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Abstract

Purpose Telomere dysfunction is believed to be a signifi-
cant factor in carcinogenesis. To elucidate the carcinogenesis
mechanism in gastric cancer, the expression of telomeric
proteins and changes in telomere length were investigated
during multistage carcinogenesis of gastric cancer.
Methods Tissue samples were obtained during surgical
operations from the normal gastric mucosa of 10 patients,
the precancerous lesions of 15 patients, the gastric cancer
tissues (GC) of 20 patients, and of tumors due to gastric
cancer with lymph node metastasis (GCLM) from 5
patients. The expression of TRF1, TRF2, and TIN2 pro-
teins was measured by Western blotting, while the expres-
sion of TERT, KU70, and BRCAI proteins was detected
using the immunohistochemical method. The mean telo-
mere length was determined by Southern blotting.

Results Compared with normal gastric mucosa tissues,
the expression of TRF1, TRF2, and TIN2 proteins was sig-
nificantly higher in precancerous lesions, GC, and GCLM
(P <0.01). The expression of TRF1, TRF2, and TIN2 pro-
teins was significantly higher in GC and GCLM than in pre-
cancerous lesions (P < 0.01). The expression of TERT and
Ku70 proteins in precancerous lesions and GC tissues was
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significantly higher than that in normal gastric mucosa
tissues (P <0.01). The expression of TERT and Ku70
proteins in GC tissues was significantly higher than in
precancerous lesions (P < 0.01). In normal gastric mucosa,
the BRCAI1 protein was primarily located in the cell
nucleus. In precancerous lesions and GC, the expression of
the BRCAL protein was apparent in the cell cytoplasm. The
mean telomere length in precancerous lesions, GC, and
GCLM was significantly shorter than that in normal gastric
mucosa tissues (P < 0.05). The mean telomere length in GC
and GCLM was significantly shorter than that in precancer-
ous lesions (P < 0.05). The mean telomere length in all tis-
sue samples was inversely correlated with the level of
TRF1, TRF2, TIN2, TERT, and Ku70 proteins.
Conclusions Our results suggest that the over-expression
of telomeric proteins, TRF1, TRF2, TIN2, TERT, and
Ku70, and the transposition of the BRCAI protein may
work together to reduce the telomere length in precancer-
ous lesions and gastric cancer, and could contribute to the
multistage carcinogenesis of gastric cancer. These findings
offer new insight into the mechanism of carcinogenesis in
gastric cancer.
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Introduction

Gastric cancer is a global killer, the burden of which is cur-
rently shifting from developed to developing countries,
especially China. It has been suggested that the carcinogen-
esis of gastric cancer is a multistage process that proceeds
from normal gastric mucosa to precancerous lesions, to
infiltrating carcinoma, and finally, to metastatic carcinoma.
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Telomeres, which consist of a repetitive G-rich DNA
sequence and telomeric proteins, are located in the linear
chromosome ends of eukaryotic organisms. The function of
telomeres is the prevention of end-to-end chromosome
fusion and genomic instability. These are regulated by telo-
meric proteins through telomere end-capping and length
control (Blackburn 1991; Blasco 2005; Chen et al. 2007). A
number of human telomeric proteins have been identified,
including telomeric repeat binding factors 1 and 2 (TRF1
and TRF2), TRF1-interacting protein 2 (TIN2), telomerase
reverse transcriptase (TERT), Ku70, BRCAI, and other
factors (Smith et al. 1997; Kim et al. 1999; de Lange et al.
2005; Broccoli et al. 1997). TRF1 and TRF2 directly bind
as homodimers to double-stranded telomeric DNA and are
involved primarily in telomere length regulation and the
protection of telomere end-capping (Smogorzewska et al.
2000; van Steensel et al. 1997). TIN2 interacts directly with
TRF1 and is a negative regulator of telomere elongation by
telomerase-dependent mechanism (Ye et al. 2004). TERT
is a core protein of telomerase that is responsible for the
addition of the telomeric repeat sequence (Autexier et al.
2006). Ku70, which serves as the DNA-binding component
of a DNA-dependent protein kinase, is thought to be
involved in the repair of nonhomologous DNA ends. Ku70
also plays an important role in the regulation and mainte-
nance of telomeres by binding TRF1 and TRF2 (Hsu et al.
1999; Song et al. 2000; Chai et al. 2002; Celli et al. 2006).
It has been suggested that BRCA1, which functions as a
tumor suppressor in human breast cancer cells, inhibits tel-
omerase enzyme activity in order to control telomere length
(Xiong et al. 2003; Li et al. 2002).

