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Abstrakt 

 

Diplomová práce se zabývá příčinami dědičných trombocytopenií. S nimi je 

v současné době spojeno více než 40 genů a každý rok se toto číslo zvyšuje, zejmé-

na díky masivnímu paralelnímu sekvenování. Lepší diagnostické metody a nové po-

znatky o tomto onemocnění umožňují u většího počtu pacientů určit správnou dia-

gnózu spojenou zejména s určením varianty asociované s dědičnou trombocytopenií. 

 V diplomové práci byla analyzována rodina s podezřením na dědičnou trom-

bocytopenii. Jednomu členu rodiny byla dříve diagnostikována imunitní trombocyto-

penická purpura – ta patří mezi získané trombocytopenie, které byly dříve s dědič-

nými trombocytopeniemi často zaměňovány. Kromě toho krevní testy odhalily asym-

ptomatickou trombocytopenii u dvou dalších členů rodiny. Ukazuje se, 

že asymptomatická dědičná trombocytopenie je častá, nicméně i trombocytopenie 

bez krvácivých projevů může pacienty ohrožovat. Varianty v některých genech aso-

ciovaných s dědičnou trombocytopenií predisponují pacienty k dalším onemocněním, 

jako jsou například malignity, hluchota nebo selhání ledvin. 

 Pomocí celoexomového sekvenování s využitím virtuálního panelu genů byla 

v analyzované rodině nalezena dříve nepublikovaná heterozygotní pravděpodobně 

patogenní varianta c.59C>T; p.(Thr20Ile) v genu CYCS s autozomálně dominantní 

dědičností. Trombocytopenie asociované s genem CYCS jsou klasifikovány dle 

OMIM jako Trombocytopenie 4 bez známých predispozic k dalším onemocněním. 

 K tomu, aby byla prokázána patogenita této varianty, je potřeba provést 

funkční analýzy. In silico predikce ukázaly, že varianta c.59C>T; p.(Thr20Ile) by moh-

la ovlivňovat aktivaci kaspáz. Vliv varianty c.59C>T; p.(Thr20Ile) na aktivaci kaspáz 

se bude sledovat pomocí tzv. cell-free caspase activation assay, která by mohla při-

spět k prokázání patogenního efektu této varianty. V této diplomové práci byly pro 

tuto analýzu připraveny tři varianty rekombinantního cytochromu c – WT, Thr20Ile 

a dříve popsaná varianta Gly42Ser. 

 

 

 

 

  



Abstract 

 

This master’s thesis dealt with the causes of inherited thrombocytopenias. To date, 

more than 40 genes have been associated with them, and this number is increasing 

every year, mainly thanks to massively parallel sequencing. As a consequence 

of expanding knowledge about inherited thrombocytopenias and better diagnostic 

methods, more patients can get a correct diagnosis that is connected to the determi-

nation of thrombocytopenia associated variant. 

 In this master’s thesis, one family with suspected inherited thrombocytopenia 

was analyzed. One family member was previously diagnosed with Idiopathic throm-

bocytopenic purpura–an acquired type of thrombocytopenia that has been often di-

agnosed instead of inherited thrombocytopenia in the past. Besides, blood analysis 

showed that two family members have asymptomatic thrombocytopenia. Although 

it turns out that inherited thrombocytopenia without bleeding symptoms is quite com-

mon, it still might threaten patients due to further risks (e.g., malignancies, deafness, 

or kidney failure) which could be connected to thrombocytopenia-causing variants 

in several genes. 

In this family, whole exome sequencing with using virtual gene panel revealed 

previously unpublished heterozygous likely pathogenic variant CYCS: c.59C>T; 

p.(Thr20Ile) that segregates in the autosomal dominant manner. CYCS-associated 

thrombocytopenia is classified as Thrombocytopenia 4 without known additional 

health disorders (OMIM). 

Still, functional analyses are required to prove that CYCS: c.59C>T; 

p.(Thr20Ile) variant is pathogenic. In silico prediction pointed out that the pathogenic 

effect of c.59C>T; p.(Thr20Ile) might be based on affecting caspases activation. 

Therefore, wild-type, Thr20Ile, and Gly42Ser (previously described) recombinant cy-

tochrome c were prepared for cell-free caspase activation assay that will follow. This 

assay will aim to describe the effect of Thr20Ile (c.59C>T) on caspases activation 

that could be connected to the pathogenic effect. 
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1 Introduction 

Inherited thrombocytopenias are a heterogeneous group of rare disorders caused by a germ-

line mutation in genes involved in megakaryopoetic and thrombopoietic processes. 

To date, more than forty genes have been described as being associated with inherited 

thrombocytopenias, mainly thanks to the development of molecular biology methods that 

allow better diagnostic options. Nowadays, MPS (massively parallel sequencing) is being 

used to detect the potentially causal variants associated with inherited thrombocytopenias. 

The importance of using new methods underlie the fact that, in some patients, accurate 

diagnosis of inherited thrombocytopenia can only be established based on the results 

of molecular genetic testing (Johnson et al., 2016; Noris and Pecci, 2017; Johnson et al., 

2018). Common hematological methods such as the evaluation of peripheral blood slide 

(abnormalities of platelets, platelet size, etc.) are not usually sufficient for an exact 

distinguishing of different types of thrombocytopenia (Pecci, 2016). 

Also, molecular genetic testing helps to prevent misdiagnosing patients with the more 

common acquired thrombocytopenia which is often linked to steroid therapy and splenec-

tomy. Such treatment is unnecessary and possibly harmful for patients with inherited 

thrombocytopenia (Drachman, 2004; Johnson et al., 2018; Wang et al., 2018). Besides, 

knowledge of causal variant allows clinicians to conduct further examinations–especially 

in the case that the variant also poses additional risk to the carrier such as the higher risk 

of malignancies (Balduini and Noris, 2016; Noris and Pecci, 2017). 

In this master’s thesis, one family with suspected inherited thrombocytopenia was 

examined by whole exome sequencing (WES)–a form of MPS. Obtained variants were evalu-

ated using a virtual panel of genes that are associated with inherited thrombocytopenias. 

The potentially causal variant was detected, and because this variant was not described earlier, 

its pathogenicity should be confirmed by functional analysis. Accordingly, wild-type (WT) 

and mutated (MUT) cytochrome c protein for tailored functional analysis were prepared 

to prove the pathogenic effect of found variant. 
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1.1 Megakaryopoiesis and thrombopoiesis 

Megakaryopoiesis and subsequent thrombopoiesis take approximately five days in the human 

body. Megakaryopoiesis takes several days, whereas thrombopoiesis is finished within several 

hours. As a result of these processes, platelets are generated. 

The majority of these processes takes place in the bone marrow. Here, a hematopoietic 

stem cell is differentiated into the common myeloid progenitor and later to a bipotent 

megakaryocyte-erythroid progenitor. At this point, megakaryoblast is formed depending 

on specific signals required for megakaryocyte lineage development. After that, 

megakaryoblast is transformed into promegakaryocyte and finally into a mature 

megakaryocyte (fig. 1). 

 The hallmarks of megakaryocyte maturation are the endomitosis and the expansion 

of cytoplasmic mass (Deutsch and Tomer, 2006). The final ploidy of megakaryocyte ranges 

up to 128. Expanding cytoplasmic mass is being filled with specific granules and cytoskeleton 

proteins. Besides, significant invaginations of the cytoplasmic membrane are another 

characteristic of maturing megakaryocyte (Machlus and Italiano, 2013). 

When the megakaryocyte reaches its maturity, megakaryopoiesis ends, 

and thrombopoiesis begins. Mature megakaryocyte rearranges its cytoplasm into 10–20 

“vesicles” called proplatelets. The proplatelets are getting longer, thinner, extend 

into the sinusoidal spaces and undergo branching repeatedly. Platelets are formed at the edge 

of these protrusions and released into the sinusoidal blood vessels of the bone marrow. 

One megakaryocyte can produce up to 5,000 new platelets with the average lifespan 

from 7 to 10 days (Machlus and Italiano, 2013). 
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Fig. 1: Megakaryopoiesis and thrombopoiesis. Megakaryopoiesis takes place in the bone 

marrow’s osteoblastic niche. Mature megakaryocytes migrate to bone marrow’s vascular 

niche. During thrombopoiesis, proplatelets are formed and extended to the sinusoidal blood 

vessels where platelets are released. 

 

1.2 Thrombocytopenias 

Thrombocytopenia is a condition characterized by a low platelet count (PC) below 

150×10
9
/L. According to the PC, thrombocytopenia can be characterized as mild 

(PC: 100,000–150,000/μL), moderate (PC: 50,000–100,000/μL), severe (PC: <50,000/μL) 

or very severe (PC: <20,000/μL). Characteristic clinical feature resulting from the low 

PC is bleeding that worsens with the decreasing number of platelets; thus thrombocytopenia 

phenotype varies among patients (Warkentin et al., 2019). The characteristic clinical manifes-

tation concerning the PC is shown in the tab. 1. 

Besides, the causes of thrombocytopenia may vary, and the most common categoriz-

ing of thrombocytopenias splits these disorders into two distinct groups: acquired and inher-

ited thrombocytopenias; the occurrence of the acquired thrombocytopenias is more common, 

whereas inherited thrombocytopenias belong to rare disorders (Smock and Perkins, 2014). 
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Tab 1: Clinical manifestation of thrombocytopenia concerning the PC (Warkentin et al. 

(2019), modified). 

Platelet count (PC) Clinical manifestation 

<75 000–

100 000/μL 
increased bleeding with surgery and trauma 

<20 000/μL 

increased risk of spontaneous mucocutaneous hemorrhages such 

as various types of purpura, epistaxis, menometrorrhagia, gum 

bleeding, and gastrointestinal or genitourinary bleeding 

<10 000/μL increased risk of spontaneous intracranial hemorrhage 

1.2.1 Acquired thrombocytopenias 

Acquired thrombocytopenias are a complex group of disorders with myriad underlying 

causes. First, the cause may be based on decreased platelet production in the bone marrow. 

The process of decreased platelet production may be associated with myeloid malignancies, 

or it develops as immune-based, mediated by infections, drugs or B12 and folate deficiencies. 

Second, acquired thrombocytopenias may be manifested by increased platelet destruction, 

which can arise as immune-mediated or non-immune mediated. Third, acquired thrombocyto-

penias can be caused by increased splenic sequestration. All mentioned causes can occur 

separately or in combination (Smock and Perkins, 2014; Warkentin et al., 2019). 

The severity and particular type of acquired thrombocytopenia determine disease 

treatment. Observance of preventative measures might be sufficient to avoid symptoms 

of the disease, in the case of mild acquired thrombocytopenia; however, 

if the thrombocytopenia is more severe, corticosteroids, intravenous immune globulin, 

Rho(D) immune globulin, and splenectomy are widely used (Drachman, 2004; Warkentin 

et al., 2019). More detailed information about acquired thrombocytopenia is reviewed 

in Warkentin et al., 2019. 

1.2.2 Inherited thrombocytopenias 

Inherited thrombocytopenias are induced by germline mutations that mostly lead to disruption 

of different stages of megakaryopoiesis and thrombopoiesis. 

Before the year 2000, only several types of inherited thrombocytopenias were clearly 

defined, because of the lack of appropriate methods (Balduini and Noris, 2016). Nowadays, 

in many cases, determining the specific type of inherited thrombocytopenia is performed 

by the MPS and further analysis of obtained variants (Noris and Pecci, 2017). MPS is also 
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preferred over Sanger sequencing that is referred to as low throughput and time-consuming 

approach considering more than 40 genes associated with inherited thrombocytopenia 

up to date (Noris and Pecci, 2017). 

Although the inherited thrombocytopenias are classified as rare disorders, their fre-

quency is increasing (Drachman, 2004). Specifically, the frequency is getting higher 

as the consequence of better diagnostic tools availability (for example MPS), so fewer pa-

tients are misdiagnosed (Johnson et al., 2018). 

In the past, severe thrombocytopenia with profound platelet dysfunction, or milder 

thrombocytopenia that occasionally appears at times of hemostatic stress (menses, surgery, 

injury, childbirth), have been mostly misdiagnosed as more common acquired thrombocyto-

penias, especially autoimmune Idiopathic thrombocytopenic purpura. Accordingly, patients 

have been unsuccessfully treated with steroid therapy or splenectomy with further harmful 

consequences (Drachman, 2004; Johnson et al., 2018; Wang et al., 2018). 

 Likewise, the introduction of routine blood tests has led to the increasing frequency 

of inherited thrombocytopenias diagnosis because of incidentally revealing of mild or moder-

ate thrombocytopenia, although the patients have not had clinically significant bleeding 

(Drachman, 2004). Thus, with the expanding spectrum of inherited thrombocytopenias, 

the large proportion of patients is not threatened by spontaneous or life-threatening bleeding. 

However, some types of inherited thrombocytopenias might be linked to further disorders that 

can be more threatening to the patient than the thrombocytopenia itself (Balduini et al., 2017; 

Noris and Pecci, 2017). For example, pathogenic variants in MYH9 (Myosin Heavy Chain 9) 

predispose patients to kidney damage and failure, deafness or cataract (Pecci et al., 2014). 

Also, germline variants for thrombocytopenia in ETV6 (ETS Variant 6), RUNX1 (Runt Rela-

ted Transcription Factor 1), and ANKRD26 (Ankyrin Repeat Domain 26) genes pose a higher 

risk of developing (hematological) malignancy compared to the healthy population (Doubek, 

2018; Noris et al., 2011). 

Based on the aforementioned information, distinguishing of acquired and inherited 

form is crucial to avoid possibly harmful treatment. Also, determination of the exact 

pathogenic variant present in the patient and his or her family is essential for the prediction 

of possible complications and for setting up the appropriate care (Pecci, 2016; Noris and 

Pecci, 2017). In particular, the knowledge of thrombocytopenia-causing variant is important 

for patients with both, thrombocytopenia and malignancy. In this case, the presence of throm-

bocytopenia causing variant that predisposes the patient also to developing malignancy must 

be excluded in the hematopoietic stem cells donor. Last, but not least, the preimplantation 
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diagnostics can be offered to patients that are planning to have a baby and want to prevent 

the transmission of disorder to further generations in case of severe thrombocytopenia 

or thrombocytopenia associated to further disorders (Balduini et al., 2013; Noris and Pecci, 

2017). 

1.3 Genes associated with the inherited thrombocytopenias 

Up to date, more than 40 genes have been associated with the inherited thrombocytopenias. 

It implies that this group of disorders is very heterogeneous. Many described variants are 

family-specific, and almost all pathogenic variants have been reported in coding sequences. 

Depending on the recent years’ findings, the classification of inherited 

thrombocytopenias has changed, and two types of classification are mostly applied. The first 

one is based on the different risk that a particular gene mutation poses to the carrier. 

It contains following three groups: forms with thrombocytopenia only, syndromic forms 

(forms with additional clinically relevant congenital defects) and predisposing forms (forms 

with an increased risk of acquiring additional illnesses) (suppl. tab. 1). The second type 

of classification uses different stages of megakaryo- and thrombopoiesis as a criterion 

(suppl. tab. 1) (Noris and Pecci, 2017).  

In the second type of classification, different genes associated with inherited 

thrombocytopenias are assigned to different stages of megakaryopoiesis and thrombopoiesis 

in which they play a significant role. The latter classification is used in this master’s thesis. 

The literature review of genes associated with the inherited thrombocytopenias 

and the molecular mechanism of pathogenesis provided the material for designing a virtual 

gene panel (suppl. tab. 2). The virtual gene panel was also used in this master’s thesis 

in the data analysis obtained by WES. 

1.3.1 Genes associated with defects in megakaryocyte differentiation 

Thrombopoietin (TPO) is the main growth factor in megakaryopoiesis. TPO binds to c-Mpl 

(Myeloproliferative Leukemia Protein), which is a specific megakaryocytes receptor of TPO. 

Interactions between TPO and c-Mpl are responsible for the maintenance and self-renewal 

of multipotent hematopoietic stem cells and their proliferation to the megakaryocytes 

(Kaushansky, 2005). A monoallelic variant in THPO (Thrombopoietin) has been described 

to cause a mild thrombocytopenia phenotype; homozygous variants cause aplastic anemia 

(Dasouki et al., 2013). Pathogenic variants in MPL (MPL Proto-Oncogene, Thrombopoietin 
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Receptor) are responsible for Congenital amegakaryocytic thrombocytopenia. Variants 

in MPL can lead to a decreased activity or the total loss of the c-Mpl receptor (Ballmaier and 

Germeshausen, 2011). 

 Further, RBM8A (RNA Binding Motif Protein 8A) encoding Y14 protein–a part 

of exon junction complex, probably participates in early megakaryopoiesis and its mutation 

cause Thrombocytopenia-absent radius syndrome. To the onset of this disorder, a null allele 

and particular SNPs (single nucleotide polymorphism) or SNPs on both alleles of the RBM8A 

gene must be present (Albers et al., 2012). In this case, thrombocytopenia probably originates 

from the impairment of the c-Mpl signaling (Albers et al., 2013). 

 HOXA11 (Homeobox A11) and MECOM (MDS1 and EVI1 Complex Locus) are other 

genes involved in early megakaryopoiesis. Besides megakaryopoiesis, they affect and regulate 

vertebrae limbs development. Pathogenic variants in HOXA11 or MECOM lead 

to the Radioulnar synostosis with amegakaryocytic thrombocytopenia. Both HOXA11 

and MECOM are coding highly conserved DNA binding proteins. As a result of their 

disruption, they are unable to interact with specific DNA sequences they usually bind 

(Horvat-Switzer and Thompson, 2006; Niihori et al., 2015). 

1.3.2 Genes associated with defects in megakaryocytes maturation 

In megakaryocyte maturation, many transcription factors are involved, especially 

in the regulation of the chromatin organization. Thus, the genes of megakaryocytic lineage are 

specifically activated, or the gene expression specific to the differentiation of other cell types 

is repressed (Deutsch and Tomer, 2006). 

