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            Abstract
Hematological traits are important clinical parameters. To test the effects of rare and low-frequency coding variants on hematological traits, we analyzed hemoglobin concentration, hematocrit levels, white blood cell (WBC) counts and platelet counts in 31,340 individuals genotyped on an exome array. We identified several missense variants in CXCR2 associated with reduced WBC count (gene-based P = 2.6 × 10−13). In a separate family-based resequencing study, we identified a CXCR2 frameshift mutation in a pedigree with congenital neutropenia that abolished ligand-induced CXCR2 signal transduction and chemotaxis. We also identified missense or splice-site variants in key hematopoiesis regulators (EPO, TFR2, HBB, TUBB1 and SH2B3) associated with blood cell traits. Finally, we were able to detect associations between a rare somatic JAK2 mutation (encoding p.Val617Phe) and platelet count (P = 3.9 × 10−22) as well as hemoglobin concentration (P = 0.002), hematocrit levels (P = 9.5 × 10−7) and WBC count (P = 3.1 × 10−5). In conclusion, exome arrays complement genome-wide association studies in identifying new variants that contribute to complex human traits.
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                    Figure 1: Association results in the meta-analysis of the MHI and WHI cohorts (n = 24,814) for hematocrit levels at the TFR2-EPO locus on chromosome 7 and for platelet count at the SH2B3 locus on chromosome 12.[image: ]


Figure 2: Rare and low-frequency missense variants in CXCR2 are associated with lower WBC count.[image: ]


Figure 3: Functional characterization of the CXCR2fs mutant receptor.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Quantile-quantile plots of single-variant association results.
(a) Hematocrit. (b) Hemoglobin. (c) White blood cell count. (d) Platelet count.


Supplementary Figure 2 Quantile-quantile plots of gene-based burden T1 results.
(a) Hematocrit. (b) Hemoglobin. (c) White blood cell count. (d) Platelet count. For each gene, we only considered missense, nonsense and splice-site variants with a minor allele frequency of <1%.


Supplementary Figure 3 Quantile-quantile plots of gene-based SKAT results.
(a) Hematocrit. (b) Hemoglobin. (c) White blood cell count. (d) Platelet count. For each gene, we only considered missense, nonsense and splice-site variants with a minor allele frequency of <5%.


Supplementary Figure 4 Impact of the mutation p.Asp70Asn in EPO.
(a) Crystal structure of erythropoietin (EPO, yellow) with two erythropoietin receptor subunits (EPOR, green and red)24. The white circle indicates the interface between EPO and EPOR magnified in (b) and (c). In (b) and (c), the white circles highlight residue 70 (43 after cleavage of the propeptide). Replacing Asp70 (b) by Asn70 (c) may destabilize the EPO loop that interacts with EPOR because it disrupts a hydrogen bond between Asp70 and Thr71.


Supplementary Figure 5 Intensity plots for JAK2 p.Val617Phe in the Montreal Heart Institute (MHI; left) and the Study of Health in Pomerania (SHIP; right) genotyped on the Illumina HumanExome BeadChip.
Density plots for the Women's Health Initiative were not available.


Supplementary Figure 6 Mutations in SH2B3 may interfere with JAK2 binding.
Crystal structure of the SH2-B SH2 domain (beige) with JAK2 phosphotyrosine peptide (pTyr813, yellow)25. JAK2 pTyr813 interacts with arginine residues in the SH2-B BC loop. The glutamate residues identified in our association study (Glu395 and Glu400, green) correspond to Glu558 and Glu563 in the SH2-B sequence. They are directly in the BC loop that interacts with JAK2. Glu563 interacts with Arg578.


Supplementary Figure 7 UCSC ENCODE tracks for the rs1465788 variant near ZFP36L1.
The rs1465788 variant appears to be in a K562 FAIRE nucleosome depletion peak. rs1465788 is also in high LD with rs2236263 (r2 = 0.91 in CEU), rs3742887 (r2 = 0.99 in CEU) and rs6573857 (r2 = 1 in CEU), which all lie in an active promoter for ZFP36L1.


Supplementary Figure 8 Crystal structure of CXCR1 in a phospholipid bilayer.
CXCR2, like CXCR1 and CXCR4, is a protein with seven transmembrane (TM) domains. In purple are the CXCR1 residues that correspond to the missense mutations identified in CXCR2 (two CXCR2 residues, Met6 and Ala37, do not have their CXCR1 equivalent on this structure). In parentheses are the corresponding CXCR2 residues. CXCR2 Arg289 and Arg294 are in TM domains. The remaining four CXCR2 residues (Arg144, Arg236, Arg248, His332) are in intracellular loops.


Supplementary Figure 9 Analysis of CXCR2 in a myelokathexis pedigree.
(a) A myelokathexis pedigree with two affected (filled) and two unaffected (open) daughters is shown at left. The CXCR2 sequence trace shows a single-base deletion corresponding to coding sequence position 968 in individual I-2 (unaffected) compared to an unrelated control (arrow). (b) An NcoI recognition site (CCATGG) that gives a 325-bp fragment when a wild-type amplicon is digested is destroyed by the c.968delA mutation so that the 375-bp undigested amplicon persists. Affected siblings II-2 and II-4 are homozygous for the deletion mutation, parents and sibling II-1 are heterozygous for the mutation, and sibling II-3 is homozygous for the wild-type allele. White blood cell (WBC) counts for each family member are shown below. (c) A structural model of CXCR2 with the conserved GPCR motifs (purple, intracellular loop 2; dark blue, DRY; green, NPXXY), the mutant frameshift peptide (orange) and the truncated wild-type tail (red) indicated. The frameshift is located in helix 8, which is predicted to be parallel to the plasma membrane. Amino acid sequences from the wild-type and mutant CXCR2 constructs are shown. The CXCR2fs construct contains a six-amino-acid frameshift peptide (LDSSRF). Amino acid colors correspond to those used in the structure model. The black bar over the primary sequence indicates the location of a highly conserved LLKIL dileucine motif that is critical for receptor-mediated chemotaxis27.
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