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This study investigated the prevalence and the prognos-
tic relevance of the 2 known telomere maintenance
mechanisms (TMMs), telomerase activity (TA) and al-
ternative lengthening of telomeres (ALT), in malignant
peripheral nerve sheath tumors (MPNST). In 57 speci-
mens from 49 patients with MPNST (35 sporadic, 14
neurofibromatosis type 1-related), TA was determined
using the telomeric repeat amplification protocol, and
ALT was detected by assaying ALT-associated promye-
locytic leukemia bodies (APB) and terminal restriction
fragment (TRF) length distribution. TA or ALT
(defined on the basis of APB) alone was found in
24.6% or 26.3% of the lesions, respectively, whereas 6
cases (10.5%) were TA1/ALT1. A concordance
between APB and TRF results in defining the ALT
status was observed in 44 of 57 cases (77.2%; P <
.0001). TA was more frequently expressed in samples
from patients with neurofibromatosis type 1 than in
those with sporadic disease (60% vs 29.4%, P 5
0.087). In the overall series, TA proved to be prognostic
for 5-year disease-specific death (hazard ratio, 3.78;
95% confidence interval [CI], 1.60–8.95; P 5 .002),
even when adjusted for the presence of neurofibroma-
tosis type 1 (hazard ratio, 4.22; 95% CI, 1.804–9.874;
P 5 .001) and margin status after surgery (hazard
ratio, 5.78; 95% CI, 2.19–15.26; P < .001).
Conversely, ALT did not significantly affect clinical
outcome of MPNST using either APB expression
(hazard ratio, 1.25; 95% CI 0.54–2.89; P 5 0.605) or
TRF distribution (hazard ratio, 0.57; 95% CI, 0.17–

1.96; P 5 .375) as the detection approach. Our results
indicate for the first time that both TMMs, TA and
ALT, are present in MPNST and differentially affect
patient prognosis.
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P
eripheral nerve sheath tumors constitute a group of
relatively rare soft tissue neoplasms, which
includes benign lesions deriving from specific

neural tissues (neurofibromas and schwannomas) and
malignant peripheral nerve sheath tumors (MPNSTs)
that most commonly involve major nerve trunks.1

MPNSTs are highly aggressive malignancies that
account for 3%–10% of all soft tissue sarcomas.2

Approximately 30%–60% of MPNSTs occur in the
setting of neurofibromatosis type 1 (NF1), a hereditary
tumor syndrome, and are the leading cause of
NF1-related mortality.3–6 The remainder of MPNSTs
develop sporadically. In patients with NF1, MPNSTs
usually arise in the presence of a neurofibroma or, very
rarely, a schwannoma.7

Complete surgical excision is the mainstay of MPNST
therapy and represents the primary curative modality.
Adjuvant chemotherapy and radiation therapy are also
often used. However, despite aggressive treatment,
local recurrence and metastases are common, leading
to a poor prognosis for MPNST patients, with 5-year
survival rates in the range of 20%–50%. These findings
strongly indicate an urgent need for improved therapeut-
ic approaches able to significantly impact the disease
outcome.8
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MPNST pathogenesis is poorly understood mainly
because of its complex histopathology. A number of mo-
lecular and genetic alterations have been found in rela-
tion to these tumors.9–12 However, there is no defined
molecular signature for MPNST development, although
recent work in the field of MPNST molecular pathobiol-
ogy has identified several altered receptor tyrosine
kinase-mediated intracellular signal transduction cas-
cades, posing the possibility of using personalized, tar-
geted therapeutics for the disease.13

The activation of a telomere maintenance mechanism
(TMM) is essential for tumor cells to counteract the
normal limit on cell proliferation resulting from progres-
sive telomere shortening that normally accompanies
each round of cell division.14 Indeed, limitless prolifera-
tive potential is a hallmark of cancer cells. There are 2
known TMMs: telomerase15 and alternative lengthening
of telomeres (ALT).16 Telomerase is a ribonucleoprotein
complex containing an RNA subunit, hTR, that pro-
vides the template for the synthesis of telomeric DNA
by the catalytic subunit, hTERT.17 Approximately
85%–90% of all tumors express telomerase,18

whereas most of the remaining tumors, mainly those of
mesenchymal and neuroepithelial origin,19–26 rely on
ALT to maintain their telomeres.

