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Abstract

Given their intrinsic pleiotropism, microRNAs (miR) play complex biological
roles, in both normal and pathological conditions. Often the same miR can act
as oncogene or oncosuppressor, depending on the biological process dys-
regulated in each specific tissue. miR-223 does not represent an exception to this
rule and its functions greatly differ in different contexts. miR-223 has been
widely studied in the hematopoietic compartment, where it plays a central role
in innate immune response, regulating myeloid differentiation and granulocytes
function. Accordingly, dysregulated expression of miR-223 has been associated
to different inflammatory disorders and tumors arising from the immune com-
partment. Most carcinomas, breast cancer being the most studied, display loss of
miR-223. However, in gastro-esophageal cancers miR-223 is frequently over-
expressed and correlates with worse prognosis. A link between miR-223 and
response to CDK4/6-inhibitors has been recently proposed, suggesting a role as
biomarker of therapeutic response. The notion that one of the most commonly
mutated protein in cancer, mutant p53, binds the promoter of miR-223 and sup-
presses its transcription, adds a further level of complexity to the full under-
standing of miR-223 in cancer. In this review, we will summarize the current
knowledge on the molecular networks that alter or are altered by miR-223, in
different cancer types. We will discuss if the times are ready for the exploitation
of miR-223 as predictive biomarker of treatment response or, even, as therapeu-
tic target, in specific settings. Finally, we will suggest which could be the next
steps to be taken for a realistic clinical application of miR-223.
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1 | INTRODUCTION

microRNAs, also known as miRNAs or miRs, are small non-coding RNA sequences of approximately 22 nucleotides
that can regulate gene expression at post-transcriptional level (Gebert & MacRae, 2019; O'Brien et al., 2018; Treiber
et al., 2019).

The generation of miRNAs starts with the transcription of long primary miRNAs (pri-miRNAs) in the cell nucleus,
their processing into a 60-110 nucleotides-long pre-miRNA and their export to the cytoplasm, where they are further
processed to eventually form the mature miRNA. This is initially a duplex, made by a 3p strand, originating from the 3’
end, and a 5p strand deriving from the 5’ end of the pre-miRNA hairpin, that is then unwound forming the so-called
guide strand and the passenger strand. The guide strand is the one that will be actually loaded onto the miRNA-induced
silencing complex (miRISC) to functionally silence its mRNA targets.

The miRNA specificity derives from the “seed” sequence of the miRNA, a 2-8 nucleotides-long sequence that binds
complementary sequences in different mRNA regions. miRNA preferentially binds the 3’-UTR sequence of target
mRNA; however, the binding to 5-UTR and to the coding sequence of the mRNA are also contemplated, in particular
situations. As a consequence of the binding, gene silencing through translation repression and mRNA decay is accom-
plished, with mRNA decay responsible for most of the silencing effect (Gebert & MacRae, 2019).

It is estimated that approximately 60% of human genes contain multiple seed binding sites, thus highlighting how
complex and critical the role of miRNA is in regulating gene expression (Gebert & MacRae, 2019; O'Brien et al., 2018;
Treiber et al., 2019). Taking in consideration the action of miRNAs together with the process of messenger RNA decay,
we can easily appreciate that as much as 50% of the changes in gene expression are at the level of mRNA stability
(Garneau et al., 2007; Heck & Wilusz, 2018).

In accord with the widespread distribution of seed binding sites among mRNAs, miRNAs are involved in almost
every cellular process, from development to differentiation and homeostasis, and their dysregulation is associated with
a wide number of pathologies, including cancer (Peng & Croce, 2016).

In the context of cancer, depending from the cellular or tissue context, a single miRNA can act both as tumor pro-
moter or suppressor, pinpointing the fact that the use of miRNA as prognostic marker or potential target for cancer
therapies has to be deeply contextualized (Peng & Croce, 2016).

The complex roles played by miRNA in normal and pathological conditions have been extensively and exhaustively
reviewed elsewhere (Haneklaus et al., 2013; O'Connell et al., 2010; Paul et al., 2018; Peng & Croce, 2016; Tan
et al., 2018). In this review we will focus on the role(s) of one specific miRNA, miRNA-223 (hereafter miR-223), in nor-
mal and pathological conditions.

miR-223 expression has been predominantly studied in the hematopoietic compartment, where it is abundant espe-
cially in neutrophils, macrophages, and myeloid progenitors (Fazi et al., 2005). However, besides its central role in the
innate immune response where it regulates myeloid differentiation and granulocytes function, abnormal expression of
miR-223 has been associated to many inflammatory disorders and cancer (Yuan et al., 2018).

Here, we will describe the experimental and clinical settings in which miR-223 activity has been implicated and the
different roles, even opposing, that it can play, depending on the tissue context or the cancer type. Most of studies have
focused on miR-223-3p and only a few on miR-223-5p; however, in most cases, the strand is not specified.

We will also discuss how the collected preclinical observations on miR-223 may turn into promising future clinical
applications, both as a predictive biomarker and as a potential therapeutic target.

Finally, we will highlight the caveats and the controversies that may currently prevent the use of miR-223 in human
cancer.

2 | MIR-223 IN INFLAMMATION AND INNATE IMMUNITY

Inflammation is the response of immune system against harmful stimuli and involves a huge variety of cellular and
molecular mediators, including microRNAs (C.-Z. Chen et al., 2004). This complex biological reaction leads to the pro-
duction and release of several inflammatory cytokines that activate immune cells, like neutrophils, macrophages and,
later on, adaptive immune cells (S.-C. Sun, 2017).

miR-223 has been initially identified bioinformatically and then found to be expressed in the hematopoietic system,
where it regulates the differentiation of myeloid progenitors (C.-Z. Chen et al., 2004).
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Great contribution to the understanding of the functional roles of miR-223 in normal and pathological conditions
came from the generation and study of the miR-223 knock-out (KO) mouse (Johnnidis et al., 2008). These mice were
born at normal Mendelian ratios, were fertile and displayed no gross abnormalities. At a deeper level of investigation, it
was found that they displayed an increased number of circulating neutrophils probably resulting from enhanced differ-
entiation and proliferation of the granulocyte progenitor pool. Neutrophils are an essential part of the innate immune
response as they are critical for the first line of defense against bacteria and fungi. While no significant difference was
found in the ability of mutant neutrophils to extravasate, migrate or to phagocytose, the absence of miR-223 led to
increased neutrophil activation and killing. It was hypothesized that loss of miR-223 could lead to neutrophil-mediated
disease and, accordingly, it was observed that the lungs of old miR-223 KO animals (>1.2 year) displayed inflammatory
lung pathology characterized by areas of atelectasis, increased cellularity within the parenchyma, and
inflammatory infiltration into the interstitial tissue (Johnnidis et al., 2008). In partial contrast, others reported that
miR-223 negatively regulated activation and chemotaxis of neutrophils. Accordingly, miR-223 KO mice displayed an
increased number of neutrophils in bone marrow, blood and lungs, causing mild inflammatory phenotypes under nor-
mal conditions. These neutrophils were hypersensitive to TLR4 stimulation and therefore, when challenged, they pro-
duced an excessive amount of pro-inflammatory cytokines (Dorhoi et al., 2013; Jeffries et al., 2019; Neudecker
et al., 2017). In line with these notions, it was shown that neutrophils are able to transfer miR-223 to pulmonary epithe-
lial cells, thus dampening acute lung injury through repression of PARPI, in a model of ventilator-induced acute lung
injury in mice (Dorhoi et al., 2013; Neudecker et al., 2017). The active transfer of miR-223 has been shown also in other
settings. miR-223-3p originating from neutrophils and macrophages can be transported in the circulation by high-
density lipoprotein (HDL) and delivered to recipient endothelial cells where it inhibits inflammation blocking neutro-
phils adhesion to the vascular endothelium and preventing infiltration into the sub-intimal space (Cuesta Torres
et al., 2019; J. Li, Tan, et al., 2017; Vickers et al., 2011).

