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Abstract
The complement C4 locus is in the class III region of the MHC, and exhibits copy number
variation. Complement C4 null alleles have shown association with a number of diseases
including systemic lupus erythematosus (SLE). However, most studies to date have used protein
immunophenotyping and not direct interrogation of the genome to determine C4 null allele status.
Moreover, a lack of accurate C4 gene copy number (GCN) estimation and tight linkage
disequilibrium across the disease-associated MHC haplotypes has confounded attempts to
establish whether or not these associations are causal. We have therefore developed a high
through-put paralog ratio test (PRT) in association with two restriction enzyme digest variant ratio
tests (REDVRs) to determine total C4 GCN, C4A GCN, and C4B GCN. In the densely genotyped
CEU cohort we show that this method is accurate and reproducible when compared to gold
standard Southern blot copy number estimation with a discrepancy rate of 9%. We find a broad
range of C4 GCNs in the CEU and the 1958 British Birth Cohort populations under study. In
addition, SNP-C4 CNV analyses show only moderate levels of correlation and therefore do not
support the use of SNP genotypes as proxies for complement C4 GCN.
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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
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quadrimodular RCCX cassettes (Fig. 1). Hence, in theory, two to eight copies of C4 genes
may be present in a diploid human genome; with each chromosome 6 comprising one to four
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 [Yu, 1991;
Yu et al., 1986]. 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 [Isenman and Young, 1984; Law et al., 1984]. Thus,
C4A has a longer half-life against hydrolysis compared to C4B [Dodds et al., 1996].

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; Yu et al., 1986]. 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 genes from zero to four. The most common copy number counts for C4 in a
European-derived diploid genome are four copies of total C4, two copies of C4A, and two
copies of C4B [Blanchong et al., 2000; Yang et al., 2003, 2007].

The RCCX module (described by [Shen et al., 1994] and [Yang et al., 1999]) comprises four
genes encoded in tandem: the serine/threonine kinase gene, RP1 (or STK19; MIM#
604977), complement C4 (C4A or C4B), cytochrome P450 steroid 21-hydroxylase,
CYP21A2 (MIM# 201910), and the extracellular matrix protein, TNXB (MIM# 600985).
The breakpoints for each duplicated module are identical [Shen et al., 1994; Yang et al.,
1999]. The C4 gene in each RCCX module is usually functional and codes for a C4A or
C4B protein. In contrast, the RP and TNX genes of duplicated RCCX modules are typically
nonfunctional pseudogenes as a consequence of partial sequences, known as RP2 (or
STK19P) and TNXA, respectively. Additional CYP21 genes may be functional (CYP21A2)
or nonfunctional (CYP21A1P) [Saxena et al., 2009; Yang et al., 2007].

The presence of C4 null alleles, C4A*Q0 and C4B*Q0, was inferred from the absence of
C4A or C4B proteins from serum or plasma respectively. Partial deficiency of C4A or C4B,
was used to describe the phenomenon by which one isotype was expressed at a level about
half of the other. To date, it is known that the absence and the unequal serum/plasma protein
levels of C4A and C4B can be caused by the physical absence or nonsense mutations of the
corresponding gene, the unequal number of C4A and C4B genes in a diploid genome, and
the differential protein expression levels by the long and short C4 genes. Notably, the HLA-
B*08-DRB1*0301 haplotype, also known as the ancestral haplotype, AH8.1, is known to
contain a single short C4 gene encoding for a C4B protein but no C4A gene [Awdeh et al.,
1983; Carroll et al., 1985; Chung et al., 2002; Dawkins et al., 1999]. Nonsense 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 [Barba et al., 1993; Wu et al., 2008, 2009]. 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; Yang et al., 2007; M. Fernando, L. Boteva, and T.J. Vyse.,
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].
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Clinically, the presence of C4A and C4B null alleles that result in “partial C4 deficiency”
have shown association with the autoimmune disease, systemic lupus erythematosus (SLE)
[Christiansen et al., 1983; Fielder et al., 1983; Naves et al., 1998; 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 [Briggs et al., 1993; Christiansen et al., 1991; Franciotta et al., 2001;
Vergani et al., 1985]. 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 [Arason et al., 2007; Kramer et al., 1989;
Odell et al., 2005; Seppanen et al., 2006b; Stefansson Thors et al., 2005]. Accurate
ascertainment of C4A and C4B copy numbers were lacking in most studies where null allele
states have generally been inferred from the 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.