Although the molecular details of ALT are incom-
pletely understood, previous studies have shown that it
is consistent with a recombination-dependent DNA rep-
lication mechanism.16 Characteristics of ALT cells
include an extremely heterogeneous telomere length
distribution, ranging from very short to more than
50 kb, and the presence of subnuclear structures
termed ALT-associated promyelocytic leukemia (PML)
bodies (APBs).16 PML bodies are normal nuclear
domains of unknown function that contain the PML
protein. In ALT cells, a subset of the PML bodies con-
tains telomeric chromatin (telomeric DNA and the telo-
mere binding proteins TRF-1, TRF-2, TIN2, and RAP1)
and other proteins involved in DNA replication, recom-
bination, and repair.16 Another specific feature of ALT
mechanisms is the presence of C-circles (self-priming cir-
cular telomeric DNA), which may represent molecular
intermediates of the ALT mechanism, and whose speci-
ficity for assessing ALT activity in biological samples
has recently been demonstrated.27

Because the presence of an active TMM is an almost
universal feature of cancer and normal cells do not have
sufficient levels of TMM activity to counteract telomere
shortening, in recent years, TMMs have been suggested
as attractive new targets for anti-cancer therapies,28,29

particularly for those tumor types, such as MPNST,
that are refractory to conventional therapeutic interven-
tions. In this context, it is important to know whether in-
dividual MPNSTs use telomerase or ALT to maintain
their telomeres. In a previously published study, telomer-
ase activity was found to be present in approximately
60% of MPNST samples derived from NF1-affected
patients.30 However, no information is currently avail-
able concerning the presence of ALT in MPNSTs.
Taking advantage of a relatively large mono-
institutional series of patients with MPNST with long

follow-up, we propose to investigate the prevalence of
telomerase activity (TA) and ALT and whether they con-
tribute to clinical progression in this disease.

Materials and Methods

Study Population

A total of 57 lesions taken from 49 adult patients
(median age, 40 years; range, 18–90 years) treated at
the Fondazione IRCCS Istituto Nazionale dei Tumori
of Milan (INT) from November 1990 through January
2007 were available for analysis. Fourteen patients had
NF1 with an associated MPNST, and 35 were classified
as having sporadic tumors because they had no clinical
signs or family history of NF1. The specimens, stored
in the Institutional Tissue Bank, were consecutive with
respect to the availability of frozen tissue for TMM
studies and adequate clinicopathologic and follow-up
information. Six patients developed recurrence and/or
metastasis during the follow-up period, and the corre-
sponding 8 lesions were collected and included in the
analysis. Patient and tumor characteristics are summar-
ized in Table 1. The median follow-up of the entire
group, was 46 months (range, 3–240 months). During
the follow-up period, 23 patients died of cancer-related
causes. Fourteen schwannoma lesions, obtained from
14 patients who underwent surgery, were included in
our research for comparative purposes.

The study was approved by the Institutional Review
Board of INT, and each patient provided written
informed consent to donate to the Institute the tissues
left over after diagnostic procedures.

Molecular Studies

Normal and tumor tissues were sampled by a pathologist
at the time of surgery, flash-frozen in liquid nitrogen,
and stored at 2808C. Diagnosis and sampling adequacy
were pathologically confirmed on H&E-stained slides. A
fragment of 70–100 mg was cut from each lesion and
further subdivided for APB detection, protein extraction
for TA assay, and DNA extraction for telomere length
assessment and array-CGH.

