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Abstract 
 

Background: Diffuse large B-cell lymphoma (DLBCL) is an aggressive and highly heterogenous 

type of cancer. Despite receiving the standard combination immunochemotherapy, 40% of patients 

die due to relapsed disease. The mechanisms controlling treatment response are not fully elucidated 

and require more experimental dissection. Inhibition of WEE1 protein results in abrogation of the 

G2/M phase transition of the cell cycle, and this has been shown to potentiate the cytotoxic effects of 

antimitotic drugs used in DLBCL treatment, such as vincristine.  

Hypothesis: We hypothesize that WEE1 plays an important role in drug resistance in DLBCL. By 

using the CRISPR/Cas9 technology a WEE1 gene knockout can be induced, whereby we can gain 

important insight into the role of WEE1 in vincristine resistance in DLBCL.  

Methods: Four sgRNAs targeting WEE1 were designed and cloned into CRISPR/Cas9 plasmid 

vectors alongside a non-targeting sgRNA. Cloning was verified by PCR and Sanger sequencing, and 

plasmids were transfected into HEK293T cells to induce a knockout of WEE1. The ICE tool was 

utilized to assess the editing and knockout efficiencies for each sgRNA. Basic characterization was 

done on bulk WEE1 knockout cells, including cell proliferation, cell cycle analysis, and droplet digital 

PCR. In addition, functional assays consisting of vincristine drug screens were conducted to assess 

the role of WEE1 in vincristine sensitivity.  

Results: Transfection with the sgRNA containing plasmid constructs successfully induced insertion 

and deletion mutations in WEE1. Transfected cells reduced proliferation rate, however no change in 

the cell cycle could be observed. In addition, ddPCR indicated an increase in WEE1 mRNA 

expression. Despite using heterogenous cell populations, a significant growth inhibition was observed 

in some of the WEE1 knockout cells after treatment with vincristine, and this corresponded to the 

WEE1 editing and knockout efficiencies.  

Conclusion: The findings from this study suggest that knockout of WEE1 holds great potential in 

sensitizing DLBCL cells to vincristine. 
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Dansk Resumé 
 

Baggrund: Diffust storcellet B-celle lymfom (DLBCL) er en aggressiv og heterogen kræfttype. Til 

trods for behandling dør omkring 40% af patienter grundet sygdomstilbagefald. Disse patienter har 

en resistens mod kombinationsbehandlingen, og de underliggende mekanismer herfor endnu ikke er 

klarlagt. Inhalering af WEE1 proteinet, som kontrollere overgangen til mitosen, har vist sig øge 

effekten af antimitotiske midler, herunder vincristin. 

Hypotese: Vores hypotese er at WEE1 spiller en væsentlig rolle i DLBCL behandlingsresistens og 

ved at bruge CRISPR/Cas9 teknologien kan gene slukkes, hvorved vi kan herved få et vigtigt indblik 

herfor.   

Metoder: Fire sgRNAer blev designet til at targetere WEE1 genet og klonet in i CRISPR/Cas9 

sammen med et ikke-targeterende sgRNA. Kloningen blev verificeret ved PCR og Sanger 

sekventering, og plasmiderne blev dernæst transfekteret til HEK293T celler for at inducere en 

slukning af WEE1 genet. For at vurdere redigeringseffektiviteten af alle sgRNA blev ICE værktøjet 

udnyttet. Der blev udført karakteriserende eksperimenter af de transfekterede, heterogene celle 

kulturer med WEE1 knockout herunder celle proliferation, celle cyklus analyse og ddPCR 

eksperimenter. Slutteligt blev der også udført funktionelle eksperimenter som bestod af Vincristin 

dosis respons forsøg af de transfekterede celler, for at vurdere rollen af WEE1 i forhold til vincristin 

sensitiviteten. 

Resultater: Transfektion med plasmider som indeholdt sgRNAer inducerede alle mutationer 

bestående af insertioner og deletioner af WEE1 genet. Vækstraten var lavere for de transfekterede 

celler, men der var ingen ændring i cellecyklus. ddPCR indikerede til gengæld en højere ekspression 

af WEE1 mRNA. Selvom der blev brugt heterogene celle populationer med WEE1 knockout, kunne 

der stadig ses en signifikant vækstinhibering i nogle af cellerne efter behandling med vincristin. Disse 

stemte overens med gen redigerings- og knockout effektiviteten. 

Konklusion: Dette studie indikerer at en slukning af WEE1 genet kan øge DLBCL cellers 

sensitivitet ved vincristin behandling.   
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1. Introduction 
 

Lymphomas are a group of hematological cancers originating from malignant lymphocytes of natural 

killer cells, T-cells, or B-cells and are classified based on their cell-of-origin, morphology, 

immunophenotype, and genetic aberrations (1). Formation of lymphoma is characterized by the usual 

hallmarks of cancer including sustained proliferative signaling, evasion of growth suppressors, 

activation of invasion and metastasis, replicative immortality, angiogenesis, and resistance to 

apoptosis in addition to reprogrammed energy metabolism and evasion of the immune system (1,2). 

These traits are acquired due to genetic and epigenetic modification in a multistep process towards 

dysregulation of several genes ultimately resulting in malignancy (1,2). The two main classes of 

lymphoma are Hodgkin’s Lymphoma and Non-Hodgkin’s Lymphoma, with the latter being the most 

prominent accounting for approximately 90% of cases (3).  

1.1 Diffuse large B-cell lymphoma  
Diffuse large B-cell lymphoma (DLBCL) is the most frequent lymphoid neoplasm among adults 

constituting 30-40% of Non-Hodgkin’s Lymphoma cases and every year approximately 450 new 

patients are diagnosed in Denmark (4,5). It is most prevalent in adults, with a median age in the 7th 

decade where most patients present with a rapidly growing tumor mass involving one or more lymph 

nodes, while 40% also present with extranodal involvement (6). Approximately one third of patients 

display typical B symptoms constituting night sweats, fever, and weight loss in addition to symptoms 

related to organ involved (4,6). The etiology of most DLBCL cases remains unknown. Despite this, 

distinctions are still made between cases where tumors arise de novo (referred to as a primary disease) 

and other less common cases where they arise from progression or transformation of indolent 

lymphomas or leukemias (referred to as secondary disease) (4).  

1.1.1 Subclassifications of DLBCL 

DLBCL is both biologically and clinically heterogenous. The heterogeneity of DLBCL is reflected 

in the many attempts at subclassification of the disease. Both preclinical and clinical studies have 

proposed subdivisions based on histological variants, molecular and immunophenotypic subclasses, 

as well as clinical parameters included in the International Prognostic Index (IPI; e.g. age, extranodal 

sites, performance status, Ann Arbor stage and serum lactate dehydrogenase levels) (4,7).  

One of the most common methods for subclassifications of DLBCL is based on gene expression 

profiling (GEP) where thousands of genes are simultaneously assessed through DNA microarray (8). 
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This has led to the creation of DLBCL subclasses based on cell-of-origin gene signatures, which 

reflect normal B-cell from peripheral blood activated in vitro and germinal center B-cells (8). The 

two subclasses are activated B-cell-like (ABC) and germinal-center B-cell–like (GCB). In addition a 

smaller unclassifiable subgroup also exists (1,8). The two subgroups are both molecularly and 

clinically distinct, and differ by the expression of more than 1000 genes, in gene activation 

mechanisms, genetic aberrations, and clinical outcome after treatment (8,9). 

1.1.2 Treatment of DLBCL 

DLBCLs are aggressive but potentially curable. The standard first-line treatment in DLBCL is a 

combination immunochemotherapy consisting of cyclophosphamide, doxorubicin, vincristine, and 

prednisolone combined with the monoclonal anti-CD20 antibody, rituximab (R-CHOP). Treatment 

results in overall 5-year survival rates of 60-70% in patients depending on their risk-profile (6). The 

prognosis of R-CHOP treated patients is better for the GCB subtype compared to the more aggressive 

ABC subtype (10,11). Despite an increase in overall survival with the addition of rituximab to the 

standard therapy (10), 30-40% of patients remain or become resistant to treatment (11). The molecular 

mechanisms behind treatment resistance is still not fully understood, and multiple biological agents 

targeting biomarkers and signaling pathways of DLBCL have been combined with R-CHOP with 

limiting success (12,13).  

Vincristine (O, Oncovin) has been widely used as an anticancer drug for over 50 years (14). It is an 

antimitotic drug which binds to tubulin, whereby tubulin dimers can no longer polymerize and form 

the mitotic spindle microtubules (15). This inhibits the progression from metaphase during the cell 

cycle as chromosomes cannot be separated (15). Consequently, cell proliferation is decreased in a 

vincristine concentration dependent manner, where antiproliferative effects are seen at low 

concentrations and deterioration of microtubule organization is initiated as concentration increases 

(16).  

1.1.3 Biomarkers related to oncogenic pathways in DLBCL 

Several biomarkers have been observed in DLBCL and associated with disease outcome. The most 

robust single marker is MYC, which is expressed in 10-15% of all DLBCL cases. Expression or 

amplification of MYC worsens the prognosis and results in poor overall survival. MYC-positive 

patients often co-express BCL2 protein and translocation mutations in both of these genes (known as 

double hit lymphoma) results in dismal prognosis, even when using very high doses of chemotherapy. 

(11,17,18)  
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Generally, mutations in checkpoint proteins are frequent in all cancer types. The tumor suppressor 

protein p53, which functions by inducing cell cycle arrest or apoptosis in the case of DNA damage, 

is known to be the most commonly mutated gene in human cancers (19,20). In DLBCL, mutation in 

the p53 gene can be found in 18-24% of cases and is associated with poor prognosis in R-CHOP 

treated patients (21,22). Moreover, p53 gene mutations can be used to stratify GCB-DLBCL patients 

into distinct subsets with different overall survival (21). In addition, mutations can be found in genes 

and pathways related to chromatin modifications, B-cell lineage commitment, nuclear factor-kappa 

B, and WNT signaling among others, reflecting the genetic molecular heterogeneity of in DLBCL. 

Improved insight and biological understanding of the activations of these oncogenic pathways and 

how they affect cell growth could offer better targeted therapies for patients resistant to standard 

therapy. (23,24)  

As one of the fundamental aspects in the hallmarks of cancer is deregulated growth caused by aberrant 

activity of cell cycle proteins, cancer therapies targeting cell cycle regulators offer great therapeutic 

potential and various cell cycle inhibitors such as WEE1 inhibitors are currently used in clinical trials 

(2,25).  

1.2 WEE1 kinase as a target for cancer therapy 
To understand the mechanism of action for chemotherapeutic drugs targeting cell cycle proteins and 

their importance in cancer therapy, it is essential to first understand cell cycle regulation. 

1.2.1 The WEE1 pathway 

Progression through the cell cycle is monitored and tightly regulated by cell cycle checkpoints, and 

at the G2/M checkpoint, WEE1 plays an essential role. WEE1 is a nuclear kinase that negatively 

regulates cell cycle progression at the G2/M phase transition (26,27). The protein is encoded by the 

WEE1 gene located on chromosome 11 (at locus 11p15.3-p15.1) (28) and is expressed as two protein 

isoforms produced by alternative splicing of the transcript (29).  

WEE1 regulates the entry into the M-phase by inactivating the mitosis promoting CDK complex (M-

CDK; comprised of cyclin B and CDK1) through inhibitory phosphorylation at its ATP-binding site. 

As M-CDK is responsible for both entry into mitosis as well as successful completion of mitosis this 

inactivation results in cell cycle arrest at the G2/M checkpoint. Complete activation of M-CDK is 

dependent on; binding to cyclin B, activating phosphorylation by CDK-activating kinase (CAK), and 

removal of WEE1 induced inhibitory phosphate groups by the phosphatase, Cdc2 (figure 1A). Once 
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activated it engages in a positive feedback loop inhibiting WEE1 while activating Cdc25, enforcing 

additional activation (30,31). 

M-CDK initiates transition to M-phase through phosphorylation of a large variety of substrates. In 

short, the phosphorylation of M-CDK substrates results in: initiation of sister chromatid condensation, 

spindle assembly in early mitosis along with polo-like kinase 1 (PLK1), the attachment of sister 

chromatids to the spindle mediated by Aurora B kinases, nuclear envelope breakdown, rearrangement 

of Golgi apparatus and cytoskeleton among other mechanisms in early mitosis (figure 1B). (31,32) 

Once the cell reaches the metaphase-to-anaphase transition during mitosis, the anaphase-promoting 

complex or cyclosome (APC/C; a ubiquitin ligase that initiates proteolytic destruction of several 

proteins) becomes a key regulator of mitosis and eventually leads to mitotic exit. The spindle-

assembly-checkpoint (SAC) proteins ensure that APC/C is not activated until all microtubules are 

properly attached to the sister chromatids and chromosomes have been aligned appropriately for 

successful separation and thereby progression from metaphase to anaphase. (33,34) 

However, these events can only occur if the cell passes the G2/M checkpoint. DNA damage obtained 

throughout the cell cycle causes an activation of the G2/M checkpoint, where cell cycle progression 

is halted to recover damage (32). Upon recognition of DNA damage, the checkpoint kinase 1 (CHK1) 

is activated and induce G2 checkpoint arrest by phosphorylating Cdc25, whereby the M-CDK 

becomes inactive since the WEE1-mediate phosphate groups cannot be removed. This is further 

enforced by CHK1 mediated activating phosphorylation of WEE1, leading to further inactivating 

phosphorylation of M-CDK and thus enforcing G2 arrest. (35)  

Once DNA damage is recovered, the cell cycle can continue, and the cell is ready to enter mitosis. 

Here, active M-CDK complexes phosphorylate WEE1, which initiates a cascade leading to WEE1 

degradation thus ensuring WEE1 activity is suppressed during mitosis. This further amplifies M-CDK 

activation, and contribute to the early mitotic events. (32,36,37) 
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A)

 

B) 

 

Figure 1). The role of WEE1 during the cell cycle. (A) WEE1 functions by inactivating M-CDK (CDK1 and cyclin B complex). 

In order to be activated, CDKs require binding to cyclins. CDK-cyclin complexes such as M-CDK can be activated through activating 

phosphorylation in the T-loop region mediated by CAK. In contrast, they can be negatively regulated through inhibitory 

phosphorylation by WEE1, and these inhibitory phosphate groups can be removed by Cdc25 phosphatase whereby the complexes are 

activated. Figure modified from (38). (B) The main events during the last two phases of the cell cycle. WEE1 activated through 

phosphorylation, whereby it can inhibit the M-CDK complex during the G2/M checkpoint to ensure genomic stability prior to mitosis. 

Once the cell is ready to enter mitosis, WEE1 is inactivated and the inhibitory phosphate groups on M-CDK are removed by Cdc25. 

Hereby the cell enters the M-phase, and the early events of mitosis are initiated. Once the spindle assembly checkpoint is passed, 

APC/C is activated, and mitosis can be completed. Figure is obtained from (31). 

