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1. A HORMONVALASZ EPIGENETIKAI
SZABALYOZASA

A magreceptorok ligandfiiggd transzkripcids faktorok, zsiroldékony molekulak,
hormonok é&s anyagcseretermékek sejten beliili érzékeldi. Munkacsoportunk f6
érdeklddési teriiletét a magreceptoroknak azon alcsoportja képezi, mely heterodimert
alkot az RXR molekulaval, a 9-cisz-retinsav receptoraval. E magreceptorok kulcsszerepet
jatszanak a fejlodésben, anyagcserében és kiillonbozd patofizioldgias allapotokkal is
kapcsolatba hoztak Oket, mint az ateroszklerdzis és a diabétesz. Ezen magreceptorok
kozos jellemzoje, hogy DNS-kotott érzékeldi az intra- €s extracellularis lipideknek. A

magreceptorok genomi szintre forditjak a sejt zsiroldékony kornyezetének valtozasait.



1. MAGYAR NYELVU OSSZEFOGLALO

Ezen jellegzetességiik alapjan nano-kapcsolokként értelmezhetjiik oket, melyek
megvaltoztatjdk a kromatin allapotat, és genomi programokat inditanak be a sejt
lipidkornyezetében bekovetkezett valtozasokra adott valaszként.

A HL-60 sejtvonal egy kiterjedten vizsgéalt mieloid leukémia sejtvonal, mely
fizioldgids és farmakologias behatdsokra kiillonbozd iranyokba differencidlédhat. A
differenciacid soran két kiilonalld szakaszt kiillonboztetiink meg. Az elsd szakasz egy
atmeneti allapot vagy alapozasi 1épés, mig a masodik szakasz kései folyamatok sorozata,
melyeknek vége a differencidcios utvonalbéli elkotelezddés és a termindlis differenciacio.
E 1épésre jellemz6 a magstruktura atalakulasa és néhany sejtciklusra kiterjed6 memoria.
Az alapozési 1épés soran lejatszodd molekuléris folyamatokrol és ezek szerepérdl a
késobbi génexpresszid szabalyozasaban igen keveset tudunk.

A differenciacidét meghatarozo molekularis mechanizmusokat részben a kromatin
allapota hatarozza meg. A kromatin strukira dontd szerepet jatszik a génexpresszid
szabalyozasaban, mivel meghatarozza a transzkripcios faktorok hozzaférését a DNS-hez.
Magat a kromatin szerkezetét két enzimcsoport hatarozza meg: egyrészt az ATP fiiggd
kromatin atalakitdé enzimek (remodelling), masrészt a kromatin modosité enzimek
csoportja. Ez utdbbiak feleldsek a hisztonvégek poszttranszlacios modositasaért. A
,hiszton-kéd“ elmélet szerint a hiszonvégeken I1étrejové kovalens modositasok
fenntartjak és szabalyozzdk a génexpresszidos mintdzatokat. A kovalensen modositott
hisztonvégekrol korabban leirtdk, hogy chromo- és bromodomén tartalmu fehérjék
kotohelyei lehetnek. Feltételezések szerint ezek a hisztonkotd fehérjék biztositjak a
funkciondlis kapcsot a mddositott hisztonvégek és a transzkripcid iniciacié effektorai
kozott.

A kromatin immunprecipitacids technika segitségével (angolul: Chromatin
immunoprecipitation: ChIP) in vivo fehérje:DNS kolcsonhatdsokat vizsgalhatunk
kromatin szinten. Adott fehérje elleni antitestek haszndlataval a fehérje altal kotott DNS
darabok konyvtarat hozhatjuk 1étre és vizsgalhatjuk.
mechanizmusainak vizsgéalata céljabol elkészitettik a szoveti tranzglutaminaz
promoterének hisztonvég mddositasi térképét. A szoveti tranzglutamindz expresszidja

ezen differencidcid soran nagymértékben fokozodik. A promoter térképét harom
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kiilonb6z6 allapotban vettiik fel kiindulasi allapotban: az alapozési 1€pés soran, melyet
egy rovid DMSO vagy D-vitamin kezeléssel hoztunk 1étre, és differencialt allapotban,
melyet az alapozasban résztvevo sejtek retinoid kezelésével hoztunk létre.

Az alapozéds és a transzkripcid sordn kiilonallo kromatin szintii folyamatokat
sikertiilt azonositanunk. Az alapozas nagymértékii oldallanc-metilécios valtozasokat okoz:
a H3 oldallanc K4 csoportjanak metilacidja csokken a promoteren, illetve a H4 oldallanc
R3 csoportjanak metilacidja fokozddik az enhanszeren. A hiszton fehérjék arginin
metilacidja kiilonos jelentdségli az alapozasi allapot 1étrehozasaban, mivel farmakoldgiai
gatladsa magat az alapozast is megsziintette.

Eredményeink alapjan 1) modelljét javasoljuk a retinoid véalaszkészség
szabalyozasanak mieloid leukémia sejtekben. A szoveti transzglutaminaz retinoid fiiggd
indukcidja soran sikeriilt egy uj szerepét azonositani a korabban leirt, de kevéssé
karakterizalt H4R3 metilacionak.

A H4R3 metilacié a differenciacio alapozasi fazisara jellemzo6, és megeldzi a gén
aktivaloédasat. E modositas egy transzkripcionalisan még kikapcsolt, de ,,érzékenyitett”
allapotot jelol, melynek kovetkeztében a modositott hisztonok jobb szubsztratjaiva valnak
a hiszton acetiltranszferazoknak. E mechanizmus felelés a fokozott retinoid
valaszkészségért. A hisztonok preacetildcioja meggatolja H4R3 metilacio kialakulasat.

A javasolt modell egybecseng a hisztonkdd elmélettel, mely szerint a mddositott
hisztonvégek fizikai hordozéi a sejtmemorianak. Transzkripcids faktorok kotddését
biztositva ezek a hisztonvég modosulasok génexpresszios kapcsolokként is felfoghatoak.
Adataink a H4R3 metilacidnak egy 1) szerepet tulajdonitanak, mely potencidlisan
farmakoldgiailag mddosithat6 €s felhasznalhatd a hormonhatas szabélyozasara.

H4R3 metilacio tovabbi vizsgalata céljabdl klonoztuk a mddositast tartalmazo
kromatin darabokat, majd szekvenalds és in silico analizis utan megallapitottuk, hogy a
talalatok mindegyike introni vagy gének 5’ végéhez kozeli lokalizacioju volt. Ezen
lokalizaciok feldusulast mutattak a kovetkezd konzervalt transzkripcios faktor
kotohelyekben: POU2F1, MEF-2 és FOXL1. Az igy azonositott genomi ldkuszok
szignalizacids utvonalakban és fejlodési folyamatokban szerepet jatszd gének kozelében

voltak. Ezen 16kuszok tovabbi vizsgélata uj szerepeit tisztdzhatja a H4R3 metilacionak.
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Munkam masodik részeként vizsgalati rendszeremet Kiterjesztettem egy zart
rendszerbdl (egyedi promoterek vizsgalata) egy nyitott rendszerré (klonozéas és
szekvenalas). A modszer segitségével H4R3 metilacids helyeket térképeztiink a
genomban. A mddszert sikeresen alkalmaztdk eddigiekben transzkripcios faktor
kotdhelyek azonositasdra (Weinmann et al. 2001).

A genomi lokalizacios analizis egyesiti a kromatin immunprecipitacios modszert
a microarray technikaval (Weinmann et al. 2002). A moddszer segitségével teljes genomi
kontextusban vizsgalhatd, miként befolydsolja az epigenetikai kornyezet egy gén
transzkripciojat.

Vizsgalatainkhoz egy 12000 CpG szigetet tartalmazo DNS chipet hasznaltunk, és
magreceptor kotddést, valamint H4 acetilacios statuszt vizsgaltunk. Az eredmények
feldolgozéasat megkonnyitendd 1étrehoztunk egy bioinformatikai webfeliiletet, melynek
segitségével a 12k CpG platformon begylijtott adatokat tikrozhetjiik Affymetrix
platformon szerzett globalis expresszids adatokra.

Osszegzésként elmondhatjuk, hogy munkdnk soran azonositottuk a szoveti
transzglutaminaz fokozott retinoid valaszkészgére jellemzo epigenetikai valtozasokat. A
fokozott valaszkészségre megnovekedett H4R3 és csokkent H3K4 metilacid jellemzo.
Tovéabbi kisérleteinkben teljes genomi megkozelitésben vizsgaltuk a H4R3 és az

acetilacids hisztonvégmodositasokat.



2. INTRODUCTION

Nuclear receptors are ligand activated transcription factors. They act as sensors of lipid
soluble molecules, hormones or metabolites. Our main research interest focuses on a
subclass of nuclear receptors that forms heterodimers with RXR, the 9-cis-retinoic acid
receptor, with major implications in development and in certain diseases, such as
atherosclerosis and diabetes. A common attribute of this subclass of nuclear receptors is
that they are DNA-bound sensors of intra- or extracellular lipid soluble molecules.
Nuclear receptors translate the lipid soluble small molecular environment of the cell into

genomic actions. Thus, nuclear receptors can be viewed as molecular nano-switches that
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change the status of the chromatin and open genomic scripts depending on the lipid

environment of the cell.

2.1. Molecular determinants of the nuclear receptor action

The main structural parts of the nuclear receptors are the DNA binding domain (DBD)
and the ligand bindig domain (LBD) and these are connected by a loose hinge region. The
DBD is a well conserved zinc finger domain. The LBD is made of 12 alpha helices packed
in three layers, forming a three-layered alpha helical sandwich. LBD-s are less well
conserved and usually contain a ligand binding pocket. The ligand binding pockets
determine the subtype of ligands that will activate the receptors, and their volume is
widely variable. For example, PPARs have large ligand-binding pockets varying from
1300 cubic angstrom (A*) to 1500A° depending on the isotype (Watkins et al. 2001), while
RXRo and Vitamin D receptor has a ligand-binding pocket of 700A° and 800A° ,
respectively. It has been proposed that some orphan receptors, such as RORa, do not have
an open pocket, but bind a “structural lipid”, a cholesterol molecule presumably
constitutively, (Chai et al. 2001; Willson 2002; Kallen et al. 2004). Another orphan
receptor, Nurrl does not have ligand binding cavity at all, based on structural evidence
(Wang et al. 2003). The concept of metabolic sensors is consistent with data
demonstrating nuclear receptors acting as metabolic sensors, since the large ligand-
binding pocket of some of them can bind structurally very different ligands. For example,
the highly selective ligand Rosiglitazone fills only 25% of the large pocket of PPARY,
while GI262570, a tyrosine-based molecule that binds to the PPARY/RXRa heterodimer,
occupies approximately 40% of it (Gampe et al. 2000). On the other end we find RAR, in
which all-trans retinoic acid fills 60% of a 441A° pocket (Escriva et al. 2000) (Bourguet et
al. 2000). More interestingly, according to structural data, eicosapentaenoic acid (EPA) is
binding the pocket of PPARS in two distinct conformations, filling a volume of 300 A’
(30% of the pocket) in each docking mode (Xu et al. 1999).

Nuclear receptors in their unliganded state bind corepressors (Nagy et al. 1997).
The active form of these receptors is formed after ligand binds in their cavity. Ligand

binding is stabilizing the structure of the protein (as a chemical skeleton) and helix 12 is
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bent towards the core of the LBD (Benko et al. 2003). In the new conformational state, the
receptor will be able to bind coactivators. This initiates a protein-protein interaction
cascade that ultimately results in the transcription of the regulated gene (Metivier et al.
2003). During this process, coactivators recruit proteins with enzymatic activity, that
induce changes in the phosphorylation, methylation and acetylation state of the histone
tails, thus switching the chromatin into an activated state. The initial step for this cascade
is the ligand-induced switch, which might produce a full spectrum of conformational

states of the receptor (Nagy et al. 2004).

2.2. Molecular determinants regulating differentiation

Monocytes and the cells from this lineage provide an excellent model system to study cell
differentiation and the involvement of nuclear receptors in health and disease. Nuclear
receptors were shown to be involved in major diseases (Kliewer et al. 1999). RAR was
implicated in leukemia through the PML-RAR fusion protein (Chen et al. 1994), PPAR-s
in diabetes and atherosclerosis (Laffitte et al. 2002), vitamin D receptor (VDR) and
estrogen receptors (ER) in osteoporosis (Thompson et al. 1999) and cancer. Complex
regulation of metabolism seems to be also driven by some nuclear receptors: TR (tyroid
hormone receptor) is a general integrator of metabolism, PPAR-s regulate adipogenesis
and inflammation, LXR-s (Liver X Receptor), FXR (Farnesoid X Receptor) and SXR
regulate cholesterol metabolism, bile acid and xenobiotic processing in the liver.

In the monocytic cell lineage, RAR and PPARy were already identified as key
regulators at different stages of development and terminal differentiation. The variety of
cell lines available and the ease of preparing primary cells makes it straightforward to
study myeloid differentiation. It is well documented that during cell differentiation the
overall structure of chromatin is rearranged. Global acetylation levels drop and large
chromosomal territories are changed from euchromatic to heterochromatic structure.
Certain sets of genes are silenced, and their repressed state is maintained through multiple
cell divisions by cellular memory. Equally importantly, during these events gene
activation is responsible for the development of specialized functions, specific for each

terminally differentiated cell type. As mentioned before, two nuclear receptors are
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involved in the differentiation of monocytes at different stages: Retinoid receptors (RAR)
and PPAR-s. The former is involved in the early stages of differentiation, while PPAR-s
are key players of terminal differentiation of these cells. RAR was implicated in the
development of leukemia through the chromosomal break and rearrangements resulting
in a the PML-RAR fusion protein (Chen et al. 1994). On the other hand, PPARY is
markedly upregulated during monocyte-macrophage transition when these cells pass
from circulation to periphery (Tontonoz et al. 1998). Although the marked nuclear
rearrangement during the differentiation of this cell type is well known, the molecular
determinants and the role of nuclear receptors in this process was not studied in this
context.

The HL-60 cell line is a well-characterized M2 myeloid leukemia cell line that
can be induced to undergo differentiation along different pathways to form monocytes or
granulocytes, in response to a variety of physiological and pharmacological stimuli (Yen
1985; Collins et al. 1990). The process of myeloid differentiation itself involves two
distinct and sequential steps (Yen 1985). The first is an identifiable intermediate state
termed the precommitment or primed state, while the second is a series of late events
leading to the onset of lineage-specific terminal differentiation. Altered nuclear structure
and feature retention of phenotype, a form of cellular memory that can last for several
cell cycles characterize primed cells. Very little is known about the molecular
characteristics of the precommitment or primed state and it is particularly ill-defined how
these molecular changes impact the regulation of gene expression. Some of the molecular
mechanisms that drive differentiation of this cell line were shown to produce changes in

chromatin structure (Ponton et al. 1996).

2.3. The histone code hypothesis

For cells undergoing differentiation, the phenotypic identity of a cell, as defined
by its distinctive pattern of gene expression, has to be maintained through multiple cycles
of DNA replication, chromatin assembly and repackaging. It has been suggested that
there has to be some sort of cellular memory that provides a cell with an epigenetically

coded identity that can be preserved during differentiation (Turner 2000) (Turner 2002).
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In a human cell around 2m of DNA is packed and during each cell division its
folded to considerably dense structure to perform the complicated manoeuvres of mitosis.
This fact is impressive by itself and the further steps are also remarkable. After mitosis
this compact DNA-protein complex, the chromosome, is specifically convoluted to
perform its functional task namely to serve as template for the mRNA synthesis. The fact
that the spindles of the nucleosomes, the histone octamers, are not only the physical
carriers of the folded DNA but might serve as a functional structure that is able to
regulate this folding and convolution is one of the most exciting finding of the past
decades of molecular biology. The growing evidence supporting the hypothesis that the
histone tails might be carriers of inherited information, settled the grounds of the novel
field of epigenetics. By epigenetics we refer to the inheritance of information which is
not directly embedded in the sequence of the double helix. The question of non-DNA
carried inheritance was originally formulated around the so called “cytoplasmic”
inheritance (for example see: (Beisson et al. 1965) ). This question supported by many
pieces of experimental evidence was answered mainly by proving the role of
mitochondrial and other organelle (e.g. chloroplast) dependent, but still DNA based
inheritance. The findings that proteins and in particular histones might be carriers of non-
DNA coded, but inherited information initiated intensive studies trying to elucidate these
mechanisms.

By now it seems to be widely accepted that the structure of the chromatin plays a
fundamental role in regulating gene expression by controlling the access of transcription
factors to the regulatory regions of genes. Two classes of enzymes are known to play a
role in regulating chromatin structure, the ATP-dependent chromatin remodeling
enzymes and the chromatin modifying enzymes. These latter ones are responsible for the
post-translational modification of histone tails. Biological systems efficiently use
posttranslational modifications of proteins in order to change rapidly and locally the
activity of proteins involved in signaling (Pawson et al. 2000). These mechanisms are
able to increase the number of effector molecules by as much as several orders of
magnitude (Jenuwein 2001). Deciphering signaling networks have to take into
consideration the wide variety of post-translational modifications, including

palmitoylation, ubiquitination, sumoylation, acetylation, phosphorylation, and
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methylation (Kabuyama et al. 2004). The question under debate nowadays is whether the
widely accepted structural role of the chromatin is the only way by which chromatin
participates in the control of gene expression or if the posttranslational variations on the
histone tails code for a specific local information that might even set a “language”, the
language of histone code modifications (Strahl et al. 2000).

According to the “histone code” hypothesis the covalent modifications of the
histone tails maintain and modulate the patterns of gene expression by providing local
instructions to the effector molecules about the information embedded in the particular
genomic territory (Turner 2000; Imhof et al. 2001; Jenuwein et al. 2001). Reading of the
code is performed by specialized proteins. Modified histone tails have been reported to
form binding sites of specific classes of proteins; bromodomain—containing proteins as
binding sites of acetylated lysine groups and chromodomain—containing proteins of
methylated lysine residues (Marmorstein 2001) (Kanno et al. 2004). It is thought that
these histone-binding proteins provide the functional link between the covalently
modified histone tails and the effectors of transcription initiation.

It became widely accepted that DNA methylation on CpG islands and
deacetylation of histone lysine side chains are linked to a silenced state of chromatin
(Jones et al. 1998). Methylated cytidines create a binding site of methyl binding proteins
(MBP). One of the best studied member of the group is MECP2. Localization of MECP2
was clearly linked to methylated DNA in the genome (Nan et al. 1996). MECP2 binds
methylated DNA as shown by structural data (Wakefield et al. 1999) and mediates the
anchoring of repressors such as HDAC-s (Jones et al. 1998). Interestingly, not only
HDAC-s were linked to MECP2 but also TSA (Trichostatin A is an HDAC inhibitor)
insensitive repression. MECP2 was found to have H3K4 methyltransferase activity (Fuks
et al. 2003). By this, methylated DNA stretches are indeed instructing chromatin
modifying enzymes to perform specific and local histone tail modifications.

