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Abstract Mast cell activation syndrome (MCAS) and sys-
temic mastocytosis (SM) are two clinical systemic mast cell
activation disease variants. Few studies to date have investi-
gated the genetic basis of MCAS. The present study had two
aims. First, to investigate whether peripheral blood leukocytes
from MCAS patients also harbor somatic mutations in genes
implicated in SM using next-generation sequencing (NGS)
technology and a relatively large MCAS cohort. We also ad-
dressed the question, whether some of the previously as so-
matic reported mutations are indeed germline mutations.
Second, to identify germline mutations of relevance to
MCAS pathogenesis. Here, mutation frequency in the present
MCAS cohort was compared to that in public- and in-house
databases in the case of frequent variants, and co-segregation
was investigated in multiply affected families in the case of
rare variants (allele frequency < 1%). MCAS diagnoses were
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assigned according to current criteria. Twenty five candidate
genes were selected on the basis of published findings for SM.
NGS was performed using a 76kbp custom designed Agilent
SureSelect Target Enrichment and an Illumina Hiseq2000
2x100bp sequencing run. NGS revealed 67 germline muta-
tions. No somatic mutations were detected. None of the
germline mutations showed unequivocal association with
MCAS. Failure to detect somatic mutations was probably at-
tributable to the dilution of mutated mast cell DNA in normal
leukocyte DNA. The present exploratory association findings
suggest that some of the detected germline mutations may be
functionally relevant and explain familial aggregation.
Independent replication studies are therefore warranted.

Keywords Mast cell activation disease - Mast cell activation
syndrome - Systemic mastocytosis - Germline mutation -
Next-generation sequencing

Introduction

Mast cell activation syndrome (MCAS) and systemic
mastocytosis (SM) belong to a group of primary mast cell
diseases (Molderings et al. 2011; Hamilton et al. 2011;
Valent et al. 2012) termed systemic mast cell activation dis-
ease (MCAD; Online Resource 1). Recent research suggests
that the MCAD variants and clinical subtypes represent vary-
ing manifestations of a common process of mast cell dysfunc-
tion (Molderings et al. 2007, 2010; Hermine et al. 2008; Akin
et al. 2010).

Previous studies of SM have identified several somatic KIT
mutations, including the mutation KITP®'%Y in isolated mast
cells and purified bone marrow cell populations (Nagata et al.
1995; Longley et al., 1999; Garcia-Montero et al. 2006).
Subsequently, these mutations have also been identified in
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peripheral blood leukocytes from SM patients with an imma-
ture mast cell immunophenotype, (Kristensen et al. 2012;
Teodosio et al. 2012). Recent next-generation sequencing
(NGS) studies of SM have demonstrated somatic mutations
in a large number of other genes. These genes encode proteins
for various signaling pathways, epigenetic regulators, tran-
scription factors, and the RNA splicing machinery (for
review, see Molderings 2015).

In MCAS patients, studies of mast cell-committed progen-
itor cells isolated from peripheral blood also have identified
several somatic KIT mutations (for review, see Molderings
2015). The identified mutations did not include KIT?®'®Y. In
addition, one somatic mutation in NLRP3 has been reported
(for review, see Molderings 2015).

The observed familial aggregation of MCAD suggests that
germline variants also contribute to disease development. In a
previous systematic family study by our group, which includ-
ed 84 MCAD patients, approximately 74% of the index pa-
tients had at least one first-degree relative with MCAD, irre-
spective of MCAD variant or gender (Molderings et al. 2013).
The prevalence of MCAD among first-degree relatives was
46%, which differed significantly from the prevalence in the
control group (approximately 17%; Molderings et al. 2013).

The present systematic investigation of the genetic back-
ground of MCAS had two aims. First, to determine whether
peripheral blood leukocytes from MCAS patients harbor so-
matic mutations in genes implicated in SM. Here, NGS was
used for the detection of mutations, since a low number of
somatic mutations in peripheral blood leukocytes was as-
sumed. Second, to identify germline mutations of relevance
to MCAS pathogenesis. Germline and somatic mutations
were distinguished by assessing the ratio of mutated to non-
mutated sequences in the NGS step. The potential involve-
ment in MCAS of the identified germline mutations was in-
vestigated by assessing: (i) allele frequency differences be-
tween the present MCAS patients and controls from public
and in-house genetic variant databases in the case of frequent
mutations; and (ii) co-segregation with disease in multiply
affected families in the case of rare variants (allele frequen-
cy < 1% in the 1000 Genomes Project).

