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Abstract

Sperm telomere length (STL) is a promising new parameter for sperm quality analysis that may
elucidate the molecular mechanisms underlying the idiopathic cases of male factor infertility,
which represent almost half of all the male factor infertility cases worldwide. Telomeres consist
of nucleoprotein structures present at the ends of eukaryotic chromosomes, whose protective
functions maintain the genomic stability. Their role in reproduction includes an active intervention
during gametogenesis, fertilization, and preimplantation embryo development. In consonance,
studies have shown that compromised telomere homeostasis is associated with male infertility.
Since critically short telomeres have their function affected, assessing STL may be a fast and
economic method for sperm quality analysis and expectantly contribute to improve the success of
fertility treatments. This hypothesis is supported by several reports associating STL with seminal
parameters, sperm genome integrity, and clinical outcomes. However, there are other studies in
the literature that do not demonstrate these associations. Additionally, it is still not clear whether
the lengthening mechanisms of telomeres occurring during early embryo development resume the
inherited telomere length. Further research is essential to clarify the suitability of STL as a biomarker
for male infertility, before it could be routinely implemented in medically assisted reproduction
centers. Understanding the molecular mechanisms underlying STL function and dynamics will
provide us new insights into the origins of male infertility and a possible new useful tool as an
outcome predictor for assisted reproduction.
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Summary Sentence

The importance of telomeres in human reproduction is increasingly evident and sperm telomere
length has been suggested as a new biomarker for male infertility, possibly contributing to improve
the success of fertility treatments.
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Introduction

Telomeres, a Greek word meaning “end part,” consist of specialized
nucleoprotein structures present at the ends of eukaryotic chromo-
somes, being essential for cell division to proceed and properly occur
[1]. They were first recognized early in the 20th century as having
an important role in maintaining chromosomes intact by prevent-
ing their ends to be identified as DNA breaks, which would trigger
rearrangements and fusions, leading to genomic instability [2, 3].
Further research has revealed that telomeres comprise short noncod-
ing tandem repeats [4, 5] that protect chromosomes from terminal
erosion and enable progressive shortening, without causing genetic
information loss [6]. In germ cells, telomere length (TL) is preserved
and evidence suggested an important role of telomere maintenance
in human gametogenesis and fertility [7]. It is thus of major interest
to elucidate the molecular mechanisms underlying telomere function
and how their disruption may affect sperm quality, in order to as-
certain if sperm TL (STL) assessment can be used to improve the
success of fertility treatments [8].

Structure and function of the human telomere complex
Telomere DNA
Most eukaryotic species possess telomeres with similar sequence re-
peats and structure, which reveals their importance for telomere
function [9]. Human telomere DNA, in particular, contains a vari-
able number of the 5′-TTAGGG-3′ sequence, which is conserved
among vertebrates [10, 11]. It has a duplex structure in most of its
length, but a G-rich single strand with 35–600 nucleotides is present
at their 3′-end, the 3′ overhang (Figure 1A) [12, 13]. The invasion
of the 3′ overhang into the double-stranded region of the telomere,
mediated by specific proteins, forms a folded conformation at the
chromosome terminus, the T-loop. In this structure, the 3′ overhang
complementarily binds the C-rich strand in the duplex region, form-
ing a displacement loop (D-loop) in the invaded site (Figure 1B)
[14, 15]. The T-loop structure sequesters chromosome ends and
avoids their degradation and recognition as damaged DNA [14, 16].
G-quadruplexes structures (G4) are also found at the 3′ overhang
and result from the stacking of G-tetrads, each organized in a pla-
nar structure through Hoogsteen base pairing (Figure 1B). Similarly
to the T-loop, G-quadruplexes are believed to stabilize and protect
telomere ends [17, 18].

Additionally, telomeres exhibit a heterochromatic state that is not
transcriptionally silent [19, 20]. A highly conserved telomere non-
coding transcript, the telomeric repeat-containing RNA (TERRA),
comprising UUAGGG repeats and subtelomere sequences, with a
length range of 100 bp–9 kb, has been identified [20]. TERRA
associates with the telomere heterochromatin and it is believed to
play a role in the establishment and maintenance of the telomere
structure [8].

Telomere binding proteins
Telomere sequence repeats provide protein binding sites that allow
the assembly of specific proteins, which in turn bind additional
proteins to form a higher-order functional nucleoprotein complex

at telomeres, the shelterin complex [21]. Similarly to telomere DNA,
homologous telomere proteins are found throughout eukaryotic
groups [9].

