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ABSTRACT. The objective of this study was to find the key
regulatory molecules in the cell senescence process through observing
the expression of telomere-associated factor during the normal cell
replicative senescence process. Based on the established cell replicative
senescence model, reverse transcription-polymerase chain reaction and
western blot analyses were used to detect telomere-associated factor
expression at the mRNA and protein levels, including that of human
telomere binding protein 1, tankyrase 1, telomerase RNA, telomere
protection protein 1 (POT1), and p53 during the process of human
embryonic lung fibroblast replicative senescence. The results showed
that transcription of human telomere binding protein 1 did not change
with cell senescence, whereas the protein expression of human telomere
binding protein 1 increased gradually and then decreased rapidly; there
was no change in the mRNA and protein expression of POT1; with the
replicative senescence of human embryonic lung fibroblasts, expression
of POTT1 decreased gradually; TRF1 showed an increasing trend with
cell senescence; and p53 protein expression did not change. Together,
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the results from this study suggest that human telomere binding protein
1, POT1, and TRF1 played important roles in cell senescence.

Key words: Replicative senescence; Telomerase RNA;
Telomere protection protein 1; Telomere related binding factor 1

INTRODUCTION

Cell senescence is both a major biological problem as well as a major social problem.
Cell senescence is a phenomenon of functional decline under normal environmental condi-
tions, gradually moving toward death. Studies on cell senescence can reveal the underlying
mechanisms of senescence, which is important for understanding the phenomenon and poten-
tially mediating its delay. Many studies have found that cell replicative senescence is closely
related to telomere length: the shortening of telomeres is the cause of cell replicative senes-
cence, and telomere length is in turn regulated by telomere-related factors. Therefore, it can
be proposed that the relationships between cell telomere-associated factors and replicative
senescence can reveal the mechanism of cell senescence.

Telomere related binding factor 1 (TRF1) and telomere protection protein 1 (POT1)
are telomere-binding proteins; human telomere binding protein 1 and POT1 contact is es-
tablished by the interactions of TRF1 interacting nucleoprotein (TIN), POT1 and POT2 or-
ganizing protein (PTOP), and POT1-interacting protein (PIP1) (Abreu et al., 2010; Takai et
al., 2010, 2011; Xie et al., 2011). Lundblad (2003) considered that the binding of POT1 and
ssDNA was mediated by telomerase-binding protein 1: in the cell, POT1 first combines with
the human telomeric binding protein complex, followed by the perception of telomere length
changes by human telomere binding protein 1, which guides the binding of POT1 and ssDNA.
Many experiments have confirmed the contact of POT 1 with human telomere-binding protein
1 complexes (Blasco, 2003; Giannone et al., 2010; Martinez and Blasco, 2010; Choi et al.,
2011; Miller et al., 2012).

p53 is a tumor suppressor gene and is one of the important regulatory genes for cell
cycle and apoptosis. p53 is also an important regulatory factor in cell senescence and can
perceive senescence-related signals such as telomere shortening, DNA damage, and over-ex-
pression of suppressor genes. Studies have found that p53 and retinoblastoma (Rb) together
maintain the inhibition state of cell growth. Decreased p53 activity can delay cell replicative
senescence but cannot prevent it (Feng et al., 2011; Itahana et al., 2011). In the Ataxia telan-
giectasia mutated (ATM)/p53/cyclin dependent kinase inhibitor 1 (p21WAF-1) pathway, p53
can inhibit cell senescence by inducing p21 WAF-1 expression, which was shown to have a
positive correlation with p53 activity. Therefore, a study on the expression changes of TRF1,
tankyrase 1, telomerase RNA, POT1, and p53 in normal cell replicative senescence can pro-
vide a theoretical basis for further studies on normal mechanisms of aging.

MATERIAL AND METHODS
Material

Human embryonic lung fibroblasts were provided by the Molecular Biology
Laboratory, Institute of Radiation Medicine, Beijing Military Medical Academy. Cells were
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incubated with Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies, USA)
containing 10% fetal bovine serum in an incubator at 37°C in an atmosphere containing 5% CO,,.

