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1. ABSTRACT

Telomeres are highly regulated and dynamic 
complexes that protect the genomic DNA and prevent the 
end of linear chromosomes from being misrecognized 
as a broken DNA. Due to the end replication problem, 
telomeres of somatic cells shorten with each cell division, 
inducing cell senescence. Telomerase is a reverse 
transcriptase capable of compensating telomere attrition 
by adding telomere repeats to the ends of chromosomes. 
Human telomeres are associated with the shelterin 
complex which consists of six telomere-associated 
proteins that specifically bind to telomeric DNA. Alterations 
or removal of individual shelterin components would 
lead to telomere uncapping and telomere dysfunction, 
resulting in cellular senescence and transformation to 
a malignant state. Another complex of multifunctional 
proteins, named non-shelterin complex, is thought to 
prevent telomere degradation and facilitate telomerase-
based telomere elongation. As telomerase is highly 
expressed in most human tumor cells, it is considered 
an attractive target for new therapeutic strategies. In 
this review, we will summarize the characteristics of 
telomeres and telomerase in lymphoid malignancies and 
discuss the role of telomere-associated proteins in these 
entities.

2. INTRODUCTION

2.1. Telomeres and telomerase
Telomeres are highly regulated and dynamic 

complexes at chromosome ends, consisting in human 
cells of tandem repeats of the sequence TTAGGG 
and associated protective proteins (1). The main 
role of telomeres is to protect the genomic DNA and 
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prevent the end of linear chromosomes from being 
misrecognized as a broken DNA. As known, due to the 
end-replication problem, the DNA replication machinery 
cannot completely copy the DNA of linear chromosomes, 
leading to telomeres progressively shorter with repeated 
cell division.

In eukaryotes, this deficiency can be resolved 
by the cellular ribonucleoprotein enzyme telomerase, 
which can add telomeric repeat sequences to the ends of 
chromosomes, thus elongating them to compensate for 
their attrition (2). The core of the telomerase holoenzyme 
complex consists of the catalytic reverse transcriptase 
(TERT) subunit, the RNA template (TERC) and dyskerin 
(DKC1) (3). Most normal human cells lack sufficient levels 
of telomerase to maintain telomere length (TL), hence 
telomeres shorten over time and result in replicative 
senescence (4). By contrast, in most human tumor cells 
telomerase is highly expressed, and TL is maintained (5). 
Approximately 10% to 15% of human cancers lack 
detectable telomerase activity and the mechanism for 
maintaining the lengths of telomeres is referred to as 
alternative lengthening of telomere (ALT). Defects in the 
protection of telomeres have been implicated in cancer 
and aging (6).

Despite their heterochromatic state, telomeres 
are transcribed giving rise to long non-coding RNAs 
(lncRNA) called TERRA (telomeric repeat-containing 
RNA). TERRA molecules play critical roles in telomere 
biology, including regulation of telomerase activity, 
heterochromatin formation at chromosome ends and 
capping of telomeres. Nevertheless, the mechanisms of 
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action of telomeric non-coding RNAs remain largely to be 
elucidated (7).

2.2. Shelterin and non-shelterin complexes
Human telomeres are associated with the 

shelterin complex, which contains six proteins: TRF1, 
TRF2, POT1, TIN2, TPP1 and RAP1. Among them, 
TRF1 and TRF2 (Telomeric Repeat Binding Factor 
1 and 2) are homodimeric proteins that bind to the 
double-stranded telomeric DNA. Several in vitro studies 
have suggested a DNA remodeling role for TRF1 and 
TRF2  (8, 9). POT1 (Protection Of Telomeres 1) binds 
specifically to single-stranded telomeric DNA and forms 
a heterodimer with TPP1 (ACD gene: Adrenocortical 
Dysplasia Homolog) protein (10). TIN2 (TRF1-Interacting 
Protein 2) is a hub that interacts with TRF1, TRF2, and 
POT1/TPP1  (10, 11), mediating the assembly of the 
entire complex. RAP1 (Repressor/Activator Protein 1) is 
recruited through its interaction with TRF2 (9). Alterations 
or removal of individual shelterin subunits leads to severe 
telomere uncapping, which triggers specific DNA damage 
response (DDR) pathways as they are recognized as 
double-strand breaks. For instance, TRF1 was shown 
to prevent the activation of both ataxia telangiectasia 
mutated (ATM) and ataxia telangiectasia and Rad3 
related (ATR) pathways (12). In addition, TRF2, RAP1, 
and POT1/TPP1 were shown to inhibit the activation of 
ATM (13), homology-directed recombination (14), and 
ATR (15) pathways, respectively.

A current model for how telomere shortening 
activates a DDR suggests that critically short telomeres 
would fail to recruit the shelterin amount required 
for repressing the DNA repair pathways (16). On the 
contrary, long telomeres recruit more TRF1 and TRF2, 
facilitating the t-loop formation. In the t-loop state, 
telomerase would no longer be able to elongate the 
chromosome ends, leading to loss of sequences with 
successive cell divisions. In agreement with this model, 
Takai et al (17) have shown that short telomeres serve 
as a better substrate for telomerase than long telomeres, 
creating a feedback mechanism to maintain the TL. As 
telomeres gradually shorten, they switch to an open 
state due to a lower number of shelterin subunits. At 
this stage, the telomere elongation would again take 
place, preventing complete loss of the telomeric DNA 
and resulting in the stabilization of the telomeres at a 
short length.

Another complex of multifunctional proteins, 
named the non-shelterin complex, comprise a set of 
multifunctional factors such as DNA repair proteins 
MRE11/NBS/RAD50 (MNR complex) and Replication 
Protein A1 (RPA1) that prevent telomere degradation and 
facilitate telomerase-based telomere elongation  (18). 
Maintenance of the telomere architecture involves a 
highly regulated network of protein-protein, protein-DNA 
and protein-RNA interactions; thus its impairment can 

result in telomere dysfunction, cellular senescence and 
transformation to a malignant state (14, 19).

In addition, there is another complex, named 
ribonucleoprotein (RNP) complex, composed of four 
evolutionarily conserved proteins, DKC1, NHP2 (NHP2 
ribonucleoprotein), NOP10 (NP10 ribonucleoprotein), 
and GAR1 (GAR1 ribonucleoprotein), and a function-
specifying, noncoding H/ACA RNAs (20, 21). DKC1, 
NHP2 and NOP10 form a trimer that bound directly to 
H/ACA small nucleolar (sno)/small Cajal body-specific 
(sca) RNAs (sno/scaRNA) and the 3´ domain of 
TERC  (22,  23). H/ACA RNPs contribute to telomerase 
assembly and stabilization, and posttranscriptional 
processing of nascent ribosomal RNA and spliceosomal 
RNA (24-26). DKC1, NHP2 and NOP10 are 
interdependent of each other for stability (27); the loss of 
function of any of these proteins reduces TERC stability 
and decreases telomerase activity. On the contrary, GAR1 
binds only to DKC1 and is needed for proper functioning 
of the H/ACA RNPs (28). In a recent report, von Stedingk 
et  al (29) suggests that at early tumor stage cells with 
low DKC1, NHP2 and GAR1 expression levels may 
undergo genetic alterations and instability associated 
to telomere dysfunction. However, at advanced stage, 
over-expression of H/ACA RNP components, associated 
to increased telomerase activity, would favor tumor 
progression.

Several studies using genetically modified mice 
for different components of the telomere complexes 
suggest a role for these proteins in cancer susceptibility 
and age-related diseases even in the presence of normal 
telomerase activity and normal TL (30-32). Telomere 
dynamics have been extensively studied in hematologic 
malignancies. In this review we will consider the current 
evidence for the role of telomere-associated proteins in 
lymphoid neoplasm.

3. TELOMERE HOMEOSTASIS IN LYMPHOID 
MALIGNANCIES

3.1. Chronic lymphocytic leukemia (CLL)
CLL is the most common type of adult leukemia 

in the Western world, representing about 30% of all 
leukemias; the disease mainly affects individuals 
>60 years of age. It is characterized by the accumulation 
of small B lymphocytes with a mature appearance in 
blood, bone marrow, lymph nodes and other lymphoid 
tissues (33). It is a heterogeneous disorder with a highly 
variable clinical course, with time to progression ranging 
from months to decades. In the last years several 
prognostic biomarkers, including genomic alterations 
and mutational status of IGHV (immunoglobulin 
heavy chain variable) region, have been identified, 
allowing the subdivision of CLL into clinical relevant 
subgroups (34-37). More recently, advances in molecular 
and genetic profiling have led to the ability to identify 
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sub-groups of patients with CLL whose disease may 
respond to selected therapy (38).

In CLL, average TL has been reported as an 
emerging prognostic factor. In general, the TLs of B-CLL 
cells are significantly shorter than those from B cells of 
age-matched normal controls (39-43). Short telomeres 
have been associated with genetic complexity and a high 

risk of genomic aberrations (40, 42, 44), and ultimately 
implicated in disease outcome (42, 44, 45). Besides, an 
association between short TL and a large of copy number 
aberrations detected by high resolution SNP-arrays was 
described (45).