Further, both in neutrophils and macrophages, miR-223 inhibits the activity of the NLRP3 inflammasome by bind-
ing the 3’-UTR of NLRP3 mRNA, thereby decreasing NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3)
availability. Accordingly, miR-223 deficiency can lead to the sustained activation of NLRP3-IL-1f leading to acute lung
injury/acute respiratory distress syndrome in patients with pulmonary inflammatory injury. Elimination of peripheral
Ly6G-+ neutrophils and/or pharmacological blockade of the miR-223-NLRP3-IL-1f signaling axis could alleviate acute
lung injury (Bauernfeind et al., 2012; Feng et al., 2017).

With regards to macrophages, it was shown that miR-223 KO mice display enhanced Toll-like receptor 4 (TLR4)-
activated M1 (pro-inflammatory) and reduced IL-4-stimulated M2 (anti-inflammatory) responses. At molecular level,
absence of miR-223 released STAT3 from miR-223-driven inhibition, leading to the production of inflammatory IL-1§
and IL-6 (Q. Chen et al., 2012). Consistently, when TLR4 was activated it led to downregulation of miR-223, thereby
inducing the same phenotypes.

Notably, in other settings the same molecules have been reported to act in completely different manners. In
E6-driven cervical squamous cell carcinoma (CSCC) transcriptional activity of STAT3 has been reported to mediate
miR-223-3p expression, which, in turn, induced IL-6 secretion by cocultured monocyte/macrophage, forming a positive
activation feedback loop (J. Zhang et al., 2020).

The promoter sequence of miR-223 contains three PPARS regulatory elements, which enhance miR-223 expression
in bone marrow-derived macrophages, regulating their polarization (Ying et al., 2015). The PPARS/miR-223 regulatory
axis also targets the alternative pathway of macrophage activation, acting on RASA1 and NFATS5, altogether highlight-
ing the central role of miR-223 in controlling macrophage polarization (Ying et al., 2015).

It was also shown that miR-223 KO mice display low platelet counts and prolonged time to occlusive thrombosis in
comparison to their wild-type counterpart, after carotid injury. The mechanism responsible for this phenotype involved,
at least in part, the downregulation of IGFR1 by platelet miR-223, and suggests inhibition of platelet miR-223 or activa-
tion of its downstream target IGFR1 as potential therapeutic strategies to prevent arterial thrombosis (H. Wang
et al., 2017).

Furthermore, deficiency of platelet miR-223 in KO mice leads to enhanced vascular smooth muscle cell (VSMC) dif-
ferentiation, thereby impairing the process of vessel injury repair induced by arterial wire injury experiments in diabe-
tes mellitus mouse model. This phenotype is caused by the action of miR-223 which targets platelet-derived growth
factor receptor p (PDGFR f). In the absence of miR-223, PDGFR f is upregulated thus contributing to VSMC prolifera-
tion and hyperplasia (Zeng et al., 2019).

Finally, in natural killer (NK) cells, innate lymphocytes important for early host defense against pathogens and for
surveillance against malignant transformation, miR-223 was found to be significantly downregulated following cytokine
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activation. In this context, while miR-223 specifically targeted the 3’-UTR of granzyme B in resting NK cells, miR-223
was promptly downregulated upon NX cell activation, for example, via IL-15 (Fehniger et al., 2010).

Altogether, the regulation of miR-223 expression in different types of immune cells is crucial to induce their activa-
tion and/or mediate the inflammatory response properly. Increased plasma levels of myeloid cells, such as poly-
morphonucleated neutrophils and macrophages/monocytes, are associated with unstable coronary artery disease and
cardiovascular events and mis-regulation of neutrophil activation is associated with several inflammatory and autoim-
mune diseases, strongly supporting that pharmacological manipulation of miR-223 may hold great promise in many
clinical settings.

3 | MIR-223 IN CANCER ONSET AND PROGRESSION
3.1 | Hematological tumors

Given the important role played in controlling myeloid progenitor differentiation and immune response, it was largely
expected that miR-223 was frequently dysregulated in tumors arising from the hematological/immune compartment.
Indeed, the expression of miR-223 in these pathologies can be either up-regulated or down-regulated, depending on the
tumor type.

In T-cell acute lymphoblastic leukemia (T-ALL), a very aggressive cancer of the bone marrow, the expression of
miR-223 is increased compared with their normal counterpart, due to the action of the Notch pathway, which is sub-
jected to activating mutations in most T-ALL cases, and the NF-kB pathway (Chiaretti et al., 2010; Mavrakis
et al., 2011; Shu et al., 2020). In vitro experiments demonstrate that miR-223-3p targets the 3-UTR of ARRBI1, a mem-
ber of the p-arrestin family which facilitates Notchl ubiquitination and degradation. As a consequence, ARRB1 is
expressed at low levels in T-ALL patients. Conversely, when ARRBI is exogenously expressed, T-ALL proliferation
is impaired and survival of T-ALL xenograft animals improved. Together, these data show how miR-223-3p impairs the
tumor suppressive role of ARRB1 in T-ALL, thus upregulating Notch and creating a positive feedback loop that fosters
T-ALL progression (Shu et al., 2020). miR-223 is also involved in another important pathway which is commonly dys-
regulated in T-ALL, the TAL1/FBXW7 axis. TAL1 complex, a well-known oncogenic transcription factor in T-ALL,
binds miR-223 promoter enhancing its transcription (Sanda & Leong, 2017). Mansour et al. demonstrated that aberrant
upregulation of miR-223 by TAL1 complex is important for the growth of TAL1-positive T-ALL cells, and sustained
expression of miR-223 partially rescues T-ALL cells after TAL1 knockdown (Mansour et al., 2013). Furthermore, TAL1
regulation of miR-223 also impacts on FBXW?7, an E3 ubiquitin ligase that plays an important tumor suppressor role in
T-ALL by priming a pool of oncogenes like Myc, Myb, and Notch1 for degradation via proteasome and that is targeted
by miR-223. Accordingly, loss-of-function of FBXW?7 is present in 20% of T-ALL patients (Welcker & Clurman, 2008)
and Fbxw?7 knockout mice spontaneously develop T-ALL (Onoyama et al., 2007).

Treatment with y-secretase inhibitors (GSI) to inhibit Notch signaling in T-ALL cells can have differing effects on
miR-223. Kumar et al. report that treatment with GSI in vitro increased endogenous levels of miR-223 in GSI-resistant
T-ALL cells, whereas it lowered them in GSI-sensitive cells (Kumar et al., 2014). On one side, the GSI inhibited Notch
activation by blocking Notch cleavage, on the other it increased the expression of miR-223 transcriptional activator
C/EBPaq, but only in GSI-resistant cells. Ectopic modulation of miR-223 expression subverted the GSI sensitivity of GSI-
resistant T-ALL cells. Moreover, GSI treatment resulted in decreased expression of FBXW?7 in GSI-resistant T-ALL cells,
whereas it did not affect FBXW?7 levels in GSI-sensitive ones (Kumar et al., 2014). Altogether, these data point to a key
role of miR-223 in regulating the response to GSI and suggest that blockade of miR-223 may be exploited in T-ALL tar-
get therapy to revert GSI resistance.

