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Introduction
 

 

Ulcerative colitis 

 

Ulcerative colitis (UC) is a chronic, inflammatory bowel disease (IBD) 

affecting the mucosa of the large intestine, starting from the rectum and 

sometimes extending throughout. Diagnosis is made by colonoscopy and 

histological examinations of mucosal biopsies. Progression often presents as 

a gradual onset, with periods of remission and spontaneous relapses with 

symptoms including abdominal pain, weight loss and bloody diarrhoea [1]. 

Symptoms of UC usually present in the teenage years or in young adults, and 

the disease prevalence does not differ considerably between male and 

female. A genetic factor to the disease has been suggested through studies of 

twins [2].  

 

The prevalence of UC worldwide seems to follow a latitudinal gradient, tied 

to colder climate and especially chillier summer temperatures [3]. The highest 

incidence is found in North America and in the northern parts of Europe, but 

incidence rates in parts of Asia and Latin America are on the rise [4, 5]. The 

rising incidence rates might be an indication that environmental factors and 

lifestyle affect the prevalence of UC. Current treatment is often a combination 

of anti-inflammatory medications and dietary changes. All inflammation is 

treated, and the severity of the symptoms is the deciding factor for which 

treatment is initiated. Treatment of inflammation leads to remission in 

approximately 60% of patients, and a high proportion of the patients manages 

also to maintain this remission state [6]. If the patient develops dysplastic 
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areas of the colonic mucosa or has persistent, unmanageable symptoms, 

surgery will be necessary. It is estimated that within ten years from diagnosis 

one of four patients will be colectomized. Full removal of the colon and rectum 

is the only permanent cure for UC at present. However, even a colectomy will 

not guarantee a life with no more gastric trouble. Pelvic sepsis, pouch failure, 

and faecal incontinence are reported as complications post colectomy in 

about 10% of colectomy patients in a follow up examination after three years 

[7]. 

UC can be classified according to severity;  

a) Ulcerative proctitis where only the rectal part of the colon is affected  

b) Left-sided colitis when the inflammation expands from the rectum 

through the sigmoid part of the colon and to the left part of the 

descending colon 

c) Pancolitis which includes inflammation all through the colon.  

 

An illustration of the extent of colonic mucosa affected in the different 

classifications of UC is presented in figure 1. 

 

 

Figure 1: The extent of colonic mucosal involvement in A) proctitis, B) left-
sided colitis, and C) pancolitis. 
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Fulminant colitis is a severe version of UC; this is a life threatening 

condition where an overpowering bacterial infection can cause toxic 

megacolon or colonic rupture [1, 8]. Still, the utmost consequence of UC is 

that it significantly increases the lifetime risk of developing colorectal cancer 

(CRC). This risk increases with the severity of illness and disease duration. 

During the first decade of disease duration no increased cancer risk is 

present, however, after this the risk is estimated to increase at a rate of ~1% 

per year. Furthermore, the risk factor is affected by the extent and severity of 

colitis. [9-11]. No elevated risk is detected in UC patients where only the rectal 

part of the colon is affected [10].   

 

Due to the increased risk of developing colorectal cancer in longstanding 

UC, patients are recommended to have an increased number of colonoscopic 

examinations with increasing disease duration, and also if dysplastic changes 

as a risk factor are detected [8, 11-13]. Colonoscopy is not a perfect 

screening method for cancer prevention in UC, and has shown a rather poor 

success rate of identifying cancer at an early stage. It is also a highly invasive 

and expensive procedure, and it might not detect areas of flat dysplasia [14] . 

Lately the use of chromoendoscopy, where the dyes indigo carmine and 

methylene blue are applied to the colonic mucosa, has improved the value of 

endoscopy and has been shown to improve the detection of flat dysplasia. 

The applied dyes will highlight active inflammation and dysplasia. This also 

allows for fewer, more targeted biopsies [13].  
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UC is an idiopathic disease, and malignancies in a UC colon are 

suggested to develop in a multistep progression through inflammation, 

regeneration and dysplasia leading to adenocarcinoma [15]. The process also 

includes a number of important molecular changes such as chromosomal 

instability (CIN) and aneuploidy [8, 16], but although the underlying molecular 

pathogenesis is the subject of massive research, it is still not fully understood. 

The disease is also associated with an abnormal reaction to the patients’ own 

gut microbiota, as well as environmental influences [10]. A schematic 

overview of malignant development in a UC-colon is shown in figure 2. 

 

 Disturbances of both the innate and the adaptive immune system 

contribute to dysplastic progression in a UC colon. Simply, the innate immune 

system might initially overreact, creating an inappropriate reaction to the gut’s 

own microbiota resulting in inflammation of the colonic mucosa, where the 

adaptive immune system maintains the inflammation, rendering it chronic [10, 

17].  
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Figure 2: A possible sequence of events from inflammation to cancer in 
patients suffering from ulcerative colitis. An environmental trigger (such as a 
bacterial or viral infection) may cause inflammation which will generate 
oxidative stress in the colonic environment. This may then cause genetic 
changes and dysplasia, and as an utmost consequence: cancer. Reprinted 
from Gastroenterology, volume 140, issue 6, Thomas A. Ullman, Steven H. 
Itzkowitz, “Intestinal inflammation and cancer”, pages 1807-16, copyright © 
2011, with permission from Elsevier. Figure legend is modified.  
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Although all patients suffering from UC are repeatedly exposed to 

inflammation- derived stress in their colonic mucosal environment, only about 

10% will progress to present severe pathological changes [9, 15]. These 

patients may be termed progressors, and typically include patients who 

present at least one area of low grade dysplastic development throughout the 

colon [11, 18]. Since the presence of DNA aneuploidy in UC can be viewed as 

a predisposing agent to malignancies [19], it can be argued that this is also a 

factor that may be used to identify progressors.  

 

 

Intestinal inflammation and oxidative stress 

 

Inflammation is defined as a biological response to an injury or a 

pathogen. It involves a series of complex defence mechanisms, and is divided 

into two main, specialized branches, namely the innate and the specialized, 

adaptive immune system. The initial response to an injury or a damaging 

agent is activation of the unspecific innate immune system, recruiting amongst 

other agents; leucocytes and macrophages. This activation will further recruit 

the specialized, adaptive immune system of T-cells and B-cells. In a healthy 

colon both the innate and the adaptive immune system partake in a dynamic 

crosstalk with the intestinal epithelial cells, to ensure maintenance of intestinal 

homeostasis. This dynamic crosstalk ensures protection against pathogens 

and allows for passage of nutrients [20-23].   
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In UC, the homeostatic balance in the intestine is compromised. It has 

been shown that both the innate and the adaptive immune systems are 

affected, and proceed to drive inflammation instead of fighting it [21, 22]. The 

chronic inflammation occurring in UC further distorts the mucosal morphology 

through regeneration, and may then induce dysplasia and adenocarcinomas 

[10, 24]. It is suggested that chronic inflammation is more likely the underlying 

cause of UC-related cancer risk than is any clear-cut genetic predisposition, 

as adenocarcinomas can develop from polypoid, flat, localized or multifocal 

dysplasia in an UC-affected colon [10].  

 

Leucocytes and macrophages recruited during the initial inflammatory 

response produce a range of reactive oxygen species (ROS) [23, 25-27]. 

When the levels of ROS exceed the limits that can be processed by the 

endogenous antioxidant defence mechanisms, oxidative stress develops [25, 

28, 29]. To further complicate the situation, inflammation may also impair the 

antioxidant defence mechanisms in UC colonic mucosa [28, 30-32]. It has 

been observed that the environment in a UC-affected colon harbours elevated 

levels of oxidative stress [25, 31]. Oxidative stress can lead to severe damage 

of the DNA by inducing both single and double strand breaks (SSB and DSB, 

respectively) in chromosomes. Whereas SSBs may be repaired through base 

excision mechanisms, a DSB can lead to apoptosis or CIN if not properly 

repaired through either homologous recombination or non-homologous end 

joining mechanisms [33]. A schematic view of the implications of oxidative 

stress to the colon environment of a UC-colon is shown in figure 3. 

 

 

 

 



Introduction  

16 

Figure 3: Inflammation cause increased levels of oxidative stress, which 
may drive the development of dysplasia and cancer through DNA damage 
and genetic alterations. Reprinted from Pathology- Research and Practice, 
Volume 204, Issue 7, A. Roessner, D. Kuester, P. Malfertheiner, R. 
Schneider-Stock, “Oxidative stress in ulcerative colitis-associated 
carcinogenesis”, pages 511-25, Copyright © 2008, with permission from 
Elsevier. Figure legend is modified. 



Introduction  
    

 

17 

 

Damage to the chromosomes by excess oxygen might be repaired by the 

complex DNA damage response pathways, or if the damage is too severe; the 

cell might be targeted for apoptotic destruction. To allow the cells’ repair 

mechanisms time to repair the damage induced by the excess oxygen, cell 

cycle checkpoints are activated. However, it has been shown that elevated 

levels of oxidative stress  can cause a cell to bypass cell cycle checkpoints, 

with the result of inducing CIN and DNA aneuploidy in a cell population [33-

36]. If the oxidative stress-induced break occurs in a telomeric region it is less 

likely to be repaired, due to a telomere-specific repair deficiency [37] and 

aneuploidy may develop through pathways induced by telomere biology.  
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Aneuploidy 

 

Aneuploidy is defined as the karyotype of a cell with abnormal DNA 

content, whereas CIN is the rate of chromosomal gain or loss [38, 39]. It is 

acknowledged that CIN may lead to aneuploidy [35], however, not all 

aneuploid cells exhibit chromosomal instability during mitosis [38, 39]. 

Aneuploidy can further refer to either structural errors or copy-number errors 

in chromosomes, and an aneuploid cell will usually contain a combination of 

these. The leading hypothesis regarding causes of aneuploidy has been that 

structural errors are most likely products of chromosomal breakage [40-42], 

while copy number errors are achieved mainly through errors in chromosomal 

segregation [43, 44]. Lately, it has also been suggested that mitotic 

segregation errors can cause both types of aneuploidy [45].  

 

Aneuploidy is detrimental to cell survival in non-neoplastic cells, as it will 

result in genetic imbalance [38]. However, nearly all types of solid tumours 

may display aneuploidy [46]. It is suggested that an organized and selective 

aneuploidisation can be present in malignant development, through the 

deactivation of tumour suppressor genes and activation of oncogenes, 

ensuring growth advantages for the aneuploid cells [38].  
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Aneuploidy in UC 

 

In UC, aneuploidy is regarded an early event [19, 47-49], and may be 

present in both dysplastic as well as non-dysplastic colonic mucosa [19, 48]. It 

has been suggested to be an independent risk factor for the development of 

adenocarcinoma in UC [50, 51] and more than half of the colorectal 

adenocarcinomas developing from UC present DNA-aneuploidy [51, 52]. 

Aneuploidy is considered to be a major contributor to the neoplastic 

phenotype [53, 54].  

 

Carcinogenesis in UC shares several features with the development of 

sporadic colon cancers, but the sequence of alterations differs [10].  Non-

malignant mucosa adjacent to a cancer derived from a UC colon has 

demonstrated a higher frequency of aneuploidy than seen in colons affected 

by sporadic colon cancer, a feature that implies a DNA field effect presence 

throughout a UC colon [55, 56]. In UC mucosa aneuploid areas are often 

more widespread than dysplastic areas and aneuploidy is suggested to 

spread by clonal expansion of aneuploid subclones harbouring increasing 

levels of CIN, at the expense of diploid epithelial cells [57]. The frequency of 

UC-patients presenting aneuploidy increases with duration of the disease [19, 

58].  
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Telomeres

 

Telomeres are specialized and repetitive DNA structures, located at the 

end of linear chromosomes, where they function as a stabilizing agent for the 

chromosome and as a protective agent against chromosomal ends being 

recognized as double strand breaks (DSB) by the DNA repair mechanisms of 

the cell. The human telomeric sequence consists of a repeated 6 base pair 

(bp) sequence; TTAGGG [59, 60], measuring approximately 8-12 kilo base 

pairs (kb) in newly synthesized somatic cells, when measured in newborns 

[61]. The telomere ends in a single stranded, 30-600 bp long G-rich overhang 

[60].   

 

Chromosomal integrity and protection against the ends being recognized 

as DSBs are achieved by having the telomeric end form a protective loop-

structure: the telomeric loop or T-loop [62, 63]. The telomeres are protected 

by a group of specialized proteins; the shelterin complex. Shelterin consist of 

six subunits (TRF1, TRF2, TIN1, TIN2, Rap1, TPP1 and POT1), and these 

proteins are specific in binding to either the double strand or the G-rich single 

strand part of the telomere [41, 64, 65]. It is suggested that the shelterin 

complex is active in forming, shaping and stabilizing the T-loop structure, 

where the G-rich single strand overhang is incorporated in the loop in a 

displacement loop, the D-loop, a feature important in forming the T-loop [41, 

64, 65]. Figure 4 shows the structure of the telomere with a single strand 

overhang and the T-loop. 
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Figure 4: The telomeric end is protected from being recognised as a 
double strand break by forming a T-loop, where the single strand overhang is 
tucked into the loop in a smaller D-loop. Adapted by permission from 
Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology (Finding the 
end: recruitment of telomerase to telomeres), Copyright © 2013. Figure 
legend is modified.    

Due to the end replication problem the telomeric sequence is shortened 

with every round of cell division. This was first noticed by Hayflick and 

Moorhead, while working with cultured human diploid fibroblasts (HDF). They 

found that past 60-80 population doublings the HDFs stopped proliferating, 

and became large and flattened [66]. The limitation point for continuous 

growth under cultured conditions for HDFs was termed the Hayflick limit or 

replicative senescence. A senescent cell is still in a metabolically functioning 

state, but is no longer proliferative. Shortened telomeres have been 

discovered to be largely responsible for inducing replicative senescence in a 

cell population [67]. 
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In absence of external influences, the cells’ telomeres would only shorten 

as a result of the end replication problem, and at a certain limit tumour 

suppressors such as p53 would induce and maintain replicative senescence. 

However, senescence can be induced by various methods, not all involving 

telomere length erosion [67]. Initially it was believed that once a cell had 

become senescent, it could not re-enter the proliferative population. This   has 

since been shown not to be the case.  Inactivation of functional cell cycle 

checkpoints allows cells to bypass the point of replicative senescence [68, 69] 

thus allowing for further proliferation of cells with uncapped chromosomes, 

where the telomeres are too short to form the T-loop structure [70].  

 

 

Gradual telomere erosion, cellular senescence, 

and crisis 

 

Telomeres shorten via two major mechanisms. One is the gradual erosion 

of the full telomere body through proliferation, resulting in cellular aging and 

tissue maintenance. This system is dependent on functioning cell cycle 

checkpoints. If these checkpoints are defective for any reason, cells can  

continue to proliferate past the Hayflick limit towards crisis, further shortening 

the telomeres to a point where they become critically short and fail to 

assemble the T-loop [70-72]. Figure 5 illustrates the effect of gradual erosion 

of telomeres. 
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Figure 5: The telomeres of proliferating cells shorten by each round of cell 
division. With functional cellular checkpoints, telomere shortening initiates 
aging: senescence. Without functional checkpoints the cell might progress 
until crisis, with increased rates of CIN and aneuploidy. Crisis ends in massive 
apoptosis, or in rare events: further progression towards cancer. Reprinted 
from FEBS Letters 2010, Volume 584, issue 17, Jerry W Shay and Woodring 
E Wright, “Telomeres and telomerase in normal and cancer stem cells", pages 
3819-25. DOI: 10.1016/j.febslet.2010.05.026. Figure legend is modified. 
 

 

 

Crisis produces increased amounts of aneuploidy and massive cell death 

through apoptosis. In very rare events, a limited amount of cells, estimated to 

be one in ten million, cells are observed to survive crisis by activation of a 

telomere maintenance mechanism, thus achieving cellular immortality [70-72].  
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Sporadic telomere shortening and 

breakage/fusion/bridging 

 

Sporadic telomeric shortening is the other mechanism for achieving 

shorter telomeres. This mechanism differs from gradual erosion by striking 

randomly and by the ability to leave either one or a few chromosomes at a 

loss for telomeric capping, regardless of cellular age and proliferative stage. 

The presence of telomeric deletions that could not be accounted for by 

telomeric erosion and cell proliferation was first indicated in a cell line 

harbouring a tagged chromosome end [73]. It was further suggested that it 

might not be shortened mean telomere length that induces senescence, but 

rather one or a few critically shortened telomeres, and that these could not be 

accounted for by the gradual erosion of telomeres [74-76].  

 

Sporadic uncapping of a chromosome by the loss of a telomere may 

cause fusion of sister-chromatids during chromosome amplification [41, 75, 

77, 78]. As the spindle apparatus pulls at the fused chromatids they will break, 

and usually at a different location than the fused ends. The resulting 

aneuploid daughter cells then have chromosomes with inverted amplifications 

or permanent deletions. Both daughter cells still harbour chromosomes with 

broken ends, capable of fusing with other broken chromosome ends, and a 

breakage/fusion/bridge (BFB) cycle will be established. This cycle will 

accumulate chromosomal instability and may thus create aneuploid 

populations [40, 77]. An illustration of telomeric induced BFB is shown in 

figure 6. The induced BFB-cycles will stop only if a new telomere is achieved, 

either through activation of a telomeric lengthening mechanism, or by 

telomeric acquisition as a result of translocation [77, 78].  
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Figure 6: Chromosomal instability through breakage/fusion/bridge cycles. 
An abrupt shortening of telomeres causing uncapped chromosomes, may 
induce sister chromatid fusion. The fused chromatids will form a bridge during 
anaphase, and a chromosome break follows.  The daughter cells will thus 
inherit chromosomes with broken ends, capable of fusing with other broken 
chromosome ends, and a BFB cycle will be established. This cycle 
accumulate chromosomal instability and may create aneuploid populations. 
Reprinted from Cancer Research, Copyright © 2010, Volume 70, Issue 11, 
pages 4355-59, John P Murnane, “Telomere loss as a mechanism for 
chromosome instability in human cancer”, with permission from AACR. Figure 
legend is modified.  
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BFB cycles may also involve fusion of two separate chromosomes. This is 

rarer than sister-chromatid fusion, estimated at about one chromosomal 

fusion BFB for every fifth or even tenth sister-chromatid fusion. Chromosomal 

fusion may happen at any time during the cell cycle, as it is induced by either 

the loss of two telomere caps at the same time, or from sporadic double 

strand breaks. Also, the resulting genotype resulting from chromosomal fusion 

BFB is more varied, as it is dependent on both the site of the initial DSBs or 

two separate chromosomes independently uncapped, as well as each cycle 

will involve two centromeres and a double anaphase bridge [41, 75, 77].  

 

Sporadic telomere shortening is attributed to several mechanisms [79], 

and oxidative stress is one of the mechanisms that has received much 

attention in the quest to unravel these mechanisms.  

 

As previously mentioned, oxidative stress is known to be a product of 

active inflammation, reported in UC-colonic mucosa [25] and may act upon 

the chromosome by generating both SSB and DSB [33, 37]. If this 

chromosomal break occurs either in a telomere or in the sub-telomeric region 

of a chromosome, the break is less likely to be repaired [37, 80, 81], and may 

thus lead to sporadic telomeric loss. Oxidative stress has also been shown to 

make single strand breaks in a telomere, at the G-rich site. This SSB may 

then induce a severe shortening of the telomeric sequence during the next 

round of DNA replication [37, 82-84].  
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Telomere shortening in UC 

 

In a UC-affected colon the mucosal lining is exposed to extreme conditions 

not seen in the mucosal lining of a healthy colon. It has been demonstrated 

that it is subjected to both enhanced cellular proliferation [85, 86], a situation 

capable of not only shortening mean telomere length, but also of elevating the 

possibility of mitotic slippage, and to oxidative stress [25, 31]. Thus, the 

colonic mucosal cells of a UC patient hold every chance of telomeric-induced 

CIN and aneuploidy. It has also been demonstrated that shortening of mean 

telomere length in a UC colon is accelerated compared to non-UC affected 

colons, and occurs mainly during the first decade following UC onset [87, 88]. 

Telomere shortening occurs mainly in the epithelial cells [89], and has also 

shown links to development of aneuploidy and CIN [49, 90].  

 

 

Telomere shortening and cancer development  

 

Telomeres have been widely studied in association to cancer development 

due to the induction of CIN and aneuploidy. Both CIN and aneuploidy are 

frequently present in solid cancers. However, it is also known that telomeric 

shortening and DNA-damage induce either cell senescence, or if the DNA 

damage is irreparable; apoptosis and cell death. The switch between the two 

outcomes has been shown to reside in the cell cycle checkpoint machinery 

[40, 91]. Specifically the mitotic spindle checkpoint is the mechanism to block 

anaphase if the chromosomes are not correctly arranged and secured to the 

spindle apparatus [44, 92-94]. In cells carrying functional checkpoints, 

telomere shortening can be regarded as a protection against tumour  

development, as the affected cell will be halted and if repair is not achievable; 
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either  eliminated by apoptosis, or  banished to senescence. If the cell cycle 

checkpoints are for some reason impaired, the cell might continue 

proliferating until crisis is reached, with shortened telomeres enabling BFB-

cycles and increase levels of CIN and aneuploidy. To survive this stage the 

cell needs to activate some sort of telomeric maintenance mechanism, usually 

telomerase and it may then evolve into a cancer cell [40, 95]. Indeed, the 

majority of human cancers show telomerase activity [96, 97]. Two pathways 

initiated by shortened or lost telomeres are showed in figure 7. 

