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Abstract

C-type lectin receptors (CLRs) belong to the family of pattern recognition receptors (PRRs).
They have a critical role to play in the regulation of a range of physiological functions
including development, respiration, angiogenesis, inflammation, and immunity. CLRs can
recognize distinct and conserved exogenous pathogen-associated as well as endogenous
damage-associated molecular patterns. These interactions set off downstream signaling
cascades, leading to the production of inflammatory mediators, activation of effector immune
cells as well as regulation of the developmental and physiological homeostasis. CLR
signaling must be tightly controlled to circumvent the excessive inflammatory burden and to
maintain the cellular homeostasis. Recently, MicroRNAs (miRNAs) have been shown to be
important regulators of expression of CLRs and their downstream signaling. The delicate
balance between miRNAs and CLRs seems crucial in almost all aspects of multicellular life.
Any dysregulations in the miRNA-CLR axes may lead to tumorigenesis or inflammatory
diseases. Here, we present an overview of the current understanding of the central role of
miRNAs in the regulation of CLR expression, profoundly impacting upon homeostasis and
immunity, and thus, development of therapeutics against immune disorders.



Introduction

The innate immune system imparts body’s first line of defense against pathogenic challenges
and endogenous stresses through evolving different families of germline encoded pattern
recognition receptors (PRRs) which includes Toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and cytosolic
DNA sensors [1,2]. Among all these families of PRRs, C-type lectin or C-type lectin
receptors (CLRs), comprised of at least one characteristic C-type lectin like domain (CTLD),
form a large heterogeneous group of transmembrane or soluble receptors, almost as diverse
as the immunoglobulin ‘superfamily’ [3]. Based on the conserved motif present in CTLD,
CLRs are either mannose or fucose-specific (characterized by the presence of Glu—Pro—Asn
amino acid triplet or EPN motif) or galactose-specific (carry GIn—Pro—Asp amino acid triplet
or QPD motif) [4,5]. Selectins represent another class of CLRs that recognize sialylated,
fucosylated glycan structures with sialyl-Lewis* (sLe*) motif [6]. Initially, ‘C-type lectins’
were so named to highlight them as calcium-dependent carbohydrate-binding lectin, but later
on, it was found that certain CLRs lack the coordinated calcium binding or carbohydrate
specificity, and hence, C-type lectin-like receptors. CLRs can recognize a wider array of
ligands, including carbohydrates as well as non-carbohydrates such as lipids, proteins, and
inorganic salts [7]. CLRs are mostly expressed by myeloid and lymphoid cells, in addition to
epithelial and endothelial cells [5]. After encountering distinct exogenous ‘non-self’
pathogen-associated molecular patterns (PAMPs), endogenous ‘damaged self” ligands like
damage associated molecular patterns (DAMPs) or endogenous ‘altered self” ligands like
tumour-associated molecular patterns (TAMPs), multivalent CLRs can modulate
downstream immune signaling and several cellular response [8]. Due to their ability to
recognize and internalize antigens, and initiate independent signal transmission, CLRs are
considered as non-TLR member of the PRR family [9]. Additionally, some CLRs also
collaborate with TLRs to drive downstream signaling pathways [10].

In vertebrates, more than 1000 proteins of CLR superfamily are categorized into 17
subgroups, according to their phylogeny and domain alignment [5] (Fig. 1). For example,
soluble CLRs such as surfactant protein-A (SP-A) and surfactant protein-D (SP-D) (group
III collectin family) act as opsonin proteins and contribute to host defense [9,10]. Aggrecan
and versican (group I proteoglycan family), which are crucial components of the extra-
cellular matrix (ECM), regulate inflammation [13]. Mannose-binding lectin (MBL) (group
IIT collectin family) and regenerating islet-derived (Reg) family proteins (group VII free
CTLDs) offer anti-microbial immunity [9]. Selectin family comprises of L-selectin
(expressed on leukocytes), E-selectin (expressed on endothelial cells) and P-selectin
(expressed on platelet and endothelial cells); the proteins are involved in adhesion,
extravasation, and regulation of inflammation [6]. In addition, transmembrane CLRs trigger
different intra-cellular signaling pathways that promote immune cells activation,



phagocytosis, apoptosis either by directly signaling through integral motifs in their
cytoplasmic tails, or indirectly by using adaptor molecules like Fc receptor y-chain (FcRy)
and DNAX-activating protein 10 (DAP10) [5,14]. There are CLRs bearing inhibitory motifs
too, for example, killer cell lectin-like receptor subfamily G member 1 (KLRG1), to inhibit
inflammatory signaling pathways induced by other immunoreceptors [5]. CLRs, like
mannose receptor (MR) on human alveolar macrophage act in a dual mode, based on a
temporal and spatial interplay of interacting signaling adaptor proteins. MR induce
phagocytosis after recognizing Mycobacterium tuberculosis (M.tb) via interacting with
growth factor receptor-bound protein-2 (Grb2) as well as inhibit phagolysosome formation
via recruiting Src homology region-1 domain-containing phosphatase (SHP-1) which
facilitates M.tb survival in human [15] (Fig. 1). However, CLR signaling is a double-edged
sword. While CLR-triggered innate immune signaling and subsequent enhancement of
adaptive immune responses are crucial for clearing pathogens and maintaining homeostasis,
inappropriate activation can cause autoimmune or inflammatory diseases as well as cancer.
Thus, CLR expression and signaling need to be tightly regulated [16,17].

Involvement of microRNAs (miRNAs) in regulating TLR signaling has been intensely
studied; however, how miRNA regulate CLRs has received great attention in recent years
[7,18]. miRNAs are short non-coding RNA molecules comprising of 19 to 25 nucleotides,
and regulate post-transcriptional and translational silencing of more than 30% of protein-
coding genes [19]. The biogenesis of miRNAs involves nuclear as well as cytoplasmic
processing events that are carried out by two double-stranded RNA-specific
endoribonuclease III enzymes, Drosha and Dicer, respectively. After the final processing in
the cytoplasm, pre-miRNA duplexes are loaded onto the RISC (RNA-induced silencing
complex) together with an argonaute (AGO) protein, where one mature miRNA strand is
selected to exert the biological functions. In addition to this canonical biogenesis pathway,
noncanonical biogenesis pathways also exist for the production of functional miRNAs [20].
By RNA interference mechanism, miRNAs can bind to 3’ untranslated region (3'UTR) of
target mRNAs that results in the mRNA cleavage or degradation, or translation repression
[21]. Key roles of miRNAs have been explored in development, defense, apoptosis [22],
tumorigenesis [23] and inflammation [24]. Thus, the biogenesis cascade and the function of
miRNAs themselves need to be under tight temporal and spatial control, as their
dysregulation often leads to several human diseases, including cancer. Multiple strategies are
applied by the cell to regulate miRNA biogenesis at transcriptional (by RNA polymerase II-
associated transcription factors) or post-transcriptional (by RNA-binding proteins) levels
[20,25]. The details of the regulatory events are given in Table 1A and 1B.

