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Abstract  

Mastocytosis is a rare myeloid neoplasm characterised by uncontrolled expansion of mast cells, driven 

in >80% of cases by acquisition of the KIT D816V mutation. To explore the hypothesis that inherited 

variation predisposes to mastocytosis, we performed a two stage genome-wide association study, 

analysing 1,035 patients with KIT D816V positive disease and 17,960 healthy controls from five 

European populations. After quality control, we tested 592,007 SNPs at stage-1 and 75 SNPs at stage-

2 for association using logistic regression and performed a fixed effects meta-analysis to combine 

evidence across the two stages. From the meta-analysis, we identified three intergenic SNPs 

associated with mastocytosis that achieved genome-wide significance without heterogeneity 

between cohorts, rs4616402 (Pmeta=1.37x10-15, OR=1.52), rs4662380 (Pmeta=2.11x10-12, OR=1.46) and 

rs13077541 (Pmeta=2.10x10-9, OR=1.33). Expression quantitative trait analyses demonstrated that 

rs4616402 is associated with the expression of CEBPA (PeQTL=2.3x10-14), a gene encoding a transcription 

factor known to play a critical role in myelopoiesis. The role of the other two SNPs is less clear: 

rs4662380 is associated with expression of the long non-coding RNA gene TEX41 (PeQTL=2.55x10-11) 

whereas rs13077541 is associated with the expression of TBL1XR1, which encodes transducin (β)-like 

1 X-linked receptor 1 (PeQTL=5.70x10-8). In cases with available data and non-advanced disease, 

rs4616402 was associated with age at presentation (P=0.009; beta=4.41; n=422). Additional focused 

analysis identified suggestive associations between mastocytosis and genetic variation at TERT, 

TPSAB1/TPSB2 and IL13. These findings demonstrate that multiple germline variants predispose to KIT 

D816V positive mastocytosis and provide novel avenues for functional investigation.  

 



4 
 

Introduction 

Mastocytosis (MIM: 154800) is an uncommon myeloid neoplasm characterized by expansion and 

accumulation of clonal mast cells in one or more organ systems, including bone marrow, skin, liver, 

spleen, and gastrointestinal tract. The extent of organ infiltration and organ damage serve as the basis 

for classification as cutaneous mastocytosis (CM) or systemic mastocytosis (SM)1. CM is typically found 

in children, whilst most adults with mastocytosis have SM with involvement of the bone marrow. Six 

main subtypes of SM are recognised: indolent SM (ISM) and smouldering systemic mastocytosis 

(SMM) are relatively benign forms that usually have a stable clinical course over many years. In 

contrast, SM with an associated hematologic neoplasm (SM-AHN), aggressive SM (ASM) and mast cell 

leukemia (MCL), collectively known as advanced SM (advSM), are associated with a poor prognosis2. 

ISM is the most common of the 6 subtypes, accounting for 80% of SM cases3.  

Approximately 80-90% of adult SM cases across all subtypes test positive for the somatic mutation, 

KIT c.2447A>T; p.(Asp816Val), usually referred to as KIT D816V. Due to the nature of the disease, the 

mutant allele frequency is often very low, particularly in peripheral blood samples, and sensitive 

methods are needed for its detection4. KIT D816V mutation burden, serum tryptase and 2-

microglobulin levels correlate with disease burden and severity5-8, and for advSM additional somatic 

mutations in SRSF2, ASXL1 and RUNX1 indicate an adverse prognosis9-11. 

Mastocytosis is usually a sporadic disorder but familial forms have been described, often in association 

with inherited, weakly activating KIT mutations12; 13. Very occasionally, familial clustering of KIT D816V 

has been observed but in all cases this mutation is somatically acquired14 and, as a strongly activating 

variant, KIT D816V is believed to be incompatible with normal embryonic development and thus not 

transmissible through the germline. Other lines of evidence suggest the possibility of a broader role 

for genetic variation in mastocytosis. The presence of germline variants in genes known to be 

somatically mutated in myeloid disorders were one of several factors related to adverse clinical 

outcome in SM11. Studies of Mast Cell Activation Disease (MCAD), a disorder that overlaps with SM, 

indicate a substantial excess of symptoms in first-degree relatives of affected individuals which might 

suggest a common genetic susceptibility15; 16. Several constitutional genetic variants have been 

associated with the development of different mastocytosis phenotypes in relatively small candidate 

gene studies17-21, and a recent single stage genome wide association study (GWAS) of 234 cases22. 

Finally, it has been clearly established that constitutional genetic variation at several loci predispose 

to other myeloproliferative neoplasms (MPN)23; 24.  

To determine whether common genetic variation plays a role in predisposition to mastocytosis, we 

have performed a robust two stage GWAS focusing on cases that tested positive for KIT D816V 
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regardless of clinical subtype to help to ensure a genetically homogeneous cohort. We anticipate that 

the identification of validated genetic markers associated with mastocytosis will provide novel lines of 

investigation to understand this complex disorder.  

 

Methods 

Discovery and replication cohorts 

Prior to quality control (QC), the stage 1 discovery cases consisted of 479 KIT D816V positive 

mastocytosis patients recruited from the UK (n=329) and Germany (n=150). These cases were 

compared with healthy controls from the UK Wellcome Trust Case Control Consortium (WTCCC2, 

n=5,200)25 and the German Cooperative Health Research in the Region of Augsburg study (KORA, 

n=4,397), respectively26. At stage-2, 666 independent KIT D816V positive replication cases were 

recruited from Spain (n=399), Denmark (n=185) and Italy (n=82) and compared to published 

population controls from the Spanish National DNA Bank (SNDNAB, n=1,062)27; 28, a Danish study of 

ischaemic heart disease (Inter99, n=6,184)29; 30 and the Italian Invecchiare in Chianti study (InCHIANTI, 

n=1,210)31; 32. Participants provided informed consent for sampling according to the Declaration of 

