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Abstract: Acne Vulgaris (AV) and Hidradenitis suppurativa (HS) are common chronic inflammatory
skin conditions that affect the follicular units that often coexist or are involved in differential diagnoses.
Inflammation in both these diseases may result from shared pathways, which may partially explain
their frequent coexistence. MicroRNAs (miRNAs) are a class of endogenous, short, non-protein
coding, gene-silencing or promoting RNAs that may promote various inflammatory diseases. This
narrative review investigates the current knowledge regarding miRNAs and their link to AV and HS.
The aim is to examine the role of these molecules in the pathogenesis of AV and HS and to identify
possible common miRNAs that could explain the similar characteristics of these two diseases. Five
miRNA (miR-155 miR-223-, miR-21, and miRNA-146a) levels were found to be altered in both HS
and AV. These miRNAs are related to pathogenetic aspects common to both pathologies, such as the
regulation of the innate immune response, regulation of the Th1/Th17 axis, and fibrosis processes that
induce scar formation. This review provides a starting point for further studies aimed at investigating
the role of miRNAs in AV and HS for their possible use as diagnostic-therapeutic targets.

Keywords: hidradenitis suppurativa; acne; mirnas; skin; inflammation; cytokines; biologic therapy;

diagnosis; treatment

1. Introduction

Acne Vulgaris (AV) and Hidradenitis suppurativa (HS) are two common chronic in-
flammatory skin conditions that primally affect the follicular units. Follicular obstruction,
dilatation, and rupture are shared mechanisms involved in the pathogenesis of both con-
ditions. Inflammation in these conditions may result from shared pathways, which may
partially explain their frequent coexistence [1].

1.1. Pathogenesis of AV

AV is the most frequent disease of the skin and is a typical condition, affecting ap-
proximately 85% of teenagers [2], with males most frequently affected in younger ages,
and females in adult ages [3]. Acne lesions occur mainly in the body areas where the
pilosebaceous units are more represented such as the face, back, and chest. The lesions are
classically divided into non-inflammatory lesions such as microcomedones, open come-
dones or blackheads, and closed comedones or whiteheads, as well as inflammatory lesions
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such as papules, pustules and cysts. In addition, acne scars can result from inflammatory
lesions.

There is general agreement that AV has three main triggering factors: hyperseborrhea,
growth and proliferation of Propionibacterium acnes which, in turn, feeds the hyperpro-
duction of seborrhea and generates follicular inflammation and keratinization of the hair
infundibulum with the formation of comedones. The pathogenesis of hyperseborrea in
AV is not completely understood, as it seems that it is caused by a major activation of
circulating androgen in the pilosebaceous unit due to increased 5-reductase levels and
increased expression of androgen receptors in this site.

AV is characterized by an alteration in the lipidic components of the sebum [4]. This
alteration acts as a stimulus for the hyperkeratinization of the infundibulum and the
subsequent formation of comedones. In addition, excess and change in the composition
of the sebum represent an excellent environment for P. acnes proliferation. In the hair
follicle, P. acnes stimulates Langerhans cells via the TLR-2 receptor, which activates Thl
cells by releasing IL-12 and IL-8. P. acnes also stimulates the TLR-2 receptor of infundibular
keratinocytes, resulting in the overproduction of IL-6 and IL-8, which contribute to the
appearance of papules and pustules. P. acnes activates the Nod-like receptor 3 (NLRP3)
inflammasome in monocytic cells, leading to the production of IL-1p and the increase in
Th17 cells and cytokines [5].

1.2. Pathogenesis of HS

HS, also known as acne inversa, is less prevalent than AV, and affects approximately
1% of the population. Typically, HS appears in young adults, and females are more affected
than males. Clinical aspects of HS are deep-seated painful nodules, abscesses, suppurative
sinus tracts or tunnels, bridged scars, and double- and multi-ended comedones localized in
the apocrine gland-bearing areas of the body, most commonly, the axillary, inguinal, and
ano-genital regions [6]. As with AV, the pathogenesis of HS involves multiple factors. The
primary physiopathogenic mechanism in HS consists in the occlusion and consequent in-
flammation of the hair follicle combined with the dysregulation of the innate and adaptive
immune response. Follicular occlusion causes dilatation and subsequent rupture of the hair
follicle, with leakage into the surrounding dermis of the follicular content of keratin and
bacteria. Staphylococcus species are the most frequently isolated bacteria in HS lesions in
addition to an anaerobic polymicrobial microflora [7]. The proliferation of staphylococci
determines the recruitment of neutrophils and lymphocytes at the perifollicular level, lead-
ing to the formation of abscesses and sinus tracts with consequent architectural alteration
of the pilosebaceous unit. The immunopathogenesis of hidradenitis suppurativa involves
various cytokines both of a pro-inflammatory and anti-inflammatory nature. The rupture
of the follicle and the consequent release of the follicular content seem to activate the
NLRP3 inflammasome and caspase-1, with the consequent production of IL-1 3. IL-1f3 may
play a role in hair follicle disruption as it induces the production of metalloproteinases [8].
IL-1 3 also induces the production of chemokines which attract neutrophils to the site,
triggering the release of other proinflammatory cytokines. The increase in these cytokines
is also induced by macrophages and dendritic cells following the release of keratin and
other debris that are recognized by the TLR toll-like receptor [9]. Among proinflammatory
cytokines, TNF-« plays a prominent role in HS and its levels correlate with disease severity.
This cytokine induces the expression of a large number of chemokines which determine
the infiltration of various immune cells and the differentiation of lymphocyte clones into
Thl and Th17 subsets [7].

1.3. MicroRNAs Biogenesis and Skin Function

miRNAs are a class of endogenous, short (19-23 nucleotides in length), non-protein
coding, gene-silencing or promoting RNAs, which regulate the expression of genes via
translational repression or degradation of target messenger RNAs (mRNAs). miRNAs
match the 3’-untranslated region (3'-UTR) of target mRNAs through sequence complemen-
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tarity and recruitment of nucleases to repress mRNA expression. High complementarity
between target mRNAs and miRNAs causes mRNAs degradation, while partial comple-
mentarity prevents the translation of the target mRNAs [10]. The biogenesis of miRNAs
starts at the nucleus, where in most cases RNA polymerase II generates long primary
miRNA transcripts (pri-miRNAs).

