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ABSTRACT
Psoriasis is a common chronic inflammatory skin disease determined by genetic and environmental factors, resulting in the ac-
tivation of IL-23/IL-17-mediated immune response, epidermal hyperproliferation, and keratinocyte activation. Long non-coding 
RNAs (lncRNAs) are non-protein-coding transcripts > 500 nucleotides with diverse regulatory functions; their role in epidermal 
dysfunction in psoriasis is poorly understood. To identify epidermal transcripts with potential roles in psoriasis, including lncR-
NAs, we performed RNA sequencing on keratinocytes from psoriasis and healthy skin. We identified 889 differentially expressed 
lncRNAs, many of which with yet unknown functions. RP11-295G20.2 was identified as a lncRNA significantly induced in pso-
riasis keratinocytes, and this was verified by qRT-PCR and by single-molecule in situ hybridisation. Analysis of subcellular frac-
tions of epidermis revealed a cytoplasmic localisation in line with results of single molecule in situ hybridisation. We report that 
RP11-295G20.2 has a skin-enriched expression, and within skin it is mainly expressed in suprabasal epidermal layers. Moreover, 
RP11-295G20.2 is induced by the key psoriasis cytokine IL-17A and shows a dynamic regulation during keratinocyte differen-
tiation with upregulation during early differentiation and downregulation in the late stage. Knockdown of RP11-295G20.2 in 
keratinocytes promotes terminal differentiation. Based on our findings, we named RP11-295G20.2 Cytoplasmic Differentiation-
Associated Epidermal RNA, CYDAER. In summary, our study provides a comprehensive characterisation of the non-coding 
RNA landscape of psoriasis keratinocytes and identifies CYDAER as a skin-enriched lncRNA regulating keratinocyte differenti-
ation. Our data suggest that overexpression of CYDAER may contribute to altered differentiation in psoriatic epidermis.
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1   |   Introduction

At least 60 million people worldwide are living with psoriasis, 
a chronic inflammatory disease [1]. The most common subtype 
of psoriasis is plaque psoriasis, presenting as inflammatory skin 
lesions with silvery scales [2], which are characterised by im-
mune cell infiltration, increased keratinocyte proliferation and 
abnormal epidermal differentiation [3, 4]. Psoriasis is a multi-
factorial disease to which both genetic and environmental risk 
factors contribute. To date, 109 distinct psoriasis susceptibility 
loci have been reported, but even these can only explain an esti-
mated 60% of heritability [5].

Under normal conditions, keratinocytes undergo a well-
coordinated differentiation process, culminating in the formation 
of a functional, protective skin barrier. In psoriasis, the epidermis 
contains an increased number of proliferating keratinocytes, and 
while differentiated keratinocytes are present, they undergo an 
aberrant, wound-healing-like differentiation programme with im-
paired terminal differentiation and thickened epidermis and the 
retention of nucleated cells in the stratum corneum as result [4, 6].

The IL-23/IL-17 signalling axis is central to the pathogenesis of 
psoriasis, which is evidenced by the efficacy of treatments tar-
geting these cytokines or their receptors [7]. IL-23 drives innate 
and adaptive immune cells to produce IL-17, that, together with 
other cytokines, causes activation, hyperproliferation and ab-
normal differentiation of keratinocytes, leading in turn to the 
release of antimicrobial peptides, chemokines and alarmins re-
cruiting immune cells to the skin and a vicious circle, thus estab-
lishing chronic inflammation [8].

Long non-coding RNAs (lncRNAs) are long (> 500 nt) tran-
scripts with no protein-coding ability [9], and while previously 
largely neglected, they are increasingly recognised as important 
regulatory factors in the cells [10]. Their functions depend on 
their localisation as well as their protein or nucleic acid interact-
ing partners. Nuclear lncRNAs can alter chromatin accessibility 
through interaction with chromatin-modifying enzymes, regulate 
transcription through recruitment of transcription-enhancing 
or -repressing protein complexes [11] and also influence splicing 
[12]. Cytoplasmic lncRNAs can interact with messenger RNAs 
(mRNAs), ribosomal RNAs and regulatory RNAs and control 
RNA stability or the translation process [13], or the assembly of 
riboprotein complexes. Roles for lncRNAs have been identified 
in tissue homeostasis, inflammation, proliferation and differen-
tiation. However, the function of the majority of lncRNAs is yet 
unknown. In skin, the lncRNA ANCR has been shown to regulate 
epidermal proliferation/differentiation [14, 15], and the lncRNA 
PRINS is induced in nonlesional psoriasis epidermis and regulates 
stress response [16], highlighting lncRNA-mediated gene regu-
lation in epidermal homeostasis. Moreover, a set of lncRNAs are 
dysregulated in psoriasis skin [17]. However, little is known about 
the contribution of lncRNAs to epidermal dysfunction in psoriasis.

Here we aimed to explore the long non-coding RNA landscape 
in psoriasis keratinocytes, to uncover lncRNAs that contribute 
to epidermal dysfunction in the disease. To this end, we per-
formed RNA sequencing in psoriasis keratinocytes, allowing 
us to identify a set of lncRNAs with yet uncharacterised func-
tions, which may contribute to the disease. RP11-295G20.2 

was identified as an IL-17A-induced, skin-enriched lncRNA 
overexpressed in psoriasis keratinocytes and regulating kera-
tinocyte differentiation. On the basis of our observations and 
with the permission of the Human Genome Organisation Gene 
Nomenclature Committee, we have named this lncRNA cyto-
plasmic differentiation-associated epidermal RNA (CYDAER).

2   |   Results

2.1   |   Comprehensive Characterisation 
of the Coding and Non-Coding Transcriptome 
of Psoriasis Keratinocytes

To identify lncRNAs with potential roles in epidermal dysfunc-
tion in psoriasis, we performed a comprehensive characterisation 
of the long non-coding transcriptome of sorted keratinocytes in 
psoriasis. CD45-negative epidermal cells (predominantly kerat-
inocytes) were sorted from skin biopsies from psoriasis lesions 
(PP, n = 7), and from skin of healthy controls (H, n = 8), followed 
by ribosomal RNA-depletion and RNA sequencing thereby cap-
turing both polyadenylated- and non-polyadenylated transcripts 
(Figure  1). RNA sequencing generated a total of 640 million 
reads, on average, 40 million base pair (bp) paired-end reads per 
sample. We performed separate analysis for protein-coding and 
non-coding transcripts.

Analysis of mRNAs showed clear separation of transcriptomic 
profiles in H and PP keratinocytes, as shown by principal compo-
nent analysis (PCA) (Figure 1). Among 14 302 mRNAs detected to 
be reliably expressed in our samples, 3413 were significantly up-
regulated while 2950 were significantly downregulated in PP as 
compared to H keratinocytes (|fold change| > 1.5, |False Discovery 
Rate| (FDR) < 0.05) (Figure 1d), highlighting substantial transcrip-
tomic changes in psoriasis keratinocytes. Among the top upreg-
ulated mRNAs were alarmins—immune-activating, chemotactic 
and antimicrobial peptides—such as defensins (DEFB4A), mem-
bers of the S100A family (S100A7A, -A12, -A8), and small proline-
rich proteins (SPRR2F, -2A -2B), while the top downregulated 
mRNAs included late cornified envelope proteins (LCE1D, -1E, 
-5A), cell adhesion-related proteins (CADM3, COL19A1) and sol-
ute carrier family proteins (SLC18A, -8A). The top 30 differentially 
expressed mRNAs are listed in Table S1.

