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Abstract

Telomere is a structure of the repetitive DNA sequence TTAGGG and protein
complex, found in vertebrates. This protein complex is known as the shelterin
complex. It is localized at the end of each chromosome to protect them from
deterioration or fusion with other chromosomes. Although as being part of a
chromosome, the telomere is inherited from parents to their offspring, its mode
of inheritance is a crucial part of the genetic transmission process. Theoretical-
ly, germ cells are thought to be immortal as they link generations, suggesting that
telomere length is completely inherited. Furthermore, several studies reported
that sperm telomere length gets elongated with age. This observation is consis-
tent with other studies, which have reported that, with advancing paternal age
at the time of conception, telomere length of the offspring gets increased. How-
ever, the mechanism by which telomere becomes longer is not fully understood.
Moreover, it has been reported that there is a negative correlation between ma-
ternal age at conception and the offspring’s telomere length; whereas other stu-
dies reported that there is no correlation between those data. Herein, we review
our current understanding of these topics and compare different aspects of the
telomere length behavior in germ cells, germ cells mortality and, in accor-
dance, the risks of aging on reproduction.
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1. Introduction

Telomere is a noncoding region of repetitive DNA sequence (TTAGGG), which
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locates at the end of each chromosome to protect it from deterioration or fusion
with other chromosomes and then prevent cellular senescence and apoptosis (pro-
grammed cell death). Each time cells divide, telomeres show continuous shrin-
kage in length as a result of incomplete DNA replication [1]. As Telomere Length
(TL) declines throughout life, this magnitude is proposed to act as a biomarker
of aging [2]. This continuous decrease in TL is replenished by an enzyme called
telomerase, which is expressed at high levels in some types of cells such as germ
cells [3].

Dolly cloning has shed light on the importance of telomere length inheritance.
Since Dolly was born by Somatic Cell Nuclear Transfer (SCNT), not by natural
mating, it has shown premature senescence due to the inheritance of short TL
[4]. This indicated that natural mating may have a unique mechanism to preserve
TL throughout generations and hence, the immortality of germ cells has been es-
timated [5].

As germ cells link generations, one might speculate that telomere is fully
transmitted from a generation to another. However, TL study faces many challenges
as there are many factors influencing TL, which limit our comprehensive know-
ledge in this aspect. These factors are not only limited to the age factor, but also to
the environmental factors [6] such as smoking, high levels of stress, obesity [7] [8]
[9] and oxidative stress [10] [11]. The diversity among these factors might explain
the considerable TL variations between aged monozygotic twins [12].

Telomere length and telomerase activity in germ cells were studied by differ-
ent laboratories. Starting from germ cell division, it has been reported that sper-
matogenesis (the process of producing the mature spermatozoa from male germ
cells) is associated with TL elongation [13]. Also, Sperm Telomere Length (STL)
gets longer with aging and accordingly it shows an increase in STL in older men
compared to younger [14] [15]. In consistent with these findings, several reports
analyzed the effect of Paternal Age at Conception (PAC) on TL of the offspring and
demonstrated a positive effect, indicating the effect of increased STL on offspring
from older fathers [14] [16]-[21]. These studies measured TL from leukocytes in
the offspring as Okuda et a/ and Kimura et al demonstrated that leukocyte’s TL
is best of reflecting TL of any other cell types [22] [23].

Maternal age effect on Oocyte Telomere Length (OTL) and TL of the offspring
is not well understood. A negative correlation between the effect of Maternal
Age at Conception (MAC) and TL of the offspring has been proposed based on
the fact that increasing woman age leads to genetic disorders to the embryo, which
may reflect short TL inherited from the maternal side, reviewed in [24]. On the
other hand, some studies reported no significant relation between MAC and TL
of the offspring [14] [16] [18]. Furthermore, a positive correlation between them
has been demonstrated [16] [19]. However, the authors suggested that this cor-
relation may be caused by the paternal effect, not the maternal [19].

In this review, we summarize the current information and compare different

results, obtained from previous studies seeking for understanding the mechan-
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ism by which TL is inherited from parents to their offspring and its effect on
their TL and health. We are also aiming to identify the character of germ cells

mortality and, in accordance, the TL of the coming generations.

2. Paternal Age Effect on TL of the Offspring

It has been demonstrated that telomeres get lengthened with age in human sperm
[14] [15]. Aston et al have reported that STL increases by average of 57 bp/year,
which support a positive correlation between male age and STL [15]. Thus, it is
not surprising to find that the more PAC advances, the more TL of offspring in-
creases [14] [16] [17] [19] [20] [21] [25]. Several investigators demonstrated that
TL of the offspring gets longer by average of 20 bp/year due to the PAC effect
[14] [16] [17] [26]. That is, each year PAC advances, there may be an opportunity
to have a child whose 20 bp-longer telomeres. This positive correlation between
PAC and TL of the offspring gives a strong possible explanation for TL variation
among individuals [16], in addition to the environmental factors.

