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Abstract
Häggblad Sahlberg, S. 2014. Colorectal cancer and radiation response. The role of EGFR,
AKT and cancer stem cell markers. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine 999. 94 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-8951-9.

The primary treatment for colorectal cancer is surgery. Radiotherapy and chemotherapy,
sometimes combined, are also frequently used to diminish recurrence risk. In response to
radiation exposure, several cellular signaling cascades are activated to repair DNA breaks,
prevent apoptosis and to keep the cells proliferating. Several proteins in the radiation response
and cell survival pathways are potential targets to enhance the effects of radiation. The epidermal
growth factor receptor (EGFR), which is frequently upregulated in colorectal cancer and exhibits
a radiation protective function, is an attractive target for treatment. EGFR is activated by
radiation which in turn activates numerous signaling pathways such as the PI3 kinase/AKT
cascade, the RAS/RAF/ERK pathway and STAT leading to tumor cell proliferation. EGFR
is also believed to interact with proteins in the DNA repair process, such as DNA-PKcs and
MRE11. The cytotoxic effect of an affibody molecule (ZEGFR:1907)2, with high affinity to EGFR,  in
combination with radiation produced a small, but significant, reduction in survival in a KRAS
mutated cell line. However, not in the BRAF mutated cell line. The next step was therefore to
target proteins downstream of EGFR such as AKT. There was an interaction between AKT and
the DNA repair proteins DNA-PKcs and MRE11 and both AKT1 and AKT2 were involved in
the radiation response. The knockout of both AKT isoforms impaired the DNA double strand
break rejoining after radiation and suppression of DNA-PKcs increased the radiations sensitivity
and decreased the DNA repair further. The AKT isoforms also affected the expression of cancer
stem cell markers CD133 and CD44 which are associated with the formation of metastasis as
well as radiation and drug resistance. The CD133 expression was associated with AKT1 but not
AKT2, whereas the CD44 expression was influenced by the presence of either AKT1 or AKT2.
AKT was also involved in cell migration, cell-adhesion and metabolism. Overall, these results
illustrate the complexity in response to radiation and drugs in cells with different mutations
and the need for combining inhibitors against several targets such as EGFR, AKT, DNA-PKcs,
CD133 or CD44.
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Introduction 

Current treatment of colorectal cancer 
Colorectal cancer (CRC) is the third most frequent cancer form in the world, 
with 1.2 million people diagnosed every year [1]. It is also the third most 
common cause of cancer death despite improvements in treatment in the past 
decades. Colorectal cancer is an adenocarcinoma, which is often subdivided 
into colon cancer and rectal cancer since they behave differently and their 
treatments differ. One-third of the cancers arise in the rectum and the rest 
arise in the colon. [1]. The treatment is mainly dependent on location, stage, 
and health condition [2] and it is therefore of great importance to make a 
correct diagnosis and staging before treatment. Primarily, a clinical examina-
tion and blood tests, including the tumor marker carcinoembryonic antigen 
(CEA), are performed together with a digital rectal examination, rectoscopy, 
sigmoidoscopy, and/or colonoscopy. Imaging tests are also performed, such 
as endoscopic ultrasonography or magnetic resonance imaging (MRI) of the 
rectum to evaluate locoregional cancer spreading, ultrasound of the liver, 
computed tomography of the abdomen including the liver and thorax, and/or 
pulmonary X-ray to evaluate distal spreading [3]. 

The primary treatment is surgery. Different operating techniques are used 
for colon and rectal cancers and can be performed either with open or with 
laparoscopic techniques depending on spread to other organs, location, and 
patient characteristics. Early stage CRC or polyps can often be removed 
during rectoscopy/colonoscopy.  

Radiotherapy, sometimes in combination with chemotherapy, can be used 
for patients with colon cancer that has attached to other internal organs or the 
lining of the abdomen and for palliation when the cancer had spread to other 
parts of the body, such as bones and brain. In rectal cancer, radiation therapy 
is usually given before surgery to help prevent the cancer from recurring or 
to allow surgery if the tumor invades surrounding organs or tissues [4-8]. 
Preoperative radiotherapy is more dose-efficient than postoperative radio-
therapy. External radiation in the form of γ-rays (photons) is predominantly 
used as a short-term (five treatments with 5 gray (Gy) fractions) or a long-
term (~25–28 treatments with 1.8–2 Gy) schedule [2]. The long-term sched-
ule is presently most often combined with chemotherapy [2, 4, 9]. However, 
the best regimen in different clinical situations is still to be established. In 
patients with rectal cancer, brachytherapy may also be used. Brachytherapy, 
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usually given in three fractions, most often uses radioactive material placed 
next to or directly into the cancer which limits the effects on surrounding, 
healthy tissues [10]. Contact therapy with low voltage X-rays (Papillon tech-
nique) may be used as well [11]. 

The side effects from radiotherapy can be considerable [12], but have 
with time been reduced as more sophisticated, advanced radiotherapy tech-
niques have become available. Agents that specifically radiosensitize tumors 
allow dose reduction and, consequently, produce less damage to surrounding 
tissues or, alternatively, increase the efficacy with unchanged doses. The 
chemotherapeutic agents used today in combination with radiation for sensi-
tizing tumor cells to radiotherapy are mainly 5-fluorouracil (5-FU). Oxali-
platin, irinotecan, and targeted drugs such as cetuximab and bevacizumab 
are explored in clinical trials [2, 9, 13]. These drugs all have activity in met-
astatic CRC and are used routinely to palliate and prolong survival [14]. 

 The antimetabolite drug, 5-fluorouracil, interferes with synthesis of 
DNA. It is a pyrimidine analog which is metabolized to 5-fluoridine triphos-
phate (5-FUTP) and 5-fluorodeoxyuridine monophosphate (5-FdUMP). In-
corporation of 5-FUTP into ribonucleic acid (RNA) stalls the RNA transla-
tion and 5-FdUMP inhibits the DNA synthesis and, consequently, cell death 
through the inhibition of thymidylate synthase, leading to depletion of deox-
ythymidine monophosphate (dTMP) which is required for DNA synthesis. 5-
fluorouracil is administered intravenously because bioavailability after oral 
administration is variable. However, derivatives of 5-FU, such as capecita-
bine, can be taken orally with similar effects [15]. Unfortunately, many pa-
tients develop resistance against 5-FU and its derivatives. This resistance is 
believed to be due to upregulation of enzymes needed for DNA synthesis, 
such as thymidylate synthase and deoxyuridine triphosphate, methylation of 
genes for mismatch repair proteins such as MLH1 and overexpression of 
anti-apoptotic proteins B cell lymphoma (Bcl)-2, Bcl-XL, and mantle cell 
lymphoma 1 (Mcl-1) [16]. Raltitrexed is a thymidylate synthase inhibitor 
which has some effect in some patients with 5-FU resistance. It has shown 
promising radiosensitizing effects in rectal cancer [17]. Another 5-FU deri-
vate is UFT®, which consists of tegafur, a 5-FU prodrug, and uracil, which 
inhibits the catabolic enzyme for 5-FU, resulting in a higher drug level in 
tumor cells over normal tissues for a longer time period [18, 19]. The use of 
UFT is still not properly studied in randomized trials however, smaller trials 
have shown promising effects of UFT in combination with radiation in rectal 
cancer patients [20]. 

Cisplatin and oxaliplatin are platinum agents that form DNA intrastrand 
linkage, which prevents cell replication. Resistance against cisplatin and 
oxaliplatin has been associated with increased DNA damage repair and tol-
erance to DNA platinum adducts, as well as reduced drug uptake and an 
increase in scavengers, such as glutathione or metallothionein [21].  
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Irinotecan is metabolized in the cell to the compound SN-38, which inhib-
its topoisomerase I. DNA topoisomerases are enzymes that relax the super-
coiled double stranded DNA (dsDNA), subsequently allowing DNA replica-
tion and RNA transcription. They induce DNA single strand (topoisomerase 
I) or double strand (topoisomerase II) breaks (SSBs or DSBs) during replica-
tion to unwind strand torsions before re-ligation of the broken strands [22]. 
Irinotecan stabilizes the complex between the topoisomerase I enzyme and 
DNA and induces reversible and non-lethal SSBs. DSBs are formed when 
the complex collides with the replication forks, leading to cell death [23]. 
Irinotecan is dependent on DNA replication; therefore, the drug specifically 
targets cells in the S phase of the cell cycle and should preferably be applied 
before radiation to have radiosensitizing effect [24]. 

Cetuximab is an antibody that inhibits the tyrosine kinase epidermal 
growth factor receptor (EGFR). The inhibition of EGFR subsequently inhib-
its the cellular pathways normally activated by EGFR, such as cellular 
growth, proliferation, and anti-apoptosis. Furthermore, EGFR is believed to 
interact with DNA repair proteins, such as DNA-dependent protein kinase, 
catalytic subunit (DNA-PKcs), and promoting DNA damage repair. Since 
cetuximab has shown radiosensitizing effects in vitro in colon cancer cell 
lines [25] and in head and neck cancer patients [26] it was hoped that cetux-
imab would have radiosensitizing effects. However, clinical trials with ce-
tuximab-based preoperative radiochemotherapy did not find improved re-
sults with this drug, probably due to mutations affecting EGFR signaling 
[27-30]. Although one randomized phase II trial reported improved results 
[31]. It has therefore been proposed that further trials should be conducted in 
patients with a higher probability of responding. A retrospective study found 
that Kirsten rat sarcoma viral oncogene homolog (KRAS) wild-type status 
and high intratumoral EGFR and vascular endothelial growth factor (VEGF) 
messenger RNA (mRNA) expressions were associated with complete re-
sponse [32]. Presently, it has been found that all mutations in the RAS-gene 
(KRAS and NRAS) mean resistance to EGFR inhibition with the antibodies 
cetuximab and panitumumab in CRC [33, 34]. 

Bevacizumab, a tyrosine kinase inhibitor against the VEGF receptor 
(VEGFR), is approved as first line treatment in metastatic CRC patients. 
Although clinical trials in CRC patients with metastatic disease have shown 
limited additional effects in combination with other chemotherapeutic agents 
[14] promising effects have been suggested in combination with radiation 
[35]. 

Since the additional effects of the presently used drugs, in combination 
with radiation, are still limited, new drugs with improved radiosensitizing 
properties are of great interest. To find new suitable targets, the radiation 
response in the cell needs to be further elucidated. 



 12 

Radiation response 
In cells exposed to radiation, not only is the DNA damaged, but extracellular 
receptors are activated and the plasma membrane is distorted, see Figure 1. 
Ionizing radiation, such as γ-rays, causes DNA DSBs either directly, by ion-
izing the DNA molecule, or indirectly, via formation of free hydroxyl radi-
cals (reactive oxygen species (ROS)) through ionization of water molecules. 
This causes base damage, and SSBs or DSBs in the DNA which can be re-
paired through several pathways. Double strand breaks are, however, the 
major cause of cell death if they are not repaired or misrepaired. A low ra-
diation dose of 1 Gy linear energy transfer (LET) γ-radiation induces around 
25 DSBs in the cell [36]. The proteins activated by DNA damage, such as 
ataxia telangiectasia-mutated (ATM) protein, p53, and DNA-PKcs, can also 
interact with other signaling pathways in the cell, leading to cell cycle arrest 
to enable proper DNA repair and regulation of cell cycle progression, or cell 
death [37]. 

The cell surface receptors are normally activated by ligands however, ex-
posure to radiation causes cellular stress and ROS, which will activate recep-
tors such as EGFR or insulin growth factor receptor (IGFR) [38] or inacti-
vate phosphatases (such as phosphatase and tensin homolog, PTEN) which 
normally inhibits the activation of the receptors [39]. The activated receptors 
will in turn activate downstream pathways, subsequently leading to promo-
tion of cell survival and gene transcriptional changes or programmed cell 
death.  

Radiation exposure may also cause distortion of the cellular membrane. 
This may lead to production of ceramides, which are pro-apoptotic, or acti-
vation of the enzyme cytosolic phospholipase A2 (cPLA2), which activates 
inflammation and the AKT pathway [40, 41].  
The type of cell death induced by radiation is dependent on radiation dose, 
cell type, and microenvironmental conditions, such as presence of oxygen 
and growth factors. The different methods of cell death are still researched; 
however, simplified, the three major pathways are mitotic catastrophe, se-
nescence, and apoptosis. The majority of cells undergo cell death as a sec-
ondary cause of mitotic catastrophe due to aberrant mitosis. The cells may 
undergo several divisions and survive for several days before they finally die 
through either delayed necrosis or delayed apoptosis. Apoptosis is consid-
ered a programmed type of cell death involving several cellular pathways, 
whereas necrosis is not defined by any biomarkers but simply by cellular 
rupture. Apoptosis involves proteases and nucleases which degrade the nu-
cleus and intracellular organs without disturbing the outer cell membrane, 
thereby not disturbing neighboring cells. Necrosis is defined by cell swell-
ing, plasma membrane permeabilization which leads to leakage and finally 
ruptures the cell and stimulates the inflammation response.  
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Figure 1. Simplified view of the cellular response to radiation.  

 
Radiation-induced cell death through early apoptosis is not very common, 

but it is the most rapidly responding type of cell death, seen in lymphocytes, 
spermatocytes, thymocytes, and salivary gland epithelium. The apoptosis 
pathway is normally associated with cell-death caused by cytotoxic sub-
stances. However, its role in radiation-induced cell death is debated [42]. 
Early necrosis may also take place usually when the radiation dose is high. 

Senescence or cell-growth arrest is the way fibroblasts undergo cell-death 
after irradiation. Senescent cells are metabolically active but do not prolifer-
ate or form colonies and eventually die, days or weeks after irradiation, 
through necrosis [42]. 

Autophagy is also believed to be involved in radiation induced cell death. 
The process involves so called autophagosomes which fuse together with 
lysosomes and break down proteins and organelles. If the process is exten-
sive the cells will eventually die. However, this process may also be in-
volved in cell survival [42]. 

Several of the proteins involved in the radiation response are possible tar-
gets for new types of drugs. Table1 summarizes novel targeting agents that 
may have potential use as radiation sensitizers in colorectal cancer. 

ligand

EGFR

Cell

PI3K

Akt

mTOR

Ras

Raf

Raf

MEK

ERK

STAT

Cell proliferation
Cell growth
Inhibition of apoptosis
Angiogenesis
Migration, adhesion, invasion

DNA-PKcs

Ku70 Ku80

cPLA2



 14 

Table 1. New potential radiation sensitizing agents. 