1.2.2 Dysregulation of WEE1  

Cells lacking functional WEE1 proteins enter mitosis prematurely at the expense of genomic integrity 

due to the inability to arrest cells at the G2/M checkpoint (39–41). In fission yeast, aversion of the 

G2/M checkpoint due to WEE1 loss results in cell division before the critical size for cell cycle 

progression is achieved, resulting in smaller daughter cells than normal, in contrast to the delayed 

mitosis entry and greater size observed in WEE1 expressing cells (40). WEE1 mutant cells exhibit 

several mitotic abnormalities such as disorganized and multipolar spindles, chromosomal 

misalignment and lagging chromosomes during anaphase. This contributes to deregulated mitosis, 

whereby the mutant cells progress through mitosis at the expense of genomic integrity. Additional 

findings include mitotic exit without cytokinesis and prolongation of mitosis without completion 

which might lead to extrachromosomal DNA and polyploidy seen in WEE1 deficient cells. (42) 

In addition to defective cell division in the absence of WEE1, increased expression of WEE1 can also 

lead to detrimental consequences in cells (43). High expressions of WEE1 mRNA was found in 

DLBCL patient specimen, and was significantly higher in the GCB subtype compared to the ABC 

and unclassified subtypes (44). Overexpression of WEE1 has also been observed in adult acute 
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lymphoblastic leukemia samples (45). In malignant melanoma increased expression of WEE1 was 

associated with malignancy and poor disease-free survival supporting the claim that WEE1 has a 

tumor promoting role, and can serve as a prognostic biomarker (46). Increased WEE1 expression have 

similarly been observed in a large variety of other human cancers (43).  

In contrast to the tumor promoting role of WEE1, a dual role as a tumor suppressor has also been 

described where loss of WEE1 might inadvertently promote the accumulation of genetic aberrations 

in pre-neoplastic lesions (45). This might explain the underexpression of WEE1 seen in colon-, 

prostate-, and non–small cell lung cancer cells, as loss of WEE1 induces genetic aberrations in the 

pre-neoplastic tissues, thus promoting carcinogenesis (43,47–49). Conversely, cells that already have 

genomic instability, and typically also defective G1 checkpoint due to deficits in p53 signaling, rely 

on WEE1 for survival. Hereby, WEE1 functions as a conserving oncogene and serves as a potential 

target for DNA damaging therapy. (43,50) 

1.2.3 Targeting WEE1 through inhibition  

Multiple studies have taken advantage of the deficient G1-arrest and dependency of the G2/M 

checkpoint of cancer cells by using WEE1 inhibitors to overcome the G2/M checkpoint and push the 

cells into mitosis prematurely. This premature M-phase entry of cells with genomic instability elicits 

mitotic catastrophe and subsequent cell death by apoptosis after significant DNA damage, and has 

therefore been suggested as a means of killing cancer cells. (51–54) 

In B-cell lymphomas, inhibition of WEE1 has been shown to significantly enhance apoptosis of G2 

phase-arrested cells, through the induction of premature entry into mitosis and mitotic catastrophe 

(52). Similar observations has been made in glioblastoma, where WEE1 inhibition caused mitotic 

catastrophe and apoptosis in primary cells (55). In an array of cancer cells with aberrant G1-

checkpoint, WEE1 inhibition resulted in abrogation of G2 checkpoint, and sensitized the cells to DNA 

damage caused by irradiation or topoisomerase inhibition. In addition, cytotoxicity was more 

pronounced in p53 deficient cells, keeping up with the idea, that cancer cells with deficient G1 

checkpoint are more sensitive to G2 checkpoint abrogation by WEE1 inhibition. (56,57) 

Moreover, great potential has been shown when combining WEE1 inhibition with immune- and 

chemotherapeutic drugs (54). A major challenge in resistance to antimicrotubule drugs is SAC 

slippage. These drugs activate the SAC by targeting microtubules and obstructing mitotic spindle 

assembly and thereby delay mitosis exit and promote apoptosis (34,58). Genetic and chemical WEE1 

inhibition has been shown to strengthen the SAC, extend mitosis, and potentiate killing through 
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increased apoptosis when used in combination with vincristine in acute lymphoblastic leukemia cells 

(58). Additionally, combining WEE1 inhibitors with rituximab has been shown to result in additive 

cytotoxicity both rituximab sensitive and rituximab insensitive DLBCL cell lines (44). Similarly, 

when combining WEE1 inhibitors with doxorubicin in DLBCL cell lines significantly increased cell 

killing (57). 

WEE1 has also been identified as a potential therapeutic target in largescale RNA interference 

screenings of cervical, breast and lung cancer cell lines (59,60). In addition, small interfering RNA 

(siRNA)-induced downregulation of WEE1 has been shown to completely abolish mitotic exit in 

Cdc20-depleted (and thereby APC/C defective) cells (37).  

Most of the abovementioned studies using WEE1 inhibitors, have used the agent MK-1775 (also 

known as AZD1775). This is a small molecule potent WEE1 inhibitor used in clinical trials and in 

studies investigating the biology of WEE1 (54). However, it has recently been found that it also target 

PLK1 with a similar potency, thus indicating that MK-1775 is actually a dual WEE1 and PLK1 

inhibitor, which limits its use as a specific drug for WEE1 inhibition. (61) To investigate the role of 

WEE1 in cancer, other agents must be utilized for chemical inhibition of WEE1. Alternatively, small 

interfering RNAs (siRNAs) have also been used to inhibit WEE1 through the induction of gene 

knockdown, but since these regulate gene expression post-transcriptionally, WEE1 protein have been 

detected after siRNA treatment (61). Induction of a gene knockout is therefore more favorable to 

completely disrupt WEE1 production, and this has been demonstrated previously by using the 

CRISPR/Cas9 system (61).  

1.3 The CRISPR/Cas9 system 
CRISPR/Cas9 is a new efficient genome editing tool adapted from the prokaryotic immune system. 

It is a two-component system consisting of CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeat) and the Cas9 (CRISPR associated protein 9) endonuclease. CRISPR was 

initially discovered as DNA sequences in the genome of E. Coli (62), and the function was later 

described as a defense mechanism against bacteriophages (63). In prokaryotic cells, adaptive 

immunity is acquired through the CRISPR-Cas system by first sampling pieces of foreign genetic 

elements (i.e. plasmids or bacteriophages) from sites referred to as protospacer regions that are 

juxtaposed to short recognition sequences called protospacer adjacent motifs (PAM) (figure 2A). 

These are incorporated into the CRISPR loci in the genome of the cells as new spacer sequences, 

where they are separated by short palindromic repeats. (63,64) During expression stage, both 
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sequences are transcribed into pre-crRNAs, processed, and expressed as interfering CRISPR RNAs 

(crRNAs) that contains the spacer sequences. Lastly, during the interference stage they assemble into 

Cas endonucleases and direct them to sequence-specific target sites (the protospacer sequences) 

located upstream of the PAM, whereby Cas induces double stranded breaks (DSB) the foreign DNA 

leading to its degradation. (65) There are many CRISPR–Cas systems in nature, that use different Cas 

endonucleases that require different PAM sequences for DNA cleavage. Streptococcus pyogenes 

Cas9 endonuclease (spCas9) remains the best characterized and requires a 5’-NGG PAM sequence 

(65). By utilizing this bacterial defense mechanism and repurposing it through modifications, a 

powerful and programmable tool for precise gene editing has been developed. (66) 

A)

 

B)

 

Figure 2) (A) The CRISPR-Cas immune system in prokaryotic cells (65). (B) The pre-crRNA:tracrRNA complexes (top) and the 

engineered chimeric RNA which only uses a 20 nt spacer sequence (bottom) (67).  

There are three major CRISPR/Cas systems (type I, II, and III), and the main difference occurs in the 

processing of pre-crRNAs (68). For genome editing, the type II system which uses spCas9 has been 

utilized. This system uses two short RNA molecules: the crRNA and a trans-activating crRNA 

(tracrRNA), that are complementary to the repeat sequences in crRNA. TracrRNA acts as a scaffold 

which links crRNA to Cas9 in addition to facilitating the pre-crRNA maturation. In 2012, by fusing 

fused these two RNAs into a single, chimeric tracrRNA:crRNA molecule termed single guide RNA 

(sgRNA), it was discovered that SpCas9 can be reprogrammed to target multiple genomic loci (figure 

2B). The sgRNA structure maintains a 20 nucleotide (nt) sequence at the 5’ end of the molecule which 

is complementary to the target protospacer site juxtaposed to the PAM sequence, and a the tracrRNA 

which forms a scaffold that binds to Cas9. (66,69,70) Targeted gene editing can hereby be 

accomplished by redesigning the 20 nt spacer (the sequence specific part of the sgRNA) to target any 
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desired site in the genome (figure 3). The main restriction is the requirement of a 5’-NGG PAM 

sequence for spCas9 which occurs at every 8 bp on average throughout the human genome. (67)  

Once the complex is binds to the putative target sequence with sufficient homology, Cas9 will induce 

a double strand break (DSB) 3 bp upstream of the PAM sequence, which is then repaired by one of 

two repair pathways. The most common repair pathway is the error prone non-homologous end 

joining (NHEJ), which often introduce insertion or deletion mutations (indels) around the Cas9 cut 

site that can disrupt the coding sequence of targeted genes by the formation of a premature stop codon. 

The second pathway is homology directed repair (HDR), which requires a donor template (e.g. a 

sister chromatid) to repair the DSB. (71,72)  

 

Figure 3) Illustration of the CRISPR/Cas9 system. CRISPR/Cas9 is a two-component genome editing tool, consisting of Cas9 

endonuclease and a sgRNA complementary to the desired target sequence. Once the complex binds to the target sequence, Cas9 

induces a DSB, which is most commonly repaired trough the NHEJ repair pathway, or alternatively the HDR repair pathway. Figure 

is obtained from (73).  

The predecessors for this technology was the zinc-finger nucleases (ZFNs) and transcription 

activator-like effector nucleases (TALENs) genome editing tools which were based on the DNA-

protein recognition. However difficulties in the synthesis and validation of new pairs of nuclease 

proteins with varying sequence specificity for every genomic target complicated the routine use of 

these engineered nucleases (74). In contrast, CRISPR/Cas9 is more simple and adaptive, as Cas9 

specificity relies on the interaction between the sgRNA and the target site. (75) 

Currently there are three main editing strategies when using CRISPR/Cas9. The first one is the 

plasmid-based approach where the genes encoding Cas9 and CRISPR are delivered in the same vector 
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whereby multiple transfections are avoided (76). The second strategy is the mRNA based one, where 

sgRNA is delivered into the cell along with Cas9 mRNA (77). In the last strategy, the entire 

CRISPR/Cas9 ribonucleoproteins at once (78,79). The plasmid-based approach is the most straight 

forward method. Here as a single transfection is required to express both the sgRNA and Cas9 protein 

at once, making it a simple and convenient. In addition it also offers greater stability than the mRNA 

based approach, and does not require the synthesis of ribonucleoproteins prior to gene editing. (80) 

A large variety of CRISPR/Cas9 delivering strategies exists. Transfection of cells can be achieved 

using chemical or physical methods such as calcium phosphate transfection, electroporation and 

lipids, and are relatively simple in many in vitro cell lines. However, when working with hard-to-

transfect cells or in vivo experiments, direct delivery using these methods is often insufficient. In 

these cases, transduction through viral particles such as lentiviral, offers a better alternative, and has 

widely been used as gene vehicles. (81) Through lentiviral transduction, large packages can be 

delivered with great efficiency, and long term (stable) gene expression can be achieved by integration 

of the transgene into the host genome of both dividing and non-dividing cells (80,82). Despite the 

potential risk of insertional mutagenesis, lentiviral vectors offer great potential for gene therapy and 

have been approved for clinical studies (80,83,84). 

1.4 MiR-155 targets WEE1 and controls vincristine sensitivity  
By using lentiviral transduction of DLBCL cell lines and the CRISPR/Cas9 system, the effects of 

vincristine resistance have previously been investigated (85). Here, micro RNA 155 (miR-155) was 

transduced into two GCB-DLBCL cell lines; SU-DHL-5 which is vincristine sensitive, and OCI-Ly7 

which is resistant to vincristine. miR-155 transduction induced vincristine sensitivity in OCI-Ly7, 

and targeted gene analysis based on miR-155-mRNA interactions revealed that WEE1 was a target 

of miR-155, suggesting that WEE1 expression could play a role in the increased vincristine sensitivity 

observed. In line, experiments revealed an increase in WEE1 protein expression in CRISPR/Cas9-

mediated miR-155 knockout cells, and experiments using WEE1 chemical inhibition showed 

increased sensitivity to vincristine, demonstrating that WEE1 is an excellent candidate target in 

vincristine resistant DLBCL. (85) 
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1.5 Hypothesis, aim, and objectives 
DLBCL is the most common type of lymphoma, and despite receiving the standard R-CHOP 

combination therapy, up to 40% of patients die due to relapse or refractory disease (11). 

Subclassification of DLBCL into different molecular subtypes have identified biomarkers and 

underlying drug response and resistance mechanisms supporting the strategy of better risk 

stratification of patients. However, the mechanisms controlling treatment response are not fully 

elucidated and require more experimental dissection and most likely specific subclassification 

attention.  

Cancer cells, including DLBCL, often have deficient G1-arrest and thus rely more on the G2/M 

checkpoint where WEE1 plays a crucial role for their survival (43,50). The G2/M checkpoint has been 

abrogated in previous studies by both genetic and chemical inhibition of WEE1 protein. This has 

resulted in genomic instability and significant DNA damage, leading to increased rates of apoptosis 

(42,58). Combining this with anti-mitotic drugs such as vincristine has enhanced this effect. Recently, 

it was shown that genetic manipulation of miR155 impacts the levels of WEE1 in vincristine-resistant 

GCB-DLBCL cells, and downregulation of WEE1 sensitized these cells to vincristine treatment (85).  

Based on these findings, the main hypothesis in this study is that WEE1 plays an important role in 

drug resistance in DLBCL. By targeting WEE1 using CRISPR/Cas9 technology to induce a gene 

knockout, we might gain important insight into the biological role of WEE1 in vincristine resistance 

in DLBCL and obtain a model system where we can possibly reverse drug resistance.  

The overall aim was therefore to unravel the role of WEE1 in vincristine response in DLBCL. This 

was pursued through the following main objectives, where the HEK293T cell line was used as proof-

of-concept for WEE1 gene editing and subsequent characterization and functional assays:  

I. Generation of CRISPR/Cas9 plasmid constructs targeting WEE1 by designing sgRNAs, 

cloning these into plasmids, and verification of correct insertion. 

II. Lentiviral production and determination of transfection/transduction efficiencies of HEK293T 

and OCI-Ly7 cells  

III. Generation of WEE1 knockout cells and determination of editing and knockout efficiency for 

each sgRNA in heterogenous cell populations.  

IV. Characterization and functional assays of knockout cells, including cell cycle analysis, droplet 

digital PCR, and vincristine drug response assays. 
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2. Materials and Methods 
The experimental workflow and methods in this project are summarized in figure 4.  

 

Figure 4) Flowchart providing an overview of the experimental workflow in this project. First, experiments leading to WEE1 

knockout in HEK293T cells were initiated by sgRNA designing candidate sgRNA. These were cloned into a plasmid backbone and 

transfected into HEK293T cells. Subsequently, transfected cells were puromycin selected, a region surrounding the CRISPR/Cas9 cut 

site was PCR amplified, and editing efficiency was analyzed by Sanger sequencing and use of online tools. Next, characterization and 

functional assays were conducted in the heterogenous mix of transfected HEK293T cells. These included: cell counting, cell cycle 

analysis, droplet digital PCR, and a vincristine dose-response assay.  

