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Abstract The increasing availability of genome-wide analysis hasmade it possible to rapidly
sequence the exome of patients with undiagnosed or unresolved medical conditions.
Here, we present the case of a 64-yr-old male patient with schistocytes in the peripheral
blood smear and a complex and life-threatening coagulation disorder causing recurrent
venous thromboembolic events, severe thrombocytopenia, and subdural hematomas.
Whole-exome sequencing revealed a frameshift mutation (C3AR1 c.355-356dup,
p.Asp119Alafs∗19) resulting in a premature stop codon in C3AR1 (Complement
Component 3a Receptor 1). Based on this finding, atypical hemolytic uremic syndrome
was suspected because of a genetic predisposition, and a targeted treatment regime
with eculizumab was initiated. Life-threatening hemostatic abnormalities would most
likely have persisted had it not been for the implementation of whole-exome sequencing
in this particular clinical setting.

INTRODUCTION

Atypical hemolytic uremic syndrome (aHUS) is an inherited, rare, progressive, relapsing, and
life-threatening disease caused by genetic abnormalities in the complement system. The
condition is characterized by chronic or intermittent uncontrolled activation of the comple-
ment system resulting in systemicmicroangiopathy and formation of blood clots in small ves-
sels. Loss-of-function or gain-of-function mutations in components of the alternative
pathway account for 60%–70% of all cases of aHUS (Mele et al. 2014; Tsai 2014). Clinical fea-
tures include consumptive thrombocytopenia, microangiopathic hemolytic anemia, micro-
vascular thrombosis, kidney dysfunction, and hypertension. The chronic hemolysis may
predispose the patients to venous thromboembolisms (VTEs) because of nitric oxide scav-
enging by free hemoglobin (Villagra et al. 2007), and evidence also links complement acti-
vation to thrombosis (Conway 2015).

The increasing availability of high-throughput genetic analyses by next-generation
sequencing has made it possible to rapidly sequence the exome of patients with undiag-
nosed or unresolved medical conditions. Generally, sequencing confirms or excludes
a particular suspected genetic predisposition. Sometimes sequencing provides new
insights or clinically actionable information, and in many cases sequencing yields variants
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of unknown significance. Especially among patients with a suspected inherited coagulation
disorder, the identification of genetic defects is increasing rapidly (Leo et al. 2015; Westbury
et al. 2015). Here, we describe an example of a whole-exome sequencing (WES)-enabled
possible diagnosis of aHUS due to a genetic predisposition in an undiagnosed patient
with complex and life-threatening abnormal hemostasis and facilitated a targeted treatment
regime.

