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Abstract

Purpose Suberoylanilide hydroxamic acid (SAHA) has
been studied in adult solid and hematologic malignan-
cies. However, little information has been reported on
the effects of SAHA on central nervous system (CNS)
tumors including medulloblastoma, the most common
malignant brain tumor in children. We investigated
SAHA in preclinical medulloblastoma models to
determine its anti-cancer efficacy as well as its ability
to affect intracranial lesions when administered system-
ically.

Experimental design and results Tissue culture studies
were performed treating primary human fibroblasts,
established medulloblastoma cell lines, and primary
human medulloblastoma tumors with SAHA. At 10 uM
concentration, SAHA had little effect on normal fibro-
blasts but caused >90% apoptosis in cultured medullo-
blastoma cells. Primary medulloblastomas from patients
were sensitive to SAHA compared to vehicle alone in ex
vivo studies. In athymic mice with medulloblastoma
xenograft tumors, oral SAHA resulted in apoptosis of
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tumor tissue and significantly slowed tumor growth. In the
ND2:Smo transgenic mouse medulloblastoma model,
SAHA treatment caused significant apoptosis in these
cerebellar tumors.

Conclusions SAHA effectively induces cell death in
established medulloblastoma cell lines, human patient
primary tumor cultures, medulloblastoma xenografts and
intracranial spontaneous medulloblastomas. Fibroblasts in
culture and mice treated with SAHA did not reveal pro-
hibitive toxicity profiles. These findings support the
advancement of SAHA to pediatric clinical trials.

Keywords HDI - Brain tumor - Pediatric -
Medulloblastoma - SAHA - ND2:Smo

Abbreviation
SAHA suberoylanilide hydroxamic acid
HDI histone deacetylase inhibitor

Introduction

The most common malignant brain tumor in children is
medulloblastoma. Event-free survival in children with
medulloblastoma is approximately 79% at S years [l1].
However, high-risk features of young age at diagnosis,
incomplete resection, or metastatic disease are each asso-
ciated with a much worse prognosis. Survivors often suffer
substantial deficits caused from therapy [2].

Finding chemotherapeutic agents that are capable of
effectively entering and eliminating intracranial tumors
without causing severe systemic toxicity is one of the
many challenges faced by adult and pediatric neuroon-
cologists. The issues in pediatric neurooncology include

@ Springer



260

J Neurooncol (2006) 79: 259-270

not only curing the tumor and decreasing acute toxicities
of therapy, but also preserving the child’s ability to acquire
and retain knowledge and memory, and development or
refinement of motor skills. In addition, the hypothalamic—
pituitary axis needs to be preserved in order to maintain
normal hormone levels needed for growth velocity changes
and entry and progression through puberty. The majority of
cognitive and endocrine side-effects sustained during
treatment are secondary to radiation therapy. Clinically, in
an attempt to protect CNS function, cooperative group
trials are focusing on maintaining survival benchmarks
while lowering the dose of radiation. It is crucial that new
chemotherapeutic candidates do not have neurotoxic or
other systemic effects that may exacerbate the damage
done by radiation.

Histone deacetylase inhibitors (HDIs) are an exciting
class of drugs that show promise of successfully treating a
variety of hematologic and solid tumors both in preclinical
and clinical studies. They have a more tolerable side-effect
profile than traditional chemotherapy, making them
attractive candidates for the pediatric brain tumor popula-
tion. It is generally accepted that HDIs kill tumors of
various cell types by providing increased opportunity for
transcription of cell cycle regulation, apoptotic pathways
and tumor surveillance genes. Histone modifications
include phosphorylation, methylation, ubiquitination and
acetylation. There are well-balanced systems in place to
allow transcriptional activation or repression based on
these modifications. Histone acetyl transferases apply
acetyl groups to lysine residues on histone tails, and histone
deacetylases remove the acetyl groups. Although HDIs
globally alter gene transcription [3], toxicity to normal
tissue appears to be minimal. The positive charges on
histones that keep them tightly wrapped in negatively
charged DNA is neutralized by acetylation of histone tail
lysine residues, allowing DNA relaxation. This relaxation
allows transcriptional machinery more access to DNA
promoter regions. The mechanism of action common to all
HDIs is that they bind the catalytic site of histone deacet-
ylase enzymes, preventing histone deacetylation. Prevent-
ing deacetylation keeps DNA in ‘open’ transcriptional
conformation, allowing for enhanced opportunity for genes
such as tumor suppressors to be transcribed [3]. Whether
this accounts for the therapeutic window between the
effects on cancer cells compared with normal tissues
remains to be established.

SAHA has been formulated in both oral and intravenous
forms, with good bioavailability in both routes of admin-
istration [4]. Microarray analysis of the genetically engi-
neered ND2:Smo mouse model for medulloblastoma
indicates that these tumors overexpress HDAC2, one of the
histone deacetylases (data not shown). This information
coupled with the success of SAHA anti-tumor activity
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reported in many other tumors suggested that it could be
active against medulloblastoma.