Methods
Patients and reference groups

The present cohort comprised 95 German MCAS patients (for
details, see Table 1). These subjects presented to the Bonn
Interdisciplinary Research Group for Systemic Mast Cell
Diseases between May 2005 and December 2013 for diagnos-
tic evaluation, and were assigned a diagnosis of a MCAS in
accordance with current criteria (Molderings et al. 2011;
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Table 1  Characteristics of the study cohort

MCAS (n=95)

male (n = 34; 36%)
age [years]: mean + SD, median, range
41+ 17,41, 16-85

female (n = 61; 64%)

50+ 15, 50, 19-75

MCAS — mast cell activation syndrome, SD - standard deviation

Hamilton et al. 2011; Valent et al. 2007, 2012; Table 2).
The age of the patients ranged from 16 to 85 years (mean:
47 years; male to female ratio: 1:1.8). The diagnostic criteria
for MCAS and the clinical characteristics of the sample are
listed in Table 2. As part of the diagnostic evaluation, the
presence of mast cell mediator release syndrome was assessed
by a a specialist in internal medicine using a validated ques-
tionnaire (Alfter et al. 2009; Molderings et al. 2013).
Unrelated diseases with a similar presentation were excluded
using appropriate assessments, including laboratory testing,
imaging, and/or endoscopy. Patient data were pseudonomized
prior to analysis. To enable evaluation of the familial co-
segregation of detected variants, 14 affected relatives from
seven multiply affected families were included. Two of these
individuals were male monozygotic twins. Thus in total, 81
patients were unrelated.

The control sample for the present study was drawn from
the 1000 Genomes data, Phase 3 (1000 Genomes Project
Consortium, 2015). For this purpose, the genotypic informa-
tion of all 503 European sequenced individuals was extracted
(Iberian, n = 107; Tuscanian, n = 107; British, » = 91; Finnish,
n = 99; and residents of Utah with Northern and Western
European ancestry, n = 99).

As an in-house reference group representative of the
German general population, a sample of 1657 randomly re-
cruited German subjects was used. These subjects underwent
genetic evaluation in previous studies at the participating in-
stitutes using the NGS technique applied in the present patient
group. Thus data comparability was considered optimal.
However, due to the structure of the in-house data base, sub-
ject gender and mutations with a minor allele frequency of
>8% were not available for the present analyses.

As a further reference group, the EXAC data were used.
These data were obtained from a total of 60,706 individuals
(http://exac.broadinstitute.org). The populations and cohorts
represented in the ExAC data are listed at http://exac.
broadinstitute.org/faq.

Mutation analysis

The following 25 candidate genes were selected on the basis
of published findings for SM (Schwaab et al. 2013; Hanssens
et al. 2014): NRAS, KRAS, NLRP3, IDHI, IDH2, KIT, JAK?2,
CBL, DNMT3A, IL13, 114, TNF, EZH2, MS4A2, KMT2A,
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Table 2 Percentage of the study

population fulfilling the current Proposed criteria for a diagnosis of mast cell activation syndrome Percentage
proposed criteria for a diagnosis

of mast cell activation syndrome Major criterion

(MCAS) (Afrin et al. 2016; for Constellation of clinical symptoms attributable to a pathological increase in mast 100% (95/95)

references, see text) following the
exclusion of all differential diag- Minor criteria
noses. A diagnosis MCAS was 1
assigned upon fulfillment of the
major criterion plus at least one

Focal or disseminated increase in the number of mast cells in marrow and/or
extracutaneous organ(s) (e.g., gastrointestinal tract biopsies; CD117-,
tryptase- and CD25-stained)

cell activity (mast cell mediator release syndrome)

45% (43/95)

mfinolr critehrion, or the ﬁ,ﬂﬁ,llm;rhlt 2. Abnormal spindle-shaped morphology in >25% of mast cells in marrow or 5% (5/95)
0 atbeast; ce mm%rﬂc frﬁ?na. h © other extracutaneous organ(s)

number ot p fme?‘ts 1liing the 3. Abnormal mast cell expression of CD2 and/or CD25 (i.e., co-expression of 5% (5/95)
respective criterion over the total CD117/CD25 or CD117/CD2)

number of patients included in the 4. Detection of genetic changes in mast cells from blood, bone marrow, or 18% (17/95)

present study (n = 95) is indicated
in parentheses

extracutaneous organs for which an impact in terms of an increased activity
) L3
in affected mast cells has been proven.

