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Abstract
It is well established that cells are more sensitive to ionizing radiation during the G2/M phase of
the cell cycle when their chromatin is highly compacted. However, highly compacted chromatin is
less susceptible to DNA Double Strand Breaks (DSBs) than relaxed chromatin. Therefore, it is
now becoming apparent that it is the cell capacity to repair its damaged DNA and refold its
chromatin into its original compacted status that primarily affects the overall cellular sensitivity to
ionizing radiation. The Histone Deacetylase Inhibitors (HDACIs) are a new class of anticancer
agents that relax chromatin structure by increasing the levels of histone acetylation. The effect of
HDACIs on normal and cancer cells sensitivity to ionizing radiation differs. Reports have
indicated that HDACIs can protect normal cells while simultaneously sensitize cancer cells to
ionizing radiation. This difference may stem from the individual characteristic of the normal and
cancer cells chromatin structure. This review discusses this possibility and addresses the role of
HDACIs in radiation therapy.
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Chromatin
The DNA of eukaryotic cells is highly compacted and organized by histone and non-histone
proteins into a nuclear structure known as the chromatin. Nucleosomes constitute the
building bloc of chromatin. They are composed of core histones organized into a tetramer of
histones (H3-H4)2 and two H2A–H2B dimers localized on each side of the tetramer.
Stretches of DNA (146 bp) are wrapped twice around these histone octamers that are
separated by short sections of linker DNA to constitute what is known as the beads on a
string structure. The linker histone H1 promotes the folding of the chromatin into higher
order structure (30 nm fibers) by anchoring its globular domain at the exit or entry end of the
nucleosomes and its highly positively charged C-terminal domain at the linker DNA on
either side of the nucleosomes (1). This association stabilizes this complex structure and
prevents the DNA from peeling of the histone surface (2). Electrostatic interactions between
the negatively charged phosphodiester backbone of the DNA and the basic (positively
charged) residues of the core histone tails maintain the chromatin in to a well-organized
tightly compacted structure. However, this organization is not static but rather dynamic.
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Because the core histone tails protrude outside the nucleosomes they are susceptible to a
variety of Post Translational Modifications (PTMs) including acetylation, methylation,
phosphorylation, ubiquitination, sumoylation, proline isomerization, and ADP ribosylation
(3). Any combinations of these PTMs can to some extent increase or decrease the
interactions between the DNA and the core histones and consequently affect chromatin
accessibility at a particular locus. From a quantitative point of view histone acetylation is the
most important modification occurring in all eukaryotes (3). The histone acetyltransferases
(HATs) are the enzymes mediating histone acetylation and the reverse reaction, histone
deacetylation, is catalyzed by histone deacetylases (HDACs). By deacetylating the core
histones, HDACs neutralize the positive charges on histones tails and consequently compact
the chromatin structure into a conformation that is repressive to most cellular processes (4).

Histone Acetyl Transferases (HATs)
HATs are evolutionary conserved from yeast to human and generally contain multiple
protein subunits. These diverse proteins complexes are grouped in to two large families
based on their catalytic domains. The GNATs family is named after its founding member,
Gcn5 N-acetytransferase, and the MYST family is named for the founding members, Morf-
Ybf2-Sas2-Tip60. Other proteins which do not contain consensus HAT domains also carry
HAT activity such as p300/CBP (CREB-binding protein), Taf1 and some nuclear receptor
co-activators. HATs enzymes take advantage of the proteins they are associated with for
their recruitment to a particular location in the genome in order to carry a specific function.
This mechanism also allows for substrate selection. For example PCAF associates with five
different TAF proteins and acetylates histones H3 and H4 while TIP60 associates with a
different set of proteins and acetylates histones H2A and H4 (5). In addition, a growing
number of non-histones proteins are also acetylated by HATs. It is now well established that
histone acetylation increases chromatin accessibility and the importance of this histone PTM
in transcription has been demonstrated in several systems (6). Acetylation of the core
histones has been associated with a looser, more open, chromatin structure that facilitates
accessibility not only to the transcriptional machinery but also to other important cellular
processes such as replication and DNA repair (4).

