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Abstract

Glioblastoma multiforme (GBM) is a very aggressive and locally invasive tumor.
The current standard of care is partial brain radiation therapy (60 Gy) concurrently
with the alkylating agent temozolomide (TMZ). However, patients’ survival remains poor
(6-12 months) mainly due to local and diffuse (distant) recurrence. The possibility to
promote hyper radiosensitivity (HRS) with low dose radiation may contribute to improve
outcome. Here, we evaluated the effect of Vorinostat®*™ and TMZ on glioblastoma
cells’ sensitivity to low dose radiation. Clonogenic survivals were performed on D54
(p53 and PTEN wild type) and U118 (p53 and PTEN mutants) cells exposed to clinically
relevant doses of Vorinostat®"™ and TMZ and increasing radiation doses. Apoptosis
was measured by the activation of caspase-3 and the role of p53 and PTEN were
evaluated with the p53 inhibitor pifithrin oo and the PI3K/AKT pathway inhibitor
LY294002. Vorinostat*"* promoted HRS at doses as low as 0.25 Gy in the D54 but
not the U118 cells. Killing efficiency was associated with caspase-3 activation, delayed
H2AX phosphorylation and abrogation of a radiation -induced G2 arrest. Inhibiting p53
function with pifithrin o prevented the promotion of HRS by Vorinostat*"A. Moreover,
LY294002, a PI3K inhibitor, restored promotion of HRS by Vorinostat**" in the p53
mutant U118 cells to levels similar to the p53 wild type cells. TMZ also promoted HRS at
doses as low as 0.15 Gy. These finding indicate that HRS can be promoted in p53 wild
type glioblastoma cells through a functional PTEN to delay DNA repair and sensitize
cells to low dose radiation. Promotion of HRS thus appears to be a viable approach for
GBM that could be used as a basis to develop new Phase I/Il studies.

INTRODUCTION

Partial brain radiation therapy (60 Gy) in combination
with temozolomide (TMZ) is the current standard of care for
malignant glioblastoma. The therapeutic effect of this treatment
remains however poor with survival between 6 to12 months. It
is increasingly being recognized that diffuse and distant failures
are important contributors to this prognosis [1]. Investigations to
delineate new therapeutic approaches to improve this outcome

concerned, is a more open, more accessible, chromatin structure
[5]. Current evidence indicates that in order to produce a maximal
radiosensitizing effect the HDACIs have to acetylate the histones
at the time of radiation and in some cell lines after radiation
as well. The mechanisms underlying HADCIs radiosensitizing
effects are not fully understood but interference with dynamic
local chromatin remodeling in the vicinity of the DNA double
strands breaks apparently contribute to this effect [6].

are very much needed. The advent of “radiosensitizing” doses
of chemotherapy to augment the effectiveness of standard
fractionated external beam radiation therapy (1.0 - 3.0 Gy per
fraction) has provided some of the most noteworthy advances in
radiotherapy [2,3]. Recently, the histone deacetylase inhibitors
(HDCAIs) have been described as a new class of radiosensitizers
in several human cell lines and in a number of clinical trials
[4]. These inhibitors prevent the deacetylation of histone and
other proteins and consequently allow the targeted proteins to
remain hyperacetylated. The general effect, as far as histones are

Another important advent that is gaining momentum in
radiation therapy is the use of Low Dose Fractionated Radiation
Therapy (LDFRT). Potential benefits of using LDFRT as a
chemopotentiator have only recently been investigated because
it had long been assumed that doses less than 1.0 Gy per fraction
would be ineffective for human tumor therapy. However, it is now
becoming apparent that a number of cell lines are hyper sensitive
to radiation doses well below 1.0 Gy. This phenomenon known
as Hyperradiosensitivity (HRS) is characterized by statistically
significant increased radiosensitivity at radiation doses below
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1Gy as compared to the surviving fractions predicted by the
linear quadratic model. Typically, HRS is followed by increased
radioresistance due to induced DNA repair [7]. HRS is more
prominent in proliferating malignant tissues than in quiescent
normal tissues [7] and could thus potentially be exploited for
therapeutic consideration. The mechanism (s) behind HRS could
possibly include enhanced apoptosis and failure to fully arrest
the progression of damaged G2-phase cells [7,8]. Although
radiotherapy is the most effective non-surgical therapy for
GBM patients, the intrinsic radioresistance of GBM cells allow
tumor recurrence and ultimately treatment failures. A better
understanding of the molecular mechanism leading to GBM cells
radio sensitivity could contribute to develop new therapeutic
approaches. In this study, we aimed at determining whether
HDACI could promote HRS in glioblastoma cells and assessed the
role of p53 and PTEN in this radiosensitizing effect

