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1. ABSTRACT
Systemic lupus erythematosus (SLE) is the prototypic autoimmune disease that involves multiple
genetic and environmental contributions. Although its etiology is not established, it is considered
that the immune system of SLE patients is predisposed to aberrant responsiveness. The hallmark of
the disease is the production of anti-nuclear autoantibodies and the formation of immunocomplexes
that promote injury to various target organs. Defects in T cell antigen receptor–mediated signaling
have been shown to lead to breakdown of immunological tolerance. Aberrant co-stimulation and
skewed cytokine production by CD4+ T lymphocytes are important mechanisms that lead to B cell
hyper-responsiveness in SLE.
Considering the complexity of the disease, high throughput techniques have been used to dissect
disease mechanisms and identify novel molecules involved in the deregulation of the immune
response in human SLE. cDNA microarrays have been used in SLE and have found unique gene
signatures in the disease. Although these studies have provided important insights into genetic
pathways involved in lupus pathogenesis, they offer only limited information with regard to
regulatory mechanisms that control gene expression.
Micro-RNAs (miRNAs) are potent negative modulators of genes involved in a variety of cellular
processes. In animal cells, miRNAs regulate their targets by translational inhibition and mRNA
destabilization. Deregulation of miRNA expression has been implicated in the pathogenesis of
several human diseases and they are considered as potential biomarkers and therapeutic targets.
Compared with other gene regulatory mechanisms such as epigenetic and transcription factors,
miRNA-mediated effects occur prior to protein synthesis, thus allowing for the fine tuning of gene
expression. This is particularly important for the immune system that has to adjust rapidly in
response to environmental changes.
MiRNAs have the potential to regulate the development and function of both the innate and the
adaptive immune system and several miRNAs have been shown to be activated after stimulation of
various immune pathways. Deregulation of miRNAs leads to uncontrolled immune response and
4

development of autoimmunity in mice. Altered miRNA expression has also been reported in
human autoimmune diseases, such as SLE, rheumatoid arthritis and multiple sclerosis but the
mechanisms by which these changes promote autoimmunity have not been thoroughly
investigated.
In this study, we investigated the role of this new class of gene modulators in human SLE. To this
end, we analyzed the miRNA profile in peripheral blood mononuclear cells (PBMCs) of SLE
patients by microarray technology aiming to identify novel genes involved in disease pathogenesis.
We found a set of differentially expressed miRNAs in SLE patients compared to healthy
individuals and in patients with active versus inactive disease. Several miRNAs displayed a strong
correlation with disease activity. Longitudinal studies in large patient cohorts are needed to define
the use of miRNAs as disease biomarkers. Importantly, the identified miRNAs are predicted to
regulate genes and processes pertinent to the pathogenesis of SLE.
Among these genes, mir-21 was one of the highest up-regulated in SLE patients and displayed the
strongest correlation with disease activity (r2= 0,92). Compared with controls, CD4 T lymphocytes
from patients with SLE had higher basal and activation-induced miR-21 expression. Silencing of
miR-21 reversed the activated phenotype of T cells from patients with SLE—namely, enhanced
proliferation, IL10 production, CD40L expression and their capacity to drive B cell maturation into
Ig-secreting CD19+CD38

hi

IgD−plasma cells. Overexpression of miR-21 in normal T cells led to

acquisition of an activated phenotype. Investigation of putative gene- targets showed that PDCD4
(a selective protein translation inhibitor) was suppressed by miR-21 and its expression was
decreased in active SLE. Together these data suggest that miRNAs may regulate major pathogenic
pathways in SLE.
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ΠΕΡΙΛΗΨΗ
Ο Συστηματικός Ερυθηματώδης Λύκος (ΣΕΛ) αποτελεί ένα συστηματικό νόσημα, αυτοάνοσης
αιτιολογίας, που περιλαμβάνει πολλαπλές γενετικές και περιβαλλοντικές παραμέτρους. Οι
ασθενείς ποικίλουν όσο αναφορά τα κλινικά συμπτώματα, την πρόγνωση και την ανταπόκριση
στην θεραπεία. Το κύριο χαρακτηριστικό του νοσήματος είναι η υπερδραστηκότητα των Β
λεμφοκυττάρων του ανοσοποιητικού συστήματος και η αυξημένη παραγωγή αυτοαντισωμάτων.
Μηχανισμοί που εξαρτώνται αλλά και που είναι ανεξάρτητοι από τα Τ λεμφοκύτταρα θεωρούνται
υπεύθυνοι για την υπερδραστηκότητα των Β λεμφοκυττάρων που παρατηρείται στην νόσο. Ο
φαινότυπος της νόσου είναι αποτέλεσμα ενός ευρέως φάσματος αλλαγών στην έκφραση γονιδίων
που συμβαίνουν όχι μόνο στους προσβεβλημένους ιστούς αλλά και στα δραστικά κύτταρα του
ανοσοποιητικού συστήματος.
Λαμβάνοντας υπόψη την πολυπλοκότητα της νόσου, τεχνικές που επιτρέπουν την ταυτόχρονη
μελέτη ενός μεγάλου αριθμού παραμέτρων (high throughput techniques) είναι απαραίτητες για
την αποσαφήνιση και κατανόηση της αιτιολογίας της νόσου. Η τεχνολογία των μικροσυστοιχείων
(microarrays) έχει συμβάλει ουσιαστικά στην ταυτοποίηση μορίων, κυτταρικών πληθυσμών αλλα
και σηματοδοτικών μονοπατιών που εμπλέκονται στην παθοφυσιολογία της νόσου. Παρόλα αυτά,
κρίνεται απαραίτητη η ταυτοποίηση νέων μορίων στόχων με δυνατότητες χρήσης για
προγνωστικούς, διαγνωστικούς και θεραπευτικούς σκοπούς στην αντιμετώπιση του ΣΕΛ.
Τα microRNAs (miRNAs) αποτελούν μια νέα ομάδα εξελικτικά καλά διατηρημένων μικρών
μορίων RΝΑ που δεν κωδικοποιούν για πρωτεΐνες και θεωρούνται σημαντικοί αρνητικοί
ρυθμιστές της έκφρασης γονιδίων. Ανάλογα με τον βαθμό συμπληρωματικότητας, τα miRNAs
προσδένονται στα mRNAs - στόχους τους και είτε προκαλούν την αποικοδόμηση τους είτε
αναστέλλουν την μετάφραση τους σε πρωτεϊνικά μόρια. Σε σύγκριση με άλλες κατηγορίες
ρυθμιστών γονιδίων, όπως μεταγραφικούς και επιγενετικούς παράγοντες, τα miRNAs βρίσκονται
ένα βήμα ακριβώς πριν την πρωτεϊνική σύνθεση, καθιστώντας τα ,ίσως, πιο κατάλληλα μόρια για
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την ρύθμιση της γονιδιακής έκφρασης ως αποτέλεσμα ανταπόκρισης του κυττάρου σε εξωτερικά
ερεθίσματα και προσαρμογή του στο εξωκυττάριο περιβάλλον. Τα miRNAs εμπλέκονται σε
ζωτικής σημασίας διαδικασίες όπως τον πολλαπλασιασμό, την διαφοροποίηση και την απόπτωση
των κυττάρων και έχουν ήδη συσχετιστεί με πολλές ανθρώπινες ασθένειες.
Εξαιτίας της έντονης επιρροής των φλεγμονωδών ερεθισμάτων στην έκφραση γονιδίων, η
ανοσιακή απόκριση έχει την δυνατότητα ρύθμισης των επιπέδων έκφρασης διαφόρων miRNAs.
Αντίθετα, αρκετά miRNAs έχουν δειχτεί ότι εμπλέκονται στην ρύθμιση του συστήματος της
φυσικής και της ειδικής ανοσίας. Μεταβολές στην έκφραση miRNAs έχουν περιγραφεί σε
αυτοάνοσα νοσήματα, όπως ο Συστηματικός Ερυθηματώδης Λύκος (ΣΕΛ), η ρευματοειδής
αρθρίτιδα (ΡΑ) και η πολλαπλή σκλήρυνση, αλλά οι μηχανισμοί που διαταράσονται και προάγουν
την αυτοανοσία δεν έχουν χαρακτηριστεί.
Στην παρούσα μελέτη, θελήσαμε να μελετήσουμε τον ρόλο της νέας αυτής τάξης γονιδίων στην
ρύθμιση και διαταραχή της ανοσολογικής απόκρισης στον ΣΕΛ, που θα μπορούσε με την σειρά
του να βοηθήσει στην αποσαφήνιση και κατανόηση των παθογενετικών μηχανισμών που
εμπλέκονται στη νόσο. Με την χρήση της τεχνολογίας των μικροσυστοιχείων ταυτοποιήσαμε έναν
αριθμό miRNAs με διαφορετική έκφραση στα μονοκύτταρα περιφερικού αίματος ασθενών με
ΣΕΛ. Αξίζει να σημειωθεί, ότι, ορισμένα miRNAs είχαν πολύ καλή συσχέτιση με την ενεργότητα
της ασθένειας, υποδεικνύοντας ότι μπορούν να χρησιμοποιηθούν ως προγνωστικοί παράγοντες.
Επιπλέον, αρκετά miRNAs προβλέπονται να στοχεύουν γονίδια που εμπλέκονται σε διαδικασίες
που είναι διαταραγμένες στον ΣΕΛ.
Το mir-21 ήταν απο τα γονίδια που παρουσίαζε αυξημένη έκφραση στα μονοκύτταρα ασθενών με
ΣΕΛ, σε σχέση με τους υγιείς μάρτυρες και είχε πολύ καλή συσχέτιση με την ενεργότητα της
νόσου (r2= 0,92). Επίσης, η έκφραση του mir-21 βρέθηκε αυξημένη και στα Β αλλά και στα CD4
T λεμφοκύτταρα ασθενών με ΣΕΛ. Σίγηση του miR-21 επηρρέασε σημαντικά χαρακτηριστικά των
Τ λεμφοκυττάρων που συμβάλουν στην υπερδραστικότητα τους στον ΣΕΛ, όπως τον
πολλαπλασιασμό, την παραγωγή κυτταροκινών (IL10) και την έκφραση μορίων συνδιέγερσης
επιφανείας (CD40L). Επιπλέον, η αναστολή της έκφρασης του mir-21 στα CD4 Τ λεμφοκύτταρα
μείωσε την ικανότητα τους να προάγουν την διαφοροποίηση των B λεμφοκυττάρων σε Ig7

παραγωγά CD19+CD38hiIgD − πλασματοκύτταρα. Αντίθετα, η υπερέκφραση του miR-21 σε υγιή
T λεμφοκύτταρα οδήγησε στην ανάκτηση ενός ενεργοποιημένου ‘ΣΕΛ’ φαινοτύπου. Στην
συνέχεια, αναζητήσαμε γονίδια-στόχους του miR-21 και βρήκαμε οτι αναστέλει την έκφραση της
πρωτεΐνης PDCD4, η οποία βρέθηκε με μειωμένη έκφραση στους ασθενείς με ΣΕΛ. Συνολικά, τα
παραπάνω δεδομένα τονίζουν τον ρόλο των miRNAs στην ρύθμιση σημαντικών μοριακών
μονοπατιών που συμβάλουν στην παθογένεια της νόσου.
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2. ABBREVIATIONS
Ago

Argonaute proteins

CLL

chronic lympocytic leukemia

DGCR8

DiGeorge syndrome critical region gene 8

PBMCs

Peripheral blood mononuclear cells

PDCD1

Programmed death-1

PDCD4

Programmed cell death protein 4

pre-miRNA

Precursor miRNA (micro ribonucleic acid)

pri-miRNA

Primary miRNA

RA

Rheumatoid arthritis

RBPs

RNA-binding proteins

RISC

RNA-induced silencing complex

SLE

Systemic lupus erythematosus

TCR

T cell receptor

TRBP

TAR RNA binding protein

3’ UTR

3’ untranslated region
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3. INTRODUCTION
3.1 MiRNAs: major regulators of gene expression
The properties of a cell are determined by the genetic information encoded in its genome.
Understanding how such information is differentially and dynamically retrieved to define distinct cell
types and cellular states is a major challenge facing molecular biology. Gene regulatory factors that
control the expression of genomic information come in a variety of flavors, with microRNAs
representing key regulatory factors in multicellular genomes [1]. MicroRNAs (miRNAs) are
endogenous 19-22 nt RNAs that can play important regulatory roles in animals and plants by
targeting mRNAs for cleavage or translational repression [2-4]. The miRNA genes are encoded in
regions once considered ‘junk’ DNA, such as introns of coding and non-coding genes. Animals that
are unable to produce mature miRNAs do not survive or reproduce [5-8]. Since the discovery of the
founding members of the microRNA family, lin-4 and let-7 [9-11], hundreds of miRNAs have been
identified in plants, animals, and viruses by molecular cloning and bioinformatic approaches [12]
[13-16]. The numbers of individual miRNAs expressed in different organisms are comparable to
those of transcription factors or RNA-binding proteins (RBPs). Currently, there are 1.048 human
miRNAs registered in miRBase (http://www.mirbase.org/). Many of them are expressed in a tissuespecific or developmental stage- specific manner, thereby greatly contributing to cell-type-sp i ecific
profiles of protein expression [17-18]. Based on complementarity, several computational algorithms
have been developed to predict miRNA target genes. In mammals, miRNAs are predicted to control
the activity of about ~30% to 60% of all protein-coding genes [19]. In addition, it is predicted that
each miRNA could target hundreds of different mRNA transcripts, which illustrates the complexity
of the gene regulation network under the control of these molecules [20]. Conversely, several
different miRNAs can bind to and cooperatively control a single mRNA target [21]. Although they
escaped notice until the last decade, miRNAs comprise one of the more abundant classes of gene
regulatory molecules in multicellular organisms and likely influence the output of many proteincoding genes.

