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Abstract 
Cyclin-dependent kinases regulatory subunit 2 (CKS2) is overexpressed and associated with 

aggressiveness of several cancers. The reason for this is not clarified. CKS2 is known to bind 

the cell cycle regulatory proteins cyclin-dependent kinase 1 and 2 (CDK2 and CDK2) and 

mitochondrial single-stranded DNA-binding protein (SSBP1). SSBP1 participates in the 

biogenesis of mitochondria. These interactions have not previously been explored by in situ 

proximity ligation assay (PLA). The purpose of this study was to investigate cellular 

localization of CKS2 in HeLa cells. Further, co-localization and interactions of CKS2 with 

CDK1, CDK2 and SSBP1 were explored by immunofluorescence cytochemistry and PLA. 

Several fixation methods were tested for optimization of the PLA.  Immunofluorescence 

cytochemistry showed that CKS2 was distributed in large foci in the nucleus and in small foci 

in the cytoplasm. In addition, CKS2 and CDK1 were localized at the centrosomes both in 

interphase and mitosis. The nuclear CKS2 foci were mainly restricted to weakly Hoechst 

stained areas, and they were co-localized with CDK1 and CDK2. Co-localization between 

CKS2, CDK1 and CDK2 was also apparent in the cytoplasm in interphase and mitosis. A 

small part of the cytoplasmic CKS2 and CDK1 foci co-localized with a SSBP1. PLA 

functioned well for both formalin and methanol fixated cells. However, formalin fixated cells 

required treatment with an extra reagent, e.g. a detergent buffer or methanol for production of 

PLA signals in the nucleus. Methanol fixation alone produced reproducible nuclear signals 

and was used for the examination of CKS2-CDK interactions, whereas combined formalin 

and methanol fixation were used for studying CKS2-SSBP1 and CDK1-SSBP1 interactions. 

PLA confirmed that CKS2 interacted with CDK1 and CDK2 in the nucleus and with CDK1, 

CDK2 and SSBP1 in the cytoplasm. The distribution of the CDK1-SSBP1 interactions in the 

cytoplasm resembled that of the CKS2-SSBP1 interactions. The results indicated that the 

large CKS2 foci in the nucleus were localized in euchromatin, which is transcriptionally 

competent DNA, and thus support the hypothesis that CKS2 has a role in the transcription of 

DNA. CKS2 probably interacted with CDK1 and CDK2 in these areas. Some of the 

cytoplasmic CKS2 and CDK1 foci interacted with SSBP1, probably within the mitochondria. 

In addition, the co-localization of CKS2 and CDK1 at the centrosomes lends support to the 

hypothesis of CKS-dependent activation and inactivation of the CDK1-CCNB complex prior 

to and in the mitosis. 
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1 Introduction 
Cyclin-dependent kinases regulatory subunit 2 (CKS2) is a mammalian protein encoded by 

the CKS2 gene [1-3]. It binds to the catalytic subunit of the cyclin-dependent kinases and 

appears critical for several biological functions [4]. For instance, the protein is assumed to 

participate in cell cycle control, because of its association with cyclin-dependent kinase 1 and 

2 (CDK1 and CDK2) [2]. The CKS2 messenger RNA (mRNA) has been found to be 

expressed in different patterns through the cell cycle in HeLa cells, which is a cell line derived 

from cervical cancer [5]. Thus, CKS2 might have a function in cell cycle control. However, 

the role of CKS2 in the cell cycle is not fully clear. Recently, CKS2 was identified as an 

interaction partner of single-stranded DNA binding protein 1 (SSBP1) and involved in 

replication of mitochondrial DNA [6], suggesting that CKS2 have functions other than related 

to the cell cycle. The CKS2 gene is up-regulated in several malignancies, including gastric, 

colorectal, hepatocellular and cervical cancer, and its expression correlates with 

aggressiveness and poor prognosis of the cancer [7-10]. The importance of CKS2 for cancer 

progression has not been clarified.  

Protein interactions appear essential for cellular biological processes [11]. Knowledge of 

CKS2 interactions with other proteins in cancer cells can provide insight into active signaling 

pathways in these cells. By that, more knowledge of CKS2 protein interactions can be one 

step on the way to ascertain which pathways that contribute to the development and 

aggressiveness of, for instance, cervical cancer. Such pathways can be attractive targets for 

the development of cancer therapies [12]. 

There are several methods that can be used to study interactions between proteins in cells. 

Immunofluorescence cytochemistry is a suitable method for co-localization experiments, and 

for examination of the spatial distribution of the proteins [13]. Recently, a new method, in situ 

proximity ligation assay (PLA), was developed to study protein-interactions in cells [14, 15]. 

PLA is a sensitive method that relies on the simultaneous binding of two antibodies against 

two target proteins, and utilizes a proximity ligation technique coupled to an amplification 

reaction to detect the antibodies whenever they are in close proximity, i.e. in cases of 

interaction. Both immunofluorescence cytochemistry and PLA require specific staining of the 

proteins in fixated cells [16, 17]. Fixation may influence the availability and change the 

structure of the antigen [18]. It is uncertain which fixation method will provide the best and 



2 
 

most reproducible results for the present experiments, but methanol, formalin and 

combinations of these have been used. The PLA method requires access of two antibodies, 

and might therefore be sensitive for fixation methods.  

The purpose of this thesis was to detect interactions between CKS2 and its known interaction 

partners in different cellular compartments of HeLa cells. In order to achieve this, the 

subsidiary aims were to: 

• Study cellular localization of CKS2 and its co-localization with CDK1, CDK2 and 

SSBP1 with immunofluorescence cytochemistry 

• Optimize the PLA technique for studies of CKS2 interactions with respect to different 

fixation methods 

• Use the optimized protocol to search for CKS2 interactions with CDK1, CDK2 and 

SSBP1 in relation to cellular compartments 
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2 Biological background 

2.1 The Cell Cycle 
The cell cycle is the life of a cell from the time it is formed by a dividing parent cell until its 

own division in two cells [19]. The entire DNA is duplicated before a cell divides. At 

division, the two copies of the DNA are allocated to opposite parts of the cell, and the cell 

splits in two. The daughter cells therefore end up with a complete genome, which is the 

genetic equivalent of the parent genome. 

The cell cycle is divided in the interphase and the mitotic (M) phase [19]. The cell grows by 

producing proteins and organelles, such as mitochondria and the endoplasmatic reticulum, 

during the three subphases (G1, S and G2; figure 1). During the G1 phase, the cell prepares 

for DNA synthesis, but the chromosomes duplicate only during the S phase  [20]. The S phase 

is followed by the G2 phase, during which the cell prepares for the mitosis. 

 

Figure 1. The different phases of the cell cycle. The interphase accounts for about 90 % of the 
duration of the cell cycle, and is subdivided in the G1 phase (first gap), S phase (synthesis), 
and G2 phase (second gap) [19]. The interphase is followed by the M phase (mitosis). 

 

The interphase alternates with the mitotic (M) phase, which includes mitosis and cytokinesis 

[19].  Mitosis is the division of the nucleus, whereas cytokinesis is the division of the 

cytoplasm. The mitosis is divided in five stages: prophase, prometaphase, metaphase, 
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anaphase and telophase (figure 2). The cytokinesis overlaps with the latter stages, and 

completes the cell cycle.   

 

 

Figure 2. The mitotic division of a mammalian cell [19]. Chromosomes are stained blue, 
microtubules green and intermediate filaments red.  

 

When a cell is not dividing and during DNA replication, the DNA is kept in the form of a thin 

fiber [19]. After DNA replication, the DNA is coiled up in a condensed form. During 

prophase, the chromatin fibers become more tightly coiled, condensing in discrete 

chromosomes. The formation of the mitotic spindle begins during prophase at the 

centrosomes, which are organelles that organize the cell’s microtubules. The nuclear envelope 

breaks down during the prometaphase and the spindle microtubules invade the nuclear area 

and interact with the chromosomes. At metaphase, the centrosomes are located at opposite 

ends of the cell. At this stage, the chromosomes are settled midways between the two spindle 

poles and forms a plane called the metaphase plate of the cell. During anaphase, proteins 

holding the two sister chromatids together are inactivated, and the chromosomes are pulled in 

opposite directions. Two daughter nuclei begin to form during telophase and the 

chromosomes become less condensed. Cytokinesis is well underway by late telophase. A 

furrow appears near the old metaphase plate. It is created by a contractile ring of actin 

filaments, which interact with the protein myosin and pinches the cell in two. This produces 

two completely separated daughter cells.  
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2.1.1 CDK-cyclin complexes: key drivers of the cell cycle 

Cells reproduce themselves with extreme precision. This ensures normal growth and 

development [19]. Each event of the cell cycle has to be completed successfully for the cell to 

continue through the cycle. This is controlled by several checkpoints. Mammalian cells have 

built-in stop signals that halt the cell cycle until the cell receives triggering signals. The 

signals are produced when crucial processes have been completed. Checkpoints can also 

register chemical and physical signals. For instance, cells fail to divide if nutrients or specific 

growth factors are lacking, or if the DNA is damaged [19, 21].  

Three important checkpoints are located in G1, G2 and M phases [19]. If the cell receives a 

stimulating signal during the G1 checkpoint, it will usually complete the S, G2 and the M 

phase. If not, it will exit the cycle and enter G0 phase. Cell cycle control molecules are 

proteins of two main types: kinases and cyclins. Kinases are enzymes that inhibit or activate 

other proteins through phosphorylation. The kinases circulate in an inactive form until they 

interact with cyclins. They are therefore called cyclin-dependent kinases (CDKs). The name 

cyclins originates from their fluctuating concentration during the cell cycle, which causes 

rhythmic fluctuations in the activity of the CDKs. This results in the initiation of cell cycle 

events. Different types of cyclins are produced at different cell cycle phases.  

 

Figure 3. CDK-cyclin complexes direct progression through the cell cycle. The sites of 
activity of the CDK-cyclin complexes in the various cell cycle phases are indicated. 
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At formation, the CDK-cyclin complexes are inactive [19, 22]. First, they are phosphorylated 

at specific sites by kinases. Phosphorylation of some sites are required for its activity, others 

inhibit its activity. Second, the inhibitory phosphate groups are removed by phosphatases. 

Once activated, the CDK-cyclin complexes can activate more complexes and create an 

explosive increase in CDK-cyclin activity. 

Progression through G1 is regulated by CDK4, CDK6 and CDK2 and their cyclins (cyclin D 

and E) (figure 3) [23]. Cyclin E (CCNE) is required to activate CDK2 for proper completion 

of G1 phase and is thought to be essential for initiating DNA replication. CCNE is silenced 

once the S phase is begun to avoid re-replication of DNA. Then, CDK2 interacts with newly 

synthesized cyclin A (CCNA), which is required for proper completion and exit from the S 

phase. At the end of the S phase, CCNA associates with CDK1. During G2, CCNA is 

degraded by ubiquitin-mediated proteolysis and cyclin B (CCNB) is actively synthesized. The 

CDK1-CCNB complex is activated in G2 and triggers the cell into M phase. The complex 

activates key proteins, which cause the chromosomes to condense, the nuclear envelope to 

break down, and the mitotic spindle to form [19]. Inactivation of CCNB is regulated by the 

anaphase-promoting complex/cyclosome (APC/C) and is required for proper exit from the 

mitosis [23].  

CDK1, originally identified as a mitosis promoting kinase, appears to have a master role in 

the cell cycle. CDK1 can compensate for the loss of CDK2 by binding in a complex with 

CCNE to drive cells through the G1-S transition [24]. In addition, a study revealed that CDK1 

is sufficient to drive the eukaryotic cell cycle in early embryogenesis and in mouse embryonic 

fibroblasts [25].  

2.1.2 Checkpoints of the cell cycle 

The cell cycle control system is self-regulating [19]. If one step, for instance the mitosis, is 

delayed, the cell will not proceed into cytokinesis with the cromosomes half segregated. The 

system has molecular breaks that stop the cell cycle at specific checkpoints, as mentioned in 

chapter 2.1.1.  

One major checkpoint in G1 halts the cell cycle if the DNA is damaged [19, 22]. This ensures 

that the cell do not replicate damaged DNA. Otherwise, the cell mutates and may become 

cancerous. DNA damage causes an increase in the regulatory tumor protein p53 (TP53), 

which activates the transcription of the CDK inhibitor protein p21. The protein inhibits 
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CDK2-CCNE and prevents entry into S-phase. The cell can then repair the damaged DNA 

and continue the cell cycle. If TP53 is defective, replication may occur, leading to 

accumulation of mutations. Mutations in TP53 are found in half of all diagnosed cancers. 

The G2 checkpoint, also known as the G2/M checkpoint, prevents cells from entering mitosis 

with damaged DNA [20]. The checkpoint inhibits the activity of CDK1-CCNB by inhibitory 

phosphorylations. This is achieved by the checkpoint kinase 1 and 2 (CHK1 and CHK2), 

which are activated during DNA damage and phosphorylate cell division cycle 25 (CDC25) 

phosphatases. This prevents CDC25 proteins from activating CDK1-CCNB, by removing 

inhibitory phosphate groups, and mitotic entry. DNA damage also activates TP53, which 

increases transcription of the CDK inhibitor p21.  

A checkpoint called the spindle checkpoint stops the cell cycle during M phase if the 

chromosomes are not properly attached to the mitotic spindle in metaphase [20]. Activation of 

the spindle checkpoint is achieved by proteins called mitotic arrest deficient (MAD) and 

budding uninhibited by benomyl (BUB), which inhibit the CDC20 subunit of the APC/C. 

This restrains the APC/C from targeting CCNB and prevents metaphase-anaphase transition 

[26]. 

2.2 CKS proteins 
CKS2 is a member of the cyclin-dependent kinase subunit (CKS) family [7]. CKS proteins are 

expressed in all eukaryotic lineages [27]. In mammals, there are two homologs, CKS1 and 

CKS2, which participate in the cell cycle regulation [7]. CKS2 is overexpressed in many 

human malignancies, including colorectal [9], gastric [7], cervical [28] and hepatocellular 

cancer [10]. Moreover, Lyng et al [8] have reported that high CKS2 expression was correlated 

with poor progression free survival and associated with metastatic phenotypes, rapid 

proliferation and tumor size in patients with uterine cervical cancer.  

The function of CKS2 in mammalian cells is not well understood. Mice lacking CKS2 are 

sterile, because the germ cells fail to progress past the first metaphase-anaphase transition 

during meiosis [29]. Mice that lack CKS1are viable and fertile, but a double nullizygous 

genotype is lethal [2]. 

CKS proteins consist of four-stranded anti-parallel β-sheets chapped at one end by two short 

α-helices [30]. X-ray diffraction structural determinations exhibit that CKS2 exist as 
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monomers, dimers or hexamers [4]. The hexamer form is a trimer of strand-exchanged 

dimers, which forms a ring structure [4, 30]. However, experiments suggest that monomeric 

CKS2 binds strongly to CDKs, whereas the dimer and hexamer sterically precludes binding 

with CDKs [31-33]. CKS2 appears to be involved in several cellular functions, for instance in 

regulating the APC/C and the mitochondrial single stranded DNA binding protein (SSBP1) 

[6, 34]. The interaction with CDK proteins, especially with CDK1, is most extensively 

studied. The significance of CKS2s binding to CDK2 is poorly known. However, 

overexpression of CKS2 in cancer cells is shown to maintain CDK2 in an active state in spite 

of inhibitory phosphorylations on Tyrosine-15 (Tyr-15) caused by activation of the S-phase 

checkpoint [27].  

