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Introduction

The human complement C4 locus is in the class III region of the major histocompatibility complex (MHC) on the short arm of chromosome 6 and exhibits genetic complexity.

Complement C4 genes show segmental duplication as part of mono-, bi-, tri-, or quadrimodular RCCX cassettes (Figure 1). Hence, in theory, two to eight copies of C4 genes may be present in a diploid human genome; with each chromosome 6 comprising 1 to 4 copies of a single C4 gene.

The C4 gene exists as either of two forms: C4A (acidic) (MIM: 120810) or C4B (basic) (MIM: 120820), each of which is polymorphic in itself. At the nucleotide level C4A and C4B share 99% sequence homology over 41 exons. Each isotype is defined by five nucleotide changes in exon 26, which contribute to four isotype-specific amino acid residues from 1120 to 1125: PCPVLD for C4A and LSPVIH for C4B [START_REF] Yu | The complete exon-intron structure of a human complement component C4A gene. DNA sequences, polymorphism, and linkage to the 21-hydroxylase gene[END_REF][START_REF] Yu | Structural basis of the polymorphism of human complement components C4A and C4B: gene size, reactivity and antigenicity[END_REF]. The C4A and C4B proteins differ in chemical reactivity. C4A preferentially binds to amino groups, forming amide bonds with proteins such as immune complexes. C4B demonstrates greater haemolytic activity in certain immunoassays compared to C4A and has a higher affinity for hydroxyl groups [START_REF] Isenman | The molecular basis for the difference in immune hemolysis activity of the Chido and Rodgers isotypes of human complement component C4[END_REF][START_REF] Law | A comparison of the properties of two classes, C4A and C4B, of the human complement component C4[END_REF] Thus, C4A has a longer half-life against hydrolysis compared to C4B [START_REF] Dodds | The reaction mechanism of the internal thioester in the human complement component C4[END_REF].

C4 genes may also vary in size, occurring as long (C4L) or short (C4S) forms. The long (21 kb) or short (14.6 kb) forms of the C4 gene are determined by the presence or absence of a 6.4 kb insertion of human endogenous retrovirus, HERV-K(C4), into intron 9 (Dangel, et al., 1994;[START_REF] Yu | Structural basis of the polymorphism of human complement components C4A and C4B: gene size, reactivity and antigenicity[END_REF]. In a given population of European ancestry, zero to seven copies of the C4 gene may be present in a diploid genome. C4A genes vary in copy number from zero to five, and C4B F o r P e e r R e v i e w 5 [START_REF] Chung | Genetic sophistication of human complement components C4A and C4B and RP-C4-CYP21-TNX (RCCX) modules in the major histocompatibility complex[END_REF][START_REF] Dawkins | Genomics of the major histocompatibility complex: haplotypes, duplication, retroviruses and disease[END_REF]. Non-sense mutations in C4A genes leading to the absence of C4A protein include a 2 bp CT insertion into codon 1232 of exon 29, a G to A substitution at the donor site of the intron 28 splice junction, a 1 bp deletion in exon 20, a 2 bp deletion in exon 13 and a 1 bp deletion in exon 13 on a variety of haplotypic backgrounds [START_REF] Barba | Genetic basis of human complement C4A deficiency. Detection of a point mutation leading to nonexpression[END_REF]Wu, et al., 2009;[START_REF] Wu | Phenotypes, genotypes and disease susceptibility associated with gene copy number variations: complement C4 CNVs in European American healthy subjects and those with systemic lupus erythematosus[END_REF]. When C4 null alleles are assessed by typing C4 gene copy numbers, the homozygous C4B null state is observed in 2-10%, the homozygous C4A null state is seen in approximately 1% and heterozygous C4A or C4B null alleles occur in approximately 45-56% of Europeans ( (Seppanen, et al., 2006a;[START_REF] Yang | Gene copy-number variation and associated polymorphisms of complement component C4 in human systemic lupus erythematosus (SLE): low copy number is a risk factor for and high copy number is a protective factor against SLE susceptibility in European Americans[END_REF]; MF, LB, TJV unpublished). Complete homozygous deficiency of C4 is extremely rare and 28 cases have been reported to date (Pickering, et al., 2000;Wu, et al., 2009).

Clinically, the presence of C4A and C4B null alleles which result in "partial C4 deficiency" have shown association with the autoimmune disease, systemic lupus erythematosus (SLE) [START_REF] Christiansen | Complement allotyping in SLE: association with C4A null[END_REF][START_REF] Fielder | Family study of the major histocompatibility complex in patients with systemic lupus erythematosus: importance of null alleles of C4A and C4B in determining disease susceptibility[END_REF][START_REF] Naves | Complement C4B null allele status confers risk for systemic lupus erythematosus in a Spanish population[END_REF]Pickering and Walport, 2000). In addition, an increased frequency of C4 null alleles as determined by immunophenotyping has been observed in a variety of other diseases including systemic sclerosis, Henoch-Schönlein purpura, glomerulonephritis, myasthenia gravis, and chronic active hepatitis [START_REF] Briggs | A molecular and serologic analysis of the major histocompatibility complex and complement component C4 in systemic sclerosis[END_REF][START_REF] Christiansen | Major histocompatibility complex (MHC) complement deficiency, ancestral haplotypes and systemic lupus erythematosus (SLE): C4 deficiency explains some but not all of the influence of the MHC[END_REF][START_REF] Franciotta | Polymorphic markers in MHC class II/III region: a study on Italian patients with myasthenia gravis[END_REF][START_REF] Vergani | Genetically determined low C4: a predisposing factor to autoimmune chronic active hepatitis[END_REF]. Furthermore, C4A or C4B null alleles have shown association with reduced life expectancy, myocardial infarction, Henoch-Schönlein purpura, autism and increased susceptibility to microbial infection [START_REF] Arason | Smoking and a complement gene polymorphism interact in promoting cardiovascular disease morbidity and mortality[END_REF][START_REF] Kramer | Low incidence of null alleles of the fourth component of complement (C4) in elderly people[END_REF][START_REF] Odell | Confirmation of the association of the C4B null allelle in autism[END_REF]Seppanen, et al., 2006b;[START_REF] Thors | Increased frequency of C4B*Q0 alleles in patients with Henoch-Schonlein purpura[END_REF]. Accurate ascertainment of C4A and C4B copy numbers were lacking in most studies where null allele states have generally been Current genetic association studies including genome-wide association scans utilize SNP-based genotyping technologies given the abundance of polymorphic markers available. However, it is known that SNP typing often fails to identify regions of CNV due to assay failure or exclusion for deviation from both Hardy-Weinberg equilibrium and Mendelian inheritance. Moreover, CNVs are not always in LD with SNPs and therefore not tagged by them [START_REF] Hollox | An integrated approach for measuring copy number variation at the FCGR3 (CD16) locus[END_REF][START_REF] Locke | Linkage disequilibrium and heritability of copy-number polymorphisms within duplicated regions of the human genome[END_REF]. Hence, alternative methods must be used to interrogate the genome in order to assess the impact of CNVs.