2.1 Single guide RNA design  
Four sgRNAs targeting exon 2 in WEE1 were designed using the human Genome Reference 

Consortium Human Build 38 (GRCh38) as a reference genome and the PAM fitting the spCas9 

endonuclease. The online software tools CrispOR (86) and CHOPCHOP (87) were utilized to achieve 

this. sgRNAs with the highest predicted specificity and efficiency scores in combination with the 

lowest off-target scores were selected (figure 5A). Furthermore, a non-targeting sgRNA (sgControl) 

obtained from the Human GeCKOv2 CRISPR knockout pooled library (88) was used as a negative 

control. Transcription is driven by RNA polymerase-III dependent U6 promoter, which requires a 5’-

G at the transcription initiation site for efficient expression (89). Therefore, a G nucleotide was added 

at the 5’ end of sgBeta and sgDelta making them 21 nt long (table 1). The DNA sequence for sgAlpha 

and sgGamma already started with a G nucleotide, therefore this was not necessary for these sgRNAs. 
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A) 

 
 

B) 

 
Figure 5) Target sites for the four sgRNAs and cloning into plasmids. (A) Exons and introns of WEE1 are shown on top. A detailed 

depiction of exon 2 below shows the target for each sgRNA, their corresponding PAM sequence, and the expected Cas9 cleavage site. 

(B) sgRNAs targeting WEE1 (blue text and line) were annealed to a complementary strand creating oligos with 5’ overhangs (blue 

box). These were cloned into a plasmid vector backbone (grey boxes) by using the BsmBI restriction enzyme (cleavage sites are 

indicated with red arrows) as shown on top. An overview of the plasmid backbone and most important features is depicted on bottom, 

and the full plasmid construct can be found in supplementary figure 1.  

Name  sgRNA sequence PAM  Target start location / strand 

sgAlpha 5’ - GGAATCAATTCCCCGAGCTT - 3’ TGG Chr11:9575920 / Negative 

sgBeta 5’ - GTCTACGACGACACTGTCCTG - 3’ AGG Chr11:9576054 / Negative 

sgGamma 5’ - GTCGTAGAAAGAGAACGTAT - 3’ TGG Chr11:9576066 / Positive 

sgDelta 5’ - GAGTTTGCTCTCCAAAGCTCG - 3’ GGG Chr11:9575887 / Positive 

sgControl 5’ - ACGGAGGCTAAGCGTCGCAA - 3’ - - 
Table 1 Information on the five sgRNAs of 20-21 nucleotides used and their target sites. The added G nucleotides are underlined. 

PAM, Protospacer adjacent motif.  

2.2 Cloning of sgRNA guides into plasmid vectors 

2.2.1 Verification of plasmid 

Prior to the initiation of cloning experiments, LentiCRISPR v2 plasmid (supplementary figure 1A) 

was verified using NheI (NEB, USA, Cat. No.: R0131S) and BamHI (NEB, Cat. No.: R0136S) 

restriction enzymes both alone and in combination and was digested at 37°C for 2 h. Gel 

electrophoresis at was conducted using 20 µL of the product and was mixed with loading dye (Thermo 

Scientific, Cat. No.: R0611). Agarose gels were made by dissolving agarose in 1X tris-acetate-EDTA 

buffer (TAE) buffer (Thermo Scientific, Cat. No.: B49) and subsequent heating. The intercalating 

agent, GelRed® Nucleic Acid Gel Stain (Biotium, Cat. No.: 41003), was then added. Here, samples 

were run along with negative plasmid controls on a 2% agarose gel placed in 1X tris-acetate-EDTA 

buffer (TAE) buffer (Thermo Scientific, Cat. No.: B49) at 100 V (supplementary figure 2).  
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2.2.2 Cloning 

sgRNAs were ordered as complimentary oligonucleotides (oligos) with overhangs and 5’ 

phosphorylation (TAGC, TAG Copenhagen). Annealing of 10 µM of sense and antisense oligos was 

performed using 1X DNA Ligase Buffer (Thermo Scientific, Cat. No.: B69) at 95°C for 5 min in a 

thermocycler (Techne, Prime thermal cycler) followed by cooling to room temperature (RT). The 

annealed oligos were subsequently cloned into the BsmBI-BsmBI site of the LentiCRISPR v2 

plasmid backbone (figure 5B) (Addgene plasmid #52961 (88)). This was performed in a single-step 

digestion-ligation cloning reaction (table 2A) in a thermocycler (Biorad, T100™ Thermal Cycler) 

(table 2B). 

A. Digestion-ligation reaction  B. Thermal cycler program 

Reagent Volume Final 

concentration 

Fast digest buffer (Thermo 

Scientific, FD0454) 

2 µL 1X 

DL-Dithiothreitol (DTT, Sigma) 2 µL  1 mM 

dATP (Thermo Scientific, Cat. 

No.: R0141) 

2 µL 1 mM 

LentiCRISPR v2 X µL 1.25 ng/µL 

Annealed oligos 1 µL 2.5 nM 

Fast Digest Esp3I (Thermo 

Scientific, Cat. No.: FD0454)  

1 µL 0.5 U/µL 

T7 ligase (NEB, Cat. No.: m0318L) 1 µL 150 U/µL 

H2O To 20 µL  
 

 

 

Step Temp. Time Cycles 

Digestion  37°C 5 min 6X 

Ligation  22°C 5 min 

Table 2) Setup for the 20 µL digestion-ligation reaction. Esp3I is a BsmBI isoschizomer (A), and the thermal program used 

subsequently (B). 

2.2.3 Transformation and bacterial amplification 

Two µL of cloned plasmid DNA was transformed into One Shot™ Stbl3™ Chemically Competent 

E. coli (Invitrogen, Cat. No.: C737303) through Heat Shock in accordance with the manufacturer’s 

instructions. Briefly, 2 µL of the digestion-ligation product was mixed gently with a vial of chemically 

competent One Shot Escherichia Coli (E. Coli) cells and incubated on ice for 30 min. The cells were 

then Heat-shocked by placing the vials in a water bath set to 42°C for 45 s. They were then incubated 

on ice for 2 min and 250 µL prewarmed S.O.C medium was added. The cells were incubated at 37°C 

on shaker set to 250 rpm for 1 h. Transformed E. Coli were cultured at 37°C overnight on LB-agar 

plates containing 100 µg/mL ampicillin (BioChemica, #A0839). Three individual positive colonies 

were picked from each plate, resuspended in 5 mL LB medium supplemented with ampicillin and 

incubated for 8 h at 37°C while shaking at 200-250 rpm. The bacterial liquid cultures were then 

diluted 1:500 in fresh LB medium and incubated for 16 hours (overnight) at 37°C while shaking at 

200-250 rpm. Plasmid were purified using the GeneJET Plasmid Midiprep Kit (Thermo Scientific, 
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Cat.No.: #K0482) according to the manufacturer’s instructions. Briefly, cells were harvested by 

centrifugation at 5,000 × g for 10 min at 4°C. Supernatant was discarded and the pellet was 

resuspended in a resuspension solution. This was followed by resuspension in Lysis Solution, 

Neutralization Solution Endotoxin Binding Reagent, and finally 96% ethanol in 50 µL centrifugation 

tubes. The tubes were centrifuged at 5,000 × g at RT and supernatant was subsequently transferred to 

new centrifugation tubes where 96% ethanol was added once again. The samples were then 

transferred to centrifugation tubes containing pre-assembled columns. Next a series of washing steps 

was initiated using Wash solution I and Wash solution II separated by centrifugation steps at 3,000 

G for 2-5 min. Lastly, plasmids were eluted by using 350 µL elution buffer and concentrations were 

then measured by spectrophotometry (DeNovix DS-11). Purified plasmids from positive colonies 

were verified for insertion of sgRNAs by Sanger sequencing. 

2.2.4 Polymerase chain reaction (PCR) and gel electrophoresis 

Backbone-specific PCR primers flanking the restriction sites were designed for the verification of 

positive clones containing sgRNA inserts (supplementary table 1). The plasmids were used in a 25 

µL PCR reaction containing 1 ng template, 1X Dreamtaq PCR Mastermix (Thermo Scientific, Cat. 

No.: K1081), and final concentrations of 0.2 µM forward and reverse primer. The thermal program 

for the PCR reaction was: 1 cycle at 95°C for 2 min, 35 cycles consisting of denaturation at 95°C for 

30 s, annealing at 56°C for 30 s, and extension at 72°C for 1 min, and lastly 1 cycle of final extension 

at 72°C for 10 min. Subsequent to PCR, gel electrophoresis was conducted using 10 µL of the PCR 

amplicons mixed with loading dye (Thermo Scientific, Cat. No.: R0611). These were run along with 

negative controls on 1.5% agarose gels as described above. A 1kb ladder (Thermo Scientific, Cat. 

No.: Sm0311) or a 100bp ladder (Thermo Scientific, Cat. No.: Sm0321) was used to measure 

amplicon lengths. 

2.3 Cell culture  
Human embryonic kidney 293T cells (HEK293T) and the DLBCL cell line called OCI-Ly7 were 

used in this project. All cell cultures were maintained in cell culture flasks, 10 cm cell culture dishes, 

and cell culture plates at 37°C and a humidified atmosphere with 5% CO2 in air. They were regularly 

passaged to maintain optimal density and to ensure access to fresh media.  

The adherent HEK293T cells were cultured in growth medium consisting of Dulbecco's modified 

Eagle's medium (DMEM) (Gibco, ref: 31966-021 or ref: 21969-035) containing 10% Fetal Bovine 

Serum (FBS) (Gibco, ref: 10270-106) and 1% penicillin/streptomycin (P/S) (Life Technologies, Cat. 

No.: 15140122). Passaging was done by removing the old media containing debris and dead cells, 
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rinsing once with phosphate buffered saline (PBS) (Gibco, Cat. No.: 14200-067) and trypsinization 

with Trypsin-EDTA (Gibco, Cat. No.: 25300-054) at 37°C for 3-5 min. After the cells detached from 

the surface, trypsin was inactivated in prewarmed growth medium and the cells were centrifuged at 

300g for 5 min at RT. They were then seeded in fresh, prewarmed growth medium.  

OCI-Ly7 is a DLBCL cell line which grows in suspension as large clusters. These cells were cultured 

in Rosewell Park Memorial Institute (RPMI) Medium 1640 (Gibco, Ref: 52400-025) with 10% FBS 

and 1% P/S. Passaging was performed every 3-4 days at which cells were seeded at 0.5×106 cells/mL 

after centrifugation at 1200 RPM (240g) for 5 min at RT. The cells were at each passage counted with 

trypanblue (Life Technologies, Cat. No.: 15250061) to examine viability and adjust seeding density.  

2.3.1 Transfection and puromycin selection of HEK293T cells  

The cloned plasmids containing the sgRNAs of interest (pLv2-sgRNA) are denoted pLv2-sgAplha, 

pLv2-sgBeta, pLv2-sgGamma, pLv2-sgDelta, and pLv2-sgControl. Each plasmid was transfected 

into HEK293T cells using the Calcium Phosphate Transfection Kit (Invitrogen, Cat. No.: K278001). 

Briefly, 3×106 HEK293T cells were seeded in 10 cm cell culture dishes in 10 mL prewarmed growth 

medium. Next day, medium was changed an hour prior to transfection and only 9 mL was added. One 

mL transfection mixture consisting of 13 µg plasmid of interest, 50 µL 2M CaCl2, and HEPES 

Buffered Saline (HBS) was incubated for 15 min at RT forming calcium phosphate precipitates. The 

precipitates were slowly dripped onto the cells and the dishes were placed in the cell culture CO2 

incubator. The medium was changed 24 h post transfection and cells left to recover for additional 24 

h. Transfection was completed after 48 h, and the cells were subsequently used for further 

experiments.  

To obtain a population of positively pLv-sgRNA transfected cells, puromycin selection was applied 

48 h after transfection with the pLv-sgRNAs. Selection was performed by culturing the cells in 

growth media containing 0.5 µg/mL puromycin (Gibco, Cat.No.: A1113802) for 14 days alongside 

non-transfected HEK293T cells. Due to the puromycin resistance gene on these plasmids 

(supplementary figure 1A), transfected cells survived the puromycin treatments. The media was 

changed every 2-3 days, and the cells were passaged to a different culture flask or plate in accordance 

with their confluency if needed.  

Prior to transfection with the plasmid constructs containing the sgRNAs, transfection efficiency was 

tested and optimized using the lentiCRISPRv2GFP plasmid (Addgene plasmid #82416, (90)), which 

is a modified LentiCRISPR v2 vector in which the puromycin resistance gene has been replaced with 
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enhanced green fluorescent protein (eGFP) gene (supplementary figure 1B). Transfection efficiency 

was measured 48 h post transfection by flow cytometry (Cytoflex flow cytometer from Beckman 

Coulter, Life Science) where eGFP signal was detected on the fluorescein isothiocyanate (FITC) 

channel, and data was analyzed using the CytExpert software. Fluorescence images of the eGFP 

containing cells were taken using Zeiss Axio Observer Z.1 immediately prior to flow cytometry, and 

images were processed using the Fiji software (91).  

2.4 Analysis of indel formation 

2.4.1 Genomic DNA purification 

Following selection of the positively transfected cells, genomic DNA (gDNA) was purified with the 

PureLink® Genomic DNA Kit (Invitrogen, K1820-01) from 2×106 cells or with DNeasy Blood & 

Tissue Kit (Qiagen, Cat. No.: 69506) in accordance with the manufacturer’s protocols. DNA 

concentrations were measured by spectrophotometry.  

2.4.2 PCR amplification, amplicon purification, and sanger sequencing 

The purified gDNA was used as template in a PCR reaction using the Phusion Hot Start II DNA 

Polymerase kit (Thermo Scientific, Cat. No.: F549L). Through a series of optimizations, the PCR 

reaction in table 3A was used and the product was amplified using the thermal cycler program shown 

in table 3B. Gel electrophoresis on the amplicons was performed as described above, using 10 µL of 

the reactions mixed with loading dye in a 1.5% agarose gel. The rest of the PCR reaction was purified 

with GeneJET PCR Purification Kit (Thermo Scientific, Cat. No.: K0701) following the 

manufacturer’s instructions. Briefly, purification of PCR reactions was initiated by adding a 1:1 

volume of binding buffer to the PCR mixture. The solution was transferred to purification columns 

and centrifuged. The supernatant was then discarded, a Wash buffer to the columns which were 

centrifuged again. This step was repeated once more without the addition of Wash buffer to remove 

residual wash buffer. Lastly, columns were placed in clean microcentrifuge tubes and DNA was 

eluted using 25 µL elution buffer. All centrifugation steps were carried out at 12,000 g for 1 min at 

RT. The purified PCR amplicons were then Sanger sequenced (Eurofins Genomics, Tubeseq) with 

the same primers used in the PCR reaction.  
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A. PCR reaction  B. Thermal cycler program 

Reagent Volume Final 

concentration  

GC buffer 10 µL 1X 

dNTP mix (Themo Scientific, Cat. 

