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Abstract (English) 

Platinum-based chemotherapy agents initially transformed cancer treatment, one of 

which is oxaliplatin. However, several resistance mechanisms against platinum com-

pounds are now known. Abnormal expression of the atypical cyclin-dependent kinase 

CDK5 has been described in several human cancers, colorectal cancer (CRC) being 

among those. As being originally identified as a protein of interest by comparison of gene 

expression of oxaliplatin-sensitive versus oxaliplatin resistant CRC cell lines, we further 

investigated the function of CDK5 in CRC and its role in resistance acquisition and re-

version to oxaliplatin. Viability assays showed a resistant reversion in oxaliplatin-resistant 

cells upon CDK5 abrogation. Migration and colony formation were also negatively af-

fected by silencing of CDK5, whereas, proliferation was not. Our findings underline a role 

for CDK5 in human CRC progression and indicate that patients with oxaliplatin-resistant 

metastatic CRC might benefit from CDK5 as a potential target in current chemotherapy 

strategies. 
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Abstract (German) 

Auf Platin-basierende Chemotherapeutika haben die Behandlung von Krebs anfänglich 

transformiert. Jedoch sind mittlerweile mehrere Resistenzmechanismen gegen diese 

Platinverbindungen bekannt. Abnormale Genexpression der atypischen Cyclin-abhängi-

gen Kinase 5 (CDK5) ist in mehreren menschlichen Krebserkrankungen beschrieben. 

Dazu gehört auch der Dickdarmkrebs (CRC). Da CDK5 ursprünglich durch den Vergleich 

der Genexpression von Oxaliplatin-resistenten versus Oxaliplatin-sensitiven CRC Zellli-

nien entdeckt wurde, haben wir die Funktion von CDK5 in CRC und dessen Rolle im 

Erwerb von Resistenzmechanismen gegen Oxaliplatin weiter untersucht. Zellviabilitäts-

assays zeigten eine Verminderung der Resistenz gegen Oxaliplatin bei Abrogation von 

CDK5. Die Zellmigration und Kolonieformierung waren ebenfalls negativ beeinflusst 

durch Abrogation von CDK5, während die Zellproliferation hiervon nicht beeinflusst 

wurde. Unsere Ergebnisse unterstreichen die Rolle von CDK5 in der Progression von 

menschlichem Dickdarmkrebs und deuten außerdem darauf hin, dass Patienten mit me-

tastatischem CRC, die eine Resistenz gegen Oxaliplatin aufweisen, möglicherweise da-

von profitieren könnten, wenn CDK5 als potentielles Target zu gegenwärtigen chemothe-

rapeutischen Ansätzen in Betracht gezogen würde. 

  



 

iv 

Table of Content 

LIST OF ABBREVIATIONS ......................................................................................... VI 

 INTRODUCTION ................................................................................................. 1 

 COLORECTAL CANCER ..........................................................................................................2 

1.1.1 Definition, clinical features and detection .............................................................2 

1.1.2 Tumor spread and staging .....................................................................................3 
1.1.2.1 TNM classification ......................................................................................................................... 4 

1.1.3 Histopathology and grading ..................................................................................4 
1.1.3.1 Histologic variants ......................................................................................................................... 5 

1.1.4 Pathogenesis ..........................................................................................................7 

1.1.5 Molecular pathways to colorectal tumorigenesis ..................................................8 
1.1.5.1 Chromosomal instability (CIN) pathway ....................................................................................... 9 

1.1.5.2 Microsatellite instability (MSI) ...................................................................................................... 9 

1.1.5.3 CpG island methylator phenotype (CIMP) .................................................................................. 11 

1.1.6 Types of mutations .............................................................................................. 11 
1.1.6.1 Oncogenes: KRAS and BRAF ........................................................................................................ 11 

1.1.6.2 Tumor suppressor (TP53, APC/β–catenin) .................................................................................. 12 

1.1.7 Colorectal cancer classification approaches ....................................................... 12 
1.1.7.1 The cancer genome atlas (2012) ................................................................................................. 12 

1.1.7.2 Consensus molecular subtypes (2015)........................................................................................ 14 

1.1.8 Prognosis and predictive factors ......................................................................... 15 
1.1.8.1 Molecular and cellular biomarkers ............................................................................................. 15 

1.1.9 Colorectal cancer treatment ............................................................................... 21 
1.1.9.1 Introduction to colorectal cancer treatments............................................................................. 21 

1.1.9.2 Treatment by stage ..................................................................................................................... 24 

1.1.9.3 Resistance to chemotherapy ...................................................................................................... 27 

 OXALIPLATIN ................................................................................................................... 29 

1.2.1 Pharmacokinetics ................................................................................................ 29 

1.2.2 Mechanisms of action (MoA) .............................................................................. 30 
1.2.2.1 General MoA ............................................................................................................................... 30 

1.2.2.2 Immunological Mechanism ......................................................................................................... 31 

1.2.3 Toxicity ................................................................................................................ 31 

1.2.4 Oxaliplatin in colorectal cancer ........................................................................... 32 

1.2.5 Resistance to oxaliplatin ..................................................................................... 33 
1.2.5.1 Cellular Influx/Efflux ................................................................................................................... 33 

1.2.5.2 DNA adduct repair ...................................................................................................................... 36 

1.2.5.3 Cell death mechanism ................................................................................................................. 36 

1.2.5.4 Nuclear factor κ light-chain enhancer of activated B cells .......................................................... 38 

 CYCLIN-DEPENDENT KINASE 5 (CDK5) ................................................................................ 39 

1.3.1 Regulation and activation of CDK5 ..................................................................... 39 
1.3.1.1 Regulatory subunits .................................................................................................................... 39 

1.3.1.2 Atypical activators CCNI & CCNI2 ................................................................................................ 41 



 

v 

1.3.1.3 Inhibition of CDK5 ....................................................................................................................... 42 

1.3.2 Functions of CDK5 ............................................................................................... 42 

1.3.3 CDK5 in oncology................................................................................................. 43 
1.3.3.1 CDK5 and the hallmarks of cancer .............................................................................................. 45 

1.3.3.2 CDK5 in colorectal cancer ........................................................................................................... 48 

 STATEMENT OF THE PROBLEM ............................................................................................ 50 

 OBJECTIVES .................................................................................................................... 51 

1.5.1 Objective 1 .......................................................................................................... 51 

1.5.2 Objective 2 .......................................................................................................... 51 

1.5.3 Side Objective ...................................................................................................... 51 

1.5.4 Side Objective ...................................................................................................... 51 

 MATERIALS AND METHODS ............................................................................. 52 

 CELL CULTURE, REAGENTS & ANTIBODIES ............................................................................. 53 

 GENE SILENCING .............................................................................................................. 54 

 CELL PROLIFERATION ASSAY ............................................................................................... 55 

 COLONY FORMATION ASSAY .............................................................................................. 56 

 SENSITIVITY & RESPONSE TO OXALIPLATIN TREATMENT .......................................................... 56 

 ANALYSIS OF CELL MIGRATION & INVASION .......................................................................... 57 

 CELL VIABILITY AFTER DETACHMENT FROM THE EXTRACELLULAR MATRIX ................................... 58 

 PROTEIN EXTRACTION & WESTERN BLOT ............................................................................. 58 

 CO-IMMUNOPRECIPITATION .............................................................................................. 59 

 DNA EXTRACTION ........................................................................................................... 60 

 RNA EXTRACTION AND QPCR ............................................................................................ 60 

 STATISTICAL ANALYSIS ...................................................................................................... 61 

 RESULTS........................................................................................................... 62 

 PREVIOUS RESULTS .......................................................................................................... 63 

 OBJECTIVE 1 ................................................................................................................... 63 

 OBJECTIVE 2 ................................................................................................................... 68 

 OBJECTIVE 3 ................................................................................................................... 75 

 OBJECTIVE 4 ................................................................................................................... 80 

 DISCUSSION ..................................................................................................... 87 

 REFERENCES .................................................................................................... 93 

STATUTORY DECLARATION ....................................................................................... II 
 

  



 

vi 

List of Abbreviations 

5-FU 5-Fluoruracil 

ABC ATP-Binding Cassette 

APC Adenomatous polyposis coli 

AR Androgen receptor 

ATM Ataxia-telangiectasia mutated 

BRAF v-Raf murine sarcoma viral oncogene homolog 

CCNI Cyclin I 

CCNI2 Cyclin I-like 

CDK5 Cyclin-dependent kinase 5 

CIMP CpG island methylator phenotype 

CIN Chromosomal instability 

CMS Consensus molecular subtype 

CNS Central nervous system 

CRC Colorectal cancer 

CRT Calreticulin 

CT Computed tomography 

CTC Circulating tumor cell 

CTR1 Copper transporter 1 

DACH 1,2-diaminocyclohexane 

DC Dendritic cell 

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethylsulfoxid 

DNA Deoxyribonucleic acid 

dnCDK5 Dominant-negative Cyclin-dependent kinase 5 

e.g. Example given 

EC50 Effective half maximal concentration 

EGFR Epidermal growth factor 

EGR1 Early growth response 1 

ER Endoplasmic reticulum 

ERK Extracellular signal-regulated kinase 

FAP Familial adenomatous polyposis 

FBS Fetal bovine serum 

GFP Green fluorescent protein 

HIF1α Hypoxia-inducible factor 1 α 

HM Hypermutated 

HMGB1 High-mobility group box 1 protein 

IAP Inhibitor of apoptosis protein 

IFNɣ Interferon ɣ 



 

vii 

KRAS Kirsten rat sarcoma viral oncogene homolog 

LOH Loss of heterozygosity 

MAPK Mitogen-activated protein kinase 

mCRC Metastatic colorectal cancer 

MDR Multidrug resistance protein (also ABCB) 

MLH1 MutL homolog 1 

MMR Mismatch repair 

MRI Magnetic resonance imaging 

MRP1 Multidrug resistance-associated protein 1 (also ABCC1) 

MSI Microsatellite instability 

MSS Microsatellite stable 

mTOR Mechanistic target of rapamycin 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NER Nucleotide excision repair 

NF-κB The nuclear factor κ light-chain enhancer of activated B cells NF-κB 

NGF Nerve growth factor 

NGS Next generation sequencing 

Non-HM Non-hypermutated 

o/n Over night 

OCT Organic cation transporters 

PD-L1 Programmed death-ligand 1 

PFA Paraformaldehyde 

Pgp P-glycoprotein 

PI3K Phosphatidylinositol-3-kinase 

pN+ regional lymph node metastases 

POLE Polymerase-ε 

Poly-HEMA Poly(2-hydroxyethyl methacrylate) 

Rb Retinoblastoma protein 

RTK Receptor tyrosine kinase 

siRNA Small interfering ribonucleic acid 

SLC Solute carrier transporters 

STAT3 Signal transducer and activator of transcription-3 

TGFBR2 Transforming growth factor beta receptor 2 

TLR4 Toll-like receptor 4 

TNFα Tumor necrosis factor α 

VEGF Vascular endothelial growth factor 



 

1 

 I N T R O D U C T I O N  

  



 

2 

 Colorecta l  cancer  

Cancer is one of the leading causes of death globally [1]. Due to the growth and aging 

of the population, particularly in less developed countries, its proportion is estimated to 

increase even further. In addition, the numbers of new cases rise each year. This rise is 

due to lifestyle choices, such as smoking, physical inactivity, poor diet, and reproductive 

changes. Worldwide there have been about 14.1 million new cancer cases as well as 

8.2 million cancer deaths in the year 2012. Of these, lung and breast cancer were both 

most frequently diagnosed and the leading causes of cancer death. Other frequently 

diagnosed cancers include those of the liver, stomach, cervix uteri and colorectum. 

Among those, colorectal cancer (CRC) is the leading cause of mortality throughout the 

world and therefore representing a major public health problem. CRC is the third most 

commonly diagnosed cancer in men and the second most in women. An estimated 1.4 

million cases and 693,900 deaths did occur in 2012 alone [2]. However, CRC incidences 

vary depending on the geographic location across the world. This differences can be 

explained by several factors, such as the exposure to risk factors and accessibility to 

sanitary facilities, as well as varying policies regarding disease prevention across differ-

ent countries [3]. More than half of CRC incidences arise in more developed countries 

[4]. Both environmental and genetic factors play an important role in CRC etiology. Ge-

netic susceptibility of this disease varies from well-defined inherited syndromes, e.g. fa-

milial adenomatous polyposis (FAP) to ill-defined familial aggregations [5]. Some 

measures can be taken to lower the risk for de development of colorectal cancer. These 

include the maintenance of a healthy body weight, physical activity, minimal consumption 

of red and processed meat and alcohol, and abstinence from smoking [6, 7].  

1.1.1 Definition, clinical features and detection 

Carcinomas of the colon and rectum are defined as epithelial tumors, but only neoplasms 

that penetrated through the lamina muscularis mucosae into the submucosa (Figure 1) 

are considered malignant. Asymptomatic CRC patients, especially in the early develop-

ment of the tumor, are not unusual. Therefore, preventive screening or surveillance in 

risk groups (such as age 50 to 75, chronic inflammatory bowel diseases, genetic predis-

position) constitute a potent tool in fighting the disease. This is especially important since 

colorectal adenomatous polyps, which represent the main precursor lesions [5], can be 

detected and removed before they become cancerous by several screening methods, 
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which also detect cancer in an early stage when treat-

ment is usually less extensive and more successful. 

For this purpose a wide range of different screening 

methods, including testing of biomarkers in stool, flex-

ible sigmoidoscopy, colonoscopy and computed to-

mography (CT) colonography, are available [8]. Addi-

tionally, modern imaging techniques improve non-in-

vasive detection and clinical staging. A barium enema 

exam detects rather large tumors, while air contrast 

radiography enhances the visualization of less-advanced lesions [5]. Furthermore, the 

depth of local tumor invasion and the presence of regional and distant metastases can, 

to a certain extent, be assessed by CT, Magnetic resonance imaging (MRI) and transrec-

tal ultrasonography [8, 9]. In CRC patients accurate staging of the tumor is particularly 

important, because a cure is strongly related to its anatomic extend [5].  

1.1.2 Tumor spread and staging 

As mentioned, the consequences of direct tumor extension depend heavily on its ana-

tomic location. Advanced rectal carcinomas can extend into pelvic structures such as the 

vagina and urinary bladder. Though, they cannot gain direct access to the peritoneal 

cavity. By contrast, colonic tumors can extend directly to the peritoneum. Even in early 

stages of CRC development metastasis from the primary site via lymphatic or blood ves-

sels can occur and lead to a systemic disease. Lymphogenic dissemination requires the 

breach of the muscularis mucosae and invasion into the submucosa. Cancer dissemina-

tion through blood vessels requires the invasion of portal vein tributaries in the colon and 

vena cava tributaries in the rectum [5].  

C. Dukes’ classification for rectal cancer, proposed in 1929 to 1935, serves as a template 

for many staging systems. This classification is based on two histopathological features: 

depth of penetration into the colon wall and weather the cancer has spread to regional 

lymph nodes or not. However, nowadays the TNM classification (Table 1) is replacing C. 

Dukes’ classification [10]. 

Figure 1: Epithelial structure of 

the large intestine 
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1.1.2.1 TNM classification 

Tumor depth, nodal metastasis, and distant metastasis are three distinct features that 

demonstrated to be predictors of prognosis in colon cancer. These general features are 

described in detail by the Union for International Cancer Control/AJCC TNM staging sys-

tem [11]. In CRC patients the most important prognostic factor that predicts clinical out-

come is the stage of the tumor, which in the TMN classification is determined by the three 

features mentioned above. The tumor tissue is surgically removed, and the histologic 

specimen is den classified by three main factors. One such factor is the depth of tumor 

invasion (T) is determined and further subcategorized as T1 (the tumor invades the sub-

mucosa), T2 (the tumor invades the muscularis propria) and T3 (the tumor invades 

through the muscularis propria into peri colorectal tissues). A second factor is the extend 

of nodal metastasis (N). Additionally, the grade is also defined by the presence or ab-

sence of distant metastasis (M) [10] (Table 1). 

1.1.3 Histopathology and grading 

The majority (>90%) of colorectal carcinomas are adenocarcinomas that develop from 

epithelial cells of the colorectal mucosa [5]. The defining malignant feature is invasion 

through the muscularis mucosae into the submucosa. In this regard CRC differs from 

Table 1: Colon and rectum cancer staging according to the American joint committee on 

cancer (AJCC) 
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other cancers of the esophagus, stomach and small intestine, where the definition of an 

invasive tumor is not dependent on penetration through the muscularis mucosae [12]. 

Conventional adenocarcinomas are gland-forming and vary in size and configuration of 

their glandular structures. Colorectal carcinomas are mainly sub-classified in serrated, 

mucinous, signet-ring cell, adenosquamous, medullary and undifferentiated carcinomas. 

Other carcinoma variants include neuroendocrine, sarcomatoid, carcinosarcoma, pleo-

morphic (giant cell), choriocarcinoma, pigmented, clear cell, stem cell and Paneth rich-

cell (crypt cell). Furthermore, adenocarcinomas are divided by their degree of differenti-

ation into well, moderately and poorly differentiated (Figure 2), or alternatively into low-

grade (well and moderately) and high-grade (poorly and undifferentiated), which is based 

on the extend of glandular appearances. Meaning, the percentage of the tumor showing 

formation of gland-like structures is used to define the grade. Well differentiated (grade 

1) lesions display glandular structures in over 95% of the tumor mass. Moderately differ-

entiated (grade 2) adenocarcinomas are characterized by 50-95% gland formation. 

Poorly differentiated (grade 3) adenocarcinomas are mostly solid with 5-50% gland for-

mation. Undifferentiated (grade 4) carcinomas display less than 5% of gland-like struc-

tures. Most colorectal adenocarcinomas (~70%) are classified as grade 2 (moderately 

differentiated) (Figure 2B). 

1.1.3.1 Histologic variants 

The adenocarcinoma (Figure 3A) is a low-grade intestinal-type colorectal carcinoma con-

sisting of infiltrating glands surrounded by desmoplastic stroma. Furthermore, tumor cells 

contain eosinophilic cytoplasm and sporadic mucin vacuoles, with nuclei positioned at 

the base of each cell [13, 14].  

Figure 2: Tumor grading. Tumors a graded according to the extent of gland-like structures. A) 

Well differentiated (grade 1) lesions exhibit glandular structures in over 95% of the tumor mass. 

B) Moderately differentiated (grade 2) adenocarcinoma consists of 50-95% glands. C) Poorly 

differentiated (grade 3) adenocarcinoma have 5-50% of glandular appearances. 
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Mucinous adenocarcinoma (Figure 3B) is a high-grade adenocarcinoma occurring in 10-

15% of patients and displaying a tendency to be in the proximal colon. Mucous secretion 

accounts for >50% of the tumor volume. The tumor shows large glandular structures with 

pools of extracellular mucin and a high frequency of microsatellite instability [12, 15].  

Signet ring cell adenocarcinoma (Figure 3C) is a high-grade adenocarcinoma that occurs 

in less than 1% of all colorectal carcinomas with a worse outcome than conventional 

adenocarcinomas. Here, more than half of the tumor cells display signet cell features 

which are characterized by a pronounced mucin vacuole in the cytoplasm which pushes 

the nucleus to the cell periphery [12].  

Although, roughly 10% of colorectal carcinomas contain a micropapillary component, 

less than one out of 100 of tumors is classified as a micropapillary carcinoma (Figure 

Figure 3: Adenocarcinoma of the colorectum and histologic variants. A) Adenocarcinoma. 

Low-grade intestinal colorectal carcinomas comprise infiltrating glands embedded in desmo-

plastic stroma. The tumor cells contain eosinophilic cytoplasm and sporadic mucin vacuoles, with 

nuclei positioned at the base of each cell. B) Mucinous adenocarcinoma. Is a poorly differentiated 

adenocarcinoma where mucous secretion accounts for >50% of the tumor volume and large glan-

dular structures with pools of extracellular mucin are the most pronounced feature. C) Signet ring 

cell adenocarcinoma is a poorly differentiated adenocarcinoma. Which is defined by >50% of 

tumor cells displaying signet cell features which is characterized by an intracytoplasmic mucin 

vacuole that pushes the nucleus to the periphery. D) Micropapillary carcinoma infiltrates tissue 

dispersedly as small clusters with prominent clear space surrounding the clusters. E) Serrated 

carcinoma consists of irregular, infiltrative glands with a serrated outline. The main feature of 

these tumor cells are eosinophilic cytoplasm and large nuclei. F) Undifferentiated carcinoma 

showing the presence of tumor cells inducing the desmoplastic reaction and poorly cohesive cells 

infiltrating. 
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3D). Tumor cells contain eosinophilic cytoplasm and pleomorphic nuclei. They form tight 

neoplastic cell clusters that are surrounded by cleft-like spaces. Micropapillary tumors 

are generally more aggressive than conventional adenocarcinomas. They exhibit local 

advancement, lymphovascular invasion and multiple (>4) regional lymph node metasta-

ses in over 50% of the patients [14, 16].  

Serrated carcinoma (Figure 3E) occur in 7.5% of all CRCs and up to 17.5% of most 

proximal CRCs. These tumors have characteristic irregular, infiltrative glands with an 

epithelium that displays a serrated architecture. They often appear as small, plaque-like 

nodules that may be associated with sessile polyps and are associated with both rapid 

appearance and growth [14, 17].  

An undifferentiated carcinoma (Figure 3F) is a high-grade adenocarcinoma with less than 

5% of gland formation. They present solid sheets, nests and trabeculae that consist of 

large pleomorphic cells with high nuclear/cytoplasmic ratio. Undifferentiated carcinomas 

are associated with a generally poor prognosis [18, 19]. 

1.1.4 Pathogenesis 

Development of the majority (70-80%) of CRC cases follows a sporadic pattern, while 

far less (20-30%) present a hereditary or familiar aggregation component. In the first 

case, colorectal carcinomas arise from adenomatous polyps. This progression is termed 

adenoma to carcinoma sequence and follows a very typical transition. Starting from hy-

per-proliferative epithelium, progressing further to focally dysplastic crypts and then to 

macroscopically evident tubular adenoma, followed by progressive dysplastic and or vil-

lous adenoma and lastly ending with the development of invasive cancer [20]. Fortu-

nately, this transition is slow and less than ten percent progress to the carcinoma stage 

[21]. Based on extrapolations of the mutation loads, it has been estimated to take 17 

years [22]. Vogelstein et al. demonstrated that there was also evidence for a sequential 

acquisition of genomic alterations, i.e., somatic mutations and chromosomal aberrations, 

in CRC [23] that was in accordance to the multistep model of carcinogenesis [24].  

Hereditary driver can be either uncommon or rare, high-risk, susceptibility syndromes, 

such as Lynch Syndrome (LS) also known as hereditary nonpolyposis colorectal cancer 

(HNPCC) with a 3-4% prevalence and familial adenomatous polyposis (FAP) with a prev-

alence of about 1% [25], or more common but low-risk alleles [26]. A third, very small 

group of 1-2% of CRC cases arises as a consequence of inflammatory bowel diseases 

[27]. Additionally, it has been demonstrated that serrated polyps, especially, sessile 
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serrated adenomas, are the precursor to microsatellite instability (MSI) and CpG island 

methylator phenotype (CIMP) cancers [28]. 