Recent studies examining the roles of miRNAs in regulating immune cell functions revealed
that few miRNAs co-regulate CLRs as well as other PRRs. For instance, miR-155 regulates
TLRs (TLR4 and TLR3) as well as CLRs [Dendritic cell-specific intercellular adhesion



molecule-3 grabbing nonintegrin (DC-SIGN/CD209), M2 associated galactose C-type lectin
(MGL-1), Reg3b]. Similarly, miR146 regulates TLR4 and MGL-1 expression. miR-let-7
modulates TLR4 and lectin-like oxidized low-density lipoprotein receptor (LOX-1)
expression [7]. A range of studies have also addressed the idea that TLR signaling can alter
miRNA expression like miR-155 and miR-146 can regulate the expression of TLR2, TLR3,
TLR4, TLRY expression [7,18]. It is, therefore, important to study the involvement of
miRNA in CLR signaling cascade.

As novel therapeutic agents, miRNA mimics and miRNA inhibitors, currently in early
clinical development, have shown promising results [26].

Here, we review the recent knowledge in the area of miRNA-mediated regulation of CLR
expression and signaling that is central to mammalian homeostasis and host immunity
[5,7,8,12].

miRNA-CLR axes in developmental and physiological homeostasis

From embryonic development to organogenesis, both soluble and transmembrane CLRs play
pivotal roles. Like CLRs, miRNAs also contribute to regulation of several cellular functions.

SP-A and SP-D are referred to as lung collectins (collagen containing C-type lectins) for their
immense contribution to the lung development and lung physiology [27]. Initially, these were
found to be secreted in the lungs by alveolar type II epithelial cells (AECII) and Clara cells
but extra-pulmonary existence of SP-A and SP-D is now well documented [28]. SP-A and
SP-D act as potent dual role surveillance molecules that can act either as pro-inflammatory
or anti-inflammatory molecules depending on the microenvironment [29]. A growing
number of studies indicate expression of surfactant proteins is highly regulated by miRNAs.
For example, decreased miRNA biogenesis by silencing Drosha enhanced the potential of
human alveolar type II cells to secrete SP-A protein [30]. Furthermore, several in-vitro or in
vivo studies revealed that miRNAs such as miR-200 family [31], miR-29 [32], miR-20a-5p
[33], and miR-16 [34] positively regulate pulmonary surfactant proteins synthesis whereas
miR-431-5p [30], miR-199a/214 cluster [36], miR-26a [37-39], miR-206 [40] were found to
exert an inhibitory role in AECII differentiation and synthesis of surfactant proteins (Table
2). Interestingly, it has been also reported that SP-A2 (SP-A has two variants: SP-A1 and SP-
A2) regulates miRNome of alveolar macrophages (AM) in a sex-specific manner. Transgenic
mice expressing human SP-A1 and SP-A2 exposed to ozone-induced oxidative stress (OxS)
demonstrated that OxS induced male SP-A2 AM miRNome is related to inflammatory
responses, regulation of ROS, and apoptosis which make the males less susceptible to
oxidative stress than females [41].



Versican (VCAN), a chondroitin sulfate proteoglycan (CSPG), binds to hyaluronan and
constitute ‘provisional ECM” which is involved several aspects of tissue homeostasis via
regulating cellular migration, proliferation, sorting and phenotype [42]. The miR-21 targets
tissue inhibitors of metalloproteinases (TIMP) and causes increased expression of matrix
metalloproteinases (MMPs), disintegrin and metalloproteinases with thrombospondin motifs
(ADAMTYS) in porcine cumulus cells. ADAMTSI-mediated cleaved versican expression
during in-vitro cumulus-oocyte-complex maturation facilitates cumulus cell expansion and
oocyte maturation via ECM remodeling [43]. Similarly, in mice, ectopic versican 3'UTR
helps to maintain endogenous versican and B-catenin levels associated with dermal wound
healing and fibroblast cell migration via engaging versican-associated miRNAs to bind with
ectopic versican mRNAs [44].

Another secreted CLR proteoglycan aggrecan [alternative names: Aggrecan 1 (AGCl),
Chondroitin sulfate proteoglycan core protein 1(CSPGI)], key ECM component of
cartilaginous tissue [45], has similarly been found to be regulated by miRNAs. For instance,
miR-140 [46], miR-92a [47], miR-141-3p [48] are involved in chondrogenesis via enhancing
aggrecan expression. On other hand, miR-143-3p is associated with chondrogenic
differentiation by inhibiting aggrecan in rat model [49]. Furthermore, Wu et al. unraveled the
underlying molecular mechanisms of dextrose prolotherapy for osteoarthritis treatment. They
have shown that glucose induces chondrogenesis in murine chondrocytic cell line, ATDCS,
by enhancing aggrecan expression via activating PKCa-p38 pathway which eventually
inhibit miR-141-3p [48].

Additionally, transmembrane CLRs, like regenerating islet-derived (Reg) proteins were
initially identified in chronic calcific pancreatitis patients, but subsequent studies revealed
the extra-pancreatic implications of Reg proteins in others pathologies such as diabetes, colon
cancer, and hepatocellular cancer [50,51]. Reg proteins are associated with increased cellular
proliferation, differentiation and inhibition of apoptosis so its regulation could be an
alternative strategy for prevention of many diseases. However, the miR-7-mediated direct
suppression of only murine reg/, but not the human REGIA and REGIB, exemplifies
species-specific regulation of Reg proteins [52].

Moreover, lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1 or OLR1) is
involved with adipocyte proliferation, triglyceride storage, lipid metabolism. LOX-1-
miRNAs interaction in the context of atherosclerosis disease progression has been well
studied [53]. However, how this interaction affects production of milk and beef quality traits
in cattle was first illustrated by Li et al., stating that bta-miR-370 suppresses LOX-1,
formation of cytoplasm lipid droplets, and thus, regulates lipid metabolism in bovine
adipocytes [54].



Role of miRNA-CLR axes in regulating cancer

Initially, miRNAs were considered only as developmental regulators, but the concept has
now substantially extended; dysregulated miRNAs contribute to the onset of many diseases,
including cancer. Thus, making these molecules promising therapeutic candidates either in
the form of miRNA mimics (for miRNAs acting as tumor suppressors), or as anti-miRs (for
miRNAs acting as oncogenes) [50,51]. Furthermore, an increasing number of studies have
stated that CLR dysregulation could be a result of the altered expression of miRNAs, or
miRNA-mediated regulation, which can cause oncogenic transformation (Table 3). In this
section, we discuss some prominent examples of CLRs-miRNAs axes regulating cancer.

