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Summary. Background: Schwannomas are benign nerve

sheath tumors that only very rarely undergo malignant
changes. Oncogenic-induced senescence is a defense
mechanism against such malignant transformation.
Different molecular pathways are involved in this
process, such as RAS-RAF-MAPK. Based on the fact
that the RAS-RAF-MAPK pathway is known to be
activated in peripheral nerve sheath tumors, this study
analyzes senescence markers in Schwannomas to
demonstrate the possible role of senescence in their
genesis.
Methods: A retrospective immunohistochemical
study was done in 39 schwannoma and 18 malignant
peripheral nerve sheath tumors (MPNST). Staining for
p16INK4a, Ki67, p53 and CyclinD1 was performed in all
the cases. Additionally, ß-galactosidase staining was
done in those cases in which frozen tissue was available
(n=8).
Results: Higher levels of p16INK4a (p=0.0001) and
lower levels of Ki67 (p=0.0001) were found in
Schwannomas. Beta-galactosidase activity was positive
in 5/5 Schwannomas and negative in 3/3 MPNST.
Conclusions: Our results support the senescence
nature of Schwannomas and the absence of a senescence
phenotype in MPNST.
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Introduction

Cellular senescence is a growth-arrest mechanism
that protects the cell from hyperproliferative signals and
various forms of stress (Hayflick and Moorhead, 1961;
Campisi and Yaswen, 2009). Although it was first
described as an age-releated phenomenon (replicative
senescence) this event also appears to be activated in
response to various stresses, such as DNA damage,
oxidative stress or drugs (premature senescence) (Chen
et al., 2005; von Zglinicki, 2005; Campisi and Yaswen,
2009). Senescent cells show several morphologic and
molecular modifications (Kurz et al., 2000; Narita et al.,
2003). Indeed, senescence cells in culture are
characterized by a positivity for senescence-associated
ß-galactosidase (SA-ß-GAL) activity and p16INK4a, a
negativity for proliferation markers, and the presence of
senescence-associated heterochromatin foci (DAPI
immunofluorecence staining) (Lopez-Vicente et al.,
2009). In tissue, the evaluation of senescence becomes
more difficult, due to the absence of complete nuclei
used in the evaluation of heterochromatin foci formation.
The evaluation is further complicated when tissue is
formalin-fixed and paraffin-embedded. In this case, the
evaluation of SA-ß-GAL is impossible. Various authors
have tried to develop other immunohistochemical
senescence markers for use in formalin-fixed and
paraffin-embedded tissue, but their use has not been
widespread (Collado and Serrano, 2006). In this study
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we have considered cells showing a combination of
p16 INK4a positivity with negativity for Ki67 as
potentially senescent cells, endeavouring to confirm this
through the study of SA-ß-GAL activity in all cases with
available frozen tissue.
Oncogenic-induced senescence is a special form of
premature senescence, in which this irreversible cell
cycle arrest is activated in response to oncogenic
stimulation (Schmitt et al., 2007). Nowadays, nevus has
become the main model to study oncogenic senescence,
due to the ability of melanocytic cells to initiate
senescence in response to BRAF mutation (BRAFv600), a
downstream effector of RAS (Pollock et al., 2003;
Michaloglou et al., 2005) (Fig. 1). Therefore, oncogeneassociated senescence has been thought of as a possible
mechanism to prevent proliferation of potentially
dangerous cells (Schmitt et al., 2007). This hypothesis is
supported by the fact that senescence cells have been
found in a few examples of benign lesions (Collado et
al., 2005, Michaloglou et al., 2005; Zhao et al., 2006;
Bennecke et al., 2010) but not as yet, in malignant ones
(Ueki et al., 1996; Di Vinci et al., 2005).
The RAS-RAF-MAPK pathway is altered in several

tumors (Brose et al., 2002; Vaughn et al., 2011) and in
some familial syndromes such as neurofibromatosis
(NF) (Larizza et al., 2009; Gottfried et al., 2010). In NF,
the RAS-RAF-MAPK pathway is constitutively
activated by the loss-of-function of the two tumor
suppressor genes, NF1 and NF2 (Cichowski et al., 1999;
Gottfried et al., 2010), which in turn triggers the RASRAF-MAPK pathway, leading to uncontrolled cell
proliferation, loss of cellular adhesion and tumoral
transformation. Hence, these syndromes are clinically
characterized by the presence of a wide range of
neoplastic entities, the most common of which are
benign and malignant peripheral nerve sheath tumors
(Ferner, 2007, 2010). An activated RAS-RAF-MAPK
pathway might also play an important role in sporadic
peripheral nerve sheath tumors. Indeed, our group has
described activating KRAS and BRAF V600E mutations
in a subset of Schwannomas and MPNST not-related to
NF (Serrano et al., 2013).
Schwannomas are benign peripheral nerve sheath
tumors that very rarely undergo malignant
transformation. They originate from Schwann cells and
are characterized by a slow and limited asymptomatic

