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Summary

Neurological diseases, in particular brain tumors and neurodegenerative disorders, cause
significant soci@conomic burdens on societie€Exploring emenetic mechanisms in
neurological disorders in recent decades has been an emerging tool for describing the

pathogenesis of neurological diseases as well as developing new therapeutics.

Global histone acetylation is an epigenetic entity whose alternapatierns in various
neurological diseases have recently raised special attention concerning its potency for
therapeutic development. | investigated patterns of global histone 3 lysine 9 acetylation
(H3K9Ac) in various brain tumors and neurodegenerativenanmodels, such as APPFP31
YAOS Y2RSt 27F I f1 KSAY SiNKpat th& relévénecedobthiotargette A Y
clinical outcome of the disease artgpotencyas a target for therapeutic developmentalso
tried to find out whether natural prodicts with promising neuroprotective effects in

preclinical studies affect H3K9Ac status of the nuclei in the studied models.

In the present study, it was shown that H3K9Ac levels change variably in different brain
diseases including benign and malignanimbrs as well as neurodegenerative conditions
such asAD. In brain tumors, the global H3K9Ac alterations were correlated to the degree of
malignancy and disease aggressive behavior. Regarding neurodegenerative conditions, an
aberration of H3K9Ac profile WPPPS21 transgenic mice was reported, which was reversed
after MS275 treatment. Likewise, therapeutic effect eflproic acid on experimental
autoimmune encephalomyelitis rats was associated with increased H3K9Ac of brain cells.
According to the resudt of in vitro study, typicahistone deacetylator enzyme (HDAC)
modifiers, either selective or neselective, did not change H3K9Ac patterns despite
revealing antioxidative effects suggesting alternative mechanisms, such as alteration of
acetylation in no-histone proteins or modification of other pathways. Similarly, icariin, a
natural substance with SIRT modifying and neuroprotective activity, could not change the

H3K9Ac profile of APPR31 mice brain although it revealed amimyloid pathology effest

We conclude thatH3K9 acetylation is a relevant target in the stutl@ain digasesand
alternative mechanisms might be involved in neuroprotective action of both polyphenol and

non-polyphenol HDAC modifiers.
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1. Epigenetic-based therapeutics in neurological disorders

Despite thesignificantadvancement in our knowledge of nervous system #@sdelated
diseases neurological disorders, and especially neurodegeneratiigeasesstill cause
enormousburdenon societies Within recent decadesntroduction of new concepts to the
etiopathology ofcomplex neurologicaliseasessuch as malignant brain tumors,f T KSA Y S NI &
diseasegAD) multiple sclerosigMS) etc., has brought newhopesto the treatment of such
maladies. Amongthese new conceptspigenetics was a genuine anaot only to describe

the pathological aspects of neurological disorders which were eqtlicable with the
concepts in hand, but also to introduceveltherapeutics based on the newefinitions[1].

The so-called epigenetibased therapeutichiasbeen tried invarious neurological disorders
either in preclinical studies or in routine clinicahnagementd2]. However, the success of
the new approach strongly depends on full understanding of the epigenetic variations in

pathological stategFigure 1)

2. Epigenetics

Epigeretics traditionally used to be defined as anything which is not contained in DNA and
canstill affect the DNA and gene expressi@). Epigenetic machinery allows the genetically
identical cells in mukcellular organisms to present different phenotypes. This machinery
also provides a nogenetic memory for organisms which records and preserves the
environmental promptsto which the cells are being exposed during their [#. The
primary motive for defining epigenetic systems were the lack of genetic determinants
capable of fully explaining the heritability of complexitsaand inability to find related
genetic defects in some heritable complex disea$ds Nowadays the definition d
epigenetics is a matter of debatg]. The confusing nature of labeling any rgenetic
system as epigenetic has resulted in various definitions for epigenetic syfsgn&ome of

epigenetics definitions are as follows:

T aGKS adtddzRe 2F YA(G20A0Ltte |yRk2MhtMaBA20A Ol
Olyy2i 6S SELIXIAYySR o[ OKIFy3ISa Ay 5b! aSsj

T aGKS &adNHzOUGdzNI £ FTRIFLWGIFIGA2Y 2F OKNRY2az2yYl
LISNLISGdzt GS +Et GFNBR | OGAgAGe adl 1S4¢
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f aF &adlofe KSNRAGIOoES LIKSy2Ge@L)S NBadzZ GAy3
alterations in the DNA S lj dzS§] OS ¢
T a0KS AYKSNR G Lggnetiss) gbave aid heJohdi(gpihahges in the DNA
aSldz§5 0S¢
Afterward, based on more precise definitioff§, epigenetic sigria were divided into two
classes:
1. a ¢ N ya SLIAISYSGAO aradaylrftaédsr GNryavYALldSR
division and maintained after division by chromosenyosol feedback loops.
2.0/ Aa SLAISYSGHAO aAradylf aés ndibBedtad@hrdughe | &4 :
chromosome segregation during cell division.
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Figurel: Epigenetic mechanisms in neurological disorders

In a healthy brain cell (left), transcription of a gene occurs ie firesence of a combination of epiggatic
modificationsassociated withhealthy stated OK N2 Y'I (1 A y ¢ @ 2hyperachtidtian &gl ynethiyltion

of lysine 4 of histone H3inmethylated CpG islanjisTargeted or generalized disruption of epigenetic healthy
setting reverses the circumsiaes in the cell towardpathology associated OKNER Y I (A Yy (righg. y F2 NX I
The new epigenetic combination might ldecombination of several patholoegssociated modifications (e.g.
dense hypermethylation of the CpG island promoter, methylation of ¢ySinand 27 of histone H3This
pathologic mechanism coulthvolve different brain cell types, such as neurons, astrocytes or microglias.
Epigenetiebased therapeutics such as Didémethylators, HDAC inhibitors or HAT activators can partially
reverse the dstorted epigenetic processes and restore the dysregulated gene expres&nacetyhtion,
DNMT= DNA methyltransferase. HAT=histone acetyltransferase. HDAC=histone deacetylase: lridMhe
demethylase, HMT = histone methyltransferaseMBD = methytCpG binding domain protein. MeK4 =
methylation of lysine 4Met-K9=methylation of lysine 9Met-K27=methylation of lysine 27.
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An epigenetic system comprises:

1. ¢Epigenators includng environmental promptsand subsequent signaling pathways
which happenupstream of the first event on the chraatin and lead to the initiator
of epigenetic evenf8].

2. CGEpigenetic initiatorsincluding DNAvinding proteins, norcoding RNAs, or any other
entities that define the chromatin locationon which the epigenetic state is going to
be established8, 9].

3. C¢Epigenetic maintainegsincluding enzymes that maintairentities such as DNA
methylation andhistone modifications, histone variants, nucleosanpositioning,

and others that sustain the epigenetic staiechromatin [8, 9].

In fact, hese three components of epigenetienachinery could be involved in brain
pathological stags. The role of environmental factors dlifferent maladieshas been known
for long. In many neurological disters and tumorsthe expression pattern of epigenetic
initiators, such as an-coding RNAshas been changefl]. Epigenetic maintainers such as
DNA methylator enzymes, histone modifier enzymes,, eite also attractive targes for

development of epigenetibased therapeuticf?].

2.1. Histone modification and histone code

Epigenetic maintainers play essential roles in gene regulation and chrobeded
processes. Among epigenetic maintainenszymes that determie histone modifications are
important determinants of epigenetic state. Histonesmdergo several postranslational
modifications, such as acetylation and methylation of lysines and arginines as well as
phosphorylation, ubiquitylation, glycosylation, sunhjon, ADP ribosylation and
carbonylation[10]. The type and position of modification over histone residue determines

the active or inactive state of chromatas euchromatin or heterochromati. KS WKA a2y
O2RSQ KeéeLROKSaAa adrdasSa GKFEG | O2Y0AYylLGA2Y
allows the geneexpression status tanterchangeablyswitch between on and offin a
cooperative manner, so that a @n modification of a ecific histoneresidue is a
prerequisite for a modificatiorof other residueson the same histone oadjacenthistones

[11]. For examplephosphorylation of H3S10 along with acetylation of H3K14 preud8i9

methylation [12]. Histone modifications are establisti by several enzymes, including
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histoneacetylases (HATSs), histone deacetylases (HDACSs), histone methyltransferases (HMTS)

and possiblyhistone demethylasefl3].

2.2. Histone acetylation

The acetylation and deacetylatiorf histones represent regulatorgpigenetc pathways for

gene expressiofl4-17]. There are three to five lysine residues per histone tail amebé

lysine residus could be acetylated at the aminterminal regions of histones H2A, H2B, H3

and H4 The level of histone acetylation is maintained by two subclasses of eszi#Ag&s

which transfer an @S (i & f  3-Al@indrigioui 8f the Merminal of histone talesand
HDACswith reverse action18]. Addingacetyl groups to the histone tails is mediated by
HATs, comprising three sepfamilies: GNAT (GcaBlated Nacetyltransferase), MYST (MOZ,
Ybf2/Sas3, Sas2 and TIP60) and p300/ABP The reverse reaction is mediated by three
classeof HDACs includingass | HDACs (HDAC1, HDAC2, HDAC3 and HDACS) localized to the
nucleus, class Il HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10) moving
between the nucleus and the cytoplasm and the third class of HDACs, human sirtuin enzymes

(SIRT47) with various cellular localizatisfi2Q].

Histone acetylation can be studied at two lev¢ll]; local to a specific genein which
individual residues within a given historage studiedthrough targeted recruitment by
sequencespecific transcription factoréalso called candidate gene approa¢B2, 23]; and
globally all over the DNA at the individual cell leirelwhich the histones arestudied
throughout the whole genomef a specific geng24]. H3K9 is an epigenetic marker whose
acetylation is known to be associated with active chromatin state. H3K9 acetylation at
promoter regios is a hallmark of active geranscripton [21, 25-27]. Even thelevels of
H3K9 acetylation ar@ositively corelated with transcription rate§26-29]. Based on the
current theories,aberrant changes in acetylation of H3K9 in promoter region of genes
disruptthe normal gene expression pattern and chromatin attiire, and thereforecould
leadup to the pathologial states[30-32]. This theoryappliesnot only to histone acetylation

of genespecific promoter regiondut also to global histone acglation levels of the whole
DNAJ10, 33]. Thisis alsoin accordance with thevidence that changes in global levels of
histone modifications correlate with their levels at individual promotansl repetitive DNA
elements to0[33, 34].
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2.3. Histone acetylation in neuroinflammation

Inflammatory cells and specifically microglail cells play a critid@in immune responses in
central nervous systerfCNS)During pathological processdbe resident CNS immuneells
becomeactivated in orderto preservethe balancethrough various mechanisni85]. The
chronic activation ofmicrogliais thought to induce neronal damage throughactivating
signaling pathways and releasiegtotoxic molecules such as pmflammatory cytokines,
reactive oxygen species, proteinases and complement fa¢8ais Neuroinflammation plays
an important role in the pathogenesis of various neurological disordaish as stroke,
Parkinson's diseaséPD) AD, prion diseasesMS and HIWdementia [36-38]. Epigenetic
alterations in association with inflammatory responsésve been frequently reportedn
neuropathological conditions decreased hippocampal CA8lobal H3 acetylation in
association with immuneesponse lasting hours to days after injuryyas reported in
experimental gdiatric traumatic brain injury39]. Treatment of astrocytes witimterleukin
(ID-17, animportant mediator of neurenflammation resulted inrecruitment of histone
acetyltransferasesCREBIinding protein and p300to the Il-:6 promoter and enhanced
acetylation of histone$i3 and H4 on the 1& promoter[40]. In another study, increased H3
acetylationat promoter region of the macrophage inflammatory protein 2 chemokine
receptor type 2(CXCR23licited neuropathic p@ in injured peripheral nerveptl]. Altered
histone acetylation mainly functions through changes in expression of inflammatory
mediatorssuch as H1, 5, 8, 12, and aninflammatory genes suchs IE10 [42, 43]. COX2
expression is augmented via histone acetylation of the promoter regidnsasuppresed via
deacetylation of promoter regn by Sirtl, an HDAC[44, 45]. Calorie restriction, a new
approach to redae neureinflammation, hasbeenshown b function via reduction of SIRT
expression that subsequently regulates p300 HAT activity raddces theexpression of
inflammatory genes sucas NFF . = ! t-2mand iNO$46-48].

2.4. Histone acetylation in neurodegeneration

Alterations of @igenetic modificatios have recently beenshownto play animportant role

in agingand neurodegeneratiorj49, 50]. Various neurodegenerative disorders have been
reported in associabn with histone acetylation alterations (Tablel) [50, 51]. Recent
evidence has shown that loss of histone acetylation is involved in the pathology of brain
aging and AG2).
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Tablel: Patterns of histone acetylation in various neurodegenerative disorders

Neurodegenerative Histone acetylation ~ Mechanism Affected genes and
disorder pattern pathways
Adrenoleukodystrophy  Hypoacetylation Unknown Peroxismne

Amyotrophic lateral

Hypoacetylation

FUS inhibition of HAT

proliferation

CBPregulated genes

sclerosis activity from CBP
Epilepsy Hypoacetylation Histone acetylation CREBegulated and
Hyperacetylation changes induced by BDNFregulated
seizures genes
CNX SRNB A OK Qi Hypoacetylation Reduction of FXN Mitochondrial

expression and general function and

gene expression oxidative damage
impairment

| dzy G Ay 3G 2 y Qi Hypoacetylation Interactions of mutated CBPregulated genes

HTT and CBP

Unknown

Multiple sclersis Unknown

t I NlAY&2Y Q3

Hypoacetylation

Hypoacetylation Inhibition of histone ¢ b @dégulated

acetylation genes
RubinsteinTaybi Hypoacetylation Loss of CBP/p300 HAT CREBegulated
syndrome activity genes
Spinal muscular atrophy Hypoaceylation Unknown Unknown

AICD = amyloid precursor proteintéminal peptide, BDNF = braderived neurotrophic factor. CBP = CREB
binding protein, CREB = cAMP response element binding protein, FXN = frataxin, FUS = fusion, H2AX = DNA
strand break marketHAT = histone acetyl transferase, HTT = huntingtin. Tip60 = a histone acetyltransferase,
TNF = tumor necrosis factfs0, 51].

Studies have shown that neurodegeneration is accompanied with a global decrease in HAT
activity, resulting in global histone deacetylatif#8, 54]. In a recent study, it was reported

that altered global histone acetylation of several lysine residues are associated with age
dependent memory impairment in midé5]. In a study of APPPS1 mice model of AD, levels

of hippocampal H4 acetylation in GE&ALl hippocampal regions were influencggb]. In

another study of APPP&I mice, severe amyloid pathology of brain was associated with

marked shift of histone acetylation in the forebrdii/]. Another example of involvement of
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altered histone acetylation in pathology of neurodegeneration is amyotrophic lateral
sclerosis (ALS), in which the protein FUS aggregates in cytoplasmic deposits of misfolded
proteins. FUS binds to CB®ongly inhibit its HAT activity and negatively regulate specific
CREB target genes that induces histone hypoacetyldbdh Global decrease in histone
FOStetlrdAz2y KIFLa Itaz2 oSSy y2A0SR Ay t5 | yR
[51, 58]. Neprilysin (also known as discoidin domain receptor tyrosine kinase 1; DDR1), the

Y | 2 2-Ndgrhding enzyme, is decreased in the hippocampus andemgoral gyrus of AD
patients[59, 60]. The enzyme is shown to be regulated by histone acetylation in NB7 and SH
SY5Y cell61].

2.5. Histone modification patterns as brain tumor prognostics

Aberrations of global histone modifications have frequently been reported in various brain
tumors. The most mminent alteration in histone modification in cancer cells is thought to
be global H4K16 hypoacetylati¢d4]. H4K16 hypoacetylation has reported to be associated
with worse prognosis in meduloblastonj@2]. Alterations of H4K16 acetylation have been
noticed in other norbrain tumors as well18]. However, altered histone modification is not
limited to this motif and other motifs can be involved as wglB]. Several histone
modificaions have shown to be altered in glioblastonjas, 63-65]. Increased histone H3K9
methylation, loss of H3K9 etylation, reduced H3K27 methylation, and increased H3K4
methylation are some of altered histone modifications that have been reported in
glioblastomag66]. These alterations havalsobeen accompanied with distorted activity and
expression of histonenodifying erzymes in glioblastomg$4]. RubensteirTaybi spdrome

is a developmentaldisorder associated with higher risk of cangeabolished histone
acetyltransferase activity and altered histone acetylatienel has been reportedn this
syndrome[67-69]. In our study of global histone acetylation patterns in pituitary adenomas
enhanced global H3K9 acetylatiovas noticed in pituitary adenonas compared to normal
pituitary [70]. Depleted H3K&limethylation was detectedin 41% of medulloblastoas
according to the results o& tissue microarray studf71]. Moreover, matterns of global
histonemodificationsare correlated with the outcomeof varioustumor types[63, 72, 73]. In

a cohort study of glioblastoma patienis was noticed that lower levels of H3Ka8etylation
was a&sociated with greater survivid3]. Alteration ofH3 phosphorylation hashown to be a

mitosisspecifc marker for meningioma grading4, 75]. In ependymomas, expression of
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Metallothionein 3 the most frequently dowrregulated gene in recurrent ependymomais,

shown to be regulated by thlevels of histone acetylatidiz6].

3. Epigeneticbased therapeutics

Epigenetic maintainers and specifically epigenetic modifying enzymes are interesting targets

for development of epigenetibased therapeutics (Tab® [13].

Table2: List of some histone modulating compounds

Main class

HAT activators

Histone-acetylase

inhibitors

DNAmethylation

inhibitors

Histone
deacetylase

inhibitors

Qbclass

Small molecule

activators

Natural products

Endogenous HAT
inhibitors
AcetytCoA derived bi

substrate inhibitors

Synthetic compounds

Nucleosde analogues

Non-nucleoside

analogues

Shortchain fatty a@s

Hydroxamic acids

Cyclic tetrapeptides

Benzamides

SQubstance

CTPBNemorosonePentadecylidenemalonate
(LoCAM)

Anacardic acidCurcumin GarcinoJ Plumbagin
EGC@EGambogic acid

Heparin Spermidine

LysCoA H3-CoA20, H4K16CoA BocC5CoA
Spd(N1)CoA
IsogarcinglCTK7AQuinoline derivativesa-

methyleneg-butyrolactone

5-Azacytiding5-AzaH -deoxycytidine

5-FluoroH -deoxycytiding5,6-Dihydro5-
azacytidineZebularine
HydralazineProcainamideEGCGEPsammaplin A
MG98 RG108

Butyrate Valproic acid
m-Carboxy cinnamiacidbishydroxami@cid
(CBHA)Oxamflatin PDX 10;1Pyroxamide

Scriptaid Suberoylanilidénydroxamic acigSAHA)
Trichostatin A (TSA)BH589NVRLAQ824

Apicidin Depsipeptidg Fk228, FR901228TPXHA
analogueg(CHAR)Trapoxin

CH994 (Nacetyldinaline) MS-275
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The therapeutic properties of some epigenetic modifying drugs were even known before
their epigenetic modifying activities were identifigd7]. For instance, valproic acid was
known and approved for a long time as the standard treatment of manic episodes associated
with bipolar disorder, adjunctive #rapy in multiple seizure types (including epilepsy), and
prophylaxis of migraine headaches. It was first in 2001 when HDAC inhibitory activity of
valproic acid was detected8]. Since identification of the first HDAC inhibitory compound in
1996, efforts have been focused on the development and discovery of new potent histone
modulatory compounds to be used as therapeutics for various disef&ds Natural
products are one of the most important and attractive resources for drug development.
Natural products with pharmaceutical properties has long been used as mdalsemical

therapeutic developmeni8Q].

4. Natural polyphenols Emerging cancer and neurotherapeutics

Natural polyphenols are the most commonly found chemical compounds in consumed herbal
beverages and foods worldwid®&1, 82]. They constitute a large group of phytochemicals
with more than 8000 identified compounds (Table Jhe primary function of these
compounds ido protect the plants againisreactive oxygen species (ROS), produced during
photosynthesis, and consumption by herbivo{&2]. Within the last decades, most of the
studies on polyphenols have been focused on -ariilant properties of these chemical
compounds as their most prominent effef83]. Along with introducing resveratrol, as a
potential cancer therapeutic as well as aaging agent, much focus has been placed on
protective effects of various polyphenols againsinggand cancef84, 85]. Polyphenols have
been shown to increase the life span and improved brain fundi8@88]. Various dietary
polyphenols interfere with tumor growth and developmef89]. Polyphenols can act

throughdifferent pathways and target various molecules within the pathways.

4.1. Polyphenols as epigenetic modulators

Epigenetic modifications, induced by natural polyphenols, have been evidenced by various
studies (Tabl&) [90]. The presene of numerous evidences on epigenetic modulating effects
2T RASGINE LRfeLKSy2ta KlFha S@Sy 3IADS[9]. GKS

0 A
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Table3: A simplified classification of natural polyphenols

Polyphenols

Falvonoids

Anthocyanins

e.g.Aurantinidin, Cyanidin, Delphinidin,
Europinidin, Luteolinidin, Pelargonidin,
Malvidin, Peonidin, Petunidin, Rosinidin
etc.

Flavonols

e.g.3-hydroxyflavone, Azaleatin, Fisetin
Galangin, Gossypetin, Kaempferide,
Kaempferol, Isorhamnetin, Morin,
Myricetin, Natsudaidain, Pachypodol,
Quercetin, Rhamnazin, Rhamnetin, etc

Flavones

e.g.Apigenin , Luteolin, Tangeritin,
Chrysin, énydroxyflavom, Baicalein,
Scutellarein, Wogonin, Diosmin,
Flavoxate, etc.

Flavanones

e.g.Butin, Eriodictyol, Hesperetin,
Hesperidin, Homoeriodictyol,
Isosakuranetin, Naringenin, Naringin,
Pinocembrin, Poncirin, Sakuranetin,
Sakuranin, Sterubin, etc.

Isoflavonods

Isoflavones

e.g.Genistein, Daidzein, lonchocarpane
Laxiflorane, etc.

Isoflavanes

e.g. Equol, etc.

Flavanols

Monomers

e.g.Catechin, Epicatechin (EC),
Epigallocatechin (EGC), Epicatechin
gallate (ECG), Epigallocatechin gallate
(EGCG), Epiafzelen, Fisetinidol,
Guibourtinidol, Mesquitol, Robinetinido
etc.

Oligomers
and
polymers

e.g.Theaflavins, Thearubigins,
Condensed TanninBroanthocyanidins
etc.

Non-
flavonoids

Phenolic
acids

Derivatives
of cinnamic
acid

e.g.P-Coumaric, Caffei€;Horogenic acid
, Ferulic, Sinapic, etc.

Derivatives
of benzoic
acid

e.g.Gallic acidGentisic acid,
Orotocatechuic, Syringic, Vanillic, etc.

Lignans

e.g. Pinoresinol, Podophyllotoxin,
Steganacinetc.

Stilbenes

e.g. Resveratrol analogs, etc.

These bioactive components are able to alter the DNA methylation and histone
modifications, leading to gene activation or silencing in diseases. We previously mentioned
how alterations of epigenetic modifications are involved in the pathology of brain tsinho

tumor cells, polyphenols have shown to mediate epigenetic modifications associated with
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the induction of tumor suppressor genes, such as p21WAFXZ/CIP1, and inhibition of tumor

promoting genes, such as the human telomerase reverse transcriptasegdurirorigenesis

[89]. Polyphenols can also interfere with growth and apoptosis through changing the

epigenetic modification of important mediators within

related signaling pathways.

Epigallocatechin glate (EGCG)nhibits EBWnduced B lymphocyte transformation via

suppression of RelA acetylation, an important mediator pfosphoinositide %Kinase

(PI3K)/AKT/mTOR pathwf82).

