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1 | INTRODUCTION

Seiji B. Shibata MD, PhD? | Marlan R. Hansen MD?

Abstract

Objective: Radiation therapy is a mainstay in the treatment of numerous neoplasms.
Numerous publications have reported good clinical outcomes for primary radiation ther-
apy for Vestibular Schwannomas (VS). However, there are relatively few pathologic spec-
imens of VSs available to evaluate post-radiation, which has led to a relative dearth in
research on the cellular mechanisms underlying the effects of radiation therapy on VSs.
Methods: Here we review the latest literature on the complex biological effects of
radiation therapy on these benign tumors—including resistance to oxidative stress,
mechanisms of DNA damage repair, alterations in normal growth factor pathways,
changes in surrounding vasculature, and alterations in immune responses following
radiation.

Results: Although VSs are highly radioresistant, radiotherapy is often successful in
arresting their growth.

Conclusion: By better understanding the mechanisms underlying these effects, we
could potentially harness such mechanisms in the future to potentiate the clinical
effects of radiotherapy on VSs.

Level of Evidence: N/A.
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Sporadic cases of VS constitute approximately 95% of cases.!

The remainder are accounted for by neurofibromatosis type 2 (NF2), a

Radiation therapy is a mainstay in the treatment of numerous neo-
plasms, whether as an adjuvant therapy to surgical resection or as an
alternative to surgery. In the case of vestibular schwannomas (VSs),
there are numerous publications reporting clinical outcomes for each
therapeutic strategy. However, given that VSs are benign tumors and
thus do not typically result in a patient's death, there are few patho-
logic specimens available to evaluate post-radiation, which has led to
a relative dearth in research on the cellular mechanisms underlying
the effectiveness of radiation therapy for VSs.

syndrome of autosomal dominant inheritance secondary to mutation
in NF2 gene, which encodes the tumor suppressor protein merlin.2
The hallmark of NF2 is bilateral VS, which poses a particular challenge
towards managing and treating this condition.

Broadly speaking, one can divide radiation therapy into two primary
groups: conventional fractionated radiotherapy (FRT) and stereotactic
radiosurgery (SRS). This distinction is based on the number of sessions
over which the target dose is delivered, with FRT administered in small
doses over many sessions—hence, fractionated—and SRS given as larger
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doses over one to five sessions.® FRT is commonly delivered with linear
accelerator, or LINAC, technology, of which there are multiple commer-
cial manufacturers. The name SRS was first coined by the famous Swed-
ish neurosurgeon Lars Leksell in 1951, and it was Leksell who later
developed the first GammaKnife device in 1967 (Elekta AB, Stockholm,
Sweden).* GammaKnife has undergone several iterations after becoming
commercially available in the United States in 1987, and is perhaps the
most commonly used SRS device in the United States today.> Some
LINAC devices are also capable of delivering SRS.

The efficacy of FRT compared to SRS depends greatly on the char-
acteristics of the pathology being treated. Historically, the decision to
use one or the other in a particular clinical scenario was almost entirely
empirical—that is, clinical outcomes were used to guide treatment deci-
sions with little to no knowledge of the underlying biological response to
the therapy. With time, the study of radiobiology has advanced signifi-
cantly, but in many ways the field remains in its infancy. Here we will
first review the basic biological effects of ionizing radiation, the classic “5
R's” of radiobiology, and how they apply to SRS. Next, we will review
the latest literature specifically focused on the radiobiological effects of
SRS (and, to a lesser extent, FRT) on vestibular schwannomas. Finally, we
will review the latest work on specific cell signaling pathways and mole-

cules which are thought to take part in these effects.

