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BACKGROUND: Telomeres, repetitive DNA capping ends of eukaryotic chromosomes, are important in the maintenance of
genomic integrity. Perturbed telomeres are common features of many human malignancies, including colorectal cancer.
METHODS: Telomere length (TL), measured by a Monochrome Multiplex Real-Time qPCR, was investigated in tumour tissues,
adjacent mucosa, and blood from patients with colorectal cancer with different clinicopathological features and its impact on
patient survival. TL was also measured in a limited number of liver metastases, non-cancerous liver tissues or corresponding tissues

from the same patients.

RESULTS: TL in tumour tissues was shorter than in the adjacent mucosa (P < 0.0001). Shorter TL was observed in tumours with
lower stage than in those with advanced stages (P = 0.001). TL was shorter in tumours at the proximal than at the distal sites of the
colon (P <0.0001). Shorter TL was also associated with microsatellite instability (P=0.001) and mucinous tumour histology (P <
0.0001). Patients with a smaller TL ratio between tumour tissues and the adjacent mucosa were associated with increased overall
survival (P=0.022). Metastasised tumours had shorter telomeres than the adjacent non-cancerous liver tissues (P = 0.0005).
CONCLUSIONS: Overall, the results demonstrate differences in TL between tumours and the adjacent mucosa, between tumours

located at different sites and association with patient survival.
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BACKGROUND

Telomeres, tandem G-rich hexanucleotide repeats that are involved
in the maintenance of genome integrity, undergo a progressive
shortening through successive cell division. Gradual telomeric
attrition is caused by incomplete DNA replication of a lagging
strand. Telomere length (TL) is also affected by the genotoxic effect
of environmental and intracellular DNA-damaging agents, includ-
ing anticancer drugs.'™® Telomere shortening correlates with age.*
Tumour cells due to increased proliferation undergo faster
telomeric attrition than non-cancerous somatic cells. Telomere
shortening can act as a potent tumour-suppressing mechanism,
limiting cells from uncontrolled growth. However, most cancers
evolve a mechanism to overcome the proliferative barrier, due to
telomere attrition through telomerase rejuvenation. The rejuve-
nated telomerase preferentially stabilises the shortest telomeres
and critically short telomeres can lead to the formation of
anaphase bridges through breakage-fusion-bridge cycles that
contributes to chromosome instability (CIN).

Comprehensive reviews clearly documented that colorectal
cancer (CRC) may not be considered as a homogeneous disease.®”
CIN along with microsatellite instability (MSI) represents two major
pathways prevalent in the genesis of CRC,® as well as patterns of
epigenetic alterations constitute CRC heterogeneity. Particular

molecular features of CRC, attributable to the specific segments of
the bowel, may affect TL in the target tissue. Impaired mismatch
repair (MMR) leading to MSI is characterised by excessive indel
mutations in microsatellite sequences,® particularly in the proximal
colon. It is possible that the compromised MMR pathway could
affect telomeric repeats as well.” Due to the importance of telomere
biology in cancer initiation, progression and patient prognosis,
inconsistency of the current results in this field'®'" and the advent
of therapeutical concepts based on targeting telomere or
telomerase inhibition in order to overcome resistance, lack of drug
sensitivity and toxicity, it is imperative to understand the status of
TL and the factors affecting it in tumour tissue of CRC patients.

In this study, we determined TL in tumours and the adjacent
mucosa in order to find a correlation, if any. We also investigated
the impact of tumour location (reflecting CRC heterogeneity) on
TL. The impact of TL in tumour/mucosa on the overall patient
survival was also determined.

METHODS

Population characteristics

Sporadic CRC patients (N=721) with histologically confirmed
tumours were included in the study. Personal data that included
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date of birth, sex, and diabetes mellitus were obtained using a
structured questionnaire. For all patients, clinical data including
tumour-related parameters, such as the tumour location, Interna-
tional Union against Cancer (UICC) TNM stage system status,
degree of tumour differentiation, were collected along with
information about distant metastases, relapse, and date of death.

