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FIG. 6. Behavioral studies. We assessed functional recovery

by employing two independent behavioral tasks: the BMS
score (A) and the rotarod test (B). All injured animals, except
those in the laminectomy group, exhibited a mean BMS score
of 2 on the first day post-S5CI. Animals with plain SCI re-
ceiving no control agents (plain SCI group) and those re-
ceiving the lacZ control vector (lacZ-treated group)
spontaneously recovered to a BMS score of 3—4 until 14 days
post-injury, and no further recovery was observed thereafter.
On the other hand, the IFN-f-treated animals showed a
significant improvement in the BMS, relative to the control
groups. On an average, the IFN-f-treated group exhibited a
mean BMS score of 7.1+ 1.1 at 28 days, while the plain SCI
and the lacZ-treated groups attained a mean score of 4.2 £0.3
and 3.1+ 0.7, respectively. Rotarod analysis was performed
to examine another locomotor function after SCI. The ani-
mals were evaluated for locomotor recovery on days 1, 4, 7,
14, 21, and 28. There was significant recovery in performance
over 14 days post-injury in the IFN-f-treated group, while
the performance was severely impaired in the plain SCI and
lacZ-treated animals at all time points. *p < 0.05, compared to
the plain SCI and lacZ groups. The data are expressed as
means = SD of eight animals tested.

degeneration following SCI (Faulkner et al., 2004). This evi-
dence indicates that the glial scar might provide certain ben-
eficial effects to stabilize CNS tissue after injury. However,
this benefit of glial scarring may only be observed in the acute
phase after injury. In the subacute phase, many astrocytes in
the injured area become hyperplastic and adopt a reactive
phenotype to release an inhibitory extracellular matrix com-
prising components such as chondroitin sulfate proteoglycans
(CSPGs) (Silver and Miller, 2004). The biochemical hallmark
of reactive astrocytes is the massive upregulation of the GFAP
intermediate filament protein (Barrett et al., 1981; Eng, 1985).
The reactive astrocytes form a dense network of glial pro-
cesses extending from the lesion site.

ITO ET AL.

At the start of this study, the time course of glial scar for-
mation following SCI was evaluated by immunohistochem-
istry with anti-GFAP antibody (Supplementary Fig. 1A online
only). The total number of GFAP-expressing astrocytes was
counted in a 0.25-mm” grid at the lesion site in every third
serial longitudinal 8-um section (Supplementary Fig. 1B
online only). This injury gradually led to hyperplasticity of
the GFAP-positive cells. On day 14, the vast majority of
GFAP-positive astrocytes at the lesion site was hyperplastic
and stained very strongly with GFAP. GFAP-positive scar-
forming astrocytes were spreading at a certain distance from
the original wound. At the site of dorsal column hemisection,
cavitation was also observed. These findings were consistent
with those of a previous report (Okada et al., 2006). Therefore,
molecular signaling mechanisms involved in the develop-
ment of reactive astrocytes can be obtained at the subacute
phase of 5CI, before the glial scar is established. Although a
number of SCl-related studies have employed comprehensive
microarray analyses to examine the gene expression changes
induced by SCI (Aimone et al., 2004; Schmitt et al., 2006; Song
et al,, 2001; Yang et al., 2006), the specificity of the reactive
astrocytes responding to SCI has not been well addressed.
Thus we attempted to identify profile changes in the gene
expression in astrocytic gliosis at 10 days post-injury by using
fine laser-captured microdissection, genome-wide micro-
array, and MetaCore pathway analysis. This systematic pro-
cessing revealed many intriguing activated pathways that
were statistically significant (p <0.05), including those in-
volved in ECM remodeling, cytoskeleton remodeling, and the
myelin-associated glycoprotein (MAG)-dependent inhibition
of neurite outgrowths (Fig. 1). These pathways will be dis-
cussed in greater detail in a separate article. In brief, our
finding is consistent with evidence provided by studies that
prove that the expression of ECM molecules termed CSPGs
(aggrecan, brevican, neurocan, versican, phosphacan, and
NG2) is rapidly upregulated by reactive astrocytes after in-
jury, forming an inhibitory gradient across the axons
(McKeon et al., 1991), that the hypertrophic reactive astro-
cytes responding to injury produce large amounts of inter-
mediate filaments such as GFAP and vimentin (Barrett et al.,
1981; Bignami and Dahl, 1974; Eng, 1985; Yang et al., 1994),
and that MAG release inhibits axon outgrowth (McKerracher
et al,, 1994; Mukhopadhyay et al., 1994). Provided that pro-
liferation or mitosis is one of the most prominent features of
reactive astrocytes, this study focused on another functional
role of Ras family kinase cascades in reactive astrocytes, and
on the therapeutic strategies for inhibiting the MEK/ERK-
dependent proliferation of reactive gliosis following SCI. The
Ras/Raf/MEK/ERK pathway is involved in the regulation of
many fundamental cellular processes, including cell prolifer-
ation, survival, and differentiation (Chong et al., 2003; Kolch,
2005) (Fig. 1C). Primarily, many receptors induce Ras acti-
vation. Ras is a small GTPase that binds to and recruits Raf
kinases to the cell membrane for subsequent activation. Ac-
tivated Raf kinases are the entry points into a three-tiered
kinase cascade in which Raf phosphorylates and activates
MEK, which in turn phosphorylates and activates ERK. Raf
has 3 isoforms (A-Raf, B-Raf, and Raf-1) that have distinct
and specific functions. MEK—a downstream effector of the
Ras/Raf/MEK/ERK pathway—is the only commonly ac-
cepted substrate of all the three isoforms of Raf, and ERK is the
only known substrate of MEK. Both MEK and ERK have
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two isoforms in mammals (MEK1/2 and ERK1/2), which are
co-regulated in most cases. Subsequently, ERK has >70 es-
tablished substrates that include nuclear transcription factors,
cytoskeletal and signaling proteins, and receptors (Roux and
Blenis, 2004). Because MEK and ERK are considered to be the
main effectors of this pathway, we validated the activation of
Ras family signaling cascades by both functional phosphor-
ylation and quantitative increase in MEK1/2 and ERK1/2
expression. Consequently, we confirmed that the MEK/ERK
pathway is upregulated in reactive astrocytes after injury.