Shelterin contains six subunits (Figure 1C). The telomere repeat
binding factors TRF1 and TRF2 accumulate throughout the double-
stranded region of telomeres and are responsible for the telom-
ere DNA folded conformation, by promoting intratelomere pairing
(TRF1) and homologous single strand invasion (TRF2) in the du-
plex telomere region [14, 22, 23]. In addition, TRF2 represses the
ataxia-telangiectasia mutated (ATM) kinase-dependent DNA dam-
age signaling pathway [16, 24]. On the other hand, the protection
of telomeres protein 1 (POT1) binds the single-stranded region of
telomeres and it was suggested to be necessary to maintain their in-
tegrity [25, 26]. In fact, POT1 represses the ataxia-telangiectasia
and Rad3-related (ATR) kinase-dependent DNA damage signal-
ing pathway [24, 27]. TRF2 and POT1 are also responsible for
repressing DNA repair mechanisms, namely nonhomologous end-
joining repair (NHEJ) and homology-direct repair (HDR), prevent-
ing their harmful processing of telomeres [24]. Additionally, in the
shelterin complex, the repressor activator protein (Rap1) interacts
with TRF2 and the TRF1-interacting nuclear protein 2 (TIN2) in-
teracts with TRF1 [28, 29]. TIN2 also promotes TRF1 indirect
interaction with TRF2 [30]. Most recently, the tripeptidyl pepti-
dase 1 (TPP1) was identified as responsible for the interaction be-
tween TIN2 and POT1, which is thought to be crucial for POT1
recruitment to telomeres [21, 31]. Therefore, TIN2 plays an essen-
tial role in the assembly of shelterin, holding together the TRF1-
TIN2-TRF2 and the POT1-TPP1 complexes [15, 32]. Other pro-
teins (shelterin accessory factors) have been identified at telomeres
and shown to be necessary to fulfill their own maintenance and
function [15, 32, 33].

Telomere capped functional state
The assembly of shelterin promotes a protective structural capped
state of telomeres through the establishment of the T-loop, in which
their integrity is preserved and cell division proceeds normally, with
proper chromosome segregation into daughter cells [34]. On the
contrary, disruption of the telomere nucleoprotein complex leads
to an uncapped state, characterized by the unfolding of the chro-
mosome terminus, leaving it exposed [35]. Telomere complexes are
dynamic, being able to switch between the capped and uncapped
physical states. According to this model, short telomeres that bind
insufficient shelterin undergo uncapping [15, 34]. In controlled con-
ditions, uncapped telomeres will rapidly switch back to the capped
state, but if left in the uncapped state for too long they will trigger
either cell senescence or apoptosis, mediated by the ATM or ATR
kinase-dependent pathways [24, 36]. Critically short telomeres be-
come irreversible uncapped, which corresponds to the dysfunctional
state, and may also enable NHEJ or HDR to occur, with deleterious
consequences regarding genomic instability [24]. In sum, TL affects
the capping state of telomeres, which regulates cell division (Fig-
ure 1D). One critically short telomere seems to be enough to affect
cell viability [37].
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Figure 1. Schematic representation of the structure and function of human telomeres. (A) Telomeres (colored in red) contain tandem sequence repeats of
double-stranded (ds) and single-stranded (ss) DNA. (B) Folding structures of the chromosome terminus. (C) Protein subunits of the shelterin complex. (D) The
dynamics of telomere complexes, switching between the capped and uncapped physical states. Consult text for further description.
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Dynamics of telomere length
The number of telomere sequence repeats present in a chromosome
depends on the strictly regulated equilibrium between the shorten-
ing and lengthening processes occurring at the chromosome terminus
[34]. It has been shown that TL has high variability, including be-
tween individuals, cells of the same individual, chromosomes or even
between the two ends of a single chromosome, which is explained
by the heterogeneity of contributing factors to TL modulation, in-
cluding genetic, epigenetic, environmental, and lifestyle [7, 13].

Telomere shortening
Telomere DNA is subjected to shortening as a result of the “end-
replication-problem” in which complete replication of the 3′ termi-
nus of the DNA template cannot be achieved by conventional DNA
polymerases. Consequently, in each replication round, a blunt end
is originated in the newly synthesized DNA leading strand and a 3′

overhang is originated in the newly synthesized DNA lagging strand
[38, 39]. Although this is the main cause of telomere progressive
shortening, additional contributing factors have been identified, even
in nondividing cells: nucleases that digest the C-rich chromosome end
and may originate extended 3′ overhangs in both the leading and lag-
ging strands [40]; oxidative damage, to which telomeres are highly
susceptible due to their G-rich repeat sequences [41]; and telomere
deletion processes associated with recombination events [42, 43].

It is estimated that the shortening rate of human telomeres is
50–200 bp per cell division [13]. Without alternative replicative
mechanisms, after several divisions telomeres would become criti-
cally short and consequently uncapped, signaling the cell to stop
dividing (replicative senescence) [34]. Accordingly, the number of
times a cell can divide is limited by TL, and thus telomeres are
known as mitotic clocks [38, 44, 45].

Telomerase
The discovery of telomerase in 1985 revolutionized the understand-
ing of the molecular mechanisms subjacent to telomere maintenance
[46]. Telomerase is a ribonucleoprotein reverse transcriptase that in-
teracts at high affinity with telomeres and extends their 3′ overhang,
during the S phase [47, 48]. The core of telomerase is conserved and
contains two subunits. In humans, these subunits are referred as the
human telomerase reverse transcriptase (hTERT), the catalytic sub-
unit, and the human RNA component (hTR). Both are necessary but
not sufficient for the activity of the enzyme in vivo [49–51]. Addi-
tional proteins in the telomerase complex are needed to interact with
the telomere complex [52]. hTR comprises a 3′-CAAUCCCAAUC-5′

sequence that recognizes and complementary binds the 3′ overhang,
then acting as a template for DNA primer extension by hTERT.
Several 5′-GGTTAG-3′ sequence units are subsequently added in
successive repositioning and extension steps. Posteriorly, Okazaky-
type synthesis allows the fill-in of the complementary C-rich strand
[52, 53].