To the best of our knowledge, no defined mechanism has been provided to il-
lustrate how STL increases with age and its role in the positive correlation be-
tween PAC and the offspring TL. However, a number of hypotheses were given
to illustrate this PAC-TL association, including: 1) The selectivity of germ line
stem cell [14] [21]; 2) A phenomenon known as Selfish Spermatogonial Selection
(SSS) [27]; 3) The presence of high levels of testicular telomerase [16] [21]; and
4) Epigenetics [14] [21]. Below, we discuss these four categories in order to shed

the light on these proposed hypotheses.

2.1. Germ Line Stem Cell Selectivity

Germ line stem cells (GSCs) are unipotent stem cells, found in both male and fe-
male genital system. These cells proliferate mitotically to give daughter stem cells
(self-renewing) and also they undergo meiosis and differentiate into haploid
gametes, which are sperms in male and oocytes in female [28]. These cells confer
high telomerase activity [29]. Kimura et al and Hjelmborg ef al suggested that elon-
gation of STL by aging may be related to GSCs as they start to produce the ag-
ing-resistant sperms [14] [21]. The subset of GSCs with long telomeres confers a
favorable survival advantage [14] [30].

Furthermore, Hjelmborg et al evaluated how similar the TL of dizygotic twins
compared with the TL of monozygotic twins of old fathers and they found that
the dizygotic twins had shown more similarity in their TL [21]. This supports
the mechanism of GSC selectivity where the two different sperms that fertilized
the two eggs may have arisen from the same stem cell and thereby show resem-
blance in TL as it has been thought that the high STL variance in old men is not
transmitted to the offspring. Instead, there is a selective bias by which only a sub-
set of sperms with low variance is able to fertilize the oocyte to produce offspring
with low TL variance [27].

At any rate, the survival of a subset of GSC, if the only parameter, would cause
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a sudden increase in TL of old fathers. However, the result obtained by different
studies imply that it is a linear increase of offspring’s TL with advancing PAC,
starting from young to old ages [14] [16] [17] [19] [20] [21] [25]. Therefore, this
mechanism of paternal TL inheritance does not match with the previously ob-

tained result. Thus, further studies are required to illustrate this conflict.

2.2. Selfish Spermatogonial Selection

Selfish Spermatogonial Selection (SSS) is a phenomenon that takes place in hu-
man testis wherein some of the spermatogonial stem cells acquire a mutation
that enhances their proliferation capacity [31] [32]. This mutation is thought to
regulate both mitotic and meiotic division, ie., self-renewal and differentiation
of spermatogonial stem cells [32]. Therefore, the SSS phenomenon is thought to
give a possible explanation for STL increase in prevalence with PAC [27]. Ac-
cording to Eisenberg and Kuzawa, the acquired mutation matches the STL dis-
tribution with advancing male ages, whereas selectivity allows only a subset of
spermatogonial stem cells to differentiate into sperms with the long TL. Mean-
while, sperms with shorter telomeres continue to produce and contribute to a
variance in STL with age. Moreover, the higher proliferation rate of the mutated
cells may contribute to STL increase through enhancing the activity of telome-
rase resulting in a consistent positive correlation between male age and STL [27].
Although SSS hypothesis can explain the PAC-TL relation in the case of old
men, it cannot explain how young men can have longer STL with age because the
mutated sperms leads to give birth of a child with paternal age-effect diseases
[33] [34] and according to Arnheim and Calabrese, young men (19 - 23 years old)
show low frequency of this kind of mutations [35]. So, this hypothesis may not be
able to explain the positive dependency of the offspring’s TL on their PAC as this
range of ages follows the positive correlation between PAC and STL and the
offspring TL [14] [16] [17]. Further research need to resolve this conflict.

2.3. Telomerase Activity

Telomerase is a reverse transcriptase that retains telomere length each time cells
divide. It is highly active in certain types of cells such as stem cells [36], embryo-
nic cells [13] [37], cancer cells [38] and germ cells [37]. The RNA component of
telomerase had shown high expression in human spermatogonia and primary
and secondary spermatocyte [39]. Spermatogonia are diploid cells that lie on the
basal lamina of the convoluted seminiferous tubules and proliferate into diploid
primary spermatocytes, which in turns differentiate by meiosis into haploid sec-
ondary spermatocytes. Secondary spermatocytes differentiate into spermatids, which
eventually give rise to the mature spermatozoa. This process is known as “sper-
matogenesis”.