3

3.1.1 Biogenesis of miRNAs
Most mammalian miRNA genes (about 80%) have been identified in the intron region of either
protein coding or nonprotein coding transcripts. Only a few miRNA genes (20%) are located in the
exon region of noncoding RNAs. Some miRNA genes could be either exonic or intronic miRNAs
depending on the alternative splicing pattern of host genes [22]. Most miRNA genes are
polyadenylated and are transcribed by RNA polymerase II (Pol II) [23-24]. Exceptionally, miRNAs
encoded by the largest human miRNA cluster, C19MC, are transcribed by polymerase III [25].
MiRNAs are processed from precursor molecules (pri-miRNAs) that contain one or several hairpin
loop structures. An average human pri-miRNA contains a hairpin stem of 33 base-pairs, a terminal
loop and two single-stranded flanking regions upstream and downstream of the hairpin.A single primiRNA often contains sequences for several different miRNAs.
In the canonical miRNA biogenesis pathway, the pri-miRNAs are cleaved in the nucleus by a
microprocessor complex (FIGURE 3.1). The core component of this complex is the RNase III enzyme
Drosha (also known as RN3) [26-30]. Drosha functions in complexes with proteins containing
dsRNA-binding domains (dsRBDs). The Drosha partners are the pasha protein in Drosophila
melanogaster or DiGeorge syndrome critical region gene 8 (DGCR8) in mammals [31-32]. A single
nucleotide polymorphism in a miRNA precursor stem can block Drosha processing [33]. The
Drosha–DGCR8/pasha complex processes pri-miRNAs to ~70-nucleotide hairpins known as premiRNAs. In animals, pre-miRNAs are transported to the cytoplasm by exportin5, where they are
cleaved by Dicer (complexed with TAR RNA binding protein (TRBP) in mammals and the
loquacious gene product in D. melanogaster) to yield ~20-bp miRNA duplexes [6-7] [34-37]. One
strand is then selected to function as a mature miRNA, while the other strand is degraded. Generally,
the retained strand is the one that has the less stably base-paired 5′ end [31] [38]. Occasionally, both
arms of the pre-miRNA hairpin give rise to mature miRNAs [39-41].
However, Drosha mediated processing of pri-miRNAs into pre-miRNAs is not obligatory. Intronderived miRNAs are released from their host transcripts after splicing. If the intron resulting from the
action of the splicing machinery and the lariat debranching enzyme has the appropriate size to form a
hairpin resembling a pre-miRNA, it bypasses Drosha cleavage and is further processed in the
cytoplasm by Dicer (called the noncanonical miRNA biogenesis pathway) [42-43]. These miRNAs, called
mirtrons, have been discovered in several species including mammals, D. melanogaster and C.
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elegans [44]. An additional processing intermediate called AGO2-cleaved precursor miRNA (ac-premiRNA) has been described in mammals. Argonaute 2 (AGO2), which has robust RNaseH-like
endonuclease activity, can support Dicer processing by cleaving the 3′ arm of some pre-miRNAs
[45]. Processing of pre-miR-451 also requires cleavage by AGO2, but is independent of Dicer and
the 3′ end is generated by exonucleolytic trimming [46-47].

Figure 3.1. The canonical pathway of microRNA processing.

3.1.2 Regulation of miRNA processing
The promoter regions of autonomously expressed microRNA (miRNA) genes are highly similar to
those of protein-coding genes [48-49]. The presence of CpG islands, TATA box sequences, initiation
elements and certain histone modifications indicate that the promoters of miRNA genes are
controlled by transcription factors (TFs), enhancers, silencing elements and chromatin modifications,
which is similar to protein-coding genes. MiRNAs frequently act in regulatory networks with TFs,
forming autoregulatory feedback loops, which can drive or repress their expression [50]. Droshamediated pri-miRNA processing was shown to be subject to regulation by miRNA-specific
mechanisms [27]. Several activators and repressors regulate miRNA biogenesis through either
protein–protein or protein–RNA interactionsin a tissue-specific or developmental-specific manner.
Although the activity of some of the regulators is restricted to specific miRNA families, most affect
the processing of a broader range of miRNA precursors, suggesting that their activity can affect the
5

expression of entire gene networks. Arsenite-resistance protein 2 (ARS2) supports Drosha processing
of pri-miR-21, pri-miR-155 or pri-let-7, providing functional coupling of pri-miRNA transcription
and processing [51-52]. The p68 and p72 helicases, identified as components of the Drosha
Microprocessor complex, are thought to stimulate processing of one-third of murine pri-miRNAs
[53-54]. p68 and p72 interact with various proteins and possibly act as a scaffold that recruits other
factors. Transforming growth factor-β (TGF-β) and bone morphogenetic factors (BMPs) induce the
maturation of miR-21 by regulating the microprocessor activity [55]. The SMAD–p68 complex, or a
SMAD nuclear interacting protein 1 (SNIP1), enhances processing of pri-miRNAs, as well as the
accumulation of mature miRNAs, like pri-miR-21 [56]. The splicing regulatory protein KSRP binds
to a subset of pri-miRNAs that have GGG triplet motifs in their terminal loops and enhances
processing by Drosha. KSRP also promotes Dicer-mediated processing of some pre-miRNAs in the
cytoplasm [57]. Drosha can also negatively regulate miRNA processing by decreasing DCGR8 levels
[58]. Editing of pri-miRNAs or pre-miRNAs by adenosine deaminases that act on RNA (ADAR1 and
ADAR2) affects accumulation of mature miRNAs, and might also influence miRNA target
specificity [59]. The tight regulation of miRNAs biogenesis represents their fundamental role on gene
expression.

3.1.3 Function of miRNAs
Mature miRNAs mediate their function through the assembly of the miRNA-induced silencing
complex (miRISC) (or miRNA ribonucleoprotein complexes miRNPs) [60-61]. Argonaute (AGO)
proteins, which are directly associated with miRNAs, are core components of the miRNA-induced
silencing complex (miRISC); most species express multiple AGO homologues: AGO1–AGO4 in
mammals; dAGO1 and dAGO2 in flies; ALG-1 (argonaute-like gene) and ALG-2 in Caenorhabditis
elegans [32].Once incorporated into miRISC, mRNA targeting requires continuous base-pairing of
miRNA nucleotides 2 to 8 in the 5’ end (the seed region) [21] [62-63]. Most animal miRNAs
imperfectly base-pair with sequences in the 3′-UTR of target mRNAs, and inhibit protein synthesis
by either repressing translation or promoting mRNA deadenylation and degradation (FIGURE 3.2) [911] [64]. Deadenylation of mRNAs is mediated by glycine-tryptophan protein of 182 kDa (GW182)
proteins, the other core components of miRISCs, which interact with AGOs and act downstream of
6

them. GW182 proteins interact with the poly (A) binding protein (PABP) and recruit the
deadenylases CCR4 and CAF1. Ago2 is the sole enzyme conferring this activity in mammals and is
the major enzyme in flies [65-66]. Only one endogenous animal miRNA target has been reported to
be degraded miRNAs [67].
In contrast to irreversible target cleavage or degradation, translational repression offers the possibility
for quick target mRNA reactivation. Such temporal responsiveness may make translational repression
a favoured use of miRNAs, as target mRNA reactivation should be quicker than activating the
transcription of a repressed genomic locus. Unlike degradation of mRNAs, the mechanism of
translational repression by miRNAs remains unclear. Indeed, the step at which miRNAs block
translation is controversial. There is evidence that miRNAs block translation initiation, whereas other
studies suggest a block in elongation [68-71]. Argonaute proteins bound to miRNAs and their target
mRNAs accumulate in processing bodies (P-bodies), cytoplasmic foci that are known sites of mRNA
degradation [71-73]. P-bodies function in both storage and decay of repressed mRNAs.
Consequently, they are enriched in proteins involved in translational repression, and in mRNA
deadenylation, decapping and degradation [74-76]. However, other findings indicate that
microscopically visible P-bodies are not essential for miRNA function, and that their formation is
rather a consequence than the cause of miRNA-mediated repression [75] [77-78]. Another class of
mRNA-containing cytoplasmic aggregates is stress granules. Stress granules form on global
repression of translation initiation in response to stress. They share some protein components with Pbodies and are frequently located adjacent to each other, possibly exchanging their cargo material
[79].

Figure 3.2. Possible mechanisms of the microRNA-mediated post-transcriptional gene repression in animal
cells.
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Several reports indicate that miRNAs not only act as repressors but can also act as activators of
translation. Under conditions of serum starvation (or general growth arrest, or at the G0 stage) the
AGO2–miRISC complex has been shown to switch from a translational repressor to an activator. The
switch required fragile X-related protein 1 (FXR1) [80-81]. Two other examples of activation include
stimulation of 5′ TOP mRNAs translation (this class encompasses most mRNAs that encode
ribosomal proteins) by miR-10a [82] and hepatitis virus C by miR-122 [83]. Although most attention
to date has been paid to miRNA action in the cytoplasm, a recent report shows that mature miR-29b
contains a 6-nt motif at its 3’ terminus, which directs import of the mature miRNA into the nucleus
[84], raising intriguing possibilities for other modes of miRNA function.
The miRNA function is also extensively controlled. In addition to the miRISC core components,
AGO and GW182 proteins, which represent the most obvious targets for regulation, dozens of other
proteins have been identified which are implicated in positive or negative control of miRNA
effects[4]. Several RNA-binding proteins (RBPs) have been discovered that can bind to the same
mRNA and modulate miRNA function [85-89]. Environmental signals, such as stress, have been
shown to affect miRNA function [90-91]. In addition, miRNAs have the theoretical utility of spatially
compartmentalized regulation. This might be particularly advantageous in polarized cells, in which
local translation of certain proteins is desirable for characteristic cell behaviours.

