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Abstract:

The identification of inherited antithrombin deficiency (ATD) is critical to 
prevent potentially life-threatening thrombotic events. Causal variants in 
SERPINC1 are identified for up to 70% of cases, the majority being 
single-nucleotide variants and indels. The detection and characterization 
of structural variants (SVs) in ATD remain challenging due to the high 
number of repetitive elements in SERPINC1. Here, we performed long-
read whole-genome sequencing on 10 familial and 9 singleton cases with 
type I ATD proven by functional and antigen assays, that were selected 
from a cohort of 340 patients with this rare disorder because genetic 
analyses were either negative, ambiguous, or not fully characterized. We 
developed an analysis workflow to identify disease-associated SVs. This 
approach resolved, independently of its size or type, all 8 SVs detected 
by MLPA, and identified for the first time a complex rearrangement 
previously misclassified as a deletion. Remarkably, we identified the 
mechanism explaining ATD in 2 out of 11 cases with previous unknown 
defect: the insertion of a novel 2.4Kb SINE-VNTR-Alu retroelement, 
which was characterized by de novo assembly and verified by specific 
PCR amplification and sequencing in the probands and affected relatives. 
The nucleotide-level resolution achieved for all SVs allowed breakpoint 
analysis, which revealed repetitive elements and microhomologies 
supporting a common replication-based mechanism for all the SVs. Our 
study underscores the utility of long-read sequencing technology as a 
complementary method to identify, characterize and unveil the molecular 
mechanism of disease-causing SVs involved in ATD, and enlarges the 
catalogue of genetic disorders caused by retrotransposon insertions.
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Abstract

The identification of inherited antithrombin deficiency (ATD) is critical to prevent 

potentially life-threatening thrombotic events. Causal variants in SERPINC1 are 

identified for up to 70% of cases, the majority being single-nucleotide variants and 

indels. The detection and characterization of structural variants (SVs) in ATD remain 

challenging due to the high number of repetitive elements in SERPINC1. Here, we 

performed long-read whole-genome sequencing on 10 familial and 9 singleton cases 
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with type I ATD proven by functional and antigen assays, that were selected from a 

cohort of 340 patients with this rare disorder because genetic analyses were either 

negative, ambiguous, or not fully characterized. We developed an analysis workflow to 

identify disease-associated SVs. This approach resolved, independently of its size or 

type, all 8 SVs detected by MLPA, and identified for the first time a complex 

rearrangement previously misclassified as a deletion. Remarkably, we identified the 

mechanism explaining ATD in 2 out of 11 cases with previous unknown defect: the 

insertion of a novel 2.4Kb SINE-VNTR-Alu retroelement, which was characterized by 

de novo assembly and verified by specific PCR amplification and sequencing in the 

probands and affected relatives. The nucleotide-level resolution achieved for all SVs 

allowed breakpoint analysis, which revealed repetitive elements and microhomologies 

supporting a common replication-based mechanism for all the SVs. Our study 

underscores the utility of long-read sequencing technology as a complementary method 

to identify, characterize and unveil the molecular mechanism of disease-causing SVs 

involved in ATD, and enlarges the catalogue of genetic disorders caused by 

retrotransposon insertions.

WC: 250

Introduction 

Antithrombin deficiency is the most severe congenital thrombophilia firstly identified in 

1965 by O Egeberg1. The key hemostatic role of this anticoagulant serpin explains the 

high risk of thrombosis associated to congenital antithrombin deficiency (OR: 20-30), 

which is mainly caused by haploinsufficiency of SERPINC1, the coding gene.2 Accurate 

genetic diagnosis of antithrombin deficiency facilitates the management of both 

symptomatic and asymptomatic carriers3,4, and increases the antithrombotic arsenal of 
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carriers with antithrombin concentrates.5 Routine investigation of antithrombin 

deficiency combines functional assays, antigen quantification and genetic analyses to 

determine the molecular base. However, most studies do not reach a molecular 

characterization, despite it could contribute to a better definition of the thrombotic risk.2 

In genetic diagnostic centers, causal Single Nucleotide Variants (SNVs) and small 

insertions or deletions (indels) are routinely identified in SERPINC1 by Sanger 

sequencing, and copy number changes are investigated by multiple ligation-dependent 

probe amplification (MLPA).2 Only few cases with gross gene defects have been 

analyzed by microarray to determine the extent of the variants. These methods identify 

causal mutations in SERPINC1 for 70% of cases, whilst 5% of patients harbor defects in 

other genes and 25% remain without a genetic diagnosis.2 To date, 441 causal variants 

in SERPINC1 have been reported,6 and these adhere to the typical spectrum observed in 

disorders with a dominant inheritance, being 63% SNVs, 28% indels and 9% structural 

variants (SVs).7,8

However, there are important limitations to these techniques, including that neither 

MLPA nor microarray consider the full spectrum of SVs and do not provide nucleotide-

level resolution, which is important for confirming causality and reveal insights into 

SVs formation.7,9,10 These limitations may now be addressed by long-reads, that can 

span repetitive or other problematic regions, allowing identification and characterization 

of SVs.10–14 This is particularly advantageous for antithrombin deficiency due to the 

high number of repetitive elements in and around SERPINC1 (where 35% of sequence 

are interspersed repeats)15, that hinders SVs identification by other methods.
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Here, we report on the results of long-read whole-genome sequencing (LR-WGS) on 19 

unrelated cases with antithrombin deficiency, selected from one of the largest cohort of 

patients with this disorder based on negative or ambiguous results, as well as not fully 

characterized SVs provided by routine molecular tests. Our aim was to identify new 

causal variants, resolve ambiguous ones and investigate the most likely mechanism of 

formation of SVs involved in this severe thrombophilia.

Methods

Cohort

Nineteen unrelated individuals with antithrombin deficiency were selected from our 

cohort of 340 cases, recruited between 1994 and 2019 and largely characterized by 

functional, biochemical, and molecular analyses. Selection was done based on negative 

results from multiple genetic studies evaluating SERPINC1 gene, including Sanger 

sequencing followed by Next-Generation Sequencing (NGS) and MLPA, as well as 

negative glycosylation analysis (N= 11). Additionally, individuals with SVs that could 

not be characterized or that were identified by MLPA but had ambiguous results from 

other approaches (such as microarray and/or long-range PCR) were also selected (N= 8) 

(Table 1). Detailed information of these procedures is shown in Supplemental Methods. 

Measurement of antithrombin levels and function were performed for all participants as 

previously described.16,17 

Long-read whole-genome sequencing

Long-read whole-genome sequencing (LR-WGS) of DNAs purified from peripheral 

blood leukocytes using Gentra Puregene Qiagen kit, used to reduce the fragmentation of 

DNA, was done using the PromethION platform (Oxford Nanopore Technologies). 
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Samples were prepared using the 1D ligation library prep kit (SQK-LSK109) and 

genomic libraries were sequenced on R9 flow cell. Read sequences were extracted from 

base-called FAST5 files by Guppy (versions 3.0.4 to 3.2.8; 3.0.4+e7dbc23 to 

3.2.8+bd67289) to generate FASTQ files, that were then merged per sample. 

Data processing and SV identification

We used the Snakemake library to develop an in-house multi-modal analysis workflow 

for the sensitive detection of SVs,18 which is publicly available at 

https://github.com/who-blackbird/magpie. An overview of the workflow is shown in 

Figure 1A. Detailed information is provided in Supplemental Methods.

De novo assembly of the SINE-VNTR-Alu retroelement

Local de novo assembly was performed to characterize the SINE-VNTR-Alu 

retroelement insertion in P9. Reads within the region [GRCh38/hg38] 

Chr1:173,840,000-174,820,000 were extracted from the alignment of this individual and 

converted to a FASTQ file using Samtools.19 De novo assembly was performed with 

wtdbg2 v2.5, using the parameters ` -x ont -g 980k -X 10 -e 3`. 20 The de 

novo contig was then aligned to the reference genome using minimap221 with default 

parameters for nanopore reads. The genomic sequence containing the SINE-VNTR-Alu 

retroelement was then extracted from the alignment and analyzed with RepeatMasker 

(http://www.repeatmasker.org) to characterize the type of SINE-VNTR-Alu and its 

subelements.