The telomere–telomerase complex suffers continuous assembly
and disassembly, dynamically maintaining a TL homeostasis [34].
This process is regulated by several proteins, including the shelterin
complex. Shelterin negatively regulates TL through physical block-
ing of telomerase, preventing its accessibility to telomeres [13, 32,
54]. Thus, telomerase preferentially binds short telomeres due to
their decreased number of inhibitory bonded shelterin [52, 54, 55].
Furthermore, shortened telomeres activate DNA damage signaling
pathways, leading to ATM kinase recruitment, which phosphory-
lates TRF1, detaching it from the telomere DNA and thus unblock-

ing telomerase access [54, 56, 57]. After the lengthening process,
the telomere has higher probability to return to the capped func-
tional state (Figure 1D) [34]. In addition, telomerase is suggested
to be a functional stabilizer of telomeres, regardless of their length,
avoiding the uncapped state cellular responses driven when telom-
eres shorten [34]. It was reported that hTERT may induce the as-
sociation of telomeres with the nuclear matrix, which signals gene
expression to upregulate DNA repair-associated genes and downreg-
ulate senescence-associated genes, contributing to overall genomic
stability [58].

Not all cell types display telomerase activity (TA). Consequently,
in the absence of telomerase, telomere shortening results in an irre-
versible uncapped state [34]. Most somatic cells do not display TA.
It is only expressed in germ cells, tissues of developing embryos, and
stem cells. However, the limited TA observed in adult stem cells is
able to reduce telomere shortening, but it is not sufficient to avoid it
[59]. This explains why somatic cells contain telomeres with lower
TL (approximately 5–10 kb) comparatively to germ cells (approx-
imately 10–20 kb) [7]. Therefore, telomeres become progressively
shortened with aging, resulting in an increase of senescent cells [59],
negatively affecting the regenerative capacity of tissues, which leads
to the development of age-related characteristics, such as chronic
diseases [60, 61]. The shortest quartile of TL is an indicative of aber-
rantly short telomeres in humans [62, 63], and loss of tissue function
and disease onset have been associated with TL < 4 kb [62, 64, 65].

Telomerase-based therapies to lengthen telomeres have been de-
veloped, aiming for a health enhancement during aging and reduc-
tion of mortality. Clinical fields such as tissue engineering, regener-
ative medicine, and infectious diseases associated with accelerated
immunosenescence could also benefit from these therapies. Differ-
ent therapeutic strategies include gene therapy with transfection of
telomerase sequences, re-expression of silenced telomerase, activa-
tion of residual TA, and modulation of its intracellular location
[66]. Pharmacologic telomerase activators may be more promising
in comparison with approaches such as gene therapy, due to a higher
control of duration and dosage effects [67]. For example, cycloas-
tragenol (commercialized as TA-65) is a telomerase activator derived
from the root of Astragalus membranaceus, which was shown to be
effective in immune cells, neonatal keratinocytes, and fibroblasts in
culture [65, 67]. In vivo studies revealed an increase of leucocyte
TL (LTL) in subjects taking TA-65 [65, 68]. Likewise, TA-65 diet
supplementation in mice promoted the elongation of critically short
telomeres and the improvement of organ fitness [69].

Replicative senescence is believed to be a protective mechanism
against cancer. If cells with critically short telomeres continued to
divide, they would induce genomic instability and thus facilitate ma-
lignant cell transformation [70]. Additionally, replicative senescence
would prevent a tumor cell population to divide indefinitely [59].
Telomerase is active in most cancers (85–90%) as a result of ge-
netic mutations, thus allowing limitless cell proliferation, even when
cells have short telomeres [71]. Although TA-65 intake did not in-
crease cancer incidence in mice [69], it is still not known if systemic
telomerase upregulation as a rejuvenation therapy could elicit car-
cinogenesis in long-lived organisms, such as humans [66].

Alternative lengthening of telomeres
Human cell lines and certain types of cancer (10–15%) show telom-
ere maintenance in the absence of telomerase. This occurs through
a mechanism of alternative lengthening of telomeres (ALT) [72–74].
Whether ALT also occurs under normal physiological conditions is
not yet clarified [75].

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/100/2/318/5114555 by guest on 06 July 2021



322 A.C. Lopes et al., 2019, Vol. 100, No. 2

The ALT model is based on recombination events, occurring
mainly during the S phase, in which a telomere complementary binds
another telomere, used as a copy template of the telomere DNA se-
quence, enabling telomere elongation by the cell machinery respon-
sible for DNA replication. This copy template may be another region
of the same telomere, through a T-loop intermediate; the telomere
of a sister chromatid or of another chromosome; or even extrachro-
mosomal telomere DNA, characteristically found in ALT cells [74,
76, 77]. The origin of extrachromosomal telomere DNA repeats is
still not understood, but possibly results from telomere fragmen-
tation or telomere trimming, a process that has been described to
maintain a TL equilibrium through the excision of overlengthened
looped telomere DNA [43, 78–80].

