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ABSTRACT
Soft tissue sarcomas (STS) are a diverse group of
heterogeneous malignant tumours derived from
mesenchymal tissues. Over 50 different STS subtypes are
recognised by WHO, which show a wide range of
different biological behaviours and prognoses. At
present, clinicians managing this complex group of
tumours face several challenges. This is reflected by the
relatively poor outcome of patients with STSs compared
with many other solid malignant tumours. These include
difficulties securing accurate diagnoses, a lack of
effective systemic treatments and absence of any
sensitive circulating biomarkers to monitor patients
throughout their treatment and follow-up. In order to
progress STS’s cells must evade the usual cellular
proliferative checkpoints, and then activate a telomere
maintenance mechanism in order to achieve replicative
immortality. The purpose of this review is to provide an
overview of STS genetics focusing particularly on these
mechanisms. We will also highlight some of the key
barriers to improving outcome for patients with STS, and
hypothesise how a better understanding of these genetic
characteristics may impact on future STS management.

Soft tissue sarcomas (STSs) are rare malignant solid
tumours derived from mesenchymal tissues. Over
50 different STS subtypes have been classified by
WHO, many of which have profound differences
in their genetic makeup, histological characteristics,
biological behaviour and prognoses. The outcome
for patients with STSs is relatively poor compared
with many other solid malignant tumours.
Clinicians face several challenges when managing
STSs including delays to presentation, difficulties
securing diagnoses, limited systemic treatment
options and a lack of effective tools to monitor
patients throughout their treatment and follow-up.
The purpose of this review is to provide an over-
view of STS genetics focusing particularly on telo-
mere maintenance (a necessity for malignant cells
in order to achieve immortality). We will also
highlight some of the key barriers to improving
outcome for patients with STS, and hypothesise
how a better understanding of these genetic
characteristics may impact on future STS
management.

TELOMERES
Telomere function
In eukaryotic cells DNA is packaged into linear
chromosomes. Although this facilitates the main-
tenance of genetic variability through recombin-
ation and random chromosomal assortment during
meiosis, storage of DNA in this way has two disad-
vantages. First, the inability of DNA polymerase to
replicate the very terminal ends of a linear

chromosome during mitosis (a problem termed the
‘end replication problem’1) means linear chromo-
somes progressively shorten during successive cell
divisions, leaving them susceptible to degradation
over time. Second, if the ends of linear chromo-
somes are not protected they run the risk of trigger-
ing a cell’s double-strand DNA damage response
(DDR) pathway, which in turn would result in
abnormal chromosomal end-to-end fusions and
genome instability.
To overcome these disadvantages, DNA-protein

complexes called telomeres exist at the ends of
eukaryotic chromosomes. Telomeres maintain
genome stability by shielding the terminal coding
sequences of chromosomes from degradation
during cellular replication, and also by differentiat-
ing chromosome ends from abnormal chromosome
breakages preventing activation of the DDR
pathway. A further function of telomeres is to
provide protection against the development of
cancer by acting as an internal lifespan for the cells
they are found in. After a certain number of divi-
sions (known as a cell’s ‘Hayflick limit’2), telomere
shortening (predominantly due to the end replica-
tion problem) triggers a cell to enter replicative sen-
escence and undergo growth arrest. Although cells
in this senescent state remain metabolically active,
they cease to divide, preventing further DNA
erosion, genomic instability and the accumulation
of potentially oncogenic mutations.

Telomere structure
The DNA component of human telomeres consists
of simple tandem repeat arrays (STRs) of TTAGGG
(the canonical telomeric sequence) that equates to
2000–15 000 base pairs (bp). Almost all of this
DNA is double stranded other than a short
(<300 bp) single-stranded extension found at the
very terminal end of the 30 G-rich end called the 30

overhang.3 Throughout the cell cycle telomeres
shift between a linear and looped configuration
created when 30 G-rich overhangs fold back and
hybridise within their own double-stranded por-
tions. In both conformations, several proteins
protect telomeres by preventing the activation of
the DDR repair mechanism, and regulate telomere
length by inhibiting the enzyme telomerase. One of
the most important of these protein complexes is
called shelterin, which binds to telomeric DNA pri-
marily through two of its components called TRF1
and TRF24 (see figure 1 for more detail).

Telomere maintenance and cancer
Several models have been proposed to explain how
solid malignant tumours grow, regenerate and show
such high levels of intratumour heterogeneity. One
example is the ‘cancer stem model’, which proposes
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that certain tumour cells (cancer stem cells) are able to differen-
tiate into malignant cells of a distinct type.5 Another model is
the ‘clonal evolution model’, which instead hypothesises that
genomic instability (and the resulting accumulation of somatic
oncogenic mutations) creates subsets of tumour cells with a pro-
liferative advantage and metastatic potential.

When healthy cells reach their Hayflick limit, tumour sup-
pressor pathways involving tumour protein p53 and retinoblast-
oma protein (pRb) trigger replicative senescence (see figure 2).
This checkpoint is known as mortality stage 1 (M1) and func-
tions to prevent uncontrolled cell division. If a cell acquires
somatic mutations that inhibit p53 or pRB it will bypass M1.
When this occurs mitosis and telomere shortening continues
until a second proliferative checkpoint called M2 (or cellular
‘crisis’) is entered. This checkpoint is characterised by severe
genomic instability (driven by telomere fusions and breakages)
and widespread cell death. Regardless of which model under-
pins tumour progression, in order to survive a tumour’s malig-
nant cells must evade both M1 and M2 checkpoints.6 Following
this they must also activate a mechanism to maintain or lengthen
their telomeres7 in order to avoid senescence and achieve repli-
cative immortality. This ability is facilitated by one of two ‘telo-
mere maintenance mechanisms (TMMs)’—the action of the

enzyme telomerase or the alternative lengthening of telomeres
(ALT).