1.1 | Cellular effects of ionizing radiation

The anti-tumor effect of ionizing radiation delivered as FRT or SRS is
complex and multifactorial. lonizing radiation has both direct and indirect
effects on tumor cells.%” At the most basic level, radiation acts upon tis-
sues by depositing excess energy into the molecules of said tissue, which
results in ionization and subsequent formation of free radicals. Although
the ionizing radiation can affect any molecule in its path—including pro-
teins, nucleic acids, lipids, or water—the most common molecule in
human tissue is water, and thus water is the most frequently ionized sub-
stance. The ionization of water produces free radicals such as OH-
(hydroxyl radical) which can then damage cellular DNA,; this indirect dam-
age via hydroxyl radicals may cause as much as two-thirds of the DNA
damage observed after ionizing radiation, with direct DNA ionization

accounting for only one-third.?®” The production of these hydroxyl
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radicals also leads to the formation of additional reactive oxygen species
by inducing activity of mitochondrial oxidase, nitric oxide synthase, and
cytoplasmic NADPH synthase.'%% These indirect effects can last well
beyond the immediate radiation exposure and even spread to other
nearby cells.**” Ultimately, these different pathways all lead to damage
of key cellular components including DNA and cell membranes. DNA can
be damaged in multiple ways following radiation, but the most important
are double-strand breaks. When cellular machinery recognizes DNA
damage, the cell cycle is arrested to repair the error prior to proceeding
with reproduction. Checkpoints are key stoppage points between cell
cycle phases to ensure that damaged DNA is not replicated. Double-
strand breaks (DSB) are repaired in one of two ways: homologous
recombination and nonhomologous end joining (NHEJ). Homologous
recombination uses the replicated sister chromatid as a template to
replace the damaged or missing DNA sequence following DSB; hence,
the repair is highly accurate. However, because it relies on the sister
chromatid, it can only be done in the late S or the G2 phase, after replica-
tion has occurred. Otherwise, the cell must use NHEJ, which removes
bases from the 3’ end of each strand prior to reattaching them, a process
that is highly error-prone. Other erroneous changes such as transloca-
tions can occur. Ultimately, severe changes to DNA will frequently result
in cell death, of which there are multiple mechanisms.®

Four key cellular processes leading to tumor control post-radiation
are mitotic catastrophe, apoptosis, necrosis, and senescence. Mitotic
catastrophe occurs when a neoplastic cell with damaged or misrepaired
DNA passes a checkpoint to enter mitosis when it otherwise should not,
typically due to dysfunctional checkpoint control; subsequent death
occurs via apoptosis or necrosis.’® The programmed cell death of apo-
ptosis is brought on by one of three pathways—intrinsic, extrinsic, and
the ceramide pathway. In the intrinsic, or mitochondrial, pathway, exces-
sive DNA damage triggers mitochondrial release of cytochrome c, which
leads to a cascade of events resulting in apoptosis; p53 is a key compo-
nent of this process.r? The extrinsic pathway occurs when cell mem-
brane death receptors are activated by extracellular tumor necrosis
factor (TNF); cells often upregulate these death receptors following radi-
ation.?°?2 Finally, in the ceramide pathway, radiation activates acid
sphingomyelinase, which catalyzes the production of ceramide, which
itself serves to initiate apoptosis via a distinct mechanism.2>2* Necrosis

is a histological description of unregulated cell death resulting from
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The direct and indirect effects of ionizing radiation leading to tumor cell death. Aside from directly damaging cellular DNA and

other machinery and thereby inducing cell death, there are indirect manners of cell death—both acute and chronic—via damage to peritumoral

endothelial cells and via induction of a systemic immune response
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severe changes to the cellular microenvironment, such as energy loss or
extreme pH changes, making the cell incapable of survival. Finally, senes-
cence refers to permanent arrest of the cell cycle without true death,
meaning that while the cell remains alive, it cannot contribute to tumor

growth.

1.2 | Indirect effects of stereotactic radiosurgery

In addition to directly killing tumor cells, damage to surrounding vas-
culature and induction of immunological responses have also been
proposed to take part in the anti-tumor effects of SRS (Figure 1). Tra-
ditional models for FRT, such as the linear quadratic model, do not
always accurately reflect the clinical outcomes seen in SRS.® Mouse
models of SRS have shown that highly radioresistant tumors including
fibosarcomas and melanomas were nonetheless significantly impacted
by SRS due to destruction of tumor-associated vasculature.?>?”
Others have shown that there can be an immune-mediated antitumor
response following SRS, which is proposed to result from increased

tumor antigen display following SRS.282?

