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Abstract: Leishmaniases belong to the inglorious group of neglected tropical diseases, presenting
different degrees of manifestations severity. It is caused by the transmission of more than 20 species of
parasites of the Leishmania genus. Nevertheless, the disease remains on the priority list for developing
new treatments, since it affects millions in a vast geographical area, especially low-income people.
Molecular biology studies are pioneers in parasitic research with the aim of discovering potential
targets for drug development. Among them are the telomeres, DNA–protein structures that play an
important role in the long term in cell cycle/survival. Telomeres are the physical ends of eukaryotic
chromosomes. Due to their multiple interactions with different proteins that confer a likewise
complex dynamic, they have emerged as objects of interest in many medical studies, including
studies on leishmaniases. This review aims to gather information and elucidate what we know about
the phenomena behind Leishmania spp. telomere maintenance and how it impacts the parasite’s
cell cycle.
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1. Introduction

Leishmaniases are among the poverty-related endemic diseases. They are well-known
to cause a wide spectrum of clinical manifestations and their harsh incidences in East
Africa, the Indian subcontinent, and Latin America, where approximately one million
new diagnostics are expected yearly [1]. The disease is vector-induced and caused by
more than twenty species of the Leishmania genus, protozoan parasites that belong to
the Trypanosomatidae family [1]. The invertebrate host is a phlebotomine insect that is
infected during a blood meal with amastigote forms. Inside the insect digestive system,
amastigotes transform into procyclic promastigotes, which are noninfective but highly
proliferative forms. Procyclics eventually migrate to the proboscis and differentiate into
infective metacyclic promastigote forms [2,3]. The transmission to humans occurs when
a preinfected insect (female phlebotomines) regurgitates during its blood meal infective
but nonproliferative forms (metacyclic promastigotes) into the mammalian host skin.
Afterward, metacyclics are phagocytosed by neutrophils or macrophages, and further
inside the phagolysosomes, the parasites undergo a series of morphogenetic modifications,
leading to the formation of amastigotes. The amastigotes then multiply and reach the
bloodstream, causing the initiation of clinical manifestations. A new cycle of infection can
occur when infected macrophages are ingested by other female phlebotomines (Figure 1).
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Figure 1 new.tiff

Figure 1. Schematic illustration of the Leishmania spp. infective cycle showing different parasite stages of development.
Phlebotomine female sandflies get infected with amastigote forms during bloodmeals (1). Amastigotes transform into
procyclic promastigotes, which will proliferate inside the invertebrate midgut (2 and 3). Promastigotes then migrate to
the sandflies’ pharyngeal valve (4) and differentiate into metacyclic forms. The metacyclic forms are transferred to the
mammalian hosts’ bloodstream during a new blood meal and infect macrophages and other cells from the mononuclear
phagocyte system (5). Inside the macrophages, there is a metacyclic change into amastigote forms, which multiply, lyse the
macrophage, and reinfect new macrophages (6 and 7). In a new cycle of infection, the infected macrophages are ingested by
new phlebotomines (8). The silhouettes of man and dog and the sandfly clipart are free for use and were withdrawn from the
websites HiClipart (https://www.hiclipart.com, accessed on 8 November 2021) and Gratispng (https://www.gratispng.com,
accessed on 8 November 2021), respectively.

Different species of Leishmania associated with the host biology and vector factors
can lead to different clinical symptoms, ranging from light and self-cured cutaneous
lesions (e.g., Leishmania major) to life-threatening visceral complications (e.g., Leishmania
infantum) [2]. The disease is endemic in more than 60 countries, with East Africa and
the Indian subcontinent remarkably impacted. Although a significant decrease in the
number of cases has been reported in the past years, mainly due to efforts in vector
control, leishmaniasis is still on the top priority list for developing new treatments. Such
a scenario is typified, because toxic antiparasitic drugs (e.g., antimonial pentavalent and
amphotericin B) are still in use nowadays. Additionally, other therapeutic approaches such
as vaccination have been shown to be not adequate in eradicating the disease [4]. Thus,
there is urgency for new specific and efficient treatments against leishmaniasis. For this
purpose, several studies on Leishmania spp. have been conducted to elucidate the different
aspects of parasite biology, including genetic studies and full sequencing of the parasite
genome [4–6]. Among these studies, trypanosomatid telomere biology has awakened
great interest in the scientific community, as telomeres are essential for genome stability
and cell cycle progression. Furthermore, some components involved in parasite telomere
maintenance, such as the telomerase RNA component and members of the shelterin-like
telomeric complex (e.g., TRF, RPA-1, and Rbp38), are unique and present parasite-specific
features relative to their hosts [7–14]. Therefore, new advances in understanding and
exploring the parasite telomeric environment may reveal how these and other unknown
parasite factors could be used as potential and specific targets for drug development [8–19].

https://www.hiclipart.com
https://www.gratispng.com
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Telomeres are the physical ends of eukaryotic linear chromosomes. Structurally, they
are an association between tandemly repeated noncoding DNA sequences and nucleopro-
teins forming complexes at the end of chromosomes [20]. Telomeric DNA is composed
of a double-stranded sequence (one of them rich in cytosine, the other in guanine) and
a G-rich single strand that protrudes toward the ends of the chromosome, known as the
3′ overhang [20]. In humans and other vertebrates, the repeated telomeric sequence is
5′-TTAGGG-3′, approximately 3–15 kb in length and associated with a six-telomeric protein
complex called shelterin [21–25]. These arrangements of DNA and proteins influence
cell homeostasis. They are crucial to cell cycle maintenance, being decisive in important
cellular processes such as cell aging, genome integrity, and maintenance of the nuclear
arrangement [26–28]. It is known that, lengthwise, telomeres tend to shorten after each cell
division due to the inability of DNA polymerase to complete replications in the lagging
strand of linear chromosomes [29], culminating in the progressive loss of telomere repeats.
Thus, telomeres act as a molecular clock. If its size reaches critical levels, it can lead to
early/unprogrammed cell senescence or even activate local DNA damage repair, eventually
triggering a mitotic catastrophe [14,30–32]. In most organisms, including Leishmania spp.,
telomeric DNA is elongated by telomerase. This specialized reverse transcriptase forms a
ribonucleoprotein (RPN) complex [31], whose function is strictly regulated throughout the
cell cycle [17,21,32]. In that sense, telomerase, telomeres, and their associated proteins are
now recognized as potential drug targets [33]. In the face of the critical medical relevance
of leishmaniases, peculiarities associated with the cell cycle, telomeres dynamics, and
telomerase have reached the mainstream studies on parasite biology. This review aims to
shed light on what we know about the phenomena behind telomere maintenance and how
it impacts parasites’ cell cycle and survival.

2. Leishmania spp. Cell Cycle

The cell cycle comprises a repeating series of events encompassing growth, DNA
synthesis, and cell division. For most eukaryotes (including Leishmania spp.), the cell
cycle follows a single pattern of organization consisting of the following phases: G1
(gap 1), S (DNA synthesis), G2 (gap 2), M (mitosis), and C (cytokinesis). In addition,
the G0 state is sometimes included as part of the cell cycle. However, it is noteworthy
that cells in the G0 state are not stimulated to proliferate [34]. In other words, cells in
the G0 state are not yet committed to genome replication and cell division. Interestingly,
the infective forms of most parasitic microorganisms are at the G0 state (e.g., metacyclic
promastigotes of Leishmania spp.) [35,36] (Figure 2), which makes us wonder if, in these
organisms, proliferation and infection are mutually exclusive events.

In Leishmania spp., as in most trypanosomatids, the G1 phase corresponds to the
larger proportion of the cell cycle, while the other phases vary slightly in duration [42,43].
No studies have evidenced the metabolic changes and main events during the G1 phase
in Leishmania spp. However, compared with the other trypanosomatids, we can infer
that, in the G1 phase, there is an increase in the transcription rate and intense protein
synthesis of the factors related to DNA replication [44,45]. Moreover, in the G1 phase
occurs the establishment of a divergent prereplication protein complex at specific sites on
the chromosomes called replication origins, which can give rise to a replication bubble [45].

The firing of replication origins starts the S phase, which briefly consists of the reliable
replication of DNA molecules. Usually, eukaryotes have many replication origins per chro-
mosome. However, in Leishmania spp., the number of replication origins per chromosome
is an issue that generates debate. Six years ago, Marques et al., (2015) [46] used a marker
frequency analysis coupled with deep sequencing (MFA-seq) to evidence that L. major
replicates each of its chromosomes during the S phase using a single replication origin.
However, in a more recent study, da Silva et al., (2020) [47] used mathematical equations to
reveal that it is improbable that L. major uses only a single origin per chromosome during
the S phase. The explanation for these discrepancies is that the MFA-seq approach is not
sensitive enough to identify all replication origins [47]. Nevertheless, further sensitive
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assays are needed to establish how many origins are used per chromosome during the S
phase in Leishmania spp.

Cells 2021, 10, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 2. Scheme showing the two distinct patterns of kinetoplast segregation relative to the nucleus in promastigotes of 
Leishmania spp. throughout the cell cycle. Most Leishmania species presents one of the two kinetoplast segregation patterns 
presented: kinetoplast segregates after the nucleus (light red) or kinetoplast segregates before the nucleus (light blue). For 
instance, L. mexicana segregates its kinetoplast predominantly after the nucleus [37], while L. major and L. tarentolae do the 
opposite [38,39]. However, L. donovani and L. amazonensis exhibit these two patterns distributed in the population [40,41]. 

In Leishmania spp., as in most trypanosomatids, the G1 phase corresponds to the 
larger proportion of the cell cycle, while the other phases vary slightly in duration [42,43]. 
No studies have evidenced the metabolic changes and main events during the G1 phase 
in Leishmania spp. However, compared with the other trypanosomatids, we can infer that, 
in the G1 phase, there is an increase in the transcription rate and intense protein synthesis 
of the factors related to DNA replication [44,45]. Moreover, in the G1 phase occurs the 
establishment of a divergent prereplication protein complex at specific sites on the 
chromosomes called replication origins, which can give rise to a replication bubble [45].  

