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Background: Oncogenic-induced senescence (OIS) is a growth-arrest mechanism
demonstrated in cells and in some types of human cancers and it is considered a tumor
suppressor process against malignant transformation. Different molecular pathways are
involved in this process, such as RAS/RAF/MAPK or ARF/p53 and p16™K*/pRb.
Peripheral nerve sheath tumors (PNSTSs) are soft tissue neoplasms arising in nerve
sheaths that can be sporadic or associated to clinical syndromes such as
neurofibromatosis (NFs). Schwannomas are benign PNSTs and only very rarely
undergo malignant changes that similarly to nevus are composed of cells derived from
the neural crest. In nevus RAS/RAF/MAPK the pathway is activated mainly due to
BRAF V600E mutations that cause the expression of senescence-associated markers in
these lesions. This alteration is explained by changes in NF1 or NF2 genes in those
cases associated to NF1 or NF2 Neurofibromatosis. However, the pathogenesis of
genetic alteration of sporadic PNST is less well known. This study analyzes senescence
markers in PNSTs to demonstrate the possible role of senescence in their tumorigenesis,
together with the presence or absence of BRAF V600E mutations in these tumors,
especially in sporadic ones.

Methods: A retrospective immunohistochemical study was done in 39 schwannomas
and 18 malignant peripheral nerve sheath tumors (MPNSTSs). Staining for p16™<*
Ki67, p53 and Cyclin D1 was performed in all the cases. Additionally, SA-p-Gal
staining was done in those cases where frozen tissue was available (n=8). Moreover,
BRAF exon 15 and KRAS exons 2 and 3 polymerase chain reaction (PCR) sequencing
was performed in formalin-fixed/paraffin-embedded samples of 59 schwannomas, 16
neurofibromas and 24 MPNSTSs, related and non-related to NF types 1 and 2.

Results: In schwannomas we found high expression of p16™“*  low or absent levels of
Ki67 and positivity of SA-pB-Gal activity. An opposite pattern was found in MPNSTSs.
Oncogenic BRAF V600E mutations were observed in 4/40 schwannomas and 1/13
MPNST (not associated with NF). A KRAS G12S mutation was also evident in one
sporadic schwannoma.

Conclusions: Our results support the senescence nature of schwannomas and the

absence of senescence phenotype in MPNSTs. Moreover, the finding of BRAF V600E
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and KRAS mutations in a subset of PNSTs not related to NF represents an important

event, especially for the development of novel specific treatment for these tumors.
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1. SENESCENCE

1.1. INTRODUCTION

Cellular senescence is a growth-arrest mechanism that protects the cell from
hyperproliferative signals and various forms of stress'. The process of cellular
senescence was first described by Hayflick and Moorhead (1961) observing that normal
human fibroblasts were able to enter into a state of irreversible growth arrest after serial
cultivation in vitro®.

Cell senescence can be defined as a biological program that causes permanent and
irreversible arrest of the cell cycle. Senescence can be divided into two subtypes:
replicative senescence and premature senescence. Replicative senescence is a
consequence of the erosion or the shortening of telomeres due to the repeated
replication of the DNA in the absence of telomerase. Premature senescence is a form of
senescence that is activated in response to various types of stress. Stress such as DNA
damage, oxidative or genotoxic stress or drugs, damage to the chromatin structure or
overexpression of oncoproteins®> (Figure 1).

Upon exposure to these triggers, cells engage a coordinated network of effector
pathways, that regulates senescence process and converges on two key phases of this
process; a stable proliferation arrest and an altered secretory pathway connected with
inflammation, the senescence associated secretory phenotype (SASP)®.

8 it has been

Although senescence has been implicated in the promotion of aging”
observed that this process serves as a potent tumor suppression mechanism. ! A

number of studies have shown that premalignant lesions from human and mice are
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enriched in senescent cells. For instance, benign melanocytic nevi, which frequently
carry the BRAFV600E oncogene, show features of senescence, including SA-B-Gal

INK4a
6

activity and high p1 expression'?. Moreover, senescence markers were found in

human dermal neurofibromas, murine lung adenomas, human and murine prostatic
adenomas, murine pancreatic intraductal neoplasias and murine lymphomas® ** 3,
Both proliferation arrest and SASP are thought to act in concert to mediate tumor
suppression. The proliferation arrest restrains tumor growth, and the SASP recruits

innate immune cells to clear the damaged premalignant cells'®°.

In summary, senescence is a complex process activated by different triggers in
association with varied physiological end-points that restricts the proliferative capacity
of impaired or damaged cells, as well as normal cells, protecting them of different types

of damage.

1.1.1. Quiescence versus senescence

In contrast to senescence, quiescence is a reversible GO/G1 phase cell cycle arrest,
which is induced by the absence of mitogens or growth factors, nutrient starvation, or
increasing cell density®® 2*. In general, quiescence is characterized by low metabolism
and protein synthesis, lack of cellular growth, and, the absence of global
heterochromatin structures®*?*. While downregulated expression of genes is involved in
cell division, quiescent cells upregulate genes (such as HES1) that inhibit senescence,
differentiation and apoptosis® 2°. Unlike senescence, which can occur either in the G1

or G2 phase of the cell cycle, (depending on when the damage is detected and the

19



efficiency of the checkpoints®” %

) quiescence essentially takes place in G1, prior to the
restriction (R) checkpoint®®. Both quiescence and senescence are characterized by
modifications of cell cycle regulators such as CDKSs inactivation. But, unlike
senescence, where CDKs are inhibited by p21 or/and p16™<*, the major regulator
involved in quiescent arrest is p27°®*. Unlike p21, p27 induction is independent of the
p53 pathway®’ and its levels/activity is primarily regulated by translation,
phosphorylation, and Skp2-mediated degradation®*. Although p53 and p21 were also
implicated in the cell cycle arrest following growth factor removal, p53 integrity does

not seem to be essential for quiescence®*%.

1.2. SENESCENT CELL FEATURES

Although quiescent and senescent cells share similar metabolic features, senescent cells
show specific and characteristic morphologic and molecular changes.

Cellular morphology could be indicative of senescence. Senescence cells show an
increase of their volume, flat and vacuole-rich cytoplasm, nuclear pleomorphism and
chromatin changes. This behavior is observed in a wide variety of normal cells, and it is
widely accepted that normal human somatic cells have an intrinsically limited
proliferative lifespan, even under ideal growth conditions™’.

Moreover, senescent cells show an altered genetic expression, especially in cell cycle
regulation genes, inducing the cessation of DNA synthesis. Modifications of the
ARF/p53 and p16™***/pRb pathways have been observed, or of the expression of genes
coding for proteins related with cell proliferation, such as c-FOS, Cyclin D1, Cyclin A,

Cyclin B and PCNA® and increase in other cytoplasmic and nuclear proteins.
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One of the most important features of senescent cells is their irreversible arrest of the
cell cycle, usually with a DNA content characteristic of the G1 phase®. Once stopped,
they cannot start the replication of DNA, even if they have adequate growing
conditions.

Senescent features involve most of the physiological aspects of the cell. These features
are listed below:

- Morphological features of senescence: Senescent cells show flat, enlarged

morphology and are commonly multinucleated.

- Metabolic alterations: There is an increase of SA-B-Gal activity. SA-B-Gal is a

popular biomarker of senescence*" because it is easy to detect. This modification is
indicative of expansion of lysosomal compartment. This results in the eradication of
lysosomal recycling capacity for proteins, lipids, and mitochondria. Consequently, there
is an elevated reactive oxygen species (ROS) production with oxidative damaged
enzymes accumulated in the cytosol. Finally, oxidative stress results in DNA damage as
42,43

well as in the damage of other molecular species, including proteins and lipids

- Molecular pathways involved: Senescent cells are terminally arrested at G1, showing

increased levels of many cell cycle inhibitors** *. OIS is a consequence of the
activation of a complex network of pathways mostly involving the ARF/p53, and/or
p16™*4/pRb pathways. Stabilization of p53 can be acquired through ARF, a negative
regulator of MDMZ2 that targets p53 for proteosomal degradation. Activation of p53
induces senescence in part by transactivating the CDKI p21 which, amongst other
activities, inhibits phosphorylation and therefore suppression of pRb by the
6INK4a’

CDK2/cyclin E complex. PRb is also activated via up-regulation of the CDKI p1
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which inhibits phosphorylation of pRb by CDK4/6/cyclin D complexes. Subsequently,
pRDb inhibits E2F-dependent gene transactivation and promotes cell-cycle arrest in G1.
Stable suppression of E2F-responsive genes is achieved through senescence associated
heterochromatic foci (SAHF) formation, which is thought to contribute to the apparent
46, 47

irreversibility of senescence

- Modification of chromatin structure: The initiation of senescence triggers and the

generation and accumulation of distinct heterochromatic structures, known as SAHF.
SAHF formation and promoter repression depend on the integrity of the pRb pathway™.
In replicative senescence the telomerase gene is deactivated in many adult human cells.
As a result, these cells lose small portions of the ends (telomeres) of their chromosomes
each time they divide. This process appears linked to their finite replicative lifespan in
cell culture (The Hayflick Limit). However, oncogene- or culture stress-induced
senescence does not rely on telomere shortening.

- Senescence-associated secretory phenotype (SASP): Senescent cells undergo

widespread changes in protein expression and secretion, which ultimately develops into
the SASP*® 49 Senescent cells upregulate the expression and secretion of several matrix
metalloproteinases that comprise of a conserved genomic cluster and interleukins that
promote the growth of premalignant epithelial cells. A limited number of cell culture
and mouse xenograft studies support the idea that senescent cells secrete factors that can
disrupt tissue structure, alter tissue function and promote cancer progression’ > .
Recent studies on the SASP of human and mouse fibroblasts show it is conserved across

cell types and species; moreover, specific secreted factors are strong candidates for

stimulating malignant phenotypes in neighboring cells** *2. The idea that a biological
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process, such as cellular senescence, can be beneficial (tumor suppressive) and
deleterious (pro-tumorigenic) is consistent with a major evolutionary theory of aging
termed antagonistic pleiotropy*®. The SASP is possibly the major reason for the
deleterious side of the senescence response®®. A complex cocktail of factors including
proinflammatory cytokines, chemokines, extracellular proteases, matrix components
and growth factors, regulate the initiation and maintenance of senescence. IL-8, its
receptor CXCR2 and IL-6 are considered the most important cytokines secreted by
53-55

senescent cells

Table 1 reports the details of senescent cells.

1.3. ONCOGENIC-INDUCED SENESCENCE (OIS)

The cancerous transformation begins with an accumulation of mutations that produce
more aggressive cells, which are further selected by the tissue and/or tumor
microenvironment®®. Neoplastic transition is characterized by an increase in the
expression of oncogenes, which control different biological processes, such as cell
proliferation and apoptosis. Oncogenic mutations typically cause excessive cell
proliferation, leading to the disruption of normal tissue microanatomy and impaired
tissue function.

Interestingly, oncogenes such as RAS, RAF, E2FS, STAT5, and AKT can induce
cellular senescence in normal cells by activating diverse tumor supressors. This
mechanism is called oncogene-induced senescence (O1S)°" *®. OIS is considered a

special form of premature senescence, in which this irreversible cell cycle arrest is
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activated in response to oncogenic stimulation, independently of telomere length®’.
Table 2 illustrates the oncogenes that are known to induce senescence.

OIS was observed for the first time by Serrano et al. in 1997, when an irreversible cell
cycle arrest was induced in cultured fibroblast by HRAS®. Replicative senescence and
OIS share several characteristics, such as induction of various tumor suppressor
pathways, including ARF-p53 and p16™ **/pRb. Additional hallmarks in telomere- and
oncogene-associated senescence programs include persistent cell cycle arrest,
morphological transformation, induction of SA-B-Gal activity, emergence of SAHFs,
activation of SASP, increased production of ROS, and in some settings; DNA damage,

endoplasmatic reticulum stress, and autophagy™"**°.

Currently there is a lot of evidence that the OIS is an event that occurs not only in cell
lines, but also in animal models and in vivo, such as in some human tumors®*®?, Recent
studies have reported the detection of senescence biomarkers in different lesions, in
mice, and in humans %,

In recent times, nevus has become the main model to study OIS, due to the ability of
melanocytic cells to enter in senescence in response to oncogenic stimulation'?. Human
nevi are benign tumors of melanocytes that frequently harbor oncogenic mutations. The
most frequent is the substitution of a valine for glutamic acid in BRAF gene (V600E)®.
Nonetheless, nevi typically remain in a growth-arrested state for decades and only rarely
progress into malignancy (melanoma). In the nevus-melanoma model, the induction of

cell cycle arrest by BRAF (V600E) mutation has been seen, and is associated to the

overexpression of p16™“* and the SA-p-Gal activity, a process independent of
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telomerase action'® ©°

. It has been explained that senescent melanocytes show a
phenotype characterized by large, flat, pigmented cells that express senescence markers,
accompanied by low expression of the proliferation marker Ki67, dephosphorilation of
pRDb, downregulation of CDK2 and CDK4 kinase activity, reduced expression levels of
p21, p27 Cyclin D1 and Cyclin E and presence of SAHF®"®°,

It has been seen that a malignant transformation of nevus to melanoma is only possible
when senescence induction pathways are unharmed. Therefore, based on the senescence
studies, benign nevi are considered the first step of this model and to be potential
precursors of melanoma'® 2. The next stage of melanoma progression is dysplastic
nevi in which escape from p16™ *}/pRb senescence has been hypothesized. This kind of

lesion shows reduced expression levels of p16'™<*

, p53 and p21, associated with
chromosomal abnormalities®. Activation of telomerase in dysplastic nevi could lead to
a radial growth phase (RGP) lesion, in which melanomas are thin, growing only in or
near the epidermis”®. Tumor cells consist of immortal but keratinocyte dependent cells®®
™t and it seems likely that melanocyte immortalization is a mandatory step in early
melanoma development, requiring both telomerase activation and deficiency of the
p16™ */pRb pathway. The final stage of melanoma progression is called the vertical
growth phase (VGP), in which melanomas invade more deeply and are competent for
metastasis’®. Alterations in PTEN/PIK3/AKT/mTOR and p53 pathways or other
mechanisms seems to be implicated in bypassing senescence, and promoting

transformation to malignant melanoma’® ™.
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1.4. SENESCENCE REGULATION

1.4.1. RAS implicated in the mechanisms of OIS

Senescence is a complex mechanism activated by the cells in response to different types
of stress. This cellular response is aimed at stopping the proliferation of cells that have
suffered damage and prevent the transmission of mutations to daughter cells. Different
mechanisms of senescence regulation have been reported.

OIS in vitro has been described in the context of oncogenic stimulation by the

RAS/RAF/MAPK pathway* 2. RAS activation triggers a number of downstream

signaling pathways. Serrano et al. first showed that, despite an initial hyperproliferative
response, RAS-induced proliferation in normal cells leads to cell cycle arrest and
senescence”. Moreover it has been observed that RAS effectors are able to induce OIS.
In vivo, expression of KRAS in the mammary gland causes senescence®” and the
mutated BRAF-V600E induces senescence in thyroid tumors and melanocytic nevi** &
’® In addition to the RAS oncogenes and their proximal downstream kinases, distal
effectors of the RAS pathway, such as the E2F family of transcription factors, can also
induce senescence’’. RAS-induced senescence is accompanied by overexpression of
both p16™K** and p19”"F, and the consequent activation of pRb and p53* %
Conversely, in the absence of p16™<* p19”*F or p53, RAS can induce cellular

4, 81

transformation directly in mouse embryonic fibroblasts™ °, thus underscoring the

importance of these tumor suppressors in the RAS-induced senescence response.
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Moreover RAS pathway activation can lead to senescence stimulating other
mechanisms that include ROS, DDR, and the p53 and PTEN/PI3SK/AKT/mTOR
pathways® %,

In vitro studies have demonstrated the constitutive activation of RAS gene results in an
increase in intracellular and, in particular, mitochondrial ROS. These results suggest
that in normal diploid cells, RAS proteins regulate oxidant production, and that a rise in
intracellular H,O, represents a critical signal mediating replicative senescence® .
However, it has also been observed that activation of the PTEN/PI3K/AKT/mTOR
pathway can induce senescence, although it is less effective compared to activated
RAS-senescence™ ¢, Nevertheless, alterations in these downstream effectors of RAS,
especially the genetic inactivation of PTEN (an inhibitor of PI3K/AKT/mTOR), are
involved in suppressing the senescent mechanism induced by activation of RAS and
these promote tumorigenesis™ "¢,

The activation of the SASP has also been implicated in induction and maintenance of
senescence in an autocrine manner. It has been shown that knockdown of CXCR2
(which is a receptor for IL8 and CXCL) leads to the bypass of senescence in human
diploid fibroblasts, and overexpression of CXCR2 causes p53-dependent senescence™
8 Moreover, it has also been seen that IL-6 and IL-8, and their receptors, play a

causative and necessary role in the establishment and maintenance of senescence and

that has a relation with RAS and p53°* %%,
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1.4.2. Cellular senescence and tumor suppressor gene p16'™"*

Although there are many mechanisms related to senescence regulation, it is known that
this process is established and maintained through two major regulating pathways,
ARF/p53 and p16™***/pRb. These pathways can interact or be activated in independent
ways, depending on the kind of stress on the different species or the cell types.

As described in our previous review article, one of the most important mechanisms

6INK4a

involved in the induction of senescence is pl overexpression®’. P16™* is the

principal member of the Ink4 family of CDK inhibitors. It is codified by a gene
localized on chromosome 9p21 within the INK4a/ARF locus *. It is well known that
p16™"“ contributes to the regulation of cell cycle progression by inhibiting the S phase.

Briefly, p16™"* binds to CDK4/6, inhibiting cyclin D-CDK4/6 complex formation and

CDK4/6-mediated phosphorylation of pRb family members. Expression of p16™<%

maintains the pRb family members in a hypophosphorylated state, which promotes

binding to E2F1 and leads to G1 cell cycle arrest®. However, this classically known

6INK4a

function seems to be just a simplified scheme of the global role of pl , and many

aspects of its function and regulation are still partially unresolved.

It has been demonstrated that an elevated level of expression (upregulation) of p16'™<*?,

induced by oncogenes such as RAS, DNA damage response, or aging, is involved in

6INK4a

cellular senescence. Expression of pl is markedly increases with ageing in most

mouse tissues and in human skin and kidney tissues® **

, suggesting the importance of
this tumor suppressor in ageing and senescence. In addition, p16™<** overexpression

has been reported in senescent fibroblasts in response to oxidative stress, DNA damage
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and changes in chromatin structure®. The molecular mechanism by which p16™**/pRb
pathway is involved in senescence regulation is shown in Figure 2.
While genetic inactivation of the p16™*** gene by deletion, methylation and point

mutation has been found in nearly 50% of all human cancers®® '

, the overexpression of
p16™ * has been observed in benign and premalignant lesions, in vitro and in vivo, as
an activator of senescence to prevent proliferation of potentially dangerous cells®.
P16™%* overexpression has been also observed in some malignant tumor development,
associated with aggressive behavior and poor prognosis of disease. This occurrence
seems to be related to a deregulation of p16™*/pRb pathway. pRb loss is frequent in
several neoplasms, which results in increased p16™<“* expression in tumor cells and

cancer tissue due to positive feedback in cells with uncontrolled cell proliferation®*".

1.4.3. P53 as regulator of senescence

P53 is a tumor suppressor gene, activated by DNA damage, such as ionizing radiation or
telomere dysfunction. This response is mediated by the activation of ARF/p14, encoded
by the Ink4a/ARF gene. The transcription of this locus generates two transcripts
corresponding to ARF and p16™* but with a different promoter®. ARF increase p53
activity, inhibiting the E3 ubiquitin ligase HMD2, which mediates the degradation of
p53. P53 activation causes multiple consequences in gene expression, but the most
relevant is the activation of p21, an inhibitor of Cyclin E/CDK2 complex, which
produces cell cycle arrest. The p53 tumor plays a crucial role in the integration of stress
signaling and the coordination of cellular responses to stress and is one of the most

important determinants of cellular senescence. Depending on the kind of stress stimuli,
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stress strength and cellular context, activation of the tumor suppressor p53 can induce
reversible quiescence, cellular senescence or apoptosis'®.

However, determinants of whether the cell cycle arrest is reversible or induced
senescence continues being, is an unanswered question. It is hypothesized that fast and
efficient repair of DNA damage inhibits the p53-p21 signaling, while an incorrect,
incomplete or slow repair of the damage promotes the induction of senescence'®.
Recent studies indicate that the crosstalk between p53 and mTOR in normal cells plays
an important role in the transition of cells from quiescence to senescence, an irreversible

step called geroconversion. It seems that p53 induces a cell cycle arrest and the RAS-

dependent hyperactivation of mTOR and its substrate S6K represent the irreversible

step to drive quiescent cells to senescence®* 1%,

1.5. SENESCENCE MARKERS
Several markers have been described as useful to identify senescent cells in vivo and in

vitro, but none have been demonstrated as exclusive of senescence.

An obvious marker is represented by the loss of DNA replication that can be determined
through the incorporation of 5-bromodeoxyuridine o timidin-H® in cultivate cells or by
immunohistochemical staining of the proliferation index Ki67. However, these markers
are unable to discriminate between senescent, quiescent or differentiated cells.

One of the most important senescent markers is represented by the increase of the SA-S-
Gal activity, detected at an acidic pH6. B-galactosidase is a lysosomal enzyme related to
the expansion of the lysosomal compartment, observed during senescence'®. Although

considered the major marker of senescence, (both in vivo and in vitro), the increase of
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SA-B-Gal activity related to a lysosomal expansion, suggests that it is not an exclusive
marker of senescence, otherwise all of those specific alterations would cause an increase
107

in the lysosomal compartment™".

Expression of proteins related with the ARF/p53 and p16™<*/pRb pathways, such as

p21, p53, p16™ * or pRb, are also indicated as senescence markers. These proteins are
not exclusive of senescence, because a p21 increase has been also found in quiescent

cells, or p16™*4

is overexpressed in some tumors, especially those with an alteration of
the pRb gene.

Some evidence demonstrates that, during senescence, extensive changes in the structure
of chromatin are developed, called SAHF. This alteration can be visualized by the
appearance of clusters of DAPI-stained nuclear foci. However, these foci are not
universally found in all human tissues and are not considered reliable markers of in vivo

senescence’®,

Recently, new efforts to find new markers of senescence cells have been made,

identifying two genes, topoisomerase lla and HDAC9, whose expression was
specifically altered under several conditions associated with senescence'® and a pool of
novel senescent-specific proteins associated with the plasma membrane of senescent
bladder cancer cell line®.

At any rate, a universal specific senescence marker has not yet been found and a
combination of different actual markers is used at this present time for studying

senescent cells.

31



1.6. SENESCENCE AND CANCER

Cancer development is an event that requires the accumulation of multiple genetic
alterations in the cells, but in many cases the mechanism of malignant transformation
remains unclear.

One of the most fascinating hypotheses is that OIS represents a possible mechanism to
prevent proliferation of potentially dangerous cells and an important suppressor of
tumorigenesis. It has been thought that OIS provides an initial barrier to the
development of malignancies, whereas telomere-based senescence may attenuate tumor
progression™™ 110111,

This hypothesis is supported by the fact that senescence cells have been found in a few
number of benign and premalignant lesions, but not in malignant ones*® ** > 12 For
example, human neurofibromas, melanocytic nevi, prostatic intraepithelial neoplasia,
and colon adenomas, display some of the features of senescence, along with low or
negative proliferation markers and increased expression of proteins related with
senescence, such as p16™K# 12 113, 114 = Aq nreviously described (paragraph 1.4.2.),
p16™"“® overexpression has been found in premature senescence, and particularly in
OIS, and has consequently been associated with senescence in benign and premalignant
lesions®” M5 116 |n addition to oncogenic signaling, inactivation of tumor suppressors
such as PTEN", pRb™’, and VHL™® *° also led to premalignant tumors that expressed

markers of senescence’?’. In Table 3 we report mouse models and human tumors with

evidence of senescent cells.
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1.6.1. Mechanisms of evasion of OIS

Several in vitro and animal model studies have demonstrated the cells ability to bypass

senescence. This represents the main molecular mechanism and the first step of human

cancer development® > ' According to recent theories the mechanisms that lead the

cells into tumor progression could occur via one of two possible scenarios:

- A subset of cells may primarily bypass tumor suppression altogether, never
undergoing senescence due to loss of key components of the senescence pathway

6™ etc.). These cells would then continue to proliferate and acquire

(e.g. p53, pl
further mutations with transforming properties, eventually leading to tumor
progression;

- Some of the cells that have exited the cell cycle and acquired features of senescence
may at some point re-enter the cell cycle and regain the ability to proliferate, due to
genetic, epigenetic, or microenvironmental changes that disrupt the molecular
pathways essential for maintenance of senescence.

These two mechanisms could not be mutually exclusive, and conceivably could both

contribute to tumor progression depending on the setting and context.

