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Resumen en castellano

El sistema hemostático es un delicado balance entre elementos procoagulantes y anticoagulantes que es crucial

para organismos con un sistema circulatorio, pero que también es muy sensible a pequeñas distorsiones con graves

consecuencias patológicas. La enfermedad tromboembólica, la principal causa de morbimortalidad de nuestra

sociedad, se desarrolla como consecuencia del desequilibrio de este sistema hemostático favor de una respuesta

coagulante. La gravedad e incidencia de esta enfermedad ha incentivado la búsqueda de alteraciones asociadas

con variaciones en el funcionamiento del sistema hemostático. Gran parte de estos estudios se han centrado en los

propios elementos de dicho sistema, y muchos se han dirigido a elementos genéticos, dada la alta heredabilidad de

la propia enfermedad tromboembólica.

La antitrombina es un potente anticoagulante natural, miembro de la superfamilia de las serpinas, que inhibe la

mayorı́a de las proteasas procoagulantes, principalmente el FXa o la trombina, pero también el FVIIa, FIXa, FXIa

y FXIIa. Como miembro de la superfamilia de las serpinas, el mecanismo inhibitorio de la antitrombina es extraor-

dinariamente efectivo. Todas estas caracterı́sticas justifican el papel crucial que tiene esta serpina anticoagulante

en la hemostasia y explican que incluso reducciones moderadas de antitrombina aumenten significativamente el

riesgo de trombosis venosa. Además, se ha demostrado que la ausencia total de este anticoagulante esta asociada a

letalidad embrionaria en un modelo de ratón Knock Out (KO). La deficiencia de antitrombina fue la primera trom-

bofilia congénita identificada en 1965 por O. Egeberg en una familia noruega, y es hoy por hoy la trombofilia más

grave, la que tiene mayor riesgo trombótico asociado. Estos datos justifican el profundo estudio realizado sobre

este anticoagulante y su deficiencia durante más de 55 años. Conocemos en detalle aspectos bioquı́micos como

su estructura cristalográfica, mecanismo de activación e inhibición, y modificaciones post-traduccionales. También

conocemos a fondo aspectos moleculares de la antitrombina, como las mas de 352 mutaciones identificadas y de-

scritas en la base de datos Human Gene Mutation Database (HGMD) en pacientes con deficiencia de antitrombina.

Pero todavı́a existen aspectos que se desconocen y retos por desentrañar de este crucial anticoagulante. Quizás

los más importantes son conocer la base de la heterogeneidad clı́nica descrita entre los casos con deficiencia de

antitrombina e identificar la base molecular del 25% de casos en los que todavı́a no se ha identificado alteración

en el gen codificante, SERPINC1. Por otra parte, existe un grupo de alteraciones moleculares que están muy poco

caracterizadas en deficiencia de antitrombina, y en todas las enfermedades genéticas; las variantes estructurales.

Se tratan de alteraciones de más de 50 pares de bases, menos abundantes que alteraciones genéticas puntuales,

pero con mayor impacto patológico debido a que afectan a un mayor numero de bases. Estas variantes pueden ser:

deleciones, duplicaciones, inversiones, inserciones, traslocaciones o variantes más complejas. Estas alteraciones

no se identifican con facilidad y no se han caracterizado profundamente debido a las limitaciones de los métodos

moleculares disponibles hasta hace unos años, la mayorı́a de ellos basados en el estudio de carga genética (MLPA,

FISH, array de CGH entre otros), o de secuenciación masiva de pequeños fragmentos. Sin embargo, gracias al

desarrollo tecnológico de la última década, con la secuenciación masiva, que incluyen grandes amplificaciones y
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nuevos sistemas de secuenciación de tercera generación, deberı́an ser analizadas en detalle.

El objetivo general de esta tesis ha sido aportar nueva información sobre la antitrombina y su deficiencia, inten-

tando correlacionar datos genéticos y clı́nicos en una gran cohorte de pacientes con deficiencia de antitrombina. El

estudio aborda dos objetivos especı́ficos:

1) Describir el impacto clı́nico de la deficiencia de antitrombina.

En este punto, evaluamos dos escenarios diferentes: por un lado, el impacto de este trastorno en trombosis pediátrica

para intentar identificar y caracterizar las alteraciones con mayor riesgo trombótico y las caracterı́sticas, factores de

riesgo asociados y por otro lado, estudiamos una nueva variante genética de difı́cil diagnóstico y moderada clı́nica

trombótica que sin embargo presenta una gran prevalencia en una población para conocer mecanismos de expansión

de alteraciones protrombóticas moderadas.

2) Estudiar nuevos defectos moleculares implicados en deficiencia de antitrombina.

Este objetivo se focaliza principalmente en caracterizar en profundidad las variantes estructurales implicadas en la

deficiencia de antitrombina e identificar nuevos defectos moleculares responsables de este trastorno. Para abordar

estos objetivos, hemos estudiado una de las mayores cohortes de pacientes con este raro trastorno reclutados du-

rante más de 22 años en dos centros de referencia para la deficiencia de antitrombina de España y Bélgica. En total

hemos estudiado 676 casos ı́ndice y más de 1200 sujetos con deficiencia de antitrombina tras los estudios famil-

iares. En la cohorte Belga, identificamos un subgrupo de 12 pacientes de origen africano portadores de la misma

alteración molecular p.Thr147Ala (polimorfismo rs2227606 en SERPINC1) y analizamos 100 sujetos sanos de ori-

gen africano. Finalmente, nuestro estudio también incluyó un grupo de 9 pacientes con deficiencia de antitrombina

causada por variantes estructurales detectadas por MLPA procedentes de cohortes de Finlandia y Francia. En todos

los pacientes, la deficiencia de antitrombina se realizó en diferentes hospitales, pero se validó y caracterizó en los

centros de referencia mediante estudios funcionales, bioquı́micos y moleculares. En todos los casos además se

recopilaron datos demográficos y clı́nicos. Los estudios genéticos para el diagnóstico molecular de la deficien-

cia de antitrombina incluyen secuenciación con el método de Sanger de los 7 exones de SERPINC1 y regiones

flanqueantes, estudio de grandes alteraciones estructurales mediante MLPA, amplificación mediante grandes PCRs

(LR-PCR) del gen SERPINC1 seguida de secuenciación masiva empleando una plataforma de Illumina, y secuen-

ciación masiva por NGS en la plataforma PGM de Ion Torrent. Para el estudio especı́fico de variantes estructurales

y búsqueda de nuevos defectos genéticos en deficiencia de antitrombina en casos seleccionados, se ha realizado

array de CGH y secuenciación por nanoporos empleando dos plataformas MinION y PromethION. Para el estudio

en profundidad de la variante p.Thr147Ala se empleó un modelo de expresión recombinante de antitrombina en

células eucariotas y una novedosa técnica para el análisis de haplotipos basada en secuenciación por nanoporos de

amplicones grandes.

Los resultados de este estudio muestran que la deficiencia de antitrombina incrementa notablemente el riesgo de

trombosis pediátrica, ya que los portadores de este desorden tienen 300 veces mayor riesgo de sufrir trombosis

antes de los 18 años que el descrito en la población general. En estos pacientes se observan dos periodos de mayor

incidencia de trombosis pediátrica: el neonatal, con factores de riesgo y localización de la trombosis diferente a los

descritos en pacientes adultos con trombosis, destacando la trombosis en senos venosos; y la adolescencia, con fac-

tores de riesgo (uso de anticonceptivos, embarazo, inmovilización. . . ) y localizaciones (trombosis venosa profunda

o tromboembolismo pulmonar) comunes a los descritos en pacientes adultos con trombosis. Además, describimos

una alta morbi-mortalidad en trombosis pediátrica en pacientes con deficiencia de antitrombina, incluyendo eventos

fatales, y alta recurrencia. Las mutaciones que provocan una deficiencia sin variante en circulación (deficiencia tipo
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I) y las más graves causantes de deficiencia con una antitrombina con menor o nula actividad anticoagulante (defi-

ciencia tipo II) como la variante Budapest 3 en homocigosis, son las que mayor riesgo tienen de sufrir trombosis en

edad pediátrica. Por el contrario, hemos caracterizado una deficiencia leve de antitrombina de difı́cil diagnóstico

empleando los sistemas funcionales rutinarios disponibles en hospitales causada por la mutación p.Thr147Ala. El

estudio profundo de esta alteración en el modelo recombinante confirmó que provoca una pequeña alteración es-

tructural en la molécula que reduce la actividad funcional. El estudio del haplotipo de la variante con una novedosa

técnica de secuenciación de grandes fragmentos de PCR en los portadores ha permitido definir 13 marcadores

ligados a ella y presentes en el alelo mutado de todos los portadores de la p.Thr147Ala, demostrando su efecto fun-

dador en población africana. Por otra parte, hemos estudiado de la mayor cohorte mundial de variantes estructurales

que causan deficiencia de antitrombina (N= 39). Y lo hemos hecho empleando diferentes métodos moleculares,

que incluyen MLPA, LR-PCR y secuenciación por la plataforma Illumina, array de CGH y la secuenciación del

genoma completo con tecnologı́a de nanoporos empleando la plataforma MinION y PromethION. Este estudio ha

mostrado que las variantes estructurales son heterogéneas en tamaño: afectando desde 193 pb hasta 8 Mb y en tipo,

incluyendo duplicaciones, deleciones inserciones y variantes estructurales complejas, esta última alteración, rara

en enfermedades genéticas, detectada por primera vez en este trastorno gracias a la secuenciación por nanoporos.

Hemos desarrollado una PCR especifica para la detección de una variante relativamente frecuente en deficiencia de

antitrombina: la duplicación en tándem del exón 6 de SERPINC1. Hemos descrito un mapa detallado de variantes

estructurales afectando el gen SERPINC1 definiendo zonas calientes intra e intergénicas. El estudio mediante se-

cuenciación por nanoporos de las variantes estructurales ha permitido definir los puntos de cohorte de las variantes

a nivel nucleótido. Esto ha permitido demostrar la presencia de elementos repetitivos, ası́ como microhomologı́as

y/o inserciones o duplicaciones en los puntos de corte de las variantes estructurales. La presencia de estos ele-

mentos sugiere la existencia de un mecanismo común basado en replicación, (BIR/MMBIR/FoSTeS) que involucra

elementos repetitivos, para la formación de variantes estructurales causantes de este desorden. Se han identificado

variantes estructurales recurrentes comunes en varios pacientes demostrando su efecto fundador mediante estudios

adicionales. Por último, la secuenciación por nanoporos ha permitido detectar la base molecular de tres pacientes

sin mutación detectada con los métodos moleculares empleados de forma rutinaria en el diagnóstico molecular de

la deficiencia de antitrombina. Detectamos por primera vez la inserción de un elemento (SINE- VNTR- Alu) SVA

en el intron 6 de SERPINC1. Este descubrimiento aumenta el número de patologı́as causadas por la inserción de

retrotransposones, lo que, junto a la dificultad diagnóstica para su identificación, sugiere que puede ser un mecan-

ismo patogénico subestimado en este desorden y posiblemente cualquier desorden de base genética. Además, la

resolución nucleotı́dica obtenida por la secuenciación por nanoporos ha permitido el estudio completo mediante

ensamblaje de novo del SVA insertado, demostrando que se trata de un nuevo elemento, hemos podido realizar

también estudios filogenéticos del mismo. Además, hemos demostrado la existencia de un efecto fundador en esta

variante en los tres pacientes portadores, mediante la identificación de short tándem repeats (STR) comunes en

todos ellos.

Nuestro estudio proporciona información nueva y original sobre la deficiencia de antitrombina, la trombofilia más

grave, generando las siguientes conclusiones:

1) El estudio de la mayor cohorte de casos con deficiencia de antitrombina aporta evidencia sobre el alto riesgo

de trombosis pediátrica asociada a esta trombofilia. Por tanto, apoya el cribado de ciertos tipos de deficiencia de

antitrombina en niños de familias afectadas, sobre todo en el caso de las deficiencias tipo I, para beneficiarse de

estrategias preventivas y evitar factores de riesgo como el parto asistido en el caso de los neonatos o el uso de

anticonceptivos en la adolescencia.
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2) Las mutaciones fundadoras expandidas en diferentes poblaciones, como la descrita en nuestro estudio en población

africana, causan deficiencias leves de difı́cil diagnóstico funcional.

3) Nuestro estudio aporta nueva y detallada información sobre las variantes estructurales implicadas en deficiencia

de antitrombina. Diseccionamos las variantes estructurales implicadas en deficiencia de antitrombina, mostrando

su gran heterogeneidad en tipo y tamaño. Identificamos regiones calientes intra e intergénicas para la formación de

variantes estructurales en SERPINC1. Identificamos y caracterizamos un nuevo mecanismo que causa deficiencia

de antitrombina: la inserción de un nuevo retrotransposón SVA en el intrón 6 de SERPINC1, ampliando ası́ el

espectro de enfermedades causadas por este tipo de variantes. Mostramos además un posible mecanismo común

basado en replicación (BIR/MMBIR/FoSTeS) implicado en la formación de variantes estructurales que afectan al

gen SERPINC1 provocando deficiencia de antitrombina. Nuestro estudio reveló que la combinación de diferentes

métodos de diagnóstico molecular es útil para la correcta caracterización de estos grandes defectos genéticos,

que nos permite sugerir un nuevo algoritmo diagnóstico para la deficiencia de antitrombina y nos hace sugerir

que la secuenciación de nanoporos es el método más adecuado para su completa caracterización. Además, la

secuenciación por nanoporos ha permitido también el estudio de haplotipos de una manera mas sencilla y barata

para la definición del efecto fundador de una variante.
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Abstract

INTRODUCTION

Antithrombin is a natural anticoagulant that plays a crucial role in hemostasis. The wide range of target pro-

coagulant proteases and the potent inhibitory mechanism of this serpin explain that even moderate reductions of

antithrombin significantly increase the risk of venous thrombosis. Thus, antithrombin deficiency is the first and

the strongest thrombophilia that has been widely studied during more than 50 years. However, there are still some

challenges concerning this anticoagulant, such as the factors involved in the clinical heterogeneity, to do a better

characterization of structural variants involved in antithrombin deficiency, and to describe the molecular base of up

to 25% of cases with no genetic defect. In this thesis we have tried to correlate genetic and clinical data in a large

cohort of patients with antithrombin deficiency.

OBJECTIVE

The objective of this thesis is to supply new and original information of this rare disorder. Specifically, we aimed

to describe the clinical impact of antithrombin deficiency. Moreover, we also want to deeply characterize structural

variants involved in antithrombin deficiency, and to identify new molecular defects involved in this disorder.

METHODS

We have studied one of the largest cohorts of patients with this rare disorder, recruited during more than 20 years.

For all patients, a complete set of functional, biochemical and molecular studies have been done and clinical data

has been collected. Specific studies included recombinant expression and a novel approach for haplotype analysis.

New molecular technologies, including third generation sequencing and long range PCR, have been used for char-

acterization of molecular defects in SERPINC1.

RESULTS

Antithrombin deficiency causes very high risk of pediatric thrombosis (300-fold compared with the general popu-

lation). In contrast, we have characterized a mild antithrombin deficiency of difficult functional diagnosis caused

by p.Thr147Ala, a mutation with founder effect in African population.

The study by different methods, including whole genome sequencing with nanopore technology, of the largest co-

hort of structural variants causing antithrombin deficiency showed that they are heterogeneous in size and type,

and identified for the first time a complex structural variant and an insertion of a new SVA element. We described

a detailed map of structural variants with intra and intergenic hotspots and we found a common mechanism for

formation of structural variants causing antithrombin deficiency that involved repetitive elements.

CONCLUSIONS

Our study supplies new and original information on the strongest thrombophilia.

The high risk of pediatric thrombosis supports the screening of certain types of antithrombin deficiency in children

of affected families to benefit from preventive strategies. In contrast, founder mutations expanded in different pop-

ulations like the first one described by our study in African population will probably cause a mild deficiency of

difficult functional diagnosis.
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We identified and characterized a new mechanism causing antithrombin deficiency: the insertion of a retrotranspo-

son in an intron. Moreover, we dissected the structural variants involved in antithrombin deficiency. Our study also

reveals that the combination of different methods is useful for the characterization of these gross gene defects, but

nanopore sequencing is the most suitable method to fully characterize them.
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Abstract castellano

INTRODUCCIÓN

La antitrombina es un anticoagulante natural que juega un papel crucial en la hemostasia. Las diferentes proteasas

procoagulantes diana y el potente mecanismo inhibidor de esta serpina explican que incluso reducciones moderadas

de antitrombina aumenten significativamente el riesgo de trombosis venosa. Ası́, la deficiencia de antitrombina es

la primera y más grave trombofilia, estudiada ampliamente durante más de 50 años. Sin embargo, aún existen retos

en torno a este anticoagulante, como conocer los factores implicados en la heterogeneidad clı́nica, caracterizar las

variantes estructurales implicadas y describir la base molecular del 25% de casos sin defecto genético conocido. En

esta tesis hemos intentado correlacionar datos genéticos y clı́nicos en una gran cohorte de pacientes con deficiencia

de antitrombina.

OBJETIVO

El objetivo de esta tesis es aportar información nueva y original sobre este trastorno. Especı́ficamente, pretendı́amos

describir el impacto clı́nico de la deficiencia de antitrombina. Además, quisimos caracterizar en profundidad las

variantes estructurales implicadas en la deficiencia de antitrombina, e identificar nuevos defectos moleculares re-

sponsables de este trastorno.

MÉTODOS

Hemos estudiado una de las mayores cohortes de pacientes con esta enfermedad rara reclutada durante más de 20

años. En todos los pacientes, se ha realizado estudios funcionales, bioquı́micos y moleculares y se han recopilado

datos clı́nicos. Para estudios especı́ficos se empleó expresión recombinante y una novedosa técnica para el análisis

de haplotipos. Además, se han utilizado diferentes tecnologı́as para la caracterización de los defectos moleculares

en SERPINC1, incluyendo la secuenciación de tercera generación y la PCR larga.

RESULTADOS

La deficiencia de antitrombina incrementa notablemente el riesgo de trombosis pediátrica (300 veces mayor que

el de la población general). Por el contrario, hemos caracterizado una deficiencia leve de antitrombina de difı́cil

diagnóstico funcional causada por p.Thr147Ala, una mutación con efecto fundador en la población africana.

El estudio de la mayor cohorte de variantes estructurales que causan deficiencia de antitrombina empleando difer-

entes métodos, incluido la secuenciación del genoma completo con tecnologı́a de nanoporos, mostró que son het-

erogéneas en tamaño y tipo e identificó por primera vez una variante estructural compleja y la inserción de un nuevo

retrotransposon. Describimos un mapa detallado de variantes estructurales con zonas calientes intra e intergénicas,

y encontramos un mecanismo común que involucra elementos repetitivos, para la formación de variantes estruc-

turales causantes de este desorden.

CONCLUSIONES

Nuestro estudio proporciona información nueva y original sobre la trombofilia más grave.

El alto riesgo de trombosis pediátrica apoya el cribado de ciertos tipos de deficiencia de antitrombina en niños de

familias afectadas para beneficiarse de estrategias preventivas. Las mutaciones fundadoras expandidas en difer-
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entes poblaciones, como la descrita en nuestro estudio en población africana, causan deficiencias leves de difı́cil

diagnóstico funcional.

Identificamos y caracterizamos un nuevo mecanismo que causa deficiencia de antitrombina: la inserción de un

retrotransposón en un intrón. Además, diseccionamos las variantes estructurales implicadas en deficiencia de an-

titrombina. Nuestro estudio revela que la combinación de diferentes métodos es útil para la caracterización de

estos grandes defectos genéticos, pero la secuenciación de nanoporos es el método más adecuado para su completa

caracterización.
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AT Antithrombin

BK Bradikinin

C1-inh Complement 1-inhibitor

CGH array Comparative Genome Hybridization array

CI Confidence intervals

CIE Crossed immunoelectrophoresis

CNV Vopy number variants

DVT Deep venous thrombosis

Fg Fibrinogen

FISH Fluorescence in situ hybridization

GBD Global Burden of Diseases, Injuries, and Risk Factors

GWAS Genome wide association studies

HIT Heparin-induced thrombocytopenia
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Chapter 1. Introduction

1.1 Haemostatic system

The haemostatic system surged more than 400 million of years ago to give response to the lethal consequences

of a vascular damage in organisms with a closed and highly pressure circulatory system. Bleeding would be fatal

in minutes, without a haemostatic system. Thus, a simple but extraordinary efficient system, which is mainly

constituted by two elements: platelets and the clotting cascade, responds within seconds to the signals generating

a clot that controls the haemorrhage. We will focus on the clotting cascade, a serial of consecutive proteolytic

reactions that transform circulating zymogens in active serine proteases that reach high levels of thrombin, the last

procoagulant protease, which forms the fibrin clot and also activates platelets (Figure 1 ). But this system must be

exquisitely regulated to initiate these procoagulant reactions only where and when it is required. Thus, a group of

anticoagulants were also incorporated to the haemostatic system to generate a well-regulated balance that maintains

blood flowing under normal conditions (thus dominating the anticoagulant elements) but able to quick and strongly

respond to vascular damage stimulus.

Figure 1: Schematic representation of clotting cascade and its relationship with inflammation and the innate

immunity. Inhibitors are squared and marked with red dashed arrows. PC/PS: protein C/ protein S; Fg: fibrino-

gen; TFPI: Tissue factor pathway inhibitor; TF: tissue factor; PK: (pre)kalikrein; uPAR: urokinase-type Plasmino-

gen Activator; AT: antithrombin. C1-inh: Complement 1-inhibitor; HK: High molecular weight kininogen. BK:

bradikinin; TAFI: Thrombin-Activatable Fibrinolysis Inhibitor.
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These features explain why even minor disturbances of the delicate haemostatic equilibrium may have pathological

consequences in both sides of the haemostatic balance: bleeding, if the resulting system is not able to respond

accurately, or thrombosis if the response is spontaneous without or minor signal, or uncontrolled (Figure 2)[1].

Figure 2: Haemostatic balance of procoagulant and anticoagulant elements and the pathogenic consequences

of its misbalance.

1.2 Thromboembolism

One in four deaths worldwide registered in 2010 by the Global Burden of Diseases, Injuries, and Risk Factors

(GBD) was caused by a thrombotic event in arteries or veins. The formation of a pathogenic clot, which is the

cause of ischemic heart disease stroke and venous thromboembolisms, is the main leading cause of death not only

in development countries but in the whole world.

Specifically, venous thromboembolism (VT), whose more frequent clinical manifestations are deep venous throm-

bosis (DVT) and pulmonary embolism (PE), is also a very frequent disorder: 1/1000/individuals/year. This propor-

tion increases in older people and in subjects with specific risk factors (cancer, thrombophilia, etc). Thus, VT is

a live-threatening disease that significantly impacts to the global disease burden. In Europe, 900,000 people each

year can suffer from a thrombotic event. Taking into account that age is the main risk factor for thromboembolisms,

and that thrombosis is a frequent complication observed in patients with tumors, we might expect that the rate of

thrombosis will increase exponentially in the near years due to the aging of our population. Venous thrombosis is

not only frequent in our population, but also is extremely severe. Up to 100,000 people dead each year due to blood

clots. PE is a leading cause of death in pregnant women before or after their delivery. Indeed, 1 in 4 people with

PE, die without warning [2].

The morbidity associated to VT is also remarkable. Despite optimum anticoagulation therapy, post-thrombotic syn-

drome remains one of the major late complications of DVT, with a reported prevalence from 20 to 50%. Moreover,
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venous ulcers, and chronic leg swelling are common, costly sequelae of DVT [3, 4] . Also acute PE is a frequent

cause of death and serious disability. The risk of PE-associated mortality and morbidity extends far beyond the

acute phase of the disease. As many as 30% of the patients died during a follow-up period of up to 3 years, and up

to 50% of patients continued to complain of dyspnea and/or poor physical performance 6 months to 3 years after

the index event. The most feared ”late sequela” of PE is chronic thromboembolic pulmonary hypertension, which

can be found in up to 14% in 3 years after the acute event [5].

Finally, we can’t forget that despite a correct anticoagulation both as treatment after the thrombotic event and as

prophylaxis under risk situations, up to 3 in 10 cases with a first thrombotic event will have rethrombosis within 10

years, rates that can be higher in some patients [6].

In addition to the high impact in morbidity and mortality, VT has also a huge economic impact. It has been esti-

mated that the cost/year of a newly diagnosed case is $7-10 billion in United States. Additionally, treatment can be

as much as 15.000 to 29.000 C per person and often results in readmissions to their hospitals [2, 7] .

Despite these data, we must point out that the investment in research in this field is clearly insufficient. The number

of resources, including scientist working in this field is low. An example of the modest political interest in this

pathology is the absence of specific actions on VT generated by the European or American Scientific authorities.

The consequences of the low number of resources destined to the research of this field are critical: a limited knowl-

edge of this disorder, diagnostic methods with important limitations, and a reduced therapeutic arsenal to fight

against it. Indeed, only a few numbers of genetic defects associated to VT have been discovered, the mechanisms

causing this disorder are not well known yet, and the therapeutic arsenal has not been changed in the last 50 years.

1.2.1 Venous thrombosis

In this thesis, we will focus on VT, because despite it is a complex disease, the number of elements involved is lower

than in other thrombotic pathologies, and the medical, economic and social impact of VT is high and exponentially

growing. VT includes all ischemic disorders caused by the formation of a clot in a vein. Venous thrombosis mainly

localizes in deep leg veins (DVT). PE occurs when clots break off from vein walls and travel through the heart to

the pulmonary arteries. The broader term VT refers to DVT, PE, or to a combination of both of them [8] . Blood

clots may also be formed in other unusual localizations, such as cerebral, retinal, upper extremity, hepatic, portal,

splenic, mesenteric, and renal vein thrombosis [9] .

1.2.2 Thrombotic risk factors

VT is a multifactorial disease that might face up due to a combination of multiple risk factors.

Blood clots affects to everybody at any age, it doesn’t discriminate age, races, ethnicities and it affects both men

and women. However, there are certain factors and situations that may increase the risk of developing blood clots.

The main risk factor for VT is the age. The annual incidence of VT in adults is 1 per 1000 adults, but this rate

increases considerably after the age of 45 years [10, 11] . Thus, thrombotic events in paediatric ages are rare (0.07-

0.14/10,000/year) in contrast to adults; children’s thromboembolism events are associated with additional clinical

factors, which in the majority of cases is central venous catheter, underlined diseases, or thrombophilia (Figure 3)

[12] .
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Figure 3: Evolution of the incidence of venous thromboembolism, deep venous thrombosis and pulmonary

embolism according to age.

In adults there is a higher incidence of venous thrombosis in men than in women. The incidence male to female

age-adjusted ratio is 1.2 to 1. Nevertheless, women have higher risk than men during childbearing periods. Beside

age and sex, there are other factors increasing the risk of thrombosis, which generated a hypercoagulable state that

favours the development of a thrombotic event.

1.3 Thrombophilia

Thrombophilia is defined as an abnormality of the coagulation or fibrinolytic system that results in a hypercoagula-

ble state and increases the risk of an individual for a thrombotic event. It is important to remark that, as thrombosis

is a complex disease, the identification of a thrombophilia in a patient, does not mean an invariable development of

a thrombotic event. Some people with thrombophilia will never develop thrombosis, others remain asymptomatic

until the adulthood, but others have recurrent thrombotic events during their life [13] . Thrombophilias are usually

evaluated in patients with thrombosis meeting any of these criteria:

1) Development of an early thrombotic event. The cut-of age for considering a thrombophilic patient is not well

defined. Some reviews consider 50 years, but others reduce the age of the first thrombotic event to 45 years.

2) Family history of thrombosis.

3) Patients with recurrent thrombosis.

4) Thrombotic events in unusual localizations: cerebral vein thrombosis, arm thrombosis, mesenteric or portal

thrombosis

There are two types of thrombophilia [14] (Table 1 ):

a) Acquired thrombophilia , caused by a factor that appeared only in some moments of the life of a patient. This

group of thrombophilias may be classified in two subgroups:

1) Thrombophilic states. The most important according to the incidence in the population and risk of thrombo-
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Table 1: Main congenital and acquired thrombophilias.

Congenital thrombophilias Acquired thrombophilias

Common Rare Thrombophilic states Prothrombotic agents

FV Leiden AT deficiency AP antibodies Surgery

PT G202010A PC deficiency Cancer (MPN) Pregnancy

ABO PS deficiency HPN OC & HRT

HIT Immobilization

sis are antiphospholipid antibodies. Other thrompophilic states include certain cancers, mainly myeloproliferative

neoplasm (MPN), rare diseases such as paroxysmal nocturnal hemoglobinuria (PNH) or treatments such as heparin-

induced thrombocytopenia (HIT).