The significantly differentially expressed mRNAs with at least 
2-fold change were analysed for enrichment in Gene Ontology 
biological processes using Enrichr [18]. Among the upregulated 
mRNAs, processes associated with metabolism (e.g., glycolysis 
and mitochondrial oxidative phosphorylation), proliferation, 
inflammatory signalling pathways (e.g., TNF, NF-kB) and cy-
tokine production were enriched, in agreement with the hy-
perproliferative and activated state of psoriasis keratinocytes 
(Figure 1f). The downregulated mRNAs were enriched in terms 
related to epidermal development, cellular calcium-transport 
and -response, signalling pathways (e.g., bone morphogenic 
protein, semaphorin, Notch). Additional processes enriched 
among downregulated mRNAs were related to cell adhesion, 
migration, and extracellular matrix, and negative regulation of 
epithelial proliferation. Analysis of the differentially expressed 
protein-coding genes using the Reactome pathway knowledge-
base [19], resulted in similar categories (Figure S1).
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FIGURE 1    |     Legend on next page.
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To explore lncRNAs altered in psoriasis keratinocytes, sepa-
rate analyses were performed for non-coding transcripts. There 
were 4592 annotated non-coding transcripts identified to be re-
liably expressed. PP and H keratinocytes were clearly separated 
based on their expression of non-coding transcripts (Figure 1c). 
The majority of these were pseudogenes (34%), antisense (26%) 
and long intergenic ncRNAs (22%) (Figure 1h). Differential ex-
pression analysis identified 314 significantly upregulated and 
575 significantly downregulated lncRNAs in PP as compared 
to H keratinocytes (|fold change| > 1.5, FDR < 0.05, CPM > 1) 
(Figure 1e and Table S2). Among the top upregulated lncRNAs 
were the pseudogenes SPRR2C, CYP4Z2P and VNN3 and long 
intergenic RNA LINC01215, while the top downregulated ln-
cRNAs included PHF2P2, the pseudogenes FRG2DP and several 
poorly characterised lncRNA genes such as RP11-1008C21.1 and 
RP11-307C19.2 (Table S2).

2.2   |   Long Non-Coding RNAs CYDAER (RP11-
295G20.2), LINC01123, and LINC01215 Are 
Significantly Overexpressed in Keratinocytes in 
Psoriasis Lesions

Our RNAseq analyses identified lncRNAs with differential 
expression in PP versus H keratinocytes (Figure  2a). To val-
idate these results for selected lncRNAs, three lncRNAs were 
analysed by qRT-PCR in an extended cohort including psoria-
sis lesional (PP) and non-lesional skin samples (PN) and skin 
from healthy controls (H). CYDAER (RP11-295G20.2) was in-
creased 7.4-fold between PP and H in RNAseq (Figure 2b). In 
line with this, qRT-PCR analyses demonstrated a 6.9- and 4.6-
fold increase in PP vs. H and PP vs. PN, respectively (p < 0.0001; 
Figure  2c). Two other candidate lncRNAs, LINC01123 and 
LINC01215, were increased 2.1-, and 116.6-fold, in the RNAseq 
data, respectively (Figure  2d,f). Confirming RNAseq results, 
qRT-PCR analysis demonstrated that LINC01123 was increased 
2.6-fold between PP and H (p < 0.0001) and 1.8-fold between PN 
and PP (p < 0.001; Figure  2e,g). Interestingly, LINC01215 was 
not detectable in the majority of H and PN keratinocytes by qRT-
PCR, while it was expressed in keratinocytes from all PP sam-
ples (Figure 2g).

2.3   |   CYDAER Is a Skin-Enriched Cytoplasmatic 
Long Non-Coding RNA

Next, we focused our investigations on CYDAER, because we 
identified it as a relatively abundant lncRNA highly overex-
pressed in PP keratinocytes, and its regulation and functions in 
skin have been unknown. CYDAER is encoded by a gene located 
on chromosome 1q42.2, and the exon structure of the 465 base 

pair long predominant isoform ENST00000416221.5 is shown 
in the coverage plot (Figure  3a). Analysis of coding potential 
using CPC2 [20] indicated a very low protein-coding probability 
(Figure 3b), comparable to that of the known non-coding RNAs 
MALAT1 and UCA1 [21] (Figure S2), suggesting that CYDAER 
functions as a non-coding RNA. To get insight into its expres-
sion across various tissues, publicly available RNAseq data in 
the Genotype-Tissue expression (GTex) database [22] were inter-
rogated. Notably, CYDAER showed a highly skin-enriched ex-
pression pattern, suggesting specific functions for this lncRNA 
in the skin (Figure 3c).

To further explore the expression pattern of CYDAER in healthy 
and psoriasis skin we performed single molecule fluorescence 
in  situ hybridisation (RNAscope). Our results showed an in-
creased signal of CYDAER in psoriasis as compared to healthy 
epidermis, confirming the overexpression of CYDAER in psori-
asis epidermis (Figure 3d).

Since the subcellular localisation of lncRNAs can provide clues 
to their function, we next investigated CYDAER expression 
in nuclear and cytoplasmic subcellular fractions from healthy 
human epidermis. qRT-PCR results showed that CYDAER is 
mainly localised to the cytoplasm, similar to transcripts with 
known cytoplasmic localisation such as the HPRT mRNA 
and 18S rRNA (Figure 3e). In line with this, single molecule 
in situ hybridisation for CYDAER revealed predominantly cy-
toplasmic localisation in both healthy and psoriasis epidermis 
(Figure 3d).

2.4   |   CYDAER Is Induced by IL-17A in 
Keratinocytes

To explore whether the inflammatory cytokine milieu in pso-
riasis can be responsible for the upregulation of CYDAER in 
keratinocytes in psoriasis plaques, we analysed the expression 
of CYDAER in cultured human primary keratinocytes treated 
with the key psoriasis cytokine IL-17A. qRT-PCR results demon-
strated that IL-17A significantly induced CYDAER in cultured 
keratinocytes starting from 24 h onwards (Figure  4a). In line 
with this, CYDAER was significantly induced by IL-17A in 3D 
epidermal models as measured by qRT-PCR (Figure  4b) and 
shown also by single molecule in situ hybridisation (Figure 4c).