Increased versican (VCAN) acts as a pro-tumorigenic factor. Its association with unfavorable
prognosis and relapse of tumor has been examined in several types of malignancies. For
instance, in epithelial ovarian cancer (EOC), high miR590 accelerated tumor cell
proliferation, migration and invasion via enhancing VCAN expression. Forkhead box A2
(FOXAZ2) that serves as a negative regulator of VCAN was found to be suppressed by miR-
590. Via inhibiting FOXA2 and de-repressing VCAN expression, miR-590 is negatively
correlated with survival of EOC patients [23]. Similarly, miR-23b and miR-143 also target
VCAN expression. IL-17A mediated downregulation of miR-23b in tongue squamous cell
carcinoma cells (TSCC) [57] and TGF-B-mediated downregulation of miR-143 in
osteosarcoma cells [58] resulted in enrichment of versican and was found to be associated
with increased cell migration and invasion. Furthermore, miR-135a-5p acts as a thyroid
carcinoma suppressor via targeting VCAN 3'UTR [59]. In addition, the diagnostic potential
of miRNAs and CLRs has been reported for multiple diseases. For example, a positive trend
of VCAN and a negative trend of VCAN-targeting miR-203 with the progression of disease
suggests their potential as non-invasive diagnostic biomarkers with optimum specificity and
sensitivity for testing multiple myeloma [60].

Similar to versican, oncogenic potential of RegIV has been investigated recently. In gastric
cancer tissue, decreased miR-24 and increased ReglV expression than the non-tumor tissues
suggested a potential anti-cancer role of miR24. Enhanced expression of miR-24 inhibited
the sequential events of carcinogenesis via targeting ReglV 3'UTR [61]. Additionally,
overexpression of miR-363 repressed GATAG transcription factor, which in turn, inhibited
colon cancer cell growth under adherent conditions (by blocking GATA6/REG4 pathway)
and suppressed clonogenicity (by blocking GATA6/LGRS pathway) [62].

Moreover, some miRNAs can also act as oncogenes (oncomiRs) via targeting tumor
suppressor CLRs. In hepatocellular cancer (HCC), increased miR-942-3p is inversely
correlated with the survival in HCC patients and enhanced cell proliferation and invasion in



vitro via directly targeting expression of apoptosis activator mannose-binding lectin 2
(MBL2) [63].

Interestingly, miRNAs regulate E-selectin-mediated trans-endothelial migration and
metastasis dynamics in colon cancer cells either by inhibiting its transcriptional regulator,
NF-«xB (by miR-146a and miR-181b), or by directly targeting E-selectin mRNA (by miR-31)
[64]. Similarly, hsa-miR-370 specifically targets sLex, the ligand of P-selectin, and represses
metastatic potential of human colon adenocarcinoma cells via modulating P-selectin induced
p38-phosphatidylinositol 3-kinase (PI3K) signaling [65].

In addition to soluble CLRs, involvement of transmembrane CLRs in cancer has also been
examined. For instance, C-type lectin domain family 5, member A (CLEC5A), a key
regulator of myeloid differentiation, is targeted by miR-125a [66]. Inoue et al. reported that
additional sex combs-like 1 (ASXL1) mutation inhibits polycomb repressive complex 2
(PRC2) function and de-repress miR-125a and Homeobox A9 (HOXA9). HOXA9 is a
homeotic transcription factor associated with normal hematopoiesis and acute leukemia. It is
essential for anterior—posterior patterning during embryonic development; its expression is
absent in most of the adult cells, with the exception of hematopoietic stem cells where
HOXA9 is highly expressed, and its expression gradually decreases with further
differentiation [67].) Thus, using murine BMT model (where, isolated bone marrow from
donor mice, retrovirally infected with ASXL-MT, ASXL-WT or empty vector is transferred
to recipient mice), they first demonstrated appearance of myelodysplastic symptoms in
ASXL1-MT transplanted mice compared with mock-transplanted mice due to dysregulation
of CLEC5A-miR-125 axis.

Furthermore, the role of killer cell lectin-like receptor subfamily G member 1 (KLRGI)
expression on memory T cells in ovarian tumor, colitis and colon tumor microenvironment
revealed that KLRG1" T cells impaired anti-tumor T cell immunity by downregulating miR-
101 expression and subsequently elevating the expression of co-repressor C-terminal binding
protein-2 (CtBP2). This in turn results in KLRG1" T senescence with a declined capacity of
production of effector cytokines by T cells [IFN-y, TNF-a and Granzyme B of CD8 T cells
and IL-17 of CD4 T cells] and promote immunosuppression [68].

miRNA-CLR axes in immunomodulation

CLRs are the members of PRR family and as they can recognize a broad repertoire of
PAMPs, most research attention has focused on their contribution to anti-microbial
immunity. There are several reports on CLR-mediated regulation of immunological
responses [69]. In this section, we highlight CLR-miRNA axes in the modulation of various
functions of immune cells relevant for maintaining immune homeostasis.



miRNA-mediated regulation of the expression of CLRs by immune cells has a remarkable
influence on the effector signal transduction as well as in the leukocyte polarization (Fig. 2).
For example, an altered level of miR-511-3p in human dendritic cells (DCs) is involved in
regulation of DC functions and Th cell polarization through modulating expression of two
transmembrane CLRs like mannose receptor (MR/CD206) and dendritic cell-specific
intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN/CD209) expressed on
human DCs. On an interesting note, miR-511 is found to be embedded in human MRC! gene
(which encodes MR) within intron 5. It is therefore reasonable to assume that miR-511 should
coordinately be expressed with MRC1 mRNA [70]. However, miR511-3p knockdown via
transfecting miR-511-3p inhibitors in DCs led to an increased expression of MR and DC-
SIGN, highlighting the existence of discordant expression between MRC1 and miR-511-3p
in human DC. Therefore, it is possible that additional pathways are involved; changes in
PPARY activity may contribute to increased MR level in miR-511-3p silenced DC [71]. Both
these CLRs contribute to the anti-inflammatory DC phenotype defined by increased
inteleukin-10 (IL-10) and programmed death-ligand 1 (PD-L1) and Th2 polarization via
upregulating Th2 promoting cytokines IL-10 and IL-4 while inhibiting IL-17 [72]. In
addition to this, another study in mice reported that, MALATI, a long non-coding RNA
(IncRNA) exerts a regulatory role in the induction of DC-SIGN expression that polarizes DC
towards tolerogenic phenotype and promotes IL-10-mediated immune-suppressive
environment, by acting as an miR-155 sponge, an RNA molecule with multiple miRNA-
binding sites to saturate miRNA-mediated mRNA regulation. The same study also
highlighted that in vivo adoptive transfer of MALATI-enriched DCs induced immune
tolerance by shaping miR-155/DC-SIGN axis in cardiac-allograft transplantation (where
BALB/c recipient mice which had undergone heart transplantation from the donor C57BL/6
murine cardiac tissue) and autoimmune myocarditis (where BALB/c mice was immunized
with a-myosin H-chain peptide) [73].