 An essential transcription factor is GATA1 (GATA Binding Protein 1). GATA1 forms 

complexes with further transcription factors such as FOG (Friend of GATA), ETS (Erythrob-

last Transformation Specific) and RUNX1 (Deutsch and Tomer, 2006) and coordinate 

the megakaryopoiesis, e. g. through GP1BB (Glycoprotein Ib Platelet Beta Subunit), ITGA2B 

(Integrin Subunit Alpha 2b), and MPL (Noris and Pecci, 2017). 

Activated GATA1 is mainly responsible for reprogramming common myeloid 

progenitor to megakaryocyte-erythroid progenitor (Iwasaki et al., 2003). Pathogenic variants 

cause the disrupted differentiation of megakaryocytes and erythrocytes due to GATA1 

inability to bind DNA or impaired ability to interact with FOG1 or TAL1 (T-Cell Acute 

Lymphocytic Leukemia 1) cofactors (Del Vecchio et al., 2005; Campbell et al., 2013). These 

pathogenic variants in GATA1 are associated with the X-linked thrombocytopenia, X-linked 
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thrombocytopenia with thalassemia (Del Vecchio et al., 2005) and Congenital erythropoietic 

porphyria with thrombocytopenia (Phillips et al., 2007). 

 RUNX1, another transcription factor, plays a key role in the generation of all 

definitive hematopoietic lineages (Deutsch and Tomer, 2006) and participates in self-renewal 

of the hematopoietic myeloid progenitors (Ichikawa et al., 2004; Noris and Pecci, 2017). 

Germline variants in RUNX1 are responsible for autosomal dominant (AD) Familial platelet 

disorder associated with myeloid malignancies in which the aforementioned functions are 

disturbed (Sakurai et al., 2014). Besides of thrombocytopenia, patients are predisposed 

to the development of myelodysplastic syndrome or acute myelogenous leukemia 

with up to 44% life-long risk and poor prognosis (Doubek, 2018).  

Likewise, particular germline variants in another two genes involved 

in megakaryocyte maturation have been associated not only with inherited thrombocytopenia 

but also hematological malignancies. The generally higher occurrence of leukemia and cancer 

is observed in connection to the ANKRD26 (Noris et al., 2011). ETV6 is associated with a 25–

40% lifelong risk of acute myelogenous leukemia (Doubek, 2018). 

 ETV6 belongs to the ETS protein family and encodes a transcriptional repressor which 

is physiologically localized in the nucleus where it plays a role in megakaryopoiesis 

and thrombopoiesis. On the other hand, pathogenic variants in ETV6 cause its dislocation into 

the cytoplasm concluding in improper forming of proplatelets and thrombocytopenia (Noetzli 

et al., 2015). 

 Another transcription factor from the ETS family associated with the inherited 

thrombocytopenias is FLI1. In this case, thrombocytopenia originates from the deletion 

or single nucleotide substitutions in FLI1. Also, FLI1 is a part of the deleted region in Parris-

Trousseau syndrome (Raslova et al., 2004; Stockley et al., 2013; Stevenson et al., 2015). 

On the molecular level, FLI1 WT protein transactivates genes required for terminal phases 

of megakaryopoiesis. For example, GATA1-FLI1 complex increase expression of GP9 (Gly-

coprotein 9 Platelet) and GP1BA (Glycoprotein Ib Platelet alpha Subunit) genes (Eisbacher 

et al., 2003). 

Furthermore, FLI1, as well as RUNX1, negatively regulates the expression 

of ANKRD26 by binding to 5’UTR. However, pathogenic variants causing thrombocytopenia 

occur in 5’UTR of ANKRD26 (Noris et al., 2011; Pippucci et al., 2011). As a consequence, 

the 5’UTR is inaccessible for repressors, the ANKRD26 is over-expressed and defects 

in thrombocytes formation follow (Bluteau et al., 2013).  
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There are also genes involved in megakaryocytes maturation which present 

as macrothrombocytopenia or microthrombocytopenia phenotype when their function 

in megakaryocytes is impaired. Therefore, the changes in platelet morphology may help 

in the diagnostic process to focus on macrothrombocytopenia or microthrombocytopenia 

causing genes which could be considered as thrombocytopenia-causing in the patient/family. 

Microthrombocytopenia is a typical feature of FYB-related thrombocytopenia. 

Pathogenic variants lead to shortening of FYB (FYN Binding Protein). For that reason, FYB 

does not activate signaling pathways leading to the cytoskeletal changes, the number 

of mature megakaryocytes decreases, and the size of the platelets is reduced (Hamamy 

et al., 2014; Levin et al., 2015). 

 Macrothrombocytopenia results from the pathogenic variants in GFI1B (Glycoprotein 

Ib Platelet Beta Subunit); this phenotype arises from the dominant negative effect of MUT 

GFI1B which binds to the promoters of many genes involved in hematopoiesis and blocks 

DNA-binding site for WT GFI1B (Stevenson et al., 2013; Monteferrario et al., 2014). 

As a consequence, proplatelets are big, their number is decreased, and macrothrombocyto-

penia appears (Kitamura et al., 2016). 

Another macrothrombocytopenia phenotype occurs in patients with autosomal 

recessive (AR) Grey Platelet Syndrome which is typical for α-granules deficiency in platelets. 

The lack of α-granules is caused by pathogenic variants in NBEAL2 (Neurobeachin Like 2) 

which encodes a protein that is significant for α-granule biogenesis. Besides that, abrogate 

interactions between collagen I and megakaryocytes cause defective megakaryocytes 

spreading, the number of proplatelets is reduced as well as their branching, and proplatelet 

tips are big (Di Buduo et al., 2016). Overall, these processes probably lead 

to macrothrombocytopenia phenotype. 

Inherited thrombocytopenia accompanied by bones pathologies and myelofibrosis 

is associated with the pathogenic gain of function variant in SRC (SRC Proto-Oncogene, Non-

Receptor Tyrosine Kinase). As a result of pathogenic variant, c-Src tyrosine kinase 

is constitutively active concluding in defects in megakaryocytes maturation with almost 

no proplatelets forming (Turro et al., 2016). 

Thrombocytopenia was also linked to SLFN14 (Schlafen Family Member 14) 

endoribonuclease which seems to be crucial in platelets biogenesis. In patients, several 

heterozygous variants in SLFN14 with dominant negative effect were described. 

Consequently, SLFN14 could be involved in ribosome degradation during platelet formation 
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and maturation and thus, thrombocytopenia occurs (Fletcher et al., 2015; Noris et al., 2016; 

Fletcher et al., 2018). 

1.3.3 Genes associated with defects in platelets release and shortened plate-

lets survival 

Until the megakaryocytes reach their maturity, the formation of proplatelets is inhibited 

by binding of integrin α2β1 (megakaryocyte surface) to collagen I (an osteoblastic niche 

in bone marrow) in the osteoblastic niche. This interaction also prevents the premature release 

of immature platelets until they reach the vascular niche (Pallotta et al., 2009). Whereas 

the osteoblastic niche provides a microenvironment for megakaryocytes development 

and maturing, thrombopoiesis occurs in a vascular niche that stimulates proplatelets formation 

(Machlus and Italiano, 2013) (fig. 1). For the proplatelets formation as well as for organelles 

and granules trafficking, the cytoskeleton proteins are necessary. Selected proteins necessary 

for thrombopoiesis are shown in fig. 2. 

 

Fig 2: Selected proteins necessary for thrombopoiesis (Eto and Kunishima (2016), modified). 

 

 

The significant role in the regulation of the interaction between integrin α2β1 and collagen I 

play WAS (Wiskott-Aldrich Syndrome protein). Besides, WAS participates 

in the reorganization of the actin cytoskeleton. Thus, pathogenic variants in WAS cause ec-

topic platelet release into the bone marrow and microthrombocytopenia phenotype (Sabri 

et al., 2006). Furthermore, increased clearance of platelets in the spleen has been described 

in the patients as another mechanism supporting the developing of thrombocytopenia (Albert 

et al., 2010). The pathogenic variants in the WAS may cause two thrombocytopenia pheno-
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types: Wiscott-Aldrich syndrome (absence of WAS) or X-linked thrombocytopenia 

(the residual activity of WAS) (Zhu et al., 1995). Moreover, WAS defects are also associated 

with a higher risk of cancer, autoimmunity diseases and susceptibility to infections (Albert 

et al., 2010). 

Another protein that regulates (pro)platelets formation is NMIIA (Nonmuscle Myosin 

IIA) whose heavy chain is encoded by MYH9. Pathogenic variants in MYH9 cause the most 

common type of macrothrombocytopenia (Balduini et al., 2011a). The mechanism 

of thrombocytopenia is based on cytoskeleton defects, premature proplatelets forming 

and the reduced number of tips (Pecci et al., 2009). What is more, defective NMIIA 

is insensitive to capillary shear stress that promotes the platelets releasing (Spinler et al., 

2015). The MYH9-related thrombocytopenia is also significant for additional defects, 

such as deafness, presenile cataract or kidney failure, which develop later in adulthood. 

Interestingly, the presence of these defects is in correlation to particular pathogenic variants 

in MYH9; thus, the prediction of the future defect is possible, and better care can 

be established for patients (Pecci et al., 2014). 

 The amount of activated NMIIA is regulated by Mg
2+

 membrane channel TRPM7 

(Transient Receptor Potential Cation Channel Subfamily M Member 7). In several patients, 

single nucleotide pathogenic variant in TRPM7 was described. As a result, the activity 

of TRPM7 is decreased which results in dysregulation of NMIIA activity that leads 

to the cytoskeletal disorganization and macrothrombocytopenia (Stritt et al., 2016a). 

Macrothrombocytes are also a typical feature of AD thrombocytopenia that develops 

based on the pathogenic variants in ITGA2B or ITGB3 (Integrin Subunit Beta 3) (Nurden 

et al., 2011a). These genes encode integrin αIIBβ3. A MUT form of integrin αIIBβ3 

is constitutively active which affects actin cytoskeleton reorganization and defective 

(pro)platelet formation (Bury et al., 2012). 

Further, DIAPH1 (Diaphanous-Related Formin 1) also participates in cytoskeleton 

regulation. Pathogenic variants in this gene were described as macrothrombocytopenia 

with sensorineural deafness. As a result of pathogenic variants, DIAPH1 is truncated and con-

stitutively active. It leads to stabilization of microtubules and intensive assembly of actin 

filaments that is likely to cause reduced proplatelets formation (Stritt et al., 2016b). 

Reduced proplatelets formation is also typical for inherited thrombocytopenias related 

to cytoskeletal proteins encoded by TUBB1 (Tubulin Beta 1 Class VI), TPM4 (Tropomyosin 

4), ACTN1 (Actinin Alpha 1) and FLNA (Filamin A).  
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TUBB1 encodes β1-tubulin which presents only in megakaryocytes and platelets. 

β1-tubulin is mainly responsible for the extension of proplatelets and releasing of platelets 

(Lecine et al., 2000). However, pathogenic variants in TUBB1 disrupt the microtubules as-

sembly and thrombocytopenia occurs (Kunishima et al., 2014). 

 TPM4 encodes two isoforms of tropomyosin 4 that affect multiple cytoskeletal pro-

teins and cytoskeletal regulators involved in platelets production such as NMIIA, ACTN1, 

and FLNA. Pathogenic variants in TPM4 cause TPM4 insufficiency and present 

as macrothrombocytopenia phenotype by altering actin cytoskeleton reorganization (Pleines 

et al., 2017). 

Actin filaments are linked and stabilized through α-actinin dimers (Eto 

and Kunishima, 2016). α-actinin is encoded by ACTN1 whose germline pathogenic variants 

lead to the macrothrombocytopenia (Kunishima et al., 2013). 

Filamin A, encoded by FLNA, also stabilizes actin cytoskeleton. Moreover, filamin A 

connects the actin cytoskeleton network to the cell membrane and mediates the interaction 

between actin and GPIba, which is part of the membrane GPIba-IX-V complex (Eto 

and Kunishima, 2016). Considering the filamin A functions, it is explicit that pathogenic 

FLNA variants result in degradation of the cytoskeleton and defect proplatelets formation 

(Nurden et al., 2011b). 

 For proper function of filamin A, the phosphorylation is crucial. Phosphorylation 

is performed by cAMP-dependent protein kinase A. γ-isoform of the catalytic subunit 

of protein kinase A is encoded by PRKACG (Protein Kinase cAMP-Activated Catalytic Sub-

unit Alpha). In PRKACG, missense single nucleotide substitution was described to cause 

macrothrombocytopenia. As a consequence, protein kinase A activity is impaired, filamin A 

is neither phosphorylated nor protected from proteolysis. Subsequently, filamin A is nearly 

absent in megakaryocytes and thrombocytopenia is derived at the level of proplatelets forma-

tion (Manchev et al., 2014). 

 Besides, the pathogenic variant in MASTL, which encodes Serine/Threonine kinase, 

was recently described and thrombocytopenia probably arises based on deregulated phos-

phorylation affecting actin polymerization and aberrant platelets activation (Hurtado et al., 

2018). 

 Further, a substantial role in platelets release plays a transmembrane GPIba-IX-V 

complex. GPIba-IX-V complex is a receptor of vWF (von Willebrand Factor). Their interac-

tion mediates the mature megakaryocyte adhesion to the capillary endothelium and formation 

of proplatelets (Machlus and Italiano, 2013). GP1BA, GP1BB, and GP9 encode 3 of 4 sub-
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units of GPIba-IX-V complex (Savoia et al., 2014) and the proper expression of all subunits 

is crucial for GPIba-IX-V complex functions (Li and Emsley, 2013; Savoia et al., 2014). 

Nonetheless, a broad spectrum of pathogenic variants in GP1BA, GPB1B, and GP9 is respon-

sible for deriving of AR Bernard Soulier syndrome. Also, less frequent AD Bernard Soulier 

syndrome can arise as a result of GP1BA or GP1BB pathogenic variants. In both forms 

of Bernard Soulier syndrome, GPIb-IX-V is either unstable or lacking, so the megakaryocytes 

are unable to produce platelets (Balduini et al., 2011b; Savoia et al., 2014). 

Additionally, particular pathogenic variants in GP1BA may cause AD platelet-type 

of von Willebrand disease. In this case, the mechanism of thrombocytopenia differs 

from Bernard Soulier syndrome. The ability of GPIba subunit to bind the vWF is increased 

which contributes to the spontaneous agglutination of platelets; thus platelets are cleared 

prematurely (Othman et al., 2005; Savoia et al., 2014). 

The same mechanism of thrombocytopenia appears in von Willebrand disease type 2B 

that is caused by pathogenic variants in vWF (Federici et al., 2009; Nurden et al., 2010; 

Casari, 2016). Physiologically, vWF is involved in late phases of thrombopoiesis 

and hemocoagulation. 

 Besides, four variants causing inherited thrombocytopenia were found in CYCS 

(cytochrome c) (Morison et al., 2008; De Rocco et al., 2014; Johnson et al., 2016; Uchiyama 

et al., 2018). CYCS is located into the chromosome 7p15.3 and consists of 3 exons. Only 

exon 2 contains the coding sequence (NCBI, Nucleotide database, NG_023438.1) 

CYCS encodes a cytochrome c (UniProt: P99999), 12 kDa soluble protein that 

is translated in the cytosol as apocytochrome. Next, cytochrome c is imported 

into the mitochondrial intermembrane space and converted into holocytochrome c by hem 

lyase to become the mature protein with covalently linked hem group (Kulikov et al., 2012). 

Mature cytochrome c is 104 amino acids long (without the initiator methionine), and hem 

binding to the cytochrome c is necessary for its proper three-dimensional fold (Olteanu et al., 

2003) and cytochrome c functions (Kulikov et al., 2012). 

The cytochrome c is a multifunctional protein which is found either freely in the in-

termembrane space or bound to the outer side of the inner mitochondrial membrane. 

The former inhibits reactive oxygen species formation, prevents oxidative stress 

and participates in electron transport (Garrido et al., 2006). Specifically, cytochrome c trans-

ports electrons from complex III (Coenzyme Q–Cytochrome C reductase) to complex IV (Cy-

tochrome C oxidase); thus it is indispensable in the energy-production process in the cell 

(Zaidi et al., 2014). The latter form of cytochrome c is bound to the cardiolipin in the inner 
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mitochondrial membrane, and it is responsible for cytochrome c peroxidase activity (Garrido 

et al., 2006). Peroxidase activity is proposed to catalyze cardiolipin oxidation, leading to re-

lease of cytochrome c and other proapoptotic factors from the mitochondria into the cytosol 

during the early phase of apoptosis (Kagan et al., 2005; Ong et al., 2017a). 

 Besides, cytochrome c plays a significant role in the initiation of apoptosis. 

Upon apoptotic stimuli, cytochrome c is released into the cytoplasm, binds Apaf-1 (apoptosis-

protease activating factor 1), oligomerizes (heptameter structure) and establishes apoptosome 

complex. Next, apoptosome can recruit and activate pro-caspase 9. Active caspase 9 belongs 

to initiative caspases that activate effectors caspases which perform further apoptotic proc-

esses and cell death. 

Despite knowledge of several cytochrome c functions, the exact mechanism of cyto-

chrome c related thrombocytopenia is unknown. Likely, the ectopic and premature releasing 

of platelets might be the cause, based on the findings of platelets ectopically localized 

to the bone marrow (Bordé et al., 2011). Also, it was described that variants associated 

with CYCS-related thrombocytopenia increase the activation of the caspases in vitro (Morison 

et al., 2008, De Rocco et al., 2014), and Ledgerwood et al. (2018) take the view that it seems 

unlikely that thrombocytopenia involves a defect in electron transport because no symptoms 

associated with a disorder of mitochondrial electron transport have been described in patients. 