1.3 | The five R's of radiobiology

While originally conceived in the context of conventional FRT, the
five R's of radiobiology can also be applied to SRS. Given that our
focus is SRS, we will only briefly discuss this here. The five R's are as
follows: Repair, Redistribution, Reoxygenation, Repopulation, and
Radiosensitivity. Repair refers to repair of DNA strand breaks and
chromosomal alterations, which as discussed before are a key compo-
nent of the cell's response to radiation and, when overwhelmed, will
result in cell death. SRS and FRT work similarly with respect to repair.
Redistribution refers to the stage of cell cycle a given cell is in when
the treatment is given; certain stages are far more sensitive to radia-
tion than others, so it is beneficial to hit the target multiple times so
as to increase the chance that any given cell will be maximally suscep-
tible to IR damage at some point during treatment. SRS does not ben-
efit from redistribution due to the small number of treatments; at the
same time, unlike malignant tumors with high proliferation indices, VS
would not likely benefit from redistribution with FRT due to the small
percentage of their cells that are dividing at any given time.
Reoxygenation refers to the phenomenon that tumors often have
regions of relative hypoxia, and since formation of ROS is a key medi-
ator of IR damage, lacking oxygen can make cells relatively more
radioresistant. FRT is thought to counteract this with changes in the
tumor microenvironment over time during the multiple fractions of
treatment; SRS does not address this problem. Repopulation refers to
tumor cell regrowth between treatments; SRS is presumed to be
superior to FRT in this respect given that there are few or no gaps
between multiple fractions. Finally, radiosensitivity is a characteristic
of the tumor type being treated. Contemporary knowledge of tumor
radiosensitivity is derived primarily from clinical data. Multiple mathe-

matical models—such as the Target Theory and the Linear Quadratic

Theory—have been proposed to explain this response at the biophysi-
cal level, but this remains a topic of much controversy and further dis-

cussion is beyond the scope of this article.®30-33

2 | VESTIBULARSCHWANNOMA
RADIOBIOLOGY

Vestibular schwannomas (VS) are benign tumors of the CN VIII nerve
sheath. They represent about 80% of all tumors in the cere-
bellopontine angle but fewer than 6% of all intracranial tumors.3*
While VS are benign tumors, they can lead to various cranial nerve
deficits, such as hearing loss, tinnitus, imbalance, hypoesthesia (due to
compression of the trigeminal nerve), and hydrocephalus.

The three pillars of VS treatment are close observation, surgical
resection, and irradiation. Traditionally, surgical eradication of the
tumor was the first choice of treatment regardless of tumor size, how-
ever over the past three decades less invasive treatment options have
become increasingly more prevalent.3>3¢ Aided by the benign nature
of VS and advances in noninvasive neuroimaging, close observation or
a “wait-and-scan” approach has become the first choice of treatment
for many cerebellopontine angle tumors under 1.5 cm in size.3”3®
Interventions such as microsurgery and irradiation are considered only
in cases of continued tumor growth.

Stereotactic Radiosurgery (SRS) has become a well-accepted non-
invasive treatment alternative to surgery. In this case, tumors are not
eliminated, rather the goal is to arrest further growth. SRS controls
tumor growth and offers cranial nerve preservation rates comparable
to surgical resection.3?*? While some tumors shrink following radia-
tion, all exhibit tumor viability and hold the possibility of eventual
tumor growth. Furthermore, not all tumors are controlled with radia-
tion alone, which suggests that radiosensitivity is variable among
VS. 434 Tumor control rate (stable or decreased size) is 91%, while
approximately 9% of the tumors are radioresistant; some tumors con-
tinue to grow despite high doses of radiation.*> All this suggests that
unlike malignant tumors, VS are particularly radioresistant, so clinical
surveillance is required indefinitely in irradiated VS.*¢ This relative
resistance to radiation is not surprising given the low proliferative
capacity of VS cells reflected in the slow clinical growth rate of VSs.
Understanding the cellular mechanisms that render VS cells resistant
to radiation provides an opportunity to target these mechanisms in an
effort to enhance VS cell sensitivity to radiation and, perhaps, expand
the effectiveness of this treatment strategy. Here we first provide a
brief overview of the effects of ionizing radiation on cells generally.
We then discuss recent data that informs the radiobiology of VSs.