Patients were recruited from 2004 to 2014 in different
oncological and gastroenterological departments of various
hospitals within the Czech Republic. The last update of patient
follow-up for this study was December 2015. The description of
the studied population including fundamental characteristics of
CRC and background variables is presented in Table 1.

The study on CRC patients included paired tumour tissues and
adjacent non-malignant mucosa from 721 individuals collected
during surgical resection. In addition, peripheral blood was
available from 164 of those patients, sampled prior to surgery.
Further, we also had access to primary tumours, adjacent mucosa,
liver metastatic tissues, and paired adjacent liver tissue from 12
individuals from this group of patients.

In order to investigate TL in metastatic liver tissue on a more
robust cohort, we also included metastatic and adjacent liver
tissues from different 122 CRC patients without primary tumours
in the study.

The median age for the group of CRC patients, for whom tissue
pairs were available, at the time of diagnosis was 68 years (range
33-96 years); of those, 62.9% were men and 37.1% were women.
The patients for whom metastasised tissues were available
without primary tumours, had median age of 63 years (range
39-79 years); 66.1% men and 33.9% women.

DNA was extracted from tumour tissues, non-affected adjacent
mucosa, blood, metastatic tissues, and liver samples using the
DNeasy Blood and Tissue Kit (Qiagen, Courtaboeuf, France). The
study was approved by the local ethics committee of each
participating hospital. Written informed consent to participate in
the study and to approve the use of biological samples for genetic
analyses was obtained from all patients, according to the Helsinki
declaration.

Relative telomere length (RTL)

TL was measured as RTL by a Monochrome Multiplex Real-Time
gPCR Assay as described previously with some modifications.'*™'®
Syto 9, a single fluorescent dye, was used in real-time gPCR for the
collection of a signal from telomere (T; repeat copy number) and
albumin (S; human single-copy gene) amplicons, two target
sequences greatly differing in copy number. The values of cycle
threshold (Ct) for albumin amplicon were collected above the
melting temperature of the telomere product. the final TL value
was calculated as a ratio between the telomere and albumin
product. Measurement of TL from all DNA samples was carried out
in triplicate using a MicroAmp Optical 384-Well Reaction Plate
(Applied Biosystems, Foster City, CA, USA). A standard twofold
serial dilution was prepared based on the known initial
concentration of reference DNA (genomic DNA pooled from 30
individuals with 40-55 years age range and without any specific
sex ratio'?). Real-time gPCR experiments were performed on a Viia
7 Real-time PCR System (Applied Biosystems) using two simulta-
neous programmes to acquire the respective Ct values for
telomere sequences and the albumin gene (primer sequences in
Supplementary Table 1). The standard curve was used to quantify
telomere and albumin genes based on the respective Ct values,
and the obtained triplicate values were averaged.'” TL was
expressed as the ratio between the T/S. Inter-assay and intra-assay
variations were determined by duplicating the reference DNA for
all dilutions in each assay performed. If T/S ratio exceeded 1, the
DNA sample had longer telomeres. On the contrary, if T/S ratio
was lower than 1, the DNA sample had shorter telomeres.
PCR efficiency for TL measurement varied between 95 and 102%.
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Inter-plate variation for T and S was 3.5% and 3.4%, respectively.
Intra-plate variation for T was 0.42% and 0.28% for S.

Microsatellite instability (MSI)

MSI status was determined by the molecular testing of five
mononucleotide repeat markers (Bethesda consensus panel, BAT
25, BAT 26, NR 21, NR 24, and NR 27) that were run as a pentaplex,
using fluorescently labelled primers and standard PCR. Fragment
analysis was performed on ABI 3130 (Applied Biosystems). A final
comparison between tumour and non-tumour DNA short tandem
repetition profiles was analysed with GeneMapper v4.1 software
(Applied Biosystems). Tumour specimen was classified as MSI
when two or more loci were unstable.

Statistical analysis

TL measured in the tissues and blood cells of CRC patients was
expressed as median and range to characterise individual groups
(by means of SAS descriptive statistics, see below).