The firing of replication origins starts the S phase, which briefly consists of the 
reliable replication of DNA molecules. Usually, eukaryotes have many replication origins 
per chromosome. However, in Leishmania spp., the number of replication origins per 
chromosome is an issue that generates debate. Six years ago, Marques et al., (2015) [46] 
used a marker frequency analysis coupled with deep sequencing (MFA-seq) to evidence 
that L. major replicates each of its chromosomes during the S phase using a single 
replication origin. However, in a more recent study, da Silva et al., (2020) [47] used 
mathematical equations to reveal that it is improbable that L. major uses only a single 
origin per chromosome during the S phase. The explanation for these discrepancies is that 
the MFA-seq approach is not sensitive enough to identify all replication origins [47]. 
Nevertheless, further sensitive assays are needed to establish how many origins are used 
per chromosome during the S phase in Leishmania spp.  

In model eukaryotes, the G2 phase is characterized by the duplication of centrioles 
and other cytoplasmic organelles [48]. In trypanosomatids, homologs of the proteins 
described in model eukaryotes involved with centriole biogenesis are associated with the 
basal body and flagellum biogenesis [49,50]. Furthermore, based on studies with other 
organisms [51], we can infer that, in the G2 phase, Leishmania spp. increase the rate of 
transcription and resumption of intense protein synthesis, which are necessary for the 
completion of cell division. This entire process results in an increase in cell volume and 
size [37,40].  

Figure 2. Scheme showing the two distinct patterns of kinetoplast segregation relative to the nucleus
in promastigotes of Leishmania spp. throughout the cell cycle. Most Leishmania species presents one of
the two kinetoplast segregation patterns presented: kinetoplast segregates after the nucleus (light
red) or kinetoplast segregates before the nucleus (light blue). For instance, L. mexicana segregates
its kinetoplast predominantly after the nucleus [37], while L. major and L. tarentolae do the oppo-
site [38,39]. However, L. donovani and L. amazonensis exhibit these two patterns distributed in the
population [40,41].

In model eukaryotes, the G2 phase is characterized by the duplication of centrioles and
other cytoplasmic organelles [48]. In trypanosomatids, homologs of the proteins described
in model eukaryotes involved with centriole biogenesis are associated with the basal body
and flagellum biogenesis [49,50]. Furthermore, based on studies with other organisms [51],
we can infer that, in the G2 phase, Leishmania spp. increase the rate of transcription and
resumption of intense protein synthesis, which are necessary for the completion of cell
division. This entire process results in an increase in cell volume and size [37,40].

During the M phase, Leishmania spp. and all other trypanosomatids do not disassemble
their nuclear envelope and perform a closed mitosis process, which is organized by spindle
pole body-like structures [52]. Moreover, due to the absence of the N-terminal portion and
globular domain of histone H1 and the absence of phosphorylation on serine 10 of histone
H3 (H3S10), Leishmania spp. and other trypanosomatids are unable to condensate their
chromosomes into 30-nm fibers [53,54].

In mammals, a curious feature worth being highlighted is that mitosis and cytokinesis
overlap, since cytokinesis begins before the mitotic chromosome segregation is complete.
However, Leishmania spp. seem not to strictly follow this premise. Once mitosis ends,
Leishmania spp. undergo a rapid remodeling in shape, first growing in length and then
in width prior to cytokinesis, which ends cell division [52,55]. Although it is challenging,
all these peculiarities related to the cell cycle phases may provide new routes toward the
search for suitable targets for parasite cell cycle interventions aiming at their elimination.

A set of events that deserve being highlighted during the Leishmania spp. cell cycles
refers to the replication and segregation of the kinetoplast. The coordination of these
events throughout the Leishmania cell cycle does not follow those equivalents in model
eukaryotes, where mitochondrial DNA replicates at any cell cycle stage [56,57]. The nuclear
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and kinetoplast S phase occurs almost simultaneously, but the effective segregation of these
organelles can occur at different periods according to the species analyzed. Many studies
have established a pattern of segregation for the kinetoplast relative to the nucleus in some
species of Leishmania [37–41].

One of these studies characterized the main morphological events of the cell cycle of
L. mexicana promastigotes [37]. Wheeler et al., (2011) [37] described the cell cycle phase
durations and established a duplication order for the kinetoplast and nucleus. Two years
later, da Silva et al., (2013) [40] characterized the length of the L. amazonensis cell cycle
phases and evidenced that the promastigote forms present two distinct modes of kineto-
plast segregation relative to the nucleus, following a distinct temporal order in different
proportions of the cells. Using DAPI staining and EdU (5-ethynyl-2′-deoxyuridine) to
monitor, respectively, the segregation of DNA-containing organelles and DNA replication,
the authors found a curious feature: 65% of the dividing promastigotes duplicate the
kinetoplast before the nucleus, and the remaining 35% do the opposite or duplicate both
organelles concomitantly. This finding corroborates another study carried out with L. dono-
vani promastigotes, where the authors found that about 80% of the cells divide the nucleus
before kinetoplast, and the remaining 20% do the opposite [41]. In other words, L. donovani
and L. amazonensis exhibit a nonfixed pattern of nucleus and kinetoplast segregation. In fact,
when we compare the cell cycle among different Leishmania spp., the order and timing of
the kinetoplast and nucleus division are not consensual and cannot be generalized [37–41].

For instance, L. mexicana, L. major, and L. tarentolae exhibit fixed patterns of kinetoplast
and nucleus segregation. However, L. mexicana segregates its kinetoplast predominantly
after the nucleus [37], while L. major and L. tarentolae do the opposite [39,41] (Figure 2). A
possible explanation for these different behaviors resides in the fact that, although belong-
ing to the same genus, these parasites show considerable phylogenetic distance [58]. In
other words, this phylogenetic divergence may reflect possible species-specific differences
relative to kinetoplast segregation, suggesting that some Leishmania spp. have less stringent
control over the order of division of their DNA-containing organelles (nucleus and kineto-
plast). More studies are needed to uncover the potential players involved in controlling
cell division and organelle segregation, since some of them could be explored for precise
interventions related to the parasite cell cycle.

3. Leishmania spp. Telomeres

In Leishmania spp., telomeres constitute short noncoding repetitive sequences of 5′

TTAGGG 3′ [16,59], except for Leishmania braziliensis, which, in addition to the conventional
sequence, is also observed the presence of 5′-CCTAACCCGTGGA-3′ sequences at the ends
of some chromosomes [60]. While, in L. amazonensis, the 3′ G overhang has an approximate
size of 12 nt long (5′-GTTAGGGTTAGG-3′), in L. donovani and L. major, the 3′G overhang is
a 9-nt sequence composed of 5′ GGTTAGGGT 3′ [61]. The studies performed by Genest
& Borst [62] described that the length of the L. tarentolae and L. major telomeres increase
over time by approximately 1 bp per population doubling. Similar results were obtained
by Oliveira et al., (2021) [15], where telomeres of the L. amazonensis procyclic promastigotes
increased during continuous passages. It was also observed that amastigote telomeres
(Figure 1, numbers 1, 6, and 7) are shorter compared to procyclic (Figure 1, number 3) and
metacyclic promastigotes (Figure 1, numbers 4 and 5).

Near telomeres, there are the subtelomeric sequences, which, in Leishmania, are com-
posed of 100-bp-long conserved telomere-associated sequences (LCTAS) that contain two
conserved domains, the conserved sequence block 1 (CSB1) and conserved sequence
block 2 (CSB2) [60]. These sequences have a high degree of conservation among the differ-
ent Leishmania species, which may indicate their importance in chromosome segregation
or as binding sites for telomeric proteins [60]. However, despite the CSB sequences and
depending on the species, LCTAS also contains some nonconserved sequences and a high
degree of polymorphism [59,60,63,64]. Furthermore, telomeres are commonly associated
with proteins that interact directly with both telomeric strands and other telomeric pro-
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teins that can influence the telomere size by regulating the telomerase access, providing
chromosome stability and protecting telomeres from degradation [65]. So far, within the
Leishmania genus, the L. amazonensis telomeric complex (Figure 3) is the best-characterized.
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Figure 3. Leishmania spp. telomeres are formed by subtelomeric regions (LCTAS); a double-stranded region; a single-
stranded protrusion (3′-G overhang); and associated proteins, such as TBP-1, TRF, Rbp38, RPA-1, and LCalA. Of note, it
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composed minimally by TERT and TER. From the C-rich strand of the telomeric region, ncRNAs called TERRAs are
transcribed and appear to be involved in telomere length regulation. Adapted from da Silva et al., 2012 [66].

Lira et al., (2007) [67] described a 45-kDa telomere-binding protein named LaTBP1
as a Leishmania double-stranded DNA-binding protein that interacts with GT-rich and
telomeric DNA sequences. LaTBP1 has at least a central Myb-like DNA-binding domain
containing a conserved hydrophobic cavity involved in DNA binding, a feature conserved
among the proteins that bind the telomeric double-stranded DNA [67]. However, it is
unclear if LaTBP1 binds DNA as a monomer like RAP1 (Repressor Activator Protein 1) in
mammals or as a dimer like the TRFs. It is worth highlighting that the LaTBP1 Myb-like
DNA-binding domain is related closer to the two centrally located RAP1 Myb domains
than the single C-terminal TRF (Telomere Repeat-binding Factor) Myb domain [67].

Later, a TRF homolog was described in L. amazonensis (LaTRF) by da Silva et al.,
2010 [68]. This protein presents 82.5 kDa, shares structural features with mammalian TRF1
and TRF2, and is highly similar to Trypanosoma brucei TRF. It also contains a Myb-like
DNA-binding domain that allows it to bind double-stranded telomeric DNA. Apparently,
LaTRF is little abundant, and it is localized in the nucleus [68].