Detection of APB

Frozen sections were cut to 5–7 mm thickness, fixed in
1:1 methanol/acetone, processed to detect APB by com-
bined PML immunofluorescence and telomere fluores-
cence in situ hybridization,23 and independently scored
by 2 observers. Images were captured on a Nikon
Eclipse Ti fluorescence microscope using a Volocity 5.3
(Perkin-Elmer) image analysis. APB status was deter-
mined according to previously defined criteria.23 The
presence of an APB was defined by the localization of
a telomeric DNA focus in a nuclear PML body; sections
were scored as APB positive if they contained APB in
0.5% or more of tumor cells, and a tumor was
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considered to be ALT positive when at least one section
was APB positive. To avoid false-positive results, an APB
was considered to be present only when the telomeric
DNA fluorescence within a PML body was more
intense than that of telomeres, and a cell was not consid-
ered to contain APB if more than 25% of the colocalized
foci occurred outside the nucleus. To avoid false-
negative results, at least 2000 tumor nuclei were exam-
ined, and the assay was repeated in the presence of nega-
tive results. An ALT-positive (U2OS) cell line was used
as a positive control. To assess whether APB were
present in tumor cells and not in admixed stromal
cells, we simultaneously performed indirect immuno-
fluorescence for NF1 protein on the frozen sections
using a commercial antibody (sc-67; Santa Cruz
Biotechnology).31

TA Detection Assay

TA was measured on 0.6 and 6 mg of protein by the telo-
meric repeat amplification protocol (TRAP)32 with the
TRAPeze kit (Intergen Company). A tumor was scored
as TA positive when positive TRAP results were

obtained for at least one protein concentration. In the
case of tumors negative at both protein concentrations,
the TRAP assay was repeated to avoid false-negative
results.

TRF Analysis

Total DNA was isolated using QuicKpicK genomic
DNA kit (BioNobile), digested with a HinfI restriction
enzyme (Promega), and further processed
by pulsed-field gel electrophoresis, as previously
described.33 ALT status was determined by calculating
whether the mean, variance, and semi-interquartile
range of TRF length distribution were greater than
16 kb, 1000 kb2, and 4 kb, respectively. Tumors were
classified as ALT positive when 2 or 3 of these 3 criteria
were met for unimodal or bimodal TRF length distribu-
tions, respectively. Statistical analysis of TRF length dis-
tributions was done with Telometric software.34

Array CGH

The analysis was performed on genomic DNA derived
from 31 MPNST (16 NF1-related, 15 sporadic)
lesions, using the Agilent’s Human Genome CGH
Array 44K (Agilent Technologies). Total DNA was iso-
lated with QuicKpicK genomic DNA kit (BioNobile).
For each CGH hybridization, 1 mg of genomic DNA
from the experimental sample and suitable reference
DNA (female XX or male XY, Promega) was digested
with AluI and RsaI restriction enzyme (Promega).
Labeling reactions were performed using Agilent
Genomic DNA Enzymatic Labeling Kit according to
the manufacturer’s instructions with a modified dNTP
pool containing Cy5-dUTP (for the experimental
sample) or Cy3-dUTP (for the reference). Labeled
samples and references were subsequently filtered by
using a Microcon YM-30 column (Millipore). Specific
activity was calculated for each sample as a ratio
between dyes pmol and mg of DNA; then, experimental
and reference targets for each hybridization were pooled
and mixed with human Cot-1 DNA (Invitrogen). The
samples were loaded in a hybridization chamber, with
a clean Gasket Slide and a Microarray Slide (Agilent
Technologies). Then hybridization was performed for
24 h at 658C in a rotating oven. The arrays were then
disassembled and washed in specific buffers (Agilent
Technologies) according to the manufacturer’s instruc-
tions; then, slides were dried and scanned using
Agilent Scanner (Agilent Technologies). Microarray
images were extracted and analyzed using an Agilent
Feature Extraction Software. Data from the arrays
were analyzed using Agilent CGH Analytic Software
3.4 (Agilent Technologies).