Southern blot techniques have been used to successfully determine copy number at the complement C4 locus [START_REF] Yang | Gene copy-number variation and associated polymorphisms of complement component C4 in human systemic lupus erythematosus (SLE): low copy number is a risk factor for and high copy number is a protective factor against SLE susceptibility in European Americans[END_REF]. However, these experiments require large quantities of DNA (typically 10-15 micrograms per sample) and are time-consuming (three to ten days per batch). Moderate to high-throughput strategies to determine complement C4 gene copy number, in conjunction with data from high-density genome-wide association scans that are now feasible, would therefore prove invaluable in unraveling the complex genetic associations observed at the MHC. Southern blot techniques may currently be seen as a gold standard for the determination of copy number variation in the genome given that genomic DNA is the substrate for experimentation, while all other strategies use PCR amplification from genomic DNA. Unequal amplification of test and reference sequences may therefore produce errors in copy number determination.

F

However, Southern blot techniques are not amenable to moderate let alone high-throughput copy number estimation given the reasons outlined above. Hence there is a need for the development of methods of assessing copy number that maintain the accuracy of Southern blots without the attendant pitfalls. We therefore sought to develop such an assay using principles based on the paralog ratio test (PRT) and restriction enzyme digest variant ratio determination (REDVR) [START_REF] Aldred | Copy number polymorphism and expression level variation of the human alpha-defensin genes DEFA1 and DEFA3[END_REF][START_REF] Armour | Accurate, highthroughput typing of copy number variation using paralogue ratios from dispersed repeats[END_REF]. The utility of the PRT has been established given the success of this method in determining copy number and disease association at the FCGR3 locus and the beta-defensin locus [START_REF] Hollox | An integrated approach for measuring copy number variation at the FCGR3 (CD16) locus[END_REF][START_REF] Hollox | Psoriasis is associated with increased beta-defensin genomic copy number[END_REF]. 

British Birth Cohort

In order to validate our results in the CEU cohort, we used the PRT and REDVRs to estimate C4 GCN from the genomic DNA of 163 unrelated subjects from the 1958 British Birth Cohort. All 163 subjects had been previously genotyped to high-density at the MHC using a custom Illumina panel [START_REF] Rioux | Mapping of multiple susceptibility variants within the MHC region for 7 immune-mediated diseases[END_REF]. 2-digit HLA-DRB1 (MIM: 142857) genotypes were available for 132/163 (81%) of the subjects. The SNP and HLA-DRB1 genotype data were used for SNP-CNV correlation analyses.

Complement C4 PRT

The principles of the paralog ratio test have been described elsewhere [START_REF] Armour | Accurate, highthroughput typing of copy number variation using paralogue ratios from dispersed repeats[END_REF].

Briefly, identical primer pairs co-amplify a copy-variable "test" region and a non-copy-variable "reference" region using PCR. The resulting amplicons will differ in size and can be distinguished by capillary electrophoresis. Experiments are performed in duplicate by using two different fluorescent dyes to label the same primer of the pair. Raw copy number estimates can be determined by calculating the ratio of the area under the peak between test and reference amplicons. Data from a number of different plates can be pooled as the raw ratios from each Specifically for the complement C4 PRT, primer pairs were obtained by mining the complement C4 locus for repeat sequences using the Self-Chain track in the University of California, Santa Cruz (UCSC) genome browser. Primer pairs were chosen such that they resulted in the coamplification of the test sequence and only one other sequence in the genome which was located within a non-copy-variable region. We did not find identical primer pairs capable of coamplifying the copy variable complement C4 locus and a reference locus. Instead we used primer pairs that differed by one base-pair in the reverse primer for the test (chromosome 6: CAGGGAAGGCTTCCTG) and reference (chromosome 19: CAGGGAGGGCTTCCTG) loci.

The labeled forward primer remained invariant (FAM-or HEX-CCTCTGGGCCTTTGTA). The PCR products for the test and reference loci differed by only one base-pair (125 bp chromosome 6 test sequence and 124 bp chromosome 19 reference sequence) and hence required restriction enzyme digestion prior to separation by capillary electrophoresis in order to distinguish test and reference amplicons. The reference sequence but not the test sequence contained an Alu1 restriction site yielding a 78 bp amplicon for the reference locus and an uncut 125 bp amplicon for the test locus (Figure 2 and Supp Figure S1).

