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Chapter I

GENERAL INTRODUCTION

Despite a plethora of studies establish “genomic actions” of diterpenoid acids, the actions partially explain
the mechanisms of broader biological effects of diterpenoid acids. Hence, “non-genomic actions” become
prospective research topics during the last decade. In this thesis, we describe differentiation-inducing effects
of a diterpenoid geranylgeranoic acid, and discuss novel “non-genomic actions” of the diterpenoid acid in
human neuroblastoma and hepatoma cells in comparison with another diterpenoid acid, retinoic acid.

I. 1. Terpenoids biosynthesis
Terpenoids, also known as isoprenoids, a class of natural organic compounds consisting of the five-carbon
unit called “isoprene”, are synthesized ubiquitously and play essential roles among eubacteria, archaebacteria
and eukaryotes including human. They are derived through condensations of isoprene compound isopentenyl
diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP). Two distinct and independent
pathways exist to biosynthesize IPP: the classical mevalonate (MVA) pathway (Fig. I-1) [Chaykin et al,
1958; Spurgeon & Porter, 1981] and a mevalonate-independent methylerythritol phosphate (MEP) pathway
[Surmacz & Swiezewska, 2011]. Although MEP pathway is limited to photosynthetic plants and bacteria, the
MVA pathway is an important cellular metabolic pathway present ubiquitously in all organisms. Acetyl-CoA
is generated in a cell, which is added another acetyl-CoA and becomes acetoacetyl-CoA in a reaction
catalyzed by thiolase. Produced and pooled IPP are converted to DMAPP by an IPP isomerase. The enzymes
of the MVA pathway have been studied from a number of organisms, including humans.
3-Hydroxy-3-methyglutaryl-CoA (HMG-CoA) reductase, the best-characterized and rate-limiting enzyme in
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the cholesterol synthetic pathway, is the target of the statin class of cholesterol-lowering drugs [Alberts et al,
1980], the treatment of cardiovascular disease, and inflammatory processes [Liao & Laufs, 2005]. It is
important for the production of DMAPP and IPP, which serve as the basis for the biosynthesis of molecules
used in processes as diverse as isoprenoid synthesis, protein prenylation, cell membrane maintenance and
N-glycosylation. It is also a part of steroid biosynthesis.

-3-

Fig. I-1. The mevalonate (MVA) pathway.
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Beginning with the C5 molecule DMAPP, a series of C10 GPP (geranyl diphosphate), C15 FPP (farnesyl
diphosphate), C20 GGPP (geranylgeranyl diphosphate), and higher-molecular-weight isoprenoid diphosphates
are formed by addition of C5 IPP to the growing chain (Fig. I-2). GPP and FPP are produced through a
“tail-to-head” addition of IPP by farnesyl diphosphate synthase (FPPS). The metabolic pathway from FPP
branches into two, which is decided by FPPS and its interacting membrane enzymes. The major pathway is
steroidogenesis. FPPS interacts with enzyme squalene synthase that produces squalene by a “tail-to-tail”
condensation of 2 molecules of FPP. Squalene is a hydrocarbon and a triterpene, and is a natural and vital
part of the synthesis of cholesterol, steroid hormones, and vitamin D in the human body. Another pathway is
polyprenoid synthesis or non-steroidogenesis, where FPPS interacts with geranylgeranyl diphosphate
synthase (GGPPS) that produces GGPP by prenyltransfer reaction from IPP to FPP. When described in more
detail, there are two alternative pathways to produce GGPP [Bansal & Vaidya, 1994]. One pathway produces
all-trans GGPP by trans-prenyltransferase interacting with FPPS. Such a course that produces all-trans
GGPP is called “non-steroid” pathway. In plants, all-trans GGPP is also the precursor of carotenoids,
gibberellins, tocopherols, and chlorophylls. Bimolecular condensation of GGPP in a tail-to-tail manner
composes phytoene, a tetraterpene starting material for hundreds of carotenoids in plant cells but no
phytoene synthase has been found in animal cells. In other words, the end products of all-trans GGPP
include ubiquinone, chlorophyll or carotenoids. Contrastively in animal cells, all-trans GGPP is discovered
with almost all organ tissues but no phytoene synthase has been found. Another one is cis-polyprenol
pathway, where FPPS interacts with cis-prenyltransferase that produces 2-cis GGPP. The end products of
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2-cis GGPP include polyprenols and their 2,3-dihydroderivatives, dolichols (C80-100). Although significant
amounts of polyprenols and dolichols are produced and detected in mammalian tissues, biological
implication of these metabolites is scarcely understood, except for glycosyl-carrier function in glycoprotein
and glycolipid synthesis [Surmacz & Swiezewska, 2011].
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Fig. I-2. Schematic diagram of the isoprenoid production.
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Endogenous isoprenoid metabolites, including monoterpenes (C10), sesquiterpenes (C15), diterpenes
conteinig retinoids (C20), sterols (C30), carotenoids (C40), ubiquinones (C50), and dolichols (C80-100) have
physiological roles in plants and animals. Specifically, isoprenoids are involved in various steps of biological
processes such as compartmentation, enzyme reaction, signal transduction, and even social activity.
Furthermore exogenous terpenoids play as nutrient and/or medicinal compounds. Vitamin A is chemically a
part of retinoids (C20) and its metabolite all-trans retinoic acid has high activity of biological effects in
particular (see later). In addition to providing one or two molecules of retinoids by β-carotene
monooxygenase, some carotenoids (C40) indicate associations between human health and alleviating
metabolic diseases. Various other terpenoids are on the list of agents have the potential to treat disease, or
some of them have entered clinical trial or therapy.
GGPP is one of the key isoprenoid intermediates to be allocated to the synthesis of various end products
necessary for plant growth and defense. Recent observations have led to the identification of new
biologically active compounds including farnesol and geranylgeraniol (GGOH), which can be derived by
dephosphorylation of FPP and GGPP, respectively. Mitake and Shidoji suggested that a diterpenoid acid,
GGA (geranylgeranoic acid) could be enzymatically derived from GGOH in mammal cells (Fig. I-3) [Mitake
& Shidoji, 2012]. Inasmuch as the chemically-synthesized GGA shows antitumor and cell-differentiation
inducing effects, a future detailed study may warrant novel biological roles of the intermediates of MVA
pathway. In other words, GGPP can be exo- and/or endogenous source of physiologic active diterpenoid
acid.
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In conclusion, metabolites of isoprenoid pathway are crucially important for health promotion. However,
the detailed metabolic pathway map and the molecular based evidence of these effects still remain unclear.
Or clarification of the molecular mechanism is requisite.
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Fig. I-3. Enzymatic biosynthesis of GGA from GGPP.
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I. 2. Retinoid effects; genomic and non-genomic regulations of gene expression
Most widely and deeply recognized diterpenoid are retinoids including 11-cis retinal and all-trans retinoic
acid (ATRA), which has multiple biological activities in development, maintenance of epithelial tissues,
vision, immune response and carcinogenesis (Fig. I-4). According to analysis of previous studies, retinoic
acid binds to nuclear receptor proteins in the steroid and thyroid hormone receptor superfamily, so-called
retinoic acid receptors (RARs). Three types of RARs gene (RARA, RARB and RARG) have been cloned
[Ruberte, 1994], moreover, several isoforms generated by differential promoter usage and alternative splicing
have been identified. RARs form heterodimers with retinoid X receptors (RXRs), which also belong to the
superfamily and consist of three subtypes RXRα (coded by RXRA), RXRβ (coded by RXRB) and RXRγ
(coded by RXRG), and these dimers act as transcriptional trans-regulatory factors. Recent studies have shown
that retinoic acid binds to not only RARs but also peroxisome proliferator-activated receptors (PPAR) β/δ
(but not the other PPARα and γ) [Al Tanoury et al, 2013], which a member of the nuclear receptor
superfamily. Moreover, some in vitro studies suggest that retinoic acid signaling could be mediated by other
receptors such as RORα, COUP-TFII or TR2/4 [Al Tanoury et al, 2013].
Nuclear retinoid receptors bind genome wide retinoid response elements through contact with coregulator,
which are common for RARs and PPARs. The classical retinoid response elements are composed of a direct
repeat of the motif 5’-PuG (G/T) TCA spaced by 0 (DR0), 1 (DR1), 2 (DR2), 5 (DR5), or 8 (DR8) base pairs
[Al Tanoury et al, 2013]. Therefore, retinoic acid is considered to regulate gene expression via
ligand-dependent nuclear receptor activation, which we call genomic action of retinoic acid in this thesis.
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However, during the last decade, this scenario became more complicated with the discovery that retinoic
acid also has extranuclear and nontranscriptional effects which influences expression of target genes,
so-called nongenomic effects [Al Tanoury et al, 2013]. Indeed, several laboratories reported that retinoic acid
activates rapidly the p38 mitogen-activated protein kinase, the p42/p44 extracellular signal-regulated kinase
and the Janus kinase / signal transducer and activator of transcription 5 signaling cascade [Al Tanoury et al,
2013]. Moreover, it was demonstrated that, in response to retinoic acid, unconventional cytosolic located
RARα triggers rapid local translation of the postsynaptic glutamate receptor GluR1 and subsequently an
increase in synaptic strength [Al Tanoury et al, 2013]. Today, it is admitted that, in addition to the above
classical genomic effects, retinoic acid also has number of nongenomic effects [Al Tanoury et al, 2013].
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Fig. I-4. Vitamin A production and its metabolites.
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I. 3. Acyclic retinoids
Today, several compounds that do not fit with the chemical atructure of retinoic acid but are much more
active in several assays have been synthesized, and now, retinol, retinoic acid, other active metabolites and
active synthetic compounds are grouped as “retinoids” [Al Tanoury et al, 2013]. Retinoids including ATRA,
9-cis retinoic acid (9CRA) and other retinoic acid derivatives are clinically utilized as chemotherapeutic
agents for acute promyelocytic leukemia, but their side effects are sometimes so serious that it becomes
difficult to continue administration of the retinoids [Yob & Pochi, 1987]. Therefore, synthetic retinoids
without serious side effects are now certainly desirable especially in cancer prevention field. In this point of
view, a promising synthetic retinoid with few side effects has been developed in Japan.
It has been shown that hepatocytes and neurons are both targets for retinoic acid in terms of the gene
expression of intracellular retinoic acid binding protein (CRABP), RARs, and RXRs. For as much as GGA is
a potent ligand for CRABP, RAR, and RXR and it acts as a potential agonist of natural retinoids [Muto et al,
1981; Araki et al, 1995; Yamada et al, 1994], GGA and its biological active derivatives have been called as
“acyclic retinoids”. However, the acid shows some different properties from those of retinoic acid. For
example, GGA induced cell death in human hepatoma-derived cells, whereas ATRA and 9CRA did not
[Nakamura et al, 1995]. In addition, although like natural retinoids, acyclic retinoids show a strong antitumor
activity, their toxicity is much less than that of retinoic acid [Muto & Moriwaki, 1984; Moriwaki et al, 1988].
Furthermore, recent studies on GGA have reported several cytological actions such as an incomplete
autophagic response [Okamoto et al, 2011] and phospholipid hydroperoxide glutathione peroxidase
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preventable cell death [Shidoji et al, 2006], both of which are impossible to be explained by nuclear retinoid
receptor-mediated pathways or genomic actions of retinoids.
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I. 4. Brief outline of the thesis
In this thesis, we describe some biological effects of diterpenoid acids, particularly GGA and ATRA
(Chapters I and VI). Their biological actions described here are categorized into either genomic (Chapter
III) or non-genomic actions. The genomic actions described in this thesis consist of 2 categories, which are
conveyed through nuclear retinoid receptors or other orphan receptors. The non-genomic actions are further
subdivided to structural changes of chromatin through histone modification, or so-called “epigenetic effects”
(Chapter IV) and transcriptional regulation through signal transduction including phosphorylation cascade
(Chapter II, V). A schematic diagram for brief outline for the thesis is illustrated in Fig. I-5.
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Fig. I-5. Schematic diagram for brief outline of the thesis.
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II. 1. Abstract

Geranylgeranoic acid (GGA) and its derivatives are currently under development as chemopreventive
agents against second primary hepatoma in Japan. We aimed to evaluate chemoprevention targets of
GGA and a surrogate marker of chemopreventive response to clarify the molecular mechanism of
hepatoma chemoprevention with GGA. Human hepatoma-derived cell lines such as HuH-7,
PLC/PRF/5, and HepG-2, were treated with GGA and its derivatives. Cellular dynamics of several
cell-cycle-related proteins were assessed by either immunoblotting or immunofluorescence method.
The cellular expression of cyclin D1 protein was suppressed immediately after GGA treatment. This
reduction was partially blocked by pretreatment with 26S proteasome inhibitor MG-132, indicating
that proteasomal degradation was involved in GGA-induced disappearance of cyclin D1. A
phosphorylation of retinoblastoma protein (RB) at serine 780, a target site of cyclin D1-dependent
kinase 4, was rapidly decreased in GGA-treated HuH-7 cells. Furthermore, subcellular fractionation,
immunoblotting, and immunofluorescence revealed GGA-induced nuclear accumulation of RB. These
results strongly suggest that cyclin D1 may be a target of chemopreventive GGA in human hepatoma
cells. GGA-induced rapid repression of cyclin D1, and a consequent dephosphorylation and nuclear
translocation of RB, may influence cell cycle progression and may be relevant to GGA-induced cell
death mechanisms.
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II. 2. Introduction
II. 2. 1. Cell cycle and its related proteins
Normal cells as they are proliferating and renewing are going through different phase, in a process referred
as the cell cycle (Fig. II-1). From the G1 phase where the cell has 2 sets of its genome, it goes through the
DNA-synthesis, S-phase, over to the G2 phase where its DNA content becomes doubled. Finally the cell
enters the mitosis, M-phase to give two daughter cells with identical genome. During its life a cell can be
exposed to various DNA damaging agents such as UV irradiation. Interestingly it has been observed that
following DNA damage the cell is able to arrest either at the G1/S transition or at the G2/M in order to
initiate DNA repair before the cell goes on [Hartwell & Weinert, 1989]. The role of these 2 checkpoints is to
avoid the propagation of mutagenic lesions to the daughter cells.

E2F
Regulation of cell cycle results in complex interaction with cell-cycle related proteins. Cell-cycle related
proteins that regulate G1/S transition are shown in Fig. II-2. The E2F transcription factor family members
are the key regulators of cell proliferation. For example, E2Fs control the cell cycle by regulating the
expression of number of genes, whose products are required for the S-phase entry and cell cycle progression
[Helin et al, 1998]. E2F1 promotes cell cycle by regulating critical regulator genes involved in the DNA
replication and G1/S transition [Bracken et al, 2004].
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Fig. II-1. Cell cycle.
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Fig. II-2. Genes related G1/S transition.
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The transcriptionally active forms of E2F are a collection of heterodimeric protein complexes [Girling et
al, 1993], each composed of one E2F protein family subunit and one DP (a DNA-binding partner of E2Fs)
protein family subunit. The DP family contains two well-characterized members, TFDP1 and -2. These two
proteins share high homology in the DNA binding/hetero-dimerization domain but diverge from each other
in the C-terminus [Girling et al, 1993]. Due to the lack of a transactivation domain, DP proteins themselves
have no transcriptional activity. Instead, they exert a regulatory function by dimerizing with E2F proteins. In
fact, the hetero-dimerization of E2F-DP is essential for both high affinities of DNA binding and efficient
transcriptional regulation by E2Fs [Helin et al, 1993]. As heterodimers, the E2F-DP complexes bind to the
consensus E2F DNA recognition site TTT(C/G)GCGC(C/G) identified in a large number of cellular
promoters. This could lead to either activation or repression of the target genes, depending on the specific
E2F members involved. E2F1 to -3, for example, usually lead to the activation of genes critical for DNA
synthesis and cell cycle progression. E2F4 and -5, on the other hand, recruit RB and related proteins to
E2F-regulated promoters and actively repress gene expression [Dimova & Dyson, 2005].

RB
The initial functional characterization of the retinoblastoma protein (RB) following the seminal discovery
of the RB gene as first tumor suppressor focused on its role as a central regulator of cell cycle progression.
RB tumor suppressor function was originally thought to be largely due to its capacity to arrest cells in G1 by
inhibiting the activity of E2F transcriptional factors [Riley et al, 1994]. It is now believed that RB has many
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cellular roles in addition to serving as a G1 checkpoint, including control of cellular differentiation during
embryogenesis and in adult tissue, regulation of apoptotic cell death, maintenance of permanent cell-cycle
arrest and preservation of chromosomal stability [Zheng & Lee, 2001].

Cyclins
Cyclins are key molecules in cell-cycle control because of their specific and periodic expression during
cell cycle progression. The D-type cyclins (cyclin D1, D2, and D3) complex with CDK (cyclin-dependent
kinase) 4 and CDK6 and thereby regulate transition from the G1 phase into the S phase by phosphorylation
and inactivation of RB [Holnthoner et al, 2002]. The activity of the cyclin D/CDK complexes is negatively
regulated by the CDK inhibitors [Holnthoner et al, 2002]. Cyclin E binds to CDK2, which is required for the
transition from G1 to S phase of the cell cycle that determines cell division. As the cell passes from G1 into S
phase, cyclin A in turn associates with CDK2, replacing cyclin E. Cyclin B is necessary for the progression
of the cells into and out of M phase of the cell cycle by a formation of the cyclin B/CDK1 complex.

II. 2. 2. Cyclin D1 as a potent chemoprevention target
Recently it has been demonstrated that nuclear cyclin D1 could be a potential oncogene product because it
may promote tumorigenic growth [Kim & Diehl, 2009]. The early onset of deregulation of the cyclin D1
(CCND1) gene, or aberrant cyclin D1 expression in premalignant tissues relative to normal tissues, implies
that it is an attractive target for cancer chemoprevention [Piechocki et al, 2007]. In fact, it was found some
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years ago that high intra-lesional cyclin D1 protein expression was linked to shorter cancer-free survival
[Papadimitrakopoulou, Izzo et al, 2009]. Furthermore, a specific polymorphism of CCND1 (G/A870) located
at the splice junction of exon 4/5, which is proposed to influence the relative amounts of this spliced shorter
isoform, is reported to be associated with the aggressive phenotype to esophageal adenocarcinoma [Izzo et al,
2007]. CCND1 genotype and cyclin D1 protein expression are now expected to be important risk markers for
laryngeal cancer [Papadimitrakopoulou, Izzo et al, 2009].

II. 2. 3. Non-genomic actions of retinoids, posttranslational downregulation of cyclin D1
Successful clinical cancer chemoprevention studies have so far been conducted with retinoid [Lippman et al,
1990], although it has been found in randomized phase III intergroup chemoprevention trials that it did not
reduce second primary tumors [Papadimitrakopoulou, Lee et al, 2009]. Pioneering work by Dmitrovsky’s
group proposed that posttranslational downregulation of cyclin D1 by ATRA, a natural retinoid, may be a
chemoprevention mechanism [Langenfeld et al, 1997]. In this decade, an important concept has been
established, namely that ATRA is a promising compound playing a key role in the rapid downregulation of
cyclin D1 by inducing enhanced proteasomal proteolysis [Dragnev et al, 2007]. Another successful example
of clinical cancer chemoprevention has been provided by unique acyclic retinoid (ACR or Peretinoin) [Muto
et al, 1996; 1999]. Serious side effects are often an unavoidable problem with any cancer therapeutic agent,
including retinoids. During retinoid therapy for promyelocytic leukemia, some of the patients will suffer
from ATRA syndrome, such as weight gain, dyspnea, fever, respiratory distress, pulmonary infiltrates,
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episodic hypotension, and acute renal failure, which sometimes may cause lethal events [Larson et al, 2003].
Therefore, prior to becoming retinoid resistant, many patients have to withdraw from the drug or stop taking
it [Ortega et al, 2005]. In comparison with a natural retinoid such as ATRA, it has been established that ACR
or Peretinoin is a far safer retinoid. Muto’s group has developed acyclic retinoid as safe chemicals that have
been proven efficient for cancer chemoprevention [Muto et al, 1996; 1999]. In fact, the efficacy of acyclic
retinoid in the prevention of second primary hepatoma has been demonstrated in a placebo-controlled
double-blinded and randomized phase II clinical trial involving postoperative hepatoma patients with few
side effects [Muto et al, 1996, 1999]. Subsequently, it was revealed that oral administration of Peretinoin
(600 mg/d) for 12 mo significantly increased the 5-yr survival rate in those patients, without any side effects
after radical therapy for primary hepatoma [Muto et al, 1996, 1999]. Downregulation of cyclin D1 has also
been repeatedly reported with the use of this novel synthetic retinoid in several cellular systems [Shimizu et
al, 2004a; 2004b; Suzui et al, 2006]. However, the molecular mechanism underlying the downregulation of
cyclin D1 is thought to be quite different from ATRA-induced posttranslational suppression of cyclin D1. It
has been demonstrated that proteasomal inhibitor did not rescue an ACR-induced decrease in the cellular
level of cyclin D1 protein, in contrast to its preventive effect on ATRA-induced downregulation [Suzui et al,
2006]. Furthermore, ACR took more than 2 d to induce downregulation of cyclin D1 gene expression at its
transcriptional level. A natural mother compound of Peretinoin is GGA, which consists of 4-isoprene units in
a straight chain and has a carboxylic group at its tail terminus [Shidoji & Ogawa, 2004]. In the past 2
decades, Peretinoin or 4,5-didehydroGGA has been proven to suppress carcinogenesis in experimental
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animals [Moriwaki et al, 1988] and has been demonstrated to be an efficient chemical in the prevention of
second primary hepatoma in a phase II clinical trial [Muto et al, 1998]. GGA and 4,5-didehydroGGA were
initially screened as acyclic retinoid to bind to the cellular retinoic acid-binding protein [Muto et al, 1981].
Furthermore, both compounds possess ligand activities for the retinoid receptor (retinoic acid receptor and
retinoid X receptor) in the reporter assay [Yamada et al, 1994] and also show efficient activity in the
induction of cell death in human hepatoma-derived cell lines [Shidoji et al, 2006].

II. 2. 4. Aim of the study
In the present study, we aimed to determine whether GGA is able to downregulate the cellular level of cyclin
D1 in comparison with ATRA-induced proteasomal degradation of cyclin D1 protein.
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II. 3. Results
II. 3. 1. Rapid decrease in cyclin D1 content after GGA treatment in HuH-7 cells
To observe the changes of cyclin D1 expression by GGA treatments, immunoblotting analysis was performed.
In HuH-7 cells, cyclin D1 was clearly detected before GGA treatment. Cyclin D1 rapidly disappeared over a
period of 2 h after the addition of GGA, and the GGA -treated cells did not accumulate any detectable cyclin
D1 protein during the experiment (Fig. II-3A). A rapid reduction in cyclin D1 content induced by GGA also
occurred in the other hepatoma-derived cell lines, PLC/PRF/5 and HepG2 (Fig. II-3A). Fig. II-3B shows
that the downregulation of cyclin D1 is specific for GGA, in other words neither geranylgeraniol (a terminal
carboxyl group of GGA reduced to an alcohol group) nor farnesoic acid (the number of isoprenoids units in
GGA is reduced from 4 to 3) decreased cyclin D1 level in these 3 cell lines. ATRA was active in reducing the
cyclin D1 contents but was less active than GGA.
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Fig. II-3. Downregulation of the cellular cyclin D1 level in hepatoma-derived cell lines by treatment
with GGA.
A: Total cell lysates from HuH-7, PLC/PRF/5, or HepG2 cells treated with 10 μM GGA for the indicated
times were analyzed by immunoblot with anti-cyclin D1, and the same membrane was reprobed with
anti-β-actin as loading control. B: Cyclin D1 was measured by immunoblot with the lysates from HuH-7,
PLC/PRF/5, or HepG2 cells treated for 2 h with ethanol (C), 10 μM GGA, 10 μM geranylgeraniol
(GGOH), 10 μM farnesoic acid (FA), or 10 μM all-trans retinoic acid (ATRA) in medium. Actin-β was
reprobed as a loading control.
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In HuH-7 cells, the reduction of the cyclin D1 contents had already started at 30 min after the addition of
GGA and exhibited a half-life T1/2 of 22 min (Fig. II-4). GGA downregulated the cellular level of cyclin D1
in a dose-dependent manner with an IC50 of 6.8 μM (Fig. II-5A). The inhibitory effect of GGA was specific
for cyclin D1 protein, due to the fact that the cellular levels of other cyclins such as cyclin B1 and cyclin E
were not significantly changed after GGA treatment, at any concentrations tested herein (Fig. II-5B).

