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Dowling-Degos disease (DDD) is an autosomal-dominant disorder of skin pigmentation associated with mutations in keratin 5
(KRTS5), protein O-fucosyltransferase 1 (POFUT1), or protein O-glucosyltransferase 1 (POGLUT1). Here, we have identified 6
heterozygous truncating mutations in PSENEN, encoding presenilin enhancer protein 2, in 6 unrelated patients and families
with DDD in whom mutations in KRT5, POFUT1, and POGLUT1 have been excluded. Further examination revealed that the
histopathologic feature of follicular hyperkeratosis distinguished these 6 patients from previously studied individuals with
DDD. Knockdown of psenen in zebrafish larvae resulted in a phenotype with scattered pigmentation that mimicked human
DDD. In the developing zebrafish larvae, in vivo monitoring of pigment cells suggested that disturbances in melanocyte
migration and differentiation underlie the DDD pathogenesis associated with PSENEN. Six of the PSENEN mutation carriers

Introduction

Skin pigmentation is a complex process in which the location,
degree, and type of pigmentation provides a visual manifestation
of genetic heterogeneity in pathways regulating the function of
melanocytes. Melanocytes are located predominantly in the epi-
dermis or hair follicles of the skin. Here, they produce melanin
in melanosomes, which are transferred to the cytoplasm of kera-
tinocytes. Skin pigmentation is orchestrated by diverse genes and
proteins with an involvement in melanin synthesis, as well as mel-
anosome structure, trafficking, and distribution (1).

Hereditary pigmentation disorders are clinically and genetically
heterogeneous. Clinically, hyperpigmentation or hypopigmentation
can be observed, occasionally with a strong aesthetical impairment.

Dowling-Degos disease (DDD) (Mendelian Inheritance in
Man [MIM] nos. 179850, 615327, and 615696) was first described
by Dowling (2) and Degos (3). Patients usually present with pro-
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presented with comorbid acne inversa (Al), an inflammatory hair follicle disorder, and had a history of nicotine abuse
and/or obesity, which are known trigger factors for Al. Previously, PSENEN mutations were identified in familial Al, and
comanifestation of DDD and Al has been reported for decades. The present work suggests that PSENEN mutations can
indeed cause a comanifestation of DDD and Al that is likely triggered by predisposing factors for Al. Thus, the present report
describes a DDD subphenotype in PSENEN mutation carriers that is associated with increased susceptibility to Al.

gressive reticulate hyperpigmentation and small, dark-brown
hyperkeratotic papules on the trunk, face, flexures, large skin
folds, and extremities. Histologically, DDD is characterized by a
filiform epithelial downgrowth of epidermal rete ridges, with an
accumulation of melanin at the tips (4).

DDD is autosomal-dominantly inherited, and to date causal
mutations in 3 genes have been identified. In 2006, we detected
mutations in KRT5, which encodes the intermediate filament pro-
tein keratin 5 (4). In 2013, mutations in POFUTI, which encodes
protein O-fucosyltransferase 1, were identified (5). In 2014, our
group detected mutations in POGLUTI1, which encodes protein
O-glucosyltransferase 1 (6). POFUT1 and POGLUT!1 are involved
in the posttranslational modification of Notch proteins.

Here, we identified mutations in PSENEN, which encodes pre-
senilin enhancer protein 2 (PEN-2), a subunit of the y-secretase
complex, in patients with DDD. Interestingly, approximately half
of these individuals also presented with the chronic inflammatory
skin disease acne inversa (AI), demonstrating that mutations in
PSENEN can cause DDD and, in co-occurrence of trigger factors,
also Al Using mammalian cell culture studies and knockdown
experiments of the PSENEN homolog psenen in zebrafish larvae,
we subsequently assessed the functional significance of PSENEN
mutations in the disease pathogenesis.
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Figure 1. Clinical presentation and location of mutations in PSENEN. (A-C) Familial case in a Thai male with reticulate hyperpigmentation in the (A)
frontal aspect of the neck, (B) axilla, and (C) back. (D-1) Affected members of an Indian family. (D) Indian man with reticulate hyperpigmentation and
hyperkeratotic brown papules on the neck, (E) axilla, and (F and G) trunk. (E) Al is present in the axillary region. This patient’s sister shows (H) hyperpig-
mentation of the intermammary cleft and (I) Al in the axilla. (J) German man with reticulate hyperpigmentation in the perianal region, which represents a
postoperative lesion following surgical treatment for Al. (K) Depiction of the exon structure of PSENEN. Identified mutations are indicated by arrowheads.