Drug class Drug name Reference

EGFR inhibitors Erlotinib [43] 
Sunitinib [44]  
Afatanib [45] 

VEGFR Bevacizumab [46] 
Vanetanib [47] 

AKT inhibitors Nelfinavir [48] 
MK-2206 [49] 

 Perifosine [50] 
 GSK-2141795 [51, 52] 
 GSK-2110183 [53] 
 RX-0201 [53] 
PI3K inhibitors BEZ235 [54] 
 BKM120 [55] 
DNA-PKcs Inhibitors IC87361 [56] 
 NU7441 [57] 
 KU-0060648 [58] 
 Dbait [59]  
MRE11 inhibitor Mirin [60] 
Integrin inhibitor AIIB2 [61] 
FAK inhibitors TEA226 [62, 63] 
Glucolytic inhibitors 2DG [64, 65] 
MTC1 inhibitors AZD-3965 [66] 

AR-C155858 [67] 
AR-C117977 [68] 

MAPK/ERK inhibitors U0126 [69] 
 AZD-6244 [70] 

EGFR 
Epidermal growth factor receptor is a transmembrane tyrosine kinase recep-
tor with an extracellular ligand-binding site and an internal tyrosine kinase 
domain. It is a member of the human EGFR (HER)/ErbB family consisting 
of EGFR/HER1/ErbB1, HER2/neu/ErbB2, HER3/ErbB3, and HER4/ErbB4. 
The EGFR has several ligands, like the epidermal growth factor (EGF), 
transforming growth factor (TGF) alpha (TGFα), amphiregulin, betacellulin, 
heparin-binding EGF-like growth factor (HB-EGF), and neuregulins (NRG1, 



 15

NRG2, NRG3, and NRG4) [71]. Activation of EGFR, by ligand or radiation, 
triggers a cascade of signaling events through three major pathways, the 
phosphoinositide 3-kinase (PI3K) cascade, the rat sarcoma (RAS)/v-raf mu-
rine sarcoma viral oncogene (RAF) pathway and signal transducer and acti-
vator of transcription protein (STAT) causing cell proliferation, survival, 
migration, differentiation, inhibition of apoptosis, angiogenesis, adhesion, or 
metastatic invasion [72, 73]. 

Overexpression by the EGFR gene has been shown to arise in 25–77% of 
colorectal neoplasms, indicating that many patients could benefit from 
EGFR-targeting pharmaceutics [74, 75]. Additionally, EGFR overexpression 
in tumors has been associated with resistance against conventional drug 
treatment and radiation and may indicate poor prognosis [76, 77]. Conse-
quently, EGFR is a potential target for cancer treatment and extensive re-
search has been devoted to finding targeted therapies, such as monoclonal 
antibodies and tyrosine kinase inhibitors.  

Two approaches to EGFR targeting are used today: intracellular suppres-
sion of the tyrosine kinase activity, and blocking of the extracellular domain 
by specific antibodies or antibody-like structures [78]. In the case of CRC, 
the EGFR antibody cetuximab has been approved by the Food and Drug 
Administration (FDA) in clinical use in combination with irinotecan in met-
astatic CRC [79]. However, only patients with wild-type KRAS and murine 
sarcoma viral oncogene homolog B1 (BRAF) have been reported to respond. 
KRAS or BRAF mutations will cause constitutive activation of the 
RAS/RAF/Mitogen activated protein kinase (MEK) pathway downstream of 
EGFR [80] as well as an upregulation of EGF [81]. In a Phase II clinical trial 
with radiochemotherapy in combination with cetuximab in CRC, radiation 
response was shown in KRAS and BRAF wild-type patients; however, an 
increase in overall survival rates was not seen [31].   

 Erlotinib, an EGFR-specific tyrosine kinase inhibitor, which also has 
function against the mutated form of EGFR (EGFRVIII), is approved in 
pancreatic cancer in combination with gemcitabine and in non-small cell 
lunch cancer (NSCLC), but so far its use in CRC is still in Phase I/II clinical 
trials [82, 83]. 

The small tyrosin kinase inhibitors (TKIs) have oral availability, whereas 
some of the antibodies against EGFR have to be taken intravenously. The 
TKIs are also irreversible, which results in prolonging the effect and, conse-
quently, lower dosing. Tyrosin kinase inhibitors may have multiple activities 
against several receptors and also have an effect of mutated EGFRvIII since 
they bind at the internal site of EGFR [84]. On the other hand, the effects of 
the EGFR antibodies are also due to the antibody-dependent cellular cyto-
toxicity (ADCC), which triggers the immune response and thereby may im-
prove the cytotoxic effects [85, 86] and the antibodies have so far had better 
effect compared to TKIs. 
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Today the focus is on trying to find drugs that in combination with 
EGFR-targeting drugs may overcome the resistance. Possible combinations 
with EGFR-targeting drugs that have been suggested are mitogen activated 
kinase-like protein (MAPK) [87], mechanistic target of rapamycin (mTor) 
[88], and vascular endothelial growth factor receptor (VEGFR) [89]. 

AKT 
The protein kinase AKT (also known as “protein kinase B (PKB)”) is an 
important serine/threonine kinase in the cell signaling downstream of several 
growth factors and cytokines and in response to exposure to drugs and ioniz-
ing radiation. It is involved in survival, growth, proliferation, glucose uptake, 
metabolism, and angiogenesis [90], see Figure 2. There are three isoforms of 
AKT (AKT1, AKT2, and AKT3), which are located on separate chromo-
somes and are believed to have different physiological functions, properties, 
and expression patterns [91, 92]. Akt isoform knockout (KO) in mice has 
shown that suppression of Akt1 induces a reduction in body and cell size, 
Akt2 KOs show diabetes mellitus-like syndrome with an aberrant glucose 
metabolism, and Akt3 deletion causes smaller brain size and corpus callosum 
disorganization [93, 94]. 

Variations in AKT expression patterns and mutations have also been seen 
in various cancer cell lines [95]. For example, AKT1 may function as an 
oncogene and AKT3 as a tumor suppressor [96] and AKT mutations have 
been noticed in human CRC (AKT2) and lung tumors (AKT1 and AKT3). 
Furthermore, AKT is also hyperactivated in several cancer forms and is as-
sociated with resistance to radiotherapy and chemotherapy [97]. 
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Figure 2. Schematic view of AKT signaling pathways involving metabolism, cell 
cycle regulation, cell survival, proliferation and cell adhesion modified with permis-
sion from KEGG (http://www.genome.jp/kegg/kegg1.html) 

 

AKT activation 
The protein kinase AKT is mainly activated via the PI3K pathway where 

PI3K converts phosphatidylinositol-4,5-diphosphate (PIP2) to phosphatidyl-
inositol-3,4,5-triphosphate (PIP3), which in turn binds to the Pleckstrin ho-
mology (PH) domain of AKT and alters the confirmation of AKT to allow 
subsequent phosphorylation at threonine 308 (Thr308) and serine 473 
(Ser473). Phosphoinositide-dependent kinase-1 (PDK1) is a known ser-
ine/threonine kinase which phosphorylates AKT at Thr308; however, the 
mechanism of phosphorylation at Ser473 is not as clear and several theories 
have been proposed. The Ser473 is suggested to be activated either by PDK1 
or by some unknown protein called “PDK2.” Among possible PDK2 pro-
teins are integrin-linked kinase 1 (ILK-1), mTOR [98], ATM [99], DNA-
PKcs [100, 101], and meiotic recombination 11 (MRE11) [102]. Activation 
of AKT may also be through a PI3K-independent manner via numerous dif-
ferent pathways including other phosphorylation sites, such as tyrosines. 
There are also indications that Ser473 is autophosphorylated, see Figure 3. 
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Figure 3. Schematic view of AKT activation by PI3K through integrin receptors, 
receptor tyrosin kinases (RTK), cytokine receptors and G-protein coupled receptors 
(GPCR). 

AKT and cell-survival  
The protein AKT enhances cell survival by blocking the pro-apoptotic 

proteins, Bcl-2-associated death promoter (BAD), and forkhead transcription 
factors (Fox). Phosphorylation of BAD by AKT causes the 14-3-3 protein to 
bind, which inhibits the binding of BAD with Bcl-2 or Bcl-XL. The release 
of Bcl-2 or Bcl-XL promotes cell survival by inhibiting the release of cyto-
chrome c from the mitochondria. Also, AKT inhibits the expression of BAD 
by impeding the transcription factors Fox of the O subgroup (FoxO) and 
p53. Unphosphorylated FoxO induces the expression of pro-apoptotic pro-
teins and proteins involved in cell cycle arrest, such as BAD, Fas, and p27Kip. 
Further, AKT phosphorylates FoxO1, 3a, and 4, thereby causing their trans-
location from the nucleus and inhibiting their anti-apoptotic effect. Moreo-
ver, AKT also phosphorylates mouse double minute 2 homolog (MDM2; 
HDM2 in humans), which in turn negatively regulates p53. P53 promotes 
apoptosis through Noxa and Puma. Also, AKT phosphorylates/inactivates 
glycogen synthase kinase 3 beta (GSK3β) and thereby activates the prosur-
vival substrates of Bcl-2. Downstream of Bcl-2 are the caspase family prote-
ases which initiate the caspase cascade through caspase-9. Caspase-9 is 
cleaved and activated upon cytochrome c release, which is also inhibited by 
AKT [90]. A further function of AKT is to enhance cell cycle progression 
through phosphorylation of p27Kip which inhibits its binding to the cyclin-
dependent kinase (Cdk)-cyclin targets. Activation by AKT also inhibits 
p21Cip/WAF1 directly or indirectly via the MDMs/p53 pathway and thereby 
causes cell cycle progression. The inactivation of GSK3β by AKT stabilizes 
the G1 phase cyclin D and cyclin E. Mammalian target of rapamycin com-
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plex (mTORC1), which is another regulator of cell proliferation, is likewise 
activated by AKT [90]. 

AKT and angiogenesis, migration and invasion  
Through the activation of endothelial nitric oxide (NO) synthase (eNOS), 

AKT is also involved in angiogenesis, causing a release of NO, which in turn 
stimulates vascular remodeling and angiogenesis. Signaling by AKT further 
leads to the production of the transcription factor HIF-1, which regulates the 
expression of genes involved in angiogenesis e.g. (VEGF).  

AKT1 is suggested to inhibit the transcription of nuclear factor-activated 
T (NFAT) cells via MDM2, thereby blocking their invasion and migration. 
On the other hand, AKT2 has been proposed to upregulate integrin-β1, 
which in turn increases the cell migration and invasion. AKT1 has also been 
proposed to induce metastasis through the induction of focal adhesion kinase 
(FAK) which increases the binding of integrins to the matrix and subse-
quently leads to metastasis [103, 104]. See section Invasion migration and 
metastasis for more discussions on this pathway. 

AKT and metabolism 
The cellular metabolism is also regulated by AKT, primarily through glu-

cose uptake in response to insulin through the translocation of glucose trans-
porter type 4 (GLUT4) to the plasma membrane. Activation by AKT can 
also affect glucose by increasing the conversion of glucose to glucose-6-
phosphate. This can either be stored through conversion back to glucose by 
glucogen synthase, or it can be catabolized to produce energy through gly-
colysis. The kinase AKT inhibits GSK3β from (in turn) inhibiting the glu-
cogen synthase kinase activity, thereby stimulating the glucogen synthesis. 
However, AKT may also stimulate glycolysis through hypoxia inducible 
factor alpha (HIF-α). 

The lipid metabolism is also regulated by AKT through the inhibition of 
GSK3β which thereby promote the expression of genes involved in the cho-
lesterol and fatty acid biosynthesis [93]. 

AKT and radiation response 
The protein AKT is involved in the response to radiation, via the path-

ways mentioned above. We and others have shown that AKT activation is 
radiation dose- and time-dependent [105] and it is believed to be involved in 
DNA repair after exposure to ionizing radiation [106, 107]. Basically, AKT 
is involved in the activation of DNA-repair proteins and thereby promoting 
the rejoining of DNA double strand breaks caused by radiation. ROS pro-
duced during irradiation will also activate AKT, which in turn will reduce 
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the ROS through metabolites produced through glycolysis which in turn is 
up-regulated by AKT via its induction of glucose transporters. Radiation 
may also induce apoptosis however AKT can prevent apoptosis as discussed 
previously in the AKT cell survival section. AKT also prevents cell cycle 
arrest normally caused by radiation. 

There is so far no AKT inhibitor used as single treatment due to high tox-
icity and low effect from upregulation of other prosurvival pathways, alt-
hough it is a promising target [108, 109]. 

DNA damage repair  
Cancer cells often have an impaired DNA repair system compared to normal 
cells. This is due to high proliferation and to mutations in the DNA repair 
proteins or proteins involved in cell cycle control or apoptosis. Normal cells 
which are affected by DNA damage can arrest the cell cycle, allowing repair 
of the breaks. If the DNA damage is not correctly repaired the errors could 
be inherited through subsequent cell divisions, accumulating harm to the 
cancer cells, finally leading to reduced growth and cell death [110].  

Ionizing radiation induced DSB in the DNA is the most lethal form of 
DNA damage to the cell. When cells are exposed to radiation, ATM is phos-
phorylated. This protein is a central player in the cellular stress response and 
more than 700 downstream targets of ATM have been identified [111]. Ac-
tive ATM forms a complex with MRN (complex of Mre11, Rad 50 and 
Nbs1) at the DSB. In turn, ATM activates the histone protein–variant H2AX, 
which is phosphorylated over large distances by the DSB. The phosphory-
lated form, called “γ-H2AX,” will in turn, through binding to mediator of 
DNA damage checkpoint protein 1 (Mdc1), recruit additional MRN com-
plexes subsequently activating more ATM protein. The MRN complex then 
exposes the single stranded DNA (ssDNA) which in turn activates ataxia 
telangiectasia and Rad3-related (ATR). Both ATM and ATR cooperate and 
activate downstream signaling to promote DNA repair. Of the two, ATM 
activates p53, Chk2, Nbs1, and BRCA1, whereas ATR activates Chk1.  

The two main DSB-rejoining pathways are the non-homologous end join-
ing (NHEJ) pathway and homologous recombination (HR) repair. Both these 
processes are complex and require several proteins functioning at different 
stages in the DNA repair and radiation response [112], see Figure 4. 



 21

 

Figure 4. Non-homologous end joining (NHEJ) and homologous recombination 
(HR) repair of DNA double strand breaks (DSBs) formed by ionizing radiation. 