Comparatively to telomerase-dependent telomere lengthening,
ALT tends to originate longer telomeres, incrementing their length
by thousands of bp, while telomerase adds only 50–150 bp per cell
division [81]. Also, ALT generates higher telomere length variabil-
ity due to its preferential action at the 3′ overhang of the lagging
strand, whereas telomerase leads to the formation of 3′ overhangs
with similar lengths in the leading and lagging strands [40, 77].

Telomeres in human reproduction
The importance of telomeres in maintaining genomic stability dur-
ing cell division is well established, but telomeres display additional
functions in human meiosis, which implies also a role in gametogene-
sis and reproduction. While in somatic cells telomeres are associated
to the nuclear matrix [82], in germ cells entering meiosis telom-
eres attach the nuclear envelop, by protein mediation [83]. During
prophase I telomeres undergo polarized clustering, forming a bou-
quet, which promotes alignment and pairing of homologous chro-
mosomes, synapsis, and the establishment of chiasma and functional
spindle, essential processes for proper chromosome segregation
[8, 83, 84].

Telomerase is strongly activated in germ cells to ensure that a
maximum TL is transmitted to the offspring trough gametes, but
variable TL seems to be inherited [13, 85, 86]. At fertilization the
inherited TL is responsible for setting an initial zero-time length
mark and the replicative cell potential, from which zygote telomeres
undergo progressive shortening trough successive cell divisions [87,
88]. Telomere attrition is maximum in the first year of life, due to the
high division rate, decreasing in adulthood [7]. Differences observed
in telomere dynamics of male and female germ cells [89, 90] and
in the biological effects during gametogenesis [91] appear to lead to
asymmetrical maternal and paternal contributions to embryo fate.

Telomeres in spermatogenesis and sperm
Spermatogenesis initiates in puberty and continually ensues through-
out men lifespan. In the testicular seminiferous tubules, spermatogo-
nia differentiate into sperm, whose final functional maturation oc-
curs in the epididymis. Spermatogonia undergo mitotic proliferation
and some differentiate into primary spermatocytes. Primary sperma-
tocytes give origin to secondary spermatocytes after the first meiotic
division and secondary spermatocytes form round spermatids after
the second meiotic division. Round spermatids posteriorly maturate
through spermiogenesis into differentiated sperm [92].

During the meiotic stages of spermatogenesis, telomeres are re-
organized into a well-defined nuclear architecture together with the
spatial disposition of functional chromosome territories [93, 94].
A peripheral localization of telomeres in the sperm nucleus was
initially reported [95], but recently a more segmental distribution

of telomeres throughout the sperm nucleus has been suggested, in
which telomeres are found either in the nuclear periphery, interior,
or in an intermediate position [96, 97]. Telomeres form clusters of
dimers or tetramers, inducing looped chromosome conformations,
which become more evident during spermiogenesis [98–101]. The
interactions between telomeres and their attachment to the nuclear
envelope were proposed to involve the human sperm telomere bind-
ing protein (hSTBP) complex that only binds to the double-stranded
telomere region. The hSTBP complex contains a sperm variant of the
histone H2B (spH2B), but not the somatic shelterin proteins TRF1
and TRF2 [100, 102].

During spermiogenesis, sperm chromatin is remodeled through
the gradual replacement of somatic cell histones by sperm-specific
protamines, promoting a highly condensed transcriptionally inac-
tive chromatin state, which is believed to have a genomic protection
effect. However, 10–15% of sperm DNA remains organized in nu-
cleosomes at nonrandom genomic regions that regulate embryoge-
nesis [103]. Part of these remaining nucleosomes is found in sperm
telomeres, making them readily responsive to oocyte signals, which
suggests that sperm telomeres have an essential role in male pronu-
cleus formation and microtubule-guided movement at fertilization
[104]. A functional role was also attributed to the unique features of
the sperm nuclear architecture, whose chromosomic looping, estab-
lished by telomere interactions, and chromosome positioning, may
facilitate an ordered and sequential exposure of chromosome regions
to ooplasm components. This results in a differential unpacking and
activation of the male genome, believed to confer an additional level
of epigenetic information for gene regulation in early embryo devel-
opment [96, 99, 101, 105].

Telomere elongation during spermatogenesis may also contribute
to the formation of the referred nuclear architecture [87]. Telomerase
is active in fetal, newborn, and adult testes [106, 107]. hTR expres-
sion, an indicator of TA, appears to increase from spermatogonia to
primary spermatocytes, decreasing in secondary spermatocytes and
ceasing in spermatids and sperm (Figure 2) [108]. Concordantly,
TL is maximal in primary spermatocytes, further decreasing in sper-
matids and sperm (Figure 2) [109]. Collected evidence suggests that
telomerase-guided telomere lengthening occurs during spermatogo-
nia proliferation or in the premeiotic S phase, but not during the
remainder spermatogenesis. In this model, telomerase, along with
TERRA, would only have a structural function in stabilizing telom-
eres during spermiogenesis, where complex chromosome reorgani-
zations take place [8, 110]. This hypothesis has also been proposed
for oocytes [111].