- 30 -

Fig. II-4. Rapid decrease in cellular cyclin D1 levels after GGA treatment in HuH-7 cells.
Total cell lysates from cells treated with 10 μM GGA for the indicated times were analyzed on
immunoblot with anti-cyclin D1 antibody. The calculated density (mean ± SD, n = 3) of each band was
plotted against sampling time.
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Fig. II-5. Dose effects of GGA on cyclins in HuH-7 cells.
A: Cyclin D1 was measured using immunoblot with the lysates from the cells treated for 1 h with the
indicated concentrations of GGA in medium. The same membrane was reprobed with anti-β3-tubulin as
loading control. The calculated density of each band was plotted against final concentrations of GGA. B:
Cyclin B1 and E were measured with loading control of β3-tubulin.
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II. 3. 2. GGA-induced downregulation of RB protein in HuH-7 cells
To examine whether or not GGA had an effect on RB expression, immunoblotting was performed. As shown
in Fig. II-6 (upper panel), the doublet bands for RB were detected at the positions around 105 kDa in
control HuH-7 cells. The upper band, possibly phosphorylated forms of RB, was continuously decreased
until 6 h and had disappeared at 16 h after GGA treatment. In contrast, the lower band, unphosphorylated RB,
was gradually decreased after GGA treatment with a transient increase at 2h. In the literature, it is well
established that RB is phosphorylated at serine-780 (Ser708) by protein kinase CDK4 whose activity is
dependent on cyclin D1. Therefore, to examine whether or not the cellular level of RB phosphorylated at
Ser780 was changed after GGA treatment, phosphorylated-Ser780-RB specific antibody was employed. As
shown in Fig. II-6 (lower panel), the cellular level of the phospho-RB was immediately downregulated by
GGA treatment.
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Fig. II-6. Effects of GGA on the phosphorylation of retinoblastoma protein (RB).
RB in the total cell lysates from HuH-7 cells treated with 10 μM GGA for the indicated times was
measured using immunoblot with anti-RB or anti-phosphoRB (serine-780). pRB; phosphorylated RB.
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In some cancer cell lines, RB proteins have been reported to aberrantly accumulate in their cytoplasmic
space. In HuH-7 cells, RB was detected both in the nuclear and cytoplasmic fractions prior to the addition of
GGA. After GGA treatment, the density of the nuclear RB band was increased at 6 h and the cytoplasmic RB
was gradually and continuously decreased (Fig. II-7A). Nucleocytoplasmic localization was demonstrated
using an immunofluorescence technique, which revealed both cytoplasmic and nuclear localization of RB in
untreated cells (Fig. II-7B). The fluorescence intensity of the nuclear RB was increased, and the cytoplasmic
RB fluorescence was gradually decreased after GGA treatment.
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Fig. II-7. Effects of GGA on subcellular localization of RB.
A: RB was measured using immunoblot with the cytoplasmic extracts or nuclear extracts from HuH-7
cells treated with 10 μM GGA for the indicated times. B: Immunofluorescence images of RB with HuH-7
cells treated with 10 μM GGA for the indicated times. PC; phase-contrast image, Merge;
immunofluorescence image + phase-contrast image.
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II. 3. 3. GGA-induced downregulation of E2F1 expression in HuH-7 cells
Two molecular species of E2F1 were found on the immunoblot. Both bands were continuously decreased
during GGA addition in a time-dependent manner (Fig. II-8A). However, a small change in E2F1 mRNA
expression level was observed (Fig. II-8B).
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Fig. II-8. Effects of GGA on cellular expression of E2F1.
A: E2F1 in the tonal cell lysates from HuH-7 cells treated with 10μM GGA for the indicated times was
measured using immunoblot with anti-E2F1, and the same membrane was reprobed with anti-β-actin as
loading control. B: Semi-quantitative RT-PCR was performed to measure E2F1 mRNA levels of HuH-7
cells treated with 10 μM GGA for the indicated times. GAPDH mRNA was used as a loading control.
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II. 3. 4. Mode of action for GGA to downregulate cyclin D1 levels in HuH-7 cells
Weinstein’s group have reported that ACR (Peretinoin or 4,5-didehydroGGA) downregulates cyclin D1
(CCND1) gene expression at the transcriptional level [Shimizu et al, 2004a; 2004b; Suzuki et al, 2006].
Since GGA is one of the acyclic retinoids, we first examined the cellular level of CCND1 mRNA. Fig. II-9A
clearly shows that no downregulation of the CCND1 mRNA level was induced by GGA treatment. In the
literature, Dmitrovsky’s group have established that ATRA is active in inducing proteasomal degradation of
cyclin D1, resulting in its downregulation [Dragnev et al, 2007; Feng et al, 2007; Freemantle et al, 2007;
2009; Langenfeid et al, 1997]. Since ATRA was also active in decreasing the cyclin D1 level to some extent
in our system (Fig. II-3B), the preventive effect of MG132, a proteasome inhibitor, on GGA-induced
dowregulation of cyclin D1 was examined. As a result, 30-min preincubation with MG132 definitely
protected the GGA-induced downregulation of cyclin D1, but its effect was apparently partial (Fig. II-9B).
In the presence of MG132 alone at 1 h, as expected HuH-7 cells time-dependently accumulated cyclin D1, at
the cellular level (Fig. II-9C, upper panel). At the same time, ATRA did not provide any additional effect on
MG132-induced accumulation of cyclin D1 (Fig. II-9C, lower panel), whereas GGA evidently inhibited
MG132-induced accumulation of cyclin D1 (Fig. II-9C, middle panel). Next, the inhibitory effect of GGA
on translation of the CCND1 gene was tested. When translation of the CCND1 gene was stopped with
cycloheximide, the intracellular half-life of cyclin D1 protein was calculated to be 20 min (Fig. II-9D, upper
panel). No additional effect of GGA was detected on the cycloheximide-induced downregulation of cellular
cyclin D1 (Fig. 2-9D middle panel), whereas ATRA further enhanced the downregulation of cellular cyclin
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D1 protein level in the presence of cycloheximide (Fig. II-9D, lower panel).
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Fig. II-9. Suppression of cyclin D1 synthesis by GGA treatment.
A: Reverse transcription and quantitative real-time polymerase chain reactions was performed for cyclin
D1 mRNA in total RNA from HuH-7 cells treated for 1 h with ethanol or 10 μM GGA, and the relative
abundance was calculated against the amounts of 28S rRNA. B: Cyclin D1 levels were measured using
immunoblot, with total cell lysates from 30-min MG132-pretreated or nontreated HuH-7 cells, treated for
2 h with ethanol or 10 μM GGA. C: Cyclin D1 levels were analyzed using immunoblots with total cell
lysates from HuH-7 cells treated with 20 μM MG132, in the presence or absence of 10 μM GGA or 10
μM all-trans retinoic acid (ATRA) for the indicated times. D: Cyclin D1 levels were analyzed using
immunoblots, with total cell lysates from HuH-7 cells treated with 50 μg/ml cycloheximide (CHX), in the
presence or absence of 10 μM GGA (+ GGA) or 10 μM ATRA (+ ATRA) for the indicated times.
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II. 3. 5. Reversibility of GGA-induced downregulation of cyclin D1 in HuH-7 cells
To examine whether or not GGA-induced downregulation could be reversed after removing GGA from
culture medium, immunoblotting was performed with anti-cyclin D1 antibody. At 1h after removal of GGA
in medium, cyclin D1 band, which had disappeared after 1-h pretreatment with GGA, was back, and the
density of the bands even exceeded over the original level at 6 h after removal of GGA (Fig. II-10).
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Fig. II-10. Effect of GGA removal on expression of cyclin D1 in HuH-7 cells.
Cells were treated with 10 μM GGA for 1 h and consecutively incubated in culture medium alone
for 1 or 6 h. Cyclin D1 levels were analyzed using immunoblots with total cell lysates. The same
membrane was reprobed with anti-β3-tubulin as loading control.
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II. 4. Discussion
In the present study, we found for the first time that a diterpenoid acid, GGA induced a rapid downregulation
of cyclin D1 in human hepatoma-derived cell lines. And it was also found that the phosphorylated RB (at
Ser780) immediately disappeared and a gradual decrease in E2F1 level occurred in HuH-7 cells after GGA
treatment. In addition, it was unexpectedly shown that GGA induced a subsequent nuclear translocation of
the cytoplasmic RB protein. These findings are all consistent with previous findings that GGA induced
growth suppression in hepatoma cells.
Among the GGA-induced changes found in the present study, we focused on the rapid downregulation of
cyclin D1, because cyclin D1 is upstream signal of the RB/E2F1 signal transduction pathway for cell growth.
At the cellular level, cyclin D1 may be directly modulated by GGA. In other words, cyclin D1 may be a
non-genomic target of GGA when it exerts a cancer chemopreventive action. It is well established that cyclin
D1 is one of the important regulatory proteins that promotes G1-to-S phase progression in many different
cell types [Alao et al, 2007]. In fact, most tumor cells show a higher expression level of the CCND1 gene,
and overexpression of cyclin D1 is known to correlate with the early onset of cancer and the risk of tumor
progression and metastasis of clinical cancer cells, including hepatoma [Zhang et al, 2002].
In considering the molecular mechanism of GGA-induced downregulation of cyclin D1 (Fig. II-11), it is
noteworthy that cyclin D1 is, in general, a highly labile or rapid-turnover protein with a half-life of 20-30
min. In addition, proteolysis of cyclin D1 requires polyubiqutination by F-box protein FBXO31 [Santra et al,
2009], which targets cyclin D1 to the 26S proteasome [Takahashi-Yanaga et al, 2008]. A number of
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therapeutic agents have been observed to induce cyclin D1 degradation in vitro through proteasome
degradation. Among them, ATRA, a diterpenoid acid similar to GGA, is well known to induce the enhanced
proteasomal degradation of cyclin D1 [Dragnev et al, 2007; Feng et al, 2007; Freemantle et al, 2007; 2009;
Langenfeld et al, 1997] as well as in the literature the first described posttranscriptional downregulation of
fibronection gene expression by ATRA treatment [Scita et al, 1996]. Therefore, we were very much
interested in whether GGA was able to enhance the proteasomal degradation of cyclin D1. Although, as
expected, ATRA in the presence of a proteasome inhibitor, MG132, was totally inactive in decreasing the
cyclin D1 level, the inhibitor was completely unable to facilitate the accumulation of cellular cyclin D1 in
the presence of GGA. This result indicated that GGA may induce a putative protease degradation of cyclin
D1 through an ubiquitin-independent or antizyme-dependent process [Newman et al, 2004], although the
present study failed to show any enhancement of cyclin D1 proteolysis after GGA treatment (Fig. II-9C). In
other words, the MG132 experiment demonstrated that GGA maintained or slightly decrease the initial
cellular level of cyclin D1, even while proteasomal degradation was blocked by MG132.
GGA is one of the acyclic retinoids that possess no cyclic structure in their chemical formula and show
ligand activity for nuclear retinoid receptors [Araki et al, 1995]. According to Weinstein’s group, the most
scrutinized acyclic retinoid so far is 4,5-didehydroGGA (ACR or Peretinoin), which downregulates CCND1
gene expression at the transcriptional level with cells in culture, including hepatoma-derived cell lines
[Shimizu et al, 2004a, 2004b, Suzuki et al, 2006]. Recently, the suppressive effect of 4,5-didehydroGGA on
CCND1 gene expression was shown in vivo in diethylnitrosoamine-induced liver tumor of obese and
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diabetic mice [Shimizu et al, 2011]. As compared with GGA tested in the present study, 4,5-didehydroGGA
downregulates the CCND1 transcript and protein levels more slowly over a period of 24 to 48 h even in the
similar in vitro systems [Shimizu et al, 2004a, 2004b, Suzuki et al, 2006]. After taking into consideration that
4,5-didehydroGGA or Peretinoin required such a long time to reduce the CCND1 transcript level,
GGA-induced rapid downregulation of cyclin D1 protein may not be transcriptional but posttranscriptional.
Indeed, the cellular level of CCND1 mRNA still remained at the initial level at 1 h after GGA treatment (Fig.
II-9A). Furthermore, as mentioned earlier, the proteasomal degradation of cyclin D1 was not enhanced by
GGA in the presence of cycloheximide (Fig. II-10D).
In this context, we finally speculated that the apparent synthetic rate of cyclin D1 protein should be
reduced after GGA treatment. When the cells were incubated with MG132, with the assumption that cyclin
D1 is degraded solely through proteasomal proteolysis, the accumulation rate of cellular cyclin D1 should
reflect the synthetic rate. Interestingly, after blocking of the proteolysis of cyclin D1 with MG132 treatment,
a time-dependent accumulation of cyclin D1 was completely prevented by co-treatment with GGA (Fig.
II-10D). This result strongly suggests that the impaired translational synthesis of cyclin D1 protein occurred
immediately after the addition of GGA. In sharp contrast, ATRA treatment had no significant effect on
MG132-induced accumulation of cyclin D1 protein, indicating that ATRA may not be involved in
translational control of the CCND1 gene (Fig. II-11).
It could easily be considered that a rapid decrease in cyclin D1 content after GGA addition may be
conveyed by a cellular RNA interference (RNAi) mechanism. The microRNAs that are able to repress the
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translation of the CCND1 gene have so far been reported to be miR-34a, miR-16, miR-193, miR-200b,
miR-17, and miR-20 [Yu et al, 2010; Xia et al, 2010; Qin et al, 2010; Chen et al, 2010; Jiang et al, 2009; Sun
et al, 2008]. These microRNAs potentially bind to the 3’-untranslated region (UTR) of CCND1 mRNA and
repress translation of the CCND1 gene. Among these miRNAs, we were interested in looking at the cellular
levels of miR-17, consisting of a miR 17-92 polycistronic cluster of 7 miRNAs, some of which are known to
knock down E2F1 gene expression. In the present experiments, the cellular levels of E2F1 protein were
gradually reduced after GGA treatment (Fig. II-8). However, both matured form and pri-miR 17 were
unexpectedly downregulated by GGA (unpublished result). To our knowledge, transcription and maturation
of cellular miRNA will take around 1 h [Davies et al, 2008], so that it may be difficult for any miRNAs to
downregulate cyclin D1 over a period of 15 min.
Another possible mechanism for rapid downregulation of cyclin D1 is the potential blocking of a specific
nuclear export of CCND1 mRNA by GGA due to inhibition of eukaryotic translation initiation factor eIF4E
bound to the 3’ UTR of CCND1 mRNA. A recent report on the small molecule 4EGI-1 supports the idea of
reducing the level of cyclin D by inhibiting eIF4e/eIF4G interaction in human cancer cells [Fan et al, 2010].
Taken together, GGA might regulate the subcellular distribution of CCND1 mRNA (Fig. II-11).
We also have to mention some cell biological consequences from GGA-induced downregulation of
cyclin D1. It is well established that cyclin D1 forms holoenzymes as an oncogenic component with CDK4
and CDK6, which phosphorylates nuclear localized tumor suppressor RB protein to release the E2F1
transcription factor. This factor can then activate some of the genes essential for the G1-S transition [Jiao et

- 47 -

al, 2008]. In the present study, as expected the phosphorylated RB (at serine 780) had disappeared by 2 h
after GGA treatment, probably because of the downregulation of cyclin D1.
In the present study, the cytoplasmic RB was detected in HuH-7 and GGA reduced the cytoplasmic RB
level but increased the nuclear content of RB. In other words, GGA produced nuclear translocation of the
cytoplasmic RB protein. In recent studies, it has been demonstrated that deregulated CDK activity, often
associated with hyperphosphorylation of RB, might alter RB subcellular localization and thereby
compromise its tumor suppressor function [Jiao et al, 2008]. These studies presented evidence that the
pharmacological inhibition of CDK activity allowed the cytoplasmically mislocalized RB to accumulate in
the nucleus, providing a reasonable explanation for GGA-induced relocalization of RB to the nucleus in
HuH-7 cells. Another possible mechanism for GGA-induced nuclear translocation of the cytoplasmic RB is
CDK independent. Most recently, Iwao and Shidoji reported that GGA induced translocation of
tumor-suppressive protein p53 accumulated in cytoplasm to nuclei through de-sequestration of the
cytoplasmic p53 [Iwao & Shidoji, 2014]. It suggests that GGA induced nuclear transport of RB protein by
cyclin D1 dependent/independent manner. However, the influence on tumor repressive effects of
GGA-induced reduction of the cytoplasmic RB level and accumulation of the nuclear RB were unknown.
Finally, we would like to discuss the biological significance of GGA-induced rapid downregulation of
cyclin D1 in cancer chemoprevention, especially in the prevention of hepatoma. Amplification,
polymorphism, and/or overexpression of the CCND1 gene have been found in human hepatomas [Nishida et
al, 1994, Zhang et al, 2002], and in addition downregulation of FBXO31 E3 ubiquitin ligase for cyclin D1
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[Huang et al, 2010]. Besides hepatoma, cyclin D1 is also frequently overexpressed in a variety of other
human carcinomas [Kim et al, 2009]. These findings suggest that aberrant expression of cyclin D1 protein
may play an important role in the development of human hepatoma and other carcinomas. Indeed,
overexpression of cyclin D1 is sufficient to initiate hepatocarcinogenesis in transgenic mice [Deane et al,
2001]. Thus, cyclin D1 can function as an oncogene product in the liver, and is therefore a potential target
for hepatoma prevention and therapy.
The concept of oncogene addiction, a term coined by Bernard Weinstein, refers to the dependence of a
cancer cell on one overactive gene or pathway for cell survival and growth. The source of Weinstein’s theory
was his observation that only partial blocking of cyclin D1, a key component of the Rb/E2F1 pathway, was
sufficient to arrest the growth of cancer cells that were overexpressing the protein [Arber et al, 1997,
Weinstein et al, 1997]. Over the last decade, researchers have accumulated further evidence for “oncogene
addiction”. They are now studying how such addiction takes place and identifying the candidate genes in the
different tumors.
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II. 5. Conclusion
We were able to demonstrate that GGA induced rapid downregulation of cyclin D1 in several human
hepatoma cell lines. This may be conveyed by non-genomic actions of GGA, and may be a plausible
mechanism involved in hepatoma chemoprevention.
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Fig. II-11. Hypothesis for molecular mechanism of GGA effect on cyclin D1.
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III. 1. Abstract

All-trans retinoic acid (ATRA) plays crucial roles in cell survival and differentiation of neuroblastoma
cells. In the present study, we investigated the effects of geranylgeranoic acid (GGA), an acyclic
retinoid, on differentiation and neurotrophic tyrosine kinase, receptor, type 2 (NTRK2) gene
expression in SH-SY5Y human neuroblastoma cells in comparison with ATRA. GGA induced growth
suppression and neural differentiation to the same extent as ATRA. Two variants (145 and 95 kDa) of
the NTRK2 protein were dramatically increased by GGA treatment, comparable to the effect of
ATRA. Following 6- to 8-d GGA treatment, the effect of GGA on NTRK2 was reversed after 2–4 d of
its removal, whereas the effect of ATRA was irreversible under the same conditions. Both GGA and
ATRA upregulated the cellular levels of three major NTRK2 messenger RNA splice variants in a
time-dependent manner. Time-dependent induction of cell cycle-related genes, such as cyclin D1 and
retinoblastoma protein, and amplification of the neural progenitor cell marker, brain lipid binding
protein, were suppressed by GGA treatment and were completely abolished by ATRA. ATRA and
GGA induced retinoic acid receptor β (RARβ) expression, whereas the time-dependent expression of
both RARα and RARγ was abolished by ATRA, but not by GGA. Our results suggest that GGA may
be able to restore neuronal properties of SH-SY5Y human neuroblastoma cells in a similar but not
identical way to ATRA.
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III. 2. Introduction
III. 2. 1. Neurotrophins and their receptors
Neurotrophins (NTs) play crucial roles in the development of the central nervous system, influencing
proliferation, differentiation, survival and death of neuronal and non-neuronal cells. NTs include nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NTF3) and neurotrophin 4
(NTF4). NTs mediate their cellular effects through the actions of two different receptors, the neurotrophic
tyrosine kinase, receptor (NTRK, previously known as Trk; tropomyosin-related kinase receptor) and p75
neurotrophin receptor (p75NTR), a member of the TNF (tumor necrosis factor) receptor superfamily (Fig.
III-1). NGF binds most specifically to NTRK1, BDNF and NTF4 to NTRK2, and NTF3 to NTRK3. All NTs
can bind to p75NTR with low affinity, enhancing the activation of NTRK receptors [Bothwell et al, 1995]
(Fig. III-2).
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Fig. III-1. Schematic diagram of neurotrophins and their cell-surface membrane
receptors.
[modified from Chao, 2003]
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Fig. III-2. Crosstalk between NTRK2 and p75NTR with NTs.
[modified from Chao, 2003]
JNK; mitogen-activated protein kinase 8, MAPK; mitogen-activated protein kinase 14,
NF-κB; nuclear factor of kappa-light polypeptide gene enhancer in B-cells, PI3K;
phosphatidylinositol-4,5-bisphosphate 3- kinase, PLCγ; phospholipase C gamma
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III. 2. 2. BDNF
In the pathophysiology of depression, BDNF and neurogenesis have an important function [Nibuya et al,
1995; Santarelli et al, 2003; Monteggia et al, 2007; Adachi et al, 2008]. In addition, electroconvulsive
seizures [Altar et al, 2004] and administration of antidepressant drugs can increase hippocampal BDNF
levels [Nibuya et al, 1995]. Moreover, Taliaz et al. reported that reduced BDNF protein levels, in
hippocampal sub-regions, could reduce neurogenesis in vivo and affected behaviors associated with
depression [Taliaz et al, 2010]. Furthermore, several studies show that BDNF regulates synaptic transmission,
synaptic plasticity and synaptic growth [Lu et al, 2013]. Since the synaptic dysfunction is a key
pathophysiological hallmark in neurodegenerative disorders, BDNF may provide the synaptic repair
therapies for neurodegenerative disorders, including Alzheimer’s disease [Lu et al, 2013].
NTRK2 is expressed in three major splice variants [Middlemas et al, 1991]. Full-length receptors
(NTRK2-FL) possess an intracellular tyrosine kinase domain as well as an extracellular ligand-binding
domain. The two truncated receptors, NTRK2-T1 and NTRK2-Shc, lack tyrosine kinase activity [Klein et al,
1990] (Fig. III-2). NTRK2-T1 has a direct functional role in mediating calcium release from intracellular
stores [Rose et al, 2003]. NTRK2-Shc contains an SHC (Src homology 2 domain containing) transforming
protein binding domain and is predominantly expressed in the brain, probably as a negative regulator of
NTRK2 signaling [Zuccato et al, 2008]. Consequently, impairment of the BDNF/NTRK2 signaling system
(Fig. III-3) is considered to associate with neurodevelopmental and neurodegenerative diseases [Yoshii &
Constantine-Paton, 2010]. In other words, proper maintenance of the BDNF/NTRK2 signaling system may
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be important in prevention of neurodevelopmental/ neurodegenerative disorders, or neuroblastoma.
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Fig. III-3. BDNF/NTRK2 signaling pathways.
AKT; RAC-alpha serin-threonine-protein kinase, CaMK; calcium/calmodulin-dependent protein kinase,
CREB; cyclic AMP-responsive element-binding protein, ERK; mitogen-activated protein kinase 1,
GAB2; GRB2-associated binding protein 2, GRB2; growth factor receptor-bound protein 2, IRS; insulin
receptor substrate, MEK; mitogen-activated protein kinase kinase, p38MAPK; mitogen-activated protein
kinase 14, PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase, RAF; RAF proto-oncogene
serin/threonin-protein kinase, RAS; rat sarcoma viral oncogen homolog, SHC; SHC-transforming protein
1, SOS; son of sevenless homolog, TK; tyrosine kinase
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III. 2. 3. Differentiation-inducing effect of ATRA on neuroblastoma SH-SY5Y cells
It is well known that all-trans retinoic acid (ATRA) predisposes undifferentiated SH-SY5Y neuroblastoma
cells to BDNF treatment; for example, ATRA-treated SH-SY5Y cells produce and secrete β-amyloid
precursor protein (APP) upon BDNF treatment; however, naive SH-SY5Y cells do not produce APP after
exposure to BDNF alone [Ruiz-Leon & Pascual, 2003]. These results indicate that ATRA shifts
BDNF-insensitive SH-SY5Y cells to BDNF-responsive SH-SY5Y cells. In fact, many researchers have
reported that NTRK2 gene expression is upregulated by ATRA treatment in SH-SY5Y cells [Kaplan et al,
1993; Hu & Koo, 1998; Edsjo et al, 2003; Ruiz-Leon & Pascual, 2003; Hecht et al, 2005; Holback et al,
2005; Kou et al, 2008; Nishida et al, 2008], however, a couple of exceptional papers demonstrated that
ATRA decreased NTRK2 mRNA levels in SH-SY5Y cells [Enrhard et al, 1993; Chen et al, 2010].