Non homologous end-joining (NHEJ) 
The NHEJ pathway ligates the DNA ends without long homologous DNA 

templates and is believed to be most active in the G1 phase of the cell cycle. 
The DNA breaks are detected by the KU70–KU80 heterodimer which re-
cruits DNA-PKcs. DNA-PKcs is activated and recruits additional proteins to 
the damaged site, and may even activate them. The breaks are eventually 
sealed by the XRCC4–ligase IV heterodimer. Due to the lack of a homolo-
gous template the NHEJ pathway is believed to have a lower fidelity, but 
consequently it is able to act in the early response to radiation. The MRN-
complex, which contains helicase and exonuclease activities, may also func-
tion in NHEJ, particularly if the DNA ends require processing before liga-
tion. NHEJ is also important in sealing the breaks formed during V(D)J re-
combination, in which the T-cell receptor and immunoglobulin genes are 
rearranged [112-114]. 
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Homologous recombination (HR) repair 
The HR repair requires a homologous DNA template to be able to repair 

the DSBs and is therefore most active in the late S/G2 phase when the DNA 
replication has taken place. This pathway is believed to have a higher fidelity 
and to involve more proteins compared to the NHEJ pathway. HR is initially 
mediated by the MRN complex which binds to the DSBs and produces ssD-
NA ends. The MRN complex is displaced by replication protein A (RPA) 
which starts the formation of nucleoprotein filaments. Furthermore, RPA is 
replaced by RAD52, which is an ssDNA binding protein, and the RAD51–
BRCA2 complex which forms filaments along the unwound DNA strand to 
facilitate strand invasion and strand displacement. This is mediated by 
RAD51 and RAD54, and allows use of the undamaged sister molecule as a 
template for the resynthesis of the missing portions in the broken molecule 
[111, 113, 114].  

Cell cycle arrest 
Ionizing radiation induces cell cycle arrest to create enough time to repair 

the DSBs before replication or mitosis. The Cyclin dependent kinases (Cdks) 
and cyclins regulate the cell cycle progression. The cyclins are differently 
expressed during the cell cycle and when active they activate the Cdks and 
form specific complexes during the different phases. When these complexes 
are inhibited, such as by ionizing radiation, cell cycle arrest will follow. Both 
ATM and ATR phosphorylate Chk2/1, which in turn phosphorylates 
Cdc25a. This leads to degradation of Cdc25a by ubiquitination/the pro-
teasome, leading to inactive Cdk2, which means that the cell may not be able 
to enter the S phase. The activation of p53 can cause a sustained arrest in G1 
through p21, which inhibits cdk2 complexes with cyclins. In many cancers, 
the proteins involved in the G1/S checkpoint malfunction (ATM, p53) and 
are therefore more dependent on the G2/M checkpoint which is only activat-
ed by 10–20 DSBs (i.e., lower radiation doses) [115]. 

DNA-PKcs 
DNA-PKcs, is an important protein in the NHEJ pathway of DNA repair 

[116]. It has multiple phosphorylation sites; of these, serine 2056 (Ser2056) 
and threonine 2609 (Thr2609) have been extensively studied. Whereas 
Ser2056 is autophosphorylated, Thr2609 is regulated by ATM and ATR 
kinases and is believed to be critical for DSB repair and radiation resistance 
[117]. Several studies have shown that there is an interaction between AKT 
and DNA-PKcs, in which the activation of the two proteins is dependent on 
each other. The AKT1 isoform has been shown to facilitate the formation 
and accumulation of the Ku/DNA-PKcs complex at DNA DSBs. The AKT1 
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isoform has also been suggested to act downstream of DNA-PKcs in the 
DNA damage response signaling cascade [107]. On the other hand, one 
study reports that knocking down AKT1, by small interfering RNA (siRNA), 
reduced the phosphorylation of DNA-PKcs (Thr2609), which suggests that 
DNA-PKcs is instead downstream of AKT1 [118]. Furthermore, EGFR in-
teracts with DNA-PKcs and both proteins colocalize in the cell nucleus at 
DSBs [119]. DNA-PKcs is also involved in several other functions, such as 
cell cycle control, mitotic spindle formation, and suppression of chromoso-
mal instability [120]. Overexpression of DNA-PKcs has been found in CRC 
patients and has been correlated to clinical stage, lymphatic invasion, distant 
metastasis, and poor survival [117]. 

MRE11  
MRE11 is a part of the MRN complex consisting of MRE11, RAD50, and 

Nijmegen breakage syndrome 1/nibrin. This complex has several functions, 
such as DNA repair through NHEJ, DNA recognition and DNA replication, 
cell cycle checkpoint activation, and telomere maintenance [121, 122]. It has 
recently been shown that MRE11 and AKT interact with each other. The 
activation of AKT is believed to be dependent on MRE11 [123]. However, 
the expression of MRE11 is also believed to be dependent on AKT, possibly 
via the GSK3β/β-catenin lymphoid enhancer-binding factor-1 (LEF) path-
way [124]. Mutations in MRE11 are common in microsatellite instable CRC 
and cause a higher sensitivity to radiation [125]. The colon cancer cell line 
HCT116, for example, harbors an MRE11 mutation which causes a deletion 
in exon 5–7, resulting in a shorter protein without exonuclease activity and 
with lower binding to RAD50 and NBS1; however, it retains its DNA bind-
ing ability [125].   

Cancer stem cell markers 
Several studies have identified subpopulations of CRC cells that are more 
resistant to cancer treatments such as chemotherapeutics and radiation, and 
have a higher ability to proliferate. These cells are sometimes called “stem 
cells or tumor-initiating cells” and several markers have been found to be 
expressed in these cell populations [126]. Three of the proposed markers in 
CRC are CD133, CD44, and CD24, but discouragingly their distribution 
may differ from tumor to tumor or cell line to cell line [127, 128].  

CD133 
The glycoprotein CD133 is also called “Prominin-1” and is believed to be 

associated with tumorigenicity and progression of the cancer disease. The 
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upregulation of CD133 in CRC correlates strongly with poor prognosis and 
synchronous liver metastasis [129]. Cells sorted by flow cytometry for high 
expression of CD133 have shown to have higher resistance to radiation and 
chemotherapeutic agents. The exact role and function of CD133 is unknown; 
however, it is involved in several cellular activities and its expression is reg-
ulated through the Wnt, Notch, TGFβ1, or Line-1 pathways and promoter 
methylation [130]. 

CD24 
CD24 is a cell surface protein, anchored in the external side of the plasma 

membrane. This adhesion molecule has been found to be expressed in cells 
of the immune system, e.g., B lymphocytes, where it positively regulates the 
proliferation of activated T cells. It is also suggested to have an essential role 
in cell differentiation. CD24 has multiple glycosylation sites and the function 
of CD24 is dependent on the variable glycosylation pattern [131]. The distri-
bution of CD24 in CRCs is unclear. However, previous studies have shown 
that 50–68% of patients suffering from CRC express CD24 to a great extent 
[132, 133]. 

CD44 
CD44 has a role in the facilitation of cell–cell and cell–matrix interaction 

through its affinity for hyaluronic acid. It is known to impart adhesion, and is 
also involved in the assembly of growth factors on the cell surface, e.g., 
HER4 [134]. CD44 is encoded by a single gene, including 20 exons. The 
standard form (referred to as “CD44s”) is encoded by exons 1–5 and 15–20. 
The exons lacking in the CD44s are called “CD44 exon isoform variants” 
(referred to as “CD44v1–10”), see Figure 5. Additionally, 17 different splice 
variants have been found, generated by alternative splicing of the CD44 
mRNA, which are all expressed at various levels in different tissues. The 
role of these variants is not fully understood; however, some CD44 exon 
isoform variants mediate a critical step in colon cancer metastasis [134, 135]. 
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Figure 5. Schematic overview of CD44 exons in CD44 standard (CD44s) and vari-
ant (CD44v) isoforms. 

A few antibodies against CD44 have entered clinical trials, mostly for the 
treatment of head and neck cancer. However, the main problem is skin tox-
icity due to CD44 expression in healthy tissues [136]. There are no clinical 
trials for CD133 or CD24-targeting drugs and the focus has instead been on 
regulators of cancer stem cell (CSC) expression, such as Notch, Wnt, TGF-β, 
and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
[137]. 

Tumor metabolism 
Cancer cells generally have a higher growth rate compared to normal cells 
and are in need of faster metabolism of nutrients into energy and biomass. 
This knowledge has been used in cancer detection using 18F-
fluorodeoxyglucose (FDG)-positron emission tomography (PET). However, 
it should be noted that tumor metabolism is heterogeneous and dependent on 
cell type and environment. The metabolic adaptation in tumor cells enables 
them to survive in an environment that is normally unfavorable. In normal 
cells, glucose is converted to energy (adenosine triphosphate (ATP)) in three 
steps. The first step is glycolysis, which occurs in the cytosol and does not 
need oxygen. In this process, glucose is metabolized to 2 pyruvate, 2 nico-
tinamide adenine dinucleotide phosphate (NADPH), and 2 ATP. In the next 
step, under normal conditions with enough supply of oxygen, pyruvate en-
ters the Krebs cycle (citric acid cycle) which converts pyruvate to acetyl–
CoA and which in turn is, in a series of steps, is converted to citric acid. This 
process takes place in the mitochondria. The final step is the electron 
transport chain where NADPH and FADH2 are converted to ATP. This pro-
cess finally results in 36 ATP molecules. The process is called “oxidative 
phosphorylation” or “aerobic metabolism.” Fat and proteins may also be 
used as energy sources; however, they first have to be processed into smaller 
molecules. Fat is broken down as glycerol which is converted to glyceralde-
hyde 3-phosphate and will consequently be metabolized to pyruvate. Pro-
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teins are processed into fatty acids by a process called beta oxidation which 
forms acetyl–CoA, which can then enter the Krebs cycle, see Figure 6. 

Proliferating cells as well as tumor cells, on the other hand, use anaerobic 
glycolysis which converts pyruvate to lactate, resulting in only 2 ATP inde-
pendent of oxygen. This is called the “Warburg effect,” named after Profes-
sor Otto Warburg who discovered this metabolism in these cells. He pro-
posed that defects in mitochondria in proliferation and tumor cells lead to 
anaerobic glycolysis despite the presence of oxygen; however, since War-
burg’s discovery, several alternative hypotheses have been proposed [138]. 

 
Figure 6. Metabolism of glucose, fat, and amino acids under aerobic and anaerobic 
conditions. 

The proliferating cells also have to produce biomass, not only energy, to 
grow and divide. Fatty acids are needed for the cell membrane, proteins and 
energy and, consequently, proteins in the fatty acid synthesis are upregulated 
in tumor cells [139]. Folate is important in the DNA biosynthesis and repli-
cation though the synthesis of purines and thymidylate. Cancer cells which 
have high proliferation are more dependent on this pathway compared to 
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normal cells and have higher expression of the folate receptor. This pathway 
has been the target for new chemotherapeutics now in clinical trials [140, 
141]. 

Another important aspect of the metabolic pathways is resistance to 
drugs. The inactivation of chemotherapeutic drugs is catalyzed by glutathi-
one S-transferases (GSTs). These enzymes are believed to play an important 
role in multiple drug resistance in cancer chemotherapy [142]. Glutathione 
also reduces ROS produced, e.g., in radiated cells, thereby making the cells 
less sensitive to radiation [143]. 

Normal cells are dependent on growth factors which regulate the intake of 
nutrients and prevent uncontrolled metabolism. In tumor cells, this control is 
overcome by mutations and aberrant cell signaling, resulting in a higher up-
take of nutrients such as glucose. Growth factors activate growth factor re-
ceptors (GFRs) and subsequently activate PI3K, which in turn activates 
AKT, causing an increase in glucose. At the same time, tyrosine kinases can 
block the glycolysis further down in the pathway, enabling synthesis of mac-
romolecules important for cellular growth and division. 

Several studies have found a number of metabolic signatures of CRC 
which can serve as biomarkers for prognosis, metastasis, and response to 
treatment, in serum, tumor tissues, and urine [144]. Hopefully, with this 
knowledge, new drugs targeting metabolic pathways in CRC will be made 
available [145]. Drugs targeting the glucose and lactate metabolism, and NO 
donors or inducers have also been suggested as good radiosensitizing agents 
[146]. 

Invasion, migration and metastasis 
Colorectal cancer often forms metastases, usually in the liver or lungs, which 
makes treatment much more challenging and results in very low chances of 
long-term survival [147, 148]. Occasionally, patients with very limited meta-
static burden may be treated with surgery or local ablative techniques, such 
as radiofrequency ablation [149] or stereotactic radiotherapy [150], but the 
majority are left with life-prolonging palliative treatments, such as chemo-
therapy and targeted biological drugs. 

Genetic signatures of metastasis in CRC have been proposed as good bi-
omarkers of prognosis as well as correlation with metastasis in patients. 
These markers have been proposed to be the expression of LYN, MAP4K4, 
SDCBP, and MID1, which correlate with the overall survival in CRC pa-
tients and may also predict metastasis and survival of CRC [151]. 

The steps in metastasis involve the ability of the tumor cells to intravasate 
into the blood stream (or lymphatic stream), adapt to the environment in the 
blood stream, and travel to distant sites in the body where the tumor cells 
once again transform to extravasate from the blood stream into the new tis-
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sue. At this new site, the tumor cells have to be able to initiate growth and 
angiogenesis to form the metastasis [152]. 

The epithelial to mesenchymal transition (EMT) pathway leads to in-
creased motility, reduced intercellular adhesion, tumor progression, and ma-
lignant transformation. The EMT pathway is therefore involved in cancer 
cell invasion and metastasis [153]. Inducers of EMT, such as receptor tyro-
sine kinase ligands or TGFβ, Wnt, and Notch, trigger a cascade of cell sig-
naling which leads to the suppression of the cell adhesion protein E-
cadherin. The process involves upregulation of direct acting transcriptional 
repressors such as Snail, Slug, Forkhead box C2, and Zeb1, Zeb2 as well as 
Twist and E47 which indirectly repress E-cadherin. Other markers of EMT 
are N-cadherin, vimentin, and fibronectin-1, which are expressed in mesen-
chymal cells [154]. The EMT has also been shown to be involved in CSCs as 
colon cancer cells with a high expression of CD133/CD44 showed EMT 
after long-term culture [154, 155]. Previous studies have shown that AKT is 
involved in the EMT process and that the EMT is suppressed when AKT is 
activated or upregulated [156]. Once the migrated tumor cells have estab-
lished themselves in the new environment, they transform back, via mesen-
chymal–epithelial transition (MET), to a non-metastatic phenotype. 