Table4: Epigenetic effects of natural polyphenols

Polyphenol
compound
Apigentin
Betanaphtoflavone
Biochain

Catechin
Curcumin

DCHC
Daidzein

EGCG

Fisetin
Formononetin
Genistein

Green tea polyphenols
Icariin

Kaemferol

Luteolin

Myricetin

Naringenin

Phloridzin

Piceatannol
Persimmon oligomeric
proanthocyanidins
Procyanidins
Quercetin

Resveratrol

Silibinin

3,2,34,-
Tetrahydroxychalcone
Theophilline

Epigenetic target

DNMT

HDAC1

H3, ERK

SIRT1

SIRT1

DNMT, HDAC, HAT
SIRT1

SIRT1

SIRT1

ERK, H3

DNMT, HDAC, SIRT1
SIRT1

SIRT1

SIRT1, HDAC, DNMT
HAT

HDAC1

SIRT1, PGCalpha
SIRT3

HDAC

SIRT1(under stabilizing conditions)
SIRT1 (without stabilizing conditions

AMPK
SIRT1
SIRT

SIRT1

SIR2

SIRT1, PCGalpha, H3
SIRT1IHDAC1

SIRT, DNAMT

Bcl2, SIRT1

SIRT1

HDAC2

Effect

Inhibition
Activation
Inhibition
Activation
Activation
Inhibition
Activation
Activation
Activation
Inhibition
Inhibition
Activation
Activation
Inhibition
Activation
Inhibition
Activation
Activation
Inhibition
Activation
Inhibition
Activation
Activation
Activation
Activation

Activaton
Activation
Inhibition
Activation
Activation
Inhibition

Activation

Reference

[93]

[94]

[99]

[99]

[96]
[97-103]
[96]

[99]

[99]

[99]

[97, 98]
[104

[99]
[105-109
[110
[11]]
[112]
[113
[114
[115 116]
[14]

[117]
[118
[116]
[119 120]

[121]

[116, 122-124]
[14]

[125-128
[129

[130, 131]

[130
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Some polyphenols interfere with tumor necrosis faetelated apoptotic pathways and
markedly augment ppgrammed death in cancer cell$32]. Green tea polyphenolEEGCE

and soy bean isoflavones (genistein) are also able to affect different pathways of
angiogenesis such amscular endothelial growth factdqVEGF signal pathway oreceptor

tyrosine kinases (RTH4B3].

So far epigenetianodifyingeffects of polyphenols hae been more punctuated for their anti
cancer properties and less acceated for its neuroprotective propertiesWe discussed the
potentials of natural polyphenols as neurotherapeutics in our re\peblishedin 2012[134).
Studies on neuroprotective effects of polyphenols can beddiiinto the following
categories: (1) neuroprotective action through antioxidant pathways, (2) interaction with
signaling pathways, (3) neuroprotection through modulation of neural mediatord an
enzymes like acetylcholine (ACand acetylcholinesterase @AE), (4) inhibition of NMDA

neurotoxicity and5) antramyloidogenic effectfl34].

4.2. Polyphenols as antioxidants

The most prominently discussed effect of polyphenols is their-aitant activity. It is
establishel that oxidativehitrosativestress (OS/NS)as a pivotal role in pathophysiology of
neurodegenerative diseases and many other types of human mald8i&s13513§|.
Oxidative damage to neuronal molecules, accumulation of iron ion species in the brain, and
decreased cellular reserve amxidant pool are major pathological aspects of
neurodegenerative disordersike PD, ADor ALS[139144). It has been shown, that severe
hypoxia or ischemia episodes increase the susceptibilitletelopAD[145]. In fact, hypoxia
induces amyloid precursor protein (APP) wpgulation at both the mRNA and protein leyel
YR adzoaSlidzsSyate SIFRa G2[146M& NScarRamagsoipt 6 ! |
molecules through reactive specjesich as peroxynitriteand alsoplays acrucial role irPD

by triggering mitochondrial dysfunctida49-152).

Polyphenols exert their antixidant effects through different mechanisms like interagti
with the HIF1 alpha pathway, inducing expression of protective genes against OS, negulati
reactive oxygen species (RQ@&pugh interactionwith oxidative pathways and scavenging
metal ions as pathogenic free radicdlb3. Table5 summarizesrecent studies on anti

oxidant effects of polyphenols in neurodegenerative processes.
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Table5: Anti-oxidative effects of polyphenolsn neurotoxicity andneurodegeneration

Substance

Aloe-emodin

Curcumin

EGCG

Cell line/ animal model

N-methylD-aspartate
(NMDAj)induced toxicity in
retinal ganglion cells (RGCs)

N27 dopaminergic neurons

Homocysteinanduced
neurotoxicity inrats

N27 dopaminergic neuronal
cell line

3-nitropropionic acid (NP)-
induced neurotoxicit in rats

Glucose oxidasanduced
neurotoxicity inH 197 (a rat
neuronal cell line)

Glutamateinduced toxicity in
HT22 mouse hippocampus
neuronal cells

Kainic acidnduced
neurotoxicity in rats

=

Effect Ref.
Elevates levels of RNA and prote
expression of superoxide
dismutase (SOD) [154

Attenuates NMDAnduced
apoptosis of RGCs

Protects against mitochondrial
complex I inhibition (leading to [149
mitochondrial dysfunction) and N

Reduces Malondialdehyde (MDA
and Superoxide anion levels

Reduces lipid peroxidation

[159

Improves learning and memory ir
rats

Increaseglutathione (GSH) levels [156]

Improves the NPRinduced motor
and cognitive impairment

Attenuates 3NRinduced OS
(including lipid peroxidation,
reduced GSH and nitrite activity)

[157]

Restores the decreased succinat
dehydrogenaseactivity

Enhances cellular resistance to
glucose oxidasenediated
oxidative damage

Elevatesheme oxygenasd® (HO 158

1) mRNA and protein expression

Activates transcription factor Nrf2

Reduces glutamatenduced
oxidative cytotoxicity
LYyl OGA@IGSa i

KS
pathway [159

Reduces ROS accumulation and
NFS . G NJ yaONR LI
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Substance Cell line/ animal model Effect Ref.

1 Reduces the development of
Transient global cerebral delayed neuronal death after
ischemiaC57BL/6 in mice transient global cerebral ischemiz
in mouse brain

[160]

1 Amplifies the activities acdnzymes
like SOD, catalase, glutathione
peroxidase, glutathione reductast
and glucoses-phosphate

i ot hydrogenase
Ageassociated oxidative dehydrog

damage in rat brain 1 Improves the activity of
antioxidants like tocopherol,
ascorbic acid and glutathione

[161]

1 Ameliorates the MDA and protein
carbonyl levels

1 Decreases protein levels and
MRNA expression of the beta

EGCG subunit of the enzyme prolyl-4
Progressive neurotoxic model hydroxylase
of longterm serum 1 Decreases protein levels of two  [167]

deprivation in human SI8Y5Y

molecular chaperones that are
neuroblastoma cells

associated with HIF regulation, tr
immunogldulin-heavychain
binding protein and the heat
shock protein 90 beta

1 Maintains the normal expression
of p85aPI3K, pAkt, and pGSK
(molecular signals of survival)

Reduces activation of NéB and

I 1
SCIDEERE FRITEERI M the cleaved form of caspase (86, 87]

model of ALS)
1 Reduces microglial activation

9 Prolongs the life span

91 Delays the onset of symptoms

Glutamateinduced 1 Prevents neuronal death,
neurotoxicityin rat cerebral oxidative stress and mitochondric [163
cortex neurons depolarization

Mangiferin
1-methyt4-phenyl pyridinium 9§ Restores th&sSHontent (to 60%
(MPP(+)3nducedoxidative of control levels), ad down [164
stress in the murine regulates both SOD and catalase

neuroblastoma cell line N2A MRNA expression
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Substance Cell line/ animal model Effect Ref.

1 Quenches reactive oxygen
intermediates

 Reduces ROS formation

Mangiferin Glutamateinduced 1 Activates enzymatic antixidant
_ neurotoxicity in rat pimary system [165
Morin culture of neurons

1 Restores mitochondrial
membrane potential

Polyphenol  Bjochemical assay on rat brai
rich hedeoma homogenates

=

Inhibits lipid peroxidation

multiflorum 1 { OF &Sy Hpkenyns w166
extract picrylhydrazyl (DPPH) radicals
Polyphenol . .
rich Glutamate, arachldonlc acid, q Scavenges DPPH and hydroxyl
osmanthus and 6hydroxydopamine anions (167
fraarans induced neurotoxicity in rat o o
ext?act primary cortical neurons 1 Inhibits lipid peroxidation
1 Prevent the burst of excitatory
amino acids in response to
ischemia
1 Reduce brain infarct volumes
Red wine Rat model of ischein cerebral 1 Enhance the residual cerebral i
polyphenols  stroke blood flow during occlusion and [168]
reperfusion
1 Modulate expression of proteins
involved in the maintenance of
neuronal caliber and axon
formation
 Reduces NBPH oxidase
mediated generation of ROS
Lipopolysaccaride (LRS) 1 Inhibits microglia activation
induced dopaminergic A h o f MAP
neurodegeneration in rat T Attenuates the activation o ~ [169
andNFF . aA3ylfAy:
Resveratrol 1 Implies neuroprotection against

LPSnduced dopaminergic
neurodegeneration

Glutamateinduced toxicityin ~ § Induces heme oxygenase 1d (HC
mice primary culture of 1) in a doseand timedependent [170]
neurons manner
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Substance Cell line/ animal model Effect Ref.
Optimized ischemic 9 Protects mouse ngrons,
reperfusionstrokemodel in subjected to an optimized
mice ischemiereperfusionstroke model

{1 Protects neurons against
excitotoxicity

1 Protects from MPTH#hduced

1-methyt4-phenytl,2,3,6 motor coordination impairment,
tetrahydropyridine MPTP) hydroxyl radical overloading, and [171]
inducedParkinsorin mice neuronal loss
1 Scavenges free radicals
Resveratrol
1 Prevents accumulation of ROS,
MPP(Hinduced neurotoxicity depletion of cellular glutathione,
in dopaminergic neurons of and cellular oxidative damage
midbrain slice culture induced by MPP(+) [172
9 Activates sirtuin family of NAD
dependent histone deacelgses
_ o f Maintains normal expression of
A-beta induced toxicity in peroxiredosins and mitochondrial
neurons from a mouse model structural genes (173
(Tg2576 line) and mouse
neuroblastoma (N2a) cells q Maintains normamitochondrial
function
I Attenuates the increask
Tea i duced - production of synaptosomal ROS
olvohenol NMDAinduced neurotoxicity -
poyp in mice 1 Reduces the deteriorative ROS [174

sensitive Na(+), K(ATPase and
Mg(2+}ATPase activity

®Malondialdehyde (MDA)is a highlyreactive electrophile species that occurs naturally form degradation of
polyunsaturated lipids and is a biomarker foeasuring the levels aDS."Gluthation (GSH)s anantioxidant
preventing damage to importartellularcomponents caused LROSuch adree radicalandperoxides
°Succinate dehydrogenass a Complex Il mitochondrial enzyme. “Heme oxygenasd (HO1) is
anenzymethat catalyzeshe degradation oheme.®Transcription factor Nrf2s a master regulatr of the anti
oxidant responsefb C ¢ . naliagh\pathwayis a pathway which is activated in response to cell stresses including
OSNADPHSs the reduced form of NADPa coenzyme used in anabolic reactions, suctpasdind nucleic acid
synthesis.

4.2.1. Hypoxia inducible factor 1 (HIF-1) alpha pathway

One strategy of neuroprotection is activation of hypoxia signal transduction pathways

through which the hypoxic condition is sensed and appropriate genes are activated and
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expressed in order to mediate compensatory survival conditions for the cells. A hig
percentage of hypoxic responses in celte controlled by hypoxinducible transcription

factor-1 [175. The HIFL complex is a heterodimer, consistingtafo subunits:The HIFv h
oxygenregulated subunit and the HIH3 subunit, also known as aryl hydrocarbon receptor

nuclear translocation (ARN[)76-180]. Alterations in oxyge levelsregulateHIFMh | OG A @A ( &
Under normoxic conditions, HiFh A & RS 3 NJ R8Rydraxgasef181T TheddP f & f
enzymes require iron as dactor ard oxygen as csubstrate[181, 187). In contrast, under

hypoxic conditions, High A & G NJ y & dceud Wwlie® R dimefisessMISARNT and
subsequently binds to hypoxic binding sites of target genes involved in cell survival,
glycolysis, angiogenesis, erythropoiesis, and iron metabdli&€¥. Consequently, stabilizing

HIFMh g2dzf R 0SS + adNYGS38 G2 LINRPY20GS TFdzNIKS
polyphenols induce HIEh LINB G SA Y | Yy RncreadSd iRmRNA levels of HiRI K S NJ
target geneq183-188]. Catechins, like EGCG, are a group of polyphenols which exert their
neuroprotective effects through induicin of the HIFM b LJ- (1824184 Resveratrol is

another nonflavonoid polyphenol with significant ardixidant activity, activating the Hi h

pathway [189. However, tE NB A a I f a2 SOARSYyOS 2F RSUyAGS
activation and APPamyloid beta ( i) production[190-192]. The precise role of HiFalpha

pathway n neurodegeneration, albeit positive or negative, is in fact a matter of debate

[1759. HIFMP | Ol & f-6dded swbrd tRa® adud He Soth beneficial anetrimental to

neural cell survivdll75.

On the other hand, there are contradictory reports on effects of the same polyphenol on
HIFMh S E LINB & & ty2Rgr exaiple, ih €hé sty EGCG has been shown to exert
anti-oxidant effects through H}E pathway activation, while in another study an inhibitory
effect on the same pathway has been reporfd®2 184, 193. Similarly, other polyphenols
have been reported to exert antixidant effects through inhibitiomather than activation of

the HIF1 pathway[194, 195]. Therefore, claiming neuroprotective effects for pofenolsis

still a matter of debate.

4.2.2. ROS regulation

Free oxygen radicals cadirectly damage cellular microrganelles and in this regard
mitochondrial damage is of great importance to neurodegenerative disefsel 196].

Oxygen radicals can also reduce free metal mmnsctive radicals, like supexide anions
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which are responsible for reduction of ferric @#¢ to ferrous (Fe2+jns through the
Fenton reactior{196]. Polyphenols scavengriperoxide and hydroxyl radicals, as well as the
1,1-diphenyt3-picrylhydrazy radical, peroxyl radicals, nitric oxide, carbaenter free

radicals, singlet oxygen and lipid free radicals, and peroxynjir@&204].

Amongst different polybenols, EGCG have shown to be the most efficient radical scavenger,
even among its other counterparts like ECG, EC andHB05, 206]. Strong scavenging
properties of EGCG are due to several hydroxyl groups at the side rings of the chemical core
[200, 205, 206]. Hydroxyl groups are especially important in biological chemistry because of
their tendency to form hydrgen bonds both as donor and acceptor. In fact, polyphenols

with hydroxyl groups can act as strong reducing agents and vice versa.

Another important feature of some polyphenols is modulating the activity of enzymes
involved in OS. In this regard, previousdses have shown that EGCG can increase the
activity of SOD and catalase, two important as®idant enzymes in the mouse striatum
[207]. However, ROS genemati is the final step in many cell degeneration pathways and act
as a nomspecific rather than specific neural damage mechanism. Although ROS regulation
can be mentioned as an additive mechanism of neuroprotection of polyphenols, claiming a
therapeutic effet for polyphenols via ROS regulation as the onéclnanism seems to be

overdrawn.

4.2.3. Metal ion chelating

Polyphenols are also able to chelate metal ions, like copper (ll) and iron (1), to prevent free
radical damag¢209. In this regard, some polyphenols have shown to be more efficient than
traditional antioxidants like itamins E and 200, 201]. Studies have shown that some
polyphenols carinhibit lipid peroxidation in the braifill 97, 208]. Polyphenols seem to exert

this effect, through chelating ferrous ions. For instance, EGCG attenuates panaduedd
microsomal lipid peroxidation and increases the survival of parapaestoned mice, a PD

model, through this mechanisfi96, 209].

The ability of polyphenols to chelate méians contributes to their neuroprotective activity
via inhibition of transition metal catalyzed free radical formation. Two attachment sites for

metal ions have been suggested within the molecular structure of flavonols, a subclass of
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polyphenols: The -diphenolic groups in the 30, 4dihydroxy positions in the B ring, and the
keto structure 4keto, 3hydroxy or 4keto and 5hydroxy in the C ring210, 211]. These
functional groups bind transition metal ions, such as iron or copp&?. With a closer look

at the molecular structures, the same chemical and molecular features can also be found in
other polyphenol subclassg213]. Therefore, we can expect a broad range of polyphenols

with the ablity to chelate metal ions.

4.2.4. Modulating cell signaling pathways

Several polyphenols have been shown to interact with cellular signaling pathways which are
directly or indirectly involved in neurodegeneration. Most of these pathways are, in fact,
signaling pthways involved in cell survival and programmed cell dehththis respect,
polyphenols have been reported to act at phosphoinositidkirtase (PI13K), Akt/protein
kinase B (Akt/PKB), tyrosine kinases, protein kinaseK, (and mitogen activated protein
kinase (MAPK) signaling casca(lesble 6)214]. They affect cellular function by altering the
phosphorylation mode and expression level of targeted molecules within the mentioned
pathways.The flavonoid superfamily of polyphenols has the potential to bind to the-ATP
binding sites of a large number of proteins of cellular signaling pathways, including
mitochondrial ATPase, calcium plasma membrane ATPase, protein kinase A, protein kinase C
and topoisomerase[2152227], as well as to benzodiazepine binding sites of GABA
receptors and adenosine receptof223, 224]. Resveratrol and the citrus flavanones
hesperetin and naringenin inhibit the activity of a number of protein king285-227]. PKC
overSELINBa&aAz2y Kl&a o0SSy &aKz2gy G2 NBRIZOS | veéf
human APP transgenic mi¢@28]. There is strong evidence th&KGignalingoathways
regulate important molecular events involved in associative memory storage, and signaling
deficits of PKGignaling pathways play an important rolen the pathophysiology of
neurodegenerative disorders like AR29, 230]. EGCG, huperzine A and resveratrale
shown to interact with PKC signaling pathway (TableTbe MAPK signaling pathway is a
general target of flavonoids, notably in the nervous system in the context of oxidative insults
[214]. ERK1/2 and-n aminoterminal kinase (JNK), two important components of MAPK
signaling pathway, are involved in various forms of cellular plasticity such as differentiation

and apoptosi$231, 232].
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Table6: Neuroprotective polyphenolgargeting cellular signaling pathways

Substance Pathway Reference

Curcumin PI3KMAPK signalinggthways [233
NFS . aA3dylrfAy3a LI GKgl & [159 234

EGCG Akt S|gn.allng' pathways [235
HIFm hsignalingoathway [162
Erk1/2signalingoathway [162 236
PKGsignalingpathway [237, 238
ERKsiandi

Fisetin I@lgnajrvlg pathway [239
NFEC . a A gaghwdy A y 3 [240

GSE Erk1/2signalingpathway [241, 242

: PKGignalingpathway

Huperzine A MAPKsignalingpathway [243 244

Naringenin MAPKsignalingpathway [245
ERKsignalingoathway [239
NFS . aAaylrfAy3a LI GKgl & [169, 246, 247]

Resveratrol SIRTiur?cour.)Ilng protein 2 pathway [248-25(0]
AMPK signaling pathway [257]
NrfZ ARE antoxidant pathway [246, 252
PKGsignalingpathway [253
PI3K/AKBignalingpathway [254

e Erkl/.25|gr.1allnq3athway

Morin Akt signaling pathways [165

NFS . aAadyrfAy3a LI GKgl &

The phosphatidylinositol 3 kinase (PI3K/PKB pathway has a pivotal role in neuronal
survival[255. Activation of Akt/PKB in neurons leads to the inhibition of central proteins of
the cell death machinery, such as the proapoptoticB&mily member BAD and members
of the caspas family[256-258]. Aktl, an effector molecule of PI3&t/PKB pathway, has
also been shown to attenuatthe apoptotic effect of A (2535 [259]. Quercetinhas been

shown to exet inhibitory activity on PI3kt/PKB pathway through inhibiting BK[260].

However, a large number of protein kinases, important mediators of different cell signaling
pathways, have been reported as being potential targets of different polyphdi2dl4.
Therefore, we have an apparent lack of selectivity of action for polyphenols in this respect.
This might arise from the fact that many studiesporting the interactions of polyphenols
with cell signaling paAways have not defined the primary cellular site of action of the

studied polyphenol.
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4.3. Polyphenols anti-acetycholinesterase activity

The concept of cholinergic system deficit in neurodegeneration and its important role in
cognition was proposed nearly 3@ars agd261]. Loss of cholinergic activity, atrophy of the
nucleus lasalis of Meynert as the major source of acetylcholine, and loss of cortically
projecting cholinergic neurons, along with increasing cognitive deficits, are some of notable
findings in different neurodegenerative diseases, IkB and PD [262-269]. Cholinergic
dysfunction in neurodegenerative diseases dsnthe result of reduction in ACsynthesis

due to reduced choline acetyltransferase (ChAT) or choline uptlkdinergic neuronal and
axonal abnormalities, and degeneration of cholinergic neurf@&J. Accordingly, using
acetylcholinesterase inhibitors, which exert theefficacy through stimulation of both
muscarinic and nicotinic acetylcholine receptors (MAChR & nAChR), has been a proper
therapeutic approach to alleviate the cognitive symptoms of neurodegenerative diseases
[265, 268, 271]. There are two distinct recégr subtypes in the brain for AC nicotinic
(nAChR)and muscarinic (mMAChR). nAChRs are mainly ligaredi ion channels, while
MAChRs are metabotropic receptors. Muscarinic receptors include five distinct receptor
subtypes (MiM5). M1 mAChR is the most abundant subtype in cerebral cortex and
hippocampus, te most sensitive brain areas to the development of amyloid plagues and
neurofibrilary tangle$272, 273.

Seveal natural polyphenols have shovwencholinesterase inhibitory effed274]. In most in
vivo studies, the anticholinergic activity of polyphenol was accompanyeichprovement of
cognitive functions, like learning and memdg875-280. However, the exact mechanism of
interaction of polyphenols with the cholinergic sgst is still not clear. EGCG has shown
strong anttAChEactivity [274]. In another study, EGCG has been reported to modulate
nAChR signaling pathway through dow® 3 dzf I (i A -BAChR2eXpredsign as well as
inhibition of (3H)b A OwACHR binding activifj281]. Resveratrol has shown in a study to
block acetylcholine release from adrenal chromaffin cgB?]. Some polypheno)such as
huperzineA, Quercetin, Kwanon U, E, and C, Kaempferol; &nd tetrahydroxyflavone, etg.
have shown antbutyrylcholinesterase effects in addition to their actiolinesterase activity
[241, 242 274, 280, 283-285]. Huperzine A has shown the most promising effects in this
respect[274, 283-285. Sudies have shown thatuperzire Ais highly specific foAChH286].

The richest natural source of huperzine A is the plant Huperzia serrata, a fascinating fungal
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reservoir of otherAChElss well[287, 288. The drug is a potent, reversible and selective
inhibitor of acetylcholinesterasand its poteicy is similar or superior to othé&fChls [286,

289. Huperzine A has shown aval potency in AChE inhitmh to drugs, liketacrine,
galanthamine,and rivastigmine, which are currently being used in the treatment of AD
patients[290-296]. Huperzine A has the highesCAElactivity (IC50) after donepezil, while
tacrine, physostigmine, galantamine, and rivastigmine were less p¢2&M. Compared to

the other AChE, huperzine A &s also shown bettepenetration through the bloodrain
barrier, higher oral bioavailability, and longer duration of AChEI actij@84]. The
mechanism of actiorof this drug has still not been clearly defined:sihco studies have
shown a direct binding of huperzine A to acetylcholinesterf2@8]. Clinical trials with
huperzine A, for treatment of cognitive and functional impairments of AD and schizophrenia
and the increase in memory performance of normal individuals, have been pronizgag
303. In China,huperzine Ahas been studied in phase IV clinical trials and revealed a
significant improvement of memory of elderly people, patients with AD and pitiesth
vascular dementi§299, 300, 302]. Several metaanaly®s have shown that administration of
huperzine A for at least 8 weeks might lead to a significant improvement in cognitive
function, mood, behavior and daily activity of patients with M®st of its side effects are
cholinergic in nature and are generaityild and of brief duratiorf304-306]. Combinatorial
regimens with other selective AChEls have shown even more promising rg&8ts307,
308. Huperzine A has aldutyrylcholinesterase inhibitory activity which is rest promising

as the antAChE activityf296]. Not all polyphenols have an astholinesterase activity;
some of them have a reverse effect. For example, caffdtiacreases the AChE activity and

expressiorf309.