1.3.4 Genes associated with an unknown defect in megakaryopoiesis 

and thrombopoiesis 

Several genes have been described to cause thrombocytopenia, but they are not involved 

in megakaryopoiesis and thrombopoiesis or, at least, their function in these processes remains 

elusive. 

STIM1 (Stromal Interaction Molecule 1) monoallelic gain of function variants are re-

lated to the Stormorken syndrome. STIM1 encodes a transmembrane protein of endoplasmatic 

reticulum. Physiologically, STIM1 regulates Ca
2+

 influx to the cells through the Ca
2+ 

release-

activated Ca
2+

 channels of the plasma membrane (Markello et al., 2015; Noris and Pecci, 

2017). In thrombocytopenia phenotype, overexpression of MUT STIM1 led to constitutive 

activation of Ca
2+

 release-activated Ca
2+

 channels and increased Ca
2+

 concentration 

in the platelets cytosol. This state probably causes premature activation of platelets (Misceo 

et al., 2014; Markello et al., 2015). 
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Further, variants in ABCG5 (ATP Binding Cassette Subfamily G Member 5) 

and ABCG8 (ATP Binding Cassette Subfamily G Member 8) have been associated 

with the Phytosterolemia (Sitosterolemia) accompanied by macrothrombocytopenia. The ex-

act connection between defects in ABCG5 and ABCG8 and macrothrombocytopenia is not 

clear, but it probably derives from the inhibition of synthesis or instability of filamin A 

and internalization of integrin αIIβ3. Also, ABCG5 and ABCG8 variants cause incorporating 

phytosterols into the platelets membrane (Kanaji et al., 2013; Melenotte et al., 2014). 

 Finally, variants in PADI2 (Peptidyl Arginine Deiminase 2), TTF2 (Transcription 

Termination Factor 2), ANKRD18A (Ankyrin Repeat Domain 18A), FRMPD1 (FERM and 

PDZ Domain Containing 1), GNE (Glucosamine (UDP-N-Acetyl)-2-Epimerase/N-

Acetylmannosamine Kinase) and MRTFA (Myocardin-Related Transcription Factor A) were 

found in thrombocytopenic patients and none of the healthy controls by WES (Johnson et al., 

2016). However, these variants were classified as variants with uncertain significance. 

For that reason, their possible pathogenic effect should be confirmed by gene-tailored func-

tional analysis. Pathogenic variants in GNE (Izumi et al., 2014; Zhen et al., 2014) 

and MRTFA (Record et al., 2015) were found in other studies earlier, but the functional analy-

ses have not been conducted yet. 
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2 Aims of diploma thesis 

1. Analysis of a family with suspected of having inherited thrombocytopenia by WES 

and verification of detected variant(s) by another method. 

2. Evaluation of variant(s) related to the thrombocytopenia in a family using the available 

databases and literature. 

3. Suggesting further functional analysis if a found variant would not be described well.  
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3 Materials 

3.1 Samples collection, DNA isolation, and WES 

Materials listed in the tab. 2a–2f are relevant for subchapters 4.1–4.2.2. 

 

Tab. 2a: Laboratory equipment. 

Laboratory equipment Manufacturer 

Biometra Professional Trio Thermocycler Biometra 

Centrifuge Prism MINI Labnet 

Concentrator plus Eppendorf 

Covaris S220 Focused Ultrasonicator Covaris 

MagCore® Super Automated Nucleic Acid 

Extractor 
RBC Bioscience 

Magnetic particle collector Sofigen kombi Sofigen 

NanoDrop™  2000C Spectrophotometer Thermofisher Scientific 

NextSeq™ 550 Sequencing System Illumina 

PCR Box–DNA/RNA UV-cleaner box Biosan 

Qubit® 2.0 Fluorometer Invitrogen™ 

Tape Station 2200 Agilent Technologies 

Vortex V-1 Plus Biosan 

Vortexer IKA MS 3  Labnet 

 

Tab. 2b: Chemicals and solutions. 

Chemicals or solutions Manufacturer 

Ethanol 96–100% Penta 

Ultra-pure water, type 1 
Machine: Synergy

®
 UV Water Purification 

System 

 

Tab. 2c: Buffers. 

Buffer Manufacturer 

Tris-HCl Buffer, pH 8.0 Amresco 

TE buffer with low EDTA, pH 8.0 Affymetrix 
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Tab. 2d: Commercial kits. 

Commercial kit Manufacturer 

Agilent D1000 Screen Tape System Agilent Technologies 

HyperCap Bead Kit Roche 

HyperCap Target Enrichment Kit Roche 

KAPA Hyper Prep Kit Roche 

MagCore® Genomic DNA Whole Blood Kit RBC Bioscience 

NextSeq 500 High-Output v2 Kit Illumina 

PhiX Control Ilumina 

Qubit® dsDNA BR Assay Kit  Life Technologies 

Qubit® dsDNA HS Assay Kit Life Technologies 

SeqCap Adapter Kit A Roche 

SeqCap EZ Human Exome Probes v3 Roche 

 

Tab. 2e: Software. 

Software Creator 

Annovar originally designed by Dr. Kai Wang 

Alamut Visual, v.2.7.1 Interactive Biosoftware 

GATK HaplotypeCaller, version 3.7 Broad Institute 

HGMD database, version 2018.4 Cardiff University 

Integrative Genomics Viewer 
Broad Institute and the Regents of the 

University of California 

Nanodrop 2000 Thermofisher Scientific 

Software Covaris SonoLab 7 Covaris 

Tape Station Analysis Software A.02.01 Agilent Technologies 

 

Tab. 2f: Biological material. 

Type of material 

Human blood 
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3.2 PCR and Sanger sequencing 

Materials listed in the tab. 3a–3f are relevant for subchapters 4.3–4.3.2. 

 

Tab. 3a: Laboratory equipment. 

Laboratory equipment Manufacturer 

ABI 3500 Genetic Analyzer Applied Biosystems 

Balance BWL61 Boeco Germany 

Centrifuge 5804 Eppendorf 

Centrifuge Prism MINI Labnet 

Electrophoresis apparatus Sub Cell GT 

and apparatus for gel preparation 
Bio-Rad 

MicroAmp™ EnduraPlate™ Optical 96-Well 

Fast Reaction Plates with Barcode 
Applied Biosystems 

Microwave Sencor 

PCR Box–DNA/RNA UV-cleaner box Biosan 

Power PackTM Basic Bio-Rad 

Purification apparatus containing Filter 

Microplate 200995-100 PVDF 0.45 UM 
Agilent Technologies 

Thermal Cycler C1000 Touch Bio-Rad 

UVI UVIdoc HD2 Uvitec Cambridge 

Vortex V-1 Plus Biosan 

  

Tab. 3b: Chemicals and solutions. 

Chemical or solution Manufacturer 

10 mM dNTP mix Thermofisher Scientific 

25 mM MgCl2 Thermofisher Scientific 

5 U/µL Taq DNA Polymerase, recombinant Thermofisher Scientific 

6× Loading Dye Thermofisher Scientific 

Agarose Serva DNA Electrophoresis Serva 

Gene Ruller 100 bp DNA ladder, ready to use Thermofisher Scientific 

HiDi™ Formamide Applied Biosystems 

MidoriGreen Advance DNA stain Nippon Genetics Europe 

SephadexTM G-50 Super Fine GE Health Care 

Ultra-pure water, type 1 Synergy
®
 UV Water Purification System 
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Tab. 3c: Buffers. 

Buffer Manufacturer 

TBE buffer Bio-Rad 

10× Taq Buffer with (NH4)2SO4 and without MgCl2  Thermofisher Scientific 

 

Tab. 3d: Pair of primers for PCR and Sanger sequencing of human DNA samples. 

Primer name Primer sequence (5’ to 3’) 

Forward primer  CAT CGG TTA TTT CAC ACT CCT GAT 

Reverse primer CAT CGG TTA TTT CAC ACT CCT GAT 

*all primers were ordered from Generi Biotech 

 

Tab. 3e: Commercial kits. 

Commercial kit Manufacturer 

ExoSAP-IT™ PCR Product Clean up Reagent Applied Biosystems 

BigDye® Terminator v1.1 Cycle Sequencing Kit  Thermofisher Scientific 

 

Tab. 3f: Software. 

Software Creator 

Primer3Plus Andreas Untergasser 

Finch TV 1.4.0 GeoSpiza Inc. 
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3.3 Preparation for purification of recombinant human WT cyto-

chrome c and its MUT variants 

Material listed in the tab. 4a–4g are relevant for subchapters 4.4–4.4.5. 

 

Tab. 4a: Laboratory equipment. 

Laboratory equipment Manufacturer 

ABI 3500 Genetic Analyzer Applied Biosystems 

Centrifuge 5424 Eppendorf 

Centrifuge 5804 Eppendorf 

Centrifuge 5810R Eppendorf 

Centrifuge Prism MINI Labnet 

Class II Biological Safety Cabinet Esco 

Cooling Shaking Incubator NB-205LF N-BIOTEK Co., Ltd 

MicroAmp™ EnduraPlate™ Optical 96-Well Fast 

Reaction Plates with Barcode 
Applied Biosystems 

MIR-262-PE Heated Incubator Panasonic 

NanoDrop™ 2000C Spectrophotometer Thermofisher Scientific 

NucleoBond Xtra Combi Rack Macherey-Nagel 

PCR Box–DNA/RNA UV-cleaner box Biosan 

Purification apparatus containing Filter Microplate 

200995-100 PVDF 0.45 UM 
Agilent Technologies 

Thermal Cycler C1000 Touch Bio-Rad 

Vortex V-1 Plus BioSan 

 

Tab. 4b: Chemicals and solutions. 

Chemical or solution Manufacturer 

Glycerol Penta 

Ethanol Penta 

Ampicillin PanReac AppliChem 

Ultra-pure water, type 1 Synergy
®
 UV Water Purification System 

HiDi™ Formamide Applied Biosystems 

Isopropanol Penta 

SephadexTM G-50 Super Fine GE Health Care 
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Tab. 4c: Media and plates. 

Medium or plate Manufacturer or composition 

LB-agar plates with Ampicillin PanReac AppliChem,  

LBmedium PanReac AppliChem 

 

Tab. 4d: Mutagenic primer sequences and sequencing primer. 

Primer name Primer sequence (5’ to 3’) 

Mutagenic primer, 

Gly42Ser forward 
CGG CGC CTG GCT CGT TTT GCG GCC 

Mutagenic primer, 

Gly42Ser reverse 
GGC CGC AAA ACG AGC CAG GCG CCG 

Mutagenic primer, 

Thr20Ile forward 
GCC GCC TTT TTC CAC GAT GTG GCA CTG CGA GC 

Mutagenic primer, 

Thr20Ile reverse 
GCT CGC AGT GCC ACA TCG TGG AAA AAG GCG GC 

Plasmid sequencing primer AGC TCG TTA CCC GGG GAT C 

*all primers were ordered from Generi Biotech 

 

Tab. 4e: Commercial Kits. 

Commercial kit Manufacturer 

BigDye® Terminator v3.1 Cycle Sequencing Kit Thermofisher Scientific 

NucleoBond® Xtra Midi kit Macherey-Nagel 

NucleoSpin® Plasmid kit Macherey-Nagel 

QuikChange Site-Directed Mutagenesis Kit Agilent Technologies 

 

Tab. 4f: Software. 

Software Creator 

Nanodrop 2000 Thermofisher Scientific 

BLASTN National Library of Medicine 

Finch TV 1.4.0 GeoSpiza Inc. 

QuikChange Primer Design Program Agilent Technologies 

 

Tab. 4g: Plasmid. 

Plasmid name Source 

pBTR1 plasmid 
a gift from Gary Pielak (Addgene plasmid # 22468; 

http://n2t.net/Addgene:22468; RRID:Addgene_22468) 
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3.4 Purification of recombinant human cytochrome c 

Material listed in the tab. 5a–5g are relevant for subchapters 4.5–4.5.5. 

 

Tab. 5a: Laboratory equipment. 

Laboratory equipment Manufacturer 

AccuBlock™ Digital Dry bath Labnet 

Analytical Balance BAS31 plus Boeco Germany 

Avanti JXN-26 Centrifuge Beckman Coulter 

Balance BWL61 Boeco Germany 

Centrifuge 5810R Eppendorf 

Centrifuge Prism MINI Labnet 

Cooling Shaking Incubator NB-205LF N-BIOTEK Co., Ltd 

FPLC ÄKTA pure GE Healthcare 

HiTrap CM Sepharose FF column GE Healthcare 

Incubator Shaker Innova 44 New Brunswick Scientific 

Magnetic stirrer: Hot Plate Stirrer Benchmark 

Mini Shaker Multi Bio 3D Biosan 

MiniProtean System Bio-Rad 

MIR-262-PE Heated Incubator Panasonic 

Molecular Imager® Gel Doc™ XR Bio-Rad 

NanoDrop™  2000C Spectrophotometer Thermofisher Scientific 

Orion Star A111 pH benchtop meter Thermofisher Scientific 

Power PackTM Basic Bio-Rad 

Q700 Sonicator QSonica 

Single block Thermomixer MHR13 Hettich Benelux 

SnakeSkin Dialysis membrane Thermofisher Scientific 

Vortex V-1 Plus  BioSan 
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Tab. 5b: Chemicals and solutions. 

Chemical or solution Manufacturer 

(NH4)2SO4 Penta 

10% SDS Cayman Chemical 

DTT Sigma-Aldrich 

PMSF Sigma-Aldrich 

Acetic Acid Penta 

Akrylamide 4K Solution (30%), mix 37.5:1 PanReac AppliChem 

Ammonium PerSulphate Sigma-Aldrich 

Ampicillin PanReac AppliChem 

Bromophenol Blue Sigma-Aldrich 

Coomassie Brilliant Blue Sigma-Aldrich 

Distilled water - 

EDTA, pH 8.0 PanReac AppliChem 

glycerol Penta 

HCl Sigma-Aldrich 

Hepes Sigma-Aldrich 

Isopropanol Penta 

K2HPO4 Penta 

KCl Penta 

KH2PO4 Penta 

Leupeptin  Sigma-Aldrich 

Methanol Penta 

Mercaptoethanol Sigma-Aldrich 

MgCl2 Penta 

Na2HPO4 Penta 

NaCl Penta 

NaH2PO4 Penta 

NaOH Sigma-Aldrich 

Pepstatin  Sigma-Aldrich 

Protein Marker VI (10–245) Prestained PanReac Appli Chem 

TEMED Bio-Rad 

Tryptone Sigma-Aldrich 

Ultra-pure water, type 1 Synergy
®
 UV Water Purification System 

Yeast Extract Sigma-Aldrich 
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Tab. 5c: Buffers. 

Buffer Manufacturer or composition 

Destaining buffer 
Distilled water, Acetic Acid, Methanol, 

volume ratio: 50:10:40 

Lysis buffer 

Glycerol 10%, Tris-HCl (pH 6.8) 50 mM, 

EDTA (pH 8.0) 1 mM, KCl 50 mM. 

Added before use: 

1M DTT–1 μL per 1 mL of Lysis buffer, 

0.4 mg/mL Leupeptin–1 μL per 1 mL of Lysis buffer, 

0.7 mg/mL Pepstatin–1 μL per 1 mL of Lysis buffer, 

1M PMSF–0.5 μL per 1 mL of Lysis buffer. 

Low Salt buffer, pH 7.3 (4°C) NaH2PO4 1.76 g/l, Na2HPO4 7.31 g/l 

High Salt buffer, pH 7.3 (4°C) NaH2PO4 0.652 g/l, Na2HPO4 4.10g/l, NaCl 58.4 g/l 

Storage Buffer with/without 

glycerol 

Hepes 50 mM, NaCl 400 mM, MgCl2 3 mM, DTT 2 mM, 

glycerol 10% (added to samples after dialysis) 

Tris-Glycine buffer Sigma Aldrich 

Laemli buffer 
10% SDS, 10 mM mercaptoethanol, 20% glycerol, 

0.2M Tris-HCl pH 6.8, 0.05% Bromphenol Blue 

Tris-HCl, 1 M, pH 8.0 Amresco 

Tris-HCl, 1 M, pH 6.8 Amresco 

 

Tab. 5d: Media. 

Medium Manufacturer or composition 

LB medium PanReac AppliChem 

Rich LB medium 
Tryptone 12g/lL, yeast extract 24 g/L, glycerol 8 mL/L, 

KH2PO4 2.3 g/L, K2HPO4 12.5 g/L 

 

Tab. 5e: Commercial kits. 

Commercial kit Manufacturer 

Coomassie (Bradford) Protein Assay Kit Thermo Scientific 

 

Tab. 5f: Software. 

Software Creator 

Nanodrop 2000 Agilent Technologies 

Image lab 5.2 Bio-Rad 
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Tab. 5g: Bacterial strain. 

Bacterial strain Genotype 

E. Coli BL21(DE3) RIPL 
E. coli B F– ompT hsdS(rB

– mB
–) dcm+ Tetr gal λ(DE3) endA Hte 

[argU proL Camr] [argU ileY leuW Step/Specr] 
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4 Methods 

4.1 Case history, samples collection, and DNA isolation 

The analysis by WES in the family suspected of inherited thrombocytopenia (fig. 3) 

was indicated by hematologist and clinical geneticist based on the following case history. 

Family member III-4 was initially diagnosed with Idiopathic thrombocytopenic pur-

pura because of major hematomas after injuries. III-4 has taken no medication because 

no additional bleeding episodes were observed. Patient IV-2 (daughter of III-4) suffers 

from petechia and hematomas that seemed to be connected to the Idiopathic thrombocyto-

penic purpura. At this point, the hematologist recognized the possibility of inherited thrombo-

cytopenia, examined more family members (blood tests), and asymptomatic thrombocyto-

penia was revealed in patients II-1 and III-3. 