In the nucleus, pri-miRNA are then processed in precursor miRNAs (pre-miRNAs) by
the Drosha complex, which is composed of RNase III, Drosha, and the double-stranded
RNA (dsRNA)-binding protein, DiGeorge syndrome critical region 8 (DGCRS), and other
associated proteins. Pre-miRNAs are then exported by Exportin-5 to the cytoplasm where
they are processed by Dicer, a RNase I, in a 21-24 nucletoide-long miRNA duplex. The
miRNA duplex is then loaded into the AGO protein and the passenger strand of the
miRNA duplex is secreted to produce mature miRNA. The AGO protein then promotes the
assembly of a ribonucleoprotein complex RISC, which takes part in the recognition of the
targeted mRNAs [11].

MicroRNAs are involved as regulators in various cellular activities including cell
growth, differentiation, apoptosis and migration. miRNAs are present not only in the
intracellular space, but also in extracellular spaces such as serum, urine, and saliva.

These findings have made miRNAs potential biomarkers for the diagnosis of various
diseases. In fact, interest in the role of miRNAs in the pathogenesis of various diseases
has increased enormously, also for cutaneous conditions. The high expression of various
miRNAs is necessary for normal skin development. The role of miRNAs also seems to be
relevant for the correct fixation of the hair in the follicle [12].

At the same time, knowledge regarding the possible involvement of miRNAs also
in the pathogenesis of skin diseases is expanding enormously. The role and alteration of
miRNAs also influences skin diseases, most prominently in melanoma [13]. Recently, the
role of miRNAs has also been reviewed for the pathogenesis of various inflammatory skin
conditions such as psoriasis, eczema, atopic dermatitis and toxic epidermal necrolysis [14].

The aim of this study is to review the literature regarding AV, HS and miRNAs
involved in the pathogenesis of these conditions and to identify the miRNAs involved in
both these diseases in order to explain their similar features, and to recommend possible
miRNA applications for diagnostic/therapeutic purposes.

This review was accomplished by searching the online database PubMed. We searched
for English articles using these two search strategies: (“mirnas” (all fields) AND “hidradeni-
tis suppurativa” (all Fields)), (“mirnas” (all fields) AND “acne inversa” (all fields)), (“mir-
nas” (all fields) AND “acne” (all fields)) and (“mirnas” (all fields) AND “acne vulgaris” (all
fields)). After the searches, given the great variety of topics and results, a systematic review
or a meta-analysis were considered inappropriate due to the low number of articles. As an
alternative, we opted for a narrative review.

2. MiRNAs in AV and HS: Pathogenetic Role and Therapeutic Strategies

Inflammation is a key feature in the pathogenesis of both AV and HS, with various
chemokines and cytokines that contribute to fuel a vicious cycle. However, the nature
and causes of this process are not completely understood. The results of this literature
review suggest that miRNAs, which regulate inflammation and the innate and adaptive
immune responses, may play an important role and could explain some common clinic
characteristics of these two conditions. MiR-155, miR-223, miR-21, and miR-146a levels have
been found to be high in both HS and AV. In addition, miRNAs play a role in keratinocyte
maturation and coalition, leading to different results in relation to the lack or overexpression
of their levels.

2.1. Anti-Inflammatory MiRNAs in AV and HS

AV and HS are two chronic inflammatory skin conditions in which innate immunity
plays an important role in the initiation of the inflammatory response [15]. Since their
discovery, miRNAs have been known to play a key role in the fine modulation of the innate
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inflammatory response. In the reviewed works, miR-146 plays an important role in the
regulation of inflammatory innate immune responses.

In 2017, Hessam et al. evaluated the expression levels of various inflammation related
miRNAs in HS-affected skin samples and perilesional samples in comparison with healthy
controls. They demonstrated that, in HS samples, the expression levels of miR-146a-5p
were higher than in the healthy controls [16]. It has been demonstrated that miR-146a-
5p expression can be induced by the NF-kB-pathway under the activation of the TLS
system. miR-146a-5p, in turn, acts like a negative feedback of TNF-« production by
suppressing IL-1 receptor-associated kinase 1 (IRAK-1) and TNF receptor-associated factor
6 (TRAF-6) in response to TLR ligands [17]. Similar results were found in AV by Zeng
et al., who demonstrated that the P. acnes biofilm can induce the expression of miR-146a
in keratinocytes. miR-146a in turn, can “fine-tune” the inflammation response by down-
regulating the same pathway involving IRAK-1 and TRAF-6 [18].

Dull et al. recently confirmed the mechanism in which the expression of miR-146 is
induced by TLR1/2-4 activation also in sebocytes. They assessed the role of this miRNA
by transfecting sebocytes with miR-146a mimic or miR-146a inhibitor. They found that
higher miR-146a levels lead to a decrease in IL-8, confirming that miR-146 is a negative
regulator of inflammation in acne lesions with an impact on the production of inflammatory
cytokines and the number of infiltrating immune cells [19]. It has also been proven that
miR-146a expression is crucial for the capacity of T regulatory (Treg) cells to suppress
Thl-type responses [20], in line with other chronic inflammatory skin diseases. miR-146
overexpression has been found in other chronic inflammatory skin diseases such as atopic
dermatitis (AD) and psoriasis (Pso). In a review [14], Mannucci et al. reported that miR-
146a was one of the miRNAs most upregulated in the keratinocytes of patients with AD,
and that in a miR-146a deficient mouse model, a strong inflammation was produced with
an increased accumulation of infiltrating cells in the dermis. In Pso lesions, miR-146a is
overexpressed [21], thus negatively regulating inflammation-related factors.