3.2 Deregulation of miRNA expression and function leads to disease
MicroRNAs (miRNAs) are involved in the regulation of a wide variety of biological processes, such
as proliferation, apoptosis, differentiation, neuronal patterning and metabolism [92-95]. However,
systematic analysis of a nematode deletion collection that covers nearly all nematode miRNAs
revealed that surprisingly few were obviously required for normal viability, fertility, morphology or
behaviour[96]. Moreover, the fact that a large number of miRNA mutants seem to be viable may
have substantial implications for disease. For example, mice with mutations in cardiac miRNAs such
as miR-1-2 [97] or miR-208 [98] are all viable and fertile, but exhibit profound stress-dependent
defects in cardiac function and/or remodelling.
Mutations in the 3’ UTR of genes have been described to be of particular consequences. HMGA2
encodes a chromatin associated protein and contains seven let-7 sites in its 3′ UTR. The specific loss
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of these miRNA-binding sites strongly potentiated its ability to induce tumours (gain of function
phenotype) [99-100]. This correlates well with the observation that various malignant HMGA2
translocation alleles similarly delete the 3′ UTR and let-7 sites. In the other direction, the muscular
phenotype of the Texel sheep strain is due to a mutation in the myostatin 3′ UTR that creates a
binding site for miR-1 and miR-206 — miRNAs that are highly expressed in skeletal muscle [101].
As a key negative regulator of muscle mass, even slight decreases in myostatin activity yield muscle
overgrowth (loss of function phenotype). Finally, mechanisms that disrupt transcriptional regulation
of miRNAs can lead to disease. This is well illustrated by Myc, a transcription factor shown to
repress the expression of several miRNAs [54] [102]. Deregulation of miRNA expression, rather
than mutations in the 3’ UTR, is the main mechanism described in humans leading to disease.

3.2.1 MiRNAs as disease biomarkers
The main role of miRNAs in the physiology of a healthy organism is to ensure a certain degree of
cell identity and differentiation. In this sense, the comparison between the miRNAome from a healthy
tissue and the corresponding profile from a diseased tissue has become a powerful tool to find
potential biomarkers associated with different pathologies. A number of miRNA profiling studies
have shown that many miRNAs are abnormally expressed in human diseases. The first link was
found between miRNA levels and cancer by Calin et al, who found that the miR15a/16-1 cluster was
deleted in the majority of chronic lympocytic leukemia (CLL) cases and that more than half of known
human miRNAs reside in particular genomic regions that are prone to alteration in cancer cells [103104]. Another study by Zhang et al, reported that a significant percentage of miRNA genes show loss
or gain of copy number in several different types of cancer [105]. Till today, differential miRNA
expression has been implicated in a number of different cancers including sarcomas, neuroblastomas,
breast, lung, ovarian, colorectal, gastric, liver, and thyroid cancer and miRNAs have been proposed to
contribute to oncogenesis [106-114]. Unique miRNA signatures have been described in many
hematological malignancies [115-120]. However, the field of miRNA research gained widespread
attention with the recognition of aberrant expression and/or function of miRNAs in a broad range of
human diseases except from cancer including metabolic, neurodegenerative, infectious, chronic
inflammatory and autoimmune diseases [121-126]. Changes in miRNA levels are implicated in the
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pathogenesis of various cardiovascular diseases and have become an intriguing target for therapeutic
intervention [91] [127]. In these studies, miRNAs are considered as potent diagnostic and prognostic
markers. Interestingly, miRNAs have been used to distinct group of patients according to disease
severity or response to treatment [128-130].
The potential use of miRNAs as disease biomarkers has been enhanced by methods that allow their
easy detection in peripheral blood. For instance, the plasma levels of mir-141 (a miRNA expressed in
prostate cancer) can distinguish patients with prostate cancer from healthy controls [131]. In addition,
mir-29a and miR-92a discriminate colorectal carcinoma from control samples [132]. The level of
mir-155 in serum differentiates between hormone sensitive or insensitive breast cancer [133]. In
acute lymphoblastic leukemia (ALL), mir-18a and mir-193 levels correlate with good or poor
prednisone response, respectively [134]. All this evidence illustrates the high potential of miRNAs as
new biomarkers in human disease [135].

3.3 MiRNAs and the immune system
MiRNA–mediated gene regulation takes place directly before protein synthesis making them more
suitable molecules for the fine-tuning of gene expression, compared to other gene regulatory
mechanisms, such as epigenetic and transcription factors. This is essential in the case of the immune
system that has to adjust rapidly in the environmental changes. During the last several years,
mounting evidence has emerged to show that miRNAs are critical not only for the development of the
immune system but also for the function of both innate and adaptive arms of the immune system.

3.3.1 MiRNAs regulate the development of the immune cells
Using either miRNA cloning or microarray analyses, researchers have identified miRNAs with
distinct expression profiles in haematopoietic or lymphoid cell types were shown to have distinct
roles in immune-cell development. Interestingly, miRNAs, at least when considered alone rather than
in combination with others, appear to function as a lymphoid-lineage modulator rather than as a
developmental switch, as their deregulation did not completely block the differentiation of lymphoid
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and myeloid cell types. This may differ from the effects exerted by lineage-specific transcription
factors or oncogenes, which, when ectopically expressed, can completely shut down the
differentiation of one cell lineage.
MiRNAs have been shown to be key regulators during the development of the cells of the innate
immunity (FIGURE 3.3). miR 223, a myeloid-specific miRNA, the expression of which might be
controlled by the myeloid-specific transcription factors PU.1 and members of the C/EB P
(CCAAT/enhancer-binding protein) family, seems to have an important role in regulating
granulopoiesis [136-137]. In vivo study with miR-223 knockout mice revealed that miR-223 acted as
a negative regulator of granulocyte differentiation by targeting transcription factor myocyte-specific
enhancer factor 2C [138]. The miR-223 knockout mice had an increased number of granulocyte
progenitors, which led to an increased expansion of granulocytes. Furthermore, the miR-223
knockout mice spontaneously develop inflammatory lung pathology because of the hyperactivity of
neutrophils. Other studies have shown that monocytopoiesis is controlled by miR-17-5p, miR-20a,
miR-106a and their target genes acute myeloid leukaemia-1 (AML-1) andmacrophage colonystimulating factor receptor (M-CSFR) [139]. During monocytopoiesis, the expression of these
miRNAs is decreased their target gene, AML-1, was upregulated to promote the expression of MCSFR, which plays a pivotal role in monocyte–macrophage differentiation and maturation. In
addition, AML1 binds the miRNA 17-5p–92 and 106a–92 cluster promoters and transcriptionally
inhibits the expression of miRNA 17-5p–20a–106a, which suggests a mutual negative feedback
regulation loop in monocytopoiesis. In addition to these miRNAs, miR- 424 was shown to enhance
monocyte differentiation by translational repression of NFI-A, which also led to the activation of MCSFR [140].
The overall significance of miRNA in the regulation of adaptive immunity (FIGURE 3.4) is clearly
evident in studies in which the disruption of miRNA biogenesis impaired their development. The
disruption of miRNA synthesis by conditional depletion of Dicer in early stages of T lymphocytes
impaired T-cell development with reduced T-cell numbers in thymus and peripheral lymphoid organs
and caused aberrant T helper (Th) cell differentiation and cytokine production [141]. It was also
shown that in the absence of Dicer, antibody diversity and B-cell development was almost
completely blocked at the pro– to pre–B-cell transition, partially through miR-17–92 and its target
gene Bim [95, 142-143]. One of the first miRNAs that was shown to have a role in the development
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of vertebrate adaptive immune cells was miR 181a that is highly expressed in undifferentiated
progenitor cells in bone marrow [144]. Ectopic expression of miR 181a in enriched haematopoietic
stem and progenitor cells (HSPCs) resulted in an increase in the percentage of CD19+ B cells and a
decrease in the percentage of CD8+T cells. MiR-150 is selectively expressed in mature resting B and
T cells but not in their progenitors. Overexpression of miR-150 prematurely in hematopoietic stem
cells blocked the B-cell development at pro- to pre-B stages without affecting T cells, granulocytes,
and macrophage maturation [93]. Furthermore, Xiao et al demonstrated that miR-150 controls B cell
development by targeting transcription factor c-myb in a dose-dependent manner [145]. MiR-155
knockout mice have defective Th1/Th2 differentiation ratio with increased Th2 polarization,
increased Th2 cytokine production, decreased germinal center responses and low numbers of IgG
class-switched plasma cells and memory cells.
Additionaly, miR-155 knockout mice have fewer T regulatory cells in both the thymus and the
peripheral lymphoid tissues [146]. However, the miR-155–deficient Tregs have competent
suppressive activity in vivo [146]. Moreover, mice with miR-146a ablation in Tregs have an elevated
production of Th1 cytokine IFNg and develop severe Th1-mediated lesions in a variety of organs
[147]. Other miRNAs that have been shown to affect Treg development are miR-31 and miR-21 by
negatively and positively, respectively, regulating the expression of Foxp3, a critical transcription
factor in Treg development [148].

Figure 3.3. MiRNAs in the regulation of innate immunity.
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3.3.2 MiRNAs regulate innate immune responses
The importance of miRNA in the regulation of innate immune responses is evident in a series of
studies in which various miRNAs were shown to alter dramatically in response to PAMPs or
inflammatory cytokines stimulation. Upon stimulation with the endotoxin lipopolysaccharide (LPS),
macrophages were shown to decrease miR-125b leading to elevated TNFa expression level [149].
Several studies have emerged the role of miRNAs to prevent excessive inflammatory responses.
MiR-21 negatively regulates LPS-activated TLR4 signaling by targeting the tumor suppressor,
PDCD4, which in turn decreased nuclear factor-kB (NF-kB) activation and IL-10 production [150].
MiR-9 has been shown to negatively regulate inflammatory responses induced by LPS in both
neutrophils and macrophages by fine-tuning the expression of NF-kB [151]. MiR-147 is induced
after the activation of TLR2, TLR3, or TLR4 and acts as a negative regulator to prevent excessive
inflammatory responses in macrophages in the lungs of mice [152]. MiR-155 was also shown to
target the myeloid differentiation primary response protein 88 (MyD88), a key adaptor protein in the
TLR signaling pathway, downregulating inflammation [153]. When monocytes were treated with
LPS, the expression levels of miR 146a, miR 132 and miR 155 were dramatically increased and
acted as a negative feedback regulator of TLR signaling by targeting tumor necrosis factor receptorassociated factor 6 (TRAF6) and interleukin (IL)-1 receptor-associated kinase 1 (IRAK-1) [154].
Interestingly, induction of miR 146a expression can only be triggered by the TLRs that reside on the
cell surface and recognize bacterial constituents (TLR4, TLR2, and TLR5) but not by the intracellular
TLRs that mainly sense viral nucleic acids, suggesting that miR 146a may respond to bacterial
invasion rather than viral infection [154]. In addition, the inducible expression of miR 155 was
observed in both bacterial and viral infection events that activate TLR4, TLR2, TLR3, or TLR9 [155]
[149]. These findings clearly indicate that miRNAs may be integral components of innate immune
responses.
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Figure 3.4. MiRNAs in the regulation of adaptive immunity.

3.3.3 MiRNAs regulate adaptive immune responses
MiRNAs also have an important role in modulating adaptive immune responses. Li et al.
demonstrated that miR 181a can function to modulate the strength and threshold of T cell receptor
(TCR) signalling, thereby influencing T cell sensitivity to antigens [156]. miR-181a targeted
phosphatases SHP-2, PTPN-22, and DUSP5/6, negative regulators of T-cell receptor (TCR)
signaling, and therefore plays a critical role in T-cell maturation by regulating TCR signaling strength
and then tuning T-cell sensitivity to positive and negative selection. Therefore, miR 181a might in
part contribute to the fine tuning and intrinsic regulation of T cell sensitivity to antigens, thus,
having a central role in the development and maintenance of tolerance and immunity. Multi-target
regulation by miR 181a is required for fine-tuning T cell sensitivity, as knocking down individual
phosphatases by specific short-hairpin RNAs (shRNAs) cannot recapitulate the effects of miR 181a
overexpression, whereas restoring the expression of single phosphatases does reduce and/or abrogate
the effects of miR 181a overexpression. These findings reveal that the T cell threshold and
sensitivity to antigens is controlled by a network of genes at distinct stages of TCR signalling, and
provide solid evidence as to how multi-target regulation by miRNA genes is used to carry out such a
task. Moreover, miR 181a was shown to have other roles in T cell function. The ectopic expression
of miR 181a influences the co-stimulatory pathway through presently unknown targets. MiR 181a
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may also regulate the expression of anti-apoptotic proteins, such as B

cell lymphoma 2 (BCL

2)

and the cell surface regulator CD69 [157].
MiR-155 is upregulated in both T and B cells on activation and is required for maintaining
lymphocyte homeostasis and normal immune function by targeting different genes including bic, cmaf, Pu.1, and activation-induced cytidine deaminase (AID) [158-160]. Significantly, in miR-155deficient mice, activated B cells produce less IgM switched antigen-specific antibodies, while
activated T cells secreted decreased levels of interleukin 2 (IL

2), IL 4 and interferon γ (IFNγ).