In keeping with the general mechanism by which HATs carry their specificity, two different
HATs complexes have been associated with the repair of two different type of DNA
damage. The MYST HATs function at sites of DNA double strand breaks (DSBs) while the
GNAT HATs are recruited at sites of Nucleotide Excision Repair (NER). DBSs can be
generated by ionizing radiation and are predominantly repaired by the non-homologous end
joining (NHEJ) DNA repair pathway. This repair mechanism requires remodeling of
chromatin into an “open” state at the sites of DSBs to allow the repair machinery to access
the DNA ends (7). Acetylation of histones by HATs at sites of DSBs is thus an important
step to allow efficient repair (8). Consequently, decreasing DSBs repair efficiency by
inhibiting HATs could increase cells radio- sensitivity. This assumption has recently been
validated in human lung and cervical cancer cells treated with garcinol, a HAT inhibitor (9).
However, inhibition of the reverse enzymes, HDAC, can also sensitize cells to radiation (see
below). It thus appears that both histone acetylation and deacetylation are essential for
efficient DSBs repair. This reflects the importance of the histones PTMs dynamics at the
sites of DSBs and their influence on chromatin remodeling.

Histone Deacetylase (HDAC) and HDAC Inhibitors
There are 18 known human HDAC grouped into two broad families; one family containing
HDAC1-11 requires Zn2+ for deacetylase activity and is subdivided into three classes based
on sequence homology to yeast deacetylases. Class I enzymes share sequence homology
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with yeast deacetylase RPD3, they are all located in the nucleus and includes HDAC1, 2, 3
and 8. HDAC4, 5, 6, 7, 9 and 10 form the class II enzymes. They share sequence homology
with yeast deacetylase HDA1. Within the class II enzymes, HDAC6 and 10 form a sub-
class, IIb, because they possess two catalytic sites and are expressed only in the cytoplasm.
All other class II enzymes can shuttle back and forth between the nucleus and the cytoplasm.
HDAC11 constitutes the class IV enzyme and shares homology with both the yeast RPD3
and HDA1 enzymes. The second HDAC family consists of seven members, sirtuins 1–7 and
requires the NAD+ co-factor for activity. This family constitutes the class III enzymes and
acts primarily on non-histones proteins. HDACs expression and activity are altered in many
cancers (10) (11) but the mechanisms that lead to HDAC activation in tumor cells are not
well understood. Both transcriptional as well as post-transcriptional mechanisms have been
reported (12) (13). It is also possible that the unique environment of the cancer cells
promotes HDAC activation. In fact, Reactive Oxygen Species (ROS) and hypoxia, which
are elevated in cancer compared to normal cells, can increase HDAC activities (12–16).
HDACs are thus believed to promote carcinogenesis through modulation of chromatin at
specific loci and interaction with key transcriptional regulators.

Given the increasing understanding of HDAC role in cancer biology, small molecules
inhibitors of HDAC enzymes have recently been identified and developed for cancer
treatments. The current HDAC Inhibitors (HDACIs) are divided into four major classes
based on their structure: 1) small molecular weight carboxylates (Valproic Acid), 2)
hydroxyamic acids (Vorinostat/SAHA, Trichostatin A, Panobinostat, Belinostat), 3)
benzamides (Entinostat, MGD0103), and 4) cyclic peptides (Romidepsin). Vorinostat/SAHA

and Romidepsin (Depsipeptide) are currently the only two HDACIs approved by the FDA
for cancer treatment. Their indication is for refractory cutaneous T-cell lymphoma.
Vorinostat/SAHA and Romidepsin (Depsipeptide) are pan-specific HDACIs, targeting the
zinc molecule found in the active site of class I, II and IV HDAC enzymes. The
development of more specific HDACI is actively being pursuit but so far the clinical
relevance of such a pursuit has only been demonstrated for HDAC8 inhibitors for the
treatment of neuroblastoma (17). The pan specificity of the current HDACIs may contribute
to their efficiency in a variety of drug combination therapies and could account for their
relatively low toxicity (18). At least 12 different HDACIs are currently in some phase of
clinical trials as monotherapy or in combination with chemotherapy or radiation therapy in
patients with hematologic and solid tumors. However, the mechanism of action of HDACIs
is still not completely understood.