No.: R0191) 

1 µL 200 µM each 

Forward WEE1 primer (10 µM) 0.5 µL 0.1 µM 

Reverse WEE1 primer (10 µM) 0.5 µL 0.1 µM 

DMSO 1.5 µL 3% 

Template (gDNA) X µL 1 ng/µL 

Phusion Hot Start II DNA 

Polymerase (2 U/μL) 

0.5 µL 0.02 U/µL 

H2O To 50 µL  
 

 

 

Step Temp. Time Cycles 

Initial 

denaturation  

98°C 30 s  1  

Denaturation  98°C 10 s  25 

Annealing  68°C 20 s  

Extension 72°C 30 s  

Final extension  72°C 10 min  1 

Table 3) PCR reaction on genomic DNA using the Phusion Hot Start II DNA Polymerase kit performed in a 50 µL reaction (A), and 

the thermal program used subsequently (B).  

3.4.3 Software analysis of indel formation 

To evaluate the editing- and knockout efficiency of WEE1 induced by each sgRNA, the Inference of 

CRISPR Edits (ICE) tool was used (Synthego, https://ice.synthego.com). Here, sequenced PCR 

amplicons from cells transfected with sgRNAs targeting WEE1 were compared to amplicons from 

cells transfected with sgControl. These are used as input along with the sgRNA sequence. The 

software tool outputs an ICE score indicating the indel percentage, a KO-score corresponding to the 

percentage of indels that result in frameshift or are 21+ bp in length, as well as an assessment of how 

well the Sanger sequence data of the of the edited sample fits the proposed indel distribution. Output 

also includes visual representation useful for interpreting indels and quality checking.  

2.5 Lentiviral production and transduction  
Since B-cells are generally considered difficult to transfect with plasmid vectors and chemical based 

transfection methods can result in increased toxicity and cell death (81), 3rd generation lentiviral 

vectors targeting WEE1 were produced in HEK293T cells in a laboratory suited for biosafety level II 

work. Lentiviral particles were produced through the calcium phosphate transfection as previously 

described with modifications described below.  

Twenty-four hours after seeding, HEK293T cells were co-transfected with the lentiviral envelope and 

packaging plasmids (supplementary figure 1C-E): 3,75 µg pMD2.G (Addgene plasmid #12259), 3 

µg pRSV-Rev (Addgene plasmid #12253), 13 µg pMDLg-pRRE (Addgene plasmid #12251), along 

with 13 µg of the transfer plasmids (pLv2-sgRNA or lentiCRISPRv2GFP). Media was changed 24h 

post transfection. Virus was harvested 48h and 72h post transfection by careful aspiration of the 

supernatant. Each harvest was centrifuged at 400 g for 5 min at RT to pellet packaging cells and cell 

debris. The supernatant was filtered through a 0.45 µm filter ensuring no cellular transfer, collected 
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in centrifuge tubes and stored at 4°C in between harvests. The harvests were pooled adding up to 40 

mL of viral supernatant, aliquoted to cryotubes, and stored at -80°C.  

2.5.1 HIV p24 ELISA assay 

The concentration of the viral p24 capsid protein in the cell culture supernatant was measured to 

determine virus yield. This was achieved using the HIV-1 p24 ELISA Kit (Abcam, Cat. No.: 

ab218268) according to the manufacturer’s instructions. Here, standard curve dilutions were prepared 

in concentrations ranging from 4.69 pg/mL to 300 pg/mL by using an included HIV-1 p24 

Lyophilized Recombinant Protein and corresponding diluents. Samples consisted of already 

centrifuged and filtered viral supernatants. Using included 96-well strips, 50 µL of samples or 

standards were loaded into the wells in duplicates. A two-fold dilution of the lentiviral construct 

containing lentiCRISPRv2GFP was made using an included sample diluent and was loaded to a single 

well. In addition, 50 µL of an antibody cocktail (consisting of a capture antibody labelled with an 

affinity tag and detector antibody conjugated with a reporter) was added to the wells, in order to 

capture the analytes in solution and form a complex. The wells are precoated with anti-tag antibodies 

which immobilizes the entire complex through immunoaffinity. The strips were placed in a plate 

frame, and incubated on a plate shaker set to 400 rpm for 1 h at RT. The wells were washed three 

times in an included Wash Buffer, a TMP solution was added and the plate was incubated 10 min 

protected from light. A stop solution was then added and absorbance at 450 nm was determined using 

EnSpire Multimode Plate Reader (PerkinElmer). Concentrations of samples were determined using a 

standard curve generated from the standard dilutions with known concentrations. Data was analyzed 

in GraphPad Prism 6.  

2.5.2 Lentiviral purification and transduction of OCI-Ly7 cells 

Transduction efficiency of OCI-Ly7 cells was assessed twice using lentiviral particles containing the 

lentiCRISPRv2GFP transfer vector plasmid. In the first assay, the viral supernatant was used directly 

to transduce OCI-Ly7 cells. Here, 0.15×106, 0.3×106 and 0.4×106 OCI-Ly7 cells in growth medium 

were seeded in duplicates in 6-well plates. Volumes of 0.5 mL and 1 mL of the virus-containing 

supernatant equivalent to 12.2-49 pg p24 was added to the wells. 

The rest of the viral supernatant was concentrated by ultracentrifugation using a Sorvall™ WX 90+ 

ultracentrifuge (Thermo, Cat. No.: 75000090) and polycarbonate bottles (Beckman, Cat. No.: 

355654). First, 4 mL of 20% sucrose was added to the bottom of the ultracentrifuge bottles while 

samples were thawed to RT. The samples were then added to the bottles and ultracentrifugation 

through the sucrose cushion was performed at 25,000 g for 2 h at 4°C. The supernatant was removed, 
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and the virus-containing pellet was resuspended in PBS and pooled, resulting in a final volume of 

200 µL virus. 

In the second assay, the lentiviral constructs concentrated through ultracentrifugation was used for 

transduction. Here, 0.15×106 OCI-Ly7 cells were seeded in 6-well plates and all 200 µL of the 

concentrated virus equivalent to 0.83-1.67 ng p24 was added to a single well. The plates were 

incubated for 48 h. Fixation of the cells at was achieved by centrifugation at 300 g for 5 min at RT, 

followed washing in PBS, and resuspension in a 4% formaldehyde solution. After allowing the cells 

to be fixed for 10 min at RT they were washed once and resuspended in 500 µL in PBS. Flow 

cytometry and fluorescence imaging was performed to detect any eGFP containing cells.  

Characterization and functional assays 
The characterization and functional assays in this project were all conducted using HEK293T cells. 

2.6 Cell counting 
A simple cell counting assay was set up by plating four replicates of 0.4×106 transfected HEK293T 

cells in 6-well plates for 48 h and 72 h in growth medium. This was performed using NucleoCounter 

NC-200 (ChemoMetec, Allerod, Denmark) with Via1-Cassettes™ to determine live cell count and 

viability. Data was analyzed in GraphPad Prism 6. 

2.7 Cell cycle analysis by flow cytometry 
For cell cycle analysis, 1×106 cells were harvested by centrifugation at 400 g for 5 min at RT and 

resuspended in cold PBS. The cells were fixed in 70% ethanol for a minimum of 2 h. Preparation for 

flow cytometry was performed by spinning the cells down at 850 G and washing in 500 µL PBS 

twice. They cell pellets were treated and stained by the addition of a 250 µL mix of 100 µg/mL RNase 

A (Qiagen, Cat. No.: 19101) and 50 µg/mL propidium iodide (PI) (BioLegend, Cat. No.: 421301), 

before incubation at 37°C for 30 min protected from light. PI intensity was measured by flow 

cytometry (BD FACSCanto II from BD Biosciences) at a slow-medium flow rate of maximum 200 

events/s. Data was processed using FlowJo software (v10.5.3) to determine cell populations in the 

G0/G1, S, and G2/M cell cycle phases. 

2.8 Vincristine dose-response screen 
To investigate the effects of vincristine in WEE1 knockout cells, a vincristine dose-response assay 

was conducted. The drug response assay was initiated by determination of the optimal vincristine 

concentration range that can be used in HEK293T. Cells were plated at a concentration of 0.03×106 

cells per well in 120 µL growth medium in 96-well plates one day before all drug screens. First, a 
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series of two-fold dilutions from the stock concentration of vincristine (Oncovin, PharmaCodane, 

Aalborg Sygehusapotek) were prepared using saline as a diluent, and saline was used as a negative 

drug control. The cells were treated with 30 µL vincristine, equivalent to final concentrations ranging 

from 20 µg/mL to 0.00015 µg/mL per well for 48h.The same setup and vincristine concentration 

range was also applied on the WEE1 knockout HEK 293T cells. Vincristine induced growth inhibition 

was assessed as the number of metabolically active cells by using the MTS-based assay, CellTiter 

96® AQueous One Solution Cell Proliferation Assay (Promega) according to the manufacturers 

protocol. Briefly, 30 µL of the CellTiter 96 Reagent (equivalent to 20% of the culture volume) was 

added to the wells and the plate was incubated for 2 h. Subsequently, absorbance was measured at 

492 nm (FLUOstar Optima from BMG Labtech). To calculate the percentage of growth inhibition a 

plate with similar setup was measured at 0 h. First, absorbance in blank wells were subtracted from 

each well in both plates. Then, absorbance measured at 48 h was subtracted from 0 h. Growth 

inhibition is expressed relative to absorbance in control wells without drug addiction. Gaussian 

distribution was assessed using D'Agostino & Pearson omnibus normality test and two-way ANOVA 

was conducted using Dunnett's multiple comparisons test.  

2.8.1 WEE1 inhibitor 

A double drug assay using MK-1775 (Selleck Chemicals, Cat. No.: S1525), a WEE1 inhibitor, in 

combination with vincristine was conducted in wild-type HEK293T cells to compare the drug 

response in WEE1 knockout cells to chemical WEE1 inhibition. MK-1775 stock was diluted in 

DMSO, which was also used in the negative drug controls. First, the optimal MK-1775 concentration 

range that can be used in HEK293T was determined by treating cells seeded as described above with 

increasing drug concentrations from 15.625 nM – 2,000 nM for 48 h and 72 h followed by an MTS-

based analysis. A concentration of 125 nM MK-1775 proved to be the highest concentration which 

did not cause a growth inhibition and was thus chosen for the double drug assay (supplementary 

figure 3). Next, 125 nM MK-1775 was combined with eight vincristine concentrations ranging from 

0.000610 µg/mL to 10 µg/mL. Cells were treated for 48 h with 125 nM MK-1775 combined with 

eight vincristine concentrations, vincristine only, and 125 nM MK-1775 only. Growth inhibition was 

measured by the number of metabolically active cells by the addition of CellTiter 96 Reagent 

(equivalent to 20% of the well volume) and MTS-based analysis was performed as previously 

described. All data from the drug screens was analyzed in GraphPad Prism 6. 
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2.9 Quantification of WEE1 expression by droplet digital PCR 
The expression of WEE1 mRNA was quantified by droplet digital PCR using TaqMan Gene 

Expression Assay. This was performed in a stepwise manner as described below.  

2.9.1 RNA purification and cDNA synthesis 

For total RNA isolation, 5×106 cells were resuspended in 1 mL TRIsure™ (bioline, Cat. No.: BIO-

38033) until the solution became homogenized. Samples were incubated at RT for at least 5 min and 

0.2 mL chloroform was added to the samples followed by 10-15 s of vortexing. After another 

incubation at RT for 2 min, the tubes were spun down at 12,000 G at 4°C for 15 min allowing the 

mixture to separate into 3 phases. The upper RNA containing aqueous phase were transferred to a 

new Eppendorf tube. Final RNA isolation was performed in accordance with the mirVana™ miRNA 

Isolation Kit (Invitrogen, Cat. No. AM1561). Briefly, 1.25 volumes of 99.9% ethanol were added to 

the aqueous RNA containing tubes, and the mixture was passed through a filter cartridge by 

centrifugation at 10,000 G at RT for 15 s until the whole sample had passed through. The supernatant 

was discarded, and the filter was washed by adding 700 µL Wash solution 1 followed by 

centrifugation at 10,000g at RT for 5-10 s whereafter the flow-through was discarded. This was 

repeated twice with 500 µL of Wash Solution 2/3. The tubes were then centrifuged for an additional 

1 min. The RNA was eluted with 50 µL preheated water in a new collection tube twice by 

centrifugation at maximum speed for 20-30 s. RNA integrity was evaluated using a Bioanalyzer 

(Agilent, 2100 Bioanalyzer) and concentrations were measured by spectrophotometry (NanoDrop™ 

1000 Spectrophotometer).  

The SuperScript™ III First-Strand Synthesis SuperMix Kit (Invitrogen, Cat. No. 11752-050) was 

used for first strand cDNA synthesis and was performed according to the manufacturer’s instructions 

using 500 ng of RNA used as input to 20 µL reactions. The 2X reaction mix included in the kit is a 

cocktail that includes oligo(dT)20, random hexamers, MgCl2, and dNTPs required for the synthesis of 

cDNA and RNase inhibitors. This was mixed with an Enzyme Mix also included in the kit and 500 

ng RNA. The samples were incubated in a thermal cycler at 25°C for 10 min, 50°C for 30 min, and 

lastly 85°C for 5 min. E. coli RNase H is also included and 1 µL (2U) was added to degrade RNA 

templates from cDNA:RNA hybrids after the reaction was complete. For each sample, a no-reverse 

transcriptase (NoRT) was included, using water instead of the RT Reaction Mix to check for genomic 

DNA contamination.  
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2.9.2 Droplet digital PCR 

Droplet digital PCR (ddPCR) was prepared using 20X ddPCR™ Supermix for Probes (No dUTP) 

(Biorad, Cat. No.: 1863024) which is a ready-to-use mixture containing all components required for 

ddPCR, except primers, probes, and template. The polymerase included is inactive at ambient 

conditions but becomes activated during ddPCR due to its hot-start feature. Additionally, 2X 

TaqMan® Gene Expression Assay with probes labeled with 5’ FAM™ reporter dye targeting either 

the target gene, WEE1 (Applied Biosystems, Cat. No: 4351372) or the reference gene, TATA-box 

binding protein (TBP) (Applied Biosystems, Cat. No.: 4331182), were used (supplementary Table 1). 

This assay also includes primers targeting the genes of interest. A 17 µL master mix containing 1X 

of ddPCR Supermix and gene expression assays were mixed with 5 µL of RNA-equivalent cDNA 

(corresponding to 2 ng input). These were vortexed and incubated at RT for 3 min. To generate 

droplets, a DG8 cartridge (Bio-rad) was used in which 20 µL of the reaction was loaded to the sample 

wells and 70 µL Droplet Generation Oil (Bio-Rad) were loaded to the oil wells. The cartridge was 

placed and run on a QX200 Droplet Generator (Bio-Rad). Subsequently 40 µL of the generated 

droplets were transferred to a 96-well PCR plate and run on a thermal cycler with the program seen 

in table 4.  

Step Temp  Time  Cycles Analysis Mode 

Preincubation 95°C 10 min 1 None 

Amplification 
94°C 30 s 

40 Quantification 
60°C 1 min 

Enzyme deactivation 98°C 10 min 1 None 
Table 4) Thermal cycler program for ddPCR. A ramp rate of 2°C was used and samples were cooled down to 12°C after completion. 

