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Abstract
MicroRNAs (miRNAs) are small non-coding RNAs that have emerged as central regu-
lators of gene expression and powerful biomarkers of disease. Much is yet unknown 
about their role in psoriasis pathology. To globally characterize the miRNAome of pso-
riatic skin, skin biopsies were collected from psoriatic cases (n = 75) and non-psoriatic 
controls (n = 46) and RNA sequenced. Count data were meta-analysed with a previ-
ously published dataset (cases, n = 24, controls, n = 20), increasing the number of 
psoriatic cases fourfold from previously published studies. Differential gene expres-
sion analyses were performed comparing lesional psoriatic (PP), non-lesional psoriatic 
(PN) and control (NN) skin. Further, functional enrichment and cell-specific analyses 
were performed. Across all contrasts, we identified 439 significantly differentially ex-
pressed miRNAs (DEMs), of which 85 were novel for psoriasis and 11 were related to 
disease severity. Meta-analyses identified 20 DEMs between PN and NN, suggesting 
an inherent change in the constitution of all skin in psoriasis. By integrating the miRNA 
transcriptome with mRNA target interactions, we identified several functionally en-
riched terms, including “thyroid hormone signalling,” “insulin resistance” and various 
infectious diseases. Cell-specific expression analyses revealed that the upregulated 
DEMs were enriched in epithelial and immune cells. This study provides the most 
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1  |  INTRODUC TION

Psoriasis is a complex disease, triggered by environmental factors 
in genetically susceptible individuals. The prevalence is substantially 
higher in the Nordic countries1–3 compared to global estimates.4 
Genomic studies have established psoriasis as a Th-17/IL-23-
dominated disease5 and guided development of novel treatments.5 
However, the exact pathophysiological mechanisms are unknown, 
and the regulatory mechanisms of psoriasis genetics have not yet 
been fully explained.

MicroRNAs (miRNAs) are non-coding RNAs that contribute 
to post-transcriptional downregulation of gene expression by re-
pressing or degrading their target messenger RNAs (mRNAs).6 More 
than 60% of human mRNAs contain evolutionary conserved miRNA 
target sites, suggesting that miRNAs can have a profound impact on 
cellular states and disease phenotypes.7 The first miRNAs associ-
ated with psoriasis were published in 2007.8 With increasing sam-
ple sizes, advancing technologies and analytical methods, several 
differentially expressed miRNAs (DEMs) have since been identified 
in psoriasis.8–15 Targeted characterization has shown that many of 
these DEMs play central roles in regulating cellular functions, in-
cluding regulatory roles of miR-125b in epidermal differentiation16 
and miR-21 in T-cell apoptosis.17 Further, several DEMs have been 
shown to have central roles in psoriasis pathophysiology, including 
miR-31 which increases production of tumor necrosis factor (TNF)18 
and miR-21 which leads to chronic inflammation in patients with 
psoriasis.18 In addition, specific miRNAs show promise as sensitive 
biomarkers for psoriasis disease activity, prognosis and treatment 
response,19 as well as targets for epigenetic-modifying therapies.20 
Examples include miR-146a whose levels correlate with increasing 
psoriasis severity.21 However, previous studies have involved a rel-
atively small number of skin samples, some did not include a con-
trol group and the majority have employed microarrays rather than 
next-generation sequencing. For the study with the largest reported 
sample size to date (psoriatic cases, n = 24),11 we found the repro-
ducibility of the reported miRNAs unclear, most likely due to their 
choice of statistical approach, employing a chi-square goodness-of-
fit test.

To comprehensively profile the psoriasis miRNAome, we used 
high-resolution RNA sequencing (RNA-seq) of a large number of le-
sional psoriatic (PP), non-lesional psoriatic (PN) and control (NN) skin 
from 121 individuals (cases, n  =  75; controls, n  =  46). To test the 
reproducibility of our results and to increase the power to detect 

novel DEMs, we did a robust statistical re-analysis of the largest 
dataset published to date (GSE31037)11 and meta-analysed this with 
our data. The meta-analysis included 99 psoriatic cases and 66 non-
psoriatic controls, increasing the number of psoriatic cases fourfold 
from previously published studies on miRNAs in psoriasis.

