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X-chromosome-located microRNAs
in immunity: Might they explain
male/female differences?
The X chromosome-genomic context may affect X-located miRNAs and downstream
signaling, thereby contributing to the enhanced immune response of females
Iris Pinheiro1)2), Lien Dejager1)2) and Claude Libert1)2)
In this paper, we hypothesize that X chromosome-associated mechanisms,
which affect X-linked genes and are behind the immunological advantage of
females, may also affect X-linked microRNAs. The human X chromosome
contains 10% of all microRNAs detected so far in the human genome.
Although the role of most of them has not yet been described, several X
chromosome-located microRNAs have important functions in immunity and
cancer. We therefore provide a detailed map of all described microRNAs
located on human and mouse X chromosomes, and highlight the ones
involved in immune functions and oncogenesis. The unique mode of inheritance of the X chromosome is ultimately the cause of the immune disadvantage of males and the enhanced survival of females following immunological
challenges. How these aspects influence X-linked microRNAs will be a challenge for researchers in the coming years, not only from an evolutionary
point of view, but also from the perspective of disease etiology.
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Introduction
In humans, as in other mammalian
species, females not only live longer than
males, but also show an improved survival
outcome from shock episodes caused by
sepsis, injury or trauma-hemorrhage [1–3].
For example, a retrospective study combining four major sepsis studies has
shown a male preponderance for morbidity and mortality [4]. Similarly, Schröder
et al. [5] reported a clear effect of gender
on mortality in surgical patients with
severe sepsis, with a significantly higher
survival rate in women (74%) when compared to men (31%) after the onset of
sepsis. Wichmann et al. [6] also found a
significantly lower incidence of severe sepsis/septic shock in female intensive care
patients in nearly all age groups studied.
It is also reported that males experience
more frequent and severe infections
caused by bacteria or viruses from infancy
to adulthood [7, 8]. However, it should be
mentioned that the same mechanisms that
endow females with a survival advantage
to pathogenic insults also increase their
susceptibility to develop autoimmune
disorders later in life [9, 10]. This subject
has been recently reviewed by us [11],
and so it will not be explored further
here. Although gender-specific immune
responses may be partially explained
by hormonal regulation [12, 13], males
are hemizygous (Box 1) for all X chromosome-linked genes, which directly
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Box 1
Glossary
CpG islands: Regions of at least 200 bp, rich in cytosine
and guanines, linked by a phosphodiester bond. They are
typically located within or near promoter regions, and have
CpG contents 60% higher than expected. Methylation of
CpG sites within the promoter of a gene leads to inhibition
of its expression.
Female mosaicism: During early embryonic development,
one of the two parental X chromosomes inherited by females
is randomly inactivated in each individual cell. This state
is then clonally transmitted to the daughter cells. Due to
this mechanism, mammalian females have two genetically
distinct types of cells and are, therefore, mosaics.
Hemizygous: Refers to individuals which have only one
member of a chromosome pair, instead of the usual two.
Thus, males are hemizygous for the X chromosome.
Lipopolysaccharide (LPS) (or endotoxin): Is an important structural component of the outer leaflet of the outer
membrane of Gram-negative bacteria. It is a very toxic
agent, and when administered to mice it is able to reproduce some of the clinical features of sepsis.
miRNA paralog clusters: These are evolutionary related
clusters that arose by duplication within the genome.
Usually, paralogs acquire new functions that can be
related to the original cluster function.
Polycistronic precursor: A polycistronic mRNA precursor contains the genetic information of several genes,
which are translated into different proteins that usually
have related functions.
Primary immunodeficiencies (PIDs): Are genetic disorders usually diagnosed in early infancy and that occur
when part of the immune system is missing or does not
work correctly. X-linked PIDs include: X-linked agammaglobulinemia (XLA), Wiskott-Aldrich syndrome (WAS), Xlinked neutropenia and myelodysplasia, X-linked chronic

exposes them to recessive mutations
occurring
on
this
chromosome.
Additionally, the mechanism of X-chromosome inactivation (XCI) (Box 1), which is
expected to equilibrate the gene expression of females to that of males, is often
incomplete and some genes may be
expressed by both X chromosomes in
female cells [14]. Not only is this phenomenon of silencing escape (Box 1) frequent
[14], but also, females with extreme
skewed XCI (Box 1) may never be affected
by the disease for which they are carriers
[15]. Numerous X-located genes have a
direct or indirect role in immunity
(reviewed in ref. [11, 16]), and some of
them are responsible for X-linked primary
immunodeficiencies (PIDs) (Box 1)
(reviewed in ref. [11, 17]). Naturally-occur-
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granulomatous disease (X-CGD), Properdin deficiency,
immunodysregulation-polyendocrinopathy and enteropathy-X-linked syndrome (IPEX), X-linked severe combined
immunodeficiency (X-SCID), X-linked lymphoproliferative
disease (XLP), X-linked hyper-IgM syndrome, Anhidrotic
ectodermal dysplasia with immunodeficiency (EDA-ID)
and glucose-6-phosphate dehydrogenase deficiency.
Pseudoautosomal regions: Regions of sequence
homology between sex chromosomes. These regions are
located at both ends of the X and Y chromosomes, and
have been retained in order to ensure proper segregation
during male meiosis.
Reproductive isolation: Is a collection of mechanisms that
prevents that crossing between members of two different
species produces fertile offspring. These mechanisms are
important for maintaining the integrity and conservation of
species through time and ultimately result in speciation.
Skewed X chromosome inactivation: When the mechanism of XCI does not occur at random as expected. Females
with skewed XCI have one of the parental X chromosomes
preferentially inactivated in nearly all cells.
Speciation: The evolutionary process by which new
species are formed.
X chromosome inactivation (XCI): Also called silencing.
This is the mechanism by which one of the X chromosomes is randomly inactivated during early embryogenesis in all female cells in order to equal the X chromosome
number of male cells.
X chromosome silencing escape: When genes or parts
of the inactive X chromosome escape inactivation, due to
inefficient methylation or due to reactivation mechanisms.
When this occurs, females have two functional copies of
the silencing-escaping genes in the cells where they are
expressed.
Z chromosome: The ZW-sex determination system of
birds is the opposite of the mammalian XY system.
Female birds have two different kinds of sex chromosomes (ZW) and males have two of the same kind (ZZ).

ring mutations on the X chromosome may
be responsible for sex-specific immune
responses, and possibly for the immunological advantage of females [18, 19]. In
addition, the X chromosome also contains
a number of microRNAs (miRNAs)
involved in immunity, but it is not known
whether they contribute to gender-specific
immune responses. MiRNAs are important
negative regulators of protein synthesis,
by base-pairing to target mRNAs. These
small double-stranded non-coding RNAs
regulate gene expression by translational
repression and/or messenger RNA degradation. The small mature miRNAs (22
nucleotides in length) are processed from
full-length (2 kb in length) primary transcripts, the pri-miRNA, by the miRNAmediated RNA interference pathway,

