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ABSTRACT

Expression of the Bovine DNA (cytosine 5) Methyltransferase Family During
Preimplantation Development and Aberrations Induced by Somatic Cell Nuclear
Transfer. (December 2003)

Michael Cameron Golding, H.B.Sc., University of Western Ontario

Chair of Advisory Committee: Dr. Mark Westhusin

Bovine preimplantation embryos derived from nuclear transfer experiments
exhibit a global state of genomic hypermethylation that likely account for the large
number of developmental abnormalities observed to date. The central hypotheses of this
work is that the genomic hypermethylation and improper epigenetic reprogramming
reported in studies of bovine nuclear transfer, are in large part due to abnormal
expression and regulation of the DNA methyltransferase proteins.

Bovine Dnmt mRNAs display strong sequence homology to those of human and
mouse and similar to other species, exist as multiple isoforms. Two of these splice
variants, which have been termed Dnmt2y and Dnmt3a4 represent previously unreported
sequence combinations. Investigation of bovine DNA methyltransferase expression in
the bovine oocyte and early preimplantation development has revealed an intricate
system divergent from observations previously reported in the mouse. Specifically, the
somatic version of Dnmtl along with Dnmt2, 3a and 3b are all expressed during these

initial stages of bovine development. Further, real time analyses of the Dnmt transcripts
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in cloned and in vitro produced embryos reveal significant differences in the mRNA
expression levels of Dnmtl and 2 but not Dnmt3a and 3b suggesting that the de novo
methyltransferases may be functioning normally while Dnmt1 and Dnmt2 are aberrantly
methylating the genome during a critical time when methylation levels should be
receding. Real time PCR analysis of the Dnmt transcripts in fetal and adult tissues has
revealed a developmental and tissue specific expression pattern suggesting that proper
expression and function of these enzymes is a key element in the process of
differentiation. These results are further supported by studies of Dnmt expression in
aging bovine fibroblast cultures, which suggest that the Dnmts may play some as yet
unidentified role in cellular senescence.

Recently, it has been postulated that the cause of abnormal methylation observed
in cloned embryos may be due in part to misexpression of the Dnmtlo isoform during
preimplantation development. Work presented here raises new and significant
hypotheses that must be considered both regarding the cadre of DNA methyltranferases
that direct epigenetic programming during normal development and regarding the

implication of abnormal DNMT expression in cloned embryos.
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CHAPTER1

INTRODUCTION

It is fitting that a work examining the epigenetic events of early bovine
development begin with a brief description of the history of this science and its far-
reaching impact. Although description of epigenetic phenomena can be identified much
earlier, it was the work done on maize by Barbara McClintock that began to crystallize
epigeneitcs into a scientific discipline. Her description of transposable “controlling”
elements and their capacity to silence genes based on the proximity of their specific site
of integration, suggested that the genome contains transcriptionally permissive and
suppressed regions and that their allocation is dynamic.

Some system of gene regulation must be present that is able to order the action of

genes in such a manner that these patterns will be produced. Until these

problems find some adequate solution, our understanding and our experimental
approach to many phenomena will remain obscured. (Cold Spring Harbor

Symposium 1951 — Comfort 1999)

This was the first experimental evidence to suggest that genomic loci have the
ability to shift between differing transcriptional capacities. Soon after this work, a
similar phenomenon was identified in Drosophila eye development, which has since

been referred to as position effect varigation. Here it was recognized that genes in close

proximity to heterochromatic regions of the genome could be silenced, owing not to any

This dissertation follows the style of Genes to Cells.



gene specific regulatory mechanism but simply due to their proximity to densely
packaged DNA. Recognition of this phenomenon and its potential role in regulation of
gene expression served as a catalyst for other experiments to demonstrate how
widespread and fundamental this epigenetic phenomenon was to the cell’s ability to
control transcription. However, it was several years before a biochemical mechanism
could be envisioned that would allow the cell to dynamically control the establishment
and modulation of the epigenetic marks that impart this large-scale control of gene
expression. Today, numerous examples of epigenetic gene regulation have been found
in virtually all organisms studied and it is likely that we have only just begun to
comprehend the breadth and significance of these phenomena.

The two major mechanisms identified to date that impart epigenetic control of
mammalian gene expression are DNA methylation and post-translational histone
modifications. Both work in concert to provide a general mechanism by which the
differing transcriptional states of chromatin are achieved. The modifications to DNA or
to the chromatin in which it is packaged serve to compartmentalize the genome into
other areas, which are accessible to the transcriptional machinery necessary for gene
expression and into other areas, which are not. This compartmentalization is much more
efficient and secure than relying on frans regulatory factors to control the transcriptional
activity of the entire genome. Each mammalian cell has a very specific transcriptional
program owing to its function within the specific cell group, tissue and organ system that
it is located. Epigenetic marks serve as a fundamental basis for this varying tissue and

developmental specific expression pattern. Thus the mechanisms responsible for



generating these patterns have significant consequences on not only the physiology of
the cell, but also on the development and metabolism of the entire organism. Moreover,
there is evidence to suggest that aberrant epigenetic programming during early
mammalian development results in a large number of developmental abnormalities
(Young et al. 1998; Hill et al. 2000a; 2000b; Sinclair ef al. 2000), in addition to
predisposing the organism to early onset of a variety of diseases later in life (Barker,
1990).

This work focuses on the epigenetic events of early bovine development. A large
number of studies of bovine embryos produced by somatic cell nuclear transfer have
identified abnormalities in the transcriptional control of numerous, seemingly random
genes. These large-scale transcriptional disturbances are thought to be the result of
abnormal DNA methylation and thus, this aberrant methylation has been hypothesized to
be the leading cause of developmental failure of cloned animals. Epigenetic defects
observed in these studies are similar on the whole to abnormalities reported in
Angelman, Beckwith-Wiedemann, and Prader-Willi syndromes, which have been
associated with human assisted reproductive technologies. In order to thoroughly
discuss the role of DNA methylation in epigenetic control of gene expression during
mammalian embryonic development, a brief review of the enzymatic mechanisms of
transcription will be given followed by a detailed discussion of the enzymes that impart
genomic methylation, the DNA methyltransferases. This will be followed by a
discussion of the function of these enzymes during early mammalian development and

their relation to studies of somatic cell nuclear transfer.



Part 1 Transcription
Regulation of Eukaryotic Gene Expression

Mammalian biology, be it normal development or disease status, is the sum total
of the dynamic regulation of genes encoded by the genome and production of the
resultant proteins. Differential patterns of gene expression determine the structural and
functional phenotype of the cells, which in turn directly affect the physiology of the
organism. Mechanisms that govern which sets of genes are turned on, and those, which
are turned off, are fundamental to the processes of development and differentiation.
Mechanisms, which modulate gene expression, are diverse and occur at various points in
the pathway from gene to protein. This medium can be subdivided into three major
areas, transcriptional control of gene expression, post-transcriptional gene regulation and
translational control of gene expression. Accordingly, each of the areas listed can
further be divided into multiple levels that collectively serve to enhance the ability of the
cell to regulate the spectrum of gene expression in a developmentally and tissue specific
manor.

The first level of control is transcriptional. It is on this level that the vast
majority of control is asserted through the ordered structure of chromatin, DNA
modifications, and the assembly and interaction of trans components on a multitude of
cis DNA regulatory elements. Post-transcriptional gene regulation serves to modulate /
modify the RNA molecule so as to affect both its physical structure and its capacity to
interact with the translational machinery. Translational control of gene expression is the

final level of control and centers on the dynamics of the conversion of mRNA to protein.



All of these elements form a functional hierarchy that permits regulation at numerous
points thus enabling the cell to quickly respond to the environment or to developmental
queues using generic cellular factors modulated in such a away as to give rise to a

specific response (Figure 1).

. DNA —/— mRNA & ¥ Protein Physiology
Replication T T
Transcriptional Translational

Post-Transcriptional Post-Translational

Figure 1 Central dogma of biology. A schematic diagram of the progression of gene to
protein response, with the differing control mechanisms applicable to that level listed
below.

Transcriptional Cycle

The majority of our present understanding of how genes are transcriptionally
regulated comes from Francois Jacob and Jacques Monod's work on the bacterial operon.
Since these initial studies, it has become evident that the largest degree of control over
gene expression occurs at the level of the enzymatic process of transcription itself
(Levine and Tjian 2003). The initiation of this process is a key regulatory event and an
enormous diversity of proteins and regulatory elements within the DNA sequence
cooperate to regulate the dynamics of its initiation and the subsequent production of the

nascent RNA transcript. Transcription by the eukaryotic RNA polymerase Il is a



multistage process that requires the interaction of hundreds of proteins with varying
degrees of post-translational modification. The process is collectively referred to as the
transcriptional cycle and occurs sequentially in five different stages: preinitiation,
initiation, promoter clearance, elongation and termination. Each stage of the
transcription cycle is subject to regulation and thus an enormous diversity of regulatory
factors contribute to the production of a single RNA molecule (Ogbourne and Antalis
1998; Dvir et al. 2001; Beckett 2001; Shilatifard 1998).
Pre-initiation

This stage is defined by the local alteration of DNA via the interaction of
regulatory proteins that serve to permit access of the transcriptional machinery to the
promoter. This phase is also called the activation phase as regulatory sequences within
the promoter are then able to interact with and activate the assembly of their appropriate
trans-regulators (Dvir et al. 2001; Shilatifard 1998).
Initiation

The regulatory factors that function at this stage all serve to position RNA
polymerase II (polll) on the promoter and to initiate RNA synthesis. The complete RNA
polymerase holenzyme is a huge complex with a molecular mass in excess of 2500
kilodaltons. RNA pol II is completely dependent on auxiliary factors to initiate
transcription. The basal proteins required to initiate transcription are called general
transcription factors (GTFs) and these proteins form an ordered complex at the promoter
in a regulated and defined order. Assembly of these factors serves as a platform for the

recruitment of RNA polymerase and the kinetic events that initiate its function. In most



eukaryotic promoters an element referred to as the TATA box is first recognized by the
TATA binding protein. The TATA box is a DNA regulatory element with the consensus
sequence 5’-TATAAAA-3’ that is located approximately 25 base pairs upstream of the
transcriptional start site and is surrounded by GC rich sequences which are subject to
regulation through DNA methylation (Ogbourne and Antalis 1998). Activation of a
promoter exposes the TATA box and permits binding of the TATA binding protein and
thus initiation of the GTF assembly. A group of proteins collectively called TATA-
binding associated factors (TAFs) then bind the TATA binding protein and make a
complex known as transcription factor IID (TFIID). A central component of TFIID is
TAF250. This protein specifically binds acetylated lysines in active euchromatin thus
stabilizing the TFIID complex and also seems to have some inherent acetylating activity
of its own (Ogbourne and Antalis 1998; Dvir ef al. 2001; Shilatifard 1998). Thus,
exposure of the TATA box and binding of TFIID may be sufficient to induce chromatin
priming, at least in the vicinity of the promoter. Binding of TFIID induces a 90° bend in
the DNA centered at the TATA box which permits binding of the additional general
transcription factors (Beckett 2001).