2  |  MATERIAL S AND METHODS

2.1  |  Participants and skin samples

Participants were adults of European descent. Cases had psoriasis 
vulgaris diagnosed by a dermatologist and underwent a wash-out 
period without any topical or systemic-/phototherapy for 2 and 
4 weeks prior to participation, respectively. Controls did not have 
psoriasis or any other inflammatory skin disease, nor any first-
degree relatives with psoriasis. Participants were excluded if they 
had used tanning beds 4 weeks prior to participation. Disease sever-
ity was assessed using Psoriasis Area and Severity Index (PASI)22 by 
a dermatologist or specially trained MD/PhD Candidate. From cases, 
two 4 mm skin biopsies were collected: one PP and one PN. PP was 
collected from the outer rim of a plaque, in the area which appeared 
most inflamed macroscopically. From controls, one 4 mm skin biopsy 
NN was collected. When possible, the PN and NN samples were 
taken from a sun-protected area on the buttock and PN was taken 
at least 10  cm away from any visible plaque. Biopsies were snap 
frozen in liquid nitrogen bedside and later stored at −80°C. Written 
informed consent was obtained from all participants. The study 
was approved by the Regional Committee for Medical and Health 
Research Ethics in Mid-Norway (27396) and conducted according to 
the Declaration of Helsinki principles.

2.2  |  Total RNA extraction, library preparation and 
RNA sequencing

Skin biopsies were homogenized using Precellys homogenizer (Bertin 
Technologies), and RNA was extracted using mirVana Isolation Kit 
(Applied Biosystems). To mitigate potential batch effects, sam-
ples were RNA isolated and sequenced in a randomized order. 
Sequencing libraries were prepared using the NEXTflex small RNA-
seq kit v3 (Bioo Scientific/PerkinElmer). Fragments/libraries were 
run on a Labchip GX (Caliper/PerkinElmer), for quality control and 

comprehensive overview of the miRNAome in psoriatic skin to date and identifies a 
miRNA signature related to psoriasis severity. Our results may represent molecular 
links between psoriasis and related comorbidities and have outlined potential direc-
tions for future functional studies to identify biomarkers and treatment targets.
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quantitation. Individual libraries were normalized and pooled. The 
library pool was later purified with the QIAquick PCR Purification 
Kit (Qiagen AB) and evaluated on Bioanalyzer (Agilent Technologies) 
according to instructions. The mean RNA integrity number (RIN) 
across all samples was 8.2 (standard deviation 1.2). We did not 
apply a specific RIN value cut-off threshold, as miRNA expression 
is highly stable despite tissue degradation.23,24 The pool of librar-
ies was quantified with the KAPA Library Quantification Kit (Roche) 
and subject to clustering by a cBot Cluster Generation System on 
a HiSeq4000 flow cell (Illumina, Inc.). Single-end read sequencing 
was performed on an Illumina HiSeq4000 instrument, in accordance 
with the manufacturer's instructions (Illumina, Inc.).

2.3  |  Differential expression analysis

Adapter sequences were removed from the raw data using cuta-
dapt,25 and reads with Phred quality score of less than 33 were fil-
tered out using fastx_collapser. The processed reads were aligned 
to the human genome GRCh38, and htseq-count26 was used 
to annotate the reads to distinct gene types in GRCh38.92 and 
RNAcentral-9.0 (Figure S1). The reads were then mapped to human 
miRNAs in the miRBase database v2227 with the miraligner tool.28 
The count matrix was prepared with number of reads mapping to 
each miRNA per sample and was transformed using the voom al-
gorithm from the limma package of Bioconductor.29,30 MicroRNAs 
with an average count per million across all samples of less than one 
were filtered out. This normalized count matrix of 526 expressed 
miRNAs is deposited in the Gene Expression Omnibus (GEO) reposi-
tory (GSE174763). We identified DEMs in our samples (henceforth; 
the NTNU dataset) across three contrasts (PP versus NN, PP versus 
PN and PN versus NN) using a linear model adjusted for sex, age 
and BMI. The Benjamini-Hochberg method31 was used to control 
the false discovery rate (FDR), and miRNAs with FDR <0.05 were 
considered significantly differentially expressed. We reanalysed the 
hitherto largest published miRNA dataset in psoriatic skin (NCBI 
GEO accession number: GSE31037) (henceforth; the Joyce data-
set).11 To enable comparison of statistical approaches, we applied 
the same statistical approach on the Joyce dataset as on the NTNU 
dataset, before combining the two datasets for a meta-analysis. This 
meta-analysis included an additional factor estimating expression 
differences between the two datasets in the linear model. To deter-
mine whether any miRNAs were related to psoriasis severity, cases 
were separated into PASI <10 and PASI ≥10 before differential ex-
pression analysis.

