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1. INTRODUCTION 

1.1 Diffuse Large B-Cell Lymphoma 

 Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin 

lymphoma (NHL), constituting roughly 30-40 % of cases worldwide, with a higher prevalence in 

developing regions. While it can be diagnosed in people within any age group, DLBCL usually 

presents itself in the elderly, with the median age of occurrence being between 60 and 70 years of 

age
[1]

. 

1.1.1 Types of DLBCL 

 Being a widely-heterogeneous entity in several respects, the foremost being genetic, DLBCL 

has proven difficult to stratify into multiple distinct, well-defined subtypes, giving rise to drastically 

differing treatment outcomes in patients treated in the same manner
[2]

. Owing to its heterogeneity, 

most cases of DLBCL belong to the group: DLBCL, not otherwise specified (DLBCL-NOS). The 

remaining minority of DLBCL cases are stratified into other groups established by WHO, such as 

primary DLBCL of the central nervous system, primary cutaneous DLBCL, leg type, DLBCL 

associated with chronic inflammation, or Epstein-Barr-virus-positive DLBCL-NOS, etc.
[3]

.  

 According to WHO, DLBCL-NOS (henceforth referred to as DLBCL) is further classified 

into two distinct types according to cell of origin (COO) and gene expression profiling (GEP): the 

germinal center B-cell-like (GCB) and the activated B-cell-like (ABC) type
[2-4]

. Different types of 

DLBCL originate from B-lymphocytes at distinct stages of development (Fig. 1) that have 

undergone the process of malignant transformation. The GCB type of DLBCL originates from 

germinal center B-cells and is typically characterized by high expression levels of the transcription 

repressor BCL6, and hypermutated immunoglobulin genes. The ABC type of DLBCL stems from 

activated peripheral blood B-cells, more precisely from plasmablasts that haven’t terminally 

differentiated into plasmacytes. Its major defining characteristics are constitutive B-cell receptor 

(BCR) activation, stimulating the NF-κB pathway via the Bruton tyrosine kinase (BTK), and the 

overexpression of drivers of plasmacytic differentiation, such as IRF-4
[2,4,5]

.  
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Figure 1. Differentiation of germinal center B-lymphocytes. NBL - naive B-lymphocyte; BL - B-

lymphocyte; CB - centroblast; CC - centrocyte; FDC - follicular dendritic cell; PC - plasmacyte; 

mBL - memory B-lymphocyte. A naive B-lymphocyte enters the germinal center of a lymph node 

(1) and begins to proliferate in the dark zone, creating centroblasts (2). During proliferation, 

centroblasts undergo somatic hypermutation, generating clones of B-lymphocytes coding for 

antibodies with differing affinities for antigen. Centroblasts then move to the light zone, where they 

express the antibody on their surface, thus becoming centrocytes (3). Follicular dendritic cells 

present antigen and survival signals to centrocytes, which selects for centrocytes with the highest 

affinities for the presented antigen (4). Centrocytes with weak affinity to the antigen die by 

apoptosis (not shown). Further refinement of a centrocyte’s antigen affinity is accomplished by 

returning to the dark zone and undergoing another cycle of somatic hypermutation (5). This can 

happen several times before a centrocyte is signaled to exit the germinal center and differentiate 

either into a plasmacyte (plasmablast stage not shown) (6) or a memory-B-lymphocyte (7). Taken 

and adapted from Allen et al. (2007)
[6]

. 
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 Histologically, DLBCL manifests as large, diffusely-arranged B-cells of almost exclusively 

either centroblastic, immunoblastic, or anaplastic morphological variants (Fig. 2), with a nuclear 

size equal to or exceeding normal macrophage nuclei
[4]

. 

     

Figure 2. Morphologically distinct variants of DLBCL. (A) Centroblastic variant - large cells with 

vesicular nuclei and chromatin, and two to three membrane-bound nucleoli. (B) Immunoblastic 

variant - large cells with moderate-to-abundant basophilic cytoplasm. The nucleus contains a 

centralized nucleolus, often with thin protrusions of chromatin extending to the nuclear membrane. 

(C) Anaplastic variant - large or very large cells with pleomorphic nuclei, often in a sinusoidal 

pattern
[4]

. Taken and adapted from Li S et al. (2018)
[7]

. 
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 In clinical practice, the determination of DLBCL subtype is routinely performed on tumor 

tissue samples using standardized immunohistochemical diagnostic procedures such as the Hans 

algorithm (Fig. 3). The Hans algorithm was developed as a less-demanding, low-cost alternative to 

cDNA-microarray-based GEP for the classification of DLBCL into GCB and non-GCB types, 

where the non-GCB type encompasses ABC-DLBCL and entities similar to it. The classification 

method relies on a set of three tissue section immunostainings which take advantage of antibodies 

specific to CD10, BCL6 and MUM1
[8]

. These proteins have been highly-associated with either type 

of DLBCL by cDNA microarray studies
[2,9]

. CD10 is a membrane-associated neutral 

endopeptidase
[10]

 whose expression in reactive or hyperplastic lymphoid tissues is restricted to 

germinal center B-lymphocytes
[11]

, which has been associated with better overall survival (OS)
[8]

. A 

DLBCL section is considered CD10-positive if 30 % or more of the cells in the sample show 

staining. The tumor is subsequently classified as GCB-DLBCL. If the threshold of CD-10 staining 

is not reached, the next step in the algorithm is the evaluation of the degree of BCL6 expression in 

the tumor. Within the B-lymphocyte lineage, BCL6 is detectable only in germinal center B-

lymphocytes
[12]

, where it regulates the formation of the germinal center
[13]

 by acting as a 

transcription repressor
[14]

. Overexpression of BCL6 in DLBCL predicts for better OS. If the 

proportion of BCL6-stained cells in the tumor section is less than 30 %, the DLBCL is classified as 

non-GCB. If, however, the immunoreactivity threshold is reached, a final assessment of DLBCL 

type is done by observing MUM1/IRF-4 staining, due to BCL6 expression itself not being specific 

to GCB-DLBCL
[8]

. MUM1, or interferon regulatory factor 4, is a transcriptional activator
[15]

 

specifically expressed in plasma cells, a small subset of germinal center B-lymphocytes and in 

activated T-lymphocytes
[16]

. A DLBCL sample with over 30 % of cells stained for MUM1/IRF-4 is 

classified as non-GCB, which is associated with significantly worse OS
[8]

. The Hans algorithm is 

concordant with GEP approximately 86 % of the time
[17]

. 
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Figure 3. Schematic of the Hans IHC algorithm. Percentages below white boxes represent cut-offs 

for a positive signal. Taken and adapted from Hans et al. (2004)
[8]

. 

 Because the Hans algorithm left room for improvement of classification accuracy, several 

other immunohistochemical algorithms were subsequently developed
[17-19]

. The Choi algorithm 

(Fig. 4), although not used in clinical practice, was developed due to the major improvements in the 

treatment of DLBCL and the emergence of improved antibodies specific for germinal center B-

lymphocytes. The Choi algorithm, similarly to the Hans algorithm, uses antibodies against CD10, 

BCL6 and MUM1/IRF-4, but with the addition of antibodies against GCET1 and FOXP1 to classify 

cases of DLBCL according to COO with more specificity. Although Choi et al. (2009) report the 

GEP concordance rate of their algorithm to be significantly higher than that of the Hans algorithm 

(93 %)
[18]

, an independent study by Meyer et al. (2011) that characterized the same samples (among 

more others) showed the difference in GEP concordance to be less substantial (86 % vs. 87 %)
[17]

.  
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Figure 4. Schematic of the Choi immunohistochemical algorithm. Percentages below white boxes 

represent cut-offs for a positive signal. Taken and adapted from Choi et al. (2009)
[18]

. 

 Meyer et al. (2011) have also designed an immunohistochemical algorithm for DLBCL 

classification, called the Tally algorithm (Fig. 5). The algorithm disregards sequential estimation of 

gene expression and instead relies on a cumulative expression score of observed COO-specific 

markers. If more GCB-specific markers than ABC-specific markers show expression levels above 

the 30 % cell staining threshold, the tumor is classified as GCB-DLBCL and vice versa. If an equal 

number of expression markers are present, the expression of LMO2 is used as a tiebreaker. The 

predictive power of the Tally algorithm is estimated to be only slightly weaker than that of the Choi 

algorithm
[17]

 and is not used in routine clinical settings. 
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Figure 5. Schematic of the Tally immunohistochemical algorithm. The cut-off for a positive signal 

is 30 % of stained cells. Taken and adapted from Meyer et al. (2011)
[17]

. 

 Because COO assignment by immunohistochemical methods frequently shows poor 

reproducibility due to technical, procedural and interobserver variability
[20]

, further studies 

correlating expression of multiple genes to the COO have resulted in the development of more 

accurate DLBCL classification methods. The Lymph2Cx assay is a gene expression assay based on 

the NanoString Counter gene expression system
[20,21]

. The assay assigns COO classification to 

DLBCL cases by analyzing the mRNA expression levels of 15 genes differentially expressed 

between ABC and GCB in samples of formalin-fixed paraffin-embedded tissue. A weighted 

average of the mRNA expression levels of the genes is used to generate a predictor score. An 

additional five housekeeping genes in the panel serve as a sample quality control. The Lymph2Cx 

assay was reported to show a >95% COO assignment concordance with cDNA microarrays
[20]

.  

1.1.2 Staging and Prediction of Clinical Outcome 

 The Ann Arbor system used in modern-day lymphoma staging was created in 1971
[22]

 and 

further refined in 1989
[23]

 in order to stratify Hodgkin’s lymphoma patients into prognostic 

subgroups. The classification of the disease into one of four stages is based upon the number and 

location of cancer tissue growths within the body, along with observed lymphoma-related 

symptoms
[23]

. Due to the difference between the ways Hodgkin’s lymphoma and NHL spread 

throughout the body, the Ann Arbor system was deemed insufficient by itself for prognostic 

stratification of NHL patients
[24]

, and a more accurate prognostic model for aggressive NHLs, called 

the international prognostic index (IPI), was developed in 1993
[25]

.  
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 The IPI assigns patients to clinical risk groups based on a cumulative scoring approach 

which takes five universally-recognized clinical features into account and assigns one point for each 

present risk factor. Risk factors are: age greater than 60, tumor stage of III or higher, an elevated 

serum lactate dehydrogenase level, more than one extranodal site, and an Eastern Cooperative 

Oncology Group (ECOG) performance status between 2 and 4. Patients are stratified into four 

prognostic risk groups according to the number of points: low risk (0-1 points), low-intermediate 

risk (2 points), high-intermediate risk (3 points), and high risk (4-5 points). An age-adjusted IPI, 

which doesn’t take age or the number of extranodal sites into account, was developed alongside IPI 

for use in prognostic classification of younger patients. Younger patients are stratified the same way 

as older patients, but with only one point of difference between risk groups (0, 1, 2 or 3)
[25]

.  

 In the time since the creation of the IPI, therapy for DLBCL has improved considerably. 

This had put the prognostic power of the IPI into question and prompted a revision of the risk 

classification system based on a redistribution of the IPI scoring system
[26]

. However, some of the 

clinical prognostic factors that were previously important for patient risk assessment had become 

less relevant
[27]

. This resulted in the creation of the National Comprehensive Cancer Network 

(NCCN) - IPI using statistical modeling. The NCCN-IPI is based on the same clinical features as 

IPI, but uses a refined categorization of age and normalized LDH, and only takes sites in the bone 

marrow, central nervous system, gastrointestinal tract/liver, and lungs into account when scoring 

extranodal tumor involvement. Although patients are stratified into the same four groups as in IPI, 

NCCN-IPI better discriminates between high and low risk, and high-intermediate and high risk 

prognostic groups
[28]

. Although improvements of the prognostic stratification of NHL patients 

based on clinical features have been suggested, the IPI still remains in routine use
[29]

. 