The assembly of the general transcription machinery continues with recruitment
of TFIIA which complexes with TFIID, inducing a conformational change that permits
binding of the second GTF. Binding of TFIIB serves as an adaptor molecule that
recruits a preasembled TFIIF-RNA polymerase to dock on the assembling protein
complex (Ogbourne and Antalis 1998; Dvir ef al. 2001). The polymerase binds with a

large unphosphorylated carboxy-terminal domain. TFIIE serves as an adaptor recruiting



TFIIF and TFIIH to the carboxy terminal domain of RNA polymerase. Entry of TFIIH
into the polymerase complex tightens the DNA around the holoenzyme and induces the
unwinding of a short stretch of DNA near the transcriptional start site. TFIIF serves to
stabilize the interactions between these large protein subunits and is required for
initiation to proceed. At this point, initiation is technically complete, however before
transcription can proceed, the carboxy-terminal domain of polymerase must be
phosphorylated to permit promoter clearance. It is phosphorylation of this carboxy-
terminal domain that imparts the largest degree of regulation over transcriptional
initiation. Phosphorlyation of the carboxy terminal domain induces a conformational
change that promotes the oligoimerization of nucleotides within the active site of RNA
polymerase. Numerous proteins working in concert catalyze the phosphorylation of this
C-terminal domain. TFIIH and positive transcription elongation factor (P-TEFDb) are two
such proteins that display very strong pol II C-terminal domain phosphorylating activity
and thus regulate the progression of transcription initiation (Ogbourne and Antalis 1998;
Dvir et al. 2001; Beckett 2001; Shilatifard 1998).

Some mRNAs have variable 5° untranslated regions indicating that their
transcription can begin at multiple sites over a large region; 20 — 200 base pairs in size.
These genes often encode proteins involved in intermediary metabolism and are
transcribed at relatively low rates (Beckett 2001). The control region for most genes of
this type does not contain a classical TATA box initiator site but instead contains a
stretch of 20-50 nucleotides composed almost exclusively of cytosine and guanosine. As

a dinucleotide, CG is statistically underrepresented in vertebrate genomes and thus the



presence of these long CG repeats just upstream of transcription initiation sites is not a
random phenomenon. These CG rich regions are referred to as “CpG islands” given that
they occur sporadically in a “sea” of DNA low in this specific repeat. These CpG
islands are the binding sites for the SP1 and SP2 transcription factors and thus
transcriptional initiation is dependant on the binding of these transcription factors. Spl
can bind at either an element known as the ETS motif (5’-GGCTTCCTGTCT-3") or
another element known as the pyrimidine rich initiator motif (5’-CTCANTCT-3).
Binding of Sp1 to these elements facilitates the stabilization and assembly of the general
transcription factors and allows transcription to initiate despite the absence of a defined
TATA box (Beckett 2001).

Assembly of the preinitiation complex and its subsequent phosphorylation
induced activity are regulated by a host of protein-protein interactions between members
of the complex and additional proteins that serve to alter the stability of the complex and
its binding to the DNA helix. In fact, regulated assembly is a central component to the
control of transcriptional initiation (Ogbourne and Antalis 1998; Dvir ef al. 2001,
Beckett 2001; Shilatifard 1998). Tissue specific and developmental regulation of
transcription can thus be achieved via altering the capacity of the GTF to assemble at the
promoter. Binding of inhibitors and enhancers as well as the post-translational
modification of the GTFs serves to collectively regulate this process. For example, the
NtrC transcriptional activator in E.coli is a transcription factor that assembles only after
phosphorylation. This post-translational modification results in the formation of stable

DNA-protein complexes linking two regulatory DNA elements. An additional example
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would be the regulation of the SMAD proteins by cellular signaling events.
Phosphorylation of the SMAD proteins results in altered properties of association in that
the tendency to form homodimers is shifted to form heterodimers with other members of
the SMAD family (Beckett 2001).

Repressors generally alter the binding affinity of the GTFs and thus decrease the
rate initiator complex assembly but many have also been identified which can bind to the
forming initiation complex and act as a steric block to its formation. An example of this
interaction is given by the transcription factor that regulates biotin production in
bacteria. This protein is found bound to either a repressor or an enhancer protein.
Repressor binding induces a disorganization of the DNA binding loops as where binding
of the enhancer ligand induces a conformational change where the binding loops align to
allow DNA-protein complex formation (Shilatifard 1998).

Binding of transcription factors is generally thought to stabilize or enhance the assembly
of the initiator complex through protein-protein interactions or delivery of a (or portions
of) preassembled initiation complex. Transcription factors may also act by inducing the
correct conformation in the DNA helix so as to permit either initiator complex assembly
or transcription elongation. Generally speaking though, transcription factors can be
thought of as molecules, which induce the appropriate conditions in the DNA, that allow
it to serve as a platform for complex assembly (Shilatifard 1998).

A large percentage of vertebrate genes have variable 5’ untranslated regions
given that their transcription can begin at multiple sites over a large region; 20 — 200

base pairs in size. Often, these genes encode proteins involved in intermediary
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metabolism and are transcribed at relatively low rates. The control region for most
genes of this type do not contain a classical TATA box initiator site but rather do contain
a stretch of 20-50 nucleotides composed almost exclusively of cytosine and guanine. As
a dinucleotide, cytosine-guanine (CpGQ) is statistically underrepresented in vertebrate
genomes and thus the presence of long CpG repeats just upstream of transcription
initiation sites is not a random phenomenon. These CG rich regions are referred to as
“CpG islands” given that they occur sporadically in a “sea” of DNA low in this specific
repeat. These CpG islands are the binding sites for the SP1 transcription factor and thus
the vast majority of genes following this paradigm are responsive to SP1 initiation.
However, CpG islands are also found in the regulatory regions of many if not most other
genes and are the sites of a unique regulatory phenomenon, DNA methylation (Bestor
2000).

Methylation of the number five position of cytosine in these CpG islands
produces a localized conformational and electrostatic change in the DNA double helix
that influences a diverse number of biological processes. These methylated regions have
been implicated in transcriptional regulation both in a global and tissue specific manner,
X-chromosome inactivation, genomic imprinting, silencing viral retrotransposons, as a
mechanism for monitoring cellular ageing and in neoplastic transformation. Disruption
or massive alteration of these carefully controlled methylation patterns are incompatible

with normal growth and development (Bestor 2000; Li et al. 1992).
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Part 2 Post-transcriptional Gene Regulation

While gene silencing mediated by DNA methylation exerts its affect on the level
of transcription initiation, it is necessary to review two specific elements of post-
transcriptional gene regulation as they pertain to DNA methyltransferase function.
These two elements are alternative splicing and post-transcriptional gene silencing or
RNA interference (RNAi). Several mechanisms of post-transcriptional gene regulation
have been identified in eukaryotic cells and even more have beeen suggested by recent
experimental data. Regulation of RNA stability, regulation of secondary structure,
splicing (“normal intronic”, alternative splicing and intergenic splicing), poly(A) tailing,
termination, RNA editing, RNA trafficking mRNA localization and post-transcriptional
gene silencing represent the major mechanisms identified to date (Akker ef al. 2001).
These methods are diverse in their specific mechanism of action however, they all serve
to chemically modify, trim or rearrange the RNA transcript to produce new exon
arrangements / translational boundaries that can result in the generation of multiple
protein species from a single gene. The end result provides a level of gene regulation
beyond the level of transcriptional initiation and thus expands the capacity of the cell to
modulate gene expression.
Splicing

Splicing is the process of removing introns and joining exons to create a coherent
coding sequence. Numerous elements common to nearly all eukaryotes work in concert
to achieve gene splicing. Splicing occurs via two sequential trans-esterification

reactions where one ester bond is exchanged for another. The first reaction forms a
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lariat structure where the 5° guanine of the intron is joined in a 2’ — 5’ phosphodiester
bond to an adenine near the 3’ end of the intron to produce a “branch point”. Over 100
proteins have been identified in association with the process of splicing and these
various proteins are found in differing concentrations depending on developmental stage
and cell type thus providing the basis for prospective gene specific regulation of this
process. Uricil rich, ribonucleoparticles 1 to 6 (U1,U2,U4,US and U6) are some of the
major components that participate in the formation of the splicosome and mediate RNA
splicing. U1 binds to the universal splice site (5’ - GAGGUAAGU - 3’) located on the
3’ side of the exon-intron boundary through a complimentary sequence in the 5’ end of
the Ul snRNA. U2 binds the upstream pyrimidine rich site near the 3’ end of the intron
through the targeted binding action of the U2 snRNP auxiliary factor (U2AF). Docking
of the U2 protein with U2AF induces a buldge in the U2 protein allowing the 2’
hydroxyl to participate in the first trans-esterification reaction and formation of the
lariate structure. U4 and U6 pair up and bind the intron in a sequence independent
manor allowing US to associate and complete the formation of the splicosome.
Spliceosome assembly occurs in a highly ordered and stepwise fashion, upon which Ul
and US are released via a rearrangement that moves the splice sites into close proximity
and allows the second trans-esterification reaction to be completed. Upon completion of
the second trans-esterification reaction, the two exons are now joined in frame and the
intron is released, still complexed with U2, U4 and U6 (Akker ef al. 2001; Caceres and

Kornblihtt 2002; Lopez 1998; Zhao et al. 1999).
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The protein machinery necessary to carry out RNA splicing are physically
associated with the nuclear matrix, thus splicing occurs in compartmentalized regions
and localization of specific factors to these regions contributes to the overall regulation
of the process. As well, different splice sites within introns have varying amounts of
strength in their capacity to recruit the spliceosomal machinery. Some introns in fact,
contain very weak splice sites that require the activity of accessory proteins to activate
splicing in these regions. The translational capacity of the transcript can thus be
regulated by its propensity to attract these splicing factors, as unspliced RNA molecules
are not exported from the nucleus (Lopez 1998; Zhao et al. 1999). A wide variety of
splicosomal enhancer proteins have been found and shown to mediate these interactions
(Caceres and Kornblihtt 2002; Lopez 1998; Zhao et al. 1999).

Alternative Splicing

With the sequencing of the human genome it has become apparent that the
complexity and sheer diversity evident in the proteome cannot be attributed to the
limited number of genes identified. This observation highlights the importance of post-
transcriptional methods of gene regulation, which are now hypothesized to be crucial to
generation of the observed protein diversity. Alternative splicing is a method of
generating alternative exon combinations within a single RNA by utilizing alternative 5’
splice sites, alternative 3’ splice sites, optional exons, mutually exclusive exons, retained
introns and alternative poly(A) tail splice sites. All of these serve to change the coding
sequence to allow the generation of multiple protein domain combinations from a single

primary RNA transcript. A large number of cis regulatory elements and trans-splicing
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factors modulate the alternative selection and omission of exons from specific pre-
mRNAs. These methods are diverse in their specific mechanism of action however, they
all serve to chemically modify, trim or rearrange the nascent RNA (nRNA) transcript to
produce new exon arrangements / translational boundaries that can result in the
generation of multiple protein species from a single gene (Akker et al. 2001; Caceres
and Kornblihtt 2002; Lopez 1998; Zhao et al. 1999). The mechanisms by which these
heterogeneous RNA transcripts are produced is an expanding area of research and
abnormalities identified at many of the steps involved are now being correlated with
disease phenotypes.