4.4. Polyphenols and protective effects against NMDA neurotoxicity

The role of NMDA neurotoxicity and glutamatecgatoxicity in neurodegenerative diseases

like HD, AD and even in cognitive impairment associated with aging has been confirmed
many years ag@310-313. Excessivactivation of NMDA receptors induces the production

of damaging free radicals (e.g., NO and ROS) and other enzymatic processes that contribute
to neuronal damage and cell deaf@14-319]. Therefore, blocking the NMDA pathway has
been a therapeutic strategy for cognitive impairment not only in neurodegenerative diseases

but also in psychiatric disorders with cognitive dysfunc{i@20, 321].
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Table7: Polyphenols protective effects against NMDA neurotoxicity
Substance Cell line/ animal model Effect Ref.
{1 Inhibits glutamateinduced excitotoxicity
: T Inhibits PKC activity, and subsequent
Catechin, hosphorylation of NR1 of the NMDA
Curcumin, Rat NMDA neurotoxicity phosphorylation o orthe
Tannic acid model, primary culture of receptor : . [322
neuror115 1 Ret_ju_ces glutamgtmedlated C# influx
T Inhibits glutamateinduced caspas8
activation
1 Reduces glutamatanduced ROS generatiot
1 Reduces excitotoximduced MDA
production and neuronal damage
EGCG _Unilateral_cerebrgl 1 Attenuates t_he incrgase in MDA level caus (323
ischemia in gerbils by cerebral ischemia
1 Reduces the formation of postischemic bre
edema and infarct volume
1 Amelioratesbehavioraland neurotoxic
effects of NMDA
Honokiol Mice NMDA toxicity model § Reduces seizure occurrence, score, and [282]
latency
1 Decreases ROS production
1 Reduces the frequency and amplitude ef 2
amino-3-(5-methyt3-oxo-1,2- oxazol4-yl)
propanoic acid (AMPAjhediated SEPSCs ir
Acute oxygerglucose )
Resveratrol deprivation (OGD) model il pyramidal neurons (324
. . 1 Attenuates OGEnduced neuronal
rat hippocampal slices . .
impairment
1 Reduces the OGenhanced AMPA/NMDA
receptor mediated neuronal EPSCs
1 Ameliordesbehavioraland neurotoxic
effects of NMDA
Tea polyphenol Mice NMDA toxicity model  Reduces seizure occurrence, score, and [282
latency
i Decreases ROS production
CA1 region of rat 1 Suppresses glutamaiaeduced currents in
Trans . . . . .
resveratrol hlppocampa_l slices with pos_tsynapﬂc CAl pyramldal neurons [325
NMDA toxicity model 1 Inhibits postsynaptic glutamate receptors
9 Protects cortical neurons from excitotoxic
death
I Reduces ROS levels and maintains the
homeostasis of the enzymatic atakidant
system after excitotoxic event
. Glutamateinduced 1 Inhibitsglutamateinduced calpain activity
Morin L . .
Mangiferin neurotoxicity in rat primary Regu_late_s thg relea_se of pepoptotic [165]
culture of neurons proteins implicated in caspasiependent
and-independent apoptotic heuronal deatt
1 Modulates the activity of the Akt and Erk1/
kinases after excitotoxic events
1 Prevents the activatin of NF* . | Y R

subsequent translocation to the nucleus
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e.g.Morin,
Tannic acid,
Ca%t Mangiferin,
o Resveratrol
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Figure2: A schematt illustration of NMDA pathway

Polyphenols interact with the NMDA pathway through inhibitory activity on various molecular tarGatgchin

has shown to be an effective inhibitor of caspasg832. NMDAinduced intracellular Gaccumulationcan
activate caspase 3, contributing to ROS generation and neural da®2ge Catechin can eliminate glutamate
induced toxicity by reducing ROS generation and further neural degeneration. Catechin is also able to inhibit
PKC activity322]. Curcumin and tannic acid are two pphenols reducing glutamate induced excitotoxicity by
inhibiting PKC activity and subsequent phosphorylation of NR1 of the NMDA receptor, thereby reducing
glutamate induced GAinflux [322. EGCG has been shown to interact with the NMDA pathway in unilateral
cerebral ischemic gerbils by attenuating ischeimiduced MDA elevatiof323].

There is strong evidence of protective effects of several natural polyphenols against NMDA

neurotoxicity(Table 7]267, 282, 321, 322, 324].

Polyphenols, act at different locations within the NMpathway (Figure 2)n most of the
studies, a protective effect against NMDA excitotoxicity has been reported. However, the
mechanism of such protection has not clearly been addressed. A few in vitro studies
reported a reductio in frequency and amplitudef AMPA/NMDA receptor mediated
spontaneous excitatory postsynaptic currents (SEPSCs) in pyramidal neurons. But it remains
unclear, whether tis is the result of polyphenobmnti-oxidant activity or their direct NMDA
receptor blocking effedt322, 324, 325).
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4.5. Polyphenols and amyloidopathies

Tau hyperphosphorylatiorand beta amyloid accumulation are believed to be the core
pathologies of tauopathies and amyloidopathi@27-329® 9 EOS&aA @S i I 00dz
be the resultof either increased production or decreased clearance, which in both situations

is toxic to the cell§330|P i F33aNB3IrGA2y tSIFRa G2 GKS T2
stimulates a series of biological signaling pathways which leads to an impairment of
neuronal synapses and dendrites through oxidative stress and inflammatory regj884e

332. Beside SP and Aaggregationneurofibrillarytangles (NFTs), consisting of abnormally
hyperphosphorylated tau protein, are other pathologic hallmarks of Alzheimer's disease

[333 334).

For a long timethese two pathological features have been the major therapeutic targets for

drug development in tatamyloidopathies. Polyphenols exert their effect through
Y2Rdz | G-X2)y RRBONB (G ASa> AYKAOAGAZ2Y 2F i  2fA:
AYRdzOSR y SdzNEP (i 2 EA Odnduded heyréinflainghdtidno(Rigiiré apgverdl ¥ ! |
YIEGdzNI £ LRfeLKSy2fa KIFIZS ST7FSO0IidoséniraliondNis R dzOS R
brain and serumamong which EGCG has shown the most promisingaamgioidogenic
effects(Table 8)]335, 336]. Many studies have shown a direct binding of polyphenols to beta

sheet structureg278, 337-339® 9/ D/ AR\SRNBEE 46 Of SI @ 3-S | OGA
|y Rsecretaseq340, 341]. Several othhJ L2 f @ LIKSy 2f & NBRdJzOS 'i €S
AYRANBOG Y2Rdzt | (i 2 Nret&dsTaeBp 2y h: i X FYyR

a@NARAOSUAY ST [[dzZSNOSGAYZZ 1t SYLIKS NRdrelFase\a@iwWhiy = | y R
a concentration dependent mann¢B42.. Some of these compounds, likehydroguaiaretic

acid (NDGA), GSE, tannic acid and wine related polypheaitdst beta aggregates and
RSadGloAf AT S LINBRXSY S2RI KISINF40) & FARES &uij and inhibit
polymerization andAmyloid betafibrild F!1 1 0 F2NX I GA2Y o0¢l 6fS yX CA
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Figure3: A schematic illustration of amyloidogenic and neamyloidogenic pathways

Polyphenols gert their effect at different sites within the amyloidogenic pathway. Basically, here are two
pathways through which APP can be cleaved. Depending on the enzyme which cleaves the APP, the final
product can be amyloidogenic or n@myloidogenid343]. In the nonamyloidgyenic pathway, APP is cleaved

by the membraned 2 dzy R SyalSEOWS G 4SS S6AGKAY AG& i R2YFAYyIZ NBad:
az2ftdzofS al'!tth FNI IYSy-boind CQORI SINY & K 2 NIi -EMBod 888, whigh ish

Of S| @ SsBeremse top3, a 3kDa peptide, whereas APP intracellular domain (AICD) is secreted into the
cytoplasm[344, 345. Within the amyloidogenic pathway, APP cleavage by {sétta APRcleaving enzymel
BACEv =-4 SONB i aSONBYRaAS fSIR&a (2 SEGNI OSf fdzAf I NJGA! tt ) FI
CSNXYAYFET ENICHYSWI /a0 FNI IYSYy (s 4 Ksdirétasa @ théi-@aoidad lj dzSy ( &
LI NI 2F GKS 'i R2YFIAy® ¢KA& fSIFIRa G2 GKS NBtSIasS 27 !
into the extracellular spacd830,346, 34710 9 EOSaaAdS LINRPRAzOGAZ2Y 2F ! 2NJ RS
LI Kol & tSFRa (2 GKS I OO davtizs toxickacylls. ThérRfore, @rbNdh Bfleithar2 y 2 F

i 2N$ONB Gl aSa 2 Ndedelhdeaztbeelh A& thafapeRtiE tafget in  amyloidopatfds]. The

polyphenol targets within pathway are indicated bhand a representative compound has been mentioned fo

each target. For more polyphenols that can affect the pathway, please refer to table 5. N: Nucleus, G: Golgi
apparatus, ER: Endoplasmic reticulum.
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Table8: Polyphenols with protective effect againdieta-amyloidopathy

Substane Studied cell line/ animal  Effect Ref.
model
: : i 1 Implies antiamyloidogenic effects
Alvidin B_|o_chem|cal e against whole AR peptides-@0 and [34§
visible measurements)
1-42)
Blueberry Primary hippocanpal
polyphenolic neurons, LPS, dopamine { Antagonizes LPS,BANJ ! F 0
oG (DA) or A(42)induced induced deficits in CAR in primary  [349
deficits inC&" recovery hippocampal neuronal cells
(CAR)
9 Inhibits n vitro conversion of prion
_ _ _ protein (PrP)* and formation of
Bran Sfclt'oni of variant protease resistant PrP
g;:s;z UL Il 9 Binds to the alphdelical [
intermediate of PrP
Curcumin Binds to the native form of PrP
wSRdz0Sa !'i fS@St
serum of mice
APP(Swe)/PS1dE9 1 Reduces amyloid plaques and
transgenic mice (a model microgliosis in the brain of [350]
of AD) Alzheimer's mice
T wSRdzOSa oNI Ay I
microglia activation
M Inhibits¥ !*formation and
Dihydroguaia Biochemical assay SEUSYyanhAzynFNZIKYyR
retic acid (fluorescence 42) [35]]
(NDGA) spectroscopic analysis) ¢ 5Sadl oAf Al Sa 40N
YR TR 6m
: . 1 Inhibits the formation of aggregatin
I
Y?ast pnpn protein Sups: amyloid forms (prions) of Sup35 [352]
Biochemical assay .
1 Remodels preassembled prions
EGCG
9 Binds directly to betaheet-rich
aggregates and mediates the
conformational change without their
disassembly into monomers or sma
Biochemical assay diffusible oligomers [337]
1 Converts large, mature alpha
aeydzOft SAY FyR ]
amorphous protein aggregates that
are nontoxic to mammalian cells
Biochemical assa 1 Inhibits in vitro fibril formation by
generic model of fibril RCM kapp<N [353

formation by protein, 1

Inhibits amyloidfibril formation
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Substane

EGCG

Studied cell line/ animal Effect Ref.

model

reduced and
carboxymethylated
kappacasein RCM
kappaCN))

Biochemical assay

Inflammatory response
induced by interleukin T
(ILymi | y R-35)in
human astrocytoma,
U373MG cells

Wild type N2 (Bristol),
transgenic mutant strain 1
daf-16 (mgDf50), and 1
0N} ya3aSyio !
expressing strain of C.
Elegansk{iehavoral and
biochemical analysis)

N2a cells stably
transfected with
"Swedish" mutant human
APP (SweAPP N2a cells)

=

=

Human SKESY5Y
neuroblastoma cells,

Chinese hamster ovary
cells (CHO) q

=

Inhibits the fibrillogenesis of both
alphasynuclein and i

Binds directly to unfolded
polypeptides and preventing their
conversion into toxic aggregation
intermediates

Promotesthe formation of
unstructured, nontoxic alpha
aeydzOft SAYy FyR !
type

Inhibits 116, 11-8, VEGF and PGE

Attenuates cyclooxygenasz

expression and activation of NF.
inducedby imi | Y R-35) i
Suppressesdisi |y R-35) |

induced phosphorylation of the 234
mitogenactivated protein kinase p3¢

and the eJun Nterminal kinase, two
protein mediators of MAPKignaling
pathway

Inducesmitogenactivated protein
kinae phosphatasél expression

[354

Attenuates hydrogen peroxide level

Attenuates ageelated behavioral
decline [355

£ £ SOA |-ildickd patiologidal
behavior

Elevates active ADAM10 protein
LYONBlFasSa !'tth O

L y O NB-sedréase cleavage

activity (340

Produces no significant alteration in
i -2 N&eceretase activities

~

Elevatessolzo f S &! t t b

Shows potent irorchelating ativity

Increases transferrin receptor TfR [356]
protein and mRNA levels

Reduces immature and feléngth
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Substane

EGCG

Studied cell line/ animal

model

overexpressing "Swedish

mutant human APP

Human SESY5Y
neuroblastoma, Rat

pheochromocytoma PC1:

cells,
C57/BL mice

Cultured []ippocampal
neurons & LJ2 & SR

MPTR and DAinduced
neurodegeneration in
mice and rats

Yeast model of HD,

Transgenic HD flies
overexpressing a
pathogenicHTExon 1
protein

Biochemical assay

Human SEBY5Y
neuroblastoma
cells(serum deprivation
model), CHO cells

overexpressing "Swedish

Effect Ref.

cellular holcAPP

wSRdzOSa G2EAO !
in CHCcells overexpressing the
"Swedish" mutant human APP

LYONBIFasSa ty/h |
membrane and the cytosolic
fractions of mice hippocampus
Enhances the release of non

amyf 2AR23ISyAO al!t [239
Decreases membrardgound hole
APP levels, with a concomitant
AYONBIFasS Ay altt
hippocampus

Increases cell survival

Decreases caspase activity

Employs neuroprotection through
scavenging ROS

[357]

Prevents the accumulation of iron
|y Rsyriuclein in the substantia [358
nigra

Inhibits mutant htt exon 1 protein
aggregation

Modulates misfolding and
oligomerization of mutant htt exon 1
protein

Reduces poly@nediated htt protein  [359]
aggregation and cytotoxicity in yeas
model of HD

Improves photoreceptor
degenerationand motor function in
flies

Binds to betasheetrich aggregates

and mediates the conformational

change without their disassembly

into monomers or small diffusible
oligomers [337)

Converts large, mature alpha
aeydzOft SAYy FyR I
nontoxic amorphous aggregates

Reduces the levels of cellular helo
APP in SI$Y5Y cells

wSRdz0Sa f SgSta 2
CHO cells ovezxpressing the APP

[360]
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Substane

EGCG

Exifone

GSE

Green tea
polyphenol

Studied cell line/ animal

model

mutant human APP

SweAPP N2a it

Biochemical assay

Tg2576 mice (a transgen
model of AD)

Transgenic HD P12 cells,

Transgenic HD model
drosophila,

R6/2 rodent model of HD

TMHT mouse model of
tauopathy

APP(Swe)/PS1dE9
transgenic mice (a
transgenic model of AD)

Alzheimer's disease like
mice induced by b

Effect Ref.

=

= =4 =1

=

"Swedish" mutation

Redices the preapoptotic proteins,
Bad and Bax

Inhibits the cleavage and activation
of caspase3

Improves neuronal differentiation
Promotes noramyloidogenic

processing of APP [361
! LINXS 3 dzbekrétefsaé  h

Inhibits heparininduced tau filament
formation [362]
LYKAOAGE G4KS F2N

LYKAOAGE i LINRIG
Attenuates ARtype cognitive

deterioration along with reducing ~ [363
l a2 &a2fdzofS 2tA3
brain

Inhibits polyQ aggregation
Improves life span [364]
Attenuates motor ski decay

Induces unfolding of tau and
diminishes structural stability

Neutralizes phosphepitopes and
disrupts fibrillary onformation
leading to disintegration of paired
helical filaments (PHFs)*

Attenuates AD type tau
neuropathology development in
brain

[365, 366]

Attenuates extracellular signal

receptor kinase 1/2 signaling in the

brain.

wSRdzOSa !'i fS@St
serum of the mice

Reduces amyloid plaques and
microgliosis in the brain of [350
Alzheimer's mice

wWSRdzOSa oNI Ay ||
microglia activation

Ameliorates deleterious effects ofD [367]
It FO0G24aS835)r yR I
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Substane

Green tea
polyphenol

Myricetin

Oligonol

Piceid

Phenolsulfon
-phthalein

Resveratrol

Studied cell line/ animal Effect Ref.

model

3t OG2as835) 9
(behavioralstudy)

Biochemical assay

= =_ =2 =

I iinduced oxidative cell
death on rat
pheochromocytoma cells

(PC12) T
1
Biochemical assay
)l
Biochemical assay T
1

HEK293 and N2a cells
stably transfected with
human APP695,

APP/PS1 transgenic mice

= =

Tg19959 transgenic mice f
model of AD

Biochemical assay

=A =4 =4 =4 =4

HEK?293 cells stably
transfected with human
APP695 (a cell model of
AD)

Improves animal's learning and
memory

Redues prolonged latency time anc
the error numbers

Increases the autonomic activities

LYKAOAGaA F!i F2N
Destabilizes @ F 2 N¥ SR F!
I G G Sy ddindued cytotoxicity,
apoptotic features, intracellakr ROS
accumulation, and lipid peroxidation

[368]

369

Increases cellular glutathione pool

{ dzLILINJ dnduSedl activation of
NRS .

Destabiize A U6 NA t & | yF
back to monomers [370,37]]
LYKAOAGE ' Lkt eé

Inhibits amyloid fibril formation by

islet amyloid polypeptide (IAPP) (372

Increases cytosolic calcium levels a
promotes AMPK activation by the
calcium/calmodulirdependent
protein kinase kinaseeta

LowersSE (1 NI OS¢t f dzf I N (373
Inhibits AMPK target, mTOR, to

trigger autophagy and lysosomal
RSANI RIGA2Yy 2F |
Activates AMPK and reduces cereb
i tS@Sta FyR RS
Diminishes plaque formation in a
region specific manner

Reduces brain glutathione
Increases brain cysteine

LYKAOAGaE i LRt [37]
{K26a y2 AYKAOAI

Shows no effecty -l y R
secretases

(374

Promotes intracellular degradation ¢ [379]
L'l @A LINRGSIazy
Reduces secreted and intracellular
i t£S@Sta Ay RAT
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Substane Studied cell line/ animal

model

I -induced neurotoxicity
Resveratrol in SHSY5Y

neuroblastoma cells,

Biochemical assay
Salvianolic I I -85hmpediated
acid B injury of PG12 cells
Tannic acid Biochemical assay
Wine-related . .

Biochemical assay
polyphenols

®Prion protein (PrP)in misfolded form, produces transmissible spongiform en@ppathies including bovine
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(CJD) in humané).Pon Q or polyglutamine is a polypeptide induced by trinucleotide repeat expansion
important in trinucledide repeat disorders like HOPHFsor paired helical filaments are aggregations of

hyperphosphorylated tau protein.
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5. Tissue specimens

5.1.Human samples

Tissue material of human samples wasrieved from tumor archives of the Department of
Neuropathology, Institute of Pathology and Neuropathology, University of Tuebingen. Tissue
handling was performed according to the ethical guidelines of the University of Tuebingen
and also in accordance tlithe principles embodied in the last won of Declaration of
Helsinki (Ethics committee reference no. 6012010B0G872011B0O2).All patients or

guardians had given the written informed consent on tissue experiments.

5.1.1. Pituitary adenoma

The samples wereliagnosed according to the currem/orld health organizationWHO
criteria for tumors of endocrine organs by at least two senior neuropatholog&is).
Atypical pituitary adenomas were classified into two groups according to their p53 status.

Onegroup contained tumors witha MiB A Y RSE xo: | yR Lo §f MJE?

contained samples witha MiB A Y RSE x o2 |yR Llpo % wmMm:»® {LJ

formalin (pH 7) (ready to @ssolution, Roti@istofix 4.5%Carl Roth, Karlsruhe, Germgn
and were embedded in paraffin. The blocks were cut with a microtome (4 um thickness) and

placed on Super Frost Plus slides (Microm International, Walldorf, Germany).

5.1.2. Brain glioma

The tumor samples were diagnosed according to the current WHO criteriarfars of the
nervous system by at least two senior neuropatholodi8%g]. The human samples consisted

of 7 grade Il astrocytomas, 8 grade Ill astrocytomas and 8 grade IV glioblastomas. Specimens
were fixed in 4.5% formalin (pH 7) (ready to use soiytiRoti@Histofix 4.5%Carl Roth,
Karlsruhe, Germany) and were endaled in paraffin. The blocks were cut with a microtome

(4 um thickness) and placed on Super Frost Plus slides (Microm International, Walldorf,

Germany).

5.1.3. CNS ependymoma

The samples consisted of 85 ependymomas, including 19 WHO grade | (14 myxopapillary and

5 subependymomas), 46 grade Il ependymomas and 20 grade Il anaplastic ependymomas
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diagnosed from 1988 to 2008. 14 cases were recurrent tumors. Clinical data were retrieved
FNR2Y (GKS LI GASYyGaQ FAESad ¢KS (dzy2 NJWHEO YL Sa

criteria for tumors of the nervous system by at least two senior neuropathologists.

5.2.Animal models

Animal models were produced by other colleagues as cifée. tissues were retrieved from

the animal tissue bank fany experiments

52.1. C6rat

The C6 tuma were produced bymplantingthe rapidly proliferating rat C6 glioma cell line

into the basal ganglia of Sprague Dawley rats. The rats were sacrificed 8 afesktumor

cell implantation[380]. C6 samples consisted of 15 brain specimens that were studied in
three different tumor regions, including perinecrotic areas, central regions and borders of the
tumor. Specimens were fixed in 4.5% formalin (pH 7) (readyse solution, Roti®listofix

4.5%; Carl Roth, Karlsruhe, Germany) and were embedded in paraffin. The blocks were cut
with a microtome (4 pm thickness) and placed on Super Frost Plus slides (Microm

International, Walldorf, Germany).

5.2.2. APPPS121 transgenicmice

APHPS121 transgenic mice model oAD was a kind gift from ProMathias Juckef381]].
APPPS21 mice overexpress a human APP with Swedish mutation (KM@MNI§7and PS1

with L166P mutation uner the control of Thyl promot€381]. Brains of the mice were fixed

in 4.5% formalin (pH 7) (Ready to use solution, Rdig®fix 4.5%, Carl Roth, Karlsruhe,
Germany) and were embedded in paraffin. The blocks were cut with a microtome (sections
of 4 um thickness) and placed on Super Frost Plus slides (Microm International, Walldorf,
Germany)382].

5.2.3. Experimental autoimmune encephalomyelitis

Male LEW rats (20250 g) were immunized with 100 pl of an emulsion of an equal volume of
saline and complete Fdlgy RQ& | R2dz@8Fyid o6/ Cl o0 O2yGFAywAYy 3 pn
84 (YGSLPQKSQRSQDENPYV) amnml mycobacterium tuberculosig383). The rats were

scored aily for development ofExperimental autoimmune encephalomyelitiEAE and
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neurological signs were scored as follows:

0 ¢ No clinical signs

1 ¢ Loss of tail tone (flaccid tail)

2 ¢ Tail weakness plus hidomb paresis (ataxia)

3 ¢ Moderate hindlimb paraysis

4 ¢ Tetraparesis

5 ¢ Moribund

EAE ratsvere housed under a 1R light, 12 h dark cycle with free access to food and water.
All animal procedures were in accordance with a protocol approved by dtoal |

administrationof district official ommittee [384].

6. Invivo experiments

The tissues were retrieved from the animal tissue bank for my experiments. Animal
treatments were designed and performed in our llap Zhang et aland tissue banks were

prepared from animal models after each experiment.

6.1.MS-275 treatment

APPPS21 mice weredividedinto two groups. The firsgroup included six AFPS121 mice

of 5 month old, including 3 males and 3 females. The mice in this group were tredted w
MS-275 (Alexis Biochemicals, Loerrach, GermaBymg/kg body weight, suspended in 1%
carboxymethylcellulose (CNI@Blanose, Hercek-Aqualon, Dusseldorf, Germanyhrough

daily gavage for 10 day$he second group included six gender and age matciRRIFSR1

mice, as control, received the same volume of 1% CMC dissolved in water through daily

gavage for the same timength[382].

6.2.Valproic acid (VPA) treatment

For preventive treatment, VPA (Sigg#ddrich Chemie GmbH, Munich, Germany; 250 or 500
mg/kg in phosphatéuffered saline (PBS)) or PBS was giodBAE ratby gavage once daily
from Day O to Day 18 (6 rats/groupprRherapeutic treatment, VPA (500 mgjkn PBS) or
PBS wasigen by gavage once daily from day 7 taydl8 or fromday 9to day 19 (6
rats/group) [384]. The brains of EAE rats frotiherapeutic treatment group were used for

epigenetic study.
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6.3.Icariin treatment

APPPS21 mice were divided into two groups. The first group includedenAPP/PS21

mice of 5 month old, including 3 males afidemales. The mice in this group were treated
with icariin (Alexis Biochemicals, Loerrach, Germal§Q, mg/kgbody weight, suspended in

1% carboxymethylcellulose (CMC, Blanose, Her@Adgslon, Dusseldorf, Germany) through
daily gavage for 10 days. The second group includgender and age matchedP®/PSR1

mice, as control, received the same volume of 1% CMC dissolved in water through daily
gavage for the same time lengtlhe experiment was designed and performed in our lab by
(Zhang et.alunpublished experiment) and tissue sections were usednieyfor epigenetic

study.

