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1 Introduction 

1.1 JAK/STAT pathway 

1.1.1 JAKs and STATs 

Cells depend on stimuli from their environment for development and survival. 

Information from the environment must pass through the cell membrane to elicit an 

appropriate response such as a change in enzymatic or ion channel activity or a 

change in gene expression. Most stimuli, such as cytokines, cannot pass through the 

cell membrane unhindered and thus must rely on a complex network of signal 

transduction pathways (Berg et al., 2008).  

 

The Janus kinase (JAK)/Signal transducer and activator of transcription (STAT) 

pathway is a key pathway downstream of cytokine signalling (Berg et al., 2008). The 

cytokine superfamily consists among others of interferons, interleukins, and colony-

stimulating factors (Imada & Leonard, 2000; Leonard & O’Shea, 1998). Cytokine 

signalling is important for biological responses linked to cell growth, differentiation, 

apoptosis, haematopoiesis, and immune response (Berg et al., 2008). Interleukin-2 

(IL-2), for instance, signals through the JAK/STAT pathway to alter the gene 

programme and determine T-cell fate (Ross & Cantrell, 2018). 

 

The cytokine signal is transmitted through the membrane via transmembrane proteins 

(cytokine receptors) that are associated with JAKs. As tyrosine kinases, the JAKs can 

transmit information by means of phosphorylation (Berg et al., 2008). The JAK family 

comprises four members: JAK1, JAK2, JAK3, and TYK2 (Leonard & O’Shea, 1998).  

The signal is further transduced through the kinase activity of the JAKs to the STAT 

proteins. The STAT protein family has seven members: STAT1, STAT2, STAT3, 

STAT4, STAT5A, STAT5B, and STAT6. The STAT proteins are transcription factors 

(TF) that translocate to the nucleus to prompt a change in gene expression upon 

activation (Imada & Leonard, 2000; Leonard & O’Shea, 1998). 
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1.1.1.1 Structure of JAK 

 

Seven JAK homology (JH) domains compose the structure of the JAKs (Figure 1). 

The parallel of the tandem of pseudokinase (JH2) and kinase (JH1) domains to the 

roman "two-faced" god gives rise to the name of the Janus kinase family of protein 

tyrosine kinases (Leonard & O’Shea, 1998). The JH1 at the carboxyl terminus has a 

tyrosine kinase activity. The adjacent JH2 domain is homologous to a protein kinase 

however its function has not yet been entirely resolved (Berg et al., 2008; Bousoik & 

Montazeri Aliabadi, 2018). Nevertheless, evidence suggests that this pseudokinase 

has ATP-binding activity (Min et al., 2015), a low-level kinase activity (Ungureanu et 

al., 2011), and also an auto-inhibitory activity to negatively regulate the JH1 domain 

(Saharinen et al., 2000). The Src homology 2 (SH2) domain (JH3 and 4) enables the 

JAKs to bind the phosphotyrosine on other proteins (Berg et al., 2008). Lastly, the 

four-point-one, ezrin, radixin, moesin (FERM) domain helps to anchor the JAKs to the 

cytoplasmic site of the receptor and can be found at the amino terminus of the protein 

(Berg et al., 2008; Bousoik & Montazeri Aliabadi, 2018). 

 

1.1.1.2 Structure of STAT 

Figure 1: Structure of the JAK family of protein tyrosine kinases. (Figure created with 

BioRender.com) 

Figure 2: Structure of the STAT proteins. (Figure created with BioRender.com) 
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The STAT proteins consist of six functional domains (Figure 2). Like the JAKs, the 

STAT proteins have an SH2-domain which is important for their association with the 

cytokine receptors but also for homo- or heterodimerization (Imada & Leonard, 2000). 

Differences within the SH2-domain account for STATs binding to different cytokine 

receptors (Mikita et al., 1998). A conserved tyrosine between the SH2-domain and 

the transactivation domain (TAD) at the carboxyl terminus can be subjected to 

phosphorylation and is needed for the parallel dimerization and activation of STAT 

proteins (Awasthi et al., 2021; Leonard & O’Shea, 1998). The TAD and the DNA 

binding domains are important for the STAT's activity to modulate gene expression. 

The DNA binding domain of the STAT proteins recognizes and interacts with specific 

DNA sequences: the IFN-stimulated response elements (ISRE; Horvath & Darnell, 

1997) and γ-IFN activated sequences (GAS) motifs (Lew et al., 1991). The TAD is 

required for transcriptional activation; however, the different STAT proteins show 

subtle differences within this domain (Leonard & O’Shea, 1998). The TAD of STAT2, 

for instance, interacts with transcriptional co-activators to modulate gene expression 

(Bhattacharya et al., 1996; M. Huang et al., 2002). The TAD of STAT1, STAT3, and 

STAT4, on the other hand, have a conserved serine residue whose phosphorylation 

is important for the protein's activity (Cho et al., 1996; Wen et al., 1995). The coiled 

coil domain promotes the binding to other TF and co-activators but is also involved in 

the nuclear translocation of the STAT proteins via a nuclear localization signal (NLS; 

Awasthi et al., 2021). Lastly, the oligomerization domain at the amino terminus of the 

proteins is implicated in the oligomerization of STAT dimers to form homo- and 

heterotetramers which was shown for all STAT proteins except STAT2 (Delgoffe & 

Vignali, 2013a; Imada & Leonard, 2000; Mitchell & John, 2005).  

 

1.1.2 Signal transduction in the JAK/STAT pathway 

A schematic description of the JAK/STAT pathway is illustrated in Figure 3. The 

docking of cytokines to the membrane-associated receptors induces receptor 

dimerization. Through dimerization, the receptor-associated JAKs come into 

proximity, allowing cross-phosphorylation. The kinase domain of the JAKs allows the  
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transfer of a phosphoryl group to a tyrosine residue (Berg et al., 2008). Tyrosine 

residues in the cytoplasmic side of the receptor are phosphorylated by activated JAKs, 

creating a docking site for the STAT proteins (Bousoik & Montazeri Aliabadi, 2018). 

STATs can bind the phosphorylated tyrosine on the receptor with their SH2-domain 

(Imada & Leonard, 2000). Upon docking to the receptors, the JAKs phosphorylate a 

Figure 3: Cytokine signals from the extracellular environment activate the JAK/STAT 

pathway through interaction with membrane-associated receptors. Receptor-associated 

JAKs transduce the signal through tyrosine phosphorylation to STAT TFs. Activated STATs 

form parallel dimers then translocate to the nucleus upon phosphorylation to modulate gene 

expression. Protein tyrosine phosphatases (PTP), PIAS and SOCS proteins are negative 

regulators of the JAK/STAT pathway. (Figure created with BioRender.com) 
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conserved tyrosine residue of the STATs. Inactivated STATs dimers have an anti-

parallel conformation but phosphorylation of the STAT proteins allows parallel homo- 

or heterodimerisation by bivalent interactions (Bousoik & Montazeri Aliabadi, 2018). 

Whether a homo- or heterodimerization occurs is dependent on the specificity of the 

SH2-domain and the microenvironment (Leonard & O’Shea, 1998). Over 50 different 

cytokines signal through the JAK/STAT pathway which, however, consists of a limited 

number of signalling proteins. The variation between homo- or heterodimerization 

might be a possible mechanism to increase the number of combinations and thus 

modify signals (Delgoffe & Vignali, 2013). Parallel-dimerized and activated STAT 

proteins translocate to the nucleus via importins to modulate gene expression 

(Bousoik & Montazeri Aliabadi, 2018). 

 

Homeostasis within the cell must be ensured and therefore several mechanisms 

negatively regulate the activity of the JAK/STAT pathway. Firstly, protein inhibitors of 

activated STAT (PIAS) and suppressors of cytokine signalling (SOCS) proteins can 

inhibit STAT signalling directly through a negative feedback loop (Bousoik & 

Montazeri Aliabadi, 2018; Imada & Leonard, 2000; Leonard & O’Shea, 1998). SOCS 

proteins are direct target genes of activated STAT TFs and thus STAT activity leads 

directly to the expression of inhibitory factors. The SOCS proteins possess an SH2-

domain with which they bind to phosphorylated JAKs and cytokine receptors; hence, 

physically blocking further signal transduction. Additionally, SOCS proteins can form 

a complex with CULLIN 2 and the ELONGIN BC complex which facilitates ubiquitin-

dependent degradation of JAKs (Rawlings et al., 2004). PIAS proteins have a carboxyl 

domain and a conserved SAF-A/Acinus/PIAS (SAP) domain which allows binding to 

activated STAT TFs and inhibiting their DNA binding activity (Rawlings et al., 2004). 

A second method for PIAS to inhibit STAT activity is the recruitment of transcriptional 

co-repressors, such as histone deacetylase 1, to STAT target genes. Also, PIAS 

proteins have a small ubiquitin-like modifier (SUMO)-E3-ligase activity, that helps to 

regulate sub-nuclear protein localization, protein-protein interactions, protein stability, 

and transcription factor activity (Heppler & Frank, 2017). Another reported mechanism 

for JAK/STAT signal regulation is the ubiquitin/proteasome-mediated degradation of 
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STAT1 (T. K. Kim & Maniatis, 1996). Furthermore, truncated forms lacking a C-

terminal region for STAT1 and STAT5 have been revealed that act as dominant 

suppressors (Caldenhoven et al., 1996; D. Wang et al., 1996). Lastly, 

dephosphorylation of the respective activation residues by phosphatases also results 

in the loss of JAK/STAT signalling (Haspel et al., 1996). For instance, the receptor 

tyrosine phosphatase CD45 can inhibit signalling by dephosphorylating the JAKs 

(Hermiston et al., 2003). Furthermore, the protein tyrosine phosphatase (PTP) SHP-

2 dephosphorylates STAT5 but also STAT3 (Y. Chen et al., 2003; M. Kim et al., 2018; 

C. L. Yu et al., 2000). Moreover, STAT3 can also be dephosphorylated by PTP 

receptor-type D or T (PTPRD, PTPRT; M. Kim et al., 2018). Dual-specificity 

phosphatases (DUSP), on the other hand, can dephosphorylate serin and tyrosine 

residues; STAT5 can be regulated by DSUP4 while STAT3 can be regulated by 

DSUP3 (Hsiao et al., 2015; B. R. Kim et al., 2020). 

 

 

1.2 Characteristics and Functions of STAT5  

The STAT5 proteins are implicated in the proliferation, differentiation, and apoptosis 

of hematopoietic cells (Nosaka et al., 1999). Cytokine signals activating JAK1, JAK2 

and JAK3 can transmit their signal to the STAT5 proteins by phosphorylating either 

tyrosine residue 694 on STAT5A or tyrosine residue 699 on STAT5B (Bousoik & 

Montazeri Aliabadi, 2018; Brachet-Botineau et al., 2020; Schaller-Schönitz et al., 

2014). Upon activation, the STAT5 proteins translocate to the nucleus to modulate 

gene expression; targeting genes such as MYC, BCL2L1, and PIM1 (Lord et al., 2000; 

Nosaka et al., 1999). 

 

The STAT5A and STAT5B proteins are over 90% conserved at the amino acid level 

and share many functions but also have distinct roles (Hennighausen & Robinson, 

2008). The conserved nature of the STAT5 proteins suggests possible redundant 

roles; in fact, a chromatin immunoprecipitation assay with sequencing (ChIP seq) 

experiment in CD4+ T-cells revealed overlapping binding profiles. However, the ChIP 
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seq data also showed distinct binding sites for STAT5A and STAT5B (Kanai et al., 

2014). Subtle differences in the DNA-binding, the C- and N-terminal domains or 

interactions with co-activators may cause the distinct binding properties of the two 

proteins. Complete knock-out of Stat5a and Stat5b in mice is embryonic lethal. 

However, few mice survive the complete knock-out of both Stat5 proteins, and the 

surviving mice failed to develop CD8+ or γδ T-cells, indicating the critical role of Stat5 

in T-cell development and homeostasis (Hoelbl et al., 2006). A single intact allele of 

either Stat5a or Stat5a rescues mice from embryonic lethality, indicating a 

compensatory role of the two proteins, as suggested by the ChIP seq data. One-allele 

Stat5a and Stat5b deficient (Stat5a+/-Stat5b+/-) and two-allele Stat5b deficient 

(Stat5a+/+Stat5b-/-) mice showed a decreased white blood cell count (Villarino et al., 

2016), while mice with a two-allele Stat5a knock-out (Stat5a-/-Stat5b+/+) lacked 

hematopoietic deficiencies (X. Liu et al., 1997; Villarino et al., 2016). Stat5b deficiency 

in mice led to lower levels of CD8+, CD4+ as well as CD4+ regulatory T-cells, implying 

and reinforcing the more dominant role of STAT5B in effector and regulatory T-cell 

immunity (Villarino et al., 2016). STAT5A, on the other hand, has a more important 

role in mammary gland development (X. Liu et al., 1997; Udy et al., 1997). 

 

1.2.1 JAK1/3 and STAT5 in T-cell development 

T-cells undergo a maturation process from hematopoietic stem cells (HSC) to mature 

T-cells that can participate in the immune response (Figure 4). Checkpoints and 

several selection processes thereby ensure the correct development of antigen 

receptors and T-cells. Maturation and migration of T-cells are governed by 

extracellular signals such as cytokines and chemokines leading to the activation of 

transcriptional factors within the cell. HSCs differentiate into common lymphoid 

progenitors in the bone marrow which migrate with the help of chemokines to the 

thymus where the maturation process takes place. Activation of the transcriptional 

regulators NOTCH1 and GATA3 leads to the commitment of the common lymphoid 

progenitor to the T-cell lineage. Moreover, the expression of CD44 and CD25 on the 

cell surface marks the transition from committed T-cell progenitors to pro T-
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lymphocytes. Pro T-lymphocytes express neither CD4 nor CD8 (double negative), 

and this stage is characterized by the rearrangement of the β-chain of the TCR. 

Successful TCRβ+ T-cells are selected, and a checkpoint must be passed before the 

recombination and selection of the TCR α- chain can begin in CD4+ CD8+ (double 

positive) cells. T-cells have to pass a second checkpoint with a successfully arranged 

TCRαβ complex before functional TCRs are selected. A second T-lymphocyte lineage 

can develop from the T-cell progenitor distinguished by the TCRγδ instead of the 

TCRαβ complex. During the following TCR selection process, double positive (DP) T-

cells transition into single positive (SP) T-cells: cells recognizing the major 

histocompatibility complex (MHC) class I differentiate to CD8+ CD4- T-cells, and cells 

recognizing MHC class II differentiate to CD4+ CD8- T-cells. Additionally, cells 

recognizing self-antigen either die or differentiate into regulatory T-cells. Lastly, 

mature T-cells leave the thymus to circulate in the peripheral tissues (Abbas et al., 

2021). 

 

During the maturation process in the thymus, a diverse repertoire of antigen receptors 

must be generated by creating a large pool of T-cells. Thymic stromal cells secrete 

interleukin-7 (IL-7) to promote T-cell proliferation. Mature T-cells in the peripheral 

tissues, on the other hand, can be activated upon antigen recognition, leading to the 

expression of the cytokine interleukin-2 (IL-2) as well as its receptor. The binding of 

IL-2 or IL-7 to its receptor activates the JAK/STAT pathway leading to an altered 

transcriptional program promoting cell growth, survival, proliferation, and 

differentiation (Abbas et al., 2021). Both cytokines stimulate the activation of JAK1 

and JAK3, leading to downstream activation of the STAT5 proteins (Miyazaki et al., 

1994; Russell et al., 1994). Burchill et al. showed that activated STAT5 leads to 

increased levels of pro T-cells in the thymus as well as of mature αβ, γδ and NK T-

cells (Burchill et al., 2003). Furthermore, mice with an inactivating Stat5b mutation 

showed normal lymphoid development but decreased levels of single positive CD4+ 

and CD8+ T-cells as well as decreased levels of peripheral T-cells. Additionally, these 

T-cells showed the morphology of activated T-cells, a phenotype consistent with mice 

lacking the IL-2 receptor. This indicates the importance of the IL-2/JAK1/3/STAT5-
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axis for the proliferation and survival of T-cells (Moriggl et al., 1999). Studies also 

revealed MYC, which promotes proliferation, and BCL-xL, which has anti-apoptotic 

functions, as STAT5 targets, supporting the above findings (De Groot et al., 2000; 

Lord et al., 2000). 

 

 

1.2.2 STAT5 hyperactivation in cancer 

The JAK/STAT pathway is involved in a great number of biological functions, among 

them proliferation, cell survival and apoptosis; hence, abnormal activity of the pathway 

Figure 4: T-cell maturation begins in the bone marrow with hematopoietic stem cells (HSC) 

which mature to T-cell progenitors that migrate to the thymus. In the thymus, several 

checkpoints and selection steps ensure the correct formation and functionality of the T-cell 

receptor (TCR). Naive single positive CD4+ or CD8+ T-cells leave the thymus to circulate the 

peripheral tissues (Figure created with BioRender.com). 
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often leads to diseases such as cancer (Berg et al., 2008). Continuous hyperactivation 

of STAT5 is associated with cell survival, self-renewal and proliferation (Bar-Natan et 

al., 2012), processes defined as hallmarks of cancer as described by Hanahan & 

Weinberg (Hanahan & Weinberg, 2011). The hyperactivation of STAT5 can either be 

due to upstream deregulation of JAK signalling, or other oncogenic kinases, or due to 

mutations within STAT5B itself (Bandapalli et al., 2014; Rane & Reddy, 2000). 