2.2.1 CKS2 is involved in the G2-M transition of the cell cycle 

CKS2 appears to affect the G2-M transition of the cell cycle, and it is known to interact with 

CDK1-CCNB [35, 36]. During interphase, CDK1 is inactive because of inhibitory 

phosphorylation on Tyr-15 and Threonine-14 (Thr-14) by WEE1 and MYT1 [37, 38]. When 

the conditions are appropriate for mitosis, CDC25 proteins remove both inhibitory 

phosphates, thereby activating CDK1. CKS proteins are necessary for proper function of 

CDK1 in several species [39, 40]. In egg extracts of Xenopus (an African frog genus), a CKS2 

homolog called XE-p9 is required for entry into and exit from mitosis and facilitate substrate 

recognition by CDK1-CCNB [38]. Also, immunodepletion of XE-p9, henceforth termed 

CKS2, prevents entry into mitosis with an accumulation of inactive phosphorylated CDK1. 

This suggests a role for CKS2 in regulating dephosphorylation of CDK1. Furthermore, CKS2 

stimulates the ability of CDK1-CCNB to down-regulate CDC25, MYT1 and WEE1. Thus, 

CKS2 appears to affect the activation of CDK1-CCNB at the G2-M transition. The initial 

activation of CDK1-cyclin B, which involves dephosphorylation by CDC25, occurs at the 

centrosome [41, 42]. 

 Since CDK1 appears to have a master role in the cell cycle regulation [25], it is not unlikely 

that CKS2-CDK1 complexes may also be involved in regulating other cell cycle phases. 

However, to date this remains poorly known. 
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2.2.2 CKS proteins affect activation of the APC/C and mitotic exit 

CKS proteins have roles in regulating both the activation and function of the ubiquitin ligase 

APC/C [34, 43]. The APC/C regulates some of the cell cycle transitions, including 

metaphase-anaphase transition and the exit from the mitosis [26]. An APC/C activator, 

CDC20, binds to APC/C and activates its ubiquitin ligase activity. In addition, APC/C needs 

to be phosphorylated by CDK1-CCNB in order to become active [44-46].  During mitosis, the 

APC/C-CDC20 complex ubiquitylates PTTG (securin) and mitotic CCNs, leading to their 

destruction by the 26 S proteasome (figure 4) [26, 47, 48]. Degradation of PTTG and CCNB 

triggers cleaving of the cohesion complexes between the sister chromatids, separation of the 

sister-chromatids, inactivation of CDK1 and mitotic exit.  However, if some chromatids are 

not attached to the mitotic spindle, a group of proteins, denoted spindle checkpoint proteins, 

inhibit the function of CDC20 and thus the activation of APC/C. In Drosophila embryos and 

HeLa cells, the disappearance of CCNB in the mitosis commences at the centrosomes [49, 

50].  

Experiments performed by Zon et al [34] indicate that CKS proteins activate APC/C by 

promoting CDK1-CCNB-dependent phosphorylation of APC/C. Furthermore, in metaphase 

after the spindle checkpoint has been released, CDK1-CCNB needs to bind to CKS proteins to 

ensure processing of CCNB1 by APC/C. CKS1 and CKS2 have overlapping roles in mitosis 

[2, 43]. Zon et al reported that depletion by either CKS1 or CKS2 alone had no effect on 

CCNB and PTTG destruction. This indicates that both CKS1 and CKS2 regulate this 

function. 
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Figure 5. The CKS-CDK-CCNA complex binds CDC20 by out-competing the spindle 
checkpoint proteins. The CKS sub-unit recruits CCNA to the APC/C. Modified from [52]. 

2.2.4 CKS2 may be involved in the transcription of CDK1 and CCNB 
genes 

CKS2 is chromatin-bound, as previously exhibited by chromatin immunoprecipitation 

experiments [2]. In both S-fase and in a G2 enriched population, CKS2 was associated with 

CCNB and CDK1 genes. Furthermore, there was an increase in the association of CKS2 with 

CCNB and CDK1 promotors and open reading frames in the G2-phase that correlated with an 

increase in RNA polymerase II. Thus, CKS2 proteins might be involved in transcription of 

CDK1 and CCNB genes. 

Depletion of both CKS proteins by small interfering RNAs (siRNAs), led to impaired 

proliferation with G2 phase arrest in mouse embryonic fibroblast (MEF) cells [2]. Over time, 

these G2 arrested cells were capable of undergoing an additional round of replication without 

division, i.e, tetraploidization. This phenotype has been attributed to impaired transcription of 

the genes encoding CCNB1, CCNA2 and CDK1 proteins. 
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2.2.5 CKS2 regulates a mitochondrial function 

CKS2 interact with SSBP1, which have a role in mitochondrial biogenesis and replication 

[53]. This interaction is described at section 2.6.6 “CKS2 in mitochondria”. 

2.3 Cancer 
Cancer is a set of diseases in which cells divide and grow without control [19]. This may 

result from mutations in genes that normally regulate cell growth and division during the cell 

cycle. The cancer-causing genes are called oncogenes (from Greek onco, tumor). The normal 

genes, from which they transform, are called proto-oncogenes. Genetical alterations may 

result from random spontaneous mutations or environmental influences, such as chemical 

carcinogens, X-rays and certain viruses. Scientists have recognized a number of tumor 

viruses, which cause cancer in various species, including humans.  

In addition to genes that normally promote cell division, cells contain genes encoding proteins 

that inhibit cell division [19]. Such genes are called tumor-suppressor genes, because their 

encoded proteins prevent uncontrolled cell growth. Any mutations in these genes that 

decrease the normal activity, may therefore lead to cancer. The tumor suppressor proteins 

have normally various functions, such as repairing damaged DNA. This prevents the cell from 

accumulating cancer-causing mutations. An example of this is the product of the gene TP53, 

TP53, which halts the cell cycle when DNA damage is spotted and turns on genes involved in 

DNA repair. When the damage is irreparable, TP53 promotes cell death by apoptosis. If 

mutations in TP53 accumulate, cancer may ensue.  

2.3.1 Cervix cancer 

The incidence and mortality from cervical cancers in general are rising. However, there has 

been a decrease in incidence and mortality in Norway during the last decades [54]. In 2008, 

cervical cancer was ranked as the 9th most frequent cancer among Norwegian women [55]. 

The decreasing trend parallels the introduction of a screening program that aims at detecting 

precancerous changes in the cervix at an early stage. These precancerous lesions can be 

treated before they lead to cancer.  

The risk of developing cervical cancer is elevated in women with multiple sex partners [56, 

57]. Infection with human papillomavirus (HPV) is a major etiological factor in cervical 
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carcinogenesis. Whilst HPV infection is necessary, other co-factors are required, which may 

include long term use of oral contraceptive pills, smoking, high parity, diet, co-infection with 

human immunodeficiency virus, herpes simplex virus and Chlamydia trachomatis infection 

[58].   

Human papillomavirus (HPV) is a double-stranded DNA virus [58]. Over 150 types of HPV 

have been identified, whereby 40 infect the squamous epithelium of the anogenital tract. 

Among these, 15 are characterized as high risk in association with cervical intraepithelial 

neoplasia and cervical cancer (HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 

82) [59, 60]. Two of these high risk types, HPV 16 and 18, remain the most common HPV 

types in cervical lesions, and cause 60-80 % of all cervical cancers [58].  

The HPVs, which are sexually transmitted, infect cells in the basal layer of the squamous 

epithelia [61]. Most HPV infections are cleared by cell-mediated immune mechanisms. 

However, in a minority of cases, the infection persists and the HPV DNA integrates into the 

host DNA. Open reading frames (ORFs) of the HPV are genomic transcription sites 

responsible for viral activity [60]. Two ORFs of HPV, E6 and E7, are oncogenes involved in 

the transformation from normal cells to cancer cells. 

E7 proteins are best known for the inhibition of the tumor suppressor protein retinoblastoma 

(RB1) [61]. RB1 is responsible for regulating many genes involved in cell cycle progression, 

differentiation, mitosis and apoptosis. In addition, E7 contributes to immortalization of 

keratinocytes by binding to key proteins, resulting in a high CDK2 activity, which promotes 

cell cycle progression.  

One major consequence of targeting the cell cycle regulators by high risk E7 proteins is an 

increase in the level of the tumor suppressor TP53[61].  TP53 is involved in preventing cancer 

by increasing the cell’s susceptibility to apoptosis. To restrain this, E6 proteins cause 

proteasomal degradation of TP53 and block transcription by interfering with its DNA-binding 

activity.  

In all, E6 and E7 promote proliferation and evasion of apoptosis of suprabasal cells [61] 

(figure 6). The oncoproteins also degrade and inactivate TP53 and RB1, and cause genetic 

instability. This leads to the accumulation of DNA damage and mutations, which may result 

in transformation and development of carcinomas.  
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Figure 6. Molecular mechanisms by which HPV induces cervical carcinogenesis. Proliferation 
caused by E7 initiates apoptosis (programmed cell death), which is repressed by the 
oncoprotein E6. Together, E6 and E7 immortalize cells, cause genomic instability and thereby 
transform cells and develop carcinomas. The functions of E6 and E7 are augmented by the 
viral protein E5 [61]. 
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2.4 Mitochondria and cancer 

2.4.1 Introduction to mitochondria 

Mitochondria are organelles that perform essential functions in cellular metabolism and 

regulation of cell death [62]. They are involved in regulating important processes such as ATP 

production, ion storage, apoptosis and anabolic and catabolic metabolism [63]. It is assumed 

that the mitochondria originate from aerobic heterotrophic prokaryotes, which became 

endosymbionts [19]. The term endosymbiont refers to a symbiotic cell that lives inside 

another, called the host cell. Thus, it is not surprising that mitochondria have double 

membranes and possess their own genome accompanied by a mitochondrial transcriptional 

and translational machinery to produce their own RNAs and proteins [62]. Mitochondrial 

genes have been integrated into the nucleus genome throughout evolution, and today about 

99% of the roughly 1000 mitochondrial proteins are encoded by nuclear DNA and transported 

into mitochondria [62, 63].  

The human mitochondrial genome is a circular double-stranded DNA molecule of 16.6 kb, 

which encodes 13 polypeptides of the electron transport chain (ETC) and 22 tRNA and 2 

rRNA genes necessary for its own protein synthesis [64]. Each mitochondrion contains 2-10 

copies of its genome [62]. The replication of the mitochondrial DNA is not coordinated with 

the S-phase of the cell cycle. However, the overall number of mitochondria remains constant 

during proliferation. This suggests that the generation of mitochondria is affected by extra-

mitochondrial signals. This hypothesis is supported by the fact that new mitochondria are 

continuously formed even when the mitochondrial DNA is deleted.  

2.4.2 Metabolism and the generation of reactive oxygen species 

The best characterized function of the mitochondrion is the production of energy, in the form 

of adenosine triphosphate (ATP) [62]. This process, called oxidative phosphorylation, is 

completed by a series of protein complexes (numbered I to IV [19]) termed the respiratory 

chain. Electrons, originally derived from the breakdown of fuel (proteins, carbohydrates and 

lipids), are transported through the respiratory chain, also called ETC [19]. Some electrons 

may leak from the electron transport complexes and react with molecular oxygen to form 

superoxide radicals, O2·- [62]. These radicals are then converted to other reactive oxygen 

species (ROS). In fact, the mitochondrial ETC is considered a major source of ROS [64].  
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2.4.3 Mutation and DNA repair 

Human mitochondrial DNA, which lacks protective histones, is continuously exposed to ROS 

produced by the mitochondria, and has a 10 fold higher rate for accumulation of mutations 

than nuclear DNA [64]. Mitochondrial DNA lacks sizeable introns, so most mutations occur 

in the coding regions. Some mutations lead to changes in the multiprotein complexes of the 

ETC, reduce their affinity for electrons and result in an increased ROS production [62].  

Elevated level of ROS is associated with a cascade of redox signaling, which leads to DNA 

damage [64]. Redox signaling has been defined as “entire chains involving cascades of redox 

reactions, eventually leading to changes in gene expression” [65]. The mutations caused by 

the persistent oxidative stress may lead to cancer promotion and metastasis [64].  

Cells  have a number of ways to defend themselves from ROS induced damage [64]. They 

possess ROS scavengers and anti-oxidant enzymes, such as superoxide dismutases (SOD), 

catalases, and glutathione peroxidases. SOD reacts with H+ and converts O2·- to H2O2 and O2 

[66]. H2O2 is not a radical, but can diffuse across membranes and form hydroxyl radicals 

(OH·-) [64]. Glutathione peroxidase and catalase are enzymes that counteract this by reducing 

H2O2 to H2O.  

Mitochondria also contain their own DNA repair systems, for instance base excision repair 

(BER), mismatch repair (MMR) and mitochondrial DNA (mtDNA) degradation in response 

to damage [67]. A DNA polymerase, called polymerase-γ (POLG), is assumed to function in 

mitochondrial BER, which is the best characterized repair process [68].  The BER proteins 

repair the damaged DNA and restore genome integrity [69]. The inappropriate base is excised 

by a DNA glycosylase (figure 7). This results in an apurinic/apyrimidinic (AP) site cleaved by 

an AP endonuclease, creating a strand break with a 3´-hydroxyl end and a 5´-deoxyribose 

phosphate (dRP) sugar moiety. POLG fills the nucleotide gap and eliminates the 5´dRP 

fragment. The DNA nick is then sealed by DNA ligase. Several DNA glycosylases have been 

identified in mitochondria including UNG1 (active on uracil), OGG1 (guanine oxidation) and 

NEIL1 (pyrimidine oxidation). 



17 
 

  

Figure 7. A representation of the base excision repair pathway in the mitochondria. Modified 

from [69].  

2.4.4 ROS-induced oncogenic transformation 

Mitochondrial dysfunction is presumed to be involved in age-related diseases like 

neurodegerative diseases, type 2 diabetes and cancer [63, 70, 71]. Here, the focus will be on 

mitochondrial defects in cancer. As explained above, the mitochondrial ETC produces ROS 

as a byproduct [63, 64]. Mitochondria are one of the major sources of ROS and research has 

revealed that ROS have important roles in regulating events such as proliferation, 

differentiation and migration [72]. In addition, redox signaling is accepted to be involved in 

regulating normal processes and disease progression, including angiogenesis, oxidative stress, 

aging, and cancer.  

Often, cancer cells possess higher levels of ROS than normal cells ( [72] and references 

therein). If a small amount of cells overcome cellular senescence, factors like hypoxia and/or 

lack of glucoses can trigger transformation to malignancy. Prolonged hypoxia and glucose 

deprivation are drivers of elevated mitochondrial ROS production, and prolonged hypoxia 

activates signaling pathways that leads to stabilization and activation of the hypoxia inducible 

factor HIF-2alpha. This enables cells to survive with sustained levels of elevated ROS. 
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However, HIF-2alfpha represses DNA mismatch repair processes and the cells accumulate 

ROS-induced oxidative damage and mutations, which lead to malignant transformations. 

Experiments have shown that inhibition of HIF-2alpha expression by short hairpin RNA 

(shRNA) prevents in vivo growth and tumorigenesis in different cancers, regardless of 

mutational status and tissue of origin [73]. Furthermore, HIF-2alpha expression seems to 

promote hypoxic cell proliferation by enhancing transcriptional activity of the protooncogene 

MYC, which in turn promotes altered glucose metabolism, suppression of apoptosis, cell 

growth and survival [72].  