2.5   |   CYDAER Regulates Keratinocyte 
Differentiation

Analysis of the distribution of the single molecule in situ hybri-
disation signal revealed an interesting pattern: CYDAER was 

FIGURE 1    |    Characterisation of the coding and non-coding transcriptome in healthy and psoriasis epidermal keratinocytes. Graphical represen-
tation of the workflow (created with Biorender) (a). Principal component analysis of protein showing clustering of samples based on protein-coding 
(b) and non-coding (c) transcripts. Volcano plot showing significantly differentially upregulated (in red) or downregulated (in blue) protein-coding 
(d) and non-coding transcripts (e) detected by RNAseq in PP vs. H. (f) Top 15 enriched Gene Ontology (GO) biological process categories among sig-
nificantly down- and upregulated protein-coding genes in PP vs. H. (g) Classification of the biotype of lncRNAs differentially expressed between pso-
riasis and healthy CD45neg epidermal cells. (h) Heatmap showing the expression of 889 significantly differentially expressed (FC > 1.5; FDR < 0.05) 
lncRNAs between PP vs. H keratinocytes. H, healthy; PP, psoriasis lesional.
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FIGURE 2    |    Differentially expressed lncRNAs in psoriasis keratinocytes. (a) Heatmap illustrating the 30 top up- and downregulated significantly 
differentially expressed lncRNAs between PP and H. (b, d, f) Violin plots showing the RNAseq normalised readcounts for CYDAER (b), LINC01123 
(d) and LINC01215 (f), respectively. (c, e, g) qRT-PCR analysis of CYDAER (c), LINC01123 (e) and LINC01215 (g), on an extended cohort of CD45neg 
epidermal cells from lesional and non-lesional skin from psoriasis patients (n = 37), and healthy skin (n = 17). ***p < 0.001, ****p < 0.0001, Mann–
Whitney test (b, d, f), Kruskal-Wallis test with Dunn's multiple comparison (c, e, g).
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FIGURE 3    |     Legend on next page.
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rarely detected in the basal cell layers, instead, it was predom-
inantly localised in the suprabasal layers of both healthy and 
psoriasis epidermis (Figure 3d). Combination of single molecule 
fluorescence in  situ hybridisation with immunofluorescence 
staining for keratin 10, a marker for early terminal differentia-
tion of keratinocytes, showed co-localisation of CYDAER with 
keratin 10 both in psoriasis epidermis (Figure  4d), as well as 
the 3D epidermal model (Figure  4c). This expression pattern 
suggested that CYDAER may be regulated during the differ-
entiation process of keratinocytes. To test this, we analysed the 
expression pattern of CYDAER in in vitro models for epidermal 
differentiation. First, we analysed its expression in time-course 
experiments in a calcium-induced differentiation model in pri-
mary human keratinocytes. We found that CYDAER was sig-
nificantly induced after 2 and 5 days, while decreasing at a later 
stage of differentiation, on day 12 (Figure 4e). Notably, keratin 
10 showed a similar expression pattern, with the highest expres-
sion between 2 and 5 days and decreased expression afterwards 
(Figure  4e). Second, the expression pattern of CYDAER was 
analysed in 3D epidermal models harvested at different time-
points during its development, representing different stages of 
epidermal differentiation and stratification. Here we observed 
a similar pattern: CYDAER was induced during early stages 
of differentiation (one day before airlifting), and shortly after 
airlifting (day 2 and 5 post-airlifting) but decreased on day 11. 
Keratin 10 increased continuously up to day 11 in this model in 
parallel with CYDAER until day 5 (Figure 4f).

The dynamic regulation of CYDAER during differentiation 
suggested that it may be involved in the regulation of keratino-
cyte differentiation. To test this hypothesis, we knocked down 
CYDAER expression using an siRNA pool in primary human 
keratinocytes, followed by calcium-induced differentiation 
(Figure  4g) (Figure  S3). qRT-PCR analysis revealed that the 
late differentiation markers filaggrin and loricrin were signifi-
cantly increased at day 12 by CYDAER knockdown relative to 
controls, with loricrin already showing a prominent increase by 
day 5 of calcium-induced differentiation. The early differentia-
tion marker keratin 10 was only slightly increased by CYDAER 
knockdown (Figure 4g).

In summary, our results show that CYDAER is induced by the 
central psoriasis cytokine IL-17A, is localised to suprabasal 
epidermal layers, and its expression is dynamically regulated 
during keratinocyte differentiation. Moreover, siRNA-mediated 
knockdown of CYDAER promotes keratinocyte differentiation, 
suggesting that CYDAER acts as a negative regulator of epider-
mal differentiation.

3   |   Discussion

Keratinocytes are essential players in psoriasis: their hyperprolif-
eration, aberrant differentiation and activation are hallmarks of 
the disease, sustaining and reinforcing a vicious circle of inflam-
mation. Identification of novel regulators of these processes can 
lead to a better understanding of the disease and uncovering of 
potentially actionable pathways as well as a better understand-
ing of normal epidermal development. Gene regulation by long 
non-coding RNAs is a fundamental regulatory mechanism in 
biology; however, its contribution to epidermal homeostasis and 
dysfunctions has been largely unexplored. While lncRNAs dysreg-
ulated in psoriasis plaques have been identified already in 2005 
[16] followed by more recent studies by several groups worldwide 
[17, 21, 23–28], their cellular and subcellular expression patterns 
and functional contribution are still unknown apart from a few 
examples [25, 27, 28].

In the present study we performed a comprehensive analysis 
of coding and long non-coding transcripts in keratinocytes 
sorted from psoriasis plaques using RNA sequencing and 
identified lncRNAs with potential functional relevance. Our 
analyses showed substantial transcriptomic changes in the 
psoriasis keratinocytes, in agreement with previous studies 
[29, 30], with enrichment of biological processes related to 
among others metabolic, cell proliferation and inflammatory 
pathways among upregulated genes. Interestingly, glycolysis, 
citric acid cycle and aerobic respiration were among the en-
riched processes, presumably reflecting the high metabolic 
activity of highly proliferative cells. These findings are in line 
with a recent study showing increased expression of glucose 
and lactate transporters in psoriatic keratinocytes [31].

Our analyses demonstrate that—similar to mRNAs—a large 
proportion of the detected lncRNAs are dysregulated in psoria-
sis keratinocytes. RP11-295G20.2 (also known as AL445524.2, 
LOC122526782), now given the name CYDAER, was one of the 
significantly upregulated lncRNAs, which was abundantly ex-
pressed. The function of CYDAER in the skin was previously 
unstudied, except for being among upregulated lncRNAs in pub-
lic data sets of psoriasis lesions compared to non-lesional and 
healthy skin [26], making this study warranted. Interestingly, 
CYDAER displays a skin-enriched expression when compared 
to over 50 other healthy tissues, suggesting an important func-
tion for this lncRNA in skin biology. We found that knockdown 
of CYDAER promotes calcium-induced terminal differentia-
tion, judged by the increased expression of the late differenti-
ation markers filaggrin and loricrin. This result together with 

FIGURE 3    |    CYDAER is a skin-enriched cytoplasmic lncRNA. (a) Illustration of the genomic context and exon structure of CYDAER; IGV 
Genome Browser view of sequencing read coverage for CYDAER together with the best matching isoform of a representative PP RNAseq sample. (b) 
Coding probability of the RP11-295G20.2 transcript according to the coding potential calculator 2 (CPC2). (c) Expression of CYDAER in healthy hu-
man tissues, RNAseq data from Gtex v8. (d) Single molecule fluorescence in situ hybridisation (RNAScope) of CYDAER in healthy (H, upper panels) 
and psoriasis lesional (PP, lower panels). Scale bar 50 μm (20×, left panels), 20 μm (63×, middle panels). (e) qRT-PCR analysis of MALAT1 (known 
nuclear lncRNA), HPRT1 and 18S (mainly cytoplasmic RNAs), and CYDAER in nuclear and cytoplasmic fractions of healthy human epidermis 
(n = 4). Data are expressed as mean ± SD. AT = adipose tissue, COL = colon, CX = cervix, ESO = oesophagus, FB = fibroblasts, GE = gastroesophageal, 
KDN = kidney, LV = left ventricle, PNS Tibial = tibial nerve, SC = subcutaneous.
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FIGURE 4    |     Legend on next page.