STL is highly heterogeneous and appears to increase with men age
[86, 112–115], while LTL undergoes age-related erosion [45, 113,
116, 117]. This phenomenon may be explained by overactivation
of telomerase in male germ cells [113]; an alternative mechanism,
like ALT, that could be induced by telomere dimers and tetramers
and thus easily explaining the high STL heterogeneity [112]; selec-
tive death of germ cells, in which only those with longer telomeres
would survive the aging effects [117, 118]; or different environment
exposure [109]. Also, paternal age is positively associated with LTL
[116, 117, 119–122] and STL [115, 123] in their offspring, thus
confirming the telomere length heritability. The successive increase
of LTL in the offspring of older males throughout multiple genera-
tions could have an adaptive effect, resulting in enhanced longevity
and higher preparation for delayed reproduction [120, 124]. How-
ever, an alternative model has been suggested to explain the increased
STL found in older men: the “birth-cohort effect.” This means that
males born in previous generations have longer STL comparatively
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Figure 2. Diagram with the relative variance of telomerase activity (TA) and telomere length (TL) throughout the different stages of spermatogenesis, oogenesis,
and embryonic development. In spermatogenesis, TA increases from the spermatogonia to the primary spermatocyte, decreases in the secondary spermatocyte
and ceases (ØTA) in the spermatid and spermatozoon [108], while TL increases from the spermatogonia to the primary spermatocyte and again decreases to
the same TL of the spermatogonia in both the spermatid and spermatozoon (TLS) [109]. In oogenesis, TA and TL decrease from the germinal vesicle to the
metaphase II oocyte [114, 128]. The TL of metaphase II oocytes (TLMII) is usually higher than the TL of sperm [114]. TA further decreases from the metaphase
II oocyte (TAMII) to the zygote (TAZ) [128]. In zygotes, the TL of female pronucleus (TLFPN) does not change from TLMII, the same happening to the TL of male
PN (TLMPN), which is equal to TLS. Thus, TLFPN is higher than TLMPN [114]. During embryonic development, TA does not alter significantly from the zygote to
the different cleavage stage embryos (TAC), but increases at the morula stage (TAM), equalizing TAMII. TA further increases at the blastocyst stage (TAB), in
which the TA of the germinal vesicle (TAG) is resumed [128]. TL decreases from the germinal vesicle (TLG) to cleavage stage embryos (TLC), in which alternative
lengthening of telomeres (ALT) can possible occur to maintain telomere stability, explaining the high variability of TL between blastomeres. TL is maintained at
the morula stage (TLM) and then increases to TLG level at the blastocyst stage (TLB) [135].

to younger males, as a result of “intergenerational telomere erosion”
in the female germline [125]. Additionally, the increased heterogene-
ity of STL with age could be the result of environmental and thus
noninheritable factors [125, 126].

Telomeres in oogenesis and oocytes
During the fetal life, oogenesis proceeds from oogonia, which un-
dergo mitosis and originate primordial follicles that remain arrested
at prophase I. After puberty, at each menstrual cycle, a selected pri-
mordial follicle evolves into a preovulatory follicle that is retained
in metaphase II. Meiosis completion is only achieved after successful
fertilization [127]. Therefore, primordial follicles can be kept in a
quiescent state in the ovaries up to menopause [8].

Similarly to males, TA was detected in fetal, newborn, and adult
ovaries [106, 107]. TA is present in all oogenesis stages, decreas-
ing during oocyte maturation (Figure 2) [88, 128]. Since imma-
ture oocytes have the highest levels of TA, oocyte telomere elon-
gation might occur during early oogenesis. However, telomeres
shorten during oogenesis (Figure 2) [114]. Several factors may be

responsible for oocyte telomere attrition: impaired TA; chronic expo-
sure to oxygen reactive species (ROS) during meiosis arrest; and the
“end-replication-problem” in proliferative oogonia [129]. A theory
suggests that late ovulating follicles, which reinitiated meiosis last,
experience more mitotic divisions in fetal oogenesis and thus present
increased telomere shortening comparatively to early ovulating fol-
licles [130, 131]. Advanced maternal age was therefore correlated
with shorter oocyte telomeres, contributing to reproductive aging,
which is characterized by declined oocyte number and function, and
clarifying the female induced “intergenerational telomere erosion”
mentioned above [125, 129, 132]. Consensually, and corroborat-
ing the telomere length heritability belief, experimental evidence has
shown that telomeres in human embryos decrease with advanced
maternal age [133].

Telomeres in embryonic development
TA decreases significantly from immature oocytes to mature oocytes
and zygotes, then decreases nonsignificantly through cleavage stage
embryos and rises significantly at the morula stage, resuming the
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immature oocytes levels at the blastocyst stage (Figure 2) [106, 128].
Notwithstanding, TA has not been correlated with embryo develop-
ment potential [128, 134]. In parallel with TA, TL decreases from im-
mature oocytes to cleavage stage embryos, varying greatly between
blastomeres, and further increases at the blastocyst stage (Figure 2)
[135, 136]. From the blastocyst stage until 16–20 weeks of gesta-
tion, most somatic tissues express high levels of telomerase, which
are no longer present in the neonatal period. Thus, telomerase is re-
pressed with increased differentiation, in a tissue-specific, gestational
age-dependent manner [59, 106, 137].