Telomere irregulation is a crucial mechanism in genetic
instability (Hahn 2003). Many oncogenes, tumor suppres-
sor genes, and apoptosis-related genes are involved in the
multistage carcinogenesis of gastric cancer; however, the
structure and function of telomeres may also play an impor-
tant role in the process.

In the current study, the expression of telomeric proteins,
TRF1, TRF2, TIN2, TERT, Ku70, and BRCA1, and telomere
length were investigated in normal gastric mucosa, precancer-
ous lesions, infiltrating carcinoma, and metastatic carcinoma.
The relationship between these factors was analyzed.

Materials and methods

Sample collection

The study adhered to Chinese law and to the guidelines of
the Ethics Committee of China. All samples were obtained
from the First Affiliated Hospital, University of South

China. Ten normal gastric mucosa and 15 precancerous
lesion tissue samples were obtained from surgical operations
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performed on gastric ulcer or chronic atrophic gastritis
patients. Twenty samples from GC and five from GCLM
tissues were obtained from surgical operations performed
on gastric cancer patients. The diagnosis of all samples was
microscopically confirmed by frozen section. The collected
samples were cut into two parts. In those samples with
lesions, this division was performed according to the loca-
tion of the lesions in the frozen sections. For each sample,
one part was formalin-fixed and paraffin-embedded for
advanced pathologic examination and immunohistochemi-
cal study. The other part was stored at —80°C while await-
ing Western blotting and TRF analysis. The pathology of
each case was reviewed by three pathology professors.
Histological classification and tumor staging were performed
according to the Lauren classification system and the
tumor-node-metastasis classification system.

Western blotting

TRF1, TRF2, and TIN2 protein expression was detected
using Western blotting analyses. Protein extraction was car-
ried out using standard methods, and protein concentrations
were determined by BCA assay (Beyotime Biotechnology,
Haimen, China). Proteins were loaded onto a 15% SDS-
polyacrylamide gel for electrophoresis, and then transferred
onto nitrocellulose transfer membranes (Osmonics, USA)
at 0.8 mA/cm? for 3 h. Membranes were blocked at room
temperature for 2 h with blocking solution (5% skimmed
milk in Tris-buffered solution plus Tween-20). The mem-
branes were then incubated overnight at 4°C with goat
polyclonal antibody anti-TRF1sc-6165 1:300, anti-TRF2sc-
8528 1:300, anti-TIN2sc-13645 1:300 (Santa Cruz Biotech-
nology, USA), or mouse monoclonal antibody anti-actin
1:1,000 (Zhongshan Goldbridge Biotechnology, China) in
blocking solution. After being washed in TBST, mem-
branes were incubated for 1 h at room temperature with a
HRP-conjugated anti-goat secondary antibody (Zhongshan
Goldbridge Biotechnology, China). Detection was per-
formed by enhanced chemiluminescence (ECL) using a
Western blotting luminol reagent (Tiangen Biotechnology,
China) according to the manufacturer’s instructions. Film
data were analyzed by Alphalmager 2200 soft, compute
gray value (see f-actin as a reference).