 Even though the IPI is successfully used for risk assessment in routine clinical settings, it 

does not take the wide genetic heterogeneity of DLBCL into account, which leaves much room for 

improvement. In recent years, much effort has been devoted to the discovery of prognostic factors 

in DLBCL using gene expression profiling and has produced actionable results
[30]

. So far, the only 

gene-expression-based predictor of therapeutic outcome in use is COO classification, where ABC-

type DLBCL is generally associated with having a poorer outcome than GCB-type DLBCL
[9,31]

. 
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1.1.3 Signaling Pathways Commonly Altered in GCB-DLBCL 

 Germinal center B-cell-like DLBCL often harbors mutations resulting in dysregulated B-cell 

homing
[32]

, PI3K/Akt pathway dysfunction
[33,34]

, and aberrant epigenetic modification
[35-37]

. 

 Dysregulation of B-cell homing in GCB-DLBCL can be mediated by mutations in the 

S1PR2, GNA13 and GNAI2 genes
[32]

. The S1PR2 gene encodes for the sphingosine-1-phosphate 

receptor protein 2 (S1PR2) - a high-affinity heterotrimeric G-protein-coupled receptor
[38]

. Signaling 

through S1PR2 serves to restrict B-lymphocytes to lymph node germinal centers
[39]

 by means of a 

sphingosine-1-phosphate gradient
[40]

. The Gαi2 and Gα13 subunits of heterotrimeric G proteins, 

encoded by the GNAI2 and GNA13 genes, respectively, are downstream mediators of S1PR2 

signaling
[32,39]

. Mutations in each of the three genes serve in the egress of neoplastic B-lymphocytes 

from germinal centers, and are enriched in GCB-DLBCL
[32,37]

. 

 The dysfunction of the PI3K/Akt pathway in GCB-DLBCL is predominantly caused by loss-

of-function aberrations of PTEN by means of somatic mutations and heterozygous deletions
[34]

. The 

primary consequence of PTEN loss is the constitutive activation of Akt, which results from the 

build-up of phosphatidylinositol-(3,4,5)-trisphosphate, bound by Akt’s pleckstrin homology 

domain. This, in turn, promotes cellular metabolism and protein synthesis through the effects of 

mTOR, inhibits apoptosis, and activates the cell cycle by inhibiting key regulatory proteins
[41]

. 

Another outcome of Akt activation is the upregulation of MYC, which results from suppression of 

the phosphatase activity of GSK3β
[34]

. 

 Aberrations in epigenetic modification are more commonplace in GCB-DLBCL than ABC-

DLBCL
[35-37]

, where they contribute to the irregular activation or repression of genes. The 

CREBBP, EP300
[35]

, EZH2
[36]

, and MEF2B
[37]

 genes each play distinct, yet interconnected roles in 

the maintenance of the epigenome. 
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 The proteins coded by the CREBBP and EP300 genes (CPB and p300) share a large amount 

of both structural and functional similarity. Both belong to the KAT3 family of histone/protein 

lysine acetyltransferases and play a role in both epigenetically-driven
[42]

 and transcription-factor-

driven control of protein expression
[35]

. Most CREBBP and EP300 mutations affect the 

acetyltransferase domain and are often heterozygous, suggesting, through haploinsufficiency, that 

the proteins serve as tumor suppressors. The mutated acetyltransferase domain has a reduced 

affinity for acetyl-CoA. Besides being unable to acetylate histone proteins, mutated CPB and p300 

have lost the ability to acetylate p53 and BCL6
[35]

. Because the acetylation of p53 by CPB/p300
[43]

 

serves to disrupt the interaction of p53 and Mdm2
[44]

, CREBBP and EP300 mutations lead to 

decreased tumor suppressor activity of p53
[35]

. BCL6 is involved in the control of the cell cycle, 

differentiation and apoptosis in B-lymphocytes of the germinal center
[45]

. Acetylation of BCL6 by 

CBP/p300 inhibits its function as a transcriptional repressor
[35,46]

, thus the loss of the 

acetyltransferase function of CBP/p300 promotes uncontrolled B-lymphocyte proliferation
[35]

. 

 MEF2B encodes for a transcription factor (MEF2B)
[47]

 which regulates transcription both by 

association with histone acetylases, such as p300
[48]

, and calcium-dependent association with 

histone deacetylases through Cabin1
[49,50]

. MEF2B has been implicated in lymphomagenesis 

through its ability to promote transcription from the BCL6 promoter in DLBCL. N-terminal 

mutations have been observed to abrogate the binding of Cabin1 to MEF2B, which eliminates both 

the suppression of p300 binding to MEF2B and indirect binding of transcription-repressing histone 

deacetylases through Cabin1
[51]

. Somatic mutations in MEF2B were found to be more common in 

the GCB subtype of DLBCL
[37,51]

.  

 The EZH2 gene encodes a histone N-methyltransferase (EZH2) which tri-methylates lysine 

27 of histone 3 (H3K27) as the catalytic subunit of the polycomb repression complex 2
[52]

. 

Heterozygous somatic missense mutations affecting Tyr641 in the active site of EZH2 have been 

observed to occur frequently in GCB-DLBCL, with 21.7 % of cases positive for the mutation, and 

do not occur in ABC-DLBCL
[36]

. The mutations modify the substrate specificity of EZH2, 

decreasing its ability to methylate unmethylated and monomethylated histone proteins, and 

simultaneously increasing its affinity towards dimethylated H3K27, resulting in an increase of 

hypermethylation in mutant-bearing cells
[53]

. These findings, along with the fact that EZH2 is 

involved in the silencing of antiproliferative genes in B-lymphocytes
[54]

 strongly implicate the 

hypermethylation-inducing EZH2 mutations in lymphomagenesis. 
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1.1.4 Signaling Pathways Commonly Altered in ABC-DLBCL 

 The survival of ABC-type DLBCL is dependent on the constitutive activity of the 

transcriptional activator NF-κB
[55,56]

, which is accomplished via several different genetic 

aberrations
[57-60]

. Common causes of constitutive NF-κB activation in ABC-DLBCL are mutations 

affecting signal transduction proteins within and downstream of the B-cell receptor (BCR)
[57,58]

.   

The B-cell receptor is a multimeric complex on the surface of B-lymphocytes. It consists of an 

antigen-binding immunoglobulin molecule non-covalently bound to a disulfide-linked 

CD79A/CD79B heterodimer which contains immunoreceptor tyrosine-based activation motifs 

(ITAMs)
[61]

. Binding of antigen to multiple BCRs promotes clustering of the receptors and 

proximity-induced phosphorylation of ITAM domains on the CD79A/CD79B heterodimer by Src-

family kinases
[62]

. This, in turn, facilitates the binding of downstream effector kinases, such as SYK 

and BTK, which serves as a trigger for the activation of several cellular pathways
[63]

, which results 

in NF-κB activation by means of CARD11-mediated activation of the IκB kinase
[57]

. 

 CD79B mutations are found in about a fifth of ABC-DLBCL cases, but are known to also be 

found in GCB-DLBCL, albeit much more rarely. CD79A mutations are also more commonly found 

in ABC-DLBCL, but in a considerably lower number of cases
[57]

. The Lyn tyrosine kinase 

associates with and phosphorylates tyrosine residues in the ITAM motifs of CD79B, which is 

required for the internalization of the BCR complex
[64,65]

. Mutations in the CD79A and CD79B 

genes often affect the ITAM motif, either by replacing the tyrosine with another amino acid or by 

deleting the part of the motif that contains the phosphorylation site. As a consequence, these 

mutations disturb the interaction between Lyn and CD79B, thus promoting constitutive expression 

of the BCR on the cell surface
[57]

. 

 CARD11 is a cytoplasmic scaffold protein consisting of a CARD, coiled-coil, and MAGUK 

domain
[66]

. It functions downstream of the BCR and lays in a dormant state due to the association of 

its CARD and coiled-coil domains with an inhibitory domain. When the linker region of CARD11, 

positioned between the coiled-coil and MAGUK domains, is phosphorylated, CARD11 forms the 

multi-protein CBM complex with BCL10 and MALT1 (among others) through coiled-coil domain 

interactions, which serves to activate the IKK complex, removing inhibition of NF-κB
[67]

. CARD11 

mutations predominantly affect the coiled-coil domain and are present in approximately 10 % of 

ABC-DLBCL and 4 % of GCB-DLBCL
[58]

. Mutations in the coiled-coil domain of CARD11 

disrupt the association between the inhibitory and coiled-coil domains, allowing association with 

MALT1 and BCL10 without the need for phosphorylation
[68]

. 
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 Another process resulting in constitutive NF-κB activation common in ABC-DLBCL is 

mediated by mutations in MYD88
[60]

. MYD88 associates with toll-like receptors through its 

toll/interleukin-1 receptor (TIR) homology domain, acting as a signal transduction protein. It then 

recruits the IRAK4/1 complex via its death domain, which, through TRAF6-mediated 

polyubiquitylation, activates the IKK complex, leading to NF-κB activation
[69]

. Mutations in 

MYD88 occur in about 40 % of ABC-DLBCL. The L265P variant constitutes approximately three 

quarters of MYD88 mutations in ABC-DLBCL, and is rarely observed in GCB-DLBCL. Other 

MYD88 mutations are, however, nearly equally distributed among DLBCL subtypes. The L265P 

amino acid substitution affects an evolutionarily-conserved residue within the TIR domain, 

facilitating the formation of the MYD88/IRAK4/1 complex by an, as of yet, unknown 

mechanism
[60]

. 

 TNFAIP3 is involved in NF-κB regulation by means of its dual ubiquitylation and de-

ubiquitylation functions. The N-terminal domain of the protein removes ubiquitin residues from 

lysine 63 of RIP1, a mediator of TNFα-induced NF-κB signaling, thereby abolishing its interaction 

with NEMO, a subunit of the IKK complex. Additionally, the C-terminal domain of TNFAIP3 

polyubiquitylates lysine 48 of RIP1, leading to its proteasomal degradation
[70]

. TNFAIP3’s 

deubiquitylation activity also targets NEMO itself
[71]

, which is polyubiquitylated by the CBM 

complex beforehand in order to activate NF-κB
[72]

. Alterations of the TNFAIP3 gene are almost 

exclusive to the ABC subtype of DLBCL, with about 30 % of cases carrying a mutation. All of the 

mutations found in TNFAIP3 are inactivating, making TNFAIP3 either highly-unstable or 

dysfunctional
[59]

. 

 Lastly, differentiation from germinal center B-lymphocytes into plasma cells is often halted 

in ABC-DLBCL
[73]

. The PRDM1/BLIMP1 gene codes for a transcriptional repressor required for 

the termination of BCR signaling and proliferation in germinal center B-lymphocytes, leading to 

their terminal differentiation into antibody-secreting plasma cells
[74]

. Since GCB-DLBCLs originate 

from cells that normally don’t express PRDM1/BLIMP1, abnormal inactivation of the protein’s 

function is restricted to the ABC subtype. Biallelic inactivating mutations in PRDM1/BLIMP1 are 

present in about a quarter of ABC-DLBCL, giving rise to the conclusion that the gene is a tumor 

suppressor. However, up to about 80 % of cases demonstrate a lack of PRDM1/BLIMP1 protein 

expression, with most ABC-DLBCL still expressing the appropriate mRNA. This suggests that the 

protein’s inactivation in most cases of ABC-DLBCL is a consequence of impaired translation 

and/or protein stability caused by external mechanisms
[73]

. 
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1.1.5 Courses of Treatment 

 In the late 20th century, DLBCL, or as it was known back then: diffuse histiocytic non-

Hodgkin’s lymphoma, was routinely treated with either radiotherapy
[75]

, or single-agent 

chemotherapy
[76]

.
 
In the following years, a combination-chemotherapy regimen consisting of 

cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) was deemed the best option 

for treatment of DLBCL patients, as it managed to achieve complete remission in 45-55 % of 

patients
[77]

.  

