INTRODUCTION

|. Transcriptional regulation of genes

Genomic DNA is the ultimate template of our heredity. In spite of the coimplet
of the human genome project, many challenges remain in understanding theoregtilat
genetic information. Human cells contain 20,000-25,000 genes, which include
housekeeping genes, genes expressed during cell differentiationcgasgtutively
expressed in differentiated cells and genes expressed upon stimulation. Gioordina
gene expression in eukaryotes is intricate as cis-acting DNA sequamcks located
tens of thousands of base pairs away from the transcription start site. Tdegafamic
interplay between the cis-acting elements and DNA binding proteins is neegedder
regulation of these genes. Regulatory elements of a gene include therbaszkr,
enhancers, silencers, insulators and locus control regions (LCRS). Thesetelame
recognized by sequence-specific DNA binding proteins.

Promoters are located immediately 5’ to the start of each gene and contain
binding sites for transcription factors. RNA polymerase begins transcriptiba atart
site of the gene denoted as nucleotide +1. The basal elements of the promoter include the
TATA box and the initiator. Some, but not all eukaryotic promoters, contain a TATA box
that has a consensus sequence (TATAa/tAa/t) that is positioned close &mdoeption
start site. An initiator is often found centered at the transcription d@drsil has a
consensus sequence YYANa/TYY, where Y denote a pyrimidine and N is any base
These elements facilitate melting or unwinding of DNA during RNA polasefoading.

These two elements constitute the core promoter to allow accurate inithtion



transcription. The factors that are required for the proper recruitmemNAfoiRlymerase
onto the promoter allows transcription by the basal transcription machinery.

The basal transcription factors needed for the loading of RNA polymerase to the
promoter include TATA binding protein (TBP), TFIIA, TFIIB, TFIE, TF]I&Bnd TFIIH.
Binding of TBP to the TATA box is the first step in the assembly of the basal
transcriptional apparatus. TBP along with some associated factors binds tontioéepr
as a complex referred to as TFIID. TFIIA then binds to TBP and stabilizeseitaction
with the DNA. Binding of TBP to TATA box distorts the DNA and allows binding of
TFIIB that provides the platform for the recruitment of RNA polymerasidl (1). Pol 1l
is found associated with a factor called TFIIF, a helicase that is invaivted melting of
the DNA. TFIIH has kinase and helicase activity. The kinase activity ofabisr is
required for the phosphorylation of the C-terminus domain (CTD) of Pol Il that cnsist
of repeats of the amino acid sequence Y-S-P-T-S-P-S (Spangler, Wan20&al The
CTD phosphorylation of Pol Il plays an important role in transcription initiation and
elongation. Pol Il with unphosphorylated CTD binds to the start site prior to trarscript
initiation and this interaction is lost when CTD is phosphorylated. Phosphorylation of
CTD at serine 5 by TFIIH facilitates promoter clearance of RNA polyseedaring
transcription initiation (Jones, Phatnani et al. 2004). In addition to the basatippaos
factors, transcription factors such Spl and NF1 can bind to the proximal promatar regi
and help in the loading of Pol Il (Yang 1998; Phatnani and Greenleaf 2006). Proximal
promoter elements consist of additional binding sites for transcription facea

sensitive to their precise location. Apart from the promoter region, various other



regulatory regions are also present throughout the gene locus to fagéitate
transcription.

Enhancers are position and orientation independent DNA elements that may be
located upstream or downstream of a gene, within a gene, or thousands of base pairs
away from the start site of the gene. Enhancers contain binding sites foriptaos
factors that communicate with the basal transcription machinery to incheasged of
transcription of the targeted gene. Enhancer sites have been proposed to infethet wi
basal transcriptional apparatus by mechanisms inducing DNA looping, scanning
chromatin remodeling.

DNA looping permits transcription factors bound to enhancer sites to contact
other proteins in the basal promoter (Bulger and Groudine 2002). In the scanning model,
Pol Il binds to the enhancer and scans along the DNA until it reaches the promoter
(Blackwood and Kadonaga 1998). In the chromatin remodeling model, factors that bind
the enhancer can propagate a change in the chromatin structure that faclitaiément
of the basal transcription machinery (Ward, Hernandez-Hoyos et al. 1998). Ma
enhancer elements in higher eukaryotes activate gene transcription in a tissue or
differentiation specific manner. This is achieved in two ways. An enhancer careact
specific manner if the activator that binds to it is present in only somedfpefs.
Alternatively, if a tissue-specific repressor can bind to a sileiesremt located near the
enhancer element, making the enhancer inaccessible to its transcriptonSdehcers
are regulatory regions like enhancers. However, binding of transcription fextbese

elements facilitate repression of gene expression.



Boundary or insulator elements are regions that create autonomous regulatory
domains within a genome (Kuhn and Geyer 2003). Efficient enhancer and silencer action
require mechanisms that facilitate their interaction with specifimpters. Insulators can
lie between the regulatory elements of genes and prevent inapproptiaitecd these
elements on neighbouring genes (Bondarenko, Liu et al. 2003). The nucleotide sequence
CCCTC is present in all insulators discovered so far, and this sequence can bind the
protein CTCF (CCCTC binding factor). Insulators prevent the spread of the ¢liroma
domain between two loci (Bell, West et al. 2001).

LCRs are elements that are present several kilobases away frommé¢hégte
exert their effect on transcription by establishing and maintaining an open timroma
configuration at the locus, which facilitates expression of all genesmiran a cluster
(Festenstein, Tolaini et al. 1996). Most LCRs are DNase | hypersersitvihey may
also have enhancer activity. These elements were first identified frgtlobin gene
locus and are critical for the regulation of the cluster (Caterina, Ry&nl€o4).

Introns are parts of primary transcripts encoded in DNA that are removed by
splicing during pre-RNA processing. It was believed that these non-ceeljjugnces
were junk, meaning they had no function in an organism and could be ignored. But, in
recent years, mounting evidence suggests that this is not the case. Althquayte then-
coding, there is strong evidence that many introns function as regulatassufription.
The SOX9, RN, 41 tubulin, c-fms, and ADH genes are examples of genes carrying
regulatory elements in their intronic regions (Kohler 1996; McKenzie 1996 nYiffa

1996; Himes 2001; Morishita 2001).



Il. Chromatin Structure

Chromatin is a complex of DNA and protein that makes up chromosomes.
Nucleosomes constitute the fundamental repeating unit of chromatin and are
interconnected by linker DNA. Nucleosomes are further folded through a série
successively higher ordered structures, which form chromosomes. This campacti
provides physical packaging needed to fit the large eukaryotic genomes into thues nucle
and provide for an additional level of control needed for the regulation of gene express
(Caterino and Hayes 2007).

Histones are basic proteins and are the major protein component present in
chromatin. The nucleosome core particle consists of approximately 147 basd pairs
DNA wrapped twice around a histone octamer consisting of 2 copies eaclcoféhe
histones H2A, H2B, H3, and HUinker histone H1 is involved in the compaction of
chromatin by binding to the linker DNA. Thus a nucleosome without the linker histone
H1 resembles beads on a string of DNA. The tight interaction of DNA with histone
proteins protects them against micrococcal nuclease activity in expetlitestéa
Nucleosomes can prevent binding of RNA polymerase or transcription factors to
regulatory regions at inappropriate times, thereby providing control over geress®n.
These packaged regulatory regions undergo remodeling during genéi@ctiogrovide
access to DNA binding factors. The two major chromatin structures found in etdsary

are euchromatin and heterochromatin.



1. Heterochromatin

Heterochromatin is a tightly packed form of DNA and is charactenstic
transcriptionally repressed genes and repetitive DNA. Geneticatiiiviaasatellite
sequences, centromeres, and telomeres are all heterochromatic. Ahvbolesome can
even be maintained in a heterochromatic state as seen in the case of X ch®mosom
inactivation.

X chromosome inactivation is a process by which one of the two X chromosomes
in the cells of female mammals is randomly inactivated early in dewednt, so that
females with two X chromosomes do not have twice as many gene products as males
who possess only a single copy of the X chromosome. The X-inactivation cer@gr (XI
on the X chromosome contains sequences that are necessary and sufficientXe cause
inactivation. The XIC contains a non-translated RNA gene cXilgdhat is involved in
X-inactivation by coating the chromosome to be inactivated.

Heterochromatin plays an important role in gene regulation by rendering the DNA
inaccessible to DNA binding factors. The two forms of heterochromatin include
constitutive heterochromatin and facultative heterochromatin. Some regionsfof DN
such as centromeres that are tightly packed in all cells resultpapmexpression, is
known as constitutive heterochromatin. Facultative heterochromatin are regioN# of
that are euchromatic in some cells and heterochromatic in other. This typerahthr
structure is associated with differentiation- or tissue-specificggdre family of
heterochromatin protein 1 (HP1) is usually associated with heterochroheghtening
tight packaging of DNA by interacting with histone proteins (Cheutin, NioNa al.

2003).



2. Euchromatin

Euchromatin is a lightly packed form of DNA and is characteristic of
transcriptionally active genes. The less compact structure of Did¥salccess to DNA
binding factors and RNA polymerase, thereby permitting transcription. The main
example of euchromatin includes house keeping genes that need to be expressed all the

time.

lll. Epigenetic regulation of genes

Epigenetics is the study of heritable changes in gene expression kabaoghby
the chemical marks that are added to the DNA or chromatin proteins without aiggsha
in the nucleotide sequences (Wolffe and Matzke 1999). Epigenetic modifications
communicate with the promoter sequences and transcription factors to control when and
where genes are expressed. Epigenetic processes modifications inthsteecy
methylation of genomic DNA and covalent modification of histone proteins. They
participate in establishing specific chromatin states, which dictaitiable patterns of
gene expression. Thus epigenetic modifications serve as a rich sowrgalafion in
addition to the genetic instruction written in the genetic code itself (FukseBuegal.
2000). Epigenetic regulation can be short term or long term.

Short term epigenetic regulation involves transient control of differentiation-
specific genes that shows flexible patterns of gene expression (Cavalli 2606)
example, the Homeobok(x), and distal-less homeoboRI§) gene families are
required during later stages of cell differentiation and are therefpressed in

undifferentiated stem cells (Lee, Jenner et al. 2006). On the other hand,egpmesir



for maintaining pluripotency in stem cells, such as transcription factors O@iT4 a
NANOG (Hattori, Imao et al. 2007), are repressed upon differentiation of slé&sn c

Long term epigenetic regulation involves silencing of transposons and imprinted gene
that are stably maintained in a repressed state by epigenetic mariafpcell

divisions.

1. DNA methylation

CpG islands are genomic regions that are at least 200 bp, with greatB0%a
GC contentCpG islands are enriched at the promoters and transcription start sites of
house keeping genes. DNA methylation is an epigenetic modification that octues
context of the CpG dinucleotide and is associated with heterochromatin. It involves
addition of a methyl group to the carbon 5 position of the cytosine ring from the methyl
donor S-adenosyl-L-methionine (SAM). The cytosine residue in the complementary CpG
is also methylated symmetrically (Ballestar and Wolffe 2001). Aroun@086-of all
CpG dinucleotides are methylated in mammals. The group of enzymes that catailyze
reaction is DNA methyltransferases. These enzymes are responsiseatalishing
DNA methylation during development and for its propagation to new strands during
replication. DNA methylation affects genome functions by inhibiting gearescription.

All diploid organisms inherit two copies of autosomal chromosomes, one from
each parent, during fertilization. Expression occurs from both alleles fat anagority
of the genes. However, some genes are repressed depending on its parental orgin. Thes

genes are called imprinted genes. DNA methylation plays an indispensaldening



two major epigenetic phenomena found in mammals, genomic imprinting and X-
chromosome inactivation.

Cytosine methylation alters local chromatin structure by interactitnother
epigenetic modifications such as histone protein modifications. In addition, it atke w
by changing or blocking the protein-DNA interactions required for gepeession.
Methylation is known to block binding of transcription factors such as AP-2, c-Myt/My
E2F, Spl and NkB to their target regions (Tate and Bird 1993).

DNA methylation plays an important role in the regulation of tissue-spegfie
expression, such as tobin gene cluster (Goren, Simchen et al. 208652 (Ladd,
Butler et al. 2004)Shank3 (Beri, Tonna et al. 2007), and the Killer immunoglobulin-like
receptorsKIR) (Chan, Kurago et al. 2003). DNA methylation is also found in the
downstream transcribed regions of a gene (Intragenic CpG methylatiomg, ivimay
play a role to decrease the efficiency of elongation by inducing fanmat a compact
chromatin structure (Lorincz, Dickerson et al. 2004). Intragenic CpG medtinykdso
prevents the activation of transposable elements and maintains these p#easgintein
a silent state. In bacteria, methylation is part of the system thattgrtstedhost against

bacteriophage infection (Wolffe and Matzke 1999).



(i) DNA methyltransferases and demethylases

De novo methylation and maintenance methylation are two distinct processes
required for the establishment and inheritance of cytosine methylatiompaBeth
these processes are essential for embryonic development beyond gastrTitegio
enzymes that carry out these functions are classified into three groups: de novo
methyltransferases, which includes the Dnmt3 family (Dnmt3a and Dnmt3b), the

maintenance DNA methyltransferase Dnmt1, and Dnmt2.

De novo methyltransferases (Dnmt3 family)

This group of enzymes catalyzes the addition of a methyl group to CpG base
pairs, resulting in the creation of a new hemi-methylated CpG. De novo ntietyla
activity is detected predominantly in early embryos and it plays an impootanh
organizing and compartmentalizing the genome during tissue differentiationd (Bl
et al. 1999). Methyltransferases also play a crucial role in the inaativatX
chromosomes in mammals (Plath, Mlynarczyk-Evans et al. 2002; Okamoto, Qite et a
2004) and genomic imprinting (Li, Beard et al. 1993; Li, Beard et al. 1993) in mammals.
The Dnmt3family consists of two geneBnmt3a andDnmt3b. These genes are highly
expressed in undifferentiated embryonic stem (ES) cells and are dowateelgaiiter
differentiation. Inactivation of botBnmt3a andDnmt3b disrupts de novo methylation in
ES cells and de novo methylation occurs genome wide during early develdQrkano,
Bell et al. 1999). In addition, Dnmt3a and Dnmt3b exhibit distinct functions during
development. Dnmt3b is important during early development and methylates a broad

range of target sequences, whereas Dnmt3a is critical during lategleeeit,
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methylating particular set of sequences. For example, Dnmt3b spegifiegtthylates the
minor satellite repeats in centromeres of embryos. Dnmt3a and Dnmt3b are
transcriptional repressors that localize to heterochromatin regionsrfBac Rountree et
al. 2001). Dnmt3a binds histone deacetylase 1 (HDACL1), acting as a transcriggional ¢
repressor with deacetylase activity by associating with the DiMAing transcriptional
repressor RP58 (Fuks, Burgers et al. 2001). Dnmt3b interacts with the chromatin
remodeling enzyme Hsnf2h and HDACs 1 and 2 to repress transcription (Geiman,

Sankpal et al. 2004).

