







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Genetics]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature genetics

	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 22 February 2016



                    Recurring exon deletions in the HP (haptoglobin) gene contribute to lower blood cholesterol levels

                    	Linda M Boettger1,2, 
	Rany M Salem1,2,3,4, 
	Robert E HandsakerÂ 
            ORCID: orcid.org/0000-0002-3128-35471,2, 
	Gina M Peloso2,5, 
	Sekar Kathiresan2,5, 
	Joel N Hirschhorn1,2,3,4 & 
	â€¦
	Steven A McCarroll1,2Â 

Show authors

                    

                    
                        
    Nature Genetics

                        volumeÂ 48,Â pages 359â€“366 (2016)Cite this article
                    

                    
        
            	
                        5340 Accesses

                    
	
                        71 Citations

                    
	
                            73 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Genomics
	Medical genetics


    


                
    
    

    
    

                
            


        
            Abstract
One of the first protein polymorphisms identified in humans involves the abundant blood protein haptoglobin. Two exons of the HP gene (encoding haptoglobin) exhibit copy number variation that affects HP protein structure and multimerization. The evolutionary origins and medical relevance of this polymorphism have been uncertain. Here we show that this variation has likely arisen from many recurring deletions, more specifically, reversions of an ancient hominin-specific duplication of these exons. Although this polymorphism has been largely invisible to genome-wide genetic studies thus far, we describe a way to analyze it by imputation from SNP haplotypes and find among 22,288 individuals that these HP exonic deletions associate with reduced LDL and total cholesterol levels. We further show that these deletions, and a SNP that affects HP expression, appear to drive the strong association of cholesterol levels with SNPs near HP. Recurring exonic deletions in HP likely enhance human health by lowering cholesterol levels in the blood.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: A common CNV in the HP gene is responsible for distinct molecular phenotypes.[image: ]


Figure 2: SNP haplotypes surrounding HP persist through the CNV region yet segregate with both structural forms of HP.[image: ]


Figure 3: SNP haplotypes and sequence differences between HP subtypes inform structural history.[image: ]


Figure 4: Lone HP1S structural alleles segregate on common HP2FS SNP haplotypes.[image: ]


Figure 5: The HP2 allele associates with increased total cholesterol levels and increased LDL cholesterol levels.[image: ]


Figure 6: The rs2000999[A] allele on the HP2 background is associated with a greater increase in total cholesterol and LDL cholesterol levels than the rs2000999[G] allele.[image: ]


Figure 7: A model for the influence of HP genetic polymorphisms on total and LDL cholesterol levels.[image: ]
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Supplementary Figure 1 SNPs on opposite sides of the CNV are routinely in high linkage disequilibrium.
The x axis indicates position on chromosome 16, while the y axis indicates the r2 correlation for linkage disequilibrium. The linkage disequilibrium value provided for each SNP is the maximum LD shared with a SNP on the opposite side of the CNV. The minor allele frequency for each SNP is indicated by color. (a) European populations (CEU, TSI, IBS). (b) African population (YRI).


Supplementary Figure 2 Sequence differences between human HP subtypes within the structurally variant region.
The x axis lists the base-pair position of each nucleotide variant as aligned to HP2FS-Left (hg19). The y axis indicates the HP subtype and HapMap or 1000 Genomes Project sample that was sequenced. Only polymorphic bases are shown. The lavender sequence indicates bases that result from paralogous gene conversion from HPR. The pink and green bases indicate alternate forms of the highly diverged region, while the white colored bases indicate other derived variants with respect to chimpanzee HP.


Supplementary Figure 3 Sequence differences between alleles, orthologs and paralogs in the HP structurally variant region.
An alignment of the structurally variant region for human structural haplotypes and other primates shows distinct polymorphic sections. The x axis lists the base-pair position of each nucleotide variant as aligned to HP2FS-Left (hg19). The homolog that provided the sequence is indicated on the y axis. Only the fixed differences between human HP subtypes are shown. The bases backed in white indicate mutations specific to human subtypes. The lavender region indicates bases that match human HPR. Human HP1F and HP2FS-Left have 30 derived bases (with respect to chimpanzee and bonobo HP) that match the human HPR gene. Bases in the highly diverged region are indicated in pink and green. The series of mutations that gave rise to the highly diverged region is unclear, as the great apes are also highly polymorphic in this region and multiple bases have potentially deep coalescence. Haptoglobin from the great apes was sequenced with the designed primers (Supplementary Table 14). Human HPR was provided by the hg19 reference sequence. Chimpanzee HPR and HPP are from previously released sequence (GenBank, M84462.1 and M84463.1). The following samples were provided by the Yerkes Center and Coriell Cell Repositories and were used to sequence HP in each respective great ape: PR00107 (gorilla), PR00251 (bonobo), NS03489 (chimpanzee) and NG06209 (orangutan).