III. 2. 4. Metabolites of the mevalonate pathway in neurons
Neuron is one of the second most active cells that are producing cholesterol from the mevalonate pathway
after hepatocyte. In neurons, a fraction of cholesterol is metabolized and eliminated by the enzyme
cholesterol 24-hydroxylase, as shown in Fig. III-4. The mevalonate pathway in neurons produces neuronal
steroids as well as nonsterol isoprenoids including geranylgeraniol (GGOH). Recently, Kotti’s group have
shown that constant production of GGOH in neuronal cells is required for long-term potentiation but not via
protein geranylgeranylation [Kotti et al, 2006; 2008; Russell et al, 2009]. GGOH may be metabolically
oxidized to GGA, which can be produced either by a two-step oxidation of GGOH [Mitake & Shidoji, 2011]
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or by a one-step oxidation of geranylgeranial (GGal) produced by prenylcysteine lyase from
geranylgeranylated proteins [Lu et al, 2006], suggesting that GGA may be a physiological metabolite in
neurons. Furthermore, Shidoji & Ogawa identified natural GGA in some medical herbs [Shidoji & Ogawa,
2004], hence, one can speculate that GGA, either exogenously ingested from foods or de novo synthesized
from GGOH/GGal, may participate in neuronal functions through upregulation of the BDNF/NTRK2 signal
transduction pathway.
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Fig. III-4. Isoprenoid metabolism in mammalian brain cells including steroid and nonsterol
isoprenoids.
[Sakane & Shidoji, 2011]
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III. 2. 5. Aims of the study
In this study, we investigated the GGA-mediated protective effects on regulation of BDNF and/or NTRK2 in
SH-SY5Y neuroblastoma cells, to pave the way toward efficient prevention or suppression of neuroblastoma,
using natural safe compounds.
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III. 3. Results
III. 3. 1. Proliferation profile of SH-SY5Y cells with GGA
Compared with the vehicle (ethanol) control, ATRA treatment at 10 μM virtually inhibited proliferation of
SH-SY5Y cells during the entire experiment for 10 d (Fig. III-5). The same concentration of GGA also
significantly suppressed cell proliferation, although slightly less so than ATRA (Fig. III-5).
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Fig. III-5. Effect of GGA on proliferation of SH-SY5Y cells.
Cells were treated with ethanol (closed squares), 10 μM GGA (open circles) or 10 μM ATRA (closed
circles) for the indicated days. Viable cell numbers per dish were calculated by detaching cells at the
indicated time points and counting them on a hemocytometer. The experiment was performed in

singlicate.
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III. 3. 2. Suppression of growth-related gene expression by GGA in SH-SY5Y cells
The cellular expression levels of cyclin D1 increased in a time-dependent manner in control ethanol treated
cells (Fig. III-6A). The time-dependent upregulation of cyclin D1 was completely suppressed by ATRA
treatment, and protein levels remained at initial levels after 10-d treatment. Similarly, GGA suppressed their
upregulation (Fig. III-6A).
The same response was observed with total and phosphorylated RB protein levels (Fig. III-6B). These
results are consistent with the proliferation data shown in Fig. III-5.
In contrast, the time-dependent expression of cyclin E, another cell cycle-related protein, was not
influenced by either ATRA or GGA treatment (Fig. III-6C).
Expression of BLBP/FABP7, a marker for neural stem cells and proliferating glial progenitor cells [Shi
et al, 2008], was examined in SH-SY5Y cells. BLBP/FABP7 protein expression was induced in a
time-dependent manner in control ethanol-treated cells during 10-d culture, and 10 μM GGA suppressed this
time-dependent induction (Fig. III-6D). Treatment with 10 μM ATRA completely abolished the induction of
the protein.
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Fig. III-6. Downregulation of cell cycle-related gene expression by GGA.
SH-SY5Y cells were treated with ethanol, 10 μM GGA, or 10 μM ATRA for the indicated number of days.
Ten micrograms of total protein from the cell lysates was separated by SDS-PAGE and analyzed by
immunoblotting with either anti-cyclin D1 (A), anti-RB and anti-phosphorylated RB, specific for
phosphorylated Ser-780 of RB (B), anti-cyclin E (C) or anti-BLBP (D) antibodies.
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III. 3. 3. Morphologic alterations of SH-SY5Y cells by GGA
It has been well established that ATRA inhibits cellular proliferation and induces neurite outgrowth in
SH-SY5Y cells. In the present study, control ethanol-treated cells grew and clumped together, forming a
‘‘neurosphere-like’’ structure and did not extend neurite outgrowth (Fig. III-7). However, when treated with
ATRA (10 μM) for 4 d, cells attached to the dish and dispersed without any cellular aggregation, and
neurite-like elongation and its branches were prominently observed (Fig. III-7 and Fig. III-8). It was also
clearly observed that 10 μM GGA prevented the formation of cellular aggregates and produced elongation of
neurite-like structures after 4-d treatment, almost to the same extent as ATRA. These effects were observed
until 10 d after addition of either ATRA or GGA.
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Fig. III-7. Effect of GGA on morphology of SH-SY5Y cells.
Cells were treated with ethanol, 10 μM GGA or 10 μM ATRA for indicated number of days.
Phase-contrast images were collected on CCD camera connected to an inverted microscope.
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Fig. III-8. Embossment images.
Phase-contrast images on day 6 were cropped and emboss-processed. Arrows indicate neurite-like
structures.
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III. 3. 4. Downregulation of hexokinase-2 (HK2) with GGA in SH-SY5Y cells
Hexokinase-1 (HK1), brain form hexokinase and HK2, muscle form hexokinase were both detected in
control ethanol-treated cells, and increased in a time-dependent manner in control ethanol treated cells (Fig.
III-9). The time-dependent upregulation of HK2 was completely suppressed by ATRA treatment, and
protein levels remained at initial levels after 10-d treatment. Similarly, GGA suppressed their upregulation.
In contrast, HK1 expression showed no change during ATRA or GGA treatment.
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Fig. III-9. Effects of GGA on hexokinases (HKs) expression.
SH-SY5Y cells were treated with ethanol, 10 μM GGA, or 10 μM ATRA for the indicated number of days.
Ten micrograms of total protein from the cell lysates was separated by SDS-PAGE and analyzed by
immunoblotting with either anti-HK1(A) or anti-HK2 (B) antibodies.
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III. 3. 5. Expression of neurotransmitter synthesizing enzymes tyrosine hydroxylase (TYH) and choline
acetyltransferase (ChAT) in SH-SY5Y cells
The expression of the TYH and ChAT genes was examined during the 10 μM GGA or ATRA treatment. As a
result, TYH expression was apparently upregulated 2-fold by GGA treatment and (Fig. III-10A), whereas
ChAT expression did not change at all after GGA treatment (Fig. III-10B).
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Fig. III-10. Effects of GGA on TYH and ChAT expression.
Cells were treated with 10 μM GGA, 10 μM ATRA or vehicle alone for 4 d. TYH (A) and ChAT (B)
mRNA levels were analyzed by quantitative RT-PCR with 28S rRNA levels as an internal control. The

experiment was performed in singlicate.
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III. 3. 6. Expression of NTRK2 in SH-SY5Y cells
Next, we examined the effect of GGA on the expression of NTRK2 by using the immunoblotting. Figure
III-11 clearly shows that both GGA and ATRA at 10 μM dramatically increased the cellular expression of
NTRK2 protein as doublet bands in a time-dependent manner. The upper band of the full-length NTRK2
protein (145 kDa) and the lower band of the truncated NTRK2 (95 kDa) were both induced by both drugs.
We then measured the splice variant levels of NTRK2 mRNAs. All three variants measured herein were
upregulated most efficiently by ATRA treatment, and their upregulation was unexpectedly fast (Fig. III-12).
By day 2 of treatment, ATRA had already increased the cellular levels of each variant by several hundred
folds. The extent of GGA-induced upregulation of the NTRK2-FL and NTRK2-T-Shc splice variants was
almost one-third of the ATRA-induced upregulation of these variants, respectively, while the mRNA levels
of the NTRK2-T1 variant in GGA-treated cells were comparable to those of ATRA-treated cells.
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Fig. III-11. Effects of GGA on NTRK2 expression in SH-SY5Y cells.
Cells were treated with ethanol, 10 μM GGA or 10 μM ATRA for indicated number of days. NTRK2
protein levels were analyzed by immunoblotting with anti-NTRK2/TrkB antibody. Lower panel indicates
the schematic structure of NTRK2 subtypes.
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Fig. III-12. Effects of GGA on NTRK2 splice variant expression in SH-SY5Y cells.
NTRK2-FL, NTRK2-Shc and NTRK2-T1 mRNA levels were individually determined by quantitative
RT-PCR with the corresponding specific primer sets. Cells were treated with ethanol (closed squares), 10
μM GGA (open circles) or 10 μM ATRA (closed circles) for the indicated number of days. The

experiment was performed in singlicate.
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Figure III-13 shows the reversibility of GGA-induced upregulation of NTRK2 gene expression. GGA
(10 μM) and ATRA (10 μM) reproducibly increased the cellular levels of NTRK2 in a time-dependent
manner, in comparison with ethanol control. Surprisingly, 4-d removal of GGA after 8-d pre-treatment
completely erased the cellular induced NTRK2 protein, whereas 8-d removal of ATRA after 4-d
pre-treatment maintained the induced level of NTRK2.
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Fig. III-13. Effects of GGA removal on NTRK2 expression in SH-SY5Y cells.
Cells were treated with ethanol, 10 μM GGA or 10 μM ATRA for 4, 8 or 10 d and consecutively
incubated in either the same drug-containing media or culture medium alone for 8, 4 or 2 d, respectively.
Ten micrograms of total protein from whole cell lysates was separated by SDS-PAGE and immunoblotted
with anti-NTRK2 antibody.
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III. 3. 7. Expression of nuclear retinoid receptors in SH-SY5Y cells
RARα and RARγ expression were detectable in control ethanol-treated cells and upregulated in a
time-dependent manner, whereas ATRA-treated cells showed suppressed expression of these proteins during
the experiment (Fig. III-14). In contrast, GGA treatment kept the time-dependent expression levels of RARα
and RARγ. GGA and ATRA remarkably induced cellular expression of RARβ. A time-dependent increase in
RXRα and RXRγ expression was observed in ethanol-treated cells (Fig. III-14). ATRA (10 μM) completely
blocked the time-dependent increase of RXRα and RXRγ expression, but 10 μM GGA only partially
inhibited it.
To examine whether or not ATRA and GGA regulate RARβ expression at the transcript level, RARB
mRNA was measured. Figure III-15 shows the RARB gene expression was induced at transcript level by
ATRA treatment in a time-dependent manner. Treatment with 10 μM GGA also upregulated the expression,
although slightly less so than ATRA.
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Fig. III-14. Effects of GGA on retinoid receptors expression in SH-SY5Y cells.
Cells were treated with ethanol 10 μM GGA or 10 μM ATRA for 10 d. RAR/RXR protein levels in 10 μg
total protein of whole cell lysates were analyzed by immunoblotting with specific antibodies.
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Fig. III-15. Effects of GGA on RARB expression in SH-SY5Y cells.
RARB mRNA levels was individually determined by quantitative RT-PCR with the corresponding specific
primer set. Cells were treated with ethanol (closed squares), 10 μM GGA (open circles) or 10 μM ATRA
(closed circles) for the indicated time. The experiment was performed in singlicate.
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III. 3. 8. Effect of overdosing or suppression of RARB on NTRK2 expression induced by GGA
In order to clarify whether nuclear receptor-mediated genomic actions of GGA are involved in the
upregulation of the NTRK2 gene, we performed a knockdown experiment by using siRARB. As shown in
Fig. III-16, RARB gene expression was effectively knocked down by siRARB transfection. However,
GGA-induced upregulation of NTRK2 gene expression was not influenced by siRARB treatment, suggesting
that RARβ may not play a role in the transcriptional regulation of the NTRK2 gene.
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Fig. III-16. Effects of RARB knockdown on NTRK2 gene expression in SH-SY5Y cells.
Small interfering RNAs (400 pmoles per 20 cm2) were transfected 24 h before treatment. Transfected
cells were treated with 10 μM GGA for 24 h. RARB and NTRK2 mRNA levels were individually
determined by quantitative RT-PCR with the corresponding specific primer sets. The experiment was

performed in duplicate.
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On the other hand, gene-overdosing experiment was further performed to confirm that ectopic expression
of the RARB gene is unable to induce the expression of the NTRK2 gene. As a result, despite pRShRARB
transfection gave an extreme overexpression (2 x105 fold) of the RARB gene, GGA-induced upregulation of
the NTRK2 gene was not influenced by 2 x105-fold overexpression of the RARB gene (Fig. III-17).
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Fig. III-17. Effects of RARB gene dosage on NTRK2 gene expression in SH-SY5Y cells.
pRShRARB or pRS vector (0.2 μg per 0.3 cm2) were transfected 24 h before treatment. Transfected cells
were treated with ethanol or 10 μM GGA for 6 h. RARB and NTRK2 mRNA levels were individually
determined by quantitative RT-PCR with the corresponding specific primer sets. The experiment was

performed in duplicate.
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III. 4. Discussion
We have shown herein that GGA, a safe chemopreventive natural isoprenoid for human hepatoma, is
prominently active in inducing growth retardation and NTRK2 gene expression at both mRNA and protein
levels in human neuroblastoma-derived SH-SY5Y cells, comparable to the effects of ATRA. Taking into
account that ATRA shows serious and even lethal side effects in clinical therapy of promyelocytic leukemia
patients [Larson RS, 2003], we hope that GGA, a natural dietary ingredient, could become a safe alternative
to ATRA to protect neurons from carcinogenesis.
In the literature, ATRA has been known to inhibit cellular proliferation and to induce neurite outgrowth
in SH-SY5Y cells; hence, ATRA-treated SH-SY5Y cells are extensively used as a differentiate
dopaminergic or cholinergic neuronal model [Xie et al, 2010]. Therefore, it is remarkable that GGA had
differentiation-inducing effects (inhibition of cellular proliferation; Fig. III-5, and induction of neurite
outgrowth; Fig. III-7, 8) on these neuroblastoma cells, comparable to ATRA.
The cellular levels of cyclin D1, its target RB, and the phosphorylated RB were all significantly reduced
by GGA (Fig. III-6). These data indicate that GGA-induced G1-arrest may be involved in growth retardation
of SH-SY5Y cells. However, it is interesting that cyclin E was not downregulated by either GGA or ATRA
treatment, suggesting that GGA and ATRA might induce an impairment in G1-progression, but not in
G1/S-transition.
The expression of BLBP/FABP7 is known to be associated with malignancy of glioma cells [Mita et al,
2007] and proliferation and invasiveness of melanoma [Goto et al, 2010]. Therefore, the GGA- or
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ATRA-induced reduction of BLBP/FABP7 expression may indicate antitumor effects of GGA and ATRA
against neuroblastoma, although dietary supplementation of docosahexaenoic acid-rich oil upregulated
BLBP/FABP7 gene expression in experimental brain tumors [Nasrollahzadeh et al, 2008].
A classic study on ATRA-induced differentiation in SH-SY5Y cells demonstrated that treatment with
ATRA resulted in cells that were more substrate adherent and exhibited neurite outgrowth [Kaplan et al,
1993]. Similarly, in the present study, we found that GGA-treated cells, as well as ATRA-treated cells, as
observed by the lack of cell aggregates (Fig. III-7). Furthermore, neurite outgrowth in GGA-treated cells
demonstrates morphological characteristics of neural differentiation in these cells (Fig. III-8).
ATRA is a well-known inducer of NTRK2 gene expression at transcription level [Kaplan et al, 1993].
The present study confirmed this and reemphasized that ATRA is a strong inducer of the full-length as well
as the truncated forms of NTRK2 protein species and significantly upregulated cellular mRNA levels
corresponding to NTRK2-FL, NTRK2-T1, and NTRK2-Shc variants. Surprisingly, GGA showed almost the
same effect on NTRK2 gene expression (Fig. III-12 and Fig. III-13). Namely, GGA was shown as a potent
inducer of NTRK2 gene expression at both transcription and protein levels, comparable to ATRA. However,
the induction mode was different between ATRA and GGA. Although 8-d removal of ATRA did not affect
the previous 4-d induced level of NTRK2 protein, 4-d removal of GGA eliminated the preceding 8-d induced
level of the protein, suggesting that ATRA may irreversibly induce NTRK2 gene expression, whereas GGA
may have a reversible effect (Fig. III-14). Besides transcriptional regulation, ATRA is known to be involved
also in translational regulation, in which ATRA induces the internal ribosomal entry site transactivating
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factor or polypyrimidine tract binding protein (PTB1) to recruit the translational machinery for NTRK2
mRNA [Timmerman et al, 2007]. This combinatorial mechanism of transcriptional and translational
upregulation may construct an irreversible effect of ATRA on NTRK2 gene expression. However, currently
we are unaware whether GGA is able to induce PTB1. As for clinical aspects, the reversibility of the effect
of GGA on NTRK2 expression may constrain a patient to take the drug for a longer time, although the
reversibility of the effect of GGA on NTRK2 expression in vivo remains unknown.
GGA is an acyclic retinoid, which possesses ligand activity for nuclear retinoid receptors [Araki et al,
1995]. ATRA has been believed to act through its nuclear receptors in biological processes, thus we assessed
the cellular expression of retinoid receptors such as RARα, RARβ, and RARγ (Fig. III-10). RARα and
RARγ expression were increased in a time-dependent manner in ethanol control cells, while no RARβ was
detected in these cells during the entire experimental period. This expression profile of RARs in SH-SY5Y
cells is consistent with previous reports [Carpentier et al, 1997; Joshi et al, 2006]. However, unlike previous
reports on ATRA induced upregulation of retinoid receptors [Carpentier et al, 1997; Joshi et al, 2006],
ATRA clearly suppressed the time-dependent expression increase of both RARα and RARγ. The suppressive
effect of GGA on these two proteins was minor. On the other hand, GGA and ATRA both strikingly induced
the cellular expression of RARβ. RARB2 gene promoters are well known to possess a retinoic acid response
element (RARE) motif, and indeed ATRA increases RARB mRNA in a variety of cell lines including
neuroblastoma [Cheung et al, 2003]. Yamada et al also showed that both 4,5-didehydroGGA and ATRA
induced upregulation of RARB gene expression in hepatoma cell lines [Yamada Y, 1994].
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We almost exclude the possibility that RARβ may be involved in the upregulation of the NTRK2 gene
upon GGA or ATRA treatment, so far there has been no report of a RARE motif at the 5’-upstream region of
the NTRK2 gene. Therefore, in the next chapter, we tried to analyze the non-genomic actions of GGA on the
cellular expression of the NTRK2 gene.
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III. 5. Conclusion
We found for the first time that GGA dramatically induced a time-dependent expression of the NTRK2 gene
at protein as well as mRNA levels. The effect was comparable to that of ATRA; however, in contrast to
ATRA, it was reversible. These GGA-mediated effects on NTRK2 gene expression in SH-SY5Y cells are
likely to shed light on diet-controlled intervention against neuroblastoma.
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IV. 1. Abstract

Lysine-specific demethylase 1A (KDM1A) is upregulated in many cancers, especially neuroblastoma.
We set out to explore whether geranylgeranoic acid (GGA) inhibits KDM1A activity by using
recombinant human KDM1A. GGA inhibited KDM1A activity with IC50 similar to that of the
clinically used drug tranylcypromine. In human neuroblastoma SH-SY5Y cells, GGA induced NTRK2
gene expression alongside upregulation of histone H3 with dimethylated lysine-4 in the regulatory
regions of the NTRK2 gene. Dihydrogenation of GGA reinforced the KDM1A-inhibitory effect in a
position-dependent manner. The inhibitory effects of dihydro-derivatives of GGA on recombinant
KDM1A strongly correlated with the induction of NTRK2 gene expression in SH-SY5Y cells. These
data demonstrate for the first time the efficient KDM1A-inhibitor activity of GGA and its derivatives,
providing a novel prospect of preventing cancer onset by using GGA to regulate epigenetic
modification.
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IV. 2. Introduction
IV. 2. 1. Epigenetic regulatory mechanisms
In the last several years, many researchers have reported that non-genomic regulation of gene expression
during development, particularly neurogenesis. First of all, here we describe overview of “epigenetic
regulation” such as DNA methylation, histone modification and non-coding RNAs.

DNA methylation
DNA methylation is a key epigenetic modification in the mammalian genomes known to be involved in
many biological processes to regulate nucleotide structure. In mammals, methylation of cytosine base on
DNA strands is a heritable epigenetic modification that occurs mostly at the CpG dinucleotides other than the
CpGs in CpG islands [Weber et al, 2005]. Because CpG islands are found in approximately 40% of
promoters of mammalian genomes, methylation of the CpGs in CpG islands should be reversible by cellular
regulatory mechanism. In the last decade, it has become extremely attractive given its involvement in a
diverse range of cellular functions including tissue-specific gene expression, cell differentiation
[Jackson-Grusby et al, 2001], development [Okada et al, 1999] and reprogramming [Dobbs et al, 2013],
genomic imprinting, X chromosome inactivation, and regulation of chromatin structure, disease states and
circadian rhythm [Brid et al, 2002; Peaston et al, 2006, Bollati et al, 2010; Faulk et al, 2011; Suzuki et al,
2008]. Notably, the epigenome contains hypervariable regions that could be a source of cellular diversity
[Suzuki et al, 2008] or could underlie disease states [Boumber & Issa, 2011]. Such hypervariability might be
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influenced by metabolite fluctuations, temperature variation, and other environmental agents that exert their
action on chromatin-modifying enzymes and gene regulation [Waterland et al, 2004; Cropley et al, 2006;
Gilbert et al, 2007; Chinnusamy et al, 2009]. A clear example of how environment plays an important role in
shaping the epigenome is represented by monozygotic twins, who are epigenetically indistinguishable during
the early year of life but with age exhibit remarkable differences in their overall content and genomic
distribution of 5-methylcytosine DNA and histone acetylation, affecting their gene-expression portrait [Fraga
et al, 2005].

Histone modification
Nucleosomes, the basic repeating unit of chromatin, consist of ~147 bp DNA wound around a histone
core containing two copies of the histone proteins H2A, H2B, H3, and H4 [Luger et al, 1997]. Histones
undergo dynamic post-translational modifications (PTMs) on specific residues, most of which are contained
on the flexible N-terminal tail that protrudes from the nucleosomal surface [Cosgrove, 2007]. It has been
hypothesized that PTMs may form a “histone code” in which particular marks or combinations of marks
elicit a specific physiological response by regulating chromatin structure [Jenuwein & Allis, 2001]. PTMs
may perform these tasks by directly altering the chemical environment of the surrounding chromatin or
through the action of other proteins that bind to these marks, termed readers. Readers may contain or recruit
effector proteins, forming a signaling scaffold to alter chromatin function and consequently mediate
processes such as gene expression, apoptosis, and DNA damage repair [Jenuwein & Allis, 2001].

- 95 -

In human cells, many activities essential for cell survival, such as DNA transcription, synthesis and repair,
are mediated by dynamic changes in nucleosome structure that facilitate access of DNA-binding proteins to
double-stranded DNA [Clapier et al, 2009]. Proteins that regulate the change in nucleosome structure are
called chromatin-regulating proteins. These proteins can be classified into two groups that take part in
distinct mechanisms: histone modification and chromatin remodeling. Some histone modifiers attach
substrates, such as phosphate, poly-ADP-ribosyl, acetyl, methyl, SUMOyl and ubiquityl groups to histone
tails by covalent interaction, whereas other histone modifiers detach these groups from previously modified
histones. Chromatin remodelers usually function as complexes that change nucleosome assembly (e.g. by
forming a DNA-loop or sliding a nucleosome) in an ATP-dependent manner.
Histone lysine methylation has been widely accepted as a key epigenetic modification. Whereas
acetylation of lysine residues causes neutralization of the basic amine group, the methylation does not
change the charge of lysine residues and thus has a minimal direct charge effect on DNA-histone association.
Rather, the different methylation status of specific histone lysine can serve as a unique platform for recruiting
methylation “reader” proteins that activate or repress genes’ transcriptional activity through hydrophobic
interaction. In general, histone H3 lysine-4 (H3K4), H3K36, and H3K79 methylation are gene activation
marks, whereas H3K9 and H4K27 methylation are gene-repressive modifications [Wozniak & Strahl, 2014].
H3K4me3 occupies as many as 75% of all human gene promoters in several cell types (e.g., ES cells),
indicating that it plays a critical role in mammalian gene expression [Pan et al, 2007; Zhao et al, 2007]. In
fact, H3K4me3 is required to induce critical developmental genes in animals, including several mammals,
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and is important for animal embryonic development [Shilafard et al, 2012]. H3K4me3 levels are positively
correlated with gene expression levels [Barski et al, 2007; Pokholok et al, 2005].

