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Abstract
GAPDH can bind single-strand telomere DNA both in vitro and in vivo. Thus, it was hypoth-
esised that GAPDH has an important role in protecting the telomeres, role that could be shared 
with TRF2, a well-known telomeric protein involved in a myriad of functions related to telomere 
homeostasis. Objective: The aim of this study was to determine if there was a correlation between 
the expression of these genes in the in vitro ovarian surface epithelium. Materials and methods: 
The relative expression of each gene was established by qRT-PCR in primary cell cultures of the 
ovarian surface epithelium from 22 healthy mestizo Colombian donors. Results: The Kendall 
and Spearman non-parametric tests established a significant correlation between the levels of 
expression in subsequent passages of the cell line, in an age-independent way. Conclusion: Our 
findings suggest a synergistic effect between TRF2 and GAPDH that could counter telomere 
shortening in vitro.
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Resumen
Se ha demostrado que la proteína GAPDH se puede unir al ADN telomérico de cadena sencilla, 
tanto in vitro como in vivo. Por lo tanto, se ha planteado la hipótesis de que la GAPDH juega 
un papel importante en la protección de los telómeros, papel que podría ser compartido con la 
TRF2, proteína que participa en una gran variedad de funciones relacionadas con la homeostasis 
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telomérica. Objetivo: el objetivo de este estudio fue determinar si existe una correlación entre la 
expresión de ambos genes en el epitelio superficial del ovario in vitro. Materiales y métodos: la 
expresión relativa de cada gen fue establecida mediante qRT-PCR, en cultivos primarios de células 
del epitelio superficial del ovario provenientes de un grupo de 22 donantes colombianas mestizas 
sanas. Resultados: las pruebas no paramétricas de Kendall y Spearman permitieron establecer 
que existe una correlación significativa entre los niveles de expresión de GAPDH y TRF2 a lo 
largo de la historia replicativa de los cultivos, en forma independiente de la edad de las donantes. 
Conclusión: nuestros resultados sugieren un efecto sinérgico entre TRF2 y GAPDH, que podría 
estar orientado a contrarrestar la reducción de los telómeros in vitro.

Palabras clave: expresión génica, envejecimiento celular, senescencia replicativa.

Resumo
Tem se demonstrado que GAPDH pode-se unir ao DNA telomérico de cadeia simples, tanto in 
vitro quanto in vivo. Portanto, tem se apresentado a hipótese de que GAPDH joga um papel im-
portante na proteção dos telómeros, papel que poderia ser compartilhado com TRF2, proteína que 
participa em uma grande variedade de funções relacionadas com a homeostase telomérica. Objetivo. 
O objetivo deste estudo foi determinar se existe uma correlação entre a expressão de ambos os 
genes no epitélio superficial do ovário in vitro. Materiais e métodos: A expressão relativa de cada 
gene foi estabelecida mediante qRT-PCR em cultivos primários de células do epitélio superficial 
do ovário provenientes de um grupo de 22 doadoras colombianas mestiças sanas.  Resultados. As 
provas não paramétricas de Kendall e Spearman permitiram estabelecer que existe uma correlação 
significativa entre os níveis de expressão de GAPDH e TRF2 ao longe da história replicativa dos 
cultivos, em forma independente da idade das doadoras. Conclusão. Nossos resultados sugerem 
um efeito sinérgico entre TRF2 e GAPDH que poderia estar orientado a contra-arrestar a redução 
dos telómeros in vitro. 

Palavras chave: expressão gênica, envelhecimento celular, senescência replicativa.  

TRF2 (TTAGGG repetition factor 1) is an im-
portant regulation factor of telomere length. 
Along with TRF1, RAP, TIN2 and TPP1, TRF2 
comprises the shelterin complex, also known as 
the telosome. This complex interacts with DNA 
for a variety of functions including replication, 
repair and recombination and is also involved 
in the control of the cell cycle (1-3). TRF2 also 
regulates different enzymatic activities (4), 
promoting the formation of DNA structural 
conformations, such as T-loops and Holliday 

junctions, that regulate telomere homeostasis 
and prevent the formation of chromosomal 
defects at its ends (4, 5). The over expression 
of TRF2 results in telomere shortening and 
onset of premature aging (6). The loss of T-
loops appears to have a fundamental role in 
both events (7-9).