TELOMERASE
Structure and function
Telomerase is a reverse transcriptase enzyme with two main
functional units—human telomerase RNA (hTR) and human tel-
omerase reverse transcriptase (hTERT). Together with several
other accessory proteins including dyskerin, NHP2, TCAB1,
NOP10 and GAR1, hTR and hTERT act together to mediate
telomere lengthening in the majority of solid tumours.8

After telomerase assembly in the Cajal body (a process pro-
moted by TCAB1), the enzyme is transported to telomeres by
shelterin’s POT1-TPP1 complex. hTR is a RNA that contains an
11 nucleotide template complementary to the canonical telo-
meric sequence. Following telomeric T-loop dissociation and
telomere processing by the CST (CTC1, STN1 and TEN1)
complex and Apollo, hTR initialises telomere lengthening by
partially hybridising with telomere 30 overhangs. Next hTERT
(a catalytic protein subunit) elongates the involved telomere by
using hTR as a template, before the detaching and translocating
to the newly synthesised DNA 30 end of the telomere so that
the process can be repeated. Telomerase only lengthens one
strand of a telomere. To complete the process of lengthening a
DNA primase synthesises an RNA primer when telomerase
detaches from a telomere. Using this primer, DNA polymerase α
(the enzyme responsible for initiating DNA replication at origins
of replication) generates a DNA strand complementary to the
newly synthesised single-stranded 30 overhang (the C strand).
Finally, following adequate telomere lengthening the CST
complex is again involved by rendering the lengthened telomere
‘closed’ to further telomerase-mediated extension.8 9

Telomerase regulation and hTERT promoter mutations
With the exception of fetal development, in germline cells and
in certain cells with a high proliferative rate telomerase is gener-
ally inactive in healthy somatic cells. In contrast, the enzyme is
commonly expressed in solid malignant tumours, and maintains
telomere length in 80%–90% of human cancers overall.10 11

Using PCR-based assays including the well-established telomeric

Figure 1 The shelterin protein complex structure and interactions
with telomeric DNA. (A) shows the secondary structure of the six
protein subunits that make up the shelterin complex. Rap1 binds to
TRF2, TPP1 binds POT1, and TIN2 binds TRF1, TRF2 and TPP1. TRF1
and TRF2 bind to double-stranded telomeric DNA, while POT1 binds to
single-stranded telomeric DNA. The relationship between multiple
shelterin complexes and the terminal region of a linear, unlooped
telomere is also shown. Shelterin regulates the length of linear
telomeres through the binding of POT1 to the single-stranded telomeric
overhang region which blocks telomerase binding. (B) shows a
telomere’s single-stranded 30 overhang folding back and self-invading
an adjacent canonical repeat region forming D-loop and T-loop
structures (a process mediated by shelterin). Throughout the cell cycle
telomeres switch dynamically between this looped conformation and
the linear structure in (A). T-loops protect telomeres by preventing
activation of the double-stranded break repair mechanisms and also
regulate telomere length by preventing telomerase binding to
telomeres. Multiple shelterin complexes are also shown interacting with
a T-loop.

Figure 2 Graphic representation of telomere shortening with
repeated cell divisions in germ line cells, stem cells, telomerase positive
and ALT positive cancer cells with incompetent M1 checkpoints. As
shown telomerase activation may occur at any point following evasion
of the M1 checkpoint whereas ALT is most likely initiated at M2
(cellular crisis).
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repeat amplification protocol (TRAP) assay, a hugely varied
incidence of telomerase activity has been reported in STSs
(9%–81%).12–17

Telomerase may be regulated in several ways, including via
assembly of the enzyme’s components or delivery of the enzyme
itself to telomeres. Primarily however the enzyme is controlled
by the gene that encodes for hTERT—TERT. The promoter
region of TERT contains binding sites for several transcription
factors, which facilitate telomerase upregulation or downregula-
tion by oncogenes or cancer suppressors, respectively.18 One
mode of significant telomerase upregulation follows the acquisi-
tion of somatic mutations within the TERT promoter region.
These create novel binding sites for transcription factors,19 and
have been identified in many cancers including melanoma
(71%),20 glioblastomas (100%),21 adrenocortical carcinomas
(12%),22 small cell carcinoma of the bladder (100%)23 and
thyroid cancers (8%–33%).24 The two most common TERT
promoter alterations are single nucleotide base changes (cytosine
to thymine transitions) at positions chr5:1,295,228 (C228T)
and chr5:1,295,250 (C250T). Although certain STS subtypes
commonly possess these mutations (eg, myxoid liposarcomas),
they appear to be relatively rare in STSs overall, with a com-
bined incidence of just 11%.25 26 Interestingly, there also
appears to be a relationship between ethnicity and the presence
of TERT promoter mutations, which is yet to be explained.27

THE ALT MECHANISM
The observation that some dividing cells can maintain telomere
length in the absence of telomerase led to the discovery of a
telomerase-independent TMM called the ALT mechanism.28 29

In contrast to telomerase activation, telomere lengthening by
ALT most likely arises in cells at crisis, as extraordinary genome
instability is a feature of ALT-positive tumours. The rapid length-
ening and shortening of telomere length in telomerase-negative
immortal cancer cells30 suggests that ALT maintains telomere
length using a DNA recombination-mediated mechanism. This
assumption forms the basis of the ‘homologous recombination-
dependent DNA replication model’ for ALT. The repetitive
nature of telomeric DNA means that canonical repeats may act as
copy templates during this process, with one telomere molecule
acting as a donor and another the recipient. This telomeric DNA
copying may occur in one of several ways. First, strand invasion
and copying may occur between sister-telomeres or between telo-
meres on different chromosomes.31 32 Second, a telomere may
loop back and invade its own telomeric region (forming a
T-loop) providing its own copy template.33 Third, linear or circu-
lar extrachromosomal telomeric DNA may provide the required
template. In this scenario, linear DNA may strand invade the
lengthening telomere in a similar way to a sister chromatid, while
circular DNA (t-circles or c-circles) may facilitate lengthening by
a process termed rolling circle replication.34

ALT and cancer
ALT-positive cells have several characteristic phenotypes. First,
their telomeres are more heterogeneous in terms of length than
those found in telomerase-positive cells,29 suggesting rapid telo-
meric shortening and lengthening between cell divisions.
Second, ALT-positive cells contain higher levels of extrachromo-
somal telomeric DNA than telomerase-positive or healthy
cells.35 Third, in ALT-positive cells a proportion of chromo-
somal and extrachromosomal telomeric DNA colocalises with
telomere-binding proteins and promyelocytic leukaemia protein
(PML) to form structures called ‘ALT-associated PML bodies’
(APBs)36. Finally, in ALT-positive cells sister chromatid and

interchromosomal telomere exchanges are significantly more
common than in telomerase-positive cells or healthy human
cells.31 37