MATERIALS AND METHODS

Chemicals

Primary antibodies for Acetylated p53 (L373, L382), total
p53 and actin were from Millipore, (Cat No 06-758), Oncogene
Science (Cat No OP33) and EMD Chemicals (Darmstadtand,
Germany) respectively. H3 and YH2AX antibodies were from Cell
Signaling Technology (Beverly, Massachusetts) (Cat No 9715
and 9718). The PI3K inhibitor LY294002 was obtained from Cell
Signaling Technology (Danvers, MA). The p53 inhibitor pifithrin
a was obtained from EMD Chemicals (Darmstadt, Germany). Cell
lyses were prepared as described before [9].

Cell Culture and treatments

The D54 and U118 cells were grown as described in [9]. Both
cell lines are aggressive brain cancer cell lines isolated from
patients with glioblastoma multiforme (WHO Grade 1V). The
U118 cells have a missense, point mutation in the p53 region that
changes an arginine to a glutamine [10]. U118 also have a splicing
defect in PTEN changing exon 8 to intron 8 [10]. The D54 cells
have neither of these mutations and are rather wild type for both
p53 and PTEN [10].

Vorinostat®" (Exclusive Chemistry, Obninsk, Russia, Cat
No: 149647-78-9) was used at the indicated concentrations for
4 hours, then the cells were replenished with fresh media. The
rationale for choosing the Vorinostats" concentration and
time of incubation is based on our previous studies showing
increased sensitivity of the D54 cells under these conditions
and the therapeutically relevant dose of Vorinostat®" [9,11] .
For the LY294002 drug treatment, cells were exposed to 20 uM
LY294002 for 1 hour and the media was replaced with fresh
media. These conditions have been shown to inhibit AKT activity
in glioblastoma cells [12]. For TMZ treatments, D54 cells were
exposed to 51,5 pM (10 pg/ml) TMZ for 1h before radiation then
the cells were replenished with fresh media containing 19.4 uM
(3.75 pg/ml) TMZ or TMZ and 1.5 uM VorinostatsH#* for 4h. The
TMZ concentration was chosen based on plasma concentrations
reported for malignant glioma treatments [13,14] and the 1h
time point was in accordance with drug combination studies
[9,15] performed in GBM cells. The cells were irradiated with
the indicated radiation dose with a Pantek Seifert X-ray machine

with settings of 250 Kv and 13 mA at a constant rate of 0.34959
Gy/min when using a foam barrier or 2.4791 Gy/min without a
foam barrier. The cells were grown at 37°C, irradiated at room
temperature and immediately put back at 37°C as described in
[16].

Clonogenic survival assay

Five hundred cells were plated the day before treatment and
allowed to grow at 37 2C for 7-10 days after. Colonies (= 50 cells)
were fixed and stained as described [9]. The colonies (100-150)
were manually counted. Plating efficiency was 20-30%. Relative
survival is expressed as a percentage of surviving colonies in
reference to the mean plating efficiency of three sham-irradiated
control plates. The Radiation Enhancement Ratio was calculated
with the following formula: RER= Surviving Fraction
Surviving Fraction
enhancement.

radiation alone/

Ratio above 1 indicate radiation

radiation + drug.

Apoptosis assay

Fluorometrtric Caspase-3 assay was performed with an assay
kit from Promega (CaspACE-3) as described before [9]. Caspase-3
activation was measured at 12h and 72h post treatments but
because no significant activation was observed at the 12h time
point only data for the 72h time points are shown.

Statistical analysis

Statistical analysis was performed on the relative
(Fluorescence Unit) ratios of Caspase-3 activity of cells exposed
to Vorinostat®# and radiation over cells exposed to radiation
alone. Analysis was also performed on the relative (%) survival
ratios of cells exposed to radiation over cells exposed to radiation
and Vorinostat®HA, Calculations were performed by the Student t
test. Probability values <0.05 are considered significant.