In NF2 patients, VS seem particularly radioresistant with a high
escape rate.*”*® |n this review, we consider the radiobiology of both
sporadic and NF2-associated VS. Given their somewhat distinct
behavior, further discussion of the radiobiologic features that are spe-
cific to NF2-associated VS is highly warranted; however, this is not
well described in the current literature.

To date, research has revealed several factors linked to the biol-

ogy of radioresistance in VS, including histological features, resistance
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to oxidative stress, effects of cell cycle and proliferation on radiosensi-
tivity, alteration of cell-cycle checkpoint and apoptotic pathways, key
growth factor pathways, and angiogenesis. Unfortunately, clinical
studies which report histopathological changes following SRS inher-
ently select for non-responding tumors because tumors with success-
ful SRS do not typically undergo surgical resection. Although such
selection bias may limit the generalizability of pathologic features
reported in some clinical case series, this bias is unavoidable. In addi-
tion, the difficulty of replicating the tumor microenvironment in the
laboratory is an inherent hurdle to investigating the radiobiology of
VS. Nonetheless, a body of research both in vitro and in vivo has pro-
vided the framework to deepen our understanding of radiobiology of
VS. In this section, we will review these factors contributing to the
radiobiology of VS.

2.1 | Histopathologic features of irradiated VSs
Typical VS morphology demonstrates bipolar spindle cells with moder-
ate cellularity, interspersed Antoni A and Antoni B pattern regions
with Verocay bodies and hyalinized blood vessels.

The in vivo radiobiology of human VS was first assessed in immu-
nocompromised mice-xenograft models.** Mice implanted with VS
harvested from patients were irradiated with varying doses and tissue
was harvested for histological assessment 3 months later. Increasing
doses of radiation up to 40 Gy significantly reduced tumor volume
and vascularity, while at 10 Gy there was no change in tumor vascu-
larity. In 2003, Lee et al assessed the histological features of VS that
failed radiation and underwent salvage microsurgical resection.”® Light
microscopy demonstrated varying degrees of nuclear pleomorphism
with hyperchromasia, vascular hyalinization with surrounding hemo-
siderin deposition, and hypercellular areas similar to normal, non-
irradiated VS tissue. Others have described partial necrotic, fibrotic
and vascular changes following radiation of the tumor.2?*3 Although
histological features of irradiated VSs vary, overall features unique to

radiation-induced changes in VS have not been identified.10-3%:43:5152

2.2 | Resistance to oxidative stress

Recently, Robinett et al assessed the histopathological features in four
VS patients who recurred after initial microsurgical resection, were
then treated with SRS, and later underwent re-resection due to failure
of salvage SRS.1° Tyrosine nitrosylation, a marker of oxidative stress
following radiation in malignant tumors, was used to assess whether
VS treated with SRS show signs of oxidative stress, despite being
benign tumors treated with significantly lower radiation doses than
malignant tumors. In three of four tumors, nitrotyrosine immuno-
staining was significantly higher post-radiation, even when several
years had passed since radiation treatment. The authors concluded
that these irradiated VS persistently grew despite the presence of oxi-
dative stress. These results indicate that irradiated VSs are able to

grow despite the cells being under long-term oxidative stress, implying

that VS cells have mechanisms to mitigate oxidative stress and con-
tinue to proliferate.

Taken together, these observations suggest that the effect of
radiation on VS may be indirect, perhaps involving damage to the sur-

rounding vasculature and/or induction of immunological responses.

2.3 | Effects of cell cycle and proliferation on
radiosensitivity

It is well established that rapidly dividing cells are more sensitive to
radiation than slowly dividing cells.® In cell culture conditions, VS cells
proliferate very slowly and are less sensitive to radiation than malig-
nant tumor cells, and they require higher doses of radiation to prevent
growth.#35354 Cultured primary human VS cells require over 20 Gy
radiation to induce cell death and cell cycle arrest.>>>” The low prolif-
eration rate is thought to correlate to low radiosensitivity of VS cells.
Consistent with the notion that the relative radioresistance of VS cells
is due, at least in part, to their limited proliferative capacity,
augmenting cell proliferation by application of exogenous mitogens
that increase cell proliferation enhances radiation-induced cell death,
while reducing proliferation with ErbB2 inhibitors limits radiation-
induced cell death in VS.%¢

