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Abstract

Introduction: Atypical hemolytic uremic syndrome (aHUS) is a rare form of
thrombotic microangiopathy. Personal genome analyses have revealed numer-
ous aHUS-causing variants, mainly complement-related genes. However, not all
aHUS-causing variants have been functionally validated.

Methods: An exome sequence analysis of a Japanese multiplex family composed
of three patients diagnosed with aHUS in infancy and showing frequent relapses
clustered in a dominant transmission mode was performed. Protein interaction
between the C3d and C-terminal domains of factor H was analyzed using a quartz
crystal microbalance.

Results: Following filtering by heterozygous variants, amino acid substitutions,
and allele frequency, the analysis revealed eight rare variants shared by the af-
fected individuals. Variant prioritization listed C3 p.W1034R as the most likely
candidate gene mutation in the affected individuals, despite being classified as a
variant of uncertain significance. Binding of recombinant C3d harboring 1034R
to recombinant short consensus repeats 15 to 20 of factor H was significantly sup-
pressed compared with that of C3 with 1034W.

Conclusion: C3 p.W1034R results in an inherited form of aHUS that often pre-
sents with recurrent episodes, possibly because of impaired interactions between
the C3d and C-terminal domains of factor H. Following comprehensive genomic
analysis, functional validation of C3 p.W1034R strengthens the molecular basis
for aHUS pathophysiology.
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1 | INTRODUCTION impairment, with symptoms similar to those of throm-
botic thrombocytopenic purpura (Noris & Remuzzi, 2009).
Approximately 10% of HUS cases are classified as atyp-

ical because of the absence of Shiga toxin-producing

Hemolytic uremic syndrome (HUS) features microangio-
pathic hemolytic anemia, thrombocytopenia, and renal
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FIGURE 1 Pedigree of the family
in this study and Sanger sequence of
C3¢.3100. (a) Pedigree of a family with
atypical hemolytic uremic syndrome
(aHUS). Black, white and gray denote

I / affected individuals, unaffected
individuals, and individuals suspected
*4 E E of having aHUS, respectively. The arrow
il . O represents the index case. * suggests the
number of relapses in the clinical course.
(b) Sanger sequence of C3 ¢.3100. The
I-2 I-3 -4 I-5 I-6 affected individuals have heterozygous C3
AGCAGTGGG AG AGCAGT GGGAG AGCAGT GGG A AGCAGTGGGAG AGCAGTGGG AG c.3100T>C(arrow)leadingtoamino—acid
‘n CE SR F e S s % “man e substitution of tryptophan to arginine
‘ﬂ‘ ) l \ | ‘(\\ 1 l 1 (W/R), whereas the unaffected individuals
M\AAAN\/A\ ATVAR [\‘ /) A /\ MW have no variant in this allele.
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bacterial infections or other known triggers (Noris &
Remuzzi, 2009). Atypical HUS (aHUS; OMIM: #235400)
is caused by abnormalities of the alternative comple-
ment system, with a poor prognosis and high mortal-
ity rate, with up to 10% of patients dying and 50% of the
patients progressing to end-stage renal disease (Noris &
Remuzzi, 2009).

Approximately 50% of aHUS cases are caused by ge-
netic abnormalities (Noris & Remuzzi, 2009), especially
complement-regulating gene abnormalities. Comprehen-
sive genomic analysis has revealed numerous variants as-
sociated with aHUS (Bu et al., 2018); however, functional
validation is necessary to confirm the causative variants
for each aHUS phenotype. Herein, we report findings of
whole exome and protein interaction analyses of three pa-
tients with aHUS from one family.

2 | MATERIALS AND METHODS

2.1 | Informed consent
Informed consent and assent were obtained from all par-
ticipants or their parents.

2.2 | Whole-exome sequencing

Whole-exome sequencing was performed on an Ion Pro-
ton™ Sequencer using the Ion PI™ Sequencing 200 kit
v3 (both from Thermo Fisher Scientific, Waltham, MA)

(Figure 1). The sequenced reads were processed using
Torrent Suite™ Software v4.0.2, on the Ion Torrent Server.
Reads were mapped against the human reference genome
hgl9 using the Torrent Mapping Alignment Program.
Torrent Variant Caller v5.0.7 detected variants and gener-
ated variant call format (VCF) files, which were processed
and annotated using Ion Reporter™ Software v5.2.

2.3 | Filtering and prioritization of
genetic variants

The variants were filtered to include heterozygous and
nonsynonymous or splicing variants and shared by all
three affected patients (Wang et al., 2010). Variants
with allele frequencies >0.01 in the East Asian popula-
tion were excluded in gnomAD (The Genome Aggrega-
tion Database). Phenotype-based variant prioritization
(Zhao et al., 2020) in each affected individual was as-
sessed, in addition to the candidate genes, according to
the guidelines published in 2015 by the American Col-
lege of Medical Genetics and Genomics (ACMG) and
the Association for Molecular Pathology (AMP; Li &
Wang, 2017).