RESULTS

Vorinostat*#4 promotes HRS in D54 but not U118 cells. HDACIs
are known radiosensitizers for conventional radiation doses [17]
but their potential effects on low dose fractionated radiation
therapy (LDFRT) are largely unexplored. Here, we used U118
and D54 cells, two aggressive glioblastoma cell lines isolated
from patients with glioblastoma multiforme (WHO Grade IV) to
assess the effect of HDACI on LDFRT. The U118 cells are p53 and
PTEN mutants while the D54 cells are wild type for both genes
[10]. We first treated D54 and U118 cells with clinically relevant
doses of the HDACI Vorinostat®"* after low dose radiation. The
data shown in Figure 1A indicate that Vorinostat®*"* increased
radiosensitivity in D54 cells at radiation dose as low as 0.15 Gy
and had a more pronounced effect at 0.25 Gy. The percentage
of cells killed at 0.25 Gy was nearly identical to the percentage
of cells killed at eight times that dose (2.0 Gy) with radiation
alone (Figure 1A). The increased killing efficiency at 0.25 Gy in
the presence of HDACI represents a much higher level of cells
killing than what the conventional quadratic linear model would
have predicted (broken line Figure 1A) and is thus described as
hyper-radiosensitivity (HRS) . In fact, increased radiosensitivity
was statistically significant from 0.15 to 0.5 Gy as compared to
radiation alone and significant at 0.15 and 0.25Gy as compared
to the surviving fractions predicted by the linear quadratic
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Figure 1 Vorinostat*"* promotes HRS in D54 but not U118 cells. A) Clonogenic survival assay measured in D54 cells after radiation followed by exposure to
Vorinostat®! (1.5 uM) for 4hr. Relative survival of cells exposed to radiation (RAD) is expressed as a percentage of the untreated cells or cells treated with VorinostatsA#4
alone (RAD/SAHA). B) U118 cells treated as in A). Broken line is a graph of the linear quadratic equation with best-fit parameters calculated by SigmaPlot software. C)

Radiation Enhancement Ratio (RER) by HDACI calculated with the following formula; RER= Surviving Fraction

radiation alnne/suerV1ng FraCtlon radiation + HDACI" D) ApoptOSIS

assay. Caspase-3 activity was measured in D54 cells 72 hrs after the indicated radiation treatment followed by 4hr of Vorinostats# (1.5 uM). * = p<0.05 as compared to
radiation alone. = p<0.05 as compared to surviving fraction predicted by the linear quadratic model.

model (Figure 1A). This phenomenon, promotion of HRS by
HDACI, was not observed in the p53 mutant cell line U118.
Although the difference between radiation alone and enhanced
radiosensitivity by HDCAI reached statistical significance at
0.5 Gy, no statistical differences between radiation alone or the
predicted survival by the linear quadratic model were observed
at lower radiation doses (Figure 1B). Moreover, calculations of
the Radiation Enhancement Ratio by HDACI indicate that HDACI
enhance radiation sensitivity (RER > 1) between 0.15 and 0.5 Gy
in the D54 cells, in agreement with promotion of HRS as shown
in Figure 1A, while in U118 cells the HDACI behave more like a
classical radiosensitizer by enhancing radiation sensitivity at
almost every radiation doses (Figure 1C).

To determine whether promotion of HRS by HDACI resulted in
increased apoptosis we measured the levels of caspase-3 activity.
Data shown in Figure, 1D indicate that adding Vorinostat®H*
following radiation doses as low as 0.25 Gy increased caspase-3
activity by almost 10 fold compared to radiation alone.
Vorinostat®"A increased caspase-3 activity by 1.5 fold at 0.5 Gy
and did not sensitize further D54 cells at 2 Gy. This indicates that
indeed the promotion of HRS by HDACI in D54 cells is associated
with increased apoptosis.

We then aimed at determining whether increasing
Vorinostat®#* concentration or modifying the order of drug
addiction could affect its radiosensitizing effect. Increasing
Vorinostat**!4 dose to 2.5 uM and adding it either before or after
radiation increased D54 cells sensitivity to all doses of radiation
(Figure 2A) but did not increase the sensitivity of U118 cells
(Figure 2B). Interestingly, the promotion of the classical HRS
phenomenon, increased radiosensitivity at radiation doses
below 1Gy followed by increase resistance, as shown in Figure
1A, seems to be lost with higher HDACI concentration in favor
of a more classical radiosensitizer effect where radiosensitivity
is increased at every radiation doses (Figure 2A). To determine
whether promotion of HRS by HDACI resulted in increased
apoptosis we measured again the level of caspase-3 activity. The
data shown in Figure 2C-D indicate that HDACI increased the level
of apoptosis at each radiation doses in D54 but not U118 cells.
The increase apoptosis was dose dependent and proportional to
the surviving fractions (Figure 2A).