Since the sequencing of the human genome it has been conservatively estimated
that 60% of the genes identified are alternatively spliced (International Human Genome
Sequencing Consortium 2001). The methods that mediate alternative exon selection are
diverse and many are subject to regulation by extra-cellular signaling pathways.
However, a significant portion of alternative splicing can be accounted for by the
variations in strengths between 5’ and 3’ splice sites within a single intron and their
relation to the strength of surrounding splice sites. Enhancing or repressing the relative
strength of splice sites is the major mechanism by which alternative splicing is asserted.
A simple mechanism where by the strong 3’ splice site of the downstream exon
competes effectively with the weak 3’ splice site of the upstream intron can result in
exon exclusion. Repetitive di- or tri-nucleotide sequences within or in close to these
splicing regulatory sequences strongly influence their strength. Cystic fibrosis, and

myotonic dystrophy are all classic examples of how repeats located in intergenic regions
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can negatively influence splicing and their resultant protein products (Akker et al. 2001;
Caceres and Kornblihtt 2002; Lopez 1998; Zhao et al. 1999).

Alternative splicing is a highly regulated process where patterns of exon splicing
can be modulated in response to developmental and physiological signals, however the
majority of splicing events seem to be constitutive, with mRNA variants coexisting at
constant ratios cell to cell. This consistency is a reflection of the generic nature of the
spliceosome and the involvement of the ubiquitous splicing factors in the majority of
alternative splicing reactions. However several trans acting proteins attenuate the
recognition of the correct splice sites involved by either acting as enhancers or repressors
influencing the coordinated selection of the 5* and 3’ splice sites across an exon.
Several proteins have been identified in this capacity and more are emerging as our
understanding of the molecular nature of splicing increases. Thus, the decisions that
govern the alternative splicing of a mRNA can be attributed to competition between and
among potential splice sites and as such, any mechanism that alters the relative rate of
selection for a splice site serves to regulate the selection or omission of that exon. The
proteins that govern the selection or repression of a splice site can basically be separated
into two classes, splicing enhancers and splicing repressors (Akker et al. 2001; Caceres
and Kornblihtt 2002; Lopez 1998; Zhao et al. 1999).

Spliceosomal Enhancers

The SR family of proteins are a group of eight (or more) proteins characterized

by RRM type RNA binding domains in their carboxy-terminal domains and serine-

arginine repeats in the amino-terminal domains that mediate protein-protein interactions
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with various components of the spliceosomeal machinery. Members of this subclass of
splicing proteins function via the recognition of exonic splicing enhancer elements and
lead to the activation of weak adjacent 3’ splice sites. Two SR proteins, termed splicing
factor 2 and alternative splicing factor (SF2 and ASF) are two of the main members of
this family involved in mammalian alternative splicing. The concentrations of both of
these factors and their ratios with respect to each other are important factors in
determining the combination of exons during pre-mRNA processing of alternatively
spliced genes.

Spliceosomal enhancers function by enhancing U1 and U2AF splice site
recognition as well as by stabilizing their binding by forming a protein bridge between
the 5” and 3’ splice site complexes. The strength of splice site recognition by U1l and
U2AF is relative to the similarity of the cis splice site to the consensus sequences listed
above. Binding of spliceosomal enhancers not only enhances binding of Ul and U2AF,
but it also serves to stabilize the interaction between these two components and serves to
recruit other spliceosomal components. Several enhancer proteins bind to purine rich
elements within the exons of the regulated gene and promote the use of a proximal splice
site, whereas others are pyrimidine rich and are located in intergenic regions. The splice
sites of RNA molecules subject to alternative splicing often exhibit poor matches to the
consensus sequences, or their recognition is hampered by the secondary structure of the
proximal region. Additionally, the exon itself may be too large for the protein bridge
between Ul and U2AF to form. Spliceosomal enhancer proteins alleviate these

impediments by enhancing UI/U2AF binding, removing secondary structure, or by
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facilitating the formation of a bridge between U1-U2AF directly. The molar amount and
activity of these enhancer proteins is different from cell to cell and changes over
development. Thus, spliceosomal enhancer proteins can determine which protein
isoforms are present in which cell and at what time (Akker ez al. 2001; Caceres and
Kornblihtt 2002; Lopez 1998; Zhao et al. 1999).

A well-defined example of SR protein mediated alternative splicing is found in
studies of Drosophila sex determination. There are three main genes involved in sex
determination of the fly: sex lethal (Sx/) doublesex (Dsx) and transformer (77a). Each of
these genes produces a pre-mRNA that has two possible splicing patterns, depending
upon the sex of the fly. In the male, mRNA production proceeds as normal, which
causes the inclusion of two exons in Sx/ and #ra that produce mRNAs, which have
“premature” stop codons and yield inactive proteins. In females, the Dsx protein, a
member of the SR family of alternative splicing factors binds the mRNA and induces the
alternative splicing of this RNA such that the exons containing the stop codons of Sx/
and tra, are skipped thus producing functional protein products (Lopez 1998; Zhao et al.
1999).

Spliceosomal Repressors

Splice site selection can be blocked by inhibitory cis elements that induce the
formation of secondary structure, recruiting repressor proteins that sterically block
access of UI/U2AF to the splice site or by providing a competitive site for spliceosomal
factor binding, thus sequestering the component from the splice site. All of these

mechanisms impart a repressive affect upon the selection of the proximal splice site and
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thus promote its exclusion from the processed mRNA. In contrast with the SR group of
proteins, the hnRNP family of proteins appears to mediate their affect by interfering with
U1/U2AF binding to the splice site of the intron and thus shifting the spliceosome to a
distal splice site. The hnRP family binds pyrimidine rich regions and are also known as
pyrinidine tract binding proteins (PTB). The relative abundance of the SR and hnRNP
proteins varies between cell types and developmental stages leading to the production of
cell type and developmental specific transcripts. In addition, the activities of these
proteins are affected by post-translational phosphorylation, linking alternative splicing to
environmental induced or developmental extra cellular signals. The Drosophila SXL
protein binds pyrimidine rich regions of introns and blocks access of the U2AF protein
to the 3’ splice site and thus promotes the use of a weaker downstream splice site. SXL
is a very strong repressor that physically blocks access of U2AF and can displace
molecules already bound to the 3’ splice site. Other repressor proteins function either by
recruiting U1 to sub-optimal splice sites or by directly binding and blocking the action of
spliceosomal components. In summary, spliceosomal repressors function by interfering
with splicosome assembly or by reducing the efficiency of splicosome assembly such
that selection of a downstream splice site is preferred (Lopez 1998; Zhao et al. 1999).
The molar range of enhancer and repressor proteins varies over a range of 100
fold between different tissues in the adult rat (Hanamura ef al. 2002). Variations in the
relative concentration or activities of competing and cooperative factors and the strength

of their target cis elements to recruit them all serve to regulate the spectrum of
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alternative splicing for a given cell (Akker ef al. 2001; Caceres and Kornblihtt 2002;
Lopez 1998; Zhao et al. 1999).
Post-transcriptional Gene Silencing

RNA interference (RNAI) is an evolutionary conserved process, which leads to
posttranscriptional suppression of gene expression. Among other functions, it is thought
to serve as a natural defense mechanism against a variety of microorganisms, including
viruses (Denli and Hannon 2003; Hannon 2002). RNAi was first discovered as a result
of experiments on the flat worm Caenorhabditis elegans, which demonstrated sequence-
specific gene silencing in response to double-stranded RNA (dsRNA). Numerous
studies have been performed since, which clearly demonstrate RNAI is operational in
many, if not most, eukaryotic organisms (Hannon 2002).

In brief, RNAi seems to involve a two-step process. In the first step, dSRNA is
recognized by an RNAse III family nuclease termed Dicer. This enzyme cleaves dsSRNA
into small interfering RNAs (siRNA) containing 21 — 29 nucleotides (Bernstein 2001).
The siRNAs are then incorporated into a multicomponent nuclease complex, RNA-
induced silencing complex (RISC), which targets specific mRNAs for destruction based
on their homology to the siRNA (Denli 2003). The process begins with two anti-parallel
dimmers of the Dicer protein utilizing ATP to cleave the long double stranded RNA into
oligonucleotides 21-29 base pairs in length. All vertebrates studied today contain a
homologue of Dicer and numerous Dicer homologues have been identified in
Arabidopsis (Bernstein et al. 2001). These short interfering RNAs (siRNA) serve as a

trigger eliciting a response that culminates in the sequence directed destruction of RNA
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molecules containing homologous regions to the siRNA (Hannon 2002). Upon cleavage
by Dicer, these RNAs can enter one of three possible pathways. In the first, the siRNA
is directed to bind the 3’ untranslated region of target mRNAs and inhibit their
translation at the level of protein synthesis. The mechanism by which this phenomenon
occurs is still unknown as is the reason behind the lack of a requirement for exact
complimentarity between the siRNA and the target 3> UTR. This pathway has been
termed the miRNA pathway as the precursor molecules that initiate it are formed from
short 70mers, which are processed by Dicer in the nucleus (Hannon 2002).

The second mechanism by which RNAI directed gene silencing can occur is via the
selective destruction of mRNAs complimentary to the siRNA which occurs in the
cytoplasm. This process is mediated by the RNA induced silencing complex (RISC).
This protein complex is formed of various proteins in different combinations depending
on species and cell type (Denli and Hannon 2003). The first protein to be identified was
Argonaute II, which is a member of highly basic proteins linked to studies of RNA1 in
plants. Mutations of these proteins result in abnormal shoot apical meristem
development that resembles squid like tentacles, ergo the French word for squid
(Argonaute) was used to describe their appearance. Since the identification of the first
Ago proteins, numerous mammalian homologues have been identified including several
germ cell specific forms. These proteins can associate with either the siRNA or the
miRNA triggers. Upon purification of RISC, several other proteins were identified and
many have distinct correlations with human disease. These include the Fragile X Mental

Retardation Protein (FMRP), gemin-3 a DEAD Box containing protein and the Tudor
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protein, which contains the RNase component of the RISC holoenzyme. The specific
interactions that control RISC assembly and function have not been established but it is
clear from the wide variety of proteins involved and the numerous isoforms and tissue
specific homologues found that this is a highly regulated process. It is likely that similar
to transcriptional initiation, the regulated assembly of the RISC complex is subjected to
combinatorial control based on the abundance and form of the different RISC
components (Bernstein ez al. 2001; Denli and Hannon 2003; Hannon 2002).

The third mechanism by which RNA mediated post-transcriptional gene silencing
mediates its effect is by RNA directed DNA methylation. The first suggestion that this
phenomenon existed was the observation that in plants, PTGS was heritable. Later is
was found that in yeast, several components of the RNA machinery are required for
centromeric silencing (Denli and Hannon 2003). Finally, an experiment where double
stranded RNA homologous to the promoter of a gene was able to elicit gene silencing
revealed that the mechanism by which this effect is asserted is through DNA
methylation. The N-terminal domains of the DNA methyltransferases contain numerous
highly conserved protein domains that are separate from their catalytic methyltransferase
domain. It is possible that the RNAIi directed chromosomal silencing utilizes a specific
domain on the Dnmts to carry out this effect, however such a link has not been
definitively identified.