5. Evidence (typically from body fluids such as whole blood, serum, plasma, or
urine) of raised levels of mast cell mediators including:

. tryptase in blood 21% (20/95)
. histamine in blood or its metabolites (e.g., N-methylhistamine) in urine 23% (22/95)
. heparin in blood 66% (63/95)
. chromogranin A in blood (following the exclusion of potential confounders, 17% (16/95)

i.e., cardiac or renal failure, neuroendocrine tumors, or recent proton

pump inhibitor use)
other relatively mast-cell-specific mediators (e.g., eicosanoids including
prostaglandin PGD, and its metabolite 11-3-PGF,,, or leukotriene E4)

28% (27/95)

6. Symptomatic response to inhibitors of mast cell activation or mast cell mediator

84% (80/95)

production or action (e.g., histamine H; and/or H, receptor antagonists, cromolyn)

*The present genetic findings were not used to assign a diagnosis of MCAS

U2AF1, SRSF2, SF3B1, SETBPI, RASGRP4, TP53, TET2,
ETV6, RUNXI, and, ASXLI. NGS was performed using a
76kbp custom designed Agilent SureSelect Target
Enrichment system (Agilent Technologies, Sante Clara,
United States), and an Illumina Hiseq2000 2x100bp sequenc-
ing run (Illumina, San Diego, United States). The average data
output per sample was 350 Mb, and an average on-target
coverage of 1386% (range 825x — 1725x) without dropouts
(all nucleotides covered at least 30x) was achieved. This
allowed detection of all heterozygous germline variants in
all targeted exons. Comprehensive detection of somatic muta-
tions with a mutated gene copy frequency of 1% to 2% (wher-
ever coverage exceeded at least 200x =99.8% of the targeted
sequence) was assumed. Read depth was defined as the total
number of reads at that position. Known polymorphisms iden-
tified from publically available data (http://www.ensembl.org/
Homo_sapiens/) were not excluded from the analysis. Since
no other biomaterials (e.g., buccal swabs) were available for
the 95 MCAS patients, the germline or somatic nature of the
mutations was deduced from the ratio of mutated to non-
mutated alleles.

The publically available DNA NA12878 was included as a
96th sample, since a gold standard data set is available. In the
gene panel counterpart, all 52 variants listed in the NIST data
set for the gene panel regions were detected with no false
negatives. Thus sensitivity and specificity both reached

100%. Decreasing the thresholds for variant allele frequency
from default settings (25%—100%) to 1%—100% did not in-
crease the number of called variants in this sample. This indi-
cated that low frequency mutants detected in patients derive
from somatic mutations rather than from pipeline artifacts.

Prediction of the consequences of non-synonymous single
nucleotide polymorphisms (SNPs) on protein function

Two approaches were used to predict whether a given muta-
tion may be deleterious. First, the following two algorithms
tools were used to predict the impact of the detected non-
synonymous SNPs on protein function: (i) sorting intolerant
from tolerant (SIFT; (http://blocks.thcre.org/sift/SIFT.html);
and (ii) polymorphisms phenotyping (PolyPhen; http://
genetics.bwh.harvard.edu/pph/). The SIFT algorithm uses a
query sequence to search for similar sequences that may
have similar function, generates the alignment of the chosen
sequences, and predicts the probability score for the impact of
an amino acid substitution on protein function. SIFT scores
range from 0 to 1. Outcome scores are classified as follows: 0.
00-0.05, intolerant; 0.051-0.10, potentially intolerant; 0.101—
0.20, borderline; and 0.201-1.00, tolerant (Ng & Henikoff
2001; Xi et al. 2004). SIFT uses information such as dbSNP
ID or the GI number of an amino acid substitution to predict
effects on protein function. The SIFT algorithm and
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instructions for the analysis of amino acid substitutions are
available at http://www.blocks.fhcre.org/sift/SIFT.html.
PolyPhen uses empirically derived rules based on previous
research into protein structure, interaction, and evolution,
which automatically predict whether a substitution of an
amino acid is likely to be deleterious for the protein on the
basis of three-dimensional structure and multiple alignments
of homologous sequences (Ramensky et al. 2002; Sunyaev
et al. 2001). PolyPhen input is a protein amino acid sequence
or accession number, together with sequence position and two
amino acid variants characterizing the polymorphism.
PolyPhen outcome scores are classified as follows: 0.00-0.
99, benign; 1.00—1.24, borderline; 1.25-1.49, potentially
damaging; 1.50-1.99, possibly damaging; and >2, damaging
(Xi et al. 2004). Detailed information on the Polyphen algo-
rithm and instructions for analysis of amino acid substitutions
are available at http://www.bork.embl-heidelberg.de/
PolyPhen/. Second, a literature search was performed for
information concerning the functional impact of the
identified SNPs in cells, in particular mast cells.