The best studied modification of the histone tails is acetylation. Acetylation of
histones H3 and H4 have been linked very early to the activation of gene expression
(Pogo et al. 1966) (Libby 1968; Pogo et al. 1968). The positional role of the histone tail
acetylation was later demonstrated in Drosophila by showing that H4Ac12 is localized in

centromeric regions, H4Ac5 and H4Ac8 are distributed through multiple sites in the
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genome and a single modification of the histone tail, namely H4Ac16 is specific to the
hyperactivated male X chromosome (Turner et al. 1992; Bone et al. 1994; Smith et al.
2001). The effectors of these modifications are the histone acetyltransferases or HATs. In
the case of Drosophila H4Ac16 modification, the MSL complex seem to contain the
effectors (MY ST family member HATs) and the entry point of the signal induction also.
The entry point in this case is represented by non coding RNA molecules (roX1 and
roX2). In mammalian cells, as reported recently (Agalioti et al. 2002) H4Ac8 is required
for binding of SWI/SNF chromatin remodeling complex while H3Ac9 and H3Acl14 is
critical for the recruitment of TFIID. The binding factors of the acetylated histone tails in
mammalian cells were shown to be the bromodomain containing proteins (Kanno et al.
2004). The beauty of this finding is that bromodomains can be found in a variety of
factors involved in transcription per se, like HAT proteins (PCAF), general transcription
factors (TAF;250) and chromatin remodeling enzymes (BRG1, member of the SWI/SNF
complex). This finding might explain how the information coded in the sequence of
particular regulatory regions, like the enhancer regions, is transferred to the histone tails
and an ordered, sequential recruitment of other transcription regulators is initiated
(Agalioti et al. 2002). These data and data generated in other systems were summarized
as the acetylation code of the histone tails (Turner 2000; Agalioti et al. 2002).

Protein methylations were described early in the ‘70s, and the characterization of
methylating enzymes in the ‘80s fuelled new studies of the processes mediated by
methylation (Gallwitz 1971; Disa et al. 1986). Recently, a plethora of methylation
substrates were identified (Boisvert et al. 2003) (Lee et al. 2002) (Wada et al. 2002) and
the enzymes involved in demethylation were also described (Cuthbert et al. 2004; Shi et
al. 2004; Wang et al. 2004).

The role of histone lysine methylations was extensively studied and reviewed
(Kouzarides 2002; Lachner et al. 2002) (Jenuwein 2001). Some of these results suggest
that methylations on lysines of the H3 tail have a positional value. Majority of the
enzymes responsible for this modification contain a SET domain. There are more than 50
SET domain containing proteins in the mouse genome and they could be all considered as
being putative histone lysine methyltransferases (Tachibana et al. 2005). If we take a

closer look to H3K9 methylations we can see that at least five SET domain containing
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methyltransferase proteins were shown to be responsible for this modification (Tachibana
et al. 2005). These enzymes seem to have different biological roles. For example ESET is
essential for preimplantation (Dodge et al. 2004), G9a for mid-gestation (Tachibana et al.
2002) while Suv39h2 for the developmental stage after day E12.5 (Peters et al. 2001) of
mouse embryonic development. Mice lacking SUV39h show genomic instability and also
increased tumor risk (Peters et al. 2001). The chromosomal territories targeted by these
enzymes are also distinct. While H3K9 trimethylation of the pericentric heterochromatic
territories is performed by Suv39h the mono- and di- methylations in the euchromatic
regions is performed by G9a (Peters et al. 2001) (Rice et al. 2003). If the role in cell
cycling of these modifications is inquired we can find that monomethylation of H3K9 can
be found mainly in early replicating euchromatin, while di-and trimethylation in the same
position might be characteristic to different types of heterochromatin (Wu et al. 2005).
These modifications could be paraphrased as forming a code of silence (Rice et al. 2001).

The reading of methyl lysines in this code is performed by chromodomain
containing proteins (Marmorstein 2001). The best studied chromodomain containing
protein is HP1 (Heterochromatic protein 1). Methylation on H3K9 provides binding site
for HP1 as shown by structural data (Nielsen et al. 2002). HP1 binding is the initial step
in the silencing of large chromosomal territories through heterochromatinization of them
(Bannister et al. 2001; Lachner et al. 2001; Nielsen et al. 2002).

Non SET domain containing methyltransferases might have roles also in the
histone modification maze. DotlL a non SET domain containing methyltransferase
(Lacoste et al. 2002) that is methylating a non histone tail locus of the histone octamere
(Ng et al. 2002; van Leeuwen et al. 2002). This lysine group is located on the outer
surface, non DNA covered part of the spindle.

Removal of the H3K9 methylation mark was recently reported as being carried
out by the same enzyme that was reported as being responsible for the removal of H3K4
methylation mark through an oxidation step performed by an amine oxidase enzyme
LSDI1 (Metzger et al. 2005) (Shi et al. 2004).

While methylation on H3K4 was in general linked with transcriptional activation,
distinct roles were attributed to mono- di- and tri-methylation of this lysine residue

(Santos-Rosa et al. 2002). In yeast, trimethylation can be unambiguously correlated with
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active sites of transcription while dimethylation was also found on the chromatin of
repressed genes (Santos-Rosa et al. 2002). In higher metazoans dimethylation stands for a
'poised' chromatin state and both di- and tri-methylation of H3K4 seem to be linked to
active transcription (Schneider et al. 2004). The enzyme responsible for this modification
is a SET domain containing protein, namely SET7 (Wang et al. 2001). Interestingly a cis
correlation on H3 tail shows that methylation on H3K4 and H3K9 are mutually exclusive
(Wang et al. 2001).

The other residues of the histone tails that can be methylated are the arginines.
Three main forms of methylarginine have been identified in eukaryotes: N°-
monomethylarginine (MMA), N°N® (asymmetric) dimethylarginine (aDMA), and N°N'“
(symmetric) dimethylarginine (sDMA), all of which involve modification of guanidino
nitrogen atoms (McBride et al. 2001).

The level of methylation on arginine residues depends on the level of methyl
donor S-adenosyl-methionine (Adomet), the level of methyltransferases (PRMT-s) and
the level of demethylases present in the cell at a specific point in time Methionine
adenosyltransferase (EC 2.5.1.6) is a key enzyme of cellular metabolism and catalyzes
the formation of S-adenosyl-methionine (Adomet) from I-methionine and ATP. Adomet
is the main methyl donor of the cell, a precursor of polyamine synthesis of molecules
such as spermine and spermidine (Moreira et al. 2004). An arginine group may be
methylated to produce methyl-arginine, while the amino acid L-arginine may be oxidized
by NOS to produce citrulline and NO, and may be hydrolyzed by arginase to produce
ornithine and urea. Importantly, methyl-arginine groups may be de-iminated to form
citrullinated proteins. Identification of protein substrates that may be methylated on
arginine residues was carried out in several studies. Protein arrays, differential cloning
and proteomic approaches were used to identify these substrates (Lee et al. 2002; Wada
et al. 2002; Boisvert et al. 2003).

The enzymes involved in arginine methylation, members of the PRMT (protein
arginine methyltransferase) protein family use as substrates arginine-glycine rich protein
stretches (Wada et al. 2002) (Lee et al. 2002) and S-adenosine-methionine in order to

catalyze the methylation reaction. Protein arginine methyltransferases are conserved
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proteins from yeast to humans (Gary et al. 1996; McBride et al. 2001). They contain an
S-adenosyl methionine (AdoMet) binding motif and a less conserved C-terminal domain.

PRMT1 is the main enzyme in the mammalian cell responsible for methylation of
arginine residues (Tang et al. 2000). If one takes a closer look at the main arginine
methyltransferase of the cell, PRMT1 could be considered as an apparently promiscuous
protein. Methylation of STAT1 and NFAT, cofactors of nuclear receptors, DNA damage
checkpoint control (Boisvert et al. 2005) and regulation of splicing was all described to
involve PRMT1. One of the known methylation reactions mediated by this enzyme is the
methylation on the tail of histone H4 arginine residue in position 3. Other members of the
PRMT family involved in nuclear receptor signaling are PRMT2 and PRMT4 or
CARMI. PRMT2 was shown to be a cofactor of estrogen receptor but until now no
enzymatic activity of this protein was reported (Qi et al. 2002). On the other hand
CARMI1 was reported as being responsible for linking the group of p160 coactivators
with arginine methyltransferase enzymatic activity (Chen et al. 1999). Several lines of
evidence clarified that this enzyme is mainly responsible for the metylation of H3
arginine 17 (Ma et al. 2001; Schurter et al. 2001; Bauer et al. 2002). H4R3 methylation is
specific to PRMT1 while CARMI1 for the arginine methylation in position 17 of the H3
histone tail.

H4 Arginine 3 methylation is one of the least characterized histone tail
modifications. Arginine methylation on both H4 and H3 tails has been shown to be
related to nuclear receptor coactivation in several experimental systems. The family of
p160 transcriptional coactivators (e.g. SRC1, GRIP1, ACTR) binds two members of the
arginine methyltransferase family, PRMT1 and CARMI. Both these transferases have
been implicated in the activation of NR dependent genes (Chen et al. 1999) (Strahl et al.
2001). The arginine methyltransferases modify histone tails and arginine side chains on
other proteins as well (e.g. CBP, STAT) (Mowen et al. 2001; Xu et al. 2001; Chevillard-
Briet et al. 2002). The PRMT1 enzyme has been shown in cotransfection studies to be a
cofactor of nuclear receptor activated gene expression (Koh et al. 2001). In vitro studies
have demonstrated that PRMT1 methylates H4 Arginine 3 and that once methylated, H4
is a better substrate for HAT-s. Vice versa, once acetylated, the histone tails lose their

ability to become methylated by PRMT1 (Wang et al. 2001). The other factor implicated
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in the regulation of arginine methylation is the enzyme called peptidyl arginine deiminase
or PAD4. In HL-60 cells PAD4 was shown to be regulated by DMSO, vitamin D and
retinoic acid (Nakashima et al. 1999). All of these agents have the potential of priming
HL-60 cell differentiation (Yen et al. 1987; Yen et al. 1987). Recently this gene was
found to be responsible for the removal of the methyl mark on H4R3 by conversion of it
to a citrullinated histone H4 (Wang et al. 2004).

During murine embryonic development the expression of the PRMT1-reporter
fusion gene was greatest along the midline of the neural plate and in the forming head
fold from embryonic day 7.5 (E7.5) to E8.5 and in the developing central nervous system
from E8.5 to E13.5. PRMTI1-/- mice die between the embryonic day E4.5 and E6.5
between implantation and gastrulation, suggesting that the modification is crucial for
organ development and the specific cell differentiantion pathways (Pawlak et al. 2000).
Interestingly, PRMT1-/- ES cells are viable and are dividing, suggesting that this enzyme
is not indispensable for life per se (Pawlak et al. 2000).

One of the most powerfull technique that was used to generate key findings of the
field of epigenetics is chromatin immunoprecipitation (ChIP). Chromatin
immunoprecipitation (ChIP) enables us to study in vivo DNA-protein interactions at the
chromatin level, and DNA fragment libraries containing the DNA elements bound by a
particular protein can be generated and studied with this method by using specific
antibodies (Orlando 2000).

The epigenetic changes associated with both the priming and transcriptional
activation occurring during retinoid-induced differentiation are clearly linked to the
activity of retinoid receptors. In the absence of a ligand, RAR:RXR heterodimers, the
mediators of the effects of retinoids on myeloid cell differentiation, are believed to bind
to their cognate response elements and repress transcription. Liganding of these receptors
results both in the loss of this repressive effect and the induction of transcriptional
activity. While little detail is known of the molecular steps involved in the activation of
transcription by retinoid receptors, significantly more is known about the activity of other
members of the nuclear receptor superfamily. A general model of transcriptional
activation, developed primarily from studies on estrogen and glucocorticoid receptor

regulated genes (Becker et al. 2002; Metivier et al. 2003) suggests that liganding of the
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receptors results in a sequential recruitment of proteins involved in transcriptional
activation. According to the current concept the sequential recruitment of cofactors may
be different from gene to gene (reviewed by M. P. Cosma (Cosma 2002)), but in all cases
results in an orderly process of covalent modifications of the tails of histone proteins
associated with the promoter and enhancer elements of the target gene. If we compare the
knowledge accumulated in the field of epigenetics with the knowledge accumulated in
the field of transcription regulation we can see that the field of epigenetics deepened
mainly our understanding of transcriptional silencing. On the other hand several of the
well characterized histone tail modifications can be clearly linked with transcriptional
activation (e.g. acetylations in general, methylations on: H3K4, H3R17, H4R3). While
H3K4 was linked to be a marker of active chromatin regions, the present knowledge
about arginine methylations is mainly related with their role in transcriptional activation
itself. The role of H4R3 methylation in defining the state of a chromatin region was not
clearly defined yet. According to the histone code hypothesis histone tail modifications
might be able to silence, sensitize or activate the chromatin in a specific region. Further
studies need to be carried out in order to understand the dynamic changes taking place on
the chromatin and especially how the sensitization of chromatin towards different
specific signals is performed. One of the substrates for these modifications is in the

position H4R3.

2.4. Genome-wide location analyses

In the second part of my project I have extended my experimental approach from
studying a single promoter by QPCR to studying gene promoters genome-wide, using a
high-throughput binding site survey together with DNA cloning and sequencing. This
method was succesfully used before to map transcription factor binding sites in the
genome (Weinmann et al. 2001). With this method we mapped genomic loci marked by
H4R3 methylation during myeloid differentiation.

Chromatin immunoprecipitation studies previously established that PRMT]1 is one
of the first proteins involved at the chromatin level in the events, that in a concerted

manner lead towards transcription (Metivier et al. 2003). To further characterize how
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PRMT1 modulates gene expression at the chromatin level, we decided to isolate
chromatin fragments that are methylated on histone arginine H4R3. For this we used a
polyclonal antibody that recognizes specifically methylated H4R3 residues (Wang et al.
2004). The immunoprecipitated fragments were cloned and sequenced. We have shown
that the immunoprecipitated fragments are more abundantly located in introns and a great
majority of them contain conserved transcription factor binding sites. The locations
identified were enriched in conserved transcription factor binding sites of POU2FI,
MEF-2 and FOXLI1 factors. A significant number of the genes in the proximity of the
identified genomic loci are involved in signaling pathways and developmental processes,
including immune response of myeloid cells.

In order to broaden the study of epigenetic changes to a high throughput platform,
we decided to implement chromatin immunoprecipitation methods combined with
microarray analysis (ChIP on Chip). We decided to study genomic binding sites of
PPARs.

PPAREs, as reported even in the first paper by Issemann and Green (Issemann et al.
1990), have lipid-lowering effect and produce massive peroxisome proliferation in
rodents (hence their names: Peroxisome Proliferator Activated Receptors, PPAR). There
are at least two major human diseases they were shown to be involved in, atherosclerosis
and non-insulin dependent diabetes. Interestingly, but not surprisingly, two classes of
compounds fibrates and thiazolidinediones (TZDs) were independently identified and
tested for their possible beneficial effect in metabolic diseases without prior knowledge
about their pharmacophores (Chang et al. 1983; Chang et al. 1983; Watts et al. 1999).

PPARs have been identified as ligand activated transcription factors belonging to
the nuclear hormone receptor superfamily (Kliewer et al. 1999). There are three isoforms
of PPARs: PPARa, PPARy and PPARSY, called also . The difference in the
nomenclature of 3 and 8 comes from their cloning. PPARf was cloned from Xenopus by
the Wahli group, while PPARS was cloned from mouse by the Evans group. This latter
was shown to be highly similar to the human receptor and became widely used in
receptor studies with the name PPARAJ.

There have been significant advance in our ability to identify systematically the

genes occupied by various transcription factors. One of the first analyses carried out by
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Peggy Farnham and colleagues identified binding sites for E2F using chromatin
immunoprecipitation and sequencing (Weinmann et al. 2001). Other more recent
significant studies include the genome wide localization studies for HNF binding sites
(Odom et al. 2004) and for CREB binding sites (Zhang et al. 2005) used the combination
of chromatin immunoprecipitation coupled to promoter microarray analysis. As an
alternative to genomic arrays, Chip to SAGE method can be used. The benefit of this
approach is that it is unbiased, but the analysis rather labor intensive. This method was
used successfully to identify CREB binding sites in the genome (Impey et al. 2004). The
results of all these studies show that genome-wide localization studies are essential for
the understanding of global transcription changes that take place upon activation of
particular transcription factors.

Using genomic location analysis approach for PPARs, we planned to integrate the
large amount of global gene expression data with molecular determinants of chromatin
state. The microarrays we used are from UHN (Toronto, CA), and contain 12 000 human
CpG rich regions. By now our results show that ChIP on Chip is suitable for mapping
regulatory sequences of PPARY target genes. For this analysis we used two independent
methods. First, we located PPARY binding sites by using PPARY specific antibodies. We
found occupancy of approximately 1% of the spots represented on the CpG array and
identified novel genes with lower level of induction by PPARYy specific ligands as
potential target genes.

In an independent set of experiments we analyzed the changes in H4 acetylation
of the chromatin regions represented on the CpG microarray after treatment with PPAR
specific ligands. By this approach the hit rate for spots that showed an increase in H4
acetylation after PPARY ligand treatment was 0.6%.

In order to correlate ChIP on Chip results with global gene expression data generated on
the Affymerix platform, we developed a web-based bioinformatic interface in

collaboration with the Hungarian Bioinformatics Institute.
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2.5. Aims of the studies

—

To set up a system where one can analyse the regulated hormonal (retionoid)
responsiveness.

To implement in our laboratory new techniques used in the field of epigenetic
studies.

To map the epigenetic changes taking place on the promoter of TGM2 during
different states of hormonal activation

To implement chip to clone technology, high throughput robotic PCR and Chip

on chip analyses in order to move our studies to high throughput platforms.
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3. MATERIALS AND METHODS

Reagents

All materials unless otherwise mentioned were purchased from Sigma Aldrich.