Maintenance methyltransferase (Dnmt1 family)

Dnmtl was the first eukaryotic methyltransferase to be purified and it cDN
cloned. Dnmtl is the most abundant DNA methyltransfenasematic cells (Robertson,
Uzvolgyi et al. 1999). Dnmtlis highly expressed during S phase (Robertson, Keyomars
et al. 2000) and is targeted to sites of DNA replication in mammalian nucteit{aedlt,
Page et al. 1992). Consistent with its expression pattern, this maintenahgkaseet
shows specificity towards hemi-methylated DNA. This form of modified Délthe
immediate product of replication. Disruption of themt1l gene in mice results in several
interesting phenotypes, such as severe demethylation, biallelic expressiostof
imprinted genes such &9 andKcnglotl (Li, Beard et al. 1993activation of all X
chromosomes due to the demethylatioiXiaf (Beard, Li et al. 1995and an increase in
rates of loss of heterozygosity because of mitotic recombination (Li, Bestbr1992).
Dnmt1 is the only gene known to be required for the repression of transposons in

mammalian somatic cells (Damelin and Bestor 2007).
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DNMT2

Dnmt2 contains all the sequence motifs diagnostic of DNA (cytosine-5)-
methyltransferases, but lacks the large N-terminal regulatory domainaotorother
eukaryotic methyltransferases (Yoder and Bestor 1998). Dnmt2 is ubiquiexsissed
and shows an expression pattern similar to Dnmtl. The gene is well conserved among
eukaryotes, including mammal;abidopsis thaliana, Xenopus laevis, Drosophila
melanogaster (Gowher, Leismann et al. 200@ydDanio rerio, which contain methylated
genomes, but also in organisms lacking detectable cytosine methydattbrgs yeast.
The yeaspmtl gene belongs to Dnmt2 family but is enzymatically inactive due to amino
acid change at a potentially catalytic site (Pinarbasi, Elliott et al. 1B@&an Dnmt2
does not catalyze methylation of DNA, but instead methylates a smaH fRH P

specifically cytosine-38 in the anticodon loop (Goll, Kirpekar et al. 2006).

(if) Cytosine Demethylase

A genome wide demethylation occurs early in development, and specific sites in
imprinted genes escape demethylation, maintaining a methylatechstatghtout pre-
implantation development (Kafri, Gao et al. 1993). Demethylation is also found during
cell differentiation and in cancer. DNA demethylation can occur by twolgessi
mechanisms. The first mechanism involves passive demethylation, wheratethis
not maintained during DNA replication, and the second mechanism involves active
demethylation which is the the removal of methylation catalyzed by atligase. The
identity of the demethylase activity is controversial. The DNA demetby{éBD2b has

been reported to catalyze the hydrolytic remo¥ahethyl residues from methyl cytosine
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in DNA and to demethylate both hemi-methylated and fully methylated DNA
(Bhattacharya, Ramchandani et al. 1999). It is a member of a conserveddialhiBD
(methyl CpG-binding domain) proteins (Lewis, Meehan et al. 1992). The protgssivi
this enzyme helps in the removal of metingdups from DNA without damaging the

DNA, thus maintaining the integrity of the genome (Cervoni, Bhattachagla¥399).
However, this finding has not been reproduced by other laboratories to date. 5-methyl
cytosine DNA glycosylase is also an important candidate for a derasghiyl vivo (Zhu,

Benjamin et al. 2001).

(iif) Methyl CpG binding proteins

Methyl CpG binding proteins play critical roles in deciphering epigenetic
methylation patterns by mediating interactions between DNA metbiy|dtistone
modifications and other chromatin components. They are also required to hinder DNA-
binding activities of several transcription factors such as E2F, CREB, AP2, afd cMy
The five major family members of this group of proteins include MeCP2, MBD1, MBD2,
MBD3 and MBD4. All these proteins share a conserved DNA-binding domain (MBD).
TheMeCP2 gene is located on the X chromosome and MeCP2 is a transcriptional
repressor with abundant binding sites in chromatin (Nan, Campoy et al. 1997). This gene
is mutated in patients with Rett syndrome, a neuro developmental disordereriseect
by loss of speech, autism, ataxia, and mental retardation. MeCP2 null mice shofv loss
normal expression of several imprinted genes, su€ixs DIx6 Ube3A, andGabrb3
(Horike 2005; Samaco, Hogart et al. 2005). MeCP2 mediates transcription repression by

interacting with other chromatin remodeling complexes. MeCP2 assosisttethie co-
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repressor molecule Sin3a to maintain the repressed stateRuthgene (Martinowich,
Hattori et al. 2003).

MBD1 interacts with the histone H3 lysine 9 (H3K9) methyltransferazgnea
SETDB1, coupling DNA methylation and histone modification. Depletion of MBD1
results in hypomethylation on histone H3K9 and reactivates the normally slilgece
p53BP2 (Tumor protein p53 binding protein 2) (Sarraf and Stancheva 2RBD2-
deficient mice are viable, but lack the MeCP1 complex, and therefore shownaefec
repression of methylated promoters. MBD?2 is the key silencer of IL4 €{prein naive
T cells and is displaced by the transcription factor GATA3 upon differearti&di allow
IL4 expression (Hutchins, Mullen et al. 2002). MBD3 is required for proper embryonic
development, as shown by knock out studies. In contrast to other Methy CpG binding

proteins, MBD4 is known for its role in DNA repair and as a transcriptional repress

2. Histone protein modifications

The histone tails are subject to a variety of post-translational modifications
including acetylation, phosphorylation, methylation, ubiqutination and ADP-ribosylation
(Van Holde 1989). These modifications are site-specific, interdependentraimdicae

distinct organization of the chromatin.

(i) Histone methylation
Methylation of histones occurs on histones H3, H4, and H2B (Nakayama, Rice et
al. 2001) and can occur at multiple residues. Defined methylation patteretased to

distinct functional readouts of chromosomal DNA (Peters 2005). They have been shown
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to play important roles in several genomic functions, including heterochromatin
formation, X chromosome inactivation, and epigenetic gene regulation at euchromatic
and heterochromatic positions, and therefore have extensive implications for
proliferation, cell-type differentiation, development, gene expression, gerabil\s

and cancer. Histone methylation does not influence the net charge of the hisscanedtai
as a result does not alter the interaction of the histone tails with the DNadns
methylated histones act as a recognition template for effector praienikience
transcription (Byvoet, Shepherd et al. 1972). The major methylation sitas e
histone tails are the basic amino acid residues lysine and arginine (Sarags-Ros
Schneider et al. 2002). Arginine can be either mono- or di-methylated, wiile oan

be mono-, di-, or tri-methylated (Santos-Rosa, Schneider et al. 2002).

Histone methylation occurs on lysine residues 4, 9, 27, 36 and 79 in H3 and on
position 20 in H4 (Nakayama, Rice et al. 2001). Methylation of histone H3K4 and
H3K36 are associated with activation of transcriptional activity, and histone H8K9 a
H3K27 methylation are associated with repressive chromatin. H3K79 meihytais
been associated with both transcriptional activation (Im, Park et al. 2003 )paeskien
(Wood, Schneider et al. 2005). Histone H3K36 methylation has been linked to efficient
elongation. Histone H3K4 can be mono-, di- or tri-methylated and are present on all
autosomes and in both the promoter and the coding regions of active genes (Santos-Rosa
Schneider et al. 2002). Significant levels of di- and tri-methyl H3K4 ar& ofaggene
activity in eukaryotes, although di-methylated H3K4 is present in somesseprgenes.
The methionine-regulatddET16 gene shows tri-methylation of H3K4 only when this

gene is active, whereas di-methylation of H3K4 is seen even in the expetate. This
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result shows that di-methylated H3K4 may play a role in determiningisctiptionally
permissive state, and the tri-methylated state may allow for e abtromatin
configuration (Santos-Rosa, Schneider et al. 2002). The levels of di- andhyilatiet
are very low in 3’ transcribed regions of genes, suggesting that these atazhBcare
not absolutely required for passage of Pol Il (Schneider, Bannister et al. 2004)
Accumulation of histone H3K9 methylation is seen at the inactive X-chronesom
(Boggs, Cheung et al. 2002), and its presence has been linked to heterochromatic
subdomains and gene silencing (Saccani, Pantano et al. 2001; Santos-Rosa, Schneider et
al. 2002). H3K9 methylation creates a binding site for the heterochromatic HPih$rote
that is recruited by the tumor suppressor retinoblastoma protein (pRb) and thus helps i
the induction and propagation of heterochromatic subdomains (Jenuwein 2001).
Histone methyltransferases (HMTases) are a major group of enzymes that
catalyze the transfer of methyl groups to histone proteins. This class ohprotei
methyltransferases is characterized by the presence of one invaotam pmotif, the
SET domain, which has the potential to methylate lysine in the N-terminaf tail
histones. There are about ten different SET-domain containing protein familids whic
include more than 70 gene sequences in mammals (Jenuwein 2001). The mammalian
homologue of th®rosophila position-effect variegation (PEV) modifier Su(var)3-9,
Su(var)39h1 and Su(var)39h2 were the first identified proteins with histone
methyltransferase activity. Su(var)39h enzymes are seleotivestone H3K9
methylation. In addition to the SET domain that is crucial for catalyticity; Su(var)39
proteins also contain a chromodomain which is found in chromatin related proteins and a

cysteine rich domain. H3K9 methylation creates a binding site for theobletematic
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HP1 proteins that form complexes with Suv39h HMTaSe#39%h knock-out mice show
impaired viability and reduced genomic stability, and display increadetbri8-cell
lymphoma (Peters, O'Carroll et al. 2001). Thus HMTases serve as importametioig
regulators during developmef@9a is another SET-domain protein containing a dual
HMTase which methylates histone H3 at the K9 and K27 positions (Tachibana, Sugimoto
et al. 2001).

The other group of histone methyltransferases that catalyzes ntietngf
histone H3 at K4 position is SET-9/SET-7 (Wang, Cao et al. 2001). These enzymes lack
the SET-domain associated cysteine-rich regions found in Suv39 proteins, suggessting tha
these regions may provide for the substrate specificity for SET domainsl BET
Saccharomyces cerevisiae is a histone H3K4 methyltransferase, but mediates gene
silencing (Briggs, Bryk et al. 2001), and the SET-2 methyltransferase shieatsviy
for histone H3K36 methylation and also medites gene repression (Straftl eGaa
2002). The SET-7 methyltransferase selectively methylates histone lilk2@®

position (Nishioka, Rice et al. 2002).

(ii) Histone arginine methylation

Arginine methylation occurs on either or both of the two terminal guanidino
nitrogen atoms (Aletta, Cimato et al. 1998). The five distinct classes ofragi
methyltransferases include PRMT1, PRMT2/HRMT1L1 (Scott, Kyriakal..998),
PRMT3 (Tang, Gary et al. 1998), CARM1 (Chen, Ma et al. 1999), and JBP1 (Pollack,
Kotenko et al. 1999). CARM1 can cooperate with p160 co-activators to enhance the

ability of nuclear receptors to activate transcription (Chen, Ma et al. 1999). QAR
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PRMT1 are recruited to the promoter through contact with the p160 coactivator to

methylate histone H3 and H4, respectively (Koh, Chen et al. 2001).

(iif) Histone demethylases

Histone demethylases catalyze the removal of methyl groups on histone lysine
and arginine residues. The two major groups of histone lysine demethylasdgedisati
far include lysine-specific demethylases 1 (LSD1) and jumonji C (Jmia)yfproteins.
Peptidyl arginine deiminase 4 (PAD4/PAD14) catalyzes demetbylafimonomethyl
arginine. LSD1 catalyzdemethylation of H3K4me1/2, but not tri-methylate ¥H{SKi,
Lan et al. 2004). LSD1 contains a C-terminal amine oxidase like (AOL) domaict) whi
creates a catalytic center for substrate binding, and an N-termin&N\Wbmain, which
is important for the stability of LSD1. The third domain is the tower domain that
regulates the catalytic activity of LSD1 (Chen, Yang et al. 2006; Stavapdibbel et
al. 2006). LSD1 is often found as a multiprotein complex with HDAC1/2, corepressor
CoREST, and a PHD domain containing protein BHC80 (Shi, Lan et al. 2004, Lee,
Wynder et al. 2006). Thus, this complex catalyzes histone deacetylation and
demethylation. LSD1 also associates with a complex containing MLL1, a hisB® H
methyltransferase (Nakamura, Mori et al. 2002). This suggests a balaneerbe
methylated and unmethylated H3K4 for the regulation of gene transcrip8®1. is
required for ES cell lineage determination and differentiation. JmjCyanokeins
include JHDM1, JHDM2, and JMJD2 subfamilies. JHDM1 demethylates mono and
dimethylated H3K36 (Tsukada, Fang et al. 2006). JIMJD2 proteins catalyze

demethylation of trimethylated histone H3-K9/36 (Whetstine, Nottke et al. 200/8). Jm
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proteins can associate with several other proteins such as HDAC 1/2/3, hocteane
receptors and histone methyltransferases such as MLL2/3/4 (Cloos, Censttias.

2008).

(iv) Histone acetylation

Histone acetylation is the best characterized N-terminal modificatibodhars
post-translationally on theNH** groups of the conserved lysine residues in histone tails.
Histone acetylation is a reversible process and is involved in the promoteiespecif
activation of genes. Histone acetyltransferases are the group ofenitem catalyze the
transfer of an acetyl moiety from acetyl coenzyme A te:théd** groups of the lysine
residues. Acetylation neutralizes the positive charge of histones and mresuttsgative
charge of the modified lysine residue, causing a decreased interactionrbtevee
histone and DNA. This allosteric change in nucleosome conformation rend&xsAhe
more accessible to the transcriptional machinery (Gu, Filippi et al. 2068)n&”16% of
histone acetylation is sufficient to prevent compaction of chromatin and seémulat
traversing of Pol Il during transcription.