Furthermore, the TLs of unmutated (UM) CLL 
cases, associated to poor outcome, are much shorter 
than those of age-matched normal donors, and they are 
even shorter than those of the mutated (M) cases, related 
to a better prognosis (39-42, 44-46). Studies of our group 
support these findings, showing short TL in UM-CLL 
patients compared to both M-CLL cases and normal 
controls, with significant differences with respect to the 
last group (Figure  1). Besides shortened TL, telomere 
fusion and genomic instability was also observed in 
patients with CLL (47). We have recently found that 
CLL patients with two or more chromosome aberrations 
displayed a significant TL reduction (Figure  2) and 
more importantly shorter treatment free survival when 
compared to cases with one or no anomalies (43). These 
findings indicate the importance of telomere dysfunction 
in driving genomic instability. In this regard, Lin et al (47) 
showed that a subset of early-stage patients exhibited 
extensive telomere erosion and fusion, indicating that 
telomere shortening and dysfunction may be critical in 
the progression of the disease.

Increased telomerase expression and activity 
were also observed in CLL patients (Table  1). Some 
studies proved that patients expressing TERT have 
significantly shorter survival than TERT-negative cases, 
regardless of disease stage (42, 48-50). In addition, the 
levels of TERT expression were significantly increased 
in advanced CLL stages and, within all stages, in the 
clinically aggressive UM-CLL cases. However, this 
relationship was not seen by Damle et al (51) in blood-
derived CLL cells grouped as a whole, although high 
telomerase activity was found in the poor outcome, 
UM-CLL subgroup. In addition, a recent report (52) did 
not find significant association between TERT expression 
and the most important prognostic factors of CLL as well 
as clinical outcome. Thus, studies in larger series of 
CLL patients will be necessary to clarify the prognostic 
significance of TERT expression in this pathology.

Altered expression of telomere-associated 
proteins has also been reported in this entity (Table 1). 
Poncet et al (53) have carried out transcriptomic analysis 
of telomerase components, shelterin proteins and a set 
of non-shelterin proteins. They found that the mRNA 
levels are lower in CLL cells for TRF1 and RAP1, slightly 
reduced for TRF2, and almost unchanged for TIN2. 
A decrease in mRNA levels of KU80, MRE11, and RAD50 
and an increase in RPA1 were also observed. These 
findings suggest that the capping complex might be 
disrupted, facilitating telomere reduction independently 
of telomerase levels. In agreement with this hypothesis, 
Augereau et al (54) have shown that shelterin 

Figure 1.Telomere length in mutated (M)-IGHV and unmutated (UM)-
IGHV chronic lymphocytic leukemia patients and normal controls (NC).

Figure 2. Telomere length in genetic risk groups of chronic lymphocytic 
leukemia patients and controls. *Significant differences with respect to 
del11q/17p, +12 and chromosome abnormalities groups (p<0.0.001). 
NA: No alterations.



Telomeric proteins in lymphoid malignancies

	 20� © 1996-2017

deregulation correlates with the presence of telomere 
damage-induced foci (TIF) in early stages of CLL. Since 
the presence of TIF is a hallmark of senescent cells (55), 
Augereau et  al (54) propose that early stage CLL is 
associated to accelerated B lymphocyte senescence. 
This might result from the accumulation of various 
telomere dysfunctions in the B cell lineage, including 
telomerase and shelterin down-regulation (53, 54). On 
the contrary, Hohxa et  al  (52) studying untreated CLL 
patients at early clinical stage by microarrays, found a 
significant increased expression for POT1, TRF1 and 
RAP1, meanwhile no differences were observed for TRF2, 
TPP1 and TIN2. The analysis of non-shelterin genes also 
showed a significant up-regulation for MRE11A, RAD50 
and RPA1 as compared with controls, but no statistically 
difference was observed for NBS. Although these results 
need to be confirmed at the protein level, they suggest 
that modulation of telomere-associated genes, together 
with telomere shortening, represent an early event in 
CLL. Simultaneously, Véronèse et al (56) performed 
an unsupervised hierarchical clustering analysis based 
on the combination of cytogenetics and telomeric 

characteristics. This study allowed the subdivision of 
patients in three different clusters, in which cluster 
I  -associated to good prognosis parameters-  showed 
long telomeres and high expression of TRF1, TRF2 and 
POT1 genes. On the contrary, patients from clusters II 
and III, related to poor prognostic features, had a striking 
decrease in TL and gene-expression levels, suggesting 
a relationship between high risk cytogenetic alterations 
and severe telomere and chromosome instability. 
Discrepancies among data of the literature may be related 
with the particular characteristics of series studied and/or 
the number of patients analyzed. Interestingly, Ramsay 
et al (57) found somatic mutations in POT1 gene in 
3.5% of all CLL cases, occurring exclusively in clinically 
aggressive CLL patients with UM-IGHV status. POT1-
mutated CLL cells showed high frequency of telomeric 
and chromosomal abnormalities, suggesting mutations 
of this gene favor the acquisition of malignant features 
of leukemic cells and, that they likely represent driver 
mutations in this pathology. Thus, POT1 appear as the 
first component of the telomere shelterin complex found 
to be mutated in human cancer. In addition, within the 

Table 1. Expression profiles of telomere‑associated genes in lymphoid malignancies
Lymphoid 

malignancy
Expression profile when compared to controls

Shelterin Non‑shelterin Telomerase complex
Upregulated Downregulated Unchanged Upregulated Downregulated Unchanged Upregulated Downregulated

CLL TRF152 TRF153 TRF252 MRE1152 RAD5053 NBS52 TERT48,52 TERT53

POT152 TRF253 TPP152 RAD5052 MRE1153 DKC153

RAP152 RAP153 TIN252,53 RPA152,53 Ku8053

BL TRF277   TRF177 PIF77   Tankyrase77 TERT77  

FL     TRF177     Tankyrase77   TERT77

TRF277 PIF77

DLBCL     TRF177     Tankyrase77   TERT77

TRF277 PIF77

MCL TRF180   TRF177     Tankyrase77 TERT80 TERT77

TRF280 TRF277 PIF77 DKC180

POT180

TIN280

TPP180

RAP180

Plasma cell 
disorders

TRF294,96 TRF194   MRE1197     TERT94,96,97  

POT180 RAD5097 DKC197

TIN280 NBS97

TPP180 RPA197

RAP180 Tankyrase94

CLL: Chronic lymphocytic leukemia; BL: Burkitt’s lymphoma; FL: Follicular lymphoma; DLBCL: Diffuse large B cell lymphoma; MCL: Mantle cell 
lymphoma
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shelterin complex, ACD is required for POT1 to perform 
its role in protecting telomeres from being recognized 
as DNA damage (58, 59); this subunit is also necessary 
for the recruitment of telomerase to telomeres (60, 61). 
Recent studies found ACD mutations in patients with 
childhood pre-B acute lymphoblastic leukemia (62) 
and inherited bone marrow failure (63). These findings 
indicate the importance of mutations in telomere-
associated genes as a disease-causing in humans and 
support the hypothesis that telomere dysfunction results 
in genomic rearrangements that may prone cancer 
initiation and progression (64).

Finally, the H/ACA RNP complex was scarcely 
studied in lymphoid malignancies. In CLL, Ronchetti 
et  al (65) explored the expression profile of snoRNAs 
and scaRNAs associated to the H/ACA RNP complex 
in a series of Binet stage A CLL patients. This study 
could define two subgroups of patients, one with low 
expression of SNORA74A and SNORD116-18 associated 
to better prognosis and the other characterized by the 
high expression of at least one of the two snoRNAs, 
related to a high risk disease. These findings support 
a possible role of non-coding RNA deregulation in the 
prognosis of CLL as well as its potential useful to predict 
the clinical outcome of early stage patients. In addition, 
as previously referred, there are four proteins associated 
to H/ACA RNP complex (DKC1, NOP10, NHP2 and 
GAR1). To our knowledge, there is only one report in the 
literature that analyzed DKC1 expression in CLL  (53), 
detecting a significant reduced transcription level of 
this gene. Preliminary results of our group showed a 
global deregulation of DKC1, NOP10, NHP2 and GAR1 
genes compared to normal controls (data not shown). 
Its association with a high number of genetic alterations 
and UM-IGHV mutational status suggests a role for these 
telomere-associated genes in genomic instability and 
telomere dysfunction in CLL.

3.2. B-cell malignant lymphomas
Non-Hodgkin lymphomas (NHL) comprises 

a group of closely related heterogeneous diseases 
derived from malignant transformation of lymphoid 
cells, characterized by distinctive morphologic, 
immunophenotypic, genetic and clinical features. They 
are clonal tumours of mature and immature B, T or natural 
killer cells at various stages of differentiation, that show 
variable clinical behavior ranging from highly aggressive 
to an indolent course. Among them, B-cell neoplasms 
include numerous histological subtypes that correspond 
approximately to 90% of all NHL cases (66).

Telomere reduction was vastly studied in B-cell 
lymphomas. In general, mantle cell lymphoma (MCL) and 
CLL display the shortest TLs, whereas follicular lymphoma 
(FL) and diffuse large B cell lymphoma (DLBCL) show the 
longest TL (67, 68). Studies performed by our group in 
MCL, DLBCL and FL (69, 70) showed comparable results 

as those reported by Walsh et  al  (68). However, the 
shortest telomeres were observed in DLBCL secondary 
to FL, a very aggressive subtype not studied in other 
series, supporting the participation of telomere shortening 
as other genetic change involved in the transformation 
process (69). In reference to MCL, our study and data 
of the literature (70, 71) showed that TL reduction in this 
pathology is independent of the clinical characteristics, 
morphology and karyotype and, as opposed to CLL, did 
not reveal any prognostic relevance.