Series plated 241108, Days 0-5-11, 2 rm
Multiple ttest (unpaired), Holm-Sidak adjusted p-value
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the predominant expression of CYDAER in the lower supra-
basal layers of the epidermis and its dynamic regulation during 
differentiation (with upregulation during early differentiation 
and downregulation in later stages) suggests that this lncRNA 
acts as a negative regulator of late-stage epidermal differenti-
ation in normal skin. In psoriasis, upregulation of CYDAER 
may contribute to the altered path of keratinocyte differentia-
tion with expansion of the lower suprabasal layers. We showed 
that IL-17A, a central cytokine in the pathogenesis of psoria-
sis [32], induces CYDAER in keratinocytes and 3D epidermal 
models, suggesting that IL-17A, perhaps in combination with 
other factors, can contribute to the overexpression of CYDAER 
in psoriasis epidermis.

In corneal epithelium, CYDAER was described as one of six ln-
cRNAs undergoing alternative splicing when the splicing-related 
protein pinin was depleted from human corneal epithelial cells 
[33]. The exon expression profile of pinin-depleted human corneal 

epithelial cells changed to match more closely the profile observed 
in this study. Interestingly, pinin was described to be crucial for 
the development and maintenance of epithelial tissues [34].

In hepatocellular carcinoma, as in many cancers, CYDAER was 
increased and promoted cell growth through regulation of auto-
phagy through direct interaction with PTEN [35]. CYDAER has 
further been suggested to be a favourable prognostic biomarker 
in oesophageal squamous cell carcinoma [36]. In contrast, in 
lung adenocarcinoma CYDAER has been reported to be overex-
pressed and linked to poor prognosis; in lung cancer cell lines, 
knockdown of CYDAER reduced proliferation, endoplasmic re-
ticulum stress, migration and invasions [37]. Interestingly, we 
found that unfolded protein response was enriched among genes 
significantly upregulated in psoriasis epidermis (Figure  S1). 
Moreover, ER stress has been implicated in psoriasis [38, 39], 
but whether regulation of ER stress may be involved in the role 
of CYDAER in psoriasis remains to be determined.

FIGURE 4    |    CYDAER is regulated by IL-17A and during differentiation in keratinocytes and its inhibition promotes keratinocyte differentiation. 
(a) qRT-PCR analysis of CYDAER in cultured primary human epidermal keratinocytes treated with IL-17A for the indicated timepoints. (b, c) 3D 
epidermal models were treated with IL-17A and CYDAER was analysed by qRT-PCR (b) and single molecule in situ hybridisation combined with 
immunofluorescent staining for Keratin 10 and WGA (wheat germ agglutinin, for plasma membrane labelling) (c). (d) Single molecule in situ hybridi-
sation for CYDAER combined with immunofluorescent staining for keratin 10 in psoriasis epidermis. (e) qRT-PCR analysis of the CYDAER and K10 
in primary human keratinocytes treated with 1.8 mM CaCl2 for the indicated times. (f) qRT-PCR analysis of the CYDAER and K10 in 3D epidermal 
equivalents harvested at the indicated timepoints relative to air-lifting. (g) qRT-PCR analysis of K10, FGL and LOR in primary human keratinocytes 
reverse transfected with an siRNA pool for CYDAER (siCYDAER) or control siRNA (siCtrl) and treated with 1.8 mM CaCl2 for the indicated times. 
Data in (a–b, e–g) are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Unpaired t-tests followed by Holm-Šídák correction 
for multiple comparisons (a, g), unpaired t-test (b), One-way ANOVA, Tukey's multiple comparison test (e, f). Scale bars = 20 μm (d), 50 μm (e)

TABLE 1    |    TaqMan qRT-PCR primers.

Gene Sequence 5′–3′

18S Forward CACGGACAGGATTGACAGATT

Probe AGTTGGTGGAGCGATTTGTCTGGT

Reverse GCCAGAGTCTCGTTCGTTATC

LINC01215 Forward GCCATGCTGAACTGTCTCT

Probe ACCCAAGTGTTACCAGTGAAGGGT

Reverse TCTTTGTTCAAAGCGCCAAG

LINC01123 Forward TCTTGCAACAGTGGCCG

Probe ACCACTGTAGTCAGAGAGGCCAGT

Reverse GTCAGCAGCAGCAGTGAG

CYDAER Forward GCTCTGGCACGAAGACAA

Probe CGATCTTGGCTCACTGCAACCTCT

Reverse CTCAGGTGGGTTGTCTGTAATC

KRT10 IDT Predesigned Assay ID Hs.PT.58.38635764

FLG Hs.PT.58.24292320.g

LOR Hs.PT.58.27761511

MALAT1 Hs.PT.58.26451167.g

HPRT1 Hs.PT.58v.45621572
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Both single molecule in  situ hybridisation and subcellular frac-
tionation experiments showed a predominantly cytoplasmic lo-
calisation of CYDAER in keratinocytes in line with results from 
subcellular fractions of HCC cell lines [35, 40] but in contrast to 
in situ hybridisation experiments on human cornea [33]. This sug-
gests that it can function by interacting with RNA or proteins in 
the cytoplasm and may interact with cytoplasmic RNAs or ribo-
protein complexes to regulate translation or protein modifications 
[41, 42]. Future studies will determine the interacting partners and 
function of CYDAER in epidermal homeostasis and dysfunction.

In addition to CYDAER, LINC01123 and LINC01215 were 
found to be overexpressed in psoriasis keratinocytes. Consistent 
with our previous findings, LINC01215 was also overexpressed 
in full-depth biopsies of psoriasis skin in another patient cohort 
and considered a potential biomarker in psoriasis [26, 43]. In 
epithelial ovarian cancer, LINC01215 was shown to regulate 
the RUNX3 promotor methylation leading to reduced RUNX3 
expression and increased proliferation, migration and invasion, 
but reduced apoptosis [44]. LINC01123 is still very poorly char-
acterised, and its expression and function in skin or psoriasis 
is as yet unknown. However, two independent studies have 
presented its role as a competing endogenous RNA for VEGFA 
[45, 46]. The function of these lncRNAs and their potential con-
tribution to psoriasis remains to be determined in future studies.

Our study identified a set of lncRNAs with yunidentified func-
tions that may not only contribute to epidermal dysfunction in 
psoriasis but may also be important regulators in epidermal bi-
ology. A limitation of our study is that by using sorted CD45neg 
epidermal cells, keratinocytes in the late differentiation stages 
may have been lost through the trypsinisation and purification 
column processes, since these may fail to effectively dissociate 
highly crosslinked epidermal keratinocytes. However, at the 
same time, our approach enabled the identification of a kera-
tinocyte lncRNA-signature, excluding lncRNAs from dermal 
cell population or epidermal immune cells. Moreover, the use 
of RNA sequencing with ribosomal depletion rather than the 
commonly used polyA+ selection allowed for the identification 
of non-polyA lncRNAs in addition to polyA transcripts [9].

In conclusion, this study expands our knowledge on the regula-
tory mechanisms in psoriasis epidermis and opens up for future 
functional studies aiming to understand the role of lncRNAs in 
skin biology and psoriasis.