Xia et al. reported another miRNA mechanism that controls TLR signalling in AV
directly by targeting 3’ UTR of TLR2 by miR-143. miR-143 reduces the production of
the TLR2 protein whose expression is induced by P. acnes and consequently, inhibits the
TLR2-mediated inflammatory response in keratinocytes. The induction of miR-143 is
also consequent to the activation of TLR2 by Staphylococcal LTA, thus demonstrating
the immunomodulating role of S. epidermidis [22]. miR-338 is another miRNA with po-
tential anti-inflammatory activity. Liu et al. discovered that, in sebocytes, the levels of
TNF- « decrease after treatment with miR-338-3p. They found that this effect is due to
the downregulation, operated by miR-338-3p on the PI3K/AKT pathway by targeting
PREX2a [23].

Another study regarding AV focused on the interaction between miRNAs and circR-
NAs. In this latter study five circ-RNAs were discovered to be downregulated in severe
AV and three of them with miR-145-5p [24]. miR-145-5p is an miRNA characterized by
anti-inflammatory functions since one its targets is the mixed-lineage kinase 3 (MLK3),
which is involved in the control of the transcription activity of JNK and NF-kB [25].

Lastly, Yang et al. investigated the interaction between miRNAs and long non-coding
RNA (IncRNA) [26]. They provided a new finding in the pathogenesis of AV with the
discovery that H19, a IncRNA, acts like a sponge with miR-196, which is an miRNA
involved in the miR-196a/TLR2/NF-kB axis.

To date, no study has explored the interaction between circRNA or IncRNA and
miRNAs and HS, which merits further attention.

2.2. Pro Inflammatory MiRNAs in AV and HS

While the miRNAs outlined in Section 2.1 seem to play a central role in the modulation
of inflammation, other miRNAs seem to be involved in the early stages of the inflammatory
pathways. In detail, Hessam et al. suggested that miR-155 is an inflammation-related
miRNA involved in the early stage of HS. In fact, the levels of this miRNA are high not
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only in lesional samples of HS, but also in perilesional samples [16]. In arthritic diseases,
the overexpression of miR-155 is associated with the lower expression of SHIP-1. The latter
is an inhibitor of inflammation, which induces an increased production of proinflammatory
cytokines, such as IL-1p and IL-6, which are involved in the development of Th17 cells, and
TNF-alpha [27]. The Th17 pathway plays a pivotal role in both HS and AV [28,29]. miR-21
is another possible miR involved in Th17 cell responses. miR-21 levels have been found
to be high in HS [16] and AV [30]. The inhibition of miR-21 in mice models results in the
inhibition of TH17 cell-related cytokines such as IL-17A, IL-17F, IL-21, and IL-22 [31,32].
Thus, miRNA-21 may be a promising therapeutic target in HS patients in order to dampen
the inflammatory process.

Although an increased expression of miR-155 has been demonstrated in AV, the
role of this miRNA in AV still needs clarifying. Mann et al. demonstrated that, during
inflammatory processes, the NF-kB-miR-155 axis coordinates with the NF-kB-miR-146a axis
to regulate the intensity and duration of inflammation in a two-step mechanism. In the early
phase of the inflammatory response, miR-155 is rapidly upregulated and targets SHIP1
by activating the IKK signalosome leading to an amplification of the inflammatory signal.
Later on, miR-146a is gradually upregulated by NF-kB and, as mentioned above, forms a
negative feedback loop by targeting IRAK1 and TRAF6, ultimately attenuating the NF-kB
activity in the late phase of inflammation [33]. Figure 1 shows the role of miR-146 and miR-
155 in the TLR2/NF-kB-pathway. Targeting this axis with miR-155 antagomiR or miR-146
agomiR appears to be a promising therapeutic approach to inhibit the inflammatory state
of both these diseases, either in early or late phases.

INFLAMMATION

Figure 1. The TLR2/NF-kb pathway: NF-kb, after the activation of TLR2 receptor induces pro-
inflammatory cytokines. In addition, it also induces miR-155 which positively promotes the pathway
leading to an amplification of the pro-inflammatory signal. On the other hand, miR-146, whose
expression is induced later, negatively regulates this pathway, inhibiting IRAK-1/TRAF-6.

2.3. MiRNAs and Inflammasome in AV and HS

Although AV and HS are considered to be common conditions, they rarely take
part, as a cutaneous manifestation, in the development of a condition consisting of pyo-
derma gangrenosum, acne, pyogenic arthritis (PAPA), whose spectrum includes: PAPA,
pyoderma gangrenosum, acne, suppurative hidradenitis (PASH); pyogenic arthritis, pyo-
derma gangrenosum, acne, suppurative hidradenitis (PAPASH); psoriatic arthritis, pyo-
derma gangrenosum, acne, suppurative hidradenitis (PsAPASH); pyoderma gangrenosum,
acne, suppurative hidradenitis, ankylosing spondylitis (PASS); pyoderma gangrenosum,
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acne, ulcerative colitis (PAC) and PSTPiP1-associated myeloid-related-protein syndrome
(PAMI) [34].

All these autoinflammatory conditions likely share some important molecular overlaps
with AV and HS (notably inflammasome activation and IL-1 production). Shen et al. in-
vestigated NLRP3 single nucleotide polymorphism (SNP) and the susceptibility to develop
acne lesions. NLRP3 is a molecule involved in the formation of inflammasome which in AV
is activated by P. acnes to produce inflammatory cytokines. They found that the rs10754558
polymorphism of NLRP3 gene is associated with acne susceptibility. Notably, they discov-
ered that this polymorphism affects the binding affinity site of miR-4273 to target NLRP3
mRNA. This thus provides evidence of the genetic contribution of miRNAs in the regula-
tion of AV pathogenesis, and identifies the SNP-miRNA pair, 1s10754558-miR-4273, as an
indicator of moderate-severe acne risk [35]. Investigating the role of these polymorphisms
could help in establishing the risk in subjects which present this polymorphism.

2.4. MiRNAs and Fibrosis Process in AV and HS

Although miR-21 is generally known to be an oncogenic miRNA (onco-miR) [36],
miR-21 plays an important role in the fibrotic processes of several diseases [37]. This was
also confirmed in AV by Ghumra et al. and interestingly not only in the sampled skin
but also in sera, where miR-21 and miR-150 levels are higher than in healthy controls [30].
Similarly, in systemic sclerosis and idiopathic pulmonary fibrosis (IPF), miR-21 levels were
high in tissue samples and sera. miR-21 seems to elicit epithelial-mesenchymal transition
(EMT) and to negatively regulate the Small Mother Against Decapentaplegic protein 7
(SMAD?) on the SMAD2/3 fibrotic pathway. In addition, serum levels of miR-21 in IPF
patients were higher in patients with rapidly progressive disease compared to patients with
slowly progressive disease and healthy controls [38]. The role of miR-21 in this pathway is
shown in Figure 2.