 The current standard treatment for DLBCL patients is a combination of rituximab and 

CHOP (R-CHOP). Rituximab is a murine/human chimeric monoclonal antibody specific for the 

CD20 antigen bound to the outer surface of B-lymphocytes with therapeutic activity in B-

lymphocytic malignancies
[78]

. It was approved for the treatment of relapsed, low-grade, or follicular 

NHLs in 1997 by the United States Food and Drug Administration and by the European Medicines 

Agency less than a year later. In 2006, it was greenlit for aggressive NHL therapy in combination 

with CHOP
[79]

. Sixty to seventy percent of patients who undergo R-CHOP treatment have a 5-year 

progression-free survival, though 30-40 % of them ultimately relapse with refractory disease
[80]

.  

1.2 The BTB-kelch Protein Family and Kelch-Repeat Superfamily 

 The first member of the BTB (broad-complex, tramtrack and bric-a-brac) -kelch protein 

family: “kelch”, was discovered in ring canals of Drosophila melanogaster egg chambers
[81]

, where 

it mediates the organization of F-actin filaments
[82]

. The name stems from the German word for 

goblet, given to the gene as a result of egg shells of homozygous mutant females often having an 

anterior opening, thus resembling a cup
[83]

. Since then, many structurally and functionally diverse 

proteins possessing kelch repeats have been discovered, prompting their categorization under the 

name: kelch-repeat superfamily
[84]

. 

1.2.1 The Structure of Kelch-Repeat Proteins 

 Five distinct protein families characterized by specific arrangements of structural domains 

constitute the kelch-repeat superfamily (Table 1). These protein families are: the N-dimer, C-

propeller, or BTB/Kelch family; the C-propeller family; the N-propeller, C-coiled coil family; the 

N-propeller family; and the propeller protein family
[84]

. Most metazoan and, more specifically, 

human kelch-repeat proteins belong to the BTB-kelch protein family
[85]

.  
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Table 1. Common arrangements of domains in kelch-repeat proteins, with examples listed. The first 

group of kelch-repeat proteins (N-dimer, C-propeller proteins) have a C-terminal BTB/POZ 

(Poxvirus and Zinc-finger) domain and an N-terminal kelch domain comprised of four to six kelch 

motifs, and is otherwise known as the BTB-kelch protein family. The second group (C-propeller 

proteins) is composed of proteins with a C-terminal kelch domain containing between five and 

seven kelch motifs. The proteins of the third group (N-propeller, C-dimer proteins), structured from 

an N-terminal kelch domain containing six kelch repeats and an extended C-terminal coiled-coil 

domain, have so far been identified exclusively in yeasts. Group four proteins (N-propeller proteins) 

share only the N-terminal kelch domain. Proteins consisting almost exclusively of kelch repeats 

arranged in one or two kelch domains (propeller proteins) are the sole constituents of the fifth 

group. Taken and adapted from Adams et al. (2000)
[84]

. 

Subgroup Protein  
(# of kelch motifs) Length (aa) Species 

N-BTB, C-Kelch 
   

 

Calicin (6) 588 Human, bovine 

ENC-1 (6) 589 Human, mouse 

IPP (6) 584 Human, mouse 

Keap1/KIAA0132 (6) 624 Human, mouse 

Kelch (6) 688 D. melanogaster 

Kel-1 (6) 618 C. elegans 

Mayven (6) 593 Human 

NRP/B (6) 589 Human 

NS1-BP (5) 589 Human 

Poxvirus ORFS (4-6) ~600 Vaccinia, Shope, etc. 

Sarcosin (5) 596 Human 

C-Kelch 
   

 

Actin-fragmin kinase (6) 737 P. polycephalum 

Galactose oxidase (7) 639 D. dendroides 

Muskelin (6) 735 Mouse 

SPE-26 (5) 570 C. elegans 

N-Kelch, C-coiled coil 
   

 

Kel1p (6) 1164 S. cerevisiae 

Kel2p (6) 882 S. cerevisiae 

Teal (6) 1147 S. pombe 

N-Kelch 
   

 

Attractin (7) 1198 Human, mouse, C. elegans 

HCF-1 (6) 2035 Human 

HCF-2 (6) 792 Human, C. elegans 

LZTR-1 (2) 552 Human 

Mahogany (7) 1336 Mouse 

RAG-2 (6) 527 Human, mouse 

Ral2p (3) 611 S. pombe 

Single-Kelch only 
   

 

P40 (6) 372 Human 

Dual-Kelch only 
   

 

α-Scruin (12) 918 L. polyphemus 

β-Scruin (12) 916 L. polyphemus 
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The kelch motif, a 44-56 amino-acid-long four-stranded β-sheet, is present in all proteins of this 

superfamily. Multiple consecutively-chained instances of this motif are found at either the amino or 

carboxy terminal of the protein, forming a three-dimensional structure within the kelch domain 

called the “β-propeller” (Fig. 6A). Within the β-propeller, the kelch motifs assume a radial 

distribution, laying tilted to a central axis, with each kelch motif forming one “blade” of the 

propeller
[84,86]

. There is modest-to-low sequence similarity between kelch motifs of the same 

protein, and even lower sequence similarity between kelch motifs of different proteins. However, 

eight conserved residues can be found within most kelch motifs: four hydrophobic residues 

preceding a double-glycine residue, and two distant aromatic residues spaced apart by different, 

though often recurring, lengths of amino acid sequence
[84,85,87]

. The BTB/POZ domain (henceforth 

referred to as the BTB domain) is the characteristic structural element of the BTB-kelch family of 

kelch-repeat proteins, consisting of 120 amino acids
[84,88]

. Most of the BTB domain is taken up by 

its core made of multiple α-helices, on either side of which is a small β-sheet. The arrangement of 

the BTB domain’s secondary structure elements allow it to form homodimers with biaxial 

symmetry (Fig. 6B)
[89]

. Depending on residues within the interaction surface of the domain, 

different BTB domains can interact, allowing the formation of protein heterodimers
[88]

. Similarly to 

the kelch domain, several conserved residues are found within BTB domains of different proteins, 

most of which are buried within the domain’s core
[89]

. 

   

Figure 6. Ribbon diagrams of (A) the kelch domain of human kelch-like ECH-associated protein 1 

(KEAP1), taken from Li et al.(2004)
[90]

, and (B) the BTB domain of the human promyelocytic 

leukemia zinc finger (PLZF) protein, taken from Ahmad et al. (1998)
[89]

. 
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1.2.2 The Functions of Kelch-Repeat Proteins 

 As compiled by Adams, Kelso, and Cooley (2000), kelch-repeat proteins mediate a diverse 

set of cellular and extracellular processes, such as the formation and organization of cytoskeletal 

elements (IPP/KLHL27, ENC1/KLHL37, etc.), modification of cellular morphology (β-Scruin, 

calicin, etc.), regulation of gene expression (KEAP1/KLHL19, RAG-2, etc.), primary alcohol 

oxidation (e.g. galactose oxidase), and so forth
[84]

. 

 Several members of the kelch-like protein (KLHL) subfamily of BTB-kelch proteins have 

been observed to associate with the cullin-3 (Cul3) based E3 ubiquitin ligase, such as KLHL2
[91]

, 

KLHL11
[92]

, KLHL19 (better known as KEAP1)
[93]

, and KLHL20
[94]

. Cullin-RING ubiquitin 

ligases are comprised of a catalytic RING-finger protein, a substrate adaptor protein, and a Cullin 

protein, which acts as a scaffold, connecting the catalytic and substrate-specifying parts of the 

complex
[95]

. The association between KLHL family proteins and Cul3 is mediated by their BTB 

domains. A number of KLHL family proteins act as substrate-specific adaptors in the Cul3-based 

ubiquitin ligase proteolysis pathway
[96,97]

. 

1.3 Kelch-Like Protein 6 

 Kelch-like protein 6 (KLHL6) was originally discovered in ovine ileal Peyer’s patches using 

cDNA subtraction, and its expression in humans was subsequently localized to germinal center B-

cells
[98]

. Expression of the protein is persistent throughout the entirety of B-cell development, with 

increased expression during antigenic stimulation of B-cells within the germinal center
[98]

. Inside 

the cell, KLHL6 localizes mostly to perinuclear areas
[99]

. 
 

1.3.1 Structure of KLHL6 

 Although the exact tertiary structure of the protein is still unknown, KLHL6 was shown to 

contain an N-terminal BTB domain, along with a C-terminal kelch domain consisting of six kelch 

repeats
[98]

, categorizing it as a member of the BTB-kelch family of kelch-repeat proteins
[84]

. Besides 

the BTB and kelch domains, KLHL6 contains an intervening BTB and C-terminal kelch (BACK) 

domain, as do all other kelch-like proteins
[96,99,100]

. The BACK domain is 130 amino acids long, 

fully α-helical in structure, and has multiple highly-conserved residues
[92,100]

. The most notable role 

of the BACK domain is the formation of a Cul3-binding cleft together with the BTB domain, 

reinforcing the interaction with the E3 ubiquitin ligase
[92]

. 
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1.3.2 Proposed Roles of KLHL6 in the Cell 

 It was demonstrated that, in KLHL6
-/-

 mice, the absence of KLHL6 impairs the maturation 

of B-lymphocytes in the bone marrow past the pre-B-cell stage, resulting in shrinkage of the spleen. 

B-cell receptor signaling and the germinal center formation in peripheral lymph nodes are 

negatively-affected as well
[99,101]

. Although it has been shown that KLHL6 isn’t indispensable for 

germinal center formation
[99,101]

, but is necessary for the survival and development of T1 B-

lymphocytes
[101]

, the exact function of the protein is yet to be determined
[99,101]

. Speculation has 

yielded opinions that KLHL6 may be an adaptor for the Cul3 ubiquitin ligase, with substrate 

specificity for a protein involved in BCR signaling
[99]

 or  B-cell-activating-factor-mediated B-cell 

maturation
[101]

. 

1.3.3 KLHL6 in Malignancies 

 The observed involvement of KLHL6 in the B-cell maturation process
[99,101]

 is supported by 

the fact that it is frequently found mutated in several types of neoplasms stemming from mature B-

lymphocytes, such as chronic lymphocytic leukemia
[102,103]

, marginal zone lymphoma
[104]

, follicular 

lymphoma
[105]

, and even in acute myeloid leukemia, though at much lower frequencies
[106]

. The 

highest frequency of KLHL6 mutations, however, is observed in DLBCL, with about 10 % of 

patients carrying a mutation
[30,107-110]

. The most common KLHL6 mutant variants in DLBCL are 

Leu65Pro, Leu90Phe, Glu547Lys, and Glu568Lys
[30,107,109]

. 
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1.4 Drug Sensitivity Score 

 The complexity of sample-dose-response matrices resulting from high-throughput drug 

screening of cells often calls for the reduction of the dose dimension into a single parameter, such as 

the IC50. This often offers limited insight into differences between drug responses of cancer and 

normal cells
[111]

. The drug sensitivity score (DSS) condenses the characteristics of a drug response 

curve into a single value which can be used to easily identify druggable vulnerabilities in cancer 

samples, or observe changes in drug sensitivity between test and control samples
[112]

. 

