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Histone modification has emerged as a promising 
approach to cancer therapy. We explored the in vivo 
efficacy of a butyric acid derivative, pivaloyloxymethyl 
butyrate (AN-9), for the treatment of gliomas. Relative 
to control and single-modality treatments, the combina-
tion of AN-9 and radiation significantly inhibited tumor 
growth and prolonged time to failure in mice bearing 
glioma xenografts. The enhanced response to radiation 
was accompanied by inhibition of cellular proliferation 
and by increased phosphorylation of H2AX, implicating 
DNA double-strand breaks in the antineoplastic effects 
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Preclinical and clinical studies are evaluating sev-
eral histone deacetylase inhibitors (HDACIs),4 
including a prodrug of butyric acid (BA), piv-

aloyloxymethyl butyrate (AN-9) (Patnaik et al., 2002; 
Reid et al., 2004), the hydroxamic acids suberoylanilide 
hydroxamic acid (SAHA) and trichostatin A (Zhang et 
al., 2004), benzamide derivatives MS-275 and CI-994 
(Prakash et al., 2001; Saito et al., 1999), cyclic pep-
tides trapoxin, apicidin, and depsipeptide (Zhang et al., 
2004), and valproic acid (Blaheta et al., 2005). Recent 
studies have revealed the radiosensitizing abilities of 
various HDACIs, including MS-275 (Camphausen et 
al., 2005), SAHA (Zhang et al., 2004), valproic acid 
(Camphausen et al., 2005), trichostatin A (Tang et al., 
2004), and BA (Munshi et al., 2005), the last of which 
is the parental form of AN-9 (Nudelman et al., 1992). 
These studies highlight the potential for incorporating 
HDACIs into multimodality treatment of gliomas. We 
recently reported that AN-9 induces hyperacetylation, 
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inhibits proliferation, and enhances apoptosis of glio-
blastoma multiforme cells in vitro. In addition, AN-9 
enhances the cytotoxic effects of radiation in vitro 
(Entin-Meer et al., 2005).

In this study, we sought to assess the in vivo anti-
neoplastic efficacy of AN-9 in combination with radia-
tion for the treatment of high-grade gliomas grown as 
xenografts in athymic mice. Our data provide evidence 
that AN-9 enhances the in vivo therapeutic effects of 
radiation. Moreover, AN-9–mediated radiosensitization 
was associated with increased expression of phospho- 
-H2AX within glioma xenografts, suggesting that 
enhanced radiation-induced DNA damage plays a role 
in the combined effects of AN-9 and radiation.

Materials and Methods

Cells and Reagents

U251 MG human glioma cells (University of California,  
San Francisco brain tissue bank) were grown in a humid
ified incubator at 37°C and 8% CO2 in Dulbecco’s 
modified Eagle medium supplemented with 10% fetal 
bovine serum (GIBCO-BRL/Invitrogen, Carlsbad, 
Calif.), penicillin (100 units/ml; GIBCO-BRL), and 
streptomycin (100 mg/ml; GIBCO-BRL). The BA deriva-
tive AN-9 was prepared as previously described (Nudel-
man et al., 1992). Temozolomide (TMZ) was kindly pro-
vided by the developmental therapeutic program of the 
National Cancer Institute/National Institutes of Health. 
Ketamine (80 mg/kg) and xylazine (10 mg/kg) were used 
to anesthetize mice during radiation treatments.

In Vivo Xenograft Administration

Xenografts of human glioma cell lines were established 
by subcutaneous inoculation of 5 3 106 U251 MG 
cells into the hind legs of BALB/c Nu/Nu athymic mice 
(Charles River, Wilmington, Mass.). Mice were moni-
tored according to the protocol approved by the Univer-
sity of California, San Francisco Institutional Animal 
Care and Use Committee. When tumors reached 50–
100 mm3, mice were randomly assigned to one of four 
treatment groups: vehicle control (10 animals), radiation 
alone (11 animals), AN-9 alone (11 animals), or com-
bined AN-9 and radiation (12 animals). We randomized 
the animals unevenly among the groups in order to have 
more mice in the treatment groups than in the vehicle 
control group and thus add further significance to our 
statistical data.

AN-9, solubilized in mineral oil (Sigma, St. Louis, 
Mo.), was administered by oral gavage (50 mg/kg, three 
times per week) using 20-gauge curved needles (Pop-
per and Sons, New Hyde Park, N.Y.) for a total of eight 
weeks. One week after AN-9 or vehicle (control) admin-
istration was initiated, mice were exposed to four frac-
tions of 2.5 Gy, twice a week, with each treatment given 
24 h after AN-9 administration. 