Moreover, therapeutic implication of miRNA-mediated macrophage repolarization in
pneumonia has been reported. Enhancement of miR-155 and miR-146 shifted the balance
from M1 macrophage towards M2 type via enhancing M2 associated galactose C-type lectin
(MGL-1) expression in vitro [74]. In accordance with this study, M1-M2 balance in allergic
inflammation has also been regulated via mannose receptor (MRC1/MR/CD206) through
miR-511-3p in mice [75].

Furthermore, like myeloid cells, T cell activity is also regulated by miRNA-CLR axes. C-
type lectin CD69 has an integral role in the development of thymic regulatory T cells through
increasing the signal transducer and activator of transcription 5 (STATS) phosphorylation
and BIC/miR 155 transcription in mice [76]. On the other hand, miR-126 knockdown in mice
demonstrated significantly enhanced CD69" functional T cells as a result of the elevated
insulin receptor substate-1 (IRS1) signaling [77].



Role of miRNA-CLR axes in inflammatory disorders

CLRs and miRNAs both are increasingly being recognized as a crucial controllers of
inflammation [24,78]. In this section, we discuss the most recent understanding on CLR-
miRNA axes in the regulation of different inflammatory disorders.

Allergy

Allergy is a common type I hypersensitivity disorder. Several C-type lectins, including MBL,
dectin 1, dectin 2, DC-SIGN, mincle, MMR/CD206 and collectins, have been reported to
play essential roles in the pathogenesis of allergic inflammation [5]. Recent data also suggest
that miRNAs can regulate immune responses, immune cell polarization and tissue
inflammation in allergic diseases. Thus, miRNAs are promising candidates for biomarker
development in allergic inflammation [79,80].

Zhou et al. showed the implication of mannose receptor (MRC1/MR/CD206) and miR-511-
3p in cockroach allergen-induced lung inflammation in a murine model. MRCI-deficient
murine alveolar macrophages exhibited less allergen uptake by MRC1/MR/CD206 with a
reduced level of miR-511-3p that resulted in M1-driven allergic inflammation. However, the
presence of MRC1 caused enhanced miR-511-3p expression which exerted M2-driven anti-
inflammatory responses [75]. Although miR-511 is embedded in MRC! gene in human and
mice, MRC1 deficiency results in decreased miR-511 transcription in lung macrophage in
mice. This is in contrast with the human data, where discordant expression of MRC1 and
miR-511 is present in DCs [72]. These observations suggest that the role of CLR-miRNA
axes might be cell- (i.e., macrophages and DCs) and species-specific (as in human and mice).

Osteoarthritis

Involvement of aggrecan in the pathogenesis of osteoarthritis (OA) is well studied. Excessive
degradation of aggrecan, one of the crucial constituents of articular ECM, due to excessive
matrix-degrading enzymes (MMPs, ADAMTS) [81], or pro-inflammatory mediators (IL-1[3)
[82], disrupted the metabolic homeostasis of articular chondrocyte ECM, the driving force
for the development of OA lesions. The miRNAs are one of the most studied components for
aggrecan regulation in chondrocytes (Fig. 3). For example, few miRNAs [such as miR-483-
3p [83], miR-30 [84], miR-206 [85], miR-216b [86], miR-448 [87] and miR-195 [88] that
directly or indirectly target aggrecan, are upregulated in OA cartilages or chondrocytes. They
serve as pro-OA factors and contribute to the progression of OA. On the other hand, miR-
671 is downregulated in the plasma and cartilage tissue of OA patients when compared to
healthy controls [89]. Moreover, treatment with miR-671 mimics prevented the progression
of OA by increasing the aggrecan deposition in mice [89]. Similarly, miR-92a-3p level was
also suppressed in human OA cartilage. miR-92a-3p positively contributes to chondrogenesis
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and causes aggrecan hyperacetylation by suppressing histone deacetylases 2(HDAC2) [90].
Thus, miRNA-aggrecan axis has a promising therapeutic potential for OA prevention and
treatment.

Intervertebral disc degeneration

Similar to OA, dysregulation of ECM homeostasis, with a subsequent matrix degradation
due to depletion of ECM macromolecule collagen type II and aggrecan, contributed to the
intervertebral disc degeneration (IDD). Intervertebral discs are made up of annulus fibrosus
(AF) and nucleus pulposus (NP), cartilage and end plates [91]. 50% of the wet weight of NP
is composed of aggrecan, which helps in tissue hydration [92]. Role of miRNAs in cell
proliferation, apoptosis regulation, ECM metabolism, and autophagy regulation suggests that
miRNAs may serve as major regulators of IDD (Table 4). The miR-21 and miR-210
promoted MMP-mediated aggrecan depletion by suppressing autophagy via targeting
PTEN/Akt/mTOR signaling pathway [93] and autophagy-related gene 7 (ATG7) [94],
respectively. Additionally, miR-665 [95], miR-3150-3p [96], and miR-494 [91] also
contribute to ECM catabolism and IDD progression by targeting aggrecan. In contrast,
miR 155 provides the therapeutic advantage against IDD via targeting MMP-16 [92].

Atherosclerosis

Atherosclerosis is another chronic inflammatory disease of the cardio-vascular system, which
typically begins with the deposition of cholesterol-laden atherosclerotic plaques in the artery
walls [97]. Recently, the scavenger receptor LOX-1, a transmembrane CLR (Group V)
expressed on endothelial cells, vascular smooth muscles cells (VSMCs) and macrophages,
has gained considerable attention in the pathogenesis of atherosclerosis [98,99].
Accumulated oxLDL in the neointima is internalized by LOX-1, which triggers endothelial
dysfunction, pro-inflammatory responses, proliferation and migration of VSMCs, and
formation of foamy macrophages, which ultimately contribute to progression of
atherosclerosis (Fig. 4). Several miRNAs play a key role in regulating LOX-1 expression.
For instance, miRNA-98 [100], miR-30c-1-3p [101], miR-let family [102—104], miR-590-5p
[105,106] serve as the therapeutic candidates for treating atherosclerosis by inversely
regulating LOX-1. On the other hand, increased expression of cardiac miR-221 is associated
with the induction of LOX-1-mediated inflammation and ROS production in the mice
exposed to multi-walled carbon nanotubes (MWCNT) and thus, promoted cardiotoxicity
[107]. Ox-LDL enhances the formation of ¢c-JUN and NF-«kB complex, which in turn, bind
to miR-146a promoter and induce its transcription. Activated miR-146a inhibited the
macrophage functional activity and was associated with the inflammatory blockage and may
be relevant in atherosclerosis treatment [108]. In addition to lipid plaques, arterial stiffness
also acts as a key factor for development of atherosclerosis. It was found that miR-1185
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influenced arterial stiffness by promoting VCAM-1 and E-selectin expression in primary
human umbilical vein endothelial cells (pHUVECs) and human umbilical vein smooth cells
(HUVSMCs) [109] .