 

 

Figure 7: The consequences of telomere shortening depends on cell cycle 
checkpoints and signalling pathways. The result may be either protecting the 
cell against malignancies (green arrows) or driving malignancies (red arrows). 
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The spindle assembly checkpoint (SAC) 

 

The spindle assembly checkpoint (SAC) is one of several cell cycle 

checkpoints ensuring that each phase of the cell cycle is accurately 

completed before commencing the next phase. It is a complex signalling 

cascade ensuring that chromosomes are duplicated, properly aligned at the 

center of the cell during metaphase, and securely attached to a spindle 

microtubule before entering anaphase and cytokinesis. This is crucial to 

ensure proper chromosomal segregation to the two resulting daughter cells. 

The SAC components include Mad1, Mad2, BubR1, Bub1, Bub3, and Mps1, 

and will block the function of the anaphase promoting complex/cyclosome 

(APC/C) if any irregularities are detected [44, 98-100].  

 

During mitosis, chromosomes cannot be transcribed due to their 

condensed form, and any damage introduced to the DNA at this time cannot 

be repaired. Because of this halting the cell prior to entering anaphase may 

cause reduced viability. Therefore, multiple drugs have been developed to 

target either entry or exit from mitosis, or to induce DNA damage to the 

condensed chromosomes, thus underscoring the importance of understanding 

the function of the components of the SAC complex [101]. Deregulations of 

the SAC-complex via genetic alterations are connected with development of 

CIN and aneuploidy [43, 44, 102, 103]. An illustration of the cell cycle is 

presented in figure 8.  
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Figure 8: The cell cycle (G1, S, G2, and M). The spindle assembly 
checkpoint (SAC) is activated if chromosomes are not properly aligned during 
mitosis (M). The chromosomal arrangement during the cell cycle is 
represented by two sets of chromosomes (light and dark blue), and the 
microtubule placement is indicated by grey circles. Checkpoints are indicated 
by purple arrowheads. During mitosis the chromosomes are condensed, and 
DNA repair is not possible. Modified from Current Biology 2012, Volume 22, 
issue 22, Pablo Lara-Gonzales, Frederick G Westhorpe, Stephen S Taylor, 
“The Spindle Assembly Checkpoint”, pages R966-80. DOI: 
10.1016/j.cub.2012.10.006. Figure legend is modified. 
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Regulation of the SAC complex 

 

In mammals, the SAC is assembled and activated by the presence of 

unattached kinetochores as the cell enters mitosis. It is then kept constantly 

active during mitosis, and deactivated only when all kinetochores are 

satisfactorily attached to a spindle microtubule, and the chromosomes are 

aligned along the centre of the cell. By this time, the SAC is deactivated, and 

the APC/C complex can continue to activate separin protease, which in turn 

separates the sister chromatids [43, 101, 104].  

 

In a cell harbouring altered concentration, or mutated variants of a SAC-

component, the function of the checkpoint is compromised. Both increased 

and decreased levels of Mad2 predispose a cell to developing aneuploidy. 

Overexpression of BubR1 may provide a protective mechanism against 

aneuploidy, whereas insufficient amounts of Bubr1 may facilitate the 

development of aneuploidy [105].  

 

The SAC seems to also be influenced by oxidative stress. Elevated levels 

of oxidative stress in cells arrested in mitosis have been shown to induce loss 

of cyclin B1 stability, or inhibition of cyclin B1 entry through the nuclear 

membrane in cultured cells [27, 34]. Also, both Mad2 and BubR1 signalling 

are affected by oxidative stress in cultured fibroblasts and in gastric cancer 

cell lines. An accumulation of both BubR1 and Mad2 as a response to 

oxidative stress may contribute to CIN and aneuploidy, possibly in a p53 

dependent manner [106].  Several important regulators other than the SAC 

components have been identified, including the tumour suppressor p53 

(TP53) and the kinase Aurora A [107-110]. 
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Aurora A  

 

Aurora A is one of the three identified human cell cycle regulation 

serine/threonine kinases of the Aurora family. All three members (Aurora A, B 

and C) are frequently overexpressed in cancers [111]. Elevated expression of 

Aurora A is also detected in UC-colonic mucosa [112].  

 

Aurora A is tightly associated with the SAC-signalling cascade through 

centrosome maturation, and regulated through phosphorylation and 

ubiquitination [108, 111]. Through its  association with the centrosomes and 

spindle apparatus, Aurora A is assumed to  play a role in the development of 

aneuploidy in malignant cells, [111, 113, 114]. Decreased levels of Aurora A 

may cause spindle defects leading to development of tetraploid cells  which in 

most cases ends in apoptosis [111], whereas overexpression of Aurora A is 

reported to induce multiple centrosomes and bypass of the SAC, as well as 

failure of the G2 checkpoint and cytokinesis. In fact, Aurora A is listed as an 

oncogene since overexpression is linked to excess centrosomes and 

abnormal spindle formations, leading to a disruption of SAC function [109]. 

Overexpression of Aurora A is also shown to mediate impaired cellular 

response to chemotherapeutic agents targeting the mitotic checpoint in 

colorectal cancer [115]. Overexpression of Aurora A is frequently seen in 

cancers, including sporadic colorectal cancer [111, 113, 116], and there are 

also indications that expression is elevated in UC-related colon cancers and in 

non-cancerous lesions from UC mucosa [112]. The elevated expression 

detected in UC non-cancerous lesions may be a consequense of the elevated 

cell proliferation reported for the colonic mucosa of UC-patients [85, 86].  
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The gene coding for Aurora A is located on chromosomal arm 20q13.2 

[113]; 20q amplification has been shown to be the most frequent 

chromosomal amplification in sporadic colorectal cancers [117]. An 

association with development of CIN in sporadic colorectal cancers has also 

been demonstrated [114]. However, Aurora A is probably not a genuine 

oncogene, as overexpression of Aurora A alone is not enough to transform 

primary cells, and to act as an oncogene further alterations, such as 

inactivation of p53 are likely necessary [109, 118, 119].   

 

As a kinase, Aurora A phosphorylates substrates, and p53 has been 

identified as one such Aurora A substrate. Under normal, non-malignant 

circumstances, Aurora A and p53 are involved in a negative feedback loop 

[113]. Aurora A may phosphorylate p53 at serine residue 215, rendering it 

unable to bind to DNA for transcription, or in position 315 facilitating 

ubiquitination of p53 by Mdm2 and thus ensuring degradation of p53 through 

the proteasome complex [107, 120]. This might be relevant for normal cell 

proliferation, allowing cells to pass through G2-M cell cycle checkpoints. In 

addition; p53 negatively regulates Aurora A in both a transcriptional and post-

translational manner, thus indicating a feedback loop regulation [108, 121]. 

However, it seems that only wild-type p53 has the ability to regulate Aurora A 

[121] 

 

Aurora A overexpression seems insufficient for malignant development 

and a regulation feedback loop containing Aurora A and p53 has been 

identified. It is therefore speculated that this regulation is needed for a cell to 

proceed through the cell cycle in a normal manner, and that disruption to the 

feedback loop may allow a cell to progress towards a malignant state. This 

theory can be further supported by the multiple reports of elevated levels of 

Aurora A, and also loss of/inactivation of p53 in multiple cancers. 
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p53  

 

p53 is a transcription factor and a tumour suppressor, coded for by the 

TP53 gene,  which is located on chromosomal arm 17p13.1. Under normal 

conditions p53 is inactive and has a very short half-life of approximately 15 

minutes [122, 123], before it is subjected to poly-ubiquitination, targeting it for 

degradation by the proteasome [124].  

 

The general effect of p53 induction is to limit cell growth, and p53 is 

probably the protein most often inactivated in human cancers, resulting in 

cells with abrogation of apoptosis. Due to the frequency of elevated p53 

protein levels demonstrated in many cancers, and because it seems to 

cooperate with other, known oncogenes resulting in malignant 

transformations; p53 was at first characterized as an oncogene. It took almost 

ten years from its discovery for it to be classified as a tumour suppressor gene 

in 1989 [125, 126].   

 

p53 is activated by multiple agents causing stress to the cellular 

environment. DNA damage and oxidative stress are both known causes of 

p53 activation. Once activated p53 will through regulation of a range of 

possible target genes, induce an appropriate response to the stress stimulant. 

The response pathway mediated is dependent on cell type, cellular 

environment and possible other oncogenic alterations. [124, 127]. Various 

stress-causing agents and responses mediated through p53 are presented in 

figure 9.  
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Figure 9: Stress-causing agents and p53-induced responses. The general 
effect of p53 induction is to limit cell growth, and the choice of response 
induced by p53 will depend on cell type, environment, and other oncogenic 
alterations. Reprinted by permission from Macmillan Publishers Ltd: Nature 
Reviews, Cancer (Live or let die: the cell's response to p53) Copyright © 
2002. Figure legend is modified. 

 

 

p53 levels or activity, can be influenced by multiple mechanisms, including 

protein regulation and mutations of the TP53 gene. The most frequent TP53 

mutations seen in cancers are missense mutations, point mutations resulting 

in single amino-acid substitutions, producing non-functioning p53 proteins, 

often with considerably lengthened half-lives. In addition to this, loss of 

heterozygosity (LOH) is a common TP53 gene alteration, causing elimination 

of the remaining wild-type allele [123, 127, 128]. In sporadic colorectal 

cancers this combination of LOH and TP53 point mutations is a common way 

of abolishing p53 expression, and is considered to be a late event in 

tumourigenesis; occurring in the shift from dysplasia to adenocarcinoma [129]. 
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As TP53 mutation frequently results in proteins of longer half-life than wild-

type p53, mutant p53 protein may be detected by immunohistochemistry 

(IHC). In sporadic CRC the p53 levels are often quite high, and do not always 

correlate to detected TP53 mutations [130, 131], possibly indicating that 

accumulation could also be caused by wild-type p53 accumulation due to a 

deactivated MDM2; a known regulator of p53, or by phosphorylation pathways 

[124].  

 

p53 expression strongly correlates with aneuploidy in CRC [132, 133]. It 

has also been shown that p53 accumulation in CRC does not correlate to 

common clinicopathologic variables such as age and localisation of 

adenocarcinoma in the colon, and it is therefore suggested that p53 

inactivation is an important event in the development of adenocarcinomas in 

colorectal cancer, regardless of clinicopathologic features [134]. TP53 

mutations have demonstrated an association to tumour site, as a significantly 

elevated frequency of mutations is detected in tumours originating from the 

left and distal parts of a colon [135, 136]. TP53 mutations have also been 

shown to associate with tumour progression in sporadic colorectal cancers 

and not to correlate with p53 protein accumulation [137]. The location of 

mutation may also introduce a possible explanation for some of the lack of 

correlation between mutations and accumulated protein, since some 

missense mutations outside exons 5-8 will not be detected by the most 

conventional methods of analysis. The mutations detected might also be 

nonsense mutations, resulting in no detectable p53 protein [135, 136, 138, 

139]. It is hypothesized that in human cancers 20 % of TP53 mutations are 

nonsense or stop codon mutations, resulting in lack of p53 detection by IHC 

[128].  
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In UC progression p53 alterations are considered early events, even prior 

to any detectable dysplasia, and possibly an initiating factor of neoplasia [10, 

11, 140, 141]. Both TP53 mutations and p53 protein expression are 

considered promising biomarkers for cancer progression in UC patients, as 

both mutations and elevated p53 levels are present in non-dysplastic mucosa 

adjacent to dysplastic or cancerous tissue [17, 142]. Analyses of p53 status in 

UC by IHC have revealed increasing levels of p53 with increasing severity of 

dysplasia, as well as elevated levels of p53 in biopsies collected years prior to 

malignant development [140, 143, 144]. p53 expression has also been shown 

to correlate to the presence of aneuploidy in UC [145]. Mutation analyses 

have shown that TP53 mutations may be an initiator mutation in UC 

cancerisation, as they were detected in non-dysplastic colonic crypts 

surrounding dysplastic crypts [141].   

 

p53 is a major player in the induction and maintenance of a senescent 

state if telomeres are shortened or even damaged, and lack of p53 expression 

might cause a cell to circumvent the Hayflick limit, thus allowing cells to keep 

dividing towards crisis [41]. Once cells hit crisis, they will die, unless some 

sort of telomere maintenance mechanism is activated. This telomere 

maintenance mechanism occurs in approximately 1 in 10 million cells, and 

has been identified to be telomerase in 90 % of these cases [71]. 
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Telomerase

 

Telomerase is a reverse transcriptase ribonucleoprotein and a 

holoenzyme, composed of a large, catalytic subunit; telomerase Reverse 

Transcriptase (TERT), a smaller, functioning Telomerase RNA component 

(TR), and several accessory proteins, including dyskerin and NOP10 for the 

assembly, stability and function of the holoenzyme [95, 146, 147]. Telomerase 

extends the telomere sequence by adding telomeric repeats to the 3’end of 

the telomere as an enzymatic activity. The larger subunit TERT catalyses the 

action of adding telomere DNA repeats to the telomere end via the RNA-

template carried by the TR-subunit. In most normal human somatic cells 

telomerase activity is repressed [93, 147, 148], ensuring telomeric shortening 

for the cell to reach the natural limit of replicative senescence.  

 

The telomerase enzyme was first discovered in 1985, in the ciliate 

protozoan Tetrahymena thermophila [149]. It has since been discovered that 

the catalytic subunit of the enzyme, TERT, is conserved in protozoans, yeast, 

and mammals. Since telomerase synthesizes DNA from a RNA-template; the 

sequence is also shared with retroviruses [150]. Human TERT is coded for by 

TERT, located distally on chromosomal arm 5p15.33 [147] It is the assumed 

limiting factor for telomerase assembly, being scarcely expressed in somatic 

cells. The RNA-component, TR, on the other hand is ubiquitously expressed 

[147]. Nonetheless, it has been demonstrated that both subunits are required 

for enhancement of the proliferative potential of a cell [151].  
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Telomerase activity in non-malignant tissue is mainly detected in germ line 

cells. However, some somatic niches such as the bottom part of colonic crypts 

and the basal layer of the epidermis, have demonstrated telomerase activity 

[147, 152-154]. hTERT has been suggested to shorten the longest telomeres, 

and possibly elongate only the shortest telomeres in a cell, thus maintaining a 

balanced length for a cell’s telomeres. To shorten the longer telomeres 

hTERT is most likely recruited to the telomere by the shelterin protein TPP1, 

and acts separately from the hTR-subunit, which is not needed to shorten the 

telomere [155, 156]. 

Telomerase in cancer and UC 

 

Telomerase activity is reported in most human solid tumours [96, 97]. 

Activation of telomerase will help cells achieve replicative immortality, one of 

the featured hallmarks of cancer [157]. It is suggested that telomerase, just 

like telomeres, may also exhibit tumour suppressor roles; as telomerase 

activity may hinder the activation of oncogenes through synthesizing new 

telomeres onto uncapped chromosomes thus halting BFB-cycles and CIN-

accumulation [158]. Nevertheless, telomerase activity seems first and 

foremost to be a contributor to the immortalisation of tumour cells, and most 

metastases are comprised of cells positive for telomerase activity [159].  
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Chromosomal arm 5p, containing the gene coding for hTERT, is frequently 

amplified in cancers. This amplification of the TERT- locus might be a 

contributing  factor for the activation of telomerase and subsequent 

immortalization of a malignant cell [160]. 5p amplification is one of the more 

common chromosomal gains detected in sporadic colorectal cancers [117] 

and in aneuploid lesions from UC-colons [161]. However, it is suggested that 

even subtle variations in the TERT sequence might have major impacts in the 

function of TERT [160], implying that some cells may have altered hTERT 

functions without 5p amplifications.  

 

Telomerase activity has been shown in colorectal cancer [162], however 

reports on telomerase activity in pre-malignant tissue, such as the mucosal 

lining of a UC colon, vary throughout available literature [86, 163-168].  
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Detection of malignancies in ulcerative colitis 

 Biomarkers 
 

Both molecular and genetic changes in the colonic mucosa of patients with 

UC are the subjects of extensive research in attempts to unravel the 

development of dysplasia and cancer in UC, thought to arise from a combined 

effect of inflammation, telomere damage, genetic instability and senescence 

[19, 49, 87, 164]. To detect dysplasia in a UC-colon by colonoscopy, it is 

estimated that more than 30 biopsies are needed, as the colon presents a 

large surface area. As only a sub-group of approximately 10% of UC patients 

will develop dysplastic changes in the colonic epithelium, a large patient group 

is thus put through unnecessary invasive testing, as no external 

characteristics that can differentiate between progressors and nonprogressors 

exist to date.  

 

A biomarker refers to a measurable indicator of a condition. As methods 

for analysing both genetic and molecular changes in tissues are constantly 

being developed and improved, more and more candidate biomarkers of 

different conditions are emerging. However, the quantification of most 

biomarkers also makes them difficult to establish for clinical purposes. In UC, 

stable and reliable biomarkers for pre-neoplasia are in demand, and several 

presented suggestions are indeed promising. These include senescence 

markers and screening for TP53 mutations, as well as telomere shortening 

and the presence of CIN and aneuploidy [17, 169].  
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Oncogenic field effects have been identified where dysplastic changes of 

the colonic mucosa in one area of a UC-colon may affect the molecular 

environment throughout the colon. The clonal expansions of known 

oncogenes have been identified in non-dysplastic areas [141, 170].  Several 

of these oncogenes have thus been proposed as biomarkers of early 

neoplasia in UC. However, the identification of biomarkers in UC is 

challenging, as the disease is multifocal, and further complicated with excess 

levels of oxidative stress and inflammation. 

 

 

Telomere shortening has been suggested as a potential biomarker for 

sporadic colorectal cancers, provided that the p53 expression is normal and 

the mismatch repair mechanisms are intact [171]. The presence of shortened 

telomeres has also been suggested as a possible biomarker for chronic 

inflammation [172]. The use of telomere shortening as a prognostic biomarker 

may prove difficult since telomere length is individual and possibly affected by 

multiple parameters [173-176]. Also, the result of telomere length 

investigations has been shown to depend on the type of DNA extraction 

method used [177]. In UC, it is also important to acknowledge that telomere 

length shortens more rapidly within the first ten years of active disease [87, 

89].  
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Main aims of the study
 

 

 

 To investigate possible differences between progressor and 

nonprogressor colons of patients with longstanding UC, with focus on 

the amount of ultra short telomeres, mean telomere length, telomerase 

and proteins interacting with the spindle assembly checkpoint (SAC), 

namely Aurora A and p53 

 

 

 To investigate whether the same variables could be associated with 

development of aneuploidy or dysplasia within progressor colons 
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Methodological considerations

The following section contains description and discussion of the materials 

and methods chosen for this study. Detailed descriptions of the 

methodologies used are given in the individual papers. 

 

 

Ulcerative colitis patients 

 

We examined colectomy specimens from 30 patients who had all suffered 

from UC from 10-30 years. Colons were resected at the Department of 

Surgery, Rikshospitalet, in the period 1985-1994. All patients had developed 

pancolitis. The patient list includes both males and females, and the patients’ 

ages when symptoms were first presented varied from 10 to 60 years old.   
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Colectomies and histopathology 

 

At least eight locations from each colectomy specimen were examined. 

Histological examinations were conducted by experienced pathologists 

(OPFC, SNA) on sections stained by haematoxylin/eosin. Each section was 

classified according to the prevailing mucosal morphology. The 

histopathological diagnoses used were non-dysplastic mucosa, mucosa 

indefinite for dysplasia, mucosa with mild, moderate, or severe dysplasia, and 

adenocarcinoma. The pathologists judged the mucosal morphology 

separately, and in cases where the diagnosis differed, consensus was 

reached by studying these cases under a multi-headed microscope.  

Use of flow cytometry to measure DNA ploidy 

status  

 

DNA content analysis by flow cytometry was performed on mucosal cells 

harvested from each location adjacent to the section fixed for the 

morphological examination. Fluorescence-activated cell sorting (FACS) is 

widely used for analysing and sorting cells from a mixture of cells in 

suspension. Since a flow cytometer is able to analyse thousands of cells per 

second using lasers to detect specific cellular phenotypes (e.g. size or 

granularity) in cell samples suspended in a stream of fluid, it is used routinely 

as a diagnostic tool and in basic and clinical research.  
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In the present work Vindeløv’s procedure was used to stain cellular DNA. 

This procedure allows for the analysis of preserved, alcohol fixed cells. Nuclei 

are isolated using a detergent-trypsin method and are subsequently stained 

for their content of DNA using propidium iodide (PI). PI is a fluorescent dye 

that intercalates into and binds double-stranded DNA, with little to no 

sequence preference. It also binds to double-stranded RNA; RNAse is 

included in the procedure to eliminate double-stranded RNA and thus its 

potential contribution to fluorescence measurements. PI fluorescence 

emission from flow cytometrically-analyzed nuclei represents their DNA 

content. Fluorescence signal intensity is used to determine whether a 

population of cells is diploid (normal DNA content) or aneuploid (abnormal 

DNA content due to gain or loss of chromosomes) [178].  

 

DNA contents of all eight lesions of the colectomy specimens were 

determined by flow cytometry in 1996-97 using a FACStar Plus flow cytometer 

equipped with a 488 nm argon ion laser (BDIS, Spectra Physics, Mountain 

View, CA, USA). The samples were subsequently stored in 70% EtOh at -

20°C until we repeated the analyses to control for DNA quality before 

commencing with further analyses. This was done using a FACS Calibur laser 

flow cytometer (Becton Dickinson). The later ploidy analyses were in 

agreement with the original ones, indicating that storage of alcohol-fixed cell 

samples at -20°C for more than ten years did not impact on DNA quality. An 

example of the original DNA-analysis and the repeated analysis is presented 

in figure 11.  
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Figure 10: DNA-content of a diploid UC-lesion as measured by flow 
cytometry: A) original sample, measured by a FACStar Plus cytometer,        
and B) repeated measure using a FACS Calibur cytometer.  
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DNA isolation 

DNA isolation was performed using phenol, chloroform isoamyl alcohol 

(PCI), a very efficient method of DNA extraction, as it produces high-quality 

DNA of high molecular weight. This is useful for many downstream methods. 