which involves a series of RNase enzymes
and accessory proteins [20–23]. The
actions of miRNAs are mediated by
the miRNA-induced silencing complex
(miRISC) or miRNA ribonucleoprotein
complexes (miRNP). The former complex,
which includes the miRNA and a member
of the Argonaute family of proteins, blocks
translation and/or reduces mRNA stability
by imperfect binding to the miRNA-recognition elements (MREs) within the 30
untranslated region (UTR) of target genes
[24]. Target-binding specificity is usually
mediated by the ‘‘seed’’ region located
between residues 2-8 at the 50 of the
miRNA. However, inhibitory-efficiency
can be influenced by other factors such
as cooperation between multiple MREs,
spacing between MREs, proximity to the
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The X chromosome: An
eXceptional chromosome
Mosaicism of female cells
confers them with a survival
advantage
During the course of evolution,
the emergence of a sex-determining
mechanism was the main reason behind
the separation of X and Y into a distinct
pair of chromosomes [26]. This led to
loss of recombination between them,
except for the pseudoautosomal regions
(Box 1), and to the progressive degeneration of the Y chromosome. Nowadays,
the number of genes common between
the two is less than 1% [27]. In contrast
to the Y chromosome, the X chromosome is a bona fide chromosome that
has retained a significant number of
genes involved in spermatogenesis
[28], cognitive functions [29], and
immunity [11, 16]. Because females have
two X chromosomes, and males have
only one, the mechanism of XCI has
evolved to compensate for the unequal
gene expression between sexes. This
mechanism results in female mosaicism
(Box 1), which allows females to cope
with recessive mutations that occur on
the X chromosome. However, males
have only one gene copy of X-linked
genes and do not have rescuing mosaic

cells. Therefore, in general, females are
not affected by X-linked diseases,
whereas males are always affected,
and this is illustrated by the existence
of numerous male-specific X-linked
PIDs [30], such as Bruton (X-linked)
agammaglobulinemia (XLA), X-SCID,
WAS, X-linked anhidrotic ectodermal
dysplasia with immunodeficiency (XEDA-ID), X-CGD, incontinentia pigmenti, among others (reviewed in
ref. [11, 17]). This extraordinary genetic
advantage has endowed females with a
cellular backup and with genetic diversity, which are advantageous when facing immune challenges [7, 8, 19, 30].

How might mutations in X-linked
miRNAs affect sex-specific
responses?
When a new recessive mutation arises
on the X chromosome there are different
possible scenarios (Fig. 1). If random
XCI does not occur as expected, the
immune advantage of females may
become more evident. Extreme skewing
of XCI favoring silencing of a detrimental mutation will eliminate nearly all
cells containing the disadvantageous
mutation in female carriers (Fig. 1C).
This happens for example in female
carriers of XLA, X-SCID, WAS, and
incontinentia pigmenti [15]. Usually,
these females do not show any of the
symptoms associated with the disorder,
or they are very mild. However, the
opposite can also occur. Skewing may
favor the inactivation of the normal
allele, and female carriers will manifest
various symptoms associated with the
disease (Fig. 1D). This has been observed
for example in female carriers for X-CGD
[31]. In addition, up to 15% of the genes
located on the X chromosome escape
permanent inactivation and 10% show
variable patterns of inactivation among
females [14]. This means that females
may have nearly twice the amount of
given gene products when compared
to males [14] (Fig. 1F). We speculate that
if a gene escaping silencing is important
for a particular signaling pathway,
females will possibly have an enhanced
response to pathogens. For example,
several members of the Toll-like receptor (TLR) pathway are X-located (Box 2),
and some of them have been shown to
escape XCI, such as BTK, IRAK1, and
IKKg/NEMO [14], which could lead to
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higher NF-kB-dependent gene transcription in some females. Females are
also mosaics for putative mutations
affecting miRNAs and/or miRNA regulatory sequences on the X chromosome.
However, so far, such mutations have
not been reported in human populations. It is also not known whether
X-linked miRNAs escape inactivation.
But this is very possible. If 15% of the
genes on the X chromosome escape
permanent silencing, and 10% may also
potentially do so [14], it is likely that
miRNAs escape methylation, particularly if they are located within genes
reported to escape inactivation.
Furthermore, they are certainly subject
to skewing. If one of the parental X
chromosomes is preferentially inactivated, due to the presence of a detrimental mutation affecting proper cellular
function, X-linked miRNAs are also subject to skewing. Altered miRNA expression and epigenetic aberrations are
associated with disease development.
Around 50% of the miRNAs are associated with CpG islands (Box 1), meaning
that they are subject to DNA methylation [32]. For instance, DNA hyperand hypomethylation have been associated with decreased or increased
miRNAs expression and the development of carcinomas [33, 34]. Thus, any
disturbances in miRNA expression
can result in deregulation of gene
networks,
and ultimately lead to
oncogenesis and immune dysfunctions.
By bringing together all these facts,
we theorize that disturbances in the
normal inactivation pattern of miRNAs
on the X chromosome, by means of
silencing escape or inactivation skewing, may affect miRNAs-driven gene
regulation and result in gender-specific
responses.

microRNAs on the X
chromosome: The
importance of the genomic
context
The X chromosome is enriched
in miRNAs: A mammalian
peculiarity?
According to the MicroCosm database
(from EMBL) there are nearly 800
miRNAs described so far in the human
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stop codon, position within the 30 UTR, AU
composition, and target mRNA secondary
structure [25]. The same miRNA can target
several genes to degradation, and the
same gene can be regulated by numerous
miRNAs. In addition, miRNAs may be
expressed in specific cell types and
organs, and are essential in maintaining
cell fate during embryogenesis.
Here, we hypothesize that X-linked
miRNAs may contribute to the immunological advantage of females. We also
provide an overview of the most important features associated with the X
chromosome and a detailed map of
all miRNAs located on human and
mouse X chromosomes. We also highlight the ones which have a known role
in both immune functions and cancer,
and speculate that silencing escape
and X-inactivation skewing, which are
known mechanisms affecting X-linked
genes, possibly influence X-linked
miRNAs to the same extent.
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Figure 1. The possible outcomes of a newly-arisen recessive mutation on an X-linked
gene. A1, A2: A heterozygous female for a new recessive mutation occurring on gene Z
(depicted by a green rectangle) will have one of the parental X chromosomes inactivated in
half of her cells and the other chromosome inactivated in the other half. B: Therefore, her
organs will be mosaics, and the mutated allele will be present in only half of her cells. C: If
the nature of this mutation is deleterious, females may have a skewed pattern of inactivation
favoring the expression of the normal (or wild-type) allele in nearly all cells. D: If the expression of the mutated allele is favored, the wild-type allele will be inactivated in almost all cells.
E: A homozygous female will carry the mutation in all her cells and will be affected by it. F: If
a gene escapes inactivation (independently of being mutated or not), female cells may
express the gene twice as much as males (represented by dark green circles). G: A hemizygous male will always be affected by a mutation present on the X chromosome. Xa: activated X chromosome; Xam: activated mutation-carrying X chromosome; Xi: inactivated X
chromosome; Xim: inactivated mutation-carrying X chromosome; Xem: inactivation-escaping X
chromosome carrying the mutation; Xm: X chromosome carrying the mutation; Y: Y chromosome. Small green and blue circles represent single cells carrying the mutated and the wildtype allele, respectively. Big circles represent any organ of the individual.

the X chromosome [37]. Although these
properties and functions have not
been specified, they may be directly
correlated with the mammalian XY
sex-determination system, because in
the chicken, whose sex chromosomes
have an independent origin from that
of mammals, the density of miRNAs on
the Z chromosome (Box 1) is lower than
on the autosomes [37]. A study made in
Caenorhabditis elegans also showed that
there is an enrichment of genes regulated
by Dicer on the X chromosome, and that
most of the misregulated gene targets in
Dicer-deficient animals were implicated
in innate immunity [38].