Supplementary Figure 4 Assays designed to type HP variant boundaries.
(a) The coordinates for the boundaries of each sequence variant are given in hg19 coordinates. (b) Assays Aâ€“E were designed to the boundaries of HP variants. A 0 indicates that the assay sequence is absent and the haplotype will not amplify with the given assay, and a 1 indicates that the sequence is present and will produce amplicons.


Supplementary Figure 5 HP subtypes on different SNP haplotype backgrounds.
This figure is similar to Figure 1, but it includes subtype information in addition to the CNV. The vast majority of HP1F and HP1S alleles are on different SNP haplotype backgrounds. This plot displays the SNP haplotypes on either side of the CNV (10 kb on each side) segregating with HP1 and HP2. Each horizontal line represents an individual SNP haplotype. Note that the size of small clusters has been increased for visibility purposes, and the number of haplotypes contained in each cluster is indicated to the left of the plot. White represents the minor allele and gray indicates the major allele across all populations (CEU, IBS, TSI, YRI). YRI individuals are indicated with lavender bars to the left of the plot, while European populations (CEU, IBS, TSI) are indicated with dark purple bars to the left of the plot. Haplotypes were clustered with the k-means method using upstream SNP haplotypes. Similar SNP haplotypes carrying different structures are indicated with colored outlines (dark pink, light blue, green, gold).


Supplementary Figure 6 Model of HP structural evolution.
Our model of HP structural evolution is that a tandem duplication, paralogous gene conversion from HPR, and Form L and Form R of the highly diverged region were ancestral mutations that predate the deletion events that created the HP1S and HP1F structural alleles. However, it is possible that the ancestral duplication, gene conversion, and Form L and Form R could have arisen in an alternate order than is shown here. We interpret that the HP2SS structural allele arose relatively recently because it segregates solely on a homogeneous subset of the HP2FS-B SNP haplotype (Fig. 4 and Supplementary Fig. 5).


Supplementary Figure 7 HP1 alleles share derived nucleotides in the CNV region with HP2 alleles from the same SNP haplotype.
Nucleotide differences in the CNV region between HP1S alleles and HP2FS alleles on the same extended SNP haplotype background (as shown in Fig. 4). Derived variants are backed in white.


Supplementary Figure 8 A high-frequency recombinant haplotype increases LD between SNPs and HP2 structure in the YRI population.
The long-range SNP haplotype (100 kb) downstream of the CNV is shown. Minor alleles are shown in white, while major alleles are shown in gray. The minor alleles of SNPs with high LD to the CNV (r2 > 0.7) in the YRI population are colored in red. YRI haplotypes are indicated with lavender bars to the right of the plot. HP1S and HP1F SNP haplotypes are highly diverged locally around the CNV in both the European and YRI populations (also see Fig. 2). However, the YRI HP1S and HP1F haplotypes become nearly identical 27 kb downstream of the CNV (these haplotypes are indicated with stars to the right of the plot). This appears to be caused by a recombination event (interpreted location shown in green) on an HP1S haplotype. This recombination event allows HP1F and HP1S to be in high LD with the same alleles. Additionally, whereas this SNP haplotype is relatively common among European HP2FS alleles, it is very rare in YRI HP2FS alleles, allowing the LD between the CNV to be higher in the YRI population (haplotypes indicated with a black arrow).


Supplementary Figure 9 Association results for triglyceride and HDL cholesterol levels to HP structural forms and nearby SNPs.
(a) The association of HP structural forms and regional SNPs to triglyceride levels is not genome-wide significant with our combined cohort (HP2 P value = 2.24 Ã— 10âˆ’3). (b) No association is observed between HP structural alleles and HDL cholesterol levels (HP2 P value = 0.57).
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