It is well known that the activation of oncogenes, loss of tumor suppressors, or other

genetic mutations could drive normal cells into malignant transformation. This process

is due to several cellular mechanisms, providing properties to the cells such as
proliferative advantage, resistance to cell death, induction of angiogenesis and

activation of invasion and metastasis’?®. New evidences suggest that additional

hallmarks of cancer are involved in the pathogenesis of some and perhaps all malignant
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tumors. These mechanisms include the capability to modify cellular metabolism in order
to most effectively support neoplastic proliferation, evasion of immunological
destruction, genomic instability and the tumor-promoting inflammation?**%,

As previously described, the majority of cells in a lesion may undergo senescence in
response to oncogenic stimuli. However, it is thought that a few cells are able to bypass
the molecular pathways leading to senescence, resulting in tumor emergence within a
background of senescent cells. Multiple studies on premature senescence induced in
vitro, (in human and mouse cells) established that senescence can be bypassed with
126-129.

different mechanisms

- Inactivation of senescence regulatory pathways, with the disruption of the p53

130 the p16™<“/pRb pathway alone*, while in

tumor suppressor pathway alone
other settings both the p53 and pRb pathways needed to be disengaged*®! or
alterations of PTEN/PIK3/AKT/mTOR pathway™** %3,

Alterations in the p16™**/pRb pathway represent the most important mechanism

involved in bypassing senescence. Loss of p16™“** is one of the most frequent

events in human tumors and allows pre-cancerous lesions to bypass senescence.

6INK4a 134, 135

Close to half of all human cancers show pl inactivation Whereas

6"™K* overexpression in benign lesions is associated with senescence induction

pl
in response to oncogenic stimuli, malignant transformation seems to be associated
with a loss of p16™"***, Different mechanisms are involved in the inactivation of
p16™*® gene, such as homozygotic deletions, loss of heterozygosity, point
mutations and promoter methylation®" *** ¥ Moreover p16™ ** inactivation has

been reported to be an early and critical event in tumor progression in some types
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of tumorst®1%

, suggesting a relevant role in the development of some
preneoplastic lesions.
On the other hand, pRb loss is a frequent event in many neoplasms, and it seems

to be independent from p16™<%

inactivation. Indeed, infrequent overlap between
CDKN2A and pRb gene deletion are described, implying that these are often
mutually exclusive tumorigenic events*. It has been seen that tumors with early
defects in pRb signaling continue to express p16™**and that the deregulation of

pRb results in increased p16™<*

expression in tumor cells and cancer tissue due
to positive feedback’™ . Inactivation of the pRb checkpoint can be caused by
different mechanisms, such as mutation, deletion, or methylation of the RB1 gene

or HPV viral oncoproteins and the ability to inactivate pRb protein leading to

6 INK4a 142-146

increases in pl expression
Alteration of other senescence regulators and their role in bypassing senescence
may contribute to tumor transformation. For example, in prostate cancer
development, p53 loss and the activation of the PTEN/PIK3CA/AKT/mTOR
pathway seems to be implicated in this process, leading to an accelerated
tumorigenesis® ** 1% 132 However, in the model nevus-melanoma, inactivating
mutations of PTEN, Lkb1, and CDKN2A in post-arrested melanocytes results in
elevated mTORC1/2 signaling and enhanced proliferation, bypassing senescence,
75, 147.

and promoting transformation to melanoma

Disruption of components of the DNA damage response (DDR). It has been seen

that alteration of components of DDR, such as ATM or CHK2, could lead to

bypass of senescence: depending on the cell type and the oncogenic signal, bypass
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occurred when the DDR pathway alone was disrupted, or required also disruption

of the pRb pathway®® 14814,

Role of microenvironment and SASP. Senescent cells are metabolically active and

show changes in protein expression and secretion. This phenotype has also been
termed “the senescence messaging secretome™® 1 1 SASP factors can be
globally divided into the following major categories: Soluble signaling factors
(interleukins, chemokines, and growth factors), secreted proteases, and secreted
insoluble proteins/extracellular matrix components (ECM). The activities of these
factors provide potent mechanisms by which senescent cells can modify the tissue
microenvironment. In addition, some of these factors may play a paracrine role in
tumor promotion, despite their autocrine tumor-suppressive effects. However, it
has been observed that factors secreted by senescent cells can promote tumor
development. These effects have been observed in a number of tissues, including
breast, skin, prostate, pancreas, and oropharyngial mucosa’ ** **. Senescent cells
secrete growth factors and cytokines, that are able to create a local tissue
environment that promotes the proliferation of epithelial or mesenchimal cells,
cell migration and invasion, alter the differentiation status of neighboring cells

and modify leukocyte infiltration and tumor immunology*® 12,

Importance of heterochromatin formation. It has been observed that in certain

contexts the absence or knockdown of proteins needed for formation of SAHF,

such as HMGA proteins or macroH2A in human fibroblasts, or the
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methyltransferase SUV39h1 in mouse splenocytes, can result in primary bypass of
senescence® 1% 154,

The factors implicated in senescence by-pass are summarized in Figure 3.

1.7. MORPHOLOGY AND PATHOGENESIS OF PERIPHERAL

NERVE SHEATH TUMORS (PNSTYS)

Proliferative lesions of peripheral nerves are a group of tumors that originate from the
elements that compound the sheath of peripheral nerves. They include non-neoplastic
lesions (such as traumatic neuroma), benign tumors and malignant ones. The group of
benign lesions comprises of schwannomas, neurofibromas, perineuriomas, granular cell
tumors and nerve sheath myxoma. The malignant neoplasms are represented by the
MPNSTSs and the malignant granular cell tumor. These lesions are relatively frequent
and show identifiable features, but in many cases, the differential diagnosis may be
difficult. Moreover, although well-defined subtypes of peripheral nerve sheath tumors
were described early in the history of surgical pathology, controversies regarding the

classification and grading of these tumors continue®* *°°.

1.7.1. Schwannomas

Schwannomas are peripheral nerve sheath tumors consisting entirely of a clonal
proliferation of Schwann cells. These lesions occur usually sporadically as solitary
tumors in about 90% of cases, with a pick of incidence in the fourth to sixth decade of
life. They can affect all ages without predisposition of sex and race. These lesions may
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also be multiple and/or associated with other tumors as a manifestation of clinical
syndromes such as type 2 neurofibromatosis (NF2), schwannomatosis or Carney’s
complex™"*%*,

The most frequent sites of origin are peripheral nerve sheaths localized in the skin and
subcutaneous tissue of head and neck region or extremities. Intracranial nerves are also
involved with a significant frequency, the majority of them localized in the
cerebellopontine angle region, emanating from the vestibular division of the 8" cranial

nervelGQ 161

. It is rare that these lesions affect the visceral organs, bones, spinal
intramedullary region or central nervous system. Clinically, the majority of
schwannomas are asymptomatic, showing a slow growth, but some deep-seated tumors,
such as retroperitoneal and mediastinal lesions, may become symptomatic by local
compression or bony erosion.

Microscopically, schwannomas are well circumscribed masses, with a surrounding
capsule, and contain areas composed of fascicles of Schwann cells that have a spindle
cell morphology (Antoni A pattern) and more loosely textured and microcystic areas
(Antoni B pattern). Schwannomas show areas of nuclear alignment or palisading, often
forming parallel nuclear arrays or Verocay bodies. Some tumors show extensive
degenerative change, also known as “ancient schwannomas,” presenting pleomorphic
cells with marked degenerative nuclear atypia, which should not be confused with

162, 163

malignant change Immunohistochemically schwannoma tumor cells show

uniform strong nuclear and cytoplasmic positivity for S100; they may also show

immunoreactivity to glial fibrillary acidic protein (GFAP)™®

, and in few cases express
cytokeratins'®.
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1.7.1.1. Histological variants of schwannomas

Morphologically distinct variants of schwannomas have been described:

Plexiform schwannoma. These lesions are usually located in dermal superficial sites

and are more frequent in young adults. Plexiform schwannomas tend to occur
sporadically, but a minority of cases are associated with NF1 and NF2 or
schwannomatosis'®. These tumors show typical histological features of
schwannomas, with predominantly Antoni A-type tissue and sometimes Verocay
body formation, but they show an intraneural nodular pattern of growth. These kind
of schwannoma do not have the capacity to metastasize, and respond well to surgical
167, 168.

excision, so these should not be confused with MPNSTSs

Cellular schwannomas. Cellular schwannomas commonly occur in the spinal and

paraspinal regions, about 10% are intracranial. The majorities of cases are sporadic,
and are not associated with clinical syndromes. Morphologically, this variety of
schwannomas is composed predominantly of cellular Antoni A-type tissue with a
higher cellularity and mitotic rate than conventional schwannomas; occasionally
containing small foci of necrosis, they may be locally erosive but are benign tumors
without metastatic potential. Moreover, cellular schwannomas have a significant
local recurrence rate of up to 40%, depending on the extent of resection and
location'®*™. With these features, this benign variant of schwannoma may be

172-174 -~ yseful features to

confused with a MPNST or other malignant tumors
distinguish cellular schwannomas from malignant peripheral nerve sheath tumors
are; a relatively high cellularity for the mitotic rate, good -circumscription,

perivascular hyalinization, uniformly diffused S100 protein immunoreactivity, and
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variable GFAP immunoreactivity'®. In a recent report, a combination of

morphological and immunohistochemical features have been studied, to find useful
criteria to distinguish between malignant peripheral nerve sheath tumor and cellular
schwannoma'™.

Melanocitic schwannoma. This entity is an uncommon variant of schawannoma,

occurring mainly in adults, with a slight predominance in females. These entities are
usually deep seated and involve the head and neck nerves. Occasionally, they may
involve the gastrointestinal tract, soft tissues, skin, liver and heart'*®. Histologically
the most important feature is the presence of pigmented Schwann tumoral cells,
which have a spindle cell and epithelioid morphology. Multinucleated cells and cells
with vesicular nuclei and prominent eosinophilic nucleoli could be present and half
of the cases show psammoma bodies. Melanotic schwannomas are S-100, Melan-A
and HMB-45 immunoreactive, but negative with antibodies to GFAP®*"8, Although
different S100 protein subtypes seem to be expressed in PNSTs and in melanoma®".
There are no clear-cut histological criteria for malignancy, although features such as
large nuclei, prominent nucleoli, mitoses and necrosis are common. These lesions
may occur sporadically, but generally arise in association with Carney’s complex. A
significant proportion of melanotic schwannomas show a malignant behavior, with a
rate of local recurrence of 35% and metastatic spread of 44%'®. Especially in young
patients with Carney’s complex, metastasis in lung, liver, stomach, adrenal glands
and brain can occur in the later life, and they could be potentially lethal with a

mortality rate of about 15% of patients.
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- Minor variants. Although most schwannomas demonstrate classic histology or most

common variants, other curious morphologic variations are occasionally
encountered. The reticular schwannoma is characterized by abundant myxoid
change, microcysts, and a tendency to arise in viscera™. Rare findings in
schwannomas include large cellular palisades resembling neuroblastic rosettes®?,
pseudoglandular structures’®, benign epithelioid change'*, and lipoblastic

differentiation®®®.

1.7.2. Neurofibromas

Neurofibromas are benign, heterogeneous PNSTs that occur in association with NF1,
but may also occur sporadically. They are relatively common, particularly at superficial
cutaneous sites, but can be found anywhere within the central or peripheral nervous
system, especially in the neck, thorax, cranium, retroperitoneum, and flexor surfaces of
the extremities*®. Histologically, the Schwann cell represents the primary neoplastic
cell component of neurofibroma, but they also incorporate a mixture of non-neoplastic
peripheral nerve components, including axons, perineurial cells, fibroblasts, and
variable inflammatory elements, such as mast cells and lymphocytes. In addition, a
population of CD34 positive cells of unclear histogenesis is present. Neurofibromas are
usually easy to distinguish from schwannomas by their lack of a capsule, mixed
population of cells, cells with wavy nuclei, and absence of Antoni A and B patterns®”
188 |n any case, morphological variants of neurofibromas may make it more difficult to

diagnose of these neoplasms.
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1.7.2.1. Histological variants of neurofibroma
Specific clinicopathologic subtypes based on architectural growth patterns include
localized, diffuse, plexiform and atypical neurofibromas.

- Cutaneous neurofibromas. This variant can occur in two forms; localized and

diffuse. These tumors grow from small nerves in the skin or in hipodermis and arise
as small masses. Typically they appear in puberty, but may increase in number with
advancing of age. The localized cutaneous form is the most common variant of
neurofibromas, and occurs sporadically in the majority of cases. Only a 10% of this
variant is associated with NF1. Clinically, these tumors are asymptomatic and they
can be nodular, sessile or pedunculated masses. Cutaneous neurofibromas remain
benign throughout life and do not become malignant cancers, even though they may
168, 186, 189.

cause significant esthetic problems

- Localized intraneural neurofibromas. Localized intraneural neurofibromas are the

second most frequent form of neurofibromas and they can be sporadic or arise in
NF1'®® They can affect a wide variety of sizes, and involve a minor or a major
nerve. Frequently they can arise from the large nerves of brachial, cervical or
lumbosacral plexuses or involve visceral nerves'®® '*'. Unlike the cutaneous variant,
these lesions show a capacity to malignant transformation, and together with

plexiform variant they are considered precursors of MPNSTs"®.

- Diffuse neurofibromas. Diffuse neurofibromas occur primarily in children and young
adults and they are associated with NF1 in up to 20%-30% of cases. Histologically,
they are characterized by a plaque-like enlargement of spindle cells that contain
elongated ovoid to curved nuclei and are surrounded by a stroma with collagenous
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fibers rather than myxoid*®%. They show a specific immunohistochemical feature

193, 194

represented by S100 positive pseudo-meissnerian corpuscles Malignant

transformation is extremely rare, but, even after complete excision, clinical
195, 196

recurrences may develop because of the infiltrative growth pattern

Plexiform neurofibromas. Plexiform neurofibromas are defined by the involvement

of numerous adjacent nerve fascicles or multiple components of a nerve plexus.
These lesions affect about 50% of individuals with NF1 and are virtually
pathognomonic of the disease. They tend to involve single or multiple nerve fascicles
that frequently arise from the cranial and large peripheral nerve'®'%°. Clinically,
plexiform tumors may be discrete, homogeneous, and well circumscribed or diffuse,
heterogeneous, and infiltrative. Microscopically, plexiform neurofibromas often
show an admixture of areas resembling localized and diffuse-type neurofibromas.
Plexiform neurofibroma has a potential for malignant degeneration, and it is a
recognized precursor for MPNST in NF1 patients?®* 2%,

Other variants. Other less common morphological findings in neurofibroma include

202 metaplastic bone and glandular differentiation®®.

the presence of melanin pigment
Massive soft tissue neurofibroma, a very rare subtype, is characterized by large size,
infiltration of soft tissue and skeletal muscle, often involving large anatomical
regions, and histologically demonstrating the presence of a cellular component®.
They may contain plexiform components, but usually do not undergo malignant

degeneration.
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1.7.2.2. Histologic atypia and malignant changes of neurofibroma

Some neurofibromas show unusual features such as degenerative cytological atypia
(neurofibroma with ancient change, atypical neurofibroma) and/or increased cellularity
(cellular neurofibroma).

Neurofibromas can show degenerative nuclear atypia, containing scattered cells with
markedly enlarged, hyperchromatic nuclei with smudgy chromatin and occasional
nuclear inclusions; however, they lack increased cellularity, fascicular growth, or
mitotic activity?*>?%. These features are considered benign atypical changes.

However, an increase of atypical neurofibroma cells with hyperchromatic and
pleomorphic nuclei without smudged chromatin, in the absence of mitoses with a
pronounced fascicular growth pattern, are considered early changes in malignant
transformation. In neurofibromas with these characteristics, molecular changes have

been found, especially the deletion of the CDKNA/B gene that encodes for p16™<*

protein®®#,

Clear atypical changes in neurofibromas, indicating a malignant transformation, could
appear in two forms, both presenting as localized moderate hypercellularity. The first is
characterized by diffuse hypercellularity of uniformly hyperchromatic spindle cells with
at least a three-fold nuclear enlargement compared with the size of ordinary
neurofibroma nuclei. In this form, mitosis need not be present. In the second type,
groups of elongated or ovoid cells are present and show ample cytoplasm and bizarre

hyperchromatic pleomorphic nuclei®?.
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1.7.3. Malignant peripheral nerve sheath tumors (MPNSTS)

MPNSTSs are rare, aggressive neoplasms that represent about of 2-5% of all sarcomas?®**.
They have an incidence of 0.001% in the general population*. They can occur
sporadically or in patients with NF1 and arise either de novo or from a preexisting

215

neurofibroma™™. In extremely rare cases, these tumors develop from a preexisting

benign schwannoma, (especially associated with NF2 and with intracranial
localization?® 217).

These tumors are most frequently localized in the extremities, particularly proximally,
followed by the trunk and head and neck. Clinically, they form a heterogeneous group
of neoplasms with a range of morphology, showing a high metastatic potential and poor
prognosis, especially if associated with large tumors (>5 cm), truncal location, NF1,
high grade, high mitotic index (> 6/10 HPF) and incomplete resection82%.
Microscopically, MPNSTs are usually highly infiltrative lesions that display a varied
range of cell morphologies (including spindle, epithelioid, pleomorphic, or small round
cell) and architectural patterns. They present mitoses, hemorrhage, and necrosis that
may be extensive, with islands of viable tumors condensed around vessels.
Immunohistochemically, there are no diagnostic markers of MPNST. Expression of S-
100 protein is variable and often incomplete, of limited diagnostic utility because
diffuse expression of S-100 protein is not typical of MPNST. Malignant peripheral
nerve sheath tumors can express other markers, such as pancytokeratin AE1/AE3

focally, epithelial membrane antigen (EMA), Transducin-like enhancer of split 1

(TLE1) in 30% of cases; CD34 and nestin are expressed in about a quarter of tumors ?**

222
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Although there are no well-defined criteria, grading can be applied according to the
grading system of the French Federation of Cancer Centres Sarcoma Group, based on
cellular differentiation, mitosis count and tumor necrosis®*>%%*. Approximately 10% to

203, 225
Y

15% of MPNST are considered of “low-grade” morpholog , and patterns vary

from cellular/atypical neurofibroma like, low grade fibromyxoid sarcoma like, low
grade epithelioid to hemangiopericytoma like??® %',

The differential diagnosis of these tumors in peripheral nerve and soft tissue is wide; it
includes a variety of sarcomas, primarily adult-type fibrosarcoma, synovial sarcoma,
rhabdomyosarcoma, leiomyosarcoma, de-differentiated liposarcoma, and clear cell

sarcoma??

. Moreover, a subset of MPNSTs shows areas of divergent differentiation.
Heterologous differentiation in the form of mesenchymal (cartilage, bone or skeletal
muscle) or epithelial changes may be present in these tumors, especially in patients with

NF1%7:22%: 230 Molecular techniques, including FISH*" and array comparative genomic

hybridization?®® may be helpful tools in differential diagnosis.
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1.7.4 Genetic syndromes associated with PNSTs and pathogenesis of

sporadic tumors
PNSTSs can arise sporadically or they can be the clinical manifestation of some genetic
syndromes, the most frequent of these are the two type of neurofibromatosis (NF1 and

NF2).

1.7.4.1 Neurofibromatosis type 1 (NF1) and type 2 (NF2)

NF1 is a common autosomal dominant disease with a birth incidence of 1:3000 and a
minimum prevalence of 1:5000%2%*, Clinical manifestations are represented by the
formation of neural crest-derived tumors, especially plexiform neurofibromas, MPNSTs
and optic nerve gliomas, and those associated to skin, bone or cardiovascular

236288 NF2 is an autosomal dominant disorder, with a birth incidence of

abnormalities
about 1:25000, clinically characterized by the development of multiple schwannomas,
especially vestibular subtype, meninigiomas, pilocytic astrocytomas, ependymomas and
skin and ocular alterations®® #*°. In childhood, initial signs and/or symptoms may often
be unrecognized, and the most frequent clinical manifestations are cranial meningiomas,
spinal tumors, cutaneous schwannomas, facial mononeuropathy and retinal
hamartomas®? %,

For both NF1 and NF2, genetic and environmental factors seem to modulate phenotypic
and clinical variability. It has been found that in neurofibromatosis familiar syndromes,

molecular alterations of specific tumor suppressor genes are involved in their

pathogenesis: NF1 gene, for neurofibromatosis type 1 and NF2 gene, in
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neurofibromatosis type 2. The NF1 gene, localized on chromosome 17q11.2, comprises
more than 350 kb of genomic DNA and 60 exons, and code for a protein of 327 kDa,
denominated neurofibromin®?%*, Neurofibromin is a cytoplasmic protein that contains
a GAP-related domain that acts by downregulating RAS via stimulation of intrinsic
GTPase®” 2 RAS is a guanosine triphosphate (GTP)-binding protein that is active in
the GTP-bound state and inactive in the guanosine diphoshate (GDP) bound state. GAP
proteins help maintain RAS in the inactive GDP form by accelerating the conversion of
GDP-RAS*? 2 Increased GTP-RAS leads to increased signaling through RAF kinase,
which activates a kinase cascade involving MEK kinase and the ERK1 and ERK2
isoforms of MAPK resulting in cell proliferation®® 2. Increased GTP-RAS also

R?% 20 gtydies confirm that

protects cells from apoptosis by activating mTO
neurofibromin negatively regulates PIK3CA/AKT/mTOR pathway®" 22, These
pathways are involved in the regulation of cell proliferation, differentiation, motility,
growth, apoptosis, and cell senescence®>.

The NF2 gene is located in chromosome 22q 11.2 an has 17 coding exons. The gene
encodes a 595 amino acid protein known as merlin (or schwannomin), structurally
related to the moesin/ezrin/radixin proteins (ERM family), which link the actin
cytoskeleton to cell surface glycoproteins that control cellular growth and
remodeling®*. Merlin interacts with numerous molecules, such as proteins involved in
cytoskeletal dynamics and proteins involved in regulating ion transport®>?’. This
protein is considered a tumor suppressor, because of its involvement in several different

255, 258-260 | fact, merlin is able to activate the tumor

signal transduction pathways
suppressor Salvador/Warts/Hippo pathway, negatively regulate RAS/RAF/MAPK

48



pathway, suppress RAC-PAK signaling, restrain activation of mTORC1 independently
of AKT, and inhibit PI3K-AKT and FAK-SRC signaling. All the pathways that play an
important role in regulating proliferation and apoptosis®®* 2%,

In NF syndromes, inactivating mutations of NF1 and NF2 genes and consequent loss of
activity of their proteins (neurofibromin and merlin, respectively) occur. The genes NF1
and NF2 are found to have high rates of different mutations. These consist of deletions,
insertions, nonsense mutations, missense mutations, and intronic mutations. It has been
observed that the type of mutation can determinate or influence the different phenotypes
of the syndromes®%’. These two proteins, neurofibromin and merlin, are very
different in structure and probable mechanisms of action, but loss of both molecules in
NF may constitutively activate a common molecular pathway, (RAS/RAF/MAPK),
leading to uncontrolled cell proliferation, loss of cellular adhesion and tumor

transformation?%® 2°,

1.7.4.2 Pathogenesis of sporadic PNSTs

As described, molecular alterations involved in the tumorigenesis of PNSTSs arisen in
NF syndromes have been well studied. Contrarily, pathogenesis of sporadic PNSTs is
not clear and the involvement of NF gene mutations remains poorly investigated.
Sporadic neurofibromas are rare entities that appear as isolated lesions without other
signs of NF1. Very few studies have analyzed molecular alterations in these tumors,
founding a biallelic somatic inactivation of NF1 gene in two cases of sporadic

neurofibromas®’® %, To the best of our knowledge, these two reports represent the only
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demonstration of molecular alteration in neurofibromas not associated with NF1
syndrome.

Conversely, some other studies have been made in relation to sporadic schwannomas. It
has been demonstrated that in up to 45% of sporadic vestibular schwannomas, a loss of
the chromosome 22q has been identified®’%. As well as this, studies revealed a copy
number addition on chromosome 9934 in 10% of cases and an addition on chromosome
179 in 5% of samples?”®. The NF2 gene mutation and loss of merlin production have
also been observed, with the inactivation of the NF2 gene being an essential step in

tumorigenesis®’* 27,

Other alterations have been found in sporadic vestibular
schwannomas such as upregulation of p53 and MDM2, loss of ARF and p21 or
alterations of MET and associated genes, such as integrin, and caveolin-1 (CAV1),
androgen receptor downregulation and an upregulated osteopontin gene (SPP1)%%2"8.
MPNSTS can arise de novo, or from the malignant transformation of a sporadic or NF1-
associated neurofibroma. The genetic mechanisms that lead the conversion of a benign
neurofibroma in an aggressive sarcoma are still unclear. It is acknowledged that
mutations of NF1 gene have been found in NF1-associated MPNSTSs, but also the
majority of patients with sporadic MPNST show this molecular alteration'®”. In
addition, other genes like CDKN2A, KIP 1 and TP53 may show mutations or
inactivation of their products p16™<? p27 and p53 in sporadic MPNSTSs. Further,
overexpression of EGFR, loss of PTEN expression and alterations of the
PIK3/AKT/mTOR pathway has been described?’®2%,

Recently, it has been observed that loss-of-function (LOF) of the Polycomb repressive

complex 2 (PRC2) core components; EZH2, EED or SUZ12 are present in sporadic,

50



NF1-associated and radiotherapy-associated MPNSTS, an analogy that they share with
melanomas®®* %4, In MPNSTSs, these mutations are significantly linked with somatic
alterations of CDKN2A and NF1. This demonstrates that a loss of PRC2 function and
loss of CDKN2A are important for tumorigenesis, and may be a critical cooperative
event in addition to NF1 loss in MPNSTs*®, Moreover it has been observed that there is
a strong connection between PRC2 and RAS activation. In the study of De Raedt et al,
the authors observed that PRC2 loss function amplifies RAS activation mediated by NF1
loss in MPNSTSs cell lines?®®. However, the relationship between these mutations and
malignant transformation of neurofibromas into MPNSTS remains unclear.