Telomerase seems to be responsible for establishing the maxi-
mum embryo TL and a theory of TL reset at the morula–blastocyst
transition was established [136, 138]. However, differences in the
inherited TL, transmitted by gametes at fertilization, may still have a
long-lasting effect in the final embryo TL [139]. Additionally, oocytes
were shown to have, on average, longer TL than sperm, a proportion
that is maintained in the female and male pronuclei (Figure 2). This
suggests that oocytes can modify sperm telomeres when these are
abnormally short, by sister chromatid exchange (ALT), in order to
maintain genomic stability in the originated embryo, until telomerase
ensues at the blastocyst stage [114]. Thus, questions regarding the
differential parental TL inheritance are also still to be answered [91].

The ALT pathway has been referred to promote telomere length-
ening in mammalian embryos, contributing to TL heterogeneity at
the cleavage stages, ceasing at the blastocyst stage, in which and
from onwards telomeric length would only be maintained by telom-
erase [81, 135, 138]. This suggests that two telomere lengthening
mechanisms act at different times, during preimplantation embryo
development (Figure 2) [81, 90]. It was evidenced in human embry-
onic stem cells that TL was maintained by telomerase, whereas the
ALT pathway was suppressed [140]. However, to our knowledge, no
evidence has so far confirmed that ALT induces telomere lengthening
in cleavage stage embryos.

Telomeres and sperm pathology
Sperm pathology refers to the structural and functional defects in
sperm, whose incidence is higher in infertile men [141]. The causes
of defective sperm are multifactorial, including genetic, lifestyle, and
environmental factors, which often act in combination [142, 143].

Male factor infertility is present in 50% of all infertility cases
worldwide [144], but it is still idiopathic in almost half of the cases
[145], either because no physical or endocrine parameters explain
the reduced semen quality or because semen analysis fails in identify-
ing infertile sperm subpopulations [146]. Thus, questions regarding
the molecular mechanisms underlying male infertility are still be-
ing raised [8]. Endocrine disorders [147], chromosomal abnormal-
ities [148–152], gene mutations [149, 153–155], sperm apoptosis
[156, 157], mitochondrial dysfunction [158], imprinting disorders
[159–161], sperm DNA damage [162–164,] and altered sperm DNA
packing [165] have been identified as contributing factors. In recent
years, reports showing that telomeric instability compromises the
viability of gametes, eventually affecting fertility, have been gaining
importance and pinpoint telomere homeostasis as a novel human
infertility biomarker [8].

The lengthening of telomeres occurring during spermatogenesis
was proposed to contribute to the maintenance of a critical TL dur-
ing embryo cleavage, resulting in a species-specific TL preservation
in the newborn [166]. The presence of variations in human STL
was reported, which suggested that truncated telomeres could in-
duce genomic instability, severely affecting the zygote development

[86]. Accordingly, decreased STL in idiopathic male infertility [167]
and decreased LTL in couples with recurrent pregnancy loss [168]
were found, proposing that critically short telomeres in sperm would
impair their response to oocyte signaling during fertilization, conse-
quently disturbing embryo development and implantation [167].

A critical TL was shown to be necessary for chromosome pair-
ing, synapsis, recombination, and spindle formation. Spermatocytes,
unlike oocytes, seem to have a regulatory mechanism that prevents
the accumulation of meiotic errors and the transmission of genetic
abnormalities to the offspring, which explains the low incidence of
aneuploid spermatocytes compared to oocytes [169–171]. Instead,
these defective spermatocytes are eliminated, leading to a reduction
of mature sperm, which contributes to infertility [172]. In concor-
dance, azoospermic men with an altered distribution of crossovers
(decreased in the usual subtelomere region and increased in telom-
eres and centromeres, where they are usually inhibited) has been
reported, suggesting that a telomere impairment was in the origin of
the infertile phenotype [173].

Concerning telomere structure, the disruption of telomere inter-
actions along with human sperm DNA damage has been reported in
infertile men [98]. This loss of telomere interactions possibly impairs
chromosome looping and arrangement in the nucleus, thus affecting
the ordered remodeling and activation of paternal DNA during fer-
tilization and, consequently, proper gene expression at early embryo
development [93, 98, 174]. Therefore, altered sperm nuclear organi-
zation may impair sperm viability. Alterations in telomere structure
may also contribute to a higher susceptibility to oxidative damage
in sperm, which promotes DNA fragmentation and loss of telomere
sequence repeats [146]. In addition, decreased TERRA levels and
alterations in its association with telomeres, as well as decreased
localization of telomerase at telomeres, were reported in primary
spermatocytes from men with idiopathic infertility. A decrease in
chromosome recombination rates was also observed, possibly as
a result of abnormal synapsis. Thus, the impaired equilibrium of
these telomere stabilizers could disrupt telomere structure and affect
meiotic chromosome dynamics and DNA repair [172]. Finally, mu-
tations in hTERT and in the telomerase-associated protein 1 gene
(TEP1) were identified in idiopathic infertile men [175], and al-
terations in the expression of hTERT were shown to predict sper-
matogenesis disorders [176]. In these two last studies, both TL and
structure could be impaired. Together, these findings demonstrate
that alterations in TL and/or structure in the male germ line impair
telomere homeostasis in infertile men.