1.4.1 The Mathematics Behind the Drug Sensitivity Score 

 The DSS is a quantitative drug response metric based on closed-form integration of the area 

under an interpolated dose-response curve. Multiple parameters of a dose-response curve (IC50 

(inflection point), slope, maximum and minimum asymptote) are estimated through a logistic 

function model and integrated into a single variable. A non-linear dose-response function is first 

used on the observed drug response data to model the response function as a continuous function of 

the dose, producing a dose-response curve (a - maximal response/top asymptote of the drug 

response curve; b - slope of the drug response curve; c - half-maximal inhibitory concentration (IC 

50); d - minimum response/bottom asymptote of drug response curve; x - drug concentration (x1 to 

x2 - active concentration range); y - response function)
[112]

: 

    
   

          
 

 The area under the curve, which is the area between the x-axis and the dose-response curve, 

is then calculated as a closed-form exact solution of a definite integral with a set minimum drug 

activity level defining the starting and ending concentrations (t - minimum activity level of drug; 

AUC - area under the curve)
[112]

: 

    ∫                   
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 Finally, the DSS is calculated by subtracting the integrated area below the minimum drug 

activity level from the area under the curve, and dividing the resulting value by the maximum 

possible response area
[112]

: 

     
            

                  
 

 A normalization of the DSS calculation by the logarithm of the top asymptote (DSS2) serves 

to select against drugs which show only off-target effects
[112]

: 

     
    
      

 

 A further normalization of DSS2 by the dose range over which the response exceeds the 

activity threshold (DSS3), is used to emphasize drugs with a wide therapeutic window
[112]

: 
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Figure 7. Graphical representation of the differential drug sensitivity score calculation. Rmin - 

minimal observed response; Rmax - maximal observed response; Amin - designated minimal drug 

activity level. The gray area represents the AUC used for dDSS calculation. Taken and adapted 

from Yadav et al. (2014)
[112]

. 
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2. AIM OF THE STUDY 

 The aim of this study was to detect the cellular pathways the KLHL6 protein is involved in, 

and potentially define its exact cellular function, based on the results of drug sensitivity and 

resistance testing. 
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3. MATERIALS AND METHODS 

3.1 Materials 

3.1.1 The SU-DHL-4 Cell Line 

 In 1976, “diffuse histiocytic lymphoma” cells from a peritoneal effusion of a male 38-year-

old were used for the establishment of the Stanford University-diffuse histiocytic lymphoma-4 (SU-

DHL-4) human cell line
[113]

.  The cell line is classified as a DLBCL of the GCB subtype and carries 

an EZH2 Y641S mutation
[114]

. The cell line displays immunoglobulin G molecules with kappa light 

chains on its surface. It has a translocation affecting the BCL2 gene, placing it under the control of 

the immunoglobulin heavy chain promoter (t(14;18)(q32;q21))
[113]

. The SU-DHL-4 cell line is 

negative for the Epstein-Barr virus, hepatitis B and C viruses, human immunodeficiency viruses 1 

and 2, and the human T-lymphotropic virus
[114]

. 

3.1.2 The SU-DHL-5 Cell Lines 

 The Stanford University-diffuse histiocytic lymphoma-5 (SU-DHL-5) human cell line was 

established in 1978 from a lymph node biopsy sample of a female 17-year-old “malignant diffuse 

histiocytic lymphoma” patient
[113]

, which was later reclassified as GCB-type DLBCL
[115]

. The cell 

line has no Bcl-2, c-Myc, or Bcl-6 translocations, and displays immunoglobulin M molecules with 

lambda light chains on its surface
[113]

. It is negative for the Epstein-Barr virus, hepatitis B and C 

viruses, human immunodeficiency viruses 1 and 2, and the human T-lymphotropic virus
[115]

. 

 SU-DHL-5 cells were transduced with lentiviral constructs prior to this study. The cells 

were transduced with either of the following expression constructs: a KLHL6 gene mutated by site-

directed mutagenesis (see below) of KLHL6 cDNA extracted from SU-DHL-4 cells, cDNA of a 

wild-type KLHL6 gene extracted from SU-DHL-4 cells, or a construct expressing only emerald 

green fluorescent protein (EmGFP). All transduced genes were placed under the control of a 

constitutively active EF-1α promoter of the pLEX_307
[116]

 lentiviral expression vector. The 

constructs carrying KLHL6 genes had a streptavidin-hemagglutinin (str/HA) dual-tag at the 3’ end 

of the gene. Four most common KLHL6 missense mutations in DLBCL were chosen for 

transduction into SU-DHL-5 cells: Leu65Pro (L65P), Leu90Phe (L90F), both found in the BTB 

domain of the protein, and Glu547Lys (E547K) and Glu568Lys (E568K), which both affect the 

kelch domain, giving a total of six derivative SU-DHL-5 cell lines established by transduction. The 

SU-DHL-5 cell lines expressing these six proteins will henceforth be referred to as: S5-EmGFP, S5-

KLHL6-wt, S5-KLHL6-L65P, S5-KLHL6-L90F, S5-KLHL6-E547K, and S5-KLHL6-E568K. 
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3.2 Methods 

3.2.1 Maintenance of SU-DHL-5 Cell Cultures 

 Prior to their use in this study, all aforementioned SU-DHL-5 cells were kept frozen in fetal 

bovine serum (FBS) (Thermo Fisher Scientific, United States) with 10 % V/V dimethyl sulfoxide 

(DMSO) (MP Biomedicals, United States) at -150°C. An untransduced SU-DHL-5 cell line was 

maintained along with transduced ones. Thawing was performed according to the following 

protocol: a cryogenic vial (True North™, Heathrow Scientific, United States) containing a 1 mL 

aliquot of frozen cells was thawed in a heated water bath. The aliquot was transferred to a 

polypropylene tube. Five milliliters of Roswell Park Memorial Institute (RPMI) 1640 medium 

(Corning, United States), supplemented with 20 % V/V FBS (Thermo Fisher Scientific, United 

States), 1 % V/V penicillin/streptomycin (10,000 units/mL penicillin, 10,000 µg/mL streptomycin) 

(Thermo Fisher Scientific, United States) and 1% V/V L-alanyl-L-glutamine dipeptide (200 mM in 

0.85% NaCl) (GlutaMAX™-I 100X, Thermo Fisher Scientific, United States) (henceforth referred 

to as RPMI-20-FBS) were added onto the aliquot and mixed by slowly inverting the tube a number 

of times. The aliquot was centrifuged at 126 G for 3 minutes at RT. After removing supernatant, the 

cell pellet was resuspended in 6 mL of fresh RPMI-20-FBS (supplemented with 0.5 µg/mL of 

puromycin (Merck, United States) if the cells carried a lentivirally-transduced construct). The 

suspension was transferred to a 25 cm
2
 cell culture flask (Nunc™ EasYFlask™ Nunclon™ Delta 

Surface, Thermo Fisher Scientific, United States) and placed into a cell culture incubator at 37°C 

and 5 % V/V CO2. The next day, 4 mL of RPMI-20-FBS medium (supplemented with 0.5 µg/mL of 

puromycin (Merck), where appropriate) were added to the cell culture. Cells were passaged at least 

twice after thawing before being used in any experiments. 

Cell cultures were split into halves or thirds every two or three days, respectively. This was 

done according to the following procedure: cells were thoroughly resuspended, transferred to plastic 

tubes, and centrifuged at 300 G for 5 minutes at room temperature (RT). Supernatant was removed 

by vacuum. Depending on the splitting ratio, two or three milliliters of fresh RPMI-20-FBS (with or 

without puromycin, depending on transduction status) were used to resuspend the cell pellet. One 

milliliter of cell suspension was placed into a cell culture flask (Nunc™ EasYFlask™ Nunclon™ 

Delta Surface, Thermo Fisher Scientific, United States) filled with either 9 or 14 milliliters of the 

same medium used for resuspension, and placed into a cell culture incubator at 37°C and 5 % V/V 

CO2. Cells to be used in DSRT or proliferation testing were cultured in puromycin-free medium for 

at least two passages prior to the procedure. 
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 Aliquots of maintained cell lines were frozen in FBS with 10 % V/V DMSO throughout the 

study, using the following protocol: cell lines to be aliquoted and frozen had been passaged the day 

before. After resuspension, 5 mL of a cell culture were transferred to a polypropylene tube and 

centrifuged at 126 G for 3 minutes at RT. Supernatant was removed by vacuum. Cell pellets were 

resuspended using 1 mL of FBS with 10 % V/V DMSO. The cell suspension was transferred to a 

small cryogenic vial (True North™, Heathrow Scientific, United States), placed into a freezing 

container, and placed into a freezer set to -70°C. The next day, the container was transferred to a 

second freezer set to -150°C. 

3.2.2 Extraction of DNA from Cells for Cell Line Authentication 

 Cultures of untransduced SU-DHL-4 and SU-DHL-5 cell lines were resuspended 

thoroughly. A 15 µL aliquot of each cell suspension was placed into a small polypropylene tube. 

The same volume of Trypan Blue stain (0,4%, Thermo Fisher Scientific, United States) was added 

to the cell aliquots. Two 10 µL aliquots of each mixture were placed into dual-chambered cell 

counting slides (Countess™, Thermo Fisher Scientific, United States). The density and viability of 

cells were determined using an automated cell counter (Countess™, Thermo Fisher Scientific, 

United States) and averaged over the duplicates.  

 Aliquots of SU-DHL-4 and SU-DHL-5 cultures containing 1.0*10
7
 live cells were placed 

into polypropylene tubes and centrifuged at 300 G for 5 minutes. Supernatant was removed using 

vacuum. Cell pellets were resuspended in 1 mL of ice-cold 1x phosphate-buffered saline, 

transferred to 1.5 mL polypropylene tubes and centrifuged at 300 G for 5 minutes. Supernatant was 

vacuumed away. DNA was extracted from the cell pellets using the NucleoSpin
®
 Tissue kit 

(Macherey-Nagel, Germany) according to the following protocol: each cell pellet was resuspended 

in 200 µL of “T1” lysis buffer. Twenty-five microliters of “Proteinase K” and 200 µL of “B3” lysis 

buffer were added to each cell suspension. The suspensions were briefly vortexed and then 

incubated at 70°C for 12 minutes in a heating block. Two hundred and ten microliters of 100 % 

ethanol were added to each sample. The samples were vortexed vigorously, then applied to 

NucleoSpin
®
 Tissue Columns placed into NucleoSpin

®
 Tissue Collection Tubes and centrifuged for 

one minute at 11,000 G. The columns were placed into new collection tubes and 500 µL of “BW” 

wash buffer were added to each column. The columns were then centrifuged for one minute at 

11,000 G. Six hundred microliters of “B5” wash buffer were added to each column. The columns 

were centrifuged for one minute at 11,000 G twice, with flowthrough being removed between 

centrifugations. The columns were transferred to 1.5 mL polypropylene tubes and 100 µL of “BE” 

elution buffer were added to each column. The columns were incubated at RT for one minute, then 
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centrifuged for one minute at 11,000 G. The concentration and purity of each DNA sample were 

determined using a spectrophotometer (NanoDrop 8000, Thermo Fisher Scientific, United States). 

The samples were sent to the Genomics Unit of the Technology Centre at the Institute for Molecular 

Medicine Finland (FIMM), where DNA-based authentication of the cell lines was performed using 

the GenePrint24 system (Promega, United States), which is based on the measurement of the 

lengths/numbers of repeats of 24 short tandem repeat sequences using capillary electrophoresis. 

3.2.3 Extraction of Total Cytosolic Protein from Cells 

 The following procedure was performed twice, both during and after cessation of puromycin 

treatment of transduced SU-DHL-5 cells. Cell density and viability of SU-DHL-5 cell line cultures 

were determined using an automated cell counter (Countess™, Thermo Fisher Scientific, United 

States) as previously described. Pellets were made from aliquots of 5.0*10
6
 live cells by the same 

method used in DNA extraction. Total cytoplasmic protein was extracted from the cell pellets using 

the NE-PER
®
 Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific, United 

States) according to the manufacturer’s instructions. Protein isolates made from SU-DHL-5 cell 

cultures undergoing puromycin treatment were stored at -70°C, while isolates from SU-DHL-5 cells 

grown in puromycin-free medium for three passages were made ten days later and used for protein 

quantification on the same day, along with the protein isolates from puromycin-treated SU-DHL-5 

cells. 