In acute myeloid leukemia (AML), a cancer of the myeloid line of blood cells, miR-223 show the opposite trend,
with low levels of miR-223 correlating with poor prognosis of the patients (Gentner et al., 2015; Guopan Yu
et al., 2020). Pulikkan et al. discovered an autoregulatory negative feedback loop linking C/EBPa, miR-223 and E2F1
normally regulating granulopoiesis and dysregulated in AML (Pulikkan et al., 2010). C/EBPa function is frequently
altered by various mechanisms in AML and C/EBPa mutations are reported in approximately 10% of patients. When
this happens, transcription of miR-223 by C/EBPa is decreased, resulting in accumulation of E2F1, that would be
targeted by miR-223 under normal conditions. Overexpressed E2F1 then binds to miR-223 promoter acting as repressor,
further inhibiting miR-223 transcription through a negative feedback loop, eventually resulting in myeloid cell differen-
tiation blockage, proliferation and AML progression. This hypothesis was confirmed both in vivo, since protein levels of
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E2F1 were increased in bone marrow neutrophils derived from miR-223 null mice, and in vitro, since overexpression
of miR-223 led to downregulation of E2F1 protein levels, overall confirming the ability of miR-223 to modulate E2F1
expression (Armenia et al., 2014; Pulikkan et al., 2010). Low levels of miR-223 correlate with poor prognosis also in
AML patients carrying the AML1/ETO fusion protein. AML1/ETO, the most common chromosomal alteration in AML,
exerts its oncogenic activity increasing the affinity for histone deacetylase (HDAC) and DNA methyltransferase, thus
acting as a potent transcriptional repressor (Fazi et al., 2007). Fazi et al. demonstrated that AML1/ETO chromatin rem-
odeling complex binds the pre-miR-223 sequence, leading to transcriptional silencing of miR-223. Moreover, ectopic
expression of miR-223, RNAi against AML1/ETO, or demethylating treatment, enhances miR-223 levels and restore cell
differentiation, thus highlighting a new important function for this leukemia fusion protein (Fazi et al., 2007).

Also in chronic lymphocytic leukemia (CLL) patients low miR-223 expression levels decrease with disease progres-
sion and significantly predict treatment-free survival and overall survival (Stamatopoulos et al., 2009). An explanation
of the mechanism that might explain the correlation between low levels of miR-223 and poor prognosis was provided
by the group of Rodriguez-Vicente et al. (2015). In CLL, Heat shock proteins (HSPs) are upregulated and they might
play a role in cancer cell survival (Castro et al., 2005). The work of Rodriguez-Vicente shows that a common polymor-
phism present in 24% of CLL patients (rs2307842) disrupts the binding site for miR-223 in HSP90B1, leading to its over-
expression in B lymphocytes (Rodriguez-Vicente et al., 2015).

Little is known about miR-223 role in chronic myeloid leukemia (CML). However, it is known that the BCR-ABL
oncoproteins, the leukemia-specific gene products of the Philadelphia chromosome translocation, inhibits the transla-
tion of C/EBPa, the principal regulator of granulocytic differentiation and a well-known transcriptional regulator of
miR-223 (Perrotti et al.,, 2002). Other transcription factors involved in miR-223 expression are also dysregulated in
CML, together with the presence of a chronic granulocytic maturation arrest in which miR-223 might be involved.
MEF2C, a transcription factor required for cell survival and proliferation which plays also a role in lymphopoiesis and
myelopoiesis (Stehling-Sun et al., 2009), has been described as a miR-223 target in CML. Also PTBP2, an RNA-binding
neuronal-specific protein involved in the splicing of nuclear transcript and in the stabilization of certain miRNAs in the
cytoplasm, is a target of miR-223 in CML (Agatheeswaran et al., 2013). Together, these data strongly suggest that miR-
223 plays a tumor-suppressive role in CML.

In mantle cell lymphoma (MCL), a very aggressive lymphoid malignancy, purified CD19+ lymphocytes from
patients display downregulated miR-223 levels in comparison with those from healthy donors (K. Zhou et al., 2018).
miR-223 overexpressing MCL cells showed decreased cell proliferation, increased cell-cycle arrest and a twofold
increase of apoptotic cells, compared with controls. SOX11, a highly specific marker for both cyclin D1-positive and
D1-negative MCL, was identified as target of miR-223 in MCL. Accordingly, miR-223 and SOX11 expression levels
inversely correlated to each other and high miR-223 predicted better prognosis in MCL patients (Mozos et al., 2009;
K. Zhou et al., 2018).

In pediatric lymphoblastic T-cell lymphoma (T-LBL), a pathology that shares many clinical features with T-ALL,
miR-223 was frequently overexpressed and was an integral part of a six-genes T-LBL specific miR-signature (Mussolin
et al., 2014). In line with what observed in T-ALL, increased Notchl activity, via direct targeting of FBXW7, a negative
modulator of Notchl, was identified as a main mechanism of miR-223 pro-oncogenic activity in these T cells. The work
of Pomari et al. confirmed the observed high level of miR-223 in T-LBL patients, associated with worse prognosis and
decreased PFS (Shaw, 2009). They also discovered that SIK1, a key regulator of anoikis associated with metastatic
spread and survival of disseminated cells in solid tissues, was a miR-223 target in T-LBL. Protein levels of SIK1 were sig-
nificantly reduced in patients expressing high levels of miR-223, while they were almost undetectable in relapsed
patients, in which very high level of miR-223 were present, altogether pointing to a possible role as onco-miR for
miR-223.

Together, the literature on hematological cancers shows that miR-223 is extensively involved in the pathogenesis
and progression of these diseases, being either down-regulated or up-regulated.

3.2 | Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) represents the fourth most common cause of cancer-related death worldwide and it is
well reported that altered miRs expression is associated with both physiological and pathological liver conditions,
impacting on liver metabolism, injury, fibrosis and, eventually, also on tumor development (X. Wang et al., 2021; J. D.
Yang et al., 2019).
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In alcohol-associated liver disease (ALD) and in non-alcoholic fatty liver disease (NAFLD) patients or mouse models
miR-223 levels are elevated in serum and liver. However, ablation of miR-223 expression exacerbated ALD (M. Li, He,
et al., 2017) and NAFLD (He et al., 2019) in mice. Accordingly, the murine model of miR-223 KO fed with a high-fat
diet (HFD) displayed increased NAFLD that could evolve into non-alcoholic steatohepatitis (NASH), liver fibrosis,
higher levels of hepatic neutrophils and macrophages, inflammatory cytokines, proliferation markers and HCC
markers. After 1 year of HFD, this pre-tumoral condition evolved in HCC in a much higher rate in miR-223 KO mice
compared with wild-type ones (He et al., 2019). This could be due, at mechanistic level, to the fact that miR-223 inhibits
IL-6 expression and, subsequently, attenuates the IL-6 pathway in neutrophils, thereby protecting against ALD (M. Li,
He, et al., 2017). Reduction of miR-223 led to subsequent upregulation of the miR-223 target gene transcriptional activa-
tor with PDZ-binding motif (TAZ), a well-known factor to promote NASH fibrosis (Hou et al., 2020). Mice with a dele-
tion of the granulocyte-specific miR-223 gene showed an impairment of the phenotypic switch of proinflammatory
macrophages into a restorative profile that could be reversed by treating animals with miR-223-3p mimic or by infusion
of neutrophils from wild-type mice (Calvente et al., 2019; He et al., 2021). Just recently, He et al. demonstrated that neu-
trophils were able to deliver miR-223 in hepatocytes by secreting miR-223-enriched extracellular vesicles (EV) and, once
internalized by hepatocytes, the EV-derived miR-223 acted to inhibit hepatic inflammatory. However, if this uptake
was for any reason impaired, the progression of steatosis to NASH was accelerated (He et al., 2021).