miRNAs when compared to autosomes
and remarkably, the Y chromosome has
no miRNAs [37]. Possible explanations
for the absence of miRNAs on the Y
chromosome are not known, but the
authors speculate that the existence of
possible X-specific properties or functions in mammals is the reason behind
the higher concentration of miRNAs on

Only 57% of the miRNAs present
on the mouse X chromosome are
common to the human X
chromosome

and mouse genomes, and bioinformatics predictions indicate that mammalian miRNAs regulate 30 to 50% of
all protein-coding genes, and take part
in the regulation of almost all cellular
processes [35, 36]. According to a recent
study, in several mammalian species,
including humans and mouse, the X
chromosome has a higher density of
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According to the Ensembl database, the
human X chromosome has about 76
miRNAs and the mouse 65, and only
37 are common between the two species
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Box 2

Specific components of bacteria, viruses, fungi, and parasites bind to different TLRs, thereby triggering the host
innate immune system. Genes encoding for several components of the TLR pathway are located on the X chromosome and are essential for NF-kB signaling. Among these
components are BTK, IRAK1, IKKg, TSC22D3/GILZ, and
CYBB/NOX2. The central and fundamental role of these Xlinked genes in TLR signaling is evident. Mutations affecting BTK, IRAK1, and IKKg can have a significant impact on
NF-kB signaling. For example, BTK was first identified to
be involved in XLA, a male-specific X-linked PID, characterized by recurrent bacterial infections [30]. A variant
haplotype of IRAK1 was found to be associated with
increased nuclear levels of NF-kB in LPS-stimulated neutrophils from septic patients and therefore correlated with
a more severe outcome from sepsis [80]. Moreover, IRAK1
was recently shown to be involved in a mouse model of
human inflammatory bowel disease in a sex-dependent
manner [81]. IKKg mutations are responsible for two
important X-linked PIDs: incontinentia pigmenti, a severe
immunodeficiency that usually affects only females, as
males die in utero [30], and X-EDA-ID, where male patients
are very susceptible to infections [82]. GILZ is induced by

(Fig. 2). Several miRNA clusters seem to
be lineage specific, such as the miR513514 cluster on the long arm of the
human X chromosome. This cluster,
found only in primates, is preferentially
expressed in the testes, and has likely
contributed to speciation (Box 1) [39].
Similarly, according to the miRNA database, several miRNAs seem to be
specific to the rodent lineage (e.g.
miR-743 to miR-871 in Fig. 2), and some
of them have so far only been found in
Mus musculus (e.g. miR-470 to miR-465a
in Fig. 2). The gene content of the X
chromosome is expected to be highly
conserved among mammalian species.
According to Ohno’s Law, this is necessary to ensure equal expression of Xlinked genes in females and males by
means of dosage compensation [26].
Therefore, this mechanism created an
evolutionary barrier to the exchange
of genes between the X chromosome
and the autosomes. For that reason, it
is surprising to find so many exclusive
miRNAs in the human and mouse X
chromosomes. Although some nomenclature issues may be responsible for

this discrepancy, we speculate that
species-specific miRNAs may be on the
origin of speciation and may have contributed to reproductive isolation
(Box 1). MiRNAs are believed to be under
strong selective pressure and, therefore,
to be highly conserved among species
due to their importance in development
and disease regulation [40]. However,
species seem to have their own specific
miRNAs (as observed in Fig. 2). This
suggests that these miRNAs have
species-specific roles. In line with this,
it has been argued that evolution of
novel miRNA families contributed to
the appearance of lineage-specific
characteristics [41]. According to
Heimberg et al. [41] the dramatic expansion of miRNAs lies behind the origin of
vertebrate complexity. This suggests
that the evolution of species-specific
miRNAs may be at the root of vertebrate
lineage divergence, by regulating gene
expression in a species-specific manner.
However, it should be stressed that
many of the miRNAs predicted by computation-based approaches have not
been experimentally confirmed, and so
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it is possible that some of them are false
positives [42].

How might escape from
silencing affect X-chromosomelocated miRNAs?
miRNAs can be located in the intergenic
genome (i.e. between genes), or within
gene intronic regions. Intergenic
miRNAs have independent transcription
units, including promoters, transcript
sequences, and terminators [33].
However, intragenic miRNAs may be
found within introns of protein-coding
genes in the same orientation and so
they are believed to share regulatory
motifs with their host genes [43, 44].
Nonetheless, some of the intronic
miRNAs are antisense to their host gene,
and may therefore possess their own
independent transcription units inside
the host intronic regions [42]. A number
of X-located miRNAs are intronic in
known protein-coding genes (Fig. 2)
and so it is possible that they share
the same transcription units with these
host genes, and are co-regulated with
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X-chromosome-linked members of the Toll-like
receptor (TLR) pathway

glucocorticoids, one of the most potent immunosuppressive molecules. GILZ decreases the sensitivity of macrophages to LPS and tumor necrosis factor and binds to NFkB, thereby inhibiting its transcriptional activities [83, 84].
Furthermore, GILZ hampers the activity of AP-1 by inhibiting its binding to its cognate DNA [85]. So far, no haplotype variants have been described in the human
population, and so it is difficult to know to what extent
GILZ may be responsible for gender-specific immunological responses. Nevertheless, GILZ has been shown to be
protective in a mouse model of induced colitis [86] and
rheumatoid arthritis [87]. Reactive oxygen species (ROS)
are essential for microbial killing and are produced in cells,
such as phagocytes, in response to invading pathogens.
Mutations occurring in CYBB/NOX2, a protein that catalyzes ROS formation, are responsible for X-CGD, an Xlinked PID. Characteristically, neutrophils, eosinophils,
monocytes, and macrophages of X-CGD-bearing male
patients fail to generate oxygen radicals and show
reduced killing of intracellular microbes [17]. Also, importantly, two members of the TLR family of receptors are
located on the X-chromosome: TLR7 and TLR8. The former has been shown to induce higher production of interferon alpha in females upon stimulation of cells with a
synthetic TLR ligand [88]. In contrast, a naturally-occurring
polymorphism in the coding sequence of TLR8 has been
associated with protection against HIV-1 and
Mycobacterium tuberculosis in human patients [89, 90].
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Figure 2. Map of microRNAs located on human and mouse X chromosomes. In black are
depicted the miRNAs common to both species. In light gray are depicted the speciesspecific miRNAs. Some miRNAs are intragenic, and gene names are depicted in green
before the miRNAs that they contain. () Indicates miRNAs which have a confirmed or
putative role in cancer; ($) indicates miRNAs which have a confirmed or putative role in
immunity (see Table 1 for more details). Human and mouse mapping positions are based on
the Ensembl database. Information about genomic context was based on the miRBase database. ATP11C: ATPase, class VI, type 11C; CHM: choroideremia; CLCN5: chloride channel
5; DMD: dystrophin; Eda: ectodysplasin A; F8A1: coagulation factor VIII-associated 1;
FGF13: fibroblast growth factor 13; GABRA3: gamma-aminobutyric acid (GABA) A receptor,
subunit alpha 3; GABRE: gamma-aminobutyric acid (GABA) A receptor, subunit epsilon;
Gipap1: GRIP1 associated protein 1; Gpc3: glypican 3; HTR2C: 5-hydroxytryptamine (serotonin) receptor 2C; HUWE1: HECT, UBA and WWE domain containing 1; IRAK1: interleukin-1
receptor-associated kinase 1; SEPT6: septin 6; TMEM164: transmembrane protein 164;
VGLL1: vestigial like 1; WDR44: WD repeat domain 44.

them. Moreover, some of them are
located within genes that have been
shown to escape XCI, such as DMD,
CHM, ATP11C, or IRAK1 (Fig. 2) [14].
Therefore, we hypothesize that these
miRNAs also escape silencing. In
reality, the inactivation status of
human X-linked miRNAs is not known,
and it would be interesting to
perform a systematic study, such as
that by Carrel and colleagues [14].
After evaluating the inactivation status
of 624 X-located genes, they have
found that silencing escape was much
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more frequent and variable than
previously thought [14]. We believe
that female mosaicism, silencing
escape or skewed patterns of inactivation of X-linked miRNAs involved
in immunity could lead to unbalanced
miRNA expression between sexes,
and to sex-specific immune responses.
Considering that miRNAs have
multiple targets across the genome,
this could result in a cascade-like effect
and lead to greater gender differences
in terms of gene regulation than previously assumed.