Cells, materials

HL-60/CDM-1 cells, a kind gift of Diane Lucas (Walter Reed Army Medical Center,
Washington, D.C.), were cultured in suspension in RPMI 1640 medium supplemented
with ITS (Sigma #11884) using standard cell culture conditions. Monomac6 cells were

cultured in suspension in RPMI 1640 medium supplemented with 10% FBS using
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standard cell culture conditions. HT29 cells were received from Beatrice Desvergne
(University of Lausanne) and were cultured in monolayer in DMEM medium
supplemented 10% FBS using standard cell culture conditions similarly with 293T cells.
Highly enriched monocytes (98% CD14+) were obtained from buffy coats of healthy
donors by Ficoll gradient centrifugation and immunomagnetic cell sorting using anti-
CD14-conjugated microbeads (VarioMACS; Miltenyi Biotec). Monocytes were cultured
in RPMI 1640 supplemented with 10% FBS (Invitrogen), containing 800 U/ml GM-CSF
(Leucomax) and 500 U/ml IL-4 (Peprotech).

HL60/CDMI cells were treated with 9-cis retinoic acid in a concentration of 1uM
dissolved in ethanol: DMSO (ratio??). Priming of cells was done with 1.25% DMSO or
10 nM Vitamin D for 16 hours. Blocking of methyltransferases was achieved by
treatment with 10 uM of adenosine dialdehyde (ADOX /Sigma #A7154) for the same
period. After pretreatment media was replaced with fresh media and retinoic treatment
was carried out. MonoMac6, HT29, 239T cells were treated with Rosiglitazone in a
concentration of 1uM dissolved in ethanol: DMSO. If not specified, all materials were
purchased from Sigma. Antibodies for flow cytometric analysis, as well as the
appropriate control antibodies, were purchased from DAKO A/S, unless otherwise

mentioned.

Plasmids

PcDNA3.1 hPRMT]1 full-length wild type was cloned from the pGEX-HRMT1L2 (v2)
(Scott et al. 1998) by PCR, introducing a BamHI site at the 5' end and a EcoRI site at the
3" end of the HMRT1L2 cDNA (deleting the stop codon at the same time). Subsequently,
the HMRTIL2 c¢cDNA was subcloned into the BamHI and EcoRI-double digested
pcDNA3.1-B (Invitrogen), generating a C-terminal myc/his-tag. The point mutations
S69A, G70A and T71A were introduced into pcDNA3.1 hPRMTI1 via site-directed
mutagenesis using the Quickchange kit (Stratagene), resulting in pcDNA3.1 PRMT]1 full-
length catalytic mutants. All constructs were verified by DNA sequencing. The constructs
presented above were received from Uta Maria Bauer (University of Marburg).
Mammalian expression vectors for PAD4 and the PAD4 C645S mutant were received

from Yanming Wang and described previously (Wang et al. 2004). All other plasmids
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used were described previously (Benko et al. 2003).

Transfection
HL-60 cells were transfected with AMAXA Electroporator System using 1ug of plasmid
for 2 million cells according to the manufacturer’s instructions (electroporation solution
V and program VO1).

293T cells were transfected with Polyethylene imine reagent. The method follows
the steps of the jetPei (Qbiogene) transfection with modifications as done on the Gene
Vectors EuroLab Course (Genethon, Evry) under the guidance of Anne Marie Douar.
Brieflly: Polyethileneimine (PEI) (Aldrich, cat. No0.408727) working solution was
prepared by dissolving 4,5 mg of pure PEI in 8 ml of deionized water. Solution was
neutralized with HCI to pH 6,5-7,5 and the final volume adjusted to 10 ml. This solution
was filtered (0,2um pore), and was considered to be 10 mM of nitrogens. Before

transfection, 239T cells were 40% confluent. Reagents were mixed as shown in the table

below:
PEI
10
DNA mM TOTAL
well format | ug NaCl (150mM) to pul | pl NaCl (150 mM)to ul | VOLUME (ul)
96 0.25 10 0.5 10 20
48 0.5 25 1 25 50
24 1 50 2 50 100
12 2 50 4 50 100
6 3 100 6 100 200
60mm dish |5 250 10 250 500

The PEI solution was added dropwise to the DNA solution. We waited for 1 minute
between adding each fraction of PEI solution to the DNA solution (one fraction of PEI
solution was considered to be 1/5 of the total PEI solution used for the particular
experiment). The solution was incubated for 15-30 minutes at room temperature.
Meanwhile changed the media of the 293T cells to a 1% FBS media. Transfection

complex was added dropwise to the cells and mixed with the media with gentle swirling.
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After 5-7 hours of incubation in a 37 °C, humidified CO; incubator, equal volume of 10%
FBS media was added to the plates, and cells were analyzed after a further 16 hours of
incubation.

BRARE tk Luc reporter plasmid was cotransfected with pCMV RARa full length,
pCMV RXRa full length and pGal plasmid. PRMT1 wt, PRMT1 mut, PAD4 wt, PAD4

mut were added to the reporter plasmids.

Extraction of total RNA
Total RNA was extracted with Trizol Reagent (Invitrogen) according to the

manufacturer‘s instructions.

Real Time QPCR
Total RNA was isolated with TRIZOL reagent (Invitrogen) and RNA was treated with
Rnase-free DNase (Promega) before reverse transcription. Quantitative PCR analysis was
performed using real-time PCR (ABI PRISM 7900 sequence detector, Applied
Biosystems) performing 40 cycles of 95 °C for 12 sec and 60 °C for 1 min using TagMan
assays. All PCR reactions were done in triplicate with the appropiate control reactions.
The comparative Ct method was used to quantify various PCR products. For the promoter
assays the reactions were carried out similarly without the reverse transcription step. For
standard calibration, DNA from the BAC clone RP5-1054A22 was used which contained
the whole promoter of TGM2 and was received from the Sanger Centre, Clone Resources
Group, Hinxton, UK. Primer sets used for these measurements are presented in Table 1.
For the 384-well plate format reverse transcriptase reactions were performed

using random primers and the following conditions

Volume (for

RT reaction total of 40ul) ul
Sx SSII buffer 8

100 mM DTT 4

2.5 mM dNTP 8

3ug/ul random

hexamer (Invitrogen) | 0.04
SSII  enzyme (200
U/ul) (Invitrogen) 0.17
Total RNA (100 | 20
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| ng/ul) | |

The reaction was carried out as it follows: 10 minutes at 25°C, 2 hours at 42°C and 10
minutes at 72°C. After this step mixture was diluted with 4 volumes of nuclease free
water and aliquoted on a 384-well plate using a TECAN Genesis RSP 150 microfluidic
pipeting robot. On each plate a ,,No amplification control” (sample without reverse
transcriptase) and three replicates of each sample were aliquoted, mixed with equal
amount of QPCR master mix (total reaction volume was 10 pl).

The QPCR master mix had the following composition:

Volume (for
Components total of 10ul) pl
Nuclease free water 2.1
MgCl, 25mM 1.2
10x buffer 1
2.5 mM dNTP 0.5
primer- 100 uM 0.0375
primer+ 100 uM 0.0375
probe 20 uM 0.0625
Taq polymerase SU/ul | 0.0625
cDNA from RT step 10

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was carried out as described by Kuo and Allis (Kuo et
al. 1999) with modifications. Briefly: cells were fixed with 1% formaldehyde for 10 min
at room temperature. Adding chilled glycine to a final concentration of 150 mM stopped
fixation. Cells were scraped and washed twice with ice-cold PBS that contained
proteinase inhibitors (1 mM PMSF, 1 ug/ul aprotinin and 1 ug/ul pepstatin A). Nuclei
were prepared by incubation for 10 minutes on ice in a buffer containing 5 mM Pipes
pH8, 85 mM KCIl, NP40 0.5% and proteinase inhibitors. After centrifugation with 3000g
for 10 minutes at 4°C, nuclei were resuspended in sonication buffer (1% SDS, 0.1 M
NaHCOj; and proteinase inhibitors), lysed on ice for 10 minutes and sonicated on ice to
an average fragment size of 300 basepairs. Cell debris was pelleted twice by
centrifugation with 10000g for 30 min at 4°C in a bench-top centrifuge. Soluble
chromatin was aliquoted, frozen in liquid nitrogen and stored at —70°C. For

immunoprecipitation, chromatin was diluted 10-fold in an IP buffer (0.01%S DS, 1.1%
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Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH8.1, 16.7 mM NaCl and proteinase
inhibitors). 1 ml of diluted chromatin was precleared twice with 40 pul blocked protein A-
sepharose beads. Immunoprecipitation was carried out with specific antibodies
recognizing modified histones (purchased from Upstate Biotech and Abcam): Upstate:
#06-866 Anti Acetyl H4 2 pl/IP, #07-213 Anti dimethyl H4 Arg3 6pul/IP, #07-030 Anti
dimethyl H3 Lys 4 5ul/IP, #07 212 Anti dimethyl H3 Lys9 5ul/IP, and from Abcam: #
ab5823 H4 methyl R3 antibody Sul/IP, #413-200 Pan dimethyl arginine Sul/IP. Diluted
and precleared chromatin was incubated with the antibodies overnight, on a rotating plate
at 4°C. Complexes were collected with 40 pul blocked protein A Agarose (Upstate #16—
157). An aliquot of the no-antibody control supernatant was used to measure and
calculate the input DNA. Beads were pelleted, washed twice with each of the following
buffers: buffer A (low salt= 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris
pH8.1, 150 mM NacCl), buffer B (high salt= 0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris pHS.1, 500 mM NaCl), buffer C (0.25 M LiCl, 1% NP40, 1% sodium
deoxycholate, ImM EDTA, 10 mM Tris pHS8.1) and TE buffer (10 mM Tris, 10 mM
EDTA, pH8). Immunoprecipitated nucleosomes were eluted twice from the beads with
elution buffer (1% SDS, 0.1 M NaHCO3) and eluates were combined. Crosslinks were
reversed by incubating for 6 hours at 65°C after adding 20 ul 5 M NaCl. Eluate was
combined with 10 ul of 0.5 M EDTA, 20 pl 1 M Tris pH 6.5 and 2 ug Proteinase K, and
incubated for 1 hour at 45°C. DNA was recovered after phenol: chloroform extraction
and ethanol precipitation using 20 ug of glycogen as a carrier. DNA was resuspended in
50 ul of 50 ng/ul yeast tRNA (Invitrogen). 2 ul of this solution was used for real time
QPCR in a 25 pl reaction volume. All measurements were done in triplicates. All

chromatin results were verified from independent chromatin preparations.

Native ChIP

For native ChIP we performed ChIP as described above with modifications. Cells were
not fixed with formaldehyde and glycine was not added to the media, but cells were
washed twice with cold PBS and lysed in sonication buffer. If nuclei were isolated prior
to lysis, the cells were resuspended in a buffer containing 5 mM Pipes pHS, 85 mM KCl,
NP40 0.5%, 100 mM beta-mercaptoetanol, 1 mM dithiothreitol and proteinase inhibitors.
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From this step on ChIP was performed as described above. All steps were performed in

cold room, and all buffers contained proteinase inhibitors.

ChIP-Western

For ChIP -Western analysis we performed chromatin immunoprecipitation as described
above, with the difference that all washing steps were performed with solutions using
proteinase inhibitors. After washing the beads, they were resuspended in Protein loading
buffer (Fermentas) and boiled for 30 minutes. The material was analyzed with standard
Western Blot technique on a 12% polyacrylamide gel with SDS-PAGE. To assess the
presence of PPARY we used different antibodies that the one used for ChIP. As a positive
control, we used PPARy immunoprecipitated with an affinity purified antibody received

from Peter Tontonoz (UCLA, LA).

Ligation and Plasmid Preparation

Protruding ends of the isolated DNA fragments were filled by Klenow treatment as
follows. The DNA fragments from 10 independent chromatin immunoprecipitations were
mixed, divided in 10 aliquots, supplemented with 0.5 pl of 2.5 mM dNTP, 3U Klenow
(Fermentas) enzyme, 3.5 pl 10X Klenow buffer in a total of 35 ul reaction volume.
Reaction was carried out at room temperature for 10 minutes and stopped by incubation
for 10 minutes at 75 C°.

Ligation was performed with 15U (0.5 ul) T4 DNA Ligase (Fermentas) with
addition of PEG at 16 C° overnight with a vector: insert ratio of 10:1, according to the
manufacturers recommendations. We used Zero Blunt® PCR cloning vector (Invitrogen).
The ligation product was transformed in competent E. coli (DH5a), shaked in SOC
medium at 37 °C for 2 hours and plated in kanamycin containing plates according to the
manufacturers recommendations. On the second day colonies were isolated, plated on 96
well plates in liquid medium and let grow for 24 hours at 37°C. Medium was
supplemented with 30% of glycerol and frozen at -70 °C. At the analysis of colonies an
aliquot of the frozen medium was plated on kanamycin containing plates and individual
colonies were grown up. Plasmids were isolated with Miniprep Wizard (Promega)

according to the manufacturers recommendations. The size of the insert was verified with
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Xbal and BamHI double digestion and PCR with M13 primers. Results were visualized

by standard agarose gel electrophoresis in a 2% agarose containing gel.

Sequencing
Sequencing of the insert was performed with standard M13+ sequencing primer

according to the manufacturers recommendations of the ABI Big Dye Terminator 2.1 kit.

In Silico Analysis

In silico analysis of the sequences was performed as it follows:

The sequences of plasmid origin were removed from the ends of the raw sequence and
the resulting sequence was first analyzed with NCBI Blast (Altschul et al. 1990).
Sequences that passed the quality control described in the Results section were further
analyzed. In the second step the genomic location of the sequences was analyzed with
BLAT program (Kent 2002) on the UCSC Human Genome Browser (Karolchik et al.
2003). Conserved regions, known genes, conserved transcription factor binding sites and
the position of the analyzed sequence towards these genomic elements was monitored.
For annotation we used PANTHER Analysis. The PANTHER (Protein ANalysis
THrough Evolutionary Relationships) (Mi et al. 2005) (Thomas et al. 2003) database
allows complex annotation of proteins and genes. We selected the data described as
“Molecular functions” and “Biological processes” of the Version 5.0 (release date Jan. 1,

2005).

Cell cycle analysis

Cell cycle analysis was performed as described in Current Protocols in Cell Biology
(1999) edited by Juan S. Bonifacio (et al.) Chapter 8.4.1. Briefly: cells were washed in
PBS and fixed in 70% ethanol overnight. Fixed cells were then washed twice and
resuspended in PI (propidium iodide) working solution (50 pg of propidium iodide, 20
pg/ml RN-ase, and 0.5% Tween 20 in PBS). After a 15-min incubation at 37°C, cells
were analyzed on a Coulter flow cytometer and data were analyzed with WinMDI

software.
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Microarray analysis

For the Affymetrix global gene expression analysis, total RNA was isolated using the
RNeasy kit (Qiagen). cRNA was generated from total RNA by using the SuperScript kit
(Invitrogen) and the High Yield RNA transcription labeling kit (Enzo Diagnostics).
Fragmented cRNA was hybridized to Affymetrix (Santa Clara, CA) arrays
(HG_U133 plus2.0 chips) according to Affymetrix standard protocols. The Microarray
Core Facility at EMBL, Heidelberg, performed preliminary data analysis.

For genomic location analysis studies primer elongation reaction was performed
with the chromatin immunoprecipitation product using Sequenase enzyme, and
subsequently PCR amplification was carried out (DeRisi Lab Protocol, UC San
Francisco).

The goal of this procedure is to randomly amplify any given sample of DNA
which as much representation as possible. It is not a “linear” method, but is useful to
compare relative enrichment between two samples. This protocol has been used
successfully to amplify genomic representations of less than 1 ng of DNA. The protocol
consists of three sets of enzymatic reactions. In Round A, Sequenase is used to extend
randomly annealed primers (Primer A) to generate templates for subsequent PCR. During
Round B, the specific primer B is used to amplify the templates previously generated.
Finally, Round C consists of additional PCR cycles to incorporate either amino allyl

dUTP or Cy-dye-coupled nucleotide.

Materials:

Round A

Sequenase (13 units/ul) US Biochemical Round B

cat# 70775

5X Sequenase Buffer 10X PCR Buffer

Sequenase Dilution Buffer 25 mM MgCI2

3 mM dNTP mix 100X dNTPs (20 mM each nucleotide)
500ug/ml BSA 5 U/ul Taq polymerase

0.1 MDTT 100 pmol/ul Primer B: GTT TCC CAG
40 pmol/ul Primer A: GTT TCC CAG TCA CGA TC

TCA CGA TCN NNN NNN NN
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Round C

Same as Round B except that modified ANTP mix was used. 100X modified dNTP mix
contained 25 mM dATP, 25 mM dCTP, 25 mM dGT,P 10 mM dTTP, 15 mM aminoallyl-

dUTP or Cy-dUTP.

1. Round A Reactions

Denature template DNA/primer annealing

7 uL DNA
2 uL 5X Sequenase Buffer
1 uL Primer A (40 pmol/pl)

Total Volume =10 pl

Heat 2 min at 94°C

Rapid cool to 10°C and hold 5 min at
10°C

Add Reaction Mixture to sample:

1 uL 5X Sequenase Buffer
1.5 uL 3 mM dNTP

0.75 uL 0.1 M DTT

1.5 uL 500 pg/ul BSA

0.3 uL Sequenase (13U/ul)
Total Volume =5.05 pl

2. Round B PCR

Round A Template 15ul
MgCl, 8ul

10X PCR Buffer 10ul

100 X ANTP 1pl

Primer B (100pmol/ul) 1ul
Taq 1pul

Water 63 pl

Ramp from 10°C to 37°C over 8 min.
Hold at 37°C for 8 min; rapid ramp to
94°C and hold for 2 min.

Rapid ramp to 10°C and hold for 5 min
at 10°C while adding 1.2 pl of diluted
Sequenase (1:4 dilution)
Ramp from 10°C to 37°C over 8 min.
Hold at 37°C for 8 min.

Dilute samples with water to final
Volume = 60 pl.
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Round B Cycles:
30 sec 94°C
30 sec 40°C
30 sec 50°C
2 min 72°C

3. Round C

Use 10-15 pl of Round B to seed the
Round C reaction:
Round B Template 10-15ul

MgCI2 8ul

10X PCR Buffer 10ul

100X aa-dNTP/cy-dNTP 1l
Primer B (100pmol/ul) 1ul
Taq 1pl

Water 63-68ul

Run 15-35 cycles, depending on the
amount of starting material.

Run 5 pL on 1% agarose gel. A “smear”
of DNA should be present between

500 bp —1 kb.

30 sec 94°C

30 sec 40°C

30 sec 50°C

2 min 72°C (even longer extension times
may improve yield if directly coupling
Cy dyes)

25 cycles

If aa-dNTPs were used in Round C, the
sample must be desalted (to remove Tris

buffer which interferes with the
coupling) prior to dye coupling.

Labeling of the amplified fragment was performed with the protocol suggested by
the developer of the CpG array (UHN, Toronto, Canada). Analysis was performed using
GeneSpring 7.0 (Agilent).