 The selection of family members for WES was determined based on pedigree 

and family medical history to meet the criterion of at least two thrombocytopenic samples 

and two thrombocytopenia-free samples, both from two generations. The request for obtaining 

samples from a larger number of family members combined with the possibility of comparing 

patients’ samples and their disease-free family members’ samples provides higher diagnostic 

robustness and higher confidence in the determination of potentially thrombocytopenia-

causing variant. 

Accordingly, four thrombocytopenic (II-1, III-3, III-4, and IV-2) and three thrombocy-

topenia-free family members (II-2, III-5, and IV-3) were chosen for further analysis by WES 

(fig. 3). 

The PC is reported in family members that were indicated for analysis by WES 

(fig. 3). Also, the relevant clinical findings were provided to chosen samples and family 

medical history was evaluated. Whole research was done in accordance with the Declaration 

of Helsinki and informed consents were obtained from examined family members. 

Input material for further WES were peripheral blood samples of seven family 

members. Peripheral blood (5 mL) was collected, anonymized and sent to CEITEC 

laboratory. Genomic DNA isolation was done using MagCore® Super Automated Nucleic 

Acid Extractor (RBC Bioscience) and the MagCore® Genomic DNA Whole Blood Kit 

(RBC Bioscience). DNA was eluted to Ultrapure water, type 1. DNA concentrations were 

measured using NanoDrop™  2000C Spectrophotometer (Thermofisher Scientific).  
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Fig. 3: Pedigree of analyzed family, the proband is marked by the red arrow, samples 

analyzed by WES are highlighted by grey background, PC is reported in ×109/L. 

 

 

4.2 WES 

The WES approach for detecting thrombocytopenia-causing variant was used in this master’s 

thesis because WES approach encompasses the coding sequences (approximately 

2% of the whole genome) in which the variants associated to inherited thrombocytopenias are 

mostly found. WES workflow, as well as other MPS high-throughput approaches, includes 

several key steps: library preparation and clusters generation, parallel sequencing of thou-

sands to millions of DNA fragments at the same time, and data analysis. 

Before starting the WES workflow, compatibility of chosen library preparation work-

flow (SeqCap EZ HyperCap Workflow, version 2.1, Roche), probes for whole exome enrich-

ment (SeqCap EZ Human Exome Probes v3, Roche) and sequencing cartridge (NextSeq 500 

High-Output v2 Kit, Illumina) was checked. 

Aforementioned components combination allows sequencing eight samples in one run 

to obtain sufficient coverage for searching of germinal variants. For that reason, eight samples 

were used in the preparation of whole exome libraries. Seven of eight samples encompass 

samples from one family (four thrombocytopenic and three thrombocytopenia-free DNA 

samples) who is subject of this master’s thesis. The eighth sample with a different diagnosis 

was added to the library preparation process to make full use of the sequencing cartridge. 
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4.2.1 Library preparation 

Sample libraries were processed according to the SeqCap EZ HyperCap Workflow following 

the recommended protocols. The whole process is schematically depicted 

in fig. 4, and selected important steps are described in the subsequent text. 

 

Fig. 4: SeqCap EZ HyperCap Workflow–an overview. 

 

 

Input gDNA per sample was 1 ug. Input gDNA was fragmented to 180–220 bp by Covaris 

S220 Focused Ultrasonicator using settings shown in the tab. 6. After sonication, each sample 

was controlled by Tape Station System D1000 (Agilent Technologies) following 

the manufacturer’s recommendations. The peak slightly above 220 bp was expected (reported 

in Kapa Hyper Prep Kit). Tape Station output is shown in subchapter 5.2.2. 
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Tab. 6: Covaris S220 settings. 

Parameter Value 

Peak inc. Power 175 W 

Duty factor 10% 

Cycles per burst 200 

Treatment time 120 s 

Temperature 7°C 

Water level 12 

 

Libraries preparation and amplifying the sample libraries using LM-PCR (Biometra 

Professional Trio Thermocycler, Biometra) proceeded with Kapa Hyper Prep Kit following 

the recommended protocol. Besides of other procedures, sample specific indexes were ligated 

to the gDNA fragments to allow later assignment of sequencing results to individual samples. 

Quality of prepared pre-capture libraries was determined by Tape Station System 

D1000 according to the manufacturer’s instructions with an expected fragment size 

distribution from 150 to 500 bp (peak at ~320 bp)–results are shown in subchapter 5.2.2. 

The concentration of pre-capture libraries was measured by Qubit® 2.0 Fluorometer (Invitro-

gen™) using Qubit™ dsDNA BR Assay Kit (Invitrogen™) following the protocol provided 

by the manufacturer. 

An equal amount (by mass) of amplified pre-capture libraries was mixed to obtain two 

pools–four samples each. Pools were prepared to contain a combined mass of 1 μg DNA. 

1 μg of each pool was used in the sequence capture hybridization. 

 In the hybridization step, the pools of pre-captured libraries were hybridized 

to the SeqCap EZ Human Exome Probes v3.0 for whole exome enrichment. SeqCap EZ Hu-

man Exome Probes v3.0 was chosen for coverage of more than 20,000 genes in the human 

genome and coverage of flanking regions of some coding exons and miRNAs by probes. Hy-

bridization was conducted for 20 hours at 47°C. After hybridization, captured multiplex DNA 

samples were recovered and amplified by LM-PCR. 

 Quality of the amplified captured multiplex DNA libraries was measured by Tape 

Station System D1000 according to the manufacturer’s instructions. Expected fragment size 

distribution ranged from 150 to 500 bp. Fragments distribution of individual amplified cap-

tured multiplex DNA libraries is shown in subchapter 5.2.2. The concentration of amplified 

captured multiplex DNA libraries was measured by Qubit® 2.0 Fluorometer using Qubit™ 

dsDNA HS Assay Kit following the protocol provided by the manufacturer. The concentra-
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tion one of two prepared libraries was above dsDNA HS Assay range; thus the concentration 

was also measured using Qubit™ dsDNA BR Assay Kit. 

As mentioned previously, eight samples could be sequenced in one run in respect 

to the used probes for whole exome enrichment (SeqCap EZ Human Exome Probes v3) 

and sequencing cartridge (NextSeq 500 High-Output v2 Kit). Hence, two amplified captured 

multiplex DNA libraries (each containing four samples) were equimolarly pooled together. 

The concentration of the final library was measured by Qubit® 2.0 Fluorometer using 

Qubit™ dsDNA BR Assay Kit following the protocol provided by the manufacturer. Based 

on the final library concentration, the molarity of the final library was calculated, and the final 

library was diluted to the 10 nM using TE buffer with low EDTA concentration. 

4.2.2 Illumina sequencing, data analysis, and variant evaluation 

Final 10 nM library prepared as described in subchapter 4.2.1 was further diluted to 1.2 pM, 

denaturated and prepared for sequencing (NextSeq High-Output Kit v2, 300 cycles) 

in the Core Facility Genomics (CEITEC, MU). As a quality control, 1% PhiX was used. 

The sequencing was conducted by NextSeq™ 550 Sequencing System (read length 2×150 

bp). After sequencing, run quality control was done as shown in the tab. 7, and 413,820,531 

clusters passed the filter (93.28% of raw clusters). 

 

Tab. 7: Quality control parameters–sequenced samples. M Reads Mapped–Reads mapped 

in the bam file (million), Ins. Size–median insert size, ≥ 30×–a fraction of genome 

with at least 30× coverage, Coverage–median coverage, % Aligned–% mapped reads, Error 

rate–mismatched/bases mapped. 

Sample Name M Reads Mapped Ins. size ≥ 30× Coverage % Aligned Error rate 

III-V 102.5 172 60.40% 53.0× 99.30% 0.55% 

IV-3 95.9 175 59.70% 50.0× 99.50% 0.55% 

IV-2 94.3 173 59.30% 49.0× 99.50% 0.54% 

III-IV 92.7 163 57.80% 46.0× 99.50% 0.51% 

II-1 93.4 169 58.70% 46.0× 99.50% 0.54% 

III-3 95.1 164 58.30% 46.0× 99.50% 0.54% 

II-2 120.5 166 62.00% 59.0× 99.50% 0.52% 

 

Obtained sequencing data were processed by bioinformaticians and biostatisticians. The raw 

sequencing reads were aligned with the GRCh37 (hg19) human reference genome us-
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ing the BWA-mem algorithm, version 0.7.15, PCR duplicates were identified with the Mark-

Duplicates tool from Picard. Germline single nucleotide variants (SNV) and indels were de-

tected by the GATK HaplotypeCaller, version 3.7. Annotation of obtained variants/indels was 

performed with Annovar. Additionally, bioinformaticians converted the resulting variant re-

ports to Microsoft Office Excel compatible format for additional filtering and further analysis. 

Microsoft Office Excel table contained results of seven samples from the family 

with suspicion of inherited thrombocytopenia, the eighth sample with a different diagnosis, 

which was added to the library preparation and sequencing run of thrombocytopenic family, 

was analyzed separately, and it is not involved in this master’s thesis. 

Because there is a chance that variant associated with thrombocytopenia in the family 

described in this thesis is located in the gene that has been associated to inherited thrombocy-

topenia previously, the virtual panel of genes associated to inherited thrombocytopenias 

was created based on the literature review. I previously dealt with this topic (Pešová et al., 

2018) and then, the virtual gene panel was updated to its current form (April 2019) 

(suppl. tab. 2). 

After sequencing and data processing (performed by biostatisticians and 

bioinformaticians), variants in Microsoft Office Excel were matched to the virtual gene panel 

(suppl. tab. 2). Recently, the sequencing data were re-evaluated to make sure that no AD seg-

regating variant in MASTL–gene newly associated with inherited thrombocytopenia is present 

in patients’ samples. 

Next, filters were set up according to the criteria listed in the tab. 8. Variants 

that passed filter settings were evaluated for AD segregation with thrombocytopenic pheno-

type in the family. The resulting variant was finally matched with the HGMD database, 

searched through actual literature and analyzed in Alamut Visual. The impact of the variant 

on protein structure was simulated by bioinformatician using human cytochrome c structure 

(PDB code: 3ZOO).  

 

Tab. 8: Filter settings in Microsoft Office Excel table for the analysis of variants obtained 

from virtual gene panel. 

Parameter Setting 

Func.ref gene Exonic, splice site, 5’UTR 

ExonicFunc.refgene Nonsynonymous SNV, empty field 

ExAC_nontcga_NFE is equal to or is smaller than 0.01 
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4.3 PCR and Sanger sequencing 

Resulting variant c.59C>T in CYCS detected by WES should be confirmed by another method 

for diagnostic purposes. Therefore, the confirmation of presence or absence c.59C>T variant 

in CYCS in patients and their thrombocytopenia-free family members was performed 

by Sanger sequencing. 

4.3.1 Primer design and PCR optimization 

Initially, a pair of primers targeted to the amplification of the region of interest (CYCS, 

exon 2) and subsequent Sanger sequencing of CYCS variant c.59C>T was designed 

in Primer3Plus (date: II/2018). Tab. 3d shows the sequence of designed primers. 

PCR optimization with these primers and Taq DNA Polymerase (Thermofisher Scien-

tific) was done to obtain the best amplification conditions. Optimized conditions (tab. 9) were 

annealing temperature and the amount of MgCl2. Tested MgCl2 concentrations ranged 

from 1 mM to 2.5 mM. Annealing temperatures used in PCR optimization ranged 

from 52 to 58°C. Each concentration was tested with each annealing temperature–in total, 

24 reactions with DNA plus four negative controls (NC) using Ultra-pure water, type 1 in-

stead of DNA were prepared. The composition of one reaction is shown in the tab. 10. 

The volume of each reaction was 25 μL. PCR settings are shown in the tab. 11. Amplification 

was performed in Thermal Cycler C1000 Touch (Bio-Rad). The products of optimization 

were checked by agarose electrophoresis (2% agarose gel) and visualized by UVIdoc HD2 

(Uvitec Cambridge). 

 

Tab. 9: Optimized conditions–an overview.  

MgCl2 concentrations Annealing temperatures 

1 mM 

58°C 56.9°C 55.8°C 54.4°C 52.6°C 52°C 
1.5 mM 

2 mM 

2.5 mM 
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Tab. 10: Composition of one PCR reaction. 

Reagent One reaction 

Taq buffer with (NH4)2SO4 and without MgCl2 2.5 μL 

10mM dNTP 0.5 μL 

10nM forward primer 0.5 μL 

10nM reverse primer 0.5 μL 

Taq DNA Polymerase 0.13 μL 

MgCl2 According to desired MgCl2 concentration 

DNA [20 ng/μL] or Ultra-pure water, type 1 1.25 μL 

Ultra-pure water, type 1 to 25 μL 

Total volume 25 μL 

 

Tab. 11: PCR cycling setting. 

Step Temperature Time Number of cycles 

Initial denaturation 95°C 3 min 1 

Denaturation 95°C 30 sec 

30 Annealing Depended on optimization condition 45 sec 

Extension 68°C 1 min 

Final Extension 68°C 5 min 1 

Hold 4°C ∞ 1 

 

4.3.2 Preparation of DNA samples for Sanger sequencing and Sanger se-

quencing 

Based on optimization results, reaction mix containing 2.5 mM MgCl2 and PCR cycling set-

ting with annealing temperature 58°C was selected for amplification of a region of interest 

of DNA samples (four thrombocytopenic family members and three thrombocytopenia-free 

family members). Detailed conditions are listed in the tab. 12 and tab. 13, respectively. Prim-

ers from the tab. 3d were used. In total, seven samples and one NC (containing Ultrapure wa-

ter, type 1) were amplified. The volume of each reaction was 25 μL. 
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Tab. 12: Optimized PCR reaction mix. 

Reagent 1 reaction 

Taq Buffer with (NH4)2SO4 and without MgCl2 2.5 μL 

10 mM dNTP 0.5 μL 

10 nM forward primer 0.5 μL 

10 nM reverse primer 0.5 μL 

Taq DNA Polymerase 0.13 μL 

MgCl2 [2.5 mM] 2.5 μL 

Ultra-pure water, type 1 17.12 μL 

DNA [20ng/μL] or NC (Ultra-pure water, type 1) 1.25 μL 

Total volume 25 μL 

 

Tab. 13: Optimized PCR cycling setting. 

Step Temperature Time Number of cycles 

Initial denaturation 95°C 3 min 1 

Denaturation 95°C 30 sec 

30 Annealing 58°C 45 sec 

Extension 68°C 1 min 

Final Extension 68°C 5 min 1 

Hold 4°C ∞ 1 

 

Presence of PCR products was checked by agarose electrophoresis. Per each sample, 1 μL 

of 6× Loading Dye (Thermofisher Scientific) was mixed with 5 μL of PCR product 

and loaded into the 2% agarose gel. The length of PCR products was controlled by the addi-

tion of 2 μL 100 bp DNA ladder (Thermofisher Scientific) into the separated gel well. 

Electrophoresis run (100 V, 60 min) in Bio-Rad electrophoresis apparatus and products were 

checked and visualized by UVIdoc HD2. 

Further, the PCR products with desired band length–approximately 500 bp, were 

enzymatically purified by ExoSAP-IT™ PCR Product Clean up Reagent (Applied Biosys-

tems™). 5 μL of each PCR product was mixed with 0.75 μL of ExoSAP-IT™ Reagent, spun 

down and put into the thermocycler. Samples were incubated according to the conditions 

given in the tab. 14. 
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Tab. 14: Thermocycler setting of ExoSap reaction. 

Step Temperature Time 

Degradation of remaining primers and nucleotides 37°C 15 min 

Inactivation of ExoSAP-IT™ reagent 80°C 15 min 

Hold 4°C ∞ 

  

After purification, the Big Dye Terminator reaction was performed using BigDye® Termina-

tor v1.1 Cycle Sequencing Kit reagents (Thermofisher Scientific) required for Sanger se-

quencing. For each of 7 samples, one reaction with a forward primer and one reaction 

with a reverse primer (tab. 3d) was prepared. Reagents required for the preparation 

of one reaction are summarized in the tab. 15. All 14 reactions were incubated in the thermo-

cycler as reported in the tab. 16. 

 

Tab. 15: BigDye™ Terminator reaction mix. 

Reagent Volume [μL] per one reaction 

BigDye™ Terminator v1.1 Sequencing Buffer 1 

BigDye™ Terminator v1.1 Ready Reaction Mix 1 

DNA sample 2 (~20–30 ng) 

Forward or reverse primer [10 μM] 0.5 

Ultra-pure water, type 1 5.5 

 

Tab. 16: Thermocycler setting of BigDye™ Terminator reaction. 

 Temperature Time Number of cycles 

Incubation 96°C 1 min 1 

Denaturation 96°C 30 sec 

25 Annealing 50°C 15 sec 

Extension 60°C 4 min 

Hold 4°C ∞ 1 

 

After incubation, samples were purified by using SephadexTM G-50 Super Fine (GE Health 

Care). This method is based on size exclusion and removes dye-terminator reagents and re-

maining primers. 

Initially, the purification apparatus was assembled. In total, 14 samples were proc-

essed. A Sephadex solution was carefully resuspended, and 250 μL was added to each well 

used for sample purification. Then, apparatus with Sephadex was centrifuged (Centrifuge 
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5804, Eppendorf) at 910 g for 10 minutes. After centrifugation, the liquid was discarded 

from the waste plate. Again, 250 μL of Sephadex was pipetted to the wells and centrifuged 

the same way as previously described. 

Then, the plate with a membrane containing Sephadex was transferred from the waste 

plate and frame to the sequencing plate (MicroAmp™ EnduraPlate™ Optical 96-Well Fast 

Reaction Plates with Barcode, Applied Biosystems™). Subsequently, 10 μL of samples were 

carefully pipetted into the center of Sephadex columns. Further, 10 μL of HiDi™ Formamide 

(Applied Biosystems) was pipetted into the sequencing plate–to the wells that will contain 

a sequencing product. Then, the apparatus was centrifuged (Centrifuge 5804) at 910 g 

for 10 minutes. 