7. Cell Culture

Murine N9 microglia cells were grown in RPMKAO with 10% heat inactivated fetal calf
serum (FCS) with penicillin and streptomycin at 100 U/ml (Gibco, Grand Island, NY) at 37 8C

in 5% CO2. f&ells were seeded into2twell cell culture plates and cultured for 48 h.

8. Lipopolysaccharide induction

Escherichia coli 0111: B4 Swvas purchased from Sigma Aldrich, Munich, Germany. The cells
were stimulated with 1 ug/ml LPS, and treat&ith valproicacid sodium salt (Sigmadaich,
Munich, Germany) 10, 100 and 1000 uM, or Restrol 1, 10, 100 uM for 24 h.

9. Sandard Griess assay

The concentration of NO in supernatants was measured by standard Griess assay (Sigma,
Munich, Germany). Briefly, 50 pl of supernatants was mixed antlequal volume of Griess
reagent (1% sulphanilamide and 0.1% naph#thlylenediamine dihydrochloride in 2.5%
phosphoric acid from Sigma Aldrich, Munich, Germany). After 30 min of incubation in the
dark at room temperature, the absorbance of the perforn@adomophore was measured at

560 nm using a muHplate reader. Nitrite concentration was calculated using a standard

calibration curve of sodium nitrite885]. Al assays were performed in triplicate setting.
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10. MTT assay

Cell viability of treated N9 cells was detected by MTT aggter. treatments, the cells in 12
well plates werevashed with PBS. MTT solution (5 mg/ml, Sigxtthich)was added to each
well. After4 hoursincubation at 37°C and 5% CO2, the cells were washed again with PBS and
then DMSO was added to each well to thoroughly dissolve the formazan. Thereafter, OD of

each well was read at 560 nm and background at 670 nm was subtracted.

11. Resveratrol, valproic acid and curcumin treatment

Murine N9 microglia cells were seeded intoi2ll cell culture plates and cultured for 48 h.
After reaching the sufficient confluency, the cells were treated with LPS (1pg/ml) for 24 hours
as described. The medium superaats were collected and concentration of nitric oxide
(NO) was measured by standard Griess assay. Thereafter, the cells were treated with a wide
range of concentrations of curcumin, VPA and resveratrol (1, 10, 100, 1000, and 1500 pM) for
24 hours. MTT asgawas performed on treated N9 cells and toxic concentrations were
omitted for all compounds. LHBduced N9 cells were then treated with chosen
concentrations of curcumin (1 and 10 uM), VPA (1, 10, 100, 1000 uM) and resveratrol (1, 10,
100 pM) for 24 hoursThe supernatants were collected and NO concentration was measured

by standard Griess assay after treatment.

12. Cytospin preparation

Cell suspension of 5 x 16ells/ml of medium containing 10% FCS was prepé@u each
well. Before the slide placementhé cytospin slides were labelesppropriately The slides
were then mounted with the paper pad and the cuvettes were placed in the holder. Each
cuvette was loaded with upot200 pl of the cell suspensions. The slides wenensgg 800
rpm for 3 min. The slidewere left dried andmmediatelyused forimmunohistochemistry
Immunocytochemistry was performed on cytospin preparations of N9 cells treated with VPA

1 mM and resveratrol 10QM concentrationsas previously described

13. Tissue microarray

TMAs were prepai@ by Schittenhelm et.a[386]. Representative tissue microarrays with a

sample diameter of 1000 um were prepared with a TMA machine (Beecher Instruments, S
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Prairie, 160 W USA]386. The TMA slides were cut to 4 um thickness and placed on Super
Frost Plus slides (Microm International, Walldorf, Germamyinicroarrays from each case 2
4 tissue punches from distinct regions of tumor were available. For the tumors with higher

heterogeneity, more tissue punches were prepared.

14. Immunohistochemistry

Immunohistochemistry was performed on consecutive sectionsachffinrembedded tissue
samples or TMAK(Q]. The slides were davaxed in chloroform for 30 min, then rehydrated in
descending concentration series of ethanoldamashed in Tribuffered saline (TBS). Slides
were then boiled in citrate buffer (2.1 g sodium citrate/L, pH 6) in a microwave oven for 15
minutes with 800 W power, and thereaftecooled to the room temperature. Endogenous
peroxidase was blocked with 3%2®2 in methanol for 15 min, and standard swine serum
was applied for 15 min in room temperature to prevent nonspecific antibody binding.
Sections were incubated with primary antibody overnight at 4°C. After washing in TBS for 5
min, sections were incubatetbr 30 min with the secondary antibody (1:400) at room
temperature. The peroxidaseonjugated avidirbiotin complex (ABC) technique (Dako,
Hamburg, Germany) with diaminobenzidine (DABSigma, Deisenhofen, Germany) as
chromogen was used to visualize thatiBody binding. All sections were countstained
gAUOK al @ SNXQEor regatve fcaatrop primary antibody was replaced by
Immunoglobulin G isotype control antibody in the appropriated concentrations. For positive
control proper tissue sections accand to the datasheet of the antibody were used.

Following antibodies were usddr my experiments:

1 H3K9Ac (rabbit polyclonal, Abcam, Cambridge,1LB0O0)as primary antibody
1 Anti-mouse IgG (Rabbit polyclonal, Dako, Hamburg, Germandy400) as secondary
antibody

15. Microscopy andlmage analysis

Immunolabled sections were visualized using X40 objective lens. All analyses were carried
out in comparable areas under the same optical and light conditions. Color images were

provided using AxioVisiosoftware (Zeiss
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B 000 l
0 255

Figure 4: Reference grayscale for analysis of H3K9Ac staining intensity

Optical density spectrum of H3K9Ac staining was illustrated as a 255-grayscale with fdoas the highest

optical density (higher H3K9Ac staining intensity) and 2550 as t he lalodensity flowerpt i c
H3K9Ac staining intensity).

Image analysis/as performed blindly with respect to all other clinical and histopathological
data on tissue sectionssingsoftware IMAGH, version 1.43u (NIH, Bethesda, MD, JJZ20
to 1000 cells were counted within3 different regions based on the cell density of the area

and tissue type.

In order to analyze the intensity variation among treatment and control groups we used the
histograms of images using ImageJ software atalistically analyzed image parameters
widely used in conterbased image retrieval systeni887-389. Saining intensity inside
each nucleus was measured follavs; after calibration, image color threshold was adjusted
so that the positive nuclei were selected and the rest of itn@gewas ignored during the
analysis.The hstogram of positive cellswas provided.The histogram demonstrates the
frequencies of the pels in a graysoalimage andprovides the information about the
distribution of intensity leved within an image.Our histogram presented the distribution of
positive pixels within a255 gray scalgFigure 4) The optical density QD of image
backgroundwas subtracted from the wholéistogram For each brain region studied, we

plotted the cell frequency against these OD vall8])].

We gquantized our histogras into 26 levels from 0 to 250 he quantization is a process in
which the histogram is divided into levels or bins. Evesfogram was then quantized into

26 bins as follows:

H = fi(bo), h(wo), h(lzed X Kese)}o

where h(bp) is the frequency of pixel vaés in bin(by) and H is the histogram of 26 bin$he
statistical color features, including mean and standard deviation, were then calculated from
distribution of intensity levels in histogram bins of H as follofvs; is the mean andj is the

standard deviation in a particular bjnwhere2 I n X ® andx;; is th pixel wabue in
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binj and pixeli and N is total number of pixels in each bin, then

=% ) X
NG 5= 32,0
i=0

After the calculation of all values, the teae vector FV of these values was constructed as:
FV=%2 2, X0 12, @ @ Pin both treatment and control group. The values were once
compared in each bim(g),2 I n X wmasihg ndependent vwwsample Test as

follows:

Bic— [yt

Oyionst-\ 2/N

T— Ouyene = J 1/2(0%. + 02,0)

Whereﬁjc is the mean value of>{Z , X ® ) in>xontrol group an(m}-t is the mean of %,
>, X © B in*reatment group an(drujcwt is the pooled standard deviation. The values were

once again compared in the whole histogram this time f (), h (k), h (B0 X Kzs5))00

treatment and control groupising indegndent two-sample ftest as follows:

Toof—Fe
L A Stox, = (12053, + S3)

Sx.x,/2/N

Where)?c is the mean of %, , > >) in control group ang the mean frequency of
acetylated cells in condl group andft is the mean of ;> , .® &) i treatment group
and f; the mean frequency of acetylated cells in treatment groé’g_-.exc is the pooled
standard deviation, ¢ = control group, t = treatment group and the denatomof T is the

standard error of the difference between two meair significance testing, the degree of
FNBSR2Y F2NJ GKAa (Sad Aa Wy b H 6KSNB y Aa i

16. Statistical analysis

The arithmetic means &re compared by ongay andtwo-way analyses of variance
(ANOVA) For paiwise comparisonpaired or unpairedsample ftest wasapplied where
appropriate Posthoc analysiswas performed were appropriate Data was tested for the
normality of variance. ¥ f dzS 2 F )X nebmp thegsigificatt HiffeiehcB SndJ
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individual Pvalues were calculated. GraphPad Prism 5.0 (www.graphpad.com) was used for
statistical analysis. The graphs were drawn by the same software and data were shown by

mean values and standard error of mean (§BMstandard deviation (SD)
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17. Alteration of global H3K9Ac pattern correlates with grade of
malignancy in giomas

Malignant gliomas are devastating brain tumors with no promising treatment. Recent
findings about epigenetic mechems involvedn the pathology of gliomasalong withthe
development of HDAC inhibitorsHDACIs have introduced new therapeutic optionsrf
gliomas. However, epigenetitased therapies have not shown the same efficacy for all
glioma patientsand the taget group forsuchtherapeutics needs to be more specifieny
further achievement in glioma theraplgence,requires a deeper knowledge of epigenetic

mechanisms andysregulations in these tumors.

Alteration in acetylation of histone 3 lysine 9 (H3KQ an epigenetic biomarker of active
gene transcription, has been associated with many canagerdescribed irthapter | Based
on thisevidence we studied the acetylation pattern of H3K9 iiffefent grades of human
gliomaand in rat C6 tumgra xenograftglioma model Using immunohistochemistryye
analyzed H3K9 acetylation pattern in 15 cases of C6 twasarell a23 humanbrain glial
tumors including 7 astrocytoma®HO grade Il, 8 astrocytonsa WHO grade I, and 8
glioblastomamultiform (GBM)WHO graddV.

In C6 tumor sampleghe cells were counted in perinecrotic areas, central vital tumor regions
and borders of the tmor. Counting was performed onae the whole area of tumor without
considering the regions differentially, and another time for eaéhthe three mentioned
tumor regions separately. Immune reactive area was localized to the cell nucleus, stained in
brown, and norreactive areaof nucleus was counterstained in blue. We used a semi
guantitative scoring method, based on the pattern of natletaining so that the nuclei
which were stained totally brown were considered as acetylated or positive, the nuclei which
were stained patrtially in blue and partially in brown were considered as partially acetylated
or partially positive and any nucletisat completelylacked brown color was considered as
nonacetylated or negativeUp to 1000 cellsvere counted within & different fields In order

to better visualize the nuclear staining and discriminate the coleedi, we used pseudo
colorization bymageJ software turning blue color to red and brown to green (Figuie £6
tumor, a significantly high proportion of nuclei were H3K9Ac negative (Mean + SB: non
acetylated 83% = 17 vs. partially acetylatb? + 16 vs. acetylated 1% +N = 15 (P<
0.0001) (Figure 6).
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Figureb: Pseudecoloring of H3K9Ac nuclear staining using Imageftiware

In order to better visualize the nuclear staining and discriminate the colors well, we performed pseudo
colorization by imageJ softwarBlue color was pseudcolored to red and brown color was pseudolored to
green.Arrows indicate the pdially stained nglei which are hard taliscriminate from totally brownn original
image A: OriginaH3K9Ac stainingattern in tumor cells, B: Pseo-colored image oframe A.
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Figure6: Global H3K9ACc patterin rat C6 glial tumor

Left: Immunohistochemical demonstration of H3K9A@ibrain section bearing ra€6tumor. Color image is
provided byAxioVisionsoftware (Zeigs Right:83% + 18 of the C6 nuclei were coletely nonreactive to

H3K%Ac (negativeyvhile 14% + 16 of the nuclei were partially positive and only 1% =+ 2 of the tunatmi mere

strongly positive*P < 0.05 and ***P<0.0001

Interestingly, 3 out of 1520%) cases of C6 tumors did not show any H3K9 acetyliation
nuclei all over the tumor area; \&n the nuclei of endothelial cellsvithin the tumor area
revealed a completdack of H3K®\c staining while cell nuclei inadjacent brain tissue,

surrounding tle hypercellulatumor area,were spedically stained foH3K®c (Figure?).
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Figure7: Immunohistochemical demortsation of H3K9Adn arat C6 tumor

In 3 out of 15 C6 tumors the nuclei revealed no H3K9Ac immune reaclifigytunor region was compared
with the adjacent brain tiss considering H3K9Ac staining pattern. Ther@s a complete lack of H3K9Ac
staining in nuclei of cells within hypercellular tumor region, whilgacentbrain tissue reveals H3K9Ac staining
in some of tle nuclei.Scale barepresentp n > Y @
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Figure8: Global H3K9Astatus in different C6 tumor regions

C6 cellsvere mostlynon-acetylated followed by partially acetylated and acetylatactlei either in infiltrating

tumor borders,central intact areas, or perinecrotic areas of tumBrror bars representBBv, *P < 0.05 and

**P <0.0001

Investigating the global H3K9 acetylation status in different C6 tumor regions, revealed the
same pattern in each tumor region so that the highestimbers of C6 cells had non
acetylated nuclei followed by partially acetylated and acetylated nuclei either in infiltrating
tumor borders, central intact areas, or perinecrotic areas of tumor (FigureB&3ides,
infiltrating tumor borders had higher numbeof H3K9 acetylated cells compared to

perinecotic tumor regions but not to centralvital areas of C6 tumoi(Mean + SEM;

Infiltrating tumor boarders: 4% =* @s. perinecrotic tumor regions0.4% 0.2 vs. central
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intact areas0.6% +0.4) (Figure9). We dso analyzed H3K9Ac patterns in human brain glioma
(astrocytoma WHO grade Il and Ill and GBM WHO grade 1V) using the same method of

analysis as for C6 tumors.
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Figure 9: Region specific H3K9Ac patterns in C6 tumor

Infiltrating tumor borders revealed a higher number of acetylated nuclei compared to other tumor
regions. In perinecrotic area, the tumor shows serpiginous necrosis with pseudopalisading of tumor
cells around necrotic foci. Error bars represent SEM, *P < 0.05.
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Figure 10: Global H3K9Ac status in diverse WHO grades of human brain glioma (1)
In human samples, tumor nuclei were mostly partially acetylated, either in astrocytoma grade I, Il or
GBM grade V. Error bars represent SEM, **P < 0.001 and ***P < 0.0001.
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Table9: Descriptivestatisticsof H3K9Ac status various WHO gdes of human gliomgl)

Tumor grade H3K9 acetylation statug Mean SD N (tumor samples)
Acetylated 10% 2 7

Astrocytoma grade Il Partidly acetylated 73% 3 7
Non-aceylated 17% 2 7
Acetylated 10% 3 8

Astrocytoma grade Il Partialy acetylated 71% 4 8
Non-acetylated 19% 6 8
Acetylated 2% 1 8

GBM grade IV Partidly acetylated 59% 8 8
Non-acetylated 38% 9 8

The diagnosis and grading of sampless established by two senior neuropathologists in
advance. In human samples, tumor nuclei were mostly partially acetylated, either in

astrocytoma grade Il, 1ll or GBM grade IV (P < 0.0001) (Table 9, figure 10).

Astrocytoma WHO grade I Astrocytoma WHO grade IlI GBM WHO grade IV
LT T e i o R s RO N Yo T < 3 :
e A Pepitel ¥ar™ 3
'o'.'o ..0. AN egod ] . ” S\ S §7 2
¢ . ? 8 et e 4 ‘o~ @ el £
. . ° .0 be : . % ye - .’ o
‘... .. ‘ L) ‘ : : ! ¢ e 2 ':h \ .. v“ : ‘\ X &
o' co® .. .'.: 23 5 ; 0:‘ ‘”, A .2 - =t : o~ 3 »
o a0, .8 = - o .~' '
AL s : “_‘ A B R R g R B DY ety
a b = e X - » i - *
100+ — e
S = B3 Acetylated
3 - [J Non-acetylated
% - [ Partially acetyated
o
5 501
£
=
-
0

Tumor grade

Figurell: Gobal H3K9Awtatusin diverseWHO grades of human brain glion{2)

Increased WHO grade oftumors was associated with decreasagroportion of acetylated and partially
acetylated nucleiand increasedproportion of non-acetylated nucleiSymbols represent meaand error bars
represent EM
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The difference in H3K9 acetylation between different tumor grades was noticeable so that
there were a significantly higher number of nanetylated nuclei in WHO grade IV tumors
compared to grade Il and Ill (P< 0.05) (Figlte table 10).Endothelial proliferation is a
pathological feature associated with GBM grade IV. Endothelial cell nuclei were acetylated,

partially acetylated or nomcetylated in these tumors (Figure 12).

Table10: Descriptive stdistics of H3K9Ac pattersin variousWHOgrades ofhuman glioma(2)

WHO tumor ) I .
H3K9 status Mean difference | Significance| 95%ClI of difference
grade
Acetylated 0.8 ns -19.9t0 21.5
Ilvs. 1l Partially acetylated 1.7 ns -22.410 18.9
Non-acetylated 1.6 ns -19.1to 22.3
Acetylated -7 ns -27.7t013.6
Ilvs. IV Partially acetylated 13 ns -33.7t0 7.7
Non-acetylated 20.8 * 0.1t041.5
Acetylated -7.8 ns -27.81012.2
I vs. IV Partially acetylated 11 ns -31.3t08.7
Non-acetylated 19.2 * -0.8t0 39.2
Descriptive statisticsof two-way ANOVAanalysisof H3K9Ac pattern in variougrades ofhuman brain glioma
including astrocytomanrgde Il, Ill and GBM grade. IBonferroni's multiple comparisonsere usedas posthoc

test. Cl: confidence intervahs nonsignificant,*P < 0.05.
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Figurel2: Immunohistochemical demonstration of H3K9Ac in endothelial cells

Left: Non-proliferated endothelial cells of brain vasculaturght: endothelial proliferation in GBMEndothelial
cell nuclei were acetylated, partially acetylatedor non-acetylated within tumor region and infiltrating
surroundingbrain tissue Scale bars represent 25um
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18. H3K9Ac patterns of typical and atypical pituitary adenomas ndicate
epigenetic shift of theseumors

Pituitary adenomas are benign endocritenors of anterior pituitary that are subclassified

as typical (cowentional) or atypical adenomas. Atypical adenomas are associated with an
uncertain prognosis based on histopathological features. Clarifying regtigealterations of
pituitary tumors, and their underlyingmechanisms, will hopefully open new windows to
treatment and classification of thegsamors and mght introduce novel markers fosurvival

predictionin these tumors

In the present study, usinghmunohistochemistry, we investigated the acetylation pattern of

histone 3 lysine 9 (H3K&) in typical and atypical pituitary adenomas amd normal

pituitary. A total of 104 cases were investigated, consisting of 19 normal pituitaries, 43

typical pitutary adenomas with a MH index < 3%, 32 atypical adenomas with a {IB

A Y R 3% and p53 < 10%, and ten atypical adenomas with aWIBA Y BSE | ¥ R LJp o

10% togetherThe results of this study were published in journahefiroendocrinology70].

Cell nuclei of armal pituitarysamplesvere mostlynon-acetylated (nean + SEM§1%+ 30),
although those in typical pituitgradenoma were mostly partiallgcetybted (mean £ SEM;
61%+ 19) and those in atypical adenoma were mostly acetylateddn + SEM52% + 26)
(Figurel3).

The proportion of acetylated nuclei therefore increased from normal pituitary to typical
adenoma and atypical adenoma &0.0001). In tyjgal pituitary adenomas, numbers of
partially acetylated nuclei were significantly higher compared to the other two groups (P
0.0001) and, in normal pituitary, numbers of nraoetylated nuclei were also significantly

higher compared to any type of pitaity adenoma (R 0.0001) (Figure 14).

We next evaluated the effect of increasing p53 gene expression on acetylation status of
atypical adenomas by comparing atypical adenomas, in which thelMfBR SE 61 & x 02
p53 was < 10%, with atypical adenomas, in which thedIBA Y RSE 61 & x o3 |y
10%. In atypical adenomas with a MlB A Y RSE x o3 YR Lo X M7s
significantly higher proportion of partially acetylated cell nuclei camepg to atypical
adenomaswithaM®B® Ay RSE x o3 [yR Llpo f wmmz: 6aSly 5
0.05) (Figurelb).
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Figurel3: Immunohistochemical demonstratin of global H3K9AmM pituitary tissue
(A) Normal pituitary, (B) typical pituitary adenoma, (Gitypical pituiry adenoma Arrows in (D) represent
negative nucleiarrowsin (E), partial positive nuclei arairows in (F), positive nuclei. All of the samples were

stained in thesame way at the same time. **P< 0.001 atit® < 0.0001.
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Figurel4: Comparison of globaH3K9Adn normaland pathologicalpituitary tissue

NP: normal pituitary; TPAypical pituitary adenomafAPA:atypical pituitary adenoma™**P < 0.0001.
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Figurel5: Comparison of globaH3K9Adn atypicaladenomaswith different p53 expression

(APA)a) represents typicalpituitary adenomaswith MIB-1 3% andp53 < 10%and (APAb) representsatypical
pituitary adenomaswith MIB-1%3% and p5310 (*F< 0.().

We further compared tumis with a MIB1 index < 3% versus tumowith a MIBLA Y RS E X

3%, regardless of tunmmotype, to investigate the effect of increasing MiBindex on

acetylation pattern of H3K9. Tum® with a higher MIBa A Y RSE x o tumorD2 Y LI N.

with a MIB1 index < 3%, showed significantly higher number of acetylated dé#an +
SEM51%z 26 \6.27%= 21,P< 0.0001).

19. Global histone 3 lysine 9 acetylation profiling of ependymal tumors
indicates localizationspecific epigenetic pattern and prognostic
relevance in thes¢umors

Ependymomas are tumors of highly variable clinical and molecular behavior, affecting both
children and adults. Due to the paucity of appropriate experimental models, their underlying
molecular mechanisms of behavioralariability are poorly understood. Considering
increasing evidence of epigenetic changes in various tumors in addition to preclinical success
of epigenetiebased therapeutics in tumors of central nervous system, epigenetic study of
ependymal tumors is waanted. In this study, using immunohistochemistry, we investigated
the patterns of globalH3K9A¢ in 85 ependymal tumors of various clioipathological
characteristicsA total of 85 tumors, from different age groups, diverse CNS localizations and
variousWHO grades, were evaluated for globt8K9Ac statugTablell). Similar to previous
studies, positive immune reaction for H3K9Ac was localized to the cell nucleus, stained in
brown, while nonreactive area of the nucleus was counstained in blue in altumor

samples.
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Table 11: Clinico-epidemiological and global H3K9Ac profiling of ependymal tumor samples

WHO Grade | | WHO Grade Il WHO Grade Il Total
Number of patients 19 (22%) 46 (54%) 20 (24%) 85 (100%)
Age (years)
Median 44 51 29 42
Mean (Range) 41 (1775) 47 (282) 35 (273) 43 (282)
<4 0 3 2 5
4-18 1 0 3 4
>18 18 43 15 76
Gender(no. of cases)
Female 8 25 10 43
Male 11 21 10 42
Localization(no. of cases)
Supratentorial 2 7 14
Parenchymal 0 6 7
Ventricular 2 1 7
Infratentorial 1 13 10 24
Paenchymal 0 5 4 9
Ventricular 1 8 6 15
Spinal 13 31 3 47
Recurrent casefno.) 3 (15.8%) 3 (6.5%) 8 (40%) 14 (16.5%)
H3K9Ac statugo)
N 34%+ 28 37%+ 26 28%+ 26 34%+ 27
Positive cells (Meati SD)
Negative cells (Meat SD)
65%= 28 63%= 26 72%+ 26 66%+ 27

The nucleistained in brown, either partially or totally, were considered as positive or

acetylated, and the nuclei lacking brown staining (totally blue) were considered as negative

or non-acetylated (Figure 16)Cell percentages were used for statistical analysigeneral,

most of the nuclei in ependymal tumors were H3K9Ac negdtidean + SD; 65.9% + 26.5

negative vs. 34.1% + 26.5 positive) ahdre was no significant difference in giddH3K9Ac

levels between tumors of grade I, Il and Il according to WHO grading system (Figure 17).
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Figurel6: Immunohistochemical demonstratiomf H3K9Adn an ependymal tumor

*a: Acetylatednuclei(positive) and *b: nonacetyated nuclei(negative)in an ependyral tumorof WHO grade
.