Experiments were performed in a 96-well format using 1 µl of sample genomic DNA per well at a concentration of approximately 10 ng/µl. Each 96-well plate contained 8 control samples for standardization and normalization including samples from three cell lines sequenced at the MHC: COX (total C4 CN of 2, C4A CN of 0, C4B CN of 2), QBL (total C4 CN of 2, C4A CN of 2, C4B CN of 0) and PGF (total C4 CN of 4, C4A CN of 2, C4B CN of 2) [START_REF] Traherne | Genetic analysis of completely sequenced disease-associated MHC haplotypes identifies shuffling of segments in recent human history[END_REF]. The PCR mix totaled 10 µl and comprised template DNA with 0.6µM of FAM-or HEXlabeled forward primer, 0.6µM of chromosome 6 reverse primer, 0.1µM of chromosome 19 reverse primer, in a buffer with final concentrations of 50 mM Tris-HCl, 12.5 mM ammonium sulphate, 1.4 mM magnesium chloride, 125 µg/ml bovine serum albumin (BSA), 7.5 mM 2mercaptoethanol, 200 mM each dNTP and 0.5 units Taq DNA polymerase. The PCR amplification conditions were: initial denaturation step at 95 0 C for 2 minutes, then 30 cycles of denaturation at 95 0 C for 30 seconds, annealing at 60 0 C for 30 seconds and extension at 70 0 C for 30 seconds, then a single chase phase of 56 0 C for 1 minute and finally 70 0 C for 20 minutes to reduce levels of single-stranded DNA. Next, 2 µl of the PCR product was digested with 5 units of AluI (New England Biolabs/NEB), 1 µl 10x NEB Buffer 2 and sterile water to a total volume of 10 µl at 37 0 C for 4 hours, then 65 0 C for 1 hour (AluI inactivation) and then incubated for 16 hours at 10 0 C. 2 µl of each of the separately digested FAM and HEX reactions was then added to 10 µl of deionised formamide and analyzed by electrophoresis on a capillary sequencer (ABI 3730xl DNA Analyzer, Applied Biosystems). The ratio of the peak areas for the 125 bp chromosome 6 test product and that of the 78 bp chromosome 19 reference product (125/78) was calculated for each FAM-and HEX-labeled reaction using GeneMapper software (Applied Biosystems). The result was accepted if the coefficient of variation (standard deviation divided by the mean) between FAM and HEX reactions was <0.15. All samples passed these criteria. These mean ratios were then put forward for further analysis. REDVR A was able to distinguish C4A and C4B by virtue of a NIaIV restriction site within the C4A gene created by a C (C4A)/T (C4B) nucleotide substitution that code for one of the C4A/C4B isotypic residues [START_REF] Yu | Definitive RFLPs to distinguish between the human complement C4A/C4B isotypes and the major Rodgers/Chido determinants: application to the study of C4 null alleles[END_REF]. Thus, C4B does not harbour the restriction site and produces a 158 bp fragment, while C4A is cut by NIaIV and yields a 91 bp fragment.

Primers spanning this site were designed in Primer3 (http://frodo.wi.mit.edu/, (Rozen and Skaletsky, 2000)). The PCR cycling conditions are as described for the PRT except that 0.5 µM of each forward (CTGAGAAACTGCAGGAGACATC) and labeled reverse primer (FAM-GAAGGGGCAAAGAGAGTCCT) was used, the annealing temperature was 62 0 C and 28 cycles were used for amplification. Next, 2 µl of the PCR product was digested with 5 units NIaIV, 1 µl of 10x NEB Buffer 4, and 0.1 µl of 100x BSA to a total of 10 µl at 37 0 C for four hours and then 10 0 C for 16 hours. 2 µl of the digestion product was mixed with 10 µl deionised formamide and analyzed by electrophoresis on a capillary sequencer.

REDVR B: Copy number determination of paralogous sequence variant, rs17855807

REDVR B was able to distinguish a paralogous sequence variant (PSV) in the form of a nonsynonymous SNP (rs17855807 A/G, N1176S) within the complement C4 gene. The variant creates an AluI restriction site when the G allele (serine) is present. Primers spanning this site were designed in Primer3. The PCR cycling conditions are as described for REDVR A with 0.5 µM of each labeled forward (HEX-CCCGGCTCTCTCCCTTTTTC) and reverse primer (TTGGTCAGTGTCAGGGCATA); 26 cycles were used for amplification. Next, 1 µl of the PCR product was digested with 5 units AluI, 1 µl of 10x NEB Buffer 2, to a total of 10 µl at The cut: uncut ratios for both REDVRs were calculated as described for the PRT.

Copy number estimation

We used a clustering algorithm for determining integer copy number estimates from our empirical data (Figure 3). We model the copy number (PRT) and REDVR A data as a mixture of multivariate normally distributed variables, assuming that the PRT and REDVR A variables are independent. We model the REDVR B data as a mixture of mixtures, as each possible copy number can result in various REDVR B distributions (3 copies, for example, would have an expected REDVR B ratio of 0, 0.5 or 2 with probabilities of 0.25, 0.375 and 0.375 respectively assuming that the frequencies of the two REDVR B alleles are equal (0.5)). With respect to the total copy number (PRT), REDVR A estimates (non-null) and REDVR B, each cluster is assumed to be multivariate normal with unknown means and each observation belongs to one of eight clusters. For observations with REDVR A-null data we only use PRT and REDVR B, as REDVR A is always 0, so the null data can only belong to one of three clusters (CN/PRT=2, 3, 4). For REDVR B data each cluster is assumed to be a mixture over a point mass at zero and normally distributed variables with means and mixture probabilities as described in Supp Table S1. We define prior distributions on the means of each normal distribution and specify the coefficient of variation. The priors require a mean and standard deviation for our belief about the cluster mean which we declare in Supp Table S1. These values are based on known copy number estimates obtained from the Southern blot CEU data paired with PRT and REDVR raw ratios. Each observation is assumed to belong to one of the clusters defined by a cluster mean (or means for the REDVR) and a cluster variance which we define with respect to a coefficient of variation (the variance is proportional to the mean). The coefficient of variation was estimated by samples of paired readings for each variable. Cluster membership is unknown and each cluster has prior probabilities as defined in Supp Table S1. This method gives us the posterior probability of every cluster and some measure of our uncertainty. Inference can also be performed without reference to posterior probabilities by using Bayes Factors (BFs). In our data this would have not made any difference as all BFs were in favor of the cluster chosen for each observation and all BFs were >10, 83 samples had BF>100 and 62 had BF > 10^10. This shows the robustness of the approach to the choice of prior probabilities on each cluster.