2.4.5 Mitochondrial single-stranded DNA binding protein (SSBP1) 

Single-stranded DNA binding proteins (SSBs) attach to single-stranded DNA with high 

affinity [74]. They are involved in replication, recombination and repair of DNA. In humans, 

there are two different groups of SSBs, nuclear (RPA, hSSB1, hSSB2) and mitochondrial 

(SSBP1) [75]. 

SSBP1 is involved in mitochondrial DNA replication 

SSBP1 is an extremely well preserved protein related to prokaryotic SSBs [75]. It exists in the 

mitochondria of all eukaryotes, from yeast to humans. SSBP1, POLG and PEO1, a DNA 

helicase at the mitochondrial replication fork, form the replication machinery (figure 8) [74]. 

Human SSBP1 stimulates the DNA unwinding rate of PEO1 [76]. In addition, an 8 fold 

stimulation of POLG has been noted with human SSBP1 [77]. These interactions with 

replication proteins suggest that SSBP1 has a role in the replication of mtDNA. In HeLa and 

Drosophila cells, RNA interference (RNAi) of SSBP1 caused loss of mtDNA [78, 79]. This 

may indicate that SSBP1 is essential for the maintenance of mtDNA. 
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Daily, hydrolytic deamination of cytosine produce 70-200 uracil bases in the DNA [88]. DNA 

polymerase does not distinguish U from T in the template. This produces G:C to A:T 

transition mutations. Uracils in U:G mismatches are 100 % mutagenic if not repaired. Single-

stranded DNA (ssDNA) has 140-300 fold higher rate of deamination than double-stranded 

DNA (dsDNA). Mammalian cells possess uracil-DNA glycocylases, which counteract this 

and initiate BER (figure 7). The only known uracil-glycocylase in mitochondria is UNG1.  

Given that the nuclear SSB protein, RPA, interacts with several DNA repair proteins, it has 

been speculated whether SSBP1 interacts similarly in the mitochondria [83]. Experiments 

have been performed to check if SSBP1 affects the repair of deaminated, oxidized and 

methylated DNA bases in ssDNA. Steen et al [83] observed that the uracil-glycolase UNG1 

had a preference for ssDNA over dsDNA, but that there was a complete excision of uracil 

only in the dsDNA substrates. The majority of uracils in ssDNA remained unprocessed. 

Additional experiments demonstrated that uracil excision was reduced when SSBP1 was 

added to the samples, and that UNG1 directly binds the SSBP1-DNA complex. Futhermore, 

in vitro SSBP1 also inhibited the repair of 3-methylcytosine in ssDNA by the metyl-removing 

enzyme ABH1. However, NEIL1 glycosylase, which excise oxidatively damaged DNA bases, 

was only partially inhibited by SSBP1.   

Since SSBP1 inhibits uracil excision by UNG1, it may seem paradoxical that SSBP1 recruits 

UNG1 to single stranded mitochondrial DNA[83]. However, this may indicate that SSBP1 

facilitates accumulation of UNG1 at mtDNA, but inhibits excision of uracil until dsDNA is 

restored after replication is finished. A possible explanation is that this delayed processing 

avoids formation of double strand breaks as mitochondria have limited homologous 

recombination that produce error-free processing of nicks at the replication fork.  

The DNA excision repair proteins ERCC8 and ERCC6 interact with the BER protein OGG1 

and SSBP1, which are in a complex with mitochondrial DNA, as has been shown in co-

immunoprecipitation experiments on oxidatively stressed mitochondria [87]. The interaction 

did not occur in non stressed mitochondria. It is known that mitochondrial OGG1 has a role in 

repair of oxidative DNA damage [89]. From the co-immunoprecipitation results, it is 

therefore proposed that the ERCC6, ERCC8, OGG1 and SSBP1 complex is involved in 

protection from oxidatively induced mtDNA mutations [87]. 

The tumor suppressor TP53 translocates into mitochondria and interacts with POLG in 

response to mtDNA damage caused by endogenous and exogenous insults, such as ROS [74]. 
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Loss of TP53 increases vulnerability of mtDNA to exogenous damage, leading to increased 

frequency of mtDNA mutations in vivo  [86]. Wong et al [74] identified TP53 as a novel 

interaction partner of human SSBP1 in vitro. SSBP1 bound to its transactivated domain, 

enhanced the 3’-5’ exonuclease activity of TP53, particularly in hydrolyzing 8-oxo-7,8-

dihydro-2’-deoxyguanosine (8-oxodG), a well-known marker of oxidative stress. Therefore, 

SSBP1 appears to be involved in a mitochondrial repair process performed by TP53. Whether 

SSBP1 affects other repair functions caused by TP53 in mitochondria remains poorly 

elucidated.  

2.4.6 CKS proteins in mitochondria 

Radulovic et al [6] discovered SSBP1 as a new interaction partner of CKS proteins in 

mitochondria. By using pulldown assay, an in vitro method used to determine physical 

interactions between proteins, they found that SSBP1 only binds to CKS2 which are in 

complex with CDK. 

Futhermore, Radulovic et al [6] reported that knockdown of both CKS1 and CKS2 by shRNA 

did not reduce protein levels or expression of SSBP1 mRNA. However, CKS knockdown 

cells exhibited reduced amount of mtDNA. In addition, CKS knockdown cells showed 

abnormal mitochondrial morphology with increased fragmentation. Hence, CKS proteins 

seem to be involved in protection of mitochondrial genome integrity. They also demonstrated 

that SSBP1 is a substrate for CDK, and that CKS knockdown cells do not phosphorylate 

SSBP1. Furthermore, application of roscovitine, which is a CDK1, CDK2 and CDK5 

inhibitor, abolished SSBP1 phosphorylation and inhibited mtDNA replication. Thus, the 

experiments indicated that SSBP1 undergoes CKS-CDK dependent phosphorylation, and that 

inhibition of SSBP1 phosphorylation leads to defective replication of mtDNA. 
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3 Methodological background 

3.1 Fluorescence 
Fluorescence is a short-lived type of light created by electromagnetic excitation [90]. A 

fluorescent substance absorbs light energy at a shorter wavelength (higher energy) than it 

emits. This phenomen was first observed in 1852 by Sir George G. Stokes with the mineral 

fluorspar, thereof the term fluorescence. 

 

The fluorophore (a molecule that can generate fluorescence) absorbs energy in the form of 

photons from the external source, creating an excited singlet electronical state [91]. A portion 

of this excited energy is emitted as fluorescence, and the fluorophore returns to its ground 

state. The difference in energy or wavelength of absorption and emission is termed the Stokes 

shift.   

Absorption of light (photons) by a molecule and emission of energy in the form of 

fluorescence, occur only at characteristic wavelength for a given molecule, i.e. each 

fluorescent molecule have its own excitation and emission spectrum (figure 9) [92].  

 

 

  

 

 

 

 

 

 

Figure 9. An illustration of an excitation and emission spectrum. Modified from [93].    
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3.2 Antibodies and immunofluorescence 
Antibodies are glycoproteins, naturally produced by human and animal effector B 

lymphocytes in response to infection [94].  Their function is to bind pathogenic components 

and microorganisms, thereby, rendering them innoxious. They bind to specific structures, 

called epitopes, in an antigen. Structurally, they look like the letter Y. The fragments binding 

to the antigen (the “arms”) are called Fab (Fragment antigen binding). The stem is called Fc 

(Fragment crystallizable), referring to the first experiments where it was observed to 

crystallize.   

In general, each antibody consists of two identical heavy and light polypeptid chains [94]. The 

tips of the Y’s arms show extensive variation, and are therefore called the variable regions. 

Antibodies are divided into five isotypes: IgA, IgD, IgE, IgG and IgM. They are distinguished 

by the type of stem in the molecule. All antibodies of the same class have an identical stem, 

and this part is therefore called the constant region.  

Antibodies bind strongly and with specificity to its antigen and they are therefore useful for 

detecting and quantifying proteins [94]. They can be made commercially, and are used widely 

in biological research and as medical drugs. Traditionally, antibodies are produced by 

immunizing animals with a particular antigen and one can prepare antisera from their blood. 

A more modern approach is to fuse the desired B lymphocyte from an immunized animal with 

a tumor cell to form hybridoma cells. They are immortal and can divide and produce 

antibodies indefinitely. This type of antibodies descends from the same clone of B 

lymphocytes, and is therefore called monoclonal antibodies. 

Antibodies that bind to a specific target molecule are called primary antibodies [95]. The 

primary antibody can be labeled with a fluorescent tag, which produces a visible signal that 

allows direct detection of the target antigen. Alternatively, the primary antibody can be 

connected to a secondary antibody, which is labeled with a fluorescent tag or an enzyme 

producing visible light. The method of labeling proteins by fluorescently tagged antibodies is 

called immunofluorescence [16]. Using secondary antibodies provides several advantages 

over direct detection with labeled primary antibodies [95]. First, primary antibodies are 

expensive, and by exposing primary antibodies to labeling procedures, researchers may risk 

poor recovery or inactivation of the antibodies.  Second, primary antibodies may have several 

epitopes to which secondary antibodies can bind, and therefore produce signal amplification. 
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Primary antibodies are produced in a few different host animal species, for instance in mice, 

rabbits, rats and goats [96]. They are often of the isotype IgG. Secondary antibodies have 

specificity for the antibody species and isotype of the primary antibody. They are produced by 

injecting harvested primary antibodies, into a different animal species. For instance, anti-

mouse antibodies are raised by injecting mouse antibodies into an animal other than mouse. 

When a goat is immunized with mouse antibodies, goat anti-mouse antibodies are generated.   

 

3.3 Fluorescence microscopy 
Fluorescence microscopy is one of the techniques used in this thesis. It allows the examiner to 

focus on the target of interest with a high degree of selectivity [97]. Researchers have 

developed many thousand fluorescent probes for labeling different cellular, sub-cellular or 

molecular components. A brief synopsis of the properties of the fluorescence microscope is 

outlined below. 

The light source 

Correct illumination of the specimen is very important for obtaining high quality images [98]. 

In fluorescence microscopy, various light sources can be used, including mercury- and xenon 

arc lamps [99]. However, metal halide illumination sources are rapidly emerging as a serious 

challenger of mercury- and xenon arc lamps. The fluorescence microscope (Zeiss AxioImager 

Z1) used in the present experiments was equipped with a metal halide lamp (HXP-120).    

The metal halide lamp emits light in the ultraviolet, violet, blue, green, and yellow regions 

(figure 10) with spectral lines at 365, 405, 436, 546, and 579 nm [99]. The spectral lines arise 

from elemental excited state transitions in mercury vapor.   
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Figure 11. The beam path in the fluorescence microscope. The light flows from the light 
source (metal halide lamp) (1) via an exciter filter (2) to a beam splitter (3). The objective (4) 
gathers the light and passes it to the specimen. From the specimen, the light transmits through 
the dichroic beam splitter (3) to an emission filter (5). The fluorescent light can be observed 
either through the binoculars (6) or a camera (7) [100].  

 

Table 1 The different filters in the Zeiss AxioImager.Z1 microscope. 

Filtersa 

Exciter filterb Beam splitterb Emission filterb 

365 FT 395 c BP 445/50 

BP 395-440c FT 460 LP 470c 

BP 470/40 FT 495 BP 525/50 

BP 550/25 FT 570 BP 605/70 

BP 640/30 FT 660 BP 690/50 
a The fluorescence microscope have 3 filters (exciter filter, beam splitter and emission filter), 
which ensure separation of the fluorescence for observation from the excitation light. 
b The wavelengths or wavelength intervals that the filters transmit (nm) 
c BP: band pass filter, FT: dichroic beam splitter mirror, LP: Long-pass filter  
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The ApoTome 

Image quality in fluorescence microscopy is compromised when signals originating from the 

focal plane are overlaid with image information arising from remote areas [102]. An 

ApoTome is a slider module for fluorescence microscopy. By using this module an image of 

improved quality can be generated from the various focal planes of the specimen as an image 

stack. 

 

The ApoTome (figure 12) consists of a grid, which is inserted into the illumination pathway 

of the fluorescence microscope and projected onto the specimen [102]. The grid is relocated 

over the specimen by a glass plate, which is tilted back and forth in the light path. A minimum 

of three images of the specimen is acquired with the grid located at different positions. The 

grid is visible in the focal plane, and no fluorescence is generated in regions where no light 

reaches the specimens. The images are then processed by the microscope software, which 

determines grid contrast as a function of location and removes the out-of focus image 

information before superimposing the three images into a final optical section. An optical 

section is an image of the specimen that only extracts information from the region that 

corresponds to the objective depth of field. 

 

 

Figure 12. The ApoTome consists of two plates, which are positioned in the light path. The 
grid pattern is imprinted on the excitation light. A glass plate, located parallel to the gridded 
plate, is tilted back and forth. This motion moves the “grid” excitation light back and forth in 
the specimen [102]. 
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3.4 In situ proximity ligation assay 
PLA is a method to monitor interactions of endogenous proteins in cells and tissues with high 

specificity [103]. The principles outlined below describes in situ PLA applied for detection of 

interaction between two proteins using Olink® Bioscience’s Duolink II reagents. Typical 

samples are tissue sections, cytospin preparations or adherent cells fixated on a glass slide 

[17]. The samples are incubated with primary antibodies, produced in different animals 

species, directed against the two target proteins (figure 13A). The secondary antibodies with 

specificity for the species of the primary antibodies are connected to oligonucleotides, which 

are designated proximity probes (figure 13B) [103]. If the two target proteins are in proximity 

(maximum 30-40 nm apart), they will create a signal [104]. The oligonucleotides on the 

proximity probes, serve as templates for circularization of so-called connector 

oligonucleotides by enzymatic ligation (figure 13C) [103]. Then, DNA polymerase and 

nucleotides are added to the sample. One of the oligonucleotides serves as a primer for DNA 

polymerase, which uses the ligated circle as a template for rolling circle amplification (RCA) 

[17]. The other oligonucleotide has three mismatched RNA nucleotides at the 3’ end that 

prevents it from serving as a primer [103]. This produces a single-stranded product, composed 

of up to 1000 repeated sequences, complementary to the DNA circle. Fluorescently labeled 

oligonucleotides, added to the sample, bind to the single-stranded product and produce a 

fluorescent spot which can be visualized by fluorescence microscopy (figure 13D) [17]. For 

proteins located at a larger distance, the connector oligonucleotides will not hybridize and no 

signal will appear. 

  

Figure 13. The principle of the assay. A. The primary antibodies bind to their protein targets. 
B. Secondary antibodies, conjugated with oligonucleotides (PLA probes), bind to the primary 
antibodies. C. Ligase and oligonucleotides hybridize the two PLA probes and join a closed 
circle. D. Polymerase uses the circle as a template for rolling circle amplification (RCA). 
Fluorescently labeled oligonucleotides hybridize with the RCA product. Modified from [17].   
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3.5 Fixation of cells 
High quality cell preparation for microscopic examination presupposes proper cell fixation  

[105]. This renders it possible to examine the preparation at a later point of time. It “freezes” 

the cells, so they appear the same in the microscope as when they were alive. The fixative 

used must allow access of the antibodies to the cells and not alter the antigen in a way that 

inhibits subsequent binding of antibodies [18]. 

There are three main methods used to preserve the cells and retain their structural 

organization[106]: 

• Fixation by cross-linking 

• Fixation by precipitation 

• Fixation by freezing (cryofixation) 

Cryofixation is probably the best method for cellular preservation and often employed for 

electron microscopy [106]. It involves rapid freezing of tissues or cells followed by cross 

linking reagents. However, the technique requires equipment which is absent in many 

laboratories. As cryofixation was not an option in this thesis, it will not be discussed any 

further. 