Quantification of DNasel sensitivity

Quantification of DNasel sensitivity was performed with QPCR analysis as described
previously (McArthur et al. 2001) with modifications. Briefly, cells were washed with ice
cold PBS resuspended in lysis buffer (50 mM Tris-Cl pH7.9, 100 mM KCI, 5 mM
MgCl,, 0.05% saponin, 50% glycerol, 200 mM beta-mercaptoetanol) and incubated on
ice for 10 minutes. Nuclei were recovered by centrifugation at 1300 g for 15 minutes at
4°C and resuspended in buffer A (50 mM Tris-Cl pH 7.9, 100 mM NaCl, 3 mM MgCl, 1
mM dithiothreitol and proteinase inhibitors). After centrifugation at 1300 g for 15
minutes at 4°C nuclei were resuspended in buffer A and divided into several aliquots.
After this step, nuclei were treated with different concentrations of DNasel for 20
minutes at 37°C. Reaction was stopped with 1/10 volume of 0.5M EDTA. After RNase

and Proteinase K digestion, DNA was extracted with phenol/chloroform and precipitated
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with absolute ethanol. Extracted DNA was treated with EcoRI, purified with PCR
purification columns (Qiagen) and measured with QPCR for the specific promoter
regions. Values were normalized to total DNA concentration in each sample as measured

with spectrophotometer (A260 nm and A280 nm).
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4. RESULTS

4.1. Retinoid regulation of tissue transglutaminase gene expression in naive and

primed myeloid leukemia cells

The expression of tissue transglutaminase type 2 (TGM?2) is very tightly regulated in
myeloid leukemia cells. In HL-60 cells, in the absence of exposure to retinoids, level of
TGM2 mRNA is below the limits of detection of a sensitive real-time RT-QPCR assay
(less than 10 copies per nanogram of total RNA). Exposure of cells to either natural or
synthetic retinoid receptor agonists increases transglutaminase gene expression markedly

(Davies et al. 1985). Priming of the cells by pretreatment with differentiating agents such
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as vitamin D, or the polar—planar solvent dimethyl-sulfoxid (DMSO) increases retinoid-
induced TGM2 expression. This experimental system (Figure 1A) allowed us to study the
effects of priming on the expression of a specific gene, the induction of which is
increased by the process of pre-commitment. We will refer to the un-primed and
uncommitted cells as “naive” and those that advanced to precommitment as “primed”.

The priming effect of both DMSO and vitamin D pretreatment was detectable on
the retinoid response of TGM2, a molecular marker of myeloid cell differentiation and a
direct target of retinoid receptors (Nagy et al. 1996). As seen on Figure 1E, priming with
DMSO produced a marked increase in the expression of TGM2. To determine whether
priming conferred some sort of transcriptional memory, we analyzed the expression of
TGM2 after the priming agent was washed out, and the cells were treated with 9-cis
retinoic acid one, two or three days following the wash. The priming effect of DMSO
proved to be transient and declined rapidly, vanishing after two cell divisions (Figure
1E). Similarly, in the case of vitamin D priming, increase in the expression of TGM2 was
detected, but with a smaller amplitude (Figure 1F). This effect decreased within two days
after priming to the level of naive cells. These experiments showed that the priming
effect is transient, lasting for 24-48 hours. Since both DMSO and vitamin D produced
similar effects, we decided to carry out our experiments with the more potent priming
agent available, DMSO.

In order to provide a baseline for further studies, we determined the time—course
of mRNA induction. Exposure of “naive® HL-60 cells to retinoids (9-cis retinoic acid)
results in a very rapid (<2 hours) increase in transglutaminase gene expression (Figure
2A) that reached a plateau after 12 hours (data not shown). This induction is strikingly
enhanced (approx. 100 fold) upon DMSO priming (Figure 2A and B). DMSO alone does
not increase TGM2 expression (Figure 2A and B). It was apparent by comparing the
induction in the naive and primed cells that while the magnitude of the induction was
very different (Figure 2B) the kinetics was very similar whether or not the cells had been
primed (Figure 2A). Thus, priming resulted in a state characterized by greater induction

of the target gene without an alteration in the time—course of the transcriptional response.
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A key question is whether increased induction of transglutaminase expression in
the primed cells is a result of a higher mRNA expression level in each individual cell or
is due to an increase in the fraction of the cells responding to the inducer (retinoid). Since
it has been already demonstrated that there is a correlation between TGM2 protein and
mRNA levels in HL-60 cells (Chiocca et al. 1988; Davies et al. 1988; Davies et al. 1988;
Davies et al. 1988; Chiocca et al. 1989), we addressed the issue of the induction of the
enzyme by using a coupled immunohistochemical/flow cytometric analysis to evaluate
the levels of TGM2 in individual cells prior to, and following retinoid treatment. Using
these techniques, the basal level of TGM2 protein was undetectable in both untreated HL-
60 cells and HL-60 cells treated with DMSO alone (Figure 2A). In naive cells (as shown
in Figure 2C and 2D) 9-cis retinoic acid induced detectable levels of TGM2 protein in
19.7% of the cells. The level of TGM2 protein was normally distributed in the population
of cells with a mean fluorescence intensity of 305.05 A.U. When DMSO primed cells
were treated with 9-cis RA, a much greater fraction of the population responded to the
retinoid stimuli compared to the naive, retinoid treated cells. Among primed cells 63.7%
had detectable levels of TGM2 protein (Figure 2D) and this showed a normal
distribution. The mean fluorescence intensity in primed, retinoid treated cells was not
different (327.8 A.U.) from the level of fluorescence intensity in retinoid—treated naive
cells (305.0 A.U.). The mean fluorescence intensity of the entire cell population increased
from 39.6 to 179.43 (A.U.) after DMSO priming and retinoid induction. The most likely
explanation for these findings is that the maximal level of TGM2 expression by
individual cells did not change after DMSO priming, but more cells gained competence
to respond to retinoids with increased TGM2 expression. It appears that priming is likely
to lower the threshold for induction of gene expression and differentiation, resulting in a
larger percentage of cells able to respond. This is consistent with our previous findings
shown in Figure 2A, namely that priming affects the amplitude, but not the dynamics of

the response to retinoic acid.
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4.2. Role of receptor levels and cell cycle distribution of cells in enhanced retinoid

response

In order to investigate possible explanations for the increased frequency of response by
primed cells we tested two obvious hypotheses. The first is that the effect of priming is to
increase the level of expression of retinoid receptors in individual cells. To address this
hypothesis we measured the levels of transcripts of RARa,  and y, and RXRa, and y in
naive and DMSO-primed HL-60 cells. There was no significant change in expression
level of RARa, and there was only a slight increase (less than two-fold increase as
measured by real-time RT-QPCR assay) in the level of RXRa mRNA, as the result of
DMSO priming (Figure 3A). There was also no change in the levels of RAR, and RXRy
mRNA (Figure 3A). The second hypothesis is that differentiation is linked to cell cycle
arrest. We considered it possible that the change in the fraction of cells responding to
retinoids following DMSO priming was linked to alterations in the distribution of cells in
different stages of the cell cycle. It has previously been shown that priming HL-60 cells
with DMSO for a period shorter than 24 hours does not significantly change its cell cycle
distribution (Yen et al. 1998), but to be sure that something different was not happening
in our cell population, we compared the distribution of cells in naive and DMSO-primed
populations. Our results confirmed the previously reported findings, i.e. that DMSO
priming has only a minor effect on the distribution of cells: there was a slight increase in
the number of cells in G1 (51% to 63%) that was compensated for slight decreases in the
fraction of cells in S and M phase (from 27% to 20% and from 22% to 17%, respectively)
(Figure 3 B and C).

To test whether the effect of priming on retinoid-regulated gene expression was
restricted to HL-60 cells, we carried out comparable studies in a human macrophage—like
cell line (monocytic leukemia cell line-FAB M5/MonoMac6 or MM6), and in the well—
characterized NB4 and NB4R2 promyelocytic leukemia (FAB M3) cell lines. The two
NB4 cell lines also allowed us to address the issue of retinoid receptor dependence. As
shown in Figure 2E we have found that retinoid-induced expression of TGM2 was
increased in DMSO primed MM6 cells compared to unprimed cells. In the NB4 cells,
DMSO priming also increased retinoid-induced TGM2 expression (Figure 2F). The
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NB4R2 cells have a mutation in the ligand binding domain of RARa that disrupts
retinoid signaling (Duprez et al. 2000). In this cell line, TGM2 could not be induced after
retinoid treatment either in naive or in DMSO primed cells (Figure 2F). These findings
demonstrated that the effects of priming on retinoid regulated gene expression are not
unique to HL-60 cells but represent a generalized phenomenon at least among human

myeloid leukemia cell lines.

4.3. Alterations in chromatin modifications in naive and primed cells upon retinoid

treatment

A precommitment state of HL-60 cells can be generated by short treatment (< 24 hours)
with several differentiating agents (Yen et al. 1987). This transient primed state is not
associated with growth arrest but is characterized by lack of lineage commitment, by
altered nuclear structure and by the retention of a cellular memory that lasts for at least
three rounds of cell division (Yen 1985; Yen et al. 1987). Changes in chromatin structure
are major contributors to the regulation of transcriptional activity that can, through
epigenetic modifications, provide transcriptional memory. We therefore investigated the
question whether DMSO-priming had any demonstrable effects on either the DNA or
histone components of chromatin associated with retinoid-regulated genes, such as
TGM2. Previous studies from the Davies laboratory have identified a 1800 bp fragment
in the 5°-flanking DNA of the human TGM2 gene as containing the core promoter and
the HR1 enhancer (Nagy et al. 1996). We therefore focused our attention on the effects of
DMSO-priming on the chromatin and covalent modification of histones on this key
regulatory sequence.

To find out whether priming is producing changes on the chromatin level at the
regulatory regions of this gene, we performed a DNasel hypersensitivity analysis of the
promoter of TGM2. The promoter of RARP is not inducible in this cell line by retinoid
treatment, priming had no effect on RARf expression (data not shown), and DNasel
hypersensitivity was not induced in the promoter by priming (Figure 4A). On the other

hand, the core promoter of the TGM2 gene became more sensitive to DNasel solely by
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DMSO priming (Figure 4B), suggesting that priming induces changes at the chromatin
level of TGM2.

4.4. Epigenetic map of the promoter of TGM2

The next step in our studies was to characterize the effects of DMSO priming on the post-
translational modifications of histones associated with regions of the TGM2 gene
promoter. We have used chromatin immunoprecipitation in combination with QPCR
(real-time quantitative PCR with TagMan® probes) to obtain accurate quantitation of the
level of post-translational modification of specific histone tails in chromatin isolated from
naive and DMSO-primed HL-60 cells. By this method two-fold differences can be
measured precisely in a range of five orders of magnitude (Figure 29 C). In our hands the
method was clearly more reliable than the SYBR Green real-time QPCR method (Figure
29 A and B). We designed five promoter -specific probe sets spanning the 1800 bp
fragment from the HR1 enhancer to the core promoter (see Figure 5). The AG and the TG

rich tandem repeat regions embedded in the promoter were not covered in this analysis.

4.4.1. H4 and H3 Acetylation

We first examined the effect of retinoid treatment on H4 acetylation in naive and DMSO-
primed cells. In naive cells retinoid treatment produced little change in the level of
acetylation of H4 histones associated with the HRI enhancer region of the
transglutaminase promoter (Figure 4C). In primed cells, on the other hand, retinoid
treatment for 2 hours resulted in increased levels of H4 acetylation at the HR1 enhancer,
and a similar and significant increase in H3 acetylation at the core promoter. (data not
shown). These findings demonstrate that after retinoid induction of transcription, histones
associated with both the HR1 enhancer and the core promoter of TGM2 gene become
highly acetylated in primed cells, but acetylated to much lesser extent in naive cells. Due
to the fact that this method is not suitable for analysis of individual cells, we can only
state that after retinoid treatment of DMSO primed HL-60 cells the acetylation level of
TGM2 promoter of the entire cell population is much higher than in naive retinoid treated

cells. The level of acetylation of the TGM2 promoter in naive cells after retinoid
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treatment is below the levels of detection limits of this method. Therefore, we cannot
assess whether there is a small fraction of cells in which this region binds acetylated

histones.

4.4.2. Histone acetylations and methylations

Based on these findings we carried out a more comprehensive analysis of the effects of
DMSO-priming and retinoid-treatment of primed cells on histone modifications:
acetylation of H3, H4 and methylation of H3K4, H3K9 and H4R3. (Figure 5). The upper
two panels of this figure show the changes in histone acetylation that occurred in
response to retinoid treatment. In the case of H4 acetylation, retinoid treatment of primed
cells results in a significant and uniform increase in the level of acetylation of this histone
in all five regions of the promoter. This increase in acetylation starts within 2 hours of the
addition of the retinoid and reaches a plateau in 6 to 8 hours. Retinoid treatment also
results in increased acetylation of H3, but, unlike H4 acetylation, this effect is not global
but is restricted to histones associated with the core promoter.

The lower three panels of Figure 5 profile the effects of retinoid treatment on the
pattern of histone tail methylation. In the case of H3K4, DMSO priming results in a
marked decrease in the level of methylation of histones on the core promoter region as
seen on the left bar graph of Figure 5 (for other regions H3K4 levels were lower by at
least one order of magnitude - data not shown). DMSO priming does not have any
marked effect on the K9 methylation of H3 in any region of the TGM2 promoter.
Retinoid treatment does induce transient changes in the methylation of this histone in
most regions of the promoter and these changes are most prominent in histones
associated with the distal enhancer (HR1) region of the promoter. While DMSO priming
decreases methylation of the H3 histone side chains (K4), it increases the level of
methylation on the H4 histone (R3). The effect is selective, being most marked on
histones associated with the distal regions of the promoter, particularly the HRI1
enhancer, and less marked for the histones associated with the proximal regions and the
core of the promoter. Retinoid treatment induces a rapid increase in H4R3 methylation

that peaks at about 2 hours, then rapidly returns to baseline.
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These results demonstrate that the priming of HL-60 cells produced in a
coordinated set of histone modifications that are likely to be linked to alterations in
chromatin structure. The most prominent effects were suppression of H3K4 methylation
at the core promoter, and the increased methylation of the R3 residue of H4 on histones
associated with the distal regulatory regions of the promoter. Furthermore, although
DMSO-priming had little effect on either H3 or H4 acetylation, retinoid treatment results
in a marked and generalized increase in H4 acetylation and a more localized increase in

H3 acetylation at the core promoter region.

4.4.3. Changes in H3 phosphorylation status.

In naive state H3S10 phosphorylation was detectable all over the promoter at high levels.
These levels showed a transient decrease upon gene activation, which probably correlated
with opening of the closed chromatin structure (Figure 6 A). A transient peak in phospho-
acetylation was detected prior to the start of mRNA synthesis (Figure 6 B). After this
peak the mRNA synthesis starts and phospho-acetylation decreases. We suggest that
phospho-acetylation is a dynamic histone tail modification that occurs in the first phase

of the transcription initiation.

4.5. Role of H4R3 methylation and H3K4 demethylation

The comparison of histone modifications between naive and DMSO primed HL-60 cells
indicated that reciprocal changes in side-chain modifications might be linked to the
altered activation of gene expression associated with the precommitment process. To
better understand the types of processes that might be involved in the observed alterations
in histone methylation, we examined the time course for the changes in H4R3 and H3K4
methylation that followed the initiation of priming with DMSO. Naive cells were treated
with DMSO for 4 and 12 hours and the ChIP analysis was carried out to determine the
level of H4R3 methylation of histones bound to the HR1 enhancer and H3K4 methylation
of histones bound to the core promoter (Figure 7). There is a striking similarity between

the reciprocal changes of H4R3 and H3K4 methylation. Both are substantially changed
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within 4 hours of the initiation of DMSO priming and these changes remained until the
end of the monitored period.

To test if there is a functional link between the changes in H4R3 methylation
induced by priming and altered gene expression, we used adenosine dialdehyde (ADOX),
an inhibitor of methyltransferases (Najbauer et al. 1993) (Tang et al. 2000) to suppress
methylation. Co-treatment of HL-60 cells with ADOX and DMSO eliminated H4R3
methylation (Figure 9A) and also reduced arginine methylation in general on the studied
enhancer element, as measured by ChIP QPCR analyses with an anti-Pan-methylated
arginine antibody (Figure 9B). The decrease in H3K4 methylation induced by DMSO
priming was not blocked with ADOX (Figure 9C). Inhibition of methylation with ADOX
also blocked retinoid-induced acetylation of H4 histones (Figure 9D). In parallel with the
inhibition H4R3 methylation and H4 acetylation, there was marked but not complete
inhibition in the retinoic acid-induced expression of TGM2 (Figure 9E). It is important to
note that co-treatment with ADOX and DMSO reduced, but did not completely block the
induction of the transglutaminase gene. Collectively, these data suggest that the inhibition
of methyltransferases by ADOX leads to the inhibition of H4 arginine3 methylation, and
a concomitant decrease in retinoid-induced transglutaminase promoter activation. We
speculate that the decrease in acetylation of H4 histones associated with the
transglutaminase promoter is the consequences of the decrease in the retinoid-dependent
activation of transcription of this gene. Moreover, the results we have obtained point to a
strong correlation between H4 arginine3 methylation and the precommitment of HL-60
cells to terminal differentiation.

There were two main concerns with the results obtained in the previous studies
and these pertained to how widespread the priming effect was (i.e. whether it was limited
to the TGM2 gene or other retinoid regulated genes were also involved), and if DMSO
induced a general induction in gene expression rather than effect only a subset of genes
during priming. To address the issue whether DMSO-priming was limited to only one
gene, we compared the induction of TGM2 to the induction of two other genes, CD38
and CYP27, regulated by retinoids in myeloid leukemia cells (Kishimoto et al. 1998)
(Szanto et al. 2004). The expression of both CD38 and CYP27 was increased by 9-cis

retinoic acid, and this induction is much greater in cells that had been primed by pre-
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treatment with DMSO (Figure 9F). Co-treatment of the cells with different concentrations
of ADOX and DMSO resulted in a dose-dependent suppression of retinoid-induced
expression for both genes.

To address the issue of a potential general effect on transcription by DMSO and
ADOX on primed gene expression, we used a general expression profiling approach. HL-
60 cells were primed with DMSO or DMSO and ADOX for 16 hours and subsequently
treated with 9-cis retinoic acid for 6 hours. RNA was then prepared from these cells and
global expression profiles were determined using a 3200-feature human cDNA
microarray. There was approximately the same number of genes (104 for DMSO and 111
for ADOX) induced >1.5 fold in the DMSO- and ADOX—treated cultures (Figure 10 A).
These results confirmed that treatment of HL-60 cells with ADOX does not result in a
generalized perturbation of the pre-existing patterns of gene expression. These

experiments were performed in the laboratory of Laszlo Puskas, BRC, Szeged.

