
www.elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 330 (2005) 298–304

BBRC
Molecular analysis of a novel hereditary C3 deficiency
with systemic lupus erythematosus

Hiroshi Tsukamoto a,*, Takahiko Horiuchi a, Hisashi Kokuba b, Shonosuke Nagae b,
Hiroaki Nishizaka a, Takuya Sawabe a, Shin-ichi Harashima a, Daisuke Himeji a,

Takako Koyama a, Junji Otsuka a, Hiroki Mitoma a, Yasutaka Kimoto a,
Chinami Hashimura a, Etsuko Kitano c, Hajime Kitamura c, Masutaka Furue b,

Mine Harada a

a Medicine and Biosystemic Science, Kyushu University Graduate School of Medical Sciences, Fukuoka 812-8582, Japan
b Department of Dermatology, Kyushu University Graduate School of Medical Sciences, Fukuoka 812-8582, Japan

c Department of Clinical Laboratory Science, Osaka Prefecture College of Health Sciences, Hibikino 583-8555, Japan

Received 15 February 2005
Abstract

A case of inherited homozygous complement C3 deficiency (C3D) in a patient with systemic lupus erythematosus (SLE) and the
molecular basis for this deficiency are reported. A 22-year-old Japanese male was diagnosed as having SLE and his medical history
revealed recurrent tonsillitis and pneumonia. He was diagnosed as having C3D because of undetectable serum C3 level. His parents
were consanguineous. Sequence analysis of C3D cDNA revealed a homozygous deletion of exon 39 (84 bp). A single base substi-
tution (AG to GG) in the 3 0-splice acceptor site of intron 38 was identified by sequencing the genomic DNA. Expression of
C3D(ex39) cDNA, the C3cDNA lacking exon 39, in COS-7 cells revealed that C3D(ex39) was retained in endoplasmic reticu-
lum–Golgi intermediate compartment because of defective secretion. These data indicate that a novel AGfi GG 3 0-splice acceptor
site mutation in intron 38 caused aberrant splicing of exon 39, resulting in defective secretion of C3.
� 2005 Elsevier Inc. All rights reserved.
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The complement system is part of the innate immune
system and plays an important role in host defense
mechanisms. The complement system is activated via
the classical pathway, which is initiated by antigen–anti-
body complexes, or by the mannose-binding lectin path-
way, which is initiated by mannose on the surface of the
bacterial wall. The complement system can be also acti-
vated via the alternative pathway, which is initiated by
microbial surfaces [1]. Complement component C3 is
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the most abundant protein in the complement system
and is also the most essential for the critical steps of
the complement cascade, such as opsonization, genera-
tion of anaphylatoxins, and formation of the membrane
attack complex [2].

C3 is synthesized as a precursor form consisting of a
single polypeptide with a molecular size of approxi-
mately 200 kDa. This is then processed by proteolysis
to yield the mature protein, which consists of two disul-
fide-linked subunits, a and b, with a molecular size of
115 and 70 kDa, respectively. C3 protein is translated
from a 5.2 kb mature mRNA that is transcribed from
a 42-kb gene of 41 separate exons [3] on chromosome
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19 [4]. C3 is synthesized predominantly by hepatocytes
and also by cells at extrahepatic sites including mono-
cytes [5], fibroblasts [6], endothelial cells [7], and smooth
muscle cells [8].

An inherited deficiency of C3 has been described in
humans, dogs, and guinea pigs [2,9,10]. Each of the
homozygous C3 deficient individuals suffers from recur-
rent systemic infections with encapsulated pyogenic
bacteria, and some cases have additional immune com-
plex-related disorders [2].