Statistical analyses were conducted on natural data by using
non-parametrical tests. Differences between TL in two distinct
tissues were analysed using non-parametrical ANOVA (Wilcoxon
signed-rank test). An interquartile range was defined as the
distribution of TL values between 25th and 75th percentiles. The
relationship between the patient age at diagnosis and TL values
was calculated by Pearson correlation coefficient. the TL ratio was
expressed as TL in tumour/TL in adjacent mucosa. If the TL ratio
exceeded 1, telomeres were longer in tumour tissue than the
adjacent mucosa. The curves for overall survival (OS) were derived
by the Kaplan-Meier log-rank test. OS was defined as the
time from the surgery to the date of death, or the date of
the last follow-up. Based on the TL cut-off, all CRC patients were
stratified into two groups. Statistical analyses were conducted
using SAS Institute Inc. software (Cary, NC, USA). The final
results were graphically illustrated using Prism8 GraphPad soft-
ware (San Diego, CA, USA) and software Statistica (StatSofg, Inc.,
Tulsa, OK, USA). Statistical significance for all tests was set at
P-value = 0.05.

RESULTS

Table 1 summarises TL data in tumour and adjacent mucosa
tissues of CRC patients, along with various personal and
clinicopathological characteristics. A moderate inverse relationship
between TL in adjacent mucosa and age was recorded (R=
—0.176 and P = 0.029).

TL in tumour tissue, adjacent mucosa, peripheral blood
lymphocytes (PBL), liver metastases, and adjacent liver tissues

TL in tumour tissues (n = 696) was statistically significantly shorter
(median [interquartile range]: 0.99 [0.65-1.50]) than in the
adjacent mucosa (n=677, 1.29 [0.83-2.26], Wilcoxon test, P<
0.0001; Fig. 1). Shorter TL in tumour tissue (i.e. TL ratio < 1) was
observed in tumours from 74% patients, while for the remaining
26% of CRC patients, tumours had a longer TL than the adjacent
mucosa (based on 661 comparisons, where the data for TL in both
tissues were available). We did not find any difference between TL
in PBL (n =164, 0.76 [0.56-1.04]) and the corresponding tumour
tissues (0.78 [0.58-1.04], P =0.2). Neither there was a correlation
between TL in PBL and adjacent mucosa (R = 0.026).

TL was statistically significantly higher in 10 (83%) primary
tumour tissue samples (1.62 [1.34-1.94]) than in the respective
liver metastases (0.71 [0.52-1.01], P<0.0001), which was mea-
sured in tumours from only 12 CRC patients.

TL was statistically significantly (P = 0.0005) shorter in a group
of liver-metastasised tumours (0.76 [0.56-0.98]) than in the
adjacent non-cancerous liver tissues (0.86 [0.76-1.02]) from 122
patients (Fig. 2).
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RTL adjacent mucosa vs. tumour tissue

Relative telomere length

Adjacent mucosa Tumour tissue

Fig. 1 Comparison of RTL in adjacent mucosa and tumour tissue
(P <0.0001)

TL vs. tumour localisation

TL in tumour tissues was shorter in the proximal colon ((diagnosis
C18.0-C18.4), 0.87 [0.62-1.2]) than in the distal part of the colon
(C18.5-C19, 1.03 [0.65-1.53], P=0.006) and rectum (C20, 1.27
[0.8-1.91], P<0.0001; Fig. 3). Adjacent mucosa in CRC patients
with proximal tumour origin had the shortest TL (1.11 [0.79-1.86]).
However, the TL in the adjacent mucosa of distally located colon
tumours (1.37 [0.89-2.42]) was not statistically significantly higher
(P=0.18) than the non-malignant mucosa in proximal colon.
Interestingly, TL in adjacent mucosa within the proximal tumour
origin was statistically significantly shorter than the TL in non-
cancerous mucosa attributable to rectal tumours (1.50 [0.93-3.05],
P =0.03).

