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Telomere shortening occurs early during gastrocarcinogenesis
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Abstract When telomeres are shortened to a critical
length, they will initiate chromosomal instability (CIN) and
may finally cause tumorigenesis. The purpose of the present
study was to evaluate the shortened telomere as a potential
biomarker for tumorigenesis in gastric carcinoma. The
telomeres in matched cancer and adjacent noncancer
mucosa samples from 86 gastric carcinoma patients were
measured by real-time polymerase chain reaction (PCR).
According to the International Union Against Cancer
(UICC), tumor stages were classified into four groups: stage
I (n = 23), stage II (n = 20), stage III (n = 23), and stage
IV (n = 20). Telomere length decreased with aging in both
adjacent noncancer mucosa and cancer tissue (r = —0.261
(P =0.008) and r = —0.27 (P = 0.012), respectively).
The telomere length of UICC stage I tumors was signifi-
cantly shorter than the average telomere length in adjacent
noncancer mucosa (P = 0.023). Telomere length increased
gradually with increasing UICC stage (P = 0.032). The
telomere length of UICC stage IV tumors was significantly
longer, when compared to that in noncancer mucosa
(P = 0.019) and stage I tumors (P = 0.002). In summary,
telomere length undergoes shortening in early stage gastric
carcinoma and lengthening in advanced gastric carcinoma.
Additionally, telomere shortening may initiate the tumori-
genesis of gastric carcinoma.
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Introduction

Gastric carcinoma (GC) represents the second most common
cause of death from cancer in humans [1]. GC still remains
difficult to cure because it is often diagnosed at an advanced
stage [2]. The canceration molecular mechanism of GC is
poorly understood [3, 4], thus restricting the development of
molecular tumor markers, effective molecular screening
procedures, and molecular-targeted therapies.

Gastric carcinoma rarely develops in health gastric
mucosa but is closely linked to precursor conditions in the
background mucosa: chronic gastritis, atrophy, intestinal
metaplasia, and dysplasia [5]. The precancerous carcinoma
process during gastrocarcinogenesis remains under debate.
At the molecular level, the stepwise progression from an
early dysplastic lesion to a malignant tumor is associated
with increases in chromosomal instability (CIN), loss of
p53 checkpoint function, and telomere shortening [6].
Experimental data demonstrated that telomere length is
shortened in the gastric mucosa in chronic gastritis caused
by Helicobacter pylori infection [7] and in peripheral
leukocytes of high-risk populations for GC. These studies
indicated that telomere shortening functions as an impor-
tant co-factor in initiating CIN and inducing carcinogenesis
of GC.

Previous studies have improved our understanding of
the molecular mechanisms of gastric carcinogenesis.
However, CIN and telomere length and their consequences
in tumor tissue and nonneoplastic gastric mucosa of GC in
different stages are still hotly debated issues. Few studies
have addressed telomere length alteration in gastric cancer
tissue using histopathologic tumor parameters. In the
present study, we analyzed telomere length by real-time
quantitative polymerase chain reaction (qQPCR) in adjacent
noncancer mucosa and cancer tissue of gastric carcinoma
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patients treated with gastrectomy. Our present study
attempts to validate whether telomere length can be a
reliable marker for progression of gastric carcinoma.

Patients and methods
Patient and tumor specimens

The study consisted of 86 patients who were diagnosed with
histologically confirmed primary gastric adenocarcinoma.
All incident cases were recruited from the Department of
Gastroenterological Surgery, the First Affiliated Hospital,
Medical College, Zhejiang University, Hangzhou, China.

In total, 58 men (age range, 32-80 years; median age,
62 years) and 28 women (age range, 21-81 years; median
age, 56 years) participated in the study. The tumor stages
were classified according to the International Union Against
Cancer [8] (UICC; Table 1). From the resected specimen of
each patient, samples from both the cancer tissue and the
adjacent noncancer mucosa (greater than 5 cm from cancer)
were obtained, immediately shock-frozen in liquid nitrogen,
and stored at —80°C until use.