Thus far, little evidence has been presented to suggest
that SAHA will be as successful in intracranial tumors as
HDIs are in cancers outside of the central nervous system.
Hockly et al. [5] reported histone hyperacetylation in whole
brain extracts of wild-type mice and R6/2 mice, a
Huntington Disease mouse model, after subcutaneous
injection of SAHA formulated to be water-soluble, sug-
gesting that SAHA is able to cross the blood—-brain barrier.
However, the cancer therapeutic mechanism of HDIs was
not addressed, so anticancer activity within the brain is still
not known. Eyupoglu et al. [6] inoculated rat brains with
F98 glioma cells and a week later SAHA was administered
locally to the area of glioma cell transplantation. In this
experiment, rats receiving SAHA injections at the site of
glioma insertion survived about twice as long as those
receiving vehicle injections alone. No other reports were
found that describe more clinically applicable evidence of
SAHA activity in intracranial tumors. One goal of the
studies reported here was to recapitulate the clinical
scenario of administering SAHA systemically to treat an
intracranial tumor.

We present a set of experiments to show the effect of
SAHA on medulloblastoma cells in vitro and in vivo. In
addition, SAHA was studied in medulloblastoma xeno-
grafts and a genetically precise mouse model of medullo-
blastoma, to determine whether SAHA should be
considered for clinical medulloblastoma trials.

Materials and methods
Histone acetylation Westerns

Histone extraction was performed as previously described
[7]. D283 medulloblastoma cells were collected by tryps-
inization and centrifuged at 1750 rpmx10 min, washed in
ice-cold PBS, and the pellet was resuspended in 1 ml his-
tone lysis buffer (Tris 10 mM, Na bisulfite 50 mM, Triton
X-100 1%, MgCl, 10 mM, sucrose 8.6%, pH 6.5). Cells or
frozen tissue samples from xenografts were dounce
homogenized (5 strokes, tight pestle, or 20 strokes,
respectively) and washed three times in lysis buffer,
washed one time in Tris—EDTA pH 7.4 and resuspended in
100 Wl water. Sulfuric acid histone extraction was per-
formed, and isolated histones were separated on 4-15%
gradient SDS PAGE mini-gel (Bio-Rad Laboratories,
Hercules, CA) and transferred to a nitrocellulose mem-
brane. Ponceau S (Sigma-Aldrich, St Louis, MO) was used
to stain the membrane for 2 min, the image was preserved
as a loading control, and the membrane was washed free of
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stain in water. The membrane was probed using rabbit
polyclonal antibody against acetylated H3 (Upstate USA
Inc, Charlottesville, VA) and visualized using goat anti-
rabbit IgG conjugated to horse radish peroxidase (Bio-Rad
Laboratories, Hercules CA) and radiographically imaged
with Lumi-light (Roche Diagnostics, Indianapolis, IL)
chemical luminescence. Each lane represents one individ-
ual sample.

Cell culture and viability studies

Primary human foreskin fibroblasts were kindly contrib-
uted by the lab of Dr. William Carter and cultured in RPMI
(Gibco, Grand Island, NY)+10% FBS [8]. Cells were
seeded at 2x10°/ml in 2 ml of media per condition. SAHA
was added within an hour of plating cells, and both media
and drug were replaced every 48 h. Cells were tested at
72 h for viability by automated Trypan blue exclusion
using ViCell (Beckman Coulter Corp., Hialeah, FL).
Apoptosis was measured with annexin V staining (BioVi-
sion Inc, Mountain View, CA) and fluorescence micros-
copy. Suberoylanilide hydroxamic acid (SAHA) was
generously provided by Aton Pharma, (Tarrytown, NY)
and Merck (Boston, MA) and dissolved in dimethyl sulf-
oxide (DMSO) (Sigma-Aldrich, St Louis, MO) for a stock
concentration of 10 mM.

Medulloblastoma cell lines

The human medulloblastoma D283 and D341 cell lines
were obtained from American Type Culture Collection
(Manassas, VA). D283 cells were cultured in Minimum
Essential Medium Alpha (MEM Alpha) (Gibco, Grand
Island, NY) supplemented with 10% FBS (Hyclone,
Logan, UT), sodium pyruvate 1 mM (Gibco) and peni-
cillin—streptomycin (Gibco). D341 cells were cultured in
MEM Alpha with 20% FBS, sodium pyruvate, and pen-
icillin—streptomycin. Cells were plated at 2x10° cells per
ml and treated for 72 h with SAHA or DMSO, then
tested for viability and apoptosis as described for fibro-
blasts above.

Human tumor studies/CD56 sorting

Primary pediatric medulloblastoma tumor samples were
obtained from participating Children’s Oncology Group
institutions. Samples were collected from patients under-
going diagnostic and therapeutic surgical resection after
informed consent was obtained. These studies had prior
approval from the Institutional Review Board of each
participating hospital. Samples with greater than one mil-
lion viable cells and more than 60% viability were used.