Lee et al assessed proliferation potential of VS regrowth following
SRS with Gamma Knife vs microsurgery using the immunohistochemi-
cal marker PCNA (proliferating cell nuclear antigen) to assess the
tumor proliferation capacity.>® Fifteen patients underwent microsurgi-
cal resection and eight patients underwent SRS. The nuclei of
schwannoma cells in all tumors were labeled with PCNA. In tumors
that underwent SRS the PCNA index was significantly lower than the
microsurgery group, suggesting that radiation-induced apoptosis may
reduce proliferation. However, two of the eight patients that under-
went SRS had increased proliferation levels, which highlight the vari-
able response of VSs to radiation; the authors did not specify whether
those two tumors demonstrated a clinically significant difference in

growth compared to the other six tumors.>®

2.4 | Alteration of cell-cycle checkpoint and
apoptotic pathways

As previously mentioned, radiation activates cell-cycle checkpoints lead-
ing to tumor growth arrest or necrosis. Cells are most sensitive to radia-
tion during mitosis (M) and the G, phase, less sensitive in G4, and least
sensitive during the latter part of the S phase.>® Radiation-induced cell
death typically requires re-entry into the cell cycle. Jacob et al reported
the histological results from a non-growing VS based on MRI that under-
went biopsy 3 years after radiation. The tumor section was immuno-
stained for S-100 and Ki67, a marker of proliferating cells. Ki-67 is
expressed during the active phases of the cell cycle (G4, S, G,, and mito-
sis), and is absent during quiescent phases (Go).>? Interestingly, the irradi-
ated tumor expressed Ki67 protein suggesting that while VSs remain

grossly stable in size, at the molecular level, the cell cycle was active in
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some portion of the tumor.C This also suggests that cells are capable of
repairing DNA damage prior to re-entering the cell cycle and cells that
do so can bypass apoptosis. Within a single tumor, proliferation rates of

different sub-populations can vary.%*

2.5 | Key growth factor pathways

251 | Merlin

In both sporadic VS and NF2-associated VSs, inactivation of the tumor
suppressor gene NF2 plays a central role (Figure 2).62%* The NF2 gene
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resides on chromosome 2212 and encodes the schwannomin/merlin
protein, which shares homology to ezrin-radixin-moesin (ERM) family of
membrane-cytoskeleton-linking proteins. Merlin regulates transmem-
brane and signaling molecules' interaction with cytoskeletal actin,
thereby affecting cell-cell attachments, cell motility, and subcellular local-
ization in response to cell-to-cell contact inhibition.®>” Thus, merlin is
an important mediator of contact inhibition. Lack of merlin leads to dis-
ruption of cell-to-cell contact inhibition promoting cell proliferation and
tumorigenesis. Recent evidence supports that merlin may directly or indi-
rectly interact with several proteins leading to the suppression of mito-
genic activity at both the cellular membrane and nucleus levels.%®%? At
the cell membrane level, merlin blocks signaling by integrins and tyrosine
receptor kinases (RTKs) such as ErB2 and platelet derived growth factor
receptor and regulates multiple downstream pathways, including the
Ras/Raf/MEK/ERK, FAK/Src, PISK/AKT, Rac/PAK/ JNK, mTORC1, and
Whnt/p-catenin pathways.”®° (P20081-87 1y addition, the Hippo pathway
is inhibited upstream by merlin to suppress the function of Yes-
associated protein 1 (YAP1), an oncogene associated with meningioma
proliferation.88%1 At the nuclear level, merlin downregulates the E3
ubiquitin ligase CRL4 (DCAF1) to inhibit proliferation.”?

2.5.2 | Mitogen activated protein kinase (MAP-
kinase) pathway

The mitogen activated protein kinase (MAP-K) superfamily has specific
and overlapping roles in normal SC plasticity regulation. In response to
radiation and nerve injury, multiple MAP-K pathways are activated, includ-
ing extracellular signal regulated kinase (ERK), c-jun N-terminal kinase
(JNK), P13-K/Alt signaling, NF-kB, and p38 MAP kinases. The activation
of Ras/Raf-ERK and Rac-JNK pathways regulates cell motility, axonal
growth, cell death, and cell proliferation. Merlin dephosphorylation (activa-
tion) suppresses both Ras/Raf-ERK1/2 and Rac-JNK signaling, whereas
Merlin phosphorylation (inactivation) enhances Rac-JNK signaling.2¢ The
effects of irradiation on VS cells and the specific pathways that are turned
on and off are largely unknown.