DNA extraction

Genomic DNA was extracted from about a 25-mg tissue
section from each sample using the QIAamp DNA Mini

Table 1 Telomere length in

cancer and adjacent noncancer NOI of % Noncancer (kb) Cancer (kb)
mucosa of 86 patients patients Mean SD Mean SD
Patient 86 100 8.17 0.64 8.19 0.81
Gender
Female 28 32.6 8.31 0.78 8.39 1.02
Male 58 67.4 8.08 0.56 8.10 0.68
P NS NS
Tumor invasion
pT1 13 15.1 8.18 0.54 7.96 0.62
pT2 19 22.1 7.93 0.63 7.93 0.58
pT3 50 58.1 8.21 0.61 8.25 0.80
pT4 4 4.65 8.75 1.12 9.50 1.24
P NS 0.043
Lymph node status
NO 31 36.1 8.14 0.78 7.93 0.63
N1 25 29.1 8.25 0.66 8.40 0.98
N2 15 17.4 8.06 0.40 8.24 0.69
N3 15 17.4 8.21 0.53 8.35 0.88
P NS NS
Lymph node status
pNO 31 36.0 8.13 0.74 7.93 0.62
pN+ 55 64.0 8.18 0.56 8.36 0.87
P NS 0.032
UICC stage
1 23 26.7 8.00 0.66 7.84 0.58
1I 20 23.3 8.25 0.74 8.05 0.71
1 23 26.7 8.10 0.50 8.33 0.75
v 20 23.3 8.36 0.65 8.60 1.01
P NS 0.032
Grade
Gl 1 1.16 8.63 0.00 9.35 0.00
G2 39 45.4 8.11 0.75 8.18 0.90
G3 24 27.9 8.29 0.62 8.10 0.91
Significant level is 0.05 Signet-ring cell carcinoma 18 20.9 8.17 0.47 8.27 0.43
NS not significant, UICC Others 4 4.65 7.82 0.22 8.20 0.66
international Union Against p NS NS

Cancer
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Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. Before and after each section, a
7-pm cryostat section from each tissue sample was stained
with hematoxylin and eosin for histopathologic analysis.
Histology-guided sample selection was performed to
exclude any contamination of the adjacent mucosa samples
with carcinoma cells and to identify tumor content greater
than 80% in the cancer samples. Extracted DNA was
quantified spectrophotometrically at 260- and 280-nm
wavelengths for DNA concentration and uniform DNA
concentration (20 ng/pul).

Telomere length measurement

The standard method for measuring telomere length is
Southern blot analysis [9], which was used to measure the
telomere length in eight different cell lines: 293T (human
embryonic kidney cell line); K562 (human chronic mye-
logenous leukemia cell line); MRC (human fetal lung
fibroblast cell line); BJ42.5, BJ26, and BJ79 (human
fibroblast cell lines); HelLa (human cervical carcinoma cell
line); and HuH-7 (human hepatocellular carcinoma cell
line. We also measured the relative telomere-to-single copy
gene (7/S) ratios by qPCR, and then we acquired the cor-
relation curve and correlation coefficient between the rel-
ative 7/S ratios measured by qPCR and terminal restriction
fragment (TRF) patterns measured by Southern blotting.

The telomere length of samples was assessed by gPCR
as previously described [10]. The qPCR was divided into
two: telomere PCRs and f-globin (HBG) PCRs. They were
always performed in separate 96 wells with each sample
run in triplicate. Telomere and f-globin primer sequences
written 5" to 3’ were as follows: CGGTTTGTTTGGGTT
TGGGTTTGGGTTTGGGTTTGGGTT (tell), GGCTTGC
CTTACCCTTACCCTTACCCTTACCCTTACCCT (tel2),
GCTTCTGACACAACTGTGTTCACTAGC (HBG1), and
CACCAACTTCATCCACGTTCACC (HBG2). The two
PCR master mixes were the same except for the primers,
2x iTaq SYBR green Supermix with ROX (Bio-Rad
Laboratories, Hercules, CA, USA), the final concentrations
of tell and tel2 (100 and 900 nM, respectively), and the
final concentrations of HBG1 and HBG2 (300 and 700 nM,
respectively). A 5 ng (2.5 pl) aliquot of template DNA was
added to each reaction containing 22.5 pul of the PCR
master mix. A standard curve of a diluted reference DNA
(293T; range, 2.5-40 ng/ul) and a negative control (water)
was included in each run to allow relative quantification of
the samples.