X-linked miRNAs in
immunity and cancer:
What consequences
might we expect?
The role of miRNAs in cancer has
been extensively explored, and many
miRNAs have been shown to behave
as oncogenes or tumor suppressors in
several types of cancer and are therefore
referred to as ‘‘oncomiRs’’ [45, 46].
However, the same miRNA can have
several targets and, for instance,
miRNAs with well established roles in
lymphoma and leukemia progression
[47, 48] have also been found to be
important for immune functions
(reviewed in ref. [40, 49–51]). The role
of chronic inflammation in carcinogenesis is well known, and the upregulation
of miRNAs during chronic inflammation
is thought to be a predisposing factor for
the development of tumors [49, 52]. The
general importance of miRNAs in shaping the immune system has been clearly
illustrated by the deletion of Dicer. This
is a key enzyme in miRNAs processing,
and when deleted leads to reduced T cell
numbers and to a complete arrest in B
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Might X-linked miRNAs be
responsible for the high
incidence of cancer in males?
So far, about 10% of all human miRNAs
are known to be located on the X
chromosome. Although the role of most
X-linked miRNAs is not known, several
of them participate in cancer onset and
progression, and regulate the immune
system at different levels. A list of Xlocated miRNAs with putative or confirmed roles in immunity and/or cancer
can be seen in Table 1; this list is based
on genetic association studies, expression profiling and functional studies,
meaning that mechanistic information
is still lacking for some miRNAs. It
should be stressed that the gender effect
in incidences of cancer is well-established and consistent worldwide
[56–58]. Gender susceptibility to cancer
at different ages is a phenomenon rarely
addressed in epidemiological studies,
yet the risks for males to develop cancer
can be between two- and five-fold
greater than in females [59]. Indeed, it
is known that gender confers one of the
greatest risks for contracting hematological malignancies such as leukemia
and lymphomas [59]. However, male
preponderance is also observed in other
types of cancer such as Kaposi sarcoma,
lip, larynx, mesothelioma, hypopharynx, urinary bladder, esophagus, tonsil,
oropharynx, and other urinary organs
[60]. Despite the fact that cancer rates
tend to be higher among males than
females, this is rarely the subject of
investigation and the gender of samples
used in miRNAs studies is hardly ever
mentioned. In the same manner that
males are hemizygous for mutations
occurring on X-linked genes, they are
also hemizygous for mutations on Xlocated miRNAs and their regulatory
regions, and so we speculate that this
may have an impact on cancer onset and
development in males and to contribute
to gender-specific susceptibility to
cancer. Among X-linked miRNAs, the
miR-221222 cluster is certainly one

of the most extensively studied. Its
deregulation is a hallmark of several
types of cancer (Table 1), probably
because one of its targets is the cell cycle
regulatory protein p27Kip1/CDKN1B, a
tumor suppressor that is frequently
inactivated in human cancers [61].
This cluster has also been shown to
have anti-angiogenic properties, by
inhibiting tube formation, migration
and wound healing of endothelial cells
in vitro [62]. miRNA-221222 can
indirectly reduce the expression of
endothelial nitric oxide synthase
(eNOS). Nitric oxide (NO) is a key regulator of endothelial cell growth,
migration, vascular remodeling and
angiogenesis, and NO impairment is a
feature of different cardiomyopathies,
suggesting the involvement of this cluster in vascular and cardiac diseases
(reviewed in ref. [63]).

Several X-located miRNAs have
fundamental roles in immunity
Amongst the X-linked miRNAs involved
in immune regulation, miR-223 is probably the most studied so far. MiR-223,
which is also involved in cancer pathology (Table 1), is expressed in the
myeloid lineage in the bone marrow,
and is a regulator of neutrophil differentiation from myeloid precursors [64,
65]. However, the nature of this regulation is contradictory: according to Fazi
et al., miR-223 is a positive regulator of
granulocytic differentiation by targeting
NFI-A [64], whereas Johnnidis et al. [65]
suggest that miR-223 regulates both the
generation and function of granulocytic
cells by restricting their production and
dampening their activation by targeting
MEF2C and IGFR (Fig. 3). MiR-223 knockout (KO) studies support this last hypothesis. MiR-223 KO mice have
increased numbers of granulocyte progenitors in the bone marrow and hypermature neutrophils in circulation,
indicating that miR-223 negatively
regulates granulocyte maturation [49,
65]. Moreover, these animals display
an enhanced oxidative burst upon
Candida albicans infection and develop
inflammatory lung pathology after LPS
(Box 1) challenge, showing that miR-223
is a negative modulator of the inflammatory response [49]. In parallel,
miRNA-profiling of mice lungs exposed
to aerosolized LPS showed a time-
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dependent increase of miR-223, confirming once more its importance in inflammation [66]. More recently, miR-223 was
shown to be significantly reduced in
septic patients, and the authors proposed that serum levels of this
miRNA, together with miR-146a, should
be used as biomarkers for sepsis [67].
Although the gender of the patients
included in this study is known, a comparison between sexes was not done,
and so we cannot discuss the possible
differences between miR-223 expression
in males and females, and whether this
correlated with differences in mortality,
if any.
Four additional X-located miRNAs
are involved in hematopoietic lineage
differentiation: miR-106a, miR-424,
miR-542, and miR-503. Together with
miR-17-5p and miR-20a, miR-106a was
shown to negatively control monocytopoiesis by targeting AML-1, an inducer
of monocyte differentiation and maturation, and subsequent downregulation
of M-CSFR (Fig. 3) [68]. Moreover, miR106a was also shown to downregulate
IL-10, an important anti-inflammatory
cytokine, in several transfected cell
lines [69]. Interestingly, miR-106a is
part of a cluster (miR-106a363) which
has two paralog clusters (Box 1): miR1792 and miR-106b25 located on
human chromosomes 13 and 7, respectively. These clusters arose by a complex
history of duplication and deletion
events in early vertebrate evolution
[70]. The miR-1792 cluster is well
known for its importance in immune
regulation because it is required for
B and T lymphocyte maturation.
Moreover, this cluster was shown to
be involved in B cell lymphomas, and
transgenic expression of miR-1792
resulted in breakdown of T cell tolerance and development of autoimmunity
(reviewed in ref. [49]). The miR106363 cluster, which includes miR106a, miR-18b, miR-20b, miR-19b-2,
miR-92a-2, and miR-363 (Fig. 2), was
also shown to have oncogenic potential, as it was found to be overexpressed
in T cell leukemias [71]. Therefore, we
speculate that this cluster might have
an important role in both innate and
adaptive immunity by negatively regulating monocyte differentiation, as previously shown [68], but also by
controlling lymphocyte development.
MiR-424 synergizes with PU.1 (a myeloid
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cell maturation [53–55]. Thus, the role of
miRNAs in disease onset and progression is unequivocal, and their broad
mode of action is certainly one of the
most important regulatory mechanisms
of protein expression within the mammalian genome.
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Table 1. miRNAs located on human and mouse X chromosomes involved in immunity ($) and/or cancer ()
miRBase ID

