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Abstract

PURIFICATION AND CHARACTERIZATION OF A METHYL-DNA BINDING
PROTEIN COMPLEX FROM PRIMARY ERYTHROID CELLS

By Evan Paul Kransdorf

A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University

Virginia Commonwealth University, 2004
Director: Gordon D. Ginder, M.D., Professor, Departments of Internal Medicine, Human
Genetics and Microbiology and Immunology

The chicken embryonic B-type globin gene, p, is silenced on day five of
embryogenesis. Concomitant with this silencing is methylation of cytosine residues in the
promoter and proximal transcribed region of the gene, which is first detected on day
seven and is complete in adult cells. Once methylated, expression of the gene cannot be
induced unless the methylation is removed by treatment of cells with 5-azacytidine.
Therefore p-globin is a member of a small group of genes whose normal developmentally
regulated expression is mediated at least in part by DNA methylation.

A methyl-DNA binding complex, termed the MeCPC (Erythroid Methyl
Cytosine-binding Protein Complex), has been found to bind to the methylated, but not
unmethylated, p-globin promoter and proximal transcribed region in nuclear extracts

from definitive erythrocytes. This complex has a stronger binding affinity for its cognate



Xit

binding sequence, the methylated p-globin proximal transcribed region (M-p248), than
for an artifical 5-methylcytosine-rich sequence (M-CG11).

To define the components of the MeCPC, we developed two chromatographic
procedures to purify the complex from adult chicken red blood cell nuclear extracts
(Purification Strategies I and II). Mass spectrometry was performed on the MeCPC
obtained by Purification Strategy I and proteins were identified by a novel application of
peptide mass fingerprint data fitting. Four components of the previously-purified MeCP1
transcriptional repression complex were identified in the sample: MBD2, RbAp48,
HDAC?2 and MTA1. Another identified protein, MENT, is a factor expressed only in
chicken hematopoietic cells. These five proteins, as well as the MeCP1 component Mi2,
were found to tightly coelute by Western blotting of gel-filtration fractions from
Purification Strategy II. Therefore, we conclude that these five proteins are components
of the MeCPC.

To confirm that MBD?2 is associated with the p-globin gene in vivo, we perfomed
the chromatin immunoprecipitation assay using anti-MBD?2 antibodies. In adult
erythrocytes, significant enrichment for MBD?2 is seen at the transcriptionally inactive p-
globin gene, but no enrichment is observed at the transcriptionally active p*-globin gene.
These experiments confirm that MBD?2 binds to the methylated p-globin gene in adult

chicken erythroid cells.



Chapter 1: Introduction

DNA Methylation

Epigenetic phenomena are biological processes that cause heritable changes in
gene expression without affecting the sequence of the gene itself. Several epigenetic
phenomena are known to exist within higher eukaryotes: DNA methylation, histone
coding, and RNA interference. Of these phenomena, DNA methylation is by the far the
most comprehensively documented, having first been shown to be associated with a
transcriptionally silent, protein-coding eukaryotic gene in 1979 (McGhee and Ginder,
1979). The epigenetic phenomena interact both functionally and mechanistically to
alternatively restrict or permit gene expression such that the genome sequence, which is
identical in almost all cells of an organism, is transcribed in a pattern characteristic for
each cell type.

Methylation of the 5-position of cytosine residues in DNA has an important role
in the regulation of gene expression in higher eukaryotes. Although the total contribution
of DNA methylation to the biology of the cell is not yet known, numerous examples
support a role for DNA methylation in maintaining genes in a transcriptionally inactive
state. Furthermore, by permanently silencing expression of particular genes in a cell-type

and temporally restricted pattern, DNA methylation contributes to maintenance of cell



differentiation and tissue-restricted gene expression and as well as to oncogenesis
(Hutchins et al., 2002; Futscher et al., 2002; Jones and Baylin, 2002).

Cytosine is the only base known to be methylated in eukaryotic DNA.
Methylation occurs almost exclusively on cytosines in the context of CpG dinucleotides,
although low frequencies of methylation of cytosines in CpA dinucleotides have been
reported in stem cells (Ramsahoye et al., 2000; Dodge et al., 2002). The 5-
methylcytosine is itself extremely mutagenic, with a recent survey finding that
deamination of 5-methylcytosine to T at CpG sites accounts for more that 20% of all base
changes that result in genetic disease (Krawczak et al., 1998). As a result of this
instability, the CpG dinucleotide has been selectively eliminated from the genome of
vertebrate organisms through spontaneous deamination to thymine, to a level that is 20%
of what would be expected based on the base composition of DNA (Bird, 1980).

Regions of the genome that have maintained the expected density of CpG
dinucleotides have been termed “CpG islands.” These regions were originally defined by
Gardiner-Garden and Frommer as genetic regions that range from 200 bases to several
kilobases in length, with a G + C content of greater than 50%, and having a ratio of CpG
to GpC greater than 0.6 (Gardiner-Garden and Frommer, 1987). It is believed that CpG
islands represent regions of the genome that are normally unmethylated in the germline,
and as such over evolutionary time have not been subject to elimination of CpGs.
Estimates of the total number of CpG islands in the human genome and the number of
CpG islands overlapping with gene promoters vary, but in an initial analysis of the

human genome sequence, Venter ef al. reported that 42% of first exons overlap with a



CpG island (Venter et al., 2001). While the CpG dinucleotides in an island remain
unmethylated, most (approximately 80%) of CpGs in the genome outside an island are
methylated (Bird, 1995).

Ponger and colleagues performed a detailed analysis of the characteristics of CpG
islands within the human genome and found that 90% of housekeeping genes (defined as
genes active in 17 of 24 tissue types) have a CpG island overlapping the promoter
(Ponger et al., 2001). This association is not dependent on the CG-density of the
chromosomal isochore in which the gene is embedded. In contrast, the percentage of
tissue-specific genes (defined as genes active in 1 of 24 tissue types) that have a CpG
island overlapping the promoter depends on the CG-density of the isochore the gene is
embedded in. Only 25% of tissue-specific genes embedded in CG-poor isochores have
CpG islands, whereas 64% of tissue-specific genes embedded in CG-rich isochores have
CpG islands. The implications of these findings with respect to the structure and function
of the human and chicken B-globin loci is discussed below.

Promoter CpG islands are of particular interest because of their role in gene
regulation. An inverse correlation between methylation of a promoter CpG island and the
transcriptional activity of the corresponding gene has been documented at numerous loci.
The first example of this relationship was described by McGhee and Ginder for the
chicken adult B-globin gene (McGhee and Ginder, 1979). Other examples include
methylation of the p/ 5" tumor suppressor in leukemia, the tissue specific methylation
of the serpinb5 gene, and methylation of the p-globin gene during ontogeny in the

chicken (Cameron et al., 1999; Futscher et al., 2002; Singal et al., 1997). Numerous in



vivo studies have confirmed that DNA methylation of 5’-CpG islands inhibits
transcription of the corresponding gene (Siegfried et al., 1999; Singal et al., 2002;
Curradi et al., 2002; Stirzaker et al., 2004). This transcriptional repression is absolute, in
that cells must be treated with the DNA methylation inhibitor 5-azacytidine to eliminate

the methylation, before transcription of the gene can occur.

The Methyltransferase Machinery

Three functional DNA methyltransferase enzymes have been identified in mice
and man. The first enzyme to be identified, DNA Methyltransferase-1 (DNMT1), has
been dubbed the “maintenance” methyltransferase. DNMT1 has an N-terminal domain
that targets it to the replication fork during S-phase and enzymatically displays a higher
preference for methylation of hemi-methylated DNA than for unmethylated DNA
(Leonhardt et al., 1992). Two other genes, DNMT3a and 3b, are the “de novo
methyltransferases,” displaying a higher enzymatic preference for unmethylated DNA
than DNMT1 (Yokochi and Robertson, 2002). The actual in vivo situation is not so
distinct, with DNMT1 cooperating with DNMT3D to silence genes in human cancer cells
(Rhee et al., 2002). Gene targeting experiments in mice have shown that deletion of any
of the three known DNA methyltransferase enzymes is lethal to the developing embryo
(Lietal., 1992; Okano et al., 1999).

A third species of DNA methyltransferase, DNMT2, has been identified in mice

and humans (Yoder and Bestor, 1998; Okano et al., 1998). The role of this enzyme has



not been clearly determined, and it has only recently has it been shown to possess

methyltransferase activity (Hermann et al., 2003).

Transcriptional Repression Complexes

Extensive studies in yeast and mammalian cells have shown that RNA
polymerase 11 (RNAPII), the major producer of mRNA in eukaryotic cells, exists in
multiple complexes within the cell. Several of these complexes have been found to
contain chromatin modifying enzymes, such as the histone acetyltransferases p300 and
PCAF (Cho et al., 1998; Wittschieben et al., 1999). Acetylation of the N-terminal tails of
histones H3 and H4 by these enzymes is thought to contribute to the initiation and
elongation phases of transcription, by creating a more open chromatin configuration
(Struhl, 1998).

Similarly, numerous transcriptional repression complexes have been identified
that contain histone deacetylase activities. Two of these complexes, the mSin3a and
NuRD complexes, have been shown biochemically to be connected to DNA methylation.
The mSin3a protein was first identified as the mammalian homolog of a yeast protein,
SIN3, which is required for transcriptional repression of the yeast HO gene (Sternberg et
al., 1987). Immunopurification of mSin3a from Hel a cells identified several associated
proteins: Histone Deacetylase-1 and -2 (HDAC1 and HDAC?2), Retinoblastoma
Associated Proteins of 46kD and 48kD (RbAp46 and RbAp48), as well as Sin3-

Associated Proteins of 18kD and 30kD (SAP18 and SAP30) (Zhang et al., 1997).



The Nucleosome Remodeling and Deacetylase (NuRD) complex was originally
purified on the basis of its histone deacetylase and nucleosome disruption activity (Tong
et al., 1998; Xue et al., 1998). This complex was found to share components with and
possess distinct components from the mSin3a complex. The mSin3a and NuRD
complexes share a set of factors that are thought to form a “histone deacetylase core”
complex: RbAp46, RbAp48, HDAC1 and HDAC2. In particular, the NuRD complex
contains: a) Mi2, an ATP-dependent nucleosome remodeling factor b) Metastasis-
Associated-2 (MTA?2), a transcriptional repressor and ¢) Methyl-CpG Binding Domain
Protein-3 (MBD3), a methyl-CpG binding domain protein (Wang and Zhang, 2001;
Zhang et al., 1999). Figure 1 is a schematic, showing the overlapping components of the
major transcriptional repression complexes.

Further functional complexity is achieved in the cell by association of these multi-
protein complexes. While purifying an Imitation Switch-class (ISWI) nucleosome-
remodeling protein known as SNF2h, Hakimi et al. found this protein associated with the
NuRD chromatin-remodeling complex as well as with the cohesin complex (Hakimi et
al., 2002). The cohesin complex is a set of four proteins: Sister Chromatid Cohesion-1
(SCC1), Structural Maintenance of Chromosomes-1 (SMC1), Structural Maintenance of
Chromosomes-3 (SMC3), and Stromal Antigen-1 or -2 (SA1 or SA2), that is required for
sister chromatid cohesion (Losada et al., 1998; Losada et al., 2000; Sonoda et al., 2001).
Interestingly, the SNF2h/NuRD/cohesin complex was found to bind to a subset of human
Alu elements that possess dimethylation at lysine K4 of histone H3 (H3-K4-Me,), and

bind to an enlarged subset of Alu elements after treatment of the cells with the DNA
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Figure 1. Schematic showing the overlapping components of the major transcriptional
repression complexes. The chromatin remodeling proteins are shown as large hexagons

since these proteins are thought to contribute the major enzymatic activity of each
complex.



methyltransferase inhibitor 5-azacytidine. This latter finding shows that this
supercomplex binds to unmethylated sites because the number of binding sites increased
with genomic demethylation. This in turn implies that this complex may be involved in
maintenance of transcriptional activity. Indeed, both the Sin3a and NuRD complexes
have been shown to be part of a multiprotein supercomplex containing Mixed Lineage
Leukemia (MLL) that binds to the actively transcribed HoxA9 gene (Nakamura et al.,
2002). These observations show that the mSin3a and NuRD complexes can exist in a
transcriptional supercomplex which can mediate both transcriptional repression and

activation.

The Methyl-DNA Binding Domain Proteins

Because DNA methylation has a demonstrated causative role in transcriptional
repression and can be targeted to developmentally regulated genes and tumor suppressor
genes, intense study has been directed towards elucidating the mechanisms of DNA
methylation. The earliest theory postulated that the transcriptional repression was
mediated by a direct inhibition of transcription factor binding via methylation of
cytosines within the factor’s binding site (Doerfler, 1983). Although several
methylation-sensitive transcription factors are known, only a small number of definitive
in vivo examples of this mechanism exist (Robertson et al., 1995b; Takizawa et al.,
2001). The discovery of a family of proteins that specifically recognize methylated
DNA, the methyl-CpG binding proteins (MCBP), has led to the observation of these

proteins as the mediators of DNA methylation in a variety of gene systems (Hutchins et



al., 2002; Chen et al., 2003; Sarraf and Stancheva, 2004; Magdinier and Wolffe, 2001;
Lin and Nelson, 2003). Thus, it is generally accepted that in most cases the 5-
methylcytosine “signal” is read indirectly by MCBP, which then affect transcription.

There are six well-characterized MCBP in higher eukaryotes. Five of these
proteins contain a distinct domain, known as the Methyl-CpG Binding Domain (MBD),
which is necessary and sufficient for binding of the proteins to methylated-DNA (Nan et
al., 1993). These proteins are MECP2, MBD1, MBD2, MBD3 and MBD4. Other MBD-
containing proteins have been identified in eukaryotes but their significance and
functions are not yet known (Roloff et al., 2003; Hung and Shen, 2003). The sixth
protein, Kaiso, is able to bind to methylated DNA via its zinc-finger domains and lacks a
true MBD (Daniel et al., 2002). Because these six proteins are all able to bind
specifically to methylated DNA, we have termed this family the methyl-CpG binding
proteins (MCBP). Previous to the discovery of Kaiso, the extant MCBP all contained a
MBD and were thus known as the methyl-CpG binding domain proteins (MBDP). We
prefer the previous since all the members of this family have been shown to have a role in
methylation-mediated transcriptional repression. A summary of the properties of the
MCBP can be found in Table 1.

The MeCP1 complex was the first methyl-CpG specific binding activity to be
described and was identified by electrophoretic mobility shift assays (EMSA) using
nuclear extracts incubated with an artificial "CpG-rich probe (M-CG11) (Meehan et al.,
1989). The complete purification of MeCP1 confirmed that MBD2 was the methyl-CpG

binding component of MeCP1 (Feng and Zhang, 2001). The other components of this
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Table 1. Properties of the methyl-CpG binding proteins (MCBP) in mammals. Protein size is given for the murine isoform

listed in NCBI RefSeq. Preference of MCBP for methylated/unmethylated DNA was taken from Fraga et al. {Fraga, 2003 28
/id}. ND: not determined.

Protein Number of Known Protein Size Function Associated Methyl/Unmethyl
Isoforms (kD) Proteins Preference

MeCP2 2 52 transcriptional Sin3a complex 2.7
repression

MBD1 5 70 transcriptional SETDBI1/CAEF-1 ND’
repression

MBD?2 2 29, 44 transcriptional Mi2/NuRD 69.8
repression complex

MBD3 2 32 transcriptional Mi2/NuRD 1.1
repression complex

MBD4 1 63 DNA repair MLH1 ND

Kaiso 1 74 transcriptional N-CoR complex ND
repression
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complex were the complete subunits of the Nucleosome Remodeling and Deacetylation
(NuRD) complex. Using purified MeCP1, it was shown that this complex can bind to
both methylated naked-DNA and methylated nucleosomes. Based on its NuRD
functionalities, the complex can remodel methylated nucleosomes and deacetylate
histones (Feng and Zhang, 2001). The purified MeCP1 also contained two units (one of
which was post-translationally modified) of a novel zinc-finger protein, termed p66

(Feng et al., 2002). p66 was found to be a transcriptional repressor in transfection
assays and to interact specifically with MBD3.

Biochemical studies have shown that the MCBP are members of distinct and
mostly non-overlapping transcriptional repression complexes. MeCP2 was the first
MCBP to be associated with a transcriptional repression complex. Two groups found
that MeCP2 associated with the Sin3a histone deacetylase complex (Nan et al., 1998;
Jones et al., 1998), although a recent study by Klose and Bird failed to find a stable
association of MeCP2 with the Sin3a complex in the absence of a target gene (Klose and
Bird, 2004). MBD1 has recently been identified as a critical component of an S-phase
specific complex that propagates the DNA methylation signal into a dimethylation of
lysine 9 of histone H3 (H3-K9-Me,) signal during DNA replication (Sarraf and
Stancheva, 2004). MBD?2 is the methyl-CpG binding component of the MeCP1
transcriptional repression complex (Feng and Zhang, 2001). MBD3 is a core component
of the NuRD transcriptional repression complex that can be recruited by DNA-binding
proteins such as ikaros and MBD2 (Kim et al., 1999; Zhang et al., 1999). Kaiso has been

found to be a component of the N-CoR transcriptional repression complex (Yoon et al.,
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2003). MBD4, however, does not have a role in gene regulation. MBD4 functions as a
mismatch-specific T/U DNA glycosylase, recognizing the product of spontaneous
deamination of a "CpG dinucleotide (TpG) and excising it (Hendrich et al., 1999).

The elucidation of the distinct biochemistry of the MCBP has been accompanied
by progress in uncovering which genes and genetic elements are regulated by each
protein. Currently, the in vivo roles of MBD2 and MeCP2 are the most well-defined.
Shortly after the discovery of MBD2, Magdinier and Wolffe showed that MBD2 was
recruited to methylated tumor suppressor genes in cancer cell lines (Magdinier and
Wolffe, 2001). This finding has been demonstrated by other groups (Bakker et al., 2002;
Lin and Nelson, 2003; Stirzaker et al., 2004) and in vivo, MBD?2 is essential for efficient

tumorigenesis in the murine ApcM'“/+

(Min) model of intestinal tumorigenesis (Sansom et
al., 2003). An important role for MBD?2 in regulating expression of IL-4 in Ty, cells has
also been documented (Hutchins et al., 2002).

Data on the in vivo role of MeCP2 has also begun to accumulate. Although
MeCP2 has been shown to be recruited to methylated tumor suppressor genes in cancer
cell lines (Nguyen et al., 2001; EI Osta et al., 2002), the most important biological role
for MeCP2 is in the brain. Mutations in the MECP2 gene result in the developmental
disorder Rett Syndrome in both humans and mice (Amir et al., 1999; Guy et al., 2001).
The MECP2 gene is located on the X-chromosome, and thus the disease is inherited in a
X-linked dominant fashion (D'Esposito et al., 1996). After approximately six months of

normal perinatal development, affected children undergo a progressive loss of intellectual

and motor skills and develop stereotypic hand movements (Weaving et al., 2005). The



13

mechanistic basis of Rett Syndrome has yet to be clearly elucidated. Despite this fact,
several MeCP?2 target genes within the brain have recently been identified. Two papers
have shown an important role for MeCP2 in regulation of the Bdnf gene (Chen et al.,
2003; Martinowich et al., 2003). Furthermore, Horike and colleagues identified the
homoeobox gene Dix5 as a MeCP2 target (Horike et al., 2005). It remains unclear how
dysregulation of these genes leads to the phenotypic features of Rett Syndrome. A more
comprehensive understanding of the cadre of genes regulated by each MCBP is necessary

if manipulation of MCBP is to be used for therapeutic benefit.

The Chicken Beta-Globin Locus

Vertebrate organisms produce red blood cells in two distinct waves during their
lifetime. The first wave of cells is of primitive red blood cells that are produced during
the embryonic period. These primitive cells are large, nucleated cells produced in the
yolk sac. They exclusively express embryonic globin genes. The second wave of cells is
of definitive red cells produced from the fetal liver and later from the bone marrow that
express adult globin genes. This process, by which red cells in the blood stream
containing predominantly one hemoglobin are gradually replaced by red cells containing
predominantly another hemoglobin, was termed “hemoglobin switching” by Nienhuis
and Stamatoyannopoulos (Nienhuis and Stamatoyannopoulos, 1978).