Southern blot for complement C4 gene copy number determination

The Southern blots were performed as previously described [START_REF] Chung | Human complement components C4A and C4B: complex genotypes and phenotypes[END_REF]. Total C4 gene copy numbers and RCCX modules were determined by TaqI RFLP, and C4A to C4B gene copy ratios were determined by PshAI-PvuII RFLP for the 89 CEU samples.

Quantitative-PCR for complement C4 gene copy number determination C4A and C4B copy numbers were performed by isotype-specific genomic real-time PCR. We used unlabeled primers with SYBR Green QPCR (Stratagene, Cedar Creek, Texas, USA) or Absolute QPCR SYBR GREEN MIX (Abgene, Epsom, UK) according to the manufacturers' instructions with minor modifications (Vauhkonen H et al. submitted). C4A, C4B and beta-actin primers were based on published primer sequencies (Barba GM et al. 1994, Montgomery RA andDietz HC, 1997). HLA-DRB1 genotype data was unavailable for 24 of the 89 CEU samples under study. These samples were therefore genotyped for HLA-DRB1 to 4-digit resolution at the Anthony Nolan Trust, London, UK using a bead-based sequence-specific oligonucleotide probe (SSOP) protocol (Luminex). These results (Supp Table S2) were amalgamated with previous 4-digit HLA-DRB1 typing (http://www.inflammgen.org/) and put forward for further analysis.

SNP-CNV correlation

In order to determine the relationship between the complement C4 locus and surrounding SNPs we calculated the correlation coefficient, r 2 , between SNP genotypes and integer copy number estimates for C4A and C4B using standard linear regression. The SNP genotypes were coded 0, 1 or 2 (0 = homozygous for minor allele, 1 = heterozygous, 2 = homozygous for major allele). We also integrated HLA-DRB1 allele data for both cohorts in the analysis. We converted the HLA-DRB1 data into SNP genotypes for this analysis. We used 2-digit HLA-DRB1 data for 1958 British Birth Cohort subjects as 4-digit data was not available for the majority of the samples.

We used 4-digit HLA-DRB1 data for the CEU cohort as these data were available for all subjects.

We used independent data from founders only in these analyses. A p-value was calculated for the regression from which r 2 arises in order to determine the statistical significance of the correlation coefficient between a SNP and C4A or C4B copy number. We verified our results using more standard estimates of linkage disequilibrium, namely D-prime and r 2 , using 2-copy individuals only. To calculate the correlation between 0 copy individuals (that is individuals lacking either C4A or C4B genes) for C4A or C4B and surrounding SNPs, we analysed unrelated individuals with either 0, 1 or 2 copies of the respective genes. If we regard 0 copy as the 'minor allele', we [2,2] respectively. This assumes that all two-copy individuals have one copy on each chromosome. D-prime and r 2 values for these data were calculated using Haploview. The virtually identical correlation coefficients between SNPs and C4 GCN using standard linear regression and pair-wise LD measures in Haploview indicate that this assumption is valid. In the CEU cohort, we obtained genotype data for SNPs 1 Mb telomeric and 1 Mb centromeric of the complement C4 locus from HapMap for this analysis (http://www.hapmap.org/). We used SNP data from the IMAGEN consortium study for the 1958 British Birth Cohort subjects across the same region as well as the entire SNP data from 26.1 Mb to 33.5 Mb [START_REF] Rioux | Mapping of multiple susceptibility variants within the MHC region for 7 immune-mediated diseases[END_REF]. We plotted the correlation coefficient, r 2 , against the chromosomal position of each SNP for C4A and C4B copy number estimates (Figure 4 and Supp Tables S3-S6). The size of the square representing each SNP is inversely proportional to the p-value. 

Results

Assessment of complement C4 copy number in CEU samples demonstrates a broad range of copy number variation

We determined total complement C4 gene copy number (GCN), C4A GCN and C4B GCN in 89 HapMap CEU samples using our novel PRT assay in association with two REDVRs (see Methods), Southern blot analysis [START_REF] Chung | Human complement components C4A and C4B: complex genotypes and phenotypes[END_REF] and a quantitative PCR (qPCR) technique (Vauhkonen H et al. submitted), in order to assess C4 gene copy number variability in this extensively genotyped cohort. Each method was performed in a blinded manner such that details of family structure and the results of the other strategies were not known to the experimenter at the time of typing. Results were then collated and analyzed (Supp Table S7 (a) and (b)). In this cohort, using Southern Blot data as the gold standard values, total complement C4 gene copy number ranges from 2 to 5, with C4A varying between 0 and 4, and C4B between 0 and 3. We did not detect any Mendelian inconsistencies within the known trios.

We observe 100% concordance between PRT and Southern blot assays for samples that are homozygous for zero copies of either C4A or C4B. As expected, the "error" rate for copy number estimation using the PRT increases with copy number (if we use Southern blot copy number estimation as the gold standard) (Supp Table S8). It should be noted that as Southern blot copy number determination is used as the gold standard, we therefore assume no errors with this technique and attribute all discrepancies to our method. The overall discrepancy rate for the PRT compared to the Southern blot is 9% (8/89) and is comparable with other PRT assays [START_REF] Armour | Accurate, highthroughput typing of copy number variation using paralogue ratios from dispersed repeats[END_REF][START_REF] Hollox | An integrated approach for measuring copy number variation at the FCGR3 (CD16) locus[END_REF]. Moreover, this assay is extremely accurate at low copy number deficiency states. The CEU cohort was also typed using a qPCR method for assessing total C4, C4A and C4B copy number (Vauhkonen H et al. submitted). The discrepancy rate for this assay was 13%.