HAT activities are grouped into two general classes based on theictagspe
cellular origin and functions. Cytoplasmic, B-type HATSs catalyze aatabyl events
linked to the transport of newly synthesized histones from the cytoplasm to teasucl
for deposition onto newly replicated DNA. Conversely, nuclear A-type HATg/likel
catalyze transcription-related acetylation events (Brownell, Zhal £996). Most of the
HATSs characterized have previously identified function in transcription reguola&bcn5,

the first HAT to be characterized, is a transcriptional activator it yjBaswnell, Zhou

19



et al. 1996). The TAF130/250 histone acetylase (Mizzen et al. 1996) is a subunit of the
TFIID complex of the basal transcription machinery and hence is associateallwit
promoters during transcriptional initiation. The p300/CBP histone acetglase i
mammalian coactivator that binds directly to numerous activating trptisarfactors
such as AP1 (Bannister, Oehler et al. 1995), myb (Dai, Akimaru et al. 1996), and
transcriptional activators such as MITF. Some of the other coactivatbr&Aik
activity include PCAF, Esal, NuA4, and steroid receptor coactivators. Tianseri
factors can recruit HATs. In addition to histone acetylation, gene requlat HATS
also involve acetylation of transcription factors such as p53, GATA-1, GATA-3, and
basal transcription factors such as TFIIE and TFIIF (Soutoglou, Katrakili 20@0).
The reversible process of deacetylation is brought about by a group of enzymes
called histone deacetylases (HDACS) that catalyze the removadtgf gmoups and
reestablish the positive charge on the histone. The four classes of HDACSs {Diclsslé
(HDAC1, HDAC2, HDACS3, HDACS), Class Il (HDAC4, HDAC5, HDACG6, HDACTA,
HDAC9, HDAC10), Class lll (Homologs of Sir2 in the ye&satcharomyces cerevisiae)
and Class IV (HDAC11). Histone deacetylase complexes areddrgetytosine-
methylatedpromoters by methyl CpG binding protein MeCP2 (Ng and Bird 1999),
Recruitment of HDAC to the methylated promoter maintains these regi@nisyipo-
acetylated state, inhibiting transcription in the process (Eden 1998). In addition,
repressive transcription factors, such as Mad, can also facilitate meantivf HDAC to
genomic targets. HDAC complexes can repress transcription, even in theeabisenc
histone acetylation. This is mediated by the interaction of N-CoR and mSin3A, the

components of HDAC complex, with the preinitiation complex, therefore integferith
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the transcription machinery. Disruption of HDACs has been linked to a wide variety of
human cancers. Trichostatin A (TSA) is a potent inhibitor of HDACs that can mesult i
hyperacetylation of histones and thus activate transcription of genes (Matksn Rt al.

2001).

(v) Histone phosphorylation

Phosphorylation of histones is prevalent in histone H1 and H3. Histone H1 is
phosphorylated on serine/threonine residues on its N- and C- terminal domains, while H3
is phosphorylated on serine/threonine residues on its N-terminal domain. Histone H3
phosphorylation favors transcriptional activation and is implicated in the activation of
early response genes suctcds andc-Jun (Clayton, Rose et al. 2000). Protein
phosphatase 1 appears to be the histone H3 phosphatase and two kinases of the
Aurora/AIK family, Aurora-A and Aurora-B, have been identified as the histdhe H
kinase (Crosio, Fimia et al. 2002). A balance of protein phosphatase and kinasesacti
is needed to maintain steady state levels of protein phosphorylation (MurdiamsAet
al. 2001). Histone H3S10 phosphorylation is required for mitotic chromosome
condensation and segregation during the cell division (Hendzel, Wei et al. 1997; Wei,
Mizzen et al. 1998). Histone phosphorylation is associated with histone acetylation
during transcriptional activation. Phosphorylated histone H3S10 binds GCN5
preferentially and acetylates the same histone H3 N-terminal theé atys14 position

and thus induces transcription.
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(vi) Histone Ubiquitination and Sumolyation

Histone H2A was the first identified ubiquitinated histone (Goldknopf, Taylor et
al. 1975) and its ubiquitination site has been mapped to the highly conserved residue, Lys
119 (Nickel, Allis et al. 1989). This modification exists mostly in a mono-ubiquitinate
form. In addition to H2A, H2B is also ubiquitinated (West and Bonner 1980). Histone
ubiqutination is also a dynamic process involving ubiqutination and deubiqutination.
Polycomb protein complex RinglA/B-Bmil has been identified as the major E8 ligas
targeting H2A, linking uH2A to gene silencing and tumor development (Wang, Wang et
al. 2004). The identified mammalian H2A de-ubiquitinating enzymes (DUBsjdecl
members of two distinct protease families, 2A-DUB and USP (Ubiquitin $pecif
Protease) (Nicassio, Corrado et al. 2007; Zhu, Zhou et al. 2007). Ubiquitination of
histones plays a role in both transcriptional activation (Henry, Wyce et al. 2003)
repression (Dover, Schneider et al. 2002).

Similar to ubiquitination, sumolyation of histones requires E1 activating
(SAE1/SAE2) and E2 conjugating (UBC9) enzymes, and it competes with histone
acetylation or ubiquitination (Shiio and Eisenman 2003). This modification thus favors
repression of transcription. Histone sumolyation and acetylation sites getgrwsierlap,
and mutation of sumolyated histones, or the enzymes needed for this process such as

Ubc9, lead to marked increase of histone acetylation (Nathan, Ingvarstiatti2006).

3. ATP-dependent chromatin remodeling

ATP-dependent chromatin remodeling involves mobilization and repositioning of

nucleosomes by sliding of nucleosomes along the path of the DNA, transfer of a histone
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octamer from a nucleosome to a separate DNA template, or generation of suaér heli
torsion in DNA. These alterations in the position of the nucleosomes with respect to the
DNA sequences around them, increases or reduces the accessibility oba site f
transcription factors and thus may lead to transcriptional activation or riepreBse
enzymes that catalyze this process are specialized factors that asertipeof ATP
hydrolysis to bring about structural alterations in nucleosomes. They aresoiultit
complexes with an ATPase as the catalytic center.

The three families of ATP-dependent chromatin remodeling factors include the
SWI/SNF2, Mi-2/CHD, and the ISWI complexes. The compositions and biochemical
mode of action of these complexes are distinct and therefore bring about changes in
nucleosome structure by mediating distinct functions. SNF2 subfamily coesphee
very large ~2 MDa assemblies composed of 10-15 different polypeptides. The
distinguishing feature of these compleisethe presence of a bromodomain (Martens and
Winston 2003) that can bind acetylated histone H3 or H4 (Dhalluin, Carlson et al. 1999).
The SNF2 complexes can mediate displacement of histones from one DNA template t
separate segment of DNA (jumping), creating energetically unfavadalgotion of
histone octamer-DNA contacts (Lorch, Zhang et al. 1999). Thus these complexes
catalyze disassembly of nucleosomes by mediating translocation obsmties by ~80
bp. In humans, the Brgl-associatactors (BAF) complex is related to SWI/SNF (Wang
2003).

On the other hand, ISWI subfamily members such as ACF, CHRAC, RSF and
NURF are smaller (~0.5 MDa), with 2-5 components and promote the assembly of

nucleosomes. NURF and CHRAC cause sliding of nucleosomes by causimgntrans
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alteration in the weak interactions between histones and DNA (Hamiche,
Sandaltzopoulos et al. 1999; Langst, Bonte et al. 1999). Thus, these complexes mediate
modest repositioning of nucleosomes by ~10 bp. Amidst these differences, both these
complexes can cause structural changes in nucleosomes by mediating sagler hel
torsion in DNA or chromatin, which can in turn affect DNA-histone interactions or the
interaction of other proteins, such as the transcription repressors with thé@a\i

and Simpson 1997).

The Mi-2 group of enzymes are characterized by a chromodomain (Delmas,
Stokes et al. 1993) that can bind methylated DNA and histone tails. Nucleosome-
remodeling deacetylase (NURD) complexes in humans consist of the Mi-@&sATP
subunit, which possess both chromatin remodeling and histone deacetylasesactivitie
This Mi-2 group of chromatin remodeling complexes functions in the repression of gene
expression. The Ikaros complex, a transcription factor important for nornaaldBF-
cell development, interacts with NURD complexes in lymphoid and erythroid céits (K
Sif et al. 1999). In erythroid cells, they function in the repressigrgtidbin gene
expression at the time tife switch from fetal to adult globin production (O'Neill,

Schoetz et al. 2000).

4. Interplay between epigenetic modifications and transcription madhery

RNA polymerase holoenzyme interacts with transcription factors or egiigen
factors, such as DNA and/or histone modifications, to form a large network that
participates in the transcription process (Kadonaga 1998). An unanswered question

regarding transcriptional activity is whether epigenetic modificatiacifitate
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recruitment of transcription factors or vice versa. Evidence is availaldean 6f both
ideas.

Cooperative interaction between epigenetic modifications is important in
providing additional control over genomic regulation. A variety of inactive or active
chromatin marks communicate with each other to establish and maintain the
transcriptional activity of a gene. DNA methylation, histone deacetylatistgrta H3K9
methylation and binding of HP1 are some of the common inactive chromatin marks that
mediate gene repressiddim-5, a SET-domain gene with histone H3K9
methyltransferase activity, directs DNA methylatiorNeurospora crassa (Tamaru and
Selker 2001). Mutation of histone H3K9 methyltransferase activity resulted ireacduc
DNA methylation. Additional evidence showing the effect of histone metbylain
DNA methylation invalues the interaction of Dnmtl and MeCP2 with HDAC. HDACs
from deacetylated chromatin interacts with Dnmtl and MeCP2, which feaslita
establishment and maintenance of cytosine methylation. This interaction thasegre
the H3 amino terminus for substrate recognition by HMTases. SuVar, a histo®e H3K
methyltransferase, can interact with MeCP2 along with HP1, resulting in compa
chromatin. Transcription factors and repressors can also interact witlptbesas to
repress gene expression. E2F-6, a mewidie E2F-family of transcriptiofactors co-
existsin a protein complex with HP1 ar@UV39H1, histone H3K9 methyltransferase
(Zhang and Reinberg 2001). Repression by YY1, a transcriptional repressadtjagehe
by interaction with HDAC2 (Yang, Inouye et al. 1996).

Similarly, enzymes that catalyze establishment of active chromatiksprsuch as

HATs and histone H3K4 methyltransferases also communicate with traiescfguttors.
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In fact, as discussed earlier, many of the HATSs identified so far arepstyi
characterized coactivators, such as GCN5 (Georgakopoulos, Gounalaki et al. 1995;
Brownell, Zhou et al. 1996) and p300/CBP. p300/CBP links activators to the
transcription machinery at promoters regulated by nuclear hormone recapddise

oncoprotein E1A (Chakravarti, LaMorte et al. 1996).

V. Hematopoiesis

Hematopoiesis is a remarkable process that involves formation and development
of mature blood cell components, starting from a relatively small stem cegbactment.
The whole process is regulated by several cytokines (Fig 1). In a developgingpem
formation of blood cell formation starts in blood islands present in the yolk saagDuri
development, the blood formation shifts to liver, spleen and lymph nodes (Palis and
Yoder 2001). Bone marrow and spleen carries out the entire task of blood cell
development after birth. The three lineages of blood cells include erythrojhdyth
and myeloid lineages. Erythroid cells consist of the red blood cells, whichdtsslit
oxygenization. The lymphoid lineage consists of T cells and B cells thathmbeytant
roles in the adaptive immune system. The myeloid cells include granulocytes,
megakaryocytes and macrophages.

The process of cell differentiation and lineage commitment is achieved by a
complex coordination of signal transduction pathways and cell-type speciéc ge
activation (Kluger, Lian et al. 2004). The precise mechanisms antivatirepressing
gene transcription required for development are brought about by various cisaresd t

acting regulatory elements (Orkin 1995). In addition to various lineagefisp&ci
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differentiation-specific transcription factors, epigenetic fexctdso play a crucial role in
this procees (Rice, Hormaeche et al. 2007). Thus, hematopoiesis has served as an
important model for understanding mammalian gene regulation. Research oniigntify
the molecular mechanisms controlling cell type-specific gene estpreis a fruitful

approach to understand hematopoietic development.

Multipotent Hematopoitic Stem Cell

GM-CSF, IL-3 | IL3

Common myeloid
progenitor Common lymphoid
progenitor
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Figure 1. A diagram that shows the development of different blood cells from
hematopoietic stem cell to mature cells and the cytokines involved in the rexqaltti

differentiation.
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V. Transcription factors and epigenetic regulation in hematopoiesis

Renewal or commitment of hematopoietic stem cells (HSC) is trigggrdteb
differential expression of lineage-specific transcription factors. Tlaesers can bind to
the regulatory regions of genes, such as promoters, or LCRs to mediggpesibecific
gene expression. Transcription factors can also render their effactibgting or
repressing the transcriptional pathway of another transcription factor. Thewsyals
transcription factors control commitment of HSCs to lymphoid or myeloid lineages, not
all factors are specific to hematopoietic lineages. Critical ¢rgsignal regulators such
as PU.1, C/EBP, c-Myb, Spl, AML1 and GATA-1 play central roles in determining
myeloid lineage commitment (Skalnik 2002). Over-expression of transcription &ctor
Myb induces differentiation of K562 cells to the granulocytic/monocytic lieeag
(Valledor, Borras et al. 1998). A separate set of transcription factorsteedi
differentiation of lymphoid cells. The Ikaros complex plays an importaatinahe
development of all lymphoid lineages (Georgopoulos, Moore et al. 1992). The
transcription factor Pax5 plays an important role in the commitment to Bresdge.

Inhibition or change in signaling pathways that activate differentiationecahtb
a switch in lineages. For example, Notchl signaling promotes commitment wiocom
lymphoid progenitors to thymocytes while inhibiting B cell production (Wilson
MacDonald et al. 2001). Inhibition of protein kinase C suppresses megakaryocytic
differentiation and induces erythroid differentiation in human erythroleukeif)(
cells (Hong, Martin et al. 1996).

The expression of transcription factors required for the differentiation of

hematopoietic lineages can be regulated by epigenetic modifications sstytbsine
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methylation. PU.1 is highly expressed in differentiated B cells, but not in T cells
correlating with the methylation status of #d.1 gene promoter (Amaravadi and

Klemsz 1999). GATAS3 plays important roles in the maturation of CD4 cells and display
reduced cytosine methylation in CD4+ cells compared to CD34+, CD8+, T and B cells
(Wilson, Makar et al. 2005). Epigenetic modifications can also influence hematopoieti
differentiation by inhibiting or favoring binding of transcription factors. M@@xists in

a complex with the transcriptional co-repressor Sin3A and HDACs which canthéck
ability of PU.1 to activate transcription through its cognate binding sitd,(B002;

Suzuki et al. 2003). In addition, transcription factors also regulate spgerfe

expression patterns during hematopoiesis by recruiting HAT or HDAC consgiexkee
promoters of target genes. Transcriptional activation oftjebin locus during
erythropoiesis is achieved by recruitment of CBP/p300, a histone acetytesmesfby
GATA-1 (Hung, Lau et al. 1999). On the other hand, CBP-mediated histone acetylation
is inhibited by transcription factor PU.1 (Hong, Kim et al. 2002). Thus, CBP also
interacts with transcription factors of opposing functions, such as GATA-1 andtBU.1

regulate cell cycle arrest and cell cycle progression during hemaigpoie

VI. Cell lines as model systems for hematopoiesis

The technical difficulties, and the scarcity of purified populations of multi- or
pluripotent progenitors cells, has slowed down the understanding of lineage
determination and intracellular events during hematopoiesis. Mature aelisise a
very small percentage of bone marrow cells, and maintenance of thenuéncigture is

very difficult. Isolation of mature cells requires biological, biochemiaatl molecular
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analysis of purified populations of each of the hematopoietic subpopulations and thus is a
very laborious process. Hematopoietic development begins with the response of an earl
progenitor cell to microenvironmental influences. The entire process is pronyoted b
soluble regulatory cytokines or growth factors, each activating distinchasudrie cases
overlapping pathways and targets (Zhu and Emerson 2002). The most common growth
factors that stimulate blood cell formation include stem cell factor \SfZ&nulocyte-
macrophage colony stimulating factor (GM-CSF), granulocyte CSF (G-&&F)
macrophage CSF (M-CSF) (Kelley, Graham et al. 1999). These factorseastorzl
transduction pathways that change expression of transcription factors tilvat activate
genes that determines the differentiation of blood cells (Fortunel, kaé&tfal. 2000).