Statistical Analysis

The clinical endpoint of this study was disease-specific
survival, and the time of its occurrence was computed
from the date of surgery to the time of death or censored

Table 1. Patient and tumor characteristics

Characteristic No. of patients (%)

Total 49 (100%)

Gender:

Female 20 (41.0%)

Male 29 (59.0%)

Syndrome:

Sporadic 34 (69.4%)

Neurofibromatosis-1 15 (30.6%)

Site

Trunk 17 (34.7%)

Extremities 32 (65.3%)

Type of lesion at first presentation

Primary 42 (85.7%)

Recurrence 4 (8.2%)

Metastasis 3 (6.1%)

Size (cm)

,5 10 (20.4%)

≥5 36 (73.5%)

Missing 3 (6.1%)

Grade (FNCLCC):

1 5 (10.2%)

2 14 (28.6%)

3 23 (46.9%)

Missing 7 (14.3%)

Post-surgery treatment

Surgery only 20 (40.8%)

Chemotherapy 11 (22.4%)

Radiotherapy 11 (22.4%)

Chemotherapy + radiotherapy 5 (10.2%)

Missing 2 (4.1%)
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at the date of the last recorded follow-up for living
patients. Survival curves were estimated by means of
the Kaplan-Meier product limit method,35 and the Cox
proportional hazards model36 was used to calculate
hazard ratios (HR) and their 95% confidence interval
(95% CI). Fisher’s and x2 exact tests were used to
assess the relationship between TMM status and clinico-
pathological features. All P values were 2-sided, and
values ≤.05 were considered to be statistically signifi-
cant. The agreement between APB and TRF data was
assessed by kappa statistics.

Results

Fifty-seven frozen tumor samples obtained from 49
patients with MPNST were assayed for the presence of
TMM (Table 2). TA was detected by the TRAP assay
(Fig. 1A), and tumors were defined as ALT+ on the
basis of APB presence in at least 10 (0.5%) of 2000
tumor cells (Fig. 1B). Thirty-five lesions (61.4%)
expressed at least one TMM. Specifically, 14 lesions
(24.6%) were TA+/ALT2, 15 (26.3%) were TA2/
ALT+, and 6 (10.5%) were defined as TA+/ALT+
because of the concomitant expression of APB and TA.
A consistent fraction of tested samples (22/57, 38.6%)
did not express any known TMM.

In ALT+ samples, APBs were observed in a variable
but always limited fraction of cells, ranging from 0.5%
to 5.7% (mean value, 1.29%). Specifically, the percent-
age of APB-positive cells ranged from 0.59% to 5.7%
(mean value, 1.4%) and from 0.5% to 2.15% (mean
value, 0.99%) in TA2/ALT+ and TA+/ALT+
group, respectively. For all 57 samples, results of TRF
analysis (Fig. 1C) were also available, and we found con-
cordance between APB and TRF results in defining the
ALT status in 44 cases (77.2%; kappa ¼ 0.437; 95%
CI, 0.215–0.659; P , .0001). Specifically, 8 lesions
(14.0%) were defined as ALT+, and 36 (63.2%) were
defined as ALT2 with both detection methods,
whereas the remaining 13 lesions (22.8%) were
defined as ALT+ on the basis of APB expression but
did not show a TRF length distribution suggestive of
ALT.

In 6 patients, more than 1 lesion was available for
TMM investigation. In 3 cases in which both the
primary tumor and subsequent lesions were studied,