Mutations are defined at both the nucleotide and protein levels.

Results and Discussion

Using whole-exome and Sanger sequencing, we detected 6 dis-
tinct heterozygous PSENEN mutations in 6 unrelated patients or
families with the clinical and histopathological features of DDD,
in whom mutations in known DDD genes had been excluded
(Figure 1, A-J, Table 1, and Supplemental Figure 2; supplemental
material available online with this article; https://doi.org/10.1172/
JCI90667DS1). On closer examination of the histological sec-
tions, we identified what to our knowledge is a novel feature that
distinguished these individuals from previous DDD cases by the
presence of follicular hyperkeratosis (Figure 2, A and B).

PSENEN encodes presenilin enhancer protein 2 (PEN-2), a
member of the y-secretase enzyme complex, which is responsible
for the intracellular cleavage of Notch receptors that is necessary for
the activation of Notch signaling (7). The 6 PSENEN mutations com-
prised: (a) 2 splice site mutations, ¢.62-1G>C and g.1412T>C); (b) 2
nonsense mutations, ¢.35T>A (p.Leul2*) and ¢.115C>T (p.Arg39*);
and (c) 2 frameshift mutations, c.84_85insT (p.Leu29Serfs*92) and
c.216delC (p.Ser73Profs*72) (Figure 1K and Supplemental Figure
3). All sequence deviations resulted in null alleles and cosegregat-
ed with the disease phenotype in the affected families. They were
absent in dbSNP137, the 1000 Genomes project database, Exome
Variant Server, and EXAC.

In silico analysis of the splice site mutation c¢.62-1G>C
revealed disruption of the WT acceptor site in exon 2 (Supplemen-
tal Figure 4). This resulted in either the use of an alternative splice
site further downstream or exon skipping. Since no RNA samples
from patients were available, exon trapping was used to evaluate
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the structural consequences of this mutation. The results revealed
complete skipping of exon 2, leading to an in-frame deletion of 35
aa within the cytoplasmic domain of PEN-2 (Supplemental Figure
5, A and B). For the splice site mutation g.1412T>C, RNA from the
mutation carrier was available. Sequencing of transcribed cDNA
showed skipping of exon 2 (Supplemental Figure 5, C and D).

The nonsense and frameshift mutations led to alternative stop
codons. To examine the consequences of these changes, WT PEN-2
and the mutants p.Arg39* and p.Ser73Profs*72 were fused to a
FLAG epitope and overexpressed in HEK293T cells. These exper-
iments showed that the WT construct led to translation of a protein
of approximately 12 kDa in size, consistent with previous reports on
PEN-2 (8). We detected no protein for either mutant (Figure 2C). We
then blocked the proteasome using MG-132, thereby demonstrating
that mutation p.Ser73Profs*72led to an elongated mutant protein of
approximately 15 kDa in size (Figure 2D), suggesting the translation
of an unstable mutant protein that would be subject to rapid deg-
radation by the proteasome complex. In contrast, no protein trans-
lation was observed for p.Arg39*, even after proteasome blocking.
These data strongly suggest that the detected PSENEN mutations
cause haploinsufficiency of PEN-2, through either proteasomal
degradation or mRNA decay.