Some proteins that bind single-stranded telomeric DNA were identified in L. ama-
zonensis [69]. RNA-binding protein 38 (LaRbp38) is one of those. It is a 38-kDa protein
with a noncanonical binding site with an affinity to both single- and double-stranded
G-rich telomeric DNA and GT-rich kinetoplast DNA (kDNA) [11,70]. LaRbp38 has dual
cellular localization, and in synchronized Leishmania promastigotes, it shuttles from the
mitochondria to the nucleus at the late S and G2 phases via importin alpha [11]. LaRbp38
was first identified in a telomerase-positive extract together with RPA-1, LCalA, and DNA
polymerase alpha [69]. The LaRbp38 ability to bind telomeres and kDNA, and the fact that
this protein is involved with kDNA stability and replication, suggest that it may also be
involved with telomere elongation. However, further assays are necessary to check the
veracity of this hypothesis.
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Replication protein A1 (LaRPA-1) was another protein pulled down with LaRbp38 [71].
LaRPA-1 is a nuclear protein of 51 kDa that presents a single N-terminal OB-fold do-
main. This protein binds the telomeric G-rich ssDNA, protecting it from 3′-5′ exonucle-
olytic degradation. Thus, LaRPA1 is considered a potential trypanosomatid telomere
end-binding protein (TEBP) that shares structural and functional features with other TEBPs
described in model eukaryotes. It binds at least one telomeric repeat using an OB-fold
domain, protects telomeres from exonuclease degradation, and unfolds the telomeric G-
quadruplex [12,71,72]. The G-quadruplex structure is known to impair telomerase activity
in humans [73,74]. Although not tested against Leishmania spp., drugs that specifically bind
these structures could be a new source for antiparasitic therapies.

LCalA (MW 16 kDa) was the third protein identified in the parasite telomerase-
positive extracts [75]. It is the first reported protozoa calmodulin-like nuclear protein
that binds in vivo to the G-rich telomeric strand and the 3′ G overhang. The binding of
LCalA to telomeres is calcium-dependent. Biophysical assays showed structural changes
in LCalA in the presence of calcium ions, increasing the affinity of this protein to telomeres.
Additionally, LCalA partially colocalizes with telomeres throughout the parasite’s cell
cycle. LCalA resembles human KIP1 protein, since both share with calmodulins two EF
hand domains and the affinity for calcium. Furthermore, KIP1 was shown to be involved
with telomere homeostasis by its interactions with the telomerase TERT component and
with shelterin member TRF2 through the EF hand domains. Whether LCalA is a functional
homolog of KIP1 is a question that remains open.

Long noncoding RNAs called TERRA (telomeric repeat-containing RNA) were also
described at Leishmania telomeres. TERRA is transcribed from the C-rich subtelomeric
strand towards the end of chromosomes. Its main function is to regulate the telomere
length [76]. In L. major, TERRA was shown to be polyadenylated and processed by trans-
splicing [77]. It was also observed that the number of TERRA transcripts was higher
in the infective forms of the parasite (metacyclic promastigotes) relative to the procyclic
promastigote and amastigote forms [77]. Moreover, Morea et al., (2021) [77] showed that
TERRA could form R-loops, suggesting that L. major TERRA is engaged with various
cellular processes, including telomere maintenance and the regulation of telomere lengths.

Another interesting finding related to Leishmania telomeres is the presence of base
J (β-d-glucosyl-hydroxymethyluracil). Base J is a modified thymine that can interfere
with RNA polymerase II function, and its presence abrogates DNA cleavage by restriction
endonucleases [78]. This hypermodified DNA base was first described in the bloodstream
form of T. brucei [79,80]. Later, base J was characterized in many other trypanosomatids,
and in most of them, except the Leishmania spp., it was found spread out in different
chromosome regions [81,82]. In Leishmania spp., ~98% of base J is found in telomeres [62],
suggesting that it can be related to telomere function [83]. Furthermore, the recent results
of Morea et al. (2021) [77] suggest that differences in the telomeric base J levels may
control TERRA transcription in the L. major developmental forms and during continuous
in vitro passages.

4. Leishmania spp. Telomerase
4.1. Structure and Function

Telomerase is the ribonucleoprotein responsible for telomere elongation. The enzyme
adds 5′-TTAGGG-3′ repetitions at the single-stranded 3′G overhangs of telomeres [83].
Thus, telomerase is thought to be essential to the regulation of telomere lengths and mainte-
nance of genomic stability. Telomerase presents two main components, protein Telomerase
Reverse Transcriptase (TERT) and Telomerase RNA (TER), minimally required for enzyme
activity in vitro [84,85]. TERT is the catalytic component, and TER contains the template
used by TERT to synthesize telomeric repeats. These two components form a complex with
accessory proteins and are necessary for in vivo biogenesis, enzyme activity, and nucleotide
addition processivity [13,32,86]. Leishmania spp. telomerase activity was first reported by
Cano et al., (1999) [87], and enzyme purification and biochemical characterization were
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further described by Giardini et al., 2011 [88]. Parasite enzyme activity was detected in all
three parasite life forms presenting the canonical properties of other telomerases. However,
the catalysis was shown to be temperature and life-stage dependent [15]. The genes encod-
ing the Leishmania spp. TERT was characterized by Giardini et al., (2006) [89], and the TER
component was described later by Vasconcelos et al., 2014 [7].

In trypanosomatids, as in most eukaryotes, the TERT component is structurally com-
posed of four domains [13]: The Telomerase Essential N-terminal (TEN), Telomerase
RNA-Binding Domain (TRBD), Reverse Transcriptase domain (RT), and the C-terminal
extension (CTE). The TEN domain is involved in telomerase recruitment to the telom-
eres and enzyme processivity [90]. The TRBD interacts with TER and is connected to the
TEN domain by an unstructured linker and creates the RNA-binding pocket that binds
single stranded and paired RNA [91]. Both domains can also interact with proteins that
stabilize the complex and help to recruit telomerase to telomeres and regulate enzyme
activity [92–97]. The RT is the catalytic core of the enzyme, which interacts with TER
through the pseudoknot region [98], and it is involved in the interactions with hybrid
RNA–DNA. The CTE domain stabilizes the RNA–DNA duplex, and differently from the
other three domains, it is less conserved among different species [13]. Leishmania TERT
preserves all the canonical domains found in other TERTs but shows some amino acid
substitutions that are specific to the genus [89]. The knockout of Leishmania TERT seems to
be very harmful to the parasite, because it induces a gradual decrease in cell density in the
culture, apparent during G1/G0 cell cycle arrest, morphological alterations, and telomere
shortening (unpublished data).

The RNA component TER varies in length and sequence, presenting a conserved
secondary structure in most eukaryotes. Variations of the TER size and sequence are
observed among different organisms, and they are more prominent than TERT [99], which
is conserved even among different taxa. In Leishmania spp., TER (LeishTER) is about
~2100 nucleotides long, and the mature molecule modified by trans-splicing contains a
5′ cap, a spliced leader sequence (SL), and a 3′ polyA tail. It also presents a C/D box
snoRNA domain found in other TER [7]. LeishTER is expressed at similar levels in its
procyclic and metacyclic promastigote forms. The mature molecule coimmunoprecipi-
tates and colocalizes with the TERT component in a cell cycle-dependent manner. Its
secondary structure prediction shows the template sequence (5′→3′) in a single-stranded
form localized near the 5′ end of the RNA molecule. LeishTER also presents a conserved
TBE (Template Boundary Element) motif C[U/C]GUCA in helix II, which is responsible
for interacting with the TERT TRB domain [7]. Its double knockout led to partial cell
cycle arrest and increased apoptosis in procyclic promastigotes. TER KO also triggers a
progressive telomere shortening during continuous parasite passages (unpublished data).
A similar effect was observed in T. brucei TER knockouts [100].

4.2. Biogenesis and Mechanisms

The biogenesis of the telomerase ribonucleoprotein complex is an intricate process
involving the assembly of proteins and TER with the subcellular localization of the ri-
bonucleoprotein. Besides TERT and accessory proteins, other proteins interact transiently
with telomerase. These other proteins are important players in maturation, stability, and
subcellular localization [101,102].

The telomerase biogenesis starts with the transcription of TERT and TER mRNAs
by RNA polymerase II. While TERT mRNA is addressed to the cytoplasm to be trans-
lated, the TER remains in the nucleus and is assembled with the accessory proteins at the
3′end—specifically, at the C/D box motif [7]. Unfortunately, no 3′end-binding protein has
yet been identified in Leishmania spp. Still, considering the other trypanosomatids, it is
known that the C/D box motif of T. brucei TER interacts with SNU13, a protein known to
interact with the C/D box in other eukaryotes. Together with SNU13, in humans, three
other proteins recognize and bind to this RNA motif: fibrillarin, NOP56, and NOP58.
However, the evidence for homologs of these proteins is still missing in these parasites.
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In the case of TERT mRNA, in most organisms, after translation, the protein migrates
from the cytoplasm to the nucleus, where the telomerase is assembled. In humans, the
main proteins involved in TERT traffic are HSP90, its cochaperone p23, and two AAA+

ATPases (Pontin and Reptin) [101–103]. However, a complete understanding of the TERT
traffic in Leishmania spp. remains to be determined. In these parasites, the HSP90 ortholog
is the protein HSP83. Recently, Oliveira et al., (2021) [15] revealed an interaction with
the TERT component and the importance of HSP83 for telomerase activity and telomere
maintenance in L. amazonensis. These findings suggest that Leishmania spp. TERT traffic to
the nucleus may resemble the human telomerase process. Furthermore, in this study, the
HSP90 inhibitor 17AAG affected both the L. amazonensis telomere length and telomerase
activity using a thousand-times less of the drug needed to inhibit HSP90 in host cells [104].

Considering the assemblance of human telomerase as an example, the location of
telomerase in Cajal bodies is the key to ribonucleoprotein trafficking and recruitment to
the telomeres [101,102]. This subcellular localization is derived by the CAB box sequence
at the 3′end of human TER and its interaction with the TCAB1 protein. Otherwise, in the
context of Leishmania, nothing is known about the existence of Cajal bodies [105]. The
closest information is related to the identification of the MTAP protein, a TCAB1 protein
ortholog of T. brucei [106] that can interact with TER [107]. Therefore, the biogenesis of
telomerase in Leishmania spp. still has many gaps to be replenished.

Once the telomerase RNP complex is assembled, it is recruited preferentially to the
shortest telomeres. The ability to add more than one repeat at one telomere is called
repeat addition processivity (RAP) [108]. In humans, telomerase activity is regulated
by shelterin subcomplex POT1-TPP1, with TPP1 being the key player [109–111]. These
two proteins are important to decrease the dissociation rate of telomerase and help the
translocation step. In Leishmania spp., RPA-1 seems to play the same role as POT1 at telom-
eres [12]. However, no ortholog of TPP1 was described in the parasite. The identification
of other parasite telomerase cofactors and the characterization of this multistep process are
under investigation.