Upon acquisition, samples were washed in Dulbecco’s
phosphate buffered saline (PBS) (Gibco) and transferred to
DMEM-F12 (Gibco) with 10% FBS and antibiotic/an-
timycotic supplements (Gibco). Samples were minced with
scalpels and further triturated with a 10 ml syringe and
needles of decreasing caliber. Samples were filtered
through a 70 pm nylon mesh and pipetted into 96 well
assay plates at 1-2 x 10 cells per well. Each well received
either 5 uM SAHA in DMSO or 1:1000 DMSO. Each plate
was incubated in the dark (37°C at 5% CO,) for 48 h and
then assayed for viability using ViaLight HS Proliferation/
Cytotoxicity Kit (Cambrex Bio Science Rockland, Inc.,
Rockland, ME). This assay measures bioluminescent ATP
release as an indicator of metabolically active cells. A
linear relationship between this assay and trypan blue
exclusion has been established in D283 cells (A. R. Hal-
lahan, unpublished results, this laboratory). For CD56
sorted samples, the cells were resuspended in 80 uL of sort
buffer consisting of PBS+0.5% BSA (Sigma-Aldrich)
+2 mM EDTA. CD56 microbeads (Miltenyi Biotec GmbH,
Auburn, CA) were added for cell sorting. After 15 min at
4°C the cells and beads were washed with sort buffer and
loaded onto an MS column (Miltenyi Biotec). Cells were
washed three times with sort buffer over the column, and
removed from the magnetic field. Without removing the
magnetic beads, cells were pipetted into 96 well assay
plates at 1-2 x 10* cells per well. Each well received either
5 uM SAHA in DMSO, 1:1000 DMSO as a negative
control, or 10 pM etoposide (Sigma-Aldrich), 10 pM
cyclosporin A (Sigma-Aldrich), and 25 puM cisplatin
(Sigma-Aldrich) as a positive control. Each plate was
incubated in the dark (37°C at 5% CO,) for 48 h and
then assayed for viability using the ViaLight system as
described above.

Xenografts

About 10° D283 cells were suspended in media mixed 1:1
with Matrigel basement membrane matrix (BD Bio-
sciences, Franklin Lake, NJ) for a total volume of 200 pl,
and were injected subcutaneously into the flanks of 6-8-
week-old female NU/NU athymic mice (Charles River
Laboratories,Wilmington, MA). Tumors were measured
with digital calipers (Stoelting Co, Wood Dale, IL) and
tumor volumes were calculated as A2><B/2, where A is the
short diameter of the tumor, and B is the long diameter.
Mice in all studies were weighed and assessed for general
health twice a week, and tumors were measured once a
week. Animal experiments were performed according to
the National Institutes of Health Guide for the Care and
Use of Experimental Animals and approved by our Insti-
tutional Animal Care and Use Committee (IR#1573).
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Minimal disease study

Mice were divided into two arms, with five mice per arm, and
one tumor injection per mouse. They were fed either powder
food or powder food with SAHA mixed into it at 200 mg/kg/
day. SAHA was given daily beginning the day after tumors
were injected. Foodtdrug was renewed every 3—4 days.

Bulk disease/oral SAHA treatment study

Mice were injected with 10° D283 cells as described above,
and when the average tumor volume reached 200 mm?
(approximately 2-4 weeks after tumor cells were intro-
duced into the flank) the mice were divided into two arms,
treatment (n=18) versus control (n=17). Mice in the treat-
ment arm received SAHA 200 mg/kg/day daily in powder
food, and controls got powder food alone. Food+drug was
renewed every 3—4 days.

Bulk disease/intraperitoneal SAHA treatment study

Mice were injected with two flank tumors per mouse as
described. When tumors reached an average of 90 mm? in
volume, mice were divided into two arms. The treatment
arm (n=9) received daily intraperitoneal (ip) injections of
4 mg SAHA (approximately 200 mg/kg/d) in 50 pl of
DMSO and controls (n=12) got daily 50 pl ip DMSO alone.

TUNEL staining in flank xenografts

Animals were injected subcutaneously with one million D283
cells as described above. When tumors were at least 150 mm®
in volume, three animals were fed powder food with 200 mg/
kg/d of SAHA. After 4 days of treatment the animals were
sacrificed and tumors were cryopreserved and sectioned.
Control tumors were collected from three animals fed powder
food without drug. Apoptosis was quantified in xenograft
tumors through terminal deoxynucleotide transferase medi-
ated dUTP nick end labeling (TUNEL) using In Situ Cell
Death Detection Kit as per manufacturer instructions (Roche
Diagnostics, Indianapolis, IL) and fluorescence microscopy.
Ten non-overlapping high power fields per tumor were
counted by an observer blinded to treatment conditions, and
TUNEL-positive cells were reported as a percentage of all
cells in the field as determined by DAPI staining.