By identifying these phenotypic features ALT has been identi-
fied in many malignant tumours. Although ALT is rarely seen in
carcinomas (breast 4%, uterine 1%, oesophageal 1%, biliary
2%, renal 10%, hepatic tumours 8%), it is more common in
malignant bladder tumours (28%), neurological tumours includ-
ing glioblastoma multiforme (25%), germ cell tumours (15%)
and sarcomas.38–40 Here, the presence of ALT varies significantly
between different STS subtypes, with phenotypes previously
reported in 63% of undifferentiated pleomorphic sarcomas,
53% of leiomyosarcomas, 33% of epithelioid sarcomas, 24%–

26% of liposarcomas overall17 36 41 (0% well-differentiated,
30% dedifferentiated, 5% myxoid or round cell and 80% pleo-
morphic liposarcomas),42 14% of fibrosarcomas and 11%–28%
of angiosarcomas.40 43 It has also been noted that the presence
of ALT consistently correlates with higher levels of genomic
instability, aggressive histological features and a worse prognosis
in certain liposarcomas17 and leiomyosarcomas.44

CLINICAL POTENTIAL OF TMMS
Pathological assessment of STSs
Unfortunately in the UK, the average STS is over 10 cm in diam-
eter at diagnosis45 (larger than many other solid malignant
tumours) and a significant proportion of patients possess meta-
static disease when they obtain a histological diagnosis.
According to the American Joint Committee on Cancer/
International Union against Cancer staging system, both of these
characteristics are unsurprisingly poor prognostic indicators.

Retrospectively, a significant period of time can often be iden-
tified between the onset of a STS’s symptoms and the time a
patient is reviewed in an appropriate tertiary setting (median 14
months46). Efforts are being made to address this by raising STS
awareness among both the public and medical professionals
operating outside the sarcoma field.47 Despite this, these delays
clearly highlight the importance of a rapid, accurate histological
diagnosis being made once a biopsy is performed.

The histopathological diagnosis of a STS initially involves an
assessment of cell morphology. Based on this appearance, STSs
are broadly categorised as spindle-cell, small round cell, pleo-
morphic or epithelioid in nature. Although many STSs differen-
tiate towards a specific phenotype, microscopic similarities
between their morphology and cellular pleomorphism means
this assessment alone is often inadequate to differentiate
between subtypes, particularly based on a core biopsy alone.

STS subtypes can be categorised into two groups according to
the somatic genetic alterations (including mutations and copy
number aberrations) they possess. Although the exact conse-
quence of many of these alterations is unknown, they are likely
to play a critical role in cell cycle disruption and tumourigenesis.
The first group contains around 20% of STSs that possess rela-
tively simple alterations and near diploid karyotypes. The major-
ity of mutations in this group are either reciprocal translocations
that result in novel chimeric genes48 or amplifications of discrete
chromosomal regions resulting in the overexpression of certain
genes. In addition, other less complex activating (oncogene) or
inactivating (tumour suppressor) point mutations may also be
present, which may hold prognostic and/or predictive (thera-
peutic) significance themselves, for example, c-KIT mutations in
gastrointestinal stromal tumours.49 The second more common
group of STSs are characterised by more complex, unstable kar-
yotypes. These tumours usually contain multiple genetic altera-
tions that may include unbalanced translocations, chromosome
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rearrangements (following fusions and/or breakages), whole
chromosomal duplications or deletions or aneuploidy.
Significant copy number changes resulting in tumour suppressor
loss or oncogene amplification may be present, and again other
less complex activating or inactivating point mutations may also
be found.

In addition to the somatic alterations outlined above, there is
a growing recognition of the importance of germline genetic
variants in STS development. This has been confirmed by recent
analyses, which have shown that 17% of sarcoma patients have
a recognised hereditary cancer syndrome, while 10% come
from a family with a strong history of cancer and 55% carry
pathogenic germline genetic variants.50

To combat the difficulties associated with basing STS diagno-
sis on morphology alone (and the accompanying risk of
misdiagnoses), several molecular techniques including immuno-
histochemistry and fluorescence in situ hybridisation can be
employed to identify STS subtype-specific chimeric genes or
overexpressed proteins. Examples of assays used regularly in a
clinical setting target the overexpressed proteins STAT6 (solitary
fibrous tumours) and MDM2 (dedifferentiated liposarcoma),
and the fusion genes EWSR1-FLI1 (Ewing’s sarcoma51),
FUS-DDIT3 (myxoid/round cell liposarcoma52) and SS18-SSX1/
2 (synovial sarcoma53). Unfortunately, although these tools are a
major advance (particularly in tumours with anon-descript or
monomorphic morphology), the small number of genetic altera-
tions that are known to be specific to individual STS subtypes
means that a large proportion of high-grade STSs remain
unclassified, and are simply termed ‘undifferentiated pleo-
morphic sarcomas’. This highlights the significant challenges
that continue to surround STS diagnosis,54 and the importance
of ongoing work to identify more clinically useful tumour-
specific markers.

Multiple techniques have been used to identify telomerase
activity including the TRAP assay, hTERT mRNA detection and
the detection of telomerase-synthesised DNA.55 ALT activity has
also been identified using several techniques including immuno-
fluorescence to detect APBs,36 Southern blot analysis to identify
heterogeneous telomere lengths28 and rolling circle amplifica-
tion to identify elevated levels of extrachromosomal C-rich cir-
cular DNA (the C-circle assay).34 Although the presence of
either telomerase or ALT is not specific enough to help diagnose
specific STS subtypes, these techniques may allow TMMs to be
used as a more general marker of malignancy, and to differenti-
ate STSs from other intermediate soft tissue tumours. One
caveat to this approach must be the presence of telomerase in
several normal cell types56–58 and some benign tumours.59 To
address this issue, the genomic drivers of pathological TMM
activity could instead be targeted as markers of malignancy.
Examples include TERT promoter mutations (an approach
already proposed in urological60 and thyroid malignancies61)
and inactivating mutations in ATRX and DAXX (two genes that
when disabled facilitate activation of ALT in several cancers
including STSs43 62). Although this approach sounds appealing,
it should be noted that only 45% of ATRX-deficient STSs
appear to be ALT positive, while only 55% of ALT-positive
tumour are ATRX deficient.63 Furthermore, certain malignant
tumours also show no evidence of either telomerase or ALT
activity, which in some series number up to 50% of STSs.16

These cases suggest that current assays are either not sensitive
enough to detect telomerase or ALT in these tumours, or that a
yet undiscovered TMM is activated. Both of these scenarios
raise concerns surrounding sensitivity and specificity, and high-
light the need for further research in this area.