Mutations in the JAK1 and JAK3 genes were documented for several hematologic 

malignancies with a high prevalence in T-cell acute lymphoblastic leukaemia (T-ALL; 

Flex et al., 2008; Vicente et al., 2015). Sequencing of T-ALL samples showed that 

JAK3 is mutated in 16% of cases and the most frequently found mutation was the 

gain of function (GOF) mutation JAK3M511I. The GOF mutation leads to hyperactivation 

of the JAK3 protein and thus to increased downstream STAT5 signalling. This 

hyperactivation of JAK3 is further increased by the accumulation of a second mutation 

such as JAK3A572T (Degryse et al., 2018). However, STAT5 signalling is also activated 

by other oncogenic kinases such as BCR-ABL and FLT3- internal tandem duplication 

(ITD). BCR-ABL is a chimeric fusion gene leading to the expression of a constitutively 

active tyrosine kinase able to phosphorylate and thus activate STAT5. The oncogenic 

kinase BCR-ABL is linked to acute lymphoblastic leukaemia (ALL) but also chronic 

myeloid leukaemia (CML), and the activation of STAT5 is thereby crucial to uphold 

BCR-ABL-driven leukaemias (Hoelbl et al., 2010). FLT3 is also a tyrosine kinase and 

ITD mutations in this kinase are found in 20% of acute myeloid leukaemia (AML) 

patients (Choudhary et al., 2007). The oncogenic activation of FLT3 due to ITD 

mutations also leads to the JAK-independent activation of STAT5 (Nakao et al., 1996). 

In summary, several oncogenic factors upstream of STAT5 can lead to its 

hyperactivation to promote cancer. But, as mentioned above, also mutations within 

the STAT5 gene can lead to its continuous activation.  

 

Several mutations in the STAT5B protein’s SH2-domain have been identified, among 

them the GOF mutation STAT5BN642H which has been associated with STAT5B 

hyperactivation. This mutation has been detected in patients suffering from different 

hematopoietic malignancies such as T-ALL and T-cell prolymphocytic leukaemia (T-
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PLL; Pham et al., 2018; Shahmarvand et al., 2018). A study by Pham et al. 

demonstrated that this mutation drives aggressive CD8+ T-cell lymphoma/leukaemia 

in a transgenic mouse model, and in vivo mouse transplant experiments revealed that 

the STAT5BN642H mutation also drives γδ T-cell transformation (de Araujo et al., 2019; 

Pham et al., 2018). Moreover, in humans the presence of this mutation is associated 

with higher relapse rates in T-ALL patients (Bandapalli et al., 2014). STAT5A, on the 

other hand, is very infrequently mutated in leukaemias with only two reported cases 

(Brachet-Botineau et al., 2020). Additionally, it was demonstrated that STAT5B, and 

not STAT5A, is required for BCR-ABL-driven leukaemia (Kollmann et al., 2019). 

However, a genetically engineered GOF mutation STAT5AS710F is able to induce a 

peripheral T-cell lymphoma-like phenotype in mice (Maurer et al., 2020; Moriggl et al., 

2005; Onishi et al., 1998). 

 

 

1.3 T-cell leukaemia and lymphoma 

Leukaemias are cancers affecting white blood cells originating in the bone marrow. 

Leukaemias are divided into fast (acute) and slow (chronic) growing cancers. The 

main forms of leukaemia are AML, CML, ALL, and chronic lymphocytic leukaemia 

(CLL). Leukaemias make up about 3% of cancers, but about 33% of childhood 

cancers are leukaemias with ALL being the most common form (Buratovic & Jackson-

Grusby, 2016). Lymphomas, on the other hand, are cancers originating in the 

lymphatic system. Lymphomas are also divided into two groups: Hodgkin's 

lymphomas differ from Non-Hodgkin's lymphomas by the presence of large and 

abnormal lymphocytes called Reed-Sternberg cells (Buratovic & Jackson-Grusby, 

2016).  

 

T-cell leukaemias and lymphomas are specifically derived from T-cells and include 

diseases such as cutaneous T-cell lymphoma (CTCL), peripheral T-cell lymphomas 

(PTCL), anaplastic large cell lymphoma (ALCL), and T-ALL (Varghese & Alsubait, 

2022). The cause for T-cell transformation remains unknown for the most part; 
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however, hyperactivation of core cancer pathways such as JAK/STAT and NOTCH1 

have been implicated in the development of T-cell cancers (Aifantis et al., 2008; Flex 

et al., 2008; Moriggl et al., 2005; Vainchenker & Constantinescu, 2013; Varghese & 

Alsubait, 2022; Vicente et al., 2015). 

 

1.3.1 T-ALL 

T-ALL accounts for 15% of childhood cases and about 25% of adult cases of ALL 

(Aifantis et al., 2008; Raetz & Teachey, 2016). T-ALL arises from maturational arrest 

of immature precursor T-cells, called thymocytes (Figure 4), and subsequent 

proliferation and survival of the transformed cells (Kroeze et al., 2020). T-ALL 

subtypes can be distinguished by the developmental stage at which the maturational 

arrest takes place. Several classification systems have been suggested and are in 

development; one classification is based on the presence of cytoplasmic (cy) or 

surface (s) CD3, or CD1a markers, leading to three T-ALL subtypes: early (sCD3-, 

CD1a-), thymic (sCD3-/+, CD1a+), and mature (sCD3+, CD1a-) T-ALL. Common 

mutations found in T-ALL can occur and co-occur with different prevalence in the 

different subtypes of T-ALL (Hoelzer et al., 2009; Shiraz et al., 2021; Figure 5). The 

transformation of the T-cells to form T-ALL has been linked to mutations in key 

thymocyte regulators such as NOTCH1, and the JAK/STAT pathway (Flex et al., 

2008; Vainchenker & Constantinescu, 2013; Vicente et al., 2015; Weng et al., 2004). 

Abnormal NOTCH1 signalling has been detected in all T-ALL subtypes and was 

detected in more than 50% of T-ALL patients (Weng et al., 2004). Thymocytes 

express the NOTCH1 receptor which is stimulated by the ligands Delta-like and 

Jagged, expressed by the thymic cells. NOTCH1 stimulation is needed for the 

differentiation of T-cell progenitor cells to mature T-cells. In the absence of NOTCH1, 

progenitors differentiate into B-cells by default (Koch et al., 2008). High NOTCH1 

expression is also detected in pre T-cells during TCR β-chain selection as well as for 

the subsequent checkpoint to transition to DP T-cells (E. Y. Huang et al., 2003). 

Activating mutations in the NOTCH1 gene lead to constant signalling in T-ALL (Weng 

et al., 2004). A target gene of the NOTCH1 signalling pathway is MYC, a factor 
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involved in self-renewal, and differentiation of hematopoietic stem cells and in T-cell 

activation. MYC expression is increased in developing thymocytes and high levels of 

MYC are needed for the proliferation of leukemic T-cells in T-ALL (Palomero et al., 

2006; R. Wang et al., 2011; A. Wilson et al., 2004).  

 

 

High JAK3/STAT5B signalling is common in early and thymic T-ALL (Figure 5). As 

mentioned above, immature T-cells proliferate in the thymus when stimulated by IL-7 

while mature T-cells proliferate upon stimulation with IL-2, and abnormal proliferation 

Figure 5: T-ALL can be divided into subtypes: early (sCD3-, CD1a-), thymic (sCD3-/+, CD1a+) 

and mature (sCD3+, CD1a-) T-ALL. Several mutations leading to the transformation of 

immature T-cells have been identified, occurring and co-occurring in the subtypes. JAK3 and 

STAT5B mutations (bold font) are predominantly found in early and thymic T-ALL (Figure 

created with BioRender.com). 
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is a hallmark of cancer (Abbas et al., 2021; Hanahan & Weinberg, 2011). Associated 

with the IL-7 or IL-2 receptors are the kinases JAK1 and JAK3 which are responsible 

to transduce the signal by phosphorylating downstream factors such as STAT5 

(Miyazaki et al., 1994; Russell et al., 1994). 16% of T-ALL samples show a JAK3 

mutation with a higher prevalence in early T-ALL of over 50% (Degryse et al., 2018; 

Vicente et al., 2015). The GOF mutation JAK3M511I was thereby the most frequent, 

present in nearly 10% of samples (Vicente et al., 2015). The GOF mutation JAK3M511I 

leads to continuous JAK3-signalling and downstream activation of factors such as 

STAT5 (Degryse et al., 2018). The EZH2 gene, which encodes an H3K27-specific 

histone methyltransferase, can be mutated in early T-ALL but is also connected to 

JAK3. EZH2 as well as EED and SUZ12 are components of the polycomb repressive 

complex 2 (PRC2). Phosphorylation of EZH2 by JAK3 leads to its dissociation from 

PRC2 which in turn will  decrease the levels of the polycomb heterochromatin marker 

H3K27me3, switching EZH2 to a transcriptional activator resulting in increased cell 

proliferation (W. Kim et al., 2013; Qi et al., 2012; Yan et al., 2016). Mutations in the 

STAT5B gene itself can also increase its transcriptional activity; the STAT5BN642H 

mutation induces a 47-fold increase in transcriptional activity and has a prevalence of 

about 6% in T-ALL (Bandapalli et al., 2014; Kontro et al., 2013). Similar to NOTCH1 

signalling, STAT5B activation also leads to the expression of MYC but also other pro-

proliferation and pro-survival factors in leukemic cells (Lord et al., 2000). A more in-

depth knowledge of hyperactive STAT5B target genes is needed to better understand 

the mechanisms of how T-cells transform due to JAK3/STAT5B deregulation. Insights 

into the mechanism might lead to new treatment options. 

 

Typical treatment options for newly diagnosed T-ALL patients involve chemotherapy 

regimens for 2 - 3 years (Fattizzo et al., 2020; Raetz & Teachey, 2016). Patients 

treated with chemotherapy show a 5-year survival rate of above 70% (Möricke et al., 

2016). In addition to chemotherapy, cranial radiation therapy (CRT) is also used to 

treat T-ALL. However, secondary malignancies due to CRT pose an additional burden 

on patients and thus efforts to eliminate this approach are underway, hence it is only 

used for high-risk patients (Fattizzo et al., 2020; Raetz & Teachey, 2016). Less than 
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20% patients relapse which mostly occurs within 2 years of diagnosis. The relapse 

rate depends on the treatment option and correlates with a lower survival rate of 25% 

(Fattizzo et al., 2020; Raetz & Teachey, 2016). Also, the STAT5BN642H mutation 

correlates with a higher relapse rate (Bandapalli et al., 2014). Currently, hematopoietic 

cell transplantation is the only therapy strategy available for relapsed T-ALL patients. 

However, agents targeting the key disease drivers such as NOTCH1 or the JAK/STAT 

pathway are being investigated (Fattizzo et al., 2020; Raetz & Teachey, 2016). 

Overall, T-ALL is a rare disease for which no target therapies currently exist for patient 

treatment. 

 

 

1.4 Preliminary data for the project 

Hyperactivation of the STAT5 TF (via direct or upstream mutations) will lead to 

aberrant gene transcription and the potential activation of various oncogenic 

downstream pathways driving cancer. Understanding and mapping transcriptional 

changes induced by JAK/STAT hyperactivation may allow us to identify new 

vulnerabilities and therapeutic targets. Therefore, these changes were previously 

investigated in the lab by performing RNA sequencing (RNA seq) on cell lines 

modelling GOF JAK/STAT mutations. 

 

1.4.1 Ba/F3 RNA seq 

The murine pro-B cell line Ba/F3 is dependent on the cytokine murine interleukin-3 

(mIL-3) and is therefore suitable and commonly used for the study of cytokine-induced 

pathways like the JAK/STAT pathway. Ba/F3 cell lines stably expressing the GOF 

mutations STAT5BN642H, JAK3M511I, or STAT5AS710F were previously established in our 

lab and used to explore the transcriptional changes induced by these GOF mutations 

via RNA seq. The GOF mutations STAT5BN642H or JAK3M511I are often found in 

patients suffering from T-cell neoplasias (Pham et al., 2018; Vicente et al., 2015). The 

genetically engineered GOF STAT5AS710F mutation, on the other hand, induces a 
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peripheral T-cell lymphoma-like phenotype in mice (Maurer et al., 2020; Moriggl et al., 

2005; Onishi et al., 1998). Christina Wagner, MSc (University of Veterinary Medicine 

Vienna) starved the Ba/F3 GOF cell lines, the respective wild-type (wt) controls and 

the empty vector control (pMSCV) for 18 h of mIL-3, followed by a 1 h restimulation 

with 10 ng/ml mIL-3 to activate the JAK/STAT pathway. Additionally, the Ba/F3 cell 

lines carrying STAT5BN642H, JAK3M511I/wt, and STAT5AS710F were transformed to be 

cytokine-independent through long-term culture without mIL-3. The RNA seq was 

then performed by the Next Generation Sequencing Facility at Vienna BioCenter Core 

Facilities (VBCF), a member of the Vienna BioCenter (VBC), Austria. Christina 

Wagner used the RNA seq data to determine a list of differently expressed 

JAK3/STAT5 target genes as hallmark examples of JAK/STAT hyperactivation that 

are common between the GOF mutants and could explain cancer initiation or 

progression. Genes that were commonly upregulated by comparing the GOF vs. 

pMSCV and the transformed vs. pMSCV cells resulted in 332 potential target genes. 

 

1.4.2 TCL38 RNA seq 

The RNA seq data from the Ba/F3 cell lines were integrated with RNA seq data of 38 

human T-cell cancer lines (TCL38), of which some also show JAK/STAT pathway 

hyperactivation, to find human-relevant target genes. The TCL38 cell lines include 

CTCL, ALCL, γδ T-cell lymphoma (γδ TCL), NK/T-cell lymphoma (NK TCL), 

Peripheral T-cell lymphoma not otherwise specified (PTCL-NOS), T-cell large 

granular lymphocytic leukaemia (T-LGLL) and T-ALL cell lines. RNA seq was 

performed on the TCL38 cell line panel as well as on healthy control CD3+ T-cells by 

the sequencing facility and the group of Marco Herling at the University Hospital of 

Cologne. 

 

1.4.3 Target gene list 

Overlapping differentially expressed genes from the GOF Ba/F3 and TCL38 RNA seq 

datasets uncovered 160 potential target genes. The target gene list was reduced to 
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46 genes by prioritizing genes that were implicated in other cancers or that could be 

targeted by inhibitors (Table 4, Materials & Methods). These genes are interesting to 

further interrogate as potential vulnerabilities in T-cell cancer driven by hyperactive 

JAK/STAT signalling (Figure 6). 

 

Figure 6: Workflow from the Ba/F3 and TCL38 cell lines to the RNA seq data integration and 

finally to determining the 46 target genes that became the subject of the CRISPR/Cas9 loss-

of-function screen and the cytotoxicity assays. 
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1.5 Aim of the thesis 

The preliminary data revealed 46 target genes relevant to hyperactive JAK/STAT 

signalling in T-cell cancer. We hypothesize that JAK/STAT-induced genes from this 

target gene list are essential for oncogenicity in T-cells due to JAK/STAT 

hyperactivation. This project aims to interrogate these targets by genetic and 

pharmacologic disruption of genes and proteins respectively to identify targetable 

vulnerabilities in T-ALL. 

 

The 46 target genes will be explored using a focused Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR)/CRISPR-associated (Cas) 9 loss-of-function 

screen (subsequently called CRISPR/Cas9 screen) in a human T-ALL cell line that 

carries a STAT5BN642H GOF mutation on both alleles. On the other hand, the 

upregulated T-cell cancer target gene products will be subjected to pharmacologic 

inhibitor treatment (Figure 6). The results of the CRISPR/Cas9 screen and the 

inhibitor treatments will be combined to identify JAK/STAT-driven cancer cell 

dependencies in T-ALL and might also bridge the gap to potential in vivo applications.  
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2 Materials & Methods 

2.1 Materials  

2.1.1 Mammalian cell cultivation 

Table 1: Cell lines used for CRISPR/Cas9 screen, transient transfection, and cytotoxicity 

analysis. 

Cell line 
Origin Specification 

KOPT-K1 Cas9 T-ALL, male (6), transduced with 

LentiCas9-Blast 

Suspension cells 

KOPT-K1  T-ALL, male (6) Suspension cells 

Jurkat T-ALL, male (14) Suspension cells 

HEK293T human embryonic kidney Adherent cells 

LentiX 293T human embryonic kidney for 

lentivirus production 

Adherent cells 

PC3 Human prostate cancer, male (64) Adherent cells 

 

Cultivation media – KOPT-K1 Cas9  

Advanced RPMI 1640 medium (GibcoTM) 

with 10% (v/v) heat inactivated and sterile filtered fetal bovine serum (FBS; GibcoTM) 

1% (v/v) L-Glutamine (GibcoTM) 

1% (v/v) Penicillin-Streptomycin solution; 100x (Biowest®) 

0.01 mg/ml Blasticidin (InvivoGen) 

 

Cultivation media – KOPT-K1 and Jurkat 

Advanced RPMI 1640 medium (GibcoTM) 

with 10% (v/v) heat inactivated and sterile FBS (GibcoTM) 

1% (v/v) L-Glutamine (GibcoTM) 

1% (v/v) Penicillin-Streptomycin solution; 100x (Biowest®) 
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Cultivation media – adherent cells  

DMEM (1x) + GlutaMAXTM (GibcoTM) 

with 10% (v/v) sterile FBS (GibcoTM)  

1% (v/v) Penicillin-Streptomycin solution; 100x (Biowest®)  

 

Trypsin and PBS 

Trypsin-EDTA 1x in solution, sterile filtered (Biowest®) 

Dulbecco’s phosphate buffered saline (DPBS; Sigma®Life Science) 

 

Cell counting 

Sterile filtered trypan blue solution (Sigma®Life Science) 

Neubauer chamber (Blaubrand) 

 

2.1.2 Western blotting 

1.5 M Tris-HCl 

1.5 M Tris (Sigma®Life Science) 

pH 8.8 (with HCl) 

 

1 M Tris-HCl 

1 M Tris (Sigma®Life Science) 

pH 6.8 (with HCl) 

 

10x Tris-buffered saline (TBS) 

0.5 M Tris-HCl 

pH 8.0 (with HCl) 
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10x Tris-glycine buffer 

1.92 M Glycine (Roth®) 

0.25 M Tris (Sigma®Life Science) 

 

1x TBS-T 

1x TBS 

0.1% (v/v) Tween®20 (Sigma®Life Science)  

 

1x Running buffer 

0.1% (v/v) Sodium dodecyl sulfate (SDS; Roth®) 

1x Tris-glycine buffer 

 

1x Transfer buffer 

20% (v/v) Methanol (Sarlab S. L.) 