Several publications were reported on 
telomerase activity in B-cell malignant lymphomas. In 
these studies, increased telomerase activity was found 
in patients with Hodgkin disease compared to reactive 
lymph nodes (72, 73). Furthermore, a positive correlation 
of telomerase activity with the rate of proliferation in 
different subtypes of B-cell NHLs as well as lymphoid cell 
lines was observed (74-76). In contrast to these studies, 
Klapper et al (77) found similar telomerase activity and 
TERT expression in patients with MCL, FL and DLBCL, 
when compared to normal lymph nodes (Table  1). In 
addition, Burkitt’s lymphoma was the only subtype that 
showed significantly higher telomerase activity and TERT 
expression, which expressed approximately 17  times 
the activity found in the other entities. A  more recent 
report, found that B-cell malignancies with translocations 
affecting the locus 5p13.3.3, in which TERT gene is 
located, showed higher transcriptional expression of 
this gene as well as increased telomerase activity. 
These findings suggest a role of these chromosomal 
abnormalities in TERT deregulation and its possible 
contribution to lymphomagenesis (78). As for MCL, 
contradictory results have been observed for telomerase 
activity and expression (Table  1). Trentin et al (79) 
detected increased activity levels in five leukemic MCL 
cases, whereas Klapper et al (77) found low levels 
of telomerase activity in association with low TERT 
expression in patients compared to normal lymph 
nodes. In a recent study of our group (80), we identified 
somatic mutations in the TERT promoter (TERTp) region, 
upstream of the ATG start site, that were associated with 
higher TERT mRNA expression in MCL cells. Somatic 
mutations in the TERTp region were detected in many 
solid tumors (81-83). Different authors (84, 85) had 
previously demonstrated that these mutations generate 
de novo consensus binding motifs for E-twenty-six (ETS) 
transcription factors, and in in vitro reporter assays, the 
mutations increased transcriptional activity from the TERT 
promoter by two- to fourfold. In our study, the upregulation 
of TERT caused by TERTp mutations appeared to 
influence molecular, cellular, and clinical behavior of MCL. 
This is explained by the observation that most of TERTp-
mutant MCL showed UM or minimally M IGHV status, 
overexpressed the transcription factor SOX11 (SRY 
(Sex Determining Region Y)-box 11)  -associated with 
adverse prognosis- and displayed altered expression of 
telomere-associated genes. Thus, our findings suggest 
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an important role of these mutations as a driver event in 
MCL development and maintenance.

In addition, the expression of shelterin and 
non-shelterin subunits was scarcely evaluated in NHLs 
(Table  1). TRF1 as well as Tankyrase, an inhibitor 
of TRF1, did not show significant differences in their 
expression levels among all tissues examined, including 
Burkitt’s lymphoma. However, transcript levels of TRF2 
and the helicase PIF1  (5’-to-3’ DNA helicase) were the 
highest in Burkitt’s lymphoma and showed only minor 
differences among benign lymph nodes, MCL, FL and 
DLBCL. The level of TRF2 as well as PIF1 correlated 
positively with telomerase activity (77). These findings 
highlight a differential expression of TRF2 and PIF1 in 
NHL with an upregulation in Burkitt’s lymphoma. A study 
of our group found upregulation of genes that encode 
for different telomere associated proteins (TRF1, TRF2, 
POT1, TIN2, TPP1, RAP1 and DKC1) in MCL samples 
when compared to controls (80). Studies in larger cohorts 
would be desirable in order to investigate the clinical 
significance of telomere dysfunction in this entity.

3.3. Plasma cell disorders
Plasma cell disorders are characterized by the 

proliferation of a single clone of plasma cells in the bone 
marrow and by the detection of a monoclonal protein in 
blood and/or serum. These disorders may range from a 
phenotypically benign entity, monoclonal gammopathy 
of undetermined significance (MGUS), to symptomatic 
multiple myeloma (MM) with lytic bone lesions, bone 
marrow failure, and renal damage. Approximately 1% 
of individuals with MGUS evolve to MM per year (86). 
Recent advances in molecular cytogenetic, genomic, 
and proteomic studies of tumor cells and their normal 
counterparts have allowed for increased understanding 
of the pathogenesis of MM. They have also provided the 
basis for molecular prognostic classification, identified 
potential therapeutic targets, and improve patient 
outcome (87).

As known, MM is associated with considerable 
cytogenetic instability, involving translocations and 
additions or deletions of whole chromosomes. When 
Cottliar et al (88) studied telomere length measured 
by Terminal Restriction Fragments in patients with MM 
and MGUS, they observed a reduction in TL in MM 
patients, in agreement with other studies (89), as well as 
a significant increase in the occurrence of chromosome 
instability, a critical factor in the initiation and progression 
of human cancers (90). Simultaneously, Wu et al (89) 
have observed a very strong correlation between 
cytogenetic abnormalities and the presence of high 
telomerase activity levels and/or short TL. For instance, 
deletion of chromosome 13, a marker of poor prognosis, 
and duplication of chromosome 3, in which TERC gene 
is located, were strongly associated with both high 
telomerase activity and short TL. Given that MM patients 

with abnormal karyotypes have a worse prognosis than 
those with a normal pattern (91, 92) the association of 
abnormal karyotypes with telomere reduction supports 
the importance of this mechanism in the development 
and/or progression of the disease.

Xu et al (93) reported elevated telomerase 
activity in 78% of MM patients and all cases with plasma 
cell leukemia. However, telomerase levels were not 
elevated in MGUS. As shown in Table 1, studies of our 
group have found increased expression levels of TERT, 
in MM as well as in MGUS, providing the first evidence 
of a modification in the expression of telomerase gene 
in these entities (94). Interestingly, in both pathologies 
a similar pattern of TERT expression was observed, 
in which patients displaying the highest telomerase 
transcription levels had the shortest TLs. More recently, 
Diaz de la Guardia et al (95) using gene expression arrays 
have identified that TERT along with other 16  genes 
are directly involved in TL maintenance in MM cells. 
The expression levels of these genes were even higher 
than those in human embryonic stem cells and induced 
pluripotent stem cells, which have unlimited proliferation 
capacity.

The expression profile of shelterin genes in 
plasma cell disorders have been extensively studied by 
our group (Table  1) (94, 96, 97). Our findings showed 
increased expression of shelterin components in MM 
compared to MGUS. Among the six shelterin subunits, 
POT1 showed particular significance for being strongly 
associated with clinical features such as advanced 
clinical stages, high calcium and β2-microglobulin levels 
and the presence of bone lesions (96). Moreover, in 
multivariate analysis, POT1 expression was a significant 
independent prognostic factor for overall survival as well 
as the International Staging System. Thus, our findings 
suggest this gene as a useful prognostic factor in MM as 
well as a possible molecular target for new therapeutic 
approaches. Our group has also investigated a set of 
non-shelterin genes involved in essential processes such 
as replication (RPA1), DNA damage repair pathways 
(MRE11-RAD50-NBS) and stabilization of telomerase 
complex (DKC1). We observed, for the first time, a 
significant increase in the expression of all these genes 
along with an upregulation of TERT and reduced TL in 
MM compared with MGUS (97), providing new insights 
into the intricate mechanisms by which telomere-
associated proteins collaborate in the maintenance of 
plasma cells immortalization and suggesting a role for 
the upregulation of these genes in the progression of the 
disease. Nevertheless, further studies at the protein level 
are needed to confirm all these transcriptional changes.

As it was referred for CLL, recent studies have also 
evidenced altered expression of sno/scaRNAs, associated 
to the H/ACA RNP complex, in plasma cell disorders. For 
instance, Lopez-Corral et al (98) found overexpression 
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of SNORD25, SNORD27, SNORD30, and SNORD31 
in smoldering MM patients correlated with shorter time 
to progression to symptomatic disease. Furthermore, 
two different studies (99, 100) reported the upregulation 
of ACA11 (SCARNA22) in MM patients harboring the 
recurrent translocation t(4;14)(p16;q32) (101), associated 
to short survival in this pathology (87, 91). This scaRNA, 
located within intron 18-19 of the WHSC1 (Wolf-
Hirschhorn syndrome candidate 1) gene (also known 
as MMSET: multiple myeloma SET Domain Containing 
Protein), can suppress oxidative stress both in vitro and 
in vivo, facilitate cell proliferation and protect cells from 
the effects of chemotherapy, suggesting its importance 
in tumor development. In addition, Ronchetti et al (100) 
found a general pattern of down regulation of sno/
scaRNAs expression in MM and secondary plasma 
cell leukemia patients compared with a non-neoplastic 
counterpart, as well as a specific pattern of sno/scaRNAs 
associated to distinct molecular subtypes of MM. 
Particularly, upregulation of SNORD36C, SNORD63, 
SNORD95 and SNORA40 was observed in hyperdiploid 
MM cases, and a signature overexpressing members of 
SNORD115 and SNORD116 families, in patients showing 
low-to-moderate levels of the CCND1 (Cyclin D1) gene in 
the absence of any primary IGH (immunoglobulin heavy 
chain) translocation and hyperdiploid status. Overall, 
these findings add more complexity to the molecular 
heterogeneity of plasma cell disorders, constituting 
possible new prognostic biomarkers in these pathologies.

4. PERSPECTIVES

Telomerase has emerged as an attractive target 
for future cancer treatments since telomerase is the 
mechanisms employed by a vast majority of cancer cells 
to enable unlimited proliferation. Several strategies have 
been developed considering two main aspects. First, 
telomerase must be the main mechanism of telomere 
maintenance; second, normal somatic cells, with very low 
or no telomerase activity, would be unaffected as they 
have longer telomeres compared to telomerase-positive 
cancer cells. In this context, increasing knowledge on 
shelterin components and telomere-associated genes 
has brought insight into their specific role in the regulation 
of telomere structure and function. As seen in this review, 
different forms of cancer show unique expression profiles 
of telomere-associated genes. It would be interesting 
to investigate whether this heterogeneity defines a 
subgroup of patients that may be particularly sensitive to 
telomerase-targeted therapy.