PNSTs constitute a clinically, phenotypically and molecularly heterogeneous group.
Although well-defined subtypes of PNSTs were described, controversies regarding the
classification and grading of these tumors continue. Moreover, the pathogenesis of the
majority of sporadic tumors remains elusive and few details are known about the
molecular and genetic alterations driving their arising and/or malignant transformation.
Recent advances in molecular biology have provided new insights into the nature of
PNSTSs, but a specific effective target of treatment is not yet available. Therefore,
studying other pathways of malignant development in these tumors, may lead to the
discovery of new and different biological mechanisms that can drive to novel targeted

therapeutic approaches.
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HYPOTHESIS

53



Considering that both melanocytes and Schwann cells share a common origin
from neural crest cells during embryogenesis, and that both lesions, nevi and
schwannomas, have a very low proliferative potential, the hypothesis of this
study is that benign schwannomas could be senescence lesions, like
melanocytic-nevi. Contrarily, the malignant counterpart of schwannomas,
MPNSTs loses the senescence phenotype, with absent or low expression of

senescence markers and alteration of senescence regulatory pathways.

Because, it is known that the RAS/RAF/MAPK pathway is involved in the
genesis of PNSTs and that BRAF V600E is a frequent mutation in nevus, we can
hypothesize that BRAF V600E mutation could also be a frequent event in

sporadic schwannomas.
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OBJECTIVES
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The main objective is:

1. To demonstrate the role of senescence in PNSTs and to evaluate the presence of

BRAF and KRAS mutations in these tumors.

Secondary objectives are:

1. To describe the expression of senescence markers in schwannomas and the loss of

them in MPNSTSs.

2. To analyze the SA-B-gal activity, as the most important senescence marker, in all

cases in which frozen tissue was available.

3. To examine the presence of KRAS and BRAF mutations in schwannomas,

neurofibromas and in MPNSTSs.
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MATERIAL AND METHODS
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1. JUSTIFICATION OF THE STUDY IN PNST

PNSTs are a group of relatively frequent benign and malignant lesions, sporadic, or

associated with specific clinical syndromes.

Neurofibromas, schwannomas and MPNSTs show a common origin of Schwann cells,
but these tumor types have distinct pathologies and clinical behaviors, indicating that
they arise via distinct pathogenic mechanisms. Current knowledge of the biological
pathways in these tumors has greatly expanded over the past two decades. Nonetheless,
the molecular mechanisms responsible for the pathogenesis and malignant

transformation of PNSTs remains an intricate enigma®®" 28, Molecular alterations such

6INK4a 3289

as increased expression or downregulation of pl , P27 or p5 or dysfunction of
oncogenic pathways like RAS/RAF/MAPK, PTEN/PIK3/AKT/mTOR or PRC2 in
PNSTSs have been described? 2°*2%% hut a relation with the mechanisms of senescence
and their implication in malignant transformation of these tumors have not yet been
studied. The poor prognosis of MPNSTSs, lack of results with conventional systemic
drugs and the difficulty in a correct diagnosis of some variants of schwannomas and
neurofibromas, warrants a desperate need for further studies of potential diagnosis and
treatment in these lesions.

The diagnostic difficulties of MPNSTSs are associated with treatment issues of these®®®
tumors. MPNSTSs are highly aggressive tumors and carry a poor prognosis. Overall 5-
and 10-year survival rates are 34% and 23%, respectively®’®. The 5-year survival rates

have been reported to range from 34% to 52% with a median survival ranging from 44

to 66 months®* . Patients with a paraspinal disease have a substantially worse
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prognosis*®. Due to their aggressiveness, the high frequency of local recurrence and
resistance to radio- and chemotherapy means that surgical eradication with wide
negative margins remains the gold standard in the treatment of these tumors. However,

in many cases, the complete excision of the tumor may not be feasible, depending on

different variables, such as tumor size, location, and metastatic presentation®” 2%,

Radiotherapy may be used to control local disease and reduce recurrences, but it appears

|299, 300

to have little effect on long-term surviva . Chemotherapy is generally not

effective®®, although some studies have shown that it may benefit patients with high-

302, 303

grade histology or children with unresectable tumors®®. The role of adjuvant

treatment is still unclear®® 3%,
Therefore our study has the objective to analyze the mechanisms of senescence for
identifying novel biomarkers and molecular processes that can bring a significant

advance in the diagnosis and therapy of PNSTSs.
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2. EXPRESSION OF P16™"* SA-B-GAL ACTIVITY AND LOW
EXPRESSION OF KI67 IN SCHWANNOMAS SUPPORT THE
HYPOTHESIS OF A SENESCENCE PHENOTYPE OF THESE

TUMORS

Schwannomas are benign tumors which only rarely undergo malignant
transformation®”’. Sporadic or NF2 associated tumors are molecularly related to defects
in the NF2 gene and deregulation of its product, merlin?®’. Merlin loss seems to drive
numerous cellular alterations, especially activation of growth factors, signaling
RAS/RAF/MAPK and PTEN/PI3SK/AKT/mTOR pathways, resulting in increased
proliferation in vitro and in vivo®™. Other alterations found in these lesions have a
relation with cell cycle regulation, such as upregulation of p53 and MDMZ2, loss of
p14ARF and p21 or alterations of MET?/%278,

Although a lot of effort has been made to understand the pathogenesis of these lesions,
to our knowledge of the literature, a relationship between senescence and the
pathogenesis of schwannomas has not been yet described. Our study demonstrates that
schwannomas show a senescent-like phenotype and, the senescence mechanisms could
be involved in the control and block of their malignant transformation. In our cases all
schwannomas available for SA-B-Gal activity analysis (the most important marker of
senescence) resulted positive. This data was associated with a significantly high
expression of p16™ ** and an absent or very low expression of Ki67 in all lesions.

6INK4a

Previous studies have demonstrated that pl overexpression has been found in

premature senescence, and particularly in OIS, and was consequently associated to
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senescence in benign and premalignant lesions®® "> *® Moreover, our data confirms that
expression of Ki67 in benign PNSTs has nuclear staining < 5%, even if vestibular and
NF2 associated schwannomas seem to exhibit a slightly higher increase than the
sporadic®® 3%,

The senescence nature of schwannomas had been previously suggested by Yokoo et
al*'® 3! These authors observed that eosinophilic hyaline droplets (EHD); autophagic
lysosomial vacuoles, preferentially appear after oxidative stress in acoustic
schwannomas and distribute around areas of Antoni B. The hypothesized production of
EHDs represents a cause or a result of growth arrest of schwannoma cells, and may be
related to a senescent phenotype. Our data clearly supports the role of senescence in
benign schwannomas that can be activated by oncogenes, but also by other mechanisms,
such as DNA damage or oxidative stress. It is well known that Antoni B areas in
schwannomas are hypocellular zones, contrasting with hypercellular areas named
Antoni A. Yokoo at al. suggested that the nature of the hypocellular areas is mainly
degenerative and that it shows lower proliferative indexes. We confirmed the lower
number of Ki67 positive cells in Antoni B areas, but expression of p16™** did not
show significant differences between Antoni A and B areas, being slightly higher in
Antoni B. These results cannot confirm the role of senescence in differences between
Antoni A and B areas, both of them showing a senescence phenotype. However, the
presence of oxidative stress in Antoni B areas, demonstrated by Yokoo et al, could
contribute to the delicate difference in the senescence phenotype that seems to be

between Antoni A and B areas.
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3. AN INTERESTING EXPRESSION PATTERN OF CYCLIN D1
STRENGTHENS THE HYPOTHESIS OF THE SENESCENCE

NATURE OF SCHWANNOMAS

Cyclin D1 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,

812,313 geveral studies

inactivates the pRb gene, leading to increased cell proliferation
have established Cyclin D1 as a proto-oncogene, revealing that its amplification and
overexpression may contribute to uncontrolled cell growth in many premalignant and
malignant human tumors®* 3>, Cyclin D1 is a nuclear protein and in the majority of
neoplasms, its overexpression is localized in the nucleus of the cells®® 37,

In our study, an interesting pattern of expression of Cyclin D1 was observed in
schwannomas. In fact, we found a statistically significant higher level of Cyclin D1 in
schwannomas compared with MPNSTs (p=0.0001). Moreover, surprisingly, in
schwannomas, we found a nucleo-cytoplasmic location of this protein, whereas most of
MPNSTs showed only nuclear staining (p=0.004). Lassaletta et al. found positive
expression for Cyclin D1 in more than half of cases in a series of 21 vestibular
schwannomas®'® 3°, They described the positive immunostaining of Cyclin D1 as

nuclear, but in the figures of the article, a low, concurrent, cytoplasmic expression may

be observed, similarly to our cases.

While the nuclear localization seems to be involved in tumor progression, cytoplasmic

sequestration of Cyclin D1 seems to be related to the cell cycle arrest, as previously
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described in post-mitotic neurons and senescent cells****%, In senescence cells, the
accumulation of Cyclin D1 has been associated with the formation of Cyclin D1-CDK2

324 Recent evidence demonstrates that

(unphosphorylated form) complexes®*®
hyperinduction of Cyclin D1 represents the earliest markers of geroconversion and is
the most persistent marker of senescence®*3%. In fact senescent cells have extremely
high levels of Cyclin D1 and it seems to be related to activation of RAS/RAF/MAPK
and PTEN/PI3K/AKT/mTOR pathways®*® 3%, Although little is known about the
mechanisms and the role of Cyclin D1 in the cytoplasm, together, this evidence suggests

a relationship between cytoplasmic sequestration of Cyclin D1 and irreversible cell

cycle arrest.

In our cases of schwannomas, the concomitant elevated expression of p16'™"“?

, activity
of SA-B-Gal, low or absent proliferation index Ki67and high levels and the nucleo-
cytoplasmic expression of Cyclin D1, seem to support the senescence nature of these

lesions.

4, MPNSTS SHOW A LOSS OF THE SENESCENT
PHENOTYPE PRESENTING A CONTRARY PROFILE TO THAT

OF SCHWANNOMAS

Contrary to benign tumors, malignant lesions show a loss of senescent phenotype, with
alteration of senescence regulatory pathways. In fact, in MPNSTSs, we found an opposite
pattern compared with schwannomas, with significantly lower or absent expression of
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p16™ *® and high levels of Ki67. Concordant with these findings, the three cases of

MPNST in which frozen tissue was available, resulted negative for SA-B-Gal activity.

MPNSTSs are aggressive soft tissue sarcomas, derived from Schwann cells, that occur in
association with NF1, or spontaneously. Generally these tumors result from the
malignant transformation of a neurofibroma, often of the plexiform subtype, even if rare
examples develop from conventional schwannomas or ganglioneuromas®’. These
tumors show a poor prognosis and a high Ki67 labelling index (LI) (>25%) which is

corrolated with a reduced survival rate>*® 3%,

Regarding the mechanisms involved in malignant transformation of PNSTSs, several
molecular alterations have been found in these lesions. In NF1, the loss of NF1 gene
product, neurofibromin, leads to activation of proliferation via RAS/RAF/MAPK
pathway and inhibition of protection of apoptosis process by inactivation of mTOR®*.
NF1 mutations are also found in in the majority of patients with sporadic MPNST¥’. In
addition, other genes mutations such as CDKN2A, KIP 1 and TP53 and alterations of

PIK3CA/AKT/mTOR pathways have been described in these tumors?’® 2%,

In the majority of MPNSTSs, equally distributed into NF1-related and sporadic groups®®,

various studies have previously suggested an association with p16™*4

downregulation®?® 3. Several reports, in fact, show that there is a high frequency of
inactivation of the 9p21 locus in MPNSTSs, imputing as the predominant cause the
homozygous deletion of CDKN2A gene?®® 3# 342 Our study confirms that MPNSTSs

INK4a
6

show loss of p1 , supporting the relevance of p16™ ** downregulation in malignant

transformation of PNSTs. Recently Lee et al have identified loss of function of two core
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components of the PRC2, EED and SUZ12 as an recurrent event in MPNSTSs. Polycomb
group proteins are epigenetic transcriptional repressors that function through
recognition and modification of histone methylation and chromatin structure. This
group of proteins maintains, by posttranslational modification of histones, the silenced
state of genes involved in critical biological processes, including cellular development,
stem cell plasticity, and tumor progression®** . It has been observed that PRC2

components, like EZH2, may influent the activity and the expression of cell cycle

INK4, ARF
6 pla

regulators, such as pl and p21, and they control the replication timing of

, Pl
the INK4a/ARF locus during senescence®*>#". There is some evidence that EZH2 is
involved in melanoma progression and metastasis®® and it has been observed that a
direct transcriptional activation of EZH2 promotes senescence bypassing, regulating the

tumor suppressor genes p21 and p16'NK4a348. 349,

In MPNSTS, alterations of the PRC2 components could be related to a deregulation of

senescence tumor suppressor control and a malignant transformation of these tumors.

P53 mutations and loss of heterozygosity (LOH) have also been described in
MPNSTs*? %, point mutations and LOH of TP53 gene and nuclear overexpression of
p53 protein have been observed in these tumors, mainly restricted to sporadic

presentation®™" 32,

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.
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Surprisingly, the only case included in the study showing malignant transformation
from a schwannoma, showed an atypical pattern compared to other MPNSTSs. In this

case there was an overexpression of p16'™<%

, While the expression of nuclear Cyclin D1
was dramatically lost. This single result is difficult to interpret due to the fact that it
could be an isolated event. However, it could be illustrating differences in molecular

pathways between malignant transformation of schwannomas and neurofibromas, or

pathways involved in the genesis of primary MPNSTS.

5. BRAF V600E AND KRAS G12S MUTATIONS REPRESENT
AN IMPORTANT EVENT IN A SUBSET OF PNSTS NOT

RELATED TO NF

As previously reported, alterations of KRAS or BRAF pathways had been found in
PNSTSs in cases associated to NF1 or NF2. It is known, in fact, that somatic inactivation
of NF1 gene leads to a complete loss of neurofibromin function and subsequently,
RAS/RAF/MAPK pathway activation, giving rise to NF-associated benign and
malignant tumors®2. Inactivation of both NF1 gene alleles is thought to be sufficient to
initiate the development of a benign neurofibroma, but not of a MPNST***. Nearly all
NF 1 patients develop benign neurofibromas, with a risk of malignant transformation to
MPNST? 28 Consequently, MPNST are found at an increased frequency in patients
with NF, with a lifetime risk of 8-13%. Similarly, NF 2 is caused by a functional loss of

the RAS-regulator merlin due to inactivating mutations of the NF2 tumor suppressor
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gene®® 3° A loss of function in the NF1 and NF2 genes leads to RAS/RAF/MAPK
pathway activation which, in turn, promotes the growth of the PNSTs associated with

these inherited disorders.

None the less, an important number of benign and malignant PNSTSs arise as sporadic
lesions, and are not associated with the NF1 or NF2 syndromes®® *’. Moreover,
malignant transformation from benign schwannomas to their malignant counterparts is

extremely rare®® 3>

. Accordingly, subsequent key genetic changes underlying
tumorigenesis and the progression mechanisms of sporadic PNSTs are yet to be
determined. Considering the concept that both melanocytes and Schwann cells share a

360

common embryological origin from neural crest cells™ and that most cutaneous

melanomas harbor mutations in either BRAF or RAS® 3%

, we hypothesized that
activating BRAF and/or KRAS mutations may play a role in the pathogenesis of benign
and malignant PNSTSs, not related to NF. The presence of BRAF or KRAS mutations in
PNSTSs has been reported only in very rare occasions of malignant tumors. In a previous
study, Bottillo et al. found the rarer BRAF mutation (c.1742A > G, N581S) in one
patient with a sporadic MPNST, harboring two somatic mutations in the NF1 gene®®?.
Additionally, the most frequent BRAF mutation V600E, has been studied in a large
series of neuronal tumors and it has been found that it is not a frequent event in
PNSTs*3. To the best of our knowledge, there are no reports identifying KRAS and
BRAF mutations in benign PNSTs. In fact, the absence of BRAF mutations in these

lesions has been reported in one series with a small number of neurinomas®®. This data

has been confirmed in a recent report in which no mutations of BRAF, EGFR, PIK3CA,
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and KRAS have been seen, in 48 sporadic vestibular schwannomas®®. Also

neurofibromas do not harbor BRAF V600E mutations®®®,

In our study, for the first time, we described BRAF V600E mutation in four of 40 cases
of sporadic schwannomas (10%), including one vestibular neurinoma, and in one of 13
sporadic MPNSTSs (7.7%). Furthermore, oncogenic KRAS exon 2 G12S mutation was
found in one case of schwannoma, not associated with NF syndrome. BRAF or KRAS
mutations were found in neither sporadic nor NF-related neurofibromas, confirming the
data of literature. Although the number of cases included in this series was small,
current evidence from our research and other series published so far suggests that BRAF
mutations might be absent in neurofibromas. Part of our data has been confirmed in two
recent articles, both published in 2014. Dubbink et al.*® identified BRAF V600E
mutations in 3 % (3/86) of MPNSTs not associated to NF. Also, Hirbe et al.**®
described BRAF V600E in 20% (5/25) of sporadic and 2.7% (1/37) NF1-associated
MPNSTs, employing the BRAFV600E mutation-specific  antibody for
immunohistochemistry and a confirmatory sequencing technique; moreover, they

confirm the absence of BRAF mutations in neurofibromas.

The presence of BRAF and KRAS mutations in these subsets of tumors may play a role
in the pathogenesis of benign and MPNSTs not related to NF. Moreover BRAF
mutation screening in sporadic MPNSTs may have an important clinical impact, given
the striking efficacy shown by the BRAF inhibitor vemurafenib (PLX4032) in BRAF-

mutant advanced melanomas®®’.
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6. IMPORTANCE OF SENESCENCE BY-PASS IN CANCER

TRANSFORMATION

The discovery of BRAF mutations in a subset of MPNSTSs opens new directions in the
pathogenesis of the malignant transformation of these tumors. It is known that
inactivation of both NF1 alleles is thought to be sufficient to initiate the development of
a benign neurofibroma®® **, but it is almost certainly insufficient for transformation
into a MPNST®*. Therefore it is logical to think that other genetic alterations must
occur for benign tumors to progress to malignancy.

In the last two decades, one of the most stimulating assumptions in human cancer
development is represented by the cells ability to bypass senescence® > ' Several
mechanisms are involved in the regulation of this process and their alterations may lead
to bypass senescence, contributing to tumor transformation. Among the pathways
engaged in the control of  senescence, p16™*/pRb,  ARF/p53,
PTEN/PIBK/AKT/mTOR play the most important role, especially in the regulation of
OIS, activated by oncogenes like BRAF or KRAS™ **2. In the model nevus/melanoma,
melanocytes in nevi are able to activate OIS as a tumor suppressor mechanism, arresting
cellular proliferation and progression into melanoma, in response to the presence of
activating mutations of BRAF*2. Although the vast majority of nevi never undergo
malignant transformation, a significant fraction of melanomas are believed to arise from
progression within precursor benign lesions. Recent studies have demonstrated that

PTEN inactivation and/or activation of the PISBK/AKT/mTOR pathway, associated to
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loss of pl are sufficient events to abrogate OIS in melanocytes expressing

activated BRAF mutations, implying that melanocytes can escape from senescence and

progress to melanoma and metastasis*? " 3.

Our study suggests that in MPNSTSs a deregulated control of senescence pathways may
be the key of their transformation into tumor and aggressive lesions, in a similar way to
melanomas. Contrary to what happens in benign lesions like neurofibrmas, loss of
p16™K* is a frequent finding in these tumors and it is associated with malignant
transformation®® ™. Reduced or absent expression of p16™"* protein and mRNA has
been described in a high percentage of cases of MPNSTS, as far as homozygous deletion
of CDKN2A gene®! #3342 Moreover, these alterations are associated with aggressive
behavior and poor prognosis®*. It is well known that p16™ ** overexpression has been
found in premature senescence, and particularly in OIS, and that senescent cells have
been shown in a number of different benign and premalignant lesions, but not in
malignant ones'® ™ 2. Some authors have demonstrated that atypical neurofibromas are
precursor lesions of MPNSTSs in NF1, showing a deletion with a minimal overlapping
region (MOR) in chromosome band 9p21.3%%. However, unlike MPNSTs, atypical
neurofibromas present high level of p16™"** expression, especially in cases with
lamellar growth, negativity for p53 and a very low or absent proliferation index Ki67°%.

In our series of MPNSTs, we found that low or absent p16'™<*

expression was
associated to high levels of proliferation index Ki67 and a loss of activity of SA-p-Gal,
suggesting that a by-pass of senescence mechanisms could be an important event in the

malignant transformations of MPNSTS.
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7. FUTURE PERSPECTIVES IN CANCER THERAPY

The discovery of molecular alterations linked to senescence in PNSTs could open new
frontiers to different and more effective therapeutic strategies for these tumors.

As previously discussed, MPNSTs are very aggressive cancers, which commonly
develop local recurrence and distant metastasis. Complete surgery remains the only
therapeutic option, but many cases it cannot be fully resected and the 5-year survival
ranges from 35 to 50%>** *2. Despite current multimodality treatments, radio and
chemotherapy are not effective curative options and targeted molecular treatments are
not yet available, although currently, several preclinical and clinical studies with
molecular therapies are in development®”. However, expanded knowledge of MPNST
molecular pathobiology will be needed to meaningfully apply such approaches for the
benefit of afflicted patients.

Study of senescent markers in human tumors may result in a useful tool in clarifying
their pathogenesis and in the development of the most effective targeted treatment.
Based on the hypothesis that senescence represents a tumor-suppressor mechanism, the
concept of pro-senescence therapy has emerged over the past few years as a novel

therapeutic approach to treat cancers.

7.1. MECHANISMS OF OIS INDUCTION

As previously discussed, cellular senescence can also be induced by oncogenes or

different kind of stress or drugs and it is well known that OIS is independent of
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telomere attrition®”*. OIS has been proposed as a tumor suppressor mechanism in
premalignant lesions such as dysplastic melanocytic nevus, neurofibromas, oral

. 60, 375-377
precancer lesions and Barrett’s esophagus

, giving rise to the hypothesis that pro-
senescence therapy could be an effective option for cancer therapy. Several tumors
treated with chemotherapy or radiotherapy have clearly been shown to produce a
senescent state; termed therapy-induced senescence (TIS), which principally involves
the p53/p21 and p16™**/pRb pathways®™® *"°. Several agents, along with ionizing
radiation are able to induce a senescence phenotype in different human and murine
tumor cells, such as DNA-interactive agents doxorubicin and cisplatin or other
chemotherapeutic drugs such as tyrosine kinase inhibitor sunitinib and the alkylating

agent busulfan®-3%,

Some authors have demonstrated that senescent induction through direct restoration of
senescence-regulation genes could be a useful therapeutic appliance to control altered
proliferation and malignant transformation. One option for inducing senescence in
tumor cells may be p53 reactivation, by the use of small molecules that have been
demonstrated to reverse mutated p53 activity in murine models®*"3%. Drugs which
competitively displace p53 from the binding on MDMZ2, inhibiting their coupling, such
as nutlins, RITA (Reactivation of p53 and Induction of Tumor Cell Apoptosis) or MI-63,
MI-219, and MI-319 result in the stabilization of p53 and promote the normal function

393-398

of the protein in causing its senescence response . Nowadays, due to its promising

anticancer properties, the use of molecule that restore the p53 function has been
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transferred to clinical trials for the treatment of human tumors, that are in their early

phase of development®®® 4%,

Another pro-senescence therapeutic strategy is the modulation of cell cycle regulators. It
is well known that p16™ *?, p27 and the inhibition of some CDKs activity can promote
senescence induction® “°*, Over the past 20 years, several CDK inhibitors have been
developed as potential cancer therapies, and recent studies suggest that targeting
specific CDKs or CDKIs in the appropriate genetic context can result in synthetic lethal
interactions promoting a tumor-specific pro-senescence response with a therapeutic
benefit***%. Several first and second generation of CDK inhibitor compounds, such as
flavopiridol, roscovitine, dinaciclib, palbociclib or ribociclib, have been tested in
numerous trials and in several tumor types, with satisfactory results, but with the onset
of drug resistance*®**. New drugs capable of restoring p16™* function could be
introduced into the clinical practice to induce senescence and arrest cancer
development. In vitro, studies have reported that demethylating agents in tumors
showing promoter hypermethylation of p16™* are able to restore this gene, resulting
in induction of premature senescence in cancer cells**#*%°. Inactivation of PTEN activity
in the tumor cells in synergy with Skp2 inhibition induces a senescence response and

suppresses tumorigenesis in murine cancer*” ##

. Experiments in mouse models
suggested that targeting Skp2 could trigger senescence in tumors driven by PTEN
inactivation, and the development of MLN4924 results in Skp2 inhibition, preventing

the formation of tumors in a PC3 human prostate cancer cell xenograft model by

inducing senescence that was independent of p53*°. Loss of PTEN causes senescence,
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also through a signaling short circuit that is driven by hyperactivation of the
PIBK/AKT/mTOR pathway and the development of direct inhibitors of PTEN, such as

VO-OHpic, can drive senescence*? 4%,

7.2. CURRENT AND FUTURE TREATMENT OPTIONS FOR

SCHWANNOMAS AND MPNSTS.