High expression of telomerase RNA component in primary and secondary
spermatocyte indicates that it may have an influence on TL elongation upon ag-

ing, reviewed in [27]. However, high telomerase activity in some stem cell types,
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such as skin, intestine and white blood cells, is insufficient even to maintain TL
in these cells [37]. For instance, Aston et al reported that hematopoietic stem
cell exhibit a decrease in TL by 19 bp/year [15], despite the high activity of telo-
merase in these cells. On the other hand, its activity in germ cells has the ability
to increase TL during the process of spermatogenesis; specifically, during the
process of spermatocytes formation with a noticeable decreases in spermatids TL
[13] [40]. Jorgensen et al pointed out that such decline is observed at a similar
or slightly higher rate in old men [40], also, telomerase activity has not been
found in the germ cells of elderly individuals [41], suggesting that STL elonga-
tion with age might be due to germ line stem cell selectivity not telomerase ac-
tivity in germ cells, reviewed in [27]. However, Achi et al. demonstrated that TL
gets elongated again in the mature spermatozoa [13]. The amount of TL elonga-
tion by each replicative cycle had been estimated to be 2.48 bp [15].

Meanwhile, this proposed hypothesis may encounter various impediments.
For instance, the telomerase activity is incompatible with the increase in STL va-
riance associated with age [14] because telomerase activity would increase TL in
all sperms, not only in a subset. However, it is possible that the group with short-
ened TL may have not undergone many replications like the other ones, which
may cause their telomeres to be shorter. Moreover, telomerase activity in primary
and secondary spermatocytes cannot explain the continues elongation of STL with
age since these cells only differentiate to give spermatozoa and do not undergo
self-renewal without which, they cannot increase TL in the following subset of
spermatozoa. So, if the factor is testicular telomerase activity, then it may be in a
cell that takes place in the process of spermatogenesis and, at the same time, un-
dergo self-renewal. This is the germ line stem cell, also called type A spermato-
gonia. These cells divide mitotically by self-renewal and they also proliferate to
generate type B spermatogonia, which differentiate in the process of spermato-
genesis into sperms. However, it is still unclear if GSC self-renewal is associated

with TL elongation in the daughter cells or not, yet.

2.4. Epigenetics

Epigenetics is the study of alteration in gene expression without any change in
DNA sequence. histone modification, DNA methylation and non-coding RNA
are examples of epigenetics [42]. In this regards, Kimura et a/ and Hjelmborg et
al. suggested an epigenetic remodeling of GSCs that influences the telomere leng-
thening in sperms of older men [14] [21]. Also, Baird et al speculated that sperm
telomere elongation might be back to imprinting [43], which is a mechanism of

chromatin remodeling that takes place in gametes and transmitted to the emb-
ryo [44].

3. Maternal Age Effect on TL of the Offspring

Several studies have provided a clear-cut evidence for the positive correlation

between PAC and TL of the offspring. On the contrary, very limited number of
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studies has reported the effect of Maternal Age at Conception (MAC) on the
offspring’s TL [14] [18] [19]. Owing to the limited number of oocytes an individu-
al female is born with, it is plausible to think that Oocyte Telomere Length (OTL)
might be quite stable with age [14]. However, studying human oocytes is hindered
by numerous obstacles; including, at least in part, the difficulty in obtaining eth-
ical consents for utilizing oocytes in research. Moreover, the technical challenges
associated with DNA extraction from singular oocytes limit the obtained yield and
subsequent applications. Alternatively, recent studies demonstrated the relation
between MAC and TL in the offspring of other species such as songbird [45] and
cows [46]. However, such studies cannot be conclusive in term of Homo sapiens
species because the biology of telomere varies markedly among species [37] [47].

Nevertheless, Keefe and colleagues proposed a negative effect of MAC on the
offspring TL [24]. In this theory, telomeres are thought to play a vital role in
meiotic division of germ cells as they tether chromosomes to facilitate their align-
ment, pairing, synapsis and chiasmata formation during early meiosis, reviewed
in [24]. Thus, short telomeres may lead to a mutated oocyte causing further con-
genital disorders upon fertilization. Moreover, in proper clinical settings, in vitro
fertilization is known to be less efficient in women with shorter telomeres [24].
Also, it is proposed that telomeres get shorter in aging females [27] [48]; providing
possible clues on congenital abnormalities observed in infants conceived from
elder women. For instance, Reizel et al suggested that oocytes ovulated at old
ages have undergone more replicative cycles during fetal development than those
ovulated at young ages [49]. Although the latter suggestion is consistent with Keefe
et al. theory, empirical evidence remains elusive.