It is important to consider how MEK-ERK-dependent
proliferation of reactive gliosis after injury can be inhibited.
Considering the above-described double-edged roles of re-
active astrocytes after SCI, an ideal strategy for SCI treatment
might involve the inhibition of the aberrant development of
hypertrophic reactive astrocytes without eliminating normal
quiescent astrocytes that may serve to prevent a cascading
wave of uncontrolled tissue damage. A potential strategy
could be the use of IFNs. IFN-y, one of the type II IENs, re-
duced astrocyte CSPG production by 60%, suggesting that
IFN can enhance axonal regeneration (Smith and Strunz,
2005). Type I IFNs (the IFN-« family and IFN-f) are known to
inhibit tumor growth (Borden et al., 2000). In particular, IFN-f
deserves attention as a cell-cycle regulator re-entering from
aberrant cell-cycle progression to a senescence-like state
(Kaynor et al., 2002). We have previously reported significant
anti-tumor activity and improved survival in mouse glial
neoplasm models by employing a liposome complex with a
plasmid vector encoding IFN-f (Mizuno et al., 1990; Natsume
etal,, 1999; Natsume et al., 2000); further, a phase I/Ila clinical
trial of IFN-f gene therapy for patients with malignant
glial tumors has also been conducted (Yoshida et al., 2004).

Major research studies to help us understand the signaling
mechanisms through which IFNs induce their effects have
been undertaken. The regulatory signals triggered by type I
IFNs are transduced to the nucleus via the JAK/STAT path-
way, whereby ligand-activated JAK kinases phosphorylate
STAT proteins, which subsequently dimerize and migrate to
the nucleus to regulate gene expression (Darnell, 1997). In
addition to the classical JAK/STAT pathway, there is evidence
that other multiple distinct signaling cascades are required for
generating the IFN responses (Platanias, 2005). Recently, it
has been proven that IFNs block the constitutive activation of
the MEK/ERK signaling pathway (Li et al,, 2004; Romerio
et al., 2000; Romerio and Zella, 2002; Zella et al., 2000). In this
context, we hypothesized that IFN-f§ may block the prolifer-
ation of reactive astrocytes following SCI, and eventually
promote axonal growth and functional recovery. Indeed, as
shown in Fig. 2, liposome-mediated IFN-f gene delivery ex-
erted an anti-proliferative effect on primary cultured astro-
cytes without ablating pre-existing ones. On the other hand,
IFN-f gene delivery did not exert a neurotrophic effect on the
neurons and PCI2 cells in culture (data not shown). IFN-f
protein demonstrated an extremely limited anti-proliferative
effect on astrocytes. This finding is similar to that of our
previous study, in which even repeated local injections of
IFN-f protein (1000 IU) failed to suppress glial tumors in a
mouse orthotopic model, although the IFN-# gene/liposome
complex eradicated the tumor entirely. This may be due to the
short half-life of IFNs (<60 min) that renders the achievement
of sustained therapeutic levels difficult (Wilderman et al.,
2005). As a delivery system, we took advantage of the unique
characteristics of liposomes that have a high potential for
DNA transfer into dividing cells (Yoshida and Mizuno, 2003).
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In the SCI model used in this study, gene delivery appeared to
possess certain specificity to target reactive gliosis. In animat
experiments, liposome-mediated IFN-S gene delivery re-
duced glial scarring and promoted CST axonal regrowth
when measured by labeling with the anterograde tracer bio-
tinylated dextran amine (BDA). More importantly, this strat-
egy remarkably improved the functional behavior and
parameters of electrophysiology. We speculate that the de-
activation of the MEK/ERK pathway is the mechanism of
action associated with these findings, since we observed a
decrease in the phosphorylation of the concerned molecules
after IFN-8 gene delivery. Further studies are warranted to
elucidate the direct mechanism though which the deactiva-
tion of the MEK/ERK pathway inhibits the proliferation of
reactive astrocytes. However, the results demonstrate that
IFN-f gene delivery using liposomes is effective in blocking
glial scarring, and thus our results support the possible use of
IFN-f gene therapy for SCIL
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Abstract NY-ESO-1, one of the most immunogenic
cancer/testis antigens, provides attractive targets for cancer
immunotherapy. NY-ESO-1 has been demonstrated to be
expressed in a range of solid tumors via DNA demethyl-
ation and/or histone modification; however, it has been
rarely expressed in glioma. The reversibility of these
epigenetic aberrations is potentially attractive for glioma
treatment with DNA-methyltransferase inhibitors (DNMTi)
and histone deacetylase inhibitors (HDACI), leading to
reactivation of silenced genes. We previously demonstrated
de novo induction of NY-ESO-1 in glioma cells by
DNMTi. In this study, we show that an anticonvulsant, i.e.,
valproic acid (VPA), also acting as an HDACI, enhances
induction of NY-ESO-1 in synergy with DNMTi. Chro-
matin assays demonstrated that combination of DNMTi and
VPA elicited significant DNA demethylation, histone H3
Lys9 demethylation, and acetylation. These findings not
only shed light on an epigenetic immunotherapy, but also
suggest that the silencing of NY-ESO-1 is mediated by
histone modification.
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Introduction