Part 3 Mammalian Preimplantation Development
Development of the fertilized zygote through several morphologic changes,

ultimately forming a blastocyst occurs via the execution of a preprogrammed
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developmental plan that results in the differentiation of two separate cell lineages, one
forming the placenta and the other, which will give rise to the embryo proper (Camous et
al. 1986; Frei et al. 1989). In all species, development beyond these early cleavage
divisions is completely dependent upon the switch from a reliance on maternal stores of
mRNA within the oocyte to transcription of the zygotic genome; a process termed
zygotic genome activation (ZGA) (Camous et al. 1986; Frei et al. 1989; Kopecny ef al.
1989).

In bovine embryos, zygotic gene activation occurs by the 8-16 cell stage
(Camous et al. 1986; Frei et al. 1989; Kopecny et al. 1989) although several studies
have revealed transcriptional activity earlier in development (Plante ef al. 1994; Viuff et
al. 1996). However, bovine development can proceed only to the 8-cell stage in the
presence of a transcriptional inhibitor suggesting that progression beyond this stage is
dependent upon gene products derived from the embryo’s genome (Liu and Foote,
1997). These findings follow similar observations in other species, including humans
(reviewed in Telford et al. 1990). During these early stages the mechanisms that govern
which sets of genes are turned on and those, which are turned off, are absolutely
essential to the processes of development and differentiation. Fundamental to these
precise mechanisms of control is the phenomenon of epigenetics.

Part 4 Epigenetics and Transcription

Mammalian biology, be it normal development or disease status is the sum total

of the dynamic regulation of genes encoded by the genome and production of the

resultant proteins. Differential patterns of gene expression determine the structural and
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functional phenotype of the cell, which in turn directly affect the physiology of the
organism. Mechanisms that govern which sets of genes are turned on and those, which
are turned off are fundamental to the processes of development and differentiation. The
oocyte and early embryo contain a specific preprogrammed developmental plan that
once initiated by the process of fertilization, sets in motion the machinery that will build
a complete and independent organism from a single cell. Fundamental to this process is
the phenomenon of epigenetics.

Epigenetic refers to differential patterns of gene expression based solely on the
local physical and biochemical properties of chromatin without a change in DNA
sequence. Two major mechanisms appear to be responsible for these specific properties,
DNA methylation and post-translational histone modification. (Brown & Strathdee
2002; Bird & Wolffe 1999; Jenuwein & Allis 2001). DNA methylation refers to the
addition of a methyl group to cytosine residues at CpG islands (adjacent cytosine and
guanine nucleotides) in the double helical structure of DNA. The addition of this side
chain results in a local alteration of the DNA double helix reducing the ability of the
DNA to be transcribed and thus decreased production of the associated gene product
(Hausheer et al. 1989). Post-translation covalent histone modifications refer to the
addition or removal of phosphate, acetyl and/or methyl groups to the histone proteins in
which DNA is packaged. Modification of DNA packaging can act as a local switch
resulting in transcription or repression of a specific gene based on whether it lies in an
open (acetylated) or closed (phosphorylated, methylated or unmethylated depending on

the specific position) conformation (Jenuwein & Allis 2001). The mechanisms listed
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above appear to control the vast majority of genes in the genome and, at the very least,
influence the rest (Brown & Strathdee 2002; Bird & Wolffe 1999; Jenuwein & Allis
2001). These observations have spawned the creation of the term “epigenome” to
describe this intricate control system, which appears to be almost as important as the
actual base pair sequence of the genes themselves (Jenuwein & Allis 2001). Cracking
this “histone code” is likely to be the next major achievement in molecular biology.
Epigenetics thus represents a heritable mark that can be passed down through
progeny but which may also be modified in response to environmental and
developmental phenomena thereby modulating the transcriptional program of a cell.
Modification of either DNA methylation or histone status that results in differential gene
expression is referred to as genetic reprogramming. Patterns of DNA methylation and
the resultant histone dynamics have been implicated in transcriptional regulation both in
a global and gene specific manner, X-chromosome inactivation, genomic imprinting,
silencing viral retrotransposons, as a mechanism for monitoring cellular aging and in
neoplastic transformation. A recent wave of research has thus been focused on the
identification and characterization of specific factors that both establish these epigenetic
marks and control their dynamics. The oocyte and early preimplantation embryo
represent perhaps the largest repository of epigenetic factors as it is from here that the
epigenetic foundation is laid down, setting the transcriptional basis for the development

of mammalian life.
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Part S Epigenetic Events of Early Development

Mammalian preimplantation development is a critical stage for the generation of
the genomic methylation pattern. During the first few cleavage divisions, a genome
wide drop in methylation occurs as the nucleus is remodeled to take on the task of
supporting embryonic growth and differentiation (Monk et al. 1991). This removal of
methyl groups is thought to “reset" the genome to a plastic state where it can be
reprogrammed to direct embryonic development. A de novo wave of methylation then
asserts a new pattern during preimplantation or postimplantation development depending
on the species. These processes appear to be conserved across mammalian species and
are essential for normal development to proceed (Dean ef al. 2001; Li et al. 1992; Okano
et al. 1999).
Part 6 Epigentic Events of Early Bovine Development

Relatively little is known about the early epigenetic events of bovine embryonic
development. Studies pioneered by Dean et al (2001) demonstrated that during bovine
preimplantation development, the genomic methylation pattern is erased during the first
few cleavage divisions and then reasserted during the 8cell to 16-cell transition. This
developmental pattern is similar to the mouse in that methylation levels begin to drop
just prior to syngamy, however de novo methylation is seen during the 8cell to 16c¢ell
transition, which is in stark contrast to the epigenetic events observed in the mouse
(Figure 2). During murine development, methylation levels do not begin to rise until
after implantation. In the bovine it would seem that remethylation is initiated during

preimplantation development. The biochemical and enzymatic basis for this difference
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is presently unknown as are the developmental consequences as they pertain to studies of

somatic cell nuclear transfer.
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Figure 2 Epigenetic events of bovine preimplantation development. A schematic
diagram depicting the timing of the epigenetic alterations to the male and female
pronucleus over the course of bovine preimplantation development. The male
pronucleus undergoes a rapid, genome wide demethylation immediately following
fertilization, whereas the female pronucleus passively demethylates over the course of
development to the eight-cell stage. During the eight to sixteen-cell transition, the
embryonic genome remethlyates. The enzymes responsible for the dynamics depicted in
this diagram are currently unknown.
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Part 7 The DNA (Cytosine 5) Methyltransferases

The specific mechanisms by which the dynamics of genomic methylation are
controlled during this critical period remain largely unknown, however a family of
structurally related proteins termed DNA (cytosine - 5) methyl-transferases (DNMTs)
have been identified which catalyze the production and modulate dynamics of the global
genomic methylation pattern (Bestor, 2000). DNMTT1 is the most abundantly expressed
methlytransferase and is responsible for maintaining methylation patterns through DNA
replication. This enzyme is constitutively expressed and localizes to the replication foci
of actively dividing cells (Leonhardt, 1992). Studies in mice have shown that Dnmt1
employs a stage specific alternatively spliced isoform during preimplantation
development to carry out tasks specific to this crucial stage. This isoform has been
termed DNMT 1o due to its restricted pattern of expression to the oocyte and early
preimplantation development (Mertineit ef al. 1998; Howell ef al. 2001; Ratnam ef al.
2002). Murine DNMT 1o is the sole isoform of DNMT1 expressed in the
preimplantation embryo (Ratnam ef al. 2002). The Dnmtlo transcript has a unique 5’
end that results in the production of a truncated protein. This protein is excluded from
the nucleus during the one to eight cell stage, is allowed briefly to enter the nucleus to
maintain the maternal imprint patterns, and is then excluded again at the sixteen cell
stage until after implantation (Howell ef al. 2001; Ratnam et al. 2002). Knockout
studies of DNMT]1 in mice are embryonic lethal and fail to progress beyond the 1*

trimester (Li ef al. 1992). Whereas, replacing the oocyte specific DNMT 1o with the
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somatic form of DNMT1 disrupts genomic imprinting and causes developmental failure
in the last third of gestation (Howell ez al. 2001).

DNMT3a and DNMT3b both possess de novo methylating ability, transferring
methyl groups to previously unmethylated regions (Okano ef al. 1999; Okano ef al.
1998a). Inherent in this, these enzymes have the ability to redirect gene expression
patterns by altering the topology of DNA to a transcriptionally repressive state. Studies
of the epigenetics of preimplantation development to date strongly suggest a model
where DNMT3a and 3b cooperate to re-establish the genomic methylation pattern during
early development and thus build the epigenetic foundation necessary to direct normal
embryonic development. DNMT3a and 3b are abundantly expressed in embryonic
tissues and stem cells but appear at low levels in somatic tissue. Both appear to form
complexes with histone deacetylase 1 and 2 (HDACI and 2) and thus play a key role in
recruiting all the known factors necessary to impart transcriptional repression (Fuks et
al. 2001). Gene knockout studies of both DNMT3a and 3b in mice showed that the
embryos arrested shortly after gastrulation and the differentiation of the three embryonic
tissue types. Individual knockouts of DNMT3a and 3b were not as profound, however,
this is likely due to functional redundancy between these and other members of the
methyltransferase family (Okano ef al. 1999). Recently, several alternatively spliced
isoforms have been identified for DNMT3a and 3b, the expression of which is tissue
specific and abnormalities therein linked to cancer (Robertson et al. 1999; Chen et al.
2002; Saito ef al. 2002). The isoform distribution of DNMT3a and 3b has not been

analyzed in the preimplantation embryo and it remains to be seen if these two enzymes
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employ stage specific splice variants (isoforms) similar to DNMT1lo. DNMT3a and 3b,
along with the newly discovered methylation regulatory protein DNMT3L, in which
knockout studies involving this gene have also resulted in failed development, are
thought to be the major players in the establishment of the epigenome, in particular the
unique tissue specific expression patterns and genomic imprints of particular genes
(Bourc’his et al. 2001a; Hata et al. 2002). Further characterization of these de novo
methyltransferases and their unique splice variants will likely yield great insight into the
building of the epigenetic foundation of mammalian life.

DNMT?2 is widely expressed in a variety of tissues and although it contains all
the conserved methyltransferase motifs, it has only very recently been demonstrated to
posses DNA methylating ability (Herman et al. 2003, Tang et al. 2003 and Kunert et al.
2003). In fact, until late this year, DNMT2 had no known function (Okano et al. 1998b).
No specific study has yet addressed the function of DNMT2 within the oocyte,
preimplantation embryo or in the gonads. It is likely that, given that DNMT?2 is the most
conserved methyltransferase it does play some critical role in the epigenetic control of
the genome. Methyl-binding protein 2 is a protein that may or may not have the capacity
to strip DNA of methyl groups but does not appear to be involved in preimplantation
development specifically. This protein appears to specifically bind methylated DNA and
then recruit histone-modifying enzymes to alter the transcriptional activity of the
methylated region (Jones et al. 1998). Through this mechanism, DNA methylation
serves as a mark to signal the post-translational modification of histones and thus

modulate gene expression patterns in a tissue specific response to developmental and
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environmental cues. Proper function of all the proteins listed above appears to be
essential for normal development to proceed.