2.4  |  Quantitative RT-PCR (qRT-PCR)

For technical validation of the RNA-seq data, we did quantitative RT-
PCR (qRT-PCR) on four selected DEMs: miR-664b-3p, miR-103a-3p, 
miR-374a-5p and miR-10a-5p. The four DEMs were prioritized based 
on novelty, association with PASI, fold change (FC), FDR values and 

manual literature searches. Total RNA was reverse transcribed using 
TaqMan Advanced miRNA cDNA synthesis kit (Applied Biosystems, 
A28007) followed by qRT-PCR using TaqMan Fast Advanced mas-
ter mix (Applied Biosystems, 4444557) and TaqMan Advanced 
miRNA assays (Applied Biosystems, A25576, Assay IDs 479148_mir, 
478253_mir, 478238_mir and 479241_mir). Quantification was done 
using the Step One Real-time PCR system (Applied Biosystems). 
The relative expression of miRNAs was calculated using the ddCt 
method32 with let-7b-5p (Assay ID 478576_mir) as an endogenous 
control. let-7b-5p was chosen as an endogenous control as it was not 
differentially expressed in the RNA-seq data, was highly expressed 
and had low variation across all samples. The results were presented 
as log2FC values ±  standard error of mean (SEM). Differences be-
tween sample groups were estimated using the two-tailed Student's 
t test, assuming equal variances. A value of p < 0.05 was considered 
statistically significant. Plots were made using the R packages gglot2 
and ggpubr.

2.5  |  Target prediction and functional 
enrichment analysis

Target genes for the up- and downregulated DEMs with FDR <0.05 
and average RPM >100 were identified using the TargetScan data-
base.33 Functional enrichment of Kyoto Encyclopedia of Genes and 
Genomes (KEGG) terms was performed using the gprofiler2 package 
in R.34 DEMs associated with psoriasis severity were analysed for 
enrichment of Reactome terms35 using the online tool miRnet (www.
mirnet.ca).36,37

2.6  |  Cell and tissue-specific expression analysis

The FANTOM5 atlas38 was used to determine which cells express 
the top 10 up- and downregulated DEMs by FC in the meta-analysis, 
both overall and after PASI stratification. The FANTOM5 miRNA 
atlas is based on a comprehensive range of human samples, and each 
miRNA has been annotated as cell type enriched and depleted based 
on its expression profile in different cell types.38 FANTOM5 data 
were also used to do cell-specific functional enrichment analysis. 
Specifically, for each cell type among a set of selected FANTOM5 
cell types, DEMs with RPM >100 for that cell type were identified 
and target prediction and KEGG enrichment analyses were then 
done for these DEMs.

3  |  RESULTS

A total of 75 psoriatic cases and 46 controls were enrolled in the 
study (cases: mean age 52.7, 44% women; controls: mean age 38.9, 
50% women); clinical characteristics are given in Table S1. We iso-
lated and sequenced small RNAs from the samples and the result-
ing libraries were highly enriched for miRNAs (Figure S1). Individual 
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participant and sample characteristics are presented in Table S2. 
Multidimensional scaling of the miRNA expression profiles revealed 
overlap between PN and NN, with PP clearly separated from PN and 
NN (Figure 1A). For comparison, we reanalysed the small RNA se-
quencing data from Joyce et al.11 Despite major differences in the 
overall miRNA expression profiles between the two datasets, both 
showed consistent separation between PP and non-lesional (PN, 
NN) samples (Figure 1A).

Focusing on annotated DEMs, we then identified DEMs between 
the three sample groups. In PP/NN, we identified 375 DEMs in the 
NTNU dataset, 231 DEMs in the Joyce dataset and 395 DEMs in 
the meta-analysis (FDR <0.05, abs(log2FC) >0) (Table 1, Figure 1B,C, 
Tables S3–S5). In PP/PN, we identified 415, 225 and 401 DEMs in the 
NTNU, Joyce and meta-analysis datasets, respectively. In PN/NN, 
we identified 4 DEMs in the NTNU dataset and none in the Joyce 
dataset. However, when the data were pooled for the meta-analysis, 
20 DEMs were identified (Figure 1D,E, Table S5). Table 2A–C shows 
the top 10 DEMs for each contrast in the meta-analysis. Technical 

validation by qRT-PCR analysis of four miRNAs (miR-664b-3p, miR-
103a-3p, miR-374a-5p and miR-10a-5p) showed a high degree of 
correlation with the RNA-seq data (Pearson's correlation coefficient 
r = 0.997, p = 0.003; Figure S2).