Helsinki. The number of samples that were recruited and used for analysis after QC in the discovery 

and replication stages is shown in Table S1. An overview of the two stage study design and sample 

numbers is shown in Figure S1. All mastocytosis cases were adults diagnosed using standard 

procedures. Further details on the 5 cohorts are provided in the Supplementary Methods.2; 4 

Genotyping 

DNA was extracted from peripheral blood or bone marrow. The stage-1 cases were genotyped for 

960,919 SNPs using Infinium OmniExpress exome chips (version 8_1.4_A1) and the Genome Studio 

software (GSGT Version 1.9.4) at the Clinical Research Facility in Edinburgh. These data are available 

on request from ArrayExpress (accession number E-MTAB-9358). The stage-2 cases were genotyped 

for 92 SNPs using custom designed Kompetitive Allele Specific PCR (KASP) at LGC33. Genotypic data for 

the control cohorts were obtained from published studies. In WTCCC2, genotypes were called 

separately in the NBS and BBC cohorts using Illumina 1.2M Duo chips and the Illumina’s programme 

to call SNPs with a posterior probability >0.9534. KORA controls were genotyped for 2,443,177 SNPs 

using the Illumina human Omni chip (version 2.5-4v1_B) in KORA_A (a subset of follow-up F3 of the 

population based survey KORA S3) and 730,372 SNPs using Illumina human Omni express chips 

(version 12v1_H) in KORA_B (an independent subset of KORA S3/F3). Controls from SNDNAB, Inter99 

and InCHIANTI were genotyped using Illumina Global Screening arrays, Illumina HumanOmniExpress-
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24 (versions 1.0A and 1.1A) and Illumina Infinium HumanHap 550K SNP arrays which include 18, 90 

and 45 of the SNPs selected for replication respectively. Genotypes for the remaining SNPs were 

determined by imputation. 

Quality control 

Standard GWAS QC measures35 were applied to the genotypic data prior to analysis using Plink36. 

These measures included genotype missingness (per sample and per SNP), minor allele frequency 

(MAF), Hardy Weinberg equilibrium (HWE), heterozygosity (Figure S2), sex inference, cryptic 

relatedness, strand orientation and population stratification using multidimensional scaling (MDS) 

(Figure S3). Since the cases and controls were genotyped separately, SNPs were excluded if they had 

modest deviation from Hardy-Weinberg equilibrium (HWE) in controls (P-value <0.001) or extreme 

deviation in cases (P-value ≤1x10-10) which most likely reflects poor genotyping rather than disease 

association37. The number of SNPs and samples removed by these QC measures is shown in Table S1. 

QC and imputation of the stage 2 controls has previously been described.28-32 Full details regarding the 

QC and imputation procedures are given in the Supplementary methods. 

Imputation 

Imputation of the discovery cohorts was used to increase SNP density and enable fine mapping around 

significant loci. SNPs were imputed using the Sanger imputation server38 which used EAGLE2 for pre-

phasing into the Haplotype Reference Consortium (HRC release 1.1), and positional Burrows-Wheeler 

transform (PBWT) for imputation. Imputed genotypes were quality controlled by excluding SNPs with 

info score <0.80, posterior genotype probabilities less than 0.99, minor allele frequency less than 1%, 

greater than 10% missing genotypes or extreme deviation from HWE (P-value ≤ 1x10-10).  

Statistical analysis 

SNPs were tested for association using binary logistic regression in Plink. A fixed effects inverse 

variance-weighted meta-analysis was carried out using Plink to combine evidence from the stage-1 

cohorts (UK and Germany) and to determine the final effect sizes and significance levels by combining 

evidence across stages-1 and 2. Heterogeneity between studies was estimated using the 2-based 

Cochran's Q statistic and the I2 statistic which describes the percentage of variation across studies that 

is due to heterogeneity rather than chance. To examine the effectiveness of the QC measures and 

assess evidence for any systematic biases the qqnorm and qqplot procedures in R were used to 

construct quantile-quantile (QQ) plots for the stage-1 analysis of the UK and German cohorts and the 

stage-1 meta-analysis (Figure S4). Samples with evidence of non-Caucasian ancestry were excluded 

rather than adjusting the association analysis for population stratification. To examine the effect of 
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this decision, the ancestry outliers were retained and the stage 1 analyses were repeated with 

adjustment for the first two principal components from the MDS analysis (Figure S5 and Table S2).  

The results from the stage-1 meta-analysis were visualised and interpreted using the qqman package39 

in R to create a Manhattan plot (Figure 1) and the FUMA software to generate regional plots40. Results 

from the final meta-analysis of stages 1 and 2 were displayed in a forest plot using Stata (Figure 2). 

The power to detect SNPs associated with SM was estimated using the genetic power calculator41 

under a multiplicative genetic risk model and a type 1 error rate of 5x10-8 (Figure S6). A range of 

genotype relative risks (1.1-2.0) and risk allele frequencies (MAF 0.05-0.4) were used to estimate 

power assuming a disease prevalence of 1 in 100,00042 and unselected controls. 

Selection of SNPs for replication  

To minimize false positives and the potential for overlooking signals with compelling functional 

evidence but modest significance, the following method was used to select SNPs for follow-up at 

stage-2. First a clumping procedure in Plink was used to generate a shortlist of index SNPs (P<0.001) 

with support from correlated SNPs (SNPs r2>0.5, within 500 kb and P<0.01) based on the stage 1 meta-

analysis. From this shortlist, 92 index SNPs were selected for replication with priority, but not 

exclusivity, given to SNPs that were either located in or flanked by a gene with functional relevance 

according to annotation from GeneAlacart43. Relevant functions were signal transduction components, 

hematopoiesis, myeloid leukemia, myeloproliferative or mast cell conditions from GeneAlacart43. A 

total of 44 SNPs were selected with functional relevance. The number of selected SNPs was then 

infilled to 82 by selecting the most significant remaining index SNPs. An additional 10 SNPs were 

selected as backups and to add support to the most promising signals in terms of either their biological 

relevance, individual significance or level of support from correlated SNPs. 