Validations and breakpoint flanking sequence analysis
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All candidate SV junctions were confirmed by PCR amplification and Sanger 

sequencing to verify all variant configurations at nucleotide level resolution. We then 

manually identified the presence of microhomology, insertions and deletions at the 

breakpoints as previously described.22 The percentage of repetitive sequence was also 

calculated for each junction (+/− 150 bps) by intersecting these regions with the human 

genomic repeat library (hg38) from RepeatMasker version open-4.0.5 using bedtools.23 

Results

Long-read sequencing identifies SVs involving SERPINC1

Nanopore sequencing in 21 runs produced reads with an average length of 4,499bp and 

median genome coverage of 16x (Figure 1B). After a detailed quality control analysis 

(Figure S1), 83,486 SVs were identified, consistent with previous reports using LR-

WGS (Figure S2).11 Focusing on rare variants (allele count <= 10 in gnomAD v3, NIHR 

BioResource and NGC project)11,24,25 in SERPINC1 and flanking regions, 10 candidate 

heterozygous SVs were observed in 9 individuals (Figure 1C). Visual inspection of read 

alignments identified an additional heterozygous SV in a region of low coverage 

involving SERPINC1 in an additional patient (Table 1).

Resolution of causal SVs: identification of the first complex SV

Nanopore sequencing resolved the precise configuration of all SVs previously identified 

by MLPA in 8 individuals (P1-P8). Structural variants were identified independently of 

their size (from 7Kb to 968Kb, restricted to SERPINC1 or involving neighboring genes) 

and their type (six deletions, one tandem duplication and one complex SV) (Figure 2, 
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Table 1). In all the cases the extension of the variants was determined, and nucleotide 

level resolution of breakpoints was achieved by the long reads (Table 1). Importantly, 

nanopore sequencing facilitated the resolution of the SVs identified in two patients (P2 

and P6) that presented inconsistent or ambiguous results from MLPA and long-range 

PCR and NGS results (Table 1).

For the first case (P2) MLPA detected a deletion of exon 1, but long-range PCR 

followed by NGS suggested a deletion of exons 1 and 2. The discordant results were 

explained by nanopore sequencing, as this method revealed a complex SV in 

SERPINC1 resulting in a dispersed duplication of exons 2 and 3 and a deletion spanning 

exons 1 and 2, both in the same allele (Figure 3). Specific PCR amplification and 

Sanger sequencing validated this complex structural variant in the proband and his 

affected daughter also with antithrombin deficiency.

For the second case (P6) MLPA detected a duplication of exons 2, 3 and 5 and a 

deletion of exon 6. Here, our sequencing approach identified a tandem duplication of 

exons 1 to 5, which was confirmed by long-range PCR (Figure 4). The tandem 

duplication of exons 1-5 was observed to be present in the affected son of P6, also with 

antithrombin deficiency.

A SINE-VNTR-Alu retroelement insertion is identified in two previously unresolved 

cases and characterized by de novo assembly

We aimed to identify new disease-causing variants in the remaining 11 participants with 

negative results using current molecular methods. Remarkably, two cases (P9 and P10) 
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presented an insertion of 2,440bp in intron 6. Blast analysis of the inserted sequence 

revealed a new SINE-VNTR-Alu retroelement (Figure 2, Table 1). Local de novo 

assembly using the data from P9 revealed an antisense-oriented SINE-VNTR-Alu 

element flanked by a target site duplication (TSD) of 14bp (Figure 2C), consistent with 

a target-primed reverse transcription mechanism of insertion into the genome.26,27 

Interestingly, the TSD in both individuals was also the same. The inserted sequence was 

aligned to the canonical SINE-VNTR-Alu A-F sequences (Figure S3A) and it was 

observed to be closest to the SINE-VNTR-Alu E in the phylogenetic tree (Figure S3B). 

Moreover, the VNTR sub-element harbored 1,449bp, which was longer than the typical 

~520bp-long VNTR in the canonical sequences. Multiple PCRs covering the 

retroelement were attempted to validate this insertion, but all PCRs using flanking 

primers failed due to the highly repetitive sequence of this element, specially the VNTR 

sub-element, which is longer in this new SINE-VNTR-Alu. Only one specific PCR 

using an internal SINE-VNTR-Alu primer, which designed was facilitated by the 

Nanopore data, was able to amplify the breakpoint (Figure S4). This method was used 

to confirm the insertion in P9, P10 and to confirm the Mendelian inheritance of this 

SINE-VNTR-Alu, as it was also present in two affected relatives, both with 

antithrombin deficiency (Figure S4). 

Breakpoint analysis supports a replication-based mechanism for the majority of SVs

Breakpoint analysis was performed to investigate the mechanism underlying the 

formation of these SVs involving SERPINC1. Nanopore sequencing facilitated primer 

design to perform Sanger sequencing confirmations for all the new formed junctions, 

demonstrating a 100% accuracy in 7/10 (70%) SVs called. Repetitive elements (RE) 
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were detected in all the SVs, with Alu elements being the most frequent (16/24, 67%) 

(Table S1). Additionally, breakpoint analysis identified microhomologies (7/11, 64%) 

and insertions, deletions or duplications (7/11, 64%) (Figure S5 and Table S2). 

Importantly, we observed a non-random formation driven by the presence of REs in 

some of the SVs. We point out an Alu element in intron 5, involved in SVs of P6, P7 

and P8 (Figure 2B, Table S1).

Discussion

In this study we aimed to resolve the precise configuration of SVs involved in 

antithrombin deficiency using nanopore, to identify new candidate variants in 

previously unresolved cases and to investigate the possible mechanisms of formation of 

these SVs by breakpoint analysis. We have characterized disease-causing SVs in eight 

individuals with previous positive findings from MLPA and other methods but with 

unresolved variants, in two cases with previous contradictory results. Additionally, we 

reported a new causal SINE-VNTR-Alu retroelement insertion in two unrelated 

individuals that we characterized by local de novo assembly. Finally, we presented 

evidence for a replication-based mechanism of formation for most of the SVs causing 

this severe thrombophilia.

We show new evidence of how LR-WGS can be used to identify SVs causal of a 

genetic disease, in this case antithrombin deficiency, independently of its length or type. 

LR-WGS also gives information for the exact extension of the event involved and 

resolves conflictive data obtained by other methods. Additionally, we show how this 

approach is particularly powerful to investigate complex SVs, which are genomic 

rearrangements typically composed of three or more breakpoint junctions. Since these 
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are particularly challenging to detect and interpret by other methods, complex SVs are 

typically missed or misclassified in research and clinical diagnostic pipelines, although 

they have been reported as associated with multiple Mendelian diseases.10 Here we 

show for the first time a complex SV in a patient with antithrombin deficiency, 

expanding the landscape of SV types involved in this disorder. Further investigations 

will be required to elucidate the exact mechanism of formation, since it remains unclear 

if this event occurred by one or multiple mutational events.

Additionally, we identified an intronic SINE-VNTR-Alu retroelement insertion in 2/11 

(18%) previously unresolved individuals (P9 and P10). SINE-VNTR-Alu retroelements, 

along with other retrotransposons, are a source of regulatory variation in the human 

genome, but can also cause disease.28 Although the number of pathogenic retroelements 

has increased during the last years with the use of WGS technologies, 25,29–31 these are 

usually missed by routine diagnostic methods. With LR-WGS we have not only 

identified the causal mutation in two previously unresolved families, but also performed 

local de novo assembly to characterize the exact sequence and length of its sub-

elements, which might be relevant for future studies to investigate their possible role in 

severity and age of disease onset as other studies have shown.32

Furthermore, the genomic heterogeneity observed between the causal SINE-VNTR-Alu 

retroelement and the canonical sequences highlights the diverse genomic landscape of 

these retroelements and underscores the importance of their characterization in order to 

obtain a reliable catalogue of novel mobile elements to identify and interpret this type of 

causal variants in other patients and other disorders where retrotransposon insertions 

might also be involved.27,33,34 This characterization has been historically challenging by 
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the application of classic technologies, but here we show that it can be achieved by de 

novo assembly of long-reads. 

