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1. INTRODUCTION
1.1 Psoriasis

Psoriasis is a multifactorial, polygenetic chronic inflammatory disease' affecting 2-3% of
the world’s population?. Psoriasis is characterized by an altered immunological response to biotic
and abiotic stressors, leading to keratinocyte hyperproliferation and massive immune cell
infiltration, resulting in the appearance of psoriatic plaques®. The most common form of psoriasis
is plaque psoriasis, characterized by well-defined, silvery, scaly plaques (Figure 1.), appearing

mainly on the scalp, elbows, knees, and sacrum?.

Non-lesional

Lesional

Figure 1. Skin symptoms of psoriasis. (From the archive of the Department of Dermatology and
Allergology in Szeged.)

The currently accepted immunopathological theory is presented in Figure 2. Briefly, in
response to biotic and/or abiotic stress stimulation, keratinocytes release antimicrobial peptides and
their self-nucleotides, which result in the secretion of type I interferon through plasmacytoid
dendritic cell activation (pDC)>%. This triggers the maturation and activation of myeloid dendritic
cells (mDC), which secrete TNF-a, IL-12, and IL-23 cytokines’. This leads to the differentiation
of naive T cells into Thl, Th17, and Th22 cells. The Th17/IL-23 axis plays a main role in plaque
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psoriasis pathogenesis®. Cytokines secreted by Th17 cells, (e.g. IL-17A), further enhance the
release of antimicrobial peptides and chemokines from keratinocytes, leading to epidermal
infiltration of various immune cells’. This leads to the formation of microbial abscesses and

keratinocyte hyperproliferation'® (Figure 2.).

Trigger factors
trauma, stress, pathogens)

o |o olo|o]Jo]Jo|o]Jo|o|o o]0 Epidermal © | o | o | o | © |Keratinocyte

oO|loKO | O|JO|O|O|JO|O|O|O|OC|O hyperproliferation

Self nucleoid and
antimicrobial peptid

3
Proinflammatory

i
ff. 193 R IL_6cy1:0 ines

pbCc IFNo

Neutrophil

IL-22
{ 012 O

IL-17 @ IFNy
020 @ TNFa

mDC

Figure 2. Schematic representation of psoriasis immunopathogenesis. (Based Kurpet K, Chwatko
G 2022.'"

1.2. Alterations of the non-lesional skin in psoriasis

Molecular alterations and abnormalities are present already in the macroscopically healthy-
looking non-lesional skin. These molecular alterations can be classified into two major groups:
“predisposing” alternations that contribute to the formation of lesions and “protective” alterations
that participate in the maintenance of the non-lesional stage'?.

The asymptomatic non-lesional skin has a disrupted epidermal barrier, reduced lipid

1

synthesis'?, elevated pH levels'*, and impaired angiogenesis'> compared to healthy skin. The non-

lesional skin also shows structural alterations in the dermal-epidermal junction, including basement

16,17

membrane abnormalities'®!”, altered integrin expression by basal keratinocytes'8, and modified

expression of specific extracellular matrix components!®-%°,

Compared to healthy skin, the non-lesional skin has increased expression of innate

21,22

immunity-related genes, and increased activation of IL-17 signaling pathways~"-~*, consistent with

the appearance of activated dendritic>* and T cells?’. In addition, altered expression of anti-
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inflammatory regulators®®, stress-inducible non-coding RNAs*>%® and transcription factors®’
affecting anti-inflammatory processes is also detectable in non-lesional skin compared to healthy

individuals.

1.3. Abnormalities of the peripheral nervous system in psoriasis

One of the widely known characteristics of non-lesional skin is the Koebner phenomenon,
the development of lesions in response to mechanical provocations or stress®® likely due to elevated
immune response and increased keratinocyte proliferation!>*. External, potentially dangerous
stimuli are not only sensed by keratinocytes but also by cutaneous axons of neurons, among other
cells. Keratinocytes become activated by these insults, produce pro-inflammatory cytokines*°, and
may activate and modulate neuronal functions®'. An example of this is the altered thermosensation
in psoriatic tissues®?.

Several studies report remission of lesional plaques in patients with psoriasis in areas
affected by peripheral nervous system dysfunction®*3®. In addition, psoriatic plaque lesions
reappear with restoration of peripheral nerve function®>3’.

Apart from the nervous system-related injuries, several case series showed near-complete
remission of psoriatic lesions following botulinum toxin treatment>®° that further supports the role
of the nervous system both in the formation, as well as in the maintenance of psoriatic plaques. In
a psoriasiform animal model, botulinum toxin treatment was suggested to exert its effect through
the inhibition of neuropeptides*’. In 1986, researchers suggested the influence of cutaneous neurons
and neuro-immune factors in the pathogenesis of psoriasis*'. Since then, numerous studies
indicated the role of neuropeptides both in the inflammatory and proliferative processes in psoriasis
pathogenesis*>*}. Therefore, we may consider psoriasis, in part, as a neurogenic inflammatory
disease®® at least in a subgroup of patients. Studies reported increased expression of several
neuropeptides in the lesional (L) skin, including CGRP (calcitonin gene-related protein)**#6, NGF
(nerve growth factor)*’, and SP (substance P)***°. Apart from their neural functions, these
molecules also display proinflammatory activities and thereby contribute to inflammation®,
highlighting an important role of the nervous system in psoriasis pathomechanism.

The majority of psoriatic patients are troubled by itch at their lesional skin®"32. In these
areas, neurogenic pro-inflammatory mediators, e.g., CGRP, NGF, and SP can contribute to itching

(pruritus) development®*->3, Moreover, patients may also suffer from aching, burning, cramping,

14



stinging, tenderness, and tingling at the lesional areas®, suggesting that cutaneous neuronal
sensation mechanisms are affected at multiple levels.

Furthermore, abnormal morphology of nerve endings can be observed in the psoriatic
lesions®’. Although the cell bodies of the nerve cells are not located in the skin, a massive RNA
transport and translation takes place in axon terminal regions located in the skin’®*’. Moreover, in
our previous psoriatic proteomic analysis, we have identified altered expression of several proteins
related to neurogenesis and myelination®®. However, the molecular mechanisms underlying the
functional and structural abnormalities associated with the nervous system characteristic of
psoriatic skin are still largely unknown. Nevertheless, recent studies have shown that cutaneous
nerve fibers are closely associated with keratinocytes and immune cells, and play a significant role
in the pathogenesis of the disease at least in a subgroup of patients®'.

The large number of abnormalities present already in non-lesional skin suggests epigenetic
alterations of various cells present in the skin, which may affect the function of cutaneous nerve
fibers. The interaction of cutaneous cells with nerve fibers is likely to be the most relevant in the
epidermis where neuronal projections are only partially myelinated or completely demyelinated.
Therefore, epigenetic dysregulation of skin cells including “myelin substituting” keratinocytes may

negatively affect the structure and/or function of cutaneous nerve fibers in psoriasis.

1.4. Epigenetic regulations

The chromatin is composed of DNA and histones®?. Two major types of chromatin can be
distinguished: the gene-poor, transcriptionally less active heterochromatin, and the gene-rich
euchromatin, which is accessible for transcription®»®*. The basic unit of the chromatin is the
nucleosome, composed of DNA and a core histone octamer®. The histone octamer is composed of
H2A, H2B, H3, H4 core histones®®®”, while higher-order chromatin structures are interconnected
by the H1 linker histone®°.

The role of epigenetics is to maintain the inherited cellular gene expression profile without
modifying the DNA sequence’®’!. Epigenetic modifications can affect the DNA as well as the
histones. The major DNA-related epigenetic regulatory modification is DNA methylation’. During
the epigenetic modification of histones, three major regulatory layers could be distinguished”
(Figure 3.). Histones can be substituted by histone variants’*. Based on their role in replication,

replication-dependent (also known as canonical) and replication-independent (also known as non-
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canonical) histone variants can be distinguished”® (Figure 4.). The first layer of histone-related
epigenetic modification involves histone chaperones, which transport, exchange, and incorporate
histone variants, thereby modifying the histone composition of the nucleosome sites’® (Figure 3.).
The second layer is the histone (and histone variant) composition of the nucleosome determined
by these chaperones’’ (Figure 3.). Histones and their variants are encoded by different genes in the
human genome”, providing a large number of combination possibilities for the histone
composition of the nucleosomes in the chromatin (Figure 4.). While the third layer comprises post-

translational modifications of histones at their N-terminal histone tail’®7°.

I. Layer of histone epigenetic\

/ﬁ regulation:
J a Histone chaperones;
R 4

II. Layer of histone epigenetic]
regulation:

Histone composition

J

o h o

ubiquitination methylation phosphorylation  acetylation

WritersTlErasers /L\lucleosome
4 Histone chaperone

O.oP o oF o 2
& @ m@ @ & Histone variant

deubiquitination demethylation dephosphorylation deacetylation

Ill. Layer of histone epigenetic regulation:
Histone post-translational modifications

J

Figure 3. The three major regulatory layers of histone epigenetic modification.

Histones and their variants may differ not only in the length of the histone tail®*#!, but also
in the number and position of post-translational modification sites®>* (Figure 3.). Major
differences between replication-dependent and replication-independent histone variants are
summarized in Table 1813386 The sum of these three regulatory layers allows an extremely fine-
tuning of regulation. This complex epigenetic regulation of histones is indispensable in the
regulation of cell type-specific gene expression, allowing tissue-specific proliferation,
differentiation, and the proper formation of cellular responses to various internal and external

stimuli®”-38,
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Figure 4. Human histones and their variants (Based on Amatori S. et.al.,20217°).
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General overview of the differences between replication-dependent and replication-independent
histone variants

Replication-dependent variants  Replication independent variants

Expression-timing Replication-dependent Replication-independent

Sequence identity High Low
Functional relationship Isoform Specialised function
Transcript stabilisation Stem-loop poly(A)tail

Gene distribution Clusters Scattered

Table 1. Major differences of histone variants.

Histone post-translational modifications are highly diverse, including well-characterized
modifications like acetylation, phosphorylation, methylation, and ubiquitination, as well as less-
known ones like biotinylation and dopaminylation, among others®?. One of the major epigenetic
post-translational modifications of histones regulating transcription is acetylation®. Histone
acetylation, carried out by histone acetyltransferases (HATs)*", leads to transcriptional activation’!.
There are two major types of HATs, A- and B-type. A-type HATs acetylate chromatin-incorporated
histones, whereas B-type HATs acetylate newly synthesized histones®?. Type A HATs can be further
classified into three main subfamilies: the CBP/CREBBP, GNAT, and MYST families”>**.
Whereas, histone deacetylation carried out by four different classes of histone deacetylases

(HDACs)?% results in transcriptional repression”®.