Identification of chromosomal abnormalities  

Regions of acquired uniparental disomy (aUPD) and copy number gains or losses were identified in 

the stage 1 SM patients using B allele frequency (BAF) segmentation44 followed by post processing to 

select likely somatic events as described45 and manual review of all BAF plots (Figure S7). See 

supplementary methods for further details.  

Functional annotation of variants 

The biological relevance of regions containing genome-wide significant SNPs was explored using 

HaploReg (version 4.1)46 to annotate the lead SNP and their proxies (r2 ≥0.8) with respect to histone 

modification, sequence conservation using genomic evolutionary rate profiling (GERP)47, estimated 
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pathogenicity using combined annotation-dependent depletion scores (CADD)48, predicted effect on 

protein binding using RegulomeDB49 scores (SNPs scoring ≤3 are likely to affect binding) and previous 

associations with clinical phenotypes using the NHGRI-EBI GWAS catalog50. Additionally, candidate 

regions were annotated against a 15 state chromatin model51 in primary hematopoietic stem cells 

(E035) and a myeloid leukemia cell line (K562). This model categorizes non coding DNA into active or 

repressed states that are respectively enriched and depleted for phenotype-associated SNPs52. To gain 

further functional insight, expression and methylation quantitative trait loci analyses (eQTL and mQTL) 

were performed on the lead SNP and their proxies (r2 ≥0.8) using GTEx v853 and QTLbase54. Finally, 

LNCipedia55 and the Cancer LncRNA Census (CLC)56 were used to investigate the function of long non-

coding RNA (lncRNA). 

Association with clinical features  

Diagnostic and phenotypic variables for initial diagnosis (advanced = ASM, SM-AHN, MCL; non-

advanced = all other subtypes), the presence or absence of skin lesions (yes or no), gender, baseline 

serum tryptase (ng/mL) and age were available for most of the Spanish (n=369) and Italian (n=81) 

patients, but not other cohorts. Three categorical variables (initial diagnosis, skin lesions and sex) were 

tested for association with allelic counts for the 3 significant SNPs using Fisher’s exact test. Continuous 

variables (tryptase and age) were tested using linear regression following Kolmogorov-Smirnov checks 

for normal distribution and normalisation of tryptase levels using quantile transformation. A fixed-

effect inverse variance-weighted meta-analysis was used to combine evidence from the two cohorts.  

 

Results 

Discovery stage 

After quality control of the stage 1 data, 592,007 SNPs were tested for association with KIT D816V 

positive mastocytosis using binary logistic regression in the UK (274 cases versus 5176 controls) and 

German cohorts (140 cases versus 4328 controls) (Table S1). Summary statistics from these analyses 

were combined using a fixed effects meta-analysis which are available from LocusZoom57. The 

quantile-quantile (QQ) plots for each analysis and their low genomic inflation factors (λ ≤1.038) 

demonstrate a close agreement with the null hypothesis until the tail of the distribution where SNPs 

with P-values less than 10-4 become more significant than expected by chance alone (Figure S4). 

Consequently, systematic biases such as the separate genotyping of our cases and controls, residual 

population stratification or clonal somatic changes are unlikely to account for the significance of these 
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SNPs. A Manhattan plot summarising the results of the stage 1 meta-analysis is shown in Figure 1. A 

total of 18 SNPs were identified with suggestive P-values (P ≤1x10-5).  

Replication and final meta-analysis 

According to the number of samples that passed QC and using a multiplicative disease model, the 

stage 1 analysis was estimated to have 80% power to detect common SNPs (MAF=0.4) with a relative 

risk (RR) of 1.56, and rare SNPs (MAF=0.1) with a RR of 1.82 (Figure S6a). Due to the potential to 

overlook SNPs with smaller effect sizes, we used a set of selection criteria rather than significance 

alone (see Methods) to identify 92 SNPs for replication. These SNPs were selected to have support 

from correlated SNPs and were either; the most significant (n=38), or surpassed a moderate 

significance threshold (P<0.001) and were located in or flanked by a functionally relevant gene (n=44), 

or were selected as backups for the most promising signals (n=10). One SNP achieved genome-wide 

significance in the stage 1 analysis, rs7884433, but it was not selected for replication because it lacked 

support from any of the SNPs in strong LD and is thus likely to be a technical artefact. 

Of the 92 SNPs selected, 75 were successfully genotyped in 666 KIT D816V mastocytosis cases from 

Spain, Denmark and Italy. Additional controls (n=8,456) from the same populations that had 

previously been genotyped were used for comparison. After QC, 621 cases and all the controls 

remained for analysis. All SNPs passed QC in cases although 19 were excluded from the Spanish 

controls due to per SNP missingness (≥10%) following imputation. Samples were tested for association 

with SM as three separate cohorts using binary logistic regression. The final significance levels and 

effect sizes were determined using a fixed effects inverse variance-weighted meta-analysis to combine 

evidence from stages 1 and 2. This meta-analysis identified three intergenic SNPs with genome-wide 

significance, rs4616402 (Pmeta=1.37x10-15), rs4662380 (Pmeta=2.11x10-12) and rs13077541 

(Pmeta=2.10x10-9) (Table 1). Results for the three SNPs reaching genome-wide significance are 

summarised in a forest plot which shows that each SNP is significant in four of the five cohorts tested 

and that there is evidence for the same trend in the remaining population (Figure 2). Cochran’s Q test 

and I2 statistics showed that for each SNP there was no evidence of heterogeneity between cohorts. 

Results from the meta-analysis of stages-1 and 2 for all SNPs tested are shown in Table S3. 