Table 2. Telomerase activity and ALT mechanisms in MPNST
lesions

Case Lesion TA APB TRF length

1 NF1 1 R + 2 2

2 NF1 2A M + 2 2

2B M + + 2

3 NF1 3A R + + 2

3B R 2 2 2

4 NF1 4A P + 2 2

4B R 2 + 2

5 NF1 5A P 2 + 2

5B R 2 2 2

6 NF1 6 P + 2 2

7 NF1 7 P 2 2 2

8 NF1 8 P + 2 2

9 NF1 9 P 2 + +
10 NF1 10 P + 2 2

11 NF1 11 P + 2 2

12 NF1 12 P + + 2

13 NF1 13 P 2 2 2

14 NF1 14 P 2 2 2

15 NF1 15 P 2 + +
16 sporadic 16 P 2 2 2

17 sporadic 17 P 2 + +
18 sporadic 18A R + 2 2

18B R 2 + 2

18C R 2 2 2

18D R 2 2 2

19 sporadic 19 R 2 + 2

20 sporadic 20 P 2 2 2

21 sporadic 21 M + + 2

22 sporadic 22 P 2 + 2

23 sporadic 23A P 2 2 2

23B M 2 + +
24 sporadic 24 P + + 2

25 sporadic 25 P 2 2 2

26 sporadic 26 M + 2 2

27 sporadic 27 P 2 + +
28 sporadic 28 P 2 2 2

29 sporadic 29 P 2 + +
30 sporadic 30 P + 2 2

31 sporadic 31 P 2 + 2

32 sporadic 32 P 2 2 2

33 sporadic 33 P 2 + 2

34 sporadic 34 P + 2 2

35 sporadic 35 P + 2 2

36 sporadic 36 P + + +
37 sporadic 37 P 2 2 2

38 sporadic 38 P 2 2 2

39 sporadic 39 P + 2 2

40 sporadic 40 P 2 2 2

41 sporadic 41 P 2 2 2

42 sporadic 42 P 2 + +
43 sporadic 43 P 2 2 2

44 sporadic 44 P 2 + 2

45 sporadic 45 P 2 2 2

Continued

Table 2. Continued

Case Lesion TA APB TRF length

46 sporadic 46 P + 2 2

47 sporadic 47 P 2 2 2

48 sporadic 48 P 2 2 2

49 sporadic 49 P 2 2 2

NF1, Neurofibromatosis type 1; P, primary disease; R, recurrent
locoregional tumor; M, metastatic lesion; TA, telomerase activity;
APB, alternative lengthening of telomeres assessed on the
presence of APB (ALT-associated promyelocytic leukaemia nuclear
bodies); TRF, alternative lengthening of telomeres assessed on the
basis of terminal restriction fragment length distribution.
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the TA status was concordant (Table 2, cases 2, 5, and
23), and for the other 3 patients, TA status changed
during the course of the disease (Table 2, cases 3, 4,
and 18). With regard to ALT status, the presence of APB
varied in all the patients with metachronous lesions,
whereas the TRF phenotype remained stable in 5 of 6
patients (Table 2). The presence of ALT, as determined
on the basis of APB presence, was unrelated to gender
(P ¼ .966), age (P ¼ .201), tumor location (P ¼ .826),
grade (P ¼ .999), size of the lesion (P ¼ 1.000), or NF1
syndrome (P ¼ .964). Such findings were also observed
when ALT was determined on the basis of TRF analysis
(data not shown). With regard to TA, it did not prove to
correlate with gender (P ¼ .298), age (P ¼.636), tumor lo-
cation (P ¼ 1.000), grade (P ¼ .603), or size of the lesion
(P ¼ .885). However, TA was found to be more frequently
expressed in samples from patients with NF1-related
MPNST than in those with sporadic disease (60.0% vs
29.4%; P ¼ .087).

With regard to the 14 schwannoma lesions, none of
them expressed TA, whereas 2 lesions were scored as
ALT+ on the basis of APBs (0.52% and 1.11%
APB-positive cells), although they did not show a TRF
distribution pattern consistent with ALT.

