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Restricted genetic defects underlie human complement C6 deficiency
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SUMMARY

Complement C6 homozygous deficiency (C6D) has been rarely observed in Caucasians but was
reported at higher prevalence among African-Americans. We report on the molecular basis of C6D in
seven unrelated black individuals of North or Central Africa descent who live in France. These patients
have presented Neisseria meningitidis infection (four cases), focal and segmental glomerulosclerosis
with hyalinosis (one case), systemic lupus erythematosus (one case) or Still’s disease (one case). All
patients exhibited undetectable antigenic C6 by using a sensitive ELISA assay. An additional four cases
of complete C6 deficiency with no associated disease have been characterized after family studies.
Exons 6,7 and 12 have been described recently as the location of molecular defects on the C6 gene in
randomly chosen black Americans. Genomic DNA from the seven patients were subjected to direct
polymerase chain reaction amplification of these three exons. Nucleotide sequencing analysis of the
amplified DNA fragments revealed a homozygous single-base deletion (1936delG) in exon 12 in three
cases and four compound heterozygous deletions for a single base in exon 7 (1195delC) or in exon 6
(878delA) associated with the same deletion in exon 12 (1936delG). Our observations further establish
the restricted pattern of genetic defects associated with homozygous C6 complement deficiency in indi-

viduals of African descent.
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INTRODUCTION

Complement C6 is one of five plasma proteins that are incorpo-
rated into the potentially lytic terminal complement complex
(C5b-9 m) on lipid membranes upon activation of the comple-
ment system. The assembly of the terminal complex begins with
the proteolytic cleavage of C5 by the C5-convertase and proceeds
through the formation of a complex between C5b and C6 and the
subsequent and sequential binding of C7, C8 and C9. Compo-
nents five to nine of complement form the terminal complement
pathway resulting in transmembrane channel causing cell death
[1,2]. Other sublytic functions on nucleated cells have been
described [3]. Recent data suggest also a role of C5b-9 in cell cycle
and apoptosis [4,5].

Several families with individuals deficient in proteins of the
terminal complement pathway have been reported, originating
from different ethnic backgrounds and different geographical
regions [6]. Inherited defects affecting individual terminal

Correspondence: Dr V. Frémeaux-Bacchi, Service d’Immunologie
Biologique, Hopital Européen Georges Pompidou, 20-40 rue Leblanc,
75908 Paris cedex 15, France.

E-mail: veronique.fremeaux-bacchi@hop.egp.ap-hop-paris.fr

© 2003 Blackwell Publishing Ltd

complement deficiency C6 gene mutation Neisseria meningitidis

components are uncommon in the general population, but the
prevalence depends largely upon the ethnic origin of the tested
population. Thus, the prevalence of C9 deficiency has been
reported to be 0-095% in Japan [7], and that of C6 deficiency to be
of 0-04% in African Americans [8,9]. C6 deficiency, like most
other complement protein deficiencies, is inherited as an autoso-
mal recessive trait.

The gene encoding for C6 spans about 80 kb of DNA and
contains 18 exons [10]. Four gene deletions associated with
homozygous complete C6 deficiency have been described so far
in approximately 25 deficient individuals reported (review in
[8]). Deletion 879 delG located in exon 6 represent 70% of the
cases that have been found in the western Cape, South Africa
[11]. Deletions 1195 delC located in exon 7, 1936delG located
in exon 12 and 878 delA located in exon 6 have been found in
different geographical areas as well as appearing to be an
ancient defect in African populations [11-13]. Combined subto-
tal deficiencies of C6 and C7 has also been reported from two
families [14]. In these cases, the C6 deficiency resulted from a
defect at the 5 splice donor site of intron 15 generating a pro-
tein of lower molecular weight with low expressed concentra-
tion. This molecular defect has also been found without C7
deficiency [15].
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Here we report seven new index cases of complete C6 defi-
ciency with the characterization of the underlying molecular
genetic defect. The patients, who were unrelated, presented with
one or several of the previously described deletions in the C6
gene, further confirming that C6 deficiency is associated with a
restricted pattern of genetic defects.