Since our analyses were focused on telomeres, we   did not want excess 

stress to the DNA samples, so vortexing was done carefully, and a minimal 

amount of pipetting was done so as not to cause excess DNA-strand 

breakage. It has been demonstrated that PCI-based DNA isolation and high 

salt methods result in longer mean telomere length by qPCR analyses than 

does silica based spin column methods to isolate DNA [177].   

 

 

Telomere length evaluation 

Mean telomere length analysis  

 

Several methods exist for the analysis of telomere length. Each method 

has both advantages and disadvantages, and which method to choose will 

depend on the material and size of the population to be studied [179-181].   

 

Telomeric Restriction Fragment (TRF) assay is the oldest method of 

telomere length estimation. DNA is digested by restriction enzymes before the 

fragments are separated by gel electrophoresis and visualized by Southern 

blotting. TRF gives an estimate of telomere length [59] and might also 

underreport shorter telomeres in the measured sample, as not enough probe 

can bind to the shorter fragments [182].   
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Assessment of mean telomere length can also be performed using 

fluorescent hybridisation measured by a flow cytometer (Flow-FISH). With this 

method the fluorescent signal of a telomeric probe hybridized to telomeres in 

the sample is measured, together with measurement of cell size. The method 

requires calibration using cell lines with known telomere lengths [183] or by 

incorporating cell populations with known telomere length into the sample 

[184]. It is a rather efficient method of determining mean telomere length in a 

cell sample [184, 185]. Both methods however, require quite large amounts of 

DNA (TRF) or cells (Flow-FISH), and were therefore unsuitable for our rather 

sparse material. 

 

qPCR is a method for estimation of the mean telomere length by 

measuring telomeric signal and a single copy gene signal in comparison to a 

reference DNA sample [186]. As this method was used to examine mean 

telomere length in our samples it is discussed below.   

 

Mean telomere shortening cannot fully explain the telomere association 

with CIN and aneuploidy. Since excess shortening of one or more telomeres 

can cause both senescence and chromosomal rearrangement [74, 76], it has 

become clear that the frequency of critically short telomeres is also a feature 

to examine, along with mean telomere length.  
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Single telomere length analysis 

Quantitative fluorescent in situ hybridisation (Q-FISH) on metaphase 

spreads can detect critically short telomeres, but needs, as the name implies, 

metaphase spreads [187], the production of which are quite laborious. Q-FISH 

on interphase cells allows for telomeric measurements of interphase cells. 

Telomere length has also been measured from single cells in archival tissue 

in paraffin sections [188-190]. Q-FISH methods are in general limited by their 

labour-intensive nature. High throughput Q-FISH (HT Q-FISH) makes it 

possible to assess the telomeres in large sample series, by culturing cells in 

96-well plates, and applying the premises from interphase Q-FISH [191], but 

the method is thus dependent on viable, unfixed cells. 

 

Single Telomere Length Analysis (STELA) is a PCR-based method of 

quantifying individual telomeres[192]. STELA makes it possible to measure 

the variants of telomeric length comprised of individual chromosomes present 

in a DNA sample. As this method is PCR-based, it is not limited by the 

amount of DNA, or by the availability of live cells. This method anneals a 

linker, the Telorette, to the G-rich 3’ overhang of the telomere. This Telorette 

is further ligated onto the 5’ end of the complimentary strand, tagging the end 

of the telomere. The Telorette contains a known, non-telomeric sequence, 

enabling it to function as a primer site for the PCR reaction. The limiting agent 

for STELA is the upstream primer, as it needs the subtelomeric region to be 

known. The subtelomeric regions of human chromosomes have proven 

difficult to sequence, since they contain frequently-repeated sequences. 

Chromosomes also seem to share some of the subtelomeric sequences 

between them. This makes primer-design somewhat troublesome; and this 

procedure can only be applied to a limited set of chromosomes.  
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None of the above mentioned methods of measuring the shorter telomeres 

can give an estimate of the general distribution of the critically short telomeres 

in a DNA-sample, which is what Universal STELA can do.  

Universal STELA 

The Universal STELA, U-STELA, is an adaptation of the Single Telomere 

Length Analysis (STELA) [193]. The method suggests a way to avoid the 

limitation of chromosome specificity induced by the internal primer used in the 

original STELA. The U-STELA includes an additional annealing and ligation 

step, where a set of specially designed oligo-sequences: the panhandle 

oligos, are added to the proximal end of the telomere, prior to the Telorette-

oligo being ligated to the distal, single strand overhang of the telomere end. 

By including this additional ligation step, the method enables both ends of the 

telomeres to contain known sequences. Primers for both ends can then be 

facilitated, and the PCR will amplify all the telomeres from the sample 

analysed. The U-STELA workflow is outlined in figure 11.  



Methodological considerations

53 



Methodological considerations
    

 

54 

 

Figure 11: Principles of the U-STELA procedure: 

1) Extracted DNA is digested by restriction enzymes that cut the genomic 
sequence, and the subtelomeric region. 

2) The result is genomic fragments (grey) with similar sticky overhang at 
both ends, and telomeres (blue) with the telomeric G-rich overhang 
distally and a subtelomeric residue (light blue) containing the same 
sticky overhang as the genomic fragments, at the proximal end.  

3) Two specially designed panhandle oligos (light and dark green) are 
ligated to the constructed sticky overhangs. This gives rise to genomic 
fragments with panhandle oligos in both ends, and telomeric regions 
with panhandle oligos at the proximal end.  
A Telorette-oligo (turquoise) is next ligated to the G-rich overhang of 
the telomeres. 

4) An initial step to the PCR reaction fills in the panhandle oligos, making 
them double stranded. 

5) During PCR the genomic fragments form stable panhandles, due to the 
structure of the panhandle oligos ligated to both ends of the fragment. 
This structure has a high melting temperature, making the panhandle 
stable throughout the PCR-reactions, thereby suppressing amplification 
of the genomic fragments. 

6) For the telomeres the fill in works for only the proximal, subtelomeric 
end. Here it creates a primer site for the upstream primer, the Adapter 
(pink), initiating amplification of the telomere.  
A Teltail primer (purple) will in following PCR-rounds be able to use the 
PCR-product initiated by the Adapter, as a primer site. This gives rise 
to telomere products of different lengths reflecting the telomeres in the 
sample analysed.  

Modified from Aging Cell, Volume 9, issue 3, Laila Bendix, Peer Bendix 
Horn, Uffe Birk Jensen, Ivica Rubelj, Steen Kolvraa, “The load of short 
telomeres, estimated by a new method, Universal STELA, correlates with 
number of senescent cells”, pages 383-397, Copyright © 2010 Blackwell 
Publishing Ltd/Anatomical Society of Great Britain and Ireland, with 
permission from John Wiley and Sons. Figure legend is modified.  
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The Telorette chosen for the U-STELA method is assumed to cover about 

80% of the telomeres. Additionally, the nature of the PCR is such that there is 

a stochastic choice of templates during the first few cycles. We therefore 

performed 8 separate PCR-reactions per patient sample to be analysed. The 

mean value from these eight repeats was used as an estimate of the amount 

of ultra-short telomeres in the sample.  

 

We tested several PCR-settings. Several versions of elongation time were 

tested, as the number of shorter telomeres appeared to be quite high in our 

UC-samples. The PCR-products were separated using regular agarose gel 

electrophoresis in TBE (Tris-borate EDTA) buffer. TBE was chosen over TAE 

(Tris-acetate EDTA) because it has a lower risk of overheating during long gel 

electrophoresis, and also as it produces a better visualisation of smaller 

fragments. A U-STELA DNA separation runs for 2 hours, at 5 volts per gel cm, 

to ensure separation of fragments from 23 kb to fragments of less than 1 kb. 

Several percentages of gel were tested, along with several speeds for 

separation. The 0.85 % agarose gel was chosen as it gave good separation of 

the smaller fragments, and allowed for wandering of the longer fragments 

through the gel. 5V per gel cm was chosen to avoid too much heat to the gel.  

 

Southern blot analysis is a rather lengthy transfer procedure from agarose 

gel to membrane. We thus transferred the fragments from agarose gel to 

membrane by vacuum (VacuGene XL Vacuum blotting Systems; GE 

Healthcare). This ensures a rapid transfer of fragments, cutting the total 

procedure time by hours. The use of a vacuum blotter also maintains similar 

conditions through repeated analyses, considerably reduces the amount of 

transfer buffer used by the procedure, and ensures a more even blotting than 

achieved using traditional capillary force blotting. For a Southern blot there is 

a choice of using nylon or nitrocellulose membrane. We chose to use a nylon 

membrane, as it is slightly more durable than the nitrocellulose one and 
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allows for permanent linking of the DNA fragments to the membrane by UV for 

half a minute in a Stratalinker UV crosslinker (Stratagene), rather than by 

baking the membrane at 120°C for 30 minutes. A noteworthy feature 

concerning the nylon membrane is that it binds any lipids, all through the 

procedure. Fingerprints on a developed U-STELA membrane do nothing to 

enhance the interpretation of the telomere bands. To avoid unnecessary 

stress on the membranes as well as excess use of reagents, and to ensure 

similarity between the membranes, we used hybridisation tubes. 

 

Visualisation was performed by adding a digoxigenin (DIG)-labelled 

telomere probe (Roche) that binds to the telomere sequences embedded in 

the membrane. DIG can be visualized via chemiluminescence, using an anti-

DIG antibody and an alkaline phosphatase substrate, thus avoiding 

radioactivity.   

 

The U-STELA measures the amount of telomeres below a set threshold 

value. The issue of choosing a threshold value for counting telomeric bands 

provided some difficulties. UC-colonic mucosa is subjected to increased rates 

of proliferation, thus shortening the mean telomere length faster than can be 

expected of other tissue. Also, the mucosal cells in a UC-colon are exposed to 

elevated levels of oxidative stress that may cause abrupt shortening of one or 

a few telomeres. We initially set our threshold value at 1500 base pairs, but 

observed, in a high number of progressor cases, that the threshold value was 

covered by a smear of telomeric DNA rather than by discrete, separate bands. 

We therefore decided on a threshold level of 900 base pairs, as this was a 

length where most progressors displayed separate bands. Very few non-UC 

control samples displayed bands at this value. The separate bands visualised 

by the probe are considered to be single telomeres, amplified by the PCR. 

This required that we count any single band in the blot as a separate 

telomere, regardless of the strength of the signal.  
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By applying the estimation of a cell’s amount of DNA (approximately 8pg) 

U-STELA can be used for estimating the amount of ultra-short telomeres from 

the genome equivalent of a single cell. The bands from a sample are counted, 

and the number divided by the genome equivalent of the DNA added to the 

PCR-reactions. However, some of our samples included aneuploid 

populations, of which the very definition is abnormal DNA-content. Indeed, 

most of the aneuploid populations in our aneuploid samples had a DNA-index 

of 1.5 (meaning they contained 50% more DNA in their cells than in normal 

diploid cells).  The DNA-equivalent of these samples would therefore be more 

than 8pg, and estimations of the amount of ultra-short telomeres could thus 

be influenced by this factor. The most probable outcome of such an error 

would be an underestimation of the ultra-short telomeres within the aneuploid 

samples that would mask an association between ultra-short telomeres and 

development of aneuploidy. However, our samples were not sorted, and the 

aneuploid populations in the samples noted as aneuploid, comprised mostly 

5-10 % of the total cell count as analysed by flow cytometry. Considering both 

these factors, we concluded that the amount of aneuploid cells in our 

aneuploid samples was not enough to contribute any substantial errors   when 

estimating the amount of ultra-short telomeres. Rather, the high percentage of 

diploid cells in aneuploid samples could mask a possible association between 

aneuploidy and telomeres. We therefore decided not to calculate our results 

to a single cell level, and instead used our results to assess the load of ultra-

short telomeres within a sample of colonic mucosal cells harvested from an 

area of either a progressor or a nonprogressor patient. Our aim concerning 

aneuploidy was to assess the load of ultra-short telomeres within an area 

harbouring an aneuploid population. To further examine a possible 

association between ultra-short telomeres and aneuploidy it would be 

necessary to sort cells by DNA-content to achieve a pure population of 

aneuploid cells prior to DNA extraction, or to use unsorted samples where 

aneuploid cells comprise more than 50% of the cellular population.  
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As the telomere bands were counted manually, the counting also 

presented a potential dilemma of bias when knowing if the case was a 

progressor or a non-progressor. This was accounted for by having several 

colleagues count the number of short telomeres in a blinded test.  

 

The Universal STELA is a rather laborious method, demanding up to a full 

week before results can be obtained. When completed, it does not provide 

information on mean telomere length.  

 

Because of the PCR-design, this method is biased towards the shortest 

telomeres in the sample analyzed. It can not be trusted to reveal the mean 

length of telomeres, as the amount of longer telomeres is suspected to be 

under-represented. This is probably due to insufficient amplification. 

Additionally, U-STELA cannot provide any information about the chromosomal 

origin of the shortened telomere. 

 

However, we found it to be an elegant method of estimating the amount of 

ultra-short telomeres in a sample, thus providing information that  is of real 

importance, and that would be lost if several other methods available for 

analysing telomeres in a complex sample had been used. In cases where 

chromosomal origin of the telomere is not considered to be of high importance 

this is a valuable method, to be performed preferentially in combination with a 

method providing mean telomere length, such as qPCR. This is what was 

done in Paper I.  
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qPCR to assess mean telomere length 

Quantitative Polymerase Chain Reaction, qPCR, is a common method for 

analysing gene expression [194]. The qPCR based method of analysing mean 

telomeric length was presented in 2002 [186]. Several variants are later 

presented, to overcome methodological shortcomings of the initial method 

[179, 195, 196]. As is common with all PCR-based methods, it works using a 

minute amount of starting material and is easily applicable to large sample 

series. Telomere measurement by qPCR gives an estimation of mean 

telomeric length in a sample by analysing the amount of telomere sequence 

repeats (T) and comparing it to an internal control single copy gene (SCG). 

The ratio between T and SCG is then proportional to the mean telomere 

length for the sample analysed. The method is dependent on good quality 

DNA and concentration for accurate measurements.  

 

To avoid pipetting errors, the samples were pipetted by the Biomek FX 

laboratory station. Choice of a single copy gene for the analysis provided us 

with a dilemma, as some of our samples included aneuploid populations. The 

standardised SCG established for the Danish Aging Research Center, 

University of Southern Denmark in Vejle, was Tert (Taq-Man Copy Number 

Reference Assay, Applied Biosystems, Denmark). Tert is located on 

chromosome arm 5p5.33, a region frequently amplified in aneuploid colorectal 

cancers [117, 161]. We therefore also conducted the analysis using RNAse P 

(TaqMan Copy Number Reference Assay, Applied Biosystems, Denmark) as 

another SCG. RNAse P is located on chromosome arm 14q11.2, which is not 

frequently altered in colorectal cancers [117, 161]. When the two SCGs were 

compared, the ratios were consistent between them, except for 6 lesions, all 

aneuploid, and four were adenocarcinomas. As RNAse P is located in a 

genomic area that is less affected by aneuploidisation, we used the T/SCG-

ratio obtained from this analysis for our analyses of mean telomere length.  
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All samples were run in triplicates, and sample plates were run as 

independent duplicates. We registered an inter-assay coefficient of variation 

(CV) of 10.5% using the RNAse P as SCG, and a CV of 11.3% for TERT as 

SCG. The inter-assay CV value reports on the consistency between the 

plates. The values from our analyses are somewhat high, as the noted, typical 

CV for telomere length estimation by qPCR is 6-7% [197, 198]. This typical 

CV is however derived from a study on cultured leucocytes, and we can thus 

speculate that a pooled variety of colonic mucosal cells will give a slight 

increase in CV as compared to cultured cells. The elevated CV could also 

indicate a slight impurity in our samples, possibly due to low amount of 

starting material for DNA isolation or pipetting errors. Both are factors to 

consider when evaluating qPCR CV-values .It might also be an effect of long 

term storage of cells, as storage can influence CV-values for T/SCG-qPCR 

[199]. A potential source of elevated CV-values could also be in our use of the 

7900HT Fast Real-Time PCR system, as this system has a plate position 

effect that might increase the CV-values.   
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Immunohistochemistry for hTERT, p53, and 

Aurora A proteins 

Tissue preparation 

Immunohistochemistry (IHC) facilitates the binding of a labelled antibody 

to the protein of interest. By combining anatomical, structural analysis with 

immunological techniques, the method can enable the localisation of protein 

expression in a tissue sample [200]. Quality immunohistochemical results are 

dependent on proper cell structure preservation. It is thus essential that the 

tissue of interest is rapidly preserved, either by freezing at -80°C, or by 

fixation in either ethanol or formalin (a ~40% solution of formaldehyde, diluted 

to 4%). This will ensure the preservation of morphological structures and 

prevention of tissue decay. Ethanol fixation leads to coagulation of tissue 

proteins, and produces a morphology that is not as well preserved compared 

to fixation in formalin. Preservation in formalin induces some molecular 

alterations, such as the formation of methylene (-CH2-) bridges, or cross-links, 

between nucleic acids and proteins, and between proteins [201]. This cross-

linking may mask the antigen epitopes by altering protein structures [202], 

thus antigen retrieval methods are needed to make the antigen available for 

antibody binding in subsequent immunohistochemical stainings.  

 

Fixed tissue is further embedded in paraffin which enables long term 

storage of the sample. Embedding also facilitates easy sectioning of the 

tissue. For protein examination sections of 4-5 m are cut using a microtome.  

Sections are mounted on microscope slides that are coated with an adhesive, 

such as poly-L-lysine. These slides can be stored at 4°C.   
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Our analyses of hTERT and Aurora A expressions were conducted on 

tissue micro arrays (TMAs), whereas p53 expression was assessed using 

whole sections of formalin-fixed paraffin-embedded (FFPE) tissue. Whole-

section staining of p53 was decided upon because p53 staining has a 

heterogeneous distribution throughout tumour tissue (random areas of 

positivity and negativity). Tissue cores removed from these areas in a TMA 

could lead to possible scoring errors with an increase in false negatives if the 

scoring was done on TMA cores sampled from a negative area.    

 

TMAs are made by taking core needle biopsies (usually with core size 0.6-

3.0 mm in diameter) from a donor paraffin-embedded tissue block, and 

embedding them into a recipient paraffin block. Two or three cores from a 

donor block are sufficiently representative for analysis of protein expression in 

a tissue sample, comparable to a whole section of the entire tissue [203, 204]. 

Our TMAs consisted of at least three cores from each patient sample. The 

making of a TMA requires an experienced pathologist to evaluate the donor 

tissue sample and to mark the areas suitable for core sampling.  

 

In performing IHC-analyses TMAs have certain advantages. The method 

facilitates the analysis of large tissue cohorts in a cost effective and time-

saving manner. It also ensures identical staining and procedural conditions for 

the range of samples analysed. TMAs of colonic mucosa do not display the 

full colonic crypts, and this was cause for some concern when choosing 

section-material for protein expression analysis. However, both hTERT and 

Aurora A protein expression displayed sufficiently homogeneous distribution 

in stained whole sections for TMAs to be deemed suitable for expression 

analyses of these proteins. For our analyses, cells with positive nuclear 

staining were counted. For p53: at least 1000 cells chosen randomly were 

counted, and for the for the TMAs: at least 300 randomly chosen cells were 

counted from each core biopsy analysed.  
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Antibodies and antigen retrieval 

hTERT immunohistochemistry has been shown to be somewhat 

troublesome, published reports have used antibodies that are no longer 

commercially available or even antibodies that have been shown to bind to 

other antigens [205]. For analysis of hTERT expression in our UC-colonic 

mucosal cells, a range of commercially available antibodies were tested, and 

any antibody that produced cytoplasmic staining was excluded. We found that 

mouse monoclonal ab518 (Abcam, Cambridge, UK), produced clear, nuclear 

staining with excellent reproducibility. It also resulted in the correct size 

protein on a western blot analysis: 127 kD. Antigen retrieval for tissue fixed in 

formalin includes heat exposure to destroy the cross-linking. This can be 

achieved using pressure cooking, autoclaving, steam heating or microwaving. 

In our lab microwaving is the method of choice for antigen retrieval, since it is 

an easily accessible method and allows for easy adjustment of heat exposure 

to accommodate examination of different proteins. Antigen retrieval of hTERT 

and p53 was conducted in citrate buffer. Tris-EDTA was used for antigen 

retrieval for Aurora A.  

 

p53 immunohistochemistry were performed as is the established routine in 

our laboratory[132], using mouse monoclonal Ab-2 ((Pab 1801) Oncogene 

Research Products, Cambridge MA, USA). This antibody has produced 

consistently good results of nuclear staining.  

 

Aurora A immunohistochemistry was performed using a mouse 

monoclonal antibody, NCL-L-AK2 (Novocastra, Newcastle, UK). This 

produced minimal background staining and a protein size on a western blot 

analysis at 46 kDa [206].   
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Mutation analyses for TP53 

 

Several methods are available for the detection of point mutations and 

single base substitutions, deletions, or insertions. Choosing the appropriate 

method is dependent on a range of parameters, such as the kind of specimen 

to be analysed, size of the fragment, number of potential mutations in the 

sequence, and the suspected ratio between wild-type and mutated version of 

the alleles. The different methods used for detection are mainly based on the 

principles of heteroduplex DNA cleavage, or separation of double strand DNA 

fragments on denaturing gels. Mutations may also be identified by sequencing 

the PCR-products directly, however this may be complicated by the base-

pairing error frequency of the polymerase used, and is not a suitable method if 

the target gene has few mutated alleles in an excess of wild-type alleles [207, 

208].  