3.5.1 Fixation by cross-linking 

Cross-linking reagents involve chemicals with aldehyde groups, such as formaldehyde and 

glutaraldehyde [107]. The reagents bind to proteins and lipids and form intermolecular 

bridges between reactive groups. They generally work by binding aldehydes to free amino 

groups and thereby creating a network which links cellular components together and keeps 

them in place [108]. The cross-linkers preserve cell morphology better than organic solvents 

[109]. They also prevent molecules from being washed out of the cell. A disadvantage, 

however, is that the resulting cross-linking may inhibit antibodies from entering into the cells 

[107] and therefore requires a permeabilization step to allow antibodies to access intracellular 

structures [109]. For permeabilization, detergents or organic solvents are used [110]. 

Detergents comprise dilute solutions (0.05-0.5%) of for instance Trition X-100 or Igepal ca-

630, which solubilize the phospholipids of cellular membranes. However, these are harsh 
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detergents [111], and milder detergents such as saponin or digitonin may be required for 

specific applications [110]. Organic solvents, such as methanol or acetone can also be used. 

Aldehyde fixation should be performed at room temperature or warmer [108]. Cold 

temperatures can disrupt cytoskeletal elements and result in altered cellular size, shape and 

interrelationships of subcellular organelles.  

Formaldehyde, CH2O, binds to amino acids, peptides, proteins and some lipids and crosslink 

amine-, sulfhydryl-, and hydroxylgroups [107]. There are two different sources of 

formaldehyde, formalin and paraformaldehyde. Formalin is produced by oxidation of 

methanol, and contains 37 % formaldehyde along with impurities such as methanol, formic 

acid and other aldehydes and ketones. Working fixatives are produced by dilution to a 10 % 

formalin solution, which contains 3.7 % formaldehyde. Paraformaldehyde is a powder, which 

consists of polymers of formaldehyde. When mixed with NaOH and heated, 

paraformaldehyde depolymerizes to monomer formaldehyde (figure 14). Hence, a 

paraformaldehyde solution is pure formaldehyde. 

 

Figure 14. The chemical reaction for production of formaldehyde from paraformaldehyde 

[107]. 

3.5.2 Fixation by precipitation 

Fixation by precipitation includes use of organic solvents like cold alcohols and cold acetone 

[107, 109]. The fixatives dehydrate and precipitate the proteins within the cells [108, 109]. 

The solvents destroy the structure of the cellular molecules. If extensive three dimensional 
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structures or networks of structures are to be explored, these fixatives may shrink the samples 

and thus alter the localization of some antigens [110].  Proteins are denatured because the 

fixatives break hydrophobic bonds, and lipids in membranes are dissolved into micelles [107]. 

This permeabilizes the membrane, and enhances the access of antibodies to intracellular 

antigens [108]. A disadvantage of this method is that molecules are washed out of the cell 

during fixation and processing and may cause false negative results[107].  
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4 Materials and methods 

4.1 Cell specifications and maintenance 

4.1.1 Cell line 

HeLa cells were used in the experiments. These cells were the first cultured human cell line 

grown in vitro (in a “test tube”) [112]. The cells originate from a lady, named Henrietta 

Lacks. They were isolated from an aggressive, cervical glandular-adenocarcinoma on the 8th 

of February 1951 at The Johns Hopkins Hospital in Baltimore, Maryland. Later, her cells have 

been distributed worldwide and are widely used in cancer cell studies. They have also been 

used in biochemical research to study biochemical pathways in human cells.  

HeLa cells are adherent, which means that they stick to surfaces. They have a doubling time 

of about 24 hours [113]. The cell line contains human HPV-18 sequences [114], and they 

exhibit a low expression of TP53, normal levels of RB1 and overexpress the MYC gene 

[115].  

4.1.2 Cell cultivation and counting 

The HeLa cells were cultivated in a T75 tissue culture flask with 5 % CO2 at 37 °C, similar to 

the temperature the body. The cells were grown in DMEM + Glutamax™ (Life Technologies) 

added 10% fetal bovine serum (FBS, Life Technologies), 1% L-glutamine (PAA) and 1% 

Penicillin-Streptomycin solution (100 U/mL penicillin and 100 µg/mL streptomycin, PAA). 

The cell culture was split and passed on to new T75 culture flasks twice a week. 

Before splitting and experiments, the cells were microscopically examined to ensure that they 

were healthy and growing as expected. Attached cells should be slightly elongated in shape at 

low density and more pavement stone-like when approaching confluence. 

The cells were split at approximately 80 % confluence (see Appendix 1). An aseptic technique 

was used to reduce the likelihood of contamination by microorganisms and the procedure was 

carried out in a clean LAF bench with sterile equipment and solutions. Old growth medium 

was removed, and the cells were washed with 5-8 mL sterile Dulbecco’s PBS (PAA) prior to 

trypsinization to remove any residual from the growth medium. This is necessary because 
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FBS in the growth medium contains trypsin inhibitor [116]. Trypsin (Sigma-Aldrich) was 

added to the culture cell flask, distributed over the entire cell surface and the culture flask was 

placed in a 37 °C CO2 incubator until the cells detached from the surface. Trypsin may 

damage the cells, so it was important to examine the cells every few minutes. If necessary, the 

loose cells were dislodged by gently knocking on the cell bottle with the palm of the hand 

without causing cell aggregation. Trypin was inactivated by adding fresh culture medium to 

the flask at the required split ratio and the content was gently mixed. One ml cell suspension 

or about 1 million cells were transferred into a new flask and filled with fresh culture medium.  

Cells were counted with a coulter counter (Beckman Coulter, Z2 Coulter Counter) before they 

were plated out for experiments (see Appendix 2). In the coulter counter cells were moved, 

one at a time, through an electrical current. The coulter counter identifies and counts the 

individual cells through measuring the electrical conductivity, which differs between the cell 

and the suspending fluid [117]. Before the cells were counted the cell suspension was diluted 

1:100 in isoton water. The coulter counter was flushed with the same liquid, and the counter 

adjusted so that only live cells were counted.  

4.2 Microscopy 

4.2.1 Seeding cells for microscopic examination 

Cells were seeded on coverslips for the immunocytochemistry experiments and on glass slides 

for the PLA experiments in a petri dish. The coverslips and glass slides were sterilized by 

autoclavation prior to the experiments. The number of cells seeded depended on the size of 

the petri dish (table 2). 

The amount of cell suspension needed for each petri dish was calculated from the formula: 

Total number of cells in the petri dish / (the counted number of cells / mL cell suspension) = 

X mL cell suspension per petri dish. The dish was then filled with growth medium (37 °C) to 

the desired volume (table 2).  

The cells were grown overnight at 37°C in a CO2 incubator.  
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Table 2. Account of the sample preparation. 

Seeding cells on coverslips 

Petri dish 
sizea 

Number of coverslips/dish Number of cells Amount of growth medium 

35 mm 

60 mm 

3-4 

6-7 

120 000 

250 000 

2.5 mL 

5 mL 

Seeding cells on slides 

Petri dish 
sizea 

Number of slides/dish Number of cells Amount of growth medium 

100 mm 

150 mm 

1 

5 

1 000 000 

3 000 000 

10  mL  

30 mL 

a The diameter of the petri dishes 

4.2.2 Experimental design 

A flow chart of the experiments is shown in figure 15. Cells were fixated with either formalin 

or methanol and stained with various antibodies (against CKS2, CDK1, CDK2 and SSBP1 

proteins), and analyzed by fluorescence microscopy. The distribution of the proteins, in the 

nucleus and the cytoplasm, was also examined. Then, co-localization of proteins was 

examined by double staining of cells with antibodies (CKS2 with CDK1/CDK2/γ-tubulin or 

SSBP1, and CDK1 with SSBP1). Localization studies were performed at least 3 times for 

each fixative, and the co-localization experiments were conducted at least 2 times for each 

combination of antibodies. A qualitative evaluation of how the fixatives affected the staining 

was performed. Possible interactions between proteins were further analyzed with PLA. In 

order to establish PLA, cells were suspended in 4 different fixation and permeabilization 

solutions before they were stained with CKS2 and CDK1 antibodies. The results were 

quantified and compared by statistical analysis of the data. Then, based on these results and 

the staining patterns examined by immunocytochemistry, the most suitable fixation methods 

were selected. The selected fixation methods were used for subsequent PLA studies, which 

examined interactions between CKS2 and CDK1, CDK2 or SSBP1, and between CDK1 and 

SSBP1. The PLA experiments were performed at least 4 times for each combination of 

antibodies. 
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Figure 15. Flow chart of the experimental design.  

4.2.3 Immunocytochemistry 

The coverslips used for cell seeding were round, 12 mm in diameter and 0.17 mm thick 

(Assistant, no 1.5). Choosing the correct coverslip thickness is crucial to good image 

resolution. In these experiments, cells were fixated in two different ways in order to evaluate 

how this affected the staining of the antigen depending on the nature of the antigen examined:  

• Methanol fixation for 10 minutes at -20 °C 

• Formalin fixation for 10 minutes at room temperature 

The protocol for the immunocytochemistry staining is describes in detail in Appendix 3. All 

antibodies used in this thesis were tested in both formalin and methanol fixated cells, except 

for the anti-γ tubulin antibody, which has been used by other group members and is known to 

work only in methanol fixated cells.  All incubations were carried out at room temperature. 
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The coverslips were placed with the cell side up on a sheet of parafilm in a humidified 

chamber. The parafilm avoided dispersion of reagents placed on the coverslips. The 

humidified chamber consisted of a petri dish (diameter of 150 mm) with three layers of wet 

filter paper. PBS-AT (1% BSA (Sigma-Aldrich), 0.5 % Triton-X100 (Sigma-Aldrich) in PBS) 

was used as blocking, permeabilizing agent and antibody diluent. The coverslips were 

incubated with the primary antibody against CKS2 (Life Technologies), CDK1 (Santa Cruz 

Biotechnology or Lifespan Biosciences), CDK2 (Santa Cruz Biotechnology), SSBP1 (Sigma-

Aldrich) or γ-tubulin (kind gift from Stephen Doxey, Worcester) for 2 hours and the 

secondary antibody donkey anti-mouse 549 (Jackson ImmunoResearch) or donkey anti-rabbit 

488 (Jackson ImmunoResearch) for 40-60 minutes. The secondary antibodies were 

fluorophore-conjugated with emission at 549 nm and 488 nm respectively and had to be 

protected from light. Technical controls without primary antibody were also prepared. In the 

co-localization experiments, cells received two primary antibodies with appropriate secondary 

antibodies. Thus, controls were prepared that only received one primary antibody and the 

secondary antibody produced in the other animal species. DNA was stained with Hoechst 

33258 (0.6 µg/mL) (Sigma-Aldrich) for 1-2 minutes. The coverslips were dried carefully and 

mounted on slides with 5 µl ProLong ® Gold Antifade Reagent (Life Technologies), which 

suppresses photo bleaching [118]. 

4.2.4 In situ proximity ligation assay 

The Duolink II orange starter kit was used for the experiments. The starter kit contained 

secondary PLA probes, a blocking solution, an antibody diluent, a ligation solution, an 

amplification solution, wash buffers, mounting medium and the enzymes ligase and 

polymerase. The various functions of the PLA solutions are accounted for in Appendix 4, 

table 2.  

After seeding, cells were washed with warm (37 °C) Dulbecco’s PBS, and fixated with one of 

the following methods: 

• Methanol for 10 minutes at -20 °C 

• 10% neutral buffered formalin for 10 minutes at room temperature 

• 10 % neutral buffered formalin for 10 minutes at room temperature followed by 

methanol for 10 minutes at -20 °C 
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• 10 % neutral buffered formalin for 10 minutes at room temperature followed by 

detergent buffer for 1 hour on ice (0°C)  

After fixation, cells were washed three times with Dulbecco’s PBS and the methanol fixated 

cells were soaked in PBS for 2-3 minutes for rehydration. A reaction area of 1 cm2 was 

outlined on the slides with a hydrophobic barrier pen (ImmEdge ™ Pen). All incubations 

were performed in a humidified chamber and all incubations, except with primary antibody, 

were carried out at 37 °C.  A detailed protocol describing incubation time, temperature, 

antibody- and reagent dilutions is presented in Appendix 4, and the detergent buffer formula 

is shown in Appendix 5. The mounting medium contained DAPI, which stained DNA in the 

nucleus. A technical negative control omitting primary antibodies was included in the 

experiments, which examined the unspecific binding of the PLA probes. Ideally, a negative 

control with a cell line that did not express one or both of the target proteins should have been 

included. Such a control would have given information on the specificity of the primary 

antibodies [17]. siRNA experiments for knockdown of CKS2 were performed. However, 

CKS2 knockdown in HeLa cells appeared to up regulate apoptosis and complicated the 

introduction of a negative control. These results are therefore not included in the thesis.  

4.2.5 Fluorescence microscopy 

A Zeiss AxioImager z1 microscope was used to capture images of the stained cells (Appendix 

6). Three fluorescent dyes were used for the immunofluorescense studies: Dylight549 donkey 

anti-mouse, which is excited by light of 549 nm (figure 16), Dylight488 donkey anti-rabbit, 

which is excited by light of 488 nm (figure 17) and Hoechst 33258, which is excited by light 

of 352 nm (figure 18) [119]. The spectra below show that there is no significant overlap in the 

excitation or emission spectra of the three fluorochromes in the regions that are allowed to 

pass through the filters of the fluorescence microscope. 

The PLA interactions were assessed by fluorescently labeled oligonucleotides, which are 

excited at 554 nm and emit light of 579 nm. The fluorochrome was used with the same filter 

as with Dylight 549. The specimens were mounted with 0.17 mm thick coverslips (Assistent). 

Since 63x and 100x oil objectives (NA 1.4; Carl Zeiss) were used, a drop of immersion oil 

was applied on top over the coverslips (figure 19). 
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Figure 16. Excitation- (light blue curve to the left) and emission (light blue curve to the right) 
curves of Dylight549. The excitation filter (550/25) used with this fluorochrome allows 
transmission of wavelengths in the dark blue scattered area, whereas the emission filter allows 
only wavelengths in the red area to pass [119]. 

 

 

Figure 17. Excitation- (light blue curve to the left) and emission (light blue curve to the right) 
curves of Dylight488. The excitation filter (470/40) used with this fluorochrome allows 
transmission of wavelengths in the dark blue scattered area, whereas the emission filter 
(525/50) allows only wavelengths in the red area to pass [119]. 
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4.2.6 Qualitative evaluation of immunocytochemistry images 

The staining of the cells, which were fixated with either formalin or methanol, was compared. 

The cytoplasmic and nuclear stainings were evaluated separately. The strength of the signal 

was classified as weak, intermediate, strong or intensive. The distribution of the staining was 

assessed as either evenly distributed or in foci. The staining was classified as variable, when 

differing among cells. Qualitative evaluations are subjective. When signals stood out clearly 

from the background, they were categorized as intensive. Here, strong and intermediate 

signals in the nucleus were distinguished by evaluating the fluorescence intensity and staining 

of foci.  

4.2.7 Quantification of PLA foci 

Proper permeabilization of the antibodies was required for obtaining PLA signals in the 

nucleus. The duolink PLA antibody diluent contained a permeabilizing agent with unspecified 

content. In order to establish PLA, interactions between CKS2 and CDK1 in the nucleus were 

quantified for the four different fixation methods. 