Array CGH data, obtained in a subset of 31 MPNST
samples, both sporadic and NF1-associated, exhibited
significant DNA copy number changes, with variations
in size, span, and nature of the aberrations on the
whole genome (data not shown). In particular, relevant
to TMMs, we could detect a copy number gain of
hTERT gene on chromosome 5 in 20 (65%) of 31
samples, with a similar percentage in NF1-associated
(69%) and sporadic (60%) MPNSTs (Fig. 2A). When

considering the prevalence of hTERT aberration in rela-
tion to the TMM operating in the tumor, we found a
slightly higher frequency of copy number gain of

Fig. 1. (A) 2 representative specimens of MPNST in which telomerase activity was detected by the TRAP assay using 0.6 and 6 mg of protein.

The location of the internal amplification standard (ITAS) is indicated. (B) APB assay in MPNST: combined PML immunofluorescence and

telomere fluorescence in situ hybridization in a frozen section of a representative ABP-positive MPNST sample. Indirect

immunofluorescence was used for the PML protein (FITC label, green stain); telomere FISH was done using a Cy3 conjugated telomeric

peptide nucleic acid probe (red stain); indirect immunofluorescence was used to detect NF1 protein (far-red stain); nuclei were

counterstained with 4′,6-diamidino-2-phenylindole, DAPI (blue stain); the foci of telomeric DNA that colocalize with PML represent

APBs (white arrows). (C). Terminal restriction fragment (TRF) profiles of 4 representative MPNST specimens.

Fig. 2. Copy number variation of hTERT gene (A) and NF1 gene (B)

in a subset of 31 MPNSTs. Samples arising in the context of NF1

syndrome are highlighted in red.
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hTERT gene in TA+/ALT2 tumors (7/10, 70%) that
in TA2/ALT+ tumors (5/9, 56%). In addition,
aCGH results for NF1 gene on chromosome 17q11
revealed no significant differences between
NF1-associated and sporadic tumors with a copy
number loss of NF1 gene in 9 (56%) of 16
NF1-related MPNSTs and in 8 (53%) of 15 sporadic
lesions (Fig. 2B).

Clinical outcome was analyzed on the overall series of
49 patients with MPNST. After 5 years of follow-up, 22
patients had died of the disease, and only 1 additional
patient died in the 5–10 years interval, which corre-
sponds to survival estimates of 47% and 39%, respective-
ly. From the survival analyses, we found a correlation
between the status of microscopic surgical margins and
disease-specific survival in univariable analysis (Margin
status: positive (negative): HR, 4.11; 95% CI, 1.67–
10.10; P ¼ .002) (Supplementary Table S1). Conversely,
age, presence of NF1 syndrome, location of the tumor,
size, and grade did not show any statistically significant
correlation with patients’ prognosis (Supplementary
Table S1). With regard to relevance of TMMs, for 6
patients who experienced progressive disease (recurrence
or metastasis) and whose ALT/TA status changed during
the course of the disease, the appearance of any TMM
defined the final phenotype (if metachronous lesions
were ALT+ and ALT2, the patient would be categorized
as ALT+). At 5 years of follow-up, TA proved to be sig-
nificantly associated with disease-specific mortality.
Specifically, results obtained from univariable analysis
showed that patients with TA+ tumors had a significantly
lower probability of being alive than patients with TA2

(HR, 3.78; 95% CI, 1.60–8.95; P ¼ .002) (Fig. 3A).
Such findings held true also when adjusted for the pres-
ence of NF1 syndrome (HR, 4.22; 95% CI, 1.804–
9.847; P ¼ .001) and for the margin status after surgical
excision (HR, 5.78; 95% CI, 2.19–15.26; P , .001)
(Supplementary Table S1).

Conversely, ALT alone did not prove to be associated
with disease-specific mortality either using APB expres-
sion (HR, 1.25; 95% CI, 0.54–2.89; P ¼ .605)
(Fig. 3B) or TRF distribution analysis (HR, 0.57; 95%
CI, 0.17–1.96; P ¼ .375) to define ALT status.

