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Abstract: Telomere shortening is associated with colorectal carcinogenesis and recent studies have focused on its 
characteristics in both normal mucosa and tumor tissues. To clarify the role of telomeres in colorectal carcinogen-
esis, we analyzed telomere shortening in normal and tumor regions of 93 colorectal precursor lesions. Telomere 
length was examined in 61 tubular adenomas (TAs) and 32 serrated polyps (SPs), and PIK3CA expression, KRAS 
mutation, BRAF mutation, and MSI were also analyzed. Telomere length was similar in normal and tumor tissues 
of TAs and SPs. In normal tissues of TAs, telomere shortening was associated with PIK3CA amplification (81.3% 
vs. 18.8%, p < 0.001), whereas it was associated with BRAF mutation in normal tissues of SPs (66.7% vs. 23.1%, 
p = 0.060). According to the analysis on tumor tissues, KRAS and BRAF mutations were mutually exclusive in TAs 
and SPs (p < 0.001), and telomere shortening was associated with mitochondrial microsatellite instability (63.6% 
vs. 36.4%, p = 0.030). These data suggested a pivotal role of telomere shortening in normal colorectal tissue for 
proceeding to TAs or SPs along with PIK3CA amplification and BRAF mutation, respectively. Moreover, telomeres in 
TAs may collaborate with mitochondrial instability for disease progression. 
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Introduction

Most colorectal cancers (CRC) are thought to 
arise from the adenoma-carcinoma series by 
sequential accumulation of genetic alterations 
[1]. Tubular adenomas (TA) progress through 
APC, KRAS, and p53 mutations whereas ser-
rated polyps (SP) may be associated with mic-
rosatellite instability (MSI or nMSI) and BRAF 
mutations [2-4]. Though the molecular mecha-
nisms of this progression are uncertain, pre-
cancerous CRC lesions may have various ge- 
netic backgrounds and carcinogenesis proce- 
sses.

Telomeres, composed of 6-bp TTAGGG repeat 
sequences, are nucleoprotein complexes cap-
ping each end of the eukaryotic chromosome 
[5]. In normal human somatic cells, telomeres 
have an average length of 5 to 15 kilobases 
and are shortened by ~30 to 200 base pairs at 
every cell division. With continuous shortening, 
telomeres eventually reach a critical length 

that triggers replicative senescence and apop-
tosis [6]. The disruption of this process or telo-
mere dysfunction is considered a major factor 
for cancer progression [6]. In CRC tissues, telo-
mere length has been found to be short as com-
pared to that in adjacent normal mucosa [7-9]. 
This telomere shortening may be an early event 
in colorectal carcinogenesis and was frequently 
found in adenomas. Recently, the characteris-
tics of telomeres in both normal mucosa and 
tumor tissues were found to be independently 
associated with CRC progression [10]. To under-
stand the role of telomeres in colorectal carci-
nogenesis, telomeres and their associated ge- 
nes should be studied in tumors and in matched 
normal mucosa samples of precancerous le- 
sions. 

In the present study, we analyzed telomere leng- 
th in normal and tumor regions of 93 colorectal 
precursor lesions, comprising 61 TAs and 32 
SPs. Based on previous our studies [11, 12], to 
better understanding colorectal carcinogene-
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sis, key molecular markers in CRCs, including 
nuclear and mitochondrial MSIs, KRAS and 
BRAF mutations, and PIK3CA amplification, we- 
re also analyzed in these lesions.

Materials and methods

Patients and DNA extraction

To obtain precancerous lesions, the records  
of colonoscopic polypectomies performed at 
Dongsan Medical Center in the period between 
1999 and 2003 were reviewed, and 61 TAs and 
32 SPs were selected. The SPs were catego-
rized as serrated adenomas or hyperplastic pol-
yps. Among SPs, mixed form and traditional 
serrated adenomas were excluded. Exclusion 
criteria were previous history of surgical resec-
tion for CRCs, and evidence of hereditary non-
polyposis colorectal cancer (Amsterdam crite-
ria) or familial adenomatous polyposis. Tumor 
area and adjacent normal mucosa were select-
ed from the slides based on hematoxylin and 
eosin stained sections. Subsequently, the se- 
lected areas from paraffin-embedded tissues 
were used for DNA extraction using an extrac-
tion kit (AbsoluteTM DNA extraction Kit, Bio- 
Sewoom, Korea) according to the manufactur-
er’s instructions. Tissue-based specimen col-
lection and studies were approved by the insti-
tutional review boards of Keimyung University 
Dongsan Medical Center, Korea. All partici-
pants provided written consent and indicated 
willingness to donate their tissue samples for 
research.