The reproducibility of our results was further high as (1) the 
shared DEMs in the NTNU and Joyce datasets were highly correlated 
(Pearson's correlation coefficient r = 0.89 for PP/NN, r = 0.87 for 
PP/PN) and (2) these shared DEMs (Figure 1F) where largely consis-
tently expressed, as only 4 of 155 DEMs has opposite log2FC signs 
between the two datasets. Intersecting the DEMs showed substan-
tial overlap between datasets (Figure  1F). A total of 28 DEMs in 
PP/NN were exclusively identified in the meta-analysis, and many 
of these were among the DEMs with the lowest log2FC (Figure S3, 
Table S6). To identify annotated miRNAs which had not previously 
been associated with psoriasis, we compared our results from the 
meta-analysis to previously published studies.8–12,14,15,21,39,40 In 
total, we identified 85 miRNAs novel for psoriasis (Table S7), corre-
sponding to 19.4% of DEMs identified in the meta-analysis.

F I G U R E  1  Differentially expressed miRNAs across the three contrasts lesional psoriatic (PP), non-lesional psoriatic (PN) and control 
(NN) skin. Multidimensional scaling (MDS) plot of lesional (PP), non-lesional (PN) and control (NN) samples in the NTNU (triangles) and Joyce 
(GSE31037, circles) data. Differences between the two datasets are the prime source of variation in the combined data (Dim1). Differences 
between PP samples and PN and NN samples are the second dominant source of variation (Dim2), and these differences are consistent 
between the NTNU and Joyce data (A). Volcano plot of miRNAs in PP/NN (meta-analysis) (B). Box plot of expression levels of the nine most 
highly expressed DEMs in PP/NN (C). Volcano plot of miRNAs in PN/NN (meta-analysis) (D). Box plot of expression levels of the six DEMs in 
PN/NN (meta-analysis) with reads per million (RPM) >100 in the NTNU and Joyce (GSE31037) datasets with p-values given for both separate 
and meta-analysis. These DEMs had small, but consistent expression differences between PN and NN across the datasets (E). Venn diagram 
showing overlap of the DEMs between datasets for PP/NN at FDR <0.05. A total of 155 (33%) DEMs were identified in all three datasets (F)
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To gain biological insight into the processes influenced by the 
identified DEMs, we performed target prediction analysis to iden-
tify genes which are possible targets of the DEMs. Targets of the 
miRNAs with average expression ≥100 reads per million (RPM) and 
FDR <0.05 for PP/NN and PN/NN in the meta-analysed data set 
were identified using TargetScan.33 This threshold was chosen as 
most miRNAs below this threshold show no functional activity.41,42 
Results from PP/PN are not presented as they were similar to PP/
NN. Predicted targets in PP/NN were enriched for several terms 
(Figure 2A), including “thyroid hormone signalling pathway,” “insulin 
resistance,” “human papillomavirus infection” and “melanogenesis.” 
The most significantly enriched term for PP/NN and PN/NN was 
“microRNAs in cancer.” To evaluate which cells that express the top 
10 up- and downregulated DEMs by FC in PP/NN and PN/NN, we 
extracted cell-specific data from the FANTOM5 atlas.38 In PP/NN, 
DEMs were enriched in fibroblasts and epithelial cells, as well as in 
immune cells including monocytes and leukocytes (Figure  2B). In 
PN/NN, several of the DEMs were enriched in epithelial and endo-
epithelial cells (Figure  2B). Cell-specific KEGG enrichment analy-
sis showed that the enriched terms for each cell type were largely 
overlapping with the enriched terms for non–cell-specific DEMs 
(Figure 2A,C). There was no clear separation of enriched terms be-
tween the different cell types.

To identify a severity-specific miRNA signature, we dichot-
omized the cases into PASI <10 and PASI ≥10. We chose this 
threshold as PASI is a widely used instrument for clinical severity 
assessment.43 Furthermore, PASI ≥10 often requires second-line 
treatments including phototherapy or systemic therapy.44 For this 
analysis, we compared PP in PASI ≥10 to PP in PASI <10, as well 
as PN in PASI ≥10 compared to PN in PASI <10. Multidimensional 
scaling of the PP and PN samples showed non-lesional samples sep-
arated from lesional samples and a greater spread for PASI <10 than 
PASI ≥10  samples (Figure  3A). In total, we identified 11 DEMs, of 
which five were dysregulated in PP skin and six were dysregulated 
in PN skin (Figure 3B–E). In PP skin, all five miRNAs were upregu-
lated, while in PN skin, four miRNAs were upregulated and two were 
downregulated (Table S8). The targets of the upregulated DEMs in 
PP and PN skin were enriched for inflammatory pathways including 
“IL1-signalling,” “transforming growth factor beta (TGFβ)-receptor 
complex,” “toll-like receptor (TLR) cascades” and “signalling by inter-
leukins.” (Table S9). The targets of the downregulated DEMs were 