3.2.4 Protein Quantification 

 A protein concentration standard ranging from 0.2 mg/mL to 2.0 mg/mL was made using 

bovine serum albumin (Biowest, France) dissolved in “CERII” extraction buffer from the NE-PER
®
 

Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific, United States). Five 

microliters of protein standard and SU-DHL-5 cytoplasmic protein isolate were pipetted in triplicate 

into a clear 96-well microplate (SpectrPlate™, 96 MB, PerkinElmer, United States) and treated with 

reagents from the DC Protein Assay Kit (BioRad, United States) according to the manufacturer’s 

instructions. Absorbances were measured at a wavelength of 750 nm using a microplate reader 

(FLUOstar Omega, BMG Labtech, Germany). The averaged absorbances of the standards were 

used to construct a curve from which protein concentrations of the cytoplasmic protein samples 

were extrapolated. 
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3.2.5 Western Blotting 

 A volume containing approximately 14.3 µg of protein was transferred from each SU-DHL-

5 cytoplasmic protein isolate to a small polypropylene tube. Extraction buffer (CERII) from the NE-

PER
®
 Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific, United States) 

was added to protein aliquots up to a total sample volume of 12 µL. Samples were mixed with 4x 

Laemmli buffer (BioRad, United States) (277.8 mM Tris-HCl (pH 6.8), 44.4 % V/V glycerol, 4.4 % 

V/V lithium dodecyl-sulfate, 0.02% V/V bromphenol blue, in H2O) with 10 % V/V 2-

mercaptoethanol (14.2 M, BioRad, United States) in a 3:1 sample to buffer volume ratio and placed 

in a heating block set to 95°C for 5 minutes.  

 A pre-cast 4-15 % polyacrylamide gradient gel with 15µL wells (Mini-Protean® TGX™, 

BioRad, United States) was placed into the scaffold of an electrophoresis cell (Mini PROTEAN
®
 3, 

BioRad, United States). The inner compartment of the scaffold was then filled with 1x 

tris/glycine/sodium dodecyl sulphate buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS, pH 8.3). 

The buffer was used to clear the wells of any residual matter from the gel’s packaging. Twelve 

microliters of protein samples were pipetted into the wells of the gel, and 2.5 µL of a protein 

molecular mass marker (Precision Plus Protein™ Dual Color Standard, BioRad, United States) 

were pipetted into the leftmost empty well. The samples were electrophoresed for 75 minutes using 

a voltage of 100 V. The gel was removed from its plastic casing, the wells were cut off, and the gel 

was placed onto the nitrocellulose membrane of a Trans-Blot
®
 Turbo™ Mini Nitrocellulose 

Transfer Pack (BioRad, United States). The transfer pack containing the gel was placed into a 

Trans-Blot
®
Turbo™ electrophoretic transfer system (BioRad, United States) and the “1 MINI TGX 

(2.5 A, 25 V, 3 min)” setting was chosen.  

 After the transfer procedure, the membrane was trimmed, then washed twice for 5 minutes 

on a platform rocker using small amounts of tris-buffered saline (0.15 M NaCl, 50 mM Tris, pH 

7.6) with 0.1 % V/V polysorbate 20 (Tween
®
20) (MP Biomedicals, United States) (henceforth 

referred to as 0.1 % TBST). Most of the liquid was then drained, and 5 mL of 5 % w/V skimmed 

milk powder (Valio Ltd., Finland) dissolved in 0.1 % TBST were used for blocking. After one hour 

of blocking on a platform rocker at RT, the blocking solution was removed, and the membrane was 

subjected to three washing steps on a platform rocker using small volumes of 0.1 % TBST, each 

lasting 10 minutes at RT. A mix of two primary antibodies dissolved in blocking solution was 

added onto the membrane: a monoclonal rabbit anti-HA-tag antibody (C29F4, Cell Signaling 

Technology, United States) diluted in a 1:2000 ratio, and a monoclonal mouse anti-β-actin antibody 

(AM4302, Thermo Fisher Scientific, United States) diluted in a 1:5000 ratio. The membrane was 
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incubated in the antibody solution on a platform rocker overnight in the dark at 4°C. The primary 

antibody mix was removed from the membrane and three 10-minute washing steps were performed 

on a platform rocker at RT with small amounts of 0.1 % TBST. The membrane was then incubated 

in the dark for one hour at RT on a platform rocker with a solution of two secondary antibodies 

dissolved in blocking buffer. The secondary antibodies were: a polyclonal goat anti-rabbit-

immunoglobulin-G (heavy and light chain) antibody with an attached Alexa Fluor
®
 700 fluorophore 

(A-21038, Thermo Fisher Scientific, United States), and a polyclonal donkey anti-mouse-

immunoglobulin-G (heavy and light chain) antibody with an attached IRDye 800CW fluorophore 

(926-32212, LI-COR Biosciences, United States), both diluted in a 1:10.000 ratio. The membrane 

was imaged using 10-minute exposures to 685 and 785 nm wavelength light, using the Odyssey FC 

imaging system (LI-COR biosciences, United States). 

 Signal intensities were quantified using Image Studio Lite 5.2.5 (LI-COR biosciences, 

United States). Relative expression levels of HA-tagged KLHL6 proteins were calculated by 

normalization of KLHL6 protein bands to corresponding beta-actin bands. 

3.2.6 Mycoplasma Infection Assay 

 Aliquots of cleared medium taken from cultures of SU-DHL-5 cell lines carrying transduced 

constructs were tested for Mycoplasma infection using the MycoAlert™ Mycoplasma Detection kit 

(Lonza, Switzerland), according to the following protocol: two milliliters of cell culture samples 

were centrifuged for five minutes at 200 G. One hundred microliters of the supernatants were 

transferred to the wells of a 96-well plate. MycoAlert™ reagent, substrate and MycoAlert™ Assay 

Control were reconstituted by the addition of MycoAlert™ buffer and left to equilibrate at RT for 

15 minutes. One hundred microliter aliquots of MycoAlert™ buffer and Assay Control were placed 

into the 96-well plate as a negative and positive control, respectively. One hundred microliters of 

MycoAlert™ reagent were added to each sample and incubated at RT for five minutes. The 

luminescence of the samples was measured. One hundred microliters of MycoAlert™ substrate 

were added to each sample and incubated at RT for 10 minutes. The luminescence of the samples 

was measured. The protocol was performed using a white 96-well polypropylene microplate (Assay 

Plate, Corning, United States) and a microplate reader capable of luminescence quantification 

(FLUOstar Omega, BMG Labtech, Germany).  
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3.2.7 Cell Proliferation Assay 

 The cell density and viability of all transduced SU-DHL-5 cell lines were assessed using an 

automated cell counter as previously described (Countess™, Thermo Fisher Scientific, United 

States). Aliquots of the cell cultures containing 4.5*10
5
 live cells were centrifuged at 300 G for 5 

minutes. Supernatant was removed and pellets were resuspended using 4.5 mL of RPMI-20-FBS, 

creating cell suspensions containing 1.0*10
4
 cells per 100 µL. Cell suspensions containing 5.0*10

3
 

cells per 100 µL were then made by mixing an aliquot of a suspension containing 1.0*10
4
 cells per 

100 µL with an equal volume of RPMI-20-FBS. One hundred microliters of each cell line 

suspension were pipetted into the wells of a 96-well polypropylene microplate in triplicate 

(µCLEAR
®
, model Cellstar

®
 (655098), Greiner Bio-One, Austria). The microplate was placed into 

a cell culture incubator at 37°C and 5 % V/V CO2 for 72 hours. Cells in the microplate were 

checked for abnormalities daily using a microscope (CKX41, Olympus, Japan).  

 After incubation, the microplate was taken to a darkened room and the CellTiter-Glo
®
 2.0 

(CTG 2.0, Promega, United States) luminescence assay reagent was used to assay cell viability 

according to the following protocol: the plate containing the cells was equilibrated to RT for 30 

minutes. Fifty microliters of CTG 2.0 were added to each well. The plate was wrapped in 

aluminium foil and placed on an orbital shaker set to 50 rpm for two minutes at RT. The foil-

wrapped plate was taken off of the shaker and incubated at RT for 10 minutes. Luminescence was 

recorded using a microplate reader (FLUOstar Omega, BMG Labtech, Germany), with gain 

adjusted using the entire sample-bearing part of the microplate. Luminescence levels were averaged 

and used to determine cell proliferation rates. 

3.2.8 Drug Sensitivity and Resistance Testing 

 The density and viability of cultured S5-EmGFP cells were determined using an automated 

cell counter (Countess™, Thermo Fisher Scientific, United States) as previously described. For the 

purpose of determining optimal cell plating density of transduced SU-DHL-5 cells in a 384-well 

microplate, an aliquot containing 1.25*10
6
 live cells was pelleted, resuspended in 10 mL of fresh 

RPMI-20-FBS, and sent to the DSRT team of the High Throughput Biomedicine Unit of FIMM 

(henceforth referred to simply as the DSRT team), along with an aliquot of the same medium used 

to resuspend the cells. The cells were plated into a 384-well plate at densities of 1,250, 1,875, 2,500, 

and 3,125 cells per well and placed in a cell culture incubator at 37°C and 5 % V/V CO2 for 72 

hours. 
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 Since the optimal plating density was determined to be 2,500 cells per well, an aliquot of 

1.25*10
7
 live cells was necessary for DSRT of each transduced cell line. All cell cultures had been 

kept in puromycin-free medium for four passages by this point. Cell density and viability were 

determined for all cultures of transduced SU-DHL-5 cells, except for the S5-KLHL6-E568K cell 

line. An aliquot of each cell line containing 1.25*10
7
 live cells was pelleted, resuspended using 5 

mL of RPMI-20-FBS, and transferred to a 175 cm
2
 cell culture flask (Nunc™ EasYFlask™ 

Nunclon™ Delta Surface, Thermo Fisher Scientific, United States) containing 95 mL of RPMI-20-

FBS, making a cell suspension containing 1.25*10
5
 live cells per 1 mL. Culture flasks (five in total) 

were sent to the DSRT team.  

 Eight days prior to submitting the cells for DSRT, 528 different drugs dissolved in either 

DMSO or water were pre-printed into 384-well microplates using the Echo 550 and Echo 525 

acoustic liquid handling devices (Labcyte, United States), respectively (list of drugs available 

online
[117]

). Either 2.5 or 25 nL of a drug solution were dispensed into each well, with the volume 

dispensed depending on the drug itself. The drugs were printed in five concentrations spanning a 

ten-thousand-fold concentration range. The microplates containing the drugs were kept in 

pressurized StoragePods
®
 (Roylan Developments, United Kingdom) in an atmosphere of inert 

nitrogen gas with less than 1 % oxygen and a relative humidity of 2 % of lower. During storage, the 

solvents had evaporated, leaving the drugs as dry powder at the bottom of the wells. Prior to the 

addition of cells, 5 µL of RPMI-20-FBS were added to each well in order to prime the microplates. 

After 20 minutes had passed, 20 µL of a single-cell culture containing 2,500 cells were added to 

each well using a MultiFlo FX microplate dispenser equipped with a RAD™ (random access 

dispense) module for mapped dispensing (BioTek, United States) using a 1-channel cassette. There 

were no replicates. The microplates were placed in a cell culture incubator at 37°C and 5 % V/V 

CO2 and cultured for 72 hours.  

After incubation, cell viability was assessed using the CTG 2.0 luciferase-based 

luminescence assay reagent (Promega) and a microplate reader. The assay results were used to 

construct drug response curves and consequently determine DSS values.  
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 Differential drug sensitivity scores (dDSS) for cell lines expressing mutant KLHL6 proteins 

were calculated by subtracting the DSS of the mutant control sample (S5-KLHL6-wt) from that of a 

mutant test sample (SU-DHL-5 cells expressing mutant KLHL6). This can easily be interpreted as 

the difference in sensitivity to the applied compound between the test sample and control caused by 

each KLHL6 mutation. As a measurement of the influence of KLHL6 overexpression on drug 

sensitivity, additional dDSS calculations were made for the S5-KLHL6-wt cell line using the DSS 

values of the S5-EmGFP cell line as the overexpression control. 

3.2.9 Verification of DSRT Results 

 Cell lines chosen for verification of DSRT results were the S5-EmGFP, S5-KLHL6-wt, S5-

KLHL6-L65P, and S5-KLHL6-L90F cell lines. The cell cultures had been kept in puromycin-free 

medium for several passages by this point. Four drugs were chosen for result verification: GDC-

0084 (Medchem Express, United States), Idelalisib (ChemieTek, United States), Ixabepilone 

(Medchem Express, United States) and Onalespib (Medchem Express, United States).  