To provide in vivo evidence for the role of PSENEN mutations
in DDD, we performed knockdown of the PSENEN homolog psenen
in zebrafish larvae using antisense morpholinos (Supplemental Fig-
ure 1). At both 72 and 96 hours post fertilization (hpf), we observed
a major decrease in pigment cells in zebrafish larvae injected with
the pen-2 antisense morpholino (MO1 and MO2 groups) compared
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Table 1. Clinical features of patients with PSENEN mutations

Mutation ¢.35T>A c115C>T €.62-1G>C 84 85insT ¢.216delC g.14121>C
Ethnicity German German Indian Thai German French
Sex M F F F M F M F F F
DDD
Face NA NA NA + + + + + + -
Trunk NA NA NA i & + + i + -
Axillae NA NA NA + + + + + + +
Inframammary region NA NA NA NA i i NA i ki ki
Neck NA NA NA + + + + + + +
Inguinal folds NA NA NA NA i NA i + & &
DDD histology + NA + + + NA + NA + +
FHK + NA W + W NA + NA W W
Al
Al + + + - + + - - - +
Obesity + + + - + + - - - +
Nicotine abuse i i + = = = = = = =
Axillae NA NA NA - + + - - - +
Inframammary region NA NA NA = = = = = = +
Inguinal folds + NA NA - + - - - - +
Genitals i NA NA - + - - - - -

+ or -, denotes the presence or absence of a clinical feature, respectively; NA, clinical information was not available; F, female; M, male.

with pigment cell numbers in the 2 control groups. The control
groups comprised: (a) zebrafish larvae injected with pen-2 scram-
bled morpholino (CoMO1 and CoMO2 groups); and (b) untreated
zebrafish larvae (WT group) (Figure 3A and Supplemental Figure
6). These findings are consistent with those of a previous study,
which reported a reduction in melanin content for pofitt] morpholi-
no knockdown in zebrafish (5). Interestingly, besides a general
decrease in pigmentation, the present knockdown zebrafish larvae
showed substantial alterations in the distribution of pigmentation
compared with that seen in the control groups, particularly in the
facial and tail regions. This apparently haphazard distribution of
pigment cells rendered the MO group easily distinguishable from
the control groups. In addition, whereas the MO group displayed
significantly fewer pigment cells in the dorsal area of the head,
hyperpigmentation of the tail fins was present (Figure 3, B and C).

These pigmentation abnormalities can be considered the pheno-
typic counterpart of human DDD and were absent in the control
groups. Next, we performed in vivo life imaging of developing
zebrafish larvae, with a focus on the migration and differentiation
of pigment cells. In the CoMO group, we observed an organized,
target-oriented migration of pigment cells, resulting in the typical
larvae stripe pattern. In contrast, we observed a disordered and
meandering migration of pigment cells in the MO group, resulting
in a haphazard distribution of pigment (Figure 3D). The differentia-
tion of pigment cells was monitored by evaluating their shaping. All
pigment cells in the CoMO group were regular in size and showed
a similar flat and elongated morphology. In contrast, while con-
sistent in terms of their morphology, the pigment cells in the MO
group were irregular in size (Figure 3, E and F). This observation
is consistent with previous electron microscopy investigations of
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Figure 2. Dermatohistological examination of PSENEN mutation carriers and immunoblotting results. (A and B) Histological examination revealed

digitiform reteacanthosis, pronounced hyperpigmentation at the tips of the rete ridges, small horn cysts, and pronounced follicular hyperkeratosis (FHK).
Scale bars: 4,000 pum (A); 200 pum (B). (C and D) Immunoblotting of cell lysates following transient transfection with WT PSENEN and PSENEN-mutant
(Mut *72, Mut 39%) constructs. (C) Bands of the expected 12-kDa size were detected for WT PEN-2. No bands were detected for the 2 mutated constructs.
n = 3. (D) Blocking of the proteasome with MG-132 led to detection of an elongated PEN-2 protein (approximately 15 kDa in size), resulting from the muta-
tion c.216delC (p.Ser73Profs*72). No protein was detected for the c.115C>T-mutation (p.Arg39%). n = 3.

jci.org  Volume127  Number4  April 2017



1488

BRIEF REPORT

>

72 hpf

96 hpf
B
f\
| ;

200

D 100 i
a2 !
5 o !
8
@ , E
% -100 : T 459
=, | 3
-200 : « 40
MO1 i 100 < o
.‘II ' A & %
d 0 —_— © 304
- | 8 %
: 00 2 o
re -100 & 5]
e :
100 0 100 200 300 400
a

X axis (counts)