Fluorescent droplets were subsequently determined by counting PCR-positive and PCR-negative 

droplets using a QX200™ Droplet Reader and the coupled Quantasoft Software (Bio-rad). A 

minimum of 12,000 droplets were accepted for analysis of samples and results were expressed as 

copies/µL. To calculate all gene expression, the amount of RNA-equivalent cDNA added to each 

reaction was used to calculate the copies/ng for each sample. The expression of WEE1 was divided 

by the expression of TBP to quantify relative expression of WEE1 in all cell populations. Data was 

processed using GraphPad Prism 6. 
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3. Results 
3.1 Annealing of oligos 
sgRNAs targeting WEE1 were designed and ordered as oligos with 5’ overhangs to be cloned into the 

LentiCRISPR v2 plasmid. The overhang sequence for the sense strand was 5’-CACC, and 5’-AAAC 

for the antisense strand, making each oligo 24-25 bp long. To verify oligo annealing, the annealed 

oligos were loaded on a 2% agarose gel along with each single strand and gel electrophoresis was 

conducted (figure 6). The fluorescence signal from the binding of the intercalating GelRed agent were 

much stronger in wells loaded with the annealed, double stranded oligos (lane 3) compared to the 

bands from each single strand (lanes 1-2). As the annealed oligos are heavier due to being double 

stranded, the annealing could be confirmed by the shorter distance traveled through the gel in 

comparison to the single stranded samples.  

A) 

 

B)

 
Figure 6) Verification of oligo annealing by gel electrophoresis. Here, sgAlpha (A) and sgBeta (B) are used as examples. Annealing 

of oligos was confirmed by the increased fluorescence intensity from binding of the GelRed and the shorter distance traveled through 

the agarose gels (lane 3 on both gels) in comparison to the single stranded oligos (blue boxes on lanes 1-2 on both gels) Samples were 

run through 2% agarose gels and a 100bp ladder was used as a reference for band size.  

3.2 Cloning of the LentiCRISPR v2 plasmid 
The LentiCRISPR v2 plasmid contains two restriction sites for BsmBI, resulting in the excision of an 

1,885 bp fragment from the 14,873 bp large backbone after digestion (supplementary figure 1A). Gel 

electrophoresis with 18 µL of the product from a 20 µL digestion-ligation reaction using the BsmBI 

restriction enzyme, showed a faint band of the excised fragment (figure 7A) which could not be found 

in the negative plasmid control, undigested LentiCRISPR v2. The cloned plasmids (pLv2-sgRNA) 

were then transformed into E.Coli., purified from positively transformed cultures, and analyzed using 

PCR (figure 7B). The backbone specific primers used for the PCR reaction, target a region 247 bp 

upstream of the first restriction site for BsmBI (forward primer) to 212 bp downstream of the second 

restriction site (reverse primer) on the plasmids LentiCRISPR v2. The BsmBI restriction sites 

contains two different overhang sequences (5’ CACC-3’ and 5’-GTTT-3’), meaning that the plasmid 
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cannot self-anneal after digestion, but can only be annealed through ligation with the oligos 

containing the corresponding overhangs. Thus, a successful cloning reaction in which the 24-25 bp 

sgRNA-containing oligos are inserted, will produce an amplicon of 483-484 bp during PCR. In the 

case of unsuccessful cloning where the sgRNAs are not inserted, the amplicon length is 2,344 bp. 

Lanes 1-3 on figure 7B show the PCR results for pLv2-sgAplha after a positive digestion-ligation 

reaction and subsequent plasmid purification from three different E. Coli cultures, corresponding to 

successful cloning. On lanes 4-6, the negative PCR result from cloning of pLv2-sgBeta is shown, and 

the larger amplicons correspond to the negative plasmid control (PL), which was not cloned and 

therefore does not contain the inserts. Likewise, the rest of the sgRNAs were cloned into 

LentiCRISPR v2 in the same manner, over multiple attempts (supplementary figure 4). 

A) 

 

B) 

 
Figure 7) Gel electrophoresis showing cloning results of pLv2-sgAlpha and pLv2-sgBeta. (A) The digestion-ligation product from 

cloned plasmids pLv2-sgAplha (lane 1) and pLv2-sgBeta (lane 2) was loaded on a 0.8% agarose gel alongside minus-ligase controls 

(lane 3 and 4) and 50 ng undigested LentiCRISPR v2 plasmid (PL) which was not cloned. Blue square highlights the faint 1885 bp 

fragment cleaved out of the plasmid during digestion with BsmBI enzyme. Due to low visibility of this fragment, brightness was 

increased for visualization, consequently overexposing the ladder. (B) PCR products from pLv2-sgAplha (lane 1-3) and pLv2-sgBeta 

(lane 4-6) using primers flanking the sgRNA insertion site subsequent to plasmid purification from transformed E.Coli cultures. 

Samples were run through a 1.5% agarose gel. A 1kb ladder was used for both gels.  

Subsequent to PCR and gel electrophoresis of all cloning reactions, each pLv2-sgRNA was Sanger 

sequenced to verify that all sgRNAs were correctly ligated using the same primers as the PCR 

reactions above detection. The chromatograms from the sequencing output was aligned with the 

sequences for each oligo using CLC Sequence Viewer 8 (QIAGEN bioinformatics). Figure 8 shows 

examples of sequencing chromatograms for pLv2-sgDelta, which is the plasmid construct containing 

sgDelta (figure 8A) and pLv2-sgControl, which is the plasmid construct containing the non-targeting 

sgControl (figure 8B). In addition, a complete alignment can be seen, where the sgRNAs can found 

in between each overhang. All cloning reactions were verified in the same manner through PCR 

followed by Sanger sequencing and alignment with oligo DNA sequences. For pLv2-sgAlpha, -Beta, 
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and -Gamma, the sequencing chromatograms showed mixed signaling with overlapping waves, 

however all oligos could still be detected manually (data not shown).  

A)  

 
B)  

 
Figure 8) Verification of positive PCR results from cloned pLv2-sgRNA by Sanger sequencing. Example include pLv2-sgDelta 

(A) and pLv2-sgControl (B). In both cases clean traces in the sequencing chromatograms was seen. Complete alignment with oligos 

containing sgRNA sequences in between both overhangs (marked squares) confirmed that cloning was successful.  

3.3 Transfection of HEK293T cells 
To express the cloned plasmid constructs, HEK293T cells need to be transfected. Transfection 

efficiency of HEK293T cells was tested using lentiCRISPRv2GFP, which contains the cDNA 

sequence for a FLAG-tagged Cas9 protein followed by the P2A self-cleaving site and the sequence 

for the eGFP marker protein (supplementary figure 1B). Hereby, Cas9 and eGFP are produced as a 

single mRNA sequence which is cleaved during translation, indicating that eGFP producing cells co-

express Cas9. HEK293T cells were transfected in duplicates using the calcium phosphate transfection 

method and flow cytometry analysis revealed a transfection efficiency of 97% and 99.3% 48 h post-

transfection when compared to wildtype HEK293T cells (figure 9A). However, although many 

fluorescent cells could be detected by flow cytometry, prior fluorescence microscopy did not indicate 

such a high transfection efficiency as the cells were 80-90% confluent 48h post-transfection (figure 

9B).  
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A) 

 
B) 

 
Figure 9) Transfection efficiency of HEK293T cells 48 h post transfection with lentiCRISPRv2GFP. (A) Flow cytometry analysis 

was conducted using CytExpert software. Subsequent to exclusion of cell debris from dead cells through gating, a vertical border was 

set above the maximum intensity on the FITC channel for the two HEK293T WT samples, to separate eGFP cells from background 

signal (left). The example (right) shows eGFP positive cells from one replicate. (B) Immunofluorescence analysis of eGFP expression 

on HEK293T WT (Left) and the same HEK293T transfected cells from above (middle), and a phase contrast image from the transfected 

cells for comparison. Scale bars: 100 µm 

3.4 Lentiviral production 
Based on the results from the transfection of HEK293T cells, the same protocol was used for lentiviral 

production. Here, HEK293T cells were co-transfection with pLv2-sgRNA alongside lentiviral 

envelope- and packaging plasmids. A lentiviral construct containing the lentiCRISPRv2GFP plasmid 

was also included (Lv2-GFP). Fluorescence microscopy of the Lv2-GFP producing cells showed the 

presence of fluorescent cells as previously observed, indicating successful transfection of the transfer 

plasmids (figure 10). 

A)  

 

B) 

 
Figure 10) Lentivirus producing HEK293T cells 72h post co-transfection with transfer-, envelope-, and packaging plasmids. 

Scalebars: 100 µm (A) and 25 µm (B). 
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The concentration of the viral supernatants collected from the lentivirus producing cells was 

determined by HIV-1 p24 ELISA (figure 11). Despite using the same setup to produce all Lv2-

sgRNAs, a large variation between each construct was observed, however within each duplicate, 

sample variation was ≤ 2.3 pg/mL p24. The concentrations of Lv2-sgGamma and Lv2-sgControl were 

below the minimum concentration used in the standard dilutions, which ranged from 4.69 pg/mL to 

300 pg/mL p24, suggesting that barely any virus was produced. The highest concentration among the 

lentiviral construct was in Lv2-sgDelta at 45.7 pg/mL. A single sample consisting of a two-fold 

dilution of Lv2-GFP was also included in the assay (Lv2-GFP 50%). The concentration of this sample 

was expected to be 50% of the non-diluted sample (Lv2-GFP), however the concentration was 

approximately the same as before dilution.  

A) 

 

B) 

Sample HIV p24 

(pg/mL) 

Lv2-sgAlpha 35.62 

Lv2-sgBeta 7.62 

Lv2-

sgGamma 

0.67 

Lv2-sgDelta 45.70 

Lv2-

sgControl 

3.42 

Lv2-GFP 24.29 

Lv2-GFP 

50% 

24.50 

Media control 1.47 
 

Figure 11) Concentrations of lentiviral p24 proteins in the virus-containing supernatants measured by ELISA (A). Concentrations 

were determined using standard dilutions and are shown in the table (B).  

3.5 Transduction of OCI-Ly7 cells with the lentiviral constructs 
Despite the difference in Lv2-GFP concentrations measured in ELISA, the viral construct was used 

to transduce OCI-Ly7 cells. First, the cells were transduced using 0.5 – 1 mL of the virus-containing 

supernatant, equivalent to 12.2-49 pg p24. eGFP signal could not be detected by flow cytometry nor 

by fluorescence microscopy, signifying that the concentrations used were too low (supplementary 

figure 5A). The rest of Lv2-GFPs were concentrated by ultracentrifugation and transduced to a single 

well containing 0.15×106 OCI-Ly7 cells. Despite a higher concentration used this time, transduction 

with the 0.83-1.67 ng p24 could barely be detected by flow cytometry (supplementary figure 5B) and 

fluorescent cells could not be detected by microscopy (data not shown).  
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Due to the low lentiviral p24 concentrations measured by ELISA, and the low transduction efficiency 

of OCI-Ly7 cells observed by flow cytometry and fluorescence microscopy when using the lentiviral 

eGFP constructs, we decided to continue the WEE1 knockout experiments in HEK293T cells using 

the cloned pLv2-sgRNA plasmids and calcium phosphate transfection.  

3.6 In vitro validation of WEE1 knockout  
To validate the efficiency of the sgRNAs, HEK293T cells were transfected using the optimized 

transfection approach as previously described. Transfections with pLv2-sgRNAs to knockout WEE1 

was performed over two times. First, sgAlpha and sgBeta samples were transfected and cultured 

alongside non-transfected HEK293T control cells. In the second transfection, sgGamma, sgDelta, and 

sgControl were used.  

3.6.1 PCR on genomic DNA 

Selection of transfected HEK293T cells was performed by puromycin treatment, gDNA was 

subsequently purified, and PCR was conducted using primers flanking all four sgRNA cut sites in 

WEE1. The amplicons produced through PCR on gDNA are 893 bp long and bands of the same length 

was observed by gel electrophoresis using the PCR product (figure 12A and 12B). An additional PCR 

reaction with the plasmid primers previously used to verify cloning was conducted on DNA isolated 

from sgGamma transfected HEK293T cells, and this showed that the plasmids were still present after 

puromycin selection (figure 12B, lane PL).  

A) 

 

B) 

 
Figure 12) PCR on genomic DNA from transfected and subsequently puromycin selected cells or controls. Single bands 

corresponding to the expected amplicon lengths was seen in the gels from both the first transfection (A) (lane 1: sgAlpha, lane 2: 

sgBeta, lane 3: HEK293T WT), and from the second transfection (B) (lane 4: sgGamma, lane 5: sgDelta, lane 6: sgControl). In addition, 

by using primers targeting the transfected plasmids used for transfection on gDNA isolated from sgGamma samples, it could be 

observed that plasmids were still present after puromycin selection (B, lane PL).  

HEK293T WT cells were used as controls for puromycin selection and were treated alongside the 

transfected cell populations. Puromycin selection of positively transfected cells was considered 

complete, once the control cells were all killed as they should not contain the puromycin resistance 
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gene. However, not all HEK293T control cells were killed during the puromycin selection of the cells 

from the second transfection. Therefore, the presence of plasmids was investigated in the surviving 

HEK293T control cells along with the transfected cell populations after puromycin treatment. Cloned 

plasmids were found at lower concentrations in the non-transfected HEK293T WT cell culture used 

as controls for puromycin selection, indicating contamination with plasmid containing cells 

(supplementary figure 3).  

3.6.2 Analysis of indel formation 

All PCR amplicons containing the sgRNA cut sites were Sanger sequenced and analyzed for indel 

formation using the ICE tool. As expected, no difference was observed between the sequencing 

chromatograms of cells transfected with sgControl and HEK293T WT. A complete alignment of this 

sequencing data indicated that no indels were formed in sgControl transfected cells (supplementary 

figure 7). DNA sequencing chromatograms for sgAlpha, sgBeta, sgGamma, and sgDelta were 

therefore compared to the sgControl in the ICE analysis. Analysis of the sequencing chromatograms 

from cells transfected with the WEE1-targeting sgRNAs showed multiple sequencing signals with 

low strength from the region surrounding the spCas9 cut sites and downstream. This indicates that 

spCas9 induced DSB formation, and subsequent reparation through the NHEJ pathway introduced 

various kinds of indel mutations in the process, making the transfected cells heterogenous (figure 

13A). Further analysis of these chromatograms showed that the most predominant sequence present 

in the heterogenous cell population was still the WT sequence for sgAlpha (31.7%), sgBeta (25.3%), 

and sgGamma (38.6%) samples, whereas an +1 insertion was the most predominant sequence for 

sgDelta (16.8%) sample. The inferred sequences of the four edited populations were all different but 

consisted mainly of deletions (figure 13A).  

The editing efficiency for all sgRNAs is presented as an ICE score (i.e. the percentage of non-WT 

sequence in the pool) and was generated by comparing the edited DNA sequence traces to the trace 

for sgControl. ICE scores were over 50% for all samples (sgAlpha: 61%, sgBeta: 68%, sgGamma: 

58%, and sgDelta: 79%). The knockout score (KO) indicates the percentage of indels that leads to 

frameshift mutations, assuming all edits are within a coding region. The ICE tool revealed KO-scores 

of sgAlpha: 40%, sgBeta: 42%, sgGamma: 25%, and sgDelta: 43%, thereby correlating with the ICE 

scores for each sample (figure 13B). 