2) Prothrombotic agents. The most important agents triggering thrombosis are surgery and trauma, obesity, and im-

mobilization, including long flights. In women, pregnancy and puerperium, oral contraceptives (OC) and hormone

replacement therapy (ORT) also significantly increase the risk of venous thrombosis. Some of these risk factors are

modifiable, other ones not, but understanding them is necessary in order to maximize the prevention of this disease

in high-risk individuals and groups of patients for the correct prevention and treatment [14, 10] .

b) Congenital thrombophilia, caused by a genetic defect. Congenital thrombophilia is present during the whole

life of a carrier and may be transmitted to the next generation. Table 1 shows the main congenital thrombophilias

identified so far. It is important to point out that genetic variants may also be involved in modulating both the

apparition and clinical impact of acquired thrombophilias.

Congenital thrombophilia

As this thesis will be focused on a specific inherited thrombophilia, a detailed introduction of congenital throm-

bophilias will be done.

The search of genetic predisposition to thrombosis started in 1965, when the Norwegian haematologist O Egeberg

described the first haemostatic defect, antithrombin deficiency, in a family with high incidence of venous thrombo-

sis. This study demonstrated the association between the haemostatic defects with the appearance of thrombosis in

family members of different generations, supporting a dominant disorder [15] . In the 70’s new studies evaluating

other thrombophilic families reported new haemostatic defects affecting other natural anticoagulants, protein C and

protein S, also associated to the development of thrombotic events. Some years later, when molecular methods

were available to sequence the gene encoding these anticoagulants, the genetic base of these thrombophilias was

confirmed. These initial molecular studies found mutations in SERPINC1, PROS1 and PROC in patients with

deficiency of these anticoagulants and thrombosis. The fact that most mutations identified were in heterozygous

state and they were very rare, mainly restricted to the studied family, together with the high penetrance of these

mutations make to consider congenital thrombophilia as a monogenic autosomal dominant disorder in the 80’s.

However, only a minor fraction of consecutive patients with venous thrombosis (3-10%) had any of the main con-

genital thrombophilias described. This and the high heritability of the disorder (up to 60% of the susceptibility to

suffer thrombosis is explained by genetic factors [16] , strongly supported the existence of additional prothrombotic

genetic risk factors.

The identification in 1994 and 1996 of two common polymorphisms with functional effects affecting elements of

the haemostatic system that moderately but significantly increased the risk of venous thrombosis changed the view

of the role of genetic factors not only in thrombosis, but in all complex diseases. The first polymorphism described,

impairs the inactivation of FV (FV Leiden p.Arg506Gln) [17] and the second, affecting the ‘3-UTR of F2, the gene

encoding prothrombin, associated with moderately high levels of prothrombin (PT 20210G>A) [18] . A race to
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find new prothrombotic polymorphism started in the 90’s. However, despite the use of massive genotyping methods

such as genome wide association studies (GWAS) involving millions of polymorphisms in thousands of patients

and controls. Only one additional common genetic risk factor with relatively strong prothrombotic effect was con-

firmed, the ABO blood group, which was already associated to VT in the early 60’s!, and only few supplementary

polymorphisms with very mild risk of thrombosis (OR: 1-1.2) have been found [19, 20] .

The development of massive sequencing methods (NGS), which has revolutionized the identification of genetic

defects in other diseases, has only a moderate effect in the identification of new genetic risk factors involved in

thrombosis. Only one recent study finds a new gene STAB2, as potentially involved in VT [21] .

Unfortunately, to date only few new congenital thrombophilias have been described, and their discovery followed

a classical design: the analysis of thrombophilic families who had an aberrant intermediate phenotype that have

guided the search for the associated genetic defect by direct sequencing to the candidate gene. Thus, one throm-

bophilic family with increased FIX activity had a mutation in the F9 gene (FIX Padua) [22] , aberrant prothrombins

with resistance to antithrombin caused by different mutations in F2 have been described in few families from differ-

ent countries [23, 24, 25, 26] , and two thrombophilic families with high FVIII levels caused by a partial duplication

affecting F8 have just been described [27] .

Accordingly, additional genetic defects, both in new genes as well as new genetic defect in classical genes must be

identified, as we are far away to know only a minor fraction of the molecular base of VT [28] .

Finally, a correct diagnosis of congenital thrombophilia is important not only to know the molecular base of a

thrombotic event. The diagnosis of congenital thrombophilias may have clinical usefulness as it may assist the

clinical management of carriers.

While the routinely screening of mild prothrombotic polymorphisms in a clinical practice has been questioned be-

cause their negligible clinical usefulness [29] , the identification of severe congenital thrombophilias may guide the

length of the treatment in symptomatic carriers, and certainly facilitate antithrombotic prophylaxis in asymptomatic

carriers thus reducing the incidence of recurrences or first thrombotic events, respectively [30] [31] .

As antithrombin deficiency is the first and most severe thrombophilia, in this study we will focus on this throm-

bophilic defect.

1.4 Antithrombin

Antithrombin is a natural anticoagulant which plays an important role in the haemostatic system. The first men-

tion to antithrombin was done by A. Schmidt in 1892, who suggested the presence of a plasma cytoglobulin that

prevented blood coagulation. The first person using the term antithrombin was P. Moratowitz in 1905. But the

relevance of antithrombin in haemostasis and thrombosis was launched by the association with venous thrombosis

of a heterozygous deficiency observed by O. Egeberg in 1965 [15] . Since then, we have assisted to a deep charac-

terization of this molecule from a biochemical, molecular, and clinical perspective. We can say that antithrombin is

an old and well-known natural anticoagulant. However, despite more than 55 years of intense search, there are still

many challenges and interesting points that remain still to explore to fully unravel this key anticoagulant.

1.4.1 Biochemical characteristics of antithrombin

Human antithrombin is a hepatic protein of 58 KDa of molecular weight, which is secreted into plasma reaching a

concentration of 150 µg/mL. The half-life of antithrombin in plasma is 65 hours [32] .

Like for many other haemostatic factors, antithrombin levels in plasma show a normal distribution in the general
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population, with a wide range of levels: 70-120%. Factors such as sex, body mass index, oral contraceptives or race,

may affect to antithrombin levels. Furthermore, genetic factors must also play a role in determining antithrombin

levels as revealed by the high heritability of this trait (h= 0.486) [33] .

Human antithrombin has 464 residues, with a signal peptide of 32 aminoacids that during the synthesis in the

hepatocyte, is released by unknown proteases and directs the translation of the protein to the endoplasmic reticulum.

There, the protein is folded and suffer two post-translational modifications: 3 intramolecular disulphide bonds and

N-glycosylation. Antithrombin has four potential N-glycosylation sites (Figure 4).

Figure 4: Structural representation of native human antithrombin. The reactive centre loop is colored in yellow,

and the P1 residue (Arg424) is represented as yellow balls. The Asn that are glycosylated are shown as pink balls,

and Cys involved in intramolecular disulphide bonds are marked as orange balls. The A-sheet is coloured in blue;

the B-sheet in red and the C-sheet in green.

The presence of a serine instead of threonine at position 169 (137 in the mature protein without the signal peptide)

reduces the efficiency of N-glycosylation at the consensus sequence of Asn167 leading to an inefficient glycosy-

lation of that residue. This inefficient N-glycosylation explains the generation of two antithrombin glycoforms in

plasma: alfa, with 4 N-glycans, the major glycoform of antithrombin in circulation, as it represents 90% of total

plasma antithrombin; and beta, with 3 N-glycans (lacking the glycan at Asn167) representing the 10% of plasma

antithrombin (Figure 5). The absence N-glycan at Asn167 increases 6-fold the affinity for heparin [34] . This

explains why, despite being the minority antithrombin glycoform in plasma, β-antithrombin could be the most

relevant regulator of thrombin, particularly in endothelial surface [35] , explaining at the same time, its increased

clearance rate which contributes to the smaller concentration of β-antithrombin in plasma [36] .
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Figure 5: Inefficient glycosylation at Asn167 explain the existence of two glycoforms of antithrombin in

plasma: α with 4 N-glycans, and β with 3 N-glycans.

1.4.2 Antithrombin: a haemostatic serpin

Antithrombin belongs to the superfamily of serpins. The superfamily of serpins (SERine Protease Inhibitors) spans

more than 1,500 proteins [37] that share close molecular, structural and functional similarities to three proteins:

human antithrombin, human α1-antitrypsin and chicken ovoalbumin [38] . The majority of serpins have serine

protease inhibitor activity, although some of them have caspase activity, and some serpins do not have inhibitory

activity [39] . Serpins, particularly inhibitory serpins, play crucial roles as regulators of many different systems,

specifically those based on proteolytic cascades both, inside or outside the cell. Consequently, they play important

roles in different processes such as inflammation, apoptosis, complement, and of course, in coagulation and fibri-

nolysis [40, 41, 42] .

Serpins share a common structure, which is required for the efficient mechanism of inhibition of these proteins.

Most of the serpins, as we have seen in antithrombin, comprise 400-500 residues, a molecular weight of 37-70 KDa

and an amino acid homology of 35% [43] . They are folded in a very conserved tertiary structure with 3 β-sheets

(A-C) and 8 or 9 α-helixes (A-I) with a flexible and mobile exposed loop responsible for the interaction with the

target protease, which is known as Reactive Centre Loop (RCL), being the P1 the residue conferring the specificity

for the targeted protease [44] [45] (Figure 4 ).

The RCL of serpins acts as a protease-specific bait. However, unlike other families of serine protease inhibitors,

which function in a simple way by extending a substrate-like RCL that passively blocks the active center of the

target protease [46] , the RCL cleavage of serpins by target proteases results in inhibition by an unique and extraor-

dinary efficient suicide mechanism that has been compared with a mouse-trap (Figure 6).
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Figure 6: Schematic representation of the inhibition of a target protease (thrombin FIIa in blue) by an-

tithrombin after activation by heparin. When the protease binds the serpin, it cleaves the P1-P1’ bond of an-

tithrombin (red ball). This cleavage triggers a conformational change in the serpin that introduces the cleaved RCL

(yellow) into the central A-sheet. This movement translocates the protease to the other pole of the serpin, forming

new covalent interactions (thrombin-antithrombin complex) that disturb the catalytic activity of the protease. When

the protease binds the serpin, it cleaves the P1-P1’ bond of antithrombin (red ball). This cleavage triggers a con-

formational change in the serpin that introduces the cleaved RCL (yellow) into the central A-sheet. This movement

translocates the protease to the other pole of the serpin, forming new covalent interactions (thrombin-antithrombin

complex) that disturb the catalytic activity of the protease.

Specifically, for antithrombin, the inhibition of target proteases is triggered by proteolytic cleavage of the bound

between Arg-425 and Ser-426 residues (P1-P1’). Moreover, in addition to the specific RCL, antithrombin has an

additional difference compared with other serpins, the RCL of native antithrombin remains partially inserted into

the top of the central A β-sheet (Figure 7) [47] . This native conformation together with the saline bridge between

P1 residue (Arg425) and Glu269 (237 in the mature protein) [48] justify the relative inaccessibility of the target

protease to the P1 residue and so the low anticoagulant activity of the native form of antithrombin. In fact, the

full anticoagulant activity of antithrombin requires the activation of this molecule triggered by heparin and other

glycosaminoglycans.
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Figure 7: Native and active forms of antithrombin. In the native form, the RCL (yellow) is partially inserted into

the central A-sheet, and the P1 residue (red balls) which is interacting with E269 (237 in the mature protein), is not

exposed. Binding of heparin to antithrombin activates this anticoagulant, releasing the RCL and fully exposing the

P1 residue.

The binding of heparinoid molecules to antithrombin occurs at the heparin binding site of the serpin, in which the D

helix plays a key role (Figures 6 and 7) [49] . An initial weak complex with a specific pentasaccharide sequence in

heparin is formed by electrostatic interactions between positively charged residues of antithrombin (mainly arginine

and lysine residues) and negatively charged sulphates of heparin [48] . This interaction causes complex sequential

conformational changes in the serpin. A new turn of the D helix is generated, and the extended D helix closes the

central A-β, which causes the release of the partially internalized RCL. The activation of antithrombin culminates

with the exposure of the P1 lateral chain adopting a more favorable conformation for binding the target serine pro-

tease (Figure 8) [49] [50] [51] .

Figure 8: Sequential conformational changes induced by heparin in antithrombin that result in its activation.

The increased anticoagulant activity of activated antithrombin had great clinical impact and sustained the clinical

use of heparins as potent anticoagulants. Three main types of heparins are available for clinical use: unfractionated
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heparin, with more than 5.400 Da, does not only activate antithrombin, but also form a ternary complex with throm-

bin, increasing the anti-FIIa activity more than 1000-fold. Low molecular weight heparins, are smaller molecules

that only activated antithrombin, thus having a main anticoagulant impact in the inhibition of FXa (300-fold com-

pared with the activity of native antithrombin). Finally, the essential pentasacharide is the smallest heparin able to

activate the anti-FXa activity of antithrombin in a similar way (Figure 9) [52] .

Figure 9: Mechanism of action of heparins with clinical use. Unfractionated heparin (UF), low molecular weight

heparin (LMWH) and the essential pentasacharide (Penta), AT: antithrombin.

Antithrombin needs an extraordinary structural flexibility in order to properly fulfil its inhibitory mechanism. How-

ever, this flexibility also makes antithrombin susceptible to suffer conformational changes that inactivates its anti-

coagulant activity. The native conformation of antithrombin, with the RCL partially inserted makes antithrombin

much more sensitive than other serpins to even to minor structural changes that could potentially result in a miss-

folded conformation or inactive forms. Thus, in the normal native state, antithrombin contains a 5-strand β -sheet

(β -sheet A) and a surface-exposed RCL (bridging the C-terminus of strand 5A to the N-terminus of strand 1C).

However, this conformation is not the most stable. An astounding increase in thermodynamic stability (best esti-

mate 32 kcal mol-1) [53] can be achieved through the incorporation of the RCL into β-sheet A, triggered through

extension of strand 1C, to form the so-called latent conformation, a relaxed conformation which is not obviously

inhibitory (Figure 10). The identification of up to 5% of plasma antithrombin in a latent conformation has suggested

that this transformation could be a consequence of the senescence of the native molecule [54, 55] .

13



Chapter 1. Introduction

Figure 10: Conformations of antithrombin. The structural and functional characteristics of these conformations

are also shown.

Moreover, the cleavage of the RCL by non-targeted proteases, such as elastase, induces the insertion of the cleaved

RCL into the central A-sheet, generating a new relaxed conformation (cleaved antithrombin), that also has no anti-

coagulant activity. Both, latent and cleaved antithrombin had low heparin affinity (Figure 10).

Finally, as other serpins, the RCL of antithrombin may also be inserted into the central A sheet but from other

molecule, leading to the formation of polymers, which usually are formed intracellularly during abnormal folding,

and are not secreted (Figure 10 ) [56] . Mutations of certain residues involved in the folding to the native confor-

mation of antithrombin may facilitate or induce the transition to the latent or polymer conformation, with obvious

pathogenic consequences [57] .

1.4.3 Antithrombin functions

In addition to its key role in coagulation, antithrombin has also been described to play other biological functions.

The relaxed conformations of this molecule (cleaved or latent) have strong anti-angiogenic activity [58] . Besides,

a potent anti-inflammatory activity has also been tightly associated with its heparin-binding domain [14] . An an-

tiviral activity of antithrombin has been suggested [59], and recently, a key anti-bacterial activity of antithrombin,

particularly the beta glycoform, has been demonstrated [60] . Finally, our group has found evidences suggesting a

potential anti-apoptotic and anti-tumoral role of antithrombin [61, 62] .

1.4.4 Genetics

SERPINC1, the gene encoding antithrombin (GenBank X68793.1, OMIM # 107300) is located at chromosome

1q23-25.1, coordinates: chr1:173,903,519-173,917,378 (hg38) in minus strand. SERPINC1 comprises 7 exons,

encompassing 13.5 Kb of genomic DNA (Figure 11).
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Figure 11: Localization and organization of the SERPINC1 gene in chromosome 1. Repetive elements are also

shown.

The promoter region of this gene is largely unknown. The promoter lacks TATA element and GC-rich regions

[63, 64, 65] . Only few studies have screened for potential regulatory elements in SERPINC1, most of them using

deletional analysis and reporter or DNase I footprint assays. These studies have identified few regions potentially

involved in the transcriptional regulation of this gene. The analysis of cases with moderate antithrombin deficiency

allowed our group to identify regulatory mutations in introns of SERPINC1 [66, 67] .

The genetic diversity of SERPINC1 is also remarkable by the low genetic variability described in general pop-

ulations. So far, only 267 polymorphisms have been identified in SERPINC1, most of them located in introns,

and therefore with functional consequences unknown for most of them. Our group has described that a single nu-

cleotide polymorphism (SNP), rs2227589, located in intron 1 explains up to 7.2% of the interindividual variation of

antithrombin [68] . The search for new genetic factors associated with the interindividual variability of antithrom-

bin, must continue by evaluating other SERPINC1 polymorphisms, and other genes that may influence indirectly

to plasma levels or the anticoagulant function of this key haemostatic molecule. Interestingly, a high number of

SINE (short interspersed element) and LINE (long interspersed element) repetitive elements are present in and sur-

rounding this gene (Figure 11 ). These repetitive elements SINE and LINE are retrotrasposable DNA sequences

or mobile DNA which accounts almost half of the human DNA sequence and are spread throughout the genome.

These elements are colloquially known as “jumping genes” due to their ability to jump and move over the genome.

Retrotransposable elements are copied into RNA, and then copied back into DNA, which is then integrated in the

genome. Mobile DNA has been instrumental in shaping the structure, function, and evolution of the human genome

[69] .

1.5 Antithrombin deficiency

As previously described, the potent and wide inhibitory mechanism of antithrombin explains the key haemostatic

role of antithrombin, and therefore, why even moderate reductions of antithrombin activity increase the risk of

venous thrombosis [70] . Moreover, congenital antithrombin deficiency, which may be considered when the an-

ticoagulant activity of one patient is below the lowest value found in the general population, usually < 80% of

a reference plasma generated pooling plasma of more than 100 healthy subjects, is the strongest inherited throm-
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bophilia, that increases between 10 to 50 fold the risk of thrombosis at any age (Figure 12).

Figure 12: Risk of thrombosis according to age in different congenital thrombophilias.

The strong risk of thrombosis associated to congenital antithrombin deficiency also explains by this was the first

inherited thrombophilia described more than 55 years ago (Figure 13).

Figure 13: Risk of thrombosis according to age in different congenital thrombophilias.

Finally, another indicator of the relevance of antithrombin, is the lethal consequences of the complete absence of

this anticoagulant. Knock out (KO) animal models associate with embryonic lethality [71] . No patients with

very low levels of antithrombin due to congenital defects have been described and only few homozygous for mild

deficiencies have been described [72] . Our group has recently described the first severe compound antithrombin

deficiency in a dead human embryo [73] . However, as we will see in this study, the clinical impact of antithrombin

deficiency is quite wide, from very mild, to severe clinical phenotype revealed by early (pediatric), recurrent and

even lethal thrombosis.

As for the general population, and all congenital thrombophilias, age also increase the risk of thrombosis in pa-

tients with antithrombin deficiency, but this is the congenital thrombophilia most sensitive to age, and up to 60% of

patients with antithrombin deficiency older than 60 years have developed a thrombotic event (Figure 12 ) [30].
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1.5.1 Types of antithrombin deficiency

Antithrombin deficiency may have two different causes: acquired or congenital. External factors affecting the syn-

thesis, secretion, or consumption of antithrombin may cause an acquired antithrombin deficiency. Among these

factors, we remark some drugs, such L-asparaginase [74], and some pathogenic conditions such as severe trauma,

the thrombotic event that cause consumption of this anticoagulant, or liver diseases such as cirrhosis, that signifi-

cantly impairs its synthesis [75]. Acquired antithrombin deficiency is a transient disorder, and normal levels may

be reached once the factor disappears. Congenital antithrombin deficiency is, in most of cases, maintained during

the whole life of the patient since it is caused by genetic defects. Most of genetic defects causing antithrombin

deficiency affect the coding gene SERPINC1. However, it is important to point out that other gene defects may also

cause antithrombin deficiency, as indicated latter.

Classically, two types of congenital antithrombin deficiency are defined according to the levels of the mutant an-

tithrombin detected in plasma (Table 2 ).

Table 2: Characteristics of different types of antithrombin deficiency Characteristics of different types of an-

tithrombin deficiency

Plasma antithrombin

Anticoagulant activityType Subtype

Heparin cofactor activity Progressive activity
Antigen Heparin affinity (CIE)

Gene variants

I 40-60% 40-60% 40-60% No Nonsense, frameshift, splicing, gross gene defects, missense, small INDEL

II RS 40-60 40-60 80-100 No Missense (Mainly in the RCL)

II HBS 40-60 80-100 80-100 Yes Missense (Mainly in the heparin binding domain)

II PE 40-60 40-60 80-100 Yes Missense (Mainly in the C-sheet)

• Type I deficiency (quantitative deficiency). Antithrombin in plasma showed reduced levels (around 50% of the

levels detected in reference plasmas) and similar reductions in anticoagulant activity (around 50%). Type I an-

tithrombin deficiency is easily explained by nonsense, frameshift, or splicing mutations, as well as large deletions

of the SERPINC1 gene. Interestingly, up to 26 missense mutations associate with type I deficiency. Type I defi-

ciency is usually severe and very rare in the general population.

• Type II deficiency (qualitative deficiency). This type of deficiency is considered when the variant protein is

synthesized and secreted to the plasma with a normal or slightly reduced rate, but they can be detected at least

by antigenic methods as the molecule is functionally defective. Type II are usually the consequence of missense

single amino acid changes. There is a wide clinical heterogeneity among carriers of a type II deficiency, from very

mild to very severe defects [75] . Within type II deficiency, three subtypes can be distinguished according to the

functional defect, which is usually also associated with the location of the pathogenic mutation and the functional

defect (Figure 14):

a) IIa or reactive site (RS), when the variant antithrombin has impaired reactivity with the target protease or the

inhibition process is not effective, and the stoichiometry of the inhibition is higher than 1. Most mutations causing

this deficiency affect residues of the RCL, but not all, as recently described by our group [76] .

b) IIb or heparin binding site (HBS), if the mutation, usually located at the heparin binding domain, disturbs the in-

teraction of heparin to antithrombin or the activation induced by this binding. Type II HBS deficiency had impaired

anticoagulant activity in assays with heparin (heparin cofactor activity) but nearly normal activity in assays without

heparin (progressive activity).

c) IIc or pleiotropic (PE), when the mutation affects both the reactivity and heparin affinity. In a recent manuscript

with my authorship, our group showed evidences supporting that mutations causing type II PE deficiency induce or

cause the transition to the latent conformation, the ideal pleiotropic form, as it has no reactivity and has low heparin

affinity [77] .

17



Chapter 1. Introduction

Figure 14: Localization in the three dimensional structure of antithrombin of mutations described in SER-

PINC1 causing all type II deficiencies. Variants associated to type II RS are shown in red, those associated to type

II HBS are shown in green and those associated to type II PE are shown in cyan.

Most cases with antithrombin deficiency are caused by mutations in SERPINC1. In the free access version of

the Human mutation database (HMDG) (last access January 2021) there are 352 different mutations described in

SERPINC1 and identified in patients with antithrombin deficiency. Most of them (90,6%) are point mutations or

small INDELs (affecting less than 50 bp). Only 34 gross genetic variants (9,7%) have been reported in SERPINC1

as causal of antithrombin deficiency 15). As antithrombin is a dominant negative disorder, most cases have het-

erozygous mutations. Homozygous mutations have only been detected for mild type II variants such as the type

II HBS Budapest 3 (p.Phe131Leu), or Toyama (p.Arg79Cys) variants. These homozygous variants have very high

risk of thrombosis and thrombotic events are usually very early and recurrent [78] . Our group has also identified

homozygous carriers of antithrombin Cambridge II (p.Ala416Ser) a mild type II RS deficiency [79] and Dublin

(p.Val30Glu) a defect that only shows its pathogenic effect under stress conditions [80] . Compound heterozygous

are very rare and usually associate with very severe thrombosis [81] and we have recently described, in a paper in

which I am coauthor, the first compound heterozygosis identified in a natural abortion [73] the first evidence of the

lethality of very severe deficient states in humans.

Most mutations have pathogenic consequences by a loss-of-function mechanism affecting both, the levels or func-

tion of the variant. However, there are mutations that also cause a dominant negative effect. The best example is

antithrombin London, a type II RS deficiency caused by the deletion of Arg425. The loss of function caused by

this mutation is obvious as this residue is P1, crucial for the inhibitory function of antithrombin. Accordingly, this

variant that is secreted normally to the plasma, but it has no anticoagulant activity at all. Interestingly, this deletion

also significantly increases the heparin affinity of the variant. Thus, under low concentrations of heparin, the cofac-

tor is bound to the inactive variant, which avoids the efficient activation of the wild-type molecule in heterozygous

carriers [82] . We have also identified variants that get a dominant negative effect by a different conformational
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Figure 15: Proportion of different types of SERPINC1 mutations in patients with antithrombin deficiency.

mechanism, as the mutation facilitates polymer formations that may also incorporate wild type monomers [83, 84] .

Finally, we suspect that certain mutations in addition to the loss of function may get a gain of function with potential

pathogenic consequences. The best example is the mutation affecting the initiation codon (Met1). The proposed

missense change, for example we identified the p.Met1Ile mutation, never takes place, as the ribosome does not

start the translation at the mutated codon, but continues the scanning of the RNA to find downstream alternative

initiation codons. The result, as demonstrated by our group in a recombinant model, is a smaller protein lacking the

signal peptide, that does not enter in the endoplasmic reticulum and thus it is not glycosylated, and is not secreted.

The functions of this aberrant cytoplasmic molecule are unknown, but could gain a new prothrombotic function as

it has been identified in the probably most severe family with antithrombin deficiency we have ever studied [85] .

However, despite the high number of variants reported in SERPINC1, up to 20% of patients with antithrombin

deficiency are still without molecular base. This could be due to the presence of other variants not detected by cur-

rent diagnostic methods. Regulatory elements of SERPINC1 or SVs affecting introns are good candidates as these

regions are not routinely tested by sequencing or Multiplex Ligation-dependent Probe Amplification (MLPA). But

other genes could also be involved in antithrombin deficiency. In fact, our group has reported that disorders of N-

glycosylation explain up to 5% of cases with antithrombin deficiency [86] since a correct N-glycosylation is crucial

for an efficient folding and intracellular traffic. Our preliminary results show that hypoglycosylated molecules are

less efficiently secreted.

1.5.2 Diagnosis

Diagnosis of antithrombin deficiency relies on the classical functional, biochemical and molecular analysis, as for

all severe thrombophilic states [87] . First, it requires demonstration of low plasma antithrombin activity; below

normal range: <80% by using a functional assay, usually anti-FXa in the presence of heparin [88] . A correct

diagnosis of antithrombin deficiency requires a positive functional finding in more than one sample, which never

must be collected during or close to the thrombotic event. After that, characterization of the type of deficiency

usually requires from additional biochemical analysis (progressive activity, antigen values and heparin affinity).

Finally, genetic analysis for identification of a pathogenic variation in SERPINC1, which is only done by few

reference centers, is not only confirmatory but may supply additional information that might facilitate the clinical

management of the patient [88] .
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Molecular analysis of cases with antithrombin deficiency usually starts by Sanger sequencing the 7 exons and

flanking regions of SERPINC1, as this approach, which is fast and cheap, get positive results in 70% of cases.

Only MLPA is done in cases with negative results. Figure 16 shows the diagnostic algorithm recommended for an

accurate diagnosis of antithrombin deficiency.

Figure 16: Current algorithm for the diagnosis and characterization of antithrombin deficiency.

Testing of antithrombin deficiency has clinical usefulness. First, a positive finding allows the use of a specific

treatment: a substitutive therapy with concentrates of plasma or recombinant antithrombin [1] . Moreover, diag-

nosis of antithrombin deficiency has been demonstrated to be useful in: 1) symptomatic patients to prolong the

anticoagulant treatment aiming to avoid recurrence and 2) asymptomatic family members of a proband with known

congenital antithrombin deficiency, for thromboprophylaxis under risk situations aiming to avoid the first event.

However, some authors still show some concerns about the diagnosis of any thrombophilia, including antithrombin

deficiency, particularly who must be screened and when the screening must be done. These questions are especially

controversial for the diagnosis of antithrombin deficiency in children, and the prenatal diagnosis of this disorder

[29] .