Immunohistochemical determination

The expression of TERT, Ku70, and BRCA1 proteins in
normal gastric mucosa, precancerous lesions, and GC tis-
sues was determined using a standard streptavidin—horse-
radish peroxidase (S—P) technique (UltraSensitive™ S—P
kit, Fuzhou Maixin Biotechnology Development Co. Ltd.,
Fushou City, China), according to the manufacturer’s
protocol. Phosphate-buffered saline (PBS), substituting for
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TERT, Ku70, and BRCAI1, was used as a negative control.
Rabbit polyclonal anti-TERT 1:200 (Biosynthesis Biotech-
nology, China), anti-Ku70 1:80 (Boster Biotechnology,
China), and anti-BRCA1 were separately diluted with PBS
and incubated at room temperature for 1 h.

The intensity of protein expression was graded as fol-
lows: 0, none; 1, weak; 2, moderate; 3, strong. The percent-
age of positive cells was evaluated as follows: O,
undetectable; 1, less than 25%; 2, 25-50%; 3, 50-75%; 4,
more than 75%. The positive degree was obtained by multi-
plying the intensity and the area of expression and was clas-
sified as undetectable (—) with a score of 0, mild (+) with a
score of 1-2, moderate (++) with a score of 3-4, and
marked (+++) with a score of 5-7.

Telomere restriction fragment length analysis

The genomic DNA was extracted using the standard
method, with proteinase K treatment and phenol/chloro-
form extraction from 25 to 50 mg of the frozen tissue. The
telomere length of tissue DNA was quantitatively deter-
mined by Southern blot using Telo TAGGG telomere
length assay (Roche Applied Science, Germany) according
to the manufacturer’s instructions. Briefly, a 2 pug sample of
DNA was digested with Hinfl/Rsal, electrophoresed on
0.8% agarose gel, blotted onto a positively charged nylon
membrane using an upward capillary transfer, hybridized
with a telomeric DNA probe, and then detected with chemi-
luminescence. The mean telomere length was defined
according to the following formula: TRF = X(OD,)/2(0OD;/
L;), where OD; is the chemiluminescent signal and L, is the
length of the TRF fragment at position.

Statistical analysis

Results were analyzed using the SPSS11.5 statistical soft-
ware package. All data were expressed as mean & SD
(standard deviation). Comparisons between different groups
were made by one-way ANOVA, or chi-square (y°) and lin-
ear regression test. P < 0.05 was taken as being statistically
significant.

Results

Expression of TRF1, TRF2, TIN2 in normal gastric
mucosa, precancerous lesions, and GC

The expression of TRF1, TRF2, and TIN2 protein was
evaluated by Western blotting (Fig. 1a). Compared with nor-
mal gastric mucosa tissues, the expression of TRF1, TRF2,
and TIN2 proteins was significantly higher in precancerous
lesions, GC, and GCLM (P < 0.01). The expression of TRF1,

TRF2, and TIN2 proteins was significantly higher in
GC and GCLM than in precancerous lesions (P < 0.01)
(Figs. 1b—d).

The relationships between the expression of the TRFI,
TRF2, and TIN2 proteins and patient clinico-pathological
factors in GC are shown in Table 1. Only differentiation of
tumors emerged as a significant parameter with the expres-
sions of TRF1, TRF2, and TIN2 proteins (P < 0.05) No sig-
nificant differences were found between the expression of
the protein and age, gender, tumor size, or clinical stage.

The expression of TERT, Ku70, and BRCA1 proteins
in normal gastric mucosa, precancerous lesions, and GC

Using the S-P immunohistochemical method, positive
results appeared as brown-stained particles in the cells. The
expression of the TERT and Ku70 proteins was signifi-
cantly up-regulated in precancerous lesion and in GC tis-
sues. The expression of TERT and Ku70 proteins in GC
tissues was significantly higher than in precancerous
lesions (P < 0.01). In normal gastric mucosa, the BRCAL1
protein was primarily located in the cell nucleus. In precan-
cerous lesions and GC, expression of the BRCAI1 protein
was apparent in the cell cytoplasm (Fig. 2).