Multipotent hematopoietic cell lines contain mixed populations of committed
progenitor like and immature cells, which are inducible with variety of atersitimuli
and thus develop or mature into particular hematopoietic lineage based on the stimulus
used. These differentiation processes require further examination ofrdezilular
events, such as signaling pathways and gene expression, and serve as anmexoatlent
of hematopoietic differentiation. Some of the multipotent cell lines used far shedies
includes HEL, MEG-01, Dami, CMK, and K562.

Human K562 cells are one such multipotent hematopoietic cell line initially
derived from a patient with chronic myelogenous leukemia (Lozzio and Lozzio 1975).
Undifferentiated K562 cells express surface markers characteristivsgafkaryocytic,
erythroid, and monocytic lineages. Hemin, aphidicolin, §rD-
arabinofuranosylcytosine and sodium butyrate treatment commits K562 celldsaamar

erythroid lineage (Rutherford, Clegg et al. 1981; Delgado, Lerga et al. 1995). PMA
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induces differentiation along the megakaryocytic lineage, with an acogmpgancrease

in expression of megakaryocytic markers, and a concominant decrease in gssierpr

of markers of monocyte and erythroid lineages (Tetteroo, Massaro et al. 1984). Some of
the early and specific markers for examining the megakaryocytdispggie expression
include glycoprotein lIb/Illa (GPIIb/llla), glycoprotein Ib, thrombospondinkida

1981; Long, Heffner et al. 1990). PMA treatment leads to the induction of transcription
factors such as AP1, and egr-1 that further facilitates cell-spegifiression of genes
required for differentiation. PMA stimulation of K562 cells leads to the aativaf the
protein kinase C and further downstream activation of the Mitogen activatedprotei
kinase (MAPK) to modulate megakaryocytic differentiation (Herrera, Hubbal.

1998). Activation of the MAPK pathway alone is necessary and sufficient to cause
megakaryocytic differentiation of K562 cells in the absence of PMA stimulation

(Whalen, Galasinski et al. 1997).

VIl. Rho GTPases

Rho GTPases belong to the Ras super family, which has been divided into six
families: Ras, Rho, Arf, Sar, Ran and Rab (Bourne, Sanders et al. 1990). Rho GTPases
are molecular switches that cycle between two combinatorial :séa@&EP bound active
state and a GDP bound inactive state. At least 23 Rho-related proteins have been
identified in humans, but the best characterized members of this family indhode R
Rac and Cdc42. Members of Rho GTPases are critical for several aspetits of ce
behavior, such as celioliferation, apoptosis, adhesion (Huang, Alessandrini et al. 1993;

Laudanna, Campbell et al. 1996), motility, differentiation (Erickson, Galletta £997),
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gene expression (Huang, Alessandrini et al. 1993), and vesicular traffickogr(B

O'Sullivan et al. 1998) and have therefore gained much attention among cell 8ologis

1. Rac GTPase

The three isoforms of Rac GTPases include Racl, Rac2 and Rac3 which share
greater than 80% sequence identities. The greatest divergence ambnB&&A; and
Rac3 occurs at the C-terminal at residues 180-192, which are also hygldeveggions
in theRas proteins. The identified differendeEtween these isoforms in their C-terminal
ends magxplain differences in subcellular localization and/or bintlngpecific
regulatory molecules (Tao, Filippi et al. 2002).

The three Rac GTPases differ in their expression pattern. Racl is ubiquitously
expressed (Didsbury, Weber et al. 1989; Moll, Sansig et al. 1991) while Rac3 is also
widely expressed with higher expression in brain (Haataja, Groffen etol;, &6lis,
Corbetta et al. 2003). By contrast, Rac2 expression is restricted to hematdingiages
(Didsbury, Weber et al. 1989; Shirsat, Pignolo et al. 1942 mRNA displays relative
myeloid tissue selectivity and showed a further increase upon differentodtHL-60
and U937 cells to neutrophil-like and monocyte-like morphology, respectively (Didsbury,
Weber et al. 1989). Though expressed highly in hematopoietic cells, recent reports
additionally show expression of Rac2 in endothelial cells (Wang, Reber€0al) and

activated vascular smooth muscle cells (Tian and Autieri 2007).
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2. Functions of Rac2
Neutrophil chemotaxis and cell migration

Neutrophils are chemotactic cells that respond with directed motility tolsigna
like bacterial peptides and chemokines. A broad lamellipodia at the leadingiddge
the locomotion of neutrophils. Regulation of cytoskeletal dynamics by Radfidaldor
orchestrating cell movement and for normal cell orientation and polarization of
neutrophilsRac2 knock out neutrophils exhibit severe impairment in the direction and
speed of movement (Roberts, Kim et al. 1999). Patients carrying a natuallyHog
dominant-negativ®ac2 mutation (Asp57Asn) exhibit reduced neutrophil migration
and suffer from severe recurrent infections. This is the first case afdisee to
mutation in a Rho GTPase, which results in human phagocyte immunodeficiency
syndrome (Williams, Tao et al. 2000). In addition, Rac?2 is required for macrophage

accumulation during peritoneal inflammation (Pradip, Peng et al. 2003).

Superoxide production

Phagocytic leukocytes play major roles in the host immune response and respond
to pathogens by producing reactive oxygen species (ROS) through the nicotinamide
adenine dinucleotidehosphate (NADPH) oxidase (Castro and Freeman 2001). The
NADPH oxidases are a group of plasma membrane-associated enzymeslyzd tad
production of reactive oxidants such as free radicals by the one-electron reduction of
oxygen, using NADPH as tledectron donor. The five components of this complex
include a membrane bound cytochrorgg,lcomposed of gpd1™ p22"** | and the

cytosolic components pA?* and p67"*(Chanock, el Benna et al. 1994; DeLeo and
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Quinn 1996). The GTP-binding protein Rac2 is required for the regulation of NADPH
oxidase activity and induces the assembly of this complex (Knaus, Heywolth @3 5.

Rac2 knock out mice have neutrophils whose superoxide production is reduced 4-fold in
response to PMA stimulation (Haataja, Groffen et al. 1997). Patients sufiienn@
phagocyte immunodeficiency syndrome due to nonfunctional Rac2 have neutrophils
impaired in the ability to generate free radicals and they are preelisfmpoor wound

healing and life threatening bacterial infections (Gu, Jia et al. 2001).ionfeltte to the
bacterial pathogeAnaplasma phagocytophila results in the downregulation g91°"™
andRac2 gene expression, thereby leading to defective superoxide production of the host

granulocyte (Carlyon, Chan et al. 2002).

Stem cell adhesion

Regulatory events such as adhesion and localization of hematopoietic cells play
critical roles in maintaining the homeostasis of blood cell production (Tanci¥glzi et
al. 2003).Rac2 knock out hematopoietic stem cells/progenitor cells (HSC/P) exhibits
defective integrin mediated cell adhesion and enhanced mobilization (Yangsdkilet
al. 2001). In additionRRac2 knock out cells also showed defect in cortical F-actin
assembly, an important function required for cell migration and adhesion and terefor
exhibited reduced actin based membrane protrusion (Weston and Stankovic 2004). Thus,
Rac2 plays a critical role in controlling cytoskeletal changes thatg@riant for blood

cell formation and function (Gu, Filippi et al. 2003).
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Blood cell development

Rac2 plays important roles in the development and regulation of Band T
lymphocytes. Rac2 shares an important role with Racl in the production of common
lymphoid progenitors. B cell development in the bone marrow and spleen proceeds
througha series of differentiation stagé&c2-deficient mice display peripheral bloBd
lymphocytosis and marked reductions in peritoneal cavity Braphocytes (Croker,
Tarlinton et al. 2002). Rac2 regulates the survival and proliferation signaig ducell
developmentRacl/Rac2 knockout T-cells exhibit variety of defects such as suppression
of T-cell receptor mediated proliferation and IL2 production (Guo, Cance#s2£08).
They are also defective in receptor clustering during T-cell stimaland Th1
differentiation and show perturbed T-cell distribution and chemotaxis (Yunbeitg et

al. 2001).

VIIl. Rac2 gene regulation

The humarRac2 gene spans a 18 kb segment in chromosome 22q1 and consists
of 6 exons and a seventh noncoding exon containing the 3’ noncoding sequences ending
with a polyadenylation signal (Didsbury, Weber et al. 1989). The proximal hRat2n
gene promoter is GC-rich and lacks consensus TATA and CCAAT boxes (Ladd, Butler e
al. 2004). Therefore, multiple transcription initiation sites are present in thanhamal
murineRac2 genes, upstream of their translation initiation site (Ou, Pollock et al. 1999).
The major transcription initiation site of the huniRac2 gene is located 134 bp upstream
of the translation initiation site. The humac2 promoter region contains consensus-
binding sites for Sp1, Ets/PU.1, and MZF-1 transcription factors that have been

implicated in myeloid-cell restricted gene expression. Transeniffictors Spl and Sp3
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bind within the -74 to -58 murinRac2 promoter (Ou, Pollock et al. 1999). Transcription
factor Spl plays an important role in the regulatioRam2 promoter activity, as deletion

of -216 to -30 bp of human Rac2 upstream region, which contains multiple SP1 sites, led
to a severe decrease in the promoter activity (Ladd, Butler et al. 2004).

The regulatory elements required for the lineage-specific expressi@cafifave
been studied in cell lines and transgenic mice. Both the murine and IRactgene
promoters exhibit strong but promiscuous promoter activity following stablargsiént
transfection into cell lines (Ou, Pollock et al. 1999; Ladd, Butler et al. 2004) oR¥pm
deletion analysis in cell lines identified cell type-specific cesyadnts between -4358 bp
and -216 bp of the humaac2 gene promoter region. The huni@ac2 gene, including
1.6 kb of upstream sequence and 8 kb of downstream sequence, contains cis-elements
sufficient to restrict Rac2 expression to hematopoietic tissues in transgiee (Ladd,

Butler et al. 2004).

DNA methylation was also found to be important for restricting human Rac2
expression to hematopoietic cells. The Rac2 5'- and 3'- flanking sequenckteskhi
increased cytosine methylation in non-expressing cell lines. In additiatmest of
Rac2 non-expressing HEK293 cells with 5-Aza-dC, an inhibitor of Dnmt induae2i R
gene expression. This showed the importance of DNA cytosine methylation irtiregula

the lineage-specific expression of Rac2 (Ladd, Butler et al. 2004).
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IX. Focus of the dissertation

This dissertation investigates the molecular mechanisms reguRaii@gene
expression during hematopoeitic cell differentiation. The hematopoietidispec
expression of Rac2 has previously been investigated in cell lines and transgenic mi
The 4.5 kb humaRac2 gene promoter region showed strong but promiscuous acitivity in
cell lines. Hematopoietic-specific regulatory elements lie withenitumarRac2 gene
locus including the 1.6 kb upstream and 8 kb downstream sequence. The importance of
DNA methylation in the hematopoietic-specific expression of Rac2 has aschalied
(Ladd, Butler et al. 2004). However, regulatory elements required for the modwiation
Rac2 gene expression during terminal hematopoietic cell differentiation meimbie
identified.

Identification of the cis-element(s) and transcription factors thatatsjRac2
gene expression during terminal cell differentiation will be importantterchéning the
regulatory factors required for differentiation-specific expression o2 Raetermining
the role of epigenetic modifications in this process is important to understand the
communication between transcription factor(s) and chromatin structure toldga2
gene expression. Thus, the focus of this dissertation work is to identify thetoegula
elements of th&®ac2 gene and to understand the interplay between these factors to
provide an added level of control feac2 gene expression during cell differentiation.
This analysis may provide a better understanding of the complexity in bejdissue-
specific and differentiation-specific regulation to bring about an apptegpattern of

Rac2 gene expression.
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METHODS
l. Cell Culture
K562 human chronic myelogenous leukemia cells were grown in suspension in RPMI
1640 medium (GIBCO BRL, Grand Island, NY) supplemented with 5% fetal clone IlI
serum (Hyclone, Logan, UT), 0.2 mM glutamate and 50 units/ml penicillin/strgain
at 37°C and 5% C OMegakaryoblastic differentiation of K562 cells was induced with
100 nM phorbol myristate acetate (PMA) (Sigma Chemical Co, St Louis, M&)|ksl
in dimethyl sulfoxide (DMSO). Treatment with 100 nM phorbol 12, 13-didecanoate
(PDD) (Sigma Chemical Co, St Louis, MO) dissolved in DMSO was used as aveegati

control.

II. Nuclear Extract Preparation (Dignam Protocol)

K562 cells were grown to approximately 12b@lls/ml and treated with DMSO or PMA
for 24 h. The cells were scraped off the plate and collected by centrifugafio atg

for 5 minutes (min) at 4°C. Cell pellets were washed with ice cold phosphatesduffer
saline (PBS) (137 mM NacCl, 2.7 mM KCI, 4.3 mMJR&®, and 1.4 mM KHPQ,) and
pelleted by centrifugation at 500 x g for 5 min. The volume of cell pellet was takken as
volume. The cell pellets were resuspended with 5 volumes of ice cold buffer A (10 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES] pH 7.9, 1.5Mg@l,,

10 mM KCI) containing freshly added protease inhibitor cocktail (0.5 mM dithiothreit
[DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 0.1 mM leupeptirudgml

aprotinin and Jug/ml pepstatin), and incubated on ice for 10 min for swelling. The cells

were then pelleted by centrifugation at 500 x g for 10 min at 4°C. The cell peltets we
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then suspended in 2 volumes of ice cold buffer A containing protease inhibitors and 5%
NP-40. The cells were then lysed by 10 strokes of a dounce homogenizer. The
homogenized solution was then collected by centrifugation at 500 x g for 10 min at 4°C.
The cell pellets were resuspended in gb6f buffer C (20 mM HEPES pH 7.9, 25%
glycerol, 0.42 M NaCl, 1.5 mM Mgl 0.2 mM ethylenediaminetetraacetic acid

[EDTA]) containing freshly added protease inhibitor cocktail and incubated on i&& for
min. The cells were then collected by centrifugation for 20 min at 12000 x g at 4°C. The
supernatant containing nuclear extract was collected and stored in alicn881&atThe
concentration of total nuclear proteins was assayed by Bradford asadfo(Br1976)

before use.

lll. Preparation of DNA Probes for Binding Assays

1. Annealing of complementary oligonucleotides

Equal moles of single-stranded oligonucleotides of complementary sequeecaixed

in 0.2 M NaCl and boiled at 95°C for 5 min. The oligonucleotides were then annealed by

allowing them to cool slowly to room temperature overnight.