RESULTS

Case Presentation
We present a 64-yr-old male patient with arterial hypertension and four previously recurrent
VTE episodes with onset at the age of 48. The patient has no children, and no familial his-
tory of VTE, thrombocytopenia, or bleeding was found. Repeated thrombophilia investiga-
tions were negative, and there were no clinical indications of an underlying malignancy.
Although the patient was treated with anticoagulants, he developed recurrent VTEs; there-
fore, the level of international normalized ratio was kept between 3.0 and 3.5. The patient
also had a history of chronic thrombocytopenia with an element of pseudothrombocytope-
nia, as the platelet count was consistently higher when measured in citrated whole blood
with added paraformaldehyde (PFA). Consequently, all platelet counts were measured in
triplicats (EDTA, citrate, and citrate with PFA) and agglutination occurred in EDTA and citrate
tubes. Therefore, in the following paragraphs, all mentioned platelet counts are counted
in citrate tubes with added PFA. The patient developed a subdural hematoma during
an episode with a very low platelet count of 30 × 109/L and therefore warfarin treatment
was discontinued. Successive treatments with prednisone, dexamethasone, intravenous
immunoglobulins, romiplostim, and rituximab were initiated on suspicion of immune throm-
bocytopenic purpura; however, a substantial increase in the platelet count was not achieved.
Consecutive bonemarrow examinations performed in 2002, 2009, and 2015 showed no dys-
plastic features. During a period with headache and severe thrombocytopenia (9 × 109/L), a
cerebral computed tomography (CT) scan revealed progression of the persistent subdural
hematoma and a new subdural hematoma in the opposite hemisphere (Fig. 1A). The patient
did not present any neurological deficits at the time and the Glasgow coma score was 15.
Treatment with platelet transfusions and tranexamic acid was initiated. During the next 24
h, he developed epistaxis, increasing headache, dyspnea, and swelling of the left crus. A
CT scan showed progression of the right subdural hematoma with centerline displacement
(Fig. 1B). At the same time, a thoracic CT scan verified multiple pulmonary emboli (Fig. 1C).
Furthermore, another deep venous thrombosis was diagnosed in the left femoral vein by
ultrasound. To guide the hemostatic and anticoagulant treatment in this complex situation,
thromboelastography (TEG) was used. D-dimer was increased (23 mg fibrinogen-equivalent
units (FEU)/L, reference: <0.5 mg FEU/L), whereas activated partial thromboplastin time and
international normalized ratio were in the normal range. Treatment with fibrinogen concen-
trate (RiaSTAP) and platelet concentrates was initiated, leading to a rise in platelet counts,
improvement in the strength of the clot evaluated by TEG, and allowing the initiation of
low-molecular-weight heparin treatment in prophylactic doses. A peripheral blood smear
was performed because of transfusion-requiring anemia, demonstrating 4% schistocytes
(Fig. 2A). The morphology of the platelets was variable, showing both microthrombocytes
and giant platelets but no platelet aggregates. Plasma concentration of ADAMTS13 was nor-
mal. Repeated plasmapheresis prompted normalization of platelet count, peripheral blood
smear, and all TEGparameters. As hemoglobinwas normalized and the frequency of plasma-
pheresis was reduced, the platelet count decreased again and the patient developed
renewed symptoms of pulmonary emboli despite therapeutic anticoagulation treatment.
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A pulmonary CT scan showed a saddle embolus of the pulmonary arteries, and there were
clinical signs of progression of deep venous thrombosis in the left leg. Platelet counts
fell to 50 × 109/L and schistocytes were again present in the peripheral blood smear.
Additional antithrombotic treatment with aspirin was initiated combined with daily plasma-
pheresis. A repeated cerebral CT scan demonstrated progression of the subdural hematoma.
At this stage, WES was performed to test for inherited dysfibrinogenemia, thrombocytopa-
thia, and thrombotic microangiopathy (TAM). Congenital dysfibrinogenemia was suspected
because of low fibrinogen activity and prolonged thrombin time. Thrombotic microangiopa-
thia was suspected because of schistocytes, nonimmune hemolysis, and slightly decreased

Figure 1. Computed tomography (CT) images of cerebrum showing left (A) and right (B) subdural hematomas.
(C ) Coronal section of a thoracic CT scan showing bilateral pulmonary emboli.

Figure 2. (A) Peripheral blood smear with schistocytes before treatment with eculizumab. (B) Peripheral blood
smear without schistocytes after eculizumab treatment.
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kidney function (P-creatinine 132 mmol/L; ref. 60–105 mmol/L). A renal biopsy was not
performed because of the patient’s severe bleeding tendency.