Telomere shortening during multistage carcinogenesis
of GC

The Southern blot analysis of TRF length is shown in
Fig. 3a. The mean telomere length in normal gastric mucosa,
precancerous lesions, GC, and GCLM was 9.2 £ 1.09,
8.7+ 0.81,7.7 £ 1.77, and 7.3 &£ 0.42 kb, respectively. The
mean telomere length in precancerous lesions, GC, and
GCLM was significantly shorter than that of normal gastric
mucosa tissues (P <0.01; Fig.3b). The mean telomere
length of GC and GCLM was significantly shorter than that
of precancerous lesions (P < 0.01; Fig. 3b). The telomere
length of the GC had a wide range, from 4.8 to 12.4 kb. The
telomere length in two of the GC cases were >11 kb and
thus significantly longer than that found in normal gastric
mucosa tissues (Fig. 3c). Telomere length negatively corre-
lated with patient age in normal gastric mucosa (R* = 0.851,
P <0.001), but no such linear correlation was found
between telomere length and patient age in the GC samples
(P> 0.05). The telomere length of the GC was not signifi-
cantly associated with age, gender, tumor size, differentia-
tion, or clinical stage (P > 0.05; Table 1).

TRF1, TRF2, TIN2, TERT, and Ku70 associated
with telomere length regulation

The levels of TRF1, TRF2, TIN2, TERT, and Ku70 pro-
teins were analyzed for correlations with telomere length
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Fig. 1 Expression of TRF1, TRF2, TIN2 in normal gastric mucosa,
precancerous lesions, and GC a The expression of TRF1, TRF2, and
TIN2 protein was evaluated by Western blotting. Compared with nor-
mal gastric mucosa tissues, the expression of TRF1, TRF2, and TIN2
proteins was significantly higher in precancerous lesions, GC, and
GCLM. The expression of TRF1, TRF2, and TIN2 proteins was
significantly higher in GC and GCLM than in precancerous lesions.

(Fig. 4). The results indicated that telomere length was sig-
nificantly negatively correlated with TRF1, TRF2, TIN2,
TERT, and Ku70 (R*=0.211, P<0.001; R*>=0.297,
P <0.001; R>=0.232, P<0.001; R*>=0.488, P<0.001;
R*=0.334, P < 0.001, respectively).

Discussion

Gastric cancer is the fourth most frequent cancer type
worldwide and the second most common cause of cancer-
related death (Chen et al. 2004). The carcinogenesis of
gastric cancer is thought to result from a combination of
environmental factors and the accumulation of specific
genetic alterations due to increasing genetic instability.
Telomeres serve multiple functions in the preservation of
chromosome stability. They protect the ends of chromo-
somes from degradation and prevent end-to-end chromo-
some fusion. The maintenance of telomere structure and
function depends on the interaction between telomere
length and telomeric proteins.
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b-d Data of TRF1, TRF2 and TIN2 protein levels in various lesions
were represented, respectively (mean &+ SD). P <0.01 vs N.
AP <0.01 vs PL. N normal gastric mucosa, PL precancerous lesions,
GC gastric cancer, GCLM gastric cancer with lymph node metastasis.
The levels of TRF1, TRF2, TIN2 protein = [target protein’s gray
density/f-actin’s gray density] x 100

The alteration of telomere length in tumors has been
reported in several previous studies. Kim etal. (2002)
found that the mean telomere length was significantly
reduced in colorectal cancers, while Oh et al. (2005) found
a gradual shortening of telomeres during human multi-step
hepatocarcinogenesis. Other studies have demonstrated a
lengthening of telomeres in renal cell carcinomas (Dahse
et al. 1999) and basal cell carcinomas of the skin (Wain-
wright et al. 1995). Our results have shown a significant
reduction in mean telomere length in precancerous lesions,
GC, and GCLM compared to that found in normal gastric
mucosa tissues. The mean telomere lengths in GC and
GCLM were significantly shorter than that in precancerous
lesions. In normal gastric mucosa, mean telomere length
negatively correlated with patient age but no such correla-
tion was found in GC. Telomere shortening might be a
symptom of an early stage in the carcinogenesis of gastric
cancer. Telomere shortening could lead to the genetic insta-
bility that promotes carcinogenesis and the development of
gastric cancer. Furthermore, our study found that two
(10%) of the GC samples had telomeres >11 kb. This was
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Fig. 2 Expression of TERT, Ku70, and BRCA1 proteins in normal
gastric mucosa, precancerous lesions, and GC (the S—P immunohisto-
chemical method. original magnification 200x). a Positive results
appeared as brown-stained particles in the cells. The expression of TERT
and Ku70 protein was significantly up-regulated in precancerous lesion