Interestingly, in mammals, it is known that telomerase is possibly involved in other
roles not related to telomere maintenance, such as cellular proliferation, mitochondrial ac-
tivity, and gene expression regulation [112]. In Leishmania spp., for example, Campelo et al.,
(2015) [113] studied the TERT component of Leishmania major and observed that, besides
the nucleus, it could also be found in its unique mitochondrion. In addition, parasites
exposed to hydrogen peroxide showed increased TERT levels, especially in the mitochon-
dria compartment. However, it is important to remember that parasite mitochondrion
contains circular DNA (kDNA), which does not have telomeres. Therefore, it is important
to demonstrate if parasite telomerase presents extra telomeric functions, since it could
increase the druggable potential of this important ribonucleoprotein.

Our belief in telomerase as a good target for antiparasitic drug development is also
related to its essential role in cell homeostasis and genome stability. We must also consider
the structural differences between the telomerase complex (TERT and TER) of mammals
and Leishmania spp. [7,89] and the fact that telomerase is inactive in most mammalian
somatic cells. Thus, it is reasonable to hypothesize that impairing the infective parasite
forms to elongate telomeres would directly affect parasites without harming host cells.

4.3. Phylogenetic Context of Leishmania spp. Telomerases among Other Pathogenic Trypanosomatids

Our very little knowledge about telomerases in Leishmania spp. reflects the challenges
involved in the genome manipulation of these parasites [114,115]. However, the recent
advent of genome editing using CRISPR-Cas9 and its variations should help resolve some
of these functional questions that are still lingering, as has been done for other genes and
in other species [116–118]. In addition, the available evidence on the subject matter shows
some differences in the TERT between members of the trypanosomatid family and may be
due to the enzyme′s usefulness to the parasite [89,119].
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Considering the importance of a high proliferative rate for the cell cycle of these
parasites, the question of whether the parasite depends on an enzyme for longevity, as has
been reported in other cells, is still unanswered. The knockdown of T. brucei telomerase
induced telomere shortening without effects on the parasite growth [119]. However, the
existent differences between trypanosomatids cannot be confidently extrapolated. In
Leishmania spp., for example, the absence of the TERT and the TER minimal telomerase
components seems to be very harmful to the cells (see Section 4.1).

Between the members of the Leishmania genus, Giardini et al., (2006) [89] found
that the TERT component of L. donovani, L. amazonensis, L. major, and L. braziliensis has a
nucleotide identity exceeding 90%, while sharing a little similarity with T. cruzi and T. brucei.
Concerning amino acids, their sequence analysis shows over 70% identity between the
Leishmania spp. and under 40% similarity with T. cruzi and T. brucei [89]. The Leishmania TER
component also does not share nucleotide sequence similarities with other trypanosome
TERs. They only share similarities in their secondary structures [7].

In other eukaryotes, the TERT component is also involved with noncanonical and
extratelomeric functions, such as cell proliferation and apoptosis [120–124]. However, these
functions may more likely result from evolutional adaptation events, which sometimes
result in the loss and gain of certain protein domains with organism-specific functions.
Hopefully, with the new approaches based on the CRISPR/Cas system, the many gaps of
the Leishmania spp. telomerase will begin to be covered, and more details will probably be
available to elucidate the telomere biology of these parasites.

5. Conclusions Remarks

The telomeres dynamics throughout the cell cycle are an essential phenomenon for
all eukaryotic cells. Additionally, for most eukaryotes, the holoenzyme telomerase is
the key behind these dynamics. When we expand this fact for single-cell parasites, we
assume that understanding the differences and similarities between the pathogen and
the host is an essential pathway for specific and successful treatment development. Here,
we covered the knowledge available so far on Leishmania spp. cell cycle and telomere
homeostasis, unveiling the remaining gaps and the advances reached in the last years.
Among the impressive progress on the biology of these parasites are the facts that they
remain in the G0 state during the infective stages and the remarkable divergence of their
telomeric shelterin-like complex relative to mammals. However, these aspects are only a
few examples of how this subject can be future linked to leishmaniases treatment and how
far scientists are from a deeper knowledge of these peculiar eukaryote parasites.

Author Contributions: Conceptualization, M.I.N.C. and M.S.d.S.; writing—original draft prepara-
tion, L.H.C.A., D.A.-S., B.C.D.d.O., M.E.S., S.C.P., V.S.F., L.S.d.O., B.E.A. and Y.G.F.; writing—review
and editing, L.H.C.A., D.A.-S., M.S.d.S. and M.I.N.C.; supervision, M.I.N.C. and M.S.d.S.; project
administration, M.I.N.C. and M.S.d.S.; and funding acquisition, M.I.N.C. and M.S.d.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the São Paulo Research Foundation (FAPESP) under grants
2018/04375-2 (M.I.N.C.), and 2019/10753-2 and 2020/10277-3 (M.S.d.S.). L.H.C.A. and D.A.-S. are
postdoctoral fellows from FAPESP (grants 2021/04253-7 and 2021/05523-8, respectively). B.C.D.d.O.,
and M.E.S. are Ph.D. students from FAPESP (grants 2019/25985-6 and 2020/00316-1, respectively).
B.E.A. and Y.G.F. are M.Sc. students from FAPESP (grants 2020/16480-5 and 2020/16465-6, respec-
tively). S.C.P. is a M.Sc. student from CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior—Brazil), and V.S.F. is an undergraduate student (FAPESP grant 2020/08162-3).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable since this work is a review of published data.



Cells 2021, 10, 3195 11 of 15

Conflicts of Interest: The authors declare no conflict of interests, and the funders had no role in the
design of the study; in the collection, analyses, or interpretation of the data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Cantanhêde, L.M.; Mata-Somarribas, C.; Chourabi, K.; Pereira da Silva, G.; Dias das Chagas, B.; de Oliveira, R.; Pereira, L.; Côrtes

Boité, M.; Cupolillo, E. The Maze Pathway of Coevolution: A Critical Review over the Leishmania and Its Endosymbiotic History.
Genes 2021, 12, 657. [CrossRef]

2. Burza, S.; Croft, S.L.; Boelaert, M. Leishmaniasis. Lancet 2018, 392, 951–970. [CrossRef]
3. Serafim, T.D.; Coutinho-Abreu, I.V.; Dey, R.; Kissinger, R.; Valenzuela, J.G.; Oliveira, F.; Kamhawi, S. Leishmaniasis: The Act of

Transmission. Trends Parasitol. 2021, 37, 976–987. [CrossRef] [PubMed]
4. Ghorbani, M.; Farhoudi, R. Leishmaniasis in Humans: Drug or Vaccine Therapy? Drug Des. Dev. Ther. 2017, 12, 25–40. [CrossRef]
5. Cruz, A.K.; Freitas-Castro, F. Genome and Transcriptome Analyses of Leishmania spp.: Opening Pandora’s Box. Curr. Opin.

Microbiol. 2019, 52, 64–69. [CrossRef]
6. Lander, N.; Chiurillo, M.A. State-of-the-art CRISPR/Cas9 Technology for Genome Editing in Trypanosomatids. J. Eukaryot.

Microbiol. 2019, 66, 981–991. [CrossRef]
7. Vasconcelos, E.J.R.; Nunes, V.S.; da Silva, M.S.; Segatto, M.; Myler, P.J.; Cano, M.I.N. The Putative Leishmania Telomerase RNA

(LeishTER) Undergoes Trans-Splicing and Contains a Conserved Template Sequence. PLoS ONE 2014, 9, e112061. [CrossRef]
[PubMed]

8. Sandin, S.; Rhodes, D. Telomerase Structure. Curr. Opin. Struct. Biol. 2014, 25, 104–110. [CrossRef] [PubMed]
9. Podlevsky, J.D.; Chen, J.J.-L. Evolutionary Perspectives of Telomerase RNA Structure and Function. RNA Biol. 2016, 13, 720–732.

[CrossRef] [PubMed]
10. Li, B.; Espinal, A.; Cross, G.A.M. Trypanosome Telomeres Are Protected by a Homologue of Mammalian TRF2. Mol. Cell. Biol.

2005, 25, 5011–5021. [CrossRef]
11. Fernandes, C.A.H.; Perez, A.M.; Barros, A.C.; Dreyer, T.R.; da Silva, M.S.; Morea, E.G.O.; Fontes, M.R.M.; Cano, M.I.N. Dual

Cellular Localization of the Leishmania Amazonensis Rbp38 (LaRbp38) Explains Its Affinity for Telomeric and Mitochondrial
DNA. Biochimie 2019, 162, 15–25. [CrossRef]

12. Fernandes, C.A.H.; Morea, E.G.O.; dos Santos, G.A.; da Silva, V.L.; Vieira, M.R.; Viviescas, M.A.; Chatain, J.; Vadel, A.; Saintomé,
C.; Fontes, M.R.M.; et al. A Multi-Approach Analysis Highlights the Relevance of RPA-1 as a Telomere End-Binding Protein
(TEBP) in Leishmania Amazonensis. Biochim. Biophys. Acta BBA-Gen. Subj. 2020, 1864, 129607. [CrossRef]

13. Dey, A.; Chakrabarti, K. Current Perspectives of Telomerase Structure and Function in Eukaryotes with Emerging Views on
Telomerase in Human Parasites. Int. J. Mol. Sci. 2018, 19, 333. [CrossRef]

14. Lai, A.G.; Pouchkina-Stantcheva, N.; Di Donfrancesco, A.; Kildisiute, G.; Sahu, S.; Aboobaker, A.A. The Protein Subunit of
Telomerase Displays Patterns of Dynamic Evolution and Conservation across Different Metazoan Taxa. BMC Evol. Biol. 2017, 17,
107. [CrossRef] [PubMed]

15. Oliveira, B.C.D.; Shiburah, M.E.; Paiva, S.C.; Vieira, M.R.; Morea, E.G.O.; da Silva, M.S.; Alves, C.S.; Segatto, M.; Gutierrez-
Rodrigues, F.; Borges, J.C.; et al. Possible Involvement of Hsp90 in the Regulation of Telomere Length and Telomerase Activity
During Leishmania amazonensis Developmental Cycle and Population Proliferation. Front. Cell Dev. Biol. 2021, in press.
[CrossRef]

16. Cano, M.I.N. Telomere Biology of Trypanosomatids: More Questions than Answers. Trends Parasitol. 2001, 17, 425–429. [CrossRef]
17. Lira, C.B.B.; Giardini, M.A.; Neto, J.L.S.; Conte, F.F.; Cano, M.I.N. Telomere Biology of Trypanosomatids: Beginning to Answer

Some Questions. Trends Parasitol. 2007, 23, 357–362. [CrossRef]
18. Damasceno, J.D.; Silva, G.L.; Tschudi, C.; Tosi, L.R. Evidence for Regulated Expression of Telomeric Repeat-Containing RNAs

(TERRA) in Parasitic Trypanosomatids. Mem. Inst. Oswaldo Cruz 2017, 112, 572–576. [CrossRef] [PubMed]
19. Poláková, E.; Záhonová, K.; Albanaz, A.T.S.; Butenko, A.; Lukeš, J.; Yurchenko, V. Diverse Telomeres in Trypanosomatids.