Methods

PCR primers were designed according to the gene sequences of TRFI, tankyrase 1,
telomerase RNA, POTI-2, and B-actin as follows: TRFI (F: 5'-GAA TAT TTG GTG ATC
CAA ATT CTC ATA TGT-3'; R: 5'-AGT TAC CGC AGA CTG TTT GTC ACT AAC ACT-
3"); tankyrase 1 (F: 5'-CCG GAG GGG GAT GGC AGT CGG GAT CCG CCC-3'; R: 5'-CCG
GCC GGC CAT GTC CTT TGC ATT TAC GTT-3"); telomerase RNA (F: 5'-CGA ACG GGC
CAG CAG CTG ACA TT-3"; R: 5'-GGG TGG TGG CCA TTT TTT GT-3'); POTI-2 (F: 5'-
TTC AGA TGT TAT CTG TCA ATC AGA ACC TG-3'"; R: 5-ATG TAT TGT TCC TTG TAT
AAG AAA TGG TGC-3"); B-actin (F: 5'-TTC AGG TTT ACT CAC GTC ATC C-3"; R: 5'-
CCA AAT GCG GCA TCT TCA AAC C-3"). Primers were synthesized by Beijing Sanbo
Company (Beijing, China).

Human embryonic lung fibroblasts with population doublings of 21, 29, 44, 51, and 59
were selected, and when the fusion rate reached 90%, total RNA was extracted with TRIzol.
The RNA obtained was reverse-transcribed using PromegalmProm-II IM Reverse Transcrip-
tase (Madison, WI, USA) according to manufacturer instructions. Polymerase chain reaction
(PCR) amplification of related factors was performed after cDNA was obtained. The PCR
system was performed according to previous study.

For western bot analysis, human embryonic lung fibroblasts with different popula-
tion doublings were selected and lysed to extract proteins, and protein concentrations were
determined as described in previous study. Samples were separated by 8% sodium dodecyl-
sulfate (SDS)-polyacrylamide gel electrophoresis. Following electrophoresis, samples were
transferred to a membrane. The membrane was sealed for 2 h. The first antibody was added,
the membrane was washed, and then the second antibody was added. The expression of the
target protein was detected by chemiluminescence as described previously.

RESULTS

Expression changes of TRF1, tankyrasel, and POT1 in cell replicative senescence
detected by reverse transcription-PCR (RT-PCR)

The results from RT-PCR analysis showed that there were no significant changes in
the mRNA levels of TRF'I during the aging process of human embryo lung fibroblasts with dif-
ferent population doublings (Figure 1A). Analysis of human embryonic lung fibroblasts with
different population doublings showed that no significant changes in tankyrase 1 mRNA levels
were detected (Figure 1B). In contrast, we found that the mRNA expression of POT showed
a decreasing trend with increasing cell senescence (Figure 1C).

Western blot determination of the expression changes of TRF1, tankyrase 1, and
POT]1 proteins in cell replicative senescence

Through examination of the protein levels in human embryonic lung fibroblasts with
different population doublings using western blot analysis, we found that the protein expres-
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sion levels of TRF1 showed an increasing trend with cell senescence (Figure 2A); however,
the protein levels of tankyrase 1 did not change (Figure 2B).
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Figure 1. mRNA expression in different population doublings (PDs) of human embryo lung fibroblasts. The DNA
marker used was DL-2000. PD21, PD29, PD44, PD51, and PD59 represent the 21, 29, 44, 51, and 59th PD of
human embryonic lung fibroblast cells, respectively, as measured by polymerase chain reaction amplification. A.
TRFI mRNA expression changes. No difference was observed between different human embryo lung fibroblast
PDs. B. Tankyrase | mRNA expression changes. No difference was observed between different human embryo lung
fibroblast PDs. C. POTImRNA expression changes. A gradual decline with aging can be seen.
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Figure 2. Protein expression in different population doublings (PDs) of human embryo lung fibroblasts. PD21, PD29,
PD44, PD51, and PD59 represent the 21, 29, 44, 51, and 59th PD of human embryonic lung fibroblast cells, respectively,
as detected by western blot. A. TRF1 protein expression changes. The expression levels associated with the aging of
cells show a trend of gradual increase followed by a sharp decline in the amount of protein at PD59. B. Tankyrase |
protein expression changes. No difference was observed between different human embryo lung fibroblast PDs.
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Expression of telomerase RNA during cell senescence

Through detection of the levels of telomerase RNA in the aging process of human em-
bryo lung fibroblasts with different population doublings, we found that the mRNA expression
of telomerase RNA showed an increasing trend with the cell senescence (Figure 3), indicating
that telomerase RNA might also be involved in cellular replicative senescence.
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Figure 3. hTR expression changes. Left figure demonstrates B-actin mRNA expression; the right picture shows
hTR mRNA expression level changes, as measured by polymerase chain reaction amplification. The DNA marker
was DL-2000. Population doubling (PD)21, PD29, PD44, PD51, and PD59 represent the 21, 29, 44, 51, and 59th
PD of human embryonic lung fibroblast cells, respectively. hTR expression first increased and then decreased with
the aging of cells.