5. ACKNOWLEDGEMENTS

This work was supported by grants from 
the National Research Council (CONICET) (PIP Nº: 
112  201101 00517), the National Agency of Scientific 
and Technical Promotion (ANPCyT) (PICT Nº: 
2008-0465), the ¨Alberto J. Roemmers¨ Foundation 

and, the FAPESP-CONICET International Cooperation 
Agreement grant Nº CONICET RD 97/13.

6. REFERENCES

1.	 T. de Lange. How telomeres solve the 
end-protection problem. Science 326, 
948-952 (2009)
DOI: 10.1126/science.1170633

2.	 E.H. Blackburn, C.W. Greider, J.W. 
Szostak. Telomeres and telomerase: the 
path from maize, Tetrahymena and yeast 
to human cancer and aging. Nat Med 12, 
1133-1138 (2006)
DOI: 10.1038/nm1006-1133

3.	 R.T. Calado, N.S. Young. Telomere diseases. 
N Engl J Med 361, 2353-2365 (2009)
DOI: 10.1056/NEJMra0903373

4.	 C.B. Harley, A.B. Futcher, C.W. Greider. 
Telomeres shorten during ageing of human 
fibroblasts. Nature 345, 458-460 (1990)
DOI: 10.1038/345458a0

5.	 S.E. Artandi. Telomeres, telomerase, 
and human disease. N  Engl J Med 355, 
1195-1197 (2006)
DOI: 10.1056/NEJMp068187

6.	 P. Martínez, M.A. Blasco. Telomeric and 
extra-telomeric roles for telomerase and the 
telomere-binding proteins. Nat Rev Cancer 
11, 161-176 (2011)
DOI: 10.1038/nrc3025

7.	 E. Cusanelli, P. Chartrand. Telomeric repeat-
containing RNA TERRA: a noncoding RNA 
connecting telomere biology to genome 
integrity. Front Genet 6, 143 (2015)
DOI: 10.3389/fgene.2015.00143

8.	 R. Court, L. Chapman, L. Fairall, D. Rhodes. 
How the human telomeric proteins TRF1 and 
TRF2 recognize telomeric DNA: a view from 
high-resolution crystal structures. EMBO Rep 
6, 39-45 (2005)
DOI: 10.1038/sj.embor.7400314
DOI: 10.1038/sj.embor.7400348

9.	 W. Palm, T. de Lange. How shelterin protects 
mammalian telomeres. Annu Rev Genet 42, 
301-334 (2008)
DOI: 10.1146/annurev.
genet.41.110306.130350

10.	 M.S. O’Connor, A. Safari, H. Xin, D. Liu, Z. 
Songyang. A critical role for TPP1 and TIN2 

http://dx.doi.org/10.1126/science.1170633
http://dx.doi.org/10.1038/nm1006-1133
http://dx.doi.org/10.1056/NEJMra0903373
http://dx.doi.org/10.1038/345458a0
http://dx.doi.org/10.1056/NEJMp068187
http://dx.doi.org/10.1038/nrc3025
http://dx.doi.org/10.3389/fgene.2015.00143
http://dx.doi.org/10.1038/sj.embor.7400314
http://dx.doi.org/10.1038/sj.embor.7400348
http://dx.doi.org/10.1146/annurev.genet.41.110306.130350
http://dx.doi.org/10.1146/annurev.genet.41.110306.130350


Telomeric proteins in lymphoid malignancies

	 24� © 1996-2017

interaction in high-order telomeric complex 
assembly. Proc Natl Acad Sci U S A 103, 
11874-11879 (2006)
DOI: 10.1073/pnas.0605303103

11.	 J.Z. Ye, J.R. Donigian, M. van Overbeek, D. 
Loayza, Y. Luo, A.N. Krutchinsky, B.T. Chait, 
T. de Lange. TIN2 binds TRF1 and TRF2 
simultaneously and stabilizes the TRF2 
complex on telomeres. J  Biol Chem 279, 
47264-47271 (2004)
DOI: 10.1074/jbc.M409047200

12.	 P. Martínez, M. Thanasoula, P. Mu-oz, C. 
Liao, A. Tejera, C. McNees, J.M. Flores, 
O. Fernández-Capetillo, M. Tarsounas, 
M.A. Blasco. Increased telomere fragility 
and fusions resulting from TRF1 deficiency 
lead to degenerative pathologies and 
increased cancer in mice. Genes Dev 23, 
2060-2075 (2009)
DOI: 10.1101/gad.543509

13.	 J. Karlseder, K. Hoke, O.K. Mirzoeva, C. 
Bakkenist, M.B. Kastan, J.H. Petrini, T. de 
Lange. The telomeric protein TRF2 binds 
the ATM kinase and can inhibit the ATM-
dependent DNA damage response. PLoS Biol 
2, E240 (2004)
DOI: 10.1371/journal.pbio.0020240

14.	 A. Sfeir, S. Kabir, M. van Overbeek, G.B. 
Celli, T. de Lange. Loss of Rap1 induces 
telomere recombination in the absence of 
NHEJ or a DNA damage signal. Science 327, 
1657-1661 (2010)
DOI: 10.1126/science.1185100

15.	 D. Liu, M.S. O’Connor, J. Qin, Z. Songyang. 
Telosome, a mammalian telomere-associated 
complex formed by multiple telomeric proteins. 
J Biol Chem 279, 51338-51342 (2004)
DOI: 10.1074/jbc.M409293200

16.	 A. Smogorzewska, B. van Steensel, A. 
Bianchi, S. Oelmann, M.R. Schaefer, G. 
Schnapp, T. de Lange. Control of human 
telomere length by TRF1 and TRF2. Mol Cell 
Biol 20, 1659-1668 (2000)
DOI: 10.1128/MCB.20.5.1659-1668.2000

17.	 K.K Takai, S. Hooper, S. Blackwood, R. 
Gandhi, T. de Lange. In vivo stoichiometry 
of shelterin components. J  Biol Chem 285, 
1457-1467 (2010)
DOI: 10.1074/jbc.M109.038026

18.	 E. Gilson, V. Géli. How telomeres are 
replicated. Nat Rev Mol Cell Biol 8, 

825-838 (2007)
DOI: 10.1038/nrm2259

19.	 R.J. O’Sullivan, J. Karlseder. Telomeres: 
protecting chromosomes against genome 
instability. Nat Rev Mol Cell Biol 11, 
171-181 (2010)
DOI: 10.1038/nrm2848

20.	 U.T. Meier. How a single protein complex 
accommodates many different H/ACA RNAs. 
Trends Biochem Sci 31, 311-315 (2006)
DOI: 10.1016/j.tibs.2006.04.002

21.	 Q. Zhang, N.K. Kim, J. Feigon. Architecture of 
human telomerase RNA. Proc Natl Acad Sci 
U S A 108, 20325-20332 (2011)
DOI: 10.1073/pnas.1100279108

22.	 V. Pogacic, F. Dragon, W. Filipowicz. 
Human H/ACA small nucleolar RNPs and 
telomerase share evolutionarily conserved 
proteins NHP2 and NOP10. Mol Cell Biol 20, 
9028–9040 (2000)
DOI: 10.1128/MCB.20.23.9028-9040.2000

23.	 M. Ballarino, M. Morlando, F. Pagano, A. Fatica, 
I. Bozzoni. The cotranscriptional assembly of 
snoRNPs controls the biosynthesis of H/ACA 
snoRNAs in Saccharomyces cerevisiae. Mol 
Cell Biol 25, 5396-5403 (2005)
DOI: 10.1128/MCB.25.13.5396-5403.2005

24.	 K. Collins. Physiological assembly and activity 
of human telomerase complexes. Mech 
Ageing Dev 129, 91–98 (2008)
DOI: 10.1016/j.mad.2007.10.008

25.	 M. McMahon, A. Contreras, D. Ruggero. Small 
RNAs with big implications: new insights into 
H/ACA snoRNA function and their role in 
human disease. Wiley Interdiscip Rev RNA 6, 
173-189 (2015)
DOI: 10.1002/wrna.1266

26.	 P. Lin, M.E. Mobasher, Y. Hakakian, V. Kakarla, 
A.F. Naseem, H. Ziai, F. Alawi. Differential 
requirements for H/ACA ribonucleoprotein 
components in cell proliferation and response 
to DNA damage. Histochem Cell Biol 144, 
543-558 (2015)
DOI: 10.1007/s00418-015-1359-6

27.	 P.N. Grozdanov, S. Roy, N. Kittur, U.T. Meier. 
SHQ1 is required prior to NAF1 for assembly 
of H/ACA small nucleolar and telomerase 
RNPs. RNA 15, 1188-1197 (2009)
DOI: 10.1261/rna.1532109

28.	 X. Darzacq, N. Kittur, S. Roy, Y. Shav-Tal, R.H. 

http://dx.doi.org/10.1073/pnas.0605303103
http://dx.doi.org/10.1074/jbc.M409047200
http://dx.doi.org/10.1101/gad.543509
http://dx.doi.org/10.1371/journal.pbio.0020240
http://dx.doi.org/10.1126/science.1185100
http://dx.doi.org/10.1074/jbc.M409293200
http://dx.doi.org/10.1128/MCB.20.5.1659-1668.2000
http://dx.doi.org/10.1074/jbc.M109.038026
http://dx.doi.org/10.1038/nrm2259
http://dx.doi.org/10.1038/nrm2848
http://dx.doi.org/10.1016/j.tibs.2006.04.002
http://dx.doi.org/10.1073/pnas.1100279108
http://dx.doi.org/10.1128/MCB.20.23.9028-9040.2000
http://dx.doi.org/10.1128/MCB.25.13.5396-5403.2005
http://dx.doi.org/10.1016/j.mad.2007.10.008
http://dx.doi.org/10.1002/wrna.1266
http://dx.doi.org/10.1007/s00418-015-1359-6
http://dx.doi.org/10.1261/rna.1532109