The chicken has served as an excellent model in which to study the embryonic to
adult hemoglobin switch, mainly due to the relative ease with which nucleated primitive

and definitive erythrocytes can be obtained from chicken embryos. Remarkably,
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although 300 million years of evolution separate chickens from man (Kumar and Hedges,
1998), regulation of the B-globin gene locus is functionally identical. Transgenic mice
carrying the chicken p-globin locus express the chicken globin genes in the correct
developmental pattern (Mason et al., 1995). Work in our laboratory has shown that the
converse situation is also true; human p-type globin constructs transfected into chicken
erythrocytes are expressed at appropriate relative levels for the developmental stage of
the erythrocyte (Basu et al., 2004).

The chicken B-globin locus is composed of four globin genes and several well-
characterized regulatory elements. Unlike the human and murine loci, the chicken genes
are not positioned within the locus in order of their developmental expression. The two
embryonic genes p-globin and e-globin flank the centrally positioned fetal-like "-globin
and the adult B*-globin (see Figure 2, panel A). A complex regulatory region known as
the locus control region (LCR) lies at the 5’ region of the locus (Reitman et al., 1990).
This region is composed of four elements that are more sensitive to cleavage by DNase-I
than the rest of the locus and are therefore known as DNase-I hypersensitive sites (HSS)
(Reitman and Felsenfeld, 1990). These elements, named HSS1 through 4, have strong
transcriptional enhancing activity and can conger position-independent expression on a
linked transgene. The specific functions of the HSS have been characterized and are
detailed in Table 2.

The chromatin structure of the approximately 33 kb chicken B-globin locus has
also been well characterized. Early studies showed that the locus is sensitive to DNase-I

cleavage in erythroid cells but resistant to cleavage in non-erythroid cells, leading to the
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Figure 2. Features of the chicken B-globin locus. (A) Map showing the relative locations
of the globin genes and hypersensitive sites in genomic DNA. (B) The DNase-1
sensitivity profile of the locus indicates that globin genes reside within a 33 kb DNase-I
sensitive chromatin domain flanked by heterochromatin. (C) Transcriptional status of the
four B-globin genes in erythrocytes at three different developmental stages. (D)
Methylation status of the four B-globin genes in erythrocytes at three different
developmental stages.
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Table 2. Specific functions of the HSS in the chicken B-globin locus.

HSS Known function Distance from the Reference
p-globin gene*

(kb)
HSS1 unknown -1.6
HSS2 enhancer -44 (Abruzzo and Reitman, 1994)
HSS3 enhancer -6.4 (Abruzzo and Reitman, 1994)
HSS4 boundary element -11.0 (Chung et al., 1993)
3’ Ble enhancer +10.0 (Choi and Engel, 1986)

(Reitman et al., 1990)

* Distance from the p-globin gene is listed as negative if the HSS is upstream of the p-
globin gene, and positive if the HSS is downstream of the p-globin gene.
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idea that the locus functioned as an independent “chromosomal domain” (Stalder et al.,
1980). The locus is flanked on the upstream side by a gene-depleted segment of
condensed chromatin and on the downstream side by a neurally-expressed odorant
receptor gene. Insulator elements, capable of blocking the action of an enhancer, have
been described at both the 5° (within HSS4) and 3” boundaries of the locus (Chung et al.,
1997; Saitoh et al., 2000). These elements are thought to contribute to maintenance of
the chicken [3-globin locus as an independent chromatin domain by serving as attachment
points for proteins that physically loop the locus and by recruiting histone modifying
proteins that support transcriptional activity (Yusufzai et al., 2004).

Another component of chromatin structure, the histone modification state, has
been mapped in detail at the chicken B-globin locus. In pre-erythroid cells that do not
express any of the globin genes, very low levels of histone acetylation are seen across the
locus, with the exceptions of a peak of acetylation at HSS4 and the intergenic enhancer
(Littet al., 2001b). Interestingly, the locus maintains uniformly high levels of histone
acetylation in 10-day erythrocytes that express B~ and B*-globin (Litt et al., 2001b).
Furthermore, only subtle two-fold changes in the levels of histone acetylation can be
correlated with the changes in globin gene transcription that occur during development
(Hebbes et al., 1992). Taken together, these data indicate that the chicken B-globin locus
1s maintained as an independent, open chromatin structure once transcription within the
locus commences.

A frequently overlooked aspect of the chicken -globin locus is its CG-density.

The chicken B-globin locus differs significantly from the human B-globin locus in that
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three of the four globin genes of the chicken locus contain CpG islands that overlap the
promoter (p, B, €), whereas none of the genes within the human locus contain CpG
islands that overlap the promoter (Kransdorf and Ginder, unpublished observations) .
This lack of CpG islands within the human B-globin locus has been cited as evidence that
the human B-genes are not regulated by DNA methylation (Harju et al., 2002). On the
contrary, abundant data in the literature support a role for DNA methylation in the
regulation of human y-globin expression (Busslinger et al., 1983; Ley et al., 1984).

One possible explanation for this disparity is that the CG-density of the
chromosomal isochores in which the chicken and human B-globin loci reside is different.
Ponger et al. found that for tissue-specific genes like the B-globin genes, the likelihood of
a gene having a promoter CpG island was proportional to the CG-density of the
surrounding isochore (Ponger et al., 2001). It is likely that the chicken B-globin locus
resides within a CG-rich isochore, while the human B-globin locus resides within a CG-

poor isochore. Further studies are required to verify this hypothesis.

Structure and Silencing of the p-Globin Gene

The embryonic to adult 3-globin switch in the chicken serves as an interesting
model for transcriptional silencing. p-globin is expressed abundantly in primitive
erythrocytes produced in the yolk sac from embryonic days one to five, and is not
expressed in the definitive erythrocytes which are produced beginning at day five from
the fetal liver. The definitive cells do not express p-globin due to transcriptional

silencing (Lois and Martinson, 1989).
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Transfection experiments performed with globin gene constructs have shown that
the promoters of the B*- and e-globin genes contain the cis elements required for
developmentally-regulated expression of these genes (Hesse et al., 1986). Likewise,
Minie et al. found that 500 bp of the p-globin promoter was sufficient for proper
regulation of the gene in primitive and definitive cells (Minie et al., 1992). Dissection of
the promoter identified GATA-1, Spl, and TFIID sites that were required for expression
in primitive cells (see Figure 3, panel B). The p-globin gene itself is composed of three
exons. The first exon and first intron of the gene are CpG-rich and have been termed by
our laboratory the “proximal transcribed region” (PTR).

Work in our laboratory has established that every CpG site in the promoter and
PTR of the p-globin gene is methylated in adult erythrocytes but unmethylated in
primitive erythrocytes (Ginder and McGhee, 1981; Singal et al., 1997; Singal et al.,
2002). 5-methylcytosine can first be detected in the CpG-rich proximal transcribed
region of the p-globin gene at day five and then spreads downstream to exon 3 and
upstream to the promoter (Singal and vanWert, 2001). The density and location of DNA
methylation at the p-globin gene during development is diagrammed in Figure 4.
Methylation of the promoter and PTR has a 20-fold and 5-fold inhibitory effect on
transcription in adult erythrocytes, respectively. These observations are functionally
significant, since expression of p-globin in adult chickens can be induced by treating the
animals with 5-azacytidine, an inhibitor of DNA methyltransferase (Ginder et al., 1984).

Our laboratory has also shown that an Erythroid Methyl-CpG Binding Protein

Complex (MeCPC) forms on the methylated p-globin promoter and PTR in vifro using
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Figure 3. Schematic of the p-globin gene. A) The gene is composed of three exons and two introns. The 5’ region of the gene
(promoter and PTR) are CpG-rich, although this region is too small to fulfill the traditional definition of a CpG-island. B) The
promoter of the p-globin gene has three elements that have been shown to be essential for expression in primitive erythroid cells: a
GATA-1 site, an Spl site, and a TFIID site. These elements are all located within the proximal 250 bp of the promoter.
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Figure 4. The density and location of DNA methylation at the p-globin gene during development. Methylation can first be detected
in the CpG-rich proximal transcribed region of the p-globin gene at day five and then spreads (increases in density) downstream to
exon 3 and upstream to the promoter. Every CpG in the promoter and PTR are methylated in adult erythrocytes.
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chicken erythroid nuclear extracts (Singal et al., 1997; Singal et al., 2002). This complex
is likely of functional significance since these sequences are methylated at every CpG in
vivo. The DNA-binding affinity of this primary erythroid-cell derived complex differs
significantly from that of MeCP1, and hence is termed the MeCPC. The MeCP1
complex exhibits a significantly greater DNA-binding affinity for its canonical binding
sequence, methylated CG11 (M-CG11), than for the methylated p-globin proximal
transcribed sequence. Surprisingly the MeCPC complex exhibits a greater DNA-binding
affinity for its canonical binding sequence, the methylated p-globin PTR (M-p248), than
for M-CG11 in spite of a higher "CpG content in M-CG11. Based on these data, we
hypothesize that a factor or factors present in the MeCPC complex but not in the MeCP1

complex, confers sequence-context preferential binding to the MeCPC.

Significance

The B-hemoglobinopathies are a group of diseases characterized by the functional
abnormality of the B-chain of hemoglobin. The B-hemoglobinopathies can be divided
into two groups: those resulting from a genetic mutation in the B-globin gene and those
resulting from genetic defects that affect the synthesis of the B-globin gene. Sickle cell
disease (SCD) is the prototypical example of the first group, an autosomal recessive
disease resulting from a mutation in codon six of the B-globin gene which replaces
glutamate with valine. The second group is composed of the B-thalassemias, diseases

characterized by partial or total deficiencies in B-globin production. The [-thalassemias
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are very genetically heterogeneous, with over 100 distinct mutations that have been
identified (Weatherall, 2004).

SCD is one of the most common monogenic diseases in the United States,
affecting one in 500 African-Americans. Patients are able to achieve periods of good
health, but these periods are frequently interrupted by “crises,” acute periods of disease
manifestation. Sadly, these patients also have a significantly decreased life expectancy
(Platt et al., 1994). The most common type of crisis, the vaso-occlusive crisis, is caused
by sickled blood cells occluding small vessels. The sickling of red blood cells is caused
by the polymerization of the deoxygenated hemoglobin S (Hb S, which is composed of
ozP2° V¥ into long filaments which distort the morphology of the erythrocyte. The
major direction of therapy for SCD has been to inhibit hemoglobin S polymerization via
induction of fetal hemoglobin (Hb F, which is composed of a,y2), which has been shown
to directly inhibit Hb S polymerization (Nagel et al., 1979).

Several compounds have been found to have therapeutic benefit in SCD through
Hb F induction. The first such agent was 5-azacytidine, which was shown to increase Hb
F levels both in anemic baboons and in a single patient with severe B-thalassemia
(DeSimone et al., 1982; Ley et al., 1982). Recent studies with 5-aza-deoxycytidine have
also shown promising increases in Hb F levels and decreases in vaso-occlusive
pathophysiology in small clinical trials involving patients with SCD (Koshy et al., 2000,
Saunthararajah et al., 2003). Based on the original success of 5-azacytidine in inducing

Hb F synthesis in model systems, the cytotoxic drug hydroxyurea was investigated as

another potential Hb F-inducing agent. Early studies in anemic monkeys showed that
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hydroxyurea was also able to induce Hb F (Letvin et al., 1984). Hydroxyurea was
approved by the FDA in 1998, having been found to significantly increase Hb F levels
and reduce the frequency of pain episodes, hospitalizations, and the need for blood
transfusions (Charache et al., 1995). Although these pharmacological approaches are
encouraging, these agents do not fully alleviate the clinical manifestations of SCD, are
not able to induce a response in all treated patients and may not be safe for long-term
therapy, due to their carcinogenic potential (Jackson-Grusby et al., 1997).

S-azacytidine is a well-characterized inhibitor of DNA methylation (Jones and
Taylor, 1980). Thus, the Hb F induction observed in patients treated with 5-azacytidine
is most likely due to increases in y-globin transcription. In support of this, Koshy ef al.
found that treating SCD patients with 5-aza-deoxycytidine (an analog of 5-azacytidine)
increased y-globin transcription from an average of 3.19% + 1.43% of non-a-globin
before treatment to13.66% + 4.35% of non-o-globin after treatment. Currently, the
pattern of CpG methylation at the human y-globin globin genes unknown. Recent data
by Lowrey indicated that methylation of the yG—globin promoter increased from 38% of
all CpG sites in the fetal liver to 73% of all sites in the adult bone marrow (Lowrey,
unpublished observations). Taken together, these data indicate that DNA methylation
contributes to the maintenance of transcriptional silencing of the y-globin gene in adult
human erythrocytes.

Therefore, given that DNA methylation contributes to maintenance of
transcriptional silencing of the fetal 3-globin genes in humans, therapeutic methodologies

directed against the effector mechanisms of DNA methylation could be used to de-repress
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y-globin expression, leading to amelioration of the clinical symptoms of SCD. In this
way, the potential carcinogenicity of agents that directly affect DNA methylation, such as
5-aza-deoxycytidine, could be avoided. This strategy is especially plausible in light of
recent evidence that the MeCP1 methyl-DNA binding complex contains a novel zinc-
finger protein (termed p66) that has a role in targeting the complex to specific loci (Feng
et al., 2002). Work in our lab has shown that the MeCPC which forms on the methylated
p-globin gene has a stronger affinity for its cognate DNA sequence than for a generic
"CpG-rich sequence (Singal et al., 2002). Taken together, these findings suggest that
pharmacologic agents specific for the targeting factor or factors in the y-globin MeCPC
may be able to de-repress y-globin by preventing the transcriptional repressive actions of
the MeCPC. To that end, it is necessary to precisely define the composition and function
of the p-globin MeCPC and to extend these findings from the chicken p-globin locus to
the human B-globin locus.

DNA methylation has also been shown to contribute to the transcriptional
silencing of tumor suppressing genes in cancer (Jones and Baylin, 2002). As discussed
above, several studies have shown that MBD2 binds to methylated tumor suppressor
genes such as p/6™** and GSTPI in cancer cell lines, and that abrogating MBD2
function can de-repress a methylated gene (Magdinier and Wolffe, 2001; Bakker et al.,
2002). Despite this data, no studies have investigated the role of methyl-CpG binding
protein complexes in methylation-mediated transcriptional repression of tumor
suppressing genes. The p/6"** gene, like the p-globin gene, has a CpG-rich promoter

and first exon. These regions have been found to be methylated in primary tumors of the
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breast and colon (Herman et al., 1995). As such, our identification of MeCPC component
factors and our functional dissection of which of these factors is required for
transcriptional repression of the p-globin gene, may be highly relevant to understanding

the mechanism of transcriptional repression of the methylated p/6™ in cancer.
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Chapter 2: Characterization of Chicken MBD2

Introduction

An abundance of data support the role of MCBPs as the major effectors of the
transcriptional silencing mediated by DNA methylation (Wade, 2001). Originally
discovered in humans, members of this family of proteins are present in most metazoans,
including organisms without significant levels of DNA methylation, such as Drosophila
(Ballestar et al., 2001).

Data from our laboratory has suggested that MBD?2 is a component of the MeCPC
(Singal et al., 2002). In addition to confirming this finding, we wanted to characterize the
chicken homolog of MBD2 (¢cMBD?2) and to generate antibodies against this protein.
Although antibodies against mouse and human MBD?2 are available commercially, high
avidity antibodies are required for several of the experiments we wished to pursue, such
as immunoprecipitation (IP) and chromatin immunoprecipitation (ChIP). In our hands
these commercially produced anti-MBD?2 antibodies cross-reacted poorly with cMBD?2.

Furthermore, we wished to determine if other members of the well-characterized
mammalian MCBPs are present in chicken cells. Several studies have shown that both
MBD?2 and MeCP2 can bind to the same methylated region of DNA in vivo (Nguyen et
al., 2001; Magdinier and Wolffe, 2001; Koizume et al., 2002). This implies that DNA

methylation can recruit more than one type of transcriptional repressor complex.
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As discussed in Chapter 1, MeCP1 was the first methyl-CpG binding activity to
be described. The original studies on this activity showed that it required 10-15 methyl-
CpG residues per DNA fragment for binding (Meehan et al., 1989). Feng and Zhang
purified the MeCP1 complex from HelLa cells and found it to be composed of all the
components of the NuRD complex and MBD?2 (Feng and Zhang, 2001). However,
sensitive binding studies performed by Fraga et al. using recombinant mouse MBD2b
(which is the region of mouse MBD2 homologous to cMBD2) indicated that this protein
was able to bind to a DNA fragment containing a single methyl-CpG. This result agrees
with the experimentally derived crystal structure of MBD1, which shows that the MBD
of MBD1 contacts the 5-methylcytosine on each strand of the "CpG duplex
simultaneously (Ohki et al., 2001). This implies that MBD2 may require multiple-CpGs
for binding in the context of the MeCP1 complex or that binding by MBD?2 is methyl-
CpG density-dependent, with stronger binding observed for DNA fragments containing
more methyl-CpGs. We hypothesized that the latter is true and in the process of

characterizing cMBD?2 wished to test this hypothesis.

Methods

Bioinformatics and Sequencing

The nucleotide sequences of the mouse MeCP2 mRNA (NCBI Genbank ID
NM_010788), MBD1 mRNA (NM_013594), MBD2 mRNA (NM_010773), MBD3
mRNA (NM_013595), MBD4 mRNA (NM_010774), and Kaiso mRNA (NM_020256)

were used to search the University of Delaware Chicken EST Database
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(http://www.chickest.udel.edu) and the BBSRC Chicken EST Database
(http://chick.umist.ac.uk) for homologous clones via the BLAST algorithm.

The clone ‘pat.pk0057.c7.f was obtained from the University of Delaware
Database. This clone contains an EST insert homologous to mouse MBD2 in the
pcDNA3 vector. The EST insert was sequenced using the SP6 and T7 primers present in

the vector, as well as an internal primer.

Cloning of cMBD2 Into pGEX/6P

The cDNA segment encoding chicken MBD2 was PCR amplified from EST clone
pat.pk0057.c7.f using the primers 5’-TCGAATTCACGGACTGCCCGGCCCTT
(forward) and 5’-AGCTCGAGAGGTCACTCGTCTTGA (reverse) using Platinum Taq
Hi-Fidelity Polymerase (Invitrogen). The PCR product was purified with the Rapid PCR
Purification Kit (Marligen) and cloned into pGEM-T Easy (Promega) resulting in the
plasmid pTA/cMBD2. The pGEX/6P-1 and pTA/cMBD2 plasmids were digested with
EcoRI and Xhol and the appropriate bands were gel purified (Qiagen). The resulting
cMBD?2 EcoRI/Xhol fragment was ligated into the cut pGEX/6P-1 vector. The sequence

of pGEX/6P/cMBD?2 was confirmed by DNA sequencing.

Recombinant Protein Production
Recombinant cMBD?2 was produced in Rosetta(DE3)pLacl E. coli (Novagen) as a GST
fusion protein. These cells contain the pPRARE chloramphenicol-resistance plasmid that

supplies tRNAs for AGG, AGA, AUA, CUA, CCC, GGA codons to enhance translation
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of eukaryotic genes in prokaryotic cells. Briefly, a 12 mL culture of LB containing 50
ng/mL ampicillin and 34 pg/mL chloramphenicol was inoculated with a single colony
and grown overnight at 37°C with shaking at 225 RPM. The next morning, 10 mL of
culture was inoculated into 250 mL of 2xYT medium and grown approximately 3 hours
at 37°C with shaking at 225 RPM. When the ODgq reached 0.8, the flask was transferred
to 30°C and cells were induced with 1 mM IPTG. The culture was incubated at 30°C
with shaking at 225 RPM for 4 hours. The cells were pelleted by spinning at 6000g for
15 min at 4°C in a J2-21M centrifuge using the JS 14 rotor (Beckman). The supernatant
was removed and the cell pellet was resuspended in 20 mL PBS and transferred to 40 mL
Oak Ridge type centrifuge tubes (Nalgene). The tubes were spun at 6000g for 15 min at
4°C using the JS 13.1 rotor (Beckman). The supernatant was removed and the cell pellet
was stored frozen at -80°C. The next day the cell pellet was thawed and resuspended in
BugBuster Reagent (Novagen) at 10 mL/3g of cell pellet containing 10 pL. / 10 mL
benzonase nuclease (Novagen), 0.5 pL/10 mL recombinant lysozyme (Novagen), 10
pg/mL leupeptin, 10 pg/mL pepstatin, 10 ug/mL aprotinin, 0.2 mM PMSF, and 1 mM
DTT. The lysate was incubated at room temperature for 20 minutes with inversion by
rocker. After 20 minutes, 1/10 volume of 10x PBS was added to the lysate which was
then incubated at 4°C for 20 minutes. The lysate was then spun 13000g for 15 min at
4°C using the JS 13.1 rotor (Beckman). The supernatant was removed and frozen at -

80°C until used.