4.6. Modulation of transcription by altering the epigenetic context

In order to address the question of the more general effects of DMSO priming and
ADOX on retinoid-regulated gene expression, we compared the profiles of retinoid-
induced genes in RNA from control, naive cells and retinoid-treated cells that had been
primed with either DMSO alone, or DMSO and ADOX. We detected 38 genes s
upregulated more than 1.5 fold by the treatment of naive HL-60 cells with retinoids for 6
hours. Exposure of similar cells to retinoids following DMSO priming resulted in a
substantially larger pool of genes (104) upregulated more than 1.5 fold compared to the
DMSO-primed cells. Of the 75 retinoid-induced genes selectively up-regulated in
DMSO-primed cells, the induction of 62 was blocked by co-adminsitration of ADOX
with DMSO (Figure 10 B). These experiments suggested that neither DMSO nor ADOX
had a widespread effect on transcription in these cells. Since methylation is involved not
only in RNA production, but also in protein synthesis, we asked whether a ADOX, a
general inhibitor of methyltransferases would produce a major rearrangement in the
proteins of the studied cells. For this, the proteome of HL-60 cells and the effect of

ADOX on the protein expression pattern was analysed with 2D electrophoresis and silver
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staining. This measurment was performed by Andras Madi, member of the Signaling and
Apoptosis Research Group of the Hungarian Academy of Sciences, Debrecen. We could
not detect any substantial change in the protein composition of HL-60 cells after ADOX
treatment with this method; in fact, there was less than 5% change in the number of spots
detected. These data strongly suggest that ADOX is not a general inhibitor of RNA and
protein synthesis under the these conditions (Figure 10). In order to gain a more
mechanistic insight into this process and also to take advantage of recent developments in
the field, we evaluated the role of the enzymes proposed to be responsible for H4R3
methylation. These are PRMT1, a methyltransferase, and PAD4, a peptidylarginine
deiminase recently identified as the enzyme responsible for methyl arginine’s conversion
into citrullin and thereby “reversing® arginine methylation (Hagiwara et al. 2002;
Cuthbert et al. 2004; Wang et al. 2004). We used gene-specific TagMan assays and
carried out real-time RT-QPCR analysis to determine the expression level of PRMT1 and
PAD4 in the myeloid cell lines used in our studies, in the absence or presence of 9-cis
retinoic acid. All cell lines expressed appreciable levels of the PRMT1 mRNA, and
retinoid treatment did not appear to change it significantly (Figure 11A). PADA4 is
expressed at low or not detectable levels in the six cell lines examined, but induced to
high levels upon 2 days of retinoid treatment in NB4 and HL-60 cells, and to a lesser
degree in KG1 and PLB cells (Figure 11B). Finally, we examined the expression level of
PAD4 during priming and subsequent retinoid response in HL-60 cells. As shown on
Figure 11C, PAD4 is induced by priming itself and further induced during in response to
retionids.

These data established that both PRMT1 and PAD4 are present in HL-60 cells,
and while PRMT1’s expression level appears to be constant, PAD4 is changing
dynamically during priming and retinoid stimulation, in agreement with previous findings
(Nakashima et al. 1999). If one assumes that H4R3 methylation is the cause of the
priming effect, a few predictions can be put forward and tested. One is that preacetylation
of chromatin interferes with H4R3 methylation (Wang et al. 2001), therefore the priming
is likely to be attenuated. We tested this by using Trichostatin A (TSA), a histone
deacetylase inhibitor. TSA alone had no effect on TGM2 expression (Figure 12A).

Increasing amount of TSA potentiated the retinoid’s effect as anticipated, and as
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previously demonstrated (Nagy et al. 1997). Importantly, the DMSO priming effect was
completely abolished if cells were pretreated with TSA, suggesting that acetylation of
histones interfering with H4R3 methylation eliminates the priming effect. These findings
confirm previous reports on the interference of acetylation and H4R3 methylation (Wang
et al. 2001). Another prediction is that activation of PADA4, the enzyme converting methyl
arginine to citrulline also attenuates the priming effect. To test this prediction we used
calcium ionophores to activate PAD4 in HL60 cells similarly as reported by Allis et al.
(Wang et al. 2004). Cells, after priming but prior to retinoid induction were exposed to a
short, 15 minutes treatment of 1 uM A23187 calcium ionophore. After this treatment
cells were washed extensively and treated with 9-cis retinoic acid. The presence of
A23187 reduced retinoid responsiveness and priming as shown on Figure 12B. The
interpretation of these data are corroborated by chromatin immunprecipitation results. As
shown in Figure 12C, both TSA pretreatment and PAD4 activation prevented/eliminated
H4R3 methylation. Moreover, comparison of H4 acetylation and H4R3 methylation
revealed that TSA treatment enhanced acetylation, while preventing H4 R3 methylation
(Figure 12D and E). The third prediction we tested was that increased level of PRMT1,
the methylase responsible for H4R3 methylation, would lead to increased priming. On
one hand, transfection of PRMT1 does not induce gene expression in the absence of
retinoid treatment (Figure 13A). On the other hand, increased PRMT1 expression can
further induce the priming effect, although, importantly, it does not substitute for priming
under the conditions used. Finally, we have evaluated the combined effect of transfected
wild type or mutant PRMT1 and PAD4 on the retinoid regulated expression of TGM2,
and also on the expression of a retinoid inducible reporter gene. As shown on Figure 13B
and C, PRMT1’s enzymatic activity is required for its co-activator activity. PAD4 does
not act as a co-repressor, but its enzymatically inactive mutant synergizes with PRMT1 in
enhancing transcription (Figure 13B). The combined results of these experiments suggest
strongly that the priming effect involves H4R3 methylation and the level of H3R4
methylation is regulated by the activity of PRMT1 and PAD4.

4.7. Cloning of H4R3 methylated loci
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A key arginine methyltransferase of the mammalian cell is PRMT1. One of the
methylation reactions mediated by this enzyme is the H4R3 methylation (Tang et al.
2000). H4R3 methylation was shown to be linked with gene expression (Wang et al.
2001). Methylation of histones by PRMT1 makes them a better substrate for histone
acetyltransferases and by this provides a mechanistic link between gene expression
regulation and arginine methylation (Wang et al. 2001). We decided to map genomic loci
of arginine methylation in a differentiation-primed myeloid leukemia cell line using an
unbiased technique. The ,,ChIP to clone” strategy was used previously to identify binding
sites of transcription factors (Weinmann et al. 2001). Transcription factors have
consensus binding sites that can be identified with in silico analysis and several
biochemical methods can be used to verify the binding. In the case of a transcriptional
cofactor that binds to a whole array of sequence specific transcription factors, and has a
well defined enzymatic activity, identification of the genomic loci it binds to can be
problematic. However, the post-translational modification produced by such cofactor can
be reliably utilized for such analysis. It was shown previously that post-translational
histone modifications of specific loci are produced on much wider genomic areas than the
localization of the transcription cofactors responsible for them (Bernstein et al. 2005) (An
et al. 2004). The mechanism of this phenomenon has not been explained yet; nonetheless,
we decided to use this observation in order to identify genomic loci marked by PRMT]1
via H4R3 methylation. The localization of H4R3 methylated loci was achieved by using
chromatin immunoprecipitation with an antibody raised against methylated H4 arginine
(Wang et al. 2004). This antibody should bind specifically to genomic loci marked by
PRMTTI (Tang et al. 2000; Wang et al. 2004).

The ,,ChIP to Clone” method is summarized in Figure 15. Briefly, HL60 cells
were treated with 1.25% DMSO for 16 hours to achieve a differentiation-primed state
characterized by increased H4R3 methylation. Cells were fixed with 1% formaldehyde,
and sonicated to achieve an average DNA fragment size of 500 bp. Figure 16A shows the
predominant DNA fragment size of the sheared chromatin. We used anti- H4R3-methyl
antibody and protein A-agarose beads to immunoprecipitate mono- and di-nucleosomes
carrying this modification. Beads were washed extensively, and immunoprecipitated

DNA was purified. After isolation of DNA, protruding ends of the DNA elements were
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filled to create blunt ends. The blunt-ended fragments were then cloned in a low
background plasmid vector, and used to transform a suitable bacterial strain. Individual
colonies were isolated, and plasmids were purified from the colonies. Insert-carrying
clone were identified by restriction enzyme analysis and by standard PCR with vector
specific M13 primers and agarose gel electrophoresis (Figure 16B). Further analysis was

carried out after sequencing the plasmid inserts.

4.8. Sequencing and analyses of the cloned fragments

By sequencing 111 of these cloned sequences we found that 54 of the sequenced clones
had DNA fragments substantially smaller than those which could originate from the
immunoprecipitated nucleosomes. We considered these fragments junk DNA, since they
were unlikely to originate from an immunoprecipitated nucleosome containing a DNA
fragment of at least 140 bp, even though they were large enough to provide disruption of
the lethal gene included in the plasmid.but. 57 clones contained fragments longer than
150 bp, corresponding to mono-, di- or trinucleosomes. Therefore, we decided to analyze
in detail the genomic localization of these. First, we performed a BLAST analysis with
the identified sequences. 48 of them were of human origin, 7 of bacterial origin and two
of them of salmon origin. The bacterial sequences were probably due to contamination
with bacterial genomic DNA fragments and the salmon DNA from the salmon sperm
DNA used as a blocking agent for the protein A agarose beads.

We considered a match in the human genome a sequence with more than 95%
identity with the query sequence used for BLAST analysis. At the further stages of the
analyses of the sequences we used the following categories:

1. sequence with unique localization: a sequence with a unique match in the human
genome

2. repetitive sequence: a sequence with a match in one of the known repetitive
elements in the genome. In these cases the query sequence gave several thousand
hits along various chromosomes.

3. repeated sequences with unique localization: those sequences that were found

several times in our library but had a unique genomic localization.
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From the 48 human sequences 38 of them provided us with a perfect match, meaning that
the whole length of our query sequence could be aligned with more than 98% identity to
a human sequence. In one case we found a duplicate location with identical score but
both of these locations were in gene poor regions. The 38 human sequences contained 26
unique sequences, 12 repeated unique sequences and 10 repetitive sequences. From the
10 repetitive sequences we found 6 unique repetitive sequences and 4 that were repetition
of a single clone from the 6 previously mentioned. We decided to further analyze the
genomic localization of the 26 unique sequence hits with the UCSC genome browser.
From the 26 analyzed sequences we found 14 that localized in the vicinity of known
genes. We set up a cut-off value of 10 kb for the analyses of proximity of genes. 9 of the
sequences were found in introns, one at an intron/exon overlap, and 4 within 5 kb from 5°
ends of genes. One hit was at 5° of a predicted promoter. 12 of them had no genes within
10 kb. 6 of these had regions with conserved TF binding sites within 5 kb. Table 2
presents the names of the 14 identified genes, their locations on chromosomes, the
location of immunoprecipitated fragment, relative to the gene, and the conserved
transcription factor binding sites within 1 kb relative to the immunoprecipitated fragment.

The PANTHER (Protein ANalysis THrough Evolutionary Relationships) (Mi et
al. 2005) (Thomas et al. 2003) database allows complex annotation of proteins and genes.
We selected the data described as “Molecular functions” and “Biological processes” of
the Version 5.0 (release date Jan. 1, 2005). This annotation allowed us to align the
identified genes along biological processes as shown in Table 3. Signaling, cell
differentiation, immune response and development are frequently associated with the
identified genes.

Next we decided to analyze the conserved transcription factor binding sites
(TFBS) in the 5 kb region of the 26 identified immunoprecipitated fragments, regardless
whether they were located in the proximity of genes or not. We found 39 conserved
TFBS, with 12 of them being present more than one time. In Table 4 we present those 6
TFBS that were present at least three times in this list, with their corresponding
transcription factors, according to the Biobase library (Matys et al. 2003). Two of these

were published to have connections with the family of protein arginine
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methyltransferases, namely MEF2 with PRMT4 (or CARMI1) (Chen et al. 2002) and
FOXO as being an inducer of BTG1 the activator of PRMT1 (Bakker et al. 2004).

4.9. Genomic location analyses studies

The transcriptional regulatory networks operated by nuclear hormone receptors are
largely unknown. To gain insights into the regulatory pathways operated by orphan
nuclear receptor heterodimers and their coregulators, genome-wide localization studies
need to be carried out. Genomic location analysis, a method that involves the
combination of chromatin immunoprecipitation (ChIP) with high throughput DNA
detection methods, such as microarrays, enables us to correlate the epigenetic context of
specific genes with their transcriptional activity in a whole genome context (Weinmann et
al. 2002). It became apparent fairly early to us that the global expression analyses need to
be complemented with genome-wide localization studies of nuclear receptor binding sites
in order to identify the details of target gene activation.

In close collaboration with the Debrecen Clinical Genome Center and the
Hungarian Bioinformatics Institute Inc. we have carried out ChIP on chip analysis. For
these studies, initially we employed a microarray that contains 12 000 CpG enriched loci
of the human genome, and analyzed the PPARY binding sites and histone acetylation (H4
acetylation) status of the putative regulatory regions spotted on this microarray. This
array was developed by UHN, Toronto, and is described in more detail in the next
section.

For the chromatin IP of nuclear receptors we developed a series of TagMan (Q-
RT-PCR) assays for well-validated target gene response elements. TagMan assays for the
response elements of FABP4, CD36, LXRa, RAOH, RARpP, and CD38 have been
developed. In parallel we screened several antibodies raised against RXR, RAR and
PPARy and selected a subset of these antibodies in order to perform Chip on chip
experiments (Figure 20).

ChIP-Western technique was used to screen the PPARYy antibodies available.
Interestingly but not surprisingly, we were able to immunoprecipitate PPARy with anti-

RXR antibodies as well (Figure 21). As a part of the optimization process, we assessed
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the effect of fixation time on the ChIP efficiency by PPARY antibodies. As seen on
Figure 19A and B, we were able to immunoprecipitate a much larger fraction of the
LXRa PPAR-RE fragment by using 15 minutes fixation time. As negative controls we
used the ,,No antibody control”, and to assess the specificity we measured the RAR-RE
of the CD38 gene.

The DNA used for ChIP had an average fragment length of 500 bp. This
corresponds to approximately 3 nucleosomes, and is in concordance with the average
fragments spotted on the microarray. We tested two published methods used for
amplification of DNA. The one used by the Farnham laboratory performes a blunt end
ligation of a linker and subsequent linker PCR. For this ligation step it was suggested to
create blunt end fragments from the ChIP DNA using a Klenow end-fill reaction (Figure
22). We tested this method but found it to be less suitable for amplification of DNA than
the one suggested by De Risi laboratory. This latter one is using a primer extension
reaction with a primer that has a degenerated 3° end and a specific 5’end. After the initial
primer extension reaction, carried out with a Sequenase enzyme, subsequent PCR
reaction is performed during the amplification step with a primer that is complementary
to the specific 5’end of the initial primer used for the primer extension reaction (Figure
23).

On the CpG platform we analyzed fragments bound by PPARy antibody. The
number of spots enriched by PPARy was in average 1%. This is in agreement with the
observations of Young and his colleagues (Odom et al. 2004) regarding members of the
HNF transcription factor family.

Several new putative binding sites of PPARy were identified. As an example, we
will refer to the Hesl gene (Figure 24),which is induced by rosiglitazone according to
global gene expression data (Istvan Szatmari, personal communication), albeit at low
levels. Such low level induction is not considered significant in a stringent global gene
expression data analysis (Figure 24 B). On the other hand, the genomic fragment spotted
on the CpG array is enriched in PPARy bound fragments, and this locus was previously
described as being a retinoid response element of Hesl1. (Figure 23E)

To test whether ChIP on Chip approach is suitable for functional analysis, we

performed H4 acetylation studies using a cell line, which is known as being more PPARf
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responsive (HT29). We performed these studies in collaboration with Beatrice Desvergne
(University of Lausanne). The work was done in our laboratory together with Matthew
Hall, member of the Desvergne laboratory. We treated cells with PPARP and PPARYy
specific ligands and performed native ChIP as described in the Methods section. After
amplification, labeling and hybridization we scanned the arrays and analyzed them using
GeneSpring software (Figure 25A). We performed triplicates for each condition and
compared the acetylation pattern to the ,,No Antibody Controls” and to the input sample.
Using this approach the hit rate for spots that showed an increase in H4 acetylation after
PPARy ligand treatment and PPAR ligand treatment was 0.6% and 0.8%, respectively
(Figure 25B). These results confirm the previous observation that these cells are more
prone to PPARP ligand activation (Figure 25B). We found also that subsets of regulatory
regions are becoming acetylated by ligand activation of both PPAR isotypes, PPARy and
PPARP (Figure 25C).

After this step we decided to switch to the tiling array platform. Tiling arrays
cover the human genome except the repetitive sequences. The goal of these experiments
was to perform ChIP on Chip with H4 acetylation antibodies and hybridize on a tiling
array that covers the ENCODE regions on a single array. In the initial phase we used the
global gene expression data sets of Lajos Szeles from our laboratory to define the shortest
time frame that is producing a marked change in the global gene expression pattern. We
used human primary monocytes and first-day Immature Dendritic Cells (IDC) to compare
the acetylation patterns and their correlation with the change in gene expression. We
isolated a set of 8 samples of monocytes and first day IDC-s. From this set we selected 4
pairs of samples according to their changes in a number of genes used as markers and
measured by QPCR (Figure 26). We labeled three sample sets and performed global gene
expression analysis on the Affymetrix platform (Figure 27 and 28). 1770 genes showed at
least three fold decrease when cells differentiated from monocytes to first day IDC-s, and
24 of these were located in the Encode regions. 1346 genes with higher raw values than
200 showed at least twofold decrease during this transition. 1640 genes showed at least
threefold increase during the monocyte-IDC transition, and 22 of these were located in
the Encode regions. 1294 genes with higher raw values than 200 showed at least two fold

increase during this transition.
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In the next phase we performed ChIP with anti-H4 acetylated antibodies on the
chromatin isolated from these monocytes and first day IDC-s. Purified DNA was

amplified and sent to the EMBL Genecore, Heidelberg.

4.10. The CpG Annotation bioinformatic interface

In order to efficiently mine the data obtained from the 12K CpG microarray platform, we
developed a web-based annotation tool to link genomic location analyses data of the 12K
CpG microarray with the global gene expression data obtained on the Affymetrix gene
chips.

This interface allows users to identify the location in the genome of the enriched
loci. The results for the query loci are interconnected with the UCSC genome browser
and the Ensembl database. This interface allows the conversion of CpG array lists to
Affymetrix lists of the genes located in the close proximity of the CpG island spotted on
the array.