1.5. Histone-related epigenetics of the skin and its alterations in psoriasis

Epigenetic modifications are strictly regulated in every tissue including the skin®’%. One
of the major developmental epigenetic regulatory modifications is histone-acetylation. During
epidermal development, H3 histone-associated acetylation (H3K27ac) gradually increases in basal
cells but decreases in differentiating cells. In addition, the acetylation pattern of the H4 histone
(H4K16ac) in the granular layer, is responsible for the maintenance differentiation state of the cells,
preventing proliferation. The fully developed stratified epidermis shows a similar pattern with high
levels of H3K27ac and H4K16ac in basal cells, both of which continuously decrease from the basal
layer upwards in the differentiating cells®® (Figure 5.). In psoriatic lesional skin, altered levels of

H3K27ac'® suggest a disturbed epigenetic regulation that is likely to contribute to the abnormal
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epidermal development characterized by hyperproliferation and abnormal differentiation of

keratinocytes'?!.

Suprabasal
terminally
differentiated

- - H4K16ac
Basal progenitor-like H3K27ac

Figure 5. A schematic illustrates histone acetylation alternations during skin development as cells
mature and undergo terminal specialization, culminating in a stratified epithelium. (Based on
Shue YT. .t. al. 2020.%%)

The regulation of histone-acetylation also plays a key role in immune cell development and
response. In psoriasis, altered H3 histone acetylation is known to promote Thl7 cell
differentiation'%. Peripheral blood mononuclear cells, composed of several immune cell types

103 "are also known to have a

including T-cell, monocytes, dendritic cells, and natural killer cells
significant role in the pathogenesis of psoriasis'®*. The peripheral blood mononuclear cells of
psoriasis patients are characterized by hypoacetylation of histone H4 (compared to healthy

controls), which displays a negative correction with the disease activity'®’

. The histone acetylation
pattern plays a key role in the function of innate immune cells, including the regulation of
macrophage polarization'®. In accordance with this, psoriasis is characterized by an altered M1/M2
macrophage ratio'?’.

Currently, the literature mainly reports abnormal histone acetylation patterns in lesional
psoriatic skin'®®. However, these histone acetylation patterns play a crucial role in epidermal

development® and immune cell function!?!%, disturbances of which may already be present in

non-lesional skin.

1.6. Transcriptome of Protein-Coding RNAs

Given the complex, multifactorial, and polygenic nature of psoriasis, one effective way to
characterize mechanistic alterations at a global level is the comparison of healthy and psoriatic

transcriptome data from full RNA sequencing.
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RNAs can be divided into two broad groups: non-protein-coding RNAs and protein-coding
RNAs!'%1% Non-coding RNAs can be further subdivided into housekeeping RNAs, which are
required for proper cellular function, and regulatory RNAs, which influence gene expression at
multiple levels''?,

As a first step in protein synthesis, pre-RNA (5'cap; 3'polyA tail) is transcribed from DNA,
from which introns are spliced out, creating thereby the canonical protein-coding transcript from
which the canonical protein isoform is translated (Figure 6.). As a result of alternative splicing,
several transcript variants (also known as splice variants) can arise, in addition to the canonical
protein-coding transcript, coded by the same gene!'!'!'?. Some exons can be excluded by exon
skipping while others could be included by exon inclusion, creating transcript variants coding for
alternative protein isoforms''® (Figure 6.). In addition, incorrect splicing can result in intron
retention, leading to intron-encoded transcript variants. Some intron-encoded transcript variants
could be translated, and the resulting alternative protein isoform may possess different functional

properties or cellular localizations' 1,
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Figure 6. Major types of protein-coding transcripts.
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In other cases, inappropriate intron excision is associated with a premature stop codon,
inducing the appearance of truncated protein or nonsense-mediated decay''® (Figure 6.). In
addition, there are protein-coding transcripts such as non-stop decay (lacking a stop codon)'!’,
which can result in an elongated isoform of the protein if translated; while processed transcripts
lack an ORF (Open Reading Frame)!'!®!!° In some cases, the processed transcript may still contain
a short ORF or other functional element that can give rise to a short peptide or partially functional
protein. Taken together, as a result of splicing different transcripts arising from the same gene are
then translated into different protein isoforms. Such isoforms often exhibit different ligand binding
properties, modifying the repertoire of their interaction partners, and resulting in different or even
opposing biological functions'?’. Therefore, we decided to apply all protein-coding transcripts for

our analysis of this study.
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2. AIMS

I) To explore the molecular mechanisms underlying peripheral nervous system-related
abnormalities in psoriatic skin and identify potential signaling pathways at the transcriptional

level.

IT) a, To map histone-related epigenetic regulatory abnormalities in non-lesional psoriatic skin,
focusing on proteins that govern histone composition and acetylation.
b, To analyze the effect of the identified histone-related epigenetic abnormalities in shaping
core psoriatic processes, emphasizing their effects on cell proliferation and immune

TeSponses.

Previous results leading to the concept and aims of our study are summarized in Figure 7.
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Figure 7. Schematic overview of previous results leading to the aims of our study.
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3. MATERIAL AND METHODS

3.1. Criteria for combining the transcriptome sequencing data of from three published
psoriatic datasets

To identify general alterations in psoriasis and to avoid any potentially non-disease related
associations and differences, randomly engaged individuals of chronic plaque psoriatic patients

121-123 o f which the combined database was

and healthy donors were involved in the three studies
generated from. For inclusion criteria, no preference of gender, age (apart from >18), or Psoriasis
Area Severity Index scores (min. 1% of'total body surface area) was put forward in any of the three
studies, of which the RNA sequencing data were collected from. Similarly, skin punch biopsies (6
mm) were collected from various regions of the body (hip, buttlock, thigh, back, arm, flank,
abdomen, elbow). A washout period of 1 week for patients on topical anti-psoriatic treatments and
2 weeks for those on any systemic anti-psoriatic treatments was set as general criteria prior to

biopsy collection.

3.2. RNA sequencing data processing

The RNA sequencing datasets from three papers were uniformly reprocessed!?!12*, We
downloaded the data from SRA (Sequence Read Archive, https://www.ncbi.nlm.nih.gov/sra,
accessed on 15 November 2021) with study ID accession numbers SRP035988, SRP050971, and
SRP055813 using SRA-tools (version 2.9.2, https://github.com/ncbi/sra-tools, accessed on 15
November 2021) and reprocessed all available samples. We quantified transcript level expression
using Kallisto!'?* (version 0.43.0) and the full GENCODE!'® v27 transcriptome annotation,
available at https://www.gencodegenes.org (accessed on 15 November 2021). Kallisto was run with

the following options: --bias --single -1 120 -s 20 -b 100.

3.3. Differential expression analysis

Transcript-level length-scaled TPM (Transcripts Per Million) expression estimates from
Kallisto were imported into the R statistical environment (version 3.4.3, https://www.r-project.org;
accessed on 15 November 2021), using the tximport!*> package (version 1.6.0). The data were
TMM (trimmed mean of M-values) normalized and voom transformed. We used edgeR !%¢ (version
3.20.9) for the TMM normalization and the voomWithQualityWeights() function from limma!?7-1?8

(version 3.34.9) for the voom transformation. We decided to use voomWithQualityWeights() to
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combine transcript observation-level weights with sample-specific weights, as we did not want to
discard samples with lower quality, but preferred to downweigh them in the analysis. Limma was
also used to test for differential expression between lesional and non-lesional, lesional and healthy,
or non-lesional and healthy sample groups. A linear model was fitted with the limma ImFit function,
and the moderated t-statistics were calculated with the eBayes function. Transcripts were defined

as differentially expressed if they had an FDR!?%!2° (false discovery rate) corrected p-value < 0.05.

3.4. Analysis of DET-related to neuronal changes: functional annotation, enrichment analysis,
and statistics

Differentially expressed transcripts (DETs) from non-lesional vs. healthy and lesional vs.
healthy comparisons were analyzed using Ingenuity Pathway Analysis (IPA) software (IngenuityH
Systems, www.ingenuity.com; accessed on 15 November 2021) to identify pathways that are
enriched. DET sets were mapped to the HUGO gene symbols within IPA software and those that
did not map to any HUGO gene were discarded. For the “Diseases and Biological functions”
annotation, the p-value was calculated using Fisher’s exact test'*” to measure the significance of
DET enrichment of a given pathway. For the Gene Ontology enrichment analysis and visualization
(Gorilla) tool, the enrichment analysis p-value was calculated according to the mHG or HG
model'®!; p-value correction for multiple testing was done according to the Benjamini and
Hochberg method!*? (FDR correction). Enrichment was defined as (b/n)/(B/N), where N: is the
total number of genes, B: is the total number of genes associated with a given specific GO term, n:
is the number of genes at the top of the user’s input list or in the target set when appropriate, b:

number of genes in the intersection.

3.5. Screening for histones and histone acetylation-related DETSs

Differentially expressed transcripts (DETs) from the non-lesional vs. healthy comparison
were analyzed using libraries of datasets downloaded from
https://amigo.geneontology.org/amigo/term/ (accessed on 24-29 June 2023) and supplemented
with literature data. To supplement downloaded GO datasets with additional associated genes from
literature, data from the AMIGO database was compared with the PubMed
(https://pubmed.ncbi.nlm.nih.gov/) literature database using keyword-based automated literature
screens. Output publications were checked manually within the manuscript, as well as in Genecards

database for additional genes related to the given GO term described process/mechanism. If
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AMIGO database was found to be incomplete after a manual check based on the literature data, we
combined the two results and included the literature-supported relevant data.

In the case of histones, the AMIGO GO term “Histone(s)” was not available, so after a
keyword-based automated literature screen, we created the histone database based on literature
data. This was based on an article containing the classification of histones, which, to the best of
our knowledge, contains all currently known human histone variants (Amatori S. et.al., 20217%).
These datasets were then combined, giving rise to the library of histones, histone chaperones, and
histone (de)acetylation-related genes.

This library and the transcriptome database of differentially expressed transcripts of non-
lesional psoriatic vs. healthy skin, (created by combining three published transcriptome analysis
datasets,) were filtered to determine matches between the two datasets. The filtering used to
determine matches between non-lesional vs. healthy and the downloaded dataset was performed in
Python by applying intersection analysis. The output of this filtering was a library of histones,
histone chaperones, and histone (de)acetylation-related genes differentially expressed in non-
lesional psoriatic skin vs. healthy. This library served as an input for a third literature screen
together with given mechanism(s) term(s) (listed below) as keywords to identify proliferation,
differentiation, and immune response-related functions of (gene) dataset components. For this
screen in PubMed the following keywords (listed in alphabetical order) were applied: Cell cycle,
Dendritic cell, Differentiation, Epidermis, Immune, Immune cell, Innate immune, Inflammation,
Hematopoietic and Hematopoiesis, Keratinocyte, Macrophage, Neutrophil, Pluripotency,
Proliferation, Psoriasis, Self-renewal, Senescence, Skin, Stem cell, T cell.

