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A B S T R A C T

Background: Diagnosis of pyoderma gangrenosum, acne and hidradenitis suppurativa (PASH) and
pyogenic arthritis, pyoderma gangrenosum, acne, and hidradenitis suppurativa (PAPASH) patients, in
spite of recently identified genetic variations, is just clinical, since most patients do not share the same
mutations, and the mutations themselves are not informative of the biological pathways commonly
disrupted in these patients.
Objective: To reveal genetic changes more closely related to PASH and PAPASH etiopathogenesis,
identifying novel common pathways involved in these diseases.
Methods: Cohort study on PASH (n = 4) and PAPASH (n = 1) patients conducted using whole exome
sequencing (WES) approach and a novel bioinformatic pipeline aimed at discovering potentially
candidate genes selected from density mutations and involved in pathways relevant to the disease.
Results: WES results showed that patients presented 90 genes carrying mutations with deleterious and/or
damage impact: 12 genes were in common among the 5 patients and bared 237 ns ExonVar (54 and 183
in homozygosis and heterozygosis, respectively). In the pathway enrichment analysis, only 10 genes
were included, allowing us to retrieve 4 pathways shared by all patients: (1) Vitamin D metabolism,
(2) keratinization, (3) formation of the cornified envelope and (4) steroid metabolism. Interestingly, all
patients had vitamin D levels lower than normal, with a mean value of 10 ng/mL.
Conclusion: Our findings, through a novel strategy for analysing the genetic background of syndromic HS
patients, suggested that vitamin D metabolism dysfunctions seem to be crucial in PASH and PAPASH
pathogenesis. Based on low vitamin D serum levels, its supplementation is envisaged.
© 2020 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. All rights reserved.

Abbreviations: PASH, pyoderma gangrenosum acne and hidradenitis suppurativa; PAPASH, pyoderma gangrenosum acne, pyogenic arthritis and hidradenitis suppurativa;
HS, hidradenitis suppurativa; WES, whole exome sequencing; PG, pyoderma gangrenosum; PASS, pyoderma gangrenosum acne vulgaris, hidradenitis suppurativa and
ankylosing spondylitis; IHS4, International Hidradenitis Suppurativa Severity Score System; DLQI, dermatology life quality index; VAS, visual analogue scale; VDR, vitamin D
receptor; DAMPs, damage-associated molecular patterns; ECM, extracellular matrix; MMPss, matrix metalloproteinases.
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1. Introduction

Hidradenitis suppurativa (HS) is a chronic-relapsing inflamma-
tory disease affecting the apocrine gland-bearing skin and
presenting with pseudocystic and inflammatory nodules, abscess-
es and fistulas [1].

HS is usually isolated but may rarely occur also in the context of
syndromes whose prototypes are pyoderma gangrenosum, acne
and suppurative hidradenitis (PASH) [2–4] and pyogenic arthritis,
acne, pyoderma gangrenosum, and suppurative hidradenitis
(PAPASH) [5]. Genetic diagnosis of these diseases, in spite of
novel variations recently identified, is just descriptive, since most
cases are not sharing the same mutations, and the mutations
themselves are not informative of the biological pathways
commonly disrupted in PASH and PAPASH patients. As an example,
the recent work of Gottlieb et al. [6] failed to reveal mutations in
the genes already described in the literature (NCSTN, PSENEN,
PSEN1, APH1, PSTPIP1 and NOD2) in patients suffering from
autoinflammatory syndromes, in particular PASH, PsAPASH
(psoriatic arthritis, pyoderma gangrenosum, acne and suppurative
hidradenitis) [7] and PASS (pyoderma gangrenosum, acne,
hidradenitis suppurativa and ankylosing spondylitis) [8], leading
to hypothesize novel mechanisms at the basis of these conditions.
To date, a main pathway associated to HS is the Notch pathway; in
fact, a deficiency in Notch signaling was observed in some cases
(particularly familial cases of HS), with loss of function mutations
in g-secretase genes (NCSTN, PSENEN, PSEN1 and APH1) [9].
However, the genetic variants have no functionally univocal impact
on Notch expression, and HS behaves as a multifactorial disease
where the altered Notch expression is not fully explaining its
etiopathogenesis [10].

So, taking into account that genetic analysis, in spite of
identifying mutations was not able to describe common biological
traits shared by syndromic HS patients, we used a novel approach
for discovering common biologic pathways in syndromic HS
patients suffering from PASH (n = 4) and PAPASH (n = 1), aimed at
revealing potentially causative genetic changes more closely
related to the etiopathogenesis of these disorders.