Telomere length and PIK3CA expression

Telomere length and PIK3CA expression were 
analyzed by quantitative real-time PCR. For 
quantitative determination of telomere length 
relative to nDNA, primers for specific amplifica-
tion of telomere (T) and nDNA-encoded ß-glo-
bin (S) were selected as reported in a previous 
study [13]. PIK3CA (T) and ß-globin (S) expres-
sion levels were analyzed and relative PIK3CA 
expression was then calculated. 

Real-time PCR was performed on a LightCycler 
480 II system (Roche Diagnostics, Germany). 
Relative telomere length and PIK3CA expres-
sion were determined by calculating T/S values 
using the formula T/S = 2-ΔCt, where ΔCt = 
average Cttelomere or PIK3CA - average Ctß-
globin. Each measurement was repeated in 
triplicate and 5 serially diluted control samples 

were included in each experiment. Amplification 
of PIK3CA was defined by a copy number ≥ 3.

KRAS and BRAF mutations

KRAS mutations in codons 12 and 13, and the 
BRAF V600E mutation were analyzed by pyro-
sequencing (PyroMark Q24, Sweden). The prim-
ers for amplification and pyrosequencing were 
designed as described previously [11, 12]. The 
pyrosequencing reaction was performed on a 
PyroMark Q24 instrument using Pyro Gold Q24 
reagents (Qiagen, Netherlands). The pyrose-
quencing primers were used at a final concen-
tration of 0.3 µmol/L. The resulting data were 
analyzed and quantified using PyroMark Q24 
software version 2.0.6 (Qiagen, Netherlands). 

Microsatellite instability (MSI)

Although the National Cancer Institute recom-
mends the Bethesda panel for MSI analysis, 
recent studies have shown that BAT25 and 
BAT26 analysis can accurately detect MSI with-
out additional markers [11, 12]. Most of the 
mitochondrial MSI (mtMSI) was found in the 
D-loop region, especially in the D310 region. 
Therefore, the MSI was analyzed with BAT25 
and BAT26 for nMSI and D310 for mtMSI. PCR 
amplification was performed using a previously 
described method [11].

Statistical analysis

The SPSS statistical package, version 19.0 for 
Windows, was used for all statistical analyses. 
Chi-square, Fischer’s exact tests, and Spear- 
man correlation analysis were used to analyze 
the relationship between variables. A two-tailed 
probability < 0.05 was required for statistical 
significance.

Results

Telomere length in colorectal precancerous 
lesions

Telomere length was successfully analyzed 
using real time PCR in 93 colorectal precursor 
lesions, comprising of 61 TAs and 32 SPs. 
Telomere length was calculated in paired nor-
mal and tumor tissues. In normal tissues, the 
average telomere lengths were 9.50 ± 1.90 
and 9.79 ± 1.94 in TAs and SPs, respectively. In 
tumor tissues, telomere lengths were 9.90 ± 
1.93 and 9.99 ± 1.54 in TAs and SPs, respec-
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tively. These results were not significantly dif-
ferent (p = 0.500 and p = 0.824). To determine 
the correlation between telomere length and 
molecular genetic status, patients were divided 
into two groups according to the median value 
of telomere length. 

Telomere length of normal mucosa in colorec-
tal precancerous lesions

Molecular genetic analysis and telomere leng- 
th were investigated in normal mucosa, and  
the results are presented in Table 1. Telomere 
shortening was observed in 32.8% (20/61) TAs 
and 31.3% (10/32) SPs, respectively. In TAs, 
telomere shortening was associated with PIK3- 
CA amplification (81.3% vs. 18.8%, p < 0.001). 
KRAS mutation was inversely correlated with 
telomere shortening; however, it did not show 
statistical significance (13.3% vs. 86.7%, p = 

(36.4%, p = 0.030). Other clinical and molecu-
lar characteristics were not associated with 
telomere length.