1x Tris-glycine buffer 

 

6x Protein loading dye (Lämmli buffer) 

0.03 mM Bromophenol blue (Sigma®Life Science) 

0.259 M Dithiothreitol (DTT; Thermo ScientificTM) 

16% (v/v) Glycerol (Roth®) 

1.6% (v/v) SDS (Roth®) 

0.02 M Tris (Sigma®Life Science) 

pH 6.8 
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Immunoprecipitation (IP) buffer 

25 mM HEPES solution pH 7 (Sigma®Life Science) 

25 mM Tris-HCl; pH 7.5 

150 mM NaCl (Sigma®Life Science) 

10 mM EDTA (AppliChem) 

0.1% (v/v) Tween®20 (Sigma®Life Science) 

0.5% (v/v) Nonidet® P-40 (Sigma®Life Science) 

1 mM Na3VO4 (Aldrich Chemistry) 

1 mM NaF (Sigma®Life Science) 

10 μg/ml Leupeptin (Alfa Aesar) 

10 μg/ml Aprotinin (Merck) 

1 mM PMSF (Sigma®Life Science) 

1x cOmpleteTM, EDTA-free protease inhibitor cocktail (Roche) 

 

Bradford assay for protein concentration determination 

5x Protein assay dye reagent concentrate (Bio-Rad) 

Braun water (B. Braun Meisungen AG) 

Bovine serum albumin (BSA; Sigma®Life Science) 

 

8% SDS-running gel 

8% Acrylamide mix (Roth®) 

1% SDS (Roth®) 

390 mM Tris-HCl; pH 8.8 

0.1% Ammonium persulfate (APS; Sigma®Life Science) 

0.06% TEMED (Sigma®Life Science) 

 

5% SDS-Stacking gel 

5% Acrylamide mix (Roth®) 
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1% SDS (Roth®) 

130 mM Tris-HCl; pH 6.8 

0.1% APS (Sigma®Life Science) 

0.001% TEMED (Sigma®Life Science) 

 

Blocking solution 

5% Albumin Fraction V (Roth®) in TBS-T 

 

Protein Ladder 

PageRulerTM (Thermo ScientificTM) 

 

Antibodies for Western blot 

Table 2: Primary antibodies diluted in TBS-T. 

Antibody Cat # Company Dilution Size [kDa] Host 

FLAG-tag F3165 Sigma®Life Science 1:5000  Mouse 

Cas9 14697 
Cell Signalling 

Technology 
1:1000 160 Mouse 

𝜶 −Tubulin sc-32293 
Santa Cruz 

Biotechnology  
1:5000 50 Mouse 

 

Table 3: Secondary antibodies from LI-COR TM diluted 1:10000 in TBS-T. 

Antibody 
Target Host 

IRDye® 680RD Goat anti-Mouse IgG  Anti-mouse Goat 

IRDye® 800CW Goat anti-Rabbit IgG  Anti-rabbit Goat 
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2.1.3 Single guide (sg)RNA cloning 

Target gene list 

Table 4: A target gene list of 46 target genes downstream of the JAK/STAT pathway was 

generated using Ba/F3 and TCL38 RNA seq data by Christina Wagner (University of 

Veterinary Medicine, Vienna). 

Gene Protein Key functions 

ALYREF THO complex subunit 4 (THO4) Nuclear export of mRNA 

APEX1 
DNA-(apurinic or apyrimidinic site) 

endonuclease (APEN) 
DNA repair, oxidative stress 

AURKB Aurora kinase B (AURKB) Regulation of mitosis 

BARD1 
BRCA1 associated RING domain 1 

(BARD1) 
DNA repair 

BCL2L1 
B-cell lymphoma 2 (BCL2) like protein 

1 (BCL-xL) 
Apoptosis/ Survival 

BIRC5 
Baculoviral IAP repeat-containing 

protein 5 (Survivin) 
Apoptosis/ Survival 

BLM RecQ-like DNA helicase (BLM) DNA replication/ repair 

BRCA1 
Breast cancer type 1 susceptibility 

protein (BRCA1) 
DNA repair 

BUB1 
Mitotic checkpoint serine/threonine-

protein kinase BUB1 (hBUB1) 
Regulation of mitosis 

BUD31 BUD31 Homolog (BUD31) Pre-mRNA splicing 

CCNE2 G1/S-specific cyclin-E2 (CCNE2) Cell cycle progression 

CDC25A 
M-phase inducer phosphatase 1 

(CDC25A) 
Regulation of mitosis 

CDC6 Cell division control protein 6 (CDC6) DNA replication initiation 

CDC7 Cell division control protein 7 (CDC7) DNA replication initiation 

CENPE Centromere protein E (CENP-E) Cell division 

CENPM Centromere protein M (CENP-M) Cell division 
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CENPW Centromere protein W (CENP-W) Cell division 

CHAF1B 
Chromatin assembly factor 1 subunit B 

(CAF-1 subunit B) 
DNA replication/ repair 

CHEK1 Checkpoint kinase 1 (CHK1) Cell cycle, DNA repair 

E2F1 E2F transcription factor 1 (E2F-1) Cell cycle, DNA replication 

FEN1 
Flap structure-specific endonuclease 1 

(FEN-1) 
DNA replication/ repair 

HMGB1 High mobility group box 1 (HMG-1) DNA replication/repair 

KNTC1 Kinetochore associated 1 (HsROD) Regulation of mitosis 

KPNB1 
Karyopherin subunit beta 1 (Importin-

90) 
Nuclear protein import 

MCM4 
Minichromosome maintenance 

complex component 4 (MCM4) 
DNA replication initiation 

MCM5 
Minichromosome maintenance 

complex component 5 (MCM5) 
DNA replication initiation 

MTHFD2 

Bifunctional methylenetetrahydrofolate 

dehydrogenase/cyclohydrolase, 

mitochondria (MTHFD2) 

Required for magnesium 

and inorganic phosphate 

MYC MYC proto-Oncogene (MYC) Transcription factor  

NDUFB6 
NADH:ubiquinone oxidoreductase 

subunit B6 (complex I-B17) 
Electron transport chain 

NEK6 
Serine/threonine-protein kinase Nek6 

(NEK6) 
Regulation of Mitosis 

NUF2 Kinetochore protein Nuf2 (NUF2) Cell division 

NUP37 Nucleoporin 37 (p37) Nuclear pore complex 

PCNA 
Proliferating cell nuclear antigen 

(PCNA) 
DNA replication 

PHGDH 
D-3-phosphoglycerate dehydrogenase 

(PHGDH) 
Amino acid synthesis 

PSMA5 
Proteasome 20S subunit alpha 5 

(PSMA5) 
Protein degradation 



 26 

PSMB2 
Proteasome 20S subunit beta 2 

(PSMB2) 
Protein degradation 

PSMD1 
Proteasome 26S subunit, non-ATPase 

1 (PSMD1) 
Protein degradation 

RAD51 
DNA repair protein RAD51 homolog 1 

(RAD51) 
DNA repair 

RMI2 
RecQ-mediated genome instability 

protein 2 (RMI2) 
DNA repair 

RPM2 
Ribonuclease P protein component, 

mitochondrial (RPM2) 
Degradation of RNA 

STAT5B 
Signal transducer and activator of 

transcription 5B (STAT5B) 
Transcription factor 

TFDP1 Transcription factor Dp-1 (TFDP1) DNA replication 

TYMS Thymidylate synthetase (TS) Nucleotide biosynthesis 

UBE2N 
Ubiquitin-conjugating enzyme E2 N 

(UBE2N) 
DNA replication/ repair 

VEGFA 
Vascular endothelial growth factor A 

(VEGF-A) 
Angiogenisis 

YBX1 Y-box binding protein 1 (YBX1) 
DNA repair, transcriptional 

regulation 

 

Annealing and phosphorylation 

T4 Polynucleotide Kinase (PNK; M0201L; NEB®) 

10x T4 ligation buffer with ATP (B0202S; NEB®) 

 

Restriction reaction 

BsmBI (R07395; NEB®) 

NEBufferTM 3.1 (B6003S; NEB®) 
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Dephosphorylation 

10x AP Buffer (Thermo ScientificTM) 

Fast AP (Thermo ScientificTM) 

 

Ligation 

T4 DNA ligase (M0202M; NEB®) 

10x T4 ligation buffer with ATP (B0202S; NEB®) 

 

LentiGuide-Puro-P2A-EGFP vector for sgRNA cloning 

 

 

Figure 7: Empty LentiGuide Puro-P2A-EGFP vector for sgRNA cloning (image: 

AddGene.com). Insert: sgRNA (supplementary, Table 11) 
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LentiCas9-Blast vector  

 

2.1.4 Bacterial cell cultivation 

Growth Medium 

LB medium (Roth®) 

 

LB plates 

LB agar (Sigma®Life Science) heated until dissolved 

added 100 μg/ml Carbenicillin (Roth®) 

 

Figure 8: LentiCas9-Blast vector (image: AddGene.com) for the generation of a KOPT-

K1 Cas9 expressing cell line. 
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Transformation medium 

SOC outgrowth medium (NEB®) 

 

Competent E. coli 

STBL3TM (provided by Florian Grebien, University of Veterinary Medicine, Vienna) 

 

Plasmid preparation 

High Pure Plasmid Isolation Kit (Roche) – used as instructed by the manufacturer. 

 

2.1.5 Sequencing  

Table 5: Primer for sgRNA sequencing (designed by Christina Wagner, provided by IDT). 

Name Target Sequence (5’ – 3’) 

guide_fwd1 sgRNA GACTATCATATGCTTACCGT 

 

2.1.6 Transient transfection  

Opti-MemTM reduced serum medium (GibcoTM) 

Lipofectamine®2000 reagent (Invitrogen) 

PEI 2.0 (provided by Florian Grebien, University of Veterinary Medicine, Vienna) 

 

2.1.7 Transduction 

Polybrene (8 mg/ml, sterile filtered, Sigma®Life Science) 

 

2.1.8 Cytotoxicity assay  

CellTiter-Blue® Cell Viability Assay (Promega) 
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Table 6: Inhibitors used for cytotoxicity assays. (source: Drugs@FDA: FDA-Approved Drugs, 

2023) 

Name Inhibitor Source FDA  

AZD-4320 BCL-xL inhibitor MedChemExpress Not approved 

Barasertib AURKB inhibitor MedChemExpress Not approved 

Bevacizumab VEGF antibody MedChemExpress Approved 

BN82002 CDC25 inhibitor MedChemExpress Not approved 

Bortezomib Proteasome inhibitor MedChemExpress Approved 

Floxuridine Antimetabolite  MedChemExpress Approved 

ML216 BLM inhibitor MedChemExpress Not approved 

NSC697923 UBE2N inhibitor  MedChemExpress Not approved 

Olaparib PARP inhibitor MedChemExpress Approved 

Paclitaxel Microtubule stabilizer MedChemExpress Approved 

Prexasertib CHK inhibitor MedChemExpress  Not approved 

 

 

2.2 Methods 

2.2.1 Cultivation of mammalian cells 

Mammalian cells (Table 1) were cultivated in their respective media in a density of 

approximately 106 cells/ml, counted with Trypan blue and a Neubauer chamber 

(Blaubrand). The cells were kept at 37°C with 5% CO2 in a humid environment and 

were regularly tested for Mycoplasma with the MycoAlertTM mycoplasma detection kit 

(Lonza). For long-term storage at -80°C, the cells were centrifuged (300 g, 5 min) and 

resuspended in 1 ml freezing-medium consisting of 90% FBS (GibcoTM) and 10% 

DMSO (Roth®). The cell suspension was transferred to cryogenic vials (Greiner bio-

one) and frozen at -80°C in a controlled-rate cell-freezing container (Corning®Cool 

Cell®). Cells were thawed in a 37°C water bath and washed with pre-warmed fresh 

media (centrifugation at 300 g, 5 min) before taking them into their respective culture 

conditions. 
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2.2.2 Western blotting 

2.2.2.1 Protein extraction 

Adherent cells 

The DMEM medium was exchanged for 5 ml cold PBS and the cells were scraped off 

with a cell scraper and transferred to a fresh tube. An additional 5 ml cold PBS was 

added to the dish to retrieve the remaining cells. After centrifugation at 300 g and 4°C 

for 5 min the PBS was removed. The cells were washed a second time with 1 ml PBS 

in 1.5 ml Eppendorf tubes. The pellets were then snap-frozen for long-term storage at 

-80°C. The pellets were resuspended in 30 – 100 μl IP buffer depending on the size. 

The samples were rotated with the STR4 rotating shaker system (Cole-Parmer®) at 

4°C for 30 min and then centrifuged at 16000 g at 4°C for 15 min. The resulting lysate 

contained the proteins. 

 

Suspension cells 

The suspension cells were added to 5 ml cold PBS and centrifuged at 300 g and 4°C 

for 5 min. The supernatant was discarded, and the cells were washed a second time 

with cold PBS in a 1.5 ml Eppendorf tube. The remaining protein extraction was done 

in accordance with the protein extraction for adherent cells. 

 

2.2.2.2 Bradford assay 

The Bradford assay was done with the 5x protein assay dye reagent concentrate (Bio-

Rad), diluted with Braun water (B. Braun Meisungen AG) to 1x its concentration. A 

standard curve was prepared containing 1 μl of IP buffer and 0 μg/ml, 1 μg/ml, 2 μg/ml, 

4 μg/ml, 8 μg/ml, or 16 μg/ml BSA (Sigma®Life Science). The samples were mixed 

with 1 ml of diluted assay dye and 1 μl of lysate. The absorbance of each standard 

and sample was measured at 595 nm using the BioPhotometer plus (Eppendorf). The 

protein concentration was calculated with the linear equation of the BSA standard 

curve. 
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2.2.2.3 Western blot analysis 

The Western blot samples were prepared by diluting the lysate with IP buffer and 

Lämmli buffer to a concentration of 1 – 1.5 μg/μl. The proteins were denatured at 95°C 

for 5 min before 20 μl of the sample was loaded onto the gel. The SDS-PAGE (sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis) ran for 1-2 h at 150 V. The 

proteins were transferred from the gel to a nitrocellulose membrane. For the transfer, 

a 'sandwich' with the following layers was assembled: a sponge, two Whatman filter 

papers, the gel, a nitrocellulose membrane, two Whatman filter papers and finally a 

sponge again. The transfer was executed overnight at 4°C with 120 mA. The proteins 

were blocked with BSA (Sigma®Life Science) in TBS-T for 1 h while gently shaking. 

The membrane was incubated on the shaker with the primary antibody for 1 h and 

with the secondary antibody for 45 min in the dark. Between each antibody, the 

membrane was washed three times with TBS-T for 5 min. The membrane was stored 

in 1x TBS for scanning with the Odyssey® Imaging System. 

 

2.2.3 CRISPR/Cas9 screen 

2.2.3.1 sgRNA cloning 

sgRNA annealing and phosphorylation 

The 92 sgRNAs (supplementary, Table 11) were provided in a 96-well plate by IDT. 

Each well contained the forward and reverse oligomer (Figure 9) with the specific 

overhang to allow ligation with the sticky-ends of the BsmBI digestion which needed 

to be annealed and phosphorylated before starting the cloning process into the 

LentiGuide Puro-P2A-EGFP vector (Figure 7). Firstly, 2 μl of a master mix containing 

0.4 μl 10x T4 ligation buffer with ATP (B0202S; NEB®), 0.2 μl of T4 PNK (M0201L; 

NEB®) and 1.4 μl of dH20 was distributed across a 96-well plate. Secondly, 2 μl of the 

sgRNA was mixed with the master mix. The annealing and phosphorylation were 

performed with the program shown in Table 7. A 1:2000 dilution in dH2O of the 

annealed and phosphorylated sgRNAs was prepared for the cloning process. 
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Table 7: sgRNA annealing and phosphorylation program. 