Lysine-specific demethylase 1A (KDM1A)
Although H3K4me3 is clearly associated with actively transcribed genes, studies have demonstrated that
H3K4me3 is localized around the transcription initiation sites of numerous unexpressed genes in human ES
cells, primary hepatocytes, and several other cell types [Pan et al, 2007; Zhao et al, 2007; Guenther et al,
2007]. In particular, it frequently co-resides with the repressive mark H3K27me3 in the promoters of critical
differentiation-specific genes [e.g., Homeobox (HOX) gene clusters] that are transcriptionally inactive in ES
cells [Pan et al, 2007; Zhao et al, 2007; Bernstein et al, 2007; Mikkelsen et al 2006]. It has been proposed
that the “bivalent” domains, composed of H3K4me3 and H3K27me3, may maintain differentiation-specific
gene promoters in a repressive status in self-renewing stem cells but be poised for prompt gene activation
upon differentiation stimuli [Bernstein et al, 2007]. Consistent with this, many bivalent genes have increased
H3K4me3 levels and decreased H3K27me3 levels while being transcriptionally activated during
differentiation. Interestingly, recent studies demonstrated that most bivalent domains are occupied by
lysine-specific demethylase 1A (KDM1A) [Adamo et al, 2011; Whyte et al, 2012], indicating that it plays a
role in maintaining low levels of dimethylated H3K4 (H3K4me2) that often co-exist with H3K4me3. For
these reasons, H3K4me3 is classified as a chromatin landmark for transcriptionally active genes in ES
cells [Guenther et al, 2007].
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Most H3K4me3-containing promoters are also occupied by H3K9/H3K14 acetylation [Guenther et al,
2007]. In transcriptionally active genes, H3K36me3 and H3K79me2 are significantly enriched downstream
of H3K4me3-containing promoters: H3K36me3 peaks toward the 3′ end of genes in gene bodies, whereas
H3K79me2 is located toward the 5′ end [Guenther et al, 2007]. Therefore, H3K4me3 likely cooperates with
other histone marks for gene activation. The combinatorial arrangement of H3K4me3 and other histone
marks may support, at least in part, the “histone code” hypothesis [Jenuwein et al, 2001].
H3K4me2 decorates genomic regions independently of H3K4me3, although most of it overlaps with
H3K4me3 near the transcription start sites [Bernstein et al, 2005]. H3K4me2 may have an antagonistic effect
on DNA methylation [Weber et al, 2007]. Monomethylated H3K4 (H3K4me1) also co-occupies regions near
the start sites with H3K4me3. Apart from the transcription start sites, H3K4me1, together with H3K27
acetylation, specifies enhancer regions [Visel et al, 2009; Heintzman et al, 2009]. In summary, H3K4me1,
H3K4me2 and H3K4me3 have commonality in gene activation, although their subsets play distinct roles in
modulating chromatin function.
The reversibility of histone methylation was not clear until the discovery of the first histone demethylase
KDM1A (also known as LSD1) in 2004 [Shi et al, 2004]. Subsequently, more than dozen of human histone
lysine-specific demethylase genes have been cloned (Table IV-1). A new class of the F-box protein family
was reported as KDM2A that specifically demethylates both mono- and di-methylated lysine-36 of histone
H3 (H3K36me1/me2). Another new class of zinc finger proteins containing JmjC-domain was identified that
KDM3A/JMJD1A can demethylate methylated lysine residues in histone (H3K9me3) [Goda et al, 2013],
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KDM4A/JMJD2A for methylated lysine residues H3K9/36 [Black et al, 2013], KDM5C/JARID1C for
H3K4me3 [Grafodatskaya et al, 2013], and KDM6A/JMJD3 for H3K27 [Shahhoseini et al, 2013]. These
members of KDM super-family play important roles in gene transcription in various cells during
development and homeostasis.
Among them, as mentioned above numerous studies in ES cells and neural stem cells strongly suggest
that KDM1A is a key histone methylation modifier in transcriptional regulation for cell fate
determination. KDM1A-null mice are embryonic lethal around E6.5, and KDM1A-deficient mouse ES cells
demonstrate increased cell death and impaired differentiation, such as embryoid body formation
defects [Wang et al, 2007]. It has been reported that KDM1A is also required for neural stem cell
proliferation; it is recruited to chromatin by the nuclear orphan receptor NR2E1/TLX to repress negative cell
cycle regulators, including p21, p53, POU5F1 or OCT3/4 and PTEN, resulting in continuous proliferation of
neural stem cells [Sun et al, 2010; Wang et al, 2012].
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Table IV-1. Tentative classification of histone lysine demethylases (KDMs) in NCBI gene database
Official
Symbol
KDM1A

Other Aliases

Gene Location

Histone Substrates

Family

References

LSD1, AOF2

1p36.12

H3K4me1/me2,

AOF

Shi et al, 2004,

H3K9me1/me2
KDM1B

LSD2, AOF1

6p22.3

H3K4me1/me2

AOF

Fang et al, 2010

KDM2A

FBXL11,

11q13.1

H3K36me1/me2

F-box

Tanaka et al, 2010

12q24.31

H3K4me3,

F-box

Tsukada et al,

JHDM1A
KDM2B

FBXL10,
JHMD2A

H3K36me1/me2

2006; Frescac et al,
2007

KDM3A

JMJD1A,

2p11.2

H3K9me1/me2

ZF-Jmj

Yamane et al, 2006

5q31

H3K9me1/me2

ZF-Jmj

Kim et al, 2012

TSGA
KDM3B

JMJD1B,
C5orf7

JMJD1C

TRIP8

10q21.3

H3K9me1/me2

ZF-Jmj

Wolf et al, 2007

KDM4A

JMJD2A,

1p34.1

H3K9me2/me3,

JMJD2

Klose et al, 2006;

JMJD2
KDM4B

JMJD2B

19p13.3

H3K36me2/me3,

Whetstine et al,

H1.4K26me2/me3

2006

H3K9me2/me3,

JMJD2

Shi et al, 2011

JMJD2

Cloos et al, 2006

JMJD2

Shin & Janknecht,

H3K36me2/me3,
H1.4K26me2/me3
KDM4C

JMJD2C,

9p24-p23

GASC1

H3K9me2/me3,
H3K36me2/me3,
H1.4K26me2/me3

KDM4D

JMJD2D

11q21

H3K9me2/me3,
H1.4K26me2/me3

KDM4E

JMJD2E

11q21

H3K9me2/me3,

2007
JMJD2

H3K56me3
KDM5A

JARID1A,

12p13.33

H3K4me2/me3

2011
JARID1

RBBP2
KDM5B

JARID1B,

Thalhammer et al,
Hayakawa et al,
2007

1q32.1

H3K4me2/me3

JARID1

Yang et al, 2007

Xp11.22-p11.21

H3K4me2/me3

SMCY

Iwase et al, 2007;

PLU-1
KDM5C

SMCX,
JARID1C

KDM5D

HY; HYA;

Tahiliani et al, 2007
Yq11

H3K4me2/me3

SMCY
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SMCY

Akimoto et al, 2008

IV. 2. 2. Epigenetic regulation in cancer
Epigenetic alterations are key causes of aberrant gene function leading to cancer [Sharma et al, 2010; Varier
et al, 2011]. Global hypomethylation of genomic DNA is commonly observed in cancerous cells, leading to
genomic instability and activation of growth-promoting genes. Conversely, site-specific hypermethylation of
promoter region CpG islands is also typical of cancers, causing silencing of tumor suppressor genes such as
p53 and RB. The CpG methylation is required for mammalian development and is also often perturbed in
human cancers [Weber et al, 2005].
Additionally, histone modification is typical alterations of chromosome structure in cancerous cells. For a
famous example, increased histone deacetylase activity in tumor cells results in a global loss of acetylated
histones and subsequent nucleosome remodeling. But in this thesis, we have paid attention to another histone
modification, methylation.
As repeatedly described, KDM1A is capable of removing dimethyl and monomethyl groups on
H3K4me2 and H3K4me1, as well as methyl groups on non-histone proteins such as a tumor suppressor p53
and DNA methyltransferase 1 [Forneris et al, 2009]. Overexpression of KDM1A is frequently observed in
prostate, breast, and bladder cancers, and especially neuroblastoma, where it correlates directly with adverse
clinical outcome and inversely with differentiation [Schulte et al, 2009]. Thus, KDM1A enzyme inhibitors
are of clinical interest for their anticancer role as well as their potential application in other human diseases
that exhibit deregulated gene expression.
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IV. 2. 3. KDM1A as a candidate target of isoprenoids
KDM1A is a flavin adenine dinucleotide (FAD)-containing enzyme belonging to the amine oxidase
superfamily [Forneris et al, 2008]. The structural homology between KDM1A and monoamine oxidase-B
(MAOB), a clinically validated pharmacological target, suggests that KDM1A is a druggable target. Indeed,
screening of known MAO inhibitors has uncovered sub-millimolar KDM1A inhibitors among which the best
known is the antidepressant drug tranylcypromine (trans-2-phenylcyclopropylamine or 2-PCPA). The drug
acts as an irreversible inhibitor forming a covalent adduct with the FAD cofactor of KDM1A with a Ki value
of 242 μM [Schmidt & McCafferty, 2007]. Besides the antidepressant, the terpene trans, trans-farnesol, a
component of tobacco smoke, is well known as a potent, reversible, specific inhibitor of mammalian MAOB
[Khalil et al, 2006]. Ki values of farnesol for the inhibition of human, baboon, monkey, dog, rat, and mouse
liver MAOB are within the range of 0.5–5 μM. Although three-dimensional structures of MAOB-farnesol
[Hubalek et al, 2005], MAOB-tranylcypromine [Bonivento et al, 2010], and KDM1A-tranylcypromine
[Binda et al, 2010] complexes have been determined to sub-molecular resolution, no published structure of
the KDM1A-farnesol complex is available. Furthermore, while several candidate KDM1A inhibitor
compounds have been synthesized based on the structures of KDM1A and MAOB in complexes with the
antidepressant tranylcypromine, limited studies on the structure-activity relationship of farnesol analogs with
human KDM1A have been reported to date.
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Fig. IV-1. 3D-structure of KDM1A and MAOB.
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IV. 2. 4. Aim of the study
Here, we analyze whether GGA and its dihydro-derivatives are potent inhibitors of recombinant human
KDM1A. Furthermore, we are going to present that these compounds induce NTRK2 gene expression via
upregulation of H3K4me2 in the putative promoter regions of the NTRK2 gene in human neuroblastoma
SH-SY5Y cells.
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IV. 3. Results
IV. 3. 1. Inhibition of KDM1A activity by farnesol
First, farnesol was confirmed as a micromolar inhibitor of human MAOB. Farnesol inhibited recombinant
MAOB enzyme with an IC50 value of 2 μM (Fig. IV-2, upper panel). This IC50 is close to the reported Ki
value for farnesol with human MAOB [Khalil et al, 2006]. Farnesol did not inhibit MAOA, rather a slight
activation was observed with increasing concentrations of farnesol. Fig. IV-2, lower panel, shows that
farnesol also inhibited recombinant human KDM1A activity in a dose-dependent manner with IC50 of
approximately 120 μM when the first 21 amino acid-containing peptide of the N-terminal tail of histone H3
was used as substrate. This indicates that farnesol is also a weak inhibitor for human KDM1A.
Conversion of the terminal functional group of farnesol from alcohol either to a carboxyl, amide, or
amine group did not enhance inhibitor activity at 100 μM, whereas the standard inhibitor tranylcypromine
efficiently inhibited KDM1A activity at the same concentration (Fig. VI-3).
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Fig. IV-2. Inhibition of recombinant human MAOB and KDM1A activities with farnesol.
Farnesol was pre-incubated with enzymes for 1 h on ice. The enzyme reaction was performed for 1 h
(MAO) or 30 min (KDM1A) at 37°C. Results were presented as the mean ± SD (n = 3).
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CH2OH
CO2H

CONH2
CH2NH2
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Fig. IV-3. KDM1A inhibitory effects of farnesol derivatives.
Farnesol derivatives were assessed at 100 μM. trans-2-phenylcyclopropylamine (tranylcypromine;
2-PCPA) was used as a positive control. Results were presented as the mean ± SD (n = 3) and analyzed by
Tukey’s multiple comparisons test, #; significant vs. control, a; significant vs. farnesol derivatives, *p <
0.05, ****p < 0.0001.
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IV. 3. 2. Effects of isoprenoid chain length on KDM1A inhibitory activity
When the terminal functional group of polyisoprenoids was alcohol, the number of isoprene units in each
molecule, from two (C10) to four (C20), did not affect KDM1A inhibitory activity (Fig. IV-4A). Conversely,
when a carboxyl terminal group was present, increasing the number of isoprene unit from two (C10) to four
(C20) significantly increased KDM1A inhibitory activity. Consequently, C20-GGA was by far the most potent
inhibitor of KDM1A tested. The IC50 of C20-GGA was 47 μM (Fig. IV-4B), and the mode of the inhibition
was non-competitive (Fig. IV-5).
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Fig. IV-4. Isoprenoid chain length-dependent inhibition of KDM1A activity by polyprenoic acids.
(A) Each inhibitor was used at a concentration of 100 μM. Data are expressed as the mean ± SD (n = 5)
and analyzed by Tukey’s multiple comparisons test, ***p < 0.001, ****p < 0.0001. (B) Dose-dependent
inhibition of KDM1 by geranylgeranois acid. Data are expressed as mean ± SD (n = 4).
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Fig. IV-5. GGA inhibits KDM1A in a non-competitive fashion.
Ethanol or GGA were pre-incubated with KDM1A for 1 h on ice. The aliquot enzyme reaction with
indicated concentration of substrate was performed for 30 min at 37°C. The experiment was performed in
duplicate
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IV. 3. 3. Effect of dihydrogenation on KDM1A-inhibitory activity of GGA
Dihydrogenation of isoprene units on GGA reinforced its inhibitory activity, dependent on the site of
hydrogenation (Fig. IV-6). From most to least potent, the KDM1A-inhibitory activity of GGA
dihydro-derivatives was as follows: 14,15- > 10,11- > 6,7- > (S)2,3- > (R)2,3-dihydroGGA. This suggests
that a steric structure of a straight tetra-isoprenoid chain is important for inhibition of hKDM1A activity. The
most potent inhibitor, 14,15-dihydroGGA, had an IC50 of 22 μM, comparable to that of 2-PCPA (23 μM; Fig.
IV-7).
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CO2H
CO2H
CO2H

CO2H
CO2H

CO2H

Fig. IV-6. Effect of dehydrogenation on the KDM1A-inhibitory activity of GGA.
Dihydro-GGAs (100 μM each) were pre-incubated with hKDM1A and KDM1A enzyme activity was
measured. Data are presented as mean ± SD (n = 3) and analyzed by Tukey’s multiple comparisons test,
*p < 0.05.
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Fig. IV-7. Concentration dependence of the KDM1A-inhibitory activity of 14,15-dihydroGGA.
KDM1-inhibitory effects of 14,15-dihydroGGA and 2-PCPA at the indicated concentrations. Results are
presented as the mean ± SD (n = 5).
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IV. 3. 4. Upregulation of H3K4me2 bound to the promoter region of the NTRK2 gene by GGA
In Chapter III, we describe that GGA upregulates cellular levels of three major NTRK2 messenger RNA
splice variants, as well as two variant forms (145 and 95 kDa) of the NTRK2 protein in human
neuroblastoma SH-SY5Y cells. Here, we show that GGA upregulated NTRK2 expression at 4 h after the
treatment (Fig. IV-8). ChIP-seq technology revealed neuron-specific upregulation of H3K4me3 bound to
putative P1 (from -885 to -689) and P2 (around +1515) promoter regions of the NTRK2 gene as depicted in
Fig. IV-9, upper panel. Therefore, the next experiment was conducted with H3K4me2 ChIP assay with
PCR primers targeted to the P1 and P2 promoter regions. GGA treatment significantly increased the cellular
levels of H3K4me2 bound to both promoter regions of the NTRK2 gene (Fig. IV-9, lower panel).

- 114 -

Fig. IV-8. Time-dependent upregulation of the NTRK2 gene by GGA treatment.
SH-SY5Y cells were treated with ethanol (closed square), 10 μM GGA (open circle) or 10 μM ATRA
(closed circle) for the indicated times. NTRK2 mRNA levels was analyzed by quantitative RT-PCR with
28S rRNA levels as an internal control. The experiment was performed in singlicate.
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Fig. IV-9. GGA induced dimethylated H3K4 bound to promoter regions of the NTRK2 gene.
(Upper panel) Schematic representation of the upstream portion of the NTRK2 gene with H3K4me3
status. +1 indicates the transcriptional start site. H3K4me3 ChIP-seq Raw Signal image was adopted from
the UCSC Genome Browser. (Lower panel) GGA treatment induced de-methylated H3K4 bound to
promoter region of the NTRK2 gene. Cells were treated with 10 μM GGA for 2 h, and ChIP assay was
performed. The data were normalized to input DNA. The experiment was performed in singlicate.
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The recombinant-hKDM1A-inhibitory effects of several dihydro-derivatives of GGA correlated with
their ability to induce NTRK2 gene expression in SH-SY5Y cells (Fig. IV-10). This suggests that
dihydroGGA-induced inhibition of KDM1A activity may be responsible for the drug-induced upregulation
of NTRK2 gene expression.
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Fig. IV-10. Correlation between KDM1A inhibition and NTRK2 expression levels.
NTRK2 mRNA levels were analyzed by RT-qPCR after 48 h treatment with 10 μM dihydroGGAs. Results
are presented as the mean ± SD (n = 4). diGGA is an abbreviation of dihydroGGA.
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IV. 4. Discussion
The present study examines the inhibitory effect of the acyclic diterpenoid GGA on the epigenetic regulator
enzyme KDM1A. The rationale for conducting this work stems from the observations that the antidepressant
tranylcypromine, an efficient MAO inhibitor, can also inhibit KDM1A, a member of the FAD-containing
amine oxidase superfamily and that farnesol, an acyclic sesquiterpenoid found in tobacco smoke, is a
competitive inhibitor of human MAOB. In this context, farnesol was expected to inhibit KDM1A activity,
which it did in a dose-dependent manner. Furthermore, data presented in this study clearly demonstrates that
GGA is a more potent inhibitor of human KDM1A than farnesol and that this inhibition occurs in a
non-competitive fashion.
Interestingly, dihydro-derivatives of GGA were more potent inhibitors of KDM1A than GGA. Of the
dihydro-derivatives tested, 14,15-dihydroGGA was the most potent inhibitor with an IC50 of 22 μM,
comparable with that (23 μM) of the clinically-used inhibitor tranylcypromine. Although tranylcypromine is
used for treatment of depression and is proven to be safe, it is a purely synthetic chemical and may be
impractical to take for prolonged periods of time to prevent carcinogenesis. In contrast, the natural
diterpenoid GGA and 14,15-dihydroGGA are branched chain fatty acids, with which human cells are
familiar as components of the mevalonate-pathway.
As described in Chapter III, we recently reported that GGA suppressed cellular proliferation and
induced neuronal differentiation and upregulation of neuron-specific NTRK2 gene expression in human
neuroblastoma SH-SY5Y cells. This cell line is known to strongly express KDM1A [Schulte et al, 2009].
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Schulte and colleagues found that tranylcypromine-mediated inhibition of KDM1A reprograms the
transcriptome of SH-SY5Y cells and administration of the drug inhibits neuroblastoma xenograft growth in
mice [Schulte et al, 2009]. Assuming that GGA is able to inhibit KDM1A activity resulting in global
upregulation of H3K4me2 levels within cells, GGA treatment expectedly increased cellular H3K4me2 levels
present around the P1 and P2 promoter regions of the NTRK2 gene in human neuroblastoma SH-SY5Y cells.
Such histone modifications, in general, cause transcriptional activation of the gene. In the present study, a
time-dependent activation of NTRK2 gene expression was indeed demonstrated after GGA treatment. As
neuronal differentiation involves increased cellular levels of H3K4me3 around the P1 and P2 promoter
regions of the NTRK2 gene, GGA treatment altered neuroblastoma cells from an undifferentiated to a
differentiated state via upregulation of H3K4me2 levels around the P1 and P2 regions of the NTRK2 gene.
The relationship is further supported by a significant correlation between the KDM1A-inhibitory effects and
the NTRK2 gene-upregulating effects of the dihydro-GGAs.
The initiation and progression of cancer, traditionally seen as a genetic disease, is now known to involve
epigenetic abnormalities along with genetic alterations. A new terminology ‘‘histone onco-modifications’’
has been proposed to describe the posttranslational modifications of histones that have been linked to
carcinogenesis. KDM1A, which belongs to a flavin-dependent amine oxidase (AOF) superfamily (Table
IV-1), consists of a growing number of transcriptional complexes that are implicated in carcinogenesis [Hou
et al, 2010]. Hence, there has been an increased effort to identify or design KDM1A inhibitors that could
function as antitumor epigenetic therapeutic agents [Forneris et al, 2008]. Here, KDM1A inhibition with
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small molecule inhibitors resulted in growth inhibition of tumor cells in vitro and an increase in global
H3K4me2 methylation.

- 121 -

IV. 5. Conclusion
The present study clearly demonstrates that GGA and its dihydro-derivatives represent most promising
cancer-preventive epigenetic therapeutic agents targeting KDM1A, and further work is warranted to this end.
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Chapter V

RET KINASE SIGNAL TRANSDUCTION

Chiharu Sakane
Yoshihiro Shidoji

Geranylgeranoic acid induces neurotrophin tyrosine kinase receptor, type 2 expression through activation of RET in
neuroblastoma SH-SY5Y cells (in preparation)

Molecular and Cellular Biology, Graduate School of Human Health Science,
University of Nagasaki, Nagayo, Nagasaki, Japan

V. 1. Abstract

Besides NTRK2, another cell-surface receptor for neurotrophic factor GDNF, RET kinase gene
expression is known to be upregulated by ATRA treatment and a cross-talk between RET and NTRK2
is reported during neuronal differentiation of neuroblastoma cells. On the other hand, methyl CpG
binding protein 2 (MeCP2) is an epigenetic regulator of gene expression that is essential for normal
brain development. MeCP2 causes changes in chromatin structure through interactions with
corepressors to act as a transcriptional modulator. Here we show that natural diterpenoid
geranylgeranoic acid (GGA)-induced phosphorylation of MeCP2 and consequent upregulation of RET
gene expression, which is thought to be prevented by binding of MeCP2 to promoter region of the gene.
Furthermore, GGA-induced upregulation of RET gene expression was cancelled by co-treatment with
RET receptor tyrosine kinase inhibitor, RPI-1, suggesting that RET receptor tyrosine kinase-ignited
phosphorylation cascade may contribute in phosphorylation of MeCP2. The present results
demonstrate the effect of GGA on signal transduction may be related with differentiation of
neuroblastoma SH-SY5Y cells.
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V. 2. Introduction
V. 2. 1. RET is a key factor in neuronal differentiation
The ret proto-oncogene (RET) encodes a transmembrane receptor tyrosine kinase. RET is required for the
development of the kidney, and the enteric and central nervous system [Schuchardt et al, 1994]. The RET
gene is often rearranged and constitutively activated in a large proportion of papillary thyroid carcinomas
[Grieco et al, 1990], and germ-line point mutations in RET is responsible for the dominantly inherited cancer
syndromes multiple endocrine neoplasia types 2A and B [Mulligan et al, 1993; Hofstra et al, 1994],
associated with medullary thyroid carcinomas, pheochromocytomas and ganglioneuromas. Moreover,
deletions or loss-of-function mutations in RET have been associated with Hirschsprung’s disease [Edery et al,
1994], which results in a lack of neurons in distal segments of the enteric nervous systems and colon
aganglionosis.
RET kinase is activated by binding to a ligand complex formed by the glial cell line-derived neurotrophic
factor (GDNF) family members of neurotrophic factors such as GDNF, neurturin, persephin, and artemin,
bound to its cognate four different GDNF-family receptor-α (GFRα1-4) glycosylphosphatidylinositol-linked
co-receptors. RET can mediate various signaling pathways to promote cell survival, migration and
differentiation, and neurite outgrowth.
In retinoic acid-induced neuroblastoma differentiations, RET is critical component of transcriptional
alteration [Oppenheimer et al, 2007], suggesting a key role of RET in this process. Angrisano et al reported
that ATRA induced RET gene transcriptional activation through chromatin and DNA methylation dynamics
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in neuroblastoma cells [Angrisano et al, 2011]. For more details; ATRA induces H3K4 trimethylations in
RET promoter region and displacement of MeCP2/HDAC1/Sin3A complex from RET enhancer facilitating
transcription. Furthermore, expression of active RET results in cell growth suppression and expression of a
neuronal phenotype in neuroblastoma cells without ATRA treatment [D’Alessio et al, 1995]. These studies
suggest that RET activation can mediate ATRA actions in neuroblastoma differentiation.

V. 2. 2. MeCP2 is required for regulation of RET transcription
Methyl CpG binding protein 2 (MeCP2) is one of epigenetic regulators of gene expression that is essential
for normal brain development. MeCP2 binds to methylated cytosines of CpGs in the mammalian genome
and modulates transcription, thereby translating these epigenetic marks (methylation of CpGs) into changes
in gene expression. In general, epigenetic regulation plays an instrumental role in the development and
maturation of the mammalian brain. Consequently, some mutations in the X-linked gene MECP2 have severe
consequences for neuronal development and can cause the neurodevelopmental disorder Rett syndrome
(RTT) [Amir et al, 1999]. By using MeCP2-null mice and their primary neurons, MeCP2 is shown to be
required also for global heterochromatic and nucleolar changes during activity-dependent neuronal
maturation [Singleton et al, 2011]. Indeed, morphologically immature neurons are a hallmark of MeCP2
deficiency in the brain [Armstrong et al, 1995]. The loss of MeCP2 function in the brain is predicted to not
only interfere with the proper regulation of these gene expression changes, but also alter the morphological
changes in neuronal nuclei, which leads to the neurodevelopmental phenotypes associated with RTT.
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MeCP2 is known to mediate gene silencing by causing changes in chromatin structure through
interactions with histone deacetylase [Jones et al, 1998]. MeCP2 binds to methylated CpG sites in gene
promoters, where it complexes with other repressors, including histone deacetylases (for example, HDAC1)
and histone methyltransferases (HMT), and the co-repressor Sin3a (Fig. V-1) [Fen and Nestler, 2010].
MeCP2 may also directly or indirectly interact with chromatin-modifying enzymes, such as histone H3K9
methyltransferase [Fuks et al, 2003], SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily a, member 2 [Harikrishnan et al, 2005], and SWI2/SNF2 DNA helicase/ATPase [Nan
et al, 2007].