 

Heteroduplexes are DNA strands containing a noncomplementary base 

pair. These may be generated by denaturation and subsequent reannealing of 

wild-type and mutant DNA fragments after PCR amplification. Homo- and 

heteroduplexes may then be distinguished by their migratory abilities through 

nondenaturing polyacrylamide gels by gel electrophoresis. Heteroduplexes 

may also be subjected to cleavage, and separation through denaturing gel 

electrophoresis. Cleavage of the fragments can be performed chemically,  by 

enzymes, or by RNase. Mismatches in heteroduplexes may also be detected 

by mismatch binding protein association. The DNA fragments are then 

incubated with mismatch binding proteins. The bound and unbound DNA 

fragments’ are then distinguishable by mobility shift electrophoresis [209]. 

These methods are generally limited by the amount of mutations detected. 

Chemical cleavage is generally more sensitive, but limited by the use of toxic 

substances [207]. 
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Denaturing gradient or temperature gradient gel electrophoresis (DGGE or 

TGGE respectively), use an increasing chemical or thermal gradient with gel 

electrophoresis of double stranded DNA. Wild-type and mutated DNA 

fragments will display different migratory capability, due to differences in the 

melting temperature of the DNA strands. Mismatched base pairs will alter the 

melting temperature of the DNA fragment. The method can detect both wild-

type and mutant homoduplexes, as well as heteroduplexes, but is limited by 

laborious optimisation and stringency of temperature [207, 208, 210]. 

Constant denaturant capillary electrophoresis (CDCE) uses polyacrylamide 

gel filled capillaries [211-213], thus making the method suitable for higher 

throughput analyses. The method is however still somewhat limited by 

stringent temperature control.  

 

Cycling temperature capillary electrophoresis (CTCE) 

 

By cycling the temperature several degrees around the calculated melting 

temperature of the sequence to be analysed, the wild-type and mutated 

sequences can be separated, without the need for stringent temperature 

control. This cycling temperature also reduces the amount of optimising 

needed, and facilitates the analysis of multiple target sequences in the same 

run [208].  

 

We performed CTCE on exons 5-8 of TP53. Exons 5-8 are known 

mutational hotspots for point mutations in the TP53 sequence. Further 

analyses should thus focus on the mutations outside these hotspots, and also 

on sequencing the mutations already detected.  
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Statistical considerations 

 

Proper statistical handling of empirical data generated in an experiment is 

crucial to drawing valid, scientific conclusions. The field of biostatistics today 

is complicated, and dependent on powerful computer tools to investigate 

hypotheses and possible correlations. The complete understanding of 

biostatistics and statistical analysis of biomedical data is thus not possible for 

the individual researcher in general, and collaboration with biostatisticians is 

essential for many research projects.  

 

In statistics a null hypothesis proposes what is assumed to be true. The 

null hypothesis assumes no difference between the variables tested, and 

needs a 95% certainty that the data do not comply with the hypothesis to be 

rendered false. Formulating the null hypothesis is an essential step in testing 

the statistical significance of a result; the possibility that a result did not 

happen by chance. 

 

After formulation of the null hypothesis there comes the choice of 

statistical methods. Our data were obtained from a set of colectomies, all 

contributing with more than one biopsy. Multiple entries per subject analyzed 

will generally induce a set of errors following the natural variance between 

individuals. These interpatient variations could then mask significant 

associations between the parameters we aimed to study, or induce incorrect 

significances as our sample set included a limited set of patients.  
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To compensate for the repeated measurements several methods have 

been introduced. Most are limited by discarding all subjects with even one 

missing measurement, which would be rather disastrous for our studies as we 

operate with small sample sizes. The linear mixed model (LMM) will handle 

missing values by applying a “missing-at-random” definition, an invaluable 

point to our study of multiple biopsies from each patient, with not all being full 

sets of eight measurements for all parameters. LMM also incorporates both 

fixed and random effects, giving the result as the sum of these effects. A 

limitation to the method is that it is bound to the use of mean values, where 

median values could sometime be preferential to analyzing smaller sample 

sizes. The use of mean or median is usually dependent on the data 

distributions, thus evaluation of whether the data presents as Gaussian 

(normal) or non-Gaussian distributions. 

 

In the first paper the material was limited to only a subset of the 30 

patients, and we started by using non-parametric t-tests and one-way ANOVA 

to examine the relationship of telomere data to the morphological traits 

investigated. LMM was introduced when we combined fixed and random 

effects for the main analysis of distribution differences of telomere data 

between progressors and nonprogressors. The p-values were still significant. 

LMM was thus the preferred method throughout our studies. 

 

In paper II we also applied cross tabulation analysis and Pearson’s Chi-

square test to assess any correlation of TP53 mutation status and p53 protein 

positivity within the progressors. Both factors are reported in a categorical, 

dichotomous manner and a cross tabulation is a simple way to investigate any 

interaction between two survey points.  
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Summary of results
 

Paper I:

Telomere shortening correlates to dysplasia but not to DNA 
aneuploidy in longstanding ulcerative colitis 

Ulcerative colitis patients have an elevated risk of developing colon 

cancer, and the risk factors are still not fully known. There is also no current 

method of distinguishing a patient who will progress to dysplasia and cancer 

from one who will not. The colonic mucosa of ulcerative colitis patients is 

subjected to rapid cell turnover and elevated levels of oxidative stress. Both 

can induce rapid shortening of telomeres. Telomere shortening is associated 

with both dysplastic development and the induction of chromosomal instability 

(CIN) and aneuploidy. However, it has been suggested that it is not the bulk 

shortening of telomeres that may induce CIN and aneuploidy, but rather the 

shortening of one or a few telomeres: ultra-short telomeres.  

 

It would then be of interest to examine the distribution of the shortest 

telomeres in a sample, in addition to the mean telomere length. We applied a 

rather novel method designed for assessing the amount of ultra-short 

telomeres: the Universal STELA, to samples collected from a set of 

progressor and nonprogressor UC colectomies. The amount of ultra-short 

telomeres was measured along with mean telomere length using qPCR. We 

then assessed the results between progressors and nonprogressors. Within 

the progressors we also compared aneuploid lesions to diploid lesions, as 

well as dysplastic lesions to non-dysplastic lesions. 
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We found that the amount of ultra-short telomeres was significantly 

elevated in progressors compared to nonprogressors. Mean telomere length 

did not differ between the two groups. Within the progressor cases mean 

telomere length was reduced in dysplastic mucosa, whereas the amount of 

ultra-short telomeres was increased. We found that telomere shortening did 

not associate with aneuploidy in our samples.  

 

Based on our findings, we suggest that the amount of ultra-short telomeres 

might be a possible biomarker for detection of a UC-progressor. 
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Paper II:

TP53/p53 alterations and Aurora A expression in progressor
and nonprogressor colectomies from patients with 
longstanding ulcerative colitis. 

 

Aneuploidy is assumed to be caused by missegregation of chromosomes 

during mitosis, often due to a faulty spindle assembly checkpoint. p53 is a 

tumour suppressor protein known to regulate the spindle assembly 

checkpoint, and is frequently mutated in aneuploid cells. Aurora A is a 

presumed oncoprotein, also involved in regulation of the spindle assembly 

checkpoint. A negative regulatory feedback loop involving p53 and Aurora A 

has been reported. In this study we examined the mutational frequency of 

TP53, and the p53 positivity and Aurora A expression in UC progressors and 

nonprogressors. Within the progressors we further examined the expression 

of Aurora A in association with mucosal morphology and aneuploidy.  

 

We did not detect any correlation between TP53 mutations and p53 

positivity, and p53 positivity was only detected within the progressor colons. 

TP53 mutations were detected in both progressors and nonprogressors. 

Furthermore, we did not observe any differences in Aurora A expression 

between the progressors and nonprogressors. These results may indicate the 

presence of a functional p53, and thus possibly a senescent protection 

mechanism in the nonprogressors. The presence of TP53 mutations in areas 

revealing no p53 positivity may be indicative of a mutation prior to 

development of LOH. 
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Within the progressors we detected decreased p53 levels in lesions 

harbouring aneuploid populations. Aurora A levels decreased with increasing 

severity of dysplasia in the mucosal morphology and with aneuploidy. Lesions 

positive for p53 also displayed decreased levels of Aurora A. All 

adenocarcinomas displayed elevated levels of Aurora A, in accordance with 

previous publications. It is possible that elevated levels of Aurora A 

expression may be involved in a protective mechanism, such as oncogene-

induced senescence. The findings of decreased Aurora A levels in lesions 

positive for p53 are consistent with a scenario where only wild-type p53 

regulates Aurora A. 

 

The study suggests that Aurora A is not a suitable biomarker for detection 

of a progressor, but that p53 expression may be promising in the search for 

biomarkers identifying a UC-progressor. 
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Paper III:

Reduced hTERT protein levels are associated with DNA 
aneuploidy in the colonic mucosa of patients suffering from 
longstanding ulcerative colitis. 

 

Telomerase activity is frequently reported in cancerous cells, but is 

deactivated in most healthy, somatic cells. Activation of telomerase can 

enable replicative immortality, resulting in an accumulation of genetic 

alterations, which in turn can contribute to the development of cancerous 

cells. In UC reduced as well as increased telomerase activity have been 

reported. hTERT, the catalytic subunit of telomerase, is suggested to be the 

limiting factor for telomerase assembly and thus function. In this work, we 

applied immunohistochemistry (IHC) to examine the levels of hTERT within a 

set of progressor and nonprogressor UC colectomies. Protein levels in the 

progressors were also examined in association with aneuploidy and 

advancing stages of dysplasia; cancerous lesions were excluded.  hTERT 

levels were also assessed in association with the levels of the proliferation 

marker Ki67.  

 

Protein levels of hTERT did not differ between progressors and 

nonprogressors. Within the progressors we did neither notice any association 

between hTERT levels and ploidy-status, nor between increasing degrees of 

dysplasia. However, within each of the advancing degrees of dysplasia 

aneuploid lesions showed less hTERT expression than diploid lesions, 

indicating that lower levels of hTERT are associated with aneuploidy, when 

the confounding factor of mucosal morphology is accounted for. We also 

detected an association between hTERT levels and Ki67 expression within 

the nonprogressors. This association was lost in the progressors, even when 

including only the diploid, non-dysplastic progressor lesions. This may 

indicate that the association is a possible protective mechanism against the 

development of malignant traits in a UC-colon.  
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General discussion
 

 

This chapter presents an integrated discussion of the results in relation to 

the aims of this thesis; specific discussions of the individual results of each 

study are provided in the specific articles.  

 

Our initial idea for this project was to examine telomeric differences 

between sorted aneuploid and diploid populations of sporadic colorectal 

cancers. Following manual disaggregation of sporadic colorectal tumours and 

isolation of nuclei for DNA flow cytometry, the nuclei were sorted using a 

FACS DiVa flow cytometer. DNA isolated from the sorted nuclei was 

unfortunately not suitable for U-STELA analyses, regardless of the method 

used to retrieve DNA. Due to this problem, areas containing aneuploid and 

diploid populations from ulcerative colitis colectomies were instead chosen for 

U-STELA-analysis. These colectomy samples were resected in the 1980s and 

90s, thus some cell-suspensions were lacking, due to previous analyses that 

had utilized and depleted some patient samples.  

 

Initial analyses in Article I compared aneuploid to diploid, and dysplastic to 

non-dysplastic lesions from UC-colectomies. During these analyses we did 

not consider progressors and nonprogressors, and all lesions included in our 

initial tests were considered as separate, independent entries. However, the 

material used for this study comprises colectomies all yielding at least eight 

lesions, and curiosity as to whether the amount of ultra-short telomeres was 

dependent on colonic location spurred the analysis of all eight lesions from 

colons including both diploid and aneuploid lesions, of dysplastic and non-
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dysplastic morphology. As controls we included lesions from colectomies 

where no dysplastic lesions had been reported upon examination by two 

experienced pathologists. This separation of colectomies based on dysplastic 

traits is also seen in the UC-literature, introducing us to the terms progressors 

and nonprogressors [18, 90, 214].  

 

Advice from a statistician made us aware that our initial analysis, treating 

all included lesions as independent entries, might result in patient differences 

that could perhaps mask genuine effects. We thus conducted linear mixed 

model analyses (LMM), where patient differences were accounted for. As the 

results seen by our initial analyses were still valid, they were published in the 

first article included in this thesis, together with results of the LMM.  

 

For Articles II and III, the aim was to investigate selected proteins 

associated with telomere regulation and cell division, using IHC on formalin 

fixed patient material. Both articles include a set of 20 progressors and 10 

nonprogressors. 

 

In Article II, that reported our findings of Aurora A and p53, we found a 

significant decrease in the protein levels of Aurora A that was associated with 

increasing degrees of dysplasia, followed by an increase in the Aurora A 

levels in the adenocarcinomas. This inspired a separate analysis where we 

divided the colectomies by the presence or absence of an adenocarcinoma. 

Article III reported our findings on hTERT-levels. No differences were 

detected in hTERT levels between precancerous and cancerous lesions. We 

therefore found it more interesting to analyse the pre-cancerous lesions from 

the included UC-colectomies, excluding the adenocarcinomas.  
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All patients suffering from UC are subjected to recurring periods of active 

inflammation and can thus be assumed to endure elevated levels of oxidative 

stress to the colonic environment. None the less, only some progress to 

presenting DNA aneuploidy, dysplasia, or to the utmost consequence: 

adenocarcinoma.  

 

Classifying of progressors and nonprogressors is a way of distinguishing 

patients suffering from UC, based on the detection of dysplastic changes or 

not [18]. In our investigations we also included the detection of aneuploid 

populations as a progressor trait, as it is acknowledged as a precursor for 

malignancies in UC [19, 215]. This additional trait did not add any patients to 

the progressors on behalf of the nonprogressors, as we found that none of the 

colectomies harbouring aneuploid areas were void of any dysplasia. 

Aneuploid populations were detected in dysplastic as well as non-dysplastic 

areas, and colons presenting areas with aneuploid populations and displaying 

but one lesion indefinite for dysplasia were thus considered progressors.  

 

All UC patients theoretically endure the same prerequisites for advancing 

to progressors, as they all experience extensive periods of active 

inflammation. However, the fact is that only a subset of patients with 

longstanding UC, estimated to about 10 %, will develop dysplasia. It is 

suggested that nonprogressors may have a more functional DNA damage 

repair system compared to progressors [32, 164]. Also: overexpression of 

hTERT has been shown to enhance antioxidant defence mechanisms against 

oxidative stress-induced damage in cancer cells [164, 216, 217]. Perhaps 

elevated telomerase activity levels might render nonprogressors less prone to 

oxidative stress-induced DNA-damage. Given the multifactorial pathology of 

UC, with the implications of molecular changes, immune responses and 

probable genetic susceptibilities [2, 10, 17, 218], it is suspected that individual 

patient differences will account for whether a patient will progress or not. 
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However, as statistical analyses would then be made virtually impossible by 

the numbers of patient categories, the collective terms progressors and 

nonprogressors were used. Our studies focused on elucidating similarities 

and differences between patients grouped according to these two terms.  

 

We found that progressors and nonprogressors revealed similar levels of 

mean telomere shortening, and that hTERT and Aurora A protein levels were 

equally elevated (apart from individual differences as mentioned above) 

between the two groups. These results allow us to speculate whether both 

progressors and nonprogressors endure similar telomere attrition. All patients 

had endured UC for more than 10 years, a probable explanation for the lack 

of difference between the two groups [87]. The main differences detected 

were significantly elevated levels of ultra-short telomeres and also areas of 

p53 positivity in the progressors. 

 

The enhanced levels of Aurora A in combination with no detectable p53 

accumulation throughout the nonprogressors may be interpreted as 

upregulated SAC activity, possibly due to enhanced proliferation that is known 

to occur in UC-colonic mucosa [85, 86]. Most nonprogressors will thus 

probably possess an intact spindle assembly checkpoint (SAC). If checkpoints 

are intact, any telomere shortening past a certain point will most likely be 

detected as an anomaly and the cell will be sentenced to a senescent state by 

pathways involving p53, in the telomeric induced senescence.  This enhanced 

proliferation rate may at the same time contribute to an upregulation of the 

SAC activity and Aurora A expression. As an additional protective mechanism 

of the nonprogressor, the detected, elevated levels of hTERT may then be 

active in a non-telomeric mechanism, strengthening the cells antioxidant 

defence ability against oxidative damage.  
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Lack of correlations between mutation of TP53 and detected protein 

accumulation of p53 has been shown for UC-progressors previously [219]. 

Mutations in TP53 are proposed as an early marker for malignant 

development in UC, whereas p53 loss of heterozygosity (LOH) may be a later 

trait more closely associated with DNA aneuploidy [144, 220]. We find our 

results of detected TP53 mutations without correlation to detectable p53 

positivity in the progressors, as well as TP53 mutations detected in the 

nonprogressors where no p53 positivity was registered, consistent with these 

studies.  

 

 Our analyses comprised mutations in the exons 5-8. We noticed that the 

majority of mutations detected in the nonprogressors were in exon 5, whereas 

all examined mutational sites were detected in the progressors, with no 

discernible pattern emerging (unpublished data). These data lead us to 

speculate as to the types of mutations in exon 5 (missense or nonsense) and 

their impact on p53 accumulation. This could be elucidated by extended 

analyses and also sequencing. Unfortunately these extended analyses were 

not performed in our studies. 

 

Overall, the progressors differed from the nonprogressors by two of the 

parameters investigated in this thesis; the load of ultra-short telomeres was 

significantly elevated in the progressors, and accumulation of p53 was 

detected in a percentage of the lesions examined. Together, these results 

could support the theory of a better DNA-repair function and defence against 

oxidative damage in the nonprogressors, as also suggested by others [32]. In 

the overall comparison of progressors and nonprogressors, we detected no 

difference in hTERT levels, which perhaps would not support the position of 

hTERT as an antioxidant strengthening effect.  
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However, the progressors will comprise a more heterogeneous set of 

lesions than the nonprogressors, since a lesion may be aneuploid or diploid 

as well as dysplastic or non-dysplastic. Also adenocarcinomas may present a 

completely different biology. All of these factors need to be considered, and 

the lesions should therefore be analysed as separate categories within 

progressors. The progressor lesions were thus divided according to 

morphologic as well as DNA-ploidy related differences. All analyses also 

included the overall possibility of patient variation.  

 

The diploid, non-dysplastic lesions of the progressors differed from those 

of the nonprogressors with regards to the amount of ultra-short telomeres. 

The progressor lesions that should, in theory, not differ from the 

nonprogressors had statistically significant increased numbers of these 

critically shortened telomeres. Mean telomere length, hTERT levels, and 

Aurora A levels did not present any differences when comparing the diploid, 

non-dysplastic progressor lesions to those of the nonprogressors.  

 

The amount of ultra-short telomeres did not differ between the separate 

parameters investigated within the progressors. We thus speculate that 

differences in amount of ultra-short telomeres as detected by U-STELA 

between progressors and nonprogressors may be an indication that the 

progressors endure more stress to the cellular environment than the 

nonprogressors, even if the lesion investigated is diploid and not presenting 

any dysplasia. The lesions included in the category of diploid, non-dysplastic 

progressor areas included lesions from colectomies with one single dysplastic 

area to colons harbouring only one, single non-dysplastic area. Also, origin of 

the lesion, with respect to distance from dysplasia, was not taken into 

consideration. Differences in molecular biology between non-dysplastic 

lesions distal and proximal to a dysplasia have been reported [164]. The 

progressors also varied in the amount of aneuploidisation through the colon. 
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This may also be a contributing factor to the amount of ultra-short telomeres 

detected in the diploid, non-dysplastic lesions, as pancolonic genomic 

instability and aneuploidy have been reported prior to dysplasia and cancer in 

UC [47, 48, 56, 141, 221, 222].  

 

Within the progressors included in our studies, aneuploid lesions were 

associated with lower levels of Aurora A and hTERT compared to diploid 

lesions, without any effect detected within the telomeric parameters 

examined. The lesions containing aneuploid populations also contain diploid 

cells. In most of our aneuploid samples the diploid cells accounted for the 

majority of the sample. This may mask any differences in telomere 

parameters between aneuploid and diploid populations, especially concerning 

the results seen in telomere shortening.  It can thus be speculated that any 

changes associated with difference in DNA-ploidy status, detected in the 

areas examined are early alterations as it was most likely detected in the 

diploid DNA, as well as the aneuploid DNA. It is then possible that lowered 

levels of Aurora A and hTERT are implicated in the initiation of field 

aneuploidisation. As hTERT levels in diploid non-dysplasia were not 

statistically distinguishable from nonprogressors, and levels were decreased 

in aneuploid lesions compared to diploid lesions of all degrees of dysplasia 

examined. We also detected higher levels of hTERT expression in progressor 

colons not harbouring adenocarcinomas, compared to progressors with 

adenocarcinomas, yet to no statistically significant degree (unpublished data). 

These findings may support the possibility of elevated levels of hTERT acting 

as a protective mechanism against damage caused by excess oxidative 

stress [216]. 
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As aneuploidy can develop through CIN and BFB-cycles, an additional 

speculation may be that telomere bridging and rearranged chromosomes can 

mask formation of even more ultra-short telomeres. The amount of the ultra-

short telomeres detected in progressor lesions can then enable further 

rearrangement and BFB-cycling. The decreased levels of Aurora A might 

point to a decreased activity in the SAC-complex. All may be implicated in the 

development of an aneuploid population. A causative effect, however, can not 

be determined from our retrospective study using archival material. 