Gliomas are the most common primary tumors of the
central nervous system. They account for 30% of adult
primary brain tumors. Brain tumors remain difficult to
cure despite recent advances in surgical, radiotherapeutic,
and chemotherapeutic managements. In particular, there is
currently no optimal treatment for glioblastoma multi-
forme, which is the most common malignant brain tumor
in adults, and patients typically survive for less than
1 year. This poor outcome partially relates to the inability
to deliver chemotherapeutic agents across the blood—brain
barrier (BBB) and the low effect of radiation on the
tumor. Therefore, there is an urgent requirement for new
and more effective strategies. Of these, the establishment
of immunotherapy specifically targeting malignant cells is
expected to improve tumor prognosis. A subgroup of
tumor-specific antigens, frequently referred to as cancer/
testis antigens (CTAs), are expressed only in the tissues
of the testis, ovary, and placenta under normal conditions;
however, they are also expressed in various types of
human tumors [, 2]. Since normal CTA-expressing tis-
sues do not express major histocompatibility complex
(MHC) class I molecules, CD8 T-cells cannot recognize
CTAs expressed on them; this suggests that CTAs are the
ideal tumor immunotherapy targets. In particular,
NY-ESO-1 is the most immunogenic CTA discovered
thus far, and is considered to be a highly promising
therapeutic immunotherapy target [3]. It has been shown
that the expression of NY-ESO-1 is reactivated in can-
cerous cells. This could be due to a loss of epigenetic
regulation as observed when methylated chromatin
regions are demethylated or deacetylated histones are
acetylated [4]. Recently, we demonstrated that, while
expression of NY-ESO-1 is not observed in human
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glioma, the prototype inhibitor of DNA methylation, i.e.,
5-aza-2'-deoxycytidine (DAC), markedly reactivates
NY-ESO-1 expression in glioma cells, but not in normal
human cells. In addition, glioma cells forcibly expressing
NY-ESO-1 show in vitro and in vivo sensitivity to anti-
gen-specific cytotoxic T lymphocytes (CTLs) [5].

It is widely accepted that histone modification and DNA
methylation are intricately interrelated; these mechanisms
act together to determine the status of gene expression. The
synergistic effect of DNA demethylation and histone
deacetylase (HDAC) inhibition has been investigated in
greater detail [6-8]. DNA is wrapped around a core of eight
histones to form nucleosomes, which constitute the
smallest structural unit of chromatin. The basic amino-
terminal tails of histones protrude out of the nucleosome
and are subject to posttranslational modification, including
histone acetylation and methylation. The acetylation status
of lysine residues on histones H3 and H4 is controlled
by the balanced action of the histone acetyltransfer-
ases (HATs) and histone deacetylase (HDAC). Acetylated
histones have constantly been associated with transcrip-
tionally active or open chromatin. In contrast, deacetylation
status induced by HDACs results in chromatin compaction
and gene inactivation. Histone methylation, mediated by
histone methyltransferase (HMTs), exerts different effects
on gene expression, depending on the target residue. In
fact, while histone H3 lysine 9 (H3-K9) methylation
marks transcriptionally inactive chromatin, methylation of
H3-K4 is associated with transcriptionally active chromatin
[9].

In order to maximally achieve gene reactivation, it may
be necessary to simultaneously inhibit both DNA methyl-
ation and histone deacetylation. Inhibition of HDAC
increases histone acetylation and induces the chromatin
structure to adopt a more open conformation. This
conformational change may lead to restoration of trans-
criptionally silenced pathways or suppression of aberrantly
expressed genes via repressor protein recruitment [10].
Naturally occurring and synthetic HDAC inhibitors
(HDACi) are a new generation of chemical agents being
used to develop therapy against cancer and other diseases,
including acquired immunodeficiency syndrome (AIDS)
[11, 12]. Among a variety of HDACi discovered thus far,
valproic acid (VPA), which was initially introduced as an
anticonvulsant a few decades ago and was more recently
introduced for the treatment of bipolar disorder, has been
shown to inhibit HDAC at therapeutic plasma concentra-
tions [13].

In this study, we investigated the synergistic effect of
VPA and DAC on CTA reactivation in human glioma cells
and examined the status of DNA methylation and histone
modification in them.

@_ Springer

Materials and methods
Cells

The human glioma cell lines U251 and T98 were derived
originally at Memorial Sloan-Kettering Cancer Institute
(New York, NY) and maintained in Eagle’s minimal
essential medium (MEM) at 37°C in an humidified atmo-
sphere of 5% CO; in air. The human osteosarcoma cell line,
Sa0S-2 (NY-ESO-1%), was kindly provided by Dr. Y.
Nishida (Department of Orthopedics, Nagoya University,
Nagoya, Japan) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Nissui, Tokyo, Japan). The
medium was supplemented with 10% fetal bovine serum
(FBS), 5 mM L-glutamine, 2 mM nonessential amino acids,
and antibiotics (100 U/ml penicillin and 100 pg/ml strep-
tomycin). Commercially available normal human astrocytes
(NHA; Cambrex, Baltimore, MD) maintained in AGM
medium with the BulletKit supplement (Cambrex) were
used as normal brain cells.