PATIENTS AND METHODS

Patients

The patients with C6 deficiency included in this report were seen
between 1990 and 2001. Patients’ samples were selected from
those found with undetectable CHS50 activity upon investigation
of the complement system, in the Department of Immunology of
the Hopital Européen Georges Pompidou, Paris. Following
informed consent, blood was taken from patients and family
members to extract DNA. EDTA plasma samples were stored at
—=70°C.

The clinical history of the seven index patients is summa-
rized in Table 1. All patients were of African origin. Four of the
seven patients had suffered from systemic infections with Neis-
seria meningitidis. Episodes of meningococcaemia were associ-
ated with a prodromal period of 2 or more days. The infecting
serotype was not identified in two of the cases; it was attribut-
able to group Y in one case and to group B in the other. One
patient presented with two successive episodes of meningococ-
caemia at 5-year intervals. The age of the patients at the time of
the first infection ranged between 12 and 28 years. All patients
were treated with appropriate antibiotic chemotherapy and
recovered uneventfully, except for one patient with residual
chronic renal failure attributed to the infection. Investigations
carried out among family members of patients 1 and 2 allowed
for the diagnosis of complete C6 deficiency in four additional
and asymptomatic individuals (Fig.1). Of note, we found the
mother of the index patient in family 2 to be homozygous C6-
deficient. The three patients who did not present with a systemic
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infection were diagnosed upon investigation of the complement
system in the context of a focal and segmental glomerulosclero-
sis with hyalinosis, coeliac disease asociated with Still’s disease
and SLE.

Complement assays
CHS50 and C2 haemolytic activity were determined according to
standard procedures [16]. Results were expressed as a percentage
of the CH50 and C2 activities of a reference plasma pool obtained
from 100 healthy donors. Plasma concentrations of C4 and C3
antigens were measured by nephelometry (Dade Behring, Paris
La Defense, France). Normal values established with pooled
plasma from 100 healthy donors ranged between 220 + 120 mg/I
and 1200 £ 250 mg/l (mean * 2 s.d.) for C4 and C3, respectively.
The concentration of C6 antigen in serum was measured by
means of a double-ligand ELISA, as described previously [17].
Briefly, Nunc MaxiSorp ELISA plates (Nunc, Roskilde, Den-
mark) were coated with goat antihuman C6 IgG (Calbiochem,
Meudon, France). After washing and blocking free reactive sites
with PBS containing 1% BSA, the serum to be tested was added
at a dilution of 1 : 2000 for 1 h. After washing, the plates were then
incubated with biotinylated goat antihuman C6 IgG prior to the
addition of streptavidin-biotinylated horseradish peroxidase and
further incubation for 30 min at 37°C. Enzymatic activity was
revealed using the orthophenyldiamine substrate. The same
method was used to measure the C5, C7, C8 and C9 antigen con-
centrations with the appropriate polyclonal antibodies (Calbio-
chem, Meudon, France) [15]. The C6 haemolytic activity was
measured as described [16].

Genomic C6 DNA sequencing

DNA was extracted from whole blood using the proteinase K/
phenol method [18]. Uncloned genomic DNA was amplified by
means of a polymerase chain reaction (PCR) using oligonucle-
otides flanking the exons 6, 7 and 12, as described by Hobart et al.
[11]. Direct DNA sequencing of the purified PCR products

Table 1. Molecular defects of the C6 gene associated with complete C6 deficiency in index cases in seven unrelated families

Clinical presentation Nucleotide Agg Nucleotide C;jo5 Nucleotide Gyo36

(age, years) Origin CHS50 (%) C6 Ag (%) in Exon 6* in Exon 7* in Exon 12*

1 Recurrent Neisseria Central African <10 <0-1 878delA/878A 1195C/1195C 1936delG/1936G
meningitidis infection (19) Republic