FIGURE 2 Overview of signal transduction pathways in
myelinated Schwann cells vs denervated Schwann cells vs
Schwannoma cells. In myelinated Schwann cells, NF2/merlin is
dephosphorylated and serves as an “active” tumor suppressor, which
promotes cellular quiescence. NF2/merlin inhibits expression of cell
membrane receptors p75N™R and ErbB2/3, regulating multiple
downstream pathways, including the Ras/Raf/MEK/ERK, PI3K/AKT,
Rac/PAK, MLK/JNK, and mTOR pathways. In injured nerves,
denervated Schwann cells and NF2/merlin become phosphorylated
and “inactive” as tumor suppressors. An increase in p75""R and
ErbB2/3 levels lead to Schwann cell proliferation or apoptosis. In the
absence of NF2/Merlin as demonstrated in schwannoma cells, p75N™R
and ErbB2/3 are activated similar to denervated Schwann cells, but
schwannoma cells can survive in the presence of the high-affinity
p75NTR ligand, proNGF, unlike the denervated Schwann cells. Signal
transduction pathways downstream of ErbB2/3 signaling are elevated
(red dotted arrows) leading to proliferation of schwannoma cells. PS,
phosphorylated serine; PY, phosphorylated tyrosine
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2.5.3 | Mammalian target of rapamycin (nTOR)

NF2/Merlin deactivation is associated with increased signaling of
mTOR complex 1 (MTORC1), and increased mTORC1 signaling has
been shown to increase growth of schwannomas and meningio-
mas.2>87:73 These findings have led to clinical trials testing mTORC1
inhibitors, such as everolimus, in NF2 patients with progressive vestib-
ular schwannomas.”* In a recent microarray and pathway analysis by
Gugel et al, mTOR signaling was found to be upregulated in VSs that
recurred after radiation therapy when compared to VSs that were
resected without prior radiation therapy. This was the case for both
sporadic tumors and tumors in NF2 patients. Furthermore, the same
tumors demonstrated downregulation of phosphate and tensin homo-
log (PTEN) signaling; PTEN downregulation leads to increased
mTORC1 signaling via overactivation of the AKT/PKB pathway.
Together, these findings suggest that increased mTORC1 activity plays
a key role in VS radioresistance.”> Mutations affecting the mTOR and
PTEN pathway may therefore play a role in tumor transformation lead-
ing to recurrence or treatment escape following radiation therapy.

254 | c-Jun N-terminal kinases (JNK)

Merlin suppresses JNK activity. JNK is activated by dual phosphorylation
of threonine and tyrosine residues by two MAPK kinases—MKK4 and
MKK7—in response to cellular stress. In normal SCs, JNK activity pro-
motes apoptosis (eg, following nerve injury). However, in human VS cells
(where merlin protein expression is reduced), JNK is persistently phos-
phorylated and activated; providing functional merlin to VS cells reduces
JNK activity. Further, in human VS cells this persistent JNK activation pro-
motes cell survival by suppressing oxidative stress, particularly in the mito-
chondria.?® Thus while JNK activation leads to normal SC apoptosis, JNK
is persistently active in VS cells and enhances cell survival. Given that JNK
suppresses oxidative stress, Yue et al investigated the extent to which
JNK signaling contributes to VS cell radiosensitivity. Primary human VS
cultures were utilized; the tissue received single doses of radiation
(5-10 Gy) in the presence or absence of JNK inhibitors. Histone 2AX
(HDAX) phosphorylation, a marker of radiation-induced DNA damage,
reactive oxygen species (ROS) levels, and cell death were analyzed. The
results demonstrated that JNK activity in VS cells suppressed radiation-
induced oxidative stress, DNA damage (as measured by H2AX phosphory-
lation), and cell death. This suggests that concurrent use of JNK inhibitors
with radiosurgery may increase VS radiosensitivity and may be useful in

tumors that are refractory to current radiation protocols.>”