Statistical analyses

Statistical analysis was complicated by two factors. First, in
the reference group populations, post-hoc identification and
exclusion of MCAD patients was not possible. Thus poten-
tially, around 17% of the subjects in these groups may have
been affected by MCAD (Molderings et al. 2013). This could
lead to an underestimation of the differences in the allele fre-
quencies between the study group and the reference groups.
Second, if rare variants confer disease risk, an enrichment of
rare causal variants is present in case groups compared to
control groups if only cases are sequenced and the frequency
of the detected variants is followed up in controls (Li and Leal
2009). For rare variants, this bias may be substantial, and thus
the respective findings must be considered explorative. For
frequent variants, no such bias should exist, thus permitting
more reliable conclusions to be drawn. To compare the allele
frequencies of variants between the patient group and the ref-
erence groups, Fisher’s exact test was used. Here, a signifi-
cance level of o« = 0.05 was set. In addition, gene based tests
for the 25 candidate genes were conducted in order to test for
gene-based differences in the allelic burden for cases and con-
trols. For this purpose, the genotypes of the 1000 Genomes
control sample were accessed, and the genetic regions se-
quenced in the present case sample were extracted. The allele
counts of cases and controls within the single genes were then
collapsed. Under the assumption that the collapsed mutation
counts for cases and controls within genes are approximately
Poisson distributed, testing was performed of the null hypoth-
esis that the difference between the gene-based mutation rates
of cases and controls (\) equals the hypothesized difference (A
o). In line with the single variant tests, the adjusted
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significance level for the gene-based tests was calculated as
0.05/25 = 0.002.

Results
Frequencies and distribution of mutational aberrations

DNA from the peripheral blood leukocytes of patients with
MCAS was screened to detect non-synonymous mutations in
the coding regions of 25 candidate genes. Non-synonymous
mutations were detected in all 95 MCAS patients. Multiple
mutations (missense, nonsense, and frameshift mutations)
were detected in 19 of the 25 candidate genes (Table 3;
Online Resource 2). Forty-two of the 67 non-synonymous
mutations were classified by SIFT/PolyPhen as potentially
deleterious/damaging. The five most frequently affected genes
were TET2, IL13, SETBPI, RASGRP4, and ASXLI. Less fre-
quently affected genes were NLRP3, IDH1, IDH2, DNMT3A,
KIT, EZH2, JAK2, CBL, and KMT2A. The genes SF3B1,
MS4A2, ETV6, TP53, and RUNXI were mutated in one or
two patients only. No mutations were detected in NRAS,
KRAS, IL4, TNF, SRSF2, or U2AF1. The ratio of mutated to
non-mutated sequences was either close to 1 or 0.5. Therefore
all of the identified mutations were considered homozygous or
heterozygous germline mutations.

Besides the coding sequences (CDS), the panel covered
mutational aberrations in the intronic sequences of the 25 can-
didate genes. The latter exceeded the number of CDS muta-
tions many times over. However, the analysis focused on mu-
tations in the CDS, since few data concerning the functional
consequences of the intronic genetic aberrations are available.