Role in immunity

Role in cancer

Target(s)

mir-221

–

Promotes cancer cell proliferation; anti-angiogenic; involved in glioblastoma, cutaneous
melanoma, prostate cancer, breast cancer,
lung cancer, liver cancer, thyroid cancer,
bladder cancer, HCC, PTC, GISTs, PDAC,
AML, ALL, FCL and neuroblastoma

CDKN1B; KIT; ERa; PTEN;
TIMP3; BMF; HOXB5;
CDKN1C; BIM

mir-222

–

Promotes cancer cell proliferation; anti-angiogenic; involved in glioblastoma, cutaneous
melanoma, prostate cancer, breast cancer,
lung cancer, thyroid cancer, papillary carcinoma, urothelial carcinoma, colorectal adenocarcinoma, parathyroid carcinoma, HCC,
GISTs, OTSCC, PDAC, AML and FCL;
decreases susceptibility of tumor cells to
cytolysis

CDKN1B; KIT; ERa; PTEN;
TIMP3; MMP1; SOD2;
BIM; ICAM-1; CDKN1C

mir-532

–

Cutaneous melanoma

RUNX3

mir-188

–

B cell-CLL

–

mir-500

–

HCC

–

hsa-mir-502

–

Breast cancer

SET8

mir-98 $

Together with let-7i regulates TLRmediated epithelial innate immune
response; reduction of IL-1bmediated production of TNF in
osteoarthritic tissue

Involved in HNSCC, AML, papillary carcinoma,
breast cancer, lung adenocarcinoma, HCC,
esophageal adenocarcinoma, pancreatic
adenocarcinoma, ovarian and prostate cancers
and hormone-refractory carcinoma

CIS; FUS1/TUSC2; RAS;
MYC; HMGA2

let-7f-2

–

Involved in renal cell carcinoma, AML,
papillary carcinoma, breast cancer, lung
adenocarcinoma, HCC, esophageal
adenocarcinoma, pancreatic adenocarcinoma,
ovarian and prostate cancers and
hormone-refractory carcinoma; pro-angiogenic

RAS; MYC; HMGA2

mir-223 $

Upregulated during TLR4 signaling;
regulator of granulocytic differentiation; regulation of LPS-induced
IFNg in splenic lymphocytes;
regulation of erythropoiesis;
involved in RA and HIV-1 latency;
sepsis marker

Involved in HCC, bladder cancer, lung cancer,
gastric cancer, ovarian cancer,
adenocarcinoma of the esophagus, colorectal
adenocarcinoma, PDAC, ATL, FCL, CLL, AML
and ALL

MEF2C; NFI-A; E2F1; IGFR;
LMO2; STMN1; RHOB

mir-421

–

Involved in gastric cancer and neuroblastoma

CBX7; RBMXL1; ATM

mir-374

–

Involved in lung cancer, colon cancer, AML and
HCC

–

mir-325

–

Squamous cell carcinoma of the tongue,
Hodgkins lymphoma, AML

–

mir-448$

Induced by IFNb; inhibition of HCV
replication

–

–

hsa-mir-220a

–

B cell-CLL, Hodgkin lymphoma, papillary
carcinoma, lung adenocarcinoma

–

mir-363

–

T cell leukemia; increased expression in
Waldenström macroglobulinemia

–

mir-92a-2

–

T cell leukemia

–

mir-19b-2

–

T cell leukemia

–

mir-20b

–

Involved in T cell leukemia and gastric cancer;
improves survival of tumor cells; regulation of
VEGF expression in breast cancer cells

HIF-1a; STAT3

mir-18b $

Multiple sclerosis

Involved in T cell leukemia, gastric cancer;
colon cancer and ERa-negative breast cancer

ERa
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mir-106a $

Control of monocytopoiesis; regulation of IL-10 (anti-inflammatory
cytokine)

mir-542$

Monocytic differentiation

–

–

mmu-mir-351$

Induced by IFNb; inhibition of HCV
replication

–

–

mir-503 $

Monocytic differentiation

Involved in parathyroid carcinoma, retinoblastoma, prostate cancer, AML and ACC

–

hsa-mir-424 $

Monocytic differentiation

Induced by estrogens in breast cancer cells;
involved in lung carcinoma, intrahepatic cholangiocarcinoma, colon cancer, renal cell carcinoma, pancreatic adenocarcinoma, ovarian
carcinoma, AML and ALL

NFI-A

mir-504

–

GISTs

–

hsa-mir-513

–

Hormone -refractory carcinoma

–

mir-224

–

Involved in HCC, PDAC, papillary carcinoma,
breast cancer, lung cancer, thyroid cancer,
colon cancer, prostate cancer and FCL;
regulation of cell migration and invasion

API-5; CD40; PAK4

mir-452

–

Urothelial carcinoma

–

mir-105$

Modulation of TLR2 in human
gingival keratinocytes

–

TLR2

AML-1; IL-10; RB; E2F1

Hypotheses

Involved in lung adenocarcinoma, gastric
adenocarcinoma, colorectal adenocarcinoma,
T cell leukemia, malignant mesothelioma,
astrocytoma and neuroblastoma

ACC, adrenocortical carcinoma; ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; AML-1, acute myeloid leukemia-1; API-5,
apoptosis inhibitor-5; ATL, adult T cell leukemia; ATM, Ataxia-telangiectasia mutated; BIM, BCL-2 interacting protein; BMF, BCL-2 modifying factor;
CBX7, chromobox homolog 7; CD40, CD40 antigen; CDKN1B, cyclin-dependent kinase inhibitor 1B; CDKN1C, cyclin-dependent kinase inhibitor
1C; CIS, cytokine-inducible Src homology 2-containing protein; KIT, stem cell factor receptor; CLL, chronic lymphocytic leukemia; E2F1, E2F
transcription factor 1; ER, estrogen receptor; FCL, follicular lymphoma; FUS1/TUSC2, tumor suppressor candidate 2; GISTs, gastrointestinal
stromal tumors; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HIF-1a, hypoxia-inducible factor; HIV-1, human immunodeficiency virus
type 1; HMGA2, high mobility group A2; HNSCC, head and neck squamous cell carcinoma; hsa, Homo sapiens; HOXB5, homeobox B5; ICAM-1,
intercellular adhesion molecule 1; IFN, interferon; IGFR, insulin-like growth factor receptor; IL, interleukin; LMO2, LIM-only protein 2; LPS,
lipopolysaccharide; MEF2C, myeloid ELF-1-like factor 2c; MMP1, matrix metalloproteinase 1; mmu, Mus musculus; MYC, c-Myc proto-oncogene;
NFI-A, nuclear factor I/A; OTSCC, oral tongue squamous cell carcinoma; PAK4, p-21 activated kinase 4; PDAC, pancreatic ductal adenocarcinoma;
PTC, papillary thyroid carcinoma; PTEN, phosphatase and tensin homolog; RA, rheumatoid arthritis; RAS, protein subfamily of small GTPases; RB,
retinoblastoma; RBMXL1, RNA-binding motif protein X-linked-like 1; RHOB, RAS homolog gene family member B; RUNX3, Runt-related transcription factor; SET8, SET domain-containing protein 8; SOD2, superoxide dismutase 2; STAT3, signal transducer and activator of transcription 3;
STMN1, stathmin 1; TIMP3, tissue inhibitor of metalloproteinase 3; TLR, Toll-like receptor; TNF, tumor necrosis factor; VEGF, vascular endothelial
growth factor.