Current genetic association studies including genome-wide association scans utilize single
nucleotide polymorphism (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, copy number variants (CNVs) are not
always in LD with SNPs and therefore not tagged by them [Hollox et al., 2009; Locke et al.,
2006]. Hence, alternative methods must be used to interrogate the genome to assess the
impact of CNVs.

Southern blot techniques have been used to successfully determine copy number at the
complement C4 locus [Yang et al., 2007]. However, these experiments require large
quantities of DNA (typically 10–15 μg per sample) and are time-consuming (3–10 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, whereas all other strategies use PCR amplification from genomic DNA.
Unequal amplification of test and reference sequences may therefore produce errors in copy
number determination. 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) [Aldred et al., 2005; Armour et al., 2007]. 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 [Hollox et
al., 2008, 2009].
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Materials and Methods
Study Cohorts

CEU—Genomic DNA from 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.

1958 British Birth Cohort—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 [Rioux et al., 2009]. Two-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 [Armour et al., 2007]. Briefly, identical primer pairs coamplify a copy-variable
“test” region and a noncopy-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 plate are normalized using control samples of
known complement C4 copy number, thus correcting for interexperiment variation. The
normalized raw PRT and REDVR data are then put forward for cluster analysis.

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 that was located within a noncopy-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 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 (Fig. 2 and Supp. Fig. 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 eight
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) [Traherne et al., 2006]. The PCR mix totaled 10 μl and comprised template
DNA with 0.6 μM of FAM- or HEX-labeled forward primer, 0.6 μM of chromosome 6
reverse primer, 0.1 μM 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 2-mercaptoethanol, 200 mM
each dNTP, and 0.5 units Taq DNA polymerase. The PCR amplification conditions were:
initial denaturation step at 95°C for 2 min, then 30 cycles of denaturation at 95°C for 30 sec,
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annealing at 60°C for 30 sec and extension at 70°C for 30 sec, then a single chase phase of
56°C for 1 min, and finally 70°C for 20 min 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],
Beverly, MA), 1 μl 10 × NEB Buffer 2, and sterile water to a total volume of 10 μl at 37°C
for 4 hr, then 65°C for 1 hr (AluI inactivation) and then incubated for 16 hr at 10°C. Two
microliters of each of the separately digested FAM and HEX reactions were then added to
10 μl of deionized formamide and analyzed by electrophoresis on a capillary sequencer
(ABI 3730×l DNA Analyzer, Applied Biosystems, Bedford, MA). 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.

REDVRs
REDVR A—C4A and C4B copy number determination. 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
[Yu and Campbell, 1987]. Thus, C4B does not harbor the restriction site and produces a
158-bp fragment, whereas 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°C, and 28
cycles were used for amplification. Next, 2 μl of the PCR product was digested with 5 units
NIaIV, 1 μl of 10 × NEB Buffer 4, and 0.1 μl of 100 × BSA to a total of 10 μl at 37°C for 4
hr and then 10°C for 16 hr. Two microliters of the digestion product were mixed with 10 μl
deionized 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 10 × NEB Buffer 2, to a total of 10 μl at 37°C for 4 hr, then 65°C and then
10°C for 16 hr. Two microliters of the digestion product was mixed with 10 μl deionized
formamide and analyzed by electrophoresis on a capillary sequencer. 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 (Fig. 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 (three 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 (nonnull) and REDVR B, each cluster is assumed to be multivariate
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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 that 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 > 1010. 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 [Chung et al., 2005]. 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, TX) or Absolute
QPCR SYBR GREEN MIX (Abgene, Epsom, UK) according to the manufacturers’
instructions with minor modifications [H. Vauhkonen et al., submitted]. C4A, C4B and beta-
actin primers were based on published primer sequencies [Barba et al., 1993; Montgomery
and Dietz, 1997].

HLA-DRB1 typing in CEU—HLA-DRB1 genotype data was unavailable for 24 of the 89
CEU samples under study. These samples were therefore genotyped for HLA-DRB1 to four-
digit resolution at the Anthony Nolan Trust, London, UK, using a bead-based sequence-
specific oligonucleotide probe (SSOP) protocol (Luminex, Austin, TX). These results (Supp.
Table S2) were amalgamated with previous four-digit HLA-DRB1 typing (http://
www.inflammgen.org/) and put forward for further analysis.