Others inflammatory diseases

Involvement of CLRs in other inflammatory diseases including pulmonary hypertension,
cardiac fibrosis, and gut inflammation has also been assessed. For example, hypoxia results
in suppressed expression of miR-let-7g via upregulation of LOX-1 in the pulmonary artery
smooth muscle cells of rats, which is associated with the pulmonary hypertension (PH).
Upregulated LOX-1 negatively regulated the miR-let-7g via a feedback regulation involving
the calpin-OCT-1-PKC axis [110]. Similarly, cardiac fibrosis is associated with the
downregulation of miR-367-3p and an enhanced expression of CD69 [111]. Lippai et al.
showed miRNA-CLR axes was also involved in the alcohol-mediated gut inflammation.
Acute and chronic alcohol consumption impair the intestinal barrier integrity via enhanced
production of endotoxin and inflammatory mediators by dysregulating miRNA155-Reg3b
balance in mice. Chronic alcohol consumption results in an increased miR-155 expression
and a decreased Reg3b. miR-155 knock-out mice exhibited less endotoxin-mediated gut
inflammation, suggesting miR-155 deficiency helps in maintaining the gut barrier integrity
[24]. Furthermore, a recent paper demonstrated that miR-126-3p/-5p effectively suppressed
VCAM-1 and E-selectin expression which improved blood-brain barrier integrity after
ischemic stroke in lentivirus-miR-126-3p/-5p transduced mice [112]. It was also found that
miR-150 directly targeted nuclear factor-kB1 (NF-kB1), which in turn, downregulated E-
selectin and other pro-inflammatory genes in LPS-treated HUVECs. Thus, miR-150 could
be used as a biomarker for the diagnosis of sepsis [113].

Role of CLRs in modulating miRNA expression: Impact on anti-microbial immunity
and immune homeostasis

Understanding a key role of CLRs in orchestrating host innate and adaptive immune
responses against the microorganisms, based on in vitro and in vivo studies, laid a foundation
for translational applications of CLRs. Interestingly, initiation of the CLR signaling cascade
can drive regulation of miRNAs expression during infection and inflammation (Table 5).

CLRs act as immune boosters against the fungal infections [114,115]. For instance, dendritic
cell-associated C-type lectin 1 (Dectin 1) can recognize cell wall B-glucan structure of C.
albicans. Moreover, different morphological forms (yeast or hyphae) of Candida affect
miRNAs expression that subsequently impacts upon the host immunity. Furthermore,
increased expression of B-glucan in Candida hyphal form, sensed by dectin 1 on bone
marrow-derived macrophages (BMDMs), triggers miR-155 response in a SYK-dependent
signaling pathway in mice [116]. To avoid extravagant inflammatory response against the
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Candida infection, dectin 1 also upregulates miR-146, which acts as a negative feedback
regulator of dectin 1-mediated pro-inflammatory signaling by inhibiting the NF-kB pathway
in human monocyte leukemic cell line, THP-1 [117]. Interestingly, the use of miRNA-CLR
axes as a potential biomarker for pulmonary tuberculosis (PTB) was first demonstrated by
Wang et al. in 2018. Screening urine proteomic profiles from healthy controls and PTB
affected patients revealed the usefulness of a combination of miR625-3p, MBL-2 and 35-
kDa fragment of inter-o-trypsin inhibitor H4 (ITIH4-35k) as urinary diagnostic biomarkers
for PTB [118].

Activation of CLR signaling regulates miRNAs expression which ultimately affects the
immune homeostasis. For example, CD69 plays a potential role in the development and
homeostasis of regulatory T cells in mice. Activation of the CD69 signaling cascade
promotes miR-155 transcription, which eventually promotes immunosuppressive thymic
regulatory T cell development [76]. Similarly, KLRG1" memory T cells restricts the
expression of miR-101 and promotes an immunosuppressive microenvironment [68].

Impact of polymorphisms on miRNA-CLR interaction

Functional polymorphisms in the 3'UTRs of several mRNAs have been reported to overlap
with miRNA seed sequences, which eventually interfere with the miRNA binding with target
mRNA, and alter post-transcriptional regulation of gene expression [119]. For instance, the
3'UTR of OLRI1 gene (encoding LOX-1 protein) is found to be naturally mutated by
rs1050286 single nucleotide polymorphism (SNP) and led to disruption of miR-24-mediated
regulation of OLRI1 expression. Furthermore, the suppression of OLR1 at both RNA and
protein level in the heterozygous (A/G) HeLa, but not in the homozygous (A/A) HepG2 cell
lines indicates rs1050286 SNP affected miR-24 ligation to OLRI, thus, limiting miR-24-
mediated OLR-1 degradation in the presence of G allele [120]. Similarly, the heterozygous
genotype (A/G) of the KLRGI rs1805672 polymorphism was found to disrupt the miR-584-
5p binding with 3'UTR of KLRGI, leading to a differential accumulation of KLRG1 mRNA,
and progression of the autoimmune disease pemphigus foliaceus, a chronic blistering skin
condition caused by IgG autoantibodies against keratinocyte adhesion molecules [121].
Moreover, the SNP, substituting methionine (Met) for a threonine (Thr) in the amino-
terminal side of SP-D protein affects the oligomeric organization and functionality of the
protein. Thr SP-D mice and Met SP-D mice subjected to OVA challenge revealed that
inflammation severity is not significantly affected by this SNP but by the differential
regulation of miR-21 and miR-155 expression, suggesting that polymorphism regulates
miRNA-CLR interaction [122].
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Concluding remarks