2. Labeling and purification of oligonucleotides

Double-stranded oligonucleotides were labeled with T4 polynucleotide kinage. Six
nanogram of double stranded oligonucleotide was mixed witil@X kinase buffer,

1 ul T4 polynucleotide kinase, andbof y-*P ATP. The reaction mixture was incubated
at 37°C for 1 h. The labeled probed was mixed with 1/5 volume of 5X DNA loading

buffer and resolved by electrophoresis using an 8% native polyacrylamide gel in 0.5X
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TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA) at 200 V for approximately 1 h. The
wet gel was covered with plastic wrap and exposed to X-ray film in the dark room for 30
seconds (s). The band corresponding to probe was excised and cut into small pieces and
transferred to the upper chamber of a spin-X tube continingu3®&Celution buffer (0.5

mM ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA pH 8.0 and 0.1 %
sodium dodecyl sulfate [SDS]). The probe was eluted by incubation in a 37°C water bath
for 4 h and separated from gel pieces by centrifugation at 6000 x g for 5 min. Another
150ul of elution buffer was added to wash the gel pieces and the probe was reeluted by
centrifugation at 6000 x g for 5 min. The eluted probe was treated with an equal volume
of 1:1 phenol/chloroform and subjected to centrifugation at 12,000 x g for 2 min. The
aqueous phase was transferred to a new microfuge tube and precipitated with a 1/10
volume of 3 M sodium acetate pd of 10 ug/ul tRNA and 2 volumes of 100% ice cold
ethanol (EtOH). The solution was allowed to stay at -20°C for 1 h and pelleted by
centrifugation at 12,000 x g for 10 min and washed with 80€e cold 70% ethanol.

The pellet was then allowed to air dry and dissolved inid @ double distilled (dd)

H,0. Two microliters of purified probe was used for scintillation counting.

3. Purification of labeled probe with Sephadex G-200 spin columns

Sephadex G-200 oligonucleotide spin columns were mixed well for equal distribution of
beads, followed by centrifugation at 4000 x g for 1 min. The labeled probe was mixed
with 30l of Tris-EDTA buffer and loaded onto G200 oligo spin column followed by
centrifugation at 4000 x g for 4 min. Two microliters of purified probe was used for

scintillation counting.
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IV. Electophoretic Mobility Shift Assay

The binding mixture containing 5-1@ of nuclear extract was incubated on ice wiill 2

of binding buffer (10 mM Tris pH 7.5, 50 mM K-glutamate, 5 mM MgQimM DTT

(freshly added), 1 mM EDTA, 5% glycerol) and 0.5 mM poly dI:dC and incubated on ice
for 30 min. For competition assays, 60 ng of non-radioactive oligonucleotide was added
to the mixture and incubated on ice for 30 min. T>cb@ints per minutes (CPM) labeled
oligonucleotide probe was added to each reaction mixture and incubated on ice for 30
min. For super shift analysis, 24§ of antibody directed against unmodified c-Jun

(Active Motif, Carlsbad, CA) or c-Fos antibody (Santa Cruz Biotechnolo§esta

Cruz, California) or normal rabbit serum (Santa Cruz) was added followed by tiocuba

at room temperature for 40 min. Two microliters of DNA loading buffer was added to the
mixture and separated on a 5% native polyacrylamide gel in 0.5X TRIS-borate EDTA
(TBE) at 250 V for 2 h on ice or in the cold room. The gels were dried by vacuum and

exposed to Kodak (Rochester, NY) Hyperfilm at -80°C with an intensifying screen.

The oligonucleotides used for EMSA are listed in Table 1.
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Table 1. Double Stranded Oligonucleotides used in EMSA

Sequences of oligonucleotides corresponding to the 18&ad#$promoter regulatory
region are indicated. The sense strand of each double stranded oligonucleotiei is lis
with AP1 transcription factor binding sites underlined and in bold italics andedutat

bases shown in bold.

Oligos Sequence

Oligo 1 5’'— gttgttacagtgtcatggtgtgtctgtccttt 3’
Oligo 2 5'— gtgtctgtcccttttattagtgagtagtgtttt 3’
Oligo 3 5'— tgagtagtgtcccaccgcagggatgtgtcattt 3’
Oligo 4 5’'—ggagtgtcacatttggttattcatttagtttt 3’
Oligo 5 5'— ttcatttagtcccatcctcttttgactacattt 3’
Oligo 6 5'— tttgactacactttgcaaactcactgaatcttt 3’
Oligo 7 5'— tcaafjaatcacagaaccacgaggcctctgttt 3’
AP1 control oligo 5'- gcttgatdgactcagccggaa 3’

AP1 mutant oligo 5’ — cgcttggacttggccggaa 3’

42



V. Construction of Plasmids

1. Construction of 5’- deletion constructs of the 4.5 kb humaRac2 promoter

5’- deletion constructs of the 4.5 kb hunfac2 promoter were sub-cloned into the
pGL3-Basic reporter gene vector (Promega, Madison, WI). Truncations of the 4.5 kb
humanRac2 promoter were created using restriction enzy8elsat -4223 bpAflill at
-4088 bpHindlll at -3824 bp an#pnl at -1100 bp. Two additional constructs were
made by sub-cloning polymerase chain reaction (PCR) amplified fragsgartining
-3500 bp to +134 bp and -30 to +134 bp into pGL3-Basic. PCR primers used for the
generation of these constructs are described in Table 2. A schematentatien of the

constructs is shown in Figure 2.

2. Construction of the EFJn-luc and -30bp+135-luc constructs

TheEF1la promoter from plasmid pEF/PAC (kindly provided by Dr. Mary Dinauer,
Indiana University) was digested using restriction enzymes Notl amdiiHand

sub-cloned into the pGL3-Basic luciferase reporter gene vector (Papiegdison, WI).

The Notl end of EFd was made blunt by Klenow filling and sub-cloned into pGL3-

Basic. A schematic representation of the construct is shown in Figure 3A. The 135 bp
region between -4223 bp to -4088 bp was PCR amplified, followed by restriction enzyme
digestion withKpnl andSacl and sub-cloned upstream of the -30 to +134 bp region in
pGL3-Basic vector. This construct will be referred to as -30bp+135-lucrachsh

schematic representation of the construct is shown in Figure 3B.
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3. Construction of the c-Jun expression vector

The full length human c-Jun cDNA from retroviral vector pMIEG3 (kindly provided by
Dr. Alexander Dent, Indiana University) was digested with restrictiayrmesNotl and

Xhol and sub-cloned into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA). A schematic
representation of the construct is shown in Figure 4. The full length humanc®RNés

in pCMV6-XL5 expression vector was purchased from Origene Technoldtpek\(ille,

MD).
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Table 2. PCR primers used for the generation of -3500 bp and -30 IRac2 promoter
deletion constructs

Sequences of oligonucleotide used to generate PCR products corresponding to human
Rac2 promoter fragments. Each oligonucleotide sequence contains a restrictioreenzym
linker at the 5’- end. The numbers in primer indicate the nucleotide positions within the

humanRac2 promoter. The restriction enzyme sites are shown in bold.

Construct Primer Sequence

-3500 bp — luc | -3.5 kb Sacl sense gagctgggaggttccatgggtgcat-3’

Basic Xhol antisense  5’-gctcgaccggtgtcggtggtgacagcetcag-3’

-30 bp — luc -30 Mlul sense 5’- acgccgaccgtggggagageage-3’

+134 Xhol antisense| Sjetcgaccgtgtccggagectggagag-3’
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\ SV40 poly A
pGL3 basic
Vector
(4818 bp)

Luciferase

Kpn ,Sac |, Mlu |, Sma |, Xho [, Bgl Il, Hind Il

o o o

-4358 bp - Luc | I I I I I E
-4223 bp - Luc | E
-4088 bp - Luc [ E
-3834 bp - Luc [ E

Sac | >
-3500 bp - Luc [
-1100 bp - Luc [ E

Mlu |
-30 bp - Luc :E

Figure 2. Schematic representation of the 5’- deletion constructs of tie5 kb

human Rac2 promoter in pGL3-Basic vector.Various lengths of 5'- deletion
constructs of the 4.5 kb hum&ac2 promoter obtained by restriction enzyme digestion
or PCR amplification were sub-cloned into pGL3-Basic reporter gene vatitor
constructs extend to +134 bpRdic2 (denoted by the diagonally shaded box). Arrows

indicate the +1 transcription start site.
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\ SV40 poly A
EFla -luc
Vector

(6166 bp) Luciferase

smal EFla Hind Il

\ SV40 poly A
-30 Rac?2 +
135-luc
vector
(5116 bp)

Luciferase

Kpn |, Sac |, Mlul, Sma |, Xho I, Bgl I, Hind Il

/ 135 bp

—p
-30 bp

Figure 3. Schematic representation of th&F la/luc, Core Rac2+135/luc constructs.

A) The EFla promoter from plasmid pERIPAC sub-cloned into the pGL3-Basic

vector. B) PCR amplified35 bp region between -4223 bp to -4088 bp oRd2

promoter sub-cloned upstream of the -30 to +134 bpRas2 promoter region in pGL3-

Basic reporter gene vector.
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c-Jun cDNA

\Nhe [, Hind lIlLKpn I, Not I, Xho I, Xba |, Apa |, Pme | /

BGH pA

pcDNAS.1/Hygro

Vector
(6900 bp)
Ampicillin

Figure 4. Schematic representation of pcDNA 3.1 vector containing full Igsh
human c-Jun cDNA.The human cJun cDNA from the MIEG3-cJun retroviral vector

was sub-cloned into pcDNA3.1/Hygro vector.
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VI. Purification of plasmid constructs

1. Small scale purification of plasmid constructs

Small scale purifications of plasmid DNA were performed using the miniptémin

Sigma. Transformed bacterial colonies were inoculated into 1.5 ml of LuriariBe

Broth (LB) supplemented with ampicillin (5@/ml) and incubated overnight at 37°C.

The overnight culture was transferred to a 1.5 ml microcentrifuge tube andenblbgc
centrifugation at 12,000 x g for 1-2 min. The supernatant was discarded, and tise pellet
were resuspended in 2Q0of ice-cold resuspension solution containing RNAase A
provided in the kit. The cell suspension was then mixed withu260lysis solution and
mixed by gentle inversion for 5-6 times. After incubation at room temperatusemin,
300yl of neutralization solution was added and mixed by gentle inversion for 5-6 times.
The bacterial lysate was collected by centrifugation at 12,000 x g for 10 mamviWiée,

the spin columns provided in the kit were prepared by addition ofil588lumn

preparation solution, followed by centrifugation at 12,000 x g for 1 min. The cleared
bacterial lysate was then transferred into the prepared spin column for binding and
centrifugation was done at 12,000 x g for 1 min. The spin columns were washed with 700
ul of wash solution by centrifugation at 12,000 x g for 1 min. Any residual wash solution
was removed from the column and plasmid DNA was eluted by addition ¢fl 100

ddH.0.

2. Large scale purification of plasmid constructs

Large scale purifications of plasmid DNA were performed using the maxiiréom

Qiagen. A singly colony from a freshly streaked plate was used to inoculdtef2 m
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ampicillin (50ug/ml) LB and grown for 8 h at 37°C. The 2 ml culture was used to
inoculate 250 ml of ampicillin (54g/ml) LB and grown overnight at 37°C. The

following day, the bacterial cultures were transferred into clean Nalgbaes &nd the

pellets were collected by centrifugation at 9000 rpm for 15 min at 4°C. The sapérnat
was discarded and the pellet was resuspended using 10 ml of buffer P1 containing RNase
A. Ten milliliter of buffer P2-lysis blue was added to each tube and the solution turns
blue upon mixing by rapid inversion of the tubes. After incubation at room temperature
for 5 min, 15 ml of ice-cold buffer P3 was added and mixed 5-7 times by rapid inversion.
The bacterial lysates were immediately transferred to a @aafilaxi cartridge and
incubated at room temperature for 10 min. During incubation, the Hispeed maxi tip was
prepared by placing on a compatible tube and allowed to equilibrate by addition of 10 ml
of buffer QBT. After incubation, cleared bacterial lysates were allowddwotfirough

the equilibrated cartridges by inserting a plunger into the syringeicimgtéhe bacterial
lysates after removal of the cap. The columns were then washed with 60 ml ofJiffe
After washing, the DNA was eluted into clean 15 ml tubes by addition of 10 ml of buffer
QF. The DNA was precipitated by addition of 15 ml isopropanol and incubated at room
temperature for 10 min. The DNA was bound to a column by addition of the 25 ml
solution into 30 ml syringe containing column. The column was washed with 2 ml of ice
cold 70% EtOH and the column was transferred to a 5 ml syringe. The DNA was eluted
from the column by addition of 500 ddH,O and re eluted with another 500ddH,0O.

The DNA was stored at -20°C until use.
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VII. Quantitative Real-time PCR
Total RNA was extracted from K562 cells using Tri-reagent (Moleculae&eh Center,
Cincinnati, OH). Two hundred nanograms of RNA was reverse transcribed usingcsipper
Il reverse transcriptase kit (Invitrogedarlsbad, CA). In addition to RNA, the mixture
contained 0.1ug of random primers (Roche, Mannheim, Germany), and 5 mM dNTPs to a
total of twelve microliter. The mixture was incubated at 65°C for 5 min and imtaelkdia
plunged into ice. The solution was collected by vortexing followed by additioplodf45X
strand buffer, 2ud of 0.1 mM DTT and 1ul of RNase OUT (Roche) and incubated at room
temperature for 2 min. One microliter of superscript Il reverse transseiptas added to
make up the final volume of the reaction top2@nd incubated at room temperature for 10
min and 42°C for 50 min. Finally, the enzyme was inactivated by incubation at 80°C for 15
min. The cDNA was stored at -20°C until use.