In vitro treatment of cultured cells with DAC and VPA

Treatment with DAC was performed as described in our
previous study [5]. Briefly, cells were seeded at a density of
1.0 x 10° cells/well in a six-well plate, and placed at 37°C
overnight in a 5% CO, incubator. The next day, the cell
culture medium was replaced with fresh medium containing
1 uM DAC (Sigma-Aldrich, St. Louis, MO). The medium
was changed every 12 h for 2 days (four pulses). VPA was
purchased from Sigma-Aldrich and dissolved in MEM.
Treatment with VPA was performed at a final concentration
of 0.5 mM every 24 h for 2 days (two pulses). Cells were
treated with DAC alone, VPA alone, or a combination of
both DAC and VPA. At the end of the treatment period the
medium was replaced with fresh medium without agents
and the cells were cultured for an additional 48 h before
extracting RNA or DNA for analysis.

Conventional reverse-transcription PCR

Total RNA was prepared from cultured cells using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNAs were
synthesized from 1 g total RNA using the Transcriptor First
Strand cDNA Synthesis kit (Roche, Mannheim, Germany)
according to the manufacturer’s protocol. cDNA was then
subject to polymerase chain reaction (PCR) using Go Tagq
DNA Polymerase (Promega, Madison, WI) as described
previously [5]. The PCR primers used are listed in Table 1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-spe-
cific PCR products from the same RNA samples were
amplified and served as internal controls. If no signal of NY-
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ESO-1 was observed after a 35-cycle amplification, the
remaining PCR products were amplified by an additional 15
cycles in order to confirm the absence of the signal.

Quantitative RT-PCR

After synthesis of the first ¢cDNA strand as described
above, quantitative RT-PCR was performed on Light-
Cycler real-time RT-PCR system (version 3.39) (Roche),
using the FastStart TagMan Probe Master (ROX) (Roche)
along with the sets of primers and Universal ProbeLibrary
probes (Roche) listed in Table 1. Each sample was
amplified as follows: 1 cycle at 95°C for 10 min followed
by 45 cycles at 95°C for 15 s and 60°C for 1 min. cDNA
from Sa0OS-2 was used to generate the standard curves for
NY-ESO-1 and GAPDH. Standardization of samples was
achieved by dividing the copy number of the target gene by
that of the GAPDH gene. Values were expressed as ratios
relative to NY-ESO-1 expression in SaOS-2.

Western blot analysis

Western blotting was performed using a monoclonal anti-
body (mAb) against NY-ESO-1 (ES121; Zymed, San

Table 1 Primer sequences

Francisco, CA) as previously described [5]. Band intensi-
ties were quantified by densitometric scanning using the
National Institutes of Health (NIH) IMAGE program.

NY-ESO-1 promoter DNA methylation analysis

Methylation-specific PCR (MSP) and Pyrosequencing™
technology were used to determine the methylation status
of the CpG island region of NY-ESO-I as described pre-
viously [5]. The primer sequences are listed in Table 1.
The primer sequences for Pyrosequencing' ™  were
designed using PSQ Assay Design (Biotage, Uppsala,
Sweden). A 50-ul PCR was carried out in 60 mM
Tris = HCI (pH 8.5), 15 mM ammonium sulfate, 2 mM
MgCl,, 10% DMSO, 1 mM dNTP mix, | U Taq poly-
merase, 5 pmol forward primer, 50 pmol reverse primer,
50 pmol biotinylated universal primer, and ~ 50 ng bisul-
fite-treated genomic DNA. The forward primer contains a
20-bp linker sequence on the 5’ end that is recognized by
biotin-labeled primers; thus, the final PCR product can be
purified using Sepharose beads. PCR cycling conditions
were as follows: 95°C for 30 s, 60°C for 45 s, and 72°C for
45 s for 55 cycles. The biotinylated PCR product was
purified as recommended by the manufacturer. In brief, the

Sequence

TagMan probe#

Conventional RT-PCR

NY-ESO-1 Forward CATCACGGATCCATGCAGGCCGAAGGCCGG
Reverse ACCCGGGGTACCGCGCCTCTGCCCTGAGGG
GAPDH Forward GACCACAGTCCATGCCATCAC
Reverse GTCCACCACCCTGTTGCTGTA
q-RT-PCR
NY-ESO-1 Forward TGTCCGGCAACATACTGACT Human#67
Reverse ACTGCGTGATCCACATCAAC!
GAPDH Forward AGCCACATCGCTCAGACAC Human#60
Reverse CGCCCAATACGACCAAATC
MSP
Unmethylated Forward GTGTAGGGGTAGTAAGGGTTTT
NY-ESO-1 Reverse CAACTCAAACAAACAACTCTCCA
Methylated Forward CGTAGGGGTAGTAAGGGTTTC
NY-ESO-1 Reverse ACTCAAACAAACGACTCTCCG
Pyrosequencing Forward GGGTTGAATGGATGTTGTAG
Reverse CRCCACCAAAACTATCAA
Biotinylated GGGACACCGCTGATCGTTTACRCCAC
universal primer CAAAACTATCAA
Pyrosequencing TGAATGGATGTTGTAGATG
primer
CHIP-PCR Left ACCCGCAACCCACCCCACAC
Right GGGGCAGGCCTCTAACTGGG
CHIP-qPCR Left TTCCAGCTACCCCACCAG Human#66
Right GGGGCAGGCCTCTAACTG
@ Springer
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PCR product was bound to Streptavidin Sepharose HP
(Amersham Biosciences, Uppsala, Sweden), and the
Sepharose beads containing the immobilized PCR product
were purified, washed, denatured using 0.2 M NaOH
solution, and washed again. Next, 0.3 mM pyrosequencing
primer was annealed to the purified single-stranded PCR
product, and pyrosequencing was performed using the PSQ
HS 96Pyrosequencing System (Pyrosequencing, Inc.,
Westborough, MA). Methylation quantification was per-
formed using the provided software.