1.1.5 Molecular pathways to colorectal tumorigenesis 

Colorectal cancer is not just one homogenous disease but rather a heterogeneous com-

plex of diseases, all with distinctive genetic and epigenetic background [29–31]. Tumor 

heterogeneity has important consequences for targeted therapies [31–33] and is ex-

pected to drastically affect the potential to predict tumor progression and metastasis and 

response to therapy [34]. To improve clinical management and patient outcome, colo-

rectal cancers have been classified based on many different features including their lo-

cation, histology, etiologic factors, and molecular mechanisms. Molecular classification 

is especially important because it reflects the underlying mechanisms of tumorigenesis. 

In theory, the division of tumors into different molecular groups can be based on the 

presence or absence of any molecular event(s). Like the TNM staging system, classifi-

cation of the tumor based on global cellular events also plays an important role in the 

prediction of the pathogenesis and the biological behavior of the tumor. The three main 

groups being microsatellite instability (MSI), chromosomal instability (CIN) and CpG is-

land methylator phenotype (CIMP). Nonetheless, for predicting response to targeted 

therapies, single molecular events are also useful classifiers. Generally, MSI and CIN 

pathways (Figure 4) are characterized by genetic alterations that lead to gain of function 

of oncogenes and/or loss of function of tumor suppressor genes. Colorectal cancers with 

CIMP are characterized by epigenetic transcriptional silencing without mutation, due to 

hypermethylation of the promotor region and affects tumor suppressor and/or DNA mis-

match repair (MMR) genes. One of these genes is the MLH1 gene its and promotor 

hypermethylation is detected in the majority of sporadic colorectal cancers that present 

with a MSI phenotype [35].  

Another aspect is the distinction between so-called ‘driver mutations’ that drive tumor-

igenesis through a growth or survival advantage and ‘passenger mutations’ that do not 

confer growth or survival advantages. Nonetheless, passenger mutations may influence 

tumor development [36]. Generally, a typical cancer has roughly eight driver mutations 

that influence cell fate, cell survival, and genome maintenance through cellular signaling 

pathways [37]. Since almost all colorectal cancers are caused by genomic instability in 

either the form of chromosome [38] or microsatellite instability [39, 40], heterogeneity of 

the tumor is an especially important factor. 
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1.1.5.1 Chromosomal instability (CIN) pathway 

Chromosomal instability represents the most common (around 84% of all sporadic CRC) 

mechanism in CRC genetic instability [41]. CIN is characterized by crude changes in 

chromosome number and structure. These changes include deletions, gains, transloca-

tions and other chromosomal rearrangements, which are often presented by a high inci-

dence of DNA somatic copy number alterations (SCNA) (Figure 4) [42]. CIN tumors arise 

as a consequence of the combination of tumor suppressor gene inactivation (e.g. APC, 

SMAD4 and TP53) and oncogene activation (e.g. KRAS, PIK3CA) via allelic loss and 

mutation. These changes are also a hallmark of most tumors that arise by the adenoma-

carcinoma sequence and go along with changes in tumor characteristics [23]. For exam-

ple, an early key event in these tumors is hyperactivation of the Wnt signaling pathway, 

mostly in response to mutations in the APC (Adenomatous polyposis coli) gene. Addi-

tionally, more than 80% of adenomas and CRC show APC mutations and a further 5-

10% exhibit mutations or epigenetic changes in other components of the Wnt signaling 

cascade (e.g. β-catenin) that equally result in hyperactivation of this pathway [43, 44]. 

Discrepancies in normal Wnt regulation lead to the dysregulation of cell proliferation and 

differentiation with subsequent development of dysplastic crypts. These then further pro-

gress to adenomas with an increasing grade of dysplasia due to loss of additional tumor 

suppressor genes. Later occurring genetic events can include oncogenic KRAS (Kirsten 

rat sarcoma viral oncogene homolog) mutations in 50-60% of CRC cases. Downregula-

tion of the cell adhesion protein E-cadherin occurs in a similar number of patients [45]. 

Finally, transition from late adenoma to an invasive carcinoma is commonly associated 

with mutations and/or loss of the TP53 tumor suppressor gene [5]. 

1.1.5.2 Microsatellite instability (MSI) 

About 15% of colorectal adenocarcinomas exhibit an increased frequency of mutations 

which often goes hand in hand with a high level of microsatellite instability, resulting from 

disturbances in DNA mismatch repair. Most of these tumors arise in the proximal colon, 

show lymphocytic infiltration, are mucinous, and respond differently to chemotherapeu-

tics than microsatellite stable tumors [46]. CRC with MSI typically show reduced occur-

rences of APC, TP53 and KRAS mutations, as well as increases in TGFBR2 (transform-

ing growth factor ß receptor 2) mutations and BRAF (v-Raf murine sarcoma viral onco-

gene homolog) mutations (Figure 4) [47–49]. In 2012 the Cancer Genome Atlas (TCGA) 

project showed that MSI tumors can be divided into two subclasses. The first group com-

prises 60% of all MSI tumors and is characterized by epigenetic silencing of the MLH1 



 

10 

gene, a high frequency of BRAFV600E mutations and a low frequency of APC and KRAS 

mutations. Whereas the second group comprises the other 40% which do not reveal 

MLH1 silencing and contain generally a significantly greater number of mutations. This 

smaller subset is characterized by an increased frequency of APC and KRAS mutations 

as well as a reduced frequency of BRAFV600E. Generally, the presence of MSI in CRC is 

a positive prognostic factor [50]. 

Figure 4: Main routes of colorectal cancer evolution. Two main routes of colorectal cancer 

evolution leading to either chromosomal instability on the one hand (CIN, left) or microsatellite 

instability on the other (MSI, right). The so-called classical pathway of normal epithelium devel-

oping into carcinoma displays prevalent mutations in APC and KRAS and a series of less frequent 

mutations and chromosomal rearrangements (CIN). On the other hand, the so-called serrated 

pathway is characterized by prevalent mutations of the BRAF gene and mutations in mismatch 

repair or gene silencing that is characteristic for the CpG island methylator phenotype (CIMP). 

CIN is positively and MSI inversely associated with the risk of developing metastases. Tumor 

heterogeneity increases during cancer evolution. InDel, insertion or deletion of bases; LOH, loss 

of heterozygosity; SNV, single-nucleotide variant. 
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1.1.5.3 CpG island methylator phenotype (CIMP) 

In human carcinogenesis transcriptional silencing, that is conferred through methylation 

of cytosines at promoter CpG islands of tumor suppressor genes, is an important mech-

anism that drives cancer progression. It results in inactivation of several tumor suppres-

sor genes and was first shown in CRC [51]. The CIMP phenotype has been established 

as an epigenetic phenotype that is unique in CRC, and these tumors have a distinct 

clinical, pathological, and molecular profile. They are associated with proximal tumor lo-

cation, poor differentiation, high level of MSI, high BRAF and low TP53 mutation rates 

[51–56]. However, CIMP criteria are not standardized, subsequently methylation marker 

and the method of assessment can vary among studies. 

1.1.6 Types of mutations 

1.1.6.1 Oncogenes: KRAS and BRAF 

KRAS and BRAF are proto-oncogenes that encode proteins which are involved in intra-

cellular signal transduction from growth factor receptors. These genes frequently exhibit 

driver mutations. In normal cells, RAS proteins are activated in response to growth fac-

tors binding to receptor tyrosine kinases. Mutations in the KRAS gene, mostly localized 

in the 2nd exon (codons 12 and 13), result in constitutively active KRAS protein and elim-

inate the need for an epidermal growth factor receptor (EGFR) ligand for downstream 

activation of MAPK (mitogen-activated protein kinase) and PI3K (phosphatidylinositol-3-

kinase)/mTOR (mechanistic target of rapamycin) pathways. These two pathways have 

important functions in cell growth, proliferation, differentiation and migration of healthy 

normal cells, but can also contribute to the progression of tumor cells. BRAF is the direct 

downstream target of KRAS, therefore the second element in the RAS/RAF/MEK/MAPK 

cascade. Mutations in the BRAF gene, mostly in the 600th codon, also result in constitu-

tively active MAPK signaling. However, contrary to KRAS mutations, the PI3K/mTOR 

pathway is not affected. 30%-50% of colorectal cancers have KRAS mutations [49, 57] 

and up to 18% exhibit mutations in the BRAF gene [58–60]. The presence of a mutation 

in a relevant gene location is associated with potential resistance to inhibitors of receptor 

tyrosine kinases [61–63]. For this reason, the mutational status can be used as a predic-

tive biomarker. KRAS gene mutations are a strong predictive marker for response to anti-

EGFR antibody-based therapies like cetuximab or panitumumab [64]. Additionally, 

emerging new methods such screening for mutated alleles in circulating tumor cells 
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(CTC), which are present in the blood circulation, allows non-invasive monitoring of re-

sponse to therapy [65].  

1.1.6.2 Tumor suppressor (TP53, APC/β–catenin) 

TP53 and APC are tumor suppressor genes that control cell cycle and therefore cell 

growth in their normal state. TP53 is an important central regulator of different cellular 

processes, including growth arrest and apoptosis, DNA damage, response to stress, ox-

idative stress and aberrant proliferative signals [66]. TP53 is responsible for stopping the 

cell cycle in damaged cells until the damage is repaired, otherwise the protein initiates 

the apoptosis cascade. Dysfunction of the TP53 protein is one of the hallmarks of cancer 

cells [67, 68] which has been reported in more than 25% of adenomas, and in 50%-70% 

of patients with CRC, where it plays a crucial role in the adenoma to carcinoma sequence 

[69].  

The APC protein plays important roles in various cellular processes, such as regulation 

of development, chromosomal segregation, cellular differentiation, cell polarity, adhe-

sion, migration and apoptosis. It is a negative regulator that controls ß-catenin concen-

trations and its disruption leads to activation of Wnt signaling. It has also been demon-

strated that disruption of the APC gene is an early event in colorectal tumorigenesis [70]. 

Familial adenomatous polyposis is a well described example where germline mutations 

in the APC gene are cause of an inherited disorder [71]. On the other hand, somatic 

mutations in the APC gene are observed in 30%-70% of sporadic adenomas, and in 

around 70% of sporadic tumors [72]. APC promoter hypermethylation is also reported in 

over 18% of primary colorectal carcinomas and adenomas as an alternative mechanism 

of APC gene dysregulation [73]. 

1.1.7 Colorectal cancer classification approaches 

1.1.7.1 The cancer genome atlas (2012) 

In 2012 a wide effort in the analysis of multidimensional datasets (RNA-Seq, mutations, 

methylation) resulted in a new look at the classification of CRC [49]. Two major classes 

of CRC were found: (1) hypermutated (HM, > 10 non-silent substitutions per 1 Mb) and 

(2) nonhypermutated (non-HM) tumors (Figure 5). These two groups demonstrated the 

most pronounced difference in gene expression profiles between each other. Each group 

could further be subdivided into several subgroups according to alterations in various 

signaling pathways (Wnt, TGF-β, RTK/RAS, PI3K, TP53), driver mutations and classical 
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subtyping (CIMP, CIN, MSI). TGF-β signaling was repressed in 84% of HM tumors and 

27% of non-HM tumors, accordingly. 80% of HM and 59% of non-HM tumors demon-

strated activation of RTK/RAS signaling. Interestingly, the gene expression profile of non-

HM tumors displays more dramatic changes than the expression profile of HM tumors. 

Down-regulation of FOXA1 targets and genes involved in inflammatory response were 

only found in non-HM tumors. Up-regulation of integrins and genes responsible for angi-

ogenesis were also only found in non-HM tumors. On the other hand, increased expres-

sion of MYB targets, increased expression of p63 targets and nonhomologous end join-

ing repair system genes were only present in HM tumors. However, since several path-

ways can be altered, there is a wide range of combinations possible, which makes further 

subdivision of CRC into groups smaller than HM and non-HM rather complicated. None-

theless, some characteristics can be observed. For example, RTK/RAS activation has a 

higher occurrence in non-HM tumors with repressed TGF-β pathway than in non-HM 

tumors with quasi-intact TGF-β pathway. 

Figure 5: Colorectal cancer classification: The Cancer Genome Atlas (TCGA). The TCGA 

classifies CRC in two major sub-groups: (A) hypermutated and (B) non-hypermutated tumors. 

Within each group the CIMP, MSI and CIN status is depicted as well as the mutational status for 

p53, APC, BRAF and KRAS. 
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1.1.7.2 Consensus molecular subtypes (2015) 

In a large scale international effort six independent transcriptomic-based subtyping sys-

tems [74–80] were compared and a molecular classification that allows categorization of 

most tumors into one of four subtypes was achieved [81]. These four so-called consen-

sus molecular subtype (CMS) groups constitute the most precise description of CRC 

heterogeneity at the gene-expression level (Figure 6) at the present. The first group: 

CMS1 (MSI immune subtype, 14% of early-stage tumors) comprises most of MSI tumors 

and is characterized by hypermutation, hypermethylation, enrichment for BRAFV600E mu-

tations and strong infiltration of the tumor microenvironment with immune cells [82]. Tu-

mors with CIN can be subclassified into the CMS groups based on gene expression 

signals: CMS2 (canonical subtype, 37% of early-stage tumors); CMS3 (metabolic sub-

type, 13% of early-stage tumors); and CMS4 (mesenchymal subtype, 23% of early-stage 

tumors). Tumors of the CMS2 and CMS4 groups do not differ in their somatic copy num-

ber alteration patterns nor their mutation spectrum. Both groups present MSS and low 

levels of hypermethylation [81, 82]. However, CMS2 epithelial tumors have marked up-

regulation of Wnt and Myc downstream targets, higher expression of the oncogenes 

EGFR, ERBB2 and others, as well as cyclins [81, 82]. CMS4 tumors on the other hand 

Figure 6: Colorectal carcinogenesis and molecular subtypes. Potential routes of colorectal 

adenoma-carcinoma progression with accumulation of genomic and epigenomic alterations.  

ATM, ataxia-telangiectasia mutated; MSH6, mutS homologue 6; PIK3CA, PI3K catalytic subu-

nit‑α; RNF43, ring finger protein 43; SMAD4, SMAD family member 4; TGFBR2, TGFβ receptor 

2. 
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show a distinct activation of pathways related to epithelial-mesenchymal transition (EMT) 

and stemness. These pathways include the TGFß and integrin pathways and show over-

expression of proteins implicated in extracellular matrix remodeling and complement sig-

naling [81, 82]. CMS4 tumors exert a proangiogenic and stromagenic influence on the 

microenvironment. In comparison to other CIN groups, CMS3 tumors have a distinctive 

global genomic and epigenomic profile, with consistently fewer copy number alterations. 

Up to 30% of the tumors of CMS3 are MSI, hypermutated and show intermediate levels 

of hypermethylation [82]. The most prominent feature of CMS3 epithelial tumors is met-

abolic reprogramming, including activation of glutaminolysis and lipidogenesis. In addi-

tion, CMS3 tumors are enriched for RAS-activating mutations, which have been linked 

to prominent metabolic adaption in CRC [82, 83]. 

1.1.8 Prognosis and predictive factors 

1.1.8.1 Molecular and cellular biomarkers 

Cancer related molecular and cellular markers can be classified in four groups: (1) Diag-

nostic markers, (2) Prognostic markers, (3) Predictive markers and (4) Surveillance 

markers [84]. Diagnostic markers are used for early detection and risk assessment, 

whereas indications about the probable progression of the disease are given by prog-

nostic markers. Predictive markers, on the other hand, predict the patient’s response to 

therapy. Lastly, surveillance markers are used to monitor possible disease recurrences. 

As mentioned above, treatment is usually less extensive and more successful in early 

stages of the disease, thus improvements in this area could play a key role in reducing 

CRC mortality. Unfortunately, since some examination techniques such as colonoscopy 

are invasive, some patients do not want to undergo screening programs, which makes 

the development of non-invasive methods very desirable.  

Microsatellite instability 

Microsatellite instability (Figure 7A) arises in 15 to 20% of sporadic human colorectal 

tumors as well as in almost all colon cancers occurring in patients with Lynch syndrome. 

It is caused by the inactivation of members of the human DNA MMR gene family [38]. 

Thus, MSI status is a marker for loss of DNA MMR activity and is currently detected by 

specific microsatellite screening panel and used by different clinical laboratories. Its im-

portance as a predictive and prognostic biomarker has recently been demonstrated by a 

meta-analysis involving >7500 patients, showing that CRC MSI tumors had a better 
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prognosis than tumors with an intact mismatch repair [85, 86]. Kudryavtseva et al. 

demonstrated that a hypermutated tumor phenotype, as given in MSI-high tumors, is a 

marker for a favorable prognosis, especially in the absence of early onset of the disease 

and mutations in the BRAF gene [87]. The MMR status has also predictive capabilities 

in therapies with immune checkpoint inhibitors like pembrolizumab [88]. 

Chromosomal instability 

Chromosomal instability (Figure 7B) is the most common form of genetic instability and 

present in about 65%-70% of CRCs [86]. As mentioned above, CIN can be observed in 

various forms in cancer in general. Proposed categories of genomic instability include: 

(1) slight changes in the DNA sequence; (2) alterations in chromosome number (aneu-

ploidy), (3) chromosome rearrangements, and (4) gene amplification [89, 90]. However, 

despite the high occurrence of CIN in colon cancer and the fact that alterations in chro-

mosome number are recognized as a hallmark of cancer, knowledge of underlying mo-

lecular events is largely incomplete. Improving the understanding of underlying mecha-

nisms is especially important, since it appears that different forms of CIN exhibit mecha-

nism specific susceptibilities to different classes of chemotherapy [38]. Thus, molecular 

typing, in which determination of the mechanisms altered in the cancer, will improve the 

selection of suitable chemotherapeutic agents. Furthermore, CIN tumors with deletions 

in 18q, 8p, 4p and/or 15g regions are markers of unfavorable prognosis and loss of 18q 

with subsequent reduced expression of SMAD4 is associated with lower response to 5-

Floururacil (5-FU) [87]. 

DNA methylation 

DNA methylation (Figure 7C) is an important epigenetic modification that can regulate 

gene expression. As mentioned before, DNA methylation happens at cytosine residues 

that are directly preceding guanines, so- called CpG dinucleotides. DNA methylation oc-

curs in relatively stable patterns that are established during development throughout the 

most part of the human genome [91]. Approximately 70% of CpG dinucleotides of the 
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human genome carries this epigenetic modification. However, so-called CpG islands, 

which are regions that are enriched for CpG dinucleotides, are present in the 5’ region 

of approximately 50%-60% of genes. These CpG islands are particularly interesting be-

cause they are maintained in an unmethylated state. In many cancers, CpG islands can 

become aberrantly methylated, which can be accompanied by transcriptional repression 

as well. This class of CRC has been defined as having a ‘CpG island methylator pheno-

type (CIMP)’ [86]. Weisenberger et al. found that in CRC CIMP is based on the methyl-

ation status of five specific genes (CACNA1G, IGF2, NEUROG1, RUNX3 and SOCS1) 

Figure 7: Different types of molecular and cellular biomarkers in colorectal cancer. During 

the progression of the disease different molecular and cellular biomarker are released in an in-

creasing manner. The two-major carrier, apart from the tumorous tissue itself, are blood/serum 

and stool. The tumor can be located at various sites throughout the colon and rectum. 
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[53]. Approximately 80% of sporadic CRCs with MSI-high status harbor biallelic hyper-

methylated MLH1 alleles [53] and CIMP-positive tumors exhibit distinct features such as 

poor mucinous histology and frequent KRAS and BRAF mutations [54]. Because of this 

correlation, CIMP status can be used as a biomarker to identify groups to further look for 

specific mutations like KRAS and BRAF, As mentioned previous, mutations in the KRAS 

gene are one of the most utilized predictive markers for response to anti-EGFR antibody-

based therapies using cetuximab and panitumumab.  

DNA mutations 

The Cancer Genome Atlas identified 24 significantly mutated genes via the analysis of 

somatic alterations in CRC by whole-genome sequencing (Figure 7D) [49, 86]. These 

alterations enable a broad classification into two groups: hypermutated tumors and non-

hypermutated tumors. HM tumors account for about 15% of all CRC, of which three-

quarters show high-frequency MSI and one-quarter with somatic mutations in MMR 

genes and polymerase-ε (POLE) mutations. Non-HM tumors account for the other 85% 

of all colorectal tumors. They are characterized by multiple somatic copy number altera-

tions and aneuploidy. These tumors display activating mutations in the KRAS and 

PIK3CA genes as well as loss of heterozygosity (LOH) of the APC and TP53 tumor-

suppressor genes [49]. Thus, these specific DNA mutations can be used as predictive 

biomarker for the effectiveness of immunotherapies. 

Tumor specific gene expression patterns 

Tumor specific gene expression patterns (Figure 7E) were derived from gene expression 

analyses of tumor derived cells/tissue in comparison to normal tissue by DNA-microar-

rays and next generation sequencing (NGS) techniques. These gene-expression signa-

tures can be used for molecular classification of different tumors as well as cancer sub-

types [92]. Molecular classifications of CRCs using gene expression data has also been 

shown to have predictive value [75, 79] or prognostic information [74, 76]. Moreover, high 

throughput gene expression profiling showed that tumor subtypes overlap with previous 

classification systems using the MSI, CIN, CIMP or KRAS/BRAF mutation status [79]. 

Additionally, abnormalities and dysregulation in non-coding regulatory RNAs have been 

shown to contribute to tumorigenesis and cancer development [93, 94]. Budinska et al. 

showed that gene expression profiling confirms and complements data from sequencing, 

copy number variations and promotor methylation analysis. Additionally, they identified 

subtypes with prognostic value [74]. This shows that specific expression patterns can be 

used as prognostic markers.  
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Tumor specific microRNA expression patterns 

Rather recently, tumor specific microRNA expression patterns (Figure 7F) have come 

into focus as well. It has been demonstrated that some miRNAs can function either as 

tumor suppressors or oncogenes [93, 95], and expression profiling of miRNAs has re-

vealed characteristic signatures in different cancers including CRC [94, 96]. Regulatory 

miRNAs are especially interesting, because they have some unique characteristics 

which make them promising candidates as biomarker. First, they are stable under a va-

riety of experimental and laboratory conditions. Second, their small size and hairpin 

structure protects them from RNase-mediated degradation. Hence, they are extractable 

from a wide variety of clinical specimens, including formalin-fixed paraffin embedded tis-

sues, and a variety of fluids including, blood, saliva, urine, feces etc. Another protective 

aspect is their occurrence in high density lipoprotein particles, apoptotic bodies and ex-

osomes [97]. So far, the best studied role of miRNAs in tumorigenesis is by their contri-

bution to invasion, migration and the progression of disease through epithelial to mesen-

chymal transition (EMT) into metastases. Hence, it is not surprising that dysregulation of 

several miRNAs has been reported at different stages of CRC development and progres-

sion, and different stages of CRC have been associated with the expression of over 500 

differentially expressed miRNAs [98–101].  

Telomere length dynamics 

Telomere length dynamics (Figure 7G). In mammals, the ends of the chromosomes are 

called telomeres. They consist of a 6bp sequence that repeats itself numerous times. 