These studies establish a crucial role for miR 155 in the adaptive immune response.

3.4 MiRNAs in the development and prevention of autoimmunity
Deregulation of miRNAs leads to uncontrolled autoimmunity in mice. Disruption of miRNA
synthesis by depleting Drosha or Dicer resulted in the development of inflammatory disease and fatal
autoimmunity due to loss of immune regulatory function of Tregs [161-163]. The overexpression of
miR-17-92 in lymphocytes induced lymphoproliferative disease and autoimmunity in miR-17-92
transgenic mice as a result of miR-17-92-mediated repression of Bim and PTEN, which play critical
roles in the immune tolerance mechanism [142]. Altered miRNA expression has been reported in
many human autoimmune diseases, including SLE, RA and MS. Selected disease-associated
miRNAs have been shown to play critical pathogenic roles in the development of autoimmune
diseases.
Studies that have been performed in reumatoid arthritis (RA) patients have shown that miR-146a and
miR-155 were consistently upregulated in synovial fibroblasts (RASFs) [164], PBMCs [165] and
synovial fluid [166], when compared with healthy control or patients with osteoarthritis (OA). MiR155 in RA may have a protective function in RASF-mediated tissue damages by an inhibition of
matrix metallopeptidases MMP1 and MMP3 [164]. Although miR-146a was upregulated in active
RA disease, its target genes, TRAF6 and IRAK-1, had no changes in RA when compared with
healthy controls, indicating that this miRNA does not function effectively, thereby resulting in
constitutive production of inflammatory TNFa in RA [165]. Recent reports revealed that miR-146a
was increased in CD4+ T cells and correlated with the levels of the inflammatory cytokines TNFa
and IL-17 as well as that elevated miR-146a expression may contribute to RA pathogenesis by
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suppressing T-cell apoptosis and by enhancing the differentiation of IL-17 cells, respectively [167168]. Moreover, a decreased miR-124a expression may contribute to RA pathogenesis by increasing
cell proliferation [by targeting cyclin-dependent kinase 2 (CDK-2)] and monocyte chemoattractant
protein 1 (MCP-1) production, which is elevated in RA synovial fluid and tissues and promote injury
by recruiting mononuclear phagocytes into joint [169].
Otaegui et al and Kelly et al have identified more than 100 miRNAs that were differentially
expressed in PBMC from patients with MS when compared with healthy controls [170-171].
Specifically, the expression of miR-18b and miR-599 was related to relapse and miR-96 might be
involved in remission of the disease. In addition, differentially expressed miRNAs also have been
identified in different lymphocyte subsets including CD4+ T cells, CD8+ T cells, B cells, and Treg
cells from patients with MS [172-174]. The functional significance of miRNAs in multiple sclerosis
(MS) pathogenesis was highlighted in a recent study in which miR-326 was shown to play a critical
role in its pathogenesis by upregulating the differentiation of damaging Th-17 cell [175]. Silencing
miR-326 in vivo in experimental autoimmune encephalomyelitis (EAE) mice inhibited Th-17 cell
production and led to mild disease symptoms, while overexpression of miR-326 in vivo led to an
increased Th-17 cell number and severe EAE symptoms. In addition, miR-34a, miR-155, and miR326 were upregulated in active MS lesions and contributed to MS pathogenesis by targeting CD47 to
release macrophages from the inhibitory control signal, which in turn cause increased phagocytosis of
myelin [176].

3.4.1 Systemic Lupus Erythematosus (SLE): the prototype of autoimmune diseases
Systemic lupus erythematosus (SLE) is the prototypic autoimmune disease with multiple genetic and
environmental factors contributing to its pathogenesis [177]. SLE mainly affects women of
childbearing age (woman to man ratio 9:1). The prevalence of lupus ranges from approximately 40
cases per 100,000 persons among Northern Europeans to more than 200 per 100,000 persons among
blacks [178]. SLE has a broad spectrum of clinical manifestations ranging from rash, photosensitivity
and arthritis through anemia and thrombocytopenia to serositis, nephritis, seizures, and psychosis.
SLE patients vary in terms of prognosis and disease severity. The diagnosis of lupus is based on
thorough clinical and laboratory findings [179].
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The pathophysiological hallmark of lupus is the production of autoantibodies targeted to chromatin,
ribonucleoproteins, and phospholipids, which, in some cases, are directly responsible for end-organ
manifestations. Production of these antibodies precedes the development of clinical manifestations
[180]. Anti-dsDNA antibodies are specific to SLE and are found in 70% of SLE patients but in less
than 0.5% of healthy people or patients with other autoimmune diseases [181]. Several studies have
shown that increased production of autoantigens during apoptosis, decreased disposal, including
complement deficiencies (C1q, C2, C4) and deregulated handling and presentation are all important
for the initiation of the autoimmune response in lupus [182-183]. However, several questions remain
unanswered regarding the origin of these autoantibodies and their pathogenicity.
The recognition of this apoptotic material by antigen presenting cells (APCs) through binding to
pathogen associated molecular pattern receptors (TLRs, NLRs, RLRs), some of which are located
intracellularly, promote the activation of dendritic cells (DCs) and B cells and the production of IFNalpha and autoantibodies, respectively [184]. Debris material is not only a source of autoantigens but
also a source of endogenous molecules that can be potent inducers of inflammatory cytokines
following binding to distinct types of innate immunity sensors. Once autoantibodies are produced and
immune complexes have been formed, their uptake by DCs via the Fc receptors or by B cells via the
BCRs amplifies the immune response by further production of IFNs and promotion of plasma cell
differentiation [185].
However, autoantibodies can occur in healthy people without causing harm, indicating that
pathogenic SLE autoantibodies have particular properties that enable them to cause disease. The term
“antigen-driven Abs production” refers to a process in which antigen binds immunoglobulin on the
surface of B lymphocytes, thereby stimulating the cells to proliferate. In general, this antigen-driven
process can occur only in B lymphocytes that are being stimulated by T lymphocytes as well as by
antigen. This concept is known as T-lymphocyte help. This process requires presentation of the
antigen–MHC complex in combination with a second molecular interaction with the T lymphocyte
through costimulation. Defects in T cell antigen receptor–mediated signaling in lupus, including
exaggerated intracellular Ca++ responses that affect multiple molecular pathways, have been shown
to lead to breakdown of immunological tolerance. Aberrant costimulation and skewed cytokine
production by lupus CD4+ T lymphocytes contribute to B cell hyper-responsiveness [186].
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Cytokine production has been extensively studied in lupus, in effort to understand SLE pathogenesis.
The role of increased TNF-α expression in lupus is controversial [187]. Some RA patients treated
with anti–TNF-α antibodies developed anti–dsDNA antibodies and a lupus-like syndrome [188],
while administration of TNF-α to lupus-prone NZB/W F1 mice delayed the development of lupus
[189]. Furthermore, serum levels of IL-10 and IL-21 are elevated in SLE patients, correlate with
disease activity and stimulate the differentiation of B lymphocytes into antibody-producing plasma
cells [190]. Finally, elevated serum levels of B lymphocytes stimulator (BLyS) and B cell activator of
the TNF family (BAFF) promote SLE B cell proliferation and survival [191].
These observations provided important insights in the elucidation of SLE pathogenesis and the design
of novel targeted therapies for the disease (FIGURE 3.5).

Figure 3.5. New targeted therapeutic approaches in Systemic Lupus Erythematosus.

3.4.2 MiRNAs in SLE
Recent studies have revealed an important role of miRNAs in SLE, thereby providing new insights
into lupus pathogenesis. The potential contribution of miRNAs in the regulation of SLE related genes
results from a computational prediction analysis predicting that most of these genes, implicated in
processes such as cell survival, apoptosis, T-cell costimulation and tolerance control, contain at least
one miRNA regulation target site. In 2007, Dai et al. used microarray analysis to identify a unique
pattern of miRNAs expression in PBMCs of SLE patients (of chinese origin) compared to healthy
controls and patients with idiopathic thrombocytopenic purpura (an organ-specific autoimmune
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disease) [192]. Moreover, a dysregulated miRNA expression profile has been associated with lupus
nephritis [193] [194]. However, in order to understand the mechanisms that miRNA deregulation

leads to SLE pathogenesis, identification of miRNA targets and functional studies are needed.
MiR-146a, a negative regulator of TLR signaling, was shown to be more than 6-fold decreased in
SLE patients versus healthy controls, contributing to type I IFN production in human lupus. The
overexpression of miR-146a in normal PBMCs greatly reduced the induction of IFNa/b, and the
inhibition of endogenous miR-146a increased the production of IFNa/b in response to the activation
of TLR-7 [195]. In a separate study from the same group, Pan et al reported that miR-148a and miR21 are implicated in DNA hypomethylation observed in SLE. These two miRNAs were upregulated
in CD4+ T cells of both human lupus patients and MRL-lpr mice ( a lupus mouse model) and
decreased DNA methyltransferase 1 (DNMT1) expression levels either by directly binding to its
protein-coding region (in the case of mir-148a) or by targeting its upstream regulator, RAS guanyl
nucleotide-releasing protein 1, respectively [196]. In a more recent report, Zhao et al reported that
miR-125a was reduced in PBMCs of patients with lupus when compared with healthy controls. This
miRNA is mainly expressed in T lymphocytes and its decreased expression results in the
upregulation of Kruppel-like factor 13 (KLF13), which in turn contributes to the elevation of the
inflammatory chemokine RANTES in lupus T cells [197]. In the aforementioned studies, there are
discrepancies regarding the miRNA profiles identified, which could be attributed in differencies in
the sensitivity of detection methods used and/or the genetic background.
Considering the important role of genetic factors contributing to SLE pathogenesis, a recent study has
identified a common lupus disease associated miRNA expression pattern in 3 murine lupus-prone
models (MRL-lpr, C57BL/6-lpr, and NZB/W) with different genetic background. They identified that
miR-182-96- 183 cluster, miR-31, and miR-155 are commonly upregulated in splenocytes of the
above lupus prone mice strains compared to their respective controls, while the upregulation of these
miRNAs was evident in NZB/W mice only at an age (approximately 7 month) when they developed
disease manifestations [198]. As discussed above, miR-155 plays a critical role in the regulation of B
and T-cell function, while miR-31 may correlate with the deficiency of Treg cell
development/function in lupus by targeting Foxp3 protein. MiR-182 and miR-96 target forkhead
transcription factor O (Foxo) 1 and Foxo3a, which are newly emerged regulators of T-lymphocyte
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homeostasis and tolerance [199]. Interestingly, decreased Foxo1 transcript has been described in
human SLE [200].
Several studies have been performed to study the contribution of genetic and environmental factors to
the deregulation of miRNAs in SLE. So far, only one study reports a functional variant in miRNA146a promoter that modulates its expression and confers disease risk for Systemic Lupus
Erythematosus [270]. Another study could not find any significant relationship between SNPs in
selective miRNAs and SLE [201]. However, the contribution of miRNA polymorphisms in SLE
susceptibility is currently investigated. The predominance of female lupus patients has led to the
investigation of sex-hormone contribution to the disease. To this end, miR-148a was found
upregulated while miR-146a and miR-125a downregulated in splenocytes from estrogen-treated
orchiectomized male C57BL/6 mice, providing indirect evidence that estrogen could contribute to the
deregulation of these miRNAs in lupus [202]. Moreover, estrogen receptor (ER) a has been shown to
regulate but also be regulated by miRNAs involved in the regulation of inflammatory responses
[203]. Finally, EBV infection induced the expression of miR-155 and miR-146a in a NF-kB
dependent manner, implicating environmental factors in the deregulation of miRNAs in SLE [204205].
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4. REREARCH QUESTIONS AND AIM OF THE STUDY
Several studies have shown that deregulation of miRNA expression is implicated in the pathogenesis
of human diseases, and miRNAs are thought to represent novel disease biomarkers and potential
therapeutic targets [111]. miRNAs regulate the function of both the innate and the adaptive immune
system, and are involved in various immune pathways [206-207]. Deregulation of miRNAs leads to
aberrant immune responses and development of systemic autoimmunity in mice [142] [161]. Altered
miRNA expression has been reported in human autoimmune diseases, including SLE, rheumatoid
arthritis and multiple sclerosis [164] [171] [194-195]. However, the mechanisms by which these
changes promote autoimmunity have not been thoroughly investigated.
This study was undertaken to explore whether miRNAs are implicated in immune deregulation and
lymphocyte hyperactivity in human SLE.
In specific, the following research questions were addressed:
•

To characterize the miRNA signature in human SLE

•

To assess their putative role as disease biomarkers

•

To identify novel genes involved in disease pathogenesis. We focused on mir-21 – the miRNA
with the highest correlation with disease activity – and its target gene PDCD4, a selective protein
translation inhibitor of genes involved in immune responses

•

To investigate the mechanisms that aberrant mir-21 expression is involved in immune
deregulation in SLE

•

To study potential mechanisms that lead to mir-21 deregulation in SLE
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5. MATERIALS AND METHODS
Patients and healthy donors

SLE patients were diagnosed according to the American College of Rheumatology classification
criteria [179] and were recruited from the Department of Rheumatology, University Hospital of
Heraklion (Greece). SLE Disease Activity Index [SLEDAI] was used for the classification of patients
with active (SLEDAI ≥8) or inactive disease (SLEDAI <8) [208]. Peripheral blood samples were
obtained from 34 patients, 18 with active and 16 with inactive disease, and 25 healthy donors (ageand sex-matched). All subjects gave written informed consent prior to study enrolment.