Sperm telomere length, seminal parameters, and
assisted reproductive technology outcomes
Characterizing sperm pathologies that negatively affect fertility and
establishing a diagnosis allows a prediction of the outcomes in as-
sisted reproductive technologies (ART) and the establishment of a
suitable clinical treatment. The selection of viable subpopulations
of sperm is important not only to improve the success of ART but
also to avoid the transmission of abnormal characteristics to future
generations [141]. Since a variable STL has been reported between
individuals and even within the same individual [112, 114, 123, 177,
178], and given the impact of STL in male infertility, the selection
of sperm with longer telomeres could be crucial for successful ART
treatments [177]. In addition, it would prevent the transmission of
infertile men short telomeres that may affect the child health [142].
In fact, TL has been considered a risk factor for genetic damage in
newborns [179].
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Semen processing (density gradient centrifugation and swim-up)
simulates genital tract sperm selection and is widely used to isolate
a more functional population of sperm for ART treatments. This
sperm population besides showing higher motility and lower DNA
fragmentation also contains sperm with longer telomeres [177, 180,
181].

Several studies analyzed the associations between STL and sem-
inal parameters. The mean STL was shown to be higher in patients
with normal seminal parameters, except in relation to sperm mor-
phology [112]. Another study showed a positive correlation between
STL and sperm progressive motility and vitality [146]. Also, a posi-
tive correlation between STL and sperm count was reported by many
[115, 123, 177, 178, 181], with STL being lower in oligozoospermic
than in normozoospermic men. A decreased sperm count may reflect
the apoptotic events induced by short telomeres in the male germline,
as shown in telomerase knockout mice [169, 170, 182, 183].

In addition, it was observed a positive correlation between STL
and sperm chromatin condensation, and a negative correlation be-
tween STL and sperm DNA fragmentation [146]. A negative cor-
relation was also reported between STL and sperm ROS content
[181]. It is possible that lower chromatin protamination that cause
altered DNA packing may increase DNA vulnerability to damaging
factors, such as ROS, promoting DNA fragmentation, which in turn
induces telomere shortening [146]. Thus, telomere shortening could
result from factors that impair spermatogenesis rather than causing
this impairment [7, 146, 181]. From a different perspective, dysfunc-
tional short telomeres could also induce sperm DNA fragmentation
[98], possibly related with triggered apoptosis. Whether sperm DNA
fragmentation is the cause or the consequence of telomere shortening
needs further investigation.

A relation between STL and pregnancy rates was also observed,
with no pregnancy ensuing from cases presenting abnormal STLs, ei-
ther critically short or atypically long [178]. This result strengthens
the need of a TL equilibrium for telomere function. In another study,
STL was positively correlated with good quality embryos [115]. Fur-
thermore, TL in embryos seems to be related with their viability
since short telomeres were reported in chromosomally abnormal
blastomeres from slow developing embryos and from embryo cells
in patients with recurrent miscarriage [133]. Embryo aneuploidy
is the leading cause of embryo development delay and miscarriage
[184], and short telomeres have actually been associated with aneu-
ploid embryos [136]. Also, a negative correlation between STL and
diploid sperm was described [178].

Table 1 resumes the associations reported concerning STL. Even
though additional confirmations are needed, STL assessment has be-
come a promising fast and economical method for sperm quality
analysis, which is extremely informative, as it not only associates
with the most important semen quality parameters but also provides
information regarding paternal genome integrity and clinical out-
comes, supporting its suitability as a biomarker for male infertility
[146, 178, 181]. However, it remains unclear whether specific treat-
ments could be applied to men with atypical STL [178]. In addition,
contradictory results arise from studies in which STL did not asso-
ciate with seminal parameters [114, 167], sperm ROS content [167],
sperm DNA fragmentation [114, 167, 178], or treatment outcome
[114, 115]. In one study, sperm DNA fragmentation did not also
relate with the disruption of telomere interactions, as previously re-
ported [98]. It was proposed that the TL resetting after fertilization,
through the lengthening mechanisms occurring until the blastocyst
stage of development, resumes the inherited TL and turns STL unfit
to diagnose male infertility [114, 133].

Conclusions

Research studies have clearly highlighted the importance of telom-
eres in human reproduction. Special awareness was raised by STL,
which was strongly and temptingly suggested as a new biomarker
for male infertility, to be used in medically assisted reproduction
centers and possibly contribute to improve the success of fertility
treatments. However, contradictory results concerning the impact
of STL in semen quality and clinical outcomes have been published
in the literature. It is not yet fully clear if the lengthening mecha-
nisms occurring during early embryo development turn STL varia-
tions irrelevant. Hence, while further research is essential to clarify
the suitability of STL as a biomarker for male infertility, a deeper
knowledge on the molecular mechanisms underlying STL dynamics
will provide us new insights into the origins of male infertility. STL
may also serve as a new useful tool as an outcome predictor for
assisted reproduction.
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bury EM. Well-defined genome architecture in the human sperm nucleus.
Chromosoma 1995; 103:577–590.

96. Ioannou D, Millan NM, Jordan E, Tempest HG. A new model of sperm
nuclear architecture following assessment of the organization of cen-
tromeres and telomeres in three-dimensions. Sci Rep 2017; 7:41585.

97. Ioannou D, Millan N, Jordan E, Tempest HG. Global telomere organisa-
tion in the 3D human sperm nucleus: a new arrangement and inferences
for fertilization and embryogenesis. Fertil Steril 2014; 102:e111.