Telomeres are added by the telomerase and have a crucial role in maintenance of chro-

mosomal stability [102]. However, with each cell division, several mechanisms contribute 

to the progressive loss of the telomeres. These mechanisms include mispairing, oxida-

tive stress as well as other end processing events [103, 104]. Telomere length and te-

lomerase activity play also an important role in malignant transformation and have differ-

ent effects, depending on the stage of tumorigenesis. The progressive loss of telomeres 

limits cell proliferation and thus contributes to tumor suppression during early stages. 

However, at a certain point the loss of telomere length eventually leads to genomic dis-

array that then results in tumor formation. Firstly, via activation of a reverse transcriptase 

enzyme the telomerase and secondly, the generation of other mutations that are neces-

sary for the progression of the tumor [105]. Moreover, several studies show that 
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telomeres are shorter in CRCs compared to the adjacent normal mucosa, and malignant 

tumors have a relatively shorter telomere length than benign tumors [106–109]. 

Angiogenesis biomarkers 

Angiogenesis biomarkers (Figure 7H) are factors that are involved in angiogenesis path-

ways. Angiogenesis is the new blood vessels generation from endothelial precursor, me-

diated by different factors. Since growing tumors eventually need blood vessels to con-

tinue their growth, angiogenesis is also a critical step in cancer progression. The most 

studied factor in this context is the vascular endothelial growth factor (VEGF) family. A 

potential value of VEGF as a predictive or prognostic biomarker for metastatic CRC 

(mCRC) has been reported by Tsai et al. They found that responsiveness to bevaci-

zumab and subsequent progression-free survival, could be predicted by decreased peri-

therapeutic VEGF expression in mCRC patients [110].  

Non-invasive biomarkers 

Non-invasive biomarkers (Figure 7I) can be divided into two big sub-categories: (1) blood 

biomarkers and (2) stool biomarkers. At early stages of the disease blood biomarkers 

are particularly interesting, but they also find as use in monitoring the therapeutic 

Figure 8: The secretion of biomarkers during different stages of CRC progression. Bi-

omarkers are secreted bi-directional: They can be present in the circulating blood as well as the 

patient’s stool. The amounts of secreted biomarkers also increase with the size and progression 

of the tumor. 
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response in CRC patients as well as in the detection of disease recurrence or relapse. 

Circulating tumor cells are tumor cells that are derived from either the primary tumor or 

metastases which are circulating in the peripheral blood. A meta-analysis by Rahbari et 

al. concluded that in patients with primary CRC the presence of CTCs in the peripheral 

blood was an indication for poor prognosis [111]. Recently, circulating cell-free DNA, 

circulating microRNAs and circulating proteins have also been studied in the context of 

non-invasive biomarkers. On the other hand, stool-based markers come from colono-

cytes shed into the colorectal lumen. Since they are directly derived from the tumor cells, 

they are assumed to be highly specific for CRC. These biomarkers include stool DNA, 

microRNAs, proteins, secretory molecules and biochemical materials, derived from the 

metabolism of cancer cells. However, although several stool-based test are available, 

often times the sensitivity and specificity for these tests is not sufficient [86]. 

Inflammatory biomarkers 

Inflammatory biomarkers (Figure 7J) such as C-reactive protein (CRP) [112], Interleukin-

6 (IL6) [113] and TNFα [114] are also associated with CRC development. Another prom-

ising biomarker is the immunoscore which was presented by Franck Pagès and col-

leagues [115]. The immunoscore is derived from a measure of CD3-posititve and CD8-

positive cell densities in the center of the and its invasive margin. It was also found to be 

of larger prognostic value than pT stage, pN stage, lymphovascular invasion, tumor dif-

ferentiation, and MSI status. Additionally, the predictive value of TNM staging was im-

proved when it was associated with the immunoscore. 

1.1.9 Colorectal cancer treatment 

1.1.9.1 Introduction to colorectal cancer treatments 

CRC is a common malignancy and remains a serious health burden in the Western world 

[116]. So far, removing the tumor via surgery is the only curative treatment. Advances in 

chemo-radiotherapy have increased survival, reduced recurrences, and prolonged life in 

metastatic disease. Other, imaging modalities such as magnetic resonance imaging and 

PET scan have contributed immensely to better tumor staging. The strongest indication 

to give adjuvant chemotherapy is currently the detection of regional lymph node metas-

tases in the surgical specimen. As genetic profiles of tumors are being explored, it is 

desired and more and more within reach to specifically tailor treatment and allocate re-

sources in a more favorable way in the future. The combination of molecular imaging 
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and targeted therapies will continue to improve outcomes for this patient with CRC [117, 

118]. 

Surgery 

If the cancer grows beyond the polyp and into the colon wall, the initial treatment usually 

involves surgery, with the most common form being the colectomy. As mentioned above, 

for localized colon cancers (stage I-III) surgery is currently the only curative treatment 

option. Similarly, it also is the only potentially curative treatment for patients with minimal 

metastatic spread to the liver and/or the lung (stage IV disease). Generally, the primary 

tumor is removed surgically with adequate margins, also including areas of lymphatic 

drainage. In more recent years, there has been a trend in surgical treatment towards 

minimal invasive surgical techniques. For colon cancer, several randomized studies in-

dicated the same oncologic results with laparoscopic or laparoscopy-assisted surgery as 

with open surgery [119–121].  

Adjuvant chemotherapy 

Adjuvant therapy is a chemotherapy that is given after the known tumor is removed by 

surgery, to destroy left-over cells that may still be present in the body, thus preventing a 

possible cancer recurrence. While there is no existing general consensus between dif-

ferent regions in the world, most agree that patients with the presence of metastatic 

spread in the lymph nodes (stage III) should receive adjuvant chemotherapy in addition 

to surgery. Thus, for CRC the strongest indication to give adjuvant chemotherapy is cur-

rently the positive detection of regional lymph node metastases in the surgical specimen 

[122, 123]. During the past years, the outlook for CRC patients has improved consider-

ably. In the past, the first effective chemotherapeutic drug used in this regard was fluor-

ouracil (5-FU). 5-FU acts an inhibitor of the thymidylate synthase, thus inhibiting DNA 

synthesis. The drug was usually administered in combination with leucovorin (i.e., folinic 

acid), which supposedly enhances the binding of the drug to thymidylate synthase. How-

ever following the success of 5-FU, two other cytotoxic drugs, namely capecitabine, 

which is an oral fluoropyrimidine, and oxaliplatin, which is an inhibitor of DNA replication 

and possibly a down-regulator of the expression of thymidylate synthase, have also been 

widely used. Additionally, combinations of drugs, e.g. fluoropyrimidines in combination 

with oxaliplatin in a regimen known as FOLFOX (consisting of folinic acid, fluorouracil, 

and oxaliplatin) or CapOx (consisting of capecitabine and oxaliplatin) have been added 

to the clinical practice [124, 125].  
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Neoadjuvant chemotherapy 

Neoadjuvant therapy is a chemotherapy given prior to the surgical procedure. It purpose 

can be an attempt to shrink the tumor, to reduce the extent of the surgical procedure. 

Preoperative staging for cancer of the colon and cancers of the rectum is not identical 

and varies to some extent. For colon cancer, there is no data to support a benefit from 

neoadjuvant therapy, therefore the tumor staging is primarily aimed at resection of the 

tumor and evidence of metastatic disease. This is usually done with a CT scan of the 

thorax and the abdomen [118]. For rectal cancer on the other hand, local tumor staging, 

builds the basis for preoperative neoadjuvant treatment and is managed with MRI and/or 

endorectal ultrasound (EUS). A review for neoadjuvant therapy for rectal cancer showed 

a 50% reduced chance of local recurrence for stage II and III rectal cancers with neoad-

juvant radio-chemotherapy, but for the downside of increased toxicity/complication and 

long term anogenital dysfunction [126]. 

Radiation therapy 

Radiation therapy can be used in a neoadjuvant setting. Neoadjuvant chemoradiation is 

primarily used to downstage locally advanced rectal tumors before their surgical removal. 

The downstaging can go so far as to the achievement of a complete clinical response, 

where no evidence of tumor can be found on clinical assessment prior to the surgery. 

Therefore, it is not surprising that recent studies suggested a ‘watch and wait policy’ for 

those patients who achieve a complete disappearance of all signs of the disease. Pa-

tients are closely clinically followed-up and surgery is only performed if local recurrence 

manifests. Promising results have already been reported with no difference in 5-year 

survival between ‘watchful waiting’ and surgery [127]. 

Other (Ablation, Embolization, Clinical trials) 

Therapeutic options for patients who cannot undergo surgery include different thermal 

ablation techniques. Cryotherapy is a technique that uses probes to freeze tumors and 

surrounding parenchyma. Radiofrequency ablation on the other hand is different tech-

nique that uses probes to heat tumors and surrounding margin of tissue to create coag-

ulation necrosis.  
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1.1.9.2 Treatment by stage 

Stage 0 

Stage 0 colon cancers (Figure 9) are tumors 

that have not yet grown beyond the inner lin-

ing of the colon. In most cases, surgery is 

enough to remove the cancer. This can be 

achieved by removing the malignant 

cells/adenocarcinoma (polypectomy) or lo-

cal excision through a colonoscope. Occa-

sionally, it is also necessary to remove part 

of the colon if a tumor is too big to be re-

moved by local excision. 

Stage I 

Stage I colon cancers (Figure 

10) have penetrated through the 

submucosa and reached the 

muscle layer, but they have nei-

ther spread further outside the 

colon wall itself nor into the 

nearby lymph nodes. Usually 

the cancer is removed com-

pletely during colonoscopy, with 

no cancer cells at the margins 

and no other treatment are nec-

essary. However, if the cancer is 

high grade or there are cancer 

cells present at the margins, more surgery may be recommended. Sometimes, additional 

surgery may also be advantageous if the tumor was not removed completely or if the 

tumor had to be cut and removed in many pieces. In these patients, partial colectomy, 

where the section of the colon that has the cancer, including nearby lymph nodes, may 

be necessary. 

 

 

Figure 10: Stage I colon cancer. From the mucosa of the 

colon wall, the tumor has penetrated through the submu-

cosa and reached the muscle layer. 

Figure 9: Stage 0 (colon carcinoma in 

situ). The mucosa of the colon wall con-

tains abnormal cells. 
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Stages II 

 
Figure 11: Stage II colon cancer. In stage IIA the tumor has penetrated the muscle layers and 

reached the serosa. In stage IIB the tumor has also penetrated the serosa but not further spread 

to nearby organs. In stage IIC the tumor has penetrated the serosa and also spread to nearby 

organs. 

Stage II colon cancers (Figure 11) have penetrated through the wall of the colon and 

might even be growing into nearby tissue. However, they have not yet reached lymph 

nodes. In these cases, often the best treatment option is partial colectomy, a surgery 

where the area of the colon that contains the tumor as well as nearby lymph nodes are 

removed. However, adjuvant chemotherapy may be advised if the cancer has a higher 

risk of recurrence due to distinct factors, such as: high grade tumors, spread to nearby 

blood or lymphatic vessel, cancer in or near the margins of the removed tissue, and 

perforation of the wall of the colon. There is no consensus on when chemotherapy should 

be applied for stage II colon cancers.  

Stage III 

Stage III colon cancers (Figure 12) have spread to regional lymph nodes, but not yet 

spread to other parts of the body. For these cases the standard treatment is a partial 

colectomy followed by adjuvant chemotherapy. Most frequent applied treatment regi-

mens are, either FOLFOX (5-FU, leucovorin, and oxaliplatin) or CapeOx (capecitabine 

and oxaliplatin). However, 5-FU with leucovorin or capecitabine alone may also be an 

option based on age and health requirements. Additionally, radiation therapy and/or 

chemotherapy may be advised for people who cannot undergo surgery. 
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Figure 12: Stage III colon cancer. In stage IIIA the cancer spread through the mucosa of the 

colon wall to the submucosa or the muscle layer. It has also reached one/two/three regional lymph 

nodes. Or the cancer has penetrated the mucosa and reached the submucosa, has not yet 

reached the muscle layer, but has spread to four/five/six regional lymph nodes. In stage IIIB the 

cancer has reached the serosa or has penetrated the serosa but not yet spread to nearby organs. 

Or the cancer has reached the muscle layer or spread to the serosa, and to four/five/six nearby 

lymph nodes. Or the cancer has penetrated the mucosa and reached the submucosa and has 

spread to more than six nearby lymph nodes. In stage IIIC the cancer has penetrated the serosa 

but has not yet reached nearby organs and has reached four/five/six nearby lymph nodes. Or the 

cancer has penetrated the muscle layer, reached the serosa and has spread more than six nearby 

lymph nodes. Or the cancer penetrated the serosa and spread to nearby organs and also to one 

or more nearby lymph nodes or to tissues near the lymph nodes. 
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Stage IV / Metastatic disease 

Distant metastases or recur-

rent disease manifest most 

frequently (>50%) in the liver 

and lungs, followed by about 

13-25% of patients with re-

current CRC who develop 

synchronous or metachro-

nous peritoneal metastasis. 

Association with distant me-

tastasis reduces long-term 

survival considerably. How-

ever, the surgical approach 

to metastatic disease has 

changed dramatically over 

the past years. The management of metastatic disease has improved considerably. Me-

dian survival for patients with metastatic disease used to be about 6-9 months without 

any chemotherapy. With the current use of third and fourth line chemotherapy and tar-

geted medication, the expected median survival can be up to 24 months [128]. Interna-

tional, European, and U.S. guidelines recommend combination chemotherapy with the 

addition of a monoclonal antibody for the first-line treatment of metastatic CRC [129]. 

Although, monoclonal antibodies against both VEGF (bevacizumab) and EGFR (cetuxi-

mab) are now available, data suggest that it might not be beneficial to combine multiple 

forms of targeted therapies. This might be because of unknown interactions in intracel-

lular signaling [124]. Additionally, the current costs for this kind of treatments are unprec-

edented in medical history [130]. Another limiting factor is the mutational status of the 

KRAS gene. Only patients with wild-type KRAS tumors benefit from anti-EGFR targeted 

therapies. 

1.1.9.3 Resistance to chemotherapy 

Resistance of the tumor to a cytotoxic therapy can be conferred by various mechanisms. 

In general, the tumor has or acquires the ability to decrease the delivery of the drug into 

the cancer cell. This can be achieved through various mechanisms, such as an increased 

efflux out of the cell, a decreased uptake into the cell, or by changes to enzymes that are 

involved in the cell’s metabolism. Alternatively, resistance to  chemotherapy can also be 

Figure 13: Stage IV colon cancer. The cancer has spread 

via the blood and lymph nodes to other parts of the body. 
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achieved by changes within the cell itself via genetic or epigenetic modifications which 

are able to alter the cell’s sensitivity to a certain drug [131]. Another reason for resistance 

to a drug can be explained by the concept known as multidrug resistance (MDR). Where 

acquired resistance to one drug also confers resistance to other drugs. A more detailed 

introduction into resistance to chemotherapy is described further down in the context of 

oxaliplatin resistance in colorectal cancer in chapter 1.2.5 Resistance to oxaliplatin. 

Resistance to targeted therapies can have many reasons. Underlying mechanisms can 

be gene upregulation and mutations or activation of downstream signaling molecules 

within specific pathways. Additional possibilities include mechanisms that bypass certain 

pathways or increase cross-talk between analogous pathways [132, 133]. Improving the 

understanding of mechanisms underlying acquired drug resistance to targeted therapies 

is an important step in improving the development of novel, more effective treatment 

combinations. 
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 Oxal ip la t in  

Oxaliplatin (Figure 14) is a third-generation 

platinum-based antineoplastic drug that is 

widely used in the treatment of colorectal, 

gastric and pancreatic cancers. It is typi-

cally used in combination with folinic acid 

and 5-fluorouracil in a regimen known as 

FOLFOX. Oxaliplatin is a heavy metal 

complex containing a square planar plati-

num(II) center with a bidentate 1,2-dia-

minocyclohexane (DACH) ligand and an also bidentate oxalate ‘leaving group’. Oxali-

platin undergoes rapid non-enzymatic transformation in plasma into active derivatives 

via displacement of the labile oxalate ligand. DACH-platinum complexes enter the cell 

where they exert their cytotoxic properties [134]. The drug is administered intravenously 

and has a characteristic short initial phase of distribution and a long final phase of drug 

clearance [135]. 

1.2.1 Pharmacokinetics 

In saline solutions Oxaliplatin rapidly biotransforms to highly reactive monochloroplati-

num, dichloroplatinum, and diaquoplatinum derivates [136]. These derivates can then 

interact with tissues, proteins, and other plasma components [135]. After administration, 

oxaliplatin shows distinct kinetics in plasma which can be divided into three phases. Ini-

tially, there is a short α-phase half-life of 0.25 to 0.33 hours followed by a longer β-phase 

half-life of ∼16 hours. Lastly, there is a γ-phase half-life of 240 to 600+ hours [135, 137]. 

More than half of the drug is excreted into the urine within the first 48 hours after admin-

istration [135].  

 

 

Figure 14: oxalato(trans-L-1,2-diamino-

cyclohexane)platinum. 
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1.2.2 Mechanisms of action (MoA) 

1.2.2.1 General MoA 

Various mechanisms of action are described for oxaliplatin and, like similar platinum-

based drugs, it exerts its cytotoxic effect mainly through DNA damage. However there 

are various mechanisms like the arrest of DNA synthesis, formation of DNA lesions and 

inhibition of RNA synthesis that can cause apoptosis of cancer cells [134]. Oxaliplatin 

mainly enters the cell via passive diffusion, although Burger et al. have shown that active 

transport is also important [138]. At intracellular physiological conditions, and after aqua-

tion, dichloro(DACH)platinum compounds enter the cell nucleus, where they form in-

trastrand adducts between two adjacent guanines or guanine and adenine residues. 

They bind a nitrogen atom (N7) of guanine, forming first DNA monoadducts, then diad-

ducts [139] disrupting DNA replication and transcription and therefore causing apoptosis 

after cell cycle arrest [140] unless nucleotide excision repair (NER) has occurred. Alt-

hough, these platinum compounds interact mainly with DNA, they also bind to RNA and 

proteins [135]. In colon cancer cells, exposure to oxaliplatin can induce the apoptotic 

pathway via caspase 3 activation, translocation of Bax to the mitochondria, and release 

of cytochrome c into the cytosol [141].  

In addition to formation of DNA lesions, the conformation of oxaliplatin adducts, as com-

pared with those of cisplatin or carboplatin, makes binding with the MMR protein complex 

difficult, which presumably results in greater irreversibility of the lesions. Therefore, more 

effectively preventing DNA synthesis through greater bulkiness of oxaliplatin-derived 

DNA adducts [142].  

Another mechanism through which DNA synthesis is arrested, is a direct inhibitory effect 

of oxaliplatin on thymidylate synthase, thus preventing the incorporation of thymidine 

nucleic acid synthesis [143].  

In addition to inhibition of DNA replication, inhibition of transcription at the initiation and 

elongation phase can also play an important role in causing cell death. For oxaliplatin 

there are three main mechanisms established [144]. The first mechanism is based on 

the binding of transcription factors, because platinum-DNA adducts can act as binding 

sites for transcription factors, thus binding of the transcription factors to their promoter 

sites is prevented. The second mechanism is based on the inhibition of RNA polymer-

ases, since the active site of an enzyme such as polymerase II is not accessible for 

platinum-DNA adducts. Lastly, nucleosomal DNA adducts have the potential to block 
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RNA polymerase’s access to the DNA template, by influencing the structure of the nu-

cleosomes. 

1.2.2.2 Immunological Mechanism 

More recently, oxaliplatin has been described to not only reduce tumor progression by 

direct cytostatic and cytotoxic effects, but also cause immunogenic death of colon cancer 

cells. Exposure to oxaliplatin, stimulates translocation of calreticulin (CRT) from the en-

doplasmic reticulum (ER) to the cell surface of colon cancer cells, as well as induces the 

release of high-mobility group box 1 protein (HMGB1) [145]. Surface CRT acts as an 

engulfment signal [146, 147] and targets apoptotic cells for interaction with dendritic cells 

(DC) and subsequent cross-penetration of tumor antigens [148]. However, since surface 

CRT alone does not result in immunogenic detection, cells must emit additional signals. 

As a response to most chemotherapeutic agents, including oxaliplatin, dying cells re-

lease HMGB1 into the extracellular milieu [149] where it interacts with receptors that are 

expressed on the surface of DCs, including the toll-like receptor 4 (TLR4) [150]. Both 

these signals are required for an immunogenic cell death [151] Additionally, the signals 

trigger the production of interferon ɣ by T cells and also interact with the TLR4 of DCs, 

resulting in a sort of tumor vaccine [145]. 

1.2.3 Toxicity 

One of the limitations associated with platinum based-chemotherapy is the development 

of dose-limiting toxicities that prevent continuation of treatment. Oxaliplatin is generally 

less toxic than cisplatin, but it still generates a high incidence of peripheral neuropathy 

that is further classified as either acute or chronic. This classification depends on the 

timing of its presentation, immediately following treatment (acute) or after high cumula-

tive doses (chronic) [152]. Clinically, peripheral neuropathy is characterized by the initial 

development of paraesthesia (tingling) and dysaesthesia of the toes and fingers, which 

extends with time to a ‘glove and stocking’ distribution [153, 154]. The pain induced is 

severe and may affect a patient’s functional abilities as well as lowering the quality of life. 

As a potential mechanism Grolleau et al. propose that voltage-gated sodium channels 

can be altered by oxaliplatin through a pathway involving calcium ions. These ions are 

probably immobilized by oxalate, a metabolite of oxaliplatin [155]. Strategies to limit neu-

rotoxicity include the co-administration of thiols, in particular glutathione (GSH), or vita-

min E together with the platinum agent [154]. Nevertheless, contraindicatory reports of 
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the success of glutathione treatment have been reported [156] and the interest in this 

approach has been diminished over the recent years. Instead, clinical data support alle-

viation of peripheral neuropathy for patients treated with a calcium and magnesium infu-

sion on the day of oxaliplatin treatment, without loss of oxaliplatin anticancer activity 

[157]. Similarly, the approach of discontinuing the treatment as soon as a patient exhibits 

peripheral neuropathy, until the symptoms have worn off, and then continuing oxaliplatin 

treatment, seems to manage long term and accumulating effects of oxaliplatin as well 

[157]. Oxaliplatin can also cause gastrointestinal symptoms like nausea, vomiting, and 

diarrhea [158], but they are not considered limiting as they are effectively treated with 

5HT3 receptor antagonists [159]. 

1.2.4 Oxaliplatin in colorectal cancer 

Although molecular and cellular mechanisms for the efficacy of Cisplatin were not under-

stood in the beginning [160], it has been used in the treatment of at least 18 distinct tumor 

types [161] for almost 50 years [160]. However, cisplatin-induced adverse reactions and 

the development of resistance to treatment resulted in the development of the two deriv-

atives, carboplatin and oxaliplatin. Interestingly, oxaliplatin displays adverse effects that 

differ from those of cisplatin and carboplatin, and is effective in colorectal and other gas-

trointestinal cancers, on which cisplatin and carboplatin exhibit minimal efficacy [162]. 