CLRs are extensively involved in a broad range of mammalian cellular processes and
miRNAs are found to be one of the crucial regulators of CLR signaling. Also, there are some
evidences of CLRs regulating miRNA levels. In this review, we have summarized the nature
of miRNA-CLR interaction in maintaining developmental and physiological homeostasis,
host immunity and their involvement in cancer, infection and inflammatory diseases. The
next challenge is to explore the underlying complex mechanisms behind these integrated
networks of interactions and, more importantly, to determine whether CLR-miRNA axes
have a promising therapeutic implication for limiting cancer, infections, or inflammatory
diseases. The development of miRNA-based therapeutics is still in their infancy. Recently,
MesomiR-1 (a miR-16 mimic) (clinicaltrials.gov identifier NCT02369198), first candidate
of human trials with newer “TargomiR” technology, has completed its phase-1 trial in
malignant pleural mesothelioma and non-small cell lung cancer. It has shown an encouraging
potential of TargomiR (delivery system made up of miRNA mimic, bacterially derived
minicells, and antibody that targets a specific protein on target cells). In addition, Miravisen
(anti-miR-122) (clinicaltrials.gov identifier NCT02508090) has completed its Phase 2 trial
for hepatitis C virus infection with infrequent and mostly mild adverse events, long-lasting
suppression of viral load, no effect on other miRNAs expression in plasma, and was well
tolerated in patients [123,124]. Cobomarsen or MRG-106 (anti-miR-155) (clinicaltrials.gov
identifier NCT03713320) has entered phase 2 trial for treating mycosis fungoides (a type of
cutaneous T-cell lymphoma) with sustainable improvement in quality of life and lesion
burden, no serious adverse events reported in the first trial, and no evidence of
immunosuppression over the course of almost two years [125]. Therefore, miRNA
therapeutics will arguably continue to evolve and need to be explored for CLR regulation in
various disease conditions [26].
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Tables

Table 1A. Transcriptional Regulators of miRNA biogenesis

Regulator miRNA biogenesis step Effect Target miRNAs
p53 miRNA transcription by RNA pol II Transactivate miR-34 cluster
MYC miRNA transcription by RNA pol 1T Transactivate miR-17 cluster
Myoblast determination miRNA transcription by RNA pol 1T Transactivate miR-1 cluster
protein 1 (MYOD1)

MYC miRNA transcription by RNA pol II Suppress miR-15a cluster
ZEB1 and ZEB2 miRNA transcription by RNA pol 1T Suppress miR-200 cluster

Table 1B. Post-transcriptional regulators (RNA-binding Proteins) of miRNA biogenesis

Regulator miRNA Effect Mechanism Target Study Model Ref.
biogenesis miRNAs
step
TDP-43 Nuclear Stabilization Interacts with miR-132, HelLa cells, [126]
processing and increased Drosha miR-143, HEK293T cells,
event processing miR-558-3p, Neuro2a cells
miR-574-3p
KSRP Nuclear Positively Interacts with let-7, miR-21,  HeLa, U20S, [127]
processing regulates pri- Drosha miR-16 P19 or NIH-3T3
event miRNA cells
processing
P53 Nuclear Positively Binds to p68 miR-16-1, HCT116, WI-38,  [128]
processing regulates pri- and promotes miR-143, TIG-3, TOV21G
event miRNA Drosha cleavage miR-145 cells
processing
SMADs Nuclear Positively Binds to p68 miR-21, miR-  C3H10T1/2, [129]
processing regulates pri- and promotes 199a Cos7, MCF7,
event miRNA Drosha cleavage MDA-MB-468,
processing and MDA-MB-
231 cells
HNRNPA1 Nuclear Positively Promotes miR-18a HeLa cells [130]
processing regulates pri- Drosha cleavage
event miRNA by restructuring
processing pri-miRNA.
LIN28 Nuclear Negatively Binds let-7 TL let-7 Murine P19 cells, [131]
processing regulates pri- and blocks human 293T cells
event miRNA Drosha
processing processing.
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kinase/
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Cytoplasmic
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miRNA
processing
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processing
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processing
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regulates Dicer
processing

Inhibit Dicer
processing

Inhibit Dicer
processing
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inosine editing
in stem
interferes with
Drosha
cleavage.

Unknown

Methylates
monophosphate
ends of pre-
miRNAs
leading to
inhibition of
Dicer
Processing
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stability
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Adenosine to
inosine editing
in the stem leads
to inhibition of
Dicer cleavage

miR-142

let-7, miR-16,
miR-21,

miR-145,
miR-26b

miR-146a,
miR-135b

miR-17,
miR34a,
miR-96, miR-
125b

miR-151

HEK 293T cells,
Drosophila

HeLa, U20S,
P19 or NIH-3T3
cells

Human MDA-

MB-23, MCF7,

and BJ+TERT
cells

HEK?293T, Jurkat,
HepG?2 and THP-
1 cells

T-REx-293 cells

ADAR2™" mice,
HeLa and
HEK293T cells

[132]

[127]

[133]

[134]

[135]

[136]

TDP43, TAR DNA-binding protein 43; KSRP, KH-type splicing regulatory protein, SMADs, Mothers against
decapentaplegic homolog; p53, Tumor protein P53; HNRNPA 1, Heterogeneous nuclear ribonucleoprotein A1; LIN28,
Protein lin-28 homolog; ADARI,2, adenosine deaminase acting on RNA enzymes; BDCIN3D, BCDIN3 domain
containing RNA methyltransferase; MCPIP1, MCP-induced protein 1
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Table 2: Role of miRNAs on pulmonary surfactant proteins

miRNA Target/Pathway Study model Function Ref.
miR-20a- Surfactant proteins ~ Blood sample of Overexpression of miR-20a-5p [33]
Sp (PTEN) premature infants with promotes surfactant proteins
and without RDS; rat expression via modulating PTEN
fetal alveolar type Il cells  expression
miR-431 Surfactant proteins ~ Human non-squamous miR431 inhibit surfactant protein [35]
(TGF- B /Smad4) lung carcinoma cell line synthesis via targeting Smad4
A549
miR- SP-A Human Fetal Lung (HFL) miR-199a/miR-214 expression [36]
199a/miR-  (NF-xB, COX-2, explants and AECII increased AECII cell
214 CREBI, and differentiation and SP-A
C/EBPp) expression
miR16 SP-A Human AECII Enhanced miR16 results in [34]
(TGF-B /Smad2 increased SP-A synthesis via
and JAK/STATS3) downregulating TGF-f/Smad2 and
JAK/STAT3 pathway in
hyperoxia-induced AECII
miR-29 SP-A Human and murine fetal Increased expression of miR29 [32]
(TGF- p2/SMAD2) lung epithelial tissue family promotes type II
differentiation and SP-A synthesis
by repressing TGF-p and ZEB1/2
signaling
miR-200 Surfactant proteins  Isolated AECII cells from  miR-200 family target TGF- and  [31]
(TGF- B/ZEB1/2) mid-gestational HFL ZEBI which in turn enhance lung
explants and A549 cell epithelial cell differentiation and
line PS synthesis
miR-206 Surfactant proteins ~ HEK293A cells; A549 miR-206 targets VAMP-2 protein [40]
(VAMP2) cells; rat AECII and restrict VAMP-2 availability
for surfactant proteins synthesis
miR26a SP-B, SP-C Fetal rat AECII Overexpression of miR-26a [37]
(SMAD1) inhibited SP-B, SP-C synthesis in
AECII by suppressing SMADI
miR26a Surfactant proteins miR-26a-1/miR-26a-2 miR-26a knockout mice showed [38,39]