On the other hand, GAPDH encodes an en-
zyme that is involved in the glycolytic and glu-
coneogenic pathways, catalysing the reversible 
oxidative phosphorylation of glyceraldehyde-
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3-phosphate. Thus, it has a higher expression 
level in those tissues with high demand for 
energy, such as musculoskeletal or cardiac tis-
sues (10). In the cell nucleus, GAPDH is invol-
ved in transcription (11), cell cycle regulation 
(12), DNA replication and repair (13), tRNA 
exportation (14), cell death (15-17) and several 
other processes. The discovery that GAPDH 
can bind single-strand telomere DNA both in 
vitro and in vivo has led to the hypothesis that 
GAPDH also has a role in protecting the telo-
meres, which is vital for cell viability (18, 19). 

Because TRF2 and GAPDH are both invol-
ved in the regulation of telomere homeostasis, 
the aim of this study was to determine if there 
was a correlation between the expression of 
these genes in primary cell cultures of ovarian 
surface epithelium, using qRT-PCR. 

Materials and methods

Donors
Ovarian tissue samples from 22 mestizo Co-
lombian women were collected and cultured. 
These women did not have any history of 
cancer, and their ages ranged between 13 and 
57 years. After agreeing to participate in the 
study and signing the consent forms, the do-
nors underwent total or partial oophorectomy 
under benign conditions, in the obstetrics and 
gynaecology service of five Bogotá DC hospi-
tals from 2007 to 2009. 

Primary cell cultures
The ovarian epithelium and stroma were sepa-
rated using dispase (Dispase II, Roche Applied 
Sciences) at 37ºC and 5% CO

2
. The epithe-

lial tissue fragments were seeded in culture 
vials with MCDB105 (Sigma)/M199 (Gib-
Co) growth medium mix supplemented with 
10% FBS and 0.05% of 10,000 U penicillin-
streptomycin (Invitrogen). After reaching a 

confluence of 80-85%, the cells were disper-
sed with 0.25% trypsin-EDTA (Invitrogen), 
followed by the addition of extra growth me-
dium to inactivate the enzyme. The cells were 
then centrifuged, and the resulting pellet was 
resuspended. The number of cells was counted 
with trypan blue in a haemocytometer prior 
to each passage, and they were seeded again 
in a 1:2 ratio. 

Anticytokeratin 18-FITC (Sigma) was used 
to characterise the epithelial cells from three 
passages of each culture using fluorescence 
microscopy to record the signal. To prevent the 
growth of contaminating cells, a specific growth 
medium (described above) that does not allow 
the growth of epithelial cells when fibroblasts 
are present was used. The identity of the epi-
thelial cells was established by cell morphology 
and the presence of anticytokeratin-18, which 
is absent in fibroblasts and leucocytes, during 
the first three passages of the culture. 

Determination of cell aging
Senescence was determined by a visual ins-
pection of the cultures. Specifically, cells were 
determined to have aged at the passage in 
which they acquired a flattened morphology 
that was reminiscent of mesenchymal cells and 
showed increased granularity. At this point, 
the cultures had difficulty reaching a confluent 
state. In addition, the senescence-associated 
β-galactosidase (SA-β-gal) activity at pH 6 was 
measured during each passage using chemilu-
minescence with the Beta-Glo Assay System 
kit (Promega Co, Madison WI, USA), which 
allows to determine the start of the senescence 
due to the notorious increase in the enzymatic 
activity.

qRT-PCR
RNA from epithelial cells and stromal fibrob-
lasts from passages 1-7 was extracted using 
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Trizol® (Sigma). Its concentration and pu-
rity were evaluated using the NanoDrop 2000 
(Thermo Scientific) spectrophotometer. The 
concentration was calculated using the absorb-
ance at 260 nm. Sample purity was determined 
using the ratio of the absorbances at 260 and 
280 nm, with a ratio between 1,8 and 2 indicat-
ing a pure sample. This ratio was also used to 
rule out contamination with proteins or DNA. 
In addition, integrity was evaluated using a 
denaturing agarose gel in the presence of ethid- in the presence of ethid-in the presence of ethid-
ium bromide. Next, cDNA was synthesised 

using the SuperScript II First-Strand reverse 
transcription synthesis system for RT-PCR 
(Invitrogen). To minimise the possible sources 
of variation, each RT reaction used the same 
amount of RNA (500 ng). Real time PCR was 
carried out in a total volume of 20 µl contain-
ing the following reagents: Platinum® SYBR® 
Green qPCR SuperMix-UDG (InvitrogenTM) 
1X, ROX (InvitrogenTM) 500 nM, positive sense 
DNA primer 500 nM, anti-sense DNA primer 
500 nM (Table 1), 2 µl of cDNA and 3 µl of 
deionised water.