In an effort to elucidate the lack of HDACI sensitization in
U118 cells we performed a series of additional survival assays
with different sequences of drug and radiation exposures.
Figure 3 indicates that adding VorinostatS#* before and after
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Figure 2 Vorinostat®" promotes radiosensitivity in D54 but not U118 cells. A) Clonogenic survival assay measured in D54 cells as in Figure 1A except that the dose of
Vorinostat5i* was 2.5 uM. B) U118 cells treated as in A). C-D) Apoptosis assay. Caspase-3 activity was measured in D54 C) and U118, D) cells 72 hrs after the indicated

radiation treatment followed by 4hr of Vorinostats#4 (2.5 uM). * = p<0.05.

radiation (SAHA/RAD/SAHA), or exposing the cells to radiation
before and after Vorinostat*"4 (RAD/SAHA/RAD), increased
the sensitivity of both D54 and U118 cells to higher radiation
doses (21 Gy) but only increased sensitivity to lower radiation
doses in D54 cells. The increased sensitivity to lower radiation
doses reached statistical significance from 0.1 to 1.0 Gy when the
cells were exposed to radiation before and after VorinostatSAHA
treatment (RAD/SAHA/RAD) but was only significant at or
above 0.5 Gy when Vorinostat®"* preceded radiation in D54 cells
(Figure 3A). However, none of these conditions reproduced the
HRS phenomenon observed in Figure 1. It thus appears that the
promotion of HRS by HDACI depends on low concentration (1.5
uM) of HDACI being added after radiation in p53 wild type D54
cells. Altering the order, sequence and/or drug concentrations
may resultin Vorinostat*""“ behaving as a classical radiosensitizer
rather than promoting HRS.

In order to determine whether a functional p53 is required
to mediate promotion of HRS by HDACI we performed survival
assays in the presence of the p53 inhibitor pifithrin a (Figure

4A). Figure 4A shows that D54 cells treated with pifithrin o are
more sensitive to higher doses of radiation. However, inhibition
of p53 resulted in a statistically significant loss of the promotion
of HRS by HDACI observed earlier at 0.25 Gy (Figures 1A and
4A). For clarity purpose and a better comparison, the pifithrin
a data were superimposed on the data from Figure 1A. These
date thus indicate that the promotion of HRS by HDACI requires
a functional p53.

While a functional p53 is probably required to induce
apoptosis (Figure 1C), HDACI could also promote HRS by
preventing or delaying DNA repair. To verify this possibility, we
measured the levels of YH2AX at different time points following
0.25 Gy of radiation in the presence or absence of VorinostatSA#A,
The data shown on Figure 4B indicate that indeed the presence
of Vorinostats# reduced and delay the up-regulation of yH2AX
by several minutes and allowed a rapid acetylation of p53 (L373,
L382) following exposure to 0.25 Gy (Figure 4C, lane 2). No effect
on p53 phosphorylation was observed (data not shown). The
pattern of p53 acetylation and upregulation observed at the 1h
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Figure 4 A) Promotion of HRS by HDACI requires a functional p53. D54 cells were treated with the p53 inhibitor pifithrin a (20 uM) 1h prior to exposure to the
indicated dose of radiation or radiation followed by Vorinostats*"4 (1.5 uM). B) Western blot analysis. D54 cells were exposed to radiation and Vorinostat®*" for the
indicated period of time.

Histones were extracted and 10 pg were run on SDS PAGE and hybridized to the indicated antibody. Histone H3 was used as a loading control. C) Same as B) except that
whole cell extracts were used and 100 pg were loaded. Actin was used as a loading control. Fold induction was measured by densitometry normalized to loading controls.
D) D54 cells were treated (black boxes) or not (white boxes) with 1,5 pM Vorinostat®" for 4 h and irradiated with 0.25 Gy. Cells were analyzed 6 or 24 hrs after radiation
by FACS to measure the percentage of cells in G2.

* =p<0.05; RAD/SAHA as compared to pifithrin « RAD/SAHA
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time point is consistent with the HRS phenomenon observed in
Figure 1A where increase radiosensitivity is observed at 0.25 Gy
followed by increase radioresistance at higher radiation doses. In
addition, the data suggests that the p53 response to the combined
regimen of 0.25Gy of radiation and Vorinostats""4 is sequential,
where p53 is first acetylated (Figure 4C, lane 2) followed by
stabilization (total p53, lane 6). Acetylation of p53 at residues
L373, L382 has been shown to induce expression of p21 [18] and
could consequently affect cell cycle progression. Although p53
and p21 can affect the G1 and G2 checkpoints [19], it is believed
that a failure to arrest in G2 is contributing to HRS [20]. We thus
measured the effect of Vorinostat®" on the capacity of D54
cells to arrest in G2 following exposure to 0.25 Gy of radiation.
The data shown in Figure 4D indicate that indeed Vorinostats""4
abrogate D54 cells capacity to arrest in G2 following exposure to
0.25 Gy of radiation.