Instead of using the PCR products directly for purification, gels were also loaded for sgAlpha and 

sgBeta PCR products in a previous assay. Subsequent to gel electrophoresis, bands corresponding to 
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the correct amplicon size were cut out from gels, purified, and Sanger sequenced. ICE analysis of 

these amplicons showed slightly higher Indel formations for sgAlpha (ICE: 74%, KO-score: 47%) 

and sgBeta (ICE: 70%, KO-score: 45%) when purifying from gels (supplementary figure 8). The 

DNA sequence traces the same for these samples compared to the once from above, with the main 

difference being, that they contained less WT-sequences (20% and 24.6% respectively) which 

suggests that there can be slight variations in ICE and KO-scores depending on purification method. 

However, a substantial DNA loss was observed when purifying from gels which prevented Sanger 

sequencing for some samples as concentrations were too low. All PCR products used for the analysis 

of indel formation were therefore purified directly for optimal comparison of editing efficiencies 

between all samples.  

A)  

 

B)  

 
Figure 13) Indel analysis of sgRNAs targeting WEE1. The ICE tool was used to analyze the indel formation of cells transfected with 

pLv2-sgRNAs. Subsequent to puromycin selection, a region surrounding the CRISPR/Cas9 target sites in WEE1 was PCR amplified, 

amplicons purified directly, and Sanger sequenced. (A) Sequencing chromatograms displayed mixed signals with low amplitudes in 

the region surrounding the Cas9 cut site and downstream indicating that various indel mutations was formed, thus making the cell 

populations highly heterogenous. DNA bases shown on top are from the control with illustrated sgRNA sequences (black lines) and 

PAM site (red dots) and below are DNA bases from the most prominent peaks on chromatograms from edited samples. Examination 

of the top 5 indels revealed that mutations mainly consisted of deletions. (B) Quantification of sequencing chromatograms using the 

ICE tool showed high Indel percentages of 58-79%, and knockout scores of 25-43%, with sgDelta displaying the highest editing 

efficiency as is also indicated by the low amplitudes subsequent to the cut site.  

The transfection of cells was split into two stages, and the following functional and characterization 

assays were conducted accordingly, necessitating careful comparison between both.  
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3.7 Cell growth after transfection with sgRNA containing plasmids 
During cell culture, a difference in the growth rate was observed between HEK293T WT and cells 

transfected with sgAlpha and sgBeta plasmids subsequent to transfection and puromycin selection. 

Therefore, a cell counting assay was setup, in which 400,000 cells were seeded and counted after 48h 

and 72h. A slight difference in cell number could be observed after 48h, however the higher growth 

rate was more pronounced after 72h with 50% more HEK293T WT cells than the sgAlpha population 

and 68.4% more HEK293T WT cells than the sgBeta population (figure 14, left). The higher cell 

number was also observed, when comparing the same non-transfected cells with the sgGamma 

(30.7%), sgDelta (16.1%), and sgControl (21.4%) populations from the second transfection after 72 

h, but not after 48 h. However, the slower growth rate observed after 72 h in the sgRNA transfected 

cells is likely not due to knockout of WEE1, but possibly due to the puromycin selection , as slightly 

less cells were counted in the sgControl population (which did not cause indels mutations in WEE1) 

compared to sgDelta (4.4% less). In addition, the sgControl population only had 7.6% more cells in 

comparison to the sgGamma population after 72 h (figure 14, right).  

 

Figure 14) Cell counting of sgRNA transfected cells in comparison to non-transfected control (n=4). HEK293T WT cells exhibited 

a higher growth rate than sgRNA-transfected from both the first transfection (Left side) and the second transfection (Right side) after 

72h, but not after 48 h. No substantial difference in growth rate was observed between the samples from the second transfection after 

72h. The results are presented as mean ± SEM.  

3.8 Cell cycle analysis 
Due to the vital role WEE1 plays in the G2/M phase transition, cell cycle analysis of the transfected 

cell populations was conducted. The cells were fixed in ethanol and stained with propidium iodide 

prior to flow cytometry. Prior to cell cycle analysis, all replicates (N=4) were manually gated and 

subsequently pooled (gating strategy shown on supplementary figure 9). In the heterogenous cell 

populations from the first transfection (sgAlpha and sgBeta) fewer cells could be observed in the 
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G2/M phase (10.4% and 11.5% respectively) than the HEK293T WT cells (17%). Additionally, a 

slight accumulation of cells was seen in the G1 phase (68.5% and 62%) and sub-G1 (7.24% and 

10.7%) whereas for HEK293T cells only 55.7% were in the G1 phase and 4.61% sub-G1. In the cell 

populations from the second transfection, almost no differences were seen between sgGamma, 

sgDelta, and sgControl (figure 15).  

 

Figure 15) Cell cycle analysis using propidium iodide. Total amount of cells analyzed ranged from 13,334-21,916 after gating and 

pooling. Data from the first transfection is presented at the top, and data from the second transfection is presented below. Stacked 

bars to the right show the comparison between each cell cycle phase and cell population.  

3.9 Droplet digital PCR 
WEE1 mRNA expression was quantified using droplet digital PCR. mRNA expression of TBP was 

used as a reference. Expressions were measured as copies/ng from a PCR reaction using 2 ng RNA-

equivalent cDNA as input and presented as relative gene expression of WEE1 (figure 16). Subsequent 

to transfection with the WEE1 targeting sgRNAs followed by puromycin selection, higher Wee1 

mRNA expression was seen in the heterogenous cell populations compared to both the sgControl 

population and HEK293T. Almost no difference in the relative gene expression was seen between 

the controls. The highest expression was seen in the sgGamma population, in which WEE1 expression 

was approximately twice as high as the controls. Interestingly, the expression of both the gene of 

interest (WEE1) and the reference gene (TBP) was much lower in cells from the first transfection 

(WEE1: 115.1-350.2 copies/ng; TBP: 48.3-87.9 copies/ng) than in the cells from second transfection 
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(WEE1: 259.9-535.2 copies/ng; TBP: 103.1-118.8 copies/ng). However, this difference does not play 

an important role in the final results, since they are presented as relative expression between both 

genes.  

 

Figure 16) Relative expression of WEE1 mRNA. ddPCR was conducted on transfected cells and HEK293T WT cells using 2 ng RNA-

equivalent cDNA as input. mRNA expression of WEE1 and the reference gene, TBP, was calculated to copies/ng and finally presented 

as the relative expression between WEE1 and TBP.  

 

3.10 Vincristine drug response assay 
To investigate the effect of vincristine on WEE1-knockout cells, the heterogenous mix of cells was 

used in a drug response assay conducted separately on cells from each set of transfections. Vincristine 

induced growth inhibition was assessed relative to untreated controls and measured by number of 

metabolically active cells. First, a test run conducted on HEK293T WT cells using vincristine 

concentrations at 0.00015µg/mL - 20 µg/mL showed that GI50 (50% growth inhibition) was achieved 

at concentration 0.0391 µg/mL and 0.0781 µg/mL, well within the range. At the highest concentration 

(above 2.5 µg/mL) the maximal growth inhibition achieved was 14.5% to 18% metabolically active 

cells (supplementary figure 10).  

The same vincristine concentrations were used on cells from both transfections. The non-transfected 

HEK293T cells used as controls in the first transfection showed a similar dose-response curve (GI50 

at 0.0195 µg/mL-0.0391 µg/mL) (figure 17A). These cells were cultured alongside the transfected 

cells but was not treated with puromycin. sgAlpha and sgBeta cell populations displayed a 

significantly reduced growth inhibition (P<0.0001) at concentrations from 0.195 µg/mL when 

compared to the non-transfected controls (figure 17A). However, as the sgRNA transfected cell 

populations were selected by puromycin treatment prior to vincristine treatment, this difference 



44 

 

growth inhibition might not be due to knockout of WEE1, but could also indicate, that surviving cells 

become more resistant to vincristine after puromycin treatment.  

The second transfection consisted of sgGamma, sgDelta, and sgControl cell populations that were all 

cultured alongside each other and treated with the same concentrations of puromycin (figure 17B). A 

significant growth inhibition could be observed in the sgDelta population when compared to the 

sgControl population at vincristine concentrations from 0.0391 µg/mL (P<0.0001). At the lower 

concentrations, a tendency towards growth stimulation was observed in the sgGamma population. 

However, a non-significant tendency towards increased growth inhibition was seen at concentrations 

higher than 0.156 µg/mL when compared to the sgControl population.  

A) 

 

B) 

 
Figure 17) Vincristine dose-response analysis measuring induced growth inhibition relative to untreated controls after 48 h. 

HEK293T cells were transfected with two sgRNAs to knockout WEE1 alongside the non-targeting sgControl, and HEK293T WT cells 

were used as non-transfected controls. The heterogenous mix of WEE1 knockout cells were treated with either saline or increasing 

doses of vincristine (0.00015-20 µg/mL) for 48h. Number of metabolically active cells (n=3) were measured using 3-(4,5 

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium assay. Drug response is shown as percentage of 

living cells relative to the no-drug condition. (A) A significantly decreased growth inhibition was observed in the puromycin selected 

sgAlpha and sgBeta cell populations when compared to HEK293T WT cells (****p<0.0001). (B) The sgDelta cell population displayed 

signinificant growth inhibition at high vincristine concentrations when compared to sgControl, whereas the sgGamma population only 

displayed a non-significant tendency towards the same response. Gaussian distribution was assessed using D'Agostino & Pearson 

omnibus normality test and two-way ANOVA was conducted using Dunnett's multiple comparisons test where a value of P<0.05 was 

considered statistically significant. Results are presented as mean ± SEM.  

3.10.1 WEE1 inhibition 

To compare the vincristine response in the heterogenous WEE1 knockout cells to chemical inhibition 

of WEE1, A double drug assay was conducted on HEK293T WT cells using the WEE1 inhibitor, 

MK-1775, in combination with vincristine. As previously mentioned, a concentration of 125 nM MK-

1775 was chosen, based on an assay using 15.625 nM – 2,000 nM MK on HEK293T WT cells. This 

was the highest concentration used, which did not cause growth inhibition by itself after 48 h as 
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measured by MTS assay (99.2% metabolically active cells) (supplementary figure 3). In addition, at 

concentrations higher than this, rounding of cells and increased number of dead cells could be seen 

using phase contrast microscopy. These characteristics were also observed to a higher degree when 

treated the cells with the highest concentrations of vincristine and MK-1775 (data not shown).  

In the double drug assay, the effect 125 nM MK-1775 in combination with increasing vincristine 

concentrations was testes on HEK293T WT cells, using vincristine only, MK-1775 only, and 

untreated cells as controls. As expected, none of the treatment controls displayed growth inhibition. 

A tendency towards increased growth stimulation was observed at lower vincristine concentrations 

for both the double drug assay and the vincristine only samples. As can be seen on figure 18, 125 nM 

MK-1775 did not cause a significant difference in growth inhibition after vincristine treatment since 

the dose-response were the same for cells treated with vincristine only. Interestingly, the HEK293T 

cells treated only with vincristine exhibited less growth inhibition in this assay compared to the 

vincristine assays conducted previously.  

 

Figure 18) Chemical inhibition of WEE1. HEK293T cells were either treated with a combination of MK-1775 and vincristine or 

vincristine only. MK-1775 was dissolved in DMSO and vincristine was dissolved in saline. For the double drug assay, the non-treatment 

control consisted of HEK293T cells with 30 µL DMSO, and an inhibitor only control was used here. For the treatment control of 

vincristine only wells, 30 µL saline was added. Number of metabolically active cells (n=3) were measured using 3-(4,5 dimethylthiazol-

2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium assay. Drug response is shown as percentage of living cells 

relative to the no-drug condition. Results are presented as mean ± SEM  
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4. Discussion  
In this study, the role of WEE1 in the response to vincristine was investigated. This was pursued by 

first designing four sgRNAs targeting exon 2 in WEE1 in order to induce a CRISPR/Cas9 mediated 

gene knockout. All sgRNAs were successfully cloned into lentiviral transfer plasmids which were 

transfected into HEK293T cells and used to produce lentiviral vectors suitable for transduction of 

DLBCL cells. Cells were transfected and gene editing efficiencies for each sgRNA were investigated 

using the ICE tool. Lastly characterization and functional assays were conducted. 

4.1 Production of lentiviral vectors to transduce OCI-Ly7 cells 
As the overall aim of this study was to investigate the role of WEE1 in the response to vincristine in 

DLBCL, the vincristine resistant OCI-Ly7 cell line was chosen for the vincristine drug response 

assays. To transduce the OCI-Ly7 cells, the quantities of lentiviral particles harvested from HEK293T 

packaging cells were measured. The viral titers measured by ELISA proved to be too low for eGFP 

detection in transduced cells when using flow cytometry and fluorescence microscopy. The highest 

quantities used for transduction was 0.83-1.67 ng p24 to 0.15×106 OCI-Ly7 cells. In a previous study, 

a much higher quantity of 80 ng p24 was proven effective in inducing knockout of target genes in 

OCI-Ly7 cells by using the same setup and approach as this study (85). By using a modified 

LentiCRISPR v2 plasmid along with the same lentiviral envelope and packaging plasmids as used in 

this study, lentiviral vectors targeting the murine Vegfa gene have previously been produced (92). A 

quantity of 500 ng p24 to 0.2×106 HEK293-VEGFA cells showed high transduction efficiency in four 

of five transductions when measured by immunofluorescence analysis of eGFP signal (92). 

Generally, higher p24 quantities are used when transducing in vitro cell lines efficiently than the 

quantities used this study (93–95). Taken together, this indicates that the lentiviral constructs were 

produced with very low titers and p24 yields in this study, explaining why we did not observe a 

fluorescent signal.  

p24 ELISA measures the total amount of p24 capsid protein in the sample regardless of whether it is 

incorporated into a viral particle, determining the physical viral titer based on this might lead to an 

overestimation of the functional vector titer, as free p24 and non-functional vectors are also measured 

(83). Another drawback for this titration method include a generally high variation in p24 

concentrations measured by ELISA and the extensive dilutions often performed prior to titration, both 

of which affects the reproducibility of the results (83).  
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Despite being a fast and method for controlling whether any lentivirus has been produced, 

determination of physical p24 titer does not provide information about functional vector titer needed 

to transfect the cells (83). A determination of the multiplicity of infection (MOI), which is the number 

of infectious particles per cell by using fluorescence microscopy and flow cytometry, is thus more 

useful to assess the infectivity of the produced lentiviral particles (96). However, as the entire 

undiluted lentiviral stock was used for transduction to one well, and flow cytometry could still not 

reliably determine the functional titer (the number of transduced cells), the optimal lentiviral 

concentration that results in eGFP producing OCI-Ly7 cells remains unknown. Hereby the lentiviral 

concentration needed to transduce OCI-Ly7 cells also remains unknown. The reason for the low 

lentiviral titers is likely not due to a low transfection efficiency in HEK293T cells during lentiviral 

production, since fluorescence microscopy showed a high transfection efficiency 72 h post-

transfection of the lentivirus producing packaging cells (figure 10). In addition to the transfer vector, 

the cells were also co-transfected with lentiviral envelope and packaging plasmids. Perhaps the 

quality or quantity of these plasmids were too low, since it has previously been shown that 

manipulation of the amounts of plasmids used for lentiviral production can influence concentration 

(pg p24/mL) of lentiviral vectors in supernatant (97). In addition, the infectivity of lentiviral particles 

in supernatants can also be increased by harvest from serum-free medium, and this might have 

impacted the ineffective transduction of OCI-Ly7 cells in this study (97). 