double knockout mouse

matured lung formation and
increased PS synthesis

SP, Surfactant proteins; PTEN, Phosphatase and tensin homolog; RDS, Respiratory distress syndrome; HFL,
Human fetal lung; TGF- B, Transforming growth factor-beta; VAMP2, Vesicle-associated membrane protein
2; AECII, Alveolar type-II epithelial cells; ZEB1/2, Zinc finger E-box-binding homeobox 1/2
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Table 3: The regulatory effect of CLR-miRNA axes in different type of cancers

miRNA Target Cancer type Study model Ref.
CLR
miR-125a Clec5A Myelodysplastic Mice BMT model; murine myeloid cell lines [66]
syndromes (MDS) 32Dcl3; whole BM from healthy (control) and
from MDS patients with/without ASXL1
mutation
miR-942-3p MBL2 Hepatocellular cancer ~ HCC patient data; HCC cell lines including, [63]
(HCC) Huh7, SMMC-7721, HepG2, LO2,
SK-hep-1 and Huh6
miR-590 Versican Epithelial ovarian Plasma and tissue samples from EOC patients; [23]
cancer (EOC) human EOC cell lines including SKOV3.ip1,
ES-2 and HEY; CD-1 nude murine tumor
xenograft model
miR-23b Versican Tongue squamous cell  Blood and tumor tissue from TSCC patients; [57]
carcinoma (TSCC) TSCC cell line SCC15
miR-143 Versican Osteosarcoma Human osteosarcoma tumor tissue; [58]
osteosarcoma cell line MG63 and U20S
miR-135a-5p Versican Thyroid carcinoma Human thyroid carcinoma tissue; human [59]
thyroid carcinoma cell lines including TPCI1,
FTC-133 and K1, SW579, and normal thyroid
cell-line, HT-ori3
miR-203 Versican Multiple myeloma Peripheral blood and BM aspirate of MM [60]
(MM) patients and healthy individuals (control)
miR-24 ReglV Gastric cancer (GC) Tumor samples from GC patients; human GC [61]
cell lines including, SNU-1 SNU-16, NCI-
N87, KATO III, BGC-823, MKN-28, MKN-
45, SGC-7901and AGS and normal gastric
epithelial cell line (GES-1)
miR-363 REG4 Colorectal cancer Human colorectal tumor samples; colon [62]
cancer cell line HT29
miR-101 KLRG1 Tumor Human tissues samples of colon cancer, [68]
microenvironment colitis, ovarian cancer, traumatic colon
patients; Peripheral blood from healthy
individuals
miR-146a, E-selectin Colon cancer HUVECs and human colon cancer cell line [64]
miR181b, miR-31 HT29
miR-370 P-selectin Colon cancer Colo 320 human colon adenocarcinoma cells [65]
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Clec5A, C-type lectin domain family 5, member A; BMT, Bone marrow (BM) transplant; ASXL1, additional
sex combs-like 1; MBL2, Mannose-binding lectin 2; ReglV, Regenerating islet-derived (Reg) proteins-I1V;
KLRGI, Killer cell lectin-like receptor subfamily G member 1; HUVECs, Human umbilical vein endothelial

cell

Table 4: List of aggrecan-associated miRNAs in the regulation of Intervertebral disc
degeneration (IDD) pathogenesis

miRNAs Targets Effect on Study models Regulatory role Ref.
Aggrecan

miR-21 PTEN - NP cells of NP tissue samples from  IDD [93]
lumbar vertebral fracture (LVF) pathogenesis (+)
patients (Control) and IDD patient

miR-155 MMP-16 + NP cells of NP tissue samples IDD  IDD [92]
patients and normal NP samples pathogenesis (-)
(control), mouse annular puncture
model

miR-665 GDF5 - NP cells of NP tissues from IDD IDD [95]
patients or scoliosis(control) pathogenesis (+)

MiR-3150a-3p  Aggrecan - NP cells from human lumbar IDD [96]

(direct) degenerative NP tissue specimens pathogenesis (+)
of IDD patients and fresh traumatic
lumbar fracture (control)

MiR-210 ATG7 - NP cells of Lumber NP tissue IDD [94]
samples from lumbar vertebral pathogenesis (+)
fracture (LVF) patients
(Control) and IDD patient

miR-494 Sox9 - NP cells of NP tissue sample from IDD [91]

IDD patients

pathogenesis (+)

“-” Signifies negative regulation and “+” signifies positive regulation. PTEN, Phosphatase and tensin homolog;
ATG7, Autophagy-related gene 7; NP, Nucleus pulposus; GDF5, Growth differentiation factor 5
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Table 5: Role of CLRs in modulating miRNA expression

miRNA Interacting Study model Function References
CLR
miR-155 Dectin 1 Murine BMDMs  Dectin 1 upregulates miR-155 in [116]
murine BMDMs exposed to hyphal
form of C. albicans
miR-146a  Dectin 1 Human monocyte  Increased expression of miR-146a [117]
leukemia THP-1 following Dectin 1 stimulation
cells negatively regulates Dectin 1 mediated
inflammation
miR155 CD69 Murine thymus CD69 is required for thymic Treg [76]
derived regulatory homeostasis via promoting STATS
T cells phosphorylation through BIC/miR-155
expression and SOCS-1
downregulation
miR-101 KLRG1 Human tissues KLRGI" T cells results in T cell [68]

samples of colon
cancer, colitis,
ovarian cancer,
traumatic colon
patients

senescence and impaired T-cell anti-
tumor immunity by downregulating
miR-101

Dectin 1, Dendritic cell-associated C-type lectin-1; BMDMs, Bone marrow-derived macrophages; SOCS-1,
Suppressor of cytokine signaling 1; KLRG1, Killer cell lectin-like receptor subfamily G member 1
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Figure Legends

Figure 1: Soluble and transmembrane C-type lectin structures and intra-cellular
signaling.