Intracranial tumor apoptosis and proliferation studies

ND2:Smo transgenic mouse lines were developed in this
laboratory as described previously [9]. Briefly, the neuroD2
promoter is used to drive overexpression of a mutated copy
of Smoothened, a Sonic hedgehog (shh) pathway activator, in
cerebellar granule neuron precursors. Two different
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Smoothened mutations, each a different point mutation
(SmoA1 and SmoA2), were used to generate these mice. The
point mutations result in constitutive activation of the shh
pathway. This mechanism of tumor development models a
subset of medulloblastomas known to have aberrant shh
activity. Cerebellar tumors consistent with medulloblastoma
occur in these genetically engineered mice at an incidence of
48% at a median age of 6 months. Once symptomatic,
affected mice live for generally 4-10 days before succumb-
ing to their tumors. Eight mice were identified as having
intracranial tumors based on symptoms of head tilt, ataxia,
decrease in activity, weight loss, and bulging posterior skull.
Mice were then randomly assigned to the treatment (n=4) or
control arm (n=4). Mice were given 5 mg of SAHA ip (dose
~200 mg/kg/mouse) every 24 h for three doses. The mice
were sacrificed 2 h after the third dose of SAHA. SAHA was
prepared for injection by dissolving 5 mg in 50 pl of DMSO;
controls received 50 pl ip DMSO daily for three doses. All
mice received 100 pg 5-bromo-2-deoxyuridine (BrdU)/gm
mouse body weight by ip injection 1 h prior to sacrificing the
animals. BrdU (Sigma) was prepared as 10 mg/ml in PBS.
Whole brains were fixed in paraformaldehyde 4% solution
and preserved in 70% ethanol. Tissue blocks were paraffin-
embedded and cut into 4 mm sections. Slides were stained
with hematoxylin and eosin using standard methods and
tumor morphology was confirmed. Sections were then stained
for BrdU to quantify proliferation and cleaved caspase-3
(Biocare Medical, Concord, CA) to quantify apoptosis.
Hematoxylin was used to counterstain both of these stains. An
observer blinded to treatment information quantified the
number of cells BrdU or cleaved caspase-3 positive compared
to total cells in 10 non-overlapping high-power fields per
mouse using the cell counter feature of the Image J program.

Statistics

Statistical analyses were performed on the studies indicated
using a two-tailed z-test of two samples assuming equal
variance. Calculations were done in Microsoft Excel. Dr.
Michael Leblanc, senior statistician for the Southwestern
Oncology Group and faculty member at the Fred Hutch-
inson Cancer Research Center, generously provided advice
and review of statistical methods.

Results

Increased histone acetylation in D283 medulloblastoma
cells treated with SAHA in vitro and in vivo

In vitro

As a means of identifying biological activity of SAHA in
medulloblastoma cell lines, cell cultures and tumors were
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analyzed for histone acetylation. D283 cells were cultured
for 3 h with concentrations of SAHA ranging from 10 nM
to 10 uM. Western analysis was performed with an anti-
body that specifically recognizes acetylated H3 (AcH3).
Accumulation of AcH3 was seen at every concentration,
and band intensity increased with increasing SAHA con-
centrations, displaying a dose-response relationship
(Fig. 1a).

In vivo

To demonstrate histone deacetylase inhibition in a mouse
system, and to determine the duration of SAHA’s effect on
accumulation of acetylated histones, tumors were removed
from medulloblastoma xenograft animals at 1, 6, 16 and
24 h post-treatment with intraperitoneal (ip) SAHA. Two
negative controls are included to represent the natural
variation in acetylation status in untreated mice. Increased
acetylation is seen in the tumors of mice treated 1-6 h
before tumor removal but not in mice treated at earlier time
points prior to sacrifice (Fig. 1b). This finding is consistent
with the known drug half-life of SAHA in mice, approxi-
mately 1 h. Histone hyperacetylation as shown by these
Westerns confirms SAHA activity in D283 cells in semi-
adherent culture and in bulky tumors.

No significant cell death in non-transformed fibroblasts
treated with SAHA in vitro

The goal of new drug development for cancer therapy is to
find agents that specifically act on cancer cells, sparing
normal tissue. To assess non-specific cell damage, normal
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Fig. 1 Western analysis with antibody to acetylated histone H3
shows accumulation of hyperacetylated histones extracted from (a)
cultured medulloblastoma D283 cells treated for 3 h with SAHA (0—
10 uM), and (b) D283-derived medulloblastoma xenograft tumors
removed 1-24 h after treating the animals with 4 mg (200 mg/kg) ip
SAHA. Each band represents one tumor. ‘neg’ indicates tumors from
two animals never treated with SAHA

fibroblasts were exposed to high dose SAHA. Human
foreskin fibroblasts were grown in culture and treated with
SAHA at concentrations from 0-10 uM. At 72 h, viability
decreased from 93% in controls to 85% in cells treated with
the highest concentration of SAHA. Apoptosis was seen in
9% of cells treated with 10 pM SAHA, while 3% of un-
treated controls underwent apoptosis (Fig. 2a, b). This re-
sult, showing little damage to normal fibroblasts, is
consistent with previous studies showing that SAHA is
minimally toxic to non-neoplastic cells [10].