Parasitology 2021, 148, 1254–1270. [CrossRef]
20. Blackburn, E.H. Telomeres: Structure and Synthesis. J. Biol. Chem. 1990, 265, 5919–5921. [CrossRef]
21. Turner, K.; Vasu, V.; Griffin, D. Telomere Biology and Human Phenotype. Cells 2019, 8, 73. [CrossRef] [PubMed]
22. Greider, C.W. Telomere Length Regulation. Annu. Rev. Biochem. 1996, 65, 337–365. [CrossRef]
23. Barbé-Tuana, F.; Grun, L.K.; Pierdoná, V.; de Oliveira, B.C.D.; Paiva, S.C.; Shiburah, M.E.; da Silva, V.L.; Morea, E.G.O.; Fontes,

V.S.; Cano, M.I.N. Human Chromosome Telomeres. In Human Genome Structure, Function and Clinical Considerations; Haddad,
L.A., Ed.; Springer: Cham, Switzerland, 2021; pp. 207–243, ISBN 978-3-030-73150-2.

24. Pierce, B.A. Genetics: A Conceptual Approach; Editora Guanabara Koogan: Rio de Janeiro, Brazil, 2016; v. 5.
25. Greider, C.W. Regulating Telomere Length from the Inside Out: The Replication Fork Model. Genes Dev. 2016, 30, 1483–1491.

[CrossRef] [PubMed]
26. Wright, W.E.; Tesmer, V.M.; Huffman, K.E.; Levene, S.D.; Shay, J.W. Normal Human Chromosomes Have Long G-Rich Telomeric

Overhangs at One End. Genes Dev. 1997, 11, 2801–2809. [CrossRef]
27. Watson, J.D. Origin of Concatemeric T7DNA. Nat. New Biol. 1972, 239, 197–201. [CrossRef]
28. Hayflick, L. The Limited in vitro Lifetime of Human Diploid Cell Strains. Exp. Cell Res. 1965, 37, 614–636. [CrossRef]

http://doi.org/10.3390/genes12050657
http://doi.org/10.1016/S0140-6736(18)31204-2
http://doi.org/10.1016/j.pt.2021.07.003
http://www.ncbi.nlm.nih.gov/pubmed/34389215
http://doi.org/10.2147/DDDT.S146521
http://doi.org/10.1016/j.mib.2019.05.004
http://doi.org/10.1111/jeu.12747
http://doi.org/10.1371/journal.pone.0112061
http://www.ncbi.nlm.nih.gov/pubmed/25391020
http://doi.org/10.1016/j.sbi.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24704747
http://doi.org/10.1080/15476286.2016.1205768
http://www.ncbi.nlm.nih.gov/pubmed/27359343
http://doi.org/10.1128/MCB.25.12.5011-5021.2005
http://doi.org/10.1016/j.biochi.2019.03.017
http://doi.org/10.1016/j.bbagen.2020.129607
http://doi.org/10.3390/ijms19020333
http://doi.org/10.1186/s12862-017-0949-4
http://www.ncbi.nlm.nih.gov/pubmed/28441946
http://doi.org/10.3389/fcell.2021.713415
http://doi.org/10.1016/S1471-4922(01)02014-1
http://doi.org/10.1016/j.pt.2007.06.005
http://doi.org/10.1590/0074-02760170054
http://www.ncbi.nlm.nih.gov/pubmed/28767983
http://doi.org/10.1017/S0031182021000378
http://doi.org/10.1016/S0021-9258(19)39264-6
http://doi.org/10.3390/cells8010073
http://www.ncbi.nlm.nih.gov/pubmed/30669451
http://doi.org/10.1146/annurev.bi.65.070196.002005
http://doi.org/10.1101/gad.280578.116
http://www.ncbi.nlm.nih.gov/pubmed/27401551
http://doi.org/10.1101/gad.11.21.2801
http://doi.org/10.1038/newbio239197a0
http://doi.org/10.1016/0014-4827(65)90211-9


Cells 2021, 10, 3195 12 of 15

29. Harley, C.B.; Futcher, A.B.; Greider, C.W. Telomeres Shorten during Ageing of Human Fibroblasts. Nature 1990, 345, 458–460.
[CrossRef] [PubMed]

30. Liu, J.; Wang, L.; Wang, Z.; Liu, J.-P. Roles of Telomere Biology in Cell Senescence, Replicative and Chronological Ageing. Cells
2019, 8, 54. [CrossRef]

31. Greider, C.W.; Blackburn, E.H. The Telomere Terminal Transferase of Tetrahymena Is a Ribonucleoprotein Enzyme with Two
Kinds of Primer Specificity. Cell 1987, 51, 887–898. [CrossRef]

32. Giardini, M.A.; Segatto, M.; da Silva, M.S.; Nunes, V.S.; Cano, M.I.N. Telomere and Telomerase Biology. In Progress in Molecular
Biology and Translational Science; Elsevier: Amsterdam, The Netherlands, 2014; Volume 125, pp. 1–40. [CrossRef]

33. Berei, J.; Eckburg, A.; Miliavski, E.; Anderson, A.D.; Miller, R.; Dein, J.; Giuffre, A.M.; Tang, D.; Deb, S.; Racherla, K.S.; et al.
Potential Telomere-related Pharmacological Targets. Curr. Top. Med. Chem. 2019, 20, 458–484. [CrossRef]

34. Terzi, M.Y.; Izmirli, M.; Gogebakan, B. The Cell Fate: Senescence or Quiescence. Mol. Biol. Rep. 2016, 43, 1213–1220. [CrossRef]
[PubMed]

35. Gossage, S.M.; Rogers, M.E.; Bates, P.A. Two Separate Growth Phases during the Development of Leishmania in Sand Flies:
Implications for understanding the life cycle. Int. J. Parasitol. 2003, 33, 1027–1034. [CrossRef]

36. Rittershaus, E.S.C.; Baek, S.H.; Sassetti, C.M. The Normalcy of Dormancy: Common Themes in Microbial Quiescence. Cell Host
Microbe 2013, 13, 643–651. [CrossRef] [PubMed]

37. Wheeler, R.J.; Gluenz, E.; Gull, K. The Cell Cycle of Leishmania: Morphogenetic Events and Their Implications for Parasite
Biology. Mol. Microbiol. 2011, 79, 647–662. [CrossRef]

38. Ambit, A.; Woods, K.L.; Cull, B.; Coombs, G.H.; Mottram, J.C. Morphological Events during the Cell Cycle of Leishmania major.
Eukaryot. Cell 2011, 10, 1429–1438. [CrossRef]

39. Simpson, L.; Braly, P. Synchronization of Leishmania tarentolae by Hydroxyurea. J. Protozool. 1970, 17, 511–517. [CrossRef]
40. da Silva, M.S.; Monteiro, J.P.; Nunes, V.S.; Vasconcelos, E.J.; Perez, A.M.; Freitas-Júnior, L.H.; Elias, M.C.; Cano, M.I.N. Leishmania

amazonensis Promastigotes Present Two Distinct Modes of Nucleus and Kinetoplast Segregation during Cell Cycle. PLoS ONE
2013, 8, e81397. [CrossRef]

41. Minocha, N.; Kumar, D.; Rajanala, K.; Saha, S. Kinetoplast morphology and segregation pattern as a marker for cell cycle
progression in Leishmania donovani. J. Eukaryot. Microbiol. 2011, 58, 249–253. [CrossRef]

42. da Silva, M.S.; Muñoz, P.A.M.; Armelin, H.A.; Elias, M.C. Differences in The Detection of BrdU/EdU Incorporation Assays Alter
the Calculation for G1, S, and G2 Phases of the Cell Cycle in Trypanosomatids. J. Eukaryot. Microbiol. 2017, 64, 756–770. [CrossRef]

43. Archer, S.K.; Inchaustegui, D.; Queiroz, R.; Clayton, C. The Cell Cycle Regulated Transcriptome of Trypanosoma brucei. PLoS
ONE 2011, 6, e18425. [CrossRef] [PubMed]

44. da Silva, M.S.; Cayres-Silva, G.R.; Vitarelli, M.O.; Marin, P.A.; Hiraiwa, P.M.; Araújo, C.B.; Scholl, B.B.; Ávila, A.R.; McCulloch, R.;
Reis, M.S.; et al. Transcription Activity Contributes to The Firing of Non-constitutive Origins in African trypanosomes Helping to
Maintain Robustness in S-phase Duration. Sci. Rep. 2019, 9, 18512. [CrossRef] [PubMed]

45. da Silva, M.S.; Pavani, R.S.; Damasceno, J.D.; Marques, C.A.; McCulloch, R.; Tosi, L.R.O.; Elias, M.C. Nuclear DNA Replication in
Trypanosomatids: There Are No Easy Methods for Solving Difficult Problems. Trends Parasitol. 2017, 33, 858–874. [CrossRef]

46. Marques, C.A.; Dickens, N.J.; Paape, D.; Campbell, S.J.; McCulloch, R. Genome-wide Mapping Reveals Single-origin Chromosome
Replication in Leishmania, a Eukaryotic Microbe. Genome Biol. 2015, 16, 230. [CrossRef] [PubMed]

47. da Silva, M.S.; Vitarelli, M.O.; Souza, B.F.; Elias, M.C. Comparative Analysis of The Minimum Number of Replication Origins in
Trypanosomatids And Yeasts. Genes 2020, 11, 523. [CrossRef] [PubMed]

48. Harashima, H.; Dissmeyer, N.; Schnittger, A. Cell Cycle Control across the Eukaryotic Kingdom. Trends Cell Biol. 2013, 23, 345–356.
[CrossRef] [PubMed]

49. Hu, H.; Liu, Y.; Zhou, Q.; Siegel, S.; Li, Z. The Centriole Cartwheel Protein SAS-6 in Trypanosoma brucei Is Required for Probasal
Body Biogenesis and Flagellum Assembly. Eukaryot. Cell 2015, 14, 898–907. [CrossRef]

50. Wheeler, R.J.; Sunter, J.D.; Gull, K. Flagellar Pocket Restructuring through the Leishmania Life Cycle Involves a Discrete Flagellum
Attachment zone. J. Cell Sci. 2016, 129, 854–867. [CrossRef]

51. Lodish, H.; Berk, A. Overview of the Cell Cycle, and Its Control. In Molecular Cell Biology, 4th ed.; W. H. Freeman: New York, NY,
USA, 2000; Section 13.1.