This paper reports a case of hereditary C3 deficiency
(C3D) and its novel molecular basis in a patient with
systemic lupus erythematosus (SLE). AG fi GG point
mutation was identified in the 3 0-splice acceptor site of
intron 38 causing exon-skipping of exon 39, resulting
in impaired secretion of C3. SLE or SLE-like disease
is a complication of hereditary homozygous C3D in Jap-
anese individuals, but is rare outside Japan.
Case report

A 23-year-old Japanese male had suffered from
photosensitivity, recurrent fever, and facial erythema
from childhood. He had been hospitalized due to tonsil-
litis and recurrent pneumonia in his late teens. At the
age of 20 years, he was diagnosed as having SLE at
the Dermatology Department of Kyushu University
Hospital based on the presence of a butterfly rash,
photosensitivity, leukopenia, and positive antinuclear
antibody (ANA). He was treated with 60 mg prednisone
daily. He was subsequently admitted to Kyushu Univer-
sity Hospital due to steroid psychosis at 21 years of age.
Laboratory findings at this time were as follows: ANA,
titer 1/40; RAHA, titer 1/320; IgG, 1108 mg/dl (normal
range 900–2300: IgG1 42.3%, IgG2 48.0%, IgG3 9.6%,
and IgG4 <0.2%); IgA, 540 mg/dl (80–450); and IgM,
444 mg/dl (80–300). Anti-dsDNA and the LE-test were
Fig. 1. Structure of C3 complementary DNA (cDNA) and location of the pr
negative. HLA was typed serologically as A2, A33,
B52, B44, DR9, and DR6. From the data of comple-
ment assay presented below, he was also diagnosed with
inherited C3D.
Materials and methods

Complement assay. CH50 was determined by the method of Mayer
[11]. Serum concentrations of complement proteins were measured by
laser nephelometry. C3 hemolytic activity was measured as described
previously [12]. C3 concentrations in the supernatants of transfected
COS-7 cells were measured by ELISA as described previously [13].

Cultures of fibroblasts. Fibroblast cell lines were established from
the patient as described previously [14]. Normal skin fibroblasts
(NHSF46) were purchased from the RIKEN Cell Bank (Tsukuba,
Ibaraki, Japan).

Preparation of RNA and DNA. Normal fibroblasts and C3D
fibroblasts were stimulated with 10 ng IL-1b/ml (Sigma Chemical, St.
Louis, MO), 20 h prior to the preparation of RNA. Total RNA was
prepared from the normal and C3D fibroblasts as described previously
[15]. DNA was prepared from peripheral blood mononuclear cells of
the patient and a normal control as described previously [15].

Reverse transcriptase (RT)-PCR. The six pairs of primers used for
this analysis were as follows: 5 0-GCCTGCTGCTCCTGCTACTAA-3 0

and 5 0-GGTCTTCTGCTCGGAGGTTCT-30 for fragment 1 (nt 83–
1015, product size 933 bp), 5 0-GGGAAGAAAGTGGAGGGAAC-30

and 5 0-GGGAAGAAAGTGGAGGGAAC-30 and 5 0-AAGGAAGG
GATGAAGTCGGT-3 0 for fragment 2 (nt 844–1646, 803 bp), 5 0-GA
GACCCTCAACGTCAACTTCC-3 0 and 5 0-CATGAGCTTCGTAG
AGATTCCAT-3 0 for fragment 3 (nt 1465–2433, 969 bp), 5 0-TG
TGGAACGTTGAGGACTTGAA-3 0 and 5 0-TGAGGTTGACAGCC
AGAGAGAA-3 0 for fragment 4 (nt 2375–3337, 963 bp), 5 0-ACCGCC
TACGTGGTCAAGGT-3 0 and 5 0-ACATAGTGGCATCCTGGTCT
CC-5 0 for fragment 5 (nt 3295–4261, 967 bp), and 5 0-CAGGATGCC
AAGAACACTATGA-3 0 and 5 0-CAAAGAACTCCAGACACGTG
AG-3 0 for fragment 6 (nt 4192–5117, 926 bp).

Primers were synthesized on the basis of the nucleotide sequence
of C3 complementary DNA (cDNA) to overlap with each other and
were used to amplify the entire coding region of C3 cDNA. A
schematic representation of C3 cDNA along with the positions of
the primers is shown in Fig. 1. Total RNA was reverse transcribed
using the Super Script Preamplification System (Gibco-BRL, Rock-
ville, MD) according to the manufacturer�s instructions. PCRs were
imers for PCR, which split C3 cDNA into six fragments. F, fragment.



Fig. 2. Pedigree of the family with C3 deficiency. The proband is
indicated by the arrow.