Increased apoptosis in vitro in medulloblastoma cell
lines treated with SAHA

To assess the effects of SAHA on medulloblastoma cell
lines, we treated D283 and D341 cells in culture for 72 h
with varying concentrations of SAHA. The fraction of
D341 cells that was viable under control conditions was
lower than D283, and background annexin V staining was
greater. At the density used in these experiments, this
represents the baseline ratio of viable cells to those
undergoing apoptosis for this cell line. We saw that SAHA
caused cell death at concentrations as low as 500 nM
(Fig. 2c). More than 90% of cells were dead by Trypan
blue exclusion with continuous exposure to 10 uM SAHA
for 72 h compared to 10-15% cell death in controls treated
with vehicle (DMSO) alone. Parallel cultures were stained
for annexin V expression as a measure of apoptosis
(Fig. 2d). The concentration-dependent loss of viability
and induction of apoptosis was statistically significant at a
concentration of 1 uM and greater in D283 cells, and 5 uM
and greater in D341 cells. In all experiments, decreased
viability was correlated with increased annexin V positiv-
ity, confirming that this high level of cell death is due to an
apoptotic mechanism. The dose used in these in vitro
experiments, 10 pM, is approximately the maximum
plasma concentration reported in patients given a SAHA
dose of 300 mg/m? [11].

Decreased viability of primary tumor samples treated
with SAHA

Primary tissue samples from pediatric patients with
medulloblastoma were used to validate the data generated
in established pediatric medulloblastoma cell lines. These
studies were conducted over 48 rather than 72 h because
we previously determined this to be the optimal window
for assessing drug efficacy in primary medulloblastoma
samples [9, 12, 13]. Originally, tumor samples were treated
without selecting any specific cell population. The results
after six samples were tested with 5 uM SAHA showed
sensitivity to SAHA in all cases. All of these had a final
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Fig. 2 In vitro assays in cells treated with SAHA. (a) Viability of
fibroblasts measured by Trypan blue exclusion and (b) apoptosis of
fibroblasts measured by annexin V staining. Error bars represent SE
from three independent experiments. The differences are not statisti-
cally significant. (¢) D283 and D341 cells treated with SAHA

pathologic diagnosis of classic medulloblastoma except for
R346, which had nodular features consistent with the
desmoplastic variant of medulloblastoma. The fraction of
viable cells ranged from 42.5-78% (P <0.001 for five of
six samples) (Fig. 3a). This set of results did not reflect the
very high cell death ratio seen in established cell lines. We
reasoned that the difference was due to contamination of
surgical specimens with non-neoplastic cells, including
normal brain, blood, stroma and endothelial elements, since
we have established that non-neoplastic tissue is relatively
resistant to SAHA. To overcome this sample heterogeneity
subsequent samples were sorted to enrich for cells that
express neural cell adhesion molecule (NCAM, or CD56),
a known cell surface antigen on medulloblastomas. The
cell suspension was sorted using magnetic beads coated
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(0-10 uM) for 72 h. Cells were evaluated by Trypan blue exclusion
for cell viability (n = 3 independent experiments). Error bars represent
SE. #*P < 0.001. (d) Cells under the same conditions as in (c¢),
evaluated for apoptosis by annexin V staining (n = 3 independent
experiments). Error bars represent SE. *P=0.03 and **P <0.001

with antibodies that recognize CD56. Flow cytometry
studies show that this method isolates a >95% pure popu-
lation of cells with uniform size and side scatter (data not
shown). Three cases were enriched for CD56 cells, and
5 uM SAHA reduced viability to 11+2% (P <0.001),
61t7% (P<0.001), and 51+4% compared to vehicle con-
trols (Fig. 3b). The final pathologic diagnosis on the first
two cases was classic medulloblastoma, whereas the third
specimen was reported as medulloblastoma with possible
anaplasia. Anaplastic medulloblastoma is historically more
resistant to therapy [14], and this sample may reflect that
observation. The vehicle control for this sample also
showed low metabolic activity, consistent with studies our
lab has performed on past anaplastic medulloblastoma
samples, in which viability at 48 h was very low. It is
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Fig. 3 Primary medulloblastoma samples treated for 48 h in near-
single cell suspension and evaluated by ATP/luciferase assay for
viability. (a) Six primary tumors treated with 5 uM SAHA (n=24—
48 wells). Viability represents quantity of ATP in treated cell
samples divided by ATP in samples with vehicle alone (DMSO).
Error bars represent SE. **P<0.001 for each individual tumor
(P value range: 3 E-17 to7 E-09) except R350 (P=0.058). Also,

difficult to interpret drug responsiveness when background
cell death is so high. Further studies need to be completed
to determine what utility SAHA may have in this subset of
medulloblastoma. The robust response of classic medul-
loblastomas supports advancement of SAHA to human
clinical trials.

SAHA induces tumor regression or slows tumor growth
in vivo without evidence of toxicity

To assess in vivo activity of SAHA against medulloblas-
toma, studies were performed using D283 cells to create
flank xenograft medulloblastoma tumors in athymic mice.
Each of the described xenograft studies showed efficacy of
SAHA, and no mouse experienced significant weight loss
or change in activity. In all, 38 athymic mice were treated
daily for up to 8 weeks with 200 mg/kg/d of SAHA. The
dose of 200 mg/kg/d is based on the previously determined
maximum tolerated dose (MTD) in rats [15] and our own
confirmatory MTD study in athymic mice (data not
shown). By observation and basic blood studies, no weight
loss, change in activity, renal dysfunction or hepatic insults
were identified. Mild pancytopenia was the only toxicity
observed, and this is a side effect previously reported in
human clinical trial data.