52. Campbell, P.C.; De Graffenried, C.L. Alternate Histories of Cytokinesis: Lessons from the Trypanosomatids. Mol. Biol. Cell 2020,
31, 2631–2639. [CrossRef]

53. Hecker, H.; Gander, E.S. The Compaction Pattern of the Chromatin of Trypanosomes. Biol. Cell 1985, 53, 199–208. [CrossRef]
54. Hecker, H.; Betschart, B.; Bender, K.; Burri, M.; Schlimme, W. The Chromatin of Trypanosomes. Int. J. Parasitol. 1994, 24, 809–819.

[CrossRef]
55. Wheeler, R.J.; Gluenz, E.; Gull, K. The Limits on Trypanosomatid Morphological Diversity. PLoS ONE 2013, 8, e79581. [CrossRef]
56. Shlomai, J. The Structure and Replication of Kinetoplast DNA. Curr. Mol. Med. 2005, 4, 623–647. [CrossRef]
57. Liu, B.; Liu, Y.; Motyka, S.A.; Agbo, E.E.C.; Englund, P.T. Fellowship of the Rings: The Replication of Kinetoplast DNA. Trends

Parasitol. 2005, 21, 363–369. [CrossRef] [PubMed]
58. Valdivia, H.O.; Reis-Cunha, J.L.; Rodrigues-Luiz, G.F.; Baptista, R.P.; Baldeviano, G.C.; Gerbasi, R.V.; Dobson, D.E.; Pratlong,

F.; Bastien, P.; Lescano, A.G.; et al. Comparative Genomic Analysis of Leishmania (Viannia) Peruviana and Leishmania (Viannia)
braziliensis. BMC Genom. 2015, 16, 715. [CrossRef] [PubMed]

http://doi.org/10.1038/345458a0
http://www.ncbi.nlm.nih.gov/pubmed/2342578
http://doi.org/10.3390/cells8010054
http://doi.org/10.1016/0092-8674(87)90576-9
http://doi.org/10.1016/B978-0-12-397898-1.00001-3
http://doi.org/10.2174/1568026620666200109114339
http://doi.org/10.1007/s11033-016-4065-0
http://www.ncbi.nlm.nih.gov/pubmed/27558094
http://doi.org/10.1016/S0020-7519(03)00142-5
http://doi.org/10.1016/j.chom.2013.05.012
http://www.ncbi.nlm.nih.gov/pubmed/23768489
http://doi.org/10.1111/j.1365-2958.2010.07479.x
http://doi.org/10.1128/EC.05118-11
http://doi.org/10.1111/j.1550-7408.1970.tb04719.x
http://doi.org/10.1371/journal.pone.0081397
http://doi.org/10.1111/j.1550-7408.2011.00539.x
http://doi.org/10.1111/jeu.12408
http://doi.org/10.1371/journal.pone.0018425
http://www.ncbi.nlm.nih.gov/pubmed/21483801
http://doi.org/10.1038/s41598-019-54366-w
http://www.ncbi.nlm.nih.gov/pubmed/31811174
http://doi.org/10.1016/j.pt.2017.08.002
http://doi.org/10.1186/s13059-015-0788-9
http://www.ncbi.nlm.nih.gov/pubmed/26481451
http://doi.org/10.3390/genes11050523
http://www.ncbi.nlm.nih.gov/pubmed/32397111
http://doi.org/10.1016/j.tcb.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23566594
http://doi.org/10.1128/EC.00083-15
http://doi.org/10.1242/jcs.183152
http://doi.org/10.1091/mbc.E19-12-0696
http://doi.org/10.1111/j.1768-322X.1985.tb00368.x
http://doi.org/10.1016/0020-7519(94)90007-8
http://doi.org/10.1371/journal.pone.0079581
http://doi.org/10.2174/1566524043360096
http://doi.org/10.1016/j.pt.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/15967722
http://doi.org/10.1186/s12864-015-1928-z
http://www.ncbi.nlm.nih.gov/pubmed/26384787


Cells 2021, 10, 3195 13 of 15

59. Chiurillo, M.A.; Beck, A.E.; Devos, T.; Myler, P.J.; Stuart, K.; Ramirez, J.L. Cloning and Characterization of Leishmania Donovani
Telomeres. Exp. Parasitol. 2000, 94, 248–258. [CrossRef] [PubMed]

60. Fu, G.; Baker, D.C. Characterisation of Leishmania Telomeres Reveals Unusual Telomeric Repeats and Conserved Telomere-
Associated Sequence. Nucleic Acids Res. 1998, 26, 2161–2167. [CrossRef] [PubMed]

61. Conte, F.F.; Cano, M.I.N. Genomic Organization of Telomeric and Subtelomeric Sequences of Leishmania (Leishmania) Amazonen-
sis. Int. J. Parasitol. 2005, 35, 1435–1443. [CrossRef]

62. Genest, P.A.; Borst, P. Analysis of Telomere Length Variation in Leishmania over Time. Mol. Biochem. Parasitol. 2007, 151, 213–215.
[CrossRef]

63. Pryde, F.E.; Gorham, H.C.; Louis, E.J. Chromosome ends: All the same under their caps. Curr. Opin. Genet. Dev. 1997, 7, 822–828.
[CrossRef]

64. Ravel, C.; Wincker, P.; Bastien, P.; Blaineau, C.; Pagès, M. A polymorphic minisatellite sequence in the subtelomeric regions of
chromosomes I and V in Leishmania infantum. Mol. Biochem. Parasitol. 1995, 74, 31–41. [CrossRef]

65. Dmitriev, P.V.; Petrov, A.V.; Dontsova, O.A. Yeast Telosome Complex: Components and Their Functions. Biochem. Mosc. 2003, 68,
718–734. [CrossRef] [PubMed]

66. da Silva, M.S.; Silveira, R.C.V.; Perez, A.M.; Monteiro, J.P.; Calderano, S.G.; Da Cunha, J.P.; Elias, M.C.; Cano, M.I.N. Nuclear
DNA Replication in Trypanosomatid Protozoa. In DNA Replication and Mutation; Leitner, R., Ed.; Nova Science Publishers, Inc.:
New York, NY, USA, 2012.

67. Lira, C.B.B.; de Siqueira Neto, J.L.; Khater, L.; Cagliari, T.C.; Peroni, L.A.; dos Reis, J.R.R.; Ramos, C.H.I.; Cano, M.I.N. LaTBP1: A
Leishmania Amazonensis DNA-Binding Protein That Associates in vivo with Telomeres and GT-Rich DNA Using a Myb-like
Domain. Arch. Biochem. Biophys. 2007, 465, 399–409. [CrossRef] [PubMed]

68. da Silva, M.S.; Perez, A.M.; Silveira, R.C.; Moraes, C.E.; Siqueira-Neto, J.L.; Freitas-Junior, L.H.; Cano, M.I.N. The Leishmania amazonensis
TRF (TTAGGG Repeat Binding Factor) Homologue Binds and Co-localizes with Telomeres. BMC Microbiol. 2010, 10, 136. [CrossRef]
[PubMed]

69. Fernandez, M.F.; Castellari, R.R.; Conte, F.F.; Gozzo, F.C.; Sabino, A.A.; Pinheiro, H.; Novello, J.C.; Eberlin, M.N.; Cano, M.I.N.
Identification of Three Proteins That Associate in vitro with The Leishmania (Leishmania) amazonensis G-rich Telomeric Strand:
G-telomeric Proteins in L. amazonensis. Eur. J. Biochem. 2004, 271, 3050–3063. [CrossRef]

70. Lira, C.B.B.; Siqueira Neto, J.L.; Giardini, M.A.; Winck, F.V.; Ramos, C.H.I.; Cano, M.I.N. LaRbp38: A Leishmania Amazonensis
Protein That Binds Nuclear and Kinetoplast DNAs. Biochem. Biophys. Res. Commun. 2007, 358, 854–860. [CrossRef]

71. Siqueira-Neto, J.L.; Lira, C.B.B.; Giardini, M.A.; Khater, L.; Perez, A.M.; Peroni, L.A.; dos Reis, J.R.R.; Freitas-Junior, L.H.; Ramos,
C.H.I.; Cano, M.I.N. Leishmania Replication Protein A-1 Binds in vivo Single-stranded Telomeric DNA. Biochem. Biophys. Res.
Commun. 2007, 358, 417–423. [CrossRef]

72. Pavani, R.S.; Fernandes, C.; Perez, A.M.; Vasconcelos, E.J.R.; Siqueira-Neto, J.L.; Fontes, M.R.; Cano, M.I.N. RPA-1 from Leishmania
amazonensis (LaRPA-1) Structurally Differs from Other Eukaryote RPA-1 and Interacts with Telomeric DNA via Its N-Terminal
OB-Fold Domain. FEBS Lett. 2014, 588, 4740–4748. [CrossRef]

73. Cuesta, J.; Read, M.A.; Neidle, S. The design of G-quadruplex ligands as telomerase inhibitors. Mini Rev. Med. Chem. 2003, 3,
11–21. [CrossRef]

74. De Cian, A.; Grellier, P.; Mouray, E.; Depoix, D.; Bertrand, H.; Monchaud, D.; Teulade-Fichou, M.P.; Mergny, J.L.; Alberti, P.
Plasmodium telomeric sequences: Structure, stability and quadruplex targeting by small compounds. Chembiochem 2008, 9,
2730–2739. [CrossRef]