FIBROSIS, SCARS FORMATION

Figure 2. The role of miR-21 in regulating the TGF1-3 /SMAD2/3SMAD4 pathway. miR-21 negatively
regulates SMAD7, which acts as an inhibitor, leading to the final result of promoting fibrosis process.

Post acne and HS scars have a negative impact on the quality of life of the patients, even
when the disease has been resolved. Various studies on miRNAs highlight that miRNAs
potentially play the role of soluble biomarkers for skin diseases such as psoriasis [39].
Evaluating the serum levels of this miRNAs also in HS patients thus seems very promising
since measuring the circulating levels of miR-21 and miR-150 could represent a powerful
biomarker for the rapid identification of patients who are more prone to developing scars
and tunnels.

Levels of miR-223 are high in tissue samples of HS [16] and AV, and Ghumra et al.
found that the highest concentration was in patients with mild scarring [30]. Principal
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targets of miR-223 are ETC2 (epithelial cell transformation-2), SMAD1, FGFR2 (fibroblast
growth factor 2 receptor), FGF2 (fibroblast growth factor 2), FOXO3 (Forkhead box O3),
SPP1 (osteopontin), MMP16 (matrix metalloproteinase 16), PTEN, BCL2L11, and JAK-STAT
signalling pathways. These targets are involved in several diseases characterized by an
upregulation of the fibrosis-related process, such as idiopathic pulmonary fibrosis (IPF) [40],
systemic sclerosis (SS) and liver [41], renal [42], lung [43] and myocardial fibrosis [44].

In addition, interestingly in Pso, miR-223 expression in peripheral blood mononuclear
cells correlates positively with patients” PASI scores after etanercept treatment [45]. This
thus suggests that miR-223 could be a potential biomarker not only for scar predisposition,
but also for the early identification of therapy-respondent patients.

2.5. MiRNAs and Keratinization

Alteration of the keratinization process is a characteristic pathological mechanism of
both AV and HS. Hessam et al. investigated the role of miRNA regulators in HS samples.
For the first time, they demonstrated that miRNA regulators Drosha and Dicer and the
RISC complex are downregulated in HS samples [46,47]. An interesting result was that
the immunohistochemical staining of Dicer and Drosha demonstrated that there is a shift
of positive Dicer-stained keratinocytes in the granular layer of epidermis [46]. This leads
to the hypothesis that the downregulation of Dicer is reciprocally related with epidermal
proliferation, which is a key feature of HS. These findings are also demonstrated by the
significant overexpression of Ki-67 in the basal cells of the epidermis where Dicer was
downregulated. Similar findings have been demonstrated in primary breast cancer samples,
where Ki-67 overexpression was associated with Dicer and Drosha downregulation [48].
Dysregulated keratinization is also a central feature of AV yet, although much needed,
there are no studies on the role of miRNA-regulator alteration in AV.

He et al. found that familiar defective expression of NCSTN leads to decreased miR-
100-5p expression, which then results in the upregulation of p-AKT to promote keratinocyte
proliferation [49]. No study has focused on the role of miR-100-5p in AV, however it has
been proven that the AKT signalling pathway also plays a key role in the pathogenesis of
AV [50]. It is therefore also worth evaluating the possible relation between miR-105-5p and
AKT pathway in AV.

Finally, miR-146a negatively regulates keratinocyte proliferation via the suppression of
the FERMT1 gene, a positive regulator of keratinocyte proliferation needed in the formation
of normal skin structure [21].

2.6. AV Studies
The principal miRNAs associated with AV are reported in Table 1.

2.7. HS Studies

The principal miRNAs associated with HS are reported in Table 2.

In conclusion, this review has compared for the first time two conditions, AV and HS,
that share common miRNA patterns. Further knowledge regarding the involvement of miR-
NAs in these pathologies helps in understanding the pathogenetic mechanisms that explain
the clinical presentations featured in both AV and HS. Understanding the role of miRNAs
in promoting and modulating the inflammation-related pathways provides the basis for
further studies regarding the possible use of miRNAs for diagnostic/therapeutic purposes
or as biomarkers of response to a given treatment. Our conclusions are summarized in
Figure 3.



Int. J. Mol. Sci. 2022, 23, 3241 8 of 12
Table 1. MiRNAs, type of cells, method, design, number of subjects, function, target, year of publication and final effect on inflammation in AV.
miRNAs Specimen Method Design Subjects n Function/Target Pu{el?cra(:ifon Reference
: PCR, AV =428 . .
miR-4273 Humans dual luciferase reporter assay Case-control Controls = 384 Regulation of NLRP3 mRNA expression 2019 [35]
. HaCaT cells, PCR, western blotting; ELISA, .
| miR-196a human Keratinocytes d w FISH ng Case-control - Regulation of TLR2/NF-kb pathway 2020 [26]
Sebocytes miR-146a-5p mimic, miR-146a-5p
i i I inhibitor; . AV =10 Regulation of TLR2/NF-kb pathway, . .
1 miR-146a and miR-146b A_V and healthy skin .blopsy, qPCR, western blotting; ELISA, Case-control Controls = 10 sebocyte activation 2021; 2019 [18,19]
primary human keratinocytes
FISH
Lo B Upregulation of TLR2/NF-kb pathway
1 miR-155 A.V and healthy skm'blop Y, qPCR Case-control AV = 19 leading to expression of 2019 [18]
primary human keratinocytes Controls = 10 infl .
pro-inflammatory cytokines
Thip—layer cgromatograp hy, Targets PREX2 and downregulates
MiR-338-3p Human sebocytes rmmunotorescence, Case-control - PI3K/AKT pathway leading to a reduction 2017 [23]
western blotting, £li R
flow cytometry Ot ipogenesis
High levels in plasma of mild scarring
. AV =8 cases, neutrophil activation and resolution
1 miR-223 AV samples, plasma PCR Case-control Controls =9 £ th infl . 2021 [30]
41 for circulating miRNAs of the acute in amma.tory response in
wound sites
AV =8 Inhibits Smad?,
1 miR-21 AV samples, plasma PCR Case-control Controls =9 a negative regulator of TGF-B1/Smad3 2021 [30]
41 for circulating miRNAs signalling
AV =8
1 miR-150 AV samples, plasma PCR Case-control Controls =9 High levels in plasma of scarring cases 2021 [30]
41 for circulating miRNAs
Keratinocytes
Hnocy qRT-PCR,
miR-143 Tlr2-/- mice, ELISA, Case-control - targets 3’ UTR of TLR2 mRNA 2016 [22]
Hela cells, western blot
human epidermal keratinocytes
RT-PCR AV=3 Targets MLK3, a kinase involved in the
miR-145-5p AV samples, human keratinocytes Sanger geqlienciﬁg, PCR Case-control Controls = 3 control of the transcription activity of JNK 2018 [24]