2. Materials and methods

2.1. Patients

The patients followed-up were carried out at the Dermatology
Unit of the University of Milan (Italy) from January 2011 to May
Fig. 1. Pyoderma, acne and suppurative hidradenitis (PASH) syndrome. (a) Acne consist
hidradenitis suppurativa coalescing into infiltrated plaques on the genitalia; (c) ulcer
manifesting as ulcer with vegetating features.
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2019. All patients signed a written informed consent after the
approval by the Area B Milan Ethics Committee (R.C 2011–2019,
N.26). All patients with PASH exhibited three patterns of skin
lesions: (i) Ulcers and ulcerated plaques, sometimes with
vegetating aspects, consistent with PG (Fig. 1a and b); (ii)
papulopustular lesions, abscesses and fistulae evolving in draining
sinuses and scars, typical of HS (Fig. 1c); (iii) acne on the face
(Fig.1d). The patient with PAPASH presented with the clinical triad
of PASH combined with arthritis.

2.2. Genomic DNA extraction and whole exome sequencing

Genomic DNAs have been extracted from saliva using the
Oragene-DNA (Ottawa, Canada) kit following the manufacturer’s
protocols. After DNA quantity and quality check by agarose gel and
Qubit assay (Invitrogen, Oregon USA), whole exome sequencing
(WES) with 100X of expected coverage has been performed in
outsourcing by Macrogen (Seoul, Korea). In brief, DNA Exome
Sequencing reactions were performed through Illumina1 HiSeq
2500 System, after the library preparation (SureSelect Human all
exons V6 kit).

2.3. Data analysis

The global coverage was re-calculated through Picard tools and
retrieved an average of 93.9%, 36.0% and 9.3% for 10, 50, 100x
coverage, respectively. Adapters were trimmed using the Trim
Galore, searching and removing Illumina adapters, reads with
length below 15 base pairs, and low-quality ends from reads with
Phred33 score below 20 (http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/).

The FASTQ file was aligned using Burrows-Wheeler Aligner
(BWA) Software Package [11], specifically the bwa-mem tool, with
the Human Genome version 38 (GRCh.38) as reference. Then,
Picard tools (https://broadinstitute.github.io/picard/) was used to
mark and remove duplicates reads; GATK v. 4.1.2.0 (https://
software.broadinstitute.org/gatk/) allowed base recalibration and
variant calling, excluding those variants with low mapping and
genotyping quality (MQ < 40 and GQ < 20, respectively). Quality
control and assurance were visualized by fastQC.

ANNOVAR software [12] was used for variant annotation based
on databases relative to the GRCh.38 reference genome (dbSNP 151,
CADD; GERP++, SIFT, PolyPhen2, FATHMM, COSMIC70, ClinVar,
1000 Genomes Project, ExAC 03, genomicsSuperDups, wgRNA,
GWAS Catalog, and Interpro).
ing of papules, pustules and comedones on the forehead; (b) ulcerated nodules of
ative lesions of pyoderma gangrenosum on the arm; (d) pyoderma gangrenosum
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A novel homemade framework was customized, through R
Software Environment, to analyze the annotated exome content
and subsequently to unravel pathways involvement in PASH and
PAPASH phenotypes. Basically, the investigation focused on
variants located in the coding regions (ExonVar). Instead of
searching only known or novel mutations, the framework
outputted the distribution, density, PolyPhen, SIFT, FATHMM
description of ExonVar, including single nucleotide polymorphism
(SNP) and insertion/deletion (indel) for each patient. Then, the
pathway prediction was performed employing two strategies: (1)
Raking common genes with the higher score in the three proteins
functional algorithm prediction (2) including all genes carrying, at
least one, ExonVar in a pathway enrichment analysis (PEA) using
the Reactome database, (https://reactome.org/) from ReactomePA
R package. Pathways with adjusted p-value < 0.05 were included
for further analyzes. Next, pathways shared by all five patients, as
well as exclusive pathways, were visualized through Venn
Diagram. To exploit the overall ExonVar impact, the median
HumDiv PolyPhen, SIFT and FATHHM score was established for
each shared pathway by calculating the mean of nonsynonymous
(ns) ExonVar values retrieved with PolyPhen analysis.