The decreased levels of antithrombin in plasma of P9 and P10 might be consistent with 

transcriptional interference of SERPINC1 induced by the SINE-VNTR-Alu 

retroelement, as reported for other cases with pathogenic SINE-VNTR-Alu insertions.28 

Besides, the 2.4Kb insertion of a retroelement in intron 6 could introduce splicing 

signals affecting the normal splicing of SERPINC1 RNA. However, the specific hepatic 

expression of SERPINC1 hinders investigation of the exact mechanism, but the co-

segregation of this variant with antithrombin deficiency observed in family studies of 

both probands supports the pathogenic consequences of this insertion. The identification 

of the same retrotransposon in two unrelated families from different regions of Spain 

(570 km far from each other) with the same TSD, does not only support the germline 

transmission of this SV, but also suggests a shared mechanism of formation or a founder 

effect, which must be confirmed by further studies.

In antithrombin deficiency, the detection and characterization of SVs remain 

particularly challenging due to the high number of repetitive elements in and around 

SERPINC1 (35% of sequence in these gene are interspersed repeats). Specific 

mutational signatures can yield insights into the mechanisms by which the SVs are 

formed. Our breakpoint analysis suggested for most of the cases (P1-P8) a replication-

based mechanism (such as BIR/MMBIR/FoSTeS),35 consistent with previous studies 

done in antithrombin deficiency,36,37 but importantly, we observed a non-random 

formation in some instances given the recurrent involvement of specific REs such as 

Alu elements in intron 5 of SERPINC1. It has been suggested that RE may provide 
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larger tracks of microhomologies, also termed ‘microhomology islands’, that could 

assist strand transfer or stimulate template switching during repair by a replication-

based mechanism.35 These microhomology islands were present in the SVs of 3 cases ( 

P6, P7, P8), highlighting the important role that RE play in the formation of non-

recurrent, but non-random, SVs. These results highlight that SERPINC1 might be a hot-

spot for SVs given the high number of REs in this gene and shows how LR-WGS can 

be used to investigate and resolve events occurring in repetitive genes and regions.

In total, 9 cases in this cohort remain yet unresolved, three of whom reported to have 

familial disease. An explanation may be that the causal variant was missed due to low 

coverage, or alternatively the variant is located in an unidentified transacting gene or in 

a regulatory element for SERPINC1, as we have recently reported for other genes.13 The 

observation that the antithrombin deficiency in patients without causal SVs have 

significantly higher anti-FXa activity than those with SVs (Figure 1D) is supportive of 

the notion that causal variants may regulate gene expression, which must be analyzed in 

future studies. 

Altogether this study provides insight into the molecular mechanism of SVs causing 

antithrombin deficiency and highlights the importance of identifying a new class of 

causal variants to improve diagnostic rates, lead to new therapeutic opportunities, and 

provide accurate family counselling, as decisions about long term anticoagulant 

prophylaxis are complex and carry significant morbidity and mortality risks. Moreover, 

our study suggests that SVs, which are often overlooked or misclassified by 

conventional methods, may be more common than anticipated as a genetic mechanism 

of antithrombin deficiency.
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Description of Supplemental Data

Supplemental Material includes additional methods information, five figures and two 

tables.
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Figure Titles and Legends

Figure 1. Long-read sequencing workflow and results. A) Overview of the general 

stages of the SVs discovery workflow. Algorithms used are depicted in yellow boxes. 

B) Nanopore sequencing results. i) Sequence length template distribution. Average read 

length was 4,499 bp (sd ± 4,268); the maximum read length observed was 2.5Mb. ii) 

Genome median coverage per participant. The average across all samples was 16x (sd ± 

7.7). C) Filtering approach and number of SVs obtained per step. SERPINC1 + 

promoter region corresponds to [GRCh38/hg38] Chr1:173,903,500-173,931,500. D) 

Anti-FXa percentage levels for the participants with a variant identified (P1-P10), cases 

without a candidate variant (P11-P19) and 300 controls from our internal database. The 

statistical significance is denoted by asterisks (*), where ***P<0.001, ****P≤ 0.0001. 

p-values calculated by one-way ANOVA with Tukey’s post-hoc test for repeated 

measures. ATD=Antithrombin Deficiency; ONT=Oxford Nanopore Technologies; 

SV=Structural Variant.

Figure 2. Candidate SVs identified by long-read sequencing. A) Schematic of 

chromosome 1 followed by protein coding genes falling in the zoomed region (1q25.1). 

SVs for each participant (P) are colored in red (deletions) and blue (duplications). The 

insertion identified in P9 and P10 is shown with a black line. B) Schematic of 

SERPINC1 gene (NM_000488) followed by repetitive elements (RE) in the region. 

SINEs and LINEs are colored in light and dark grey respectively. Asterisks are present 

where the corresponding breakpoint falls within a RE. C) Characteristics of the 

antisense-oriented SINE-VNTR-Alu (SVA) retroelement (respect to the canonical 

sequence) observed in P9. Lengths of the fragments are subject to errors from Nanopore 

sequencing. TSD=Target site duplication.
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Figure 3. Resolution of a complex SV. Schematic representation of genetic 

diagnostic methods used to characterize the SVs in participant P2. Results from 

MLPA, LR-PCR and Nanopore are shown in white boxes. Primers used for both LR-

PCR and Sanger validation experiments are shown representing the genetic location of 

each one with orange and green arrows respectively. SERPINC1 gene in the IGV 

screenshot is represented in blue and exons are indicated. J1 and J2 correspond to the 

new formed junctions described in Figure S5. J=New junction; M1k=1 kb Molecular 

weight marker; M=100bp molecular weight marker; P=patient; C=control; B=Blank. 

Figure 4. Schematic representation of genetic diagnostic methods used to 

characterize the SVs in participant P6. Results from MLPA, LR-PCR and Nanopore 

are shown in white boxes. Primers used for both LR-PCR and Sanger validation 

experiments are shown representing the genetic location of each one with orange and 

green arrows respectively. SERPINC1 gene in the IGV screenshot is represented in blue 

and exons are indicated.  J1 corresponds to the new formed junctions described in 

Figure S5. J=New junction; M=Molecular weight marker 1Kb or 100b; P=patient; 

C=control; B=Blank. For the LR-PCR results, C1 and P1 correspond to PCR 1 (done 

with Primer F + Primer R), and C2 and P2 correspond to PCR2 (done with Primer F + 

Primer R2).
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Table 1. Cohort of individuals included in this study, demographic, antithrombin 

values and genetic results. SERPINC1 gene driven tests include MLPA, PGM 

sequencing (Ion Torrent) and long range PCR (LR-PCR) amplification and Myseq 

sequencing (Illumina). Genome wide tests are CGHa and whole genome sequencing 

(WGS) using nanopore technology (ONT). Coordinates have been confirmed by Sanger 

sequencing. Length refers to the extension of the structural variants. Het= 

Heterozygous; Ag= Antigen; bp= Base pair.
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Antithrombin
Partici

pant antiFXa%
Ag 
(%)

Family 
history Gender MLPA SERPINC1 PGM CGHa

LR-PCR & 
Illumina 

sequencing WGS ONT Algorithm Genotype Coordinates
Length 
(bp)

P1 30 30 Yes M Deletion exon 1 - Negative Deletion exon 1 Deletion exon 1
nanosv;sniffles;svi
m Het

1:173916704-
173935703 18999

P2 54 41 Yes M Deletion exon 1 - Negative
Deletion exons 
1,2

CxSV(Deletion 
exon 
1;Duplication 
exon 3) nanosv;sniffles Het;Het

1:173911379-
173915115; 
1:173912151-
173919034 3737;6884

P3 44 41 Yes F Complete deletion -
Deletion 2 
genes - Deletion 2 genes nanosv;sniffles Het

1:173879820-
173925989 46169

P4 45 38 No M Complete deletion -
Deletion 
20 genes - Deletion 20 gene nanosv;sniffles Het