After that, the sequencing plate contained the samples which were ready for nucleotide 

sequence reading. Sequencing was performed by ABI 3500 Genetic Analyzer (Applied Bio-

systems) according to the conditions portrayed in the tab. 17. The presence or absence 

of the c.59C>T CYCS variant in the samples was analyzed in Finch TV 1.4.0 (GeoSpiza Inc.). 

 

Tab. 17: ABI 3500 Genetic Analyzer–sequencing conditions. 

Parameter Setting 

Application Type Sequencing 

Capillary Length 50 

Polymer POP7 

Dye Set E 

Oven Temperature [°C] 55 

Run Time [sec] 3,500 

Run Voltage [kVolts] 8.5 

PreRun Time [sec] 180 

PreRun Voltage [kVolts] 15 

Injection Time [sec] 30 

Injection Voltage [kVolts] 1.6 

Data Delay [sec] 480 
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4.4 Preparation for purification of recombinant human WT cyto-

chrome c and its MUT variants 

Variant c.59C>T; p.(Thr20Ile) in CYCS found in an examined family with thrombocytopenia 

was not described earlier–for that reason, its effect on the developing thrombocytopenic phe-

notype should be analyzed. 

After considering the possibilities of such analysis based on in silico prediction 

of the c.59C>T; p.(Thr20Ile) variant’s effect on cytochrome c function and based on available 

literature about cytochrome c and CYCS-related thrombocytopenia (Morison et al., 2008; 

Bordé et al., 2011; De Rocco et al., 2014; Ong et al., 2017a; Ong et al., 2017b), the purifica-

tion of recombined WT cytochrome c and its MUT variants was selected. In the case of suc-

cessful purification WT and MUT cytochrome c proteins, they will serve as a material 

for further functional analyses to study the possible developing of thrombocytopenic pheno-

type. 

For cytochrome c purification, the pBTR1 plasmid was obtained from Gary Pielak 

(Addgene plasmid # 22468; http://n2t.net/Addgene:22468, RRID:Addgene_22468). 

The pBTR1 plasmid was designed for the constitutive co-expression of human cytochrome c 

protein and yeast heme lyase in E. Coli. Described co-expression system allows covalently 

attached heme to the recombinant cytochrome c. Besides, cytochrome c is without fused puri-

fication tag, and the cytochrome c is produced without N-terminal methionine (up to 90% 

of produced cytochrome c) that is consistent with the post-translational removal 

of the N-terminal methionine in human cells (Olteanu et al., 2003). pBTR1 plasmid carries 

resistance to Ampicillin and further information about pBTR1 plasmid is available 

at https://www.Addgene.org/22468/ or in (Olteanu et al., 2003). 

4.4.1 pBTR1 plasmid DNA isolation from bacteria 

The pBTR1 plasmid was received in bacteria as an agar stab. Thus, bacteria were grown 

to obtain more pBTR1 plasmid, and then pBTR1 plasmid DNA was isolated. 

In the beginning, bacteria from the stock were spread over the Petri dish 

with LB-Ampicillin (100 µg/mL) agar by a quadrant method and incubated at 37°C overnight. 

Subsequently, one colony was picked up and transferred into the 5 mL of LB medium con-

taining Ampicillin (100 µg/mL). 
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In total, three bacterial cell cultures from three different colonies were prepared 

and incubated at 37°C with constant shaking 225 rpm overnight (Cooling Shaking Incubator 

NB-205LF, N-BIOTEK Co., Ltd.). Per each bacterial cell culture, a stock was created by mix-

ing the 850 μL of bacterial cell culture and 150 μL of glycerol. Prepared stocks were 

immediately frozen at -80°C. 

Plasmid DNA from remaining bacterial cell cultures (approximately 4 mL/sample) 

was isolated using NucleoSpin® Plasmid kit (Macherey-Nagel) according to the manufac-

turer’s instructions, and plasmid DNA was eluted to Ultra-pure water, type 1. Overview 

of the NucleoSpin® Plasmid method is schematically depicted in suppl. fig. 1. This method 

is based on the binding of plasmid DNA to the silica membrane, while removing proteins, 

genomic DNA, and cell debris. 

The plasmid DNA concentration of each sample was measured on NanoDrop™ 2000C 

Spectrophotometer. Also, the Sanger sequencing of each pBTR1 WT sample was conducted 

(more details are described in subchapter 4.4.4). The sample with the correct WT sequence 

was chosen for mutagenesis process. 

4.4.2 pBTR1 plasmid site-directed mutagenesis 

The WT pBTR1 sample with a proper sequence verified by Sanger sequencing was used 

for site-directed mutagenesis to create the MUT pBTR1 plasmids representing the c.59C>T 

(Thr20Ile) or c.124G>A (Gly42Ser) variant. The first mentioned variant was detected by MPS 

in patients’ samples, and it is considered to cause thrombocytopenia. The second variant was 

described as thrombocytopenia-causing by Morison et al. (2008). 

The mutagenesis and bacterial cells transformation of XL1-Blue Supercompetent Cells 

(Agilent Technologies) were performed by QuikChange Site-Directed Mutagenesis Kit 

(Agilent Technologies) according to the manufacturer’s recommendations. Overview 

of the QuikChange II Site-Directed Mutagenesis method is schematically depicted 

in suppl. fig. 2. 

For mutagenesis, two pairs of mutagenic primers were designed in the QuikChange 

Primer Design Program available online at www.agilent.com/genomics/qcpd. Primers were 

designed to meet the following parameters: contain the desired mutation, length 

from 24 to 45 bases, melting temperature ≥ 78°C. Mutagenic primer sequences are shown 

in the tab. 4d. 

The volume of each Mutant Strand Synthesis Reaction was 50 μL, and the composi-

tion of the reaction mix is shown in the tab. 18. Optimized Cycling Parameters for the Quik-
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Change II Site-Directed Mutagenesis Method are described in the tab. 19. As a result 

of mutagenesis and transformation of bacterial cells, two transformed plates per each desired 

mutation were prepared and incubated overnight at 37°C to get colonies with MUT pBTR1 

plasmid. 

 

Tab. 18: Mutant Strand Synthesis Reaction–reaction mix per one sample. 

Reagent pBTR1, CYCS, Gly42Ser pBTR1, CYCS, Thr20Ile 

10× reaction buffer 5 μL 5 μL 

ds DNA template [50 ng] 1.48 μL 1.48 μL 

F mutagenic primer 10 uM [125 ng] 1.5 μL 1.1 μL 

R mutagenic primer 10 uM [125 ng] 1.5 μL 1.1 μL 

dNTP mix 1 μL 1 μL 

Ultra-pure water, type 1 38.52 μL 39.32 μL 

Pfu Turbo DNA Pol [2,5 U] 1 μL 1 μL 

Total volume 50 μL 50 μL 

 

Tab. 19: Mutant Strand Synthesis Reaction–thermocycler setting. 

Temperature Time Number of cycles 

95°C 30 sec 1 

95°C 30 sec 

18 55°C 1 min 

68°C 6 min 

8°C ∞ 1 

4.4.3 MUT pBTR1 plasmid DNA isolation from bacteria 

After overnight incubation of transformed plates, one colony per each plate was picked up 

and transferred into the 5 mL of LB medium containing Ampicillin (100 µg/mL). In total, 

four bacterial cell cultures from four different colonies (2× Thr20Ile colonies, 2× Gly42Ser 

colonies) were prepared and incubated at 37°C with constant shaking 225 rpm overnight. Af-

ter overnight incubation, one stock per each bacterial cell culture was created by mixing 

the 850 μL of bacterial and 150 μL of glycerol. Prepared stocks were frozen immediately 

at -80°C. 
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Plasmid DNA from remaining bacterial cell cultures (approximately 4 mL/sample) 

was isolated using NucleoSpin® Plasmid kit according to the manufacturer’s instructions, 

and plasmid DNA was eluted to Ultra-pure water, type 1. The plasmid DNA concentration 

of each sample was measured on NanoDrop™  2000C Spectrophotometer. 

4.4.4 Sanger sequencing of pBTR1 plasmid 

Sanger sequencing of isolated pBTR1 plasmid DNA was used to confirm the WT pBTR1 

plasmid sequence or the presence of c.124G>A (resulting in Gly42Ser amino acid change) 

or c.59C>T (resulting in Thr20Ile amino acid change) mutation in pBTR1 plasmid after 

mutagenesis. First, 3 WT pBTR1 samples were sequenced and based on the sequencing re-

sults, one of them was used for pBTR1 mutagenesis. Second, two Thr20Ile and two Gly42Ser 

plasmid DNA samples were sequenced. 

The sequence of plasmid sequencing primer for Sanger sequencing of CYCS insert 

in the pBTR1 plasmid was obtained from Addgene (Plasmid #22468). The sequence of this 

plasmid sequencing primer is listed in the tab. 4d. 

Subsequently, the Big Dye® terminator reaction was performed using pBTR1 se-

quencing primer and reagents from BigDye® Terminator v3.1 Cycle Sequencing Kit. 

The reagents required for the preparation of one reaction are summarized in the tab. 20. Incu-

bation of reactions in thermal cycler was done as reported in the tab. 16. 

 

Tab. 20: BigDye termination reaction mix. 

Reagent Amount per one reaction 

BigDye™ Terminator v3.1 Sequencing Buffer 1.5 μL 

BigDye™ Terminator v3.1 Ready Reaction Mix 1.5 μL 

Plasmid DNA 150 ng 

pBTR1 sequencing primer [10 μM] 3.2 μL 

Ultra-pure water, type 1 to 10 μL 

 

After incubation, samples were purified using SephadexTM G-50 Super Fine in the same 

manner as described in subchapter 4.3.2. Reading of nucleotide sequence was performed 

in ABI 3500 Genetic Analyzer according to the conditions portrayed in the tab. 21. 

In the WT sample, the WT sequence of all CYCS segment was checked 

by the BLASTN alignment of sequencing results with the sequence provided by Addgene 
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(Plasmid #22468). The presence or absence of the desired variant in the MUT samples 

was analyzed in Finch TV 1.4.0. 

 

Tab. 21: ABI 3500 Genetic Analyzer–plasmid sequencing conditions. 

Parameter Setting 

Application Type Sequencing 

Capillary Length 50 

Polymer POP7 

Dye Set Z 

Oven Temperature [°C] 60 

Run Time [sec] 4,000 

Run Voltage [kVolts] 8.5 

PreRun Time [sec] 180 

PreRun Voltage [kVolts] 15 

Injection Time [sec] 20 

Injection Voltage [kVolts] 1.6 

Data Delay [sec] 480 

4.4.5 WT and MUT pBTR1 plasmid DNA isolation from bacteria 

A little number of bacterial cells (WT, Gly42Ser or Thr20Ile) from frozen stock were spread 

over the Petri dish with LB-Ampicillin (100 µg/mL) agar by a quadrant method and incubated 

at 37°C overnight. Subsequently, one colony per plate was picked up and transferred 

into the 5 mL of LB medium containing Ampicillin (100 µg/mL). These three bacterial cell 

cultures were incubated at 37°C with constant shaking 225 rpm for 8 hours. After that, 

each bacterial cell culture was transferred to the Erlenmeyer flask with 50 mL of preheated 

LB medium containing Ampicillin (100 µg/mL) and incubated at 37°C with constant shaking 

225 rpm overnight. 

Then, plasmid DNA from bacterial cell cultures (three samples) was isolated using 

the NucleoBond® Xtra Midi kit (Macherey-Nagel) according to the manufacturer’s instruc-

tions for high copy plasmids, and plasmid DNA was eluted to Ultra-pure water, type 1. Over-

view of the NucleoBond® Xtra Midi method is schematically depicted in suppl. fig. 3. 

The plasmid DNA concentration of each sample was measured on NanoDrop™ 2000C Spec-

trophotometer. Plasmid DNA isolated this way was used for further transformation of E. Coli 

BL21(DE3) RIPL strain. 
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4.5 Purification of recombinant human cytochrome c 

The procedure of cytochrome c purification was carried out according to Olteanu et al. (2003) 

with modifications that were required based on available material and laboratory equipment. 

Accordingly, optimized purification conditions are described in this thesis. From sub-

chapter 4.5.2 to 4.5.4, one sample was processed at the same time to maintain the stability 

of the protein. 

Protein purification used in this master’s thesis had several steps: 

1) Transformation of competent bacterial cells that produced recombinant cytochrome c pro-

tein from the plasmid vector 

2) Bacterial cell lysis and (NH₄)₂SO₄ precipitation most of the proteins while cytochrome c 

protein remained soluble in the sample. 

4) FPLC (fast protein liquid chromatography) to obtain fractions that contain cytochrome c 

and placing cytochrome c to buffer suitable for storage. 

4.5.1 E. Coli BL21(DE3) RIPL transformation and expression of recombi-

nant human cytochrome c 

E. Coli BL21(DE3) RIPL strain is suitable for the expression of human cytochrome c protein. 

For that reason, the E. Coli BL21(DE3) RIPL strain was transformed by WT, Gly42Ser 

or Thr20Ile pBTR1 plasmid. 

First, per each sample, 50 μL of E. Coli BL21(DE3) RIPL was gently thawed 

and mixed with 100 ng of pBTR1 plasmid DNA and incubated on ice for 30 minutes. Af-

ter incubation, the transformation reactions were exposed to the heat shock for 90 seconds 

at 42°C and immediately after that placed on ice for 10 minutes. Next, 1 mL of preheated 

LB medium was added to each sample, and the transformation reactions were incubated 

at 37°C for 1 hour with shaking at 210 rpm (Cooling Shaking Incubator NB-205LF, 

N-BIOTEK Co., Ltd.). Then, bacterial cells from each transformation reaction were spread 

over LB-Ampicillin (100 µg/mL) agar plates and incubated at 37°C in the incubator over-

night. 

Subsequently, one colony was picked up and transferred into the 1 mL of LB Rich 

medium containing Ampicillin (100 µg/mL). The LB Rich medium (Olteanu et al., 2003) 

was prepared according to the recipe mentioned in the tab. 5d because it provides better con-

ditions for recombinant cytochrome c expression than common LB medium. 
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In total, three bacterial cell cultures (one bacterial culture per plate) were prepared 

and incubated at 37°C with constant shaking 225 rpm for 5 hours (Incubator Shaker Innova 

44, New Brunswick Scientific). After that, each bacterial cell culture was transferred 

to the Erlenmeyer flask with 39 mL of preheated LB Rich medium containing Ampicillin 

(100 µg/mL) and incubated at 37°C with constant shaking (225 rpm) overnight. 

After overnight incubation, 40 mL of each bacterial cell culture was used to inoculate 

1 L of preheated LB Rich medium containing Ampicillin (100 µg/mL) in 5 L Erlenmeyer 

flask and incubated at 37°C with constant shaking 210 rpm for 24 hours (Avanti JXN-26 

Centrifuge, Beckman Coulter). 

Next, bacterial cells were harvested at 5,000 g, 30 min, RT using Avanti JXN-26 

Centrifuge. After centrifugation, the supernatant was discarded, and bacterial cell pastes were 

resuspended in 30 mL of distilled water and transferred to the 50 mL flask. Resuspended bac-

terial cells were centrifuged (Centrifuge 5810R, Eppendorf) for 8000 g, 15 min, 4°C. Next, 

the supernatant was discarded, and bacterial cell pastes were weighted. 

4.5.2 Cell lysis and precipitation 

3 mL of the Lysis Buffer were added per gram of bacterial cell paste and resuspended well. 

Subsequently, the lysis solution was sonicated (Q700 Sonicator, QSonica) with using micro-

tip as reported in the tab. 22. 

 

Tab. 22: Q700 Sonicator settings. 

Parameter Setting 

Amplitude 60 

Process time 10 min 

Puls on 4 sec 

Puls off 4 sec 

 

After sonication, the sample was centrifuged at 17,500 g, 40 min, 4°C (Centrifuge 5810R). 

The supernatant volume was measured, and 150 μL of the supernatant was separated 

to 0.2 mL tube for performing SDS-PAGE to check the sample after lysis (SDS-PAGE is de-

scribed in subchapter 4.5.5). 

(NH4)2SO4 was slowly added to the remaining supernatant to a final concentration 

of 0.35 g/mL while stirring on ice to precipitate most of the proteins while cytochrome c pro-

tein remains soluble in the sample. After precipitation, the sample was centrifuged 
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at 17,500 g, 45 min, 4°C (Centrifuge 5810R). 150 μL of the supernatant was separated 

to 0.2 mL tube for SDS-PAGE to check the sample after precipitation (SDS-PAGE is de-

scribed in subchapter 4.5.5). 

4.5.3 First dialysis and FPLC 

Supernatant from the previous step was dialyzed overnight in SnakeSkin Dialysis membrane 

(Thermofisher Scientific) against 4L of Low Salt Buffer at 4°C. While dialyzing, the Low Salt 

Buffer was stirred the whole time. After dialysis, the sample was collected into 50 mL flask. 

150 μL of the sample was separated to 0.2 mL tube for SDS-PAGE to check the sample 

after dialysis (SDS-PAGE is described in subchapter 4.5.5). The sample in 50 mL flask was 

centrifuged at 12,000 g, 10 min, 4°C (Centrifuge 5810R) and the FPLC followed. The sample 

was processed using FPLC ÄKTA pure (GE healthcare) in collaboration with FPLC specialist 

(CEITEC MU, Brno). The sample was loaded onto FPLC HiTrap CM Sepharose FF column 

(GE Healthcare) equilibrated with Low Salt Buffer, and cytochrome c was eluted with a gra-

dient of High Salt Buffer. Further FPLC settings are displayed in the tab. 23. 

 

Tab. 23: FPLC ÄKTA pure settings. 