Discussion

Previous studies have shown that telomere 
length is associated with the clinicopathologi-
cal characters or survival rates in colorectal 
cancer (CRC) [7-9]. This cancer is considered a 
heterogeneous disease, as its precursors TA 
and SP, exhibit distinct pathological features 
and molecular signatures. To identify colorectal 
carcinogenesis and the potential markers for 
its prognosis, we used multitier genetic approa- 
ches with telomeres in both normal and tumor 
tissues of TAs and SPs. A previous study used 
real-time PCR to accurately identify telomere 
length in normal and tumor tissues [13]. This 
technique is the only practical high-throughput 

Table 1. Characteristics of telomere length in normal tissues of TAs and 
SPs

TA SP
Short  
(N, %)

Long  
(N, %) p Short  

(N, %)
Long  
(N, %) p

Total 20 (32.8) 41 (67.2) 10 (31.3) 22 (68.8)
    Age .507 .681
        < 65 13 (36.1) 23 (63.9) 7 (29.2) 17 (70.8)
        ≥ 65 7 (28.0) 18 (72.0) 3 (37.5) 5 (62.5)
    Sex .797 .355
        Male 13 (31.7) 28 (68.3) 8 (36.4) 14 (63.3)
        Female 7 (35.0) 13 (65.0) 2 (20.0) 8 (80.0)
    Region .382 .648
        Right 4 (23.5) 13 (76.5) 3 (42.9) 4 (57.1)
        Left 16 (36.4) 28 (63.6) 7 (28.0) 18 (72.0)
    KRAS mutation .111 1.00
        (+) 2 (13.3) 13 (86.7) 0 (0) 1 (100)
        (-) 18 (39.1) 28(60.9) 10 (32.3) 21 (67.7)
    BRAF mutation .060
        (+) - - 4 (66.7) 2 (33.3)
        (-) 20 (32.8) 41 (67.2) 6 (23.1) 20 (76.9)
    MSI .384 .572
        (+) 3 (50.0) 3 (50.0) 2 (50.0) 2 (50.0)
        (-) 17 (30.9) 38 (69.1) 8 (28.6) 20 (71.4)
    mtMSI 1.00 1.00
        (+) 4 (36.4) 7 (63.6) 2 (33.3) 4 (66.7)
        (-) 16 (32.0) 34 (68.0) 8 (30.8) 18 (69.2)
    PIK3CA amplification < .001 .096
        (+) 13 (81.3) 3 (18.8) 5 (55.6) 4 (44.4)
        (-) 7 (15.6) 38 (84.4) 5 (21.7) 18 (78.3)

0.11). SPs with BRAF mu- 
tation (66.7%) had short-
er telomeres than those 
without BRAF mutation 
(23.1%), and this differ-
ence was of borderline 
statistical significance (p 
= 0.060). In SPs, telome- 
re shortening was associ-
ated with PIK3CA amplifi-
cation (55.6% vs. 21.7%), 
but it showed no statisti-
cal significance (p = 
0.096). Other clinical and 
molecular characteristics 
were not associated with 
telomere length.

Telomere length in 
colorectal precancerous 
lesions

Telomere shortening was 
found in 32.8% (20/61) 
TAs and 18.8% (6/32) 
SPs, without a significant 
difference (p = 0.152, 
Table 2). KRAS and BRAF 
mutations were mutually 
exclusive in TAs and SPs 
(p < 0.001). Telomere 
length was significantly 
short in TA tissues with 
mtMSI (63.6%) than in 
those without mtMSI 
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for rapid cancer progression through 
chromosome instability [10]. Therefore, 
telomere shortening has been linked to 
genetic changes like PIK3CA amplification 
and BRAF mutation, suggesting a pivotal 
role in the progression to TAs or SPs. 

Moreover, mitochondrial MSI (mtMSI) was 
associated with telomere shortening in 
TAs. Our previous study showed that mt- 
MSI was frequent in TAs as an early event 
and that TAs with mtMSI show an inde-
pendent carcinogenesis pathway, result-
ing in poor prognosis [11]. Both mitochon-
dria and telomeres are considered to be 
key instigators of natural ageing. Previous 
studies have reported that telomerase-
deficient mice with severe telomere dys-
function showed disorders of mitochon-
drial biogenesis and decreased energy 

Table 2. Characteristics of telomere length in tumor tissue of TAs and 
SPs

TA SP
Short  
(N, %)