1.6 Sequencing technologies

Watson and Crick, in 1953 began the revolution of DNA understanding by solving the three-dimensional structure

of DNA working from crystallographic data produced by Rosalind Franklin and Maurice Wilkins [89] , which al-

lows the knowledge of DNA replication and encoding protein in nucleic acid. However, it wasn’t until 1968 when

Wu and collaborators resolved the first DNA sequence: 12 bases of bacteriophage lambda [90] . This was the first

step of a race to unravel the human genome. A race that was slow during the first decade. In 1973, Gilbert and

Maxam were able to report 24 bases of the lactose repressor binding site. This study took two years, one base per

month! [91] . The development of two methods that decode hundreds of bases in an afternoon transformed this

field in around 1976 and accelerated the rhythm of advances of DNA sequencing technologies. These two methods

were the chain terminator procedure developed by Sanger and Coulson and the chemical cleavage procedure devel-

20



Chapter 1. Introduction

oped by Maxam and Gilbert giving rise to what now we know as “First Generation Sequencing”. This brought to

different important milestones in sequencing methods that are shown in figure 17 which, as we can observe, in the

last years the technology has been growing faster [92] .

Figure 17: Main hits of molecular studies that have allowed a fulgurate progression of molecular medicine.

An important hit for sequencing technologies was the Human Genome Project, which was published in 2001. This

huge multicentric project involved 20 research institutes from 6 different countries and required thirteen years to

have a first detailed draft of the human genome [93] . The completion of the Human Genome Project revealed

the need of greater and advanced technologies to answer complex biological questions that arose; however, limited

throughput and the high costs of sequencing remained major barriers.

Some of these advances were reached soon: the development of DNA polymerases that generate longer amplicon

sizes (generated by Invitrogen SequalPrep, AccuPrime, TaKaRa PrimeSTAR GXL, LA Taq Hot Start, KAPA Long

Range HotStart and QIAGEN LongRange polymerized chain reaction (PCR) I Polymerase, among others). These

enzymes could amplify up to 15 Kb or longer genomic DNA. Long-range PCR (LR-PCR) arrived as a flexible, fast,

efficient and cost-effective choice for sequencing candidate genomic regions in a small number of samples [94] .

In the mid-2000s, the release of the first truly high-throughput sequencing, the so called “Second or Next Gen-

eration Sequencing” platform heralded a 50,000 fold drop in the cost of human genome. Over the past decade,

NGS technologies have continued to evolve — increasing capacity by a factor of 100–1,000 — [95] and have

incorporated revolutionary innovations to tackle the complexities of genomes. Finally, some years ago, in 2012

arrived the next step: “Third generation sequencing” with the capacity to sequence real-time and single-molecule

without breaking the DNA nor amplifying it, as it was done with previous techniques. The first companies with

this approach were PacBio, a company that developed a technique based in a polymerase-mediated synthesis in real

time, and Oxford Nanopore Technologies (ONT), a company that generated a technology based on the change of

ion potential generated by the pass of nucleic acids through nanopores.
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1.6.1 Use of sequencing technologies

The sequencing technology of election will depend on the objective and the expected results for each study, in

order to adjust the cost-effectiveness of them. Here we are going to focus on the technology used to this project:

the diagnosis of antithrombin deficiency.

Despite the huge improvement on sequencing technologies, Sanger sequencing is still the gold standard method of

election for the molecular analysis of cases with antithrombin deficiency. This is because the gene is small, and

only 7 small PCRs cover all coding exons and flanking regions with a small cost (around 60C). Moreover, this

method can detect the genetic defect responsible for the deficiency in up to 70% of cases. Regarding more complex

diseases such as hereditary cancer when a panel of genes are needed to study, or when a high depth is needed,

NGS is the method of choice. The technical sensitivity and specificity of the assay are paramount as clinicians

use results to make important clinical management and treatment decisions [96] . Sanger Sequencing is also the

method used to validate results from NGS sequencing. However, there is nowadays a significant debate within

the diagnostic community regarding the necessity of Sanger validation, some experts say that Sanger sequencing is

useful to confirm and define INDELS detected by NGS, but confirmatory analysis with this technique is unnecessary

[97, 98] , others still see the necessity of Sanger validation due to the false positives obtained by NGS techniques

[99, 96] .

Nowadays, whole exome sequencing or even whole genome sequencing is increasingly used as a primary tool for

diagnosing Mendelian disorders, and probably these methods will be used routinely in a near future to get the

genetic ID of each patient in order to get a much more accurate diagnosis. Indeed, even for monogenic diseases

as antithrombin deficiency, other genetic factors may modulate the consequences of a mutation in the main coding

gene.

1.6.2 Technologies for structural variants detection

Special mention is needed to talk about structural variants (SV) and their detection. Particularly since SV are also

be involved in antithrombin deficiency. SV are genetic defects that affect >50 bp, showing a change in copy number

or genomic location. SVs include copy number variants (CNV); deletions and duplications, insertions, inversions,

translocations, mobile elements, repetitive sequence expansions, and complex combinations (Figure 18 ).

Figure 18: Types of structural variants.

SVs contribute ∽3.4 times more nucleotides to human genetic variation than the far more numerous single nu-

cleotide variats (SNV) [100] . Moreover, a SV has more likely possibility to be pathogenic than a SNV [101] .
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Indeed, SVs have been associated with many diseases, both germ line and somatic.

The accurate detection of SVs is a challenging task for short read sequencing. Different methods not providers of

sequence have been developed all over the years, such as cytogenetics, developed in 1960, detecting Philadelphia

chromosome for the first time. The use of advanced fluorescence in situ hybridization (FISH) developed in the

1980s, allows the further identification of chromosomal alterations that are unresolved by the karyotyping methods

[102, 103] .

In 2001, different approach appeared: genome-wide array-based comparative genomic hybridization (CGH array)

analysis of genomic DNA [104] . Its implementation to clinics together with SNP array, enable Genome-wide de-

tection of copy number changes in a high resolution, and therefore microarray has been recognized as the first-tier

test for patients with intellectual disability or multiple congenital anomalies. These two techniques are based on

comparative hybridization of different probes around the genome comparing controls and patient’s samples. They

have a practical resolution of 50-2000 Kb allowing the detection of CNV [105] . Finally, gains or loss of genetic

material targeted to specific locus can be assessed by MLPA. This method utilizes probes, each specific for a differ-

ent DNA sequence (mainly exons of a specific gene of interest), to evaluate the relative copy number of each DNA

sequence compared to controls [106] .

However, despite improvements in genomic technologies that we have reviewed, characterization of SVs remains

challenging and the full spectrum of SVs is not achieved by routine methods used in the clinic such as FISH,

karyotype, CGH array or other targeted sequencing approaches. Third generation sequencing, recently developed

seems to be the most suitable and complete method to fully characterize SV, at a nucleotide resolution. Long

reads, which can span repetitive or other problematic regions, allow the identification and characterization of SVs

[107, 108, 109].

1.6.3 Third Generation Sequencing

As we have seen, the recent arrival of Third Generation Sequencing has been revolutionary for genome sequencing.

In this thesis we have applied nanopore sequencing (ONT, Nanopore Sequencing Technologies) to analyze some

particular cases with antithrombin deficiency.

Nanopore sequencing is based on the change of the current flow triggered by the DNA molecule when it passes

through the nanopore. This pattern or magnitude is observed and characterized and informatically translated to

“bases” or basecalled (Figure 19 ).

Figure 19: Representation of the disruption of ionic current caused by the pass of the DNA strand through

the nanopore.
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The principal advantages over the existing technologies are: that is a real-time and single-molecule sequencing, it

generates very long-reads (the length is only dependent on the fragment of the DNA sample), it doesn’t require

DNA manipulation and it can be done in handle devices. The current MinION device only weighs 90 g, measuring

only 3.3 × 10.5 × 2.3 cm in size, fitting in the palm of one’s hand (Figure 20). The cost of the device is also much

lower compared to other massively parallel sequencers. The initial cost being only around $1,000, including the

device and initial set of reagents. Further nanopore sequencing devices have been developed, being the last one the

PromethION, where a single flow cell can yield 50-100 Gb (typical yield of MinION system is 5-10 Gb) and 24

flow cells can be run in parallel. The cost of PromethION is $195,455 with the initial reagents [110, 111] (Figure

20) .

Figure 20: Different devices for nanopore sequencing developed by Oxford Nanopore Technologies indicating

estimated costs and uses.

Derived from the very long reads (up to 2.3 Mb) of DNA without manipulation, several applications can be achieved

for nanopore sequencing:

1. This method enable de novo genome assembly without preparation of complex mate-pair libraries typically

required with short read sequencing.

2. Long reads are also useful to determine sequences of genomic region containing long repetitive sequences,

which is difficult with short read sequencing.

3. Long reads also allow the study of SVs within the genome [109] . The nucleotide-level resolution achieved

also facilitates the design of primers for PCR validation.

4. The detection of the ionic current changes shifted by the nucleotides passing through the nanopore is not

limited to the canonical four nucleobases of adenine, guanine, cytosine, and thymine.

5. Taking advantage of the nature of unamplified direct sequencing, nanopore sequencing can directly observe

base modifications such as methylation [112, 113] , and even direct sequencing of RNA molecules containing

uracil bases [107] .

Consequently, many applications have been developed for this technology such as: targeted sequencing (with PCR
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products or CRISPR-Cas9), direct RNA sequencing, cDNA sequencing, metagenomics. . . Besides, further studies

can be achieved with informatic analysis of these sequences: epigenetics, phasing variants even for DNA, or RNA

reads.

The largest limitation of the nanopore sequencer is the comparatively lower read accuracy when compared to short

read sequencers, especially for INDELS. Because insertions and deletions are included in the errors, nanopore reads

per se are not optimal for SNV detection. However, it has been demonstrated that, with high coverage reads SNV

genotyping with nanopore sequenced reads [114, 115] .
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2.1 Hypothesis

Although antithrombin deficiency is the most severe thrombophilia and it has been widely studied during the last

55 years, there is a significant clinical heterogeneity that must be explored. Moreover, the real incidence and

characteristics of structural variants causing this disorder is largely unknown. Finally, up to 25% of patients with

antithrombin deficiency still don’t have molecular diagnosis. Novel molecular methodology may complement the

information obtained by current technology used in the routine diagnosis particularly to identify and characterize

structural variants. We think that the analysis of a large cohort of patients with antithrombin deficiency may identify

elements involved in the severity of the disease. Moreover, the selection of patients with particular features could

help to identify new mechanisms and characterize structural variants involved in this disorder.

2.2 Objectives

The main objective of this project is to gain new information concerning the most severe thrombophilia, congenital

antithrombin deficiency, by the analysis of a large cohort of patients with this disorder and using novel molecular

methods. We aim to assess the different factors determining the clinical impact of antithrombin deficiency and to

explore new mechanisms and variants involved in antithrombin deficiency.

2.2.1 Specific objectives

For those aims, we have these specific objectives:

1. Clinical impact of antithrombin deficiency.

• To evaluate the severe impact and features in patients with antithrombin deficiency and pediatric throm-

bosis.

• To study a variant of low severity and wide spreading, p.Thr137Ala, responsible for antithrombin defi-

ciency.

2. New molecular defects involved in antithrombin deficiency.

• To analyse of structural variants in antithrombin deficiency.

• To implement new technologies to discover new variants involved in antithrombin deficiency.
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3.1 Patients

In this study, the following cohorts of patients and controls have been included:

1. A cohort of 398 index cases with antithrombin deficiency consecutively recruited during a period of 26 years

(from 1994 to 2020) in a reference center for this disease in Spain. Additional studies were done in 488

relatives with antithrombin deficiency.

2. A similar cohort of 278 index cases with antithrombin deficiency consecutively recruited by a reference

center from Belgium during 30 years (from 1990 to 2020). Family studies were done in 156 relatives,

carriers of antithrombin deficiency. In this cohort, a specific study was conducted in 12 patients carrying a

specific SERPINC1 defect, the rs2227606 polymorphism. For this study, a control population consisting of

100 healthy subjects of African ancestry was randomly collected in Belgium.

3. Additional 9 patients with antithrombin deficiency caused by SVs, detected by MLPA, from Finland and

French origin were included in this study.

For these patients, the disease history was evaluated to find possible risk factors for thrombosis, such as oral contra-

ceptives, pregnancy, complicated delivery, bad pregnancy outcome, obesity, immobilization, infection, surgery and

trauma. Information about antithrombotic therapy and family history of venous and arterial thromboembolism was

also collected. Besides anti-FXa activity of antithrombin, laboratory data from additional thrombophilic parame-

ters (protein C activity, free protein S antigen, resistance to activated protein C, Factor V Leiden and prothrombin

G20210A mutation) were collected when available. Thrombotic events were objectively diagnosed and confirmed

by experienced radiologists through established imaging procedures such as Doppler-ultrasonography, computed

or magnetic resonance tomography for venous thrombosis and spiral computed pulmonary angiography or lung

perfusion scintigraphy for pulmonary embolism.

All patients gave their informed consent to enter in the study which was performed in accordance with the Decla-

ration of Helsinki and approved by the Ethics Committees of the Hospital Universitario Reina Sofia (8/2013) and

the “Universitair Ziekenhuis Brussel”.

3.2 Blood sampling and DNA purification

Blood samples were collected long after the acute event and in absence of any anticoagulant treatment. Blood were

obtained by venopuncture collection into 1:10 volume of trisodium citrate. Platelet poor plasma fractions were

obtained (within 5 min after blood collection) by centrifugation at 4ºC for 20 min at 2200xg and stored at -70ºC.

Genomic DNA was purified by the salting out procedure and stored at -20ºC.

3.3 Antithrombin levels

Antithrombin anti-FXa activity was determined in citrated plasma by chromogenic methods following the manu-

facturer’s instructions (HemosIL Antithrombin, Werfen, Barcelona, Spain and Innovance Antithrombin, Siemens,

Marburg, Germany) [74] and Biophen AT anti-FIIa (Hyphen Biomed, Neuville-sur-Oise, France). Innovance assay

contains human FXa while HemosIL Liquid AT contains bovine FXa. Biophen AT anti-FIIa uses bovine FIIa [116].

In specific studies (Chapter 4.1.2: “Antithrombin p.Thr147Ala: The First Founder Mutation in People of African

origin Responsible for Inherited Antithrombin Deficiency”), antithrombin activity was measured with varying in-

cubation times or after heat incubation of plasma, using the anti-FXa-based assay from HemosIL Antithrombin
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(Werfen). For all chromogenic assays, after adding the chromogenic substrate, the absorbance was measured at

405 nm with a plate reader (Synergy HTX,Biotek; Multiskan FC instrument; Thermo Fisher Scientific, Waltham,

United States). Reactions were performed in triplicate.

Antigen levels were measured by rocket immunoelectrophoresis and/or ELISA. For both parameters, activity and

antigen levels, values were expressed as a percentage of the result observed in a pool of citrated plasma from 100

healthy subjects. Heparin affinity of plasma antithrombin variants was evaluated by crossed immunoelectrophoresis

(CIE) in the presence of heparin, as described elsewhere [54] , but we used two different ionic strength conditions:

150mM (physiological) and 0.8M NaCl.

Polyacrylamide gel electrophoresis (PAGE) was performed using both native (with and without 5M urea) and de-

naturing conditions, as previously reported [55] . Proteins were transferred to PVDF membranes and antithrombin

was detected by Western Blot using a polyclonal anti-human antithrombin antibody (A9522, Sigma-Adrich). The

conditions for Western blot analysis have been described elsewhere [117] .

3.4 Genetic analysis of SERPINC1

3.4.1 Sanger sequencing

PCR covering the 7 exons and flanking regions of SERPINC1 was done in all patients using LongAmp® Taq

DNA Polymerase (New England Biolabs, US). Primers used are described in table 3 . PCR products were purified

and sequenced with ABI Prism Big Dye Terminator v3.1 Cycle sequencing kit and resolved on a 3130xl Genetic

Analyzer (Applied Biosystems, Spain). Comparison with the reference sequence (GenBank accession number

NG 012462.1) was performed with SeqScape v2.5 software (Applied Biosystems, Spain).

Table 3: SERPINC1 primers covering the 7 exons and flanking regions, and the primers designed to specifi-

cally amplify the duplication of exon 6 in tandem.

Method Exon Primers 5’-3’ Localization PCR size

CTCTGGAACCTCTGCGAGA NG-012462.1:5017-5035
1

GAAAGCTCACCCCTCTTAC NG-012462.1:5193-5213
197

TGCAGCCTAGCTTAACTTGGCA NG-012462.1:7422-7443
2

GGTTGAGGAATCATTGGACTTG NG-012462.1:7890-7911
500

TGTGCTCACCACCCATGTTA NG-012462.1:10297-10316
3

ATGCTGTTTCTCCACCTCCT NG-012462.1:10637-10656
320

AAGCCAATTGAATAGCACAGG NG-012462.1:11438-11458
4

AAGGGGGTAAGCTGAAGAG NG-012462.1:11669-11687
210

TGTGTTCTTACTTTGTGATTCTCT NG-012462.1:12408-12431
5

AAGGGAGGAAACTCCTTCCTAG NG-012462.1:12834-12855
402

TTCTCCCATCTCACAAAGAC NG-012462.1:14825-14844
6(6F/6B)

CATGCATCTCCTTTCTGTACC NG-012462.1:14957-14977
153

TTCTCCCATCTCACAAAGAC NG-012462.1:14825-14844
New 6 (6F/6B2)

CCACAGGCCTGCTATAATACAG NG-012462.1:15035-15056
232

CTGTGGATGATTTACCTGCC NG-012462.1:18244-18260

PCR-sequencing

7
GCCCCAATAGCATGTTTCCCC NG-012462.1:18612-18632

351

Specific amplifications A specific set of primers were designed for the detection of potentially all tandem duplica-

tion of exon 6 (Table 3).
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Moreover, for validation of different SVs and retrotransposon insertion, specific primers covering the breakpoint

were designed (Table 4).

Table 4: Specific set of primers used to validate structural variants detected by nanopore in Chapter 4.2.4:

“Dissection of structural variants involved in antithrombin deficiency”. IDs are named in Chapter 4.2.4 *

Specific sequence present only in inserted SVA sequence of patients P37-39. *** Size of the WT too large for

possible amplification.

ID validation Orientation Primers 5’->3’ Genomic localization Size MUT (bp) Size WT (bp)

F CCAGGGATCAAACTCAGAGGAAAGTGG 1:173905956-173905983
P37-P39

R GGCACCATTGAGCACTGAGTG *
420 ***

F CTCAGGGTTAGATGGATTAAGG *
P37-P39

R GGTTACTGGGTAAAGAACAACTTGAAGG 1:173903702-173903730
2,500 ***

F CCCACACAACTCTCTCTTGCTCAGCC 1:173926009-173926035
P6

R GAGGGCTCCGCAGTCTAATGTTTCAG 1:173879530-173879556
287 46,505

F CCAATCAAATACCTGACAGTTTCTGACC 1:174816582-174816611
P3

R ATGAGGCTCACATATACAGACCTCACC 1:173847777-173847804
493 ***

F AGTTTTGTTAGGCGAATCACAGCAGGG 1:173908135-173908163
P24

R TCCATCCAGAAGGAACATCTTTCTTTCC 1:174103370-174103397
535 195,262

F CGCAGGAACCATAAACCAGCTGGAGG 1:173908135-173908163
P20

R TCCATCCAGAAGGAACATCTTTCTTTCC 1:173916233-173916259
838 8,124

F CTCATTTAAGTTTTACTGTCCAGTTTAGG 1:174849313-174849342
P2

R ATGACATGCTTCATCCAACAGAAAGACC 1:172981159-172981187
6200 ***

F TTCCTAGTGCTCATCAGCGGTTTTAGG 1:173935758-173935786
P25

R AGGTGGCTGGGCAGAAGACCTTTGG 1:173914521-173914546
2,157 21,265

F CCTGCTTCTGAAAGTGCTGTAGTTACAG 1:173950319-173950347
P7

R GTTGATGCTGAACAATGCCTTACTCTCC 1:173850510-173850538
575 99,837

In silico analysis of splicing In silico prediction of potential effects of a gene variation on the splicing was evaluated

with the Human Splicing Finder (HSF, version 3.1) software[118] . In silico prediction of protein translated was

performed with Translate tool in ExPASY Bioinformatic Resource Portal (Swiss Institute of Bioinformatics).

3.4.2 NGS PGM

Next-generation sequencing of the whole SERPINC1 gene (13,810 bp) was done using Ion Torrent technology

small amplicons covering up to 95% of the whole SERPINC1 gene were sequenced in a Personal Genome Machine

(PGM) equipment essentially as described previously [119] .

3.4.3 LR-PCR and NGS ILLUMINA

The whole SERPINC1 gene was amplified by four overlapping LR-PCR, using primers and conditions indicated in

Table 5 and represented in Figure 21 . PCR amplicons were visualized in agarose gels and were equimolarly mixed

in a single tube in a total amount of 250 ng.

Subsequently, the libraries were fragmented and the adapter and barcodes were ligated using the NGSgo protocol

(GenDX, Utrecht, Netherlands) following the manufacturer’s recommendations. Resulting libraries were combined

and sequenced on a MiSeq platform (Illumina, San Diego, CA). After sequencing, barcoded sequences were de-

multiplexed and analyzed individually. The paired sequence files (fastq format) were used as input for analysis with

the CLC Genomic Workbench v.11 software (Qiagen, Aarhus, Denmark) and analyzed using InDels and Structural

Variants tool.
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Table 5: Oligonucleotides, conditions and length of for LR-PCR productsamplification of SERPINC1. The

primers used to verify the deletion of intron 1 are also shown. AT: Annealing Temperature. E. T: Extension Time.

Sec: Seconds. Min: minutes. Bp: Base pairs.

Primer Forward Primer reverse A.T. (ºC) E.T. Cycles PCR length (bp) SERPINC1

CTCTGGAACCTCTGCGAGA GAAAGCTCACCCCTCTTAC 54 197 Exon 1

TGCAGCCTAGCTTAACTTGGCA GGTTGAGGAATCATTGGACTTG 54 500 Exon 2

TGTGCTCACCACCCATGTTA ATGCTGTTTCTCCACCTCCT 54 320 Exon 3

AAGCCAATTGAATAGCACAGG AAGGGGGTAAGCTGAAGAG 54 210 Exon 4

TGTGTTCTTACTTTGTGATTCTCT AAGGGAGGAAACTCCTTCCTAG 54 402 Exon 5

TTCTCCCATCTCACAAAGAC CCACAGGCCTGCTATAATACAG 59 232 Exon 6

Standard amplification of SERPINC1

CTGTGGATGATTTACCTGCC GCCCCAATAGCATGTTTCCCC 54

30 sec 30

351 Exon 7

GAAACATGGAAATAACAGGGAGGGAGG TGACTTCCTGCACAGCATCTTTACACC 5269 Promoter-Exon 1

CAAGGAGTCCTTGATCACACAGCAGG AACACCCTTTGGTATATATTTGAAGTTGG 6658 Exon 1-exon 3

CTGTCCCAGGTACTGTGCTTGAAGG CATGCCTTAACACTGGAAACAGGCC 4795 Exon 3-exon 6
Long-range PCR

GATATGTCTTGTGTCAATAACTATCCTCC GGTTACTGGGTAAAGAACAACTTGAAGG

60 18 min +20 sec 30

6308 Exon 5-3’UTR

Verification of intron 1 deletion CATTTCAAGTGCTCTCCCTCC CAAGTCCAATGATTCCTCAACC 60 18 sec 30 630 intron 1-exon 2

Figure 21: Representation of 4 LR-PCR amplicons covering SERPINC1. Primers localizations are represented

as arrows. Sizes are also shown.

3.4.4 Multiplex Ligation-dependent Probe Amplification

Multiplex Ligation-dependent Probe Amplification technique, a multiplex PCR method able to identify gross gene

defects affecting SERPINC1, was done using the SALSA® MLPA® Kit P227 SerpinC1 (MRC-Holland) following

the manufacturer’s procedure in a 3130xl Genetic Analyzer (Applied Biosystems, Spain). The analysis of the data

obtained was done using Coffalyser.net software.

3.4.5 CGH array

Study of Copy Number Variations in some selected cases with SVs was done with a high-density CytoScan® HD

Array (Thermo Fisher Scientific, In), which includes 2.67 million markers for CNV analysis, 750,000 SNP probes

and 1.9 million non-polymorphic probes for comprehensive whole-genome coverage. Following hybridization,

the laser scanner (GeneChip® 3000 Scanner) was used for scanning the arrays, and the images were extracted

and analyzed using Affymetrix Gene Chip Command Console software (version 4.0) and Chromosome analysis

software (ChAS v.1.2/na33.2) (Fisher Scientific, Inc.). Results were interpreted with the aid of the UCSC genome

browser (http://genome.ucsc.edu/; Human Feb. 2009 GRCh37/hg19 assembly).

3.4.6 Nanopore sequencing

The characterization of SVs in chapters 4.2.3 “Long-read sequencing resolves structural variants in SERPINC1

causing antithrombin deficiency” and 4.2.4: “Dissection of structural variants involved in Antithrombin deficiency”
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was done in selected cases by long-read whole genome sequencing (WGS) using the MinION (n= 5) and Prome-

thION (n= 19) platforms (Oxford Nanopore Technologies).

Whole genome sequencing

a. Library preparation and sequencing

For both devices in genomic approach, 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) to generate FASTQ files.

The informatic analysis was different in cases done in PromethION due to the higher amount of data obtained.

Moreover, some cases sequenced with PromethION had unknown molecular base and required from different bioin-

formatic approach.

b. SV discovery in PromethION platform sequencing

When using PromethION platform, all the samples were analyzed by a specific workflow developed in-house to

discover SV, which was inspired on rules from nano-snakemake [120, 121] . This workflow, which is summarized

in Figure 22 , is publicly available at https://github.com/who-blackbird/magpie. Reads were aligned against the

Figure 22: Whole genome nanopore sequencing workflow using promethION platform. An overview of the

general stages of the SVs discovery workflow are shown and algorithms used are depicted in yellow boxes.

GRCh38/hg38 human reference genome using minimap2 [122] (2.17-r941) with default parameters for nanopore

data (‘-ax map-ont’ parameter). SV discovery was done using a combination of three different algorithms:

• Sniffles v1.0.11 was executed with a supporting read evidence of 4 (‘-s 4’ parameter) due to coverage vari-

ability.

• NanoSV v1.2.4 was executed with default parameters. It was run on each independent chromosome in

parallel to optimize computation time, with the limitation that inter-chromosomal variants were not detected.

• SVIM v1.2.0 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
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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. VCF files were concatenated into one using bcftools [123] , and SURVIVOR was run using

the command ‘SURVIVOR merge in.fofn 500 1 -1 -1 -1 -1 out.vcf’, requiring a maximum distance of 500 bp

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, 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’.

c. SV in MinION platform sequencing

MinION device was used for SV validation in specific cases. It is important to remark that the analysis of the

data generated by MinION was facilitated by the data obtained previously by CGH array and MLPA in the same

patients, thus avoiding the limitation of the small number of reads covering the region of interest. In these cases,

reads were aligned against the GRCh38/hg38 human reference genome using minimap2 [122] (2.17-r941) with

default parameters for nanopore data (‘-ax map-ont’ parameter) and variant calling was performed with Sniffles,

with a supporting read evidence of 1 to 5 due to coverage variability. Alignments were visualized and manually

inspected with Integrative Genomics Viewer (IGV) [124] .

Targeted sequencing

d. Enrichment approach with MinION device

We explored two approaches to enrich sequencing to specific regions of the genome with the MinION device.

1. In silico enrichment. This method consists on an informatic enrichment of reads from a specific region

of interest based on an informatic tool available in MinKNOW 1.4.3 software. This software, by “Read

Until API” bioinformatic tool, analyse the reads data in real-time. Reads can be selected if they fit to a

region of interest previously provided by the user. For this project, we selected the smallest size possible for

this analysis ( 3MB), and obviously, the region selected (chr1:172299725-175426186) contained SERPINC1

(Figure 23). Reads not fitting to the region are returned and the server can unblock the read in progress. Thus,

the sequencing is optimized to reads that fit the region/s in purpose allowing them to continue passing through

the sequencer. This procedure was tested in 3 cases with antithrombin deficiency caused by SV in SERPINC1

detected by MLPA and CGH array, in order to facilitate the detection of supplementary alignments covering

the SV.

