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Abstract

Atopic dermatitis (AD) is a chronic skin disease affecting mainly children with an increasing prevalence worldwide. AD is a complex trait
resulting from genetic predisposition, skin barrier dysfunction, immune dysregulation, and environmental factors. The major risk factors for
AD are a family history of atopy (eczema, asthma, or allergic rhinitis) and the loss-of-function mutations in the filaggrin (FLG) gene. This review
highlights the role of the genetic abnormalities identified in AD, from the susceptibility loci in genome-wide associations to epigenetic studies.
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Atopik dermatit (AD), dinya capinda yayginligi artmis cocuklari etkileyen kronik bir deri hastaligidir. AD, genetik yatkinlik, deri bariyeri islev
bozuklugu, immin disregiilasyon ve cevresel faktorlerin etkilesiminden kaynaklanan karmasik bir 6zelliktir. AD igin baslica risk faktorleri,
ailede atopi 6ykulsu (egzama, astim veya alerjik rinit) ve filagrin (FLG) genindeki fonksiyon kaybi mutasyonlardir. Bu derleme, genom capinda
iliskilendirme calismalarindaki duyarlilik lokuslarindan epigenetik calismalara kadar tanimlanan genetik anormalliklerin AD'deki rolini
vurgulamaktadir.

Anahtar Kelimeler: Atopik dermatit, genetik, epidermal farklilasma gen kompleksi, filaggrin

Introduction compatible with acute, sub-acute, and chronic eczema may

. . : be evident in the same patient at the same time?.
Atopic dermatitis [AD, (MIM 603165)] is the most common

chronic inflammatory skin disease affecting between (0.2-
30%) of children worldwide. Data in developing countries is
lacking, but its increasing prevalence is noted. This presents

AD is a complex trait resulting from genetic predisposition,
skin  barrier dysfunction, immune dysregulation, and
environmental factors. The epidermal skin barrier is a

a major public health problem worldwide'. AD usually
manifests during infancy with a varied clinical presentation
and is dependent on the patients’ age. It has a chronic
relapsing course over months to years. In addition, lesions

gatekeeper that prevents excessive water loss, assists
with temperature regulation, and restricts immunological
“invasion” by microbes. The pathogenesis of AD involves
abnormalities in the pathophysiology of this barrier.
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Inflammation with an increased T helper 2 (Th2) response to allergens
presented following the above abnormalities leads to the manifestations
of AD3. The major risk factors for AD are a family history of atopy
(eczema, asthma, or allergic rhinitis) and the loss-of-function mutations
in the FLG [FLG, (MIM 135940)] gene that is essential for maintaining
skin barrier function)*.

This review summarizes the genetic abnormalities identified in AD, from
susceptibility loci in genome-wide associations (GWAS) to epigenetic
studies. We aim to highlight the role of epidermal differentiation
complex (EDC) genes in the pathogenesis of AD.

Epidermal skin barrier proteins in atopic dermatitis

Profilaggrin, a large repetitive polyprotein, is the main component of
keratohyaline granules in the stratum granulosum layer of the epidermis.
During terminal differentiation of granular cells to flattened squames
of the stratum corneum, profilaggrin is processed into multiple free
37 kDa filaggrin monomers that condense the cytoskeleton of the
skin. FLG is broken down by chemical modification and proteolytic
processing within the squames and forms a natural moisturizing
factor, a natural humectant within the residual cytoplasmic space of
the squames®. The FLG gene is located on chromosome 1g21 within
the EDC genes that encode the structural epidermal proteins, named
S100-fused type proteins, and include profilaggrin, filaggrin-2, hornerin,
repetin, trichohyalin, cornulin, and trichohyalin-like 1. The FLG gene
has three exons, and the profilaggrin protein is encoded by the third
exon. It comprises almost identical tandem repeats of about 972 base
pairs and has allelic variants of 10, 11, and 12 repeats (Figure 1)’.
Identifying the link between AD and loss-of-function (LOF) mutations
of FLG gene has led to studies on the pathogenetic role of FLG in
AD8. FLG-null mutations lead to FLG deficiency and cause increased
skin permeability, increased penetration of environmental allergens,
irritants, and microorganisms, causing an inflammatory response.
The LOF mutations in FLG are major risk factors for the early onset of
AD, more severe disease, and the greater incidence of other allergic
diseases, including food allergies and asthma. In two meta-analyses,
AD risk was higher in individuals carrying either one or both R501X
and 2282del4 mutations compared with non-carriers®'°. Around 10%
of European ancestry individuals carry a single null mutation in FLG.
The most common LOF mutations in white Europeans are R501X,
2282deld, S3247X, and R2447X*. In European populations, carriage
of one or more FLG LOF mutations results in three times increased risk
for AD?, indicating a substantial effect for a single gene in a disease of
a complex trait.
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Figure 1. The structure of the filaggrin (FLG) gene