miR-223 is commonly repressed in HCC and cell lines and it is known to modulate cell viability interacting with
many different targets (Y. W. Dong et al., 2014; X. Wang et al., 2021; Wong et al., 2008; Guifang Yu et al., 2016). In vitro
overexpression of miR-223 significantly suppressed cell proliferation and induced apoptosis in HCC cell lines (Z. Dong
et al., 2017). Overexpression of miR-223 induced downregulation of mTOR and p70S6K signaling axis activation and
decreased levels of the antiapoptotic protein Bcl-2. This modulation of the mTOR pathway and Bcl-2 was mediated by
Rabl, a member of the Rab small GTPase family, that was a confirmed target of miR-223 in HCC (Z. Dong et al., 2017).

Another well-established target of miR-223 in HCC is stathmin 1, a cytosolic phosphoprotein acting as key regulator
of microtubule dynamics and whose expression in tumors and cell lines inversely correlated with the one of miR-223
(Wong et al., 2008). Other studies pinpointed that miR-223 levels were particularly low in highly metastatic HCC cell
lines and its overexpression hampered their migration in vitro (Y. W. Dong et al., 2014). The modulation of av integrin
by miR-223 partially accounted for this behavior. Accordingly, both cell lines and patient samples displayed an inverse
correlation between miR-223 and av integrin levels, with enhanced miR-223 expression that impaired the av integrin-
mediated cell migration (Y. W. Dong et al., 2014). Previous studies reported that sulfatide, a class of glycolipids that con-
tains a sulfate group, induced the expression of av integrin (Zhong Wu et al., 2004) and was also able to downregulate
miR-223 expression through decreased recruitment of acetylated histone H3 and C/EBPa to its promoter, unveiling a
novel regulator of miR-223 expression (Y. W. Dong et al., 2014). Moreover, miR-223 has been implicated in the modula-
tion of ABCBI, also known as multidrug resistance protein 1, reducing the accumulation of drugs and inducing
multidrug resistance (T. Yang et al., 2013). Yang et al. demonstrated that ABCBI is a target of miR-223 in HCC and
overexpression of miR-223 in vitro increased sensitivity to doxorubicin and paclitaxel by suppressing ABCB1 expression,
while its inhibition showed the opposite effect (T. Yang et al., 2013). Finally, a downmodulation of miR-223 expression
was observed as part of a six-miRNA signature that was reported as independent predictor of overall survival and
recurrence-free survival in HCC patients (Han et al., 2012).

3.3 | Gastro-esophageal cancer

Gastric cancer (GC) is the third cause of cancer-related death worldwide and its incidence, as well as its clinicopatho-
logic features, differ among geographical regions, highlighting how GC is a heterogeneous group of diseases whose
development is caused by a wide number of predisposing and etiologic factors (Russo & Strong, 2019). It is known that
GC cells and tissues display increased levels of miR-223-3p in comparison to healthy controls and these levels correlate
with tumor invasion, lymph node metastasis and recurrence risk (X. Li et al., 2011; X. Zhou et al., 2015; Zhu
et al., 2020). Accordingly, miR-223-3p has been found inside exosomes deriving from peritoneal fluids of metastatic GC
patients, correlating with peritoneal cancer index (Ohzawa et al., 2020). miR-223 can exert its oncogenic role in gastric
cancer through different pathways, some of which are not fully clarified. In vitro experiments demonstrated that miR-
223 was upregulated upon Helicobacter pylori infection and this upregulation was NF-kB-dependent (Link et al., 2015;
F. Yang, Xu, et al., 2018). Interestingly, miR-223 overexpression significantly dropped following the bacterium eradica-
tion, suggesting that miR-223 upregulation could result, at least in part, from the inflammatory infiltrate triggered by



FAVERO E . A 7o0f21
S B WiREs_ W LEY-L 7o

the H. pylori infection. NF-kB bound and activated miR-223 promoter and pre-treatment with NF-kB inhibitor or its
silencing abrogated miR-223 upregulation. High levels of miR-223-3p enhanced GC cell proliferation and migration, via
direct modulation of ARID1A (AT-Rich Interaction Domain 1A), a regulator of transcription, member of the of the
SWI/SNF family (F. Yang, Xu, et al., 2018). Twist is a pro-migratory factor dysregulated in GC, whose high expression
levels correlate with metastasis in gastric cancer (Yan-Qi et al., 2007). In vitro experiments demonstrated that Twist
bound and activated the putative promoter of miR-223, which, in turn, targeted EPB41L3 (Erythrocyte Membrane Pro-
tein Band 4.1 Like 3), a tumor suppressor gene that modulates the activity of protein arginine N-methyltransferases.
The Twist/miR-223/EPB41L3 axis may, at least in part, account for the role of miR-223 in GC metastasis (X. Li
etal., 2011).

The potential role of miR-223 in GC drug resistance has been also investigated. FBXW?7, a target of miR-223 in GC,
has been involved in both cisplatin and trastuzumab miR-223-mediated drug resistance (Eto et al., 2015; X. Zhou
et al., 2015). Accordingly, miR-223 and FBXW?7 expression displayed an inverse correlation both in cells and tissue sam-
ples from GC patients. Inhibition of miR-223 or FBXW7 overexpression partially restored the sensitivity to cisplatin in
resistant cell lines, increasing cell-cycle arrest and apoptosis, pointing to the miR-223/FBXW?7 axis as a predictive
marker of cisplatin response and a novel target for GC patients (X. Zhou et al., 2015). This regulatory axis also modu-
lated trastuzumab response. Overexpression of miR-223 reduced FBXW7 levels and the sensitivity of HER2-positive GC
cells to trastuzumab, while suppression of miR-223 led to the opposite effects (Eto et al., 2015). Collectively, these
results highlight a key role of miR-223/FBXW?7 axis in regulating drug resistance in GC cells.

In contrast with all GC studies cited above, Kang et al. report a low expression of miR-223 in GC and, as observed
in hepatocellular carcinoma, an inverse correlation with the microtubule destabilizing protein, stathmin 1, upregulated
in both GC cell lines and primary gastric adenocarcinomas (Kang et al., 2012).