enriched in mRNA processing pathways including splicing and trans-
lation (Table S9). miR-374a and miR-146a were both upregulated in 
PP skin, and these were enriched in myeloid leukocytes and hemato-
poietic cells (Figure 3F). All DEMs in PN were depleted in leukocytes 
and hematopoietic cells.

4  |  DISCUSSION

In this study, we explored the miRNAome in psoriatic skin by analys-
ing RNA-seq data from 99 psoriatic cases and 66 controls, increas-
ing the number of psoriatic cases fourfold from previous work. By 
improving statistical power due to a large sample, we identified 439 
DEMs, of which 85 were novel for psoriasis and 11 were related to 
psoriasis severity. Further, we identified 20 DEMs between psori-
atic non-lesional (PN) and healthy control skin (NN). This suggests 
an inherent change in all psoriatic skin, supporting the previously 
shown “pre-inflammatory” signature outside established plaques for 
protein-coding RNAs.45 We identified enrichment of terms repre-
senting potential disease pathology (eg “Wnt-” and “Ras signalling”) 
and established or emerging comorbidities (eg “insulin resistance” 
and “thyroid hormone signalling”).

Expression levels of several previously identified DEMs in pso-
riatic skin, including miR-21, miR-31 and miR-146a,21 were repro-
duced in this study. miR-21, overexpressed in PP/NN, regulates 
keratinocyte proliferation and differentiation,19 and inhibition of 
this miRNA has been shown to ameliorate psoriasis pathology in a 
murine model.46 miR-31 has been shown to increase keratinocyte 
proliferation and differentiation21,47 and modulates production of in-
flammatory cytokines in keratinocytes.48 miR-146a has been shown 
to modulate innate immune response through regulation of the NF-
kB pathway49 and is positively correlated with PASI and serum IL-17 
levels.21,50 Further, miR-146a-deficient mice exposed to imiquimod 
have more severe inflammation than their mir-146a-positive coun-
terparts, and delivery of the miRNA leads to improvement of the 
skin inflammation.51 miR-128a, also highly upregulated in PP/NN, is 
a regulator in Wnt- and IL-23 signalling and is upregulated in periph-
eral blood neutrophils of patients with diffuse cutaneous systemic 
sclerosis.52 miR-128a also targets genes involved in insulin signalling 
and may mediate some of the increased risk of insulin resistance and 
obesity in psoriasis.53 miR-197 was downregulated in accordance 
with previously published works.8,54 This miRNA has been shown 
to regulate signalling by IL-1755 and IL-22,56 important inflammatory 
mediators in psoriasis. Among the DEMs novel for psoriasis, miR-
103a was upregulated. Increased serum levels of this miRNA have 
been suggested to predict development of rheumatoid arthritis, an 
inflammatory disease of the joints.57

The DEMs identified in PN/NN reflect inherent changes in all 
psoriatic skin and could thereby play important roles in disease 
pathology. As psoriasis is no longer thought of as a localized skin 
disease, but rather a systemic inflammatory disorder,58 alterations 
in macroscopically non-inflamed skin may represent effects of 
systemic immune system dysregulation. Two of the upregulated 

TA B L E  1  Significantly differentially expressed miRNAs (FDR 
<0.05) between PP/NN, PP/PN and PN/NN in the NTNU dataset, 
the Joyce dataset and the meta-analysed dataset

Contrast

Number of differentially expressed miRNAs

NTNU Joyce Meta-analysis

PP/NN 375 231 395

PP/PN 415 225 401

PN/NN 4 0 20

Abbreviations: NN, healthy control skin; PN, non-lesional psoriatic skin; 
PP, lesional psoriatic skin.
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miRNA log2FC p-value FDR
Log2 average 
expression