specific transcription factor) to positively regulate monocyte to macrophage
differentiation by targeting NFI-A
(Fig. 3) [72]. The pre-miR-424 was found
to be transcribed together with pre-miR503 and pre-miR-542 as one transcript;
therefore, it is likely that they regulate
the same processes, such as monocytopoiesis [73]. Indeed, a second study
confirmed that miR-424 and miR-503
are derived from a polycistronic precursor (Box 1) and those, together with miR222 (also X-located) and miR-155, are
pro-differentiation miRNAs of the monocytic lineage [74]. Finally, the authors
also showed that miR-424 and miR-503
target a series of cell-cycle regulators,
and downregulate miR-9, an anti-differentiation miRNA in human acute monocytic leukemia cells, leading to their

differentiation [74]. Despite the important role of these miRNAs in early
differentiation of myeloid cells, which
can have a great impact in innate
immune responses, their effect in gender-based immunity has never been
studied. We believe that dysregulation
of these and other miRNAs expression
on the X chromosome, by means of
irregularities in the process of DNA
methylation such as may occur during
silencing escape, may be partly responsible for differences in immune
responses between genders. Moreover,
naturally-occurring mutations in these
miRNAs or their regulatory sequences
may also contribute to gender differences in immune responses, but again
such mutations have never been
reported.

Bioessays 33: 791–802,ß 2011 WILEY Periodicals, Inc.

Summary of key open
questions
The X chromosome contains several
important miRNAs with an extensive
role in cell lineage determination,
immune regulation and oncogenesis
but, to date, most of the X-linked
miRNAs have no described functions.
Moreover, the contribution of these
miRNAs to the gender-specific predisposition for cancer or immune diseases has
never been explored. These gaps in
knowledge raise several questions,
and provide new ground for future
research, both from evolutionary and
pathological perspectives: (i) Why is
the Y chromosome devoid of miRNAs?
It is known that the mammalian X
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which will ultimately contribute to our
understanding of protein regulation by
miRNAs and the importance of this
process to define development and
disease.

Figure 3. X-linked miRNAs involved in the differentiation of myeloid cells. MiR-106a and miR424 control the differentiation of monocytes into macrophages: miR-106a, together with miR17-5p and miR-20a, blocks monocytopoiesis by targeting AML-1 and subsequent M-CSFR
downregulation; miR-424, together with PU.1, induces monocytopoiesis by targeting NFI-A,
resulting in M-CSFR upregulation. MiR-223 negatively regulates neutrophil differentiation by
targeting MEF2C and IGFR. AML-1: acute myeloid leukaemia-1; CMP: common myeloid progenitor; HSC: hematopoietic stem cell; IGFR: insulin-growth factor receptor; M-CSFR: macrophage-colony stimulating factor receptor; MEF2C: myeloid ELF-1-like factor 2c; miR: miRNA;
NFI-A: nuclear factor I/A; PU.1: a myeloid transcription factor.

Conclusions and prospects

of females and/or their predisposition to
autoimmune diseases? (v) Intronic
miRNAs that are encoded in the same
orientation as their host gene are
thought to share the same regulatory
motifs with it, including the promoter
region [76]. Intronic expansion or
deletion may result in dysregulation of
miRNA processing from the introns and
lead to genetic diseases. This has been
suggested for example for myotonic
dystrophy [77] and fragile X mental
retardation [78]. Do other X-linked
diseases have the same etiology? In this
context, one should be careful when
planning gene KO strategies, to be
sure that no intronic miRNAs have
been affected, which could lead to misinterpretation of results. All these questions open the door for future research,

The role of miRNAs as immunomodulators is an emerging research field, where
much has still to be done [40, 49–51].
Fine-tuning of protein expression is
essential for maintaining homeostasis
and for correct development and
cellular function, and it is clear by
recent advances in miRNA research,
that minimal perturbations in miRNAmediated regulation can have serious
consequences [76, 79]. Thus, we believe
that miRNAs on the X chromosome,
because they are present in a particular
genomic context, may influence sex
specific responses. The myriad of functions and targets of miRNAs has obvious
implications in the development of
effective therapeutic strategies for cancer and immunity, and is likely to
represent a challenge for researchers
of both fields in the coming years.

chromosome is enriched for miRNAs
expressed in the testis [37, 39], so why
aren’t they Y-located? (ii) Why is the
mammalian X chromosome richer in
miRNAs than the autosomes? Do mammalian X-linked miRNAs have sexspecific functions that we are not aware
of? (iii) The number of X-linked miRNAs
common to human and mouse is limited. Why is this so and is this pattern
extended to the rest of the genome?
What are the consequences for cancer
and immune research if several speciesexclusive miRNAs have important roles
in disease? (iv) The importance of the X
chromosome in shaping immune functions and autoimmunity has been extensively recognized [7, 10, 16, 18, 19, 30,
75]. Are X-linked miRNAs also responsible for the immunological advantage
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5. Schröder J, Kahlke V, Staubach KH, Zabel
P, et al. 1998. Gender differences in human
sepsis. Arch Surg-Chicago 133: 1200–4.
6. Wichmann MW, Inthorn D, Andress HJ,
Schildberg FW. 2000. Incidence and
mortality of severe sepsis in surgical intensive
care patients: the influence of patient gender
on disease process and outcome. Intens Care
Med 26: 167–72.
7. Migeon BR. 2007. Why females are mosaics,
X-chromosome inactivation, and sex differences in disease. Gend Med 4: 97–105.
8. Morris JA, Harrison LM. 2009. Hypothesis:
increased male mortality caused by infection
is due to a decrease in heterozygous loci as a
result of a single X chromosome. Med
Hypotheses 72: 322–4.
9. Lockshin MD. 2006. Sex differences in autoimmune disease. Lupus 15: 753–6.
10. Ozcelik T. 2008. X chromosome inactivation
and female predisposition to autoimmunity.
Clin Rev Allergy Immunol 34: 348–51.
11. Libert C, Dejager L, Pinheiro I. 2010. The X
chromosome in immune functions: when a
chromosome makes the difference. Nat Rev
Immunol 10: 594–604.
12. Kovacs EJ, Messingham KA, Gregory MS.
2002. Estrogen regulation of immune
responses after injury. Mol Cell Endocrinol
193: 129–35.
13. Palaszynski KM, Smith DL, Kamrava S,
Burgoyne PS, et al. 2005. A Yin-Yang effect
between sex chromosome complement and
sex hormones on the immune response.
Endocrinology 146: 3280–5.
14. Carrel L, Willard HF. 2005. X-inactivation
profile reveals extensive variability in X-linked
gene expression in females. Nature 434: 400–
4.
15. Orstavik KH. 2009. X chromosome inactivation in clinical practice. Hum Genet 126:
363–73.

