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ABSTRACT 

In neoplasia, telomere maintenance mechanisms (TMMs) can be prognostic and may direct therapy in the future. Two 
types of TMM, telomerase and recombination-based alternative lengthening of telomeres (ALT), result in four prognos- 
tic tumor groups when they occur individually, in combination, or in mutual absence. Correct designation of the TMM 
therefore requires an assessment of telomerase activity and for ALT telomere length distribution and ALT associated 
promyelocytic leukaemia protein (PML) bodies (APBs). The four groups are associated with differing prognoses that 
are dependent on the tumor type. As TMM inhibitors are developed, oncologists will require that pathologists determine 
the TMM, and the treatments will differ accordingly. Furthermore, any anti-TMM therapy administered has the poten- 
tial to selectively change the TMM used by a tumor, necessitating reassessment of the therapeutic strategy. Herein, we 
review the telomere maintenance mechanisms, the current diagnostic measures and their utility as prognostic markers in 
the clinical setting. 
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1. Introduction 

A predictable pattern of carcinogenesis is beginning to 
emerge based on a multitude of growth factors, cyto- 
plasmic receptors, signal transducers, gene mutations and 
epigenetic changes that have been described in the cellu- 
lar pathways of cancer [1]. One of these predominant 
cancer pathways, telomere maintenance, is best under- 
stood based on the actions of telomerase [2,3]. Telomeres 
protect the ends of linear chromosomes from replicative 
senescence, and thus structural telomere maintenance is 
an important aspect of cellular housekeeping activities. 
Consisting of tandem 5’TTAGGG3’ hexanucleotide re- 
peats of up to 15 kilobases [4], the telomere is shortened 
at each round of cell division [5] because of the “end 
replication” problem [6]. This is not the case for cancer 
cells wherein fatal telomere shortening is circumvented 
by the activation of a telomere maintenance mechanism 
(TMM) [7-9]. The only two TMMs that have been de- 
scribed in mammalian cells are an enzymatic method that 
employs telomerase and DNA recombination methods 
(recently reviewed in detail) [10-13]. Telomerase is a 
reverse transcriptase consisting of a ribosomal RNA se-  

quence (hTERC) and a protein catalytic component 
(hTERT) that synthesises telomeric DNA from its own 
template to replace telomeric DNA that is lost during cell 
division [14,15]. 

Evidence that telomere maintenance mechanisms exist, 
in addition to telomerase, came from investigations of 
telomerase-null yeast cells that carry out many divisions 
[16,17]. Two mechanisms for survival were identified, 
termed type I and type II. It is unknown whether a 
mechanism resembling that observed in the type I survi- 
vors exists in human tumors, but it is likely given that a 
similar mechanism has been identified in a human cell 
line that lacked both telomerase activity and the Werner 
syndrome protein [18]. Type II survivors have a mecha- 
nism that closely resembles the recombinant mechanism 
in human tumors [19]. The mammalian recombinant 
method was discovered in survivors of telomerase-null 
human cell lines that had sustained several hundreds of 
population doublings in culture [7,8]. This was called the 
alternative lengthening of telomeres (ALT) mechanism 
as it offers an alternative to telomerase [7]. 

Combinations of the two telomere maintenance me- 
chanisms exist [20], and thus, human tumors can be di- 
vided into four groups, namely: telomerase (Tel)TMM or *Corresponding author. 
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ALTTMM for tumors with one maintenance mecha- 
nism but not the other; TelTMM and ALTTMM 

(Tel/ALTTMM) for tumors with both mechanisms; or 
tumors with neither TelTMM nor ALTTMM, referred to 
as non-determined telomere maintenance mechanism 
(NDTMM). The TelTMM operates in most (and particu- 
larly aggressive) epithelial cancers [21-23]. The pre- 
dominance of the TelTMM in human carcinoma was the 
impetus for developing telomerase-based therapies in- 
cluding telomerase inhibitors, anti-telomerase immuno- 
therapies, and anti-telomerase viral therapies [24]. Te- 
lomerase inhibitors either block its catalytic activity or 
the ability of the complex to access telomeres. One well- 
described inhibitor, Imetelstat, is an oligonucleotide 
based compound designed to bind to the RNA compo- 
nent of telomerase preventing telomere access. Imetelstat 
inhibited telomerase activity in a wide range of human 
tumor cells and reduced tumor growth in mouse xeno- 
graft models. Imetelstat is currently in numerous clinical 
trials on a wide variety of tumors. Individuals with 
ALTTMM would not be expected to benefit from telom- 
erase inhibitors, and they require the development of 
ALTTMM inhibitors. Those with NDTMM tumors 
would not be expected to benefit from TelTMM or 
ALTTMM inhibitor treatment. Anti-TMM treatment may 
alter the TMM used. Recent evidence using an animal 
model showed that telomerase extinction in established 
telomerase-positive tumors led to the development of 
ALTTMM positive tumors [25]. Therefore, it will be in- 
creasingly important to distinguish tumors according to 
their TMM when assigning the initial treatment and to 
continually monitor the TMM to assist in the selection of 
later treatment strategies. 