The Journal of Clinical Investigation

B Ak
T hkkk |

8 8 & 8
ol
e

[=]
1

No. of pigment cells in the
fish head region at 72 hpf

F

T
S 124
=

=== CoMo (SEM) 2 ]

w Line-fit CoMo1 @ 10

== MO1 (SEM) =

= Line-fit MO1 2 84
® == MO1 (SEM)
2 m= Line-fit MO1
o 6 =o= CoMo (SEM)
é ] == Line-fit CoMO1
(] r T T T T T

g0 88 96 104

Figure 3. Knockdown of PSENEN homolog psenen in zebrafish. Results are shown for noninjected WT and CoMO1- and MO1-injected zebrafish larvae. (A)
Representative phenotype observations at 72 and 96 hpf. In the MO1 group, a disordered and abnormally located distribution of pigment was observed.
Additional pigment cells were observed in the lateral facial and tail fin regions. Both features were absent in the control groups. Images are representa-
tive of 5 independent experiments, with more than 100 larvae analyzed per group. Scale bars: 500 um. (B) Dot plot showing the average distribution of
pigment cell numbers in the zebrafish larvae dorsal head region (see inset) of the MO1 group compared with the distribution in both control groups.

n =20 samples per group from 3 independent experiments. Scale bar: 500 pm. ****P < 0.0001, by 1-way ANOVA with Bonferroni’s post-hoc test for
multiple comparisons. (C) Representative tail fin pigmentation phenotype, showing the maximum projection of recorded and overlaid random tail fin
images from the MO group and both control groups, respectively. n = 10 images per group from 3 independent experiments. Scale bars: 125 um. (D) Rose
plot showing the directional distribution of single consecutive migration steps of multiple individual pigment cells in MO1- and CoMO1-injected zebrafish
larvae. MO1: nn = 74 cells from 3 independent experiments; CoMO1: n = 72 cells from 3 independent experiments. (E and F) Curve charts showing the shaping
of pigment cells in developing zebrafish larvae (see inset illustrations). MO1: n = 44 cells from 3 independent experiments; CoMO1: n = 54 cells from 3
independent experiments. Data represent the mean + SEM. CoMo, control morpholino.

DDD-affected skin, which revealed irregular cell shapes and sizes
(4). Given these findings, we hypothesized that the underlying
pathomechanisms of DDD involve disordered migration of mela-
nocytic precursor cells into the epidermis and irregular differentia-
tion of epidermal melanocytes.

PEN-2 forms, together with presenilin, nicastrin, and anteri-
or pharynx defective, the y-secretase protein complex. y-Secre-
tase plays a key role in the Notch pathway, where it catalyzes the
intramembranous cleavage of type I membrane proteins, includ-
ing Notch and amyloid precursor protein (7). The Notch pathway
is crucial for developmental processes, and, in the skin, Notch
signaling is thought to mediate interactions between melano-
cytes and keratinocytes, thereby regulating the delicate balance
between the proliferation and differentiation of these cells (9).

Involvement of this pathway in pigmentation processes was
primarily suggested by murine-KO models. For instance, mice
lacking recombination signal-binding protein for immunoglob-
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ulin « J region (RBPJ), which encodes a transcriptional factor of
the Notch pathway, as well as NOTCH1- and NOTCH2-deficient
mice exhibit premature graying of the hair (9, 10). Interestingly,
in these mouse models, hypopigmentation was described in the
follicular epidermis and hair coat, while it is not clear whether the
interfollicular epidermis was examined. By contrast, in humans,
mutations in distinct Notch pathway genes lead to a cutaneous
hyperpigmentation phenotype, with hyperpigmentation of the
interfollicular epidermis as the result of a Notch signaling distur-
bance in patients with DDD (5, 6). These differences in pigmen-
tation suggest that aberrant Notch signaling may have cell type-
specific effects on different components of the skin.