2. One site directed amplification. As we are preparing a patent on this method, we can’t show it in detail.

Briefly, our method is able to generate long-amplifications using a set of specific primers of SERPINC1

without a second primer restricting the amplification size. These long-PCRs are sequenced using the MinION

device. This design might cover any partial SV involving this gene. This method was tested in 3 cases with

antithrombin deficiency caused by SVs, 2 deletions and 1 duplication.
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Figure 23: Representation of the genomic region of 3Mb enriched by in silico tools. Region of interest

(chr1:172299725-175426186) is marked with a red box and SERPINC1 localization within the region of interest is

highlighted in red.

e. De novo Assembly

De novo assembly was performed to characterize the SVA insertion in one patient (P9 in Chapter 4.2.3: “Long-read

sequencing resolves structural variants in SERPINC1 causing antithrombin deficiency” and P37 in Chapter 4.2.4

“Dissection of structural variants involved in Antithrombin deficiency”). 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 [123] . De novo assembly was performed with wtdbg2 v2.5, using the parameters ‘-x ont -g 980k

-X 10 -e 3‘ . The de novo contig was then aligned to the reference genome using minimap2 with default parameters

for nanopore reads. The genomic sequence containing the SVA repetitive element was then extracted from the

alignment and analyzed with RepeatMasker (http://www.repeatmasker.org) to characterize the type of SVA and its

subelements.

f. Characterization of the breakpoints of Structural variants

For reads obtained by nanopore sequencing, and given the current relatively high error rate of long-read sequencing,

specific PCR amplification on the new formed junctions followed by Sanger or NGS sequencing were done. The

presence of microhomology, insertions and deletions at the breakpoints were manually characterized. The percent-

age of repetitive sequences was also calculated for each junction (±100 bp) by intersecting these regions with the

human genomic repeat library (hg38) from RepeatMasker version open-4.0.5 (http://www.repeatmasker.org) using

bedtools [125] .
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g. Haplotype analysis

To investigate a possible founder effect for the p.Thr147Ala variant in Chapter 4.1.2 “Antithrombin p.Thr147Ala:

The First Founder Mutation in People of African origin Responsible for Inherited Antithrombin Deficiency”, a novel

approach based on nanopore sequencing was used. Family studies to determine the potential haplotype associated

to the mutation causing antithrombin deficiency were not possible for carriers of the p.Thr147Ala variant. So, we

explored the usefulness of nanopore sequencing of LR-PCR to solve large haplotypes [126] . For this study, a

combination of LR-PCR amplifications and nanopore sequencing was done.

• Long-Range amplification . The whole SERPINC1 gene (14480 bp) was amplified by LR-PCR using two

amplicons covering exon 3, containing the p.Thr147Ala mutation (Figure 24). Amplifications were done

Figure 24: Schematic representation of SERPINC1 showing exons, introns as well as primers used for whole

amplification of the gene by two amplicons. The primers used for these LR-PCR are also shown.

with the SequalPrep Long PCR Kit (Applied BiosystemsA10498), using specific primers tailed with Oxford

Nanopore universal sequence for barcoding. PCR reactions were done in a Veriti 96-well thermal cycler

(Applied Biosystems) equipment following the following conditions: 94°C x 2minutes, 10 cycles of 94°C/10

seconds, 60°C/30 seconds, 68°C/1 minute/Kb; and then 20 cycles of 94°C/10 seconds, 60°C/30 seconds,

68°C/1minute/Kb plus 20 seconds per cycle; 68°C, 5minutes. PCR products were evaluated on 0.8% agarose

gel electrophoresis, purified with Agencourt AMpure XP beads (Beckman Coulter A63880) and quantified

with Nanodrop 2000 (Thermo Scientific).

• Barcoding and library preparation. Barcoding PCR was performed with 200 fmol of initial PCR product

and standard conditions with PCR Barcoding expansion 1–12 kit (Oxford Nanopore EXP-PBC001) and Long

Amp Taq 2x MasterMix (NEB M0287). After barcoding, PCRs were pooled taking 10 µL of each barcode

and purified with Agencourt AMpure XP beads, having a final elution volume of 50 µL. Library and nanopore

sequencing were performed as previously described.

• Bioinformatic analysis. The raw data (fastq) obtained by MinKnow software was aligned with minimap

tool. Common SNVs shared by carriers of the mutation were evaluated by Illumina Variant Studio 3.0 and

Integrative Genomics Viewer, IGV 2.3.72. Additionally, all reads containing the mutated allele were selected

using the “grep” command in Linux to determine haplotype markers.

3.4.7 STR analysis

The analysis of a possible common origin of recurrent SVs found in Chapter 4.2.4: “Dissection of structural variants

involved in Antithrombin deficiency”, was done by using short tandem repeats (STR) analysis with 8 markers

covering 12 Mb of chromosome 1, ∽6 Mb up and downstream SERPINC1. A representation of STR markers

evaluated in this study is shown in Figure 25 .
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Figure 25: Localization of STR flanking SERPINC1 that have been evaluated in this study. SERPINC1 gene

localization is highlighted with a squared box.

3.5 Specific analysis of p.Thr147Ala variant

3.5.1 Recombinant Expression

Wild-type (WT) and mutant p.Thr147Ala antithrombins were constructed on the β-glycoform (p.Ser169Ala) back-

ground of antithrombin to reduce glycosylation heterogeneity. Site-directed mutagenesis was performed using the

QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, United States) and the ap-

propriate primers to obtain the p.Thr147Ala mutant on the pCEP4/AT-S169A plasmid, kindly provided by Dr. J.

Huntington (Cambridge Institute for Medical Research, Cambridge, United Kingdom).

Both WT and mutant plasmids were transfected into HEK-293T cells using jet Prime (Polyplus Transfection, New

York, United States) as previously described [127] . Stable cell lines were maintained in Dulbecco’s modified Ea-

gle’s medium containing 10% fetal-bovine serum (Invitrogen, Carlsbad, United States). Cells were grown to 70

to 80 % confluence in cell factory systems before replacing the growth medium by Freestyle serum-free medium

(Invitrogen). Cells were further grown at 37°C for 3 days followed by harvesting of the culture medium. The

conditioned media were concentrated and dialyzed against the appropriate binding buffer (50mM Tris) with a 4MA

ultrafiltration hollow-fiber cartridge (GE Healthcare, Waukesha, United States). Next, the dialyzed medium was

loaded onto a HiTrap Heparin column (GE Healthcare) coupled to an ÄKTA purifier (GE Healthcare). Fractions

were eluted in a 50mM Tris-HCl (pH7.4) buffer by applying a NaCl gradient from 0 to 3M. Purity of the eluted frac-

tions was assessed by reducing SDS-PAGE and Coomassie blue staining. Finally, positive fractions were pooled,

dialyzed against PBS buffer, and stored at -70°C. We measured anti-Xa activity of both purified recombinant WT

and mutant p.Thr147Ala with the Innovance Antithrombin assay (Siemens) and HemosIL Antithrombin (Werfen).

The activity of the variant protein was normalized to the activity of the WT protein and expressed as percentages.
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3.5.2 Functional studies

We evaluated formation of thrombin-antithrombin (TAT) complexes, thermal stability and intrinsic fluorescence,

and performed structural modeling.

Plasma from the carriers of the p.Thr147Ala variant and controls was incubated with 0.2 U of thrombin (Cal-

biochem, Merck KGaA) for 15 minutes at room temperature in the presence of 5 U of unfractionated heparin.

These reactions result in the formation of TAT complexes that were detected by SDS-PAGE under reducing condi-

tions followed by immunoblotting. These experiments were also performed on the recombinant proteins.

3.5.3 Thermal Stability

Plasma of patients and controls was incubated at 40°C for 24 hours. Anti-Xa activity was measured before and

after incubation using the HemosIL Antithrombin kit (Werfen) and the Innovance Antithrombin kit (Siemens) as

described previously.

3.5.4 Structural Modeling

Structural modeling was performed using UCSF Chimera software (Resource for Biocomputing, Visualization, and

Informatics, San Francisco, United States) using the antithrombin-FXa-pentasaccharide complex (PDB accession

number 2 gd4) as a template.

3.5.5 Statistical analysis

Statistical analyses were performed in Chapter 4.1.1. “Incidence and features of thrombosis in children with in-

herited antithrombin deficiency”. Continuous variables were expressed as means and standard deviations and cat-

egorical data as counts and percentages. Relative risks and 95% confidence intervals (CI) were calculated using

previously published formulas [128] . The significance of differences in continuous variables was tested by Mann-

Withney test. Kaplan-Meier survival curves were used to illustrate the difference in thrombosis-free survival among

different groups. P<0.05 was considered statistically significant. Statistical and graphical analysis were performed

with GraphPad Prism version 7.03 (GraphPad Software, San Diego CA, USA) and SPSS, version 21 (Chicago, IL,

USA).

Data presented in Chapter 4.1.2. “Antithrombin p.Thr147Ala: The First Founder Mutation in People of African

origin Responsible for Inherited Antithrombin Deficiency”, are presented as mean ±standard deviation unless oth-

erwise specified. Between-group comparisons were conducted using repeat measure one-way analysis of variance.

A p-value of 0.05 or less was considered to indicate statistical significance. Statistical and graphical analysis was

performed with GraphPad software and Analyze-it software version 2.26 (Analyze-it Software Ltd, Leeds, United

Kingdom).
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Results
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4.1 Clinical impact of Antithrombin Deficiency

4.1.1 Incidence and features of pediatric thrombosis in patients with Antithrombin defi-

ciency

a. Introduction

Thrombosis is an age-dependent disorder. Thus, thrombosis in children is exceedingly rare (0.07-0.14/10,000/year).

Pediatric thrombosis is recognized as an important complication of severe medical conditions such as sepsis, can-

cer, congenital heart disease, and the use of pharmaceutical drugs such as asparaginase and estrogen-containing

contraceptives. Surgery and invasive procedures, particularly placement of central venous catheters, are thrombo-

genic conditions involving around 50% of pediatric VTE, a number that rises to more than 90% in neonates [129].

According to data obtained from case series, case-control studies, registries and cohort studies, thrombophilia is

a known risk factor for pediatric thrombosis. A meta-analysis of these studies and a recent nation-wide survey

showed that children with first-onset VTE were more likely to have severe inherited thrombophilia, like deficien-

cies of natural anticoagulants (antithrombin, protein C and protein S), than controls [71], [130]. Accordingly, an

excellent marker of the impact of a prothrombotic defect is to determine the prevalence of pediatric thrombosis

among carriers of a particular thrombophilia. In order to study the incidence and clinical characteristics of pediatric

thrombosis in patients with inherited antithrombin deficiency, we performed a retrospective multicentric study of

one of the world-wide largest cohort of patients with this congenital thrombophilia.

b. Patients

Two reference centers for antithrombin deficiency in Spain and Belgium, recruited 441 index patients. Initial

diagnosis was always confirmed by measurements of antithrombin activity (anti-FXa activity <80%) and genetic

analysis. In 206 of them, family studies were performed and 527 first and second degree affected relatives were

identified and enrolled in the study, generating a final cohort of 968 patients with antithrombin deficiency. Figure

26

Figure 26: Flow chart of children with congenital antithrombin deficiency who developed pediatric thrombo-

sis, selected from the entire population. 73 pediatric patients: 40 probands and 33 relatives.
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The patient’s history was evaluated in search for thrombotic events and possible provoking risk factors such as oral

contraceptives, pregnancy, complicated delivery, obesity, immobilization, infection, surgery and trauma. Informa-

tion about antithrombotic therapy and family history of thromboembolism was also collected. Results from addi-

tional thrombophilic parameters (protein C activity, free protein S antigen, resistance to activated protein C, Factor

V Leiden and prothrombin G20210A mutation) were collected when available. Thrombotic events were objectively

diagnosed by experienced radiologists through established imaging procedures such as Doppler-ultrasonography,

computed or magnetic resonance tomography for venous thrombosis and spiral computed pulmonary angiography

or lung perfusion scintigraphy for pulmonary embolism.

Pediatric thrombosis is defined as any objectively diagnosed thrombotic event during childhood (6 18 years). Pe-

diatric patients in this study are divided into age groups according to the proposed WHO classification. Neonates

from birth to 30 days, infants from 1 month up to 2 years, children from 2 up to 12 years and adolescents from 12

to 18 years.

c. Incidence of pediatric thrombosis

Seventy three patients (37 from Spain and 36 from Belgium) out of 968 subjects with congenital antithrombin defi-

ciency developed a first thrombotic event before the age of 19 (Table 6 and Figure 26) corresponding to a frequency

of 7.5% or 4.32 cases/1000 patient years. As thrombotic events in children are unusual, further investigations are

nearly always performed. As a result, 54.8% of pediatric patients included in our study were the probands of the

affected families (40/73). At first thrombotic event, fifteen of the patients were neonates, one was an infant, eight

were children and forty-nine were adolescents (Figure 27). Almost half of these events were provoked by additional

risk factors (35/73, 47.9%) and mainly in adolescents (25/35, 71.4%)(Table 6).

Table 6: Characteristics of the patients with antithrombin deficiency who suffered from pediatric thrombosis

Abbreviations: HBS: Heparin binding site; CSVT: Cerebral sinovenous thrombosis. Unusual thrombosis: renal

veins, CSVT, deep veins of upper extremities; *Both patients carried the p.Leu131Phe in homozygosis.

Pediatric thrombosis SPAIN BELGIUM TOTAL Provoked Antithrombin (anti-FXa activity) Unusual thrombosis Deaths

Cases 37 (6.1%) 36 (10.1%) 73 (7.5%) 35 (47.9%) 52.3±10.8% 17 (23.3%) 6 (8.2%)

Age at first thrombotic event (years) 11.4 ± 7 11.5 ± 7 11.4 ± 7 12.4 ± 7 - 2.6 ± 5.3 5.6 ± 8

Females 13 (35.1%) 20 (55.5%) 33 (45.2%) 21 (63.6%) 53.0±12.5% 6 (18.8%) 3 (9.1%)

Males 24 (64.9%) 16 (44.5%) 40 (54.8%) 14 (35%) 51.7 ±9.2% 11 (27.5%) 3 (7.5%)

Thrombosis in adolescence (12-18year) 25 (66.7%) 24 (66.7%) 49 (67.1%) 25 (51%) 52.3±8.5% 1 (2%) 1 (2.0%)

Thrombosis in neonates (<30 days) 6 (16.2%) 9 (25%) 15 (20.5%) 8 (53.3%) 46.2±13.4% 11 (73.3%) 3 (20%)

CSVT 7 (18.9%) 6 (16.7%) 13 (17.8%) 7 (53.8%) 51.5±9.2% 13 (100%) 1 (16.6%)

Deaths 5 (13.5%) 1 (2.8%) 6 (8.2%) 2 (33.3%) 41.0±19.0% 2 (33.3%) -

Type I deficiency 32 (86.5%) 24 (66.7%) 56 (76.7%) 27 (48.2%) 52.2±9.7% 11 (19.6%) 3 (5.4%)

Type II deficiency 5 (13.5%) 9 (25.7%) 14 (19.2%) 6 (42.8%) 50.2±15.4% 6 (42.8%) 3 (21.4%)

Type II HBS deficiency 1 (2.8%) 7 (19.4%) 8 (11.0%) 2 (25%) 45±19.4% 1 (12.5%) 2 (25%)*

A detailed description of all 73 cases is shown in table 7.

d. Sex and age analysis of pediatric thrombosis

Analysis by sex showed a slightly higher incidence of thrombotic events in males than in females (54.8% vs 45.2%,

respectively) (Table 6). This difference was even more pronounced when considering thrombosis at early age: 10

out of 15 neonates with thrombosis (66.7%) were male (Table 7). When restricting the analysis to children below

11 years, thus excluding the role of estrogen-associated thrombosis, males showed a significantly higher risk for

the development of pediatric thrombosis than females (OR 3.2; 95% CI: 1.3-78; p= 0.012). These differences in
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Figure 27: Distribution of thrombotic events among children with antithrombin deficiency according to age.

The localization of the thrombosis is also represented: deep vein thrombosis of the lower limbs (DVT) and/or

pulmonary embolism (PE) (white), cerebral sinovenous thrombosis (black) or unusual localizations (grey).

thrombosis-free 8 survival between males and females are also illustrated by Kaplan-Meier survival curves (Figure

28). Regarding the age of thrombotic events, the study revealed two periods with higher prevalence of thrombosis:

adolescence (n= 49, 67.1%) and the neonatal period (n= 15, 20.5%) (Figure 26).

e. Thrombosis localizations

Remarkably, we observed that in neonates, thrombosis often occurred at unusual sites (11 of 15, 73.3%) (Table

6 and Figure 27) such as upper extremities, renal veins, and cerebral veins. Four patients suffered from arterial

thrombosis, with associated venous thrombosis in two of them. The prevalence of cerebral sinovenous thrombosis

(CSVT) was very high in our cohort (n= 13; 17.8%), especially at a young age (8 neonates and 4 children) (7 and

Figure 27).

In contrast, in adolescents, clinical presentation was similar to adults: deep vein thrombosis of lower limbs and/or

pulmonary embolism (n= 47) (Figure 27).

f. Risk factors associated to pediatric thrombosis

In seven neonates, the thrombotic events were idiopathic while in the other eight, possible provoking factors were

identified: complicated delivery (forceps or vacuum extraction), infection/sepsis, trauma, surgery, or fetal distress.

Only one thrombotic event was associated with the presence of a central venous catheter. We also point out that in

cases with CSVT, three of them occurred after assisted delivery (emergency caesarian section, forceps or vacuum
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Figure 28: Kaplan-Meier survival curves of thrombosis-free survival between male and female patients with

pediatric thrombosis.

extraction).

In the adolescence, they shared the same predisposing factors as adults: pregnancy/puerperium, oral contraceptive

use, trauma, immobilization, or surgery (n= 22) (Table 7).

g. Severity of thrombosis

An interesting point to remark is the extreme severity of the events and the poor prognosis. Six children (8.2%)

died as a consequence of the thrombotic event. If we only consider neonatal thrombosis, fatality rate rises to 21%

(3/14) (Table 7). Interestingly, two of the neonates that deceased following the thrombotic event were unrelated

homozygous carriers of the p.Leu131Phe variant, responsible for Antithrombin Budapest III, a type II heparin

binding site deficiency.

Moreover, morbidity after pediatric thrombosis was strikingly high. One child needed an amputation of the arm

(Figure 29), another developed serious psychomotor retardation, and one had permanent tetraplegia. Finally, VTE

recurrence rate was as high as 24.6% in our cohort.

Figure 29: Photograph of the arm of a child with thrombosis needed to be amputated.

48



4.1 Clinical impact of Antithrombin Deficiency Chapter 4. Results

h. Biochemical/molecular base of pediatric thrombosis

From a molecular/biochemical point of view, the symptomatic children in our study predominantly showed type

I antithrombin deficiency (76.7%). Only 14 patients presented with type II deficiency, 6 carrying genetic vari-

ations affecting the reactivity of the serpin (RS or PE) and 8 affecting the heparin-binding site (HBS) Table 7).

Remarkably, in most patients (6/8) with type II HBS deficiency, the p.Leu131Phe variation was detected. Four

were homozygous and the two heterozygous cases were also carriers of FV Leiden (one heterozygous and one

homozygous) (Table 7).

When considering the whole cohort of subjects with AT deficiency, only 8 out of 223 (3.6%) subjects with type II

HBS deficiency suffered from pediatric thrombosis and, as indicated before, most of them carried additional genetic

thrombophilic risk factors or the SERPINC1 mutation in homozygous state. In contrast, the incidence of thrombo-

sis in children with type I deficiency was high: 56 out of 604 (9.3%). In three patients the molecular mechanism

responsible for their deficiency was not found and one patient had a congenital disorder of N-glycosylation as the

underlying cause of the deficiency (Table 7). Finally, we did not observe any particular recurrent mutation among

our patients with pediatric thrombosis.

Three carriers from two unrelated families with p.Arg161Stop developed pediatric thrombosis, but this genetic vari-

ation was found in 24 cases from 8 unrelated families in our whole antithrombin deficient cohort. Three carriers

of the p.Pro112Ser mutation from the same family presented with thrombosis during childhood, but this is a large

family with 14 affected members. Two twins carrying the p.Ser223Pro mutation developed VTE at 12 and 15 years

old. Finally, mutations associated with the presence of unusual disulphide-linked dimers in plasma were identi-

fied in 14 children with thrombosis, sharing the following mutations: p.Gly456Arg, p.Pro112Ser, p.Pro112Leu,

c.1154-14G>A, p.Ser114Asn and p.Ser381Pro.
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4.1.2 Antithrombin p.Thr147Ala: The First Founder Mutation in People of African ori-

gin Responsible for Inherited Antithrombin Deficiency

a. Introduction

There is a wide variable clinical implication in patients with congenital antithrombin deficiency. In the previous

chapter, we presented severe clinical consequences of Antithrombin deficiency, here in contrast, we present results

of a SNV with mild functional effect that have moderate pathogenicity but widely spreading in a specific popula-

tion.

Although, antithrombin deficiency is a rare disease, the prevalence in the general population is heterogeneous de-

pending on the type of deficiency. Type II deficiencies, caused by genetic defects not impairing the folding or

secretion but the anticoagulant function, and associated to milder risk of thrombosis are more frequently found in

the general population (1/500) than type I deficiencies, with no aberrant antithrombin in plasma and higher risk of

thrombosis, which had lower prevalence in the general population (1/5000) [131] .

Recurrent mutations in SERPINC1 are rare. No mutational hotspots have been described in SERPINC1, and only

two relatively frequent mutations, both causing a Type II deficiency, have a founder effect, both described in Euro-

pean populations: one mutation from Hungarian origin, p.Leu131Phe [132] and the other one from Finish prece-

dence: p.Pro73Leu [133].

In collaboration with a reference group for antithrombin deficiency in Belgium, we have investigated the antithrom-

bin variant p.Thr147Ala. This variant was found in 12 patients with the same Black-African origin from a total

cohort of 421 patients with congenital antithrombin deficiency in the Belgian cohort. This variant has been reported

as a single nucleotide polymorphism (SNP) rs2227606 in the SERPINC1 gene, absent in Caucasian population, but

relatively frequent in African population. Moreover, in silico prediction tools for pathogenicity render conflicting

results. Therefore, the aim of this study was to elucidate the functional effect of this mutation and to evaluate

a potential founder effect. We hypothesize that this variant might be a pathogenic mutation of mild functional

consequences and clinical impact, restricted to individuals of Black-African ancestry.

b. Patients

Figure 30: Countries of origin of the 12 patients with

antithrombin deficiency carriers of the SERPINC1

rs2227606 polymorphism.

For this study we have we focused on the 12 pa-

tients carrying the rs2227606 polymorphism recruited

from the Belgian cohort of patients with antithrom-

bin deficiency. None of these carriers showed any

other pathogenic mutation, large deletion or insertion

in SERPINC1.

We collected information of these patients concerning

venous and arterial thrombosis, recurrent events, age at

first and recurrent events, obstetrical history, ethnicity,

presence of acquired risk factors for VTE (immobiliza-

tion, surgery, oral contraceptive use, pregnancy, post-

partum period, obesity), acquired risk factors for arte-

rial thrombosis (obesity, smoking, hypertension). Re-

sults of thrombophilia screening (lupus anticoagulant,

anticardiolipin antibodies, anti-β2 glycoprotein I anti-

bodies, protein C activity, free protein S antigen, resis-

tance to activated protein C, factor V Leiden mutation,
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and prothrombin G20210A mutation) were also collected from all patients. Familial history of venous or arterial

thrombosis was also saved.

The clinical features of the cohort are shown in the table 8 Eleven of the 12 subjects were female and 7 of them

suffered from obstetric complications (miscarriage, preeclampsia, and failure to conceive). Five patients developed

VTE and one experienced an arterial thrombotic event. Only one patient reported a familial history of throm-

bosis. Thrombophilia screening was normal except in patient 10 (P10), for whom reduced free protein S levels

(54–57%) were measured at different occasions. Genetic analysis of the PROS1 gene in P10 showed a homozygous

p.Val510Met mutation, causative of protein S deficiency. Interestingly, all 12 patients were unrelated and of Black-

African origin: 5 originate from Congo, 2 from Ruanda, 2 from Cameroun, 1 from Ivory Coast, 1 from Angola,

and 1 patient did not specify the country of origin (Figure 30).

Table 8: Clinical characteristics of the patients carrying the SERPINC1 rs2227606 polymorphism, included

in the study. Abbreviations: CVA, cerebral vascular accident; DVT, deep vein thrombosis; F, female; M, male;

OC, oral contraception; ns, not specified.

Clinical presentation
Patient Sex

Age Event Risk factor(s)
Familial history of VTE

P1 F

29

31

Pulmonary embolism

Miscarriage at 12 weeks gestation

(thromboprophylaxis: nadroparine 0.6mL/d)

OC, obesity

Obesity

+

P2 F ns Incidental finding of non-recent portal vein

thrombosis

None -

P3 F

ns

30

2 early miscarriages

Severe preeclampsia (neurological

complications, coma, epilepsy) at 5 months

gestation of twin pregnancy, loss of 1 foetus

/

Hypertension

-

P4 F 40 CVA (occlusion of left arteria cerebri media)

with hemiplegia and aphasia

None -

P5 F ns 3 early miscarriages Obesity -

P6 F ns

None

(incidental finding in context of fertility work-up)

None -

P7 F 60 Proximal DVT of right leg Obesity -

P8 F 38

None

(incidental finding in context of fertility work-up)

None ?

P9 M

35

60

62

64

Thrombophlebitis of left leg

Proximal DVT of left leg

Thrombosis of arteriovenous fistula

Proximal DVT of left leg

/

Surgery (renal transplant) +

corticosteroid use

Tamoxifen treatment +

corticosteroid use

Tamoxifen treatment +

corticosteroid use

?

P10 F 43 Pulmonary embolism Protein S deficiency -

P11 F

26

38

Early miscarriage

Transient ischemic attack

None

Recent long-haul flight

-

P12 F

24

27

Preterm delivery due to gestational hypertension

Stroke-like episode

Obesity

Pregnancy, Obesity

-
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The SNP rs2227606 is a substitution of adenine to guanine at cDNA position 439 (c.439A>G) in exon 3 of the

SERPINC1 gene. c.439A>G causes a missense change in antithrombin: p.Thr147Ala. Minor allele frequency

(MAF) data extracted from Exome Aggregation Consortium (ExAC), 1000 Genomes, and gnomAD showed a

significant difference between distinct ethnic groups. The SNP is nearly absent in Caucasian and Asian populations,

whereas its MAF in African population varies between 0.5 and 1.0%. (Table 9).

Table 9: Frequency of the rs2227606 (SERPINC1 chr1:173911984 -GRCh38.p12- T>C) single nucleotide

polymorphism responsible for the antithrombin p.Thr147Ala variant.

Study Population Sample size Ref Allele Alt Allele

1000 Genomes Global 5008 T=0.997 C=0.003

1000 Genomes African 1322 T=0.990 C=0.010

1000 Genomes East Asian 1008 T=1.000 C=0.000

1000 Genomes Europe 1006 T=1.000 C=0.000

1000 Genomes South Asian 978 T=1.000 C=0.000

1000 Genomes American 694 T=1.000 C=0.000

ExAC Global 121412 T=0.99942 C=0.00058

ExAC Europe 73354 T=1.0000 C=0.0000

ExAC American 11578 T=0.9999 C=0.0001

ExAC African 10406 T=0.9933 C=0.0067

ExAC Other 908 T=1.00 C=0.00

gnomAD-Exomes Global 251448 T=0.99959 C=0.00041

gnomAD-Exomes European 135384 T=0.99999 C=0.00001

gnomAD-Exomes Asian 49008 T=1.0000 C=0.0000

gnomAD-Exomes American 34586 T=0.9998 C=0.0002

gnomAD-Exomes African 16256 T=0.9943 C=0.0057

gnomAD-Exomes Ashkenazi Jewish 10078 T=1.0000 C=0.0000

gnomAD-Exomes Other 6136 T=1.000 C=0.000

gnomAD-Genomes Global 31380 T=0.9984 C=0.0016

gnomAD-Exomes European 18892 T=1.0000 C=0.0000

gnomAD-Exomes African 8702 T=0.994 C=0.006

gnomAD-Exomes East Asian 1560 T=1.000 C=0.000

gnomAD-Exomes Other 1088 T=1.000 C=0.000

gnomAD-Exomes American 848 T=1.00 C=0.00

gnomAD-Exomes Ashkenazi Jewish 290 T=1.00 C=0.00

GO Exome Sequencing Project Global 13006 T=0.9982 C=0.0018

GO Exome Sequencing Project European American 8600 T=1.000 C=0.000

GO Exome Sequencing Project African American 4406 T=0.995 C=0.005

TopMed Global 125568 T=0.99814 C=0.00186

We evaluated the prevalence of the variant in 100 randomly selected subjects of African ancestry and identified one

subject carrying the rs227606 variant in the heterozygous state, confirming the allele frequency of 0.5% (carrier

frequency of 1%) in the African population. This subject, who had no thrombotic event, also showed a reduced

antithrombin activity of 59%.