Biomarker development
STSs’ aggressive biological behaviour means that following treat-
ment up to 17%64 and 24% of cases65 recur locally or distantly
(with metastases). These are poor prognostic indicators with
5-year survival rates following local and distant recurrence being
just 50% and 15%, respectively.66 At present, there are no
known circulating biomarkers of STS tissue. In their absence,
patients with STS are currently followed-up by serial clinical
examination accompanied by chest radiographs, and appropriate
cross-sectional radiological imaging as indicated. An unfortunate
consequence of this approach is that recurrent disease is often
too extensive to facilitate curative treatment when diagnosed,
which leaves many patients with palliative options alone which
as discussed below are extremely limited. All malignant cells
need to maintain their telomere length to avoid senescence,
achieve replicative immortality and progress. This makes
TMM-associated markers an attractive potential source for bio-
markers of malignant tissue, especially in a group of cancers as
heterogeneous as STSs. Despite this, although C-circles and
TERT RNA have been proposed as potential markers in osteo-
sarcoma34 and carcinoma, respectively,67 there is a great paucity
of work investigating telomere-associated biomarkers in STSs.

Circulating cancer biomarkers overcome the need for access
to tumour tissue by being readily obtainable from the blood.
Furthermore, they can easily be accessed repeatedly throughout
a course of treatment or follow-up, allowing for serial assess-
ments to be made. In recent years, the hunt for novel circulating
cancer biomarkers has led to much interest in the field of circu-
lating cell free DNA (cfDNA). cfDNA is defined as nucleic acids
secreted into the circulation. It is clear that patients with cancer
have higher levels of cfDNA than healthy individuals due to
increased levels of cellular apoptosis and necrosis.68 69 In these
patients, a proportion of cfDNA (known as circulating tumour-
derived DNA (ctDNA)) is shed directly into the circulation from
tumour tissue. Although many circulating molecules hold the
potential to act as cancer biomarkers, it is the characteristics of
this ctDNA that appear to respond most sensitively, and over
the widest dynamic range to changes in tumour stage.70 71 As a
result, ctDNA is a particularly attractive potential tool to
monitor disease behaviour and burden, especially as many of
the genomic alterations associated with pathological telomere
maintenance may theoretically be detectable in ctDNA.

Therapeutics
The curative treatment of STSs generally involves surgical resec-
tion combined with preoperative or postoperative radiother-
apy.72 Current systemic chemotherapy agents hold no curative
role for STSs, with only 35% of patients showing a clinical
response when the most commonly used anthracycline-based
regimes are instigated for palliation in metastatic cases.73–75

A significant proportion of patients with STS present with
regional or metastatic disease at diagnosis.76 As a result, devel-
oping more effective systemic therapies is pivotal to improving
outcome for patients with STS. Although several potential thera-
peutic targets have been proposed,77 only a few alternative
agents have emerged to the chemotherapeutic regimes currently
in use, for example, tyrosine kinase inhibitors in cases of derma-
tofibrosarcoma protuberans containing platelet-derived growth
factor B mutations78 and gastrointestinal stromal tumours.79

Deepening our understanding of the molecular basis of STS
tumourigenesis is key to addressing this issue, and developing
new targeted agents effective at treating micrometastatic or
radiologically detectable STS deposits.
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The need for cancer cells to maintain telomere length to
achieve immortality makes inhibiting TMMs an attractive prop-
osition when considering novel therapeutics. Such inhibitors
could work in several ways. Successful telomerase function
requires transcription and assembly of the various telomerase
enzyme components, followed by migration and docking of the
enzyme to the telomere undergoing lengthening. Each of these
stages is a potential target for antitelomerase agents80 with
other options including disruption or inhibition of telomerase’s
catalytic components, or a vaccination-based approach. ALT
most likely lengthens telomeres by a homologous recombination
(HR)-dependent mechanism. Although complete inhibition of
DNA repair by HR would be incompatible with survival, as our
understanding of ALT develops pathways specific to tumoural
telomeric DNA recombination may be discovered and targeted.

Several issues surround potential systemic cancer therapies
designed to target TMMs. First, as discussed earlier a propor-
tion of malignant tumours show no evidence of telomerase or
ALT activity using current laboratory assays. Second, the exist-
ence of more than one known TMM means that blocking either
telomerase or ALT in isolation may prove ineffective. This is
particularly concerning as ALT and telomerase activity have
been identified simultaneously in both cell lines81 and sarco-
mas.82 Third, as telomeres shorten relatively slowly in the
absence of an active TMM, malignant cells may continue to
survive for a significant period even after telomerase or ALT
inactivation, during which time metastatic or regional progres-
sion may occur. Finally, the presence of telomerase in several
healthy human cell types means the potential side effects of tel-
omerase inactivation must be recognised. These can be predicted
from the clinical syndromes associated with shortened
telomeres, which includes bone marrow insufficiency and
pulmonary fibrosis.83

To date, we are aware of three TMM-associated agents
that have entered clinical trials—the telomerase-targeting
lipid-conjugated oligonucleotide imetelstat (Geron) and the
TERT-directed vaccines GV1001 (GemVax, KAEL-GemVax) and
GRNVAC1 (Geron vaccine). Imetelstat competitively binds with
hTR, blocking telomeric DNA binding. The agent has shown
variable results in multiple cancers including osteosarcoma and
Ewing’s sarcoma,84 85 although side effects including neutro-
penia and thrombocytopenia have been reported. GV1001
injections contain a peptide derived from TERT that stimulates
telomerase-specific cytotoxic (CD8+) and helper (CD4+) T cells
to target and kill tumour cells expressing TERT at the cell
surface when injected.86 GRNVAC1 injections contain antigen-
presenting cells activated ex vivo by exposure to hTERT
mRNA, which also target TERT-expressing cells.87 Both vac-
cines appear to be well tolerated in current trials, although no
sustained significant improvements in patient outcome have
been reported to date.86 88–90

SUMMARY
STSs are a rare group of complex tumours with a poor outcome
compared with many other solid malignancies. Key to improv-
ing patient prognosis is the development of sensitive biomarkers
to allow clinicians to detect disease recurrence earlier, and
effective systemic therapies to treat regional and metastatic
disease. Telomere maintenance provides a common mechanism
that characterises all malignant cells. As a result, TMMs should
be viewed as attractive avenues to explore as we move into a
time when the molecular characterisation of STSs is becoming
key to furthering treatment.

