101,104].

It is shown that miR-210 levels are increased with iron chelation 
through a hypoxia-inducible factor (HIF)-dependent pathway [106]. 
MiR-210 is upregulated and target of hypoxia-inducible factors 1 and 
2 in renal cancer, and correlates negatively with its gene target ISCU 
at the protein and mRNA level [107]. It was supported by another 
study which showed that miR-210 was increased in hypoxic fibroblasts 
and high-altitude placentas. The increased miR-210 was related with 
decreased expression of its targets, Iron-Sulfur Cluster Scaffold (ISCU) 
and Cytochrome C Oxidase Assembly Protein (COX10) [108]. So we 
speculate that a signaling axis HIF-1α/microRNA - 210/ISCU may 
modulate gene expression and iron homeostasis.

Hypoxia enhances the generation of Reactive Oxygen Species 
(ROS). There is a positive feed-forward loop between ROS generation 
and miR-210 [109]. ROS generation could regulate miR-210 expression, 
and increase proliferation/migration of ASCs. MiR-210 itself increases 
ROS generation by downregulation of ISCU2.

Modulation of miR-210 alters cellular heme and the activity of both 
mitochondrial and cytosolic heme containing proteins. These effects 
occur through modulation of ferrochelatase by binding to the 3` UTR 
of its respective mRNA. Overexpression of ferrochelatase reverses the 
effects of miR-210 on heme and ferrochelatase. Because overexpression 
of ISCU1/2 lacking the 3` UTR does not alter miR-210–mediated 
changes in heme and ferrochelatase, the changes are independent of 
ISCU. MiR-210 targets two essential mRNAs for iron homeostasis, 
encoding TfR and ISCU. Furthermore, the distribution of miR-210-
expressing cells in inoculated tumor cells could be observed in the 
chronic hypoxic regions. These indicated that iron-deficiency-inducible 
miR-210 controls the expression of two iron regulatory proteins to 
optimize the survival and proliferation rate of cancer cells located in 
the chronic hypoxic regions [110].

miR-210 down-regulates ISCU and the Fe-S cluster to mediate 
the energy metabolic shift from aerobic oxidative phosphorylation to 
anaerobic glycolysis [101]. Concurrently, reduction of the Fe-S cluster 
activates IRP1, and subsequently the expression of TfR is enhanced, 
resulting in the elevated uptake of the iron. To reduce the cellular iron 
concentration, miR-210 directly suppresses the expression of TfR. 
Thus, miR-210 regulates iron homeostasis and avoids intracellular 
iron toxicity. Compared with normal cells, cancer cells require a large 
amount of iron; thus, they generally proliferate at a larger rate than their 
normal counterparts. Hence, iron chelators exert their anti-proliferative 
effects on tumors [111]. Moreover, down-regulation of TfR decreased 
cellular proliferation and altered expression of genes involved in cell 
cycle control [112]. Reduction of ISCU increases the binding activity 
of IRP1, but does not change its expression level. Thus, the effect of 
up-regulation of TfR by reduced ISCU depends on the amount of 
IRP1 protein. There are limitations to the up-regulation of TfR by 
the indirect pathway. Then, in the case of a further increase of miR-
210, direct suppression of TfR is superior to its up-regulation by the 
indirect pathway. Therefore, exogenous transfection of miR-210 causes 
TfR suppression, and reducing cellular proliferation [113,114]. These 
observations suggest that precise regulation of miR-210 expression level 
is vital for maintaining the iron homeostasis, leading to the survival and 
proper cellular proliferation of cancer cells.

miR-200b-mediated regulation of ferritin

Ferritin heteropolymers consist of 24 subunits of heavy (FtH1) 
and light (FtL) chains that bind iron from the cytoplasmic “Labile Iron 