2 Neisseria meningitidis Y Ghana <10 <0-1 878 A/8T8A 1195delC/1195C 1936delG/1936G
infection (18)

3 Neisseria meningitidis Africa <10 <01 878 A/I8T8A 1195C/1195C 1936delG/1936delG
infection (28)

4 Neisseria meningitidis B Africa <10 <0-1 878 A/8T8A 1195delC/1195C 1936delG/1936G
septicaemia (12)

5 Focal and segmental Gabon <10 <0-1 878 A/8T8A 1195C/1195C 1936delG/1936delG
glomerulosclerosis with
hyalinosis

6 Still’s disease and coeliac North Africa <10 <0-1 878 A/878 1195C/1195C 1936delG/1936delG
disease

7 Systemic lupus Cameroon <10 <01 878 A/I8T8A 1195delC/1195C 1936delG/1936G
erythematosus

*cDNA nucleotide numbers refer to Hobart ez al. [10].
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Family 1 Family 2
n.d. n.d.
1.1
1.1
CH50 (%) <10
CH50 (%) 117
c6 80 C6 <0-01
1936delG (12) - 1936delG (12) ++
1195delC (7) /- 1195delC (7) /-
878delA (6) +/- 878delA (6) —/-
*
1.1 11.2 11.3 11.4 11.5 1.1 e * 11.3
CH50 (%) 98 <10 <10 <10 142 83 <10 82
C6 (%) 47 <0-01 <0-01 <0-01 170 60 <0-01 61
1936delG (12) +/— +/— +— +/— —/- +/— +/— +—
1195delC (7)  —/- - - -~ -~ -~ +— —/-
878delA (6) —- +— +— +— —- —- —- —-

Fig. 1. Pedigrees and immunological/genetic data of subjects in families 1 and 2. n.d.: Not done; *index cases. Parentheses indicate the

exon involved in the genetic abnormality.

(QiaQuick PCR Purification Kit, Qiagen SA, Courtaboeuf,
France) was then carried out by the Dye terminator cycle
sequencing method (Applied Biosystems, Courtaboeuf, France).
Sequence analysis was performed using the Sequence Navigator®
sofware.

RESULTS

C6 deficiency

In all 11 cases diagnosed as complete C6 deficiencies, the patients’
complement profile was characterized by the lack of detectable
CHS50 activity, the absence of detectable C6 haemolytic activity,
lack of detectable C6 antigen at a 1 :40 dilution of plasma, with
normal antigenic levels of C4, C3, C5, C7, C8 and C9 and normal
levels of haemolytic C2 activity (Fig. 1 and Table 1). The addition
of normal plasma to the patients’ plasma restored its ability to
sustain total haemolytic activity (data not shown). Functional and
immunochemical levels of complement components were consis-
tent when investigated for a second time within 3 months (data
not shown).

Measurement of C6 antigen in siblings of index cases 1 and 2
suggested three cases of heterozygous C6 deficiency characterized
by normal CHS50 activity and approximately 50% of the C6 anti-
genic levels (Fig. 1).

Molecular genetics

The three exons of gene encoding for C6 in chromosome 5 where
molecular defects associated with complete C6 deficiency had
been described previously were analysed first. The entire exons 6,
7 and 12 of all index cases were amplified and sequenced using
forward and reverse primers. In the 14 chromosomes analysed, 10
carried the G deletion in position 1936 (1936 delG) in exon 12,
three carried with the C deletion in position 1195 (delC 1195) in
exon 7 and one carried the A deletion in position 878 (878 delA)
in exon 6 (Table 2). Three patients were homozygous 1936delG,
three patients were compound heterozygous for the nul allele
1936delG associated with a 1195 delC in two cases and with the
878 delA in another case (Table 1). No other abnormality was
detected in the three exons 6, 7 and 12. Exon-specific sequence
analyses were used to investigate the distribution of the C6 gene
deletions among members of two patients’ families (Fig. 1). Two
members of family 1, individuals II.2 and II.4, were diagnosed
with homozygous C6 deficiency in addition to the index case II.3.
The latter siblings presented with the same genetic defects as the
index case. The sequencing data showed further that the mother
and the brother (IL.1) of the propositus exhibited the 878 delA
deletion (mother) or the 1936 delG (IL.1), respectively. No
genetic abnormality was found in the sister of the index case
(I1.5), who presented with normal C6 antigenic levels. In family 2,
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Table 2. Three C6 deficiency mutations in seven unrelated individuals of North or Central Africa descent who live in France