In line with what has been reported in most GC studies, esophageal cancer also displays an up-regulation of miR-
223. An early and progressive miR-223 upregulation during the different steps of gastric mucosa transformation and
during Barrett esophageal adenocarcinoma (BAc) evolution was reported, with a significant overexpression in Barrett
mucosa in comparison to naive esophageal mucosa (Fassan et al., 2017; Streppel et al., 2013). Accordingly, also the cir-
culating levels of miR-223 were higher in GC and BAc patients, suggesting the measurement of circulating miR-223 as
potential early biomarker for these pathologies (Fassan et al., 2017). Notably, the authors were able to demonstrate that
the epithelial compartment of BAc expressed miR-223, displaying higher migratory and invasive properties in cell
autonomous manner (Fassan et al., 2017; Streppel et al., 2013). Although the progressive upregulation of miR-223 dur-
ing BAc pathogenesis seemed to contribute to the aggressive phenotype, the authors propose that, due to miR-223 regu-
lation of PARP1 in this context, these patients may benefit from DNA-damaging chemotherapeutic treatments
(Streppel et al., 2013). The fact that longstanding inflammation is often the leitmotiv in GC and BAc development and
that miR-223 plays a driving role as “oncomiR” in these two cancer types, suggests that inflammation-driven miR-223
may modulate targets and trigger effects in a different way from what it does in other contexts.

Finally, inadequate dietary zinc intake is implicated in the etiology of esophageal squamous cell carcinoma (ESCC)
in many populations, including people with heavy alcohol consumption. Notably, prolonged zinc deficiency also leads
to a cancer-associated inflammatory program, that first results in esophageal hyperplasia and then, upon subsequent
exposure to environmental carcinogens, evolves to ESCC (Fong et al., 2016). Strong positive staining for miR-223,
accompanied by downregulation of its target FBXW7, was detected in moderately to poorly differentiated ESCC sam-
ples, whereas the staining was almost absent in the normal mucosa adjacent to the tumor site (Fong et al., 2016).
Together, these results identified a miRNA signature that may underlie the molecular pathogenesis of ESCC in zinc-
deficient population (Fong et al., 2016) and further support the different role played by miR-223 in inflammatory
contexts.

3.4 | Breast cancer

Dysregulated miR-223 expression and function have been observed in many other cancer types, such as ovarian, cervi-
cal, head and neck carcinomas and sarcomas, often sharing common mechanisms of regulation. However, its precise
role has been often less investigated and it is therefore not completely clear.

Here, we will now focus on the reported role(s) of miR-223 in breast cancer, in which miR-223 plays mainly
oncosuppressive functions.
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Breast cancer (BC) represents the first most common cause of cancer-related death in women worldwide. As it is a
highly heterogeneous disease, treatment strategies depend on the molecular subtype (Harbeck et al., 2019). Indeed,
expression profile of miRNAs has also been proposed to distinguish between cancer and healthy samples, but also to
classify specific molecular subtypes of breast cancer including HER2, Luminal A, Luminal B, and TNBC. As expected,
many miRNAs have been deeply involved in the regulation of different pathway in BC, such as those involved in prolif-
eration, apoptosis, metastasis, recurrence, and drug resistance (Loh et al., 2019). At this regard, it has been reported that
downregulation of miR-223-3p, as a part of a 4-miR-signature, is associated with HER2 status in the TCGA cohort
(Kunc et al., 2020).

It has been reported that miR-223 can target the epidermal growth factor (EGF) thereby dampening the activation
of the EGF pathway, a key pathway in normal mammary gland development and breast cancer (Fabris et al., 2016). In
BC patients, in the setting of surgery and intra-operative radiotherapy (IORT), an up-regulation of miR-223 expression
was observed in the peri-tumoral normal mammary gland following IORT (Fabris et al., 2016). This peak of miR-223
was able to attenuate EGF local release and the autocrine/paracrine EGF/EGFR signaling that is strongly induced by
the surgical act (Fabris et al., 2016). Dampening of the EGF pathway, thanks to this miR-223 local upregulation, eventu-
ally resulted in decreased survival of residual isolated cancer cells, left behind after surgery, which, in turn, translated
into the improved recurrence-free survival observable in IORT-treated patients (Fabris et al., 2016). Accordingly, circu-
lating miR-223 levels were found to be diminished post-surgically in matched samples harvested pre-operatively and
post-operatively from BC patients (Kodahl et al., 2014; Kudela et al., 2020).

In recent work, the analysis of miR-223 expression in a large cohort of different subtypes of BC patients demon-
strated that miR-223 is downregulated in BC, mainly in the luminal and HER2 positive subtypes (Citron et al., 2020).
Furthermore, it was observed that miR-223 levels decreased in the transition from healthy mammary tissue to ductal
carcinoma in situ (DCIS) and, even further, to invasive ductal carcinoma (IDC), suggesting miR-223 as a marker for
identifying pre-cancerous lesions that will likely progress to cancer (Citron et al., 2020). However, it is to note that
Yoshikawa et al., who looked at circulating exosomal miR-223-3p levels, found these levels to be significantly higher in
patients with IDC compared with DCIS (Yoshikawa et al., 2018), indicating that the use of miR-223 as biomarker in this
setting is still quite controversial.

At mechanistic level, it has been reported that miR-223 impinges on BC cell proliferation in different ways. In vitro,
oncogene activation mediated early miR-223 suppression through the promotion of E2F1 activity; then, low miR-223
levels further allowed for increased E2F1 expression, since E2F1 is also a target of miR-223 (Armenia et al., 2014; Citron
et al., 2020). Others recently reported that chaperonin-containing TCP1 complex 3 (CCT-3) may promote breast cancer
cell proliferation by directly binding to miR-223, thus weakening the regulation of miR-223 on the Wnt/b-catenin path-
way (Qu et al., 2020).

miR-223 together with other regulatory miRNAs inhibits proliferation and migration of BC cells in vitro, impairing
the activity of STIM1 (Kulkarni et al., 2019). STIM1, a protein involved in controlling the entry of calcium ions into
cells, displays high levels of expression in BC tissues and inversely correlate with miR-223 ones (Y. Yang, Jiang,
et al., 2018). Similarly, caprinl, a protein involved in the proliferation of human breast cancer cells, may be targeted by
miR-223 and the expression levels of caprinl and miR-223 inversely correlated in breast cancer cell lines (Gong
et al., 2013).

The interaction between miR-223 and NLRP3, critical in the control of the inflammation process, has been also
demonstrated in BC. The inhibition of the NLRP3 inflammasome, driven by miR-223-3p, blocks the growth and the
immunosuppressive ability of BC, both in vitro and in vivo, representing a new potential therapeutic strategy in BC
management (L. Zhang et al., 2019).

Little is known about miR-223 in triple-negative breast cancer (TNBC). However, downregulation of miR-223 in
TNBC stem cells has been demonstrated and miR-223 overexpression re-sensitized TNBC stem cells to TRAIL-induced
apoptosis, by targeting HAX1 (HCLS1 associated protein X-1), a protein known to associate with hematopoietic cell-
specific Lyn substrate 1, a substrate of Src family tyrosine kinases, and whose mutation results in autosomal recessive
severe congenital neutropenia (X. Sun et al., 2016).

Finally, particularly in BC, an interesting role of miR-223 has been unveiled in extracellular vesicles (EV), especially
exosomes. EV can be secreted by the primary tumor, as well as by stromal and immune cells, and are now widely recog-
nized as carriers of key messages that can affect sites both near and far from the primary tumor. This horizontal signal-
ing may be responsible for formation of the pre-metastatic niches, for promotion of quiescence and, also, for drug
resistance (Lakshmi et al., 2021).
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It has been reported that miR-223 can be transmitted from the bone marrow stroma to the BC cells to induce dor-
mancy of bone marrow metastases, via dampening of CXCL12 signaling (Lim et al., 2011). Furthermore, mesenchymal
stem cells, primed by BC cells to release exosomes containing miR-223, promoted quiescence in a subset of cancer cells
and conferred drug resistance. The possibility to target these dormant BC cells, by systemic administration of MSC
loaded with antagomiRs, has been proposed (Bliss et al., 2016).