All described screens and filtering(s) were conducted in a case-insensitive manner (both
upper- and lower-case letters were considered) and alternative names/aliases of genes were taken
into account.

A. Histone chaperone activity, Geneontology ID#: GO:0140713

Database used for literature search: Pubmed (https://pubmed.ncbi.nlm.nih.gov/)

Keywords used for literature search to supplement Geneontology dataset: Histone

chaperone, Histone chaperone complex

Applied literature for supplementation: De Koning L. et al., 20077°; Filipescu D. et al.,

2013'33; Lamaa A. et al., 2020'3*; Moreno-Andrés D.et al., 2020'33
B. Histone acetylation, Geneontology ID#: GO:0016573

Database used for literature search: Pubmed (https://pubmed.ncbi.nlm.nih.gov/)

Keywords used for literature search to supplement Geneontology dataset: Histone
acetylation, Histone acetyltransferase, Histone acetyltransferase complex
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Applied literature for supplementation: Arede, L. 2020'%%; Di Cerbo V. et al., 2013'%’, Fang

Z. etal., 202138; Herbst D. A. et. al., 2021'%%; Seo S. et al., 2002'*’; Yang Q. et al., 2018!*!
C. Histone deacetylation, Geneontology ID#: GO:0016575

Database used for literature search: Pubmed (https://pubmed.ncbi.nlm.nih.gov/)

Keywords used for literature search to supplement Geneontology dataset: Histone

deacetylase, Histone deacetylase complex, Histone deacetylation

Applied literature for supplementation: Fang Z. et al., 2021'%; Yang Q. et al., 2018'%!

The literature mining and monitoring strategy for histones, histone acetylation-related components,
and DETs in non-lesional skin is summarized in Figure 8. Details of the datasets for histones and
their variants are provided in Figure 4. Data related to histone chaperones and post-translational
modifications associated with acetylation which includes merged information from the GO

database and literature are presented in the Results part of the thesis.

Combining published Downloading Geneontology terms associated
psoriatic transcriptome gene list(s)
analysis datasets (https://amigo.geneontology.org/amigo/term)
.
Differentially expressed Confirmation of gene
transcript database of | —— - association with GO
uninvolved vs. healthy | . | Filtering to determine described term in literature
4 matches between the S
v datasets Creation of Supplementation of
v literature based GO datasets from
Library of histones, \_ | histone database literature
histone chaperones and e e
histon cetylati ===
stone (de)a .ety a qn \ Comblning
related genes differentially
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expressed in uninvolved \
psoriatic skin vs. healthy v
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\| histone chaperones and

histone (de)acetylation
related genes

A 2
Literature screen of combined dataset
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Figure 8. The strategy of literature mining to confirm GO term association of genes in literature,
and to identify function(s) of GO terms associated and literature-supplemented genes was
performed as described previously.
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4. RESULTS

4.1. RESULTS PART 1.: Peripheral nervous system-related abnormalities in psoriasis

4.1.1. Peripheral nervous system-associated transcript expression alterations in psoriasis

Based on our transcriptome analysis, 2681 transcripts showed altered expression levels in
the non-lesional and healthy skin comparison, whereas the number of transcripts with altered
expression in lesional vs. healthy skin was 12314. Using the Ingenuity Pathway Analysis (IPA)
software we identified DETs coded by 347 and 885 genes in association with nervous system
development and function in non-lesional and lesional skin, respectively. These DETs are predicted
to affect neuronal morphogenesis, including neuritogenesis, which represented the most specific

group in the analysis (Table 2.).

. . R Number of
Categories Functions Comparison P-value
Molecules
Nervous System Development and Function Morphology of NLvs. H 4.11E-17 236
nervous system Lvs. H 5.28E-32 637
L vs. .95E-1 1
Nervous System Development and Function,Neurological Disease Abnormal NLvs H 4.95E-13 8
morphology of Lvs. H  2.80E-20 495
. . Morphol f NL vs. H 1.11E-12 1
Nervous System Development and Function,Tissue Morphology orpho o'gy ° vs &5
nervous tissue Lvs. H 5.25E-22 439
Nervous System Development and Function,Organismal Morphogenesis of NL vs. H 4.70E-10 144
Development,Tissue Development nervous tissue Lvs. H 4.46E-22 405

Cell Morphology,Cellular Assembly and Organization,Cellular NLvs. H 5.26E-10 142

Development,Cellular Function and Maintenance,Cellular Growth

d Proliferation N Svstem Devel t and Neuritogenesis
and Proliferation,Nervous System Development an Lvs. H  6.62E-22 399

Function,Organismal Development,Tissue Development

Cell Morphology,Cellular Development,Cellular Growth and NL vs. H 6.60E-10 143

Morphogenesis of

Proliferation,Nervous System Development and Function,Organismal

neurons

Development,Tissue Development Lvs. H  6.85E-22 403

Cellular Development,Cellular Growth and Proliferation,Nervous Development of NL vs. H 1.12E-09 177
System Development and Function, Tissue Development neurons Lvs. H  2.14E-24 517

Table 2. Functional annotation of nervous system-related DETs in non-lesional and lesional
psoriatic skin. (H: healthy, L: lesional, NL: non-lesional skin)

4.1.2. Differentially expressed transcripts affecting axon-related alterations in non-lesional
and lesional psoriatic skin

Since only neurites penetrate the skin, we wanted to gain further insight into how neuron
projections are likely to be affected in the skin. For this, we performed gene ontology (GO)

functional enrichment analysis using neuron projection GO:0043005 as a background in Gorilla
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(Gene Ontology enrichment analysis and visualization tool; accessed on 15 November 2021.) on
the neuritogenesis-associated DETs from the original IPA analysis. This analysis revealed
biological processes linked to the regulation of neuron projection development and the semaphorin-
plexin signaling pathway. According to our results, these pathways are likely to be affected already
in the non-lesional skin, and to a greater extent in lesional samples, as suggested by a higher number

of DETs in the latter group (Table 3.).

GO Term Description Comparsion P-value FDRg-value Enrichment (N, B, n, b)
GO-0010975 regulation of neuron projection NLvs. H  1.98E-4 2.74E-2 1.72 (1442, 229, 139, 38)
' development Lvs. H 6.66E-10  2.79E-7 1.64 (1594, 260, 389, 104)
GO-0045664 regu.latlon of n.euron NLvs. H  2.68E-4 3.35E-2 1.67 (1442, 249, 139, 40)
differentiation Lvs. H 6.63E-11  4.07E-8 1.64 (1594, 285, 389, 114)
GO:0071526 semaphorin-plexin signaling NLvs. H  4.09E-4 4.07E-2 5.19 (1442, 12, 139, 6)
pathway Lvs. H 2.3E-5 1.37E-3 2.96 (1594, 18, 389, 13)

Table 3. Gene ontology (GO) functional enrichment analysis of DETs associated with
neuritogenesis in non-lesional and lesional skin. (H: healthy, L: lesional, NL: non-lesional skin).

In addition, neuron projection morphogenesis, development, and guidance were predicted
to be affected only in psoriatic lesions (Table 4.). While among axon formation-associated
regulatory processes, negative regulation of axonogenesis and axon guidance are predicted to be

affected in psoriatic lesions (Table S.).

GO Term Description Comparsion P-value FDRg-value Enrichment(N, B, n, b)
neuron projection
G0:0048812 . 2.94E-10  1.43E-7 1.96 (1594, 138, 389, 66)
morphogenesis
G0:0097485 neuron projection guidance 8.37E-7 9.17E-5 1.78 (1594, 124, 389, 54)
G0:0031175 neuron projection development Lvs. H 9.31E-7 9.74E-5 1.68 (1594, 159, 389, 65)

positive regulation of neuron
G0:0010976 L 3.15E-6 2.54E-4 1.69 (1594, 141, 389, 58)
projection development

negative regulation of neuron
G0:0010977 - 9.99E-5 4.76E-3 1.74 (1594, 87, 389, 37)
projection development

Table 4. Gene ontology (GO) functional enrichment analysis of DETs associated with
neuritogenesis reveals neuron projection-related biological processes in lesional but not in non-
lesional (H: healthy, L: lesional).
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GO Term Description Comparsion P-value FDRg-value Enrichment(N, B, n, b)

G0:0050770 regulation of axonogenesis 6.36E-7 7.32E-5 1.89 (1594, 102, 389, 47)
G0:0007411 axon guidance 8.37E-7 9.06E-5 1.78 (1594, 124, 389, 54)
negative regulation of axon
G0:1902668 - 8.36E-5 4.2E-3 3.00 (1594, 15, 389, 11)
guidance
negative regulation of axon
G0:0048843 extension involved in axon 9.41E-5 4.56E-3 3.15(1594, 13, 389, 10)
guidance Lvs. H

negative regulation of
axonogenesis
GO0:0008045 motor neuron axon guidance 6.07E-4 2.21E-2 2.73 (1594, 15, 389, 10)
regulation of axon extension
involved in axon guidance
G0:1902667  regulation of axon guidance 9.35E-4 3.19E-2 2.50 (1594, 18, 389, 11)

GO:0050771 2.61E-4 1.07E-2 2.00 (1594, 45, 389, 22)

G0:0048841 6.07E-4 2.2E-2 2.73 (1594, 15, 389, 10)

Table 5. GO functional enrichment analysis of DETs associated with neuritogenesis reveals axon
formation-related biological processes only in lesional psoriatic skin. (H: healthy, L: lesional).

Axon formation is strongly associated with Schwann cell myelination in the peripheral
nervous system. Although functional enrichment analysis did not reveal any associated processes,
skin tissue expression analysis (tissues.jensenlab.org; accessed on 15 November 2021) integrated
into the STRING database (version:11.5; accessed on 15 November 2021) revealed certain
associations. Four molecules (MBP, MPZ, PMP22, and EGR2) out of the DETs coded by 347 genes
in non-lesional skin were assigned to Schwann cells (BTO:0001220, 4 of 6 molecules), and to
myelin (MBP, MPZ, PMP22, and RTN4, BTO:0000894, 4 of 6 molecules) (Figure 9.). A similar
analysis also pointed out four (MBP, MPZ, EGR2, and PRX) Schwann cell-associated molecules
in lesional skin samples (out of the DETs coded by 885 genes), while myelin-related molecules
with DETs were MBP, MPZ, PLP1, and RTN4 (Figure 9.). Our analysis suggests a common
molecule that emerges is RTN4 (also known as Nogo), thus myelin-associated inhibitory regulation
of axon formation via RTN4 appears to be a commonly affected mechanism in both non-lesional

and lesional skin samples.
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Figure 9. Heatmap of differentially expressed transcripts of neurogenesis- and myelination-related
molecules in psoriasis. (H: healthy, NL: non-lesional/uninvolved, L: lesional skin; ¥: transcript
variants showing differential expression in NL vs. H; *: transcript variants showing disparate
expression levels in NL skin vs. H.)