2,55 | Low affinity neurotrophin receptor—p75NTR
p75NTR is the one of the founding members of the TNF receptor super-
family.”” It binds with low affinity to mature neurotrophins (eg, nerve
growth factor, NGF) but with high affinity to precursor forms of neuro-

l98

trophins (eg, proNGF).?® Activation of p75"™R leads to apoptosis or cell

survival depending on the cellular context. In the absence of Trk receptors,

p75NTR activates the sphingomyelin cycle, JINK, and NF-xB.?7"192 p75NTR
activation of JNK is necessary for pro-death signal, whereas activation of
NF-kB is thought to promote survival.}®®1%%-195 |n injured nerves with
axonal degeneration, p75"N™R is upregulated in the denervated SCs, which
in turn leads to p75N"R-mediated apoptosis without reinnervation.0¢108
However, VS cells exhibit survival long-term without the neighboring axo-
nal contact. Ahmad et al found that VSs express p75N"R levels similar to
those of denervated SCs in nerves following axotomy.'®® Expression of
p75NTR in SCs and VS cells appears to be regulated by merlin status.*°
Interestingly, VS cells are able to survive in the presence of the high-
affinity p75NT® ligand, proNGF, unlike the non-neoplastic SC counterpart.
Furthermore, proNGF rescues VS cells from cell death due to JNK inhibi-
tion by activating NF-kB, suggesting a paradoxical anti-apoptotic role of
p75NTR |eading to VS. Interestingly, upregulation of NF-kB can enhance
the survival of cells treated with chemotherapeutic drugs and SRS, while
down regulation may inhibit the effect of SRS. Therefore, targeting the
p75NTR pathway along with or without JNK may provide a therapeutic tar-
get that acts specifically to impair VS growth while sparing normal SCs.

256 | ErbB2

ErbB2 (erb-b2 receptor tyrosine kinase 2) and ErbB3 are members of the
epidermal growth factor receptor family of receptor tyrosine kinases; both
are essential for SC growth and survival. ErbB2/ErbB3 function as
heterodimeric receptors for neuregulin-1 (NRG1), which is a glial growth
factor expressed on the axonal surface essential for normal SC prolifera-
tion, development, and survival. ™13 |5 VS cells, NRG1 and ErbB2/3 are
constitutively expressed and activated.**>** Further, in VS cells ErbB2
appears to constitutively reside in lipid raft regions of the cell membrane
where it promotes VS proliferation and survival. 121415 |n contrast, in
normal myelinating SCs ErbB2 expression is relatively low and excluded
from lipid rafts, perhaps under control by merlin.*> Following denerva-
tion, the growth suppressive function of merlin becomes inactivated by
phosphorylation in SCs and ErbB2 expression is elevated with movement
into lipid rafts akin to VS cells that lack functional merlin and axonal con-
tact.11915 These observations raise the possibility that constitutive ErbB2
signaling in VS cells could modulate the effects of radiation. In cultured
human VS cells, radiation doses over 20 Gy induce VS cell apoptosis and
cell cycle arrest. Inhibition of ErbB2 signaling with PD158780, a small mol-
ecule ErbB2 inhibitor, or trastuzumab, an inhibitory anti-ErbB2 monoclo-
nal antibody, protected VS cells from radiation by reducing the
proliferation rate. In contrast, treatment with NRG1 promoted mitosis and
enhanced radiation-induced cell apoptosis.>® These observations suggest
that the relative radioresistance of VS reflects their low proliferation rate

and suggests that the effects of SRS on VSs could be largely indirect.>®

257 | p53

In multiple tissues, radiation activates tumor suppressor genes such as
p53 thereby inducing activation of pro-apoptotic Bax protein and

cytochrome C/caspase, thus leading to apoptosis. Molecular genetic
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analysis of blood-tumor DNA has demonstrated that p53 is not critical
for the tumorigenesis of VS.11 Likewise, no mutation, deletion, or loss
of heterozygosity in p53 was found in VS tissue.**” These studies sup-
port the hypothesis that p53 contribution in VS proliferation is likely
minimal. However, although not well described for VS, it is possible
that mutations in p53 or its signaling pathways could contribute to
treatment failure or recurrence following radiation, as these mutations
are known to prevent post-radiation apoptosis in various other
neoplasms.