Pool” (LIP) that is not exported or utilized [115]. Only the FtH1 subunit 
exerts ferroxidase activity that is necessary for iron deposition into 
the nanocage, while FtL facilitates iron nucleation and increases the 
turnover of the ferroxidase site. Ferritin detoxifies excess iron in a redox 
inactive form to prevent iron-mediated cell and tissue damage; it also 
constitutes an iron store whose mobilization involves both proteasomal 
and lysosomal degradation of ferritin. A recent study showed that 
human breast cancer cells with an aggressive mesenchymal phenotype 
express substantially higher mRNA and protein levels of FtH1 and FtL 
and lower LIP compared to breast cancer cells with an epithelial and 
less aggressive phenotype [116]. A large fraction of FtH1 in these breast 
cancer cells was associated with the chromatin-bound nuclear fraction, 
a finding that lacks explanation. Increased FtH1 levels correlated with 
low expression of miR-200b, a miRNA predicted to bind to the 3’UTR 
of FtH1. Unexpectedly, miR-200b transfection also decreased FtL 
protein levels, although the FtL 3’UTR is not predicted to bind to miR-
200b. It needs to be determined whether miR-200b-mediated ferritin 
regulation is related to previous clinical findings that patients with 
higher circulating plasma ferritin levels show worse treatment outcome 
compared to patients with lower ferritin values [116].

Concluding Remarks
The crosstalk between miRNA and iron homeostasis is critically 

maintained for many essential cellular functions. Distortion of 
systematic or cellular iron homeostasis, including iron deficiency 
and iron overload, causes frequent disorders such as cancer, 
neurodegeneration, anemia and hereditary hemochromatosis. As 
hall markers in the cases of disorders, miRNA expression is altered. 
Furthermore, Iron homeostasis is tightly regulated by miRNAs at 
the level of cellular uptake of iron-bound transferrin, iron storage by 
ferritin, and the hepatic control of systemic iron levels via hepcidin. 
These findings suggest that miRNAs control large regulatory networks 
that link micro-environmental stress, such as oxidative stress and 
hypoxia to the regulation of iron metabolism.

Many in vivo and in vitro investigations have shown that cancer 
cells are more sensitive to Fe deprivation compared with normal 
cells because of their marked Fe requirements depriving cancer cells 
of their essential iron is an approach for cancer treatment [117,118]. 
The etiology of neurodegenerative diseases, such as Parkinson’s 
disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and other 
neurodegenerative diseases, is not yet well understood. Accumulating 
evidence has pointed to iron dependent oxidative stress, elevated levels 
of iron, and depletion of antioxidants in the brain as major pathogenic 
factors [118]. Indeed, iron chelators have shown efficacy in a variety of 
cellular and animal models of cancer and neurodegenerative diseases. 
More recently, RNAi technology has been under rapid development 
to treat human diseases, and several pilot RNAi clinical studies are 
underway to test the therapeutic utility of RNAi-based approaches 
[119]. The identification of iron chelator as an enhancer of shRNA-
mediated RNAi could give a push to this development. It is hoped that 
combining these two approaches might have a synergistic effect and 
make for better therapeutic interventions.

As noted above, iron homeostasis is micromanaged by miRNAs. 
miR-122 binding sites in the 3’-UTRs of Hfe and Hjv are functional 
[92]. It would be interesting to see whether there are functional binding 
sites for other miRNAs in genes involved in iron metabolism in humans 
such as HFE and HJV. Which of these sites or whether of these sites 
are functional may be of some interest? It is quite possible that genetic 
variation in miRNAs binding sites in human transcripts or variation 
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in miRNAs itself may be responsible for phenotypic variations in iron 
parameters in both patients with iron overload disorders or the general 
population. Besides, miRNAs could be essential for maintaining 
other metal homeostasis in mammals; for example, copper, zinc, and 
cadmium. Dysregulation of metal homeostasis-related miRNAs may 
contribute to various diseases. Further analyses are required on how 
these miRNAs can be affected by genetic and epigenetic mechanisms in 
the physiological and pathological microenvironments.
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