Given the fact that these noncycling cells are substantially invisible to the immune system and to traditional thera-
pies and that BC can recur even decades after initial diagnosis, implying that they display a very long-term survival, the
development of treatments targeting these dormant cells represent a very promising approach to eradicate BC.

3.5 | miR-223 and p53

TP53, the gene coding for the p53 tumor suppressor gene, is the most mutated gene in human cancer. Presence of TP53
mutations correlates with poor prognosis in many cancer types (Kandoth et al., 2013). p53 pathway is activated during
normal cellular responses, such as senescence, apoptosis and stress responses, such as DNA damage (Lakin &
Jackson, 1999). Most of TP53 mutations generate p53 variants that are no more capable to bind the classical p53 targets
on DNA (loss-of-function). In addition, some mutants gain the ability to repress the activity of the wild-type counter-
part, either through interaction with other transcription factors or by direct binding to secondary DNA structures (gain-
of-function) (Gohler et al., 2005; Kim & Lozano, 2018; Mantovani et al., 2019).

p53 can also bind and regulate miRNA expression and activity. Masciarelli et al. demonstrated that mutant p53
binds the miR-223 promoter in breast cancer and colon cancer cell lines, suppressing its transcription (Masciarelli
et al., 2014). However, this interaction only occurred in the presence of the transcriptional repressor ZEB-1. Moreover,
in vitro overexpression of miR-223 in cell lines harboring mutant p53 sensitizes them to DNA-damaging agents and
decreased S phase accumulation or the percent of cells in S phase, promoted by the gain-of-function mutation of p53.
Mutant p53-mediated repression of miR-223 eventually impacted on the expression of its target stathmin 1, a well-
recognized oncoprotein that eventually mediates cellular resistance to chemotherapeutic drugs (Masciarelli
et al., 2014).

Also, in lung squamous cell carcinoma, mutant p53 binds to miR-223 promoter and represses its transcription, thus
increasing cell proliferation and migration. Furthermore, miR-223-3p was able to bind mutant p53, thereby creating a
fine-tuned feedback loop (Luo et al., 2019).

Together, all these data highlight the important role of miR-223 in p53 pathway, suggesting a possible role of miR-
223 as therapeutic target and/or prognostic factor.

4 | MIR-223 AS POTENTIAL BIOMARKER

As summarized in Table 1, miR-223 expression levels in tissues are actively regulated by several biological processes.
Thus, it is conceivable that miR-223 profile might be considered as diagnostic biomarker in many types of cancer. How-
ever, there are several obstacles limiting this approach, especially in terms of accessibility to tissue specimens. Interest-
ingly, an increasing number of papers report that also the circulating levels of miR-223 are associated with different
steps of tumorigenesis, and they could be easily evaluated with molecular biology assays. Since microRNA molecules
can also be secreted from cells and are remarkably stable in plasma, they have been frequently proposed as a new class
of disease biomarkers. Although several technical and biological issues need to be overcome before a practical clinical
application may be reached, they have most of the features that an excellent biomarker must possess. For this reason,
the research in this field in general, and in the field of miR-223 in particular, is very active during these days.

Regarding GC, in which miR-223 levels are increased compared with normal tissue, it was first hypothesized that
the plasma levels might show some alterations. In fact, many studies demonstrated that miR-223 plasma levels are sig-
nificantly higher in GC patients, but they are independent of the metastasis status (B. Li et al., 2012; Sierzega
et al., 2017). Further analysis demonstrated that also Barrett esophageal adenocarcinoma patients display higher level
of circulating miR-223 in comparison to healthy control (Fassan et al., 2017). Moreover, circulating levels of miR-223
seem to be regulated during the infection process, in fact they increase upon Helicobacter pylori infection both in GC
patients and in healthy donors (B. Li et al., 2012). Other studies also showed that the peritoneal expression profile of
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TABLE 1 miR-223 in cancer
Expression
Cancer type Up Down Pathway Target(s) Hallmark/process References
T-cell acute lymphoblastic T Notch; NF- ARRBI1 Proliferation Chiaretti et al. (2010);
leukemia (T-ALL) kB Mavrakis et al. (2011); Shu
et al. (2020)
T - TAL1/ Proliferation Sanda and Leong (2017);
FBXW?7 Mansour et al. (2013);
Welcker and
Clurman (2008); Onoyama
et al. (2007); Kumar
et al. (2014)
Acute myeloid leukemia ! C/EBPa E2F1 Differentiation and Pulikkan et al. (2010)
(AML) proliferation
i} AML1/ETO - Differentiation Fazi et al. (2007)
Chronic lymphocytic l Heat shock HSP90B1 Survival Rodriguez-Vicente
leukemia (CLL) proteins et al. (2015); Castro
(HSPs) et al. (2005)
Chronic myeloid leukemia l C/EBPa MEF2C/ Granulocytic Perrotti et al. (2002);
(CML) PTBP2 maturation Stehling-Sun et al. (2009);
Agatheeswaran
et al. (2013)
Mantle cell lymphoma (MCL) ! - SOX11 Survival Mozos et al. (2009); K. Zhou
et al. (2018)
T-cell lymphoblastic i Notch 1 FBXW7/ Survival, proliferation, Mussolin et al. (2014);
lymphoma (T-LBL) SIK1 and metastasis Shaw (2009)
Hepatocellular carcinoma 1 mTOR/ Rabl Survival and Dong et al. (2017)
(HCC) p70S6K; proliferation
BCL-2
1 p53 Stathmin 1 Survival, proliferation, Wong et al. (2008); Han
and metastasis et al. (2012)
l - ABCB1 Drug response Yang et al. (2013)
l C/EBPa av Drug response, Dong et al. (2014); Zhong
integrin migration, and Wau et al. (2004)
metastasis
Hepatocellular carcinoma ! 1L-6 TAZ Inflammation and Li, He, et al. (2017); Li, Tan,
(HCC), alcohol-associated proliferation et al. (2017); He
liver disease (ALD), non- et al. (2019); Hou
alcoholic fatty liver disease et al. (2020); Calvente
(NAFLD), non-alcoholic et al. (2019); He
steatohepatitis (NASH) et al. (2021)
Gastric cancer (GC) T NF-kB ARID1A Proliferation and Link et al. (2015); F. Yang,
migration Xu, et al. (2018)
T Twist EPB41L3 Metastasis Li et al. (2011)
T - FBXW7 Drug response Zhou et al. (2015); Eto
et al. (2015)
1 p53 Stathmin 1 Survival, proliferation, Kang et al. (2012)
and metastasis
Esophageal squamous cell T DNA PARP1 Transformation and Streppel et al. (2013)
carcinoma (ESCC) damage drug response
response
i FBXW7 Fong et al. (2016)
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TABLE 1 (Continued)

Expression
Cancer type Up Down Pathway Target(s) Hallmark/process References
Zn- Transformation and
deficiency progression
Breast cancer (BC) 1 EGFR EGF/E2F1 Survival and Armenia et al. (2014); Fabris
proliferation et al. (2016)
| E2F1 - Drug response Citron et al. (2020)
i} Wnt/ CCT-3/ Proliferation Qu et al. (2020)
B-Catenin B-Catenin
l Ca2+entry  STIM1 Migration Kulkarni et al. (2019); Y.
Yang, Jiang, et al. (2018)
i} - Caprin 1 Proliferation and Gong et al. (2013)
migration
1 NLRP3 - Proliferation and Zhang et al. (2019)
immunosuppression
l TRAIL HAX1 Survival Sun et al. (2016)
1 Quiescence, CXCL12 MSC migration and Lim et al. (2011); Bliss
dormancy drug response et al. (2016)
Breast cancer (BC) and ! p53/ZEB-1 Stathmin 1 Proliferation and drug ~ Masciarelli et al. (2014)
melanoma response

Note: Table reports the current literature describing the role of miR-223 in different cancer types. Arrows indicate whether the miR-223 is upregulated or
downregulated in that tumor setting.

miR-223 reflected the tumor burden in GC patients with peritoneal metastasis, thus suggesting miR-223 as both a bio-
marker and a target in the treatment of peritoneal metastasis (Tokuhisa et al., 2015).