3. Results

3.1. Patients’ clinical features

The present case series included 5 patients, 4 of whom with
PASH and the other one with PAPASH syndrome. Mean age of
onset of HS was 20.2 (range, 15–32) years, with mean diagnostic
delay of 3 years. The most frequently involved sites were perianal
area (n = 3) and axillae (n = 3), followed by inguinal region (n = 2),
genitalia (n = 2), neck (n = 1), back (n = 1), gluteal region (n = 1)
and submammary folds (n = 1). Family history was negative for
HS in all patients. Among the aggravating factors, sweating was
the most common (n = 4), followed by obesity (n = 2) and
seasonal worsening (n = 2), while smoking was reported only in a
patient. Premenstrual exacerbation was observed in 1 out of 2
female patients. Pilonidal cyst and bariatric surgery were
recorded in two patients, respectively. All patients were in
Hurley stage III, with a mean International Hidradenitis
Suppurativa Severity Score System (IHS4) [13] of 16.8 (range,
12–34), a mean Dermatology Life Quality Index (DLQI) [14] of
22.4 (range, 15–27) and a mean pain Visual Analogue Scale (VAS)
[15] of 6.6 (range, 3–8). Mean age at onset of pyoderma
gangrenosum (PG) was 23.8 (range, 18–33) years. Ulcerative
lesions were present in all cases and associated with vegetating
features in one patient; the disease was widespread in three
cases. The most frequently involved sites were lower limbs (n =
3), followed by presternal region, (n = 1), back (n = 1) and perianal
region (n = 1). Neither family history of PG nor extracutaneous
involvement were recorded. All patients had, as common
characteristic, vitamin D levels lower than normal, with a mean
value of 10 ng/ml (range: 8–15).

Mean age at onset of acne was 17.8 (13–33) years. Acne lesions
involved the face in all cases and also the trunk in two of them.

The most relevant comorbidities were inflammatory bowel
disease (n = 1) and psoriasis (n = 1). History of arthritis involving
the wrists and ankles was recorded only in the patient with
PAPASH. An increase in acute phase reactants was seen in all
patients, with mean C reactive protein of 22.14 mg/dl (range, 7.5–
43.7) and erythrocyte sedimentation rate of 38.9 mm/hr (range,
12–68). Mean hemoglobin value resulted 11.1 g/dl and mean
gamma globulins value was 1900 mg/dl. Two patients had anemia
and three showed polyclonal hypergammaglobulinemia. Before
our observation, all patients underwent various cycles of systemic
and topical antibiotics, without benefit. Cyclosporine A had been
3

given in two patients, dapsone in one and isotretinoin in another
one, also without clinical response. In all subjects, one of the
following biologic agents was administered at our department:
adalimumab (n = 2), infliximab (n = 2), and ustekinumab (n = 1),
with a good control of the cutaneous picture. Ustekinumab was
given in one patient as switch over from infliximab due to loss of
efficacy.

3.2. Genetic analysis

Exome genotyping of the 5 patients included in our study
revealed, in overall analysis, 320,533 different variants with an
average of 132,788 individual variations in each patient. Most of
them were distributed on chromosome 119 and 2 (mean of 11281,
8924, 8607, respectively). Exonic changes (ExonVar) represented
13.98% (44,815) of all mutations and were distributed along 13,170
genes (Fig. 2a).

Around 48% of ExonVar had a possible impact on peptides/
proteins. The nonsynonymous (ns) ExonVar were the most frequent
(47.2%),affecting8843differentgenes(Table1).Onlythese genes and
ns ExonVar were considered for subsequent analysis.

To unravel ExonVar, genes and pathways involvement in PASH
and PAPASH patients two strategies were established. First, we
ranked the genes according to variant density and median score of
three variant impact prediction: HumDiv PolyPhen2 (Polymor-
phism Phenotyping v2), SIFT (sorting intolerant from tolerant) and
FATHMM (Functional Analysis through Hidden Markov Models).
Patients presented 90 genes carrying mutations with deleterious
and/or damage impact; within these 90 genes, 12 were in common
among the 5 patients and bared 237 nsExonVar (54 and 183 in
homozygosis and heterozygosis, respectively). In the pathway
enrichment analysis (PEA), only 10 genes were included, allowing
us to retrieve 4 pathways shared by all patients: (1) Vitamin D
(calciferol) metabolism, (2) keratinization, (3) formation of the
cornified envelope and (4) metabolism of steroids. Then, we
expanded the analysis to check how these four pathways were
altered by all functional mutations in each patient (Table 2). As an
example, about 45% of genes on Vitamin D pathway carry at least
one ExonVar; up to 7 variations impact the protein function,
showing that this pathway suffers mutations, and its function
could be diminished or impaired.