This PLA experiment was performed three times, and about 70 cells from each fixation 

method, randomly chosen from all three experiments, were photographed. Foci in the nucleus 

were counted for one focal plane with distinct nucleoli per cell. Some cells had overlapping 

PLA foci. In these cases, a focus was assumed to be 0.5 µm in diameter, and the number of 

foci was counted accordingly.  

4.2.8 Statistics 

Vertical histograms of number of PLA foci in the nucleus were plotted by use of SigmaPlot 

(Systat Software). The distributions were not normally distributed (Shapio-Wilk test, P<0.05). 

Possible differences in number of PLA foci due to fixation method, were tested by use of 

SigmaStat, applying a Mann-Whitney Rank Sum test. This test is an alternative to the t-test, 

but does not require normally distributed data. A significance value of 0.05 was used. As the 

data were not normally distributed, median values are given, instead of the mean, as the 

middle value of the distribution.  
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Figure 21. Distribution of CKS2 in the nucleus of a formalin fixated HeLa cell. A. Magnified 
nucleus with stained DNA (blue). B. Magnified nucleus with stained CKS2 (red). 

 

Figure 22. Localization of CKS2 and γ-tubulin in a methanol fixated HeLa cell in interphase. 
A. CKS2 (red), B. γ-tubulin (green), C. DNA in the nucleus (blue) and D. All three images 
superimposed on each other. 

  

A 

A B 

B 
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In the nucleus, it was observed that CKS2, to a large extent, localized to dark areas except for 

the nucleoli (figure 21). 

Cells simultaneously incubated with anti-CKS2 and anti-γ tubulin antibodies are shown in 

figure 22. The latter intensively stained one or two foci located in the cytoplasm close to the 

nucleus. CKS2 stained foci were positioned at the same location. The co-localization is shown 

as yellow foci in the image (figure 22D). CKS2 stained foci co-localized with γ-tubulin in all 

the observed cells.  

5.1.2 Co-localization of CKS2 with CDK1 and CDK2 

CDK1 proteins were well distributed throughout most parts of the cell both in the nucleus and 

the cytoplasm, but were not seen in the nucleoli (figure 23). CDK1 and CKS2 appeared to be 

co-localized both in the cytoplasm and in the nucleus, as can be seen as yellow signals in the 

merged CKS2 and CDK1 images (figure 23 and 24). This was also seen in formalin fixated 

cells (Appendix 7, figure 1). In the interphase cells, the co-localization of CKS2 and CDK1in 

the nucleus is apparent (figure 24). An intensively stained large, green CDK1focus was 

located outside the nucleus (figure 23). This was clearly visible in methanol fixated cells, but 

less so in formalin fixated cells (Appendix 7, figure 1). Two CKS2 foci were located on the 

same spot.  

In mitosis, both CKS2 and CDK1 were mainly distributed in the cytoplasm. There were no 

intensively stained CKS2 or CDK1 foci in the nucleus (figure 24). In the prometaphase cell, 

two green CDK1 foci were located on both sides of the DNA. Two CKS2 foci appeared to be 

located on the same spot. 
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were often more abundant in formalin fixated cells. A large part of CKS2 in the cytoplasm 

appeared not to be co-localized with SSBP1. Only a few yellow signals are seen on the image.  

However, the SSBP1 signal in the cytoplasm was very strong and may drown the CKS2 

signal. This was also seen in formalin fixated cells (Appendix 7, figure 4), although the 

yellow signals were more abundant in these cells. 

 

Figure 26. Localization of CKS2 and SSBP1 in methanol fixated HeLa cells in interphase. A. 
CKS2 (red), B. SSBP1 (green), C. DNA in the nucleus (blue) and D. all three superimposed 
on each other. 

 

5.1.4 Co-localization of CDK1 with SSBP1 

For co-localization of CDK1 with SSBP1, a mouse CDK1 antibody was used. CDK1 was 

localized in the cytoplasm and the nucleus (figure 27). Moreover, stained cells exhibited 

intensively stained foci usually appearing in pairs. They were localized in the cytoplasm close 

to the nucleus. This is in agreement with the foci seen with the CDK1 rabbit antibody (figure 

23). Most of the CDK1 proteins in the cytoplasm appeared not to be co-localized with SSBP1. 

However, the SSBP1 signal in the cytoplasm was very strong and may drown the CDK1 

signal. Thus, only a few yellow spots were visible in the cytoplasm. These yellow spots were 

abundant in formalin fixated cells (Appendix 7, figure 5).  

A B 

C D 
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Figure 27. Localization of CDK1 and SSBP1 in formalin and methanol fixated HeLa cells in 
interphase. A. CDK1 (red), B. SSBP1 (green), C. DNA in the nucleus (blue) and D. All three 
superimposed on each other. 

 

5.1.5 Controls for immunocytochemistry experiments 

Images of the technical negative controls are shown in Appendix 8. The negative controls 

were incubated with mouse anti-CKS2 (figure 1), rabbit anti-CDK1 (figure 2), rabbit anti-

CDK2 (figure 3), rabbit anti-SSBP1 (figure 4), mouse anti-CDK1 (figure 5), donkey anti-

rabbit (figure 6), donkey anti-mouse (figure 7) or rabbit anti-γ tubulin (figure 8). The control 

cells exhibited very weak signals. 

 

5.1.6 Comparison of staining in formalin versus methanol fixated 
cells 

Formalin retained the structure of the nuclear content better than methanol. The intensity of 

the nuclear staining was stronger from the mouse CKS2, rabbit CDK2 and mouse CDK1 

antibodies in methanol fixated cells. In addition, the cytoplasmic CKS2 and CDK1 stained 

double-foci were more visible in methanol fixated cells. However, the density of the SSBP1 

signal appeared to be highest in formalin fixated cells. Thus, both formalin and methanol 

A B 

C D 
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fixation could be used in staining with the various antibodies in this thesis. The choice of 

fixative depended on which cellular structures that were examined (table 3).  

Table 3 Qualitative comparison of the signals produced with various antibodies in formalin 
and methanol fixated cells 

 Staining in formalin Staining in methanol 

Antibody Cytoplasm Nucleus Cytoplasm Nucleus 

Mouse 
anti-CKS2 

Intermediate, 
no cells with 
intensive 
foci 

Strong, large foci Intermediate, 
some cells 
with 
intensive 
foci 

Intensive, large foci 

Rabbit anti-
CDK1 

Intermediate. 
Few cells 
with 
intensive 
foci 

Intermediate Intermediate. 
Many cells 
with 
intensive 
foci 

Intermediate 

Rabbit anti-
CDK2 

Intermediate Intermediate, no 
cells with large foci 

Intermediate Strong. Many cells with  
large foci 

Rabbit anti-
SSBP1 

Strong Weak Strong, 
variable 

Weak 

Mouse 
anti-CDK1 

Intermediate, 
but variable 
staining of 
foci 

Intermediate, 
variable 

Intermediate, 
all cells have 
intensive 
foci 

Strong signal  
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The present results were used to determine fixatives for the further experiments to explore 

interactions. The immunocytochemistry staining of CKS2, CDK1 and CDK2 in methanol 

fixated cells exhibited an applicable staining in the cytoplasm and the nucleus. Additionally, 

the variation in number of PLA foci in methanol fixated cells was smaller than for formalin 

followed by methanol fixated cells. In the further experiments, the intention was not to 

quantify the number of PLA foci, but to find a sensitive method to identify the signals. Thus, 

methanol was used as fixative for subsequent PLA experiments exploring proximity of CKS2 

and the CDK proteins. Formalin and detergent buffer would have given a similar result, but 

was not chosen because earlier master theses on CKS2 function have been performed with 

methanol fixation. The immunocytochemistry staining of SSBP1 in formalin fixated cells 

produced a denser signal compared to methanol fixation. Thus, formalin followed by 

methanol was used as fixative for the PLA experiments exploring interactions of CKS2 and 

CDK1 with SSBP1.   

 

 

Figure 29. Number of CKS2-CDK1 PLA foci in the nucleus of about 70 HeLa cells. Fixation 
with A. formalin, B. methanol, C. formalin and detergent and D. formalin and methanol. 
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C D

Formalin 

Median: 0 

Methanol 

Median: 66 

Formalin and 
detergent 

Median: 64 

Formalin and 
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Table 4. Pairwise comparison of CKS2-CDK1 PLA foci in the nucleus of HeLa cells between 

experiments using different fixatives 

Fixativea U-valueb Pc 

Formalin and methanol vs. 

formalin and detergent 

1446.5 <0.001 

Formalin and methanol vs. 

methanol 

1537 <0.001 

Methanol vs. Formalin 0 <0.001 

Methanol vs.formalin and 

detergent buffer 

2339 0.861 

Formalin and detergent 

buffer vs. Formalin 

0 <0.001 

Formalin and methanol vs. 

formalin 

0 <0.001 

a Sixty-nine cells were fixated with formalin, methanol, formalin with a detergent buffer or 
formalin followed by methanol 

b The statistical differences between number of PLA foci in the nucleus by use of Mann-
Whitney Rank Sum Test. 

c The probability value of the statistical analysis  

5.3 Use of PLA to explore protein interactions 

5.3.1 Proximity of CKS2 and CDK proteins 

PLA foci of CKS2-CDK1 were distributed in the nucleus and throughout the cytoplasm 

(figure 30). Large foci in the nucleus occurred mainly in the dark areas of the nucleus. This 

was the regions where CKS2 were located by immunocytochemistry. 
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PLA foci in mitotic cells were to a large extent localized outside the nucleus with a few foci 

occurring within the DNA in the various developmental phases (figure 30 F, I and L). It 

seemed to be more PLA foci in the nucleus of the early mitotic cell (prometaphase) than in the 

later phases.  

 

 

 

 

 

Figure 30. Localization of PLA foci (proximity of proteins) in methanol fixated HeLa cells in 
interphase and mitosis. The distribution of co-localized CKS2 and CDK1 (A, D, G and J), 
DNA in the nucleus (B, E, K and K), and PLA foci and nucleus superimposed on each other 
(C, F, I and L). 
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Figure 31. Localization of PLA foci (proximity of proteins) in methanol fixated HeLa cells in 
interphase and mitosis. The distribution of co-localized CKS2 and CDK2 (A and D), DNA in 
the nucleus (B and E), and PLA foci and nucleus superimposed on each other (C and F). 

The similar pattern was seen for the CKS2-CDK2 PLA foci (figure 31). Also in this case were 

the PLA foci distributed in the nucleus and throughout the cytoplasm. Some PLA foci in the 

nucleus occurred in the dark areas and some occurred in the light blue areas. PLA foci in 

mitotic cells showed a tendency to localize outside the nucleus.  

By immunocytochemistry, it was observed that CKS2 (red stained areas in figure 21B) was to 

a large extent localized to dark areas of the nucleus, except for the three nucleoli in this cell. 

The PLA signal from associated CKS2 and CDK1 (red signals) was distributed over the 

nucleus, except for the nucleoli (figure 32). Large CKS2-CDK1 foci were often located in 

dark areas of the nucleus. PLA signals were also distributed elsewhere in the nucleus, but 

were usually less dense. The PLA signals from associated CKS2 and CDK2 (red signals) were 

also distributed over the entire nucleus, except for the nucleoli (figure 33). However, there 

was no clear association between the localization of PLA foci and dark areas of the nucleus.  

A B C 

D E F 

A B 
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Figure 32. Distribution of CKS2-CDK1 PLA foci in the nucleus of a formalin and methanol 
fixated HeLa cell. A. Magnified nucleus with stained DNA (blue). B. Magnified nucleus with 
CKS2-CDK1 PLA foci (red). 

 

Figure 33. Distribution of CKS2-CDK2 PLA foci in the nucleus of a formalin and methanol 
fixated HeLa cell. A. Magnified nucleus with stained DNA (blue). B. Magnified nucleus with 
CKS2-CDK2 PLA foci (red). 
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5.3.3 Controls for the PLA experiments 

Images of the technical, negative controls are shown in Appendix 8. The negative control 

cells were incubated with secondary PLA probes (figure 9), secondary PLA probes with 

mouse anti-CKS2 (figure 10) or secondary PLA probes with rabbit anti-SSBP1 (figure 11). 

The control cells exhibited very weak or no signals showing that both primary antibodies had 

to be present to produce PLA signals.  
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6 Discussion 

6.1 Methodology 

6.1.1 Suitability of the methods 

Immunofluorescence is a powerful technique for localization of proteins in cells [16]. To 

compare the localization of two proteins, double labelings of two primary and two secondary 

antibodies are needed. Furthermore, the method assumes proper fixation of cells, which 

depends on the sensitivity of the epitope and the working conditions for the antibody[120]. 

Care should be taken that the antibodies do not cross react when two or more antibody 

combinations are used [16]. 

In this thesis, the conditions for each antibody have been explored. The antibodies have been 

tested with both formalin and methanol fixation. Moreover, the antibodies have been tested in 

a range of dilutions for these two fixation methods to ensure that the antibody concentration 

used produced good staining with minimum background staining. A qualitative evaluation of 

the various antibody stainings in formalin and methanol fixation was performed. The 

qualitative evaluation was subjective, as explained in chapter 4.2.6.  

Technical, negative controls were employed in the experiments. They assessed cross-

reactivity between combinations of antibodies and unspecific binding of the secondary 

antibody. The negative controls exhibited very little or no fluorescence signal. The 

experiments lacked, however, a biological negative control where the proteins of interest were 

absent. Thus, unspecific binding of the primary antibodies to other epitopes, but the one of 

interest, have not been assessed. The use of the PLA relieved this problem. 

PLA is a sensitive and specific method for studying protein-protein interactions in tissue or 

cell samples [15]. It provides a unique opportunity to study both stable and transient 

interactions directly in cells, because the fixation reagent “freezes” the cells [121, 122]. Each 

individual protein-interaction event ensures that every signal is visible as a distinct spot in the 

microscope. The signal is physically linked to its target and remains in the correct cellular 

location where the interaction took place. The present samples were fixed and incubated with 

the primary antibodies according to the best conditions as assessed by immunocytochemistry. 

In addition, the cells were permeabilized in methanol. Methanol was added as permeabilizing 
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agent because the antibody produced good signals, in the immunocytochemistry and the PLA 

experiments, in this solvent. All proteins studied in PLA have earlier been shown to bind to 

each other [6, 35]. Thus, the PLA signals produced show locations where the proteins 

probably interact. The studied proteins must be in proximity of 30-40 nm or less in order to 

produce a PLA signal [104]. Therefore, the probability of receiving false signals, due to 

unspecific binding, is reduced compared to immunocytochemistry co-localizing experiments. 

Technical, negative controls were included in the PLA experiments in which primary 

antibodies were omitted. This assessed the PLA probe background. Also, controls with only 

one of the primary and two secondary antibodies were included. The controls comprised 

either primary antibody produced in rabbit or mouse. The negative controls exhibited very 

little or no fluorescence signal, suggesting that the signals were not caused by interactions 

between two identical primary antibodies or because of unspecific binding of the secondary 

PLA probes. 

Alternatives to PLA for studying protein-protein interactions include förster resonance energy 

transfer (FRET [123]), fluorescence cross-correlation spectroscopy (FCCS), bimolecular 

fluorescence complementation (BiFC) and yeast-two hybrid (Y2H) technology [124, 125]. 