Schwannomas represents benign tumors arising at the level of peripheral nerves that
generally show a good prognosis after complete surgery. Although histologically
benign, in some occasions, these lesions can progress or recur after surgery or
radiotherapy, especially those with a deep or problematic localization or those related
with NF2 syndrome****#"_ In recent years, new molecular approaches for the treatment
of schwannomas have been made, such as the antiangiogensis drugs against the vascular
endothelial growth factor (VEGF) such as bevacizumab*®*!. Relatively, to the
oncogenes and their signaling, the expression and molecular alterations of some of them
have been studied in schwannomas and upregulation of EGFR and ErbB2 mRNA and
protein and alterations of mTOR have been found, predominantly, related to NF2
syndrome, but not gene amplification or point mutations of BRAF, EGFR, PIK3CA,
and KRAS?%% 304 432435 ‘Moreover, the attempt to use specific targeted therapy with

436-441 |0

everolimus, eroltinib or lapatinib has been contradictory in terms of success
our study, we described for the first time BRAF V600E and KRAS G12S mutations in a
subset of sporadic schwannomas, opening new perspectives in the treatment of these

tumors.
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At the present time, in MNPSTSs, the conventional (and not always effective) therapy is
radical surgery, with a complete extirpation of the tumors and free margins, despite the
fact that in many patients there is a high risk of local relapse or metastasis. With
increased understanding in the molecular pathogenesis of these tumors, several
experimental therapies have been performed. For example anti mTOR drugs, everolimus
alone or coupled with bortezomib have showed antitumor activity on MPNSTs?"® 442444
Our findings of BRAF V600E mutations in a subset of these tumors, confirmed by a
later published article, could open new future perspectives in their treatment®®® **. In
2008 Ambrosini et al. characterized MPNST human cell lines for RAS and BRAF
activation and treated them with sorafenib, resulting in a G1 cell cycle arrest, due to

suppression of cyclin D1, inhibition of phospho-MEK, phospho-ERK and

hypophosphorylation of pRb.

Clinically, the use of BRAF inhibitors has been proposed in two studies, where it has
been reported a modest effect of sorafenib and a dramatic response to vemurafenib in a
little series of MPNSTS, in which the BRAF V600E mutation was not demonstrated**®
*7 These findings reinforce the idea that patients with MPNST should be screened for
BRAF V600E mutations and treated with BRAF inhibitors, when these mutations are
found. Moreover, the study of senescence induction and escape mechanisms may lead to
the development of specific targeted treatments helping to fight against these aggressive

tumors.
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1.

3.

In our study, we analyzed schwannomas and demonstrated that these lesions
show a senescent-like phenotype with high levels of p16"™** expression, a very
low proliferation index and SA-B-Gal activity. Contrarily to benign tumors,
6INK4a

MPNSTs showed loss of senescent phenotype with low levels of pl

expression, high proliferation index and SA-B-Gal activity not present.

For the first time, we described BRAF V600E and KRAS G12S mutations in a
subgroup of sporadic PNSTs; BRAF V600E mutation was found in
schwannomas and MPNSTSs, but not in neurofibromas and KRAS G12S
mutation was found in a sporadic schwannoma. A screening of these mutations
may be adopted routinely in these tumors and those cases of PNSTs harboring
BRAF V600E mutation could benefit from specific target therapy, for example,

in metastatic melanomas (ex. vemurafenib).

A thorough study of the mechanisms of induction and escape of senescence in
PNSTSs could bring new perspectives in the pathogenesis and treatment of these
tumors, with the use of specific drugs that act on the mechanisms of regulation

of cellular senescence.
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Figure 1
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Figure 3
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Table 1. Features of senescence cells. Modified from Schmitt C et al. 2007.

Characteristic

Detail

Reference

Morphology

Large flattened cells, with vacuole rich cytoplasm and
large multilobulated nuclei

DeNicola et al. 2009

Biomarkers expression

Increased perinuclear activity of SA-B-galactosidase
(expension of lysosomal compartment).

Caldwell et al. 2012

Molecular pathways
involvement

Increase expression of various oncogene-induces tumor

suppressor proteins and associated loci (p16, pl5, p21,
CDKN2a). Activation of p53 an pRb.

Bardeesy et al. 2006;
Vogelstein et al. 2000;
Romagosa et al. 2011

Chromatin structure

Senescence associated heterochromatin foci (SAHFs),
Focal histone H3 lysine 9 trimethylation. Focal HP1
recruitment.

Narita et al. 2003

Senescence associated
secretory phenotype
(SASP)

Cells develop altered secretory activity whilst in a
senescent state, resulting in a protumorigenic effect
through an increase in proteins, interleukins, growth

factors and proteases within the tumor
microenvironment.

Coppé 2008; Penfield et
al. 2013
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Table 2. Oncogenes involved in senescence. Modified from Gorgoulis et al 2010.

Action Gene Pathway - Function
In vivo
Activation TGFb Promotes Smad signaling
H-RAS V12 Ras signaling
K-RAS G12Vv Ras signaling
N-RAS G12D Ras signaling
BRAF E600 Promotes Ras signaling
c-Myc Effector of Ras signaling — transcription and chromatin remodeling factor
b-Catenin Promotes Wnt signaling
Akt PI3K/Akt signaling
Rheb Promotes PI3K/Akt/mTOR signaling
E2F3 Promotes G1 to S phase — transcription factor
Inactivation PTEN (TSG) Downregulates PI3K/Akt/mTOR signaling
VHL (TSG) Targets HIF for degradation
Hsp72 Promotes PI3K/Akt (p53-dependent) and ERK (p53-independent) signaling
Rb (TSG) Regulates E2F activity
Restoration p53 (TSG) Effector of various signaling pathways — transcription factor
In vitro
Activation TGFb Promotes Smad signaling
INFb Promotes STAT signaling — activates p53
CXCR2 (IL8RB) Angiogenic CXC chemokine receptor
Racl Modulates Rho signaling
Smurf2 Upregulation by telomere attrition; promotes p53/pRb senescence
Runx1, Runx2, Runx3 Transcription and chromatin remodeling factors
PTEN Downregulates PI3K/Akt/mTOR signaling
Sprouty 2 Downregulates Ras signaling
EGFR Promotes Ras signaling
H-RAS V12 Ras signaling
N-RAS G12D Ras signaling
Raf Ras signaling
BRAF E600 Promotes Ras signaling
Mos Promotes Ras signaling
MEK Promotes Ras signaling
c-Myc Ras signaling effector — transcription and chromatin remodeling factor
IGFBP3, IGFBP5 Modulates IGF1 signaling pathway
IGFBP7 Modulates IGF signaling; downregulates Ras signaling
p38a-D176A, p38g-D179A Promotes p38MAPK signaling
STATS Promotes JAK-STAT signaling
Cyclin E Activated cyclin-dependent kinase-2: promotes G1 to S phase
E2F1 Transcription factor: promotes G1 to S phase
E2F3 Transcription factor: promotes G1 to S phase
Cdc6 Replication licensing factor: promotes S phase progression
Cdtl Replication licensing factor: promotes S phase progression
p16INK4A Cyclin-dependent kinase inhibitor: inhibits G1 progression
PML Ras signaling effector; induces p53
p53 Effector of various signaling pathways—transcription factor
PAI-1 p53 effector
DEC1 p53 effector
Inactivation Racl Modulates Rho signaling
NF1 Downregulates Ras signaling
PTEN Downregulates PI3K/Akt/mTOR signaling
VHL Targets HIF for degradation
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Table 3. Mouse models and human tumors in which oncogenic senescence has been
studied. Modified from Collado and Serrano 2010.

Gene Tissue or tumor

Oncogene activation

Mammary tumours, bladder tumours, and DMBA and TPA-induced

HRAS G12V skin papillomas

KRAS G122V Lung adenomas and pancreatic intraductal neoplasias
NRASG12D Lymphoproliferative disorders
BRAFV600E Nevi and lung adenomas

Rheb Prostate intraepithelial neoplasia

E2F3 Pituitary hyperplasia

AKT1 Prostate intraepithelial neoplasia

Ctnnbl Thymus

Oncogene inactivation

Myc Lymphoma, osteosarcoma, livercarcinoma and lung carcinoma

Tumour suppressor inactivation

PTEN Prostate intraepithelial neoplasia
Rb1 Thyroid C cell adenomas
Vhi Kidney

Tumour suppressor activation

P53 Sarcomas and liver carcinomas
Associated oncogenic event Human tumor

NF1 inactivation Dermal neurofibromas

BRAFV600E mutation Nevi

Prostate intraepithelial neoplasia
Not determined
Colon adenomas

91



92



REFERENCES

93



[1] Campisi J, Yaswen P: Aging and cancer cell biology, 2009. Aging cell 2009, 8:221-
5.

[2] Hayflick L, Moorhead PS: The serial cultivation of human diploid cell strains.
Experimental cell research 1961, 25:585-621.

[3] Saretzki G, Von Zglinicki T: Replicative aging, telomeres, and oxidative stress.
Annals of the New York Academy of Sciences 2002, 959:24-9.

[4] Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW: Oncogenic ras provokes
premature cell senescence associated with accumulation of p53 and pl6INK4a. Cell
1997, 88:593-602.

[5] von Zglinicki T, Saretzki G, Ladhoff J, d’Adda di Fagagna F, Jackson SP: Human
cell senescence as a DNA damage response. Mechanisms of ageing and development
2005, 126:111-7.

[6] Kuilman T, Michaloglou C, Vredeveld LC, Douma S, van Doorn R, Desmet CJ,
Aarden LA, Mooi WJ, Peeper DS: Oncogene-induced senescence relayed by an
interleukin-dependent inflammatory network. Cell 2008, 133:1019-31.

[7] Krtolica A, Parrinello S, Lockett S, Desprez PY, Campisi J: Senescent fibroblasts
promote epithelial cell growth and tumorigenesis: a link between cancer and aging.
Proceedings of the National Academy of Sciences of the United States of America
2001, 98:12072-7.

[8] Baker BM, Haynes CM: Mitochondrial protein quality control during biogenesis and
aging. Trends in biochemical sciences 2011, 36:254-61.

[9] Braig M, Lee S, Loddenkemper C, Rudolph C, Peters AH, Schlegelberger B, Stein
H, Dorken B, Jenuwein T, Schmitt CA: Oncogene-induced senescence as an initial
barrier in lymphoma development. Nature 2005, 436:660-5.

[10] Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ, Barradas M, Benguria A,
Zaballos A, Flores JM, Barbacid M, Beach D, Serrano M: Tumour biology: senescence
in premalignant tumours. Nature 2005, 436:642.

[11] Collado M, Serrano M: Senescence in tumours: evidence from mice and humans.
Nature reviews Cancer 2010, 10:51-7.

[12] Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T, van der
Horst CM, Majoor DM, Shay JW, Mooi WJ, Peeper DS: BRAFE600-associated
senescence-like cell cycle arrest of human naevi. Nature 2005, 436:720-4.

[13] Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, Niki M, Koutcher JA, Scher
HI, Ludwig T, Gerald W, Cordon-Cardo C, Pandolfi PP: Crucial role of p53-dependent
cellular senescence in suppression of Pten-deficient tumorigenesis. Nature 2005,
436:725-30.

[14] Dankort D, Filenova E, Collado M, Serrano M, Jones K, McMahon M: A new
mouse model to explore the initiation, progression, and therapy of BRAFVG600E-
induced lung tumors. Genes & development 2007, 21:379-84.

[15] Ha L, Ichikawa T, Anver M, Dickins R, Lowe S, Sharpless NE, Krimpenfort P,
Depinho RA, Bennett DC, Sviderskaya EV, Merlino G: ARF functions as a melanoma

94



tumor suppressor by inducing p53-independent senescence. Proceedings of the National
Academy of Sciences of the United States of America 2007, 104:10968-73.

[16] Xue W, Zender L, Miething C, Dickins RA, Hernando E, Krizhanovsky V,
Cordon-Cardo C, Lowe SW: Senescence and tumour clearance is triggered by p53
restoration in murine liver carcinomas. Nature 2007, 445:656-60.

[17] Xing R, Li W, Cui J, Zhang J, Kang B, Wang Y, Wang Z, Liu S, Lu Y: Gastrokine
1 induces senescence through pl16/Rb pathway activation in gastric cancer cells. Gut
2012, 61:43-52.

[18] Kang TW, Yevsa T, Woller N, Hoenicke L, Wuestefeld T, Dauch D, Hohmeyer A,
Gereke M, Rudalska R, Potapova A, lken M, Vucur M, Weiss S, Heikenwalder M,
Khan S, Gil J, Bruder D, Manns M, Schirmacher P, Tacke F, Ott M, Luedde T,
Longerich T, Kubicka S, Zender L: Senescence surveillance of pre-malignant
hepatocytes limits liver cancer development. Nature 2011, 479:547-51.

[19] Kang HT, Lee KB, Kim SY, Choi HR, Park SC: Autophagy impairment induces
premature senescence in primary human fibroblasts. PloS one 2011, 6:623367.

[20] Coller HA: Cell biology. The essence of quiescence. Science 2011, 334:1074-5.
[21] Coller HA: What's taking so long? S-phase entry from quiescence versus
proliferation. Nature reviews Molecular cell biology 2007, 8:667-70.

[22] Valcourt JR, Lemons JM, Haley EM, Kojima M, Demuren OO, Coller HA:
Staying alive: metabolic adaptations to quiescence. Cell Cycle 2012, 11:1680-96.

[23] Suh EJ, Remillard MY, Legesse-Miller A, Johnson EL, Lemons JM, Chapman TR,
Forman JJ, Kojima M, Silberman ES, Coller HA: A microRNA network regulates
proliferative timing and extracellular matrix synthesis during cellular quiescence in
fibroblasts. Genome biology 2012, 13:R121.

[24] Evertts AG, Manning AL, Wang X, Dyson NJ, Garcia BA, Coller HA: H4K20
methylation regulates quiescence and chromatin compaction. Molecular biology of the
cell 2013, 24:3025-37.

[25] Coller HA, Sang L, Roberts JM: A new description of cellular quiescence. PL0S
biology 2006, 4:e83.

[26] Sang L, Coller HA, Roberts JM: Control of the reversibility of cellular quiescence
by the transcriptional repressor HES1. Science 2008, 321:1095-100.

[27] Baus F, Gire V, Fisher D, Piette J, Dulic V: Permanent cell cycle exit in G2 phase
after DNA damage in normal human fibroblasts. The EMBO journal 2003, 22:3992-
4002.

[28] Blagosklonny MV: Cell senescence: hypertrophic arrest beyond the restriction
point. Journal of cellular physiology 2006, 209:592-7.

[29] Pardee AB: G1 events and regulation of cell proliferation. Science 1989, 246:603-
8.

[30] Polyak K, Kato JY, Solomon MJ, Sherr CJ, Massague J, Roberts JM, Koff A:
p27Kipl, a cyclin-Cdk inhibitor, links transforming growth factor-beta and contact
inhibition to cell cycle arrest. Genes & development 1994, 8:9-22.

[31] Sherr CJ, Roberts JM: CDK inhibitors: positive and negative regulators of G1-
phase progression. Genes & development 1999, 13:1501-12.

95



[32] Cheng M, Olivier P, Diehl JA, Fero M, Roussel MF, Roberts JM, Sherr CJ: The
p21(Cipl) and p27(Kipl) CDK 'inhibitors' are essential activators of cyclin D-
dependent kinases in murine fibroblasts. The EMBO journal 1999, 18:1571-83.

[33] Chu IM, Hengst L, Slingerland JM: The Cdk inhibitor p27 in human cancer:
prognostic potential and relevance to anticancer therapy. Nature reviews Cancer 2008,
8:253-67.

[34] Itahana K, Dimri GP, Hara E, Itahana Y, Zou Y, Desprez PY, Campisi J: A role for
p53 in maintaining and establishing the quiescence growth arrest in human cells. The
Journal of biological chemistry 2002, 277:18206-14.

[35] Pajalunga D, Mazzola A, Salzano AM, Biferi MG, De Luca G, Crescenzi M:
Critical requirement for cell cycle inhibitors in sustaining nonproliferative states. The
Journal of cell biology 2007, 176:807-18.

[36] Dulic V, Beney GE, Frebourg G, Drullinger LF, Stein GH: Uncoupling between
phenotypic senescence and cell cycle arrest in aging p2l-deficient fibroblasts.
Molecular and cellular biology 2000, 20:6741-54.

[37] Schmitt E, Paquet C, Beauchemin M, Bertrand R: DNA-damage response network
at the crossroads of cell-cycle checkpoints, cellular senescence and apoptosis. J
Zhejiang Univ Sci B 2007, 8:377-97.

[38] Campisi J, d'Adda di Fagagna F: Cellular senescence: when bad things happen to
good cells. Nature reviews Molecular cell biology 2007, 8:729-40.

[39] Wada T, Joza N, Cheng HY, Sasaki T, Kozieradzki I, Bachmaier K, Katada T,
Schreiber M, Wagner EF, Nishina H, Penninger JM: MKK7 couples stress signalling to
G2/M cell-cycle progression and cellular senescence. Nature cell biology 2004, 6:215-
26.

[40] Schmitt CA: Cellular senescence and cancer treatment. Biochimica et biophysica
acta 2007, 1775:5-20.

[41] Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE,
Linskens M, Rubelj I, Pereira-Smith O, et al.: A biomarker that identifies senescent
human cells in culture and in aging skin in vivo. Proceedings of the National Academy
of Sciences of the United States of America 1995, 92:9363-7.

[42] Ahmed EK, Rogowska-Wrzesinska A, Roepstorff P, Bulteau AL, Friguet B:
Protein modification and replicative senescence of WI-38 human embryonic fibroblasts.
Aging cell 2010, 9:252-72.

[43] Sitte N, Merker K, von Zglinicki T, Grune T: Protein oxidation and degradation
during proliferative senescence of human MRC-5 fibroblasts. Free radical biology &
medicine 2000, 28:701-8.

[44] Brookes S, Rowe J, Ruas M, Llanos S, Clark PA, Lomax M, James MC, Vatcheva
R, Bates S, Vousden KH, Parry D, Gruis N, Smit N, Bergman W, Peters G: INK4a-
deficient human diploid fibroblasts are resistant to RAS-induced senescence. The
EMBO journal 2002, 21:2936-45.

[45] Wei W, Hemmer RM, Sedivy JM: Role of p14(ARF) in replicative and induced
senescence of human fibroblasts. Molecular and cellular biology 2001, 21:6748-57.

[46] Narita M, Nunez S, Heard E, Lin AW, Hearn SA, Spector DL, Hannon GJ, Lowe
SW: Rb-mediated heterochromatin formation and silencing of E2F target genes during
cellular senescence. Cell 2003, 113:703-16.

96



[47] Zhang X, Li J, Sejas DP, Pang Q: The ATM/p53/p21 pathway influences cell fate
decision between apoptosis and senescence in reoxygenated hematopoietic progenitor
cells. The Journal of biological chemistry 2005, 280:19635-40.

[48] Coppe JP, Desprez PY, Krtolica A, Campisi J: The senescence-associated secretory
phenotype: the dark side of tumor suppression. Annual review of pathology 2010, 5:99-
118.

[49] Davalos AR, Coppe JP, Campisi J, Desprez PY: Senescent cells as a source of
inflammatory factors for tumor progression. Cancer metastasis reviews 2010, 29:273-
83.

[50] Bavik C, Coleman I, Dean JP, Knudsen B, Plymate S, Nelson PS: The gene
expression program of prostate fibroblast senescence modulates neoplastic epithelial
cell proliferation through paracrine mechanisms. Cancer research 2006, 66:794-802.
[51] Parrinello S, Coppe JP, Krtolica A, Campisi J: Stromal-epithelial interactions in
aging and cancer: senescent fibroblasts alter epithelial cell differentiation. Journal of
cell science 2005, 118:485-96.

[52] Coppe JP, Patil CK, Rodier F, Krtolica A, Beausejour CM, Parrinello S, Hodgson
JG, Chin K, Desprez PY, Campisi J: A human-like senescence-associated secretory
phenotype is conserved in mouse cells dependent on physiological oxygen. PloS one
2010, 5:€9188.

[53] Bhaumik D, Scott GK, Schokrpur S, Patil CK, Orjalo AV, Rodier F, Lithgow GJ,
Campisi J: MicroRNAs miR-146a/b negatively modulate the senescence-associated
inflammatory mediators IL-6 and IL-8. Aging 2009, 1:402-11.

[54] Acosta JC, O'Loghlen A, Banito A, Raguz S, Gil J: Control of senescence by
CXCR2 and its ligands. Cell Cycle 2008, 7:2956-9.

[55] Guo H, Liu Z, Xu B, Hu H, Wei Z, Liu Q, Zhang X, Ding X, Wang Y, Zhao M,
Gong Y, Shao C: Chemokine receptor CXCR2 is transactivated by p53 and induces
p38-mediated cellular senescence in response to DNA damage. Aging cell 2013,
12:1110-21.

[56] Mbeunkui F, Johann DJ, Jr.: Cancer and the tumor microenvironment: a review of
an essential relationship. Cancer chemotherapy and pharmacology 2009, 63:571-82.

[57] Larsson LG: Oncogene- and tumor suppressor gene-mediated suppression of
cellular senescence. Seminars in cancer biology 2011, 21:367-76.

[58] Reddy JP, Li Y: Oncogene-induced senescence and its role in tumor suppression.
Journal of mammary gland biology and neoplasia 2011, 16:247-56.

[59] Kuilman T, Michaloglou C, Mooi WJ, Peeper DS: The essence of senescence.
Genes & development 2010, 24:2463-79.

[60] Courtois-Cox S, Genther Williams SM, Reczek EE, Johnson BW, McGillicuddy
LT, Johannessen CM, Hollstein PE, MacCollin M, Cichowski K: A negative feedback
signaling network underlies oncogene-induced senescence. Cancer cell 2006, 10:459-
72.

[61] Michaloglou C, Vredeveld LC, Mooi WJ, Peeper DS: BRAF(E600) in benign and
malignant human tumours. Oncogene 2008, 27:877-95.

[62] Sarkisian CJ, Keister BA, Stairs DB, Boxer RB, Moody SE, Chodosh LA: Dose-
dependent oncogene-induced senescence in vivo and its evasion during mammary
tumorigenesis. Nature cell biology 2007, 9:493-505.

97



[63] Kim YH, Choi YW, Han JH, Lee J, Soh EY, Park SH, Kim JH, Park TJ: TSH
signaling overcomes B-RafV600E-induced senescence in papillary thyroid
carcinogenesis through regulation of DUSP6. Neoplasia 2014, 16:1107-20.

[64] Zhang Y, Guo L, Xing P, Chen Y, Li F, Zhu W, Lu X: Increased expression of
oncogene-induced senescence markers during cervical squamous cell cancer
development. International journal of clinical and experimental pathology 2014, 7:8911-
6.

[65] Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, Robbins CM, Moses TY,
Hostetter G, Wagner U, Kakareka J, Salem G, Pohida T, Heenan P, Duray P,
Kallioniemi O, Hayward NK, Trent JM, Meltzer PS: High frequency of BRAF
mutations in nevi. Nature genetics 2003, 33:19-20.

[66] Dhomen N, Reis-Filho JS, da Rocha Dias S, Hayward R, Savage K, Delmas V,
Larue L, Pritchard C, Marais R: Oncogenic Braf induces melanocyte senescence and
melanoma in mice. Cancer cell 2009, 15:294-303.

[67] Bandyopadhyay D, Medrano EE: Melanin accumulation accelerates melanocyte
senescence by a mechanism involving p16INK4a/CDK4/pRB and E2F1. Annals of the
New York Academy of Sciences 2000, 908:71-84.

[68] Haddad MM, Xu W, Schwahn DJ, Liao F, Medrano EE: Activation of a cCAMP
pathway and induction of melanogenesis correlate with association of p16(INK4) and
p27(KIP1) to CDKs, loss of E2F-binding activity, and premature senescence of human
melanocytes. Experimental cell research 1999, 253:561-72.