1:173847847-
174816147 968005

P5 36 50 Yes F Complete deletion - - - Deletion 5 genes nanosv Het
1:173850996-
173950174 99178

P6 61 46 Yes M

Duplication exons 
1,2 and 4; Deletion 
exon 6 - Negative

Tandem 
duplication exons 
1-5

Tandem 
Duplication 
exons 1-5 nanosv Het

1:173908412-
173919816 11404

P7 45 38 No M Deletion exons 1-5 -

Deletion 
exons 1-5 
+ 1 gene - Deletion 2 genes nanosv;sniffles Het

1:173908334-
174103015 194389

P8 52 37 Yes F Deletion exons 2-5 - - -
Deletion exons 
2-5 nanosv;sniffles Het

1:173908218-
173915405 7187

P9 56 61 Yes F Negative Negative - Negative Insertion SVA nanosv Het 1:173905922 2440

P10 50 46 Yes F Negative Negative - Negative Insertion SVA visual inspection Het 1:173905922 2440

P11 40 41 Yes F Negative Negative - Negative Negative     

P12 73 62 No F Negative Negative - Negative Negative     

P13 63 58 No M Negative - - Negative Negative     

P14 69 NA No F Negative Negative - Negative Negative     

P15 56 45 Yes F Negative - - - Negative     

P16 68 54 No M Negative Negative - Negative Negative     

P17 66 67 No M Negative Negative - Negative Negative     

P18 67 70 No F Negative - - - Negative     

P19 50 70 Yes M Negative - - - Negative     
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Long-read sequencing workflow and results. A) Overview of the general stages of the SVs discovery 
workflow. Algorithms used are depicted in yellow boxes. B) Nanopore sequencing results. i) Sequence length 
template distribution. Average read length was 4,499 bp (sd ± 4,268); the maximum read length observed 

was 2.5Mb. ii) Genome median coverage per participant. The average across all samples was 16x (sd ± 
7.7). C) Filtering approach and number of SVs obtained per step. SERPINC1 + promoter region corresponds 
to [GRCh38/hg38] Chr1:173,903,500-173,931,500. D) Anti-FXa percentage levels for the participants with a 
variant identified (P1-P10), cases without a candidate variant (P11-P19) and 300 controls from our internal 
database. The statistical significance is denoted by asterisks (*), where ***P<0.001, ****P≤ 0.0001. p-

values calculated by one-way ANOVA with Tukey’s post-hoc test for repeated measures. ATD=Antithrombin 
Deficiency; ONT=Oxford Nanopore Technologies; SV=Structural Variant. 
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Candidate SVs identified by long-read sequencing. A) Schematic of chromosome 1 followed by protein 
coding genes falling in the zoomed region (1q25.1). SVs for each participant (P) are colored in red 

(deletions) and blue (duplications). The insertion identified in P9 and P10 is shown with a black line. B) 
Schematic of SERPINC1 gene (NM_000488) followed by repetitive elements (RE) in the region. SINEs and 

LINEs are colored in light and dark grey respectively. Asterisks are present where the corresponding 
breakpoint falls within a RE. C) Characteristics of the antisense-oriented SINE-VNTR-Alu (SVA) retroelement 

(respect to the canonical sequence) observed in P9. Lengths of the fragments are subject to errors from 
Nanopore sequencing. TSD=Target site duplication. 
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Resolution of a complex SV. Schematic representation of genetic diagnostic methods used to characterize 
the SVs in participant P2. Results from MLPA, LR-PCR and Nanopore are shown in white boxes. Primers used 
for both LR-PCR and Sanger validation experiments are shown representing the genetic location of each one 
with orange and green arrows respectively. SERPINC1 gene in the IGV screenshot is represented in blue and 

exons are indicated. J1 and J2 correspond to the new formed junctions described in Figure S5. J=New 
junction; M1k=1 kb Molecular weight marker; M=100bp molecular weight marker; P=patient; C=control; 

B=Blank. 
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Schematic representation of genetic diagnostic methods used to characterize the SVs in participant P6. 
Results from MLPA, LR-PCR and Nanopore are shown in white boxes. Primers used for both LR-PCR and 
Sanger validation experiments are shown representing the genetic location of each one with orange and 
green arrows respectively. SERPINC1 gene in the IGV screenshot is represented in blue and exons are 

indicated.  J1 corresponds to the new formed junctions described in Figure S5. J=New junction; 
M=Molecular weight marker 1Kb or 100b; P=patient; C=control; B=Blank. For the LR-PCR results, C1 and 
P1 correspond to PCR 1 (done with Primer F + Primer R), and C2 and P2 correspond to PCR2 (done with 

Primer F + Primer R2). 
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SUPPLEMENTAL MATERIAL 

Supplemental methods 

Genetic diagnostic methods 

Genetic diagnostic methods used to evaluate SERPINC1 gene included: i) Sanger sequencing of 

exons and flanking regions, ii) Multiplex Ligation-dependent Probe Amplification (MLPA) covering 

the 7 exons of this gene (SALSA MLPA Kit P227 SerpinC1; MRC Holland, Amsterdam, The 

Netherlands), ii) whole gene sequencing by Ion Torrent technology (PGM; Thermo Fisher 

Scientific, Waltham, MA, USA) , iv) long-range PCR (LR-PCR) amplification of the whole gene 

followed by Next Generation Sequencing (NGS) MiSeq platform (Illumina, San Diego, CA, USA) 

and / or v) Comparative Genomic Hybridization array (CGHa; CytoScan® HD Array; Thermo Fisher 

Scientific). These methods were performed as previously described. 1,2 

SV identification 

Reads were aligned against the GRCh38/hg38 human reference genome using minimap2 (2.17-

r941)3 with default parameters for nanopore data (‘-ax map-ont’ parameter). SV discovery 

was done using a combination of three different algorithms: 

 Sniffles v1.0.114 was executed with a supporting read evidence of 4 (‘-s 4’ parameter) due 
to coverage variability. 

 NanoSV v1.2.45 was executed with default parameters. It was run on each independent 
chromosome in parallel to optimize compute time, with the limitation that inter-
chromosomal variants were not detected. 

 SVIM v1.2.06 was executed with default parameters. Resulting SV calls with a quality 
score of less than 10 were filtered out of the dataset and not used for analysis. SV calls 
were merged at two different levels: intra-sample merge, to merge calls within 
individuals that had been identified by all three algorithms, and inter-sample merge, to 
merge SV calls across individuals. 

Intra-sample merge. For each of the 19 samples, SV calls from all three different algorithms were 

merged using SURVIVOR v.1.0.7.7 VCF files were concatenated into one using bcftools8 and 

SURVIVOR was run using the command ‘SURVIVOR merge in.fofn 500 1 -1 -1 -1 

-1 out.vcf’, requiring a maximum distance of 500bp between breakpoints. Additionally, 

intra-sample merge was done independently of the SV type, since different SV detection 

algorithms determine the type in different ways. For example, Sniffles determines canonical 

(DEL, DUP, INS, INV, TRA) and some complex SV types, while NanoSV calls only breakends (BND). 

The following options were turned-off: take the strands of SVs into account, estimate distance 

based on the size of SV, minimum size of SVs to be taken into account. After running SURVIVOR, 
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an in-house script was used to select the most common SV type. If there was no common type, 

the order of selection was NanoSV (if the SV type was not a BND) > Sniffles > SVIM type. 

Inter-sample merge. Then, all the 19 samples were merged using SURVIVOR, taking the SV type 

into account. The command run was: ‘SURVIVOR merge in.fofn 500 1 1 -1 -1 -1 

out.vcf’. 

Identification of candidate SVs in SERPINC1 

After filtering out variants that overlapped bad mapping quality regions (obtained from 9), a total 

number of 83,486 SVs were identified across all participants, with a median of 23,996 (sd ± 

3,431) SVs per sample. In order to identify disease-causing SVs associated with antithrombin 

deficiency, we filtered for SVs overlapping the region [GRCh38/hg38] chr1:173,903,500-

173,931,500, which includes SERPINC1 gene and its promoter region. A total number of 99 SVs 

were observed, of which 10 were absent in gnomAD, NGC and the NIHR BioResource (5-7). These 

10 SVs were observed in 9 samples: 6 were deletions, 1 was a tandem duplication, 1 was a 

complex SV formed by 1 duplication and 1 deletion, and 1 was a SINE-VNTR-Alu (SVA)-type 

retrotransposon insertion. 