75. Morea, E.G.O.; Viviescas, M.A.; Fernandes, C.A.H.; Matioli, F.F.; Lira, C.B.B.; Fernandez, M.F.; Moraes, B.S.; da Silva, M.S.; Storti,
C.B.; Fontes, M.R.M.; et al. A Calmodulin-like Protein (LCALA) Is a New Leishmania Amazonensis Candidate for Telomere
End-Binding Protein. Biochim. Biophys. Acta BBA-Gen. Subj. 2017, 1861, 2583–2597. [CrossRef]

76. Xu, Y. Chemistry in Human Telomere Biology: Structure, Function and Targeting of Telomere DNA/RNA. Chem. Soc. Rev. 2011,
40, 2719. [CrossRef] [PubMed]

77. Morea, E.G.O.; Vasconcelos, E.J.R.; Alves, C.S.; Giorgio, S.; Myler, P.J.; Langoni, H.; Azzalin, C.M.; Cano, M.I.N. Exploring TERRA
During Leishmania major Developmental Cycle and Continuous in vitro Passages. Int. J. Biol. Macromol. 2021, 174, 573–586.
[CrossRef]

78. van Leeuwen, F.; Taylor, M.C.; Mondragon, A.; Moreau, H.; Gibson, W.; Kieft, R.; Borst, P. β-D-Glucosyl-Hydroxymethyluracil Is
a Conserved DNA Modification in Kinetoplastid Protozoans and Is Abundant in Their Telomeres. Proc. Natl. Acad. Sci. USA 1998,
95, 2366–2371. [CrossRef]

79. Pays, E.; Delauw, M.F.; Laurent, M.; Steinert, M. Possible DNA Modification in GC Dinucleotides of Trypanosoma Brucei Telomeric
Sequences; Relationship with Antigen Gene Transcriptiond. Nucleic Acids Res. 1984, 12, 5235–5247. [CrossRef] [PubMed]

80. Bernards, A.; van Harten-Loosbroek, N.; Borst, P. Modification of Telomeric DNA in Trypanosoma Brucei; a Role in Antigenic
Variation? Nucleic Acids Res. 1984, 12, 4153–4170. [CrossRef]

81. van Leeuwen, F.; Wijsman, E.R.; Kieft, R.; van der Marel, G.A.; van Boom, J.H.; Borst, P. Localization of the Modified Base J in
Telomeric VSG Gene Expression Sites of Trypanosoma Brucei. Genes Dev. 1997, 11, 3232–3241. [CrossRef] [PubMed]

82. Borst, P.; Sabatini, R. Base J: Discovery, Biosynthesis, and Possible Functions. Annu. Rev. Microbiol. 2008, 62, 235–251. [CrossRef]
83. Shay, J.W.; Wright, W.E. Telomeres and Telomerase: Three Decades of Progress. Nat. Rev. Genet. 2019, 20, 299–309. [CrossRef]

http://doi.org/10.1006/expr.2000.4499
http://www.ncbi.nlm.nih.gov/pubmed/10831393
http://doi.org/10.1093/nar/26.9.2161
http://www.ncbi.nlm.nih.gov/pubmed/9547275
http://doi.org/10.1016/j.ijpara.2005.05.011
http://doi.org/10.1016/j.molbiopara.2006.10.015
http://doi.org/10.1016/S0959-437X(97)80046-9
http://doi.org/10.1016/0166-6851(95)02480-8
http://doi.org/10.1023/A:1025022630840
http://www.ncbi.nlm.nih.gov/pubmed/12946253
http://doi.org/10.1016/j.abb.2007.06.020
http://www.ncbi.nlm.nih.gov/pubmed/17678615
http://doi.org/10.1186/1471-2180-10-136
http://www.ncbi.nlm.nih.gov/pubmed/20459667
http://doi.org/10.1111/j.1432-1033.2004.04237.x
http://doi.org/10.1016/j.bbrc.2007.05.005
http://doi.org/10.1016/j.bbrc.2007.04.144
http://doi.org/10.1016/j.febslet.2014.11.005
http://doi.org/10.2174/1389557033405502
http://doi.org/10.1002/cbic.200800330
http://doi.org/10.1016/j.bbagen.2017.08.011
http://doi.org/10.1039/c0cs00134a
http://www.ncbi.nlm.nih.gov/pubmed/21301727
http://doi.org/10.1016/j.ijbiomac.2021.01.192
http://doi.org/10.1073/pnas.95.5.2366
http://doi.org/10.1093/nar/12.13.5235
http://www.ncbi.nlm.nih.gov/pubmed/6087278
http://doi.org/10.1093/nar/12.10.4153
http://doi.org/10.1101/gad.11.23.3232
http://www.ncbi.nlm.nih.gov/pubmed/9389654
http://doi.org/10.1146/annurev.micro.62.081307.162750
http://doi.org/10.1038/s41576-019-0099-1


Cells 2021, 10, 3195 14 of 15

84. Weinrich, S.L.; Pruzan, R.; Ma, L.; Ouellette, M.; Tesmer, V.M.; Holt, S.E.; Bodnar, A.G.; Lichtsteiner, S.; Kim, N.W.; Trager, J.B.; et al.
Reconstitution of Human Telomerase with the Template RNA Component HTR and the Catalytic Protein Subunit HTRT. Nat.
Genet. 1997, 17, 498–502. [CrossRef]

85. Beattie, T.L.; Zhou, W.; Robinson, M.O.; Harrington, L. Reconstitution of Human Telomerase Activity in Vitro. Curr. Biol. 1998, 8,
177–180. [CrossRef]

86. Harrington, L. Biochemical Aspects of Telomerase Function. Cancer Lett. 2003, 194, 139–154. [CrossRef]
87. Cano, M.I.N.; Dungan, J.M.; Agabian, N.; Blackburn, E.H. Telomerase in Kinetoplastid Parasitic Protozoa. Proc. Natl. Acad. Sci.

USA 1999, 96, 3616–3621. [CrossRef]
88. Giardini, M.A.; Fernández, M.F.; Lira, C.B.B.; Cano, M.I.N. Leishmania amazonensis: Partial Purification and Study of The

Biochemical Properties of The Telomerase Reverse Transcriptase Activity from Promastigote-stage. Exp. Parasitol. 2011, 127,
243–248. [CrossRef] [PubMed]

89. Giardini, M.A.; Lira, C.B.B.; Conte, F.F.; Camillo, L.R.; de Siqueira Neto, J.L.; Ramos, C.H.I.; Cano, M.I.N. The Putative Telomerase
Reverse Transcriptase Component of Leishmania Amazonensis: Gene Cloning and Characterization. Parasitol. Res. 2006, 98,
447–454. [CrossRef]

90. Collins, K. Single-Stranded DNA Repeat Synthesis by Telomerase. Curr. Opin. Chem. Biol. 2011, 15, 643–648. [CrossRef]
91. Rouda, S.; Skordalakes, E. Structure of the RNA-Binding Domain of Telomerase: Implications for RNA Recognition and Binding.

Structure 2007, 15, 1403–1412. [CrossRef] [PubMed]
92. Xia, J.; Peng, Y.; Mian, I.S.; Lue, N.F. Identification of Functionally Important Domains in the N-Terminal Region of Telomerase

Reverse Transcriptase. Mol. Cell. Biol. 2000, 20, 5196–5207. [CrossRef]
93. Armbruster, B.N.; Banik, S.S.R.; Guo, C.; Smith, A.C.; Counter, C.M. N-Terminal Domains of the Human Telomerase Catalytic

Subunit Required for Enzyme Activity in vivo. Mol. Cell. Biol. 2001, 21, 7775–7786. [CrossRef]
94. Huang, J.; Brown, A.F.; Wu, J.; Xue, J.; Bley, C.J.; Rand, D.P.; Wu, L.; Zhang, R.; Chen, J.J.-L.; Lei, M. Structural Basis for

Protein-RNA Recognition in Telomerase. Nat. Struct. Mol. Biol. 2014, 21, 507–512. [CrossRef]
95. Jansson, L.I.; Akiyama, B.M.; Ooms, A.; Lu, C.; Rubin, S.M.; Stone, M.D. Structural Basis of Template-Boundary Definition in

Tetrahymena Telomerase. Nat. Struct. Mol. Biol. 2015, 22, 883–888. [CrossRef] [PubMed]
96. Jiang, J.; Chan, H.; Cash, D.D.; Miracco, E.J.; Ogorzalek Loo, R.R.; Upton, H.E.; Cascio, D.; O’Brien Johnson, R.; Collins, K.; Loo,

J.A.; et al. Structure of Tetrahymena Telomerase Reveals Previously Unknown Subunits, Functions, and Interactions. Science 2015,
350, aab4070. [CrossRef]

97. Chan, H.; Wang, Y.; Feigon, J. Progress in Human and Tetrahymena Telomerase Structure Determination. Annu. Rev. Biophys. 2017,
46, 199–225. [CrossRef]

98. Robart, A.R.; Collins, K. Human Telomerase Domain Interactions Capture DNA for TEN Domain-Dependent Processive
Elongation. Mol. Cell 2011, 42, 308–318. [CrossRef]

99. Egan, E.D.; Collins, K. Biogenesis of Telomerase Ribonucleoproteins. RNA 2012, 18, 1747–1759. [CrossRef]
100. Sandhu, R.; Sanford, S.; Basu, S.; Park, M.; Pandya, U.M.; Li, B.; Chakrabarti, K. A Trans-Spliced Telomerase RNA Dictates

Telomere Synthesis in Trypanosoma Brucei. Cell Res. 2013, 23, 537–551. [CrossRef]
101. Schmidt, J.C.; Cech, T.R. Human Telomerase: Biogenesis, Trafficking, Recruitment, and Activation. Genes Dev. 2015, 29, 1095–1105.

[CrossRef]
102. Nguyen, K.T.T.T.; Wong, J.M.Y. Telomerase Biogenesis and Activities from the Perspective of Its Direct Interacting Partners.