All real-time PCR reactions were performed in guBixture containing 20 ng
of cDNA preparation (2u1), SYBR-Green | core reagent, including AmpliTaq-GOLD
polymerase (Applied Biosystems, Foster City, CA), {Miforward primer and 0.4M
reverse primer. Real-time PCR analysis was done for hiReethmRNA and human
actin mRNA, and relative quantification was performed using the ABI PRISM 7000
sequence detection system (Applied Biosystems, Foster City, CA). Qtreatital-time
PCR analysis was carried out using2#&“' method (Livak and Schmittgen 2001).
HumanRac2 transcript levels were normalized to hunaatin transcript levels from the
same preparations of cDNA. The PCR primers used for the quantification of Racan

and humaractin transcripts levels are listed in Table 3.
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Table 3. Sequence of oligonucleotide used for real-time PCR analysis
Sequences of oligonucleotides used to quantify the relative transcript levels @f huma

Rac2 and humaractin.

Gene Primer Sequence

Human Rac2 hRac2 full forward 5’-ccaccgtgtttgacaactattca-3’
hRac?2 full Reverse 5’-ccacagccccaggttcac-3’

Human Actin hActin full forward 5’-ctcactgagcgaggctacagct-3’
hActin full Reverse 5'-ttgatgtcgcgcacgattt-3’
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VII. Flow Cytometric Analysis

DMSO, PMA or PDD treated K562 cells were scraped off the plate and detached b
pipetting in 1X PBS on ice and washed twice with 1X PBS. Viable cells were counted by
trypan blue exclusion, and 1¥t@lls per tube were resuspended in 1X PBS and labeled
with PE-conjugated CD41 antibody (kindly provided by Dr. Mary Dinauer, Indiana
University). Mouse IgG2A (kindly provided by Dr. Edward F. Srour, Indiana Uniygrsit
was used as an isotype control. Flow cytometry was performed on a Beckamsbic

FACScan Analyzer. Histograms are based on the analysis of 10,000 cells.

VIII. Site-directed Mutagenesis

Mutagenesis of the putative AP1 binding sites was performed using the Quigegdha
site-directed mutagenesis kit (Stratagene, La Jolla, CA) with minor nmatths.
Oligonucleotides needed for mutagenesis were synthesized by OperarhBobbgies

Inc (Huntsville, AL). The following considerations were made in selggtrimers. Both
strands of mutagenic primers contained the mutation and anneal to the same sequence on
opposite strands of the plasmid. In addition the mutation was designed to be in the middle
of the primer with around 15 bases of correct sequence on both sides. The PCR reaction
mixture contained fl of 10X reaction buffer (provided in the kit), 10 ng of plasmid in

which the mutation needs to be incorporated, 125 ng of primer 1 and primer 2
(corresponding to both strands),llof dNTP mix and Jul of pfu ultra high fidelity DNA
polymerase (provided in the kit). The PCR mixture was overlayed with a drop otiminer

oil. The PCR cycling parameters are described in Table 4.
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Table 4. Cycling parameters used for the mutagenesis of AP1 sites in #3©+135

Rac2 promoter construct.

Segment Cycle Temperature Time

1 1 95°C 30 sec

2 20 95°C 30 sec
55°C 1 min
68°C 6 min

The amplified products were digested withl2f Dpnl and incubated at 37°C for more
than 5 h to ensure complete digestion of the parental nonmutated supercoiled DNA.

Following digestion, 1 of the digested plasmids DNA was transformed into XL1-Blue

super competent cells arselect silver efficiency competent cells. The plates were

incubated at 37°C for overnight. The transformants were then confirmed for thi®imse

of mutation by sequencing (DNA sequencing core facility, Indiana Usitye8chool of

Medicine). AP1 mutations were incorporated in the 13Rdm2 promoter region sub-

cloned upstream of the -30 Rac2 core promoter in pGL3-Basic reporter gene vector.

The primers used for site-directed mutagenesis are described in Table 5.
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Table 5. Oligonucleotides used for PCR generation of mutated AP1 sitesthe -

30+135 bpRac2 promoter construct

Mutation of the AP1 binding sites in the 135 bp region between -4223 bp and -4088 bp of
the humarRac2 promoter region was done with the Quickchange Il site-directed
mutagenesis kit (Stratagene, La Jolla, CA) with the following sensentisdrese
oligonucleotide primers. The sequence corresponding to AP1 binding sites that are

mutated is indicated in bold italics.

Oligo Primer Sequence

Oligo 1 Primer 1 5’- ccctgtctgtgtggitcgagaccccgagegegceag -3’

Primer 2 | 5'- ctgcgcgcetcggggtgaacaccacacagacaggg -3

Oligo 4 Primer 1 5’- tgaataaccaaedggctctccctgeggtgggac -3’

Primer 2 5’- gtcccaccgcaggumgcttgecatttggttattca -3’

Oligo 7 Primer 1 | 5'- ggcggagcaccaagagaaccactcaaacgtttcac -3’

Primer 2 5’- gtgaaacgtttgagitjcgaggtcttggtgctccgcec -3’
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IX. Chromatin Immunoprecipitation Assay

Chromatin preparation and immunoprecipitation were performed with a ChIP kit
(Millipore, Bedford, MA) with minor modifications. K562 cells treated with PMA

DMSO were collected by centrifugation at 1200 rpm for 5 min at 4°C. The cells wer
counted after collection to ensure the amount of lysis solution to be added to have equal
amount of starting material in all samples. Protein-DNA crosslinking alas\aed by
incubating cells (2x10cells/reaction) with 1% formaldehyde for 10 min at 37°C. Cross-
linking was blocked by adding glycine to a final concentration of 0.125 M and incubating
at room temperature for 5 min. The cells were then pelleted with ice-col®hyBS
centrifugation for 5 min at 2000 rpm at 4°C. Cells were lysed by addition of pree@darm
SDS lysis buffer (20Q1/1x10° cells) (provided in the kit) and incubated for 10 min on
ice. One milliliter of lysate containing DNA crosslinked to proteins wascated to an
average length of 0.2-1.5 kb (checked by running on gel) with 8 sets of 15 sec pulses.
This standardized sonicated condition was then used in all ChIP assays. Thedonicate
lysates were then cleared by centrifugation and diluted 10-fold with Glatiod buffer
provided in the kit. One percent of the diluted lysate was reserved as an input sample
The diluted lysate was pre-cleared with salmon sperm DNA/Protein A agdumose
(provided in the kit) for 1 hr at 4°C with agitation. The agarose was removed by brief
centrifugation and the supernatant was used for immunoprecipitation of chrontlatin w
antibodies for Pol Il (Santa Cruz Biotechnology), c-Jun (Santa Cruz), SRat(Cruz),
acetylated histone H3 (Millipore, Bedford, MA), dimethylated histon&#@Millipore)

or normal rabbit serum (Santa Cruz) by incubating overnight with antibodies att#°C wi

rotation. The antibody/DNA complexes were collected using Protein A agduaseby
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incubating for 1 h at 4°C with rotation. The agarose was pelleted to remove the unbound,
non-specific DNA. The slurry containing the DNA/antibody complex was wasitesl f

min with each of low salt immune complex, high salt immune complex, LiCl immune
complex wash buffers (provided in the kit) and twice with TE buffer before elutioer. Aft
washing, the DNA/protein complex was eluted using freshly prepared elution (d%6er
SDS, 0.1 M NaHCg). The eluate was reverse crosslinked using 5 M NaCl by incubating
at 65°C for at least 5 h. Reverse crosslinked eluates were treatedwvithfzoteinase K

(20 mg/ml) to denature proteins, followed by purification of the DNA using a high pure
PCR product purification kit (Roche, Mannheim, Germany). Immunoprecipitated DNA

was analyzed by standard PCR.

The PCR primers used for the analysis of immunoprecipiated DNA are listedbli G
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Table 6. Oligonucleotides used for PCR amplification of the immunoprégitated
DNA

Sequences of oligonucleotides corresponding to the 135 bp HRem2promoter region
between -4223 bp and -4088 bp, the 129 bp intragenic region (+15 kb)Raicthmcus

and 210 bp intragenic region (+3.5 kb) of #utin gene locus.

Gene Region Primer Sequence

Rac2 135bp Forward| 5’-actttgcgttttctaggatttcac-3’
135 bpRac2 promoter region

ll)
W

Rac2 135bp Reverse 5’-caagcattgtctatcaatggca

Rac2+15kb Forward 5'-ttcacttcagggaaactgtgc-3
+15 kbRac2 intragenic region

Rac2+15kb Reverse 5’-gcacagatgaggagaaaaggc-3’

Actin+3.5kb Forward | 5’-ggtgatagcattgctttcgtg-3’
+3.5 kbactin intragenic region

Actin+3.5kb Reverse | 5’-gtctcaagtcagtctacaggt-3

58



X. Nuclease Accessibility Assay

Nuclei were isolated from K562 cells treated with DMSO or 100 nM PMA using nuclei
preparation buffer (15 mM Tris-HCI pH 7.5, 0.3 M sucrose, 60 mM KCI, 2 mM ethylene
glycol tetraacetic acid ([EGTA]), 15 mM NacCl, and 5 mM MgQ@ontaining 5% NP-40.
Further washes were performed in nuclei digestion buffer without NP-40 and samples
were stored in nuclei preparation buffer at -80°C until used. Aliquots of nuclei®j1x10
were incubated with 100 U of Nuclease S7 (Roche) in nuclei digestion buffer (60 mM
CaCb, 750 mM NacCl) for 20 min at 37°C, and the reactions were terminated by the
addition of stop buffer (10 mM Tris-HCI pH 7.6, 10 mM EDTA, 0.5% SDS, and 100
ug/ml proteinase K). Genomic DNA was purified using the high pure PCR product
purification kit (Roche). The 135 bp Rac2 regulatory region was PCR amplified and the
PCR product intensities were determined using ImageJ software. The aahB@R

product amplified from nuclease S7 digested samples was normalized to the amount

PCR product amplified from undigested DNA.

XI. Transient Transfection

K562 human chronic myelogenous leukemia cells were grown to a density of 500,000
cells per ml. The cells were harvested by centrifugation in 50 ml conicaldndes
resuspended at a density of 1%XK®%62 cells per 30Ql complete medium. For transient
transfection oRac2 promoter constructs followed by PMA treatment of K562 cells, the
cells were mixed with 1.6 nmoles of Rac2 constructs plus pcDNA3.1 for a totalgof 5
DNA. Since 1.6 nmoles of the largest construct g ®f DNA and 1.6 nmoles of the

smallest construct is 2ty of DNA, various amounts of pcDNA3.1 plasmid was added
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to each sample so that each containgd 6f total DNA. For AP1 over expression
studies, the cells were mixed with u§ of cytomegalovirus (CMVpB-galactosidase
plasmid, 2.5.g of -30+135Rac2 promoter construct and 8 nmoles of AP1 expression
vectors or empty vectors plus empty pBluescript SK+ vector for a total af DINA.

Three hundred microliter aliquots of cells were placed into 4 mm electroporation
cuvettes (Midwest Scientific) along with an appropriate concentration efhjpda
constructs. The cuvettes were vortexed briefly prior to electroporation withage of
220 V and capacitance of 956. Electroporated cells were divided into two samples and
one sample was treated with 100 nM PMA and the other with DNC®{s were

harvested at 16-24 h post-transfection and lysed for reporter gene assays.

XIl. Reporter Gene Assays

Luciferase reporter gene assays were performed using the lueifepaster assay

system (Promega, Madison, WI, USA) as per the manufacturer’s instructamsfdcted
cells were scraped off the plate and collected by centrifugation at 1200 rpm for 5 min.
Pelleted cells were washed with 1 ml of 1X ice-cold PBS followed by aaydtion at
8000 rpm for 4 min. The cells were mixed 10®f 1X Lysis buffer (Promega) and
incubated at room temperature for 15 min. The cell lysate was then collected by
centrifugation at 12,000 rpm for 4 min and the supernatant was transferred to a fresh 1.5
ml microcentrifuge tube for assay. Twenty microliter of lysate wad peeluciferase
reaction with 10Qul of luciferase assay substrate and the light units were read using a
Lumat LB 9501 chemiluminometer (EG & G Berthold, Wildbad, Germany). The aissay

were performed in triplicate for each experiment.
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B-galactosidase activity was measured by colorimetric analysis adsed to
standardize the luciferase activity between samples to correct fdolearansfection
efficiency. Thirty microliters of cell lysate prepared using promeparter lysis buffer
was added to 27 of B-galactosidase assay buffer containing 200 pl of 0.1 M YaPO
66 pl ortho-nitrophenyp-galactoside [ONPG] and 3 ul of 100X f¢0.1 M MgCh and
4.5 M B-mercaptoethanol). The mixture was vortexed and incubated at 37°C until a
change in color to pale yellow was observed. The assay was stopped by the addition of
1M N&COs and the activity was measured at 2pLysate from untreated K562 cells

treated as above was used as the blank.

XIII. RNA Isolation

RNA isolation by isopropyl alcohol precipitation

Total RNA was isolated from K562 cell lines using the Tri-reagent solutione@datr
Research Center, Cincinnati, OH). Six hundred microliters of Tri-reagemq10 cells

was added. After thorough mixing, the solution was incubated at room temperature for 5
min. Two hundred microliters of chloroform was added to each tube and mixed
thoroughly by vortexing and incubated at room temperature for 10 min, followed by
centrifugation at 14,000 x g for 15 min in cold. The aqueous phase was transferred to a
clean 1.5 ml microcentrifuge tube and the RNA was precipitated by addition of 0.6
volumes of isopropanol. The RNA was pelleted at 14,000 x g at 4°C for 10 min and the
pellet was washed with 5Q0 of 75% EtOH in diethyl pyrocarbonate (DEPC)-treated
H,0. The pelleted RNA was air-dried for few min and then resuspended in ap@ropriat

volumes of DEPC-treated,B.
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XIV. Invitro Transcription
Antisense RNA transcripts were generated from huRsa riboprobes and were
linearized with the restriction enzym\etl. The commercially derived 18S rRNA
template (Ambion, Austin, TX) was already linear. The huiRac? riboprobe was
generated at a specific activity of approximately £d@infig, and the 18S riboprobe
was generated with lower specific activity, 4§<tﬁmug, to compensate for the greater
abundance of the 18S transcript. The transcription reaction occurred jd sea6tion
mixture containing ug of DNA template, with a final concentration of the 1X
transcription buffer (MAXIscript” Kit, Ambion), 0.5 mM each of ATP, CTP and GTP,
3.125uM of a-*p UTP (Perkin Elmer), and 30 to 60 units of T7 RNA polymerase. The
reaction was incubated for 10 min at 37°C. Following incubation, the DNA template was
degraded by addition of 2 units of DNasel and incubating the reaction for 15 min at 37°C.
The labeled probe was mixed with equal volume of gel loading buffer Il (Ambion) and
separated on a 8 M urea/5% polyacrylamide gel at 300 V for 45 min in 1X TBE. The wet
gel was exposed to X-ray film for approximately 1 min in the dark room. The band
corresponding to full length probe was excised, broken into pieces and transferred into a
1.5 ml RNase-free microcentrifuge tube containing gi0éf probe elution buffer
(Ambion) and incubated at 37°C for 4 h. The eluted probe for transferred to a new
microcentrifuge tube and|# of probe was used for scintillation counting to determine
the amount of radioactive label.