For all radiation treatments, mice were anesthetized 
with ketamine/xylazine and then exposed to gamma 

irradiation (2.5 Gy or 5 Gy) directed at the tumor site, 
while the rest of the body was shielded by a lid jig. Tumor 
length (L) and width (W) were measured and tumor vol-
ume calculated as (L 3 W2/2), where L 5 longest diame-
ter and W 5 shortest diameter, every four to seven days. 
Animals were euthanized (by CO2 inhalation followed 
by cervical dislocation) when tumors reached 2000 mm3 
or became severely necrotic.

Staining and Immunohistochemical Analyses

Formalin-fixed, paraffin-embedded sections, 5 mm 
thick, were cut from tumors excised from the euthanized 
mice. Staining with hematoxylin and eosin and staining 
for Ki-67 and caspase-3 were carried out as previously 
described (Entin-Meer et al., 2005). The percentage of 
Ki-67–positive nuclei in a total of 1000 nuclei per sec-
tion was calculated in each of two nonadjacent sections 
from each xenograft.

Histone Purification and Western Blot Analysis

Nu/nu athymic mice were inoculated with U251 MG 
cells. When tumors reached 100–200 mm3 in size, mice 
were treated with a single dose of AN-9 (50 mg/kg), 
radiation (2.5 or 5 Gy), or a combination thereof. Mice 
were then euthanized and the tumors excised. One por-
tion of each tumor was prepared for paraffin-embedded  
sections, and the other portion was used for histone 
purification and Western blot analysis as previously 
described (Entin-Meer et al., 2005). Band intensities, 
visualized by enhanced chemiluminescence, were mea-
sured using Odyssey software (2002 version; Li-Cor 
Biosciences, Lincoln, Nebr.).

Cell Proliferation Assay

U251 MG cells (3000/well) were seeded in 96-well 
plates. Sixteen hours later, the medium was aspirated 
and fresh medium (100 ml) containing 120 mM AN-9 
was added. Twenty-four hours later, cells were irradi-
ated (4 Gy) and 100 ml of fresh medium containing 600 
mM TMZ was added. Cells were incubated for 72 h, 
and then 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxmetho
xyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt 
(MTS) reagent (Promega, Madison, WI) was added as 
previously described (Entin-Meer et al., 2005).

Data Analysis

Differences in tumor size between treatment groups were 
compared using a two-sided t-test (Excel for Windows 
2002; Microsoft, Redmond, Wash.). The mean size of 
tumors receiving the combination treatment was com-
pared to the mean size of tumors in mice from each of the 
other groups (receiving vehicle control, radiation alone, 
or AN-9 alone). The analysis was done on day 36 after 
treatment start, since this was the last day on which all 
animals were still alive. Time to treatment failure (TTF) 
was defined as the time from the initiation of treat-
ment (experimental or control) to the time a tumor was 
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severely necrotic or had reached >1000 mm3 in size. TTF 
was estimated by Kaplan-Meier curves, and differences 
in TTF between groups were assessed using the log-rank 
test (Statistica; StatSoft Ver. 6, Tulsa, Okla.). To be con-
sidered superior, the combination treatment needed to 
demonstrate significantly better (P , 0.05) antineoplastic 
effects than each of the other groups, and therefore no 
adjustment was necessary for multiple comparisons.

Results

We previously demonstrated that AN-9 augments the 
cytotoxic effects of radiation on glioma cells in vitro 
(Entin-Meer et al., 2005). To extend those findings, 
we investigated the in vivo radiosensitizing potential of 
AN-9 in U251 MG xenografts in mice. The xenografts 
were grown in the hind legs of Nu/Nu athymic mice 
and treated with vehicle control, AN-9 alone, radiation 
alone, or combined AN-9 and radiation. Each radiation 
fraction was administered 24 h after AN-9 treatment to 
maximize growth inhibition (Entin-Meer et al., 2005).