The expression pattern of other apoptotic markers has also been
investigated. In Mawrin et al, the expression levels of the Fas-Fas-L
system were quantitatively analyzed with immunohistochemistry in
14 sporadic VS samples. This system regulates apoptosis, pro-
apoptotic factor Bax, and anti-apoptotic factor Bcl-2. The results of
the study demonstrated that while most VS cells express Fas-L, Bax,
and Bcl-2, levels of Fas were limited, suggesting that Fas-Fas-L system
may not be critical to apoptosis in VS. However, the expression of
Bax and Bcl-2 suggest that theses apoptotic markers can be expressed
independent of p53 expression.''®

Neurod1 is a basic helix-loop-helix transcription factor that is crit-
ical for neuronal development and maturation.''? It is highly
expressed in a variety of tumors including neuroblastoma, glioblas-
toma, and colorectal cancer.*?° Neurod1 affects cell-cycle progression
and overexpression leads to exit of cell-cycle in part by increasing p21
in a p53-dependent manner. In contrast, absence of Neurod1 induces
proliferation.'?! Recently, Kersigo et al demonstrated that Neurod1
overexpression reduces SC proliferation in primary human VS culture
and axotomized sciatic nerves.'?> However, the impact of Neurod1 in
genetic mouse models of schwannoma was highly variable, suggesting
that a tightly regulated Neurod1 expression level may be necessary to
drive VS cells out of the cell cycle. Adjuvant irradiation may potentiate

this therapeutic approach.

258 | Angiogenesis: VEGF and radiation

Vascular supply is essential for tumor growth and cell proliferation.
Indirect effects of radiation may lead to an inadequate blood supply
for VS and result in tumor shrinkage.??® However, because oxygen is
a potent radiosensitizer, hypoxia may also lead to radioresistance. At
the same time, hypoxia in tumor cells may induce angiogenesis, and
tumor cells may self-repair in a state of hypoxia. Vascular endothelial
growth factor (VEGF) is a signaling protein that induces neo-angiogen-
esis, contributes to vasodilation, and increases vascular permeability.
In VSs, expression levels of pro-angiogenic factors such as VEGF-A
and corresponding receptors VEGFR correlate positively with VS
growth rate.*?#126 NF2 patients treated with bevacizumab—a human-
ized monoclonal antibody that neutralizes VEGF-A—have demon-
strated VS tumor control and improved hearing in some cases. 1267130
However, this treatment effect is not durable and long-term side
effects have been reported.*! In a mouse model of NF2, the efficacy
of bevacizumab in combination with radiation was investigated. The
anti-VEGF treatment led to

researchers demonstrated that

normalization of VS vasculature thereby improving vascular supply
and oxygenation. When anti-VEGF was combined with low dose IR
during the window of normalized VS vasculature, tumor control rates
were superior compared to either alone.®? Treatment with lower
dose IR in combination with anti-VEGF was comparable to higher
dose of IR without anti-VEGF, suggesting that combination therapy

may contribute to lowering the total dose of IR in NF2 patients.

3 | CONCLUSIONS

The anti-tumor effect of radiotherapy is complex and multifactorial,
with both direct and indirect effects on tumor cells. VSs are relatively
radioresistant tumors, which one expects given their low proliferative
capacity and slow growth rates. Despite this, radiotherapy is often
successful in arresting VS growth. Several key factors in the radiobiol-
ogy of VSs have been described. VSs can grow despite long-term oxi-
dative stress, implying that their cells have mechanisms to mitigate
oxidative stress. VS cells appear to be capable of repairing DNA dam-
age prior to re-entering the cell cycle and thus bypass apoptosis. Sev-
eral growth factor pathways regulate VS cell growth and appear to be
altered in the setting of radiotherapy. Finally, damage to surrounding
vasculature and/or induction of immunological responses also seem
to play an important indirect role in the response of VS to radiother-
apy. By better understanding the mechanisms underlying these
effects, in the future we could potentially harness these mechanisms

to potentiate the clinical effects of radiotherapy on VSs.
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