Additionally, there seemed to be no cross resistance between cisplatin and oxaliplatin 

and oxaliplatin could also be of possible use in a second-line treatment setting in cispla-

tin-resistant tumors [142]. Interestingly, despite the apparent differences between these 

two drugs, only few pharmacodynamic studies were performed. This might be due to the 

assumption that the mode of action of oxaliplatin and cisplatin cytotoxicity were the same. 

Without understanding why, oxaliplatin showed a stronger activity against colorectal can-

cer, in comparison to cisplatin and carboplatin, which ultimately drove the decision to use 

the drug in the treatment of CRC [163, 164].These preclinical studies were done with the 

National Cancer Institute automated screening panel, in which oxaliplatin showed activity 

against six of eight CRC cell lines, in contrast to cisplatin and carboplatin which showed 

no activity [163]. As, oxaliplatin showed only modest activity (10%) as a single-agent in 

5FU-refractory colorectal cancer [164] and about 20% in untreated colorectal cancer 

cases [165], both paper conclude that to improve these outcomes oxaliplatin should be 

explored further in combinations with other drugs. Strengthening this conclusion even 

further, an uncontrolled study had already suggested a synergistic mechanism of 5FU 
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and oxaliplatin, with reported response rates reaching 58% in a heterogeneous cohort of 

untreated and previously treated colorectal cancer patients [166]. Later trials also con-

firmed the high efficacy of 5FU–leucovorin–oxaliplatin in 5FU-refractory colorectal carci-

nomas and it was termed FOLFOX [167]. Several versions of this regimen have been 

developed (FOLFOX1 to FOLFOX7) to improve 5FU-related toxicity and patient’s con-

venience, with no strong evidence, indicating superiority of any of the variations in terms 

of efficacy [134]. Positive results have also been reported in trials in which 5FU and 

leucovorin were replaced by capecitabine, forming the XELOX or CAPOX regimen [168].  

After the promising outcome of oxaliplatin-based chemotherapy in advanced colorectal 

carcinoma, options for oxaliplatin in the adjuvant setting were also explored. A study by 

André et al. in 2009 confirmed that the FOLFOX regimen improved overall survival in 

stage III patients [169].  

Nowadays, molecularly targeted therapy is also added to oxaliplatin-based chemother-

apy. Six targeted therapies are currently being used for the treatment of advanced colon 

cancer: bevacizumab [170], cetuximab [171], panitumumab [172], regorafenib [173], 

ramucirumab [174], and aflibercept [175]. Anti-VEGF therapies include bevacizumab, 

ramucirumab, and aflibercept, whereas cetuximab and panitumumab function as anti-

EGFR therapies. Regorafenib is a multikinase inhibitor, inhibiting VEGF among others. 

1.2.5 Resistance to oxaliplatin 

Although, introducing oxaliplatin-based therapy regimens has improved colorectal can-

cer treatment significantly and most cases are initially responsive to the combined ther-

apy treatment, eventually, intrinsic or acquired resistance is still the major cause of treat-

ment failure. Even today, the mechanisms involved in oxaliplatin resistance are still 

poorly understood, as most studies have been focused on cisplatin [176]. Treatment re-

sistance can be caused by a number of cellular adaptations and is a multifactor process. 

It has been related to reduced drug uptake, inactivation by glutathione and other anti-

oxidants, and increased DNA repair or enhanced tolerance to damage alterations [176, 

177]. 

1.2.5.1 Cellular Influx/Efflux 

As mentioned previously, although passive diffusion was thought to be the main process 

that facilitates drug uptake into the cell, recently, it has also been shown that active 

transport plays an important role as well [138]. As the cytotoxic potential of platinum 
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drugs is dependent on the amount of drug that enters the cell, it is not surprising that 

most of the cells with an acquired resistance to these drugs show decreased drug accu-

mulation within the cell. 

Copper transporters 

Several studies suggest a role of the copper transporter 1 (CTR1) in drug accumulation 

of platinum drugs, but this has been associated with cisplatin and carboplatin resistance, 

whereas, the same effect was not so clear for Oxaliplatin [178]. This evidence, derived 

from multiple cell models, indicates that CTR1 regulates cytotoxicity of cisplatin by af-

fecting drug uptake [179–185] and that the copper exporters ATP7A [186] and ATP7B 

[187] contribute to cisplatin resistance by enhancing efflux. Moreover, the absence of 

CTR1 expression confers resistance to copper, cisplatin, carboplatin, and oxaliplatin in 

yeast and mammalian cells [179, 181, 182, 185], whereas overexpression of CTR1 was 

found to sensitize cells to the toxic effects of these agents [182, 188].  

Solute carrier transporters (SLC) 

Solute-carrier transporters are a group of transporters that play a crucial role in the ab-

sorption as well as excretion of drugs and xenobiotics in the intestine, liver and kidney. 

There are 25 transporter proteins that are included in the SLC22 subfamily, which con-

sists of organic cation, anion and zwitterion transporters. Transporter proteins of the 

SLC22 family have important functions in the translocation of various compounds across 

epithelial membranes of numerous organs [138]. Additionally, they are also involved in 

detoxification of a wide range of xenobiotics of various structures and sizes [189]. The 

subgroup of organic cation transporters (OCTs), consist of only three members: 

SLC22A1 (OCT1), SLC22A2 (OCT2), and SLC22A3 (OCT3), with compelling evidence 

that OCT2 is critically involved in the uptake and cytotoxicity of various platinum com-

pounds [190]. OCT2 has also been described to be involved in the metabolism of plati-

num compounds which indicates that the affinity of platinum compounds might vary. This 

has been described for the transport and intracellular uptake of cisplatin that is facilitated 

and mediated by OCT2, but when compared to oxaliplatin, the latter was found to be a 

better a substrate [138]. Zhang et al. demonstrated that the uptake of oxaliplatin in trans-

fected HEK293-hOCT2 cells was substantially higher than observed in control cells, but 

was reduced in the presence of an OCT antagonist [191]. Following this, the same group 

hypothesized that OCT2 expression may modulate oxaliplatin sensitivity in colorectal 

cancer and determine the resistance of colon cancer patients to platinum-containing reg-

imens [191]. While preclinical studies in ovarian cancer suggested a key role for OCT2 
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in platinum transport, this was less evident in clinical studies. An exploratory study 

demonstrated that the majority of ovarian tumors had no or low hOCT2 mRNA expres-

sion and there was no difference in expression level and/or frequency of SOCT2- positive 

tumors between responders and non/responders [190]. Since OCT2 expression was 

very low in these ovarian cancers, its functions in platinum transport might be limited. 

Similarly, colon cancer cell lines investigated for transporter gene expression were found 

to lack OCT2 mRNA expression [190, 191]. Although OCT2 seems to be able to intro-

duce oxaliplatin into the cells in an experimental setting, low expression in the tumor cells 

suggests a very limited relevance to drug uptake into the tumor [192]. 

 

 

ABC transporters and the glutathione system 

Cells eliminate many lipophilic substances by oxidation, subsequent conjugation to glu-

tathione (or glucuronate or sulfate), followed by transport through the plasma membrane 

out of the cell. Transport across the plasma membrane is mediated by integral mem-

brane glycoproteins that belong to the superfamily of ATP-Binding Cassette (ABC) trans-

porters. One of the first identified human ABC transporters, the P-glycoprotein (Pgp or 

MDR1) belongs to the ABCB subfamily. The Pgp-mediated drug extrusion is a widely 

observed mechanism in clinical multidrug resistance [193]. The ABCC subfamily includes 

numerous multidrug resistance-associated proteins (MRPs), which play a key role in the 

cellular elimination of endogenous and xenobiotic lipophilic compounds, this subgroup 

also includes the cystic fibrosis transmembrane regulator (CFTR) and the sulfonylurea 

receptors (SUR 1 and 2) [193–195]. In the context of drug resistance, the most intriguing 

members of ABC transporters are MDR proteins. These transporters exhibit broad sub-

strate specificity to a series of hydrophobic compounds used in chemotherapy of cancer. 

A wide accepted principle of multidrug resistance is the ability of MDR proteins to actively 

expel the cytotoxic compound from the cell. This prevents the drug to accumulate above 

a cell-killing threshold [193]. In the development of resistance to platinum-based drugs 

involvement of MRPs has been demonstrated [196]. As for oxaliplatin specifically, MRP1 

and MRP4 seem to be highly implicated in the development of resistance to oxaliplatin 

in ovarian carcinoma in vitro [197]. Furthermore, an association between oxaliplatin re-

sistance and MDR1 expression has also been studied, but with controversial results 

[198, 199]. 
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1.2.5.2 DNA adduct repair 

As mentioned above, formation of DNA adducts is thought to be the main mechanism of 

action of platinum-based cytotoxicity. Thus, it is not surprising that mechanisms involved 

in recognition and/or repair of these adducts have an important influence on the anti-

tumoral effect. The MMR system can recognize and repair cisplatin-DNA adducts, 

whereas it is not effective against oxaliplatin-DNA adducts [200]  

The NER system on the other hand is equally effective in repairing both cisplatin- and 

oxaliplatin-induced DNA damage in vitro [200]. The excision repair cross-complementing 

group 1 (ERCC1) and its catalytic partner XPF (xeroderma pigmentosum group F, 

ERCC4) is an important mediator of the NER that has been implicated in the resistance 

to oxaliplatin. Preclinical in vitro models with intrinsic low levels of ERCC1 or its genetic 

knock down are associated with sensitivity to oxaliplatin [201, 202]. In addition to XPF, 

XPG (xeroderma pigmentosum group G, ERCC5) has also been implicated in oxaliplatin 

resistance. Graf et al. demonstrated that silencing of XPF and XPG with siRNA nega-

tively affected DNA repair efficiency in oxaliplatin-treated cells, resulting in a higher sen-

sitivity to the drug [203].  

Another mechanism through which platinum-compounds induce DNA damage is through 

free radical production. The base excision repair (BER) system is mainly responsible for 

repairing corrupt DNA bases and DNA single-strand breaks and its capacity, as deter-

mined by 8-oxoguanine glycosylase/apurinic/apyrimidinic (AP) lyase activity, was identi-

fied as a protective factor against cytotoxicity from reactive oxygen species (ROS). Pres-

ton et al. demonstrated that cytotoxicity caused by ROS and platinum compounds was 

reduced upon up-regulation of the BER resistance to cisplatin was significantly higher 

than resistance to oxaliplatin [204].  

1.2.5.3 Cell death mechanism 

Cell death can be the result of various cellular mechanisms like apoptosis, regulated 

necrosis and autophagy that are activated when the cell is not able to sufficiently repair 

oxaliplatin-induced DNA damage. Thus, alterations in cell death-related genes and/or 

tumor suppressors often limit the drug’s efficacy [192].  

Apoptosis 

The tumor suppressor protein p53 can detect DNA damage, activate cell cycle control 

checkpoints, and trigger cell death. p53 expression levels and stability influence tran-

scriptional activation of its target genes and are often times altered after chemotherapy-
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induced DNA damage [205]. These proteins regulate cell cycle arrest and apoptosis 

[205–207], two events intimately related, in response to chemotherapeutic agents. The 

p53 gene is altered in over 50% of colorectal cancers, and mutations of p53 are usually 

associated with drug resistance [206]. As some p53 mutants do not completely lose their 

function, a mutant p53 ‘‘gain of function’’ phenotype has been demonstrated in tumor 

cells, and results in increased proliferation, tumorigenicity and chemoresistance [208]. 

Modifications in the p53 axis have also been associated with intrinsic resistance to oxal-

iplatin in colon cancer cells [209]. Inhibitors of apoptosis (IAP) proteins are a group of 

regulators that negatively regulate several caspases and cell death [210]. Many types of 

human cancers display alterations in IAPs that are associated with chemoresistance, 

disease progression, and poor prognosis [210, 211]. Additionally, this has been associ-

ated with acquired resistance to oxaliplatin in human colorectal cancer cell lines, in which 

higher levels of survivin, a member of the IAP family, were observed in oxaliplatin-re-

sistant cell lines compared to their parental cell lines [212].  

The Bcl-2 family of proteins regulates the intrinsic apoptotic pathway and consists of 

proapoptotic and antiapoptotic members. Sensitivity to oxaliplatin is decreased by loss 

of proapoptotic Bax [213] and sensitivity to oxaliplatin is increased by downregulation of 

the antiapoptotic members Bcl-2 and Bcl-xl [214].  

The extrinsic apoptosis pathway is mediated by the activation of the so called “death 

receptors” (e.g. TNFR1, Fas/CD95, TRAIL, DR4, and DR5) that are activated by associ-

ation with specific ligands. Almendro et al. demonstrated that impairment of this pathway 

promotes oxaliplatin resistance [215]. 

Regulated necrosis 

It has become clear that several mechanisms, such as alkylating DNA damage and liga-

tion of death receptors, can induce necrosis in a regulated manner [216]. Oxaliplatin has 

demonstrated to be an agent that can not only activate apoptosis in colon cancer cells, 

but mainly triggers necrosis, through its high level production of ROS, in a hepatocellular 

carcinoma cell model [217]. 

Autophagy 

Autophagy is a mechanism for the degradation of cytoplasmic material, damaged orga-

nelles and aggregate-prone proteins in lysosomes [218] that is typically activated in re-

sponse to several factors such as hypoxia, cellular stress, or DNA damage. Autophagy 

can act as a tumor suppressor as well as a tumor promoter, depending on various fac-

tors. Moreover, tumor cells can gain an advantage over normal cell by the upregulation 
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of autophagy, because it also promotes aggressiveness and resistance to cancer ther-

apy [219]. Shi, Tang and colleagues demonstrated that inhibition of autophagy resulted 

in an increased oxaliplatin-induced cell death, and induction of autophagy led to a de-

crease thereof respectively in a colon cancer cell model [220]. 

1.2.5.4 Nuclear factor κ light-chain enhancer of activated B cells 

The nuclear factor κ light-chain enhancer of activated B cells (NF-κB) is a transcription 

that has important functions in the development and progression of cancer. Abnormal 

activation of NF-κB has been suggested as the most important cause of chemo-

resistance, because it activates a multitude of mediators that play important roles in re-

sistance to chemotherapy [221]. Elevated NF-κB activity has also be found to negatively 

affect the sensitivity of CRC cells to oxaliplatin-induced death [222]. Additionally, CRC 

cell lines that exhibit acquired resistance to oxaliplatin demonstrated increased activation 

of NF-κB in comparison to their sensitive parental cells, implicating NF-κB as a potential 

mediator of oxaliplatin resistance acquisition in colorectal cancer [223, 224].  
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 Cyc l in -dependent  k inase 5  (CDK5)  

Cyclin-dependent kinase 5 (CDK5), also called neuronal CDC2-like kinase (NCLK), is a 

proline-directed serine/threonine kinase that is a member of the cyclin-dependent kinase 

family of proteins. CDK5 was first identified due to its close sequence homology to CDC1 

(CDK1) [225] and isolated from bovine brain [226]. However, despite the sequence ho-

mology, unlike other members of the family, its role in cell cycle regulation is still poorly 

understood. CDK5 is ubiquitously expressed in all tissues, with the highest expression 

levels and kinase activity being detected in the nervous system [227, 228]. Following this 

detection, it is not surprising that CDK5 has been well characterized for brain develop-

ment, function and pathologies [229], while its role in non-neuronal tissues has not been 

of particular interest until recently [230]. 

1.3.1 Regulation and activation of CDK5 

The activity of CDK5 is regulated through transcriptional control, post-translational mod-

ifications and protein ubiquitin-dependent and -independent degradation [229, 231, 232]. 

However, CDK5 is differently regulated than other CDK family members, which are acti-

vated by association with a cyclin activator. Nevertheless, CDK5 can also be activated 

by cyclins D, E, G1 and cyclin I [233, 234].  

1.3.1.1 Regulatory subunits 

The main mode of CDK5’s regulation (Figure 17) is through its association with the non-

cyclin proteins [235] p35 [236] and p39 [237], and their respective truncated forms p25 

and p29 [229]. P35 was identified as a CDK5 binding partner in brain extract and asso-

ciation of p35 with CDK5 is sufficient to activate its kinase function [236]. p39 was iden-

tified by its sequence homology to p35 [237]. Even though, p35 and p39 have little se-

quence similarity to cyclins, computer modelling and mutagenesis studies have predicted 

that p35 might adopt a cyclin-like tertiary structure [238, 239]. Crystallization of the 

CDK5-p25 complex confirmed previous predictions and demonstrated that the confor-

mation p25 folds into is very similar to that of a cyclin-box fold [240]. CDK5-p35 and 

CDK5-p39 complexes are the constitutive active forms of the kinase, and in contrast to 

other CDKs, CDK5 does not need further phosphorylation for maximal activation [241, 

242]. Active CDK5 phosphorylates a variety of different proteins, including the focal 
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adhesion kinase (FAK) [243], talin [244], peroxisome proliferator-activated receptor γ 

(PPARγ) [245] and c-Myc [246]. 

Cellular localization 

Despite ubiquitous expression of CDK5, its kinase activity seems to be the highest pri-

marily in the nervous system [228]. This goes along with the high expression pattern of 

its activators p35 and p39 in postmitotic neurons of the nervous system [247]. Cellular 

localization of p35 is mainly at the cell periphery. Both proteins, p35 and p39, contain an 

amino-terminal myristoylation signal motif, which targets the subunits to the cell mem-

brane (Figure 17) [248]. Overexpressed CDK5 on its own, does not show any specific 

distribution pattern, but co-expression with p35 directs it to the cell periphery, indicating 

that p35 and p39 dictate the localization of CDK5. p25 and p29 are calpain-cleaved forms 

Figure 17: Regulation of CDK5. CDK5 is recruited to the membrane through its interaction with 

the activator p35. p35 is a short-lived protein, and phosphorylation by CDK5 targets it for ubiqui-

tin-mediated proteolysis. Phosphorylation by c-Abl can regulate the kinase activity of CDK5. En-

gagement of the integrin receptors by laminin can stimulate transcription of p35 and p39. Treat-

ment of neurons with nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) 

induces the extracellular signal-regulated kinase (ERK)-mediated expression of p35, which re-

quires the transcription factor EGR1. The transcription factor δFOSB promotes CDK5 expression 

in response to chronic cocaine and electroconvulsive seizure (ECS) treatments, implicating the 

dopaminergic signaling pathway. (Green and red arrows represent stimulatory and inhibitory reg-

ulatory mechanisms, respectively.) 
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of p35 and p39, which are lacking the first 100 amino acids. These 100 amino acids 

contain the myristoylation signal, making p25 is more soluble and locating it mainly in 

nuclear and perinuclear regions [248]. 

Turnover rate 

CDK5 activity is tightly regulated by p35 protein levels [249]. It has a half-life (t1/2) of ~ 

20-30 min in primary cortical neurons, because it is subjected to phosphorylation-stimu-

lated, ubiquitin-mediated degradation [249]. As inhibition of CDK5 increases the stability 

of p35 2- to 3- fold, Patrick, Zhou and Colleagues suggested that this rapid turnover is 

due to phosphorylation of p35 upon CDK5 kinase activation by CDK5 itself, which acts 

as a negative feedback regulation for CDK5 (Figure 17) [229, 249]. In addition to the 

difference in subcellular localization of p35 and p25, there is also a difference in turnover 

rate between the two, with the half-life of p25 being substantially longer than the half-life 

of p35. 

Transcriptional regulation 

p35 transcription and subsequent CDK5-associated kinase activity can be induced by 

laminin via integrin receptors [250–252]. However, the signaling pathways responsible 

downstream from integrins have not been described yet. Harada et al. showed that nerve 

growth factor (NGF) can also induce p35 expression via the extracellular-signal-regu-

lated kinase (ERK) cascade (Figure 17). They demonstrated that Early growth response 

1 (EGR1) can bind to the promoter region of p35 [253]. Interestingly, chronic exposure 

to cocaine also increases expression of p35 and CDK5, presumably via the transcription 

factor δFosB, in rats [254]. 

1.3.1.2 Atypical activators CCNI & CCNI2 

A discovery made more recently showed that, in addition to the conventional activators 

p35 and p39, CDK5 can also be regulated by cyclin I (CCNI) [255] and cyclin I-like 

(CCNI2) [256]. CCNI belongs to the cyclin family of proteins and shares the highest se-

quence similarity with cyclin G [257]. Two studies indicate that CCNI has a role in cell 

proliferation [255, 257]. Similar to p35, CCNI is expressed predominantly in postmitotic 

neurons, but it covers a different spectrum of activities. CCNI regulates the survival of 

the neurons via upregulation of antiapoptotic proteins such as BCL-2and BCL-XL [234]. 

Liu, Zhai and colleagues described CCNI2, a homolog of CCNI, as a novel activator of 

CDK5, however its functions are largely unknown at the present [256]. In contrast to 

CCNI, which directs CDK5 into the nucleus, association with CCNI2 increases the 
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cytoplasmic pool of CDK5 as well as its localization within membranes [256]. These find-

ings suggest an involvement of CDK5 in mediating cell cycle progression [258]. 

1.3.1.3 Inhibition of CDK5 

Inhibition of CDK5 can be achieved via various mechanisms. CDK5 activity is primarily 

inhibited by phosphorylation of Thr14 by a 43-kDA protein kinase, which is also known 

as CDK 14T kinase [259]. Additionally, sequestration from its activators by cyclin D1 and 

cyclin E, also terminates CDK5 activity [231, 260]. Glutathione S-transferase P (GSTP1) 

inhibits CDK5 by chelation and by removing chemicals that activate CDK5 during oxida-

tive stress [260, 261]. As mentioned before, CDK5 also exhibits a negative feedback 

control on itself by phosphorylating p35 and therefore targeting it for ubiquitin-dependent 

degradation [229, 249]. 

1.3.2 Functions of CDK5 

Since the initial discovery of CDK5 in the brain by Lew, Beaudette and colleagues, it has 

been studied and characterized as a neuron-specific kinase [229, 230, 262]. In the nerv-

ous system, CDK5 regulates various cellular processes, but also contributes to the path-

ogenesis of a variety of common neurological diseases (Figure 18). Under physiological 

conditions, CDK5 plays an important role in brain development during embryogenesis 

and, after birth, it drives neuronal migration, synaptic plasticity and provides protection 

for neurons under stress [262–264]. Furthermore, CDK5 is an important player in ex-

traneuronal activity, including myogenesis, differentiation and survival of podocytes 

[265], T-cell differentiation [266], insulin secretion [267] and angiogenesis [268, 269]. A 

role for CDK5 in cell cycle progression has also been demonstrated recently [255, 256]. 