 

Dysplasia may be divided according to degree of severity, and UC-related 

colon cancer is though to develop in a multistep fashion through advancing 

degrees of dysplasia. We divided the dysplastic lesions of our material 

according to degree of dysplasia, and assessed the status of each parameter 

analysed accordingly. Based on this it seems that increasing degrees of 

dysplasia have similar amounts of ultra-short telomeres, decreased mean 

telomere length, and decreased levels of Aurora A. hTERT seem to associate 

more with DNA-ploidy status than with dysplastic development. We did not 

assess the potential impact of location of the dysplastic lesions through the 

colon, apart from a preliminary analysis showing no difference in any of the 

parameters studied through the locations within a colon (unpublished data). 

We thus speculate that dysplasia may develop though shortening of mean 

telomere length and a non-functional SAC. The amount of ultra-short 

telomeres seems to be generally elevated in the progressors, regardless of 

degree of dysplasia and DNA-ploidy status. This may indicate that ultra-short 

telomeres can be a driver of progression by rearranging the genome through 

telomeric ends too short for assembly of the telomeric T-loop and the shelterin 

proteins. A protective mechanism through elevated hTERT expression as 

detected in the diploid lesions might be suggested for UC-colonic mucosal 

cells, as we detected elevated levels in diploid lesions of all dysplastic 

degrees, regardless of other parameters measured.    
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The differences detected between progressors and nonprogressors by U-

STELA suggest that the amount of ultra-short telomeres may be a promising 

biomarker for identification of a UC-progressor colon. This suggestion is 

further supported by the lack of differences detected within the parameters 

studied in the progressors, indicating a certain robustness of the amount of 

ultra-short telomeres as a potential biomarker, and of the U-STELA method in 

detecting a progressor.  
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Conclusions and future
perspectives

 

 

In paper I we reported that the amount of ultra-short telomeres detected in 

the colonic mucosa of progressors is significantly elevated compared to that 

of nonprogressors, whereas no difference was detected in the mean telomere 

length of the colonic mucosa between these two groups of UC patients. We 

thus suggest that the amount of ultra-short telomeres may be a useful 

biomarker of a UC-progressor.  

 

In paper II we reported that p53 positivity detected by IHC was observed in 

progressors alone, whereas TP53 gene mutations were detected in both 

progressors and nonprogressors. Aurora A protein levels were decreased in 

lesions harbouring aneuploid populations as well as in dysplastic lesions, and 

increased significantly in adenocarcinomas. From this we speculate if 

elevated levels of Aurora A indicate elevated SAC-activity, or if it may be 

implicated in oncogene induced senescence. We also suggest that p53 

protein accumulation may be a potential biomarker of a UC-progressor. 
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In paper III we reported that protein levels of hTERT were associated with 

the presence of aneuploid populations in the progressors, and that no 

difference in hTERT levels was seen between the diploid, non-dysplastic 

lesions of progressors, compared to the areas of the nonprogressors. 

Furthermore, an association between hTERT levels and the proliferation 

marker Ki67 was seen within the nonprogressors only. We thus speculate that 

an association between hTERT and Ki67 may have a protective effect against 

malignant development. We also speculate if elevated levels of hTERT may 

be involved in the defence against damage caused by oxidative stress.  

 

Future studies should continue investigations of the amount of ultra short 

telomeres. Our analyses were somewhat limited by the sample size. If the 

amount of ultra-short telomeres is to be used as a biomarker for progressor 

colons, a study with a larger sample size is needed to confirm the significant 

associations detected. It might also be of interest to test the U-STELA method 

using blood samples. If differences in the load of ultra-short telomeres could 

be detected in blood samples of UC-patients, unnecessary invasive 

procedures to obtain colon biopsies could be avoided in the future.  

 

Future studies should use the U-STELA method on sorted aneuploid and 

diploid UC-populations, or on a set of unsorted aneuploid lesions that contain 

more than 50% aneuploid cells. We would also like to expand the sample size 

to include a set of patients with disease onset past 50 years old, as well as a 

set of patients with disease duration less than ten years. It has been shown 

that disease traits may be different in patients developing UC after the age of 

50, compared to patients with UC developed during young adulthood [223, 

224], and that telomere attrition occurs mainly within the initial decade [87, 

88].  
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Further analyses of telomeres and telomere-associated biomarkers, 

should also include studies of DNA damage, through examination of 

phosphorylation of histone H2AX. In its phosphorylated form, -H2AX, it is a 

biomarker for DNA-strand breaks, and has been reported to increase in 

senescent cells [225]. As a continuation of the hTERT-analyses, sequencing  

hTERT from nonprogressors as well as in the different lesions of the 

progressors, would be interesting to investigate if splice site differences can 

be detected and further investigated for a role in the progression towards 

malignancies [226]. Extended analyses of the mutations detected in TP53, to 

investigate the possibility of mutations in exons other than the ones included 

in this study would also be interesting. It may be valuable to sequence the 

mutations detected, in order to examine whether nonprogressors and 

progressors harbour different types of TP53 mutations.  

 

Senescence has been identified as a potent preventive mechanism 

against malignant development, and is induced by several pathways. Both 

telomere shortening and oncogenes are identified as possible inducers of 

senescence. We found that the amounts of ultra-short telomeres are elevated 

in nonprogressors compared to non-UC colon mucosal cells, and even more 

ultra-short telomeres are present in the progressors. From this we speculate if 

senescence might be a protective mechanism present in the nonprogressors. 

To investigate this possibility we aim to examine the protein expression of 

possible senescence markers by IHC. Candidate genes of interest are at 

present the Insulin-like growth factor-binding protein 7 (IGFBP7), a 

senescence associated secreted factor, which seems to be associated with 

escape of p53-induced senescence in sporadic colon cancers [227], and 

Senescence-Associated -Galactosidase (SA- -Gal), the current, most 

common marker for senescence, and also readily detectable by IHC analyses 

[228]. In addition to separately analysing these candidate genes, we would 

like to perform combination analyses, as we believe a possible biomarker may 

lie in network differences within the progressor and nonprogressor UC-colons.  
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Telomere shortening correlates to dysplasia
but not to DNA aneuploidy in longstanding
ulcerative colitis
Mariann Friis-Ottessen1,5*, Laila Bendix2, Steen Kølvraa2, Solveig Norheim-Andersen3, Paula M De Angelis1

and Ole Petter F Clausen1,4

Abstract

Background: Ulcerative colitis (UC) is a chronic, inflammatory bowel disease which may lead to dysplasia and
adenocarcinoma in patients when long-lasting. Short telomeres have been reported in mucosal cells of UC patients.
Telomeres are repetitive base sequences capping the ends of linear chromosomes, and protect them from erosion
and subsequent wrongful recombination and end-to-end joining during cell division. Short telomeres are associated
with the development of chromosomal instability and aneuploidy, the latter being risk factors for development of
dysplasia and cancer. Specifically, the abrupt shortening of one or more telomeres to a critical length, rather than
bulk shortening of telomeres, seems to be associated with chromosomal instability.

Methods: We investigated possible associations between dysplasia, aneuploidy and telomere status in a total of
eight lesions from each of ten progressors and four nonprogressors suffering from longstanding UC. We have
analyzed mean telomere length by qPCR, as well as the amount of ultra-short telomeres by the Universal STELA
method.

Results: An increased amount of ultra-short telomeres, as well as general shortening of mean telomere length are
significantly associated with dysplasia in longstanding UC. Furthermore, levels of ultra-short telomeres are also
significantly increased in progressors (colons harbouring cancer/dysplasia and/or aneuploidy) compared to
nonprogressors (without cancer/dysplasia/aneuploidy), whereas general shortening of telomeres did not show
such associations.

Conclusions: Our data suggest that ultra-short telomeres may be more tightly linked to colorectal carcinogenesis
through development of dysplasia in UC than general telomere shortening. Telomere status was not seen to
associate with DNA aneuploidy.

Keywords: Ulcerative colitis, Ultra-short telomeres, Mean telomere length, DNA-aneuploidy, Dysplasia

Background
Telomeres are specialized structures capping all linear
chromosomes, thereby protecting them from erosion
during cell division and from wrongful recombination
and end-to-end joining [1]. In cancer development telo-
meres have shown to play a dual role: when cell cycle
checkpoints are intact they will act as a tumour suppres-
sor mechanism by bringing about cellular senescence or

apoptosis when the telomeres are too short for further
division. If however, cell cycle checkpoints are disabled,
cells are able to keep dividing past this point and pos-
sibly engage in development of chromosomal instability
(CIN) [2,3]. It has previously been shown that human
cancer cells may harbour ultra-short telomeres [4], and
current beliefs are that it is not the shortening of the
mean telomere length that might contribute to the
development of CIN and altered morphology, but one or
a few telomeres shortened to an “ultra-short” state [5,6]
These ultra-short telomeres are suspected to form from
an abrupt loss of a larger part of a telomere. Oxidative
stress is known to cause single strand breaks in DNA
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[7]. Breaks occurring within the telomeric region of a
chromosome are often not repaired, thus leaving the cell
with a shortened telomere after genome duplication [8].
Few options for measurement of the amount of ultra-
short telomeres are available. Methods for detecting the
shorter telomeres, like Q-FISH methods, are generally
limited by the need for viable cells, or that they detect
the percentage of cells containing short telomeres within
a population. They are not able to detect a single, short
telomere within a population [9,10]. In 2003, Baird and
colleagues presented the single telomere length analysis,
STELA, that is able to detect the shortest telomeres in a
sample [11]. This analysis was originally limited to the
XpYp telomeres, but has since been extended to several
autosomal chromosomes as well [12]. This method de-
tects chromosomes where the subtelomeric region is
known, as it is dependent upon a chromosome-specific
proximal primer. Bendix and colleagues then presented a
method in 2010 that provides an estimate of the load of
ultra-short telomeres in a DNA sample. This method is a
version of the STELA, and was named the Universal-
STELA, as it is not limited to chromosomes with known
subtelomeric composition [13].
Ulcerative colitis (UC) is an inflammatory bowel dis-

ease characterized by inflammation-induced chronic de-
struction and regeneration of colonic mucosa, resulting
in dysplasia and cancer development in some patients.
Patients with long lasting UC are at increased risk for
development of adenocarcinomas, usually following mu-
cosal transition to dysplasia [14]. It is estimated that 10%
of patients suffering from long-term UC will develop
preneoplastic changes that might lead to cancer. These
patients can be characterized as progressors, as they
have preneoplastic changes in one or more locations that
are associated with increased risk of progression to inva-
sive cancer. A progressor is typically defined as a patient
with dysplasia or cancer. We have also included detec-
tion of DNA-aneuploid cell populations as a trait of a
progressor colon. A patient not presenting cancer, dys-
plasia or aneuploid cell populations will thus be consid-
ered a nonprogressor using these criteria.
Patients suffering from UC have been shown to

harbour shorter telomeres in their colonic mucosa com-
pared to age-matched controls [15-17]. UC-progressors
harbour shorter telomeres than do UC-nonprogressors
[18] and it has been shown that the mean telomere
length of a UC-colon is mainly shortened during the first
eight years following onset of the disease [17]. Differ-
ences in mean telomere length between low-grade dys-
plasia (LGD) and high-grade dysplasia (HGD) in the
colonic mucosa of patients suffering from long-term
UC, with the shortest telomeres reported from mucosa
with LGD, have recently been reported [16]. DNA aneu-
ploidy has also been associated with the development of

malignancy in UC patients [19-21], and it has been
shown that DNA aneuploidy is present in dysplastic as
well as non-dysplastic areas of colonic mucosa [21-23].
Thus, both mucosal dysplasia [24,25] as well as DNA
aneuploidy [21,26] might predict increased risk for pro-
gression to adenocarcinomas in the colon of patients
with longstanding UC. Our aim was to examine telo-
mere biology in preneoplastic lesions of patients with
longstanding UC. Using the recently developed method,
U-STELA, we investigated possible differences in the
amount of ultra-short telomeres in aneuploid and diploid
dysplastic and non-dysplastic lesions from UC-progressor
colectomies. Nonprogressor UC-colons served as controls.

Methods
Histopathology
We examined colectomy specimens from 14 patients
with longstanding UC from 10–30 years, resected at the
Department of Surgery, Rikshospitalet, in the period
1985–1994. The colectomies are part of a patient mater-
ial that has previously been investigated for aneuploidy-
related parameters by our research group [27]. The material
included 3 females and 11 males. All but 3 developed UC
before the age of 50, and all patients presented extensive
colitis.
Use of this material for research purposes has ethical

approval from the Regional Ethical Committee, REK
S-06062.
10 patients were classified as UC-progressors, i.e. pre-

sented with one or more areas of dysplasia or aneuploidy
in their colonic mucosa. Tissue specimens for histo-
pathological evaluation were harvested from eight con-
secutive locations throughout each bowel, in addition to
samples collected from gross lesions if present. A total
of 78 lesions were available for analysis and fixed in 70%
ethanol and embedded in paraffin. Some of the speci-
mens were fixed in formalin only. Tissue sections were
cut at 4 μm thickness, stained with hematoxylin-eosin
and evaluated independently by two experienced pathol-
ogists (OPFC, SNA) according to Riddell et al. [28]. The
mucosal morphology was classified independently by
each pathologist, and if the evaluation was the same, this
diagnosis was used, if not, the lesions were viewed
through a double microscope and discussed until con-
sensus was reached. A portion of each fresh tissue speci-
men was used for isolation of single cells for DNA flow
cytometry and for DNA extraction for molecular genetic
analysis (see below). Biopsies from 4 colectomies classi-
fied as nonprogressor UC-colons were used as controls.

DNA-flow cytometry
Mucosa adjacent to that used for histopathological
examination was mechanically disaggregated in PBS and
EDTA using a scalpel. The resulting cell suspensions
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were filtered through 70 μm nylon mesh and centrifuged
at 1500 RPM for 5 minutes. The resulting pellet was
resuspended in 1 ml PBS and fixed in 70% ice-cold Etha-
nol. Samples were stored overnight before preparation
for DNA analysis using the procedure of Vindeløv [29],
and were analyzed using a FACStar Plus cytometer
equipped with 488 nm argon ion laser (BDIS, Spectra
Physics, Mountain View, CA, USA). DNA content was
assessed based on propidium iodide (PI) fluorescence
emission. Aggregates and doublets were excluded from
analyses using red fluorescence pulse width of the PI-
signal. The purity of epithelial cells in the cell suspensions
were analysed by bivariate forward scatter/PI fluorescence
[30] and bivariate cytokeratin/PI fluorescence [31] and
estimated to be >80%.

The amount of ultra-short telomeres measured by U-STELA
The Universal STELA method was performed as de-
scribed by Bendix and colleagues [13], with a few minor
alterations. Fifty ng DNA, extracted from each of the 78
lesions, was digested using a 1:1 mix of restriction
enzymes NdeI and MseI. Ten ng of digested DNA was
mixed with 50 μmol of the oligoes 42-mer and 11 + 2-
mer. The mix was ramped from 65°C to 16°C over one
hour, before adding 20U T4 ligase together with 1x NEB
buffer 2 and 1x ATP (NEB). This mixture was left at
16°C for 12 hours before 20 U t4 ligase together with
10-3 μM telorette 3, 1x ATP and 1x NEB buffer 2 was added
(to a total volume of 25 μl). The mixture was kept for 12
hours at 35°C, followed by a 20 minutes inactivating step
at 65°C. PCR was then performed in a 12 μl reaction
containing 40 pg template, 1x Failsafe PCR premix H
(Epicentre), 0, 1 μM of each of primers Teltail and
Adapter, and 1,25U Failsafe Enzyme mix (Epicentre).
The reactions were performed on a 2720 Thermal Cycler
(Applied Biosystems) with the conditions one cycle of
68°C for 5 minutes and 95°C for 2 minutes, followed by
24 cycles of 95°C for 15 seconds, 58°C for 20 seconds
and 72°C for 11 minutes, and one cycle of 72°C for 15
minutes. The PCR-products were separated on a 0, 85%
TBE Seakem agarose gel at 5 V/cm, and transferred to a
positively charged nylon membrane by Southern blotting
using a vacuum blotter. The blotted DNA was then hy-
bridized overnight to a digoxigenin (DIG)-labelled probe
specific for the telomeric sequence and further incu-
bated with a DIG-specific antibody coupled to alkaline
phosphatase (Roche). The probe was visualised by CDP-
Star, a chemiluminescent substrate (Roche) and detected
using a Kodak Image Station 4000R. The fragment sizes
of the PCR-products are determined based on a DIG-
labelled molecular weight marker (Roche), using Mole-
cular Imaging from Carestream. A cut-off was set at
900 bp, as normal colonic mucosa had very few bands using
this threshold (data not shown), and in UC-samples the

bands were presented as single, separated bands. Bands
were counted manually. An illustration of U-STELA results
is shown in Figure 1.

Mean telomere length analysis
Telomere mean length quantification was carried out
with an adaptation of the Q-PCR methods described by
Cawthon [32,33]. TaqMan Copy Number Reference
Assay RNase P (located at 14q11.2 ) or alternatively Taq-
Man Copy Number Reference Assay Tert (located on
5p5.33 ) (Both Applied Biosystems, Denmark) was run
at recommended conditions to measure the single copy
gene copy number (SCG). For measurement of telomere
repeat copies (T) primers telg – 5′-ACA CTA AGG
TTT GGG TTT GGG TTT GGG TTT GGG TTA GTG
T-3′ and telc – 5′-TGT TAG GTA TCC CTA TCC CTA
TCC CTA TCC CTA TCC CTA ACA-3′, [32] were
added at a concentration of 0.5 μM to Ssofast EvaGreen
Supermix with low ROX (BioRad, Denmark). Cycling
conditions were: 2 min at 50°C, 2 min of 95°C, followed
by 2 cycles of 95°C for 15 s, 52°C for 15 s and 36 cycles
of 95°C for 15 s, 62°C for 15 s and 71°C for 15 s. The
PCR was run on a 7900HT Fast Real-Time PCR System,
as presented by Bendix and colleagues [34]. Following
amplification, telomeric to single copy gene (T/SCG)
ratios were derived from a standard curve using the
7900HT Sequence Detection System version SDS2.3
(Applied Biosystems, Denmark). The results were pre-
sented as T/SCG ratios. Samples were run twice in tripli-
cates and the mean of these runs was used. Average
coefficient of variance (CV) for T/SCG using RNAse P
was 10.5%. Average CV for T/SCG using TERT was
11.3%.
We have used two different primer sets for SCG be-

cause the mean length is derived from the ratio between
telomere product and single copy gene-product, and
therefore there is a potential risk that we will either
over- or underestimate the telomere length of the lesions
comprised of aneuploid cells if the chosen SCG should
be duplicated or deleted in these cells. TERT was chosen
to supplement the RNAseP. TERT is located on
chromosome 5p, a region often amplified in aneuploid,
sporadic colorectal cancers [35] as well as in aneuploid
UC [36]. By comparing the T/SCG-ratios derived from
the aneuploid lesions alone, we note correlation in all
but six lesions, four of which are adenocarcinomas
(Additional file 1). To further overcome this potential
limitation we repeated statistical analysis with only diploid
lesions (presented in Additional file 2). Based on these
results RNAse P was selected as SCG for our analyses.

Statistics
The relationships between mean telomere length/
amounts of ultra short telomeres and morphological
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changes/DNA-ploidy-status were evaluated using non-
parametric t-tests and one-way ANOVA and the multi-
variable, general linear model (GLM). To address the
possible differences generated by natural variation be-
tween patients we also utilized a mixed model analysis
that took into account that each patient generated mul-
tiple lesions. Tests were performed in PASW statistics
18 (Chicago, Illinois) and in GraphPad Prism (San Diego,
California). All tests were two-sided and a p-level of 0.05
denoted significance.
P-values from t-tests, including the Universal-STELA

and both SCG primers tested for measuring mean
telomere length are listed in Additional file 2.

Results
Histopathology
From the analyzed 14 colectomies 10 colons revealed at
least one area with dysplasia, adenocarcinoma or DNA
aneuploidy out of the eight areas analyzed (see Table 1).
Within the same lesion the mucosal morphology might
differ; in such cases the highest degree of abnormality
was registered. Of the 78 areas analyzed, 40 areas did
not show dysplasia (51.3%), 15 areas were considered
indefinite for dysplasia (19.2%), 17 areas had either low
or high grade dysplasia (21.8%) and 6 adenocarcinomas
(7.7%) were found. These ten colectomy specimens were
therefore considered progressors, including one bowel
with 4 areas indefinite for dysplasia and four non-

dysplastic areas. Two lesions were not available for ana-
lyses. Four colectomies presented only diploid, non-
dysplastic lesions. These were classified as nonprogressors
and used as controls.
Due to limited amounts of DNA from some colectomy-

samples only one of the methods could be performed on
some of the cases (see Table 2).

DNA flow cytometry
The DNA ploidy status of the colectomies has been previ-
ously assessed [27]. Within the 10 progressor colons ana-
lyzed 57 lesions were diploid (70%) and 21 (30%) lesions
harboured aneuploid populations (see Table 1). In addition
one diploid and five aneuploid adenocarcinomas were
recorded. Two lesions were not available for analyses. We
detected both aneuploid and diploid non-dysplastic areas
as well as aneuploid and diploid dysplastic areas. One
colon was diploid all through, but presented multiple sites
of dysplasia. All nonprogressor lesions were diploid.
The proportion of aneuploid cells varied from around

5% to 10% within the lesions presenting aneuploid cell
populations, with exception of one case (S169) presenting
aneuploid cell counts estimated to be between 15 and 50%
and one cancer (S99) represented only in qPCR.