Comparison of the frequencies of mutational aberrations
in the MCAS patient group and the three reference groups

The allele frequencies of the genetic mutations detected in our
in-house reference group were similar to those reported in the
ExAC data and to those calculated in the sample of the 1000-
Genomes Project (Table 3). Comparison of the frequency of
mutations detected in the present MCAS patients with the three
reference groups revealed obvious differences (Table 3). Of the
67 non-synonymous mutations found in one or more MCAS
patients, 20 have not been reported in the reference groups
(Table 3). The present study identified the following novel
mutations: DNMT3A"48L; TET2Q74°AB™, EzHROQ;
CBLP712N. KMT2AP3N: KMT2A13963V. SETBP]C2!15",
SETBP]C!180A. QETRPP!34-P1536del. b A GGRP4SSIILE*I6.
and RASGRP4“*7'R (Table 3). The frequencies of the follow-
ing mutations showed a nominally significant increase com-
pared to the reference groups: SF3B1Y!'*1¢; TET2P3¢3L,
TET2L1721W. TET2!1762V. TET2HIT78R, [T 13QI44R,
EZH2R63Q. KMT2AFS33K. SETBP1V!377L: [DH2T352P.
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JAKQNU08S, R ASGRP4SS1OLE"16, and TP53F72R (Table 3, bold
. a8 data).
T LT Comparison of the overall burden of mutations in the pres-
Z‘j § a e e e . . ent MCAS cohort with those reported in the 1000 Genomes
E § g é § E % § % Project sample revealed no significant difference. The result
remained negative when the comparison was made at the level
of single genes (Online Resource 3).
° A comparison of gene-wise average coverage was per-
;; e~ formed. This excluded the presence in our cohort of larger
2 § @ e e . copy number variations involving any of the 25 candidate
gL |Esasa 5 genes.
E& & S - S — -
3 Comparison with KIT mutations identified previously
g in 13 of the present MCAS patients
g % s Table 4 lists KIT mutational alterations detected in 13 of the
S & § present MCAS patients in a previous study by our group using
S é I s gEy g mRNA from isolated mast cell progenitor cells (Molderings
- —eeas - et al. 2010). With the exception of KITM*!" in patient #48
I~ (Table 4), none of these genetic alterations were detected in
ﬁ the present NGS study using DNA from peripheral blood
L= leukocytes. The previous study also identified a single JAK2
f:j’ Q variant (JAK2®'9*H) in one patient. In the present study, this
% ) s § S g variant was detected in the same patient as a germline
& & ce-a9= - mutation.
% Familial co-segregation of the detected variants
o
iz - - <+ — « Of the 42 rare variants (allele frequency < 1% in the 1000
Genomes Project) detected in the present MCAS cohort, four
g were observed at least once in our multiply affected families.
% %‘3 Three of these variants co-segregated with disease in smaller
% g families. However, this may have been attributable to chance.
© 2 - In our single large pedigree, only one rare variant was detect-
ed, and this did not show co-segregation. This large pedigree
included six affected individuals across two generations
- (Fig. 1).
- 22888 o
Ei G8e&gc=C s
= 2 Oz m O hll . .
Discussion
- < o3 &
-é % § § % § E Somatic mutations in the selected genes in MCAS patients
z S .
2 £ £ g 2 2 4 To date, most genetic studies of MCAD have focused on SM
(for review, see Molderings 2015). Besides the presence of the
= — mutation KIT?®*'®V, somatic mutations have been identified in
g s E % a total of 25 other genes in leukocytes from the peripheral
g1 ° < o~ blood of SM patients (Schwaab et al. 2013; Traina et al.
é « 2012; Damaj et al. 2014; Rechsteiner et al. 2014; Jawhar
§ g et al. 2015, 2016). The first aim of the present study was to
: 2 investigate whether patients with MCAS also carry mutations
= é in any of these 25 candidate genes in DNA isolated from
10 & ISIRS peripheral blood leucocytes. This was achieved using NGS.
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Table 4 Results of a previous molecular genetic analysis of KIT
transcripts by the present authors (Molderings et al. 2010). Mutations also