Deregulation of CDK5 is a major driver of many central nervous system (CNS) disorders 

[270], including but not limited to, Alzheimer’s disease [271], Parkinson’s disease [272], 

and multiple sclerosis [273]. CDK5 has also been identified to play a role in pain signaling 

[274, 275], as well as in psychoactive drug-related tolerance and addiction [276]. CDK5 

contributes also to a range of non-CNS origin diseases, including inflammatory diseases 

[277, 278], viral infections [279], diabetes [280] and caner [281, 282]. 
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Figure 18: Biological roles of CDK5. A) Physiological functions of CDK5. CDK5 participates in 

the proliferation, differentiation, migration and survival of cells by increasing the phosphorylation 

or expression of specific substrates as indicated (black arrows). B) Functions of CD5 in various 

human pathologies. ATM: Ataxia–telangiectasia mutated; CDK: Cyclin-dependent kinase; FAK: 

Focal adhesion kinase; MRF4: Myogenic regulatory factor; PPAR-γ: Peroxisome proliferator-ac-

tivated receptors-γ; STAT3: Signal transducer and activator of transcription-3 

1.3.3 CDK5 in oncology 

So far, more and more studies provide evidence at various levels that support an impli-

cation for CDK5 in human cancers and additionally label its expression and activity as 

interesting potential biomarkers for cancer patient prognosis [282]. Abnormal expression 

of CDK5 in the forms of mutation, amplification, mRNA upregulation or their combinations 
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has been found in several human cancers [283], including cancers of the colon [284], 

breast [285], lung [286], prostate [287, 288] and pancreas [289]. In prostate cancer, 

CDK5 regulates growth through activation of the androgen receptor (AR). It catalyzes its 

phosphorylation at Ser-81 to stabilize the receptor and to accumulate AR proteins, which 

then leads to subsequent activation [288]. In pancreatic cancer, CDK5 is overexpressed 

and activated by a mutant K-Ras [288, 290]. Liang, Li and colleagues demonstrated that 

CDK5 was abnormally overexpressed in clinical human breast cancer samples and its 

overexpression was significantly correlated with poor prognostic parameters of breast 

cancer [285]. Similarly, Ruiz de Porras and colleagues reported that CDK5 and p35 were 

significantly overexpressed in colorectal cancer at both, protein and mRNA levels, and 

that overexpression of CDK5 was associated with a worse prognosis in stage II, III (MSS) 

[291]. Table 2 lists further CDK5 substrates that are implicated in several human cancers. 

CDK5 substrates implicated in cancer 

Substrate Site Protein type/cellular function Reference 

Akt Ser473 Kinase/proliferation [292] 

AR Ser81, Ser308 Transcription factor/proliferation [288, 292] 

Ape1 Thr232 Endonuclease/DDR [293] 

ATM  Kinase/DDR [294] 

Caldesmon Ser527 Cytoskeletal protein/migration [295] 

DLC-1 Ser120, Ser205, Ser422, Ser509 Tumorsuppressor/proliferation [296] 

FAK Ser732 Cytoskeletal protein/migration/EMT [243, 285] 

Noxa Ser15 Proapoptotic factor/apoptosis [297] 

PAK1 Thr212 Cytoskeletal protein/migration [298] 

p53 Ser15, Ser33, Ser46 Tumorsuppressor/apoptosis [299, 300] 

Rb Ser780, Ser759, Ser807/811 Tumorsuppressor/proliferation [301, 302] 

STAT3 Ser727 Transcription factor/proliferation [303] 

Talin Ser425 Cytoskeletal protein/migration [244] 

VEGFR2 Ser229 Tyrosine kinase receptor/invasion [304] 

AR, androgen receptor; ATM, ataxia-telangiectasia mutated; DDR, DNA-damage response; DLC-1, 
deleted in liver cancer 1; EMT, epithelial-to-mesenchymal transition; FAK, focal adhesion kinase; 
PAK1, p21-activated kinase 1; STAT3, signal transducer and activator of transcription 3; VEGFR2, 
vascular endothelial growth factor receptor 2. 

Table 2: CDK5 substrates implicated in cancer. 
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1.3.3.1 CDK5 and the hallmarks of cancer 

Evasion of growth suppressors and sustenance of proliferative signaling 

More and more studies demonstrate a growing role for CDK5 in the modulation of the 

cell cycle and therefore, regulation of proliferation and growth of cancer cells [258, 282, 

305]. CDK5 influences these cellular processes in various ways. Indirectly, CDK5 acti-

vates transcription factors such as AR [288] and signal transducer and activator of tran-

scription-3 (STAT3) [306] as well as the growth-signaling kinase Akt [292] that in turn 

trigger the cell cycle to promote cellular proliferation and growth. STAT3 is implicated in 

various signaling pathways and regulates gene expression of cell-cycle factors such as 

cyclin D1 and c-Fos [307, 308]. In medullary thyroid cancer (MTC) and prostate cancer 

STAT3 is often deregulated by phosphorylation at Ser727 by CDK5 [306, 309]. CDK5 

also directly targets the CDK inhibitor p21CIP1 for proteasome-dependent degradation 

[310], which in turn activates CDK2 to promote cell cycle progression. Moreover, in neu-

rons CDK5 is localized into the nucleus through interaction with p27KIP1, where it sup-

presses cell cycle progression by disrupting the transcription factor DP1-E2F1 dimer 

complex [311]. CDK5 directly exerts influence on cell cycle control by binding with CCNI 

Figure 19: CDK5 and its involvement in the hallmarks of cancer. CDK5 promotes carcino-

genesis by regulating proteins involved in cell proliferation, transcription, cytoskeletal dynamics, 

blood vessel formation, repair of DNA damage, senescence and survival. ATM: Ataxia–telangi-

ectasia mutated; CDK: Cyclin-dependent kinase; HIF-1α: Hypoxia inducible factor-1 α; STAT3: 

Signal transducer and activator of transcription-3. 
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and CCNI2 [255, 256]. CDK5 also promotes cancer cell proliferation in MTC by phos-

phorylating the retinoblastoma protein (Rb) and thereby initiating the cell cycle by releas-

ing of the transcription factor E2F [231, 301, 312]. 

Resistance to cell death and replicative immortality 

In order to develop into macroscopic tumors, cancer cells have to acquire unlimited rep-

licative potential. To achieve this immortality, cells have to overcome two distinct barriers 

to proliferation. Firstly, senescence, which is typically an irreversible transition into a non-

proliferative but viable state. The second limitation is cellular crisis, which usually occurs 

once telomeres are too short and leads to the death of the cell [313]. Human primary and 

tumor cells induced to Rb-mediated senescence showed increased activation of CDK5, 

and inhibition of CDK5 activity reduces the expression of the senescence marker SA-β-

Gal in human cells. Further, cytoskeletal changes that accompany senescence require 

CDK5-mediated repression of Rac1 activity [314, 315]. These findings suggest that 

CDK5 is of significance in senescence, cellular immortalization and cancer progression 

[258]. CDK5 also contributes to cancer cell survival by enhancing the level and activity 

of prosurvival proteins, including BCL-2 and BCL-XL [234, 316], or by counteracting the 

activity of proapoptotic proteins such as Bim and Noxa [297, 317, 318]. 

Induction of angiogenesis 

Similar to normal tissues, tumors also need a functioning cellular metabolism, including 

a supply of oxygen and nutrients. During tumor progression, a so-called ‘angiogenic 

switch’ is almost always activated and remains so. This activation helps to sustain the 

growing tumor by causing the normally quiescent vasculature to continually sprout new 

vessels [313, 319]. CDK5 stimulates tumor angiogenesis and lymphangiogenesis, and 

inhibition of its activity via both genetic knockdown and small-molecule pharmacological 

inhibitors has shown impairment of tumor growth. This revived the interest in clinical 

antiangiogenic drugs which alone failed to produce response [268, 269, 313, 320]. In 

endothelial cells the expression of CDK5 is induced by proproliferative, angiogenic fac-

tors, that are secreted by the tumor cells [321]. In contrast to angiogenesis inhibitors like 

angiostatin which prevent CDK5 expression and cause apoptosis [322]. CDK5 also reg-

ulates the expression and activity of the transcription factor hypoxia-inducible factor 1α 

(HIF1α), subsequently exerting direct control over the expression of the HIF1α target 

gene, VEGF-A and VEGF receptor 1, which are essential for the formation of new blood 

vessels in tumors [269]. 
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Invasion and metastasis 

Metastasis is the cause of 90% of all deaths from cancer [323]. To achieve this hallmark, 

cancer cells have to pass through a sequence of separate steps that often called the 

invasion-metastasis cascade [324, 325]. This encompasses a succession of cell-biologic 

changes, beginning with local invasion, intravasation, followed by transit through the lym-

phatic and hematogenous systems, subsequent extravasation, formation of micrometas-

tases and lastly the growth from micrometastatic lesions into macroscopic tumors [313, 

326]. CDK5 has been found to regulate the motility, migration and metastasis of various 

cancer cells, including malignant melanoma [327], prostate [328], breast [285], lung 

[329], and colorectal cancers [284] and abolition of the activity of CDK5 has impaired 

cancer cell invasion and metastasis substantially [284, 285, 327, 329]. 

Metabolic reprogramming 

In contrast to normal cells, cancer cells derive their energy using the comparatively inef-

ficient process of aerobic glycolysis [330], even when there is sufficient oxygen levels 

within the cells [331]. It has been demonstrated, that CDK5 is also implicated in the met-

abolic reprogramming of cancer cells. In the presence of high levels of glucose, CDK5 

phosphorylates the BCL-2 family protein Noxa, which in turn increases glucose metabo-

lism in tumors [297].On the other hand, in response to hypoxia and the resulting scarcity 

of nutrients, tumor cells highly express HIF1α [332], the stability and nuclear localization 

of which are regulated by CDK5 [269]. Subsequently, HIF1α promotes the transcription 

of numerous genes that are involved in the adaption to hypoxic stress [332]. 

Genomic instability and mutation 

One of the enabling hallmarks of cancer and an important player in the initiation as well 

as the progression of cancer cells is genomic instability [313]. It enables the cancer to 

be a dynamic and adaptive disease [333]. Supposedly, abnormal activation of CDK5 

contributes to genomic instability and the accumulation of genetic mutations by promot-

ing unregulated cell division [334, 335]. In response to genotoxic stress, CDK5 activates 

checkpoints in the intra S and G2-M phase, thus prevents the passage of damaged DNA 

into mitosis. Additionally, CDK5 may contribute to genomic instability via its roles in the 

DNA damage response, namely phosphorylation of STAT3 and ataxia-telangiectasia 

mutated (ATM) [336]. CDK5 expression and activity is increased in response to DNA 

damaging agents, and it has been demonstrated that upregulated CDK5 activates 

STAT3 by phosphorylation at serine 727 [337]. STAT3 then upregulates the expression 

of Eme1, which is an endonuclease that is involved in the repair of broken replication 
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forks in response to DNA damaging agents [337, 338]. Further, CDK5 has been reported 

to mediate DNA damage repair by phosphorylation of the ATM kinase, a crucial regulator 

in the DNA damage repair process, at serine 794 [294]. ATM then mediates the activation 

of various tumor-suppressors, including p53. This provides the cell with sufficient time to 

repair itself and enhance cell survival [258]. Thus, it is not surprising that CDK5 presents 

itself as a promising target in cancer treatment regimes, combining a CDK5 inhibitor with 

chemotherapeutic drugs, especially in chemo-resistant cancers. In Hela cell lines with 

over-expressed cyclin I the silencing of CDK5 with siRNA significantly increased the 

cell’s sensitivity to cisplatin [316]. Similar results were also observed in CDK5-inhibited 

hepatocellular carcinoma cells [334] and CDK5-depleted ovarian cancer cell lines [339]. 

Tumor promoting inflammation and evasion of immune detection 

By providing a microenvironment that positively support the tumor, chronic inflammation 

is a driving factor for the initiation, progression and metastasis of tumors. [340]. Lim, Li 

et al. found that inflammation increased the abundance of programmed death-ligand 1 

(PD-L1) on the surface of tumor cells through a posttranslational mechanism. This mech-

anism describes the release of proinflammatory tumor necrosis factor α (TNFα) by mac-

rophages, which in turn stimulates NF-κB signaling in tumor cells, subsequently leading 

to less ubiquitylation and greater stability of PD-L1 on tumor cells [341]. Two recent stud-

ies demonstrated that CDK5 was necessary for interferon ɣ (IFNɣ)-mediated upregula-

tion of PD-L1 on the surfaces of medulloblastoma cells [342, 343]. Dorand, Nthale and 

colleagues demonstrated that CDK5 is suppressing the transcriptional repressors of PD-

L1, thus increases the cellular pool of PD-L1 [343]. Additionally, CDK5-deficient tumor 

cells showed a highly retarded growth in vivo that could be linked to tumor rejection by 

CD4+ T-cells. 

1.3.3.2 CDK5 in colorectal cancer 

CDK5 has been studied in the context of a variety of cancers, and most recently also in 

colorectal cancers [284]. Robb, Kour et al. characterized a specific CDK5 inhibitor, 20-

223 (CP668863) for colorectal cancer therapy [344]. The group examined TCGA online 

database samples for CDK5 mRNA expression and found that the CDK5 levels were 

significantly higher in the primary tumor compared to normal colon tissue. The increase 

in mRNA levels also corresponded with an increase in CDK5 protein. Furthermore, they 

found that only 46.0% of individuals were diploid for CDK5, while 51,9% had a copy 

number gain and suggested a link between copy number and increased mRNA expres-

sion. Interestingly, it seems that CDK5 mutations only rarely occur across different 
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cancers, but not at all in CRC. Similarly, Zhuang, Zhang and colleagues reported that 

expression of the CDK5 protein and p35 protein was significantly upregulated in CRC 

tissue compared with adjacent normal intestine epithelial tissue (TCGA data). Addition-

ally, they examined 7 CRC cell lines and demonstrated that CDK5 expression and kinase 

activity was relatively higher in aggressive CRC cell lines (HCT116 and SW480) than 

less aggressive CRC cell lines (Caco-2 and LoVo) [284]. Further, examined tissue mi-

croarray (TMA) showed a correlation in high CDK5 expression and increased tumor ag-

gressive characteristics (American Joint Committee on Cancer (AJCC)) and poorer over-

all survival compared to patients with low CDK5 expression. Abrogation of CDK5 activity 

by both shRNA silencing and treatment with the CDK5-specific small molecule inhibitor 

roscovitine, decreased proliferation and cell survival of CRC cells. Conversely, overex-

pression of CDK5 promoted an aggressive phenotype with enhanced cell proliferation, 

colony-formation density and soft agar colonies. In vivo and in vitro assays revealed that 

knockdown of CDK5 decreased migration and invasion capability of CRC and overex-

pression of CDK5 triggered the opposite effect. Taken together, these findings suggest 

CDK5 as a promising target in colorectal cancer therapy. Especially, based on CDK5 

role in DNA damage repair, inhibition of CDK5 in chemotherapy-resistant colorectal can-

cer, where existing strategies are very limited, presents a new exciting approach. 
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 Statement  o f  the  problem  

As mentioned above, colorectal cancer is the third most common cancer and the second 

leading cause of death in industrialized countries. In almost a quarter of all patients the 

colorectal cancer has already formed metastases, thus treatment for metastatic CRC is 

needed for thousands of patients each year [345]. While the response rate to current 

systemic therapies is nearly 50%, resistance develops in almost all patients [345]. There-

fore, understanding underlying mechanisms of resistance is a key step for the develop-

ment of strategies that can prevent or reverse chemoresistance in patients receiving 

treatment for metastatic CRC. Treatments based on oxaliplatin are standard therapy for 

metastatic CRC. Although resistance mechanisms have been extensively studied, ther-

apies to target resistance pathways have yet to be identified [345]. Thus, finding new 

targets to improve current standard therapy can essentially save thousands of lives each 

year. We propose to study CDK5 as an important player in oxaliplatin resistance through 

direct comparison of an oxaliplatin-sensitive versus a -resistant in vitro cell model. CDK5 

presents itself as a promising prognostic biomarker as well as target for new therapeutic 

options. 
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 Object ives  

1.5.1 Objective 1 

Role of CDK5 in response to oxaliplatin treatment 

To test whether the cytotoxicity of oxaliplatin treatment is affected differently upon CDK5 

gene silencing. MTT assays will be carried out in HT29 and LoVo CRC cell models. In 

addition, to investigate the effect of CDK5 inhibition especially in the context of chemo-

resistance, the assay is also carried out in their corresponding oxaliplatin-acquired re-

sistant cell lines HTOXAR3 and LoVOXAR3. Subsequently, sensitive cell models are 

then compared to their resistant counterpart. 

1.5.2 Objective 2 

Role of CDK5 in tumor proliferation, colony formation, migration and anoikis 

To further characterize CDK5’s role in tumor proliferation, colony formation and migration 

in oxaliplatin resistant CRC different assays will be performed in a HTOXAR3 and 

LoVOXAR3 cell model. Additionally, the capacity of tumor cells to survive without attach-

ment to the extracellular matrix will be evaluated in an anoikis assay. 

1.5.3 Side Objective 

Establishment of dnCDK5 HT29, LoVo and Difi cell lines 

As siRNA inhibition is only a transient inhibition and has to be performed with each ex-

periment where the inhibition of a protein is desired, the establishment of dominant neg-

ative CDK5 (dnCDK5) HT29, LoVo and Difi cell lines was desired. 

1.5.4 Side Objective 

Co-immunoprecipitation of CDK5 and its activators p35 and p25 in vitro 

As CDK5 is activated by association with its regulators p35 and p25 and forms active 

complexes with these proteins, we wanted to study this interaction of CDK5 and p35 by 

co-immunoprecipitation in colorectal cancer cells. 



 

52 

 M A T E R I A L S  A N D  M E T H O D S  
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 Cel l  cu l ture ,  reagents  & ant ibodies  

CRC cell lines 

Cell line Origin Medium 

Supplementation 

Fetal Bovine 
Serum (Gibco) 

Pen/Strep 
(Gibco) 10000 

I.U./mL 

L-glutamine 
(AppliChem) 

[mM] 

HEPES 
(Appli-
Chem) 
[mM] 

HT29 ATCC DMEM 10% 1% 2.05 2.60 

HTOXAR3 [346] DMEM 10% 1% 2.05 2.60 

LoVo ATCC F-12 20% 1% - - 

LoVOXR3 [346] F-12 20% 1% - - 

Difi ATCC 
DMEM/F12 
(1:1) 15% 1% 1.03 1.30 

SW48 ATCC RPMI 10% 1% - - 

DMEM, Dulbecco’s Modified Eagle Medium; F-12, Ham’s F12 Nutrient Mixture; Pen/Strep, 
Penicillin/Streptomycin; RPMI, RPMI medium 1640 

Table 3: CRC cell lines. 

To obtain oxaliplatin-resistant cell lines HTOXAR3 and LoVOXAR3, human tumor-de-

rived colorectal adenocarcinoma HT29 and LoVo cell lines (American Type Culture Col-

lection, ATCC) were used as the parental cells. These sublines developed as a result of 

continuous exposure to increasing doses of oxaliplatin as described previously [223]. 

Cell lines were grown as monolayer in RPMI 1640 (Gibco) medium for SW48 supple-

mented with 1% penicillin/streptomycin; Dulbecco’s Modified Eagle Medium (Gibco) for 

HT29 and HTOXAR3 supplemented with 10% of heat-inactivated FBS (Gibco), 1% pen-

icillin/streptomycin, 2 mmol/L L-glutamine (AppliChem), and 2.6 mmol/L HEPES (Appli-

Chem). LoVo and LoVOXAR3 were grown in Ham’s F-12 (Gibco) with 20% FBS and 1% 

penicillin/streptomycin. Difi were grown in a 1:1 mixture of DMEM and F-12. All cell lines 

were cultured at 37°C in a humidified atmosphere of 5% CO2. All cells are routinely 

checked for contamination of mycoplasma with a PCR-based assay (Stratagene). Stably 

transfected cell lines were maintained with the appropriate selection (as described be-

low). 
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Antibodies 

Antibody Source  WB 

CDK5 (#2506 cellsignaling) Rabbit pAb 1:1000 

CDK5 (sc-6247 Santa Cruz) Mouse mAb  

p35 (sc-820 Santa Cruz) Rabbit pAb  

p35 (#2680S cellsignalling) Rabbit mAb 1:1000/1:300 

Tubulin (T6074 Sigma-Aldrich) Mouse mAb 1:20000 

Actin (Sigma-Aldrich) Rabbit mAb 1:20000 

HA-Tag (ab9110 abcam) Rabbit pAb 1:1000 

IgG (sc-69786 Santa Cruz) Rabbit mAb  

Table 4: Antibodies 

Drugs 

Oxaliplatin (Sigma-Aldrich) was prepared in water at a concentration of 10 mM and 

stored at −20 °C. All dilutions were made in the correspondent culture medium. 

 Gene s i lenc ing  

Transient CDK5 inhibition with siRNA 

CDK5 silencing in HT29, HTOXAR3, LoVo, LoVOXAR3 and SW48 cells was performed 

by using siRNA technology with a pool of 3 Silencer Select validated siRNAs (s2826, 

s2825 and s2827, Ambion) and lipofectamine RNAimax (Invitrogen) diluted in Optimem 

medium (Gibco). Validation of the knockdown was done by Western Blot (WB) and val-

ues ≥75% were accepted as sufficiently inhibited. To study the effect of CDK5 silencing 

in the resistance cell lines, cell viability of CDK5-silenced cells (siCDK5) and cells trans-

fected with an unspecific siRNA (siCNT) was measured with an MTT assay. For this, 

2.5x105 cells were seeded per well in 6-well plates (2 wells per condition) and treated 

with the oligonucleotides, lipofectamine and Optimem. After 24 hours the transfection 

medium was replaced by fresh medium.  
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Figure 20: Validation of siRNA inhibition via western blot. Aliquots of control and siCDK5 

HT29, HTOXAR3, LoVo and LoVOAXR3 (SW48, not shown) cells from each experiment that 

involved silencing by siRNA technology were frozen for later validation of the efficiency of the 

inhibition. Values ≥75% were accepted as sufficiently inhibited. 200µl ice cold RIPA+ lysis buffer 

was added, and the cells were mechanically disrupted with a tissue grinding pestle. They were 

then incubated for 30 minutes at 4°C on a shaker. Afterwards, cell lysates were centrifuged for 

20 minutes at 4°C at 12000 rpm. The protein concentration was measured through the Bradford 

method, using the DC™Protein Assay according to the manuals instructions and bovine serum 

albumin diluted in RIPA buffer as a standard. 50µg of protein were then loaded onto 10% SDS-

PAGE gels and subjected to electrophoresis. Afterwards they were transferred onto polyvinyli-

dene difluoride membranes. The membranes were blocked with Odyssey blocking buffer for 

1 hour and then incubated overnight at 4 °C with α-CDK5 (cellsignaling; 1:1000) primary antibody. 

Membranes were then incubated with IRDye rabbit and mouse secondary antibody (1:10000) for 

50 minutes protected from the light. Membranes were scanned with an Odyssey Imaging System. 

The intensity of the bands was measured with image J and inhibition rates were calculated. 

 

 Cel l  prol i fe ra t ion  assay  

To assess cell proliferation 5*104 cells per well were seeded in 24-well plates (Thermo-

scientific) and CDK5 was silenced by using siRNA technology as described above. After 

24, 48, 72 and 96 hours cells were permeabilized with 1.7% Triton and stained with pro-

pidium iodide. Cell proliferation was assessed with a microplate reader (Varioscan, Ther-

moScientific) to detect the fluorescence of the propidium iodide (Sigma-Aldrich). 
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 Colony format ion  assay  

For colony formation 200 cells per well were seeded in six-well plates and CDK5 was 

silenced by using siRNA technology as described above. The transfection medium was 

removed 24 hours post seeding and fresh medium was added. The cells were incubated 

at 37°C in a humidified 5% CO2 atmosphere incubator for 2 weeks, with regular medium 

changes. Cells were subsequently washed, fixed with a methanol/acetic acid (3:1) solu-

tion for 10 min and stained with a solution of 0.5% crystal violet (MERCK) for 10 min. 