The microarray developed by University Health Network (Human CpG 12K

Array) is described at: http://www.microarray.ca/products/types.html. The DNA spotted

on this array is from the CpG library produced by Sally Cross in the laboratory of Adrian
Bird at The Wellcome Trust Centre (Cross et al. 1994). Sanger Institute has performed
the initial terminal sequencing of the clones, and information about the original

sequencing data can be found at http://www.sanger.ac.uk/HGP/cgi.shtml. Recently the

library was re-sequenced by Larry Heisler (Sandy Der Laboratory, University of Toronto)
and the new set of sequence can be downloaded from the Der Laboratory website:

http://derlab.med.utoronto.ca/ CpGlslands/

For identification of the Human CpG 12K Array spots we used the so-called “96
well location” that can be found in the fourth column of the CpG12k1.gal file provided
by the University Health Network (http://www.microarrays.ca/support/glists.html).

Location of the CpG annotation window that uses the Sanger Clone set is:

http://genomics.dote.hu/jetspeed/air/ CpG.jsp. Location of the CpG annotation window

that uses the Larry Heisler sequence set is: http:/genomics.dote.hu/jetspeed/air/ CpG2.jsp

The left input field can be used to search single “96 well location” identifiers. A
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tab delimited text file can be used to upload a list of identifiers.

("Search ) (Choose File ) no file selected (‘search) (Get Affy codes )

96-well location: 96-well locations from file:

Help

As a result, the identifier, the chromosome, the exact location on the chromosome
and the score of the Blat hit will be seen in the first four columns of the results window.
The UCSC link of our database in the ,,Location” position allows the identification of

conserved regions and conserved putative transcription factor binding sites.

[CpG islands
ool ||| score T°::;%SP T°::£dzs” ‘Towardspencn Towards q end 1 Towardsqeni To::ég
locatlon | ™7 | Name | Bt | ame | 26l | name | Pefa| name |%ei?| name |eld name fela
1at1 16 ‘ Bl —dn H 371- ‘naN—m"—;d 955 || Tt | 003 lCNTNAP4§ 772 |NP 055755 5 lADAMTSIB} 160 || MOt | 543

Only the longest forward and reverse sequences were considered for each clone.
These sequences were searched in the ENSEMBL human DNA database (entire
chromosomes) with BLAT. The score is made of the total number of hits between the raw
sequence data (for the longest forward and reverse sequences) and the ENSEMBL human
DNA database. The forward and reverse hits within a distance of 5000 bp on the same
chromosome were checked, and the pair with the maximum score (forward score+reverse
score) was selected for each clone. The other columns show the 6 neighboring genes
compared to the BLAT hit. There are 3 genes shown towards the p end of the

chromosome and 3 towards the q end of the chromosome.

CpG Islands
ST [ B T?:’!a:’:!s,?, , VIJZ:JGZSP "rowardsp fnfij Towards q end 1 ‘ Towards q,e,nf 2 To\év:;%sq
tocation (WATEY | Name | el | Name | B2 | Name |Pe@ | name |PefE| ame |Peld name Deta
1at1 16 ‘ Ul 371 - ‘na"‘im;d coss| Mot -903“CNTNAP41 -772 |NP_055755| 5 lwlg el [543 |

In the “Name” column there is a link to the ENSEMBL Human Gene View page of the
gene. The “Delta (kb)” column shows the distance between the center of the BLAT hit
and the center of the entire gene, expressed in kilobases. We have not taken into

consideration the length of the gene. Some of the hits are intragenic. The Affymetrix
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codes (array "AFFY HG U133 PLUS 2") corresponding to the 6 neighboring genes can
be obtained by uploading a tab delimited text file that contains the “96 well location”
identifiers and selecting the operation "Get Affy code".

- (‘Search ) - .. ((Choose File ) no file selected ( h) (Get Af )
96-well location: Search 96-well locations from file: - "¢ e selecte ST GETAfIicodes

Help

Istvan Andrejkovics and Endre Barta from the Hungarian Bioinformatics Institute

performed the database development and web design.
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5.1. Transcriptional memory and differentiation

The nuclear receptors are modulators of hormonal responses. Hormonal responses can be
regulated on several levels. In the case of nuclear receptor-driven genes, several steps of
the complex signal transduction pathways are shortcut by the fact that the signal molecule
is lipophylic, thus entering into the nucleus directly to bind to the RXR-bound nuclear
receptors (e.g2. RAR, TR, VDR, PPAR). The ligands activate the receptors, binding site-
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specifically to the DNA, and induce well-characterized conformational changes.
Understanding the enhanced hormonal response of a population of cells could bring new
insights in the physiological mechanisms that coordinate quick hormonal responses. In
our experiments we planned to study the molecular determinants of this enhanced
retinoid response.

The form of cellular memory that provides gene “silencing”, has been studied in
detail (Grewal et al. 2003; Okamoto et al. 2004). However, the mechanisms that allow for
either persistent activation of gene expression or a pre-sensitization to expression of
specific genes have not been well characterized. We decided to study these mechanisms
in the context of the regulation of gene expression.

When a gene is turned on, a concert of protein-protein interactions occur on the
promoter of the gene. In the case of nuclear receptor-mediated transcriptional activation,
the starting note of this concert is the recruitment of coactivators after ligand activation of
the receptor. Several studies have been carried out that suggest a sequential recruitment
of these transcription factors to promoters. In parallel with the recruitment of these
proteins, ordered modifications are carried out on the histone tails.

To understand hormonal regulation, we have to take in consideration that
hormones are soluble molecules that penetrate whole tissues or the entire organism. Their
action is restricted mainly because their receptors are expressed only in particular cell
types or tissues. Receptor isoforms also bring a further level of regulation, since their
expression is regulated by promoters with different TF binding site architecture. We have
analyzed what mechanisms might be responsible for changing the neutral state of the
chromatin of potential target genes —into a chromatin that will be tuned towards the
specific signal.

In the studies reported here we have set out to address a complex issue, namely to
investigate the changes in epigenetic markers that are linked to the regulation of gene
expression during retinoid -induced myeloid cell differentiation. We have chosen to work
with the HL-60 cell line, because previous work from several laboratories have
established that differentiation of these cells involves a two-step process that can be
separated pharmacologically (Yen 1985; Yen et al. 1987; Yen et al. 1987; Collins et al.

1990). The first step, termed precommitment or priming involves a persistent state of pre-
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sensitization that constitutes a well-defined model of cellular memory. The second step,
which is also well characterized, involves selective activation of gene expression by
inducers of terminal differentiation for this lineage, such as retinoids. We have then used
the promoter of a well-characterized retinoid-regulated gene in this pathway, tissue
transglutaminase — a key marker of retinoid response — to investigate the role of
epigenetic modification of chromatin components in the establishment of the
precommited state of differentiation of these cells. We have carried out a detailed
analysis of the covalent modifications of histones bound to different regions of the
transglutaminase promoter, during three distinct states of differentiation: the naive state
that occurs prior to the initiation of differentiation; the primed or precommited state that
is induced by brief exposure of the naive cells to Vitamin D or DMSO; and the
differentiated state that occurs following the addition of a retinoid to the primed cells. In
characterizing the precommited state, we found that it was a “threshold phenomenon”.
The increased induction of gene expression in primed versus naive cells was not due to
an increase in the transcriptional activation of individual cells, but rather due to an
increase in the fraction of the population of cells that was able to respond to retinoids
with activation of gene expression (Figure 2). This result is entirely consistent with a
model that suggests that the development of epigenetic memory entails a persistent
“marking” those cells that have been exposed to the memory inducer (in this case
Vitamin D or DMSO).

The analysis of histone tail modifications during both priming and transcriptional
activation revealed distinct mechanisms that mark both of these processes. Priming itself
appears to be linked to major changes in histone side chain methylation. In particular,
methylation of K4 on histone H3 (H3K4) associated with the core promoter is rapidly
decreased after the initiation of priming (Figure 4 and 5). This decrease in H3K4
methylation level was not blocked by the methyltransferase inhibitor ADOX (Figure 6C),
suggesting that a non-methyltransferase dependent pathway might be responsible for this
effect. This observation is in agreement with the recent identification of the enzymes
responsible for demethylation (Shi et al. 2004). According to Shi et al. demethylation is
mediated by LSDI, a member of amine oxidase enzymes. Priming increases the

methylation of arginine on histone H4 (H4R3), specifically on histones associated with a
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prominent enhancer element in the transglutaminase promoter. Arginine methylation of
histones seems particularly important to the induction of the primed state, since its
elimination with a pharmacologic inhibitor of methyltransferases resulted in the loss of
priming for the induction of tissue transglutaminase and several other retinoid-regulated
genes (Figure 6).

Phosphorylation on H3 Serine 10 has been reported to be related with mitosis
(Strahl et al. 2000), while H3 Serine 10 K14 phospho-acetylation with nuclear receptor
activity (Li et al. 2002). We found that in naive state high levels of H3 Serine 10
phosphorylation are detectable all over the promoter. The level of phosphorylation show
a transient decrease upon gene activation, which probably correlates with opening of the
closed chromatin structure. If we compare in our system the dynamics of acetylation,
phospho-acetylation and phosphorylation of the H3 tail, we can see that these processes
appear to be interconnected. We suggest that H3 S10 phosphorylation together with H3
K4 methylation are the histone tail modifications characteristic for the naive state of this
promoter. After gene activation a subset of nucleosomes enters in a highly dynamic state
and these nucleosomes are in a dynamic change between the purely phosphorylated and
purely acetylated states. A transient peak in phospho-acetylation can be seen prior to the
start of mRNA synthesis and this corresponds to the formation of the pre-initiation
complex. After this peak the mRNA synthesis starts, phospho-acetylation decreases,
albeit both phosphorylation and acetylation reach their maximal state. We suggest that
phospho-acetylation is a transient histone tail modification that occurs in the first
dynamic phase of the pre-initiation.

Transcription of the transglutaminase gene in these myeloid cells is paralleled by
a wave of histone tail acetylation that is most likely due to the recruitment of HAT
containing complexes to the promoter. However, our studies have also demonstrated that
activation of transcription is not only linked to histone acetylation, but also to some very
selective effects on histone methylation. H3K4 methylation has been characterized in
several systems and has generally been found to oppose H4K9 methylation and to mark
areas of increased gene expression (Grewal et al. 2002; Elgin et al. 2003). We have found

that this methylation pattern is concentrated in the core promoter and is reduced by
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priming and increased by retinoid treatment. These data are in agreement with a

purported role of H3K4 as a marker of positive gene expression.

5.2. Cross-talk between enhancer and core promoter

There is an apparent discrepancy between the epigenetic changes occurring on the HR1
enhancer and the core promoter, as revealed by our studies. While histone methylation of
H4R3 on the enhancer element appears to play an important role in the establishment of
the precommited state, histone acetylation seem to contribute to the activation of
transcription. Retinoid activated transcription of the primed cells resulted in a marked
increase in H4 acetylation, particularly in regions of the enhancer element, and a lesser
increase in H3 acetylation of histones associated with the core promoter. There could be
numerous reasons for this discrepancy. For example, acetylation and arginine methylation
were shown by Roeder and colleagues to be detectable on larger promoter fragments than
the regions in the proximity of acetyltransferases or methyltransferases (An et al. 2004).
In addition to changes in acetylation, transcriptional activation of the transglutaminase
gene results in increased H3 methylation (H3K4) of the core promoter and to a lesser and
more transient extent, H3 methylation (H3K9) of the enhancer. H3K4 methylation was
reported as being localized to core promoters and transcribed regions of active genes if
studied by CHIP on Chip technique on larger genomic regions (Bernstein et al. 2005). If
studied on individual promoters, the location of increased H3K4 methylation seems also
to correlate with core promoters (An et al. 2004) (Hatzis et al. 2002). We have also found
a clear and marked difference in the H3K4 levels (more than 50 times higher levels on
the core promoter if compared to the enhancer HR1). Taken together, these results
suggest a crosstalk between the promoter and enhancer of TGM2 with the activation of
distinct enzymatic pathways both during priming and retinoid activation. This so far
unsubstantiated crosstalk suggests a physical interaction between these regulatory DNA

elements, an interaction that needs to be further investigated.

5.3. A role for histone 4 arginine 3 methylation in nuclear receptor signaling
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These observations provide a plausible link between our observations that the pre-
commitment state of HL-60 cells involves increased H4R3 methylation and increased
retinoid-activated gene expression. In parallel with the increase of H4R3 methylation, the
gene responsible for the removal of the methyl mark is also induced. Our transfection
data (Figure 9) also suggest that PAD4 may not act as a transcriptional repressor per se,
but some of its activity it is required along with PRMT1 for synergistic/cooperative
activation of retinoid mediated transcription. This activity does not require, but is
inhibited by its peptidyl arginine deiminase activity. The complex role of PAD4 in
regulation of transcription is further supported by recent work of Stallcup and colleagues
(Lee et al. 2005). According to their data, demethyl-imination of p300 by PAD4 is
changing its activity to an activated or even hyperactive form. This change in p300
activity is modulated via the regulation of p300-GRIP1 interaction. We propose that
priming-induced modifications of H4 arginine 3 could increase retinoid-induced gene
activation by potentiating HAT activity on histones. This in turn would result in increased
histone acetylation and increased transcriptional activation. Our data also suggest that the
full activation can be achieved in two distinct ways. The first is by switching off HDAC
activity with a HDAC inhibitor such as TSA. In this case the response to a retinoid signal
will increase. The other way is by transforming the histone tails to become better
substrates of HAT-s. Arginine methylation on H4R3 is making such a change. The two
mechanisms are mutually exclusive and antagonistic. By this, the two parallel pathways
provide a signal integration mechanism for the cell.

The most detailed characterization of the dynamics of nuclear receptor mediated
transcriptional activation has been carried out by Gannon and colleagues (Metivier et al.
2003). By analyzing the estrogen receptor induced transcription on the pS2 gene, they
described the ordered and sequential recruitment of specific cofactors and the resultant
ordered sequence of histone tail modifications. According to their data, in the first
“unproductive” cycle PRMT1 binds to the receptor complex and subsequent H4R3
methylation occurs. In the second, “productive” cycle, recruitment of PRMT]1 is followed
by binding of HAT-s and extensive acetylation of the histones H3 and H4. We propose

that the two phases of gene activation proposed by Gannon and colleagues (Metivier et
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al. 2003) may be dissociated in HL-60 cell differentiation. Our results suggest that the
transition to the precommited state (i.e. the priming of the cells) induces an increase in
H4R3 methylation, but no change in H4 acetylation and no activation of transcription.
This first cycle of HL-60 differentiation does not require liganding of the nuclear
receptors, but occurs via an independent and uncharacterized Vitamin D or DMSO-
dependent step. This step is providing a further signal integration node for the cell by

integrating two independent signals in time and space.

5.4. Cloning of H4R3 metylated loci

We decided to further characterize the links between gene expression regulation
and arginine methylation by PRMTI1. We used chromatin immunoprecipitation to
identify genomic loci marked by PRMT1 with H4R3 methylation. The isolated fragments
were cloned into a low-background vector and isolated. After sequencing of 111 isolated
clones, we identified 26 fragments that had a fragment size corresponding of mono, di-
and tri-nucleosomes. 14 of these sequences were intronic or within 5 kb to 5° ends of
known genes. Regulatory regions show a higher degree of conservation during evolution
(Liu et al. 2004); therefore, identification of conserved transcription binding sites in the
proximity of H4R3 arginine methylated chromatin stretches is a sign of the relevance of
the specific loci. We found 39 conserved TFBS, with 12 of them being present more than
one time. In table 3 we present those 6 TFBS that were present at least three times in this
list, with their corresponding transcription factors, according to the Biobase library
(Matys et al. 2003). Two of these were published to have connections with the family of
protein arginine methyltransferases, namely MEF2 with PRMT4 (or CARM1) (Chen et
al. 2002) and FOXO as being an inducer of BTG1 the activator of PRMT1 (Bakker et al.
2004).

To annotate the identified genes we used the PANTHER (Protein ANalysis
THrough Evolutionary Relationships) (Mi et al. 2005) (Thomas et al. 2003) database.
From the 14 genes 3 remained unclassified. The nine classified genes contained one
structural protein (Collagen 9A1), one amino acid transporter (SLC36A1), all the other

genes are involved in signaling, cell differentiation, immune response and development.
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To illustrate the possible connection between the H4R3 modification and its role
in regulation of immune responses by PRMTs, we summarize the known data regarding
one of the identified sequence, the one located in the promoter of IL1a.. IL1a was shown
to be expressed in both blood polymorphonuclear (PMN) and mononuclear (MNL) cells
(Lord et al. 1991). Moreover, IL1a in the presence of histamine or PGE2 controls the
expression of IL1f (Vannier et al. 1993).

One of the genomic localizations identified by this screen is at 3 kb upstream
from the transcription start site of the gene IL1a. This location is on chromosomal band
2q13. Two conserved transcription binding sites are found within 2 kb towards the 5
prime end of the gene VSFOXP1 01 V$SBRN2 01 responsible for binding of FOX Pla
and POU3F2. More interestingly, in the first intron, at 5 kb from our located sequence,
two conserved transcription factor binding sites V$YY1 Q6 and VSCOUP 01 are
located that can bind YY1 and COUP TF, respectively.

PRMT1 was shown to interact with YY1, and this interaction results in histone
arginine methylation (Rezai-Zadeh et al. 2003). YY1 forms a complex with PRMT1
mediated by DRBP76 (also called ILF3, Interleukin enhancer factor 3, (Rezai-Zadeh et
al. 2003). This complex favors H4R3 methylation and subsequent acetylation. The
activated gene 1is transcribed and RNA produced. Arginine methylation controls
elongation also, via SPTS. SPTS5, a regulator of elongation is also methylated on arginine
residues by both PRMT1 and PRMTS, on partially overlapping methylation sites (Kwak
et al. 2003).

At the RNA methyltransferase complex level, PRMTS5 (JKBl-janus kinase
binding proteinl) and PRMT1 produce asymmetric and symmetric methyl arginines
(Yanagida et al. 2004). After splicing and formation of mRNA, ILF3 through its RNA
binding domain binds the formed mRNA and interacts with exportin5 (Brownawell et al.
2002). This interaction between ILF3 and cytokine mRNA was reported to stabilize the
formed mRNA molecule (Shim et al. 2002). This stabilization is concomitant with the
export from the nucleus via XPOS5 (expontin 5), which is a Ran GTP mediated process
(Brownawell et al. 2002; Gwizdek et al. 2004). This stabilization of cytokine mRNA

during nuclear export was documented for IL2 mRNA molecule (Shim et al. 2002).
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Quite interesting members of ILF family (ILF1 and ILF2) were published as
being methylated on arginine residues in a proteomic approach (Boisvert et al. 2003),
while ILF3 on a protein array (Lee et al. 2002). ILF3 was shown to be an activator of the
methyltransferase activity of PRMT1 (Tang et al. 2000). Taking these data together, one
may formulate an attractive hypothesis that arginine methylation seems to control the
expression of IL1 cytokines at various levels from chromatin level through splicing and
nuclear export till mRNA stabilization. Although these levels are separated in time and
space according to the classical gene expression regulation point of view, the presence of
PRMT1 at various levels fits well in the unified theory of gene expression (Orphanides et

al. 2002) and arginine methylation might be a common regulator of these processes.