16. Fish EN. 2008. The X-files in immunity: sexbased differences predispose immune
responses. Nat Rev Immunol 8: 737–44.
17. Pessach IM, Notarangelo LD. 2009. X-linked
primary immunodeficiencies as a bridge to
better understanding X-chromosome related
autoimmunity. J Autoimmun 33: 17–24.
18. Migeon BR. 2007. Females are Mosaics: X
Inactivation and Sex Differences in Disease.
New York: Oxford University Press, Inc. 271 p.
19. Spolarics Z. 2007. The X-files of inflammation: cellular mosaicism of X-linked polymorphic genes and the female advantage in
the host response to injury and infection.
Shock 27: 597–604.
20. Denli AM, Tops BBJ, Plasterk RHA, Ketting
RF, et al. 2004. Processing of primary
microRNAs by the Microprocessor complex.
Nature 432: 231–5.
21. Lee Y, Ahn C, Han JJ, Choi H, et al. 2003.
The nuclear RNase III Drosha initiates
microRNA processing. Nature 425: 415–9.
22. Yi R, Qin Y, Macara IG, Cullen BR. 2003.
Exportin-5 mediates the nuclear export of
pre-microRNAs and short hairpin RNAs.
Gene Dev 17: 3011–6.
23. Zhang HD, Kolb FA, Jaskiewicz L, Westhof
E, et al. 2004. Single processing center
models for human dicer and bacterial
RNase III. Cell 118: 57–68.
24. Zeng Y. 2006. Principles of micro-RNA production and maturation. Oncogene 25: 6156–
62.
25. Bartel DP. 2009. MicroRNAs target recognition and regulatory functions. Cell 136:
215–33.
26. Ohno S. 1967. In Labhart A, Mann T, Samuels
LT, Zander J, eds; Sex Chromosomes and
Sex-Linked Genes. Berlin: Springer-Verlag.
27. Ross MT, Grafham DV, Coffey AJ, Scherer
S, et al. 2005. The DNA sequence of the
human X chromosome. Nature 434: 325–37.
28. Wang PJ, McCarrey JR, Yang F, Page DC.
2001. An abundance of X-linked genes
expressed in spermatogonia. Nat Genet 27:
422–6.
29. Zechner U, Wilda M, Kehrer-Sawatzki H,
Vogel W, et al. 2001. A high density of Xlinked genes for general cognitive ability: a
run-away process shaping human evolution?
Trends Genet 17: 697–701.
30. Migeon BR. 2006. The role of X inactivation
and cellular mosaicism in women’s health and
sex-specific diseases. JAMA 295: 1428–33.
31. Koker MY, Sanal O, de Boer M, Tezcan I,
et al. 2006. Skewing of X-chromosome inactivation in three generations of carriers with Xlinked chronic granulomatous disease within
one family. Eur J Clin Invest 36: 257–64.
32. Weber B, Stresemann C, Brueckner B,
Lyko F. 2007. Methylation of human
microRNA genes in normal and neoplastic
cells. Cell Cycle 6: 1001–5.
33. Brueckner B, Stresemann C, Kuner R,
Mund C, et al. 2007. The human let-7a-3
locus contains an epigenetically regulated
microRNA gene with oncogenic function.
Cancer Res 67: 1419–23.
34. Lujambio A, Esteller M. 2007. CpG island
hypermethylation of tumor suppressor
microRNAs in human cancer. Cell Cycle 6:
1455–9.
35. Lewis BP, Burge CB, Bartel DP. 2005.
Conserved seed pairing, often flanked by
adenosines, indicates that thousands of
human genes are microRNA targets. Cell
120: 15–20.

Bioessays 33: 791–802,ß 2011 WILEY Periodicals, Inc.

36. Chekulaeva M, Filipowicz W. 2009.
Mechanisms of miRNA-mediated post-transcriptional regulation in animal cells. Curr
Opin Cell Biol 21: 452–60.
37. Guo XJ, Su B, Zhou ZM, Sha JH. 2009.
Rapid evolution of mammalian X-linked testis
microRNAs. BMC Genomics 10: 97.
38. Welker NC, Habig JW, Bass BL. 2007.
Genes misregulated in C. elegans deficient
in Dicer, RDE-4, or RDE-1 are enriched for
innate immunity genes. RNA 13: 1090–
102.
39. Zhang R, Peng Y, Wang W, Su B. 2007.
Rapid evolution of an X-linked microRNA
cluster in primates. Genome Res 17: 612–7.
40. Sonkoly E, Stahle M, Pivarcsi A. 2008.
MicroRNAs and immunity: novel players in
the regulation of normal immune function
and inflammation. Semin Cancer Biol 18:
131–40.
41. Heimberg AM, Sempere LF, Moy VN,
Donoghue PCJ, et al. 2008. MicroRNAs
and the advent of vertebrate morphological
complexity. Proc Natl Acad Sci USA 105:
2946–50.
42. Li SC, Tang P, Lin WC. 2007. Intronic
MicroRNA: discovery and biological implications. DNA Cell Biol 26: 195–207.
43. Ying SY, Lin SL. 2005. Intronic microRNAs.
Biochem Biophys Res Co 326: 515–20.
44. Ying SY, Lin SL. 2006. Current perspectives
in intronic micro RNAs (miRNAs). J Biomed
Sci 13: 5–15.
45. Cho WC. 2007. OncomiRs: the discovery and
progress of microRNAs in cancers. Mol
Cancer 6: 60.
46. Esquela-Kerscher A, Slack FJ. 2006.
OncomiRs-microRNAs with a role in cancer.
Nat Rev Cancer 6: 259–69.
47. Kluiver J, Poppema S, de Jong D, Blokzijl T,
et al. 2005. BIC and miR-155 are highly
expressed in Hodgkin, primary mediastinal
and diffuse large B cell lymphomas.
J Pathol 207: 243–9.
48. Zhao JL, Rao DS, Boldin MP, Taganov KD,
et al. 2011. NF-kappa B dysregulation in
microRNA-146a-deficient mice drives the
development of myeloid malignancies. Proc
Natl Acad Sci USA 108: 9184–9.
49. Lindsay MA. 2008. microRNAs and the
immune response. Trends Immunol 29: 343–51.
50. Pedersen I, David M. 2008. MicroRNAs in the
immune response. Cytokine 43: 391–4.
51. Tsitsiou E, Lindsay MA. 2009. microRNAs
and the immune response. Curr Opin
Pharmacol 9: 514–20.
52. Kundu JK, Surh YJ. 2008. Inflammation:
gearing the journey to cancer. Mutat Res
659: 15–30.
53. Cobb BS, Hertweck A, Smith J, O’Connor
E, et al. 2006. A role for Dicer in immune
regulation. J Exp Med 203: 2519–27.
54. Koralov SB, Muljo SA, Galler GR, Krek A,
et al. 2008. Dicer ablation affects antibody
diversity and cell survival in the B lymphocyte
lineage. Cell 132: 860–74.
55. Muljo SA, Ansel KM, Kanellopoulou C,
Livingston DM, et al. 2005. Aberrant T cell
differentiation in the absence of Dicer. J Exp
Med 202: 261–9.
56. Ashley DJB. 1969. A male-female differential
in tumour incidence. Brit J Cancer 23: 21–5.
57. Greenberg
RS,
Shuster
JL.
1985.
Epidemiology of cancer in children. Epidemiol
Rev 7: 22–48.
58. Pearce MS, Parker L. 2001. Childhood
cancer registrations in the developing world:

801

Hypotheses

Acknowledgments
The authors wish to acknowledge
Dr. Amin Bredan for his critical review
of the paper. Research in the authors’
laboratory is sponsored by the Fund
for Scientific Research-Flanders, the
Interuniversity
Attraction
Poles
Program of the Belgian Science Policy
(IAP VI/18), the Belgische Vereniging
tegen Kanker, and the Flanders
Institute for Biotechnology (VIB).