Take home messages

▸ Soft tissue sarcomas (STSs) are a rare group of complex
malignant tumours with a relatively poor prognosis
compared to many other solid cancers.

▸ Despite optimal treatment a significant proportion of STSs
recur locally or at a distant anatomical site. This is a
problem magnified by a lack of sensitive STS biomarkers or
systemic STS treatments.

▸ Pathological Telomere Maintenance Mechanisms (TMMs)
must be employed by all malignant cells to avoid replicative
senescence. As a result TMM markers provide an exciting
potential source for novel STS biomarkers, or potential
targets for new systemic STS agents.

Handling editor Runjan Chetty

Contributors Each of the authors has held a considerable role in the preparation
of the manuscript, and provided expertise in different aspects of the review.

Funding This work was supported by the Medical Research Council, RM38G0002.

Competing interests None declared.

Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
terms of the Creative Commons Attribution (CC BY 4.0) license, which permits
others to distribute, remix, adapt and build upon this work, for commercial use,
provided the original work is properly cited. See: http://creativecommons.org/licenses/
by/4.0/

REFERENCES
1 Levy MZ, Allsopp RC, Futcher AB, et al. Telomere end-replication problem and cell

aging. J Mol Biol 1992;225:951–60.
2 Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp

Cell Res 1961;25:585–621.
3 Henderson ER, Blackburn EH. An overhanging 30 terminus is a conserved feature of

telomeres. Mol Cell Biol 1989;9:345–8.
4 Palm W, de Lange T. How shelterin protects mammalian telomeres. Annu Rev

Genet 2008;42:301–34.
5 Chen H, Wen J, Zheng JK. Several types of soft tissue sarcomas originate from the

malignant transformation of adipose tissue-derived stem cells. Mol Med Rep
2010;3:441–8.

6 Lundblad V, Szostak JW. A mutant with a defect in telomere elongation leads to
senescence in yeast. Cell 1989;57:633–43.

7 Liu C, Li B, Li L, et al Correlations of telomere length, P53 mutation, and
chromosomal translocation in soft tissue sarcomas. Int J Clin Exp Pathol
2015;8:5666–73.

8 Holohan B, Wright WE, Shay JW. Telomeropathies: an emerging spectrum disorder.
J Cell Biol 2014;205:289–99.

9 Rice C, Skordalakes E. Structure and function of the telomeric CST complex.
Comput Struct Biotechnol J 2016;14:161–7.

10 Greider CW. Telomeres, telomerase and senescence. Bioessays 1990;12:363–9.
11 Shay JW, Bacchetti S. A survey of telomerase activity in human cancer. Eur J Cancer

1997;33:787–91.
12 Lauer NK, Maier SM, Oberringer M, et al. Absence of telomerase activity in

malignant bone tumors and soft-tissue sarcomas. Sarcoma 2002;6:43–6.
13 Yoo J, Robinson RA. Expression of telomerase activity and telomerase RNA in

human soft tissue sarcomas. Arch Pathol Lab Med 2000;124:393–7.
14 Schneider-Stock R, Rys J, Jaeger V, et al. Prognostic significance of telomerase

activity in soft tissue sarcomas. Int J Oncol 1999;15:775–80.
15 Aogi K, Woodman A, Urquidi V, et al. Telomerase activity in soft-tissue and bone

sarcomas. Clin Cancer Res 2000;6:4776–81.
16 Johnson JE, Varkonyi RJ, Schwalm J, et al. Multiple mechanisms of telomere

maintenance exist in liposarcomas. Clin Cancer Res 2005;11:5347–55.
17 Costa A, Daidone MG, Daprai L, et al. Telomere maintenance mechanisms in

liposarcomas: association with histologic subtypes and disease progression. Cancer
Res 2006;66:8918–24.

18 Kyo S, Takakura M, Fujiwara T, et al. Understanding and exploiting hTERT promoter
regulation for diagnosis and treatment of human cancers. Cancer Sci
2008;99:1528–38.

375Eastley N, et al. J Clin Pathol 2017;70:371–377. doi:10.1136/jclinpath-2016-204151

Review

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/0022-2836(92)90096-3
http://dx.doi.org/10.1016/0014-4827(61)90192-6
http://dx.doi.org/10.1016/0014-4827(61)90192-6
http://dx.doi.org/10.1128/MCB.9.1.345
http://dx.doi.org/10.1146/annurev.genet.41.110306.130350
http://dx.doi.org/10.1146/annurev.genet.41.110306.130350
http://dx.doi.org/10.3892/mmr_00000277
http://dx.doi.org/10.1016/0092-8674(89)90132-3
http://dx.doi.org/10.1083/jcb.201401012
http://dx.doi.org/10.1016/j.csbj.2016.04.002
http://dx.doi.org/10.1002/bies.950120803
http://dx.doi.org/10.1016/S0959-8049(97)00062-2
http://dx.doi.org/10.1080/13577140220127549
http://dx.doi.org/10.1043/0003-9985(2000)124<0393:EOTAAT>2.0.CO;2
http://dx.doi.org/10.1158/1078-0432.CCR-05-0684
http://dx.doi.org/10.1158/0008-5472.CAN-06-0273
http://dx.doi.org/10.1158/0008-5472.CAN-06-0273
http://dx.doi.org/10.1111/j.1349-7006.2008.00878.x
arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth

arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth

arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth



19 Heidenreich B, Rachakonda PS, Hemminki K, et al. TERT promoter mutations in
cancer development. Curr Opin Genet Dev 2014;24:30–7.

20 Huang FW, Hodis E, Xu MJ, et al. Highly recurrent TERT promoter mutations in
human melanoma. Science 2013;339:957–9.

21 Heidenreich B, Rachakonda PS, Hosen I, et al. TERT promoter mutations and
telomere length in adult malignant gliomas and recurrences. Oncotarget
2015;6:10617–33.