One of the steps in tumor invasion, motility, and metastasis involves the 
cell adhesion molecules (CAMs), which take part in both intracellular and 
extracellular matrix (ICM and ECM) interactions of the cancer cell. Loss of 
cell adhesion will render the cancer cell more motile and invasive and has 
therefore been associated with metastatic properties. The CAM proteins can 
be classified into five families including cadherins, integrins, selectins, the 
immunoglobulin superfamily, and CD44 [157, 158]. 

Cadherins are transmembrane glycoproteins which mediate intracellular 
cell–cell adhesion through homotypic interaction. The intracellular domain 
interacts with the microfilament cytoskeleton through the catenin complex. 
Epithelial (E-) cadherin is one important cell adhesion protein which has 
been found to be inactivated in tumors with a more aggressive and invasive 
phenotype [159].  

Integrins are cell surface glycoprotein receptors composed of alpha and 
beta subunits. There are 18 alpha subunits and eight beta subunits which 
together form 24 different combinations known so far. The extracellular 
domain is a receptor for ECM proteins such as fibronectin, fibrinogen, vit-
ronectin, laminin, and collagen. They also bind ligands involved with vascu-
lar coagulation, such as thrombospondin. Integrin interacts with signaling 
proteins, including PI3K and GFRs, and is therefore involved in gene ex-
pression, proliferation, and growth, and cell survival. The integrins have 
different specificities depending on cell type and the integrin–ligand interac-
tion is very complex, making it difficult to interpret [159]. 

Selectins are also transmembrane proteins which include three proteins, E 
(endothelial), L (leukocyte), and P (platelet) selectins. Expression of E-
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selectin has been found to increase invasiveness of breast cancer and in-
crease metastatic lesions in colon cancer. E-selectin binds CD44 and Sialyl 
Lewis, which both correlate with poor prognosis in patients with CRC. P-
selectin interacts with CD24; however, it has been found to be both up- and 
downregulated in different cancer forms  [159].  

The immunoglobulin CAMs (IgCAMs) have an immunoglobulin-like ex-
tracellular domain. Carcinoembryonic antigen (CEA) is one of the IgCAMs 
which is used as a biomarker for CRC.  

Tight junction proteins are involved in the cell–cell contact. Claudins are 
one family of transmembrane proteins involved in the tight junctions be-
tween cells. The function of claudins is dependent on cell type and environ-
ment; however, it has been reported that claudin-1 and -2 (CLDN1-2) are 
upregulated in colon cancer [160, 161]. 

The radiation response in the cell is also dependent on the ECM; this is 
called “cell adhesion-mediated radioresistance (CAM-RR)” [162]. The ECM 
consists of structural elements that stabilize the microenvironment of the cell 
through CAMs. The cell matrix binding consists mainly of integrins as it has 
been suggested that β1 integrins mediate the radiation resistance through the 
activation of cellular protein kinases. Studies report that cells exposed to 
radiation caused an upregulation of these integrins after 48–96 hours [163]. 
Since integrins do not process catalytic activity themselves they rely on 
adaptor proteins or kinases to transmit their signals into the cell. Focal adhe-
sion kinase (FAK) and integrin-linked kinase (ILK) have been proposed to 
be involved in integrin signaling. Inhibition of FAK has shown radiosensitiz-
ing effects both in vitro and in vivo, while the role of ILK seems to be de-
pendent on cell type and other components of the ECM [164]. It has been 
proposed that β1-integrin promotes radiation resistance through the suppres-
sion of c-Jun amino-terminal kinase 1 (JNK1) [165], but β1-integrin has also 
been suggested to be part of the activation of AKT, particularly AKT2, 
through the Rictor/mTor (TORC2) complex [166].  

The sensitivity to drugs is also influenced by the ECM, particularly fi-
bronectin mediated by β1-integrin. Hazlehurst et al. report that in their study, 
myeloma cells adherent to fibronectin were more resistant to etoposide and 
doxorubicin and that the cells accumulated in the G1 phase with an upregu-
lation of p27Kip1 and inhibition of DNA synthesis [167].  

Since integrin signaling is very complex, with different integrins having 
different roles depending on the environment and the cell type, there are so 
far no integrin-targeting drugs that have been approved for clinical cancer 
treatment. However, some drugs are in late clinical trial phases [168]. One of 
these, cilengitide [169], which targets αvb3 and αvb5 in glioblastoma cancer, 
is in a Phase III trial. Volociximab, targeting a5b1 in ovarian cancer [170],  
and intetumumab, targeting avbx in melanoma cancer [171], are in Phase II 
trials. Another targeting agent is FAK because it is believed to be the link 
between GFRs and integrins [172]. However, FAK inhibitors are still in 
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clinical trials [173]. Still much more research is needed to understand the 
different roles of the complex integrin network, which will hopefully lead to 
even better and more specific drugs. 
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Material and methods 

Cell lines 
The cell lines HCT116, HT-29, and DLD-1 are well-established colon can-
cer cell lines acquired from and verified by the American Tissue Culture 
Collection (ATCC, Manassas, VA, USA). These three cell lines are very 
useful for radiation response studies due, firstly, to their ability to form colo-
nies and, secondly, their fast growth rate. They also have different mutation-
al status, see Table 2. The DLD-1 and HCT116 X-MAN™ isogenic cell 
lines with the different AKT isoforms genetically knocked out were obtained 
from Horizon Discovery Ltd, Cambrigde, UK. The cells were cultured in 75 
cm2 culture flasks (Nunclon Surface, Roskilde, Denmark) in McCoy’s 5A 
medium (Flow, Irvine, UK) with 10% fetal bovine serum (FBS) (Sigma Al-
drich, St. Louis, MO, USA), 2 mM L-glutamine, 100 IU/ml penicillin, and 
10 μg/ml streptomycin (Biochrom KG, Berlin, Germany). The cells were 
cultured in a humidified incubator with 5% CO2 at 37ºC. 

Table 2. Mutational status of colon cancer cell-lines HCT116, HT-29 and DLD-1. 

Gene HCT116 HT-29 DLD-1 Reference 

APC wt mut mut [174, 175] 

BRAF wt mut wt [174, 176] 

CDKN2A mut wt wt [174, 177] 

CTNNB1 mut wt wt [174, 177] 

KRAS mut wt mut [174, 176] 

MLH1 mut wt wt [174, 178] 

PIK3CA mut mut mut [174, 179] 

SMAD4 wt mut wt [174, 177] 

TP53 wt mut mut [174, 180] 
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MRE11 mut wt mut/wt [174, 178] 

Information in this Table is from http://cancer.sanger.ac.uk/cancergenome 
/projects/cosmic/. 
 

 

Protein expression 
Studying the protein expression and protein activation is central to this thesis 
and several different types of assays have been useful for these studies.  

SDS-Page /Western blot 
The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

Page)/Western blot assay uses cell lysates where the proteins are separated 
by electrophoresis based on size. The proteins are then transferred to a mem-
brane (polyvinylidene difluoride  (PVDF)) and detected by specific antibod-
ies against the targeting proteins. Using a secondary antibody coupled to 
horseradish peroxidase (HRP), which targets the primary antibody, the pro-
teins can be visualized with a chemiluminescent substrate, which will be 
oxidized by HRP, and detected with a camera. The chemiluminescent light 
produced is proportional to the amount of protein in the sample. To be able 
to quantitate and compare the different lysates, a housekeeping protein, usu-
ally betactin, is used as a reference. This is the standard method when study-
ing protein expression in whole cell extracts. Drawbacks are difficulties with 
quantification of the expression. Due to the software of the chemilumines-
cent detector the signal from a bright band can overpower the signal from a 
weaker band, which makes quantification of low expressing proteins less 
reliable. Another critical step is the use of the right lysis solution for the 
specific protein of interest. For example, if the protein is membrane-bound 
or soluble in the cytoplasm different types of lysis buffers have to be used. 
There are a good number of companies that produce antibodies that can be 
used for Western blot studies. However, the specificity of the different anti-
bodies is not always good and therefore several antibodies should be tested 
to verify the results. 

ELISA 
An enzyme-linked immunosorbent assay (ELISA) can detect protein in 

cell lysate in a 96 well plate. The wells are first coated with a so-called “cap-
ture antibody” against the target protein. When the lysate is added to the well 
the targeting proteins bind to the specific antibody and the rest of the lysate 
is washed away. In a second step, a detection antibody, in our case a phos-
pho-specific antibody, is added to the well, which will also bind to the target 
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protein at the phosphorylation sites. The detection antibody is conjugated 
with horseradish peroxidase (HRP) which will, in the presence of a substrate, 
form an enzymatic reaction resulting in chemoluminescent light, detected in 
a spectrophotometer. The light intensity is proportional to the amount of 
protein bound in each plate. This method is useful when there are no specific 
antibodies against a phosphorylated protein, as can be the case with phos-
photyrosine-EGFR. It is also a more sensitive method which can detect low-
er amounts of protein. The quantification is usually more reliable because of 
the spectrophotometer software and the use of a standard curve with known 
amount of proteins. Since the method uses 96 well format many lysates can 
be measured simultaneously and usually in triplicates to get a better statisti-
cal value. The drawbacks are, as for SDS-Page, the finding of the right anti-
body and lysis buffer. There are many ELISA kits that are available on the 
market for certain proteins where the lysis buffer, antibody, and antibody 
concentrations are optimized; however, these are more expensive than West-
ern blots. 

Flow cytometry 
In flow cytometry, the protein expression on individual cells can be ana-

lyzed. The cells are detached from their cell culture flasks, washed, and in-
cubated with antibodies against the proteins of interest. The antibodies are 
conjugated to different fluorochromes, such as phycoerythrin (PE), allophy-
cocyanin (APC), and fluorescein isothiocyanate (FITC), which enables sev-
eral proteins to be detected simultaneously. The flow cytometer runs the 
antibody-stained cells through a light beam one by one. The fluorochromes 
emit light at a certain wavelength, which is picked up by the detector. Soft-
ware programs convert the signal and the data can be visualized in dot plots 
and histograms for further analysis. The cells can further be characterized by 
their size and granularity, which enables the sorting of live and dead cells 
and different types of cells (immune cells). The different populations of cells 
can also be sorted into a new vial, based on their protein expression, and 
further analyzed. This method is very useful for studying the expression of 
membrane-bound/extracellular proteins. However, when studying both intra-
cellular and extracellular proteins in the same cell there are several technical 
difficulties which require the cells first to be stained with the antibodies tar-
geting the membrane bound proteins, and then to be permeabilized and fur-
ther stained with antibodies against intracellular proteins.  

PLA/ immunohistochemistry 
Proximity ligation assay (PLA) detects proteins that are in close proximi-

ty and/or interacting with each other. Primary antibodies (from different 
species) recognize the proteins of interest and species-specific secondary 
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antibodies, so-called “PLA probes,” with a unique, short DNA strand at-
tached to them, bind to the primary antibodies. When the proteins are inter-
acting, two different PLA probes are in close proximity and the DNA strands 
can, when hybridized with connector oligonucleotides, form circled DNA 
oligonucleotides. The circular DNA is amplified via rolling circle amplifica-
tion to hundredfold replication of the DNA circle and fluorochrome-labeled 
complementary oligonucleotide probes highlight the product, see Figure 7 
[181]. Immunohistochemistry uses cells or tissue slices attached to a micro-
scope glass to monitor the localization of the protein expression in the cells. 
It is even possible to obtain a three dimensional view of the cell and the pro-
tein expression using a confocal microscope. Using PLA, it is therefore pos-
sible to study where in the cell two proteins interact. This is quite a new 
method that still needs to be optimized due to the many different steps in this 
assay. In the case of colon cancer cells, as used in this study, there are also 
difficulties with cells forming colonies and growing on top of each other, 
which made the quantification in our study more challenging.  

 
Figure 7.  Schematic representation of the proximity ligation assay (PLA).  

Gene expression 
Protein expression assays are not always useful because of lack of specific 
antibodies or low sensitivity. Measuring the mRNA level of a protein shows 
the expression of a certain gene and indicates the expression of the protein of 
interest. It has to be kept in mind that the translation from mRNA to protein 
may be regulated by microRNAs and posttranslational transcription may also 
affect how much of the protein is finally expressed. 

qPCR 
The gene expression is measured by the amount of a specific mRNA in a 

cell lysate. The mRNA is extracted and converted to its complementary 
DNA (cDNA) strand through reverse phase polymerase chain reaction 
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(PCR). The cDNA is used for a quantitative PCR (qPCR) reaction using a 
primer against the specific mRNA. Each PCR product will have a green 
fluorescent protein (GFP) tag which makes it possible to detect and quantify 
the product. To compare different cell lysates there is a qPCR reaction with a 
housekeeping mRNA, whose amount is constant in the cell. The use of the 
right housekeeping mRNA has to be carefully considered and usually more 
than one mRNA is needed to verify the results [182]. In our study, we used 
the relative quantification (delta–delta CT) model for calculating the esti-
mated fold change in the mRNA expression between parental cells and AKT 
KO cells in relation to an endogenous control  (i.e. actin) [183].  
  

Microarray expression analysis 
When the whole genome expression is analyzed, total RNA is used to 

generate amplified and biotinylated sense strand of cDNA from the entire 
expressed genome. The cDNA is then loaded onto a microarray consisting of 
complementary strands of the whole genome. The cDNA is hybridized for 
several hours in a 45°C incubator and rotated at 60 rpm. The arrays are then 
washed and stained using an automated fluidics station, and thereafter 
scanned and the signal quantified and normalized. In our study, the raw data 
was normalized using the robust multi-array average (RMA) method [184, 
185]. Subsequent analysis of the gene expression data was carried out in the 
statistical computing language R using packages available from the Biocon-
ductor project (www.bioconductor.org). To search for the differentially ex-
pressed genes between parental and AKT KO cell lines we then applied an 
empirical Bayes moderated t-test, using the Linear Models for Microarray 
Data (limma) package which makes it possible to analyze comparisons be-
tween many RNA targets simultaneously [186]. To address the problem with 
multiple testing, the p-values were adjusted using the method of Benjamini 
and Hochberg [187]. This method is still relatively expensive compared to 
qPCR; however, it is highly useful as a starting point when comparing dif-
ferent treatments or cells. Complementary studies should involve more thor-
ough analysis at both the mRNA and the protein level of certain proteins to 
verify the results if possible.  