4   |   Materials and Methods

4.1   |   Skin Biopsies and Patients

After written informed consent, 4 mm skin punch biopsies were 
collected from lesional (n = 39) and non-lesional (n = 37) skin of 
chronic plaque psoriasis patients and skin of seventeen healthy 
controls from the lower back or buttocks region. Patients had not 
received systemic immunosuppressive treatment or phototherapy 
for at least 4 weeks and topical therapy for at least 2 weeks before col-
lecting the skin biopsy. The study was approved by the Stockholm 
Regional Ethics Committee at Etikprövningsmyndigheten/
Swedish Ethical Review Authority, and all procedures were in ac-
cordance with the Declaration of Helsinki principles.

4.2   |   Isolation of CD45-Negative Epidermal Cells 
and RNA Isolation

CD45neg cells were isolated from human epidermis as described 
previously [30]. Briefly, biopsies were incubated with PBS + 5 U/
mL dispase (Thermo Fisher Scientific, Waltham, MA, USA) 
overnight at 4°C, and epidermal sheets were separated from the 
dermis using forceps and an epidermal single cell suspension 
was prepared by incubating the epidermis with trypsin/EDTA 
(Thermo Fisher Scientific, Waltham, MA, USA) for 15 min fol-
lowed by resuspension. The cell suspension was subjected to 
CD45-negative selection using CD45 microbeads and MACS 
magnetic cell separation (Miltenyi Biotec, Bergisch Gladbach, 
NRW, Germany). Keratinocytes were collected with the 
flowthrough and stored in Qiazol (Qiagen, Hilden, Germany) at 
−80°C until RNA isolation. RNA was isolated using the Qiagen 
miRNeasy kit (Qiagen, Hilden, Germany).

4.3   |   RNA Sequencing and Data Analysis

cDNA libraries were prepared of 300 ng of RNA from seven 
samples from psoriasis lesions and eight healthy epidermis sam-
ples, obtained as described above, using the Illumina Ribo-Zero 
Plus ribosomal depletion (Illumina, San Diego, CA, USA). The 
cDNA was sequenced on an Illumnia NovaSeq 6000 machine 
using 50 bp paired-end sequencing on a single SP flow cell at 
the SNP&SEQ Technology Platform in Uppsala. On average, 40 
million paired reads were obtained per sample. For each sam-
ple, quality control was performed (FastQC 0.11.8) and adapters 
were trimmed using Trim Galore! 0.6.4. We used STAR-2.6.1 
[47] to align the reads to the human reference genome (build 38).

Read counts were filtered by their expression level (minimum 
10 reads in at least seven samples, minimum 40 total reads 
and expression in > 70% of samples per condition), normalised 
using the TMM weighted trimmed mean of M-values method 
and differential expression analysis was conducted using edgeR 
3.42.4 [48]. The edgeR gene-wise negative binominal gener-
alised model was applied to fit the data, and differential expres-
sion was subsequently analysed using likelihood ratio testing. 
biomaRt 2.56.1 was used to retrieve gene information from the 
Ensembl database [49], and coding and non-coding genes were 
subset using the Ensembl gene biotypes. Principal component 
analysis (PCA) was performed using base R. Volcano plots were 
made using the R plot function. To generate heatmaps, pheat-
map 1.0.12 was used. Gene Ontology analysis was performed 
using enrichR [18] on significant differentially expressed coding 
genes (|FC| > 2, CPM > 1, FDR < 0.05).

4.4   |   Cell Culture and Treatments

Primary human epidermal keratinocytes (Thermo Fisher 
Scientific, Waltham, MA, USA) were cultured in Epilife Growth 
medium supplemented with 1% Penicillin/Streptomycin an-
tibiotics and 1% Human Keratinocyte Growth Supplement 
(both Gibco, Waltham, MA, USA). Primary keratinocytes were 
treated with human recombinant IL-17A (100 ng/mL) (R&D 
Systems, Minneapolis, MN, USA). For the calcium-induced dif-
ferentiation, cells were grown to confluency and their medium 
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was changed to supplement-free medium with 1.8 mM cal-
cium chloride. For siRNA transfection, pools of siRNAs tar-
geting LOC122526782 and negative control were purchased 
(siTOOLs, Planegg, Germany). One hundred thousand primary 
human epidermal keratinocytes were reverse transfected using 
RNAiMAX (Thermo Fisher Scientific, Waltham, MA, USA) into 
24 well plates using the siTOOLs protocol. Twenty-four hours 
after transfection, the medium was changed to growth medium 
until confluency, then to supplement-free medium with 1.8 mM 
calcium chloride.

4.5   |   3D Human Epidermal Models

Human epidermal models were generated using 24-well Nunc 
cell culture polycarbonate insert carrier plate system (Thermo 
Fisher Scientific, Waltham, MA, USA) seeded with 175 000 
human primary keratinocytes. The cells were cultured sub-
merged in medium for 2 days and then cultured exposed to the 
air-liquid interface for up to 11 days to form fully differentiated 
epidermal models. Day 1 sample was harvested 1 day before air-
lifting, day 2 and day 11 were harvested 2 and 11 days after air-
lifting, respectively. Medium was changed every other day, and 
during the last 4 days, the models were stimulated with 50 ng/
mL IL-17A (R&D Systems, Minneapolis, MN, USA).

4.6   |   qRT-PCR

Up to 300 ng of RNA were reverse transcribed using the 
RevertAid First strand synthesis kit (Thermo Fisher Scientific, 
Waltham, MA, USA). qRT-PCR TaqMan primers and probes 
were designed with the IDT Primer Quest tool or ordered pre-
designed (Table  1). Amplification of cDNA was performed 
using the QuantStudio 6 Real-time PCR system (Thermo Fisher 
Scientific, Waltham, USA). Expression levels were calculated 
using the delta-Ct-method through normalisation to the house-
keeping gene 18S.

Statistical analyses and plots were generated with GraphPad 
Prism 9.

4.7   |   Single Molecule In Situ Hybridisation 
and Immunofluorescence

A custom RNAscope Multiplex probe matching the 
ENST00000416221.5 transcript of CYDAER was ordered from 
Advanced Cell Diagnostics (ACD, Newark, CA, USA). Formalin-
fixed (4%) paraffin-embedded (FFPE) skin sections from pa-
tients with psoriasis or healthy donors were sectioned onto 
microscope slides at 7 μm thickness. The RNAscope Multiplex 
Immunofluorescence integrated co-detection reagents were 
used as stated in the manufacturer's instructions. Mouse Anti-
cytokeratin 10 [SPM261] (Novusbio, Abington Oxon, UK) 1:100 
was used together with anti-mouse AF-647, and counterstaining 
was done with Fluorescein Wheat Germ Agglutinin 1:100 and 
DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride) 1:1000 
(both Thermo Fisher Scientific, Waltham, MA, USA). For im-
aging, a Zeiss LSM 900 Airy2 confocal microscope was used.

Author Contributions

E.S. and A.P. were involved in the conceptualisation of the study, study 
funding, supervision and manuscript editing. J.C.F. was involved in 
the experimental design, carried out the majority of experiments and 
data analysis and wrote the manuscript in consultation with E.S. L.L. 
conducted sample sorting and preparation for RNA sequencing, partic-
ipated in experimental design, carried out experiments and performed 
data analysis. E.K., J.E. and V.S. carried out experiments. All authors 
critically reviewed the manuscript.

Acknowledgements

The authors would like to thank the patients and healthy control sub-
jects who took part in this study and the nurses at the Swedish Psoriasis 
Association who contributed to the work. The Genotype-Tissue 
Expression (GTEx) Project was supported by the Common Fund of the 
Office of the Director of the National Institutes of Health, and by NCI, 
NHGRI, NHLBI, NIDA, NIMH and NINDS. The data used for the anal-
yses described in this manuscript were obtained from the GTEx Portal 
on 03.04.2024.