In contrast, in populations from Asia, Africa, or African ancestry, the
FLG mutations that are highly prevalent in European patients are
uncommon, and unique FLG mutations in these ethnic groups were
found’. The R501X mutation in the FLG gene is not seen in any of
the children in the AD (n=49) and control (n=50) groups in a sample
population of Turkish children'’. In addition, the mutations in the FLG
gene and the copy number variations or epigenetic regulation of FLG
were shown to modulate FLG expression. The low intragenic copy
number variation of FLG in different ethnic groups of patients with AD
correlates with disease severity'?'3,

FLG-2 and hornerin (HRNR) are other proteins critical for the stratum
corneum and its barrier function. The expression of FLG-2 and HRNR are
significantly reduced in both lesional and non-lesional skin of patients
with AD compared with healthy subjects'. Recently, novel mutations in
FLG and other EDC genes, such as FLG-2 and claudin 1 (CLDN1), were
associated with AD patients, with either disease severity or the early
onset of AD in children younger than five years old, respectively'>'¢.
Immune-mediated skin inflammation does not differ in AD patients
with or without FLG mutations. However, the upregulation of Th2
cytokines interleukin-4 (IL-4) and IL-13 leads to the downregulation
of FLG expression, causing a FLG deficiency and consequently impairs
epidermal barrier function'. Treating human keratinocytes with
proinflammatory cytokines reduces the expression of proflLG, FLG-2,
and HRNR, which negatively affects the cytokines on the epidermal
barrier'.

1. Genome-wide association studies

Genome-wide association studies are the methods for identifying genes in
complex disorders and have helped identify novel genes for AD (i.e., FLG
on chromosome 1p21)'™. In 2009, the first AD GWAS was conducted
in a European population. It detected the locus on chromosome
1921.3 (the EDC, including FLG) with a novel susceptibility locus on
chromosome 11q13.5". The largest meta-analyses of GWAS data on
AD in different ethnic groups (European, African, Japanese, Latino,
and mixed non-European ancestry) included 21,399 cases and 95,464
controls, with 15 million genetic variants and 31 AD risk loci detected®.
However, out of 31 risk loci, only three loci (IL-13, FLG, and IL-6R) were
coding variants. The function of most GWAS loci remains unclear,
but they correlate with skin barrier development and immunological
dysfunctions, i.e., innate immune signaling, T-cell activation, and
differentiation in acquired immunity**?'. Despite recent advances, the
loci identified by GWAS explain approximately 15% of the variance?®2'.
This unaccountable 85% is called “missing heritability” of complex
diseases and may be explained by the marked heterogeneity of AD,
the cumulative effects of these structural variations and genome copy
number variants, and heritable epigenetic mechanisms?'.

2. Exome sequencing studies

With recent advances in next-generation sequencing technologies, the
protein-coding region of genes in a genome (called an exome) of an
individual can be sequenced (whole-exome sequencing, WES). This
allows the study to discover the rare variations in polygenic diseases??.
On the other hand, the limitation of the exome sequencing studies is
that they have shown limited success for complex traits?3.

To date, few studies of WES analyses of AD focusing on EDC genes
have been published. A WES study of 22 Ethiopian patients with
ichthyosis vulgaris and AD identified several rare variants consistent
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with a heterogenous disease pathogenesis*. Also, the same research
group showed an association between the CLDNT gene and early
onset AD (younger than five years old) in their Ethiopian cohort.
Another WES that entailed a targeted analyses of the EDC region in
60 African-American children with AD found a FLG-2 variant associated
with a more persistent phenotype?. In a WES study of a cohort of
three families, Heo et al.?® identified both rare and common variants
of the COL6A6 gene as possible novel candidates for early onset AD
in Koreans. In the same study, missense mutations of FLG [A3262T,
Q3520P (rs80088153)] and FLG-2 [C298S (rs2282302)] were found in
three families on chromosome one. In another WES study, 13 LOF FLG
variants (five were novel) were identified in 21 of the 43 probands of
42 Bangladeshi families residing in the United Kingdom?’.

These findings show that WES is effective for identifying rare
population-specific variants. However, it must be considered that these
studies were done in a limited number of patient cohorts with specific
ethnicities. It thus might be difficult to replicate these results in other
populations?.