Figurel7: Gobal H3K9Aan ependymal tumors ofliverselocalizations and grades

(A&a) Primary ependymoma of WHO grade Il localized to Spinal cord. (B&b) Recpaerdyreal tumor of

WHO grade ll{anaplastic ependymomadpcalized to left frontetemporal brain parenchyma. (C&c) Primary
ependymoma of grade Il localized to parenchymal brain of posterior fossa (cerebellum). (D&d) Primary
ependymoma of WHO grade |l froM"lventricle. (E&e) Primary ependwintumor of WHO grade | localized to
lateral ventricle. E&f) Atypical pituitary adenomastrongly positivdor H3K9Ag¢as positive controf70].
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However, subependymomas had highenmber of H3K9Acpositive nuclei(Mean = SD
67.2% = 10.Pthan other tumor subtypes including myxopapillary ependymomnmidsan +
SD 27.5%* 23.7 positive nuclgi, ependymomasMean + SD36.8%* 26 4 positive nuclel
and anaplastic ependymomalgi¢an + SD27.6%t 25.9positive nuclel (Figure 18).

Interestingly, global H3K9 acetylation pattern in ependymal tumors was loegfieaific, so
that intracranial parenchymal tumors had lower H3K@asitivenuclei(Mean + SD13.1%+
21.9) compared to tumors of intracranial ventriculaMéan + SD 48.3%z 27.4 positive
nuclei P < 0.000L and spinal localizationMlean + SD 36.8%z+ 23.9 positive nucleiP <
0.001) (Figurel9). Moreover, supratentorial ventcular tumors had higher H3K9Ac levels
(Mean + SD: 66.4%11.8 positive nuclei) compared to supratentorial parenchymal (Mean +
SD:12.4% + 17.positive nucleiP < 0.0001), infratetorial parenchymal (Mean + $804% =+
25.2positive nucleif < 0.0001)nfratentorial ventricular (Mean + SI38.7% * 28.positive
nuclei P < 0.05 and spinal tumors (Mean + SB6.8% + 23.9ositive nuclei P < 0.001)
(Figure 19).

100

==}
[=]

=2
(=]

Y
(=]

*% %k

Acetylated tumor cells (%)
N
[=]

o

Figurel8: Gobal H3K9AC levelm different ependymal tumorsubtypes
Error barsindicate EM, *P < 0.05 & **P< 0.001 P values in each group are showncompaison to

subependymomas.
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Figurel9: Gobal H3K9AC levelin ependymal tumors ofliverselocalizations

(STV: supratentorial ventricularSTP: supratentorial parenchymal, ITV: infratentorial ventricular, ITP:
infratentorial parenchymal, S: spinal, ICP: intracranial parenchymal, ICV: intracranial ventricular). Right: P values
in each group are shown as compared to STV. Left: P valueshiigeap are shown as compared to IERor
barsrepresentEM, ***P < 0.0001, **P< 0.001 & *F< 0.05

However, there was no significant difference in H3K9Ac levels between supratentorial,
infratentorial and spinal tumors when ventricular and parenchytoahors were considered
together. Besides, recurrent tumors had significantly less H3K9Ac positive cells than primary
ones (16%k 22.5 in recurrent(n=14)vs. 38%t 25.8in primary(n=71) P < 0.0001)Figure

20).

1004
801

601

Acetylated tumor cells (%)

X
S N

&
oé

&
® &

Figure20: Gobal H3K9Ac levels primary and recurrent ependymal tumors
Error bardndicate &M, **P < 0.0001
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Figure21: Survival analysis oépendymal tumors
Comparison of probability to recur in time in ependymal tumors with acetylatesleiless than 20% compared

to the tumors wih 20% or more acetylated cell$?=0.0327.

H3K9Ac pattern in ependymal tumors also revealed prognostic significance so that tumors
with less than 20% acetylated cells were probable to recur faster (P=0.03&%)ttimors

with 20% or more acetylated cells (Figure 21).

20. MS-275resumesaltered global H3K9 acetylation in APPPS121 mouse
model of Al zheimero6s di sease

1 f T KSAYSNR&E RA&aSIaS o6!50 A& | LINPINBaairgsS yS
cause of demeila among the aging populatiorf391]. Heritable factors contribute
substantially to the risk of dedoping AD. More than 95% onsets of AD occur later than 65
8SINEZ 6KAOK FNB OFffSR aaL2NIRAOé !-obsetg KAE S
autosomal dominant forms, called familial AD (FAB9Z. Current AD research mainly

depends on the later form of the disease. Two reasons can be mentiondidofirst of all,

FAD fully represents amyloid theory which is the best known and accepted theory describing
molecular mechanisms of AB93. Secondly and most importantly, transgenic models could

be designed from involved genes in familial forms which are of fostnmportance for

investigational purpose894].
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The amyloid hypothesis mainly emphasizes on excessiypgodluction as the core pathology

of AD [393. However, recent evidence on epigenetic mechanisms in neurodegenerative
diseases has made a paradigm shift in our understanding of385 396]. Study of late
oOnset AD in twins supports the involvement of epigenetic mechanisms in AD
pathophysiology{397]. Latent Earlyife Associated &julation (LEARN) is a model based on
environmental induction of latent epigenetic deregulation that introduce specific, testable
molecular pathways, united as epigenetic mechanisms, into the etiopathology of AD and
other neurodegenerative disorderg395]. Among different epigenetic modalities histone
acetylationdeacetylation, dynamically regulated by histone acetyltransferases (HATs) and
histone decaetylases (HDACs), has shown particular relevance[898DHDAC?2 is a known
regulator of memory[399. In a recent study of cognitive function in two mouse models of
neurodegeneration and ni AD patients, it was shown that epigenetic blockade of
transcription of the genes important for learning and memory, is mediated by HDAC2 and

this blockade was reversibjé0(.

Moreover, nonspecific HDAC inhibitors such as valproic acid, trichostatin A, and vorinostat
have been shown to change the status of Aplaque deposition and/or tau
hyperphosphorylation via different mechanisi#01]. MS275 (entinostat) is a potent, loRg
lasting, selective HDAC inhibitor currently in clinical trial stage of therapeutic ¢ioalua
various types of cancgd02 403. Recently the drug has gained the attention for treatment

of brain disorders. Combined use of M®% and resveratrol has showneuroprotective
effects in a micemodel of ischemic brain injurj404]. Treatment of rat astrocytes and
neuronsrevealed an upegulated levebf the neuroprotective heat shock protein 70 (HSP70
and increased levelsf tH3K4Me2 at the HSP70 promof&05. In another study, five day
treatment of a mouse model of persistent inflammatory pain with -B¥S substantially
reduced the wciceptive response in the migd06]. MS275 has also been introduced as a
potential treatment for cognitive deficit associated ih schizophrenig407]. According to a
recent study, oral administration of M&5 ameliorated neuroinflammation and cerebral
amyloidosis and improved behaviin APPPS21 mice model of AD, carrying two important
mutations of amyloid precursor protein and presenilin geng8]. Regarding the
involvement of epigenetic mechanisms in AD pathology and the relative success of HDAC
inhibitors in resuming cognitive function, study of histone acetylation/deacetylation paiter

in AD is warranted. Such findings not only increase our unaledgig of AD pathophysiology,
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but also provide a platform for therapeutic developmehtere we studied the patterns of
global H3K9 acetylation in APPP1mice compared it to H® acetylabn patterns in wild
type mice.The characteristics and advantagesAéfPPS21 micehave been discusseth our
review of AD rarine models published in 20J209]. We also studied the changing patterns

of H3K9AC in response to a selective HDAC inhibito2 RBSin these transgenic mice.

H3K9 acetylation pattern is altered in neocortex of APPRSiice

APPPS21 transgenic mice of 5 mtms were compared to age/gendenatched wildtype
littermates for global H3K9Ac statud3K9Ac immune reactive area was localized to the cell
nucleus, stained in brown, and neoeactive area wasounterstained in blue. The nuclei
which were stained totallyprown were considered as acetylated or positive and the rest of
nuclei lackingbrown staining were considered as negative or +ametylated. H3K9Ac was
evaluated in striatum, hippocampal, and neocortical regions of mice brain. In hippocampus
the H3K9Ac paitive and negativeaucleiwere also counted differentially in CA1, CA2, CA3
and dental gyrus (DGIn each region the total number afuclei the nonacetylated and
acetylated nuclei were calculataginglmageJ software. The counting was performed-# 3
random regions in each anatomical are&.minimum of 400 cells were counted in each
anatomical region.In wildtype mice, within all three regions of brain (striatum,
hippocampus, neocortex), most of the nuclei were positive for H3K9Ac (P< 0.0001)rwhile i
APPPS21 mice only in hippocampus and striatum most of the nuclei were H3K9Ac positive
(P < 0.0001) (Figure 22, table 12).

Tablel12: Descriptive table oH3K9Ac statusn APPPS21 and wild-type mice

Wild-type mice APPPS21
Brain region H3K9 acetylatia status
Mean (%) SD Mean (%) SD
Neocortex Acetylated 87 6 47 24
Non-acetylated 13 6 53 24
Hippocampus | Acetylated 98 3 89 19
Non-acetylated 2 3 11 19
Sriatum Acetylated 94 7 99 2
Non-acetylated 6 7 1 2
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Figure22: H3K9AC status in brains of APPPH1Land wildtype mice
H3K9Ac status was studies in brains of APPRSAnd wildtype mice in three anatomical regions including

neocortex, striatum, and hippocampus, ***P < 0.0001.

Moreover APPPS21 mice had significantly lower H3K9Ac positive nunléheir neocortex

compared to wiletype littermates (P < 0.001) (Figure 23)

In order to investigate the association of H3K9Ac alteration to ageing, we also analyzed H3K9
acetylation pattern in APPP&1 mice of 3, 5 and 7 months old. Interestingly, the H3K9
acetylation used to decline with increased age of transgenic mice so that 3 months old
APPPS21 mice had higher number of H3K9Ac positive nuclei in neocortex than 5 and 7
months old mice (Mean 8 25% + 14 in 7 months mice, 25% + 18 in 5 months mice, 48% +
12 in 3 months mice; P < 0.05) (Figure 24). There was also no difference in acetylation
pattern between CA1, CA2, CA3 and DG regions of hippocampus either in ZRRi?3dld

type mice, and ndifference in acetylation pattern of these swbgions between the two

mice groups.
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Figure23: Brain regionspecificH3K9A@lteration in APPPS21 compared towild-type mice
The acetylation pattern was altered in a region sfieananner in APPP&IL mice so that the number of
acetylated cells in neocortex was significantly lower in A3R2R mice compared to the wiltype littermates

Scale bar is equal to 50 pm for neocortex and striatum and 200 um for hippocampus,frame®.001.
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Figure24: H3K9 acetylatiorof neocortex in APPP&A1 mice of variousges

H3K9Ac status was investigated in neocortex of APRR®dice of 3, 5 and 7 monthsP < 0.05
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MS-275 resumes altered H3K9 acetylation in netsooof APPP&A1 mice

H3K9 acetylation pattern was studied in mice after 10 days treatment with eithe2N8Sr
vehicle (VEH)in age/gendeimatched mice. The counting process and image analysis was
performed in comparable areas as descritimdore. H3K9A levels were increased globally

in all brain regions of APPR31 mice in response to M&5 treatment 6 mg/kg body
weight). In neocortexof mice treated with M&75, there was a significantly higheamber

of acetylated cellxompared to VEH groufVEHgroup: 75.2% + 13.1 vs. M35 group:
89.3% * 5.6; P< 0.0%Figure25). In hippocampus and striatum the number of acetylated
nuclei was not significantly different in M35 and VEH groupNe also analyzed the
intensity of H3K9Ac immunostaining in two gps of mice. We used the color histogram of
images as described in chapter Il. In neocortex and striatunoteeallintensity of H3K9Ac
staining was higher in M&/5 treated mice compare to VEH group (P< 0.0001) and there was
a clear shift of the color kiogram toward the higher intensity values in these two regions in
MS-275 treated mice as compared to the VEH grfigure 26) Regarding the hippocampus
there was no significant difference in overall intensity of H3K9Ac staining osigmicant

shift of histogram in M&75 treated mice compared to the VEH grd&jigure B).
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Figure25: Effect of MS275 treatment on H3K9Ac status of APPPX1mice brain
Age/gendermatched mice were treated with either M&5 or VEH for 10 day®lS275 elicied an increase in
the number of H3K9Ac positive nuclei in neocortex of APRRSthicewhich wasdecreased in the transgenic

mice compared to the wildlype littermates, *P < 0.05 & **P < 0.001.
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Figure26: MS275 eligts an increase of H3K9Ac immunoreactivitybrain of APPPSP1 mice

In neocortexand striatum of M&75 treatedmice there is a significant shift to the left in histogram radclei
populations with relatively highecolor intensitycompared to thenuclei of corresponding reigns in VEH
treated mice OD of H3K9Ac immunostaining in eatttleuswith a 255 gray scale used as a refereridee left
histograms represent the histogram of selected bins plotted against pixel frequency and the right histograms
represent the histogram of all 255 OD levels plotted against frequency of H3K9Ac positivEheetiferences

in intensity of H3K9Ac immunostaining between -REY and VEH treated mice were highly significamt
neocortex and striatum of mice bra{i® < 0.0001). For interpretation of OD vaks and histograms please refer

to the chapter IlScale bar is equal to 50 pimneocortex and striatumand 200 pmin hippocampudrames *P

<0.05, *P<0.001 &P < 0.0001
21. Valproic acid increases the H3K9Adevels n the brain of experimental
autoimmune encephalomyelitis rats

MS is known as a chronic inflammatory diseasiethe CNShat leads to demyelination,

axonal degeneration and consequently neurological disability mostly in young adults. It is a



Chapter I11: Results 65

prevalent neurdogical disease in the northern hemisphere, with-0.5 per 1000 prevalence
rate [410]. The susceptibility to develop MS is mostly accredited to the human leukocyte
antigen (HLA) class Il regipfill, 412], as well as the HLA class | region according to more
recent findingg413, 414.

However, the etiology of MS is not fully known and a combination of genetic, environmental
and stochastic factors is believeddave an autoimmune response in genetically susceptible
individuals through various known or yet unknown mechani$fi®, 416]. Along with new
epigeneticbased definitions in various diseases, the role of epigenetic mechanisms in
neurodegenerative and autoimmune diseases has started to be explored beyond targeted
investigations of specific lod417-419]. Although dforts to establish the epigenetic
mechanisms in M8re just being startedstudies exploring the epigenetic mechanismshef

cells implicated in MS pathayy have already been donand can be assigned MSdisease.
Such findings have been a guide to the application of epigenetic modulator drugs for
reprogramming of immune cells in order to reverse the pathological stateutoimmune
disorderstoward the realthy state. Valproic acid (VPA) is a branched fatty acid that is slightly
soluble in water and highly soluble in organic solvents. VPA hyperacetylatedtdrendal

tails of H3 and H4 in vitro and in vivo andsaproven to directly inhibiHDAC enzymati
activity at 0.5 mM concentratiom 2001[78]. Since thenVPA has been used in different pre
clinical and clinical trials for its potential therapeuticesffs against solid tumoig2(. VPA

has also shown neuroprotective effects through a range of possible mechanisms, such as
modulating the GABAergic arglutamatergic systems, effect on ion channels, modulating
kinase pathways, antixidant properties and effects on gene expression through epigenetic
modulating effectd421]. Ina previous study by Zhang et.#terapeutic effect ofVPA wa
reported in EAEModel of MS in raf384]. In present studythe changing patterns of H3K9Ac

in response to VPA therapy were investigabedEAE rabrain. EAEs a murine model oMS

that can be induced by active immunization of rats with aatdigens of the CNS or adoptive
transfer of myeliareactive CD4Th1 lymphocyte$422 423 and H3K9Ac is a substrate for
HDAC1, targeted by VPA.

VPA increases H3K9 acetylation in EAE rats

EAE rats were treated with either VPB00 mg/kg in PBS)r vehicle (PBSpr 10 daysas
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described in chagtr 1. VPAreated EAE rats were compared RiBStreated ones concerning
the changing patterns of H3K9Ac. H3K9Ac immune reactive area was localized to the cell
nucleus, stainedn brown, and nonAreactive area wasounterstained in blue. The nuclei
which wee stained totally brown were considered as acetylated or positive and the rest of
nuclei lacking brown staining were considered as negative oravetylated.H3K9Ac was
evaluated inhippocampaland neocortical regions aft brain differentially.In eachregion

the total number of cells, the neacetylated nuclei and acetylated nuclei were calculated.
The counting process and image analysssesperformed in comparable areassing ImageJ
software. The counting was performed ir53randomly chosen frames ieach anatomical
area. A minimum of 400 cells were e¢ted in each anatomical regiofihe number of non
acetylatednucleiwas significantlyower in VPAtreated EAE rats compare to the P@S8up.

In cortical regions, there was fgnificantly lowemumber of nonacetylated cells in VPA
treated rats compare to th®Bgroup (Mean + SD: 30% + 13 in VPA group vs. 6% BBSn
group, N=6)Figure 27)
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Figure27: Alteration of H3K9Ac &itus in brains of EAE rats in response to VR#&atment

EAE rats were treated with either VPA (500 mg/kg in PBS) or PBS for 1H3l&9sc status of nuclei was
evaluated in neocortex and hippocampus in both groups after treatm8oale bar represents 1Qfm in all
frames,***P <0.0001.



Chapter I11: Results 67

Similarly,there was a significantly lower number of naoetylated cells in hippocampus of
VPAtreated rats compare to the PBS group (Mean £ SD: 22 % % 8 in VPA group vs. 3% + 3 in
PBS group, N=6) (Figure 27).

In this regard, not only the number of acetylated cefiat also the intensity of staining in all
acetylated cells was higher in \RAated EAE rats compared to the PBS group both in
cortical and hippocampal regions of brain (Figure 28). In order to analyze the intensity
variation among treatment and contrgroup we used the histograms of images using ImageJ

software andstatistically analyzed image parameters as described in chap&37H389.
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Figure28: VPAelicits an increase of H3K9Ac immunoreactivity in brain of EAE rats

Thenucleiin brain of VPAreated rats were more strongly @ned for H3K9Ac compare to RPB&ted group
representing that VPA treatment is associated witbréased H3K9Ac both in corticaihd hippocampal region
of EAE rat brain. The upper histograms represent the histogrfegrlected binglotted against pixel frequency
and lowerhistogramgepresent the histogranof all 2550D levelgplotted against frequencgf H3K9Ac positive
cells For the details on method of analygieaserefer to chapter Il X axis represent the valwd various levels
or bins(h(bj)), *P <0.05, *P<0.001
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VPA treatment ameliorated EAE

In previousstudy by Zhang Z. et.aMPA treatnent alsorevealed therapeutic effect in EAE
rats. VPA treatment was accompanied with reduced expression of inflammatory cytokines in
spinal cords and lymph nodes, decreased neurological severity and shortened duration of

disease compared to PBS con{#i24)].

22. Resveratrol effectively reduces nitric oxide production inLPS-induced
N9 microglial cellswithout affecting their H3K9 Ac profile

Microgliasare immure system representative of brain and consist 10% of the total glial cell
population in CNSn ayoung bramn, microgliagunction as neuroprotective cell&ut in the

aged bran, they have beenprimed to react abnormally to the stimulileading to
neurotoxcity andneurodegeneratior[425, 426]. Aging associated immune senescence is a
known phenomenon which rendemsicroglia to function abnormallyand may eventually
promote neurodegenerationf427]. Immune system senescence is associated with both
morphological changes and alterations in immunophenotypic expression and alteration of
inflammatory profile as well as activatiaof inflammatory pathways that should be silent
during the healthy state [428-430]. The present hypothesis of microglia senescence during
brain aging and its patholazl role in agingelated neurodegeneration has led to a novel

perspective on potential therapeutics for neurodegenerative disef$88432.

Epigeneticmechanisms have been shown to contributethis processlit has been suggested
that persistent inflammation indueepigenetic changes that lead to neurodegenerative state
[433. In other words, the repressive effects of microglia and astrocyte-avgvation is
suggested to recapitulate permissive epigenetic conditions that induce neurodegeneration
[433. Polyphenols weralready discussed as effective modulators of neuroinflammation,
epigenetic modifiers and potential therapeutics for neurodegenerative disgds. In the
present scenery, using polyphenols that suppress neuroinflammation through epigenetic
pathways would be a potential therapeutic optidor neurodegenerative disorder3he best
targets for such therapdics remain to be investigatedHere we studiedthe effect of three
polyphenol and nospolyphenol HDAC inhibitors, resveratrol, curcumin and valproic acid
(VPA)on LPSnducedmurine N9 microgliecells
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Figure29: LP9nduced nitric oxide production in N9 cells
N9 cells wee treated with LPS (1pg/ml) for 24 hours. The medium supernatants were collected and

concentration of NO was measured by standard Griess assay, ***P < 0.0001.

N9 cellswere seeded into 12vell cell culture plates and cultured for 48 h. After reaching the
sufficient confluencythe cells weretreated with LPS (1ug/mljor 24 hoursas described in
chapter Il The medium supernatants were collected and concentratiomitfc oxide NO)
was measured by standard Griess asBiy.concentration in medium supernaat of N9 cells
was significanyt increased after LPS treatmeilean £ SD in medium: 1.6 uM + 0.9 vs.-LPS

treated group: 9.6 uM = 0.1 igure29).

After LPS induction, N9 cells were treated with a wide range of concentrations of curcumin,
VPA and resvatrol (1, 10, 100, 1000, and 1500 puM) for 24 hours. MTT assay was performed
on treated N9 cells and toxic concentrations were omitted for all compoundsindB&ed

N9 cells were then treated with netoxic concentrations of curcumin (1 and 10 pM), VPA (1,
10, 100, 1000 uMand resveratrol (1, 10, 100 uM) for 24 hours. The supernatants were

collected and NO concentration was measured by stan@aress assay after treatment.

Resveratrol (100 uM) significantly reduced NO concentration in supernatant aftéiodrs
treatment while curcumin did not show any effect on NO production (Figure 30, table 13).
Interestingly, valproic acid (1000 puM) even increased the NO production by N9 cells. DMSO
was used as vehicle for curcumin and resveratrol and distilled watevPA. As control the
highest vehicle concentration in each compound was used (Figure 30, table 13). DMSO was
toxic to N9 cells and curcumin and resveratrol increased the cell longevity compare to vehicle

group according to MTT assay (Figure 30).
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Table13: Descriptivestatisticsof NO production in LR#iduced N9 cells in response to therapy

Treatment vs. control _Mean Significance| 95% CI of difference
Difference
VPA (1uM)+LPS vs. Medium+LPS+H20 0.9 ns -4.7t10 64
VPA (10uM)+LR&. Medium+LPS+H20 2.2 ns -3.3t0 7.7
VPA (100pM)+LPS vs. Medium+LPS+H20 2 ns -3.5t0 7.5
VPA (1000pM)+LPS vs. Medium+LPS+H20 126 kx 7.1t0 18.1
Res(1uM)+LPS vs. Medium+LPS+DMSO -2.6 ns -7.5t1023
Res(10uM)+LPS vs. Medium+LPS+DMSO 2.1 ns -6.9t0 2.8
Res(100uM)+LPS vs. Medium+LPS+DMSO 5.7 * -10.6t0 -0.9
Curcumin(1pM)+LPS vs. Medium+LPS+DMS 6.2 ns -3.6t0 15.9
Curcumin(10uM)+LPS vs Medium+LPS+DMS 5.2 ns -4.6t0 14.9

The results were analyzed using emay ANOVAT analysisvith Banferroni's mutiple comparisonss posthoc

test. Cl: confidenceterval, ns: nonsignificant,*P < 0.05, ***P < 0.0001.