HDACIs can inhibit the proliferation of transformed cells in culture and tumor growth in
animal models by inhibiting cell cycle progression, inducing differentiation and apoptosis.
Less than 10% of transcribed genes are altered by HDACIs treatment (19) but the altered
genes vary from cell line to cell line and between different HDACIs. Therefore, no
consistent picture of a target(s) or pathway(s) modulated by HDACIs has emerged yet. The
low specific activity of the first generation of HDACIs is probably responsible for the
pleoitropic activities associated with these inhibitors herein the apparent lack of a common
denominator for their actions. What is consistent though is the HDACIs preferential
selectivity for cancer cells as compared to normal cells and, acetylation of lysine residues on
histones protein from the Peripheral Blood Mononuclear Cells (PBMC) of patients treated
with HDACIs (18,20). Several mechanisms have been proposed to explain the HDACIs
preferential selectivity for cancer cells but none so far can fully account for this generalized
effect that crosses multiple cell lines and tumor types irrespective of the different cell line
specific control of gene transcription. For instance, Vorinostat/SAHA can decrease the
expression of the ROS scavenger thioredoxin in transformed but not normal cells (16). This
effect could probably contributes to the HDACIs selectivity for some cancer cells but
sensitivity to ROS varies within given histologies, cancer cell lines and tumor xenografts.
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Decreased expression of thioredoxin is thus unlikely to solely account for HDACIs
selectivity for cancer cells. DNA repair defects that are prominent in cancer cells were also
recently proposed as a mechanism for HDACIs selectivity for cancer cells (21). However, if
the selection mechanism was so simple, why other anticancer drugs that damage DNA that
can be repaired in normal but not cancer cells do no show this selectivity? Clearly, a more
fundamental mechanism that could account for the collective selectivity of HDACIs for
cancer cells is likely to underlie this general phenomenon. We recently proposed that the
altered chromatin structure of cancer cells predisposed them to HDACIs sensitivity and
selectivity (22). Abnormal nuclear morphology including chromatin clumping, irregular
parachromatin clearing, and variability of nuclear size and shape are still hallmarks of the
progressive distortion of the nuclear structures accompanying neoplasia. In addition,
alterations in cancer cells morphology is altering the order and positioning of chromatin. It is
thus possible that altered chromatin structure in cancer cells increases accessibility to the
histone tails and allow a more profound distribution of histone PTMs. Such broad
mechanism would not be HDACI specific or cancer cell type specific but would provide
HDACIs selectivity for cancer cells.

HDACIs: Radioprotectors or radiosensitizers ?
The preference of HDACIs for cancer cells might also be due to a protective role on normal
cells. When used topically at a relatively high dose (1%), the HDACI phenylbutyrate was
shown to reduce the number of skin tumors in response to a single dose of radiation (40 Gy)
in a well-established animal model of cutaneous radiation syndrome (23). The reduction of
tumor formation was correlated with down regulation of oncogenes such as c-Jun, Myc and
Bcl-2 followed by a reduction of inflammatory cytokines such as interleukins, TNF-α and
TGF-β. More recent evidence have indicated that HDACIs can also protect mice against
total body irradiation (TBI)(24, 25). HDACIs given either 24h before or 1h after a
supralethal dose (7 Gy) TBI considerably reduced lethality. Without HDACI no mice
survived a TBI dose of 7 Gy but half the mice that received HDCAI prior TBI were still
alive 2 months after being exposed to 7 Gy (TBI) (24). Pathological analysis and spleen
colony-forming assay indicated that intestinal and bone marrow cells recovered significantly
from radiation-induced damage in the animals treated with HDACIs (24, 25). These studies
are in good agreement with the stimulatory effect of HDACI on stem cells proliferation (26,
27) and may again reflect the different effect of HDACIs on the normal and cancer cells
overall chromatin structure.