Genomic Analysis
Genomic DNA from the patient was analyzed by WES. As no mutations were detected in
the genes encoding fibrinogen (FGA, fibrinogen α chain; FGB, fibrinogen β chain; and
FGG, fibrinogen γ chain), the initial working diagnosis of dysfibrinogenemia was ruled
out. To exclude additional thrombophilic defects, antithrombin (SERPINC1), protein
S (PROS1), protein C (PROC), factor V (F5), factor II (F2), and thrombomodulin were ana-
lyzed without identifying any predisposing variants in these genes. However, a heter-
ozygous insertion in C3AR1 (Complement Component 3a Receptor 1), c.355-356dup, p.
Asp119Alafs∗19 was identified (Table 1; Fig. 3). The variant causes a premature stop at co-
don 170 of complement component 3a receptor 1. The c.355-356dup variant in C3AR1
was listed with a frequency of 0.02% in the background population in the ExAC (Exome
Aggregation Consortium) Browser Beta database. C3AR1 encodes the C3a anaphylatoxin
chemotactic receptor involved in the alternative pathway of the complement system (Ricklin
and Lambris 2007). Additional complement genes (CFH, CFI, C3, CFB, and CD46) were in-
cluded in the WES data analysis, including manually inspecting the last three exons of CFH,
to rule out any false-negative result.

This specific variant had previously been reported as deleterious in a single patient with
aHUS (Bu et al. 2014). The study by Bu et al. was based on 36 patients with sporadic aHUS,
recognized by acute renal failure, thrombocytopenia, and microangiopathic hemolytic ane-
mia after excluding a causal Shiga-toxigenic Escherichia coli infection. Upon recognition of a
pathogenic variant in an aHUS-associated gene in combination with the patient’s symptoms,
the diagnosis of aHUS was suspected and targeted treatment with monoclonal antibodies
was initiated.

Immediate Treatment Outcome
Until the recent availability of eculizumab—a monoclonal antibody that is a terminal com-
plement inhibitor—aHUS carried a significant morbidity and mortality rate with 25% of pa-
tients dying of the disease and 50% of patients progressing to end-stage kidney failure
(Noris and Remuzzi 2009). Treatment of aHUS with eculizumab was initiated, whereas plas-
mapheresis treatments were scaled down. The patient efficiently increased his platelet
counts to >100 × 109/L, and no schistocytes were present in the peripheral blood smear
following 12 wk of eculizumab treatment (Figs. 2B and 4). We analyzed frozen samples tak-
en before initiation of plasmapheresis, as well as before initiation of eculizumab, and found
that complement activity (measured by the alternative pathways) was indeed significantly
reduced. As expected, all complement pathways (lectin, classical, and alternative) were re-
duced following treatment with eculizumab. A weakness of this retrospective analysis is
that the sample had been frozen at −20°C instead of the recommended −80°C. Six months
on from the initiation of eculizumab along with warfarin treatment, the patient’s condition is
stable with no further thrombosis, no signs of hemolysis, normal platelet count (in citrate

Table 1. C3AR1 (NM_004054.2) variant table

Gene Chromosome
HGVS DNA
reference

HGVS protein
reference

Variant
type

Predicted
effect dbSNP ID Genotype Ethnicity

C3AR1 12:8212426 hg19 NP_004045.1 Duplication Pathogenic rs553595145 Heterozygous Caucasian

HGVS, Human Genome Variation Society; dbSNP, Database for Short Genetic Variations.
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added with PFA tubes), and no bleeding episodes. The pseudo thrombocytopenia persists
with agglutination of platelets in EDTA and citrate tubes.

DISCUSSION

Initially, a diagnosis of immune thrombocytopenic purpura or dysfibrinogenemia was sus-
pected in a critically ill 64-yr-old male who presented with complex hemostatic abnormalities
involving recurrent VTE, severe thrombocytopenia, and progressive subdural hematomas.
Biochemical evidence of microangiopathic hemolytic anemia prompted suspicion of a com-
plement disease. By taking advantage of WES we identified a frameshift mutation in the
complement C3a receptor (C3AR1) gene and thereby diagnosed a critically ill patient with