Cell isolation

Peripheral blood mononuclear cells (PBMCs) from patients and controls were freshly isolated by
Ficoll-Histopaque (Sigma-Aldrich, St. Louis, MO) density-gradient centrifugation of heparinized
venous blood aspirates. Patients had not taken any lupus medication for 24 hours prior to blood
sampling. Cell subpopulations of CD4+ T and B-lymphocytes were obtained by magnetic separation
(Miltenyi Biotec, Bergisch Gladbach, Germany), according to the manufacturer’s instructions.

MicroRNA expression and miRNA target prediction analysis

The expression of 365 miRNAs was analysed by TaqMan Low Density Arrays (TLDA human
miRNA v1.0, Dana-Farber Molecular Diagnostics Facility, Harvard Medical School, Boston,
Massachusetts, USA) using 2 μg total RNA. RNU48 was used to normalise microarray expression
results. Potential miRNA targets were identified using the miRBase (http://microrna.sanger.ac.uk/),
PicTar (http://pictar.bio.nyu.edu/) and TargetScan version 4.0 (http://www.targetscan.org/index.html)
search engines. To optimize the accuracy of prediction, a given target should be predicted by a
minimum of 2 out of 3 programs and the targeted sequence should be conserved among species.
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Real‐time polymerase chain reaction (PCR)

Microarray results were validated with the mirVana qRT–PCR miRNA Detection Kit and qRT -PCR
Primer Sets, according to the manufacturer’s instructions (Ambion, Inc, Austin, TX). U6 was used
for normalization. The primers used for real-time PCR analysis of PDCD4 were: forward: 5’CAAAGAAAGGTGGTG-3’ and reverse: 5’-CCGCAACTTCATTAG-3’. The oligonucleotide
primers for assessment of PDCD1 mRNA expression levels were: F: 5’-CCC-AAG-GCG-CAGATC-AA-3’ and R:5’-GCA-CTT-CTG-CCC-TTC-TCT-CTG-T-3’. The probe was 5’-TGA-GCTCTG-CCC-GCA-GGC-TCT-C-3. Amplification of GAPDH with gene-specific primers (forward 5’CATGTTCCAATATGATTCCACC-3’, reverse 5’-GATGGGATTTCCA- TTGATGAC-3’) was
used as the reference. Experiments were conducted on an Mx3000P Real-Time PCR thermal cycler
and data were collected and analyzed using the MxPro software version 4.01. The amplification
efficiencies of the target and the reference genes were similar as indicated by the standard curves of
amplification, allowing us to use the formula: fold difference = 2-(ΔCtA -ΔCtB), where Ct is the cycle
threshold.

Western blot analysis

Cells were lysed with RIPA buffer containing a complete protease inhibitor coctail. Proteins were
separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membrane (Whatman, Dassel, Germany). PDCD4 was detected using a
monoclonal antibody (Cell Signaling Technology, Inc) and protein loading was determined using a
monoclonal antibody for β-actin (Santa Cruz, California, USA). The secondary antibodies
horseradish peroxidase (HRP)-conjugated anti-mouse IgG and anti-rabbit IgG were from Jackson
Immunoresearch Laboratories, Inc. Enhanced chemiluminescence (ECL) from Thermo Scientific
(Vantaa, Finland) was used for detection.

Antibodies and flow cytometry

The following fluorescence- conjugated antibodies were used: anti-human IgD fluorescein
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isothiocyanate (FITC) (from BD Biosciences PharMingen, San Diego, CA); CD154- FITC (CD40L)
(from Ancell Corporation, Bayport, USA); CD19 –phycoerythrin (PE), CD4–phycoerythrin- cyanine5 (PC-5), CD38-PC5 (all from Beckman-Coulter, Marseille, France). Matched IgG isotypes were
used as negative controls. The CellTrace 5,6-carboxyfluorescein succinimidyl ester (CFSE) cell
proliferation kit (Invitrogen, Eugene, OR) was used for CFSE staining of CD4+ T cells. All stainings
were conducted in phosphate buffered saline (PBS)/5% fetal calf serum (FCS) for 20 minutes at 4oC.
Flow cytometry was performed with a FACSCalibur (BD Biosciences) cytometer or an Epics Elite
model flow cytometer (Beckman-Coulter) and data were analyzed with Flowjo 8.4 version software.

Transfection of pre‐miRNAs or antisense‐miRNAs

The transfection agent siPORT NeoFX agent (Ambion, Inc, Austin, TX) was used for silencing and
over-expression of endogenous miRNAs, according to the manufacturer’s instructions. Freshly
isolated CD4+ T lymphocytes were seeded in 96-well tissue culture plates (Corning Incorporation,
NY, USA) and were transfected or mock transfected with 75nM of the commercially available
antago-miR-21, pre-miR-21 or irrelevant (scramble) miR (Ambion, Inc, Austin, TX). The efficiency
and optimal dose of the transfection was determined by real time PCR, as described above. Freshly
isolated CD4 T lymphocytes were seeded in 96-well tissue culture plates and were transfected with 2
μg control (pEGFP-C1) vector or PDCD4-pEGFP-C1 expression vector (Cloneth Laboratories,
USA).

Proliferation assay and induction of CD40L

The effect of mir-21 on CD4 + T lymphocyte proliferation capacity was studied by flow cytometry.
Cells were labeled with 2 μM CFSE in labeling buffer (PBS, 0.1% BSA) for 10 minutes at 37°C.
CFSE- labelled cells were plated at 0,5×105 cells/well in 0.2-ml 96-well tissue culture plates coated
with anti-CD3 (OKT3 clone; eBioscience, San Diego, CA) 1 μg/ml. Soluble anti-CD28 1 μg/ml
(eBiosciences) was also added to the culture. Transfection of cells was performed as described above.
Cells were incubated in RPMI 1640 medium containing 10% FBS for 3 - 6 days. The proliferation of
T cells was determined based on the dilution of CFSE. Culture supernatants were collected to assess
the presence of Interleukin-10 (Ready-SET-Go, ELISA kit, eBioscience). For the induction of
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CD40L, cells were stimulated with anti-CD3 (OKT3) 2 μg/ml for 18h in the absence of anti-CD28
[209]. Dead cells were excluded based on forward scatter/side scatter properties.
Cytokine enzyme‐linked immunosorbent assay (ELISA)

Cytokines in culture supernatants were assayed by ELISA using antibodies to human interleukin-10
(IL-10, Ready-SET-Go, ELISA kit, eBioscience), according to the manufacturer’s instructions.

T and B lymphocytes co‐cultures

Cells were labelled with 2μM CFSE in PBS/0.1% BSA and were plated at 0.5×105 cells/well in 96well tissue culture plates coated with 1 μg/ml anti-CD3 mAb (OKT3; eBioscience, CA). Soluble antiCD28 mAb (1 μg/ml) was added. Transfection of cells was performed as described above. Cells were
incubated in RPMI-1640/10% FBS for 3–6 days and proliferation was determined based on CFSE
dilution. Culture supernatants were collected after 48 hours to measure IL-10 (Ready-SET-Go,
ELISA kit, eBioscience). In some experiments, CD4+ T cells were stimulated with anti-CD3 (2
μg/ml) for 18h and surface expression of CD40L was assessed by flow cytometry. Autologous T–
and B– lymphocytes from SLE patients were co-cultured at a 1:1 ratio (1×105 cells/well) in the
presence of soluble anti-CD3 mAb (100ng/ml). B lymphocyte differentiation into CD19+ CD38hi IgD–
plasma cells was assessed by flow cytometry on day 8. Total IgG was measured in culture supernates
(Easy-Titer® IgG Assay Kit, ThermoScientific).

Statistical analysis

The GraphPad Prism software was used for statistical analysis and calculation of mean ± standard
error of the mean (SEM) values. Comparisons were performed using the Mann-Whitney U test
(independent samples) and the paired t-test (paired samples). miRNA expression was plotted against
SLEDAI scores of individual patients and r2 (coefficient of determination) values were obtained from
linear or polynomial trend lines. A two-tailed p-value <0.05 was considered statistically significant.
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6. RESULTS
6.1. Microarray analysis reveals a distinct pattern of miRNAs expression in PBMCs
of SLE patients
We first analysed the expression of 365 miRNAs in the PBMCs of 34 SLE patients and 20 healthy
individuals. A total of 27 miRNAs were differentially expressed (Figure 1A); 14 miRNAs were
down-regulated and 13 were up-regulated in SLE compared to controls. MiR-21, miR-25, miR-148b
and miR-155 had the highest fold induction, whereas miR-196a, miR-150 and hsa-let-7a were among
the most downregulated genes. The microarray results were validated by quantitative real-time PCR
(Figure 1B, Suppl. Figure S1).
Several of the identified miRNAs are predicted to regulate genes implicated in biological processes
pertinent to lupus pathogenesis (Figure 1C). Specifically, four miRNAs (mir-15a, mir-16, mir-21,
mir-25) are predicted to regulate genes involved in apoptosis, a process known to be impaired in
SLE. [210] The upregulated mir-148a and mir-148b regulate DNA methyltransferase 3b (DNMT3b)
that may be involved in epigenetic modifications in SLE. [211] Mir-150 has been identified as a
major regulator of B cell development by targeting the transcription factor c-myb, [145] whereas hsalet-7a regulates Stat3 expression [212]. In accordance, an inverse correlation between mir-150 and cmyb, as well as between hsa-let-7a and Stat3 was documented in our SLE cohort (Figure 1D). Gene
ontology analysis identified miRNA gene networks significantly enriched in SLE patients involving
anti-apoptotic mechanisms, immune responses, DNA methylation, and insulin receptor signalling
(suppl. Table 1). Together, these data suggest that miRNAs regulate major pathogenetic pathways in
SLE.
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FIGURE 6.1. Microarray analysis reveals a distinct pattern of miRNAs expression in PBMCs of SLE patients with
predicted gene targets implicated in immune processes pertinent to lupus pathogenesis
(A) Heat map representation of the miRNA microarray analysis of RNA from healthy controls (CT1→10), active SLE
(SLE1A→11A), and inactive SLE patients (SLE1I→6I). Red color represents higher miRNA expression and green color
represents lower miRNA expression in healthy controls as compared to active SLE patients (or vice versa). The metric
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scale (top right) represents the log10‐fold change in miRNA expression using the group (healthy controls or active SLE)
with the lower expression as denominator. Fourteen miRNAs were significantly downregulated (2.2 to 18.0–fold) and 13
miRNAs were significantly upregulated (3.4 to 9.2–fold) in active SLE compared to controls). (B) Validation of miRNA
microarrays with quantitative real‐time PCR. Representative data of hsa‐miR‐25, miR‐150, and let‐7a expression in
healthy controls, inactive, and active SLE patients are shown. miR‐150 and let‐7a were downregulated whereas miR‐25
was upregulated in active SLE. (C) Gene targets of downregulated (red color) and upregulated (green color) miRNAs in
SLE patients as predicted by at least 2 out of 3 bioinformatics algorithms. (D) Experimental validation of predicted
miRNA gene targets. Inverse correlation of miR‐150/c‐myb (left) and let‐7a/STAT3 (right) mRNA levels in total PBMCs of
SLE patients. Expression levels of STAT3 mRNA were normalized to GAPDH, and let‐7a microRNA levels were normalized
to RNU48.