A)

miR-31-3p 4.238 7 × 10−31 2 × 10−29 0.147

miR-31-5p 3.948 9 × 10−51 9 × 10−49 6.980

miR-21-3p 2.697 4 × 10−82 2 × 10−79 5.294

miR-6510-3p −2.227 5 × 10−46 3 × 10−44 4.296

miR-1268a 2.171 2 × 10−26 3 × 10−25 0.486

miR-1268b 2.157 6 × 10−26 8 × 10−25 0.509

miR-885-5p −2.144 5 × 10−51 7 × 10−49 1.406

miR-940 2.129 6 × 10−30 1 × 10−28 −0.235

miR-3617-5p −2.020 1 × 10−25 2 × 10−24 −0.280

miR-33b-3p 1.972 2 × 10−23 2 × 10−22 0.023

B)

miR-31-5p 3.799 1 × 10−57 2 × 10−55 6.980

miR-31-3p 3.719 8 × 10−33 2 × 10−31 0.147

miR-21-3p 2.603 6 × 10−91 3 × 10−88 5.294

miR-3617-5p −2.068 2 × 10−30 3 × 10−29 −0.280

miR-135b-5p 1.949 8 × 10−59 1 × 10−56 5.553

miR-33b-3p 1.944 2 × 10−30 3 × 10−29 0.023

miR-940 1.913 4 × 10−34 9 × 10−33 −0.235

miR-4517 1.906 6 × 10−38 2 × 10−36 0.005

miR-664b-3p −1.899 3 × 10−54 3 × 10−52 2.203

miR-885-5p −1.853 2 × 10−46 1 × 10−44 1.406

C)

miR-6510-3p −0.499 5 × 10−5 0.004 4.296

miR-598-3p −0.428 2 × 10−5 0.003 3.370

miR-450a-5p −0.411 2 × 10−6 5 × 10−4 4.601

miR-214-3p 0.373 3 × 10−5 0.003 8.638

miR-34a-5p 0.355 1 × 10−7 6 × 10−5 6.972

miR-141-3p −0.343 2 × 10−5 0.003 10.921

miR-429 −0.336 2 × 10−4 0.009 9.072

miR-574-5p 0.334 0.001 0.028 5.132

miR-542-3p −0.304 2 × 10−4 0.009 5.725

miR-485-3p 0.302 3 × 10−4 0.015 2.531

Abbreviations: FC, fold change; NN, healthy control skin; PN, non-lesional psoriatic skin; PP, 
lesional psoriatic skin.

TA B L E  2  Top 10 differentially 
expressed miRNA sorted by absolute FC 
(log2FC) in the meta-analysis for the three 
contrasts PP/NN (A), PP/PN (B) and PN/
NN (C). The estimated difference in mean 
expression between the contrasts is given 
as Log2 average expression

F I G U R E  2  Functional enrichment and cell-specific expression analyses for differentially expressed miRNAs (DEMs) PP/NN and PN/
NN in the meta-analysis. Dot plot of the most significantly enriched KEGG pathways among the targets of up- and downregulated DEMs 
(A). Primary cell expression analysis using the FANTOM5 atlas for the top 10 DEMs. The miRNAs with an asterisk* were analysed based on 
pre-miRNA, as the mature miRNA was not annotated (B). Enrichment analysis of DEMs by cell type showed a large overlap of enriched terms 
for up- and downregulated DEMs. Colours on the bottom bar indicate cell type, and colour on second bottom bar indicates direction of DEM 
regulation. Cell types on the x-axis are clustered based on the similarity in the KEGG terms. Certain terms were only enriched for up- and 
downregulated DEMs, including “epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor resistance,” “thyroid hormone signalling 
pathway” and “T-cell receptor signalling pathway.” Terms enriched in leukocytes were more significant as a group than the other cell types 
(C). Abbreviations: Wnt, wingless-related integration site; Rap1, Ras-related protein 1; PI3K-Akt, phosphoinositide-3 kinase-akt; mTOR, 
mechanistic target of rapamycin; MAPK, mitogen-activated protein kinase; EGFR, epidermal growth factor; TGF, transforming growth factor; 
JAK-STAT, janus kinase-signal transducer and activator of transcription; FoxO, forkhead box transcription factor class O; ECM, extracellular 
matrix; cAMP, cyclic adenosine monophosphate; AMPK, AMP-activated protein kinase; AGE-RAGE, advanced glycation end products-
receptor for advanced glycation end products; CD, cluster of differentiation; OR, odds ratio; miRNA, microRNA; GAG, glycosaminoglycan
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miRNAs, miR-34a and miR-214, target common genes (Figure  S4) 
involved in cell cycle regulation and apoptosis. miR-34a is increased 
in the serum of patients with type 2 diabetes59 and has also been 
shown to promote keratinocyte inflammation.60 Interestingly, 
three of the downregulated DEMs in PN/NN (miR-429, miR-200b 
and miR-141) are part of the miR-200 family. This miRNA family is 
highly expressed in skin and is central for skin homeostatic func-
tions.61 miR-511-5p, a novel miRNA for psoriasis identified in PN/
NN, has been suggested to influence differentiation and activation 
of myeloid cells and is also affected by endogenous levels of gluco-
corticoids,62 a well-known inductor of the components of metabolic 
syndrome, including insulin resistance, dyslipidaemia and obesity.63 
Our PN/NN results support the finding of an inflammatory and pro-
liferative response in skin outside of established plaques.45