- 127 -

Fig. V-1. MeCP2-mediated regulation of gene expression.
[slightly modified from Feng and Nestler, 2010]
HDAC1; histone deacetylase 1, HMT; histone methyltransferase, MeCP2; methyl CpG binding
protein 2
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Previous studies on the regulation of MeCP2 focused on its phosphorylation at two sites, serine 80 (S80)
and serine 421 (S421). According to the literatures, MeCP2 (S80) in neurons is lost and in turn MeCP2
(S421) appears after stimulation of neuronal activity. MeCP2 (S80) has been reported to be required for
dynamic function of adult neurons [Tao et al, 2009]. However, there are conflicting reports on the role of
MeCP2 (S421) in activity-dependent gene expression [Zhou et al, 2006, Cohen et al, 2011], making the
functional consequence of phosphorylation at this site unclear at this moment. Zhou et al claimed that by
triggering MeCP2 phosphorylation (S421), neuronal activity regulates a program of gene expression that
mediates nervous system maturation, whereas Cohen et al proposed that the phosphorylation of MeCP2
(S421) appears not to regulate the expression of specific genes; rather, MeCP2 functions as a histone-like
factor whose phosphorylation may facilitate a genome-wide response of chromatin to neuronal activity
during nervous system development.
Posttranslational modifications, for example, phosphorylation, are a potential mechanism to provide
localized functional specificity to the genome-widely distributed MeCP2. This may allow an individual
MeCP2 molecule to act as either a transcriptional activator or a repressor, depending on the specific
posttranslational modifications it contains. However, similar to total MeCP2, MeCP2 (S421) is enriched
throughout the genome, and MeCP2 functions as a histone-like factor whose phosphorylation may facilitate a
genome-wide response of chromatin to neuronal activity during nervous system development as mentioned
above [Cohen et al, 2011].
Recently, numerous potential posttranslational modification sites on MeCP2 molecule including
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phosphorylation, acetylation, and ubiquitylation were demonstrated in SH-SY5Y cells (Fig. V-2) [Gonzales
et al, 2012]. They also reported that phosphorylation of S80 and/or S229 of MeCP2 is important for
regulating interactions between MeCP2 with distinct combinations of cofactors. Particularly, MeCP2 (S229)
was specifically enriched at the RET gene promoter and was expected to be required for regulation
of RET transcription in response to ATRA [Gonzales et al, 2012].
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Fig. V-2. Potential posttranslational modifications in MeCP2.
[Gonzales et al, 2012]
NTD; N-terminal domain, MBD; methyl-DNA binding domain, ID; interdomain,
TRD; transcriptional repression domain, CTD; C-terminal domain
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V. 2. 3. Aims of the study
In this study, we investigates the effects of GGA on MeCP2 phosphorylation and consequent upregulation of
RET, a silencing target of MeCP2.
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V. 3. Results
V. 3. 1. Phosphorylation of MeCP2 by GGA treatment
First of all, we performed immunoblotting and Phos-tag® immunoblotting with nuclear extracts from
SH-SY5Y cells to detect MeCP2 phosphorylations. As shown in Figure V-3, left panel, MeCP2 was
detected in non-treated control cell. GGA or ATRA increased nuclear MeCP2 protein level at 2 h after
treatment. GGA or ATRA increased nuclear MeCP2 protein level at 2 h after treatment.
Due to its unique phosphate-binding characteristics, Phos-tag® gel causes band sift of proteins
phosphorylated at any sites. In other words, phosphorylated proteins can be detected as slower migrating
species on immunoblot using PAGE gel containing appropriate amount of Phos-tag® acrylamide.
Phosphorylated MeCP2 was detected on a Phos-tag® immunoblot (Fig. V-3, right panel). Upon GGA or
ATRA treatment, hyper-phosphorylation of MeCP2 occurred immediately.
Although molecular species were not identified yet, it is worthwhile to mention that a smaller molecular
sized band of MeCP2 was also increased, but phosphorylation looked not enhanced by GGA or ATRA
treatment. It may be raised by a splice variant of MeCP2-e2 that encodes a slightly shorter protein translated
from an ATG in exon-2 [Kerr et al, 2012].
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Fig. V-3. Phosphorylation of MeCP2 by GGA treatment.
SH-SY5Y cells were treated with ethanol, 10 μM GGA or 10 μM ATRA for 2h, and nuclei were extracted.
Twelve micrograms of nuclear proteins were separated with SDS-PAGE or PhosTag-PAGE and MeCP2
were detected with specific antibody. Lamin A, a nuclear membrane bound protein was detected as a
loading control.
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V. 3. 2. Upregulation of RET expression by GGA treatment
We next examined whether or not GGA is able to upregulate RET gene expression. As a result, Figure V-4
shows that GGA clearly induced upregulation of the RET gene both at mRNA (Fig. V-4A) and protein levels
(Fig. V-4B) in a time-dependent manner.
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Fig. V-4. Time-dependent upregulation of RET expression with GGA.
(A) SH-SY5Y cells were treated with ethanol (closed squire), 10 μM GGA (open circle) or 10 μM ATRA
(closed circle) for the indicated times. RET mRNA levels was analyzed by quantitative RT-PCR with

28S rRNA levels as an internal control. The experiment was performed in singlicate. (B) Ten
micrograms of total protein from the cell lysates was separated by SDS-PAGE and analyzed by
immunoblotting.
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V. 3. 3. Induction of lysine-4 methylation of histone H3 in upstream region of the RET gene
In the literatures, ATRA has been reported to indeed increase H3K4me3 level at the promoter region as the
main mark of RET activation [Angrisano et al, 2010]. In this context, we were very much interested in
changes of H3K4 methylation status at the promoter region of the RET gene after GGA treatment. As a result,
di-methylated H3K4 was broadly increased around upstream regions including enhancer, intervening
sequence, HOXB5 binding site and promoter of the RET gene after 2-h GGA treatment and it was
maintained by 14 h (Fig. V-5). In a sharp contrast, an increment of H3K4me3 was detected only in the
promoter region at 14 h after GGA treatment (Fig. V-5).
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Fig. V-5. Induction of lysine-4-methylations of histone H3 at upstream of the RET gene by GGA.
SH-SY5Y cells were treated with 10 μM GGA for 2 or 14 h, and ChIP assay was performed. Results were
normalized by input DNA. The experiment was performed in singlicate.
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V. 3. 4. Knockdown of RET attenuated GGA-induced upregulation of NTRK2 expression
Consequently, suppression of RET gene expression with siRNA specific for RET (siRET) evidently
attenuated cellular protein levels of RET in the presence of GGA in medium (Fig. V-6, upper panel).
Furthermore, a transient transfection of SH-SY5Y cells with siRET clearly prevented not only GGA-induced
increment of RET mRNA, but also GGA-induced increment of NTRK2 mRNA levels (Fig. V-6, lower
panel).
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Fig. V-6. Knockdown of the RET gene attenuated NTRK2 mRNA level in the presence of GGA.

Small interfering RNAs (400 pmol per 20 cm2) were transfected 24 h before treatment.
Transfected cells were treated with 10 μM GGA for 24 h. RET were detected by immunoblotting
(upper panel). The ratios to control were indicated. NTRK2 and RET mRNA levels were
individually determined by quantitative RT-PCR with the corresponding specific primer sets
(lower panel). The experiment was performed in duplicate.
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V. 3. 5. Effect of RET kinase inhibitor on GGA-induced NTRK2 upregulation
Finally, we analyzed a role of RET-ignited signaling transduction of phosphorylation cascade by using RET
tyrosine kinase inhibitor, RPI-1. Co-treatment with RPI-1 of SH-SY5Ycells totally cancelled GGA (or
ATRA)-induced upregulation of NTRK2 gene expression in dose- and time-dependent manners (Fig. V-7),
which strongly indicates RET kinase activity can mediate GGA-induced upregulation of NTRK2 gene
expression.
Unexpectedly and interestingly, RPI-1 also inhibited RET gene upregulation caused by GGA treatment in
time- and dose-dependent manners (Fig. V-8). IC50 (inhibitory concentration at a half maximum) of RPI-1
for RET gene expression was approximately 50 µM, which is fairly higher than its IC50 (~7.5 µM) for
NTRK2 gene expression. As mentioned above, higher concentrations of RPI-1 may non-specifically inhibit
other tyrosine kinase so that RPI-1-mediated inhibition of RET gene upregulation may not be due to a
putative hypercycle of RET gene expression. GDNF is a paracrine rather than autocrine peptide. Thus, it is
unlikely that GDNF/RET signaling system forms a hypercycle in SH-SY5Y cells in culture.
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Fig. V-7. Effect of RET kinase inhibitor RPI-1 on GGA-induced NTRK2 upregulation.
NTRK2 mRNA levels were analyzed by quantitative RT-PCR with 28S rRNA levels as an internal control.
SH-SY5Y cells were treated with ethanol (closed squire), 10 μM GGA (open circle) or 10 μM ATRA
(closed circle) in present/absent RPI-1 for 4 h (upper panel) or indicated times (lower panel). The

experiment was performed in singlicate.
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Fig. V-8. Effect of RET kinase inhibitor RPI-1 on GGA-induced RET upregulation.
RET mRNA levels were analyzed by quantitative RT-PCR with 28S rRNA levels as an internal control.
SH-SY5Y cells were treated with ethanol (closed squire), 10 μM GGA (open circle) or 10 μM ATRA
(closed circle) in present/absent RPI-1 for 4 h (upper panel) or indicated times (lower panel). The

experiment was performed in singlicate.
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V. 4. Discussion
In Chapter III, we described a dramatic upregulation of NTRK2 gene expression occurred after GGA or
ATRA treatment, but it has been proven that the NTRK2 gene is not a target gene of retinoid receptors by dry
and wet experiments; i.e. a computer-aided search of possible retinoids-response elements, and knockdown
and/or transient transfection of the RARB gene.
In Chapter IV, however, we were able to demonstrate GGA (or ATRA)-induced alterations of histone
H3K4 methylation status in the chromatin around the promoter regions of the NTRK2 gene, which may
partly participate GGA (ATRA)-induced transcriptional activation of the NTRK2 gene. This means that GGA
or ATRA may cause “epigenetic” effects of the NTRK2 gene through histone modifications. Then, we had a
next question how GGA or ATRA modifies histone H3K4 methylations. And the answer is that GGA or
ATRA directly inhibits histone lysine-specific demethylase 1A (KDM1A) that specifically demethylates
H3K4me2 and H3K4me1. This is it! We thought at that moment this was a final answer to the question how
GGA or ATRA can induce a transcriptional activation of the NTRK2 gene.
However, some strange feelings remained a little bit in our minds. That is, ATRA is a stronger inducer of
NTRK2 gene expression than GGA, but the inhibitory activity of ATRA against recombinant hKDM1A is
weaker than GGA, implying that GGA (or ATRA)-mediated direct inhibition of KDM1A could not be sole
explanatory variable of the upregulation of NTRK2 gene expression. We had to explore some other
mechanisms underlying GGA (or ATRA)-induced upregulation of NTRK2 gene expression to complete this
thesis.
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Besides NTRK2, another cell-surface receptor for neurotrophic factor GDNF (glial cell-derived
neurotrophic factor), RET tyrosine kinase gene expression has been repeatedly reported to be also
upregulated by ATRA treatment [Angrisano et al, 2011] and a cross-talk between RET and NTRK2 is
reported during neuronal differentiation of neuroblastoma cells [Esposito et al. 2008]. Therefore, RET gene
expression may be connected to NTRK2 gene expression at molecular level.
MeCP2 is found in the developing and adult brain in humans, with the highest levels occurring in mature
neuronal nuclei, where MeCP2 levels increase with postnatal age [Balmer et al, 2003; Shahbazian et al,
2002], suggesting that MeCP2 might play some important roles also in the function of mature neurons. We
were very much interested whether MeCP2 may abandon a transcriptional repressor role during GGA or
ATRA treatment, because RET is a silencing target of MeCP2. For example, Angrisano et al reported that
ATRA induces the release of MeCP2 from methylated RET enhancer region, which results in upregulation of
RET gene expression [Angrisano et al, 2011]. In the present study, we demonstrated that GGA and ATRA
increased MeCP2 and after 2 h treatment. Furthermore, RET expression was upregulated by GGA or ATRA
treatment in the time dependent manner. These results suggest that GGA infects RET regulation through
attenuate silencing effect of MeCP2.
In Chapter IV, we found GGA (or ATRA)-induced enhancement of histone H3K4 methylation in the
promoter regions of the NTRK2 gene, which is expected to cause transcriptional activation of the NTRK2
gene. In this chapter, we showed that di-methylated H3K4 was broadly increased around upstream regions
including enhancer, intervening sequence, HOXB5 binding site and promoter of the RET gene after 2-h GGA
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treatment, and di-methylated H3K4 was detected only in the promoter region at 14 h after treatment (Fig.
V-5). In this experiment, we did not do with ATRA but our findings are consistent with the previous report
that ATRA increased H3K4me3 level at the promoter region of the RET gene [Angrisano et al, 2010].
Considering the temporal sequence effects of GGA, however, trimethylation of histone H3K4 at the RET
gene promoter could not be an initial cause of RET gene expression. That is to say, the cellular mRNA levels
for the RET gene were already upregulated at 2 h after GGA treatment (Fig. V-4), when the H3K4me3 levels
were conversely basal at the RET gene promoter (Fig. V-5). On the other hand, GGA-induced upregulation
of NTRK2 mRNA level preceded GGA-induced increment in H3K4me3 level at RET gene promoter. This
would suggest that NTRK2 is a downstream component of GGA signaling than RET.
In the literature, a crosstalk between RET and NTRK2 means that NTRK2 promotes RET
phosphorylation by a mechanism that does not require GDNF, a definitive ligand for RET complex,
indicating that NTRK2 is an upstream component rather than RET in neuronal differentiation [Esposito et al,
2008]. However, the present study implied that RET may be rather upstream than NTRK2. Accordingly, we
set out knockdown experiments of either the RET or NTRK2 gene in order to examine whether or not there is
a cross-talk between RET and NTRK2 during GGA-induced neuronal differentiation in SH-SY5Y cells and
determine which gene product is upstream in GGA signaling. As a result, a transient transfection of
SH-SY5Y cells with siRET clearly prevented not only GGA-induced increment of RET mRNA, but also
GGA-induced increment of NTRK2 mRNA levels (Fig. V-6, lower panel).
Because the nucleotide sequence of commercially-available siRET used herein is not available for us, we
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are unaware of its off-target effects, but assuming that the commercial siRET used here is specific for RET
mRNA, siRET-induced attenuation of NTRK2 mRNA levels strongly suggests that there must be a certain
crosstalk between RET and NTRK2 during GGA treatment. If such is the case, RET will be upstream and
NTRK2 will be downstream or RET signal will go to NTRK2. In agreement with this speculation, a
commercial siNTRK2 used in the present study specifically downregulated the cellular levels of NTRK2
mRNA, but it was unable to decrease the cellular levels of RET mRNA (data not shown).
However, Esposito et al showed a completely opposite direction of signal flow that a knockdown of
NTRK2 gene with siNTRK2, a custom-made nucleotide, prevented activation of RET tyrosine kinase activity
and a custom-made siRET did not downregulate the cellular levels of NTRK2 in ATRA-treated SH-SY5Y
cells [Esposito et al, 2008]. We do not so far have a reasonable explanation for this discrepancy, but we are
tentatively speculating that time-dependent changes might cause fluctuations in direction of differentiation
signaling.
Finally, at least by our hands, RET was shown an upstream signal that induces NTRK2 gene expression
in GGA signaling. Furthermore, inhibition of RET activation reduced GGA-induced NTRK2 upregulation by
co-treatment with RET inhibitor RPI-1. However, since specificity of RPI-1 inhibitor for RET kinase has not
been extensively explored yet and RPI-1 also reduced the phosphorylation of MET (hepatocyte growth factor
receptor kinase), discoidin domain receptor tyrosine kinase 1 (or NTRK4), and PLCG1 (phospholipase C,
gamma 1) [Caccia et al, 2010], we cannot exclude a possibility that RPI-1 may inhibit NTRK2 kinase
activity and therefore downregulate NTRK2 gene expression by breaking autocatalytic hypercycle of NTRK2
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gene expression. Furthermore, taking into account that the cellular mRNA of BDNF, a neurotrophic ligand
for NTRK2, was also upregulated in GGA-treated SH-SY5Y cells (data not shown), the formation of
functional autocrine loop of BDNF/NTRK2 signaling is rather feasible.
In the presence of GGA or ATRA, lower concentrations (20 µM) of RPI-1 blocked the drug-induced
upregulation of NTRK2 gene expression, which probably means that RPI-1 inhibited active RET tyrosine
kinase. If so, we must assume that a ligand-free activation of RET tyrosine kinase by either GGA or ATRA
treatment.
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V. 5. Conclusions
In this chapter, we showed the non-genomic actions of GGA on signal transduction, phosphorylation of
MeCP2 and activation of a tyrosine kinase RET in neuroblastoma SH-SY5Y cells. We also described that
either knockdown of the RET gene or RET tyrosine kinase inhibitor blocked GGA-induced upregulation of
NTRK2 gene expression.
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Chapter VI

GENERAL DISCUSSION

In this thesis, we scrutinized biological effects of some diterpenoid acids by using human hepatoma and
neuroblastoma cells in culture, in terms of growth suppression, induction of differentiation, and particularly
gene expression. Besides ATRA, two other diterpenoid acids such as GGA and Peretinoin
(4,5-didehydroGGA) have been shown to provide several cell-biological effects on gene expression, which
can be conceptually divided into two main classes of genomic and non-genomic actions (Fig. I-5). In this
thesis, we herein define genomic actions of diterpenoid acids as “any actions of each diterpenoid acids
through their genomic response elements with nuclear receptors” and their non-genomic actions are defined
as “any actions of each diterpenoid acids through other factors than their genomic response elements”.

VI. 1. Genomic actions
VI. 1. 1. Retinoid receptors
RARB
ATRA is the most characterized diterpenoid acid as a potent ligand for nuclear retinoid receptors. And it is
fully established that ATRA works to transactivate its target genes including RARB by binding to the
ligand-binding domain of RARs. In this regards, it is important to notice that GGA and Peretinoin as well as
ATRA were active to induce the reporter gene expression through either retinoic acid response element of the
RARB gene (RAREβ) or a synthetic retinoid X response element (RXRE) [Araki et al, 1996]. Therefore, we
tested whether GGA and its derivatives could induce the upregulation of RARB gene expression in human
neuroblastoma cells to confirm the genomic action of GGA and its derivatives. As expected, GGA induced
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upregulation of RARB gene expression in SH-SY5Y cells to a lesser extent than ATRA, which strongly
indicates that GGA worked as a potent ligand for RAR in human neuroblastoma SH-SY5Y cells, probably
through RAREβ. This is a sort of evidence that GGA has a genomic action through RARβ.
However, RARβ seems not to be directly involved in upregulation of NTRK2 gene expression, because
neither knockdown of the RARB gene suppressed the NTRK2 gene expression (Fig. III-17), nor extensive
dosage (2 × 105 fold) of the RARB gene into SH-SY5Y cells upregulated the NTRK2 gene expression (Fig.
III-18). In other words, up-and-down changes of RARB gene expression did not affect GGA-induced
upregulation of NTRK2 gene expression, such that GGA as well as ATRA significantly and constantly
increased NTRK2 gene expression to the same extent. As a consequence, we have reached a conclusion that
the diterpenoid acid-induced upregulation of RARB gene expression is independent of NTRK2 gene
expression.

Other RARs and RXRs
Other than the RARB gene, ATRA and GGA both unexpectedly induced the downregulation of RARα,
RARγ, RXRα, and RXRγ at their cellular protein levels. ATRA (or GGA)-induced expression profile of
RARs and RXRs in SH-SY5Y cells is mostly inconsistent with previous reports [Carpentier et al, 1997; Joshi
et al, 2006]. In their papers, treatment with ATRA upregulated RARα, RARγ, and RXRβ and definitely
induced a drastic increase of RARβ (both at the RNA and protein level) in SH-SY5Y cells [Carpentier et al,
1997; Joshi et al, 2006]. In the case of RARβ, our present data is consistent with their findings in the
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literatures. But, we never found any increment in the cellular RARα, RARγ, and RXRβ levels. A major
difference between their and our experiments is exposure time of retinoids to the cells, 24 – 48 h vs. 2 – 10 d,
which may be responsible to produce such differences in retinoid receptors gene expression in the treated
cells. Indeed, Figure 1 of Carpentier group’s paper clearly tells that ATRA-induced upregulation of RARα, β,
γ, and RXRβ in 24 h was significantly reversed in the next 24 h [Carpentier et al, 1997], which means that
2-d treatment with ATRA gave little changes in retinoid receptor expression in their experimental condition.
The same holds true for the present study that no salient downregulation of RARα expression was observed
on day 2 with either GGA or ATRA treatment, in comparison to dramatic suppression of RARα expression
on day 10 [Sakane & Shidoji, 2011]. In this context, we might miss a transient surge of RARα expression
after GGA or ATRA treatment.
On the other hand, in accordance with our findings, Chen et al reported that downregulation of RXRα, a
nuclear receptor that can suppress NF-κB activity, mediates the elevation of cyclooxygenase-2 expression
and prostaglandin E2 production in senescent macrophages after ATRA treatment [Chen et al, 2013]. In the
present study, although ATRA almost diminished the expression of RXRα, but the suppressive effect of
GGA was intermediate (Fig. III-15). Proteasomal degradation of retinoid receptors may be enhanced after
ATRA or GGA treatment. At this moment, we are unable to explain how ATRA or GGA induces the
degradation of retinoid receptors, it might contribute to side-effects of ATRA found in clinical studies,
because GGA shows less side-effects.
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VI. 1. 2. Orphan receptors
RAR-related Orphan Receptor-α (RORα)
RARs and RXRs belong to nuclear receptor (NR) superfamily that consists of 48 known members. In NR
superfamily, RARs are referred as NR subfamily 1 (NR1) and RXRs as NR subfamily 2 (NR2). Among NR1
subfamily, two members of RORα and PPARα were interesting for us to test the activity that mediates ATRA
and GGA effects on NTRK2 gene expression, because both receptors are expressed in SH-SY5Y cells and are
recognized as an orphan receptor that its endogenous ligand is still unidentified.
TFSEARCH, a freeware that searches transcription factor binding sites, detected two ROR-response
element (RORE) candidate sequences within 2,500-bp upstream of the NTRK2 gene. Furthermore, as
mentioned above, we demonstrated RORA expression in SH-SY5Y cells, although the cellular levels of
RORA mRNA were not changed after ATRA or GGA treatment (data not shown). Dual luciferase assay with
RORE construct and RORA expression vector surprisingly demonstrated dose-dependent antagonistic effect
of GGA in human hepatoma HuH-7 cell system. Although it is potentially possible to have a speculation that
this antagonistic effect of GGA may participate in GGA-induced upregulation of NTRK2 gene expression,
we must demonstrate clear evidence that RORα is acting to suppress NTRK2 gene expression.
Since nuclear receptor activity depends on cofactors consisting of activator/repressor complex, we have
to test ligand activity of GGA on RORα and target gene expression in SH-SY5Y cells to determine genomic
action of GGA on NTRK2 gene expression in these cells. Therefore, we still have an open question whether
genomic effect of ATRA or GGA is involved in the upregulation of NTRK2 gene expression.
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Peroxisome Proliferator-activated Receptor-α (PPARα)
Peroxisome proliferator-activated receptors (PPARs) of NR1 subfamily comprise three members of
isotypes, PPARα (NR1C1), PPARδ (NR1C2) and PPARγ (NR1C3), which bind to specific DNA response
elements (PPRE), as heterodimers with RXR. In the brain PPARα looks especially intriguing, since it is
selectively expressed in certain brain areas and neuronal/glial populations, and modulates antioxidant
responses, neurotransmission, neuroinflammation, neurogenesis, and glial cell proliferation/differentiation
[Fidaleo et al, 2014]. A very recent study has shown that PPARα and its candidate ligands, including
oleoylethanoloamide and palmitoylethanolamide, are involved in physiological and pathological responses,
such as satiety, memory consolidation, and modulation of pain perception [Fidaleo et al, 2014]. The
protective role of PPARα agonists in neurodegenerative diseases and in neuropsychiatric disorders makes
manipulation of this pathway highly attractive as therapeutic strategy for neuropathological conditions
[Fidaleo et al, 2014].
By structural analogy, GGA is a prospective ligand on PPARs. PPARα can mediate the genomic action of
GGA on NTRK2 gene expression, because we have preliminary data, which suggest the ligand activity of
GGA on PPARα by dual luciferase assay with DR-1 type PPRE in human hepatoma HuH-7 cell system. But,
unfortunately, TFSEARCH failed to detect any PPRE sequence in 5000-bp upstream region of the NTRK2
gene. Therefore, one can easily conclude that it is not likely that PPARs play a transcriptional role in NTRK2
gene expression.
In total, we may have to demonstrate ligand activities of GGA for several other nuclear orphan receptors
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in target condition and cells, in order to illustrate whole genomic actions of GGA or ATRA in hepatoma and
neuroblastoma cells. Lastly and most importantly, it is necessary to precisely determine that the genomic
actions are central or not on hepatic and neuronal differentiation. In the next section, we discuss the
non-genomic actions of GGA and ATRA.

VI. 2. Non-genomic actions
While the role of genetic events of DNA mutations is well established, DNA methylation and histone
modifications are key causes of aberrant gene function leading to cancer and de-differentiation. In general,
abnormality of DNA modifications occurs in malignant cells; global hypomethylation of genomic DNA is
commonly observed in cancerous cells, leading to genomic instability, activation of growth-promoting genes
[Sharma et al, 2010] and concomitant hypermethylation of the CpG islands in functional genes leads to
suppression of tumor-suppressor genes in tumor cells [Varier et al, 2011]. But these DNA modifications are
rather slower process than histone modifications. Therefore, histone modifications are applicable to
regulatory process with signaling molecules. It has been well known that both DNA and histone
modifications cause reversible alterations of chromatin structure between open and closed status.

VI. 2. 1. Histone modification
H3K4 methylation
LSD1 or KDM1A is capable of removing dimethyl and monomethyl groups on lysine 4 of histone H3
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(H3K4me2 and H3K4me1, respectively), as well as methyl groups on non-histone proteins such as a tumor
suppressor p53 and DNA methyltransferase-1. Nuclear receptor recruitment depends on chromatin structure
around enhancer/suppressor region of its target genes. Downregulation of KDM1A results in supply of
substrate H3K4me2 to histone methyltransferase, a regulator of transcriptionally active chromatin or
open-structured chromatin. H3K4me2 in the upstream region of the NTRK2 and RET genes was increased by
GGA treatment (Fig. IV-10, Fig. V-5), suggesting that GGA upregulated these two genes expression through
induction of open-structured chromatin.
The next question arises how GGA or ATRA increases H3K4me2 around the upstream regions of the
NTRK2 and RET genes. In this regards, it is most interesting that significant upregulation of KDM1A gene
expression has been reported in clinical samples of hepatoma [Magerl et al, 2010; Zhao et al, 2012; 2013]
and neuroblastoma [Schulte et al, 2009; Xu et al, 2013]. We speculated that GGA might have an ability to
inhibit KDM1A activity, because farnesol can inhibit monoamine oxidase-B that is highly homologous
flavin-enzyme to KDM1A in its 3D structure. Indeed, GGA showed inhibitory activity against recombinant
KDM1A and further position-differently dihydrogenated GGAs inhibited the KDM1A activity to the
different degree. The intensity of the inhibitory activity of these dihydroGGA derivatives clearly
corresponded to upregulation of NTRK2 gene expression in SH-SY5Y cells, strongly suggesting that GGA
induces H3K4 trimethylation through direct inhibition of KDM1A activity and consequently upregulates
transcription of the target NTRK2 and RET genes by making these chromatin structures open.
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VI. 2. 2. Signal transduction effects
Finally, we addressed a question why GGA-induced upregulation of gene expression is specific for both the
NTRK2 and RET genes. In similar to histone modifications, the canonical signaling pathways are regulated
by posttranslational modifications, including phosphorylation cascades, of accessory components in
gene-specific transcriptional regulators to make GGA effects specific for the target genes.
In Chapter V, by using knockdown technique, we demonstrated that RET was an upstream signal of
NTRK2 (Fig. V-6). In other words, GGA could not upregulate NTRK2 gene expression unless RET was
activated by GGA treatment. Both RET and NTRK2 genes are known suppressed by MeCP2 that binds to
methylated CpG islands on the upstream regions of the genes in neuroblastoma cells [Gozales et al, 2012;
Abuhatzira et al, 2007]. When SH-SY5Y cells are treated with GGA or ATRA, MeCP2 might be highly
phosphorylated and then one can easily predict that suppressive complex will be released from closed
chromatin (Fig. VI-1). After considering the present finding that RET kinase inhibitor decreased
GGA-induced upregulation of both RET and NTRK2 genes, we can reasonably assume that GGA stimulates
RET kinase activity and its downstream signal transduction mediates phosphorylation of MeCP2 protein (Fig.
V-6).
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Fig. VI-1. Working hypothesis for molecular mechanism how GGA act in NTRK2 gene expression.
HDAC; histone deacetylase, MeCP2; methyl CpG binding protein 2, TK; tyrosine kinase
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VI. 3. Implications
Accumulating evidence suggests that KDM1A is a cancer therapeutic target, and its inhibitors are currently
identified as chemotherapeutic agents. Concrete evidence for natural compound, GGA, as a KDM1A
inhibitor will pave a road to chemoprevention of cancer and neurodegenerative diseases. Since Peretinoin
(4,5-didehydroGGA), but not ATRA has been proven to show few side effects in clinical trials, GGA and its
derivatives may provide groundwork of nutritional prevention and medications as a clinical diterpenoid in
future lifestyle and preventive medicine. Inasmuch as many developed countries including Japan are facing
to very super-aged society, highly efficient nutritional prevention of cancer and neurodegenerative diseases
is required to keep their population in good health.