CHIP assays

The protocols for chromatin immunoprecipitation (CHIP)
have been described previously [14]. Briefly, cells were
treated with 1% formaldehyde for 8 min to cross-link
histones to DNA. After washing, the cell pellets were
resuspended in 550 pl lysis buffer and sonicated seven
times for 8 s each. The lysate (500 pl) was then divided
into three fractions; the first and second ones (230 pl each)
were diluted in 260 pl of lysis buffer, and the third one
(40 ul) was used for input control. The first lysate was
incubated with 10 pl anti-Lys-9 acetylated histone H3
antisera, or 10 pl anti-Lys-9 dimethylated H3 antibody
(Upstate Biotechnology, Temecula, CA), or 10 pl anti-Lys-
4-dimethylated H3 antibody (Upstate Biotechnology) at
4°C overnight. The second lysate was incubated with mock
preimmune sera (10 pl) at 4°C overnight as the negative
control. To collect the immunoprecipitated complexes,
protein G-agarose beads (Active Motif, Carlsbad, CA)
were added and incubated for 1.5 h at 4°C. After washing,
the beads were treated with RNase and proteinase K. DNA
was extracted using DNA purification minicolumns (Active
Motif) and resuspended in 100 pul water. PCR amplification
of DNA was carried out on diluted DNA aliquots, using the
primers shown in Table 1. Quantification of CHIP DNA
was performed in triplicate by real-time PCR by the
LightCycler real-time RT-PCR system (version 3.39)
(Roche), using the FastStart TagMan Probe Master (ROX)
(Roche) along with the sets of primers and Universal
ProbeLibrary probes (Roche) listed in Table 1. Data were
analyzed by Comparative Cy methods.

Results

Enhancement of NY-ESO-1 expression in glioma cells
by a combination of VPA and DAC (Fig. 1)

NY-ESO-1 expression was not detected in glioma cells
treated with control agents or VPA alone. Consistent with
the results of our previous study [5], we observed that
DAC-alone treatment reproducibly elicited induction of the
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Fig. 1 Enhancement of NY-ESO-I expression by combination of
VPA and DAC in glioma cells. a Conventional reverse-transcriptase
polymerase chain reaction (RT-PCR). Osteosarcoma cell line,
namely, Sa0S-2, which expresses NY-ESO-1 constitutively, was used
as the positive control. b Real-time PCR. Ratio of NY-ESO-1 amounts
relative to Sa0S-2 is expressed (the mean and SD of three
experiments). Note that NY-ESO-1 expression was not induced by
any treatment in normal human astrocytes (NHA). ¢ Western blot
analysis. The histogram shows the amount of NY-ESO-1 relative to
that of f-actin

NY-ESO-1 gene in the T98 and U251 cell lines. We
investigated whether treatment with VPA, acting as an
HDACI, enhanced the ability of DAC to reactivate
NY-ESO-1 gene expression. As shown in Fig. la, VPA
treatment augmented DAC-mediated induction of
NY-ESO-1 expression in the two cell lines. Although some
variability regarding the magnitude of gene induction was
noted in these two cell lines, the combination treatment
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enhanced NY-ESO-] expression more than exposure to
DAC alone. By contrast, DAC alone and even the combi-
nation of DAC and VPA did not induce NY-ESO-I
expression in normal astrocyte line, namely, NHA.
NY-ESO-1-specific bands were not observed even after 50-
cycle PCR amplification. Real-time PCR revealed that the
combination treatment of VPA and DAC resulted in an
approximately 2- and 1.5-fold increase in NY-ESO-I
expression relative to DAC alone in U251 and T98 cells,
respectively (Fig. 1b). To assess whether the induction of
NY-ESO-1 mRNA is followed by the production of the
appropriate protein, Western blotting for NY-ESO-1 was
performed in glioma cells. As shown in Fig. lc, bands
corresponding to NY-ESO-I were observed in U251 cells
treated with DAC; however, these bands were absent in the
cells treated with control agents or VPA alone. A denser
band was observed in the cells treated with the combination
of VPA and DAC. These results were consistent with those
obtained with T98 cells. Taken together, these results
indicate that NY-ESO-1 expression is enhanced by combi-
nation of VPA and DAC in glioma cells.

Methylation status of the NY-ESO-I gene

MSP experiments were performed to evaluate the methyl-
ation status of NY-ESO-1 in glioma cells. We observed that
NY-ESO-1 is heavily methylated in U251 cells treated
with control agents or VPA alone. In contrast, bands

100 . T

80

TR |

60 .

40 -

Mean methylation level (%)

U ¥ D V+D

Fig. 2 Methylation status of the NY-ESO-I gene. a Methylation-
specific polymerase chain reaction (PCR). NY-ESO-I is heavily
methylated in U251 cells treated with control agents or valproic acid
(VPA) alone. By contrast, bands corresponding to unmethylated
alleles were observed in cells cultured in S5-aza-2'-deoxycytidine
(DAC) and in a combination of VPA and DAC. b Quantitative
pyrosequencing. DAC significantly reduced the methylation level.
Interestingly, following treatment with the combination of VPA and
DAC, the methylation level was further significantly decreased
(*P < 0.05)

corresponding to unmethylated alleles were observed in
cells cultured with DAC and with combination of VPA and
DAC (Fig. 2a). To quantify the methylation of the CpG
sites of NY-ESO-1, we employed a novel real-time DNA
sequencing technology called Pyrosequencing™. We
identified the regions showing the largest differences in
methylation and compared methylation levels within a
small window (three CpG sites) of NY-ESO-1. Mean
methylation levels 4 standard deviation (SD) values were
89 £ 3% and 77 £ 9% for U251 treated with control
agents and VPA, respectively. The difference was not
statistically significant. However, DAC reduced the meth-
ylation level to 56 £ 5% (P <0.05 compared with
untreated cells). Interestingly, following treatment with the
combination of VPA and DAC, the methylation level was
further significantly decreased to 35 4+ 6% (P < 0.05
compared with DAC alone) (Fig. 2b). VPA also had a
small effect on NY-ESO-1 promoter demethylation, per-
haps through a replication-independent demethylation
property of VPA acting with DAC. The MSP and
Pyrosequencing data of other glioma cell lines were almost
identical (data not shown).