Manual inspection of SVs 

The alignments for all the cases without a candidate variant were manually inspected at the 

above locus of interest using IGV. 10 An additional SVA insertion was observed in P10, at the exact 

same position than P9. There were only two reads supporting the alternate, hence explaining 

why it had not been called by any variant caller. Running Sniffles with a read evidence of 2 (‘-s 2’ 

parameter) on the P10 data resulted in the SVA insertion being called. 
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Supplemental figures 

Figure S1. Sequencing results colored by participant. (A) Giga bases sequenced (B) Percentage 

of bases of the genome covered at a specific minimum coverage (C) Median coverage in 

SERPINC1 + promoter region (D) Coverage distribution in SERPINC1 + promoter region (E) 

Percentage of reads with a minimum Q score (F) Read N50, which refers to a value where half of 

the data is contained within reads with alignable lengths greater than this. 
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Figure S2. Structural variants metrics. (A) Number of SVs identified by type and participant (B) 

Number of SVs by SV size (C) Fraction of SVs per allele count in our internal cohort of 62 

individuals with long-read sequencing data (D) Number of SVs by median coverage and 

participant. 
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Figure S3. SVA sequence alignments. (A) The consensus sequences of SVA-A, -B, -C, -D, -E, and -F 

were taken from RepeatMasker (http://www.repeatmasker.org), then aligned using MAFFT11 

with default parameters. SVA_query corresponds to the SVA insertion in P9. Alignments were 

visually inspected and coloured by nucleotide using JalView. 12 Sub-elements of the SVAs are 

indicated underneath the consensus sequence matching colours in Figure 2C. (B) Phylogenetic 

tree was constructed with the Neighbour-Joining (NJ) algorithm using the Jukes-Cantor 

substitution model and visualized with iTol 13. The SVA insertion in P9 was observed to be closest 

to the SVA E in the phylogenetic tree. 

(A) 
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(B) 
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Figure S4. PCR validation of the SVA insertion in P9 and P10. (A) Schematic of SERPINC1 gene 

(NM_000488) with zoom to intron 6 showing the SVA structure. Primers used in the long- and 

short-range PCRs are shown in orange and green respectively. Primer 8* was specifically 

designed within the inserted SVA sequence. Briefly, four reads of the retrotransposon present in 

the nanopore data for P9 and P10 were aligned to identify regions without any mismatch in 

order to select a 20 nucleotide sequence to be used as primer. That sequence was also checked 

to be present in de novo assembly alignment. (B) Primer combinations for PCR amplifications and 

expected sizes for wild type and mutated alleles are shown in the table. PCRs 1-4  were tested 

under different experimental conditions, and although in all cases the wild type allele was always 

amplified, no amplification of the mutated allele containing the SVA was obtained in P9 or P10. 

(C) The amplification of PCR 4 in agarose gel is shown. Only the 800 base pairs (bp) of the wild 

type allele was amplified in P9, P10 but also a healthy control. Only PCR 5, using the primer 

specific of the SVA rendered positive results and a specific 550bp band was obtained in P9, P10 

and two relatives. (D) Family pedigrees of P9 and P10, including clinical information, the 

diagnosis of antithrombin deficiency (semi-filled symbols) and the anti-FX activity (as % of a 

reference plasma). B=Blank; M=Molecular Weight Marker; DVT=Deep vein thrombosis; 

PE=Pulmonary embolism. 
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Figure S5. Nucleotide level characterization of the candidate SVs. Breakpoint junction sequence 

is aligned to the proximal and distal genomic reference sequence or sequence of breakpoint 

junction in hypothetical intermediate, as shown. Alignment is only shown for novel breakpoint 

junctions in the derivative chromosome. Microhomology at the breakpoint is indicated in red. 

Sequence in blue indicates inserted sequences at the breakpoint junction. Underline indicates 

repetitive elements in the reference, specified in Italic. J=Junction. (A-H) P1-8, (I) P9 and P10. 

(A) P1 

 

 

 

 

 

 

 

 

 

 

1-173916654    CCAAGACAGTTGTGCCACCACCCCGTTTCTAGCCTCCTGTGACAACTCA*GATGAAGAAGGGAGTGTGTGTGGCATTGAGGGAGGGACAACTCTCATTGTG    1739167 54

||||||||||||||||||||||||||||||||||||||||||||||||| |  | |      |  |            |   |   |  |   |    | |

J1-1           CCAAGACAGTTGTGCCACCACCCCGTTTCTAGCCTCCTGTGACAACTCA* GGAGCAAGGAACAAGGAAAAAAAGCAAAAAACAAAAAACAAATTTTGGGGG    100

|       | || |   ||    |    |     | | || ||   |             |||||||||||||||||||||||||||||||||||||||

1-173935659    AAATATGCCATTTGTCCTTACAGGCTCATGATATCACAGAGAAAAGGAA* ------------AAGGAAAAAAAGCAAAAAACAAAAAACAAATTTTGGGGG 173935759

A B C

J1

A C

Reference

Derivative

Coverge

Alignment

P1

ii)

iii)

i)

A-rich
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(B) P2 

 

 

(C) P3 

 

1-173912101    AATAGCCACCTCAGTTGTTAACTCCTTCAAGCACAGTACCTGGGAC AGC*ATAAATGCTCAACTCTTGTGTTCTGATGAATAAAAGGATAAAAGAAGAATG    173912201

|||||||||||||||||||||||||||||||||||||||||||||||||      | |  |              |  || |    ||      | |||  

J2-1           AATAGCCACCTCAGTTGTTAACTCCTTCAAGCACAGTACCTGGGAC AGC*---TGTCCAAAGAGAAATCAGAAATACAAAGACCTTGAGGTTTCAGGAACA    97

| | |    | |  || |        | |    | || ||     |      ||||||||||||||||||||||||||||||||||||||||||||||||

1-173918984    GAAACCAGAATGAAATGATGGAGGGGGCCATATGAATATCTTTAGGAAG* AGCTGTCCAAAGAGAAATCAGAAATACAAAGACCTTGAGGTTTCAGGAACA 173919084

1-173915066    CCGGGACAGGTTCAGTCCTAGACTTCTTGCCAGGGGACAGTTCA GTTGC*CTGGACGTGGTCATGTTGGAATTAGAATCATCTGATGGTTATTTGGAGTA    173915165

|||||||||||||||||||||||||||||||||||||||||||||||||      |     ||         | | |  |   ||    | ||        

J1-1           CCGGGACAGGTTCAGTCCTAGACTTCTTGCCAGGGGACAGTTCA GTTGC*-----AGAGTTTCTCAGAACCTTCATAGGCCCATGTGCTTCATGAATCTC    94

|        || ||   |     |      | |  |                  |||||||||||||||||||||||||||||||||||||||||||||

1-173911329    TCAAATACATTTGAGGAATGCCGATTGAATAAAGCCAACAGATTTCTTT *GTTGCAGAGTTTCTCAGAACCTTCATAGGCCCATGTGCTTCATGAATCTC 173911428

i)

ii)

iii)

A EB C B

A EB DCReference

Derivative

J1 J2

Coverge

Alignment

P2

MER103C

L2a

MER103C

L2a

1-173879770    GTGAAACCCCATCTCTACTAAATATAAAACATTAGCCAGGCATGG TGGT*GGGCACCTGTAATCTCAGCTACTCGGGAGGCTGCAACAGGAGAATCACTTG 173879870

||||||||||||||||||||||||||||||||||||||||||||||||| |                  |    ||  |      | ||     |     |

J1-1           GTGAAACCCCATCTCTACTAAATATAAAACATTAGCCAGGCATGG TGGT*GCCTGGACAAGGCTATTCTTTGGAGGCTGAGCAAGAGAGAGTTGTGTGGGG    100

|   || |  | |  | | || ||       ||      |    ||||||||||||||||||||||||||||||||||||||||||||||||