Reizel et al suggest a small difference in the number of replication cycles be-
tween early-ovulated and late-ovulated oocytes. So, the observed maternal age
effect may arise, instead, due to the de novo mutations acquired in oocytes post
fertilization [50]. Also, a number of studies demonstrated that there is no signif-
icant correlation between MAC and TL of the offspring [14] [16] [18].

On the other hand, Unryn et al found that the correlation tends to be slight
positive [16]. Also Ferlin ef al found that TL of the offspring increases with ad-
vancing maternal age [19]. However, the authors suggested that, according to
previously published data, this relation might be influenced by the paternal age
effect not the maternal, since there is usually a high correlation between their
ages. So far, to the best of our knowledge, the available literature provides con-
tracting evidence in describing the effect of maternal age and OTL and studies

are still required to clearly resolve this issue.

4. Mortality of Germ Cells

Cell mortality is defined as the cellular inability to undergo any of the vital
processes leading to programmed cellular death. The cell mortality takes place
when telomeres of a destined cell get too short; following a number of replicative

cycles where chromosomes reach a critical length at which they can’t replicate
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anymore. This, in turn, triggers the programmed cell death, a process also known
as apoptosis as shown in Figure 1.

Although telomeres are in a continuous shrinkage each time cells divides, te-
lomerase usually compensates this loss by adding the telomeric sequence (TTA-
GGQG) at the end of chromosomes. The immortality depends mainly on the ac-
tivity of the telomerase in each distinct cell type [51]. If telomerase is sufficient
to either maintain or increase TL with each cell division, the dividing cells are
immortal; such as cancer cells [38] (Figure 1). However, insufficient telomerase
activity leads to cell mortality as seen in hematopoietic stem cells, which show a
decrease in TL by 19 bp/year [15].

No study, yet has demonstrated if germ cells express telomerase in sufficient
levels to be immortal or not. The immortality of germ cells is still a theory that
depends on the fact that these cells link generations [5]. The positive correlation
between male age and STL is not a sufficient evidence for germ cell immortality
because the factor causing this phenomenon is still unknown. Further detailed
studies are required to provide the absolute evidence for the character of mortal-

ity or immortality of male and female germ cell.

5. TL of Future Generations

Irrespective of the mechanisms, telomere lengthening in sperms and offspring
with advancing the father’s age is a fact. This may give a clear-cut evidence that
telomere is getting longer across generations. Furthermore, one is not in need to
have a child in an old age to achieve this elongation throughout generations be-
cause spermatogenesis causes a slight telomere elongation in spermatozoa (2.48
bp in each replicative cycle), regardless the age of conception [15] (Figure 1).
Also, young ages were included in the positive PAC-TL correlation (starting from
15 years old) [16]. However, in such young paternal ages, the increase in TL of
the offspring would be very small, according to the PAC-TL correlation. Intro-
ducing that, late paternity can cause more progressive elongation in TL of the

successive generations than early paternity can [15].

@ spermatoge“ESis
— @ Cancer cell

Telomere length
/

{:2} Normal dividing cell

Cell division

Figure 1. Telomere length of germ cells, cancer cells and normal dividing
cells in relation to cell division. Spermatogenesis causes increase in TL, whe-
reas cancer cells show stability in TL with cell division. Normal dividing cells
undergo apoptosis after several replicates due to the decrease in their TL.
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How about the MAC effect? Although MAC-TL correlation is not fully un-
derstood yet, many studies have suggested that the inherited long telomeres from
the paternal side can compensate the TL inherited from the mother [18] [52]
[53]. Meaning that MAC effect on the offspring TL may be disregarded in this
context and consider only the PAC effect, which positively affect the TL of suc-
cessive generations.

Conversely, Eisenberg and Kuzawa thought that TL do not increase across
generations, suggesting that in the few years between puberty and well-developed
sperm production, many cell divisions take place, which may cause TL shorten-
ing [27]. This shortening is thought to encounter the positive PAC effect on the
TL of the offspring [27]. However, further studies are still required to confirm

this hypothesis and obtain the net effect on the successive generations.

6. The Appropriate Age for Reproduction

Several studies demonstrated the importance of having long telomeres in our
cells. Among several aspects, cells with longer TL exhibit an enhanced cell proli-
feration, better immune response with higher resistance to infections [18] and
efficient wound healing [54]. Adding to that, Haycock et al and Aviv et al. re-
ported that long TL increases the maintenance of blood vessels and reduces the
formation of senescent cells in the atherosclerotic plaques [55] [56].