Temperature Time 

37°C 30 min 

95°C 5 min 

25°C 0.1°C/s 

4°C ∞ 

 

Ligation of sgRNA and LentiGuide Puro vector 

The LentiGuide Puro-P2A-EGFP vector (Figure 7) was digested with BsmBI 

(R07395; NEB®; Figure 10) and dephosphorylated with Fast AP (Thermo ScientificTM) 

according to the manufacturer's instruction by Gabriele Manhart (University of 

Veterinary Medicine, Vienna). For the ligation reaction, 2 μl of the 1:2000 diluted 

sgRNAs were mixed with 2 μl of the master mix comprised of 40 ng of digested and 

dephosphorylated vector, 0.4 μl of 10x T4 ligation buffer with ATP (B0202S; NEB®), 

0.2 μl of T4 DNA ligase (M0202M; NEB®) and filled up with dH2O. The ligation reaction 

was incubated for 20 min at room temperature. Lastly, the ligation reaction was diluted 

with 6 μl of dH2O. 

 

 

 

 

Figure 9: Oligomer sequence for sticky-end ligation of sgRNAs with the BsmBI-digested 

LentiGuide Puro-P2A-EGFP vector (sgRNA sequence substituted by N). 
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Transformation of sgRNA-plasmid with STBL3TM competent E. coli 

For the transformation, 10 μl of STBL3TM (kindly provided by Florian Grebien, 

Veterinary University of Vienna) were gently mixed with 2 μl of the ligation reaction 

and incubated for 5 min on ice. The heat shock was performed for 30 sec at 42°C, 

followed by another incubation for 1 min on ice. Pre-warmed SOC medium (30°C, 180 

μl) was added for the outgrowth phase of 1 h at room temperature (not shaking). 5 μl 

of the transformation reaction was streaked on LB-agar plates. The plates were 

incubated overnight at 37°C. For the plasmid extraction, one single colony per 

construct was picked and two wells of a 96-deep well plate with 1.2 ml LB medium 

were inoculated. After overnight incubation at 37°C, the High Pure Plasmid Isolation 

Kit (Roche) was used to extract the plasmid according to the manufacturer’s 

instructions. The correct integration of the sgRNA was verified by Sanger sequencing 

(Table 5) by Microsynth Austria GmbH according to the company’s instructions. The 

sequence analysis was done with Python (Biopython package; Cock P.J. et al., 2009) 

and SnapGene Viewer. 

 

2.2.3.2 Single cell clone seeding 

The KOPT-K1 Cas9 cell suspension (Table 1) was diluted to 5 cells/ml in 30 ml RPMI 

to generate single cell clones (SCC). The 30 ml cell suspension was applied to a 70 

μm cell strainer to separate the cells. The remaining undiluted cell suspension of 

approximately 10 ml was centrifuged (5 min, 300 g) and then applied to a sterile filter 

(0.22 μm) to gain a conditioned medium. The conditioned medium was combined with 

Figure 10: BsmBI restriction site. (Source: SnapGene Viewer) 
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the 30 ml cell suspension and expanded with fresh RPMI to a total volume of 60 ml. 

The cell suspension was mixed with 0.01 mg/ml Blasticidin (InvivoGen) to select for 

Cas9-positive cells. 200 μl cell suspension per well was distributed across 3 96-well 

plates, resulting in statistically 0.5 cells per well. The SCC were kept under continuous 

Blasticidin selection and transferred to bigger wells once outgrowth was visible. 

 

2.2.3.3 Transient transfection 

Transient transfection for Western blot 

HEK293T cells (Table 1) were used for the transient transfection to determine protein 

expression from a plasmid via Western blot. Cells were counted with the Neubauer 

chamber (Blaubrand) and 2 million cells in 4 ml DMEM medium were seeded into 60 

(mm)2 dishes. The cells were incubated for 24 h at 37°C until a confluency of 70% 

was reached. Two tubes with 250 μl Opti-MemTM (GibcoTM) were prepared. 15 μl of 

Lipofectamine®2000 reagent (Invitrogen) were added to the first tube, followed by 

incubation at room temperature for 5 min. To the second tube, 5 μg of plasmid were 

added. The two tubes were combined (total 500 μl) and incubated again for 15 min. 

Meanwhile, the DMEM medium of the HEK293T cells was exchanged for 3.5 ml of 

fresh medium. The Opti-MemTM-mixture was added to the HEK293T cells dropwise. 

The dish was shaken gently and then incubated for 24 h. After 24 h the cells were 

harvested for a Western blot. 

 

Transient transfection for virus production for the initial CRISPR/Cas9 screen 

The initial screen was performed with positive (AAVS1) and negative (RPL17) sgRNA 

controls (supplementary, Table 11) to determine a functional KOPT-K1 Cas9 SCC. A 

similar protocol to the transient transfection for Western blot was followed; however, 

LentiX 293T cells (Table 1) were used and incubated for 6 h at 37°C before the 

plasmids were added. Two tubes for each construct with 250 μl Opti-MemTM (GibcoTM) 

were prepared. 10 μl of Lipofectamine®2000 reagent (Invitrogen) were added to the 

first tube. To the second tube, the control and packaging plasmids (Table 8) were 
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added. The medium was exchanged with 5 ml fresh RPMI medium after a 24 h 

incubation time at 37°C with the plasmids. The LentiX 293T cells were incubated 

again overnight for virus production in the RPMI medium. 

 

Table 8: Plasmids for the transient transfection for initial CRISPR/Cas9 screen. 

Plasmid Amount [μg] Function 

AAVS1-LentiGuide Puro 3 Negative control 

RPL17-LentiGuide Puro 3 Positive control 

psPAX2 1.88 Viral packaging plasmid 

pMD2g 1.1 Viral packaging plasmid 

 

Transient transfection for virus production for the CRISPR/Cas9 screen 

Approximately 4 x 106 cells LentiX 293T cells were cultivated in 10 ml DMEM medium 

in 10 (cm)2 dishes overnight to a confluency of 80 – 90%. The LentiX 293T cells were 

harvested and resuspended again in 10 ml DMEM medium. 270 μl of this cell 

suspension and 1.5 ml fresh DMEM medium were seeded into one well of a 6-well 

plate per sgRNA-LentiGuide Puro construct (supplementary, Table 11). The 6-well 

plates were incubated overnight before the transient transfection was performed. A 

master mix containing 152 μl plain DMEM, 0.346 μg psPAX2 and 0.173 μg pMSD2g 

was prepared. In a 96-well plate, the master mix was mixed with 0.69 μg of the 

construct. To each construct, 3.6 μl of PEI 2.0 (kindly provided by Florian Grebien, 

University of Veterinary Medicine, Vienna) was added followed by a 20 min incubation 

time. The plasmids were added to the LentiX 293T cells for overnight incubation at 

37°C. The medium was exchanged with 2 ml fresh RPMI medium and the LentiX 293T 

cells were incubated again overnight for virus production in the RPMI medium. 

 

2.2.3.4 Virus harvest for the CRISPR/Cas9 screen 

The transiently transduced LentiX 293T cells produce the Lentivirus; thus, the virus is 
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contained in the RPMI medium. The supernatant medium was transferred to a fresh 

tube or plate to retrieve the virus. To remove detached cells, the tube/plate was 

centrifuged (300 g, 5 min) and the supernatant was again transferred to a fresh 

tube/plate. The viral media was stored at 4°C. 

 

2.2.3.5 Transduction for the CRISPR/Cas9 screen 

KOPT-K1 Cas9 cells (Table 1) were transduced with Lentivirus containing the sgRNA. 

1 million cells in 0.5 ml of fresh RPMI medium and 0.5 ml of the virus medium were 

seeded into one well of a 24-well plate. Polybrene (0.008 mg/ml final concentration; 

Sigma®Life Science) was added to the well to facilitate the transduction. A spinfection 

(75 min, 900 g) was performed followed by overnight incubation at 37°C. The plates 

were centrifuged (5 min, 300 g) to remove the virus supernatant. Fresh RPMI medium 

was added, and the cells were incubated again for 48 h until the first measurement 

for GFP-positive cells. 

 

2.2.3.6 CRISPR/Cas9 screen analysis 

Cell cultivation and sample preparation 

The KOPT-K1 Cas9 cells were split 1:5 and measured for GFP expression every 3 - 

4 days for 2 - 3 weeks. For each measurement, 150 μl of cell suspension was 

transferred into a U-bottom 96-well plate and washed twice with PBS. The cells were 

resuspended in 100 μl PBS for measurement with the IQue Screener Plus (Intellicyt, 

equipped with plate reader, blue (488 nm) and red (640 nm) laser). 

 

Gating strategy and evaluation of GFP expression with the IQue Screener 

The Forecyt software for the IQue Screener was used to evaluate the competition 

assay and determine the percentage of GFP-positive cells for each sgRNA construct. 

Firstly, the living cells were gated. A gate was set to focus on the singlets and lastly, 

the GFP-positive singlets were gated (Figure 11). The percentage of GFP-positive 
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singlets per construct was visualized as a heatmap. 

 

 

Data analysis and statistics 

The data was evaluated using Microsoft Excel and an R script according to Proietti et 

al. 2022. The measurement 48 h after virus removal was normalized to the negative 

control (AASV1 sgRNA; Equation 2). Each following measurement was normalized 

to the first measurement (Equation 1) and to the negative control (Equation 2). 

 

Equation 1: Normalization to day 2 (first measurement). 

%𝐺𝐹𝑃𝑛𝑜𝑟𝑚𝐷𝑎𝑦2 =
%𝐺𝐹𝑃𝐷𝑎𝑦𝑋

%𝐺𝐹𝑃𝐷𝑎𝑦2
 

 

Equation 2: Normalization to the negative control (AASV1). 

%𝐺𝐹𝑃𝑠𝑎𝑚𝑝𝑙𝑒,𝑛𝑜𝑟𝑚𝐷𝑎𝑦2+𝑛𝑜𝑟𝑚𝐴𝐴𝑉𝑆1 =
%𝐺𝐹𝑃𝑠𝑎𝑚𝑝𝑙𝑒,𝑛𝑜𝑟𝑚𝐷𝑎𝑦2

%𝐺𝐹𝑃𝐴𝐴𝑉𝑆1,𝑛𝑜𝑟𝑚𝐷𝑎𝑦2
 

 

The normalized values were either visualized as a bar graph using Microsoft Excel or 

as a heatmap using R. The area under the curve (AUC) was calculated for each 

construct which shows the overall depletion of each construct in a condensed format. 

Figure 11: Gating strategy for the evaluation of GFP percentage during the 

CRISPR/Cas9 screen. 
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2.2.4 Cytotoxicity  

2.2.4.1 Cytotoxicity assay  

Cytotoxicity assays were performed with the KOPT-K1 and Jurkat cell lines and the 

PC3 cell line (Table 1) functioning as a control. The cells were incubated for 72 h with 

decreasing concentrations of the inhibitor (Table 6) and the viability of the cells was 

evaluated with the CellTiter-Blue® Cell Viability Assay (Promega). The inhibitors were 

diluted in RPMI medium to twice the starting concentration and 100 μl were 

transferred to three wells (technical triplicates) of a 96-well plate. The 1:2 serial 

dilution was performed with RPMI medium adjusted with DMSO (Roth®) to account 

for the drug vehicle. One additional column of the 96-well plate was filled with 50 μl of 

plain RPMI medium as a negative control and another with 10 μM Bortezomib as a 

positive control. 1 million cells per drug were centrifuged (5 min, 300 g) and 

resuspended in 2 ml fresh RPMI and 50 μl of cell suspension was added to each well 

and incubated at 37°C. 

 

2.2.4.2 Cytotoxicity assay analysis 

The cytotoxicity assays were evaluated using 20 μl CellTiter-Blue® (Promega) diluted 

1:5 in PBS per well. After a 1 – 2 h incubation time, the fluorescence was measured 

with the Promega Plate Reader according to the manufacturer's instructions 

(Promega Cooperation, 2016). The data were analysed and visualized using the 

GraphPad Prism 9 program. 

 

2.2.5 Statistics 

When applicable, statistics were calculated using one-way analyses of variance 

(ANOVA; unless otherwise stated) using the GraphPad Prism 9 software. 
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3 Results  

3.1 CRISPR/Cas9 screen 

T-ALL patients often harbour the GOF mutations STAT5BN642H or JAK3M511I (Pham et 

al., 2018; Vicente et al., 2015). Moreover, the genetically engineered GOF 

STAT5AS710F mutation was previously shown to induce a peripheral T-cell lymphoma-

like phenotype in mice (Maurer et al., 2020; Moriggl et al., 2005; Onishi et al., 1998). 

Ba/F3 cell lines overexpressing the aforementioned GOF mutations or the respective 

wt protein were previously established in our lab. The Ba/F3 cell lines are dependent 

on the cytokine mIL-3 and are therefore suitable for the study of the cytokine-induced 

JAK/STAT pathway and the transforming capacities of the GOF mutations. The Ba/F3 

cell lines were used to explore the transcriptional changes induced by the GOF 

mutations via RNA seq. The Ba/F3 RNA seq data were overlapped with the TCL38 

RNA seq data to find human T-cell cancer-relevant target genes. The target gene list 

was reduced by prioritizing genes that are well characterized, known to be implicated 

in other cancers, or have available inhibitors. In total, we selected 44 target genes 

and additionally two control genes (a total of 46 target genes; Table 4) to target with 

a focused CRISPR/Cas9 screen. The control genes, MYC and STAT5B, served as 

biological positive controls for JAK/STAT signalling specifically. 

 

3.1.1 sgRNA cloning 

Christina Wagner designed two sgRNAs for each of the 46 target genes 

(supplementary, Table 11, using the https://vbc-score.org tool) resulting in 92 unique 

sgRNAs. Each sgRNA has a length between 18 and 21 nucleotides and is located 

between a sequence (Figure 9) matching the restriction site of the BsmBI restriction 

enzyme (Figure 10; Shalem et al., 2014). These short sequences are necessary for 

the sticky-end ligation of the sgRNA into the BsmBI-digested LentiGuide Puro-P2A-

EGFP vector (Figure 7). The sgRNAs were provided by IDT as oligomers which 

needed to be annealed and phosphorylated for the cloning process. Subsequently, 

we cloned the sgRNAs into the GFP-positive vector. The GFP marker gene will allow 
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monitoring of the depletion of the transduced cells during the CRISPR/Cas9 screen. 

We were able to clone 91 out of 92 sgRNAs successfully. However, one of the two 

constructs targeting CENPW lacked the concentration for the CRISPR/Cas9 screen. 

In total, 43 of 44 target genes will be covered by two independent sgRNAs and one 

target gene will be covered by one sgRNA during the CRISPR/Cas9 screen. 

 

3.1.2 Transient transfection of HEK293T with the Cas9 plasmid 

The target cell line of the CRISPR/Cas9 screen was the T-ALL cell line KOPT-K1 

(Table 1). This cell line was isolated from a Japanese boy who succumbed to T-ALL 

at the age of seven and harbours a biallelic STAT5BN642H mutation (Suske et al., 

2022). The KOPT-K1 cell line is part of the TCL38 RNA seq dataset that was used to 

compile the target gene list for the CRISPR/Cas9 screen. This specific cell line was 

chosen as the target cell line because of the biallelic STAT5BN642H mutation and 

because of its close clustering to the Ba/F3 RNA seq data. Before Christina Wagner 

established a stable Cas9-expressing cell line (KOPT-K1 Cas9), the Cas9 expression 

potential from the LentiCas9-Blast vector (Figure 8) was verified. 

 

We tested the Cas9 expression potential from the plasmid by transiently transfecting 

HEK293T cells with the vector and detecting the Cas9 protein by Western blot. The 

Western blot of the transient transfection (Figure 12 a) shows a clear signal for the 

Cas9 protein (160 kDa) for the transiently transfected HEK293T cells. Thus, the 

Western blot confirms a functional LentiCas9-Blast vector that can be used to 

establish a Cas9-expressing cell line KOPT-K1 Cas9. Additionally, the Western blot 

validated the functionality of our Cas9 antibody and thus our tool to detect successfully 

transduced KOPT-K1 cells and KOPT-K1 Cas9 single cell clones (SCC). 

 

After Christina Wagner transduced the KOPT-K1 cell line with the LentiCas9-Blast 

vector a Western blot was done to confirm Cas9 expression. The Western blot shows 

a signal for the Cas9 protein (Figure 12 b), indicating a successful transduction.  
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3.1.3 Single cell clone seeding 

We generated SCC from the KOPT-K1 Cas9 cell line (Table 1) to ensure the same 

cellular background for each Cas9 knock-out during the CRISPR/Cas9 screen. We 

seeded statistically 0.5 cells/well in 864 wells (9 x 96-well plates). The Cas9 protein 

is coupled to a Blasticidin-resistance gene to allow the selection of Cas9-positive cells. 