 Viability and density of cell lines chosen for result verification were determined using an 

automated cell counter (Countess™, Thermo Fisher Scientific, United States) as described 

previously. An aliquot of 1.5*10
6
 live cells was taken from each cell culture, pelleted and 

resuspended using 7.5 mL of RPMI-20-FBS, producing suspensions containing 2.0*10
5
 cells per 1 

mL. 

 Fifty microliters of the cell suspensions, containing 1.0*10
4
 live cells, were pipetted into the 

wells of eight black 96-well polypropylene microplates (µCLEAR®, model Cellstar® (655090), 

Greiner Bio-One, Austria) in triplicate. Four microplates contained S5-EmGFP and S5-KLHL6-wt 

cells, while the other four contained S5-KLHL6-L65P and S5-KLHL6-L90F cells. Each microplate 

was placed into a cell culture incubator at 37°C and 5 % V/V CO2 immediately after filling all 

appropriate wells with cell suspension. The plating times were noted. 
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 Aliquots of 10 mM GDC-0084, Idelalisib, Ixabepilone and Onalespib dissolved in DMSO 

were diluted in DMSO, then RPMI-20-FBS in such a way that the dilutions contained double the 

final amount of drug and 0.2 % V/V of DMSO. Solutions of 0.2 % V/V DMSO in RPMI-20-FBS 

and 20 µM etoposide (Medchem Express, United States) dissolved in RPMI-20-FBS with 0.2 % 

V/V DMSO were used as the negative and positive controls, respectively. Each microplate was then 

taken out of the incubator separately for the administration of drug treatment. The time difference 

between cell plating and drug administration was kept as similar as possible for all microplates. By 

administering 50 µL of a drug dilution to cells in the microplates, the drugs were diluted to their 

final concentrations (Table 2) and each well contained 0.1% V/V of DMSO. Each drug dilution was 

pipetted across a whole cell-bearing part of a microplate column, so that all drug treatments were 

done in triplicate. Each microplate was placed into a cell culture incubator at 37°C and 5 % V/V 

CO2 immediately after all compounds were administered to it, and the starting time of incubation 

was noted. The plated cells were incubated at 37°C and 5 % V/V CO2 for approximately 72 hours, 

with daily inspections performed in order to spot any contaminations or abnormalities. 

 The CTG 2.0 cell viability assay was performed on each microplate separately in a darkened 

room, in the same order as the plating/drug treatment done three days prior. Besides only 50 µL of 

CTG 2.0 (Promega) reagent being added to each well instead of 100 µL, the cell viability assay was 

done according to the manufacturer’s instructions as previously described. Only a single light gain 

adjustment was made for each pair of microplates containing cells treated with the same drug. 

Luminescence levels were then recorded using a microplate reader, averaged (FLUOstar Omega, 

BMG Labtech, Germany), adjusted to the negative control, and interpreted as percentages of cell 

viability. The resulting viability values were then sent to the DSRT team and used to make drug 

response curves and calculate DSS values. The verification of DSRT results of Ixabepilone 

treatment was done once more using the same protocol to ensure the validity of the results of the 

first verification experiment. 

Table 2. Final concentrations of the drugs used in both DRST and result verification in nanomoles 

per liter [nM]. 

Drug 
Concentrations used in 

DSRT [nM] 

Concentrations used in DSRT result 

verification [nM] 

GDC-0084 1, 10, 100, 1,000, 10,000 3, 10, 30, 100, 300, 1,000, 3,000, 10,000 

Idelalisib 1, 10, 100, 1,000, 10,000 3, 10, 30, 100, 300, 1,000, 3,000 

Ixabepilone 0.1, 1, 10, 100, 1,000 1, 3, 10, 30, 100, 300, 1,000 
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4. RESULTS 

4.1 Preparation of Cells for Drug Screening 

4.1.1 Cell Line Authentication 

 In order to check if any cross-contamination or other technical problems had occurred since 

their acquisition, such as the mislabeling of cell lines, a DNA-based cell authentication service was 

employed to confirm the identities of the SU-DHL-4 and SU-DHL5 cell lines. 

 Spectrophotometric analysis of DNA isolated from aliquots of SU-DHL-4 and SU-DHL-5 

cell cultures showed good concentration and purity (Table 3).  

Table 3. Absorbances, absorbance ratios and mass concentrations of DNA samples extracted from 

SU-DHL-4 and SU-DHL-5 cells. 

Sample A260 A280 A260/A280 A260/A230 Concentration [ng/µL] 

SU-DHL-4 4.150 2.097 1.98 2.14 207.5 

SU-DHL-5 2.576 1.292 1.99 2.29 128.8 

 

 The samples were then sent to a cell authentication service provided by the Genomics Unit 

of the Technology Centre at FIMM. The service cross-referenced the authentication results with 

several cell line databases (ATCC, JCRB, ICLC and DSMZ), as well as the Cellosaurus resource, 

giving an identity estimate of 100.0 % for the SU-DHL-4 cell line and 98.6 % for the SU-DHL-5 

cell line (Table 4). Since the minimum of 80 % of matching alleles needed for confirmation 

according to the International Cell Line Authentication Committee (ICLAC) guidelines
[118]

 was 

surmounted in both cases, the cell lines were confirmed to be authentic. 
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Table 4. Expected and observed genetic profiles of SU-DHL-4 and SU-DHL-5 cell lines. Expected 

genotypes and identity estimates were inferred from information found in multiple cell line 

databases (ATCC, JCRB, ICLC, DSMZ, and Cellosaurus). Genotypes are presented as the number 

of short tandem repeat sequence repeats at the each screened locus. N/A - not applicable. 

 SU-DHL-4 SU-DHL-5 

Locus 
Expected 

Genotype 

Observed 

Genotype 

Expected 

Genotype 

Observed 

Genotype 

AMEL X/Y X/Y X/X X/X 

CSF1PO 12/12 12/12 11/13 11/13 

D10S1248 N/A 15/16 N/A 14/14 

D12S391 N/A 18/20 N/A 20/24 

D13S317 11/12 11/12 12/12 12/12 

D16S539 11/13 11/13 11/13 11/13 

D18S51 14/16 14/16 13/15 13/15 

D19S433 N/A 14/15,2 N/A 13/14 

D1S1656 N/A 15/18,3 N/A 12/12 

D21S11 29/30 29/30 28/30 28/30 

D22S1045 N/A 15/16 N/A 11/16 

D2S1338 N/A 17/19 N/A 17/18 

D2S441 N/A 11/14 N/A 11/13 

D3S1358 15/16 15/16 15/16 15/16 

D5S818 11/12 11/12 12/15 12/15 

D7S820 8/11 8/11 10/10 10/10 

D8S1179 13/13 13/13 13/15 13/14/15 

DYS391 N/A N/A -/- -/- 

FGA 19/21 19/21 22/23 22/23 

Penta D 9/14 9/14 11/12 11/12 

Penta E 7/11 7/11 5/19 5/19 

TH01 6/9,3 6/9,3 6/9 6/9 

TPOX 9/11 9/11 8/8 8/8 

VWA 18/19 18/19 17/17 17/17 

Identity 

Estimate 
100.0 % 98.6 % 
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4.1.2 Cytoplasmic Protein Concentrations of Cell Lines 

 A standard curve representing absorbance as a function of protein concentration was 

constructed using bovine serum albumin solutions spanning a range of concentrations. The curve 

had an R-squared value of 0.9304 and intersected the ordinate at an absorbance value 0.1056. The 

concentration of each protein sample was inferred from measured absorbance values by using the 

function derived from the standard curve. The median of the protein concentrations was 1.69 

mg/mL and the average was 1.79 mg/mL, with the lowest and highest concentrations being 1.19 

mg/mL and 3.33 mg/mL, respectively (Table 5). 

Table 5. Concentrations of cytoplasmic protein isolates made from cells of all SU-DHL-5 cell lines 

used in the study. Total cytoplasmic protein was isolated from the transduced cell lines both during 

and after puromycin treatment. 

Puromycin 

Treatment 
Cell Line Protein Concentration [mg/mL] 

No 

SU-DHL5 3.33 

S5-EmGFP 1.72 

S5-KLHL6-wt 1.63 

S5-KLHL6-L65P 1.43 

S5-KLHL6-L90F 1.69 

S5-KLHL6-E547K 1.29 

S5-KLHL6-E568K 1.55 

Yes 

S5-EmGFP 1.73 

S5-KLHL6-wt 2.48 

S5-KLHL6-L65P 1.88 

S5-KLHL6-L90F 1.94 

S5-KLHL6-E547K 1.37 

S5-KLHL6-E568K 1.19 
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4.1.3 Confirmation of Expression Levels of KLHL6 Variants in SU-DHL-5 Cells 

 To ascertain if the transduction of SU-DHL-5 cells was successful, and whether expression 

levels of transduced str/HA-tagged KLHL6 proteins were stable and mutually similar after cessation 

of puromycin selection, western blotting was performed on samples of cytoplasmic protein 

extracted from each experimental SU-DHL-5 cell line, taken both during and after puromycin 

treatment of the transduced cells. Beta-actin was used as the loading control, and the protein 

samples from the untransduced SU-DHL-5 cell line and the S5-EmGFP cell lines were used as 

negative controls. 

 For the protein sample of the untransduced SU-DHL-5 cell line, as well as for both S5-

EmGFP samples, neither of which had an HA-tag, the emission levels of the fluorescent anti-HA 

antibody located at the molecular mass of a band of HA-tagged KLHL6 protein were close to 

background. Comparatively, for SU-DHL-5 cell lines transduced with constructs carrying genes for 

HA-tagged KLHL6 proteins, bands containing the HA-tagged KLHL6 proteins were considerably 

more prominent (Fig. 8). Normalization of the fluorescence values was carried out as follows: all 

actin fluorescence levels were divided by the highest actin fluorescence level. Each resulting actin 

value was then multiplied by its corresponding fluorescence level of the HA-signal. The normalized 

HA-tag signals of cell lines expressing HA-tagged proteins were between 800 and 1,700 times 

stronger than the signal of the untransduced SU-DHL-5 cell line measured at the approximate same 

molecular mass (Table 6). This ratio, along with the low fluorescence levels of the negative 

controls, indicate high specificity of the anti-HA antibody and an absence of cross-contamination of 

cell lines and protein samples. 

 

Figure 8. Expression of HA-tagged KLHL6 proteins and beta actin in cytoplasmic protein isolates 

extracted from cells of SU-DHL-5 cell lines. The lane marked “SU-DHL-5” contains protein isolate 

from cells of an untransduced SU-DHL-5 cell line. All other lanes contain protein isolates from SU-

DHL-5 cells transduced with lentiviral constructs.  
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Table 6. Amount of fluorescence signal at each visible protein band of a western blot of 

cytoplasmic protein extracts made from transduced and untransduced SU-DHL-5 cell lines either 

during or after cessation of puromycin treatment. Quantified using Image Studio Lite 5.2.5 image 

processing software (LI-COR Biosciences, United States).  

Puromycin 
Treatment 

Cell Line 
Fluorescence 

(HA-Tagged KLHL6 Proteins) 
Fluorescence 
(Beta-Actin) 

Fluorescence 
(HA-Tagged KLHL6 Proteins) 

(Normalized to Actin) 

No SU-DHL-5 0.02 0.00635 <0.01 

Yes 

S5-EmGFP 0.05 0.01 0.04 

S5-KLHL6-wt 14.3 0.00888 9.62 

S5-KLHL6-L65P 13.4 0.0101 10.25 

S5-KLHL6-L90F 10.7 0.0102 8.27 

S5-KLHL6-E547K 15.7 0.00919 10.93 

S5-KLHL6-E568K 13.3 0.0108 10.88 

No 

S5-EmGFP 0.65 0.0102 0.50 

S5-KLHL6-wt 14.2 0.0105 11.30 

S5-KLHL6-L65P 13.2 0.0128 12.80 

S5-KLHL6-L90F 12.2 0.0116 10.72 

S5-KLHL6-E547K 16.6 0.0132 16.60 

S5-KLHL6-E568K 11.6 0.011 9.67 

 

 The normalized signal strength of HA-tagged KLHL6 protein bands from cell samples of 

SU-DHL-5 cells kept in puromycin-free medium was on average 16 % stronger than that of their 

puromycin-treated counterparts (Fig. 9). 
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Figure 9. Relative expression levels of HA-tagged KLHL6 proteins in transduced SU-DHL-5 cell 

lines both during and after puromycin treatment. The values were calculated by normalizing signal 

strength of HA-tagged KLHL6 protein bands to those of corresponding beta-actin bands in a 

western blot. 