Purification of GST/cMBD?2 from E coli Lysate: GST Chromatography
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Purification was performed using a BioLogic DuoFlow system (Bio-Rad). First the £
coli lysate was thawed, spun at 15000g for 20 min at 4°C using the JS 13.1 rotor in the
J2-21M centrifuge (Beckman) and filtered using Millex 0.45 pm low protein binding
filters (Millipore). DTT was added to the lysate to a final concentration of 2 mM. 60 to
75 mL of lysate was injected to a 5 mL GSTrap High Performance column (Amersham
Biosciences). The flow-through was collected during injection. The column was washed
with 4 CV of 1x PBS and then the bound protein eluted with 6 CV of Buffer GE (50 mM
Tris-HCI pH 8.5, 100 mM NaCl, 0.1% Triton X-100, 10 mM glutathione, 1 mM DTT).
The column was washed with 4 CV of 1x PBS and then the flow-through from run I was
re-injected and the column was washed and bound protein eluted as detailed above.
Protein containing fractions from runs I and II were pooled and concentrated via spinning
in an Ultrafree-15 at 2500g for 115 min at 10°C in a 5810R centrifuge using the A-4-62

rotor (Eppendorf).

Purification of GST/cMBD?2 from F coli Lysate: SP Chromatography

To remove excess glutathione and GST in the GST/cMBD2 sample, SP chromatography
was performed using the BioLogic DuoFlow system (Bio-Rad). The concentrated
GST/cMBD?2 sample obtained from GST chromatography was dialyzed against buffer
H100 overnight (10 mM sodium phosphate pH 6.5, 100 mM NaCl, 0.2 mM EDTA, 10%
glycerol, 1 mM DTT). The approximately 5 mL sample was injected to a 1 mL HiTrap
SP Fast Flow column (Amersham Biosciences). The column was washed with 4 CV of

H200 and then the bound protein eluted with a 8 CV linear gradient from H200 to H600.
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The column was washed with 4 CV of H800 and 4 CV of H1000 to ensure all bound
protein had eluted. GST/cMBD?2 containing fractions were pooled and concentrated via

spinning in an Ultrafree-4 at 3800g for 60 min at 10°C in the JS 13.1.

Preparation of Antibodies Against GST/cMBD?2

After production of ~13 mg recombinant GST/cMBD2, the purified protein samples were
run on a preparative 12% Tris-glycine SDS-PAGE gel. The gel was stained with Bio-
Safe Coomassie (Bio-Rad). The band corresponding to full-size GST/cMBD2 at 55 kD
was excised from the gel and sent to Cocalico Biologicals. Cocalico Biologicals was

contracted to immunize two rabbits with the recombinant protein.

Anti-cMBD?2 IgG Purification

The antiserum from the two rabbits (VCU1 and VCU?2) was received from Cocalico
Biologicals. Purification was performed using a BioLogic DuoFlow system (Bio-Rad).
The serum from animal VCU1 was thawed and 25 mL was injected to a S mL HiTrap
rProtein A Fast Flow column (Amersham Pharmacia). The column was washed with 3
CV of 1x PBS and then the bound protein eluted with 3 CV of Buffer G (100 mM
glycine-HCI pH 2.8, 10% ethylene glycol). 50 pL of Tris-HCI pH 8.8 was added to each
collection tube so that the pH of the eluate would immediately be neutralized. The
column was washed with 3 CV of 1x PBS and then with 3 CV of cleaning buffer (100

mM glycine pH 3.0, 2 M urea, 1 M LiCl). The purification procedure was repeated as
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above with serum from animal VCU2. Protein containing fractions from each run were

pooled and dialyzed against 1x PBS overnight at 4°C.

Western Blotting

Nuclear extracts were prepared by the Dignam method (Dignam et al., 1983). Protein
samples were run on 10% Tris-glycine SDS-PAGE ReadyGels (Bio-Rad) in Running
buffer (25 mM Tris-HCI pH 8.3, 192 mM glycine, 0.1% SDS). The gel was equilibrated
in Transfer buffer (25 mM Tris-HCI pH 8.0, 192 mM glycine, 20% methanol) and then
transferred to activated PVDF overnight at 30V. The next day the membrane was
washed twice for 10 minutes with 1x PBS and then blocked for 1 hour at room
temperature with rocking in 10 mL MPBST (5% (w/v) non-fat milk, 1x PBS, 0.05%
Tween-20). The blocking solution was removed and the primary antibody was incubated
with the membrane for 2 hours at room temperature with rocking in MPBST. This
solution was removed and the membrane was washed three times with 10 mL PBS-T for
5 min. The secondary antibody was then incubated with the membrane for 1 hour at
room temperature with rocking in MPBST. This solution was removed and the
membrane was washed three times with 10 mL PBS-T for 5 min and one time with 10
mL PBS-T plus 0.1% Triton X-100. Bands were visualized with ECL Plus (Amersham

Pharmacia) and exposed to film.

Electrophoretic Mobility Shift Assay Probes

The 248 bp p exon 1/intron 1 DNA fragment (p248) was generated by digestion of
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plasmid pTA/p248 with Nhel and Stul. This fragment has a blunt end at the 3’ end (from
the Stul cut) and a sticky end at the 5 end (from the Nhel cut). The probe fragment was
isolated by gel purification (Qiagen). The 50 bp p exon 1/intron 1 DNA subfragments
(a0CpG, alCpG, a2CpG, a3CpG) containing 0, 1, 2 or 3 CpG were synthesized
(Integrated DNA Technologies), annealed, and purified from 10% polyacrylamide gels.

Regions used for probes are indicated in Figure 5.

Electrophoretic Mobility Shift Assay

DNA fragments were methylated using SssI methylase (New England Biolabs) according
to the manufacturer’s instructions. The DNA was phenol-chloroform extracted and
precipitated using glycogen as a carrier. The M-p248 fragment was labeled by
incubation with [a->*P]JdCTP (MP Biomedicals) and Klenow fragment (New England
Biolabs). The a0CpG, alCpG, a2CpG and a3CpG fragments were labeled by incubation
with [y-"*P]JATP and polynucleotide kinase (New England Biolabs). The assay was
performed by adding 15 ng purified cMBD2 or 8 pL. of DEAE-purified chicken RBC
nuclear extract to a 21.5 pL binding reaction containing 20 fmol of probe, 2 ug of
sonicated M. Lys DNA, 20 mM HEPES [pH 7.9], 3 mM MgCl,, | mM EDTA, 10 mM p-
ME, 0.1% Triton X-100, 4% glycerol. Binding reactions were incubated on ice for 20
minutes and then loaded onto a 2% agarose gel and resolved in 0.5x TBE buffer. For
supershift experiments, protein A-purified anti-MBD?2 antibodies were added to the
binding reaction after the 20 minute incubation on ice and incubated at room temperature

for 15 minutes.
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A.

1 50
CTAGCAAGC TCTGAGTGCT CCCACAGCCG CACGCCAACC CCGCTGCCACC

51 100
ATGGTGCAC TGGTCCGCCG AGGAGAAGCA GCTCATCACC AGCGTCTGGAG

101 Y1CpG 150
CAAAGTCAA CGTGGAGGAA TGCGGTGCCG AAGCCCTGGC CAGGTGGGTCT

151 1CpGY 200
GCTCCTGGG ATCGGCTCAG CTGCACCCTG GGTACTGAAA CCACTGCAGTT

201 250
TTAGGAGGC AGCGCTAACG GTGTGTGCTT GTGTCCCCCG TCTCTCCGCAG

251
G

a0CpG GCCAGGTGGGTCTGCTCCTGGGATEGGCTCAGCTGCACCCTGGGTACTGA
CGGTCCACCCAGACGAGGACCCTAaCCGAGTCGACGTGGGACCCATGACT

alCpG GCCAGGTGGGTCTGCTCCTGGGATCGGCTCAGCTGCACCCTGGGTACTGA
CGGTCCACCCAGACGAGGACCCTAGCCGAGTCGACGTGGGACCCATGACT

a2CpG GCCAGGTGGGTCeGCTCCTGGGATLGGCTCAGCTGCACCCEGGGTACTGA
CGGTCCACCCAGGCGAGGACCCTAaCCGAGTCGACGTGGGGCCCATGACT

a3CpG GCCAGGTGGGTCeGCTCCTGGGATCGGCTCAGCTGCACCCEGGGTACTGA
CGGTCCACCCAGGCGAGGACCCTAGCCGAGTCGACGTGGGGCCCATGACT

Figure 5. Regions of the p-globin gene used probes in EMSA. A) Sequence of the p-
globin PTR (p248). CpGs are in bold. The subfragment used for EMSA with
recombinant cMBD?2 is underlined and indicated with arrows. B) 50 bp p248
subfragments used for EMSA. Fragment alCpG is derived directly from p248 without
modification. Fragments a0CpG, a2CpG, a3CpG have been mutated to contain 0 CpG, 2
CpGs or 3 CpGs, respectively. Bases that are mutated from fragment al CpG are in lower
case and underlined. CpGs are in bold.
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Results

In an effort to understand the epigenetic mechanisms operating at the chicken B-
globin locus, we sought to identify homologs of mammalian MCBP present in chicken
cells. As discussed in Chapter 1, six murine proteins are known to have specific methyl-
CpG binding activity: MeCP2, MBD1, MBD2, MBD3, MBD4, and Kaiso. Weitzel ef al.
previously identified a chicken homolog of the MeCP2 protein (Weitzel et al., 1997),
although the structure of this protein differed significantly from that of the mammalian
protein. Zhu et al. also reported the identification of a putative chicken homolog of
MBD4 (Zhu et al., 2000).

At the time of initiation of these studies, the genome sequence of the chicken had
not yet been completed, but two expressed sequence tag (EST) databases were available.
We searched these two databases, the University of Delaware (UD) and the BBSRC
Chicken EST Databases with the cDNA sequence of mouse MeCP2, MBD1, MBD?2,
MBD3, MBD4, and Kaiso. The BBSRC EST Database was an especially useful resource
because it is composed of 339,314 ESTs which have been assembled in silico into cDNA
contigs (Boardman et al., 2002). Once the Ensembl chicken genome annotation (ECGA)
became available from the Ensembl project in July 2004 we also searched this database
with the mouse cDNA sequences to confirm the identifications made from the EST
databases (Birney et al., 2004).

No clones matching the previously identified chicken MeCP2 protein were
identified in the two EST databases or the ECGA. Although the structure of chicken

MeCP2 differs significantly from that of mammalian MeCP2, there is a 125 amino acid
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region of MeCP?2 that is 96% homologous to that of the mammalian protein and thus
likely represents its avian homolog. No clones homologous to mouse MBD1 were
identified in the two EST databases or the ECGA. Despite this absence, the possibility of
an MBD1 homolog in the chicken cannot be excluded because 1) the chicken EST
databases are likely incomplete 2) the chicken genome sequence is only 90% complete,
with under representation of high-GC content sequences. The proximal exonic regions of
the human MECP2, MBD2, MBD3 genes are CG rich, with the 5° portion of the MBD?2
gene being composed of 80% GC.

Several clones encoding a homolog of mammalian MBD?2 were identified in both
EST databases but not in the ECGA. The nucleotide sequences of the clones from the
UD and BBSRC EST databases matched exactly. The cDNA encoded a 28-kD open
reading frame that has 83% amino acid similarity to a 241 amino acid region of human
and mouse MBD?2 (see Figure 6). The region of homology extends over the methyl-CpG
binding domain (MBD) of the mammalian MBD2 proteins (Nan et al., 1993) and key
amino acids known to be involved in the recognition of the methyl-CpG (Fraga et al.,
2003; Saito and Ishikawa, 2002) are conserved in cMBD?2, indicating that cMBD?2 is
likely to have methyl-DNA binding activity in vitro and in vivo.

Clones encoding a homolog of mammalian MBD3 were also identified in both
EST databases. The nucleotide sequences of the clones from the UD and BBSRC EST

databases matched exactly. The cDNA encoded a 26-kD open reading frame that has
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Figure 6. Comparison of the amino acid sequences of human MBD2, mouse MBD2, and

chicken MBD?2. Chicken MBD?2 is 83% identical to human MBD?2 and mouse MBD2
over an overlapping 241 amino acid region (underlined above) that corresponds to the
MBD2b isoform found in mammalian cells. Translation initiation codons are in bold.

Amino acids conserved between chicken MBD2 and mouse or human MBD2 are shaded

grey.
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90% amino acid similarity to mouse and human MBD3. A gene for MBD3 was also
identified in the ECGA that matched the sequence of the EST clones. The high sequence
conservation of MBD3 between chickens and mammals is not surprising, given its
essential role in development (Hendrich et al., 2001).

Clones encoding homologs of mammalian MBD4 and Kaiso were also identified.
Given that MBD4 functions mainly in DNA repair (Hendrich et al., 1999) and Kaiso has
mainly been observed to be involved in epithelial cell regulation (Kondapalli et al., 2004;
Kelly et al., 2004), we did not expect a role for these genes in methylation-mediated
transcriptional silencing of the p-globin gene. Furthermore, as discussed in Chapter 3, we
did not identify either MBD4 or Kaiso as components of the MeCPC. A summary of the
properties of the identified chicken MCBP homologs can be found as Table 3.

We produced recombinant cMBD2 (rcMBD?2) in prokaryotic cells as a GST
fusion protein to examine its binding specificity. rcMBD2 was incubated with various
methylated and unmethylated DNA probes and subjected to analysis by EMSA. The
purified GST/cMBD2 was able to bind to the canonical MeCPC substrate M-p248
(Figure 7), as well as to 50 bp subfragments of p248 containing 1 methyl-CpG, 2 methyl-
CpGs or 3 methyl-CpGs. No binding was detected to a SO bp p248 subfragment
containing no methyl-CpGs. These data confirm that cMBD?2 is able to bind specifically
to methylated DNA fragments containing as few as one methyl-CpG. Furthermore,
as can be seen from Figure 7, the amount of probe shifted increases with the number of
methyl-CpGs on the fragment. Thus, binding by MBD2 is methyl-CpG density-

dependent, with stronger binding observed for DNA fragments containing more



Table 3. Properties of the identified chicken MCBP homologs. Protein size for the mammalian proteins is given for the murine
o  isoform listed in NCBI RefSeq. Percent similarity was computed using the LALIGN program on the mouse protein and the

<+

cooresponding chicken open reading frame. Similarity was calculated over the homologous region between the proteins.

Protein Size in Mouse UDel Clone ID BBSRC Clone Ensembl Gene ORF Size % Similarity
(kD) Contig ID ID (kD)

cMeCP2 52 not present not present not present

cMBD1 70 not present not present not present

cMBD2 29,44 pat.pk0057.c7.f 337626.2 not present 28 83
(14 clones)

cMBD3 32 pgm2n.pk008.h4 340483.1 ENSGALG 26 90
(4 clones) 00000001101

cMBD4 63 pat.pk0066.c4.f 332486.4 not present 45 63
(27 clones)

cKaiso 74 not present 335692.1 ENSGALG 56 60
( 6 clones) 00000008611
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Figure 7. cMBD?2 is a bona fide MCBP in vitro. rcMBD2/GST was incubated with 50
bp p248 subfragments containing 0 "CpG (a0CpG), 1 "CpG (alCpG), 2 "CpG (a2CpG),
3 "CpG (a3CpG) and 14 "CpG (M-p248) and subjected to EMSA. The amount of probe
shifted increases linearly with the number of methyl-CpGs on the probe fragment. The
bands generated by the shifted probe (marked “reMBD2”) and free DNA probe (marked
“free probe”) are indicated with arrows.
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methyl-CpGs. We interpret this to mean that MBD2 binds stoichiometrically to
methylated DNA, with approximately one MBD2 molecule binding to each methyl-CpG.

To produce antibodies against cMBD?2, two rabbits were immunized with
rcMBD2. Total IgG was purified from the antiserum obtained from each animal (named
VCUI1 and VCU2) by protein A chromatography. Western blotting performed with the
VCU1 and VCU?2 antibodies shows that both antibodies recognize the recombinant
c¢cMBD2/GST fusion protein used for immunization and both antibodies recognize a
protein of approximately 28 kD in chicken embryonic fibroblast (CEF), DT40, and adult
red blood cell nuclear extracts (see Figure 8). Since the clones from the UD and BBSRC
EST databases encoded a 28-kD open reading frame similar to that of human and mouse
MBD?2 and antibodies generated against this polypeptide recognize an endogenous
protein of the same size, we conclude that this protein is endogenous cMBD2. Western
blots using VCU2 were repeated in the presence of excess ~cMBD?2 and the band at 28
kD was competed away, but the other bands, such as those at 35 and 60 kD, were still
present. Thus competition experiments confirm that the band at 28 kD corresponds to
endogenous cMBD?2.

Using the anti-MBD?2 antibodies, we wished to confirm that MBD2 was a
component of the MeCPC complex we observed by EMSA. Experiments were peformed
by adding the VCU1 or VCU?2 antibodies to the EMSA binding reactions. Although
VCUI1 antibodies were not able to affect the migration of the complex, the addition of

VCU2 antibodies to the EMSA binding reactions gave a definite and reproducible
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Figure 8. Anti-cMBD?2 antibodies recognize a protein at 28 kD in multiple chicken cell
types. A) Western blot with anti-cMBD?2 antibody VCU1 on HeLa nuclear extract,
recombinant GST/cMBD?2, chicken embryonic fibroblast (CEF) nuclear extract, chicken
pre-B cell (DT40) nuclear extract, and chicken red blood cell nuclear extract. B) Western
blot with anti-cMBD?2 antibody VCU2 with samples as above. Only the band at 28 kD
was abolished by incubation of the antibody with an excess of recombinant GST/cMBD?2.
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retardation (“supershift”) of the MeCPC complex’s mobility (see Figure 9). These

experiments confirm that MBD?2 is a component of MeCPC complex.

Discussion

We have identified the chicken homolog of mammalian MBD2 as a 28 kD protein
expressed in fibroblasts as well as in hematopoietic cells. Interestingly, cMBD?2
corresponds closely to the ‘b’ isoform of MBD2 found in mammalian cells (Hendrich and
Bird, 1998). This form is differentiated from the ‘a’ isoform by the lack of 152 amino
acids of N-terminal polypeptide and is thought to arise from translational initiation at an
internal methionine (both forms contain the same C-terminal 261 amino acids).
Currently, no studies have carefully examined the relative amounts, biochemistry or
function of the MBD2a and b isoforms in vivo. The MBD is wholly contained within the
shared C-terminal region and thus it is not surprising that it is this region that is
conserved between chicken and mammalian MBD2 proteins. The absence of this region
is not unique to the chicken, as MBD?2 in other vertebrates (X. laveis, D. rerio) are also
missing this N-terminal extension (Kransdorf and Ginder, unpublished observations).

Whatever function the N-terminal extension present in mammalian MBD?2 has, it
is either lacking in chicken or is provided for by other proteins and mechanisms. The N-
terminal region of mammalian MBD?2 contains a glycine-arginine repeat domain (GR ).
Two observations have been made regarding this domain. First, Jeffery and Nakielny
have found that this region contains a RNA binding domain that functions independently

of the MBD (Jeffery and Nakielny, 2004). Second, Fujita et al. have observed that the
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Figure 9. Anti-cMBD?2 antibodies supershift the MeCPC. Inclusion of VCU2 anti-
MBD?2 IgG, but not control IgG, retarded the mobility of the MeCPC complex
(’supershift”) during EMSA.
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GR;; domain interacts with RNA helicase A, and that this interaction can activate
transcription of unmethylated, cAMP-responsive genes (Fujita et al., 2003). These data
indicate that the RNA binding domain of MBD?2 is involved in transcriptional activation.

Using rceMBD2, we have also investigated the methyl-CpG requirements for
complex formation. We observed that rcMBD?2 is able to bind to 50 bp fragments of the
p-globin gene containing as few as one methyl-CpG. This is in agreement with the
results of Fraga et al., but contradicts the requirement for 10-15 methyl-CpGs found by
Meehan et al. The disparity is explained by the methyl-CpG density-dependence of
MBD?2 binding, such that at low concentrations of the MeCP1 complex, the amount of
probe shifted by MeCP1 on a probe containing a single methyl-CpG would be below the
level of detection.