To investigate the possibility of residual population stratification, the stage 1 analyses were repeated 

without removing 26 samples with evidence of outlying ancestry (Table S1) and adjusting the 

association analysis using the first two principal components from MDS. The top three SNPs retained 

genome-wide significance, with rs4662380 and rs13077541 becoming slightly more significant (Table 

S2), which suggests an absence of residual population stratification in the original analysis.  
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Functional annotation and candidate gene mapping 

To explore the functional relevance of the regions associated with mastocytosis, we used HaploReg 

and RegulomeDB to determine if the risk SNP or their proxies (r2 ≥0.8) were located in regions with 

potential regulatory functions based on chromatin modification, DNA methylation and alteration of 

transcription factor (TF) binding motifs (Table S4). To gain further functional insight, we performed 

expression and methylation quantitative trait loci analyses (eQTL and mQTL) on the lead SNP and their 

proxies using GTEx v853 and QTLbase54. Finally, the stage-1 meta-analysis was repeated using 

imputation to enable fine mapping around the lead SNPs and to generate association results for 

proxies which had not been directly genotyped.  

The most significant SNP, rs4616402, confers a 1.52 fold increased risk of developing mastocytosis and 

is situated in an intergenic region on chromosome 19 between a solute carrier gene (SLC7A10, 36.8Kb 

downstream) and a gene encoding a transcription factor (CEBPA, 37.2kb downstream) that 

coordinates proliferation and differentiation of myeloid progenitor cells (Figure 3a). Using QTLbase 

we found that rs4616402 is strongly associated with the expression of CEBPA in whole blood according 

to data from three previous eQTL studies (PeQTL=2.30x10-14; PeQTL= 2.96x10-11; PeQTL= 9.20x10-9)58-60. 

There is no evidence that SLC7A10 has a role in carcinogenesis, including myeloid malignancies, and 

no additional SNPs were identified in strong LD with rs4616402. However, there is weak evidence that 

rs4616402 may have functional consequences according to the RegulomeDB score (score=4). The 

chromatin surrounding rs4616402 is characterised as an enhancer (7_Enh) in primary hematopoietic 

stem cells due to an enrichment of the H3K4me1 signature. Additionally, the risk allele is predicted to 

alter three TF binding motifs (Arnt_1, Gm397 and Hmx_1, Table S4).  

The second most significant SNP, rs4662380, increases the risk of developing mastocytosis by 1.46 

fold and is located in the first intron of a lincRNA gene (LINC01412) (Figure 3b). Twelve additional SNPs 

in the LINC01412 gene were identified in strong LD with the lead. Three of these proxies are located 

in chromatin enhancers (7_Enh: rs6722387, rs16823865, rs13413446) in primary hematopoietic stem 

cells and one is located in a flanking active transcription start site (2_TssAFlnk: rs16823855) in K562 

(Table S4). The RegulomeDB scores indicate that two of the proxies are likely to affect TF binding, 

rs4662227 (score=2c) and rs13413446 (score=3a) while the remaining SNPs are estimated to have 

weak evidence for functional consequences. However, using the GWAS catalog50 we found that one 

of the remaining proxies, rs16823866, was strongly associated with white blood cell counts in two 

previous studies (P=4x10-18 and P=6x10-11)61; 62. Finally, using QTLbase we found that the lead SNP 

(PeQTL=2.55x10-11) and four proxies including rs16823866 (PeQTL=2.55x10-11) were strongly associated 

with the expression of the nearby gene TEX41 in neutrophils63.  
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The final SNP, rs13077541, is associated with a 1.33 fold increase in risk of developing mastocytosis 

and is located in an intergenic region of chromosome 3 between transducin beta like 1 X-linked 

receptor 1 (TBL1XR1, 10.6kb upstream) and another lincRNA RNA gene (LINC00501, 86.5kb upstream) 

(Figure 3c). Fifty three additional SNPs were identified in strong LD with the lead including twenty 

seven intronic SNPs in TBL1XR1 (Table S4). Eleven of these proxies are located in active chromatin 

regions including three in an active transcription start site (1_TssA: rs12493005, rs12486557, 

rs34302523) and two in a 5’ transcribed region (3_TxFlnk: rs35072945, rs34311793) in K562. The 

RegulomeDB scores indicate that five of the proxies are likely to affect binding (score2a-c: rs6790639, 

rs34302523, rs6772872, rs7616138 and rs1920131). Of these, rs6790639 is particularly relevant as the 

PU.1 TF, which is encoded by the Spi-1 proto-oncogene (SPI1), has been shown to bind to this region 

inK562 using ChIP sequencing64. PU.1, together with other TFs, regulates the expression of genes 

involved myelopoiesis65. Using QTLbase we found that the lead SNP (PeQTL=5.70x10-8) and one of the 

proxies, rs16823866 (PeQTL=9.52x10-9), were strongly associated with the expression of TBL1XR1 in 

CD4+ naïve T cells63. 

 

Association with clinical features 

To determine if variants that predispose to the development of mastocytosis relate to particular 

clinical features, we used Fisher's exact tests and linear regression to correlate allelic counts for the 

three significant SNPs with clinical phenotypes in the Spanish and Italian cohorts (Table 2), the only 

cases for which clinical information was available. A significant association was identified between 

rs4616402 and age at presentation (n=422; P=0.009; beta=4.41) in patients with non-advanced 

disease that remained significant after correction for multiple testing. No association with age was 

seen in the much smaller group of cases (n=26) with advanced disease, a subgroup for which additional 

mutations may be a confounding factor. In cases, the age of onset was estimated to increase by 4.41 

years per risk allele. No associations were seen with baseline tryptase levels, gender, skin lesions or 

disease phenotype.  

 

Association with TPSAB1 and TPSB2 

Increased copy number variation at TPSAB1, the gene at 16p13 encoding α-tryptase, is associated with 

elevated serum tryptase levels in hereditary α-tryptasemia66.  Our analysis did not include direct copy 

number analysis of this gene, however a recent study linked TPSAB1 duplications with three SNPs 

including rs5812483267. This SNP was genotyped at stage 1 and met our criteria for analysis at stage 
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2, yielding a suggestive overall association with SM (Pmeta=9.03x10-6). The Cochran’s Q test and I2 

statistics showed no evidence of heterogeneity between cohorts, however the association was 

significant in only three cohorts (PGerman=0.0058, PUK=0.0042, PSpanish=0.05). The eQTL analysis showed 

that rs58124832 is strongly associated with the expression of TPSAB1 (PeQTL<1.9x10-58) and TPSB2 

(tryptase-β2; PeQTL=1.96x10-75) in blood. 