[69] Sviderskaya EV, Gray-Schopfer VC, Hill SP, Smit NP, Evans-Whipp TJ, Bond J,
Hill L, Bataille V, Peters G, Kipling D, Wynford-Thomas D, Bennett DC: p16/cyclin-
dependent kinase inhibitor 2A deficiency in human melanocyte senescence, apoptosis,
and immortalization: possible implications for melanoma progression. Journal of the
National Cancer Institute 2003, 95:723-32.

[70] Bandyopadhyay D, Timchenko N, Suwa T, Hornsby PJ, Campisi J, Medrano EE:
The human melanocyte: a model system to study the complexity of cellular aging and
transformation in non-fibroblastic cells. Experimental gerontology 2001, 36:1265-75.
[71] Bennett DC: Human melanocyte senescence and melanoma susceptibility genes.
Oncogene 2003, 22:3063-9.

[72] Gray-Schopfer VC, Cheong SC, Chong H, Chow J, Moss T, Abdel-Malek ZA,
Marais R, Wynford-Thomas D, Bennett DC: Cellular senescence in naevi and
immortalisation in melanoma: a role for p16? British journal of cancer 2006, 95:496-
505.

[73] Clark WH, Jr., Elder DE, Guerry Dt, Epstein MN, Greene MH, Van Horn M: A
study of tumor progression: the precursor lesions of superficial spreading and nodular
melanoma. Human pathology 1984, 15:1147-65.

[74] Souroullas GP, Sharpless NE: mTOR signaling in melanoma: oncogene-induced
pseudo-senescence? Cancer cell 2015, 27:3-5.

[75] Vredeveld LC, Possik PA, Smit MA, Meissl K, Michaloglou C, Horlings HM,
Ajouaou A, Kortman PC, Dankort D, McMahon M, Mooi WJ, Peeper DS: Abrogation
of BRAFV600E-induced senescence by PI3K pathway activation contributes to
melanomagenesis. Genes & development 2012, 26:1055-69.

98



[76] Vizioli MG, Santos J, Pilotti S, Mazzoni M, Anania MC, Miranda C, Pagliardini S,
Pierotti MA, Gil J, Greco A: Oncogenic RAS-induced senescence in human primary
thyrocytes: molecular effectors and inflammatory secretome involved. Oncotarget 2014,
5:8270-83.

[77] Lazzerini Denchi E, Attwooll C, Pasini D, Helin K: Deregulated E2F activity
induces hyperplasia and senescence-like features in the mouse pituitary gland.
Molecular and cellular biology 2005, 25:2660-72.

[78] Palmero I, Pantoja C, Serrano M: p19ARF links the tumour suppressor p53 to Ras.
Nature 1998, 395:125-6.

[79] zZhu J, Woods D, McMahon M, Bishop JM: Senescence of human fibroblasts
induced by oncogenic Raf. Genes & development 1998, 12:2997-3007.

[80] Lin AW, Barradas M, Stone JC, van Aelst L, Serrano M, Lowe SW: Premature
senescence involving p53 and pl6 is activated in response to constitutive MEK/MAPK
mitogenic signaling. Genes & development 1998, 12:3008-109.

[81] Kamijo T, Zindy F, Roussel MF, Quelle DE, Downing JR, Ashmun RA, Grosveld
G, Sherr CJ: Tumor suppression at the mouse INK4a locus mediated by the alternative
reading frame product p19ARF. Cell 1997, 91:649-59.

[82] Lee AC, Fenster BE, Ito H, Takeda K, Bae NS, Hirai T, Yu ZX, Ferrans VJ,
Howard BH, Finkel T: Ras proteins induce senescence by altering the intracellular
levels of reactive oxygen species. The Journal of biological chemistry 1999, 274:7936-
40.

[83] Di Micco R, Fumagalli, M., Cicalese, A., Piccinin, S., Gasparini, P., Luise, C.,
Schurra, C., Garre', M., Nuciforo, P.G., Bensimon, A., Maestro, R., Pelicci, P.G., and
d'Adda di Fagagna, F.: Oncogene-induced senescence is a DNA damage response
triggered by DNA hyper-replication. Nature 2006, 444:638-42.

[84] Hutter E, Unterluggauer H, Uberall F, Schramek H, Jansen-Durr P: Replicative
senescence of human fibroblasts: the role of Ras-dependent signaling and oxidative
stress. Experimental gerontology 2002, 37:1165-74.

[85] Astle MV, Hannan KM, Ng PY, Lee RS, George AJ, Hsu AK, Haupt Y, Hannan
RD, Pearson RB: AKT induces senescence in human cells via mTORC1 and p53 in the
absence of DNA damage: implications for targeting mTOR during malignancy.
Oncogene 2012, 31:1949-62.

[86] Kennedy AL, Adams PD, Morton JP: Ras, PI3K/Akt and senescence: Paradoxes
provide clues for pancreatic cancer therapy. Small GTPases 2011, 2:264-7.

[87] Kennedy AL, Morton JP, Manoharan I, Nelson DM, Jamieson NB, Pawlikowski
JS, McBryan T, Doyle B, McKay C, Oien KA, Enders GH, Zhang R, Sansom QOJ,
Adams PD: Activation of the PIK3CA/AKT pathway suppresses senescence induced by
an activated RAS oncogene to promote tumorigenesis. Molecular cell 2011, 42:36-49.
[88] Moon SH, Kim DK, Cha Y, Jeon I, Song J, Park KS: PI3K/Akt and Stat3 signaling
regulated by PTEN control of the cancer stem cell population, proliferation and
senescence in a glioblastoma cell line. International journal of oncology 2013, 42:921-8.
[89] Acosta JC, O'Loghlen A, Banito A, Guijarro MV, Augert A, Raguz S, Fumagalli
M, Da Costa M, Brown C, Popov N, Takatsu Y, Melamed J, d'/Adda di Fagagna F,
Bernard D, Hernando E, Gil J: Chemokine signaling via the CXCR2 receptor reinforces
senescence. Cell 2008, 133:1006-18.

99



[90] Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J, Nelson PS, Desprez
PY, Campisi J: Senescence-associated secretory phenotypes reveal cell-nonautonomous
functions of oncogenic RAS and the p53 tumor suppressor. PLoS biology 2008, 6:2853-
68.

[91] Romagosa C, Simonetti S, Lopez-Vicente L, Mazo A, Lleonart ME, Castellvi J,
Ramon y Cajal S: pl6(Ink4a) overexpression in cancer: a tumor suppressor gene
associated with senescence and high-grade tumors. Oncogene 2011, 30:2087-97.

[92] Serrano M: The tumor suppressor protein pl6INK4a. Experimental cell research
1997, 237:7-13.

[93] Zindy F, Quelle DE, Roussel MF, Sherr CJ: Expression of the p16INK4a tumor
suppressor versus other INK4 family members during mouse development and aging.
Oncogene 1997, 15:203-11.

[94] Ressler S, Bartkova J, Niederegger H, Bartek J, Scharffetter-Kochanek K, Jansen-
Durr P, Wlaschek M: p16INK4A is a robust in vivo biomarker of cellular aging in
human skin. Aging cell 2006, 5:379-89.

[95] Wu J, Xue L, Weng M, Sun Y, Zhang Z, Wang W, Tong T: Sp1 is essential for p16
expression in human diploid fibroblasts during senescence. PloS one 2007, 2:e164.

[96] Gonzalez S, Serrano M: A new mechanism of inactivation of the INK4/ARF locus.
Cell Cycle 2006, 5:1382-4.

[97] Herman JG, Merlo A, Mao L, Lapidus RG, Issa JP, Davidson NE, Sidransky D,
Baylin SB: Inactivation of the CDKN2/p16/MTS1 gene is frequently associated with
aberrant DNA methylation in all common human cancers. Cancer research 1995,
55:4525-30.

[98] Bennecke M, Kriegl L, Bajbouj M, Retzlaff K, Robine S, Jung A, Arkan MC,
Kirchner T, Greten FR: Ink4a/Arf and oncogene-induced senescence prevent tumor
progression during alternative colorectal tumorigenesis. Cancer cell 2010, 18:135-46.
[99] Dublin EA, Patel NK, Gillett CE, Smith P, Peters G, Barnes DM: Retinoblastoma
and pl6 proteins in mammary carcinoma: their relationship to cyclin D1 and
histopathological parameters. International journal of cancer Journal international du
cancer 1998, 79:71-5.

[100] Gorgoulis VG, Koutroumbi EN, Kotsinas A, Zacharatos P, Markopoulos C,
Giannikos L, Kyriakou V, Voulgaris Z, Gogas |, Kittas C: Alterations of pl16-pRb
pathway and chromosome locus 9p21-22 in sporadic invasive breast carcinomas. Mol
Med 1998, 4:807-22.

[101] Gorgoulis VG, Zacharatos P, Kotsinas A, Liloglou T, Kyroudi A, Veslemes M,
Rassidakis A, Halazonetis TD, Field JK, Kittas C: Alterations of the p16-pRb pathway
and the chromosome locus 9p21-22 in non-small-cell lung carcinomas: relationship with
p53 and MDM2 protein expression. The American journal of pathology 1998,
153:1749-65.

[102] Feng Z, Hu W, Rajagopal G, Levine AJ: The tumor suppressor p53: cancer and
aging. Cell Cycle 2008, 7:842-7.

[103] Qin XQ, Livingston DM, Kaelin WG, Jr., Adams PD: Deregulated transcription
factor E2F-1 expression leads to S-phase entry and p53-mediated apoptosis.
Proceedings of the National Academy of Sciences of the United States of America
1994, 91:10918-22.

100



[104] Korotchkina LG, Leontieva OV, Bukreeva El, Demidenko ZN, Gudkov AV,
Blagosklonny MV: The choice between p53-induced senescence and quiescence is
determined in part by the mTOR pathway. Aging 2010, 2:344-52.

[105] Leontieva OV, Blagosklonny MV: Tumor promoter-induced cellular senescence:
cell cycle arrest followed by geroconversion. Oncotarget 2014, 5:12715-27.

[106] Bandyopadhyay D, Gatza C, Donehower LA, Medrano EE: Analysis of cellular
senescence in culture in vivo: the senescence-associated beta-galactosidase assay.
Current protocols in cell biology / editorial board, Juan S Bonifacino [et al] 2005,
Chapter 18:Unit 18 9.

[107] Lee BY, Han JA, Im JS, Morrone A, Johung K, Goodwin EC, Kleijer WJ,
DiMaio D, Hwang ES: Senescence-associated beta-galactosidase is lysosomal beta-
galactosidase. Aging cell 2006, 5:187-95.

[108] Mason DX, Jackson TJ, Lin AW: Molecular signature of oncogenic ras-induced
senescence. Oncogene 2004, 23:9238-46.

[109] Althubiti M, Lezina L, Carrera S, Jukes-Jones R, Giblett SM, Antonov A, Barlev
N, Saldanha GS, Pritchard CA, Cain K, Macip S: Characterization of novel markers of
senescence and their prognostic potential in cancer. Cell death & disease 2014, 5:e1528.
[110] Campisi J: Suppressing cancer: the importance of being senescent. Science 2005,
309:886-7.

[111] Prieur A, Peeper DS: Cellular senescence in vivo: a barrier to tumorigenesis.
Current opinion in cell biology 2008, 20:150-5.

[112] Collado M, Blasco MA, Serrano M: Cellular senescence in cancer and aging. Cell
2007, 130:223-33.

[113] Gala MK, Mizukami Y, Le LP, Moriichi K, Austin T, Yamamoto M, Lauwers
GY, Bardeesy N, Chung DC: Germline mutations in oncogene-induced senescence
pathways are associated with multiple sessile serrated adenomas. Gastroenterology
2014, 146:520-9.

[114] Majumder PK, Grisanzio C, O'Connell F, Barry M, Brito JM, Xu Q, Guney I,
Berger R, Herman P, Bikoff R, Fedele G, Baek WK, Wang S, Ellwood-Yen K, Wu H,
Sawyers CL, Signoretti S, Hahn WC, Loda M, Sellers WR: A prostatic intraepithelial
neoplasia-dependent p27 Kipl checkpoint induces senescence and inhibits cell
proliferation and cancer progression. Cancer cell 2008, 14:146-55.

[115] Dai CY, Furth EE, Mick R, Koh J, Takayama T, Niitsu Y, Enders GH:
pl6(INK4a) expression begins early in human colon neoplasia and correlates inversely
with markers of cell proliferation. Gastroenterology 2000, 119:929-42.

[116] Hara E, Smith R, Parry D, Tahara H, Stone S, Peters G: Regulation of
pl6CDKN2 expression and its implications for cell immortalization and senescence.
Molecular and cellular biology 1996, 16:859-67.

[117] Shamma A, Takegami Y, Miki T, Kitajima S, Noda M, Obara T, Okamoto T,
Takahashi C: Rb Regulates DNA damage response and cellular senescence through
E2F-dependent suppression of N-ras isoprenylation. Cancer cell 2009, 15:255-69.

[118] Young AP, Kaelin WG, Jr.: Senescence triggered by the loss of the VHL tumor
suppressor. Cell Cycle 2008, 7:1709-12.

101



[119] Young AP, Schlisio S, Minamishima YA, Zhang Q, Li L, Grisanzio C, Signoretti
S, Kaelin WG, Jr.. VHL loss actuates a HIF-independent senescence programme
mediated by Rb and p400. Nature cell biology 2008, 10:361-9.

[120] Feldser DM, Greider CW: Short telomeres limit tumor progression in vivo by
inducing senescence. Cancer cell 2007, 11:461-9.

[121] Zhang Z, Rosen DG, Yao JL, Huang J, Liu J: Expression of p14ARF, p15INK4b,
pl6INK4a, and DCR2 increases during prostate cancer progression. Modern pathology :
an official journal of the United States and Canadian Academy of Pathology, Inc 2006,
19:1339-43.

[122] Hanahan D, Weinberg RA: The hallmarks of cancer. Cell 2000, 100:57-70.

[123] Hanahan D, Weinberg RA: Hallmarks of cancer: the next generation. Cell 2011,
144:646-74.

[124] Negrini S, Gorgoulis VG, Halazonetis TD: Genomic instability--an evolving
hallmark of cancer. Nature reviews Molecular cell biology 2010, 11:220-8.

[125] Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A: Cancer-related
inflammation, the seventh hallmark of cancer: links to genetic instability.
Carcinogenesis 2009, 30:1073-81.

[126] Guerra C, Collado M, Navas C, Schuhmacher AJ, Hernandez-Porras I, Canamero
M, Rodriguez-Justo M, Serrano M, Barbacid M: Pancreatitis-induced inflammation
contributes to pancreatic cancer by inhibiting oncogene-induced senescence. Cancer cell
2011, 19:728-39.

[127] Leal JF, Fominaya J, Cascon A, Guijarro MV, Blanco-Aparicio C, Lleonart M,
Castro ME, Ramon YCS, Robledo M, Beach DH, Carnero A: Cellular senescence
bypass screen identifies new putative tumor suppressor genes. Oncogene 2008,
27:1961-70.

[128] Saab R: Senescence and pre-malignancy: how do tumors progress? Seminars in
cancer biology 2011, 21:385-91.

[129] McDuff FK, Turner SD: Jailbreak: oncogene-induced senescence and its evasion.
Cellular signalling 2011, 23:6-13.

[130] Ferbeyre G, de Stanchina E, Querido E, Baptiste N, Prives C, Lowe SW: PML is
induced by oncogenic ras and promotes premature senescence. Genes & development
2000, 14:2015-27.

[131] Mallette FA, Gaumont-Leclerc MF, Huot G, Ferbeyre G: Myc down-regulation as
a mechanism to activate the Rb pathway in STAT5A-induced senescence. The Journal
of biological chemistry 2007, 282:34938-44.

[132] Toso A, Revandkar A, Di Mitri D, Guccini |, Proietti M, Sarti M, Pinton S, Zhang
J, Kalathur M, Civenni G, Jarrossay D, Montani E, Marini C, Garcia-Escudero R,
Scanziani E, Grassi F, Pandolfi PP, Catapano CV, Alimonti A: Enhancing
chemotherapy efficacy in Pten-deficient prostate tumors by activating the senescence-
associated antitumor immunity. Cell reports 2014, 9:75-89.

[133] Tan W, Gu Z, Shen B, Jiang J, Meng Y, Da Z, Liu H, Tao T, Cheng C:
PTEN/AKkt-p27 signaling promote the BM-MSCs senescence and apoptosis in SLE
patients. Journal of cellular biochemistry 2015.

102



[134] Pavey SJ, Cummings MC, Whiteman DC, Castellano M, Walsh MD, Gabrielli
BG, Green A, Hayward NK: Loss of pl6 expression is associated with histological
features of melanoma invasion. Melanoma research 2002, 12:539-47.

[135] Liggett WH, Jr., Sidransky D: Role of the p16 tumor suppressor gene in cancer.
Journal of clinical oncology : official journal of the American Society of Clinical
Oncology 1998, 16:1197-206.

[136] Zhang H, Rosdahl I: Deletion in p16INK4a and loss of p16 expression in human
skin primary and metastatic melanoma cells. International journal of oncology 2004,
24:331-5.

[137] Guida M, Sanguedolce F, Bufo P, Di Spiezio Sardo A, Bifulco G, Nappi C,
Pannone G: Aberrant DNA hypermethylation of hMLH-1 and CDKN2A/p16 genes in
benign, premalignant and malignant endometrial lesions. European journal of
gynaecological oncology 2009, 30:267-70.

[138] Chao DL, Sanchez CA, Galipeau PC, Blount PL, Paulson TG, Cowan DS, Ayub
K, Odze RD, Rabinovitch PS, Reid BJ: Cell proliferation, cell cycle abnormalities, and
cancer outcome in patients with Barrett's esophagus: a long-term prospective study.
Clinical cancer research : an official journal of the American Association for Cancer
Research 2008, 14:6988-95.

[139] Paulson TG, Galipeau PC, Xu L, Kissel HD, Li X, Blount PL, Sanchez CA, Odze
RD, Reid BJ: p16 mutation spectrum in the premalignant condition Barrett's esophagus.
PloS one 2008, 3:e3809.

[140] Aagaard L, Lukas J, Bartkova J, Kjerulff AA, Strauss M, Bartek J: Aberrations of
pl6ink4 and retinoblastoma tumour-suppressor genes occur in distinct sub-sets of
human cancer cell lines. International journal of cancer Journal international du cancer
1995, 61:115-20.

[141] Ueki K, Ono Y, Henson JW, Efird JT, von Deimling A, Louis DN: CDKN2/p16
or RB alterations occur in the majority of glioblastomas and are inversely correlated.
Cancer research 1996, 56:150-3.

[142] Munger K, Werness BA, Dyson N, Phelps WC, Harlow E, Howley PM: Complex
formation of human papillomavirus E7 proteins with the retinoblastoma tumor
suppressor gene product. The EMBO journal 1989, 8:4099-105.

[143] Chellappan S, Kraus VB, Kroger B, Munger K, Howley PM, Phelps WC, Nevins
JR: Adenovirus E1A, simian virus 40 tumor antigen, and human papillomavirus E7
protein share the capacity to disrupt the interaction between transcription factor E2F and
the retinoblastoma gene product. Proceedings of the National Academy of Sciences of
the United States of America 1992, 89:4549-53.

[144] Gras E, Pons C, Machin P, Matias-Guiu X, Prat J: Loss of heterozygosity at the
RB-1 locus and pRB immunostaining in epithelial ovarian tumors: a molecular,
immunohistochemical, and clinicopathologic study. International journal of
gynecological pathology : official journal of the International Society of Gynecological
Pathologists 2001, 20:335-40.

[145] Witkiewicz AK, Knudsen ES: Retinoblastoma tumor suppressor pathway in
breast cancer: prognosis, precision medicine, and therapeutic interventions. Breast
cancer research : BCR 2014, 16:207.

103



[146] Di Fiore R, D'Anneo A, Tesoriere G, Vento R: RB1 in cancer: different
mechanisms of RB1 inactivation and alterations of pRb pathway in tumorigenesis.
Journal of cellular physiology 2013, 228:1676-87.

[147] Damsky W, Micevic G, Meeth K, Muthusamy V, Curley DP, Santhanakrishnan
M, Erdelyi I, Platt JT, Huang L, Theodosakis N, Zaidi MR, Tighe S, Davies MA,
Dankort D, McMahon M, Merlino G, Bardeesy N, Bosenberg M: mTORCL1 activation
blocks BrafV600E-induced growth arrest but is insufficient for melanoma formation.
Cancer cell 2015, 27:41-56.

[148] Kilic Eren M, Tabor V: The role of hypoxia inducible factor-1 alpha in bypassing
oncogene-induced senescence. PloS one 2014, 9:e101064.

[149] Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Issaeva N, Vassiliou
LV, Kolettas E, Niforou K, Zoumpourlis VC, Takaoka M, Nakagawa H, Tort F, Fugger
K, Johansson F, Sehested M, Andersen CL, Dyrskjot L, Orntoft T, Lukas J, Kittas C,
Helleday T, Halazonetis TD, Bartek J, Gorgoulis VG: Oncogene-induced senescence is
part of the tumorigenesis barrier imposed by DNA damage checkpoints. Nature 2006,
444:633-7.

[150] Kuilman T, Peeper DS: Senescence-messaging secretome: SMS-ing cellular
stress. Nature reviews Cancer 2009, 9:81-94.

[151] Young AR, Narita M: SASP reflects senescence. EMBO reports 2009, 10:228-30.
[152] Coppe JP, Kauser K, Campisi J, Beausejour CM: Secretion of vascular
endothelial growth factor by primary human fibroblasts at senescence. The Journal of
biological chemistry 2006, 281:29568-74.

[153] Narita M, Krizhanovsky V, Nunez S, Chicas A, Hearn SA, Myers MP, Lowe SW:
A novel role for high-mobility group a proteins in cellular senescence and
heterochromatin formation. Cell 2006, 126:503-14.

[154] Zhang R, Poustovoitov MV, Ye X, Santos HA, Chen W, Daganzo SM, Erzberger
JP, Serebriiskii 1G, Canutescu AA, Dunbrack RL, Pehrson JR, Berger JM, Kaufman
PD, Adams PD: Formation of MacroH2A-containing senescence-associated
heterochromatin foci and senescence driven by ASFla and HIRA. Developmental cell
2005, 8:19-30.

[155] Rodriguez FJ, Folpe AL, Giannini C, Perry A: Pathology of peripheral nerve
sheath tumors: diagnostic overview and update on selected diagnostic problems. Acta
neuropathologica 2012, 123:295-319.

[156] Louis DN OH, Wiestler OD, Cavenee WK (eds). WHO Classification of Tumours
of the Central Nervous System, edn. International Agency for Research on Cancer,
Lyon 2007.

[157] Espiard S, Bertherat J: Carney complex. Frontiers of hormone research 2013,
41:50-62.

[158] MacCollin M, Woodfin W, Kronn D, Short MP: Schwannomatosis: a clinical and
pathologic study. Neurology 1996, 46:1072-9.

[159] Kishore A, O'Reilly BF: A clinical study of vestibular schwannomas in type 2
neurofibromatosis. Clinical otolaryngology and allied sciences 2000, 25:561-5.

[160] Propp JM, McCarthy BJ, Davis FG, Preston-Martin S: Descriptive epidemiology
of vestibular schwannomas. Neuro-oncology 2006, 8:1-11.

104



[161] Stangerup SE, Tos M, Thomsen J, Caye-Thomasen P: True incidence of
vestibular schwannoma? Neurosurgery 2010, 67:1335-40; discussion 40.

[162] Argenyi ZB, Balogh K, Abraham AA: Degenerative (“ancient) changes in
benign cutaneous schwannoma. A light microscopic, histochemical and
immunohistochemical study. Journal of cutaneous pathology 1993, 20:148-53.

[163] Gartmann H, Michel R, Parussis E: [Degenerative changes in schwannoma
(neurilemmoma)]. Zeitschrift fur Hautkrankheiten 1990, 65:70-6.

[164] Kawahara E, Oda Y, Ooi A, Katsuda S, Nakanishi I, Umeda S: Expression of glial
fibrillary acidic protein (GFAP) in peripheral nerve sheath tumors. A comparative study
of immunoreactivity of GFAP, vimentin, S-100 protein, and neurofilament in 38
schwannomas and 18 neurofibromas. The American journal of surgical pathology 1988,
12:115-20.

[165] Fanburg-Smith JC, Majidi M, Miettinen M: Keratin expression in schwannoma; a
study of 115 retroperitoneal and 22 peripheral schwannomas. Modern pathology : an
official journal of the United States and Canadian Academy of Pathology, Inc 2006,
19:115-21.

[166] Shinde SV, Tyagi DK, Sawant HV, Puranik GV: Plexiform schwannoma in
schwannomatosis. Journal of postgraduate medicine 2009, 55:206-7.

[167] Iwashita T, Enjoji M: Plexiform neurilemmoma: a clinicopathological and
immunohistochemical analysis of 23 tumours from 20 patients. Virchows Archiv A,
Pathological anatomy and histopathology 1987, 411:305-9.