Part 8 Structural Domains of the Dnmts

Catalytic Domain and Mechanism of Action

Catalytic domains of all the DNA methyltransferases studied to date share ten
structural motifs that have been remarkably conserved through evolution. These motifs
consist of six highly conserved (motifs I, IV, VI, VIII, IX and X) and four moderately
conserved motifs (motifs II, III, V and VII). These form the catalytic domain of the
DNA methyltransferase enzymes by folding into two domains; one large domain
consisting of motifs I through VIII and most of motif X and a smaller domain consisting
largely of motif IX. The DNA double helix fits in the resultant cleft between the large
and small domains. The variable region in between motifs VIII and IX confers
specificity for the enzyme’s binding to the DNA helix (Bestor and Verdine 1994; Kumar
et al. 1994; Kilmasauskas et al. 1994).

The substrate of the DNA methyltransferase is the carbon at the number five
position of the base cytosine. In its natural sate, the cytosine is deeply buried in the
DNA helix and thus not able to allow the reaction to proceed. Binding of DNA
methyltransferase to the DNA helix induces a conformational change in motif IV, which
is situated on a flexible loop referred to as the “catalytic loop” that results in motif [V
coming into contact with the DNA helix. A conserved proline-cysteine dipeptide
induces the targeted cytosine residue to release its Watson-Crick base pairing and flip

out of the double helical structure into the catalytic pocket of the DNA methyltransferase
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enzyme (Kilmasauskas et al. 1994). Residues in motif IX form direct hydrogen bonds
with the O, and N atoms in the targeted cytosine ring giving it the correct orientation
(Bestor and Verdine 1994; Kumar et al. 1994; Kilmasauskas et al. 1994).

During this flip out process, the enzyme itself undergoes a major conformational
change where the catalytic loop moves deeper into the cleft and ultimately into the minor
grove of the DNA helix. With this conformational change a cysteine in motif IV is now
in its proper orientation to serve as the active site for the enzyme. This inducible
conformational change brings a nucleophilic cysteine thiol into close proximity to
carbon 6 of the cytosine ring. Immediately upon induction of this conformational
change a nucleophilic attack of the thiol group on the number six carbon is imitated and
results in the formation of a covalent (thioether bond) DNA-protein intermediate. Thus,
the binding of the methyltransferase enzyme induces a conformational change on both
the protein and the DNA double helix providing a most eloquent example of the
induced-fit-mechanism for enzyme-substrate interactions (Bestor and Verdine 1994;
Kumar et al. 1994; Kilmasauskas et al. 1994).

Formation of this stable intermediate permits the methyl-donor, S-adenosyl-L- s-
methionine (AdoMet) to be brought into close proximity to both the active site of the
enzyme and the targeted carbon five of the cytosine ring. AdoMet binds the large
domain of the methyltransferase enzyme through specific interactions with amino acids
in motifs I to V. A phenalalanine in motif I specifically interacts with the aromatic ring
structure of the adenosyl moiety and serves to hold the cofactor in the correct

orientation. The addition of the nucleophile to carbon six in the previous step activates
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carbon five and allows the transfer of the methyl group from AdoMet. After the transfer
of the methyl group, S-adenosyl-L-homocysteine (adoHyc) is released. The proton now
at the 5 position is abstracted by a basic residue on the enzyme which is quickly
eliminated via B-elimination (Bestor and Verdine 1994; Kumar et al. 1993;
Kilmasauskas et al. 1994).

The mechanism discussed above suggests a kinetic cycle where the variable
domain of the enzyme first binds its target upon which the active site loop clamps down
upon the DNA helix, flipping targeted cytosine into the active site via the formation of a
C4’ exo sugar pucker and thus forming a covalent reaction intermediate. A rapid
transfer of a methyl group from AdoMet results in the methylation of carbon 5 of
cytosine and the release of AdoHyc. The proton abstraction likely releases the enzyme
allowing both the DNA helix to return to the B conformation and the enzyme to proceed
to its next substrate.

Mechanism of Action of the Dnmt Inhibitor 5-Azacytidine

5-Azacytidine is a nucleoside analogue similar to the natural substrate of the
DNA methyltransferases, cytosine with the exception of a nitrogen atom in place of
carbon atom number 5 in the ring structure of the base (Figure 3). The initial stages of
the methylation cycle are initiated, however the nitrogen atom prevents completion of
the reaction and leaves the Dnmt protein covalently bound to the DNA helix via carbon
6 of cytosine, as a reaction intermediate (Santi ef al. 1984). As a result, Dnmt protein is

rapidly depleted from the nucleus and methylation levels drop. However, it is thought
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that the removal of the reaction intermediates by the DNA repair machinery results in

localized mutations that may be of further harm to the cell.
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Figure 3 Schematic diagram representing the chemical structures of cytosine. Left to
right — cytosine, methyl-cytosine and 5-Azacytidine.

Cysteine Rich Zinc Finger

The carboxy terminus of all the known DNA methyltransferases contains the
catalytic motif discussed above whereas the amino terminal domains of each
methyltransferase are unique. With the exception of Dnmt2, which contains no
identifiable domain structures besides the catalytic one, all of the remaining Dnmts
contain a cysteine rich, zinc-binding region of unknown function. This region is similar
in structure to a region in mammalian homologues of the Drosophila Trithorax protein,
which is involved in maintaining homeotic gene expression. It is hypothesized that the
trithorax protein anchors transcriptionally active chromosomal domains to the nuclear
matrix, thus playing a role in maintaining their transcriptionally active state. The
cysteine rich domain of the Dnmts (with the exception of Dnmt2) physically interacts

with DNA and likely other proteins as well which may prevent the enzymes from
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methylating transcriptionally active sequences via interacting with other protein factors
present at these sites, sequestering the Dnmts from their substrate.
Domains Unique to Dnmtl

The amino terminus of Dnmtl is essential for enzymatic activity and
surprisingly, is toxic when expressed independently of the catalytic methyltansferase
domain (Tucker et al. 1996). Additionally, cleavage of the amino terminus activates de
novo methylation, but this de novo methylation is completely dependant on an
interaction with the cleaved amino terminus as alone, the catalytic domain posses no
enzymatic activity (Zimmermann et al. 1997 and Fatemi et al. 2001). Within the amino
terminus are four major identifiable domains including the cysteine rich domain
common to all other Dnmts (except Dnmt2), a nuclear localization signal, a polybromo
domain and a PCNA binding site. The nuclear localization signal is located between
amino acids 72-92 and is responsible for shuttling the enzyme to the nuclei in
coordination with DNA replication during S-Phase of the cell cycle. A second domain
proximal to this localization signal (amino acids 161-174) interacts with the proliferating
cell nuclear antigen (PCNA) in a cell cycle coordinated fashion. This region targets
Dnmtl to DNA replication foci via a direct protein-protein interaction with PCNA. The
cysteine rich region which is located between amino acids 643-688 has been
demonstrated to bind Zinc and is hypothesized to be involved in DNA binding
interactions but its exact function has yet to be determined (Bestor 1992 and Chuang et
al 1996). The Bromo Adjacent Homology Domain or Polybromo domain is located

between amino acids 752-877 and 975-1097 (two adjacent domains) and is involved in
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protein-protein interactions with other DNA binding factors, repressors and proteins
whose function are currently unknown.

The amino terminus of DNA methyltransferase 1 also interacts with a number of
other molecules, however the exact domains and binding sites have yet to be identified.
As mentioned above, the N-terminal domain physically interacts with the carboxy-
terminal catalytic domain imparting a tertiary structural arrangement that activates the
catalytic methyltransferase function. No one sequence motif can be identified that does
this solely, rather it is thought multiple sites bind inducing the correct alignment for
enzymatic function (Margot et al. 2003). The retinoblastoma protein (Rb) binds Dnmt1
somewhere between amino acids 416-913 and an as yet undefined region in the amino
terminus (amino acids 1-1,125) interacts with Histone Deactylase 1 and 2 (HDACI1 &
HDAC?2) along with the co-repressor DMAP at DNA replication foci. Through these
protein-protein interactions Dnmt1 becomes intimately involved with gene specific
repression and histone modifying proteins thus tying together DNA methylation and post
translational histone modification.

Domains Unique to Dnmt3a and Dnmt3b

Domain structures present in the amino termini of DNMT3a and DNMT3b have
been less extensively characterized than those of DNMT1, but nonetheless several
highly conserved domains have been identified and correlated with diverse functions.
The most highly conserved domains present in the Dnmt3 family of methyltransferases
are the PWWP and PHD finger domains. The PWWP domain is a 135-residue structure

located between amino acids 265 to 321 in DNMT3a and amino acids 231 to 305 in
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DNMT3b. This domain is hypothesized to specifically interact with heterochromatin
and is probably involved in a physical interaction with the DNA backbone allowing
methyl transfer to hemimethylated DNA. This protein domain has been identified in a
wide variety of eukaryotic proteins from yeast to mammals, all of which in some way
interact with DNA. When expressed alone this domain binds a 12 base pair region of the
DNA sugar-phosphate backbone via the positively charged surface of the folded PWWP
domain. The PWWP domain shares structural similarity to the SAND domain, which is
believed to be involved in chromatin dependent transcriptional regulation. Evidence that
both DNMT3a and DNMT?3b interact with specific yet distinct pericentromeric
heterochromatic loci supports the notion that this domain is involved in protein-
chromatin interactions (Bachman et al. 2001). Indeed, this hypothesis was further
supported by studies by Qiu et al. (2002) that demonstrated deletion of the PWWP
domain abolished the association of Dnmt3a with heterochromatin. Since DNMT3a and
DNMT3b are targeted to differing chromatic regions, there must be some as yet
unidentified protein domain(s) responsible for their specific localization. What proteins
mediate this specificity and the functional consequences to the alternative splicing of the
amino terminal domains of Dnmt3a and 3b remains to be examined.