4.1.3. Semaphorin-plexin signaling, an important regulator of axon formation, is
differentially affected in non-lesional and lesional psoriatic skin

Since both IPA and GOrilla enrichment analysis suggested that Semaphorin-Plexin
signaling is affected in psoriasis pathogenesis (Semaphorin Neuronal Repulsive Signaling
Pathway: p-valuentr vs. 1 = 1.52E-03 and p-valuer vs. 1 = 1.45E-02 and Table 3., respectively), we
analyzed these pathways in depth. Type 3 semaphorins (Sema3) play a role in neurite formation by
regulating axon attraction and repulsion. Among the Sema3 family members that inhibit axon
extension, we found DETs coded by Sema3B and Sema3F genes both in non-lesional and lesional
skin, while in lesional skin, we also detected Sema3D, Sema3E, and Sema3G with differential
expression (Figure 9. and 10.). While Sema3A is not affected by DETs in non-lesional or lesional
skin. Among semaphorin3 receptors and coreceptors, LICAM, Nrpland PlxnD1 are only affected
by DETs in non-lesional skin, while in lesional samples gene expressional differences are

associated with Nrp2 and PlxnA3 receptors (Figure 9. and 10.). Transcripts of the downstream
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signaling molecules Fyn, Crpml, Mapk3, Mknk1, and Paks are differentially expressed in both
non-lesional and lesional skin. Fes and AKT expression are altered only in non-lesional skin, while
DETs of elF4E, Farp2, Limk2, MsrB1, PI3K, and Rnd1 are present in lesions (Figure 9. and 10.).
These abnormalities may suggest that axon repulsion and the negative regulation of axon attraction
are likely to be strongly affected in lesional in contrast to non-lesional skin, where PI3K-mediated
negative regulation of axon attraction does not seem to be affected when compared to healthy skin

samples.

Extracellular
space

-
Intracellular
space

1 N 1
'j --- -h—@ """""" *Axon repu|5|on Axon attraction

Figure 10. /n silico model of how Sema3 signaling alterations regulate axon morphogenesis in
non-lesional (blue) and lesional skin (red).

Sema4D is important in axon regeneration not only by modulating axon elongation but also
by inhibiting neuronal myelination'*>. SEMA4D encoding DETs are present in lesional but not in
non-lesional skin. Sema4D cell surface receptors (PlxnD1 and ErbB2), as well as downstream
signaling proteins (Paks, Cfll, and Cfl2) expression, are altered in non-lesional and lesional skin.
Whereas in non-lesional skin, AKT, Arhgefll, and RAF, while in lesional samples Mlc1, PI3K,
Rndl1, Rock2, and Shc are affected by DETs (Figures 9. and 11.). While Sema6A and 6D gene
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expression is affected in lesions that share receptors of Sema3 A, as well as CSPG, the receptor of

Sema5A (Figure 9.). These alterations may also affect axon repulsion.

Extracellular space

! v ) N
Axon Growth cone
elongation  collapse ¥~ repulsion

Figure 11. Schematic in silico model of the role Sema4D signaling in axon elongation/ repulsion
in non-lesional (blue) and lesional skin (red).

4.1.4. ROBO-DCC-UNCS signaling regulates axon formation and is differentially affected in
non-lesional and lesional psoriatic skin

Axon dynamics is also regulated by Slit and Ntn signaling through Robo and Dcc,
respectively. Slit and Ntn signaling via Robo and Dcc were found as part of the general canonical
Axonal Guidance Signaling pathway term, which also included Wnt5a and semaphorins and were
suggested to be affected both in non-lesional (NL) and lesional (L) skin (p-value NL vs. H=3.21E-
5 and p-value L vs. H = 5.03E-06, respectively). SLIT2 and its receptor ROBO2 are only affected
in lesional skin, while ROBO1 expression is altered in non-lesional and lesional skin samples

(Figures 9. and 12.). The expression of NTNI1, as well as its receptors DCC (Figures 9., 12. and
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13.) and UNCS5A (Figures 9. and 13.) are affected in lesional but not in non-lesional skin, where

only some of the downstream proteins may be differentially expressed.

...................................... Extracellular space

Intracellular space
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Figure 12. Schematic in silico model of Robo-DCC signaling-related axon outgrowth/repulsion

&9

regulation in non-lesional (blue) and lesional skin (red).
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Figure 13. Schematic in silico model of UNC5A-DCC signaling-related axon outgrowth/repulsion
regulation alterations in non-lesional (blue) and lesional skin (red).
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4.1.5. Disturbed WNTS5A signaling may influence cutaneous axon growth in psoriasis

We found that WNTS5A is affected in psoriatic lesions, and the FZD3 and FZD5 receptor-
mediated signaling pathway (also affected in lesional skin) may play a role in axon
growth/repulsion (Figures 9. and 14.). In contrast, we only found DETs of downstream molecules

in the non-lesional skin, and these were mostly affecting axon outgrowth (Figure 9. and 14.).

Extracellular space

et e e -t
Intracellular space

v
Axon
repulsion outgrowth

Figure 14. In silico model of the effect of Wnt5a signaling on axon growth and retention in
psoriasis.
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4.2. RESULTS PART 2.: Alterations of histone-related epigenetic regulation in psoriasis

The large number of differentially expressed transcripts identified in non-lesional skin that
may affect cutaneous axon structure and function suggested dysregulation of epigenetic
modifications. Therefore, we aimed to characterize transcriptional abnormalities of non-lesional
skin in psoriasis that may affect the histone-related epigenetic regulatory system. Our analysis
highlighted that all three layers of histone-related epigenetic regulation (Figure 3.) are affected by

differentially expressed transcripts in non-lesion skin (Figures 15. and 16.).

NLvs. H (log2FC) Lvs.H

Figure 15. Heatmap of histones, histone chaperones, and histone acetylation-related molecules
with altered expression in non-lesional (NL) psoriatic skin (left column) and their expression in
lesional (L) skin (right column) compared to healthy (H) skin.
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Figure 16. All three layers of histone-related epigenetic modifications are affected by altered
expression in non-lesional skin (blue) of psoriatic patients.

4.2.1. Altered expression of histone chaperones in non-lesional skin and their role in cell

proliferation and immune system-related processes

The first layer of histone-related epigenetic regulation, mediated by histone chaperones
includes the transport, assembly, deposition, removal, and exchange of histones’®. Histone
chaperones play an active role in the assembly of chromatin, which begins with the deposition of
H3-H4 tetramers/dimers onto DNA, followed by the addition of H2A and H2B histones'**. H3-H4
histone deposition is facilitated by the CAF1 histone-chaperone complex in a replication-
dependent manner, whereas the HIRA histone-chaperone complex functions in a replication-

independent manner'#*. Therefore, we screened for histone chaperones with altered expression in
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non-lesional skin. The list of histone chaperones and chaperone complexes applied for our

screening is shown in Figure 17.

CAF1 histone FACT histone §||{ H3.3-H4 histone HIRA histone .
Other histone
chaperone chaperone chaperone chaperone
chaperones
complex complex complex complex
CHAFI1A SUPT16H ATRX CABIN1 ANP32E
CHAFI1B SSRP1 DAXX HIRA HJURP
RBBP4 UBNI1 NAPIL1
NAPIL4
NCL
NPM1
SET
RSF1
VPS72

Figure 17. Classification of known human histone chaperones and chaperone complexes applied
for our analysis.

As aresult of our analysis, we found that CHAF1A and RBBP4, part of the CAF1 complex,
and UBNI1, part of the HIRA complex, show altered expression in non-lesion skin (Figure 15.).
Our literature-based analysis for functions of these chaperones revealed that the replication-
dependent histone chaperones of the CAF1 complex including CHAF1A and RBBP4, determine
the proliferation—differentiation switch!*>. CHAF1A is known to modulate T cell-associated
functions by maintaining the silencing of the Cd4 locus in cytotoxic T cells'*® (Figure 18.). By
repressing proliferation-promoting genes, UBN1 regulates cellular senescence'*’ (Figure 18.). We
also observed differential expression of the histone chaperones NPM1 and SET in non-lesional
skin (Figure 15.). NPM1, as a chaperone of the H3-H4 histone'*®, contributes to the maintenance
of the integrity of the repressed chromatin domain during DNA replication'* and regulates TLR-
mediated signaling'>® (Figure 18.). While SET, protects the H4 histone from premature acetylation
modifications'®! and regulates the activity of cyclin B-CDK1 and thus the G2/M phase transition

152

during the cell cycle'*?, as well as p53-mediated cellular responses!**!5* (Figure 18.). We also

detected differential expression of ANP32E and VPS72 in non-lesional skin (Figure 15.). VPS72
is responsible for the deposition of the replication-independent histone H2AZ1 during mitosis'*,
while ANP32E mediates the nucleosomal removal of H2AZ1'> (Figure 16.). Therefore, the
dysregulation of these chaperones may further exacerbate the dysfunction associated with H2AZ1
(see below and Figure 19.). Moreover, ANP32E regulates p-catenin/cyclin D1 signaling!*® and

together with VPS72 immune cell infiltration'>”!*® (Figure 18.).
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Members of the FACT and H3.3-H4 chaperone complexes (Figure 17.) are expressed
normally in non-lesional skin. The heatmap of all differentially expressed chaperone transcripts in

non-lesional skin is shown in Figure 15.

Chaperone Chaperone complex
Activation of B-catenin/ <Stem cell proliferation and differentiation
cyclin D1 signaling cd4 silencing mn cytotoxic T cell

mmune cell infiltration
e . . RBBP4. *Keratinocyte hyperproliferation
(;((NPM‘L: =l ’Actl\'atlon of TLR4 A

signaling cascade .
gnating UBNT  +Regulation of senescence

ET
<p53 response

Regulation of cell cycle

: -
+T cell infiltration
CAF-1 complex HIRA complex

Figure 18. Effects on cell proliferation and immune system-related processes of histone chaperones
with altered transcription in non-lesional skin (depicted in blue).

4.2.2. Histones with altered expression in psoriatic non-lesional skin and their effects on cell

proliferation and immune system-related processes.

Histones required during DNA replication are called replication-dependent histones that are
expressed in a cell cycle-dependent manner'>. Accordingly, histones can be divided into
replication-dependent and replication-independent categories’> (Figure 4. and 16.).

Based on our analysis, replication-dependent histones H2AC18 and H4C14, (associated
with the H2A and H4 histone, respectively) show abnormal expression at the transcription level in

non-lesional skin (Figure 15. and Table 6.).

Gene Transcript log2fc_LvsH FDR_LvsH log2fc NLvsH FDR_NLvsH
H2AC18 ENST00000369159.2|HIST2H2AA3-201 549 0.995 0.370 2.912 0.0093331
H4C14 ENST00000578186.2|HIST2H4A-201]583| 0.043 0.939 1.568 0.0006152

Table 6. Replication-dependent histones with altered expression in non-lesional skin.
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Our literature-based analysis of their functions revealed, that apart from DNA replication
during proliferation, in non-dividing cells H2AC18 participates in the terminal differentiation
program!®’. While the function of H4C14 is largely unknown, however, it is commonly used as a

marker for DNA replication'®!"'6? (Figure 19.).