 

Association with TERT 

Several TERT SNPs have been identified as risk factors for the development of hematological 

malignancies, including MPN, as well as some solid tumours. Our stage 1 analysis included rs2853677, 

which has been linked to both MPN and JAK2 V617F associated clonal hematopoiesis24. This SNP 

marginally failed to meet our criteria for analysis at stage 2, however the stage 1 meta-analysis for 

directly genotyped UK and German cases showed Pmeta=0.0011, suggesting the possibility of an 

association. To examine this in more detail we imputed genotypes for 64 additional SNPs spanning 

TERT and tested their association with SM. As shown in Table S5, 7 SNPs achieved P values of <0.001. 

The strongest of these was for rs7726159 (Pmeta=8x10-5), an established risk SNP for multiple cancer 

types68. We identified one secondary association at TERT for rs2853677 which remained significant 

after conditioning on rs7726159 (Pconditional= 0.035). No associations were seen with other SNPs that 

predispose to MPN69 or clonal hematopoiesis of indeterminate potential70 in our stage 1 data (Table 

S6).  

 

Associations with other genetic factors 

To the best of our knowledge, 14 SNPs have been associated with the development or phenotype of 

human mastocytosis in published studies17-22. Of these, 11 were directly genotyped or could be 

imputed from our stage 1 data (Table S7) but only one of these was significant: rs1800925 in the 

promoter region of IL13 at 5q31 (Pimputed=0.008). This SNP has been linked to the development of adult 

SM and serum interleukin-13 levels18 and inflammatory disorders such as chronic obstructive 

pulmonary disease71.  

 

Discussion 

Despite being characterised by a common somatic oncogenic driver mutation, mastocytosis is a 

complex disorder with a broad range of clinical phenotypes and outcomes. In this study we have 

identified constitutional genotype as an additional factor contributing to the heterogeneity of 
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mastocytosis. The use of a molecular definition for cases rather than clinically-defined subtypes and 

careful ethnicity matching of cases and controls aimed to reduce the chance of heterogeneity both in 

the primary and replication cohorts. Thus, with a relatively modest cohort size for a GWAS, we were 

able to identify and validate 3 novel SNPs that achieved genome wide significance, and additional 

suggestive associations at TERT, TPSAB1/TPSB2 and IL13 that merit further investigation. Notably, 

apart from rs1800925 (IL13), we did not confirm any of the previously published associations derived 

from candidate gene studies and a recent GWAS that did not include a replication cohort (Table S6). 

In addition, we found no evidence that genetic variation at KIT is associated with acquisition of KIT 

D816V, unlike the finding in MPN that JAK2 haplotype strongly influences the probability of acquiring 

JAK2 V617F72.  

 

Theoretically, common genetic variation may influence mastocytosis by distinct mechanisms, for 

example by promoting or favouring the outgrowth of a KIT D816V positive clone that arose by random 

mutation (fertile ground hypothesis); by increasing the probability that a KIT D816V mutation arises 

in a stem cell (hypermutability hypothesis); or by promoting the development of signs or symptoms 

in an individual with a KIT D816V positive clone, thus increasing the chance of clinical investigation 

(phenotypic hypothesis). We considered the possibility that clonal somatic changes might affect the 

analysis, however, we found that SM genomes are relatively simple with only a small proportion of 

cases showing likely somatic copy number changes or acquired uniparental disomy (Figure S7). 

Furthermore, apart from isolated cases the genomic regions with somatic changes did not include the 

risk factors we identified.  

 

Of the 3 significant SNPs identified in this study, the strongest association was seen for rs4616402 at 

19q13. Interestingly, this SNP was significantly associated with age of diagnosis in patients with non-

advanced disease. This SNP is located in a candidate enhancer and the risk allele is linked to reduced 

expression of CEBPA60, located 37.3 kb upstream. Another 19q13 SNP, rs78744187, has previously 

been linked to basophil counts and shown to modulate the activity of a CEBPA enhancer73, however 

this variant is not in LD with rs4616402 (r2=0.22). CEBPA is an intronless gene which encodes a leucine 

zipper transcription factor that binds to the CCAAT motif in the promoter of its target genes. It is 

expressed in myeloid progenitor cells and several studies have defined its critical role in myelopoiesis 

and malignant transformation of myeloid cells74. Of particular relevance, high C/EBPα expression 

inhibits the production of mast cells from mast/basophil common progenitors whereas low C/EBPα 

expression inhibits the production of basophils70. Although the consequence of reduced CEBPA levels 

in the context of KIT D816V remain to be defined, reduced CEBPA expression associated with 
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rs4616402 may be relevant to the fertile ground and phenotypic hypothesis defined above by creating 

an environment that favors the production of mast cells. It is striking that CEBPA or its product C/EBPα 

is targeted by two other oncogenic tyrosine kinases: BCR-ABL1 downregulates CEBPA by a post-

transcriptional mechanism75 and oncogenic FLT3 mutants disrupt C/EBPα function by ERK1/2-

mediated phosphorylation76. Furthermore, low CEBPA expression is commonly seen in acute myeloid 

leukemia, although the underlying mechanism is unclear74. Detailed functional studies are needed to 

clarify the relationship between KIT D816V-driven clonal outgrowth and CEBPA expression.  