Telomeric proteins in lymphoid malignancies

	 25� © 1996-2017

Singer, U.T. Meier. Stepwise RNP assembly at 
the site of H/ACA RNA transcription in human 
cells. J Cell Biol 173, 207–218 (2006)
DOI: 10.1083/jcb.200601105

29.	 K. von Stedingk, J. Koster, M. Piqueras, 
R. Noguera, S. Navarro, S. Påhlman, R. 
Versteeg, I. Ora, D. Gisselsson, D. Lindgren, 
H. Axelson. snoRNPs Regulate Telomerase 
Activity in Neuroblastoma and Are Associated 
with Poor Prognosis. Transl Oncol 6, 
447-457 (2013)
DOI: 10.1593/tlo.13112

30.	 J. Karlseder, L. Kachatrian, H. Takai, K. Mercer, 
S. Hingorani, T. Jacks, T. de Lange. Targeted 
deletion reveals an essential function for the 
telomere length regulator Trf1. Mol Cell Biol 
23, 6533-6541 (2003)
DOI: 10.1128/MCB.23.18.6533-6541.2003

31.	 T. Kibe, G.A. Osawa, C.E. Keegan, T. de 
Lange. Telomere protection by TPP1 is 
mediated by POT1a and POT1b. Mol Cell Biol 
30, 1059-1066 (2010)
DOI: 10.1128/MCB.01498-09

32.	 P. Martinez, M. Thanasoula, A.R. Carlos, G. 
Gomez-Lopez, A.M. Tejera, S. Schoeftner, O. 
Dominguez, D. Pisano, M. Tarsounas, M.A. 
Blasco. Mammalian RAP1 controls telomere 
function and gene expression through binding 
to telomeric and extratelomeric sites. Nat Cell 
Biol 12, 768-780 (2010)
DOI: 10.1038/ncb2081

33.	 N. Chiorazzi, K.R. Rai, M. Ferrarini. Chronic 
lymphocytic leukemia. New Eng J Med 352, 
804-815 (2005)
DOI: 10.1056/NEJMra041720

34.	 H. Döhner, S. Stilgenbauer, A. Benner, E. 
Leupolt, A. Kröber, L. Bullinger, K. Döhner, 
M. Bentz, P. Lichter. Genomic aberrations 
and survival in chronic lymphocytic leukemia. 
N Eng J Med 343, 1910-1916 (2000)
DOI: 10.1056/NEJM200012283432602

35.	 T.J. Hamblin, Z. Davis, A. Gardiner, D.G. 
Oscier, F.K. Stevenson. Unmutated Ig V(H) 
genes are associated with a more aggressive 
form of chronic lymphocytic leukemia. Blood 
94, 1848-1854 (1999)
No doi found

36.	 R.N. Damle, T. Wasil, F. Fais, F. Ghiotto, 
A. Valetto, S.L. Allen, A. Buchbinder, D. 
Budman, K. Dittmar, J. Kolitz, S.M. Lichtman, 
P. Schulman, V.P. Vinciguerra, K.R. Rai, M. 

Ferrarini, N. Chiorazzi. Ig V gene mutation 
status and CD38 expression as novel 
prognostic indicators in chronic lymphocytic 
leukemia. Blood 94, 1840-1847 (1999)
No doi found

37.	 N. Chiorazzi. Implications of new prognostic 
markers in chronic lymphocytic leukemia. 
Hematology Am Soc Hematol Educ Program 
2012, 76-87 (2012)
No doi found

38.	 R. Foá, I. Del Giudice, A. Guarini, D. Rossi, G. 
Gaidano. Clinical implications of the molecular 
genetics of chronic lymphocytic leukemia. 
Haematologica 98, 675-685 (2013)
DOI: 10.3324/haematol.2012.069369

39.	 I. Ricca, A. Rocci, D. Drandi, R. Francese, M. 
Compagno, C. Lobetti Bodoni, F. De Marco, 
M. Astolfi, L. Monitillo, S. Vallet, R. Calvi, F. 
Ficara, P. Omedè, R. Rosato, A. Gallamini, 
C. Marinone, L. Bergui, M. Boccadoro, 
C. Tarella, M. Ladetto. Telomere length 
identifies two different prognostic subgroups 
among VH-unmutated B-cell chronic 
lymphocytic leukemia patients. Leukemia 21, 
697-705 (2007)
DOI: 10.1038/sj.leu.2404544

40.	 G. Roos, A. Kröber, P. Grabowski, D. 
Kienle, A. Bühler, H. Döhner, R. Rosenquist, 
S. Stilgenbauer. Short telomeres are 
associated with genetic complexity, high-
risk genomic aberrations, and short survival 
in chronic lymphocytic leukemia. Blood 111, 
2246-2252 (2008)
DOI: 10.1182/blood-2007-05-092759

41.	 D. Rossi, C. Lobetti Bodoni, E. Genuardi, L. 
Monitillo, D. Drandi, M. Cerri, C. Deambrogi, 
I. Ricca, A. Rocci, S. Ferrero, E. Bernocco, 
D. Capello, L. De Paoli, L. Bergui, M. Boi, 
P. Omedè, M. Massaia, C. Tarella, R. 
Passera, M. Boccadoro, G. Gaidano, M. 
Ladetto. Telomere length is an independent 
predictor of survival, treatment requirement 
and Richter’s syndrome transformation in 
chronic lymphocytic leukemia. Leukemia 23, 
1062-1072 (2009)
DOI: 10.1038/leu.2008.399

42.	 E. Rampazzo, L. Bonaldi, L. Trentin, C. 
Visco, S. Keppel, S. Giunco, F. Frezzato, M. 
Facco, E. Novella, I. Giaretta, P. Del Bianco, 
G. Semenzato, A. De Rossi. Telomere length 
and telomerase levels delineate subgroups 

http://dx.doi.org/10.1083/jcb.200601105
http://dx.doi.org/10.1593/tlo.13112
http://dx.doi.org/10.1128/MCB.23.18.6533-6541.2003
http://dx.doi.org/10.1128/MCB.01498-09
http://dx.doi.org/10.1038/ncb2081
http://dx.doi.org/10.1056/NEJMra041720
http://dx.doi.org/10.1056/NEJM200012283432602
http://dx.doi.org/10.3324/haematol.2012.069369
http://dx.doi.org/10.1038/sj.leu.2404544
http://dx.doi.org/10.1182/blood-2007-05-092759
http://dx.doi.org/10.1038/leu.2008.399


Telomeric proteins in lymphoid malignancies

	 26� © 1996-2017

of B-cell chronic lymphocytic leukemia with 
different biological characteristics and clinical 
outcomes. Haematologica 97, 56-63 (2012)
DOI: 10.3324/haematol.2011.049874

43.	 P. Dos Santos, J. Panero, V. Palau Nagore, 
C. Stanganelli, R.F. Bezares, I. Slavutsky. 
Telomere shortening associated with 
increased genomic complexity in chronic 
lymphocytic leukemia. Tumour Biol 36, 
8317-8324 (2015)
DOI: 10.1007/s13277-015-3556-2

44.	 L. Sellmann, D. de Beer, M. Bartels, B. Opalka, 
H. Nuckel, U. Duhrsen, J. Durig, M. Seifert, 
D. Siemer, R. Kuppers, G.M. Baerlocher, A. 
Roth. Telomeres and prognosis in patients 
with chronic lymphocytic leukaemia. Int J 
Hematol 93, 74–82 (2011)
DOI: 10.1007/s12185-010-0750-2

45.	 L. Mansouri, P. Grabowski, S. Degerman, 
U. Svenson, R. Gunnarsson, N. Cahill, 
K.E. Smedby, C. Geisler, G. Juliusson, G. 
Roos, R. Rosenquist. Short telomere length 
is associated with NOTCH1/SF3B1/TP53 
aberrations and poor outcome in newly 
diagnosed chronic lymphocytic leukemia 
patients. Am J Hematol 88, 647-651 (2013)
DOI: 10.1002/ajh.23466

46.	 P. Grabowski, M. Hultdin, K. Karlsson, G. 
Tobin, A. Aleskog, U. Thunberg, A. Laurell, 
C. Sundström, R. Rosenquist, G. Roos. 
Telomere length as a prognostic parameter 
in chronic lymphocytic leukemia with special 
reference to VH gene mutation status. Blood 
105, 4807-4812 (2005)
DOI: 10.1182/blood-2004-11-4394

47.	 T.T. Lin, B.T. Letsolo, R.E. Jones, J. Rowson, 
G. Pratt, S. Hewamana, C. Fegan, C. Pepper, 
D.M. Baird. Telomere dysfunction and fusion 
during the progression of chronic lymphocytic 
leukemia: evidence for a telomere crisis. 
Blood 116, 1899-1907 (2010)
DOI: 10.1182/blood-2010-02-272104

48.	 O.E. Bechter, W. Eisterer, G. Pall, W. Hilbe, 
T. Kühr, J. Thaler. Telomere length and 
telomerase activity predict survival in patients 
with B cell chronic lymphocytic leukemia. 
Cancer Res 58, 4918-4922 (1998)
No doi found

49.	 A. Tchirkov, C. Chaleteix, C. Magnac, 
Y. Vasconcelos, F. Davi, A. Michel, F. 
Kwiatkowski, O. Tournilhac, G. Dighiero, P. 