Ethics Statement

The study was approved by the Stockholm Regional Ethics Committee 
at Etikprövningsmyndigheten (Swedish Ethical Review Authority, Dnr. 
2021-01568 and 2022-01804-02) and all procedures were in accordance 
with the Declaration of Helsinki principles. All patients and healthy do-
nors gave their written informed consent prior to inclusion.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available 
in Gene Expression Omnibus at https://​www.​ncbi.​nlm.​nih.​gov/​geo/​
query/​​acc.​cgi?​acc=​GSE27​4560, reference number GSE274560.

References

1. G. Damiani, N. L. Bragazzi, C. Karimkhani Aksut, et al., “The Global, 
Regional, and National Burden of Psoriasis: Results and Insights From 
the Global Burden of Disease 2019 Study,” Frontiers in Medicine 8 (2021): 
743180, https://​doi.​org/​10.​3389/​fmed.​2021.​743180.

2. C. E. M. Griffiths, A. W. Armstrong, J. E. Gudjonsson, and J. N. W. N. 
Barker, “Psoriasis,” Lancet 397, no. 10281 (2021): 1301–1315, https://​doi.​
org/​10.​1016/​S0140​-​6736(20)​32549​-​6.

3. N. Garzorz-Stark and K. Eyerich, “Psoriasis Pathogenesis: Keratino-
cytes Are Back in the Spotlight,” Journal of Investigative Dermatology 
139, no. 5 (2019): 995–996, https://​doi.​org/​10.​1016/j.​jid.​2019.​01.​026.

4. I. A. McKay and I. M. Leigh, “Altered Keratinocyte Growth and Dif-
ferentiation in Psoriasis,” Clinics in Dermatology 13, no. 2 (1995): 105–
114, https://​doi.​org/​10.​1016/​0738-​081x(95)​93817​-​8.

5. N. Dand, P. E. Stuart, J. Bowes, et al., “GWAS Meta-Analysis of Pso-
riasis Identifies New Susceptibility Alleles Impacting Disease Mecha-
nisms and Therapeutic Targets,” medRxiv (2023), https://​doi.​org/​10.​
1101/​2023.​10.​04.​23296543.

6. C. Ferreli, A. L. Pinna, L. Pilloni, C. F. Tomasini, and F. Rongioletti, 
“Histopathological Aspects of Psoriasis and Its Uncommon Variants,” 
Giornale Italiano di Dermatologia e Venereologia 153, no. 2 (2018): 173–
184, https://​doi.​org/​10.​23736/​​S0392​-​0488.​17.​05839​-​4.

 16000625, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.70054 by U

ppsala U
niversity L

ibrary, W
iley O

nline L
ibrary on [16/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE274560
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE274560
https://doi.org/10.3389/fmed.2021.743180
https://doi.org/10.1016/S0140-6736(20)32549-6
https://doi.org/10.1016/S0140-6736(20)32549-6
https://doi.org/10.1016/j.jid.2019.01.026
https://doi.org/10.1016/0738-081x(95)93817-8
https://doi.org/10.1101/2023.10.04.23296543
https://doi.org/10.1101/2023.10.04.23296543
https://doi.org/10.23736/S0392-0488.17.05839-4


12 of 13 Experimental Dermatology, 2025

7. M. A. Lowes, C. B. Russell, D. A. Martin, J. E. Towne, and J. G. 
Krueger, “The IL-23/T17 Pathogenic Axis in Psoriasis Is Amplified by 
Keratinocyte Responses,” Trends in Immunology 34, no. 4 (2013): 174–
181, https://​doi.​org/​10.​1016/j.​it.​2012.​11.​005.

8. A. Rendon, and K. Schäkel, “Psoriasis Pathogenesis and Treatment,” 
International Journal of Molecular Sciences 20, no. 6 (2019): 1475, https://​
doi.​org/​10.​3390/​ijms2​0061475.

9. J. S. Mattick, P. P. Amaral, P. Carninci, et  al., “Long Non-Coding 
RNAs: Definitions, Functions, Challenges and Recommendations,” Na-
ture Reviews Molecular Cell Biology 24, no. 6 (2023): 430–447, https://​
doi.​org/​10.​1038/​s4158​0-​022-​00566​-​8.

10. R.-W. Yao, Y. Wang, and L.-L. Chen, “Cellular Functions of Long 
Noncoding RNAs,” Nature Cell Biology 21, no. 5 (2019): 542–551, https://​
doi.​org/​10.​1038/​s4155​6-​019-​0311-​8.

11. J. Ferrer and N. Dimitrova, “Transcription Regulation by Long Non-
Coding RNAs: Mechanisms and Disease Relevance,” Nature Reviews 
Molecular Cell Biology 25, no. 5 (2024): 396–415, https://​doi.​org/​10.​1038/​
s4158​0-​023-​00694​-​9.

12. L. Statello, C.-J. Guo, L.-L. Chen, and M. Huarte, “Gene Regulation 
by Long Non-Coding RNAs and Its Biological Functions,” Nature Re-
views Molecular Cell Biology 22, no. 2 (2021): 96–118, https://​doi.​org/​10.​
1038/​s4158​0-​020-​00315​-​9.

13. D. Karakas and B. Ozpolat, “The Role of LncRNAs in Translation,” 
Non-Coding RNA 7, no. 1 (2021): 16, https://​doi.​org/​10.​3390/​ncrna​
7010016.

14. M. Kretz, Z. Siprashvili, C. Chu, et al., “Control of Somatic Tissue 
Differentiation by the Long Non-Coding RNA TINCR,” Nature 493, no. 
7431 (2013): 231–235, https://​doi.​org/​10.​1038/​natur​e11661.

15. M. Kretz, D. E. Webster, R. J. Flockhart, et al., “Suppression of Pro-
genitor Differentiation Requires the Long Noncoding RNA ANCR,” 
Genes & Development 26, no. 4 (2012): 338–343, https://​doi.​org/​10.​1101/​
gad.​182121.​111.

16. E. Sonkoly, Z. Bata-Csorgo, A. Pivarcsi, et  al., “Identification and 
Characterization of a Novel, Psoriasis Susceptibility-Related Noncoding 
RNA Gene, PRINS,” Journal of Biological Chemistry 280, no. 25 (2005): 
24159–24167, https://​doi.​org/​10.​1074/​jbc.​M5017​04200​.

17. L. C. Tsoi, M. K. Iyer, P. E. Stuart, et  al., “Analysis of Long Non-
Coding RNAs Highlights Tissue-Specific Expression Patterns and Epi-
genetic Profiles in Normal and Psoriatic Skin,” Genome Biology 16, no. 1 
(2015): 24, https://​doi.​org/​10.​1186/​s1305​9-​014-​0570-​4.

18. M. V. Kuleshov, M. R. Jones, A. D. Rouillard, et al., “Enrichr: A Com-
prehensive Gene Set Enrichment Analysis Web Server 2016 Update,” 
Nucleic Acids Research 44, no. W1 (2016): W90–W97, https://​doi.​org/​10.​
1093/​nar/​gkw377.