In silico prediction tools designed to evaluate pathogenicity of sequence variations render conflicting results when

evaluating the p.Thr147Ala variant (Table 10) . Six of the evaluated prediction tools classify this variant as

pathogenic (CADD, FATHMM, MutationTaster, PolyPhen-2, PredictSNP2, and Provean), while the remaining

seven consider this variant to be benign. According to the recommendations of the American College of Medical

Genetics and Genomics, this mutation should be classified as a “variant of uncertain significance” (criteria for PM1,

PM2, and PP2 rules are met)[134] .The PP3/BP4 rules addressing results from in silico tools cannot be used since

this rule requires agreement between the different computational methods.
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Table 10: Results of the different in silico prediction tools for the SERPINC1 p.Thr147Ala variant.

In Silico tool website Result

ALIGN GVDG http://agvgd.hci.utah.edu/agvgd input.php Unlikely pathogenic

CADD https://cadd.gs.washington.edu/score Deleterious

FATHMM http://fathmm.biocompute.org.uk/ Damaging

Meta-SNP https://snps.biofold.org/meta-snp/ Neutral

Mutation Taster http://www.mutationtaster.org/ Disease causing

PANTHER http://www.pantherdb.org/tools/ Neutral

PhD-SNP https://snps.biofold.org/phd-snp/phd-snp Neutral

SIFT https://sift.bii.a-star.edu.sg/ Tolerated

SNAP http://www.bio-sof.com/snap Neutral

SNPs&Go https://snps.biofold.org/snps-and-go/snps-and-go.html Neutral

PolyPhen-2 http://genetics.bwh.harvard.edu/pph2/ Possibly damaging

PredictSNP2 https://loschmidt.chemi.muni.cz/predictsnp2/ Deleterious

Provean http://provean.jcvi.org/index.php Damaging

c. Plasma Antithrombin Assays

The analysis of antithrombin antigen levels in these patients were normal or slightly reduced (91.2%; range

70±110%) while anti-Xa activity was reduced with only one specific commercial test, Innovance Antithrombin

(Figure 31). Activities measured with both HemosIL Liquid AT (anti-Xa based, 98.9±10.6%) and Biophen AT

anti-IIa (100.9±10.2%) were significantly higher when compared with those measured with Innovance Antithrom-

bin (61.8±9.3%) and showed results within the normal range (80±120%). Based on the activity-to-antigen ratio,

these subjects show a qualitative defect or type II phenotype.

Others and we have previously shown that incubation time of the plasma with FXa or thrombin plays a crucial

Figure 31: Antithrombin activity measured with three different commercial assays. Dashed line: lower limit

of normal range
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role in the sensitivity of the activity assays for some specific type II mutations [116, 135] . To assess if this is the

case for this variant, antithrombin anti-Xa activity was measured with HemosIL Antithrombin kit using different

incubation times ranging from 0 to 15 minutes. Figure 32 shows an incubation time-dependent reduction in an-

tithrombin activity in the plasma of the patients. Every shortening in incubation time (except t1 vs. t0) resulted in

a significant reduction of antithrombin activity. This effect was more pronounced when comparing the results of t0

to t15 (p= 0.0002), where we observed an average reduction of 22.6±9.2%. The antithrombin activity of normal

human plasma remained constant when reducing incubation time. When using the incubation time proposed by the

manufacturer, i.e., 3minutes, only three out of the nine investigated patients would show an antithrombin activity

below the reference range. The heparin binding ratio of the patient plasma was clearly reduced when compared

with the normal plasma, 0.78 and 1.03, respectively. This is indicative for a HBS defect. We performed CIE on

Figure 32: Antithrombin activity measured with HemosIL Antithrombin and different incubation times. Full

lines: patient plasma; dotted line: normal pooled plasma. The symbol “*” indicates statistical significant difference.

Dashed line: lower limit of normal range.

the plasma of patient 5 (Figure 33). At physiological ionic strength, the pattern is similar to that of normal plasma.

When treating the plasma with a higher salt concentration to impair the binding of heparin to antithrombin, an

antithrombin fraction with a lower heparin affinity appears. This fraction did however not reach the levels that were

observed in a heterozygous carrier of a type II HBS deficiency such as Antithrombin Toyama (p.Arg79Cys).

Figure 33: Crossed immunoelectrophoresis of the plasma of a patient carrying the p.Thr147Ala variant (P5).

Plasma of a patient with type II HBS (p.Arg79Cys) and plasma from a healthy control (Normal plasma) were used

as controls. (A) Physiological ionic strength (150 mM NaCl). (B) High ionic strength (0.8 M NaCl).
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Plasma of four patients and four healthy controls was subjected to heat stress by incubation at 40°C for 24 hours.

This induced an important reduction of anti-Xa activity in patients (29.8±12.0%) compared with the controls

(13.0±6.5%) when measured with HemosIL Antithrombin. The basal antithrombin activity was already reduced

in patients when determined with Innovance Antithrombin and no further reduction was observed after heat stress

(Figure 34).

Heating of the plasma did not induce an increase of latent antithrombin or polymers (Figure 35).

Figure 34: Antithrombin activity in patients and controls under basal conditions and after incubation for 24

hours at 40°C. Dashed line: lower limit of normal range.

Figure 35: Electrophoretic characterization of plasma antithrombin in patient and control plasma. Top part

shows Western Blotting of plasma samples of PAGE run under native conditions containing 6M urea. Latent

antithrombin (AT) is indicated by an arrow. Bottom part of the figure shows Western Blotting of plasma samples of

PAGE run under native conditions. Native antithrombin is indicated by an arrow.

d. Recombinant Expression

The p.Thr147Ala variant and WT antithrombins were expressed in a recombinant model. The anti-Xa activity was

measured using two different anti-Xa assays. The purified recombinant p.Thr147Ala protein displayed an anti-

Xa activity of approximately 50% of the WT recombinant antithrombin as shown in Figure 36 (51.9±2.2.% for

Innovance Antithrombin and 55.0±3.3% for HemosIL Antithrombin). Interestingly, anti-Xa activity was reduced

with both assays, in contrast to the data observed in plasma samples. Heparin affinity was assessed by determining

the equilibrium dissociation constants of the recombinant proteins for the pentasaccharide by following changes in

intrinsic fluorescence. The dissociation constants (Kd values) for the WT and mutant proteins were 1.18±0.07 and

0.84±0.06 nM, respectively, indicating no significant difference in heparin affinity.
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Figure 36: Antithrombin activity of the recombinant antithrombin proteins using two different anti-Xa ac-

tivity assays. Dashed line: lower limit of normal range.

TAT Complex Formation

The formation of TAT complexes, evaluated by SDS-PAGE under reducing conditions, showed identical results in

carriers and controls (Figure 37). Similar results were observed with the recombinant proteins (Data not shown).

Figure 37: 8 SDS-PAGE under reducing conditions and immunoblot of plasma antithrombin of patients

(P)carrying the p.Thr147Ala and a healthy control, in presence (+) or absence (-) of thrombin and unfrac-

tionated heparin (UFH). N-AT: native antithrombin; TAT, thrombin–antithrombin complexes.

Structural Modeling

The affected residue Thr147 is a moderately conserved amino acid in the serpin superfamily, located at the bottom

of helix D of the protein, in the loop connecting with helix C. This polar residue forms three hydrogen (H) bonds

with amino acids Arg79, Ser144, and Glu145 (Figure38A). Mutation of this amino acid into a nonpolar alanine

abolishes these three hydrogen bonds (Figure38B). The H-bond with Arg79 is of specific interest as this residue

is known to directly interact with heparin. The interaction with Glu145 could also be of importance as this is a

conserved residue among serpins.
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Figure 38: Three-dimensional modeling of antithrombin. (A) Wild-type antithrombin with residue 147 (Thr)

depicted in yellow. (B) Mutant antithrombin with residue 147 (Ala) shown in green. Blue lines represent H-bonds.

Heparin is shown in stick representation and antithrombin in ribbon. HBS, heparin binding site.

Haplotype Determination

Nine DNA samples of patients with the p.Thr147Ala mutation were available for haplotype analysis. LR-PCR

amplicons were obtained in eight out of the nine carriers. These amplicons were sequenced for 20 minutes in the

nanopore flow cell, and a mean of 367 and 460 reads, from LR1-LR2 and LR3-LR6, respectively, were obtained.

Integrative Genomics Viewer and Illumina Variant Studio analyses revealed a profile of genetic variations identified

in each allele, which included the same markers for the mutated allele.

This analysis revealed a common haplotype shared by all carriers of the mutation (Table 11). Reads carrying the

p.Thr147Ala mutation were selected by bioinformatics tools using “grep” command in Linux and confirmed that all

patients shared the haplotype described in table 11 This common haplotype contains 13 small nucleotide variants

whose localization and MAF in Caucasians and Africans are shown in table 11 and figure 39.

Figure 39: Schematic representation of the common haplotype of 13 SNV present in the same allele of

p.Thr147Ala mutation. Green symbol represents the shared rs. Red symbol represents p.Thr147Ala mutation.
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Table 11: Single Nucleotide Variations linked to the p.Thr147Ala variation (italic bold) in SERPINC1 located

on the same allele. # According to GRCh37/hg19. * Minor allele frequency according to 1000 Genomes.

Coordinate MAF* (%)
dbSNP ID

(chrom 1)#
Change Localization Codon Missense change

MAF* (%)

Caucasian African

rs2227611 173875467 A>G Intron variant – – 0.3 27.6

rs138511779 173877033 C>T Intron variant – – 0.0 26.0

rs1799876 173878471 A>G Intron variant – – 33.1 83.5

rs5878 173878832 T>C Exon 5 337 Q (synonymous) 34.7 84.4

rs5877 173878862 T>C Exon 5 327 V (synonymous) 34.0 83.7

rs2227610 173879178 T>C Intron variant – – 0.0 2.0

rs2227606 173881122 T>C Exon 3 147 T/A 0.0 1.0

rs941989 173881871 C>T Intron variant – – 34.2 84.4

rs2227601 173882730 T>C Intron variant – – 12.3 68.5

rs2227597 173884739 C>G Intron variant – – 12.1 44.8

rs2227596 173884793 T>C Intron variant – – 15.9 78.7

rs2227594 173885481 C>T Intron variant – – 12.1 44.8

rs2227593 173885536 G>T Intron variant – – 12.1 44.9

rs2227590 173886037 G>A Intron variant – – 12.1 46.9
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4.2 New molecular defects involved in Antithrombin Deficiency

4.2.1 Identification of a New Mechanism of Antithrombin Deficiency Hardly Detected by

Current Methods: Duplication of SERPINC1 Exon 6

a. Introduction

Molecular analysis of antithrombin deficiency usually starts with the sequencing of the seven exons and flanking

regions of SERPINC1. MLPA is usually restricted to cases with negative finding after the first sequencing screening.

These two methods identify SERPINC1 gene defects in up to 80% of cases with antithrombin deficiency [136] ,

[137]. However, a significant proportion of cases remain unexplained following this diagnostic algorithm. Other

molecular defects must cause antithrombin deficiency. The analysis of cases with antithrombin deficiency but

no SERPINC1 gene defects revealed a high proportion of these cases (27%) with hypoglycosylation caused by

mutations in genes involved in the generation of the N-glycan precursor [86]. We speculated that SERPINC1 gene

defects not detected by current methods might be responsible for some cases with still unknown molecular base.

b. Molecular diagnosis of antithrombin deficiency

The sequence analysis of the 7 exons and flanking regions of SERPINC1 in the 223 unrelated cases with confirmed

antithrombin deficiency recruited until 2016 in our cohort, identified mutations in 166 cases, with 95 different gene

variations: 84 SNVs (53 missense, 8 non-sense, 8 deletions, 4 insertions, and 11 splicing), 10 small deletions, and

1 small insertion (Table 1). MLPA of cases without mutation revealed 6 large deletions, present at the heterozygous

state: whole gene deletions in 3 patients and 3 partial deletions removing either exon 1 (n= 1), 4 (n = 1), or exons

2-5 (n= 1). Electrophoretic analysis of plasma antithrombin revealed 11 cases with increased levels of hypogly-

cosilated forms of antithrombin. A disorder of glycosylation was confirmed in all these cases by HPLC analysis of

transferrin glycoforms. Finally, sequencing of the promoter and the first two introns of remaining 40 cases revealed

3 regulatory mutations.

Aiming to find potential gene defects located at flanking regions of exon 6, not covered by the original set of primers,

we designed deeper intronic primers. This new set of primers revealed one out of the 37 cases with antithrombin

deficiency but no genetic defect carrying a heterozygous insertion of 193 bp. P1 was a 42-year-old woman patient

who suffered from deep venous thrombosis and had mild antithrombin deficiency (Anti-FXa activity: 75%), and

family history of antithrombin deficiency. Analysis of this insertion in all available relatives showed that all carriers

also had antithrombin deficiency (Figure 40). Sequencing of the PCR product revealed a duplication in tandem of

193 bp comprising exon 6: c.1154-13 1218+115dup (Figure 41).
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Figure 40: Identification of a 193 bp insertion involving exon 6 in P1. A) PCR amplification of exon 6 using

primers close to exon 6. B) PCR amplification of exon 6 using primers with deeper intronic localization. C) The

family pedigree of P1 showing the anti-FXa activity and the amplification of exon 6 with the second set of primers.

C: Control; B: Blank; MW: Molecular weight marker. AT: Anti-FXa activity. DVT: Deep venous thrombosis.

Figure 41: Duplication in tandem of exon 6. A) Electropherogram of the whole exon 6 PCR amplicon of P1. Exon

6 nucleotides are underlined. B) Sequence of the duplicated region and schematic representation of the duplication

of exon 6 detected in P1. Duplication is marked in red, and exons are shown in bold-italic font.

This positive finding of a duplication done by PCR and sequencing and but the negative result obtained by MLPA,

together with the small size of the exon 6 (65 bp), encouraged to perform fine adjustments for the MLPA assay
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following the indications of the technical service of MRC-Holland. The DNA was diluted in LOW-TE, and tem-

perature and time of injection was changed in the capillary electrophoresis (from 60 to 50ºC, and from 18s to 15s,

respectively). Under these new conditions, the duplication of exon 6 in P1 was detected by MLPA (Figure 42).

Figure 42: MLPA results obtained in P1 using two different adjustments of capillary electrophoresis. A)

Temperature 60ºC and injection time 18s. B) Temperature 50ºC and injection time 15s. A schematic representation

of the SERPINC1 gene architecture indicating the size and localization of exons is also shown.

Interestingly, NGS of the whole SERPINC1 using a PGM platform failed to detect this duplication despite two

amplicons covered the duplication detected in P1.

c. Specific diagnosis of tandem duplication of exon 6.

Figure 43: Specific detection of tandem duplication of

exon 6 by using a specific set of primers in P1, and de-

tection of a new case (P2) with antithrombin deficiency

carrying a different duplication of exon 6. C: Healthy

control. MW: Molecular Weight marker.

As detection of duplications of exon 6 by PCR ampli-

fication might depend on the extension of the duplica-

tion and the localization of primers for PCR amplifica-

tion, and MLPA might not detect the duplication of this

small exon, we develop a simple and specific method

that only amplified tandem duplications of exon 6. The

combination of a forward primer annealing to the 3’-

end of exon 6 and a reverse primer annealing to the 5’

of exon 6 do not amplify the wild type allele, but could

amplify tandem duplications involving exon 6. Actu-

ally, this method worked perfectly as it rendered a PCR

amplicon of 193 bp in P1 (Figure 43). We evaluated

potential new tandem duplications among 36 patients

with still unknown molecular base, detecting a second

case, P2, with a tandem duplication of bigger size (893

pb) than that of P1 (193 pb) (Figure 43).

Sequencing of this PCR product confirmed the dupli-
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cation (c.1154-305 1218+493dup) (Figure 44). P2 is a 17-year-old male patient who developed deep venous

thrombosis. He had 41% of plasma anti-FXa activity and reported other relatives with antithrombin deficiency.

Figure 44: Sequence of the mutated allele of P2. Duplication is marked in red. Exon 6 is indicated in bold-italic

font. Repetitive Alu sequences are underlined.
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4.2.2 Identification of the first large intronic deletion responsible of type I antithrombin

deficiency not detected by routine molecular diagnostic methods

a. Introduction

The identification of two cases with tandem duplication of exon 6 that are hardly identified by current methods,

described in the previous chapter [119] encouraged the search of new gene defects affecting SERPINC1 by alterna-

tive methods. LR-PCR combined with NGS is a new and efficient method for detecting intragenic mutations and

gross gene defects that has facilitated studies in molecular genetics [138]. In this study we aim to explore LR-PCR

of SERPINC1 as an alternative method to identify the molecular base of cases with antithrombin deficiency with

no associated genetic defect according to Sanger sequencing of the 7 exons or to MLPA, and without defect of

glycosylation.

b. Analysis with LR-PCR of cases with antithrombin deficiency but no genetic defect.

The analysis of SERPINC1 by LR-PCR was done in 36 cases with antithrombin deficiency but no genetic defect

only revealed one case with an abnormal amplification affecting the second amplicon covering from exon 1 to exon

3 supporting a heterozygous 2Kbp deletion (Figure 45).

Figure 45: Detection of a 2 Kbp deletion affecting intron 1 in SERPINC1. a) Schematic representation of the

SERPINC1 showing the long-range amplicons. b) Identification of a small amplification band (marked by a red

arrow) in the second amplicon covering exons 1-3 of the proband (P) compared with the amplification of a control

(C).

c. Clinical and analytical characteristics of the proband

The proband, a 56-year old woman suffered from deep vein thrombosis and pulmonary embolism at the age of

29 years. This thrombotic event occurred after a long car trip. The proband was smoker and was under oral

contraceptives. The patient required cava vein filter. The severity of the event, the result of thrombophilic anal-

ysis (see below) and the severe family history of thrombosis (see below) recommended a lifelong treatment with

acenocoumarol, which was successful, as no recurrences were recorded. Thrombophilic analysis performed in the

proband, which included screening of antithrombin, protein C, protein S, deficiency, different tests of antiphospho-

lipid antibodies, and genotyping of prothrombotic polymorphisms (FV Leiden and prothrombin G20210A), only

revealed antithrombin deficiency (anti-FXa activity: 48%).

Her two sisters had neither thrombotic symptoms nor antithrombin deficiency. However, one brother with an-

tithrombin deficiency died at the age of 28 as a consequence of pulmonary embolism (Figure 46). Her mother

also died of thrombosis, although we have no further clinical or analytical data. There is also information of three

maternal uncles of the proband: two had normal antithrombin levels and no thrombotic events, but one, with an-

tithrombin deficiency, reported deep venous thrombosis during pregnancy. The proband had two siblings, the son

had no antithrombin deficiency (anti-FXa: 112%), but the daughter, who is 37 years old, also had antithrombin

68



4.2 New molecular defects involved in Antithrombin Deficiency Chapter 4. Results

deficiency (anti-FXa: 50%) but no thrombotic event so far (Figure 46).

Figure 46: Pedigree of the affected family. The presence of thrombotic events is indicated. Relatives with

antithrombin deficiency are represented with black semifilled symbols. Relatives with the 2 Kb deletion of intron

1 in heterozygosis are described as +/-. Relatives not available for molecular studies are indicated by nd (not

determined). DVT: deep venous thrombosis. PE: pulmonary embolism. The proband is pointed by an arrow.

d. Characterization of antithrombin deficiency

Available samples from the proband and her daughter revealed that they had a type I antithrombin deficiency

according to functional (anti-FXa: 48% and 50%, anti-FIIa: 67% and 40%, respectively) and antigenic values (51%

and 52%, respectively). Moreover, analysis of plasma antithrombin by Western blot only confirmed significant

reduction of levels, but without aberrant forms, or increase of the latent conformation (Figure 47)

Figure 47: Plasma antithrombin of three members of the affected family; II-4 and III-2 with antithrombin

deficiency, and III-1 with normal anti-FXa activity; and a healthy control (C) detected after electrophoretic sep-

aration on native (in the presence and absence of 6M urea) and detected by Western blot. The native and latent

antithrombins are pointed by arrows.

e. Molecular characterization

As indicated before, PCR and Sanger sequencing of the 7 exons and flanking regions of SERPINC1 in the proband

revealed no significant gene defect. MLPA analysis also was normal (Figure 48). Whole gene sequencing using
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Figure 48: Results of the MLPA analysis done in the proband and a healthy control with the SALSA SER-

PINC1 kit.

the Ion Torrent technology detected 3 intronic gene defects (c.1153+384 1153+386delTTA; c.624+185G>T and

c.41+703 41+704delCT) but no one had significant pathogenic effect and none generates a cryptic splicing site

according to in silico predictions.

LR-PCR amplification covering exon 1 to exon 3 revealed a potential 2 Kb deletion in heterozygosis (Figure 45).

Analysis of the sequence of this amplicon using the CLC Genomics Workbench software shows a low number of

reads covering 2,015 bp, 2,002 of them affecting the end of intron 1 and the first 13 nucleotides of exon 2 (Figure

49a). The analysis of SVs using InDels and Structural Variants tool from CLC software, showed the presence of a

1,941 bp deletion affecting only intron 1.

This intronic deletion was confirmed by specific PCR amplification using primers flanking the deletion (at intron 1

and intron 2) (Figure 49b). This specific amplification was the method used to test the presence of this deletion in

the proband’s relatives. As shown in Figure 49c, the 2 Kb deletion was detected in her asymptomatic daughter with

antithrombin deficiency, but was absent in her son, who did not have antithrombin deficiency. Sanger sequencing

of this PCR confirmed the large deletion but shows a relatively more complex rearrangement as it involved two

breakpoints that caused the deletion of 1,941 bp of intron 1, the insertion of a CC dinucleotide, the presence of 34

bp of intron 1 and a new 40 bp deletion affecting the last 27 nucleotides of intron 1, including the acceptor splicing

sequence and the first 13 nucleotides of exon 2(Figure 49d).
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Figure 49: Validation and characterization of the intron 1 deletion. a) Schematic representation of SERPINC1

exon1-exon2 showing the reads of the long amplicon (Pink) generated by the CLC software. The deletion of 2015

bp identified is shown. The ALU sequence located in intron 1 is also shown. Bp: base pairs. b) Schematic repre-

sentation of SERPINC1 architecture showing the primers flanking the deleted region that were used to specifically

amplify the mutated allele. The expected length of amplification of wild-type (wt) and mutated alleles (mut) are

also shown. Asterisks show the localization of breakpoints. c) Specific PCR amplification of the deleted allele (668

bp) in the proband (II4) and her two siblings (III2 carrier and III1 not-carrier). The amplification in a tube with

no DNA (B) was also used as a negative control. MW: 100 bp molecular weight marker. MW: molecular weight

marker of 1 Kb. d) Sequence of the mutated allele showing the breakpoints, the deleted regions ( ∧symbol) and the

inserted dinucleotide (marked in bold). Lower case is used for intronic sequence and exon sequence is marked in

capital letter. The electropherogram of the underlined mutated sequence is also shown.

Interestingly, the CytoScan® HD Array detected no gross gene defects involving 1q25.1 (Table 12).

71



4.2 New molecular defects involved in Antithrombin Deficiency Chapter 4. Results

Table 12: Gross gene defects detected in the proband by the CGH array.

Type Chromosome Cytoband Start Size (Kbp) Gene Count Genes

Loss 1 p31.1 52,945 0

Loss 5 q21.2 96,488 0

Loss 6 p22.1 67,788 2 HCG4B, HLA-A

Loss 7 p14.1 64,082 1 TRG-AS1

Loss 8 p11.22 139,855 2 ADAM5, ADAM3A

Loss 14 q11.2 236,639 0

Gain 14 q32.33 279,313 6 MIR4507, MIR4538, MIR4537, MIR4539, KIAA0125, ADAM6

Gain 14 q32.33 69,797 0

Loss 17 q21.31 85,675 1 LRRC37A4P

Gain 17 q21.31 63,795 2 KANSL1, KANSL1-AS1

Loss 20 p12.1 54,57 1 MACROD2

Gain 22 q11.22 97,368 1 MIR650

Gain X p11.23 136,081 5 SPACA5, SPACA5B, ZNF630-AS1, ZNF630, SSX6

Gain X q21.1 82,264 0

Gain X q22.2 52,007 2 H2BFWT, H2BFM

Gain X p22.33 90,282 0

Gain Y p11.2 236,416 0

Gain Y p11.2 83,248 1 PCDH11Y

Gain Y p11.2 110,539 1 PCDH11Y
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4.2.3 Long-read sequencing resolves structural variants in SERPINC1 causing antithrom-

bin deficiency

a. Introduction

MLPA is the routine method used for SV detection in antithrombin deficiency, which are found in 5-8% of patients

with this disorder [35]. Unfortunately, this method only shows information concerning the loss or gain of exons, but

the exact extension of the genetic defect is not determined. Moreover, MLPA does give neither the breakpoints nor

the sequence of the SVs and fails to detect intronic SVs, inversions or insertions. These genetic defects may underlie

the molecular base of a proportion of the 25% of cases with antithrombin deficiency with unknown defect after

analysis with current molecular methods. However, these limitations may now be addressed by third generation

sequencing methods based on long reads, which can span repetitive or other problematic regions, allowing a full

characterization of SVs as well as the identification of new SVs not detected by other methods [139, 108, 140, 141].

Thus, we performed long-read whole genome sequencing using nanopore technology to unravel SVs involved in

antithrombin deficiency.

b. Patients and molecular methods

The study was done in 19 unrelated patients with antithrombin deficiency selected from our cohort of patients with

this disorder. 8 of these patients had causal SVs identified by MLPA. In some of these patients whole genome

analysis by CGH array was also done to determine the extension of the deletion. Nanopore sequencing aimed a

full SV characterization including the investigation of the potential mechanisms of formation. The remaining 11

patients were selected because multiple independent genetic studies exons and flanking regions, whole SERPINC1

sequencing by NGS (PGM and/or Miseq) and MLPA evaluating SERPINC1 had failed to identify causal variants.

(Table 13)
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c. Long-read nanopore sequencing resolves structural variants involved in antithrombin deficiency

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

of 16x (Figure 50 A-B). After a detailed quality control analysis (Figure51) 83,486 SVs were identified, consistent

with previous reports using LR-WGS (Figure 52) [108].

Figure 50: Long-read nanopore 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, ∗ ∗ ∗ ∗ P6 0.0001. p-values calculated by

oneway ANOVA with Tukey’s post-hoc test for repeated measures. ATD: Antithrombin Deficiency; ONT: Oxford

Nanopore Technologies; SV: Structural Variant.

Focusing on rare variants (allele count ≦ 10 in gnomAD v3, NIHR BioResource and NGC project)[141, 142, 143]

in SERPINC1 and flanking regions, 10 candidate heterozygous SVs were observed in 9 individuals (Figure 50C).

Visual inspection of read alignments identified an additional heterozygous SV in a region of low coverage involving
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SERPINC1.

Figure 51: Sequencing results colored by participant. A) Giga bases sequenced B) Percentage of bases in genome

sequenced 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 52: 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.

d. Complete characterization of SVs involved in antithrombin deficiency

Nanopore sequencing resolved the precise configuration of SVs previously identified by MLPA in all 8 selected

cases (P1-P8). SVs were identified independently of their size (from 7Kb to 968Kb, restricted to SERPINC1 or

involving neighbouring genes) and their type (six deletions, one tandem duplication and one complex SV) (Figure

53, Table 13).
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Figure 53: Candidate SVs identified by long-read nanopore sequencing. A) Schematic of chromosome 1 fol-

lowed by protein coding genes falling in the zoomed region (1q25.1). SVs for each participant (P) are coloured

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 coloured in light and dark grey respectively. Asterisks are present where the corresponding breakpoint falls

within a RE. C) Characteristics of the antisense-oriented SVA retroelement (respect to the canonical sequence)

observed in P9. Lengths of the fragments are subject to errors from nanopore sequencing. TSD:Target site duplica-

tion.

Nanopore sequencing results were fully concordant with MLPA and CGH array results in 6 cases, but, importantly,

this method was able to solve the SVs responsible for antithrombin deficiency in 2 cases with previous inconsistent

or ambiguous results (P2 and P6) (Table 13).

For the first case (P2) MLPA detected a deletion of exon 1, but LR-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 54). Specific PCR amplification and Sanger sequencing validated this complex SV in the

proband and a daughter also with antithrombin deficiency.
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Figure 54: SV resolution of P2. Schematic representation of genetic diagnostic methods used to characterize the

SVs. Results from MLPA, LR-PCR and nanopore are shown in white boxes. Primers used for both LR-PCR and

Sanger validation experiments are shown with orange and green arrows respectively. J1 and J2 correspond to the

new formed junctions. J: New junction; M: Molecular weight marker; P: patient; C: control; B: Blank.