- 160 -

VI. 4. Conclusions
To be genomic, or to be non-genomic, that is not a question. A question to be addressed is how diterpenoid
acids such as GGA, Peretinoin, and ATRA prevent carcinogenesis or induce differentiation. When I finish my
thesis work, I must mention that although, in the last two decades, chemopreventive effects of retinoids have
been continuously regarded as their genomic actions through nuclear retinoid receptors, their non-genomic
actions should be explored as chemopreventive effects of retinoids, particularly GGA in the future. For future
basic science, I would propose that chemopreventive effects of a putative agent should be less genomic and
more non-genomic, because genomic actions are generally fundamental in physiology. And I must say that
we should search for such natural compounds for effective chemoprevention of cancer and
neurodegenerative diseases. At the most end, I hope that diterpenoid acids will be identified and utilized as a
nutrient conducive to healthy human life in the near future.

- 161 -

Chapter VII

MATERIALS AND METHODS

VII. 1. Materials
VII. 1. 1. Chemical compounds
Geranylgeranoic acid (GGA), farnesoic acid (FA), farnesyl amine, farnesyl amide and geranic acid were kind
gifts from Kuraray (Okayama, Japan).
(R)- and (S)-2,3-dihydroGGAs were synthesized as follows: x,E,E,E- and x,E,E,Z-geranylgeranoates
were obtained by the condensation of farnesyl acetone with triethylphosphonoacetate followed by silica gel
column chromatography for purification. Each molecule was then subjected to (S)-p-tol-BINAP reduction
followed by hydrolysis with KOH [Kodaira et al, 2002].
6,7-DihydroGGA

was

triethylphosphonoacetate

to

prepared

as

follows:

yield

an

unsaturated

Geranylacetone
ester,

which

was
was

condensed
reduced

with
by

bis(2-methoxyethoxy)-aluminum hydride in the presence of CuBr to afford the saturated ester. The ester was
converted into the corresponding 6,7-dihydroGGA ester according to a previously reported method [Suhara
et al, 2010]. Basic hydrolysis of the ester produced the 6,7-dihydroGGA. Similarly, 10,11-dihydroand
14,15-dihydroGGA were prepared from citronellyl bromide and 6-methyl-5-hepten-2-one, respectively.
Geraniol, farnesol, geranylgeraniol, all-trans retinoic acid (ATRA), trans-2-phenylcyclopropylamine
hydrochloride (2-PCPA) and cycloheximide (CHX) were purchased from Sigma-Aldrich (St. Louis, MO,
USA).
A proteasome inhibitor MG132 and RET receptor tyrosine kinase inhibitor RPI-1 were obtained from
Calbiochem, Merck Millipore Japan, Tokyo, Japan.

- 163 -

RPI-1 was dissolved in dimethyl sulfoxide (DMSO) and others were in ethanol for treatment.

VII. 1. 2. qPCR primers and siRNAs
Primers are listed in Table VII-1 and Table VII-2.
Table VII-1. Primers for RT-PCR
Gene

Sequence (5’-3’)

Temp.

Amplicon

(°C)*

(bp)

65

649

57

983

67

177

55

280

55

185

61

177

62

163

66

69

59

76

55

113

55

67

60

165

References

Semi-qPCR
E2F1

Fw: TGTGTGCATGAGTCCATGTGTG
Rv: GCAAATCAAAGTGCAGATTGGAG

GAPDH

Fw: TGAAGGTCGGAGTCAACGGATTTGGT
Rv: CATGTGGGCCATGAGGTCCACCAC

Shimonishi
et al, 2012
Shimonishi
et al, 2012

qPCR
BDNF

Fw: TTAGTGACGCGCATGAATGG
Rv: TGTGGTTTCGCTGGATAGTAGGT

CHAT

Fw: GGAGATGTTCTGCTGCTATG
Rv: GGAGGTGAAACCTAGTGGCA

CCND1

Fw: CGTGGCCTCTAAGATGAAGG
Rv: CTGGCATTTTGGAGAGGAAG

NTRK2-FL

Fw: GGTCGTGTTGTGGGAGATTTTC
Rv: TTCTTCCTCATGTGGGGCTC

NTRK2-T1

Fw: TGCGTCTGTGGTGGGATTTTGC
Rv: CAACAAGCACCACAGCCCCTTT

NTRK2-Shc

Fw: GGCATCACCAACAGTCAGCTC
Rv: TTATTATCAGGCGGTCTTGGGG

RARB

Fw: TGAAAATCACAGATCTCCGTAGCA
Rv: CCAGGAATTTCCATTTTCAAGGT

RET

Fw: TGCATCCAGGAGGACACC
Rv: TTGAGGTAGACGGTGAGCAG

RNA28S5

Fw: TTAGTGACGCGCATGAATGG
Rv: TGTGGTTTCGCTGGATAGTAGGT

TH

Fw: GGAGTTCGGGCTGTGTAAGCA
Rv: GACTGGTACGTCTGGTCTTGGTAGG
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Song et al,
2003
Shimonishi
et al, 2012
Sakane &
Shidoji, 2011
Sakane &
Shidoji, 2011
Sakane &
Shidoji, 2011
Bohlken et
al, 2009
Murphy et al,
2003
-

Table VII-2. Primers for ChIP analysis.
Sequence (5’-3’)

Gene

Temp.

Amplicon

(°C)*

(bp)

61

108

61

105

61

87

63

105

55

60

55

73

61

64

55

114

References

ChIP
NTRK2
-885 to -778

Fw: ATGCTGCAGCCACTAGGGCG
Rv: GGGGAAGGAAGGAGTGTGTGCG

-771 to -667

Fw: TCCTCAGGGGCTTCTCCGCT
Rv: ACGCGCCAAGGAAGAGACGC

-689 to -603

Fw: TTGGCGTCTCTTCCTTGGCGC
Rv: GAGTGGTGAACGGCCAGGCTG

+1515 to +1619

Fw: CCGGCAGTCTCCGCATTCCC
Rv: AGCCTGAGGCCAAGGGAGGG

Sakane et al,
2014
Sakane et al,
2014
Sakane et al,
2014
Sakane et al,
2014

RET
Enh

Fw: CACCGACCACTTTGCTAACAG
Rv: GGTGGTTGGAAGCACAGACT

IS

Fw: AGGAGCACAGCCCCAGAT
Rv: GCCCTTGGCTGACATTGA

HOXB5 binding Fw: ATTCGTGCGGAGAGTTCTGTT
site

Rv: CTGAGCGGGAAAAGGAAAC

Prom

Fw: AACCCCTTCTCAGGTCCAGT
Rv: CGAGTAGCGAGGAGGAGGAA

Angrisano et
al, 2010
Angrisano et
al, 2010
Zhu et al,
2011
Angrisano et
al, 2010

* Annealing temperature in PCR
Enh; enhancer, IS; intervening sequence, Prom; promoter

Control siRNA-A (sc-37007), RARB siRNA (sc-29466) and RET siRNA (sc-36404) were purchased from
Santa Cruz Biotechnology, Santa Cruz, CA, USA.
pRShRARB constract was a kind gift from Prof. R.M. Evans (Salk Institute, La Jolla, CA, USA)
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VII. 1. 3. Antibodies
Antibodies used in the thesis are listed in Table VII-3.

Table VII-3. List of antibodies used in the present study.
Name

Application

Product #

Provider

Actin-beta

IB

#4967

Cell Signaling Technology

BLBP

IB

ab27171

Abcam

Cyclin B1

IB

#4138

Cell Signaling Technology

Cyclin D1

IB

#2922

Cell Signaling Technology

Cyclin E

IB

#4129

Cell Signaling Technology

E2F-1 (clone KH20&KH95)

IB

#05-379

Merck Millipore

Dimethyl-Histone H3 (Lys4) (C64G9)

ChIP

#9725

Cell Signaling Technology

Trimethyl-Histon H3 (Lys4)

ChIP

#07-473

Merck Millipore

Hexokinase I (C35C4)

IB

#2024

Cell Signaling Technology

Hexokinase II

IB

#2106

Cell Signaling Technology

Lamin A (C-terminal)

IB

L1293

Sigma Aldrich

MeCP2 (D4F3)

IB

#3456

Cell Signaling Technology

RARα (C-20)

IB

sc-551

Santa Cruz Biotechnology

RARβ (C-19)

IB

sc-552

Santa Cruz Biotechnology

RARγ (C-19)

IB

sc-550

Santa Cruz Biotechnology

RB (RB1 1F8)

IB, IF

ac24

Abcam

Phospho-RB (Ser 780)

IB

#9307

Santa Cruz Biotechnology

RET (C31B4)

IB

#3223

Cell Signaling Technology

RXRα (D-20)

IB

sc-553

Santa Cruz Biotechnology

RXRβ (Y-20)

IB

sc-555

Santa Cruz Biotechnology

TrkB (H-181)

IB

sc-8316

Santa Cruz Biotechnology

Tubulin-IIIβ

IB

T2200

Sigma Aldrich

IB; immunoblotting, IF; immunofluorescence, ChIP; chromation immunoprecipitation assay
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VII. 2. Methods
VII. 2. 1. Cell culture
Hepatoma
The human hepatoma-derived cell lines, HuH-7, PLC/PRF/5, and HepG2, were obtained from RIKEN
BioResource Center, Tsukuba, Japan and maintained on 25-cm2 flasks in Dulbecco’s modified Eagle’s
(DME) medium (Wako Pure Chemical Industries, Osaka, Japan) containing 5% FBS (HyClone, Logan, UT).
We inonculated 2 × 104 or 1.2 × 105 HuH-7 cells to a 6-well plate (Thermo Fisher Scientific, Tokyo, Japan)
or to a 9.0-cm dish, respectively, and cultured with DME medium containing 5% FBS for 2 d. Thereafter, the
cells were washed with Hank’s balanced salt solution (Sigma Aldrich, St. Louis, MO) twice, and the medium
was replaced by FBS-free DME medium at 2 d prior to the addition of GGA. GGA in ethanol was added at a
final concentration of 10 μM. Ethanol (0.1%, v/v) was added as a vehicle control.

Neuroblastoma
Human SH-SY5Y neuroblastoma cells (ATCC, Manassas, VA, USA) were grown in DME medium with
10% heat-inactivated FBS (Hyclone). Cells were seeded in 35-mm dishes at density of 1× 105 cells/dish.
After 2-d incubation, agents were added every 48 h during medium replenishment.

Morphology
Microscopic images were collected by a CoolSNAP charge-coupled device (CCD) camera (Photometrics,
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Tucson, AZ, USA) connected to an inverted microscope (IX70; Olympus, Tokyo, Japan).

Proliferation assay
For cell proliferation assays, the trypan blue dye exclusion method was performed. Living cells were
detached from the substrate and also dissociated from the neurosphere-like aggregations by trypsinization
after a gentle washing of the cells with PBS (-) without eliminating the cellular aggregates to count both
attached cells and aggregated cells in total.

Transfection
Plasmid DNA or siRNAs were transient transfected with Lipofectamin2000 (Life Technologies Japan,
Tokyo, Japan).

VII. 2. 2. Reverse transcription and quantitative polymerase chain reaction (RT-qPCR)
Total RNA isolation was carried out using the High Pure RNA Isolation Kit (Roche Diagnostics GmbH,
Mannheim, Germany), or QuickGene RNA cultured cell kit S (Fujifilm, Tokyo, Japan) with the fully
automatic nucleic acid extraction system, Quick Gene 800. Total RNA was quantified by absorbance at 260
nm measured with NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and
first-strand complementary DNA (cDNA) was synthesized using Transcriptor first-strand cDNA synthesis
kit (Roche Diagnostics GmbH) with random hexamer primer, or Transcriptor Universal cDNA Master
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(Roche Diagnostics GmbH). The reverse transcription reactions were performed at 25°C for 10 min followed
by 60 min at 50°C, or at 25°C for 5 min followed by 10 min at 60°C.
Semiquantitative PCR was performed in AccuPower PCR Pre-Mix (Bioneer, Daejeon, Korea) on a
TaKaRa PCR Thermal Cycler PERSONAL (Tokyo, Japan) under the following conditions. The E2F1 gene:
30 cycles of denaturation at 95°C for 30 s; annealing and extension at 65°C for 90 s. The GAPDH gene: 25
cycles of denaturation at 95°C for 30 s; annealing at 57°C for 30 s; and extension at 72°C for 30 s.
Amplicons were separated on 3% agarose gel and stained with SYBR safe (Life Technologies Japan).
Real-time PCR was performed using LightCycler 1.5 (Roche Diagnostics GmbH) and DyNAmo™
Capillary SYBR™ Green qPCR Kit (Thermo Fisher Scientific, Waltham, MA, USA). Primer sequences used
in this study are presented in Table 1. Gene expression levels were analyzed using the 2-ΔΔCt method.

VII. 2. 3. Chromation immunoprecipitation assay (ChIP)
Cross-linked chromatin digestion and immunoprecipitation were carried out with SimpleChIP™ Enzymatic
Chromatin IP Kit (Cell Signaling Technology, Danvers, MA, USA) according to the manufacturer’s
instruction. DNA was purified with QIAquick PCR Purification Kit (QIAGEN, Tokyo, Japan) and quantified
by real-time PCR with specific primers listed in Table VII-2.

VII. 2. 4. SDS-PAGE and immunoblotting
Cells were washed with phosphate-buffered saline, lysed on ice with RIPA buffer [(1% sodium deoxycholate

- 169 -

and 0.1% SDS prepared in 25 mM Tris HCl buffer (pH 7.6)] containing 150 mM NaCl and a protease
inhibitor cocktail (Roche Diagnostics GmbH).
Subcellular fractionation was performed using a CelLytic NuCLEAR Extraction Kit (Sigma Aldrich),
according to the manufacturer’s protocol.
Cell lysates or nuclei extract were denatured with 6× sample buffer (0.4 M Tirs-HCl, pH 6.8, 12% SDS,
45% glycerol, 0.024% bromophenol blue and 10% 2-mercaptoethanol) and boiling at 95°C for 5 min,
resolved by SDS-PAGE, and transferred to PVDF membrane. The membrane was incubated with primary
and secondly antibodies.
Luminescence was determined by incubation with SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Scientific, Rockford, IL, USA) and exposed using LAS-1000 imaging system (GE
Healthcare Japan, Tokyo, Japan). Collected images were analyzed by ImageJ software (U. S. National
Institutes of Health, Bethesda, MD, USA).

VII. 2. 5. Immunofluorescence
Cells were washed with PBS(-) and fixed with 4% paraformaldehyde containing 2% sucrose in PBS(-) for 30
min. After washing with PBS-T, cells were perforated with 5% Triton X100 (Sigma Aldrich), washed 3×
with PBS-T, blocked with DME medium containing 5% nonimmune rabbit serum for 1 h, and then incubated
with primary antibody in DME medium containing 0.5% nonimmune rabbit serum at 4°C overnight. After
washing with PBS-T, cells were incubated with second antibody at room temp for 30 min, washed 3× with
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PBS-T, immersed in aqueous mounting medium Permaflour (GE Healthcare Japan) and finally covered with
cover glass. Then, cells were observed under a confocal laser-scanning fluorescence microscope system,
LSM 510 equipped with Axiovert 200M (Carl Zeiss Japan, Tokyo, Japan).

VII. 2. 6. Monoamine oxidase (MAO) activity and lysine-specific demethylase 1A (KDM1A) inhibitory
analysis
MAO
The inhibitory effect of farnesol on MAO activity was measured using MAO-Glo™ Assay (Promega,
Madison, WI, USA) and recombinant human MAOA and MAOB (Sigma-Aldrich). Farnesol was dissolved
in ethanol to produce a 20-fold diluted solution with MAO Reaction Buffer (Promega) and pre-incubated
with enzymes (5 mU) for 1 h on ice. Following oxidization of MAO substrate (40 μM to assay MAOA or 4
μM for MAOB) at 37 °C for 1 h, the methyl ester luciferin, which is produced by the action of MAO on
MAO substrate, was reacted with esterase and luciferase for 20 min at room temperature. The produced light
was measured with CentroXS3 LB960 (Berthold Japan K.K., Tokyo, Japan).

KDM1A
Determination of inhibitory activity against KDM1A was performed with the LSD1 Inhibitor Screening
Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA). The enzyme reaction was monitored by
fluorescence on channel 1 of a LightCycler 1.5 for 30 min.
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VII. 2. 7. Statistical analysis
GraphPad Prism version 6.0 for Windows (GraphPad Software, Inc. La Jolla, CA, USA) was used for
preparation of data graph and statistic analyses. We consider the result would be statistically significant if a p
value was found to be less than 0.05.

- 172 -

ACKNOWLEDGMENTS

The work described in this thesis was carried out at the Laboratory of Molecular and Cellular Biology,
Graduate School of Human Health Science,
University of Nagasaki, Nagasaki, Japan, during the years 2009-2014.
A part of the study was supported by a Project Research Funds from the University of Nagasaki.

I am delighted to thank the following people, and describe their contributions to this study.

Professor Yoshihiro Shidoji, head of the Laboratory of Molecular and Cellular Biology. He has been laying
foundation of cell biological studies for a molecular mechanism of chemopreventive geranylgeranoic acid,
and providing spatiotemporal, physical and intellectual source to the study. I am extremely grateful for all
that he has done for me as my supervisor, especially his philosophical guidance.

Associate Professor Hiroshi Sagami, Institute of Multidisciplinary Research for Advanced Materials, Tohoku
University, Sendai, Miyagi. My appreciation goes to him for providing synthetic isoprenoids and cheerful
discussion.
Professor Akimori Wada and Dr. Takasi Okitsu, Department of Organic Chemistry for Life Science, Kobe
Pharmaceutical University, Kobe. Many thanks for some synthetic diterpenoid acids which were essential for
the work described in Chapter VI.

The deceased Mr. Yoshihiro Ichihara, an evangelist of geranylgeranoic acid biology. I’m sure that he might
deserve to be treated with honor. Less knowledge about geranylgeranoic acid would have been here, if it had
not been for his efforts and “passion”.

Dr. Kyoko Okamoto, Graduate School of Human Health Science, University of Nagasaki, I thank for her
supports. She was a leading researcher about nuclear receptor-independent effects of geranylgeranoic acid in
the past 10 years.
Dr. Maiko Mitake and Dr. Takashi Muraguchi, I thank for their experimental assurance and help. Especially,
Maiko gave me a lot of fun during my graduate student life with her artistic aspect.
A special thank goes to Mr. Shohei Shimonishi, who carried out the most part of the work described in
Chapter II.
Finally, I would like to thank all the present and former members of the Shidoji’s party for all their help and
kindness. Seiko, she is the best.

At the end, I owe my deepest gratitude to my parents and my brother for their understanding and generous
support. I never ever thank you enough.

March 2014
Sincerely,
Chiharu S.
- 174 -

REFERENCES

Abuhatzira L, Makedonski K, Kaufman Y, Razin A, Shemer R. MeCP2 deficiency in the brain decreases
BDNF levels by REST/CoREST-mediated repression and increases TRKB production. Epigenetics.
2007 Oct-Dec;2(4):214-222.

Adachi M, Barrot M, Autry AE, Theobald D, Monteggia LM. Selective loss of brain-derived neurotrophic
factor in the dentate gyrus attenuates antidepressant efficacy. Biol Psychiatry. 2008 Apr
1;63(7):642-649.

Adamo A, Sesé B, Boue S, Castaño J, Paramonov I, Barrero MJ, Izpisua Belmonte JC. LSD1 regulates the
balance between self-renewal and differentiation in human embryonic stem cells. Nat Cell Biol. 2011
Jun;13(6):652-659.

Akimoto C, Kitagawa H, Matsumoto T, Kato S. Spermatogenesis-specific association of SMCY and MSH5.
Genes Cells. 2008 Jun;13(6):623-633.

Al Tanoury Z, Piskunov A, Rochette-Egly C. Vitamin A and retinoid signaling: genomic and nongenomic
effects. J Lipid Res. 2013 Jul;54(7):1761-1775.

Alao JP. The regulation of cyclin D1 degradation: Roles in cancer development and the potential for
therapeutic invention. Mol Cancer. 2007 Apr 2;6:24. (doi:10.1186/1476-4598-6-24)

Alberts AW, Chen J, Kuron G, Hunt V, Huff J, Hoffman C, Rothrock J, Lopez M, Joshua H, Harris E,
Patchett A, Monaghan R, Currie S, Stapley E, Albers-Schonberg G, Hensens O, Hirshfield J, Hoogsteen

- 175 -

K, Liesch J, Springer J. Mevinolin: a highly potent competitive inhibitor of
hydroxymethylglutaryl-coenzyme A reductase and a cholesterol-lowering agent. Proc Natl Acad Sci U S
A. 1980 Jul;77(7):3957-39561.

Altar CA, Laeng P, Jurata LW, Brockman JA, Lemire A, Bullard J, Bukhman YV, Young TA, Charles V,
Palfreyman MG. Electroconvulsive seizures regulate gene expression of distinct neurotrophic signaling
pathways. J Neurosci. 2004 Mar 17;24(11):2667-2677.

Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY. Rett syndrome is caused by
mutations in X-linked MECP2, encoding methyl-CpG-binding protein 2. Nat Genet. 1999
Oct;23(2):185-188.

Angrisano T, Sacchetti S, Natale F, Cerrato A, Pero R, Keller S, Peluso S, Perillo B, Avvedimento VE, Fusco
A, Bruni CB, Lembo F, Santoro M, Chiariotti L. Chromatin and DNA methylation dynamics during
retinoic acid-induced RET gene transcriptional activation in neuroblastoma cells. Nucleic Acids Res.
2011 Mar;39(6):1993-2006.

Araki H, Shidoji Y, Yamada Y, Moriwaki H, Muto Y. Retinoid agonist activities of synthetic geranylgeranoic
acid derivatives. Biochem Biophys Res Commun. 1995 Apr 6;209(1):66-72.

Arber N, Doki Y, Han EK, Sgambato A, Zhou P, Kim NH, Delohery T, Klein MG, Holt PR, Weinstein IB.
Antisense to cyclin D1 inhibits the growth and tumorigenicity of human colon cancer cells. Cancer Res.
1997 Apr 15;57(8):1569-1574.

Armstrong D, Dunn JK, Antalffy B, Trivedi R. Selective dendritic alterations in the cortex of Rett syndrome.
J Neuropathol Exp Neurol. 1995 Mar;54(2):195-201.
- 176 -

Balmer D, Goldstine J, Rao YM, LaSalle JM. Elevated methyl-CpG-binding protein 2 expression is acquired
during postnatal human brain development and is correlated with alternative polyadenylation. J Mol
Med (Berl). 2003 Jan;81(1):61-68.

Bansal VS, Vaidya S. Characterization of two distinct allyl pyrophosphatase activities from rat liver
microsomes. Arch Biochem Biophys. 1994 Dec;315(2):393-399.

Bernstein BE, Kamal M, Lindblad-Toh K, Bekiranov S, Bailey DK, Huebert DJ, McMahon S, Karlsson EK,
Kulbokas EJ 3rd, Gingeras TR, Schreiber SL, Lander ES. Genomic maps and comparative analysis of
histone modifications in human and mouse. Cell. 2005 Jan 28;120(2):169-181.

Bernstein BE, Meissner A, Lander ES. The mammalian epigenome. Cell. 2007 Feb 23;128(4):669-681.

Binda C, Valente S, Romanenghi M, Pilotto S, Cirilli R, Karytinos A, Ciossani G, Botrugno OA, Forneris F,
Tardugno M, Edmondson DE, Minucci S, Mattevi A, Mai A. Biochemical, structural, and biological
evaluation of tranylcypromine derivatives as inhibitors of histone demethylases LSD1 and LSD2. J Am
Chem Soc. 2010 May 19;132(19):6827-6833.

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002 Jan 1;16(1):6-21.

Black JC, Whetstine JR. Tipping the lysine methylation balance in disease. Biopolymers. 2013
Feb;99(2):127-135.