[168] Scheithauer BW WJ, Erlandson RA: Tumors of the Peripheral Nervous System.
Atlas of Tumor Pathology Washington, DC, Armed Forces Institute of Pathology
1999:177.

[169] White W, Shiu MH, Rosenblum MK, Erlandson RA, Woodruff JM: Cellular
schwannoma. A clinicopathologic study of 57 patients and 58 tumors. Cancer 1990,
66:1266-75.

[170] Megahed M, Ruzicka T: Cellular schwannoma. The American Journal of
dermatopathology 1994, 16:418-21.

[171] Hajdu SI: Cellular schwannoma: a clinicopathologic, DNA flow cytometric, and
proliferation marker study of 70 patients. Cancer 1996, 77:591-3.

[172] Alam K, Jain A, Misra A, Khan AH: Cellular schwannoma masquerading as
malignant peripheral nerve sheath tumour: a diagnostic dilemma. BMJ case reports
2013, 2013.

[173] Skopelitou AS, Mylonakis EP, Charchanti AV, Kappas AM: Cellular
neurilemoma (schwannoma) of the descending colon mimicking carcinoma: report of a
case. Diseases of the colon and rectum 1998, 41:1193-6.

[174] Woodruff JM, Godwin TA, Erlandson RA, Susin M, Martini N: Cellular
schwannoma: a variety of schwannoma sometimes mistaken for a malignant tumor. The
American journal of surgical pathology 1981, 5:733-44.

[175] Pekmezci M, Reuss DE, Hirbe AC, Dahiya S, Gutmann DH, von Deimling A,
Horvai AE, Perry A: Morphologic and immunohistochemical features of malignant
peripheral nerve sheath tumors and cellular schwannomas. Modern pathology : an
official journal of the United States and Canadian Academy of Pathology, Inc 2015,
28:187-200.

105



[176] Zhang HY, Yang GH, Chen HJ, Wei B, Ke Q, Guo H, Ye L, Bu H, Yang K,
Zhang YH: Clinicopathological, immunohistochemical, and ultrastructural study of 13
cases of melanotic schwannoma. Chinese medical journal 2005, 118:1451-61.

[177] Vallat-Decouvelaere AV, Wassef M, Lot G, Catala M, Moussalam M, Caruel N,
Mikol J: Spinal melanotic schwannoma: a tumour with poor prognosis. Histopathology
1999, 35:558-66.

[178] Di Bella C, Declich P, Assi A, Cenacchi G, Sironi M, Cozzi L, Griner A:
Melanotic schwannoma of the sympathetic ganglia: a histologic, immunohistochemical
and ultrastructural study. Journal of neuro-oncology 1997, 35:149-52.

[179] Nonaka D, Chiriboga L, Rubin BP: Differential expression of S100 protein
subtypes in malignant melanoma, and benign and malignant peripheral nerve sheath
tumors. Journal of cutaneous pathology 2008, 35:1014-9.

[180] Torres-Mora J, Dry S, Li X, Binder S, Amin M, Folpe AL: Malignant melanotic
schwannian tumor: a clinicopathologic, immunohistochemical, and gene expression
profiling study of 40 cases, with a proposal for the reclassification of "melanotic
schwannoma". The American journal of surgical pathology 2014, 38:94-105.

[181] Liegl B, Bennett MW, Fletcher CD: Microcystic/reticular schwannoma: a distinct
variant with predilection for visceral locations. The American journal of surgical
pathology 2008, 32:1080-7.

[182] Goldblum JR, Beals TF, Weiss SW: Neuroblastoma-like neurilemoma. The
American journal of surgical pathology 1994, 18:266-73.

[183] Ferry JA, Dickersin GR: Pseudoglandular schwannoma. American journal of
clinical pathology 1988, 89:546-52.

[184] Kindblom LG, Meis-Kindblom JM, Havel G, Busch C: Benign epithelioid
schwannoma. The American journal of surgical pathology 1998, 22:762-70.

[185] Plaza JA, Wakely PE, Jr., Suster S: Lipoblastic nerve sheath tumors: report of a
distinctive variant of neural soft tissue neoplasm with adipocytic differentiation. The
American journal of surgical pathology 2006, 30:337-44.

[186] Fletcher CDM BJ HP, Mertens F, editors. : WHO Classification of Tumours of
Soft Tissue and Bone. Pathology and Genetics of Tumours of Soft Tissue and Bone.
2013.

[187] Perry A, Roth KA, Banerjee R, Fuller CE, Gutmann DH: NF1 deletions in S-100
protein-positive and negative cells of sporadic and neurofibromatosis 1 (NF1)-
associated plexiform neurofibromas and malignant peripheral nerve sheath tumors. The
American journal of pathology 2001, 159:57-61.

[188] Chaubal A, Paetau A, Zoltick P, Miettinen M: CD34 immunoreactivity in nervous
system tumors. Acta neuropathologica 1994, 88:454-8.

[189] Rodriguez-Peralto JL, Riveiro-Falkenbach E, Carrillo R: Benign cutaneous neural
tumors. Seminars in diagnostic pathology 2013, 30:45-57.

[190] Mohri S, Atsusaka K, Sasaki T: Localized multiple neurofibromas. Clinical and
experimental dermatology 1992, 17:195-6.

[191] Krohel GB, Rosenberg PN, Wright JE, Smith RS: Localized orbital
neurofibromas. American journal of ophthalmology 1985, 100:458-64.

[192] Ravi AK, Ram R, Lindberg MR, Pandey T: Diffuse infiltrative neurofibroma: a
clinical, radiological, and histological conundrum. Skeletal radiology 2014, 43:1773-8.

106



[193] van Zuuren EJ, Posma AN: Diffuse neurofibroma on the lower back. Journal of
the American Academy of Dermatology 2003, 48:938-40.

[194] Watabe K, Kumanishi T, lkuta F, Oyake Y: Tactile-like corpuscles in
neurofibromas: immunohistochemical demonstration of S-100 protein. Acta
neuropathologica 1983, 61:173-7.

[195] Schaefer IM, Fletcher CD: Malignant Peripheral Nerve Sheath Tumor (MPNST)
Arising in Diffuse-type Neurofibroma: Clinicopathologic Characterization in a Series of
9 Cases. The American journal of surgical pathology 2015, 39:1234-41.

[196] Evans HL: Sporadic superficial diffuse neurofibromas with repeated local
recurrence over many years and a tendency toward malignant change: a report of 3
cases. The American journal of surgical pathology 2013, 37:987-94.

[197] Packer RJ, Gutmann DH, Rubenstein A, Viskochil D, Zimmerman RA, Vezina G,
Small J, Korf B: Plexiform neurofibromas in NF1: toward biologic-based therapy.
Neurology 2002, 58:1461-70.

[198] Kluwe L, Friedrich RE, Korf B, Fahsold R, Mautner VF: NF1 mutations in
neurofibromatosis 1 patients with plexiform neurofibromas. Human mutation 2002,
19:309.

[199] Wu J, Williams JP, Rizvi TA, Kordich JJ, Witte D, Meijer D, Stemmer-
Rachamimov AO, Cancelas JA, Ratner N: Plexiform and dermal neurofibromas and
pigmentation are caused by Nf1 loss in desert hedgehog-expressing cells. Cancer cell
2008, 13:105-16.

[200] Evans DG, Baser ME, McGaughran J, Sharif S, Howard E, Moran A: Malignant
peripheral nerve sheath tumours in neurofibromatosis 1. Journal of medical genetics
2002, 39:311-4.

[201] McCarron KF, Goldblum JR: Plexiform neurofibroma with and without
associated malignant peripheral nerve sheath tumor: a clinicopathologic and
immunohistochemical analysis of 54 cases. Modern pathology : an official journal of
the United States and Canadian Academy of Pathology, Inc 1998, 11:612-7.

[202] Fetsch JF, Michal M, Miettinen M: Pigmented (melanotic) neurofibroma: a
clinicopathologic and immunohistochemical analysis of 19 lesions from 17 patients.
The American journal of surgical pathology 2000, 24:331-43.

[203] Scheithauer BW WJ, Erlandson RA: Tumors of the peripheral nervous system.
Armed Forces Institute of Pathology, Washington DC 1997.

[204] Woodruff JM: Pathology of tumors of the peripheral nerve sheath in type 1
neurofibromatosis. Am J Med Genet A 1999, 89:23-30.

[205] Jokinen CH, Argenyi ZB: Atypical neurofibroma of the skin and subcutaneous
tissue: clinicopathologic analysis of 11 cases. Journal of cutaneous pathology 2010,
37:35-42.

[206] Hasiotou M, Danassi-Afentaki D, Stefanaki K, Sfakianos G, Prodromou N,
Moschovi M: Early atypical malignant transformation of a plexiform neurofibroma in a
4-year-old boy with Neurofibromatosis 1. Pediatric blood & cancer 2005, 45:76-7.

[207] Hu SW, Hwang SL, Lin WC, Tsai KB: Cellular neurofibroma with atypia mimics
sarcoma: report of a case with immunohistochemical staining pattern analysis and
literature review. The Kaohsiung journal of medical sciences 2006, 22:508-14.

107



[208] Lin BT, Weiss LM, Medeiros LJ: Neurofibroma and cellular neurofibroma with
atypia: a report of 14 tumors. The American journal of surgical pathology 1997,
21:1443-9.

[209] Beert E, Brems H, Daniels B, De Wever |, Van Calenbergh F, Schoenaers J,
Debiec-Rychter M, Gevaert O, De Raedt T, Van Den Bruel A, de Ravel T, Cichowski
K, Kluwe L, Mautner V, Sciot R, Legius E: Atypical neurofibromas in
neurofibromatosis type 1 are premalignant tumors. Genes, chromosomes & cancer
2011, 50:1021-32.

[210] Kourea HP, Orlow I, Scheithauer BW, Cordon-Cardo C, Woodruff JM: Deletions
of the INK4A gene occur in malignant peripheral nerve sheath tumors but not in
neurofibromas. The American journal of pathology 1999, 155:1855-60.

[211] Nielsen GP, Stemmer-Rachamimov AO, Ino Y, Moller MB, Rosenberg AE,
Louis DN: Malignant transformation of neurofibromas in neurofibromatosis 1 is
associated with CDKN2A/p16 inactivation. The American journal of pathology 1999,
155:1879-84.

[212] Antonescu C SB, Woodruff J. : Tumors of the Peripheral Nervous System. . AFIP
Atlas of Tumor PathologyAFIP 2013, 4th Series, Fascicle 19. .

[213] Ng VY, Scharschmidt TJ, Mayerson JL, Fisher JL: Incidence and survival in
sarcoma in the United States: a focus on musculoskeletal lesions. Anticancer research
2013, 33:2597-604.

[214] Perrin RG, Guha A: Malignant peripheral nerve sheath tumors. Neurosurgery
clinics of North America 2004, 15:203-16.

[215] Widemann BC: Current status of sporadic and neurofibromatosis type 1-
associated malignant peripheral nerve sheath tumors. Current oncology reports 2009,
11:322-8.

[216] Scheithauer BW, Erdogan S, Rodriguez FJ, Burger PC, Woodruff JM, Kros JM,
Gokden M, Spinner RJ: Malignant peripheral nerve sheath tumors of cranial nerves and
intracranial contents: a clinicopathologic study of 17 cases. Am J Surg Pathol 2009,
33:325-38.

[217] Higami Y, Shimokawa I, Kishikawa M, Okimoto T, Ohtani H, Tomita M, Tsujino
A, lkeda T: Malignant peripheral nerve sheath tumors developing multifocally in the
central nervous system in a patient with neurofibromatosis type 2. Clinical
neuropathology 1998, 17:115-20.

[218] Stucky CC, Johnson KN, Gray RJ, Pockaj BA, Ocal IT, Rose PS, Wasif N:
Malignant peripheral nerve sheath tumors (MPNST): the Mayo Clinic experience.
Annals of surgical oncology 2012, 19:878-85.

[219] Ducatman BS, Scheithauer BW, Piepgras DG, Reiman HM, llstrup DM:
Malignant peripheral nerve sheath tumors. A clinicopathologic study of 120 cases.
Cancer 1986, 57:2006-21.

[220] Zou C, Smith KD, Liu J, Lahat G, Myers S, Wang WL, Zhang W, McCutcheon
IE, Slopis JM, Lazar AJ, Pollock RE, Lev D: Clinical, pathological, and molecular
variables predictive of malignant peripheral nerve sheath tumor outcome. Annals of
surgery 2009, 249:1014-22.

[221] Kosemehmetoglu K, Vrana, JA, Folpe AL.: TLE1 expression is not specific for
synovial sarcoma: a whole section study of 163 soft tissues and bone neoplasms.

108



Modern pathology : an official journal of the United States and Canadian Academy of
Pathology, Inc 2009, 22:872-8.

[222] Shimada S, Tsuzuki T, Kuroda M, Nagasaka T, Hara K, Takahashi E, Hayakawa
S, Ono K, Maeda N, Mori N, Illei PB: Nestin expression as a new marker in malignant
peripheral nerve sheath tumors. Pathology international 2007, 57:60-7.

[223] Guillou L, Coindre JM, Bonichon F, Nguyen BB, Terrier P, Collin F, Vilain MO,
Mandard AM, Le Doussal V, Leroux A, Jacquemier J, Duplay H, Sastre-Garau X, Costa
J: Comparative study of the National Cancer Institute and French Federation of Cancer
Centers Sarcoma Group grading systems in a population of 410 adult patients with soft
tissue sarcoma. Journal of clinical oncology : official journal of the American Society of
Clinical Oncology 1997, 15:350-62.

[224] Coindre JM: Grading of soft tissue sarcomas: review and update. Archives of
pathology & laboratory medicine 2006, 130:1448-53.

[225] Woodruff JM: Pathology of tumors of the peripheral nerve sheath in type 1
neurofibromatosis. American journal of medical genetics 1999, 89:23-30.

[226] Agaimy A, Stachel KD, Jungert J, Radkow T, Carbon R, Metzler M, Holter W:
Malignant  epithelioid peripheral nerve sheath tumor with  prominent
reticular/microcystic pattern in a child: a low-grade neoplasm with 18-years follow-up.
Applied immunohistochemistry & molecular morphology : AIMM / official publication
of the Society for Applied Immunohistochemistry 2014, 22:627-33.

[227] Rodriguez FJ, Scheithauer BW, Abell-Aleff PC, Elamin E, Erlandson RA: Low
grade malignant peripheral nerve sheath tumor with smooth muscle differentiation. Acta
neuropathologica 2007, 113:705-9.

[228] Olsen SH, Thomas DG, Lucas DR: Cluster analysis of immunohistochemical
profiles in synovial sarcoma, malignant peripheral nerve sheath tumor, and Ewing
sarcoma. Modern pathology : an official journal of the United States and Canadian
Academy of Pathology, Inc 2006, 19:659-68.

[229] Rose DS, Wilkins MJ, Birch R, Evans DJ: Malignant peripheral nerve sheath
tumour with rhabdomyoblastic and glandular differentiation: immunohistochemical
features. Histopathology 1992, 21:287-90.

[230] Jo VY, Fletcher CD: Epithelioid Malignant Peripheral Nerve Sheath Tumor:
Clinicopathologic Analysis of 63 Cases. The American journal of surgical pathology
2015.

[231] Perry A, Kunz SN, Fuller CE, Banerjee R, Marley EF, Liapis H, Watson MA,
Gutmann DH: Differential NF1, p16, and EGFR patterns by interphase cytogenetics
(FISH) in malignant peripheral nerve sheath tumor (MPNST) and morphologically
similar spindle cell neoplasms. Journal of neuropathology and experimental neurology
2002, 61:702-9.

[232] Huson SM, Compston DA, Clark P, Harper PS: A genetic study of von
Recklinghausen neurofibromatosis in south east Wales. I. Prevalence, fitness, mutation
rate, and effect of parental transmission on severity. Journal of medical genetics 1989,
26:704-11.

[233] Orraca M, Morejon G, Cabrera N, Menendez R, Orraca O: Neurofibromatosis 1
prevalence in children aged 9-11 years, Pinar del Rio Province, Cuba. MEDICC review
2014, 16:22-6.

109



[234] Lammert M, Friedman JM, Kluwe L, Mautner VF: Prevalence of
neurofibromatosis 1 in German children at elementary school enrollment. Archives of
dermatology 2005, 141:71-4.

[235] Fazii P, Passamonti M, Lappa G, Di Mascio R, Ballone E: Prevalence of
neurofibromatosis type 1 among the young adult population of central Italy. Archives of
dermatology 1998, 134:1303-4.

[236] Tonsgard JH: Clinical manifestations and management of neurofibromatosis type
1. Seminars in pediatric neurology 2006, 13:2-7.

[237] von Deimling A FR, Krone W.: Familial tumour syndromes involving the nervous
system. Pathology and Genetics: Tumours of the Nervous System Lyon: IARC Press,
2000, Kleihues P, Cavenee WK (eds):216-8.

[238] Ferner RE: Neurofibromatosis 1 and neurofibromatosis 2: a twenty first century
perspective. The Lancet Neurology 2007, 6:340-51.

[239] Baser ME, Friedman JM, Wallace AJ, Ramsden RT, Joe H, Evans DG:
Evaluation of clinical diagnostic criteria for neurofibromatosis 2. Neurology 2002,
59:1759-65.

[240] MacCollin M, Mautner VF: The diagnosis and management of neurofibromatosis
2 in childhood. Seminars in pediatric neurology 1998, 5:243-52.

[241] Ruggieri M, lannetti P, Polizzi A, La Mantia I, Spalice A, Giliberto O, Platania N,
Gabriele AL, Albanese V, Pavone L: Earliest clinical manifestations and natural history
of neurofibromatosis type 2 (NF2) in childhood: a study of 24 patients. Neuropediatrics
2005, 36:21-34.

[242] Xu GF, O'Connell P, Viskochil D, Cawthon R, Robertson M, Culver M, Dunn D,
Stevens J, Gesteland R, White R, et al.: The neurofibromatosis type 1 gene encodes a
protein related to GAP. Cell 1990, 62:599-608.

[243] Viskochil D, Buchberg AM, Xu G, Cawthon RM, Stevens J, Wolff RK, Culver
M, Carey JC, Copeland NG, Jenkins NA, et al.: Deletions and a translocation interrupt a
cloned gene at the neurofibromatosis type 1 locus. Cell 1990, 62:187-92.

[244] Wallace MR, Marchuk DA, Andersen LB, Letcher R, Odeh HM, Saulino AM,
Fountain JW, Brereton A, Nicholson J, Mitchell AL, et al.: Type 1 neurofibromatosis
gene: identification of a large transcript disrupted in three NF1 patients. Science 1990,
249:181-6.

[245] Li Y, Bollag G, Clark R, Stevens J, Conroy L, Fults D, Ward K, Friedman E,
Samowitz W, Robertson M, et al.: Somatic mutations in the neurofibromatosis 1 gene in
human tumors. Cell 1992, 69:275-81.

[246] Daston MM, Scrable H, Nordlund M, Sturbaum AK, Nissen LM, Ratner N: The
protein product of the neurofibromatosis type 1 gene is expressed at highest abundance
in neurons, Schwann cells, and oligodendrocytes. Neuron 1992, 8:415-28.

[247] Bos JL: ras oncogenes in human cancer: a review. Cancer research 1989,
49:4682-9.

[248] Bollag G, McCormick F: Differential regulation of rasGAP and neurofibromatosis
gene product activities. Nature 1991, 351:576-9.

[249] Downward J: Ras signalling and apoptosis. Current opinion in genetics &
development 1998, 8:49-54.

110



[250] Gottfried ON, Viskochil DH, Couldwell WT: Neurofibromatosis Type 1 and
tumorigenesis: molecular mechanisms and therapeutic implications. Neurosurgical
focus 2010, 28:ES8.

[251] Banerjee S, Crouse NR, Emnett RJ, Gianino SM, Gutmann DH:
Neurofibromatosis-1 regulates mTOR-mediated astrocyte growth and glioma formation
in a TSC/Rheb-independent manner. Proceedings of the National Academy of Sciences
of the United States of America 2011, 108:15996-6001.

[252] Johannessen CM, Reczek EE, James MF, Brems H, Legius E, Cichowski K: The
NF1 tumor suppressor critically regulates TSC2 and mTOR. Proceedings of the
National Academy of Sciences of the United States of America 2005, 102:8573-8.

[253] McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EW, Chang F,
Lehmann B, Terrian DM, Milella M, Tafuri A, Stivala F, Libra M, Basecke J,
Evangelisti C, Martelli AM, Franklin RA: Roles of the Raf/MEK/ERK pathway in cell
growth, malignant transformation and drug resistance. Biochimica et biophysica acta
2007, 1773:1263-84.

[254] Lutchman M, Rouleau GA: The neurofibromatosis type 2 gene product,
schwannomin, suppresses growth of NIH 3T3 cells. Cancer research 1995, 55:2270-4.
[255] Li W, Cooper J, Karajannis MA, Giancotti FG: Merlin: a tumour suppressor with
functions at the cell cortex and in the nucleus. EMBO reports 2012, 13:204-15.

[256] Scoles DR: The merlin interacting proteins reveal multiple targets for NF2
therapy. Biochimica et biophysica acta 2008, 1785:32-54.

[257] Bai Y, Liu YJ, Wang H, Xu Y, Stamenkovic I, Yu Q: Inhibition of the
hyaluronan-CD44 interaction by merlin contributes to the tumor-suppressor activity of
merlin. Oncogene 2007, 26:836-50.

[258] Stamenkovic I, Yu Q: Merlin, a "magic"” linker between extracellular cues and
intracellular signaling pathways that regulate cell motility, proliferation, and survival.
Current protein & peptide science 2010, 11:471-84.

[259] Zhou L, Hanemann CO: Merlin, a multi-suppressor from cell membrane to the
nucleus. FEBS letters 2012, 586:1403-8.

[260] Kim H, Kwak NJ, Lee JY, Choi BH, Lim Y, Ko YJ, Kim YH, Huh PW, Lee KH,
Rha HK, Wang YP: Merlin neutralizes the inhibitory effect of Mdm2 on p53. The
Journal of biological chemistry 2004, 279:7812-8.

[261] Hamaratoglu F, Willecke M, Kango-Singh M, Nolo R, Hyun E, Tao C, Jafar-
Nejad H, Halder G: The tumour-suppressor genes NF2/Merlin and Expanded act
through Hippo signalling to regulate cell proliferation and apoptosis. Nature cell biology
2006, 8:27-36.

[262] James MF, Han S, Polizzano C, Plotkin SR, Manning BD, Stemmer-Rachamimov
AO, Gusella JF, Ramesh V: NF2/merlin is a novel negative regulator of mTOR
complex 1, and activation of mTORC1 is associated with meningioma and schwannoma
growth. Molecular and cellular biology 2009, 29:4250-61.

[263] Morrison H, Sperka T, Manent J, Giovannini M, Ponta H, Herrlich P:
Merlin/neurofibromatosis type 2 suppresses growth by inhibiting the activation of Ras
and Rac. Cancer research 2007, 67:520-7.

[264] Rong R, Tang X, Gutmann DH, Ye K: Neurofibromatosis 2 (NF2) tumor
suppressor merlin inhibits phosphatidylinositol 3-kinase through binding to PIKE-L.

111



Proceedings of the National Academy of Sciences of the United States of America
2004, 101:18200-5.

[265] Pasmant E, Vidaud M, Vidaud D, Wolkenstein P: Neurofibromatosis type 1: from
genotype to phenotype. Journal of medical genetics 2012, 49:483-9.

[266] Pasmant E, Sabbagh A, Spurlock G, Laurendeau I, Grillo E, Hamel MJ, Martin L,
Barbarot S, Leheup B, Rodriguez D, Lacombe D, Dollfus H, Pasquier L, Isidor B,
Ferkal S, Soulier J, Sanson M, Dieux-Coeslier A, Bieche I, Parfait B, Vidaud M,
Wolkenstein P, Upadhyaya M, Vidaud D: NF1 microdeletions in neurofibromatosis
type 1: from genotype to phenotype. Human mutation 2010, 31:E1506-18.

[267] Selvanathan SK, Shenton A, Ferner R, Wallace AJ, Huson SM, Ramsden RT,
Evans DG: Further genotype--phenotype correlations in neurofibromatosis 2. Clinical
genetics 2010, 77:163-70.

[268] Campbell SL, Khosravi-Far R, Rossman KL, Clark GJ, Der CJ: Increasing
complexity of Ras signaling. Oncogene 1998, 17:1395-413.

[269] Vojtek AB, Der CJ: Increasing complexity of the Ras signaling pathway. The
Journal of biological chemistry 1998, 273:19925-8.

[270] Storlazzi CT, Von Steyern FV, Domanski HA, Mandahl N, Mertens F: Biallelic
somatic inactivation of the NF1 gene through chromosomal translocations in a sporadic
neurofibroma. International journal of cancer Journal international du cancer 2005,
117:1055-7.

