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Abstract
Background: Brooke-Spiegler syndrome (BSS; OMIM 605041) is a rare monogenic skin disease
characterized by the development of skin appendage tumors caused by mutations in the cylindromatosis
(CYLD) gene. Despite the described phenotypes and reports of the underlying CYLD mutations, it has
been di�cult to establish genotype–phenotype correlations in BSS. We recently investigated two BSS
pedigrees (Hungarian with Bukovinian origin and Anglo-Saxon), in which the affected family members
exhibit striking differences in their phenotypes — despite carrying the same disease-causing mutation
(c.2806C>T, p.Arg936Ter) of the CYLD gene. The aim of our study was to identify phenotype-modifying
genetic factors to further the understanding of genotype–phenotype correlations in BSS.

Results: In a comparison of whole exome sequencing data from the Hungarian and Anglo-Saxon BSS
patients, we have identi�ed three putative phenotype-modifying genetic variants: the rs1053023 SNP of
the signal transducer and activator of transcription 3 (STAT3) gene, the rs1131877 SNP of the tumor
necrosis factor receptor-associated factor 3 (TRAF3) gene and the rs202122812 SNP of the neighbor of
BRCA1 gene 1 (NBR1) gene.

Conclusions: Our study contributes to the accumulating evidence for the clinical importance of
phenotype-modifying genetic factors, which are potentially important for the elucidation of genotype–
phenotype correlations and disease prognosis.

Background
Brooke-Spiegler syndrome (BSS; OMIM 605041 syn. CYLD cutaneous syndrome) is a rare monogenic skin
disease characterized by the development of skin appendage tumors, such as cylindromas,
trichoepitheliomas and spiradenomas [1, 2]. The gene responsible for the development of BSS is the
cylindromatosis (CYLD) gene localized on 16q12-q13 [2]. To date, a more than 95 different diseases-
causing mutations have been published for the CYLD gene [3]. It is di�cult to establish genotype–
phenotype correlations for BSS, despite reports of the phenotypes and the associated CYLD mutations.
Clearly, genotype–phenotype correlations might have signi�cant clinical relevance with respect to
understanding the disease mechanism(s), prognosticating clinical outcome for patients, as well as to the
development of future therapeutic modalities. A signi�cant challenge that exists is that patients with
identical mutations of the CYLD gene can present with different phenotypic features, ranging from BSS to
familial cylindromatosis (FC; OMIM 132700) and multiple familial trichoepithelioma type 1 (MFT1; OMIM
601606), suggesting additional genetic factors impact on the presentation of clinical variants of the
CYLD mutation-caused spectrum [4, 5].

Here we report an investigation of Bukovinian and Anglo-Saxon BSS pedigrees, which have been chosen
as they both carry a recurrent germline mutation in the CYLD gene (c.2806C > T, p.Arg936Ter), yet show
striking difference in their phenotypes: the Bukovinian family exhibits numerous types of severe
phenotypes and extremely enlarged skin appendage tumors, whereas the Anglo-Saxon pedigree exhibits a
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signi�cantly milder phenotype [6]. These two pedigrees provide an excellent opportunity to identify
phenotype-modifying genetic factors that potentially facilitate the understanding of genotype–phenotype
correlations in BSS. In this study, we employed whole exome sequencing (WES) to comprehensively
pro�le coding variants and identify putative phenotype-modifying genetic factors, which could potentially
explain the observed clinical differences between the Bukovinian and the Anglo-Saxon BSS pedigrees
carrying the same causative CYLD mutation.

Materials And Methods
Patients

A Hungarian pedigree from Bukovina (Romania) affected by BSS and an English BSS pedigree from
Northern England were included in this study. The clinical phenotypes of the affected family members
and the pedigrees are reported in detail in a previous paper from our research group [6].