Cancers 2020, 12, 1679. [CrossRef]
103. Viviescas, M.A.; Cano, M.I.N.; Segatto, M. Chaperones and Their Role in Telomerase Ribonucleoprotein Biogenesis and Telomere

Maintenance. Curr. Proteom. 2018, 16, 31–43. [CrossRef]
104. Weber, H.; Valbuena, J.R.; Barbhuiya, M.A.; Stein, S.; Kunkel, H.; García, P.; Bizama, C.; Riquelme, I.; Espinoza, J.A.; Kurtz,

S.E.; et al. Small Molecule Inhibitor Screening Identified HSP90 Inhibitor 17-AAG as Potential Therapeutic Agent for Gallbladder
Cancer. Oncotarget 2017, 8, 26169–26184. [CrossRef] [PubMed]

105. Nepomuceno-Mejía, T.; Florencio-Martínez, L.E.; Martinez-Calvillo, S. Nucleolar Division in the Promastigote Stage of Leishmania
major Parasite: A Nop56 Point of View. Biomed. Res. Int. 2018, 2018, 1641839. [CrossRef] [PubMed]

106. Zamudio, J.R.; Mittra, B.; Chattopadhyay, A.; Wohlschlegel, J.A.; Sturm, N.R.; Campbell, D.A. Trypanosoma brucei Spliced Leader
RNA Maturation by the Cap 1 2′-O-Ribose Methyltransferase and SLA1 H/ACA SnoRNA Pseudouridine Synthase Complex.
Mol. Cell. Biol. 2009, 29, 1202–1211. [CrossRef]

107. Gupta, S.K.; Kolet, L.; Doniger, T.; Biswas, V.K.; Unger, R.; Tzfati, Y.; Michaeli, S. The Trypanosoma brucei Telomerase RNA (TER)
Homologue Binds Core Proteins of the C/D SnoRNA Family. FEBS Lett. 2013, 587, 1399–1404. [CrossRef]

108. Greider, C. Telomerase Is Processive. Mol. Cell. Biol. 1991, 11, 4572–4580. [CrossRef]
109. Xin, H.; Liu, D.; Wan, M.; Safari, A.; Kim, H.; Sun, W.; O’Connor, M.; Songyang, Z. TPP1 Is a Homologue of Ciliate TEBP-beta

And Interacts with POT1 to Recruit Telomerase. Nature 2007, 445, 559–562. [CrossRef]
110. Latrick, C.M.; Cech, T.R. POT1–TPP1 Enhances Telomerase Processivity by Slowing Primer Dissociation and Aiding Translocation.

EMBO J. 2010, 29, 924–933. [CrossRef] [PubMed]
111. Aramburu, T.; Plucinsky, S.; Skordalakes, E. POT1-TPP1 Telomere Length Regulation and Disease. Comput. Struct. Biotechnol. J.

2020, 18, 1939–1946. [CrossRef]

http://doi.org/10.1038/ng1297-498
http://doi.org/10.1016/S0960-9822(98)70067-3
http://doi.org/10.1016/S0304-3835(02)00701-2
http://doi.org/10.1073/pnas.96.7.3616
http://doi.org/10.1016/j.exppara.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20692257
http://doi.org/10.1007/s00436-005-0036-4
http://doi.org/10.1016/j.cbpa.2011.07.011
http://doi.org/10.1016/j.str.2007.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17997966
http://doi.org/10.1128/MCB.20.14.5196-5207.2000
http://doi.org/10.1128/MCB.21.22.7775-7786.2001
http://doi.org/10.1038/nsmb.2819
http://doi.org/10.1038/nsmb.3101
http://www.ncbi.nlm.nih.gov/pubmed/26436828
http://doi.org/10.1126/science.aab4070
http://doi.org/10.1146/annurev-biophys-062215-011140
http://doi.org/10.1016/j.molcel.2011.03.012
http://doi.org/10.1261/rna.034629.112
http://doi.org/10.1038/cr.2013.35
http://doi.org/10.1101/gad.263863.115
http://doi.org/10.3390/cancers12061679
http://doi.org/10.2174/1570164615666180713103133
http://doi.org/10.18632/oncotarget.15410
http://www.ncbi.nlm.nih.gov/pubmed/28412732
http://doi.org/10.1155/2018/1641839
http://www.ncbi.nlm.nih.gov/pubmed/30406129
http://doi.org/10.1128/MCB.01496-08
http://doi.org/10.1016/j.febslet.2013.03.017
http://doi.org/10.1128/MCB.11.9.4572-4580.1991
http://doi.org/10.1038/nature05469
http://doi.org/10.1038/emboj.2009.409
http://www.ncbi.nlm.nih.gov/pubmed/20094033
http://doi.org/10.1016/j.csbj.2020.06.040


Cells 2021, 10, 3195 15 of 15

112. Chiodi, I.; Mondello, C. Telomere-Independent Functions of Telomerase in Nuclei, Cytoplasm, and Mitochondria. Front. Oncol.
2012, 2, 133. [CrossRef] [PubMed]

113. Campelo, R.; Díaz Lozano, I.; Figarella, K.; Osuna, A.; Ramírez, J.L. Leishmania Major Telomerase TERT Protein Has a Nu-
clear/Mitochondrial Eclipsed Distribution That Is Affected by Oxidative Stress. Infect. Immun. 2015, 83, 57–66. [CrossRef]
[PubMed]

114. Yagoubat, A.; Corrales, R.M.; Bastien, P.; Lévêque, M.F.; Sterkers, Y. Gene Editing in Trypanosomatids: Tips and Tricks in the
CRISPR-Cas9 Era. Trends Parasitol. 2020, 36, 745–760. [CrossRef] [PubMed]

115. Yagoubat, A.; Crobu, L.; Berry, L.; Kuk, N.; Lefebvre, M.; Sarrazin, A.; Bastien, P.; Sterkers, Y. Universal Highly Efficient
Conditional Knockout System in Leishmania, with a Focus on Untranscribed Region Preservation. Cell. Microbiol. 2020, 22, e13159.
[CrossRef]

116. Beneke, T.; Gluenz, E. LeishGEdit: A Method for Rapid Gene Knockout and Tagging Using CRISPR-Cas9. In Leishmania; Clos, J.,
Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2019; Volume 1971, pp. 189–210, ISBN 978-1-4939-9209-6.

117. Xi, L.; Schmidt, J.C.; Zaug, A.J.; Ascarrunz, D.R.; Cech, T.R. A Novel Two-step Genome Editing Strategy with CRISPR-Cas9
Provides New Insights into Telomerase Action and TERT Gene Expression. Genome Biol. 2015, 16, 231. [CrossRef]

118. Xia, B.; Amador, G.; Viswanatha, R.; Zirin, J.; Mohr, S.E.; Perrimon, N. CRISPR-Based Engineering of Gene Knockout Cells by
Homology-Directed Insertion in Polyploid Drosophila S2R+ Cells. Nat. Protoc. 2020, 15, 3478–3498. [CrossRef] [PubMed]

119. Dreesen, O.; Li, B.; Cross, G. Telomere Structure and Shortening in Telomerase-deficient Trypanosoma brucei. Nucleic Acids Res.
2005, 33, 4536–4543. [CrossRef] [PubMed]

120. Haendeler, J.; Hoffmann, J.; Rahman, S.; Zeiher, A.M.; Dimmeler, S. Regulation of Telomerase Activity and Anti-Apoptotic
Function by Protein-Protein Interaction and Phosphorylation. FEBS Lett. 2003, 536, 180–186. [CrossRef]

121. Lee, J.; Sung, Y.H.; Cheong, C.; Choi, Y.S.; Jeon, H.K.; Sun, W.; Hahn, W.C.; Ishikawa, F.; Lee, H.-W. TERT Promotes Cellular and
Organismal Survival Independently of Telomerase Activity. Oncogene 2008, 27, 3754–3760. [CrossRef] [PubMed]

122. Zhang, A.; Zheng, C.; Hou, M.; Lindvall, C.; Li, K.-J.; Erlandsson, F.; Björkholm, M.; Gruber, A.; Blennow, E.; Xu, D. Deletion of
the Telomerase Reverse Transcriptase Gene and Haploinsufficiency of Telomere Maintenance in Cri Du Chat Syndrome. Am. J.
Hum. Genet. 2003, 72, 940–948. [CrossRef] [PubMed]

123. Zhou, J.; Ding, D.; Wang, M.; Cong, Y.-S. Telomerase Reverse Transcriptase in the Regulation of Gene Expression. BMB Rep. 2014,
47, 8–14. [CrossRef] [PubMed]

124. Zhu, J.; Liu, W.; Chen, C.; Zhang, H.; Yue, D.; Li, C.; Zhang, L.; Gao, L.; Huo, Y.; Liu, C.; et al. TPP1 OB-Fold Domain Protein
Suppresses Cell Proliferation and Induces Cell Apoptosis by Inhibiting Telomerase Recruitment to Telomeres in Human Lung
Cancer Cells. J. Cancer Res. Clin. Oncol. 2019, 145, 1509–1519. [CrossRef]

http://doi.org/10.3389/fonc.2012.00133
http://www.ncbi.nlm.nih.gov/pubmed/23061047
http://doi.org/10.1128/IAI.02269-14
http://www.ncbi.nlm.nih.gov/pubmed/25312950
http://doi.org/10.1016/j.pt.2020.06.005
http://www.ncbi.nlm.nih.gov/pubmed/32703742
http://doi.org/10.1111/cmi.13159
http://doi.org/10.1186/s13059-015-0791-1
http://doi.org/10.1038/s41596-020-0383-8
http://www.ncbi.nlm.nih.gov/pubmed/32958931
http://doi.org/10.1093/nar/gki769
http://www.ncbi.nlm.nih.gov/pubmed/16091631
http://doi.org/10.1016/S0014-5793(03)00058-9
http://doi.org/10.1038/sj.onc.1211037
http://www.ncbi.nlm.nih.gov/pubmed/18223679
http://doi.org/10.1086/374565
http://www.ncbi.nlm.nih.gov/pubmed/12629597
http://doi.org/10.5483/BMBRep.2014.47.1.284
http://www.ncbi.nlm.nih.gov/pubmed/24388106
http://doi.org/10.1007/s00432-019-02921-3

	Introduction 
	Leishmania spp. Cell Cycle 
	Leishmania spp. Telomeres 
	Leishmania spp. Telomerase 
	Structure and Function 
	Biogenesis and Mechanisms 
	Phylogenetic Context of Leishmania spp. Telomerases among Other Pathogenic Trypanosomatids 

	Conclusions Remarks 
	References