5.5. Genomic location analyzes studies

During our studies we found that the presence of the receptor and its ligand is not
enough for the initialization of their characteristic genetic programs. How is the fully
active state or the integration in the transcription factories achieved? Are there epigenetic
markers of these events that could be monitored? Answering these questions would
provide us with essential answers about diseases like atherosclerosis, diabetes or
rheumatoid arthritis.

For identification of possible markers of these regulatory processes, we mapped
epigenetic changes and protein-DNA interactions with the established ChIP on Chip
method. First, we assessed PPARYy binding sites in the genome by using a 12K CpG
microarray. The number of spots enriched by PPARy was around 1%, and some of the
identified loci could be aligned with new putative target genes. Genes regulated by
PPARYy ligands but with low expression levels could be identified with this method. In the
functional test performed we compared the changes in the acetylation patterns produced
by PPARy or PPARP ligand activation. We found an increase H4 acetylation after
PPARy ligand treatment in 0.6% of the spots, when for PPAR ligand treatment the
enrichment was found in 0.8% of the spots. These data confirmed the previous finding
that the cell line used for these studies namely HT29 is more susceptible to PPARP

activation. A subset of genes was under the control of both receptor isotypes.
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Next, we decided to perform ChIP on Chip with H4 acetylation antibodies and a
tiling array that covers the ENCODE regions of the human genome.

The National Human Genome Research Institute (NHGRI) started the Encode
(Encyclopedia Of DNA Elements) project in September 2003, to identify all functional
elements in the human genome sequence. The project also aims to develop new high
throughput methods to identify functional elements. A set of regions representing
approximately 1 percent (30 Mb) of the human genome has been selected as the target for
this pilot project. The data generated needs to be released into public databases. Tiling
arrays for the selected regions cover uniformly the whole genomic loci except the
repetitive sequences. We decided to use the Affymetrix Encode microarray as a part of
the Early Access Program, since these tiling arrays were commercially not available, but
could be accessed on an advanced technology basis. In parallel, we utilized the same
genomic (Encode) regions for the analyses of our samples, on a different technological
platform, namely the Nimblegen platform.

We used human primary monocytes and first day Immature Dendritic Cells (IDC)
to compare the acetylation patterns and their correlation with the change in gene
expression. We have chosen this model system for the following reasons. We already
have in our laboratory a large amount of global gene expression data available for these
primary cells; these cells are very permissive towards PPAR and retinoid signaling; and
lastly, the changes in gene expression between monocytes and first day IDC-s are large
enough to be sure we will have significant changes in the Encode regions of the genome.
First, we assessed the changes in gene expression during monocyte-IDC transition. We
labeled samples from 3 donors that were selected from a set of 8 donor samples
according to the changes in the expression of some marker genes. Using Affymetrix gene
expression profiling we found more than 3000 genes that produced a more than three fold
change in their expression during this transition. 46 of these genes are located in the
Encode regions. This correlates with the selection of these regions, namely that they
cover 1% of the entire genome. After performing chromatin immunoprecipitation with an
antibody that recognizes H4 acetylated histone tails, we amplified the samples and
checked the representation of the promoters of TGM2, CD38 and LXRa. We found the

fragments to be present in both the monocytes and the IDC-s but not in the ,,No antibody
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controls”. The samples were labeled and hybridized at the EMBL Gene Core Lab,
Heidelberg. This experiment shows that the levels of acetylation and the level of gene
expression are not parallel as a general rule. The most interesting gene, as measured by
QPCR, is TGM2, which has a clearly acetylated promoter in monocytes without any
transcription. Details of this regulation are not clear and need to be further investigated.
Our data show that these methods can be used for both localization of specific
transcription factors in the genome and for assessment of epigenetic changes related with

gene activation.
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6 e« SUMMARY

We propose a new model for the epigenetic regulation of retinoid response and
differentiation competence in myeloid leukemia cells. In our studies, we were able to
dissect some of the epigenetic changes taking place on a retinoid-regulated gene tissue
transglutaminase type 2. We found that H4R3 methylation, a modification identified
previously but without a well defined biological role, is a hallmark of the primed cell
state and precedes gene activation. This modification represents a transcriptional silent
(unproductive), but primed state that marks key histones and makes them better
substrates for receptor bound histone acetyltransferases (HAT-s). We propose that this

mechanism accounts for the increased susceptibility of the cell to respond to a terminal

69



6. SUMMARY

differentiating agents, such as a retinoid, with increased gene expression and an increased
potential for phenotypic differentiation. Preacetylated histones are refractory to this
mechanism. This model is consistent with the proposal that histone tail modifications
function as the physical mediators of cellular memory. By providing docking sites for
transcription factors and marking histones for subsequent covalent modifications, these
methylation reactions serve as silent switches of gene expression. Our findings suggest an
active and physiological role for arginine 3 methylation on H4 tails in retinoid response
and provide a model amenable to further investigation and potentially to pharmacological
exploitation.

In order to further characterize the role of arginine methylation in signal
integration and developmental processes we carried out mapping of the genomic loci
marked by PRMTI1 via histone H4 arginine 3 methylation. We used chromatin
immunoprecipitation and cloning to isolate genomic loci marked by H4R3 methylation.
After sequencing and in silico analysis we found that all of the genomic hits identified
were intronic or at 5° end of specific genes. The locations identified were enriched in
conserved transcription factor binding sites of POU2F1, MEF-2 and FOXL1 factors. A
great number of the genes in the proximity of the identified genomic loci were involving
signaling pathways and developmental processes. Further analysis of the identified loci
needs to be performed in order to decipher the role of arginine methylation in regulating
signaling pathways and gene expression.

In order to broaden the study of epigenetic changes from individual genes to a
high throughput platform and to move our research to a genomic scale we decided to
implement chromatin immunoprecipitation methods combined with microarray analysis
(ChIP on Chip). Using this approach, we can integrate the gene expression patterns with
molecular determinants of chromatin. By now our results show that ChIP on Chip is
suitable for mapping regulatory sequences of PPARy target genes. For this analysis we
used two independent methods. First we located PPARY binding sites by using PPARy
specific antibodies. We found occupancy of approximately 1% of the spots represented
on the CpG array and identified novel genes with lower level of induction by PPARy
specific ligands as potential target genes. In an independent set of experiments we

analyzed the changes in H4 acetylation of the chromatin regions represented on the CpG
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microarray after treatment with PPAR specific ligands. By this approach the hit rate for
spots that showed an increase in H4 acetylation after PPARy ligand treatment was 0.6%.

Further investigations need to be performed in order to dissect on a genomic level

the components involved in the complex regulation of hormonal responses.
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8. FIGURE LEGENDS

Figurel. Priming is enhancing retinoid response in HL-60 cells (A) Experiment outline.
HL-60/CDM-1 cells were primed with 1.25% DMSO overnight. The control (naive) cells
received no priming. After overnight incubation, cells were washed, resuspended in fresh
media and treated with 1 uM 9-cis retinoic acid. (B) Priming with DMSO or Vitamin D is
enhancing 9-cis retinoic acid-dependent expression of Integrin CD11b. Cells were primed

with 1.25% of DMSO or 100 nM Vitamin D. After overnight incubation and washing out
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the priming agent, cells were treated with 1 uM 9-cis retinoic acid and analyzed with
flow cytometry at the indicated time points, as described in Materials and Methods.
Isotype controls had no change (not shown). (C) Priming with DMSO, or to a lesser
extent with Vitamin D is enhancing 9-cis retinoic acid-dependent expression of Integrin
CDll1c. Cells were primed with 1.25% of DMSO or 100 nM Vitamin D. After overnight
incubation and washing out of the priming agent cells were treated with 1 uM 9-cis
retinoic acid and analyzed with flow cytometry at the indicated time points, as described
in Materials and Methods. Isotype controls had no change (not shown). (D) Priming with
DMSO but not with Vitamin D is enhancing 9-cis retinoic acid-dependent expression of
Integrin CD18. Cells were primed with 1.25% of DMSO or 100 nM Vitamin D. After
overnight incubation and washing out the priming agent, cells were treated with 1 uM 9-
cis retinoic acid and analyzed with flow cytometry at the indicated time points, as
described in Materials and Methods. Isotype controls had no change (not shown). (E)
Fold increase of Tissue Transglutaminase type 2 mRNA (TGM2) induction compared to
naive, retinoid treated cells. Assessment of the maintenance in time of the priming effect:
TGM2 mRNA was measured by real-time QPCR after priming with 1.25% DMSO and
compared to naive, retinoid treated cells. After overnight incubation and washing out the
priming agent cells were treated with 1 uM 9-cis retinoic acid at different time points
after the priming, as indicated. The retinoid treatment was 12-hour long in all cases.
Values are the mean of three independent QPCR measurements +£SD. (F) Fold increase of
TGM2 induction compared to naive, retinoid treated cells. Assessment of the
maintenance in time of the priming effect: TGM2 mRNA was measured by real-time
QPCR after priming with 100 nM vitamin D and compared to naive, retinoid treated
cells. After overnight incubation and washing out the priming agent cells were treated
with 1 uM 9-cis retinoic acid at different time points after the priming, as indicated. The
retinoid treatment was 12-hour long in all cases. Values are the mean of three

independent QPCR measurements +SD.
Figure 2. TGM2 expression is enhanced by DMSO priming both at the RNA and protein
level. This effect is not cell type specific. (A) 9-cis retinoic acid induction of TGM2

mRNA as measured by real-time QPCR. The expression of TGM2 mRNA in primed and
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naive cells are shown on the same graph with two different Y—axes, with a difference of
two orders of magnitude of the scales. Transcript copy numbers were normalized for
36B4 transcript levels. Values are the mean of three independent QPCR measurements
+SD. (B) The fold difference in gene expression in naive and primed cells. Copy numbers
of TGM2 mRNA were determined by real-time QPCR and normalized for 36B4
transcript levels. Values are the mean of three independent QPCR measurements £SD.
(C) Intracellular immunostaining and flow cytometry analysis of retinoid treated HL-60
cells as described in Materials and Methods. The expression of TGM2 protein in naive
cells (shaded) and its isotype control (open) after retinoid induction. The percent of cells
expressing TGM2 protein is shown on the graph along with the mean fluorescence
intensity of the positive cells. Values are expressed in arbitrary units (A.U.). (D)
Intracellular immunostaining and flow cytometry analysis of retinoid treated HL-60 cells
as described in Materials and Methods. TGM2 expression in DMSO primed cells
(shaded) along with its isotype control (open). The percent of cells expressing TGM2 is
shown on the graph along with the mean fluorescence intensity of the positive cells,
expressed in arbitrary units (A.U.). At least three independent determinations have been
carried out. Data from a representative experiment are shown. (G) Effect of priming upon
TGM2 induction by retinoids in MonoMac6 (MM6) cells. TGM2 copy numbers were
normalized for cyclophyline transcript levels. Values are the mean of three independent
QPCR measurements =SD. (H) TGM2 induction in NB4 and RARa mutant NB4R2 cells
in naive and primed states. The mRNA copy numbers were normalized for cyclophyline
transcript levels. Values are the means of three parallel QPCR measurements +SD., and

results were confirmed from at least three independent biological samples.

Figure 3. Retinoid receptor levels and cell cycle distribution of naive and primed cells.
(A) RXR alpha and RAR alpha mRNA levels measured by real time QPCR normalized
for 36B4 in naive and primed cells. Values are the mean of three independent QPCR
measurements £S.D. (B) DNA contents of naive and primed cells measured by
propidium-iodide staining and flowcytometric analysis as described in Materials and
Methods. (C) Cell cycle distribution of naive and primed cells shown in percentage of

total population in the indicated cell phase.
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Figure 4. Priming is producing changes on the chromatin level on the promoter of TGM2
(A) DNasel sensitivity of TGM2 and RARP promoters is similar in naive cells. DNasel
hypersensitivity was measured as described in Materials and Methods. Values are the
means of three independent QPCR measurements =S.D of a representative experiment.
(B) Priming with DMSO is changing DNasel sensitivity on the promoter region of TGM2
but not on the RARf promoter. DNasel hypersensitivity was measured as described in
Materials and Methods. Values are the means of three independent QPCR measurements
+S.D of a representative experiment. (C) Chromatin immunoprecipitation analysis of
HR1 enhancer element of TGM2. H4 acetylation was measured as described in Materials
and Methods. Acetylation level is expressed as percent of input DNA. All no antibody
controls were lower than 0.2% of input DNA. Values are the means of three independent
QPCR measurements of a representative experiment. Chromatin immunoprecipitation

results were confirmed in at least three independent chromatin preparations.

Figure 5. Detailed map of histone tail modifications on the promoter/enhancer of TGM2.
The bar graphs on the left show the effect of priming on the histone tails bound to the
enhancer region HR1 (except H3K4 which is shown on the core promoter). The line
graphs show the changes in histone tail modifications along the 1.8 kb studied fragment
of the promoter/enhancer in primed cells after 9-cis retinoic acid treatment for the
indicated period (hours). Copy numbers are expressed as percent of input. All no-
antibody controls were lower than 0.2% of input DNA. Values are the means of three
independent QPCR measurements of a representative experiment. Chromatin
immunoprecipitation results were confirmed in at least three independent chromatin
preps. The layout of the 1.8 kb human TGM2 promoter and the location of the various

QPCR assays are shown on the bottom.

Figure 6. H3 Serine 10 Phosphorylation and H3 S10K14 Phospho-acetylation levels on
the promoter of TGM2 as measured by chromatin immunoprecipitation. H3 Serine 10
phosphorylation and H3 S10K 14 phospho-acetylation levels were measured as described

in Materials and Methods. Values were normalized to input DNA and expressed copy
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numbers. All noantibody controls were lower than 200 copies. Values are the means of
three independent QPCR measurements of a representative experiment. Chromatin
immunoprecipitation results were confirmed in at least three independent chromatin

preparations.

Figure 7. Histone tail modifications during priming. (A) H4 arginine3 methylation levels
detected by chromatin immunoprecipitation on the enhancer element (HR1) during
priming with DMSO. (B) H3 lysine4 methylation levels detected by chromatin
immunoprecipitation on the core promoter during priming with DMSO. Values are the
means of three independent QPCR measurements of a representative experiment.
Chromatin immunoprecipitation results were confirmed in at least three independent

chromatin preparations.

Figure 8. H3 Lysine4 methylation studied by chromatin immunoprecipitation on the core
promoter. H3 Lysine4 methylatylation in naive, primed and primed methylation mute
cells after retinoid treatment. All chromatin immunoprecipitation values are the means of
three independent QPCR measurements of a representative experiment. Chromatin
immunoprecipitation results were confirmed in at least three independent chromatin

preparations.

Figure 9. Epigenetic changes on TGM2 promoter and mRNA expression upon priming
in methylation mute cells (methyltransferases were blocked with 10 uM ADOX for 16
hours as described in Materials and Methods). Values are the means of three parallel
QPCR measurements £S.D. and results were confirmed from at least three independent
biological samples. All chromatin immunoprecipitation values are the means of three
independent QPCR measurements of a representative experiment. Chromatin
immunoprecipitation results were confirmed in at least three independent chromatin
preps. (A) H4 arginine 3 methylation levels determined by chromatin
immunoprecipitation on the HRI1 enhancer element. (B) Arginine methylation levels
determined by chromatin immunoprecipitation on the HR1 enhancer element with an

anti-pan methyl-arginine antibody (C) H3 Lysine4 methylatylation studied by chromatin
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immunoprecipitation on the core promoter. (D) Chromatin immunoprecipitation analysis
of H4 acetylation levels in naive, primed and primed methylation mute cells on the
enhancer element HR1 (E) TGM2 mRNA levels normalized for 36B4 copy numbers in
naive, primed and primed methylation mute cells (in the insert the structure of ADOX is
shown). (F) TGM2, CD38 and CYP27 transcript levels after blocking methylation with
ADOX in naive and primed cells. ADOX was used in increasing concentrations as
shown. The mRNA copy numbers were normalized for 36B4 transcript levels. Values are
the means of three parallel QPCR measurements £S.D. and results were confirmed from

at least three independent biological samples.

Figure 10. Analysis of methylation mute cells on genomic and proteomic levels. (A)
Blocking methyltransferases with ADOX is not blocking transcription. Both ADOX and
DMSO induced approximately the same number of genes (111 for ADOX and 104 for
DMSO). Global gene expression analysis was performed on a ¢cDNA microarray that
contained 3200 features in duplicates as described in Materials and Methods. (B) Number
of genes with a higher than 1.5 fold increase in expression after retinoid induction in
three different conditions: naive, primed with DMSO or primed with DMSO in the
presence of ADOX. Retinoid treated samples were compared to their appropriate controls
(naive, primed with DMSO or primed with DMSO in the presence of ADOX) Global
gene expression analysis was performed on a ¢cDNA microarray that contained 3200
features in duplicates. (C) Comparison on proteomic level of HL-60 cells and HL-60 cells
treated with 10 uM ADOX for 16 hours. 2D electrophoresis, silver staining and analysis

were performed as described in Materials and Methods.

Figure 11. Analysis of PRMT1 and PAD4 mRNA levels in different cell lines after
retinoid treatment. (A) PRMT1 mRNA copy numbers were normalized for cyclophyline
transcript levels. Values are the mean of three independent QPCR measurements +S.D.
(B) PAD4 mRNA copy numbers were normalized for cyclophyline transcript levels.
Values are the mean of three independent QPCR measurements +S.D. (C) Messenger
RNA levels of PAD4 in 9-cis retinoic acid treated naive and DMSO primed HL60 cells.

Fold increase of mRNA levels during priming or retinoid treatment of primed cells are
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shown on the arrows. PAD4 mRNA copy numbers were normalized for cyclophyline

transcript levels. Values are the mean of three independent QPCR measurements +S.D.