Long  
(N, %) p Short  

(N, %)
Long  
(N, %) p

Total 20 (32.8) 41 (67.2) 6 (18.8) 26 (81.3)
    Age .507 .681
        < 65 11 (30.6) 25 (69.4) 4 (16.7) 20 (83.3)
        ≥ 65 9 (36.0) 16 (64.0) 2 (25.0) 6 (75.0)
    Sex .746 1.00
        Male 14 (34.1) 27 (65.9) 4 (18.2) 18 (81.8)
        Female 6 (30.0) 14 (70.0) 2 (20.0) 8 (80.0)
    Region .140 .296
        Right 8 (47.1) 9 (52.8) 0 (0) 7 (100)
        Left 12 (27.3) 32 (72.7) 6 (24.0) 19 (76.0)
    KRAS mutation .959 1.00
        (+) 5 (33.3) 10 (66.7)  (0) 1 (100)
        (-) 15 (32.6) 31 (67.4) 6 (19.4) 25 (80.6)
    BRAF mutation 1.00
        (+) - - 1 (16.7) 5 (83.3)
        (-) 20 (32.8) 41 (67.2) 5 (19.2) 21 (80.8)
    MSI 1.00 1.00
        (+) 2 (33.3) 4 (66.7) 1 (25.0) 3 (75.0)
        (-) 18 (32.7) 37 (67.3) 5 (17.9) 23 (82.1)
    mtMSI .030 1.00
        (+) 7 (63.6) 4 (36.4) 1 (16.7) 5 (83.3)
        (-) 13 (26.0) 37 (74.0) 5 (19.2) 21 (80.8)
    PIK3CA amplification .544 .648
        (+) 4 (25.0) 12 (75.0) 1 (11.1) 8 (88.9)
        (-) 16 (35.6) 29 (64.4) 5 (21.7) 18 (78.3)

method available, espe-
cially in large-scale epide-
miologic studies, therefore, 
we also examined telomere 
length by real-time PCR.

In this study, telomere leng- 
th was found to be similar 
in TAs and SPs. Interest- 
ingly, telomere shortening 
in TAs was associated with 
PIK3CA amplification, whe- 
reas it was more frequent 
in SPs with BRAF mutation 
than in those without BR- 
AF mutation. These results 
suggest that telomere sta-
tus may play an important 
role in TA and SP develop-
ments in association with 
PIK3CA amplification and 
BRAF mutation, respective- 
ly. Although the precise me- 
chanism of telomere regu-
lation in colorectal lesions 
is still unclear, previous 
studies demonstrated that 
telomere shortening was 
observed as an early event 
in the process of colorectal 
carcinogenesis [10, 16, 
17]. This indicated that te- 
lomere shortening in nor-
mal mucosa may addition-
ally provide a background 

Figure 1. Schematic diagram of telomere shortening in 
colorectal carcinogenesis. In normal mucosa, telomere short-
ening induces colorectal carcinogenesis to tubular adenoma 
(TA) or serrated polyp (SP) dependently with PIK3CA or BRAF 
mutation, respectively. In TA, telomere shortening accelerates 
the progression via mitochondrial microsatellite instability.
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production directly linked to p53 [18-20]. There- 
fore, the telomere-p53-mitochondria axis may 
support our results showing that telomere-
shortening induces mitochondrial instability in 
TAs. Taken together, we suggest that the disor-
dered telomere-mitochondria axis in aging or 
genetic changes triggers colorectal carcinogen-
esis. Though the correlation between CRC prog-
nosis and telomere length is still controversial, 
this possible linkage should be considered fur-
ther with multifactorial gene analysis.

In conclusion, we identified that telomere short-
ening in normal tissues may contribute to either 
the tubular adenoma-carcinoma pathway or 
the serrated pathway in association with PIK3- 
CA amplification and BRAF mutation, respec-
tively. This phenomenon indicates that these 
two genetic mechanisms confer equivalent se- 
lective growth advantages via telomere short-
ening. Moreover, an association between telo-
mere and mitochondria was shown in TAs, and 
this and previous results suggested that this 
pathway could be targeted for cancer preven-
tion [21]. These data suggest a new paradigm 
for colorectal carcinogenesis (Figure 1); there-
fore, further studies on molecular mechanisms, 
including more clinical cases are needed to 
clarify this hypothesis.
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