Thirty-six days after the start of treatment, all vehicle 
control and some AN-9–treated mice required euthani-
zation because the tumors exceeded 2000 mm3 or had 
severe necrosis. At that time point, the mean tumor sizes 
were 1594 ± 193 mm3, 1531 ± 186 mm3, and 1138 ± 
184 mm3 in mice receiving control, AN-9, and radiation 
treatments, respectively, whereas the mean tumor size 
in mice receiving the combination of AN-9 and radia-
tion was 623 ± 148 mm3 (Fig. 1A). Fig. 1B shows mean 
tumor sizes ± SEM as a function of days after treatment 
start. Statistical analysis (two-sided t-test) revealed 
significantly smaller tumors in the group of mice receiv-
ing the combination treatment than in the three other 
groups (P 5 0.037, P , 0.01, and P , 0.01, for com-
parison to control vehicle, AN-9 alone, and radiation 
alone, respectively), indicating a significant effect of the 
combined treatment on the tumor growth rate compared 
with each other treatment modality alone.

TTF was calculated for the first 47 days after treat-
ment start using the method of Kaplan and Meier, and 
treatment differences were assessed using the log-rank 
test. Twenty days later (67 days after treatment start), 
only two animals had nonnecrotic tumors smaller than 
1000 mm3; both of these mice were in the combination 
treatment group, indicating inhibition of tumor growth 
in 16.7% of these animals. The data showed a trend 
toward prolonged TTF for mice in the combined treat-
ment group, compared with the three other groups (P 5 
0.0017, P 5 0.03, and P 5 0.10 for comparisons with 
vehicle control, AN-9 alone, and radiation alone, respec-
tively). Fig. 1C shows TTF as a function of experimental 
group. The median TTF was 29 days for vehicle control, 
36 days for AN-9, 29 days for radiation alone, and 47 
days for combined AN-9 and radiation treatment. Of 
note, no constitutional signs or toxicities were observed 
in any of the mice for the entire duration of the experi-
ment.

Tumors excised from two euthanized animals in 
each treatment group were assessed for morphology by 

Fig. 1. Combined in vivo treatment with AN-9 and radiation delays 
the tumor growth rate and prolongs TTF in mice bearing U251 
MG xenografts. (A) Mean tumor volumes ± SEM on day 36 after 
treatment initiation in four cohorts receiving vehicle control, AN-9 	
alone, radiation alone, and AN-9 plus radiation. *Statistically 
significant difference between combined treatment and each of 
the other three conditions (two-sided t-test). (B) Tumor growth 
rate curves of the four experimental groups. Arrows indicate the 
days on which radiation was administered. The last tumor mea-
surement was taken on day 36, the last day on which all animals 
were still alive. (C) TTF calculated for the first 47 days of treat-
ment (log-rank test). Treatment failure was defined as tumor size 
greater than 1000 mm3 or development of severe necrosis requir-
ing euthanasia.
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hematoxylin and eosin staining, for apoptosis by immu-
nohistochemical staining for cleaved caspase-3, and for 
proliferation by staining for Ki-67. Staining for Ki-67–
positive cells, a common marker for cellular prolifera-
tion, revealed that the combination of AN-9 and radia-
tion resulted in greater inhibition of cell proliferation 
than either treatment alone, consistent with the smaller 
volumetric measurements of the treated tumors (Table 
1). Histopathologic examination of the xenografts dem-

onstrated abundant mitotic figures, pleomorphic tumor 
cell populations, and rare apoptotic cells in all tumor 
sections (Fig. 2). Radiation treatment produced the most 
marked nuclear pleomorphism, with hyperchromasia, 
multinucleation, and abundant aberrant mitoses. Com-
bined treatment with radiation and AN-9 reduced the 
degree of cytoplasmic and nuclear pleomorphism pro-
duced by radiation alone (Fig. 2, left column). Immuno-
histochemical staining for the cleaved form of caspase-3 
revealed scattered clusters of apoptotic cells in irradiated 
tumors that were nearly absent from nonirradiated sec-
tions (Fig. 2, right column); however, absolute numbers 
were too low to enumerate. These immunohistochemical 
analyses suggest that the combined cytotoxic effects of 
AN-9 and radiation are due in large part to inhibition of 
tumor cell proliferation and are probably not mediated 
through the induction of aberrant mitoses.

We next sought to evaluate whether differences in 
DNA double-strand breaks (DSBs) contribute to the 
enhanced in vivo efficacy of combined AN-9 and radia-
tion treatments. It was previously demonstrated that 
DSBs caused by ionizing radiation result in phosphor-

Fig. 2. Analyses of tumor sections from mice bearing xenografts of U251 MG and treated with 
vehicle control, AN-9 alone, radiation alone, or combined AN-9 and radiation. (Left column) 
Hematoxylin and eosin staining. (Right column) Immunohistochemical staining for cleaved 	
caspase-3.