6.2. Correlation of miRNAs expression with disease activity in SLE patients
We next analysed miRNA expression according to SLE disease activity. Nine miRNAs were signifi
cantly downregulated and 10 miRNAs were significantly upregulated in active SLE compared with
inactive SLE (Figure 2A). Expression of miR-21, miR-25, miR-106b and miR-148b showed a signifi
cant positive correlation with disease activity and variation in miR expression could explain 84–92%
of the SLEDAI variation (r 2 =0.84–0.92) (Figure 2B). Notably, miR-196a and miR-379, both
downregulated in active SLE, showed a significant inverse association with SLEDAI (r 2 =0.89 and
0.90, respectively) (Figure 2C). To characterise the subsets of PBMCs that account for these
differences, we repeated the analysis in purified CD4 T and CD19 B cells from a subset of cases and
controls. Five miRNAs were significantly downregulated and six miRNAs were significantly
upregulated in patients with SLE compared with controls (Figure 2D). In B cells, three miRNAs
were downregulated and four miRNAs were upregulated in patients with SLE compared with
controls (Figure 2D). In B cells, three miRNAs were downregulated and four miRNAs were
upregulated in patients with SLE compared with controls (Figure 2E). miR-21, miR-25 and miR106b were upregulated in both T and B lymphocytes from patients with SLE compared with healthy
controls; eight miRNAs (let-7a, let-7d, let-7g, miR-148a, miR-148b, miR-324-3p, miR-296, miR196a) showed altered expression only in T cells from patients with SLE and four miRNAs (miR-15a,
miR-16, miR-150, miR-155) only in B cells from patients with SLE (Figure 2F).
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FIGURE 6.2. Correlation of miRNAs expression with disease activity in SLE patients
(A) Specific miRNA signatures in total PBMCs distinguish SLE patients (n = 19) according to disease activity. Nine miRNAs
were downregulated and 10 were up‐regulated in active compared to inactive SLE. See Figure 1 legend for more details.
(B) MiR‐21, miR‐25, miR‐148b, and miR‐106b mRNA levels correlate significantly with SLEDAI (r2 = 0.85–0.92, polynomial
regression). The deltaCT values of the miRNAs were calculated and samples with maximum SLEDAI score were
considered as having miRNA expression equal to 1. (C) miR‐196a and miR‐379, both down‐regulated in SLE patients, are
inversely correlated with SLEDAI score (r2 0.89–0.90). (D) miRNAs expression in purified CD4+ T lymphocytes. Five
miRNAs were significantly downregulated and 6 were significantly upregulated in SLE patients (n = 16) versus controls (n
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= 10). Eight miRNAs showed altered expression between active and inactive SLE. (E) miRNAs expression in purified
CD19+ B lymphocytes. Three downregulated and 4 upregulated miRNAs in SLE patients (n = 5) versus healthy controls (n
= 3). (F) Venn’s diagram with overlapping signatures in T‐ and B‐cell‐expressed miRNAs that are differentially expressed
(upregulated or downregulated) in SLE patients as compared to healthy controls. MiR‐21, miR‐25, and miR‐106b were
upregulated both in SLE T and B lymphocytes, compared to healthy controls; 8 miRNAs showed altered expression only
in SLE T cells and 5 miRNAs only in SLE B cells.

6.3. MiR21 is upregulated in SLE patients and is associated with increased
proliferation of SLE CD4+ T lymphocytes upon activation
Among the differentially expressed miRNAs, miR-21 showed the highest degree of correlation with
disease activity (r2 = 0.92) (Figure 2B). Moreover, mir-21 was significantly up-regulated in both Tand B- lymphocytes of SLE patients as compared to healthy controls (Figure 2A-B). To further
elucidate the mechanism that deregulated mir-21 expression may be involved in SLE pathogenesis,
we focused on CD4+ T cells. T cells from patients with SLE are considered key players in disease
pathogenesis. They display an aberrant phenotype and provide ‘help’ to B cells for autoantibody
production. By real-time PCR, we confirmed that mir-21 mRNA was upregulated both in active and
inactive freshly isolated SLE CD4+ T cells as compared to healthy controls (basal expression)
(Figure 3A). We also measured mir-21 mRNA following stimulation with anti-CD3/anti-CD28
mAbs and found that induction of mir-21 was also significantly higher in SLE patients (4.0-fold
versus 1.6-fold in healthy controls, n=3 independent samples in each group) (Figure 3B). Since mir21 has been reported to promote proliferation of several cell types, we hypothesized that mir-21 may
also regulate proliferation of CD4+ T lymphocytes. We found that SLE T cells significantly upregulated miR-21 upon activation with anti-CD3/CD28 and displayed increased proliferation
compared to healthy T cells (Figure 3C).

A

B
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FIGURE 6.3. MiR‐21 is upregulated in CD4+ T cells of SLE patients and is associated with increased proliferation upon
activation
(A) MiR‐21 mRNA was upregulated in freshly isolated active and inactive SLE CD4+ T cells as compared to healthy
controls, as measured with real‐time PCR (2.3‐fold and 2‐fold respectively). (B) Stimulation of CD4+ T cells with Anti‐
CD3/anti‐CD28 mAb for 48h resulted in induction of miR‐21 that was significantly higher in SLE than controls (relative
expression 9.1 ± 2.1 versus 1.6 ± 0.3) (n = 3). Error bars represent mean ± SEM expression; ** p<0.01, Mann‐Whitney
test for comparison between SLE and controls. (C) SLE T cells displayed increased proliferation as compared to healthy T
cells. Cells were activated with anti‐CD3/anti‐CD28 mAb for 6 days and their proliferation rate was measured based on
CFSE dilution by flow cytometry.

6.4. Silencing of miR21 in SLE CD4+ T lymphocytes decreases their proliferation
rate, IL10 production and the expression of CD40L
To determine whether mir-21 can modulate the proliferation of CD4+ T lymphocytes, we silenced its
expression by transfecting them with antago-miR-21. The efficiency of the transfection was
measured by real time PCR (Suppl. Figure S2). We stimulated SLE CD4+ T cells with anti31

CD3/anti-CD28 mAbs and transfected them with antago-miR-21 (Figure 3B). By using CFSE–
labelled T cells, we found that silencing of miR-21 reduced T cell proliferation (mean ± SEM
percentage of undivided T cells on day 6: 48 ± 12% in mock- versus 66 ± 9% in antago-miR-21transfected cells, p<0.05) (Figure 4A). Autoantibody production by lupus B cells is a T cell–driven
response mediated by soluble factors and cell surface interactions. To this end, we studied lupus T
cell IL-10 production and membrane CD40L expression, both implicated in T-cell driven SLE B cell
hyperactivity. Antago-miR-21 transfection significantly reduced IL-10 production by stimulated SLE
CD4+ T cells (612 ± 137 ng/mL in mock- versus 347 ± 101 ng/mL in antago-miR-21-transfected
cells, p<0.01) (Figure 4B). MiR-21 silencing also suppressed the activation-induced upregulation of
membrane CD40L (16.8 ± 1.9% in mock- versus 10.1 ± 1.8% in antago-miR-21-transfected cells,
p<0.01) (Figure 4C).

FIGURE 6.4. MiR‐21 controls aberrant T cell responses in active SLE
(A) CFSE–labeled CD4+ T cells from SLE patients were stimulated with anti‐CD3/anti‐CD28 mAb and were transfected
with 75 nM of mock, irrelevant (scramble) miR, or antago‐miR‐21. Antago‐miR‐21–transfected T cells had reduced
proliferation based on CFSE dilution on day 6 (left panel). The mean ± SEM percentage of undivided T cells was 48 ± 12%
in mock‐ versus 66 ± 9% in antago‐miR‐21–transfected cells, p<0.05, paired t‐test, n = 4 independent experiments (right
panel). (B) Purified CD4+ T cells from SLE patients were either unstimulated or were stimulated with anti‐CD3/anti‐CD28
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mAb and were transfected with mock or antago‐miR‐21 as previously described. After 48 hours, culture supernatants
were collected and IL‐10 was measured by ELISA. Antago‐miR‐21 transfection significantly reduced IL‐10 production
(612 ± 137 ng/mL in mock‐ versus 347 ± 101 ng/mL in antago‐miR‐21–transfected cells, p<0.01, paired t‐test, n = 5
independent experiments). (C) SLE CD4+ T cells were treated as previously described. After 18 hours, cells were
examined for surface CD40L expression by flow cytometry. MiR‐21 silencing suppressed the activation‐induced
expression of CD40L by SLE T cells (left panel: representative flow cytometry histogram of CD40L expression in
unstimulated and stimulated T cells from one SLE patient). The mean ± SEM percentage of CD40L+ CD4+ T cells was 16.8
± 1.9% in mock‐ versus 10.1 ± 1.8% in antago‐miR‐21–transfected cells, p<0.01, paired t‐test, n = 5 independent
experiments) (right panel).

6.5. Inhibition of mir21 in SLE CD4+ T lymphocytes reduces their capacity to drive
lupus B cell differentiation into plasma cells
To further document the involvement of miR-21 in SLE pathogenesis, we studied the effect of
silencing mir-21 in T-cell dependent induction of plasma cells. We performed autologous lupus T–B
cell co-cultures to study the effect of T-cell miR-21 silencing in plasma cell generation. In presence
of suboptimal anti-CD3 mAb (100 ng/mL), lupus T cells induced the differentiation of B cells into
CD19+CD38hiIgD– plasma cells (Figure 5A). Antago-miR-21 transfection significantly reduced the
proportion of plasma cells (16.9 ± 2.5% in mock- versus 10.5 ± 2.3% in antago-miR-21-transfected
cells) (Figure 5B). Accordingly, total IgG concentration was reduced in cultures containing antagomiR-21-transfected lupus T cells (252 ± 72 ng/mL versus 362 ± 63 ng/mL in mock, p<0.05) (Figure
5C). Together, miR-21 upregulation contributes to the activated lupus T cell phenotype and the
exaggerated T cell-driven lupus B cell differentiation into Ig-secreting plasma cells.
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FIGURE 6.5. Silencing of mir‐21 in SLE CD4+ T lymphocytes abrogates their capacity to promote B cell differentiation
into Ig‐secreting plasma cells
(A) SLE CD4+ T cells were transfected with mock or antago-miR-21 and were co-cultured with autologous CD19+ B
cells at 1:1 ratio (105 cells/well) in the presence of anti-CD3 mAb (100ng/mL). After 8 days, cells were harvested and

assessed for plasma cell differentiation by flow cytometry, defined as CD19+CD38hiIgDԟ cells. Antago-miR-21–