In the next step, the cells were treated with effective doses of VPA (1 mM) and resveratrol
(100 pM) for 24 hours. DMSO and distilled water weespectively used as vehicle for
resveratrol and VPA. After treatment, cytospin preparation of the cells was used to evaluate
the effect of different therapeutics on H3K9Ac content of N9 cells, using
immunohistochemistry. H3K9Ac immune reactive area wasliad to the cell nucleus
stained in brown. We used the same method of image analysis as in previous experiments.
The brown nuclei were considered H3K9Ac positive and the nuclei lacking brown color were
considered as negative. In each setting up to 200sceere counted. Neither VPA no

resveratrol induced significant changes in global H3K9Ac levels in N9 cells (Figure 31).
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Figure30: Effect of VPA, resveratrol and curenin on NO production by N9 cells

LPSnduced N9 cells wergeated with curcumin (1 and 10 uM), VPA (1, 10, 100, 100D aid resveratrol (1,
10, 100 pM) for 24 hourd_eft: Griess assagsults;the values are shown as compared to MediunLRS+
Vehicle right: MTT assaesults *P < 0.05, **P < 0.00¥*P <0.0001
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Figure31: Immunohistochemial demonstration of global H3K9An N9 celldn response to VPA

and resveratrol
The cells were treated with effective doses of valproic acid and resveratrol for 24 hours. DMSO and distilled
water were respectively used as vehicle for resveratrol and VPA. H3K9Ac was evaluated in cytospin preparation

of N9 cells. Neither resveratrol nor VPA could significantly alter the H3K9Ac content of the N9 cells.
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23. Icariin does not alterglobal H3K9Ac profile of APPPSX21 mice brain

Icariin is a flavonoid and the main constituent of Epimedium brevicornum Maxim, a well
known Chinese herbal medicine. Various activities and pharmacological applications have
been reported for icariin. Regulation of cardiovasciggstem, neurite growth stimulation,
antitumor activity, antioxidant effect, immuneegulation, improved sexual function, and an
estrogen like activity are some of these properti¢434-438]. Icarin has shown
neuroperotective effects in several previous studies. Icariin was able to enhance neuronal
viability after oxygen and glucoseprivation or hydrogen peroxida-mediated cytotoxicity

and inhibit oxidative stresby increasing SIRT1 activity and expres$gsd, 439. SIRTL
dependent neuroprotective activity was also refad for icariin in an experimental model of
stroke [117). In another study icariin inhibited begmyloidinduced neurotoxicity through
up-regulating cocaingegulted and amphetamineegulated transcripts[108]. Improved
memory function isalsoone of the reported effects of icariin in several studies of icariin

effects agaist neurodegeneratiom AD mice modelg!40, 441].

We studied the patterns ofjlobal H3K9Acin neocortex, hipocampus and striatum of
APPPS21 mice, in response to icariinreatment. Age/gendermatched APPP&A1
transgenic mice of 5 months were treateither with icariin orwith 1% CM@s vehicleas
described in chapter .limmunohistochemistry was used for éwation of brain H3K9Ac
patterns. H3K9Ac immune reactive area was localized to the cell nucleus, stained in brown,
and nonreactive area was stained in blue. The nuclei which were stained brown were
considered as acetylated or positive and the rest of eutcking brown staining were
considered as negative or nacetylated. H3K9Ac was evaluated in striatum, hippocampal,
and neocortical regions of mice brain differentially.each region the total number of cells,
non-acetylated nuclei and acetylated rlacas well as the intensity of staining in acetylated
nuclei were measured using ImageJ software. The counting was performe8 narlom
regions in each anatomical area. A minimum of 400 cells were counted in each anatomical

region.



Chapter I11: Results 74

10; !
0 BVEH 15 — VEH
i X
, ol B lcarin S — lcariin
—~ —
CRES W 1o
Q|3 3
O | < -
o H @©
O|5 =05
>
O g '
Z |27 8
L <
01 0.0 . v . s
P DO PSP S RLEPOEPPEOL LSOO B Q& v & o
OD values N - ¥ ¥
@ OD values
10' - 1.57
\O
(=)
= =
= * o)
E &/ 61 8 1.04
- Ry §e;
=le )
O D 4 2 os
= | T =
n|e 7 8
w <
0 S — 0.0 v . =
Q ,\9 ,,JQ vb (,)Q @ ,\Q Q,Q QQ \QQ‘\}Q '\’)’Q 00 \“0 ’@Q'\Qp \,,\Q‘&Q '&Q ’190"{,\9 ’010 ”3’0’\/@ ’@Q (”0 '»0\, {’;\, ’\94) ff/’)“
2 OD values OD values
20; -~ 15
2} =
> —
~ 154 —
g O\o 8 1‘0-
N
O
>
@S 10 Q9
O Q =z 0.5
o= i
T 51 o)
o [0) (&]
Q.\r <
 — 0 0.0 T T
I SRR R R S SRR R ISR S I S S SRR § \9’\, @’L "9’5 '{?b‘
= OD values OD values

Figure32: Histogram ofH3K9Ag@ositive cellsin APPPS21 mice following icariin treatment

The left graphsrepresenthistogram of H3K9Ac positive cells in selected hind right graphs represent the

total histogramof all 255 leveldn treatmert group compared to the/EHgroup. There was no significant
difference in histogram of selected bins or shift of histogram of H3K9Ac positive cells in treatment compare to

VEH groupkor details on method dimageanalysis please refer twhapter Il

Thee was also no difference in H3K9 acetylation pattern between icariin treated and vehicle
group of transgenic miceWe did not find any significant difference of the number of
acetylatednuclei or intensity of H3K9Ac staining in acetylatedclei between \ehicle and

icariin treated groups in any of brain regions (FigB2e33).
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Figure33: H3K9AC status in APPR31 mice in response to icariin treatment
APPPS21 mice were treated with icariin or vehicle for 10 days. Paraffin etdbd sections were
immunostained against H3K9Ac. Global H3K9A was evaluated in neocortex, hippacangpusdriatum of

transgenic mice in response to treatment.
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24. Do patternsof H3K9Ac change in variousneurological disea®s?

Aberrart histone modification profilesat promoter of specific genesr at genomewide
level havewidely been studied in brain tumors and have recently begun to be described for
neurodegenerative disorders such A& PD HD MS epilepsy, ad ALS[31, 51]. In fact,
epigenetic mechanisms are critical to the development and function of CNS in mammals.
Acacordingly, modifications of histone proteins, associated with chromatin structure, play a
pivotal role in transcriptional regulation of genes important for brain functieor. example,
neuronal differentiation is regulated in part by DNA demethylation potycombmediated
histone HX27 trimethylation (H3K27me3PNA methylation contributes to repression of
pluripotency in lineageommitted neural progenitorsAlso, promoters marked by H3K27me3

in neural stem cells often gain DNA methylation during difféegion [442]. In the setting of
neural development several epigenetic modalitiegyht simultaneouslybe involved andhe
interplay between the action of various epigenetitodalities (e.g. HDACs, HATs, DNAMTS,
etc.) determines thepace and direction of gene transcriptionn other words, context
dependent interactions between different epigenetic mechanisms guide neural
differentiation, and underscore the general importance of epigenetics in normal CNS
development and maintenance of cellular identityAccordingly, epigenetic association in
neurodevelopmental disorders has been described [bd]. Among \arious modifications
that occur at the Nerminal tail of histone molecules within the nucleosomastone
acetylation ha been frequently studiedAcetylation is believed to disrupthe structured
arrangement of histone proteingelax the chromatin structure viaeutraliang the positive
charge of histone tailseducetheir affinity for DNAand finallymakeDNA more accessible to
transcription factorg443]. Various lysine positions over different histone types can accept

this acetyl group via the action of histone acetylator/deacetylator enzymes.

Acetylation of specific lysine residues oistbnes plays a key role in regulating gene
expressionAcetylationof H3K9is known to be associated with active chromastate and
gene transcriptior[27, 444-44€]. Level ofH3K9acetylation is also positively cetated with
transcription rateq21]. The reduced acetylation of H8Ks accompanied with reduced gene
expression and the correlation is so significant that the genemde increased levels of
H3KHAc via VPA administration have shown to be contributed to the pluripotenty

embryonic stem cellpd47]. Alteration in acetylation of H3 either with specific notification to
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the position of affected lysine or in general as global H3 acetylation has been investigated in
various neurological diseases and tumovde alsostudied the patterns of H3K9Ac in a

selected set obrain tumors andADas the prototype of neurodegenerative diseases.

24.1. Histone acetylation in cancer diagnostics and prognostics

Based on the current theories, aberrant increase or decrease in acetylatiorBK® lih
promoter region of genedisrupts the normal gene expression pattern and chromatin
architecture, and therefore could &l up to the carcinogenic stafé0, 31, 32, 448, 449]. This
theory appies not onlyto promoterspecific histone acetylatigrbut also to global histone
acetylation level410, 33]. This has been supported ltlge evidence that changes in global
levels of histone modifications correlate with their levels at individual promotard

repetitive DNA elements tof83, 34, 45(].

While due to the broad variability in genetic alterations, the genetic study of brain tumors is
cumbersome and frstrating, global epigenetic patterns and study of their alterations might
not only provide information for developing new therapeutjdsut also be an explanation
why a wide range of aberration in gene expression could be found in these tuwizga no
specific tumor suppressor or pronber mutation could beassignedDefiningalterations of
these epigenetic components under various pathological conditions provides useful tools for
the diagnosis, classification and treatmentdifease4451]. We studied hree types of brain
tumors,including brain gliomas, pituitary adenomas and ependymoricagattems of H3K9

acetyation and its probable cliniepathologcal significancén these tumors

24.2. Brain gliomas

Malignant gliomas are devastating brain tumors with no promising treatment. The prognosis
of patients suffering from malignant glioma is unfavorable, despite tremendous
improvement in surgery, radicand chenotherapy The majority of GBKldevelop rapidly
without clinical, radiological, or morphological evidence of a precursor lesion (primary or de
novo GBMs). Secondary GBMs, in contrast, develop slowly by progression from diffuse
astrocytoma grade Il, or anlgstic astrocytoma grade lll, and are genetically distinct from
primary GBMs. Both GBM types have a rapid proliferation rate, and are capable dingoub

in size within a few weekigl52]. Recent findings aboutpigenetic mechanisminvolved in
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the pathologyof tumors and the simultaneous development of histone acetylation modifiers,
such HDACIshas brought new hopes farovel classificationmarkers better survivaland

therapeutic options for gliomas.

Studieson global acetylation p&trn in glial tumors are scardé3, 64, 453. Although a few
studieson global acetylation pattern of histon@s brain gliomasavepreviouslybeen done,
the results of these studies are ofterariable and even contradictoryf454, 455. Global
decreae in acetylation of HBas been reported in one stud§4], while in another studyan
increase inglobal acetylation of H3 has been observgd55]. However, in none of these
studies, the position of acetyl group hasdmespecified Alteration in global acetylation of
H3K9is associated with many cancdal, 449, 456]. However, the changes in acetylation

pattern of this specific biomarker have not been studied extensively in brain gliomas so far.

Thereare variable reports ofltered histone acetylation patterngs well @ expression or
activity of histone modifyingenzymes in glial brain tumorf2l, 27]. Although some
correlatiors have beemlescribed between such changasd severityor progression of these
tumors, still little practical clinical conclusion has been derived. Moreover, studies on global
H3KHAc patterns of cells which have shown practical clinical application andealation in
varioustumors, are very scarce for gliomgk4, 66]. So far, only in one study global K&\c

levels hae been shown to be important in survival preton of low grade astrocytomas

[63]; according to this study, patients whose turscexpressed H3K9Ac less than88% of

tumor cells had a worse survival comparedpatients whose tumors had at least 88% of
cells expressing H3K9AD. another studyfocudng on patterns of global H3 acetylation in
different WHOGgradesof brain gliomasa global increase dfi3 acetylation was reportedn
glioblastomascompared to lowgrade astraytomas and normal brain tissuRl]. The
position of acetyl group was not specified in this sty@$]. In another study, investigating
differential expression of 12 HDAC genes in astrocytomas and normal brain tissue revealed a
negative correlation between HDAC Il and IV gene expression and the glioma grade
suggesting that class Il andHNDACs might play an important role in glioma maligndfdj
Evaluation of histone 3 acetylation levels in this study showed that H3 is more acetylated |
glioblastomas than normal brain tissue confirming the dewgulation of HDAC mRNA in

glioblastomasThe lysine position was not specified in this study too.
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Our findings regarding the decreased global acetylation of H3K9 in GBM (grade IV) compared
to adrocytoma grade Il and Il andw H3K®c profileof C6gliomas support the rationale

that the levels of H3K9 acetylation correlate with the malignant progression of gliomas.

24.3. Pituitary adenomas

Pituitary tumors are tumors of the endocrine system and consite up to 1015% of
intracranialtumors. They are classified according to histology, immunohistocseyniultra:
structural featuresas well as biochemicaimaging and surgical finding#57]. Thesetumors
mostly include benign adenomas of anteriorygiary cells. Pituitarycarcinomas, which are
characterized by aggressive behavior and metastases, much rarer[458-460. Pituitary
adenomas are clasgfi into typical (conventional) and atypical adenomas. In typical pituitary
adenomas, histologically monomorphic cells, with round uniform nuclei and finely stippled
chromatin, are most prominent, although mitosis is not a significant feature and,
consequetly, the MIB1 labelingindex (Ki67) is < 3%378]. By contrast, atypical pituitary
adenomas are defined asimors with a MIB1 labelingA Yy RSE B o | YR aSE(
A Y Ydzy 2 NB Ib@ (Wkh@uk inéastasis (according to the World Health Orgaiomat
classifcation of Endocrine Neoplasmf)3, 461]. However, there is no general agreement
about this efinition and some studies prefer to consider adenomas as atypical, if theLMIB
index is > 10%rrespective of the p53 statugl6Z]. A clearcut distinction betveen typical
and atypical pituitary adenomas is importaftecause both the therapeutic option to be
considered and the prediction of survival depend on it. More contemporary definitions,
based on epigenetic alterations, have brought not only additionarapeutic options to
incurable or hardly manageable tumors, but also better adtdo classification of tumors
[463). Epigenetics, according to definition, is anything other than genesdaastill affect
gene expression3]. Recently, efforts have been made to classify and describe the
pathophysiology of brain tumors bed on epigenetic findings and to develop drugs that can
act through these epigenetic pathway80, 31, 463). In this respect, pituitary adenomémave
shown to becandidates of pigeneticbased classification§464-466. HMGA2 is a low
molecular weight protein, whose overexpression igoined in pituitary oncogenesig67].
HMGAZ is activated through increased histone acétyfhaof a series of gene promoters that
orchestrate serial tumor promoter activations and filyacontribute to tumorigenesi§468].

In this scheme, not only thmvestigation of changes in the acetylation pattern of H3K9 in
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pituitary adenomas can provide a guide to the classification of tumors based on their
epigenetic changes, but also the manipulation of H3K9 modulation might be a promising

target for therapeuic approaches.

We investigated the acetylation status of H3K9 as an epigenetic component iroth&in

and adenomatous pituitaryas well as the correlation of established histopathological
adenoma severity markers with acetylation statiEpigenetically maéiated tumaigenesis is a
common feature asxiated with pituitary adenomag463. However, the mechanisms
involved inthis process are still unknown. Although there are a large number of studies on
methylation patterns of pituitary tumor$463-466], studies on histone acetylatigpatterns

of these tumas are still limited469-471].

In the study on pituitary adenomas, we observed an obvious increase in global acetylation of
H3K9 in pituiary tumor cells compared to normal pituitary cells, with an increasing trend
from typical to atypical pituitary adenoma. Previous studies have focused on the histone
acetylation pattern of specific genes and gene promoters within pituitary tumdrer
example, melanomaassociated antigen 3 (MAGEA3) is an antigen expressed in human
pituitary tumors. Induced MAGEA3 expression has been shown to be associated wit
increased histone acetylatiot72-474). Silencing of fibroblast gwth factor 4, a pituitary
tumor derived antigen, has also been shown to be associated with histone deacetylation in
pituitary adenomag475]. Another study revealed that binding of HMGA2, a gene that is
amplified and overexpressed in human pituitary adenomas, to retinoblastoma protein (pRB)
displaces histone deacetylator enzyme 1 from the repinas pRB complex, leading to the
enhanced acetylation of histones at the transcription factor E2F1 responsive sites and furthe
gene transcription activatiof468]. Sudies on global acetylation pattern of human pituitary
adenomas are lacking. In one study af pituitary adenoma cell line6H3 and MMQ, the
global acetylation status of rat pituitary adenoma cells was studied before and after
treatment with suberglanilide hydroxamic acid (SAHA; vorinostat), a prototyphisione
deacetylase inhibitof476. A dramatic increase in histone H3 and H4 acetylation was
observed by western blotting in addition to arnproliferative and preapoptotic effects of
SAHA. However, the position of acetyl group over the histone 3 and 4 was not specified in
that study, wherea®ur study revealed a global increase in acetylation dpdly on lysine

position 9 of histone 3. It is now open to debate whether the increase in acetylation of H3K9
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from normal pituitary to typical and atypical pituitary adenomas is the result of diminished

HDACSs or increased activities of histone acetytator

To correlate increasing p53 expression andhor severity with the acetylation status of
H3K9, we compared two classes of atypical adenomas; one group with-a Méxx 3%

and p53 < 10% and the other group with a MIBndex> 3% and p53k 10%. Comparing
adenomas with a MI& index < 3% versus adenomas with a flliBdexx 3%, regardless of
adenoma subtype and p53 expression, revealed an increasing trend in acetydatit3K9
with an increasing MHB index. We also observed a significantly higher proportion of
partially acetylated nuclei with increasing p53 expression, wimdltates a shift in the global
H3K9 acetylation pattern of atypical pituitary adenomas withreasing p53 xpression.
Epigenetic alterations haveuccessfullypeen used for classification of tunmgaccording to
previous studie$477]. Demonstrating a positive correlation between established markérs o
tumor severity and epigenetibased classifications will probably supplement the list of
available biomarkers with newer biomarkers of lineg clinical value in the classification of
tumors. MIB1, a highly repetitive epitope of i7 antigen, is an important miaer of tumor

cell proliferation[478]. p53 is aumor suppressor gene whose expression in human pituitary
adenomas correlates wittumor invasivenes$479|. Regarding the expression status of these
two antigens, different definitions have been proposed for atypical adenomas by different
investigators and a clear coff point has not been established to date. According to the
WHOclassification of endocrine neoplasms, adenomas with a-IBA Y R @& andkse o ®
OF t t SR WSEGSyaA ASam ALIpAoS RLIZ &4 (1WA 4BNHSNeDErNSEme D fR S v 2
d0dz2RASE LINBTSNI (12 O2yaARSNIME RYRBEI & &4l o Wik &L
of the p53 expression statyg62]. The reason forhis disagreement in definition is a result

of the vaiability of p53 overexpressioj@#793-481]. In our study, we considered p53 positivity

% 10% as extensively positive orderto address the discrepancy in defining the extensive

p53 positivity based on global H3K9 acetylation status.

Taken together, the results obtained in the present study reveal a change in acetylation
pattern of high p53xpressingumors compared to low p53 expressirigmors (with a 10%
cut-off point for p53 expression) along with an increasing trend in H3K9 acetylatioimof
cells when MIB1 increases. This suggests a further contribution of p53 expression and MIB

1 index to the alteréion of global H3K9 acetylaticas well agumor severity and malignancy
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based on our epigenetic classification.

However, considering the much lower frequency of onset of atypical pituitary adenomas with
p5310% in the population compared to atypical adenomas with 5%, these results

still needto be validated by further studies conducted on a larger volurthesamples. In
conclusion, we found an increased acetylation of H3K9 in pituitary adenomas ceshnioar
normal pituitary. The H3K9 acetylation increases along tuthor severity, so that atypical
pituitary adenomas are more acetylated than typical pituitary adenomas. In pituitary
adenomas, MIB (Ki67) overexpression is highly associatedhwitcreagd acetylation of
H3K9as well agumor severity, and there is also a contribution of p53 expression to the
altered global H3K9 acetylation pattern of pituitary adenomas. We suggest that H3K9
acetylation status is a relevant biomarkertafmor severity inpituitary adenomas and could

be used in furtler tumor classification trials.

24.4. Ependymal tumors

Ependymal tumorsare believed to originate from ependymal cells of the radial glial cell
lineage, lining ventricular surfaces of the brain or tleatcal canal othe spinal cord482].

They are highly variable in location, histbpology, genetics and behavip483]. According

to WHOcriteria for classification of CNS tumors, ependymal tumors are being classified as
grade | including myxopapillary ependymomas and subependymomas, grade Il including
ependymomas, and grade lihciudng anaplastic ependymomafgl84]. However, WHO
grading of these tumorseitheris predictive of clinical behavior, nor very well estimates the
likelihood of their recurrencg485, 486]. Regarding their heterogeity, the outcome of
ependymomais not easily predictable. Proper cell lines, xenografts, and animal Isade
ependynal tumorsfor investigational purposes are very limited as well. Recently, a mice
model of ependymal tumor was produced whose transcriptome matched only a single
human cerebral ependyal tumor subgroup[487]. In this scheme, characterization and
defining molecular abnormalities in ependymal tumors is a prudential way to better
understanding of their initiation and progression, and might also offgarawed diagnostic,
prognostic and therapeutic tools. Epigenetic studyepéndymal tumorss dso an effort in

this direction[488]. So far, epigenetic studies of ependgiiumorshave mainly focused on

analyzing the promoter methgtion status of selected gexs[73, 488, 489. In a recent study,
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vorinostat, a histone dacetylase inhibitor, induced differentiation in a novel human hiigk
ependymoma stem cell model, suggesting that histone acetylation status could be a
potential candidate forepigenetic study of ependymomg490. Among different modes of
histone acetylation, global acetylation of histone 3 lysine 9 (H3K9Ac) has shown to be a

relevant marker in pathologicahanges of a variety of tumofs, 63, 70, 491-495].

Here, westudied 85 cases of human cerebral and spinal ependymal tumors of various-clinico
pathological characteristics to explore global H3K9Ac profiling of these tumors and also to
define a potential subgroup of ependwitumorsthat might be a proper target fonovel
epigenetiecbased therapeutics, PIACISEpigeneticstudies on ependyiad tumors so far have
been limited to methylation status ofelected genes in these tumof488, 489. Global
histone acetylation level is shown to be a predictor of recurrence risk and malignancy grade
in glioma, another type of glial tumors, as well as prostate camoersmall cell lung carec,
gastric adenocarcinoma and pituitary estbma[63, 64, 70, 72, 496]. In a study on gliomas,
patients with tumors of WHO grade | and Il whose tumors expressed H3K9A&8M of
tumor cells had worseurvival compared with patients whose tumors had at |e88% of

cells expressing H3K9GS]. Concerning ependyat tumors to our best of knowledge, there

IS no prevous report on histone acetylation levels either by gene candidate approach on
specific promoter regions or global histone acetylation changes in cell level and our report is

the first one in this area.

Gain ofchromosome 7, notably the region 7q11.23-22sl a commonly identified
chromosomal aberration, which is associated almost exclusively with spinal ependymomas.
[497, 498 HDACO9 is a candidatscogenelocated at 7p21.J498, 499. HDACSYs a histone
deacetyldor enzyme,containing a conserved deacetylase domain and utilizes histones H3
and H4 asubstrates invitro and invivo [500]. HDAC9 has also been shown to iatgrwith
HDAG, another histone deacetylatdb600, 501]. HDAC10 is located on chromosome 2213
[502] while chromosome 22 loss is the most frequent overall genetic abnoymfalitnd in
sporadic ependymomg$03-505]. Such findings, along with our results concerning variable
patterns of H3K9Ac in different ependymal tumors reveal that histone oriented epigenetic
mechanisms might be involved in pathophysiology of epemalytumors and histone
modulating enzymes could be potential targets for therappe@approaches in these tumors.

Our results concerninglower global H3K9Ac levels in intracranial parenchymal epeatlym
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tumors compared to ventricular or spinadlimors, suggsts that significant changes in HDAC
activity or global histone acetylation might be restricted to a subgroup of epeatifumors.

In a study, evaluating the antitumor efficacy, pharmacokinetics, and pharmacodynamics of
the depsipeptide, a natural HDAC ibitor, SCID mice bearing BT41 and BT54 tumor lines of
ependymoma and anaplastic ependymoma respectively did not show sagpyificant
response to therapys506]. While in another study, using DKFZEP1NS cells, a humanidikigh
ependymoma stem cell model obtained from a patient with metastatic disease, the cells
responded to treatment with vorinostat, a histone deacetylase inhibitor (HDACI) at
therapeutically achievhle concentrations[490. This reiterates that only a subset of
ependynal tumorsmight be responding to HDAC inhibitors and identification of this relevant

targetgroup would be of paramount importance.

Althoughhistologicallysimilar, ependyral tumorsare believed to arise from distinct origins
regarding their highly variable behavioral and molecular characteristicshatetogeneous
genetic landscapg482, 487, 507]. Variable molecular and clinical patterns in epemay
tumors have previously stwn to be locatiorspecific tog508, 509]. Current observations in
several tunor cohorts have shown that up to 50% of ependyrtumors of posterior fossa

have balanced genomic profil¢487, 498 510-512]. In a recent joined cohort of WHO grade

Il and 1l ependyl tumorsin Heidelberg and Toronto, it was revealed that tumors of
posterior fossa, which are located anatomically ¢aterallyin the cerebellopontine angle,
have a balanced genome, and are much more apt to exhibit recurrence, metastasis at
recurrence, and death compared witihe ones located in the midling507]. In another
smaller cohort, it was shown that ependgmtumors from different CNS locations
(supratentorial, posterior fossa, and spine) had locatspecific transcriptional and somatic
genetic profiles, suggesting thapendynal tumorsfrom different anatomical locations of

the nervous system are separate digs [482). To best of our knowledge, there is no
previous report ® locationspecific epigenetic patterns in ependghtumors The next step
would be to explore possible HDAC activity and expression changes in tumors of various CNS

anatomical regions.