1-173925939    AAATGCTTACTCATCCAGAAGAATTGACACCTTGTATGAACAGAAACAT* ---TGGACAAGGCTATTCTTTGGAGGCTGAGCAAGAGAGAGTTGTGTGGGG    173926039

i)

ii)

iii)

A B CReference

Derivative

J1

CA

Coverge

Alignment

P3

AluSx1AluSx1
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(D) P4 

 

 

(E) P5 

 

1-173847797    CCTCACCTAGTTACTCTGTACCTTCTGCACAGCTGTCTTTCTGAACCTTT* TTTTTTTTTTTTTTTTTTTTTTGAGACGGGAGTCTCACTCTGTCGCCCAG 173847897

|||||||||||||||||||||||||||||||||||||||||||||||    ||||||||||||||||||||||||||  |   | |     ||| ||||||

J1-1           CCTCACCTAGTTACTCTGTACCTTCTGCACAGCTGTCTTTCTGAACC ---*TTTTTTTTTTTTTTTTTTTTTTGAGATAGAGTTTTGCTCTTGTTGCCCAG    97

|   |  ||         |  |   |         |   |       ||||||||||||||||||||||||||||||||||||||||||||||||||

1-174816097    TTGTATGAACATATGAGCATTTTGTTTTTCTTAGTAACATAATACATAGC* TTTTTTTTTTTTTTTTTTTTTTGAGATAGAGTTTTGCTCTTGTTGCCCAG 174816197

i)

ii)

iii)

Reference

Derivative

A B C

J1

A C

Coverge

Alignment

P4

HAL1 AluY

AluSp

i)

ii)

iii)

Reference

Derivative

A B C

J1

A C

Coverge

Alignment

P5

1-173850946    TTAAGGGTTGGCCGGGCATGGTGGCTAACGCCTGTAATCCCAGCACTTT *GGGAGGCCGAGGTGGGTGGATCGCCTGAGGTCAGGAGTTTGAGACCAGCCT 173851046

|||||||||||||||||||||||||||||||||||||||||||||||||       |  |  |     |     || ||   |    |   |   ||  ||

J1-1           TTAAGGGTTGGCCGGGCATGGTGGCTAACGCCTGTAATCCCAGCACTTT* -AAGTACACATCTTAAAAGCAATGCTAAGTGAAAACATGAAAATGCAAGCT    99

|           |  || |||   |  |            |   |      ||||||||||||||||||||||||||||||||||||||||||||||||||

1-173950124    TGCCACTGCACTCCAGCCTGGGTACAGAGTGGAACTCCGTCTCAAAAAA*AAA GTACACATCTTAAAAGCAATGCTAAGTGAAAACATGAAAATGCAAGCT 173950224

AluSx
L1ME3C

AluSx1AluSx1
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(F) P6 

 

 

(G) P7 

 

1-173919740    ACCTGTAATCTCAGCTACTCAGGAGGCTGAGGCAGGAGAATCACTTGAA*CCCGGGAGGTGGAGGCTGCAGTGAGTCGAGATTACGCCACTGCACTCTAGC 173919840

|||||||||||||||||||||||||||||||||||||||||||||||||  | ||| |||||||| ||||||||| | ||||| | ||||||||||| |||

J1-1           ACCTGTAATCTCAGCTACTCAGGAGGCTGAGGCAGGAGAATCACTTGAA*TCTGGGGGGTGGAGGTTGCAGTGAGCCAAGATTGCACCACTGCACTCCAGC    100

|||||||||  |||| ||  |||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||||

1-173908362    GCCTGTAATCCTAGCTCCTTGGGAGGCTGAGGCAGGAGAATCACTTGAA*TCTGGGGGGTGGAGGTTGCAGTGAGCCAAGATTGCACCACTGCACTCCAGC 173908462

i)

ii)

iii)

Reference

Derivative A B CB

A B C

Coverge

Alignment

P6

AluSx1

AluSzAluSz

AluSx1

i)

ii)

iii)

Reference

Derivative

A B C

J1

A C

1-173908284    TTCAAGACCAGCCTGGCCAACATAGTGAAACCCCGTTTCTACTAAAAAT*GCAAAAATTAGCCGGGCGTGGTGGCAGGCGCCTGTAATCCTAGCTCCTTGG 173908384

|||||||||||||||||||||||||||||||||||||||||||||||||  |||||||||||| ||| ||||||   ||||||||||||| |||| ||   

J1-1           TTCAAGACCAGCCTGGCCAACATAGTGAAACCCCGTT TCTACTAAAAAT*ACAAAAATTAGCCAGGCATGGTGGTGAGCGCCTGTAATCCCAGCTACTCCA    100

||||||||||||||  |||||| | ||||| |||| |||||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||||

1-174102965    GTCAAGACCAGCCTGATCAACATGGAGAAACACCGTC TCTACTAAAAAT*ACAAAAATTAGCCAGGCATGGTGGTGAGCGCCTGTAATCCCAGCTACTCCA    174103065

Coverge

Alignment

P7

AluSx1AluSx1
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(H) P8 

 

 

(I) P9 and P10 

 

1-173908168    GGCAACATTTTTAGTTTTCAAAACTAGCTTAAAGACAGCCCAAT AGCAC*AGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCAAGGCAGGTAGAT 173908268

|||||||||||||||||||||| |||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||  ||||| | ||||

J1-1           GGCAACATTTTTAGTTTTCAAA-CTAGCTTAAAGACAGCCCAATAGCAC*AGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGCATGCAGAT   99

| |  |     |  |         |     || |     |          ||||||||||||||||||||||||||||||||||||||||||||||||||

1-173915355    AGAAGTAAGAAGAAATGGATGGAGCAAAGGCAATATC TGGCCGGGTGCG*-GTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGCATGCAGAT 173915454

i)

ii)

iii)

Reference

Derivative

A B C

J1

A C

Coverge

Alignment

P8

AluSp

AluSx1

i)

Coverge

Alignment

P9, P10

ii)

Insertion 
SVA RE

TTTATT

VNTR-R
AGA

GGGn
TSDTSD SINE

Alu-

like-R
T(n)

33bp 498bp 1449bp 274bp 180bp 14bp

2440 bp
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iii) 

Participant 9 

 

P9 39-52:      TSD 

P9 53-84:      (T)n 

P9 85-90:      TTTATT sequence 

P9 91-589:     SINE 

P9 590-2038:   VNTR-R 

P9 2039-2312:  Alu-like-R 

P9 2313-2492:  (AGAGGG)n 

P9 2493-2506:  TSD 

 

 

1-173905870    TTGAAATTATATTAATAGCATCCTTTTCTCAGATTATAACCTTGTGTTCTTT------------------------------------------------ 173905926 

               ||||||||||||||||||||||||||||||||||||||||||||||||||||                                                 

P9-1           TTGAAATTATATTAATAGCATCCTTTTCTCAGATTATAACCTTGTGTTCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTATTGATCATTCT 100 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-101         TGGGTGTTCTGCAGAGGGATTTGGCAGGGTCATAGGACAATAGTGGGGGGAAGGTCAGCAGATAAACAAGTGAACAAAGGTCTCTGGTTTTCCTAGGCAG 200 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-201         AGGACCCTGCGGCCTTCCGCAGCGCTTGTGCCCCTGGGTACTTAAGATTAGGAGTGGTGATGACTCTCAACGAGCATGCTGCCCTCAAGCATCTGTTCAA 300 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                              