transfected SLE T cells have reduced capacity to drive B cell differentiation into plasma cells. (B) Dot plot analysis of
plasma cell generation in cultures with mock- versus antago-miR-21–transfected SLE T cells. The mean ± SEM
percentage of plasma cells was 16.9 ± 2.5% in mock- versus 10.5 ± 2.3% in antago-miR-21-transfected cells (p<0.01,
paired t-test, n = 4 independent experiments). (C) In the previous experiments, day 8 culture supernatants were assayed
for total IgG by ELISA. Dot plot analysis of IgG concentration in cultures with mock- or antago-miR-21-transfected SLE
T cells. The mean ± SEM IgG concentration was 362 ± 63 ng/mL in mock- versus 252 ± 72 ng/mL in antago-miR-21–
transfected cells (p<0.05, paired t-test, n = 4 independent experiments).
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6.6. Normal CD4 T cells transfected with premiR21 acquire an activated
phenotype
We next addressed whether miR-21 overexpression could render normal T cells hyperactive. Purifi
ed CD4 T cells from healthy controls were stimulated with anti-CD3/anti-CD28 monoclonal antibody
and transfected with pre-miR-21 to induce miR-21 expression (Suppl. Figure S2). Compared with
mock-transfected or irrelevant miR-transfected cells, pre-miR-21-transfected T cells had enhanced
proliferation (mean±SEM percentage of divided T cells on day 6: 31±3% in scramble-transfected vs
46±1% in pre-miR-21-transfected cells; p<0.05) (Figure 4A). In accordance with previous studies,
26 normal T cells expressed low levels of membrane CD40L; pre-miR-21 transfection caused a small
but consistent increase in CD40L expression (Figure 4B, C). Moreover, pre-miR-21 transfection
caused a significant induction in activation-induced IL-10 secretion (567±0.4 ng/ml vs 255±4 ng/ml
in scramble-transfected cells; p<0.001) (Figure 4D). Finally, miR-21 overexpression in normal CD4
T cells enhanced their capacity to promote autologous CD19 B cell differentiation into CD19 CD38
hi IgD− plasma cells (Figure 4E), and this effect was associated with increased IgG production (Fi
gure 4F). Together, these results suggest that miR-21 overexpression can induce normal T cells to
acquire an activated ‘lupus-like’ phenotype.
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FIGURE 6.6. Normal CD4+ T cells transfected with pre‐miR‐21 acquire activated phenotype
(A) CFSE–labeled CD4+ T cells from healthy controls were stimulated with anti‐CD3/anti‐CD28 mAb and were
transfected with 75 nM of mock, irrelevant (scramble) miR, or pre‐miR‐21. Pre‐miR‐21–transfected T cells showed
increased proliferation. The mean ± SEM percentage of divided (CFSElow) T cells on day 6 was 31 ± 3% in scramble‐
versus 46 ± 1% in pre‐miR‐21–transfected cells, p<0.05, paired t‐test, n = 3 independent experiments. (B) SLE CD4+ T
cells were either unstimulated or stimulated as previously described. After 18 hours, cells were examined for surface
CD40L expression by flow cytometry. Stimulated T cells showed upregulated CD40L expression, albeit to lesser degree
than active SLE patients, that was increased following pre‐miR‐21 transfection. Representative flow cytometry dot plot
of CD40L expression in unstimulated and stimulated T cells from one healthy control. (C) The mean ± SEM percentage of
CD40L+ CD4+ T cells was 5.8 ± 0.6% in scramble‐ versus 7.3 ± 0.2% in pre‐miR‐21–transfected cells, p = 0.085, paired t‐
test, n = 3 independent experiments). (D) CD4+ T cells from healthy controls were either unstimulated or were
stimulated with anti‐CD3/anti‐CD28 mAb and were transfected with mock, scramble miR, or pre‐miR‐21 as previously
described. After 48 hours, culture supernatants were collected and IL‐10 was measured by ELISA. Pre‐miR‐21
transfection significantly increased IL‐10 production (567 ± 0.4 ng/mL versus 255 ± 4 ng/mL in scramble, 262 ± 12 ng/mL
in mock‐transfected cells, p<0.001, n = 3 independent experiments). (E) CD4+ T cells were transfected with mock,
scramble (irrelevant) or pre‐miR‐21, and were co‐cultured with autologous CD19+ B cells at 1:1 ratio (105 cells/well) in
the presence of anti‐CD3 mAb (100ng/mL). After 8 days, cells were harvested and assessed for plasma cell

differentiation by flow cytometry (CD19+CD38hiIgDԟ). Pre‐miR‐21–transfected T cells showed enhanced capacity to

drive normal B cell differentiation into plasma cells (mean ± SEM 13.5 ± 3.1% versus 7.2 ± 1.3% in scramble miR‐
transfected, p = 0.120, paired t‐test, n = 4 independent experiments). (F) In the previous assay, day 8 culture
supernatants were assayed for total IgG by ELISA. Dot plot analysis of IgG concentration in cultures with mock, scramble
or pre‐miR‐21‐transfected SLE T cells. The mean ± SEM IgG concentration was 288 ± 199 ng/mL in mock, 398 ± 163
ng/mL in scramble‐miR, and 998 ± 4 ng/mL in pre‐miR‐21–transfected cells (p<0.05, paired t‐test between scramble and
pre‐miR‐21, n = 3 independent experiments).

37

6.7. PDCD4 protein is decreased in SLE patients and is inversed correlated with
mir21 expression levels
MicroRNAs inhibit target gene expression usually at the post-transcriptional level. Previous studies
have identified PDCD4 – a protein translation inhibitor involved in immune responses [150] – as a
target gene of miR-21. We found diminished PDCD4 mRNA and protein expression in active SLE
compared to controls (Figure 6.7A). To further examine the inverse relationship between miR-21
and PDCD4, we prospectively studied two active SLE patients until they reached remission. Upon
remission, miR-21 mRNA levels were decreased whereas PDCD4 protein levels were significantly
increased (Figure 6.7B). Moreover, anti-CD3/anti-CD28 stimulation of T cells resulted in significant
suppression of PDCD4 expression (Figure 6.7C). To directly demonstrate that miR-21 negatively
regulates PDCD4, normal T cells were transfected with mock or pre-miR-21 to induce miR-21 levels,
and PDCD4 protein levels were assessed after 48 hours. Pre-miR-21–transfected T cells had reduced
PDCD4 compared to mock–transfected cells (Figure 6.7D). In accordance, PDCD4 overexpression
significantly reduced IL-10 production (495 ± 23 ng/mL in empty vector versus 312 ± 9 ng/mL in
mock-transfected cells, p<0.001) by anti-CD3/anti-CD28–stimulated normal CD4+ T cells (Figure
6.7E). Collectively, these results corroborate previous studies demonstrating that miR-21 negatively
regulates PDCD4 and imply that the effects of miR-21 in active lupus T cells may be – at least in part
– due to diminished PDCD4 expression.
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FIGURE 6.7. PDCD4 is decreased in active SLE patients and is inversely correlated with miR‐21 expression levels
(A) Reduced PDCD4 mRNA (left panel) and protein (right panel) levels in CD4+ T cells from active SLE, compared to
healthy controls assessed by quantitative real‐time PCR and western blot, respectively. mRNA levels were assessed in
n=15 healthy controls, n=8 inactive SLE, and n=12 active SLE patients; protein levels were assessed in n=5 healthy
controls and n=5 active SLE patients. In humans, two transcripts encoding different isoforms of PDCD4 have been
identified. Our blot picture is consistent with this finding. (B) miR‐21 mRNA levels are downregulated (right panel) and
PDCD4 protein levels are upregulated (left panel) and in CD4+ T cells from two SLE patients who entered clinical
remission after successful therapy. (C) Purified CD4+ T cells from SLE patients downregulate PDCD4 protein levels upon
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activation with anti‐CD3/anti‐CD28 mAb for 48 hours. (D) CD4+ T cells from healthy controls were transfected with
mock‐ or pre‐miR‐21 (75nM) and protein extracts were collected after 48 hours for western blot analysis. PDCD4 protein
levels were downregulated in pre‐miR‐21‐ compared to mock–transfected T cells. (E) Purified CD4+ T cells from SLE
patients were stimulated with anti‐CD3/anti‐CD28 mAb and were transfected with PDCD4 expression vector as
described in Materials and Methods. After 48 hours culture supernatants were collected and IL‐10 was measured by
ELISA.

6.8. PDCD1, a negative T cell regulator, regulates miR21 expression in SLE patients
PDCD1 (PD-1, programmed death-1) has been identified as a potent negative regulator of T cell
proliferation and effector function through inhibition of Akt phorphorylation, and Bcl-2/Bcl-xL
mRNA expression [213]. We have previously described aberrant expression and function of PDCD1
in SLE patients contributing to T cell hyperactivity [214]. To this end, we tested the hypothesis that
enhanced miR-21 expression might be associated with reduced PDCD1 levels in SLE. Indeed, we
observed an inverse relationship between PDCD1 and miR-21 mRNA levels in SLE patients; thus,
active SLE patients had reduced PDCD1 and increased miR-21 levels (Figure 6.8A). We then used
PDCD1 siRNA to suppress PDCD1 mRNA expression and found that PDCD1 mRNA repression was
associated with marked miR-21 upregulation (Figure 6.8B). These findings suggest that PDCD1 may
regulate miR-21 expression, thus providing a novel role for PDCD1 in regulating T cell responses
(Figure 6.8C).
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FIGURE 6.8. PDCD1 regulates miR‐21 expression in SLE patients
(A) Mir‐21 and PDCD1 expresion levels were measured by real time PCR in our cohort of SLE patients (active and
inactive) and healthy controls. An inverse correlation was observed between PDCD1 and miR‐21 mRNA levels. Healthy
individuals displayed lower levels of mir‐21 expression and higher expression levels of PDCD1, while active SLE patients
had reduced PDCD1 and increased miR‐21 levels. (B) Inhibition of PDCD1 (with specific siRNA) resulted in up‐regulation
of miR‐21 expression in Jurkat cells. (C) Proposed model for miR‐21 regulation by PDCD1. Under physiological
conditions, PDCD1 inhibits mir‐21 expression, so that PDCD4 is expressed normally. Disruption of PDCD1 expression may
results in increased mir‐21 expression levels, affecting target genes expression.
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7. DISCUSSION
In this study, we sought to investigate the role of miRNAs in human Systemic Lupus Erythematosus
(hSLE) and identify new molecules involved in the pathogenesis of the disease. We identified a set of
differentially expressed miRNAs in PBMCs and in isolated T and B lymphocytes of SLE patients,
compared to healthy individuals. Interestingly, several of these miRNAs were predicted to regulate
genes implicated in biological processes with a well established contribution to disease pathogenesis
(suppl. Table 1). A group of miRNAs (mir-15a, mir-16, mir-21 and mir-25) was found to regulate
genes involved in apoptosis, a process that has been shown to be impaired in SLE patients [210]
[215-219]. Mir-148a and mir-148b, found up-regulated in SLE patients, were predicted to regulate
DNA methyltransferase 3b (DNMT3b) and may be associated with defective epigenetic mechanisms
in hSLE [211]. Mir-150 has been identified as a major regulator of B cell and megakaryocyte
development by targeting the transcription factor c-myb [145] [220]. An inverse correlation between
mir-150 and c-myb was validated in our SLE cohort. These results indicate the potential of miRNAs
to regulate major pathways that contribute to the pathogenesis of the disease.
Our analysis revealed several differentially expressed miRNAs in active versus inactive SLE. Among
these genes, miR-21, miR-25, miR-106b (expressed by both T and B lymphocytes), and miR-148b
(expressed by T cells) correlated strongly with SLEDAI. The longitudinal analysis of two patients
who entered remission showed significant decrease in miR-21, suggesting the potential use of
miRNAs as disease biomarkers. To this end, miRNAs are attractive to be used for prognostic and
diagnostic purposes in lupus because their expression pattern reflects the underlying
pathophysiologic processes correlating with disease activity, and they can be detected in a variety of
tissues [221]. Unsupervised clustering of additional cases and controls, and longitudinal studies in
large patient cohorts would be required to define the use of miRNAs as disease biomarkers. To
account for any potential influence of drugs on miRNA expression in our study, all lupus medication
was held for 24 hours prior to blood sampling. This time interval is 3–4 times greater than the halflive of most drugs (including glucocorticoids); however, the possibility of a drug effect cannot be
ruled out completely. Nevertheless, the strong correlation between the expression of certain miRNAs
and disease activity, suggest that aberrant miRNA expression is predominantly disease-driven.
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Previously, two studies have used microarray technology to identify the miRNA signature in SLE
patients. Dai et al reported 16 differentially expressed miRNAs in the PBMCs of a cohort of SLE
patients of Chinese origin [192]. Τhe same group identified 66 miRNAs in kidney biopsy samples
from patients with lupus nephritis [193]. Our work provides further information regarding miRNA
changes in PBMCs of SLE patients in the European population, as well as miRNA changes in SLE T
and B lymphocytes. Differences in the miRNA profiles are possible due to the type of samples and
sensitivity of detection methods as well as variety in disease severity and duration and the race of
human patients with lupus. Mir-146a down-regulation was recently reported in the PBMCs of SLE
patients and was associated with the activation of the type I IFN pathway in lupus [195]. In our
cohort, mir-146a was not of the major deregulated miRNAs identified. This is in consistent with
previous work in our lab that used cDNA microarrays to analyze gene expression in SLE [222] and
reproduced only in part the interferon signature described by others [223-224]. These results
highlight the complexity of SLE and the importance of the genetic background in disease phenotype.
Functional analysis is necessary in order to understand how these changes in miRNA expression may
contribute to SLE pathogenesis. We used our microarray results as a tool for the identification and
further study of novel molecules involved in disease pathogenesis. Mir-21 was one of the highest upregulated miRNAs in the PBMCs of SLE patients and displayed the strongest correlation with disease
activity. Mir-21 was first described as a widely over-expressed miRNA in various human cancers,
including solid and haematopoietic malignancies