4.2 Using HEK293T cells as proof-of-concept  
The OCI-Ly7 cell line is derived from human B-cell lymphoma cells in the bone marrow of a patient 

suffering from DLBCL (98). These cells grow in suspension as large clusters and have a doubling 

time of 23-28 h. They are considered as hard-to-transfect cells, but they are transducable with 

lentiviral vectors (81). However, based on the drawbacks with lentiviral production and the challenges 

of OCI-Ly7 plasmid transfection, HEK293T cells were chosen for the knockout experiments instead, 

since they are be transfected very efficiently with plasmid DNA (99) and transfection with plasmids 

had already been optimized in this cell line. HEK293 cells are adherent cells derived from modified 

human embryonic kidney cells. Further modification through stable transfection with SV40 large T 

antigen has led to the generation of the HEK293T cell line (100). This modification allows for 

episomal replication of plasmids containing the SV40 origin of replication, thus permitting a 

sustained recombinant protein production (99).  
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Generation and selection of monoclonal WEE1 knockout cells prior to functional assays is favorable, 

as it allows for direct comparison between a specific genotype and phenotype. As the indels generated 

by the CRISPR/Cas9 system vary between cells in culture, monoclonal selection is optimal. However 

as this does not guarantee the generation of homozygotic knockout cells (gene knockout of both 

alleles in diploid cells) further selection and sequencing is needed. However, as the generation of 

monoclonal, biallelic knockout cells is a highly time-consuming task, heterogenous cell populations 

containing WEE1 knockout cells were utilized for the initial experiments in this project as proof-of-

concept for the study aim.  

4.3 WEE1 gene expression after transfection 
The sgRNA containing plasmids targeting WEE1 were transfected into HEK293T cells to induce a 

knockout. Positively transfected cells were puromycin selected, and the WEE1 mRNA expression of 

the heterogenous WEE1 knockout cell populations was assessed alongside control cells. Surprisingly, 

ddPCR revealed that the relative expression of WEE1 mRNA was higher for all sgRNA transfected 

populations. Closer examination showed that the highest relative expression was seen in the 

sgGamma transfected cell population, which interestingly also displayed the lowest indel frequency 

and KO scores. The lowest expression was seen in the sgAlpha population and were almost as low as 

the mRNA expressions seen sgControl population and HEK293T WT cells. It is however noteworthy, 

that these results represent findings from a heterogenous mix of WEE1 knockout cells, in which most 

of the cells did not have a knockout of WEE1 as shown by the KO scores. In addition, these samples 

were only run once, and despite the high accuracy and precision of ddPCR (101), having multiple 

biological replicates from each population would more precisely display the variations in the relative 

expression of WEE1 within each heterogenous cell population.  

The higher expressions of sgBeta in comparison to sgAlpha, and sgDelta in comparison to sgGamma 

can possibly be explained by non-sense mediated mRNA decay (NMD). NMD is an eukaryotic 

quality inspection of mRNA, where edited transcripts containing a premature termination codon 

(PTC), that would otherwise lead to a truncated protein, triggers mRNA destruction. These transcripts 

are destroyed within one minute by NMD after they are exported from the nucleus to the cytoplasm. 

However, the transcripts are only considered NMD-sensitive if the PTC resides ≥ 50-55 nt upstream 

of an exon-exon junction, as this is the general indication that the stop codon is premature whereby 

mRNA can be fragmented and destroyed by exoribonucleases. (102,103)  
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The cut sites for sgBeta and sgGamma targets are 37 nt and 11 nt upstream of the exon-exon junction 

respectively (supplementary figure 11), whereby NMD mediated destruction of the mRNA transcripts 

is not possible, and the transcripts are thus NMD-resistant. However, as the cut sites for sgAlpha and 

sgDelta lie 190 nt and 189 nt upstream of the exon-exon junction respectively, the formation of a PTC 

as a consequence of genome editing in the region ≥ 50-55 nt upstream of an exon-exon junction, is 

possible. This could attribute to the increased WEE1 mRNA levels in sgBeta and sgGamma 

populations as detected by ddPCR and highlights the importance of a strategic approach in choosing 

the targeting region for sgRNAs in an exon.  

Another phenomenon observed in studies using CRISPR/Cas9 is unexpected exon skipping/non-

sense mediated alternative splicing subsequent to Cas9-induced indels (104–106). When Cas9 

induces DSBs and PTCs are consequently created, transcripts can be alternatively spliced, so they no 

longer contain the PTC in the exon (exon skipping) (105). This response can upregulate alternatively 

spliced mRNAs which might result in the production of aberrant proteins (106). The triggering 

mechanism behind this phenomenon is still not fully understood, however it has previously been 

demonstrated that CRISPR/Cas9-associated genome editing, which result in PTC mutations in exons 

other than exon 1, leads to exon skipping at high frequencies (106). However, exon skipping did not 

occur in the case of non-frameshift mutations or missense mutations, thus exon skipping is not 

dependent on an indel or DNA damage but only PTCs (105,106). This phenomenon could be 

investigated by conducting a RT-PCR reaction using primers that target exon 1 and exons 

downstream of exon 2 on cDNA from WEE1 mRNA (104). Gel electrophoresis could then reveal 

whether amplicon size has changed as a result of exon skipping.  

In summary, as all sgRNAs used in this study target exon 2, non-sense mediated alternative splicing 

subsequent to the PTC generation or exon skipping cannot be excluded and could therefore partially 

explain increased mRNA levels subsequent to WEE1 knockout in the heterogenous cell populations.  

Lastly, in addition to measuring the WEE1 mRNA level, a determination of WEE1 protein expression 

is also of importance when explaining the effect of WEE1 in vincristine resistance, as the functional 

kinase property of WEE1 is on the protein level (56). Hereby the efficiency of each sgRNA in causing 

both a genomic and functional knockout could be assessed e.g. through western blot analysis (92). 
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4.4 Cell cycle analysis 
Given the role of WEE1 in G2-M phase transition, a cell cycle analysis of the sgRNA transfected cells 

and controls was conducted on cell cultures at 60-70% confluency. In accordance with previous 

assays, cell cycle analysis was performed separately for each stage of transfection (sgAlpha, sgBeta, 

and HEK293T WT cell populations from the first stage, and sgGamma, sgDelta, and sgControl cell 

population from the second stage). The cells were fixed in 70% ethanol and four replicates of 1 mio. 

cells were stained with PI and analyzed. However, a substantial cell loss during the preparation for 

cell cycle analysis was observed after each centrifugation step and resulted in low cell counts during 

flow cytometry analysis of cells from both transfections. Therefore, all replicates were combined and 

analyzed at once. Despite this, the range of 20,372 – 43,362 cells run through the flow cytometer 

could not be analyzed by the Watson (pragmatic) or Dean-Jett-Fox cell cycle models included in 

FlowJo software, thus gating for each cell cycle phase was performed manually. The cell loss might 

be due to improper fixation, and a change in the fixation methods to formaldehyde might be better, 

as this did not cause any cell loss previously when used for the transduced OCI-Ly7 cells and has 

been reported to be better when measuring highly fragmented DNA (sub-G1) (107).  

The sgAlpha and sgBeta transfected cells from the first transfection accumulated slightly more in the 

G1 phase when compared to HEK293T WT cells. More cells were also seen in the sub-G1 phase for 

these transfected cells. This is in accordance with previous findings using WEE1 inhibitors (500 nM 

MK-1775) for 48h on ethanol fixed acute myeloid leukemia cell lines. Here, cell cycle analysis of PI 

stained cells showed that WEE1 inhibition abrogated G2/M cell cycle checkpoint and caused an 

increase in the sub-G1 population (108). Despite the results in the cell populations from the first 

transfection, the sgGamma, sgDelta, and sgControl cell populations from the second transfection did 

not display a substantial difference in the cell cycle phases. However, once again it is worth 

emphasizing that the WEE1 knockout cell populations were heterogenous, and WEE1 protein might 

therefore still be expressed.  

In addition to PI staining, other markers of the different cell cycle phases exist. PI is a fluorescent 

intercalating agent, that binds to all DNA content within the cells. By using bromodeoxyuridine 

(BrdU) labelling, cell proliferation can be detected, as BrdU is a synthetic nucleoside analogous to 

thymidine and gets incorporated into the DNA of replicating cells during the S phase. Actively 

replicating cells can then be detected by flowcytometry or immunofluorescence imaging by use of 

anti-BrdU antibodies. By combining BrdU with PI staining, cells in S phase can be clearly separated 

from cells in G1- and G2/M phase, and the cell cycle phases of transfected cells can be better 
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characterized. (109,110) Additionally, cell cycle analysis can be conducted through 

immunofluorescence by using antibodies against specific proteins expressed during each phase of the 

cell cycle. In WEE1 deficient cells, mitotic events have been investigated using antibodies targeting 

phosphorylation of serine 10 on histone-H3 (a commonly used marker for mitosis), Aurora B (a 

mitotic marker), and phosphorylation of p27 (marks the G1/S transition), and could also be used to 

better characterize the cell cycle of the transfected cells in this project (42).  

4.5 Vincristine response in WEE1 knockout cells  
In addition to the characterization assays, functional assays consisting of vincristine dose-response 

experiments was also conducted. The response to vincristine was investigated in heterogenous 

HEK293T cell populations with CRISPR/Cas9 induced knockout of WEE1. These were compared to 

a sgRNA transfected control population (sgControl) and HEK293T WT cells. The vincristine dose-

response assay was performed in two stages in line with the two-step generation of sgRNA transfected 

cell populations. Due to variations on multiple parameters between the two transfections of the 

different cell populations (e.g. the length of puromycin treatment for selection and types of control), 

results are discussed separately.  

For the first transfection, the HEK293T WT cells proved to be significantly more sensitive to 

vincristine treatment when compared to the sgAlpha and sgBeta populations, and the dose-response 

curve in the vincristine assay was similar to a test run conducted earlier using the same vincristine 

concentrations. However, HEK293T cells are not the most optimal vincristine treatment controls, as 

the WEE1 knockout populations have undergone several handling and manipulative steps prior to 

vincristine treatment, which might have influenced the vincristine response. These include chemical 

transfection with calcium phosphate, expression of recombinant proteins in the plasmid cassette, and 

puromycin treatment which may affect cellular processes and impact the outcome of subsequent 

experimental studies (82). The differences between the HEK293T WT control and the transfected 

cell populations are highlighted in the cell counting assay, where it could be seen, that the sgAlpha 

and sgBeta transfected cell populations had a lower rate of proliferated than the HEK2933T WT cells. 

This could contribute to the higher vincristine induced growth inhibition seen in HEK293T WT cells, 

since they proliferated at a higher rate and vincristine kills dividing cells during the M phase as 

previously described (15). In addition it has also been observed that there is an inherent bias in drug 

response between slow and fast growing cells, wherein fast growing cells are considered more 

sensitive (111). It can therefore not be concluded, whether the differences in growth inhibition 

between the HEK293T cell population and the sgAlpha and sgBeta populations are due to vincristine 
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or other factors in the experimental setup, and better controls are therefore needed for more accurate 

interpretation.  

Transfection with sgControl is the best treatment control when using the sgRNAs targeting WEE1 

and was therefore included in the second transfection. Here, the heterogenous sgDelta transfected 

population displayed a significant vincristine induced growth inhibition when compared the 

sgGamma and sgControl populations at higher concentrations. Furthermore, the highest indel 

frequency and KO-score was also observed in the sgDelta population. In addition, the sgGamma 

population, which had lower indel frequency and KO-score, also displayed increased vincristine 

sensitivity at higher concentrations when compared to the unedited sgControl population. As the three 

cell populations were parallel transfected, cultured and assayed alongside each other, the only 

difference remaining between the sgRNA transfected cell populations is the frequencies of WEE1 

knockout. Taken together these finding suggest that knockout of WEE1 in heterogenous HEK293T 

cell populations increase sensitivity to higher concentrations of vincristine.  

These results support previous observations using chemical inhibition of WEE1. In a study by Due et 

al. WEE1 inhibition (400 nM MK-1775) resulted in increased vincristine sensitivity in the vincristine 

resistant DLBCL cells line, OCI-Ly7 (85). Increased apoptotic cell death after chemical WEE1 

inhibition (10-20 nM MK-1775) in combination with vincristine has also been observed in two acute 

lymphoblastic leukemia (ALL) cell lines (58). Similar results have been found when combining the 

WEE1 inhibitor with doxorubicin (topoisomerase II inhibitor), which is another component of the R-

CHOP treatment in DLBCL. Cells treated with a WEE1 inhibitor (100 nM MK-1775) potentiated the 

cytotoxic effects of doxorubicin in B-cell lymphomas (52), ALL cell lines (6-5000 nM MK-1775) 

(45), and colon cancer cells (100-300 nM MK-1775) (57). Additionally, WEE1 inhibition (200-2000 

nM MK-1775) has also been found to increase the cytotoxic effect of rituximab, another component 

of the R-CHOP combination treatment, in eight DLBCL cell lines (44). Taken together, these findings 

indicate that targeting WEE1 sensitize DLBCL cells, as well as other cancer cells, to immuno- and 

chemotherapy treatment. 

In this study, chemical inhibition of WEE1 using 125 nM MK-1775 did not cause HEK293T cells to 

become more sensitive to vincristine. Perhaps this concentration was suboptimal to obtain inhibition 

of WEE1, as the abovementioned studies using MK-1775 did find that cells became more sensitive 

to the effects of chemotherapeutic treatment. In addition, treatment with MK-1775 alone causes 

apoptosis in AML and DLBCL cell lines, including the OCI-Ly7, to a lesser extent than when 



53 

 

combined with other drugs (85,108). As 125 nM MK-1775 did not cause growth inhibition by itself, 

the concentration used might not have been high enough to inhibit WEE1. An assessment of the 

WEE1 protein expression (e.g. through western blot) after treatment with the large range of MK-1775 

concentrations used prior to the double drug assay could provide better information of the optimal 

MK-1775 concentration needed to inhibit WEE1 in the HEK293T cells.  

4.6 Limitations 
There are some limitations in this study. First and foremost, all sgRNAs were designed to target exon 

2 in WEE1. This exon was chosen, as it is generally recommended by all the used designing tools to 

choose an early consecutive exon present in all splice variants. However, despite targeting exon 2 in 

WEE1, which consists of the same DNA sequence in both WEE1 transcript variants, sgAlpha and 

sgDelta only targets the coding sequence (CDS) of transcript variant 1 (NM_003390.3), whereas they 

target the 5’ untranslated region (UTR) on transcript variant 2 (NM_001143976.1) (illustrated on 

supplementary figure 11). This is due to the fact, that the 5’ UTR spans over the first two exons for 

transcript variant 2, but not for transcript variant 1. As sgBeta and sgGamma target further 

downstream on exon 2, their target sites are within the CDS region for both transcript variants (29). 

Since 5’UTRs lie directly upstream from the initiation codon (AUG) of the CDS, they are not a part 

of the final protein product (112). However, it has previously been suggested that WEE1 isoform 2 

(a 49 kDa isoform translated from transcript variant 2 lacking the inhibitory NH2-terminal domain) 

might not be expressed in humans, as it could not be detected by western blot analysis in human cell 

lines in contrast to rat and murine cell lines where it was expressed (113,114).  