After the staining, cells were washed with PBS. Colonies were counted manually 

 Sensi t i vi ty  &  response to  oxa l ip la t in  

t rea tment  

Oxaliplatin treatment 

Oxaliplatin treatment concentrations for different CRC cell lines HT29, HTOXAR3, LoVo, 

LoOXAR3: 

Cell lines Concentration oxaliplatin (µM) 
HTOXAR3 100 75 50 40 30 25 20 10 5 

HT29 50 30 20 10 5 2.5 1 0.5 0.25 

LoVOXAR3 15 10 7 5 4 3 2 1 0.5 

LoVo 6 3 2 1.5 1 0.75 0.5 0.25 0.1 

Table 5: Overview oxaliplatin treatment concentrations 

 

Cell viability assay 

The oxaliplatin cytotoxicity was evaluated by the MTT assay. Cells were seeded in 96-

well microtiter plates (ThermoScientific) with cell numbers 1.5x103 for HT29/HTOXAR3; 

3x103 for LoVo/LOVOXAR3 and treated with different oxaliplatin concentrations for 24 

hours (Table 5). Cells were allowed to grow for 72 h. The medium was removed, and 

cells were incubated for 4 hours with MTT solution (10% MTT (Sigma-Aldrich), 10% FBS, 

RPMI without further supplementation). Afterwards the MTT solution was removed and 

the formazan salt was dissolved with 100% DMSO (Sigma-Aldrich). The plates were read 

at 590nm with a microplate reader (Varioscan, ThermoScientific). Doses for each fraction 

of survival were determined in each cell line by the median-effect line method and are 

ranging from 10% to 90% of cell viability. 
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Colony formation and treatment with oxaliplatin 

Cells were seeded and CDK5 silenced as described above for colony formation. Addi-

tionally, 72 hours post seeding, cells were treated with IC50 concentrations of oxaliplatin 

for 24 hours. The cells were incubated at 37°C in a humidified 5% CO2 atmosphere 

incubator for another 1.5 weeks, with regular medium changes. Cells were then washed, 

fixed with a methanol/acetic acid (3:1) solution for 10 minutes and stained afterwards 

with a solution of 0.5% crystal violet (MERCK) for another 10 minutes. After the staining, 

cells were washed with PBS multiple times. Colonies were counted manually 

 Analys is  o f  c e l l  migra t ion  &  invas ion  

Transwell migration assay 

For migration assays, transwell chambers equipped with 0.8 μm membranes were used 

(Corning). Cells (1×105) were seeded into the transwell chambers in 75 µL 2% FBS-

containing medium, while lower chambers were filled with 250 μL medium supplemented 

with 10% (or 20%) FBS. After 48 hours incubation at 37 °C, cells were removed, the 

membrane washed with PBS and fixed in 4% paraformaldehyde (Sigma-Aldrich) and 

stained with 0.5% crystal violet (MERCK). To remove remaining cells that didn’t migrate 

through the membrane, the surface of the membrane within the well is gently scrubbed 

with a sterile cotton bud. Pictures were taken with a microscope (x4 magnification, NIS-

Element) and images were evaluated with Image J (five random fields per membrane). 

Three independent experiments were performed, and the data are presented as 

mean±S.D. Image processing and analysis of the results: Fiji (imageJ), Prism 

Transwell invasion assay 

For invasion assays, transwell chambers equipped with 0.8 μm membranes were used 

(Corning). The membrane was covered with 21µL matrigel (ThermoFisher) and allowed 

to dry beforehand. From here on, the procedure was the same as for transwell migration. 
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 Cel l  v iab i l i ty  a f ter  detachment  f rom the 

ext racel lu lar  matr ix  

Anoikis assay 

One half of 24-well plates was coated with poly-HEMA (20 mg/mL) and left o/n in a hu-

midified 5% CO2 atmosphere incubator. For each condition 1x105 cells were seeded in 

1 mL medium without FBS in poly-hema-coated and non-coated wells. Cell viability was 

measured via MTT assay (protocol see above). Cell viability of cells grown in poly-hema-

coated wells was compared to cells growing in non-coated wells. Cell death was as-

sessed with a microplate reader (Varioscan, ThermoScientific) after PI staining. 

 Prote in  ext ract ion  &  Western  b lot  

Lysis 

Cells were grown until 90% confluent, then washed with PBS and homogenized in a 

RIPA plus buffer (PBS; NP-40 1%; Na deoxycholate 0.5%; SDS 0.1%; EDTA 1mM; NaF 

50mM; NaVO3 5mM) containing a mixture of EDTA-free protease inhibitors (Roche). 

They were then scraped off the petri dish and incubated for 30 minutes at 4°C on a 

shaker. Afterwards, cell lysates were centrifuged for 20 minutes at 4°C at 12000 rpm. 

The supernatant was collected and 60µl of the lysates were aliquoted for protein quanti-

fication, the rest was stored at -80°C. 

Quantification 

The protein concentration was measured through the Bradford method, using the 

DC™Protein Assay (BioRad) according to the manuals instructions and bovine serum 

albumin diluted in RIPA buffer as a standard. Reagent A was mixed 50 to 1 with reagent 

A’. 5µl protein sample were pipetted in duplicates onto a 96-well plate and 25µl of the 

reagent A/A’ mixture was added to each sample. Lastly 200µl reagent B was added to 

each sample and the plate was covered with aluminum foil, placed on a shaker for a 

moment to mix the solutions and then incubated for 15 minutes. Plates were then meas-

ured with a microplate reader (Varioscan, ThermoScientific) at 562nm and protein con-

centrations were calculated. 
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Western Blot 

For the western blot 50µg of protein were loaded in 10% SDS-PAGE gels (Invitrogen, 

Life Technologies) and subjected to electrophoresis. Afterwards they were transferred 

onto polyvinylidene difluoride (PVDF) membranes (BioRad). The membranes were 

blocked for 1 hour with Odyssey blocking buffer (LICOR Biosciences) and then incubated 

overnight at 4 °C using a specific primary antibody (Table 4). Anti-actin antibody was 

used as loading control. Membranes were incubated with IRDye rabbit and/or mouse 

secondary antibodies (1:10000) (LICOR Biosciences) for 50 minutes protected from the 

light. Membranes were scanned with an Odyssey Imaging System  

 

 Co- immunoprec ip i ta t ion  

Dynabeads Co-immunoprecipitation kit (ThermoFisher) 

Dynabeads were incubated with (7.5µgAb/1mg beads) either α-p35 antibody (Santa 

Cruz) or α-IgG (Santa Cruz) over night at 4°C. Dynabeads were washed the next day 

according to the kit’s instructions. Cells were trypsinized, extraction buffer was added, 

and the cells were mechanically disrupted with a tissue grinding pestle. They were then 

incubated for 15 minutes on ice. After centrifugation, the supernatant was taken off, the 

beads were washed with the extraction buffer and then incubated with the cell lysate for 

2 hours at 4°C on the rotator. Following incubation, beads were washed once with ex-

traction buffer and then eluted with EB buffer. 30µl of the eluted proteins were then 

loaded onto 10% SDS-PAGE gels. 

Extraction buffer containing 25mM NaCl, 2mM MgCl2, 0,5mM PMSF, protease inhibitor, 

1xIP (from the kit), H2O 

PureProteome™ Protein G Magnetic Bead System 

Cells were grown until 90% confluent, then washed with PBS and incubated with 200µl 

lysis buffer for 5 minutes on ice. They were then scraped off the petri dish and mechan-

ically disrupted with a tissue grinding pestle. After centrifugation, the supernatant was 

taken off and incubated with either 30µl α-CDK5 (Santa Cruz) or 30µl α-p35 (Santa Cruz) 

overnight at 4°C on a rotator. Per condition, 50 µl of bead suspension were washed with 

PBS-T (0,1%) and incubated for 2 hours with the cell lysates, containing the antibody. 

After incubation the beads were washed 3 times with the lysis buffer containing triton-X 

(with concentrations increasing up to 1%). Beads were then resuspended in 2x loading 
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buffer, boiled for 5 minutes at 95°C and after removing the beads samples were stored 

at -20°C until western blotting. For the western blot 50µl of the eluted proteins were 

loaded onto 10% SDS-PAGE gels. 

Lysis buffer containing 50mM Tris pH7.4, Triton X, 1mM EDTA, 135mM NaCl, protease 

inhibitor, H2O 

 

 DN A ext ract ion  

DNA extraction was performed according to the E.Z.N.A. Tissue DNA Kit (Omega Bio-

tek) instructions. Briefly, the cell suspension was treated with OB Protease Solution and 

cells were lysed with BL Buffer. 100% ethanol is added to the centrifuged cell solution 

and the whole sample is transferred to a HiBind DNA mini Column. Sample is centri-

fuged, and filtrate is discarded. HBC buffer is diluted with 100% isopropanol, added to 

the column and again the sample is centrifuged. The filtrate is discarded, and the column 

is then washed twice with DNA Wash Buffer. One last time, the filtrate is discarded, and 

the empty column is centrifuged to dry. To elute the DNA from the column, pre heated 

Elution buffer is added to the column, incubated for 2 minutes and centrifuged one last 

time. 

 RN A ext ract ion  and qPCR 

Total RNA from cells was isolated using E.Z.N.A. Total RNA Kit I (Omega Bio-tek) ac-

cording to the instructions of the manufacturer. The extracted sample was then purified 

with DNase I (#18068015, Invitrogen). RNA amounts were quantified with a NanoDrop 

spectrophotometer (Nucliber). The retrotranscription was performed with a MMLV re-

verse transcriptase (Invitrogen, Life Technologies) as described in the manufacturer’s 

manual. Template cDNA was added to a TaqMan Universal Master Mix (Applied Biosys-

tems) with specific primers and probe for CDK5 (Hs00358991_g1) by using TaqMan Gene 

Expression Assays (Applied Biosystems). Relative gene expression levels were calcu-

lated according to the comparative Ct method using β-Actin (Applied Biosystems) as 

endogenous control. 
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 Stat is t ica l  ana lys is  

Data are presented as mean ± SEM of at least 3 independent experiments. For the sta-

tistical analysis Graphpad Prism V.5 software was used. Statistical differences between 

IC50s were identified by graphical representation of dose-response curves, followed by 

non-linear regression analysis and F-test analysis. Different experimental conditions 

were compared via two-way ANOVA test, followed by a Bonferroni test. Only values of 

p ≤ 0.05 were considered significant. 
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 R E S U L T S  
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 Previous  resul ts  

A previous work demonstrated that mRNA expression of CDK5 was elevated in cells with 

acquired resistance to oxaliplatin as compared to sensitive parental cells [223]. Further 

studies of a possible association of CDK5 protein levels with response to oxaliplatin-

based first line chemotherapy in tumor samples from mCRC patients found that positive 

staining of CDK5 was significantly associated with decreased response rate and worse 

time to progression [291]. 

 Object ive  1  

Role of CDK5 in response to oxaliplatin treatment (siCDK5) 

To see whether the absence of CDK5 influences cancer cell viability after treatment with 

the chemotherapeutic agent oxaliplatin, cytotoxicity was evaluated by MTT assay. For 

this, siCDK5 inhibited cells were seeded in 96-well microtiter plates with cell numbers of 

1.5x103 for HT29/HTOXAR3 and 3x103 for LoVo/LOVOXAR3 and treated the next day 

with different oxaliplatin concentrations for 24 hours (Table 5). After the treatment, cells 

were grown for 72 h. For the assay, the medium was removed, and cells were incubated 

for 4 hours with MTT solution (10% MTT, 10% FBS, RPMI without further supplementa-

tion). Afterwards the MTT solution was removed and the formazan salt was dissolved 

with 100% DMSO. Plates were read at 590nm with a microplate reader. Doses for each 

fraction of survival were determined in each cell line by the median-effect line method 

and are ranging from 10% to 90% of cell viability. In both sensitive cell lines HT29 and 

LoVo CDK5 gene silencing showed no significant effect on cell viability after treatment 

(Figure 21 and 22).  
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Figure 20: Viability and dose-response curves of oxaliplatin-sensitive HT29 upon CDK5 

inhibition. siCDK5 inhibited cells were seeded in 96-well microtiter plates and treated the next 

day with different oxaliplatin concentrations for 24 hours. After the treatment, cells were grown for 

72 hours. The medium was removed, and cells were incubated for 4 hours with MTT solution. 

Afterwards the MTT solution was removed and the formazan salt was dissolved with 100% 

DMSO. Plates were read at 590nm with a microplate reader. Doses for each fraction of survival 

were determined in each cell line by the median-effect line method and are ranging from 10% to 

90% of cell viability. (A) HT29 viability shows no significant difference upon treatment with differ-

ent concentrations of oxaliplatin (doses ranging from 0.25 to 50 µM). (B) Similarly, due to high 

variation of the negative control, HT29 dose-response curves do not show a significant difference 

after 24 hours of oxaliplatin exposure when CDK5 is silenced. 

 

In HT29 Oxaliplatin treatment had an effective half maximal concentration (EC50) of 

3.49µM (Table 6), whereas silencing of CDK5 with a combination of three different siR-

NAs yielded an effective half maximal concentration of 2.46µM. Which would indicate a 

reduction in EC50 of 30%. However, since the P-value was 0.4069, due to a high varia-

tion in cell viability after treatment with low concentrations of the drug in between the 

experiments, this reduction is not significant.  
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Figure 212: Viability and dose-response curves of oxaliplatin-sensitive LoVo upon CDK5 

inhibition. siCDK5 inhibited cells were seeded in 96-well microtiter plates and treated the next 

day with different oxaliplatin concentrations for 24 hours. After the treatment, cells were grown for 

72 hours. The medium was removed, and cells were incubated for 4 hours with MTT solution. 

Afterwards the MTT solution was removed and the formazan salt was dissolved with 100% 

DMSO. Plates were read at 590nm with a microplate reader. Doses for each fraction of survival 

were determined in each cell line by the median-effect line method and are ranging from 10% to 

90% of cell viability. (A) LoVo viability shows no significant difference upon treatment with different 

concentrations of oxaliplatin (doses ranging from 0.1 to 6 µM). (B) LoVo dose-response curves 

do not show a significant difference after 24 hours of oxaliplatin exposure when CDK5 is silenced.  

 

Cell viability of LoVo cells displayed a more uniform pattern. EC50 was 0.71µM in the 

control and 0.68µM in CDK5-silenced cells (Table 6), which indicates a reduction in via-

bility upon CDK5 inhibition of 4%, with a P-value 0.6878, indicating the reduction was 

not significant either. In both cell lines viability and dose-response curves of negative 

control and siCDK5-inhibited cells displayed a similar pattern (Figure 22 and 23), with 

LoVo cells having the least variability between experiments (R2: CNT 0.9819; siCDK5 

0.9497).  

 

Figure 223: Viability and dose-response curves of oxaliplatin-resistant HTOXAR3 upon 

CDK5 inhibition. siCDK5 inhibited cells were seeded in 96-well microtiter plates and treated the 

next day with different oxaliplatin concentrations for 24 hours. After treatment, cells were grown 

for 72 hours. The medium was removed, and cells were incubated for 4 hours with MTT solution. 

Afterwards the MTT solution was removed and the formazan salt was dissolved with 100% 

DMSO. Plates were read at 590nm with a microplate reader. Doses for each fraction of survival 

were determined in each cell line by the median-effect line method and are ranging from 10% to 

90% of cell viability. (A) The oxaliplatin-resistant HTOXAR3 show reduced cell viability upon 

CDK5-ihibition and oxaliplatin treatment (doses ranging from 5 to 100 µM). (B) HTOXAR3 dose-

response curves show a reduced tolerance (20% reduced EC50) of CDK5-inhibitied cells to ox-

aliplatin treatment as compared to the negative control.  
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On the other hand, oxaliplatin-resistant cell models HTOXAR3 and LoVOXAR3 did both 

exhibit a significant reduction in cell viability upon CDK5-silencing. CDK5-silenced 

HTOXAR3, which generally have a 6.6-times increased resistance to oxaliplatin in com-

parison to their parental cell line HT29, had a reduction in EC50 of 20% with a P-value 

of <0.0001, indicating the reduction from 20.30µM in the control to 16.32µM in CDK5-

silenced cells was indeed statistically significant (Table 6).  

 

Figure 23: Viability and dose-response curves of oxaliplatin-resistant LoVOXAR3 upon 

CDK5 inhibition. siCDK5 inhibited cells were seeded in 96-well microtiter plates and treated the 

next day with different oxaliplatin concentrations for 24 hours. After the treatment, cells were 

grown for 72 hours. The medium was removed, and cells were incubated for 4 hours with MTT 

solution. Afterwards the MTT solution was removed and the formazan salt was dissolved with 

100% DMSO. Plates were read at 590nm with a microplate reader. Doses for each fraction of 

survival were determined in each cell line by the median-effect line method and are ranging from 

10% to 90% of cell viability. (A) Oxaliplatin-resistant LoVOXAR3 display reduced cell viability 

upon CDK5-ihibition and oxaliplatin treatment (doses ranging from 0.2 to 15 µM). (B) LoVOXAR3 

dose-response curves also show reduced tolerance (19% reduced EC50) of CDK5-inhibitied cells 

to oxaliplatin treatment as compared to the negative control.  

 

Similarly, LoVOXAR3, which have a 4.9-times increased resistance to oxaliplatin in com-

parison to their parental cell line LoVo, displayed a reduction of 19% with a P-value of 

0.0061, making the reduction from 4.12µM in control cells to 3.34µM in CDK5-silenced 

cells also statistically significant (Table 6). The reduced viability upon CDK5-silencing 

can also be seen in the correspondent viability and dose-response curves (Figure 23B 

and 24B). Interestingly, low dosage treatments with oxaliplatin also exhibited higher var-

iabilities in between experiments than higher doses. 
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Table 6: EC50 of oxaliplatin-sensitive and -resistant CRC cell lines upon CDK5 inhibition. 

Silencing of CDK5 in HT29 and LoVo showed no significant reduction in EC50 upon oxaliplatin 

treatment, whereas in HTOXAR3 and LoVOXAR3 abrogation of CDK5 showed a significant re-

duction in EC50 of 20% (HTOXAR3) and 19% (LoVOXAR3). 

 

Silencing of CDK5 in HT29 and LoVo showed no significant reduction in EC50 upon 

oxaliplatin treatment, whereas in HTOXAR3 and LoVOXAR3 abrogation of CDK5 

showed a significant reduction in EC50 of 20% in HTOXAR3 and 19% in LoVOXAR3. 

 

  



 

68 

 Object ive  2  

Role of CDK5 in tumor proliferation, colony formation, migration and anoikis 

We further investigated the role of CDK5 in cell proliferation, migration and invasion, all 

of which are important mechanism for cancer growth. Additionally, we also investigated 

the avoidance of anoikis (cell death induced by detachment from the extracellular matrix) 

which is another mechanism important for metastatic cancer cell survival.  

Proliferation 

To assess whether silencing of CDK5 has an influence on cell proliferation of sensitive 

cell lines, propidium iodide assays were performed for HT29 and LoVo. These showed 

no significant difference in cell proliferation upon CDK5 silencing (Figure 25).  

 

Figure 24: Proliferation of oxaliplatin-sensitive and -resistant CRC cell lines. For the as-

sessment of cell proliferation 5*104 cells per well were seeded in 24-well plates and CDK5 was 

silenced via siRNA technology. After 24, 48, 72 and 96 hours cells were permeabilized with 1.7% 

Triton and stained with propidium iodide. Cell proliferation was assessed with a microplate reader 

to detect the fluorescence of the propidium iodide. Proliferation was measured at 24, 48, 72 and 

96 hours after seeding and silencing of CDK5. (A) Proliferation rates of HT29 were not signifi-

cantly affected by inhibition of CDK5. (B) Likewise, proliferation of LoVo cells did not show signif-

icant changes upon inhibition of CDK5. 

 

To see whether resistance to oxaliplatin might influence cell proliferation in a CDK5-de-

pendent manner, the assay was repeated with HTOXAR3 and LoVOXAR3 (Figure 26). 

For this assay 5*104 cells per well were seeded in 24-well plates and CDK5 was silenced 

by using siRNA technology as described previously. After 24, 48, 72 and 96 hours cells 

were permeabilized with 1.7% Triton and stained with propidium iodide. Cell proliferation 

was assessed with a microplate reader to detect the fluorescence of the propidium io-

dide. Cell proliferation was not affected by CDK5 silencing (HTOXAR3: P-value 0.9996; 
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LoVOXAR3: P-value 0.8924). However, it should be mentioned that the variation in be-

tween all three experiments was quite high, especially with HTOXAR3.  

 

Figure 25: Proliferation of oxaliplatin-sensitive and -resistant CRC cell lines. For the as-

sessment of cell proliferation 5*104 cells per well were seeded in 24-well plates and CDK5 was 

silenced by using siRNA technology. After 24, 48, 72 and 96 hours cells were permeabilized with 

1.7% Triton and stained with propidium iodide. Cell proliferation was assessed with a microplate 

reader to detect the fluorescence of the propidium iodide. Proliferation was measured at 24, 48, 

72 and 96 hours after seeding and silencing of CDK5. (A) Proliferation rates of HTOXAR3 do not 

exhibit differences upon inhibition of CDK5. (B) Likewise, LoVOXAR3 do not display changes in 

proliferation after silencing of CDK5. 

 

Lastly, sensitive and corresponding resistant cell lines were compared with each other 

to see whether there was any difference in cell proliferation in general (Figure 27). Again, 

no significant difference was observed between both cell models. HTOXAR3 seem to 

have a slightly higher proliferation rate than HT29, but the high variation between the 

experiments nullifies its significance. 

 

Figure 26: Proliferation of oxaliplatin-sensitive and -resistant CRC cell lines. For the as-

sessment of cell proliferation 5*104 cells per well were seeded in 24-well plates and CDK5 was 

silenced by using siRNA technology. After 24, 48, 72 and 96 hours cells were permeabilized with 

1.7% Triton and stained with propidium iodide. Cell proliferation was assessed with a microplate 
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reader to detect the fluorescence of the propidium iodide. Comparison of proliferation between 

oxaliplatin-sensitive and resistant cell lines. (A) Proliferation rates of HT29 and HTOXAR3 seem 

to be fairly similar. (B) Likewise, LoVo and LoVOXAR3 proliferation appear to not differ signifi-

cantly from each other. 

Colony formation 

For colony formation 200 cells per well were seeded in six-well plates and CDK5 was 

silenced by using siRNA technology as described above. The transfection medium was 

removed 24 hours post seeding and fresh medium was added. The cells were incubated 

at 37°C in a humidified 5% CO2 atmosphere incubator for 2 weeks, with regular medium 

changes. Cells were subsequently washed, fixed with a methanol/acetic acid (3:1) solu-

tion for 10 min and stained with a solution of 0.5% crystal violet for 10 min. After the 

staining, cells were washed with PBS and colonies were counted manually. Colonies of 

HT29 and HTOXAR3 as well as colonies of CDK5-silenced HTOXAR3 were grown and 

treated with oxaliplatin. CDK5-silenced HTOXAR3 show 36% less colony formation in 

comparison to non-silenced cells (Figure 28) (P-value 0.0406, R2 0.9204).  