Polymerase chain reactions were performed on a real-
time PCR machine (ABI 7500; Applied Biosystems, Foster
City, CA, USA). The thermal cycling profile for the telo-
mere amplification was 95°C or 10 min, followed by 30
cycles of 95°C for 15 s and 56°C for 1 min. For HBG

amplification, the thermal cycling profile was 95°C for
10 min, followed by 35 cycles of 95°C for 15 s and 54°C
for 1 min. Standard curves were generated using ABI
Prism 7500 SDS software 1.7. R* for each standard curve
was >0.98. Standard deviations (for Ct values) were
accepted at <0.2. All analyses were performed blinded to
patient characteristics.

In the qPCR, the relative ratio of telomere (7) repeat
copy number to a single copy gene (S)copy number
(T/S ratio) was certain, and it was directly proportional to
the average telomere length. The relative telomere length
was believed to reflect the actual differences in telomere
length in individuals. The 7/S ratio was determined
using the formula 77§ = 274, where ACt = average
Cliciomere — average Ctpgiobin. The relative 77§ ratio was
(A = ACR) _ =AAC where ACt] = the T/S value of
the sample and ACt2 = the 7/S value of the reference
sample (293T) [10]. From the formula, we can calculate
each sample’s relative telomere length, which could be
converted into TRF using the correlation curve we had
obtained.

Statistical analyses

Statistical analyses were performed using the SPSS16.0
software package. Data were expressed as means
(X) &+ standard deviation (S). Differences in telomere
length between matched tissue samples were determined
by the Wilcoxon test for matched pairs. Associations
between telomere length and age were determined by linear
regression. Differences among various groups of patients
discriminated by histopathologic parameters were analyzed
by the Kruskal-Wallis test and the Mann—Whitney two-
sample test. ANOVA was used to determine the differences
in telomere length as a continuous variable by tumor node
metastasis (TNM) stage, tumor invasion, and tumor grade.
All tests were performed at a significance level of
P < 0.05.

Results

Telomere lengths of adjacent noncancer mucosa
and cancer tissue decrease with aging

In men (n = 58), the telomere lengths of adjacent non-
cancer mucosa and cancer tissue were 8.08 £ 0.56 kb and
8.10 £ 0.68 kb, respectively; in women (n = 28), they
were 8.31 £ 0.78 kb and 8.39 & 1.02 kb, respectively.
No significant difference between men and women was
observed in the telomere length of adjacent noncancer
mucosa or cancer tissue (P = 0.189; Table 1).
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Fig. 1 a Correlation of telomere length with age in adjacent gastric
noncancer mucosa. b Correlation of telomere length with age in
gastric cancer tissue

We next analyzed the association between telomere
length and age. The telomere lengths of adjacent noncancer
mucosa and cancer tissue all decreased with age (r =
—0.261/P = 0.008 and r = —0.27/P = 0.012, respec-
tively; Fig. 1), with a telomere length reduction of about
17 bp per year in adjacent noncancer mucosa and about
13 bp per year in cancer tissue.

Telomere length shortens in the early stage of gastric
cancer and lengthens with tumor progression

Overall, a statistically significant correlation was found
between the telomere length in cancer tissue and TNM
stage (P = 0.032). We also compared the telomere length
of cancer tissue at different stages with the average telo-
mere length of adjacent noncancer mucosa. The average
telomere length of stage I tumors (7.84 + 0.58 kb; n = 23)
in cancer tissue was significantly shorter than the average
telomere length in adjacent noncancer mucosa (8.14 £
0.64; n = 86; P = 0.023). Telomeres of stage I tumors
were significantly shorter than those of both stage III
tumors (8.32 £ 0.75 kb; n = 23; P = 0.035) and stage IV
tumors (8.59 4 1.01 kb; n = 20; P = 0.002). Telomeres
of stage II tumors (8.05 £ 0.71 kb; n = 20) were
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Fig. 2 Correlation of telomere length with International Union
Against Cancer (UICC) stage in gastric cancer tissue

significantly shorter than those of stage IV tumors
(P = 0.028). The average telomere length of stage IV
tumors in cancer tissue was significantly longer than that in
noncancer mucosa (P = 0.019; Fig. 2). Telomeres of early
stage tumors (UICC stage I; n = 23) were significantly
shorter than telomeres of advanced tumors (UICC stage II
through IV; 8.32 £ 0.84 kb; n = 63; P = 0.028).