P9-301         CAAAGCACATCTTGCACCGCCCTTAATCCATCTAACCCTGAGTGGACACAGCACATGTCTCAGAGAGCACAGGGTTGGGGATAAGGTCACAGATCAACAG 400 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-401         GATCCCAAGGCAGAAGAATTTTTCTTAGTACAGAACAAAATGAAAAGTCTCCCATGTCTACTTCTATCCACACAGACCCAGCAACCATCCGATTTCTCAA 500 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-501         TTTTTCCCCACCCTTCCCGCCTTTCTATTCCACAAAACCGCCATTGTCATCATGGCCCATCCTCAATGAGCCGCTGGGCACACCTCCCGACGGGCGTGGC 600 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-601         CGGGCAGAGGGGCTCCTCACTTCCCAGTAGGGCGGCCCGGCAGAAGTGCCCCTCACCTCCCAGATGGGGCGGCTGGCCGGGCGGGGGCTGACCCCTCCGC 700 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-701         CCTCCCGGACGGGCGGCTGGCCAGGCAGAGGGCTCCTCACTTCCCAGTAGGGGCGGCCGGGCAGGCGCCCTCACCTCCTGGAGGGCGGCTGGCCGGGCGG 800 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-801         GGCTGTTCCCCCACCTCCCTCCCGGACGGGGCGGCTGGCGGCAGAGGTCCTCACTCCCGAGGGCGGCCGGGCAGAGGCGCCCTCACCTCCCGGACGGGGC 900 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-901         GGCCGGCCAGGCAGGGGCTGATCCCACCCTCCCGGACGGGGCGGCTGGCCGGGCGGGGCTGCTCCCCACCTCCTCCCGGACGGGGCGGCTGGCCGGGCAG 1000 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1001        AGGGGTCCTCACTTCCCATAGGGGCGGCCGGGAGGGCGCCTCACCTCCCGGACGGGCGGCTGGCCAGGCAGGGGGCTGATCCCCACCTCCCTCCCGGACA 1100 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1101        GGGCGGCTGGCCGGGCGGGGGCTGACCCCCACCTCCCTCCCGGACGGGCGGCTGGCCGGGCAGGGGGCTGACTCCTCTCCCTCCCGGACGAGGCGGCTGG 1200 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1201        CCGGGCGGGGCGTGCCCCCCACCTCCCTCCCGGATGGGGCGGCTGGCCAGGCGGGGGCTGACCCCCACCTCCCCTCCTGGGCGGGGCTGGCGGCCGGGCA 1300 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1301        GAGGGCTCCTCACTTCCCAGTAGGGGCGGCCGGGCAGAGAGCCCTCACCTCCCGGCCGGGCGGCTGGCCGACCCCCCCTCCCTCCCGGACGGGCGGCTGG 1400 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1401        CCGGGCAGAGGGGCTCCTCACTTCCCAGTAGGGGCGGCCGGGCAGAGGAGCCCTCACCTCCCGGACAGGGCGGCTGGCCGGGCGGGGGCTGACCCCACCT 1500 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1501        CCTCCCAGGACGGGTGGCTGCCGGGCGGAGACGCTCCTCACTTCCCAGACGGGTGGTTGCCAGACGGAGGGGCTCTCACTTCTCAGACGGGGCGGTTGCC 1600 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1601        AGGCAGAGGGTTTCCTCACTTCTCAGACGGAGCGGCCGGGCAGAGACACTCCTCACCTCCAGACAGGGTTGCGGCCCAGCAGAGGCGCTCCTCACATCCC 1700 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

P9-1701        AGACAGGGCGGCGGGGCAGAGGTGCTCCCACATCTCAGACGATGGGCGGCCGGGCAGAGACGCTCCTCACTTCCTAGATGGGATGGCGGCGGGAAGAGGC 1800 
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1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1801        GCTCGCCTCCTAGATGGGATGGCGGCCGGGCAGAGAGGCCTCACTTTCCACACTGGGCAGCCAGGCAGAGGGCTCCTCATATCCCGGGACGATGGGTGGC 1900 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-1901        CAAGCAGAGACGCTCCTCACTTCCCAGACGGGGTGGCGGCCGGGCAGAGGCTGCAATCTCGGCTCTCCGGGAGGCCAAGGCAGGCGGCTGGGAGGTGGCT 2000 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-2001        GCGGAGCCGAGATCACGCCACTGCACTCCAGCCTGGGCACCATTGAGCACTGAGTGAACGGACTCCATCTGCAATCCGGCACCCCCGGGGAGGCCGAGGC 2100 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-2101        TGGCGGATCACTCGCGGCCAGGAGCTGGAGACCAGCCCGGCCAACACAGCGAAACCCCATCTCCACCAAAAAAACGAAAACCAGTCAGGCGTGGGCGGCG 2200 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-2201        CCTGCAATCGCAGGCACTCGGCAGGCTGAGGCAGGAGAATCAGGCAGGAGGTGCAGTGAGCGAGATGGCAGCAGTACCGTCCAGTTTTGGGCTCGGCATG 2300 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                             

P9-2301        AGAGGGAGAGGGAGACGGGAGAGGGAGAGGGAGACGGAGAGGGAGAGGGAGACGGGAGAGGGAGGGGGGAGCGGGGAGAGGGAGAGGGGAGAGGGGGGCG 2400 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 

                                                                                                                    

P9-2401        GGGAGGGGGAGAGGGAGACGGGAGGCAGAGGGAGCGGGGGGAGGGTGAGGGGGGCGGGAGGGAGGAGGGAGACGGGAGAGGGAGACGGGGCCACCTTGTG 2500 

 

1-173905926    ------CAAGCTATCACATTTCCTCGCTCCCGTTAAAATTCCACTTTCCTCTGA 173905970 

                     |||||||||||||| |||||  |||||||||||| ||||||||||||| 

P9-2501        TTCTTTCAAGCTATCACTTTTCCCTGCTCCCGTTAAA-TTCCACTTTCCTCTGA 2600 
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Participant Bkp in SV Segments Window Repeat coordinates Repeat Family Start in query End in query Repeat length

Deletion start A3'-B5' 1:173916554-173916854 -

Deletion end B3'-C5' 1:173935553-173935853 1:173935699-173935738 A-rich Low_complexity 147 186 40

Duplication start A3'-B5' 1:173911229-173911529 1:173911329-173911536 MER103C DNA/hAT-Charlie 101 300 201

Duplication end B3'-C5' 1:173912001-173912301 -

Deletion start C3'-D5' 1:173914965-173915265 -

Deletion end D3'-E5' 1:173918884-173919184 1:173918822-173919087 L2a LINE/L2 1 204 204

Deletion start A3'-B5' 1:173879670-173879970 1:173879670-173879957 AluSx1 SINE/Alu 1 288 288

Deletion end B3'-C5' 1:173925839-173926139 1:173926103-173926323 AluJb SINE/Alu 265 300 37

1:173847804-173847844 HAL1 LINE/L1 108 148 41

1:173847845-173848152 AluY SINE/Alu 149 300 153

Deletion end B3'-C5' 1:174815997-174816297 1:174816148-174816445 AluSp SINE/Alu 152 300 150

1:173850956-173851264 AluSx1 SINE/Alu 111 300 191

1:173850606-173850904 AluSx SINE/Alu 1 59 59

1:173949885-173950176 AluSx SINE/Alu 1 153 153

1:173950177-173950297 L1ME3C LINE/L1 154 121 121

1:173950298-173950593 AluJr SINE/Alu 275 300 27

1:173908214-173908512 AluSx1 SINE/Alu 1 251 251

1:173908555-173908859 AluJb SINE/Alu 294 300 8

1:173919609-173919890 AluSz SINE/Alu 1 251 251

1:173919924-173920236 AluSx1 SINE/Alu 285 300 17

Deletion start A3'-B5' 1:173908184-173908484 1:173908214-173908512 AluSx1 SINE/Alu 31 300 271

1:174102793-174102889 Tigger1 DNA/TcMar-Tigger 1 25 25

1:174102890-174103191 AluSp SINE/Alu 26 300 276

Deletion start A3'-B5' 1:173908068-173908368 1:173908214-173908512 AluSx1 SINE/Alu 147 300 155

Deletion end B3'-C5' 1:173915255-173915555 1:173915394-173915705 AluSz SINE/Alu 140 300 162

P9 Insertion site 1:173905771-173906071 1:173905736-173905941 L2 LINE/L2 1 171 171

P10 Insertion site 1:173905771-173906071 1:173905736-173905941 L2 LINE/L2 1 171 171

B3'-C5' 1:173919640-173919940

P7
Deletion end B3'-C5' 1:174102865-174103165

P1

P2

P3

P4
A3'-B5'

Table S1. Repetitive elements at the SV breakpoints. Segments column match to those in Figure S5, and refers to the relative location in the segments where the SV breakpoint is, where 5’ and 3’ 
correspond to the upstream and downstream parts respectively. Window was done for +- 150 bp from the breakpoint. Start and End in query are the relative positions to the query sequence where the 
repeat starts and ends respectively. Bkp=Breakpoint.