Parameter Setting 

Flow rate 5 mL/min 

Equilibration 12 CV (column volume) 

Pump loading Manual 

Wash 10 CV 

Gradient from 100% Low Salt Buffer to 100% High Salt Buffer 

Fractions 2 mL 

Final column wash 
10 CV High Salt Buffer 

5 CV Low Salt Buffer 

 

Based on FPLC results, fractions, where cytochrome c should be present, were checked 

by SDS-PAGE. 100 μL of recommended fractions were separated to 0.2 tubes for SDS-PAGE 

to check the presence of cytochrome c (SDS-PAGE is described in subchapter 4.5.5). 

Based on the SDS-PAGE results, the fractions with cytochrome c product were pooled to-

gether and the second dialysis followed. 
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4.5.4 Second Dialysis, measuring of protein concentration and storage  

Pooled fractions were dialyzed overnight in SnakeSkin Dialysis membrane (Thermofisher 

Scientific) against 1 L of Storage Buffer at 4°C. While dialyzing, the Storage Buffer 

was stirred the whole time. After dialysis, the sample was collected into 50 mL flask, 

and the sample volume was measured. 100 μL of the sample was separated to 0.2 mL tubes 

for SDS-PAGE to check the purification product (SDS-PAGE is described in subchapter 

4.5.5). The glycerol with final concentration 10% was added to the sample in 50 mL flask 

to maintain protein stability and mixed well. Finally, the sample was aliquoted by 250 μL 

and stored at -80°C. 

 Before storage, one aliquot was used for measuring protein concentration using 

Coomassie (Bradford) Protein Assay Kit reagents (Thermo Scientific). This method requires 

the creation of a calibration curve. The calibration curve was created by using eight standards: 

seven albumin (part of the kit) standards with concentrations 2, 1, 0.5, 0.25, 0.125, 0.0625 

and 0.03125 μg/mL, and one standard that contained only Ultra-pure water, type 1 (0 μg/mL). 

100 μL of each standard or protein sample was mixed with 900 μL Coomassie Protein 

Assay Reagent (part of the kit) and incubated for 15 minutes at RT. After incubation, stan-

dards were measured using NanoDrop™  2000C Spectrophotometer at wavelength 595 nm, 

and a calibration curve was plotted. After that, the concentration of the protein sample 

was measured the same way, and protein concentration was calculated. 

4.5.5 SDS-PAGE, gels staining by Coomassie Brilliant Blue and gels distain-

ing  

SDS-PAGE was conducted to control samples during purification; particularly after lysis, 

precipitation by (NH4)2SO4, first dialysis, FPLC and second dialysis (final product). 

First, samples were mixed with Loading Buffer in proportion 5:1 and denaturated at 95°C 

for 5 minutes. Samples were vortexed, spun down and loaded into SDS-polyacrylamide gel. 

The loaded samples volumes were: lysate 3.5 μL, precipitate 15 μL, first dialysate 20 μL, 

fractions 20 μL, final product 20 μL. As a marker, 5 μL of Protein Marker VI (PanReac Appli 

Chem) was loaded into each gel. 

The thickness of SDS-polyacrylamide gels was 1 mm; composition of stacking gel 

and 20% separating gel are shown in the tab. 24. Electrophoresis was carried out at a constant 

voltage of 180 V (Mini-Protean 3 System, Bio-Rad) using a 1× Tris/Glycine buffer. 
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After electrophoresis, gels were stained in Coomassie Brilliant Blue for 50 minutes 

while shaking. Then, gels were destained by Destaining buffer overnight. The gels were 

photographed by Molecular Imager® Gel Doc™ XR (Bio-Rad). 

 

Tab. 24: Reagents for one stacking and one 20% separating SDS-polyacrylamide gel. 

20% separating gel stacking gel 

Reagent Volume Reagent Volume 

Distilled water - Distilled water 1.19 mL 

30% Bis-acrylamide 3.34 30% Bis-acrylamide 0.268 mL 

1 M Tris-HCl, pH 8.8 1.87 mL 1 M Tris-HCl, pH 6.8 0.5 mL 

10% SDS 0.05 mL 10% SDS 0.02 mL 

10% Amonium 

persulphate 
0.05 mL 

10% Amonium 

persulphate 
0.02 mL 

TEMED 0.004 mL TEMED 0.002 mL 

Total volume 5 mL Total volume 2 mL 

4.5.6 Characterization of purified recombinant human cytochrome c 

For further analysis using human recombinant cytochrome c, its identity had to be verified. 

For that purpose, the samples were sent to the Proteomics Core Facility (CEITEC MU, Brno) 

for Intact Mass Analysis of WT, Gly42Ser, and Thr20Ile samples and protein identification 

of WT sample by MALDI Mass Spectrometry (MS). Also, the cytochrome c secondary struc-

ture and folding were checked by Circular Dichroism Spectroscopy, and homogeneity 

of samples was analyzed using Dynamic Light Scattering by the specialist in CEITEC MU, 

Brno.  
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5 Results 

5.1 Case history and clinical findings 

PCs of family members indicated for WES are listed in the tab. 25 or shown in fig. 3 

(the pedigree of the family).The thrombocytopenia manifestation is summarized in thrombo-

cytopenic patients in the tab. 26. Also, the family medical history was tracked 

by hematologist and clinician geneticist, and no additional health disorders (including cancer) 

were reported. 

 

Tab. 25: PCs of family members who were selected for WES analysis. 

Family member PC reported in ×109/L Thrombocytopenia 

II-1 74.7 Yes 

II-2 211 No 

III-3 54.6 Yes 

III-4 47.7 Yes 

III-5 277 No 

IV-2 23.3 Yes 

IV-3 251 No 

 

Tab 26: Thrombocytopenia manifestation in thrombocytopenic patients. 

Patient Thrombocytopenia manifestation 

II-1 Asymptomatic 

III-4 
Hematomas after injuries; initially diagnosed with Idiopathic Thrombocytopenic 

Purpura 

III-3 Asymptomatic 

IV-2 Petechia, hematomas 

5.2 WES 

5.2.1 Virtual gene panel 

The virtual gene panel (suppl. tab. 2) contains 41 genes that have been related to the inherited 

thrombocytopenias; the last actualization was done in April 2019. 
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5.2.2 Library preparation–quality control by Tape Station 

During the library preparation, libraries quality controls were done using Tape Station System 

(Agilent Technologies) to prove that DNA fragments of the desired length were present 

in all samples. Size accuracy of this method is ± 10 % according to the Agilent D1000 

ScreenTape System Quick Guide, edition 9/2015. 

First, the length of the fragments was checked after gDNA fragmentation (fig. 4). 

Most of the fragments with a length slightly above 220 bp were confirmed in all eight 

samples. Hence, all samples passed to the next procedures. 

Second, pre-captured libraries were controlled for fragment distribution (fig. 5). Frag-

ment distribution of pre-captured libraries occurred in the expected range from 150 to 500 bp, 

fragment peaks of individual samples were about 320 bp; therefore next steps of libraries 

preparation could follow. 

Finally, the results of fragments distribution of individual amplified captured multi-

plex DNA libraries are portrayed in fig. 6. The desired fragments size distribution was proved 

in these samples and ranged from 150 to 500 bp with the main peak 293 or 292 bp in pool 1 

and pool 2, respectively. 

Overall, all samples passed the quality controls, and the final library was successfully 

prepared for the WES. 

 

 

 

 

 

 

  

Fig. 5: Tape Station System D1000 results: 

pre-capture libraries. Peak [bp]–lenght of most 

fragments in sample. Size accuracy ± 10 %. 

Fig. 4: Tape Station System D1000 results 

after sonication. Peak [bp]–lenght of most 

fragments in sample. Size accuracy ± 10 %. 
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Fig. 6: Tape Station System D1000 results–P1 (pool 1) and P2 (pool 2) amplified captured 

multiplex DNA libraries. Peak [bp]–length of most fragments in the sample. Size accuracy 

± 10 %. 

 

5.2.3 Analysis of obtained data processed by bioinformaticians 

Bioinformaticians prepared the data for additional variant filtering to the format suitable 

for Microsoft Office Excel. This Excel table contained 95,266 altered variants that were de-

tected at least in one of seven samples from one family. After matching these variants 

with virtual gene panel (suppl. tab. 2), 235 variants remained. Setting filters described 

in the tab. 8 led to the variants reduction to 8 in genes RUNX1 (5’UTR), WAS (exonic), 

ACTN1 (exonic), VWF (exonic), 2× CYCS (5’UTR and exonic), ABCG5 (exonic), TTF2 

(exonic), MASTL (5’UTR). 

Only exonic missense substitution NM_018947.5:c.59C>T in CYCS (cytochrome c) 

segregated in AD manner in this family, and thrombocytopenic patients carry the variant 

in the heterozygous state (tab. 27, fig. 7, fig. 8). Besides of cDNA level, detected variants can 

be recorded on gDNA or protein level–these are summarized in the tab. 28.  
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Tab. 27: CYCS:c.59C>T coverage report. The WT or heterozygous state of c.59C>T is also 

stated. 

Sample 
Number of reads WT or c.59C>T 

variant Reference nucleotide Alternative nucleotide Total 

IV-3 94 0 94 WT/WT 

IV-2 41 43 84 WT/c.59C>T 

III-4 41 45 86 WT/c.59C>T 

II-1 39 37 76 WT/c.59C>T 

III-3 35 36 71 WT/c.59C>T 

II-2 96 3 99 WT/WT 

III-5 93 0 93 WT/WT 

 

Fig. 7: Pedigree of analyzed family and segregation of c.59C>T variant in the family. 

Samples that were sequenced are highlighted in grey and nucleotides found at c.DNA 

position 59 is highlighted in yellow. 

 

 

 

Tab. 28: CYCS variant record on different levels. 

Level Description 

cDNA NM:018947.5:c.59C>T 

gDNA Chr7(GRCh37):g.25163680G>A 

Protein p.(Thr20Ile) 
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Fig. 8: IV-2 sample–visualization of c.59C>T variant by Integrative Genomics Viewer. 

The variant is marked by a red frame. Forward sequencing reads are in blue; reverse 

sequencing reads are in pink. The variant is reported on the gDNA level as g.25163680G>A. 

 

 

c.59C>T variant is novel, it was found (last check on March 27
th

, 2019) neither in the HGMD 

database nor in the available literature. Alamut Visual classified this variant to class 3–

unknown pathogenicity. Further, Alamut Visual also summarized more detailed pathogenicity 

clues from different databases/programs. According to the GVGD, c.59C>T variant was 

classified as C0–that is the lowest pathogenicity risk score. On the other hand, SIFT classified 

the c.59C>T variant as deleterious and Mutation taster as disease-causing. As shown, results 

obtained from prediction programs/databases differ. For that reason, c.59C>T; p.(Thr20Ile) 

variant was also evaluated by bioinformatician on protein level (fig. 9), and it was concluded 

that the p.(Thr20Ile) variant might cause the loss of native contacts between WT Thr 

and close two amino acids Asn32 and Lys26. Likewise, the position of His19 which binds 

Fe in the active site might be disrupted. 
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Fig. 9: Detailed view on human cytochrome c structure (PDB code: 3ZOO). Thr20 

is highlighted in licorice representation (cyan) and makes two H-bonds with the Asn32 

and Lys26. His19 (in red) binding Fe (in orange) is also shown. 

 

 

5.3 PCR optimization 

PCR optimization results (optimized conditions: temperature and MgCl2 concentration) 

are shown in fig. 10a–b with products length around 500 bp. The tab. 29 provides more 

information about samples marking in fig. 10a–b. All NCs showed no contamination. Based 

on the fig. 10a–b, C5, C6, D1, D2, and D3 conditions provided the comparable products 

(bands). Finally, D1 amplification conditions were chosen for amplification 

of thrombocytopenic and thrombocytopenia-free samples. 

  

Fig. 10a: PCR optimization results–agarose gel, samples marking is described in the tab. 29. 

 

 

  



 

65 

 

Fig. 10b: PCR optimization results–agarose gel, samples marking is described in the tab. 29. 

 

 

 

Tab. 29: Marking of samples in the gel displayed in the fig. 10a–b. NC–negative control. 

MgCl2 

concentration 

Temperature 

58°C 56.9°C 55.8°C 55.5°C 54.4°C 52.6°C 52°C 

1.0 mM A1 A2 A3 A: NC A4 A5 A6 

1.5 mM B1 B2 B3 B: NC B4 B5 B6 

2.0 mM C1 C2 C3 C: NC C4 C5 C6 

2.5 mM D1 D2 D3 D: NC D4 D5 D6 

5.4 Sanger sequencing of patients’ samples 

Resulting variant c.59C>T in CYCS identified by WES was confirmed by Sanger sequencing. 

First, the area of interest containing the nucleotide where the substitution c.59C>T was de-

tected was amplified under optimized conditions, and the presence of PCR products was 

checked by agarose electrophoresis. The NC remained clear; thus, there was no contamination 

(fig. 11), and PCR run well. The length of all amplified products was approximately 500 bp 

(fig. 11) as expected. 

 

Fig. 11: PCR-results–agarose gel. NC (negative control) is clear. 

 

 

500 bp – 
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Accordingly, all seven amplification products were used for Sanger sequencing to confirm 

WES-results and segregation of c.59C>T variant in the analyzed family. All samples were 

sequenced from forward strand as well as from reverse strand, and sequences from these runs 

are visualized in fig. 12a–12d. WT sequence occurs in samples III-5, IV-3, and II-2. Het-

erozygous substitution c.59C>T occurs in samples IV-2, III-4, II-1, and III-3. These results 

are consistent with WES-results and thrombocytopenia segregation (fig. 7) in the examined 

family. 

 

Fig. 12a: Sanger sequencing results–sample III-5. Black arrow marks WT nucleotide 

at cDNA position 59. 

 

 

Fig. 12b: Sanger sequencing results–sample IV-3. Black arrow marks WT nucleotide 

at position 59 in cDNA. 

 

 

Fig. 12c: Sanger sequencing results–sample IV-2. Black arrow marks c.59C>T heterozygous 

variant. 
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Fig. 12d: Sanger sequencing results–sample III-4. Black arrow marks c.59C>T heterozygous 

variant. 

 

 

Fig. 12e: Sanger sequencing results–sample II-1. Black arrow marks c.59C>T heterozygous 

variant. 

 

 

Fig. 12f: Sanger sequencing results–sample III-3. Black arrow marks c.59C>T heterozygous 

variant. 

 

 

Fig. 12e: Sanger sequencing results–sample II-2. Black arrow marks WT nucleotide 

at position 59 in cDNA. 
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5.5 pBTR1 plasmid, mutagenesis and confirming the WT or MUT 

sequences by Sanger sequencing 

For recombinant cytochrome c purification, the three samples of pBTR1 WT DNA were 

isolated from bacteria containing the pBTR1 plasmid. Insertion of required mutations 

to WT pBTR1 construct was performed, and pBTR1 MUT DNA containing nucleotide 

changes resulting in Thr20Ile or Gly42Ser amino acid changes was obtained. Sanger sequenc-

ing from forward strand was conducted to verify the sequence of three WT pBTR1 constructs 

and pBTR1 constructs with c.59C>T (two Thr20Ile samples) or c.124G>A variants 

(two Gly42Ser samples). 

The WT sequences of pBTR1 CYCS insert were controlled by the alignment 

of the sequence obtained by Sanger sequencing with the sequence of CYCS insert provided 

by Addgene. The alignment of one representative WT pBTR1 sample that was further used 

for mutagenesis is shown in fig. 13. This alignment proved the 100% identity of both com-

pared sequences. 

Two more WT pBTR1 samples that were sequenced were not 100% identical 

with the CYCS insert sequence provided by Addgene because some changes 

in the WT pBTR1 sequences occurred. For that reason, these two WT pBTR1 samples were 

discarded. 

  

Fig. 13: Alignment of pBTR1: CYCS insert sequence obtained by Sanger sequencing 

with the pBTR1: CYCS insert sequence provided by Addgene. 
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The sequence that encompasses the site of the desired mutation of two pBTR1 DNA samples 

containing c.59C>T variant (resulting in Thr20Ile) and two pBTR1 DNA samples containing 

c.124G>A variant (resulting in Gly42Ser) are shown in fig. 14a–14d. The black arrow marks 

the nucleotide in which the desired substitution was detected. It can be seen that mutagenesis 

was successful in all four samples and the desired mutations were obtained. 

 After the sequences verification, the higher amount of chosen pBTR1 WT, both 

pBTR1 Thr20Ile and both pBTR1 Gly42Ser was gained by the procedure described in sub-

chapter 4.4.6. 

 

 

 

 

  

 

 

 

 

   

  

Fig. 14a: Sanger sequencing results, 

pBTR1 Thr20Il–c.59C>T, sample 1. 

Arrow marks a substitution. 

Fig. 14b: Sanger sequencing results, 

pBTR1 Thr20Ile–c.59C>T, sample 2. 

Arrow marks a substitution. 

Fig. 14c: Sanger sequencing results, 

pBTR1 Gly42Ser–c.124G>A, sample 1. 

Arrow marks a substitution. 

Fig. 14d: Sanger sequencing results, 

pBTR1 Gly42Ser–c.124G>A, sample 2. 

Arrow marks a substitution. 
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5.6 Purification of recombinant cytochrome c 

E. Coli BL21(DE3) RIPL strain was successfully transformed by pBTR1 constructs (WT, 

Thr20Ile or Gly42Ser). Large-scale cultivation (1040 mL) of E. Coli BL21(DE3) RIPL con-

taining pBTR1 constructs (WT, Thr20Ile or Gly42Ser) was done, and approximately 10 g cell 

paste per 1 L of culture was collected per each sample. Cell pastes were light-orange col-

oured. 

 During the purification process, the presence of cytochrome c (12 kDa) and depletion 

of other proteins from all three samples was controlled by SDS-PAGE. The representative 

gels from check-points are attached. Despite 12 kDa size of cytochrome c, it migrated 

at the level around marker’s bands in 17–20 kDa range. 