Table 1
C3 hemolytic activity of the proband, his parents, and his younger
brothers

C3 hemolytic activity
(SFU/ml)

% of normal human
serum (NHS)

Proband 24 0.1
Father 10,470 52.1
Mother 8660 43.1
Brother 1 10,100 50.2
Brother 2 13,720 68.3
NHS 20,100 100
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conducted for 40 cycles consisting of 0.5 min at 95 �C, 1 min at
58 �C, and 1.5 min at 72 �C using TAKARA Ex Taq (Takara Shuzo,
Tokyo, Japan). PCR products were subjected to electrophoresis on
1% agarose gel.

Nucleotide sequencing. Fragment 6 was purified using RECOCHIP
(Takara Shuzo) and directly sequenced using an Amplicycle
Sequencing Kit (Applied Biosystems, Foster City, CA) and radiola-
beled primers according to the manufacturer�s instructions. Primers
were labeled with T4 polynucleokinase (New England Biolabs, Bev-
erly, MA) and [c-32P]dATP(ICN Radiochemicals, Irvine, CA) at 37 �C
for 20 min. PCR products of genomic DNA were fluorescein-labeled
with a BigDye terminator cycle sequencing kit (Applied Biosystems)
and sequenced with an ABI PRISM 310 genetic analyzer (Applied
Biosystems).

Construction of full-length C3D cDNA. Wild-type (wt) C3 cDNA
(from Dr. David E. Isenman, Toronto University School of Medicine,
Toronto, Canada) was cloned into an expression vector pcDNA3
(Invitrogen, Carlsbad, CA). The portion of C3D cDNA which in-
cluded exons 38 and 40 was amplified by RT-PCR and recombined
with wt C3 cDNA at the restriction site of SfiI and XbaI. The pair of
primers used was: 5 0-ACCGCCTACGTGGTCAAGGT-3 0 and 5 0-GC
TCTAGATATAACTGAAGCTTTATCTGG-30. The constructed
C3DcDNA was named C3D(ex39) cDNA.

Transfection, immunoprecipitation, and Western blot analysis. COS-
7 cells were grown to 70–80% confluence in 25 mm petri dish at 37 �C
in 5% CO2 in Dulbecco�s modified Eagle�s medium (Gibco-BRL) with
10% fetal bovine serum. Wt C3 or C3D(ex39) cDNA ligated in the
expression vector pcDNA3 was transfected into COS-7 cells using
lipofectamine plus reagent (Gibco-BRL) according to the manufac-
turer�s instructions. Supernatants were harvested 48 h after transfec-
tion. The cells were detached by trypsinization, lysed in 40 ll of 1·
SDS–PAGE sample buffer consisting of 62 mM Tris–HCl (pH 7.5), 2%
SDS, 1 mM EDTA, 10% glycerol, and 5% mercaptoethanol, and
sonicated with Sonifier 250 (Branson Ultrasonics, Danbury, CT). The
supernatants were incubated with rabbit anti-human C3 antibody
(MBL, Nagoya, Japan) overnight at 4 �C. Protein A–Sepharose was
added and incubated for 3 h. Immunoprecipitates were washed and
redissolved in 40 ll of 1· SDS–PAGE sample buffer. The samples from
the lysates and supernatants were loaded onto 7.5% SDS–polyacryl-
amide gel. After SDS–PAGE, separated proteins were electrotrans-
ferred onto nitrocellulose filters (Bio-Rad Laboratories, Hercules, CA)
by the semidry method. The membranes were incubated for 1 h in PBS
containing 5% non-fat milk. After washing with 0.05% Tween 20 in
PBS (T-PBS), goat anti-human C3 antibody (MBL) was added and
incubated overnight at 4 �C. After washing with T-PBS, peroxidase-
conjugated anti-goat IgG (MBL) was added and incubated for 2 h at
room temperature. The nitrocellulose membranes were then washed in
T-PBS and binding of the second antibody was visualized with the
enhanced chemiluminescence system (ECL; Amersham, Arlington
Heights, IL).