 The normalized signal strength values indicate high and mutually similar expression levels 

of recombinant KLHL6 variants in all transduced cell lines, confirming both successful transduction 

and stable expression after cessation of puromycin treatment. 
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4.1.4 Detection of Mycoplasma Infection of Cell Cultures 

 To ensure the cells were feasible for future drug screen experiments, cultures of transduced 

SU-DHL-5 cells were screened for the presence of an infection by species of Mycoplasma using a 

standardized luminescence-based reagent kit.  

 The levels of luminescence produced by the negative and positive controls corresponded 

with a negative and positive result, respectively, and luminescence levels of all samples of cell 

medium were well below the threshold of a positive result, confirming the absence of Mycoplasma 

infection (Table 7). 

Table 7. Luminescence levels of cleared cell culture medium samples tested for presence of 

Mycoplasma using the MycoAlert
TM

 mycoplasma detection kit (Lonza, Switzerland). Sample names 

correspond to the transduced SU-DHL-5 cell line culture the medium sample was taken from. A 

luminescence ratio of less than 0.9 is considered a negative result. 

Sample 

First Measurement of 

Luminescence Levels 

(MycoAlert
TM

 Reagent 

Added) 

Second Measurement of 

Luminescence Levels 

(MycoAlert
TM

 Substrate 

Added) 

Luminescence 

Level Ratio (2/1) 

MycoAlert™ buffer 

(negative control) 
977 338 0.345957 

S5-EmGFP 14349 4682 0.326295 

S5-KLHL6-wt 9242 4202 0.454663 

S5-KLHL6-L65P 12886 4507 0.349759 

S5-KLHL6-L90F 12381 4143 0.334626 

S5-KLHL6-E547K 14904 6885 0.461957 

S5-KLHL6-E568K 20629 9473 0.459208 

MycoAlert™ 

positive control 
181 2257 12.46961 
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4.1.5 Relative Proliferation Rates of Transduced Cells 

 Variability in proliferation rates between experimental cell lines would affect the 

interpretation of drug screening results, due to possible effects of lentiviral transduction or 

overexpression of KLHL6 and its mutant variants. I therefore assessed the proliferation rates of 

cells. I plated all transduced SU-DHL-5 cell lines and compared their proliferation rates before 

subjecting them to high-throughput drug screening. 

 The results of the luminescence assay implied similar proliferation rates between all 

transduced SU-DHL-5 cell lines for both cell densities used, except for the S5-KLHL6-E568K cell 

line, whose proliferation rate was on average 23.0 % slower than those of all the other cell lines 

plated at the higher density, and on average 29.2 % slower than those of all the other cell lines 

plated at the lower density (Fig. 10). This was later found to most likely be a result of erroneous cell 

counting prior to cell seeding for the experiment, and not a consequence of lentiviral transduction or 

KLHL6 overexpression. 

 

Figure 10. Average luminescence levels of all transduced SU-DHL-5 cell lines after a 72-hour 

incubation period. Aliquots of both 5,000 and 10,000 cells from each cell line were seeded into the 

wells of a 96-well plate. The proliferation rate was assessed using luminescence-based viability 

screening after 72 hours of incubation. The experiment was carried out in triplicate. The error bars 

represent the standard deviation between replicates. 
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4.2 Drug Sensitivity and Resistance Testing 

 To determine the consequences of KLHL6 mutations on drug response, I opted for an 

automated high-throughput drug response assay. To remove any detrimental effects on cell viability 

or proliferation caused by puromycin selection, the cells used for this assay were kept in 

puromycin-free medium for four passages beforehand. 

 To determine the optimal plating density of transduced SU-DHL-5 cells, I used the S5-

EmGFP cell line. By choosing this cell line as a baseline for proliferation, the effects of 

transduction and KLHL6 overexpression on proliferation and viability were taken into account, 

since the S5-EmGFP cells were subjected to lentiviral transduction, but don’t overexpress any form 

of KLHL6. The optimal density of transduced SU-DHL-5 cells in 384-well plates used for DSRT 

was determined by the DSRT team to be 2,500 cells per well.  

 The DSRT team carried out a drug screen using a panel of 528 drugs in five different 

concentrations in 10-fold dilutions covering a 10,000-fold concentration range. The screened cell 

lines were: S5-EmGFP, S5-KLHL6-wt, S5-KLHL6-L65P, S5-KLHL6-L90F, and S5-KLHL6-

E547K. The raw data, drug response curves, and waterfall plots are available online
[117]

. I used the 

resulting DSS values to calculate dDSS values. Since wild-type and mutant KLHL6 genes in 

transduced cell lines were overexpressed and had mutually similar expression levels of recombinant 

KLHL6 variants, the DSS values of the S5-KLHL6-wt cell line were chosen as the baseline for the 

comparison of mutant versus non-mutant cell line drug sensitivities. To determine if any significant 

mutation-independent effects of KLHL6 overexpression on drug sensitivity existed, I calculated 

dDSS values for the S5-KLHL6-wt cell line using the S5-EmGFP cell line as a baseline.  
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 Out of the drugs tested, an average of 164 drugs (approximately 30 %) showed no 

discernable difference in effect between the control S5-KLHL6-wt cell line and the SU-DHL-5 cell 

lines transduced with KLHL6 mutants. Because of the absence of high dDSS values (e.g. between 

10 and 40), which are usually produced and taken as significant in other studies that use the DSRT 

method, -2.0 and 2.0 were chosen here as arbitrary significance thresholds. On average, 63 % of all 

non-zero dDSS values of mutant cell lines fell into the range between -1.9 and 1.9 (below 

significance thresholds), and an average of 6 % (31.3) of absolute dDSS values of mutant cell lines 

were equal to or higher than 2.0 (above significance thresholds) (Table 8). Similarly, non-zero 

dDSS scores delineating the effects of KLHL6 overexpression on drug sensitivity were minor, and 

almost exclusively fell within the -1.9 to 1.9 range, with only 2,3% (11) of S5-KLHL6-wt dDSS 

values exceeding the significance thresholds (Table 8). When looking at the total number of drugs 

that produced significant dDSS values, the influence of KLHL6 overexpression on drug response 

was much weaker than that of mutations (Fig. 11). 

Table 8. Distribution of DSRT results (dDSS values). Differential DSS values for the S5-KLHL6-

wt cell line were calculated by subtracting the DSS value of the S5-EmGFP cell line from the DSS 

values of the S5-KLHL6-wt cell line for the same drug, and dDSS values for mutant-expressing cell 

lines were calculated by subtracting the DSS value of the S5-KLHL6-wt cell line from the DSS 

value of a mutant-expressing cell line for the same drug. DSRT - drug sensitivity and resistance 

testing; DSS - drug sensitivity score. 

Cell Line 
Number (Percentage) of dDSS Values Within a Value Range 

≤ -2.0 [-1.9, 0.0> 0.0 <0.0, 1.9] ≥ 2.0 

S5-KLHL6-wt 7 (1.3 %) 210 (40.0 %) 176 (33.3 %) 131 (24.8 %) 4 (1.0 %) 

S5-KLHL6-L65P 12 (2.3 %) 187 (35.4 %) 168 (31.8 %) 147 (27.8 %) 14 (2.7 %) 

S5-KLHL6-L90F 10 (1.9 %) 167 (31.6 %) 163 (30.9 %) 169 (32.0 %) 19 (3.6 %) 

S5-KLHL6-E547K 6 (1.1 %) 116 (22.0 %) 162 (30.1 %) 211 (40.0 %) 33 (6.3 %) 

Average Number 

of dDSS Values of 

Mutants Within a 

Range 

9.3 156.7 164.3 175.7 22 

Percentage of 

Total dDSS 

Values of Mutants 

Within a Range 

1.8 % 29.7 % 31.1 % 33.3 % 4.2 % 



42 
 

 

Figure 11. A) Graphical representation of the dDSS values for each cell line produced by all tested 

drugs. The dDSS values were ordered from most negative to most positive for each cell line. The 

outlier dDSS value of Ixabepilone (S5-KLHL6-L65P) (-9.6) is not shown. B) Share of total 

significant dDSS values produced by each cell line. dDSS - differential drug sensitivity score. 

 Taking the entirety of the DSRT results into account, the dDSS value of -9.6 resulting from 

Ixabepilone treatment of S5-KLHL6-L65P cells (Fig. 12) was by far the most prominent, being 

almost twice as high as the next highest dDSS value of 5.3 when considering the values as absolutes 

(Fig. 13). Several drugs that produced the top 20 and bottom 20 dDSS values for each cell line had 

similar mechanisms/targets. The 1st, 3rd, and 9th highest sensitivity increases observed for the S5-

KLHL6-L65P cell line were produced by PI3K inhibitors: Idelalisib, GDC-0084 and Duvelisib, 

with dDSS values of 2.4, 2.3, and 2.2, respectively. The 5th and 6th highest resistance increases (or 

sensitivity decreases) for the same cell line, with dDSS values of -3.3 and -3.0, respectively, were 

produced by AKT inhibitors: Triciribine and MK-2206, complementing the observation of the cell 

line’s increased sensitivity to PI3K inhibition. The 2nd, 6th, and 11th highest increases in sensitivity 

for the S5-KLHL6-L90F cell line were produced by anti-apoptotic compounds: Sabutoclax, 

Idasanutlin and PAC-1, with dDSS values of 3.1, 2.7, and 2.3, respectively. No repeatedly-targeted 

pathways were noted among the top dDSS values for the S5-KLHL6-E547K cell line (Fig. 13) or 

among the dDSS values above the significance threshold for the S5-KLHL6-wt cell line.  
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Figure 12. Dose response curves of transduced SU-DHL-5 cell lines treated with 10-fold dilutions 

of Ixabepilone covering a 10,000-fold concentration range. Differential DSS values for mutant cell 

lines were calculated by subtracting the DSS value of the S5-KLHL6-wt cell line from the DSS 

values of cell lines expressing mutant variants for the same drug, and dDSS values for the S5-

EmGFP cell line were calculated by subtracting the DSS values of the S5-EmGFP cell line from the 

S5-EmGFP cell line’s DSS values for the same drug. DSS - drug sensitivity score; dDSS - 

differential drug sensitivity score. 
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Figure 13. Drugs with the largest differences in effect between the S5-KLHL6-L65P cell line (A), 

S5-KLHL6-L90F cell line (B), or S5-KLHL6-E547K cell line (C) and the control S5-KLHL6-wt 

cell line, sorted by dDSS value. Columns representing drugs that share the same select target are 

highlighted in the same color: pink - PI3K inhibitors, blue - AKT inhibitors, red - HSP90 inhibitors, 

yellow - anti-apoptotic drugs, brown - histone deacetylase inhibitors, green - Aurora inhibitors, 

white - variety of targets. dDSS - differential drug sensitivity score. 
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4.3 Verification of DSRT Results 

 Before proceeding with further in-depth testing based on dDSS values, I attempted to verify 

the most prominent results in order to rule out any false positives, especially because no replicates 

were used in the DSRT. 

 To confirm the DSRT results, all cell lines used in DSRT, except the S5-KLHL6-E547K cell 

line, were plated onto 96-well plates. The S5-KLHL6-E547K cell line was omitted from 

verification due to a lack of promising drug screening results. Drugs the plated cells were treated 

with were chosen from the top dDSS scores of the S5-KLHL6-L65P and S5-KLHL6-L90F cell 

lines. The chosen drugs targeted a variety of cellular pathways, with emphasis on the PI3K/AKT 

pathway. Drug responses were quantified using a luminescence assay after three days of drug 

treatment.  