Expression of p53 protein in cell senescence

We examined the levels of p53 protein in the aging process of human embryo lung
fibroblasts with different population doublings and found that the protein levels of p53 did not
change significantly with cell senescence (Figure 4); however, whether the activity of p53 is
increased remains to be determined.
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Figure 4. p53 protein expression changes. p53 and actin protein levels were detected by western blot. Population
doubling (PD)21, PD29, PD44, PD51, and PD59 represent the 21, 29, 44, 51, and 59th PD of human embryonic
lung fibroblast cells, respectively. No difference could be seen between different human embryo lung fibroblast PDs.

DISCUSSION

Telomere length is a “molecular clock™ that controls the senescence of a cell.
Telomere-associated protein has a role in the regulation of telomere length (Harly et al.,
1990; Martinez and Blasco, 1997; Smogorzewska and Lange, 2004). Results have shown that
human telomere binding protein 1 might play a role in this process in a variety of ways.
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The “protein counting model (mechanism) of telomere length regulation” hypothesis held
the view that when telomere DNA combined with human telomere binding protein 1 reached
a critical value, the signal that inhibited the activity of the telomerase compound would be
produced and telomere elongation would be terminated. Consequently, if the chromosomes
were not completely copied, they would be degraded by exonuclease or recombined, leading
to shortened telomeres. In turn, the proportion of telomere combined with human telomere
binding protein 1 would be also reduced; when this reached a critical value, the telomerase
compound would be re-activated, and telomere length would be extended to a specific limit
again. The cycle would then be repeated to maintain the stability of telomere length in the
cancer cell. However, research on human telomere binding protein 1 regarding replicative
senescence in normal cells has not been reported.

The results from this study demonstrated that no significant change could be detected
in the mRNA expression levels of human telomere binding protein 1 in the aging process of
human embryonic lung fibroblasts across different aged generations. This indicated that the
transcription level of telomere binding protein 1 was not changed in the replicative senescence
process of the cell, or, in turn, that normal cell senescence did not affect the expression of
the human telomere binding protein 1 gene. Tankyrase 1 regulates the combination of human
telomere binding protein 1 with telomeres. The results of our analyses showed that in the aging
process, no change in the mRNA expression levels of tankyrase 1 in human embryonic lung
fibroblasts across different aged generations could be detected, indicating that the transcrip-
tion level of tankyrase 1 was not changed during the replicative senescence process of the cell,
or, in turn, that normal cell senescence did not affect the expression of the tankyrase 1 gene.
POTT1 has been identified as an important protein for the maintenance of telomere overhangs.
POTI mRNA expression occurs in all tissues. Without POT1, the chromosome ends would
become fused, leading to cell death. Thus, POT1 is considered a housekeeping gene that en-
sures the integrity of the chromosome ends. POT1 has five isoforms, four of which have been
shown to be ubiquitously expressed, while splice variant 5 was only expressed in peripheral
blood leukocytes. POTIsplice variant 2 missed exons 12a, while splice variant 5 missed exons
15a. If splice forms 2 and 5 exist, we would expect three bands to be amplified by RT-PCR
according to the differing exon 12-16 regions. The three bands, from top to bottom, should be
POTI, splice variants 5 and 2. By analyzing the mRNA levels of POT! and its isoforms dur-
ing the aging process of human embryo lung fibroblasts with different population doublings,
we found that the mRNA expression of POT! showed a decreasing trend with increasing cell
senescence, and human embryonic lung fibroblast cells did not contain isoforms 5 and 2. The
mRNA expression level changes indicated that POT1 had a negative correlation with aging,
and that cell senescence can impede the expression of POT]1, potentially exacerbating telo-
mere instability through the exposure of the telomere 3' overhang.