2. Diversity of Telomere Maintenance  
Mechanisms 

TelTMM is the principal mechanism in carcinomas of the 
breast (86%), colon (89%), prostate (88%), and pancreas 
(95%), as well as melanoma (91%) [26]. ALTTMM was 
first documented in osteosarcoma [8] and is most com- 
monly found in neuroepithelial and mesenchymal tumors 
(reviewed in) [10,27,28]. Carcinomas with ALTTMM 
are rare and include cases of breast ductal carcinoma, 
hepatocellular carcinoma, clear cell carcinoma of the 
ovary, neuroendocrine carcinomas from varying loca- 
tions, and squamous carcinoma of the cervix (reviewed 
in) [10]. ALTTMM has been inferred in a large cohort of 
different tumor types due to the detection of long telom- 
eric lengths using fluorescent in situ hybridization (FISH) 
[29]. Using this method, no potential ALTTMM positive 
tumors were detected in tissue microarray samples of 
adenocarcinoma of the colon, small intestine, pancreas, 
prostate, or lungs, or in hematopoietic cancer. However, 

small tissue areas and tumor heterogeneity may have 
resulted in false negatives. The same group did report a 
small number of breast carcinomas with long telomeric 
lengths in association with human epidermal growth fac- 
tor receptor 2 positivity, suggesting a link between 
ALTTMM and a particular aggressive carcinoma subtype 
[30]. 

In mesenchymal tumors, ALTTMM is found with fre- 
quency in osteosarcoma (35% - 47%), leiomyosarcoma 
(62%), liposarcoma (24% - 33% overall and 44% in 
grade 3), malignant fibrous histiocytoma (77%), diffuse 
malignant pleural mesothelioma (26%), and uterine sar- 
coma (46%), but it is rare in rhabdomyosarcoma (5%), 
and it is not found in Ewing’s sarcoma [31] (and re- 
viewed in) [10,27,28,31]. It is suggested that sarcomas 
characterised by chromosomal translocations tend to 
maintain telomeres with telomerase, whereas sarcomas 
with complex karyotypes are associated with ALTTMM 
[32,33]. The most detailed analysis of TMM has been 
performed for astrocytoma. All four TMM groups are 
represented. Grade 1 astrocytoma, the predominant as-
trocytoma in children, is both TelTMM and ALTTMM 
negative with few exceptions [29,34,35]. Grade 2 - 3 
astrocytomas are predominately ALTTMM positive 
[36]. However, in the aggressive grade 4 glioblastoma, 
ALTTMM is rare (15% - 25%) compared to TelTMM (> 
40%) and the NDTMM (approximately 40%) [20,36,37]. 
Tel/ALTTMM asytrocytomas exist, but they are rarer (at 
most 5%) [20]. In glioblastoma, ALTTMM is a putative 
marker for secondary tumors because of the high inci- 
dence in lower grade astrocytomas, while telomerase 
activity marks de novo primary glioblastoma [36]. 

Examples of other tumors in which all TMM groups 
exist include Wilms’ tumor [38], liposarcoma [39,40], 
osteosarcoma [41], neuroblastoma [42], and peripheral 
nerve sheath tumors [43]. In Tel/ALTTMM positive tu- 
mors, it is not clear whether both mechanisms operate in 
the same cell, or whether the tumor is represented by 
different TMM subpopulations. Not all tumors have a 
known telomere maintenance mechanism. This has been 
described in papillary carcinoma of the thyroid [36], 
grade 1 astrocytoma [34,35], subsets of liposarcoma (ap- 
proximately 50% overall, but only 9% of grade 3 tumors) 
[39], osteosarcoma (18%) [41], Ewing’s sarcoma (30%) 
[40], peripheral nerve sheath tumors (40%) [43], and 
glioblastoma (approximately 40%) [20,44]. It is possible 
that early tumors do not experience sufficient telomeric 
shortening to activate a TMM. Low-grade astrocytomas 
have some, but not all markers of ALTTMM, suggesting 
that a predisposition for ALTTMM in NDTMM tumors 
may already exist in cell lineages prone to ALTTMM 
positive tumors [35]. A model for ALTTMM develop- 
ment is proposed in which normal cell function is de- 
regulated through multiple key steps until a ALTTMM 
arises [45]. The NDTMM category may also contain tu- 
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mors in which the TMM is yet to be discovered, such as 
a type I survivor-like mechanism [18]. 