22 Liu T, Brown TC, Juhlin CC, et al. The activating TERT promoter mutation C228T is
recurrent in subsets of adrenal tumors. Endocr Relat Cancer 2014;21:427–34.

23 Zheng X, Zhuge J, Bezerra SM, et al. High frequency of TERT promoter mutation in
small cell carcinoma of bladder, but not in small cell carcinoma of other origins.
J Hematol Oncol 2014;7:47.

24 Melo M, Da Rocha AG, Vinagre J, et al. TERT promoter mutations are a major
indicator of poor outcome in differentiated thyroid carcinomas. J Clin Endocrinol
Metab 2014;99:E754–65.

25 Koelsche C, Renner M, Hartmann W, et al. TERT promoter hotspot mutations are
recurrent in myxoid liposarcomas but rare in other soft tissue sarcoma entities. J Exp
Clin Cancer Res 2014;33:33.

26 Dubbink HJ, Bakels H, Post E, et al. TERT promoter mutations and BRAF mutations
are rare in sporadic, and TERT promoter mutations are absent in NF1-related
malignant peripheral nerve sheath tumors. J Neurooncol 2014;120:267–72.

27 Saito T, Akaike K, Kurisaki-Arakawa A, et al. TERT promoter mutations are rare in
bone and soft tissue sarcomas of Japanese patients. Mol Clin Oncol 2016;4:61–4.

28 Bryan TM, Englezou A, Dalla-Pozza L, et al. Evidence for an alternative mechanism
for maintaining telomere length in human tumors and tumor-derived cell lines. Nat
Med 1997;3:1271–4.

29 Bryan TM, Englezou A, Gupta J, et al. Telomere elongation in immortal human cells
without detectable telomerase activity. EMBO J 1995;14:4240–8.

30 Murnane JP, Sabatier L, Marder BA, et al. Telomere dynamics in an immortal
human cell line. EMBO J 1994;13:4953–62.

31 Dunham MA, Neumann AA, Fasching CL, et al. Telomere maintenance by
recombination in human cells. Nat Genet 2000;26:447–50.

32 Varley H, Pickett HA, Foxon JL, et al. Molecular characterization of inter-telomere
and intra-telomere mutations in human ALT cells. Nat Genet 2002;30:301–5.

33 Muntoni A, Neumann AA, Hills M, et al. Telomere elongation involves
intra-molecular DNA replication in cells utilizing alternative lengthening of
telomeres. Hum Mol Genet 2009;18:1017–27.

34 Henson JD, Cao Y, Huschtscha LI, et al. DNA C-circles are specific and quantifiable
markers of alternative-lengthening-of-telomeres activity. Nat Biotechnol
2009;27:1181–5.

35 Henson JD, Reddel RR. Assaying and investigating alternative lengthening of
telomeres activity in human cells and cancers. FEBS Lett 2010;584:3800–11.

36 Henson JD, Hannay JA, McCarthy SW, et al. A robust assay for alternative
lengthening of telomeres in tumors shows the significance of alternative
lengthening of telomeres in sarcomas and astrocytomas. Clin Cancer Res
2005;11:217–25.

37 Bailey SM, Goodwin EH, Cornforth MN. Strand-specific fluorescence in situ
hybridization: the CO-FISH family. Cytogenet Genome Res 2004;107:14–17.

38 Subhawong AP, Heaphy CM, Argani P, et al. The alternative lengthening of
telomeres phenotype in breast carcinoma is associated with HER-2 overexpression.
Mod Pathol 2009;22:1423–31.

39 Hakin-Smith V, Jellinek DA, Levy D, et al. Alternative lengthening of telomeres and
survival in patients with glioblastoma multiforme. Lancet 2003;361:836–8.

40 Heaphy CM, Subhawong AP, Hong SM, et al. Prevalence of the alternative
lengthening of telomeres telomere maintenance mechanism in human cancer
subtypes. Am J Pathol 2011;179:1608–15.

41 Jeyapalan JN, Mendez-Bermudez A, Zaffaroni N, et al. Evidence for alternative
lengthening of telomeres in liposarcomas in the absence of ALT-associated PML
bodies. Int J Cancer 2008;122:2414–21.

42 Lee JC, Jeng YM, Liau JY, et al. Alternative lengthening of telomeres and loss of
ATRX are frequent events in pleomorphic and dedifferentiated liposarcomas. Mod
Pathol 2015;28:1064–107367.

43 Liau JY, Tsai JH, Yang CY, et al. Alternative lengthening of telomeres phenotype in
malignant vascular tumors is highly associated with loss of ATRX expression and is
frequently observed in hepatic angiosarcomas. Hum Pathol 2015;46:1360–6.

44 Liau JY, Tsai JH, Jeng YM, et al. Leiomyosarcoma with alternative lengthening of
telomeres is associated with aggressive histologic features, loss of ATRX expression,
and poor clinical outcome. Am J Surg Pathol 2015;39:236–44.

45 Grimer RJ. Size matters for sarcomas! Ann R Coll Surg Engl 2006;88:519–24.
46 Clark MA, Thomas JM. Delay in referral to a specialist soft-tissue sarcoma unit. Eur

J Surg Oncol 2005;31:443–8.
47 Eastley N, Green PN, Ashford RU. Soft tissue sarcoma. BMJ 2016;352:i436.
48 Mertens F, Antonescu CR, Hohenberger P, et al. Translocation-related sarcomas.

Semin Oncol 2009;36:312–23.
49 Heinrich MC, Corless CL, Demetri GD, et al. Kinase mutations and imatinib

response in patients with metastatic gastrointestinal stromal tumor. J Clin Oncol
2003;21:4342–9.

50 Ballinger ML, Goode DL, Ray-Coquard I, et al. Monogenic and polygenic
determinants of sarcoma risk: an international genetic study. Lancet Oncol
2016;17:1261–71.

51 May WA, Lessnick SL, Braun BS, et al. The Ewing’s sarcoma EWS/FLI-1 fusion gene
encodes a more potent transcriptional activator and is a more powerful transforming
gene than FLI-1. Mol Cell Biol 1993;13:7393–8.