Table 1. Oligonucleotides used as primers in this study and expected size of the amplified fragments

Gene Sense primer 5 ’→ 3’ Anti-sense primer 5 ’→ 3’
Product size 

(bp)
Reference

TRF2 GGTACGGGGACTTCAGACAG CGCGACAGACACTGCATAAC 112
Van Wezel et 

al., 2005

GAPDH
CTCATGACCACAGTCCATGC-

CATC
CTGCTTCACCACCTTCTT-

GATGTC
273

Kim et al., 
2006

The resulting cDNA was amplified using 
the MJ Research® Opticon 2™ thermocycler 
for a total of 40 cycles, each consisting of de-
naturation at 94°C for 15 seconds, primer an-
nealing at 59°C for 30 seconds and elongation 
at 72°C for 30 seconds.

The primer sequences were analysed with the 
Primer Blast software program (Primer-Blast in: 
<http://www.ncbi.nlm.nih.gov/tools/primer-
blast/index.cgi?LINK_LOC=BlastHome>) to 
confirm their specificity and to determine the 
size of the amplified product. 

Because TRF2 and GAPDH had the sa-
me thermal profile, the corresponding cDNA 
samples were amplified simultaneously and in 
duplicate for each experiment. In addition, effi-
ciency curves were constructed using a dilution 
series of reference cDNA samples ranging from 
3.125-100 ng/µl. Melting curves were obtained 

to ensure the exclusive amplification of TRF2 
and GAPDH.

Normalisation and data analysis 
The results were normalised based on the am-
plification efficiency of each gene raised to the 
difference between the ct of the passage analy-
sed and the CT of the first passage (calibration 
value) according to the formula given by Livak 
& Schmittgen 2001 (20). After applying the 
Kolmogorov-Smirnov and Shapiro-Wilk tests, 
the results were processed with covariance 
analysis (Ancova), which used a regression 
model to analyse the effect of the culture pas-
sages and the age of the donors, as well as with 
the Kendall and Spearman non-parametric 
correlation tests. P values less than 0.05 were 
considered statistically significant.
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Results
The amplification efficiency was calculated wi-
th the formula E = 10(-1/-S), where S corresponds 
to the slope of the efficiency curves. The effi-
ciency for TRF2 and GAPDH was 1.94 (94%) 
and 1.93 (93%) respectively, and these values 
were used to normalise the results.

The melting curves verified the existence of 
a single fluorescence peak at each concentra-
tion, confirming the specificity of the primers 
and therefore the exclusive amplification of the 
TRF2 and GAPDH gene products.

Real-time PCR
The relative expression of each gene was calcula-
ted according to the formula from Livak & Sch-
mittgen, 2001 (20), where Relative Expression 
= Amplification Efficiency(CT passage x – CT passage 1).

TRF2 and GAPDH descriptive  
statistics
For TRF2 the mean values of its relative ex-
pression displayed variations throughout the 
sampled passages: they decreased from passa-
ge two to three and increased beginning with 
passage four, which was the point at which the 
cell cultures began to age. Because the corres-
ponding standard deviations increased as the 
cell cultures aged, the difference between the 
mean values became irrelevant (figure 1A). 
Similar behaviour was observed for GAPDH; 
although there were differences between the 
mean values, the standard deviations were so 
great that the effect of these variations was 
minimised (figure 1B).