methods is currently required, one that provides informa- 
tion on TelTMM and another that detects the ALTTMM 
status, to differentiate all four TMM groups. Each 
method has advantages and disadvantages, and their 
suitability to the clinical setting is summarised below. 
The key aspects of five assays (TRAP, TRF, APB, FISH, 
c-circle and TERRA) are given in Figure 1(a), and the 
application of these results to distinguish the four TMM 
tumor subtypes is outlined in Figure 1(b). 

3. Detection of Telomere Maintenance  
Mechanism 

Methods to detect TelTMM and ALTTMM are routinely 
used in the research laboratory but are not always readily 
applicable to the diagnostic medical laboratory (reviewed 
in detail elsewhere) [10,28,46]. A combination of two  
 

 

Figure 1. Assays for determining the telomere maintenance mechanism used in human tumors. (a) The TRAP, TRF, APB, 
FISH, c-circle, and TERRA TMM assays have different sample requirements, specific aspects, and methods of detection that 
ultimately provide information on whether a tumor has telomerase activity or uses the recombination method for telomere 
maintenance; (b) Assay results determine whether a tumor uses telomerase activity as a telomere maintenance mechanism 
(TelTMM), or the recombination-based method (ALTTMM). By using a combination of assays, tumors can be divided into 
all four telomere maintenance (TMM) subgroups: positive for one TMM (TelTMM (or ALTTMM), positive for both TMMs 
(Tel/ALTTMM), or positive for neither TMM (NDTMM). The use of at least two assays is preferred to ascertain certainty of 
the TMM. +ve, positive; -ve, negative; *, some low-grade tumors indicated as NDTMM based on the TRF length are positive 
for APBs. APB, ALT-associated PML bodies; ELISA, enzyme-linked immunosorbent assay; FISH, fluorescent in situ hy-
bridization; PML, promyelocytic leukemia protein; Q-PCR, quantitative PCR; TRAP, telomere repeat amplification protocol; 
TRF, terminal restriction fragment; undetermined, the assay has yet to be tested on known Tel/ALTTMM or NDTMM tumors. 
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3.1. Detection of TelTMM Positive Tumors 

TRAP assay: The determination of telomerase activity by 
the TRAP (telomere repeat amplification protocol) assay 
is a specific, well-established protocol (reviewed in) [46]. 
This technique is PCR based and quantifies enzyme 
processivity using tumor tissue [47], with high-through- 
put quantitative-PCR (Q-PCR) and ELISA-based kits 
(reviewed in) [46]. Although not as widely validated, 
blood samples may be used. Here, cancerous cells are 
first separated from leukocytes before the telomerase 
activity is assessed [48]. However, blood samples are 
only applicable if cancerous cells are in circulation. 

Although, the TRAP assay is currently the gold stan- 
dard for detecting TelTMM, it requires fresh or frozen 
tissue and has aspects that make it problematic for the 
diagnostic laboratory. Most adaptions of the TRAP as- 
says allow only semi-quantitative measurements, false- 
negative and false-positive results can occur, and the 
assays are technically demanding. Non-PCR based alter- 
natives are available. An in situ-based adaption allows 
for the assessment of individual cells, and it can ensure 
that the telomerase activity is within cancerous cells and 
is not that from non-cancerous activated lymphocytes 
[49]. The TRE (telomere repeat elongation assay) assay 
allows sensitive and precise quantification of telomerase 
activity, but it does require specific equipment [50]. Con- 
tinued improvement to the TRAP assay and wider vali- 
dation of the alternative assays will promote the devel- 
opment of a routine assay for the diagnostic setting. 