TL vs. MSI status

Tumour tissues from patients with MSI had statistically signifi-
cantly shorter TL (n =61, 0.72 [0.60-1.04]) than the microsatellite-
stable (MSS) tumours (n =553, 0.99 [0.70-1.30], P =0.009). MSI
tumours localised within the proximal part of the colon (n =51,
83.6% from all MSI patients) had statistically significantly shorter
TL in tumour tissue (0.72 [0.61-1.07]) than the MSS tumours in
proximal colon (1.12 [0.75-1.62], P=0.001). MSS tumours in the
proximal colon also had statistically significantly shorter TL than
MSS tumours from the rectum (P < 0.0001).

TL vs. tumour node metastasis status

Increased TL was observed in tumours with increased TNM stages.
A similar trend was not observed in the adjacent mucosa. Patients
with TNM stage | had statistically significantly shorter TL in tumour
tissue (P =0.001; Fig. 4) than in tumours with TNM stages Il + Ill +
IV. The TL ratio in the colon TNM stage | was statistically
significantly lower than TNM stages Il + Il + IV (P=0.001). Any
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Fig. 2 Comparison of RTL in paired tumour and liver metastatic
tissues (**P < 0.0001) and in non-cancerous liver tissues and liver
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Fig. 3 Association between RTL in tumour tissue and tumour site
origin; proximal vs. distal site (P=0.006), proximal site vs. rectum
(P <0.0001)
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RTL vs. TNM status
Tumour tissue

o
o

Relative telomere length

TNM status

Fig. 4 Association between RTL in tumour tissue and TNM status
(P=0.001)

difference in the TL ratio was not observed in the TNM stages of
rectal tumours.

TL vs. tumour histology

TL was statistically significantly shorter in mucinous cancer tissue
(n=280, 1.00 [0.66-1.44]) than in tubular cancer tissue (n =287,
1.46 [1.07-2.13], P < 0.0001). TL in the adjacent mucosa of patients
diagnosed to have mucinous tumours (n =77, 1.41 [0.92-2.14])
was also statistically significantly shorter than the adjacent
mucosa of CRC patients with tubular carcinoma (n=281, 2.31
[1.54-3.98], P < 0.0001).

OS vs. TL ratio

Patients with a TL ratio higher than 0.90 had a statistically
significantly poorer OS than those patients with lower TL ratios
(P=0.02; Fig. 5). We also analysed the possible effect of TL
differences on OS following the stratification for MSS and MSI
tumour characteristics. We did not observe any significant
difference in OS between CRC patients with MSI or MSS tumours
(P=0.16).

DISCUSSION

Our study comprehensively investigated TL in particular bowel
segments and in relation to multiple clinicopathological char-
acteristics. This design of the study may conform to the major
molecular subtypes of CRC, reflect tumour heterogeneity, and
ultimately associate TL with different treatment regimens.
Furthermore, our study has addressed TL in metastatic tissues
for the first time.

Overall survival
Cumulative proportion surviving (Kaplan—Meier)

0.2
0.1
0.0

Cumulative proportion surviving

0 1 2 3 4 5 6 7 8
Time (years)
RTL RATIO: — <0.90 - >0.90

Fig. 5 Kaplan—-Meier OS curves stratified for the RTL ratio (P =0.022)

We observed that the telomeres were consistently shorter in a
majority of tumour tissues than in adjacent mucosa. The
proliferating activity of the rapidly growing tumours underlies
this phenomenon as described in some studies carried out in
smaller groups of CRC patients.”'®'® However, some studies have
also shown contradictory results.'®° Shorter TL in comparison
with adjacent mucosa was observed in tumours from 74%
patients, while we recorded longer TL in tumours of the remaining
26% of CRC patients. It may be connected with increasing TL in a
gradient from the proximal colon to the rectum and with TNM,
since we observed statistically significantly shorter TL in the
tumours classified as TNM stage | than in tumours with advanced
stages of the disease. These differences in TL in tumours and TNM
could be due to (a) different molecular/epigenetic subtypes of the
tumour, (b) the tumours with longer telomeres may have
increased possibility of advancing to higher disease stages than
the tumours with short telomeres, and (c) efficient rejuvenation of
telomeres in tumour cells.