Figure 3. Frameshift mutation in C3AR1 c.355-356dup, p.Asp119Alafs∗19. (A) Read mapping in CLC
Genomics Workbench to hg19 (+ strand) showing the insertion on Chr 12:8212426. (B) Forward reads are
shown in green and reverse reads in red. SeqScape illustration showing the Sanger sequencing of the polymer-
ase chain reaction product covering the mutation.
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aHUS. C3AR1 is a cognate G-protein-coupled receptor for activated complement factor
C3a. Supporting the potentially pathogenic significance of the C3AR1 mutation found in
our patient, an identical mutation was recently reported in a single patient also suffering
from aHUS (Bu et al. 2014). Because the C3AR1 mutation is listed with a frequency of
0.02% (29 individuals), and functional studies of the C3A receptor 1 were not performed,
we cannot claim that this mutation is definitely pathogenic. It is not possible to support a
clear Mendelian inheritance, where a single pathogenic allele is sufficient to explain the phe-
notype, based only on our patient case. Although, atypical HUS most often presents itself in
childhood (<18 yr), penetrance of aHUS is unpredictable, and the onset of symptoms can
vary from pediatric to elderly patients (Fremeaux-Bacchi et al. 2006). aHUS may not occur
until middle age because of incomplete penetrance, suggesting that a triggering stimulus
is required for the disease to manifest (Esparza-Gordillo et al. 2005). Thus, it seems that es-
pecially in elderly patients, aHUS appears to be a “two-hit” disease, where a putative trigger,
such as inflammation, autoantibodies, or genetic modifiers, increases complement activa-
tion (Brodsky 2015).

At the age of 64, our patient presented with microangiopathic hemolytic anemia, throm-
bocytopenia, and marginally impaired renal function. Approximately 20% of patients have a
progressive onset with subclinical anemia and fluctuating thrombocytopenia for months,
whereas renal function is preserved and normal at diagnosis (Mele et al. 2014). In retrospect,
the early symptoms of aHUS appeared at a much earlier age, because our patient had a his-
tory of recurrent VTE and hypertension (Scully and Goodship 2014). We speculate that the
venous thrombotic events were triggered by continuous low-grade hemolysis, as our patient
had mild chronic anemia. The patient was also tested for thrombophilia, which came back
negative. Chronic hemolytic anemia induces a procoagulant state through mitigating nitric
oxide scavenging by red blood cells (L’Acqua et al. 2015); this may have been the cause of
the thrombophilic state of the patient. Furthermore, our patient suffered from progressive
microangiopathic hemolysis, which could have been triggered by withdrawal of anticoagu-
lant treatment. In patients with thrombotic microangiopathy, formation of fibrin- and plate-
let-rich thrombi occurs in the microcirculation, obstructing vessel lumina and leading to end-
organ ischemia and infarction. Warfarin treatment may have prevented the formation of
fibrin plugs in the microcirculation and fulminant aHUS in our patient for many years.
Anticoagulant prophylactic treatment has been proposed for certain patients with hemolytic

Figure 4. Time line of clinical events and diagnostic milestones depicting the time of recovery after causal
diagnosis by whole-exome sequencing (WES) and initialization of targeted treatment. DVT, deep venous
thrombosis; PE, pulmonary embolism; SDH, subdural hematoma.
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disorders, but there is currently no evidence to define the optimal regimens or groups at high
risk (L’Acqua et al. 2015). The C3AR1 frameshift mutation discribed heremaymanifest with a
more varied phenotype than commonly seen aHUS, characterized by lack of kidney failure
but severe thrombosis. The WES approach was useful to identify this nonclassic disease pre-
sentation and initiate an effective treatment.

Until the introduction of eculizumab, plasmapheresis was considered the “gold stan-
dard” for management of aHUS (Taylor et al. 2010). There is no obvious reason why plasma-
pheresis was effective in normalizing platelet count and microangiopathic haemolysis in
our patient, because the C3AR1 mutation is cell-based. No functional studies were per-
formed to examine receptor status; thus, it remains unclear whether the mutation confers
reduced receptor-mediated clearance of activated complement components. Plasma trans-
fusions contain endothelial protective molecules (e.g., Antithrombin, Protein C, TFPI), which
may lead to stabilization of the activated endothelium; also plasma transfusions replace
depleted complement regulators, whereas plasmapheresis remove activated complement
components.