 

Figure 27: Colony formation upon CDK5 silencing of oxaliplatin-resistant cell line 

HTOXAR3. For this assay, 200 cells per well were seeded in six-well plates and CDK5 was si-

lenced by using siRNA technology as described above. The transfection medium was removed 

24 hours post seeding and fresh medium was added. The cells were incubated at 37°C in a 

humidified 5% CO2 atmosphere incubator for 2 weeks, with regular medium changes. Cells were 

subsequently washed, fixed with a methanol/acetic acid (3:1) solution for 10 min and stained with 

a solution of 0.5% crystal violet for 10 min. After the staining, cells were washed with PBS and 

colonies were counted manually. (A) and (B) Colony formation of oxaliplatin-resistant HTOXR3 

upon inhibition of CDK5. CDK5-silenced HTOXAR3 show 36% less colony formation in compari-

son to non-silenced cells 
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Comparing sensitive HT29 and resistant HTOXAR3, HT29 show 73.92% less colony 

formation than HTOXAR3 (P-value <0.0001). Taken together, silencing of CDK5 in HT29 

and HTOXAR3 causes 19.86% reduced colony formation in comparison to non-silenced 

cells (Figure 29A) (P-value <0.0046). Oxaliplatin-treated (IC50, 30µM) HTOXAR3 show 

83.94% reduced colony formation in comparison to non-treated HTOXAR3 (P-value 

0.0002), with almost zero colony formation in treated cells when CDK5 was silenced 

(Figure 29B). 

 

 

Figure 28: Colony formation upon CDK5 silencing and oxaliplatin treatment of oxaliplatin-

resistant cell line HTOXAR3. For this assay, 200 cells per well were seeded in six-well plates 

and CDK5 was silenced by using siRNA technology as described above. The transfection medium 

was removed 24 hours post seeding and fresh medium was added. The cells were incubated at 

37°C in a humidified 5% CO2 atmosphere incubator for 2 weeks, with regular medium changes. 

Cells were subsequently washed, fixed with a methanol/acetic acid (3:1) solution for 10 min and 

stained with a solution of 0.5% crystal violet for 10 min. (A) Colony formation and comparison of 

oxaliplatin-sensitive HT29 and oxaliplatin-resistant HTOXAR3 upon CDK5 inhibition. Comparing 

sensitive HT29 and resistant HTOXAR3, HT29 show 73.92% less colony formation than 

HTOXAR3. (B) Colony formation of HTOXAR3 cells upon CDK5 inhibition and oxaliplatin treat-

ment. Oxaliplatin-treated (IC50, 30µM) HTOXAR3 show 83.94% reduced colony formation in 

comparison to non-treated HTOXAR3, with almost zero colony formation in treated cells when 

CDK5 was silenced 

 

Migration 

The capacity of cancer cells to migrate plays an important role in the multistep process 

of cancer metastasis. To see whether CDK5 plays a role this process, CDK5 was si-

lenced in oxaliplatin-sensitive HT29 and LoVo, and oxaliplatin-resistant HTOXAR3 and 

LoVOXAR3, and transwell migration experiments were performed. For migration assays, 

transwell chambers equipped with 0.8 μm membranes were used. 1×105 cells were 

seeded into the transwell chambers in 75 µL medium containing 2% FBS, while lower 

chambers were filled with 250 μL medium supplemented with 10% (or 20%) FBS. After 
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48 hours incubation at 37 °C, cells were removed, the membrane washed with PBS, 

fixed in 4% paraformaldehyde and stained with 0.5% crystal violet. To remove remaining 

cells that didn’t migrate through the membrane, the surface of the membrane within the 

well is gently scrubbed with a sterile cotton bud. Pictures were taken with a microscope 

and images were evaluated with Image J. Both oxaliplatin-sensitive cell lines displayed 

a higher dependency on functioning CDK5 for cell migration than their resistant counter 

parts. HT29 (Figure 30A) showed a significant 39.62% reduction in cell migration upon 

inhibition of CDK5 (P-value 0.0010, R2 0.9980). Likewise, LoVo (Figure 30B) showed a 

34.58% reduction (P-value 0.0094, R2 0.9814). 

 

Figure 30: Migration of oxaliplatin-sensitive CRC cell lines upon CDK5 inhibition. For mi-

gration assays, transwell chambers equipped with 0.8 μm membranes were used. 1×105 cells 

were seeded into the transwell chambers in 75 µL medium containing 2% FBS, while lower cham-

bers were filled with 250 μL medium supplemented with 10% (or 20%) FBS. After 48 hours incu-

bation at 37 °C, cells were removed, the membrane washed with PBS, fixed in 4% paraformalde-

hyde and stained with 0.5% crystal violet. To remove remaining cells that didn’t migrate through 

the membrane, the surface of the membrane within the well is gently scrubbed with a sterile cotton 

bud. Pictures were taken with a microscope and images were evaluated with Image J. (A) Migra-

tion of oxaliplatin-sensitive HT29 upon silencing of CDK5. HT29 showed a significant 39.62% 

reduction in cell migration upon inhibition of CDK5. (B) Migration of oxaliplatin-sensitive LoVo 

upon silencing of CDK5. LoVo showed a 34.58% reduction in cell migration upon inhibition of 

CDK5. 

 

Silencing of CDK5 in HTOXAR3 (Figure 31A) caused a significant 24.3% reduction in 

cell migration (P-value 0.0368, R2 0.9277). Whereas LoVOXAR3 (Figure 31B) displayed 

only a non-significant reduction of 10.78% (P-value 0.0907, R2 0.8269). 
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Figure 31: Migration of oxaliplatin-sensitive and -resistant CRC cell lines upon CDK5 inhi-

bition. For migration assays, transwell chambers equipped with 0.8 μm membranes were used. 

1×105 cells were seeded into the transwell chambers in 75 µL medium containing 2% FBS, while 

lower chambers were filled with 250 μL medium supplemented with 10% (or 20%) FBS. After 48 

hours incubation at 37 °C, cells were removed, the membrane washed with PBS, fixed in 4% 

paraformaldehyde and stained with 0.5% crystal violet. To remove remaining cells that didn’t mi-

grate through the membrane, the surface of the membrane within the well is gently scrubbed with 

a sterile cotton bud. Pictures were taken with a microscope and images were evaluated with 

Image J. (A) Migration of oxaliplatin-resistant LoVOXAR3 upon silencing of CDK5. In HTOXAR3 

silencing of CDK5 caused a significant 24.3% reduction in cell migration. (B) Migration of oxali-

platin-resistant HTOXAR3 upon silencing of CDK5. LoVOXAR3 only a non-significant reduction 

in cell migration of 10.78%. 

 

Anoikis 

Under normal circumstances most adherent cells die after detachment from the extra-

cellular matrix, a process which is termed anoikis. Cancer adherent cells however de-

velop the ability to survive without attachment to said matrix. This ability is an important 

characteristic for cancer cell dissemination. To test whether CDK5 plays a role in surviv-

ing detachment of the extracellular matrix, HT29 and HTOXAR3 cells were seeded in 

24-well dishes were one half the plate was coated previously with poly-HEMA (20 

mg/mL) and CDK5 was silenced. The poly-HEMA in the well is meant to prevent cells 

from attaching to the surface. For each condition 1x105 cells were seeded in 1 mL me-

dium without FBS in poly-hema-coated and non-coated wells. Cell viability was meas-

ured via MTT assay. Cell viability of cells grown in poly-hema-coated wells was com-

pared to cells growing in non-coated wells. Cell death was assessed with a microplate 

reader after PI staining. Interestingly, HT29 do generally exhibit more cell death when 

grown on poly-HEMA-coated surface, whereas HTOXAR3 do not (Figure 32). Abrogation 

of CDK5 increases cell death in control as well as poly-HEMA conditions. Highest cell 

death is observed upon poly-HEMA-coating and CDK5-silencing for both HT29 and 

HTOXAR3 cells. However, none of the results were significant. 
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Figure 32: Cell death upon CDK5 inhibition by detachment from the extracellular matrix of 

CRC cell lines HT29 and HTOXAR3. HT29 and HTOXAR3 cells were seeded in 24-well dishes 

were one half the plate was coated previously with poly-HEMA (20 mg/mL) and CDK5 was si-

lenced. For each condition 1x105 cells were seeded in 1 mL medium without FBS in poly-hema-

coated and non-coated wells. Cell viability was measured via MTT assay. Cell viability of cells 

grown in poly-hema-coated wells was compared to cells growing in non-coated wells. Cell death 

was assessed with a microplate reader after PI staining. Cell death caused by detachment from 

the extracellular matrix of CDK5-silenced and non-silenced HT29 and HTOXAR3. (A) HT29 do 

generally exhibit more cell death when grown on a poly-HEMA-coated surface. Abrogation of 

CDK5 increases cell death in control as well as poly-HEMA conditions. (B) HTOXAR3 do not 

seem do be affected by the poly-HEMA coated surface under control conditions. Silencing of 

CDK5 however seems to result in increased cell death under poly-HEMA conditions compared to 

the non-coated surface. However, none of the results were significant.  

 

In summary, proliferation assays did not show any significant differences neither for ab-

rogation of CDK5 nor for oxaliplatin-resistant cells nor the combination thereof. Colony 

formation was affected by resistance-acquisition to oxaliplatin with an increase in colony 

formation in resistant cells. Additionally, silencing of CDK5 resulted in reduced colony 

formation and the combination of oxaliplatin treatment and abrogation of CDK5 inhibited 

colony formation completely. Cell migration was affected negatively in both sensitive and 

resistant cells upon silencing of CDK5, showing a stronger reduction in sensitive cells. 

Lastly, sensitive cells seem to undergo more anoikis than their resistant counterparts 

and silencing of CDK5 might also contribute to a higher occurrence of anoikis. 
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 Object ive  3  

Establishment of dnCDK5 HT29, LoVo and Difi cell lines 

As siRNA inhibition is only a transient inhibition and must be performed with each exper-

iment where the inhibition of a protein is desired, the establishment of permanently in-

hibited dominant negative CDK5 (dnCDK5) HT29, LoVo and Difi cell lines was desired. 

From a pCMVcdk5 D145N plasmid (#1873, addgene), the CDK5 insert was cut out via 

BamHI digestion, purified and ligated into a p-BABE-puro plasmid (#1764, Marcus 

Buschbeck). Plasmids were then transformed in DH5α bacteria and transfected into 

Phoenix A cells (Neus Cantariño). The expressed CDK5-DN-HA and p-BABE-puro con-

trol plasmids were then infected into HT29, LoVo and Difi cells. After selection with py-

romycin dnCDK5 protein levels within the three CRC cell lines was validated via HA-tag 

detection by western blot (Figure 33). For western blot validation, dnCDK5 HT29, LoVo 

and Difi cells were grown until 90% confluent, washed with PBS and incubated with 200µl 

ice cold RIPA+ lysis buffer. They were then scraped off the petri dish and incubated for 

30 minutes at 4°C on a shaker. Afterwards, cell lysates were centrifuged for 20 minutes 

at 4°C at 12000 rpm. The protein concentration was measured through the Bradford 

method, using the DC™Protein Assay according to the manuals instructions and bovine 

serum albumin diluted in RIPA buffer as a standard. 50µg of protein were loaded onto 

10% SDS-PAGE gels and subjected to electrophoresis. Afterwards they were transferred 

onto polyvinylidene difluoride membranes. The membranes were blocked with Odyssey 

blocking buffer for 1 hour and then incubated overnight at 4 °C with α-CDK5 (cellsignal-

ing; 1:1000), α-HA-Tag (Abcam, 1:1000) and α-tubulin (Sigma-Aldrich, 1:20000) primary 

antibodies. Membranes were then incubated with IRDye rabbit and mouse secondary 

antibodies (1:10000) for 50 minutes protected from the light. Membranes were scanned 

with an Odyssey Imaging System. HT29 and Difi displayed high dnCDK5 protein levels, 

whereas in LoVo the dnCDK5 protein level seemed to be much lower, but it should be 

noted that LoVo cells appear to have a much lower CDK5 expression in general. The 

HA-tag was present in all three cell lines. However, since dnCDK5 protein levels were 

much lower as expected in comparison to their respective controls (HT29 2.7-fold, Difi 

2.3-fold) and in the case of LoVo even lower than the p-BABE-puro control (LoVo 0.7-

fold) (Figure 32) dnCDK5 expression was also assessed by qPCR (Figure 34). 
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Figure 33: Validation of dnCDK5 transfection and expression in HT29, LoVo and Difi via 

western blot. dnCDK5 HT29, LoVo and Difi cells were grown until 90% confluent, then washed 

with PBS and incubated with 200µl ice cold RIPA+ lysis buffer. They were then scraped off the 

petri dish and incubated for 30 minutes at 4°C on a shaker. Afterwards, cell lysates were centri-

fuged for 20 minutes at 4°C at 12000 rpm. The protein concentration was measured through the 

Bradford method, using the DC™Protein Assay according to the manuals instructions and bovine 

serum albumin diluted in RIPA buffer as a standard. 50µg of protein were then loaded onto 10% 

SDS-PAGE gels and subjected to electrophoresis. Afterwards they were transferred onto polyvi-

nylidene difluoride membranes. The membranes were blocked with Odyssey blocking buffer for 

1 hour and then incubated overnight at 4 °C with α-CDK5 (cellsignaling; 1:1000), α-HA-Tag 

(Abcam, 1:1000) and α-tubulin (Sigma-Aldrich, 1:20000) primary antibodies. Membranes were 

then incubated with IRDye rabbit and mouse secondary antibodies (1:10000) for 50 minutes pro-

tected from the light. Membranes were scanned with an Odyssey Imaging System. The presence 

of CDK5 and the HA-tag was detected by Western blot. CDK5 protein levels were increased 2.7-

fold in HT29 and 2.3-fold in Difi but decreased by 0.7-fold in LoVo. The HA-tag was detected in 

all three cell lines.  

 

For the qPCR, total RNA from cells was isolated using E.Z.N.A. Total RNA Kit I (Omega 

Bio-tek) according to the instructions of the manufacturer. The extracted sample was 

then purified with DNase I. RNA amounts were quantified with a NanoDrop spectropho-

tometer. The retrotranscription was performed with MMLV reverse transcriptase as de-

scribed in the manufacturer’s manual. Template cDNA was added to a TaqMan Universal 

Master Mix with specific primers and probe for CDK5 (Hs00358991_g1) by using TaqMan 

Gene Expression Assays. Relative gene expression levels were calculated according to 

the comparative Ct method using β-Actin (Applied Biosystems) as endogenous control. 

The qPCR revealed a much higher increase in dnCDK5 mRNA than the protein levels 

detected by the western blot. CDK5 expression was 26.1-fold higher in HT29, 4.3-fold in 

LoVo and 26.7-fold in Difi than in the p-BABE-puro controls. These results indicate that 

the integration of the dnCDK5 was successful. However, although dnCDK5 is present in 

high amounts at least at the transcriptional level in these three CRC cell lines, for 
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unknown reasons, but possibly due to regulation by post-transcriptional and/or post-

translational modifications the protein levels do not reflect the high mRNA status. Addi-

tionally, it should be noted that qPCR is a much more sensitive method than western 

blot. 

 

 

To further ascertain whether the expression of dnCDK5 had a similar influence on the 

phenotype of CRC cells as is exhibited by siCDK5-silenced cells, additional experiments 

were carried out. 

To measure cell viability after treatment with oxaliplatin, 1.5x103 dnCDK5 HT29 cells/well 

were seeded in 96-well microtiter plates and treated the next day with different oxaliplatin 

concentrations for 24 hours. After treatment, cells were grown for 72 hours. The medium 

was removed, and cells were incubated for 4 hours with MTT solution. Afterwards the 

MTT solution was removed and the formazan salt was dissolved with 100% DMSO. 

Plates were read at 590nm with a microplate reader. Doses for each fraction of survival 

were determined in each cell line by the median-effect line method and are ranging from 

Figure 34: Validation of dnCDK5 transfection and expression in HT29, LoVo and Difi via 

qPCR. For the qPCR, total RNA from cells was isolated using E.Z.N.A. Total RNA Kit I (Omega 

Bio-tek) according to the instructions of the manufacturer. The extracted sample was then puri-

fied with DNase I. RNA amounts were quantified with a NanoDrop spectrophotometer. The re-

trotranscription was performed with a MMLV reverse transcriptase described in the manufac-

turer’s manual. Template cDNA was added to a TaqMan Universal Master Mix with specific pri-

mers and probe for CDK5 (Hs00358991_g1) by using TaqMan Gene Expression Assays. Rel-

ative gene expression levels were calculated according to the comparative Ct method using β-

Actin (Applied Biosystems) as endogenous control. Relative CDK5 expression as determined by 

qPCR. (CNT: p-BABE-puro). CDK5 expression was 26.1-fold higher in HT29, 4.3-fold in LoVo 

and 26.7-fold in Difi than in the p-BABE-puro controls 
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10% to 90% of cell viability. Treatment of dnHT29 with oxaliplatin did not seem to affect 

cell viability in comparison to control HT29 cells (Figure 35). Both, p-BABE-puro control 

and dnCDK5 showed a more or less identical pattern in cell viability and dose-response 

curves, with very close EC50 values (p-BABE-puro 3.8µM, dnCDK5 3.7µM) (Table7). 

 

Figure 35: Viability and dose-response curves of dnCDK5-silenced HT29. 1.5x103 dnCDK5 

HT29 cells/well were seeded in 96-well microtiter plates and treated the next day with different 

oxaliplatin concentrations for 24 hours. After treatment, cells were grown for 72 hours. The me-

dium was removed, and cells were incubated for 4 hours with MTT solution. Afterwards the MTT 

solution was removed and the formazan salt was dissolved with 100% DMSO. Plates were read 

at 590nm with a microplate reader. Doses for each fraction of survival were determined in each 

cell line by the median-effect line method and are ranging from 10% to 90% of cell viability. (A) 

dnCDK5-silenced HT29 display no changes in cell viability upon oxaliplatin treatment (doses rang-

ing from 1 to 30 µM) in comparison to the p-BABE-puro control. (B) dnCDK5 dose-response 

curves also show no differences between dnCDK5 and p-BABE-puro control cells after treatment 

with oxaliplatin. 

 

 

 

Furthermore, the migratory potential of all three cell lines was assessed. HT29 (Figure 

36A) and Difi (Figure 36C) did not show any difference between p-BABE-puro control 

Table 7: EC50 of dnCDK5 HT29.  

HT29 display no reduction of EC50 

in dnCDK5 cell in comparison to p-

BABE-puro controls (doses ranging 

from 1 to 30 µM). 
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and dnCDK5 cells. LoVo (Figure 36B) display a slight increase in cell migration in 

dnCDK5 cells, however these are only the results of one experiment and therefore not 

significant. 

 

Figure 36: Migration of dnCDK5 silenced HT29, LoVo and Difi. For cell migration, transwell 

chambers equipped with 0.8 μm membranes were used. 1×105 cells were seeded into the 

transwell chambers in 75 µL medium containing 2% FBS, while lower chambers were filled with 

250 μL medium supplemented with 10% FBS (HT29) (15% for Difi, 20% for LoVo). After 48 hours 

incubation at 37 °C, cells were removed, the membrane washed with PBS, fixed in 4% paraform-

aldehyde and stained with 0.5% crystal violet. To remove remaining cells that didn’t migrate 

through the membrane, the surface of the membrane within the well is gently scrubbed with a 

sterile cotton bud. Pictures were taken with a microscope and images were evaluated with Image 

J. (A) HT29 display no differences in cell migration between dnCDK5 and p-BABE-puro control 

cells. (B) dnCDK5-silenced LoVo display a slightly higher migration than the p-BABE-puro control. 

(C) Difi display no difference in cell migration between dnCDK5 and p-BABE-puro control cells. 

 

Although the integration of the dnCDK5 seemed to have been successful, the dnCDK5 

cells did not show any phenotype, neither for cell viability nor migration, comparable to 

siCDK5-silenced cells. These results and the discrepancy between dnDK5 mRNA and 

protein levels led to the decision to continue experiments with siCDK5-silenced cells 

only. 
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 Object ive  4  

Co-immunoprecipitation of CDK5 and its activators p35 and p25 in vitro 

As CDK5 is activated by association with its regulators p35 and p25 and forms active 

complexes with these proteins, we wanted to study this interaction of CDK5 and p35 by 

co-immunoprecipitation in colorectal cancer cells. Previously, good results were gener-

ated with the Dynabeads Co-immunoprecipitation kit (ThermoFisher) and by immuno-

precipitating p35, but we could not reproduce those results.  

Dynabeads were incubated with p35 antibody (Santa Cruz) over night at 4°C on a roller. 

Beads were then washed the next day according to the kit’s instructions and proteins 

were extracted with the extraction buffer after lysis of the cells. Beads were incubated 

for 2 hours at 4°C on roller with the cell lysate. After the incubation, beads were washed 

only once with extraction buffer and then eluted with EB buffer.  

 

Figure 37: Co-immunoprecipitation of p35 with Dynabeads. Dynabeads were incubated with 

p35 antibody (Santa Cruz) over night at 4°C. The beads were washed the next day according to 

the kit’s instructions and proteins were extracted with extraction buffer after lysis of the cells. 

Dynabeads were then incubated for 2 hours at 4°C with the cell lysate. Following incubation, 

beads were washed once with extraction buffer and then eluted with EB buffer. 30µl of the eluted 

proteins were loaded onto 10% SDS-PAGE gels and subjected to electrophoresis. Afterwards 

they were transferred onto polyvinylidene difluoride membranes. The membranes were blocked 

with Odyssey blocking buffer for 1 hour and then incubated overnight at 4 °C with (A) α-p35 

(cellsignaling; 1:1000) and (B) α-CDK5 (cellsignaling; 1:1000) primary antibodies. Membranes 

were then incubated with IRDye rabbit secondary antibody (1:10000) for 50 minutes protected 

from the light. Membranes were scanned with an Odyssey Imaging System.  

 

As shown in Figure 37A, p35 could be detected in the p35 sample, but also in the IgG 

negative control and the wash. The presence of p35 in the washing samples, was the 

reason why we reduced the washing from three washing steps to one only. On the down-

side, the reduced washing steps also resulted in the appearance of more unspecific 
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bands. Nevertheless, although p35 was present CDK5 was not detected in any of the 

samples (Figure 37B). As we repeatedly could not detect CDK5 by immunoprecipitating 

p35 with the Dynabeads Co-immunoprecipitation kit (ThermoFisher) we wanted to try a 

different protocol. We subsequently used the PureProteome™ Protein G Magnetic Bead 

System (Milipore) and immunoprecipitated now both proteins p35 and CDK5 (Figure 38). 

 

 

Figure 38: Co-immunoprecipitation of CDK5 and its activator p35 with the PureProteome™ 

Protein G Magnetic Bead System.  