Location of Number of affected

No. of affected chromosomes
described previously in

Common name the defect chromosomes Notes C6-deficient individuals

C6Q0/1936delG Exon 12 10 Frame shift and premature termination codon 9 5 ([9], [11], [12], and [13])
nucleotides downstream

C6Q0/1195delC Exon 7 3 Frame shift generating 63 novel amino acids and 8 ([11] and [13])
termination codon in exon 9

C6Q0/878delA Exon 6 1 Frame shift generating 45 novel amino acids and 3([9])

termination codon in exon 7

two brothers (individuals II.1 and I1.3) were heterozygous for the
1936 delG deletion (1936 delG). The homozygous-deficient
mother in this family carried the homozygous deletion 1936delG
in exon 12.

DISCUSSION

Here we report on seven unrelated individuals of African descent
living in Europe, with homozygous complete complement C6
deficiency. We have investigated the presence of the deletions pre-
viously described in the C6 null alleles. The 1936delG defect in
exon 12 and the 1195delC defect in exon 7, resulting in premature
termination of the C6 polypeptide, were described first in unre-
lated African-American families [12,13] and were found exclu-
sively in individuals of African descent [9]. The deletion 878delA
located in exon 6 leading to a shift in the reading frame, generat-
ing a novel 45 amino acid sequence, followed by a stop codon, was
found to be equally distributed among blacks and whites [9]. The
prevalence of homozygous C6D deficiency associated with one or
several of these three defects may be estimated to be 1 in 1600
African Americans compared with approximately 1 in 40 000
white individuals in the South-eastern part of the United States
[8]. The 879delG in exon 6 is restricted to South African or
Netherlands patients [11].

In the present study, the gene defects in seven individuals with
complete C6 deficiency included a homozygous single-base dele-
tion (1936delG) in exon 12 in three cases, and four compound het-
erozygous deletions of a single base in exon 7 (1195delC) or in
exon 6 (878delA) associated with the same deletion in exon 12
(1936delG). Ten chromosomes among the 14 tested carried a
deletion of nucleotide G1936 in exon 12, which causes a shift in
the reading frame and generates a stop codon 9 nucleotides
downstream. In all cases the C6 antigenic level by using a sensitive
ELISA was undetectable (< 0-1% of normal values), suggesting
that the truncated RNA and/or the short C6 protein were
unstable.

The patients presented with meningococcal infections (four
cases) or in the context of the investigation of an autoimmune dis-
ease (three cases). The deficiency in any of the proteins of the ter-
minal complex will block the lytic complement pathway. The
terminal complement complex plays an important role in neutral-
izing Neisseria. Deficiencies in components of the terminal path-
way are thus associated with the risk of occurrence of neisserial
infections. Most of the cases of C6 deficiency described so far
have been identified upon screening following the occurrence or

recurrence of meningococcal disease [11-13]. Recurrent episodes
of meningococcal meningitidis occur typically after the age of 10
years. Infections are associated frequently with septicaemia and
are often caused by unusual serotypes of the meningococci. Three
of our patients presented with autoimmune diseases and no
documented episode of meningococcaemia. Whether individual
patients with C6 deficiency have been reported as suffering from
systemic [19] or discoid lupus erythematosus [20], Sjogren’s syn-
drome [20] and arthritis with antinuclear antibodies [21], no asso-
ciation of C6 deficiency with SLE has been found, as discussed
previously [22]. Screening of large populations has also revealed
the existence of asymptomatic C6-deficient individuals [6,12]. In
this regard, we identified three cases of complete C6 deficiency in
asymptomatic relatives of index cases in two families that could
be comprehensively investigated.

Our observations establish further the restricted array of
genetic defects associated with homozygous C6 complement defi-
ciency in individuals of African descent.
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