In addition to having a mutated p53, the U118 cells also
have a mutation in the p53 regulated tumor suppressor PTEN.
To determine whether a functional PTEN could restore HRS
promoted by HDACI in a p53 mutated cell line, we treated the
U118 cells with LY294002, an AKT inhibitor, to mimic a functional
PTEN [21]. Figure 5A indicates that pre-treating D54 cells with
LY294002 promoted HRS at 0.25 Gy and adding VorinostatSAHA
after radiation further increased HRS by killing 20% more
cells compared to LY294002 alone at the same radiation dose
(0.25Gy). Most importantly, Figure 5B indicates that LY294002

restored the promotion of HRS by HDACI in U118 cells at 0.25 Gy
to levels similar to what was observed in the p53 and PTEN wild
type D54 cells. Restoration of HRS in U118 cells is also supported
by the increased RER observed at 0.25 Gy (Figure 5C). It thus
appears that by mimicking a functional PTEN in U118 cells with
a PI3K inhibitor we can promote HRS in response to HDACI in
U118 cells.

In order to determine the potential effect of HDACI on
the current standard of care for glioblastoma, we performed
additional clonogenic survival assays with Vorinostats*", TMZ
and radiation. The data shown in Figure 6A indicate that TMZ can
sensitize D54 cells to all doses of radiation used and promote a
statistically significant HRS at 0.15 and 0.5 Gy. The promotion of
HRS by TMZ is also supported by the increased RER at these two
radiation doses (Figure 6B). Adding VorinostatSH* after radiation
significantly increased TMZ sensitization at every dose below
0.5Gy including a statistically significant more pronounced HRS
at 0.15 Gy but had no additional effect as compared to TMZ alone
at radiation doses above 0.25 Gy (Figure 6A). These observations
are also in agreement with the RER (Figure 6B). These data thus
indicate that TMZ and/or HDACI can promote HRS in glioblastoma
cells and provide a rationale for further explorations of potential
clinical applications.

DISCUSSION

The data generated in this study further implicate HRS
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* = p<0.05. C) Radiation Enhancement Ratio (RER) by PI3K Inhibitor (PI3K I) and or HDACI calculated as in Figure 1.

JSM Clin Oncol Res 2(1): 1004 (2014)

6/9



Carrier et al. (2014)
Email: fcarr001@umaryland.edu

@SCiMedCentra]

A

100

80
60 E

40 1 * * E

Relative Survival (%)

20 1 —+—RAD
—=—TMZ/RAD

0 —&— TMZ/RAD/SAHA

0 0.5 1 1.5 2

Radiation Doses (Gy)

B Radiation dose | RER TMZ RER TMZ

(Gy) SAHA

0 1.38 1.36
0.05 1.12 1.59
0.1 1.37 1.6
0.15 2.14 2.73
0.25 1.72 2.13
0.5 2.45 2.01

1 1.92 1.96

2 1.91 1.95

Figure 6 A) Vorinostat" enhances TMZ-induced radiosensitization.
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TMZ/RAD/SAHA as compared to TMZ/RAD, 1 = p<0.05: TMZ/RAD as compared
to RAD. B) RER by TMZ and TMZ plus SAHA calculated as in Figure 1.