If MBD?2 only requires one methyl-CpG for binding, why are entire CpG islands
that contain multiple methyl-CpGs methylated in the cell? For example, the p-globin
PTR region contains 14 methyl-CpGs. Two rationales could explain this observation.
First, if MBD2 binding is methyl-CpG density-dependent, then an increased number of
methyl-CpGs in a genetic region will increase the number of MBD2-recruited
transcriptional repression complexes in the region. This in turn would ensure
transcriptional repression of the methylated region. Second, methylation at multiple
CpGs is most likely required to maintain the integrity of the DNA methylation pattern
during DNA replication. That is, maintenance methylation that occurs during DNA
replication is slightly error-prone and methylation at regions with low methylation

density can be lost (Lorincz et al., 2002). Methylation extending over numerous CpGs



requires that the overall methylation pattern will be maintained even if methylation at a

small number of sites is lost.
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Chapter 3: Purification and component identification of the Erythroid

Methyl-Cytosine Binding Protein Complex (MeCPC)

Introduction

Transcription is a highly complex process necessitating numerous enzymatic
activities to be present at a single genetic site. To meet this need, cells possess large
protein complexes composed of numerous subunits that function coordinately. For
example, RNA polymerase I (RNAPII) itself is a complex of 12 proteins (Young, 1991).
In vitro, transcription requires two additional large protein complexes: the general
transcription factors and the mediator complex (Hampsey, 1998). The general
transcription factors TFIIB, TFIID, TFIIE, TFIIF and TFIIH, each of which is a distinct
complex of proteins, mediate assembly of the transcription preinitiation complex. The
mediator complex is necessary for response to transcriptional activators and is composed
of 25 subunits in yeast (Guglielmi et al., 2004).

Protein purification by liquid chromatography has served as the major route to
understanding the subunit composition of transcriptional protein complexes. Protein
purification is necessary for several reasons. First, most transcriptional activities are
present in low concentrations in crude cellular preparations and therefore purification is
necessary to increase the concentration of the activity to sufficient levels for functional

analysis and subunit identification. Second, purification is necessary to remove proteins
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not involved in the activity under study, so that the complexity of the final purified
sample is reduced. This facilitates the identification and characterization of proteins in
the final purified sample.

As discussed in Chapter 1, the MeCP1 complex was the first methyl-CpG binding
activity to be described (Meehan et al., 1989). This activity was identified using an
artificial "CpG-rich (24 "CpG / 135 bp of DNA) probe termed M-CG11. The activity
was found to be present in nuclear extracts from several cell types of cells, including
Hel a cells. Subsequently, Feng and Zhang purified MeCP1 by liquid chromatography
and found the complex to be composed of MBD2 and all the subunits of the NuRD
complex (Feng and Zhang, 2001).

Work in our laboratory has shown that a similar complex, the MeCPC, forms on
the methylated p-globin gene in vifro (Singal et al., 2002). This complex exhibits
electrophoretic properties similar to those of MeCP1: an inability to enter a
polyacrylamide gel and a similar migration distance in agarose gels during EMSA. As
shown in Chapter 2 and previously by our laboratory, supershift data support the presence
of MBD?2 in the MeCPC (Singal et al., 2002). Despite these similarities, the MeCP1
complex displays a marked preference for its canonical binding sequence M-CG11, than
for M-p248. Similarly, the MeCPC complex exhibits a greater DNA-binding affinity for
its canonical binding sequence M-p248, than for M-CG11, in spite of a lower "CpG
content in M-p248 (14 "CpG / 248 bp of DNA). Based on these data, we hypothesize
that a factor or factors present in the MeCPC complex but not in the MeCP1 complex,

confers sequence-context preferential binding to the MeCPC.
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Chicken erythrocytes are an excellent system in which to study transcriptional
protein complexes. Unlike the erythrocytes of mammals, chicken erythrocytes do not
undergo enucleation during maturation. Thus, transcriptional protein complexes remain
in the nucleus of these cells despite the fact that the mature erythrocytes are largely
transcriptionally inactive (Berkowitz and Doty, 1975). Given this fact, using chicken
erythrocytes as a source of nuclear protein offers several advantages over cultured cell
lines. First, very large quantities of chicken blood can be obtained as a by-product of
chicken agriculture. Second, vast quantities of chicken erythrocytes can be obtained from
chicken blood. Typically 0.5 L of blood yields 60 mL of packed erythrocytes, which
when used as raw material for the Dignam nuclear extract procedure generates
approximately 1.6g of nuclear extract (Kransdorf and Ginder, unpublished observations).
Even after deduction of the high quantities of hemoglobin in the extract (approximately
95% by mass), every 0.5 L of chicken blood yields around 80 mg of non-hemoglobin
nuclear protein. Third, this system is significantly more cost effective than using cultured
cell lines as the raw material for the Dignam nuclear extract procedure (the approximate
cost for 80 mg of HeLa nuclear extract is $1600, compared to $100 for chicken
erythrocytes). Most importantly, this system allows us to address numerous interesting
and medically relevant biological questions on the mechanisms of globin regulation in

erythroid cells.



51

Methods
Note that for the buffer compositions given below, the buffer is denoted by a letter
followed by a number which indicates its salt content in millimoles (e.g. Z100 denotes

buffer Z containing 100 mM KCl).

Electrophoretic Mobility Shift Assay

The 248 bp p exon 1/intron 1 DNA fragment (p248) was generated by digestion of
control DNA with Nhel and Stul. The 135 bp CG11 DNA fragment (CG11) was
generated by digestion of pCG11 with EcoRI and BamHI. The probe fragments were
isolated by gel purification (Qiagen). The isolated fragments were then methylated using
Sssl methylase (New England Biolabs). The DNA was phenol-chloroform extracted and
precipitated using glycogen as a carrier. The probe was labeled by incubation with [a-
2P1dCTP or [a-**P]dATP and Klenow fragment. The assay was performed by adding 2-

10 uL of column fractions to a 21.5 pl binding reaction which contained 10 or 20 fmol

of probe, 2 pg of sonicated M. Lys DNA, 20 mM HEPES [pH 7.9], 3 mM MgCl,, 1 mM
EDTA, 10 mM B-ME, 0.1% Triton X-100 and 4% glycerol. Binding reactions were

incubated on ice for 20 minutes, loaded onto a 2% agarose gel and resolved in 0.5x TBE

buffer.

[solation of Chicken Erythrocytes
500 mL whole chicken blood with sodium citrate as an anti-coagulant was obtained (Pel-

Freez). 32 mL of blood was layered on top of 12 mL of Histopaque 1083 (Sigma) in a 50
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mL conical (Greiner). 15 conicals were prepared in this way from each 500 mL of blood.
The conicals were spun at 3100g for 5 minutes at 4°C in a RT7 Plus centrifuge using the
RTH-250 rotor (Sorvall). The supernatant was then aspirated with a vacuum pump,
leaving a pellet of 8 mL of erythrocytes. The erythrocytes were resuspended in 1x cold
PBS and aliquoted to 12 centrifuge tubes (Nalgene). The tubes were spun at 3000g for 5
minutes at 4°C in a J2-21M centrifuge using the JS 13.1 rotor (Beckman). The volume of

this packed erythrocyte pellet was 5 mL per tube, or 60 mL per 500 mL of blood.

Preparation of Nuclear Extracts

Nuclear extracts were prepared using the method of Dignam ef al. with modifications
(Dignam et al., 1983). Briefly, 5 mL of packed erythrocytes were resuspended with 25
mL of Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl,, 10 mM KCI) and incubated for
10 minutes on ice. The tubes were then spun at 4000 RPM for 10 minutes at 4°C in the
JS 13.1. The supernatant was removed with a vacuum pump and the pellet was
resuspended with 10 mL of Buffer A. 3 tubes of pellet were transferred to a 40 mL
dounce (Wheaton) and the cells were fully lysed with 15 strokes of a ‘B’ type pestle. The
cells were then aliquoted to 6 centrifuge tubes and spun at 10000g for 10 minutes at 4°C
in the JS 13.1. Thé supernatant was again removed with a vacuum pump and the pellet
was resuspended in 1 volume (~ 14 mL) of Buffer C (20 mM HEPES pH 7.9, 25%
glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA) and incubated for 35 minutes on
ice with gentle vortexing every 5 minutes. The nuclei were spun out at 10000g for 10

minutes at 4°C in the JS 13.1. The nuclear extract was removed and spun at 15000¢g for
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20 minutes at 4°C to pellet any cellular debris. Nuclear extract was then frozen at —80°C

until use.

MeCPC Purification Strategy [: Ion-Exchange Chromatography

All Fine Performance Liquid Chromatography (FPLC) was performed using a BioLogic
DuoFlow system (Bio-Rad). 120 mL of nuclear extract was desalted into buffer Z100
(20 mM Tris-HCI pH 7.9 @ 4°C, 100 mM KCI, 0.2 mM EDTA, 10% glycerol, 0.5 mM
DTT, 0.2 mM PMSF) with a HiPrep Desalting 16/20 column (Amersham Biosciences)
and then loaded in tandem onto a 20 mL DEAE Sepharose Fast Flow column
(Amsersham Biosciences). The column was washed with 2.5 column volumes (CV) of
7100 and then bound protein was eluted with a 2.5 CV linear gradient from Z100 to
7500. The active fractions were determined by EMSA. The DEAE column step was
repeated resulting in two sets of DEAE fractions, which were then pooled (total volume =
43.5 mL). The pooled DEAE fractions were desalted into Z100 with the HiPrep
Desalting 16/20 and then one-half of the total desalted protein was injected onto a UnoQ6
column (Bio-Rad). The column was not washed and then bound protein was eluted with
an 8 CV linear gradient from Z100 to Z500. The active fractions were determined by
EMSA. The UnoQ column step was repeated with the remaining protein, resulting in two

sets of UnoQ fractions, which were then pooled (total volume =22 mL).

MeCPC Purification Strategy I: Gel Filtration Chromatography
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The pooled UnoQ fractions were aliquoted to two Ultrafree-15 centrifugal concentrator
devices with a SK molecular-weight cut-off (MWCO, Millipore). The protein was
concentrated by spinning the devices in the JA-17 rotor at 3700 RPM for 120 minutes at
10°C (final sample volume = 1 mL). 240 uL of the final concentrated sample was
injected onto a Superose 6 10/30 column (Amersham Biosciences) washed with Buffer
S500 (20 mM HEPES pH 7.9, 500 mM NaCl, 3 mM MgCl,, 1 mM EDTA, 5% glycerol,
0.2 mM PMSF, 0.5 mM DTT). Proteins were eluted isocratically, with a flow rate of
S500 at 0.2 mL / min. This procedure was repeated an additional two times to
accommodate the rest of the concentrated Q pooled sample. Fractions 8 through 23 were
aliquoted in pairs (e.g. fraction 8 and 9) to Ultrafree-4 centrifugal concentrator devices
with a SK MWCO (Millipore). The protein was concentrated by spinning the devices in
the JA-13.1 rotor at 4500 RPM for 20 minutes at 4°C. The active fractions were

determined by EMSA and pooled (total volume = 0.6 mL).

MeCPC Purification Strategy I: Heparin Chromatography

The pooled Superose 6 fractions were dialyzed against a 400x volume of buffer H150 (10
mM Sodium Phosphate pH 6.8, 150 mM NaCl, 0.2 mM EDTA, 10% glycerol, 1 mM
DTT). The sample was injected onto a ImL HiTrap Heparin Sepharose High
Performance column (Amersham Biosciences). The column was washed with 4 CV of
H400 and then bound protein was eluted with an 8 CV linear gradient from H400 to

H900. The active fractions were determined by EMSA and pooled (total volume = 2.4
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mL, total protein = 360 pg). 30 pg of pooled, heparin-purified sample was dialyzed

against PTE buffer (20 mM Tris-HCI pH 7.8, 0.5 mM EDTA, 1 mM DTT) overnight.

MeCPC Purification Strategy II: Jon-Exchange Chromatography

The second strategy for purification of the MeCPC was similar to the first, except that the
DEAE column step was repeated four times resulting in four sets of DEAE fractions
(DEAE Runs I —1V). MeCPC containing fractions from DEAE Run I and II were pooled
and desalted into H100 with the HiPrep Desalting 16/20 and then injected to a 20 mL
HiPrep SP Sepharose Fast Flow column (Amersham Biosciences). The column was
washed for 0.25 CV with H100 and then bound protein was eluted with a 4 CV linear
gradient from H100 to H600. The column was washed with 8 CV of H100 and then
fractions from Run III and IV were pooled and the above procedure repeated. The active
fractions from each SP run were determined by EMSA. The SP fractions were pooled
and then desalted into Z100 with the HiPrep Desalting 16/20 and then one-half of the
total desalted protein was injected onto a UnoQ6 column (Bio-Rad). The column was not
washed and then bound protein was eluted with an 8 CV linear gradient from Z100 to
Z500. The active fractions were determined by EMSA. The Q column step was repeated
with the remaining protein, resulting in two sets of Q fractions, which were then pooled.
Gel filtration was then performed on the pooled Q fractions as described for purification

Strategy I above.

Protein Electrophoresis and Staining



56

To remove any contaminating substances such as glycerol and salt prior to protein
electrophoresis, 30 pug of heparin-purified sample was precipitated with the ReadyPrep 2-
D Cleanup Kit (Bio-Rad). The precipitated protein was resuspended in 40 pL of LDS-
PAGE sample buffer (Invitrogen). The sample was heated at 70°C for 10 minutes and
then loaded to two wells of a NuPAGE Novex 10% Bis-Tris gel (Invitrogen). The gel
was run using MOPS running buffer at 180V for one hour. The gel was then removed
and fixed in 100 mL of 10% methanol, 7% acetic acid for 30 minutes. The gel was
stained in 100 mL SYPRO Ruby (Molecular Probes) protein stain overnight at room
temperature with gentle agitation. The next day the stain was removed and the gel was

washed twice with 100 mL of 10% methanol, 7% acetic acid for 30 minutes.

Identification of Proteins by Mass Spectrometry

The entire gel was submitted to the Michael Hooker Proteomics Core Facility at the
University of North Carolina Chapel Hill. Proteins were digested in-gel with trypsin.
Gel bands up to 90 kD were excised by robot and labeled Al through A12, and Bl
through B9. Peptide mass fingerprint data was acquired on the spotted digests using a

model 4700 Proteomics Discovery System (Applied Biosystems).

Mass Fingerprint Data Analysis
Overall there were 18 bands that were submitted for identification. Peptide mass
fingerprint (PMF) data was first submitted to the MS-Fit algorithm that is part of Protein

Prospector (http://prospector.ucsf.edu/). Protein Prospector identified four bands based
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on the high homology of these chicken proteins with the corresponding human proteins.
For the unidentified proteins, the PMF data set for each band was stripped of peptides
derived from human keratin and bovine trypsin as identified with FindPept
(http://au.expasy.org/tools/findpept.html) using a 10 ppm tolerance (Gattiker et al., 2002).
The PMF data set for each band was then separated into 2 to 3 lists of peptides
(depending on the length) and submitted to ChickPep (http://chick.umist.ac.uk/).
ChickPep searches were performed using the following parameters: monoisotopic mass,
0 charge, 0-1 maximum missed cleavages, 80 ppm error tolerance and variable
methionine oxidation. The resulting list of cDNA contigs from each ChickPep query was
examined to find those contigs whose putative protein had a molecular weight similar to
that (within 5 kD) of the band the PMF data set was derived from. The resulting
“candidate proteins” were used as queries to the Ensembl Chicken Genome Annotation
(ECGA, http://www.ensembl.org) to find the chicken gene for each candidate protein.
The “reference protein” obtained from the ECGA for each candidate protein was digested
with trypsin in silico and compared to the experimentally-derived PMF data set for each
band using FindPept. FindPept comparisons were performed using the following
parameters: monoisotopic mass, 80 ppm error tolerance, methionine oxidation and trypsin
digestion. The candidate protein that matched the experimentally-derived PMF data set
most closely (i.e. the largest number of matching peptides) was considered the match.

Only peptides resulting from 0, 1, or 2 missed trypsin cleavages were considered.

Western Blotting
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Protein samples were run on Criterion 10% Tris-glycine SDS-PAGE gels (Bio-Rad) in
running buffer (25 mM Tris-HCI pH 8.3, 192 mM glycine, 0.1% SDS). The gel was
equilibrated in transfer buffer (25 mM Tris-HCI pH 8.0, 192 mM glycine, 20% methanol)
and then transferred to activated PVDF overnight at 30V. The next day the membrane
was washed twice for 10 minutes with 1x PBS and then blocked for two hours at room
temperature with rocking in 10 mL MPBST (5% (w/v) non-fat milk, 1x PBS, 0.05%
Tween-20). The blocking solution was removed and the primary antibody was incubated
with the membrane for 2 hours at room temperature with rocking in MPBST. This
solution was removed and the membrane was washed 3 times with 10 mL PBS-T for 5
minutes. The secondary antibody was incubated with the membrane for 1 hour at room
temperature with rocking in MPBST. This solution was removed and the membrane was
washed three times with 10 mL PBS-T for 5 minutes and 1 time with 10 mL PBS-T plus
0.1% Triton X-100. Bands were visualized with ECL Plus (Amersham Pharmacia) and

exposed to film.

Results

To understand the binding specificity and functional capabilities of the MeCPC,
we first sought to determine what the protein components of this complex are. The
strategy we chose to accomplish this was to first purify the MeCPC by chromatography
and then identify the proteins in the sample using MALDI-TOF mass spectrometry. The
initial step in this strategy was to identify chromatographic columns that allowed us to

elute acceptable amounts of MeCPC activity from the column. We found that the DEAE
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Sepharose Fast Flow, SP Sepharose Fast Flow, UnoQ, Heparin Sepharose High
Performance and Superose 6 matrices yielded purification of the MeCPC with acceptable
amounts of loss (less than 50% of input). In contrast, the Phenyl Sepharose High
Performance, Phenyl Superose, and MonoS matrices yielded very low amounts of
MeCPC and thus were not valuable chromatography steps. It is noteworthy that the
Phenyl Sepharose and MonoS matrices were employed successfully in the purification of
the MeCP1 complex (Feng and Zhang, 2001). This disparity may be another indication
that the MeCPC and MeCP1 are distinct protein complexes.

Based on the high fold-purification achievable with affinity chromatography
(Gadgil et al., 2001), we also tried developing two separate affinity chromatography
procedures to purify the MeCPC. The first procedure utilized biotinylated M-p248 as the
affinity target, bound to a strepavidin-agarose matrix. After scaling-up the procedure so
that the matrix could be placed in a 1 mL column, we found that the MeCPC failed to
bind to the matrix at even low salt concentrations (data not shown). The second
procedure utilized biotinylated M-p248 as the affinity target, but used magnetic
strepavidin beads as the matrix. We were not able to elute the MeCPC off the beads once
it had bound (data not shown). Therefore we were not able to use either of these affinity
chromatography procedures to purify the MeCPC.

Using the chromatography columns we previously identified as able to

successfully elute acceptable amounts of MeCPC activity, we developed two multi-step
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chromatographic procedures to purify the MeCPC from adult chicken red blood cell
nuclear extracts. The two procedures used are diagrammed in Figure 10. EMSA was
performed on the eluate from each column to determine which fractions contained

the MeCPC activity. These fractions were pooled and then injected to the next column
step. The total fold-purification for each procedure is difficult to estimate, because there
is a non-linear relationship between the activity concentration and the amount of probe
shifted in the EMSA. Nevertheless, the total fold-purification for Purification Strategy I
is estimated to be approximately 100-fold as determined by EMSA.

The first step of each procedure was a tandem injection of chicken adult red blood
cell nuclear extract to a HiPrep Desalting column and then to a 20 mL. DEAE Sepharose
Fast Flow column. The DEAE Sepharose column was an excellent capture step, because
as a weak anion-exchanger, the DEAE binds to the nuclear protein within the extract,
while the large amount of hemoglobin within the extract flows through the column. In
purification Strategy I, the MeCPC containing fractions from two DEAE runs were
pooled and injected to a 6 mL UnoQ column, a strong anion-exchanger. The MeCPC
containing fractions from two UnoQ runs were pooled and injected to a 24 mL Superose
6 gel-filtration column. The MeCPC eluted from the Superose 6 column between the
void volume (2000 kD) and 667 kD. The MeCPC containing fractions were pooled and
injected to a 1 mL Heparin Sepharose High Performance column.