Considering the PAC effect on the TL of the offspring, one might speculate
that conception at older ages is better in order to have children with long telo-
meres. However, increased paternal age is reported to have risk on the health of
the offspring and it is well established that increasing MAC could be very harm-
ful to the embryo. As reviewed in [24], increasing MAC contributes to infertility,
apportions and increases the risk of having defected children. This is due to the
meiotic dysfunction during the oocyte formation, which increases with advanc-
ing woman age. Several studies reported that women over 35 years old show
higher risk of having such age defects than the younger [57]. Additionally, ad-
vancing paternal age has harmful effects on the offspring, including the risk of
miscarriage, having a handicapped child and other diseases such as schizophre-
nia and autism [57]. These risks increase with paternal age as a result of defects
in several factors such as reproductive hormones, chromosomal structure of
sperm, de novo mutations and other factors, reviewed in [57]. Stone et al re-
ported that sperm quality and quantity begin to deteriorate at the age of 35,
which is consistent with the age threshold of women for reproduction [58].

This risk of old parents implies that conception at old ages (>35 years old) is
not favored for both father and mother. On the other hand, to give birth earlier
may not be of such benefit for the offspring. In the regard of the PAC-TL associ-
ation, conception at young ages may lead to the reproduction of offspring with
shorter TL than those born to old parents which may not be beneficial. Several
studies reported that individuals with short TL show a number of age-related dis-

eases such as dementia, atherosclerosis, insulin resistance, hypertension, myocar-
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dial infarction and stroke, reviewed in [14]. Also, it has been demonstrated that el-
derly individuals with shortened TL have less opportunity for survival [59] [60].
The potential cause of the harmful effects driven by the shortened TL is likely
that cell division requires a critical length of telomeres and the shortened TL is
supposed to drive cells to senescence [61], which, in turn, causes multiple age-re-
lated diseases and reduces survival opportunity. Further, TL has shown to be shorter
in women who go through menopause, the time at which the woman menstrual
cycles permanently cease as a result of aging, earlier than others [62] [63] [64].

Several studies reported varying results regarding the nature of relationship
between TL and cancer. Aviv et al suggested that individuals with long TL may
be predisposed to a higher risk of cancer, since long-telomeric cells provide an
advantageous proliferation of oncogenic mutations that drive and promote can-
cerous neoplasia [56]. Furthermore, another study demonstrated that genetically
increased TL is associated with several cancers such as bladder cancer, glioma
and lung adenocarcinoma [65]. On the contraty, long TL may also exhibit tumor
suppression properties since long telomeres are supposed to enhance the im-
mune function [27]. In a similar line, Ma et al and Zhu et al have reported that
long TL is associated with decreased risk of cancers or even has no any associa-
tion with cancer development [66] [67]. Also, short TL may induce cancer de-
velopment as a result of genomic instability [56]. This variation in results is
thought to be due to the presence of other environmental and personal factors
such as smoking that can contribute to telomere shortening and increase cancer
risk at the same time [68]. Also, Haycock et al supposed that these contrasting
results imply the difficulty of designing such studies, in addition to possible mea-
surement errors [65]. Therefore, further studies are deeply required in order to
resolve these contradictions.

As a result of the mentioned risks of old parental ages, the risk of inheriting
short telomeres for the offspring and the supposed risk of very high and very
short TL on cancer development, it may be better to avoid very young and old
ages for reproduction. Further studies are needed to determine the best age for
conception in order to increase the opportunity of having more healthy offspring

and reduce the phenomenon of handicapped children.

7. Conclusions

It has become an established fact that STL gets longer as man ages and conse-
quently, the offspring of older fathers show a higher increase in TL compared to
younger counterparts. According to the available literature, there are many
possible explanations of this phenomenon, none of which have emphasized the
immortality of germ cell. More studies are required to clarify the character of
male and female germ cell mortality or immortality. MAC effect on the TL of the
offspring is not well understood.

Regardless the character of immortality, there is an evidence for TL increase

during spermatogenesis and also an elongation of TL in the offspring with ad-
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vancing man age. In addition, the long telomeres inherited from the father are
thought to compensate the short TL inherited from the maternal side, suggesting
that TL may be getting longer throughout generations. However, further studies
are still required to confirm this hypothesis.

The positive relation between PAC and TL of the offspring suggests that hav-
ing birth at advanced ages may be useful for the health of the offspring, but
offspring of old parents are highly exposed to suffer from genetic diseases.
Therefore, more studies are still required to specify a definite appropriate age for

conception.
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