Histone modification

We determined whether the increase in expression in
response to the combination of DAC and VPA is associated
with gross changes in chromatin structure in the NY-ESO-1
promoter region by chromatin immunoprecipitation (CHIP)
assay and quantitative real-time chromatin-immunopre-
cipitation polymerase chain reaction (CHIP-PCR) in U251
glioma cells. In these assays, DNA combined with acety-
lated or methylated histone H3 Lys-9 (K9) antibody, or
methylated H3 Lys-4 antibody is immunoprecipitated and
detected by PCR amplification (Fig. 3a). Quantification of
CHIP DNA was performed in triplicate by real-time PCR
(Fig. 3b). The level of acetylated histone H3-K9 was
increased by VPA and combination treatment as compared
with untreated cells. DAC alone and the combination of
DAC and VPA decreased the level of H3-K9 methylation.
However, neither DAC nor VPA alone nor in combination
affected K4-methylation. These results are considerably
consistent with the findings that DAC reactivated NY-ESO-
I in synergy with VPA, indicating that the induction of
NY-ESO-1 after DAC and VPA treatment is accompanied
by a prominent increase in active histone marks around the
transcription start sites of NY-ESO-1 (Fig. 3c¢).

Discussion

Among the different tumor-associated antigens (TAA)
identified, CTAs have attracted growing interest as
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Fig. 3 Chromatin immunoprecipitation (CHIP) analysis of histone p

H3-lysine 9 acetylation (K9-Ac), lysine 9-dimethylation (K9-Me),
and lysine 4-dimethylation (K4-Me). K9-Ac is considered to be
associated with transcriptionally active or open chromatin. While
K9-Me marks transcriptionally inactive chromatin, K4-Me is associ-
ated with transcriptionally active chromatin. a Conventional CHIP-
polymerase chain reaction (PCR). b Quantitative real-time PCR using
the TagMan probe. Data represents ratio to input. Note that valproic
acid (VPA) (V) and a combination of VPA and 5-aza-2'-deoxycyt-
idine (DAC) (V + D) induced remarkable K9-Ac, and DAC (D) and
a combination of VPA and DAC (V + D) remarkably decreased
K9-Me while K4-Me was not affected by any treatment. ¢ A
schematic representation of the proposed mechanism in the role of
histone modifications in the NY-ESO-1 promoter. (i) Methylation in
Lys-9, moderate methylation in Lys-4, and hypermethylation of the
CpG islands cause a repressive folded chromatin structure, leading to
NY-ESO-1 gene silencing. (ii) VPA increases Lys-9 acetylation, but
has no effect on Lys-9 methylation or Lys-4 methylation and does not
relieve transcriptional silencing. (iii) DAC decreases Lys-9 methyl-
ation dramatically, demethylates the CpG sites, and opens chromatin
structure, leading to reactivation of gene expression. (iv) The
combination of DAC and VPA decreases Lys-9 methylation and
increases Lys-9 acetylation. Lys-4 methylation is not affected. The
combination opens chromatin to a considerable extent and reactivates
gene expression with the greatest efficiency

immunotherapeutic targets due to their in vivo immuno-
genicity, their shared expression among tumors of different
histotype, and their absence in normal tissues, except in the
testis and the placenta. These characteristics bring them
extremely close to being defined as tumor-restricted/spe-
cific antigens [3]. NY-ESO-1, one of the CTAs, was
identified during a serological analysis of recombinant
tumor cDNA expression libraries SEREX analysis of an
esophageal cancer [1]. The gene for NY-ESO-I maps to
Xq28 and codes for an 18-kDa protein [15]. NY-ESO-1
appears to be one of the most immunogenic human tumor
antigens defined to date. NY-ESO-1 mRNA expression is
found in 20-30% of melanomas; lung, breast, ovarian, and
bladder cancers; and other tumor types. However, we
previously demonstrated that NY-ESO-1 is not observed in
glioma [5]. Subsequent to our previous report showing
DAC-mediated de novo induction of NY-ESO-1 expression,
we observed synergistic induction by the combination of
DAC and VPA. This is the first report of such induction in
glioma. We demonstrated that the combination resulted in
decreasing levels of H3K9-diMe and increasing of H3K9-
Ac levels accompanied with DNA demethylation on the
NY-ESO-1 promoter region. These data are consistent with
the results of many previous intensive studies. We also
examined the active mark (H3K4-diMe) on the same
region. However, we did not find significant changes in this
modification, suggesting that DNA methylation and H3-K9
modification are more dominantly associated with the
expression of NY-ESO-1 than H3K4-diMe. A reason for
the absence of close correlation between NY-ESO-1
expression and H3-K4 modification might be because of
the fact that H3K4-diMe is associated with “permissive”
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chromatin that is either active or potentially active [16].
Nevertheless, our data is quite consistent with the findings
that DAC reactivated NY-ESO-1 in synergy with VPA.
Thus, our results not only shed light on a potential epige-
netic immunotherapy but also suggest that the silencing
mechanism of NY-ESO-1 in gliomas is mediated by both
DNA methylation and histone modification.