The EMSA on the eluted fractions from the Heparin Sepharose column of
purification Strategy I is shown in Figure 11. The MeCPC elutes in fractions 32 through

36 and displays strong methyl-CpG binding activity after four column chromatography
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Figure 10. Chromatographic strategies used to purify the MeCPC from primary
erythroid cells. Purified material resulting from Strategy I was analyzed by mass
spectrometry and purified material resulting from Strategy II was analyzed by Western
blotting with previously identified MeCPC components.
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Figure 11. EMSA on the eluted fractions from the final column of MeCPC purification
Strategy I (Heparin Sepharose High Performance). M-p248 was used as the probe. The

MeCPC complex elutes in fractions 32 through 36. After four column chromatography
steps the complex remains intact.
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steps. To identify the proteins present in this sample, the fractions were pooled and
separated by electrophoresis on a 10% SDS-PAGE gel. The gel was stained with the
Sypro Ruby protein gel stain. The final protein gel showed approximately 40 protein
bands of varying staining intensity, with half the bands under 85 kD. The gel was sent to
the Michael Hooker Proteomics Core Facility at the University of North Carolina Chapel
Hill for identification of the 18 discrete bands under 85 kD via matrix assisted laser
desorption ionization-time of flight-time of flight (MALDI-TOF-TOF) mass
spectrometry. Identification of the bands in the sample over 85 kD was not possible
under these conditions, because electrophoresis on a 10% gel does not separate proteins
over 100 kD sufficiently to permit excision of each band separately. A picture of the
stained SDS-PAGE gel submitted for analysis by mass spectrometry can be found as
Figure 12.

The Proteomics Core Facility at the University of North Carolina Chapel Hill was
able to identify four proteins in the sample by querying Protein Prospector with the
peptide mass fingerprint (PMF) data obtained by MALDI-TOF mass spectrometry.
Protein Prospector is a set of bioinformatics algorithms designed primarily for the
identification of proteins by mass spectrometry (Clauser et al., 1999). Protein Prospector
searches standard protein sequence databases, such as Swiss-Prot (Bairoch and
Boeckmann, 1991) and OWL (Bleasby et al., 1994), that contain human and mouse
proteins almost exclusively. Only a small percentage of proteins within these protein
databases is from the chicken. For example, there are over 250,000 human and mouse

proteins in Swiss-Prot, but only 4000 chicken proteins. Thus the chicken proteins
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Figure 12. Sypro Ruby stained protein gel on 15 pg of purified MeCPC. The gel was
submitted to the Proteomics Core Facility at the University of North Carolina Chapel Hill
for analysis by mass spectrometry. Approximately 40 bands are present on the gel, with
18 bands below 85 kD. Since the bands above 85 kD were not resolved, mass
spectrometry was performed on the bands below 85 kD only. Only the bands analyzed
by mass spectrometry are shown.
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identified from searches with Protein Prospector were identified because they are highly
homologous to the corresponding human and mouse proteins within the Swiss-Prot and
OWL databases. The average amino acid similarity between the human and chicken
proteins was 95%, suggesting that it is possible to identify chicken proteins from their
human homologs as long as the amino acid similarity between the homologs is quite
high. The other 14 bands were not identified from the Protein Prospector searches
because the matching chicken protein sequence was not present in the standard protein
sequence databases.

There are currently two resources for chicken proteomic information: the BBSRC
Chicken EST Databse (Boardman et al., 2002) and the ECGA (Birney et al., 2004,
Curwen et al., 2004). At this time there is only one algorithm that allows the user to
query a database of chicken proteins with PMF data in order to match that query to a
chicken protein. This is the ChickPep algorithm implemented by Ian Overton and Simon
Hubbard at the University of Manchester. ChickPep takes as input a set of PMF data and
produces as output a list of cDNA contigs whose predicted open reading frames (ORF)
match the query data set. In addition, the BBSRC Database entry for each cDNA contig
contains the BLAST data for the predicted ORF of the cDNA, allowing comparison of
the predicted ORF to its likely homolog. For example, cDNA contig 345208.3 from the
BBSRC Database encodes an ORF of 307 amino acids that when queried against the
SwissProt protein sequence database by BLAST, matches mouse DNMT3a. In this way,

the “putative protein” encoded by each cDNA contig in the database is known.
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Each data set from the 14 unidentified protein bands was analyzed by the method
outlined in Figure 13. First, the data set was stripped of peptides derived from human
keratin and bovine trypsin using the program FindPept (Gattiker et al., 2002). Next the
data set was split into two or three lists of approximately 40 peptides (this is the
maximum number of peptides that can be entered into ChickPep at one time). Each list
was entered into ChickPep, and the resulting list of cDNA contigs from each ChickPep
query was examined to find those contigs whose putative protein had a molecular weight
similar to that (within 5 kD) of the band from which the PMF data set was derived. The
resulting “candidate proteins” were used as queries to the ECGA to find the chicken gene
for each candidate protein. This last step was necessary because many of the ORFs
predicted for cDNA contigs in the BBSRC Chicken EST Database are incomplete or
contain errors derived from DNA sequencing. Each gene in the ECGA is linked to its
predicted transcripts and protein products; consequently, if the gene is present in the
ECGA database, then the complete “reference protein” encoded by the gene is present.

The candidate protein or proteins suggested from each ChickPep search were then
evaluated. The reference protein obtained from the ECGA for each candidate protein was
digested with trypsin in silico and compared to the experimentally-derived PMF data set
for each band. The candidate protein that matched the experimentally-derived PMF data
set most closely (i.e. the largest number of matching peptides) was considered to be the
match. An arbitrary minimum of five matching peptides was required to be considered as

a positive match. Table 4 contains the final protein match for each band in the gel which
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was submitted to the Proteomics Core Facility at the University of North Carolina Chapel
Hill.

Overall, 16 of the 18 submitted proteins were matched to a chicken protein. Only
bands A1 and A2 were not successfully matched. 14 of the 16 identified proteins were
matched to a reference protein present in the ECGA. Bands A3 and A1l were matched
to predicted ORF's present in the BBSRC Database, because the genes for these proteins
were not present in the ECGA. The stained SDS-PAGE gel submitted for MS analysis
with the identified proteins labeled can be found in Figure 14.

Four components of the MeCP1 transcriptional repression complex were
identified in the purified MeCPC sample: MBD2, HDAC2, RbAp48 and MTAT1 (Feng
and Zhang, 2001). In light of our previous data indicating that MBD2 was a component
of the MeCPC (Figure 9 in Chapter 2) and published data which showed the association
of these proteins in vivo, these four proteins were considered putative components of the
MeCPC. Another identified protein, MENT, was also considered to be a putative
MeCPC component, due to published data showing it is highly expressed in chicken
erythrocytes and lymphoid cells, is capable of binding to DNA, and can establish a
repressive chromatin configuration (Grigoryev and Woodcock, 1993; Grigoryev and
Woodcock, 1998; Istomina et al., 2003). Furthermore, the cohesin complex subunit SCC1
(as well as a SCC1 cleavage product) was identified, indicating that the
SNF2h/NuRD/cohesin complex may be present in these fractions (Hakimi et al., 2002).

Five components of the eukaryotic translation Initiation Factor 3 complex (eIF-3)

were also identified: elF-3d, elF-3e, elF-3h, elF-3i, and an elF-3e interacting protein
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Table 4. List of proteins identified by mass spectrometry from the purified MeCPC sample. Proteins were identified by the
method outlined in Figure 13. The final step of the method was to compare tryptic peptides from in silico digestion of
candidate proteins from each ChickPep search to the the experimentally-derived PMF data set for each band. The candidate
protein that matched the experimentally-derived PMF data set most closely (i.e. the largest number of matching peptides) was
considered the match. An arbitrary minimum of five matching peptides was required to be considered as a positive match and
only peptides matching with 0, 1 or 2 missed trypsin cleavages were counted.

ENS 02101

Band Apparent Protein Identification Abbreviation | Database / Theoretical Matching
M, ID M, Peptides
Al 20 NO MATCH
A2 22 NO MATCH
A3 28 METHYL-CpG BINDING DOMAIN MBD2 BBSRC 28 5
PROTEIN 2 337626.1
A4 36 EUKARYOTIC TRANSLATION elF-3i Ensembl 37 9
INITIATION FACTOR 3, SUBUNIT 2 ENS 5271
AS 40 EUKARYOTIC TRANSLATION elF-3h Ensembl 40 12
INITIATION FACTOR 3, SUBUNIT 3 ENS 25924
A6 42 BETA-ACTIN Ensembl 42 6
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Table 4 continued.

Band Apparent Protein Identification Abbreviation Gene ID Theoretical Matching
M, . M, Peptides
A7 45 MYELOID AND ERYTHROID MENT Ensembl 47 9
NUCLEAR TERMINATION ENS 20960
A8 46 EUKARYOTIC TRANSLATION elF-3e Ensembl 52 20
INITIATION FACTOR 3, SUBUNIT 6 ENS 25882
A9 50 UNCHARACTERIZED CONSERVED pS0 Ensembl 56 6
PROTEIN ENS 19305
Al0 50 CHROMATIN ASSEMBLY FACTOR 1 RbAp48 Ensembl 51 10
SUBUNIT C ENS 5565
All 56 BRAHMA RELATED GENE BAF60b BBSRC 57 18
ASSOCIATED FACTOR 60b 045096.1
Al2 58 HISTONE DEACETYLASE 2 HDAC2 Ensembl 55 19

ENS 24133
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Table 4 continued.

Band Apparent Protein Identification Abbreviation Gene ID Theoretical Matching
M, M, Peptides
Bl 62 EUKARYOTIC TRANSLATION Ensembl 66 23
INITIATION FACTOR 3, SUBUNIT 6 ENS 20064
INTERACTING PROTEIN
B2 66 EUKARYOTIC TRANSLATION elF-3d Ensembl 60 16
INITIATION FACTOR 3, SUBUNIT 7 ENS 20439
B3 72 SISTER CHROMATID COHESION 1 Ensembl 73 6
(CLEAVAGE PRODUCT) ENS 25921
B4 75 METASTASIS ASSOCIATED 1 MTAI Ensembl 79 14
ENS 4424
B5 78 FMS INTERACTING PROTEIN FMIP Ensembl 79 20
ENS 13104
B6 &5 SISTER CHROMATID COHESION 1 SCCI1 Ensembl 73 31

ENS 25921]
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(Hershey et al., 1996; Morris-Desbois et al., 2001). Because the elF-3 complex has never
been shown to bind to DNA or have a role in transcriptional regulation, it is likely that
this complex is copurifying with the putative MeCPC components. Other proteins in the
sample that are most likely copurifying with the putative MeCPC components are actin,
p50, BAF60b and FMIP. Actin has been shown to have a role in RNAPII pre-initiation
complex formation (Hofmann et al., 2004), but has not been shown to have a role in
transcriptional repression. The protein pS0 is an uncharacterized conserved protein that
possesses a tetratricopeptide repeat domain but contains no significant sequence
homology to any characterized proteins present within the standard protein sequence
databases. BAF60b is a component of a SWI/SNF chromatin remodeling complex
(Wang et al., 1996), but since no other components of this complex were identified in the
MeCPC sample, its presence is unlikely to be of functional significance. FMIP is a
protein that binds to the cytoplasmic domain of the receptor for the cytokine GM-CSF
and appears to have a role in macrophage/granulocyte lineage choice (Tamura et al.,
1999; Mancini et al., 2004).

We repeated the MeCPC purification and used Superose 6 gel-filtration as the
final step in the procedure (see purification Strategy II, Figure 10). By monitoring the
fractions from the Superose 6 column by both EMSA and Western blotting with
antibodies against components of the MeCPC, we could determine the elution profile of
the entire MeCPC as well as proteins we considered putative components of the MeCPC.

Purification Strategy II contained two additional changes from purification Strategy I: a

SP Sepharose Fast Flow column step was inserted after the DEAE Sepharose Fast Flow
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column and the Heparin Sepharose column step was eliminated. The SP Sepharose Fast
Flow column is a cation-exchange column and served as a replacement for the Heparin
Sepharose column, since a significant amount of MeCPC activity eluted from this column
during washing at moderate salt concentrations (0.4 M).

EMSA analysis of the final fractions from purification Strategy II shows that the
MeCPC elutes in Superose 6 fractions 8 through 13, with maximal activity eluting in
fractions 10 and 11 (see Figure 15, panel A). A slower-migrating “supercomplex” elutes
in fractions 10 through 13 and a faster-migrating subcomplex elutes in fractions 18 and
19. The possible origin and significance of these complexes is discussed below.

Western blotting was performed on the Superose 6 fractions with antibodies
against several of the components of the MeCP1 and cohesin complexes. Western blots
with antibodies against the MeCP1 components MBD2, HDAC2, MTA1 and Mi2 show
a strikingly similar profile, with elution of these factors in fractions 8 through 13 (see
Figure 15, panel B). This elution profile matches the elution profile of MeCPC activity.
Western blotting with antibodies against MENT showed that this protein coeluted with
the MeCP1 factors, suggesting that this abundantly expressed protein was not a
contaminant in the purified MeCPC fractions. Western blots with antibodies against the
cohesin components SCC1 and SMCI, as well as the cohesin-associated protein SNF2h,
show that these three factors also coelute. However, the elution profile of these factors is
slightly different from that of the MeCP1 factors. SNF2h and the cohesin components
elute over a slightly larger set of fractions (fractions 8 through 15) and the maximal

amount of these factors is in fractions 12 and 13.
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Figure 15. EMSA and Western blot analysis of Superose 6 fractions from MeCPC
purification Strategy II. A) EMSA of Superose 6 fractions from MeCPC purification
Strategy I using 20 fmol M-p248 as a probe. B) Western blotting for putative MeCPC
and MeCPC-associated factors in Superose 6 fractions from MeCPC purification Strategy
II. MBD2, MENT, HDAC2, MTAT1 and Mi2 coelute with the MeCPC activty in
fractions 8 through 13. SNF2h, SCC1, and SMCI1 elute over these fractions as well, but
their maximal factor content is slightly shifted. Maximum elution of these factors occurs
in fractions 12/13 as compared to fractions 10/11 for the MeCP1-type factors.
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We conclude that MBD2, RbAp48, HDAC2, MTA1, and Mi2 are components of
the MeCPC complex in vitro. MENT coelutes with the MeCPC, but subsequent work by
our laboratory has shown that MENT is not expressed in cell-types with high levels of
MeCPC activity (e.g. 6C2 and DT40 cells), raising the possibility that it is not a
component of the MeCPC (data not shown). SNF2h and the cohesin components SCC1
and SMC1 also coelute with the MeCPC, indicating that these proteins may be associated
with MeCPC. However, because the elution profile of these factors differs slightly from
that of the definitive MeCPC factors (MBD?2 et al.), we conclude that not all of the
SNF2h/cohesin complex may be associated with the MeCPC. Subsequent studies done in
our laboratory using SCC1 knock-out DT40 cells (Sonoda et al., 2001) have shown that
this protein is not required for formation of the MeCPC (data not shown). Thus, it is
unlikely that SCC1 and the other SNF2h/cohesin components of the MeCPC per se.

Additional EMSA studies were performed with the Superose 6 fractions from
purification Strategy II to determine the origin of the MeCPC supercomplex and
subcomplex (see Figure 16, panel A). EMSA was performed under identical conditions
using the methylated p-globin PTR (M-p248), the unmethylated p-globin PTR (p248) and
an artificial "CpG-rich fragment (M-CG11) as probes. Neither the MeCPC complex nor
the supercomplex formed on the p248 probe by EMSA (Figure 16, panel B), confirming
that the MeCPC complex and supercomplex have no affinity for non-methylated DNA.
The MeCPC subcomplex did form on the p248 probe, indicating that this complex can

bind to both methylated and unmethylated DNA. The MeCPC complex and subcomplex
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Figure 16. Extended EMSA analysis of Superose 6 fractions from MeCPC purification Strategy II. A) EMSA using Superose
6 fractions 8 through 19 with the methylated p-globin PTR (M-p248) as a probe. The band generated by MeCPC is marked
“M,” the band generated by the MeCPC subcomplex is marked “Sub,” and the band generated by the MeCPC supercomplex is
marked “Sup.” B) EMSA using Superose 6 fractions 8 through 19 with the unmethylated p-globin PTR (p248) as a probe. C)
EMSA using Superose 6 fractions 8 through 19 with the methylated CG11 sequence (M-CG11) as a probe.
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but not the supercomplex formed on the M-CG11 probe (Figure 16, panel C). Thus the
MeCPC supercomplex is specific to the M-p248 probe.

Western blotting on the Superose 6 fractions from purification Strategy 11
revealed that fractions 16 through 19, but not fractions 8 through 13, contain lower
molecular weight isoforms of the putative MeCPC factor Mi2 and the putative MeCPC-
associated factor SCC1 (see Figure 17, panel B). Therefore our hypothesis is that the
MeCPC subcomplex results from proteolytic degradation or loss of critical post-
translational modifications of certain MeCPC components, thereby yielding a complex
with non-specific DNA binding affinity. Notably, a negligible amount of MBD?2 is
associated with the subcomplex (Figure 17, panel B). Given that the cohesin complex
has non-specific DNA binding activity and has been shown to interact with the NuRD
complex in vivo (Kagansky et al., 2004; Hakimi et al., 2002), we hypothesize that the
MeCPC supercomplex results from the recruitment of the NuRD and cohesin complexes
to the M-p248 probe by MBD?2 under conditions of high DNA and protein concentration
during EMSA. Cohesin has been shown to bind preferentially to DNA fragments
approximately 300 bp long (Kagansky et al., 2004), thus providing a possible explanation
of why this complex did not form on the M-CG11 probe which is only 135 bp long. The
hypotheses presented as to the origin of the MeCPC supercomplex and subcomplex are

reasonable given the data available, but as yet have not been rigorously tested.
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Figure 17. Smaller molecular-weight forms of Mi2 and SCC1 coelute with the MeCPC
subcomplex. A) EMSA of Superose 6 fractions from MeCPC purification Strategy I1
using 20 fmol M-p248 as a probe. B) Western blotting with anti-Mi2 and anti-SCC1
antibodies shows that smaller molecular-weight forms of these proteins coelute with the
MeCPC subcomplex activity. Western blotting with anti-MBD?2 antibodies shows that
MBD?2 is not present in these fractions, thereby explaining the DNA methylation-
independent binding of this subcomplex.
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Discussion

We wished to determine what the protein components of the MeCPC complex
are. The MeCPC complex was purified from adult chicken red blood cell nuclear extract
using two procedures (Strategies I and II). The proteins present in the purified sample
obtained through purification Strategy I were identified by MALDI-TOF mass
spectrometry. Four components of the MeCP1 transcriptional repression complex were
present in the sample: MBD2, RbAp48, HDAC2 and MTA1. The proteins present in the
purified fractions obtained through purification Strategy II were monitored by Western
blotting. These studies confirm that MBD2, RbAp48, HDAC2, MTA1 and Mi2 are
components of the MeCPC complex.

Another potentially important protein identified by mass spectrometry in the
purified sample obtained through purification Strategy [ was MENT. MENT is a member
of the serpin family of serine protease inhibitors and can inhibit several types of proteases
in vitro (Grigoryev et al., 1999; Irving et al., 2002). Interestingly, studies have shown
that MENT itself is sufficient to induce higher-order chromatin folding and nucleosome
compaction (Grigoryev et al., 1992; Grigoryev and Woodcock, 1998). Several pieces of
evidence support the hypothesis that MENT is the tissue-restricted MeCPC component
that confers sequence-context preferential binding to the complex. First, MENT is
abundantly expressed in terminally differentiated chicken hematopoietic cells such as
erythrocytes, granulocytes and lymphocytes (Grigoryev and Woodcock, 1993; Grigoryev
and Woodcock, 1998). Second, MENT possesses DNA-binding activity (Grigoryev and

Woodcock, 1998). Third, as discussed above, MENT copurifies from the Superose 6
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column with the other MeCPC components MBD2, RbAp48, HDAC2, MTA1 and Mi2.
On the other hand, MENT is not expressed in cell-types with high levels of MeCPC
activity, raising the possibility that it is not an intrinsic component of the MeCPC (data
not shown). Additional experiments are necessary to show that MENT binds to the
methylated p-globin gene in vivo and that MENT is functionally required for the
transcriptional silencing of p-globin.