2.4 | Recombinant C3d

As C3 p.W1034R was considered the most probable
candidate variant for a causative mutation in this fam-
ily with aHUS (Zhao et al., 2020; Table S1), a functional
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analysis was conducted using a recombinant glu-
tathione S-transferase (GST)-tagged C3 protein in
which the amino acid at the 1034 position was substi-
tuted with arginine to demonstrate the functional ef-
fects of the variant (Supplementary Methods). Briefly,
the PCR-amplified fragments of C3 from 3004 to 3909
(Figure 2a), corresponding to C3d, were inserted into
the pGEX6P-1 vector (Cytiva, Tokyo, Japan), and the
recombinant GST-tagged C3d protein was expressed
and purified using a glutathione Sepharose 4B column
(Cytiva, Tokyo, Japan). Subsequently, the GST tag was
removed by overnight incubation with PreScission
Protease (Cytiva, Tokyo, Japan) at 4°C. A 3100T>C
mutation in C3d introduced into the pGEX6P-1 vector
was induced using a mutagenesis kit (Toyobo, Osaka,
Japan). As controls that had been reported to have del-
eterious effects on the binding between C3b protein

(a)
C3 cDNA 3004 3909 4992
| TED |
C3d | 903bp
c
©) Wild Mut.
kDa 1034-W 1034-R
55
41
comm—
31
Recombinant C3d
(e)

FH19

factor H
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and factor H (Schramm et al., 2015), the vectors har-
boring the 3187 A>C mutation, which leads to an
amino-acid substitution of serine to arginine (S1063R),
and the 3281 C > A mutation, which leads to an amino-
acid substitution of alanine to aspartate (A1094D),
were also constructed.

2.5 | Interaction between C3d and
factor H

The interaction between factor H and recombinant
C3d was evaluated using a quartz crystal microbalance
(QCM) affinity biosensor (AFFINIX Q8; ULVAC, Inc.,
Kanagawa, Japan). Briefly, 2.5ug of each recombinant
C3d with p.1034W, p.1034R, or controls (p. S1I063R and
p. A1094D) was immobilized on a sensor chip using the

(b)

Factor-H (FH)

vE0000000000080000°¢
FH15-20 '-His

—Wild —1034R

(d)

1063R —1094D

Factor H

factor H

deposited
(3/3d

C3d
1034R

down-

regulation aHUs

adopted from Kajander et al. 2011

FIGURE 2 Binding between C3d and FH15-20. (a) Construction, expression, and purification of C3d. 903 bp of C3d cDNA (3004-3909
in C3 cDNA) was cloned into the GST tag vector. (b) Short consensus repeats 15-20 of factor H (FH15-20). (c) Coomassie brilliant blue
staining of recombinant C3d of wild type (Wild, 1034-W) and mutation type (Mut., 1034-R) showed 34 kDa proteins. (d) Quartz crystal
microbalance analysis was used to monitor the binding curve between recombinant C3d and factor H of short consensus repeats 15-20.
Black lines denote the wild type of C3d (1034W), red lines denote 1034R, yellow lines denote 1063R, and blue lines denote 1094D. The
arrow represents the time at which factor H was injected. (e) Molecular structure of a complex composed of C3d and FH19-20. Red denotes

tryptophan at the 1034 amino acid position, blue denotes serine at the 1063 amino acid position, and yellow denotes alanine at the 1094
amino acid position of the C3 protein. (f) Model of regulation of the C3 amplification loop (based on Kajander et al., 2011). FH20 binds to
deposited C3d (left) and reduces the binding of FH20 to C3d-1034R, resulting in dysregulation of the C3 amplification loop (right).
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amine coupling method, as previously reported (Hori
et al., 2017). Thereafter, 2.0 pg of recombinant human fac-
tor H comprising short consensus repeats 15-20 (FH15-
20, R&D Systems, Minneapolis, MN) was injected into the
chamber in a buffer containing 200 uL of 10mM HEPES,
150 mM NacCl, and 2mM CaCl,, at pH 7.4. The interaction
curve was monitored for approximately 40 min. The aver-
age data obtained using two sensors were evaluated under
each condition.

2.6 | Visualization of a complex
composed of C3d and FH19-20

Structural data regarding complexes composed of C3d
and FH19-20 (Protein database [PDB] ID: 2XQW) were
downloaded from PDB and visualized with UCSF Chi-
meraX software (version 1.6rc202304180021; Pettersen
et al., 2021).