 The effects of the KLHL6-L65P and KLHL6-L90F mutations on the response to GDC-0084, 

a PI3K inhibitor, between DSRT and verification results were in disagreement. The DSRT results 

indicated increased sensitivity of the mutant-expressing cells to the drug, while the results of the 

verification test showed a decrease (Fig. 14-A). The same kind of discrepancy between the results 

of the two experiments was observed for the response to Idelalisib, another PI3K inhibitor, where 

increases and decreases of sensitivity to the drug were reversed (Fig. 14-B). Verification of the 

responses to Onalespib, an HSP90 inhibitor, validated the small decrease in sensitivity of the S5-

KLHL6-L65P cells to the drug compared to S5-KLHL6-wt cells, though at a much lower degree 

than in DSRT results. However, no change in sensitivity to Onalespib induced by the KLHL6-L90F 

mutation was shown by verification results, contradictory to the slight decrease in sensitivity 

demonstrated by DSRT (Fig. 14-C). Both attempts at verifying the effects the KLHL6-L65P and 

KLHL6-L90F mutations had on the cells’ response to Ixabepilone resulted in mutually similar 

outcomes, which were antithetical to the outcome of DSRT. The dDSS values of the S5-KLHL6-

L65P cell line calculated from verification results were far lower than the value of -9.6 produced by 

DSRT, reaching a maximum of only -0.6. Additionally, the drug response curves modeled using the 

data points from the verification experiments indicated a dose-dependent increase in cell death 

comparable to the one resulting from DSRT, but at nearly tenfold lower drug concentrations (Fig. 

14-D). Effects of KLHL6 overexpression on the cells’ sensitivities to the drugs used in verification 

were both negligible and discordant between DSRT and verification (Fig. 14: A-D).  
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 To estimate whether these discrepancies were merely a result of variability, a more direct 

comparison was made between the effects of the same concentrations of drugs used in both DSRT 

and verification experiments on cell viability. Error bars were constructed using the triplicates from 

the verification experiments (Fig. 15). Most of the DSRT results fell either near or within the error 

bars.   

 My second attempt at verification of the large increase of the resistance of S5-KLHL6-L65P 

cells to Ixabepilone failed to replicate DSRT results, and resulted in a nearly-identical outcome to 

the first verification attempt. Because of this, combined with conflicting results obtained from other 

verification experiments, the effects of KLHL6 mutations on drug response were deemed 

insignificant, and no further experimentation was performed on the mutant cell lines. 
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Figure 14. Side-by-side comparison of drug response curves modeled using data from DSRT and 

verification experiments. The drugs used in verification experiments are: (A) GDC-0084, (B) 

Idelalisib, (C) Onalespib, and (D) Ixabepilone. Differential DSS values for mutant cell lines were 

calculated by subtracting the DSS value of the S5-KLHL6-wt cell line from the DSS values of cell 

lines expressing mutant variants for the same drug, and dDSS values for the S5-EmGFP cell line 

were calculated by subtracting the DSS values of the S5-EmGFP cell line from the S5-EmGFP cell 

line’s DSS values for the same drug. DSS - drug sensitivity score. 
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Figure 15. Drug response curves comparing the inhibitory effects of drugs in concentrations used 

both for DSRT and verification experiments. Drug response curves and error bars were constructed 

from the results of the verification experiments. Red dots represent cell growth inhibition values 

resulting from DSRT. A) GDC-0084; B) Idelalisib; C) Onalespib; D) Ixabepilone - verification 

attempt 1; E) Ixabepilone - verification attempt 2. DSRT - drug sensitivity and resistance testing. 
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5. DISCUSSION 

 With this study, I aimed to elucidate the effects of the most common KLHL6 mutations in 

DLBCL on drug response, enriching the very limited amount of knowledge attained about the 

protein thus far, and possibly opening an avenue towards targeted DLBCL therapy.   

5.1 Studied KLHL6 Mutations Might Not Affect Drug Response 

 The DSRT platform has previously been successfully employed by Pemovska et al. in the 

identification of actionable drug vulnerabilities of chemorefractory AML cases
[119]

, as well as in 

discerning Axitinib as a selective inhibitor of the BCR-ABL1 fusion protein carrying a T315I 

missense mutation
[120]

. Using the same platform and utilizing more than twice the number of drugs, 

I observed no significant changes in drug response linked to the studied KLHL6 mutations or 

overexpression.  

 Although the DSRT results showed only minor changes in drug response, the effect of 

KLHL6 mutants on drug sensitivity was slightly greater than that of KLHL6 overexpression. This 

led me to perform an in-depth analysis of the top scores for each tested cell line in order to 

investigate if any cellular pathways were present in multiple instances. Although a few pathways 

were found to be repeatedly affected by changes in susceptibility to drugs, the repeated hits to the 

PI3K/AKT pathway produced by the S5-KLHL6-L65P cell line stood out the most. I decided to 

focus my verification efforts on these results because the dysregulation of the PI3K/AKT pathway 

has previously been shown to preferentially affect the GCB type of DLBCL
[33,34]

, which my model 

cell line had been classified as
[115]

. Onalespib was also used in the verification experiment on the 

grounds of the sensitivities of both BTB-domain mutants to it being affected in a similar way. 

Although the same logic could have been used in favor of the verification of the results of 

Tozasertib, its drug response curves were highly irregular
[117]

, which deterred me from attempting 

to verify its effects. Lastly, the effects of Ixabepilone on the S5-KLHL6-L65P cell line were chosen 

for verification simply due to the magnitude of the observed change in the cells’ sensitivity to the 

drug.  
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 Unfortunately, almost none of the dDSS values produced by verification experiments 

matched the original DSRT results. Drug sensitivity increases of cells resulting from DSRT almost 

exclusively manifested as decreases in the verification experiment and vice versa. I attributed this 

occurrence to the combination of the absence of replicates in the DSRT, and low dDSS values 

produced both by DSRT and verification experiments. My reasoning is that the differences in 

viability decreases caused by the same concentrations of the same drugs from both sets of 

experimental data are most likely within each other’s error bars, with the error bars of the DSRT 

results being imaginary since no replicates were used. This would attribute the observed 

contradiction of results between DSRT and verification experiments to the variability of the already 

small dDSS values. 

The fact that the drugs used in DSRT were printed onto the plates and kept in a dry 

environment, and the drugs used for verification were dissolved directly into the cell medium could 

be a factor contributing to the discrepancy in the IC50 values observed between the results of DSRT 

and verification experiments involving Ixabepilone. Although no data is available on the stability of 

Ixabepilone in a dry environment, the timespan between drug printing and DSRT was presumably 

too short for a significant degree of Ixabepilone degradation to occur. My assumption is that the 

observed large difference in its IC50 values between experiments is due to Ixabepilone being 

difficult to re-dissolve after drying, especially since no mixing or shaking was used to assist drug 

dissolution during DSRT. 

 Altogether, the outcomes of these experiments provide data which indicates that the 

hypothesis that KLHL6 mutations influence drug sensitivity in DLBCL was not correct. 

Additionally, due to no consistent modulation of any cellular pathways by the investigated 

mutations being evident, I wasn’t able to narrow down the possible functions KLHL6 might 

perform in either DLBCL or B-lymphocytes.  
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5.2 Possible Influences on the Outcome of the Study 

 In the studies of Pemovska et al., relatively large numbers of tested drugs have produced 

dDSS values larger than 10, with multiple dDSSs reaching values of between 30 and 40, thus 

making the distinction of mutant-/cancer-selective drugs clear
[119,120]

. In their AML study, they have 

used a dDSS significance cutoff of 10
[119]

. This cutoff has also been used in other later studies in 

which the DSRT platform has successfully been utilized for the discovery of cancer-selective 

drugs
[121-123]

. Compared to these studies, my experiments produced almost no changes in drug 

sensitivity which could be considered significant, with only three dDSSs out of a total of 2,112 

reaching values equal to or higher than 5 and none of them surpassing a value of 10. In contrast to 

my study, the aforementioned research groups have analyzed changes in drug sensitivities either 

caused by well-studied mutations
[120]

, or between subjects and controls possessing a much greater 

degree of genetic variation (e.g. tumor cells and normal, healthy cells)
[119,121-123]

, which would 

account for the greater numbers of prominent results their screens had produced. The scarcity of 

high dDSS values resulting from my implementation of the DSRT platform most likely arose as a 

consequence of the fact that the subject was a set of never before studied single-nucleotide missense 

mutations. This opens up the possibility that said mutations might not have any consequences on 

the functions of KLHL6 at all. This outlook on the matter is supported by the recent findings of 

Bertocci et al. in which they have postulated that KLHL6 mutations might not possess any 

oncogenic potential, but are simply a common off-target of the somatic hypermutation process
[101]

. 

Another viable explanation of the experimental results is that, although high expression levels of 

KLHL6 variants in transduced cell lines were observed, the mutations themselves could have either 

been inactivating, making the endogenous KLHL6 protein the sole functional variant in transduced 

cells, or could have only slightly altered the topology of the protein in such a way that the mutant 

protein’s strong overexpression compensated for any decrease in its functionality. Lastly, because 

cultured cells were used, the influence of the tumor microenvironment on cell functions was 

completely abolished, which could have also had an impact on drug response. 
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5.3 Future Prospects 

 The outcome of this study should neither discourage future experimentation focusing on 

KLHL6 mutants, nor discredit the DSRT platform, but serve as stepping stone towards an improved 

model of DLBCL and refined application of the methodology. Due to its importance in B-

lymphocyte ontogeny
[99,101]

, and the relatively high frequency of its mutated variants present in 

lymphoid malignancies
[30,102-110]

, KLHL6 inarguably deserves further research devoted to its 

structure, cellular functions and functional consequences of its mutations. A repeat of this study 

could be done using a DLBCL cell line whose endogenous KLHL6 gene is directly replaced by a 

mutated variant. This would eliminate both the influences of the endogenous gene and of the 

mutant’s overexpression. Perhaps a different cell line, whose survival depends on a functional 

KLHL6 protein or one of its mutant variants, may be able to better outline the roles of KLHL6 in B-

lymphocytes or of its mutant variants in DLBCL, respectively. An untagged protein should be used 

in order to have as few influences on KLHL6 function as possible. A different kind of study, using 

transgenic mice whose endogenous KLHL6 either carries a mutation in the BTB or kelch domain, 

or whose BTB or kelch domain is deleted, may be able to shed light on the importance of each 

domain in the maturation process of B-lymphocytes. More information about KLHL6, more 

specifically its interaction partners, may also be collected by co-immunoprecipitation studies. By 

using antibodies specific for a certain domain of KLHL6, either of the remaining domains could be 

deleted. In the absence of domain-specific antibodies, this could also be accomplished by using 

molecular tags and tag-specific antibodies. Protein interactions the deleted domain mediates could 

be identified by comparison of results between co-immunoprecipitation experiments using wild-

type and trimmed KLHL6 proteins. By doing KLHL6 co-immunoprecipitation experiments on 

protein extracts from B-lymphocytes undergoing different stages of maturation, the elucidation of 

the role of KLHL6 in B-lymphocyte development might be possible.   
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6. CONCLUSION 

 Compared to other methods used for the identification of the functional consequences of a 

missense mutation, such as co-immunoprecipitation or analysis of enzymatic activity, DSRT is an 

approach much less focused on previously-known protein characteristics and offers the possibility 

of detection of unexpected effects of protein mutations. In my case, high-throughput drug screening 

wasn’t able to produce any definitive results outlining functional changes induced by the most 

common KLHL6 mutations. This raises doubts both about the significance of KLHL6 and its 

mutations in DLBCL, and also about the utility of the drug screening method itself in studies of 

previously-uninvestigated missense mutations using model cell lines. 
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