For more complex studies, pathway analysis is performed to functionally 
classify and cluster the genes with an altered expression and identify the 
most significantly altered pathways, networks, and metabolism processes 
that the genes are involved in. In our studies, we used DAVID Bioinformatic 
resources 6.7 [188, 189], which includes the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway database for pathway analyses 
(http://www.genome.jp/keg/pathway.jpg). 
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Metabolomics 
There has been an increase in the interest in metabolomics, the study of all 
metabolites in the body in tumor development and treatment response. By 
using mass spectroscopy (MS) and nuclear magnetic resonance (NMR) in 
combination with bioinformatics we can analyze the metabolites. The regu-
lation of genes involved in metabolism can also be analyzed with genome 
expression assays. 

For NMR and MS studies, the cells are quenched in ice-cold methanol 
and lyzed through several freeze–thaw cycles and sonication [190, 191]. The 
metabolites are extracted using a mixture of methanol, chloroform, and wa-
ter and further using aqueous solution for the NMR or MS analyses.	
Chemometric statistical multivariate data analysis is performed on the data 
to evaluate the change in metabolite concentration [192]. 

Usually there is a need to combine NMR and MS to enable analysis of all 
metabolites. Nuclear magnetic resonance is a relatively quick and automated 
analysis method; however, the sensitivity is not as good as MS. Mass spec-
troscopy has a higher sensitivity and could also be coupled with chromato-
graphic separation of the lysate. It is therefore, despite the time-consuming 
analysis, usually the standard method for metabolomics studies [193]. 

DNA rejoining assay 
The DNA DSBs caused by radiation are normally rejoined within only a few 
hours after exposure. The ability to rejoin the damaged DNA in normal cells 
is crucial for their survival. In tumor cells, however, DNA rejoining may be 
different due to aberrant cellular signaling and mutations. The rate of DNA 
rejoining could be an indication of sensitivity to radiation. The most com-
monly used assays are the comet [194] and pulsed field gel electrophoresis 
(PFGE) assay as well as immunohistochemistry assays of proteins involved 
in the DNA damage response, all of them with different advantages. 
The comet assay is a relatively fast method which studies the DNA damage 
in single cells shown as a comet tail of DNA fragments that have migrated 
from the nucleus during electrophoresis. If the comet assay is performed at 
neutral pH the tail consists mostly of DSBs; however, some SSBs will be 
included due to SSB DNA loops. There are a number of different software 
programs for quantifying the tail/un-rejoined DNA. This method is most 
useful when the radiation dose is low. When the DNA damage is large most 
of the DNA is fragmented but the tail does not increase in length; however, 
the intensity in the tail does increase, which makes it more difficult to quan-
tify.  

On the other hand, PFGE is more useful at radiation doses of typically 
20–40 Gy and is optimal for DSB quantification studies and measurements 
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of rejoining kinetics. This method measures the average DNA rejoining in a 
cellular lysate rather than at single cell level. The assay is more time-
consuming; however, the quantification is more reliable, with use of radioac-
tive labeled DNA. The immunohistochemistry assay of DSB-related pro-
teins, such as gamma γ-H2AX and 53BP1, is a relatively fast assay. This 
assay shows the number of protein foci involved in the DSB response at the 
single cell level after exposure to low radiation doses (1–2 Gy). At high ra-
diation doses, the quantification might be too demanding due to many foci 
formed per cell. The foci formation over time does not always correlate with 
the DNA repair since the time it takes for the foci to resolve is delayed due 
to dephosphorylation. 

Pulsed-field gel electrophoresis (PFGE) 
Pulsed- field gel electrophoresis is one way of studying the rate at which 

DNA DSBs rejoin [195, 196]. The first step is to label the DNA with a radi-
oactive probe, usually 14C-thymidine, supplemented to the growth media for 
at least three replication cycles. The next step is to treat the cells with radia-
tion and additionally allow DNA repair for a defined time period. The cells 
are kept on ice during the radiation and repair is considered to have started 
when warm media is added to the cells. The cells are then trypsinized and 
mixed with fluid agarose including serum-free media and molded into a 
small plug form. To extract the naked DNA the agarose gel plug is incubated 
in lysis buffer containing detergent, proteases, and DNase inhibitor (sarko-
syl, proteinase-K, and ethylenediamine tetraacetic acid (EDTA)) for at least 
20 hours at 4oC. The day before loading the gel plugs onto the PFGE gel the 
plugs are incubated in a high salt buffer to further extract DNA from residual 
proteins and cellular structures still at 4oC to avoid release of heat-labile sites 
[36]. The DNA-containing plugs are then loaded into the wells of the PFGE 
gel and the wells sealed with agarose. The gel is exposed to a polarized elec-
tric field which enables the separation of large DNA fragments (10 Mbp). 
The alternating direction of the electrical field causes small DNA fragments 
to quickly change their travel direction after a shift in the direction of the 
field, while longer DNA fragments are slower in changing direction.  

After separation of the DNA fragments within the gel (usually 45–72 
hours), the DNA is stained with SYBR Green and visualized in blue light. 
With the help of a DNA ladder loaded on the gel, a fraction of large DNA 
(>5.7 Mbp) and small, un-rejoined DNA (<5.7 Mbp) is cut out of the gel and 
placed in scintillation vials. The gel pieces are melted and mixed with scin-
tillation fluid and the activity measured in a liquid scintillator. Radioactivity 
is measured as counts per minute (cpm) and corresponds to the amount of 
DNA. The amount of DNA that is rejoined in the so-called “fraction of ac-
tivity released (FAR)” of the total DNA is determined. This “FAR” is de-
fined as the cpm of the part containing the smaller DNA fragments, divided 
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by the total cpm of the sample, i.e., both rejoined and un-rejoined (see equa-
tion). 

 

	 	
	 5.7	

	 5.7	 	 	 	 5.7	
 

Cell cycle distribution 
The cell cycle distribution is monitored by flow cytometry based on the 
amount of DNA in each cell. The cells are fixated in ice-cold ethanol and 
permeabilized with Triton-X to allow DNA labeling with propidium iodine. 
The cells are run into the flow cytometer which shows the distribution of the 
cells in the different cell cycles based on the relative content of DNA. Cells 
in the G0/G1 phases of the cell cycle are diploid, whereas cells in the G2/M 
phases have replicated their DNA and therefore have double the amount of 
DNA. Cells in the S phase have more DNA contents compared to cells in the 
G0/G1 phases, but less compared to cells in the G2/M phases. 

Cellular migration assay 
In cancer research, it is important to understand the ability of the tumor cells 
to migrate from their original site and invade new places and form metasta-
sis. The cellular migration is studied as the directional movement of the cell 
on a substrate [197]. This should not be confused with invasion which in-
volves a three dimensional structure through which the cell has to migrate 
and the remodeling of the extracellular matrix. The easiest and most cost 
effective migration assay is the scratch wound migration assay. 

Scratch wound migration assay.  
To perform the scratch wound migration assay, cells are wounded with a 

sterile plastic pipette and rinsed to remove cellular debris. Subsequently, 
medium, sometimes in combination with growth factors such as EGF or 
insulin growth factor (IGF), is added to the cells to promote the migration.  
The migration is monitored using a digital camera mounted on an inverted 
microscope. Photographs are taken at several times points, usually up to 24 
hours after wounding. The width of the scratch is measured using Image J 
software (http://rsbweb.nih.gov/ij/). This is a very straightforward assay; 
however, it is important to make the width of the scratch equal in all wells to 
make a good estimation of the migration. It has been noted that the closer the 
cells are to each other the faster their migration. Consequently, the migration 
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rate from a small wound might not be the same as cells migrating from a 
wider wound. 

Cell survival assay 
There are a number of cell survival assays which can be used to study effects 
from different substances on cell viability. However, in studies of the effects 
of radiation on cell survival the radiation-induced cell death may not appear 
until after several cell cycles. In the projects included in this thesis, the clon-
ogenic assay has been the main method. However, there has also been a 
study on the use of the fluorometric microcultural cytotoxicity assay 
(FMCA) method as a high throughput screening assay for radiation sensitivi-
ty, see Appendix II. 

Clonogenic assay 
The clonogenic assay, also called the “colony formation assay,” is the 

standard method for measuring cell survival after exposure to radiation. This 
assay studies the clonogenicity of every cell, i.e., the ability of the cell to 
undergo an infinite number of cell divisions and form a colony [198]. The 
cells are seeded out with a certain amount of cells in a dish/flask either be-
fore or after radiation. Cells that survive the radiation exposure divide and 
form colonies. A colony is defined as a cluster of more than 50 cells. There-
fore, the plates have to undergo several cell divisions which could take a 
couple of weeks depending on growth rate. This fraction of cells which form 
colonies under unradiated/untreated conditions is called the “plating effi-
ciency (PE).” The fraction of the surviving cells after treatment is termed the 
“survival fraction (SF)” (see formula below). This method is time-
consuming, and the number of seeded cells has to be adjusted for every cell 
line and treatment to finally end up with around 100 colonies in a T25 flask. 
It also has to be taken into consideration that even under normal conditions, 
not all cells will form colonies. On the other hand, this method allows the 
comparison of radiation sensitivity between different cell lines and treat-
ments despite differences in plating efficiency. 

	 	
. 	 	 	 	

. 	 	 	 	
 

FMCA 
The Fluorometric microcultural cytotoxicity assay (FMCA) is a useful 

screening method when studying short-term (typically 3 days) effects of 
different drugs. The cells are seeded out in 96 or 384 well plates and the 
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cytotoxic effects of multiple drugs, in several doses, can therefore be 
screened simultaneously. Cell survival is evaluated based on fluorescein 
diacetate (FDA). This is a cell-permeable esterase substrate which can serve 
as a viability probe that measure both enzymatic activity (required to activate 
its fluorescence) and cell membrane integrity (required for intracellular re-
tention of their fluorescent product). When intracellular esterases in live cells 
hydrolyze FDA the resulting fluorescein can be measured with a spectropho-
tometer [199]. The method has to be carefully calibrated so that the signal is 
proportional to the number of cells in the well, with each cell line having its 
own window of linearity.  
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Aim 

 
 The aim of the thesis projects was to study the radiation response in colon 
cancer cell lines and assess how molecular effectors such as EGFR, AKT 
isoforms or cancer stem cell markers CD133, CD44 and CD24 can alter the 
radiation sensitivity and survival of colon cancer cells. More specifically, the 
goal was to: 

I:    investigate the effects of an EGFR targeting affibody molecule (ZE-

GFR:1907)2 in terms of cell signaling and radiation response.  
 
II:    investigate the roles of AKT1 and AKT2 in response to radiation and 

their effect on DNA-repair proteins (DNA-PKcs and MRE11)  
 
III:  study the radiation sensitivity in three colon cancer cell lines sorted 

for CD133high/CD44high and CD133low/CD44low expression, with additional 
focus given to the influence of AKT and its isoforms on the expression pat-
terns of CD133, CD44, CD24 and EGFR. 

 
IV: further elucidate the difference between the AKT isoforms and how 

they are involved in different signaling pathways, cell migration and metabo-
lism. 
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Results and discussion 

Paper I. The effect of a dimeric Affibody molecule 
(ZEGFR:1907)2 targeting EGFR in combination with 
radiation in colon cancer cell lines. 
The effects of EGFR-targeting drugs in combination with radiation are be-
lieved to be dependent on the way EGFR is inhibited, such as by small mol-
ecules or by monoclonal antibodies, as well as by the specific phenotype of 
the tumor cell. It was therefore of interest to compare the possible effects of 
the affibody molecule with other EGFR-targeting drugs with radiosensitizing 
effects, such as the EGFR antibody (cetuximab) and the tyrosine kinase in-
hibitors (erlotinib and sunitinib). The colon cancer cell lines used in this 
study, HT-29 and HCT116, are genotypically different with respect to, e.g., 
KRAS and BRAF mutational status, which has clinically been shown to be 
significant for therapeutic effects [200-202]. 

Effect of (ZEGFR:1907)2  on radiation sensitivity  
The substance (ZEGFR:1907)2 as well as the other EGFR-targeting substances 
and the multi-receptor tyrosine kinase inhibitor sunitinib reduced the clono-
genic survival of the KRAS-mutated HCT116 cells. By contrast, the BRAF-
mutated HT-29 cells were only affected by the tyrosine kinase inhibitors 
which target other tyrosine or serine/threonine kinase receptors. However, 
neither (ZEGFR:1907)2  nor any of the EGFR-targeting substances had a signifi-
cant radiosensitizing effect on the cells, see Figure 8. Erlotinib and sunitinib, 
which have radiosensitizing effects or synergistic interactions in several 
other tumor cell lines [203-205], showed radiosensitizing/additive tendencies 
in HT-29 cells in this study. On the other hand, the extent of erlotinib-
induced radiosensitization may be proportional to EGFR expression, as well 
as autophosphorylation of EGFR [206]. This could explain the low radiosen-
sitizing effect of erlotinib on these cell lines which do not have high EGFR 
expression (100 000–150 000 EGFRs per cell). 
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Figure 8. Clonogenic survival assays on (A) HCT116 and (B) HT-29 cells treated 
with drugs in combination with radiation. Preplated cells were exposed to drugs (in 
triplicates) 2 hours before irradiation. After 10–14 days, the number of cell colonies 
was counted and the survival fraction (SF) calculated. The experiment was repeated 
at least three times. The drug concentrations used were 20 nm (ZEGFR:1907)2, 10 nM 
epidermal growth factor (EGF), 20 nM cetuximab, 4 µM erlotinib, and 0.8 µM 
sunitinib. The SF of the untreated cells was set to 100%. The SF of radiation alone is 
shown as a dotted line (SF=15% at 6 Gy in HT-29 and SF=28% at 2 Gy in 
HCT116). SF exp. add = expected SF using the “additive model”; SF obs = SF ob-
served after treatment with both drugs and radiation. The difference in SF between 
cells treated with drugs and untreated cells, and also between the combined treat-
ment and radiation treatment alone, was analyzed with two-way analysis of variance 
(ANOVA). Error bars represent standard deviation (SD). *P<0.05; **P<0.01; 
***P<0.001; and ****P<0.0001. 
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Another possible explanation is that both drugs and irradiation may partly 
affect the same cellular pathways, which could lead to saturation in the re-
sponse. An additional aspect is the timing of drug treatment before radiation, 
which has been shown to be crucial with, e.g., cisplatin and radiation [207]. 
In this study, the cells were exposed to radiation 2 hours after drug treatment 
and the drug was kept in the cell medium during the whole experiment. A 
different treatment drug and radiation regimen might give a different result.  

Effects on downstream cell signaling of EGFR 
Both cell lines have a constitutive activity of ERK (phosphorylated ERK 
(pERK)) and AKT (phosphorylated AKT (pAKT)) consistent with mutations 
in PIK3CA, KRAS, and BRAF [208]. The phosphorylation of AKT and ERK 
by radiation was dose- and time-dependent, see Figure 9, as seen in previous 
studies on human umbilical vein endothelial cells (HUVECs)  [107]. 