Fig. 15–column A, displays the Thr20Ile sample after cell lysis. Two arrows mark 

the bands that could represent cytochrome c. One of the marked bands should be cytochrome 

c because bands marked in the fig. 15–column A were not present in the NC (E. Coli without 

pBTR1 construct), which was used during optimizations of culture conditions. Culture condi-

tions optimization is not shown in this master’s thesis. 

 Figure that would represent sample after (NH4)2SO4 precipitation is not shown be-

cause the aliquot of the sample after precipitation always aggregated during heat denaturation 

that was done before SDS-PAGE in all three cytochrome c purifications (WT, Thr20Ile, 

and Gly42Ser). The sample always stayed in the gel well and did not migrate. However, sam-

ples after precipitation were light-orange as well as before precipitation; thus, it was pro-

ceeded to the next step. 

 Fig. 15–column B illustrates the Gly42Ser sample after the first dialysis. The arrow 

marks the band that represents cytochrome c. It can be seen that some proteins were depleted 

compared to column A–lysate. 

Next, fig. 16 represents two SDS-PAGEs of FPLC fractions obtained from WT sam-

ple. Fractions A6–A12 and B1–B2 contain cytochrome c; bands are present with shadows 

instead of the sharp band shape. Bands that represent B3 and B4 fractions are very weak; 

however, according to the FPLC (suppl. fig. 4)–these fractions should also contain cyto-

chrome c. Additionally, FPLC (suppl. fig. 4) have shown the presence of cytochrome c 

in fractions A5, B5, and B6, but SDS-PAGE and Coomassie Brilliant Blue staining were 

not sensitive enough to visualize them. Furthermore, fractions that should contain cyto-

chrome c (according to the FPLC) had light-orange colour. 
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Fig. 15: SDS-PAGE gels results. A: Thr20Ile (representing c.59C>T) lysate, arrows mark 

bands that were not present in NC and could represent cytochrome c. B: Gly42Ser 

(representing c.124G>A) 1st dialysate, arrow marks cytochrome c. 

 

Fig. 16: WT SDS-PAGE gels results after FPLC. A5–A12 and B1–B6 represent different 

fractions; bands represent cytochrome c. 

 

  

 

  

[kDa] [kDa] 
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Fig. 17 represents purified WT, Thr20Ile and Gly42Ser cytochrome c after the second 

dialysis. Purified recombinant cytochrome c proteins are pure enough for further analysis 

that will follow. 

The recombinant cytochrome c yields were counted based on the volume of the sam-

ples after the second dialysis (with added glycerol) and protein concentration measured 

by Coomassie (Bradford) Protein Assay Kit. As a result, 2.5 mg of WT, 1.3 mg of Thr20Ile, 

and 1.7 mg of Gly42Ser recombinant cytochrome c were obtained per approximately 10 g 

of cell paste (1 L of bacterial cell culture). 

 

Fig. 17: All three purified cytochrome c variants after the second dialysis.  

 

 

5.7 Characterization of purified recombinant human cyto-

chrome c proteins 

Intact Mass Analysis was used to determine whether cytochrome c is present in the samples 

after purification. Results are shown in supplementary fig. 5–7. In all three samples, a mixture 

of several substances was present; however red arrows mark the peak that corresponds 

to the molecular weight of cytochrome c. Based on the presence of similar peaks that corre-

spond to the molecular weight of cytochrome c in all three samples, only WT sample 

was chosen as a representative sample for identity confirmation of cytochrome c and other 

components. As a result, the presence of cytochrome c (Homo sapiens, mass: 11,741) 

and proteins (tab. 30) from E. Coli was proved in the WT sample. Hence, it was concluded 

that purification of all thee samples: WT, Thr20Ile, and Gly42Ser recombinant cytochrome c 

was successful. 
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Tab. 30: List of E. Coli proteins identified in the WT sample. 

Protein Mass 

Stationary phase nucleoid protein Dps 22,099 

Chaperone protein Skp 17,677 

Translation initiation factor IF-3 20,551 

DNA-binding protein HU-alpha 4,173 

 

Next, Circular Dichroism spectra (representative fig. 18) showed that all cytochrome c vari-

ants are folded with the alpha-helical pattern. The alpha-helical pattern is characteristic 

for its minima at 208 and 222 nm. In a representative WT sample (fig. 18), its minima, as well 

as minima in Thr20Ile and Gly42Ser (not shown), are around these values. Hence, no major 

secondary-structure protein abnormalities are present neither in WT nor in MUT proteins. 

 Finally, results from Dynamic Light Scattering shown homogeneity of all samples 

above 90%; hence, the protein does not form aggregates and is suitable for further analysis. 

The representative graph from Dynamic Light Scattering–WT sample, is displayed in fig. 19. 

 

Fig. 18: Circular Dichroism spectrum of recombinant WT cytochrome c representing 

an alpha-helical pattern. 
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Fig. 19: Dynamic Light Scattering–WT sample. Sample homogeneity: 99.7%, particle 

diameter: 9 nm. 
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6 Discussion 

6.1 WES and virtual gene panel 

In this master’s thesis, WES with using virtual gene panel was applied and preferred 

over another MPS approaches such as whole genome sequencing and targeted genes 

sequencing. 

Thrombocytopenia-related variants are mostly found in coding regions 

(2% of the whole genome). Hence, whole genome sequencing is not usually required, because 

WES approach encompasses the coding regions and thus provides a sufficient amount of data 

for evaluating inherited thrombocytopenia variants. In this master’s thesis, SeqCap EZ Hu-

man Exome Probes v3.0 was used for its broad coverage of genes and even flanking exone 

regions. 

Further, as mentioned earlier, the virtual gene panel containing genes associated 

with the inherited thrombocytopenias was used in the analysis of variants obtained 

from the WES. Virtual gene panel approach allows to narrow down the number of analyzed 

variants. However, when no likely pathogenic variant is detected by using the virtual gene 

panel, the rest of the exome dataset can be searched and analyzed. The possibility 

of the whole exome analysis if needed is a big advantage compared to the targeted genes 

sequencing approach. Unlike virtual gene panel, targeted genes sequencing provides variants 

found only in selected genes on which probes were designed and data from the rest of exome 

are not obtained. 

Additionally, virtual gene panel is easy to update in accordance with the reports 

about new genes related to inherited thrombocytopenias. Contrarily, extending the targeted 

genes sequencing panel with additional genes is much more time- and money-consuming. 

Overall, the virtual gene panel is more suitable from the long-term point of view 

than targeted genes sequencing because the spectrum of genes associated with the inherited 

thrombocytopenias is expanding every year. In connection with that, we update our virtual 

gene panel at least every three months. 
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6.2 Described variants in CYCS and clinical findings associated 

with Thrombocytopenia 4 

In the analyzed family, likely pathogenic variant c.59C>T, p.(The20Ile) in CYCS was found. 

To date, one likely pathogenic and three pathogenic variants have been described in CYCS 

as summarized in the tab. 31. Thus, the variant found in the examined family is the fifth 

known variant in this gene associated with Thrombocytopenia 4. It points to the rarity of this 

type of thrombocytopenia. However, rising usage of MPS in diagnostics of inherited throm-

bocytopenias might reveal a higher occurrence of CYCS variants related to the thrombocyto-

penia in the worldwide population in the future. 

 

Tab. 31: Variants in CYCS that have been published already. 

Variant 

Classification 
Authors of the 

publication 
cDNA 

(NM_018947.5) 

Protein 

(NP_061820.1, 

incl. init. met) 

c.124G>A p.Gly42Ser Pathogenic Morison et al., 2008 

c.145T>C p.Tyr49His Pathogenic De Rocco et al., 2014 

c.155C>T p.(Ala52Val) Likely pathogenic Johnson et al., 2016 

c.301_303delAAA p.Lys101del Pathogenic Uchiyama et al., 2018 

 

All described variants, including c.59C>T, are located in exon 2. Four variants (including 

variant described in this master’s thesis) are nonsynonymous substitutions, and recently, 

one in-frame deletion was described. 

The variant found in the examined family, as well as other CYCS variants, segregates 

in families with AD inheritance pattern and patients are carriers of the pathogenic variants 

in the heterozygous state. 

Accordingly, the proportion of WT and MUT (c.124G>A, p.Gly42Ser) cytochrome c 

protein was studied in leukocytes of the affected heterozygote, and it was concluded 

that the WT/MUT protein ratio was 2:1 (Morison et al., 2008). The proportion of WT 

and MUT cytochrome c protein in other families with the occurrence of CYCS variant 

was not studied. 

Apart from heterozygous CYCS variants, the natural occurrence of homozygous vari-

ants in CYCS has not been described (in humans) yet. Nevertheless, homozygous inactivation 
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of cytochrome c (somatic) in mice led to the embryonic or early postnatal lethality (Kulikov 

et al., 2012). Thus, it could be hypothesized that the absence of homozygous variants could 

be caused by non-viability of such homozygous variant while heterozygous variant provides 

sufficient amount of WT protein for vital prenatal and postnatal development with thrombo-

cytopenia occurrence. 

The family analyzed in this master’s thesis was also compared for the manifestation 

of thrombocytopenia with other CYCS-related thrombocytopenia’s families. Thrombocyto-

penia manifestation in family analyzed in this master’s thesis is either mild or asymptomatic 

which is in line with other Thrombocytopenia 4 reports (Morison et al., 2008; De Rocco 

et al., 2014; Johnson et al., 2016; Uchiyama et al., 2018). 

Besides, the trend of decreasing PC in following patient’s generation was uncovered 

(fig. 3) in the family described in this master’s thesis. Moderate thrombocytopenia occurs 

in patient II-1 with PC 74.7×10
9
 L. In the next generation, the PCs of thrombocytopenic pa-

tients (III-3, III-4) are on the moderate/severe thrombocytopenia threshold. Last, very severe 

thrombocytopenia is present in patient IV-2. 

In contrast to a family with c.59C>T variant, other Thrombocytopenia 4 families pre-

sented mild or moderate thrombocytopenia (tab. 32), but no anticipatory trend leading to more 

severe thrombocytopenia in following generations was observed. Thus, the decreasing 

PC in every other generation is described only in c.59C>T family, and the background 

of this decreasing PC phenomenon has not been studied yet. 

 

Tab. 32: PCs reported in families with Thrombocytopenia 4 that are available in the literature. 

Variant, 

cDNA 

(NM_018947.5) 

Range of PCs in 

thrombocytopenic 

family members 

Number of patients 

with known PC 

(if reported) 

Authors of the 

publication 

c.124G>A 73–167×109/L 29 Morison et al., 2008 

c. 145T>C 73–135×109/L 4 De Rocco et al., 2014 

c.155C>T 50–98×109/L 3 Johnson et al., 2016 

c.301_303delAAA 70–84×109/L 5 Uchiyama et al., 2018 

 

Additionally, some types of inherited thrombocytopenias can be related to other disorders 

(suppl. tab. 1). Considering the key role of cytochrome c in mitochondrial respiration 

and apoptosis, a variant in CYCS associated with thrombocytopenic phenotype could predis-

pose patients also to other disorders. However, the medical history without known additional 

disorders in the c.59C>T family is consistent with the information mentioned in other papers 
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describing families with Thrombocytopenia 4. Morison et al. (2008) reported that thrombocy-

topenic patients (p.Gly42Ser) have no symptoms of mitochondrial disease (neurodegenera-

tive, muscular, diabetes, eye, and kidney) and normal longevity, fertility and fitness. Patients 

with Tyr49His (De Rocco et al., 2014) and Ala52Val (Johnson et al., 2016) have no known 

additional health disorders. Uchiyama et al. (2016) described a family in which two patients 

suffer from hemophilia, six patients suffer from thrombocytopenia, and one patient is affected 

by both–thrombocytopenia and hemophilia. However, hemophilia in this family is caused 

by a different mutation than thrombocytopenia. Thus, thrombocytopenic patients have 

no symptoms of a syndromic form of thrombocytopenia and patients are free 

of any (hematological) malignancies or severe hematological complications (Uchiyama et al., 

2018).  

 Accordingly, based on available knowledge, it can be stated that variants in CYCS 

are related only to the thrombocytopenic phenotype and do not predispose patients to addi-

tional disorders. 

6.3 Cytochrome c–in silico analysis of the pathogenic variants 

based on protein structure 

Most eukaryotic mitochondrial cytochrome c is 104±10 amino acids long with only a few 

highly conserved residues among species. Despite differences in the primary structure, 

the tertiary structure of cytochrome c is conserved throughout evolution (Banci et al., 1999; 

Zaidi et al., 2014). 

Thr20, as well as Gly 42, Tyr 49 and Ala 52, belong to amino acids that are conserved 

at least in 100 species (Banci et al., 1999). 

Thr20 is classified as buried residue, and buried residues are more conserved than non-

buried residues in general. Particularly, Thr at position 20 occurs in 93% of all cytochrome c 

sequences. In the family reported in this master’s thesis, Thr20 is substituted by Ile which 

was not reported on this position previously. It was suggested, that this substitution might lead 

to the loss of highly conserved contact with Asn32 which could impact the stability 

of the local structure (Banci et al., 1999). Besides, predicted loss of H-bond between Thr20 

and Lys26 upon substitution might affect Lys26 interaction with Apaf-1 (Kulikov et al., 

2012), so it could be hypothesized, that Thr20Ile might modify the activation of the caspases. 

Next, caspases activation is also triggered by the conformational changes in heme crevice. 

Hence, the predicted disruption of His19, which binds Fe in the active site, could affect 



 

79 

 

the caspases activation processes either (Banci et al., 1999). Subsequently, these predictions 

should be verified by functional analysis in vitro or in vivo. 

Earlier described naturally occurring amino acid changes at positions Gly42, Tyr49, 

and Ala52 (Morison et al., 2008; De Rocco et al., 2014; Johnson et al., 2016) are located at 

a different part of the cytochrome c than Thr20Ile. Gly42, Tyr49, and Ala52 are located 

in the hydrogen bonding network in a surface of Ω loop (residues 41–58). This part of cyto-

chrome c is important for folding and stability of cytochrome c (Krishna et al., 2003) 

and the structural destabilizations of Gly42Ser and Tyr49His compared to the WT cyto-

chrome c were uncovered by molecular dynamics simulations approach (Muneeswaran et al., 

2017). Mentioned destabilization accompanied by conformation changes could influence 

apoptotic events and enhanced peroxidase activity (Muneeswaran et al., 2017) which 

is in agreement with experimental reports (Morison et al., 2008; Josephs et al., 2014; Deacon 

et al., 2017). To the contrary, previous X-ray structure analysis of purified Gly42Ser recom-

binant cytochrome c did not show large scale-structural alterations (Morison et al., 2008). 

The last known naturally occurring variant, the in-frame Lys101del described 

by Uchiyama et al. (2018) is located in the α-helix of the cytochrome c C-terminal domain. 

The Lys101, as well as neighboring Ala102, are part of the hydrophobic core which is impor-

tant to the protein folding. However, the hydrophobic core would be impaired by the deletion 

of Lys101 leading to the significant destabilization of the protein structure (Uchiyama et al., 

2018). 

At least based on the in silico predictions, all studied naturally occurring variants 

(Ala52 was not studied using in silico predictions) cause disruptions in the protein structure 

which affects cytochrome c functions. Besides, in silico prediction can point to the choice 

of functional analysis on in vitro or in vivo level. 

6.4 Recombinant cytochrome c purification 

Publications about Thrombocytopenia 4 that used the recombinant cytochrome c purification 

(Morison et al., 2008; Josephs et al., 2013) reported using cytochrome c purification accord-

ing to Olteanu et al. (2003). None of these publications about Thrombocytopenia 4 described 

any modification of the purification process. Thus, the same procedure was chosen for this 

master’s thesis. However, it showed that the process required the optimization considering 

available laboratory equipment, materials, intermediate results and incomplete information 

about purification procedure in an article published by Olteanu et al. (2003). Consequently, 
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the modification of the purification process probably led to the discrepancy between 

the amount of purified protein as reported in Olteanu et al. (2003) and results obtained in this 

master’s thesis. 

The modified procedure described in this master’s thesis allowed gaining of 2.5 mg 

of WT, 1.3 mg of Thr20Ile and 1.7 mg of Gly42Ser recombinant cytochrome c protein per 1 L 

of bacterial cell culture. In contrast to that, Olteanu et al. (2003) acquired more than 8 mg 

of pure protein per 1 L of culture; other publications (Morison et al., 2008; Josephs et al., 

2013) did not report the amount of purified protein. 

SDS-PAGE results from purification check-points are not present in any available lit-

erature we studied; thus, it was not possible to compare our results to other ones, and we dealt 

with several unusual SDS-polyacrylamide gels results. 

First, a band that should represent cytochrome c (the band was not present in NC) mi-

grated in the 20% SDS-polyacrylamide gel in the range of 17–20 kDa marker bands instead 

of 12 kDa which is cytochrome c molecular weight. Slower migration of cytochrome c 

in SDS-PAGE gel could be explained by the fact that cytochrome c is a basic protein (Graf 

et al., 2005). It was reported, that mobility of basic proteins in SDS-polyacrylamide gels 

is decreased, and thus it leads to the molecular weight overestimation compared to the mark-

ers (van Venrooij and Maini, 2012). 