Immunohistochemistry: Immunohistochemistry-based 
methods, typically for hTERT, can be used on paraffin- 
embedded tissues [51]. This method allows individual 
cells to be analyzed, but it is not as well validated as the 
TRAP assay. Successful hTERT detection depends on a 
number of factors, including the type of antibody used 
and the assay conditions [52]. The detection of hTERT 
does not necessarily equate to telomerase activity. The 
hTERT protein has been shown to participate in cell 
processes other than telomere maintenance [53,54]. Mul- 
tiple isoforms of hTERT exist [55], and discrepancies 
between the level of hTERT transcript and the level of 
hTERT protein have been reported [56]. Other molecular 
characteristics of TelTMM, as have been found for 
ALTTMM, could be used for surrogate immunohisto- 
chemistry-based assays in the future. 

TERRA assay: The telomeric repeat-containing RNA 
(TERRA) assay is a relatively new assay that may prove 
valuable for accessing whether a tumor is telomerase 
positive [57]. TERRAs are noncoding transcripts con- 
taining telomere repeats that occur as a result of tran- 
scription at subtelomeric regions [58,59]. TERRA ex- 
pression is dependant on CpG island promoters found in 
many eukaryotic genes (reviewed in) [60]. Cytosines in 
CpG islands can be methylated by DNA methyltrans- 

ferases (DNMT), and consequently transcription activity 
is negatively regulated (reviewed in) [61]. Methylation 
increases with advancing age, it is accelerated in the co- 
lon in response to chronic inflammation, and it might be 
an adaptive response to injury [62]. TERRA may inhibit 
telomerase activity [59,63]. A recent study demonstrated 
that TERRA is inversely proportional to telomerase ac- 
tivity [57]. TERRA transcript levels are quantified by 
PCR based methods, with low concentrations consistent 
with TelTMM. 

Thus, TelTMM tumors can be identified using TRAP, 
immunohistochemistry and TERRA assays. The TRAP 
assay is the best characterised and the most widely vali- 
dated, while developments in other telomerase activity 
assays, hTERT antibody design, and surrogate assays for 
the presence of telomerase, such as TERRA, provide 
additional options for adaption to the clinical setting. 

3.2. Detection of ALTTMM Positive Tumors 

The gold standard measurement for identifying ALTTMM 

is the presence of maintained telomere length by recom- 
bination in the absence of telomerase activity [7]. The 
absence of telomerase is an important distinction. As 
reviewed below, the prognosis for ALTTMM varies ac- 
cording to the presence or absence of telomerase. For 
human tumors, as opposed to cultured cells, the demon- 
stration of recombination is not routinely possible, so the 
presence of heterogeneous telomeres suffices as a surro- 
gate. Thus ALTTMM, assays rely on phenotypic ALTTMM 
features. Assays that are practicably applicable are the 
detection of 1) long and heterogeneous telomere lengths; 
2) APBs and 3) c-circles.  

TRF measurement: The terminal restriction fragment 
(TRF) assay is most commonly used as an indication of 
the telomere length distribution. Based on Southern hy- 
bridization, telomere DNA is separated using electro- 
phoresis, and a probe recognising the telomere DNA al- 
lows for visualisation of the telomere length distribution 
[7]. ALTTMM positive tumors possess long (increased 
mean length) and heterogeneous (ranging from critically 
short to extremely long in length) lengths compared to 
TelTMM or NDTMM tumors. The TRF assay is labor 
intensive and can produce equivocal results when used as 
a single TMM assay [36]. For telomere length, higher 
throughput versions using Q-PCR-based methods are 
available with a good correlation with telomere length 
measurement using the traditional TRF method [64,65]. 
False-positive interpretations occur, as some telomerase- 
positive cells do produce long telomere lengths, consis- 
tent with that observed for ALTTMM (reviewed in) [66]. 

FISH: More recently, the increased length of the te- 
lomeres is detected by telomere DNA fluorescence in situ 
hybridisation (FISH) [29,30]. In this assay, ALTTMM 
tumors produce large fluorescent signals compared to non- 
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cancerous cells. FISH is within the capabilities of many 
diagnostic laboratories, and therefore this method could 
be applicable to the clinical setting. Again, as outlined 
earlier, false-positive interpretation can occur if the te- 
lomere length alone is used to assay for TMM. 