 

The second most significant SNP, rs4662380, is located at 2q22 within the long non-coding RNA 

LINC01412 and associated with higher expression of the nearby gene TEX41. Both are of unknown 

function, but due to the possibility of long range interactions between GWAS signals and target genes 

it is unclear if either are directly relevant to SM. ZEB2 is another nearby gene that has been linked to 

both myeloid and lymphoid leukemias77; 78 but we found no association between rs4662380 and ZEB2 

expression. Interestingly, rs16823866, a SNP strongly linked to rs4662380, was associated with 

elevated white blood cells and specifically basophils in three independent population studies61; 62; 79. 

Although the underlying mechanism is unclear, this may be relevant to the phenotypic hypothesis, in 

that cases with abnormal blood counts may be more likely to be investigated clinically. The final SNP 

rs13077541 is linked to expression of TBL1XR1. This gene has been reported as a fusion partner of 

PDGFRB, ROS1, RARA and RARB in myeloid malignancies80-82 but its significance in relation to SM 

remains to be established.  
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Tables 

 Table 1. Summary of the most significant SNPs from meta-analysis of stages 1 and 2 

SNP, rs identifier from dbSNP; Alleles, risk associated/non-risk associated allele; RAF, risk allele 
frequency in Europeans from 1000 genomes; PMETA, fixed effects meta analysis of stages 1 and 2; OR, 
odds ratio; CI, 95% confidence interval; I2, heterogeneity index (0-100). 

 

Table 2. Association between the most significant SNPs and clinical phenotypes in the Spanish and 
Italian cohorts. 
 

  rs4662380 rs13077541 rs4616402 
Phenotype No Cases P value Effect size (CI) P value Effect size (CI) P value Effect size (CI) 
Initial diagnosis 
(indolent/advanced) 

422/26 0.175 0.58  
(0.26-1.27) 0.646 0.88 

(0.50-1.54) 0.238 0.60 
(0.25-1.40) 

Sex (F/M) 235/214 0.266 1.18  
(0.88 - 1.60) 0.384 1.12  

(0.86 - 1.46) 0.904 1.03  
(0.65 - 1.61) 

Skin lesions (+/-) 275/122 0.638 1.08  
(0.77 - 1.51) 0.151 0.81 

(0.60 - 1.08) 0.406 1.23 
(0.75 - 2.00) 

Age at diagnosis  422 0.668 0.55  
(-1.97 - 3.07) 0.625 0.67 

(-2.02 - 3.35) 0.009 4.41 
(1.09 - 7.73) 

Tryptase  417 0.452 -0.08 
(-0.29 - 0.13) 0.136 -0.17 

(-0.39 - 0.05) 0.249 0.17 
(-0.12 - 0.45) 

 

Categorical phenotypes: Initial diagnosis (422 indolent vs 26 advanced mastocytosis cases), sex (235 
female vs 214 male cases) and skin lesions (275 cases with skin phenotype vs 122 cases without skin 
phenotype); P value, fixed effects meta analysis of Italian and Spanish Fisher’s exact test; effect size, 
odds ratio; CI, 95% confidence interval. Continuous phenotypes: Age at diagnosis and tryptase levels 
tested in cases with non-advanced phenotype; P value, linear regression; effect size, regression 
coefficient beta; CI, 95% confidence interval.  

SNP Chr Location (hg19) Alleles RAF Gene PMETA OR (CI) I2 

rs4616402 19q13 33,753,555 A/G 0.240 SLC7A10-CEBPA 1.37x10-15 1.52 (1.37-1.68) 4.2 

rs4662380 2q22 145,316,407 C/T 0.189 LINC01412 2.11x10-12 1.46 (1.32-1.63) 0 

rs13077541 3q26 176,925,740 G/A 0.464 TBL1XR1-LINC00501 2.10x10-9 1.33 (1.21-1.45) 0 
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Figure legends 

 

Figure 1. Genome-wide association of KIT D816V-positive mastocytosis  

Manhattan plot showing results from the stage-1 meta-analysis of the UK and German cohorts for all 

24 chromosomes. Results are plotted for 592,007 SNPs tested as -log10 of the meta-analysis P-values 

on the y-axis against genomic location on the x-axis. One SNP was identified with genome-wide 

significance (P-value <5x10-8), indicated by the red line, and a further 18 SNPs were identified with 

suggestive P-values (<1x10-5), indicated by the blue line. SNPs selected for replication are highlighted 

in green, and the three SNPs that reached genome-wide significance after meta-analysis of stages one 

and two are highlighted in purple.   

 

Figure 2. Forest plots and meta-analysis for three SNPs reaching genome-wide significance.  

Forest plots for each SNP associated with SM at a genome-wide level of significance. Odds ratios (OR 

= ES) and 95% confidence intervals (CI) are displayed on the x-axis. Results are shown for each cohort 

(UK, German, Spanish, Danish and Italian) and the combined analysis. The SNP subtotals and diamond 

show the final OR and CI for a fixed effects meta-analysis of all five cohorts and uses I-squared to 

assess heterogeneity in effect sizes between cohorts.  

 

Figure 3. Regional plots of the imputed stage 1 meta-analysis for SNPs reaching genome-wide 

significance in the final meta-analysis.  

Results from the imputed stage 1 meta-analysis in a region surrounding three SNPs (A rs4616402, B 

rs4662380 and C rs13077541) which predispose to SM and reached genome-wide significance in the 

final meta-analysis. In each plot, the leading SNP is indicated by a purple circle and the colour of other 

SNPs represent the strength of linkage disequilibrium (r2) with the lead SNP. Protein coding genes and 

RNA genes are shown in the track below with arrows to indicate the direction of transcription and 

wider lines representing the location of exons. The lower panel displays the 15 state chromatin track 

(chromHMM) in primary hematopoietic stem cells (E035) and K562 using data from the NIH Roadmap 

Epigenomics Consortium83. Physical positions are relative to build 37 (hg19) of the human genome. 
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KIT D816V positive mastocytosis 
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Supplementary methods 

 

Discovery and replication cohorts 

The primary aim of our study was to identify genetic predisposition to KIT D816V positive adult 

mastocytosis irrespective of disease subtype or clinical phenotype. The stage 1 discovery cohorts 

were recruited from two diagnostic laboratories (Wessex Regional Genetics Laboratory, UK) and 