P<0.001 between six sets of treated versus untreated samples. (b)
CD56-sorted samples treated in three conditions: ‘NEG’ (DMSO at
1:1000), 5 uM SAHA and POS (25 uM cisplatin+10 pM cyclo-
sporine A+10 pM etoposide) (n =12 wells). Error bars represent SE.
**P<(0.001 in R394 and R395 for SAHA or positive control versus
DMSO. *P<0.001 in COG747025 for positive control versus
DMSO

Trial 1

Most patients diagnosed with medulloblastoma undergo a
gross total resection of the tumor, leaving behind only
microscopic residual disease. Therefore, we devised a pilot
study to investigate the role of SAHA in flank xenografts
that were very small and just beginning to grow, modeling
a minimal disease state.

Five mice per arm began treatment with oral SAHA
the day after injection of tumor cells into their flanks.
Food consumption was measured on a five mouse per
cage basis, and is estimated to range from 40-73% of
food presented. Therefore it can be assumed that mice
received on average about 55% of the prescribed SAHA
dose (112 mg/kg/day). Dosing for each individual mouse
may have varied.

The average tumor volume in the control group reached
100 mm® by 3 weeks after injections, and in the SAHA
treated animals the average volume reached 100 mm’ at
5 weeks. One mouse in the control arm did not develop a
flank tumor, and two treated mice did not have tumors. The
study was terminated at 8 weeks, at which time the average
tumor volume in control animals was 1072 mm?>, while the
average volume in treated mice was 362 mm’ (Fig. 4a),
demonstrating slowed rate of tumor growth with treatment.
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Fig. 4 In vivo studies of athymic mice, treated with SAHA, bearing
flank tumors of D283 medulloblastoma cells. (a) Average growth of
tumors in animals injected with D283 cells that were treated with
200 mg/kg/day SAHA in powder food starting the day following
tumor injection. (n=5 mice per arm) versus powder food alone. (b)
Average tumor growth in 17 control mice versus 18 mice treated with
200 mg/kg/day SAHA mixed into powder food daily x 4 weeks. Each
mouse had one flank tumor. *P=0.036 at week 3, 0.014 at week 4. (¢)
Average tumor growth in 9 control animals (total of 16 tumors)

Trial 2

The pilot study had a small number of mice, but demon-
strated that mice could tolerate orally administered SAHA
for several weeks, though the dose received was only about
half of the dose intended. The next study was designed to
evaluate tumor response to therapy. We tried to more
closely calculate food intake to improve dose delivered,
and used only mice in which bulky tumors were clearly
established. Mice with bulk tumors averaging 200 mm?
were given SAHA at 200 mg/kg/d as powder added to
powder food (n=18), or powder food alone (control n=17).
In the SAHA arm, one mouse showed tumor regression,
and nearly half grew to less than double the original vol-
ume in 4 weeks (range: 0.1-6 X original volume). Tumors
in the control group had a 7-fold increase in volume on
average (range: 0.2-30 x original) (Fig. 4b). Overall,
control tumors increased to an average volume of
1,445 mm> while tumors in treated animals averaged
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injected daily with vehicle alone (50 pl ip DMSO) compared to 12
mice (23 tumors) injected with 200 mg/kg ip SAHA daily for
28 days. *P=0.014 (d) Apoptosis in tumor tissue quantified by
TUNEL stain. Graph represents the percent of TUNEL + cells per
tumor for three independent tumors in each condition based on 10
fields of 600-1200 cells per high power field. The control bar shows
tumors in untreated animals compared to animals treated with
200 mg/kg/day of SAHA orally for 4 days. Error bars represent SE.
*P=0.018

642 mm?>, which is a 56% difference (P=0.014). When all
tumor volumes are summed together, the control group had
24,572 mm® of tumor, while SAHA treated animals had
11,557 mm?> of tumor, a 53% difference. The sum for the
control group does not include the single mouse whose
tumor grew to >2000 mm> at 3 weeks and was removed
from the study early.

Food consumption was measured on a per cage basis,
and is estimated to range from 75 to 100% of food pre-
sented. Therefore it can be assumed that mice received at
least 75% (150 mg/kg/day) of the prescribed SAHA dose
in general, while dosing for each individual mouse may
have varied.