The Plant Homeodomain finger (PHD) domain is a conserved zinc-binding motif
identified in more then 300 eukaryotic proteins. The majority of PHD domain
containing proteins localize to the nucleus and are involved in modulating transcription
through a variety of biochemical processes. The PHD finger domain of the human

Dnmt3 family of proteins has also been called the ATRX like domain as it shares
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remarkable identity (97/98 amino acids) with the same domain found in the human
ATRX protein. Human ATRX is a chromatin-remodeling complex, mutation of which
causes X-linked mental retardation with a-thalassemia or ATR-X syndrome (Gibbons et
al. 1995). Examination of PHD domains in numerous proteins using multiple
alignments failed to discern any common positioning of this domain with relation to
other protein domains or specific termini. Biochemical studies of this domain in other
proteins have demonstrated that the PHD finger domain requires Zn>" binding for proper
folding and that this Zinc binding is mediated by a conserved Cys, Cys, Hys motif
common to numerous other proteins across evolutionarily distant species. Recent
studies have also revealed that this PDH finger domain is a metal dependent folding
motif that mediates numerous protein-protein interactions. It is hypothesized that within
this context, the PHD finger domains of the Dnmt3 family of proteins mediate their
incorporation into multi-component complexes involved in transcriptional regulation.
Recently, biochemical fractionation experiments have demonstrated an association
between Dnmt1 and Dnmt3b as well as associations between Dnmt3a and a histone
methyltransferase and histone deactylase 1 (HDAC1) (Datta ef al. 2003). It is very
likely that the PHD finger domain mediates the assembly of the DNMTs into multi-
component complexes that are involved in loci specific transcriptional silencing.
Part 9 Regulation of Genomic Methylation by the Dnmts

Function of the Dnmt family of methyltransferases can be subdivided into three
distinct regulatory roles. Their catalytic action during early embryonic development sets

up the epigenetic foundation for a given cells transcriptional program. A maintenance
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function ensures proper transmission of this cell specific methylation pattern through cell
division and finally the Dnmts have the capacity to mediate a certain degree of a cells
transcriptional response to the environment, viral infection, neoplastic transformation
and aging. None of these characteristics are understood very well but recent work in
stem cells and tumors has suggested that each of the Dnmts or, more specifically, each of
their individual isoforms plays distinct roles in this capacity. All of the Dnmts identified
to date exist as multiple isoforms and each of these contain unique protein domain
combinations that likely impart a unique catalytic function. Many of the splice variants
identified produce enzymes that possess no methylating ability suggesting that the amino
terminus may posses some as yet unidentified catalytic or regulatory role within the cell.
However, the isoforms identified that do posses methylating ability all seem to localize
to distinct chromosomal regions, have differing preferences for hemi-methylated and
non methylated substrates and developmental and tissue specific expression patterns. It
is likely that the cell uses alternative splicing to increase the repertoire of DNA
methylating enzymes to achieve a more dynamic and precisely controlled system.
During early preimplantation mouse development Dnmt1o translocates to the
nucleus during the S-phase of the 8-cell stage and is essential for maintenance but not
establishment of maternal specific imprinting patterns (Howell ez al. 2001). Further,
studies of the human reproductive syndrome that results in a condition known as a
hydatidiform mole have discovered that the genomes of these affected individuals suffer
from a failure to establish maternal specific imprint patterns and thus the phenotype

resembles an androgenome. However, study of the Dnmtl and Dnmtlo genes of these
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malformed embryos did not reveal any mutations in the Dnmt1/Dnmtlo gene (Hayward
et al. 2003). Given that Dnmtlo is not required for establishment of either the paternal
or maternal gene specific imprint patterns laid down during preimplantation
development, and that Dnmt3a and Dnmt3b are not expressed during this developmental
stage, there must be some as yet unidentified methyltransferase that mediates the
establishment of the gene specific methylation for imprinted loci (Judson et al. 2002).

Studies of both human and murine cells suggested that Dnmt1 serves solely as a
maintenance methyltransferase and the activity of Dnmt3a and 3b restricted to de novo
methylation. However, recent studies by Chen et al. (2003) revealed that in the absence
of the Dnmt3a and Dnmt3b, Dnmt] alone cannot maintain methylation levels and further
that overexpression of Dnmt1 from an artificial plasmid cannot remethylate lost
epigenetic marks. Further, these studies revealed that the Dnmt3 family of
methyltransferases plays a much more intricate role then first suspected. Examination of
Dnmt3a and Dnmt3b activity alone and together in Dnmt3a’/Dnmt3b” knock out stem
cells has revealed specific methylating functions and targets for each of the different
isoforms of Dnmt3a and Dnmt3b.

Dnmt3a predominantly localizes to retroviral sequences, major satellite repeats,
IAP repeats, non-imprinted genes as well as paternally imprinted genes, and the Xist
gene on the X-chromosome. Dnmt3a2 however, appears to specifically methylate
paternally imprinted genes whereas Dnmt3a and Dnmt3b1 were not able to remethylate
these sequences once the original methyl-mark had been lost. In addition, it appears that

over the long term both the Dnmt3a and 3b family of enzymes are required for
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maintenance of these paternal imprints and that no amount of overexpression of Dnmtl,
Dnmt3a, Dnmt3b or their associated isoforms has been able to restore maternal specific
imprint patterns (Chen et al. 2003).

Dnmt3b is an enigmatic methytransferse in that the majority of its isoforms are
enzymatically inactive. To date six Dnmt3b isoforms have been identified in the human
and eight in the mouse. Of these identified isoforms (dnmt3b1 — Dnmt3b6) only
Dnmt3b1 and Dnmt3b2 possess any DNA methylating ability. It has been speculated
that alternative splicing of the other isoforms serves in some way to negatively modulate
the expression of the enzymatically active ones as over expression of Dnmt3b3 has been
correlated with hepatocarcinogenesis (Saito ef al. 2002). However, there are numerous
reports of interactions of domains within the amino-terminus with other
methyltransferases, gene specific repressors and histone modifiying enzymes. Before
any conclusion can be drawn as to the function of these non-methylating isoforms,
further characterization of the amino terminal domains and their functional interactions
needs to occur.

Human Dnmtl, Dnmt3a and Dnmt3b each have multiple differing types of
promoters that regulate their expression, each with differing CpG contents. These
multiple promoters are thought to provide a feedback mechanism that serves to regulate
the expression of the Dnmts. Human Dnmtl is regulated by at least four independent
promoters; one of which is located in a CpG rich region while the remaining three are
CpG poor (Bigey et al. 2000). Human Dnmt3a is regulated by two CpG rich promoters

and one poor promoter while; Dnmt3b is regulated by one CpG rich and one CpG poor
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promoter (Yanagisawa et al. 2002). The biological reasoning for control of these genes
utilizing differing types of promoters with differing CpG contents is not known for
certain however, a negative feedback mechanism that serves to modulate their own
expression can be envisioned. Perhaps a threshold level of methylation is obtained
during the growth of a cell such that the Dnmts begin to methylate their own promoters
and suppress their capacity to initiate transcription. Since these genes are controlled by
multiple promoter types, it is likely that methylation of the CpG rich promoters, which
are under the control of the SP1 transcription factor and thus constituatively active, shifts
transcriptional control to the CpG poor promoters that may be more tightly regulated.
Via this hypothesized mechanism the Dnmts could respond to genomic methylation
levels by modulating their own expression. Given that Dnmt3a is driven off two CpG
rich promoters suggests that it is the lowest abundance methyltransferase in highly
methylated adult cells and the most abundantly expressed in embryonic cells or stem
cells, which in fact, it is. Conversely, given that Dnmtl is predominantly regulated by
CpG poor promoters would suggest that at the very least this methyltransferase would be
the most abundantly expressed methyltransferase in adult cells and intermediary in
embryonic, which it appears to be (Chen ef al. 2003).

Indeed, reported observations of Dnmt expression levels suggest that the
postimplantation mouse embryo, developing germ cells and embryonic stem cells all
abundantly express Dnmt3a and Dnmt3b but that these genes are only minimally
expressed in most somatic tissues. Dnmtl however is ubiquitiously expressed in somatic

tissues and equally abundant as the Dnmt3 family during early development. Of further
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note is the fact that Dnmt3a and Dnmt3b can be absent in tumor cells but absence of
Dnmtl is induces apoptosis (Chen et al. 2003). The functional nature of this
discrepancy is currently unknown and is the subject of intense investigation.

Taken together, the analysis of Dnmt expression and function to date suggests the
following model: During early preimplantation development, Dnmtlo serves to maintain
imprint specific methylation patterns established either by some as yet undefined
methytransferase or by the current Dnmts during gametogenesis. How these methylation
marks, or the mechanisms that demarcate them pass through the initial wave of
embryonic demethlyation is presently unknown. Once established however, they are
maintained by both Dnmt1 and the Dnmt3a enzymes. During murine postimplantation
development, Dnmt3a and Dnmt3b serve to carry out the de novo methylation of the
genome establishing heterochromatin, retroviral specific silencing and maintaining the
proper expressional paradigm of the given cell. This fine-tuned differential regulation
that serves to compartmentalize the genome into heavily methylated areas and
hypomethlyated areas is likely achieved by the regulation of Dnmt isoform expression
through their alternative splicing. Both the Dnmt1l and Dnmt3 families of enzymes are
required for establishment and stable maintenance of these specific patterns and further,
each cell likely has a specific repertoire of Dnmt splice variants unique to its methylation
requirements. These enzymes are all highly transcribed during early development from
CpG rich promoters. However, once a cell begins to terminally differentiate, its
methylation levels increase to the point where the de novo methylation enzymes are

down regulated to basal levels. At this point, Dnmtl assumes the predominant role as
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the maintenance methyltransferase, while Dnmt3a and Dnmt3b serve as proofreaders,
filling in the gaps missed by Dnmtl. This minimal expression of Dnmt3a/3b and
reliance on Dnmtl1 to maintain methylation levels can be thought of as the somatic
expression profile. As a cell ages, there is evidence to suggest that methylation levels
increase, repressing more and more genes until the cell becomes quiescent and dies.
Thus there also appears to be a role in cellular aging.

The Dnmts have also been implicated in mediating a portion of the cells response
to the environment. Evidence to support this hypothesis comes from studies examining
the transcriptional profiles of cells exposed to environmental insults and viral infection.
The nature of this response is as yet unclear and only strong correlative data have been
presented. However, given that viral sequences appear to be aggressively methlylated
and that environmental toxins induce hypermethylation of the genome it is clear that the
Dnmts are in some capacity involved in the cell’s ability to respond to infection and
environmental insult. There is evidence to suggest that Dnmt3a is the lead
methyltransferase that carries out methylation specific responses to environmental
stimuli as its expression is the most widely varied and has the greatest diversity of target
sequences. However, direct experimental evidence to support these hypotheses has yet
to be fostered (Suetake ef al. 2003).

At present, there has been no specific functionality yet ascribed to Dnmt2 within
the context discussed. Given that of all the methyltransferases, Dnmt2 is the most highly
conserved; it is likely that this enzyme plays some essential function. However, there

are currently no experimental reports of this enzyme examining function in
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gametogenesis, embryonic development or correlation with any specific gene loci.
Given that we now know that this enzyme has the capacity to methylate DNA (Herman
et al. 2003; Tang et al. 2003 and Kunert ef al. 2003) it is likely that dissection of the
molecular targets and function of DNMT2 will expand our current understanding of the
function of this gene family as a whole and of the epigenetics of early mammalian
development.

Part 10 Nuclear Transfer

The most popular report of mammalian somatic cell nuclear transfer was by
Wilmut et al. (1997) which was first to describe the cloning of a mammal from an adult
cell. Nuclei of epithelial cells derived from an adult ewe were transferred into
enucleated oocytes, activated and transferred to recipients ultimately resulting in the
birth of Dolly. Since this milestone was achieved in 1996, cloned mice, goats, cattle,
pigs, rats, deer and cats have been reported (Baguisi ef al. 1999; Cibelli et al. 1998;
Prather et al. 1996; Prather ef al. 1999; Wilmut ef al. 1997; Yong & Yugiang 1998; Shin
et al. 2002).