Some of these methods require expression of modified proteins, and can therefore not be used 

on clinical material. Although the method was used for cell samples in this thesis, PLA can be 

used on natural tissue and cell samples. When used on clinical material, this method may give 

a more accurate image of the proteins present in vivo. The FRET method detects protein 

interactions in both living and fixated cells. Furthermore, FRET can be used to study more 

than two proteins at the time. On the other hand, with FRET it is difficult to distinguish 

background signals from weak protein signals. PLA is more sensitive. Due to amplification, a 

single protein interaction is enough to produce a PLA signal. Also, the FRET method requires 

that the antibodies are correctly oriented in relation to each other to produce a signal. In 

addition, several correction factors must be calculated, making the use more complicated 

[124]. Y2H is a useful method for studying protein interactions [125]. A disadvantage, 

however, is that not all proteins shown to have an affinity for each other using this method, 

interact under normal conditions. PLA requires no extra equipment in addition to 

immunocytochemistry. The PLA interactions can be visualized by microscopy, providing 

insight to where the interactions are located  in the cells [125]. Therefore, there are good 

reasons for selecting the PLA for studying protein-protein interactions in the cells. 
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6.1.2 Fixation 

Number of PLA foci in the nucleus of HeLa cells representing the proximity of CKS2 and 

CDK1, differed when various fixation reagent were used. No PLA foci were observed in the 

nucleus of formalin fixated cells. However, foci in the nucleus were observed when formalin 

fixation was followed by detergent buffer (median value of 64 PLA foci). Thus, the lack of 

signals in formalin fixated cells was probably not because of chemical alterations of the 

epitope caused by the fixation method, but rather by lack of permeabilization of the 

antibodies. This may be due to the cross-linking properties of formalin, which may reduce 

antigenicity of some cell components by obstruction of antibody binding [107]. The detergent 

buffer contained Igepal ca-630, which is a non-ionic amphiphile (a compound that possess 

lipophilic and hydrophilic properties) that solubilizes membrane lipids [111]. The compound 

is efficient at breaking lipid-lipid and lipid-protein interactions in membranes. Thus, the use 

of detergent buffer probably permeabilizes the membrane and allows penetration of the 

antibodies inside the nucleus with subsequent production of PLA signals. 

Combined formalin and methanol fixation yielded the highest amount of PLA foci in the 

nucleus. This method, in contrast with the combined formalin and detergent buffer fixation 

method, used methanol for permeabilization instead of the detergent buffer. Methanol 

solubilizes and extracts lipids in the membranes and cytoplasm, and thereby permeabilizes the 

cell [18]. Additionally, the solvent breaks hydrogen bonds disrupting the three-dimensional 

structure of proteins. Thus, methanol appeared to either permeabilize the cells more 

efficiently than the detergent buffer, or alter the epitope (e.g. denaturates) in a way that 

allowed more efficient recognition of the antigen by the antibodies. Formalin and methanol 

fixated cells probably maintained nuclear structures better than fixation in methanol alone. 

The nucleoli appeared more distinct, the outskirts of the nucleus were less dishevelled and the 

structures in the chromatin were more intact.  However, number of PLA foci observed varied 

more among cells fixated in formalin and methanol than when the other methods were used. 

The variation may be caused by differences in penetration among cells when two fixation 

reagents were used. Neighboring cells could exhibit quite different PLA signals, possibly due 

to differences in the spatial orientation of the cells. Some cells were more closely packed than 

others and could be differently fixated by the reagents. 

Methanol fixated cells produced fewer PLA foci in the nucleus than when both formalin and 

methanol were used (median value of 66 versus 94 PLA foci). This may be a consequence of 
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methanol induced antigen extraction [126]. The antigen extraction appeared to be reduced 

when formalin was used before methanol. However, the addition of formalin led to a larger 

variation in the number of PLA foci, and the result was therefore less reproducible. Since the 

purpose of the experiments was to detect PLA signals and not to quantify maximum number 

of PLA foci, methanol was chosen alone as fixative because this led to the most reproducible 

results. Furthermore, this method has been applied in other CKS2 studies performed in our 

laboratory, making the present results comparable to the previous ones [127, 128].   

The distributions of PLA signals for methanol fixated cells and formalin and detergent buffer 

fixated cells, exhibited a peak at approximately 50 PLA foci. Since the G1-phase of the cell 

cycle is the most time-consuming cell cycle phase of HeLa cells [129], it is tempting to 

speculate that the peaks in the histograms represent cells in this phase. The histogram for 

formalin and methanol fixated cells, on the other hand, exhibited two peaks at approximately 

50 and 100 PLA foci. This may represent cells with poor and good penetration of antibodies, 

respectively. However, the first suggestion cannot with certainty be drawn without further 

analysis, such as flow cytometric sorting of cell cycle phases with subsequent quantification 

of PLA foci in the different cell cycle phases. 

6.2 Biological part 

The localization of CKS2 proteins in the nucleus and cytoplasm, analyzed by 

immunocytochemistry, is similar to the finding of Urbanowicz-Kachnowicz et al [130]. The 

PLA signals generated by the proximity of CKS2 with CDK1, CDK2 and SSBP1 and of 

CDK1 with SSBP1 indicate locations where the proteins are closely located. The signals are 

therefore termed interactions, however, the proteins could possible also be in a complex with 

each other without a direct binding. CKS2 has previously been shown to bind to CDK1, 

CDK2 and SSBP1 and CDK1 have been shown to bind to SSBP1 [6, 35]. It is therefore 

plausible that the PLA signals observed represent binding between the proteins. In the 

following, possible functions for the interactions between the proteins will be discussed.  
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6.2.1 Binding of CKS2 to CDK1 and CDK2 in the nucleus and 
cytoplasm 

Crystallographic investigations have suggested that CKS proteins bind CDKs after being 

activated by CCNs and cdk-activating kinases (CAKs) [31, 130]. CKS proteins are assumed 

to direct CDKs to their substrates [31, 34, 35]. The first hypothesis is supported by the 

observation that the binding of CKS2 to CDK1 is stimulated by CCNB [36]. In vivo, CKS 

proteins are expressed in the same cellular compartments as phosphorylated, potentially active 

CDK1 and CDK2 [130]. In addition, many studies indicate that CKS2 and CKS2 homologs 

bind to monomeric CDK1 (not bound to a CCN) as well [36, 131, 132]. Studies indicate that 

these interactions are weak and transient [36]. Active CDK-CCN complexes are 

predominantly nuclear in localization [133, 134]. However, active CDK1-CCNB is also 

observed in the cytoplasm in the mitosis [135]. Some of the present nuclear PLA signals may 

therefore indicate locations where CKS2 interact with active CDK1 and CDK2 and their 

CCNs, which are best known to participate in cell cycle progression [19]. Possible effects of 

CKS2 binding to CDK2, other than in cell cycle progression, are poorly known.  

If active CDK1 and CDK2 mainly were located in the nucleus, what were the functions of the 

same proteins in the cytoplasm? One possibility is that these proteins are inactive. However, 

CDKs have a role in mitochondrial replication [6]. Thus, the cytoplasmic PLA foci can 

represent CKS2-CDK interactions involved in cellular functions, such as in mitochondrial 

replication, or perhaps the cytoplasmic PLA foci also represent stored, inactive CKS2 and 

CDKs.  

6.2.2 A possible role of CKS2 in gene transcription 

Immunocytochemistry staining of CKS2 showed that large CKS2 foci in the nucleus were 

associated with weakly Hoechst stained dark-blue areas of the DNA, which did not constitute 

nucleoli. Also, in the PLA experiments, signals produced by proximity of CKS2 with CDK1 

were often associated with weakly DAPI stained areas. A similar clear association was not 

observed for the proximity of CKS2 with CDK2. A prominent part of the signals apparently 

occurred outside these lightly stained areas.  

Hoechst and DAPI preferentially bind AT-rich DNA, which is typically enriched in 

heterochromatin (tightly coiled and mainly genetically inactive DNA), suggesting that DNA 

in the weakly stained areas are packed as euchromatin, i.e. partially or fully uncoiled DNA 
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[136-141]. Euchromatin is gene-rich and transcriptionally competent [142]. Martinsson-

Ahlzén et al [2] have shown that CKS2 and CDK1 associate with chromatin. Moreover, they 

observed that CKS2 association with the promoter regions and ORF of CCNB1 and CDK1 

genes increased during transcription of these genes. Depletion of CKS proteins by siRNA led 

to a significant reduction in CCNB1 and CDK1 mRNAs. 

In yeast, CKS1 and CDK1 bind to promoters and ORF of several genes and promote their 

transcription [143]. CKS1 and CDK1 associate with the 19S proteasome, to induce efficient 

transcription, by reducing nucleosome density of chromatin [144]. CKS1 shows 81 % 

sequence similarity with CKS2 [5]. Based on the localization of CKS2 and the CKS2-CDK1 

PLA signals in the nucleus, along with the association of CKS2 with chromatin, promoters 

and ORF, it is tempting to speculate that CKS2 may contribute to the expression of genes in a 

similar way as CKS1.  

6.2.3 CKS2 at the centrosome 

CKS2 immunocytochemistry showed that some cells exhibited an intensively stained double-

point outside the nucleus. The double-point co-localized with a large focus stained by the 

rabbit CDK1 antibody. The double-point was split in the mitosis, and in the promethaphase, 

each point was located on opposite sides of the condensed chromatin. The other CDK1 

antibody, produced in mouse, stained similar double-points as well as single points. 

The position of the CKS2 stained points, their size (0.9 µm) and co-localization with CDK1 

suggest that CKS2 localizes at the centrosome. Also, the C                                                                                 

KS2 stained double-points co-localized with γ-tubulin stained centrosomes. The centrosome 

ranges in diameter from 0.5 to 3 µm, with centrosomes typically 1µm in diameter [145]. 

CDK1 is known to interact with the centrosome in HeLa cells in all cell cycle phases [146].  

In Drosophila embryos and HeLa cells the disappearance of CCNB in mitosis starts at the 

centrosomes [49, 50]. CCNB is degraded by a 26 S proteasome after ubiquitylation by 

APC/C, which recruits CCNB in a CKS-dependent manner in promethaphase [34]. Also, a 

CKS2 homolog in Xenopus has been proposed to be involved in the activation of the CDK1-

CCNB complex at the G2/M transition, which involves dephosphorylation of the complex by 

CDC25 [38]. The initial dephosphorylation of CDK1-CCNB by CDC25 occurs at the 
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centrosome [41]. Thus, this may be functions of the centrosomal CKS2, and lend support to 

the finding that CKS2 proteins are associated with the centrosome. 

6.2.4 A mitochondrial function of CKS2 and CDK1 

The PLA foci for the interaction of CKS2 and CDK1 with SSBP1 were distributed in the 

cytoplasm, and in the outskirt of the cytoplasm they sometimes appeared to lie in lanes. 

Garrido et al [147] reported that SSBP1 localizes in distinct foci within mitochondria in 

human cells. They showed co-localization of SSBP1 foci with mitochondrial PEO1, 

mitochondrial transcription factor A (mtTFA) and mtDNA. This strongly suggests that SSBP1 

is present in mitochondrial nucleoids [148, 149]. A nucleoid is a region in the mitochondria, 

which organizes multiple mitochondrial DNA molecules in discrete protein-DNA complexes. 

The known SSBP1 distribution in cells fits the localization of SSBP1 in the present 

immunocytochemistry experiments. Thus, the PLA foci produced by interaction of CKS2 and 

CDK1 with SSBP1 are most likely localized within or in proximity of mitochondrial 

nucleoids. 

SSBP1 binds in a complex with CKS and CDK proteins, and is a substrate for CDK 

phosphorylation [6]. Knockdown of CKS proteins results in abrogation of SSBP1 

phosphorylation, suggesting that the phosphorylation of SSBP1 is dependent on CKS. 

Further, CKS knockdown leads to compromised mtDNA replication observed as changed 

mitochondrial morphology and reduced mtDNA content. Thus, CKS proteins and CDK are 

probably involved in replication of mtDNA by participating in the same pathway as SSBP1 in 

the cells. This supports the hypothesis that CKS2-SSBP1 and CDK1-SSBP1 interact within or 

in proximity of mitochondrial nucleoids.  

SSBP1 appears to play a role in several other cellular functions [74], for instance in the fission 

of mitochondria during the morphological dynamics of mitochondria, continuously occurring 

within cells [150]. Whether mitochondrial CKS2 is involved in these functions, appear still 

unknown. 
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6.2.5 CKS2 overexpression and progression of cancer 

CKS2 has been found to be overexpressed in a broad spectrum of human malignancies [1, 7, 

8, 151, 152]. Based on the previous observations and literature, possible mechanistical links 

between CKS2 and cancer progression will be discussed. 

Initiation, progression and completion of the cell cycle are regulated by various CDKs, and 

they are therefore critical for cell growth [153]. Aberrant expression of CDK proteins is 

implicated in many human cancers [154, 155]. CKS2 binds to CDK1 and CDK2, and elevated 

CKS2 levels have been linked to increased proliferation in normal and malignant lymphoid 

cells [130]. The stimulating effect of CKS proteins on cell proliferation is assumed to be 

caused by the association of CKS proteins with CDKs [2, 6, 27]. If CKS2 direct cell cycle 

progression through interactions with CDK1 and CDK2, one might assume that 

overexpression of CKS2 lead to increased proliferation. In addition, if CKS2 has a role in 

transcription of genes, such as CDK1 and CCNB, CKS2 overexpression may cause 

perturbations of normal gene transcription [2], perhaps with a subsequent increase in their 

levels.  

Furthermore, CKS2 overexpression has been associated with overriding the S-phase 

checkpoint in cancer cells [27]. When overexpressed, CKS2 kept CDK2 in an active state 

capable of phosphorylating substrates, even though CDK2 were inhibited by phosphorylations 

on Tyr15 triggered by activated S-phase checkpoint. The evasion of the S-phase checkpoint 

constitutes a mechanism whereby cells may continue to replicate DNA under replicative 

stress, thereby contributing to tumor progression. 

Phosphorylation of a CDK2 substrate, RB1, has been associated with centrosome 

duplification [156]. Moreover, accidental activation of CDK2 with concomitant CCNE 

overexpression and mutated/lossed TP53 seem to be one possible explanation for centrosome 

amplification [156-158]. CDK2-CCNE is often deregulated in cancer cells [159]. It is 

tempting to speculate that CKS2 overexpression in TP53 defective cells may lead to aberrant 

CDK2 activation and thereby promote centrosome amplification, which constitutes a major 

mechanism leading to chromosomal instability and aneuploidy [160]. However, for this to 

occur, high CDK2 activity must be accompanied by CCNE overexpression. A strong 

correlation between high CCNE and high CKS2 levels have indeed been noted in human 

breast tumor samples [27]. In these experiments the overexpression of CCNE did not effect on 
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the protein level of CKS2 in the cells, and overexpression of CKS2 did not affect the levels of 

CCNE. Thus, the protein levels appear to be independent of each other. It is possible that high 

CCNE levels must be followed by high CKS2 levels in these cancer cells to achieve full-

blown cancerous growth. 

Mitochondrial biogenesis may drive tumor growth [161, 162]. This hypothesis is supported by 

observations that increased mitochondrial biogenesis promotes tumorigenesis, and loss of 

mtDNA leads to decreased tumorigenesis [163, 164]. A proposed explanation is that increased 

ATP production, together with enhanced glycolytic gene transcription, provides bioenergetic 

resources essential for tumor growth [163].  