Correlation between surrounding SNPs and complement C4 copy number in CEU and a subset of the 1958 British Birth Cohort

We wanted to investigate the correlation between surrounding SNPs and complement C4 copy number in the CEU population under study. Specifically, we wanted to determine whether we could use SNP genotypes as surrogate markers for the absence (zero copies) of complement C4A and C4B genes that we have assayed, thereby obviating the need to specifically evaluate C4 gene copy number in future studies of this region. The CEU cohort has been extensively genotyped as part of the ongoing HapMap project (The International HapMap Consortium, 2003) and hence is an ideal population with which to assess such correlations. Standard linear regression in CEU founders (that is, unrelated parents and not children) revealed evidence of correlation between surrounding SNPs and integer copy number values for C4A and C4B (Figure 4, panels (a) and (b) and Supp Tables S3 andS4). Levels of correlation were greater for C4A copy number estimates compared to C4B. The six SNPs demonstrating the highest levels of correlation for C4A two-copy individuals, r 2 = 0.62, are all in strong LD and are located in the class III gene, TNXB. Of interest, the HLA-DRB1*0301 allele showed only modest correlation in this C4A dataset, with an r 2 of 0.32 (r 2 of 0.34 between DRB1*0301 and total C4 integer copy number).

No other HLA-DRB1 alleles showed significant correlation with total C4, C4A or C4B copy number values. For C4B two-copy individuals, there are two SNPs, rs9332730 and rs7774197, which show the greatest correlation with an r 2 of 0.45. These SNPs are located in the introns of the genes C2 and TNXB respectively and are correlated with each other (r 2 0.79). There were 165 SNPs showing correlation coefficients greater than 0.3 with C4A, while this figure reduced to 6 SNPs for C4B. These levels of SNP-CNV correlation do not support the use of SNP genotypes as proxies or tagSNPs for complement C4 gene copy number. In particular, there are no surrogate SNPs for the absence of C4A or C4B genes in this cohort. Hence SNP studies will not tag C4

CNV and such variation will be missed by GWAS.

In order to corroborate our results, we genotyped 163 individuals of northern European ancestry from the 1958 British Birth Cohort, for C4 GCN using the PRT/REDVR method. High-density SNP data at the MHC was available for all 163 subjects from a previous study [START_REF] Rioux | Mapping of multiple susceptibility variants within the MHC region for 7 immune-mediated diseases[END_REF]. Two-digit HLA-DRB1 genotypes were available in 81% (132/163) of the cohort. In this dataset, we show that total C4 GCN varies between 2 and 5, while C4A GCN ranges from 0-4 and C4B GCN ranges from 0-4. SNP-CNV correlation analyses corroborate the CEU results showing higher levels of SNP correlation with C4A compared with C4B (Figure 4,panels (c) and (d) and Supp Tables S5 andS6). Furthermore, taking into account the SNPs that are common to both datasets, the SNP showing the greatest correlation with C4A, (rs1269852, r 2 = 0.74, p < 1.0 x10 -16 ) is equivalent to the top marker in CEU. The greater correlation values for C4A GCN likely represents the larger size of the 1958 cohort, while the lower values for C4B GCN correlations reflect greater haplotypic variability in this larger cohort. [START_REF] Fischer | Regulation of the B cell response to T-dependent antigens by classical pathway complement[END_REF].

Inherited and acquired deficiencies of complement C4 are associated with the development of SLE.

Current estimates suggest that approximately half of all CNVs may be tagged by SNPs and that common CNVs (>5%) can be effectively tagged by SNPs of similar frequency [START_REF] Mccarroll | Extending genome-wide association studies to copy-number variation[END_REF][START_REF] Redon | Global variation in copy number in the human genome[END_REF]. This means that alternative methods must be used to interrogate the genome to assess the remaining CNVs. Future genetic studies will therefore need to incorporate strategies that allow assessment SNP variation as well as CNV. Initial data from the International Haplotype Project has shown that two randomly chosen genomes differed by 0.1% with regard to SNP diversity (http://www.hapmap.org/). The impact of CNV on genomic variation has revised this figure upwards, such that the majority of variation is now thought to derive from CNV [START_REF] Levy | The diploid genome sequence of an individual human[END_REF][START_REF] Wheeler | The complete genome of an individual by massively parallel DNA sequencing[END_REF]. Indeed a recent CGH study calculated a cumulative CNV locus length of 24 Mb (0.78% of the genome) when comparing two genomes [START_REF] Conrad | Origins and functional impact of copy number variation in the human genome[END_REF]. The greater level of SNP correlation with HLA haplotypes lacking a C4A gene compared to those without a C4B gene reflects the greater number of haplotypes on which a C4B gene is absent compared to C4A. The mechanisms responsible for this difference are unknown and may reflect differential selective pressures between C4A and C4B or the SNP haplotypes they were formed on, a higher mutation rate for haplotypes without C4B genes or population processes such as genetic drift altering the frequencies of haplotypes in whom C4 genes are absent.

Previous studies, principally performed on homozygous cell lines, have shown that absent C4B genes occur on many different haplotypic backgrounds, while absent C4A genes seem to occur on a more limited set of haplotypes. These data suggest that both C4A and C4B gene deletions are recurrent having occurred on different haplotypic backgrounds.