98. Moskovtsev SI, Willis J, White J, Mullen JB. Disruption of telomere-
telomere interactions associated with DNA damage in human spermato-
zoa. Syst Biol Reprod Med 2010; 56:407–412.

99. Solov’eva L, Svetlova M, Bodinski D, Zalensky AO. Nature of telomere
dimers and chromosome looping in human spermatozoa. Chromosome
Res 2004; 12:817–823.

100. Zalensky AO, Tomilin NV, Zalenskaya IA, Teplitz RL, Bradbury EM.
Telomere-telomere interactions and candidate telomere binding pro-
tein(s) in mammalian sperm cells. Exp Cell Res 1997; 232:29–41.

101. Ioannou D, Tempest HG. Segmented hairpin-loop organization of chro-
mosomes in sperm nuclei: implications for fertilization and embryogen-
esis. Fertil Steril 2016; 106:e303.

102. Gineitis AA, Zalenskaya IA, Yau PM, Bradbury EM, Zalensky AO. Hu-
man sperm telomere-binding complex involves histone H2B and secures
telomere membrane attachment. J Cell Biol 2000; 151:1591–1598.

103. Rathke C, Baarends WM, Awe S, Renkawitz-Pohl R. Chromatin dy-
namics during spermiogenesis. Biochem Biophys Res Commun 2014;
1839:155–168.

104. Zalenskaya IA, Bradbury EM, Zalensky AO. Chromatin structure of
telomere domain in human sperm. Biochem Biophys Res Commun 2000;
279:213–218.

105. Zalensky A, Zalenskaya I. Organization of chromosomes in spermato-
zoa: an additional layer of epigenetic information. Biochm Soc Trans
2007; 35:609–611.

106. Wright WE, Piatyszek MA, Rainey WE, Byrd W, Shay JW. Telomerase
activity in human germline and embryonic tissues and cells. Dev Genet
1996; 18:173–179.

107. Kim N, Piatyszek M, Prowse K, Harley C, West M, Ho P, Coviello
G, Wright W, Weinrich S, Shay J. Specific association of human telom-
erase activity with immortal cells and cancer. Science 1994; 266:2011–
2015.

108. Yashima K, Maitra A, Rogers BB, Timmons CF, Rathi A, Pinar H,
Wright WE, Shay JW, Gazdar AF. Expression of the RNA component of

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/100/2/318/5114555 by guest on 06 July 2021



Telomeres, human reproduction and male infertility, 2019, Vol. 100, No. 2 329

telomerase during human development and differentiation. Cell Growth
Differ 1998; 9:805–813.

109. Jørgensen PB, Fedder J, Koelvraa S, Graakjaer J. Age-dependence of rel-
ative telomere length profiles during spermatogenesis in man. Maturitas
2013; 75:380–385.

110. Reig-Viader R, Vila-Cejudo M, Vitelli V, Busca R, Sabate M, Giu-
lotto E, Caldes MG, Ruiz-Herrera A. Telomeric repeat-containing RNA
(TERRA) and telomerase are components of telomeres during mam-
malian gametogenesis. Biol Reprod 2014; 90:103.

111. Reig-Viader R, Brieno-Enriquez MA, Khoriauli L, Toran N, Cabero
L, Giulotto E, Garcia-Caldes M, Ruiz-Herrera A. Telomeric repeat-
containing RNA and telomerase in human fetal oocytes. Hum Reprod
2013; 28:414–422.

112. Antunes DM, Kalmbach KH, Wang F, Dracxler RC, Seth-Smith ML,
Kramer Y, Buldo-Licciardi J, Kohlrausch FB, Keefe DL. A single-cell
assay for telomere DNA content shows increasing telomere length het-
erogeneity, as well as increasing mean telomere length in human sper-
matozoa with advancing age. J Assist Reprod Genet 2015; 32:1685–
1690.

113. Aston KI, Hunt SC, Susser E, Kimura M, Factor-Litvak P, Carrell D, Aviv
A. Divergence of sperm and leukocyte age-dependent telomere dynamics:
implications for male-driven evolution of telomere length in humans. Mol
Hum Reprod 2012; 18:517–522.

114. Turner S, Hartshorne GM. Telomere lengths in human pronuclei, oocytes
and spermatozoa. Mol Hum Reprod 2013; 19:510–518.

115. Yang Q, Zhao F, Dai S, Zhang N, Zhao W, Bai R, Sun Y. Sperm telom-
ere length is positively associated with the quality of early embryonic
development. Hum Reprod 2015; 30:1876–1881.

116. Njajou OT, Cawthon RM, Damcott CM, Wu SH, Ott S, Garant MJ,
Blackburn EH, Mitchell BD, Shuldiner AR, Hsueh WC. Telomere length
is paternally inherited and is associated with parental lifespan. Proc Natl
Acad Sci USA 2007; 104:12135–12139.

117. Kimura M, Cherkas LF, Kato BS, Demissie S, Hjelmborg JB, Brimacombe
M, Cupples A, Hunkin JL, Gardner JP, Lu X, Cao X, Sastrasinh M,
et al. Offspring’s leukocyte telomere length, paternal age, and telomere
elongation in sperm. PLoS Genet 2008; 4:e37.
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