Recent studies have shown that HDACs play an
important role in the regulation of gene transcription and
oncogenesis through remodeling of chromatin structure and
dynamic changes in nucleosomal packing of DNA [10, 17,
18]. Inhibition of HDAC increases histone acetylation and
maintains  chromatin  structure in a more open

— 145 —



J Neurooncol

{i) No treatment

(i) VPA

(iii) DAC

NY-ES0-1

Fig. 3 continued

conformation. This conformational change may lead to
restoration of transcriptionally silenced pathways or sup-
pression of aberrantly expressed genes via repressor protein
recruitment [10]. HDACi directly interacts with the
catalytic site of HDAC, thereby blocking substrate access
to the active Zn+ or NAD+ at its base [19, 20]. Inhibitors
of zinc-dependent HDAC (class I, class II) have been the
focus of intense research. Of these, the well-tolerated
antiepileptic drug VPA, first synthesized in the 19th cen-
tury, was observed to be a class I selective HDACi in 2001
[13, 18]. As expected for HDAC inhibitory compounds,
VPA induces carcinoma cell differentiation. Since VPA
has been used clinically for more than two decades, the
pharmacology and side-effects of this drug have been
studied in detail. VPA can pass across the BBB and has a
long half-life of 9-20 h in humans. The therapeutic con-
centration of VPA in cerebrospinal fluid and plasma is in
the range of 0.5-1 mM, in concordance with the level used
in our experiments. This concentration is also considered
therapeutic in the routine treatment of bipolar disorder.

In conclusion, we have investigated the efficacy of
combinations of low concentrations of VPA with DAC on
the expression of NY-ESO-1 antigen and the HDAC
inhibitory activity of VPA via promoter demethylation and
histone acetylation in glioma cells. The combined treat-
ment of DAC and VPA as an effective HDACi was shown
to increase NY-ESO-1 expression in synergy; this suggests
that this combination may be a novel strategy for

immunotherapy in glioma patients. This combination
therapy is currently being considered for further investi-
gation in clinical trials.
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Abstract Von Hippel-Lindau disease (VHLD) is an
autosomal dominant familial syndrome associated with
multiple neoplasms. Medical management of pancreatic
lesions is still controversial, especially for pancreatic
neuroendocrine tumors (NET). We report an experience of
total pancreatectomy for multiple pancreatic neuroendo-
crine tumors in a VHLD patient, and discuss the indication
of surgical treatment. The patient was a 33-year-old Japa-
nese female with a medical history of VHLD-associated
tumors. At 27 years of age, abdominal computed tomog-
raphy revealed a number of strongly enhanced round
tumors throughout the pancreas. She underwent total pan-
createctomy with portal vein resection because of back
pain and an increase of tumor size. Pathological exami-
nation reconfirmed the diagnosis of multiple pancreatic
NET invading the portal vein. She has been well with
intensive insulin therapy and has shown no recurrence of
NET for more than one year. This is a rare case of total
pancreatectomy with portal vein resection for treatment of
pancreatic NET in a VHLD patient. Total pancreatectomy
is a viable option for treatment of muiti-centric or exten-
sive pancreatic NET because of a favorable prognosis of
NET after radical surgical treatment.
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Introduction

Von Hippel-Lindau disease (VHLD) is an autosomal
dominant familial disorder caused by a germline mutation
of the VHL tumor suppressor gene, and is characterized by
benign and malignant tumors affecting multiple organs,
including the central nervous system, kidney, adrenal
grand, pancreas, and reproductive system [1]. The pan-
creatic lesions occur in 40~60% of VHLD patients and they
are mostly cystic with a notable incidence of serous cyst-
adenoma [1-3], a benign tumor without need for specific
treatment [1].

By contrast, pancreatic neuroendocrine tumors (NET)
occur in 8-18% of VHLD patients [1, 2]. In VHLD disease
patients, NET are exclusively hormone-inactive [1-3], and
surgical treatment is sometimes required to prevent focal
invasion and distant metastasis. However, when surgery
should be recommended and what type of surgery should
be chosen are still problems.

Case study

A 33-year-old Japanese woman had suffered back pain for
seven years. She was referred to our institute because
multiple solid tumors in the pancreas had gradually
increased in size, which was pointed out at 27 years of age.
She had a medical history of treatment for a variety of
VHLD-associated tumors, including a pancreatic NET
surgically resected at 14 years of age, hemangiomas of the
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Fig. 1 Contrast-enhanced abdominal computed tomography. a The
mass in the pancreatic head is heterogeneously enhanced and appears
to invade the portal vein (arrowheads). b Multiple pancreatic masses
are shown in the pancreatic body and tail (arrows) and are
heterogeneously enhanced

fourth ventricle and cervical spinal cord operated at
19 years of age, and a renal cell carcinoma of the right
kidney treated by nephrectomy at 30 years of age.

Mutational analysis of the VHL gene, performed using
DNA extracted from her peripheral blood cells according
to a previously reported method [4], revealed a G-to-A
point mutation at nucleotide 500 (exon 1) resuiting in an
Arg167Glu amino acid substitution. Her father and elder
brother were also diagnosed with VHLD, with her father
having a medical history of two surgical resections for
pancreatic NET and associated metastatic recurrence in the
liver.