as a possible mode to improve glioblastoma treatments. HRS
has been reported previously as an intrinsic characteristic of a
number of malignant cell lines but the possibility to promote HRS
in cells harboring no apparent sensitivity to low dose radiation
offers the possibility to expand this phenomenon to new
therapeutic applications. Our data (Figure 1A) indicate that forty
percent more cells are killed at 0.25 Gy when the p53 wild-type
D54 glioblastoma cells are treated with 1.5 uM Vorinostat®"4
after radiation. A much higher radiation dose, about six times
higher (1.5 Gy), is required to kill the same amount of cells with
radiation alone. Our data indicate that promotion of HRS requires
a functional p53 and activation of caspase-3 (Figure 1, 4). This
is in good agreement with earlier studies on intrinsic HRS [8].
More recently it has also been shown that a failure to arrest in
early G2 contributes to HRS [20]. Similarly our data indicate
that treating the cells with Vorinostat®*#* abolish the D54 cells
capacity to arrest in G2 following exposure to 0.25Gy (Figure
4D). It thus appears that the molecular mechanisms underlying
promotion of HRS are similar to the intrinsic HRS of proliferating
cells. Nonetheless, these mechanisms are probably different
than the conventional DNA damage response. Actually, the DNA
damage response including activation of poly (ADP-ribose)
polymerase 1 (PARP) [22], DNA-PK (DNA-dependent protein
kinase) [23,24] and the ATM-dependent early G2-phase cell cycle
checkpoint [25] are instrumental in overcoming HRS at higher
radiation doses. It could also be argued that by relaxing the
chromatin structure, the HDACIs could increase the number of
DNA double strand breaks (DSBs) inflicted by ionizing radiation.

However, this is not the case [26]. HDACIs rather prevent the
refolding of the chromatin into a more condensed structure
following repair [26]. HDACIs potentiate radiation-induced cell
killing by preventing the rapid exchanges of epigenetic marks in
the vicinity of the DSBs and prolonging the expression of yH2AX
thus delaying or preventing DNA repair [27,28]. Our data are
in good agreement with these earlier studies and indicate that
Vorinostat®H delayed the phosphorylation of H2AX in response
to low dose radiation (Figure 4B). Another indication that HRS
promoted by HDACI could be mediated at least in part by delayed
DNA repair is provided by restoration of HRS in the p53 mutant
cell line U118 with a PI3K inhibitor to mimic a functional PTEN.
PTEN has been shown to increase radiosensitivity by delaying
DSBs repair rather than affecting cell cycle redistribution [29].
Even so, as mentioned earlier we also observed that Vorinostats*H4
prevented the G2 check point (Figure 4D), which could be PTEN
independent, but required a functional p53 to promote HRS
(Figure 4A). An alternative explanation for promotion of HRS by
Vorinostat®"* could be the recently described inhibitory effect of
Vorinostat®H#* on Telomerase activity [30]. However, this effect
is time and dose dependent and would probably not occur under
the mild conditions (1.5 pM, 4h) used here. Moreover, this effect
on Telomerase could not explain why HRS is lost when a p53
inhibitor is used in D54 cells or why mimicking a functional PTEN
with an AKT inhibitor in U118 cells restored the phenomenon of
HRS promoted by HDACI.

Regardless of the mechanisms involved, promotion of HRS
by HDCAI appears to be a viable approach for GBM that could be
used as a basis to develop new Phase I/1I studies. Nonetheless, it
is important to consider the potential effect of drug combination
with radiation on normal tissue in order to maximize the
potential therapeutic ratio. One of the great advantages of
HDACIs is their selectivity for cancer cells and consequently
sparing of normal tissues. We have previously shown that
HDACIs increase anticancer drugs efficiency in cancer but not
normal cells [9]. A similar phenomenon has been observed with
radiation therapy where HDACIs radiosensitize cancer but not
normal cells [27,31]. Similarly, no increase toxicity have been
reported in a phase II trial involving the HDACI valproic acid,
temozolomide (Temodar), and radiation for the treatment of
glioblastoma multiforme as compared to what is reported for
radiation and temozolomide alone [32]. Another appealing aspect
of the HDACIs is that in addition to preferentially potentiate
anticancer treatments in cancer cells they also apparently protect
normal tissue from radiation-induced side effects. For example,
the HDACI phenylbutyrate improve both DNA repair and cell
survival in normal fibroblasts [31] and topical application of
HDACI protect normal tissue from acute and long term effects of
radiation [31,33, 6]. The HDACIs are therefore part of a rare class
of agents that could provide a clear therapeutic advantage when
combined with radiation therapy.

CONCLUSIONS

Vorinostat®"A can promote HRS by activating several branches
of the p53 pathway including acetylation of p53, (Figure 4B)
which could stabilize p53 [34] (Figure 4B) and lead to a failure
to arrest in G2, and activation of PTEN to delay DNA repair. In
addition, our data indicate that TMZ can also promote HRS in
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D54 cells (Figure 6). The molecular mechanisms underlying the
cellular response to low (<1 Gy) but not high (>2 Gy) radiation
doses are just beginning to be elucidated but are upholding
promising possibilities for clinical applications such as whole
organ irradiation including whole brain radiation radiotherapy
as a basis to develop new Phase I/II studies.
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