[108] [116] [225-239]. It is considered to

contribute to carcinogenesis mainly by promoting cell proliferation [237] [239-246]. Recently,
several studies have shown that mir-21 is also up-regulated upon inflammatory stimuli, such as LPS
[150] and in many inflamed conditions [125-126] [247-251], indicating that this miRNA can be an
inflammation marker and a key molecule in inflammation-associated cancer.
The study of Dai et al also reports the up-regulation of mir-21 in the PBMCs of SLE patients,
compared to healthy controls, but not in Idiopatic Thrompocytopenic Purpura (ITP) patients. Since
ITP is an organ specific autoimmune disease they engage mir-21 with systemic inflammation [192].
Taken in consideration the strong association of mir-21 with SLEDAI score that we have found in
our SLE cohort, these results support that mir-21 might be a potential disease activity biomarker.

43

Given that mir-21 is not among the major differentially expressed miRNAs identified in rheumatoid
arthritis [164-165] [252], it might be a specific biomarker for the SLE.
T lymphocyte help has a central role in the stimulation of B cell proliferation, isotype switch and the
generation of high affinity auto-antibodies in SLE. Due to the important role of T lymphocytes in
disease pathogenesis, we investigated whether deregulation of mir-21 contributes to the abnormal
phenotype of SLE T cells. Compared to healthy controls, T cells from patients with SLE had
increased miR-21 expression levels. This is in consistent with the observation of Wu et al in mice that
effector T cells have increased mir-21 expression compared to naive T cells and that this miRNA can
be a potent activation marker [253]. However, we found that mir-21 is up-regulated not only in
freshly isolated lupus T cells, but also that anti-CD3/CD28 activated healthy T cells have still
decreased mir-21 expression levels, compared to SLE T cells.
We found that silencing of mir-21 decreases CD4+ T cell proliferation, consistent with previous
studies showing that mir-21 promotes proliferation of other cell types [254-255] [226-227][239].
Since SLE T cells display increased proliferation rate compared to healthy T cells, increased mir-21
expression might force SLE CD4+ T lymphocytes to hyper-proliferate. Moreover, we found that
silencing of mir-21 reversed several features of the aberrant phenotype of lupus T cells, including
increased proliferation, IL-10 production and sustained co-stimulation, as determined by CD40L
expression. In SLE, IL-10 is over-expressed and is considered as potent polyclonal B lymphocyte
activator that promotes B cell proliferation, differentiation and Ig secretion [256-258]. Anti-IL-10
treatment has shown beneficial effects in SLE both in humans and mice [259-260]. Persistent and
increased expression of membrane CD40L by SLE T cells has been well demonstrated to contribute
to B cell hyper-responsiveness [261-262] [209] and, thus, is considered a potent therapeutic approach
for the disease [263]. Indeed, we showed that inhibition of mir-21 expression in SLE T cells can
reduce their capacity to drive lupus B cell differentiation into IgG-secreting plasma cells. The ability
of mir-21 to control multiple pathways that contribute to the hyper-activation of SLE T lymphocytes
makes it a potential therapeutic target for the disease.
MiR-21 regulates multiple gene targets, including PDCD4, [264-265] a selective protein translation
inhibitor of genes involved in immune responses. [150] PDCD4 levels were significantly decreased
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in active SLE and were restored upon disease remission. Accordingly, activated SLE T cells upregulated miR-21 and suppressed PDCD4. PDCD4 has been shown to regulate IL-10 production
indicating that the effect of miR-21 on IL-10 production by lupus T cells may be through inhibition
of PDCD4. [150] [266] Moreover, PDCD4 inhibits AP-1, [267] which is an important transcription
factor for CD40L, [268] also shown to be regulated by miR-21. These findings suggest that the
effects of miR-21 on lupus T cells may be – at least in part – mediated through inhibition of PDCD4.
In support of this, we found that PDCD4 overexpression significantly reduced IL-10 production by
normal T cells. The beneficial effect of translation-inhibiting drugs – such as rapamycin – in murine
and human SLE T cells [269] makes PDCD4 a plausible target for therapy. Furthermore, since
PDCD4 deficient mice develop spontaneous lymphomas [266], decreased levels of this protein in
SLE patients could provide a molecular mechanism that explains the increased risk of these patients
for non Hodgin lymphomas.
In summary, we provide evidence for the first time that mir-21 contributes to the pathogenesis of an
autoimmune disease, underlying the importance of miRNAs in the regulation of immune response in
hSLE. We show that mir-21 is not just an activation marker but regulates key pathways that
contribute to the aberrant phenotype of SLE T lymphocytes and may lead to the development of an
abnormal immune response in SLE (Figure 6.9). By fine-tuning gene expression and cell responses,
miRNAs have the potential to maintain the balance between immune activation and tolerance and
thus lead to novel therapeutic strategies for lupus. Administration of antagomir-21 in lupus prone
mice will further delineate the role of mir-21 in SLE and will answer the important question whether
it represents a valid therapeutic target for the disease.
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FIGURE 6.9. Upon activation of SLE T lymphocytes, mir‐21 is abnormally increased and affects several features
(proliferation, CD40L expression, IL‐10 production) of their aberrant phenotype. Hyper‐activated T lymphocytes force
auto‐reactive SLE B cells to differentiate in plasma cells that produce auto‐antibodies.
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8. SUPPLEMENTARY MATERIAL
A

B

Figure S1. MicroRNA microarray analysis of RNA from healthy controls, active and inactive SLE patients. Fold change
differences are presented in tables. A. 27 miRNAs were differentially expressed between SLE patients and controls.
Green color represents higher miRNA expression and Red color represents lower miRNA expression in healthy controls
as compared to SLE patients. Fourteen miRNAs were significantly downregulated (2.2 to 18.0–fold) and 13 miRNAs were
significantly upregulated (3.4 to 9.2–fold) in active SLE compared to controls). B. 9 miRNAs were down‐regulated and 10
were up‐regulated in active compared to inactive SLE patients.
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Figure S2. Correlation plots of miR‐25, miR‐148, and miR‐106b expression levels against SLEDAI scores (r2 = 0.95, linear
regression) in isolated CD4+ T lymphocytes of SLE patients versus controls.

Figure S3. Correlation plots of miR‐25, miR‐106b, and miR‐155 expression levels against SLEDAI scores in isolated B
lymphocytes of SLE patients versus controls.
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Figure S4. Purified peripheral blood CD4 T cells from healthy controls were stimulated with anti‐CD3/anti‐CD28 mAb
and simultaneously transfected with mock (75 nM), antago‐miR‐21 (50, 75 nM) or pre‐miR‐21 (75 nM) as described in
the Methods section. Cells were harvested after 3 and 6 days and miR‐21 mRNA levels were measured. Expression
values are presented relative to mock‐transfected cells (results from 2–3 independent experiments).

Suppl. Table 1. Gene ontology analysis identified miRNA gene networks significantly enriched in SLE patients involving
anti‐apoptotic mechanisms, immune responses, DNA methylation, and insulin receptor signalling. The DAVID functional
annotation clustering tool was used to detect significantly over‐represented Gene Ontology biological processes. A
threshold p‐value was set at 10‐5 to define statistical significance. See Materials and Methods for more details.
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10. EΥΧΑΡΙΣΤΙΕΣ
Η εργασία αυτή εκπονήθηκε στο εργαστήριο Αυτοανοσίας και Φλεγμονής υπό την επίβλεψη και
καθοδήγηση του καθηγητή κ. Δημήτρη Τ. Μπούμπα που με εμπιστεύτηκε και μου ανέθεσε την
εκπόνηση της διδακτορικής αυτής διατριβής. Θα ήθελα να τον ευχαριστήσω θερμά όχι μόνο για την
υποστήριξη του όλα αυτά τα χρόνια, αλλά κυρίως, για την παρουσία του ως μέντορα, πηγή
έμπνευσης και πρότυπο ιατρού-ακαδημαϊκού. Του οφείλω ένα μεγάλο μέρος της εκπαίδευσης μου
και την διαμόρφωση του τρόπου σκέψης μου που θα με ακολουθεί στην περαιτέρω καριέρα μου.
Η διατριβή αυτή δεν θα μπορούσε να είχε διενεργηθεί χωρίς την συνεργασία και την επίβλεψη του κ.
Δημήτρη Ηλιόπουλου απο το Dana-Farber Cancer Institute της Βοστώνης (ΗΠΑ), που μας
παραχώρησε τεχνικές τελευταίας τεχνολογίας, όπως αυτή των μικροσυστοιχείων (microarrays), που
αποτέλεσαν την βάση της δουλειάς αυτής. Η βοήθεια του ήταν καταλυτική για την διαμόρφωση της
ερευνητικής αυτής εργασίας και την εξοικείωση μας με τον χώρο των miRNAs.
Επίσης, θα ήθελα να ευχαριστήσω όλους του καθηγητές μου από το μεταπτυχιακό πρόγραμμα
σπουδών « Μοριακή βάση των ασθενειών του ανθρώπου » και κυρίως τον κ. Ζαννή, τον κ.
Γουλιέλμο, την κ. Παπαδάκη , τον κ. Καρδάση, τον κ. Ηλιόπουλο, τον κ. Τσατσάνη, την κ.
Μαμαλάκη, και τον κ. Σιδηρόπουλο που μου έδωσαν το κίνητρο και τις βάσεις για να δουλέψω
σωστά στον χώρο της βασικής έρευνας.
Πολλές ευχαριστίες οφείλω στα άτομα που στελεχώνουν το εργαστήριο Αυτοανοσίας και φλεγμονής,
την Χριστιάννα Χουλάκη, την Μάγδα Νάκου, την Μαριάννα Ιωάννου, την Ειρήνη Κυρμιζή, την
Μελίνα Καβουσανάκη, την Ελένη Κρασουδάκη, την Έλενα Κοντάκη και την Θέμις Αλισσάφη για
την καθημερινή βοήθεια τους σε οτι χρειαζόμουν αλλά και για την πολύωρη παρέα τους όλο αυτό το
διάστημα που περάσαμε μαζί στο εργαστήριο. Ιδιαίτερα, ευχαριστώ τον κ. Βεργίνη και τον Γ.
Μπερτσιά για την πολύτιμη βοήθεια τους στον σχεδιασμό πειραμάτων και τις χρήσιμες υποδείξεις
τους στην διάρκεια της ερευνητικής αυτής εργασίας. Επίσης, πρέπει να ευχαριστήσω όλο το
προσωπικό της Ρευματολογικής κλινικής ΠΑΓΝΗ για την πολύτιμη βοήθεια τους στην συλλογή των
δειγμάτων περιφερικού αίματος που χρησιμοποιήθηκαν στην μελέτη.
Τέλος, δεν φτάνουν οι λέξεις για να ευχαριστήσω την Δήμητρά μου για την κατανόηση της, την
υπομονή της και την στήριξη της σε όλη την διάρκεια της δουλειάς αυτής και φυσικά την οικογένεια
μου που είναι πάντα δίπλα μου και με στηρίζουν σε κάθε μου βήμα.
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