 
Figure 9. Epidermal growth factor receptor (EGFR)-signaling pathway activation in 
response to radiation and/or drugs. Western blots of total AKT and ERK and their 
phosphorylated forms (pAKT, Ser473 pERK, Thr202/Tyr204) in cells irradiated 
with 2 or 6 Gy and lyzed after 10 or 60 minutes. The blots represent one out of three 
repetitive experiments and the expression and phosphorylation of AKT and ERK 
were correlated with the expression of actin. 

(ZEGFR:1907)2 as well as cetuximab and erlotinib reduced the EGFR phos-
phorylation in both cell lines, see Figure 10A and B, but the activation of 
AKT or ERK was not inhibited by any of the drugs , see Figure 10C and D. 
On the contrary, the phosphorylation of AKT was further induced by erlo-
tinib. Erlotinib also increased ERK phosphorylation in HCT116 cells.  
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Figure 10. Effects of EGFR-targeting substances and radiation on cell signaling. 
ELISA of phosphorylated EGFR in (A) HCT116 and (B) HT-29 cells or detection of  
phosphorylated AKT and ERK in (C) HCT116 and (D) HT-29 treated with radia-
tion, drugs, or a combination of drugs and radiation. The cells were irradiated with-
out drugs with 2 Gy or 6 Gy and lyzed after 10 or 60 minutes. Treatment with drug 
(10 nM EGF, 20 nM cetuximab, 4 uM erlotinib, 0.8 uM sunitinib, or 20 nM (ZE-

GFR:1907)2) was administered 2 hours before radiation with 6 Gy and cells were lyzed 
after an additional 60 minutes. The changes in phosphorylated EGFR by ELISA 
were normalized to untreated controls and significant differences were analyzed 
using Student’s t-test. *P<0.05; **P<0.001; and **P<0.0001. The expression and 
phosphorylation of AKT and ERK were correlated with the expression of actin. 

Paper II. The influence of AKT isoforms on radiation 
sensitivity and DNA repair in colon cancer cell lines. 
The focus in this study was to investigate the role of AKT1 and AKT2 in 
response to radiation and their effect on DNA repair proteins (DNA-PKcs 
and MRE11) in CRC cell lines. To determine which AKT isoform contrib-
utes to radiation survival we used DLD-1 and HCT116 AKT KO (AKT1 KO, 
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AKT2 KO, and AKT1/2 KO) CRC cell lines. Since the AKT isoforms are 
believed to have different functions, it is important that these are understood 
for future therapeutic possibilities. 

Interaction between AKT and the DNA-repair proteins DNA-
PKcs and MRE11 
In this study, an interaction between AKT and DNA-PKcs was demonstrat-
ed. The phosphorylation of AKT was reduced when DNA-PKcs was sup-
pressed; but also, the expression of DNA-PKcs was increased in the absence 
of AKT, suggesting that there are feedback loops which regulate the expres-
sion. An interaction between AKT and MRE11 was also observed. In 
HCT116, the expression of MRE11 was increased when all AKT isoforms 
were knocked out; however, AKT phosphorylation was not dependent on 
MRE11. On the other hand, the expression of DNA-PKcs was dependent on 
MRE11, see Figure 11. 

 
Figure 11. Protein expression and mRNA levels of DNA-PKcs and MRE11 are 
influenced by the AKT isoforms. Western blots were performed to study the protein 
expression and phosphorylation of the AKT isoforms, DNA-PKcs, and MRE11 in 
the colorectal cancer cell lines DLD-1 (A) and HCT116 (B) and their corresponding 
AKT isogenic knockout (KO). Cell lysates were made before and after irradiation (1 
hour postirradiation with 6 Gy). The mRNA levels of DNA-PKcs and MRE11 were 
analyzed with qPCR in DLD-1 (C) and HCT116 (D) and their corresponding AKT 
isogenic KOs. The data is from at least two biological replicates, with each sample 
measured in triplicates using beta-actin as reference in the delta–delta CT model. 
The error bars represent the normalized relative quantifications (RQ) min and max. 
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Influence of AKT isoforms and DNA-PKcs on radiation 
sensitivity 
The knockout of AKT1, AKT2 or both (AKT1/2) increased the radiation sen-
sitivity in DLD-1 cells. Suppression of DNA-PKcs by siRNA further in-
creased the radiation sensitivity, independently of the AKT isoforms. Treat-
ment with low serum level media (0.5% FBS) resulted in an additional in-
crease in radiation sensitivity, see Figure 12. 

 
Figure 12. Radiation survival was dependent on AKT, DNA-PKcs and serum con-
centration. Radiation sensitivity was analyzed with clonogenic assay (4 Gy) in DLD-
1 AKT isoform knockout cell lines treated with siRNA against mock (A) or DNA-
PKcs (B) in 10% fetal bovine serum (FBS) and 0.5% FBS. The radiation sensitivity 
was increased in AKT KO cell lines, irrespective of AKT isoform, and was further 
increased by reducing DNA-PKcs and serum concentrations. The error bars repre-
sent the standard deviation (SD) of at least two measurements. The difference be-
tween parental and AKT KO was evaluated using Student’s t-test, with *P<0.05. 

The AKT isoform influence of DNA double strand break 
rejoining 
To study if radiation sensitivity correlates with an impaired DSB rejoining 
rate, PFGE was performed on the different AKT KO cell lines. In both DLD-
1 and HCT116 cells, all the AKT isoform KO cell lines showed a tendency 
for a slower DNA repair rate compared to the parental cell line in 10% FBS. 
The DLD-1 AKT1/2 KO cells had a significantly slower DSB rejoining rate 
compared to the parental cells (p<0.05, using Student’s t-test).  
The DSB rejoining in siDNA-PKcs-treated cells was impaired in serum-
starved cells (0.5% FBS). However, this effect was not significant in 10% 
FBS, see Figure 13A and B. AKT1/2 KO in combination with siDNA-PKcs 
in 0.5% FBS significantly (p<0.05) reduced the DNA rejoining rate com-
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pared to parental cell lines in 0.5% FBS. On the other hand, this was not 
seen in 10% FBS, see Figure 13C. 

Even though MRE11 affects the activation of DNA-PKcs, a suppression 
of MRE11 did not reduce the DNA rejoining rate in any of the cell lines in 
either 10% or 0.5% FBS. In HCT116, suppression of neither DNA-PKcs nor 
MRE11 reduced the DSB rejoining significantly at either 10% or 0.5% FBS. 

 
Figure 13. DNA double strand break (DSB) rejoining rate in AKT isoform-deficient 
DLD-1 with suppressed DNA-PKcs expression. The DSB rejoining rate, evaluated 
with pulsed field gel electrophoresis (PFGE) after irradiation (40 Gy) and treated 
with siRNA against DNA-PKcs in DLD-1 and the AKT isoform knockout cell lines 
at (A) 10% FBS and (B) 0.5% FBS. (C) Graph representing un-rejoined DNA DSBs 
4 hours post irradiation in DLD-1 parental and AKT1/2 KO cell lines treated with 
mock or siDNA-PKcs in 10% or 0.5% FBS. The error bars represent the standard 
deviation (SD) of at least two measurements. Student’s t-test was used to evaluate if 
there were any significant differences in DNA rejoining between the parental and 
the AKT KO cell lines. *P<0.05; **P<0.01; and ***P<0.001. 
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Paper III. Evaluation of cancer stem cell markers 
CD133, CD44, CD24: association with AKT isoforms 
and radiation resistance in colon cancer cells. 
CD133, CD24, and CD44 including CD44 splice variants are believed to be 
markers for cancer stem cell populations in colon cancer. It was therefore of 
interest to study the radiation sensitivity in colon cancer cells sorted for 
CD133high/CD44high and CD133low/CD44low expression. Additional focus was 
given to the influence of AKT and its isoforms on the expression patterns of 
CD133, CD44, CD24, and EGFR using DLD-1 isogenic AKT KO cell lines. 

Expression of cancer stem cell markers CD133, CD44 and CD24 
In this study, it was demonstrated, in accordance with previous studies [209, 
210], that the colon cancer cell lines HT-29, HCT116, and DLD-1 were 
CD44-positive (~90%) with a broad intensity spectrum in the same cell line, 
from low to high CD44-expressing cells. The CD133 expression varied 
across the three cell lines, from 14% in DLD-1 to 74% and 63% in HCT116 
and HT-29, respectively. Analysis of CD24 expression was dependent on the 
anti-CD24 antibody used. 

Radiosensitivity of CD133high/CD44high and CD133low/CD44low 

expressing cells.  
Exposure of the sorted CD44high/CD133high and CD44low/CD133low popula-
tions to radiation showed that there was a difference in radiosensitivity at 4 
and 6 Gy for HT-29 and HCT116 as well as for all doses in DLD-1, see Fig-
ure 14. This data is in line with recent results for CD44/CD133-expressing 
cells and supports the CSC model [126].  

Since CD133/CD44 high expressing cells were more resistant to radia-
tion, these cells have a way of avoiding apoptosis and continuing to grow 
and proliferate despite exposure to radiation. EGFR is believed to have an 
important role in regulating and maintaining the CSCs, mainly through 
downstream signaling via the PI3K/AKT pathway [211, 212]. In this study, 
we observed that EGFR and AKT had a higher expression in the 
CD44high/CD133high cells, see Figure 14.  
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Figure 14. Clonogenic assay of A) HT-29, B) HCT116 and C) DLD-1 cells. The top 
and bottom 10 percent of CD133 and CD44 expressing cells were sorted by flow 
cytometry (CD133high/CD44high or CD133low/CD44low) and the radiation sensitivity 
was analyzed using clonogenic assays. The controls of both fractions were normal-
ized and set to 100 % survival. The error bars represent the standard error of the 
mean from at least two separate experiments with triplicate samples. A higher 
resistance to radiation in the CD133high/CD44high population compared to the 
CD133low/CD44low population was observed for all cell-lines. These differences 
were statistically significant at all radiation doses (2, 4 and 6 Gy) for DLD-1 cells at 
4 and 6 Gy for HCT116 cells, and at 4 Gy for HT-29 cells with a P-value of < 0.05 
(one-way analysis of variance, ANOVA). The percentage of cells positive for EGFR 
and CD24 were analyzed with flow cytometry. Two different anti-CD24 antibodies 
were used, one from BD bioscience (BD) and one from Miltenyi biotech (MACS). 

 
Influence of AKT isoforms on the expression of CD24, CD133 
and CD44.  
Further analysis of DLD-1 and the respective AKT KO cell lines revealed 
that the expression of CD44 was AKT-dependent, but AKT1 and AKT2 
isotype-independent, since the knockout of either AKT1 or AKT2 or both 
simultaneously increased the expression of CD44. Furthermore, it was 
shown that the CD133 expression was AKT isoform-dependent. The knock-
out of AKT1 reduced the expression of CD133 whereas in the AKT2 KO 
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cells, the CD133 expression was not reduced compared to the parental cell 
line, see Figure 15. The CD24 expression was highly reduced in the AKT1/2 
KO cells compared to parental cells. On the other hand, AKT had no signifi-
cant influence on the expression of the CD44 variant isoforms (v3, v4, v6, or 
v7). 

 
Figure 15. Flow cytometry analysis of the expression of CD133, CD24, and CD44 
in the colon cancer cell line DLD-1, parental and the isogenic knockout (KO) cell 
lines of AKT1, AKT2, and AKT1/2. (A) In the parental cells, approximately 10% of 
cells were CD133-positive. However, in the AKT1 KO and AKT1/2 KO, the CD133-
positive cells were reduced to 0.3% and 0.5%, respectively. This was not seen in the 
AKT2 KO cell line, where 42% of the cells were positive for CD133. (B) The mean 
fluorescent intensity of CD44, normalized to the DLD-1 parental cell line, increased 
to 150% in AKT1 KO, 160% in AKT2 KO, and 235% in AKT1/2 KO cell lines. The 
error bars represent the standard deviation (SD) from at least two experiments. (C) 
The percentage of CD24-positive cells analyzed with two different CD24 antibodies 
from BD Biosciences (BD) and Miltenyi (MACS) using flow cytometry. The SDs 
are from repeated experiments. (D) Cell cycle distribution in DLD-1 parental, AKT1 
KO, AKT2 KO, and AKT1/2 KO cells.  

Downstream signaling of AKT 
The AKT pathway is involved in anti-apoptosis, cell proliferation, and re-
sistance to radiation [213]. Several proteins are affected downstream of 
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AKT, which mediates these functions, such as FoxO and GSK3β [214]. 
Phosphorylation of FoxO (Thr24–FoxO1, Thr32–FoxO3, and Thr28–
FoxO4) leads to degradation of FoxO through ubiquitination, which will lead 
to progression through the cell cycle and proliferation [215]. We show that 
AKT deletion caused a clear reduction in the phosphorylation of FoxO1 and 
FoxO3, independent of the AKT isoform. On the other hand, AKT deletion 
caused no decrease in phosphorylation of GSK3β which is involved in the 
Wnt/β-catenin pathway, see Figure 16. 

 
Figure 16. Protein and gene expression in DLD-1 parental, AKT1 KO, AKT2 KO, 
and AKT1/2 KO cells. (A) Protein expression of CD44, CD133, phospho-FoxO, 
total FoxO3a, phospho-GSK3β, and total GSK3β from Western blot analysis. (B) 
Gene expression, upregulation (+), downregulation (-), or not changed (NC), of 
CD44, CD24, CD133, FoxO1, FoxO3, FoxO4, GSK3β, and LYN in DLD-1 AKT1 
KO, AKT2 KO, or AKT1/2 KO cells in comparison with DLD-1 parental cells (Par). 

Recent studies have shown that AKT (AKT1) activates β-catenin through the 
phosphorylation of GSK3β and induces its nuclear translocation and that the 
effect of AKT signaling on cancer stem cells, including CD44 and CD133-
expressing cells, is mediated by β-catenin [211, 216-218]. Interestingly, the 
knockout of AKT did not reduce the phosphorylation of GSK3β in the DLD-
1 cells, suggesting that other pathways are involved. 
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Epithelial-to mesenchymal transition markers  
Epithelial to mesenchymal transition is induced by the Notch and Wnt path-
ways and involves reduction in cell adhesion and increased cell migration. 
Previous studies have shown that AKT is involved in the EMT process, that 
the EMT transition is suppressed when AKT is activated or upregulated 
[156], and that CD133/CD44-expressing colon cancer cells express EMT 
markers [155]. In this study, there were no differences in the expression of 
the EMT markers CDH1, VIM, TWIST1, SNAI1, SNAI2, ZEB1, ZEB2, 
FN1, FOXC2, and CDH2 between the DLD-1 isogenic AKT knockout cell 
lines. This indicates that AKT does not play an essential role in the EMT 
pathway in the DLD-1 cell line. 