Fig. 1. Flow chart showing the main pathways involved in
senescence and the role of the main senescence markers.
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growth. Instead, malignant peripheral nerve sheath
tumors (MPNSTs) are malignant soft tissue tumors, with
an aggressive behavior and very poor prognosis. These
lesions can be clinical manifestations of genetic
syndromes, such as NF, or may also arise sporadically.
Whilst Schwannomas are benign tumors, with a low risk
of recurrence and eradicable by surgery, patients with
MPNSTs show impaired survival and an early
development of metastasis. In these tumors, complete
surgical excision with tumor-free margins remains the
only therapeutic approach, since chemo/radiotherapy are
still regarded as palliative treatments due to their low
efficacy (Ferner, 2007, 2010; Larizza et al., 2009;
Gottfried et al., 2010; Moretti et al., 2010; Longhi et al.,
2011). Therefore, the study of molecular mechanisms
involved in the genesis and malignant transformation of
peripheral nerve sheath tumors is a very challenging area
of research that may result in new and more suitable
treatments for these tumors.
In the effort to clarify the role of oncogenic
senescence in vivo, we analyzed the expression of
senescence markers, including p16INK4a, p53, CyclinD1,
SA-ß-GAL activity and proliferative index (Ki67) in a
series of 57 benign/malignant peripheral nerve sheath
tumors.
Materials and methods

Patients and tissue samples

A total of 57 formalin-fixed, paraffin embedded
samples (39 Schwannomas and 18 MPNSTs), diagnosed
between January of 2002 and December of 2009 were
retrieved from the files of the Pathology Departments of
the three participating hospitals. The study was approved
by the Vall d’Hebron University Hospital Institutional
Review Board Committee. Histological diagnosis was
reviewed by two specialized pathologists in all cases
(CR and SRC). The diagnostic criteria were
morphological and immunohistochemical, with
positivity for S100 in 100% of Schwannomas, and in
malignant cases, indicated by either a neural origin or
S100 positivity. Diagnosis of NF1 was retrospectively
assessed through clinical records. Relevant
clinicopathologic, demographic and survival data were
recorded for all patients (Table 1).
Immunohistochemical analysis

Immunohistochemical staining was performed on
4µm sections from formalin-fixed, paraffin-embedded
tissues. The following antibodies were used: Rabbit
Monoclonal Ki67 (30-9) (Ventana Medical Systems,
Tucson, AZ, USA); Mouse-Monoclonal P53 (D0-7)
(Ventana Medical Systems, Tucson, AZ, USA); Rabbit
Monoclonal CyclinD1 (SP4) (Ventana Medical Systems,
Tucson, AZ, USA); Mouse antihuman p16INK4a (mtm)
(CINtec ® Histology kit). Paraffin sections were
automatically de-paraffinized and submitted to 10

mmol/L citrate buffer (pH 6.0) or in 10 mmol/L EDTA
buffer (pH 8.0) as antigen retrieval. Staining was
performed on an automated immunostainer (Ventana
Medical Systems, Tucson, AZ, USA). Antibodies were
visualized by the ultraView™ Universal DAB Detection
Kit (Ventana Medical Systems). Positive and negative
controls were used to validate the immunostaining of
each antibody. Positive controls were: cervical squamous
in situ carcinoma for p16INK4a, ovarian serous carcinoma
for p53, tonsil normal tissue for ki67, mantle cell
lymphoma for Cyclin D1. For negative controls, the
primary antibody was substituted for phosphate-buffered
saline.
Evaluation of the Immunohistochemical staining

The slides were examined by two independent
pathologists (S.S. and C.R.) for the intensity and
percentage of positive tumor cells (separately and
together in the H score) for each stain as well as for
subcellular localization. Final results were obtained
considering the average of the scores from the two
pathologists. This scoring system was used for the
statistical analysis. In the case of discordance (>10%) a
third evaluation by an expert pathologist (S.R.C.) was
done.
ß- Galactosidase

SA-ß-GAL activity was analyzed as previously

Table 1. Clinicopathological features of peripheral nerve sheath tumor
patients evaluated in our study.
Characteristic
Age (years)
Median
Range
Sex
Male
Female