Replication-dependent Replication-independent

) <C ell proliferation esponse to stress signal
Terminal differentiation MACROH2A1 Regulation of pluripotency
egulation of pro-/anti-

—»Cell proliferation mflammmatory cytokines expression

nnate and Th17 immune response

ok ’S.tem cell 1‘eneyval and
lineage commitment

aintenance of somatic cell identity
Activation of macrophage

ypermutation of immunoglobin
variable regions

Figure 19. Replication-dependent (left column) and -independent (right column) histones with
altered expression in non-lesional psoriatic skin and their known effects on cell proliferation and
immune system-related processes.

In contrast to replication-dependent histones, replication-independent histones are
expressed throughout the cell cycle'®®, they are locus-specific, conferring unique characteristics to
chromatin®'. Replication-independent histones play a specialized role in lineage commitment in

B, Our analysis revealed altered transcriptional expression of H2A and H3 histone-

genera
associated, replication-independent MACROH2A1; H2AZ1; and H3-3A/B (also known as H3.3
histone) (Figures 15. and 16.).

Our literature-based functional analysis suggests that the MACROH2A1-PARP1 axis plays
a multifunctional role in cellular stress responses'®*. MACROH2A1 is known to regulate the
transcriptional activity of several key cytokines like IL-1B, IL-6, and IL-8'® associated with

proliferation'®® as well as Th17-mediated inflammatory responses'®’(Figure 19.). H2AZ1 is known
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to modulate the expression of the proliferation gene Ki-67"°° and influences stem cell renewa
and lineage commitment!’® (Figure 19.).

H3.3 histone is involved in the activation of inflammatory macrophages'’!, and in the
maintenance of somatic cell identity!’>!7®, Together with its chaperone (HIRA complex, discussed
above and Figure 18.), H3.3 histone affects the somatic hypermutation of immunoglobulin variable

regions'™ (Figure 19.).

4.2.3. Altered transcription of histone acetyltransferases and complex components and their

effects on cell proliferation and immune responses in non-lesional skin

There are two major types of HATs, A-type HATs that acetylate chromatin-incorporated
histones, whereas B-type HATs acetylate newly synthesized histones®. In addition, several other
HATs are not considered to be a part of the two types mentioned above (Figure 20. A). The large
majority of HATs function in histone acetyltransferase complexes that exert specific or universal

effects'”® (Figure 20. B).

A
Type A HAT I Type A HAT I Type A HAT I Type B HAT Others
CBP/CREBBP GNAT family MYST family HATI ATATI
family ELP3 KATS CcLOCK
CREBBP KAT2A KAT6A GTF3C4
EP300 KAT2B KAT6B NCOAI
KAT7 NCOA3
KATS TAFI
TAFI1L
B
ATAC HBO1 NSL MOZ/MORF MOF-MSL SAGA TIP60-TRAAP I
complex complex complex complex complex ____complex | complex
DRI1 JADEI] HCFC1 BRD1 KATS HAT module ACTB
HCFC1 JADE2 KANSLI BRPF1 MSL1 KAT2A ACTLO6A
KAT14 JADE3 KANSL2 BRPF3 MSL2 SGF29 BRDS8
KAT2A ING4 KANSL3 INGS5 MSL3 TADA2B DMAPI
MBIP INGS KATS KAT6A TADA3 EP400
POLE3 KAT7 MCRS1 KAT6B EPC1
SGF29 MEAF6 OGT MEAFG6 KATS
TADA2A PHF20 ING3
TADA3 WDRS MEAF6
WDRS MORF4L1
YEATS2 MRGBP
72773 RUVBLI1
RUVBL2
TRRAP
VPS72
YEATS4

Figure 20. Classification of human histone acetyltransferases (A) and their complexes (B) used in
our analysis.
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We found that only type A HATs (Table 7.) or their modulators show abnormal expression
in non-lesional psoriatic skin. In the CBP/CREBBP family, only modulators show abnormal
transcription levels, while among members of the GNAT and MYST families, both
acetyltransferases and their complexes are affected, including GNAT family associated ATAC and
SAGA (HAT module), and the MYST family associated NSL and TIP60 complexes (Figure 15.).

Below we present these alterations according to affected HAT families and associated complexes.

Alternative Target histone

Family Gene ID . . Assay
) name acetylation site )
H3K18 Genetic deletion, mouse cells
CREBBP KAT3A H3K27 Cell-free HAT assay; Genetic deletion, mouse cells
CBP/ H3K56 siIRNA 1n cells
CREBBP H3K18 Genetic deletion, mouse cells
EP300 KAT3B H3K27 Genetic deletion, mouse cells
H3K56 siRNA in cells
ELP3 KAT9 ? ?
H3K9 Cell-free HAT assay; Gene_tic deletion, mouse cells;
GNAT KAT2A GCN5 shRNA m cell
H3K14 Cell-free assay:; shRNA in cell
KAT2B PCAF H3K9 Genetic deletion, mouse cells
H2AKS
H2AK15
H3K14
KATS TIPGO H4KS5 Cell-free assay
H4KS
H4K12
H4K16
H3K9 Genetic deletion, mouse embryos;
KAT6A MOZ In cells, shRNA KD
MYST A3K14 In cells, shRNA KD
H3K23 ’
KAT6B MOZ2 H3K23 In cells, shRNA KD
H3K9 In cells, shRNA KD
3K 14 Constitutive KAT7; Qenetic deletipn mouse cells;
KAT7 HBOL In cells, shRNA, siRNA; C‘01.15t1tut1ve KAT7
H4K5 In cells, shRNA , siRNA;
H4K8 In cells, shRNA KD
H4K12 In cells, shRNA siRNA;
KATR MOF H4K16 In cells, sIRNA: Genetic deletion mouse embryo

Table 7. Type A histone acetyltransferases and their known targets used for our analysis (Based
on Voss AK, Thomas T. 2018'76).
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4.2.3.1. CBP/CREBBP histone acetyltransferase-related alternations in non-lesional skin

Members of the CBP/CREBBP family, responsible for the acetylation of the core
histones'”’, did not show transcriptional differences in non-lesional psoriatic skin. However,
abnormal expression of modulators of the CBP/CREBBP family member EP300, such as the

EP300 corepressor CTBP1!7%, was observed in non-lesional samples (Figure 15.).

4.2.3.2. Histone acetyltransferase-related alternations of the GNAT family in non-lesional
skin

Members of the GNAT histone acetyltransferase family are primarily responsible for the
4179

acetylation of the lysine residues of histone H2B; H3 and H
ofthe GNAT family member ELP3 in non-lesional skin (Figure 15.). ELP3 is known to inhibit M1

. We observed abnormal expression

and stimulate M2 macrophage polarization'®’.

The GNAT family component KAT2A does not show transcriptional level alterations in
non-lesional skin. However, KAT2A expresses its enzymatic activity at full capacity only when
integrated into one of the two macromolecular complexes ATAC or SAGA'"! (Figure 20.).
Therefore, the transcription profile of these complex components was also analyzed. In the SAGA
multiprotein complex KAT2A serves as the catalytic unit of the HAT module'8!. As part of the HAT
module, only TADA2B shows transcriptional abnormalities in non-lesional skin (Figure 15.). Our
literature-based functional analysis of TADA2B suggests that TADA2B is involved in the UV-
induced p53-dependent response!®? (Figure 21.).

The HAT module of the SAGA complex shares several components with the large
acetyltransferase ATAC complex!'®!, one of the major regulators of mitosis through the acetylation
of histone H3 and H4'**. Among ATAC complex components, MBIP shows altered expression in

non-lesioned skin (Figure 15.).
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Figure 21. Altered transcription of histone acetyltransferase complex components in non-lesional
skin (depicted in blue) affects cell proliferation and immune system-related processes.

4.2.3.3. MYST family histone acetyltransferase-related alternations in non-lesional skin

The MYST family of histone acetyltransferases predominantly acetylates lysine residues
on histones H2A, H3, and H4'7°.

We found that the MY ST family member KATS has altered expression in non-lesional skin
(Figure 15.). KAT5 modulates the differentiation and tissue infiltration of Th17 and Treg cells via

FOXP3'3*, KATS5 regulates IL-9 signaling'®® and hematopoietic stem cell maintenance'*® (Figure
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21.). KATS is also a catalytic subunit of the Tip60 histone acetyltransferase complex. Among the
members of the Tip60 complex members, we identified abnormal expression of ACTB, BRDS, and
ING3, in non-lesional psoriatic skin (Figure 15.). The TIP60 complex coactivators BRD8 and
ING3 regulate p53-dependent gene suppression and cell cycle!®”!®8 (Figure 21.).

KATS, which is also part of the MYST family, does not show differences at the
transcriptional level in non-lesional skin. The catalytic activity of KAT8 modulates the acetylation

of H4 histone in a complex-dependent manner'*’

. According to our analysis, we have identified
only differential transcriptional expression of two members of the KAT8-associated NSL complex
KANSL1 and MCRSI in non-lesional skin compared to healthy ones (Figures 15. and 20.). Based
on literature mining, the NSL complex regulates the acetylation of H4K5 and H4KS in general'®.
In particular, KANSLI is a master regulator of immune gene expression'”’, while MCRS1 protects

chromosome-associated microtubules from depolymerization during mitosis'®! (Figure 21).

4.2.4. Histone deacetylases and complex components: transcriptional alterations in non-

lesional skin and their role in cell proliferation and immune responses

Histone deacetylases (HDACs) are enzymes that play a crucial role in regulating gene
expression by removing acetyl groups from histone proteins”, leading to chromatin condensation
and transcriptional repression’®. In humans, HDACs are involved in various biological processes,

including cell cycle regulation'®?, differentiation'**!

, and immune responses, and are implicated
in inflammatory conditions'®®. Therefore, we included these molecules as well in our study. A
comprehensive list of the histone deacetylases and their complexes applied in our screening are
shown in Figure 22. Although most HDACs exert their effects globally on histones, some HDAC
enzymes exhibit preferential targeting of histone acetyl chains (Table 8.). Our analysis suggests
that all four Histone deacetylase (HDAC) families (I-IV), and some members of the HDAC 1.

family-related complexes are affected in non-lesional skin, which we discuss below according to

their families.
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A

Class I. HDAC Class I1. HDAC || || Class III. H])ACI Class 1V. HDAC
HDACI HDAC4 SIRT1 HDACII

HDAC2 HDACS SIRT2
HDAC3 HDACG6 SIRT3
HDACS HDAC7 SIRT4
HDAC9 SIRTS
HDACI10 SIRT6
SIRT7
B
CoREST MiDAC NURD I SIN3 I SHIP
complex complex complex complex complex
HDACI1 DNTTIP1 CDK2AP1 ING2 HDAC1
HDAC2 HDACI1 CHD3 HDAC1 HSPA2
KDMI1A HDAC2 CHD4 HDAC2 KCTD19
PHF21A MIDEAS CHD5 SAPI8 SHIP
RCORI1 GATAD2A SAP30
GATAD2B SDS3
HDACI1 SIN3A
HDAC2 SIN3B
MBD2 RBBP4
MBD3 RBBP7
MTA1
MTA2
MTA3
RBBP4
RBBP7

Figure 22. Classification of histone deacetylases (A) and histone deacetylase complexes (B)
applied for screening.