Discussion

This is the first report of a comparative analysis of the ex-
pression and clinical relevance of the 2 currently known
TMMs, ALT, and TA, in a mono-institutional series of
MPNSTs, including both sporadic and NF1-associated
tumors. Overall, TA was detected in 35.1% of the
lesions, although it was found to be more frequently
expressed in samples from patients with
NF1-associated MPNST than in those with sporadic
disease (60.0% vs 29.4%). This observation is consistent
with previous data from Mantripragada et al.,30 who
recorded TA in 61% of MPNST samples derived from
NF1-affected patients. The authors also showed that all
TA+ lesions were high-grade MPNSTs. Conversely, in
our case series, we were able to detect TA also in a low-
grade sporadic MPNST lesion (out of 5 grade 1 lesions
tested). Through a genome–wide high resolution ana-
lysis of DNA copy number alterations in NF1-associated
MPNSTs and benign tumors, the same research group30

was able to reveal amplification of the hTERT gene in
malignant tumors but not in benign lesions. The array
CGH results we generated in a subset of 31 MPNSTs
showed that such an amplification was also present in
sporadic MPNSTs, in a percentage of cases superimpos-
able to that found in NF1-associated tumors (60% vs
69%). The similar genetic alterations that we observed
in sporadic and NF1-associated MPNST (as outlined in
hTERT and NF1 gene) are not surprising. Indeed,
Brekke et al.37 recently suggested that the genetic events
leading to MPNST are comparable in NF-related and

Fig. 3. Disease-specific survival as a function of TA (A) and ALT (B) in patients with MPNST.
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sporadic tumors. Of note, the observed amplification of
hTERT gene is in agreement with gene upregulation in
MPNSTs, as previously detected by real-time reverse-
transcriptase polymerase chain reaction.38 No clear cor-
relation between hTERT copy number gain and TA was
evident, because such a genomic alteration was also
found in half of the ALT+ lesions and in a high percent-
age of TA2/ALT2 tumors.

ALT was found in 36.8% of cases when APB expres-
sion was used as the detection approach, and the per-
centage of ALT+ tumors decreased to 14% when the
ALT phenotype was determined on the basis of TRF
length distribution. The incomplete overlapping of the
results obtained with the 2 methods is not surprising.
In fact, although the APB assay allows the analysis of in-
dividual tumor cells, the TRF pattern could be mislead-
ing because of the admixture of normal and tumor
cells present in the specimens. However, on the basis
of available data, the concordance rate between the 2
assays seems to be dependent on the tumor type.
Specifically, the 77.2% concordance rate between the 2
approaches in defining MPNST specimens as ALT+ or
ALT2 is superimposable to that (77.6%) previously
observed in a series of 85 liposarcoma specimens that
were comparatively assayed for ALT with the 2 detec-
tion methods.39 Conversely, Henson et al.23 reported a
complete agreement in the results of the 2 assays in glio-
blastoma multiforme. The observation that MPNSTs
use either TA or ALT to maintain their telomeres
suggest that subsets of tumors can undergo different
pathways of tumorigenesis. In this context, we previous-
ly demonstrated that distinct gene expression signatures
can distinguish tumors and cell lines that are TA+ from
those that are ALT+.40

As previously reported for other tumor

types,19,20,22,24,25 in a few MPNSTs we found a con-
comitant expression of TA and ALT, confirming the pos-
sibility that the 2 TMMs can coexist in the same lesion.
However, at present, it is unclear whether TA and ALT
can be present in the same tumor cell or whether a given
tumor lesion may contain distinct ALT+ and TA+ sub-
populations. On the other hand, we found that a signifi-
cant percentage of MPNSTs (approximately 40%)
possessed no apparent TMM despite being informative
for the different assays, suggesting that the presence of
a constitutively active TMM is not a stringent require-
ment for a subset of MPNSTs or, alternatively, that
these tumors use a mechanism that has not yet been iden-
tified. Moreover, such a lack of any known TMM, also
previously observed in subsets of other tumor
types,19,20,24,25 is in accord with experimental data sug-
gesting that TMM acquisition is not always required for
malignant transformation of normal human cells.41

However, the possibility that the lack of TMM expres-
sion observed in a high percentage of the tested
MPNSTs may be related, at least in part, to the sensitiv-
ity of the assays used cannot be excluded.