Localization
Head and Neck
Trunk
Extremities
Size (cm)
Median
Range

Neurofibromatosis
Type1
Type2
Metastasis
Status
DFS (months)
OS (months)
Exitus

Schwannomas
(n=39)

MPNST
(n=18)

TOTAL
(n=57)

52
22-74

43
12-78

48
12-74

8
12
19

5
3
10

13
15
29

1
1

9
0

n.a.
n.a.
0

10 (1-262)
22 (9-262)
8

16
23

3
0.6-15
0

15
3

3.25
0.5-32

7

31
26

3.25
0.5-32
10
1
7

n.a.
n.a.
8

DFS, disease free survival; OS, overall survival; n.a., not analyzed
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described (Geng et al., 2010), in 5 cases of
Schwannomas and 3 MPNST in which frozen tissue was
available. In brief, frozen sections were fixed and stained
for SA-ß-GAL at pH6 at 37°C for 16-18 h (Senescence
ß-Galactosidase Staining Kit #9860, Cell Signaling
Technology Inc., Danvers, MA). After incubation,
sections were washed in PBS, counterstained with 0.1%
nuclear fast red, and observed using an optical
microscope.
Statistical analysis

Statistical analysis was done with the Statistical
Package for Social Science, version 15.0 (SPSS Inc.,
Chicago, IL). Descriptive statistics were calculated for
baseline demographic data. Categorical variables were
analyzed using cross-tabulation, and differences were
evaluated with the U de Mann-Whitney test. A 2-sided p
value ≤0.05 was considered indicative of a statistically
significant difference.
Results

Immunohistochemical senescence markers in peripheral
nerve sheath tumors

Significant differences between Schwannomas and
MPNSTs were found in the levels of p16 INK4a
(p=0.0001), Ki67 (p=0.0001) and CyclinD1 (p=0.0001).
However, these differences were mainly due to different
percentages of cells. No differences were observed in the
intensity of the staining in any of these markers. In brief,
Schwannomas, showed high levels of p16 INK4a
expression together with very low Ki67 index, while
MPNSTs showed an opposite pattern (very low or
absence of p16INK4a and high Ki67 index). CyclinD1
showed an unexpected pattern of expression, being
higher in Schwannomas than in MPNSTs (p=0.0001).
Furthermore, Schwannomas showed a different
subcellular localization of CyclinD1, mainly nucleocytoplasmic in Schwannomas, in contrast to nuclear
staining in MPNSTs (Table. 3). In these tumors the
percentage of cytoplasmic staining increased with total
CyclinD1 expression (p=0.001) (Fig. 3).
Finally, p53 expression only showed differences in
immunohistochemical staining intensity, scoring 3: 0/39
(0%) cases of Schwannoma and 7/19 (37%) cases of
MPNST (p=0.0008). No significant differences were
observed in the percentage of p53 positive cells
(p=0.442) or the H-score (p=0.057).
Data on the percentage of positive cells of these
molecules in peripheral nerve sheath tumors is
summarized in Table 2, and examples of stainings from
each marker are reported in Fig. 2.
In the sole example of a malignant Schwannoma, the
sample was effectively evaluated as two different
tumors, considering the area of clearly benign tumor as a
Schwannoma, and the area showing malignant changes
(high number of mitosis, pleomorfism, necrosis) as a

MPNST. Table 3 compares the results between both
areas.
Finally, the differences in p16 INK4a and Ki67
expression between Antoni A and Antoni B areas from
all the Schwannomas included in the study are shown in
Fig. 4.
Beta-galactosidase staining

SA-ß-GAL activity was high in the 5 Schwannomas
in which frozen tissue was available. In contrast, the
three cases of MPNST tested for SA-ß-GAL activity,
were negative (Fig. 2).

Discussion

Our study shows that Schwannomas, which only
rarely undergo malignant transformation (Strauss et al.,
2011), have a senescent-like phenotype. These data
support the hypothesis of their senescence nature and the
role of senescence mechanisms in the control of their
malignant transformation. Indeed, p16 INK4a was
significantly higher in benign tumors compared to
malignant ones, and Ki67 was absent or very low in all
benign lesions (Table 2, Fig. 2). Moreover, all
Schwannomas available for SA-ß-GAL analysis within
this group were positive.
It is well known that Schwannomas usually have
hypocellular areas named Antoni B, contrasting with
hypercellular areas named Antoni A. Previous data
suggest that the nature of the hypocellular areas is
mainly degenerative and that they show lower
proliferative indexes (Yokoo et al., 2007). Our data (Fig.
4) confirm the lower number of Ki67 positive cells in
Antoni B areas. Besides, p16 INK4a did not show
significant differences between Antoni A and B areas,
Table 2. Median and range of the percentage of immunohistochemical
expression of p16INK4A, Ki67, Cyclin D1 and p53 in Schwannomas and
MPNSTs.
Schwannomas (n=39)

p16INK4a
Ki67
Cyclin D1
p53

Median
60
3
50
5

Range
5-100
0-5
0-85
0-60

MPNST (n=18)