SCC1, another putative component of the MeCPC, was identified by MALDI-
TOF mass spectrometry. SCC1 has been shown previously to be a component of a
supercomplex containing SNEF2h, the NuRD complex and cohesin (Hakimi et al., 2002).
Data from purification Strategy II indicates that SNF2h and cohesin copurify with the
MeCPC components, but the specificity of this interaction needs verification. As
discussed above, we hypothesize that the MeCPC supercomplex is composed of the
NuRD and cohesin complexes as recruited to the Mp-248 probe by MBD2.

Although significant enrichment for the MeCPC activity was achieved through
the two purification strategies detailed above, a significant number of contaminating
proteins are still present in the purified MeCPC samples. For example, out of the 18
proteins sent for analysis by mass spectrometry, only one-third are likely or confirmed
components of the MeCPC. Therefore, if analysis of the subunit composition of the
MeCPC is to be repeated, an additional purification step would be helpful in reducing the
number of contaminating proteins present in the sample. Because each chromatographic
step results in a significant loss of material, an immunoaffinity procedure using

antibodies against one of the known components of the MeCPC would be optimal for
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further purification. On the contrary, additional purification steps could also result in the
loss of MeCPC components or MeCPC associated factors due to differential binding or
elution during chromatography.

Using the available chicken proteomic resources, we successfully identified 16 of
the 18 chicken proteins present in the purified MeCPC sample under 85 kD. However,
the method used to match the PMF data from each analyzed band to its corresponding
chicken protein has several weaknesses. First, using this method, we were not able to
identify two of the bands in the sample. These bands, Al and A2, were from low
molecular weight proteins (~20 kD) and therefore yield a small number of tryptic
peptides. It is likely that this contributes to a low signal-to-noise ratio that makes finding
the identity of the bands difficult. Second, this identification method relies on
conservation of protein size across species. Although there was substantial conservation
of both protein sequence and size in the chicken and mammalian proteins identified in the
MeCPC sample, several proteins were not conserved. For example, although HDAC2
was approximately the same size in chicken and human cells, the size of MBD?2 differs
substantially. Furthermore, if a band in the sample was a proteolytic product that differed
significantly in size from the parent protein, it also would not be identified by this
method. Third, this method is quite time consuming and not amenable to automation. If
it were necessary to routinely identify chicken proteins from PMF data, this method
would be highly inefficient.

Despite these weaknesses, this method is a significant advancement in chicken

proteomic methods. At the time of initiation of these studies, no algorithms or methods
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were available to identify chicken proteins from PMF data. Nevertheless, it is imperative
that continued progress in chicken proteomics is made. The chicken is an important
model organism because of its role in agriculture, embryology and gene regulation; hence
a more direct method of analysis of chicken PMF data is necessary.

Since the human and mouse protein sequence databases have accumulated data
over many years, it will be necessary to take a more expedited approach to build a
comprehensive protein sequence database for the chicken. The most direct approach
would be to further develop the Ensembl Chicken Genome Annotation. Ensembl is an
automated gene-prediction system that takes as input genomic sequence data, cDNA data
and available proteomic data (Birney et al., 2004; Curwen et al., 2004). Each Ensembl
gene is linked directly to its gene products. As such, the ECGA contains the most
complete set of proteins encoded by the chicken genome. A comprehensive chicken
proteomic resource could be established if the Protein Prospector algorithm (Clauser et
al., 1999), which matches mass spectrometry derived PMF data to protein sequence data,
was connected to the database of chicken proteins within the ECGA. For proper
integration of the search algorithm with the ECGA, the Sanger Institute (which maintains

the ECGA) would need to implement this method.
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Chapter 4: Functional Analysis of the MeCPC

Introduction

Several different experimental systems have been used to study cis and trans
elements that regulate globin gene transcription at the chicken B-globin locus. These
systems include animal models such as adult chickens (Ginder et al., 1984) and
transgenic mice carrying the chicken B-globin locus (Mason et al., 1995), as well as
cellular models such as primary erythrocytes (Minie et al., 1992) and erythroid cell lines
(Wandersee et al., 1996; Mutskov et al., 2002). Erythroid cell lines are obviously
unsuitable for physiologic or developmental studies, but provide a useful model in which
to rapidly decipher the role of particular cis sequences and trans factors in globin
regulation.

The pattern of globin transcription in each erythroid cell line reflects the
transcription factor environment of the cell-type from which the line was derived. An
example is the commonly used erythroid cell line K562, which was derived from the
pleural effusion of a patient with chronic myeloid leukemia (Lozzio and Lozzio, 1975),
and after erythroid induction expresses human y- and e-globins but not -globin (Dean et
al., 1983). In contrast, murine erythroleukemia (MEL) cell lines, derived from animals
infected with Friend Erythroleukemia Virus, display an “adult” phenotype because they

express B and B™"-globins after erythroid induction (Nudel et al., 1977). The chicken
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erythroid cell line 6C2 is arrested at the CFU-E stage of erythroid differentiation
(Prioleau et al., 1999) and displays an erythroblastic phenotype, characterized by very
Jow levels of p*-globin and no p-globin expression upon induction (Wang and Ginder,
unpublished observations). Non-erythroid cell lines, such as the chicken lymphoid cell
line DT40, do not express the B-globin genes (Litt et al., 2001b).

In order to understand the function of the MeCPC in maintaining the chicken p-
globin gene in a transcriptionally inactive state, we wish to knock-out components of the
complex in an erythroid cell model. We have pursued a stably transfected cell model by
introducing a chicken B-globin mini-locus into the MEL cell line by stable transfection.
Because stably transfected cells can require extended periods of time for selection and
expression of the introduced constructs can vary between lines due to position effect
variegation (Robertson et al., 1995a), we have utilized the Flp and recombinase-mediated
cassette exchange (RMCE) systems to create these cell lines. The Flp system as
conceived by O’Gorman (O'Gorman et al., 1991) and the RMCE system as conceived by
Feng et al. (Feng et al., 1999) uses a DNA recombinase to integrate transfected DNA at a
specific chromosomal site, thus allowing the creation of isogenic cell lines containing
different constructs at the same location.

The chromatin immunoprecipitation (ChIP) assay is a complementary technique
that can be used to verify the association of a DNA-binding protein with a specific locus
in vivo (Hebbes et al., 1988; Hebbes et al., 1992). In the first step of the ChIP assay, cells
are treated with formaldehyde to crosslink the protein and DNA within chromatin. Next,

the cells are lysed and the released chromatin is sonicated, so that the average size of the



88

chromatin fragments is approximately 300-600 bp. An antibody against a specific DNA-
binding protein is then used to immunoprecipitate the chromatin fragments. PCR is
performed to determine if a specific DNA sequence is present within the
immunoprecipitated material. By computing the ratio of the PCR signal for the
immunoprecipitated material to the PCR signal for the input chromatin, the fold-
enrichment for the specific factor at the locus is determined. We have performed ChIP
using the antibodies we generated against cMBD2 to determine if this protein is present

at the p-globin gene in vivo.

Methods

Construction of plasmid pTA/tHS4

The chicken HS4 core insulator element (cHS4) (Chung et al., 1997) was amplified from
chicken genomic DNA by PCR using the primers 5’-TAAAGCTTTTTCCCCGTATCC
(forward) and 5’-GAGAGCTCACGGGGACAGCCC (reverse) with the Advantage GC
2 PCR Kit (Clontech). The PCR product was gel purified and cloned into pGEM-T Easy
(Promega), resulting in the plasmid pTA/cHS4. The cHS4 element is naturally flanked
by 5’-Sacl and 3’-HindlII sites. To create a tandem cHS4 construct, two copies of cHS4
were cloned into the MCS of pGEM-3Z. First, pTA/cHS4 was cut with HindllI, the cut
end was blunted by incubation with Klenow DNA polymerase (New England Biolabs),
and the fragment was excised by digestion with Sacl (giving the fragment: Sacl-cHS4-
blunt). pTA/cHS4 was also cut with Sacl, the cut end was blunted with Klenow DNA

polymerase, and the fragment was excised by digestion with HindIII (giving the
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fragment: blunt-cHS4-HindIII). Second, pPGEM-3Z was cut with Sacl and Smal and the
Sacl-cHS4-blunt fragment was ligated, resulting in the plasmid pGEM-3Z/cHS4. Third,
pGEM-3Z/cHS4 was cut with BamHI, the cut end was blunted by incubation with
Klenow DNA polymerase, and then the vector was cut again by digestion with HindIII.
The blunt-cHS4-HindIII fragment was then ligated into the cut pGEM-3Z/cHS4 vector,
resulting in the plasmid pGEM-3Z/tHS4. The sequence was confirmed by DNA

sequencing.

Construction of plasmids pTA/Notl-tHS4 and pTA/Asp718-tHS4

To clone the tHS4 element into the pcDNAS/FRT/delCMV vector, the tHS4 element had
to be modified by the addition of compatible restriction sites at the 5° and 3’ ends of the
tHS4 element. Notl sites were added to the tHS4 by performing PCR with the primers
5’>-TATGCGGCCGCAGCTCACGGGGACAGCC (forward) and 5°-
TCGGCGGCCGCAGCTTTTTCCCCGTATCC (reverse) and pGEM-3Z/tHS4 as the
template using the Pfx Platinum polymerase (Invitrogen). The 500 bp PCR product was
gel purified and A-overhangs were added by incubation with Taq polymerase
(Invitrogen) for 15 minutes in the presence of 10mM dATP. This product was then
cloned into pGEM-T Easy (Promega), resulting in the plasmid pTA/Notl-tHS4. Asp718
sites were added to the tHS4 by the procedure outlined above, except the primers used for
PCR were 5’-TATGGTACCAGCTCACGGGGACAGCC (forward) and 5’-

TCTGGTACCAGCTTTTTCCCCGTATCC (reverse). The resulting plasmid is referred
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to as pTA/Asp718-tHS4. The sequence of both plasmids was confirmed by DNA

sequencing.

Construction of plasmids pcDNAS/IEp and pcDNAS/Ep

The pcDNAS/IEp and pcDNAS/Ep plasmids are based on the pcDNAS/FRT vector to
which the chicken HS2 and HS3 enhancer elements (IEp and Ep) and flanking tHS4
insulator elements (IEp only) were added. The first step was deletion of the CMV
promoter from pcDNAS/FRT (Invitrogen) by digestion of the vector with Mlul and Nhel,
followed by blunting of the cut ends with Klenow DNA polymerase and religation with
T4 DNA ligase (New England Biolabs). This plasmid is referred to as
pcDNAS/FRT/delCMV. A 4 kb HS2/HS3 fragment was cut from control DNA (Singal et
al., 2002) by digestion with BamHI and then gel purified. The pcDNAS/FRT/delCMV
vector was cut with BamHI and dephosphorylated by treatment with CIP (New England
Biolabs). The cut plasmid was then gel purified. The HS2/HS3 BamHI fragment was
ligated into the BamHI cut pcDNAS/FRT/delCMV vector using T4 DNA ligase. The
resulting plasmid is referred to as pcDNAS/Ep. The tHS4 element flanked by restriction
sites was cut from pTA/Notl-tHS4 and pTA/Asp718-tHS4 by digestion with Notl and
Asp718, respectively. The Notl-tHS4 and Asp718-tHS4 fragments were gel purified.
pcDNAS/Ep was cut with Notl, dephosphorylated by treatment with CIP and gel purified.
The Notl-tHS4 fragment was ligated into pcDNAS/Ep using T4 DNA ligase. Colonies
were screened by PCR to find a colony with the Notl-tHS4 fragment ina 5’ to 3’

orientation. This plasmid was then cut with Asp718, dephosphorylated by treatment with
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CIP and gel purified. The Asp718-tHS4 fragment was ligated into the cut plasmid using

T4 DNA ligase. Colonies were again screened by PCR to find a colony with the Asp718-

tHS4 fragment in a 5’ to 3’ orientation. The resulting plasmid is termed pcDNAS/IEp.

Construction of plasmids pTA/p2.1 and pTA/p4.5

The primer sequences used to create the new p-globin genomic constructs p2.1 and p4.5
by PCR overlap extension (Ho et al., 1989) can be found in Table 5. The primers
(Integrated DNA Technologies) were purified from 10% polyacrylamide gels. Primers
AB, CD, EF, GH, and IJ were used in separate PCR reactions using

Pfx Platinum polymerase (Invitrogen) and pUC8/p4.6 as a template to create the
individual segments of the final constructs. All PCR reactions were purified using a PCR
Purification Kit (Marligen). PCR products AB and CD were mixed and used as a
template for PCR (as above) using primers AD. PCR products GH and IJ were mixed
and used as a template for PCR (as above) using primers GJ. PCR products AD and EF
were mixed and used as a template for PCR (as above) using primers AF. PCR products
AF and GJ were mixed and used as template for PCR (as above) using primers AJ (which
result in the construct p4.5) and primers IK (which result in the construct p2.1).
Fragments p4.5 and p2.1 were gel purified and A-overhangs were added by incubation
with Taq polymerase (Invitrogen) for 15 minutes in the presence of 10mM dATP. The
fragments were then cloned into pGEM-T Easy (Promega), resulting in the plasmids
pTA/p4.5 and pTA/p2.1. The sequence of both plasmids was confirmed by DNA

sequencing.



Table 5. List of primers used to construct novel p-globin genomic constructs. The
primers introduce mutations into the constructs that allow for excision, methylation and
subsequent religation of the p-globin promoter and PTR.

Name Abbreviation Sequence (5’ to 3°)
tho 4.5 F A CGG GAC GGG GACCTG ACGTTT CTC
TCC TCT
rtho mut 5’Stul R B CTG GGA AGT AAA AGG GCC CTG CAT
AAG GAC AGC AG
rho mut 5’Stul F C CTG CTG TCC TTA TGC AGG GCC CTT
TTA CTT CCC AG
rho prom mut R D CCTTGC ACA GAG CAC CCCTTT CGA
AGG CAC CAA ACCC
rho prom mut F E GGG TTT GGT GCC TTC GAA AGG GGT
GCT CTG TGC AAG G
mut_Stul R F GGT AGA CGA TCA GAG GCC TGC GGA
GAG ACGG
mut_Stul F G CCG TCT CTC CGC AGG CCT CTG ATC
GTCTACC
rho mut 3’Stul R H GTG CTG GAT GAG AGA CGT CTG CCC
CCACATG
rho mut 3’Stul F [ CAT GTG GGG GCA GAC GTC TCT CAT
CCAGCAC
rho 4.5 R J CAG AGG TGG TGA CGT CCT GAA CAG
GTT GCC CAA
rho 2.1 F K GCA GGA GCC TTT GGT ACG GCT CTG
AAC CAG GA
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Assembly of plasmids [Ep2.1 and [Ep4.5

Plasmids pcDNAS/IEp and pcDNAS/Ep were cut with EcoRV, dephosphorylated by
treatment with CIP and gel purified. Plasmids pTA/p4.5 and pTA/p2.1 were cut with
Notl and the excised p-globin genomic fragments were gel purified. The ends of the cut
fragments were blunted by incubation with Klenow DNA polymerase. The fragments
were then ligated into pcDNAS5/IEp and pcDNAS/Ep by overnight incubation with T4
DNA ligase. The resulting plasmids are termed [Ep4.5, Ep4.5, [Ep2.1 and Ep2.1.
Colonies were screened by restriction digestion to find plasmids with the p-globin

genomic fragment in the 5’ to 3’ orientation.

Preparation of methylated and mock-methylated IEp4.5 constructs

120 pg of plasmid pTA/p2.1 was digested with BstBI and Stul to excise the 500 bp p-
promoter/p-gene region (p-235/p-248). The resulting fragment was gel purified and
methylated with Sss/ methylase (New England Biolabs). Methylated or unmethylated
p-235/p-248 was phenol-chloroform extracted and precipitated with glycogen as a
carrier. Plasmid [Ep4.5 was digested with BstBI and Stul and gel purified. The cut
plasmid was dephosphorylated by treatment with CIP and phenol-chloroform extracted
and precipitated as above. A 3:1 molar ratio of methylated-p-235/p-248 or
unmethylated-p-235/p-248 was ligated into 1500 ng cut, dephosphorylated [Ep4.5 in a 20

uL reaction containing 1 mM ATP and 3000 units T4 DNA ligase overnight at 16°C.
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Transfection of MEL, 6C2 and DT40 cells

Cell transfections were performed using the Nucleofector system (Amaxa). MEL cells
were transfected using solution V and program T16. 6C2 cells were transfected using
solution T and program G16. DT40 cells were transfected using solution T and program
B09. Each plasmid transfection reaction contained 2 pg of the GFP-expressing plasmid
pMaxGFP (Amaxa) and 2 x 10° cells. Cells were assayed for fluorescence 48 hours after
transfection. Each siRNA transfection reaction contained 1 uM of a FITC-labeled siRNA
against SMAD?2 (Dharmacon) and 1 x 10° cells. Cells were assayed for fluorescence 2
hours after transfection. FACS analysis to determine transfection efficiency was

performed by Dr. Dan Conrad using a MoFlo Cell Sorter (DakoCytomation).

Anti-cMBD2 IgG purification by Protein A chromatography

The antiserum from the two rabbits (VCU1 and VCU?2) was received from Cocalico
Biologicals. Purification was performed using a BioLogic DuoFlow system (Bio-Rad).
The serum from animal VCU1 was thawed and 25 mL was injected to a 5 mL HiTrap
rProtein A Fast Flow column (Amersham Pharmacia). The column was washed with 3
CV of 1x PBS and then the bound protein eluted with 3 CV of Buffer G (100 mM
glycine-HCI pH 2.8, 10% ethylene glycol). 50 uL of Tris-HCI pH 8.8 was added to each
collection tube so that the pH of the eluate would immediately be neutralized. The
column was washed with 3 CV of 1x PBS and then with 3 CV of cleaning buffer (100

mM glycine pH 3.0, 2 M urea, 1 M LiCl). The purification procedure was repeated as
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above with serum from animal VCU2. Protein-containing fractions from each run were

pooled and dialyzed against 1x PBS overnight at 4°C.

Anti-cMBD2 antibody purification by affinity chromatography

Purified GST/cMBD?2 was bound to a I mL HiTrap NHS-activated High Performance
column (Amersham Biosciences) by the manufacturer’s protocol. The column was
washed three times with Wash buffer A (0.5 M ethanolamine, 0.5 M NaCl, pH 8.3)
alternating with three washes with Wash buffer B (0.1 M acetate, 0.5 M NaCl, pH 4). It
was then washed with 5 CV of Buffer G and 15 CV of PBS to equilibrate the column for
loading. 6 mL of Protein A purified VCU1 IgG was run through the column three times.
The column was then washed with 5 CV 1x PBS. The bound antibodies were eluted with
10 CV buffer G. 80 pL of Tris-HCI pH 8.8 was added to each collection tube so that the
pH of the eluate would immediately be neutralized. The column was then washed with 5
CV of Buffer G and 15 CV of 1x PBS. The above procedure was then repeated with
Protein A purified VCU2 IgG. The antibody-containing fractions were aliquoted to
Ultrafree-4 centrifugal concentrator devices with a SK MWCO (Millipore). The protein
was concentrated by spinning the devices in the S810R centrifuge using the A-4-62 rotor

(Eppendorf) at 3500 RPM for 20 min at 10°C (final sample volume = 0.5 mL).

Chromatin immunoprecipitation assay — cell preparation, crosslinking and lysis
Red blood cells (RBCs) were collected from 5-day or 18-day chicken embryos and

purified by Histopaque. Cells were washed twice with 50 mL chicken culture medium
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(91% Leibovitz L-15 medium, 5% fetal bovine serum, 3% chicken serum, 1% pen/strep).
4 x 10® RBCs were resuspended in 40 mL chicken culture medium and cross-linked by
the addition of formaldehyde to a final concentration of 0.5%. After 10 minutes the
cross-linking reaction was quenched by the addition of 125 mM glycine. Cells were then
washed twice with 1x PBS containing protease inhibitors (1 pg/mL leupeptin, 1 pug/mL
pepstatin, 1 pg/mL aprotinin, and 1 mM PMSF). The washed RBCs were pelleted by
spinning at 850g for 2 minutes at 4°C and then resuspended in 1.7x the pellet volume Cell
lysis solution containing protease inhibitors (10 mM Tris-HCl pH 8.0, 10 mM NaCl,
0.2% NP-40) and incubated on ice for 10 minutes. The lysed cells were again pelleted by
spinning at 850g for 2 minutes at 4°C and then resuspended in 2.6 mL SDS Lysis buffer
containing protease inhibitors (50 mM Tris-HCI pH 8.1, 1% SDS, 10 mM EDTA) and
incubated on ice for 10 minutes. 630 pL of lysate was aliquoted to a fresh 1.5 mLL
microtube and % volume of glass beads were added. Each lysate tube was then sonicated
with eight pulses of 30 seconds on setting 2.5, using a model W-220F sonicator
(Misonix). The tubes were then spun at 10,000 RPM for 10 minutes at 4°C. The

supernatant was transferred to a fresh tube.