Trial 3
Positive tumor effect in the oral studies prompted a trial of

intraperitoneal (ip) SAHA, a more dependable, controlled
and efficient delivery system. This trial was performed
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after injection of two flank tumors per mouse, which re-
sulted in bilateral tumors in 85% of mice. The control arm
included 9 mice with a total of 16 tumors; in the SAHA
arm there were 12 mice and 23 tumors total. Due to rapid
tumor growth, eight mice originally injected with tumors
were taken off study early and not included in the data
reported, since the animals had to be euthanized before
4 weeks. Five of those mice were in the control arm and
three were in the SAHA arm. The mice received daily ip
injections of 200 mg/kg/day SAHA, the same dose as the
oral trial. Mice with bulk tumors averaging 90 mm> were
treated with SAHA given by ip injection daily (Fig. 4c).
After 4 weeks of treatment, the average tumor volume in
the control group was 1483 mm?>, and the average SAHA
treated tumor was 699 mm® (P=0.014). While few tumors
resolved completely, nearly all of them responded to some
degree, with a statistically significant difference in average
tumor bulk in the treated mice after 28 days of daily
therapy.

SAHA causes apoptosis in xenograft tumors

D283 xenograft tumor tissue was examined for apoptosis
using TUNEL staining and fluorescence microscopy. Three
control tumors showed 0.79% positive cells and three tu-
mors from animals treated with SAHA for 4 days showed
2.35% positive cells (P=0.018). These data confirm that
SAHA invokes an apoptotic mechanism of cell death in
medulloblastoma, as was seen in the in vitro system
(Fig. 4d). While baseline apoptosis in these tumors seems
low, it is not outside of the range reported in human tissue
samples tested with cleaved caspase-3 (0.1-25.9%) [16].

Intracranial tumors affected by intraperitoneal SAHA

A genetically faithful model of medulloblastoma was
developed using the neuroD2 promoter to drive overex-
pression of two different mutated copies of Smoothened, a
Sonic hedgehog (shh) pathway activator, in cerebellar
granule neuron precursors. The two different mutations in
these mice, SmoAl and SmoA2, linked to the neuroD2
promoter are collectively referred to as ND2:Smo. Hema-
toxylin and eosin staining for histologic evaluation of
intracranial tumors in ND2:Smo mice revealed various
stages of tumor formation from grossly normal cerebellum
with islands of advanced hyperplasia to complete obliter-
ation of all recognizable patterns of normal cerebellar
architecture, as described [9]. Four mice were treated with
ip SAHA and four received ip DMSO daily for 3 days
before collecting brains. 5-bromo-2-deoxyuridine staining
was used to assess proliferation. Patterns of staining in
these tumors were not consistent within any tumor, or

among tumors in either arm. We therefore conclude that
response to SAHA is not due to decreased proliferation.

Apoptosis was measured by staining for cleaved cas-
pase-3. Figure 5a demonstrates representative slides of a
control (DMSO) mouse compared to a SAHA treated
mouse after staining with cleaved caspase-3. Within areas
of normal cerebellum and the remainder of brain, no excess
cleaved caspase-3 stain was seen in SAHA treated animals
or controls. Tumors of treated animals showed nearly four-
fold more cleaved caspase-3 staining than controls
(Fig. 5b). This confirmed that SAHA entered these intra-
cranial tumors, and induced apoptosis.

Discussion

Findings presented here indicate that SAHA has potential
as an effective treatment for medulloblastoma. Importantly,
SAHA was administered systemically and crossed the
blood-brain barrier to demonstrate anti-tumor activity at a
dose that did not cause prohibitive toxicity in the mouse
model.

One of the more potent traditional chemotherapeutic
agents currently used to treat medulloblastoma, cisplatin,
achieved 60-70% cell death in established cell culture as a
single agent. This agent often has to be given at reduced
doses, due to renal and ototoxicity [1]. Recently, retinoic
acid has been introduced as a pro-apoptotic agent in
medulloblastoma, and showed 70-80% cell death in D283
and D341 cells [13]. SAHA, in comparison, caused >90%
cell death in tissue culture. If this in vitro efficacy in
comparison to accepted agents translates into improved
clinical results, a better, less toxic plan for children with
medulloblastoma may soon include SAHA.

Primary tumor samples give us the opportunity to
overcome some of the limitations of cell lines. Resected
tumor specimens, while a less pure population than cell
lines, more accurately represent human disease in terms of
cell heterogeneity, gene expression levels, and epigenetic
modifications. The data showing high SAHA sensitivity of
CD56-positive patient samples indicate that the cell line
work is valid and may be translatable to primary disease
efficacy. It also reinforces the assertion that the non-neo-
plastic elements of a surgical specimen do not experience
cytotoxicity from SAHA the way that medulloblastoma
cells from affected patients do. This is an encouraging
finding, considering the goal of improving cures, but also
sparing normal tissue. The studies on human fibroblasts
and the absence of toxicity in mice treated with SAHA are
consistent with previous reports that this drug has a wide
therapeutic window. The report of a Phase I trial of SAHA
[11] described minimal toxicity among 37 adults with
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Fig. 5 Intracranial a
medulloblastoma model

ND2:Smo. (a)

Photomicrographs of tumors

-

from ND2:Smo mice treated for §

3 days with intraperitoneal The

DMSO versus 200 mg/kg/day :

of intraperitoneal SAHA after | oL «! o

paraformaldehyde fixation,
paraffin embedding, and cleaved
caspase-3 staining.
Representative images are
shown. (b) Apoptosis in tumor
tissue quantified by cleaved
caspase-3 stain. Graph
represents the percent of
cleaved caspase-3 + cells per
tumor for four independent
tumors in each condition base
on cells 10 fields of 400-1500
cells per high power field.
Treated animals received