Whole exome sequencing (WES)

Previously we have reported that the two enrolled BSS families (Hungarian from Bukovina, Romania, and
Anglo-Saxon from the vicinity of Newcastle, England) are carrying the same disease-causing mutation
(c.2806C>T, p.Arg936Ter) of the CYLD gene [6]. WES was performed by UD-GenoMed Medical Genomic
Technologies Ltd. (Debrecen, Hungary, http://www.ud-genomed.hu/) with DNA samples from two
affected individuals of both families. The quality of the DNA samples was evaluated by agarose-gel
electrophoresis analysis. Four micrograms of DNA with a concentration 100ng/µl were used for library
construction. The Agilent liquid chip capture system was used to e�ciently enrich all human exon
regions. High-throughput deep sequencing was subsequently performed on the Illumina platform. The
Agilent SureSelect Human All Exon V6 Kit was used for library construction and the capture experiments.
The Agilent 2100 system was subsequently used to verify the library insert size. The Illumina platform
was used for sequencing according to the effective concentration of the library and the data output
requirements. High-throughput paired-end sequencing was performed (paired-end 150 bp, PE150). After
WES was completed, bioinformatics analysis was performed, including sequencing data quality
assessment, single-nucleotide polymorphism (SNP) detection and whole-genome association analysis.
The sequencing data quality-control requirements were as follows: the sequencing error rate of each base
position was less than 1%, the average Q20 ratio was higher than 90%, the average Q30 ratio was greater
than 80%, the average error rate was less than 0.1%, the sequencing reads achieved an alignment rate of
95% or greater, and the read depth of the base at one position reached 10X or more. SNP testing was
performed as follows: high-quality sequences were aligned with the human reference genome
(GRCh37/hg19) to detect sequence variants in the sample, and the detected variations were analyzed and
annotated. Sanger sequencing validation in this study was performed by Delta Bio 2000 Ltd. (Szeged,
Hungary, http://www.deltabio.hu/).

Results

http://www.ud-genomed.hu/
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The comparison of the WES data from the two Bukovinian and the two Anglo-Saxon family members
identi�ed three putative phenotype-modifying polymorphisms, all of which are common SNPs and
present only in the Bukovinian individuals: the rs1053023 SNP of the signal transducer and activator of
transcription 3 (STAT3) gene, the rs1131877 SNP of the tumor necrosis factor receptor-associated factor
3 (TRAF3) gene and the rs202122812 SNP of the neighbor of BRCA1 gene 1 (NBR1) gene. The rs1053023
polymorphism is located in the 3’UTR region of the STAT3 gene, while the other two polymorphisms
(rs1131877 and rs202122812) are common missense variants of the TRAF3 and NBR1 genes,
respectively. Pathogenicity predictions of the identi�ed phenotype-modifying factors are summarized in
Table 1.

Table 1
Pathogenicity predictions and clinical associations of the identi�ed phenotype-modifying factors.

SNP
(gene)

Location (variant
type)

SIFT
Polyphen2
MutationTaster
(analysis)

Clinical associations References

rs1053023
(STAT3)

3’ UTR variant –
–
Polymorphism

Multiple sclerosis
B-NHL
BSS

17
18
This study

rs1131877
(TRAF3)

Exonic (missense) Tolerated
Benign
Polymorphism

Postradiotherapy
toxicity
BSS

25
This study

rs202122812
(NBR1)

Exonic
(missense)

Deleterious
Probably damaging
Disease causing

BSS This study

Discussion
Although the identi�cation of disease-causing mutations is still extremely important for therapy and
family planning, direct sequencing is unable to answer clinically relevant questions regarding genotype–
phenotype correlations and disease prognosis [7]. This limitation of direct sequencing was encountered
with the Bukovinian and Anglo-Saxon BSS pedigrees reported previously by our workgroup [6]. Despite
the fact that the same disease-causing CYLD mutation was identi�ed in the affected members of both
families, the causative mutation itself does not explain the striking phenotypic differences observed
between the two families and is unable to facilitate disease prognosis.