The activation of a TMM is able to overcome replica-
tive senescence induced by cell division-associated telo-
mere attrition. In a previous study performed in a
series of mesenchymal tumors, including 16 MPNSTs,

and aimed to understand the contribution of senescence
signaling to the biology of these tumors, we used a sen-
escence scoring approach based on expression profiling
of well-defined senescence markers as a means to evalu-
ate latent senescence pathways. Specifically, a DNA
damage associated signature (DAS) and a modified se-
cretory senescence signature (mSS) were used. Our
results indicated that, at an individual tumor level,
DAS and mSS scores were not correlated, suggesting
that senescence phenotypes may be differentially active
during transformation.42

Concerning schwannomas, we did not found evi-
dence of TA in any of the 14 samples tested, in agree-
ment with previous data by Chen et al.,43 who found
all 30 of their schwannoma samples to be TA. The
authors also characterized the specimens in term of
TRF length distribution analysis and could identify 4
lesions having elongated telomeres: 3 of them showed
an aggressive clinicopathological behavior. In addition,
one patient died of the disease, and one experienced a
clinical recurrence. In our case series, no schwannoma
lesion could be defined as ALT+ on the basis of TRF
results, but 2 lesions were defined as ALT+ based on
APB expression. Unfortunately, because no follow-up
data are available for these patients, we cannot estimate
the possible relevance of the ALT phenotype for the clin-
ical outcome.

With regard to the prognostic relevance of TMMs in
MPNST, TA proved to be prognostic for disease-specific
survival. Specifically, patients with TA+ tumors had a
significantly lower probability of survival 5 years after
surgery than did patients with TA2 tumors. In add-
ition, TA proved to be a strong prognostic discriminant
of increased mortality even when adjusted for the con-
comitant presence of NF1 syndrome and for margin
status after surgical excision. Results available in the lit-
erature indicate an association between telomerase ac-
tivity/expression and poor prognosis in different
tumor types, including breast, non-small cell lung
cancer, gastric and colorectal cancer, and neuroblast-
oma,44 although not all the published studies confirmed
such an association.

In our series of MPNST patients, ALT failed to sig-
nificantly affect clinical outcome, independently of the
detection method used. Based on available information,
the association of ALT with patient prognosis seems to
be disease-related. In glioblastoma multiforme, a better
survival for patients with a ALT+ tumor was consistent-
ly observed in 3 studies in which ALT phenotype was
detected by TRF analysis or the presence of
APB.19,23,26 On the other hand, in patients with liposar-
coma, we found that ALT was a stronger prognostic dis-
criminant of increased mortality than TA in both
univariable and multivariable analysis.24 Again, we
reported a negligible role for ALT in the prognosis of
patients with diffuse malignant peritoneal mesotheli-
oma.25 A tentative explanation for the different out-
comes may be that ALT activation results from
different sets of tumor-specific genetic changes that are
correlated with a better or worse prognosis as a function
of the tumor type.
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The lack of reliable therapeutic options, other than
complete surgery, for MPNST together with our obser-
vation that this tumor may use either TA or ALT to
maintain telomeres, suggests the opportunity to consider
TMMs as new therapeutic targets for the disease. In this
context, the characterization of the TMM operating in
individual tumors could allow the identification of
patients suitable for treatment with anti-telomerase
drugs, which are currently used in clinical practice.45

In addition, preclinical evidence indicating that ALT+
tumor models are sensitive to compounds that induce
telomere dysfunction by binding to G-quadruplex struc-
tures in telomeric DNA and inhibit tumor growth
through a mechanism largely independent of the pres-
ence of active telomerase,29 would suggest the possibil-
ity, in the near future, to treat patients with ALT+
MPNST with these compounds as soon as they reach
the clinical setting.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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