and NF-kB
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Table 2. MiRNAs, type of cells, method, design, number of subjects, function/targets, year of publication and final effect on inflammation in HS.
Type of Cells miRNAs Method Design Subjects n Function/Target Pu{el?:a(‘:ifon Reference
Enhances expression of proinflammatory
Keratinocytes from HS . . HS=15 mediators in keratinocytes by blocking
samples T miR-31-5p aPCR Prospective study Controls = 10 STKA40, a negative regulator of NF-kB 2017 el
signalling
Maintains T cell-derived skin inflammation,
Keratinocytes from HS e . HS=15 upregulation of TH17 cells and related
samples T miR-21-5p qPCR Prospective study Controls = 10 cytokines, 2017 [16]
EMT, SMAD 7
Kerati tes f; HS . . HS=15 :
era ms:r?;lsesmm 1 miR-146a-5p qPCR Prospective study Controls = 10 Regulation of TLR2/NF-kb pathway 2017 [16]
; _ Negatively regulates the proliferation and
Keratm:acgqt;lsefsrom HS 1 miR-223-5p qPCR Prospective study Cogtio_lslg 10 differentiatic_m of precursor granulocytes 2017 [16]
into neutrophils
. (S =18 . . .
Keratinocytes from HS | RISC RT-PCR Prospective study HS per‘11e51onal skin = 10 Regulation of mlRNA formation and 2017 [47]
samples Controls: 10 healthy controls function
10 = psoriatic patients
HS =18
Keratinocytes from HS J Drosha, Dicer, Drosha RT-PCR, Prospective pilot HS perilesional skin = 7 miRNAs key regulators of biogenesis of 2016 [46]
samples co-factor DGRCS8, Exportin-5 immunohistochemistry study Controls: 10 healthy controls miRNAs
10 = psoriatic patients
qRT-PCR, in situ hybridization,
Keratinocytes from HS ; immunofluorescence, western HS=5 Proliferation of keratinocytes targeting )
samples | miR-100-5p blotting, cell transfection and Case-control Controls =5 AKT pathway 2020 (49

cell counting kit-8 assays
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Dicer
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Scars * miR-150 ]

PREX2a
PI3K/AKT
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LRisc miRNAs
biogenesis
1 mir-31 STK40

4 miR-100 PI3K/Akt

1 miR-223
/ & T miR- usa 1‘ miR-155 l
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SH'P 1 Thi7 cells
IRAK-1
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Figure 3. The center of the figure represents the follicular unit, which is the zone affected in both
AV and HS. In AV inflammation regards the pilosebaceous unit (yellow rectangle), whereas in HS it
regards the terminal hair follicles (blue circle). The miRNAs up- or downregulated in AV are shown
on the left, and the miRNAs up- or downregulated in HS are shown on the right. The lower part
of the figure shows the miRNAs up- or downregulated in both AV and HS. For each miRNA are
reported the target and the final effect on inflammation (red arrows or line) during AV or HS.

Author Contributions: Conceptualization: G.P. and S.G.; methodology: E.B. and G.P,; data curation:
EB. and S.G.; writing—original draft preparation: L.P. and P.C.; writing—review and editing: L.P. and
P.C. and M.V,; supervision: EB. and S.G. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moradi Tuchayi, S.; Makrantonaki, E.; Ganceviciene, R.; Dessinioti, C.; Feldman, S.R.; Zouboulis, C.C. Acne vulgaris. Nat. Rev.
Dis. Primers 2015, 1, 15029. [CrossRef] [PubMed]

2. Collier, C.N.; Harper, ].C.; Cantrell, W.C.; Wang, W.; Foster, K.W.; Elewski, B.E. The prevalence of acne in adults 20 years and
older. . Am. Acad. Dermatol. 2008, 58, 56-59. [CrossRef] [PubMed]

3. Tan,].; Bhate, K. A global perspective on the epidemiology of acne. Br. |. Dermatol. 2015, 172, 3-12. [CrossRef] [PubMed]

4. Clayton, R.; Gobel, K.; Niessen, C.; Paus, R.; Van Steensel, M.; Lim, X. Homeostasis of the sebaceous gland and mechanisms of
acne pathogenesis. Br. J. Dermatol. 2019, 181, 677-690. [CrossRef]

5. Kelhilg, H.L.; Palatsi, R.; Fyhrquist, N.; Lehtiméki, S.; Vayrynen, J.P; Kallioinen, M.; Kubin, M.E.; Greco, D.; Tasanen, K.; Alenius,
H.; et al. IL-17/Th17 pathway is activated in acne lesions. PLoS ONE 2014, 9, e105238. [CrossRef] [PubMed]

6.  Scala, E.; Cacciapuoti, S.; Garzorz-Stark, N.; Megna, M.; Marasca, C.; Seiringer, P; Volz, T.; Eyerich, K.; Fabbrocini, G. Hidradenitis
Suppurativa: Where We Are and Where We Are Going. Cells 2021, 10, 2094. [CrossRef]