    Figure 1A             Figure 1B
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Figure 1. Distribution of the means for the relative expression of TRF2 (A) and GAPDH (B). 
In the latter passages, both the means and the variability in the expression of the genes increase
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According to the Kolmogorov-Smirnov and 
Shapiro-Wilk tests, the results of the relative 
expression of both genes did not fit a normal dis-
tribution. The Ancova showed that neither the 
chronological age of the donor nor the age of the 
cell culture affected the relative expression of 
TRF2 (p = 0.1280 and p = 0.1608, respectively), 
which was corroborated with the value (p = 
0.1013) obtained using the general F test for the 
united significance of the regression coefficients 
applied in Ancova. In contrast, although there 
were no significant differences in the relative 
expression of GAPDH with respect to the age of 
the cell culture (p = 0.5394), the chronological 
age of the donors had an apparently significant 

result (p = 0.0069). The p value calculated using 
the F test, however, indicated that the result was 
not significant (p = 0.0895). In addition, the 
95% confidence intervals used to estimate the 
effect of chronological age on the expression of 
GAPDH were so small (-1071.4 ~ -179.5), that 
they were not taken into account.

When the distribution trends of the median 
values for the expression of TRF2 and GAPDH 
throughout the multiple cell passages were 
analysed, an apparently similar behaviour was 
observed (figure 2). In order to verify this fact, 
we applied Kendall and Spearman correlation 
tests that yielded coefficients of 0.810 (p < 0.05) 
and 0.893 (p < 0.01), respectively.
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Figure 2. Trends in the distribution of the medians of the relative expression of TRF2 and GAPDH 
in ovarian epithelial cell cultures

Discussion

Normalisation
The results of TRF2 and GAPDH expression 
were normalised according to the ∆C’T model 
(20) because the conditions of this study are 

consistent with those required for the applica-
tion of this model: identical culture conditions 
and an identical amount of RNA used in the 
reverse transcription assays in all the experi-
ments. As a result, the amplification efficiency 
values (1.94 for TRF2 and 1.93 for GAPDH) 
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were raised to the difference between CTs 
(CT of the analysed passage minus CT of the 
first passage). Although quantification of gene 
expression at time zero (0) is generally desir-
able, this calculation was not possible due to the 
small amount of tissue collected. Furthermore, 
the first cell passage should be noted as being 
the most similar to the condition seen in cells 
when the sample WAS TAKEN.

Relative expression of TRF2 and  
GAPDH
In this study, there were no significant diffe-
rences in the levels of TRF2 expression with ei-
ther the chronological age of donors or the age 
of cell cultures. By analysing the trends in the 
expression means, however, we found a decrea-
se in the TRF2 expression from passage two to 
passage three, while in the GAPDH expression, 
we also found a decrease even to passage four, 
followed in both cases by a continuous increa-
se until the cells could no longer be passaged. 
On the other hand, an analysis of the trends of 
medians revealed fluctuations – both increases 
and decreases – up to passage number seven, 
followed by a marked increase that cannot be 
considered as significant, probably due to the 
small amount of sample available in this passa-
ge. Thus, as the cell cultures aged, the ability of 
the epithelial cells to maintain the expression 
of TRF2 and GAPDH at stable levels began to 
diminish, causing the increased variability in 
their expression. Furthermore, the inhibition 
of TRF2 appears to damage the telomere cap, 
resulting in the activation of ATM (ataxia 
telangiectasia mutated)-dependent signal pa-
thways (21) along with the appearance of nu-
cleation sites for proteins as a response to DNA 
damage (22, 23). When TRF2 is activated, it 
binds to ATM and prevents its activation (21). 
When TRF2 is inhibited, ATM can detect the 
double-stranded DNA denaturation and then 

auto phosphorylates the serine residue at po-
sition 1981. Subsequently, several downstream 
substrates, such as P53 and ChK2, and DNA 
repair factors, such as H2AX and NBS1, are 
activated (24). In mitotic cells, otherwise, the 
inhibition of TRF2 causes telomere breakdown. 
This event then activates pathways involved in 
the double-stranded DNA repair and an entire 
series of associated events, such as p53 and/or 
rb induction as well as increases the activity of 
the aging biomarker SA-β-gal (8, 25). These 
observations, in conjunction with our results, 
suggest that alterations of TRF2 at telomere 
level can induce aging in proliferating cells, 
as shown by Zhang et al. (23). Based on these 
studies, the breakdown of TRF2 is “detected” 
by ATM or by associated proteins, which then 
activates those signal pathways that respond to 
DNA damage. In contrast, the over expression 
of TRF2 has been associated with telomere 
shortening (8), which can lead to aging or ma-
lignant transformation; both of these events 
are accompanied by genomic instability. Taken 
together, these data suggest that any alteration 
in the expression levels of TRF2 impacts the 
fate of the affected cells, such that they even-
tually start to age and become either apoptotic 
or, in the worst case scenario, cancerous (26). 
Both oxidative and mechanical stresses have 
been reported to trigger a breakdown of stable 
TRF2 expression (27). Thus, the stress gene-
rated by the cell culture environment likely 
causes a breakdown in the regulation of TRF2 
that leads to fluctuations in its expression. 