19. M. Milacic, D. Beavers, P. Conley, et  al., “The Reactome Path-
way Knowledgebase 2024,” Nucleic Acids Research 52, no. D1 (2024): 
D672–D678, https://​doi.​org/​10.​1093/​nar/​gkad1025.

20. Y.-J. Kang, D.-C. Yang, L. Kong, et al., “CPC2: A Fast and Accurate 
Coding Potential Calculator Based on Sequence Intrinsic Features,” 
Nucleic Acids Research 45, no. W1 (2017): W12–W16, https://​doi.​org/​10.​
1093/​nar/​gkx428.

21. Y. Hu, L. Lei, L. Jiang, et al., “LncRNA UCA1 Promotes Keratinocyte-
Driven Inflammation via Suppressing METTL14 and Activating the 
HIF-1α/NF-κB Axis in Psoriasis,” Cell Death & Disease 14, no. 4 (2023): 
279, https://​doi.​org/​10.​1038/​s4141​9-​023-​05790​-​4.

22. K. G. Ardlie, D. S. Deluca, A. V. Segrè, et al., “Human Genomics. The 
Genotype-Tissue Expression (GTEx) Pilot Analysis: Multitissue Gene 
Regulation in Humans,” Science 348, no. 6235 (2015): 648–660.

23. R. Bogle, M. T. Patrick, S. Sreeskandarajan, et al., “Profiling lncRNA 
in Psoriatic Skin Using scRNA-Seq,” Journal of Investigative Dermatol-
ogy (2024), https://​doi.​org/​10.​1016/j.​jid.​2024.​09.​010.

24. J. Gao, F. Chen, M. Hua, et al., “Knockdown of lncRNA MIR31HG 
Inhibits Cell Proliferation in Human HaCaT Keratinocytes,” Biological 
Research 51, no. 1 (2018): 30, https://​doi.​org/​10.​1186/​s4065​9-​018-​0181-​8.

25. L. Luo, L. Pasquali, A. Srivastava, J. C. Freisenhausen, A. Pivarcsi, 
and E. Sonkoly, “The Long Noncoding RNA LINC00958 Is Induced in 
Psoriasis Epidermis and Modulates Epidermal Proliferation,” Journal of 
Investigative Dermatology 143, no. 6 (2023): 999–1010, https://​doi.​org/​10.​
1016/j.​jid.​2022.​12.​011.

26. V. M. Stacey and S. Kõks, “Genome-Wide Differential Transcription 
of Long Noncoding RNAs in Psoriatic Skin,” International Journal of 
Molecular Sciences 24, no. 22 (2023): 16344, https://​doi.​org/​10.​3390/​
ijms2​42216344.

27. K. Szegedi, A. Göblös, S. Bacsa, et al., “Expression and Functional 
Studies on the Noncoding RNA, PRINS,” International Journal of Mo-
lecular Sciences 14, no. 1 (2012): 205–225, https://​doi.​org/​10.​3390/​ijms1​
4010205.

28. J. Xian, M. Shang, Y. Dai, et  al., “N6-Methyladenosine-Modified 
Long Non-Coding RNA AGAP2-AS1 Promotes Psoriasis Pathogenesis 
via miR-424-5p/AKT3 Axis,” Journal of Dermatological Science 105, no. 
1 (2022): 27–36, https://​doi.​org/​10.​1016/j.​jderm​sci.​2021.​11.​007.

29. J. B. Cheng, A. J. Sedgewick, A. I. Finnegan, et al., “Transcriptional 
Programming of Normal and Inflamed Human Epidermis at Single-
Cell Resolution,” Cell Reports 25, no. 4 (2018): 871–883, https://​doi.​org/​
10.​1016/j.​celrep.​2018.​09.​006.

30. L. Pasquali, A. Srivastava, F. Meisgen, et  al., “The Keratinocyte 
Transcriptome in Psoriasis: Pathways Related to Immune Responses, 
Cell Cycle and Keratinization,” Acta Dermato-Venereologica 99, no. 2 
(2019): 196–205, https://​doi.​org/​10.​2340/​00015​555-​3066.

31. S. Nakamizo, H. Doi, and K. Kabashima, “Metabolic Dynamics in 
Psoriatic Epidermis: Enhanced Glucose and Lactate Uptake, Glycolytic 
Pathway and TCA Cycle Dynamics,” Experimental Dermatology 33, no. 
7 (2024): e15127, https://​doi.​org/​10.​1111/​exd.​15127​.

32. K. Ghoreschi, A. Balato, C. Enerbäck, and R. Sabat, “Therapeutics 
Targeting the IL-23 and IL-17 Pathway in Psoriasis,” Lancet 397, no. 
10275 (2021): 754–766, https://​doi.​org/​10.​1016/​S0140​-​6736(21)​00184​-​7.

33. J. H. Joo, D. Ryu, Q. Peng, and S. P. Sugrue, “Role of PNN in Alterna-
tive Splicing of a Specific Subset of lncRNAs of the Corneal Epithelium,” 
Molecular Vision 20 (2014): 1629–1642.

34. J.-H. Joo, Y. H. Kim, N. W. Dunn, and S. P. Sugrue, “Disruption of 
Mouse Corneal Epithelial Differentiation by Conditional Inactivation 
of PNN,” Investigative Ophthalmology & Visual Science 51, no. 4 (2010): 
1927–1934, https://​doi.​org/​10.​1167/​iovs.​09-​4591.

35. L. Liang, L. Huan, J. Wang, Y. Wu, S. Huang, and X. He, “LncRNA 
RP11-295G20.2 Regulates Hepatocellular Carcinoma Cell Growth and 
Autophagy by Targeting PTEN to Lysosomal Degradation,” Cell Discov-
ery 7, no. 1 (2021): 118, https://​doi.​org/​10.​1038/​s4142​1-​021-​00339​-​1.

36. Z.-J. Zheng, Y.-S. Li, J.-D. Zhu, et  al., “Construction of the Six-
lncRNA Prognosis Signature as a Novel Biomarker in Esophageal Squa-
mous Cell Carcinoma,” Frontiers in Genetics 13 (2022): 839589, https://​
doi.​org/​10.​3389/​fgene.​2022.​839589.

37. L. Yu, S. Zhou, W. Hong, N. Lin, Q. Wang, and P. Liang, “Character-
ization of an Endoplasmic Reticulum Stress-Associated lncRNA Prog-
nostic Signature and the Tumor-Suppressive Role of RP11-295G20.2 
Knockdown in Lung Adenocarcinoma,” Scientific Reports 14, no. 1 
(2024): 12283, https://​doi.​org/​10.​1038/​s4159​8-​024-​62836​-​z.

38. K. Sugiura, Y. Muro, K. Futamura, et al., “The Unfolded Protein Re-
sponse Is Activated in Differentiating Epidermal Keratinocytes,” Jour-
nal of Investigative Dermatology 129, no. 9 (2009): 2126–2135, https://​
doi.​org/​10.​1038/​jid.​2009.​51.