Subcellular localization of of C3D(ex39) and wt C3 in transfected

COS-7 cells by immunofluorescence. Single label immunofluorescence
was used to investigate the subcellular distribution of wt and mutant
C3. COS-7 cells were cultured on glass coverslips and transfected as
described above. They were fixed 48 h later in 75% methanol/25%
acetic acid at �20 �C for 30 min followed by postfixation with 3%
formaldehyde in PBS for 15 min at room temperature. After coverslips
were blocked with 1% BSA in PBS for 10 min, the cells were incubated
with FITC-conjugated goat anti-human C3 (MBL) for 30 min at room
temperature. Following staining, the cells were counterstained for
3 min with the DNA dye, Hoechst 33258 (20 mg/ml in PBS, Sigma
Chemical), rinsed with PBS, and mounted on glass slides in Permount
(Fisher Scientific, Pittsburgh, PA). Slides were examined on fluores-
cence microscope (Carl Zeiss, Thornwood, NY) equipped with imag-
ing system (Axio imager, Carl Zeiss).

Statistics. The Wilcoxon signed rank test was used to determine
statistical significance.
Results

Complement assay and family study

No CH50 or C3 protein was detected in the proband.
Other complement components were within the normal
range. A family study revealed that the parents of the
proband were consanguineous (Fig. 2). The parents
and two of the patient�s three brothers had 50% of the
normal serum C3 concentration. The proband had only
a trace amount of C3 hemolytic activity, and his parents
and one of his brothers had 50% C3 hemolytic activity
(Table 1). These results show that the proband had a
hereditary homozygous C3D, and his parents and two
of his brothers had heterozygous C3D.

RT-PCR analysis of C3mRNA

To study the molecular basis of this C3D, total RNA
was prepared from IL-1b-stimulated primary fibroblasts
obtained from the C3D patient. C3 mRNA from the
C3D patient and a normal control were amplified in
six fragments by RT-PCR as described. As shown in
Fig. 3, there was no difference in the sizes of fragments
1–5 between the patients with C3D and the normal con-



Fig. 5. Molecular basis for the C3 deficiency. A single base substitu-
tion (AGfi GG) in the 3 0-splice acceptor site of intron 38, causing
skipping of exon 39, was identified.

Fig. 3. RT-PCR analysis of C3 cDNA. Fragment 6 (arrow) of the
patient with C3 deficiency (C3D) was 80–90 bp smaller than that of the
normal control. F, fragment; P, C3D; and N, normal control.
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trol. However, the size of the fragment 6 (nt 4192–5117)
of the C3D patient was 80–90 bp smaller than that of the
normal control. Since fragment 6 of the patient with
C3D migrated as a single band, this deletion was consid-
ered to be homozygous.

Sequence analysis of C3 cDNA and genomic DNA

Sequence analysis of fragment 6 of the patient with
C3D revealed a homozygous deletion of exon 39
(84 bp, Fig. 4). To determine the mechanism of this dele-
tion in C3cDNA, C3 genomic DNA between exons 38
and 40 was amplified by PCR and directly sequenced
(Fig. 5). The sequence of the splice acceptor site in in-
tron 38 was changed from AG to GG. This mutation
caused use of the splice acceptor site of intron 39 in-
stead, resulting in skipping of exon 39. Since the deletion
of exon 39 resulted in a 84 bp deletion in-frame, a 28
amino acid shorter mutant of the C3 polypeptide should
be translated.
Fig. 4. Sequence analysis of fragment 6 of the patient with C3
deficiency.
Expression of C3D(ex39) and wt C3 cDNA in COS-7

cells

To determine whether the deletion of exon 39 in C3
mRNA caused the C3D or not, C3 cDNA lacking exon
39, named C3D(ex39) cDNA, was constructed from wt
C3 cDNA. C3D(ex39) and wt C3 cDNA were transiently
transfected into COS-7 cells using the expression vector
pcDNA3. The concentration of C3D(ex39) measured by
ELISA in the supernatants of transfected COS cells was
extremely and significantly low (mean ± SEM;
2.3 ± 0.5 ng/ml) compared with that in wt C3
(120.2 ± 40.0 ng/ml, p < 0.03). Western blot analysis
was used to investigate the level of expression and fate
of C3D(ex39) (Fig. 6). Intracellular wt C3 was visualized
as a single, 185-kDa polypeptide of pro-C3. Wt C3 in
the supernatant consisted of two bands of a-chain
(115 kDa) and b-chain (70 kDa). In contrast, intracellu-
lar C3D(ex39) was detected as a single, 180-kDa poly-
peptide corresponding to pro-C3. However, no
extracellular C3D(ex39) was detected. C3D(ex39) was re-
tained intracellularly because of defective secretion.
Fig. 6. Western blotting of wt C3 and C3D(ex39). IC, intracellular;
EC, extracellular.