Family Cofactor Gene TD Alternative Target ].1ist01.1e
name acetylation site
HDACI RPD3LL H2A:; H2AB; H3; H4
Class L. HDAC2 - . .
HDAC3 - ?
HDACS8 HDACLI H3: H4
HDAC4 BDMR
Zn2+- dependent HDACS . H2A; H2B;H3; H4
Class 1L HDAC6 - H3K9; H3K56
HDAC7 HDACTA
HDAC9 - ?
HDACI10 -
SIRT1 - H3K9; H4K16
SIRT2 - H3K56; HAK16
NAD+ SIRT3 - H3Kl16
Class III. dependent SIRT4 - ?
SIRTS - ?
SIRT6 - H3K9; H3K56
SIRT7 - H3K18
Class IV. Zn2+- dependent HDAC11 - H3K9; H3K 14

Table 8. HDACs and their targets utilized for our study. (Based on Manou et. al., 2023'%)
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4.2.4.1. Differentially expressed HDAC I. family members and complexes in non-lesional

skin: their role in proliferation, differentiation, and immune regulation.

Class I. histone deacetylases are responsible for the removal of lysine acetyl groups of
histones'®’. Out of four classes of histone deacetylases (HDAC 1.-HDAC IV.), members of HDAC
Class I. exhibit the strongest histone deacetylase activity!’®. Most of the members of this class
including HDACI1; HDAC2 and HDAC3, require multiprotein complexes to achieve maximal
enzymatic activity'®’.

Among the members of the HDAC I. histone deacetylase family, HDAC3 and HDACS
showed altered expression in non-lesional skin (Figure 15.). HDAC3 is part of the NCOR/SMRT
complex, which is responsible for nuclear receptor-mediated transcriptional repression?’%-2°!
(Figure 22). From the NCOR/SMRT complex, we observed the abnormal expression of the GPS2
and TBL1X genes (Figure 15.). Our literature-based screening for known functions of HDAC3
revealed that by regulating the water channel AQP3, HDAC3 modulates osmotic stress responses
to maintain skin moisture and avoid skin dryness**?. The proper function of HDAC3 is also
essential for LPS-induced inflammatory gene expression in macrophages?®® (Figure 23.). By
interacting with TBL1X, HDAC3 modulates Wnt/B-catenin and NF-«xB -regulated transcription?%*

(Figure 24.).

HDAC 1. Family HDAC II. Family
esponse to osmotic stress esponse to hypoxia
HDAC3" (*Skin dryness Negative regulation of keratinocyte
Sl HDAC4 -oliferati
. : proliferation
egulation of inflammatory
gene expression ro-/anti- inflammatory effect
Keratinocyte tolerance to esponse to hypoxia

8 <TLR2/6 ligand stimulation Anti-inflammatory effect

T cell infiltration ' oxp3+ Treg and CD8+ T cell regulation

ost-stress recovery

W Response to oxidative stress

Promotion of wound-healing

-cell chemotaxis

Figure 23. The impact of differentially expressed HDACI and HDACII on proliferation,
differentiation, and immune regulation in non-lesional skin.
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HDACS in keratinocytes regulates skin inflammation and impacts T cell responses by
preserving immune tolerance?”® (Figure 23.).

We found that HDAC 1. family members HDAC1 and HDAC2 are normally expressed in
non-lesional skin, but the expression of their repressor SPHK2 is altered (Figure 15.). SPHK2 by
inhibiting HDAC1/2 activity?’’, modulates T cell differentiation*"’.

In addition, we observed altered expression levels of several members of the HDAC1/2
protein complexes (Figure 22.), which affect the function of the NURD, SHIP, and SIN3
complexes (Figure 15.).

The NURD complex is a multi-functional complex that plays a role in chromatin
remodeling; regulation of histone deacetylase activities; and control of T cell development®®, their
cell cycle progression, and progenitor cell maintenance?”. Our analysis reveals that NuRD
complex members CHD4, GATAD2A, MTAI1, and RBBP4 exhibit altered expression in non-
lesional skin (Figure 185.).

Our literature-based screening revealed that CHD4 plays an important role in the early
development of the basal epidermal layer and regulates the induction and development of hair
follicles by destabilizing the interactions between DNA and histones?!'?. In keratinocytes, CHD4
can increase stress tolerance by limiting the expression of stress response genes?!!. CHD4 also
regulates Th2 cell differentiation?'?, CD8+ T-cell infiltration?!*(Figure 24.). Since MTAI is

sensitive to a variety of stress conditions*'*

, it is often referred to as a "stress-response" protein and
also plays a role in the regulation of NF- kB signaling in macrophages?!® (Figure 24.).

Among members of the SHIP complex, we identified altered expression of HSPA2 in non-
lesional skin (Figure 15.). HSPA2 contributes to early keratinocyte differentiation?'® and acts as an
important factor in the establishment and maintenance of the properly stratified epidermis?!’
(Figure 24.).

The SIN3 multiprotein complex influences protein stability, transcriptional activity, aging
and heterochromatinization events, cell proliferation/cell cycle progression, cell survival?'®, and
maintenance of pluripotency?*'’. Among the SIN3 complex components, SIN3A and RBBP4
showed abnormal expression in non-lesional skin (Figure 15.). Sin3A regulated T cell

HIZZO

developme , in particular Th17 cell differentiation, and the establishment of their inflammatory

1221

potential®>. While in the skin, Sin3A is known to regulate terminal differentiation and the

maintenance of epidermal homeostasis®*? (Figure 24.).
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Figure 24. The impact of differentially expressed HDAC complex components (depicted in blue)
on proliferation, differentiation, and immune regulation in non-lesional skin.
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4.2.4.2. The influence of HDAC II family proteins with differential expression on cellular

proliferation, differentiation, and immune regulation in non-lesional skin.

Members of class II. histone deacetylases have relatively weak enzymatic activity
compared to other classes??****. Among members of the HDACII family, HDAC4, HDACS, and
HDACG6 show altered expression in non-lesional skin (Figure 15.).

The histone deacetylase HDAC4 may exhibit both pro- and anti-inflammatory effects
depending on the target gene. While HDAC4-induced NF-«B gene expression inhibition results in
the decreased production of proinflammatory cytokines??’>, when inflammatory processes are
initiated, it can also increase inflammation by indirectly activating Foxo3a??°(Figure 23.).

HDACS regulates the transformation of CD4+ T cells into Tregs and the cytokine
production of CD8+ T cells**’. Moreover, fluid shear stress stimulates the phosphorylation and
nuclear export of HDACS, which plays an important role in the establishment and maintenance of
flow-regulated anti-inflammatory processes>*® (Figure 23.).

Another HDACII family member, HDAC6, promotes cell motility**° during wound

0

healing®® and chemotaxis of T lymphocytes®®!, and it regulates the organization of immune

synapses>*? (Figure 23.).

4.2.4.3. The contribution of differentially expressed HDAC III family members to cell

proliferation, differentiation, and immune regulation in non-lesional skin

Among the HDACIII family members, SIRTS5 and SIRT6 showed abnormal expression in
non-lesional skin (Figure 15.). SIRTS has weak histone deacetylase activity?**, while SIRT6 has
significant histone deacetylase activity, particularly targeting H3 histones®** 236, SIRT5 negatively
regulates keratinocyte proliferation and inflammation (IL-17A induction) and improves epidermal
barrier dysfunction®” (Figure 25.).

SIRT6-mediated histone H3 deacetylation at the N-terminal tail (H3K9ac)*** and during the
cell cycle at the globular core (H3K56ac) regulates telomeric chromatin structure®®, which is

necessary to maintain genomic stability and proper lifespan®*¢

. It regulates the balance between the
M1 and M2 macrophages, influences wound healing®*3, inhibits skin inflammation®*®, and plays a

role in classical dendritic cell differentiation and function®* (Figure 25.).
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Figure 25. The role of differentially expressed HDAC III. and IV. family in the processes of
proliferation, differentiation, and immune regulation in non-lesional skin.

4.2.4.4. The effect of HDAC IV family enzymes with variable expression on the regulation of

cellular proliferation, differentiation, and immune functions in non-lesional skin.

Among members of the HDACIV family, only HDAC11 was identified in our analysis with

differential expression in non-lesional skin (Figure 15.). The biological function of this family is

largely unknown. However, HDACI11 plays an important role in immune regulation, neutrophil

lineage commitment?*!, and inflammatory responses, including the regulation of macrophage IL-

10%*? and IL-1pB secretion®*, dendritic cell IL-1p secretion®*, and T cell activation®**?*> (Figure

25.).
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5. DISCUSSION

Psoriasis is a chronic inflammatory skin disease in which interleukin (IL)-17 is one of the
main drivers of altered inflammatory responses®*®. Studies, including the imiquimod-induced
psoriasis-like skin inflammation models in mice**’, suggest that the peripheral nervous system may
play a role in initiating and maintaining the inflammatory and hyperproliferative responses through
the release of neuropeptides****. Neuropeptides of cutaneous nerve projections can activate 1L-23
production of dermal dendritic cells, which triggers IL-17 expression of T cells**’. In line with the
central role of this sequence of events, drugs targeting IL-17 and IL-23 are some of the most
effective ones available for the treatment of psoriasis**®*?*. Therefore, further knowledge of
peripheral nervous system-related abnormalities may contribute to a better understanding of the
pathomechanism of psoriasis.