Graphical representation of the structure of major CLRs discussed in the review. Group
distribution is as indicated by the Imperial College London C-type Lectins website
(http://www.imperial.ac.uk/research/animallectins/ctld/classes/C-typel.html). CTLD and
major protein domains for each CLR are represented and are annotated as per the UniProtKB
database. Based on ITAM or ITIM motifs present in the CLRs, CLRs can trigger signaling
cascade that broadly result in the activation (via ITAM) or inhibition (via ITIM) of cellular
functions. Followed by the recognition of specific ligands, transmembrane CLRs can trigger
activating intra-cellular signaling directly, through ITAM motif in their cytoplasmic tails

(Dectin 1) or indirectly, through recruiting ITAM-containing signaling adaptors like DAP10
(CLECS5A) or FcRy (MMR). ITAM facilitates involvement and activation of SYK-family
kinases which subsequently leads to ROS production and induce activation of transcription
factors (NF-kB, NFAT, AP-1) by CARD9-BCL10-MALTI. In the case of MMR, via FcRy-
SYK it recruits second messenger Grb2 which eventually activate Rac-1/Cdc42/PAK-1
complex and promote F-actin polymerization that is required for MR-mediated phagocytosis
by human alveolar macrophages. But, after phagocytosis, phosphorylated MMR on
phagosomal wall recruits SHP-1 and inhibit phagosome-lysosome formation. Furthermore,
ITAM-independent signaling is mediated by DC-SIGN and Dectin 1. DC-SIGN associate
with the adaptor LSP1 and can recruit the serine/threonine-protein kinase RAF1 signalosome
which eventually induce NF-kB-mediated pro-inflammatory responses in a SYK-
independent pathway. Particularly, effector responses resulting from RAF1 signalosome
pathway depend on the nature of the carbohydrate ligands recognized, like binding of
mannose specific ligand to DC-SIGN requires LarG (also known as arHGeF12) and RHOA
proteins for activating RAF1 signalosome cascade [5]. Contrastingly, inhibitory receptors
like KLRGT1 contains ITIM motif which recruits and activates protein tyrosine phosphatases
such as SHP-1 and SHP-2 to inhibit inflammatory signaling pathways induced by other
immunoreceptors.

(DAP10, DNAX-activating protein 10, MBL, Mannose-binding lectin; SP-D, Surfactant protein-D; LOX-1,
Lectin-like oxidized low-density lipoprotein receptor; Reg proteins, Regenerating islet-derived proteins; ITAM,
Immunoreceptor tyrosine-based activation motifs; ITIM, Immune-receptor tyrosine-based inhibition motif;
SYK, Spleen tyrosine kinase; CARD9, Caspase-recruitment domain protein 9; BCL-10, B cell
lymphoma/leukemia 10; MALT1, Mucosa-associated lymphoid tissue lymphoma translocation protein 1;
MMR, Macrophage mannose receptor; Grb2, Growth factor receptor-bound protein-2; LSP1, Lymphocyte-
specific protein 1; LarG, Leukemia-associated rHO-GeF; SHP-1/SHP-2, Src homology region 1/2 domain-
containing phosphatase; ROS, Reactive oxygen species; KLRG1, Killer cell lectin-like receptor subfamily G
member 1; EGF, Epidermal growth factor; DC-SIGN, Dendritic cell-specific intercellular adhesion molecule-
3 grabbing nonintegrin; Dectin 1, Dendritic cell associated, C-type lectin 1; Clec5SA, C-type lectin domain
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family 5, member A; GTP, Guanosine triphosphate; GDP; Guanosine diphosphate; PI3K, Phosphatidylinositol-
3-kinase)

Figure 2: Graphical representation of the immune-modulatory impact of miRNA-CLR
axes. miRNA-CLR interaction contributes to modulation of immune responses. For example,
lungs of pneumonia affected patients are dominated with M1 macrophages whereas healthy
lungs exhibit upregulation of M2 type. However, miR155 and miR146a could enhance M2-
specific MGL-1 expression and shift the balance of pneumonia associated macrophages
towards M2 (A-i).Uptake of allergens by MRC1 on macrophages leads to an increased
expression of miR-511-3p, which in turn, targets inflammatory mediator, PTGDS, and can
inhibit macrophage-driven lung inflammation in patients of allergic asthma (A-ii).
Tolerogenic DCs are characterized by an increased DC-SIGN surface expression, which is
mediated by downregulation of miR-155 (B). miR-511"°¥DC promotes Th2 polarization via
increasing the MR and DC-SIGN expression on the DCs (C-i). Downregulated CD69 results
in the suppressed STATS phosphorylation and miR-155 transcription, which in turn, leads to
an increased SOCSI1, and ultimately, suppressed thymic Treg cell generation (C-ii).

(M1, classically activated Macrophage; M2, alternatively activated macrophage; MGL-1, M2 associated
galactose C-type lectiny MRC1, Mannose receptor; PTGDS, Prostaglandin D2 synthase; DC, Dendritic cells;
STATS, Signal transducer and activator of transcription 5; SOCS1, Suppressor of cytokine signaling 1;DC-
SIGN, Dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin; Ptgds, Prostaglandin D
synthase; Treg, Regulatory T cells)

Figure 3: Key miRNAs and factors balancing osteoarthritis (OA) via influencing
aggrecan.

The anabolic pathways in OA joints, associated with an increased aggrecan expression are
indicated on the left panel, and catabolic pathways of OA joints, involving degradation of
aggrecan are indicated on the right panel. miR-92a-3p and miR-671 help to maintain a
healthy joint via upregulating the aggrecan synthesis. Different aggrecan driving factors like
matrillin, TGF-B, Sox9, FGF18, Smad3 are targeted by several miRNAs and shift the balance
towards ECM degradation leading to OA progression.

(ECM, Extracellular matrix; HDAC2, Histone deacetylase 2; MMP-13, Matrix metalloproteinase13; TGF-p1,
Transforming growth factor-B1; FGF-18, Fibroblastic growth factor 18)
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Figure 4: Key miRNAs involved in the LOX-1 mediated atherosclerosis.

The initial stage of atherosclerosis is associated with the deposition of ox-LDL in the arterial
wall. LOX-1, expressed on vascular endothelial cells, vascular smooth muscle cells and
macrophages binds to ox-LDL and triggers the downstream inflammatory signaling that
results in the endothelial cell dysfunction (characterized by increased apoptosis, senescence,
angiogenesis, inflammation and ROS generation), increased proliferation and migration of
VSMCs along with the infiltration of macrophages into the sub-endothelial lining which
ultimately get transformed into the lipid-laden foam cells. Together all these phenomena
drive the lipid plaque formation in the arterial wall and block the blood flow. Several
miRNAs block these phenomena and are potential strategies to inhibit atherosclerosis
progression.

(VSMCs, Vascular smooth muscle cells; ROS, Reactive oxygen species; Ox-LDL, Oxidized low-density
lipoprotein; LOX-1, Lectin-like oxidized low-density lipoprotein receptor)
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