significantly longer than those in normal gastric mucosa.
There are two possible explanations for this. First, a mecha-
nism of alternative lengthening of the telomere (ALT) may
maintain telomere length (Reddel etal. 2001). Second,

Gastric cancer
S s g

and in GC tissues. In normal gastric mucosa, the BRCA1 protein was
primarily located in the cell nucleus. In precancerous lesions and GC,
expression of the BRCA1 protein was apparent in the cell cytoplasm.
b Data of TERT and Ku70 protein were represented, respectively
(mean + SD). P < 0.01 vs N. AP <0.01 vs PL

higher telomerase activity may occur in earlier stages of
GC to compensate for later telomere shortening.

A number of previous studies have demonstrated that
mRNA levels of TRF1, TRF2, and TIN2 are increased in
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Table 1 The relationships between the expression of the TRF1, TRF2, and TIN2 proteins and patient clinico-pathological factors in GC
Clinicopathologic TRF1 P TRF2 P TIN2 P Telomere length P
factors (mean & SD) (mean & SD) (mean £ SD) (kb) (mean & SD)
Age (years) 0.774 0.930 0.264 0.968
<50 (n=17) 148.7 £ 12.36 135.9 + 12.60 175.8 £ 35.04 7.50 4+ 0.821
>50 (n=13) 145.4 + 27.68 136.9 + 27.59 188.5 + 14.63 7.74 £ 2.148
Gender 0.695 0.443 0.168 0.175
Male (n = 10) 144.5 £ 17.78 140.7 £ 29.03 191.5 + 14.63 7.11 £ 1.798
Female (n = 10) 148.7 £ 28.33 132.5 £ 15.54 176.7 £ 29.15 8.20 &+ 1.653
Tumor length (cm) 0.294 0.326 0.143 0.441
<4 (n=10) 141.0 £ 19.16 129.8 £ 11.23 176.2 + 28.18 7.97 +2.289
>4 (n=10) 152.1 +26.32 143.4 +29.87 1919 £ 15.95 7.34 £ 1.081
Differentiation 0.002 0.012 0.014 0.011
Well, moderate 128.7 + 20.09 121.5 £ 11.47 168.7 +29.53 8.68 £2.313
(n=8)
Poorly (n=12) 158.5 £ 16.75 146.7 £ 23.59 1943 £ 11.42 6.98 & 0.870
Clinical stage 0.085 0.316 0.064 0.487
1-2(n=8) 135.7 £ 17.90 137.0 + 34.69 177.19 + 37.54 8.11 +£2.670
3-4(n=12) 153.9 +23.99 136.3 + 12.31 188.7 +3.98 7.35 £ 0.795

gastric cancer (Miyachi et al. 2002), liver cancer (Oh et al.
2005), adult T-cell leukemia (Bellon et al. 2006), and colo-
rectal carcinoma (Garcia-Aranda et al. 2006). Other studies
have demonstrated that mRNA levels of TRF1, TRF2, and
TIN2 are decreased in gastric cancer (Yamada et al. 2002),
non-small cell lung cancer (Hu et al. 2006), and B chronic
lymphocytic leukemia (Poncet et al. 2008). In our study,
the expression of TRF1, TRF2, and TIN2 proteins was sig-
nificantly higher in precancerous lesions, GC, and GCLM
than in normal gastric mucosa. The expression of TRFI,
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TRF2, and TIN2 proteins was significantly higher in GC
and GCLM than in precancerous lesions. TRF1, TRF2, and
TIN2 proteins might be involved in the carcinogenesis and
development of gastric cancer. Our results found the
expression of TRF1, TRF2, and TIN2 proteins to be were
higher in poorly differentiated GC than in well differenti-
ated and moderately differentiated GC. TRF1, TRF2, and
TIN2 protein over-expression could induce loss of differen-
tiation, increased cell growth, and a more aggressive tumor
phenotype.
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Fig. 4 TRFI1, TRF2, TIN2, TERT, and Ku70 associated with telomere length regulation. The levels of TRF1, TRF2, TIN2, TERT, and Ku70
proteins were analyzed for correlations with telomere length and shown in a—e, respectively