Munich Leukemia Laboratory, Germany) based on (i) referral for investigation of mastocytosis and 

(ii) testing positive for KIT D816V.  A breakdown of WHO-defined clinical subtypes and other clinical 

information was not available for these cases, but <10% were known to have advanced SM. The 

stage 2 replication cohort was recruited from expert clinical centers in Spain, Denmark and Italy. A 

breakdown by subtype for stage 2 cases is given in Table S8. Additional diagnostic and clinical 

variables were only available for the Spanish and Italian cohorts due to ethical limitations regarding 

consent. The study was approved by UK NRES Committee South West reference 10/H0102/61; 

Germany: MLL cohort, BLAEK ethics commission, reference 05117; Spain: ethics committee of the 

University Hospital of Salamanca reference 2016/PI16/00642; Italy: local Ethics Committee, March 

12, 2019, protocol  number 14560_OSS. The Danish SM study was performed in accordance with the 

Danish National Committee on Health Ethics. 

 

Additional description of control cohorts 

Both WTCC2 and KORA control cohorts comprised two separate studies. In WTCCC2 these were the 

National Blood Service (NBS, n=2,501) and the British Birth Cohort (BBC, n=2,699) while in KORA these 

were KORA_A (n=1,938), representing a subset of follow-up F3 of the population based survey KORA 

S3, and KORA_B (n=2,459), representing an independent subset of KORA S3/F3. 

A total of 1,062 healthy controls were recruited from the Spanish National DNA Bank Carlos III 

(SNDNAB). These individuals were all adults, gave informed consent and were determined to be 
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healthy based on self-reported health status obtained from personal interviews. See 

http://www.bancoadn.org for further details.  

The InCHIANTI study is a population-based epidemiological study aimed at evaluating the factors that 

influence mobility in the older population living in the Chianti region in Tuscany, Italy. The details of 

the study have been previously reported1. Briefly, 1616 residents were selected from the population 

registry of Greve in Chianti (a rural area: 11,709 residents with 19.3% of the population greater than 

65 years of age), and Bagno a Ripoli (Antella village near Florence; 4,704 inhabitants, with 20.3% 

greater than 65 years of age). The participation rate was 90% (n=1453), and the subjects ranged 

between 21-102 years of age. The study protocol was approved by the Italian National Institute of 

Research and Care of Aging Institutional Review, the internal Review Board of the National Institute 

for Environmmental Health Sciences (NIEHS) and by the Medstar Research Institute (Baltimore, MD). 

The Inter99 study is a randomized, non-pharmacological intervention study for the prevention of 

ischemic heart disease2,3. In brief, more than 13,000 individuals between 30 and 60 years of age and 

from 11 municipalities in the south-western part of Copenhagen were randomly selected from the 

Danish Civil Registration System. Overall, baseline examinations were attended by 6,784 (52%) 

individuals and genotype information was available for 6,184 individuals. The Inter99 study was 

approved by the Scientific Ethics Committee of the Capital Region of Denmark (KA98155) and 

registered as clinical trial (ClinicalTrials.gov; ID-no: NCT00289237). The study protocols were in 

accordance with the Helsinki declaration and approved by the local ethical committees. The study was 

performed in accordance with the principles of the Declaration of Helsinki. 

 

Genotyping, imputation and quality control of control cohorts 

In brief, SNPs and/or samples were removed from SNDNAB due to low call rate (<98%), HWE (P-value 

<0.001), heterozygosity (|F|>0,10) or evidence of cryptic relatedness (IBD>0.25). SNPs were then 

imputed using a two-step process. In the first step, the observed data were phased using SHAPEIT 

(version 2.r837). In the second step, the phased data were imputed using IMPUTE2 (version 2.3.0) 

with default settings, an effective population size (-Ne) of 20,000 which is recommended for achieving 

high accuracy across all population groups and reference haplotypes from phase 3 of the 1,000 

Genomes Project4. Imputation was performed in 5Mb chunks, as recommended, and then joined. 

Genotypes with an uncertainty greater than 0.1 were set to missing and the remainder were used as 

hard calls. SNPs with low imputation quality were excluded (INF0 score <0.6).  
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Genotyping and QC of the InCHIANTI study has previously been described5. In brief, SNPs and/or 

samples were removed due to low call rate (<97%), HWE (P-value <10-4), heterozygosity (> 0.3), MAF 

(<1%) and sex mismatches leaving 1,210 samples and 495,343 autosomal SNPs that passed quality 

control. SNPs were imputed using the Michigan Imputation Server, HRC haplotype reference panel 

(HRC r1.1 2016) and SNPs with low quality score were removed (INFO ≤0.7).  

Genotyping and QC of the Inter99 study has previously been described6. Individuals were genotyped 

using the Illumina HumanOmniExpress-24 SNP arrays (versions v1.0_A and v1.1_A) and the 

GenomeStudio software. QC filtering was applied before imputation which involved selection of non-

monomorphic SNPs, samples with a call rate ≥98%, and SNPs in Hardy–Weinberg equilibrium (p-value > 

10-5). Additional SNP genotypes were imputed using Eagle for pre-phasing autosomal SNPs and 

imputed to the Haplotype Reference Consortia panel (HRC version r1.1) by following the standard 

protocol on the Michigan imputation server (https://imputationserver.sph.umich.edu/index.html)7. 

All variants included in this study were in Hardy–Weinberg equilibrium (p > 0.05) and had high 

imputation quality scores (INF0≥0.9). 