We have shown that our C4 PRT is accurate, reliable and reproducible particularly at low C4 copy number estimation. The assay is high through-put and requires 40-60 ng of genomic DNA when performed in duplicate. We have also developed a clustering algorithm that enables quantification of the accuracy of a call for each processed sample. In addition, individuals in whom C4A and C4B genes are absent can be rapidly and accurately assessed by performing REDVR A alone. We plan to use these assays to evaluate complement C4 GCN in the context of high-density SNP data at the MHC in SLE cohorts of differing ancestry. Consequently we hope to determine whether complement C4 gene disease associations are independent or in fact secondary to LD with causal variants. and comprises four genes encoded in tandem: the serine/threonine kinase gene, RP1 (or STK19), complement C4 (C4A or C4B), cytochrome P450 steroid 21-hydroxylase, CYP21A2, and the extracellular matrix protein, TNXB. The C4 gene in each RCCX module is usually functional. In contrast, the RP and TNX genes of duplicated RCCX modules are typically non-functional pseudogenes, known as RP2 (or STK19P) and TNXA respectively. Additional CYP21 genes may be functional (CYP21B/CYP21A2) or non-functional (CYP21A/CYP21A1P). (adapted from [START_REF] Yang | Modular variations of the human major histocompatibility complex class III genes for serine/threonine kinase RP, complement component C4, steroid 21-hydroxylase CYP21, and tenascin TNX (the RCCX module). A mechanism for gene deletions and disease associations[END_REF] and [START_REF] Chung | Genetic sophistication of human complement components C4A and C4B and RP-C4-CYP21-TNX (RCCX) modules in the major histocompatibility complex[END_REF]). 

Prior means (standard deviation) of cluster means

The coefficient of variation (standard deviation/mean) for the PRT, REDVR A and REDVR B variables were 0.035, 0.046 and 0.054 respectively. The standard deviation (s.d.) of 0.033 implies that we are confident that the cluster mean is not more than 0.1 (3 s.d.'s) above or below our prior mean. While the s.d. of 0.0167 on REDVR A mean implies that we are confident that the REDVR A cluster means are within 0.05 of our prior mean. For REDVR B, expectations and mixing probabilities are; 2 copies with expectations of (0, 1), p=(0.5, 0.5), 3 copies with expectations of (0, 0.5, 2) , p=(0.25, 0.375, 0.375), 4 copies with expectations of (0, 0.33, 1, 3) p=(0.125, 0.25, 0.375, 0.25), 5 copies with expectations of (0, 0.25, 0.67, 1.5, 4) p=(0.0625, 0.15625, 0.3125, 0.3125, 15625), The s.d. 

  absence of the encoded protein. In addition, C4 null alleles are in strong LD with specific extended haplotypes, for example, A*01-B*08-(C4A*Q0)-C4B1-DRB1*0301 and A*30-B*18-C4A3-(C4B*Q0)-DRB1*0301 (the "Basque" haplotype), so to date it has not been possible to establish the identity of causal variation located within these extended haplotypes. In the particular case of SLE, it has not yet been possible to distinguish association observed with HLA-DRB1*0301 and C4A null alleles due to tight LD on the disease-associated haplotype.

  89 CEU HapMap samples was obtained from Coriell Cell Repositories and used for the PRT, Southern blot and qPCR experiments for complement C4 copy number determination.

  using control samples of known complement C4 copy number, thus correcting for inter-experiment variation. The normalized raw PRT and REDVR data are then put forward for cluster analysis.

  for four hours, then 65 0 C and then 10 0 C for 16 hours. 2 µl of the digestion product was mixed with 10 µl deionised formamide and analyzed by electrophoresis on a capillary sequencer.

  important given that disease associations are seen with complement C4

  an important component of the classical and mannose-binding lectin complement cascades. Activation of these pathways stimulates innate and adaptive immune responses to microbes. Through opsonisation, C4 also participates in the clearance of circulating immune complexes and apoptotic debris. Further, C4 has been shown to reduce the activation threshold for B cells, enhancing T cell dependent antibody production

  Figure Legends

  Figure 2 Modular RCCX cassette on 6p23.1 illustrating location of PRT and REDVR amplicons

  Figure 4 SNP-C4 CNV correlation plots in CEU and the 1958 British Birth Cohort (a) Correlation of C4A two-copy founders with surrounding SNPs in CEU The correlation coefficient, r 2 , of SNPs 1 Mb centromeric and 1 Mb telomeric of the complement C4 locus is plotted against genomic position. Each SNP is represented as a square. The size of the square is inversely proportional to the p-value for the correlation coefficient of each SNP.The squares are colour-coded to represent SNPs with similar correlation coefficients.

  of C4B two-copy founders with surrounding SNPs in CEUThe correlation coefficient, r 2 , of SNPs 1 Mb centromeric and 1 Mb telomeric of the complement C4 locus is plotted against genomic position. Each SNP is represented as a square. The size of the square is inversely proportional to the p-value for the correlation coefficient of each SNP.The squares are colour-coded to represent SNPs with similar correlation coefficients.(c) Correlation of C4A two-copy founders with surrounding SNPs in the 1958 British BirthCohortThe correlation coefficient, r 2 , of SNPs 1 Mb centromeric and 1 Mb telomeric of the complement C4 locus is plotted against genomic position. Each SNP is represented as a square. The size of the square is inversely proportional to the p-value for the correlation coefficient of each SNP.The squares are colour-coded to represent SNPs with similar correlation coefficients.(d) Correlation of C4B two-copy founders with surrounding SNPs in the 1958 British BirthCohortThe correlation coefficient, r 2 , of SNPs 1 Mb centromeric and 1 Mb telomeric of the complement C4 locus is plotted against genomic position. Each SNP is represented as a square. The size of the square is inversely proportional to the p-value for the correlation coefficient of each SNP.The squares are colour-coded to represent SNPs with similar correlation coefficients.

  

  

  

  

  

  

  

Comparison of Southern blot data with raw and clustered C4 CNV PRT data in 89 CEU samples with HLA-DRB1 genotypes and alternate CEU sample IDs

  level of precision in these REDVR B means as for the REDVR A means. For the REDVR A-null observations each cluster (PRT=2, 3, 4) has the same prior probability.