Paper IV. Different functions of AKT1 and AKT2 in 
molecular pathways, cell migration and metabolism in 
colon cancer cells. 
To further elucidate the differences between the AKT isoforms, and how 
they are involved in the various signaling pathways, a whole genome expres-
sion analysis was performed and pathway analysis was made to rank differ-
ent functional pathways. Further evaluation of cell migration and metabo-
lomics was made to complement the findings. 

Gene expression analysis of AKT isogenic knock out cell lines 
The effects of AKT isoform knockout on gene expression were evaluated in a 
large-scale transcriptomic analysis of multiple pathways. We demonstrate 
that there were several pathways that were significantly altered between the 
AKT isoform KO and parental cells. The affected pathways were: cell adhe-
sion molecules (CAMs), extra cellular matrix (ECM)-receptor interaction, 
Notch-, Wnt- and the p53- pathway. There were also differences in the met-
abolic pathways such as the starch, sucrose, glucose pathway, the glutathione 
metabolism, fatty acid metabolism and folate biosynthesis, see Table 3. 

The dual knockout of both AKT1 and AKT2 resulted mostly in a down-
regulation of genes in both CAM and ECM receptor interaction pathways. 
On the other hand, the AKT2 KO had several genes upregulated in the CAM 
pathway. In the Notch-signaling pathway, the AKT1/2 KO and AKT1 KO 
had several genes that were significantly downregulated compared to paren-
tal and there was a similar trend in the AKT2 KO. This might explain the 
increase in radiation sensitivity (see Paper II) as well as the effects on cell-
migration in the AKT KO cell lines compared to parental cells, see Figure 17. 
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An altered expression, with both upregulation and downregulation, of 
genes in the Wnt pathway was observed between the AKT isoform KOs and 
parental cells. The upregulation of genes in this pathway may actually in-
crease the cell survival, proliferation and tumor progression, and thereby 
have an opposing effect. The dual knockout of AKT1 and AKT2 also resulted 
in upregulation of genes in the p53-signaling pathway coding for both apop-
tosis and inhibition of metastasis and angiogenesis. However, genes involved 
in cell proliferation were also upregulated.  

Additionally, AKT1/2 KO cells had several genes downregulated in the 
carbohydrate (including starch and glucose) and glutathione drug metabo-
lism pathways confirming that AKT is important in these pathways [219]. 
Furthermore, it was shown that AKT2 KO had a downregulation of genes 
involved in fatty acid metabolism while the AKT1 KO and AKT1/2 KO had a 
downregulation of genes involved in the Krebs’s cycle. There was also an 
upregulation of genes involved in the folate biosynthesis in the AKT1KO and 
AKT1/2 KO cells. 

These results demonstrate the complexity of AKT signaling, where the 
knockout of AKT could result in downregulation of one pathway and upregu-
lation of another. 

Migration rate is associated with AKT 
The CAM and ECM pathways genes may be involved in motility, inva-

sion and metastasis. However, these are very complex processes, and there-
fore a scratch wound healing assay was performed to evaluate the migration 
rate of the parental and AKT isoform KO cell lines to further elucidate this 
matter. In the AKT KO cell lines, particularly in the AKT1/2 KO, the cell 
migration rate was reduced compared to parental cells. The reduction in cell 
migration rate in the AKT1 KO and AKT2 KO was similar to each other, see 
Figure 17A. Interestingly, under the exposure to EGF, after starvation, the 
AKT1 KO and AKT1/2 KO cells demonstrated the same reduction in migra-
tion rate, while the AKT2 KO had a somewhat higher migration rate, alt-
hough still reduced compared to parental cells, see Figure 17B. These results 
are in line with some of the results from the whole genome expression anal-
yses, demonstrating that genes in the CAM and ECM pathways were down-
regulated in the AKT1/2 KO cell lines compared to parental cells, see Table 
3. 
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Table 3. Summary of pathways and their including genes that were significantly 
altered in the AKT isoform knockout cell lines compared to parental cells. Genes that 
are included have a 1.5 fold change and p<0.05. Genes in bold are upregulated and 
genes in italic are downregulated compared to parental cells. 

Pathways AKT1 KO AKT2 KO AKT1/2 KO 

Cell adhesion  
molecules 

CADM1,  DAPK1, 
EGFR, FOXO1, 
LEF1,  NKX3-1, 
PALLD, TGFA, 

CADM1, CLDN1, 
CLDN2, ITGA9, 
ITGB8, NEO1, 
PALLD,  PVRL3, 
SDC4 

ALCAM, CD99, CDH1, 
CLDN1, CLDN2, DAPK1, 
FOXO1, HLA-DMA, 
IGF1R, ITGA9, KIT,  MET, 
NEO1, PALLD, PTK2, 
PTPRF, RAC2, SDC1,  
TGFA 

ECM-receptor  
interaction 

CD44, ITGA3, 
ITGB4, ITGB5,  
LAMA3, THBS1, 
TNC 

CD44, ITGA9, 
ITGB8, SDC4, TNC 

CD44, CD47, ITGA1, 
ITGA2, ITGA3, ITGA9, 
ITGB5, LAMA2, LAMB1, 
SDC1, TNC 

Notch signaling 
pathway 

HES1, JAG1, MAML2 KAT2B 
DTX4, HES1, JAG1, 
KAT2B, MAML2 

p53 signaling  
pathway 

SERPINB5, SKP2, 
THSB1 

SERPINB5, SESN3 
CCNE1, CCNE2, CDK6, 
PMAIP1, RRM2B, , SER-
PINB5, SESN3, SKP2 

Wnt signaling  
pathway 

DACT1, LEF1, 
TGFB1I1, TGFB2, 
WNT5A 

DACT1, TGFB2 DACT1, FZD6, FZD7, 
RAC2, TGFB3, WNT16  

Starch and sucrose 
metabolism 

APPL1, PYGL, 
SLC2A3, UGT2B10 

ALDH7A1, PYGL, 
UGT2B10 

ALDH2, APPL1, DCXR, 
HK2, PGM1, PYGL, 
TBC1D4, UGDH, UGT1A5, 
UGT2B10,  

Glutathione  
metabolism 

IDH2, MAOB, 
UGT2B10 

GSTM3, GSTM4, 
MAOB, UGT2B10 

GSTM1, GSTM2, GSTM3, 
GSTM4, IDH1, IDH2, 
MAOB, MGST1, RRM2B, 
UGT1A5, UGT2B10 

Fatty acid  
metabolism 

 ACAA2, ALDH71 CPT1A 

Folate biosynthesis 
ALPP, ALPPL2, 
SPR 

  ALPP, ALPPL2, SPR,  
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Furthermore, knockout of AKT2 upregulated genes in the CAM pathway, 
which could also explain why the AKT2 KO cells did not have the same re-
duction in cell migration as the AKT1 KO cells under EGF treatment. We 
have also previously shown that the AKT2 KO did not have the reduction in 
CD133 as seen in the AKT1 and AKT2 KO cell lines (see Paper III). The 
AKT1 KO had several genes upregulated in the ECM pathway which could 
explain why this cell line did not have the same reducing effect on migration 
as the AKT1/2 KO. Interestingly, despite the upregulation in CD44 in all the 
AKT isoform KO cells, which is connected with increased cell-cell and cell-
ECM interactions, migration and metastasis, the AKT KO cells still dis-
played reduced cell-migration compared to parental cells. These results are 
also in line with previous studies by Ericson et al. showing that the AKT1/2 
KO tumor cells demonstrated reduced capacity to form liver metastases 
compared to parental cells in xenografts in mice [220]. 

 
Figure 17. Scratch wound migration assay of DLD-1 parental and AKT isoform 
knockout (KO) cells. The cell migration under normal conditions (A). Cell migration 
of cells that were starved for 24 hours before addition of EGF (B). The error bars 
represent the standard deviation of at least five replicates.  

Metabolomics 
An NMR metabolomic analysis was performed on the parental and AKT 
isoform KO cell lines to further evaluate the metabolic pathways, see Table 
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4. We demonstrate that lactate and alanine were reduced in all AKT isoform 
KO cells compared to parental, suggesting that the “aerobic glycolysis” (i.e. 
metabolism of glucose to lactate despite presence of oxygen) and the gluta-
mine metabolism rate were reduced [221], see Table 4. This would support 
the downregulation on genes involved in the starch and glucose pathway in 
the AKT1/2 KO cells, and the theory that AKT induce glucose metabolism 
and that reduction of AKT can suppress this process. However, the glucose 
level was also increased in the AKT2 KO and AKT1/2 KO compared to pa-
rental cells, suggesting that these cells may still import glucose despite the 
lack of AKT, or at least using a different metabolic pathway compared to 
parental cells. The glutathione level was also increased in the AKT1/2 KO 
which could be a marker for increased oxidative stress (ROS).  

The fatty acid synthesis is also believed to be promoted by AKT through 
the activation of enzymes which converts acetyl-CoA to fatty acids. Fatty 
acids are needed for the membrane, proteins and energy and thus proteins in 
the fatty acid synthesis are upregulated in tumor cells [139]. The level of 
succinic acid, which is a part of the Krebs cycle, was reduced in all AKT 
isoform KO cell lines compared to parental cells which could be coupled to 
the IDH1 and IDH2 downregulation in the AKT1 and AKT1/2 KO cells and 
the downregulation of genes in the fatty acid degradation in AKT2 KO cells 
[222]. All in all, this might suggests that the AKT isoform KO cells have an 
impaired Krebs cycle. 

The folic acid metabolism and synthesis are involved in the process of 
transferring one-carbon units to biomolecules such as amino acids and nu-
cleotides. This process is therefore important in cell replication and survival 
through its involvement in DNA synthesis, DNA repair and DNA methyla-
tion [223]. Cancer cells, which have a high proliferation rate, are more de-
pendent on this pathway than normal cells and have higher expression of the 
folate receptor. The gene expression analysis showed an upregulation of 
genes important for folic acid biosynthesis in the AKT1 KO and AKT1/2 KO 
compared to parental cells. In conflict with this, the AKT1 KO and AKT1/2 
KO had a decreased level of glycine, which is produced in the process of 
folic acid biosynthesis. Further, all AKT isoform KO cells had an increased 
level of formate, which is a metabolite needed for folic acid biosynthesis. 
This suggests that the folic acid biosynthesis was impaired in the AKT iso-
form KO cells, leading to an increase in formate and a decrease in folic acid 
[224]. In that case, this could be connected to the higher radiation sensitivity 
in the AKT KO cells compared to parental.  

Future studies with mass-spectroscopy are needed to confirm the metabo-
lomic analysis from NMR. The oxidative state in the cells should also be 
evaluated to explain the increased level of glutathione. 
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Table 4. Metabolites that were altered between parental and AKT KO cell lines ac-
cording the NMR analysis. 

Metabolite 
AKT1 KO 

vs Par 
AKT2 KO 

vs Par 
AKT1/2 KO 

vs Par 

Lactate - - - 
Glucose NC + + 
Alanine - - - 
Leucine, Isoleucine and Valine  - NC NC 
Succinic acid - - - 
Proline - - - 

Formate + + + 

Glutathione NC NC + 

No change (NC), increased level (+), and decreased level (-) 
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Conclusion and summary 

There is a need for new drugs that are more selective for cancer cells, and 
thus have lesser side effects. The focus has lately been on finding so-called 
“targeting drugs” which are specific against the tumor cells. At the same 
time, there has been a great search for these targets, also called “bi-
omarkers,” which are exclusively expressed in cancer cells. These bi-
omarkers may also be useful for prediction of disease outcome. However, 
finding these targets and biomarkers has turned out to be very difficult. The 
cell signaling system is very complex, with multiple interactions between 
different cellular pathways, feedback loops, and a high diversity between 
cell types. It is also highly dependent on different conditions such as oxygen 
levels, temperature, and nutrients.  

In summary, this thesis has studied the effects of inhibiting both extracel-
lular (EGFR) and intracellular (AKT, DNA-PKcs, and MRE11) targets on 
radiation sensitivity and survival abilities. The EGFR binder (ZEGFR:1907)2 had 
a low cytotoxic effect and caused a slight reduction in phosphorylation of 
EGFR. However, (ZEGFR:1907)2  did not affect the radiation sensitivity in the 
colon cancer cell lines and there was no apparent link between cell survival 
and inhibition of EGFR, AKT, or ERK and the small cytotoxic effect was 
probably due to inhibition of other tyrosine kinases in the cells or changes in 
other signaling pathways. 

An improved therapeutic effect of radiation in tumor cells with mutations 
in the EGFR or its signaling pathways seems to require a combination with 
drugs targeting downstream pathways, such as AKT and DNA repair. There-
fore, the isogenic AKT knockout colon cancer cell lines were used to evalu-
ate AKT, in particular the different AKT isoforms, as a better target. Taken 
together, these studies present a strong case for the role of both AKT1 and 
AKT2 in the response to ionizing radiation and their interaction with DNA-
PKcs and MRE11 in colon cancer cells. Targeting all AKT isoforms in com-
bination with a DNA-PKcs inhibitor could have therapeutic implications 
when used in combination with radiotherapy in CRC patients. 

The AKT isoforms also influence the expression of the cancer stem cell 
markers CD133 and CD44. High expression of CD133 and CD44 was asso-
ciated with radiation resistance and a higher expression of EGFR and AKT. 
Interestingly, CD133 expression was reduced in the AKT1 KO, but not the 
AKT2 KO, colon cancer cell line, whereas the expression of CD44 was in-
creased by both AKT1 KO and AKT2 KO.  
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The ability to metastasize and escape treatment is an important property 
of cancer cells. The dual knockout of both AKT1 and AKT2 in a CRC cell 
line (DLD-1) had great impact on several signaling pathways, such as down-
regulation of genes in the cell adhesion and ECM pathways, as well as in the 
Notch pathway. The migration rate was also impaired in the AKT KO cells. 
The strongest inhibition of migration was seen in the dual AKT1/2 KO cell 
line. There was also downregulation of genes in the carbohydrate and gluta-
thione metabolism pathways supported by the reduced level of lactate and 
alanine. The metabolism of carbohydrates, such as glucose and sucrose, is 
very important for cancer cells which have a higher metabolism compared to 
normal cells. The reduction of these pathways confirms that the knockout of 
both AKT1 and AKT2 will attenuate metastasis and tumor cell growth. On 
the other hand, genes in the Wnt and proliferation pathways were upregulat-
ed, which could oppose this effect.  