Median
3
40
15
5

Range

0-70
10-100
0-60
0-90

p

0.001
0.001
0.001
0.442

Table 3. Comparison between the benign and malignant areas in the
sole case of a malignant schwannoma.
Schwannoma areas
MPNST areas

p16INK4A
100
70

Ki67
3
70

Cyclin D1
60
0

p53
30
40
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Fig. 2. Histological
images of senescence
markers in peripheral
nerve sheath tumors.
Images A and G illustrate
examples of H/E staining
in Schwannomas (A) and
MPNST (H). In
Schwannomas: increased
SA-ß-GAL activity was
found in sections with fast
red counterstaining (B);
p16INK4A showed intense
nucleo-cytoplasmic
staining (C), ki67 was low
(D) and Cyclin D1 was
highly expressed both in
nucleus and in cytoplasm
(E). MPNST did not show
SA-ß-GAL activity (H),
were negative for
p16INK4A expression (I)
and had higher ki67
positivity (J). Contrary to
BPNSTs, MPNSTs
showed only a nuclear
localization for Cyclin D1
(K). Examples of p53
expression in
Schwannomas (H) and in
MPNSTs (L) are shown.
Picture magnifications: A,
C, D, F-L, x 20; B, E, x 40
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being only slightly higher in Antoni B. These results
cannot confirm the role of senescence in differences
between Antoni A and B areas, both of which show a
senescence phenotype. However, more extensive studies
may confirm the importance of these slight differences.
The senescence nature of Schwannomas had been
previously suggested by Yokoo et al. (2003, 2007). Both
papers postulate that senescence is one of the potential
mechanisms involved in cell cycle arrest of
Schwannomas cells, together with autophagy and
oxidative stress, especially in Antoni B areas. Our results
clearly support the role of senescence in these tumors,
but cannot rule out the presence of autophagic cells in
that context. Additionally, senescence can not only be
activated by oncogenes, but also by other mechanisms,
such as DNA damage or oxidative stress. Indeed, the
presence of oxidative stress in Antoni B areas,
demonstrated by Yokoo et al, could contribute to the
delicate differences in senescence phenotype that seem
to exist between Antoni A and B areas.
Contrary to benign tumors, malignant lesions show
loss of senescent phenotype, with alteration of
senescence regulatory pathways, such as low expression
of p16INK4a. Concordant with these findings, the three
cases of MPNST in which frozen tissue was available
resulted negative for SA-ß-GAL activity.
The interesting pattern of expression of CyclinD1
found in Schwannomas also seems to support the
senescence nature of these lesions (Lucibello et al.,
1993; Morisaki et al., 1999; Li et al., 2007). In fact, we
observed a higher level of CyclinD1 in Schwannomas
than in MPNSTs (p=0.0001). CyclinD1 is an important
cell cycle regulator which promotes progression from
the G1 phase to the S phase of the cell cycle, activating
CDKs 4 and 6, which in turn inactivates the pRb gene
leading to increased cell proliferation (Kamb et al.,
1994). Overall, its expression is mainly nuclear and its
extent is higher in cancer cells (Lukas et al., 1995;
Lingfei et al., 1998; Feakins et al., 2003; Semczuk and
Jakowicki, 2004; Zhao et al., 2010). Surprisingly, in
Schwannomas, we found not only higher levels of
Cyclin D1 expression, but also a nucleo-cytoplasmic
location of this protein, whereas most MPNSTs showed
only nuclear staining (p=0.004) (Fig. 3). Cytoplasmic
accumulation of CyclinD1 has been previously described
in post-mitotic neurons and senescent cells (Li et al.,
2007; Sumrejkanchanakij et al., 2003). In senescence
cells, the accumulation of CyclinD1 has been associated
with the formation of CyclinD1-CDK2 (unphosphorylated form) complexes (Lucibello et al., 1993;
Morisaki et al., 1999). In conclusion, although little is
known about the mechanisms and the role of CyclinD1
in the cytoplasm, together, this evidence suggests a
relationship between cytoplasmic sequestration of
CyclinD1 and irreversible cell cycle arrest.
Regarding the mechanisms involved in malignant
transformation of peripheral nerve sheath tumors,
various studies have previously suggested an association
between p16INK4a downregulation and MPNST (Perrone