Chromatin immunoprecipitation assay — pre-clearing and immunoprecipitation

After sonication the supernatant was diluted 10-fold with ChIP Dilution buffer (16.7 mM
Tris-HCI pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100) and
pre-cleared by adding 100 pL. salmon sperm DNA/protein A-agarose (Upstate) and

rotating on a wheel for 1 hour at 4°C. The tubes were spun at 2000 RPM for 2 minutes at
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4°C and the pre-cleared supernatant was transferred to a fresh tube. 600 pL of the pre-
cleared chromatin was saved at -20°C as the input. 10 to 20 ug of affinity-purified anti-
chicken MBD2 antibodies or anti-H3-K4-Mejs antibodies (Abcam) were added to a tube
of pre-cleared chromatin and rotated on a wheel overnight at 4°C. 60 to 100 uL
(depending on the amount of antibody added to the pre-cleared chromatin) of salmon
sperm DNA/protein A-agarose (Upstate) was added to each tube and rotated on a wheel
for 1 to 2 hours at 4°C. The agarose beads (containing bound immune complexes) were

pelleted by spinning at 2000 RPM for 2 minutes at 4°C.

Chromatin immunoprecipitation assay — wash and elution

The pelleted agarose beads were washed with 1 mL LSW buffer (20 mM Tris-HCI pH
8.1, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100) for 5 minutes at 4°C
with rotation and then pelleted by spinning at 2000 RPM for 2 minutes at 4°C. The
supernatant was removed and the beads were washed with 1 mL HSW buffer (20 mM
Tris-HCI pH 8.1, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100) for 5
minutes at 4°C with rotation and then pelleted by spinning as above. The supernatant was
again removed and the beads were washed with 1 mL LiW buffer (10 mM Tris-HCI pH
8.1,250 mM LiCl, 1 mM EDTA, 1% deoxycholic acid, 1% NP-40) for 5 minutes at 4°C
with rotation and then pelleted by spinning as above. Finally, the supernatant was
removed and the beads were washed with 1 mL TE buffer (10 mM Tris-HCl pH 6.5, 1
mM EDTA) for 5 minutes at 4°C with rotation and then pelleted by spinning as above.

The TE wash was repeated and the beads were pelleted as above. Immune complexes
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were then eluted from the beads by addition of 250 pLL ChIP Elution buffer (0.1 M
NaHCOs;, 1% SDS) and incubation at room temperature for 20 minutes with agitation.

The beads were pelleted and the elution step was repeated.

Chromatin immunoprecipitation assay — cross-link reversal and precipitation

The eluate from the Protein A beads was pooled in a fresh microtube. The cross-links
were reversed by adding 50 ul. 3 M NaCl and 3 pLL of 0.5 mg/mL RNase A and
incubated overnight at 65°C. The tubes were then cooled to room temperature on the
bench and then the chromatin was proteinase K digested by adding 10 pl. 0.5 M EDTA,
20 pLL 1 M Tris-HCI pH 6.5 and 5 pL. of 20 mg/mL proteinase K. The tubes were
incubated at 50°C for two hours. The resulting DNA was cleaned by extraction first with
Y2 phenol 2 chloroform, followed by only chloroform, and finally by ethanol
precipitation using 40 pg glycogen as a carrier. The precipitated DNA was resuspended
in TE and the ethanol precipitation was repeated. The precipitated DNA was quantified
with the PicoGreen assay (Molecular Probes) according to the manufacturer’s

instructions.

Chromatin immunoprecipitation assay — RT-PCR and calculation of enrichment
Real-time PCR (RT-PCR) was performed on the final precipitated samples using
TagMan primers in an ABI PRISM 7900 (Applied Biosystems). A standard curve for the
RT-PCR amplification was constructed using PicoGreen-quantified input DNA. This

standard curve was used to calculate a correction factor, so that the fold amplification for
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each sample could be normalized to the amount of DNA within that sample. The primers
used for amplification of p-globin exon II and p*-globin exon II are listed in Table 6.
Each RT-PCR reaction was performed in triplicate. The enrichment for the
immunoprecipitated protein at each locus was determined by dividing the normalized
amplification from the immunoprecipitated DNA (“bound DNA”), by the amplification

from the input DNA.

Results

To understand which of the biochemically identified components of the MeCPC
are required for transcriptional silencing in vivo, we sought to knock-down components
of this complex in an adult erythroid cell model. The only well-characterized adult
erythroid cell line is the MEL line, which has been used in numerous studies that
examined the role of particular trans factors in globin gene expression (Wandersee et al.,
1996; Sun et al., 2004; Brand et al., 2004; Feng et al., 2001).

Novel p-globin genomic constructs containing mutations that allow for excision,
methylation and subsequent religation of the p-globin promoter and proximal transcribed
region (p-235/p-248) were created by PCR overlap extension (Ho et al., 1989). These
constructs are referred to as [Ep4.5 and Ep4.5 and contain two main components: a 4.5 kb
p-globin genomic DNA fragment and the chicken -globin LCR enhancer elements HS2
and HS3. Flanking copies of the cHS4 chromatin insulator element were introduced into
construct [Ep4.5 only. The 4.5 kb genomic fragment contains the entire p-globin gene

and approximately 2.5 kb of upstream and 1.2 kb of downstream sequence. This
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Table 6. List of p- and B-globin primers used for real time-PCR of DNA obtained by the
chromatin precipitation assay.

Name Primer Sequence (5° to 3°) ]
p-Globin Forward | CACCCTGGGTACTGAAACCACT
Exon I1
p-Globin Reverse | ACGATCAGCAGCCTGCG
. __Exonll
p-Globin TagMan | 6FAM-CAGTTTTAGGAGGCAGCGCTAACGG
Exon 11 TG-TAMRA B
\ B*-Globin { Forward | CGGGTGCAGTTGAAGGTGTA
Exon II
\ BA-Globin | Reverse | TTCCCAAAGGACGCAAAGAAC
Exon II
‘ B”-Globin TagMan | 6FAM-CCCATCTCTCTACAGGCTGCTGATCGT
Exon I1 CT-TAMRA

S
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fragment contains unique restriction sites so that the promoter and PTR regions (p-235/p-
248) can be excised by restriction digestion, methylated in vitro, and religated into the
construct. In this way, the physiologic methylation pattern can be introduced into the
constructs. The HS2 and HS3 enhancer elements are necessary to ensure high-levels of
expression of the unmethylated p-globin gene. A diagram of the [Ep4.5 and Ep4.5
constructs can be found in Figure 18.

Although the IEp4.5 and Ep4.5 constructs have the same p-globin genomic
fragment and the same enhancer elements, [Ep4.5 contains flanking copies of the cHS4
chromatin insulator element. These elements were introduced into IEp4.5, but not
Ep4.5, to test the hypothesis that the insulator element is necessary to maintain an open
chromatin structure at the methylated p-globin gene. In the numerous examples of
methylated genes documented in the literature, almost no example exists where a
methylated gene retains an open chromatin structure. Indeed, most methylated loci are
associated with the loss of histone acetylation, H3-K4-Me, and DNase-I sensitivity
(Schubeler et al., 2000; Nguyen et al., 2001; Nguyen et al., 2002; Irvine et al., 2002).
However, methylation clearly occurs at the promoter and PTR of the p-globin gene
in adult erythroid cells without the loss of these characteristics of transcriptionally active
chromatin (Stalder et al., 1980; Hebbes et al., 1992; Litt et al., 2001b; Schneider et al.,
2004; Wang and Ginder, unpublished observations).

In the course of assembling the IEp4.5 and Ep4.5 constructs, we also produced
IEp2.1 and Ep2.1 constructs. These constructs are identical to IEp4.5 and Ep4.5, except

that they contain a 2.1 kb p-globin-containing genomic fragment. Previous work in our
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Figure 18. Diagram of the IEp4.5 and Ep4.5 constructs. These constructs contain
contain two common components: 1) a 4.5 kb p-globin containing genomic fragment and
2) the LCR enhancer elements HS2 and HS3. The arrows indicate the location of
restriction sites that can be used to excise the p-globin promoter and proximal transcribed
region. Once excised, this fragment can be methylated and then religated into the
construct, to create p-globin constructs posessing a physiologically relevant DNA
methylation pattern. IEp4.5 has the cHS4 insulator element placed at the 5” and 3” ends
to test the hypothesis that these elements are necessary to maintain an open chromatin
structure at the p-globin gene in the presence of DNA methylation.
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laboratory has shown that DNA sequences 2.5 kb upstream and 2 kb downstream of the
p-globin cap site are able to silence the effect of strong erythroid-specific enhancers on p-
globin transcription (Wandersee et al., 1996). The [Ep2.1 and Ep2.1 constructs were
created to test the hypothesis that these upstream and downstream sequences may be
necessary to maintain methylation at the p-globin promoter and PTR when linked to a
strong erythroid-specific enhancer. No experiments were performed with these
constructs, but they are available for future use.

We wished to establish stably transfected MEL cell lines containing IEp4.5 and
Ep4.5 constructs using the Flp system. FRT™ MEL cells were transfected with four
constructs: methylated-1Ep4.5, unmethylated-IEp4.5, methylated-Ep4.5 and
unmethylated-Ep4.5, as well as a positive control construct (pcDNAS/FRT/CAT). For
the methylated-1Ep4.5 and -Ep4.5 constructs, the promoter and PTR region (p-235/p-
248) of the p-globin gene were excised with restriction enzymes, methylated in vitro, and
then religated into the construct. Cells were placed under hygromycin selection for three
weeks. Unfortunately, although this procedure was repeated three times, no hygromycin-
resistant cells developed. We believe that either insufficient Flp-recombinase expression
is attained within the cells to exchange the transfected constructs into the FRT site or that
the FRT" MEL cells are overly sensitive to hygromycin and are not able to survive the
selection process.

After we failed to establish stably transfected MEL cell lines containing [Ep4.5
and Ep4.5 constructs using the Flp system, we wished to adapt the constructs we had

made for use with the RMCE system. This system is robust and has been used in a



104

number of studies (Feng et al., 2001; Eszterhas et al., 2002; Lin et al., 2003). The [Ep4.5
and Ep4.5 constructs will be excised from the pcDNAS/FRT/delCMV vector and cloned
into a vector containing flanking 1L/L1 sites. These constructs can then be

methylated in vitro and transfected into the RL4, RL5 and RL6 MEL cells. The assembly
of these constructs is underway.

Because the MeCPC was purified from chicken erythroid cells, it is possible that
not all components of this complex are present in MEL cells. Indeed, the putative
MeCPC component MENT, a member of the serpin family of serine protease inhibitors,
is highly expressed in terminally differentiated chicken erythrocytes and lymphocytes,
but has no known homolog in mouse or human (Grigoryev et al., 1999). Thus we also
sought to knock-out components of the MeCPC in a chicken erythroid cell model.
Unfortunately, there are no adult chicken erythroid cell lines analogous to MEL cells.
The closest extant cell lines are the pre-erythroid cell line 6C2 and the lymphoid cell line
DT40. EMSA performed with nuclear extracts shows that both cell types have MeCPC
activity (see Figure 19). However, neither cell type expresses the embryonic or the adult
B-globin genes and in fact have a “closed” chromatin configuration at the B-globin locus
(Litt et al., 2001b; Prioleau et al., 2003).

The lack of p-globin gene expression in 6C2 and DT40 cells indicates that these
cells are not ideal models in which to determine the role of particular MeCPC

components in transcriptional repression of the p-globin gene. Basal expression of p-



105

)
c
o
®©
O © o
Qo 4w O
°c 3 L W ~ & @
a I = O N © x
- :
&

y «— MeCPC

Figure 19. MeCPC activity is present in multiple cell types. EMSA was performed
using 10 fmol M-p248 as a probe with 10 pg nuclear extract from multiple cell types.
Hel.a: HeLa cell nuclear extract; MEL: murine erythroleukemia cell nuclear extract;
CEF: chicken embryonic fibroblast nuclear extract; DT40: chicken pre-B cell line nuclear
extract; 6C2: chicken erythroblast cell line nuclear extract; RBC: primary 15-day
erythrocyte nuclear extract.
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globin is necessary to show that knock-down of a specific MeCPC component has an
effect on p-globin transcription. Nevertheless, the presence of high amounts of MeCPC
activity in these cells suggests that this complex is likely involved in the transcriptional
repression of the other genes in these cells. Therefore, we wish to knock-down the key
MeCPC components MBD2, MTA1 and Mi2 to determine which genes are de-repressed
by the absence of these factors. To accomplish this, siRNAs (Hannon and Rossi, 2004)
targeting these factors will be transfected into 6C2 and DT40 cells and gene expression
before and after knock-down will be monitored by Affymetrix GeneChip microarray
analysis. These experiments are also underway.

Initial experiments were directed at optimizing transfection of 6C2 and DT40
cells via the Nucleofector system. We transfected 6C2 and DT40 cells with a green
fluorescent protein (GFP) expression plasmid as well as FITC-labeled siRNA using the
Nucleofector system (Gresch et al., 2004). Expression was monitored by FACS 48 hours
after nucleofection of the GFP expression plasmid and two hours after nucleofection of
the FITC-labeled siRNA. The results of these experiments can be found in Table 7. In
agreement with published data, we found that siRNAs enter nucleofected cells with
efficiencies approaching 100%, thereby validating this approach as a method for knock-
down of specific target genes.

Several lines of evidence support a role for MBD?2 in the transcriptional
repression of the p-globin gene in adult chicken red blood cells. To determine if MBD?2
1s associated with the methylated p-globin gene in vivo, ChIP assays were performed

using affinity-purified anti-MBD?2 antibodies in embryonic day five and adult



107

Table 7. Results of transfection optimization experiments using the Nucleofector system
on 6C2, DT40 and MEL cells. A GFP-expression plasmid or FITC-labeled siRNA were

transfected into the 6C2, DT40 and MEL cell lines using the Nucleofector system and the
transfection solution and program indicated in the table. The percent positive cells was
determined by FACS 48 hours after transfection of the GFP-expression plasmid or two

hours after transfection of the FITC-labeled siRNA.

Cell Type Solution Program Construct % Positive j
Cells

| 6C2 T G-16 GFP plasmid 22% |

b 6C2 T G-16 FITC siRNA 100% |

| DT40 T B-09 GFP plasmid 76% |

| DT40 T B-09 FITC siRNA 100% |

. MEL v T-16 GFP plasmid 10% |
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erythrocytes. The amount of p-globin or B*-globin DNA in the immunoprecipitated
DNA was then quantitated by RT-PCR. In embryonic day five erythrocytes, no
enrichment for MBD?2 is seen at the transcriptionally active p-globin gene, but there is
enrichment for MBD?2 at the transcriptionally inactive p*-globin gene (see Figures 20 and
21). The B”-globin gene is known to be methylated in primitive erythrocytes (Ginder and
McGhee, 1981). Likewise, strong enrichment for a marker of transcriptionally active
chromatin, H3-K4-Mes, is seen at the p-globin gene but not the p*-globin gene (Santos-
Rosa et al., 2002). In adult erythrocytes the opposite pattern is observed. Significant
enrichment for MBD?2 is seen at the transcriptionally inactive p-globin gene, but no
enrichment is observed at the transcriptionally active p*-globin gene. No enrichment for
H3-K4-Me; is seen at the p-globin gene but strong enrichment is seen at the B*-globin
gene. The ChIP assay therefore confirms that MBD?2 binds to the transcriptionally

inactive p-globin gene in adult chicken erythroid cells.

Discussion

We wished to determine which components of the MeCPC complex are required
to maintain the methylated p-globin gene in a transcriptionally inactive state. Initially we
pursued the development of a stably transfected cell model by introducing a chicken p-
globin mini-locus into the MEL cell line using the Flp system. Unfortunately, using this
method we were not able to obtain any cells containing the chicken p-globin mini-locus.
We believe there are two main possible reasons that we failed to obtain these cells. First,

it is likely that insufficient levels of Flp-recombinase were expressed to exchange the
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Figure 20. Enrichment for MBD2 and H3-K4-Me; at the p-globin gene in 5-day (diagonally-hatched) and adult (horizontally-
hatched) erythrocytes as determined by the ChIP assay. The data show that MBD?2 is depleted from the transcriptionally active
p-globin gene in 5-day erythrocytes, but enriched at the transcriptionally inactive and methylated p-globin gene in adult
erythrocytes. In contrast the opposite pattern is seen for the histone modification H3-K4-Me;.
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Figure 21. Enrichment for MBD2 and H3-K4-Mej at the BA-globin gene in 5-day (diagonally-hatched) and adult
(horizontally-hatched) erythrocytes as determined by the ChIP assay. The data show that MBD?2 is enriched at the
transcriptionally inactive p*-globin gene in 5-day erythrocytes, but depleted from the transcriptionally active B*-globin gene in
adult erythrocytes. In contrast the opposite pattern is seen for the histone modification H3-K4-Mes.
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transfected constructs into the FRT site. Second, it is possible that the FRT™ MEL cells
are overly sensitive to hygromycin and are not able to survive the selection process. We
are continuing to pursue the development of a stably transfected cell model by converting
the constructs used with the Flp system to be compatible with the RMCE system. These
experiments are ongoing.

In addition to a stably transfected cell model, it would also be beneficial to
establish a transgenic mouse containing the chicken B-globin locus. Mason et al.
established such a mouse previously and found that the chicken globin genes are
expressed at the appropriate stage and location during development (Mason et al., 1995).
This model would be highly useful, since mice containing deletions of the methyl-CpG
binding proteins MBD2 and MeCP2 are already available. The mice containing the
chicken B-globin locus could be rapidly bred to the MBD2" and MeCP2 " mice to
determine whether the loss of these factors has an effect on the transcriptional repression
of the p-globin gene.

Interestingly, the epigenetic profile of the chicken B-globin locus differs from that
of the mouse locus. The chromatin of the chicken locus remains highly acetylated even
across transcriptionally inactive genes (Litt et al., 2001b; Litt et al., 2001a), whereas the
inactive genes at the mouse locus do lose histone acetylation (Forsberg et al., 2000; Im et
al., 2002). The establishment of a transgenic mouse containing the chicken B-globin
locus would allow us to determine whether the differences in the epigenetic profiles of
the chicken and mouse loci are due to the cis elements within the locus or due to trans

factors present in the cell. Furthermore, it would be important to decipher whether the
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epigenetic differences between the loci lead to differences in the ability to reactivate

transcription of inactive genes in vivo.
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Chapter 5: Summary and Future Directions

Summary

Given the need of eukaryotic cells to regulate transcription of specific genes in
temporally, tissue-restricted and quantitative fashions, it is not surprising that the
mechanisms of regulation are highly complex. A comprehensive understanding of a
gene’s regulation must account for changes in transcription based on modulation of
transcription factor binding, RNA polymerase II recruitment and local chromatin
structure. Additional factors, such as DNA replication (Danis et al., 2004) and RNA
processing (Morillon et al., 2003) have also been found to affect transcription. Despite
the difficulty in dissecting out mechanisms of transcriptional regulation of eukaryotic
genes, a comprehensive model of the regulation of a single gene of clinical importance is
of great value, since it suggests methods of intervention that can be used to modulate
expression of that gene therapeutically.

The avian, murine and human p-globin loci have been important models for the
study of transcriptional regulation. In all three species the B-globin genes are
developmentally regulated and expressed at very high levels within erythrocytes, while
transcriptionally silent in non-erythroid tissues. Research over the last 30 years has

sought to identify the cis and trans factors responsible for these characteristics. The
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overwhelming message from these studies is that numerous cis elements and trans factors
are responsible for the phenotypic features of the B-globin locus.