Increased mitochondrial biogenesis is observed in several cancers [165], and is believed to be 

induced by prolonged hypoxia [72]. The hypoxia can induce HIFs, which in turn increase the 

expression of oncogenes, such as MYC. MYC promotes the transcription of genes involved in 

mitochondrial biogenesis [166], which is associated with increased production of ROS [72]. 

ROS promotes and amplifies genomic damage and instability, provides greater potential for 

genetic mutations, which leads to cell transformation and malignancy in a vicious vortex.  

The interaction of CKS2 with SSBP1 appears essential for mitochondrial replication [6]. 

Since SSBP1 is involved in mitochondrial biogenesis, one might assume that CKS2 

overexpression may lead to increased mitochondrial biogenesis, at least in MYC 

overexpressed cancers. Interestingly, the CKS2 gene is a target for the MYC induced 

transcription [167], and thus may provide a link between MYC activity and CKS2 levels. 

A contrasting finding is that many cancers exhibit decreased, not increased, mitochondrial 

contents [165], and that increased mitochondrial biogenesis can impair carcinogenesis in 

some cases [168]. Apparently, there are differences in mitochondrial metabolism in various 

cancers [161], and this may contribute to the heterogeneity in mitochondrial content among 

them. Possibly, the metabolic state of a tumor is important for the pathogenesis of different 

tumor subtypes. So far, the understanding of the mitochondrial function of tumors remains far 

from complete. 

6.2.6 Further research 

The next step would be to test if CDK2 interacts with SSBP1. PLA is a suitable method to 

investigate this. In addition, the presence and localization of the PLA foci for CKS2-
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CDK1/CDK2/SSBP1 interactions should be explored in clinical patient samples derived from 

cervical cancers. Then, localization and abundances of the PLA signals can be compared 

among samples derived from different clinical stages of the cancer and for aggressive and 

slow-growing cancers. Such experiments could reveal which interactions that are associated 

with cancer aggressiveness, and whether some of them are particularly active at certain stages 

of the cancer. If so, one has a good basis for commencing functional analyses of the 

interactions in order to clarify the mechanism underlying the role of CKS2 in development of 

an aggressive tumor phenotype. 

6.2.7 Conclusions 

The fixation method used for preparing cells for immunofluorescence cytochemistry and 

PLA, has large impacts on the signals observed in the microscope. The fixative should be 

chosen based on the properties of the antibodies and the cellular compartments studied. For 

the CKS2-CDK co-localizations and PLA experiments, methanol fixation seems to provide 

the strongest and most reproducible signals. The signals in CKS2-SSBP1 and CDK1-SSBP1 

co-localization experiments appear denser in formalin fixated cells.  

CKS2 is localized in foci in the nucleus and cytoplasm in interphase cells and mainly in the 

cytoplasm in mitotic cells. In the nucleus, large foci probably locate in euchromatin. CKS2 

co-localizes with CDK1 and CDK2 in the nucleus and with CDK1, CDK2 and SSBP1 in the 

cytoplasm. Immunofluorescence cytochemistry also reveals that CKS2 and CDK1 locate at 

the centrosomes. The PLA experiments suggest that CKS2 interacts with CDK1 in 

euchromatin. However, it is not apparent whether CKS2 interacts with CDK2 in this area. 

CKS2 also interacts with CDK1 and CDK2 in the cytoplasm. Some of the cytoplasmic CKS2 

foci probably occur within the mitochondria. Interactions of CKS2 with the mitochondrial 

protein, SSBP1, demonstrate this. Also CDK1 interacts with SSBP1 and this lends support to 

the hypothesis that SSBP1 interacts with CKS2 in a CDK-dependent manner in the 

mitochondria.  

PLA is a very useful method for studying CKS2 interactions. This method appears to identify 

weak and transient interactions. Because of strong signal amplification, even single protein 

interactions are identified, making the method sensitive. 
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Appendix 1 

Cell splitting protocol 

1. Fresh growth medium, PBS and trypsin were warmed up to 37 °C in a water bath for 
at least 30 minutes.  

2. Wipe down the LAF bench and equipment with 70 % ethanol. 
3.  Examine the cells under the microscope and determine what the split ratio should be. 
4.  Remove the old DMEM + GlutaMAX medium using a 10 mL stripette 
5. Wash the cell surface with 5 mL PBS to eliminate remnants from the growth medium 
6. Add 1 mL trypsin to the T75 cell bottle. Gently rotate the bottle to ensure that the 

entire cell surface is covered 
7. Incubate for 5 minutes at 37 °C 
8. Prepare a new bottle by adding 10 mL fresh DMEM + GlutaMAX medium 
9. Remove the bottle from the incubator and make sure that the cells are detached 
10. Add DMEM + GlutaMAX, usually 8-9 mL (1:9 and 1:10 dilution respectively) to the 

old cell bottle and mix 
11. Transfer 1 mL from the old T75 to the new T75 bottle and mix 
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Appendix 2 

Coulter counter protocol 

1. Turn on the coulter counter 
2. Lower the sample platform and insert a small cup of isotone water and submerge the 

aperture 
3. Flush the instrument by pushing the functions button, use “<” and “>” to flush aperture 

can be visualized in the display and then push start/stop button 
4. Repeat the flushing step 
5. Dilute 100 µl cell suspension with 10 000 µL isotone water (1:100) 
6. Adjust the dilution factor by pushing: output  100 
7. Push set-up and change the upper size and lower size of the particles the coulter counter 

should count 
8. Choose lower size = 8 µm and upper size = 24 µm 
9. Stir in the cup of cells using a pipette tip, ensuring that the cells have not sunk to the 

bottom 
10. Lower the sample platform, remove the isotone water , place the sample in the slot and 

submerge the aperture in the solution  
11. Push the start/stop button to count cells. 
12. Replace the sample with Coulter Clenz® cleaning agent and flush the aperture by 

pushing functions and then the start/stop button 
13. Turn off the coulter counter and dispose the sample 

 

  



79 
 

Appendix 3 

Immunocytochemistry protocol 

1. Seed adherent cells on coverslips 
a) Place 3-4 autoclaved coverslips (12 mm) suitable for fluorescence microscopy (No. 1.5) 

in a 35 mm tissue culture dish 
b) Add 2.5 mL cell suspension containing 60 000 cells/mL over the coverslips 
c) Grow the cells overnight at 37 °C in a CO2 incubator 
d) Wash the cells carefully with warm (37 °C) PBS prior to fixation. Do not let the cells dry 

out. 
2. Fixation/permeabilization 
e) Fix the cells with one of the two methods: 

i. 2 mL cold methanol (-20°C) for 10 minutes and wash three times with PBS. 
Leave the cells in PBS for 2-3 minutes for rehydration 

ii. 1 mL fresh neutral buffered 10 % formalin solution (room temperature) for 10 
minutes, and wash three times with PBS. 

f) Place the coverslips on parafilm in a humidified chamber 
g) Wash each coverslip wih 1 mL PBS by pipetting and aspirating at the same time 
h) Block and permeabilize cells in PBS-AT ( 1% BSA, 0.5 % Triton-X100 in PBS) for 15 

minutes at room temperature 
3. Antibody incubations and mounting 
i) Dilute the primary antibodies in PBS-AT according to table 1. Add 40 µL antibody 

solution to each coverslip (12 mm diameter) and incubate for 2 hours at room 
temperature 

j) Wash each coverslip with 1 mL PBS (pipetting and aspiration) 
k) Dilute the fluorophore-conjugated secondary antibodies in PBS-AT according to table 1 

and apply 40 µL to each coverslip. Incubate with secondary antibody for 40-60 minutes 
at room temperature, away from light 

l) Wash each coverslip with 1 mL PBS (pipetting and aspiration) 
m) Counterstain DNA with Hoechst 33258 (0,6 µg/mL in PBS) for 1-2 minutes 
n) Wash each coverslip with 1 mL PBS (pipetting and aspiration) 
o) Rinse coverslips to remove PBS by dipping coverslips 10 x into ddH2O 
p) Briefly dry coverslips and add a drop of mounting medium (ProLong Gold) on the slide. 

Place each coverslip on the mounting medium, with the cell-side facing down. Try to 
avoid getting air bubbles under the coverslip 

q) Visualize the cells using a fluorescence microscope with appropriate filters 
 

The slides can be stored at -20°C in the dark 
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Table 1. The dilution factors and concentrations of the various antibodies for 
immunocytochemistry 

 Primary antibodies Secondary 
antibodies 

DNA 
stain 

Antibody Mouse 
anti-
CKS2  

Mouse 
anti-
CDK1 

Rabbit  
anti-
SSBP1 

Rabbit  
anti-
CDK1 

Rabbit 
anti- 
CDK2 

Donkey 
anti-
mouse 
549 

Donkey 
anti- 
rabbit 
488 

Hoechst 
33258 

Antibody 
concentration 
prior to 
dilution 

 
0,5 

mg/mL 

 
0.2 

mg/mL 

 
0.12 

mg/mL 

 
1 

mg/mL 

 
0.2 

mg/mL 

 
1.4 

mg/mL 

 
1.5 

mg/mL 

 
0.6 

mg/mL 

Dilution 
factor 

1:25 1:200 1:300 1:100 1:200 1:1000 1:1000 1:1000 

Antibody 
concentration 
after dilution 

 
20 

µg/mL 

 
1 

µg/mL 

 
0.4 

µg/mL 

 
10 

µg/mL 

 
1 

µg/mL 

 
1.4 

µg/mL 

 
1.5 

µg/mL 

 
0.6 

µg/mL 
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Appendix 4 

In situ proximity ligation assay protocol 

All incubations are performed in a humidified chamber 

1. Cell culture: 
a) Seed HeLa cells on glass slides and incubate overnight 

 
2. Fixation/permeabilization: 
a) Wash the cells carefully with warm PBS prior to fixation 

b) Fix the cells with one of the four protocols: 

i. Fix the cells in fresh, neutral buffered 10% formalin solution for 10 minutes (room 
temperature)  

ii. Fix the cells in fresh, neutral buffered 10 % formalin solution for 10 minutes (room 
temperature) and permeabilize cells with a detergent buffer for 1 hour on ice 

iii. Fix the cells in fresh, neutral buffered 10 % formalin solution for 10 minutes and 
permeabilize with cold (-20 °C) methanol for 10 minutes (-20 °C) 

iv. Fix and permeabilize the cells with cold (-20 °C) methanol for 10 minutes (-20°C) 

c) Wash cells thrice with PBS, and leave the methanol fixated cells in PBS for 2-3 minutes 

 
3. Delimit the reaction area (about 1 cm2) with a grease pen or silicone mask, e.g. 

ImmEdge™ Pen from Vector Laboratories 
 

4. Transfer the slides to a humidified chamber and wash with PBS 
 

5. Blocking and antibody incubations: 
a) Block the cells in duolink blocking solution for 30 minutes at 37 °C 

b) Dilute the primary antibodies in antibody diluent according to table 1. 

c) Tap off blocking solution from slides and add 40 μL primary antibody solution. Incubate 
for 2 hours at room temperature. 

d) Vortex and dilute PLA probe PLUS and MINUS 1:5 in antibody dilution  

e) Tap off primary antibody solution from slides and wash them in a container with at least 70 
mL room tempered wash buffer A on a shaker with gentle orbital shaking. 

f) Vortex and add 40 µL of the diluted PLA probes and incubate in a pre-heated chamber for 1 
hour at 37 °C 

 
6. Ligation: 
a) Dilute the ligation stock 1:5 in milliQ water and mix 

b) Tap off the PLA probes from the slides and wash the slides in 1x Wash Buffer A for 2 x 5 
minutes with gentle agitation 
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c) Remove the ligase from the freezer using a freeze block, vortex and add the ligase to the 
ligation solution from step a) at a 1:40 dilution. Vortex before applying the solution to the 
cells 

d) Add 40 µL ligation-ligase solution to the cells and incubate in a pre-heated humidified 
chamber for 30 minutes at 37 °C 

 
7. Amplification: 
NB! Light sensitive reagents 

a)  Dilute the amplification stock 1:5 in milliQ water and mix 

b) Tap off the ligation-ligase solution from the slides and wash the slides in 1x Wash Buffer A 
for 2 x 2 minutes with gentle agitation 

c) Remove the polymerase from the freezer using a freeze block, vortex and add the 
polymerase to the amplification solution from step a) at a 1:80 dilution. Vortex before 
applying the solution to the cells 

d) Add 40 µL amplification-polymerase solution to the cells and incubate in a pre-heated 
humidified chamber for 100 minutes at 37 °C 

 
8. Wash and DNA staining step: 
NB! Light sensitive slides. Wash and dry the slides protected from light 

a) Tap off the Amplification-Polymerase solution from the slides  

b) Wash the slides for 2 x 10 minutes with 1x Wash Buffer B 

c) Wash the slides for 1 minute with 0,01x Wash Buffer B 

d) Mount with 5 μL duolink mounting medium with DAPI. Be careful not to trap air bubbles 
under the coverslip 

h) Use nail polish to seal the edges of the coverslip 

The slides can be stored in the dark at -20°C 
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Table 1. The dilution factors and concentrations of the various antibodies for PLA 

 Primary antibodies 
Antibody Mouse anti-

CKS2 
Mouse anti-
CDK1 

Rabbit  
anti-SSBP1 

Rabbit  
anti-CDK1 

Rabbit  
anti- 
CDK2 

Antibody 
concentration 
prior to 
dilution 

 
0.5 mg/mL 

 
0.2 mg/mL 

 
0.12 mg/mL 

 
1mg/mL 

 
0.2 mg/mL 

Dilution 
factor 

1:25 1:200 1:300 1:100 1:200 

Antibody 
concentration 
after dilution 

 
20 µg/mL 

 
1 µg/mL 

 
0.4 µg/mL 

 
10 µg/mL 

 
1 µg/mL 

 

Table 2. The reagents included in the duolink II orange starter kit. 

Reagents                                      Functiona

PLA probe anti-mouse minus  Secondary antibody that binds to mouse primary 
antibodies. It is linked to an oligonucleotide which 
serves as a template for circularization of so-called 
connector oligonucleotides by enzymatic ligation 

PLA probe anti-rabbit plus Secondary antibody that binds to rabbit primary 
antibodies. It is linked to an oligonucleotide which 
serves as a template for circularization of so-called 
connector oligonucleotides by enzymatic ligation 

Blocking solution The blocking solution prevents unspecific binding 
of the antibodies 

Antibody diluent It is used to dilute primary and secondary 
antibodies. According to duolink, it contains salt, 
blocking solution and detergents 

Ligation solution Consists of two different connector-
oligonucleotides which hybridize to the two PLA 
probe oligonucleotides and form a closed circle 

Ligase An enzyme that ligates the oligonucleotides 
together to form a closed circle which serves as a 
template for rolling circle amplification 

Amplification solution Consists of nucleotides labeled with a fluorophore 
used to produce a single-stranded product during 
rolling circle amplification. The fluorophore is 
excitated at 554 nm and emits fluorescence of 579 
nm 

Polymerase  An enzyme that uses the ligated circle as a 
template for rolling circle amplification 
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Wash buffer A and B for fluorescence Wash buffer A was used after incubation with 
primary antibodies, PLA probes and ligation-
ligase solution. Wash buffer B was used after 
incubation with the amplification-polymerase 
solution 

Mounting medium with DAPI A mounting medium that preserves the PLA 
signals. It contains DAPI nuclear stain with 
excitation of 360 nm and emission of 460 nm 

a The functions the reagents have in the assay [17] 
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Appendix 5 

Detergent buffer formula 

Formula for 500 mL detergent buffer:  

-0.1% Igepal CA-630. Do not store the detergent buffer with this component. Therefore, add 
this component immediately before use. 