For the second case (P6) MLPA detected a duplication of exons 1, 2 and 4 and a deletion of exon 6. Here, our

sequencing approach identified a tandem duplication of exons 1 to 5, which was confirmed by l LR-PCR (Figure

55). The tandem duplication of exons 1-5 was also observed to be present in the son of P6, also with antithrombin

deficiency.
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Figure 55: SV resolution of P6. Schematic representation of genetic diagnostic methods used to characterize the

SV. Results from MLPA, LR-PCR and nanopore are shown in white boxes. Primers used for both LR-PCR and

Sanger validation experiments are shown with orange and green arrows respectively. J1 correspond to the new

formed junction. M100: Molecular weight marker; 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).

e. A SVA 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) presented an insertion of 2,440 bp in intron 6.

Blast analysis of the inserted sequence revealed a new SINE-VNTR-Alu (SVA) retroelement (Figure 53 , Table

13). De novo assembly using the data from P9 revealed an antisense-oriented SVA element flanked by a target

site duplication (TSD) of 14bp (Figure 53C), consistent with a target-primed reverse transcription mechanism of

insertion into the genome [144, 145]. Interestingly, the TSD in both individuals was also the same. The inserted

sequence was aligned to the canonical SVA A-F sequences (Figure 56A) and it was observed to be closest to the

SVA E in the phylogenetic tree (Figure 56B).
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Figure 56: SVA sequence alignments. A) The consensus sequences of SVA A, B, C, D, E, and F were taken

from RepeatMasker (www.repeatmasker.org), then aligned using MAFFT with default parameters. SVA query

corresponds to the SVA insertion in P9. Alignments were visually inspected and colored by nucleotide using

JalView. Subelements of the SVAs are indicated underneath the consensus sequence matching colors in Figure

53C. B) A phylogenetic tree was constructed with the Neighbour-Joining (NJ) algorithm using the Jukes-Cantor

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

the phylogenetic tree.

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 PRCs using flanking primers failed. Only one specific PCR using an internal SVA primer, also designed with

the sequence obtained from Nanopore, was able to amplify the breakpoint (Figure 57). This method was used to

confirm the insertion in P9, P10 and the sequence of the retrotransposon and the breakpoint was validated by Sanger

sequencing. This specific PCR amplification was also the method used to confirm the Mendelian inheritance of this

SVA, as it was also present in two relatives, both with antithrombin deficiency (Figure 57).
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Figure 57: PCR amplification 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 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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f. Breakpoint analysis supports a replication-based mechanism for the majority of structural variants.

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 100% accuracy in 7/10 (70%) SVs called. Repetitive elements were detected

in all the SVs, with Alu elements being the most frequent (16/24, 67%) (Table 14).

Table 14: Repetitive elements at the SV breakpoints. Segments column match to those in Figure S6, 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.

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 -
P1

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 -
P2

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 288
P3

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
Deletion start A3’-B5’ 1:173847697-173847997

1:173847845-173848152 AluY SINE/Alu 149 300 153P4

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

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

P5

Deletion end B3’-C5’ 1:173950024-173950324

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

1:173908214-173908512 AluSx1 SINE/Alu 1 251 251
Duplication start A3’-B5’ 1:173908262-173908562

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

1:173919609-173919890 AluSz SINE/Alu 1 251 251
P6

Duplication end B3’-C5’ 1:173919640-173919940
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 25P7
Deletion end B3’-C5’ 1:174102865-174103165

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
P8

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

Additionally, breakpoint analysis identified microhomologies (7/11, 64%) and insertions, deletions or duplications

(7/11, 64%) (Figure 58)

Specific mutational signatures can yield insights into the mechanisms by which the SVs are formed. Importantly,

we observed a non-random formation driven by the presence of repetitive elements in some of the SVs. For

example, an Alu element in intron 1 was involved in the SVs of P6 and P8, and an Alu element in intron 5 was

involved in SVs of P6, P7 and P8 (Figure 53B, Table 15 and 16). It has been suggested that repetitive elements may

provide larger tracks of microhomologies, also termed ”microhomology islands”, that could assist strand transfer or

stimulate template switching during repair by a replication-based mechanism [69]. These microhomology islands

were present in the SVs of 4 cases (P4, P6-P8), highlighting the important role that repetitive elements play in the

formation of non-recurrent, but non-random, SVs.
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Figure 58: Nucleotide level characterization of the candidate SVs. Breakpoint junction sequence is aligned to

the proximal and distal genomic reference sequence. 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. (AH)P1-8, (I) P9 and P10.

 

(A) P1 

 

 

(B) P2 

 

 

1-173916654    CCAAGACAGTTGTGCCACCACCCCGTTTCTAGCCTCCTGTGACAACTCA*GATGAAGAAGGGAGTGTGTGTGGCATTGAGGGAGGGACAACTCTCATTGTG    1739167 54

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

J1-1           CCAAGACAGTTGTGCCACCACCCCGTTTCTAGCCTCCTGTGACAACTCA* GGAGCAAGGAACAAGGAAAAAAAGCAAAAAACAAAAAACAAATTTTGGGGG    100

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

1-173935659    AAATATGCCATTTGTCCTTACAGGCTCATGATATCACAGAGAAAAGGAA* ------------AAGGAAAAAAAGCAAAAAACAAAAAACAAATTTTGGGGG    17393575 9

A B C

J1

A C

Reference

Derivative

Coverge

Alignment

P1

ii)

iii)

i)

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
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(C) P3 

 

 

(D) P4 

 

 

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

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
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(E) P5 

 

 

(F) P6 

 

 

i)

ii)

iii)

Reference

Derivative

A B C

J1

A C

Coverge

Alignment

P5

1-173850946    TTAAGGGTTGGCCGGGCATGGTGGCTAACGCCTGTAATCCCAGCACTTT*GGGAGGCCGAGGTGGGTGGATCGCCTGAGGTCAGGAGTTTGAGACCAGCCT    1738510 46

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

J1-1           TTAAGGGTTGGCCGGGCATGGTGGCTAACGCCTGTAATCCCAGCACTTT* -AAGTACACATCTTAAAAGCAATGCTAAGTGAAAACATGAAAATGCAAGCT    99

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

1-173950124    TGCCACTGCACTCCAGCCTGGGTACAGAGTGGAACTCCGTCTCAAAAAA*AAAGTACACATCTTAAAAGCAATGCTAAGTGAAAACATGAAAATGCAAGCT    1739502 24

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
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(G) P7 

 

 

(H) P8 

 

 

i)

ii)

iii)

Reference

Derivative

A B C

J1

A C

1-173908284    TTCAAGACCAGCCTGGCCAACATAGTGAAACCCCGTT TCTACTAAAAAT*GCAAAAATTAGCCGGGCGTGGTGGCAGGCGCCTGTAATCCTAGCTCCTTGG    173908384

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

J1-1 TTCAAGACCAGCCTGGCCAACATAGTGAAACCCCGTTTCTACTAAAAAT*ACAAAAATTAGCCAGGCATGGTGGTGAGCGCCTGTAATCCCAGCTACTCCA    100

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

1-174102965    GTCAAGACCAGCCTGATCAACATGGAGAAACACCGTC TCTACTAAAAAT*ACAAAAATTAGCCAGGCATGGTGGTGAGCGCCTGTAATCCCAGCTACTCCA    174103065

Coverge

Alignment

P7

1-173908168    GGCAACATTTTTAGTTTTCAAAACTAGCTTAAAGACAGCCCAATAGCAC*A GTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCAAGGCAGGTAGAT   173908268

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

A3’C5’- 1      GGCAACATTTTTAGTTTTCAAA-CTAGCTTAAAGACAGCCCAATAGCAC*AGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGCATGCAGAT   99

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

1-173915355    AGAAGTAAGAAGAAATGGATGGAGCAAAGGCAATATCTGGCCGGGTGCG* -GTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGCATGCAGAT   173915454

i)

ii)

iii)

Reference

Derivative

A B C

J1

A C

Coverge

Alignment

P8
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(I) P9 and P10 

 

i)

Coverge

Alignment

P9, P10

ii)

Insertion
SVA RE

2440 bp

(T)n VNTR-R
GGG
AGAn TSDTSD SINE

Alu-

like-R
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iii) 

P9 53-88:     (T)n - Simple repeat 

P9 89-2366:   SVA_E  - Retrotransposon 
P9 2367-2490: G-rich - Low_complexity 

 

 
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 

 

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

                                                                                                                    

P9-1801        GCTCGCCTCCTAGATGGGATGGCGGCCGGGCAGAGAGGCCTCACTTTCCACACTGGGCAGCCAGGCAGAGGGCTCCTCATATCCCGGGACGATGGGTGGC 1900 

 

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

                                                                                                                    

P9-1901        CAAGCAGAGACGCTCCTCACTTCCCAGACGGGGTGGCGGCCGGGCAGAGGCTGCAATCTCGGCTCTCCGGGAGGCCAAGGCAGGCGGCTGGGAGGTGGCT 2000 

 

1-173905926    ---------------------------------------------------------------------------------------------------- 173905926 
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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    ---TTTCAAGCTATCACATTTCCTCGCTCCCGTTAAAATTCCACTTTCCTCTGA 173905970 

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

P9-2501        TTCTTTCAAGCTATCACTTTTCCCTGCTCCCGTTAAA-TTCCACTTTCCTCTGA 2600 
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4.2.4 Molecular dissection of structural variants involved in antithrombin deficiency

a. Introduction

The total number of gross alterations affecting SERPINC1 that are collected in the Human Genome mutation Data

Base (HGMD) is 30 (28 deletions and 2 duplications or insertions), most of them detected only by MLPA. Thus,

according to the limitations of this technology, this method only identified but not fully characterized SVs causing

antithrombin deficiency. In this thesis, we have analysed the worldwide largest cohort of patients with antithrom-

bin deficiency caused by SVs (n=39), which have been detected and characterized by using different molecular

methods, including whole genome nanopore sequencing.

b. Patients

Figure 59 shows the flow chart of patients selected for this study. The study was done in a large cohort of patients

with antithrombin deficiency consecutively recruited mainly in two reference centers for this rare disease during

26 years (1994-2020) in Spain and 28 years in Belgium (1990-2020). For the total cohort of 398 and 278 index

cases in Spain and Belgium, a complete functional and biochemical characterization was done and SERPINC1 was

sequenced by Sanger or NGS as described. Cases with negative results were further evaluated for gross gene defects

by MLPA. Twenty-nine cases from these two cohorts had a positive MLPA result.

Figure 59: Flow chart of patients selected for the analysis of structural variants causing antithrombin defi-

ciency

The study also included four additional cases from the Spanish cohort with SVs in SERPINC1 not detected by
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MLPA, reported in previous chapters: one case with deletion of intron 1 (Chapter 4.2.2: “Identification of the first

large intronic deletion responsible of type I antithrombin deficiency not detected by routine molecular diagnostic

methods”), detected by LR-PCR, and three cases with insertion of a retrotransposon, two of them identified by

nanopore sequencing in the previous chapter (Chapter 4.2.3: “Long-read sequencing resolves structural variants in

SERPINC1 causing antithrombin deficiency”).

The cohort of patients with antithrombin deficiency caused by SVs was completed with nine additional cases with

SVs detected by MLPA recruited following the same strategy from Finish and French cohorts of patients with an-

tithrombin deficiency.

Thus, the final number of patients with antithrombin deficiency caused by SVs was 39.

Finally, MLPA was also done in cases with antithrombin deficiency caused by small INDELs <50bp identified by

sequencing methods in the Spanish cohort. Twenty three different INDEL variants were identified in 36 patients

(Figure 59).

c. Clinical data of patients with SVs

The incidence of SVs and the clinical features of patients carrying these SVs was obtained using the data from the

Spanish and Belgian cohorts. Nearly 5% of consecutive and unrelated cases with antithrombin deficiency recruited

in the whole cohort of patients are explained by SVs, 19/398 (4.7%) in the Spanish cohort and 14/278 (5%) in the

Belgian cohort, values that were similar to that described in other long cohorts (3-8%) [136, 35].

All patients carrying SVs had type I deficiency, the average anti-FXa activity was 51.9±9.0% and the mean antigen

level was 49.5±10.6%. A high proportion of cases, 85.2%, presented family history of thrombosis. The severe

clinical impact of SVs affecting SERPINC1 was reflected by the early thrombotic events of carriers (median age

of the first thrombotic event: 32.7 years). Indeed, 4 out of 33 carriers (12.1%) had the first thrombosis in the

pediatric age (under 18 years old). Finally, it is also remarkable the incidence of recurrent thrombosis among

carriers (12.1%).

d. Diversity of SVs

Our study of the whole cohort of cases with gross gene defects in SERPINC1 (N= 39), revealed a wide diversity

of SVs. Although most cases had whole or partial deletions (N= 31/39, 79.5%), four had duplications (10.3%) and

three had insertions (7.7%) (Table 17 ).
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Whole gene deletions

Complete deletion of SERPINC1 was detected by MLPA in 17 cases (P1-P17) (Table 17).

CGH array, which was used to confirm the deletions detected by MLPA and to define the extension of the SVs,

proved the complete deletions of the gene in 13 out of 14 available cases. All deletions involved more than 50 Kb,

but showing a considerable heterogeneity of the deletion size, from 460 Kb to 1,8 Mb. Thus, the number of genes

affected by deletions involving SERPINC1 ranged from 3 to 30 genes. The deletion of SERPINC1 defected in P6

by MLPA was not detected by CGH array because of the reduced size of the deletion (46 Kb). However, a zoom

analysis of the CGH array found results supporting the deletion, which also involved part of the neighboring gene

(ZBTB37). This result was confirmed by nanopore sequencing with PromethION (Figure 60 and Figure 61).

Figure 60: Localization and extension of whole gene deletions affecting SERPINC1 that were detected by

MLPA in patients with antithrombin deficiency from our cohort. The color code and leyend of each patient

show information on the method used to characterize the deletion. For cases P1 and P16, the mosaic deletion

detected by CGH array is also shown in pink. A: CGH array; N: Nanopore sequencing; m: mosaicism. ∗ ∗ indicates

that genomic coordinates were obtained by Zoom analysis of CGH array, so they are not precise.

95



4.2 New molecular defects involved in Antithrombin Deficiency Chapter 4. Results

Figure 61: Detailed description of the deletion identified in P6. a) Zoom of the result obtained by CGH array in

the region surrounding SERPINC1 supporting the deletion. b) Nanopore alignments covering the deletion.

Further characterization of SVs involving deletion of the whole SERPINC1 gene was done in 6 cases by nanopore

sequencing: four with PromethION (P3, P6, P7 and P16) and two with MinION (P2, P9) (Figure 62). This method

confirmed the extension of the deletion in all tested cases (Figure 60) and allowed the characterization of the break-

points (See latter).
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Figure 62: Alignment of nanopore sequences generated by MinION showing the deletion covering SERPINC1

and 19 additional genes in P2.

Finally, we remark P1 and P16, patients who had an additional mosaic deletion detected by CGH array of 8,242,392

and 9,405,354 Mb respectively covering SERPINC1 and 75 and 111 additional genes. In both cases the mosaic dele-

tion covered the germline deletion (Figure 60).

Partial deletions

Fourteen cases presented partial deletions of SERPINC1 detected by MLPA (P18-P31) (Table 17). To further

characterize these SVs, LR-PCRs covering the SERPINC1 gene were designed in available samples. However,

LR-PCR was only able to cover the deletion in 7 out of 13 cases evaluated (P18-22, P29, P31). In cases P18-P22,

LR-PCR results complemented the MLPA results and give us the possibility to analyze the breakpoint at nucleotide

level resolution (see later). Interestingly, in case P22 a relevant discrepancy between these methods was observed.

MLPA diagnosed a deletion of exon 1, which was confirmed in two affected members of the family, but LR-PCR

and NGS, detected a deletion of exon 1 and 2. Nanopore sequencing showed the SERPINC1 architecture of the

mutant allele, revealing a complex SV result of a duplication of exons 2 and 3 and then a deletion of exons 1 and 2

[146].
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In all cases with partial SERPINC1 deletion in which LR-PCR amplification failed, the deletion identified by MLPA

involved exons 1 or 7, suggesting that the deletion might be longer, covering primers positions designed for LR-

PCR. So, further studies done in these 7 cases by CGH array and/or nanopore sequencing confirmed larger deletions

involving up to 3 additional neighbouring genes (Table 17 and Figure 63).

Figure 63: Localization and extension of partial gene deletions, duplications and insertions affecting SER-

PINC1 that were detected in patients with antithrombin deficiency from our cohort. The color code and leyend

show information on the method used to characterize the SV. ∗ indicates than the coordinate localization of P23

has been obtained by Zoom analysis of CGH array A: CGH array; N: Nanopore sequencing; S: Sanger sequencing,

LR: LR-PCR.

In summary, partial deletions affecting SERPINC1 were heterogeneous in size, ranging from 700 bp to 242035

bp, and may also involve neighbouring genes. Partial duplications of SERPINC1 were identified in the remaining 4

cases with antithrombin deficiency caused by SV detected by MLPA (P32-P35) (Figure 62) . Three cases (P32-P34)

carried tandem duplication of exon 6, two of them previously described in detai in previous chapters of this thesis

[119]. The remaining case (P35) had a hardly interpretable partial duplication of SERPINC1 involving exons 2, 3

and 5 and a deletion of exon 6 according to MLPA results. A range of possible LR-PCR designed to test a potential

tandem duplication of exons 1-5 confirmed a 7045 bp tandem duplication of exons 1-5, which was further validated

by WGS nanopore sequencing, obtaining the final architecture of the SV [146].
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Structural variants in SERPINC1 not detected by MLPA

The range of SVs affecting SERPINC1 that have been identified in patients with antithrombin deficiency included

four additional cases in which either sequencing of the gene, MLPA or CGH array rendered negative results (P36-

P39). The deletion of the majority of intron 1 and the first nucleotides of exon 2 was identified in P36 by LR-PCR

and verified by specific PCRs in affected relatives [147] . In this study we confirmed that nanopore sequencing

using the MinION platform also detects this SV, by using WGS (Figure 64).

Figure 64: Detection of the deletion of intron 1 of SERPINC1 in P36 detected: a) by LR-PCR sequencing,

and b) by nanopore sequencing in minION device.

Moreover, the insertion of a 2.4 Kb SVA retrotransposon in intron 6 identified in two unrelated cases (P37, P38)

with family history of antithrombin deficiency was detected by WGS nanopore sequencing [146] . Interestingly,

the PCR designed to validate this insertion in probands and relatives [146] was used to screen new cases with

antithrombin that had not known molecular defect, and interestingly, we identified a new unrelated carrier of the

same insertion (P39)(Figure 65A). Moreover, using a different set of primers and PCR conditions we were able to

amplify the full sequence of the insertion, characterizing both breakpoints and validating the results obtained by

WGS nanopore sequencing (Figure 65B).
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Figure 65: Characteristics of the SVA inserted in intron 6 of SERPINC1. The localization of PCR primers

used to validate this insertion and screen new cases with antithrombin deficiency of unknown cause are shown. A)

Identification of a new case carrying the same SV. B) PCR amplification of the 5’-end of the SVA insertion.

e. Recurrent breakpoints

In 34 cases with SVs affecting SERPINC1, a relative or precise breakpoint position was determined. A global

view of all the breakpoints identified in this study remarked the presence of relatively common regions involved in

gross gene defects affecting SERPINC1 that resulted in antithrombin deficiency. Recurrent breakpoints included

centromeric and telomeric regions flanking SERPINC1 mainly involving 4 genes: RABGAPL1 (9 cases);ZBTB37

(8 cases); RC3H1 (5 cases) and DARS2 (4 cases) (Figure 66 and Tables 18 and 19). The exact localization of most

of these breakpoints was not determined since they were identified by CGH array. Thus, these recurrent intergenic

breakpoints were quite extense (up to 700 Kb) (Figure 66).

Interestingly, our study also identified much narrower (up to 1807 bp) recurrent intragenic breakpoints, and as

they were studied by methods reaching nucleotide resolution, all were precisely localized. Intragenic recurrent

breakpoints affected mainly 3 SERPINC1 intronic regions and one exon: intron 5 (8 cases), intron 6 (7 cases),

intron 1 (6 cases) and exon 2 (3 cases) (Figure 67 and Table 17 ).
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Figure 66: Localization of recurrent breakpoints in genes flanking SERPINC1 identified in patients with

antithrombin deficiency caused by SVs.
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Figure 67: Localization of recurrent SERPINC1 intragenic breakpoints in patients with antithrombin defi-

ciency caused by SVs.
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Table 18: Analysis of the breakpoint of the SV in patients with Antithrombin deficiency. * Indicates that the

analysis was done with relative coordinates obtained by CGH array. The last column indicates the exact sequence

that present microhomology or that is inserted at the breakpoint. In P5, the genomic coordinates were obtained by

Zoom analysis of CGH array. ND: not determined, MH: Microhomology; INS: Insertion; DUP: duplication.

ID technology used for bp analysis bp nucleotide RE at bp START END MH/INS/DUP at bp nt MH secuence MH/INS

Whole SERPINC1 deletions

P2 Nanopore + Sanger YES YES L1PA2 L1PA2 MH 43 CTCACGCTGGGAGCTGTAGACCGGAGCTGTTCCTATTCGGCCATCTTG

P3 Nanopore + Sanger YES YES AluY AluSp MH 26 TTTTTTTTTTTTTTTTTTTTTTGAGA

P4 Sanger YES YES AluY AluSp MH 26 TTTTTTTTTTTTTTTTTTTTTTGAGA

P6 Nanopore + Sanger YES YES AluSx1 - MH 4 TGGN

P7 Nanopore + Sanger YES YES AluSx L1ME3C No

P9 Nanopore YES YES - Alusz MH;INS 3;29 AAC;ACTCTGACAGGCATGCATCCATCCCAAGT

P16 Nanopore YES YES - L1PA16 MH;INS 2;1 AC; C

Partial SERPINC1 Deletions

P18 LR-PCR+Illumina YES YES AluSq2 AluJb MH 4 GTAT

P19 LR-PCR+Illumina YES YES L3 - MH 3 CCT

P20 LR-PCR+Illumina YES YES AluY AluSz MH 48 GGCGCGGTGGCTCNACGCCTGTAATCCCAGCACTTTGGGAGGCCAAGG

P21 Nanopore + Sanger YES YES AluSx1 AluSz MH 36 GTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGC

P22 Nanopore + Sanger YES YES MER103C;- -;L2a MH 5; 3 GTTGC; AGC

P24 Nanopore + Sanger YES YES AluSx1 AluSp MH 12 CAAAAATTAGCC

P25 Nanopore + Sanger YES YES - A-rich INS 12

P26 nanopore YES YES - AluJr No No

P29 LR-PCR+Illumina YES YES L1MC1 AluY No No

P31 nanopore YES YES AluSp AluSx1 MH 28 GGAGGCTGAGGCAGGAGAATCNCTTGAA

Partial SERPINC1 duplications

P32 Sanger YES YES - - MH 4 GGCC

P33 Sanger YES YES AluSp AluSp MH 18 AAAATACAAAAATTAGCC

P34 Sanger YES YES AluSp AluSp MH 18 AAAATACAAAAATTAGCC

P35 Nanopore + Sanger YES YES AluSx1 AluSz MH 28 GGAGGCTGAGGCAGGAGAATCACTTGAA

Normal MLPA

P36 LR-PCR+Illumina YES No - - INS 2 CC

P37 Nanopore + Sanger YES YES L2 L2 DUP 14 ACCTTGTGTTCTTT

P38 Nanopore + Sanger YES YES L2 L2 DUP 14 ACCTTGTGTTCTTT

P39 Sanger YES YES L2 L2 DUP 14 ACCTTGTGTTCTTT
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Table 19: Detailed information about breakpoint analysis obtained with (www.repeatmasker.org) Repeat-

Masker for each start and end position of SV breakpoints with a window of 100bp. Repeat element and

Family name are shown. * Marks that the breakpoint has been detected by CGH array.

ID Chr Repeat Family

P1* start chr1:173501875-173502075 MamRep1879 DNA/hAT-Tip100

end chr1:175304910-175305110 AluSc8 SINE/Alu

P1 mosaic* start chr1:170208433-170208633 THE1C LTR/ERVL-MaLR

end chr1:178450825-178451025 L2d LINE/L2

P2 start chr1:172987196-172987396 L1PA2 LINE/L1

end chr1:174843132-174843332 L1PA2 LINE/L1

P3 start chr1:173848042-173848242 AluY SINE/Alu

end chr1:174816047-174816247 AluSp SINE/Alu

P4 start chr1:173848042-173848242 AluY SINE/Alu

end chr1:174816047-174816247 AluSp SINE/Alu

P5* start chr1:173881295-173881495 L1PA5 LINE/L1

end chr1:174341943-174342143 - -

P6 start chr1:173787261-173787461 AluSx1 SINE/Alu

end chr1:173925889-173926089 - -

P7 start chr1:173850896-173851096 AluSx SINE/Alu

end chr1:173950074-173950274 L1ME3C LINE/L1

P9 start chr1:173786933-173787133 L1PA6 LINE/L1

end chr1:174223322-174223522 L1PA8 LINE/L1

P11* start chr1:173884418-173884618 AluJb SINE/Alu

end chr1:174418617-174418817 AluSz SINE/Alu

P12* start chr1:173884404-173884604 AluJb SINE/Alu

end chr1:174418617-174418817 AluSz SINE/Alu

P13* start chr1:173896568-173896768 - -

end chr1:173942768-173942968 AluYf1 SINE/Alu

P14* start chr1:173888361-173888561 AluJr4 SINE/Alu

end chr1:173971154-173971354 AluSz SINE/Alu

P15* start chr1:173859435-173859635 AluSx3 SINE/Alu

end chr1:173926373-173926573 Ricksha b DNA/MULE-MuDR

P16 start chr1:173686275-173686475 HERVIP10FH-int LTR/ERV1

end chr1:176083018-176083218 - -

P16 mosaic* start chr1:170194417-170194617 L1M2 LINE/L1

end chr1:179599771-179599971 Tigger3b DNA/TcMar-Tigger

P17* start chr1:173888360-173888560 AluJr4 SINE/Alu

end chr1:174138826-174139026 - -

P18 start chr1:173914539-173914739 AluSq2 SINE/Alu

end chr1:173921931-173922131 AluJb SINE/Alu

P19 start chr1:173912450-173912650 L3 LINE/CR1

end chr1:173914777-173914977 - -

P20 start chr1:173910228-173910428 AluY SINE/Alu

end chr1:173913505-173913705 AluSz SINE/Alu

P21 start chr1:173908260-173908460 AluSx1 SINE/Alu

end chr1:173915305-173915505 AluSz SINE/Alu

P22 start chr1:173911279-173911479 MER103C DNA/hAT-Charlie

end chr1:173915015-173915215 - -

P22 2 start chr1:173912051-173912251 -

end chr1:173918934-173919134 L2a LINE/L2

P23* start chr1:173879720-173879920 AluSx1 SINE/Alu

end chr1:173915305-173915505 AluSz SINE/Alu

P24 start chr1:173908411-173908611 AluSx1 SINE/Alu

end chr1:174102800-174103000 AluSp SINE/Alu

P25 start chr1:173916604-173916804 - -

end chr1:173935603-173935803 A-rich Low complexity

P26 start chr1:173912060-173912260 - -

end chr1:174154095-174154295 AluJr SINE/Alu

P29 start chr1:173909521-173909721 L1MC1 LINE/L1

end chr1:173910221-173910421 AluY SINE/Alu

P31 start chr1:173906940-173907140 AluSp SINE/Alu

end chr1:173908312-173908512 AluSx1 SINE/Alu

P32 start chr1:173907223-173907423 - -

end chr1:173907454-173907654 - -

P33 start chr1:173906875-173907075 AluSp SINE/Alu

end chr1:173907738-173907938 AluSp SINE/Alu

P34 start chr1:173906875-173907075 AluSp SINE/Alu

end chr1:173907738-173907938 AluSp SINE/Alu

P35 start chr1:173908260-173908460 AluSx1 SINE/Alu

end chr1:173915305-173915505 AluSz SINE/Alu

P36 start chr1:173914806-173915006 - -

end chr1:173916822-173917022 - -

P37 start chr1:173905822-173906022 L2 LINE/L2

P38 start chr1:173905822-173906022 L2 LINE/L2

P39 start chr1:173905822-173906022 L2 LINE/L2
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f. Repetitive elements and microhomology at the breakpoints

A deep analysis of the sequences of SV breakpoints obtained by nanopore, LR-PCR, and/or Sanger sequencing

(N= 24 SV), or by analysis of CGH array (N= 9 SV) revealed repetitive elements in or close (< than 100 bp) to one

of the breakpoints in all except one case. Alu sequences were involved in 34 breakpoints and LINE elements were

involved in 14 breakpoints (Table 18 and table 19). Interestingly, some Alu elements are present in recurrent SV.

Thus, an AluSp in intron 6 was present in SVs of 3 patients (P34, P33, P31); the same Alu subfamily localized in

intron 5 was involved in SVs of cases P34 and P33. Finally, AluSx1 in intron 5 was involved in the breakpoint of 4

SVs (cases P21, P24, P31 and P35).