Taken together, ependymal tumors have a localizaspacific epigenet pattern. Global
H3K9Ac has prognostic relevance in ependymal tumors so that tumors with lower H3K9Ac

values have higher probability to recur in time and vice versa. Besides, subependymomas
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have higher H3K9Ac profile than other ependymal tumor subclasses

24.5. Histone acetylation in neurodegenerative disorders

As mentioned before, epigenetic mechanisms are involved in the CNS development.
Accordingly, arious neuralegenerativediseases have been linked to epigenetic mechanisms.
The role of histone acetylator&hcetylator enzymes in between has been significamuitro
studies of epigenetic mechanismsHrevealed that mutanHT Tfragments inhibit the HAT
activity of CREBInding protein (CBP), its close homolog p300 and CBP/a8€ériated
factor (P/ICAF) ahreduce oveall HY¥H4 acetylation levels iwitro and invivo [513]. In
addition, expression of a mutant expanded HTT was accompanied by redti&Hd4
acetylaion in two murine models oHD [514]. Concordantwith these findings histones
associated with dowanegulated genes were shown to be hypoacetylatetiibmodels[515].

The data also suggest HDAC inhibitors as candidate drugs for HD tHepys516).
Applicability of HDAC inhibitors for HD therdmys also beemronfirmed in transgenic mice
which mimic HEike pathology[517, 51§]. Clinical trials are now being run for evaluating the

efficacy,safety and tolerability of HDAGIach agphenylbutyrate (PB)and VPAS519].

H3 was reported to be hypecatylated in pontine tissue ofpgocerebellar ataxia (SCA) type

3 patients [520]. Incorporation of poly&@xpanded ataxi¥¥ (92Q) involved in pathology of
Autosomal dominantSCA, into SPTITAF9/GCN5 acetyltransferase complex (STAGA)
dramatically reduced its ability to acetylate free .H@cordingly, a marked reduction of H3
acetylation in the promoter regions of the CRM¢pendent photorecepir genes was
reported in retinaof SCA2Q micg521]. Due to an increasing body of evidencguggesing
transcriptional dysregulatiomm SCA7 as a result of reduced HAT actiiyAC inhibitions

being arguedas promising pharmacologic intervention

Disturbance of histone acetylation homeostasis has bed®di to the ALS pathogenesis too.
Acetylated H3 and the histone acetyltransferase CBP were severely reduced in motor neuron
nuclei in the lumbar spinal cord of Ali& mice[54]. In another study, hypoacetylation of
histones H2A, H2B, H3 and H4 was observed in spindlofaffected SODLIG93A mica (
murine model of ALS), while PB treatment restored histone acetylation tcrneanal levels

[522]. ALSalso features cytoplasmic aggregation of misfolded proteins, such as SOD1,

TARDBP, or FUS. Overexpression of FUS was followed by hypoacetylation of H3K9 and H3K14
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on the CCNDJromoter, involved in the pathology of AUS23. ELP3 is another gene
associated with sporadic amyotrophic lateral sclerosis, which encodes the catalytic sofbunit
the HAT complex elongatqrotein [524]. 3ELP3 regulates the expression of Hsp70 through
the changing histone H3K14 and H4K8 acetylation |¢525}.

Histone H3H4 hyperacetylation was observed inp2B mice, a model of AD, following
environmental enrichment (large cages where exploratory activity is promoted by the
presence of toys, tunnels and climbing devicgs)6]. Chronic levodopa therapy leads to
deacetylation of mstones H4K5, K8, K12, and KMPTP (imethyt4-phenyl-1, 2, 3, 6
tetrahydropyridine)inducedPDin muring induceal H3 acetylation, whichvasreduced after
treatment with levodopa[527]. Besidesh -synuclein, a main pathologic feature in Rihibits

acetylation of histones whh is largely linked to its eftt on Sirt2, a HDAC enzya2§].

Changesn the state of chromatin have been observed followsgjzuretoo. Such changes
could affect the expression of specific genes involvetthénseizure. In a study of emnetic
changes followingtatusepilepticus, 3 burs after the induction of seizurehe histones H4

on the BDNF (braiderived neurotrophic factor) promoter show hyperacetylation, which was
correlated with an increased level of BDNF mRBRY|. After seizures, H3 and H4 histones
associated with GluR2 promoter were rapidly deacetylated, correlating with mRNA down
regulation. In another studykainic acid induction of epilepsy imivo was followed by
widespread and sustained histone H4 acetylation hippocampal neurons[53(. H3
acetylation, in between, has been of specific relevance in human patients. Lower levels of H3
acetylation have been found in culturdgmphog/tes from schizophrenic patienf531]. In a
study, &ronic social defeat stress in mice led to persistent increases in H3 acetylation in the
nucleus accumbens (NAc), a poertem finding in the NAc of depressed humans associated

with decreased levels of HDA(G32].

246. Al zhei mer 6s di sease

AD is a progressive neurodegenerative dieo and the most common cause of dementia
among the aging populatiofB91]. The disease has beehet sixth leading cause of death

across all ages and the fifth leading cause of death for those aged 65 and53d€334).

AD is a multifactorial disease, clinically characterized by progressive cognitive loss,
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neuropsychiatric and behavioral disorders. Pathological findings inclidé Bl OS € f dzf | NJ
plaques in brain parenchyma and arterioles, intraceHuNFTs the loss of neuronal
subpopulations, mitochondrial oxidative damage, synaptic loss, proliferation and activation

of astrocytes and microglid 50, 535, 536).

I O0O2NRAYy3I G2 GKS OdaNNByidi (GKS2NRSasz I l OO0 dz
considered the core pathologies of 4893 537]1d 9 EOS&aaA @S i | OOdzydz | |
either increased production or decreased clearance, leads to the formation of senile plaques

[537]. Thereafter, a series of biological events starts which ends up with an impairment of
neuronal synapses and dendrites through oxidative stress and inflammatory pro¢a84es

337. NFTs, another pathological hallmark of AD, consist of abnormally hyperphosphorylated

tau protein, and contributdo fulminant brain degeneration and disease progresdi®a3)].
Mitochondrial dysfunction and abnormal mitochondrial dynamics are further accompanying

events that contribute to the cognitive deficits and synaptic damaffs85, 538541].

Activation and proliferation of braiglial cells, such as astrocytes and microglia will finally

add up to the pathology of CNS through production of-fitammatory cytokines and toxins

related to neurodegenerative procegs42. ADl 4 a2 OA 1 SR @I 4 O0dz 2 LI G K&
6! 0% Aad FYy2GKSNJ O02YY2y | aLISO0G 27543.Bhe 6 KA OK
blood-brain barrier is thaght to be disrupted as a result of amyloid deposition in vessels and

lead to a passage of proteins in cerefsminal fluid (CSF), causing a cascade of immune

responses and damage to the brgsd4).

The main concept in modern translational researctoiproof the drug efficacy in defined
preclinical conditions after experimental manipulations antb transfer the concept to the
actualclinical conditionsin this ©@ntext, drug discovery efforts requirealid animal models

of human diseaseAD transgenic models atbe best tools to fulfill this concept anaseful
means of modern translational researamn AD. Accordingly, investigation of arfilzheimer
therapeuticsin preclinical studies requires a good knowledge of AD models and potentials of

each model for therapeutic development.

Heritable factors contribute substantially to the risk of developing Mére than 95% onsets
of AD occur later than 65 years and, whicNE OF f §t SR dalL}2 N} RAOE !'5 ¢

cases accounts for earbnset autosomal dominant forms, called familial AD (FF9y).
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Current AD research mainly depends on the later form of disease. Two reasons can be
mentioned for this situation. First of all, FAD fully represents amyloid theory whibh tsest

known and accepted theory describing molecular mechanisms of38B). Secondly and

most importantly, transgenic models could be designed from involved genes in familial forms
which are of foremost importance for investigational purposes. So far, three diffgenes

have been described in relation to FAD, namely the amyloid precursor protein (APP),
presenilin 1 (PS1) and presenilin 2 (PS2) dgédé&]. Their variations are known to be
NBalLlRyaAof S T 2Mb 347. These hizYndatiels ark éap@lf recapitulating

main pathological features of disease in human be[3§4].

¢CKS Yt 2AR KeLR(IKSaAa YIAyfte SYLKIaAl Sa 2y
of AD[393. Besides, the presence of defined genes responsible for FAD has assisted making
AD models overexpressing APPe3éh APP ranggenic mice represent major pathological
features of AD, including parenchymal and vascular amyloid pathology, ptasoeiated
dystrophic neuritis, microglial activation, synaptic impairments, and learning and memory
deficits [54855]1]. PS proteinsare a group of multipass transmembrane proteins also
involved in pathology of AD and function as a part of @secretase enzymgp52]. PS1 and

PS2 are two related genes whose mutations are involved in early onse{358D PS1
mutations are the most commonly recognized causes of earet FAD553]. Transgenic

mice harboring both APP and PS mutations reveal extensive neuron§bigss55. These

mice could produce earlier and more extensive plaque deposition as well as more profound
AD morphologycompared to mice models harboring only one of the two mentioned
mutations [556]. APPPS21 isa mousewith C57BL/6J genetic background that coexpresses
KM670671NL mutated amyloid precursor protein and L166P mutated presenilin 1 theder
control of a neuromspecific Thyl promoter elemerf881]. The greatest advantage of the
models carrying both APP and PS mutations is exhibiting a rapid oéypigi amyloid
RSLI2aAGA2Y G @GSNEB SINXIe& F3ISz gKAES i GKS
OAy3dzZ S YR Y2i2N O2NIGSE FyR KALLROF YLz ¢
[557]= | ¥ R 4K Kb3atid increases accordingf$58, 559). These modelare associated

with cognitive deficits at early age and extensive neural loss, but not with 5%
Accordingly, in APPP21 mice, cerebral amyloidosis starat an early age of-8 weeks and

the ratio of human! i,k 4b increases form 1.5n early pathological statéo 5 in robust

pathologcal state [38]].



Chapter I'V: Discussion 90

25. Do patterns of H3K9Ac change in response tgelective ornon-selective histone

modulators?

We described in introduction that there are several classes of HDAC each of which have a
specific group of targetdass | HDACs consist of HDAC1, HDAC2, HDAC3, and HDACS that
contain a nuclear localization signal (NLS) and) wie exception of HDAC lack a nuclear

export signal. Accordingly, class | HDACs are primarily found within the nucleus, where they
regulate histone acetylation. Class Il HDA@tudes class lla HDACs (HBDA%R; 7, 9) and

class lIlbHDACs (HDAC6, HDACH&Ying both nuclear localization and export signal. They
generally shuttle between the cytoplasm and nucleus andydate a wide range of proteins
including histoneg560.. However, the precise effect of individual HATs and HDACs on
acetylation of specific lysine positions or differential proteins have, to daieguily been

studied in lower organisms such as yegfi1, 562]. Based on the literaturetllDAQ-5, 7-11

and SIRT are involved in acetylation of histonemmong whichHDAC1 has an imivo
preference for H3K9401]. H3K9 is also a target for SIRb63]. Other HDACs have also
shown a direct or indirect effect on H3K9 agation. For instance, deletion of HDAC3
resulted in H3K9 acetylation in human liver cancer cfi&4. HDAC5 overexpression
reduced and HDAC5 knockdown increased H3K9 acetylation in C3H10T12 cells and mouse
embryonic fibroblastd565]. HDAC9 deficiency was associated with increasedspiegific

H3K9 acetylation globally and localized tal]lroquin, and peroxisome proliferateactivated
receptor LINEY2GSNE 6AGK AyONBI &S p66.3Sugpiessi®E LINS &
HDAC11 expression with small ineethg RNA significantly (1) increases H3K9/K14ac globally
and within the MBP and PLP genes in cultures of primary oligodendrd&@ds HDACEs

mainly a cytosoti deacetylase witha specified link to autophagprogression, which is of

great potential for revealing disease mechanisms in neurodegeneration and therapeutic
development[568], and there is no direct connection of HDAC6 and histone acetylation
dynamics However, augmented acetylation of H3K9 adation has been reported in
absence of HDACSG6 in the promoter regionP&PClgene HDACEeficient (HDAC6KO) mice

[569]. SIRT6 has also recently been showrarget H3K9 acetylatiofb70.

Based orthe evidence various HDAC inhibitors can affect the H3K9 acetylation leutbisr
in genome wide level or in promet specific regionsthis can be accompanied with

improved neurocognitive functioand sometimes reduced amyloid deposition tdargeted
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inhibition of class | HDAC isoforms has shown to be a promising venue for treating the
cognitive deficits associateditlv early stage AD. In a study of inhibitorsatdss 1 histone
deacetylases irfcluding sodium valproate, sodium butyrateand vorinostat) these drugs

could reverse theontextual memory deficits in AFS1 mouse model of AB71]. Among
HDACnhibitors, CN$enetrant HDAC [ass |) inibitor EVP0334, has ben developed and
studied in a pase | clinical trial for the treatment of AB72] and nicotinamick is under

phase | clinical trial for safety evaluati¢f73]. Non-specific parHDAC inhibitors such as
valproic acid, trichostatin A, sodium phenyl butyrate, and vorinostat have been shown to
afSOG i LI F1jdzS RSLRaAaAGAZ2Y FyRk2NJ G dz K& LIS NLI
[401]. However, this remains unclear whether they ameliorate AD pathologdD) mouse
Y2RSf a (KNP dz3oKprimarily tiréu§h- HRAG/ ithiBiionAccording to this view,
exploring epigenetic mechanisms in neurodegeneration in one hand would be of critical
importance. If the epigenetic blockade starts before the clinicao§éi 2F ! 53 NBRdz
generation and deposition alone may not be sufficient to rescue cognitive funcioiisin

case of reverse condition, pjication of HDAC inhibitors whidias no effect on amyloid
deposition and pathway would be nonsengonsiderig all previously discussed epigenetic
mechanisms in neurological diseases, there is a growing interest to use epigenetic
modulators for treatment of various brain disorders from brain tumors to psychiatric and
neurodegenerative diseases. Manipulation of stbhe acetylation, considering the
accessibility of HDAC modulators and relative success of these compounds in various
neuropsychological disorders, has been of special intdfetfl]. Here we studied the effect

of two welkknown HDAG, a non-selective (VPA) and selective (M&75) one, on H3K9

acetylation levels in two murine models of neurodegenerative diseases.

25.1. Effect of MS-2750n b r a i HBK9#\c patterns in APPPS1-21 mice

AD is a multifactorial disease, characterized by a diverse range of pathological femtures
described before[150, 535, 536]. From the evidence it is apparent that AD is rather a
complex syndrome than a disease, and it demands a complex and-diménsional

definition in sense of patholod¥74].

Epigenetic mechanisms in neurodegenerative disorders, especiallg hckiding histone
acetylation/deacetylation, and their association to the process of learning and memory have

been previously described[398, 575, 576]. HDACleficient mice demonstratemproved
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memories and increased synapse number, similar to mice treated with the HDA@oinhib
SAHA while mice overexgssing HDAC2xhibit impaired memory formation as well as
reduced dendritic spine density, synapse number and synaptic plag8&@g. Inhibition of
HDAC3 increses histone acetylation, improves long term memory in the novel object
recognition task and increases expression of the genes implicated in-temg memory
[577]. In addition to the previously mentioned epigenetic modalitiessociation of SIRL

and HDACG6ot AD pathologyas been described to®78580.

We reported for the first time an altered global H3K9 acetylation in neocat&PPPS21
mice compared to wildype littermates. Alterations of histone modifications have been
reported in AD models in previous studies with a central focus on hippogantpixteen
month C57BL/6J mice revealed altered histone H4 lysinel2 (H4K19)atioet along with
decreased expression of genes involved in memory coalition in hippoca®flusn another
study there was no dissimilarity in acetylatistatus of histone H4 between months old
wild-type and APP/PS1 miakough contextual fear conditionindollowed by @ministration

of HDAC inhibitorTSA, resulted in hippocampal G831 long term potentiation and
enhanced acetylated H4 levels compared toddétylation level irwild-type mice[56]. In a
similar studyno significant difference in acetylation levels of hippocampal H3 or H4 between
6-month APP/PS1 micand wild-type mice was observed.ddever, a significant decrease in
acetylation status of H4 in @ér APP/PS1 mice was noticeable. Besidesninistration of
several HDAGhibitors such as VP& SAHA induced expression of acetylated histone H4
and reingated contextual memory in APP/PS1 m[&&1]. In an attempt to find peripheral
biomarkers for the early diagnosis of AD, peripheral blood samples of AD patiare
studied foralterations of gene expressionnm®ng 33 genes studied, HIST1H3E gene encoding
histone 3 was specifically associated to the progress of the dementia [&8gje Alterations

of HIST1H3E gene have been reported in postmortem brains of Alzheimer patief&8#o

Our study in APPP&1 mice revealed epigenetic alterations in a reldinearlier stage of

life (5 months) compared to previous studies. Besigiwse changes amnore remarkablen
neocortex than other brain regionghat signifythe role of neocortex in AD pathologwe
alsoobservedan altered H3K9Ac status in 5 and 7 months old transgenic mice compared to 3
months old miceConsidering the recent evidence on involvement of epigenetic pathways

initiating late onset Alzheimer disease (LOAD)yould beinteresting to find out whether
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epigeneticchangesare initiated,before amyloid pathology becomséletectable.

Considering the relativeuccess of HDACIs cancer therapy, there is a growiigterest in
application of this therapeutici®r neurological and psychiatric disorders, such as depression,
schizoplenia, A, etc [568 583 584]. MS275 is a potent, lordpsting, selective HDAC
inhibitor that hasrecently gained the attention for treatment of brain disorders. Combined
use of M&75 and reveratrol revealed neuroprotective effects in a mioedel of ischemic
brain injury[404]. Treatment of rat astrocytes and neurons-tggulated the levels dfiSP70,
and increasedhe levels ¢ H3KIMe2 at the HSP70 promot¢409. In another study, Slay
treatment of a mouse model of persistent inflammatory pain with -B¥S substantially
reduced the wcieptive response in the micgd06]. MS275 has been introduced as a
potential treatment for cognitive deficits associatedith schizophrenia too[407].
Information regarding the blood brain barrier (BBB) penetration, concentration and
distribution of MS275 in the human brain is limited and contradictive. PET study of
radioactivelabeled M&275 revealed very poor initial BBB penetration and low brain uptake
in baboon and rat[585], while several otér reports have mentioned the relative
permeability of BBB to M375 in rodents[390, 586, 587]. Interspecies differences in
pharmacokinetics of M375 have been proposed in previous studies. For instance2 NdS
showed a significantlyhigher plasma concentrations in mee, rat, rabbit, dog and pig,
compaed to humanin a study of phanacokinetic behavior of M375 [588. The final
conclusion in all these studies deperats the method of study. The direct trackingethods
reveal no BBB penetration while the indirect efficacy investigations present a potential CNS
effect of MS275. According to our results, gavage of mice with-MS canstill affect the

H3K9Ac levels of the whole brain.

It has been shown that M375 is a brain region sattive inhibitor of HDAC1 and[39(]. It
caused an increase 613 acetylation in the rat hippocampus (up tef@d) and the frontal
cortex (up to 2fold) in a dose dependent manner, but not in other inraegions such as the
striatum [390]. The reason for brain region selectivity has been atited to a number of
probable factors including HDAC isoform distribution differences o2K&distribution and
pharmacokinetics. Howevethis reasoning lacks a further characterization as to which the
origin of this regiorselectivity could be attribute [39(. According to our observations, the

whole brain can be affected by M55, but neocortex seems to be affected more than other
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brain regions, that mighbe due to a saturation effect. This means thdtie to the lower
H3K9Ac levels in neocortex of transgenic compared to wild type mice, neocortex has more

free positions for acetyl groughan striatum and hippocampus.

Epigenetic findings in AD have been froversial in some cases. For example, an
enhancement of histone acetylation was reported in hippocampus in response to contextual
learning, while at the same time reducing the levels of histone acetylation by preventing HAT
activity promoted amnesia andterfered with the consolidation of hippocampus dependent
memories [589]. The realization of the therapeutic development based on epigenetic
mechanisms in AD, therefore, requires describing various histone modifications in AD and
understanding the complex role of HDAC family members in the skse@urfinding in
APPPS1 mice model of AD, concerning altered H3K9Ac levels in neocortex and resuming
these changes through M&5 administration, is an effort in this direction and hopefully

providesa platform for therapeutic development against the eéise progression.

25.2. Effect of valproic acid on H3K9Ac patterns of LPS-induced N9 cells

As previously mentioned, VPA is a branched fatty acid and HDAC inhibitor that
hyperacetylates the Merminal tails of histones H3 and H4 in vitro and in \{iX@. VPA has

also shown neuroprotective effects through a range of possible mechanisms, such as
modulating the GABAergic and glutamatergic systanfijencingion chanrels, modulating
kinase pathways, antixidant properties andnfluencinggene expression through epigenetic
pathways[421]. VPA treatment of murine microglia in previous studies was associated with
decreased H3 acetylatiofb90]. Howeve, we did not detect any alteration oH3K9AcC
immunohistochemical profiling of N9 cebdter VPA treatment Moreover, thenitric oxide

(NO) production was increaskin N9 cells as a result of VPA treatment. VPA is reported to
induce apoptosis and dysfunction in glial c€f81-593]. In a study oNQ lipid peroxidation,

and anttoxidant enzyme levels in epileptic children using valproic acid, the NO concentration
was about 10% higher in VPA group than in the control gfé9d]. However, there was no
significant difference in serum malondialdehyde (MDA), superoxide dismutase (SOD), and
catalase (CAT) levels of two groups. Increased serum NO concentration in children receiving
VPA was reported in other studies tg695]. Although NO is known as an indicator of
inflammation and a risk factor for neurodegeneration, there @iso studies claiming the

opposite role for NO, that endogenous NO may play a neuroprotective[581§. HDAC
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inhibitors, like SAHA and TS#eleaseNOupon oxdation, but VPA has not shown such effect
[597]. Therefore, it is unlikely that the increase in NO production of N9 cells treated with VPA
is resulted fron drugoxidation. In a study, authors hasortly referred to an increased NO
production in LP$duced rat microglial in their discussion, but thegve not reported it in

the results part[593. Although the underlying mechanisms for these conflicting results
remain unclear, we speculate that HDAC inhibitors effect through a diverse range of
interactions and pathways. The pathway to be modified by the drug depends ermcélh
type, pathophysiological condition of cell and varied interaction of affected genes, proteins

and cells with other genes, proteins and cells types.

25.3. Effect of valproic acid on b r a i HBRYAC patterns in EAE rat model
of MS
VPA was better known as eotential antiepileptic untii HDAC1 modulating effect was
reported for it[78]. VPA hyperacetylated the-fdrminal tails of histones H3 and H4 in vitro
and invivo and was proven to directly inhibiting HDAC enzymatic activity at 0.5 mM
concentration[78]. Since then VPA has been used in differentghir@cal and chical trials
for its potential therapeutic effects against solid tumof42(0. VPA has also shown

neuroprotective effects through epigenetathways[421].