The 18S riboprobe was generated with a very low specific activity (3 x 10
cpmiug) with the ratio of labeled to unlabeled UTP of 1:160,000. The reaction was

incubated for 3 h at 37°C. The DNA template was degraded by adding 2 units of DNasel
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and incubating the reaction for 15 min at 37°C. The unincorporated labeled nucleotides
were removed by NucAwaY Spin Columns (Ambion) as per the manufacturer's
protocol. Two microliters of eluted probe was used for scintillation counting for cgunti
the radioactive probe. Commercial RNA marker RNA certlimarker template was
generated as per the manufacture’s protocol (Ambion). The RNA Century mplecula

weight markers provided size reference for 100 to 500 nucleotides.

XV. RNase Protection Assay

RNase protection assays (RPA) were performed qrgt6tal RNA using the RNase
protection assay kit (Ambion) according to the manufacturer’s instructiodsl&aeled

RNA probes were generated from human and muRao2 cDNAs (Ladd et al. 2004) and
18S rRNA (Ambion, Austin, TX), using the MAXIscript in vitro transcription kit

(Ambion). The labeled humdarac2 and 18S rRNA riboprobes were hybridized with 10

ug of total RNA isolated from K562 cell lines. Two additional tubes containing yeast
RNA were used as control for probe integrity and function of RNases. In addition the
mixture contained 10l of Hybridization Il buffer (Ambion). The tubes were heated to
94°C for 2-3 min and then incubated at 42°C for 18 h to allow the probe to hybridize to its
complement in the sample RNA. The unprotected single-stranded RNA was digested
using a 1:50 dilution of RNase A/T1 mix in the 18®f RNase Digestion Ill buffer

(Ambion) and incubating the samples at 37°C for 30 min. One of the yeast RNA tubes
was also treated with RNase mix to verify that the probe was not protected rsd¢inea

of homologous sequence and thus provides a positive control for the RNases. The other

tube containing yeast RNA was treated with 166f RNase Digestion Il buffer without
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RNases as a control for the integrity of the probe. The samples were ptedipi$ing

225l of RNase Inactivation/Precipitation Il Solution (Ambion). The samplegwer
incubated at -20°C for at least 15 min, followed by centrifugation at 14,000 x g for 15
min at 4°C. After discarding the supernatant, the pellets were air-dritshfoninutes.

Two microliter of gel loading buffer (Ambion) was added to each tube and the samples
were incubated at 94°C for 3 min. The sampled were separated on an 8 M urea/5%
polyacrylamide gel at 1800 V for approximately 2 h in 1X TBE. The gel was ¢raedf

to 3 mm Whatman filter paper, covered with plastic wrap and exposed to X-raat film

-80°C.

XVI. Genomic DNA Isolation

The cells were scraped off the plate, followed by centrifugation at 3000 »5gior.

The pellets were washed with 1X PBS and pD0f DNA lysis buffer (10 mM Tris pH

8.0, 100 mM EDTA, 0.5% SDS) was added for lysis reaction. After lysis, the cetidysat
were incubated with gl of 20 mg/ml RNase A (Roche Scientific) for 15-30 min. Two
hundred microliter of 7.5 M ammonium acetate was added for the precipitation of
proteins. The samples were vortexed for 20 sec and incubated on ice for at least 5 min,
followed by centrifugation at 14,000 x g for 10 min for the removal of proteins and
cellular debris. Precipitation of genomic DNA was carried out by addition ofl6®0
isopropanol to the samples and mixed gently at least 25 times. The DNA was pslleted b
centrifugation at 14,000 x g for 10 min at 4°C. DNA pellets were washed withl 590
ice-cold EtOH and air dried. The pellets were then suspended in appropriate volume of

ddH.0.
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XVII. Western blot

Whole cell extracts were isolated from K562 cells stimulated with PMAgU8DS lysis
buffer. The extracts were sonicated for 1 min followed by centrifugation lectthe
supernatant. The concentration of proteins in each extract was determiBestiford
assay (BioRad, Richmond, CA). Equal amounts of cell lysate were run on SDS-
polyacrylamide gels and transferred to nitrocellulose. Immunoblottagyperformed
using 1:10,000 anti- c-Jun antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The
filter was washed with Tris-HCI buffered saline with 0.1 % tween 20 (TBSi0), a
incubated with anti-rabbit horse radish peroxidase antibodies (Amersham Rharmac
Biotech, Amersham, UK). After further washing, antibody bound to the filter wa
visualized using the ECL detection reagents (Amersham Pharmacia Bibteersham,

UK).

XVIII. Trichostatin A treatment of K562 cells
Around 1x10 K562 cells were transfected with AP1 expression vectors for 24 h before
treatment. Untransfected or transfected cells were then treated witlg/80CohHDAC

inhibitor trichostatin A (TSA) or equal amount of DMSO (vehicle control) for 5 h.
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RESULTS

|. Rac2 gene expression increases upon PMA stimulation and megakaryocytic
differentiation of K562 cells

Treatment of K562 cells with PMA results in changes of cell morphology and
acquisition of various cell surface markers unique to platelets and megakasyo
(Burger, Zutter et al. 1992; Racke, Lewandowska et al. 1997). Following PMA&eiat
K562 cells became adherent (Fig 5A), indicating increased cell surfaesi@allue to
increased integrin expression (Whalen, Galasinski et al. 1997). These wHeztsot
seen following treatment with PDD, an inactive analog of PMA, or with DN&hicle
(Fig 5A). Further studies were performed to examine expression ofeplsieface
glycoprotein lib/llla (CD41 antigen), an early marker of megakaryocyferentiation
(Burger, Zutter et al. 1992). Flow cytometric analysis showed increased Cp#sgnn
upon 24 h PMA treatment of K562 cells compared to the DMSO or PDD treated cells
(Fig 5B).Rac2 gene expression was previously reported to be up-regulated upon terminal
myeloid cell differentiation (Didsbury, Weber et al. 198%c2 mRNA levels during
K562 cell differentiation was examined by quantitative real-time Badysis (Fig 6A).
PMA stimulation led to about 5-fold increase in Rac2 mRNA levels compared tof that
DMSO-treated cells. PDD treated cells did not show significant chanéres2 gene
expression (Fig 6A). Induction &ac2 gene expression was further confirmed by RNase
protection assay, which showed a 6-fold increas®ag?2 mRNA levels upon PMA

stimulation of K562 cells (Fig 6B).
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Figure 5. Rac2 mRNA levels are induced upon PMA stimulation of K562 cells.

A) Light microscopy analysis of K562 cells grown for three days in mediumionorga

DMSO, 100 nM PMA, or 100 nM PDD. Magnification 20X.

B) K562 cells were grown in medium containing DMSO, 100 nM PMA, or 100 nM PDD
for 24 h. Surface staining of human CD41 was performed using PE-conjugated antibodies

and analyzed by flow cytometry. Mouse IgG2A was used as an isotype control.
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Figure 6. Rac2 mRNA levels are induced upon PMA stimulation and
megakaryocytic differentiation of K562 cells.

A) Quantitative real-time PCR analysis was performed to quaraif® mRNA levels in
K562 cells treated with DMSO, 100 nM PMA, or 100 nM PDD for 24®.(threshold
cycle) values oRac2 mRNA were normalized taC; values of humaactin mRNA from
the same cDNA preparations. NormaliZat?2 transcript levels in K562 cells treated
with PMA and PDD were then calibrated againstRae? transcript level in DMSO
treated samples. The levelRdéc2 mRNA in DMSO treated cells was set at 1. The data
represent a summary of three independent experiments. Error bars indicaaadhedst
error, and the asterisk indicateB &alue of <0.05 compared to DMSO control.

B) RNase protection assays were performed as described in the Methods ysjraf 10
RNA isolated from K562 cells treated with DMSO or 100 nM PMA for two or three
days. The riboprobe for hum&ac2 mMRNA was generated at a specific activity of 4 x
10° cpmhwg, while the 18S riboprobe was generated at a specific activity of 2.5 x 10
cpmiug. The protected fragments for the hunRac2 and18S riboprobe are 362 nt and

80 nt, respectively.
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ll. Transcription of the Rac2 gene increases upon PMA stimulation

Quantitative real-time PCR analysis showed a time dependent incrde2 in
MRNA levels following PMA stimulation of K562 cells for 12 and 24 h (Fig 7A). To
determine if the increase Rac2 mRNA levels is due to increased transcription, the
coding region of th&®ac2 gene was examined for enrichment of RNA polymerase Il by
chromatin immunoprecipitation analysis (Sandoval, Rodriguez et al. 2004). Treatment
K562 cells with PMA resulted in a progressive enrichment of RNA polymeragthin
the coding region of thBac2 gene, indicating an increase in the rate of transcription (Fig
7B). No enrichment of RNA polymerase Il within the hunaatin gene was observed

upon PMA treatment of K562 cells.

lIl. PMA responsive regulatory cis-elements reside within the 4.5 kiproximal Rac2
gene promoter

A luciferase reporter plasmid carrying 4.5 kb of the huRa? gene proximal
promoter was transiently transfected into K562 cells. Following transfettteocells
were split into two populations. One sample was treated with PMA for 24 h and the othe
with DMSO. PMA stimulation resulted in a 5-fold increase in reporter ggpeession
compared to that of the DMSO treated samples (Fig 8), similar to the orlo€ti
endogenouRac2 mRNA levels upon PMA treatment of K562 cells (Fig 6A). w40
promoter luciferase reporter gene vector was used as a positive contitoé BRAa
promoter in pGL3/luciferase reporter gene vector was used as a negatine. These
data demonstrate that DNA regulatory elements sufficient to direét iresponsiverac2

gene expression reside within the proximal 4.9%&62 gene promoter region.
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Figure 7. Transcription of the Rac2 gene increases upon PMA stimulation.

A) Rac2 mRNA levels from K562 cells stimulated with 100 nM PMA for 0, 6, 12 or 24 h
were analyzed by quantitative real-time PCR analysisvalues ofRac2 mRNA were
normalized tAC; values ofactin mMRNA from the same cDNA preparations. The data
represent a summary of at least three independent experiments. Erradizate ithe
standard erro values were determined by a standaesbt, and asterisks indicat®a
value of <0.05 compared to the 0 h time point.

B) Chromatin was isolated from K562 cells treated with PMA for various timedser

and immunoprecipitated using anti-RNA polymerase Il antibody or normal siin.
PCR analysis of genomic DNA extracted from input samples (1% of the dilutgd)lys
and the immunoprecipitates using amplicons from a 200 bp intragenic region (+4 kb) of
theRac2 gene locus and a 200 bp intragenic region (+4 kb) oAttia gene locus. The

figure shown is representative of at least three independent experiments.
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Figure 8. The 4.5 kb proximalRac2 promoter contains PMA-responsive cis-
elements.
A pGL3/luc (luciferase) vector or pGL3/luciferase vector contaitiegd.5 kb proximal
Rac2 gene promoteiiF1la promoter, 0iSV40 promoter were transfected into K562 cells.
After transfection the cells were divided into two samples, and one sangptecated
with 100 nM PMA and the other with DMSO for 24 h. The cells were harvested and
luciferase activity was determined. The difference in luciferaseity of the PMA
treated samples compared to the DMSO controls was calculated and redrasdate
induction of luciferase units. Results represent normalized mean + standaraherare
representative of at least six independent experiments with multipfeiglpseparations,
performed in triplicatelP values were determined by a standatest, and asterisks

indicateP values of <0.05 relative to the empty pGL3/luciferase vector.
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IV. A 135 bp region within the 4.5 kb proximal Rac2 gene promoter is necessary and
sufficient for the induction of transcription upon PMA stimulati on

A series of 5'- deletions of the 4.5 Rac2 promoter were generated to identify
the cis-elements necessary for PMA inductioR&f2 gene expression in K562 cells
(Fig 9). Deletion of the promoter to -4223 bp did not alter the level of reporter gene
induction compared to that of the 4.5 kb construct. However, deletion of the 135 bp
promoter region between -4223 bp and -4088 bp led to a loss of the PMA induced
promoter activity (Fig 9). The basal unstimulated transcriptional act¥ithese
constructs did not show any significant variation (Fig 11).

The 135 bRac2 promoter region (-4223 to -4088 bp) was sub-cloned upstream
of the -30 to +134 bpac2 core promoter in the pGL3/luciferase reporter gene vector
(referred to as -30+135/luciferase) to test if this regulatory regisuffi€ient to serve as
a PMA responsive cis-element. Transient transfection of this construct showed a
significant 25-fold increase in the induction of reporter gene expression drtpahat
of the -30 bp/luciferase construct (Fig 10). These results demonstiatectid5 bp
regulatory region is sufficient to direct increased transcriptionadityodf the Rac2 gene

promoter upon PMA stimulation of K562 cells.
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Figure 9. The 135 bp region between -4223 bp and -4088 bp of fRac2 gene
promoter is necessary for PMA-responsive transcription.

Various lengths of 5’- deletion constructs of the 4.5 kb huRea2 gene promoter
obtained by restriction enzyme digestion or PCR amplification were subdalatioe
pGL3/luciferase reporter gene vector. All constructs extend to +134 bp R&tBgene
(denoted by the shaded box). Arrows indicate the transcription start sitetat the
position. Plasmids containirigac2 promoter deletion constructs were transiently
transfected into K562 cells followed by partitioning into two samples. One a&atedr
with 100 nM PMA and other with DMSO for 24 h. The fold difference in luciferase
activity of the PMA treated samples compared to the DMSO treated sampilesasted.
Results represent normalized mean + standard error and are represehgdtigash six

independent experiments performed in triplicate and asterisks inBivataes of <0.05.
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Figure 10. The 135 bp regulatory cis-element of thiRac2 promoter is sufficient for
PMA-responsive transcription.

The pGL3/luciferase vector containing the 135 bp region between -4223 bp and -4088 bp
of theRac2 gene promoter region upstream of the -3Rbg core promoter in
pGL3/luciferase reporter gene vector, -30R302 core promoter construct in
pGL3/luciferase reporter gene vector or the pGL3/luciferase regmmer vector was
transiently transfected into K562 cells followed by partitioning into two sasn@ne
was treated with 100 nM PMA and other with DMSO for 24 h. The fold difference in
luciferase activity of the PMA treated samples over DMSO is presengedIt®
represent normalized mean + standard error and are representative dfsit leas
independent experiments performed in triplicate and asterisk inéAceatieies of <0.05

compared to -30 bp/luciferase construct.
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Figure 11.Rac2 promoter deletion constructs do not show changes in basal luiferase
units in unstimulated K562 cells.