Bohlken A, Cheung BB, Bell JL, Koach J, Smith S, Sekyere E, Thomas W, Norris M, Haber M, Lovejoy
DB, Richardson DR, Marshall GM. ATP7A is a novel target of retinoic acid receptor beta2 in
- 177 -

neuroblastoma cells. Br J Cancer. 2009 Jan 13;100(1):96-105.

Bollati V, Baccarelli A. Environmental epigenetics. Heredity (Edinb). 2010 Jul;105(1):105-12.

Bonivento D, Milczek EM, McDonald GR, Binda C, Holt A, Edmondson DE, Mattevi A. Potentiation of
ligand binding through cooperative effects in monoamine oxidase B. J Biol Chem. 2010 Nov
19;285(47):36849-36856.

Bothwell M. Functional interactions of neurotrophins and neurotrophin receptors. Annu Rev Neurosci.
1995;18:223-253.

Boumber Y, Issa JP. Epigenetics in cancer: what's the future? Oncology (Williston Park). 2011
Mar;25(3):220-226, 228.

Bracken AP, Ciro M, Cocito A, Helin K. E2F target genes: unraveling the biology. Trends Biochem Sci. 2004
Aug;29(8):409-417.

Caccia D, Miccichè F, Cassinelli G, Mondellini P, Casalini P, Bongarzone I. Dasatinib reduces FAK
phosphorylation increasing the effects of RPI-1 inhibition in a RET/PTC1-expressing cell line. Mol
Cancer. 2010 Oct 18;9:278. (doi: 10.1186/1476-4598-9-278)

Carpentier A, Balitrand N, Rochette-Egly C, Shroot B, Degos L, Chomienne C. Distinct sensitivity of
neuroblastoma cells for retinoid receptor agonists: evidence for functional receptor heterodimers.
Oncogene. 1997 Oct 9;15(15):1805-1813.

- 178 -

Chao MV. Neurotrophins and their receptors: a convergence point for many signalling pathways. Nat Rev
Neurosci. 2003 Apr;4(4):299-309.

Chaykin S, Law J, Phillips AH, Tchen TT, Bloch K. Phosphorylated intermediates in the synthesis of
squalene. Proc Natl Acad Sci U S A. 1958 Oct 15;44(10):998-1004.

Chen CC, Hsu LW, Huang LT, Huang TL. Chronic administration of cyclosporine A changes expression of
BDNF and TrkB in rat hippocampus and midbrain. Neurochem Res. 2010 Jul;35(7):1098-1104.

Chen H, Ma F, Hu X, Jin T, Xiong C, Teng X. Elevated COX2 expression and PGE2 production by
downregulation of RXRα in senescent macrophages. Biochem Biophys Res Commun. 2013 Oct
11;440(1):157-162.

Chen J, Feilotter HE, Paré GC, Zhang X, Pemberton JG, Garady C, Lai D, Yang X, Tron VA.
MicroRNA-193b represses cell proliferation and regulates cyclin D1 in melanoma. Am J Pathol. 2010
May;176(5):2520-2529.

Cheung B, Yan J, Smith SA, Nguyen T, Lee M, Kavallaris M, Norris MD, Haber M, Marshall GM. Growth
inhibitory retinoid effects after recruitment of retinoid X receptor beta to the retinoic acid receptor beta
promoter. Int J Cancer. 2003 Jul 20;105(6):856-867.

Chinnusamy V, Zhu JK. Epigenetic regulation of stress responses in plants. Curr Opin Plant Biol. 2009
Apr;12(2):133-139.

Clapier CR, Cairns BR. The biology of chromatin remodeling complexes. Annu Rev Biochem.
2009;78:273-304.
- 179 -

Cloos PA, Christensen J, Agger K, Maiolica A, Rappsilber J, Antal T, Hansen KH, Helin K. The putative
oncogene GASC1 demethylates tri- and dimethylated lysine 9 on histone H3. Nature. 2006 Jul
20;442(7100):307-311.

Cohen S, Gabel HW, Hemberg M, Hutchinson AN, Sadacca LA, Ebert DH, Harmin DA, Greenberg RS,
Verdine VK, Zhou Z, Wetsel WC, West AE, Greenberg ME. Genome-wide activity-dependent MeCP2
phosphorylation regulates nervous system development and function. Neuron. 2011 Oct 6;72(1):72-85.

Cosgrove MS. Histone proteomics and the epigenetic regulation of nucleosome mobility. Expert Rev
Proteomics. 2007 Aug;4(4):465-478.

Cropley JE, Suter CM, Beckman KB, Martin DI. Germ-line epigenetic modification of the murine A vy
allele by nutritional supplementation. Proc Natl Acad Sci U S A. 2006 Nov 14;103(46):17308-17312.

D'Alessio A, De Vita G, Calì G, Nitsch L, Fusco A, Vecchio G, Santelli G, Santoro M, de Franciscis V.
Expression of the RET oncogene induces differentiation of SK-N-BE neuroblastoma cells. Cell Growth
Differ. 1995 Nov;6(11):1387-1394.

Davies BP, Arenz C. A fluorescence probe for assaying micro RNA maturation. Bioorg Med Chem. 2008 Jan
1;16(1):49-55.

Deane NG, Parker MA, Aramandla R, Diehl L, Lee WJ, Washington MK, Nanney LB, Shyr Y, Beauchamp
RD. Hepatocellular carcinoma results from chronic cyclin D1 overexpression in transgenic mice.
Cancer Res. 2001 Jul 15;61(14):5389-5395.

- 180 -

Dimova DK, Dyson NJ. The E2F transcriptional network: old acquaintances with new faces. Oncogene.
2005 Apr 18;24(17):2810-2826.

Dobbs KB, Rodriguez M, Sudano MJ, Ortega MS, Hansen PJ. Dynamics of DNA methylation during early
development of the preimplantation bovine embryo. PLoS One. 2013 Jun 14;8(6):e66230. (doi:
10.1371/journal.pone.0066230)

Dragnev KH, Feng Q, Ma Y, Shah SJ, Black C, Memoli V, Nugent W, Rigas JR, Kitareewan S, Freemantle S,
Dmitrovsky E. Uncovering novel targets for cancer chemoprevention. Recent Results Cancer Res.
2007;174:235-243.

Edery P, Lyonnet S, Mulligan LM, Pelet A, Dow E, Abel L, Holder S, Nihoul-Fékété C, Ponder BA,
Munnich A. Mutations of the RET proto-oncogene in Hirschsprung's disease. Nature. 1994 Jan
27;367(6461):378-380.

Edsjo A, Lavenius E, Nilsson H, Hoehner JC, Simonsson P, Culp LA, Martinsson T, Larsson C, Pahlman S.
Expression of trkB in human neuroblastoma in relation to MYCN expression and retinoic acid treatment.
Lab Invest. 2003 Jun;83(6):813-823.

Ehrhard PB, Ganter U, Schmutz B, Bauer J, Otten U. Expression of low-affinity NGF receptor and trkB
mRNA in human SH-SY5Y neuroblastoma cells. FEBS Lett. 1993 Sep 20;330(3):287-292.

Esposito CL, D'Alessio A, de Franciscis V, Cerchia L. A cross-talk between TrkB and Ret tyrosine kinases
receptors mediates neuroblastoma cells differentiation. PLoS One. 2008 Feb 20;3(2):e1643. (doi:
10.1371/journal.pone.0001643)

- 181 -

Fan S, Li Y, Yue P, Khuri FR, Sun SY. The eIF4e/eIF4G interaction inhibitor 4eGI-1 augments trail-mediated
apoptosis through c-FLIP down-regulation and DR5 induction independent of inhibition of
CAP-dependent protein translation. Neoplasia. 2010 Apr;12(4):346-356.

Fang R, Barbera AJ, Xu Y, Rutenberg M, Leonor T, Bi Q, Lan F, Mei P, Yuan GC, Lian C, Peng J, Cheng
D, Sui G, Kaiser UB, Shi Y, Shi YG. Human LSD2/KDM1b/AOF1 regulates gene transcription by
modulating intragenic H3K4me2 methylation. Mol Cell. 2010 Jul 30;39(2):222-233.

Faulk C, Dolinoy DC. Timing is everything: the when and how of environmentally induced changes in the
epigenome of animals. Epigenetics. 2011 Jul;6(7):791-797.

Feng J, Nestler EJ. MeCP2 and drug addiction. Nat Neurosci. 2010 Sep;13(9):1039-1041.

Feng Q, Sekula D, Muller R, Freemantle SJ, Dmitrovsky E. Uncovering residues that regulate cyclin D1
proteasomal degradation. Oncogene. 2007 Aug 2;26(35):5098-5106.

Fidaleo M, Fanelli F, Ceru MP, Moreno S. Neuroprotective properties of peroxisome proliferator-activated
receptor alpha (PPARα) and its lipid ligands. Curr Med Chem. 2014;21(24):2803-2821.

Forneris F, Binda C, Battaglioli E, Mattevi A. LSD1: oxidative chemistry for multifaceted functions in
chromatin regulation. Trends Biochem Sci. 2008 Apr;33(4):181-189.

Forneris F, Battaglioli E, Mattevi A, Binda C. New roles of flavoproteins in molecular cell biology: histone
demethylase LSD1 and chromatin. FEBS J. 2009 Aug;276(16):4304-4312.

Fraga MF, Ballestar E, Paz MF, Ropero S, Setien F, Ballestar ML, Heine-Suñer D, Cigudosa JC, Urioste M,
- 182 -

Benitez J, Boix-Chornet M, Sanchez-Aguilera A, Ling C, Carlsson E, Poulsen P, Vaag A, Stephan Z,
Spector TD, Wu YZ, Plass C, Esteller M. Epigenetic differences arise during the lifetime of
monozygotic twins. Proc Natl Acad Sci U S A. 2005 Jul 26;102(30):10604-10609.

Freemantle SJ, Guo Y, Dmitrovsky E. Retinoid chemoprevention trials: Cyclin D1 in the crosshairs. Cancer
Prev Res (Phila). 2009 Jan;2(1):3-6.

Freemantle SJ, Liu X, Feng Q, Galimberti F, Blumen S, Sekula D, Kitareewan S, Dragnev KH, Dmitrovsky
E. Cyclin degradation for cancer therapy and chemoprevention. J Cell Biochem. 2007 Nov
1;102(4):869-877.

Fuks F, Hurd PJ, Wolf D, Nan X, Bird AP, Kouzarides T. The methyl-CpG-binding protein MeCP2 links
DNA methylation to histone methylation. J Biol Chem. 2003 Feb 7;278(6):4035-4040.

Gilbert N, Thomson I, Boyle S, Allan J, Ramsahoye B, Bickmore WA. DNA methylation affects nuclear
organization, histone modifications, and linker histone binding but not chromatin compaction. J Cell
Biol. 2007 May 7;177(3):401-411.

Girling R, Bandara LR, Zamanian M, Sørensen TS, Xu FH, La Thangue NB. DRTFI/E2F transcription
factor: an integrator of cell-cycle events with the transcriptional apparatus. Biochem Soc Trans. 1993
Nov;21(4):939-942.

Goda S, Isagawa T, Chikaoka Y, Kawamura T, Aburatani H. Control of histone H3 lysine 9 (H3K9)
methylation state via cooperative two-step demethylation by Jumonji domain containing 1A (JMJD1A)
homodimer. J Biol Chem. 2013 Dec 27;288(52):36948-36956.

- 183 -

Gonzales ML, Adams S, Dunaway KW, LaSalle JM. Phosphorylation of distinct sites in MeCP2 modifies
cofactor associations and the dynamics of transcriptional regulation. Mol Cell Biol. 2012
Jul;32(14):2894-2903.

Goto Y, Koyanagi K, Narita N, Kawakami Y, Takata M, Uchiyama A, Nguyen L, Nguyen T, Ye X, Morton
DL, Hoon DS. Aberrant fatty acid-binding protein-7 gene expression in cutaneous malignant melanoma.
J Invest Dermatol. 2010 Jan;130(1):221-229.

Grafodatskaya D, Chung BH, Butcher DT, Turinsky AL, Goodman SJ, Choufani S, Chen YA, Lou Y, Zhao
C, Rajendram R, Abidi FE, Skinner C,Stavropoulos J, Bondy CA, Hamilton J, Wodak S, Scherer
SW, Schwartz CE, Weksberg R. Multilocus loss of DNA methylation in individuals with mutations in
the histone H3 lysine 4 demethylase KDM5C. BMC Med Genomics. 2013 Jan 28;6:1. (doi:
10.1186/1755-8794-6-1)

Grieco M, Santoro M, Berlingieri MT, Melillo RM, Donghi R, Bongarzone I, Pierotti MA, Della Porta G,
Fusco A, Vecchio G. PTC is a novel rearranged form of the ret proto-oncogene and is frequently
detected in vivo in human thyroid papillary carcinomas. Cell. 1990 Feb 23;60(4):557-563.

Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young RA. A chromatin landmark and transcription
initiation at most promoters in human cells. Cell. 2007 Jul 13;130(1):77-88.

Harikrishnan KN, Chow MZ, Baker EK, Pal S, Bassal S, Brasacchio D, Wang L, Craig JM, Jones PL, Sif
S, El-Osta A. Brahma links the SWI/SNF chromatin-remodeling complex with MeCP2-dependent
transcriptional silencing. Nat Genet. 2005 Mar;37(3):254-264.

Hartwell LH, Weinert TA. Checkpoints: controls that ensure the order of cell cycle events. Science. 1989
- 184 -

Nov 3;246(4930):629-634.

Hayakawa T, Ohtani Y, Hayakawa N, Shinmyozu K, Saito M, Ishikawa F, Nakayama J. RBP2 is an MRG15
complex component and down-regulates intragenic histone H3 lysine 4 methylation. Genes Cells. 2007
Jun;12(6):811-826.

Hecht M, Schulte JH, Eggert A, Wilting J, Schweigerer L. The neurotrophin receptor TrkB cooperates with
c-Met in enhancing neuroblastoma invasiveness. Carcinogenesis. 2005 Dec;26(12):2105-2115.

Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, Ye Z, Lee LK, Stuart RK, Ching
CW, Ching KA, Antosiewicz-Bourget JE, Liu H, Zhang X, Green RD, Lobanenkov VV, Stewart R,
Thomson JA, Crawford GE, Kellis M, Ren B. Histone modifications at human enhancers reflect global
cell-type-specific gene expression. Nature. 2009 May 7;459(7243):108-112.

Helin K, Wu CL, Fattaey AR, Lees JA, Dynlacht BD, Ngwu C, Harlow E. Heterodimerization of the
transcription factors E2F-1 and DP-1 leads to cooperative trans-activation. Genes Dev. 1993
Oct;7(10):1850-1861.

Helin K. Regulation of cell proliferation by the E2F transcription factors. Curr Opin Genet Dev. 1998
Feb;8(1):28-35.

Hofstra RM, Landsvater RM, Ceccherini I, Stulp RP, Stelwagen T, Luo Y, Pasini B, Höppener JW, van
Amstel HK, Romeo G, Lips CJ, Buys CH. A mutation in the RET proto-oncogene associated with
multiple endocrine neoplasia type 2B and sporadic medullary thyroid carcinoma. Nature. 1994 Jan
27;367(6461):375-376.

- 185 -

Holback S, Adlerz L, Iverfeldt K. Increased processing of APLP2 and APP with concomitant formation of
APP intracellular domains in BDNF and retinoic acid-differentiated human neuroblastoma cells. J
Neurochem. 2005 Nov;95(4):1059-1068.

Holnthoner W, Pillinger M, Groger M, Wolff K, Ashton AW, Albanese C, Neumeister P, Pestell RG,
Petzelbauer P. Fibroblast growth factor-2 induces Lef/Tcf-dependent transcription in human endothelial
cells. J Biol Chem. 2002 Nov 29;277(48):45847-45853.

Hou H, Yu H. Structural insights into histone lysine demethylation. Curr Opin Struct Biol. 2010
Dec;20(6):739-748.

Hu YQ, Koo PH. Inhibition of phosphorylation of TrkB and TrkC and their signal transduction by
alpha2-macroglobulin. J Neurochem. 1998 Jul;71(1):213-220.

Huang HL, Zheng WL, Zhao R, Zhang B, Ma WL. FBXO31 is down-regulated and may function as a tumor
suppressor in hepatocellular carcinoma. Oncol Rep. 2010 Sep;24(3):715-720.

Hubálek F, Binda C, Khalil A, Li M, Mattevi A, Castagnoli N, Edmondson DE. Demonstration of isoleucine
199 as a structural determinant for the selective inhibition of human monoamine oxidase B by specific
reversible inhibitors. J Biol Chem. 2005 Apr 22;280(16):15761-15766.

Iwao C, Shidoji Y. Induction of nuclear translocation of mutant cytoplasmic p53 by geranylgeranoic acid in
a human hepatoma cell line. Sci Rep. 2014 Mar 24;4:4419. (doi: 10.1038/srep04419)

Iwase S, Lan F, Bayliss P, de la Torre-Ubieta L, Huarte M, Qi HH, Whetstine JR, Bonni A, Roberts TM, Shi
Y. The X-linked mental retardation gene SMCX/JARID1C defines a family of histone H3 lysine 4
- 186 -

demethylases. Cell. 2007 Mar 23;128(6):1077-1088.

Izzo JG, Wu TT, Wu X, Ensor J, Luthra R, Pan J, Correa A, Swisher SG, Chao CK, Hittelman WN, Ajani JA.
Cyclin D1 guanine/adenine 870 polymorphism with altered protein expression is associated with
genomic instability and aggressive clinical biology of esophageal adenocarcinoma. J Clin Oncol. 2007
Feb 20;25(6):698-707.

Jackson-Grusby L, Beard C, Possemato R, Tudor M, Fambrough D, Csankovszki G, Dausman J, Lee P,
Wilson C, Lander E, Jaenisch R. Loss of genomic methylation causes p53-dependent apoptosis and
epigenetic deregulation. Nat Genet. 2001 Jan;27(1):31-39.

Jenuwein T, Allis CD. Translating the histone code. Science. 2001 Aug 10;293(5532):1074-1080.

Jiang Q, Feng MG, Mo YY. Systematic validation of predicted micrornas for cyclin D1. BMC Cancer. 2009
Jun 18;9:194. (doi: 10.1186/1471-2407-9-194)

Jiao W, Lin HM, Datta J, Braunschweig T, Chung JY, Hewitt SM, Rane SG. Aberrant nucleocytoplasmic
localization of the retinoblastoma tumor suppressor protein in human cancer correlates with
moderate/poor tumor differentiation. Oncogene. 2008 May 15;27(22):3156-3164.

Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass SU, Landsberger N, Strouboulis J, Wolffe AP.
Methylated DNA and MeCP2 recruit histone deacetylase to repress transcription. Nat Genet. 1998
Jun;19(2):187-191.

Joshi S, Guleria R, Pan J, DiPette D, Singh US. Retinoic acid receptors and tissue-transglutaminase mediate
short-term effect of retinoic acid on migration and invasion of neuroblastoma SH-SY5Y cells.
- 187 -

Oncogene. 2006 Jan 12;25(2):240-247.

Jung BP, Jugloff DG, Zhang G, Logan R, Brown S, Eubanks JH. The expression of methyl CpG binding
factor MeCP2 correlates with cellular differentiation in the developing rat brain and in cultured cells. J
Neurobiol. 2003 Apr;55(1):86-96.

Kaplan DR, Matsumoto K, Lucarelli E, Thiele CJ. Induction of TrkB by retinoic acid mediates biologic
responsiveness to BDNF and differentiation of human neuroblastoma cells. Eukaryotic Signal
Transduction Group. Neuron. 1993 Aug;11(2):321-331.

Kerr B, Soto C J, Saez M, Abrams A, Walz K, Young JI. Transgenic complementation of MeCP2 deficiency:
phenotypic rescue of Mecp2-null mice by isoform-specific transgenes. Eur J Hum Genet. 2012
Jan;20(1):69-76.

Khalil AA, Davies B, Castagnoli N Jr. Isolation and characterization of a monoamine oxidase B selective
inhibitor from tobacco smoke. Bioorg Med Chem. 2006 May 15;14(10):3392-3398.

Kheirbek MA, Klemenhagen KC, Sahay A, Hen R. Neurogenesis and generalization: a new approach to
stratify and treat anxiety disorders. Nat Neurosci. 2012 Dec;15(12):1613-1620.

Kim JK, Diehl JA. Nuclear cyclin D1: An oncogenic driver in human cancer. J Cell Physiol. 2009
Aug;220(2):292-296.

Kim JY, Kim KB, Eom GH, Choe N, Kee HJ, Son HJ, Oh ST, Kim DW, Pak JH, Baek HJ, Kook H, Hahn
Y, Kook H, Chakravarti D, Seo SB. KDM3B is the H3K9 demethylase involved in transcriptional
activation of lmo2 in leukemia. Mol Cell Biol. 2012 Jul;32(14):2917-2933.
- 188 -

Klein R, Conway D, Parada LF, Barbacid M. The TrkB tyrosine protein kinase gene codes for a second
neurogenic receptor that lacks the catalytic kinase domain. Cell. 1990 May 18;61(4):647-656.

Klose RJ, Yamane K, Bae Y, Zhang D, Erdjument-Bromage H, Tempst P, Wong J, Zhang Y. The
transcriptional repressor JHDM3A demethylates trimethyl histone H3 lysine 9 and lysine 36. Nature.
2006 Jul 20;442(7100):312-316.

Kodaira Y, Usui K, Kon I, Sagami H. Formation of (R)-2,3-dihydrogeranylgeranoic acid from
geranylgeraniol in rat thymocytes. J Biochem. 2002 Aug;132(2):327-334.

Kotti T, Head DD, McKenna CE, Russell DW. Biphasic requirement for geranylgeraniol in hippocampal
long-term potentiation. Proc Natl Acad Sci U S A. 2008 Aug 12;105(32):11394-11399.

Kotti T, Ramirez D, Pfeiffer B, Huber K, Russell D. Brain cholesterol turnover required for geranylgeraniol
production and learning in mice. Proc Natl Acad Sci U S A. 2006 Mar 7;103(10):3869-3874.

Kou W, Luchtman D, Song C. Eicosapentaenoic acid (EPA) increases cell viability and expression of
neurotrophin receptors in retinoic acid and brain-derived neurotrophic factor differentiated SH-SY5Y
cells. Eur J Nutr. 2008 Mar;47(2):104-113.

Langenfeld J, Kiyokawa H, Sekula D, Boyle J, Dmitrovsky E. Posttranslational regulation of cyclin D1 by
retinoic acid: A chemoprevention mechanism. Proc Natl Acad Sci U S A. 1997 Oct
28;94(22):12070-12074.

Larson RS, Tallman MS. Retinoic acid syndrome: Manifestations, pathogenesis, and treatment. Best Pract
- 189 -

Res Clin Haematol. 2003 Sep;16(3):453-461.

Liao JK, Laufs U. Pleiotropic effects of statins. Annu Rev Pharmacol Toxicol. 2005;45:89-118.

Lippman SM, Lee JS, Lotan R, Hittelman W, Wargovich MJ, Hong WK. Biomarkers as intermediate end
points in chemoprevention trials. J Natl Cancer Inst. 1990 Apr 4;82(7):555-560.

Longo FM, Massa SM. Small-molecule modulation of neurotrophin receptors: a strategy for the treatment of
neurological disease. Nat Rev Drug Discov. 2013 Jul;12(7):507-525.

Lu B, Nagappan G, Guan X, Nathan PJ, Wren P. BDNF-based synaptic repair as a disease-modifying
strategy for neurodegenerative diseases. Nat Rev Neurosci. 2013 Jun;14(6):401-416.

Lu JY, Hofmann SL. Thematic review series: lipid posttranslational modifications. Lysosomal metabolism of
lipid-modified proteins. J Lipid Res. 2006 Jul;47(7):1352-1357.

Luger K, Mäder AW, Richmond RK, Sargent DF, Richmond TJ. Crystal structure of the nucleosome core
particle at 2.8 A resolution. Nature. 1997 Sep 18;389(6648):251-260.

Magerl C, Ellinger J, Braunschweig T, Kremmer E, Koch LK, Höller T, Büttner R, Lüscher B, Gütgemann I.
H3K4 dimethylation in hepatocellular carcinoma is rare compared with other hepatobiliary and
gastrointestinal carcinomas and correlates with expression of the methylase Ash2 and the demethylase
LSD1. Hum Pathol. 2010 Feb;41(2):181-189.

Middlemas DS, Lindberg RA, Hunter T. trkB, a neural receptor protein-tyrosine kinase: evidence for a
full-length and two truncated receptors. Mol Cell Biol. 1991 Jan;11(1):143-153.
- 190 -

Mikkelsen TS, Hanna J, Zhang X, Ku M, Wernig M, Schorderet P, Bernstein BE, Jaenisch R, Lander ES,
Meissner A. Dissecting direct reprogramming through integrative genomic analysis. Nature. 2008 Jul
3;454(7200):49-55.

Mita R, Coles JE, Glubrecht DD, Sung R, Sun X, Godbout R. B-FABP-expressing radial glial cells: the
malignant glioma cell of origin? Neoplasia. 2007 Sep;9(9):734-744.

Mitake M, Shidoji Y. Geranylgeraniol oxidase activity involved in oxidative formation of geranylgeranoic
acid in human hepatoma cells. Biomed Res. 2012 Feb;33(1):15-24.

Monteggia LM, Luikart B, Barrot M, Theobold D, Malkovska I, Nef S, Parada LF, Nestler EJ. Brain-derived
neurotrophic factor conditional knockouts show gender differences in depression-related behaviors. Biol
Psychiatry. 2007 Jan 15;61(2):187-197.

Moriwaki H, Muto Y, Ninomiya M, Kawai K, Suzuki Y, Seto T. Inhibitory effects of synthetic acidic retinoid
and polyprenoic acid on the development of hepatoma in rats induced by 3'-methyl-n,
n-dimethyl-4-aminoazobenzene. Gastroenterol Jpn. 1988 Oct;23(5):546-552.