The KOPT-K1 Cas9 cells were selected with Blasticidin after the LentiCas9-Blast 

vector transduction to determine transduced from untransduced cells; after the 

selection, the transduced KOPT-K1 Cas9 cells should subsequently express Cas9 

and thus the Blasticidin selection pressure was lifted. We seeded and expanded the 

first two rounds of SCC (3 x 96-well plates each), therefore, in RPMI medium without 

the addition of Blasticidin. However, the Western blot analysis of outgrown KOPT-K1 

Cas9 SCC lacked Cas9 expression (data not shown). Therefore, KOPT-K1 Cas9 SCC 

stored at -80°C for long-term storage were thawed and re-selected with Blasticidin for 

4 weeks. Meanwhile, we seeded a third round of SCC (3 x 96-well plates), which were 

kept under continuous Blasticidin selection pressure to assure continuous Cas9 

expression. The Blasticidin re-selection of the first two rounds of SCC was survived 

Figure 12: (a) Western blot analysis of transiently transfected HEK293T cells with 

LentiCas9-Blast vector. Non-transfected HEK239T cells served as a control. (b) Western 

blot analysis of Cas9-transduced KOPT-K1 cells. Parental KOPT-K1 cells served as a 

control. Both Western blots: the Cas9 protein was detected with the Cas9 antibody and α-

tubulin was used as a loading control. Experiment performed once (n=1) and represents only 

technical validation insight. 
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by 34 of over 40 KOPT-K1 Cas9 SCC (Figure 13, lanes 2 to 37). On the other hand, 

the third round of SCC seeding resulted in two additional KOPT-K1 Cas9 SCC (Figure 

13, lanes 38 and 39). After cell expansion of all 36 KOPT-K1 Cas9 SCC under 

Blasticidin selection pressure, we performed a Western blot to verify the expression 

of Cas9 (Figure 13), of which 21 SCC showed a signal for the Cas9 protein. We used 

the results of the Western blot as a basis for selecting KOPT-K1 Cas9 SCC for the 

initial CRISPR/Cas9 screen. The initial CRISPR/Cas9 screen uses the positive and 

negative sgRNA controls (RPL17 and AASV1) to validate Cas9 protein functionality 

and select a suitable clone for the focused CRISPR/Cas9 screen. 

 

 

 

Figure 13: Western blot analysis of 36 KOPT-K1 Cas9 SCC. The KOPT-K1 Cas9 bulk cell 

line was used as positive control for Cas9 expression. The Cas9 protein was detected by the 

Cas9 antibody and 𝛼 −tubulin was used as loading control. Experiment performed once (n=1) 

and represents only technical validation insight. 
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3.1.4 Initial CRISPR/Cas9 screen 

The purpose of the initial CRISPR/Cas9 screen was to find a KOPT-K1 Cas9 SCC 

expressing a functional Cas9 protein. Control sgRNAs were used to determine this 

KOPT-K1 Cas9 SCC: a suitable SCC with a functional Cas9 protein should die with 

the positive control (RPL17 sgRNA; loss of essential gene) and survive with the 

negative control (AAVS1 sgRNA; loss of safe harbour locus).  

 

We tested 21 KOPT-K1 Cas9 SCC (Figure 13) during the initial screen for their 

reaction to the control sgRNAs. We transiently transfected the LentiX 293T (Table 1) 

cells with the control sgRNA as well as two lentiviral packaging plasmids (Table 8) for 

virus production. Each KOPT-K1 Cas9 SCC was transduced separately with the 

positive or negative control. Two days after virus removal the first measurement for 

GFP expression was conducted with the IQue screener. The functionality of the Cas9 

protein in the KOPT-K1 Cas9 SCC can be linked to the GFP expression percentage: 

The control plasmids include a GFP marker gene, and its continuous expression 

indicates that the sgRNA does not target an essential gene (AAVS1); however, its 

depletion indicates that the GFP-expressing cells are dying because the sgRNA target 

is vital (RPL17). The efficiency of the transduction should be above 20% GFP-positive 

cells on the first measurement for a reliable evaluation. This transduction efficiency 

was reached by nine KOPT-K1 Cas9 SCC: C6.3, D10.3, E4.2, G111, F31, G2.2, G6, 

G63 and G73. The presence of GFP-positive cells was monitored over 16 days with 

5 measurements. Each measurement was normalized to the first measurement. 

Figure 14 shows the quantification of GFP-positive cells for these nine SCC as a 

percentage of single cells normalized to the first measurement. The SCC G63 and G6 

showed the desired trend with stable GFP expression in the negative control and 

decreasing GFP expression in the positive control, indicating a functional Cas9 

protein. The KOPT-K1 Cas9 SCC G6 was chosen for the focused CRISPR/Cas9 

screen. 
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Figure 14: An initial CRISPR/Cas9 screen with positive (RPL17 sgRNA) and negative (AASV1 

sgRNA) controls to determine a suitable KOPT-K1 Cas9 SCC for the focused CRISPR/Cas9 

screen. The depletion of cells due to the sgRNA knock-out was detected by monitoring the 

associated GFP signal with the IQue screener. The graph shows the percentage of GFP-

positive cells in five measurements over 16 days normalized to the first measurement. The 

untransduced parental KOPT-K1 cell line was used as a GFP-negative control. Experiment 

was performed once (n=1) and represents only technical validation insight. 
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3.1.5 Focused CRISPR/Cas9 screen 

A target gene list (Table 4) of hyperactive JAK/STAT signalling was compiled by 

combining the RNA seq data of the GOF mutant Ba/F3 cell lines and the human 

TCL38 cell lines. The list consists of 46 target genes, where two sgRNAs were 

designed for each gene. We cloned 91 of 92 sgRNAs successfully thus ensuring that 

each gene, except one, is covered by two independent sgRNAs. The KOPT-K1 SCC 

G6 cells (henceforth referred to as KOPT-K1 Cas9 cells) were lentivirally transduced 

with the sgRNAs during the CRISPR/Cas9 screen. The GFP marker, included in the 

vector, indicates the survival or depletion of the cells due to the sgRNA-targeted 

knock-out, similar to the initial screen. Two days after virus removal, we performed 

the first measurement with the IQue screener to measure the initial percentage of 

GFP-positive cells. 13 sgRNA constructs, BARD1, BRCA1, CENPM, CDC25, E2F1, 

KNTC1, MTHFD2, NUF2, PHGDH, RAD51, RMI2, TFDP1, and YBX1 did not reach a 

sufficient transduction efficiency of approximately 20% or above and were thus 

excluded. Therefore, the 14 target genes overall were targeted by one instead of two 

sgRNAs. We monitored the development of the GFP expression percentage for each 

construct for 20 days with seven measurements. The data evaluation was done 

according to the steps described by Proietti et al. 2022. The first measurement was 

normalized to the negative control (AASV1 sgRNA) and each subsequent 

measurement was normalized to the first measurement as well as the negative 

control. We calculated the area under the curve (AUC) for each construct to quantify 

the depletion in a condensed format. The resulting heatmap (Figure 15) shows the 

sgRNA constructs leading to high depletion (low GFP expression) in red while 

unaffected cells are shown in blue (high GFP expression). Knock-out of the 

CRISPR/Cas9 screen negative control (AASV1) was unaffected, while the positive 

control (RPL17) showed strong depletion, validating that the selected KOPT-K1 Cas9 

SCC behaved as expected with a functional Cas9 protein during the CRISPR/Cas9 

screen. The positive biological controls, known members of STAT5 signalling, also 

depleted during the CRISPR/Cas9 screen validating our results: knock-out of STAT5B 

strongly depleted the cells and the knock-out of downstream target MYC also resulted 

in cell depletion. 
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  Figure 15: The results of the CRISPR/Cas9 screen targeting 46 target genes in KOPT-K1 T-ALL 

cells. The depletion of cells due to the sgRNA-induced knock-out was detected by monitoring the 

associated GFP signal with the IQue screener over 20 days in seven measurements. Each 

measurement was normalized to the first measurement and to the negative control (AASV1). An 

area under the curve (AUC) measurement was calculated for each construct; a lower AUC (red) 

indicates a higher depletion due to the sgRNA-induced knock-out and a higher AUC (blue) 

indicates minimal impact of the gene knock-out on the cells. Experiment was performed once 

(n=1). 
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The 18 sgRNA constructs (excluding controls MYC and STAT5B) shown in Table 9 

have an AUC in the lower third of the spectrum for either both targeting sgRNAs or 

one sgRNA in the cases where the gene was covered by one sgRNA.  

 

Table 9: The focused CRISPR/Cas9 screen of 46 target genes revealed the following 18 

genes with an AUC in the lower third of the AUC spectrum for all targeting sgRNAs per gene. 

Gene Protein Key function 

AURKB Aurora kinase B (AURKB) Regulation of mitosis 

BARD1 BRCA1 associated RING domain 1 

(BARD1) 

DNA repair 

BCL2L1 B-cell lymphoma 2 like protein 1 

(BCL-xL) 

Apoptosis/ Survival 

BIRC5 Baculoviral IAP repeat-containing 

protein 5 (Survivin) 

Apoptosis/ Survival 

BRCA1 Breast cancer type 1 susceptibility 

protein (BRCA1) 

DNA repair 

CDC7 Cell division control protein 7 

(CDC7) 

DNA replication initiation 

CENPE Centromere protein E (CENP-E) Cell division 

CENPW Centromere protein W (CENP-W) Cell division 

CHAF1B Chromatin assembly factor 1 subunit 

B (CAF-1 subunit B) 

DNA replication/ repair 

CHEK1 Checkpoint kinase 1 (CHK1) Cell cycle, DNA repair 

FEN1 Flap structure-specific endonuclease 

1 (FEN-1) 

DNA replication/ repair 

KPNB1 Karyopherin subunit beta 1 

(Importin-90) 

Nuclear protein import 

NUF2 Kinetochore protein Nuf2 (NUF2) Cell division 

PCNA Proliferating cell nuclear antigen 

(PCNA) 

DNA replication 
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PSMD1 Proteasome 26S subunit, non-

ATPase 1 (PSMD1) 

Protein degradation 

RAD51 DNA repair protein RAD51 homolog 

1 (RAD51) 

DNA repair 

TYMS Thymidylate synthetase (TS) Nucleotide biosynthesis 

YBX1 Y-box binding protein 1 (YBX1) DNA repair, transcriptional 

regulation 

 

To summarize, we selected 46 target genes of hyperactive JAK/STAT signalling in 

human T-cell cancers for a focused CRISPR/Cas9 screen in a T-ALL KOPT-K1 Cas9 

cell line which harbours a biallelic STAT5BN642H mutation. Therefore, the Cas9-

expressing cell line KOPT-K1 Cas9 was generated, and SCC were seeded and 

selected for Cas9-functionality. The CRISPR/Cas9 screen resulted in a list of 18 

genes, which led to cell depletion when knocked-out. 

 

 

3.2 Cytotoxicity assay 

Cytotoxicity assays use different concentrations of inhibitors to find the specific IC50 

value which represents the inhibitor concentration needed to decrease cell viability by 

50%. The IC50 value is unique for each inhibitor and cell line. The cytotoxicity assays 

were performed using the CellTiter-Blue® cell viability assay protocol. The CellTiter-

Blue® reagent contains resazurin. Metabolically active, thus viable, cells reduce 

resazurin to resorufin. Resazurin and resorufin possess different absorbance 

properties and can therefore be used to measure the viability of cells (Promega 

Cooperation, 2016).  

 

Due to the limited time of this study, several interesting targets were selected from 

the RNA seq gene list to be pharmacologically targeted using inhibitors in parallel to 

the CRISPR/Cas9 screen. Some inhibitors that were selected, such as the AURKB 

inhibitor Barasertib, inhibit single targets of the target gene list. On the other hand, 
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PSMA5, PSMB2, and PSMD1 are subunits of the 26S proteasome, and the entire 

26S proteasome complex is inhibited by Bortezomib. Also, Floxuridine is an 

antimetabolite and was predicted to show an effect on the T-ALL cell line KOPT-K1 

because of the upregulation of TYMS, which encodes for a thymidylate synthetase 

(TS). Furthermore, several upregulated target genes, such as APEX1, BRAD1, BLM, 

BRACA1, CHAF1B, CHEK1, FEN1, HMGB1, RAD51, RMI2, UBE2N, and YBX1 show 

an association with DNA damage repair processes, indicating a higher dependency 

on these processes in human T-cell cancer compared to healthy cells. The inhibitor 

Olaparib targets the DNA damage repair response via the poly (ADP-ribose) 

polymerase (PARP) protein which is also involved in DNA damage repair. Lastly, 

several upregulated genes also show association with cell cycle progression, and cell 

division and microtubule dynamics plays an important role in these processes, which 

can be perturbed by the microtubule stabilizer Paclitaxel. The aim of the cytotoxicity 

assays was twofold: firstly, to find connections to the results of the CRISPR/Cas9 

screen, and secondly, to bridge the gap to potential in vivo applications. 

 

The cytotoxicity assays were performed in the T-ALL KOPT-K1 cell line which carries 

a biallelic STAT5BN642H mutation. We performed each cytotoxicity assay with 10 

decreasing concentrations of each drug to plot a cell viability curve and to find the IC50 

value for the KOPT-K1 cell line. The PC3 cell line served as a control cell line because 

it has neither STAT3 nor STAT5 expressed, and hence is not dependent on their 

signalling.  

 

Figure 16 shows the normalized cell viability curves for each inhibitor. The KOPT-K1 

T-ALL cell line was most sensitive to the proteasome inhibitor Bortezomib, the 

microtubule stabilizer Paclitaxel and the CHK1 inhibitor Prexasertib, indicated by their 

very low IC50 values of 2 nM. The CDC25 inhibitor BN82002, on the other hand, 

showed the highest IC50 value of 8.32 µM. We were unable to determine a 

concentration range that affected the T-ALL KOPT-K1 cell line for the BLM inhibitor 

ML216 and the VEGF antibody Bevacizumab, indicating that the cells were resistant 

to the targeting of these proteins.  
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Figure 16: Cytotoxicity assays assessing viability of KOPT-K1 T-ALL cells upon incubation 

with various inhibitors. (a-k) Cells were incubated with inhibitors (or DMSO vehicle control) at 

various concentrations for 72h, and viability was measured using a CellTiter-Blue® cell viability 

assay. The PC3 cell line served as a negative control. Data were plotted as mean +/- SD of 

technical triplicates, and IC50 values were obtained from the fitted curve. (a, b, e, f, i, j) Graphs 

are from one experiment representative of three independent experiments (n=3). (c, d, g, h) 

Graph is from one experiment (n = 1). 
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We were able to find several links between cytotoxicity assays and the CRISPR/Cas9 

screen: The target genes AURKB, BCL2L1, and CHEK1 led to cell depletion during 

the CRISPR/Cas9 screen, moreover, inhibition of the encoded proteins also led to 

decreased cell viability (Figure 16 a, b, k), thus verifying our CRISPR/Cas9 results 

for those target genes. The KOPT-K1 T-ALL cell line was strongly sensitive to these 

three inhibitors, indicated by their low IC50 values (Table 10), which ranged between 

63 - 2 nM. Additionally, the KOPT-K1 cell line showed strong sensitivity to the knock-

out of the 26S proteasome subunit PSMD1 and inhibition of the 26S proteasome 

complex with a low IC50 value of 2 nM. Likewise, knock-out of TYMS and treatment 

with the antimetabolite Floxuridine which perturbs the product of the TS protein led to 

decreased cell viability (IC50 = 10 nM). Furthermore, several of the 18 target genes 

leading to cell depletion during the CRISPR/Cas9 screen are associated with DNA 

repair processes and the PARP inhibitor Olaparib also led to decreased cell viability 

during cytotoxicity assays with an IC50 value of 635 nM. The cytotoxicity assays 

exposed an additional vulnerability, UBE2N, in the KOPT-K1 T-ALL cell line with an 

IC50 value of 380 nM that was not revealed during the CRISPR/Cas9 screen. Lastly, 

the T-ALL KOPT-K1 cell line was affected by the CDC25 inhibitor BN82002, however, 

the high IC50 value of 8.32 μM indicates that the cell line is not very sensitive to this 

inhibitor. 

 

Table 10: IC50 values from cytotoxicity assays were performed with the KOPT-K1 T-ALL cell 

line with the PC3 cell line serving as a negative control. Association of inhibitors with target 

genes that showed depletion during the CRISPR/Cas9 screen are indicated with either ‘Hit’ or 

‘No hit’. Assays were performed in technical triplicates and average IC50 values are shown. 

Representative of three independent experiment (n=3) except the IC50 value of Bevacizumab, 

BN82002, ML216, and NSC697923 which is representative of one experiment. 

Name Inhibitor KOPT-K1 IC50 PC3 IC50 Screen  

AZD-4320 BCL-xL inhibitor 0.031 μM > 1 μM Hit 

Barasertib AURKB inhibitor 0.063 μM > 1 μM Hit 

Bevacizumab VEGF inhibitor > 0.1 mg/ml > 0.1 mg/ml No hit 
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Bortezomib Proteasome inhibitor 0.002 μM > 0.01 μM Hit 

BN82002 CDC25 inhibitor 8.32 μM > 100 μM No hit 

Floxuridine Antimetabolite  0.01 μM > 0.1 μM Hit 

ML216 BLM inhibitor > 20 μM > 20 μM No hit 

NSC697923 UBE2N inhibitor 0.38 μM > 10 μM No hit 

Olaparib PARP inhibitor 0.63 μM > 10 μM Hit 

Paclitaxel Microtubule stabilizer 0.002 μM > 0.1 μM Hit 

Prexasertib CHK inhibitor 0.002 μM > 0.1 μM Hit 

 

To summarize, we selected 46 target genes which are upregulated in human T-cell 

cancers for a CRISPR/Cas9 screen in the T-ALL KOPT-K1 cell line which revealed 

18 dependencies. Cytotoxicity assays, done in parallel, exposed several connections 

to the CRISPR/Cas9 results. The KOPT-K1 cell line was strongly sensitive to the 

inhibition of proteins, whose gene knock-out also led to depletion during the 

CRISPR/Cas9 screen: CHK1, PSMD1, TS, BCL-xL and AURKB. These key 

targetable vulnerabilities should be the focus of further testing and validation. 
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4 Discussion 

Cancer development is a multi-step process in which different mutations have to 

accumulate in the same cell to alter pathways for cell differentiation, survival, 

proliferation and interaction with the environment (Hanahan, 2022; Hanahan & 

Weinberg, 2011). Several different mutations, chromosomal translocations or 

rearrangements are known to cause the hematopoietic malignancy T-ALL (Belver & 

Ferrando, 2016). However, many T-ALL patients exhibit mutations in the JAK/STAT 

pathway (Flex et al., 2008; Vainchenker & Constantinescu, 2013; Vicente et al., 2015), 

emphasizing the important role of this pathway in T-ALL (de Bock et al., 2018; Dorritie 

et al., 2014; Pham et al., 2018; Van Vlierberghe & Ferrando, 2012). 