				Human Mutation							Page 54 of 57
	rs7341328 32383171 0.4254 1334-12 0 0 NA12146 rs2233974 31187994 0.4254 1350-11 0 0 NA11830 1362-2 1362-15 1362-16 NA10861	101 2.22E-16 1501 1303 701 2.22E-16 404 1301	3.874 3.841 3.81	0.504 1.48 1.416	0.282 1.273 0.899	4 5 4	3 2 2	1 3 2	4 5 4	3 2 2	1 3 2	0.99608 1 0.99978
	rs1800629 31651009 0.4235 1454-2 1454-14 1454-15 NA12802	3.33E-16 103 407	3.801	0.52	0.304	4	3	1	4	3	1	0.99992
	F o r P e e r R e v i e w 21: Total Copy Number = 3, C4A Copy No=1, C4B Copy No=2 Cluster Coding: 31: Total Copy Number= 4, C4A Copy No=1, C4B Copy No=3 12: Total Copy Number=3, C4A Copy No=2, C4B Copy No=1 13: Total Copy Number=4, C4A Copy No=3, C4B Copy No=1 22: Total Copy Number=4, C4A Copy No=2, C4B Copy No=2 32: Total Copy Number=5, C4A Copy No=2, C4B Copy No=3 23: Total Copy Number=5, C4A Copy No=3, C4B Copy No=2 14: Total Copy Number=5, C4A Copy No=4, C4B Copy No=1 F o r P e e r R e v i e w rs7766843 32538706 0.4164 1454-14 0 0 NA12814 103 1501 3.754 1.258 0.901 4 2 5.55E-16 rs4434496 32538485 0.4164 1362-1 1362-13 1362-14 NA10860 101 101 3.747 1.195 0.916 4 2 5.55E-16 rs1800625 32260419 0.4078 1.44E-15 rs3130349 32255673 0.4078 1.44E-15 rs3129763 32698902 0.3935 8.33E-15 rs204991 32269343 0.3902 8.99E-15 rs9267522 31711748 0.3871 1.22E-14 rs3130622 31700502 0.3871 1.22E-14 rs10885 31712569 0.3853 1.88E-14 rs3749966 32369484 0.3851 1.51E-14 rs3115569 32332117 0.3851 1.51E-14 rs3129876 32515989 0.3834 1.78E-14 rs3135340 32506849 0.3834 1.78E-14 rs3129845 32504254 0.3834 1.78E-14 rs3132935 32279052 0.3803 2.43E-14 rs3134605 32267933 0.3803 2.43E-14 rs2233956 31189183 0.359 1.97E-13 (b) Sample ID Father Mother alt ID DRB1 1 DRB1 2 Total C4-PRT (raw ratio) REDVR A ratio (C4B/C4A) REDVR B ratio SBTotal C4 SB C4A SB 2 2 C4B 1408-13 0 0 NA12156 407 701 2.926 0.643 0.51 5 3 2 1454-12 0 0 NA12812 401 1301 2.922 0.329 3.087 5 4 1 1347-15 0 0 NA11882 401 1501 4.277 1.336 0.776 4 2 2 1459-10 0 0 NA12873 1501 1501 3.746 0.855 0.935 4 2 2 1454-1 1454-12 1454-13 NA12801 1301 701 3.735 0.664 1.205 5 3 2 1347-14 0 0 NA11881 1501 1501 3.695 1.037 0.639 4 2 2 1349-13 0 0 NA11839 401 1501 3.647 0.604 2.654 4 3 1 1341-11 0 0 NA07034 401 701 3.622 0.467 1 4 3 1 1345-13 0 0 NA07345 1501 701 3.605 1.249 2.437 4 2 2 1420-11 0 0 NA12005 1501 1501 3.571 1.133 0.833 4 2 2 1349-14 0 0 NA11840 404 701 3.562 1.084 2.787 4 2 2 1334-11 0 0 NA12145 1101 1501 3.547 1.046 0.769 4 2 2 1349-2 1349-13 1349-14 NA10854 401 404 3.54 0.43 2.452 4 3 1 1447-12 0 0 NA12763 1501 103 3.539 1.239 1.01 4 2 2 1344-1 1344-12 1344-13 NA10851 404 701 3.525 1.166 2.5 4 2 2 1447-2 1447-11 1447-12 NA12753 3.522 1.341 1.05 4 2 2 1420-12 0 0 NA12006 1501 404 3.521 1.066 0.816 4 2 2 1334-2 1334-12 1334-13 NA10847 101 101 3.47 0.498 0.333 4 3 1 1350-1 1350-10 1350-11 NA10856 401 1303 3.469 0.706 3.049 5 3 2 1346-11 0 0 NA12043 101 404 3.461 0.46 0.321 4 3 1 1344-12 0 0 NA12056 404 1501 3.44 1.098 0.934 4 2 2 1416-1 1416-11 1416-12 NA10835 701 1302 3.437 1.158 0.799 4 2 2 1347-2 1347-14 1347-15 NA10859 401 1501 3.434 1.256 0.887 4 2 2 F o r P e e r R e v i e w 1344-13 0 0 NA12057 701 301 3.43 1.113 2.281 4 2 2	4 4 Total C4-PRT 3 4 5 4 5 4 4 4 4 4 4 4 4 4 4 4 4 4 5 4 4 4 4 4	2 2 C4A-PRT 2 3 2 2 3 2 3 3 2 2 2 2 3 2 2 2 2 3 3 3 2 2 2 2	2 2 C4B-PRT 1 1 3 2 2 2 1 1 2 2 2 2 1 2 2 2 2 1 2 1 2 2 2 2	1 1 PRT-Probability 1 1 1 1 1 0.70218 1 1 1 1 1 1 1 1 1 1 1 1 0.99657 1 1 1 1 1
	rs630379 32030232 1463-16 0 1334-10 0 rs437179 32036992 0.3527 0.358 0 NA12892 0 NA12144 1459-2 1459-11 1459-12 NA12865 1375-11 0 0 NA12264 rs440454 32035320 0.3527 1375-12 0 0 NA12234 1334-1 1334-10 1334-11 NA10846 1420-10 0 0 NA12004 1345-2 1345-12 1345-13 NA07348	101 101 2.15E-13 101 407 1501 1601 404 404 3.58E-13 701 1404 407 1101 3.58E-13 101 1501 1501 404	4.14 3.425 3.837 3.41 3.23 3.396 2.863 3.39	0.326 C4B null 0.471 0.954 0.494 0.423 2.295 1.186	0.23 0 0.672 0.967 1.256 0.383 0.73 0.911	4 4 4 4 3 4 3 4	3 4 3 2 2 3 1 2	1 0 1 2 1 1 2 2	5 4 5 4 4 4 4 4	4 4 3 2 3 3 1 2	1 0 2 2 1 1 3 2	1 0.99998 0.99221 1 1 1 1 1
	rs3129859 32508916 1447-9 0 1416-12 0 rs3129878 32516712 1362-15 0 1341-13 0 rs3132451 31690003 0.3444 0.35 0 NA12760 0 NA12249 0.345 0 NA11994 0 NA06993 1362-16 0 0 NA11995 1340-9 0 0 NA06994 1340-1 1340-9 1340-10 NA07029 1350-10 0 0 NA11829	701 401 4.65E-13 701 1302 402 404 404 701 7.47E-13 1301 1501 101 404 7.89E-13 404 1101 401 401	2.818 3.374 3.825 3.352 3.46 3.29 4.331 3.28	0.902 1.062 0.787 2.257 1.124 1.071 1.222 0.415	2.233 1.187 1.276 0.429 0.836 0.927 0.98 2.326	4 4 5 4 4 4 4 4	on each non-zero mean is 0.0167 implying a similar 2 2 3 2 1 0.99687 2 2 4 2 2 1 3 2 5 3 2 1 1 3 4 1 3 0.99983 2 2 4 2 2 1 2 2 4 2 2 1 2 2 4 2 2 0.99843 3 1 4 3 1 1
	rs389883 32055438 0.3429 1416-11 0 0 NA12248 1346-1 1346-11 1346-12 NA10857 1420-2 1420-11 1420-12 NA10839	701 9.08E-13 1501 101 1301 1501 1501	4.145 4.184 3.271	1.085 C4B null 1.085	1.079 1.154 1.004	4 4 4	2 4 2	2 0 2	4 4 4	2 4 2	2 0 2	1 1 1
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SNP