Table 1. Ki-67 staining after in vivo treatment of U251 MG 	
xenografts

Treatment	 Ki-67–Positive Nuclei (%)*

Control	 56; 68

AN-9	 50; 46

2.5 Gy	 41; 45

AN-9 + 2.5 Gy	 37; 35

*Two animals per treatment group were analyzed. For each animal, two sections were 

analyzed (1000 nuclei per section) and the mean values are shown separately.
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ylation of H2AX on the -site of serine 139 to form  
-H2AX (Olive and Banath, 2004). Furthermore, sev-
eral HDACIs, including MS-275, valproic acid, and 
sodium butyrate, have recently been reported to induce 
further phosphorylation of H2AX in irradiated cells, 
reflecting augmentation of DSBs (Camphausen et al., 
2005; Munshi et al., 2005).

We quantitated the expression of -H2AX in tumors 
derived from mice in our four treatment cohorts and 
asked whether the generation of DSBs, as measured 
by phosphorylation of H2AX, would prove greatest in 
mice treated with both AN-9 and radiation. Two mice 
per group were treated with one dose of control vehicle, 
AN-9 alone (50 mg/kg), radiation alone (2.5 or 5 Gy), 
or AN-9 and then radiation 24 h later. All animals were 
euthanized 24 h after treatment, tumors were excised, 
and histones were purified. A single radiation dose of 
either 2.5 Gy or 5 Gy resulted in a 2.4-fold or 4.4-fold 
induction of -H2AX, respectively, relative to vehicle 
control. Interestingly, AN-9 given as a single agent also 
induced a 4.6-fold augmentation of this DSB marker. 
Regimens of AN-9 administered with radiation resulted 
in a robust further induction of -H2AX expression  
(8- to 12-fold increase relative to vehicle control) 24 h 
after irradiation (and 48 h after AN-9 pretreatment), 
paralleling the enhanced cytotoxicity of this combina-
tion treatment. Fig. 3A shows a representative experi-
ment in which -H2AX expression was quantified, 
revealing the augmented DSBs generated by combining 
AN-9 and radiation treatments. An independent experi-
ment showed equivalent results and confirmed these 
findings (data not shown).

To confirm the biologic activity of AN-9 as an HDACI 

in vivo, we examined acetylation of histones purified 
from xenografts established in mice treated with a single 
dose of AN-9 for 1.5, 3, 5, or 18 h. Two animals were 
included per time point. These tumors exhibited a broad 
peak of H3 acetylation 1.5–18 h after administration of 
100 mg/kg AN-9. H3 acetylation levels remained higher 
than those of control xenografts even 18 h after a single 
drug dose. Acetylation of H4 was less pronounced and 
was most evident 3 h after treatment with AN-9. Two 
independent experiments yielded similar data under 
identical treatment conditions and time points; data 
from one of these experiments are shown in Fig. 3B.

Given the increasingly prominent role of TMZ in the 
treatment of gliomas (Dehdashti et al., 2006), we sought 
to assess whether the combined therapeutic effects of 
AN-9 and radiation would be further enhanced by 
TMZ administration. MTS proliferation assays (Fig. 
4) confirmed the effectiveness of combined AN-9 and 
radiation compared to either modality alone (P , 0.05, 
two-tailed t-test). As previously reported (Chakravarti 
et al., 2006), TMZ with concurrent radiation proved 
effective, as well (P 5 0.04 and P 5 0.02, compared 
with radiation and TMZ alone, respectively). Of note, 
AN-9 plus TMZ also displayed significantly improved 
efficacy compared with either agent alone (P , 0.01). 
However, the most potent antineoplastic activity was 
demonstrated by therapy using all three agents: AN-9, 
radiation, and TMZ. This trimodality treatment was 
significantly more effective than any combination of two 
agents (P , 0.01 compared with TMZ 1 AN-9, TMZ 1 
4 Gy, and AN-9 1 4 Gy). These data indicate that AN-9 
may enhance the radiation response even more potently 
when TMZ is added to the regimen.