Our analyses found that cell senescence was associated with low expression of POT1,
which might be an indicator of cell replicative senescence. The gene levels of human telomere
binding protein 1 and tankyrase 1 did not change; hence, we further examined their protein
expression. By analysis of human embryonic lung fibroblasts with different population dou-
blings in the aging process, we found that the protein expression levels of TRF1 showed an
increasing trend with cell senescence, indicating that expression levels of TRF1 had a positive
correlation with cell senescence. Figure 2A showed that the expression of human telomere
binding protein 1 in PD59 cells was low. We speculated that this occurred because the cells
had begun to enter the cell death phase at this point. In contrast, it would be in the interest of
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younger cells to inhibit the aging process through high expression of human telomere binding
protein 1. However, after the telomeres had been shortened and were close to the “Hayflick
limit”, the apoptotic mechanism of the cell was initiated, and telomere binding protein 1was
no longer highly expressed. Our analyses also determined that the protein levels of tankyrase
1 did not change across population doublings, indicating that there were no changes in the
protein levels of tankyrase 1 in cell replicative senescence. That tankyrase 1, which regulates
the binding of human telomere binding protein 1 to telomeric DNA, did not change in the cell
replicative senescence process suggests that tankyrase 1 is not involved in the normal aging
process and might just play a role in cell replication and telomere extension.

Telomerase RNA was first identified in 1995, and has been shown to exist in a variety
of cells at constant levels. In normal cells, telomerase is inactive but its mRNA is expressed,
raising the question of whether the telomerase RNA can affect the replicative senescence of
cells. By determining the levels of telomerase RNA in the aging process of human embryo
lung fibroblasts with different population doublings, we found that telomerase mRNA expres-
sion showed an increasing trend along with cell senescence, indicating that telomerase RNA
might also be involved in the cell replicative senescence process. This result suggested that
cell senescence causes survival pressure on the cells, resulting in the activation and promotion
of telomerase RNA expression in order to alleviate the stress caused by the loss of telomeres.

Many recent studies have examined p53-induced cell aging, and researchers are ac-
tively exploring the genetic mechanisms of p53-induced cellular senescence. Studies have
shown that p53 can accelerate aging; we therefore examined the levels of p53 protein during
the aging process of human embryo lung fibroblasts with different population doublings and
found that the protein levels of p53 did not change with cell senescence (Figure 4); however,
whether its activity was increased remained to be determined.

We studied the relationship between cell replicative senescence and gene and protein
expression levels of three telomere proteins closely related with telomere stability (telomere
binding protein 1, tankyrase 1, and POT1). The results showed that cell senescence leads to the
reduction of POT1 expression, which might be due to the 3' overhang shortening of telomeres
upon continuous cell senescence and the concomitant reduced binding sites for POT1, lead-
ing to the reduction of POT1 transcription, thus exacerbating the instability of telomeres and
accelerating the cell aging process. There were no changes in the gene expression of human
telomere binding protein 1 or tankyrase 1, whereas the protein expression of human telomere
binding protein 1 increased, suggesting that the cells might promote the translation of human
telomere binding protein 1 in order to improve the stability of telomere DNA. Telomerase
RNA was also found to be highly expressed during the aging process, which may be similar to
the high expression of human telomere binding protein 1, which might reflect the response of
the cell to prevent the stress generated by aging. Although some studies have found that p53
can accelerate aging, our study did not suggest this; this phenomenon might be related to the
phosphorylation of p53 and still needs further research.

In summary, we found that replicative senescence was closely associated with telo-
mere related factors, of which human telomere binding protein 1, POT1, and tankyrase 1
might serve as housekeeping genes in the aging process, and their changes during this process
might be the root causes of cell senescence. In addition, a large number of telomerase RNA
was found to be expressed in normal cells; raising the question of the role of telomerase RNA
in the aging process. Assessment of telomerase mRNA expression changes in cell senescence
will be helpful to determine whether it participates in the aging process and plays an important
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role therein. Previous interactions of telomere-related factors as well as their relationships
with telomeres were primarily studied in tumor cells; hence, expression changes of these re-
lated factors in normal cell senescence are not well understood. Therefore, we used the repli-
cative senescence model of human embryonic lung fibroblasts as a basis, and analyzed TRF
1, POT1, tankyrase 1, and telomerase RNA at the molecular level to explore their expression
changes during cell replicative senescence and to reveal their relationships with cellular rep-
licative senescence.
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