Fig. 7. Indirect immunofluorescence microscopy of transfected COS-7
cells. (Upper panel) COS-7 cells stained with anti-C3/FITC. (Lower
panel) COS-7 cells counterstained with DNA dye. 1000·
magnification.
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These data indicate that an AG fi GG 3 0-splice accep-
tor site mutation in intron 38 caused aberrant splicing
of exon 39, resulting in defective secretion of C3 in this
case of C3D.

Intracellular distribution of C3D(ex39) and wt C3 by

immunofluorescence

Indirect immunofluorescence staining of transfected
COS-7 cells showed that wt C3 was predominantly dis-
tributed in a diffuse reticular pattern, typical of endoplas-
mic reticulum (ER) localization (Fig. 7). In contrast,
C3D(ex39) was predominantly distributed in a punctate
ring in the perinuclear area, which, as indicated by
the previous study [16], corresponds to ER–Golgi inter-
mediate compartment (ERGIC). Mock-transfected with
vector alone showed only minimal background immuno-
fluorescence. These results indicate that C3D(ex39) is
arrested in ERGIC in the secretary pathway of C3.
Discussion

In this paper, a Japanese case of inherited homozy-
gous C3D and the molecular basis for this deficiency
are reported in a patient with SLE.

Hereditary homozygous C3D has been reported in 17
kindreds of different ethnic backgrounds and from differ-
ent geographic regions [17]. Each of the homozygous C3
deficient individuals suffered from recurrent systemic
infections with encapsulated pyogenic bacteria, and
some of them had additional immune complex-related
disorders, including membranoproliferative glomerulo-
nephritis, IgA nephropathy, and maculopapular rashes
[18]. Although SLE is recognized as an immune complex
disease, C3D with SLE is not common outside Japan.

A novel AG fi GG point mutation was identified in
the 3 0-splice acceptor site of intron 38 in this patient.
The molecular basis for hereditary C3D has been identi-
fied in six kindreds including the present case. Other
mutations were two 5 0-donor splice site mutations (in-
trons 10 and 18) [18,19], a large gene deletion [20], a sin-
gle amino acid change (Asp549Asn) [21], and point
mutations resulting in a termination codon (Tyr1081-
Stop) [22]. All of the mutations were different, indicating
that the molecular genetic basis for hereditary C3D is
heterogeneous.

In the present case, exon 39 was spliced out in the
mRNA of C3D(ex39) by the AG fi GG substitution.
C3D mRNA lacks the 84-bp region encoded by exon
39, which encodes a C3 polypeptide 28 amino acid
shorter than normal C3. The polypeptide encoded by
exon 39 is located near the C-terminus in the a-chain
and does not involve the thioester bond, the cleavage
site of C3 convertase, or factor I, disulfide bonds, or
the glycosylation site. If C3D(ex39) is secreted, it should
have C3 hemolytic activity.

The intracellular pathways of C3 synthesis, transport,
post-translational modification, and secretion are lar-
gely unknown. During translation, the pre-pro-C3 mol-
ecules are processed into pro-C3, which is then properly
folded and glycosylated [23]. Expression of C3D(ex39)
cDNA in COS-7 cells revealed that the mutant protein,
C3D(ex39), was retained intracellularly because of defec-
tive secretion. By immunofluorescence, the steady-state
intracellular distribution of wt C3 was visualized as an
ER localization as previously reported [24]. In contrast,
C3D(ex39) was predominantly accumulated in ERGIC,
a compartment localized between ER and cis-Golgi. In
another case of C3D, secretion of C3 was disturbed by
a single amino acid substitution, Asp549Asn, and mu-
tant C3, C3 (Asp549Asn) showed perinuclear localiza-
tion in transfected L-cells [21]. In contrast, wild-type
C3 was distributed throughout the cytoplasm [21].
Pro-C3 is cleaved into C3 a and b chains by a dibasic di-
rected proprotein convertase of the furin/PAGE family
in the Golgi network [25]. C3D(ex39) was not cleaved
into a- and b-chain because it was retained in ERGIC
and was not transported to the Golgi complex. It should
be noted that cleavage of pro-C3 to C3 a and b chains is
not necessary for secretion and that the C3 processing in
the Golgi complex is not involved in the quality control
system [26]. C3D(ex39) may be trapped by an ER chap-
erone such as calnexin and BiP. Since normal C3 was
shown to be bound to calnexin [27], C3D(ex39) is likely
to be trapped by calnexin that was reported to be trans-
ported up to ERGIC. The incorrectly folded protein
generally distributes in ER and the further studies on
the mechanism for ERGIC localization of C3D(ex39)
are warranted.