200 mg/kg/day of
intraperitoneal SAHA for

3 days. Error bars represent SE.
**P <0.001

hematologic malignancies and solid tumors treated with
intravenous SAHA at doses from 75-900 mg/m?*/dx5 days
for up to 3 weeks. Toxicities included Grade 3 hypergly-
cemia in 16% of patients, reversible thrombocytopenia,
fatigue, low grade renal insufficiency in less than one
quarter of patients, and adult respiratory distress syndrome
in one patient. This pulmonary complication was the only
serious adverse event reported that was believed to be drug
related. The safety and efficacy of SAHA continues to be
evaluated in adult trials. No data are currently available
about safety of SAHA in children, and none of the adult
patients in the above report or other reported adult SAHA
trials had brain tumors. Children’s Oncology Group cur-
rently has a Phase I study of SAHA underway for children
with solid tumors, based in part on data presented here.

We conclude from the mouse studies that oral and
parenteral routes of administering SAHA are effective at
reducing the rate of tumor growth and, in a few cases,
eliminating the tumor cells altogether. The dose of SAHA
used in xenograft studies is comparable to the dose used in
human trials, based on formulas found in Guidance for
Industry and Reviewers (http://www.fda.gov/cber/gdIns/
dose.pdf). Since pharmacokinetics of SAHA in the mouse
are not published, actual drug exposure in mice may be
different than in man despite comparable dosing, making it
difficult to confidently predict the human response to a
similar dose of SAHA.

The ND2:Smo mouse medulloblastoma model provides
a histological and gross anatomical replica of a human
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posterior fossa small round blue cell tumor. This tumor
arises spontaneously in granule cells, without the insults of
surgical or needle instrumentation that would disrupt vas-
cular integrity or fidelity of cell-cell communication.
Demonstration of apoptosis by cleaved caspase-3 staining
not only confirms that SAHA is able to cross the blood—
brain barrier and enter the tumors in the ND2:Smo model,
but that the local concentration of SAHA is high enough to
be anti-neoplastic. A limitation of the ND2:Smo mouse
model is that mice tolerate smaller tumors without ob-
servable impairment, and only develop neurological indi-
cators of their tumors at end stage. This time point is too
late to initiate preclinical trials because some ND2:Smo
mice die within days of symptom onset. Studies are
underway to assess the feasibility of radiographic early
tumor detection and size monitoring. At that time studies
could be performed to look at clinical markers such as time
from radiographic identification of tumor to symptom
development, drug response based on reduction in tumor
size, or even cure.

A number of studies suggest that decreased histone
acetylation or enhanced deacetylation may, at least in part,
contribute to tumorigenesis in a variety of cancers. The
importance of normal histone acetylation in tumor sup-
pression is highlighted by the finding that BRCA2, a tumor
suppressor gene mutated in breast cancer, functions as a
histone acetyl transferase [17]. The histone deacetylase
HDACI is overexpressed [18] and HDAC4 recruitment to
the nucleus [19] has been demonstrated in hormone
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refractory prostate cancer. Early studies of other solid tu-
mors have demonstrated increased expression of histone
deacetylase HDAC2 by gene array including MYCN
amplified neuroblastoma cell lines [20], APC mutant colon
cancer [21], and the medulloblastoma mouse model
ND2:SmoAl (A. R. Hallahan, unpublished results, this
laboratory). These studies suggest that aberrant control of
histone acetylation status may play a role in solid tumor
genesis or progression.

Gene expression studies of various HDIs implicate
genes that control advancement through cell cycle and
apoptosis initiation as effectors of their activity. Some ef-
fectors that have been linked to HDIs include but are
probably not limited to p21WAF! [22], p15™4" [23],
GADDA45 [24] and ErbB2 [25]. As cyclin dependent kinase
inhibitors, p21VA™ and p15™ " control progression
through cell cycle. G1/S phase in particular is influenced
by p15™**. GADD45 works at the G2-M phase of cell
cycle control. ErbB2 reportedly increases invasive and
metastatic potential of medulloblastomas [26]. We may
discover that manipulation of chromatin by altering the
histone acetylation state of malignant cells gives those cells
an opportunity to correct aberrant epigenetic changes and
proceed towards apoptosis, regardless of what the aberrant
signals are. Perhaps normal tissue is protected from apop-
tosis because it has appropriate epigenetic controls in place
and can correct for non-physiologic hyperacetylation
without being driven towards early cell death.

Understanding the mechanism of action of drugs against
tumors is important if we are to improve on the current
drug treatment plans for patients, making intelligent drug
choices based on knowledge of target sites and potential
synergy among agents. However, introducing effective
drugs into clinical trials based on strong preclinical data
showing safety and efficacy in vitro and in vivo need not
wait for full elucidation of molecular mechanisms. The
results presented here warrant further investigation and
consideration of SAHA in clinical trials in medulloblas-
toma.
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