The observed recurrent breakpoints inter and intragenic fall in regions with higher density of RE (Figure 66 and

Figure 67).

g. Recurrent structural variants

Interestingly, four different SVs were identified in at least two unrelated patients with antithrombin deficiency (Fig-

ures 60 and 63 and table 17).

• Three patients from 3 countries, Spain, Poland, and Belgium had tandem duplication of exon 6. Two of them

(P33 and P34), have duplications with the same size (863 bp) and shared a common breakpoint, however P32, has

different size (198 bp) and breakpoints.

• P3 and P4 showed a very similar deletion according with CGH array data and might share a common breakpoint.

As P3 was further studied with nanopore sequencing, the nucleotide resolution obtained allowed to design a specific

PCR for breakpoint validation. The PCR used to validate the breakpoint in P3 was also applied to P4, confirming

that both patients had exactly the same SV. Thus, nucleotide-level resolution revealed the same 20 gene deletion in

two unrelated patients (P3 and P4) from Murcia and Granada, towns of the south of Spain separated by 200 Km.

• CGH array also showed very similar data in terms of extension and localization of the deletion in two unrelated

Belgian patients: P11 and P12, 534199 bp, and 534213 bp; 1:173884518-174418717 and 1:173884504-174418717,

respectively. Unfortunately, no further results were obtained and the absence of nucleotide resolution did not allow

confirming or refusing that these patients share the same SV.

• WGS using nanonopore and PCR validation revealed the same insertion of a new retrotransposon with the same

TDS in three unrelated Spanish patients, two (P37 and P38) were from Galicia (Lugo and A Coruña, at the north of

Spain) and the third (P39), was from Toledo (Center of Spain), but reported ancestors from Galicia.

In order to confirm the recurrent SVs affecting SERPINC1 and aiming to explore a potential founder effect for

these genetic changes, STR analysis of 6 markers that covered 12 Mb close to SERPINC1 were done in all cases.

The analysis of P32, 33 and 34, the cases with exon 6 duplication, revealed that P33 and P34 share common STRs

in all positions; however P32, only shares the two closest STRs in the SERPINC1 telomeric region (D1S2691

and D1S2887) (Table X.6.4). Patients with deletion of 20 genes (P3 and P4) shared common STR alleles till 1

Mb telomeric from SERPINC1 and the closest STR to SERPINC1, D1S2790 (Table X.6.4). For cases with SVA

insertion, STR analysis showed common STRs alleles in the three carriers in positions close to SERPINC1 (up

to 1Mb in centromeric region). Patients P37 and P38 share more STR alleles (D1S452, D1S2751 and D1S431).

Additionally, phasing analysis of the sequences obtained by WGS with nanopore in two cases, confirmed the linkage

of a rare SNP (rs186758691, MAF: 0.0027) to the SVA insertion shared by these patients (Table 20) However, STR

analysis did not support a founder origin for the deletion found in P11 and P12 (Table 20)
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Table 20: STR analysis of recurrent SV in patients with Antithrombin deficiency. Alleles shared by patients

carriers of recurrent SV, are shown in bold letter.

DUPLICATION EXON 6 DELETION 20 GENES SVA INSERTION DELETION 4 GENES

STR PCR size REPETITIONS FAM/HEX Distance to SERPINC1 P32 P33 P34 P3 P4 P37 P38 P39 P11 P12

(GT)21 (GT)17 (GT)17 (GT)18 (GT)18 (GT)19 (GT)18 (GT)18
D1S431 248-292pb 23GT FAM -6.052.951

(GT)19 (GT)22 (GT)19 (GT)17 (GT)15 (GT)21 (GT)21 (GT)21
(GT)20 (GT)21

(AC)20 (AC)20 (AC)20 (AC)13 (AC)19 (AC)16 (AC)15 (AC)19
D1S2799 184-224 21AC FAM -5.780.393 -

(AC)16 (AC)16 (AC)21
(AC)20

(GT)12 (GT)7 -
D1S452 197-225 15GT HEX -3.349.071

(GT)9
(GT)10 (GT)10 (GT)7 (GT)9 (GT)8

(GT)8
(GT)10 (GT)9

(TG)17 (TG)19 (TG)18 (TG)19 (TG)19 (TG)19
D1S2790 205-247 22TG FAM -848.572

(TG)21
(TG)19

(TG)21
(TG)18

(TG)22 (TG)21 (TG)21
(TG)20 (TG)22

SERPINC1 0

(CA)20 (CA)19 (CA)19 (CA)19 (CA)19 (CA)18
D1S2691 165-187 22CA FAM 3.965.256

(CA)19 (CA)15 (CA)15
(CA)10

(CA)10
(CA)15

(CA)15 (CA)15
(CA)15 (CA)20

(TG)16 (TG)16 (TG)16 - - (TG)16 (TG)16 (TG)16
D1S2887 194-215 21TG HEX 2454572

(TG)18 (TG)18 (TG)18
(TG)16 (TG)16

(AC)21 (AC)17 (AC)15 (AC)15 (AC)17 (AC)17 (AC)17 (AC)17 (AC)15
D1S2791 193-214 21AC FAM 1.112.289 (AC)17

(AC)18 (AC)21 (AC)17 (AC)18 (AC)18

(CA)18 (CA)15 (CA)18 (CA)18 (CA)15
D1S2751 210-228 18CA FAM 6.124.702

(CA)19
(CA)18 (CA)18

(CA)17 (CA)16
(CA)18

(CA)16
(CA)19 (CA)18

h. MLPA study of INDEL variants

Currently MLPA analysis is only done in cases with negative sequencing data. However, and taking into account

the failed results obtained by MLPA in some cases, and indicated before, we speculate that small INDEL might

be incorrectly detected by MLPA. Thus, we studied by MLPA 23 cases with different small INDEL from the

Spanish cohort. Remarkably, 2 cases (8.7%) had positive findings. Case P40, carrier of a 31 bp in-fame deletion

(p.Val407 Ala416del) was incorrectly diagnosed by MLPA as a deletion of the whole exon 7 (Figure 68). Much

more interesting was the result observed in case P41, carrier of a complex INDEL with a predominant duplication

of a conserved region, p.Glu241 Leu242delinsValLeuValLeuValAsnThrArgThr, that resulted in a variant secreted

to the plasma (type II deficiency) in which the duplicated region formed a new strand in sheet A, as our structural

study confirmed [148] . Surprisingly, MLPA analysis of P41 showed a deletion of exon 4 (Figure 69).
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Figure 68: Erroneous diagnosis of exon 7 deletion by MLPA in a case with antithrombin deficiency caused

by a 31 bp in-fame deletion (p.Val407 Ala416del). The localization of the deleted region and the sequence

recognized by the probes used in the MLPA are also shown.
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Figure 69: Erroneous diagnosis of exon 4 deletion by MLPA in a case with antithrombin deficiency

caused by a complex INDEL: deletion of 9 bp, duplication of 21 bp and insertion of 12 bp (p.Glu241

Leu242delinsValLeuValLeuValAsnThrArgThr). The localization of the gene variation and the sequence rec-

ognized by the probes used in the MLPA are also shown.
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5.1 Clinical impact of antithrombin deficiency

Antithrombin deficiency is the strongest thrombophilia and significantly increases the risk of thrombosis. Its diag-

nosis, usually restricted to functional studies evaluating the anticoagulant activity of this serpin (anti-FXa< 80%),

has clinical impact in the management of carriers, leading to a long-life antithrombotic treatment in symptomatic

carriers; and prophylaxis under risk conditions and reducing of other thrombotic risk factors in asymptomatic car-

riers [149] . However, there is a significant clinical heterogeneity among subjects with a diagnosis of antithrombin

deficiency. Therefore, the identification and characterization of gene defects causing antithrombin deficiency with

different prognosis is relevant.

We explored this objective by two different and antagonist approaches. 1) A retrospective analysis of pediatric

thrombosis in probably the world-wide largest cohort of patients with antithrombin deficiency consecutively re-

cruited during more than 20 years in two reference centers from Spain and Belgium. For this objective, we eval-

uated the impact of different factors such as: age, sex, genetic variants and environmental factors on the risk to

suffer pediatric thrombosis. 2) A complete biochemical and genetic characterization of the first recurrent mutation

causing antithrombin deficiency in African population

5.1.1 Pediatric thrombosis.

We have performed a retrospective multicentric study, collecting phenotype and genotype data from 968 patients

with congenital antithrombin deficiency, to evaluate the risk and clinical features of thrombosis in pediatric age. 73

patients from our cohort developed pediatric thrombosis, which represents the largest cohort of pediatric antithrom-

bin deficient patients world-wide.

The calculation of the thrombotic risk in patients with severe thrombophilic disorders like deficiencies of the natural

anticoagulants antithrombin, protein C and protein S is difficult because these are rare disorders. This limitation

is even more prominent when considering pediatric thrombosis. In particular for antithrombin deficiency very few

data are available about the occurrence of thrombosis in the first two decades and most information results from

case reports or small case series [150, 151, 152] , as well as from reports on thrombophilia in large cohorts of

pediatric patients [153, 154, 155, 156]

The incidence of pediatric thrombosis among our antithrombin deficient patient cohort was as high as 7.5%. We

calculated an incidence of pediatric thrombosis of 0.41%/year among carriers of this severe thrombophilia, which

is 300-fold higher than that described in the general population (0.0014%/year) [129] .

We observed more thrombotic complications in males than females (male-to-female ratio 1.2:1), a finding that is in

accordance with previous studies in children [157, 153, 156, 158, 159]

Thrombosis in antithrombin deficient children also seems to be age-dependent. In accordance with other studies

[160] , we observed a fairly consistent pattern with an initial peak incidence of thrombosis during the neonatal

period and a second increment occurring in adolescence (Figure 70) .

111



Chapter 5. Discussion

Figure 70: Representation of the number of cases with pediatric thrombosis and the age at of the event in

patients with antithrombin deficiency.

During the adolescent period, the localization of the thrombosis and the triggering risk factors were similar to those

seen in adults, notably in estrogen-related conditions (oral contraceptive pill, pregnancy and puerperium) (Figure

71) .

Figure 71: Representation of A) the localization of the thrombotic event and B) the risk factor associated in

each case of patients with antithrombin deficiency.

The reason for the high incidence of thrombosis in the neonatal period can be attributed to the labile haemostatic

system in newborns with reduced levels of many coagulation factors and inhibitors, including antithrombin. An-

tithrombin levels are known to be 60% reduced at birth and to reach adult values around 3 months of age [161, 162].
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We speculate that the physiological antithrombin deficiency at birth is exacerbated by the addition of a congenital

defect of this protein, making the neonate most sensitive to any other prothrombotic triggering factor like acido-

sis, hypoxia, thermal changes, release of tissue factor and a frequent exposure to trauma and manipulation. It is

worth mentioning that only one neonate from our cohort the initial thrombosis was catheter-related, while this is

the main cause of thrombosis among newborns [163]. We note a strikingly high incidence of cerebral sinovenous

thrombosis in our neonatal cohort. It is plausible that the skeletal development of the skull (with fontanels), makes

the newborn vulnerable to cerebral thrombosis in this period, particularly if associated with thrombophilia and/or

localized trauma [164] . Indeed, three events occurred after assisted delivery, a procedure known to be associated

with cerebral thrombosis in 60% of cases [165] .

Of interest is the severe outcome and mortality in our pediatric antithrombin deficient patients. Directly attributable

mortality was 4-fold higher compared to children with thrombosis from the Canadian Childhood Thrombophilia

registry (8.2% vs 2.2%, respectively) [166] . Two unrelated cases of our six deceased patients were carrying the

p.Leu131Phe variant in homozygous state. The occurrence of pediatric thrombosis associated with this variant, an-

tithrombin Budapest III, in homozygosity has been described earlier [151, 152, 132] but, as far as we know, never

with fatal outcome. VTE recurrence rate in our antithrombin deficient pediatric cohort was markedly increased

compared to that of the overall pediatric population with thrombophilia [154, 155]. All these results support that

antithrombin deficiency is the most severe form of thrombophilia, both in childhood and adulthood [30] .

The risk of thrombosis in children with antithrombin type II HBS deficiency in our cohort was low, except when the

mutation was present in homozygous state or when combined with other thrombophilic factors. In our whole co-

hort, 23% of patients were carriers of mutations affecting the heparin-binding site. However, only 3.6% of subjects

with type II HBS deficiency developed pediatric thrombosis and most of them presented the deficiency in homozy-

gous state or combined with other thrombophilia, supporting the fact that isolated heparin-binding site deficiency in

heterozygous state is less thrombogenic in children than type I or the other type II deficiencies. Interestingly, there

was a remarkable incidence of genetic variations associated with formation of disulphide-linked dimers (14/73 or

19.2%). These results strongly support that mutations with conformational consequences have severe clinical im-

plications and might increase the risk of pediatric thrombosis [117, 56] .

It is still a matter of debate whether it is useful to test for thrombophilia in children with a first venous thrombotic

event or in asymptomatic children of families with thrombophilia [167, 168] . The identification of an inherited

thrombophilic defect does not alter the acute antithrombotic management in children [169] and it is not common

practice to administer thromboprophylaxis in children in high-risk situations such as immobility, surgery, or trauma

[170] . However, a recent study suggests that thrombophilia care in children should be individualized [171] . The

high incidence of severe thrombotic events in children with antithrombin deficiency, most of them in high-risk

situations and the high recurrence rate observed in our study support the comment of Nowak-Göttl and coworkers

[171]. Thus, we recommend testing for antithrombin deficiency in children of affected families, particularly for

those carrying type I deficiency. Carriers might benefit from preventive strategies like prophylaxis in high-risk sit-

uations [172, 173, 174] and from counselling concerning risk factors such as oral contraceptive use. Our data also

propose to test for antithrombin deficiency in pediatric cases with cerebral sinovenous thrombosis or thrombosis

occurring at unusual sites.

5.1.2 Characterization of the first recurrent mutation causing antithrombin deficiency in

African population

We have evaluated the consequences and features of the p.Thr147Ala antithrombin variant identified in 12 unrelated

patients with antithrombin deficiency of Black-African origin.
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The majority of the patients were female (11/12) and suffered from obstetric complications (7/12). Thrombotic

events were observed in six of the 12 patients, in half of them in the absence of acquired or transient thrombophilic

risk factors. The predominance of the p.Thr147Ala variant in female patients is remarkable as it is not observed in

the data from gnomAD, ExAC, and 1000 Genomes. The gender bias observed in our study can be explained by the

fact that females, unlike males, are exposed to specific thrombotic risk factors as pregnancy or hormone replace-

ment therapy, among others. Further studies are required to clarify whether the p.Thr147Ala variant is particularly

associated with obstetric complications. Familial history of VTE was reported by only one patient, suggesting

that this variant is associated with a mild thrombotic phenotype. In all subjects, no other molecular defects were

identified in the SERPINC1 gene. Picard et al reported a female patient with antithrombin deficiency carrying a

different mutation on the same amino acid residue, p.Thr147Ile. In this patient, extremely low activity was mea-

sured (25%) in combination with an antigen level of 50%. The possible hypothesis of homozygosity or compound

heterozygosity could however not be proven. The patient and her twin sister suffered from spontaneous abortion,

a clinical presentation that is shared by four of the patients reported in our study [175] . Further studies including

large case/control studies of patients with African origin are required to explore the risk of thrombosis associated

to this SERPINC1 mutation, particularly to know if whether mutations affecting this residue could increase the risk

of abortion and to know the associated mechanism. In this study we characterize this variant aiming to explain why

it is so frequent in a specific population.

Our first concerns were to clarify the pathogenicity of the p.Thr147Ala variant. Our initial approach was bioin-

formatics. Seven of the 13 in silico prediction tools for pathogenicity classified this variant, also known as

SNP rs2227606, as a benign polymorphism. A recent study evaluating different in silico methods in predict-

ing pathogenicity of SERPINC1 variants observed a large variability between several bioinformatics tools. Es-

pecially mutations causing type II HBS deficiency were often misclassified as benign by the majority of the in

silico tools [176] . The most powerful prediction tool in their study appeared to be PolyPhen-2, which classi-

fied the p.Thr147Ala variant as “possibly damaging.” However, for the same algorithm, the p.Thr147Ala variant

was regarded as a “true negative,” meaning that data on specificity and negative predictive values should be in-

terpreted with caution. Another study found that predictions from five commonly used algorithms (PolyPhen-2,

SIFT, CADD, Provean, and MutationTaster) resulted in 79% concordance for pathogenic variants and only 33% for

benign variants [177] . Of these five algorithms, only SIFT predicted our variant to be tolerated.

The second interesting issue of this variant was the conflictive results observed when evaluating the functional

consequences of this mutation and to classify the associated deficiency. Antithrombin activity in patient plasma

was reduced only when measured with one specific commercial assay, Innovance Antithrombin. Combined with

(nearly) normal antigen levels, these results suggest a type II antithrombin deficiency. Our study provides further

evidence of the limitations of commercially available methods to diagnose antithrombin deficiency. Indeed, it has

already been reported that the sensitivity of certain commercial activity assays, especially thrombin-based ones,

tends to be lower toward type II HBS deficiencies [133, 116, 178, 179, 180] . Reduction of incubation time of the

plasma with thrombin or FXa can improve the sensitivity [116, 181, 182] . This was also the case in the present

study where we observed a significant reduction of antithrombin activity (measured by the anti-Xa assay HemosIL

Antithrombin) in the plasma from patients but not in normal controls. Heating of the patient plasma did also induce

a reduction of the antithrombin activity when measured with the same assay.

Additional evidence for the pathogenic consequences of p.Thr147Ala was obtained from the studies done on re-

combinant proteins. The recombinant p.Thr147Ala showed approximately 50% anti-FXa inhibition of the WT

antithrombin but without altered heparin affinity, as shown by fluorescence studies. The fact that we could not

show any effect on heparin affinity in the recombinant protein could be explained by the use of the β-glycoform

background. Two antithrombin glycoforms are found in plasma: first, the α-isoform that represents the main cir-

culating fraction (90%) and contains four N-glycans; second the β-isoform that lacks the N-glycan at position135
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is the minor fraction (10%). Of these two glycoforms, β-antithrombin has the higher affinity for heparin and thus

functions as the major inhibitor in vivo even though it is the less abundant form [183] . A previous study has shown

that the β-isoforms of HBS variants retain their heparin affinity and may also compensate for the effect of mutations

causing heparin binding defects [184] . In our study, the recombinant proteins were constructed on the β-isoform,

possibly explaining the preserved heparin affinity. Moreover, the anti-Xa activity of the recombinant p.Thr147Ala

protein was reduced with both assays, contrasting with the data observed in plasma. When measured with the

HemosIL Antithrombin assay, plasma of patients carrying the p.Thr147Ala variant shows normal antithrombin ac-

tivity, while recombinant, pure β-p.Thr147Ala displays reduced antithrombin activity. This suggests that the effect

of the p.Thr147Ala variant on the anticoagulant function of antithrombin is more pronounced on the β-glycoform.

Structural modeling revealed that residue Thr147 forms three hydrogen bonds that are all abolished when mutated

to Ala. The H-bond with Arg79 is of specific interest as this residue is known to directly interact with heparin and

mutations of this residue result in a loss of affinity toward heparin [185, 186]. We speculate that the absence of this

hydrogen bond causes a distortion of the HBS and possibly leads to a misalignment of the pentasaccharide. This

is further supported by the results of the CIE. Under physiological conditions, no difference is observed between

normal and patient plasma. However, under higher ionic strength conditions, an increase in low-affinity variants

is observed. Hydrogen bonds are known to be affected by higher ionic strength and the fact that the p.Thr147Ala

mutation already induces a loss of three H-bonds only exacerbates this effect. Another stress condition known to

disturb hydrogen bonds is temperature. As already discussed, heating of the patient plasma reduced the (apparently

normal) activity compared with controls when measured with the HemosIL Antithrombin kit. We speculate that

the reaction conditions (pH, incubation time, heparin concentration) of the Innovance Antithrombin kit, mimic a

stress condition making it the only commercial assay in this study able to detect the functional (and pathological)

consequences of the p.Thr147Ala variant. Moreover, this assay uses human FXa in contrast to the other anti-Xa

assays in this study where bovine FXa is used.

Threonine 147 is located at the bottom of helix D, a region highly involved in binding to the pentasaccharide of

heparin. Upon binding of antithrombin to heparin, several structural rearrangements occur, like the rotation and

extension of helix D [186] . Mutations in amino acids sterically surrounding residue 147 have been proven to highly

disturb or even abolish heparin affinity [187, 188] . This effect might be exacerbated in the absence of glycosylation

at Asn167, which is the result observed in the recombinant system using a beta background.

Interestingly, the p.Thr147Ala variant was only identified in individuals of Black-African origin. A potential

founder effect is usually evaluated by haplotype analysis of carriers of a common mutation. Usually, haplotype

studies required from family studies or cloning strategies to strongly determine the haplotype linked to the mu-

tation. Unfortunately, no family studies were possible, and we decided to use a novel approach that might solve

the haplotype associated with the p.Thr147Ala variant in all unrelated carriers. LR-PCR and nanopore sequenc-

ing, together with a simple bioinformatic tool, allows knowing the genetic variations of each allele. By using this

original approach with nanopore sequencing of LR-PCRs we demonstrate a common haplotype in all carriers. This

haplotype contains 13 intragenic markers, some of them with very low MAF, strongly supporting a founder effect.

So far only two founder mutations have been described in SERPINC1, both also responsible for type II HBS defi-

ciencies: Antithrombin Budapest 3 (p.Leu131Phe) in Hungary and antithrombin Basel (p.Pro73Leu) in the Finnish

population [132, 133] . We report the first SERPINC1 founder mutation identified in the Black-African population.

Further studies are required to determine at what evolutionary time point this variant, which has a relatively high

prevalence in Africans, has occurred. According to the 1000 Genomes data obtained from the African/African-

American population dataset of 5,203 individuals (3,315 female and 1,888 male samples) assembled by ExAC, the

frequency of the p.Thr147Ala variant in African population is close to 1%, strongly suggesting that it originated a

long time ago during evolution and has a wide distribution in this continent. Our own data confirm the prevalence

of 1% in individuals of Black-African ancestry. Although the antithrombin p.Thr147Ala variant is predominantly
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found in Africans, it was also identified in African-Americans and Europeans, but in much lower numbers. This

can be explained by the recent acceleration and geographical diversification (beyond colonial patterns) of migration

from Africa to Europe, but increasingly also to North America [189] . Results from a recent meta-analysis show

that individuals of African descent appear to have a higher risk for the development of VTE when compared with

Caucasians (odds ratio: 1.28, 1.19-1.38 95% confidence interval) [190] . While the factor V Leiden and prothrom-

bin G20210A variant are absent in people of Black-African ancestry, the prevalence of deficiencies of the natural

anticoagulants, protein C, protein S, and antithrombin is reported to be equal in both ethnic groups [191, 192, 193]

.

It was hypothesized that the higher prevalence of VTE among people of African ancestry might be due to an in-

creased prevalence of acquired risk factors for VTE but this could not be confirmed [191]. The authors of the

same study suggest the underlying role of yet unknown genetic components. In the light of our present findings,

we presume that the p.Thr147Ala variant in the SERPINC1 gene could be such a candidate to contribute to the

higher risk of thrombosis observed in Africans. Moreover, this variant is hardly detected by commercial assays

evaluating antithrombin anticoagulant activity and thus probably under reported. Interestingly, the PROS1 muta-

tion, p.Val510Met, identified in patient 10, was shown to be a population-specific risk factor for VTE, restricted

to individuals of African descent [194] . Analogous to the hypothesis of a positive selection explaining the high

prevalence of common prothrombotic polymorphisms like factor V Leiden among Caucasians [195], we specu-

late that in Africans other mild prothrombotic mutations with possible health benefits might be selected. These

polymorphisms, including the p.Thr147Ala variant in SERPINC1 for the African population, could predispose to

different advantageous phenotypes. Beneficial effects of factor V Leiden on hemostasis (less hemorrhagic events

during delivery), on inflammation (higher survival rate in and lower susceptibility to severe sepsis), and even on

fertility (higher fecundity in both men and women) could underlie the selection [195] . It is hypothesized that these

beneficial effects might not be driven by the factor V Leiden mutation itself but rather by (not yet identified) poly-

morphisms in surrounding genes that are co-inherited with factor V Leiden (a mechanism called genetic hitchhik-

ing) [196] . As F5 and SERPINC1 are located in close proximity on the long arm of chromosome 1, it is conceivable

that the observations for the factor V Leiden variant can be extrapolated to the antithrombin p.Thr147Ala variant

and thus support its positive selection. However, in the modern and aging Western society with increased risk of

thrombosis, such as oral contraceptive use or sedentary habits, these originally “positive” defects would show their

pathogenic reverse side, revealing new evidence of the complex and sensitive equilibrium of the haemostatic sys-

tem.

This study has investigated the p.Thr147Ala variation in the SERPINC1 gene. We could demonstrate that the variant

is a pathogenic founder mutation responsible for an inherited type II HBS antithrombin deficiency. As the muta-

tion is restricted to people of African descent, further studies including large case-control studies in populations of

African ancestry are required to determine the exact risk of thrombosis and bad pregnancy outcome associated with

this variant.

5.1.3 Conclusion from the first objective

The first two chapters of this thesis show new evidence of the clinical heterogeneity of antithrombin deficiency.

Some types, such as type I or certain type II deficiencies (homozygous for the Budapest 3 variant, or heterozygous

in combination with other prothrombotic risk factors) are very severe prothrombotic risk factors and may cause

pediatric thrombosis, in some cases with fatal consequences, affecting unusual localizations, or with recurrence.

In contrast, there are mild antithrombin deficiencies, like the p.Thr147Ala variant, with moderate functional con-

sequences that some commercial methods are not able to detect, that may expand in certain populations. For the

p.Thr147Ala variant, we have used a novel method based on sequencing large fragments of DNA by nanopore that
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is able to define large haplotypes. This method has been useful to determine the founder effect for the p.Thr147Ala

variant.

5.2 Structural variants in antithrombin deficiency: new molecular defects

involved in this disorder

The key anticoagulant role of antithrombin and the clinical usefulness of its diagnosis have stimulated the analysis

of this disorder among patients with thrombophilia. Hundreds of cases with antithrombin deficiency have been

identified, and their molecular base studied, mostly focused on the coding gene, SERPINC1. Thus, sequencing of

exons and flanking regions and MLPA analysis have identified up to 315 different SERPINC1 gene defects.

As far as we know only 3 regulatory gene variations affecting the promoter or introns have been described [67, 66]

. NGS methods covering coding regions or the whole gene, less frequently used, may also identify mutations in

SERPINC1 involved in antithrombin deficiency [72] .

In addition, gross gene rearrangements affecting SERPINC1 have been identified in cases with antithrombin de-

ficiency, although these gene defects are relatively rare in this disorder [72] . In fact, only 2 duplications and 25

deletions of more than 50 bp are reported at the HGMD (HGMD® Cardiff University 2017). Moreover, SVs in-

volved in antithrombin deficiency have not been deeply characterized. In many cases even the extension of the gross

gene defect affecting SERPINC1 has not been determined, and only few cases have been described at nucleotide

level.

It is also important to note that up to 20-30% of cases with antithrombin deficiency have no SERPINC1 defects

detected by these methods (Figure 72). Although other genes may be involved in antithrombin deficiency, as those

coding for enzymes that play a role in the N-glycosylation pathway [86] , due to the relevance that this post-

translational modification plays in the secretion of this anticoagulant (de la Morena-Barrio et al in preparation),

we speculated that other SERPINC1 defects, such as large gene defects affecting introns, not detected by current

routine methods might cause antithrombin deficiency.

Figure 72: Graphic representation of patients with antithrombin deficiency with molecular diagnosis (blue)

and unknown molecular diagnosis (red).
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The interest for the optimization of diagnostic methods for SV detection and the discovery of new SV involved in

antithrombin deficiency and in any other diseases is because SVs account for a greater number of variable bases

than SNVs [197]. Thus, SV has more likely possibility to be pathogenic than a SNV [101] . Indeed, SVs have been

associated with many diseases, both germ line and somatic.

5.2.1 Detection of tandem duplication of exon 6 by a specific detection method

The identification of the duplication of exon 6 of SERPINC1 as a genetic defect involved in antithrombin deficiency

was obtained by chance. The modification of the primers used to amplify SERPINC1 exons was able to detect the

first case, and it was possible because the duplication was small (only 193 bp). However, this identification allowed

to design a specific method that only detected tandem duplication of exon 6, which allowed to identify the second

(and as we will discuss later a third) case, with longer duplication (863 bp). Thus, the study of a large cohort

of patients with antithrombin deficiency has revealed that tandem duplication of exon 6, which is hardly detected

by current molecular methods, represents one third of gross gene defects associated to antithrombin deficiency,

and it is present in up to 1% of patients with antithrombin deficiency. The location of primers used for PCR

amplification, usually close to the exons and the length of the duplication may make difficult the detection of

duplications involving this exon by classical PCR amplification and sequencing. Moreover, one massive method of

sequencing based on small amplicons (Ion Torrent) also failed to detect this genetic defect. Additionally, the small

size of this exon (only 65 bp) may also explain the technical difficulties to detect the duplication (and potentially

also the deletion) of exon 6 by MLPA.