Travade. hTERT expression and prognosis in 
B-chronic lymphocytic leukemia. Ann Oncol 
15, 1476-1480 (2004)
DOI: 10.1093/annonc/mdh389

50.	 L. Terrin, L. Trentin, M. Degan, I. Corradini, 
R. Bertorelle, P. Carli, N. Maschio, M.D. Bo, 
F. Noventa, V. Gattei, G. Semenzato, A. 
De Rossi. Telomerase expression in B-cell 
chronic lymphocytic leukemia predicts survival 
and delineates subgroups of patients with 
the same igVH mutation status and different 
outcome. Leukemia 21, 965-972 (2007)
DOI: 10.1038/sj.leu.2404607

51.	 R.N. Damle, F.M. Batliwalla, F. Ghiotto, A. 
Valetto, E. Albesiano, C. Sison, S.L. Allen, J. 
Kolitz, V.P. Vinciguerra, P. Kudalkar, T. Wasil, 
K.R. Rai, M. Ferrarini, P.K. Gregersen, N. 
Chiorazzi. Telomere length and telomerase 
activity delineate distinctive replicative 
features of the B-CLL subgroups defined by 
immunoglobulin V gene mutations. Blood 
103, 375-382 (2004)
DOI: 10.1182/blood-2003-04-1345

52.	 M. Hoxha, S. Fabris, L. Agnelli, V. Bollati, G. 
Cutrona, S. Matis, A.G. Recchia, M. Gentile, 
A. Cortelezzi, F. Morabito, P.A. Bertazzi, M. 
Ferrarini, A. Neri. Relevance of telomere/
telomerase system impairment in early stage 
chronic lymphocytic leukemia. Genes Chrom 
Cancer 53, 612-621 (2014)
DOI: 10.1002/gcc.22171

53.	 D. Poncet, A. Belleville, C. t’kint de 
Roodenbeke, A. Roborel de Climens, E. Ben 
Simon, H. Merle-Beral, E. Callet-Bauchu, 
G. Salles, L. Sabatier, J. Delic, E. Gilson 
E. Changes in the expression of telomere 
maintenance genes suggest global telomere 
dysfunction in B-chronic lymphocytic 
leukemia. Blood 111, 2388-2391 (2008)
DOI: 10.1182/blood-2007-09-111245

54.	 A. Augereau, C. T’kint de Roodenbeke, 
T. Simonet, S. Bauwens, B. Horard, M. 
Callanan, D. Leroux, L. Jallades, G. Salles, 
E. Gilson, D. Poncet. Telomeric damage in 
early stage of chronic lymphocytic leukemia 
correlates with shelterin dysregulation. Blood 
118, 1316-1322 (2011)
DOI: 10.1182/blood-2010-07-295774

55.	 H. Takai, A. Smogorzewska, T. de Lange. 
DNA damage foci at dysfunctional telomeres. 
Curr Biol 13, 1549-1556 (2003)

http://dx.doi.org/10.3324/haematol.2011.049874
http://dx.doi.org/10.1007/s13277-015-3556-2
http://dx.doi.org/10.1007/s12185-010-0750-2
http://dx.doi.org/10.1002/ajh.23466
http://dx.doi.org/10.1182/blood-2004-11-4394
http://dx.doi.org/10.1182/blood-2010-02-272104
http://dx.doi.org/10.1093/annonc/mdh389
http://dx.doi.org/10.1038/sj.leu.2404607
http://dx.doi.org/10.1182/blood-2003-04-1345
http://dx.doi.org/10.1002/gcc.22171
http://dx.doi.org/10.1182/blood-2007-09-111245
http://dx.doi.org/10.1182/blood-2010-07-295774


Telomeric proteins in lymphoid malignancies

	 27� © 1996-2017

DOI: 10.1016/S0960-9822(03)00542-6
56.	 L. Véronèse, O. Tournilhac, M. Callanan, N. 

Prie, F. Kwiatkowski, P. Combes, M. Chauvet, 
F. Davi, L. Gouas, P. Verrelle, R. Guièze, P. 
Vago, J.O. Bay, A. Tchirkov. Telomeres and 
chromosomal instability in chronic lymphocytic 
leukemia. Leukemia 27, 490-493 (2013)
DOI: 10.1038/leu.2012.194

57.	 A.J. Ramsay, V. Quesada, M. Foronda, 
L. Conde, A. Martínez-Trillos, N. Villamor, 
D. Rodríguez, A. Kwarciak, C. Garabaya, 
M. Gallardo, M. López-Guerra, A. López-
Guillermo, X.S. Puente, M.A. Blasco, E. 
Campo, C. López-Otín. POT1 mutations cause 
telomere dysfunction in chronic lymphocytic 
leukemia. Nat Genet 45, 526-530 (2013)
DOI: 10.1038/ng.2584

58.	 H. Xin, D. Liu, M. Wan, A. Safari, H. Kim, W. 
Sun, M.S. O’Connor, Z. Songyang. TPP1 is 
a homologue of ciliate TEBP-b and interacts 
with POT1 to recruit telomerase. Nature 445, 
559-562 (2007)
DOI: 10.1038/nature05469

59.	 D. Hockemeyer, W. Palm, T. Else, J.P. 
Daniels, K.K. Takai, J.Z. Ye, C.E. Keegan, T. 
de Lange, G.D. Hammer. Telomere protection 
by mammalian Pot1 requires interaction with 
Tpp1. Nat Struct Mol Biol 14, 754-761 (2007)
DOI: 10.1038/nsmb1270

60.	 J. Nandakumar, C.F. Bell, I. Weidenfeld, A.J. 
Zaug, L.A. Leinwand, T.R. Cech. The TEL 
patch of telomere protein TPP1 mediates 
telomerase recruitment and processivity. 
Nature 492, 285-289 (2012)
DOI: 10.1038/nature11648

61.	 F.L. Zhong, L.F. Batista, A. Freund, M.F. Pech, 
A.S. Venteicher, S.E. Artandi. TPP1 OB-fold 
domain controls telomere maintenance by 
recruiting telomerase to chromosome ends. 
Cell 150, 481-494 (2012)
DOI: 10.1016/j.cell.2012.07.012

62.	 J.F. Spinella, P. Cassart, N. Garnier, P. 
Rousseau, C. Drullion, C. Richer, M. 
Ouimet, V. Saillour, J. Healy, C. Autexier, D. 
Sinnett. A  novel somatic mutation in ACD 
induces telomere lengthening and apoptosis 
resistance in leukemia cells. BMC Cancer 
15:621 (2015)
DOI: 10.1186/s12885-015-1639-5

63.	 Guo Y, et al. Inherited bone marrow failure 
associated with germline mutation of ACD, 

the gene encoding telomere protein TPP1. 
Blood 124, 2767-2774 (2014)
DOI: 10.1182/blood-2014-08-596445

64.	 R.S. Maser, R.A. DePinho. Connecting 
chromosomes, crisis, and cancer. Science 
297, 565-569 (2002)
DOI: 10.1126/science.297.5581.565

65.	 D. Ronchetti, L. Mosca, G. Cutrona, G. 
Tuana, M. Gentile, S. Fabris, L. Agnelli, G. 
Ciceri, S. Matis, C. Massucco, M. Colombo, 
D. Reverberi, A.G. Recchia, S. Bossio, M. 
Negrini, P. Tassone, F. Morabito, M. Ferrarini, 
A. Neri. Small nucleolar RNAs as new 
biomarkers in chronic lymphocytic leukemia. 
BMC Med Genomics 6, 27 (2013)
DOI: 10.1186/1755-8794-6-27

66.	 S.H. Swerdlow, E. Campo, N.L. Harris, E.S. 
Jaffe, S.A. Pileri, H. Stein, J. Thiele, J.W. 
Vardiman. (Eds.): WHO Classification of 
Tumours of Haematopoietic and Lymphoid 
Tissues. IARC: Lyon 2008
No doi found

67.	 M. Ladetto, M. Compagno, I. Ricca, M. 
Pagano, A. Rocci, M. Astolfi, D. Drandi, P.F. di 
Celle, M. Dell’Aquila, B. Mantoan, S. Vallet, G. 
Pagliano, F. De Marco, R. Francese, L. Santo, 
A. Cuttica, C. Marinone, M. Boccadoro, C. 
Tarella. Telomere length correlates with 
histopathogenesis according to the germinal 
center in mature B-cell lymphoproliferative 
disorders. Blood 103, 4644-4649 (2004)
DOI: 10.1182/blood-2003-12-4412

68.	 S.H. Walsh, P. Grabowski, M. Berglund, U. 
Thunberg, M. Thorsélius, G. Tobin, A. Aleskog, 
K. Karlsson, C. Sundström, A. Laurell, G. 
Enblad, R. Rosenquist, G. Roos. Telomere 
length and correlation with histopathogenesis 
in B-cell leukemias/lymphomas. Eur J 
Haematol 78, 283-289 (2007)
DOI: 10.1111/j.1600-0609.2007.00817.x

69.	 A. Cottliar, M.F. Noriega, M. Narbaitz, 
A. Rodríguez, I. Slavutky. Association 
between telomere length and BCL2 gene 
rearrangements in low-  and high-grade 
non-Hodgkin lymphomas. Cancer Genet 
Cytogenet 171, 1-8 (2006)
DOI: 10.1016/j.cancergencyto.2006.05.016