MSis a prevalenimultifactorial neurological disease in the northern hemisphere, with-0.5
1.5 per 1000 prevalence rafd10]. Thesusceptibility to develop MS is mostly aatited to

the HLAclassl and Il regiors [411-414]. Along with new epigenetibased definitions in
various diseases, the role of epigenetic mechanisms in neurogegtve and autoimmune
diseases has started to be explored beyond targeted investigations of specif4lddil9].
Accordingly, studies exploring the epigeleainechanisms of cells implicated in MS pathology
have already been done and can be assigned to the diseases involved by thesEocells.
example it has been shown that specialized T cell subsets are modulated by epigenetic
mechanisms such as DNA methyatior histone modification$598, 599). Decreased DNA
methylation has been reported in the IFN LINE Y Bhi S&INBOZ &ind DNA methylation

and histone deacetylation are shown to be involved in-&k&ociated IL4 silencir{§01].
a2NB2FSNE Re aStadgrotein, ABigh is2hBught to have a role in EAE and
perhaps in MS, occurs through modulation of histone H4 acetylation at the BCL2 anti

apoptotic gene[602]. Such findings have been a guide to the application of epigenetic
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modulator drugs for reprogramming of immune cells in order to reverse the pathological
state toward the healthy state. For instance, application of historalulator drugs such as
sodium butyrate, an HDAGhave shown to alter the architecture of chromatamd reduces T

cell proliferation and expression of both ILAAd IFN AY KdzYl y Xhédedzy S
findings also emphasizée role of histone acetylation/deacetylation in immune modulation
[603. Accordingly, trichostatin Aanother HDAIC reduces spinal cord inflammation,

demyelination and neuronal loss in the relapsing phase of| &34k

About theimportanceof epigenetic mechaesms in MSthere is a longay of questions to be
answered. Bt it is probable that the susceptibility factors and eventsvolved inthe
pathologyof the disease alter the chromatin state of different cell types in patients with MS
[605. There is not much evidence on alteration of histone ifiodtions in subjects with MS.
However, the evidence of epigenetic mechanisms and specially alteration of histone
modifications is present in the cells implicated in MS pathqglagydescribed in introduction.
Moreover, the application of HDAC inhibitors has shown a modulating effect in the disease
[606]. In the present study, we observed an increased H3K9Ac in response to VPA treatment
in EAE rat brain compared to PB&ited rats and this increase was associated with
alleviation of neurological symptoms. We did not specify the cell type, lutewaluated
global or genome wide H3K9Ac status in all cell types within the brains of EAE rats. According
to the literature, increasing the histone acetylation profile in EAE/MS models not only
modulates the activity of immune cells involved in MS pathgjobut also increasethe

neural survival via increasinpe transcription of genes that prevent neuronal death in
different models of neurodegenerative disorddis84, 606]. As a result, several cell types
might be the target of HDAC inhibitor therapy in MS brain including neurons,
oligodendrocytes, astrocytes, microglial cells,. @06]. In a study on efficacy of INF therapy

in MS, INF therapy of WISH and Daudi cells, two various immune cell lines was associated
with increased H3K9Ac of oligoadenylate synthetase 1 (OAS1) gene prpraotene
involved in the innate immune respon$607]. There is evidence of increased global H3K9
acetylation associated with increased neuronal survival in various neurodegenerative models
[584, 608 609. Modulation of H3 acetylation has a specificleroin oligodendrocyte
progenitor differentiation, oligodendrocyte gene expression and actijig7, 610.
Redution of microglia inflammatory signaling in vitro is associated with increased global

H3K9Ac[61]]. These are few exangs of possible role of H3K9Ac modulation in MS

Q(
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pathology.

On the other handany change in gene expression and protein transcription as a result of
epigeneticmodulating therapy can be associated with genomic reprogramming and a new
chromatin status. Gemaic reprogrammingincluding frequent transcriptional activation and
gene silencing is deterined by chromatin architecturand the correlation of different post
translational histone modifications with transcriptional staféd.2]. Histones modification is
mediated by several enzymes with complex activitgfigs and can occur at different sites
simultaneously{613. The combination of various histone modifications in the nucleosome
exerts a functional effect on gene expressiand a single modification is not effective by
itself [27]. Based on the combinations of different histone alterations, 51 different chromatin
states have already been descrihedch of which are suggested to have different biological
roles [614]. H3K94& s mainly located in the region surrounding the transcription start site
and its elevated in promoter regions, consistent with a role in transcriptional initid&@n

615]. Few studies have explored such chromatin states in MS patientme such study on
discordant twins, an intriguing similarity was observed in the methylation profiles of these
twins when corpared to unrelated individual$616. The study of histone acetylation
patterns in normalkappearing white matter and earlyiS lesions in human brains revealed
increased H3 acetylation in the nuclei of oligodendrocytes in a subset of MS patients; these
changes were associated with high levels of transcriptional inhibitors of oligodendrocyte
differentiation (i.e., TCF7L2, ID2, and SOX2) and high€&rttdnscriptédvels (i.e., CBP and
P300) in female MS patients compared with Aggurological controlsand correlated with
disease duratiori617]. This study also reported dift in histone acetylation in the white
matter of the frontal lobes of aged subjects and in patients with chronicd§gesting that
histone deacetylation is a procesgich occurs at the early stages of the diseaaad its
efficiency decreases with diase duration[617]. In another study, nuclear HDAC1 was
detected in cytosol of damaged axons in brains of humans MBrand brainsof mice with
cuprizoneinduced demyelination, in exivo models of demyelinatignand in cultured
neurons exposed to glutamate and tumor necrosis factor. However, this was not associated
with alteration of H3 acetylation which is one of the main nuclear substrates for HDAC1
suggestig a cytosolic gain of function rather than loss of its nuclear function and nuclear
export of HDACL1 as a critical event for impaired mitochondrial transport in damaged neurons

[618]. This shows that therapeutic effect of HDAC inhibition is not necessarily or merely due
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to its effect on histone acetylatigrbut also due to inhibition of other functions of HDACSs.
However, regarding the wide range of HDACSs,-specifiéty/non-selectivity of most HDAE

and common histone targets for 2 to 3 different HDACSs, in addition to the critical role of
histone modulation in gene transcriptiothe alteration of histone acetylation in response to
HDAC inhibitors is not far to bepected.

From all aboveit is concluded that MS patient might befit from HDAC inhibition. H3K8A

is a target that is expected to be altered following application of -selective HDAC
inhibitors and it is relevant to the course and pathogenesis of MSIltoour study wealso
observed an increased H3K®# brain of EAE rats treated with VPA compared to PBS treated
ones and this was associated with imgved neurological scores. H3KO9Anight be a

potential target for evaluation of efficacy of treatmenttviHDAC inhibitors in MS patients.

26. Are there natural polyphenols which target altered H3K9Ac patterns in
pathological states?

Epigenetic modifications induced by natural polyphenols have been evidenced by various
studies [619]. The presence of numerous evidence on epigenetic modulating effects of
RASGINE LRfeELKSYy2fasxs KI ar G oBNS BN 0B [@KSa SI AGH
Emerging evidence suggeghat dietary polyphenols alter normal epigenetic states and
similarly reverse abnormal gene dereguteis. These compounds are able to alter the DNA
methylation and histone modificationteading to gene activation or silencing. The beneficial
effects of natural polyphenols in disease treatment can be linked to their ability to modulate
HDACs, DNMTs as wa$ many other epigenetic mechanisms involvethandiseases. Many
polyphenols, like curcumin, resveratrol and catechins, are reported to moduN&e .
expression and chromatin remodeling through modulation of HDACs and DNMTs activities
[620]. The antinflammatory properties of many repted polyphenols are associated with
their ability to induce HDAC activitand thereby restore the efficacy of glucocorticoids
[621]. Many polyphenols have ka shown to modulate epigenetic related enzymes in the
cell through either activation or inhibition. Hence, the modulation of epigenetic events by
natural polyphenols may be beneficial in therapeutic intervention of a variety of chronic
diseases[2]. Althaugh the epigenome is considered to represent a promising target for
disease prevention and treatment, only few studies have reported the influence of natural

polyphenols on prevention and therapy disease®ther than cancer. The majority of studies
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avaibble on epigenetic therapy are focuken developing DNMTs and HDAfGIstreatment
of cancer. However, much other pathology has been identified as a result of epigenetic
defects. Although polyphenols effects certainly occur with actions on different tersepnd
signaling pathways, it is believed that some of these effects are mediated through epigenetic

regulation. Polyphenols have shown both HDAC inhibition and activation properties.

Quercetin, a flavonoid found in foods such as citrus fruit and onibas, been shown to
increased MRNA expression of PGé@lpha and SIRT1 in mice, activate SIR€iease AMPK
phosphorylation in HepG2 celéand induce deacetylation of H3 in human prostate cancer
cells [122, 127, 622]. Silibinin increased the expression of aapioptotic Bcl2 and up
regulated SIRT1 in cardiagyocytes [129]. S17834, a synthetic polyphenol, increased SIRT1
deacetylase activity in HepG2 hepatocy[623. Kaemferol activated SIRT3 in Leukemia cell
line K562 and promyelocitic human leukemia cells UPBI3. Daidzein, formonongn,
DCHC, genistein, and biochainA induced the expression of SIRT1 in renal proximal tubular
cells[95]. CP 205, a flavonoid fraction from the gingko biloba B&kektract activated SIRT1

by promoting the deacetgtion of lysne 310 of subunit p65 in neuroblasma cell lifg24].
Fisetin, commonly found in strawberriead other fruits, and resveratrol activated SIRT1 in
yeast YR SE G Sy R Sife sparfkl84. & iS bebeliet that resveratrol activates SIRT1
by mimicking plisiological pathways that stimulate SIR®%25]. Icariin induced SIRT1 activity

in neurons[626], whereas procyanidins stimulated SRactivity in Caenorhabditiselegans
worms [121]. Curcumin and catechins activate SIRT1 activitgg expression directly or
indirectly [96]. Phloridzin, an apple polyphenol increased SOD and SIRT1 activities in
saccharomyces cerevisiad18]. Betanaphtoflavone increased the staining of histone
deacetylase HDACL1 in raf84], whereas resveratrol,simulated AMPKSIRT1 autophagy
pathway in neuron$627|.

The interest in HDACtame from studies linking HDACs to a wide range of human cancers
[628]. However, many polyphenols have also been reported to inhibit HDCAs, most of them
contributing to cancer treatment. Quercetin has been reported to inhibit HRATcancer
cells[124). 3, 2, 3, 4Tetrahydroxychalcone inhibited the deacetylase activity of SIRT1 in
HEK293T cancer ce]E31]. EGCG decreased the histone deacetylase activity in skin cancer
cells [494. Green tee polypenols suppressed HDAC1 enzyme activity and its protein

expression in HepG2 cell$16]. Luteolin inhibited histone deacetylase activity in human
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epitheloid cancercells[114]. Genistein reduakthe endogenous SIRT1 activity in prostate
cancer cell§629. Curcuminhas been reported to functioms a HDAC and HAT inhibitor
[630. HDAG haveshownbeneficialeffects in neurodegeneration, cancanti-inflammatory

disorders. However, most reported IADs inhibitors appear to be naelective.

Modulation of epigenetic effects by polyphenols has been reported to play a beneficial role
in the treatment of many diseases. Neuroprotective effect of pbéqmwls has been more and
more attributed to their antioxidant and antinflammatory properties. The acetylation
balance is greatly impaired during neurodegenerative conditifg®l]. It has also been
reported that the epigenetic machinery is essential for cognitive funci&8¥?]. Moreover,

the dysfunction of gene expression in the brasnimvolved in neurodegenerative diseases
[633. Epigenetic modifying effect of polyphenols has been metedied in cancer
mechanismsand lessin neurodegenerative conditionsHDACIshave been shown to be
associated with neurodegenerative disea$@34. It has been proven that HDBAGffect the
activities of key proteins involved in AD including &SK3i , and therefore improve memory
and learning[635. Many other polyphenols display their neuroprotective effects through
activation of several HDACs such as SIRT1. Indeed, SIRT1 has been shown to increase
neuronal viability[626]. Icariin revealed protective effect against brain ischemic injury by
increasing SIRT1 and RGQ@lIpha expressiofill?]. It has been shown that AMPKRT4
autophagy pathway plays an important role in resveratrol induced neuroprotectidAD
cellular models[40]. A peptide toxicity is also associated with the activation of many
signaling pathways such d$F¢ .and MAPK. EGb7frotected neuronsagainstA -induced
neurotoxicity through activation of SIRT1, reduction of‘BFand MAPK activiti624]. N~

¢ , ERK12, and JNK signaling pathways are known to be inducéd [$86]. EGb71can
prevent A induced NF B signaling pathway activatidhrough activating SIRT624]. This
SIRT1 activation can explain the reduction of*BFactivity bypromoting the deacetylation

of lysgne 310 subunit p39624. It should be noticedhat activation of HDACs by polyphenols
may be a double sword edge. Trichostatin A, an HDAE been shown to decrease human
SHSY5Y, mouse MN9érat N27 dopaminergic neuronal cell survjatd increase their
apoptosis[634]. Therefore HDAG could influencé”D pathogenesis by inhibiting neuronal
survivd and increasing their vulnerability to neurotoxins. Hence a lot of prudence has to be

taken when using HDASJor therapeutic purposes
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26.1. Effect of resveratrol and curcumin on H3K9Ac pattern in LPS-
induced N9 microglial cells

Microglia cells are immune sgsh representative of brain and consist 10% of the total glial
cell population in CNS. In a young brain, microglial cells function as neuroprotective cells.
However, they might be primed to react to the stimuli in the aged badinormally leading
to neurotoxicity and neurodegeneratiofd25, 426]. Aging associated immune senescence is
a known phenomenon which relers microglia to function abnormally and may eventually
promote neurodegenerationf427]. Immune system senescence is associated with both
morphological changes and alterations in immunophenotypic expressatieration of
inflammatory profileand activation of infammatory pathways that should be silent during
healthy state [428-430]. The present hypothesis of microglia senescence during brain aging
and its pathological role iagingrelated neurodegeneration has led to a novel perspective
on potential therapeutics for neurodegenerative diseaspi30-432. The epigenetic
involvement in this process has been suggested as persistent inflammation inducing
epigenetic changes that lead to neurodegenerative sfd&s). In other word, the repressive
effects of microglia and astrocyte ovactivation is suggested to recapitulate permissive
epigenetic conditions that induce neurodegeneratipdB3]. Polyphenols were earlier in
chapter land in our review of neuroprotective properties of natural polyphenols discussed as
effective modulators of neuroinflammation, epigenetic modifiers and potential therapeutics
for neurodegenerativediseases[432]. In this scenery, using polyphenols that suppress
neuroinflammation through epigenetic pathways would be a potential therapeutic option.

The best targets for such therapeutics remain to be investigated.

Curcumin isa natural polyphenol which is known to have DNMT, HDAC and HAT inhibitory
activities as mentioned in introductiof97-103]. Curcumin has shown neuroprotective
activities in various studie§lable 5149, 155-157]. This polyphenol applieseuroprotective
effect through nteractions with several pathways such as NMDA pathwa3KRMAPK
signaling pathway, antnflammatory pathways and amyloid pathwélfigure 2)[233, 322

339, 35(. Qurcumin was reported to change the acetylation status of histoi€s, 637].
Besidesa dose dependent inhibition of HDAC 1 éhdbllowingcurcumin treatment of Raji
cells[10Q], and a time and dose dependent reduction in histone acetylation of HepB3 cells
was shown in previous studi¢638]. In our studyof curcumin effect on H3K9Ac pattern of

N9 cellsjt did not alter the H3K9AGtatusof N9 cellsCurcumin has been reported to both
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increase and decrease histone acetylatipp39. Curcumin is also ableo talter the
acetylation status & non-histone proteins such as GATA 4 (myocardial transcription factor)
[640. In previous studies, the acetylation alteration was reportechistone H4, but we
studied acetylation pattern ofi3 in response to curcumin treatmen@urcumin also inhibits
HDAC1 and 3, iaddition to activating HAT p30We conclude that there might be a diverse
range of mechanisms involved in neuroprotective action g€emin. Which mechanisms to
be induced by curcumin, depeadargely on themethodology,context of the experiment,

the cel type or the model being useetc.

Sirtuins are highly conserved NABependent enzymes whose beneficial effects against age
related diseases have been shown frequently. They modulate main biological pathways, such
as stress response, protein aggréga, and inflammatory pathwaysvhich are largely
involved in neurodegenerative diseases. Resveratrol is a plant polyphenol compouwha, an
potent activators of SIRT641]. The neuroprotective effects and mechanisms of resveratrol
have been demonstrated in different models of neurodegeneration as mentioned before
(Table 48). SIRT1 preferentially deacetylates H3K9, H3K14 and H4K16 in vitro and in vivo
[642 643]. However, it could not change the H3K9Ac statuN®iicroglial cellsalthough it
reduced LP$hduced NO production and increased cell survival accordinguio study
Similar tocurcumin, resveratrol uses a diverse range of pathways to imply its effects, which

very much depends on the conditions in which the experiment is designed and performed.

26.2. Effect of icariin on brain H3K9Ac patterns in APPPS1-21 mice model
of AD

Icariin is aflavonol substancefor which various activities and pharmacological applications
have been mentioned according to literature. It is able to affect a wide range of signaling
pathways (Table4). Regarding the neurogenic properties, extract of Epimedium sagytta
containing high levels of icariin and its derivatives, was shown to induce neurite outgrowth
of PC12h cell§644]. In previous studiesicariin hasbeen used in various models of
neurodegeneration. Although the number of these studies is limited, icariin has shown a
beneficial effect on learning, memory, neural function and survival in all these studigs
In a study on A (25-35)induced AD ratsicariin improved the ability of spatial learning and
memory, and suppressed the betsecretase expressiof645. In another study, icariin

treatment of an in vitro AD model andDtransgenic mouse model (5xFAD) improved spatial
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memory and restored axonal degeneration in rat cortical neur¢#41]. Icariin also
improved learning and memory abilities in senesceaceelerated mice SAMP1@4qQ,.

Icariin has shown neuroprotective properties through epigenetic mechanisms. SIRT1 has also
shown to be a target for icariin in various experimefit42 364, 439. According to these
studies, icariin induces SIRT1 eegwmion and activity. SIRT1 ixlass IIHDAC whose up

regulation has been shown to be assoctitgith increasing longevity and neuronal survival

[646).

Table 14: Signaling pathways affected by icariin treatment according to literature review

NO-cGMP signaling pathway

Up-regulation

[647-651]

MTOR signaling pathway

Down-regulation

[647]

JNK/p38/MAPK signaling pathway

Down-regulation

[55, 627, 652, 653]

Up-regulation

[436, 439, 654-658]

Notch signaling pathway

Modification

[659]

Insulin/IGF-1 signaling pathway

Modification

[660]

PI3K-Akt signaling pathway

Up-regulation

[436, 661-663]

NF-8B signaling pathway Down- regulation [55]
Toll-like receptor signaling pathway Down- regulation [664]
) ) Up-regulation [665, 666]
TGF-beta signaling pathway i
Down- regulation [667, 668]

SIRT1 catalyzes the removal of acetyl groups from a number of histone ardistame
proteins (Figure 34)578 642 643 669680. All histone proteins affected by SIRT1 are
involved in maintenance of active chromatin state and gene transcript®) 681-683).

SIRT1 deacetylates H3 at Lys9 and Lys14, and it also deacetylates H4 at Lys16, leading to
genomic silencind642. Genomic silencing could further reduce protein synthesis and
energy consumption, a common strategy for cells and organisms to survive through
unfavorable conditions, such as calorie restriction, hypothermia, or hibernation. This
mechanisn also implies to SIRTiediated neuroprotectiorf684]. In addition, @etylation of
H3K14 has been linked to depression, schizophrenia and bipolar disordersghhro
controlling the expression of BDNF ge[@85688. Reduced acetylation of H3K9 was
associated with memory impairment induced by brain iron overlofgD9 and
hypoacetylation of H3K9, H3K14 and H4K16 was reported in association with Friedreich's

ataxia[689]. H3K56 acetylation has been implicated in the regulation of gene activity and
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chromatin structure, in various brain regions including those involved in neuroendocrine
regulation[690]. SIRT1 also deacetylates a number of-h@tone proteins (Figure 34). These
proteins are linked to various important cell signalpaghways whose aberrations are shown

to be involved in neurodegeneratitoo [578, 673, 675, 691-694].

SIRT1 overexpression prevents oxidative stiedaced apoptosis and increases resistance
to oxidative stress through regulation of the FOXO family of fork head transcription factors
[646]. SIRT1 has been shown to affect amyloid production through the ADAM10 gene
modification [578]. Upregulation of SIRT1 can also induce the Notch pathway and inhibit
MTOR signalinf227, 646]. SIRT1 is highlyxeressed in the brain with high levels in the

cortex, hippocamps, cerebellum, hypothalamuspind cordand dorsal root gangliof695|.

SIRT1 is predominantly meurons and also in microglia when-coltured with neurong246,
696-698. In the case of icariin, SIRKLnecessary for the neuroprotective effect of the
adzoaidlyoOSs aAyOS GKS (y201R2gy 27F {I1avthm RAYA
our study, we did at find any changes in H3K9Ac profile of APPBSHice. Considering,

our previous results on reduced H3K9Ac status of APPPS1 mice compared to wild type mice,
we would have expected that icariin treatment further reduces H3K9Ac in brain of mice. But

it did not change the H3K9Ac profile showing that icariin probably induces neuroprotective
effects through pathways rather than targeting H3K9Ac by SIRT1. In most of previous studies
on icariin neuroprotective effects, the genes whose expression profile in nsgpt icariin
therapy has been studied are not almost exclusively specific for SIRT1 induced pathways. In
order to reach a higher specificity in definition of icariin neuroprotection mechanisms it
might be helpful to study more specific genes and protéwngets within epigenetic
pathways. Our study on H3K9Ac profile of APPESInice brain in response to icariin

treatment was an effort in this respect.
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Figure 34: Network of icariin targeted proteins and signaling pathways via SIRT1 activation

Icariin induces SIRT1 expression and activity according to several studies. SIRT1 is a class Ill HDAC that catalyzes the removal of acetyl groups from a number
of histone and non-histone proteins. Histone proteins affected by SIRT1 are involved in maintenance of active chromatin state and gene transcription in addition
to their link to some brain psychosomatic pathological conditions. Besides, non-histone proteins affected by icariin are involved in neural survival and
correspondently in neurodegenerative conditions directly or indirectly through mediating several cell signaling pathways. The network was produced using
Cytoscape v.2.8.3. Cytoscape is a free software package for visualizing, modeling and analyzing molecular and genetic interaction networks [699].
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Neurological diseases are being increasingly characterized with contnlotiariable forms

of epigenetic disruption. The rapidly evolving field of neuroepigenetics has provided a
platform for development of epigenetibased therapeutics against neuropathological
conditions. However, in many of these pathological conditidhe epigenetic machinery
seemingly operates in a highly complex and multifunctional manner at a large number of
genomic loci. For the numerous emerging chromatiadifying drugs that show promising
effects in preclinical studies, it will be important teerdify their key mechanisms of action

and their main targets.

Among various epigenetic modalitiage selected histone acetylation profile and specifically
acetylation ofH3KO as a highly relevant candidate whose alteration has been reported in
many neuopathological conditions and target, basedon which numerous therapeutics
have been dveloped. In the present studyye tried to pinpoint the role of global H3K9
acetylation, as a target of many HDACs and HATSs, in brain pathological condibams
benign and malignant brain tumors to neurodegenerative diseasémtbout whether it acts

as a relevant target for development of epigéicebased therapeutics. We also tried to drive
appropriate natural productswith known neuroprotective properties téind out whether

theyinfluence or alter acetylation status of H3K9

Based on our findings, global H#Sstatus alters ina variety of pathological condition
includingmalignant brain tumors such as gliomas, benign brain tumors such as epahdym
tumorsas well as neuroendocrine tumors such as pituitary tumors. In cancers, globald3K9
statushas an association to the degree of malignancy and the disease aggressiveness. The
more malignant, aggressive or atypical a pathological conditiba higher amount of
alteration we see in global H3K8profile of the diseae. In norcancerous conditionsuch

as ADwe also noticed an aberration of H3K9 acetylation profilbrains ofAPPPS21 mice,
carryingboth APP and PS mutations with high assoamt®mbrain amyoid pathology In our
study on H3K9Ac profile of LitBluces N9 cells, we also noticed that prototypical HDAC
inhibitors either selective or noselective, such as resveratrol or valproic acid, do not
necessarily change global HFrofile, suspecting 8 to two possible reasongl) The
insufficient sensitivity of immunohistochemistry to deteetry subtle changes of global
H3K®c statusor (2) alternative mechanisi of action for HDAGs other than changing

acetylation profile of histones.
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An emerging gestion in the field of epigenetibased neurotherapeutics is whether the
beneficial effects of HDAEIn various acwt and chronic neurodegeneratiwisorders and
cancerous conditions are due to their broad effects on histone modifications, modifications
of nonthistone proteins acetylation or a combinatiarf both. Acording to our invitro
experiment, treatment of LRBduced N9 microglial cells witesveratrol, arHDAG, reduced

NO production without affecting the global H3K9Ac peobf the cells, whé in our invivo
experiment, treatment of APPP&1 mice and EAE rats with A235 and VPA, increased
H3K9Ac status of brain. Moreover, treatmentAPPPS1 mice with icariin, a SIRECtivator
flavonol did not change H3K profile of mice brainsignificatly. From our results, we
conclude that a combination of both mechanisms might be involved in neuroprotective
actions of both polyphenol and ngmolyphenol HDAC modifiers. The field of
neuroepigenomeics is growing in a rapid pace and neuroprotective teffeficepigenetie
based therapeutics are highly promising in preclinistldies. However, there is still a

challengingvay to the prod of clinical efficacyf these drugs against neurological diseases.
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