Second, unexpected shadows around bands in different FPLC fractions were present 

(fig. 16). These shadows around bands in different FPLC fractions might be caused by a high 

concentration of salts in a buffer in which cytochrome c was placed (information was ob-

tained from SDS-PAGE electrophoresis troubleshooting available on the following links 

(March 27
th

, 2019): https://www.hycultbiotech.com/media/wysiwyg/Troubleshooting_SDS-

PAGE_1.pdf and https://www.sigmaaldrich.com/life-science/core-bioreagents/learning-

center/troubleshooting-tables.html). Mentioned reason for the presence of shadows in SDS-

polyacrylamide gel with fractions after FPLC (fig. 16) is also supported by the SDS-

polyacrylamide gel with samples after the second dialysis (fig. 17). After the second dialysis, 

samples were placed in Storage Buffer with low salt concentration and shadows around bands 

were not or were very weakly observable. Thus, the high salt concentration probably caused 

the shadows around bands in different FPLC fractions and slight remaining shadows in sam-

ples after the second dialysis could be explained by minor protein impurities that were 

detected by MALDI–MS analysis. 
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6.5 Characterization of purified recombinant cytochrome c 

and cytochrome c utilization for functional analysis 

For the usage in functional analysis, the purified variants of cytochrome c were characterized 

by several methods. Circular Dichroism spectroscopy was done to estimate secondary struc-

tures of purified cytochrome c proteins. The alpha-helical pattern of WT purified recombinant 

cytochrome c is consistent with the results published by Olteanu et al. (2003). Both protein 

variants, Thr20Ile described for the first time in this master’s thesis as well as previously de-

scribed Gly42Ser (Morison et al., 2008; Josephs et al., 2013) showed the same pattern as WT. 

The Thr20Ile cytochrome c result is also in line with the spectra of previously purified 

Gly42Ser variant (Josephs et al., 2013) where no big alterations of secondary structure were 

found. 

Further, purified recombinant cytochrome c protein samples contain impurities of pro-

teobacteria origin (tab. 30) detected by MS analysis. In contrast to that, information about 

impurities in cytochrome c samples purified according to Olteanu et al. (2003) is not men-

tioned in any studied publication (Olteanu et al., 2003; Morison et al., 2008; Josephs et al., 

2013). Morison et al. (2008) even crystallized the purified cytochrome c protein. Thus, 

it could be hypothesized that the presence of impurities in our samples is caused by the modi-

fied purification procedure used in this master’s thesis. As a result of impurities, crystalliza-

tion of purified cytochrome c proteins is not possible to be done. 

However, recombinant cytochrome c proteins purified in this master’s thesis are con-

sidered to be pure enough for melting temperature determination with the assumption 

that melting temperature and thus protein stability may vary among WT, Thr20Ile, 

and Gly42Ser. For example, the thermal profile was previously studied on WT cytochrome c 

by Olteanu et al. (2003). 

Next, the impurities in the cytochrome c samples should not interfere with cell-free 

caspase activation assay. Cell-free caspase activation assay was used several times for study-

ing the ability of purified WT or MUT cytochrome c to activate caspases, particularly cas-

pase 3 (Olteanu et al., 2003). This assay requires cell extract, purified cytochrome c, ATP 

and substrate of caspase 3. 

WT cytochrome c activity was studied for example in the HEK293 cell line extracts 

(Olteanu et al., 2003). Gly42Ser (c.124G>A) and WT cytochrome c activity in connection 

to inherited thrombocytopenia (Morison et al., 2008; Josephs et al., 2013) and artificially in-

serted Gly42Ala or Gly42Thr mutations (Josephs et al. 2013) were studied with using 
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U937 cell line extracts. Nonetheless, why these cell lines extract were selected for the study-

ing of WT and MUT cytochrome c impact on caspases activation was not mentioned. How-

ever, the suitability of chosen cell line extracts should be considered (Chertkova et al., 2008) 

in the light of thrombocytopenic patients’ phenotype which is typical for thrombocytopenia-

only with no known additional health disorders. Accordingly, the specific effect of cyto-

chrome c in megakaryocytes and not in other tissues might be expected. For that reason, 

the cell extract from the cell line as similar as possible to megakaryocytes should be selected. 

In respect to that, the SET-2 cell line (Uozumi et al., 2000) or MEG-01 cell line (Ogura et al., 

1985) could be suitable for preparing cell line extracts. 

 The final concentrations of added purified recombinant cytochrome will most likely 

be used as reported in Morison et al. (2008). Also, Gly42Ser recombinant cytochrome c vari-

ant will be used as a positive control because the increased effect on caspases activation 

was previously published (Morison et al., 2008; Josephs et al., 2013). 

Overall, it is supposed that Thr20Ile protein variant will affect the activation 

of the caspases in the cell-free caspase activation assay either. Based on results that 

will be obtained from cell-free caspase activation assay, the likely pathogenic effect 

of c.59C>T; p.(Thr20Ile) will be evaluated. Further possibly analyses that could help to un-

cover the mechanism of pathogenic effect of c.59C>T variant in CYCS more deeply will 

be suggested if needed. 
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7 Souhrn 

Analýza příčin dědičných trombocytopenií 

Tato diplomová práce se zabývá příčinami dědičných trombocytopenií, se kterými je v sou-

časné době asociováno více než 40 genů. Varianty asociované se vznikem dědičných trombo-

cytopenií jsou v dnešní době nejčastěji určovány pomocí masivního paralelního sekvenování. 

Díky němu lze u pacientů určit správnou diagnózu a nedochází tak k záměnám diagnózy dě-

dičné trombocytopenie za trombocytopenii imunitní. Správná diagnóza a s ní spojená znalost 

varianty způsobující dědičnou trombocytopenii pomáhá také při stanovení dalších rizik, která 

mohou být s variantami způsobujícími dědičnou trombocytopenii spojena. Například varianty 

v některých genech mohou pacienty predisponovat kromě dědičné trombocytopenie 

i k malignitám, hluchotě či selhání ledvin. 

 Také se ukazuje, že navzdory sníženému počtu trombocytů jsou dědičné trombocyto-

penie často asymptomatické. Vzhledem ke zmíněnému riziku dalších onemocnění, která mo-

hou být s dědičnými trombocytopeniemi spojena, je důležité v rodině s takovýmto typem dě-

dičné trombocytopenie potvrdit nebo vyloučit tuto diagnózu u co největšího počtu rodinných 

příslušníků. 

 Cílem této diplomové práce bylo určit variantu, která by mohla způsobovat trombocy-

topenii v analyzované rodině. Jednomu z členů této rodiny byla dříve nesprávně diagnostiko-

vána imunitní trombocytopenie. U dvou členů byla odhalena asymptomatická trombocytope-

nie. Pro určení varianty asociované s trombocytopenií bylo použito celoexomové sekvenování 

a data byla analyzována s využitím virtuálního panelu genů. Tímto způsobem byla nalezena 

dříve nepublikovaná heterozygotní pravděpodobně patogenní autozomálně dominantní varian-

ta c.59C>T; p.(Thr20Ile) v CYCS (cytochrom c). V tomto genu jsou v současné době známy 

pouze čtyři další varianty, které jsou asociovány s Trombocytopenií 4. V současné době 

nejsou známa žádná další onemocnění, která by byla s tímto typem trombocytopenie spojena. 

Protože nebyl efekt varianty c.59C>T; p.(Thr20Ile) dříve popsán, měla by být prove-

dena funkční analýza, která potvrdí patogenní efekt této varianty. Navržení takovéto analýzy 

bylo dalším cílem této diplomové práce. In silico predikce ukázala, že patogenní efekt 

by mohl být založen na ovlivnění aktivace kaspáz. Zvýšená aktivace kaspáz byla popsána již 

u varianty Gly42Ser pomocí tzv. cell-free caspase activation assay. K popsání vlivu varianty 

c.59C>T; p.(Thr20Ile) na aktivaci kaspáz bude využita také cell-free caspase activation assay, 

pro kterou byly v rámci této diplomové práce připraveny rekombinantní varianty cytochromu 

c – WT, Thr20Ile a Gly42Ser. 
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8 Summary 

Analysis of causes of inherited thrombocytopenias 

This master thesis deals with the causes of inherited thrombocytopenias that are currently as-

sociated with more than 40 genes. Nowadays, variants associated with inherited thrombocy-

topenia are mostly detected by MPS that brings correct diagnosis to patients, and it also con-

tributes to the decreasing number of misdiagnosed patients with more common acquired 

thrombocytopenias. Besides that, correct diagnosis and related knowledge of the thrombocy-

topenia-causing variant helps to identify additional risks that may also be related to thrombo-

cytopenia-causing variant; e.g., variants in several genes might predispose patients to addi-

tional disorders such as malignancies, deafness or kidney failure. 

Also, it turns out that inherited thrombocytopenias are often asymptomatic despite low 

PC. Thus, due to the mentioned risks of other disorders, thrombocytopenia should be con-

firmed or excluded for as many family members as possible in the case of the presence 

of inherited thrombocytopenia with an additional risk in the family. 

The aims of this master thesis were determined and evaluated a variant that might 

cause inherited thrombocytopenia in the analyzed family. In analyzed family, one family 

member was previously misdiagnosed with immune thrombocytopenia, and asymptomatic 

thrombocytopenia was revealed in two family members. 

WES with using virtual gene panel was used for determining thrombocytopenia-

causing variant. As a result, previously unpublished likely pathogenic heterozygous variant 

c.59C>T; p.(Thr20Ile) in CYCS (cytochrome c) that segregates in AD manner was detected. 

To date, four other variants in CYCS are associated with Thrombocytopenia 4, and as far, 

no additional health disorders have been connected to CYCS-related thrombocytopenia yet. 

 Because the effect of c.59C>T; p.(Thr20Ile) have not been described previously, 

the functional analysis that will confirm the c.59C>T pathogenicity should be done. Suggest-

ing such analysis was another aim of this master’s thesis. In silico prediction pointed out that 

likely pathogenic effect of c.59C>T; p.(Thr20Ile) might be based on affecting caspases activa-

tion. Thus, cell-free caspase activation assay is planned because this assay uncovered that 

previously described variant Gly42Ser increases caspases activation when compared to WT. 

Therefore, WT and Thr20Ile and Gly42Ser recombinant cytochrome c were prepared for cell-

free caspase activation assay that aims to describe the effect of Thr20Ile amino acid change 

on caspases activation. 
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Supplementary table 1 (part I/III): Overview of genes related to inherited thrombocytopenias and their essential characteristics. 

Thrombocytopenia name is referred either as most frequent name used in literature or as reported in OMIM database. 

Defect type Gene Thrombocytopenia name 
Inheritance 

pattern 

Additional features to thrombocytopenia 

Type Details 

Defects 
in megakaryocytes 

differentiation 
 

HOXA11 
Radioulnar synostosis 

with amegakaryocytic thrombocyto-
penia 1 

AD Congenital defect (syndromic forms) Proximal radio-ulnar synostosis 

MECOM 
Radioulnar synostosis 

with amegakaryocytic thrombocyto-
penia 2 

AD Congenital defect (syndromic forms) Proximal radio-ulnar synostosis 

MPL 
Congenital amegakaryocytic throm-

bocytopenia 
AR Predispositions to additional illnesses Bone marrow aplasia 

RBM8A 
Thrombocytopenia-absent radius 

syndrome 
AR Congenital defect (syndromic forms) Radial aplasia 

THPO THPO-related thrombocytopenia AR Only thrombocytopenia - 

Defects 
in megakaryocytes 

maturation 

ANKRD26 Thrombocytopenia 2 AD Predispositions to additional illnesses Leukemia, cancer 

ETV6 Thrombocytopenia 5 AD Predispositions to additional illnesses 
25–40 % lifelong risk of acute 

myelogenous leukemia 

FLI1 Bleeding disorder, platelet-type, 21 AD, AR Only thrombocytopenia - 

FYB Thrombocytopenia 3 AR Only thrombocytopenia - 

GFI1B Bleeding disorder, platelet-type, 17 AD Only thrombocytopenia - 

RUNX1 
Familial platelet disorder 

with associated myeloid malignancy 
AD Predispositions to additional illnesses 

Up to 44 % life-long risk of 
myelodysplastic syndrome or 
acute myelogenous leukemia 

SRC Thrombocytopenia 6 AD Predispositions to additional illnesses 
Myelofibrosis and bone pa-

thologies 

 
SLFN14 Bleeding disorder, platelet-type, 20 AD Only thrombocytopenia - 

 
NBEAL2 Grey platelet syndrome AR Only thrombocytopenia - 

 

 



 

 

Supplementary table 1 (part II/III): Overview of genes related to inherited thrombocytopenias and their essential characteristics. 

Defect type Gene Thrombocytopenia name 
Inheritance 

pattern 

Additional features to thrombocytopenia 

Type Details 

Defects 

in megakaryocytes 

maturation 

GATA1 

X-linked thrombocytopenia with 

or without dyserythropoietic 

anemia 

X-linked Congenital defect (syndromic forms) 

Dyserythropoietic anemia 

X-linked thrombocytopenia 

with beta-thalassemia 
Beta-thalassemia 

Congenital erythropoietic porphy-

ria with thrombocytopenia 
Erythropoietic porphyria 

Defects in platelets 

release 

and shortened 

platelets survival 

ACTN1 
Bleeding disorder, platelet-type, 

15 
AD Only thrombocytopenia - 

CYCS Thrombocytopenia 4 AD Only thrombocytopenia - 

DIAPH1 DIAPH-related thrombocytopenia AD Predispositions to additional illnesses Sensorineural deafness 

FLNA FLNA-related thrombocytopenia X-linked 
Congenital defect (syndromic forms) 

or thrombocytopenia only 
Brain, heart, muscle disorders 

GP1BA Bernard-Soulier syndrome 
Monoallelic: AD  

Biallelic: AR 
Only thrombocytopenia - 

GP1BA 
Von Willebrand disease, 

platelet type 
AD Only thrombocytopenia - 

 
GP1BB Bernard-Soulier syndrome 

Monoallelic: AD 

Biallelic: AR 
Only thrombocytopenia - 

 
GP9 Bernard-Soulier syndrome AD Only thrombocytopenia - 

 

 



 

 

Supplementary table 1 (part III/III): Overview of genes related to inherited thrombocytopenias and their essential characteristics. 

Defect type Gene Thrombocytopenia name 
Inheritance 

pattern 

Additional features to thrombocytopenia 

Type Details 

Defects in platelets 

release or short-

ened platelets sur-

vival 

ITGA2B Bleeding disorder, platelet-type, 16 AD Only thrombocytopenia - 

ITGB3 Bleeding disorder, platelet-type, 16 AD Only thrombocytopenia - 

MASTL MASTL-related thrombocytopenia AD Only thrombocytopenia - 

MYH9 MYH9-related thrombocytopenia AD Predispositions to additional illnesses 

Sensorineural deafness, neph-

ropathy with proteinuria, cata-

ract 

PRKACG Bleeding disorder, platelet-type, 19 AR Only thrombocytopenia - 

TRPM7 TRPM7-related thrombocytopenia AD? Only thrombocytopenia - 

TUBB1 
TUBB1-related macrothrombocyto-

penia 
AD Only thrombocytopenia - 

TPM4 TPM4-related thrombocytopenia 
 

Only thrombocytopenia - 

vWF Von Willebrand disease, type 2B AD Only thrombocytopenia - 

WAS 

Wiskott-Aldrich syndrome 

X-linked 

Congenital defect (syndromic forms) Predispositions to autoimmune 

diseases, malignancies, higher 

susceptibility to infections and 

malignancies 

X-linked thrombocytopenia 
Congenital defect (syndromic forms) 

or thrombocytopenia only 

Genes not involved 

in megakaryopoi-

esis and throm-

bopoiesis 

ABCG5 
Thrombocytopenia related to sitos-

terolemia 
AR Sitosterolemia and thrombocytopenia Sitosterolemia 

ABCG8 
Thrombocytopenia related to sitos-

terolemia 
AR Sitosterolemia and thrombocytopenia Sitosterolemia 

STIM Stormorken syndrome AD Congenital defect (syndromic forms) Myopathy 

Unknown defect in megakaryopoiesis and thrombopoiesis: PADI2, TTF2, ANKRD18A, FRMPD1, GNE and MRTFA (previously MKL1). 



 

 

Supplementary table 2: Virtual gene panel. Gene MASTL was added to the virtual gene 

panel before a final re-evaluation of variants obtained by WES. 

 

ABCG5 MASTL 

ABCG8 MECOM 

ACTN1 MPL 

ANKRD18A MRTFA (previously MKL1) 

ANKRD26 MYH9 

CYCS NBEAL2 

DIAPH1 PADI2 

ETV6 PRKACG 

FLI1 RBM8A 

FLNA RUNX1 

FRMPD1 SLFN14 

FYB SRC 

GATA1 STIM 

GFI1B THPO 

GNE TPM4 

GP1BA TRPM7 

GP1BB TTF2 

GP9 TUBB1 

HOXA11 vWF 

ITGA2B WAS 

ITGB3 
  

  



 

 

Supplementary figure 1: NucleoSpin® Plasmid method–an overview. 

(Modified according to Macherey-Nagel: Plasmid DNA purification, User manual, NucleoSpin 

Plasmid. The version from December 2017/Rev. 10.) 

 

 

  



 

 

Supplementary figure 2: Overview of the QuikChange II Site-Directed Mutagenesis. 

(Modified according to QuikChange Site-Directed Mutagenesis Kit, Instruction Manual, 

revision E.0.) 

 

 

  



 

 

Supplementary figure 3: NucleoBond® Xtra Midi–an overview. 

(Modified according to: Macherey Nagel, Plasmid DNA purification, User manual, 

NucleoBondR Xtra Midi. Version from March 2017/Rev. 14.) 

 

 

 



 

 

Supplementary figure 4: WT cytochrome c sample–FPLC graphical output. Fractions A5–B6 contain recombinant cytochrome c.  

 

 

 

 

 

Fractions A5–B6 contain 

recombinant cytochrome c. 



 

 

Supplementary figure 5: Intact Mass Analysis (MALDI–MS): WT cytochrome c sample. Red arrow marks the cytochrome c. 

 



 

 

Supplementary figure 6: Intact Mass Analysis (MALDI–MS): Thr20Ile cytochrome c sample. Red arrow marks the cytochrome c. 

 

  



 

 

Supplementary figure 7: Intact Mass Analysis (MALDI–MS): Gly42Ser cytochrome c sample. Red arrow marks the cytochrome c. 

 