Enrichment analysis identified terms involved in well-known 
disturbed functions in psoriasis pathology, including functions 
crucial for epidermal- and stem cell behaviour and development 
(“Wnt-” and “Ras signalling”).64,65 Further, some of the identified 
pathways may represent shared mechanisms for psoriasis and 
related comorbidities, including thyroid hormone signalling and 
insulin resistance. Increased levels of thyroid hormones have 
been identified in individuals with psoriasis,66 and altered levels 
of thyroid hormones lead to increased levels of epidermal growth 
factor, driving keratinocyte proliferation and differentiation.18,67 
miR-142-3p/-5p and miR-146a are upregulated in Hashimoto's thy-
roiditis68 and were also upregulated in PP/NN. Insulin resistance, 
a prominent feature of obesity, metabolic syndrome and diabetes 
is also seen in patients with psoriasis,18 and an association be-
tween insulin resistance and chronic systemic inflammation has 
long been recognized.69 Suggested mechanisms include the induc-
tion of proinflammatory cytokines in adipose tissue70 and proin-
flammatory cytokines shared between diabetes and psoriasis.18 
Decreased serum levels of miR-126, miR-197, miR-320 and miR-
486 have been highlighted in type 2 diabetes,71 and these were 
also downregulated in PP/NN. In PN/NN, the targets were en-
riched for pathways important for proliferation and inflammation, 
including “MAPK-signalling” and “ErbB-signalling,” demonstrating 
changes in all skin of psoriatic patients. The mTOR signalling path-
way was enriched in all contrasts. This pathway has been demon-
strated to be important in wound healing and is affected by the 
miR-99 family.72 miR-99a has been shown to regulate expression 
of IGF-1R and drives differentiation of keratinocytes in psoriatic 
skin.54 Further, the downregulated miRNAs in PN/NN and PP/NN 
were enriched for “axon guidance.” Axonal function has been rec-
ognized as an important factor in pruritus,73 a symptom of psoria-
sis often overlooked. The target prediction analyses are based on 

statistically enriched sequence patterns in 3′ UTRs for genes that 
are down- and upregulated in experiments where individual miR-
NAs are, respectively, up- and downregulated. We acknowledge 
the limitations applying this method, as the relationship between 
miRNA expression and mRNA repression is not linear and depends 
on a variety of factors including sequence complementarity and 
alternative polyadenylation.33,74 As such, the in vivo effects of en-
dogenous miRNAs are difficult to predict reliably and predicted 
biological enrichments should be interpreted with caution.

In this study, we obtained full-thickness skin biopsies, contain-
ing a mixture of cell types, including keratinocytes, fibroblasts and 
immune cells. By extracting data from the FANTOM5 atlas,38 we 
aimed to dissect the cell-specific origin of the DEMs. The top DEMs 
in PP/NN were enriched in cell types important for skin structure 
(epithelial cells and fibroblasts) and immune cells (monocytes and 
leukocytes). We further aimed to elucidate the functions of the 
DEMs by cell type. Insulin resistance was enriched for almost all cell 
types, supporting the hypothesis of shared inflammatory pathways 
as a tie between psoriasis and diabetes.53 Insulin resistance is also a 
risk factor for metabolic syndrome and cardiovascular disease, and 
systemic inflammation has been proposed as a link between psori-
asis and these diseases.53 We acknowledge the limitations of using 
the FANTOM5 atlas as it is based on a limited set of non-inflamed 
skin samples. Further, our cell-specific analyses focused on highly 
expressed miRNAs, which may downplay effects of miRNAs in rare 
cell types.