70.	 A.S. Cottliar, J. Panero, E. Pedrazzini, 
M.F. Noriega, M. Narbaitz, A. Rodríguez, 
I. Slavutsky. Analysis of telomere length in 
mantle cell lymphoma. Eur J Haematol 83, 

http://dx.doi.org/10.1016/S0960-9822%2803%2900542-6
http://dx.doi.org/10.1038/leu.2012.194
http://dx.doi.org/10.1038/ng.2584
http://dx.doi.org/10.1038/nature05469
http://dx.doi.org/10.1038/nsmb1270
http://dx.doi.org/10.1038/nature11648
http://dx.doi.org/10.1016/j.cell.2012.07.012
http://dx.doi.org/10.1186/s12885-015-1639-5
http://dx.doi.org/10.1182/blood-2014-08-596445
http://dx.doi.org/10.1126/science.297.5581.565
http://dx.doi.org/10.1186/1755-8794-6-27
http://dx.doi.org/10.1182/blood-2003-12-4412
http://dx.doi.org/10.1111/j.1600-0609.2007.00817.x
http://dx.doi.org/10.1016/j.cancergencyto.2006.05.016


Telomeric proteins in lymphoid malignancies

	 28� © 1996-2017

433-438 (2009)
DOI: 10.1111/j.1600-0609.2009.01313.x

71.	 B.M. Jebaraj, D. Kienle, A. Lechel, D. 
Mertens, M. Heuberger, G. Ott, A. Rosenwald, 
T.F. Barth, P. Möller, T. Zenz, H. Döhner, S. 
Stilgenbauer. Telomere length in mantle cell 
lymphoma. Blood 121, 1184-1187 (2013)
DOI: 10.1182/blood-2012-08-452649

72.	 K.F. Norrback, G. Enblad, M. Erlanson, C. 
Sundström, G. Roos. Telomerase activity in 
Hodgkin’s disease. Blood 92, 567-573 (1998)
No doi found

73.	 P. Brousset, T. al Saati, N. Chaouche, R.C. 
Zenou, D. Schlaifer, S. Chittal, G. Delsol. 
Telomerase activity in reactive and neoplastic 
lymphoid tissues: infrequent detection of 
activity in Hodgkin’s disease. Blood 89, 
26-31 (1997)
No doi found

74.	 S.A. Ely, A. Chadburn, C.M. Dayton, E. 
Cesarman, D.M. Knowles. Telomerase activity 
in B-cell non-Hodgkin lymphoma. Cancer 89, 
445-452 (2000)
DOI: 10.1002/1097-0142(20000715)89:2 
<445:AID-CNCR33>3.0.CO;2-T

75.	 K. Remes, K.F. Norrback, R. Rosenquist, C. 
Mehle, J. Lindh, G. Roos. Telomere length and 
telomerase activity in malignant lymphomas 
at diagnosis and relapse. Br J Cancer 82, 
601-607 (2000)
DOI: 10.1054/bjoc.1999.0970

76.	 Z. Lin, S. Lim, M.A. Viani, M. Sapp, M.S. 
Lim. Down-regulation of telomerase activity 
in malignant lymphomas by radiation and 
chemotherapeutic agents. Am J Pathol 159, 
711-719 (2001)
DOI: 10.1016/S0002-9440(10)61742-7

77.	 W. Klapper, M. Krams, W. Qian, D. Janssen, 
R. Parwaresch. Telomerase activity in B-cell 
non-Hodgkin lymphomas is regulated by 
hTERT transcription and correlated with 
telomere-binding protein expression but 
uncoupled from proliferation. Br J Cancer 89, 
713-719 (2003)
DOI: 10.1038/sj.bjc.6601112

78.	 I. Nagel, M. Szczepanowski, J.I. Martín-
Subero, L. Harder, T. Akasaka, O. Ammerpohl, 
E. Callet-Bauchu, R.D. Gascoyne, S. Gesk, D. 
Horsman, W. Klapper, A. Majid, J.A. Martinez-
Climent, S. Stilgenbauer, H. Tönnies, 
M.J. Dyer, R. Siebert. Deregulation of the 

telomerase reverse transcriptase (TERT) 
gene by chromosomal translocations in B-cell 
malignancies. Blood 116, 1317-1320 (2010)
DOI: 10.1182/blood-2009-09-240440

79.	 L. Trentin, G. Ballon, L. Ometto, A. Perin, U. 
Basso, L. Chieco-Bianchi, G. Semenzato, 
A. De Rossi. Telomerase activity in chronic 
lymphoproliferative disorders of B-cell lineage. 
Br J Haematol 106, 662-668 (1999)
DOI: 10.1046/j.1365-2141.1999.01620.x

80.	 J. Panero, R.M. Alves-Paiva, A. Roisman, 
B.A. Santana-Lemos, R.P. Falcão, G. Oliveira, 
D. Martins, C. Stanganelli, I. Slavutsky, R.T. 
Calado. Acquired TERT promoter mutations 
stimulate TERT transcription in mantle cell 
lymphoma. Am J Hematol 91, 481-485 (2016)
DOI: 10.1002/ajh.24324

81.	 P.J. Killela, Z.J. Reitman, Y. Jiao, C. 
Bettegowda, N. Agrawal, L.A. Jr. Diaz, A.H. 
Friedman, H. Friedman, G.L. Gallia, B.C. 
Giovanella, A.P. Grollman, T.C. He, Y. He, 
R.H. Hruban, G.I. Jallo, N. Mandahl, A.K. 
Meeker, F. Mertens, G.J. Netto, B.A. Rasheed, 
G.J. Riggins, T.A. Rosenquist, M. Schiffman, 
IeM. Shih, D. Theodorescu, M.S. Torbenson, 
V.E. Velculescu, T.L. Wang, N. Wentzensen, 
L.D. Wood, M. Zhang, R.E. McLendon, 
D.D. Bigner, K.W. Kinzler, B. Vogelstein, 
N. Papadopoulos, H. Yan. TERT promoter 
mutations occur frequently in gliomas and a 
subset of tumors derived from cells with low 
rates of self-renewal. Proc Natl Acad Sci U S 
A 110, 6021-6026 (2013)
DOI: 10.1073/pnas.1303607110

82.	 J. Vinagre, A. Almeida, H. Pópulo, R. Batista, 
J. Lyra, V. Pinto, R. Coelho, R. Celestino, H. 
Prazeres, L. Lima, M. Melo, A.G. da Rocha, 
A. Preto, P. Castro, L. Castro, F. Pardal, J.M. 
Lopes, L.L. Santos, R.M. Reis, J. Cameselle-
Teijeiro, M. Sobrinho-Simões, J. Lima, V. 
Máximo, P. Soares. Frequency of TERT 
promoter mutations in human cancers. Nat 
Commun 4, 2185 (2013)
DOI: 10.1038/ncomms3185

83.	 D.S. Huang, Z. Wang, X.J. He, B.H. Diplas, 
R. Yang, P.J. Killela, Q. Meng, Z.Y. Ye, W. 
Wang, X.T. Jiang, L. Xu, X.L. He, Z.S. Zhao, 
W.J. Xu, H.J. Wang, Y.Y. Ma, Y.J. Xia, L. Li, 
R.X. Zhang, T. Jin, Z.K. Zhao, J. Xu, S. Yu, F. 
Wu, J. Liang, S. Wang, Y. Jiao, H. Yan, H.Q. 
Tao. Recurrent TERT promoter mutations 
identified in a large-scale study of multiple 

http://dx.doi.org/10.1111/j.1600-0609.2009.01313.x
http://dx.doi.org/10.1182/blood-2012-08-452649
http://dx.doi.org/10.1002/1097-0142%2820000715%2989:2%3C445:AID-CNCR33%3E3.0.CO%3B2-T
http://dx.doi.org/10.1002/1097-0142%2820000715%2989:2%3C445:AID-CNCR33%3E3.0.CO%3B2-T
http://dx.doi.org/10.1054/bjoc.1999.0970
http://dx.doi.org/10.1016/S0002-9440%2810%2961742-7
http://dx.doi.org/10.1038/sj.bjc.6601112
http://dx.doi.org/10.1182/blood-2009-09-240440
http://dx.doi.org/10.1046/j.1365-2141.1999.01620.x
http://dx.doi.org/10.1002/ajh.24324
http://dx.doi.org/10.1073/pnas.1303607110
http://dx.doi.org/10.1038/ncomms3185


Telomeric proteins in lymphoid malignancies

	 29� © 1996-2017

tumour types are associated with increased 
TERT expression and telomerase activation. 
Eur J Cancer 51, 969-976 (2015)
DOI: 10.1016/j.ejca.2015.03.010

84.	 F.W. Huang, E. Hodis, M.J. Xu, G.V. Kryukov, 
L. Chin, L.A. Garraway. Highly recurrent TERT 
promoter mutations in human melanoma.
Science 339, 957-959 (2013)
DOI: 10.1126/science.1229259

85.	 S. Horn, A. Figl, P. S. Rachakonda, C. 
Fischer, A. Sucker, A. Gast, S. Kadel, I. Moll, 
E. Nagore, K. Hemminki, D. Schadendorf, R. 
Kumar. TERT promoter mutations in familial 
and sporadic melanoma. Science 339, 
959-961 (2013)
DOI: 10.1126/science.1230062

86.	 R.A. Kyle, S.V. Rajkumar. Monoclonal 
gammopathy of undetermined significance 
and smoldering multiple myeloma. Curr 
Hematol Malig Rep 5, 62-69 (2010)
DOI: 10.1007/s11899-010-0047-9