The heightened variability in the expres-
sion of GAPDH is well known. This variability 
may be due to the participation of the product 
encoded by this gene in cell functions different 
than the classically described metabolic ones. 
Therefore, GAPDH has been assigned an antia-
poptotic role in cells with a permeated external 
mitochondrial membrane, which should lead to 
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caspase activation and apoptosis. The lack of tar-
get proteins downstream of the mitochondrial 
pathway, such as APAF-1, allows the increase of 
GAPDH levels in order to maintain the ∆Ym via 
an increase of ATP, which interrupts the caspases 
activation and, in turn, enables cells to progress 
toward malignant transformation (28, 29).

Furthermore, Colell et al. (30), showed that 
nuclear GAPDH protects cells against caspase 
independent death, when the external mito-
chondrial membrane is permeated, thus pro-
moting survival due to the induction of atg12 
(autophagy-related protein 12), a protein that 
can facilitate autophagy. This mechanism irre-
versibly eliminates the damaged mitochondria, 
while at the same time, the elevated levels of 
GAPDH increase glycolysis to produce the ATP 
required for cell survival (30).

In our study, the largest fluctuations in both 
the mean and the median values for GAPDH 
expression occurred after the fourth passage. 
The results indicate that the aging onset in the 
epithelial cells began at this time (passages 3-4). 
Thus, cell aging may be responsible for the in-
creased variability of GAPDH expression. One 
possible explanation is that the fluctuations and 
the overall increasing trend in the GAPDH le-
vels are related to the survival attempts of the 
cultured cells, which may activate the autophagic 
pathway on one hand or the glycolytic pathway 
on the other hand, in order to avoid cell death 
and produce the energy required for cell survival. 

In addition, the correlation between TRF2 
and GAPDH expression levels suggests an in-
teraction at nuclear level between either genes 
or their products. This hypothesis is supported 
by the overall trend of increased expression, 
once the aging onset occurs in the cell culture, a 

state characterised by telomere shortening. In-
terestingly, stress conditions, such as the events 
that lead to apoptosis or oncogenesis, result in 
the translocation of GAPDH into the nucleus 
(31-33). A similar outcome may occur during 
the onset of cell aging, which can be a cellular 
response to many of the same stresses that lead 
to apoptosis. Once translocated to the nucleus, 
GAPDH binds to DNA with no apparent discri-
mination between normal and cancerous cells 
(19). In the latter, the over expression of the GA-
PDH enzyme protects against telomere erosion 
in response to certain antitumor agents (18, 19). 
The over expression of TRF2 has been related 
to the aging state and telomere shortening (6). 
Reinforcing our hypothesis, the binding affinity 
of both proteins to DNA is similar, despite the 
affinity of TRF2 for double-stranded telomere 
DNA (34) and that of GAPDH for single-stran-
ded telomere DNA (19). In addition, the binding 
sites of GAPDH and other members of the shel-
terin complex, such as Pot1, are adjacent (35). 

In conclusion, neither the chronological age 
of the donors nor the age of the cell cultures 
seemed to correlate with the expression of 
TRF2 and GAPDH. The heightened variability 
in the expression levels of both genes could 
indicate the occurrence of alterations affecting 
the control of their expression when the cells 
have begun to age. Any interpretation of these 
data, however, should consider the diversity of 
functions that these gene products perform at 
cellular level. Because TRF2 and GAPDH both 
play roles in the protection of telomeres, the 
correlation between their expression levels 
during the consecutive cell passages suggests 
that they could cooperate to counter telomere 
shortening, which is a characteristic of aging.
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