-6.5 mM Na2HPO4 x 2 H2O 

-2.7 mM KCl 

-137 mM NaCl 

-0.5 mM EDTA 

Na2HPO4 x 2 H2O has a molar mass of 177.99 g/mol. 0.00325 mol (per 500 mL)  x 177.99 
g/mol x 1000mg/g = 578.47 mg. One will need 578.47 mg to produce a 6.5 mM Na2HPO4 x 
2 H2O solution in 500 mL distilled water. 

KCl has a molar mass of 74.55 g/mol. 0.00135 mol (per 500 mL) x 74.55 g/mol x 1000 mg/g 
= 100.64 mg. One will need 100.64 mg to produce a 2.7 mM KCl solution in 500 mL distilled 
water. 

NaCl has a molar mass of 58.44 g/mol. 0.0685 mol (per 500 mL) x 58.44 g/mol x 1000 mg/g 
= 4003 mg. One will need 4003 mg to produce a 137 mM NaCl solution in 500 mL distilled 
water. 

EDTA (= C10H14N2O8Na2 x 2H2O) has a molar mass of 372.2 g/mol. 2.5 x 10-4 mol (per 500 
mL) x 372.2 g/mol x 1000 mg/g = 93 mg. One will need 93 mg to produce a 0.5 mM EDTA 
solution in 500 mL distilled water. 

1. Weigh out the correct amount of each salt on an analytical balance. 
2. Add the salts, one of a time, to a 500 mL bottle with some of the distilled water. Add a 

magnet into the beaker and stir with a magnetic stirrer until the solids dissolve. 
3. Fill the remainder of the 500 mL volume with distilled water  
4. Adjust the pH to 7.5 using NaOH and store at 4 °C  
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Appendix 6  

Zeiss Axio Imager.z1 fluorescence microscope protocol 

1. Preparations: 
a) Turn on the instruments in the following order: HXP 120 (mercury lamp)  Power 

supply  ApoTome  Microscope  Computer 
b) Then log in (the username is stokke) and double click on the AxioVision Rel. 4.8 icon 

on the desktop 
 

2. The Microscope: 
a) Adjust the intraocular distance between the binoculars 
b) Press in the plunger which controls the light path. When the plunger is pressed in all 

the light transfers to the eyepieces whereas when it is out all the light transfers to the 
camera 

c) Lower the stage by pushing switches which are on the right side of the microscope and 
place a sample slide on the stage with the coverslip facing the objective. Apply a small 
drop of immersion oil directly on the coverslip when using the objectives 63x or 100x 
and raise the stage 

d) Push “Microscope”, “FL” and “RL shutter open” on the touch screen 
e) Use the focus knob until the specimen is clearly in focus 
f) Pull out the plunger. The light from the microscope will then be transmitted to the 

camera instead of the binoculars 
 

3. The Computer:  
a) To set up channels click “multidimentional acquisition” followed by 

“multidimentional acquisition” in the work area. Click on the C tab, then “channel 
pool” and select the channels you need from the list of dyes. Click on “add to 
experiment” and close the window 

b) Inactivate “1” by right-clicking on the channel 
c) Click on “ApoTome Mode” in the toolbar, go to the settings tab and choose “raw data 

mode” and “grid visible” 
d) Click on the “measure” button in the work area and let the camera decide the optimal 

exposure level. Use the focus knob to check if the image is overexposed. If any red 
spots appear in the image, adjust the exposure manually using the top slider control. 
Repeat this for the rest of the channels as well. 
 

4. Push the ApoTome slider into the microscope  
a) If you want to capture a photo without a z-stack, press start.  
b) Z-stack is a series of images acquired at different focus positions. To capture a photo 

with a z-stack then go to the z tab under “multidimentional acquisition”. Check the 
tick box for z-stack. If you would like to capture photos of all channels before 
changing z, check the “All Channels per slice” tick box and click on the “start/stop” 
button. Press the upper “…” and focus the microscope to the top stage position, then 
press OK. Click on the lower “…”, focus the microscope to the bottom stage position 
and press OK. 
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c) Click on “optimal distance”. The number of sections will update automatically 
depending on the interval between the top and bottom stage position. Adjust the 
number of sections if desirable and press “start”. 

d) To create a projection of the z-stack click on the following buttons in the work area: 
sim converter  choose “optical selection” (combine mode)  turn on “display 
normalization” and make sure that “filter” and “image normalization” is turned off. 
Uncheck the “enable channel selection” tick box and press “start”. A new image will 
appear on the screen. Click on “image processing” in the work area, then “geometric”, 
“orthoview” and  XY (parameters) and press “start” 

e) The splitter window can be used to view all the channels of the image separately. 
Click the “splitter” button at the toolbar. Click the “gallery” button and select images 
for each pane. Choose which channels you want to view in each pane and click “create 
image” 
 

 
Figure 1. Some of the components of the fluorescence microscope 1. Camera. 2. 
Plunger that controls the light path. 3. ApoTome. 4. Touch screen. 5. Sample platform. 
6. Objectives.   
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Appendix 7 

Immunocytochemistry signal from formalin fixated cells 

Formalin fixated cells stained with CKS2 and CDK1 antibody produced a good signal (figure 

1). Some cells exhibited a green CDK1 dot outside the nucleus, but many cells did not display 

any of these. Formalin fixation displayed a yellow signal in the cytoplasm and the nucleus 

(figure 1 D) formed by co-localization of the red CKS2 and green CDK1 signals. No 

fluorescence signal was spotted in the nucleoli.  

 

Figure 1. Signal of mouse anti-CKS2 antibody and rabbit anti-CDK1 antibody in formalin 
fixated HeLa cells. A. Signal obtained from binding of CKS2antibody. B. Signal from CDK1 
antibody. C. Signal from stained DNA. D. Signals from A-C superimposed on each other 

 

Formalin fixated cells stained with CKS2 and CDK2 antibody produced a good signal (figure 

2). The signal from CKS2 stained foci in the nucleus are apparent, but they differ less in 

fluorescence intensity from those in the cytoplasm compared to methanol fixated cells. 

Formalin fixation displayed a pronounced yellow signal (figure 2 D) formed by co-

localization of the red CKS2 and green CDK2 signals. No fluorescence signal was spotted in 

the nucleoli. 

C D 
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Figure 2. Signal of mouse anti-CKS2 antibody and rabbit anti-CDK2 antibody in formalin 
fixated HeLa cells. A. Signal obtained from binding of CKS2 antibody. B. Signal from CDK2 
antibody. C. Signal from stained DNA. D. Signals from A-C superimposed on each other.  

 

 

Figure 3. Signal of rabbit anti-SSBP1 antibody in formalin fixated HeLa cells. A. Signal 
obtained from binding of SSBP1 antibody. B. Signal from stained DNA. C. A and B 
superimposed on each other.  
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(figure 5 E). Formalin fixation displayed a yellow signal (figure 5 D and H) formed by co-

localization of the red CDK1 and green SSBP1 signals. No fluorescence signal was spotted in 

the nucleoli. 
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Appendix 8 

Controls for the immunocytochemistry experiments 

As control for possible reaction between primary antibodies obtained from mice with 

secondary antibodies reactive for primary antibodies produced in rabbit, HeLa cells were 

stained for CKS2 anti-mouse and secondary anti-rabbit (figure 1). A. shows a very weak 

signal corresponding to signals from unstained cells. Most likely, this is caused by 

autofluorescence of the cells. 

 

Figure 1 Control of cross reaction between CKS2 anti-mouse and secondary donkey anti-
rabbit antibody in methanol fixated HeLa cells. A. Signal obtained from CKS2 stained cells, 
which have received secondary antibody reactive for primary antibody produced in rabbits. B. 
Signal from stained DNA. C. A and B superimposed on each other.  

 

As control for possible reaction between primary antibodies obtained from rabbit with 

secondary antibodies reactive for primary antibodies produced in mouse, HeLa cells were 

stained for CDK1 anti-rabbit and secondary anti-mouse (figure 2). A. shows a very weak 

signal corresponding to signals from unstained cells. Most likely, this is caused by 

autofluorescence of the cells. 

A B C 
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Figure 2 Control of cross reaction between CDK1 anti-rabbit and secondary donkey anti-
mouse antibody in methanol fixated HeLa cells. A. Signal obtained from CDK1 stained cells, 
which have received secondary antibody reactive for primary antibody produced in mouse. B. 
Signal from stained DNA. C. A and B superimposed on each other.  

 

As control for possible reaction between primary antibodies obtained from rabbit with 

secondary antibodies reactive for primary antibodies produced in mouse, HeLa cells were 

stained for CDK2 anti-rabbit and secondary anti-mouse (figure 3). The cells showed a very 

weak signal corresponding to signals from unstained cells. Most likely, this is caused by 

autofluorescence of the cells. 

 

Figure 3 Control of cross reaction between CDK2 anti-rabbit and secondary donkey anti-
mouse antibody in methanol fixated HeLa cells. A. Signal obtained from CDK2 stained cells, 
which have received secondary antibody reactive for primary antibody produced in mouse. B. 
Signal from stained DNA. C. A and B superimposed on each other.  

 

As control for possible reaction between primary antibodies obtained from rabbit with 

secondary antibodies reactive for primary antibodies produced in mouse, HeLa cells were 

stained for SSBP1 anti-rabbit and secondary anti-mouse (figure 4). The cells showed a very 

A B C 

A B C 
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weak signal corresponding to signals from unstained cells. Most likely, this is caused by 

autofluorescence of the cells. 

 

Figure 4 Control of cross reaction between SSBP1 anti-rabbit and secondary donkey anti-
mouse antibody in methanol fixated HeLa cells. A. Signal obtained from SSBP1 stained cells, 
which have received secondary antibody reactive for primary antibody produced in mouse. B. 
Signal from stained DNA. C. A and B superimposed on each other.  

As control for possible reaction between primary antibodies obtained from rabbit with 

secondary antibodies reactive for primary antibodies produced in mouse, HeLa cells were 

stained for CDK1 anti-mouse and secondary anti-rabbit (figure 5). The cells showed a very 

weak signal corresponding to signals from unstained cells. Most likely, this is caused by 

autofluorescence of the cells. 

 

Figure 5 Control of cross reaction between CDK1 anti-mouse and secondary donkey anti-
rabbit antibody in methanol fixated HeLa cells. A. Signal obtained from CDK1 stained cells, 
which have received secondary antibody reactive for primary antibody produced in rabbit. B. 
Signal from stained DNA. C. A and B superimposed on each other.  

A B C 
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As control for possible signal obtained from unspecific binding of secondary antibody, HeLa 

cells were stained for secondary anti-rabbit (figure 6). The cells showed a very weak signal 

corresponding to signals from unstained cells. Most likely, this is caused by autofluorescence 

of the cells. 

 

Figure 6 Control of unspecific binding of secondary donkey anti-rabbit antibody in methanol 
fixated HeLa cells. A. Signal obtained from donkey anti-rabbit in unstained cells. B. Signal 
from stained DNA. C. A and B superimposed on each other.  

 

As control for possible signal obtained from unspecific binding of secondary antibody, HeLa 

cells were stained for secondary anti-mouse (figure 7). The cells showed a very weak signal 

corresponding to signals from unstained cells. Most likely, this is caused by autofluorescence 

of the cells. 

 

Figure 7 Control of unspecific binding of secondary donkey anti-mouse antibody in methanol 
fixated HeLa cells. A. Signal obtained from donkey anti-mouse in unstained cells. B. Signal 
from stained DNA. C. A and B superimposed on each other.  

As a control for possible reaction between primary antibodies obtained from rabbit with 

secondary antibodies reactive for primary antibodies produced in mice, HeLa cells were 
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Figure 9 Control for possible PLA signal of secondary antibodies in methanol fixated HeLa 
cells. A. Signal obtained from secondary antibodies in unstained cells. B. Signal from stained 
DNA. C. A and B superimposed on each other.  

 

As control for possible signal obtained from binding of secondary antibodies to one primary 

antibody, HeLa cells were incubated with CKS2 primary antibody and two secondary PLA 

probes (antibodies) (figure 10). A. shows almost no signal. Most likely, this was caused by 

pollution during washing. 

 

Figure 10 Control for possible PLA signal of primary CKS2anti-mouse antibody and both 
secondary antibodies (PLA probe mouse and rabbit) in methanol fixated HeLa cells. A. Signal 
obtained from binding of both secondary antibodies to one of the primary antibodies. B. 
Signal from stained DNA. C. A and B superimposed on each other.  
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Appendix 9 

Reagents used in the experiments  

Reagent Company Concentration 

Albumin, from bovine serum Sigma-Aldrich  

CDK1 mouse antibody: sc-54  Santa Cruz Biotechnology 0.2 mg/mL 

CDK1 rabbit anti-Human 
polyclonal antibody (Catalog 
ID LS-C123204) 

Lifespan Biosciences 1 mg/mL 

CDK2(M2) sc-163 rabbit 
polyclonal antibody 

Santa Cruz Biotechnology 

 

0.2 mg/mL 

CKS2 mouse antibody 
(Catalog No 37-0300) 

Life Technologies 0.5 mg/mL 

Coulter clenz cleaning agent Beckman Coulter  

Coulter isoton II diluent Beckman Coulter  

Duolink II amplification 
solution 

Olink Bioscience 5X 

Duolink II blocking solution Olink Bioscience  

Duolink II ligase Olink Bioscience  

Duolink II ligation Olink Bioscience 5X 

Duolink II mounting medium 
with DAPI 

Olink Bioscience  

Duolink II polymerase Olink Bioscience  

Duolink II PLA probe minus Olink Bioscience 5X 

Duolink II PLA probe plus Olink Bioscience 5X 

Duolink II wash buffer A Olink Bioscience  

Duolink II wash buffer B Olink Bioscience  

DMEM + Glutamax ™ 
growth medium (catalog 
number 31966-021) 

Life Technologies  
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Dulbecco’s PBS without 
calcium and magnesium 
(catalog number H-15-002) 

PAA Laboratories 1x 

Dylight 549-conjugated 
affinipure donkey anti-mouse 

Jackson ImmunoResearch 1.4 mg/mL 

Dylight 488- conjugated 
affinipure donkey anti-rabbit 

Jackson ImmunoResearch 1.5 mg/mL 

EDTA, disodium salt 
dihydrate 

Sigma-Aldrich  

Formalin solution, neutral 
buffered  

Sigma-Aldrich 

 

10 % 

Gibco fetal bovine serum Life Technologies  

γ-tubulin antibody Kind gift of Stephen Doxsey, 
University of Massachusetts 
Medical School, Worcester, 
MA (U.S.A) 

 

Hoechst 33258 Sigma-Aldrich  

Igepal CA-630 (for 
molecular biology) 

Sigma-Aldrich  

Immersion oil Zeiss  

KCl Sigma-Aldrich  

L-glutamine PAA Laboratories 200 mM 

Methanol VWR  

Na2HPO4 x 2 H2O Merck  

NaCl Sigma-Aldrich  

NaOH Sigma-Aldrich  

Penicillin/Streptomycin PAA Laboratories 100X 

ProLong® Gold antifade 
reagent 

Life Technologies  

SSBP1 rabbit antibody 
Catalog number HPA002866 

Sigma-Aldrich 0.12mg/mL 
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Triton X-100 Sigma-Aldrich Triton X-100 

Trypsin-EDTA solution Sigma-Aldrich 1X 

 