7. Nguyen, T.V,; Damiani, G.; Orenstein, L.A.; Hamzavi, I.; Jemec, G. Hidradenitis suppurativa: An update on epidemiology,

phenotypes, diagnosis, pathogenesis, comorbidities and quality of life. J. Eur. Acad. Dermatol. Venereol. 2020, 35, 50-61. [CrossRef]


http://doi.org/10.1038/nrdp.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/27189872
http://doi.org/10.1016/j.jaad.2007.06.045
http://www.ncbi.nlm.nih.gov/pubmed/17945383
http://doi.org/10.1111/bjd.13462
http://www.ncbi.nlm.nih.gov/pubmed/25597339
http://doi.org/10.1111/bjd.17981
http://doi.org/10.1371/journal.pone.0105238
http://www.ncbi.nlm.nih.gov/pubmed/25153527
http://doi.org/10.3390/cells10082094
http://doi.org/10.1111/jdv.16677

Int. J. Mol. Sci. 2022, 23, 3241 11 of 12

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wolk, K.; Join-Lambert, O.; Sabat, R. Aetiology and pathogenesis of hidradenitis suppurativa. Br. J. Dermatol. 2020, 183, 999-1010.
[CrossRef]

Shah, A.; Alhusayen, R.; Amini-Nik, S. The critical role of macrophages in the pathogenesis of hidradenitis suppurativa. Inflamm.
Res. 2017, 11, 931-945. [CrossRef]

Fan, R;; Xiao, C.; Wan, X.; Cha, W.; Miao, Y.; Zhou, Y,; Qin, C.; Cui, T,; Su, F;; Shan, X. Small molecules with big roles in microRNA
chemical biology and microRNA-targeted therapeutics. RNA Biol. 2019, 16, 707-718. [CrossRef]

Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297. [CrossRef]

Yi, R.; O’Carroll, D.; Pasolli, H.A.; Zhang, Z.; Dietrich, ES.; Tarakhovsky, A.; Fuchs, E. Morphogenesis in skin is governed by
discrete sets of differentially expressed microRNAs. Nat. Genet. 2006, 38, 356-362. [CrossRef] [PubMed]

Sand, M.; Gambichler, T.; Sand, D.; Skrygan, M.; Altmeyer, P.; Bechara, F.G. MicroRNAs and the skin: Tiny players in the body’s
largest organ. J. Dermatol. Sci. 2009, 53, 169-175. [CrossRef] [PubMed]

Mannucci, C.; Casciaro, M.; Minciullo, P.L.; Calapai, G.; Navarra, M.; Gangemi, S. Involvement of microRNAs in skin disorders:
A literature review. Allergy Asthma Proc. 2017, 38, 9-15. [CrossRef]

Kircik, L.H. Advances in the Understanding of the Pathogenesis of Inflammatory Acne. J. Drugs Dermatol. 2016, 15 (Suppl. 1),
s7-s10.

Hessam, S.; Sand, M.; Skrygan, M.; Gambichler, T.; Bechara, F.G. Expression of miRNA-155, miRNA-223, miRNA-31, miRNA-21,
miRNA-125b, and miRNA-146a in the Inflammatory Pathway of Hidradenitis Suppurativa. Inflammation 2016, 40, 464-472.
[CrossRef]

Taganov, K.D.; Boldin, M.P,; Chang, K.J.; Baltimore, D. NF-kappaB-dependent induction of microRNA miR-146, an inhibitor
targeted to signaling proteins of innate immune responses. Proc. Natl. Acad. Sci. USA 2006, 103, 12481-12486. [CrossRef]

Zeng, R.; Xu, H.; Liu, Y;; Du, L.; Duan, Z,; Tong, J.; He, Y.; Chen, Q.; Chen, X.; Li, M. miR-146a Inhibits Biofilm-Derived
Cutibacterium acnes-Induced Inflammatory Reactions in Human Keratinocytes. J. Investig. Dermatol. 2019, 139, 2488-2496.e4.
[CrossRef]

Dull, K,; Fazekas, F.; Deak, D.; Kovacs, D.; Péliska, S.; Szegedi, A.; Zouboulis, C.C.; Térécsik, D. miR-146a modulates TLR1/2 and
4 induced inflammation and links it with proliferation and lipid production via the indirect regulation of GNG?7 in human SZ95
sebocytes. Sci. Rep. 2021, 11, 21510. [CrossRef]

Lu, L.-F; Boldin, M.; Chaudhry, A,; Lin, L.-L.; Taganov, K.D.; Hanada, T.; Yoshimura, A.; Baltimore, D.; Rudensky, A.Y. Function
of miR-146a in Controlling Treg Cell-Mediated Regulation of Th1 Responses. Cell 2010, 142, 914-929. [CrossRef]

Lovendorf, M.B.; Mitsui, H.; Zibert, ] R.; Rapke, M.A.; Hafner, M.; Dyring-Andersen, B.; Bonefeld, C.M.; Krueger, ].G.; Skov, L.
Laser capture microdissection followed by next-generation sequencing identifies disease-related microRNAs in psoriatic skin that
reflect systemic microRNA changes in psoriasis. Exp. Dermatol. 2015, 24, 187-193. [CrossRef] [PubMed]

Xia, X.; Li, Z.; Liu, K.; Wu, Y,; Jiang, D.; Lai, Y. Staphylococcal LTA-Induced miR-143 Inhibits Propionibacterium acnes-Mediated
Inflammatory Response in Skin. J. Investig. Dermatol. 2016, 136, 621-630. [CrossRef] [PubMed]

Liu, J.; Cao, L.; Feng, Y.; Li, Y.; Li, T. MiR-338-3p inhibits TNF-a-induced lipogenesis in human sebocytes. Biotechnol. Lett. 2017,
39, 1343-1349. [CrossRef] [PubMed]

Liang, J.; Wu, X.; Sun, S.; Chen, P; Liang, X.; Wang, J.; Ruan, J.; Zhang, S.; Zhang, X. Circular RNA expression profile analysis of
severe acne by RNA-Seq and bioinformatics. |. Eur. Acad. Dermatol. Venereol. 2018, 32, 1986-1992. [CrossRef]