Mulligan LM, Kwok JB, Healey CS, Elsdon MJ, Eng C, Gardner E, Love DR, Mole SE, Moore JK, Papi L,
Ponder MA, Telenius H, Tunnacliffe A, Ponder BA. Germ-line mutations of the RET proto-oncogene in
multiple endocrine neoplasia type 2A. Nature. 1993 Jun 3;363(6428):458-460.

Murphy RM, Watt KK, Cameron-Smith D, Gibbons CJ, Snow RJ. Effects of creatine supplementation on
housekeeping genes in human skeletal muscle using real-time RT-PCR. Physiol Genomics. 2003 Jan
15;12(2):163-174.
- 191 -

Muto Y, Moriwaki H, Ninomiya M, Adachi S, Saito A, Takasaki KT, Tanaka T, Tsurumi K, Okuno M, Tomita
E, Nakamura T, Kojima T. Prevention of second primary tumors by an acyclic retinoid, polyprenoic acid,
in patients with hepatocellular carcinoma. Hepatoma prevention study group. N Engl J Med. 1996 Jun
13;334(24):1561-1567.

Muto Y, Moriwaki H, Omori M. In vitro binding affinity of novel synthetic polyprenoids (polyprenoic acids)
to cellular retinoid-binding proteins. Gann. 1981 Dec;72(6):974-977.

Muto Y, Moriwaki H, Saito A. Prevention of second primary tumors by an acyclic retinoid in patients with
hepatocellular carcinoma. N Engl J Med. 1999 Apr 1;340(13):1046-1047.

Muto Y, Moriwaki H, Shiratori Y. Prevention of second primary tumors by an acyclic retinoid, polyprenoic
acid, in patients with hepatocellular carcinoma. Digestion. 1998 Jul;59 Suppl 2:89-91.

Muto Y, Moriwaki H. Antitumor activity of vitamin A and its derivatives. J Natl Cancer Inst. 1984
Dec;73(6):1389-1393.

Nakamura N, Shidoji Y, Yamada Y, Hatakeyama H, Moriwaki H, Muto Y. Induction of apoptosis by acyclic
retinoid in the human hepatoma-derived cell line, HuH-7. Biochem Biophys Res Commun. 1995 Feb
6;207(1):382-388.

Nan X, Hou J, Maclean A, Nasir J, Lafuente MJ, Shu X, Kriaucionis S, Bird A. Interaction between
chromatin proteins MECP2 and ATRX is disrupted by mutations that cause inherited mental retardation.
Proc Natl Acad Sci U S A. 2007 Feb 20;104(8):2709-2714.

- 192 -

Nasrollahzadeh J, Siassi F, Doosti M, Eshraghian MR, Shokri F, Modarressi MH, Mohammadi-Asl J, Abdi K,
Nikmanesh A, Karimian SM. The influence of feeding linoleic, gamma-linolenic and docosahexaenoic
acid rich oils on rat brain tumor fatty acids composition and fatty acid binding protein 7 mRNA
expression. Lipids Health Dis. 2008 Nov 16;7:45. (doi: 10.1186/1476-511X-7-45)

Newman RM, Mobascher A, Mangold U, Koike C, Diah S, Schmidt M, Finley D, Zetter BR. Antizyme
targets cyclin D1 for degradation. A novel mechanism for cell growth repression. J Biol Chem. 2004 Oct
1;279(40):41504-41511.

Nibuya M, Morinobu S, Duman RS. Regulation of BDNF and trkB mRNA in rat brain by chronic
electroconvulsive seizure antidepressant drug treatments. J Neurosci. 1995 Nov;15(11):7539-7547.

Nishida N, Fukuda Y, Komeda T, Kita R, Sando T, Furukawa M, Amenomori M, Shibagaki I, Nakao K,
Ikenaga M, Ishizaki K. Amplification and overexpression of the cyclin D1 gene in aggressive human
hepatocellular carcinoma. Cancer Res. 1994 Jun 15;54(12):3107-3110.

Nishida Y, Adati N, Ozawa R, Maeda A, Sakaki Y, Takeda T. Identification and classification of genes
regulated by phosphatidylinositol 3-kinase- and TRKB-mediated signalling pathways during neuronal
differentiation in two subtypes of the human neuroblastoma cell line SH-SY5Y. BMC Res Notes. 2008
Oct 28;1:95. (doi: 10.1186/1756-0500-1-95)

Okamoto K, Sakimoto Y, Imai K, Senoo H, Shidoji Y. Induction of an incomplete autophagic response by
cancer-preventive geranylgeranoic acid (GGA) in a human hepatoma-derived cell line. Biochem J. 2011
Nov 15;440(1):63-71.

Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de
- 193 -

novo methylation and mammalian development. Cell. 1999 Oct 29;99(3):247-257.

Oppenheimer O, Cheung NK, Gerald WL. The RET oncogene is a critical component of transcriptional
programs associated with retinoic acid-induced differentiation in neuroblastoma. Mol Cancer Ther.
2007 Apr;6(4):1300-1309.

Ortega JJ, Madero L, Martín G, Verdeguer A, García P, Parody R, Fuster J, Molines A, Novo A, Debén G,
Rodríguez A, Conde E, de la Serna J, Allegue MJ, Capote FJ, González JD, Bolufer P, González M,
Sanz MA; PETHEMA Group. Treatment with all-trans retinoic acid and anthracycline
monochemotherapy for children with acute promyelocytic leukemia: A multicenter study by the
pethema group. J Clin Oncol. 2005 Oct 20;23(30):7632-7640.

Papadimitrakopoulou V, Izzo JG, Liu DD, Myers J, Ceron TL, Lewin J, William WN Jr, Atwell A, Lee JJ,
Gillenwater A, El-Naggar A, Wu X, Lippman SM, Hittelman WN, Hong WK. Cyclin D1 and cancer
development in laryngeal premalignancy patients. Cancer Prev Res (Phila). 2009 Jan;2(1):14-21.

Papadimitrakopoulou VA, Lee JJ, William WN Jr, Martin JW, Thomas M, Kim ES, Khuri FR, Shin DM,
Feng L, Hong WK, Lippman SM. Randomized trial of 13-cis retinoic acid compared with retinyl
palmitate with or without beta-carotene in oral premalignancy. J Clin Oncol. 2009 Feb 1;27(4):599-604.

Peaston AE, Whitelaw E. Epigenetics and phenotypic variation in mammals. Mamm Genome. 2006
May;17(5):365-374.

Piechocki MP, Yoo GH, Dibbley SK, Lonardo F. Breast cancer expressing the activated her2/neu is sensitive
to gefitinib in vitro and in vivo and acquires resistance through a novel point mutation in the her2/neu.
Cancer Res. 2007 Jul 15;67(14):6825-6843.
- 194 -

Qin X, Wang X, Wang Y, Tang Z, Cui Q, Xi J, Li YS, Chien S, Wang N. MicroRNA-19a mediates the
suppressive effect of laminar flow on cyclin D1 expression in human umbilical vein endothelial cells.
Proc Natl Acad Sci U S A. 2010 Feb 16;107(7):3240-3244.

Riley DJ, Lee EY, Lee WH. The retinoblastoma protein: more than a tumor suppressor. Annu Rev Cell Biol.
1994;10:1-29.

Rose CR, Blum R, Pichler B, Lepier A, Kafitz KW, Konnerth A. Truncated TrkB-T1 mediates
neurotrophin-evoked calcium signalling in glia cells. Nature. 2003 Nov 6;426(6962):74-78.

Ruberte E. Nuclear retinoic acid receptors and regulation of gene expression. Arch Toxicol Suppl.
1994;16:105-111.

Ruiz-Leon Y, Pascual A. Induction of tyrosine kinase receptor b by retinoic acid allows brain-derived
neurotrophic factor-induced amyloid precursor protein gene expression in human SH-SY5Y
neuroblastoma cells. Neuroscience. 2003;120(4):1019-1026.

Russell DW, Halford RW, Ramirez DM, Shah R, Kotti T. Cholesterol 24-hydroxylase: an enzyme of
cholesterol turnover in the brain. Annu Rev Biochem. 2009;78:1017-1040.

Sakane C, Okitsu T, Wada A, Sagami H, Shidoji Y. Inhibition of lysine-specific demethylase 1 by the acyclic
diterpenoid geranylgeranoic acid and its derivatives. Biochem Biophys Res Commun. 2014 Jan
31;444(1):24-29.

Sakane C, Shidoji Y. Reversible upregulation of tropomyosin-related kinase receptor B by geranylgeranoic
- 195 -

acid in human neuroblastoma SH-SY5Y cells. J Neurooncol. 2011 Sep;104(3):705-713.

Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N, Lee J, Duman R, Arancio O,
Belzung C, Hen R. Requirement of hippocampal neurogenesis for the behavioral effects of
antidepressants. Science. 2003 Aug 8;301(5634):805-809.

Santra MK, Wajapeyee N, Green MR. F-box protein FBXO31 mediates cyclin D1 degradation to induce G1
arrest after DNA damage. Nature. 2009 Jun 4;459(7247):722-725.

Schmidt DM, McCafferty DG. trans-2-Phenylcyclopropylamine is a mechanism-based inactivator of the
histone demethylase LSD1. Biochemistry. 2007 Apr 10;46(14):4408-4016.

Schuchardt A, D'Agati V, Larsson-Blomberg L, Costantini F, Pachnis V. Defects in the kidney and enteric
nervous system of mice lacking the tyrosine kinase receptor Ret. Nature. 1994 Jan
27;367(6461):380-383.

Schulte JH, Lim S, Schramm A, Friedrichs N, Koster J, Versteeg R, Ora I, Pajtler K, Klein-Hitpass L,
Kuhfittig-Kulle S, Metzger E, Schüle R, Eggert A, Buettner R, Kirfel J. Lysine-specific demethylase 1
is strongly expressed in poorly differentiated neuroblastoma: implications for therapy. Cancer Res. 2009
Mar 1;69(5):2065-2071.

Scita G, Darwiche N, Greenwald E, Rosenberg M, Politi K, De Luca LM. Retinoic acid down-regulation of
fibronectin and retinoic acid receptor alpha proteins in NIH-3T3 cells. Blocks of this response by ras
transformation. J Biol Chem. 1996 Mar 15;271(11):6502-6508.

Shahbazian M, Young J, Yuva-Paylor L, Spencer C, Antalffy B, Noebels J, Armstrong D, Paylor R, Zoghbi H.
- 196 -

Mice with truncated MeCP2 recapitulate many Rett syndrome features and display hyperacetylation of
histone H3. Neuron. 2002 Jul 18;35(2):243-254.

Shahhoseini M, Taghizadeh Z, Hatami M, Baharvand H. Retinoic acid dependent histone 3 demethylation of
the clustered HOX genes during neural differentiation of human embryonic stem cells. Biochem Cell
Biol. 2013 Apr;91(2):116-122.

Sharma S, Kelly TK, Jones PA. Sharma S, Kelly TK, Jones PA. Carcinogenesis. 2010 Jan;31(1):27-36.

Shi L, Sun L, Li Q, Liang J, Yu W, Yi X, Yang X, Li Y, Han X, Zhang Y, Xuan C, Yao Z, Shang Y. Histone
demethylase JMJD2B coordinates H3K4/H3K9 methylation and promotes hormonally responsive breast
carcinogenesis. Proc Natl Acad Sci U S A. 2011 May 3;108(18):7541-7546.

Shi Y, Lan F, Matson C, Mulligan P, Whetstine JR, Cole PA, Casero RA, Shi Y. Histone demethylation
mediated by the nuclear amine oxidase homolog LSD1. Cell. 2004 Dec 29;119(7):941-953.

Shidoji Y, Ogawa H. Natural occurrence of cancer-preventive geranylgeranoic acid in medicinal herbs. J
Lipid Res. 2004 Jun;45(6):1092-1103.

Shidoji Y, Okamoto K, Muto Y, Komura S, Ohishi N, Yagi K. Prevention of geranylgeranoic acid-induced
apoptosis by phospholipid hydroperoxide glutathione peroxidase gene. J Cell Biochem. 2006 Jan
1;97(1):178-187.

Shimizu M, Sakai H, Shirakami Y, Iwasa J, Yasuda Y, Kubota M, Takai K, Tsurumi H, Tanaka T, Moriwaki H.
Acyclic retinoid inhibits diethylnitrosamine-induced liver tumorigenesis in obese and diabetic
C57BLKS/J- +(db)/+Lepr(db) mice. Cancer Prev Res (Phila). 2011 Jan;4(1):128-136.
- 197 -

Shimizu M, Suzui M, Deguchi A, Lim JT, Weinstein IB. Effects of acyclic retinoid on growth, cell cycle
control, epidermal growth factor receptor signaling, and gene expression in human squamous cell
carcinoma cells. Clin Cancer Res. 2004a Feb 1;10(3):1130-1140.

Shimizu M, Suzui M, Deguchi A, Lim JT, Xiao D, Hayes JH, Papadopoulos KP, Weinstein IB. Synergistic
effects of acyclic retinoid and osi-461 on growth inhibition and gene expression in human hepatoma
cells. Clin Cancer Res. 2004b Oct 1;10(19):6710-6721.

Shimonishi S, Muraguchi T, Mitake M, Sakane C, Okamoto K, Shidoji Y. Rapid downregulation of cyclin
D1 induced by geranylgeranoic acid in human hepatoma cells. Nutr Cancer. 2012 Apr;64(3):473-480.

Shin S, Janknecht R. Activation of androgen receptor by histone demethylases JMJD2A and JMJD2D.
Biochem Biophys Res Commun. 2007 Aug 3;359(3):742-746.

Singleton MK, Gonzales ML, Leung KN, Yasui DH, Schroeder DI, Dunaway K, LaSalle JM. MeCP2 is
required for global heterochromatic and nucleolar changes during activity-dependent neuronal
maturation. Neurobiol Dis. 2011 Jul;43(1):190-200.

Song P, Sekhon HS, Jia Y, Keller JA, Blusztajn JK, Mark GP, Spindel ER. Acetylcholine is synthesized by
and acts as an autocrine growth factor for small cell lung carcinoma. Cancer Res. 2003 Jan
1;63(1):214-221.

Spurgeon S. L., Porter J. W. Introduction. in Biosynthesis of isoprenoid compounds, eds Porter J. W.,
Spurgeon S. L. John Wiley & Sons, Inc. New York, N.Y. 1981;1:1-46.

- 198 -

Suhara Y, Wada A, Tachibana Y, Watanabe M, Nakamura K, Nakagawa K, Okano T. Structure-activity
relationships in the conversion of vitamin K analogues into menaquinone-4. Substrates essential to the
synthesis of menaquinone-4 in cultured human cell lines. Bioorg Med Chem. 2010 May
1;18(9):3116-3124.

Sun G, Alzayady K, Stewart R, Ye P, Yang S, Li W, Shi Y. Histone demethylase LSD1 regulates neural
stem cell proliferation. Mol Cell Biol. 2010 Apr;30(8):1997-2005.

Sun F, Fu H, Liu Q, Tie Y, Zhu J, Xing R, Sun Z, Zheng X. Downregulation of CCND1 and CDK6 by
mir-34a induces cell cycle arrest. FEBS Lett. 2008 Apr 30;582(10):1564-1568.

Surmacz L, Swiezewska E. Polyisoprenoids-Secondary metabolites or physiologically important superlipids?
Biochem Biophys Res Commun. 2011 Apr 22;407(4):627-632.

Suzui M, Sunagawa N, Chiba I, Moriwaki H, Yoshimi N. Acyclic retinoid, a novel synthetic retinoid, induces
growth inhibition, apoptosis, and changes in mRNA expression of cell cycle- and differentiation-related
molecules in human colon carcinoma cells. Int J Oncol. 2006 May;28(5):1193-1199.

Suzuki MM, Bird A. DNA methylation landscapes: provocative insights from epigenomics. Nat Rev Genet.
2008 Jun;9(6):465-476.

Tahiliani M, Mei P, Fang R, Leonor T, Rutenberg M, Shimizu F, Li J, Rao A, Shi Y. The histone H3K4
demethylase SMCX links REST target genes to X-linked mental retardation. Nature. 2007 May
31;447(7144):601-605.

Takahashi-Yanaga F, Sasaguri T. Gsk-3beta regulates cyclin D1 expression: A new target for chemotherapy.
- 199 -

Cell Signal. 2008 Apr;20(4):581-589.

Taliaz D, Stall N, Dar DE, Zangen A. Knockdown of brain-derived neurotrophic factor in specific brain sites
precipitates behaviors associated with depression and reduces neurogenesis. Mol Psychiatry. 2010
Jan;15(1):80-92.

Tanaka Y, Okamoto K, Teye K, Umata T, Yamagiwa N, Suto Y, Zhang Y, Tsuneoka M. JmjC enzyme
KDM2A is a regulator of rRNA transcription in response to starvation. EMBO J. 2010 May
5;29(9):1510-1522.

Tao J, Hu K, Chang Q, Wu H, Sherman NE, Martinowich K, Klose RJ, Schanen C, Jaenisch R, Wang W, Sun
YE. Phosphorylation of MeCP2 at Serine 80 regulates its chromatin association and neurological
function. Proc Natl Acad Sci U S A. 2009 Mar 24;106(12):4882-4887.

Thalhammer A, Mecinović J, Loenarz C, Tumber A, Rose NR, Heightman TD, Schofield CJ. Inhibition of
the histone demethylase JMJD2E by 3-substituted pyridine 2,4-dicarboxylates. Org Biomol Chem. 2011
Jan 7;9(1):127-135.

Timmerman SL, Pfingsten JS, Kieft JS, Krushel LA. The 5' leader of the mRNA encoding the mouse
neurotrophin receptor TrkB contains two internal ribosomal entry sites that are differentially regulated.
PLoS One. 2007 Sep 19;3(9):e3242. (doi: 10.1371/journal.pone.0003242)

Tsukada Y, Fang J, Erdjument-Bromage H, Warren ME, Borchers CH, Tempst P, Zhang Y. Histone
demethylation by a family of JmjC domain-containing proteins. Nature. 2006 Feb
16;439(7078):811-816.

- 200 -

Varier RA, Timmers HT. Histone lysine methylation and demethylation pathways in cancer. Biochim Biophys
Acta. 2011 Jan;1815(1):75-89.

Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I, Shoukry M, Wright C, Chen F,
Afzal V, Ren B, Rubin EM, Pennacchio LA. ChIP-seq accurately predicts tissue-specific activity of
enhancers. Nature. 2009 Feb 12;457(7231):854-858.

Wang J, Scully K, Zhu X, Cai L, Zhang J, Prefontaine GG, Krones A, Ohgi KA, Zhu P, Garcia-Bassets I,
Liu F, Taylor H, Lozach J, Jayes FL, Korach KS, Glass CK, Fu XD, Rosenfeld MG. Opposing LSD1
complexes function in developmental gene activation and repression programmes. Nature. 2007 Apr
19;446(7138):882-887.

Wang WP, Tzeng TY, Wang JY, Lee DC, Lin YH, Wu PC, Chen YP, Chiu IM, Chi YH. The EP300, KDM5A,
KDM6A and KDM6B chromatin regulators cooperate with KLF4 in the transcriptional activation of
POU5F1. PLoS One. 2012;7(12):e52556. (doi: 10.1371/journal.pone.0052556)

Waterland RA, Jirtle RL. Early nutrition, epigenetic changes at transposons and imprinted genes, and
enhanced susceptibility to adult chronic diseases. Nutrition. 2004 Jan;20(1):63-68.

Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, Lam WL, Schübeler D. Chromosome-wide and
promoter-specific analyses identify sites of differential DNA methylation in normal and transformed
human cells. Nat Genet. 2005 Aug;37(8):853-862.

Weber M, Hellmann I, Stadler MB, Ramos L, Pääbo S, Rebhan M, Schübeler D. Distribution, silencing
potential and evolutionary impact of promoter DNA methylation in the human genome. Nat Genet.
2007 Apr;39(4):457-466.
- 201 -

Weinstein IB, Begemann M, Zhou P, Han EK, Sgambato A, Doki Y, Arber N, Ciaparrone M, Yamamoto H.
Disorders in cell circuitry associated with multistage carcinogenesis: Exploitable targets for cancer
prevention and therapy. Clin Cancer Res. 1997 Dec;3(12 Pt 2):2696-2702.

Whetstine JR, Nottke A, Lan F, Huarte M, Smolikov S, Chen Z, Spooner E, Li E, Zhang G, Colaiacovo M,
Shi Y. Reversal of histone lysine trimethylation by the JMJD2 family of histone demethylases. Cell.
2006 May 5;125(3):467-481.

Whyte WA, Bilodeau S, Orlando DA, Hoke HA, Frampton GM, Foster CT, Cowley SM, Young RA.
Enhancer decommissioning by LSD1 during embryonic stem cell differentiation. Nature. 2012 Feb
1;482(7384):221-225.

Wolf SS, Patchev VK, Obendorf M. A novel variant of the putative demethylase gene, s-JMJD1C, is a
coactivator of the AR. Arch Biochem Biophys. 2007 Apr 1;460(1):56-66.

Xia W, Li J, Chen L, Huang B, Li S, Yang G, Ding H, Wang F, Liu N, Zhao Q, Fang T, Song T, Wang T,
Shao N. MicroRNA-200b regulates cyclin D1 expression and promotes S-phase entry by targeting
RND3 in HeLa cells. Mol Cell Biochem. 2010 Nov;344(1-2):261-266.

Xiang Y, Zhu Z, Han G, Ye X, Xu B, Peng Z, Ma Y, Yu Y, Lin H, Chen AP, Chen CD. JARID1B is a histone
H3 lysine 4 demethylase up-regulated in prostate cancer. Proc Natl Acad Sci U S A. 2007 Dec
4;104(49):19226-19231.

Xie HR, Hu LS, Li GY. SH-SY5Y human neuroblastoma cell line: in vitro cell model of dopaminergic
neurons in Parkinson’s disease. Chin Med J (Engl). 2010 Apr 20;123(8):1086-1092.
- 202 -

Xu G, Xiao Y, Hu J, Xing L, Zhao O, Wu Y. The combined effect of retinoic acid and LSD1 siRNA
inhibition on cell death in the human neuroblastoma cell line SH-SY5Y. Cell Physiol Biochem.
2013;31(6):854-862.

Yamada Y, Shidoji Y, Fukutomi Y, Ishikawa T, Kaneko T, Nakagama H, Imawari M, Moriwaki H, Muto Y.
Positive and negative regulations of albumin gene expression by retinoids in human hepatoma cell lines.
Mol Carcinog. 1994 Jul;10(3):151-158.

Yamane K, Toumazou C, Tsukada Y, Erdjument-Bromage H, Tempst P, Wong J, Zhang Y. JHDM2A, a
JmjC-containing H3K9 demethylase, facilitates transcription activation by androgen receptor. Cell.
2006 May 5;125(3):483-495.

Yasui DH, Peddada S, Bieda MC, Vallero RO, Hogart A, Nagarajan RP, Thatcher KN, Farnham PJ, Lasalle
JM. Integrated epigenomic analyses of neuronal MeCP2 reveal a role for long-range interaction with
active genes. Proc Natl Acad Sci U S A. 2007 Dec 4;104(49):19416-19421.

Yob EH, Pochi PE. Side effects and long-term toxicity of synthetic retinoids. Arch Dermatol. 1987
Oct;123(10):1375-1378.

Yoshii A, Constantine-Paton M. Postsynaptic BDNF-TrkB signaling in synapse maturation, plasticity, and
disease. Dev Neurobiol. 2010 Apr;70(5):304-322.

Yu Z, Willmarth NE, Zhou J, Katiyar S, Wang M, Liu Y, McCue PA, Quong AA, Lisanti MP, Pestell RG.
MicroRNA17/20 inhibits cellular invasion and tumor metastasis in breast cancer by heterotypic
signaling. Proc Natl Acad Sci U S A. 2010 May 4;107(18):8231-8236.
- 203 -

Zhang YJ, Chen SY, Chen CJ, Santella RM. Polymorphisms in cyclin D1 gene and hepatocellular carcinoma.
Mol Carcinog. 2002 Feb;33(2):125-129.

Zhao ZK, Dong P, Gu J, Chen L, Zhuang M, Lu WJ, Wang DR, Liu YB. Overexpression of LSD1 in
hepatocellular carcinoma: a latent target for the diagnosis and therapy of hepatoma. Tumour Biol. 2013
Feb;34(1):173-180.

Zhao ZK, Yu HF, Wang DR, Dong P, Chen L, Wu WG, Ding WJ, Liu YB. Overexpression of lysine specific
demethylase 1 predicts worse prognosis in primary hepatocellular carcinoma patients. World J
Gastroenterol. 2012 Dec 7;18(45):6651-6656.

Zheng L, Lee WH. The retinoblastoma gene: a prototypic and multifunctional tumor suppressor. Exp Cell
Res. 2001 Mar 10;264(1):2-18.

Zhou Z, Hong EJ, Cohen S, Zhao WN, Ho HY, Schmidt L, Chen WG, Lin Y, Savner E, Griffith EC, Hu
L, Steen JA, Weitz CJ, Greenberg ME. Brain-specific phosphorylation of MeCP2 regulates
activity-dependent Bdnf transcription, dendritic growth, and spine maturation. Neuron. 2006 Oct
19;52(2):255-269.

Zhu J, Garcia-Barcelo MM, Tam PK, Lui VC. HOXB5 cooperates with NKX2-1 in the transcription of
human RET. PLoS One. 2011;6(6):e20815. (doi: 10.1371/journal.pone.0020815)

Zuccato C, Marullo M, Conforti P, MacDonald ME, Tartari M, Cattaneo E. Systematic assessment of BNDF
and its receptor levels in human cortices affected by Huntington’s disease. Brain Pathol. 2008
Apr;18(2):225-238.
- 204 -