SNP– CNV correlation—To determine the relationship between the complement C4
locus and surrounding SNPs we calculated the correlation coefficient, r2, 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 two-digit HLA-DRB1 data for 1958 British Birth Cohort subjects as
four-digit data was not available for the majority of the samples. We used four-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 r2 arises to determine the statistical significance of the correlation
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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 r2, using two-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 analyzed
unrelated individuals with either 0, 1, or 2 copies of the respective genes. If we regard 0
copy as the “minor allele,” we code the genotypes as [1,1], [1,2], or [2,2] respectively. This
assumes that all two-copy individuals have one copy on each chromosome. D-prime and r2

values for these data were calculated using Haploview. The virtually identical correlation
coefficients between SNPs and C4 GCN using standard linear regression and pairwise 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 [Rioux et al., 2009]. We
plotted the correlation coefficient, r2, against the chromosomal position of each SNP for
C4A and C4B copy number estimates (Fig. 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 Materials and Methods), Southern blot analysis [Chung et al., 2005], and a quantitative
PCR (qPCR) technique [H. Vauhkonen et al., submitted], 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 S7a 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 [Armour et al., 2007; Hollox et al., 2009]. Moreover, this assay is
extremely accurate at low copy number estimation, which is important given that disease
associations are seen with complement C4 deficiency states. The CEU cohort was also typed
using a qPCR method for assessing total C4, C4A, and C4B copy number [H. Vauhkonen 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
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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 (Fig. 4A and B and Supp. Tables S3 and S4). 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, r2 = 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 r2 of 0.32
(r2 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 r2 of 0.45. These SNPs are located in the introns of the genes C2
and TNXB, respectively, and are correlated with each other (r2<0.79). There were 165 SNPs
showing correlation coefficients greater than 0.3 with C4A, while this figure reduced to six
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.

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
[Rioux et al., 2009]. 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 (Fig. 4C and D and Supp. Tables S5 and S6). Furthermore, taking into account the
SNPs that are common to both datasets, the SNP showing the greatest correlation with C4A
(rs1269852, r2 = 0.74, P<1.0 × 10−16) is equivalent to the top marker in CEU. The greater
correlation values for C4A GCN likely represents the larger size of the 1958 cohort, whereas
the lower values for C4B GCN correlations reflect greater haplotypic variability in this
larger cohort.

Discussion
Complement C4 is 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 opsonization, 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
[Fischer et al., 1996]. 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
[McCarroll, 2008; Redon et al., 2006]. 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
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CNV on genomic variation has revised this figure upward, such that the majority of
variation is now thought to derive from CNV [Levy et al., 2007; Wheeler et al., 2008].
Indeed, a recent CGH study calculated a cumulative CNV locus length of 24 Mb (0.78% of
the genome) when comparing two genomes [Conrad et al., 2009].

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, whereas 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.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The structural organization of the RCCX module. The RCCX cassette may occur as mono-,
bi-, tri-, or quadrimodular sequences (examples shown) 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 nonfunctional pseudogenes,
known as RP2 (or STK19P) and TNXA, respectively. Additional CYP21 genes may be
functional (CYP21B/CYP21A2) or nonfunctional (CYP21A/CYP21A1P). (Adapted from
[Yang et al., 1999] and [Chung et al., 2002]).
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Figure 2.
Modular RCCX cassette on 6p23.1 illustrating location of PRT and REDVR amplicons.
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Figure 3.
Cluster plots of raw PRT values against raw REDVR A values in CEU and the 1958 British
Birth Cohort. These cluster plots illustrate raw PRT values (x-axis) against raw REDVR A
values (y-axis) for the CEU cohort (top panel) and the 1958 British Birth Cohort (bottom
panel). The colored circles represent unique clusters as shown in the key.
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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, r2,
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 color coded to represent SNPs with similar correlation coefficients. (B)
Correlation of C4B two-copy founders with surrounding SNPs in CEU. The correlation
coefficient, r2, 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 color coded to represent SNPs with similar correlation coefficients. (C)
Correlation of C4A two-copy founders with surrounding SNPs in the 1958 British Birth
Cohort. The correlation coefficient, r2, of SNPs 1 Mb centromeric and 1 Mb telomeric of the
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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 color coded to represent SNPs with similar
correlation coefficients. (D) Correlation of C4B two-copy founders with surrounding SNPs
in the 1958 British Birth Cohort. The correlation coefficient, r2, 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 color coded to represent
SNPs with similar correlation coefficients.
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