A second approach focused on a global ExonVar overview. All
genes bearing ExonVar from each patient were filtered and
included in PEA to depict an individual mutational pathway
landscape (not shown). Venn diagram analysis allowed us to
identify 17 common pathways shared by all patients (Fig. 2b). 797
genes took part in these 17 shared pathways and 65% of these genes
presented ExonVar (mean of 519 genes), Fig. 2c. Around 11% of all
nsExonVar impacted these 17 shared pathways with mean value
higher than 0.94 in HumDiv PolyPhen score. Additionally, more
than 10% of all other mutations present a functional variant impact.
As listed in Fig. 2d the first 11 pathways are all related to biological
processes involving the skin such as collagen and extracellular
matrix remodeling). Fig. 2e shows an example of how the density
variation and polyPhen impact the collagen degradation pathway.

4. Discussion

Our findings indicate that the mainly affected pathway in PASH
and PAPASH patients was vitamin D metabolism (Table 2),
followed by the one involved in keratinization.

Vitamin D has been predicted as able to regulate skin
homeostasis by controlling proliferation and differentiation of
epidermis and adnexal structures, particularly hair follicle [16].
Moreover, vitamin D contributes to the regulation of the immune
response at the skin level, counteracting inflammation [17]. All

https://reactome.org/


Fig. 2. Exome analysis for the PASH and PAPASH patients. In (a) are summarized the counts of exonic variants (ExonVar), the number of genes bearing these nonsynonymous
mutations and the pathways in which they are involved. The Venn diagram (b) intersects 17 common pathways found among the five patients. In (c), we can see a table with
the number of genes, nonsynonymous and stop gain variants associated to the common pathways (d). Finally, in (e) it is displayed genetic information regarding the Collagen
degradation pathway.

Table 1
Count and classification of the exonic variants found among PASH and PAPASH patients.

Exon function P1 P2 P3 P4 P5 All

Nonsynonymous SNV 10862 10787 10768 10875 10569 21175
Insertion/Deletion Frameshift (n) 102/141 (243) 109/144 (253) 95/160 (255) 92/123 (215) 97/132 (229) 216/305 (521)
Stop Gain/Loss (n) 104/15 (119) 102/14 (116) 100/13 (113) 95/10 (105) 81/9 (90) 231/2 (233)
Insertion/Deletion nonframeshift (n) 174/207 (381) 151/203 (354) 170/211 (381) 168/211 (379) 158/198 (356) 342/438 (780)
Synonymous SNV 11798 11545 11446 11698 11388 21670
Unknown 213 207 245 228 272 469

Table 2
List of the most significant pathways, by ReactomePA, associated to the variants with a functional impact to its proteins.

Path (ID) [n] ID Gene
Counta

Pathway
Density (%)

nsExonVar Count Median impact

All PolyPhen2 SIFT FATHMM PolyPhen2b SIFT FATHMM

Vitamin D
-calciferol-metabolism
(R-HSA-196791)
[11]

P1 5 45.45 20 5 7 7 0.996 0.005 �2.880
P2 5 45.45 15 3 4 4 0.993 0.015 �2.880
P3 4 36.36 13 3 5 5 0.993 0.020 �2.880
P4 5 45.45 15 4 4 4 0.995 0.015 �2.880
P5 4 36.36 12 2 3 5 0.993 0.020 �2.840

Keratinization
(R-HSA-6805567)
[214]

P1 102 47.66 196 32 49 53 0.982 0.010 �2.373
P2 107 50.00 241 39 48 63 0.975 0.010 �2.380
P3 97 45.33 192 32 49 68 0.952 0.010 �2.375
P4 100 46.73 224 31 43 49 0.924 0.010 �2.405
P5 91 42.52 170 30 36 44 0.983 0.020 �2.410

Formation of the Cornified
envelope R-HSA-6809371 [129]

P1 67 51.94 128 24 37 53 0.988 0.010 �2.373
P2 70 54.26 179 32 38 63 0.975 0.012 �2.380
P3 62 48.06 132 23 38 68 0.928 0.010 �2.375
P4 62 48.06 151 23 30 49 0.924 0.010 �2.405
P5 56 43.41 102 18 24 44 0.988 0.020 �2.410

Metabolism
of steroids
R-HSA-8957322
[150]