With increasing tumor invasion depth (pT), the telomere
length in cancer tissue increased gradually (P = 0.043;
Fig. 3). Comparing the telomeres of adjacent noncancer
mucosa with those of cancer tissues at different pTs, we
found that pT4 cancer tissues possessed obviously longer
telomeres than those of adjacent noncancer mucosa.
Telomeres of positive lymphatic invasion cancer tissue
were significantly longer (8.32 + 0.85 kb; n = 55) than
telomeres of negative lymphatic invasion cancer tissue
(7.93 £ 0.58 kb; n = 31; P = 0.032; Fig. 4). There was
no significant difference between them with adjacent
noncancer mucosa. There was no correlation between
telomere length and tumor grade.
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Fig. 3 Distribution of telomere length in noncancer mucosa and
different depths of tumor invasion in cancer tissue
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Fig. 4 Comparison of telomere length in noncancer mucosa, positive
lymphatic invasion cancer tissue, and negative lymphatic invasion
cancer tissue

Discussion

Telomeres are protective structures at the ends of eukary-
otic chromosomes and progressively shorten during each
cell cycle [11]. Our results are consistent with earlier
studies [12] demonstrating that an inverse relationship
exists between telomere length and age relative to the
reduction of 40 bp per year in normal gastric mucosa [13,
14]. Our result yielded a smaller reduction in the telomere
length: 13 bp/year in noncancer mucosa and 17 bp/year in
cancer tissue. Differences in the telomere reduction may be
because of the reactivation of telomerase, which compen-
sates for replicative telomere losses [15, 16]. Our findings
also showed that telomere length was shorter in men than
in women for both noncancer mucosa and cancer tissue,
although the differences were not significant. This result is
in-line with previous observations [17]. The effect of
gender on telomere length may be attributed to the dif-
ferent types and levels of sex hormones [18].

In the present study, we revealed a significant correla-
tion between telomere length and -clinicopathological
parameters. We showed a trend toward longer telomeres in
cancer tissues with increasing depth of tumor invasion, and
telomeres of positive lymphatic invasion were significantly
longer than telomeres of negative lymphatic invasion.
From stage I to IV tumors, telomeres were increased
gradually and telomeres in stage I tumors were signifi-
cantly shorter than those in noncancer mucosa, while those
in stage IV tumors were significantly longer. Our findings
support the hypothesis that critically shortened telomeres
can initiate CIN that, in turn, may foster tumorigenesis
[19]. The most important function of telomeres is main-
taining genomic stability. When telomeres are shortened to
a critical length, the result is telomere dysfunction with no
further cell division and the cell undergoes either replica-
tive senescence or apoptosis [20]. If the cell bypasses these
two processes, it will continue to proliferate through

activation of telomerase, and genomic instability will be
initiated and accumulate. Finally, it will promote cancer
development [21].

In this context, telomeres are longer in advanced-stage
tumors, as previously reported for colorectal carcinomas
[22], suggesting that complete telomere stabilization may
be achieved late in tumorigenesis after extensive cell pro-
liferation and telomere shortening have already occurred
[22]. When dysfunctional telomeres initiate tumorigenesis,
telomerase reactivation was required secondarily for tumor
progression. According to earlier observations, approxi-
mately 85% of human cancers express telomerase [23].
Thus, telomere maintenance or even elongation appears to
be essential for the tumor to maintain its proliferative
capacity and to continue further tumor invasion and pro-
gression [20].

Our data show for the first time that telomeres are
shorter in early stage gastric carcinoma and longer in the
advanced stage. Further investigations are needed to
determine the underlying mechanism of telomere shorten-
ing in gastric carcinoma occurrence and progression. In
conclusion, telomere shortening appears to initiate the
tumorigenesis of gastric carcinoma, and telomere length
maintenance or elongation through telomerase reactivation
is also important for gastric carcinoma invasion and
progression.
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