Aberrant pigmentation due to alterations in Notch signal-
ing might be explained by abnormal migration of melanoblasts
and melanocytes, as supported by (a) our observations in the
psenen-knockdown zebrafish and (b) the presence of melanoblasts
and melanocytes in unusual ectopic locations of the dermal papil-
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la and the skin in Rbpj-KO mice (10). Still, mechanisms other than
migration could be involved in the pathogenesis of DDD, as sug-
gested above. For example, Rbpj-KO mice also demonstrate the
importance of Notch signaling in regulating the differentiation of
melanoblasts into melanocytes, suggesting that alterations in the
proliferation and differentiation dynamics of melanoblasts can also
confer abnormal pigmentation (10). Further, little is known about
the exact mechanisms and the pathways involved in the distribu-
tion and transport of melanosomes from melanocytes into kerat-
inocytes. Alterations in these processes caused by deficiencies in
Notch pathway members such as PEN-2, POGLUTI, and POFUT1
may also contribute to the pathogenesis of DDD, although no stud-
ies have thus far addressed this aspect. In this context, it is intrigu-
ing that KRT5 has been shown to be involved in melanosome trans-
fer (4), thus indicating that there might be a crosstalk between
Notch and KRTS5 signaling. Therefore, further elucidation of the
exact pathogenetic mechanisms through which Notch signaling
orchestrates pigmentation processes is of crucial interest.

Previously, 3 mutations in PSENEN were reported in a small
subset of familial Al (11), a chronic, relapsing inflammatory hair
follicle disorder. Pathogenetically, follicular hyperkeratosis with
closure of the upper part of the hair follicle and an accompany-
ing lymphocytic infiltration were implicated (12). Interestingly,
6 individuals with DDD from the present cohort had Al, and all
reported nicotine abuse and/or obesity. Even more interestingly,
histopathological examination in these individuals also revealed
follicular hyperkeratosis in body areas with reticulate hyperpig-
mentation (Figure 2, A and B), suggesting that this histological fea-
ture could serve as a prospective marker to identify DDD patients
with susceptibility to AL

Although no DDD symptoms were reported for the 3 previous
Al patients with PSENEN mutations, axillary and inguinal hyper-
pigmentation has been described in 2 of them (11). This raises
the question of whether a comorbid diagnosis of DDD was over-
looked, particularly since a phenotypic overlap between DDD and
Al has been reported. Notably, this clinical overlap is particularly
apparent in the predilection sites, namely the back, buttocks, and
intertriginous areas (13). Thus, the present report is the first to our
knowledge to demonstrate a molecular genetic link between DDD
and AI comanifestation.

We hypothesize that the majority of deleterious PSENEN
mutation carriers present primarily with DDD, while those with
a history of nicotine abuse or obesity have an increased suscep-
tibility to comorbid Al This hypothesis is supported by Loo et al.,
who stated that the follicular anomaly inherent in DDD may pre-
dispose individuals to develop AI (14).

Here, we show that PSENEN mutations underlie a previously
undescribed subtype of DDD, which is clinically and histopatho-
logically distinct from the previously reported subtypes. Impor-
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tantly, this subtype is associated with an increased susceptibility
to Al in the presence of particular risk factors. This hypothesis is
supported by our mammalian cell culture experiments and studies
based on psenen knockdown in zebrafish. From a translational per-
spective, the co-occurrence of DDD and Al renders the detection
of PSENEN mutations that result in null alleles highly relevant,
since these findings could facilitate the development of therapeu-
tic strategies for Al The present data contribute to an improved
understanding of the complex biology of diseases caused by a dis-
turbance of Notch metabolism and emphasize the crucial role of
this pathway in pigmentation and differentiation of the epidermis.

Methods
Further information is provided in the Supplemental Methods and
Supplemental Tables 1-7.

Statistics. After confirming Gaussian distribution by the D’Ago-
stino-Pearson omnibus test, the statistical analyses shown in Figure
3Cwere performed using 1-way ANOVA followed by Bonferroni’s post-
hoc test for multiple comparisons. A P value of less than 0.05 was con-
sidered statistically significant.

Study approval. Approval for this study was obtained from the eth-
ics committees of the medical faculties of the University of Diisseldorf
and the University of Bonn. All participants provided written informed
consent prior to blood sampling. All participants written informed con-
sent was provided for use of the photographs in this article. This study
was conducted in accordance with Declaration of Helsinki principles.
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