During our transcriptome analysis, we found that neuritogenesis is likely to be disturbed in
psoriatic patients. Newly identified transcriptional abnormalities affect the semaphorin-plexin
signaling cascades that regulate several features of neuronal projection formation-related
processes?’. Semaphorins were originally identified as neuronal and axon growth guidance
molecules. The superfamily of semaphorins includes more than 20 members of soluble

extracellular and cell surface transmembrane signaling proteins. Semaphorins can modulate the
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development and function of several organs, including the cardiovascular®’, immune and
nervous system?>*, among others®>>%, Despite their massive role in innate immune responses and
inflammation?’, only a limited amount of data is available on the involvement of semaphorins’ in
the pathogenesis of psoriasis pathogenesis***?%. Moreover, there is no information on axon
formation-related processes in the context of this disease. Since neuritogenesis is known to be
affected”’ in psoriasis, it is not surprising that DETs of semaphorins were identified in our study,
given their clear role in axon guidance. Most of the molecules, such as SemaB and SemaF, have
been implicated in both axon attraction and repulsion?®!. These antagonistic functions may be due
to the differences in their local concentrations, and/or the receptor repertoire on the interacting
cells. Sema3E can stimulate axon growth of PLXND1 and NRP1 expressing neurons, but when
PlexinD1 is expressed without NRP1, Sema3E has an opposite effect’*?. In addition, Sema3E
interaction with its co-receptor VEGFR2 can also stimulate axon extension®®*, Although VEGFR2
was not affected in our analyzed dataset, the expression of other Sema receptors, including NRP1,

NRP2, PLXNA3, PLXNBI1, PLXNB3, PLXNDI, as well as LICAM, and ERBB2 were
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differentially expressed in psoriatic samples. The decrease in Sema3D could negatively influence
both the numbers and the branching of peripheral axons®**. Interestingly, the expression of this
molecule was affected in lesions, which may be one of the reasons why the number of neurites and
axonal branching is reduced in psoriatic patients’’. In line with our axon growth-related results,
NRPI1 has been implicated in the pathomechanism of psoriasis by several studies concerning
keratinocyte proliferation and differentiation, angiogenesis, and lymphangiogenesis among others
(reviewed by Sunhyo Ryu and colleagues®®’).

Class IV semaphorins are thought to be transmembrane proteins®’. Sema4D presented on
the cell surface influences axon regeneration, and its overexpression can inhibit neuronal
myelination'*?. Sema4D is also expressed by various immune cells, including T cells, and could
modulate dendritic cell functions®®. In psoriasis, T cells infiltrate not only the dermis, where they
may interact with dermal dendritic cells but also the epidermis to contact with Langerhans cells.
Semad4D has also been suggested to induce keratinocyte-mediated inflammatory responses in

psoriasis®’

. Moreover, myelination of neurites is the least pronounced in the epidermis, where
Semad4D(+) T cells may disrupt the myelination processes, and thereby negatively influence axon
regeneration. Consistent with this concept, we found several major myelin-associated proteins>®,
including MBP, MPZ, PMP22, and RTN4 with altered expression in psoriatic lesions. RTN4 (also
known as NOGOA) is a myelin-associated inhibitor of axon growth and regeneration following
nerve injury?®’” and may contribute to the reduction of neurites®’ in lesions.

We also found differential expression of SLIT2 and its receptor ROBOI1 in lesional skin,
which are known to be expressed by both axons and Schwann cells, and ROBO2, which is

predominantly expressed by axons at least in mice®®

. We also found Schwann cell-expressed
NTNI1 to be affected in psoriatic lesions, which is not only involved in axon regeneration following
nerve injury*®®, but can also influence neutrophil, macrophage, and T-cell infiltration?’®. In
addition, dendritic cell-derived Sema4 A was suggested to play a role in the activation of both Thl
and Thl7 cells in the neuroinflammatory demyelinating autoimmune disease, multiple
sclerosis?’!?”2, This molecule is also affected by DETs in psoriatic patients.

In the nervous system, Sema4B plays a role in synapse formation and maintenance and may

influence postsynaptic density?">

. We found altered expression of this molecule only in non-lesional
skin. In addition, Sema4B could inhibit basophil-mediated Th2 skewing®’* and contribute to the

developing Th1/Th2 imbalance in psoriasis®’>. Apart from this, circular SEMA4B RNA may reduce
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the effect of IL-1p through Wnt signaling?’®. This pathway may also influence axon
growth/repulsion via WNTS5A (and its receptors FZD3 and FZD5) that we found to be affected in
psoriatic lesions, consistent with previous observation®’’. It may also act as a suppressor of axonal
regeneration®’®, and at the same time, facilitate CXCL12-CXCR4-mediated T-cell infiltration?”,
with the latter being known to be important in chronic inflammatory skin diseases?®’.

Therefore, we propose that dysregulation in 12 different semaphorins and some of their
main receptors and co-receptors may contribute to the abnormal neuron projection formation
described earlier in psoriasis®’. Semaphorin signaling may also strongly influence other major
hallmarks of psoriasis, including innate immune and inflammatory processes®>’. Therefore, our
study can highlight an additional angle of the crosstalk between the neuro-immune system, which
may be another important factor in the pathomechanism of psoriasis, in addition to the neurogenic
pro-inflammatory mediators.

It is important to note that the vast majority of semaphorin signaling cascades, as well as
SLIT-ROBO and NTN-DCC signaling, exert their effect through the small GTPase RAC1%¢’. This
molecule not only connects the cutaneous nervous system and the immune cells but also
keratinocytes, where it can influence proliferation, differentiation, and innate immune processes?®!.
Based on these features, RACI is likely to be an important molecule in psoriasis. RAC1 is also
known as a Ras-related C3 botulinum toxin substrate 1, as it is the primary target of botulinum
toxin.

The large number of differentially expressed transcripts found in non-lesional skin suggests
a more global transcriptional abnormality that can also influence the neuronal function of the skin.
We hypothesized that epigenetic dysregulation can result in such global transcriptional regulatory
abnormality. Several epigenetic regulators like histone acetyltransferases and deacetylases impact

m282,283

the development and myelination of the peripheral nervous syste , and thereby affect axon

regeneration®84283

and Schwann cell development®®*®?*7. Evidence supports the significance of
epigenetic modifications in neuronal biology, as indicated by the therapeutic benefits observed with
several inhibitors of histone acetyltransferases and histone deacetylases in treating neuronal
disorders$8-2°, Trichostatin A and Vorniostat, histone deacetylase inhibitors, have been proven to
be potential therapeutic agents in neurodegenerative diseases?*®2?. Trichostatin A inhibits axon

degeneration and Schwann cell proliferation/differentiation®®; whereas Vorniostat promotes

neuronal outgrowth and axon regeneration®”. Therefore, it is not surprising that both Trichostatin
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A®! and Vorniostatin have been established to be potential therapeutic agents in psoriasis*>.
Current literature suggests that Trichostatin A has an advantageous impact on Treg/Th17 cell
balance®!, while Vorinostat has a beneficial effect on keratinocyte hyperproliferation in the
treatment of psoriasis®>. These findings propose that a deeper understanding of the molecular
mechanisms involved in histone-related epigenetic regulation may be crucial for a better
understanding of psoriasis pathogenesis. Histone chaperones, histone variants, and post-
translational modifications of histones, including histone acetylation and deacetylation, are located
at the apex of epigenetic regulation. Since the molecular mechanisms associated with non-lesional
skin are less well understood in psoriasis, our study focuses on the characterization of epigenetic
dysregulation of these skin areas.

Histone chaperones by regulating the assembly, deposition, removal, exchange, and
transport of histones’®, modulate proliferation rate, and inflammatory responses. Histone
chaperones of the CAF1 complex members CHAF1A and RBBP4 found with altered expression
in non-lesional skin determine proliferation—differentiation switch!**, and modulate T cell-
functions!# that are known to be abnormally regulated in psoriasis**® 2°°. In line with our results,
RBBP4 levels are known to be upregulated in psoriasis by skin-derived mesenchymal stem cells,
contributing to epidermal hyperplasia®®®. The histone chaperone UBN1 regulates tissue aging-

7

associated cellular senescence'*’. Consistent with our results, middle and upper epidermal

keratinocytes of psoriatic plaques are characterized by a “special state of aging”, characterized by
cell cycle arrest, as well as the altered release of inflammatory effectors and other molecules

297

characteristic of aging”~’. Abnormal expression of chaperone NPM1 and SET in non-lesional skin

may further exacerbate H4 histone-related abnormalities. Moreover, NPM1 expression is known

2% and can

to be increased in proliferating keratinocytes of psoriatic lesions influencing CDKs
activate inflammatory responses when released into the extracellular space®’. These changes,
characteristic of non-lesional skin, may be important in the development of the disease, as previous
studies have shown increased activity of CDK1 and CDK2 in the psoriatic epidermis3?%3%!,
Moreover, chaperone ANP32E together with VPS72 may potentially affect immune cell infiltration
in psoriasis'*”!1%8, ANP32E also regulates P-catenin/cyclin D1 signaling and thereby
proliferation'®. In line with our results, the expression of B-catenin is inversely proportional to
keratinocyte hyperproliferation, with a slight decrease in non-lesional skin and an intense decrease

in B-catenin expression in lesional skin compared to healthy controls*?>.
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In summary regarding histone chaperone-related non-lesional skin-associated
abnormalities, we found expressional alterations affecting members of the H4 histone-associated
CAF-1 and HIRA chaperone complexes and the NPM1 and SET chaperones. Additionally, our
analysis also revealed differential expression profiles of two replication-independent H2A histone-
related chaperones in non-lesional skin compared to healthy samples. Based on their regulatory

functions and their altered expression these histone chaperones may modulate proliferation!4%-156-2%8

157,158,299 in non-lesional skin.

and inflammatory process

Based on their role in DNA replication, replication-dependent, and replication-independent
histone variants can be distinguished’”, which substitute each other according to the cellular state”.
In humans 95 genes code for different histone variants’>, which vary in their structure as well as in
the number and position of post-transcription modification sites®**®, allowing them to carry out
distinct and specialized roles that regulate tissue- and cell type-specific functions.

Our study demonstrated that there are two abnormally expressed replication-dependent
histones in non-lesion skin: H2AC18 and H4C14. For rapid and uniform protein production,
replication-dependent histone genes lack introns and therefore do not go under splicing®®.
Consequently, replication-dependent histones have only one transcript that is translated into
protein. Having only a single transcript, differential expression of H2ZAC18 and H4C14 in non-

161,162 and/or

lesional skin is likely to have great importance clearly indicating that proliferation
differentiation'® is already affected in non-lesional skin of psoriatic patients. Determining the
direction and difference in expression level is also relevant in the case of a single protein-coding
transcript. Allowing us to conclude that in non-lesional skin the total transcriptional expression of
H2AC18 is 7.528-fold increased (FDR=0.0093), whereas the expressional level of H4C14 is 2.966-
fold increased (FDR=0.0006) compared to healthy, based on a high and therefore reliable number
of samples. Moreover, the expression of these two histones in lesional skin is similar to those of
healthy controls. However, further studies are required to establish whether they contribute to
proliferation and differentiation-related alterations in psoriasis or play a role in the maintenance of
the non-lesional state.

In addition, we detected the involvement of H2A and H3 histone-associated replication-
independent histone variants MACROH2A1, H2AZ1, and H3-3A/B at the transcriptional level in

non-lesional skin. Replication-independent histones regulate lineage commitment and somatic cell

reprogramming®!, therefore their abnormal expression has a potential role in the epithelial-
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mesenchymal transition, which is known to take place in psoriatic lesional skin®*’. Altered
transcriptional expression of MACROH2A1 and H2AZ1 histones may further exacerbate
expression and functional abnormalities associated with replication-dependent H2AC18 in non-
lesional skin. MACROH2AL1 also regulates cellular stress responses'®*, alternative transcriptional
39 characteristic for non-lesional skin.