Comparing the WES data of the Bukovinian and Anglo-Saxon BSS patients, we identi�ed three putative
phenotype-modifying genetic variants that potentially explain the striking phenotypic differences among
patients carrying the same disease-causing CYLD mutation. STAT3 is a transcription factor, which is
constitutively activated in a variety of human cancers and plays critical roles in cancer cell survival,
metastasis and angiogenesis [8, 9]. STAT3 is activated by interleukin-6 (IL-6) and directly activates
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microRNAs (miRs), such as miR-21 and miR-181b-1 [10]. MiR-21 and miR-181b-1 inhibit the enzymatic
activity of CYLD, leading to increased nuclear factor-κB (NF-κB) activity. Thus, STAT3 is not only a
downstream target of IL-6 but, with miR-21, miR-181b-1 and CYLD, is part of the positive feedback loop
that underlies the epigenetic switch that links in�ammation to cancer [10, 11]. The B-cell CLL/lymphoma
3 (BCL3) protein, which directly interacts with the STAT3 protein, is deubiquitinated by the CYLD enzyme,
and abnormal BCL3 ubiquitination has been associated with the development of basal cell carcinomas
(BCCs) [12]. It has been recently reported that BCL3 serves as an oncogene in cervical cancer and its
oncogenic effect is mediated by STAT3 [13]. Interestingly, the rs1053023 SNP of the STAT3 gene has
already been associated with multiple sclerosis and reported in B-cell non-Hodgkin lymphoma (B-NHL)
[14]. However, this is the �rst study that suggests a potential phenotype-modifying role for STAT3 in BSS
(Fig. 1).

TRAF3 is a member of the TRAF family of proteins, which serve as both crucial intracellular adaptors and
E3 ubiquitin ligases that mediate signaling after the activation of various receptors. Receptors that signal
through TRAF proteins include those involved in in�ammation, innate immune responses, and cell death
and, most notably, interact with the following: tumor necrosis factor receptors (TNFR), Toll-like receptors
(TLRs), RIG-1-like receptors (RLRs) and interleukin-1 receptors (IL-1Rs) [15, 16]. The TRAF-interacting
protein (TRAIP) interacts with TRAF3, while TRAIP is reported to interact with CYLD [17]. TRAIP
expression is increased in BCCs and in multiple breast epithelial cell lines with oncogenic potentials
ranging from non-malignant to highly invasive [18, 19]. Mutations in TRAF3 and CYLD leading to
constitutive activation of NF-κB have been identi�ed in cancers, including multiple myeloma and solid
tumors [20]. The rs1131877 SNP of the TRAF3 gene is highly predictive for the development grade ≥ 2
acute esophageal postradiotherapy toxicity [21], and here we have demonstrated its association with the
phenotypic diversity in BSS (Fig. 1).

NBR1 is an autophagic adaptor protein involved in the e�cient clearance of damaged mitochondria.
Brie�y, upon mitochondrial damage, E3 ubiquitin ligases are recruited from the cytosol to depolarized
mitochondria, where they target damaged mitochondrial proteins for ubiquitination and bulk degradation
by autophagy [22, 23]. NBR1 is a functional homolog of sequestosome 1 (SQSTM1), another autophagic
adaptor protein, which is a selective autophagy substrate that also act as cargo receptors for degradation
of other substrates [24]. The interaction of CYLD with TRAFs is dependent upon SQSTM1, and the
absence of SQSTM1 results in the reduction of the activity of the CYLD enzyme [25, 26]. The
rs202122812 SNP of the NBR1 gene has not been previously associated with any human diseases: this is
the �rst study to indicate its clinical relevance in the development of the BSS-related phenotypic diversity
(Fig. 1).

Within monogenic diseases, cystic �brosis (CF) provides a good example for the clinical relevance of the
phenotype-modifying genetic factors, as genetic modi�ers identi�ed for this disease have been shown to
contribute to variable disease phenotype. In particular, it has been recently reported that the mutations in
the hemochromatosis (HFE) gene are associated with disease severity in adults with CF [27]. Genetic
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modi�ers have also been reported for ichthyosis, a monogenic skin disease, and these modi�ers were
found to be associated with increased IgE levels and allergic sensitizations [28].

Conclusions
With the identi�cation of phenotype-modifying genetic polymorphisms, our study aimed to explain
phenotypic diversity in BSS. In addition to these phenotypic modifying genetic variants, environmental or
lifestyle factors might also contribute to the phenotypic diversity of BSS. Concerning the identi�ed
genetic phenotype modi�ers, further functional studies are needed to prove their clinical relevance and
verify the underlying mechanism of their phenotype-modifying roles. It would be of interest to explore our
�ndings in further BSS pedigrees to determine the role of the SNPs identi�ed and to investigate additional
phenotypic modi�ers. Our study contributes to the accumulating evidence describing the clinical
importance of phenotype-modifying genetic factors, which have high potential in the elucidation of
genotype–phenotype correlations or disease prognosis [29].
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Figure 1

Schematic of the proposed mechanisms of the identi�ed phenotype-modifying factors.