Position r 2 p value rs1269852 32188168 0.7418 <1.00E-16 rs558702 31978304 0.7237 <1.00E-16 rs3131378 31833263 0.6996 <1.00E-16 rs3131379 31829011 0.6996 <1.00E-16 rs3130484 31823860 0.6996 <1.00E-16 rs2187668 32713861 0.6443 <1.00E-16 rs1150758 32136126 0.6126 <1.00E-16 rs3134942 32276748 0.6016 <1.00E-16 rs3131643 31550760 0.6001 <1.00E-16 DRB1_[3] 32600004 0.5713 <1.00E-16 rs1980493 32471192 0.5672 <1.00E-16 rs3135366 32496686 0.5471 <1.00E-16 rs2187820 32493850 0.5471 <1.00E-16 rs2040410 32710675 0.5356 <1.00E-16 rs2071278 32273421 0.5338 <1.00E-16 rs2524069 31352767 0.5278 <1.00E-16 rs2239805 32519353 0.5237 <1.00E-16 rs2395171 32502514 0.5237 <1.00E-16 rs2040406 32710984 0.5063 <1.00E-16 rs6901541 32550238 0.4924 <1.00E-16 rs7452076 32523058 0.4823 <1.00E-16 rs2857595 31676447 0.4664 <1.00E-16 rs3129939 32444743 0.4382 1.11E-16

Author contributions

TJV, MF and JDR conceived the study design. EJH, MF and LB developed the C4 PRT and REDVR assays. LB performed the PRT and REDVR assays. MF, LB and DLM analyzed the data. BZ and YLW performed the Southern blot experiments. YLW and CYY analyzed the Southern blot data. CYY provided CEU DNA. M-L L analyzed the qPCR data. MF wrote the paper with contributions from LB, DLM, M-L L, CYY, EJH and TJV.

Conflict of Interest

The authors declare no conflict of interest.

John Wiley & Sons, Inc. 

Human Mutation

F o r P e e r R e v i e w

Human Mutation

F o r P e e r R e v i e w

Supplementary Figure S1 Legend Panels A -C illustrate representative Genescan outputs for the PRT and REDVR A. In panel A, the PRT test (125 bp chromosome 6) and reference (78 bp chromosome 19) amplicons show a peak area ratio of 2:1 corresponding to invariant reference copy number of two and total complement C4 gene copy number of 4. Areas for the test (125 bp chromosome 6) and reference (78 bp chromosome 19) amplicons are 29875 and 18178 respectively. REDVR A amplicons show a 1:1 ratio for C4A (91 bp) and C4B (158 bp). Areas for the non-specific peak at ~82 bp -2304, C4A 91 bp peak -16179, C4B 158 bp peak -21843. Panel B depicts a PRT with a 1:1 ratio for test and reference amplicons. REDVR A illustrates an individual who is homozygous for the C4A gene deletion. The area for the C4B 158 bp peak in this individual is 9891. Panel C shows an individual who is homozygous for the C4B gene deletion and a PRT with a 1:1 ratio for test and reference amplicons. The area for the C4A 91 bp peak in this individual is 20148. Panels D -F illustrate representative Genescan outputs for the PRT and REDVR B. Panel D shows a PRT with a peak area ratio of 2:1 and REDVR B with a 1:1 ratio for the A allele (144 bp) and the G allele (94 bp). The areas for the A allele 144 bp peak -10441, and the G allele 94 bp peak -13602. Panel E shows a PRT with a 1:1 ratio. REDVR B illustrates an individual in whom the A allele is absent (zero copies or null for A allele). The area for the G allele 94 bp peak in this individual is 11860. Panel F illustrates an individual in whom the G allele is absent (zero copies or null for G allele). The area for the A allele 144 bp peak in this individual is 19011.