39. L. Zhao, J. Li, B. Jiang, et al., “GRP78 Downregulation in Keratinocytes 
Promotes Skin Inflammation Through the Recruitment and Activation of 

 16000625, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.70054 by U

ppsala U
niversity L

ibrary, W
iley O

nline L
ibrary on [16/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.it.2012.11.005
https://doi.org/10.3390/ijms20061475
https://doi.org/10.3390/ijms20061475
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1038/s41556-019-0311-8
https://doi.org/10.1038/s41556-019-0311-8
https://doi.org/10.1038/s41580-023-00694-9
https://doi.org/10.1038/s41580-023-00694-9
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.3390/ncrna7010016
https://doi.org/10.3390/ncrna7010016
https://doi.org/10.1038/nature11661
https://doi.org/10.1101/gad.182121.111
https://doi.org/10.1101/gad.182121.111
https://doi.org/10.1074/jbc.M501704200
https://doi.org/10.1186/s13059-014-0570-4
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1093/nar/gkad1025
https://doi.org/10.1093/nar/gkx428
https://doi.org/10.1093/nar/gkx428
https://doi.org/10.1038/s41419-023-05790-4
https://doi.org/10.1016/j.jid.2024.09.010
https://doi.org/10.1186/s40659-018-0181-8
https://doi.org/10.1016/j.jid.2022.12.011
https://doi.org/10.1016/j.jid.2022.12.011
https://doi.org/10.3390/ijms242216344
https://doi.org/10.3390/ijms242216344
https://doi.org/10.3390/ijms14010205
https://doi.org/10.3390/ijms14010205
https://doi.org/10.1016/j.jdermsci.2021.11.007
https://doi.org/10.1016/j.celrep.2018.09.006
https://doi.org/10.1016/j.celrep.2018.09.006
https://doi.org/10.2340/00015555-3066
https://doi.org/10.1111/exd.15127
https://doi.org/10.1016/S0140-6736(21)00184-7
https://doi.org/10.1167/iovs.09-4591
https://doi.org/10.1038/s41421-021-00339-1
https://doi.org/10.3389/fgene.2022.839589
https://doi.org/10.3389/fgene.2022.839589
https://doi.org/10.1038/s41598-024-62836-z
https://doi.org/10.1038/jid.2009.51
https://doi.org/10.1038/jid.2009.51


13 of 13

CCR6+ IL-17A-Producing γδ T Cells,” Journal of Investigative Dermatol-
ogy 144, no. 7 (2024): 1557–1567, https://​doi.​org/​10.​1016/j.​jid.​2023.​12.​023.

40. J. Li, T. Xia, J. Cao, et al., “RP11-295G20.2 Facilitates Hepatocellular 
Carcinoma Progression via the miR-6884-3p/CCNB1 Pathway,” Aging 
12, no. 14 (2020): 14918–14932, https://​doi.​org/​10.​18632/​​aging.​103552.

41. A. B. Herman, D. Tsitsipatis, and M. Gorospe, “Integrated lncRNA 
Function Upon Genomic and Epigenomic Regulation,” Molecular Cell 82, 
no. 12 (2022): 2252–2266, https://​doi.​org/​10.​1016/j.​molcel.​2022.​05.​027.

42. J. H. Noh, K. M. Kim, W. G. McClusky, K. Abdelmohsen, and M. 
Gorospe, “Cytoplasmic Functions of Long Noncoding RNAs,” Wiley In-
terdisciplinary Reviews: RNA 9, no. 3 (2018): e1471, https://​doi.​org/​10.​
1002/​wrna.​1471.

43. F. Fan, Z. Huang, and Y. Chen, “Integrated Analysis of Immune-
Related Long Noncoding RNAs as Diagnostic Biomarkers in Psoriasis,” 
PeerJ 9 (2021): e11018, https://​doi.​org/​10.​7717/​peerj.​11018​.

44. W. Liu, S. Tan, X. Bai, S. Ma, and X. Chen, “Long Non-Coding RNA 
LINC01215 Promotes Epithelial-Mesenchymal Transition and Lymph 
Node Metastasis in Epithelial Ovarian Cancer Through RUNX3 Pro-
moter Methylation,” Translational Oncology 14, no. 8 (2021): 101135, 
https://​doi.​org/​10.​1016/j.​tranon.​2021.​101135.

45. B. Dong, C. Li, X. Xu, Y. Wang, Y. Li, and X. Li, “LncRNA LINC01123 
Promotes Malignancy of Ovarian Cancer by Targeting Hsa-miR-
516b-5p/VEGFA,” Genes & Genomics 46, no. 2 (2024): 231–239, https://​
doi.​org/​10.​1007/​s1325​8-​023-​01440​-​3.

46. S. Ye, B. Sun, W. Wu, et al., “LINC01123 Facilitates Proliferation, In-
vasion and Chemoresistance of Colon Cancer Cells,” Bioscience Reports 
40, no. 8 (2020): BSR20194062, https://​doi.​org/​10.​1042/​BSR20​194062.

47. A. Dobin, C. A. Davis, F. Schlesinger, et al., “STAR: Ultrafast Uni-
versal RNA-Seq Aligner,” Bioinformatics 29, no. 1 (2013): 15–21, https://​
doi.​org/​10.​1093/​bioin​forma​tics/​bts635.

48. M. D. Robinson, D. J. McCarthy, and G. K. Smyth, “edgeR: A Bio-
conductor Package for Differential Expression Analysis of Digital Gene 
Expression Data,” Bioinformatics 26, no. 1 (2010): 139–140, https://​doi.​
org/​10.​1093/​bioin​forma​tics/​btp616.

49. F. J. Martin, M. R. Amode, A. Aneja, et al., “Ensembl 2023,” Nucleic 
Acids Research 51, no. D1 (2023): D933–D941, https://​doi.​org/​10.​1093/​
nar/​gkac958.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 16000625, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.70054 by U

ppsala U
niversity L

ibrary, W
iley O

nline L
ibrary on [16/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.jid.2023.12.023
https://doi.org/10.18632/aging.103552
https://doi.org/10.1016/j.molcel.2022.05.027
https://doi.org/10.1002/wrna.1471
https://doi.org/10.1002/wrna.1471
https://doi.org/10.7717/peerj.11018
https://doi.org/10.1016/j.tranon.2021.101135
https://doi.org/10.1007/s13258-023-01440-3
https://doi.org/10.1007/s13258-023-01440-3
https://doi.org/10.1042/BSR20194062
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/nar/gkac958
https://doi.org/10.1093/nar/gkac958

	RNA Sequencing Reveals the Long Non-Coding RNA Signature in Psoriasis Keratinocytes and Identifies CYDAER as a Long Non-Coding RNA Regulating Epidermal Differentiation
	ABSTRACT
	1   |   Introduction
	2   |   Results
	2.1   |   Comprehensive Characterisation of the Coding and Non-Coding Transcriptome of Psoriasis Keratinocytes
	2.2   |   Long Non-Coding RNAs CYDAER (RP11-295G20.2), LINC01123, and LINC01215 Are Significantly Overexpressed in Keratinocytes in Psoriasis Lesions
	2.3   |   CYDAER Is a Skin-Enriched Cytoplasmatic Long Non-Coding RNA
	2.4   |   CYDAER Is Induced by IL-17A in Keratinocytes
	2.5   |   CYDAER Regulates Keratinocyte Differentiation

	3   |   Discussion
	4   |   Materials and Methods
	4.1   |   Skin Biopsies and Patients
	4.2   |   Isolation of CD45-Negative Epidermal Cells and RNA Isolation
	4.3   |   RNA Sequencing and Data Analysis
	4.4   |   Cell Culture and Treatments
	4.5   |   3D Human Epidermal Models
	4.6   |   qRT-PCR
	4.7   |   Single Molecule In Situ Hybridisation and Immunofluorescence

	Author Contributions
	Acknowledgements
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