On the other side, a wide number of studies focusing on tumors in which miR-223 levels are decreased have
reported the possibility to look at diminished circulating levels of miR-223 as a biomarker of disease. For instance, in
HCC patients miR-223-3p serum levels are low and could be exploited to discriminate between HCC patients, chronic
liver injury patients and healthy donors (Bao et al., 2017; Bhattacharya et al., 2016; Giray et al., 2014; Khairy
et al., 2016).

Interestingly, serum levels of miR-223-3p have been validated as reproducible and reliable biomarker of early-stage
non-small cell lung cancer (NSCLC), independent of age and smoking habit (D'Antona et al., 2019). The evaluation of
circulating miR-223 levels was sufficient to discriminate with stages I-II NSCLC from tumor-free controls. Many signa-
tures have been proposed for detection of early-stage NSCLC, most using by qRT-PCR and predominantly comprising
several miRs (from three to 32). However, for clinical transferability, a simple and consistently reproducible signature,
including very few miRNAs, would be desirable. So, this study reached two mandatory objectives for the implementa-
tion of a valid biomarker. First, precision and reproducibility of measurement was guaranteed by the use of droplet digi-
tal PCR (ddPCR) in place of traditional qRT-PCR. Moreover, the use of a training set of samples followed by validation
in external cohorts reassured on the robustness of the findings and, thus, on translatability to clinical application. Sec-
ond, they were able to identify an extremely simple and cost-effective miR-based signature, actually composed by the
only miR-223, which can be realistically transferable to a population-screening setting.

Reliability, simplicity and feasibility are in fact the main features to be looked for, if the use of a new biomarker is
to be implemented.

In AML patients, circulating levels of miR-223 were found under-expressed, especially in the intermediate and unfa-
vorable cytogenetic risk groups. Moreover, low serum levels of miR-223 have been correlated with aggressive clinical
variables and shorter survival rates. Interestingly, AML patients display a significant increase in miR-223 levels after
treatment, suggesting a strong reliability of miR-223 serum levels as diagnostic and prognostic biomarker in acute mye-
loid leukemia patients (Guopan Yu et al., 2020).

The properties of miR-223 as biomarker have been investigated also in breast cancer. First, it has been shown that
miR-223 expression is progressively lost when analyzing healthy mammary tissue DCIS lesions and IDC (Citron
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et al., 2020). Since not all DCIS lesions evolve in IDC it would be extremely interesting to evaluate the possibility that
loss of miR-223 expression might correlate with clinical outcome, thus investigating a possible role of miR-223 as pre-
dictive biomarker in the progression from DCIS to IDC.

With the advent of targeted therapies there is urgent need to find reliable biomarkers. On one side they are
strongly needed to identify and select patients that may respond from those who may not; on the other, they can
allow to follow-up the response to the therapy. Recent data have shown that miR-223 levels might represent a
reliable marker of treatment efficacy for CDK4/6 inhibitor (Palbociclib). Upon treatment with Palbociclib, a rapid
increase in miR-223 expression was observed both in vitro, in BC cells, and in vivo, in A1I6HER2 mice, an aggres-
sive mouse model of HER2+ BC (Citron et al., 2020). These preclinical results strongly stimulate the interest for
the evaluation of circulating levels of miR-223 in BC patients, in which it might be very useful to predict the clin-
ical response to Palbociclib treatment.

However, if we think toward to the development of miR-223 as early biomarker of mammary cell transformation or
of response to anti-tumoral treatment, such as to Palbociclib, many still unanswered questions will need to be
answered. First of all, validation in larger cohorts of patients; then, specific identification of the cells that lose the
expression of miR-223 in the transition from in situ to invasive carcinoma; finally, evaluation of whether the circulating
levels of miR-223, free or loaded into exosomes, in breast cancer patients treated with Palbociclib robustly predicts
response to this therapy; only after all these criteria are met, the robustness of miR-223 as biomarker may be
established.

It is to note that the feasibility of using miR-223 serum levels as biomarker is not only being exploited in cancer
patients, but also in a wide range of other pathologies, ranging from neurodegenerative diseases like Parkinson,
Alzheimer and dementia (Jia & Liu, 2016; Mancuso et al., 2019; Wei et al., 2018) to arthritis (Dunaeva et al., 2018), dia-
betes (Parrizas et al., 2020) and bacterial peritonitis (Brook et al., 2019). Given the deep involvement of miR-223 in
inflammation and immune response, particularly in the respiratory tract (Bauernfeind et al., 2012; Dorhoi et al., 2013;
Feng et al., 2017; Neudecker et al., 2017), it will not be surprising to discover that miR-223 plays a central role in SARS-
CoV 2 pathogenesis and may be exploitable as either biomarker or therapeutic target.

In conclusion, the emerging role of miR-223 as potential diagnostic, prognostic and/or treatment response bio-
marker confirms its pivotal function(s) in different pathologies. These data highlight that the assessment of miR-223
serum level variations may be relevant and soon ready for a transfer to the clinical practice.

5 | THERAPEUTIC POTENTIAL OF MIR-223

The potential of miRs to selectively silence any gene of interest and their capacity to target multiple mRNAs makes
them interesting candidates as both cancer therapeutics and therapeutic targets. Even more intriguingly, manipulation
of miR expression may potentially enable the targeting of so far “undruggable” targets, making them potentially unique
tools, in many cancer types. Therefore, the therapeutic potential of miRs is under investigation since many years now
and the manipulation of their expression in cancer seems a tangible possibility in the near future. Many exosomal
miRNAs, and among them miR-223, have been reported in preclinical studies to have a potential therapeutic applica-
tion. However, the translation of these studies into clinical trials and, ultimately, into real therapeutic utility, is still a
long way to go (Lakshmi et al., 2021).

So far, the most advanced miR trial involves use of anti-miR-122 (Miravirsen) for hepatitis C therapy (Janssen
et al., 2013). In cancer, most clinical trials that involve miRs are of the observational type, and miRs are used as bio-
markers for patient stratification, prognosis, and drug efficacy, with breast cancer being the most advanced in the field
(ClinicalTrials.gov; Hanna et al., 2019). Moreover, in most cases these trials are not specific for one miR, but rather
involve a global expression-profiling platform for the mining of most promising biomarkers in each setting.