Yan, J.; Qiao, M.; Li, R.; Zhao, X.; Wang, X.; Sun, Q. Downregulation of miR-14-5p contributes to hyperproliferation of keratinocytes
and skin inflammation in psoriasis. Br. J. Dermatol. 2018, 180, 365-372. [CrossRef]

Yang, S.; Fang, F; Yu, X.; Yang, C.; Zhang, X.; Wang, L.; Zhu, L.; Shao, K.; Zhu, T. Knockdown of H19 Inhibits the Pathogenesis of
Acne Vulgaris by Targeting the miR-196a/TLR2/NF-kB Axis. Inflammation 2020, 43, 1936-1947. [CrossRef]

Kurowska-Stolarska, M.; Alivernini, S.; Ballantine, L.E.; Asquith, D.L.; Millar, N.L.; Gilchrist, D.S.; Reilly, J.; Ierna, M.; Fraser, A.R,;
Stolarski, B.; et al. MicroRNA-155 as a proinflammatory regulator in clinical and experimental arthritis. Proc. Natl. Acad. Sci. USA
2011, 108, 11193-11198. [CrossRef]

Moran, B.; Sweeney, C.M.; Hughes, R.; Malara, A.; Kirthi, S.; Tobin, A.M.; Kirby, B.; Fletcher, ].M. Hidradenitis Suppurativa Is
Characterized by Dysregulation of the Th17:Treg Cell Axis, Which Is Corrected by Anti-TNF Therapy. J. Investig. Dermatol. 2017,
137, 2389-2395. [CrossRef]

Verma, G.; Sardana, K. Propionibacterium acnes and the Th1/Th17 Axis, implications in acne pathogenesis and treatment. Indian
J. Dermatol. 2017, 62, 392-394. [CrossRef]

Ghumra, W.; Lee, N.; Whitehouse, H.; Bhutani, R.; Lagos, D.; Layton, A.M. MicroRNAs as biomarkers of atrophic scarring in
acne: A cross-sectional analysis of 41 patients. Clin. Exp. Dermatol. 2021, 46, 1495-1503. [CrossRef]

Guinea-Viniegra, J.; Jiménez, M.; Schonthaler, H.B.; Navarro, R.; Delgado, Y.; José Concha-Garzon, M.; Tschachler, E.; Obad, S.;
Daudén, E.; Wagner, E.F. Targeting miR-21 to Treat Psoriasis. Sci. Transl. Med. 2014, 6, 225rel. [CrossRef] [PubMed]
Murugaiyan, G.; Da Cunha, A.P; Ajay, AK,; Joller, N.; Garo, L.P; Kumaradevan, S.; Yosef, N.; Vaidya, V.S.; Weiner, H.L.
MicroRNA-21 promotes Th17 differentiation and mediates experimental autoimmune encephalomyelitis. J. Clin. Investig. 2015,
125,1069-1080. [CrossRef] [PubMed]

Mann, M.; Mehta, A.; Zhao, ]J.L.; Lee, K.; Marinov, G.K.; Garcia-Flores, Y.; Lu, L.E; Rudensky, A.Y.; Baltimore, D. An NF-kB-
microRNA regulatory network tunes macrophage inflammatory responses. Nat. Commun. 2017, 8, 851. [CrossRef]


http://doi.org/10.1111/bjd.19556
http://doi.org/10.1007/s00011-017-1074-y
http://doi.org/10.1080/15476286.2019.1593094
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1038/ng1744
http://www.ncbi.nlm.nih.gov/pubmed/16462742
http://doi.org/10.1016/j.jdermsci.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19058951
http://doi.org/10.2500/aap.2017.38.4013
http://doi.org/10.1007/s10753-016-0492-2
http://doi.org/10.1073/pnas.0605298103
http://doi.org/10.1016/j.jid.2019.03.1161
http://doi.org/10.1038/s41598-021-00907-1
http://doi.org/10.1016/j.cell.2010.08.012
http://doi.org/10.1111/exd.12604
http://www.ncbi.nlm.nih.gov/pubmed/25431026
http://doi.org/10.1016/j.jid.2015.12.024
http://www.ncbi.nlm.nih.gov/pubmed/26739093
http://doi.org/10.1007/s10529-017-2369-3
http://www.ncbi.nlm.nih.gov/pubmed/28597147
http://doi.org/10.1111/jdv.14948
http://doi.org/10.1111/bjd.17256
http://doi.org/10.1007/s10753-020-01268-z
http://doi.org/10.1073/pnas.1019536108
http://doi.org/10.1016/j.jid.2017.05.033
http://doi.org/10.4103/ijd.IJD_483_16
http://doi.org/10.1111/ced.14792
http://doi.org/10.1126/scitranslmed.3008089
http://www.ncbi.nlm.nih.gov/pubmed/24574341
http://doi.org/10.1172/JCI74347
http://www.ncbi.nlm.nih.gov/pubmed/25642768
http://doi.org/10.1038/s41467-017-00972-z

Int. J. Mol. Sci. 2022, 23, 3241 12 of 12

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Genovese, G.; Moltrasio, C.; Garcovich, S.; Marzano, A.V. PAPA spectrum disorders. G. Ital. Dermatol. Venereol. 2020, 155, 542-550.
[CrossRef] [PubMed]

Shen, C.; Wang, Q.Z.; Shen, Z.Y.; Yuan, H.Y.; Yu, W.J.; Chen, X.D.; Xu, H. Genetic association between the NLRP3 gene and acne
vulgaris in a Chinese population. Clin. Exp. Dermatol. 2019, 44, 184-189. [CrossRef] [PubMed]

Pace, E.; Di Vincenzo, S.; Di Salvo, E.; Genovese, S.; Dino, P.; Sangiorgi, C.; Ferraro, M.; Gangemi, S. MiR-21 upregulation increases
IL-8 expression and tumorigenesis program in airway epithelial cells exposed to cigarette smoke. |. Cell. Physiol. 2019, 234,
22183-22194. [CrossRef] [PubMed]