Changes on chromatin structure are expected to affect radiosensitivity. It is well established
that cells are more radiosensitive when their chromatin is at its highest state of compaction
during the G2/M phase of the cell cycle (28). However, G2/M cells do not get more DNA
DSBs. In fact, elegant studies performed with 11 Mbp-long chromatin regions and with
whole chromosome territories indicate that genetically inactive condensed chromatin is
much less susceptible to radiation-induced DNA DSBs than decondensed chromatin (29).
This is consistent with studies performed on chromatin isolated from V-79 Chinese hamster
lung fibroblast where the amount of DNA breaks generated by ionizing radiation doubled on
the relaxed acetylated chromatin (30). Therefore, even though a more relaxed chromatin
structure favors the production of radiation induced DNA strand breaks this is not translated
into increased radiosensitivity in cells. This is probably because DNA repair, an important
component of radiosensitivity, is not measured on isolated chromatin. Initially it was thus
believed that the compacted chromatin of the G2/M cells restricted DNA access to the repair
enzymes and consequently increased radiosensitivity (31). More recent studies have shown
that global chromatin compaction has moderate impact on the access and repair of DNA
double strand breaks (DSBs) (32). However, dynamic local chromatin remodeling is
required at the sites of DSBs. Studies have shown that DNA damage is repaired more
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efficiently on open chromatin (29). Chromatin needs to be remodeled at the sites of DNA
DBS to first allow access of the repair machinery and then the removal of marks that signal
DNA damage to subsequently allow chromatin refolding into its original more compacted
structure once the repair is done (8). These events directly impact DNA repair efficiency and
consequently the overall cellular radiosensitivity.

Several studies have indicated that HDACIs can sensitize cancer cells to radiation (33, 34).
As mentioned earlier, the overall effect of HDACIs on chromatin structure is to increase the
levels of histone acetylation which results in a more relaxed chromatin structure. HDACIs
do not significantly affect the number of DSBs inflicted by ionizing radiation. HDACIs
rather maintain the histones in a hyperacetylated status which prevents the refolding of
chromatin into a more condensed structure following repair (35). In fact, previous studies
have shown that increased histone acetylation in the region of DSBs are soon replaced by
histone PTMs associated with a more condensed chromatin structure, such as decreased
aceylation of histone H4-K5 and increased methylation of histone H3-K9, following DNA
repair (35). HDACIs thus prevent these rapid epigenetic exchanges and lead to
radiosensitivity. HDACIs can also decrease DNA repair efficiency by down regulating the
expression of several DNA repair proteins such as Ku70, Ku86, Rad51 and DNA-PKc (36).
In addition, HDACIs can prolong the expression of the DNA damage µarker γH2AX (36,37)
thus preventing DNA DSB repair and potentiating the effects of radiation-induced killing.
Moreover, histone acetylation could also facilitate the recruitment of chromatin remodeling
complexes and other chromosomal proteins that might modify higher order chromatin
structure to influence DNA repair efficiency. Conversely, chromatin remodeling proteins
could influence the level of histone acetylation. For example, the nucleosome binding
protein HMGN1 is required to mediate global increase in histone H3-K14 acetylation
following ionizing radiation exposure (38). HMGN1 modulates the interaction of ATM with
chromatin before and after DSB formation by reducing ATM binding to the chromatin (38).
Similarly, HDACIs reduce the levels of chromatin-bound ATM both prior to and following
IR exposure.

HDACIs can thus simultaneously protect normal cells while causing tumor cells to be more
radiosensitive. The events leading to this distinctive effect on radiosensitivity are
summarized in Fig. 1. As mentioned earlier, the chromatin of normal and cancer cells is
dramatically different. To this day, changes in chromatin texture are still used as important
criterion for cancer diagnosis. Increased heterochromatin (chromatin coarsening) and loss of
heterochromatin aggregates (exaggerated open chromatin) are two significant changes
observed in chromatin texture. These changes can have important effects on the strength of
DNA damage signaling occurring at each DNA breaks (32). In fact, the impact of chromatin
compaction on DNA damage signaling seems to be more important for low doses of
radiation. Cells depleted of the DNA linker binder histone H1 have a more relaxed
chromatin structure than the wild type cells and harbor hypersensitive G2/M checkpoint at
radiation doses as low as 0.25 Gy (32). This dose had no effect in the wild type cells.
Although higher order chromatin structure is important for ATM activation in response to
radiation (38), the strength of the ATM signal is not affected by H1 depletion (32). It seems
rather that the ATR pathway is most sensitive to chromatin modulation. Phosphorylation of
the ATR substrate ChK1 has been observed at doses as low as 0.1 Gy in cells harboring a
more relaxed chromatin structure (32). This is probably because the ATR pathway relies on
chromatin remodeling for resection of DSB into single strand breaks and this process can be
limited by chromatin compaction (39, 40). These observations are consistent with the
radiosensitization effect of HDACIs at low doses of radiation (0.2 Gy) (41) and support the
idea that one of the main mechanisms by which HDACIs affect radiosensitivity is through
chromatin modulation.
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Clinical trials
There are currently several clinical trials evaluating the combination of HDACIs with
radiation therapy, some of which are listed in Table 1. Most of the trials are using the pan
specific HDACI Vorinostat/SAHA which can cross the blood brain barrier. These trials
reflect the potential benefit of HDACIs as radiosensitizers. The maximum tolerated dose of
Vorinostat/SAHA has been determined at 300 mg once daily in combination with 30Gy
radiation over 2 weeks in a Phase 1 trial for short term palliative pelvic radiotherapy for
patients with gastrointestinal carcinoma (42). This small trial (16 evaluable patients)
demonstrated that combination of HDACIs with radiation therapy is possible. Although a
mean tumor reduction of 26% was observed, tumor reduction was highly variable and seven
patients experienced grade 3 adverse events. Nonetheless, no grade 4 toxicities were
associated with the treatment. It is expected that the outcomes of the currently undergoing
clinical trials will contribute to effectively evaluate the efficacy and safety of HDACIs
combined with radiation therapy.