Contrary to these findings, the degradation product of WEE1 with a similar size as isoform 2 has been 

observed in tissues obtained from Alzheimer Disease patients (115). However, it was not confirmed 

whether this was from transcript variant 2 as it was described as the degradation product from 

proteolysis of WEE1. In addition, mRNA expression of both transcript variants has been observed in 

human prostate adenocarcinoma cells, and could be downregulated using androgen treatment, 

however protein expression was not investigated in that study (116). Thus, it is not known whether 

the protein product of transcript variant 2 is expressed in the transfected cell populations nor whether 

it had an impact on vincristine response in the sgAlpha and sgDelta transfected cell populations.  

Another limitation is the puromycin selection process of cells from the second transfection. Cloned 

plasmids were found in the HEK293T WT controls cells, and this was possibly caused by 

contamination with plasmid containing cells. Since the HEK293T WT cells were used as indicators 
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for puromycin selection, the selection of transfected cells could not be completed properly, and non-

transfected cells might therefore still be present in the selected sgGamma, sgDelta, and sgControl cell 

populations. Despite this, experimental assays were conducted using these cells, since the HEK293T 

WT control cells could no longer indicate when selection of transfected cells was complete. 

LentiCRISPR v2 was originally chosen due to the possibility of puromycin selection after lentiviral 

transduction of OCI-Ly7 cells. Selection of positively transfected cells using eGFP as a selection 

marker was not possible, as a fluorescence-activated cell sorter (FACS) suited for work with live cells 

containing lentivirus was not available. However, since HEK293T cells were used for the knockout 

experiments instead, an eGFP containing plasmid could alternatively be used for cloning, transfection 

and subsequent selection rather than LentiCRISPR v2. This might overcome the challenges 

experienced with puromycin selection and be timesaving as well. However, as eGFP containing 

plasmids would not be applicable for subsequent work with lentiviral vectors and OCI-Ly7 in this 

study, using two different selection markers (eGFP for HEK293T and puromycin resistance for OCI-

Ly7) might complicate comparisons between results obtained using the two cell lines.  

4.7 Future perspectives  
To assess the role of WEE1 in vincristine resistance, a heterogenous mix of WEE1 knockout 

HEK293T cells was used in this study. The assays conducted should initially be repeated in 

monoclonal and homozygotic WEE1 knockout HEK293T cells. WEE1 protein expression should also 

be assessed to verify that CRISPR/Ca9 has induced functional knockout of the WEE1 gene. 

Additional experiments such cell cycle analysis using other markers, and analysis of DNA damage 

would be interesting to investigate since aberrant mitosis has been observed after knockout of WEE1 

(42). In addition to technical replicates within each assay, experiments should be performed in 

biological replicates to strengthen the evidence and the biological interpretation for all findings.  

As vincristine resistance in DLBCL is the focus of this study, these assays should be repeated in the 

vincristine resistant DLBCL cell lines like OCI-Ly7 as originally intended, using the results obtained 

from HEK293T cells as comparison. OCI-Ly7 is of special interest since it has previously been found 

to lack functional p53 protein (117), whereby they rely more on the G2/M checkpoint after DNA 

damage (50). Thus, knockout of WEE1 might result in simultaneous aberration of both the G1 

checkpoint and the G2/M checkpoint in these cells, further disrupting the genetic integrity and 

possibly sensitize the cells to vincristine treatment. In addition to OCI-Ly7, there are other vincristine 

resistant DLBCL cell lines such as SU-DHL-8 and DB cell lines (85). It would similarly be interesting 

to investigate the role of WEE1 in vincristine response in these cell lines and compare the findings to 
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vincristine sensitive cell lines of both the ABC and GCB DLBCL subclasses. A comparison between 

the vincristine response and the expression of WEE1 in the various DLBCL cell lines could be 

important to determine whether WEE1 has a biomarker potential for R-CHOP response in DLBCL. 

In addition to vincristine, the effects of WEE1 knockout on other drugs in the R-CHOP regimen would 

be interesting to investigate, as chemical WEE1 inhibition has previously been shown, to sensitize 

cells to other immune- and chemotherapeutic drugs (44,45). 

Next, findings from the experiments conducted on DLBCL cell lines, could be used to improve risk 

stratification tools in primary clinical DLBCL cohorts. The biomarker potential for WEE1 and 

possible resistance mechanisms identified should be assessed in local retrospective clinical cohort of 

diagnostic DLBCL and relapsed DLBCL. This could be tested for association to clinical prognostic 

parameters, molecular subtypes, genetic profiles and outcome, as previously done in the assessment 

of miR-155 as a biomarker for DLBCL (85). This can be performed using tissues from R-CHOP 

treated patients with available clinical follow‐up or using available data hereof, such as gene 

expression profiles, whole exome sequencing, and RNA sequencing data from diagnostic and 

relapsed DLBCL. Lastly, the potential risk stratification of WEE1 identified in local cohort could be 

expanded to larger in silico cohorts for validation in order to identify cases where patients would 

benefit the most of alternative treatment.  
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5. Conclusion 
In this study, the role of WEE1 in vincristine resistance was investigated. Four sgRNAs targeting the 

WEE1 gene were cloned into CRISPR/Cas9 plasmid constructs and insertion was verified through 

PCR and Sanger sequencing. The sgRNA containing plasmids were transfected into HEK293T cells 

where they induced indel mutations in WEE1, resulting in the generation of four bulk WEE1 knockout 

cells. ICE analysis revealed editing efficiencies over 50% for all cell populations and indicated that 

all sgRNAs induced knockout of WEE1 with varying efficiencies.  

Characterization assays revealed slower growth of transfected cells subsequent puromycin selection. 

Flow cytometry analysis did not indicate a change in cell cycle phases, however droplet digital PCR 

indicated higher relative expression of WEE1 mRNA in cell populations transfected with WEE1 

targeting sgRNAs. Vincristine treatment at higher concentrations resulted in significant growth 

inhibition in heterogenous cell populations transfected with sgRNAs targeting WEE1 in comparison 

to cells transfected with non-targeting sgRNAs. In summary, these results indicate that CRISPR/Cas9 

mediated knockout of WEE1 can increase vincristine sensitivity in resistant DLBCL cells, suggesting 

that WEE1 plays an important role in drug resistance in DLBCL.  
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7. Appendix 
 

Supplementary figure 1: 

A) 

 

B)
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C) 

 
Supplementary figure 1) Overview of plasmids used in this project. (A) LentiCRISPR v2 was used for cloning and subsequent 

transfection and is presented with primers and enzyme restriction sites. For cloning BsmBI enzyme was used to insert sgRNAs between 

position 2,234 and 4,119 in the plasmid. (B) lentiCRISPRv2GFP was used for flow cytometry and fluorescence microscopy subsequent 

to transfection and transduction. (C) Lentiviral envelope and packaging plasmids were used for lentiviral production.  

Supplementary figure 2: 

A)  

 

B) 
 

Reagent Volume 

10X NEBuffer 

2.1 (NEB, Cat. 

No.: B7202S) 

5 µL 

LentiCrispr v2 

plasmid (50 ng) 

1 ng/µL 

NheI * 0.5 µL 

BamHI * 0.5 µL 

H2O To 50 µL 

Supplementary figure 2) Verification of the LentiCRISPR v2 plasmid used throughout the project by enzyme digestion. (A) Gel 

electrophoresis of the reaction using 1% agarose gel and 1kb ladder. DNA bands after double-digestion using both enzymes produces 

two DNA fragments of 4,461 bp and 10,412 bp in size (Lane 1), using either enzyme alone produces single bands of the same length 

(Lanes 2 and 3), and finally the plasmid control with no added enzymes remains supercoiled and therefore looks shorter on the gel. (B) 

The reaction for digestion of the plasmid using NheI and BamHI enzymes. *Reactions were run using either enzyme alone or in 

combination for digestion. 

Supplementary figure 3: 

 
Supplementary figure 3) Determination of optimal MK-1775 concentration. 15.6-2000 nM MK-1775 were added to HEK293T WT 

cells for 48h and 72 h (n=3). Data was assessed for normal distribution and a two-way ANOVA was conducted, comparing each 

concentration to the treatment control (0 nM). Significant growth inhibition (**P≤0.019) was seen at concentrations higher than 500 

nM. Results are presented as mean ± SEM   
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Supplementary figure 4: 

A) 

 

B) 

 

Supplementary figure 4) Gel electrophoresis showing cloning results of pLv2-sgRNAs. (A) The digestion-ligation product from 

cloned plasmids pLv2-sgBeta, pLv2-sgGamma, pLv2-sgDelta, and pLv2-sgControl are shown on lanes 1-4 respectively. Here, the 

negative plasmid control (50 ng LentiCRIPSR v2) has travelled further through the gel due to its supercoiled structure, which also 

produces a larger smear. Overexposure on this gel barely revealed the excised fragments after cloning. 0.8% agarose gel and an 1kb 

ladder was used. (B) PCR product of pLv2-sgBeta and pLv2-sgGamma (Lanes 1-2 on gel 1), pLv2-sgDelta (Lane 1 on gel 2), and 

pLv2-sgControl (Lane 1 on gel 3) using primers flanking the sgRNA insertion site subsequent to purification from transformed E.Coli 

cultures and plasmid purification. Each gel is modified by cutting out negative cloning reactions (indicated by spaces between lanes) 

and only shows the samples used for further studies. Each gel also included a negative plasmid control. Samples were run through a 

1.5 % agarose gel. A 100 bp ladder was used for gels 1-2. A 1 kb ladder was used for gel 3 (due to the curvature of this gel which can 

be seen in the ladder, the amplicon on lane 1 and PL seem shorter, however the relative distance between lane 1 and PL remains the 

same as with all positive cloning reactions. 

 

 

Supplementary figure 5: 

A) 

 

B) 
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Supplementary figure 5) Lentiviral transduction of OCI-Ly7 cells. (A) 0.15×106, 0.3×106 and 0.4×106 OCI-Ly7 cells were transduced 

with 0.5 mL and 1 mL virus-containing supernatant equivalent to 12.2-49 pg p24. eGFP signal was barely detectable and 

indistinguishable from background noise (eGFP+ ≤ 0.16%, which was ≤155 events) in cell from all wells. (B) 1 well containing 

0.15×106 OCI-Ly7 cells was transduced with ultracentrifuged lentivirus equivalent to 0.83-1.67 ng p24. Cell debris was excluded by 

gating on forward scatter (FCS-A) and side scatter (SSC) (left). There was no observable difference in eGFP signal between the 

transduced cells and the two HEK293T WT control cells (middle). By creating a vertical border, transduction efficiency was determined 

to be 0.31% (right) 

 

 

Supplementary figure 6: 

 
Supplementary figure 6) PCR on DNA extracted from cells subsequent to puromycin selection. The presence of plasmids was 

investigated in HEK293T WT (Lane 1) and the sgDelta transfected cell population (Lane 2) subsequent to puromycin selection by 

using the plasmid primers previously used to verify cloning. Single bands corresponding to the expected amplicon lengths of the cloned 

plasmids can be seen in both cell populations, though at a lower intensity on Lane 1. Samples were run through a 1.5 % agarose gel 

and a 1 kb ladder was used.  

 

 

Supplementary figure 7: 

 
Supplementary figure 7) Genomic DNA sequence alignment between HEK293T WT cells and sgControl-transfected cell 

population. Perfect alignment was seen in the region spanning the target sites for all four sgRNAs used, validating sgControl as a 

negative control for indel analysis.   
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Supplementary figure 8: 

 

 

Supplementary figure 8) Indel analysis of sgRNAs targeting Wee1 using amplicons purified from gels. The ICE tool was used to 

analyze the indel formation of cells transfected with pLv2-sgAlpha and pLv2-sgBeta. Subsequent to puromycin selection, a region 

surrounding the CRISPR/Cas9 target sites on Wee1 was PCR amplified, amplicons purified directly, and Sanger sequenced. 

Sequencing chromatograms displayed mixed signals with low amplitudes in the region surrounding the Cas9 cut site and downstream 

indicating that various indel mutations was formed, thus making the cell populations highly heterogenous. DNA bases shown on top 

are from the most prominent peaks on chromatograms. Examination of the top 5 indels revealed that mutations mainly consisted of 

deletions. Quantification of sequencing chromatograms using the ICE tool showed high Indel percentages of 70% and 74%, and 

knockout scores of 45% and 47%.  

 

Supplementary figure 9: 

 
Supplementary figure 9) Gating strategy for cells used in cell cycle analysis. First, cell debris was excluded by gating on forward 

scatter (FCS-A) and side scatter (SSC) (Left). Next, doublet discrimination was performed for to only include single cells in the 

analysis. Cells were then assessed by gating on time, as all liquid was used in the analysis. Lastly, cell cycle phases were determined 

by manual gating on the PE-A channel (Left). Cells in the G1 and G2/M phases were initially determined based the peaks, followed 

by determination of sub-G1 and S phase cells.  
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Supplementary figure 10: 

 
Supplementary figure 10) A large range of vincristine concentrations were tested on HEK293T WT cells prior to dose-response 

assays on cells transfected with Wee1 targeting sgRNAs. Results are presented as mean ± SEM   

Supplementary figure 11: 

 
Supplementary figure 11) Overview of Wee1 gene, and a zoomed in section of the DNA sequence of exon 2-exon 3. Included are 

the target sites for each sgRNA (Red text and boxes) and the protein coding regions (CDS) for both transcripts on exon 2 (Grey boxes), 

the 5’ untranslated region (UTR) for transcript 2 on exon 2, and a marker of the region 50-55 nt upstream of exon 2-exon 3 junction. 

Image was generated using the SnapGene software (GSL Biotech) 
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Supplementary table 1: 

Primers and probes Primer sequences and assay ID Target sites and product sizes 

LentiCRISPR v2 primers 

(plasmid) 

F: 5'- CCGAGGGCCTATTTCCCATGATTC -3' 

R: 5'- TTCTCTAGGCACCGGATCAATTGC -3' 

Target: 251 bp upstream of first BsmBI 

restriction site (on the U6 promoter), and 212 

bp downstream of second BsmBI restriction 

site (on sgRNA scaffold).  

Product size: 483-484 bp or 2,344 bp* 

WEE1, exon 2 (gDNA) F: 5' - GTGTGTTGCTTTCACCTACGC - 3' 

R: 5' - ATACTCATCAACAGAGCCCGC- 3' 

Target: Wee1, exon 2 (NC_000011.10) 

Product size: 893 bp 

WEE1 probe, FAM Assay ID: Hs01119390_g1 

 

 

Target: Wee1 mRNA (Exon boundary 8 – 9) 

Product size: 86 bp 

TBP probe, FAM Assay ID: Hs00427620_m1 Target: TATA-box binding protein mRNA 

(exon boundary 2-3 on NM_001172085.1 and 

exon boundary 3-4 on NM_003194.4) 

Product size: 91 bp 

Supplementary table 1) Table of primers and probes used throughout this project. *primers targeting LentiCRISPR v2 varies in 

the amplicon size depending on whether the plasmids are used for cloning (and sgRNAs are inserted) or not. The same primers were 

used for both PCR and sequencing of plasmids. F = Forward primer, R = Reverse primer. 

 

 