3 | RESULTS
3.1 | Clinical phenotype of the family
with aHUS

The pedigree of the aHUS patients is shown in Figure 1.
A 24-year-old patient (II-5, index case) was diagnosed
with aHUS at infancy and experienced recurrent throm-
botic angiopathic symptoms, including hemolytic
anemia, thrombocytopenia, and kidney failure. Her lab-
oratory data on admission showed a red blood cell count
of 365%x10*/mm?, 11.0 g/dL hemoglobin, 1.6 X 10*/mm?
platelet, 26.6 mg/dL urea nitrogen, 0.70 mg/dL creati-
nine, 17611U/L lactate dehydrogenase, 3.68 mg/dL
total bilirubin, and a negative result for the Coombs
test. ADAMTS13 activity was 42%, and the antibody
against ADAMTS13 was negative. The serum level of

complement C3 was 97mg/dL. Urinary test showed
3+ for protein and occult blood. Considering a history
of frequent relapses, she was diagnosed with aHUS re-
lapse. Subsequently, she was treated with a pulse ster-
oid and administered fresh frozen plasma. Thereafter,
her platelet count, LDH, and bilirubin levels returned to
within the normal range. Her brother and his son were
also diagnosed with aHUS based on renal biopsy find-
ings. Despite experiencing multiple episodes of aHUS—
six episodes in the patient, four in her brother, and two
in her nephew—kidney function was preserved in all.

3.2 | Whole exome sequencing and
prioritization of candidate gene

Approximately 50,000-60,000 variants per individual
were identified. First, we selected heterozygous variants
that caused amino acid substitutions and filtered them
to obtain 1854 variants shared by the affected individu-
als. Sixty-seven variants were not found in unaffected
individuals. Eight variants had a minor allele frequency
of <0.1% in the East Asian population with gnomAD
(Figure S1A, Table 1). Among them, C3 c.3100T>C,
which results in the most damaging score of amino acid
substitutions with p.Trp1034Arg, has not been reported
in the Japanese Reference Genome Sequence. Addition-
ally, phenotype-based gene prioritization listed C3 as the
most likely candidate variant for aHUS in all affected
individuals (Table S1). In both II-3 and III-2, DGKE was
listed as the second candidate gene; DGKE p.W285L has
not been reported in any genomic reference database.
However, this DGKE variant was heterozygous, and
unaffected individuals in the family also had the vari-
ant; therefore, we considered this to be a noncausative
variant.

Sanger sequencing confirmed the cosegregation of C3
¢.3100T>C within this family (Figure 1), suggesting that

TABLE 1 Candidate variants selected by filtering whole-exome sequence data.

Chr Type Gene Protein Coding
SNV ORG6B3 p-Val74Met c.220G>A
4 SNV TBC1D14 p-Pro296Arg c.887C>G
5 SNV ANKRD31 p-GIn1825Glu c.5473C>G
5 SNV POLK p.Ala471Val c.1412C>T
19 SNV BSG p-His86Arg c.257A>G
19 SNV C3 p.Trpl034Arg  ¢.3100T>C
19 SNV ZNF534 p-Thr642Ala c.1924A>G
19 SNV LILRB2 p-Ala391Val c.1172C>T

gnomAD JRGS dbSNP Sift Polyphen2
0.00022 0.008 1s201073756 0.002 0.992

NA 0.0012 15997523629 0.081 0.984

NA 0.0019 rs149690398 0.333

0.0009 0.0012 rs149894654 0.004 0.999
0.0008 0.0023 rs185020271 0.882 0

NA NA NA 0.000 0.994

NA 0.0054 rs148845163 0.022 0.24

0.0008 0.0066 15201242685 0.086 0.166

Abbreviations: Chr, chromosome; gnomAD, the Genome Aggregation Database; JRGA, Japanese Reference Genome Sequence; NA, not applicable; SNV, single

nucleotide variant.
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it is mostly a disease-causing variant. According to the
ACMG/AMP 2015 guidelines, C3 p.W1034R is a variant
of uncertain significance, owing to its absence in control
populations.

3.3 | Recombinant C3d

The purity of the GST-tagged C3d protein exceeded 95%,
with a molecular weight of 60kDa (Figure S1B). PreScis-
sion Protease was added to GST-tagged C3d bound to the
Sepharose 4B column, releasing the GST-tag-free C3d
protein with a molecular weight of 34kDa (Figure S1B,
Figure 2c). Figure 2b shows the recombinant human
FH15-20 used.

3.4 | Binding between C3d and factor H
In the QCM analysis, frequency changes indicated the
binding of the guest protein to each protein immobilized
on the sensor. After guest protein injection, the sensor im-
mobilized with C3d-1034W showed a steep drop in sig-
nificant frequency, whereas the sensor with immobilized
C3d-1034R significantly suppressed frequency change
(Figure 2d). Subsequently, parallel curves were obtained
for both proteins. Control proteins (C3d-1063R and C3d-
1094D) showed suppressed frequency change with each
pattern between 1034W and 1034R.