APB assay: In addition to telomere DNA FISH detec- 
tion combined with co-localized detection of the pro- 
myelocytic leukaemia protein (PML), is the APB assay. 
“ALT-associated” nuclear PML Bodies (APBs) in large 
form are unique to ALTTMM with few exceptions [19, 
35,36]. The development of the APB detection assay by 
the Reddel group marked a substantial advance in identi- 
fication of ALTTMM tumors because paraffin embedded 
sections, or even cytopathological samples, could be used 
[36]. Immunofluorescence detects the PML protein (or 
an associated telomere protein such as telomere repeat 
factor 1, telomere repeat factor 2, or a PML body associ- 
ated protein such as sp100) (reviewed in) [12,45], and 
FISH detects telomere DNA, typically using a protein 
nucleic acid (PNA) probe consisting of three telomeric 
DNA repeats. 

An APB is defined as a large (≥1.4 µm2) co-localized 
PML protein and telomere DNA signal in the cell nu- 
cleus [35,36]. A tumor is typically considered positive if 
the percentage of cells containing APBs is >0.5%. Large 
co-localizations of PML and telomere DNA are tumor 
specific, whereas smaller co-localizations have been 
found in both neoplastic and non-neoplastic cells [67, 
68]. The function of both large and small co-localiza- 
tions is unknown, but upon malignant transformation to 
ALTTMM, large APBs have been shown to appear and 
disappear precisely with the gross deregulated telomere 
length phenotype [19] (and reviewed in) [28]. Tumors 
with only large co-localizations and no heterogeneous 
telomeres have also been described [35]. Consistent with 
the ALTTMM-negative status, grade 1 astrocytomas do 
not show the gross aberrant telomere length phenol- 
type. However, these tumors do have large co-locali- 
zations found in ALTTMM tumors, suggesting that the 
APB assay may be able to detect early changes toward 
ALTTMM as it provides an assessment of individual 
cells [35]. Standard fluorescent or confocal microscopy 
is required, which is labor intensive, and some tumors 
show recombination activity without APB formation 
[29,69,70]. 

C-circle assay: C-circles are ALTTMM specific and are 
comprised of circular telomeric C-strand (i.e., (CCCTAA)n 
circles) [71]. C-circles are self-priming, an attribute that 
is utilized in the c-circle assay. The c-circle assay is 
quantitative and involves amplification of circular DNA 
using rolling circle amplification with the C-telomere 
strand as the template and an isothermic polymerase. The 
G-strand products can be visualised by electrophoresis or 
using a dot blot format using a telomere DNA probe. The 

c-circle assay has been correlated with ALTTMM ac- 
tivity in solid tumors [31]. Although this assay has not 
been widely used, no false negative results have been 
reported. The c-circle assay can be used with tumor tis- 
sue, including paraffin-embedded tissue [31], or periph- 
eral blood genomic DNA samples [71]. Detection of 
cancer-derived products in the blood is a distinct advan- 
tage of this assay for the clinical setting. 

TERRA assay: The TERRA assay outlined earlier for 
TelTMM detection may also provide insight into the 
ALTTMM status. Cells deficient for DNMT (expected to 
express high levels of TERRA) were shown to possess 
increased heterogeneity of telomere length and increased 
APB frequency (hallmarks of the ALTTMM positive 
tumor) [72]. Thus, a loss of methylation and increased 
TERRA transcripts promote recombination. High con- 
centrations of TERRA expression were found in tumors 
with long telomere lengths that lacked telomerase active- 
ity [57]. These results are consistent with increased 
TERRA levels (determined by a Q-PCR based method 
described earlier) being a marker of ALTTMM [57]. 

Mutation assay: Large-scale genomic analyses have 
discovered new markers associated with ALTTMM 
[73,74]. One of these is mutation in the isocitrate dehy- 
drogenase 1 (1DH1) gene [74-76]. Mutant IDH1 is much 
more frequent in grade 2 - 3 astrocytomas and secondary 
glioblastoma compared to primary gliboblastomas [75, 
76]. In ALTTMM-positive tumors, IDH1 mutations are 
found at a frequency of 19% - 59% and were rare in 
TelTMM and NDTMM glioblastomas (<5%) [37,77]. In 
brain tumors, the R132H variant is the most prominent 
IDH1 mutation and can be detected by immunohisto- 
chemistry or sequencing of tumor DNA [75,78]. 