Eculizumab is a humanized monoclonal antibody that is a terminal complement inhibitor
and was approved for the treatment of aHUS in 2011. It is not yet clear how long a patient
with aHUS should be treated with eculizumab. The patient continues to receive treatment
with anticoagulation and eculizumab because he has presented multiple and life-threaten-
ing episodes of bleedings and VTEs, as this has been a highly efficient treatment of his
suspected complement receptor mutation-associated coagulation abnormalities. The con-
tinuous treatment with eculizumab, as well as other prescription drugs, will be evaluated
during follow-up visits. In conclusion, we detected a possible pathogenic mutation in
C3AR1, also reported in 29 individuals in ExAC, in a patient with complex and life-threaten-
ing hemostatic abnormalities. However, the functional complement tests and the positive re-
sponse to eculizumab treatment correspond to a diagnosis of aHUS.

METHODS

Blood Sample/DNA Extraction/Whole-Exome Sequencing
Genomic DNA was purified from whole blood using a QIAamp DNA Mini Kit (QIAGEN) ac-
cording to the manufacturer’s instructions. For enrichment of the exome and capturing of 50
Mb of the coding region, we used a SureSelect All Exon Kit v5 (Agilent). Illumina’s HiSeq
2500 platform was used for sequencing. In brief, 1 µg of genomic DNA was fractionated
on a Covaris S2 to an average size of 250 bp. Trimming, 3′-adenylation, and ligation of
Illumina-compatible KAPA library DNA adaptors (Roche) were performed on an SPRI-TE nu-
cleic acid extractor using SPRIworks Fragment Library Cartridges I (Beckman Coulter) with a
size selection of 200–400 bp. Sequencing was performed on the HiSeq 2500 as paired-end
sequencing, 2 × 101 bases, resulting in approximately 100 million paired end reads.
Sequencing data were processed using CASAVA-1.8.2. Trimming of the last 3′ base, map-
ping, and variant calling were performed using CLC Genomics Workbench (QIAGEN). The
exome was covered with an average coverage of 145×, where 97.6% was covered with at
least 10× (Table 2). Variants were called with a minimum of 10× coverage and exported
as .vcf format with approximately 220,000 variants prior to upload in Ingenuity Variant
Analysis (QIAGEN). Common single-nucleotide polymorphisms were subtracted, and only
variants in genes related to bleeding, thrombocytopathy, thrombopenia, dysfibrinogene-
mia, thrombotic microangiopathies, and complement activation were examined. The
insertion was verified by Sanger sequencing on an ABI 3730 DNA Analyzer (Applied
Biosystems) using DNA purified from a second blood sample and the following oligonucle-
otides for amplification and sequencing, 5′-GGACAGTGAACACAATTTGGTTCC-3′ and 5′-
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CTGGATAATCTAATGAGCT GG-3′. The C3AR1 mutations are numbered according to the
guidelines of the Human Genome Variation Society (http://www.hgvs.org/mutnomen) using
National Center for Biotechnology Information (NCBI) Reference Sequence NM_004054.2.

ADDITIONAL INFORMATION

Data Deposition and Access
FASTQ files are available at the European Nucleotide Archive (http://www.ebi.ac.uk/ena)
under accession number PRJEB12648. The variant is accessible at ClinVar (http://www.ncbi.
nlm.nih.gov/clinvar/) under accession number SCV000264331.

Ethics Statement
Informed and signed consent was obtained for the analysis performed and publication of the
results. Likewise, informed and signed consent was obtained with regard to treatment pro-
cedures. The patient is included in a larger study regarding WES of patients with suspected
genetic predisposition to bleeding. The project is approved by the Research Ethics
Committees of the Capital Region of Denmark (#H-15011677).
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