[271] Beert E, Brems H, Renard M, Ferreiro JF, Melotte C, Thoelen R, De Wever I,
Sciot R, Legius E, Debiec-Rychter M: Biallelic inactivation of NF1 in a sporadic
plexiform neurofibroma. Genes, chromosomes & cancer 2012, 51:852-7.

[272] Bikhazi PH, Lalwani AK, Kim EJ, Bikhazi N, Attaie A, Slattery WH, Jackler RK,
Brackmann DE: Germline screening of the NF-2 gene in families with unilateral
vestibular schwannoma. Otolaryngology--head and neck surgery : official journal of
American Academy of Otolaryngology-Head and Neck Surgery 1998, 119:1-6.

[273] Warren C, James LA, Ramsden RT, Wallace A, Baser ME, Varley JM, Evans
DG: Identification of recurrent regions of chromosome loss and gain in vestibular
schwannomas using comparative genomic hybridisation. Journal of medical genetics
2003, 40:802-6.

[274] Gutmann DH, Giordano MJ, Fishback AS, Guha A: Loss of merlin expression in
sporadic meningiomas, ependymomas and schwannomas. Neurology 1997, 49:267-70.
[275] Lassaletta L, Torres-Martin M, Pena-Granero C, Roda JM, Santa-Cruz-Ruiz S,
Castresana JS, Gavilan J, Rey JA: NF2 genetic alterations in sporadic vestibular
schwannomas: clinical implications. Otology & neurotology : official publication of the
American Otological Society, American Neurotology Society [and] European Academy
of Otology and Neurotology 2013, 34:1355-61.

[276] Cristobal R, Wackym PA, Cioffi JA, Erbe CB, Roche JP, Popper P: Assessment
of differential gene expression in vestibular epithelial cell types using microarray
analysis. Brain research Molecular brain research 2005, 133:19-36.

[277] Chen Y, Wang ZY, Wu H: P14ARF deficiency and its correlation with
overexpression of p53/MDM2 in sporadic vestibular schwannomas. Eur Arch
Otorhinolaryngol 2014.

112



[278] Torres-Martin M, Lassaletta L, San-Roman-Montero J, De Campos JM, Isla A,
Gavilan J, Melendez B, Pinto GR, Burbano RR, Castresana JS, Rey JA: Microarray
analysis of gene expression in vestibular schwannomas reveals SPP1/MET signaling
pathway and androgen receptor deregulation. International journal of oncology 2013,
42:848-62.

[279] Endo M, Yamamoto H, Setsu N, Kohashi K, Takahashi Y, Ishii T, lida K,
Matsumoto Y, Hakozaki M, Aoki M, Iwasaki H, Dobashi Y, Nishiyama K, Iwamoto Y,
Oda Y: Prognostic significance of AKT/mTOR and MAPK pathways and antitumor
effect of mTOR inhibitor in NF1-related and sporadic malignant peripheral nerve sheath
tumors. Clinical cancer research : an official journal of the American Association for
Cancer Research 2013, 19:450-61.

[280] Keizman D, Issakov J, Meller I, Maimon N, Ish-Shalom M, Sher O, Merimsky O:
Expression and significance of EGFR in malignant peripheral nerve sheath tumor.
Journal of neuro-oncology 2009, 94:383-8.

[281] Leroy K, Dumas V, Martin-Garcia N, Falzone MC, Voisin MC, Wechsler J,
Revuz J, Creange A, Levy E, Lantieri L, Zeller J, Wolkenstein P: Malignant peripheral
nerve sheath tumors associated with neurofibromatosis type 1: a clinicopathologic and
molecular study of 17 patients. Archives of dermatology 2001, 137:908-13.

[282] Watson MA, Perry A, Tihan T, Prayson RA, Guha A, Bridge J, Ferner R,
Gutmann DH: Gene expression profiling reveals unique molecular subtypes of
Neurofibromatosis Type I-associated and sporadic malignant peripheral nerve sheath
tumors. Brain Pathol 2004, 14:297-303.

[283] Tiffen J, Gallagher SJ, Hersey P: EZH2: an emerging role in melanoma biology
and strategies for targeted therapy. Pigment cell & melanoma research 2015, 28:21-30.
[284] Mahmoud F, Shields B, Makhoul I, Hutchins LF, Shalin SC, Tackett AJ: Role of
EZH2 histone methyltrasferase in melanoma progression and metastasis. Cancer
biology & therapy 2016:0.

[285] Lee W, Teckie S, Wiesner T, Ran L, Prieto Granada CN, Lin M, Zhu S, Cao Z,
Liang Y, Sboner A, Tap WD, Fletcher JA, Huberman KH, Qin LX, Viale A, Singer S,
Zheng D, Berger MF, Chen Y, Antonescu CR, Chi P: PRC2 is recurrently inactivated
through EED or SUZ12 loss in malignant peripheral nerve sheath tumors. Nature
genetics 2014, 46:1227-32.

[286] De Raedt T, Beert E, Pasmant E, Luscan A, Brems H, Ortonne N, Helin K,
Hornick JL, Mautner V, Kehrer-Sawatzki H, Clapp W, Bradner J, Vidaud M,
Upadhyaya M, Legius E, Cichowski K: PRC2 loss amplifies Ras-driven transcription
and confers sensitivity to BRD4-based therapies. Nature 2014, 514:247-51.

[287] Hilton DA, Hanemann CO: Schwannomas and their pathogenesis. Brain Pathol
2014, 24:205-20.

[288] Staser K, Yang FC, Clapp DW: Pathogenesis of plexiform neurofibroma: tumor-
stromal/hematopoietic interactions in tumor progression. Annual review of pathology
2012, 7:469-95.

[289] Kourea HP, Cordon-Cardo C, Dudas M, Leung D, Woodruff JM: Expression of
p27(kip) and other cell cycle regulators in malignant peripheral nerve sheath tumors and
neurofibromas: the emerging role of p27(kip) in malignant transformation of
neurofibromas. The American journal of pathology 1999, 155:1885-91.

113



[290] Katz D, Lazar A, Lev D: Malignant peripheral nerve sheath tumour (MPNST): the
clinical implications of cellular signalling pathways. Expert reviews in molecular
medicine 2009, 11:e30.

[291] Mawrin C: Critical role of PTEN for development and progression of nerve
sheath tumors in neurofibromatosis type 1. Future Oncol 2010, 6:499-501.

[292] Perrone F, Da Riva L, Orsenigo M, Losa M, Jocolle G, Millefanti C, Pastore E,
Gronchi A, Pierotti MA, Pilotti S: PDGFRA, PDGFRB, EGFR, and downstream
signaling activation in malignant peripheral nerve sheath tumor. Neuro-oncology 2009,
11:725-36.

[293] Perrone F, Tabano S, Colombo F, Dagrada G, Birindelli S, Gronchi A, Colecchia
M, Pierotti MA, Pilotti S: p15INK4b, p14ARF, and p16INK4a inactivation in sporadic
and neurofibromatosis type 1-related malignant peripheral nerve sheath tumors. Clinical
cancer research : an official journal of the American Association for Cancer Research
2003, 9:4132-8.

[294] Baehring JM, Betensky RA, Batchelor TT: Malignant peripheral nerve sheath
tumor: the clinical spectrum and outcome of treatment. Neurology 2003, 61:696-8.
[295] Wong WW, Hirose T, Scheithauer BW, Schild SE, Gunderson LL: Malignant
peripheral nerve sheath tumor: analysis of treatment outcome. International journal of
radiation oncology, biology, physics 1998, 42:351-60.

[296] Kourea HP, Bilsky MH, Leung DH, Lewis JJ, Woodruff JM: Subdiaphragmatic
and intrathoracic paraspinal malignant peripheral nerve sheath tumors: a
clinicopathologic study of 25 patients and 26 tumors. Cancer 1998, 82:2191-203.

[297] Gupta G, Mammis A, Maniker A: Malignant peripheral nerve sheath tumors.
Neurosurgery clinics of North America 2008, 19:533-43, v.

[298] Pisters PW, Leung DH, Woodruff J, Shi W, Brennan MF: Analysis of prognostic
factors in 1,041 patients with localized soft tissue sarcomas of the extremities. Journal
of clinical oncology : official journal of the American Society of Clinical Oncology
1996, 14:1679-89.

[299] Kahn J, Gillespie A, Tsokos M, Ondos J, Dombi E, Camphausen K, Widemann
BC, Kaushal A: Radiation therapy in management of sporadic and neurofibromatosis
type 1-associated malignant peripheral nerve sheath tumors. Frontiers in oncology 2014,
4:324.

[300] Pourtsidis A, Doganis D, Baka M, Bouhoutsou D, Varvoutsi M, Synodinou M,
Giamarelou P, Kosmidis H: Malignant peripheral nerve sheath tumors in children with
neurofibromatosis type 1. Case reports in oncological medicine 2014, 2014:843749.
[301] Zehou O, Fabre E, Zelek L, Shidian E, Ortonne N, Banu E, Wolkenstein P,
Valeyrie-Allanore L: Chemotherapy for the treatment of malignant peripheral nerve
sheath tumors in neurofibromatosis 1: a 10-year institutional review. Orphanet journal
of rare diseases 2013, 8:127.

[302] Brosius SN, Turk AN, Byer SJ, Longo JF, Kappes JC, Roth KA, Carroll SL:
Combinatorial therapy with tamoxifen and trifluoperazine effectively inhibits malignant
peripheral nerve sheath tumor growth by targeting complementary signaling cascades.
Journal of neuropathology and experimental neurology 2014, 73:1078-90.

[303] Ferrari A, Bisogno G, Carli M: Management of childhood malignant peripheral
nerve sheath tumor. Paediatric drugs 2007, 9:239-48.

114



[304] Carli M, Ferrari A, Mattke A, Zanetti I, Casanova M, Bisogno G, Cecchetto G,
Alaggio R, De Sio L, Koscielniak E, Sotti G, Treuner J: Pediatric malignant peripheral
nerve sheath tumor: the Italian and German soft tissue sarcoma cooperative group.
Journal of clinical oncology : official journal of the American Society of Clinical
Oncology 2005, 23:8422-30.

[305] Kanta M, Petera J, Ehler E, Prochazka E, Lastovicka D, Habalova J, Valis M,
Rehak S: Malignant schwannoma of the obturator nerve. Bratislavske lekarske listy
2013, 114:584-6.

[306] Cuneo KC, Riedel RF, Dodd LG, Harpole DH, Jr., Kirsch DG: Pathologic
complete response of a malignant peripheral nerve sheath tumor in the lung treated with
neoadjuvant Ifosfamide and radiation therapy. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology 2012, 30:e291-3.

[307] Seferis C, Torrens M, Paraskevopoulou C, Psichidis G: Malignant transformation
in vestibular schwannoma: report of a single case, literature search, and debate. Journal
of neurosurgery 2014, 121 Suppl:160-6.

[308] Antinheimo J, Haapasalo H, Seppala M, Sainio M, Carpen O, Jaaskelainen J:
Proliferative potential of sporadic and neurofibromatosis 2-associated schwannomas as
studied by MIB-1 (Ki-67) and PCNA labeling. Journal of neuropathology and
experimental neurology 1995, 54:776-82.

[309] Szeremeta W, Monsell EM, Rock JP, Caccamo DV: Proliferation indices of
vestibular schwannomas by Ki-67 and proliferating cell nuclear antigen. The American
journal of otology 1995, 16:616-9.

[310] Yokoo H, Arai H, Isoda K, Arai M, Sasaki A, Hirato J, Nakazato Y:
Characterization of eosinophilic hyaline droplets in schwannoma. Acta
neuropathologica 2003, 105:170-6.

[311] Yokoo H, Qishi T, Isoda K, Nakazato Y, Toyokuni S: Oxidative stress is related
to the formation of Antoni B patterns and eosinophilic hyaline droplets in
schwannomas. Neuropathology : official journal of the Japanese Society of
Neuropathology 2007, 27:237-44.

[312] Kamb A, Gruis NA, Weaver-Feldhaus J, Liu Q, Harshman K, Tavtigian SV,
Stockert E, Day RS, 3rd, Johnson BE, Skolnick MH: A cell cycle regulator potentially
involved in genesis of many tumor types. Science 1994, 264:436-40.

[313] Coqueret O: Linking cyclins to transcriptional control. Gene 2002, 299:35-55.
[314] Arnold A: The cyclin D1/PRAD1 oncogene in human neoplasia. Journal of
investigative medicine : the official publication of the American Federation for Clinical
Research 1995, 43:543-9.

[315] Donnellan R, Chetty R: Cyclin D1 and human neoplasia. Molecular pathology :
MP 1998, 51:1-7.

[316] Qu DW, Xu HS, Han XJ, Wang YL, Ouyang CJ: Expression of cyclinD1 and Ki-
67 proteins in gliomas and its clinical significance. European review for medical and
pharmacological sciences 2014, 18:516-9.

[317] Wang H, Makki MS, Wen J, Dai Y, Shi Q, Liu Q, Zhou X, Wang J:
Overexpression of beta-catenin and cyclinD1 predicts a poor prognosis in ovarian
serous carcinomas. International journal of clinical and experimental pathology 2014,
7:264-71.

115



[318] Lassaletta L, Patron M, Del Rio L, Alfonso C, Roda JM, Rey JA, Gavilan J:
Cyclin D1 expression and histopathologic features in vestibular schwannomas. Otology
& neurotology : official publication of the American Otological Society, American
Neurotology Society [and] European Academy of Otology and Neurotology 2007,
28:939-41.

[319] Lassaletta L, Patron M, Gonzalez T, Martinez-Glez V, Rey JA, Gavilan J:
RASSF1A methylation and cyclin D1 expression in vestibular schwannomas. Acta
neuropathologica 2007, 114:431-3.

[320] Li C, Li X, Chen W, Yu S, Chen J, Wang H, Ruan D: The different roles of
cyclinD1-CDK4 in STP and mGIuR-LTD during the postnatal development in mice
hippocampus area CA1. BMC developmental biology 2007, 7:57.

[321] Sumrejkanchanakij P, Tamamori-Adachi M, Matsunaga Y, Eto K, lkeda MA:
Role of cyclin D1 cytoplasmic sequestration in the survival of postmitotic neurons.
Oncogene 2003, 22:8723-30.

[322] Terai S, Okita K: Does cytoplasmic cyclin D1 regulate the cell cycle directly?
Journal of gastroenterology 1999, 34:547-8.

[323] Lucibello FC, Sewing A, Brusselbach S, Burger C, Muller R: Deregulation of
cyclins D1 and E and suppression of cdk2 and cdk4 in senescent human fibroblasts.
Journal of cell science 1993, 105 ( Pt 1):123-33.

[324] Morisaki H, Ando A, Nagata Y, Pereira-Smith O, Smith JR, Ikeda K, Nakanishi
M: Complex mechanisms underlying impaired activation of Cdk4 and Cdk2 in
replicative senescence: roles of p16, p21, and cyclin D1. Experimental cell research
1999, 253:503-10.

[325] Han EK, Ng SC, Arber N, Begemann M, Weinstein IB: Roles of cyclin D1 and
related genes in growth inhibition, senescence and apoptosis. Apoptosis : an
international journal on programmed cell death 1999, 4:213-9.

[326] Lien WH, Chen CK, Lai LY, Chen YH, Wu MP, Wu LW: Participation of cyclin
D1 deregulation in TNP-470-mediated cytostatic effect: involvement of senescence.
Biochemical pharmacology 2004, 68:729-38.

[327] Zalzali H, Harajly M, Abdul-Latif L, EI-Chaar N, Dbaibo G, Skapek SX, Saab R:
Temporally distinct roles for tumor suppressor pathways in cell cycle arrest and cellular
senescence in Cyclin D1-driven tumor. Molecular cancer 2012, 11:28.

[328] Leontieva OV, Blagosklonny MV: CDK4/6-inhibiting drug substitutes for p21
and pl6 in senescence: duration of cell cycle arrest and MTOR activity determine
geroconversion. Cell Cycle 2013, 12:3063-9.

[329] Leontieva OV, Lenzo F, Demidenko ZN, Blagosklonny MV: Hyper-mitogenic
drive coexists with mitotic incompetence in senescent cells. Cell Cycle 2012, 11:4642-
9.

[330] Dulic V, Drullinger LF, Lees E, Reed SI, Stein GH: Altered regulation of G1
cyclins in senescent human diploid fibroblasts: accumulation of inactive cyclin E-Cdk2
and cyclin D1-Cdk2 complexes. Proceedings of the National Academy of Sciences of
the United States of America 1993, 90:11034-8.

[331] Atadja P, Wong H, Veillete C, Riabowol K: Overexpression of cyclin D1 blocks
proliferation of normal diploid fibroblasts. Experimental cell research 1995, 217:205-
16.

116



[332] Fukami-Kobayashi J, Mitsui Y: The regulation of cyclin D1 expression in
senescent human fibroblasts. Experimental cell research 1998, 241:435-44.

[333] Burton DG, Sheerin AN, Ostler EL, Smith K, Giles PJ, Lowe J, Rhys-Williams
W, Kipling DG, Faragher RG: Cyclin D1 overexpression permits the reproducible
detection of senescent human vascular smooth muscle cells. Annals of the New York
Academy of Sciences 2007, 1119:20-31.

[334] Brown NE, Jeselsohn R, Bihani T, Hu MG, Foltopoulou P, Kuperwasser C, Hinds
PW: Cyclin D1 activity regulates autophagy and senescence in the mammary
epithelium. Cancer research 2012, 72:6477-809.

[335] Wang XD, Lapi E, Sullivan A, Ratnayaka I, Goldin R, Hay R, Lu X: SUMO-
modified nuclear cyclin D1 bypasses Ras-induced senescence. Cell death and
differentiation 2011, 18:304-14.

[336] Leontieva OV, Demidenko ZN, Blagosklonny MV: MEK drives cyclin D1
hyperelevation during geroconversion. Cell death and differentiation 2013, 20:1241-9.
[337] Akamatsu Y, Murakami K, Watanabe M, Jokura H, Tominaga T: Malignant
peripheral nerve sheath tumor arising from benign vestibular schwannoma treated by
gamma knife radiosurgery after two previous surgeries: a case report with surgical and
pathological observations. World neurosurgery 2010, 73:751-4.

[338] Kindblom LG, Ahlden M, Meis-Kindblom JM, Stenman G:
Immunohistochemical and molecular analysis of p53, MDMZ2, proliferating cell nuclear
antigen and Ki67 in benign and malignant peripheral nerve sheath tumours. Virchows
Archiv : an international journal of pathology 1995, 427:19-26.

[339] Watanabe T, Oda Y, Tamiya S, Kinukawa N, Masuda K, Tsuneyoshi M:
Malignant peripheral nerve sheath tumours: high Ki67 labelling index is the significant
prognostic indicator. Histopathology 2001, 39:187-97.

[340] Sabah M, Cummins R, Leader M, Kay E: Loss of p16 (INK4A) expression is
associated with allelic imbalance/loss of heterozygosity of chromosome 9p21 in
microdissected ~ malignant  peripheral ~ nerve  sheath  tumors.  Applied
immunohistochemistry & molecular morphology : AIMM / official publication of the
Society for Applied Immunohistochemistry 2006, 14:97-102.

[341] Endo M, Kobayashi C, Setsu N, Takahashi Y, Kohashi K, Yamamoto H, Tamiya
S, Matsuda S, lwamoto Y, Tsuneyoshi M, Oda Y: Prognostic significance of pl4ARF,
p15INK4b, and pl16INK4a inactivation in malignant peripheral nerve sheath tumors.
Clinical cancer research : an official journal of the American Association for Cancer
Research 2011, 17:3771-82.

[342] Berner JM, Sorlie T, Mertens F, Henriksen J, Saeter G, Mandahl N, Brogger A,
Myklebost O, Lothe RA: Chromosome band 9p21 is frequently altered in malignant
peripheral nerve sheath tumors: studies of CDKN2A and other genes of the pRB
pathway. Genes, chromosomes & cancer 1999, 26:151-60.

[343] Chang CJ, Hung MC: The role of EZH2 in tumour progression. British journal of
cancer 2012, 106:243-7.

[344] Walker E, Manias JL, Chang WY, Stanford WL: PCL2 modulates gene regulatory
networks controlling self-renewal and commitment in embryonic stem cells. Cell Cycle
2011, 10:45-51.

117



[345] Chen Y, Pan K, Wang P, Cao Z, Wang W, Wang S, Hu N, Xue J, Li H, Jiang W,
Li G, Zhang X: HBP1-mediated regulation of p21 through Mdm2/p53 and TCF4/EZH2
pathways and its impact on cell senescence and tumorigenesis. The Journal of biological
chemistry 2016.

[346] lannetti A, Ledoux AC, Tudhope SJ, Sellier H, Zhao B, Mowla S, Moore A,
Hummerich H, Gewurz BE, Cockell SJ, Jat PS, Willmore E, Perkins ND: Regulation of
p53 and RDb links the alternative NF-kappaB pathway to EZH2 expression and cell
senescence. PLoS genetics 2014, 10:e1004642.

[347] Jie B, Weilong C, Ming C, Fei X, Xinghua L, Junhua C, Guobin W, Kaixiong T,
Xiaoming S: Enhancer of zeste homolog 2 depletion induces cellular senescence via
histone demethylation along the INK4/ARF locus. The international journal of
biochemistry & cell biology 2015, 65:104-12.

[348] Fan T, Jiang S, Chung N, Alikhan A, Ni C, Lee CC, Hornyak TJ: EZH2-
dependent suppression of a cellular senescence phenotype in melanoma cells by
inhibition of p21/CDKN1A expression. Molecular cancer research : MCR 2011, 9:418-
29.

[349] Bai J, Chen J, Ma M, Cai M, Xu F, Wang G, Tao K, Shuai X: Inhibiting enhancer
of zeste homolog 2 promotes cellular senescence in gastric cancer cells SGC-7901 by
activation of p21 and p16. DNA and cell biology 2014, 33:337-44.

[350] Halling KC SB, Halling AC, Nascimento AG, Ziesmer SC, Roche PC, Wollan
PC.: p53 expression in neurofibroma and malignant peripheral nerve sheath tumor. An
immunohistochemical study of sporadic and NF1-associated tumors. American journal
of clinical pathology 1996, 106:282-8.

[351] Birindelli S, Perrone F, Oggionni M, Lavarino C, Pasini B, Vergani B, Ranzani
GN, Pierotti MA, Pilotti S: Rb and TP53 pathway alterations in sporadic and NF1-
related malignant peripheral nerve sheath tumors. Laboratory investigation; a journal of
technical methods and pathology 2001, 81:833-44.

[352] Mawrin C, Kirches E, Boltze C, Dietzmann K, Roessner A, Schneider-Stock R:
Immunohistochemical and molecular analysis of p53, RB, and PTEN in malignant
peripheral nerve sheath tumors. Virchows Archiv : an international journal of pathology
2002, 440:610-5.

[353] Keng VW, Rahrmann EP, Watson AL, Tschida BR, Moertel CL, Jessen WJ,
Rizvi TA, Collins MH, Ratner N, Largaespada DA: PTEN and NF1 inactivation in
Schwann cells produces a severe phenotype in the peripheral nervous system that
promotes the development and malignant progression of peripheral nerve sheath tumors.
Cancer research 2012, 72:3405-13.

[354] Brems H, Beert E, de Ravel T, Legius E: Mechanisms in the pathogenesis of
malignant tumours in neurofibromatosis type 1. The Lancet Oncology 2009, 10:508-15.
[355] Baser ME, Kuramoto L, Joe H, Friedman JM, Wallace AJ, Gillespie JE, Ramsden
RT, Evans DG: Genotype-phenotype correlations for nervous system tumors in
neurofibromatosis 2: a population-based study. American journal of human genetics
2004, 75:231-9.

[356] Brennan MF SS, Maki RG et al.: Sarcomas of the soft tissue and bone. In DeVita
VT Jr, Lawrence TS, Rosenbert SA eds Cancer: principles & practice of oncology, 8th
edn 2008, Philadelphia, PA: Lippincott Williams & Wilkins:2008;1741-89.

118



[357] Marocchio LS, Oliveira DT, Pereira MC, Soares CT, Fleury RN: Sporadic and
multiple neurofibromas in the head and neck region: a retrospective study of 33 years.
Clinical oral investigations 2007, 11:165-9.

[358] McMenamin ME, Fletcher CD: Expanding the spectrum of malignant change in
schwannomas: epithelioid malignant change, epithelioid malignant peripheral nerve
sheath tumor, and epithelioid angiosarcoma: a study of 17 cases. The American journal
of surgical pathology 2001, 25:13-25.

[359] Woodruff JM, Selig AM, Crowley K, Allen PW: Schwannoma (neurilemoma)
with malignant transformation. A rare, distinctive peripheral nerve tumor. The
American journal of surgical pathology 1994, 18:882-95.

[360] Adameyko I, Lallemend F, Aquino JB, Pereira JA, Topilko P, Muller T, Fritz N,
Beljajeva A, Mochii M, Liste I, Usoskin D, Suter U, Birchmeier C, Ernfors P: Schwann
cell precursors from nerve innervation are a cellular origin of melanocytes in skin. Cell
2009, 139:366-79.