This shows that the inhibition of AKT can result in an upregulation of a 
pathway that can counteract the inhibition (e.g. Wnt-pathway). Our findings 
suggest that inhibitors against both AKT1 and AKT2, in combination with 
other effectors (drugs, radiation) should be used to avoid negative feedback 
loops associated with AKT inhibitor which may otherwise enable the cancer 
cells to escape treatment. 

From a clinical point of view, this work illustrates the complexity of radi-
ation and drug interactions. Future studies should also evaluate the drug and 
radiation schedules and find biomarkers which can predict interaction ef-
fects, with the aim to improve the anti-tumor effect of radiation by simulta-
neous exposure to drugs targeting important cellular signal pathways.  
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Future perspective 

Future studies should evaluate the combination of possible AKT inhibitors 
with other potential therapeutic drugs, such as against DNA-PKcs, β-catenin 
(Wnt pathway), MDM2 (p53 pathway), and CD133 or CD44 with or without 
radiation. The effects on normal tissues should also be evaluated since thera-
peutic drugs should preferably only affect the tumor cells and not normal 
tissue to avoid severe side effects. Alternatively, the therapeutics may only 
have effects in combination with radiation, so that only the irradiated parts of 
the body will be affected. There are several high throughput screening assays 
available for studying the cytotoxic effects of drugs in cells; however, they 
have not been shown to be useful when studying the effects of radiation. 
Studying radiation response with the clonogenic assay is time-consuming 
and not suitable for cell lines which do not form colonies. There is therefore 
a need to find new possible high throughput radiation sensitivity assays as 
well as good statistical methods to calculate the synergistic effects of drugs 
in combination with radiation.  

The role of a gene or protein, such as AKT, may be different in a tumor 
compared to normal cells and may also depend on cell type. It is therefore 
crucial to study the cell signaling pathways in greater depth in more cell 
lines. The whole genomic assay can give an idea of what is happening in the 
cells; however, the mRNA expression does not necessarily correspond to the 
protein expression, protein activity, or location, and future studies should 
therefore involve high throughput proteomic assays. 

Future studies should also investigate the importance of the expression of 
the CSC markers CD133, CD44, and CD24 in terms of DSBs rejoining, and 
should also analyze their possible influence on cell metabolism. 
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 Appendix I. Abbreviations 

ADCC antibody-dependent cellular cytotoxicity  

ADP adenosine di-phosphate 

AKT V-akt murine thymoma viral oncogene homolog 

AMP adenosine mono-phosphate 

ANOVA analysis of variance 

APC Adenomatosis Polyposis Coli  

APC (dye) allophycocyanin 

ATM ataxia telangiectasia-mutated  

ATP adenosine triphosphate 

ATR ataxia telangiectasia and Rad3-related (protein) 

Bcl B-cell lymphoma   

BRAF murine sarcoma viral oncogene homolog B1 

CAM cell adhesion molecule 

CAM-RR cell adhesion-mediated radioresistance  

Cdk cyclin-dependent kinase 

cDNA complementary deoxyribonucleic acid  

CEA carcinoembryonic antigen 

CMP counts per minute 
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cPLA2 cytosolic phospholipase A2 

cpm counts per minute 

CRC colorectal cancer 

CSC cancer stem cell 

DNA deoxyribonucleic acid 

DNA-PK DNA-dependent protein kinase 

DNA-PKcs DNA-dependent protein kinase, catalytic subunit 

DNase deoxyribonuclease 

DSB double strand break 

dsDNA double stranded DNA 

dTMP deoxythymidine  monophosphate 

ECM extracellular matrix 

EDTA ethylenediamine tetraacetic acid  

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

ELISA enzyme-linked immunosorbent assay 

EMT epithelial to mesenchymal transition 

eNOS endothelial nitric oxide synthase  

ERK extracellular signal-regulated kinase 

FADH2 flavin adenine dinucleotide 
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FAK focal adhesion kinase 

FAR fraction of activity released 

FBS fetal bovine serum 

FDA fluorescein diacetate 

FDA  Food and Drug Administration 

FDG fluorodeoxyglucose 

FITC fluorescein isothiocyanate 

FMCA fluorometric microcultural cytotoxicity assay 

Fox forkhead transcription factors               

FoxO forkhead transcription factors of the O subgroup 

5-FdUMP 5-fluorodeoxyuridine monophosphate 

5-FU 5-fluorouracil 

5-FUTP 5-fluoridine triphosphate  

GFP green fluorescent protein 

GFR growth factor receptor 

GLUT4 glucose transporter type 4 

GPCR G protein-coupled receptor 

GSK glycogen synthase kinase 

GST glutathione S-transferase 

Gy Gray 

HB heparin-binding 



 88 

FAK focal adhesion kinase 

FAR fraction of activity released 

FBS fetal bovine serum 

FDA fluorescein diacetate 

FDA  Food and Drug Administration 

FDG fluorodeoxyglucose 

FITC fluorescein isothiocyanate 

FMCA fluorometric microcultural cytotoxicity assay 

Fox forkhead transcription factors               

FoxO forkhead transcription factors of the O subgroup 

5-FdUMP 5-fluorodeoxyuridine monophosphate 

5-FU 5-fluorouracil 

5-FUTP 5-fluoridine triphosphate  

GFP green fluorescent protein 

GFR growth factor receptor 

GLUT4 glucose transporter type 4 

GPCR G protein-coupled receptor 

GSK glycogen synthase kinase 

GST glutathione S-transferase 

Gy Gray 

HB heparin-binding 



 89

HDM2 human double minute 2 homolog  

HER human epidermal growth factor receptor 

HIF hypoxia-inducible factor 

HR homologous recombination 

HRP horse radish peroxidase 

HUVEC human umbilical vein endothelial cell 

ICM intracellular matrix 

IGF insulin growth factor 

IGFR insulin growth factor receptor 

ILK integrin-linked kinase  

JNK1 c-Jun amino-terminal kinase 1  

KEGG Kyoto Encyclopedia of Genes and Genomes 

KO knockout 

KRAS Kirsten rat sarcoma viral oncogene homolog 

LET linear energy transfer 

MAPK mitogen-activated protein kinase 

Mcl Mantle cell lymphoma 

MDM2 mouse double minute 2 homolog 

MRE11 meiotic recombination 11 

MRI magnetic resonance imaging 

mRNA messenger ribonucleic acid 
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MS mass spectroscopy 

MTC1 monocarboxylate transporter 

mTOR mammalian target of rapamycin 

mTORC mammalian target of rapamycin complex 

NADPH nicotinamide adenine dinucleotide phosphate 

NBS1 Nijmegen breakage syndrome 1/ Nibrin 

NFAT (cell) nuclear factor-activated T (cell) 

NHEJ (pathway) non-homologous end joining (pathway) 

NMR nuclear magnetic resonance 

NO nitric oxide 

NRG neuregulin 

OD optical density 

pAKT phosphorylated V-akt murine thymoma viral oncogene homolog 

PCR polymerase chain reaction 

PDK1 phosphoinositide-dependent kinase-1 

PE plating efficiency 

PE (dye) phycoerythrin 

pERK phosphorylated extracellular signal-regulated kinase  

PET positron emission tomography 

PFGE pulsed field gel electrophoresis  

PH Pleckstrin homology 
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PI3K phosphoinositide 3-kinase 

PIP2 phosphatidylinositol-4,5-diphosphate   

PIP3 phosphatidylinositol-3,4,5-triphosphate  

PKB protein kinase B 

PLA proximity ligation assay 

PTEN phosphatase and tensin homolog  

PVDF polyvinylidene difluoride  

qPCR quantitative polymerase chain reaction 

RMA robust multi-array average  

RNA ribonucleic acid  

ROS reactive oxygen species 

RPA replication protein A 

RTK receptor tyrosine kinase  

SD standard deviation 

SDS-Page sodium dodecyl sulfate polyacrylamide gel electrophoresis  

SF survival fraction 

siRNA small interfering RNA 

SRB sulforhodamine B  

SSB single strand break 

ssDNA single stranded DNA 

STAT signal transducers and activators of transcription 
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TGF transforming growth factor   

TKI tyrosine kinase inhibitors  

UFT tegafur–uracil 

VEGF vascular endothelial growth factor  

VEGFR vascular endothelial growth factor receptor 
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Appendix II. FMCA vs clonogenic assay 

There is a need for a more rapid, high throughput assay for measuring radia-
tion sensitivity. The clonogenic assay is a standard assay; however, it is not 
useful when studying the effect on multiple compounds or when using cells 
that do not form colonies, such as primary cells from biopsies. Various 
growth assays, such as the 3-(4,5-dimethylthiazol-2-Yl)-2,5-di-phenyl-
tetrazolium bromide (MTT) assay and sulforhodamine B (SRB) assay, have 
been evaluated [225-227]. In an external project to this thesis the use of 
FMCA for studying radiation sensitivity was assessed. 

In clonogenic assays, the regenerative potential of clonogenic cells is 
measured, whereas a growth assay measures the cell viability. In a cell 
growth assay, it is difficult to measure cell growth at a fixed time after radia-
tion because of the dose-dependent lag period after radiation before regrowth 
that takes place. The growth assay measures the ability of the cell population 
to regain the growth rate of the control population. Vertical displacement of 
growth curves is one way of evaluating the effect on cell survival if the cells 
have reached exponential regrowth. In this case, it is possible to use a 
“fixed” time to measure both controls and treated cells simultaneously. If the 
cells have not reached exponential growth it is possible to do an exponential 
extrapolation (see Figure 18A).  

In our study, to measure the confluence in each well, the plate was moni-
tored every 4 hours using an Essen Bioscience IncuCyteTM (MI, USA) cam-
era placed inside the incubator. The camera took a picture of each well and 
the Essen Bioscience IncuCyteTM (MI, USA) software program calculated 
the density of cells in each well over time without disturbing the cell growth. 

The cells were seeded in 96 or 384 well plates with different cell concen-
trations and the confluence (monitored with the IncuCyte equipment as 
above) and optical density (OD) was measured with the FMCA method to 
make calibration curves of the two different cell lines. In this case, the two 
different cell lines have different relationships between absorbance and cell 
number even though the confluence is the same for both cell lines. There-
fore, the signal of the different cell lines can only be compared after adjust-
ment through the calibration curve. This standard curve should optimally be 
present in every analyzed cell plate to enable comparison of the results, see 
Figure 18B.  

The next important part is the time of analysis after radiation exposure. 
Preferably, to reduce the workload and cell number, only one end point ab-
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sorbance reading should be made. Since radiation-induced cell death is no-
ticeable after a number of cell cycles, the cells in this study were analyzed 6 
days after irradiation, which should correspond to at least five doubling 
times in the cell lines used (with a doubling time of 18–24 hours). However, 
this means that a very low number of cells (25–100 cells per well) has to be 
seeded out since the wells could not be over 70% confluent on the reading 
day. There are, however, technical difficulties with seeding a low cell num-
ber. The tumor cells are “sticky” and tend to clump together, resulting in a 
bigger error. Consequently, the seeding of cells has to be quick and the cells 
have to be well suspended to reduce the deviations. 

The use of FMCA for studying radiation-induced cell death was evaluated 
in a 96 well format. The cells were treated with different drug concentrations 
and radiation doses in the same plate, which makes it possible to compare 
the cell viability of the different treatments. Applying the different radiation 
dose in the same plate was made possible with the use of a 96-well plate 
with removable eight-well strips. Each strip was exposed to different radia-
tion doses and then analyzed together in the same frame. The DLD-1 cells 
were exposed to radiation (0–6 Gy) and the dose–SF curve from the FMCA 
(after 6 days) was compared to the curve obtained from the clonogenic as-
say, see Figure 18C and D. The confluence was, during the 6 days, moni-
tored with the IncuCyte and only cells which had reached exponential 
growth were used in the analysis. Unfortunately, the fixed end point FMCA 
assay was not as sensitive as the clonogenic assay when studying radiation 
sensitivity. We therefore found it to be unsuitable for comparing radiation 
sensitivities of different cell lines. If several readings would have been taken 
after treatment, the extrapolation method could have been used. However, 
this would have meant a greater workload, and would have required more 
samples and substances and also it would have resulted in a more time-
consuming analysis of the data. 



Figure 18. FMCA versus clonogenic assay study. Vertical displacement (X) and 
extrapolation (Y) of the growth curves (A). Calibration curves of cell number versus 
optical density (OD) of two cell lines DLD-1 and HCT116 (B). Radiation dose re-
sponse curves, analyzed using a standard clonogenic assay (red) and a fluorometric 
microcultural cytotoxicity assay (FMCA) (green) in DLD-1 (C) and HCT116 (D). 
Cell viability results of an FMCA analysis on DLD-1 cells treated with NU7441 in 
unirradiated cells (E)  and in combination with radiation (0±8 Gy) (F) using vertical 
displacement. 

To further evaluate the use of the FMCA for radiation sensitivity studies, 
the cells were treated with a radiosensitizing agent, NU7441 (Selleckchem, 
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TX, USA), a DNA-PKcs inhibitor. The FMCA demonstrated a clear de-
crease in survival in the NU7441 treated cells, see Figure 18E. Additionally, 
the cells were exposed to NU7441 in combination with different doses of 
radiation showing a slight increase in radiation response at the higher 
NU7441 doses. Radiation dose response curves for each NU7441 concentra-
tion are plotted in Figure 18F.  

The SF for different radiation doses are plotted and a linear–quadratic 
formula, SF = exp(αD+βD2), is fitted to the data [198]. The reason for this 
model is that the radiation response is linear at lower radiation (<2 Gy) doses 
and quadratic at higher radiation doses (>2 Gy). This effect is believed to be 
due to the ability of cells to repair the damage caused by lower radiation 
doses. However, at higher doses, the DNA damage is greater, leading to 
unrepaired or misrepaired DSBs and the cells will eventually die [228]. In a 
regular drug dose–response assay, the curve is fitted to a regression model 
consisting of a plateau at lower concentrations of the drug; an exponential 
phase where the drug has an effect on cell survival; and, eventually, another 
plateau where all cells are killed and no further effect can be seen.  

In conclusion, the FMCA is a useful assay for studying cell viability after 
exposure to drugs. Using FMCA to analyze the effect of a drug, in combina-
tion with radiation, on cell growth could possibly give preliminary data of 
the effect of the drug; however, the timing, dose, and concentrations have to 
be optimized to show effects comparable to the clonogenic assay. 
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