Ultra-short telomeres and associations
Overall we found a significant difference in the amount of
ultra short telomeres between progressor and nonprogressor

Figure 1 The Universal STELA. Excerpts of two typical membranes generated by a Southern blot, visualizing the ultra-short telomeres as
analysed by the Universal STELA. Each lane represents a PCR-reaction. Eight separate PCR-reactions are performed for each lesion analysed. The
horizontal bar marks 900 basepairs. Bands below this bar represent single telomeres and are counted for the analyses. A) Two lesions from a
nonprogressor. B) Two lesions from a progressor.
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colons (p < 0.001) (Figure 2A). This significance holds also
when comparisons are restricted to diploid, non-dysplastic
lesions of the progressors (see Additional file 2).
Within the progressors we defined four morphological

parameters; non-dysplasia, indefinite for dysplasia, dys-
plasia and adenocarcinoma. Dysplasia comprises both
high-grade and low-grade dysplasia, due to few dysplas-
tic lesions and no statistical significant difference in the
amount of ultra short telomeres detected between the
two groups (p = 0.534).
Dividing the dysplastic lesions as mentioned previ-

ously, we noted a significant increase in the amount of
ultra-short telomeres in areas indefinite for dysplasia
when compared to non-dysplastic lesions (p = 0.003).

The amount of ultra short telomeres detected in lesions
indefinite for dysplasia did not differ significantly from
amounts detected in dysplastic lesions or to the adeno-
carcinomas (ANOVA with Bonferroni post hoc test)
(Figure 2A). No significant difference in the levels of
ultra short telomeres was detected between lesions with
and without aneuploid populations. Within the diploid
lesions of the progressors we found significantly raised
levels of ultra short telomeres in the dysplastic lesions
compared to the non-dysplastic lesions (p = 0.014),
whereas no significant difference was detected between
the aneuploid dysplastic areas compared to aneuploid
non-dysplastic areas, and diploid dysplasia did not differ
from aneuploid dysplasia.
Significant differences related to the location within

the colon were not observed. Within the progressor
colons we detected a trend towards elevated number of
ultra short telomeres in the dysplastic lesions (indefinite
for dysplasia and/or dysplasia) compared to the non-
dysplastic lesions of the same colon. No such trend was
detected when comparing diploid and aneuploid lesions
with respect to the amount of ultra short telomeres,
within a colon.
To further test if the amount of ultra short telomeres

can be an independent predictor of dysplasia in progres-
sor colons we built a model that included morphology,
DNA ploidy status, duration of disease combined with
onset of UC and location of the biopsy within the colon.

Table 1 UC-patient materials

Sample ID Aneuploid
areas

Dysplasia Adeno-
carcinoma

Universal
STELA

qPCR

No Indefinite Low-grade High-grade

Nonprogressors

S9 0 8 0 0 0 0 X X

S48 0 8 0 0 0 0 X X

S62 0 8 0 0 0 0 X X

S216 0 7 0 0 0 0 X

Total 31

Progressors

S30 1 7 0 0 0 1 X

S70 0 6 0 0 1 1 X X

S99 2 0 2 2 3 1 X

S132 3 1 5 2 0 0 X X

S159 3 2 0 3 1 0 X

S169 6 1 1 2 1 3 X X

S191 3 6 1 1 0 0 X

S199 1 5 1 1 0 0 X X

C1514 2 7 1 0 0 0 X X

C1729 0 4 4 0 0 0 X X

Total 21 39 15 11 6 6

Table 2 Lesions available for telomere analyses

Aneuploid lesions Diploid lesions

U-STELA qPCR U-STELA qPCR

Nonprogressor lesions

Non-dysplasia 0 0 27 22

Dysplasia 0 0 0 0

Total 0 0 27 22

Progressor lesions

Non-dysplasia 4 7 24 25

Dysplasia 8 13 15 24

Total 12 20 39 49
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This was tested using a multivariable, general linear
model (multivariable GLM). The results of this test
supported our findings of ultra short telomeres being a
possible predictor of dysplasia in progressors (p = 0.007)
even when the other parameters are taken into account.
As all colectomies contributed eight lesions to our

analyses we also performed a mixed model analysis that
considers the natural variation between each patient. Still
we found a significant difference between progressor and
nonprogressor cases (p = 0.014). Within the ten progressor

colectomies we found a significant difference between the
different degrees of dysplasia when LGD, HGD and adeno-
carcinomas were combined (p = 0.033). No significant dif-
ference was seen comparing diploid and aneuploid lesions.
Other parameters tested were patients’ age at onset of

disease, and duration of disease, as our patient material
varied greatly with respect to both parameters. No associ-
ation between the amount of ultra-short telomeres and
either of these parameters was seen (data not shown). Gender
did not associate with the amount of ultra-short telomeres.

Figure 2 Ultra-short telomeres and mean telomere length in nonprogressors and progressors. A) The amount of ultra short telomeres
differs significantly from nonprogressors to progressors (p < 0.001). Within progressors there is a significant rise in the amount of ultra short
telomeres in lesions indefinite for dysplasia compared to non-dysplastic lesions. No difference is seen within the different degrees of dysplasia
and adenocarcinoma. B) No significant difference was detected in mean telomere length from nonprogressors to progressors. Within the
progressors we noted a significant shortening in mean telomere length in lesions indefinite for dysplasia and in adenocarcinomas from
non-dysplastic lesions. (ANOVA with Bonferroni post hoc test).
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Mean telomere length and associations
In this analysis we did not find any difference in mean
telomere length between progressors and nonprogres-
sors, neither in the whole material, nor when analy-
sing only non-dysplastic, diploid lesions (Figure 2B and
Additional file 2).
Within the progressors a significant shortening in

mean telomere length was seen when comparing a group
comprising lesions indefinite for dysplasia and dysplasia,
to non-dysplastic lesions of the progressors-colons (p =
0.002) (see Additional file 2).
This remained significant also when restricting the ana-

lysis to diploid lesions alone (p = 0.008). No significant
difference in mean telomere length was found comparing
indefinite for dysplasia, dysplasia and adenocarcinoma,
but we noted a significant reduction in mean telomere
length for lesions indefinite for dysplasia as well as
for adenocarcinomas compared to the non-dysplastic le-
sions of the progressors (ANOVA p = 0.003; Bonferroni
post hoc test, p = 0.039 and p = 0.027, respectively)
(Figure 2B).
Between the segments of the colectomies we found

within the progressors a significant reduction of mean
telomere length in the transverse colon compared to the
ascending colon (ANOVA, Bonferroni post hoc test, p =
0.011). The descending part of the colectomies did not
differ from either the transverse or the ascending colon.
No significant difference was detected between the

non-dysplastic and dysplastic aneuploid lesions, or be-
tween diploid and aneuploid dysplasia. When comparing
different lesions within each progressor colon we de-
tected a trend towards reduced mean telomere length in
dysplastic versus non-dysplastic lesions within colons.
No such trend was seen between diploid and aneuploid
lesions of the colons.
We repeated the calculations with the mean length

normalized to TERT. The findings were overall similar
to those registered when normalizing to RNaseP, but
difference between progressors/nonprogressors was now
borderline significant (p = 0.08), and the difference in
mean telomere length between diploid and aneuploid
lesions within the progressors was statistically significant
(p = 0.04) (see Additional file 2).
In a multivariable GLM where we tested for the effect

of biopsy location, degree of dysplasia, DNA ploidy sta-
tus and age at onset combined with duration of UC, we
found that in the progressor colectomies, both location
of the biopsy (p =0.006) and degree of dysplasia (p =
0.012) might be individually influential to the mean
telomere length.
Since each colectomy provided several lesions we per-

formed a GLM considering the patient variations. No sig-
nificant difference was found when comparing progressor
colectomies to nonprogressor colectomies. Within the

progressor cases there was a significantly longer mean
telomere length in non-dysplastic compared to dysplastic
lesions when dysplastic lesions contained all dysplasia
(indefinite, LGD, HGD and adenocarcinoma) (p = 0.028).
The significance disappeared when lesions indefinite for
dysplasia was viewed as a separate group.
Mean telomere length did not associate with gender,

patients’ age at disease onset or to duration of UC.

Discussion
It has been suggested that it is not necessarily the gen-
eral shortening of telomeres that causes chromosomal
instability and aneuploidy, but rather one or more critic-
ally short telomeres [5]. We have examined the amount
of ultra-short telomeres [13] in the colonic mucosal cells
of patients suffering from long standing UC, who have
developed dysplasia and/or DNA-aneuploidy. We com-
pared these findings with those from patients suffering
from long standing UC without displaying dysplasia or
DNA-aneuploidy. Patients with long standing UC have
previously been reported to exhibit shortening of mean
telomere length in their colonic mucosa, but the amount
of ultra-short telomeres has so far not been investigated.
One major finding is a highly significant increase in

number of ultra-short telomeres in progressor colons
compared to nonprogressor colons, both when including
all lesions of the progressors as well as when restricting
the progressor lesions to non-dysplastic, diploid lesions
only. Furthermore, both simple pair-wise comparisons
and multivariate analysis showed that the degree of
increase in ultra-short telomeres associated much better
with degree of dysplasia than with ploidy status, disease
duration or location. This was seen whether we included
the adenocarcinomas in the dysplasias, or not. In con-
trast; there was no difference in mean telomere length
between nonprogressors and progressors, although we
also here found an association of mean telomere length
with dysplasia. The fact that the number of ultra-short
telomeres was significantly higher in dysplastic areas
compared to non-dysplastic areas suggests that the oc-
currence of ultra-short telomeres is an early event in the
progression towards dysplasia and invasive cancer. This
is further supported by the fact that the lesions defined
as indefinite for dysplasia, which applies to epithelial
changes that exceed the limit for regeneration but are
insufficient for an unequivocal diagnosis of dysplasia
[28], have significantly more ultra-short telomeres than
non-dysplastic mucosa. Elevated numbers of ultra-short
telomeres in dysplastic compared to nondysplastic areas
were also seen comparing dysplastic to the non-dysplastic
lesions using a mixed model analysis. The mixed model
analysis compensates for inter-patient differences, and
gives a strong indication that the differences seen are in-
deed caused by differences in the mucosal morphology.
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Differences in the number of ultra-short telomeres were
not seen between diploid and aneuploid lesions within the
examined colectomies, when examined by the mixed
model analysis.
Thus; increased numbers of ultra-short telomeres may

be a marker of UC-colons harbouring dysplasia, cancer
and/or aneuploidy, but may also just predict the future
development of these conditions.
Short telomeres predispose to end-to-end fusions of

chromatids, ultimately leading to chromosome breaks
and chromosome losses [18,37]. We did not find any as-
sociations between the amount of ultra-short telomeres
and aneuploidy. However; it has been previously shown,
and confirmed by our results, that not all dysplasias are
aneuploid. Aneuploidy develops in non-dysplastic as well
as dysplastic mucosa [19,23], and associations between
dysplasia and ploidy status respectively, to telomere
shortening, may be different. We did not detect any sta-
tistically significant difference when comparing aneu-
ploid progressor lesions to diploid progressor lesions,
and diploid dysplasia did not differ from aneuploid
dysplasia, further indicating that DNA aneuploidy is not
strongly associated with elevated levels of ultra-short
telomeres. However, we have analysed areas of UC-
colons that had developed DNA-aneuploidy, and most
lesions included a rather low amount of aneuploid cells
(see Result section; DNA flow cytometry for details). We
can therefore not exclude an association between aneu-
ploid cells and ultra-short telomeres. To investigate this
problem, pure populations of sorted aneuploid cells
should be analyzed.
We find that dysplastic lesions in longstanding UC

have significantly shorter mean telomere length com-
pared to non-dysplastic areas, when we combine lesions
indefinite for dysplasia and dysplastic lesions. This holds
true also when separating lesions indefinite for dysplasia
from dysplastic lesions: both parameters had signifi-
cantly reduced mean telomere length compared to non-
dysplastic lesions, but no difference was seen between
lesions indefinite for dysplasia and the dysplastic lesions.
This was seen whether we included adenocarcinomas in
the dysplastic lesions or excluded them from the data
completely, but not when adenocarcinoma was also in-
cluded in the statistics as a separate group. The adenocar-
cinomas presented significantly shorter mean telomere
length than seen in non-dysplastic lesions, whereas both
indefinite for dysplasia and dysplastic lesion had no statis-
tical significant difference in mean telomere length from
non-dysplastic lesions. These results indicate a gradual
shortening from areas indefinite for dysplasia through dys-
plasia to adenocarcinoma. Considered together with the
results from the amount of ultra-short telomeres discussed
above, our results seem to illustrate damage to telomeres
by oxidative stress in the colonic mucosa of UC-patients,

as oxidative stress may cause shortening of mean telomere
length as well as an abrupt shortening of a single or of a
few telomeres.
Shortening of mean telomere length in non-dysplastic

mucosa of UC patients has previously been shown, and
was also reported to be associated with chromosomal in-
stability [18]. Shortened mean telomere length of the co-
lonic mucosa has also been reported in association with
development of colorectal cancer in patients suffering
from UC [16,17]. Other parameters that have been
found to associate with such development are morpho-
logical changes and development of DNA-aneuploidy
[16,17,19,21,26,37,38]. Furthermore, it has been reported
that patients suffering from UC have generally shorter
mean telomere length in their colonic mucosa compared
to non-UC control patients. The location of the biopsies
within the bowel did not affect these results, and there
are indications that the main shortening of telomeric
length occurred during the initial eight years of disease
[15-18]. It has also been shown by others that progres-
sors have generally shorter telomeres than registered in
nonprogressors [18]. The patients in the present study
have suffered from UC from a minimum of 10 years,
some as long as 30 years, and the mean telomere length
in their colonic mucosa may therefore be reduced too
much to detect possible differences between nonprogres-
sors and progressors. This may be an explanation to the
finding of no significant difference in mean telomere
length between progressors and nonprogressors in our
study. Another possible explanation might be that we
have a rather small number of patients coupled with a
rather high coefficient of variation for mean telomere
length measurement with either of the single control
genes used (10.5% and 11.3%).
In a recent report it was shown that patients develop-

ing UC after the age of 50 present longer telomeres than
patients developing UC at an earlier age [39]. In our ma-
terial only two progressor cases and one nonprogressor
case had reached the age of 50 before reporting signs of
UC, and none of them differed from the rest of the pro-
gressor cases with respect to mean telomere length or to
the amount of ultra-short telomeres. A possible explan-
ation for the lack of differences detected between these
groups might also be severity of disease, as all patients
included in our study had developed pancolitis before
colectomy.
The difference we noted in the two SCGs used to estimate

mean telomere length might be caused by amplification of
chromosome arm 5p, the arm that contains the h-TERT
locus. Amplification of 5p is often seen both in aneuploid,
sporadic colorectal cancers [35] and even more frequently
in aneuploid UC [36]. Duplication of h-TERT in some of
the aneuploid lesions can report a too low T/SCG value in
these samples, and lower the mean value of the combined
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aneuploid populations. This will again produce a bigger
difference in mean telomere length between the diploid and
aneuploid populations, than what is actually the case, and
ultimately lead to a false statistical significance. We therefore
considered RNaseP to be a more accurate SCG for this
analysis.
Expression of hTERT is considered the limiting factor

of telomerase assembly, and thus of telomerase activity.
The presence of hTERT elevation in UC with mild
inflammation [40] could perhaps be a protective agent
against development of ultra-short telomeres within
nonprogressors.
An important finding in the present communication is

that the telomere related abnormalities in mucosa from
patients with long-standing UC are much less significant
when measuring mean telomere length than when meas-
uring number of ultra-short telomeres. This finding sug-
gests that the mechanism behind telomere pathology is
not only increased replication due to cell renewal, since
this would have resulted in a decrease in mean telomere
length. In contrast it has been shown in a model system
[41], that stochastic telomere breaks resulting in an
increase in number of ultra-short telomeres without
concomitant decrease in mean telomere length can be
the result of severe oxidative damage to telomeres. Our
findings could suggest that oxidative damage is a major
reason for telomere pathology in UC mucosa, a hypothesis
that is supported by the finding of elevated levels of
oxidative stress in the mucosa of UC patients [42,43].
To what extend the high frequency of ultra-short telo-

meres in colon mucosa cells of patients with UC have
causal relationship with increased risk of UC-related colon
cancer in these patients is still unknown. A carcinogenic
pathway from short telomeres linked to breakage-fusion-
bridge cycles to development of chromosome aberrations
and aneuploidy, and ultimately to malignant transform-
ation, has been indicated previously in a model system [44].

Conclusion
We have confirmed that mean telomere length is re-
duced in dysplastic colonic mucosa in progressor colons
of longstanding UC compared to non-dysplastic mucosa,
and shown that the amount of ultra-short telomeres is
increased in the same situation. Furthermore, we have
shown that the amount of ultra-short telomeres is
significantly increased in colonic mucosa of progressors
compared to nonprogressors, whereas such a difference
was not found with respect to mean telomere length.
This suggests that ultra-short telomeres are a more sen-
sitive marker of tumour progression than mean telomere
length in longstanding UC, and also that the Universal-
STELA may be a more accurate estimator of a progres-
sor than qPCR and mean telomere length measurement.
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Abstract:

Aneuploidy is a common feature in the colonic mucosa of patients suffering from the

inflammatory bowel disease ulcerative colitis, and often precedes the development of

dysplasia and cancer. Aneuploidy is assumed to be caused by missegregation of

chromosomes during mitosis, often due to a faulty spindle assembly checkpoint. p53 is a

tumour suppressor protein known to regulate the spindle assembly checkpoint, and is

frequently mutated in aneuploid cells. Aurora A is a presumed oncoprotein, also involved in

regulation of the spindle assembly checkpoint.

We examined the mutational frequency of TP53 and protein levels of p53 in a set of 20

progressor and 10 nonprogressor colectomies from patients suffering from longstanding

ulcerative colitis. In the same material we re examined previously published

immunohistochemical data on Aurora A expression.

Levels of Aurora A were re examined with regard to DNA ploidy status and dysplasia within

the progressors, as well as in relation to p53 accumulation and TP53mutational status.

We detected p53 accumulation only within the progressor colectomies, where it could be

followed back to 12 years prior to colectomies in biopsies. TP53 mutations were detected in

both progressors and nonprogressors. Expression levels of Aurora A were similar in

progressors and nonprogressors. Within progressors however, low levels of Aurora A were

associated with areas of DNA aneuploidy as well as with increasing degrees of dysplasia.

Our results indicate that alterations in p53 may be an early biomarker of a progressor colon,

and that p53 is accumulated early in UC related carcinogenesis. Furthermore, reduced

Aurora A expression is associated with development of DNA aneuploidy as well as with

dysplasia in UC progressors.
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Introduction:

Ulcerative colitis (UC) is an inflammatory bowel disease that predisposes for colorectal

cancer. The risk of developing malignancies increases with disease duration, and also with

age at disease onset (1). Malignant development in UC is a multistep progression through

inflammation, regeneration, and dysplasia leading to adenocarcinoma. The process also

includes a number of important molecular changes. The colonic mucosa of UC patients may

harbour severe molecular abnormalities due to chromosomal instability (CIN) leading to

DNA aneuploidy. Aneuploidy is regarded as an early event in the malignant development of

UC (2), and may be present in both dysplastic as well as non dysplastic colonic mucosa (3,

4).

Aneuploidy in UC relates to disease duration (5 8), and is regarded as an independent risk

factor for the development of adenocarcinoma in UC (9, 10). The consequences of

aneuploidy in non neoplastic cells are growth arrest or cell death, but is in UC suggested to

be a precursor of future malignancies (6). More than half of the colorectal adenocarcinomas

developing from UC present DNA aneuploidy (7, 9), and it is thus considered a major

contributor to the neoplastic phenotype (11, 12).

Aneuploidy can refer to either structural errors or copy number errors in chromosomes,

and aneuploid cells usually will contain a combination of these two errors. Structural errors

are most likely products of chromosomal breakage, and whereas multiple mechanisms can

underlie chromosomal breakage (13 15), copy number errors are achieved mainly through

errors in chromosomal segregation (16, 17). The spindle checkpoint (or mitotic checkpoint)

is crucial for the separation of chromosomes to both daughter cells during mitosis. It is a

complex signalling cascade that will arrest mitosis upon faulty alignment of chromosomes or
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if the spindle fails to attach to kinetochores properly (18 20). A dysfunctional spindle

checkpoint is considered to be a major cause of aneuploidy in malignancies. (16, 17, 21).

p53 is a tumour suppressor protein with multiple functions in the regulation of the cell cycle

and chromosomal stabilization (22). In cancers, there are often mutations and/or loss of

heterozygosity in the TP53 gene, resulting in loss of function. In UC related carcinogenesis,

evidence points to inactivation of p53 as being a relatively early event (22 24), whereas it is

considered a late event in the development of sporadic colorectal cancers (25). p53 and

Aurora A are reportedly involved in a mitotic feedback loop: p53 is proposed to be a

negative regulator of Aurora A expression, whereas Aurora A can phosphorylate p53,

rendering it incapable of binding to DNA, or marking it for degradation (22, 26 28). If wild

type p53 is assumed to be a negative regulator of the mitotic spindle kinase Aurora A (22,

29), loss of functional p53 may have serious implications for regulation of the spindle

checkpoint. Loss of wild type p53 function may result in centrosome amplification, faulty

chromosomal segregation, and aneuploidy. In the absence of TP53 mutations, accumulation

of p53 in a UC colon can also be due to a programmed p53 response to various reactive

oxidative species present in inflamed tissue (30).