 

Genetic analysis of T-ALL patients found common key mutations within the JAK/STAT 

pathway that drive cancer progression, among them mutations in the STAT5B gene. 

The mutations in the STAT5B gene are predominantly located in the SH2-domain, a 

domain needed for the docking to a phosphorylated tyrosine on another protein 

(Shahmarvand et al., 2018). The STAT5BN642H mutation is located in the SH2-domain 

and is associated with enhanced and prolonged tyrosine phosphorylation of the 

STAT5B TF (Bandapalli et al., 2014; de Araujo et al., 2019; Kiel et al., 2014; Nicolae 

et al., 2014; Rajala et al., 2013). Moreover, recent studies using mouse models 

showed its important role in several T-cell neoplasias (de Araujo et al., 2019; Pham 

et al., 2018).  

 

The critical role of aberrant STAT5 signalling in the progression of several neoplasias 

has led to the investigation of possible STAT5 inhibitors for treatment (Sen et al., 

2012; H. Yu & Jove, 2004; Zou et al., 2020). However, until today it was not possible 

to develop a STAT5 inhibitor approved for human treatment, among other things 

because a new cancer drug costs on average 1.5 - 3 billion Euros. Moreover, most 

new cancer drugs fail due to unwanted toxic side effects, poor pharmacodynamics or 

pharmacokinetic properties or limited tissue penetration such as reaching the bone 

marrow or passing the blood-brain barrier (Guan et al., 2021). Thus, currently 

developed STAT5 inhibitors are tool compounds to investigate targeted inhibition in 
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model systems. Because targeting the STAT5 TFs directly is challenging, we looked 

at downstream targets of hyperactive JAK/STAT signalling that might be easier to 

target in T-cell cancers such as T-ALL. During this thesis, such target genes 

previously selected based on RNA seq data were analysed with a CRISPR/Cas9 

screen using the KOPT-K1 cell line which harbours a biallelic STAT5BN642H mutation. 

The screen aimed to identify potential vulnerabilities that could then be targeted with 

inhibitors using cytotoxicity assays. We conducted the CRISPR/Cas9 screen using 

the two-vector system described by Shalem et al., 2014. The system requires the 

introduction of Cas9 and sgRNA separately with two different vectors into the KOPT-

K1 target cell line. 

 

Before the CRISPR/Cas9 screen could be performed with the introduction of sgRNAs 

against our selected target genes, KOPT-K1 cells with stable expression of the Cas9 

protein needed to be generated. We tested the expression potential of the Cas9 gene 

from the vector using a transient transfection of HEK293T cells and detecting the 

Cas9 protein via Western blotting. The results of the Western blot showed strong 

expression of the Cas9 protein. Thus, this plasmid was used to introduce the Cas9 

gene into the target cell line by Christina Wagner. 

 

In order to accurately evaluate the effects of the sgRNA-induced knock-outs, the cells 

used for the CRISPR/Cas9 screen must have identical Cas9 functionality. Therefore, 

SCC were generated from the stable Cas9-expressing KOPT-K1 Cas9 cell line. The 

LentiCas9-Blast vector included a Blasticidin resistance gene for the selection of 

Cas9-positive cells. This resistance was used to ensure continued Cas9 expression 

during the SCC selection process. Ultimately, 21 SCC showed Cas9 expression on 

the Western blot. 

  

The ongoing selection pressure of Blasticidin was necessary for the expression of 

Cas9 in the KOPT-K1 cell line. Initial Western blots, where the selection pressure was 

lifted after one initial Blasticidin selection, lacked a signal for Cas9 expression in all 

SCC. The need for continuous Blasticidin selection indicates that the KOPT-K1 cell 
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line might either lose or silence the Cas9 gene after the selection pressure is lifted. 

Moreover, the Cas9 signal intensity on the Western blot for the KOPT-K1 Cas9 SCC 

was less pronounced than the Cas9 signal for the transiently transfected HEK293T 

cells. Additionally, a Western blot done for the TCL38 PTCL-NOS cell line SMZ-1 

transduced with the LentiCas9-Blast vector also showed a stronger signal for the 

Cas9 protein (supplementary, Figure 18). The necessity to keep the KOPT-K1 cell 

line under Blasticidin selection to uphold the Cas9 expression in addition to the low 

expression levels of the protein might indicate that the gene is silenced or lost 

because it imposes a metabolic burden on the KOPT-K1 Cas9 SCC. On the other 

hand, signalling pathways, transcription factors or specific proteins active in the 

KOPT-K1 cell line might also interfere with the expression of the Cas9 gene. A study 

in HEK293T cells by Chen et al. also showed that Cas9 expression changes the 

inherent gene expression of the cell and should thus be considered when performing 

a CRISPR/Cas9 screen (L. Chen et al., 2020). 

 

Cas9 expression within the SCC was validated by Western blot, but still the expressed 

Cas9 protein may lack its intended function because unknown cellular factors or 

spontaneous mutations might interfere. An initial screen to test the functionality of the 

Cas9 protein in the 21 Cas9-expressing KOPT-K1 Cas9 SCC with the positive (RPL17 

sgRNA) and negative (AAVS1 sgRNA) controls was thus crucial. The initial screen 

revealed two functional KOPT-K1 Cas9 SCC; SCC G6 was chosen for the 

implementation of the focused CRISPR/Cas9 screen. 

 

We cloned and transduced the sgRNAs matching the 46 pre-selected target genes 

into the KOPT-K1 cell lines during the CRISPR/Cas9 screen. The sgRNA leads the 

Cas9 endonuclease to the target gene, leading to a double-strand break and 

subsequent knock-out of the gene (Shalem et al., 2014). The GFP-marker gene of 

the LentiGuide vector allowed the monitoring of transduced cells during the screening 

and thus the evaluation of the effect of the knock-out. We monitored cell depletion 

due to sgRNA-induced knock-out and illustrated the results in a condensed format by 

calculating the AUC over seven measurements. 20 genes showed an AUC in the 
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lower third of the AUC spectrum indicating strong depletion. The control genes MYC 

and STAT5B, which are direct members or downstream effectors of the JAK/STAT 

pathway and are considered essential in T-cell lines, were among these 20 genes, , 

which confirmed the technical success of the screen (Hennighausen & Robinson, 

2008; Lord et al., 2000; Nozais et al., 2021). 

 

In parallel to the CRISPR/Cas9 screen, we selected several targets from the target 

gene list for pharmacological inhibitor treatment via cytotoxicity assays. The T-ALL 

KOPT-K1 cell line was strongly sensitive (IC50 < 63 nM) to the inhibitors of the proteins 

associated with the genes AURKB, BCL2L1, PMSD1, CHEK1, and TYMS, in line with 

the results of the CRISPR/Cas9 screen, identifying these factors as key dependencies 

(Figure 17, marked in orange). Additionally, vulnerabilities in DNA damage repair 

processes and microtubule dynamics were revealed, indicated by the sensitivity of the 

T-ALL cell line KOPT-K1 to Olaparib (IC50 = 635 nM) and Paclitaxel (IC50 = 2 nM). 

Two additional potential dependencies, CDC25A and UBE2N, were uncovered by 

cytotoxicity assays that were not revealed by the CRISPR/Cas9 screen. However, the 

T-ALL KOPT-K1 cell line showed a low sensitivity (IC50 = 8.32 µM) to the CDC25 

inhibitor BN82002 and thus this target is not considered a key vulnerability. The 

sensitivity of the KOPT-K1 cell line to the UBE2N inhibitor NSC697923 (IC50 = 380 

nM), but not to the genetic knock-out of this gene, might be due to off-target effects of 

the drug.  

 

The findings of the CRISPR/Cas9 screen and the cytotoxicity assays as well as found 

connections between the results are summarized in Figure 17. Genes depicted in 

orange in Figure 17 are considered key dependencies and will be further discussed 

in the following paragraphs.  

 

Knock-out of the BCL2L1 gene showed cell depletion during the CRISPR/Cas9 

screen. Inhibition of the protein BCL-xL, a member of the B-cell lymphoma-2 (BCL2) 

protein family, with the inhibitor AZD-4320 revealed an IC50 of 31 nM in the KOPT-K1 

cell line. Accordingly, ChIP seq data (unpublished, GEO database repository 
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accession numbers GSE218858 and GSE219155) showing the STAT5B binding sites 

for several T-ALL cell lines (KOPT-K1, Loucy, SUP-T13 and Jurkat) revealed STAT5 

binding to the BCL2L1 locus for the two T-ALL cell lines KOPT-K1 and SUP-T13. 

STAT5B promoting BCL-xL expression was previously established thus supporting 

our results (De Groot et al., 2000; Lord et al., 2000). The BCL2 family has a role in 

controlling the mitochondrial membrane potential as well as apoptosis. The family 

includes pro- and anti-apoptotic members and BCL-xL belongs to the latter part of the 

family (Chipuk et al., 2010). Avoiding apoptosis is one of the hallmarks of cancer 

described by Hanahan & Weinberg, 2011; hence, the anti-apoptotic BCL-xL is often 

highly expressed in T-ALL and several other forms of leukaemia (Feng et al., 2010; 

Majid et al., 2008; Otake et al., 2007; Vaux et al., 1988). AZD-4320 is a small 

molecular inhibitor of BCL2 and BCL-xL and induced cell death in several 

hematopoietic cancer cell lines such as ALL and AML cell lines (Balachander et al., 

2020). Female C.B-17 SCID mice implanted subcutaneously with T-ALL MOLT-4 cells 

by Balachander et al. also showed that the inhibitor leads to cancer regression. 

However, the inhibitor seems to also have an effect on platelets leading to 

thrombocytopenia (Balachander et al., 2020). Also, another BCL-2 family inhibitor 

Navitoclax showed a pharmacological effect on circulating platelets leading to 

thrombocytopenia, indicating an important role of BCL-xL in platelet survival (W. H. 

Wilson et al., 2010; Zhang et al., 2007). Therefore, BCL-xL represents a promising 

target in T-ALL. However, neither AZD-4320 nor Navitoclax are currently approved 

for clinical use. 

 

The 26S proteasome complex mediates the degradation of ubiquitinated cellular 

proteins and thus supports cellular homeostasis. Two sub-complexes, the 20S core 

particle and the 19S regulatory particle, constitute the 26S proteasome (Livneh et al., 

2016). The initial target gene list contained several components of the 26S 

proteasome complex: PSMA5, PSMB2, and PSMD1. However, during the 

CRISPR/Cas9 screen, only the knock-out of PSMD1 led to cell depletion. The PSMD1 

gene encodes the PSMD1 protein, a non-ATPase subunit of the 19S regulatory 

particle, while proteins PSMA5 and PSMB2 are part of the 20S core particle. The 19S  



 60 

 

regulatory particle regulates the identification, binding, de-ubiquitination, unfolding, 

and protein translocation to the proteolytic chamber of the 20S core particle (Livneh 

et al., 2016). The results of the CRISPR/Cas9 screen suggest that the non-ATPase 

subunit PSMD1 of the 19S regulatory particle is essential for proteasome function; 

but the loss of two core particle subunits, PSMA5 and PSMB2, can be compensated. 

Additionally, the T-ALL cell line KOPT-K1 showed strong sensitivity to the inhibition of 

the 26S proteasomal complex with Bortezomib. Bortezomib is a dipeptide boronic acid 

derivative and can bind to a subunit of the 20S core particle to inhibit its activity. The 

anti-cancer mechanism of Bortezomib is yet unknown, but, one theory states that 

through the inhibition of the proteasome the inhibitory protein IκB, which is located in 

the cytoplasm, might not be degraded and thus, Bortezomib might help to suppress 

the NF-κB signalling pathway, which results in the downregulation of anti-apoptotic 

targets such as BCL-xL (Adams, 2004; D. Chen et al., 2011). A study in CML patients 

also identified upregulation of PSMD1 and demonstrated that knock-out of the PSMD1 

gene led to decreased viability of CML cells, supporting our results of PSMD1 

upregulation in the TCL38 data set and the CRISPR/Cas9 screen in T-ALL cells. Apart 

from upregulated PSMD1, the CML cells also showed an NF-κB signature, and the 

Figure 17: Summary of results and connections of CRISPR/Cas9 screen and cytotoxicity 

assays using the T-ALL KOPT-K1 cell line. 
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team of Bencomo-Alvarez suggested that PSMD1 and PSMD3 stabilize NF-κB 

protein expression in CML (Bencomo-Alvarez et al., 2021). Also, an aCGH analysis 

on SNK-6 and extranodal NK-cell lymphoma (NK-YS) cell lines also revealed a REL 

amplification on chromosome 2, enhancing NF-κB expression (Pölöske et al.; 

manuscript in preparation). Further studies to analyse REL amplification or IκB 

deletion in the KOPT-K1 cell line could reveal relevant insight into the NF- κB 

signature of this T-ALL cell line. Moreover, further studies must be done to uncover 

the mechanism of Bortezomib and the role of NF-κB, PSMD1 and PSMD3 and their 

connection to BCL-xL in T-ALL.  

 

The TYMS gene encodes for the thymidylate synthase (TS) protein. TS is needed for 

the synthesis of deoxythymidine monophosphate (dTMP) from deoxyuridine 

monophosphate (dUMP), one of the basic building blocks of DNA. De novo DNA 

synthesis during cell division and DNA damage repair relies on the availability of 

dTMP (Berg et al., 2008). Knock-out of the TYMS gene led to cell depletion during the 

CRISPR/Cas9 screen. Also, the treatment of T-ALL KOPT-K1 cells with the 

antimetabolite Floxuridine led to decreased cell viability. Rapidly dividing cells need 

an abundance of dTMP; however, Floxuridine, a pyrimidine analogue, generates an 

imbalance in favour of dUMP which stalls DNA synthesis (Ewald et al., 2008; Huehls 

et al., 2011). Floxuridine is FDA-approved, however, it is used to treat metastatic liver 

cancers (Power & Kemeny, 2009). The antimetabolite Methotrexate also inhibits the 

synthesis of purines and pyrimidines and thus also inhibits TS. Methotrexate is 

currently used to treat cancers such as ALL but also as an immunosuppressive drug 

for long-term use in rheumatoid arthritis or systemic lupus erythematosus (Berg et al., 

2008; Cipriani et al., 2014). However, Methotrexate treatment leads to severe side 

effects. Floxuridine might pose as an alternative to Methotrexate in the treatment of 

T-ALL, but, further studies are needed to determine the in vivo effects of Floxuridine 

on T-ALL cells and toxic side effects.  

 

Knock-out of the AURKB gene caused depletion of the transduced cells during the 

CRISPR/Cas9 screen and the results of the inhibitor Barasertib (IC50 = 63 nM) 
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validated the importance of the kinase for the survival of the cells. Additionally, the 

microtubule stabilizer Paclitaxel (IC50 = 2 nM) acts downstream of AURKB, impairing 

correct chromosomal movement. AURKB is a serine/threonine kinase associated with 

the mitotic centromeres. It was shown that AURKB kinase activity is required for the 

localization of the mitotic centromere-associated kinesin (MCAK) to the centromere. 

MCAK regulates the depolymerisation of microtubules and is thus necessary for 

chromatin movement (Andrews et al., 2004; Gorbsky, 2004; Lan et al., 2004). The 

inhibitor Paclitaxel reduces the concentration of tubulin subunits needed for assembly 

but increases the percentage of subunits that are assembled. Microtubules 

assembled in the presence of Paclitaxel are protected from disassembly and thus lead 

to impaired chromosomal movement during mitosis (Schiff & Horwitz, 1980; Waters 

et al., 1998; Weaver, 2014). Mitotic checkpoints recognise the missegregation of the 

chromosomes, leading to mitotic arrest (Foley & Kapoor, 2013; Waters et al., 1998). 

Paclitaxel is FDA-approved for several forms of solid cancers such as breast cancer 

(M. Liu et al., 2022). However, Paclitaxel is only used off-label to treat lymphomas 

and leukaemias (Weaver, 2014). 