Concluding remarks
HDACIs have generated a lot of interest in the field of cancer research. They offer the
possibility to potentiate a variety of conventional anticancer treatments while at the same
time spare or even protect normal tissues. This pan specific potentiation effect probably
stems from the low specificity of the first generation of HDACIs and thus brings in to
question whether the quest for more specific HDACIs is the right direction to take.
Nonetheless, there are some instances where this seems to be an obvious decision. For
example, over expression of HDAC8 in neuroblastoma and reversal of the phenotype with
HDAC8 inhibition clearly indicates that a specific inhibitor for HDAC8 would be greatly
desirable (17). However, for most other cases it rather seems that the relatively low toxicity
associated with HDACIs in the clinic is key to the added benefit of drug combination. The
low toxicity of HDACIs may also suggest that low doses of HDACIs may be used as
maintenance therapy. This could potentially be particularly beneficial after combing
HDACIs with anticancer drugs that target DNA or enzymes acting on the DNA. By
preventing the refolding of cancer cells chromatin through increased histone acetylation
HDACIs could prevent repair of cancer cells and prolong the effect of the anticancer drug.
The effect of HDACIs on chromatin refolding could also be exploited for low dose
fractionated radiation therapy (LDFRT). LDFRT has been shown to potentiate a number of
anticancer drugs due to a phenomenon known as hyper radiosensivity whereby cells are
more susceptible to radiation killing at doses below 0.5 Gy where the conventional linear-
quadratic model would predict survival (43, 44). We are just beginning to understand the
clinical benefits of HDACIs for cancer treatments. As it is often the case when a new class
of anticancer drugs is identified and investigated, expectations are high for HDACIs but as
always we are gaining valuable knowledge along the way that bring us closer to the goal of
curing or at least managing cancer progression.
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Figure 1. Potential mechanisms by which HDACIs could simultaneously protect normal cells and
sensitize cancer cells to ionizing radiation
The chromatin of normal and cancer cells is dramatically different. In cancer cells, virtually
all subcomponents of the nuclear and cellular matrix are altered. The shape of cancer cells
nuclei is irregular and heterochromatin (purple) that usually surrounds nucleoli appears as
coarse aggregates. Alterations in the cytomatrix also distort the overall cellular shape. In
normal skin HDACIs reduce the number of radiation-induced skin tumors by down
regulating oncogenes (c-Jun, Myc and Bcl-2) and inflammatory cytokines (interleukins,
TNFα, TGF-β). HDACIs can also induce radioprotection by stimulating stem cells
proliferation. In cancer cells, HDACIs acetylate core histones in the distorted chromatin and
maintain the chromatin into an open state wich prevents the refolding of the chromatin into
its original compacted structure following DNA repair. The acetylated chromatin prevents
the binding of ATM and decreases the expression of repair proteins (KU70, Ku86, Rad51
and DNA-PKc).
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Table 1

Clinical trials combining HDACIs with radiation therapy.