Patients with severe psoriasis show a higher risk of comorbidi-
ties,75 and the underlying molecular mechanisms may differ. We iden-
tified 11 DEMs comparing samples from cases with PASI ≥10 to PASI 
<10. In lesional skin (PP), miR-202-5p was upregulated in PASI≥10 
samples. This miRNA has been shown to increase proliferation and 
induce apoptosis-resistance in cancer cells by targeting phosphatase 
and tensin homolog (PTEN).76 miR-146a was also upregulated in PP. 
This miRNA is increased in skin and peripheral blood mononuclear 
cells (PBMC) of patients with psoriasis and is positively correlated 
with PASI and levels of interleukin-17.21,50 Overexpression of miR-
146a has been shown to suppress inflammation in keratinocytes and 
miR-146a-deficient mice treated with imiquimod have more severe 
psoriasiform lesions,51 suggesting that this miRNA is overexpressed 
in response to increasing skin inflammation. In non-lesional skin (PN), 
miR-508-3p was upregulated in PASI ≥10 samples. This miRNA is up-
regulated in placental tissue in women with gestational diabetes.77 
The DEMs which were positively associated with PASI ≥10 were 
enriched for inflammatory pathways including interleukin and TLR-
signalling. The DEMs which were negatively associated with PASI 
≥10 were enriched for pathways involved in mRNA processing, such 

F I G U R E  3  Differentially expressed miRNAs (DEMs) associated with disease severity identified by comparing PASI≥10 to PASI<10 in the 
NTNU dataset. Multidimensional scaling plot of PP and PN skin in PASI ≥10 and PASI <10 skin samples (A). Volcano plot of DEMs in PP skin 
comparing PASI ≥10 to PASI <10 samples (B). Box plot of expression levels of the five DEMs identified in PP skin (C). Volcano plot of DEMs 
in PN skin comparing PASI ≥10 to PASI <10 samples (D). Box plot of expression levels of the six DEMs identified in PN skin (E). Primary cell 
expression analysis using the FANTOM5-atlas for the DEMs identified in PASI ≥10 to PASI <10 samples. The miRNAs with an asterisk* were 
analysed based on pre-miRNA, as the mature miRNA was not annotated (F). Abbreviations: PASI, Psoriasis Area and Severity index; GAG, 
glycosaminoglycan; miRNA, microRNA
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as splicing and translation. This suggests that the upregulated DEMs 
reflect or respond to changes in immune function, while the down-
regulated DEMs are involved in basic cellular functions. To determine 
whether these changes are a cause or a consequence of increasing 
disease severity, functional studies are needed. Cell-specific expres-
sion of the severity associated DEMs identified miRNAs enriched in 
both leukocytes and hematopoietic cells. Hematopoietic cells have 
been implicated in regulation of proliferating skin tissues during an 
early inflammatory phase.78 We propose the DEMs associated with 
disease severity as candidates for future studies as biomarkers as 
they have the potential to monitor disease activity, identify individ-
uals with subclinical inflammation, predicting comorbidities and the 
prediction of future need of systemic anti-psoriatic therapy.

A major strength of this study is the large number of cases and 
controls that improved power to detect new DEMs associated with 
psoriasis. Further, our study provides insight into the effect of apply-
ing different statistical methods on gene expression data. The Joyce 
data (GSE31037) were originally analysed using a Pearson's chi-
squared goodness-of-fit test on the normalized total reads from all 
PP, PN and NN skin.11 To the best of our knowledge, this approach is 
not beneficial to identify significant expression differences between 
sample groups, as it ignores individual variation within each sam-
ple group, and thereby inflates the significance of highly expressed 
genes with higher variation compared to genes expressed at lower 
levels.30 We therefore reanalysed the Joyce dataset which reduced 
the number of DEMs from the originally reported 317 to 257 (FDR 
<0.05, FC >1.4).

In conclusion, this study provides comprehensive insights into 
the miRNAome of psoriatic skin. By including a large sample of 
psoriatic cases and controls, we have identified 11 miRNAs asso-
ciated with disease severity and expanded the number of psoriasis-
associated miRNAs by 85. We identified 20 DEMs in PN/NN, 
representing inherent alterations in the miRNAome of all skin of 
psoriatic patients. This suggests systemic involvement and may rep-
resent shared molecular mechanisms of the systemic inflammation 
of psoriasis. Our study outlines future directions for targeted func-
tional follow-up studies to explore the causal effects of the DEMs. 
Increased knowledge of the psoriasis transcriptome can prove cru-
cial in understanding disease pathology, which can catalyse break-
throughs in the development of biomarkers for diagnostic purposes, 
predicting comorbidities and treatment response, as well as identi-
fying treatment targets.
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