The strongest susceptibility genes for the develop-
ment of SLE are null mutants of classical pathway com-
plement proteins [17,28]. In addition, gene-targeted
C1q-deficient mice also develop a lupus-like disease
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[29]. Complement has both inflammatory and anti-in-
flammatory functions, the latter reflected by its role in
clearing immune complexes. Complement also helps to
eliminate apoptotic cells that are thought to be a major
source of autoantigens in SLE. Deficiency of the early
components of classical pathway causes the defect of
the clearance of immune complexes and apoptotic cells,
resulting in generating an inflammation and autoim-
mune response [28].

It is believed that there is a hierarchy of disease sus-
ceptibility according to the position of the missing pro-
tein in the activation pathway, with the strongest
susceptibility linked to C1q deficiency [30]. This idea is
supported by the observation that there is a similar hier-
archical role for classical pathway complement proteins
in vivo in the clearance of apoptotic cells by macro-
phages [30]. Gene-targeted C3-deficient mice do not de-
velop lupus-like disease. Human hereditary homozygous
C3-deficient individuals have less than three symptoms
and signs of the criteria for SLE outside Japan although
a patient is classified with SLE if he or she has four or
more of the revised criteria for the classification of
SLE [31]. In contrast, it is of interest that two of the five
cases of Japanese homozygous C3D in three kindreds
including the present case had four or more of the crite-
ria for SLE and that the other two Japanese patients
who were considered to have SLE-like disease had three
of the criteria [32,33]. As shown in Table 2, the preva-
lence of SLE or SLE-like disease in hereditary homozy-
gous C3D is as high as that in hereditary homozygous
C1q deficiency among Japanese patients [34,35]. There
is no correlation between the mutation sites of C3 gene
and clinical appearance [18–22]. Two Japanese sisters
with C3D, whose mutation was detected (Tyr1081Stop),
developed facial erythema, photosensitivity, and arthral-
gia. Two other Japanese patients with C3D developed
SLE without nephropathy and IgA nephropathy,
respectively [32], however their mutation sites in the
C3 gene were not determined. There may be a specific
genetic background, which, combined with C3D, in-
duces susceptibility to SLE in the Japanese population.
In C1q-deficient mice, it was also demonstrated that
Table 2
Prevalence of SLE or SLE-like disease in hereditary homozygous
complement deficiencies [33,34]

Type of complement
deficiency

Prevalence of SLE or SLE-like
disease

Non-Japanese Japanese

C1q 92% (34/37) 100% (5/5)
C1r, C1s 54% (7/13) 50% (1/2)
C4 75% (18/24) —
C2 32% (24/77) —
C3 0% (0/19) 80% (4/5)a

a Including the present case.
background genes were a significant factor for the
expression of autoimmunity [36]. Since C3D may cause
the impairment of the clearance of apoptotic cells, it
may induce the susceptibility to SLE when it combines
with the other defects of the clearance of apoptotic cells,
such as the defects of DNase1 and serum amyloid pro-
tein. However, there have been no genes identified to
make Japanese people be easier suffering SLE than
non-Japanese.

In conclusion, a case of Japanese hereditary homozy-
gous C3D is reported in a patients with SLE. The point
mutation at the 3 0 splice site of intron 38 caused the dele-
tion of 28 amino acids of the C3 polypeptide, resulting
in impaired secretion of C3. SLE or SLE-like disease
is a complication of hereditary homozygous C3D in Ja-
pan, but is not common outside Japan.
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