Table 4 (continued)

detected in the present study are shown in bold Patient # Alterations in KIT mRNA
Patient # Alterations in KIT mRNA Del S715
nt 2509t = 830 stop codon
27 Ins Q253 nt ¢621t (codon 200) silent mutation
Del 510-513 nt ¢645t (codon 208) silent mutation
Del S715 nt t2205¢ (codon 728) silent mutation
D760V 73 Ins Q253
Del nt C2311(codon 764) = frame shift with stop Del 510-513
codon at amino acid 764 M541 L
Ins of 63 nucleotides from the Est AF95853 at nt2104 Y6728
Ins of 48 nucleotides from the Est AF95853 at nt2673 E554K
28 Ins Q253 Del S715
Del 510-513 nt c2608g (codon 870) silent mutation
Del S715 ’3 E53K
1797S E73R
R804W T74R
D816G Ins Q252 (+/— 0.9%)
40 ES3K Del GNNK510-513
Ins Q252 M541 L
Del GNNK510-513 Del S715 (—/+ 50.8%)
Del S715 nt g2607c (Codon 869) silent mutation
Complex alteration between amino acids 343-519 Weak insertions at the C-terminus
nt g243a (Codon 81) silent mutation
Insertions at the C-terminus
42 Del 510513
Stop codon at amino acid 475 In the present 95 MCAS patients, none of the somatic mu-
Del S715 tations reported by Schwaab et al. 2013 and Hanssens et al.
43 Ins Q253 2014 as being of potential etiological relevance to SM were
ins380 unknown sequence . . . .
Del 510-513 detected, and neither were any other somatic mutations in the
K558R respective genes. This discrepancy has several potential
Del S715 explanations. First, the present analyses were conducted in
E720K DNA from peripheral blood leukocytes. In contrast,
48 Ins Q253 Hanssens et al. (2014) investigated leukocytes from bone mar-
1]\)/1651451137513 row, while Schwaab et al. 2013 used samples from both pe-
Del S715 ripheral blood (n = 32) and bone marrow (n = 9). Second,
50 Ins Q253 patients in the Schwaab et al. 2013 and Hanssens et al. 2014
Del 510-513 studies presented with advanced forms of SM. Therefore, their
Del nt A2356 (codon 778) = frame shift with stop tissue samples may have harbored a considerable number of
codon at amino acid 814 mast cells and mast cell progenitor cells. Furthermore,
52 ]I:;]:l(g?gis 3 multilineage mutation spread has been reported for advanced
Del S715 forms of SM. Hence, the amount of mast cell DNA present in
nt ¢70t silent mutation total leukocyte DNA is likely to have been much higher than
62 Ins Q252 was the case in our samples. This dilution is likely to have
E270K shifted the identification of somatic mutations below the de-
ED33 32 gg tection limit of the NGS technique. An alternative explanation
M3511 is that some of these mutations emerged during the transcrip-
Del 510-513 tion process, as a result of germline mutations in regulatory
Del S715 _ 4 genes. In a previous study by our group, mutations in the
nt 22094c (codon 691) silent mutation (homozygous) cDNA, i.e., at the RNA level, were detected in the mast cells
67 BZ} g;ﬁ’j” of MCAS patients (Molderings et al. 2007, 2010). However,
- ES3K no investigations were performed using mast cell genomic
K116 N DNA. Furthermore, many of the mutations were alterations
Ins Q253 at splicing sites, and were thus likely to have been attributable
3218211{0 s to alternative splicing and/or splicing errors that could not be
el 510—
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TET2: L1721W
TET2: 11762V IL13: Q144R SETBP1: 4222T
IL13: Q144R SETBP1: A222T 228Sfs*8
TP53: P72R T2285fs*8 ASXL1: N986S
TP53: P72R
TET2: 11762V
IL13: QI44R
SETBPI1: A222T
T228Sfs*8
TP53: P72R .
TET2: L1721W TET2: 11762V
11762V IL13: Q144R
IL13: Q144R SETBP1: A222T
SETBP1: A222T T228Sfs*8
T228Sfs*8 TP53: P72R
V11011
TP53: P72R

Fig. 1 Pedigree with a high familial loading of mast cell activation syndrome. Squares, males; circles, females. Filled symbol, patient affected with
MCAS; open symbol, clinically healthy individual. Slash, deceased. Bold type, rare variant. Italics, homozygous mutations

Taken together, these findings suggest that somatic mutations
that are present exclusively in mast cells cannot be detected
via NGS of DNA from peripheral blood leukocytes, except
when the number of circulating mast cells and mast cell-
committed progenitor cells is significantly increased and/or
multilineage mutation spread has already occurred.