 

We also targeted AURKB directly with the selective AURKB inhibitor Barasertib. A 

study by Yang et al. showed inhibition of cell proliferation and increased apoptosis in 

AML and ALL cell lines on account of Barasertib (Yang et al., 2007), supporting our 

results of the CRISPR/Cas9 screen and cytotoxicity assays with the T-ALL cell line 

KOPT-K1. Research by Jiang et al. found that AURKB phosphorylates MYC, 

preventing its proteasomal degradation. Further, MYC activates AURKB transcription, 

creating a positive feedback loop. MYC is a proto-oncogene often downregulated by 

post-translational modifications leading to its rapid degradation after being induced by 

several oncogenic TF including the STAT family members. MYC is encoded by three 

different genes (MYC, MYCL, MYCN) and these are often amplified in T-ALL and 

other hematopoietic cancers and the positive feedback loop stabilizes this 

deregulation of MYC (Jiang et al., 2020; Sanchez-Martin & Ferrando, 2017). MYC 

expression is increased by STAT5 signalling as it binds to the super-enhancer regions 

of the MYC gene (Pinz et al., 2016). Pinz et al. showed that in transformed Ba/F3 cells 
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the BET protein bromodomain-containing protein 2 (BRD2), a STAT5 co-factor, also 

localizes to the super-enhancer of the MYC gene which leads to the transcription of 

the gene (Pinz et al., 2016). MYC is thus a known downstream target of STAT5 and 

was therefore included in our target gene list as a control, and its knock-out also lead 

to depletion during the CRISPR/Cas9 screen (Lord et al., 2000). A hyperactive 

JAK/STAT pathway thus might increase MYC transcription, feeding into the positive 

feedback loop of MYC and AURKB. Pham et al. concluded that a mouse model 

expressing the GOF STAT5BN642H develops a T-cell malignancy with continuous and 

enhanced levels of STAT5BN642H tyrosine phosphorylation in transformed CD8+ T-

cells. A DNA methylome analysis demonstrated decreased DNA methylation of 

possible EZH2-binding sites in STAT5BN642H-transgenic mice, leading to changes in 

gene expression. The aurora kinase genes, especially AURKB, were among the 

differently methylated genes, resulting in AURKB enrichment in these cells (Pham et 

al., 2018). There are conflicting reports on the interaction of STAT5 and EZH2: on the 

one hand, STAT5 was reported to be essential for EZH2 recruitment to repress Ig κ-

chain (Igk) transcription in progenitor B-cells but on the other hand, it was reported 

that EZH2 and STAT5 compete for binding sites and lastly, Pham et al. did not find a 

direct interaction between STAT5BN642H and EZH2 (Katerndahl et al., 2017; Mandal 

et al., 2011; Pham et al., 2018; Yoo et al., 2015). The DNA methylome changes should 

be further investigated in T-ALL cell lines also due to the results of an aCGH analysis 

on SNK-6 and extranodal NK-YS cell lines that revealed an amplification of the DNA 

methyltransferase genes DNMT3A on chromosome 2 and DNMT3B on chromosome 

20 (Pölöske et al.; manuscript in preparation). While we targeted AURKB with the 

selective AURKB inhibitor Barasertib, Pham et al. showed that T-cells harbouring the 

STAT5BN642H mutation are also sensitive to the dual-specific JAK and Aurora kinase 

inhibitor AT9283 (Pham et al., 2018). Deregulation of AURKB and its association with 

MYC was also found in several different cancer types such as B-cell lymphoma and 

small-cell lung cancer (Den Hollander et al., 2010; Helfrich et al., 2016). Hence, 

cancers with MYC and JAK/STAT pathway deregulation, especially due to the 

STAT5BN642H mutation, might be targetable by AUKRB inhibition with Barasertib or 

Paclitaxel. 
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The knock-out of the CHEK1 gene led to the depletion of cells during the 

CRISPR/Cas9 screen. CHEK1 encodes the CHK1 protein, a checkpoint kinase that 

can prevent cell cycle progression in the event of DNA damage (Flaggs et al., 1997; 

Q. Liu et al., 2000). The results of the CRISPR/Cas9 screen were validated by 

inhibiting the CHK1 protein with Prexasertib (IC50 = 2 nM). CHK1 is activated through 

phosphorylation by either the ATM or ATR kinase in response to DNA damage (Gatei 

et al., 2003; Q. Liu et al., 2000; Zhao & Piwnica-Worms, 2001). The kinases ATM and 

ATR are also able to activate BRCA1 to promote homologous repair of DNA damage 

(Foo et al., 2021). BRCA1 itself can again activate CHK1, creating a regulatory loop 

(Sato et al., 2012; Yarden et al., 2002). Moreover, activated CHK1 phosphorylates 

the phosphatase CDC25, which leads to mitotic arrest (Furnari et al., 1997, 1999). 

The CDC25A gene was also screened during the CRISPR/Cas9 screen but its knock-

out did not affect cell survival and the KOPT-K1 cell line showed low sensitivity to the 

inhibition of the CDC25 protein with the inhibitor BN82002. This suggests that other 

pathways downstream of CHK1 are essential or compensate for the lack of CDC25A. 

In addition to BRCA1, CHK1 also shows a connection to AURKB. A study by Zachos 

et al. showed that CHK1-deficient cells fail the CHK1 spindle checkpoint which results 

in decreased AURKB activity. Further, CHK1 can phosphorylate AURKB, increasing 

its in vitro activity. The team of Zachos suggested that CHK1 checkpoint signalling is 

needed for AURKB regulation (Zachos et al., 2007). Cell depletion due to either 

AURKB or CHEK1 knock-out suggests a central function of these two proteins, 

supported by their connection to each other but also to various other target genes of 

this screen such as MYC and the BRCA1/BARD1 complex. 

 

The knock-out of either gene, BRCA1 or BARD1, also led to cell depletion during the 

CRISPR/Cas9 screen. The BRCA1-associated ring domain protein 1 (BARD1) 

interacts with BRCA1 via its RING finger domain (Wu et al., 1996). The 

BRCA1/BARD1 complex is, among other processes, involved in DNA damage repair 

(Joukov et al., 2006; Westermark et al., 2003). The BRCA1/BARD1 complex joins 

with the recombinase RAD51 to promote homologous repair in the case of DNA 
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damage (Daley et al., 2014; Scully et al., 1997). RAD51 was also included in our target 

gene list and its knock-out also induced depletion during the CRISPR/Cas9 screen, 

indicating the importance of the BRCA1/BARD1/RAD51 complex for cell survival. It 

was also previously shown that STAT5 regulates TP53, the most frequently deleted 

or point-mutated (TP53*) tumour suppressor, via BRCA1, BARD1, and 

nucleophosmin (NPM1; Ren et al., 2016), connecting these genes to STAT5B 

hyperactivation. In myeloproliferative neoplasm (MPN), continuously active STAT5 

can recruit normal but also mutated TP53, leading to a pathologic gene expression 

(Girardot et al., 2015). Mukhopadhyay et al. also showed that TP53 regulates STAT5A 

(Mukhopadhyay et al., 2016). While Fritsche et al. showed that TP53 represses 

cytokine-induced STAT5-mediated transcription (Fritsche et al., 1998). Due to limited 

time, we were unable to pharmacologically inhibit the BRCA1, BARD1, or RAD51 

proteins specifically to verify the CRISPR/Cas9 screen on the protein level. However, 

we inhibited DNA damage repair processes with the PARP inhibitor Olaparib because, 

like BRACA1, BARD1 and RAD51, several upregulated target genes showed 

association with DNA repair. The treatment of T-ALL KOPT-K1 cells with Olaparib led 

to decreased cell viability. In CML, high BCR-ABL1-dependent STAT5 activation has 

been linked to the production of reactive oxygen species (ROS), which induce DNA 

damage (Warsch et al., 2012). Thus, hyperactivation due to the STAT5BN642H mutation 

might increase ROS production leading to severe genomic instability. To counteract 

the genomic instability, the cancer cells might upregulate proteins associated with the 

DNA damage repair pathways. However, inhibition with the PARP inhibitor Olaparib 

might tip this balance leading to cell death. Further studies must be conducted to 

determine the ROS levels in the T-ALL KOPT-K1 cell line as well as the specific 

influence of the STAT5BN642H mutation on ROS production. Furthermore, the effect of 

protein inhibition of targets associated with DNA damage repair, BARD1, BRACA1, 

CHAF1B, FEN1, RAD51, and YBX1 should be examined in more depth. 

 

Moreover, the target genes, BIRC5, CDC7 CENPE, CENPW, KPNB1, NUF2, and 

PCNA, which also showed depletion during the CRISPR/Cas9 screen must be further 

tested for the effects of protein inhibition in the T-ALL cell line KOPT-K1 to verify 
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additional key dependencies. Especially, survivin (BIRC5), NUF2 and CENP-E might 

be potential vulnerabilities because these genes also show a connection to AURKB, 

forming an axis that could be further explored. 

 

AURKB autophosphorylates itself to associate with the inner centromere protein 

(INCENP; Yasui et al., 2004). AURKB and INCENP are part of the chromosomal 

passenger complex (CPC) which also includes survivin. This complex orchestrates 

several processes including chromosome alignment, segregation, and histone 

modification (Gassmann et al., 2004; Vader et al., 2006; Wheatley et al., 2001). 

Survivin and AURKB bind different domains of INCENP, and the coincidental binding 

of both proteins stimulates a stronger activity of AURKB (Bolton et al., 2002). Thus, 

loss of survivin might result in a lower AURKB activity, leading to incorrect chromatin 

segregation during mitosis and to mitotic arrest. Moreover, survivin belongs to the 

inhibitor of apoptosis (IAP) family and is often highly expressed in transformed cells 

(Ambrosini et al., 1997); evading apoptosis is an important hallmark of cancer 

according to Hanahan & Weinbrg (Hanahan & Weinberg, 2011). Even though survivin 

presents as a promising target, therapeutic targeting of this protein has been 

challenging because the protein lacks deep ‘pockets’ to accommodate small-molecule 

inhibitors (Dang et al., 2017; Wheatley & Altieri, 2019). Nevertheless, indirect 

inhibition of survivin is possible with YM155 and further studies have to be conducted 

to investigate the effect of this inhibitor on the KOPT-K1 cell line (Rauch et al., 2014; 

Wheatley & Altieri, 2019). 

 

The NUF2 gene encodes the kinetochore protein NUF2 and the kinetochore protein 

complex is required for correct microtubule binding and chromosome movement 

during mitosis (Fukagawa, 2004). NUF2 is responsible for the stable attachment of 

microtubules and the localization of the centromere-associated protein E (CENP-E) 

to the kinetochore (DeLuca et al., 2002; D. Liu et al., 2007). CENP-E is a microtubule-

based kinesin motor protein and is responsible for the movement of mono-oriented 

sister chromatids along the kinetochore fibres of already bioriented sister chromatid 

pairs (Kapoor et al., 2006). Its deletion leads to failed mitotic checkpoint signalling 
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(Mao et al., 2003, 2005; Yen et al., 1991). Currently, inhibitors for neither CENP-E nor 

NUF2 are available. Nonetheless, while CENP-E is not yet therapeutically targetable, 

there is a connection between CENP-E and the targetable AURKB. CENP-E and 

AURKB and the CPC participate in chromosome orientation and movement. AURKB 

phosphorylates kinetochore-associated factors to dissemble erroneously oriented 

kinetochore-microtubule fibres (Tanaka et al., 2002). Studies by Maia et al. showed 

that CENP-E and AURKB cooperate for chromosome biorientation, and anaphase 

start (Maia et al., 2010). Thus, the AURKB-CENP-E axis may be affected by either 

Barasertib or the microtubule stabilizer Paclitaxel. 

 

In summary, we tested 46 target genes during this CRISPR/Cas9 screen in the T-ALL 

cell line KOPT-K1 which harbours the GOF mutation STAT5BN642H. The screen aimed 

to identify potential targets downstream of hyperactive JAK/STAT signalling that could 

then be targeted with inhibitors. During this thesis, five key vulnerabilities – AURKB, 

BCL-xL, CHK1, PDSM1, and TS – were identified in the T-ALL KOPT-K1 cell line, 

leading to decreased cell viability due to gene knock-out or protein inhibition. Further 

studies are needed to determine if treatment with Barasertib, Paclitaxel, AZD-4320, 

Prexasertib, or Floxuridine also leads to T-ALL regression in vivo but also to 

decreased cell viability in other human T-cell cancers with hyperactive JAK/STAT 

signalling. Additionally, the CRISPR/Cas9 screen revealed dependencies on genes 

involved in DNA damage repair pathways, and the PARP inhibitor Olaparib led to 

decreased cell viability. Lastly, several of the genes that led to cell depletion during 

the CRISPR/Cas9 screen also show an association with AURKB; some are currently 

not targetable and could be affected by AURKB inhibition. However, genes involved 

in DNA damage response and the network around AURKB need to be further 

characterized and studied in T-ALL. 
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6 Supplementary 

Table 11: sgRNAs used for the CRISPR/Cas9 screen (designed by Christina Wagner and 

provided by IDT). 

Gene Name Sequence (5’ – 3’) 

ALYREF ALYREF_1_f CAC CGT GAA TTT GGA ACG CTG AAG A 

ALYREF_1_r AAA CTC TTC AGC GTT CCA AAT TCA C 

ALYREF_2_f CAC CGT GAC AAG CTG AAT GTT CAT G 

ALYREF_2_r AAA CCA TGA ACA TTC AGC TTG TCA C 

BCL2L1 BCL2L1_1_f CAC CGC AGG CGA CGA GTT TGA ACT G 

BCL2L1_1_r AAA CCA GTT CAA ACT CGT CGC CTG C 

BUB1_2_f CAC CGG AAA CTC AAA AAA TTG ATG G 

BUB1_2_r AAA CCC ATC AAT TTT TTG AGT TTC C 

BUB1 BUB1_1_f CAC CGC GCC CAG GCA ATG TAC AGA G 

BUB1_1_r AAA CCT CTG TAC ATT GCC TGG GCG C 

BUB1_2_f CAC CGG AAA CTC AAA AAA TTG ATG G 

BUB1_2_r CAC CGG AAA CTC AAA AAA TTG ATG G 

CDC6 CDC6_1_f CAC CGA TAG CGT GTA CAA TAC ATC C 

CDC6_1_r AAA CGG ATG TAT TGT ACA CGC TAT C 

CDC6_2_f CAC CGA ATA GCT GGG AAT ACA GCC T 

CDC6_2_r AAA CAG GCT GTA TTC CCA GCT ATT C 

CENPW CENPW_1_f CAC CGA TAA AGC GGA AGG CTC CCC G 

CENPW_1_r AAA CCG GGG AGC CTT CCG CTT TAT C 

CENPW_2_f CAC CGA CTC GCT TTA GAA AGC CAC G 

CENPW_2_r AAA CCG TGG CTT TCT AAA GCG AGT C 

E2F2 E2F1_1_f CAC CGA AGG TCC TGA CAC GTC ACG T 

E2F1_1_r AAA CAC GTG ACG TGT CAG GAC CTT C 

E2F1_2_f CAC CGG ACA TCA CCA ACG TCC TTG A 

E2F1_2_r AAA CCA GTG TAG TTG TTC GAG ATA C 

KPNB1 KPNB1_1_f CAC CGA GCT CCT AGA GAC TAC AGA C 

KPNB1_1_r AAA CGT CTG TAG TCT CTA GGA GCT C 
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KPNB1_2_f CAC CGT ATC TCG AAC AAC TAC ACT G 

KPNB1_2_r AAA CCA GTG TAG TTG TTC GAG ATA C 

MYC MYC_1_f CAC CGG AAG GGT GTG ACC GCA ACG T 

MYC_1_r AAA CAC GTT GCG GTC ACA CCC TTC C 

MYC_2_f CAC CGC GAG GGG TCG ATG CAC TCT G 

MYC_2_r AAA CCA GAG TGC ATC GAC CCC TCG C 

NUP37 NUP37_1_f CAC CGT GCC ATT AAT GTC AGC ACA C 

NUP37_1_r AAA CGT GTG CTG ACA TTA ATG GCA C 

NUP37_2_f CAC CGT GAG TGA CGA TCA CAC CTG C 

NUP37_2_r AAA CGC AGG TGT GAT CGT CAC TCA C 

PSMA5 PSMA5_1_f CAC CGG TAG AGA TTG ATG CTC ACA T 

PSMA5_1_r AAA CAT GTG AGC ATC AAT CTC TAC C 

PSMA5_2_f CAC CGT GAG TGA CGA TCA CAC CTG C 

PSMA5_2_r AAA CCA ATG TTT GTT GCA TTC AGC C 

RMI2 RMI2_1_f CAC CGT GGA GGT AGA AGA TTT ACA C 

RMI2_1_r AAA CGT GTA AAT CTT CTA CCT CCA C 

RMI2_2_f CAC CGG CAT TAC CTG GGA CTA GAC A 

RMI2_2_r AAA CTG TCT AGT CCC AGG TAA TGC C 

TYMS TYMS_1_f CAC CGC GAT GTT GAA AGG CAC ACC G 

TYMS_1_r AAA CCG GTG TGC CTT TCA ACA TCG C 

TYMS_2_f CAC CGT GCC CTC TGC CAG TTC TAT G 

TYMS_2_r AAA CCA TAG AAC TGG CAG AGG GCA C 

APEX1 APEX1_1_f CAC CGT GCC GTA AGA AAC TTT GAG T 

APEX1_1_r AAA CAC TCA AAG TTT CTT ACG GCA C 

APEX1_2_f CAC CGT TGA AGG CAC AGT ATA TCT G 

APEX1_2_r AAA CCA GAT ATA CTG TGC CTT CAA C 

BIRC5 BIRC5_1_f CAC CGG GGC AGT CTC ACC CGC TCC G 

BIRC5_1_r AAA CCG GAG CGG GTG AGA CTG CCC C 

BIRC5_2_f CAC CGA GTT CTT GAA TGT AGA GAT G 

BIRC5_2_r AAA CCA TCT CTA CAT TCA AGA ACT C 

BUD31 BUD31_1_f CAC CGA GAG GAA AGT GGA ATC TCT G 
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BUD31_1_r AAA CCA GAG ATT CCA CTT TCC TCT C 