The existence of two types of CRCs based on TL has been
suggested and hypothesised, assuming that TL in healthy tissue
might influence telomere maintenance mechanisms in the
tumour."” We did observe a gradient increase in TL in the
adjacent mucosa from the proximal colon to rectum (data not
shown); however, our data presented as TL ratio do indicate an
increased TL in distal colon and rectum.

We also demonstrated a prolonged OS in CRC patients with a
decreased TL ratio between tumour tissues and the adjacent
mucosa. There is a controversy in assessing the prognostic value
of TL in CRC. Some studies have identified a longer TL in tumours
or higher tumour to non-malignant tissue TL ratios as predictors of
poor prognosis,'®%'?? others were inconsistent.'®'" It is possible
that longer telomeres in tumour tissue are associated with their
greater proliferation potential and therefore unfavourable prog-
nosis for patients. As reviewed, the ultimate regeneration of a
telomerase leading to stochastic levels at critical points rescues
cells with short telomeres and high chromosomal instability for
infinite proliferation.?

The determination of TL in paired primary tumours and
metastatic lesions and paired liver samples and metastatic lesions
showed excessive telomere erosion in the vast majority of
metastases. Since all patients with distant metastases underwent
various regimens of chemotherapy, short telomeres could be
related to the treatment.”

Studies investigating the relationship between MSI status and
TL remain rare and inconsistent.>** Boardman et al.>* reported
that MSS CIN-rectal cancers have statistically significantly longer
telomeres than MSS CIN + rectal samples. We observed shorter



telomeres in MSI tumour tissues, occurring predominantly in the
proximal part of the colon®*% than in MSS tumours. The results
highlight differences in the molecular carcinogenesis between the
segments of the colon and rectum.?® The assumption that TL in
malignant tissue is influenced by the site of tumour origin has
been previously addressed by several authors, some of which are
contradictory, probably owing to limited sample sizes."’

Previous studies®®® conducted on 55 and 118 CRC patients,
respectively, support our observations of shorter TL in MSI CRC
patients than in MSS patients. An explanation for pronounced
shorter telomeres in MSI tumours may be the accumulation of
unfixed deletions caused by DNA polymerase slippage events
during DNA replication, as suggested by Chatterjee and Walker.>
Such deletions could result in decreased levels of shelterin
subunits at telomeres resulting in a disruption of telomere
homoeostasis.>' We also observed that MSS tumours in
the proximal colon had shorter telomeres than those arising in
the rectum, which is in accordance with earlier reports.” Therefore,
MSI status and MMR deficiency may only partly explain shorter
telomeres in tumours arising at the proximal colon.

Mucinous histology can be counted as another characteristic of
MSI tumours. Even though mucinous tumours are predominantly
located in the proximal colon, the proportion of patients with
mucinous histology in our cohort was not statistically significantly
different in relation to other tumour origin sites. However, we
found that patients with mucinous tumour histology had
statistically significantly shorter TL in the tumour and adjacent
mucosa than the patients with tubular carcinoma. Currently, the
results in this field are scarce.

Overall, TL was shorter in tumour tissues than in adjacent
mucosa, in lower (initial) stages, in the proximal colon and
tumours with MSI instability. Furthermore, metastases originating
from primary CRC tumours had shorter telomeres than the
adjacent non-cancerous liver tissues. Finally, the smaller TL ratio
between tumour tissues and adjacent mucosa, conferring to
shorter telomeres in tumour, may represent a positive prognostic
factor.

The characteristics of TL in relation to the CRC heterogeneity
emerge as an urgent predictive issue since the advent of
therapeutical concepts based on targeting telomere or telomerase
inhibition, in order to overcome resistance, lack of drug sensitivity,
toxicity, etc. The understanding of TL in CRC with different
clinicopathological features will be an important step.
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