We have developed in this study a simple method that specifically detects tandem duplications of exon 6 by a single

PCR which encourage a new algorithm for the molecular characterization of antithrombin deficiency, as we will

discuss later, that guarantee a positive finding in up to 85% of cases and rationalize the cost of this analysis.

The duplication of exon 6 disturbs the genomic organization of SERPINC1, potentially modifying the correct

splicing process, that could lead to unstable RNA and/or premature stop codons and the associated antithrombin

deficiency (Figure 73).

Figure 73: Schematic representation of SERPINC1 gene organization of wild type and tandem duplication of

exon 6 alleles, showing the predictive splicing that might be generated in each case. * represents stop codon.
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The pathogenic consequences of the duplication of exon 6 were validated by segregation analysis done in the

two Spanish families. All 6 carriers had antithrombin deficiency. However, we were not able to verify the potential

consequences of this SV on RNA as this gene is of hepatic expression. We treated to amplify SERPINC1 RNA from

peripheral blood, but even using high amounts of cells and fresh RNA, no amplification of wild type SERPINC1

RNA from healthy blood donors was obtained.

It is possible that certain heterogeneity of the pathogenic consequences of the tandem duplication of exon 6 could

be found, particularly for the small duplication, as the duplicated exon 6 might be skipped and a normal RNA might

be generated (Figure 73).

Why duplication of exon 6 may be a frequent SV in antithrombin deficiency? The high concentration of Alu

sequences surrounding this exon probably explains this possible hotspot of SV in SERPINC1, as we will discuss

latter. Importantly, the finding of the tandem duplication of exon 6 in patients with antithrombin deficiency opened

the possibility of other SERPINC1 defects not detected by current methods to be involved in cases with this disorder

and still unknown molecular base, particularly, SVs affecting introns.

5.2.2 Detection of deletion of intron 1 by LR-PCR

According to the conclusion of the previous point, we aimed to detect SVs involving intronic regions by using new

methods that might bypass the limitations observed by the use of short amplicons. LR-PCR was a relatively easy

cheap method that might be success to identify small SVs affecting introns, especially deletions. Thus, we used LR-

PCR in 36 cases with antithrombin deficiency and no genetic defects detected. Interestingly, this approach revealed

one case with evident congenital defect due to the family history of antithrombin deficiency that had a 2 Kb deletion

affecting intron 1. This result also explains the negative results obtained by MLPA and CGH array. Moreover, this

result together with the relative simplicity of LR-PCR of SERPINC1 (it does only involve 4 amplicons) support the

usefulness of this method to be used in the identification of gene variations involved in antithrombin deficiency.

Deletion of intron 1 has been described in other genes with pathological consequences such as osteochondromas,

hypertension or alveolar capillary dysplasia, as usually, intron 1 is large and contains regulatory elements. [198,

199, 200, 201] . Additionally, a recent study reported that duplication of promoter, and exon 1 of F8, lead to

elevation of FVIII levels and severe thrombophilia in two families. [27] . Intron 1 of SERPINC1 also contains

potential regulatory regions, including vitamin D response elements (VDRE), whose distortion causes antithrombin

deficiency [66] . Deletion of these regulatory elements might affect the transcription rate of SERPINC1. The

deletion detected in the present case involves one VDRE element but also covers the acceptor splice site sequence

of exon 2 as well as the initial 13 nucleotides of this exon (Figure 74). Therefore, the mechanism explaining type

I deficiency associated to this deletion could be an aberrant splicing, a pathogenic mechanism that is probably

underestimated [202] . Two possible cryptic acceptor signals in exon 2 could be used and the skipping of exon 2

can also be considered (Figure 73). Independently of the alternative splicing followed, all of them might cause a

frameshift and a premature stop codon that could explain the type I deficiency identified in carriers (Figure 73).

Unfortunately, due to the nearly null expression of SERPINC1 in accessible tissues, it was not possible to confirm

this aberrant splicing at the mRNA level.

This result shows the first evidence on the existence of gross gene defects affecting introns of SERPINC1 that are

involved in antithrombin deficiency and illustrate the limitation of current methods used to identify the molecular

basis of this disorder. Actually, Sanger or NGS sequencing, MLPA, or CGH arrays probably fail to detect structural

variants affecting introns.
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Figure 74: Schematic representation of SERPINC1 architecture indicating the localization of the deletion

and the VDRE. The wild type splicing (A) and potential alternative splicing induced by the deletion (B, C, D) are

shown. The deletion of the wild type acceptor sequence of exon 2 might favor the use of cryptic acceptor sequences

in exon 2 (B, C) or exon 2 skipping (D). The score of each splice site and the resulting aminoacid sequence of each

splicing is also shown.

5.2.3 Use of nanopore sequencing for SV detection

However, the difficulties in the detection of SV are not only present in the SV affecting only intronic regions, but

also all the spectrum of SVs due to due to the methodology used for their detection and the fact that they are usually

involving repetitive elements which encompass over half of the human genome (centromeres, telomeres, and genes

with high concentration of repetitive elements) [203] . Recent studies of even highly contiguous de novo assemblies

revealed that short-read sequencing misses 40-80% of SVs [140]. Methods both specific of locus or genome wide

(MLPA, fluorescence in situ hybridization -FISH-, karyotype, comparative genome hybridization, etc.) may detect

SVs but have poor accuracy and do not fully characterize the SV [107] . Recently, long-read sequencing, able to

generate reads up to 2 Mb, has emerged as a promising technology that might fully characterize most SVs [204] .

For that reason, we used nanopore sequencing for the analysis of SVs involved in antithrombin deficiency. The

results obtained by nanopore sequencing show that this technique can be used to resolve SVs causal of antithrombin

deficiency, independently of its length (from 2,5 Kb to 968 Kb) or type (deletions, duplications or insertions). It

also supplies the exact extension and sequence of the breakpoint of the SVs involved in antithrombin deficiency,

and is the method that has clarified the conflictive data obtained by other methods.

5.2.4 Detection of Complex SV

Thus, only nanopore sequencing has been able to detect the first germline complex rearrangement involved in

antithrombin deficiency. Complex SVs are genomic rearrangements comprising multiple SVs, typically involving

two or more breakpoint junctions. Thus, they have more chance to disturb a gene with pathological consequences.

However, because complex SVs are not typically considered in research and clinical diagnostic pipelines, only few

complex SVs have been identified as cause of different Mendelian disease [139] . Therefore, complex SVs may be

misdiagnosed by other techniques, as we have seen in this case, and may us think that they could be underestimated.

The diagnosis of exon 1 deletion obtained by MLPA is incomplete, like the deletion of exons 1 and 2 resulted from
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LR-PCR. Only nanopore sequencing was able to show the real SERPINC1 organization, revealing the final result

of the complex SV that was generated by two successive SV: duplication of exons 2 and 3 and deletion of exons

1 and 2. Unfortunately, we only get the final gene architecture resulting from a complex rearrangement, but the

sequential steps may only be speculated, and much more importantly, we do not know whether this complex SV

was formed by one or two independent mutational events.

5.2.5 Detection of retrotransposon insertion

The most relevant finding of our study was the identification of a new molecular mechanism involved in antithrom-

bin deficiency: the insertion of a large mobile retrotransposon in an intron of SERPINC1 rich in repetitive elements.

The most probable pathogenic effect of this insertion is the transcriptional interference of SERPINC1, as reported

for many other examples of retrotransposons [205] . Unfortunately, this effect was not demonstrated because the

specific hepatic expression of SERPINC1. The localization of this insertion also explains why this genetic defect

has not been detected using current methods of molecular diagnosis.

An additional bonus of our study was the characterization of a new retrotransposon element. These results highlight

the heterogeneous genomic landscape of SVA sequences and underscore 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 [145, 206, 69]. This

characterization has been historically challenging by the application of classic technologies, but here we show that

it can be achieved by de novo assembly of long-reads.

This finding also enlarge the panel of pathologies caused by retrotransposon insertion, which together to the diffi-

cult diagnosis, strongly suggest that this mechanism may be underestimated and could be involved in many genetic

diseases.

Finally, the identification of the same retrotransposon, with the same TSD, in two unrelated families, does not only

support the germline transmission of this SV, but also suggest a shared mechanism of formation or a founder effect,

which has been confirmed by different strategies (STR and polymorphism analysis), and allowed to design a spe-

cific PCR for detection of this retrotransposon insertion, which was discovered in a third patient with antithrombin

deficiency of unknown cause by current methods of molecular analysis.

5.2.6 Common mechanism detected in SV causing antithrombin deficiency

A deep characterization of all the SV causing antithrombin deficiency from this cohort was possible by the nucleotide-

level resolution achieved nanopore sequencing. The accuracy of the sequence obtained by nanopore was validated

by Sanger sequencing of PCRs flanking all breakpoints, whose primers were also designed by the sequence sup-

plied by nanopore. Specific mutational signatures can yield insights into the mechanisms by which the SVs are

formed. In these cases we observed that all the breakpoints involved repetitive elements, suggesting a possible

common mechanism that was further analysed with the whole cohort of SV.

Thus, encouraged by these results and aiming to explore different methods that have been used to identify and

characterize SVs involved in antithrombin deficiency, we extended the study of all SV detected in patients with

antithrombin deficiency recruited in our cohort by different techniques. With this study, we also wanted to describe

specific and common features of SVs causing antithrombin deficiency.

5.2.7 Dissection of SV in SERPINC1

We have recruited the worldwide largest cohort of patients with antithrombin deficiency caused by SVs that almost

double the number of cases described in HGMD (N= 39). Besides, we have used of a wide range of different

methods able to detect and characterize SVs, allowing a comparison between them in terms of efficacy and precision
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in detecting SVs.

The study of the total cohort of SV affecting SERPINC1 confirms that SVs affecting SERPINC1 are all deleterious,

causing a type I deficiency that associates with severe clinical features (early and recurrent thrombosis). From a

molecular point of view, we confirmed that most SVs causing antithrombin deficiency are deletions affecting exons

of SERPINC1, but our data remarks that SVs involved in antithrombin deficiency may be highly heterogeneous, as

tandem duplications, deletion of introns, or retrotransposon insertions may also be gross genetic defects causing

antithrombin deficiency. Despite not being identified in our study, probably by the design used to recruit the cases

evaluated, we can expect that other genetic defects rising SVs, such as chromosomal translocations or inversions,

might be involved in antithrombin deficiency. Indeed, these SVs are not detected by most methods currently

used to molecularly characterize antithrombin deficiency sequencing (Sanger or NGS), MLPA, or CGH array. We

speculate that the analysis by nanopore sequencing of new cases with antithrombin deficiency with negative results

by Sequencing and MLPA might identify new SVs, inversions, and balanced chromosomal translocations, to be

involved in this disorder.

• Size and type of SV affecting SERPINC1 The size of the SV involved in antithrombin deficiency is also greatly

heterogeneous, ranging from 193 bp to 8 Mb, and in many cases of our cohort (21/39, 53.8%) involves

neighboring genes. This multilocus affection however does not usually have clinical implications apart from

antithrombin deficiency, and its risk of thrombosis. This may be explained because all our patients were

selected from haematology or gynecological services, who identified them after thrombophilia screening,

in most cases because a personal history of thrombotic events. The best examples are three patients (P1,

P2 and P16), who despite having deletions covering more than 20 genes only had thrombosis as the main

clinical sign. This may be explained probably because the genes surrounding of SERPINC1 would require

recessive mechanisms to have clinical consequences. Only extremely large deletions affecting SERPINC1

have syndromic characteristics, like those causing the interstitial 1q deletion syndrome, a rare condition

with heterogeneous 1q monosomy (1q21-q25, 1q25-q32 and 1q42qter) that have Dwarfism, severe mental

retardation, microcephaly, short neck, and of course, antithrombin deficiency and thrombosis among the

associated clinical features [207] .

• Common mechanism in SV affecting SERPINC1 Our study revealed, as suggested in the previous results,

common characteristics of SVs affecting SERPINC1: All SVs but one, have repetitive elements and mi-

crohomology involved in their breakpoints. These specific mutational signatures can yield insights into the

mechanisms by which the SVs are formed.

Thus, these findings suggests a replication-based mechanism (such as BIR/MMBIR/FoSTeS) underlying the

formation of SVs affecting this gene causing antithrombin deficiency. Our study is supported by previous

studies evaluating SVs in patients with antithrombin deficiency [208], particularly the excellent study of

Picard et al [209], that said that this is the main mechanism of SVs affecting SERPINC1 associated to an-

tithrombin deficiency. Besides, our study supplies a new evidence for the higher chance of SVs to appear in

repetitive rich regions of the genome [210, 211] .

We observed a non-random formation of SVs driven by the presence of repetitive elements . Inside SER-

PINC1 our data point to hotspots in introns 6, 5 and 1, corresponding to Alu sequences of the same family

(AluSp in intron 6 and 5 and Alusx in intron 5 and 1) (Figure 67 and Table 18). This explains why exon 6 is

recurrently involved in SVs causing antithrombin deficiency. Besides, in the total cohort of SVs, Alu element

was the most frequently involved in breakpoints. The SERPINC1 gene is rich in Alu repeated sequences,

with nine complete and one partial repeats in its intronic regions that represents about 22% of the SERPINC1

intron sequence, which is considerably greater than the estimated 5% of the human genome accounted for by

Alu repeats [63] . Interestingly, exon 6 is surrounded by five out of nine complete and one partial repeats Alu
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sequences ( Figure 11) [63] .

Besides, it has been suggested that repetitive elements may provide larger tracks of microhomologies, also

termed ‘microhomology islands’, that could assist strand transfer or stimulate template switching during re-

pair by a replication-based mechanism [212] . These microhomology islands are also observed in intergenic

regions of SERPINC1, involving 4 genes (ZBTB37, RABGAPL1, RC3H1 and DARS2). These findings high-

light the important role that repetitive elements play in the formation of non-recurrent, but non-random, SVs

affecting SERPINC1 and probably other genes rich in repetitive elements (Figure 66).

Additionally, we have observed also a sight tendency to deletions (involving the whole gene or partial SER-

PINC1 deletions) going to the telomeric genomic regions (Figure 60 and Table 17). Further studies are

required to know the explanation to this finding. Independently of the mechanism, our study has defined a

map of regions involved in SVs that may help for the complete characterization of these gross gene defects

in patients with antithrombin deficiency. The identification of a complex SV in one case, and two cases with

mosaicisms of a large deletion covering a germline deletion, strongly supports multiple recombinant events

involving repetitive elements,even in a single patient. This finding, together with the fact that two SVs were

de novo, not present in the parents of the probands (data not shown), reinforces our conclusion that this re-

gion of the genome is prone to suffer recombinations with pathological consequences. Once generated, the

SV may reach germline distribution and thus, it can have mendelian heritage to the following generations

(in our cohort at least 26 SVs had family segregation), and they could expand. Actually, we show data (nu-

cleotide sequence, STR and haplotype results) supporting a founder effect for three SVs, the insertion of a

retrotransposon, duplication of exon 6, and a 20 genes deletion, causing antithrombin deficiency.

5.2.8 Comparison of different diagnostic methods

Along all the study, different techniques have been used for the detection and characterization of SVs affecting

SERPINC1. We started with a specific PCR for a precise SV (duplication of exon 6), following with the strategy

of 4 long amplicons amplified by LR-PCR and sequenced by Illumina, that allowed the detection of an intronic

deletion. Among cases with MLPA positive results , we have used CGH array for validation and knowledge of the

SV extension. And finally we used nanopore sequencing for unknown cases and breakpoint characterization of SVs

detected by other methods not reaching nucleotide resolution (MLPA or GCHa).

First of all, we must point out that all methods have strengths and limitations. Thus, MLPA may detect defects

affecting only one exon, but it does not detect SVs affecting only introns, it does not determine the extension of the

SV and does not reach nucleotide resolution, which may lead to some mistakes. CGH array may give an approach

to the extension of the SV, but this is not very exact, as we will discuss, it does not reach nucleotide resolution, and

finally it does not detect SV smaller than 50 Kbp or SVs not causing gain or loss of genetic material (inversions,

balanced chromosomal translocation).

In our experience the strongest method to identify and fully characterize SV affecting SERPINC1 in cases with

antithrombin deficiency, and probably any gene and genetic disease, is nanopore sequencing. Recent studies also

support the power of long-read whole genome sequencing for the study of SV [211] . The limitation of this

methodology is the high price and low coverage. PromethION devices, which are expense, are required to reach a

15x coverage by using genomic DNA and cost over 2000 C/sample. We are currently working with two procedures

of enrichment that might allow a reasonable coverage of selected regions, but using a MinION, a device that may

be used in practically any laboratory, and with low cost (<400 C).

Moreover, we have detected some discrepancies between different techniques that have leaded us to an interesting

discussion about the most appropriated diagnostic algorithm for SV in SERPINC1.
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a. Discrepant results between previous techniques (MLPA, LR-PCR, Ion Torrent)

1. Duplication of exon 6 Primers used for routine PCR usually are designed close to the exons to cover the cod-

ing and flanking regions. This design has been demonstrated to be unable to detect the tandem duplications

of exon 6, which is relatively frequent in antithrombin deficiency. The redesign of the primers used for exon

6 was able to identify one case with a small duplication, but failed to detect the larger duplication. Moreover,

one massive method of sequencing based on small amplicons (Ion Torrent) also failed to detect this genetic

defect. Additionally, the small size of this exon (only 65 bp) may also explain the technical difficulties to

detect the duplication (and potentially also the deletion) of exon 6 by MLPA. We designed a specific primer

for detection tandem duplications of exon 6, which allowed the identification and characterization of new

cases with this gross gene defect among cases with no previous mutation detected.

2. Deletion of intron 1 This SV was detected by LR-PCR but it is also interesting to point out the slight dis-

crepancy of the result generated by CLC analysis of the sequence of the LR-PCR and the sequence obtained

by specific amplification. The simple 1,941 bp deletion predicted was indeed a complex deletion with two

breakpoints in intron 1 (Figure 49). Therefore, validation of NGS data by Sanger sequencing is highly rec-

ommended.

We also tested this SV by nanopore sequencing using the MinION device. The results obtained by nanopore

sequencing were identical to that obtained by Sanger sequencing (Figure 64).

3. Complex SV In one case, P1 of Chapter 4.2.3, several techniques rendered an incomplete diagnosis of the

SV causing antithrombin deficiency: MLPA detected a deletion of exon 1, but LR-PCR followed by NGS

found a deletion of exons 1 and 2. Only nanopore sequencing was able to give the real defect as it resolves

the genetic architecture of gene at nucleotide resolution confirming a complex SV (Figure 55). CGH array

also performed in this case, failed to detect the SV, as its size was smaller than 50Kb.

4. Retrotrasposon insertion Retrotransposon insertions were not detected by Sanger, LR-PCR and Illumina

sequencing, MLPA, CGH array, or NGS of the whole gene. Only nanopore sequencing was able to detect

this particular SV and this method allowed designing a specific PCR amplification, which was used to validate

the results and to screen new cases.

b. Discrepancies of MLPA

Specific discrepancies of MLPA and nanopore sequencing detection.

We present three examples of an incorrect /incomplete diagnosis by MLPA.

1. In case P6 of chapter 4.2.3, MLPA detected a duplication of exons 1, 2 and 4 and a deletion of exon 6.

However, nanopore sequencing revealed a tandem duplication of exons 1 to 5, which was confirmed by

LR-PCR (Figure 55).

2. In case P18 of chapter 4.2.4, MLPA detected a deletion of exon 1 and 2, but sequencing the LR-PCR revealed

that exon 2 was only partially deleted (282 bp).

3. The discrepancy observed in case P36 of chapter 4.2.4 was the contrary: a small portion of exon 2 (13 bp)

was deleted together with a high proportion of intron 1, but MLPA did not detect the deletion of exon 2.

The explanation to the results of cases P18 and P36 may be done by effect of the SV on the position of probes

used for MLPA. As shown in figure 75, if the deletion affects the hybridization of the MLPA probe, this assay will

call it as a complete deletion of the affected exon, but if it does not reach the probes, MLPA does not detect it.

This explains also the results observed in the analysis of INDELs affecting exons, when the INDEL is affecting the
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hybridization of MLPA probe.

Figure 75: Relative representation of the extension of SV of P18 and P36 in SERPINC1 showing the regions

of hybridization for MLPA probes.

c. Discrepant results in coordinates obtained by CGH array vs nanopore sequencing

Finally, comparison of nanopore sequencing and CGH array data revealed that SV coordinates obtained by CGH

array were not precise and differed, from 716 to 61316 bp from the obtained by nanopore sequencing (Table 21).

Table 21: Comparison between genomic coordinates of SV obtained by CGH array or nanopore sequencing

in cases where both techniques were done. Mean and standard deviation are shown for start and end positions.

Difference
aCGH coordinates Nanopore coordinates

start end

P2 1:172928626-174796949 1:172987296-174843232 -58670 -46283

P3 1:173786826-174756183 1:173848142 -174816147 -61316 -59964

P24 1:173907795-174100688 1:173908511-174102900 -716 -2212

P26 1:173911377-174138926 1:173912160-174154195 -783 -15269

P9 1:173787033-174225421 1:173787361-174223422 -328 1999

P16 1:173692858-176076493 1:173686375-176083118 6483 -6625

media -24362,6 -21392,333

sd 31712,0 26762,4

5.2.9 Nanopore sequencing

From our experience, nanopore sequencing has been revealed as the most appropriate to identify and characterize

at nucleotide level all SVs independently of its length or type. Moreover, it has been able to detect SVs not found

by any other techniques.

Additionally, this technology defines the extension and gives the sequence of the breakpoint and neighboring areas,

which allow knowing the final genetic architecture after the rearrangement and may assist to define the mechanism

involved. This technology has not only detect and characterize SVs, but also has provided the haplotype resolution

in cases with p.Thr147Ala. The simple use of two long amplicons obtained by LR-PCR covering the variant of

interest and the sequencing by nanopore is enough for the demonstration of the common haplotype for all carriers.

This procedure avoids the analysis of relatives, which is sometimes difficult to get, like in our study, or cloning

and sequencing with is costly and time consuming. By LR-PCR and nanopore sequencing, we obtain results of
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sequencing in 20 minutes applying a specific script for haplotype definition. This procedure can be also applied in

other studies, such as the study of biallelic mutations, which impacts on the prognosis and treatment of patients.

5.2.10 Diagnostic algorithm

Our study will finally allow us to suggest a new diagnostic algorithm for the analysis of the molecular base of

antithrombin deficiency based on the cost and effectiveness of a positive finding. This analysis may start by se-

quencing (Sanger sequencing may still be a useful and cheap method) the 7 exons and flanking regions. NGS

methods covering the 7 exons or the whole gene may also be useful, although the efficacy of sequencing intronic

regions still requires further studies. This approach will solve the defect causing antithrombin deficiency in up to

70-75% of cases.

In cases with negative results, search for hypoglycosylation of antithrombin and other hepatic proteins (antitrypsin

or transferrin) must be done by a simple Western Blot or other methods (HPLC). Up to 5% of cases with antithrom-

bin deficiency are explained by defects of glycosylation.

With similar rate of positive findings MLPA is the next method to be used. From 5 to 8% of cases with antithrombin

deficiency are explained by SVs detected by MLPA, although the extension of the affected region is not determined.

Regarding the frequency of the tandem duplication of exon 6 (1% of cases) and the simple and cheap method we

have developed to specifically detect this SV, we propose to include this specific PCR amplification in the molecular

diagnostic algorithm.

The complete characterization of the SV detected by MLPA, may be done by nanopore sequencing, and we strongly

recommend the use of MinION and an enrichment method. Finally, to cases with unknown defects after running

these methods, we suggest WGS by nanopore using promethION (Figure 76).

We are currently developing new methods using nanopore sequencing that may allow a fast, specific and simple

sequencing of the SERPINC1 region joining in a single procedure steps 1, 3, 4, 5 and 6 of the current algorithm,

with an expected efficiency rate of positive findings over 85-90% with additional bonus such as haplotype definition

and methylation analysis. We hope this new method might be useful in a near future.
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Figure 76: Diagnostic algorithm for molecular characterization of antithrombin deficiency. The percentage of

patients with antithrombin deficiency characterized by each method in our cohort is also indicated.

5.2.11 Conclusions from the second chapter.

We have done a fine dissection of SVs involved in antithrombin deficiency. We describe the heterogeneity, in size

and type, of these SVs, finding the first cases with a retrotransposon insertion in an intron as the mechanism causing

antithrombin deficiency. Our picture shows a map with some hotspots both intra and intergenic breakpoints that

might be useful for the complete characterization of new gross gene defects involving SERPINC1 and causing

antithrombin deficiency. Our study also demonstrates the importance of repetitive elements in the generation of

SVs associated to antithrombin deficiency.

Finally, the use of different methods to detect and characterize SVs, LR-PCR, MLPA, CGH array, and nanopore

sequencing, support that the new third generation sequencing is the best one since it detects all SVs, independently

of its size of type, determines the exact extension and achieve a nucleotide resolution, also at the breakpoint, which

facilitate further studies and help to understand the mechanism involved in their generation.

127



Chapter 5. Discussion

128



Chapter 6. Conclusions

Conclusions

129



Chapter 6. Conclusions

130



Chapter 6. Conclusions

6.1 Conclusions

The results of this study reveal new insights on the spectrum of clinical consequences and new mechanisms involved

in antithrombin deficiency with direct impact on diagnosis, prognosis and clinical management of patients with this

rare disease.

1. Clinical consequences of antithrombin deficiency.

1.1. The study of the largest worldwide cohort of subjects with antithrombin deficiency provides strong evi-

dence of the very high risk of pediatric thrombosis associated to this thrombophilia (300-fold compared with

the general population).

1.2. Our results support the screening of antithrombin deficiency, particularly if it is type I, in children of

affected families, in order to benefit from preventive strategies like prophylaxis in high-risk situations and

from counseling concerning risk factors such as oral contraceptive use.

1.3. Antithrombin p.Thr147Ala, responsible for a mild antithrombin type II deficiency of difficult diagnosIs,

is the first SERPINC1 founder mutation reported in Africa.

2. The study of the largest cohort of structural variants in antithrombin deficiency has revealed new insights of

these gross gene defects.

2.1. SV affecting SERPINC1 are heterogeneous in size (193 bp to 1.8 Mb) and type (deletions, duplications,

insertions, and complex SV).

2.2. We have identified for the first time an insertion of a new SVA element causing antithrombin deficiency

not detected by any other diagnostic method.

2.3. Repetitive elements are involved in SV causing antithrombin deficiency suggesting a replication-based

mechanism (such as BIR/MMBIR/FoSTeS) for generation of these SVs and defining intra and intergenic

hotpots for SV affecting SERPINC1.

2.4. The combination of different genetic diagnostic methods is useful for the characterization of SVs, but

Nanopore sequencing is the most suitable method to fully characterize SVs associated with antithrombin

deficient, providing the exact extension and genetic architecture, and the breakpoint sequence. This method

also allows analysis of haplotypes, which is very useful for identification of mutations with founder effect.

131



Chapter 6. Conclusions

132



Bibliography

Bibliography
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[76] Sonia Águila, Gonzalo Izaguirre, Irene Martı́nez-Martı́nez, Vicente Vicente, Steven T. Olson, and Javier

Corral. Disease-causing mutations in the serpin antithrombin reveal a key domain critical for inhibiting

protease activities. Journal of Biological Chemistry, 292(40):16513–16520, oct 2017. 17

[77] Marı́a de la Morena-Barrio, Edna Sandoval, Pilar Llamas, Ewa Wypasek, Mara Toderici, José Navarro-
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Stephen Abbs, Topun Austin, Sarah Bowdin, Ricardo G. Branco, Helen Firth, Salih Tuna, Timothy J. Ait-

man, Sofie Ashford, Willian J. Astle, David L. Bennet, Marta Bleda, Keren J. Carss, Patrick F. Chinnery,

Sri V.V. Deevi, Debra Fletcher, Daniel P. Gale, Stefan F. Gräf, Fengyuan Hu, Roger James, Mary A. Kasan-
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Judith V.M.G. Bovée, and Károly Szuhai. Intronic deletion and duplication proximal of the EXT1 gene: A

novel causative mechanism for multiple osteochondromas. Genes Chromosomes and Cancer, 52(4):431–

436, apr 2013. 119
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