However, in addition to these biomarker studies, miRNA and anti-miRNA constructs are extensively under investi-
gation as potential therapeutic agents for cancer. Both miRNA mimics and miRNA antagonists are synthetic double
stranded small RNA molecules that can either restore or suppress miRNA expression and function, to re-establish the
normal balance. Currently, the main obstacle for the use of miRs in clinical practice is the availability of an effective
system that could guarantee the delivery to the specific tissue and cell type, without being degraded by circulating
nucleases abundantly present in the serum.

Given the diversity of roles played by miR-223 in cancer, miRNA-based therapeutics may need be applied
either to restore miR-223 expression (and function) or to suppress its abundance. Restoration may be achieved by
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the use of miRNA mimics and would be pursued in those contexts in which miR-223 acts as tumor suppressor
and its expression is lost, such as in breast cancer. On the other hand, suppression of its expression may be
achieved by the use of miRNA antagonists and would be pursued in those contexts in which miR-223 is over-
expressed, such as in gastric cancer.

Many studies, both in vitro and in vivo, support the effectiveness of miR-223-based treatments. In 3D-mammary
acini formation assays, depletion of miR-223 led to the loss of normal acini structure by normal mammary epithelial
cells. On the other hand, miR-223 overexpression in fully transformed BC cells led to the acquisition of smaller 3D-
structures with partially restored apico-basal polarity, and to the growth of smaller HER2+ tumors, in vivo (Citron
et al., 2020; Fabris et al., 2016). These data, together with the observation that DCIS express higher levels of miR-223
than IDC (Citron et al., 2020), support the possibility that restoring miR-223 expression in patients with DCIS may pre-
vent the evolution of these lesions into invasive carcinomas.

Further findings also support the possibility that restoration of miR-223 levels may be used not only to target tumor
cells, but also to enhance the efficacy of other therapies, as reported for Palbociclib in breast cancer mouse models
(Citron et al., 2020). Similarly, it was reported that ectopic modulation of miR-223 expression subverted the sensitivity
to y-secretase inhibitors (GSI) of GSI-resistant T-ALL cells (Kumar et al., 2014). On the contrary, ablation of miR-223
could be an effective approach to re-sensitize gastric cancer cells to cisplatin and trastuzumab (Eto et al., 2015, p. 7;
X. Zhou et al., 2015, p. 7).

Altogether, the study of microRNA-based therapies is still in progress but the knowledge has expanded at a remark-
able rate. Once that nanoparticles for specific delivery are optimized, it is quite clear that miR clinical utility will
become a reality in a very near future.

6 | CONTROVERSIES AND CURRENT RESEARCH GAPS

Since miRNA regulation is highly tissue specific, it is possible (and quite likely) that the same miR may play different,
or even opposite roles in different organs. Since dysregulation of miR expression may be caused by several mechanisms,
including miR genes amplification or deletion, dysregulated transcriptional control, epigenetic changes, and defects in
the miR biogenesis machinery, it is evident that they can function as either tumor suppressor or oncogene depending
from the context and the circumstances (Peng & Croce, 2016).

miR-223 is not an exception to this rule and while it clearly acts as a gatekeeper of cell proliferation in certain tumor
types (e.g., breast), it promotes transformation in others (e.g., liver, gastric). Since the expression of miR-223 is very high
in the hematopoietic compartment and it actively participates to the innate immune response, the final action of miR-
223 in the context of cancer is even more complicated by the different extent by which the immune compartment is
involved in the different cancer types. Inflammation may induce miR-223 local upregulation even if the neoplastic cells
per se are negative or low for miR-223 expression. It is intriguing to note that when miR-223 acts as “oncomiR” (see T-
ALL and gastric cancer) FBXW7 represents a frequent target, while p53/stathminl are more common targets in context
where miR-223 is downregulated (see hepatocellular carcinoma and breast cancer). Whether there is any significance
of this in relation to the different types of cancer is not clear yet. However, it is conceivable that different triggering sig-
nals, such as pro-inflammatory or pro-proliferative or pro-differentiation signals, not only act differently on miR-223
expression but also depend on the cell-specificity and tissue-specificity, making the action of the same miR quite spe-
cific in each context.

The fact that miR-223 can also be secreted by some cells (Bliss et al.,, 2016; Ohzawa et al., 2020; Tokuhisa
et al., 2015; Yoshikawa et al., 2018) and then up-taken by neighboring or distant ones, makes the context even more dif-
ficult to disentangle, if a use of miR-223 as biomarker is envisaged.

These aspects, which regard all miRs in general and miR-223 in particular, are something to keep well in mind
when evaluating the possibility of using circulating miR for diagnostic/predictive purposes.

Finally, as mentioned above, the main barrier for the therapeutic usage of miRs is currently the lack of an
effective delivery system. Nanoparticles efficiently protecting miRs from degradation and designed to effectively
deliver high concentrations of active miRs to the target organs are strongly needed to take this last step toward
clinical application.

Last, we have seen that miR-223 can be exported from cells in extracellular vesicles. This mechanism is currently
under deep investigation for its huge potential in diagnostic and therapeutic fields. However, once loaded onto
exosomes, the miR can potentially reach any cell and organ of the body, in which, as we have described, the same miR
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can lead to even opposing consequences. Thus, the study of the potential systemic effects deriving from this transport
will need to be taken into great account, since they may become apparent only when studied in patients.

7 | CONCLUSION AND PERSPECTIVES

As summarized in Figure 1, miR-223 can play many roles in different cancer types. With few exception, miR-223
expression is often downmodulated during cellular transformation and cancer progression, supporting the possibility
that miR-223 mainly plays a tumor suppressive function in cancer control. However, the fact that gastro-esophageal
and some hematological cancers display the opposite behavior highlights that miR-223 works in a highly context-
dependent manner and that different cell types may regulate and exploit miR-223 function in different ways (Figure 1).

The strong predictive and prognostic value of miRNA has been widely recognized in cancer and we expect that its
role in precision medicine will soon be established.

In view of a therapeutic exploitation of miR-223, as well as of other miRs, a challenge that will need to be faced is
the development of efficient and specific delivery systems. Up to now, efficacy of miR-based treatments is limited by
poor delivery, targeting ability and high instability, due to miR degradation by nucleases in circulation. Several
approaches have been studied to obtain an efficient delivery system, from chemical modification to vehicle complexa-
tion. Viral vectors or nonviral carriers have been tested but both of them show some disadvantages. Recent evidence
suggests the possibility to use cell-derived membrane vesicles, such as exosomes or microvesicles and, thanks to these
advancements, some miR drug candidates are currently in clinical development or in phase 1 and 2 clinical trials
(Y. Chen et al., 2015; Hanna et al., 2019).

Finally, an alternative way to overcome the limitation of inefficient miR delivery could certainly be the identifica-
tion of the miR critical target(s), in each cancer setting. Since miR-223, as well as every miR, has multiple targets,
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FIGURE 1 Roles of miR-223 in cancer. The alternative molecular functions played by miR-223 in different cancer types are depicted.
Four main cancer types have been represented, that is, breast cancer (orange panel, upper left), hematological cancers (blue panel, upper
right), hepatocellular carcinoma (green panel, lower right), and gastro-esophageal cancer (gray panel, lower left). The molecular players that
alter or are altered by miR-223 are summarized in each panel. The expression levels of miR-223 in each context are depicted by red (down)
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assessing their effective contribution to malignant transformation and progression, together with their druggability,
could be of primary importance for the clinical exploitation of miR-223.
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