I. Pinheiro et al.

Hypotheses

I. Pinheiro et al.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

still more boys than girls. Int J Cancer 91:
402–6.
Cartwright RA, Gurney KA, Moorman AV.
2002. Sex ratios and the risks of haematological malignancies. Brit J Haematol 118:
1071–7.
Cook MB, Dawsey SM, Freedman ND,
Inskip PD, et al. 2009. Sex disparities in cancer incidence by period and age. Cancer
Epidem Biomar 18: 1174–82.
le Sage C, Nagel R, Egan DA, Schrier M,
et al. 2007. Regulation of the p27(Kip1) tumor
suppressor by miR-221 and miR-222 promotes cancer cell proliferation. EMBO J 26:
3699–708.
Poliseno L, Tuccoli A, Mariani L,
Evangelista M, et al. 2006. MicroRNAs
modulate the angiogenic properties of
HLTVECs. Blood 108: 3068–71.
Urbich C, Kuehbacher A, Dimmeler S. 2008.
Role of microRNAs in vascular diseases,
inflammation, and angiogenesis. Cardiovasc
Res 79: 581–8.
Fazi F, Rosa A, Fatica A, Gelmetti V, et al.
2005. A minicircuitry comprised of MicroRNA223 and transcription factors NFI-A and
C/EBP alpha regulates human granulopoiesis.
Cell 123: 819–31.
Johnnidis JB, Harris MH, Wheeler RT,
Stehling-Sun S, et al. 2008. Regulation of
progenitor cell proliferation and granulocyte
function by microRNA-223. Nature 451: 1125–9.
Moschos SA, Williams AE, Perry MM,
Birrell MA, et al. 2007. Expression profiling
in vivo demonstrates rapid changes in lung
microRNA levels following lipopolysaccharideinduced inflammation but not in the antiinflammatory action of glucocorticoids. BMC
Genomics 8: 240.
Wang JF, Yu ML, Yu G, Bian JJ, et al. 2010.
Serum miR-146a and miR-223 as potential
new biomarkers for sepsis. Biochem
Biophys Res Commun 394: 184–8.
Fontana L, Pelosi E, Greco P, Racanicchi S,
et al. 2007. MicroRNAs 17-5p-20a-106a control monocytopoiesis through AML1 targeting
and M-CSF receptor upregulation. Nat Cell
Biol 9: 775–87.

802

Insights & Perspectives

69. Sharma A, Kumar M, Aich J, Hariharan M,
et al. 2009. Posttranscriptional regulation of
interleukin-10 expression by hsa-miR-106a.
Proc Natl Acad Sci USA 106: 5761–6.
70. Tanzer A, Stadler PF. 2004. Molecular evolution of a microRNA cluster. J Mol Biol 339:
327–35.
71. Landais S, Landry S, Legault P, Rassart E.
2007. Oncogenic potential of the miR-106363 cluster and its implication in human T-cell
leukemia. Cancer Res 67: 5699–707.
72. Rosa A, Ballarino M, Sorrentino A,
Sthandier O, et al. 2007. The interplay
between the master transcription factor
PU.1 and miR-424 regulates human monocyte/macrophage differentiation. Proc Natl
Acad Sci USA 104: 19849–54.
73. Schmeier S, MacPherson CR, Essack M,
Kaur M, et al. 2009. Deciphering the transcriptional circuitry of microRNA genes
expressed during human monocytic differentiation. BMC Genomics 10: 595.
74. Forrest ARR, Kanamori-Katayama M,
Tomaru Y, Lassmann T, et al. 2010.
Induction of microRNAs, mir-155, mir-222,
mir-424 and mir-503, promotes monocytic
differentiation through combinatorial regulation. Leukemia 24: 460–6.
75. Lleo A, Battezzati PM, Selmi C, Gershwin
ME, et al. 2008. Is autoimmunity a matter of
sex? Autoimmun Rev 7: 626–30.
76. Lin SL, Miller JD, Ying SY. 2006.
IntronicMicroRNA (miRNA). J Biomed
Biotechnol 2006: 1–13.
77. Liquori CL, Ricker K, Moseley ML,
Jacobsen JF, et al. 2001. Myotonic dystrophy type 2 caused by a CCTG expansion in
intron 1 of ZNF9. Science 293: 864–7.
78. Jin P, Alisch RS, Warren ST. 2004. RNA and
microRNAs in fragile X mental retardation. Nat
Cell Biol 6: 1048–53.
79. Tong AW, Nemunaitis J. 2008. Modulation of
miRNA activity in human cancer: a new paradigm for cancer gene therapy? Cancer Gene
Ther 15: 341–55.
80. Arcaroli J, Silva E, Maloney JP, He QB, et al.
2006. Variant IRAK-1 haplotype is associated
with increased nuclear factor-kappa B acti-

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

.....

vation and worse outcomes in sepsis. Am J
Respir Crit Care Med 173: 1335–41.
Berglund M, Thomas JA, Fredin MF, Melgar
S, et al. 2009. Gender dependent importance
of IRAK-1 in dextran sulfate sodium induced
colitis. Cell Immunol 259: 27–32.
Uzel G. 2005. The range of defects associated with nuclear factor kappa B essential
modulator. Curr Opin Allergy Clin Immunol
5: 513–8.
Berrebi D, Bruscoli S, Cohen N, Foussat A,
et al. 2003. Synthesis of glucocorticoidinduced leucine zipper (GILZ) by macrophages: an anti-inflammatory and immunosuppressive
mechanism
shared
by
glucocorticoids and IL-10. Blood 101: 729–
38.
Hamdi H, Bigorgne A, Naveau S, Balian A,
et al. 2007. Glucocorticoid-induced leucine
zipper: a key protein in the sensitization of
monocytes to lipopolysaccharide in alcoholic
hepatitis. Hepatology 46: 1986–92.
Mittelstadt PR, Ashwell JD. 2001. Inhibition
of AP-1 by the glucocorticoid-inducible
protein GILZ. J Biol Chem 276: 29603–10.
Cannarile L, Cuzzocrea S, Santucci L,
Agostini M, et al. 2009. Glucocorticoidinduced leucine zipper is protective in Th1mediated models of colitis. Gastroenterology
136: 530–41.
Beaulieu E, Ngo D, Santos L, Yang YH, et al.
2010. Glucocorticoid-induced leucine zipper
is an endogenous anti-inflammatory mediator
in arthritis. Arthritis Rheum 62: 2651–61.
Berghofer B, Frommer T, Haley G, Fink L,
et al. 2006. TLR7 Ligands induce higher IFNalpha production in females. J Immunol 177:
2088–96.
Davila S, Hibberd ML, Dass RH, Wong HEE,
et al. 2008. Genetic association and expression studies indicate a role of toll-like receptor
8 in pulmonary tuberculosis. PLoS Genet 4:
e1000218.
Oh DY, Taube S, Hamouda O, Kuecherer C,
et al. 2008. A functional toll-like receptor 8
variant is associated with HIV disease restriction. J Infect Dis 198: 701–9.

Bioessays 33: 791–802,ß 2011 WILEY Periodicals, Inc.