BUD31_2_f CAC CGA AAG AGG TCG AAG ATG TAG C 

BUD31_2_r AAA CGC TAC ATC TTC GAC CTC TTT C 

CDC7 CDC7_1_f CAC CGT GAA CTT CAG TGC CTA ACA G 

CDC7_1_r AAA CCT GTT AGG CAC TGA AGT TCA C 

CDC7_2_f CAC CGG GCC AAA CCA AAG TCT ACC A 

CDC7_2_r AAA CTG GTA GAC TTT GGT TTG GCC C 

CHAF1B CHAF1B_1_f CAC CGG CTG AAC AAG GAG AAC TGG A 

CHAF1B_1_r AAA CTC CAG TTC TCC TTG TTC AGC C 

CHAF1B_2_f CAC CGG ATG GCT GTG TTA TCC ACA G 

CHAF1B_2_r AAA CCT GTG GAT AAC ACA GCC ATC C 

FEN1 FEN1_1_f CAC CGG AAC TGA TAA ATG CTC ATA G 

FEN1_1_r AAA CCT ATG AGC ATT TAT CAG TTC C 

FEN1_2_f CAC CGT GAG GAG CGA ATC CGC AGT G 

FEN1_2_r AAA CCA CTG CGG ATT CGC TCC TCA C 

MCM4 MCM4_1_f CAC CGG ATG TTC TAA GAT TGA GTC A 

MCM4_1_r AAA CTG ACT CAA TCT TAG AAC ATC C 

MCM4_2_f CAC CGG GTA TGC AGA AAC CAT TCC C 

MCM4_2_r AAA CGG GAA TGG TTT CTG CAT ACC C 

NDUFB6 NDUFB6_1_f CAC CGG CTG AGA AGG CGA TGG CTG A 

NDUFB6_1_r AAA CTC AGC CAT CGC CTT CTC AGC C 

NDUFB6_2_f CAC CGT GCG AGA GCT GAG AAG GCG A 

NDUFB6_2_r AAA CTC GCC TTC TCA GCT CTC GCA C 

PSMB2 PSMB2_1_f CAC CGA TGA TTC GAA CAC TGA AGG T 

PSMB2_1_r AAA CAC CTT CAG TGT TCG AAT CAT C 

PSMB2_2_f CAC CGG CTG TAT TAC ATG GAC TAC C 

PSMB2_2_r AAA CGG TAG TCC ATG TAA TAC AGC C 

RPM2 RRM2_1_f CAC CGT GCA AAG AAA GCC AGA ACA T 

RRM2_1_r AAA CAT GTT CTG GCT TTC TTT GCA C 

RRM2_2_f CAC CGT GGC CAG CAA GAC CGC GAG G 

RRM2_2_r AAA CCC TCG CGG TCT TGC TGG CCA C 
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UBE2N UBE2N_1_f CAC CGT TCT GTC TAC AGC TAG AGC A 

UBE2N_1_r AAA CTG CTC TAG CTG TAG ACA GAA C 

UBE2N_2_f CAC CGT GTG GTC ATT GCT GGC CCT C 

UBE2N_2_r AAA CGA GGG CCA GCA ATG ACC ACA C 

AURKB AURKB_1_f CAC CGA GGC CAC CAT ACC TCA GGG A 

AURKB_1_r AAA CTC CCT GAG GTA TGG TGG CCT C 

AURKB_2_f CAC CGC AGG CCA CCA TAC CTC AGG G 

AURKB_2_r AAA CCC CTG AGG TAT GGT GGC CTG C 

BLM BLM_1_f CAC CGA GTG ACC CCA GGA GAA ACA C 

BLM_1_r AAA CGT GTT TCT CCT GGG GTC ACT C 

BLM_2_f CAC CGG TAG TCA GTA AAC AGT CCC C 

BLM_2_r AAA CGG GGA CTG TTT ACT GAC TAC C 

CCNE2 CCNE2_1_f CAC CGA GAA GTA TGG ACC TCA TCT G 

CCNE2_1_r AAA CCA GAT GAG GTC CAT ACT TCT C 

CCNE2_2_f CAC CGG TCC TGT AAC AAT CAT CTC C 

CCNE2_2_r AAA CGG AGA TGA TTG TTA CAG GAC C 

CENPE CENPE_1_f CAC CGG CCA CAG AGT AAA TCT GTA A 

CENPE_1_r AAA CTT ACA GAT TTA CTC TGT GGC C 

CENPE_2_f CAC CGT CAT TTG GGA GTT ATA CCC A 

CENPE_2_r AAA CTG GGT ATA ACT CCC AAA TGA C 

CHEK1 CHEK1_1_f CAC CGT GGG ACT TGG TGC AAA CCC T 

CHEK1_1_r AAA CAG GGT TTG CAC CAA GTC CCA C 

CHEK1_2_f CAC CGT GGT ATT GGA ATA ACT CAC A 

CHEK1_2_r AAA CTG TGA GTT ATT CCA ATA CCA C 

HMGB1 HMGB1_1_f CAC CGG ATA CTC ACG GAG GCC TCT T 

HMGB1_1_r AAA CAA GAG GCC TCC GTG AGT ATC C 

HMGB1_2_f CAC CGG GAG ATC CTA AGA AGC CGA G 

HMGB1_2_r AAA CCT CGG CTT CTT AGG ATC TCC C 

MCM5 MCM5_1_f CAC CGG GAG CCC CCA AAG AGC AGG C 

MCM5_1_r AAA CGC CTG CTC TTT GGG GGC TCC C 

MCM5_2_f CAC CGG ATG CGA GAA GAT GAC CGT G 
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MCM5_2_r AAA CCA CGG TCA TCT TCT CGC ATC C 

NEK6 NEK6_1_f CAC CGA GGC CGA GGA CAG TTC AGC G 

NEK6_1_r AAA CCG CTG AAC TGT CCT CGG CCT C 

NEK6_2_f CAC CGG GCG AGG CAG GAC TGT GTC A 

NEK6_2_r AAA CTG ACA CAG TCC TGC CTC GCC C 

PCNA PCNA_1_f CAC CGA TGT CTG CAG ATG TAC CCC T 

PCNA_1_r AAA CAG GGG TAC ATC TGC AGA CAT C 

PCNA_2_f CAC CGA GTT GTA GAG TAT AAA ATT G 

PCNA_2_r AAA CCA ATT TTA TAC TCT ACA ACT C 

PSMD1 PSMD1_1_f CAC CGG GGC AGC AGT AGA ATC ACT T 

PSMD1_1_r AAA CAA GTG ATT CTA CTG CTG CCC C 

PSMD1_2_f CAC CGA CAA CAA AGA GAC AAC ACT T 

PSMD1_2_r AAA CAA GTG TTG TCT CTT TGT TGT C 

STAT5B STAT5B_1_f CAC CGG TTC ATT GTA CAA TAT ATG G 

STAT5B_1_r AAA CCC ATA TAT TGT ACA ATG AAC C 

STAT5B_2_f CAC CGA GCA TTG TCC CAG AGA ACA G 

STAT5B_2_r AAA CCT GTT CTC TGG GAC AAT GCT C 

VEGFA VEGFA_1_f CAC CGG GAG GGC AGA ATC ATC ACG A 

VEGFA_1_r AAA CTC GTG ATG ATT CTG CCC TCC C 

VEGFA_2_f CAC CGA GCA CAA CAA ATG TGA ATG C 

VEGFA_2_r AAA CGC ATT CAC ATT TGT TGT GCT C 

BARD1 BARD1_1_f CAC CGA GCT GCT GCG CTG CTC GCG T 

BARD1_1_r AAA CAC GCG AGC AGC GCA GCA GCT C 

BARD1_2_f CAC CGG TCG AGC GCG GCG CGA CTG T 

BARD1_2_r AAA CAC AGT CGC GCC GCG CTC GAC C 

BRACA1 BRCA1_1_f CAC CGG CTG CAC AAC CAC AAT TGG G 

BRCA1_1_r AAA CCC CAA TTG TGG TTG TGC AGC C 

BRCA1_2_f CAC CGG TCA ATG GAA GAA ACC ACC A 

BRCA1_2_r AAA CTG GTG GTT TCT TCC ATT GAC C 

CDC25A CDC25A_1_f CAC CGA TAC GAG GGA GGC CAC ATC A 

CDC25A_1_f AAA CTG ATG TGG CCT CCC TCG TAT C 
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CDC25A_2_f CAC CGC GAT ACC CAT ATG AAT ACG A 

CDC25A_2_f AAA CTC GTA TTC ATA TGG GTA TCG C 

CENPM CENPM_1_f CAC CGG GGG TGG GCA GTA ACA GGC G 

CENPM_1_r AAA CCG CCT GTT ACT GCC CAC CCC C 

CENPM_2_f CAC CGA ACA CGA TCA GGT CAA TTC G 

CENPM_2_r AAA CCG AAT TGA CCT GAT CGT GTT C 

KNTC1 KNTC1_1_f CAC CGG ATG GAG GGA ATA AGC TCT G 

KNTC1_1_r AAA CCA GAG CTT ATT CCC TCC ATC C 

KNTC1_2_f CAC CGG TTG ACT ATA GAG AGT AAG C 

KNTC1_2_r AAA CGC TTA CTC TCT ATA GTC AAC C 

MTHFD2 MTHFD2_1_f CAC CGG GGG CGC ATG AAC GTC CCG G 

MTHFD2_1_r AAA CCC GGG ACG TTC ATG CGC CCC C 

MTHFD2_2_f CAC CGG CTG GAA GGT CAA AAA ACG T 

MTHFD2_2_r AAA CAC GTT TTT TGA CCT TCC AGC C 

NUF2 NUF2_1_f CAC CGG CTT TGG AGA AAT ACC ACG A 

NUF2_1_r AAA CTC GTG GTA TTT CTC CAA AGC C 

NUF2_2_f CAC CGT AGA AGC AAA ACG GAC AAG T 

NUF2_2_r AAA CAC TTG TCC GTT TTG CTT CTA C 

PHGDH PHGDH_1_f CAC CGG AAG GGG AAA TCT CTC ACG G 

PHGDH_1_r AAA CCC GTG AGA GAT TTC CCC TTC C 

PHGDH_2_f CAC CGA GTG CCG CAG AAC TCA CTT G 

PHGDH_2_r AAA CCA AGT GAG TTC TGC GGC ACT C 

RAD51 RAD51_1_f CAC CGG TAG TCT GTT CTG TAA AGG G 

RAD51_1_r AAA CCC CTT TAC AGA ACA GAC TAC C 

RAD51_2_f CAC CGG TCG AGG TGA GCT TTC AGC C 

RAD51_2_r AAA CGG CTG AAA GCT CAC CTC GAC C 

TFDP1 TFDP1_1_f CAC CGG GAC ACC GGA GTC TCC ACC C 

TFDP1_1_r AAA CGG GTG GAG ACT CCG GTG TCC C 

TFDP1_2_f CAC CGG CTC TGG AGC CAT ACG TGA C 

TFDP1_2_r AAA CGT CAC GTA TGG CTC CAG AGC C 

YBX1 YBX1_1_f CAC CGG GAT CGG AGA GTG CTC CCG A 
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YBX1_1_r AAA CTC GGG AGC ACT CTC CGA TCC C 

YBX1_2_f CAC CGG GAC CAT ACC TGC GGA ATC G 

YBX1_2_r AAA CCG ATT CCG CAG GTA TGG TCC C 

AAVS1  CTC CGG AAA GAG CAT CCT 

RPL17  TAC CAT TCC GAC GTT ACA A 

 

 

 

 

  

Figure 18: Western blot analysis of SMZ-1 Cas9 SCC. The SCC show Cas9 expression. 

The Cas9 protein was detected by the Cas9 antibody and 𝛼 −tubulin was used as loading 

control. 
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Figure 1: Structure of the JAK family of protein tyrosine kinases. (Figure created 

with BioRender.com) .................................................................................................... 2 

Figure 2: Structure of the STAT proteins. (Figure created with BioRender.com) ...... 2 

Figure 3: Cytokine signals from the extracellular environment activate the 

JAK/STAT pathway through interaction with membrane-associated receptors. 

Receptor-associated JAKs transduce the signal through tyrosine phosphorylation to 

STAT TFs. Activated STATs form parallel dimers then translocate to the nucleus 

upon phosphorylation to modulate gene expression. Protein tyrosine phosphatases 

(PTP), PIAS and SOCS proteins are negative regulators of the JAK/STAT pathway. 

(Figure created with BioRender.com) .......................................................................... 4 
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BioRender.com). ........................................................................................................... 9 
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Experiment performed once (n=1) and represents only technical validation insight.43 
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the focused CRISPR/Cas9 screen. The depletion of cells due to the sgRNA knock-
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The graph shows the percentage of GFP-positive cells in five measurements over 

16 days normalized to the first measurement. The untransduced parental KOPT-K1 

cell line was used as a GFP-negative control. Experiment was performed once (n=1) 

and represents only technical validation insight........................................................ 45 

Figure 15: The results of the CRISPR/Cas9 screen targeting 46 target genes in 

KOPT-K1 T-ALL cells. The depletion of cells due to the sgRNA-induced knock-out 

was detected by monitoring the associated GFP signal with the IQue screener over 
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representative of three independent experiments (n=3). (c, d, g, h) Graph is from 
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7.3 Abstract 

T-cell acute lymphoblastic leukaemia (T-ALL) is a rare form of cancer and is found 

especially in children. T-ALL arises from the maturational arrest of precursor T-cells 

and their proliferation. The JAK3/STAT5-axis has an important role in the proliferation 

of T-cells and its deregulation is found in T-ALL patients. The gain of function (GOF) 

mutation STAT5BN642H has been implicated with the hyperactivation of the protein, 

leading to CD8+ T-cell lymphoma and leukaemia in mouse models. We used a 

focused CRISPR/Cas9 loss-of-function screen to find hyperactive JAK/STAT-induced 

genes, essential for the oncogenicity of T-ALL. In parallel, we inhibited several of the 

encoded proteins with inhibitors. The results of the CRISPR/Cas9 screen and 

cytotoxicity assays were compared to find key dependencies. The screen and 

cytotoxicity assays were performed with the T-ALL cell line KOPT-K1 harbouring the 

STAT5BN642H mutation. 46 target genes were covered in the CRISPR/Cas9 screen 

and 91 of 92 sgRNAs were successfully cloned. The functionality of Cas9-expression 

was determined in an initial screen with KOPT-K1 Cas9 single cell clones. The 

CRISPR/Cas9 screen revealed 18 of 46 target genes, whose knock-out led to strong 

cell depletion. Comparison with the results of the cytotoxicity assays verified five key 

dependencies – AURKB, BCL-xL, CHK1, PSMD1, and TS – in the T-ALL KOPT-K1 

cell line. Additionally, the KOPT-K1 cell line was sensitive to inhibition of microtubule 

dynamics and DNA damage repair processes. Further validation is needed to 

determine the effects of protein inhibition on the remaining 13 target genes that were 

revealed during the CRISPR/Cas9 screen.  
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7.4 Zusammenfassung 

Akute lymphoblastische T-Zell-Leukämie (T-ALL) ist eine seltene Krebsart und tritt 

insbesondere bei Kindern auf. T-ALL entsteht durch die Proliferation von Vorläufer-T-

Zellen, deren Entwicklung vorläufig abgebrochen wurde. Der JAK3/STAT5 Signalweg 

spielt dabei eine wichtige Rolle, da er maßgeblich bei der Proliferation von T-Zellen 

beteiligt ist und daher kann eine Deregulierung zu Krankheit und Krebs führen. Die 

Gain-of-Function (GOF)-Mutation STAT5BN642H wurde mit der Hyperaktivierung des 

STAT5B-Proteins in Verbindung gebracht und führte in Mausmodellen zu CD8+ T-

Zell-Lymphom und Leukämie. Wir haben einen fokussierten CRISPR/Cas9 loss-of-

function Screen durchgeführt, um hyperaktive JAK/STAT-induzierte Gene zu finden, 

die für die Onkogenität von T-Zellen essenziell sind. Parallel dazu hemmten wir 

mehrere der codierten Proteine mit Inhibitoren. Die Ergebnisse des CRISPR/Cas9 

Screens und der Cytotoxicity Assays wurden verglichen, um Abhängigkeiten 

aufzudecken. Der Screen und die Cytotoxicity Assays wurden mit der T-ALL-Zelllinie 

KOPT-K1 durchgeführt, die ein biallelische STAT5BN642H-Mutation trägt. Der 

CRISPR/Cas9 Screen deckte 46 Zielgene ab und 91 der 92 sgRNAs wurden 

erfolgreich kloniert. Die Funktionalität des Cas9-Proteins wurde in einem ersten 

Screening mit zuvor generierten KOPT-K1 Cas9-Einzelzellklonen bestimmt. Der 

CRISPR/Cas9 Screen zeigte 18 von 46 Zielgenen auf, deren Knock-out zum Zelltod 

führte. Ein Vergleich mit den Ergebnissen der Cytotoxicity Assays bestätigte fünf 

Abhängigkeiten – AURKB, BCL-xL, CHK1, PSMD1, TS – in der T-ALL KOPT-K1-

Zelllinie. Darüber hinaus war die KOPT-K1-Zelllinie empfindlich gegenüber der 

Hemmung von Mikrotubuli-Dynamik und DNA-Reparaturprozessen. Eine weitere 

Validierung ist erforderlich, um die Auswirkungen der Proteinhemmung der 

verbleibenden 13 Zielgene zu bestimmen, die während des CRISPR/Cas9 Screens 

aufgedeckt wurden. 
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