Germline mutations in the 25 candidate genes in MCAS
patients

Although authors of previous NGS studies of SM have as-
sumed that the detected mutations were somatic in nature,
the criteria applied in this assessment were unclear
(Schwaab et al. 2013; Traina et al. 2012; Damaj et al. 2014,
Hanssens et al. 2014). In the present study, the ratio of se-
quence reads of all detected mutations was close to 1 for
homozygous mutations and close to 0.5 for heterozygous mu-
tations. In view of this, and the fact that the DNA was isolated
from a heterogeneous cell population of hematopoietic origin
in peripheral blood, we conclude that the detected mutations
were germline in nature. Their germline character is further
supported by the findings in the seven different pedigrees, one
of which included a monozygotic twin pair (Fig. 1, Online
Resource 4). In these pedigrees, all mutations were present
in at least one of the two parents, when both parents were
available for investigation, thus rendering a somatic nature
unlikely.

Potential relevance of the detected germline mutations
to mast cell dysfunction in MCAS patients

In the allelic burden analysis, no significant gene-based dif-
ferences were found, indicating that there is no large effect, at
least within the 25 candidate genes of interest in the present

analyses. However, this finding does not exclude the possibil-
ity of smaller effects for single genes. If such effects are pres-
ent, this may mean not only that the effect sizes are too small
to result in a significant gene-based analysis but also, for ex-
ample, that only a small fraction of the mutations occurring in
a particular gene are associated with disease development. In
fact, for several of the investigated genes, individual muta-
tions showed nominally significant differences between pa-
tients and controls. As mentioned above, these results must
be interpreted with caution, since the present study design
(sequencing of patients and follow-up of detected variants in
controls) produces a bias towards false positive results. With
this limitation in mind, the association findings provide sup-
port for some of the investigated genes, which may warrant
follow up in larger samples.

Among the frequent variants, the largest observed differences
between patients and controls were found for IL132'*® and
TP53"72R, IL13 encodes interleukin 13, an immunoregulatory
cytokine which is generated primarily by activated Th2 cells.
The variant Q144R was detected in 94 of the 95 MCAS patients,
with an allele frequency of 85.2% compared to 79.3% in con-
trols. Genome-wide association studies have repeatedly demon-
strated that this polymorphism, i.e., the R-allele, is associated
with both IgE dysregulation (Granada et al. 2012; references
listed at http://snpedia.com/index.php/Rs20541), and classical
Hodgkin’s lymphoma (Urayama et al. 2012; references listed
at http://snpedia.com/index.php/Rs20541). A plausible
hypothesis is that the Q144R variant predisposes to MCAD by
enhancing functional activation via IgE dysregulation and/or
other unknown pathological processes.

TP53 encodes the major tumor suppressor protein p53. The
p53 protein contains transcriptional activation-, DNA binding-,
and oligomerization domains, which are involved in various
biological processes, including the control of cell-cycle
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checkpoints and apoptosis. Both SIFT and Polyphen classify the
sequence variant P72R as deleterious and possibly damaging.
The P72R polymorphism, i.e., the R-allele, has been reported
to be associated with an increased risk for acute lymphoblastic
leukemia (Do et al. 2009); endometrial cancer (Ashton et al.
2009); breast cancer (Johnson et al. 2007; Rajkumar et al.
2008); and mycosis fungoides (McGirt et al. 2015).

A limitation of the present study was that controls from the
in-house reference group and the 1000 Genomes Project sam-
ple were not screened for MCAD. This may have impacted
our results, since the prevalence of MCAD in the German
general population is around 17%, and this is mainly attribut-
able to MCAS (Molderings et al. 2013). Furthermore, the
ExAc data were collected from patients with diseases that
are associated with MCAS (Online Resource 5). Hence, an
enrichment of variants with a causal relationship to MCAS
might have been present in the ExAc reference group. The
use of unscreened controls in the in-house reference group
and the 1000 Genomes Project sample, and a possible enrich-
ment of patients with MCAS-associated diseases in the ExAc
reference group, may have biased the statistical analysis to-
wards less significant differences.

Conclusions

The present analyses detected no somatic mutations in genes
implicated in recent studies of SM, despite high NGS cover-
age. This failure is probably attributable to the dilution of
mutated mast cell DNA in normal leukocyte DNA.
However, multiple non-synonymous germline mutations were
detected in the coding regions of the 25 candidate genes.
Overlap with mutations identified previously in SM was
small. Some of these variants may be functionally relevant
(Online Resource 6) and the present exploratory association
findings suggest that these are interesting candidate variants
for follow up studies.
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