Although live animals can be cloned by nuclear transplantation using somatic
cells, the efficiency of the technique is very low in comparison to natural mating and
current /VF technology. In cattle where the vast majority of this work has been done,
pre-attachment development appears to proceed normally and does not seem to be the
major factor affecting the efficiency. Development to the blastocyst stage in vitro is
similar to that of embryos produced by in vitro fertilization. Maternal recognition and

the establishment of pregnancy are also similar between in vivo embryos and those
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produced by somatic cell cloning. After 35 days of gestation however, the drop in
pregnancy rates is dramatic and very few of these fetuses survive to term. Moreover,
many of the calves that do make it to term often exhibit developmental abnormalities
and die at birth or shortly thereafter (Cibelli et al. 1998; Garry et al. 1996; Kato et al.
1998; Renard et al. 1999; Vignon et al. 1998; Wilson& Wyatt 1995;). The ones that do
survive frequently exhibit cardiovascular abnormalities, immature lung development, a
compromised immune system, and diabetes. These diseases are now being correlated
with insults during early embryonic development (Hill ez al. 2000; Pace et al. 2002;
Barker 1990).
Part 11 Nuclear Transfer and Epigenetic Reprogramming

Some of the most convincing evidence supporting the hypothesis that abnormal
epigenetic reprogramming by factors in the oocyte / early embryo results in failed
development comes from studies involving somatic cell nuclear transfer. Mammalian
development is driven by highly specific temporal and spatial patterns of gene
expression. The ability of a transferred nucleus to recapitulate these precise patterns is
essential for proper development. However, abnormal patterns of gene expression are
the norm for reconstructed embryos and aberrant gene expression can even be seen in
adult clones (Wrenzycki et al. 2001; Schultz et al. 1996; Daniels et al. 2001; DeSousa et
al. 1999; Humpherys ef al. 2002). Several recent studies in cattle have further
demonstrated genomic hypermethylation and aberrant patterns of X-chromosome
inactivation in animals produced by nuclear transfer, suggestive of incomplete

epigenetic reprogramming (Kang et al. 2001, Dean et al. 2001, Bourc’his et al. 2001b,
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Xue et al. 2002). This epigenetic instability correlates with the fact that no one
particular set or class of genes seems to be specifically and consistently affected by the
process of nuclear transfer, rather the transcriptional disruption seems to be random and
genome wide. A recent survey of the transcriptional activity of cloned bovine embryos
using cDNA microarray analysis failed to identify any consistently misexpressed genes
and instead concluded that the abnormalities are unique to each embryo (Donovan et al.
2003). Several imprinted genes have been consistently found to be abnormally
expressed but again, these differences are tissue specific and highly varied. (Inoue et al.
2002; Humpherys et al. 2001).

The genetic and epigenetic reprogramming that must occur after nuclear transfer
is the critical element in the developmental success of a reconstructed embryo. To date,
little research has been directed towards correcting or attributing some causality to the
aberrant patterns of gene expression observed in clones. As a cell differentiates from a
state of totipotency to a specific functional endpoint, the methylation pattern of the
genome changes with it, reflecting a change in the transcriptional program. Different
cell types have different transcriptional requirements and thus their methylation patterns
are unique to their functional phenotypes. A technique called restriction landmark
genome sequencing has recently been used to identify unique patterns of methylation
specific to different cell types and developmental stages (Shiota et al. 2002 and Rush &
Plass 2002). In essence, each cell type has a unique “methylation fingerprint” owing to

differences in which specific genes are transcriptionally active as compared to those
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which are in a state of repression. This fingerprint can be followed through
differentiation and through environmental responses.

The methylation pattern of stem cells is significantly different than that of
somatic cells and the pattern of an early preimplantation embryo even more divergent.
Each successive stage of development seems to impart a greater level of methylation
upon the genome and thus a more restrictive developmental plan. The early
preimplantation embryo begins with the erasure of the methylation pattern and then
reestablishing gene specific imprint patterns, thus creating embryonic stem cells. These
unique cells have been demonstrated capable of generating all the cell types necessary
for proper development and as such are the focus of an entire branch of therapeutic
medicine. It is hypothesized that as embryonic stem cells develop they are exposed to
wave after wave of de novo methylation until a “tissue specific stem cell” methylation
pattern exists. The final stages of development are achieved when a cell is directed
towards a specific functional endpoint by methylation of the genome in such a way as to
endorse the transcription of only those genes required of this specific cell type. Via this
mechanism the process of differentiation is carried out, placing strict developmental and
transcriptional blocks upon a cell.

Owing to the fact that a cloned embryo’s nucleus comes from a somatic cell with
its own specific methylation pattern, it is likely that the large portion of the
transcriptional and developmental abnormalities observed in clones are attributable to
the failure of this methylation pattern to be reset to the demethylated base state. Passage

of somatic neuclei through the process of gametogenesis serves to strip the majority of
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the methylation pattern and repackage the genome so as to be easily demethylated
following fertilization. With the techniques currently employed in somatic cell nuclear
transfer, it is extremely unlikely that the nucleus is properly remodeled and the
epigenetic state reset. Moreover, it is also likely that the normal methyltransferase
activity inherent to early development compounds the issue by the addition of more
methyl groups to a genome that should have been stripped but which are in fact already
hypermethylated as compared to the natural state. This appears to indeed be the case in
cloned embryos as they exhibit a drastic increase in the methylation levels of their
genomes as compared in vivo controls. However, that several nuclear transfer
experiments have been successful strongly suggesting that the capacity exists within the
oocyte to redirect this methylation pattern to the point where development can proceed.
It is possible that proper function of a few key epigenetic factors can restore
developmental potential to a differentiated nucleus and allow proper development.
Part 12 Research Project Rationale

In recent years the study of epigenetic control of gene expression has been
recognized for its fundamental role in disease and development and has thus moved to
the forefront of developmental biology. This is due simply to the abundance of studies
demonstrating the importance of epigenetics as relates not only to normal development
but a number of human disease conditions including cancer but also its fundamental role
in embryo patterning and development. Aberrant gene expression as a result of improper
epigenetic reprogramming by the oocyte following fertilization has become a key target

for investigating the causes of failed development. Moreover, it is a primary suspect for
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increasing the susceptibility to disease later in life (Brown & Strathdee 2002). The
Barker hypothesis suggests that adverse environmental conditions during fetal
development may lead to adult diseases later in life including cardiovascular disease and
diabetes (Barker, 1990). Undernutrition in pregnant women leading to low birth weight
babies has been associated with an increased incidence of heart attacks, diabetes and
high blood pressure as adults (Barker 1990; McCance, 1962; Mott et al. 1991; Smart,
1990). It is likely that all these disease phenotypes have strong epigenetic undercurrents.
The key modulators of DNA methylation are the DNMTs. Clearly understanding
the factors and mechanisms controlling epigenetic reprogramming during early
mammalian development, in particular those involving DNMTs, is important. A recent
paper by Ding and Chaillet (2002) demonstrated that overexpression of the embryonic
murine DNMT 10 was tolerated and resulted in the production of live offspring whereas,
another paper by Biniszkiewicz et al. (2002) demonstrated that overexpression of the
somatic form of DNMT1 is embryonic lethal. These observations strongly suggest that
the critical element allowing survival of mice overexpressing DNMT 1o is proper
function of the protein during preimplantation development. Somatic tissues are perhaps
better able to regulate DNMT 1 activity and DNA methylation in general but early
embryonic tissues may not be. Indeed, expression of the somatic form of DNMT1, the
maintenance methyltransferase, during the preimplantation stages of development would
likely impede the genome wide drop in methylation that occurs, resulting in an inability

of the nucleus to properly remodel itself to direct embryonic development.
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Embryos produced by somatic cell nuclear transfer present a unique opportunity
to investigate the intricacies of early epigenetic programming. It is clear that embryos
produced by cloning exhibit a state of hypermethylation and this phenomenon has been
found in both cattle and mice (Kang et al. 2001a, Dean et al. 2001, Bourc’his et al.
2001b). Owing to the fact that the donor nucleus comes from a somatic cell, it is likely
the misexpression due to improper reprogramming or improper regulation of DNA
methyltransferase function is responsible for the abnormal patterns of genomic
methylation and the inability of cloned embryos to properly recapitulate embryonic
transcription. Perhaps the persistence of the somatic form of DNMT]1 is responsible for
the observed state of hypermethylation as it continues to function, maintaining the
patterns of methylation through DNA replication, during a time period when these
methyl groups should be diminishing. Improper expression of the de novo
methyltransferases DNMT3a and 3b may also be to blame for this over methylation,
perhaps due to an as yet unexplained inability of a reconstructed embryo to properly
regulate these proteins. Whatever the case, studies of nuclear transfer provide an
opportunity to study epigenetic function in preimplantation development without the
need for a traditional functional mutation.

Somatic cell cloning is not the only reported cause of abnormal methylation as
superovulation, alcohol exposure, and in vitro culture also result in abnormal
methylation patterns in mouse embryos (Shi & Haaf 2002). Environmental conditions
involving in vitro culture can lead to abnormal gene expression in preimplantation

embryos (Wrenzycki et al. 2001; Doherty ef al. 2000; Natale ef al. 2001) and abnormal
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methylation induced by these environmental conditions during early development could
well be the cause of this. In addition, stem cells appear to also be epigenetically
unstable. Whether this instability is imposed on them by culture techniques or is in fact
a property inherent to stem cells in general should be addressed before they are
employed in a therapeutic setting.

In order for the full benefits of animal cloning to be realized and made
economically viable, the efficiency of the nuclear transfer procedure must be
significantly improved upon. Genomic hypermethylation is almost certainly the root of
the abnormal gene expression patterns observed in cloned bovine embryos and is thus
the underlying cause to the abnormal physiology and developmental failure. Here, we
begin to test whether abnormalities in DNMT expression and regulation result in
improper epigenetic reprogramming and decreased developmental capacity of NT

embryos.
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CHAPTER II
ANALYSIS OF DNA (CYTOSINE 5) METHYLTRANSFERASE mRNA
SEQUENCE AND EXPRESSION IN BOVINE PREIMPLANTATION

EMBRYOS, FETAL AND ADULT TISSUES*

Analysis of the Bovine DNA Methyltransferase mRNA Sequence

Bovine DNA methyltransferase mRNA sequences were cloned by RT-PCR using
mRNA obtained from adult testis and the sequences reported to Genbank (Dnmtl
AY244709; Dnmt2 AY244708; Dnmt3a AY271298; Dnmt3b AY244710). Bovine
Dnmt cDNA sequences display strong homology to those reported for mouse and
human, as would be expected for developmentally essential proteins of this nature
(Appendix A). Carboxy-terminal domains share the largest degree of sequence
similarity, likely due to the enzymatic activity residing in this region (Bestor 2000).
Amino-terminal sequences are less consistent but show conservation of several domain
structures including the cysteine rich zinc finger, BAH, PWWP, and ATRX domains, as

well as other regions of as yet unknown function (Figure 4).

* Reprinted with permission from “Analysis of DNA (cytosine 5) Methyltransferase
mRNA Sequence and Expression in Bovine Preimplantation Embryos, Fetal and Adult
Tissues.” by Michael C. Golding and Mark E. Westhusin, 2003. Gene Expression
Patterns, 3/5 pages 551-558. Copyright 2003 by Elsevier Science Ireland Ltd.
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Figure 4 Domain structures of the bovine DNA Methyltransferase family. Sequence
analysis finds conserved domain architecture among the bovine Dnmts. All four of the
identified methyltransferases possess a C-terminal catalytic methyltransferase domain,
which are of similar size and sequence to those of mouse and human. N-terminal
domains of Dnmt3a and 3b are distinct from those of Dnmt1 and the proteins share no
detectable homology other then in the C-terminal catalytic domain. Dnmt2 appears to
lack any N-terminal regulatory domains.