Mutations in the ATRX, DAXX, and histone H3.3 
(H3F3A) genes are also associated with ALTTMM [73, 
79-81]. Mutations can be identified by sequencing, or in 
the case of ATRX and DAXX mutations, by a lack of 
protein expression using immunohistochemistry [79,80]. 
Screening for ATRX/DAXX mutations using immuno- 
histochemistry in pancreatic neuroendocrine tumors re-
vealed that 100% of tumors with ATRX/DAXX muta- 
tions were ALTTMM positive [79]. In pediatric glio- 
blastomas, recurrent H3F3A mutations were found in 
approximately 36% of tumors, but only in 3.4% of adult 
glioblastomas. In glioblastoma, H3F3A mutations were 
concurrent with ATRX/DAXX mutations and were mu- 
tually exclusive with IDH1 mutations [80]. For detection 
of all ALTTMMs by associated mutation analysis, a 
panel of antibodies to the various mutations would be 
required. 

ALTTMM tumors are identified using the TRF, FISH, 
APB, c-circle and TERRA assays. The TRF and APB 
assays are the best characterized and the most widely 
validated, but the other methods are more readily 
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adapted for the diagnostic laboratory. In the near future, 
ALTTMM tumors may be identified, or the TMM may 
be supported using a panel of antibodies to the various 
mutations that are characteristic of ALTTMM. 

4. Prognosis and Telomere Maintenance  
Mechanism 

The prognostic significance of the TMM is dependent on 
the tumor type. Here we focus our attention on tumors 
with all four TMM subtypes. With the exception of 
glioblastoma, tumors with NDTMM are consistently as- 
sociated with the best survival as might be expected, 
whilst the presence of the ALTTMM is often associated 
with the worst prognosis [20,39-42,82]. 

4.1. Prognosis in Glioblastoma 

In glioblastoma, the TRAP, TRF and the APB assays can 
be used to separate tumors into TelTMM, ALTTMM, 
Tel/ALTTMM and NDTMM [20,36,37,83]. Patients with 
ALTTMM tumors have an improved prognosis com- 
pared to those with TelTMM and NDTMM [20]. Patients 
with Tel/ALTTMM tumors had the worst mean survival, 
but they are too rare for a statistical comparison with the 
other TMM tumor types [20]. Further subtyping of the 
TelTMM, ALTTMM and NDTMM subgroups based on 
other molecular parameters showed that  patients with 
ALTTMM-positive tumors with p53 mutations had an 
improved survival compared to ALTTMM positive tu- 
mors with wild-type p53 [83]. In contrast, a p53 mutation 
conferred a poorer survival for those with TelTMM, and 
no difference in survival was detected for those with 
NDTMM [83]. In ALTTMM-positive glioblastomas, 
IDH1 mutations increased the overall survivability by 
approximately 3 months [76]. The ALTTMM H3F3A, 
ATRX, DAXX, and IDH1 mutation phenotypes are 
thought to contribute to tumor development by inhibiting 
demethylation, therefore leading to increased methyla- 
tion, altered gene transcription, and a more progenitor 
cell-like tumor signature [80,84]. Thus the possibility 
that these mutations also alter the TERRA promoter me- 
thylation pattern is raised. In NDTMM glioblastoma, the 
frequency of a sequence variant (G500) in the 3’ un- 
translated region of the cyclin-dependent kinase inhibitor 
2A (CDKN2A) gene was increased and associated with a 
poorer survival, an increased age, and loss of CDKN2A 
gene dosage in carriers [37]. 

The TRAP and TRF assays require frozen tissue, 
however this is not always possible when large cohorts 
are sought. In a cohort of 573 glioblastomas, the APB 
assay alone confirmed a 2-year increase in the survival 
rate for those with APB-positive tumors (consistent with 
ALTTMM) at 22% compared to 11% for those with APB 
negative tumors [77]. The use of a large cohort resulted 

in the discovery of important implications for treatment. 
For ALTTMM tumors, surgery and radiotherapy offered 
no statistically significant difference in survival com- 
pared to surgery alone, whilst for ALTTMM-negative 
tumors, surgery and radiotherapy were associated with a 
significant improvement in survival compared to surgery 
alone [77]. That the ALTTMM is associated with resis- 
tance to radiotherapy is further evident in studies with 
glioma stem cells, which are resistant to radiotherapy, 
compared to telomerase-positive tumor stem cells [85]. 
Resistance to radiotherapy is suggested to result from an 
impaired DNA damage response [85]. The disadvantage 
of using the APB assay alone is that the NDTMM and 
TelTMM tumors are not distinguished. 