52 Crozat A, Åman P, Mandahl N, et al. Fusion of CHOP to a novel RNA-binding
protein in human myxoid liposarcoma. Nature 1993;363:640–4.

53 Crew AJ, Clark J, Fisher C, et al. Fusion of SYT to two genes, SSX1 and SSX2,
encoding proteins with homology to the Kruppel-associated box in human synovial
sarcoma. EMBO J 1995;14:2333–40.

54 Lehnhardt M, Daigeler A, Homann H, et al. Importance of specialized centers in
diagnosis and treatment of extremity-soft tissue sarcomas. Review of 603 cases.
Chirurg 2009;80:341–7.

55 Skvortsov DA, Zvereva ME, Shpanchenko OV, et al. Assays for detection of
telomerase activity. Acta Naturae 2011;3:48–68.

56 Hiyama E, Tatsumoto N, Kodama T, et al. Telomerase activity in human intestine.
Int J Oncol 1996;9:453–8.

57 Yasumoto S, Kunimura C, Kikuchi K, et al. Telomerase activity in normal human
epithelial cells. Oncogene 1996;13:433–9.

58 Morrison SJ, Prowse KR, Ho P, et al. Telomerase activity in hematopoietic cells is
associated with self-renewal potential. Immunity 1996;5:207–16.

59 Winnikow EP, Medeiros LR, Edelweiss MI, et al. Accuracy of telomerase in
estimating breast cancer risk: a systematic review and meta-analysis. Breast
2012;21:1–7.

60 Kinde I, Munari E, Faraj SF, et al. TERT promoter mutations occur early in urothelial
neoplasia and are biomarkers of early disease and disease recurrence in urine.
Cancer Res 2013;73:7162–7.

61 Liu R, Xing M. Diagnostic and prognostic TERT promoter mutations in
thyroid fine-needle aspiration biopsy. Endocr Relat Cancer 2014;21:
825–30.

62 Koelsche C, Renner M, Johann P, et al. Differential nuclear ATRX expression in
sarcomas. Histopathology 2016;68:738–45.

63 Liau JY, Lee JC, Tsai JH, et al. Comprehensive screening of alternative lengthening
of telomeres phenotype and loss of ATRX expression in sarcomas. Mod Pathol
2015;28:1545–54.

64 Trovik CS. Local recurrence of soft tissue sarcoma. A Scandinavian Sarcoma Group
Project. Acta Orthop Scand Suppl 2001;72:1–31.

65 Sabolch A, Feng M, Griffith K, et al. Risk factors for local recurrence and metastasis
in soft tissue sarcomas of the extremity. Am J Clin Oncol 2012;35:151–7.

66 Zagars GK, Ballo MT, Pisters PWT, et al. Prognostic factors for disease-specific
survival after first relapse of soft-tissue sarcoma: analysis of 402 patients with
disease relapse after initial conservative surgery and radiotherapy. Int J Radiat Oncol
Biol Phys 2003;57:739–47.

67 Boscolo-Rizzo P, Da Mosto MC, Rampazzo E, et al. Telomeres and telomerase in
head and neck squamous cell carcinoma: from pathogenesis to clinical implications.
Cancer Metastasis Rev 2016;35:457–74.

68 Leon SA, Shapiro B, Sklaroff DM, et al. Free DNA in the serum of cancer patients
and the effect of therapy. Cancer Res 1977;37:646–50.

69 Jahr S, Hentze H, Englisch S, et al. DNA fragments in the blood plasma of cancer
patients: quantitations and evidence for their origin from apoptotic and necrotic
cells. Cancer Res 2001;61:1659–65.

70 Kohler C, Barekati Z, Radpour R, et al. Cell-free DNA in the circulation as a
potential cancer biomarker. Anticancer Res 2011;31:2623–8.

71 Dawson SJ, Tsui DW, Murtaza M, et al. Analysis of circulating tumor DNA to
monitor metastatic breast cancer. N Engl J Med 2013;368:1199–209.

72 Grimer R, Judson I, Peake D, et al. Guidelines for the management of soft tissue
sarcomas. Sarcoma 2010;2010:506182.

73 Tierney JF. Adjuvant chemotherapy for localised resectable soft-tissue sarcoma of
adults: meta-analysis of individual data. Lancet 1997;350:1647–54.

74 Schöffski P, Cornillie J, Wozniak A, et al. Soft tissue sarcoma: an update on systemic
treatment options for patients with advanced disease. Oncol Res Treat
2014;37:355–62.

75 Ravi V, Patel S, Benjamin R. Chemotherapy for soft-tissue sarcomas. Oncology
(willist Park) 2015;29:43–50.

76 Ferguson PC, Deheshi BM, Chung P, et al. Soft tissue sarcoma presenting with
metastatic disease: outcome with primary surgical resection. Cancer
2011;117:372–9.

77 Demicco EG, Maki RG, Lev DC, et al. New therapeutic targets in soft tissue
sarcoma. Adv Anat Pathol 2012;19:170–80.

78 Rubin BP, Schuetze SM, Eary JF, et al. Molecular targeting of platelet-derived
growth factor B by imatinib mesylate in a patient with metastatic
dermatofibrosarcoma protuberans. J Clin Oncol 2002;20:3586–91.

79 Kubota T. Gastrointestinal stromal tumor (GIST) and imatinib. Int J Clin Oncol
2006;11:184–9.

80 Reddel RR. Telomere maintenance mechanisms in cancer: clinical implications. Curr
Pharm Des 2014;20:6361–74.

376� Eastley N, et al. J Clin Pathol 2017;70:371–377. doi:10.1136/jclinpath-2016-204151