Deletion start

Deletion start A3'-B5' 1:173850846-173851146

1:173847697-173847997

P5

1:173950024-173950324

1:173908262-173908562

Duplication end

P8

Deletion end B3'-C5'

P6

Duplication start A3'-B5'
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Particip
ant

New 
junction 

Microhomology at breakpoint
Microhomolog
y at breakpoint 

length

Deletion 
at 

breakpoi
nt

Deletion 
at 

breakpoi
nt length

Insertion at 
breakpoint

Insertion 
at 

breakpoin
t length

Duplication at 
breakpoint

Duplicatio
n at 

breakpoin
t length

Expected reference sequence Observed sequence (Sanger)

P1 J1 - - - - GGAGCAAGGAAC 12 - - CCAAGACAGTTGTGCCACCACCCCGTTTCTAGCCTCCTGTGACAACTCA*AAGGAAAAGGAAAAAAAGCAAAAAACAAAAAAC
AAATTTTGGGGGTGTTAG

CCAAGACAGTTGTGCCACCACCCCGTTTCTAGCCTCCTGTGACAACTCA*{GGAGCAAGGAAC}AAGGAAAAAAAGCAAAAAACAAAAAACAA
ATTTTGGGGGTGTTAG

J1 GTTGC 5 GTTGC 5 - - - - CCCGGGACAGGTTCAGTCCTAGACTTCTTGCCAGGGGACAGTTCAGTTGC*GTTGCAGAGTTTCTCAGAACCTTCATAGGCC
CATGTGCTTCATGAATCTCC

CCCGGGACAGGTTCAGTCCTAGACTTCTTGCCAGGGGACAGTTCAGTTGC*-----
AGAGTTTCTCAGAACCTTCATAGGCCCATGTGCTTCATGAATCTCC

J2 AGC 3 AGC 3 - - - - AATAGCCACCTCAGTTGTTAACTCCTTCAAGCACAGTACCTGGGACAGC*AGCTGTCCAAAGAGAACTCAGAAATACAAAGAC
CTTGAGGTTTCAGGAACA

AATAGCCACCTCAGTTGTTAACTCCTTCAAGCACAGTACCTGGGACAGC*---
TGTCCAAAGAGAAATCAGAAATACAAAGACCTTGAGGTTTCAGGAACA

P3 J1 TGGN 3 - - GCC 3 - - GTGAAACCCCATCTCTACTAAATATAAAACATTAGCCAGGCATGGTGGT*TGGACAAGGCTATTCTTTGGAGGCTGAGCAAGA
GAGAGTTGTGTGGGGTCA

GTGAAACCCCATCTCTACTAAATATAAAACATTAGCCAGGCATGGTGGT{GCC}*TGGACAAGGCTATTCTTTGGAGGCTGAGCAAGAGAGA
GTTGTGTGGGGTCA

P4 J1 TTTTTTTTTTTTTTTTTTTTTTGAGA 26 TTT 3 - - - - CCTCACCTAGTTACTCTGTACCTTCTGCACAGCTGTCTTTCTGAACCTTT*TTTTTTTTTTTTTTTTTTTTTTGAGATAGAGTTTTG
CTCTTGTTGCCCAG

CCTCACCTAGTTACTCTGTACCTTCTGCACAGCTGTCTTTCTGAACC---
*TTTTTTTTTTTTTTTTTTTTTTGAGATAGAGTTTTGCTCTTGTTGCCCAG

P5 J1 - - - - - - - - CTTAAGGGTTGGCCGGGCATGGTGGCTAACGCCTGTAATCCCAGCACTTT*AAAGTACACATCTTAAAAGCAATGCTAAGTGA
AAACATGAAAATGCAAGCT

CTTAAGGGTTGGCCGGGCATGGTGGCTAACGCCTGTAATCCCAGCACTTT*AAGTACACATCTTAAAAGCAATGCTAAGTGAAAACATGAAA
ATGCAAGCT

P6 J1 GGAGGCTGAGGCAGGAGAATCACTTGAA 28 - - - - - - ACCTGTAATCTCAGCTACTCAGGAGGCTGAGGCAGGAGAATCACTTGAA*TCTGGGGGGTGGAGGTTGCAGTGAGCCAAGAT
TGCACCACTGCAC

GCCTGTAATCTCAGCTACTCAGGAGGCTGAGGCAGGAGAATCACTTGAA*TCTGGGGGGTGGAGGTTGCAGTGAGCCAAGATTGCACCAC
TGCAC

P7 J1 CAAAAATTAGCC 12 - - - - - - TTCAAGACCAGCCTGGCCAACATAGTGAAACCCCGTTTCTACTAAAAAT*ACAAAAATTAGCCAGGCATGGTGGTGAGCGCCT
GTAATCCCAGCTACTCCA

TTCAAGACCAGCCTGGCCAACATAGTGAAACCCCGTTTCTACTAAAAAT*{A}CAAAAATTAGCCAGGCATGGTGGTGAGCGCCTGTAATCCC
AGCTACTCCA

P8 J1 GTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGC 36 - - - - - - GGCAACATTTTTAGTTTTCAAAACTAGCTTAAAGACAGCCCAATAGCACA*GTGGCTCACGCCTGTAATCCCAGCACTTTGGGA
GGCTGAGGCATGCAGA

GGCAACATTTTTAGTTTTCAAACTAGCTTAAAGACAGCCCAATAGCACA*GTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGC
ATGCAGA

P9 J1 - - - - - - ACCTTGTGTTCTTT 14 AAATTATATTAATAGCATCCTTTTCTCAGATTATAACCTTGTGTTCTTT*CAAGCTATCACATTTCCTCGCTCCCGTTAAAATTCCACTTTCCTCTGAAATTATATTAATAGCATCCTTTTCTCAGATTATAACCTTGTGTTCTTT*{INS_SVA}ACCTTGTGTTCTTTCAAGCTATCACTTTTCCCTGCTCC
CGTTAAA-TTCCACTTTCCTCTG

P10 J1 - - - - - - ACCTTGTGTTCTTT 14 AAATTATATTAATAGCATCCTTTTCTCAGATTATAACCTTGTGTTCTTT*CAAGCTATCACATTTCCTCGCTCCCGTTAAAATTCCACTTTCCTCTGAAATTATATTAATAGCATCCTTTTCTCAGATTATAACCTTGTGTTCTTT*{INS_SVA}ACCTTGTGTTCTTTCAAGCTATCACTTTTCCCTGCTCC
CGTTAAA-TTCCACTTTCCTCTG

P2

Table S2. Structural variants breakpoint details. New junction numbers correspond to Figure S5. Expected reference sequence refers to the putative derivative sequence as shown in Figure S5. Microhomology sequences (from 3bp to 36bp) at breakpoints are highlighted in red, inserted sequences are in blue and duplicated fragments are in bold. Breakpoint is marked with *.
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What is known about this topic. 

Antithrombin deficiency is mainly caused by SNV, small indels, and structural variants 

in SERPINC1, usually identified by sequencing and MLPA. Up to 25% of cases had an 

unknown molecular base. Nanopore sequencing is an emerging 4th generation 

sequencing method that obtains long reads, which are ideal for identification and 

characterization of gross gene defects.

What does this paper add. 

Long-read whole-genome nanopore sequencing resolved all types and sizes of 

structural variants causing antithrombin deficiency, and identified the first causal 

complex structural variant. This method also found a new causing mechanism: the 

insertion of a new SVA retrotransposon in 2 out of 11 unknown cases. This result 

enlarges the catalogue of genetic disorders caused by retrotransposon insertions.
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