 

Quality control for mastocytosis cases 

At stage-1, QC involved the removal of SNPs and samples with ≥10% missing genotypes, rare SNPs 

(MAF ≤5%) and duplicate SNPs. Since the cases and controls were genotyped separately, SNPs were 

excluded if they had modest deviation from Hardy-Weinberg equilibrium (HWE) in controls (P-value 

<0.001) or extreme deviation in cases (P-value ≤1x10-10) which most likely reflects poor genotyping 

rather than disease association. Samples were also excluded due to outlying autosomal heterozygosity 

(±3 SD from the mean, Figure S2), if there was a discrepancy between reported and inferred sex based 

on X chromosome homozygosity or there was evidence for cryptic relatedness based on pairwise 

measures of identity by state (IBS ≥0.86) for autosomal SNPs in linkage equilibrium (r2<0.5). Manifest 

files for each array were used to update strand orientation, genomic location and SNP names. Strand 

assignments for palindromic SNPs (AT/GC) were checked and corrected if necessary using the 

Genotype Harmonizer (GH)8. The case and control datasets were merged and any non-biallelic SNPs 

that remained were flipped and removed if unresolved. 

A multidimensional scaling analysis (MDS) was used to infer ancestry based on the pairwise measures 

of IBS. This involved merging the cases and controls with samples from three reference populations 

from the HapMap consortium (Caucasian, CEU, African, YRI and Asian ASI). The MDS results were 

inspected by plotting the first (C1) and second (C2) principal components (Figure S3). Samples with 
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outlying values for C1 (±3 SD from the mean for stage 1 cases and controls and HapMap CEU) were 

considered ancestry outliers and excluded from further analysis. 

The same QC measures were applied to the stage-2 cases with the exceptions that per sample QC 

measures for heterozygosity, sex-mismatch, cryptic relatedness and non-Caucasian ancestry were not 

performed due to the small number of SNPs genotyped. 

Identification of chromosomal abnormalities  

BAF segmentation was run using default settings to exclude SNPs that were non informative (BAF >0.9 

or BAF <0.1) or noisy (absolute difference in BAF values between preceding or succeeding SNPs was 

greater than 0.6). Regions with similar allelic proportions were merged using circular binary 

segmentation (CBS) and identified as regions of allelic imbalance (AI) if their mean mirrored BAF (mBAF) 

values were above the default threshold (mBAF≥0.56).  

Raw output from BAF segmentation was processed using bedtools9 to perform further merging of AI 

regions with a minimum density of 1 SNP per 20 Kb that were separated by less than 5Mb. The merged 

regions were then scored based on SNP density, heterozygosity rate and coverage. Merged AI regions 

≥2Mb in size with confidence scores above an empirically defined threshold (≥9) were selected and 

compared to the median log2 R ratio (LRR) to determine if they involved copy number gains, losses or 

were copy number neutral aUPD. The automated calls and genomic locations were confirmed by 

manual inspection of the BAF plots and revised where necessary to create a final list of mosaic 

chromosomal abnormalities (mCA) that were plotted alongside a karyotype (Supplementary Figure 

S6).  
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Supplementary Figures 

 

 

 

Figure S1. Two stage study design.  

An overview of the two stage case control study design and sample numbers, before QC, that were 

used to investigate inherited predisposition to SM. In the discovery stage, SM patients and healthy 

controls from the UK and Germany were tested for association using binary logistic regression. 

Evidence from these separate cohorts was combined using a fixed-effect meta-analysis. SNPs selected 

for replication were tested in three European cohorts (Spanish, Danish and Italian) using binary logistic 

regression. Another fixed-effects meta-analysis was used to determine the final effect size and 

significance levels by combining evidence from the discovery (stage-1) and replication stage (stage-2). 
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Figure S2. Quality control for autosomal heterozygosity and per sample missingness   

A. Stage 1 SM patients from the UK and German cohorts. B. Healthy controls from the WTCCC2 cohort. 

C.. Healthy controls from the KORA_A cohort. D. Healthy controls from the KORA_B cohort. Horizontal 

dashed lines indicate the thresholds used to identify samples with outlying levels of heterozygosity in 

the stage 1 SM patients (±3 SD from the mean). Vertical dashed lines show the threshold used to 

remove samples with more than 10% missing genotypes.  
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Figure S3. Multidimensional scaling (MDS) plot.  

Multidimensional scaling plot generated by plotting the first two components (C1 and C2). SM patients 

from the UK (purple circles) and Germany (dark blue circles), KORA controls (KORA_A turquoise, 

KORA_B brown) and WTCCC2 controls (orange), reference populations from HapMap for Utah 

residents with Northern and Western European ancestry (CEU, red circles), Yoruban individuals from 

Ibadan, Nigeria (YRI, blue circles), Han Chinese in Beijing, China (dark green circles). Samples with 

outlying values for C1 (±3 SD from the mean for stage 1 cases and controls and HapMap CEU) were 

considered ancestry outliers and excluded from further analysis (light green circles). 
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Figure S4. Quantile quantile plots of the stage 1 analyses.  

Quantile quantile (QQ)-plots for association with SM at stage-1 for separate analysis of the UK (A) and 

German (B) cohorts and meta-analysis (C). Expected significance levels under the null hypothesis, 

where no SNPs are associated with SM, are shown by the straight diagonal lines. The curved lines 

above and below the diagonal indicate the 95% confidence interval (CI) of the expected P-values. In 

each plot, the majority of SNPs have observed P-values within the 95% CI until the tail of the 

distribution where SNPs with P-values less than 10-4 start to deviate from the levels of significance that 

are expected by chance alone. 
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Figure S5. Quantile-quantile plot of the stage 1 meta-analysis with and without correction for 

population stratification  

The analysis without correction excluded 26 ancestry outliers. These samples were included in the 

analysis which corrected for population stratification using the first two principal components from 

the MDS analysis.  

 

 



11 
 

 

 

 

Figure S6. Power to detect SNPs associated with mastocytosis  

A. Stage-1 meta-analysis involving 414 cases versus 9,504 healthy controls. B. Meta-analysis of stages 1 and 2 involving 1,060 cases versus 17,960 healthy 

controls. 
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Figure S7. Copy number changes and regions of acquired uniparental disomy in the 414 stage-1 cases 