87.	 F. Stella, E. Pedrazzini, M. Agazzoni, O. 
Ballester, I. Slavutsky. Cytogenetic Alterations 
in Multiple Myeloma: Prognostic Significance 
and the Choice of Frontline Therapy. Cancer 
Invest 33, 496-504 (2015)
DOI: 10.3109/07357907.2015.1080833

88.	 A. Cottliar, E. Pedrazzini, C. Corrado, M.I. 
Engelberger, M. Narbaitz, I. Slavutsky. 
Telomere shortening in patients with 
plasma cell disorders. Eur J Haematol 71, 
334-340 (2003)
DOI: 10.1034/j.1600-0609.2003.00157.x

89.	 K.D. Wu, L.M. Orme, J. Jr Shaughnessy, 
J. Jacobson, B. Barlogie, M.A. Moore. 
Telomerase and telomere length in multiple 
myeloma: correlations with disease 
heterogeneity, cytogenetic status, and overall 
survival. Blood 101, 4982-4989 (2003)
DOI: 10.1182/blood-2002-11-3451

90.	 C.M. Counter, A.A. Avilion, C.E. LeFeuvre, 
N.G. Stewart, C.W. Greider, C.B. Harley, S. 
Bacchetti. Telomere shortening associated 
with chromosome instability is arrested in 
immortal cells which express telomerase 
activity. EMBO J 11, 1921-1929 (1992)
No doi found

91.	 R. Fonseca, P.L. Bergsagel, J. Drasch, N. 
Gutierrez, A.K. Stewart, G. Morgan, B. Van 
Ness, M. Chesi, S. Minvielle, A. Neri, B. 
Barlogie, W.M. Kuehl, P. Liebisch, F. Davies, 

S. Chen-Kiang, B.G. Durie, R. Carrasco, 
O. Sezer, T. Reiman, L. Pilarski, H. Avet-
Loiseau; International Myeloma Working 
Group. International Myeloma Working 
Group molecular classification of multiple 
myeloma: spotlight review. Leukemia 23, 
2210-2221 (2009)
DOI: 10.1038/leu.2009.174

92.	 F. Stella, E. Pedrazzini, A. Rodríguez, E. 
Baialardo, G. Kusminsky, J. Arbelbide, D.B. 
Fantl, I. Slavutsky. New recurrent chromosome 
alterations in patients with multiple myeloma 
and plasma cell leukemia. Cytogenet Genome 
Res 134, 249-259 (2011)
DOI: 10.1159/000329479

93.	 D. Xu, C. Zheng, S. Bergenbrant, G. Holm, 
M. Björkholm, Q. Yi, A. Gruber. Telomerase 
activity in plasma cell dyscrasias. Br J Cancer 
84, 621-625 (2001)
DOI: 10.1054/bjoc.2000.1655

94.	 J. Panero, J. Arbelbide, D.B. Fantl, H.G. 
Rivello, D. Kohan, I. Slavutsky. Altered mRNA 
expression of telomere-associated genes in 
monoclonal gammopathy of undetermined 
significance and multiple myeloma. Mol Med 
16, 471-478 (2010)
DOI: 10.2119/molmed.2010.00057

95.	 R. Díaz de la Guardia, P. Catalina, J. Panero, 
C. Elosua, A. Pulgarin, M.B. López, V. 
Ayllón, G. Ligero, I. Slavutsky, P.E. Leone. 
Expression profile of telomere-associated 
genes in multiple myeloma. J  Cell Mol Med 
16, 3009-3021 (2012)
DOI: 10.1111/j.1582-4934.2012.01628.x

96.	 J. Panero, C. Stanganelli, J. Arbelbide, D.B. 
Fantl, D. Kohan, H García Rivello, G.A. 
Rabinovich, I. Slavutsky. Expression profile of 
shelterin components in plasma cell disorders. 
Clinical significance of POT1 overexpression. 
Blood Cells Mol Dis 52, 134-139 (2014)
DOI: 10.1016/j.bcmd.2013.10.002

97.	 J. Panero, F. Stella, N. Schutz, D.B. Fantl, 
I. Slavutsky. Differential Expression of 
Non-Shelterin Genes Associated with High 
Telomerase Levels and Telomere Shortening 
in Plasma Cell Disorders. PLoS One 10, 
e0137972 (2015)
DOI: 10.1371/journal.pone.0137972

98.	 L. López-Corral, M.V. Mateos, L.A. Corchete, 
M.E. Sarasquete, J. de la Rubia, F. de Arriba, 
J.J. Lahuerta, R. García-Sanz, J.F. San 

http://dx.doi.org/10.1016/j.ejca.2015.03.010
http://dx.doi.org/10.1126/science.1229259
http://dx.doi.org/10.1126/science.1230062
http://dx.doi.org/10.1007/s11899-010-0047-9
http://dx.doi.org/10.3109/07357907.2015.1080833
http://dx.doi.org/10.1034/j.1600-0609.2003.00157.x
http://dx.doi.org/10.1182/blood-2002-11-3451
http://dx.doi.org/10.1038/leu.2009.174
http://dx.doi.org/10.1159/000329479
http://dx.doi.org/10.1054/bjoc.2000.1655
http://dx.doi.org/10.2119/molmed.2010.00057
http://dx.doi.org/10.1111/j.1582-4934.2012.01628.x
http://dx.doi.org/10.1016/j.bcmd.2013.10.002
http://dx.doi.org/10.1371/journal.pone.0137972


Telomeric proteins in lymphoid malignancies

	 30� © 1996-2017

Miguel, N.C. Gutiérrez. Genomic analysis 
of high-risk smoldering multiple mieloma. 
Haematologica 97, 1439-1443 (2012)
DOI: 10.3324/haematol.2011.060780

99.	 Chu L, Su MY, Maggi Jr LB, Lu L, Mullins C, 
Crosby S et al. Multiple myeloma associated 
chromosomal translocation activates orphan 
snoRNA ACA11 to suppress oxidative stress. 
J Clin Invest 122, 2793-2806 (2012)
DOI: 10.1172/JCI63051

100.	 D. Ronchetti, K. Todoerti, G. Tuana, L. Agnelli, 
L. Mosca, M. Lionetti, S. Fabris, P. Colapietro, 
M. Miozzo, M. Ferrarini, P. Tassone, A. Neri. 
The expression pattern of small nucleolar and 
small Cajal body-specific RNAs characterizes 
distinct molecular subtypes of multiple 
myeloma. Blood Cancer Journal 2, e96 (2012)
DOI: 10.1038/bcj.2012.41

101.	 M. Chesi, E. Nardini, R.S. Lim, K.D. Smith, 
W.M. Kuehl, P.L. Bergsagel. The t(4;14) 
translocation in myeloma dysregulates both 
FGFR3 and a novel gene, MMSET, resulting 
in IgH/MMSET hybrid transcripts. Blood 92, 
3025-3034 (1998)

Abreviations: ACD: Adrenocortical Dysplasia 
Homolog; ATM: ataxia telangiectasia mutated; 
ATR: ataxia telangiectasia and Rad3 related; 
CCND1: Cyclin D1; CLL: chronic lymphocytic 
leukemia; DDR: DNA damage response; DKC1: 
dyskerin; DLBCL: diffuse large B cell lymphoma; 
ETS: E-twenty-six; FL: follicular lymphoma; GAR1: 
GAR1 ribonucleoprotein; IGH: immunoglobulin 
heavy chain; IGHV: immunoglobulin heavy chain 
variable region; M: mutated; MCL: mantle cell 
lymphoma; MGUS: monoclonal gammopathy 
of undetermined significance; MM: multiple 
myeloma; MMSET: multiple myeloma SET domain 
containing protein; MRE11: homolog A, double 
strand break repair nuclease; MRN: MRE11, 
RAD50 and NBS; NBS: nibrin; NHL: non-Hodgkin 
lymphomas; NHP2: NHP2 ribonucleoprotein; 
NOP10: NP10 ribonucleoprotein; PIF1:  5’-to-3’ 
DNA helicase; POT1: protection of telomeres 1; 
RAD50: RAD50 homolog, double strand break 
repair protein; RAP1 repressor/activator protein 
1; RNP: ribonucleoprotein; RPA1: replication 
protein A1; scaRNAs: small cajal body-specific 
RNAs; snoRNAs: small nucleolar RNAs; SOX11: 
SRY (Sex Determining Region Y)-box 11; TERC: 
telomerase RNA component; TERT: telomerase 
reverse transcriptase; TERTp: telomerase reverse 

transcriptase promoter; TIF: telomere damage-
induced foci; TIN2: TRF1-interacting protein 2; TL: 
telomere length; TPP1: adrenocortical dysplasia 
homolog; TRF1: telomeric repeat binding factor 
1; TRF2: telomeric repeat binding factor 2; UM: 
unmutated; WHSC1: Wolf-Hirschhorn syndrome 
candidate 1.

Key Words: Telomere Length, Telomerase, 
Shelterin, Telomere-associated Proteins, Lymphoid 
Malignancies, Review.

Send correspondence to: Irma Slavutsky, Pacheco 
de Melo 3081, C1425AUM, Buenos Aires, Argentina, 
Tel: 5411-4805-8803, Fax:   5411-4803-9475, 
E-mail: islavutsky@hematologia.anm.edu.ar

http://dx.doi.org/10.3324/haematol.2011.060780
http://dx.doi.org/10.1172/JCI63051
http://dx.doi.org/10.1038/bcj.2012.41
mailto:islavutsky%40hematologia.anm.edu.ar?subject=