Fig. 3. (A) AN-9 and radiation cooperate to augment DNA DSBs, as reflected in increased expression of phospho--H2AX. Established 
xenografts were treated with vehicle control, AN-9 (50 mg/kg), radiation (2.5 or 5 Gy), or AN-9 and then radiation 24 h later. Phospho-
-H2AX levels were assayed 24 h after the last treatment. (B) AN-9 functions as an HDACI in vivo and results in enhanced H3 and H4 
acetylation. At designated times following each treatment, mice were euthanized; histones were purified from resected xenografts and 
analyzed for H3 and H4 acetylation by Western blot analysis. Total H4 was used as a loading control for histone modification. Quantitation 
of total H4 was done with a lower exposure film.

BA
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Discussion

Despite advances in surgical approaches, radiotherapy 
technology, and chemotherapy options, the recalcitrant 
resistance of gliomas to treatment underlies their intrac-
table clinical course. Even after aggressive therapy, glio-
blastoma multiforme inevitably recurs, most commonly 
in close proximity to the original tumor site. There is 
thus an urgent need to develop and test novel agents that 
demonstrate efficacy as single agents and cooperate with 
standard treatments to ultimately eradicate gliomas.

The promise of HDACIs for cancer treatment, as 
single agents and in combination with standard thera-
pies, is supported by in vitro results, preclinical experi-
ments, and clinical studies. Recent studies demonstrate 
that BA prodrugs that undergo intracellular esterase- 
catalyzed hydrolysis are orally bioavailable, reduce tumor 
growth, and inhibit metastases in xenograft models of 
prostate and lung cancers (Rephaeli et al., 2005, 2006). 
Furthermore, we have recently reported that these BA-
prodrug HDACIs reduce the growth of human glioma 
xenografts in nude mice (Entin-Meer et al., 2005). In 
vivo data reported herein, in combination with results 
from other preclinical studies (Entin-Meer et al., 2005; 
Rephaeli et al., 2005) and observations from phase II 
clinical trials (Patnaik et al., 2002; Reid et al., 2004), 
reveal exceedingly limited toxicities and set these agents 
apart from other HDACIs, such as SAHA and MS-275 
(Butler et al., 2000; Saito et al., 1999).

In this study, we showed that AN-9 enhances the 
antineoplastic effects of radiation in human glioma 
xenografts in vivo. The mean size of tumors exposed to 
both AN-9 and radiation was significantly smaller than 
the mean size of similar tumors treated with vehicle con-
trol, AN-9 alone, or radiation alone. This inhibition of 

tumor growth translated into a trend toward increased 
TTF in mice treated with the combination regimen. This 
augmentation of radiation-induced antitumor effects 
was accompanied by a significantly greater induction 
of H2AX phosphorylation, suggesting that DNA DSBs 
play a role in AN-9–mediated radiosensitization. Our 
data indicate that ultimately such DNA DSBs translate 
into reduced tumor cell proliferation, which is reflected 
in diminished Ki-67 staining. Our findings, however, 
do not exclude the possibility that AN-9–induced and/
or radiation-induced anticancer effects are mediated 
through apoptotic pathways that are independent of 
caspase-3. Such alternate apoptotic pathways have been 
previously documented in gliomas by studies that indi-
cate a role for protein kinase C- in UV-induced and 
gamma-radiation–induced apoptosis of U251 MG cells, 
the same line used in our in vivo studies (Hussaini et 
al., 2002).

A growing body of literature suggests that HDACIs 
are effective antineoplastic agents, and several different 
HDACIs are being scrutinized in clinical trials. BA pro-
drugs in general, and AN-9 in particular, are unique in 
their combination of favorable characteristics, includ-
ing very limited toxicities, oral bioavailability, ability 
to cross the blood–brain barrier, and synergy with che-
motherapeutic agents (Cutts et al., 2001) and ionizing 
radiation. Furthermore, the effectiveness of AN-9 has 
been demonstrated not only in combination with radia-
tion but also when administered with concurrent radia-
tion and TMZ.

We have demonstrated in vitro and in vivo efficacy 
of novel BA-delivering prodrugs in the treatment of gli-
omas, and given these documented promising results, 
we hope to realize the potential of these HDACIs in the 
clinical treatment of glioma patients.

Fig. 4. Trimodality therapy with AN-9, radiation, and TMZ displayed the greatest antineoplastic activity. Values 
from MTS proliferation assays are presented relative to untreated control. *Statistically significant difference 
(two-tailed t-test) between the combination treatment and each other modality alone. **Statistically significant 
difference between the trimodality therapy and any other bimodality treatment (AN-9 + 4 Gy, AN-9 + TMZ, and 
4 Gy + TMZ).
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