Figure 12. Modulation of TGM2 expression levels in HL60 cells. (A) TSA pretreatment
for 1 hour of HL-60 cells is enhancing the retinoid response in naive cells (50, 100 and
150 nM TSA was used). TSA pretreatment for 1 hour of HL60 cells before DMSO
priming is reducing the effect of priming on TGM2 induction (50, 100 and 150 nM TSA
was used). Arrow indicates the effect of pretreatment with 150 nM TSA on primed versus
naive retinoid treated cells. mRNA copy numbers were normalized for 36B4 transcript
levels. Values are the mean of three independent QPCR measurements +S.D. (B)
Activation of PAD4 after priming by a 15 minutes treatment with 1 uM of the calcium
ionophore, A23187, is reducing the priming effect. mRNA copy numbers were
normalized for cyclophyline transcript levels. Values are the mean of three independent
QPCR measurements +S.D. (C) H4R3 methylation levels are changed during priming
and modulated by pretreatment with 100 nM TSA for one hour or 15 minutes treatment
with 1 uM of the calcium ionophore, A23187. H4R3 methylation was determined by
chromatin immunoprecipitation on the HR1 enhancer element. Copy numbers are
expressed as percent of input. (D) H4 acetylation levels in primed, retinoid treated cells
and TSA pretreated, primed retinoid treated cells. Cells were pretreated with 100 nM
TSA for one hour and H4 acetylation levels were determined by chromatin
immunoprecipitation on the HR1 enhancer element. Copy numbers are expressed as
percent of input. (E) H4R3 methylation levels in primed, retinoid treated cells and TSA
pretreated, primed retinoid treated cells. Cells were pretreated with 100 nM TSA for one
hour and H4R3 methylation levels were determined by chromatin immunoprecipitation
on the HR1 enhancer element. Copy numbers are expressed as percent of input. All
detected signals are above the no antibody control values. Values are the means of three
independent QPCR measurements of a representative experiment. Chromatin
immunoprecipitation results were confirmed in two independent chromatin preparations

with two independent immunoprecipitations, respectively.

Figure 13. Effect of PRMT1 and PAD4 on retinoid regulated gene expression. (A)
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Transfection of PRMT1 expression vector into HL-60 cells is increasing the TGM2
induction after retinoid treatment in primed cells, while the catalytic mutant has no effect
on retinoid responsiveness. Cells were treated with 1uM 9 cis retinoic acid for 10 hours.
mRNA copy numbers were normalized for cyclophyline transcript levels. Values are the
mean of three independent QPCR measurements £S.D. (B) Co-transfection of PAD4 and
PRMTT expression vectors and their catalytic mutants into HL-60 cells is modulating the
TGM2 induction. Cells were treated with 1uM 9 cis retinoic acid for 24 hours. mRNA
copy numbers were normalized for cyclophyline transcript levels. Values are the mean of
two independent biological replicates and three independent QPCR measurements for
each sample £S.D. (C) Co-transfection of PAD4 and PRMT 1 expression vectors and their
catalytic mutants to 293T cells is modulating the luciferase expression on a fRARE
tkLuc reporter system. Values were normalized for measured Pgal values and expressed
in arbitrary units (A. U.) as described in Materials and Methods. Values are the mean of

three independent biological replicates = S.D .

Figure 14. Proposed model of gene expression modulation by changes in H4 Arginine 3
methylation: PRMT1 and PAD4 regulate Arginine 3 methylation. Naive state is
characterized by lack of H4 Arginine methylation on the enhancer region. Priming results
in increased H4 R3 methylation, while retinoid treatment leads to decreased H4R3
methylation and to the indicated changes in lysine acetylations. Pre-acetylation of histone
tails prior to priming by TSA is likely to reduce the affinity of histone tails towards
PRMT1 and by this prevents the enhanced retinoid responsiveness caused by priming.
The activation of PAD4 after priming by calcium ionophore treatment leads to the
removal of the methyl mark from H4R3 and abolishing the enhanced retinoid

responsiveness caused by priming.

Figure 15. Overview of the ChIP to clone method. (1) Protein-DNA interactions in the
cell result in specific post-translational modifications on the histone tails. (2) Protein-
DNA interactions are fixed with 1% formaldehyde. (3) Chromatin is sheared by
sonication to mono-, di- and tri-nucleosomes. (4) Specific antibodies against modified

histone tails will bind the H4R3 methylated nucleosomes. (5) Antibodies bind to Protein
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A beads. (6) Nucleosomes with methylated arginine residues are isolated by extensive
washing and centrifugation of Protein A beads. (7) DNA is isolated (8) Isolated DNA

fragments are cloned in a low background vector.

Figure 16. Fragment size distribution of sonicated DNA and cloned fragments (A)
Average fragment size of the sonicated DNA. Lanes 1-3 show an increasing amount of
purified sonicated DNA, while M refers to the molecular weight marker. (B) Cloned
fragments are identified with vector-specific PCR using M13 primers. The product was
analyzed by standard agarose gel electrophoresis (2% gel). Different lanes show different

isolated clones and M refers to the molecular weight marker.

Figure 17. Distribution of different fragments after BLAST and BLAT analysis as
described in the Results section. (A) 54 fragments from 111 analysed were of expected
size (larger than 150 bp). (B) 48 of these 54 fragments were of human origin. (C) 26
human unique sequences were considered for BLAT analysis. (D) 14 hits are within 5 kb

of known genes.

Figure 18. Genomic context of the identified H4R3 methylated site in the promoter of
IL1a. Conserved transcription binding sites, and the cloned fragment are shown with

arrays.

Figure 19. The effect of fixation time on the recovery of CD38 and LXRa response
elements. (A) MonoMac 6 cells in control state or treated with 1 uM 9-cis retinoic acid
for 12 hours were fixed with 1% formaldehyde for 10 and 15 minutes. Chromatin
immunoprecipitation was performed with anti-RXR antibodies, and DNA was measured
with TagMan assays specific for CD38 and LXRa response elements. Values are the
means of three parallel QPCR measurements. (B) MonoMac 6 cells in control state or
treated with 1 uM 9-cis Retinoic Acid for 12 hours were fixed with 1% formaldehyde for
10 and 15 minutes. Chromatin immunoprecipitation was performed with anti-RAR
antibodies and DNA measured with TagMan assays specific for CD38 and LXRa

response elements. Values are the means of three parallel QPCR measurements.
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Figure 20. Chromatin immunoprecipitation of H4 acetylated nucleosomes and different
transcription factors in MonoMac 6 cells. (A) MonoMac 6 cells in control state or treated
with 1 uM LG268 and 1 uM Rosiglitazone for 12 hours were fixed with 1%
formaldehyde for 15 minutes. Chromatin immunoprecipitation was performed with anti
H4 acetylated specific antibodies and DNA measured with TagMan assays specific for
CD38 response elements. Values are the means of three parallel QPCR measurements.
(B) MonoMac 6 cells in control state or treated with 1 uM 9 cis Retinoic Acid for 12
hours were fixed with 1% formaldehyde for 15 minutes. Chromatin immunoprecipitation
was performed with anti H4 acetylated specific antibodies and DNA measured with
TagMan assays specific for CD38 response elements. Values are the means of three
parallel QPCR measurements. (C) MonoMac 6 cells in control state or treated with 1 uM
LG268 and 1 uM Rosiglitazone for 12 hours were fixed with 1% formaldehyde for 15
minutes. Chromatin immunoprecipitation was performed with anti-RXR, RAR and RNA
Polymerase II specific antibodies and DNA was measured with TagMan assays specific
for CD38 response elements. Values are the means of three parallel QPCR
measurements. (D) MonoMac 6 cells in control state or treated with 1 uM 9- cis retinoic
acid for 12 hours were fixed with 1% formaldehyde for 15 minutes. Chromatin
immunoprecipitation was performed with anti-RXR, RAR and Polymerase II specific
antibodies and DNA was measured with TagMan assays specific for CD38 response

elements. Values are the means of three parallel QPCR measurements.

Figure 21. ChIP Western analyses of different PPARY specific antibodies. ChIP Western
was performed as described in Materials and Methods section. Blue arrow indicates the
33 321

PPARy immunoprecipitated with an anti-RXR antibody. Stars
of PPARY specific band.

indicate the presence

Figure 22. Amplification of DNA from Chromatin immunoprecipitation using the
Farnham protocol. (A) Starting material copy numbers of TGM2 HRI1 fragment in four
different samples. (B) Copy numbers after the end-fill reaction, ligation reaction and

DNA purification. (C) Copy numbers after performing the the first 25 cycle of PCR
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amplification. (D) Copy numbers after the second run of 25 cycle of PCR amplification

using as template an aliquot of the first PCR run.

Figure 23. Amplification of DNA from Chromatin immunoprecipitation using the De
Risi protocol. After the first 25 cycles of PCR amplification we can see an amplification
corresponding of two orders of magnitude (6 Ct) with a good representation of the

starting material.

Figure 24. PPARy ChIP on Chip performed as described in Materials and Methods on
the 12K CpG array. (A.) A representative image from a scan. (B.) Hesl levels in IDC
treated with 1 uM Rosiglitazone for 6 or 12 hours. Values are from an Affymetrix global
gene expression analysis. (C. and D) Location in the UCSC Genome Browser of the
BLAT result is showing a conserved region near the Hesl transcript. (E) A putative
binding site with DR1 structure in the promoter of Hesl identified by MacVector

subsequence analysis.

Figure 25. ChIP on Chip analyses of changes in H4 acetylation levels after ligand
treatment with PPARy and PPARP specific ligands for 24 hours of HT29 cell line. ChIP
on Chip was performed as described in Materials and Methods on the 12K CpG array.
(A.) Intensity distribution of the normalized intensity values of the spots. (B.) Venn
diagram representation of fragments with an increase in H4 acetylation after ligand
treatments. (C.) Venn diagram representation of fragments with a specific increase in H4

acetylation after ligand treatments with either PPARYy or PPARP specific ligands.

Figure 26. QPCR analysis of two different marker genes in the monocyte and IDC
sample pairs. ID1 and PPARy were monitored using specific TagMan assays. These
samples were labeled for Affymetrix gene expression microarray analysis.

Figure 27. Monocyte IDC transition is producing a massive transcriptional change. (A)

Gene tree of the genes with more than five fold change during the transition. (B)
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Changing genes with more than five fold change during the transition are represented

with normalized intensities on the Y axis.

Figure 28. Five clusters of genes identified during monocyte/IDC transition. Changing
genes with more than five fold change during the transition are represented with

normalized intensities on the Y axis.

Figure 29. Comparison of TagMan and SYBR Green I real-time QPCR measurements
with the same primer pairs and the same samples. (A.) Ampification plots of 4000, 2000,
1000, 400 copy number containing templates measured in triplicates with TagMan assay
for LXRa PPARRE. (B.) Ampification plots of 4000, 2000, 1000, 400 copy number
containing templates measured in triplicates with SYBR Green I using primers specific
for LXRa and PPARRE. (C.) Amplification plots from 300 000 copies to 3 copies and
their double quantities as measured in triplicates with TagMan assay for LXRa PPARRE.

Table 1. Real-time quantitative PCR oligo sets used in the presented experiments.

Table 2. Genes identified by cloning H4R3 methylated nucleosomes, their chromosomal
locations, their position relative to the genes and the conserved transcription factor

binding sites within 1 kb.

Table 3. PANTHER (Protein ANalysis THrough Evolutionary Relationships) analysis of
the identified genes. Data described as “Molecular functions” and “Biological processes”
are shown. One relevant reference is shown independently of PANTHER analysis

Table 4. Conserved transcription factor binding sites overrepresented in the regions
identified by chromatin immunoprecipitation. The genomic context of 5 kb of all 26
identified immunoprecipitated fragments was analysed. 39 conserved TFBS were found,
12 of them beeing present more than one time. Here we present the 6 overrepresented
TFBS with their corresponding transcription factors, according to the Biobase library and

the number of their occurencies in the analyzed genomic locations.
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GENOMIC ASSAYS FW 5'-3' REV 5'-3' PROBE 5'-3'

TGM2-CORE GAGACCCTCCAAGTGCGAC CCAAAGCGGGCTATAAGTTAGC FAM-CCGCCTCGGCAGTGCCA-TAMRA

TGM2-D CAGACACACACCAGGACATAG CTCTGGACACCTGCTCATCT FAM-TGTGTGTGGCTCGCGGACAAGG-TAMRA

TGM2-C ACACCAATGCCACTGTCAGAT GTCTGTACCTGAGTCCATGCCTG FAM-CTGTGGGTGCCCTCTCTGATTTTGGG-TAMRA
TGM2-B GTCCTAGGCTGAGTCCCTGGA TCCACTGAGCTTTCTTGAGGC FAM-AGTCTTGCTCCTTTCTGGCACACAGTGGTAMRA
TGM2-A GAGACTCCAGCCAGAGCCC TCAGGGAAAACAACCCGTGT FAM TTTGACCCAGGGAGAAATATCCACTGAAGC TAMRA
TGM2-HR1 TGCTCCCTGCAGCTGGT CCTCTCGGTCGGGTGATT FAM-TCCTCACGCTGCTCTTTCCTCCAA-TAMRA

RARb RARE TGTCAGACTAGTTGGGTCATTTGAAG  |TTGCCTAATATATGCGAGTGAACTTT FAM-TTAGCAGCCCGGGTAGGGTTCACC-TAMRA

GENE EXPRESSION ASSAYS

hCyclophilin ACGGCGAGCCCTTGG TTTCTGCTGTCTTTGGGACCT FAM-CGCGTCTCCTTTGAGCTGTTTGCA-TAMRA
hCyp27 AGATGCACGTGAACCTGGC TACTTTCCCTCTTGCCGCA FAM-AGTGCCCCGCTCTTGGAGCAAGT-TAMRA

hRARa CCAGCACCAGCTTCCAGTTA GGGAGGGCTGGGCAC FAM-CTCTTCAGAACTGCTGCTCTGGGTCTCAA-TAMRA
hRARb GGAAACTTTCCCTTCACTCTGC CCAGTCGGACTCGATGGTC FAM-TGGGTAAATACACCACGAATTCCAGTGCTG-TAMRA
hRARg TGCATCATCAAGATCGTGGAG GTGATCTGGTCAGCAATGCTG FAM-CCAAGCGGTTGCCTGGCTTTACA-TAMRA

hRXRa GGCCTACTGCAAGCACAAGTA CAGGCGGAGCAAGAGCTTA FAM-CGAACCTTCCCGGCTGCTCTG-TAMRA

hRXRb CCCATTCAGCAGGAGTAGG CTCATGTCACGCATTTTGGA FAM-TCTGTCAGCACCCGATCAAAGATGG-TAMRA
hRXRg GGGAAGCTGTGCAAGAAGA GGTAGCACATTCTGCCTCACT FAM-AGACAGAGGAGCCGAGAGCGAG-TAMRA

hCD38 CGTCAAGTACACTGAAATTCATCCT AATAAATGCACCCTTGAAAGCA FAM-CCCATACACTTTGGCAGTCTACATGTCTCATCT -TAMRA
hRAOH TTCTCCAGAAAGTGCGAGAAGAG CTTAATAACACACCCGATGTATTTAAG FAM-CAAATTTCCATGTCTAACTTGTTGTCTTGATTGCT-TAMRA
hTGM2 CTGGGCCACTTCATTTTGC ACTCCTGCCGCTCCTCTTC FAM-TCCAGGTACACAGCATCCGCTGGG-TAMRA

PREDESIGNED GENE EXPRESSION ASSAYS

Applera Assay I1.D.

hPADI4

Hs00202612_m1

hPRMT1

Hs00266002_m1

REAL TIME QUANTITATIVE PCROLIGO SETS USED IN THE PRESENTED EXPERIMENTS

Table 1
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GENE NAME CHROMOSOMAL POSITION CONSERVED TFBS
LOCATION TOWARDS THE WITHIN 1KB
GENE
AMPH 1 Tpla.1 intronic VSICSBP_Q6
Cadherin 23 10g22.1 intronic V$S8 01, VSPAX2 01
Collagen 9 alpha 1 | 6q13 5¢ VSFOX Q2, VSMEF2 01
DCAMKLI 13q13.3 intronic -
DSU 2q35 intronic VSRORA2 01
EYA3 1p35.3 intronic -
IL1A 2ql13 5¢ V$FOXP1 01,
V$BRN2 01
IL1IRAPL2 Xq22.3 intronic -
KIAA0476 1g21.3 5¢ from predicted -
promoter
MGC27434 8q24.21 intronic VSOCT1_B
PAPDI 10p11.23 intronic V$HPISITEFACTOR_Q6
ROBO1 3pl2.3 intronic VESOXS 01
SLC36A1 5q33.1 5¢ -
SPAGI16 2q34 intronic -
Table 2
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GENE NAME PANTHER PANTHER REFERENCE
MOLECULAR BIOLOGICAL
FUNCTION PROCESS
AMPH 1 Membrane traffic Endocytosis (Shang, 2004)
regulatory protein Transport
Neurotransmitter
release
Cadherin 23 Cadherin Cell adhesion-mediated | (Bolz, 2001)
signaling
Cell adhesion
Oogenesis
Embryogenesis
Anterior/posterior
patterning
Heart development
Cytokinesis
Cell proliferation and
differentiation
Collagen 9 alpha | Extra cellular matrix | Cell structure (Mayne, 1985)
1 structural protein
DCAMKLI Non-receptor Protein phosphorylation | (Sossey-Alaoui, 1999)
serine/threonine Calcium mediated
protein kinase signaling
Neurogenesis
Cell motility
DSU Unclassified Unclassified (O'Sullivan, 2004)
Table 3
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GENE NAME PANTHER PANTHER REFERENCE
MOLECULAR BIOLOGICAL
FUNCTION PROCESS
EYA3 Other hydrolase Vision (Li, 2003)
Developmental
processes
IL1A Interleukin Cytokine and (Lord, 1991)
chemokine mediated
signaling pathway
Ligand-mediated
signaling
Macrophage-mediated
immunity
Cytokine/chemokine
mediated immunity
Cell cycle control
Cell proliferation and
differentiation
ILIRAPL2 Interleukin receptor | Cytokine and (Khan, 2004)
chemokine mediated
signaling pathway
KIAA0476 Guanyl-nucleotide Other signal -
exchange factor transduction
MGC27434 Unclassified Unclassified (Storlazzi, 2004)
PAPDI1 Unclassified Unclassified -
ROBOI1 Immunoglobulin Cell adhesion (Rhee, 2002)
receptor family
member
Defense/immunity
protein
SLC36A1 Other transporter Amino acid transport (Sagne, 2001)
Amino acid Transport
transporter
SPAG16 Microtubule family | Cell motility -
cytoskeletal protein

Table 3 continued
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Table 4

TF BINDING | TRANSCRIPTION | NUMBER OF

MATRIX FACTOR OCCURENCES
VSOCT1 B POU2F1 6
VSMEF2_Q6 01 MEF-2 5
VSFREAC7 01 FOXLI 4
VSPAX4 04 Pax-4a 3
VSFOX04 02 FOXO04 3
VSEVIL 05 Evi-1 3
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