P1 46 30.67 77 12 12 18 0.970 0.010 �2.510
P2 38 25.33 70 11 13 16 0.970 0.015 �2.785
P3 44 29.33 68 7 9 16 0.970 0.025 �2.625
P4 41 27.33 66 9 10 12 0.993 0.022 �2.785
P5 38 25.33 63 8 8 15 0.982 0.025 �2.840

a Number of genes carrying a nonsynonymous Exon Variant (nsExonVar).
b HumDiv score.
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patients of our study presented high levels of variant density in
vitamin D pathway, some of them with high deleterious and
damage impact. We confirmed this result by analysing the vitamin
D serum levels in our patients, observing low levels of vitamin D in
all probands. Therefore, these findings evoked the idea that
vitamin D insufficiency could be involved in PASH and PAPASH
pathogenesis.

To date, vitamin D levels had not been analyzed in syndromic
HS, but some studies have been describing its levels and
inflammatory role in HS or acne, both present in syndromic HS
[18–20].

Kelly et al. [18] described 12 out of 16 HS patients with low
vitamin D levels; in addition, Guillet et al. [20] reported that 22
patients (100% of their case series) had vitamin D deficiency
(serum level <30 ng/mL), 36% of whom were severely deficient
(serum level <10 ng/mL). Lim et al. [19] observed, in a case-control
study, that 48.8% of patients with acne presented vitamin D
deficiency, that was found in only 22.5% of the healthy controls. In
this study, vitamin D levels were inversely correlated to the
severity of acne and to the number of inflammatory lesions.

In all the three studies mentioned above, supplementation of
vitamin D induced a reduction in the number of inflammatory
lesions while no change was observed in non-inflammatory lesions
neither of acne nor of HS. Moreover, a recent systematic review
indicated a Grade B of recommendation for vitamin D supplemen-
tation for both skin disorders, with a level of evidence IIb and III for
acne and HS, respectively [17]. We are aware that hypovitaminosis
D may depend also on obesity, smoking and inflammatory bowel
diseases, all clinical and behavioral conditions associated with HS
and its syndromic forms.

A knockout homozygous mouse model for Vitamin D Receptor
(VDR) revealed dilation of hair follicles lacking hair shafts and
exhibiting thin hair sheaths, with formation of dermal cysts
containing tissue debris [21].The changes seen in this experimen-
tal model are closely similar to the early-phase histopathological
pattern of HS, consisting of dilation and disruption of hair follicles
with dermal cyst formation [22].

VDR knockout mice also showed a remarked decrease in the
expression of proteins that take part in the formation of cornified
envelope and keratinization, such as involucrin, profilaggrin and
loricrin [21].

Interestingly, vitamin D metabolism and keratinization path-
ways presented high variant density in our 5 patients. Our data
corroborate the recent view of HS as an autoinflammatory
keratinization disease [23] and are in line with the preliminary
studies of our group that reported in syndromic HS a number of
mutations involving different genes related to classic monogenic
autoinflammatory diseases [3,4,24].

The keratinization process comprehends 8 complex steps as
described in the Reactome database (https://reactome.org/Path-
wayBrowser/#/R-HSA-6805567&SEL = R-HSA-6814374&PATH = R-
HSA-1266738) and includes the formation of a cornified envelope.
These 8 routes are able to maintain the mechanical stability of
individual cells and epithelial tissues [25] by bundling the keratin
filaments into tonofilaments that span the cytoplasm and bind to
desmosomes and other cell membrane structures [26]. Two hundred
and fourteen genes are involved in this function, regulating keratin
production, maturation and degradation.

The dysregulation of keratinization has been associated with
several skin diseases, among which psoriasis is the paradigma [27]
and hyperkeratinization of the terminal portion of the hair follicle
is regarded as the primum movens in HS pathogenesis [28,29].
Hyperkeratinization and hyperplasia of the follicular epithelium
promotes accumulation of keratin-rich material with follicular
occlusion and dilatation, finally leading to hair follicle rupture. It
has been suggested that this keratin-rich material together with
5

the disrupted follicle products act as damage-associated molecular
patterns (DAMPs), triggering autoinflammation [29,30].

In conclusion, we described altered shared biological pathways
in PASH and PAPASH patients, particularly keratinization and
vitamin D metabolism. We are aware that our pathway analysis is
just based on WES findings, needing a further functional
confirmation; however, at least for vitamin D pathway, we have
found confirmation in its low levels seen in all our patients.
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