MACROH2AL1 also regulates the expression of IL-1p, IL-6, and IL-8'%°. However, these cytokines

expression, and may contribute to the Koebner phonemon

show altered expression only in psoriatic lesions and have been associated with keratinocyte
hyperproliferation'®®*%7 as well as Th17-mediated (IL-1p)'%"*%® immune responses®”’. Similarly,
H2AZ1 modulates Ki-67'%® which shows an increased expression only in psoriatic lesions**’. H3.3
is known to regulate macrophage activation'’!, somatic hypermutation of immunoglobins'’*, and
cell line commitment'’>!'”3, whose abnormalities are characteristic of skin lesions in
psoriasis 05310311,

The exact consequence of the altered expression of MACROH2A1, H2AZ1, and H3.3 in
non-lesional skin is largely unknown. However, in contrast to replication-dependent histones,
replication-independent histones have multiple transcript variants (resulting from splicing)’!?,
coding for different protein isoforms. These different isoforms although being less well
characterized, often have modified or even opposing biological functions'? that may have a yet
unrealized relevance in the development of the disease.

Taken together altered expression of histones regulates proliferation!6!162:168
differentiation'®, as well as innate and adaptive immune cell-mediated pro- and anti-inflammatory

responses' 3171

, suggesting that these processes are already affected in non-lesional skin.

Histone acetylation is carried out by histone acetyltransferases (HATs)”’. There are two
major types of histone acetyltransferases, type A and B*2, among which, only two type A HATs and
two of their modulators show abnormal expression in non-lesional psoriatic skin. There are 18
different histone acetyltransferases in humans, which form several regulatory complexes with over
80 additional components and their variants, many of which can be exchanged, resulting in an
extremely large combination of complexes. This high variability allows nearly a gene-specific fine-
tuning upstream of transcription factor-mediated regulation of gene expression.

In non-lesional psoriatic skin, CBP/CREBBP family members, responsible for H3 histone

acetylation, are expressed normally. However, altered expression of the modulator of the

CBP/CREBBP family member EP300 namely CTBP1 was observed in non-lesional skin that may
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affect type A HAT-mediated histone acetylation. In agreement with our results, elevated levels of

CTBP1 have been demonstrated in psoriatic plaques®!?

. Moreover, mice overexpressing CTBP1 in
keratinocytes show severe skin inflammation with increased expression of Thl and Thl7
cytokines®!3.

Members of the GNAT histone acetyltransferase family acetylate histones H2B, H3, and
H4'”. We show that GNAT family member ELP3 is being abnormally expressed in non-lesional
skin, potentially influencing the M1/M2 macrophage ratio'® known to be affected in psoriasis'®’.
KAT2A, another GNAT family member, does not show transcriptional changes in non-lesional skin
but requires integration into the SAGA or ATAC complexes for proper functioning'®!. Within the
SAGA complex, TADA2B exhibits transcriptional abnormalities in non-lesional skin and is linked
to UV-induced p53-dependent responses'®?. The ATAC histone acetylation complex, a key
regulator of mitosis through, also shows altered expression of the component MBIP in non-lesional
skin, with splice variations known to be linked to psoriasis®'*. These findings suggest that changes
in specific GNAT family components and their associated complexes may not only contribute to

314315 in lesions but are already affected in non-lesional skin.

the pathogenesis of psoriasis
The MYST HAT family member KATS5, a cofactor of STAT3!3%, shows altered expression
in non-lesional psoriatic skin and may influence Th17 and Treg cell differentiation'®*, IL-9

signaling'®®, and hematopoietic stem cell maintenance'®®

. All these processes are known to be
implicated in the disease®'®!®. Similarly, abnormal expression affects several members of the
Tip60 complex, where KATS functions as a catalytic subunit®'®, which may affect p53 signaling'®’
and the cell cycle regulation'®® in non-lesional skin. In line with our result, KATS was implicated
in psoriasis to influence the IL-9 signaling pathway, angiogenesis, and Th17 responses’'¢.

KATS, another MYST family member, does not show transcriptional changes, but its
associated NSL complex components, KANSL1 and MCRSI1, are differentially expressed in non-

% and

lesional skin. These alterations may have a further impact on immune gene expression!
mitosis!®!. These findings highlight the potential role of KATS, KATS, and their complexes in the
immune response and cell cycle regulation in non-lesional skin.

Taken together, histone acetyltransferase-related expressional abnormalities of non-lesional
skin, may influence stem cell maintenance'®®, proliferation, and inflammatory responses including

macrophage polarization'®’, regulatory T cell-mediated suppression'®*, and cytokine expression of

Th1 and Th17 cells*"? already in non-lesional skin.
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In contrast to histone acetylation, histone deacetylation performed by histone deacetylases”
results in transcriptional repression®®. Similar to histone acetyltransferases there are 18 histone
deacetylases, which can be classified into 4 families (HDACI-IV)!®%. In the course of our analysis,
we identified the aberrant expression of 8 histone deacetylases in non-lesional skin. Class | HDACs
(except for HDACS) are recruited to large multiprotein complexes to facilitate their function'?-2°,
During our analysis, we identified 8 members of the histone deacetylase complex that exhibited
differential transcriptional expression, thereby further amplifying the abnormalities associated with
histone deacetylation. Since deacetylation is the opposite regulatory process to acetylation’, the
same mechanisms that are described for acetyltransferases are involved.

Class I HDACs have the strongest histone deacetylation activity'”®, among which HDAC3
and HDACS showed altered expression in non-lesional skin. HDAC3 inhibition is known to result
in reduced expression of AQP32%2, which may contribute to psoriatic skin dryness*?! and decreased
LPS-induced inflammatory gene expression in macrophages?®®. Despite that HDAC1/2 expression
was found to be normal, their function is likely to be affected in non-lesional skin due to abnormal
expression of associated complex members (NURD, SHIP, and SIN3 complex). Disturbed
HDACI1/2 function via SPHK2 may affect the differentiation of Th17 cells in psoriasis?®2’.
Similarly, the altered expression of the "stress-response" protein MTAI1%'4 could potentially
contribute to disrupted stress-response in non-lesional skin**. Ship complex member HSPA2 by
regulating keratinocyte differentiation?'® may contribute to the development of hyperkeratosis in

psoriasis®?2.

In addition, SIN3A may potentially participate in the dysregulated epidermal
proliferation’?? and Th17 cell-mediated immune response®’! in psoriasis®?**?*. HDACS in
keratinocytes serves a critical function in reducing skin inflammation in the IMQ-induced mouse
model. HDACS inhibition causes upregulation of cytokine expression, enhanced dendritic cell
responses, and increased T cell accumulation, emphasizing its function in mitigating psoriasis-like
inflammation?®’.

Class 11 HDACs have a weaker deacetylase activity compared to HDACI**

HDACII members, the expression of HDAC4, HDACS, and HDACS6 is affected in non-lesional

. Among

skin. These HDAC are known to modulate inflammatory cytokines, NF-kB*?*, Foxo3a signaling®*°,
Treg differentiation T-cell motility**’, anti-inflammatory processes*?®, chemotaxis®!, and immune
synapse organization?*2. Therefore, their altered function is likely to have a significant role in

psoriasis in general. In particular, the aberrant expression of HDACS is likely to influence
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Treg/Th17 imbalance in psoriasis® . While the modulated expression of HDAC6 may contribute

to enhanced wound healing rate*** in both lesional and non-lesional skin*?®.

Class III HDAC:s (Sirtuins)-related expressional alterations of SIRTS and SIRT6 are likely

7 236

to modulate IL17-A-induced inflammation®*” as well as genomic stability**®, wound healing,
macrophage balance?*®. While Class IV HDAC member HDAC11-related abnormal expression
may influence immune regulation, neutrophil lineage commitment®*!, IL-10/IL-1p secretion?*>>%3,
T-cell activation®**?%3_ that are known to be altered in psoriasis!¢’-29°-327-329,

Taken together, our studies reveal potential mechanisms behind morphological changes in
the peripheral nervous system within the skin of psoriasis patients, highlighting semaphorin-related
abnormalities that affect not only axon growth but also immune responses. These findings enhance
our understanding of neuro-immune interactions in psoriasis and may provide novel therapeutic
targets that affect both the immune and nervous systems. Peripheral nerve endings closely interact
with skin cells, and abnormal functioning of these cells can affect the structure and function of
peripheral nerve endings. Therefore, understanding regulatory mechanisms related to non-lesional
skin is critical for comprehending these changes. Our research identified significant differences in
epigenetic regulation in non-lesional skin compared to healthy skin that could influence not only
immune responses and keratinocyte function but also directly or indirectly neuronal function and
projection formation. These results provide a strong base for future research and bring into focus

new potential targets for future therapeutic options of the disease.
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6. SUMMARY

In summary, our study of complete RN A sequence analysis of more than 300 individuals identifies
potential mechanisms that may underlie the morphological changes in the peripheral nervous
system within the skin of psoriasis patients. Among these mechanisms, the abnormalities associated
with semaphorins, which regulate axon growth and branching while also influencing immune
responses, are particularly noteworthy. These findings enhance our understanding of neuro-
immune interactions in psoriasis and may open new research options for therapeutic interventions
targeting both the immune and nervous system components of the condition.

The axons of the peripheral nervous system closely interact with various skin cells, with the most
intimate interactions occurring in the epidermis, where the axons are predominantly demyelinated,
allowing direct contact with keratinocytes. Consequently, disturbances in skin cells can affect the
functioning and morphology of peripheral nerve axons. Therefore, it is crucial to gain a deeper
understanding of the primary regulatory mechanisms behind the abnormalities present in non-
lesional skin. Considering the complex abnormalities present in non-lesional skin, we proposed
that epigenetic dysregulation may play a role. Our results confirmed several known abnormalities
related to epigenetic regulation and revealed new factors that could contribute to already
established non-lesional abnormalities. We found that non-lesional skin exhibits differences in
expression across all levels of histone-related epigenetic regulation compared to healthy skin,
impacting histones themselves, histone chaperones, and histone acetylation processes.

In conclusion, we described several novel alterations related to axon guidance and epigenetic
regulation in psoriasis that can influence the formation of immune responses and the functioning
of keratinocytes, including their proliferation, which are likely to affect nerve functions before any
visible skin changes manifest. However, further studies are required to determine which of these
newly described alterations manifest at the protein level and influence their function, as well as to
identify the processes that help to maintain the non-lesional state and those that contribute to the
disease's progression. Clarifying these questions may provide new targets for future therapeutic

options for psoriasis.
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