HT29 cells were lysed and the supernatant was incubated overnight at 4°C with α-CDK5 (Santa 

Cruz) and α-p35 (Santa Cruz) respectively. G-coupled beads were incubated for 2 hours with the 

cell lysates, containing the antibody. 50µl of the eluted proteins were loaded onto 10% SDS-

PAGE gels and subjected to electrophoresis. Afterwards they were transferred onto polyvinyli-

dene difluoride membranes. The membranes were blocked with Odyssey blocking buffer for 

1 hour and then incubated overnight at 4 °C with (A) α-p35 (cellsignaling; 1:1000) and (B) α-CDK5 

(cellsignaling; 1:1000) primary antibodies. Membranes were then incubated with IRDye rabbit 

secondary antibody (1:10000) for 50 minutes protected from the light. Membranes were scanned 

with an Odyssey Imaging System. (A) p35 is not detected in any of the IPs at a dilution of 1:1000. 

(B) CDK5 can be detected in the IP of CDK5 and the cell lysate, but not in the IP of p35. (C, D) 

Membranes were then washed and re-incubated (2) with α-p35 (cellsignaling) at a dilution of 

1:300. p25 shows a very weak band in one western blot (C) and a slightly stronger band in the 

other western blot (D). p35 was detected in one western blot (D) in the IP of CDK5 and on both 

blots in the cell lysate. 
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For the PureProteome™ Protein G Magnetic Bead System HT29 cells were lysed and 

the supernatant was incubated overnight at 4°C with α-CDK5 (Santa Cruz) and α-p35 

(Santa Cruz) respectively. The beads were washed with PBS-T (0,1%) and incubated 

for 2 hours with the cell lysate, containing the antibody. After incubation the beads were 

washed 3 times with lysis buffer containing triton-X (with concentrations increasing up to 

1%). Beads were then resuspended in 2x loading buffer, boiled for 5 minutes at 95°C 

and after removing the beads samples were stored at -20°C until western blotting. For 

the western blot 50µl of the eluted proteins were loaded onto 10% SDS-PAGE gels and 

subjected to electrophoresis. Afterwards they were transferred onto polyvinylidene 

difluoride membranes. The membranes were blocked with Odyssey blocking buffer for 

1 hour and then incubated overnight at 4 °C with α-p35 (cellsignaling; 1:1000) and α-

CDK5 (cellsignaling; 1:1000) primary antibodies. Membranes were then incubated with 

IRDye rabbit secondary antibody (1:10000) for 50 minutes protected from the light and 

subsequently scanned with an Odyssey Imaging System. Membranes were then washed 

and re-incubated (2) with α-p35 (cellsignaling; 1:300) primary antibody. Interestingly and 

in contrast to the Dynabeads, after incubation with α-p35 (cellsignaling) at a concentra-

tion of 1:1000 (Figure 38A) no specific bands were visible in none of the samples im-

munoprecipitated with the G-coupled beads. However, using a α-CDK5 (cellsignaling 

1:1000) (Figure 38B) CDK5 was detected in the sample immunoprecipitated for CDK5 

as well as the cell lysate. Furthermore, after washing the membranes and re-incubation 

with α-p35 (cellsignaling) at a concentration of 1:300, p35 was also detected (Figure 38C 

and D). Interestingly, p35 could only be detected in the samples immunoprecipitated for 

CDK5 and the cell lysate, but not in the immunoprecipitation of p35 itself. Which lead us 

to the assumption that with our conditions p35 could not be immunoprecipitated directly 

with the PureProteome™ protein G magnetic beads system. Additionally, a second lower 

band was detected that corresponds with the size of CDK5’s second activator p25. Since 

p25 is a truncated form of p35, the p35 antibody could indeed be detecting p25. 

As a functioning co-immunoprecipitation was now established, we wanted to further in-

vestigate whether we could find CDK5, p35 and p25 in other CRC cell lines as well. 
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Figure 39: Immunoprecipitation of CDK5 with the PureProteome™ protein G magnetic 

beads in HT29 an LoVo. CDK5 and IgG were immunoprecipitated from HT29 an LoVo cells. 

Cells were lysed and the supernatant was incubated overnight at 4°C with α-CDK5 (Santa Cruz) 

and α-IgG (Santa Cruz) respectively. G-coupled beads were washed with PBS-T (0,1%) and in-

cubated for 2 hours with the cell lysate, containing the antibody. After incubation beads were 

washed 3 times with lysis buffer containing triton-X (concentrations up to 1%). Beads were then 

resuspended in 2x loading buffer and boiled for 5 minutes at 95°C. Afterwards the beads were 

removed, 50µl of the eluted proteins were loaded onto 10% SDS-PAGE gels and subjected to 

electrophoresis. Afterwards they were transferred onto polyvinylidene difluoride membranes. The 

membranes were blocked with Odyssey blocking buffer for 1 hour and then incubated overnight 

at 4 °C with α-p35 (cellsignaling; 1:300) and α-CDK5 (cellsignaling; 1:1000) primary antibodies. 

Cell lysates were also incubated with α-CDK5 (cellsignaling; 1:1000) primary antibody. Mem-

branes were then incubated with IRDye rabbit secondary antibody (1:10000) for 50 minutes pro-

tected from the light. Membranes were scanned with an Odyssey Imaging System. (A) p35 and 

p25 were co-immunoprecipitated from HT29, but not LoVo cells. (B) CDK5 was immunoprecipi-

tated from HT29 and LoVo cells. (C) CDK5 was also still detected in the cell lysates after incuba-

tion with the beads. 

 

CDK5 and IgG were immunoprecipitated from HT29 an LoVo cells. Cells were lysed and 

the supernatant was incubated overnight at 4°C with α-CDK5 (Santa Cruz) and α-IgG 

(Santa Cruz) respectively. G-coupled beads were washed with PBS-T (0,1%) and 
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incubated for 2 hours with the cell lysate, containing the antibody. After incubation, beads 

were washed 3 times with lysis buffer containing triton-X (concentrations up to 1%). 

Beads were then resuspended in 2x loading buffer and boiled for 5 minutes at 95°C. 

Afterwards the beads were removed, 50µl of the eluted proteins were loaded onto 10% 

SDS-PAGE gels and subjected to electrophoresis. Afterwards they were transferred onto 

polyvinylidene difluoride membranes. The membranes were blocked with Odyssey 

blocking buffer for 1 hour and then incubated overnight at 4 °C with α-p35 (cellsignaling; 

1:300) and α-CDK5 (cellsignaling; 1:1000) primary antibodies. Cell lysates were also 

incubated with α-CDK5 (cellsignaling; 1:1000) primary antibody. Membranes were then 

incubated with IRDye rabbit secondary antibody (1:10000) for 50 minutes protected from 

the light. Membranes were scanned with an Odyssey Imaging System. CDK5 was suc-

cessfully immunoprecipitated from HT29 and LoVo cells (Figure 39B). The big difference 

in size of the CDK5 band in HT29 and LoVo can be explained by several factors. For 

one, there were less cells grown for LoVo than there were for HT29. Secondly, as men-

tioned before, LoVo cells seem to express CDK5 in lower levels in general. p35 as well 

as p25 were only detected in HT29, but not in LoVo cells (Figure 39A). This might be 

because CDK5 levels in LoVo were too low to detect a co-immunoprecipitated protein, 

but the experiment should be repeated with higher mounts of LoVo cells, in order to draw 

conclusions from this comparison. Additionally, as there is still CDK5 present in the cell 

lysate after incubation with the beads (Figure 39C), there is also the potential to increase 

the CDK5 yield with the beads and the CDK5 levels we see from the immunoprecipitation 

do not reflect the CDK5 levels of the cells in general. Generally, we were able to im-

munoprecipitate CDK5 from HT29 and LoVo cells and prove that there is complex for-

mation with its activators p35 and p25, which is stable enough to be co-immunoprecipi-

tated and detected, at least in HT29 cells. 

The co-immunoprecipitation experiments were continued after I had already left the 

group and Sara Bystrup was so kind to provide me further results (Figure 40).  
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Figure 40: Co-immunoprecipitation of CDK5 and its activator p35 and p25 the PureProte-

ome™ protein G magnetic beads in HT29, LoVo, SW48 and Difi cells done by S.Bystrup. 

CDK5 and IgG were immunoprecipitated from HT29, LoVo, SW48 and Difi cells. Cells were lysed 

and the supernatant was incubated overnight at 4°C with α-CDK5 (Santa Cruz) and α-IgG (Santa 

Cruz) respectively. G-coupled beads were washed with PBS-T (0,1%) and incubated for 2 hours 

with the cell lysate, containing the antibody. After incubation beads were washed 3 times with 

lysis buffer containing triton-X (concentrations up to 1%). Beads were then resuspended in 2x 

loading buffer and boiled for 5 minutes at 95°C. Afterwards the beads were removed, 50µl of the 

eluted proteins were loaded onto 10% SDS-PAGE gels and subjected to electrophoresis. After-

wards they were transferred onto polyvinylidene difluoride membranes. The membranes were 

blocked with Odyssey blocking buffer for 1 hour and then incubated overnight at 4 °C with α-p35 

(cellsignaling; 1:300) and α-CDK5 (cellsignaling; 1:1000) primary antibodies. Membranes were 

then incubated with IRDye rabbit secondary antibody (1:10000) for 50 minutes protected from the 

light. Membranes were scanned with an Odyssey Imaging System. CDK5 was immunoprecipi-

tated from all four cell lines. p35 was detected in HT29 and very slightly in Difi cells, however in 

LoVo and SW48 cells it is almost not visible. p25 was detected in all four cell lines. 

 

CDK5 was immuprecipitated from HT29, LoVo, SW48 and Difi cells. The cells were lysed 

and the supernatant was incubated overnight at 4°C with α-CDK5 (Santa Cruz) and α-

IgG (Santa Cruz) respectively. The PureProteome™ protein G magnetic beads were 

washed with PBS-T (0,1%) and incubated for 2 hours with the cell lysates. After incuba-

tion beads were washed 3 times with lysis buffer containing triton-X (concentrations up 

to 1%). Beads were then resuspended in 2x loading buffer and boiled for 5 minutes at 

95°C. Afterwards the beads were removed, 50µl of the eluted proteins were loaded onto 

10% SDS-PAGE gels and subjected to electrophoresis. They were subsequently trans-

ferred onto polyvinylidene difluoride membranes. The membranes were blocked with 

Odyssey blocking buffer for 1 hour and then incubated overnight at 4 °C with α-p35 
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(cellsignaling; 1:300) and α-CDK5 (cellsignaling; 1:1000) primary antibodies. Mem-

branes were afterwards incubated with IRDye rabbit secondary antibody (1:10000) for 

50 minutes protected from the light. Membranes were scanned with an Odyssey Imaging 

System. CDK5 was successfully immunoprecipitated from all four cell lines. Surprisingly, 

p35 was only detected in HT29 and very slightly in Difi cells, whereas it is almost not 

detectable in LoVo and SW48 cells. p25 on the other hand was detected in all four cell 

lines. The repetition of this experiment (not shown) looked very similar, with no bands 

visible for p35, but strong bands for p25 in HT29 and LoVo and a slightly less intensive 

bands for p25 in SW48 and Difi. These results indicate that it is mainly p25 rather than 

p35 that is in complex formation with CDK5. This theory is supported by several factors. 

For one, as mentioned above, p35 has only a short half-life of 20-30 minutes and this 

rapid turnover is additionally enhanced through the phosphorylation by CDK5. In other 

words, the negative feedback loop CDK5 exerts on its activator p35 upon activation of 

its kinase function, might make detection of the CDK5-p35 complex via coimmunopre-

cipitation difficult. p25, on the other hand, has a much longer half-life than p35 and com-

plex formation with CDK5 is also more stable. It might also reflect the high activity of 

CDK5 in these cancer cell lines. Another explanation might be found in the different cel-

lular localizations of these two proteins. As p35 has a myristoylation group, it is mainly 

localized at the plasma membrane, whereas p25 has not and is subsequently more sol-

uble and mainly present in nuclear and perinuclear regions. Of course, it might also be 

that our immunoprecipitation protocol is not suited to pick up membrane anchored pro-

teins such as p35 or that p35 is not immunoprecipitated for entirely different reasons. 
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 D I S C U S S I O N  
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CRC is the second leading cause of mortality due to cancers worldwide. Nevertheless, 

although recent therapeutic regimens have significantly increased patient survival in 

CRC, almost all CRC tumors develop some kind of chemoresistance eventually [347]. 

Thus, to improve current treatment strategies it is important to understand underlying 

mechanisms of resistance in CRC. CDK5 became a target of interest, when it was found 

to be upregulated (among others) after comparing gene expression of oxaliplatin-sensi-

tive and -resistant cell lines with microarray technology [223, 284]. Subsequent studies 

of a possible association of CDK5 protein levels with response to oxaliplatin-based first 

line chemotherapy in tumor samples from mCRC patients found that positive staining of 

CDK5 was significantly associated with decreased response rate and worse time to pro-

gression [348]. Additional research from Zhuang Zhang and colleagues in 2016 also re-

vealed that patients with high CDK5 expression had worse overall survival than patients 

with low expression [284]. Further experiments showed promising results and raised the 

questions whether resistant cell lines might be more dependent on CDK5 and whether 

CDK5 could be a promising candidate as a predictive marker and a target to improve 

current treatment regimens for mCRC. 

The first objective was to elucidate the role of CDK5 in response to oxaliplatin treatment. 

All experiments were performed with a resistant cell line and the associated sensitive 

parental cell line. Cell viability assays demonstrated a resistance reversion in oxaliplatin-

resistant HTOXAR3 and LoVOXAR3 upon silencing of CDK5 and treatment with oxali-

platin, whereas the sensitive parental cell lines HT29 and LoVo did not show a significant 

effect upon abrogation of CDK5 and oxaliplatin treatment. Thus, we propose the changes 

that colorectal cancer cells undergo when acquiring resistance to oxaliplatin, might result 

in greater dependency upon CDK5 activity for the cell to survive treatment with oxali-

platin. Furthermore, resistance reversion conferred by silencing of CDK5 underlines an 

important role for CDK5 in the process of resistance acquisition and maintenance. These 

findings are also in line with the initial identification of CDK5 as one of the genes that 

were significantly up-regulated [223] as mentioned earlier. They propose that an up-reg-

ulation of CDK5 expression would translate into a decrease in PPARɣ activation and 

consequently in a drug resistance acquisition. PPARɣ down-regulation has also been 

associated with resistance to cisplatin [349].  

The second objective was to further elucidate the role of CDK5 in tumor proliferation, 

colony formation, migration and anoikis. Cell proliferation does not seem to be affected 

by CDK5 silencing, neither in oxaliplatin-sensitive nor -resistant cell lines. Abrogation of 

CDK5 did not show an effect on proliferation in our experiments. However, proliferation 
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of HTOXAR3 exhibited high variation in between experiments, although the proliferation 

rate was very consistent for each experiment individually. These results are in line with 

findings from Lu, Lina and colleagues who did not see any significant differences in cell 

proliferation of CDK5 stably knocked down gastric cancer and control cells [350]. Addi-

tionally, Bosutti and colleagues demonstrated that inhibition off CDK5 activity by treat-

ment with roscovitine did not affect cell proliferation [351] and similarly, Yang et al. re-

ported that roscovitine treatment did not affect cell proliferation either [352]. In contrast 

to our own findings, Zhuang, Zhang et al. describe a very pronounced effect of CDK5 

inhibition on CRC cell proliferation [284]. Although notably, they stably inhibit CDK5 by 

small hairpin RNA interference, use HCT116 and SW480 CRC cell lines as their cell 

models and have a different cell proliferation protocol (Cell Counting Kit-8). Indicating, 

CDK5 has not one universal role in cell proliferation rather that it’s function and effect 

vary depending on cell type, its cellular localization and probably other factors.  

Cell migration assays show that oxaliplatin-resistant cell lines generally have an in-

creased migratory potential compared to their sensitive counterpart (data not shown) 

With a 3.4-fold increase in migration for LoVOXAR3 in comparison to LoVo (1.7-fold in-

crease for HTOXAR3 in comparison to HT29). As expected, LoVo cell lines exhibit a 

higher baseline migratory potential than HT29. This difference is due to the difference in 

origination of the cell lines. HT29 are derived from a primary tumor, whereas LoVo derive 

from a metastasis from the left supraclavicular region. Additionally, abrogation of CDK5 

gene expression reduces migration significantly in sensitive cell lines, confirming results 

from Zhuang, Zhang and colleagues [284], but less so in HTOXAR3 and only marginally 

and non-significantly in LoVOXAR3. Thus, contrary to expectations, oxaliplatin-resistant 

cell lines were less dependent on CDK5 for cell migration. This observation might be 

explained by other genes, up- and/or downregulated as a consequence of resistance 

acquisition that can compensate for abolished CDK5 functionality. In this regard, Guo, 

Ma and colleagues demonstrated that EMT plays a critical role in resistance to oxaliplatin 

in a CRC cell model. They found that resistant cells had a more pronounced EMT phe-

notype and a higher capacity for invasion and migration relative to their sensitive parent 

cells [353]. This could explain why resistant cells were less dependent on functioning 

CDK5 for cell migration as were sensitive cells. Moreover, it was found that an upregu-

lated CDK5 protein level was accompanied with the changes of EMT markers and knock-

down of CDK5 expression reversed this process [285]. Since we only looked at cell mi-

gration it would be interesting to see whether the same results can be seen in cell inva-

sion assays.  
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The capability to form colonies is also affected by resistance acquisition to oxaliplatin, 

with resistant cell lines forming a greater number of colonies than their sensitive parental 

cell lines. Though, sensitive as well as resistant cells exhibit a reduction in colony for-

mation upon silencing of CDK5.  

In regard to cell death under non-attachment conditions, HTOXAR3 seem to be relatively 

unaffected, but silencing of CDK5 seemingly doubles the amount of cell death under the 

same conditions. In comparison, HT29 exhibited a higher amount of cell death than 

HTOXAR3. 

As experiments with the dominant negative CDK5 cell lines showed a different pheno-

type than the siRNA-inhibited cells, we considered the differences between these two 

inhibitory methods. The dnCDK5 is a CDK5 with a mutation at amino acid 144, where an 

asparagine replaces an aspartic acid, thus inhibiting its kinase function, but leaving the 

rest of the protein intact. Whereas, siRNA inhibition is affecting the whole expression of 

the protein. This might suggest that, for the experiments where we saw different pheno-

types, the cells were not relying on the kinase activity of CDK5 but rather on other func-

tions of the protein. Sensitivity to oxaliplatin seemed to be not affected in neither siRNA-

inhibited nor dominant negative cells. Cell migration on the other hand was affected by 

siRNA inhibition, whereas dnCDK5-expressing cells did not show this effect. Suggesting 

that cell migration in these cells might be dependent on non-kinase functions of CDK5. 

In summary, CDK5 gene silencing made resistant cells more sensitive to oxaliplatin but 

only had an effect on the migratory capacity of the sensitive cells. These results could 

be explained by CDK5’s function in DNA damage repair and cell motility. As mentioned 

above, two important substrates of CDK5 implicated in DNA damage repair are ATM and 

STAT3 [336] and CDK expression and activity is increased in response to DNA damag-

ing agents [337] like oxaliplatin. Phosphorylation of ATM by CDK5 leads to the activation 

of various tumor suppressors, including p53. Which in turn enhances the cell’s capacity 

to repair itself [258]. Furthermore, phosphorylation of STAT3 results in upregulated ex-

pression of Eme1, which is an endonuclease, involved in the repair of broken replication 

forks which are induced by DNA damaging agents [337, 338]. As expected, we demon-

strated that knockdown of CDK5 with siRNA significantly increased the sensitivity to ox-

aliplatin in HTOXAR3 and LoVOXAR3. As for cell migration, CDK5 also localizes at focal 

contacts at the cell periphery and phosphorylates the focal adhesion protein talin. Where 

CDK5 phosphorylates talin head, which prevents its binding to Smurf1 and thus inhibits 

ubiquitylation and degradation of talin head. Huang, Rajfur and colleagues demonstrated 

that cell migration could be inhibited by extensive focal adhesion turnover. Which was a 
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result of increased Smurf1-mediated ubiquitylation when CDK5 was prevented from 

phosphorylating talin head [244]. These findings raise the question whether the opposite 

is also true. Does up-regulation of CDK5 also result in greater migratory potential in this 

manner? 

As mentioned previously, our group found that higher CDK5 mRNA levels were present 

in tumors as compared to the corresponding normal tissues. Additionally, high CDK5 

mRNA levels was a bad prognostic factor in non-treated stage II and III colorectal cancer 

patients. Moreover, recent experiments showed that in non-treated stage II CRC patients 

CDK5’s prognostic value was associated with KRAS mutant status. In stage IV CRC 

patients CDK5 positive immunohistochemistry staining was associated with worse time 

to tumor progression (TTP) and objective response rate (ORR) only in oxaliplatin-treated 

(FOLFOX) patients. These data confirm previous results establishing CDK5 as a tumor-

promoting factor in CRC, especially in a KRAS-mutated environment. Overall, our find-

ings underline that CDK5 has value as a prognostic factor for CRC progression and sug-

gest that patients with acquired resistant to oxaliplatin have a possible benefit from ad-

dition of a CDK5 inhibitor to their treatment regimen.  

The combination of CDK5 inhibitors with other drugs is already showing promising results 

in a hepatocellular carcinoma mouse model, where co-treatment of roscovitine (a pan-

CDK inhibitor with high affinity for CDK5) and irinotecan (which is also widely used in 

CRC treatment) arrested HCC growth [334]. Another CDK5 inhibitor, AC1MMYR2, is 

being tested together with paclitaxel to improve current paclitaxel regimens possibly pre-

venting the development of resistance that result from the administration of paclitaxel 

[354, 355]. Unfortunately, selectively inhibiting CDK5 has turned out to be rather difficult. 

Achieving high selectivity for CDK5 over other members of the CDK family is challenging 

due to their structural similarities of the ATP-binding sites; particularly CDK2, where only 

two of the 29 common residues of the ATP-binding pocket are different from those of 

CDK5 [258, 356, 357]. Thus, novel approaches, including exploitation of the allosteric 

region [358], targeting the inactive conformation [359], creating a covalent ligand and 

interfering with the binding of substrate and activator [281, 360, 361], might provide op-

portunities to overcome the selectivity issues [258]. 

Furthermore, CDK5 overexpression experiments could potentially increase insight into 

CDK5 role in resistance acquisition and answer the question whether an increased CDK5 

expression and activity enhances the aggressive phenotype of resistant cell lines and 

possibly confers resistant-like characteristics to sensitive cell lines.  
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Another strategy to overcome resistance to chemotherapy in mCRC apart from CDK5 

could be the improvement of the chemotherapeutic agent per se. Future improvements 

of chemotherapeutic regimens containing platinum compounds might result in enhanced 

delivery mechanisms subsequently leading to improved drug uptake and better distribu-

tion of the platinum-containing drugs. Possible approaches to enhance drug uptake 

might include liposome-based drug formulations of cisplatin-like drugs or the usage of 

physiological carrier proteins [138].  

In conclusion, the findings underline a role for CDK5 in human CRC progression and 

indicate that patients with oxaliplatin-resistant mCRC might benefit from CDK5 as a po-

tential target in current chemotherapy strategies.  
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