Overexpression of Aurora A is implicated in abnormal centrosome amplification and in

abrogation of the spindle checkpoint (31). The gene coding for Aurora A is located on

20q13.2, a chromosomal arm frequently amplified in solid tumours, including colorectal

tumours (32). The expression of Aurora A is reported to be elevated in several tumour types

(33, 34), as well as in the colonic mucosa of UC patients (35).
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We have assessed both the mutational frequency of TP53 and the protein levels of p53 in a

set of colectomies from patients suffering from longstanding UC. We also re evaluated

previously published data from Aurora A expression assessed by immunohistochemical

stainings in the same colectomies (35). The colectomies were stratified as progressors and

nonprogressors, as previously presented (36, 37). Within the progressors we assessed the

results from Aurora A in association with DNA ploidy status and advancing degrees of

dysplasia, as well as with protein levels of p53 and TP53mutation status.

Materials and methods:

UC colectomies and patients:

Thirty patients suffering from longstanding UC were included in this report. All patients had

suffered from UC for more than ten years before colectomy; some as long as 30 years.

Patients also varied widely with respect to age at the time when symptoms were first

presented (from 10 to 60 years old).

The colectomy specimens have previously been described (35 37). We divided the

colectomies into progressors and nonprogressors, revealing 10 nonprogressors that did not

present any dysplastic lesions or DNA aneuploidy, and 20 progressors that all presented at

least one area of dysplasia/cancer, where the majority of cases also presented lesions with

DNA aneuploidy.

At least eight locations from each colectomy were examined, and within the progressors we

found 83 non dysplastic areas, 31 areas indefinite for dysplasia, 29 areas with dysplasia, and

8 adenocarcinomas.
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Eighteen non dysplastic and 20 dysplastic areas revealed DNA aneuploidy. The aneuploid,

dysplastic areas included 8 areas of indefinite dysplasia and 5 adenocarcinomas. By

definition all nonprogressor lesions were diploid and non dysplastic.

Detailed distributions of dysplasia and aneuploid lesions within the progressors have

previously been presented (35, 37).

Tissue micro array evaluation:

Tissue microarrays (TMAs) from eight locations within each colon were made using a

Beecher tissue microarrayer as described earlier (35). Core size was 0.6 mm. All cores have

been previously evaluated by an experienced pathologist (OPFC). At least two tissue cores

from each mucosal region were sampled.

TMAs do not consistently display full colonic crypts as do whole sections. p53 staining was

performed on whole sections since detectable accumulation of p53 is heterogeneous

(positively and negatively stained areas in the same section). If tissue cores for TMAs were

sampled from areas negative for p53, this might lead to an increased number of false

negatives. The expression of Aurora A was homogeneous (staining was evenly distributed

throughout the section), thus TMAs were regarded as reliable for estimation of Aurora A

protein expression.
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Immunohistochemistry (IHC):

Immunohistochemical stainings for p53 and Aurora A were performed as described in our

previous publications (35, 38, 39).

p53 accumulation was assessed microscopically, by manually counting positive nuclei in

whole sections, as presented previously (38). At least 1200 nuclei were counted, and a

section was scored as positive for p53 if more than 5% of the cells in a section showed

nuclear staining as previously presented by our research group (40).

Aurora A expression was assessed from TMAs. Aurora A protein expression was defined for

each sample as the percentage of positive cells out of at least 300 randomly selected

mucosal epithelial cells from each included tissue core. Staining of Aurora A and p53 are

presented in figure 1 A and B. With increasing degree of dysplasia, an increasing amount of

cells with nucleic positivity of Aurora A also presented cytoplasmic staining.

p53 mutation analysis:

Mutation analysis for TP53 exons 5 8 was performed by cycling temperature capillary

electrophoresis (CTCE) (41, 42). This procedure detects the presence of mutations; we did

not sequence the mutation positive cases in order to determine the actual mutation.

The primer sequences for the mutation analyses are previously presented by Bjørheim and

colleagues (43).
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Statistics:

p53/TP53 correlations were performed in cross tabulation and assessed by Pearson’s Chi

square test. Assessment of Aurora A protein levels in association with DNA ploidy status,

mucosal morphology and p53 accumulation, as well as TP53 mutational status, was

performed using a multilevel model compensating for patient differences, as each patient

included in this study contributed with more than one biopsy. A linear mixed model (LMM),

with restricted maximum likelihood (REML) estimations, and a Bonferroni post hoc test

were used. Tests were performed in PASW statistics 18 (Chicago, IL, USA). All tests were

two sided and a p level of 0.05 denoted significance.

Results:

p53 immunohistochemistry:

No accumulation of p53 was detected within the 10 nonprogressor colectomies.

Of the 20 progressor colectomies, 60 % (12/20) harboured areas with accumulation of p53,

but no colectomy specimens showed p53 accumulation in all eight lesions.

The 20 progressors had a total of 130 lesions available for p53 assessment, and 20.8 %

(27/130) of the lesions were positive for p53 accumulation. Within the positive lesions 22.2

% (6/27) also contained aneuploid populations. In precolectomy biopsies from patients with

colectomies positive for p53 accumulation, we detected p53 accumulation up to 14 years

prior to colectomy. A summary of colectomy lesions positive for p53 accumulation, including

DNA ploidy status and mucosal morphology, is presented in table 1.
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Table 1: IHC results from p53 positive lesions (N = 27) in progressors.

>5% p53 staining 
diploid aneuploid

non-dysplasia 8 0 
Indef. dysplasia 5 1 
dysplasia 5 2 
adenocarcinoma 3 3 

Mutation analysis of the TP53 gene (exons 5–8)

TP53 mutations were found in both progressors and nonprogressors. 70% (7/10) of the

nonprogressors and 55% (11/20) of the progressors harboured areas with mutations in one

of the TP53mutational hotspots (exons 5 8).

Of the 70 nonprogressor lesions available for TP53 mutation analysis 20% (14/70) had a

TP53 mutation. The 20 progressor colectomies yielded 129 lesions available for TP53

mutation analysis. From these 129 lesions 11.6% (15/129) had mutation in one of the

mutational hotspots examined (exons 5 8). 20.8% (9/15) of the mutated lesions also had

aneuploid cell populations. Table 2 shows a summary of lesions with TP53 mutations, with

DNA ploidy and mucosal morphology.

Table 2: UC colectomy lesions with mutated TP53.

 mutated TP53
Colon   Morphology  diploid aneuploid
nonprogressors non-dysplasia 14 0 
progressors non-dysplasia 2 4 
 Indef. dysplasia 3 2 
 dysplasia 0 1 
 adenocarcinoma 1 2 
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No correlation was detected between mutation in TP53 and accumulation of p53 in this

material. Three progressor lesions had both a TP53mutation and accumulation of p53.

All three lesions originated from separate colons, and included two adenocarcinomas, and

one lesion indefinite for dysplasia. One of the adenocarcinomas was also aneuploid.

Aurora A expression in UC progressors and nonprogressors:

We have previously published that expression of Aurora A in UC mucosa is elevated

compared to non UC control samples (35).

Aurora A expression did not differ between progressors and nonprogressors, neither when

including all types of progressor lesions, nor when only diploid, non dysplastic progressor

lesions were included.

Within the progressors we found a significant association between Aurora A and DNA

ploidy status (p = 0.020), with lower levels of Aurora A present in lesions harbouring

aneuploid populations (figure 2).

Aurora A expression within the progressor lesions decreased with increasing severity of

dysplasia, but when accounting for patient variation this was not statistically significant. The

lowest values of Aurora A expression were seen within high grade dysplasia.

Adenocarcinomas harboured increased amounts of Aurora A expression (figure 3a). As only

six lesions were diagnosed as high grade dysplasia, these were combined with low grade

dysplasia for statistical purposes. Excluding the 6 colectomies harbouring adenocarcinomas,

a significant decrease in Aurora A expression associating with increasing degrees of

dysplasia was seen in the 14 remaining colectomies (p = 0.025) (figure 3b).
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Expression of Aurora A associated with p53 accumulation/TP53mutation

Colectomies harbouring at least one lesion with p53 accumulation displayed decreased

levels of Aurora A, compared to colectomies with no p53 accumulation (figure 4), however

not to a significant degree when inter patient differences were accounted for.

Aurora A expression was not significantly associated with p53 mutation status in our

material.
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Discussion:

It has long been known that protein levels of Aurora A are up regulated in most solid

tumours (31, 44), linked to CIN and aneuploidy (33, 45) and associated with poor prognosis

(46). It is also known that Aurora A is mapped to chromosome 20q13.2, a region highly

amplified in for example sporadic colorectal cancers (32). UC colonic mucosa is subjected to

rapid cell division (47), and high levels of oxidative stress (48), regardless of its status as

progressor or nonprogressor. Oxidative stress has been shown to induce spindle checkpoint

override in cell lines, as it can inhibit the anaphase promoting complex/cyclosome (APC/C)

(49). Aurora A in normal functioning cells is targeted by APC/C for degradation during late

mitosis, a function essential for mitotic exit. Persistent Aurora A might be able to prolong

the anaphase and induce separation of chromatids (50). Both progressors and

nonprogressors in our material presented elevated levels of Aurora A compared to non UC

control samples, but only progressors revealed dysplastic development and DNA ploidy

changes. This may imply that the general increase in Aurora A levels seen in UC colonic

mucosa is consistent with enhanced spindle checkpoint activity as a natural response to an

accelerated cellular proliferation as well as elevated levels of oxidative stress. Other factors

however, are also most likely needed to override the checkpoint function, inducing CIN and

DNA aneuploidy.

We have previously presented findings of similar levels of hTERT protein expression and

equal shortening of mean telomere length in the colonic mucosa of progressors compared

to nonprogressors from the same UC patient material (36, 37). These results are in

accordance with UC being a disease that accelerates aging of the colonic mucosa (51), but

these parameters are unable to differentiate a progressor from a nonprogressor UC colon.
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Likewise, our results indicate that Aurora A expression is not an ideal biomarker for

differentiating progressor from nonprogressor UC colons.

TP53 mutations were detected in both progressors and nonprogressors, consistent with the

observation that the frequency of TP53 mutation increases after at least 10 years of UC

duration, and without association to malignancies (52) and the observation that TP53

mutations are frequent in inflamed tissue of UC colons (53). Interestingly, the majority of

mutations were found within the nonprogressors; however, no p53 accumulation was seen

in the nonprogressors. The reason for this is unclear. Lack of such correlation has previously

been shown at the single crypt level in UC (54). Lack of detectable p53 maybe due to

nonsense mutations and premature stop codons, rather than missense mutations; since

with a missense mutation, accumulation of p53 is to be expected. It has been observed that

less than 20% of TP53 mutations of human cancers are nonsense mutations or stop codon

mutations (55, 56). It has also been observed that mutation of TP53 happens prior to loss of

heterozygosity in UC colonic mucosa in UC progressors (57), and our results may be

indicative of an early mutation of a single TP53 allele, whereas the remaining allele provides

functional p53 in these nonprogressors. Since we did not sequence the cases positive for

TP53mutation, this aspect of our study remains unclear.

Pre colectomy biopsies from the patients included in our study made it possible to track p53

positivity retrospectively. From the 11 patients displaying p53 accumulation in

precolectomy biopsies: all were found in patients with colons harbouring progressor traits at

colectomy. Six cases had indeed developed adenocarcinomas. The finding that only

progressors showed p53 accumulation indicates that p53 accumulation may be a potential

biomarker of a progressor colon, consistent with previous reports of p53 expression

associating with dysplastic development in UC (58 60).
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The expression levels of Aurora A within the progressors did not differ to a statistically

significant degree when comparison was made between the advancing degrees of dysplasia

including adenocarcinomas. However; when the six colectomies with cancers detected were

removed, a statistically significant decrease in Aurora A expression showed associations

with increasing levels of dysplasia. Adenocarcinomas presented elevated levels of Aurora A

compared to dysplastic lesions (figure 3A). In addition, Aurora A was also significantly

associated with DNA aneuploidy within the progressors (figure 2). This relationship was

masked when progressors and nonprogressors were combined (35). In our material the

aneuploid lesions had decreased amounts of Aurora A compared to diploid lesions, again

with exception of adenocarcinomas, where the aneuploid cancers had elevated levels of

Aurora A compared to the diploid cancers (data not shown). As colon cancers have been

shown to harbour high levels of 20q amplifications (32), a trait not often seen within

noncancerous UC mucosa (2), this might be an explanation for the elevated levels of Aurora

A in adenocarcinomas compared to the dysplastic lesions in our material.

Recently a study of Aurora A expression in dysplasia and cancer in gastric mucosa showed

increased levels of Aurora A in dysplastic gastric lesions (61). As this is contrary to our

findings in UC mucosa, it may indicate that different mechanisms are involved in dysplastic

development in the colonic and the gastric mucosa.

p53 has been shown to be an important negative regulator of Aurora A. Loss of p53 can lead

to abnormal regulation of Aurora A and dysregulated mitosis (29, 62, 63). An increase of

Aurora A may induce a protective mechanism, oncogene induced senescence, against

malignant development, possibly dependent on loss of functional p53 (64 66) . As our data

show decreased Aurora A expression in areas harbouring aneuploid populations, it might be
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possible that the development of CIN and aneuploidy is necessary to overcome this

protection.

Our results showing that nonprogressor lesions with wt TP53 have higher Aurora A levels

than mutated TP53 nonprogressor lesions, although not a significant difference when inter

patient differences were re accounted for (data not shown), are also consistent with this

idea.

Wild type p53 is difficult to detect in normal unstressed cells. Detection of p53 protein

becomes possible due to the extended half life of a mutated, non functioning protein or by

stabilisation of p53 as a natural response to for example cellular stress and inflammation

(30, 67). p53 accumulation is also a known response to excess shortening of telomeres (68,

69). As we have previously shown that the mucosa of UC progressor cases harbours

significantly more ultra short telomeres than found within the nonprogressor cases (36),

this could indicate that telomeric repeat induced activation of p53 is a possibility in our

progressor cases. The lack of detectable p53 in nonprogressors can perhaps also indicate

that the elevated levels of Aurora A in the nonprogressors are phosphorylating p53,

targeting it for degradation. This is also consistent with a previous publication that reported

that Aurora A phosphorylates p53 at Ser315, leading to MDM2 mediated ubiquitination and

degradation of p53 (62).

Our findings of no p53 accumulation detected in the nonprogressors differ from previous

reports (70), and can perhaps be due to our definition of a nonprogressor: we have included

only non dysplastic patients (described as having regenerative or inflamed mucosa by two

experienced pathologists (OPFC and SNA)) with no detectable DNA aneuploidy. We chose

this definition as it has been shown that even UC patients with only one lesion indefinite for

dysplasia, or with DNA aneuploidy alone, can develop adenocarcinoma (71, 72).
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Conclusion:

Our findings indicate that p53 accumulation may be a good biomarker for progressor UC

cases, as no accumulation was detected in nonprogressors, and the progressors showed p53

accumulation in biopsies collected several years prior to colectomy. Expression of Aurora A

did not differ between progressor and nonprogressor UC colectomies. Within the

progressor cases levels of Aurora A were decreased in association with both aneuploidy and

dysplasia, but increased in adenocarcinomas. p53 and Aurora A appear to regulate each

other in a different manner in progressors and nonprogressors.
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Figure legends:

Figure 1: immunohistochemistry

Immunohistochemical staining of A) Aurora A and B) p53 in dysplastic UC colonic mucosa.

Aurora A staining of non dysplastic UC mucosa and non UC control is previously presented

(35). p53 staining illustrates heterogeneity, showing one positive and one negative crypt.

Images are x400 magnification.

Figure 2: Aurora A expression and DNA ploidy status

Levels of Aurora A expression in ulcerative colitis nonprogressors (all diploid) and in the

diploid and aneuploid lesions from progressors. Within the progressors lesions harbouring

aneuploid populations had significantly decreased levels of Aurora A expression compared

to diploid lesions (p = 0.020).

Median values with 95% confidence interval.

Figure 3: Aurora A expression in progressor UC colons with and without adenocarcinoma

Levels of Aurora A protein expression in lesions from A) 10 nonprogressor colons (white

circle), and the degreasing levels of Aurora A with increasing degrees of dysplasia within the

20 progressor colons, including those harbouring adenocarcinomas, and B) the decreasing

levels of Aurora A with increasing degrees of dysplasia in the 14 progressor colons remaining

when excluding the colons harbouring adenocarcinomas (high grade and low grade

dysplasia are combined) (p = 0.025). Star denotes significance at 0.05 levels, horizontal bar

indicate overall difference between groups (as detected by LMM with Bonferroni post test).

Median values with 95% confidence interval.
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Figure 4: Aurora A expression and p53 accumulation

Aurora A expression in UC progressor colons with lesions positive for p53 accumulation (>5

% positivity) and in progressor colons without any lesions displaying p53 accumulation.

Note the decreased expression of Aurora A in progressors without p53 accumulation,

however not to a statistically significant degree when inter patient differences are

accounted for.

Median values with 95% confidence interval.
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Abstract. Longstanding ulcerative colitis (UC) is a disease 
o  c ronic in a ation o  t e colon  It is associated it  t e 
develo ent o  colorectal cancer t roug  a ultiste  rocess 
including increasing degrees of dysplasia and DNA-ploidy 
c anges  o ever, not all UC patients ill develop t ese 
c aracteristics even during lifelong disease, and patients ay 
t erefore e divided into progressors o develop dysplasia or 
cancer, and non-progressors o do not e i it suc  c anges  
In t e present study, t e a ount of TERT, t e catalytic su unit 
of t e en y e telo erase, as esti ated y using pero idase 
i uno istoc e istry (I C) in a set of progressor and non-
progressor UC colecto ies  T e protein levels in t e colonic 

ucosa of t e progressors and non-progressors ere co pared, 
and furt er co parisons et een different categories of 
dysplastic develop ent and to DNA-ploidy status it in t e 
progressors ere ade  Levels of TERT ere elevated in t e 
colonic ucosa of t e progressors and non-progressors en 
co pared to non-UC control sa ples, ut no difference as 
o served et een t e TERT levels in t e ucosa of progres-
sors and non-progressors  T e levels of TERT associated it  
levels of i 7 to a signi cant degree it in t e non-progres-
sors  TERT e pression in lesions it  DNA-aneuploidy ere 
decreased as co pared to diploid lesions, en strati ed for 
different classes of colonic orp ology  Our results indicate 
an association et een TERT protein e pression and aneu-
ploidy in UC-progressor colons, and also a possible protective 

ec anis  in t e association bet een TERT and i 7, 

against develop ent of alignant features it in t e ucosa 
of a UC-colon

Introduction

Ulcerative colitis (UC) is an in a atory bo el disease t at is 
associated it  an elevated ris  of developing colorectal cancer, 
and it is esti ated t at 10  of patients suffering fro  UC for 10 
years ill develop colorectal cancer (1,2)  T e underlying pat o-
genesis is not fully no n, but c ronic in a ation distorts 

ucosal orp ology and induces dysplasia and subse uently 
cancer  Carcino as occur ainly after long-ter  illness of 8-10 
years (3), and develop t roug  lo - and ig -degree dysplasia  It 
is reported t at patients presenting only one lesion of lo -degree 
dysplasia ay also arbour carcino as (4)  T e colonic ucosa 
of UC patients ay also arbour severe olecular abnor alities, 
suc  as c ro oso al instability ( ) and DNA aneuploidy  DNA 
aneuploidy ay be present in dysplastic and non-dysplastic 

ucosa of UC patients, and is reported to be connected it  
t e duration of disease ( - )  It can be c aracteri ed as an 
independent ris  factor for t e develop ent of adenocarcino a 
in UC (10,11)  UC-patients o develop dysplasia or adenocar-
cino as are usually considered progressors, ereas patients 

o do not develop t ese p enotypes during a lifeti e of UC 
are considered non-progressors  ince DNA-aneuploidy can 
be considered an independent ris  factor for alignancies in 
UC-colon ucosa, e ave also included t is as a defining 
c aracteristic of a UC-progressor case  T e ec anis s be ind 

at a es a UC-colon a progressor or a non-progressor are 
not fully no n, and it is t erefore of interest to e a ine t e 
differences in olecular features of t e ucosa bet een t ese 
t o types of UC-affected colons  Molecular c aracteristics of 
dysplastic as ell as non-dysplastic lesions it in a progressor 
that are not found in non-progressors, could be a contribution 
to the understanding of echanis s behind carcinogenesis in 
UC colons, hich could serve as a ar er for individuals at ris

Telo erase is a ribonucleoprotein capable of e tending the 
telo eric se uence, generally no n to be active in ger line 
cells and inactive in ost so atic cells  The t o ain subunits 
of telo erase are the catalytic subunit TERT-telo erase 

Reduced hTERT protein levels are associated with 
DNA aneuploidy in the colonic mucosa of patients 

suffering from longstanding ulcerative colitis

MARIANN FRII -OTTE EN1,  AULA M  DE AN ELI 1,  AA A R  C J L ER 2,  

OL EI  N  ANDER EN3  and  OLE ETTER F  CLAU EN1,2

1Division of Diagnostics and Intervention, Depart ent of athology, Oslo University ospital, Ri shospitalet, 0424 Oslo  
2Depart ent of athology, University of Oslo, 0424 Oslo  3Depart ent of athology, A ershus University ospital, 

Division of Medicine and Laboratory ciences, University of Oslo, 1474 Nordbyhagen, Nor ay

Received January 31, 2014   Accepted February 24, 2014

DOI: 10 38 2 i 2014 1708

Correspondence to: Ms  Mariann Friis-Ottessen, Division of 
Diagnostics and Intervention, Depart ent of athology, Oslo University 

ospital, OU  F Ri shospitalet, ostbo s 4 0 Nydalen, 0424 Oslo, 
Nor ay
E- ail: ariann friis-ottessen rr-research no