et al., 2003; Sabah et al., 2006; Endo et al., 2011).
However, p53 mutations and LOH have also been
involved in this process (Halling et al., 1996; Birindelli
et al., 2001). In the present study, although the
association between p53 overexpression and malignant
transformation has been mainly observed in the intensity
of staining and not in the percentage of positive cells,
our results do not refute the possible role of p53
mutations in the genesis of these tumors. Alternatively,
our data support the relevance of p16 INK4a
downregulation in malignant transformation of
peripheral nerve sheath tumors.
Surprisingly, the only case included in the study
exhibiting malignant transformation from a
Schwannoma showed an atypical pattern compared to
other MPNST. In this case the loss of p16 INK4a was
lower than in other MPNST, while the expression of
nuclear Cyclin D1 was dramatically lost (Table 3). This
single result is difficult to interpret due to the fact that it
could have been an isolated event. However, it may be
interpreted as an illustration of differences in molecular
pathways not only between malignant transformation of
Schwannomas and Neurofibromas, but also in the
genesis of primary MPNST.
Previous data have shown that p16 INK4a
overexpression in benign tumors is involved in the
control of proliferation arising from senescence
induction (Di Vinci et al., 2005; Michaloglou et al.,
2005; Zhao et al., 2006; Courtois-Cox et al., 2006;
Romagosa et al., 2011), resulting in the protection of
cells from malignant transformation when confronted
with oncogenic stimuli (Collado et al., 2005; Schmitt et
al., 2007; Bennecke et al., 2010). Our data support the
hypothesis that p16INK4a downregulation is an important
factor in malignant transformation of peripheral nerve
sheath tumors due to its role in the bypass of senescence.

Fig. 3. Subcellular localization of cyclinD1 in Schwannomas, related to
the proportion of cyclin D1 positive cells in the tumor.
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However, other factors could be involved in this process,
such as p21Cip1 or RSK4 (Lopez-Vicente et al., 2009,
2011). Additional studies should be made in the field of
human tumors in order to elucidate the impact of every
factor in this process.
Importantly, the growing awareness of tumor
biology arising from the in-depth study of senescent
markers in human tumors may, in turn, boost
development of new therapeutic strategies. Decreased
p16INK4a expression has been shown in several human
cancer types (Dublin et al., 1998; Gorgoulis et al.,
1998a,b; Di Vinci et al., 2005; Schneider-Stock et al.,
2005; Andujar et al., 2010), in the same way as in
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MPNST. Several molecular alterations are involved in its
inactivation, such as homozygotic deletion, point
mutations, promoter methylation or cytoplasmic
sequestration (Lukas et al., 1995; Lingfei et al., 1998;
Rocco and Sidransky, 2001; Paulson et al., 2008,
Poetsch et al., 2011; Romagosa et al., 2011). Based on
the oncogenic-senescence hypothesis, some authors have
demonstrated that senescent induction through direct
restoration of senescence-regulation genes could be a
useful therapeutic tool to control altered proliferation
and malignant transformation, as observed with p53 in
murine models (Bringold and Serrano, 2000; Calbo et
al., 2001; Campisi, 2001; Collado and Serrano, 2005;

Fig. 4. Differences in p16 and
ki67 percentage of positive
cells between Antoni A and B
areas in Schwannomas.
Images A and B illustrate the
differences in p16INK4A
staining between Antoni A (A)
and Antoni B (B) areas; and C
(Antoni A) and D (Antoni B) for
Ki67. Finally, box plots
showing different expression
of p16INK4A (E) and Ki67 (F) in
Antoni A and Antoni B areas.
Picture magnifications: A, B,
x 20; C, D, x 40
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2006; Serrano, 2007; Caino et al., 2009; Lleonart et al.,
2009; Flaherty and McArthur, 2010). Indeed, p16INK4a
restoration by various methods, including demethylating
agents, could be an alternative strategy to explore for the
treatment of these tumors.
In summary, our results support the senescence
nature of Schwannomas and highlight the importance of
p16 INK4a expression in the control of malignant
transformation of these benign lesions. In conclusion,
these data allow us to better understand the molecular
pathways involved in the genesis of these tumors.
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