TRF1 and TRF2 bind directly to double-stranded telo-
meric DNA at the telomere terminus, and to telomeric
DNA in a complex with other proteins. TRF1 has been
found in association with TIN2 (Kim et al. 1999), tankyrase
1 and 2 (Cook et al. 2002), and PINX1 (Zhou and Lu 2001),
while TRF2 has been shown to interact with hRapl (Li
et al. 2000) and the Mrel1 (Zhu et al. 2000) complex. TIN2
connects TRF1 to TRF2 and this link contributes to the sta-
bilization of TRF2 on telomeres. The TRF1 protein inhibits
telomerase-mediated lengthening of telomeres. TRF2
seems to be important in the formation of telomere loops
(Smogorzewska etal. 2000), while over-expression of
dominant-negative forms of TRF2 results in dramatic telo-
mere ‘uncapping’ (Stansel et al. 2001). TIN2 modulates the
activity of TRF1 by inhibiting the action of tankyrase 1,
which ADP ribosylates TRF1, causing its release from the
telomere.

The expression of TERT and Ku70 proteins was signifi-
cantly up-regulated in both precancerous lesion and GC tis-
sues and was significantly higher in GC tissues than that in
precancerous lesions. In normal gastric mucosa, the
BRCALI protein was primarily located in the cell nucleus.
In precancerous lesions and GC, the expression of the
BRCALI protein was apparent in the cell cytoplasm.

The core of the mammalian telomerase holoenzyme is
the catalytic subunit. TERT is a reverse transcriptase and
adds hexameric DNA repeats (TTAGGG). The principal
role of Ku proteins is the mediation of DNA repair.
However, they have been implicated in other cellular pro-
cesses, including telomere maintenance, anti-apoptosis, tumor

suppression, and regulation of specific gene transcription.
Ku70 may have a role in the regulation and maintenance of
telomeres through its interaction with TRF2 (Song et al.
2000). BRCAL appears to function as a classic tumor sup-
pressor, since BRCA1 mutation is associated with cancers
and has exhibited loss of the wild-type allele in tumor cells
(Cornelis etal. 1995; Neuhausen and Marshall 1994).
Over-expression of the BRCA1 gene inhibits TERT expres-
sion and telomerase enzyme activity in various cell types
and causes telomere shortening (Xiong et al. 2003; Li et al.
2002). Our study demonstrated a negative correlation
between the telomere length and the expression of TRFI,
TRF2, TIN2, TERT, and Ku70 proteins.

The above findings indicate that there is an interaction
between telomeric proteins and telomere length during the
carcinogenesis of gastric cancer. We infer from this that,
because telomere shortening leads to genetic instability in
the early stage of GC, the DNA repair-associated protein
Ku70 was up-regulated and telomerase was activated. The
up-regulation of the TERT protein prevents telomere short-
ening. Meanwhile, the over-expression of TRF1, TRF2,
and TIN2 proteins counteracts the effects of the TERT pro-
tein and lead to further telomere shortening. These contrib-
ute to the multistage carcinogenesis of gastric cancer.

Conclusion

Our results suggest that the over-expression of telomeric
proteins, TRF1, TRF2, TIN2, TERT, and Ku70 and the

@ Springer



J Cancer Res Clin Oncol

transposition of the BRCA1 protein may work together to
reduce telomere length in precancerous lesions and gastric
cancer, and could contribute to multistage carcinogenesis of
gastric cancer. These findings provide new insight into the
mechanism of carcinogenesis in gastric cancer.
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