3. Transcriptome analyses

The accessibility of skin tissue has enabled the comparison of gene
expression patterns between lesional, non-esional, and normal skin.
Gene expression profiling assays, namely RNA-sequencing technology,
have improved the analyses and quantification of mRNA over those
of the past with previous microarray studies®. High-throughput
gene expression profiling showed that the expression of keratinocyte
differentiation genes was dysregulated (i.e., downregulation of FLG
and involucrin; up regulation of loricrin) in AD skin biopsy specimens
compared with healthy controls'. In a transcriptome profiling study
using RNA-sequencing, differences in genes expressed between
AD and normal skin were reported in pathways involving lipid
metabolism, the extracellular space, and the stress response. When
the transcriptome data were stratified according to FLG genotype, FLG
deficient skin expressed a type-1 interferon-mediated stress response’.
A meta-analyses of four microarray studies (meta-analyses derived AD
transcriptome) shed light on novel key AD pathways; atherosclerosis
signaling (IL-37, selectin-E, S100A8), lipid abnormalities (FA2H,
ELOVL3), and negative correlations between the expression of Th2
cytokines and epidermal lipids®'. In another study using transcriptome
data from public databases, Ghosh et al.* presented an 89 gene panel
that could be utilized as a signature for AD. The differentially regulated
genes were categorized into the following functional classes: (a)
barrier function-related genes, e.g.,, LOR, LCE2B; (b) dysregulated lipid
genes, e.g., FABP7, FADST; (c) chemokine/cytokine genes, e.g., CCL17,
CCL18; (d) protease and protease-inhibitor genes, e.g., SERPINB3,
KLK5; (e) anti-microbial function, e.qg., LTE MSMB; and (f) genes with
diverse metabolic functions, e.g.,, ARGAP18%. In a study of rare-protein
variants employing exome chip and replication genotype data of
15,574 AD patients and 377,839 controls, Mucha et al.* identified
CD200 receptor 1 (CD200R1) and (DOK2) as two novel susceptibility
genes.

Transcriptomic profiling studies of AD found that using full-thickness skin
biopsies leads to an over representation in the expression of epidermis-
specific genes due to epidermal hyperplasia. In contrast, dermis-specific
genes are found to be underrepresented. This bias also results in the
up regulation of false positives or down regulation of false negatives.
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This could be overcome by using laser capture microdissection to
achieve compartment-specific transcriptional profiling®>. Different AD
pathways were detected in different patient groups, i.e., Th1 profiles
were observed in adult AD patients, whereas enriched Th17-/Th22-
associated gene profiles (e.g.,, CCL20, IL36, IL36RN, and IL23) were
found in pediatric patients®. A similar bias was detected when
comparing the manifestation of AD among different ethnic groups.
While European-Americans exhibited a Th-1 type AD profile, in African-
American and Asian AD patients, the TH17 axis was enhanced?.

4. Epigenetic studies

Epigenetics focuses on heritable changes in DNA expression
through DNA methylation, histone modification, and non-
coding RNA (microRNA) expression. Abnormal epigenetic gene
regulation via methylation involved in innate immune responses
and skin barrier functions contributes to the pathogenesis of AD?%.
Hypomethylation of the promoters of FCERG that encode FceRy, a
high-affinity immunoglobulin E receptor chain, and TSLP, results in the
overexpression of these genes in AD?2. Global DNA hypomethylation
and demethylation of regulatory elements of FCERTG contribute to
FceRl overexpression on the monocytes of AD patients®’. Rodriguez
et al.3® described significant differences in the methylation pattern for
various CpG islands between lesional AD skin samples versus healthy
control skin. However, no significant difference was observed in
genome-wide DNA methylation levels of whole blood, B-cell, and T-cell
samples obtained from AD cases and controls®. Ziyab et al.* reported
that methylation levels of the CpG site had an increased risk of eczema
in FLG haploinsufficient individuals compared with those with the wild
FLG genotype. However, another study for this apparent role of FLG
methylation yielded contradicting results*. These conflicting results in
DNA methylation findings indicate that blood does not function as an
ideal surrogate for skin and demonstrates the roles of tissue-specific
epigenomic changes®*“1.

MicroRNAs (miRNAs) are short, single-stranded RNA molecules that,
together with partner proteins, result in the degradation of target
mMRNAs*. The increased expression of miRNA-155 on Th1 and Th2
cells is detected in skin lesions and blood samples of AD patients and
is regulated by allergens and superantigens. MiRNA-155 increases Th
cell responses by decreasing the expression of cytotoxic Tlymphocyte-
associated antigen 4, which is the key molecule that inhibits the T-cell
response®?, MiIRNA-146a may also play an important role in AD. It was
unregulated in both affected and intact skin*. On the other hand,
miRNA-143, which was downregulated in skin samples of AD patients,
suppressed IL-13-induced inflammation and downregulation of FLG,
the epidermal barrier proteins, by targeting its receptor®.

Conclusion

AD is a complex disease trait. Identifying genetic mutations in the FLG
gene causing skin barrier dysfunction in 2006 was a pioneering step in
understanding its pathogenesis. However, these mutations cannot be
shown in every individual with AD. This provides the need for research
into explaining the latter. It has also been shown that there are FLG-null
mutations specific to different populations.

This challenges earlier studies on the pathogenesis of AD based on
European mutations. A study on AD in Turkey analyzed only one
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European FLG-LOF mutation. This highlights the need for further
genetic studies that include the cosmopolitan population groups in
Turkey. Genes controlling the innate and adaptive immune system
are crucial to maintaining the immunological stability of the skin.
Polymorphisms of the Th2 signaling pathway genes have been
implicated in the pathogenesis and clinical manifestations of AD.
Polymorphisms of IL4, IL-13, and IL-31 and their receptors (IL4Ro.
and IL13Ra1) are associated with an increased risk of AD due to the
alternations in signal transduction pathways. The insights gained from
these and further genetic studies will enable the development of novel
targeted therapies and ultimately lead to individualized treatments for
the heterogeneous phenotypes of AD.
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