4 | DISCUSSION

Our analysis revealed that the most probable candidate
genetic variant is C3 p.W1034R in aHUS patients ag-
gregated with the family, despite C3 p.W1034R being
interpreted as a variant of uncertain significance (Li
& Wang, 2017). Recombinant C3d protein comprising
the variant of tryptophan to arginine at the 1034 amino-
acid position exhibited less affinity with the C-terminal
domain of factor H; therefore, the mutated C3d protein
could functionally affect the C3 amplification loop in
the alternative pathway.

Numerous gene variants, particularly complement-
regulating gene variants, in aHUS have been identified
using genetic analysis (Bu et al., 2014, 2018; Fremeaux-
Bacchi et al., 2008; Schramm et al., 2015). Notably, not all
variants in these genes are clinically pathogenic; there-
fore, discriminating pathogenic from nonpathogenic
variations is necessary to determine the causative variants
(Bu et al., 2018). Here, we prioritized C3 p.W1034R from
the variants obtained by exome sequencing. Although
the ACMG/ASP guidelines interpret C3 p.W1034R as a

o | . i« Medici 50f7
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variant of uncertain significance, the European aHUS
registry has three aHUS cases harboring heterozygous
p-W1034R (Schramm et al., 2015). We found the same
variant inherited in an autosomal fashion, indicating that
C3 p.W1034R can cause familial aHUS with childhood-
onset and repeated relapses despite the functional vali-
dation needed.

Here, the binding of C3d-1034R to FH15-20 was sig-
nificantly lower than that of C3d-1034W. In a previous
study that analyzed the functional effects of C3 protein
by its gene mutations from the European aHUS registry
(Schramm et al., 2015), C3 p.W1034R had a negligible ef-
fect on the affinity between C3b and complement regula-
tory proteins, including factor H. However, C3 p.W1034R
could exert its effects in other ways. Structural molec-
ular analysis (Kajander et al., 2011) revealed that the C-
terminal of factor H has two binding sites: C3d part of the
C3 protein, SCR 19 (FH19), and SCR 20 (FH20). Factor H
regulates C3 activation through the binding of FH19 to the
C3d part of C3b, and the FH20 glycosaminoglycan bind-
ing site to polyanions of host cells. Additionally, factor H
is assumed to regulate the feedback loop of C3 amplifica-
tion by binding FH20 to C3d deposited and broken down
from C3b in host cells (Kajander et al., 2011). The binding
sites of C3d to FH19 or FH20 are reported to be different
(Kajander et al., 2011). Considering p.W1034R resides
near FH20 binding sites (Figure 2e), C3d-1034R might af-
fect the binding between C3d and FH20. Conversely, the
degree of binding change in C3d variants in the present
study could be mainly attributed to the change in the fold-
ing of each protein. We inferred less binding between C3d
and FH20, resulting in the dysregulation of the C3 am-
plification loop (Figure 2f), although it might be possible
that C3 p.W1034R significantly exerts influences on the
entire C3 protein. It should be kept in mind that under-
standing genotype-phenotype association is essential for
understanding the roles of detected variants in the context
of aHUS pathophysiology.

A nationwide epidemiological survey of 118 patients
reported that the frequency of C3 mutations in patients
with aHUS in Japan is 27.1% (Fujisawa et al., 2018). In
the thioester domain (TED), p.R1042L, p.K1105Q, and
p-I1157T have been described as C3 mutations in Jap-
anese patients with aHUS, whereas p.W1034R has not
been reported. Patients with C3 p.I1157T have higher
relapse rates but better outcomes than those with other
C3 mutations (Fujisawa et al., 2018). Similar to those
with p.I1157T, patients with p.W1034R show relatively
modest disease courses, despite frequent relapses, par-
ticularly during childhood. Considering the similar
phenotype, there may be a common underlying patho-
physiology among patients with aHUS harboring muta-
tions in the TED domain.



6of7 Wl LEYv_Molecular Genetics & Genomic Medicine

TSUCHIDA ET AL.

Open Access,

The limitation of this study is that the results revealed
by our genomic analysis were not demonstrated by clin-
ical samples such as the sera of the patients. The study
included only three members of a single family; therefore,
further studies are required to obtain high-level evidence
regarding C3 p.W1034R as a causative mutation of aHUS.

5 | CONCLUSIONS

Whole exome and protein binding analyses revealed C3
p-W1034R as a causative mutation of aHUS in the family
included in this study. Defective C3d, degraded from C3b,
could have a pathogenic role in developing aHUS with a
less severe outcome but repeated relapse.
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