[361] Brose MS, Volpe P, Feldman M, Kumar M, Rishi I, Gerrero R, Einhorn E, Herlyn
M, Minna J, Nicholson A, Roth JA, Albelda SM, Davies H, Cox C, Brignell G,
Stephens P, Futreal PA, Wooster R, Stratton MR, Weber BL: BRAF and RAS
mutations in human lung cancer and melanoma. Cancer research 2002, 62:6997-7000.
[362] Bottillo I, Ahlquist T, Brekke H, Danielsen SA, van den Berg E, Mertens F, Lothe
RA, Dallapiccola B: Germline and somatic NF1 mutations in sporadic and NF1-
associated malignant peripheral nerve sheath tumours. The Journal of pathology 2009,
217:693-701.

[363] Schindler G, Capper D, Meyer J, Janzarik W, Omran H, Herold-Mende C,
Schmieder K, Wesseling P, Mawrin C, Hasselblatt M, Louis DN, Korshunov A, Pfister
S, Hartmann C, Paulus W, Reifenberger G, von Deimling A: Analysis of BRAF V600E
mutation in 1,320 nervous system tumors reveals high mutation frequencies in
pleomorphic  xanthoastrocytoma, ganglioglioma and extra-cerebellar pilocytic
astrocytoma. Acta neuropathologica 2011, 121:397-405.

[364] de Vries M, Bruijn IB, Cleton-Jansen AM, Malessy MJ, van der Mey AG,
Hogendoorn PC: Mutations affecting BRAF, EGFR, PIK3CA, and KRAS are not
associated with sporadic vestibular schwannomas. Virchows Archiv : an international
journal of pathology 2013, 462:211-7.

[365] Dubbink HJ, Bakels H, Post E, Zwarthoff EC, Verdijk RM: TERT promoter
mutations and BRAF mutations are rare in sporadic, and TERT promoter mutations are
absent in NF1-related malignant peripheral nerve sheath tumors. Journal of neuro-
oncology 2014, 120:267-72.

[366] Hirbe AC, Pekmezci M, Dahiya S, Apicelli AJ, Van Tine BA, Perry A, Gutmann
DH: BRAFV600E mutation in sporadic and neurofibromatosis type 1-related malignant
peripheral nerve sheath tumors. Neuro-oncology 2014, 16:466-7.

[367] Flaherty KT, Puzanov I, Kim KB, Ribas A, McArthur GA, Sosman JA, O'Dwyer
PJ, Lee RJ, Grippo JF, Nolop K, Chapman PB: Inhibition of mutated, activated BRAF
in metastatic melanoma. The New England journal of medicine 2010, 363:809-19.

[368] Eisenbarth I, Beyer K, Krone W, Assum G: Toward a survey of somatic mutation
of the NF1 gene in benign neurofibromas of patients with neurofibromatosis type 1.
American journal of human genetics 2000, 66:393-401.

119



[369] Serra E, Ars E, Ravella A, Sanchez A, Puig S, Rosenbaum T, Estivill X, Lazaro
C: Somatic NF1 mutational spectrum in benign neurofibromas: mRNA splice defects
are common among point mutations. Human genetics 2001, 108:416-29.

[370] Tsao H, Goel V, Wu H, Yang G, Haluska FG: Genetic interaction between NRAS
and BRAF mutations and PTEN/MMACL1 inactivation in melanoma. The Journal of
investigative dermatology 2004, 122:337-41.

[371] Nielsen GP S-RA, Ino Y, Moller MB, Rosenberg AE, Louis DN: Malignant
transformation of neurofibromas in neurofibromatosis 1 is associated with
CDKN2A/p16 inactivation. The American journal of pathology 1999, 155:1879-84.
[372] Bernthal NM, Putnam A, Jones KB, Viskochil D, Randall RL: The effect of
surgical margins on outcomes for low grade MPNSTs and atypical neurofibroma.
Journal of surgical oncology 2014, 110:813-6.

[373] Bradford D, Kim A: Current treatment options for malignant peripheral nerve
sheath tumors. Current treatment options in oncology 2015, 16:328.

[374] Wei S, Sedivy JM: Expression of catalytically active telomerase does not prevent
premature senescence caused by overexpression of oncogenic Ha-Ras in normal human
fibroblasts. Cancer research 1999, 59:1539-43.

[375] Patschan S, Goligorsky MS: Autophagy: The missing link between non-
enzymatically glycated proteins inducing apoptosis and premature senescence of
endothelial cells? Autophagy 2008, 4:521-3.

[376] Going JJ, Stuart RC, Downie M, Fletcher-Monaghan AJ, Keith WN: 'Senescence-
associated' beta-galactosidase activity in the upper gastrointestinal tract. The Journal of
pathology 2002, 196:394-400.

[377] Campo-Trapero J, Cano-Sanchez J, Palacios-Sanchez B, Llamas-Martinez S, Lo
Muzio L, Bascones-Martinez A: Cellular senescence in oral cancer and precancer and
treatment implications: a review. Acta Oncol 2008, 47:1464-74.

[378] Ewald JA, Desotelle JA, Wilding G, Jarrard DF: Therapy-induced senescence in
cancer. Journal of the National Cancer Institute 2010, 102:1536-46.

[379] Roberson RS, Kussick SJ, Vallieres E, Chen SY, Wu DY: Escape from therapy-
induced accelerated cellular senescence in p53-null lung cancer cells and in human lung
cancers. Cancer research 2005, 65:2795-803.

[380] Dabrowska M, Mosieniak G, Skierski J, Sikora E, Rode W: Methotrexate-induced
senescence in human adenocarcinoma cells is accompanied by induction of
p21(wafl/cipl) expression and lack of polyploidy. Cancer letters 2009, 284:95-101.
[381] Lee JJ, Kim BC, Park MJ, Lee YS, Kim YN, Lee BL, Lee JS: PTEN status
switches cell fate between premature senescence and apoptosis in glioma exposed to
ionizing radiation. Cell death and differentiation 2011, 18:666-77.

[382] Suzuki M, Boothman DA: Stress-induced premature senescence (SIPS)--influence
of SIPS on radiotherapy. Journal of radiation research 2008, 49:105-12.

[383] Probin V, Wang Y, Zhou D: Busulfan-induced senescence is dependent on ROS
production upstream of the MAPK pathway. Free radical biology & medicine 2007,
42:1858-65.

[384] Zhu Y, Xu L, Zhang J, Hu X, Liu Y, Yin H, Lv T, Zhang H, Liu L, An H, Liu H,
Xu J, Lin Z: Sunitinib induces cellular senescence via p53/Decl activation in renal cell
carcinoma cells. Cancer science 2013, 104:1052-61.

120



[385] Gewirtz DA, Holt SE, EImore LW: Accelerated senescence: an emerging role in
tumor cell response to chemotherapy and radiation. Biochemical pharmacology 2008,
76:947-57.

[386] Chang BD, Broude EV, Dokmanovic M, Zhu H, Ruth A, Xuan Y, Kandel ES,
Lausch E, Christov K, Roninson IB: A senescence-like phenotype distinguishes tumor
cells that undergo terminal proliferation arrest after exposure to anticancer agents.
Cancer research 1999, 59:3761-7.

[387] Bullock AN, Fersht AR: Rescuing the function of mutant p53. Nature reviews
Cancer 2001, 1:68-76.

[388] Foster BA, Coffey HA, Morin MJ, Rastinejad F: Pharmacological rescue of
mutant p53 conformation and function. Science 1999, 286:2507-10.

[389] Hasegawa H, Yamada Y, lha H, Tsukasaki K, Nagai K, Atogami S, Sugahara K,
Tsuruda K, Ishizaki A, Kamihira S: Activation of p53 by Nutlin-3a, an antagonist of
MDMZ2, induces apoptosis and cellular senescence in adult T-cell leukemia cells.
Leukemia 2009, 23:2090-101.

[390] Huang B, Deo D, Xia M, Vassilev LT: Pharmacologic p53 activation blocks cell
cycle progression but fails to induce senescence in epithelial cancer cells. Molecular
cancer research : MCR 2009, 7:1497-500.

[391] Kim HJ, Kim KS, Kim SH, Baek SH, Kim HY, Lee C, Kim JR: Induction of
cellular senescence by secretory phospholipase A2 in human dermal fibroblasts through
an ROS-mediated p53 pathway. The journals of gerontology Series A, Biological
sciences and medical sciences 2009, 64:351-62.

[392] Lleonart ME, Artero-Castro A, Kondoh H: Senescence induction; a possible
cancer therapy. Molecular cancer 2009, 8:3.

[393] Mohammad RM, Wu J, Azmi AS, Aboukameel A, Sosin A, Wu S, Yang D,
Wang S, Al-Katib AM: An MDMZ2 antagonist (MI-319) restores p53 functions and
increases the life span of orally treated follicular lymphoma bearing animals. Molecular
cancer 2009, 8:115.

[394] Sosin AM, Burger AM, Siddigi A, Abrams J, Mohammad RM, Al-Katib AM:
HDM2 antagonist MI1-219 (spiro-oxindole), but not Nutlin-3 (cis-imidazoline), regulates
p53 through enhanced HDMZ2 autoubiquitination and degradation in human malignant
B-cell lymphomas. Journal of hematology & oncology 2012, 5:57.

[395] Saha MN, Jiang H, Yang Y, Zhu X, Wang X, Schimmer AD, Qiu L, Chang H:
Targeting p53 via JNK pathway: a novel role of RITA for apoptotic signaling in
multiple myeloma. PloS one 2012, 7:e30215.

[396] Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, Kong N,
Kammlott U, Lukacs C, Klein C, Fotouhi N, Liu EA: In vivo activation of the p53
pathway by small-molecule antagonists of MDM2. Science 2004, 303:844-8.

[397] Wiman KG: Strategies for therapeutic targeting of the p53 pathway in cancer. Cell
death and differentiation 2006, 13:921-6.

[398] Saha MN, Qiu L, Chang H: Targeting p53 by small molecules in hematological
malignancies. Journal of hematology & oncology 2013, 6:23.

[399] Zhao Y, Aguilar A, Bernard D, Wang S: Small-molecule inhibitors of the MDM2-
p53 protein-protein interaction (MDMZ2 Inhibitors) in clinical trials for cancer treatment.
Journal of medicinal chemistry 2015, 58:1038-52.

121



[400] Lehmann S, Bykov VJ, Ali D, Andren O, Cherif H, Tidefelt U, Uggla B, Yachnin
J, Juliusson G, Moshfegh A, Paul C, Wiman KG, Andersson PO: Targeting p53 in vivo:
a first-in-human study with p53-targeting compound APR-246 in refractory
hematologic malignancies and prostate cancer. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology 2012, 30:3633-9.

[401] Campaner S, Doni M, Hydbring P, Verrecchia A, Bianchi L, Sardella D, Schleker
T, Perna D, Tronnersjo S, Murga M, Fernandez-Capetillo O, Barbacid M, Larsson LG,
Amati B: Cdk2 suppresses cellular senescence induced by the c-myc oncogene. Nature
cell biology 2010, 12:54-9; sup pp 1-14.

[402] Abate AA, Pentimalli F, Esposito L, Giordano A: ATP-noncompetitive CDK
inhibitors for cancer therapy: an overview. Expert opinion on investigational drugs
2013, 22:895-906.

[403] Puyol M, Martin A, Dubus P, Mulero F, Pizcueta P, Khan G, Guerra C,
Santamaria D, Barbacid M: A synthetic lethal interaction between K-Ras oncogenes and
Cdk4 unveils a therapeutic strategy for non-small cell lung carcinoma. Cancer cell 2010,
18:63-73.

[404] Cicenas J, Valius M: The CDK inhibitors in cancer research and therapy. Journal
of cancer research and clinical oncology 2011, 137:1409-18.

[405] Lanasa MC, Andritsos L, Brown JR, Gabrilove J, Caligaris-Cappio F, Ghia P,
Larson RA, Kipps TJ, Leblond V, Milligan DW, Janssens A, Johnson AJ, Heerema NA,
Buhler A, Stilgenbauer S, Devin J, Hallek M, Byrd JC, Grever MR: Final results of
EFC6663: A multicenter, international, phase 2 study of alvocidib for patients with
fludarabine-refractory chronic lymphocytic leukemia. Leukemia research 2015, 39:495-
500.

[406] Hofmeister CC, Poi M, Bowers MA, Zhao W, Phelps MA, Benson DM, Kraut
EH, Farag S, Efebera YA, Sexton J, Lin TS, Grever M, Byrd JC: A phase | trial of
flavopiridol in relapsed multiple myeloma. Cancer chemotherapy and pharmacology
2014, 73:249-57.

[407] Dickson MA, Rathkopf DE, Carvajal RD, Grant S, Roberts JD, Reid JM, Ames
MM, McGovern RM, Lefkowitz RA, Gonen M, Cane LM, Dials HJ, Schwartz GK: A
phase | pharmacokinetic study of pulse-dose vorinostat with flavopiridol in solid
tumors. Investigational new drugs 2011, 29:1004-12.

[408] Dickson MA: Molecular pathways: CDK4 inhibitors for cancer therapy. Clinical
cancer research : an official journal of the American Association for Cancer Research
2014, 20:3379-83.

[409] Murphy CG, Dickler MN: The Role of CDK4/6 Inhibition in Breast Cancer. The
oncologist 2015.

[410] Finn RS, Crown JP, Lang I, Boer K, Bondarenko IM, Kulyk SO, Ettl J, Patel R,
Pinter T, Schmidt M, Shparyk Y, Thummala AR, Voytko NL, Fowst C, Huang X, Kim
ST, Randolph S, Slamon DJ: The cyclin-dependent kinase 4/6 inhibitor palbociclib in
combination with letrozole versus letrozole alone as first-line treatment of oestrogen
receptor-positive, HER2-negative, advanced breast cancer (PALOMA-1/TRIO-18): a
randomised phase 2 study. The Lancet Oncology 2015, 16:25-35.

[411] Kumar SK, LaPlant B, Chng WJ, Zonder J, Callander N, Fonseca R, Fruth B, Roy
V, Erlichman C, Stewart AK: Dinaciclib, a novel CDK inhibitor, demonstrates

122



encouraging single-agent activity in patients with relapsed multiple myeloma. Blood
2015, 125:443-8.

[412] Saito M, Nakagawa K, Hamada K, Hirose S, Harada H, Kohno S, Nagato S,
Ohnishi T: Introduction of pl6INK4a inhibits telomerase activity through
transcriptional suppression of human telomerase reverse transcriptase expression in
human gliomas. International journal of oncology 2004, 24:1213-20.

[413] Su Y, XuH, XuY, YuJ, Xian Y, Luo Q: Azacytidine inhibits the proliferation of
human promyelocytic leukemia cells (HL60) by demethylation of MGMT, DAPK and
pl6 genes. Hematology 2012, 17:41-6.

[414] Crea F, Giovannetti E, Cortesi F, Mey V, Nannizzi S, Gallegos Ruiz MI,
Ricciardi S, Del Tacca M, Peters GJ, Danesi R: Epigenetic mechanisms of irinotecan
sensitivity in colorectal cancer cell lines. Molecular cancer therapeutics 2009, 8:1964-
73.

[415] Zhu WG, Dai Z, Ding H, Srinivasan K, Hall J, Duan W, Villalona-Calero MA,
Plass C, Otterson GA: Increased expression of unmethylated CDKN2D by 5-aza-2'-
deoxycytidine in human lung cancer cells. Oncogene 2001, 20:7787-96.

[416] Calbo J, Marotta M, Cascallo M, Roig JM, Gelpi JL, Fueyo J, Mazo A:
Adenovirus-mediated wt-p16 reintroduction induces cell cycle arrest or apoptosis in
pancreatic cancer. Cancer gene therapy 2001, 8:740-50.

[417] Wang G, Chan CH, Gao Y, Lin HK: Novel roles of Skp2 E3 ligase in cellular
senescence, cancer progression, and metastasis. Chinese journal of cancer 2012, 31:169-
77.

[418] Lin HK, Chen Z, Wang G, Nardella C, Lee SW, Chan CH, Yang WL, Wang J,
Egia A, Nakayama KIl, Cordon-Cardo C, Teruya-Feldstein J, Pandolfi PP: Skp2
targeting suppresses tumorigenesis by Arf-p53-independent cellular senescence. Nature
2010, 464:374-9.

[419] Pan Y, Xu H, Liu R, Jia L: Induction of cell senescence by targeting to Cullin-
RING Ligases (CRLs) for effective cancer therapy. International journal of
biochemistry and molecular biology 2012, 3:273-81.

[420] Mak LH, Woscholski R: Targeting PTEN using small molecule inhibitors.
Methods 2015, 77-78C:63-8.

[421] Mak LH, Vilar R, Woscholski R: Characterisation of the PTEN inhibitor VO-
OHpic. Journal of chemical biology 2010, 3:157-63.

[422] Spinelli L, Lindsay YE, Leslie NR: PTEN inhibitors: an evaluation of current
compounds. Advances in biological regulation 2015, 57:102-11.

[423] Downes CP, Bennett D, McConnachie G, Leslie NR, Pass I, MacPhee C, Patel L,
Gray A: Antagonism of Pl 3-kinase-dependent signalling pathways by the tumour
suppressor protein, PTEN. Biochemical Society transactions 2001, 29:846-51.

[424] Plotkin SR, Merker VL, Muzikansky A, Barker FG, 2nd, Slattery W, 3rd: Natural
history of vestibular schwannoma growth and hearing decline in newly diagnosed
neurofibromatosis type 2 patients. Otology & neurotology : official publication of the
American Otological Society, American Neurotology Society [and] European Academy
of Otology and Neurotology 2014, 35:e50-6.

123



[425] Samii M, Matthies C: Management of 1000 vestibular schwannomas (acoustic
neuromas): surgical management and results with an emphasis on complications and
how to avoid them. Neurosurgery 1997, 40:11-21; discussion -3.

[426] Matthies C, Samii M: Management of 1000 vestibular schwannomas (acoustic
neuromas): clinical presentation. Neurosurgery 1997, 40:1-9; discussion -10.

[427] Rowe JG, Radatz MW, Walton L, Soanes T, Rodgers J, Kemeny AA: Clinical
experience with gamma knife stereotactic radiosurgery in the management of vestibular
schwannomas secondary to type 2 neurofibromatosis. Journal of neurology,
neurosurgery, and psychiatry 2003, 74:1288-93.

[428] Plotkin SR, Merker VL, Halpin C, Jennings D, McKenna MJ, Harris GJ, Barker
FG, 2nd: Bevacizumab for progressive vestibular schwannoma in neurofibromatosis
type 2: a retrospective review of 31 patients. Otology & neurotology : official
publication of the American Otological Society, American Neurotology Society [and]
European Academy of Otology and Neurotology 2012, 33:1046-52.

[429] Mautner VF, Nguyen R, Kutta H, Fuensterer C, Bokemeyer C, Hagel C, Friedrich
RE, Panse J: Bevacizumab induces regression of vestibular schwannomas in patients
with neurofibromatosis type 2. Neuro-oncology 2010, 12:14-8.

[430] Eminowicz GK, Raman R, Conibear J, Plowman PN: Bevacizumab treatment for
vestibular schwannomas in neurofibromatosis type two: report of two cases, including
responses after prior gamma knife and vascular endothelial growth factor inhibition
therapy. The Journal of laryngology and otology 2012, 126:79-82.

[431] Blakeley J, Schreck KC, Evans DG, Korf BR, Zagzag D, Karajannis MA, Bergner
AL, Belzberg AJ: Clinical response to bevacizumab in schwannomatosis. Neurology
2014, 83:1986-7.

[432] Doherty JK, Ongkeko W, Crawley B, Andalibi A, Ryan AF: ErbB and Nrg:
potential molecular targets for vestibular schwannoma pharmacotherapy. Otology &
neurotology : official publication of the American Otological Society, American
Neurotology Society [and] European Academy of Otology and Neurotology 2008,
29:50-7.

[433] O'Reilly BF, Kishore A, Crowther JA, Smith C: Correlation of growth factor
receptor expression with clinical growth in vestibular schwannomas. Otology &
neurotology : official publication of the American Otological Society, American
Neurotology Society [and] European Academy of Otology and Neurotology 2004,
25:791-6.

[434] Lallemand D, Manent J, Couvelard A, Watilliaux A, Siena M, Chareyre F,
Lampin A, Niwa-Kawakita M, Kalamarides M, Giovannini M: Merlin regulates
transmembrane receptor accumulation and signaling at the plasma membrane in primary
mouse Schwann cells and in human schwannomas. Oncogene 2009, 28:854-65.

[435] Prayson RA, Yoder BJ, Barnett GH: Epidermal growth factor receptor is not
amplified in schwannomas. Annals of diagnostic pathology 2007, 11:326-9.

[436] Karajannis MA, Legault G, Hagiwara M, Giancotti FG, Filatov A, Derman A,
Hochman T, Goldberg JD, Vega E, Wisoff JH, Golfinos JG, Merkelson A, Roland JT,
Allen JC: Phase Il study of everolimus in children and adults with neurofibromatosis
type 2 and progressive vestibular schwannomas. Neuro-oncology 2014, 16:292-7.

124



[437] Karajannis MA, Legault G, Hagiwara M, Ballas MS, Brown K, Nusbaum AO,
Hochman T, Goldberg JD, Koch KM, Golfinos JG, Roland JT, Allen JC: Phase 11 trial
of lapatinib in adult and pediatric patients with neurofibromatosis type 2 and
progressive vestibular schwannomas. Neuro-oncology 2012, 14:1163-70.

[438] Ahmad ZK, Brown CM, Cueva RA, Ryan AF, Doherty JK: ErbB expression,
activation, and inhibition with lapatinib and tyrphostin (AG825) in human vestibular
schwannomas. Otology & neurotology : official publication of the American Otological
Society, American Neurotology Society [and] European Academy of Otology and
Neurotology 2011, 32:841-7.

[439] Bush ML, Burns SS, Oblinger J, Davletova S, Chang LS, Welling DB, Jacob A:
Treatment of vestibular schwannoma cells with ErbB inhibitors. Otology & neurotology
. official publication of the American Otological Society, American Neurotology
Society [and] European Academy of Otology and Neurotology 2012, 33:244-57.

[440] Plotkin SR, Halpin C, McKenna MJ, Loeffler JS, Batchelor TT, Barker FG, 2nd:
Erlotinib for progressive vestibular schwannoma in neurofibromatosis 2 patients.
Otology & neurotology : official publication of the American Otological Society,
American Neurotology Society [and] European Academy of Otology and Neurotology
2010, 31:1135-43.

[441] Ammoun S, Cunliffe CH, Allen JC, Chiriboga L, Giancotti FG, Zagzag D,
Hanemann CO, Karajannis MA: ErbB/HER receptor activation and preclinical efficacy
of lapatinib in vestibular schwannoma. Neuro-oncology 2010, 12:834-43.

[442] Johansson G, Mahller YY, Collins MH, Kim MO, Nobukuni T, Perentesis J,
Cripe TP, Lane HA, Kozma SC, Thomas G, Ratner N: Effective in vivo targeting of the
mammalian target of rapamycin pathway in malignant peripheral nerve sheath tumors.
Molecular cancer therapeutics 2008, 7:1237-45.

[443] Yamashita AS, Baia GS, Ho JS, Velarde E, Wong J, Gallia GL, Belzberg AJ,
Kimura ET, Riggins GJ: Preclinical evaluation of the combination of mTOR and
proteasome inhibitors with radiotherapy in malignant peripheral nerve sheath tumors.
Journal of neuro-oncology 2014, 118:83-92.

[444] Kim A ea: SARCO023: Phase I/11 trial of ganetespib in combination with sirolimus
for refractory sarcomas and malignant peripheral nerve sheath tumors (MPNST). J Clin
Oncol 2014, 32(5s (suppl; abstr TPS10603)).

[445] Serrano C, Simonetti S, Hernandez-Losa J, Valverde C, Carrato C, Bague S,
Orellana R, Somoza R, Moline T, Carles J, Huguet P, Romagosa C, Ramon y Cajal S:
BRAF V600E and KRAS G12S mutations in peripheral nerve sheath tumours.
Histopathology 2013, 62:499-504.

[446] Kaplan HG: Vemurafenib treatment of BRAF V600E-mutated malignant
peripheral nerve sheath tumor. Journal of the National Comprehensive Cancer Network
: JNCCN 2013, 11:1466-70.

[447] Maki RG, D'Adamo DR, Keohan ML, Saulle M, Schuetze SM, Undevia SD,
Livingston MB, Cooney MM, Hensley ML, Mita MM, Takimoto CH, Kraft AS, Elias
AD, Brockstein B, Blachere NE, Edgar MA, Schwartz LH, Qin LX, Antonescu CR,
Schwartz GK: Phase Il study of sorafenib in patients with metastatic or recurrent
sarcomas. Journal of clinical oncology : official journal of the American Society of
Clinical Oncology 2009, 27:3133-40.

125



	Títol de la tesi: STUDY OF RELATED SENESCENCE PATHWAYS IN SOFT TISSUE TUMORS DEVELOPMENT
	Nom autor/a: SARA SIMONETTI