Our laboratory has had a long standing interest in the role and mechanism of
DNA methylation-mediated transcriptional silencing of the embryonic p-globin genes.
Previous work has shown that a methyl-DNA binding complex termed the MeCPC forms
on the methylated p-globin promoter and PTR in vitro (Singal et al., 1997, Singal et al.,
2002). The MeCPC complex exhibits a greater DNA-binding affinity for its canonical
binding sequence, the methylated p-globin PTR (M-p248), than for a generic "CpG-rich
sequence (M-CG11). Likewise, the MeCP1 complex exhibits a significantly greater
DNA-binding affinity for its canonical binding sequence, M-CG11, than for the
methylated p-globin PTR. Based on these data, we hypothesize that a factor or factors
present in the MeCPC, but not in the MeCP1 complex, confers sequence-context
preferential binding to the MeCPC. To understand the binding specificity and functional
capabilities of the MeCPC, we sought to determine what the protein components of this
complex are.

Based on previous data from our laboratory showing that MBD?2 is a component
of the MeCPC (Singal et al., 2002), we characterized the chicken homolog of MBD?2.
Interestingly, cMBD?2 lacks a 152 amino acid N-terminal extension which is present in
both human and murine MBD2. The MBD is encoded within the conserved C-terminal
portion of the protein and the lack of this N-terminal region is consistent with MBD2
homologs present in other non-mammalian vertebrates. cMBD?2 is a bona fide MCBP as

determined by in vitro binding assays, and the binding by this protein seems to be
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methyl-CpG density-dependent, such that a cooperative relationship exists between the
number of "CpG present in the DNA fragment and the number of MBD2 molecules
binding to the fragment. Antibodies generated against cMBD2 recognize an
endogenously expressed 28 kD protein in several cell types. These antibodies are also
able to retard the mobility of the MeCPC (“supershift”) by EMSA analysis, further
showing that MBD?2 is a component of the MeCPC.

The MeCPC is known to be a large protein complex based on its electrophoretic
similarities to MeCP1. Thus, we wanted to determine all the components of the MeCPC
complex. We purified the MeCPC complex by two methods (Strategy I and Strategy IT),
each composed of four sequential column chromatography steps. The MeCPC activity
eluting from each column was determined by EMSA. Mass spectrometry was performed
on the purified MeCPC sample (from Strategy I) resulting in a set of PMF data for each
protein band in the sample. We applied a novel method of protein identification from
PMF data for chicken proteins. Using this method, we identified 18 proteins present in
the purified MeCPC sample. Four components of the MeCP1 transcriptional repression
complex were present in the sample: MBD2, RbAp48, HDAC2 and MTA1. A tissue-
restricted factor, MENT, was also identified. These five proteins, as well as the MeCP1
component Mi2, were found to coelute by Western blotting of Superose 6 gel-filtration
fractions (from Strategy II). Therefore, we conclude that MBD2, RbAp48, HDAC?2,
MTAI, Mi2, and possibly MENT, are components of the MeCPC.

A component of a distinct protein complex that has been previously shown to

associate with the NuRD complex (Hakimi et al., 2002) was also found in the MeCPC
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purified sample by mass spectrometry. This protein, SCC1, was found to coelute with
two other SNF2h/cohesin components, SNF2h and SMC1, by Western blotting of
Superose 6 gel-filtration fractions. The elution profile of these fractions differed from
that of the MeCPC fractions, with the SNF2h/cohesin factors eluting across a larger set of
fractions. Additional data suggests that the MeCPC supercomplex may be composed of
these SNF2h/cohesin factors in addition to the MeCPC components. Further experiments
are needed to confirm this hypothesis.

Given our identification of several components of the MeCPC, we wished to
determine the functional importance of these components by knocking-out these
components in an adult erythroid cell model. To this end, we produced a novel p-globin
mini-locus that could be methylated in vitro in the same pattern found in vivo and
introduced these constructs into MEL cells via the Flp system. Unfortunately, using this
method, we were not able to obtain any cells containing the chicken p-globin mini-locus.
We are currently adapting our mini-locus constructs for use with the RMCE system and
will attempt to introduce these constructs into MEL cells using that system. Additional
ongoing functional experiments include knocking-down components of the MeCPC in
the chicken cell lines 6C2 and DT40 using siRNA.

To determine if MBD?2 is associated with the methylated p-globin gene in vivo,
we affinity-purified anti-MBD2 antibodies and performed ChIP assays with these
antibodies using 5-day and adult erythrocytes. In 5-day erythrocytes, no enrichment for
MBD2 was seen at the transcriptionally active p-globin gene, but there was enrichment

for MBD2 at the transcriptionally inactive B"-globin gene. In adult erythrocytes the
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opposite pattern was observed. Significant enrichment for MBD2 was seen at the
transcriptionally inactive p-globin gene, but no enrichment was observed at the
transcriptionally active p*-globin gene. The ChIP assay confirmed that MBD2 binds to
the methylated, transcriptionally inactive p-globin gene in adult chicken erythroid cells.

A question that arises from these studies is whether the MeCPC is a cell-type
restricted protein complex with a DNA-binding affinity different than the MeCP1
complex, or whether the MeCPC is a gene-specific protein complex forming
specifically on the p-globin gene. Previous data from quantitative competitive EMSA
experiments showed that the MeCPC had a stronger affinity for its canonical binding
sequence, M-p248, than for M-CG11 in spite of a higher "CpG content in M-CG11
(Singal et al., 2002). This result suggests that the MeCPC contains a factor (or factors)
that binds more strongly to the DNA sequence of M-p248 than to the sequence of M-
CG11.

On the other hand, datum presented in Chapter 4 supports the alternative
hypothesis, that the MeCPC is unique to erythroid cells but not to the p-globin gene. As
shown in Figure 19, the MeCPC activity is present at widely varying levels in nuclear
extracts from multiple cell types. Generally nuclear extracts from hematopoietic cell-
types (e.g. DT40, 6C2, RBC) have higher MeCPC activity than epithelial cell-types (e.g.
CEF). We interpret this to indicate that a specific factor associates with MBD?2 and the
other NuRD components in these high-activity cell-types, mediating the strong methyl-

CpG binding activity. If the MeCPC activity was mediated by a ubiquitously expressed
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factor that was specific to the p-globin gene, we would expect that the MeCPC activity of
the different cell-types would be more similar.

In reconciliation of these two experimental results, we hypothesize that the
MeCPC contains an erythroid-restricted factor or factors that mediate the high MeCPC
binding activity seen in nuclear extracts from hematopoietic cells. Furthermore, there is a
strong binding site for this factor or factors in the p248 sequence, but not in the CG11
sequence. In this way, the MeCPC is a cell-type restricted protein complex since the
“specificity” factor is an intrinsic part of the MeCPC and does not bind to the p-globin
gene independent of the other, more general components of the complex (such as the
NuRD components). As discussed in Chapter 3, it is possible that MENT is the

erythroid-restricted factor.

Model

Based on data from this work, as well as studies performed previously in our
laboratory and by other groups, we have developed a model for the transcriptional
regulation of the p-globin gene during development. As indicated in Figure 2, p-globin is
expressed abundantly in primitive erythrocytes produced in the embryo until day-5 of
development. The definitive erythrocytes that are produced beginning at day-5 of
development do not express p-globin due to transcriptional silencing of the gene (Lois
and Martinson, 1989). Interestingly, methylation of DNA at the p-globin gene is first
detected at the p-globin PTR and spreads downstream to exon 3 and upstream to the

promoter (Singal and vanWert, 2001). Methylation is not complete (i.e. each cytosine
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converted to 5-methylcytosine) until after day-14. Thus, it is unlikely that DNA
methylation is the initiating event in the establishment of transcriptional silencing. This
is consistent with data from other groups showing that transcriptional silencing precedes
DNA methylation (Mutskov and Felsenfeld, 2004; Bachman et al., 2003).

We have divided the pathway of transcriptional silencing of p-globin into three
broad steps: 1) active transcription (e.g. in 5-day erythrocytes) 2) early inactive
transcription (8-day erythrocytes) and 3) late inactive transcription (adult erythrocytes).
This model is presented diagrammatically in Figure 22. The mechanisms of -globin
gene activation have been well-studied in human and murine erythroid cell lines. Several
studies have shown that RNAPII is recruited to the core HSS of the B-globin LCR prior
to activation of B-globin gene transcription (Vieira et al., 2004; Johnson et al., 2003).
The transcription factors GATA-1 and NF-E2 are then able to mediate transfer of
RNAPII to the B-globin promoter, enabling transcription of the gene to commence
(Johnson et al., 2002). Given the functional homology between the avian, murine and
human B-globin LCR, the mechanisms governing transcriptional activation of the p-
globin gene in 5-day erythrocytes are almost certainly identical.

In yeast, methylation of lysine 4 of histone H3 is performed by the enzyme Setl
(Santos-Rosa et al., 2002). Setl is recruited to the proximal transcribed regions of yeast
genes by the elongating form of RNAPII and catalyzes H3-K4-Mejs at these target sites
(Ng et al., 2003). Analysis of H3-K4-Me; at the chicken -globin locus has shown that
this modification is functionally conserved in vertebrates, as high-levels of enrichment

for H3-K4-Me; were seen at the transcriptionally active p- and e-globin genes in 5-day
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Epigenetic silencing of the embryonic p-globin gene during
developmental switching

A. Schematic of gene
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Figure 22. Model for epigenetic silencing of the embryonic p-globin gene during
developmental switching. A) Schematic of the p-globin promoter and PTR, showing how
histone octamers (nucleosomes) are depicted in the figure. B) In 5-day erythrocytes, p-
globin is actively transcribed. The transcription factors GATA1 and NF-E2 recruit
RNAPII to the gene, leading to transcription. RNAPII in turn recruits H3-K4-
methyltransferase activity, which blocks NuRD factors from binding to the gene.



C. Early inactive transcription (8-day erythrocytes)
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Figure 22 continued. C) In 8-day erythrocytes, p-globin is not actively transcribed but
DNA methylation of the gene is not complete. The mechanisms of transcriptional

repression at this stage are speculative. It is likely that the loss of transcription factors

results in the loss of RNAPII recruitment to the promoter, which in turn results in the loss
of H3-K4-Mes from the gene. This allows NuRD to bind to the N-terminal tails of
histone H3 to initiate transcriptional repression. D) In adult erythrocytes, DNA
methylation of the p-globin gene at the promoter and PTR is complete. DNA

methylation recruits MBD2, which tethers the NuRD complex to the gene.
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erythrocytes, but low levels of enrichment were seen at the transcriptionally inactive p-
and e-globin genes in 15-day erythrocytes (Schneider et al., 2004). Therefore, it is likely
that the histone H3-K4 methyltransferase responsible for this modification is associated
either physically or functionally with RNAPII in chicken erythrocytes.

Based on the copurification of SNF2h and cohesin subunits SCC1 and SMC1 with
the MeCPC, we investigated the possibility that cohesin associates with the p-globin gene
in vivo. Interestingly, SCC1 was found to bind to the p-globin gene in 5-day, but not
adult, erythrocytes by ChIP assay. These data are consistent with the results of Hakimi et
al., who found that the SNF2h/NuRD/cohesin complex preferentially associated with
unmethylated DNA sites containing H3-K4-Me. Although the association of SCC1 or
the cohesin complex with active B-globin transcription has not been described previously,
the significance of these findings is unclear.

Definitive erythrocytes are produced in the chicken embryo beginning on day 5 of
embryogenesis. No transcription of p-globin in found in these cells. One component of
this transcriptional switch is the significant decrease in the abundance of the transcription
factors Spl and GATA-1 in definitive cells (Minie et al., 1992). The decrease of these
factors would then be sufficient to decrease RNAPII recruitment to the p-globin
promoter. Decreased RNAPII would in turn decrease H3-K4-Mej at the regions of the
gene which are downstream of the promoter. Four of the MeCPC complex components
have been previously identified as part of the NuRD complex: RbAp48, HDAC2, MTAI,
and Mi2. Two studies have shown that H3-K4-Me, and H3-K4-Mes, in the context of the

histone H3 N-terminal tail, are able to block binding of NuRD to the tail in vitro
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(Zegerman et al., 2002; Nishioka et al., 2002). Thus, in early definitive erythrocytes,
decreased H3-K4-Mej may allow NuRD binding, which could contribute to the
transcriptional repression of the p-globin gene. It is also possible that residual H3-K4-
Me, and H3-K4-Me; at the p-globin gene still precludes NuRD binding. Additional
experiments are necessary to test these possibilities.

In adult erythrocytes, methylation of the p-globin is complete such that every
cytosine within the promoter and PTR has been converted to 5-methylcytosine. The
extensive DNA methylation serves to recruit MBD?2 to the PTR, as shown in Figure 21.
MBD?2 has previously been shown to tether the NuRD complex to sites of DNA
methylation in vitro (Feng and Zhang, 2001). Therefore, the function of methylation at
the p-globin gene is to recruit and stabilize binding of the MeCPC complex, which
contains MBD?2 and several NuRD components. In this way, the NuRD complex has
been “locked” into place at the gene. Another possible component of the MeCPC,
MENT, is a tissue-restricted factor that may serve to increase the binding affinity of the
complex for the p-globin gene. This type of specificity would prevent the MBD2/NuRD
complex from being titrated out by highly-abundant methylated DNA present at repeat
sequences within the chicken genome (Sobieski and Eden, 1981).

Despite an abundance of data in the literature indicating that DNA methylation
inhibits transcription through histone deacetylation and histone H3-K9 methylation, the
mechanism of transcriptional repression by the MeCPC complex at the p-globin gene is
unclear. Although HDAC?2 is a component of the MeCPC, two observations strongly

oppose the notion that transcriptional repression by the MeCPC is mediated through
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histone deacetylation. First, studies have shown that treatment of both adult chickens and
definitive erythrocytes with a histone deacetylase inhibitor, without prior demethylation,
does not de-repress methylated p-globin gene transcription (Ginder et al., 1984; Singal et
al., 2002). The lack of transcriptional activation of methylated genes with histone
deacetylase inhibition alone has been seen in other systems (Cameron et al., 1999).
Second, experiments done in our laboratory, as well as by others, have shown that there is
no significant change in the amount of histone acetylation present at the p-globin gene
between definitive cells and primitive cells (Wang and Ginder, unpublished; Hebbes et
al., 1992; Litt et al., 2001b).

An attractive resolution to this contradiction is that HDAC2 mediates
deacetylation of a non-histone protein (“factor X”) required for transcription of p-globin.
Acetylation has been shown to activate DNA binding of several transcription factors (Luo
et al., 2004; Ammanamanchi et al., 2003). In this model, histone deacetylase inhibition
alone does not de-repress transcription, because DNA methylation occurs across the
binding site for factor X and recruits MBD?2, thereby establishing a genetic competition.
Such a mechanism has been shown to regulate the developmental transcription of the
murine //4 gene (Hutchins et al., 2002). This model gains additional support from work
of Dempsey et al., who showed that short-chain fatty acids that activate embryonic globin
transcription in adult erythroid cells (Ginder et al., 1984) can induce acetylation of Sp1
and EKLF (Dempsey et al., 2003).

Dimethylation of lysine 9 of histone H3 (H3-K9-Me,) is another histone post-

translational modification that may be involved in the transcriptional silencing of the p-



125

globin gene. Numerous studies have shown that there is reciprocal recruitment or
reinforcement of DNA methylation and H3-K9-Me; (Fuks et al., 2003; Kondo et al.,
2003; Fahrner et al., 2002; Nguyen et al., 2002). Furthermore, H3-K9-Me; at a gene
promoter can induce transcriptional repression in the absence of DNA methylation
(Snowden et al., 2002; Bachman et al., 2003). Our attempts at ChIP using anti-H3-K9-
Me; antibodies have been unsuccessful due to the inability of the antibody to efficiently
immunoprecipitate chromatin from chicken erythrocytes (Wang and Ginder, unpublished
observations). Studies by Litt et al. did find a modest enrichment for H3-K9-Me,
surrounding the p-globin gene in 10-day erythrocytes (Litt et al., 2001a).

The presence of high levels of histone acetylation and enrichment for H3-K9-Me;
at the transcriptionally inactive p-globin gene may seem incongruous, since acetylation
and methylation of lysine 9 of histone H3 are mutually exclusive (Wang et al., 2001).
Despite this fact, forms of histone H3 containing up to three acetyl-lysines can contain a
methyl group at lysine 9 of histone H3 (Zhang et al., 2004); therefore histone acetylation
and H3-K9-Me; may be simultaneously present on nucleosomes at the p-globin gene.
The possible presence of MENT in the MeCPC also supports a role for H3-K9-Me in the
regulation of p-globin, because MENT has been shown to specifically interact with H3-
K9-Me,, but not H3-K9-Ac, to promote the self-association of chromatin (Istomina et al.,
2003). Thus, the function of MENT at the p-globin gene may also be to induce a
localized “chromatin knot” that interferes with the recruitment of transcription factors or

RNAPII.
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Future directions

Above we have presented a model for the transcriptional regulation of the p-
globin gene during development, with specific attention to the role of DNA methylation
in maintaining the gene in a transcriptionally inactive state in definitive erythroid cells.
Obviously, a number of experiments are needed to confirm biochemical and mechanistic
aspects of the model. First, we need to confirm the interaction of the components of the
MeCPC complex and supercomplex in vitro by immunoprecipitation from crude extracts.
Second, we need to establish a stable model of p-globin silencing by DNA methylation to
investigate the role of each MeCPC component in the maintenance of transcriptional
inactivity. Third, if immunoprecipitation experiments confirm that MENT is a
component of the MeCPC, recombinant MENT protein could be used to determine if this
protein has a higher affinity for the p-globin PTR and promoter than for a generic CpG-
rich sequence (CG11). ChIP experiments could then be used to verify the association of
MENT with the methylated of p-globin gene in vivo.

If cohesin and SNF2h are confirmed by IP experiments to be components of the
MeCPC supercomplex, it will be necessary to ascertain what their regulatory function is.
As discussed above, the SCC1 component of the cohesin complex was found to bind to
the p-globin gene in 5-day, but not adult, erythrocytes by ChIP. In contrast, SCC1 was
found to bind to the B-globin gene in adult cells but not in 5-day cells. The association of
cohesin with actively transcribing genes has not been shown previously in higher
eukaryotes. If SNF2h and cohesin are present in the MeCPC supercomplex, along with

MBD?2 and NuRD components, we hypothesize that the function of this complex would
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be to juxtapose transcriptional activating (SNF2h/cohesin) and repressive proteins
(MBD2/NuRD) so that a switch from transcriptional activation to transcriptional
repression could be rapidly achieved. Cohesin itself has been shown to be recruited to
boundary regions in yeast (Laloraya et al., 2000) and components of cohesin can affect
promoter-enhancer communication in Drosophila (Rollins et al., 1999; Rollins et al.,
2004). Thus, a speculative hypothesis is that cohesin modulates RNAPII transfer from
the HSS of the LCR to the p-globin gene.

If MENT is conclusively shown to be the tissue-restricted binding component of
the MeCPC, an additional implication of this association is that MENT may function to
target de novo DNA methyltransferase activity to the p-globin PTR in early definitive
cells. Very few studies have addressed how de novo DNA methyltransferase activity is
targeted to specific sites, but two studies have shown that sequence-specific DNA
binding proteins can recruit DNMT3 to target regions (Di Croce et al., 2002; Fuks et al.,
2001). Since DNA methylation at the p-globin PTR nucleates at a highly localized site
on the coding strand of DNA at 5-days of development (Singal and vanWert, 2001), it is
likely that a factor with a DNA-binding site in, or sequence-preference for, this region

recruits DNMT3.

Clinical directions
The overall purpose of this project was to elucidate the mechanistic basis of DNA
methylation-mediated transcriptional repression of the p-globin gene. An abundance of

data indicates that the human y-globin genes are also transcriptionally silenced by DNA
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methylation. Therefore, a more comprehensive understanding of the mechanisms and
factors required for methylation-mediated transcriptional repression gained from studying
the p-globin gene could be used therapeutically to de-repress y-globin gene expression in
patients with B-hemoglobinopathies.

Therapeutic interventions aimed at de-repressing y-globin gene expression could
include administration of siRNA-expressing viral vectors (Schomber et al., 2004)
targeted to molecules found to be essential for methylation-mediated repression or small-
molecule inhibitors of the function of these essential molecules. Furthermore, these “de-
repression therapies” could theoretically be combined with “activating therapies,” such as
small-molecule mimics of y-globin activating transcriptional factors (Kwon et al., 2004),
to achieve high-levels of y-globin gene expression in anemic patients. Such therapies
await continued progress in our understanding of the mechanisms of DNA methylation

and globin gene regulation.
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