He, Y; Li, ]. Microrna-21: A Central Regulator of Fibrotic Diseases Via Various Targets. Curr. Pharm. Des. 2015, 21, 2236-2242.
Bagnato, G.; Roberts, W.N.; Roman, ].; Gangemi, S. A systematic review of overlapping microRNA patterns in systemic sclerosis
and idiopathic pulmonary fibrosis. Eur. Respir. Rev. 2017, 26, 160125. [CrossRef]

Timis, T.L.; Orasan, R.I. Understanding psoriasis: Role of miRNAs (Review). Biomed. Rep. 2018, 9, 367-374. [CrossRef]
Reyfman, P.A.; Gottardi, C.J. Idiopathic Pulmonary Fibrosis and Lung Cancer: Finding Similarities within Differences. Am. J.
Respir. Cell Mol. Biol. 2019, 61, 667-668. [CrossRef]

Murioz-Félix, ].M.; Gonzalez-Nufiez, M.; Lopez-Novoa, ]. M. ALK1-Smad1/5 signaling pathway in fibrosis development: Friend
or foe? Cytokine Growth Factor Rev. 2013, 24, 523-537. [CrossRef] [PubMed]

Xu, Z.; Dai, C. Ablation of FGFR2 in Fibroblasts Ameliorates Kidney Fibrosis after Ischemia/Reperfusion Injury in Mice. Kidney
Dis. 2017, 3, 160-170. [CrossRef] [PubMed]

Al-Tamari, HM.; Dabral, S.; Schmall, A.; Sarvari, P.; Ruppert, C.; Paik, J.; DePinho, R.; Grimminger, E,; Eickelberg, O.; Guenther,
A.; et al. FoxO3 an important player in fibrogenesis and therapeutic target for idiopathic pulmonary fibrosis. EMBO Mol. Med.
2017, 10, 276-293. [CrossRef] [PubMed]

Chen, Z.; Ding, H.-S.; Guo, X,; Shen, J.-].; Fan, D.; Huang, Y.; Huang, C.-X. MiR-33 promotes myocardial fibrosis by inhibiting
MMP16 and stimulating p38 MAPK signaling. Oncotarget 2018, 9, 22047-22057. [CrossRef] [PubMed]

Pivarcsi, A.; Meisgen, F.; Xu, N.; Stahle, M.; Sonkoly, E. Changes in the level of serum microRNAs in patients with psoriasis after
antitumour necrosis factor-« therapy. Br. |. Dermatol. 2013, 169, 563-570. [CrossRef] [PubMed]

Hessam, S.; Sand, M.; Skrygan, M.; Gambichler, T.; Bechara, E.G. Inflammation induced changes in the expression levels of
components of the microRNA maturation machinery Drosha, Dicer, Drosha co-factor DGRC8 and Exportin-5 in inflammatory
lesions of hidradenitis suppurativa patients. J. Dermatol. Sci. 2016, 82, 166-174. [CrossRef]

Hessam, S.; Sand, M.; Skrygan, M.; Bechara, F.G. The microRNA effector RNA-induced silencing complex in hidradenitis
suppurativa: A significant dysregulation within active inflammatory lesions. Arch. Dermatol. Res. 2017, 309, 557-565. [CrossRef]
Dedes, K.J.; Natrajan, R.; Lambros, M.B.; Geyer, F.C.; Lopez-Garcia, M.A.; Savage, K.; Jones, R.L.; Reis-Filho, ].5. Down-regulation
of the miRNA master regulators Drosha and Dicer is associated with specific subgroups of breast cancer. Eur. |. Cancer 2011, 47,
138-150. [CrossRef]

He, Y,; Li, C; Xu, H.; Duan, Z; Liu, Y.; Zeng, R,; Li, M.; Wang, B. AKT-dependent hyperproliferation of keratinocytes in familial
hidradenitis suppurativa with a NCSTN mutation: A potential role of defective miR-100-5p. Br. J. Dermatol. 2020, 182, 500-502.
[CrossRef]

Teng, Y,; Fan, Y;; Ma, ].; Lu, W,; Liu, N.; Chen, Y.; Pan, W.; Tao, X. The PI3K/ Akt Pathway: Emerging Roles in Skin Homeostasis
and a Group of Non-Malignant Skin Disorders. Cells 2021, 10, 1219. [CrossRef]


http://doi.org/10.23736/S0392-0488.20.06629-8
http://www.ncbi.nlm.nih.gov/pubmed/32618443
http://doi.org/10.1111/ced.13657
http://www.ncbi.nlm.nih.gov/pubmed/29888470
http://doi.org/10.1002/jcp.28786
http://www.ncbi.nlm.nih.gov/pubmed/31054160
http://doi.org/10.1183/16000617.0125-2016
http://doi.org/10.3892/br.2018.1146
http://doi.org/10.1165/rcmb.2019-0172ED
http://doi.org/10.1016/j.cytogfr.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24055043
http://doi.org/10.1159/000484604
http://www.ncbi.nlm.nih.gov/pubmed/29344510
http://doi.org/10.15252/emmm.201606261
http://www.ncbi.nlm.nih.gov/pubmed/29217661
http://doi.org/10.18632/oncotarget.25173
http://www.ncbi.nlm.nih.gov/pubmed/29774121
http://doi.org/10.1111/bjd.12381
http://www.ncbi.nlm.nih.gov/pubmed/23600954
http://doi.org/10.1016/j.jdermsci.2016.02.009
http://doi.org/10.1007/s00403-017-1752-1
http://doi.org/10.1016/j.ejca.2010.08.007
http://doi.org/10.1111/bjd.18460
http://doi.org/10.3390/cells10051219

	Introduction 
	Pathogenesis of AV 
	Pathogenesis of HS 
	MicroRNAs Biogenesis and Skin Function 

	MiRNAs in AV and HS: Pathogenetic Role and Therapeutic Strategies 
	Anti-Inflammatory MiRNAs in AV and HS 
	Pro Inflammatory MiRNAs in AV and HS 
	MiRNAs and Inflammasome in AV and HS 
	MiRNAs and Fibrosis Process in AV and HS 
	MiRNAs and Keratinization 
	AV Studies 
	HS Studies 

	References