As suggested by the findings of Sampl et al. (2012), in 
an analysis of a smaller glioblastoma cohort (28 cases), 
the survival of individuals based on a single TMM assays 
did not result in a correlation with survival [57]. How- 
ever, analysis of survival based on a combination of as- 
says (TERRA levels, telomere length by Q-PCR and te- 
lomerase activity by TRAP) was associated with a trend 
for survival. This confirms that at least two assays are 
required to maintain certainty of the mechanism and re- 
solve the TMM category. 

4.2. Prognosis in Other Tumor Types 

In contrast to gliomagenesis, TMM in other non-epithet- 
lial tumors offers a quite different prognosis. Three sar- 
comas, (uterine sarcoma) [31], liposarcoma [39,40,70,82], 
and osteosarcoma [36,41]) as well as neuroblastoma [41] 
have been studied with enough clinical follow-up and in 
sufficient detail to highlight the major prognostic differ- 
ences, at least in uni-variant analyzes. In liposarcoma, the 
use of the APB and/or TRF, and TRAP assays revealed 
that ALTTMM and Tel/ALTTMM are associated with 
poor survival, if not the poorest, TelTMM is associated 
with poor or intermediate survival, and NDTMM is asso- 
ciated with the best survival for patients [39,40,70,82]. In 
osterosarcoma, NDTMM was associated with good pro- 
gression-free survival compared to the other TMM sub- 
groups combined [41]. In uterine sarcoma, patients with 
ALTTMM were associated with a poorer disease-free 
survival and overall survival compared to those with 
non-ALTTMMs [31]. For neuroblastoma, NDTMM was 
associated with 100% progression-free survival com- 
pared to 46% for Tel/ALTTMM, 67% for ALTTMM, 
and 78% for TelTMM [42]. Whether ALTTMM-positive 
sarcomas are also associated with IDH1 mutations, as 
was recently reported for glioblastoma, is unknown. 
IDH1 mutations have been detected in chondrosarcomas 
that have a high prevalence of ALTTMM but were not 
detected in other ALTTMM-positive types of osteosar- 
coma or soft tissue mesenchymal malignancies [86]. This 
warrants further investigation, as IDH1 mutations are 
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relatively easy to identify both in the laboratory and with 
radiological imaging and could offer improved prognos- 
tic detail. 

In sarcoma, it is not merely the presence of a TMM, 
but the presence of ALTTMM that is prognostically im- 
portant. The poorer prognosis for ALTTMM-positive 
tumors could be due to a more aggressive tumor phenol- 
type. The ALTTMM is more frequent in high-grade com- 
pared to low-grade tumors, and it has an increased mi- 
totic index and tumor size compared to non-ALTTMMs 
[31,39,87]. The picture is less clear with disease pro- 
gresssion, and metastases are frequently telomerase posi- 
tive [88,89]. 

5. Conclusions 

Although telomerase inhibition is an attractive option for 
treating cancer, patients with ALTTMM and NDTMM 
tumors would not benefit. Stratifying patients based on 
the TMM will be required for assigning the correct 
treatment, either a ALTTMM or TelTMM inhibitor, or 
neither. Furthermore, the prognostic data presented in 
this review emphasise the need to diagnostically consider 
and determine all four groups of tumor TMM. The 
methods used to detect these groups are also important, 
and at least two methods are currently required. The 
ALTTMM can be inferred from heterogeneous and long 
telomere lengths, high TERRA, the presence of APBs, or 
the c-circle assay. Telomerase activity is determined by 
TRAP and inferred based on low TERRA or the hTERT 
immunohistochemistry assay. The ability to monitor the 
TMM using blood samples is an attractive option in the 
clinical setting, and it may prove important for early tu- 
mor detection. 

As yet, all combinations of TMM detection methods 
have not been formally validated against known ALTTMM 
tissues, and this evidence is urgently required to progress 
to clinical trials. From the above studies, a combination 
of telomere length and TRAP, or the APB assay and 
TRAP appear adequate. Newer tests such as TERRA, 
immunohistochemistry for multiple markers, and the 
c-circle analysis are available, and combinations include- 
ing these may be better adapted to the diagnostic labora- 
tory. Hopefully a combination can be found that will 
prove clinically predictive, with good sensitivity and 
specificity. Targeted and effective telomere maintenance 
pathway treatment will then become a useful addition to 
the oncologist’s armamentarium. 
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