Review

http://dx.doi.org/10.1016/j.gde.2013.11.005
http://dx.doi.org/10.1126/science.1229259
http://dx.doi.org/10.18632/oncotarget.3329
http://dx.doi.org/10.1530/ERC-14-0016
http://dx.doi.org/10.1186/s13045-014-0047-7
http://dx.doi.org/10.1210/jc.2013-3734
http://dx.doi.org/10.1210/jc.2013-3734
http://dx.doi.org/10.1186/1756-9966-33-33
http://dx.doi.org/10.1186/1756-9966-33-33
http://dx.doi.org/10.1007/s11060-014-1553-8
http://dx.doi.org/10.3892/mco.2015.674
http://dx.doi.org/10.1038/nm1197-1271
http://dx.doi.org/10.1038/nm1197-1271
http://dx.doi.org/10.1038/82586
http://dx.doi.org/10.1038/ng834
http://dx.doi.org/10.1093/hmg/ddn436
http://dx.doi.org/10.1038/nbt.1587
http://dx.doi.org/10.1016/j.febslet.2010.06.009
http://dx.doi.org/10.1159/000079565
http://dx.doi.org/10.1038/modpathol.2009.125
http://dx.doi.org/10.1016/S0140-6736(03)12681-5
http://dx.doi.org/10.1016/j.ajpath.2011.06.018
http://dx.doi.org/10.1002/ijc.23412
http://dx.doi.org/10.1038/modpathol.2015.67
http://dx.doi.org/10.1038/modpathol.2015.67
http://dx.doi.org/10.1016/j.humpath.2015.05.019
http://dx.doi.org/10.1097/PAS.0000000000000324
http://dx.doi.org/10.1308/003588406X130651
http://dx.doi.org/10.1016/j.ejso.2004.11.016
http://dx.doi.org/10.1016/j.ejso.2004.11.016
http://dx.doi.org/10.1136/bmj.i436
http://dx.doi.org/10.1053/j.seminoncol.2009.06.004
http://dx.doi.org/10.1200/JCO.2003.04.190
http://dx.doi.org/10.1016/S1470-2045(16)30147-4
http://dx.doi.org/10.1128/MCB.13.12.7393
http://dx.doi.org/10.1038/363640a0
http://dx.doi.org/10.1007/s00104-008-1562-2
http://dx.doi.org/10.1016/S1074-7613(00)80316-7
http://dx.doi.org/10.1016/j.breast.2011.08.136
http://dx.doi.org/10.1158/0008-5472.CAN-13-2498
http://dx.doi.org/10.1530/ERC-14-0359
http://dx.doi.org/10.1111/his.12812
http://dx.doi.org/10.1038/modpathol.2015.114
http://dx.doi.org/10.1097/COC.0b013e318209cd72
http://dx.doi.org/10.1016/S0360-3016(03)00714-4
http://dx.doi.org/10.1016/S0360-3016(03)00714-4
http://dx.doi.org/10.1007/s10555-016-9633-1
http://dx.doi.org/10.1056/NEJMoa1213261
http://dx.doi.org/10.1155/2010/506182
http://dx.doi.org/10.1016/S0140-6736(97)08165-8
http://dx.doi.org/10.1159/000362631
http://dx.doi.org/10.1002/cncr.25418
http://dx.doi.org/10.1097/PAP.0b013e318253462f
http://dx.doi.org/10.1200/JCO.2002.01.027
http://dx.doi.org/10.1007/s10147-006-0579-0
http://dx.doi.org/10.2174/1381612820666140630101047
http://dx.doi.org/10.2174/1381612820666140630101047
arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth

arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth

arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth



81 Cerone MA, Londono-Vallejo JA, Bacchetti S. Telomere maintenance by telomerase
and by recombination can coexist in human cells. Hum Mol Genet
2001;10:1945–52.

82 Gocha ARS, Nuovo G, Iwenofu OH, et al. Human sarcomas are mosaic for
telomerase-dependent and telomerase-independent telomere maintenance
mechanisms: implications for telomere-based therapies. Am J Pathol
2013;182:41–8.

83 Savage SA, Bertuch AA. The genetics and clinical manifestations of telomere biology
disorders. Genet Med 2010;12:753–64.

84 Röth A, Harley CB, Baerlocher GM. Imetelstat (GRN163L)—telomerase-based
cancer therapy. Recent Results Cancer Res 2010;184:221–34.

85 Thompson PA, Drissi R, Muscal JA, et al. A phase I trial of imetelstat in children
with refractory or recurrent solid tumors: a children’s oncology group phase I
consortium study (ADVL1112). Clin Cancer Res 2013;19:6578–84.

86 Kyte JA, Gaudernack G, Dueland S, et al. Telomerase peptide vaccination combined
with temozolomide: a clinical trial in stage IV melanoma patients. Clin Cancer Res
2011;17:4568–80.

87 Harley CB. Telomerase and cancer therapeutics. Nat Rev Cancer
2008;8:167–79.

88 Middleton G, Silcocks P, Cox T, et al. Gemcitabine and capecitabine with or
without telomerase peptide vaccine GV1001 in patients with locally advanced or
metastatic pancreatic cancer (TeloVac): an open-label, randomised, phase 3 trial.
Lancet Oncol 2014;15:829–40.

89 Staff C, Mozaffari F, Frödin JE, et al. Telomerase (GV1001) vaccination together
with gemcitabine in advanced pancreatic cancer patients. Int J Oncol
2014;45:1293–303.

90 Ouellette MM, Wright WE, Shay JW. Targeting telomerase-expressing cancer cells.
J Cell Mol Med 2011;15:1433–42.

377Eastley N, et al. J Clin Pathol 2017;70:371–377. doi:10.1136/jclinpath-2016-204151

Review

http://dx.doi.org/10.1093/hmg/10.18.1945
http://dx.doi.org/10.1016/j.ajpath.2012.10.001
http://dx.doi.org/10.1097/GIM.0b013e3181f415b5
http://dx.doi.org/10.1007/978-3-642-01222-8_16
http://dx.doi.org/10.1158/1078-0432.CCR-13-1117
http://dx.doi.org/10.1158/1078-0432.CCR-11-0184
http://dx.doi.org/10.1038/nrc2275
http://dx.doi.org/10.1016/S1470-2045(14)70236-0
http://dx.doi.org/10.3892/ijo.2014.2496
http://dx.doi.org/10.1111/j.1582-4934.2011.01279.x
arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth

arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth

arvinth
Sticky Note
None set by arvinth

arvinth
Sticky Note
MigrationNone set by arvinth

arvinth
Sticky Note
Unmarked set by arvinth


	Telomere maintenance in soft tissue sarcomas
	Abstract
	Telomeres
	Telomere function
	Telomere structure
	Telomere maintenance and cancer

	Telomerase
	Structure and function
	Telomerase regulation and hTERT promoter mutations

	The ALT mechanism
	ALT and cancer

	Clinical potential of TMMs
	Pathological assessment of STSs
	Biomarker development
	Therapeutics

	Summary
	References