Key words: aneuploidy, dysplasia, i unohistoche istry, telo erase, 
ulcerative colitis



FRII -OTTE EN et al:  hTERT REDUCTION CORRELATE  TO DNA ANEU LOID  IN UC1478

reverse transcriptase (hTERT in hu ans), and TR (TER), 
the RNA co ponent (hTR or hTER in hu ans)  In addition 
to hTERT and hTR, a range of accessory proteins are also 
closely associated ith the co ple  (12)  The level of hTERT 
is generally assu ed to be a li iting factor for asse bly of the 
telo erase co ple , and it is reported that hTERT ay also 
play a role in cell proliferation, separate fro  its role in telo-

ere elongation (13)  Telo erase activity is fre uently reported 
in cancer cells, and 80- 0  of all solid tu ours, including 
colorectal cancer, have reported telo erase activity (14-1 )  
Telo erase enables cancerous cells to achieve replicative 
i ortality, hich is one of the hall ar s of cancer (17)  
Telo erase activity ay therefore increase the lifespan of 
a cell, resulting in an accu ulation of genetic alterations 
in the cell that again ay contribute to the develop ent of 
cancer (18)  In UC ucosa, ho ever, reports on telo erase 
activity vary fro  reduced levels (1 ), levels not differing fro  
non-UC colons (20-22), to reports on elevated activity (23,24)  
All these investigations used versions of the Telo eric Repeat 
A pli cation rotocol (TRA )-assay or CR-ELI A, valid 

ethods for easuring telo erase activity in a sa ple by 
using tissue e tracts  Due to the often high levels of in a -

ation in a UC colon, elevated levels of acrophages and 
neutrophils are present, and tissue e tracts fro  the colonic 

ucosa of UC patients ay therefore co prise these cell types  
A TRA -assay fro  colonic ucosal cells ay therefore not 
differentiate bet een telo erase activity in acrophages and 
leucocytes in the tissue fro  that of the epithelial cells, a ing 
results dif cult to interpret  Notably, in a study on telo erase 
activity in UC colonic ucosa, here ucosal cells had been 
separated fro  stro al cells the results sho ed different 
levels of activity in the t o sets  Levels of telo erase activity 

ere reported as lo  in dysplastic ucosa, and a correlation 
bet een telo erase activity and in a ation as detected  In 
this report, DNA-status as not included (22)  It has also been 
speculated as to hether elevated levels of telo erase-activity 
in UC ucosa are a direct result of enhanced cell proliferation 
in actively in a ed colon tissue (24)

In the present study, e used i unohistoche istry (I C) 
to assess hTERT levels in UC aterial as it provides the advan-
tage of assessing the protein e pression in speci c cell types 

ithin the tissue e a ined, thus allo ing for the e clusion of 
acrophages and neutrophils that ould obfuscate hTERT level 

data  e assessed hTERT protein levels using I C in the colonic 
ucosal cells of a set of progressor and non-progressor colons of 

patients suffering fro  longstanding UC, to investigate hether 
any differences in hTERT e pression ere related to progressor 
status, ucosal dysplastic develop ent or to DNA-ploidy status

Materials and methods

Patients. Thirty patients suffering fro  longstanding UC ere 
included in this report  All the patients had suffered fro  
UC for 10 years prior to colecto y, and so e patients had 
suffered as long as 30 years  atients also varied idely in age 
at the ti e hen sy pto s rst presented (fro  10 to 0 years 
old)  The 10 non-progressor patients included  ales and 

 fe ales  The progressors included 17 ales and 3 fe ales  
Use of this aterial for research purposes received ethical 
approval fro  the Regional Ethics Co ittee, RE  -0 0 2

UC colectomies: Progressors and non-progressors. The 
colecto y speci ens have previously been described by uru -
Auensen et al (2 )  The colecto ies (n 30) ere grouped into 
progressors and non-progressors, revealing 10 non-progressors 
that presented no dysplastic lesions, and 20 progressors that all 
presented at least one area of dysplasia cancer  The a ority of 
cases also presented DNA aneuploidy

At least eight sites fro  each colecto y ere e a ined, 
and ithin the progressors 83 non-dysplastic areas ere identi-

ed, 31 areas inde nite for dysplasia, 2  areas ith dysplasia 
and 8 adenocarcino as  ince our analyses focused on 
precancerous orphology changes, the adenocarcino as ere 
e cluded  A total of 18 non-dysplastic and 7 dysplastic areas 
revealed DNA aneuploidy  The progressor lesions are sho n in 
Table I  y de nition the non-progressor lesions ere diploid 
and non-dysplastic

hTERT IHC. Tissue icroarrays (TMAs) fro  eight sites 
ithin each colon ere ade using a eecher tissue icroar-

rayer as described previously (2 )  Core si e as 0   All 
cores ere previously evaluated by an e perienced patholo-
gist (O FC)  At least t o tissue cores fro  each ucosal region 

ere sa pled  T o tonsillar sections ere used as positive 
controls  ections (4 ) ere e posed to 0  2O2 solution 
for 10 in, follo ed by antigen retrieval in the citrate buffer at 
p  0  Incubation of TMAs ith the pri ary antibody against 
telo erase ouse onoclonal ab 181, dilution (1: 00)  Abca , 
Ca bridge, U , as perfor ed for 1 h at roo  te perature  

taining as perfor ed using a entana Ne es achine using 
entana Ivie  DA  detection it ( entana Medical yste s, 

Tucson, A , U A) according to the anufacturer s instruc-
tions  ections stained ith Tris-buffered saline (T ) instead 
of pri ary antibody served as negative staining controls  
hTERT protein e pression as de ned for each sa ple as the 
percentage of positive cells out of 1,200 rando ly selected 

ucosal epithelial cells  Only cells ith nuclear staining ere 
counted as positive for hTERT-e pression  hTERT-staining of 
a non-UC control sa ple and progressor lesions ith high and 
lo  hTERT levels are presented in Fig  1  The antibody as 
tested for speci city using several hu an cancer cell lines, and 
a single band of 127 Da as detected (Fig  2)

e have previously presented the i unostaining for 
i 7 for this aterial, sho ing signi cantly elevated levels of 
i 7 in UC colons co pared to non-UC controls (2 )

Statistical analysis. As each patient included in this study 
contributed ith ore than one biopsy, e evaluated the levels 
of protein e pression in relation to the orphologic para -
eters, as ell as the association analyses of protein levels for 
hTERT and i 7, by using a ultilevel odel that co pen-
sates for patient differences  The linear i ed odel (LMM), 

ith restricted a i u  li elihood (REML) esti ations 
and a onferroni post-hoc test as perfor ed  Tests ere 
perfor ed in A ® statistics 18 (Chicago, IL, U A)  All tests 

ere t o-sided and a p-level of 0 0  denoted signi cance

Results

TMA evaluation. TMAs do not consistently e hibit full colonic 
crypts as observed in hole sections, but since e found the 
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e pression of hTERT in our study to be evenly distributed 
throughout the colonic ucosa e concluded that hTERT 
protein levels could be esti ated reliably (data not sho n)

As i 7 protein e pression is lin ed to the gro th fraction 
in UC-colonic ucosa e did not consider TMAs as reliable in 
assessing i 7 e pression related to dysplastic develop ent

The assess ent of i 7 protein e pression as perfor ed 
ithin the sa e tissue cores as for hTERT protein assess-
ents, thus evaluation of the association bet een hTERT and 
i 7 as considered to be reliable

Levels of hTERT in the colonic mucosa of progres-
sors vs. non-progressors  Levels of hTERT ere signi cantly 
elevated (p 0 001) in the colonic ucosa of progressors 
and non-progressors, co pared to non-UC controls (Fig  3)  
No difference as observed co paring progressor and 
non-progressor colecto ies  tatistically elevated levels of 

i 7 in overall UC colons co pared to non-UC controls have 
been previously presented (2 )

Levels of hTERT within the colonic mucosa of progressor 
colectomies. The progressors ere divided according to age at 
onset, as it has been recently sho n that progressors ith late 

Table I  u ary of lesions in the progressor colecto ies (n 20) according to orphology and DNA-ploidy status

 Colon speci en 
 ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  30 70 71  132 1  1 4 1  174 17  177 1 1 1 2 1  20  22  1 14 1701 172  178

Diploid Non-dysplasia   2 1 1 3 1 2 7 2 3  4 3    3 0 1
 Inde nite dysplasia 0 0 0 0 2 1 2 1 0 2 1 0 1  2 1 1 2 2 0
 Dysplasia 0 2 0 3 1 1 2 0 1 0 0 0 1 0 1 2 0 2 6 0
 Adenocarcino aa 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 2 0 0 0 0

Aneuploid Non-dysplasia 1 0 0 0 0 3 1 1 1 4 2 2 0 0 0 0 1 1 0 1
 Inde nite dysplasia 0 0 0 0 2 0 1 0 0 0 0 0 1 1 0 0 0 0 0 3
 Dysplasia 0 0 0 1 1 1 2 1 0 0 0 1 0 0 0 0 0 0 0 0
 Adenocarcino aa 1 0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 1

aAdenocarcino as ere re oved fro  the analyses

Figure 1  I unohistoche istry (I C) for hTERT  (A) Non-UC control sa ple (fro  full section), ( ) ulcerative colitis (UC)-lesion ith lo  hTERT levels 
and (C) UC-lesion ith high hTERT levels  I ages of UC colons are fro  tissue icroarray (TMA)-cores  Arro s ar  colonic ucosal cells positive for 
hTERT in lo  e pression levels, arro heads ar  hTERT-stained leucocytes  I ages are 400 agni cation

Figure 2  estern blot analysis con r ing the speci city of ab 181, a ono-
clonal antibody for hTERT e pression  The antibody as speci c, sho ing a 
single band at 127 Da hen tested using several cancer cell lines
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onset of UC (  0 years old) differed in telo ere biology fro  
progressors ith early onset of UC ( 0 years old) (26)  The 
results yielded no statistical difference in the protein levels of 
hTERT hen co paring late and early onset UC (p 0 2)

No statistically signi cant difference in the levels of hTERT 
e pression as detected bet een diploid lesions and lesions 
presenting aneuploidy, ithout correcting for differences in 

ucosal orphology (p 0 12)  No signi cant differences in 
hTERT levels ere identi ed bet een non-dysplastic lesions, 
lesions inde nite for dysplasia and dysplastic lesions ithout 
correcting for DNA-ploidy status (p 0 14)  o ever, hen 
stratifying for ucosal orphology and co paring hTERT 
protein levels ithin diploid lesions ith those harbouring 
aneuploid populations, e found that the aneuploid lesions 
tended to have less hTERT e pression than the diploid coun-
terparts (Fig  4)

ithin the non-dysplastic aneuploid and diploid lesions 
of the progressor colons the hTERT levels differed to a 
statistically signi cant e tent (p 0 037) hen using LMM 
accounting for the differences bet een the patients  The 
p-values detected using LMM for DNA-ploidy status ithin 
each orphologic group are presented in Table  y ignoring 
patient differences, and using a t-test, a statistically signi cant 
difference as found bet een hTERT levels stratified for 
DNA-ploidy status ithin the lesions scored as inde nite for 
dysplasia  Diploid lesions had higher levels of hTERT than 
aneuploid lesions

Associations between protein levels of hTERT and Ki67 in 
the colonic mucosa of progressors and non-progressors. An 
association analysis bet een hTERT and i67 revealed statis-
tically signi cant results ithin the non-progressors (p 0 047) 

hen using LMM, co pensating for patient variation  No 
association as detected ithin the different lesions of the 
progressors (Table III)  No association as detected bet een 
the protein levels of hTERT and i67 ithin the progressors 

hen stratifying for DNA-ploidy status
All analyses ere also perfor ed e cluding all cases 

harbouring adenocarcino as  This did not alter the results to 
any statistically signi cant degree

Discussion

In the present study, e found significantly raised levels 
of hTERT protein in the ucosa of both progressor and 
non-progressor UC colecto ies co pared to non-UC control 
sa ples (p 0 001), but no signi cant difference as detected 
bet een hTERT levels in the progressor and non-progressor 

Figure 3  hTERT in ulcerative colitis (UC) progressors, non-progressors and 
non-UC controls  rotein levels of hTERT detected by i unohistoche istry  
(I C) in progressors, non-progressors and non-UC controls

Figure 4  hTERT in diploid and aneuploid lesions of progressors  E pression 
of hTERT in non-progressors and ithin areas ith different orphologies 
harbouring diploid or aneuploid populations in progressors

Table II  LMM test p-values for hTERT protein levels strati ed 
for DNA-ploidy status ithin different orphologic stages 
fro  progressors

Morphology p-value

Non-dysplasia 0 037
Inde nite for dysplasia 0 374
Dysplasia 0 6

LMM, linear i ed odel

Table III  -values generated fro  LMM analyses for the 
association bet een hTERT and i67 protein e pression in 
UC- orphology

Morphology p-value

Non-progressor 0 047
Non-dysplasia 0 0 7
Inde nite for dysplasia 0 102
Dysplasia 0 731

LMM, linear i ed odel  UC, ulcerative colitis
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colecto ies  UC is reportedly a disease of accelerated aging of 
colonic ucosa (27), ith an elevated cell division rate as docu-

ented by reco et al (28)  The fact that e detected si ilar 
hTERT levels in progressor and non-progressor colecto ies is 
consistent ith those studies, as the patients had suffered fro  
UC for 10 years  Elevated levels of hTERT ere found in 

ildly active UC in the ucosa of patients suffering fro  UC 
on average 6 years (2 )

For e a ination of possible differences in the levels of 
hTERT ithin the progressors e strati ed the areas of the 
20 progressor colecto ies by orphological characteristics, 
and co pared diploid areas ith areas containing aneuploid 
clones, using LMM  This co parison sho ed a pattern of 
lo er hTERT e pression in aneuploid lesions ithin areas 
of si ilar orphology  ithin the non-dysplastic lesions 
this difference as statistically signi cant (p 0 037)  If each 
lesion as included in the analysis as independent data entries 
( tudent s t-test), e found a signi cant difference bet een 
hTERT levels in diploid and aneuploid lesions inde nite for 
dysplasia  o ever, the protein levels of hTERT vary bet een 
patients, a fact that potentially affects our statistical ndings, 
creating false positives  everal of the aneuploid lesions of 
inde nite dysplastic orphology ere found ithin the sa e 
colon (Table I), and this could s e  our results  e therefore 
found the p-values yielded by the LMM analysis controlling 
for patient variations to be valid  The hTERT-protein e pres-
sion in diploid, non-dysplastic lesions did not differ fro  
the levels found in the non-progressors, hich are all non-
dysplastic and diploid  This sho s that hen the confounding 
factor of differences in ucosal orphology is accounted 
for, reduced levels of hTERT are lin ed to DNA aneuploidy 
and possibly also associated ith its develop ent  Increased 
levels of hTERT ay enhance the proliferative activity of the 
in a ed tissue harbouring increased levels of reactive o ygen 
species (RO ), and possibly contribute to the develop ent of 
dysplasia and cancer  It has been de onstrated that UC colons 
have enhanced cell proliferation (24) and elevated levels of 
RO  (30)  oth these agents are reported to facilitate telo ere 
shortening  Too short or even issing telo eres can induce 
brea age-fusion-bridge ( F ) cycles, hich again can lead 
to chro oso al instability ( ) and DNA aneuploidy (31,32)  
Elevated levels of F  ere sho n in UC-progressor colons, 
but DNA-ploidy status of the lesions e a ined as not investi-
gated (31)  Activation of telo erase can prevent F -cycles by 
adding telo eric se uences to short telo eres or bro en chro-

oso e ends (33)  Our results sho ing less hTERT present in 
lesions that contain aneuploid cell populations are consistent 

ith these results
UC progressors have been sho n to differ in ean telo ere 

length depending on the patients  age at disease onset, here 
early onset ( 0 years of age hen diagnosed) harboured 
shorter telo eres than those observed in UC progressors 

ith later UC onset (26)  All our patients had suffered fro  
active colitis for 10 years at the ti e of colecto y and all 
had presented e tensive colitis  Only t o progressors ere 
diagnosed ith UC after the age of 0, and these did not 
differ in hTERT e pression fro  the patients diagnosed at an  
earlier age

It is possible that any differences in hTERT levels of the 
colonic ucosa bet een the progressors and non-progressors 

ere levelled out by continuous i pair ent of the colonic 
ucosa due to in a ation and regeneration  Telo eres in 

UC colonic ucosa are reported to shorten ore rapidly than 
in non-UC ucosa (27,31), and activation of telo erase ight 
be a response to this attrition  This could indicate that hTERT 
e pression is not a bio ar er for differentiating a progressor 
colon fro  a non-progressor colon prior to colecto y

A study of four colecto ies fro  patients suffering fro  
UC for 20 years revealed a regional correlation bet een 
dysplasia and telo erase activity easured by a version of the 
ELI A  One patient did not present dysplasia or telo erase 
activity (23)  o ever, the ELI A ethod used in the study 
detected asse bled telo erase en y e co ple es, and it as 
suggested that lac  of detected telo erase activity in so e of 
the sa ples could be due to degradation of the RNA co po-
nent of the holoen y e prior to sa pling (23)  I C of hTERT 

ay o it tissue-based proble s such as partial degradation, 
as it is based on visual e a ination of stained for alin or 
alcohol- ed, paraf n-e bedded tissue

I C facilitates the investigation of protein e pression in 
speci c cell types ithin a tissue  This feature can prove valu-
able hen e a ining UC colons, here a high percentage of 
leucocytes are generally present in the ucosa  E a ining 
hTERT protein e pression by I C allo ed us to assess the 
differences in the e tent of hTERT e pression in the colonic 

ucosal cells, ithout the confounding contributions fro  
ucosal leu ocytes  In a report e a ining coronary pla ues, 

neutrophils ere found to have elevated levels of telo erase 
activity (34)  This is con r ed in our study by the presence 
of hTERT-positive leucocytes in the la ina propria (Fig  1)

o ever, i unohistoche ical detection of hTERT has 
proven to be a dif cult tas , as so e antibodies can also bind 
to other proteins not associated ith telo erase activity (3 ), 
antibodies that are not co ercially available, or those that 
are co ercially available but have not been proven to be 
speci c (i e , non-speci c cytoplas ic rather than speci c 
nuclear staining)  As ne  antibodies binding to hTERT have 
beco e available and tested for binding speci city, reports 
of hTERT-e pression have e erged  Elevated levels of 
hTERT in precancerous lesions have been identi ed in gastric 
tissue (36), and colonic adenocarcino as (37)  The hTERT 
protein levels of colonic ucosa ay provide insight into the 
transition fro  nor al-loo ing ucosal orphology to ards 
a possible colorectal cancer, as nor al colonic ucosa has 
lo  hTERT levels, hereas colorectal cancers have high 
levels of hTERT (38)  In our study the nuclear hTERT staining 

as very distinct  The onoclonal hTERT antibody used as 
speci c, as con r ed by estern blotting of several hu an 
cancer cell lines that sho ed a single band at 127 Da as 
e pected (Fig  2)  e have previously sho n, that progressors 
harboured signi cantly ore ultra-short telo eres co pared 
to non-progressor colons, and that the difference re ained 
statistically significant hen e co pared the diploid, 
non-dysplastic progressor lesions to the non-progressors  
In ter s of ean telo ere length, no difference as found 
bet een progressors and non-progressors (3 )  Thus, an asso-
ciation bet een ean telo ere length and hTERT protein 
levels see s to e ist, hereas no association as observed 
bet een the a ount of ultra-short telo eres and levels of 
hTERT in longstanding UC
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In a previous study, our group sho ed that the proliferation 
ar er i67 as significantly elevated in UC colons 

co pared to non-UC control sa ples, thus con r ing that 
proliferation is enhanced in UC colonic ucosa (2 )  Also, 
protein e pression of i67 has been sho n to increase ith 
advancing degree of gro th fraction due to the developing 
stage of dysplasia in the colonic ucosa of the UC colon (40)  

e found that hTERT e pression as signi cantly associated 
ith the e pression of i67 ithin the non-progressor lesions  
ithin the progressors this association as lost, even hen 

diploid, non-dysplastic lesions ere e a ined separately  
Together ith our ndings of a borderline signi cant p-value 
for association bet een hTERT and i67 ithin progressor 
non-dysplasia, and no significance detected ithin the 
increasing levels of distorted orphology (Table III), it see s 
the association bet een proliferation and hTERT protein 
e pression is lost during the develop ent of dysplasia  The lac  
of difference in hTERT protein levels bet een progressors and 
non-progressors, together ith elevated a ounts of ultra-short 
telo eres identified in the progressor lesions and the 
hTERT i67association found only ithin non-progressors 
leads to the hypothesis that the positive association bet een 
hTERT and i67 in the non-progressors ay be a protective 
agent against shortening of the cells telo eres

In conclusion, e have sho n that the protein levels of 
hTERT ere signi cantly elevated in the ucosa of progressors 
and non-progressor UC colons co pared to non-UC control 
sa ples  In the progressor colons, aneuploid non-dysplastic 
lesions had a signi cantly lo er e pression of hTERT than 
the diploid non-dysplastic lesions, and diploid, non-dysplastic 
lesions did not differ fro  the non-progressors ith regard 
to e pression of hTERT protein in the colonic ucosal cells, 
thus lo  levels of hTERT associated ith aneuploidy  e also 
found that ithin the non-progressors there as an associa-
tion of hTERT e pression and e pression of the proliferation 

ar er i67  No association of hTERT i67 protein e pres-
sion as detected in the progressors, even hen only diploid 
non-dysplastic lesions ere e a ined, indicating that the asso-
ciation of the t o proteins ay act as a protective echanis  
against the develop ent of progressor characteristics ithin a 
UC colon
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