Various lengths of 5’- deletion constructs of the 4.5 kb huRea2 gene promoter
sub-cloned into pGL3/luciferase reporter gene vector were transiemityected into
K562 cells. Twenty four hours after transfection, the cells were harvesiddaferase
andp-galactosidase activities were determined. After normalizationpagidlactosidase
activity, the fold difference in luciferase units relative to -4358 bp/lugéemnstruct
was calculated and represented as relative luciferase units. Rgsdtene normalized
mean + standard error and are representative of at least three indeprpdentents

performed in duplicate.
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V. Identification of PMA responsive DNA — binding proteins that inteact with the
135 bpRac2 gene regulatory region

EMSA was performed with seven overlapping oligo probes that span the 135 bp
Rac2 gene regulatory region to detect PMA induced DNA-binding proteins (Fig 12A). Of
the seven probes, Oligo probes 1, 4 and 7 revealed a DNA-protein complex thatdoecome
more intense following stimulation with PMA. Although nuclear proteins bind thall t
other oligonucleotide probes, no difference in protein binding was seen for oligo probes
2, 3, 5 or 6 when comparing extracts from PMA stimulated versus unstimulate(Faells
12B). In addition, the PMA responsive protein binding seen with oligo probes 1, 4 and 7
were of similar mobility when run on the same gel (Fig 12C), suggesting toehmon
protein/transcription factor binding site may be present at three distexwsthin the
135 bpRac2 regulatory region.

Competition experiments were performed to further test the presencamwioco
transcription factor binding site in oligo probes 1, 4 and 7. The PMA responsive ynobilit
shifts observed with oligo probes 1, 4 and 7 were effectively and specifically ammpet
away using unlabeled oligo 1, 4 or 7 (Fig 13). This result showed that the R2p
gene promoter regions shares a common protein binding site at thregpdisitions.
Database analysis using the TRANSFAC transcription factor seanysiarmogram
(Wingender, Dietze et al. 1996; Wingender, Karas et al. 1997) revealed putative AP1
binding sites within oligo probes 1, 4 and 7 (Fig 12A). AP1 transcription factors are
known to up-regulate transcription of genes containing the TPA response element (TRE;
5-TGAG/CTCA-3) (Angel, Baumann et al. 1987; Angel, Imagawa et al. 1987). AP1

consists of homo- or heterodimers of Jun, Fos or ATF proteins (Bohmann, Bos et al.
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1987; Hess, Angel et al. 2004). In addition, Jun and Fos proteins are also early response
genes that play important roles in myeloid cell differentiation (Lord, Ablkliodiaal.

1993; Shafarenko, Amanullah et al. 2004). To determine if the common transcription
factor binding site within the 135 bp region corresponds to AP1, unlabeled AP1 control
oligos known to bind AP1 (Ignatov and Keath 2002) were added to the EMSA reaction as
competitors. Non-radiolabeled AP1 oligos effectively disrupted the Pidporesive

protein binding seen at all three sites (Fig 13). Addition of non-radiolabeledtdiRa

oligo, that fails to bind AP1 (Zutter, Painter et al. 1999; Lai and Cheng 2002), did not
disrupt the PMA responsive protein binding (Fig 13). Furthermore, addition of nuclear
extracts from the PMA-treated-cells to the control probe containing A®preiduced a

shift of the same mobility (Fig 13). This showed the presence of AP1 bintisgsi

three distinct locations within the 135 Bpc2 regulatory region. Super shift analysis was
done to further test the binding of AP1 protein complex to the putative sites present in
oligo probes 1, 4 and 7. Lastly, super shift analysis with anti c-Jun antibody added to the
mixture resulted in the dissociation of protein-DNA complex and hence showedsdecrea
in protein binding (Fig 14). Addition of anti c-Fos antibody also resulted in diminished
protein binding or super shift (Fig 14). These results revealed that APle@sapl

containing c-Jun and c-Fos as binding partners interacts at three distisetithin the

135 bpRac2 gene regulatory region.
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Figure 12. Identification of three protein binding sites within the 135 bpRac2 gene
promoter region.

A) Schematic representation of the 135 bp region between -4223 bp and -4088 bp of the
Rac2 gene promoter region. The positions of seven overlapping oligo probes are

indicated. Three putative AP1 binding sites identified by TRANSFAC databalysiana

are indicated by dotted lines.
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B) EMSA was performed using seven overlapping oligo probes (1-7) as outlired in t
methods. Labeled probes were incubated wiily 5f nuclear extract isolated from K562
cells treated for 24 h with DMSO or 100 nM PMA. DNA-protein complexes that are
induced by PMA treatment are indicated by arrows and “F” denotes free probe.

C) EMSA was performed using oligos 1, 4 or 7 as outlined in the methods and run on the
same gel. Labeled probes were incubated wijth 6f nuclear extract isolated from K562
cells treated for 24 h with DMSO or 100 nM PMA. DNA-protein complexes of similar

size that are induced by PMA treatment in all three oligos are indicatadwy. “F”

denotes free probe.
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Figure 13. Identification of the common transcription factor binding ste within the

135 bpRac2 regulatory region.

Oligo 1, 4 or 7 probes were incubated withdbof nuclear extract isolated from K562

cells treated for 24 h with DMSO or 100 nM PMA. Competition experiments were done
by mixing a 70-fold excess of non-radiolabeled Oligo 1, Oligo 4, Oligo 7, ARttat

oligo, or AP1 mutant oligo with the PMA-treated samples. “Control” denotes AP1
control oligonucleotide probe incubated witd of nuclear extract from K562 cells
treated with 100 nM PMA. DNA-protein complexes that are induced by PMA treatment

are indicated by the arrow and “F” denotes free probe.
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Figure 14. c-Jun and c-Fos are AP1 components that interact with the 135 Rac2

gene promoter region.

Super shift analysis was performed by mixing labeled Oligos 1, 4 or 7 wgtob

nuclear extract isolated from K562 cells treated with 100 nM PMA for 24 h alohg wit
antibodies against c-Jun or c-Fos. Arramdicate the super shifted c-Fos/AP1 protein
complex and * denotes the absence or decrease in the intensity of the oligo/nuclear-
protein complex due to the interference of c-Jun or c-Fos antibody with the oligofauclea

protein complex formation.
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VI. AP1 binds to the 135 bpRac2 gene regulatory regionin vivo

Chromatin immunoprecipitation assays were conducted to assess AP1 binding to
theRac2 gene promotein vivo. Crosslinked and sheared chromatin prepared from
unstimulated K562 cells and K562 cells stimulated with PMA for 24 h was
immunoprecipiated with c-Jun or c-Fos antibodies. Figure 15 shows that both c-Jun and
c-Fos efficiently bind to the 135 bp regionvivo upon PMA treatment of K562 cells.
Binding of AP1 to the 135 bp region was not detected in DMSO treated K562 cells. The
interaction of AP1 to th®ac2 gene promoter is specific, as no enrichment of AP1 was
observed within the body of thiRac2 gene (+15 kb) that lacks putative AP1 binding sites

(Fig 15).
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Figure 15. AP1 binds to the 135 bp region between -4223 and -4088 bp of fRac2

gene promoter regionin vivo.

Chromatin was prepared from K562 cells treated for 24 h with DMSO or 100 nM PMA.
ChIP assays were performed using antibodies against c-Jun, c-Fos, or nbhibal ra
serum. The figure shows the results of the PCR analysis of genomic DNtegtfrom
input samples and the immunoprecipitates using amplicons from the 135 bp region
between -4223 and -4088 bp of fRaxc2 gene promoter region and a 175 bp intragenic
region (+15 kb) of th&®ac2 locus. The figure shown is representative of at least three

independent experiments.
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VII. All three AP1 sites within the 135 bp region are critical forRac2 gene promoter
activity upon PMA stimulation

Each of the three AP1 sites in the -30+135/luciferase construct was individually
mutated by site directed mutagenesis. Transient transfection of thesedsrfsllowed
by a 24 h PMA stimulation of K562 cells showed that individual ablation of any of the
AP1 sites in the 135 bp region led to a significant decrease in reporter gerng activi
compared to that of the wild type parental construct. Triple mutation of all titée A
sites completely abolished induction of reporter gene activity (Fig 16A),isbdhat all
three AP1 sites in the 135 bp region are important for the transcriptional actingy of t
Rac2 genepromoter following PMA stimulation. The luciferase activity of these
constructs in unstimulated K562 cells did not change relative to the -30bp/luciferase

construct (Fig 16B).

VIII. Trans-activation of Rac2 gene promoter activity by AP1 transcription factors

To test if AP1 transactivates tRac2 promoter, K562 cells were co-transfected
with the -30+135/luciferase construct and AP1 expression vectdts proteins can
form stable homo dimers but bind DNA less effectively than c-Jun/c-Fos hetersedim
(Bakiri, Matsuo et al. 2002). In addition, c-Jun homodimers can serve as co-actators
transcription (Grondin, Lefrancois et al. 2007). Overexpression of c-Jun alone did not
transactivatérac2 promoter activity (Fig 17A). On the other hand c-Fos proteins can
only form heterodimers with c-Jun and cannot form homodimers to activate transcript
(Milde-Langosch 2005). Cotransfection of a c-Fos expression construct also did not

transactivatérac2 promoter activity, as expected. Cotransfection of both c-Jun and c-Fos
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expression vectors led to a significant 6.5-fold increase in reporter gensestapre
compared to cells cotransfected with empty vector (Fig 17A). Thesesrdsuionstrated
that the heterodimer of c-Jun and c-Fos activiage? promoter activity in the absence of
PMA stimulation.

Additional studies were performed to test if AP1 induces expression of the
endogenoufac2 gene in the absence of PMA stimulation of K562 cells. Quantitative
real-time PCR analysis was carried out to examine endog&acRgene expression in
K562 cells cotransfected with c-Jun and/or c-Fos expression vectors for taventy f
hours. Results showed that neither c-Jun, c-Fos nor the addition of c-Jun and c-Fos
induced expression of the endogenBas2 gene in the absence of PMA stimulation of
K562 cells (Fig 17B). Over expression of c-Jun and c-Fos proteins in transfé&@ad K
cells were confirmed by western blot analysis (Fig 17C). Expression of cakun w
observed only in K562 cells transfected with the pcDNA/c-Jun expression vects. c-F
expression was observed only in K562 cells transfected with PCMV6-XL5/c-Fos
expression vector. Because exogenous AP1 transactivates transienftbcteaiac2
promoter constructs but does not induce expression of the endodran8ugene,
changes in chromatin structure may bedditional factorequired for the induction of
Rac2 gene expression during PMA stimulated K562 cell differentiation. Unlike the
endogenou®ac2 mRNA levels that is increased only after 6 h following PMA treatment
(Fig 7A), AP1 expression is induced within one hour of PMA treatment (Eriksson,
Arminen et al. 2005) and can also bind to oligo 1, 4 and 7 within one hour of PMA
treatment (Fig 18). So we hypothesized that changes may occur in the amsirmature

of theRac2 gene locus during K562 cell differentiation to permit AP1 binding.
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Figure 16. Functional activity of AP1 binding sites within the 135 bfrac2

regulatory region.

A) Single (referred to as Mutant 1, Mutant 4, Mutant 7) or triple mutations dftoras
Mutant 147) of the AP1 sites in the 135 bp region between -4223 bp and -4B8&bp
gene promoter region or the wild type 135 bp region sub-cloned upstream of the -30 bp
Rac2 gene core promoter construct in pGL3/luciferase vector were made byrsdedi

mutagenesis and transiently transfected into K562 cells. After traiosfehe cells were
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divided into two samples and one was treated with 100 nM PMA and other with DMSO
for 24 h. The cells were harvested and the relative luciferase actigtgetarmined. The
difference in luciferase activity of the PMA treated samples comparei&@Dtreated
samples was calculated and represented as fold luciferase units. Rgsakemt
normalized mean + standard error and are representative of at least genohelet
experiments performed in triplicate.values were determined by a standawesbt, and

the asterisks indicat values of <0.05 compared to 135+core Rac2/luciferase construct.
B) The -30 bp Cor&ac2 promoter/luciferase construct or the single or triple mutants of
the AP1 sites in the 135 bp region sub-cloned upstream of the R&cbgene core
promoter construct in pGL3/luciferase vector were transiently trandfexte K562

cells. Twenty four hours after transfection, the cells were harvestelicferase ang-
galactosidase activities were determined. After normalizationpagilactosidase

activity, the fold difference in luciferase units relative to -30 bp/lucse@nstruct was
calculated and represented as relative luciferase units. Resultergprermalized mean

+ standard error and are representative of at least three independent exjserim

performed in duplicate.
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Figure 17. Trans-activation ofRac2 promoter activity by AP1 proteins.

A) K562 cells were co-transfected with plasmid containing 135 bp between -4223 and
-4088 bpRac2 gene promoter upstream of the -30 bp Rac2 core promoter in the pGL3-

luciferase vector, c-Jun and/or c-Fos expression vectors and f=gélactosidase vector

= 78 kDa

=—45.7 kDa

for normalization of transfection efficiency. Twenty four hours after feati®n, the

cells were harvested and luciferase Brghlactosidase activities were determined. After
normalization with3-galactosidase activity, the fold difference in luciferase units of cell
transfected with c-Jun and/or c-Fos expression vector compared to the emptyvasctor

calculated and represented as relative fold induction of luciferase urstdtRepresent

normalized mean * standard error and are representative of at leastdepEnatent
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experiments performed in duplicate and asterisk indicafegadue of <0.05 compared to
pcDNA + PCMV6-XL5.

B) Quantitative real-time PCR analysis was performed to qudrai® mRNA levels in
K562 cells transfected with c-Jun and/or c-Fos expression vectors fon24values of
Rac2 mRNA were normalized taC; values ofactin mRNA from the same cDNA
preparations. Normalize®ac2 transcript level in K562 cells transfected with c-Jun
and/or c-Fos expression vectors were then calibrated against the empty. Vdwtatata
shown are representative of two separate experiments.

C) Twenty micrograms of whole cell extracts from K562 cells tratefiewith empty
vector, c-Jun and/or c-Fos expression vectors for 24 h were subjected to western blot
analysis. Proteins were separated by 5% SDS-PAGE, blotted onto nitrocellulose
membrane and detected with polyclonal c-Jun or c-Fos antibody. Arrows indibate c-

or c-Fos expression.
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Figure 18. Kinetics of AP1 binding to the 135 bp Rac2 gene promoter region
following PM A induction.

EMSA was performed using oligos 1, 4 or 7 probes as outlined in the methods. Labeled
probes were incubated with 5 ug of nuclear extract isolated from K562 cells treated for O,
1, 3 or 6 hwith 100 nM PMA. DNA-protein complexes that are induced by PMA

treatment in all three oligos are indicated by arrows. F denotes free probe.
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