Clinical Trial No Title Sponsor

NCT00946673 A Phase I Trial of Vorinostat Concurrent With
Stereotactic Radiotherapy in Treatment of Brain
Metastases From Non-Small Cell Lung Cancer

Stanford University

NCT00983268 Phase I Trial of Chemoradiation With Capecitabine and
Vorinostat in Pancreatic Cancer.

Vanderbilt-Ingram
Cancer Center

NCT00731731 Phase I/II Study of Vorinostat (Suberoylanilide
Hydroxamic Acid [SAHA]), Temozolomide, and
Radiation Therapy in Patients With Newly Diagnosed
Glioblastoma

National Cancer
Institute (NCI)

NCT01236560 A Randomized Phase II/III Study of Vorinostat and
Local Irradiation OR Temozolomide and Local
Irradiation OR Bevacizumab and Local Irradiation
Followed by Maintenance Bevacizumab and
Temozolomide in Children With Newly Diagnosed
High-Grade Gliomas

National Cancer
Institute (NCI)

NCT01189266 A Phase I-II Study of Suberoylanilide Hydroxamic
Acid (SAHA, Vorinostat) and Local Irradiation,
Followed by Maintenance SAHA in Children With
Newly Diagnosed Diffuse Intrinsic Pontine Gliomas
(DIPG)

National Cancer
Institute (NCI)

NCT01064921 A Phase I Trial of Vorinostat in the Treatment of
Advanced Oropharyngeal Carcinoma of the Head and
Neck

Ohio State University
Comprehensive Cancer
Center

NCT00831493 Phase I/II Trial of Vorinostat and Radiation Therapy in
Patients With Locally Advanced Pancreatic Cancer

M.D. Anderson Cancer
Center

NCT00662311 Phase I/II Clinical Trial Evaluating the Use of
Vorinostat Combined With Paclitaxel and Radiotherapy
in Patients With Inoperable Stage III Non-Small Cell
Lung Cancer Unable to Tolerate Cisplatin

Fred Hutchinson
Cancer Research Center

NCT01378481 High-Dose Vorinostat With Radiation Therapy in the
Treatment of Recurrent Glioma

Thomas Jefferson
University

NCT00838929 Phase I Study of the Combination of Vorinostat and
Radiation Therapy for the Treatment of Patients With
Brain Metastases

Thomas Jefferson
University

NCT00404326 A Phase II Study of Transcriptional Therapy With the
DNA Demethylating Hydralazine and the HDAC
Inhibitor Valproate Associated to Concomitant
Cisplatin Chemoradiation in FIGO Stage III Cervical
Cancer.

National Institute of
Cancerología

NCT01384799 A Phase I Dose Escalation Study to Investigate the
Safety and Pharmacokinetics of Intravenous CUDC-
101 With Concurrent Cisplatin and Radiation Therapy
in Subjects With Locally Advanced Human
Papillomavirus Negative Head and Neck Cancer

Curis, Inc.

NCT00455351 Phase I Study on Suberoylanilide Hydroxyamic Acid
(Vorinostat) a Histone Deacetylase Inhibitor, in
Palliative Radiotherapy for Advanced Tumors.

Oslo University
Hospital

NCT00302159 A Phase II Clinical Trial of the Histone Deacetylase
Inhibitor Valproic Acid in Combination With Temodar
and Radiation Therapy in Patients With High Grade
Gliomas: Multi-Institutional Trial

National Institutes of
Health Clinical Center
(CC)

NCT00948688 Phase 1/2 Study of Vorinostat in Combination With
Radiation Therapy and Infusional 5-FU in Patients
With Locally Advanced Adenocarcinoma of the
Pancreas

Massachusetts General
Hospital

NCT00437957 Phase I Trial Of Temozolomide Combined With The H. Lee Moffitt Cancer
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Clinical Trial No Title Sponsor

Histone Deacetylase Inhibitor Valproic Acid (VPA)
And Whole Brain Radiation Therapy (WBR) For Brain
Metastases From Solid Tumors In Adults

Center and Research
Institute

NCT00821951 A Dose Escalation Study of Vorinostat in Combination
With Palliative Radiotherapy for Patients With Non-
Small Cell Lung Cancer

Yale University
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