Blood tests showed increased serum levels of amylase
{146 U/t, normal range; 40-115 U/I) and lipase (121 U/I,
normal range; 13-60 U/l). There was no abnormality in
serum levels for gastrointestinal and pancreatic hormones
and tumor markers for NET, such as neuron-specific
enolase. Abdominal computed tomography (CT) revealed
multiple solid mass {esions throughout the pancreas
(Fig. 1). These lesions were round with irregular align-
ment, strongly enhanced at the marginal region, and
heterogeneously enhanced within the tumors. The tumor

in the pancreatic head had a maximum diameter of
4.7 cm and appeared to invade the portal vein (Fig. 1a).
Positron emission tomography with ['®F]fluorodeoxyglu-
cose (FDG-PET) and FDG-PET-CT revealed positive
signals for FDG accumulation in the pancreas, but no
significant signal in other organs (Fig. 2). The maximum
standardized uptake value {SUVmax) is high and differs
among tumors, ranging from 9.0 to 16.3. Endoscopic
retrograde cholangiopancreatogram failed to show the
main pancreatic duct, but demonstrated narrowing of the
common bile duct because of compression by the tumor
in the pancreatic head. Fine needle aspiration biopsy was
not performed because of the risk of hemorrhage from the
tumor with abundant blood flow shown by the abdominal
CT.

She underwent total pancreatectomy and the preoper-
ative diagnosis was multiple malignant NET. Laparotomy
revealed that the mass of the pancreatic head had partly
invaded the portal vein but was totally removed by portal
vein resection. Pathological investigation of the resected
specimen showed that the mass lesion was composed
of round tumor cells with oval nuclei and slightly
eosinophilic cytoplasm growing in a nested pattern and
surrounded by an abundance of blood vessels (Fig. 3a).
The tumor cells had invaded the wall of the portal vein,
but had not eroded the inner surface (Fig. 3b). No
metastasis in peripancreatic lymph nodes was found.
Immunohistochemical studies revealed that the tumor
cells were positive for synaptophysin and chromogranin
A. Mitosis was rarely observed, but positive staining for
Ki-67 was observed in 1-10% of tumor cells, Taken
together, these findings provide evidence for diagnosis of
well-differentiated neuroendocrine carcinoma according to
the WHO classification system.

Following the operation, watery diarrhea appeared
because of pancreatic exocrine insufficiency, but subsided
with oral administration of a large amount of digestive
enzymes. She was discharged on the 30th postoperative
day. She has been well with intensive insulin therapy and
has shown no recurrence of NET for one year.

Discussion

To our knowledge, this is the third reported case of a
VHLD patient with pancreatic NET that was treated with
total pancreatectomy. Total pancreatectomy is a rarely
chosen treatment option for pancreatic NET in VHLD
patients. A large study of 633 VHLD patients from a single
institute reported only two total pancreatectomies among
39 patients who underwent definitive pancreatic surgery
[2]. Total pancreatectomy combined with portal vein
resection, as performed in our case, for pancreatic NET in a
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Fig. 2 ["®F]fluorodeoxyglucose-positron emission tomography with
computed tomography. A number of positive signals for ['*Flfluoro-
deoxyglucose accumulation are seen in the entire pancreas. The
SUVmax ranges from 9.0 to 16.3

VHLD patient is extremely rare, and provides an invalu-
able instance of successful radical surgical treatment.

Generally, VHLD patients are subjected to many sur-
gical operations during their lifetime, because of the
occurrence and recurrence of a variety of tumors in various
organs. Therefore surgical treatment may be avoided and
careful observation may be chosen. However, operation is
necessary when the tumor has high malignancy potential,
because it improves the prognosis of patients with malig-
nant pancreatic NET [5, 6].

In this case, the radiological images were suggestive of
malignant nature of pancreatic NET. First, the size of the
tumor was large with the maximum diameter of 4.1 cm.
When the tumor size is greater than 3 cm, the tumor has an
increased risk of liver metastasis and a shorter doubling
time [2, 3]. Second, the pancreatic NETs were enhanced
heterogeneously on CT. Typically, contrast-enhanced CT
demonstrates pancreatic NET as a homogeneously hyper-
vascular mass. In the present case, however, the tumor
is heterogeneously enhanced, which possibly reflects
the irregularity of the vascular structure, perfusion, and

Fig. 3 Pathological examination. a The tumor is composed of round
cells growing in a nested pattern and surrounded by an abundance
of blood vessels. b Tumor cells invade the wall of the portal vein
(arrows) but do not erode the inner surface of the portal vein.
L, lumen of the portal vein

permeability, and also necrosis within the tumor, indicating
the malignant potential of the pancreatic NET [3]. Third,
the significant accumulation of FDG in pancreatic NET
was demonstrated on FDG-PET-CT. A positive signal
suggests that a tumor is likely malignant with high prolif-
erative activity, while indolent pancreatic NET generally
fails to show a positive signal [7].

A mutation in exon 3 of the VHL gene is reported to be
associated with the malignant potential of pancreatic NET
[2]. Our case showed a mis-sense mutation in exon 1, but
not in exon 3 of the VHL gene. Further investigation of
genotype-phenotype correlations with a large number of
patients may provide the information necessary to deter-
mine the appropriate treatment option for pancreatic NET
in VHLD patients.

In cases when surgical treatment is required, less-inva-
sive surgery should be chosen to maximize preservation
of pancreatic and neighboring organ function [8]. In the
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present case, however, the pancreatic tumors in the body
and tail displayed heterogeneous enhancement, which is
similar to the tumor in the pancreatic head. For this reason,
the decision was made to resect all tumors by total
pancreatectomy.

In conclusion, total pancreatectomy with portal vein
resection was successfully achieved in a VHI.D patient
with pancreatic NET. The postoperative course was
uneventful and the patient has been well more than one
year after the surgery. Radical and curative resection
should be considered for treatment of malignant pancreatic
NET to improve the prognosis of VHLD patients with
pancreatic NET.
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