Splice Variant Characterization
During the course of sequencing the bovine Dnmt family, several alternatively
spliced isoforms of Dnmt3a and 3b were identified in adult testis (Figures 5 and Figure

6). The Dnmt3b isoforms (Figure 6) (Dnmt3bl AY244710; Dnmt3b3 AY244711;

54



55

A
Ladder Dnmi3a
1000
®50 3al
Jad
B 650
bDnmt3a CTCCAGAGCTGTAGAAAATGGCTGCTGCACCCCCAAGGATGGCCGGGGAGCCCCTGCAGA 434
bDnmt3a4 CTCCAGAGCTGTAGAAAATGGCTGCTGCACCCCCAAGGA-———=—————— GCCCCTGCAGA 424
hDnmt3a CTCAAGAGCAGTGGAAAATGGCTGCTGCACCCCCAAGGAGGGCCGAGGAGCCCCTGCAGA 660
khkk hhkkhkhkkhk khk hhkkhkhkkhkkhkkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkkkkkx*k * ok ok k ok ok ok ok ok ok k

bDnmt3a AGAGGGCAAAGAACAGAAGGAGACCAACATCGAATCCATGAAAATGGAGGGCTCCCGGGG 494
bDhnmt3a4 AGA————— === - 427
hDnmt3a AGCGGGCAAAGAACAGAAGGAGACCAACATCGAATCCATGAAAATGGAGGGCTCCCGGGG 720

* %

bbnmt3a CCGGCTGCGGGGTGGCCTGGGCTGGGAGTCCAGCCTCCGCCAGCGGCCCATGCCGCGGCT 554
bDnmt3a4 ----------—--—--—— -
hDnmt3a CCGGCTGCGGGGTGGCTTGGGCTGGGAGTCCAGCCTCCGTCAGCGGCCCATGCCGAGGCT 780

bDnmt3a CACCTTCCAGGCGGGGGACCCCTACTACATCAGCAAGCGCAAGCGGGACGAGTGGTTGGC 614
bDnmt3a4 ----------—--——--——— -
hDnmt3a CACCTTCCAGGCGGGGGACCCCTACTACATCAGCAAGCGCAAGCGGGACGAGTGGCTGGC 840

bDnmt3a ACGCTGGAAAAGGGAGGCTGAGAAGAAAGCCAAGGTGATTGCAGTAATGAATGCTGTTGA 674
bbDnmt3a4 ----—--—--—--- AGGCTGAGAAGAAAGCCAAGGTGATTGCAGTAATGAATGCTGTTGA 473
hDnmt3a ACGCTGGAAAAGGGAGGCTGAGAAGAAAGCCAAGGTCATTGCAGGAATGAATGCTGTGGA 900

KAKXKXKXKA XXX XXX XA AKX XXX XXX *Fhhhhd*x *xxddxhkhrhx*x *%

Figure 5 Isoform analysis of bovine Dnmt3a. (A). A 2% ethidium bromide stained gel
showing the migration of both Dnmt3a transcripts, amplified from bovine testis by RT-
PCR. Sequence analysis of each of the bands revealed a novel transcript missing 201
base pairs from the central coding region. (B) A sequence alignment of the alternatively
spliced regions of bovine Dnmt3a. Exon arrangements for the alternatively spliced
regions of Dnmt3a4, as compared to the full-length Dnmt3a sequences of bovine (top)
and human (bottom) can be seen here. No other reported splice variants of Dnmt3a
exhibit alternative splicing of exons within the central coding region. Matches are
designated by a star and missing bases by a dash.

Dnmt3b4 AY244712; Dnmt3b5 AY244713) match perfectly those previously reported
in human tissues (Figure 6B), however, the isoform identified for Dnmt3a (Figure 5) is
unique. This novel splice variant, which we have termed Dnmt3a4 (AY271299), is
missing 201 base pairs (67 amino acids) from the central coding region (Figure 5B). All
other reported isoforms for this gene appear to incorporate alternate exons onto the 5’

end via the use of alternative promoters (Chen et al. 2002; Weisenberger et al. 2002).

To our knowledge, this is the first reported case of an isofom of Dnmt3a with alternative
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A

DNMT3bl1
DNMT3b4
DNMT3b3
DNMT3b5

B

DNMT3b5 AGTGTCTGCTGCTCACAGAGCCCGATACTTCTGGGGCAACCTGCCCGGGATGAACAGGCC 2220
DNMT3b3 AGTGTCTGCTGCTCACAGAGCCCGATACTTCTGGGGCAACCTGCCCGGGATGAACAG—-—- 2217
DNMT3bl AGTGTCTGCTGCTCACAGAGCCCGATACTTCTGGGGCAACCTGCCCGGGATGAACAGGCC 2220

DNMT3b4 AGTGTCTGCTGCTCACAGAGCCCGATACTTCTGGGGCAACCTGCCCGGGATGAACAG--~ 2217
R R R R R R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

DNMT3b5 TGTGATAGCATCCAAGAATGATAAGCTCGAGCTGCAGGACTGCCTGGAGTTCAAT-—~-~ 2275
DNMT 313 === === = m = = m oo e o e e
DNMT3b1l TGTGATAGCATCCAAGAATGATAAGCTCGAGCTGCAGGACTGCCTGGAGTTCAATAGGAC 2280
DNMT 34 == = o

DNMT 35 === == = = = = o 2259
DNMT 33 == = 2218
DNMT3b1l AGCAAAGTTAAAGAAAGTACAGACAATAACCACCAAGTCGAACTCGATCAGACAGGGGAA 2340
DNMT3b4 —------- TTAAAGAAAGTACAGACAATAACCACCAAGTCGAACTCGATCAGACAGGGGAA 2270
DNMT3D5 === = = o AGGA 2279
DNMT 303 === === = = = m o e e e

DNMT3bl AAACCAACTTTTCCCTGTTGTCATGAATGGCAAAGAAGATGTTTTGTGGTGCACTGAGCT 2400
DNMT3b4 AAACCAACTTTTCCCTGTTGTCATGAATGGCAAAGAAGATGTTTTGTGGTGCACTGAGCT 2330

DNMT3b5 CAGCAGGATCTTCGGCTTTCCTGTGCACTACACAGACGTCTCCAACATGGGCCGTGTGGC 2339
DNMT3b3 ------ GATCTTCGGCTTTCCTGTGCACTACACAGACGTCTCCAACATGGGCCGTGTGGC 2271
DNMT3bl AGAAAGGATCTTCGGCTTTCCTGTGCACTACACAGACGTCTCCAACATGGGCCGTGTGGC 2460
DNMT3b4 AGAAAGGATCTTCGGCTTTCCTGTGCACTACACAGACGTCTCCAACATGGGCCGTGTGGC 2390
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Figure 6 Isoform analysis of bovine Dnmt3b. (A). A 2% ethidium bromide stained gel
showing the migration of each of the four Dnmt3b transcripts, amplified from bovine
testis by RT-PCR. Sequence analysis of each of the bands demonstrated an exon
arrangement remarkably similar to those reported for human Dnmt3bl, 4, 3 and 5
(results not shown). (B) A sequence alignment of the alternatively spliced regions of
bovine Dnmt3b. Exon arrangements for each of the alternatively spliced regions of
Dnmt3b are compared. Matches are designated by a star and missing bases by a dash.

exon arrangements within the central coding region. BLAST analysis of this
alternatively spliced segment indicates that it shares weak homology with bacterial Rec
G helicase. Further characterization of this splice variant is needed to determine if any

functional differences are imparted by the alternative splicing.
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Dnmt mRNA Expression in Preimplantation Bovine Embryos

During bovine preimplantation development, the genomic methylation pattern is
erased during the fist few cleavage divisions and then reasserted during the 8cell to 16-
cell transition (Dean et al. 2001). The specific methyltransferase enzymes responsible
for this increase in methylation are currently unknown but work in the mouse would
suggest an alternatively spliced isoform of Dnmt1, similar to the murine oocyte/early
embryo specific Dnmtlo, might be involved. To identify the alternative transcripts of
Dnmtl present during bovine embryogenesis, rapid amplification of cDNA ends
(RACE) was conducted using RNA isolated from bovine oocytes and early in vitro
produced (IVP) embryos. Early studies of Dnmtl1 levels in the mouse suggest that it is
3000 times more abundant in oocytes and embryos than in somatic cells and should thus

be readily detectable (Carlson et al. 1992). Repeated attempts using a variety of
RACE techniques (see methods) readily detected RNA coding for the ubiquitous somatic
form (Dnmtl), and yet failed to detect any Dnmtlo transcripts. Sequence analysis of
exon four of bovine Dnmtl mRNA, obtained from somatic tissue clearly identified the
reading frame necessary to produce the Dnmtlo protein (Appendix A), however we were
unable to identify the 5’ oocyte specific exon necessary to move translation to the
DNMT 1o specific start site.

In order to further investigate the embryonic expression of the somatic isoform of
Dnmtl1, RNA from /VF derived 8-cell to 16-cell embryos was separated into ribosomal
and subribosomal subcellular fractions via a ribonucleoprotein fractionation procedure

previously described by DeSousa er al. (1993). This technique allows the segregation of
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RNA that is actively being translated from RNA sequestered in the cytoplasm. Upon
separation of the fractions, the RNA was isolated and reverse transcribed into cDNA.
Primers designed to amplify regions contained in exons four to five, which are common
to all the reported isoforms of Dnmt1 were used to verify its expression. Separate
primers that specifically amplify the 5* exon 1 unique to the somatic isoform of Dnmtl,
along with exons two through five were used to detect the presence of the Dnmt1
somatic splice variant (Figure 7A). Results from these experiments along with
sequencing data of the isolated cDNA amplicons, indicate that unlike the mouse, the cow
employs the somatic form of Dnmt1 during the early developmental stages when
genomic methylation first begins to rise. Further, Dnmt3a (Figure 7B) and Dnmt3b
(Figure 7C) are present on the ribosome at the critical 8 to 16- cell transition.

No specific study has yet addressed the expression of Dnmt2 within the
preimplantation mammalian embryo. In order to further investigate the expression of
this gene and to determine how early the other Dnmts are expressed during bovine
development, RNA from /VF derived four-cell stage embryos was separated into
ribosomal and subribosomal subcellular fractions via a ribonucleoprotein fractionation
procedure described. RNA was again converted into cDNA and used in a PCR reaction
using primers specific to the somatic form of Dnmtl, Dnmt2, Dnmt3a and Dnmt3b.
Results of these experiments, along with the sequence data of the isolated PCR
amplicons demonstrates that expression of all the bovine Dnmts can be detected as early

as the four cell stage of IVF development (Figure 8).
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Figure 7. RT-PCR analysis demonstrating the recruitment of the Dnmt1, Dnmt3a and
Dnmt3b mRNAs onto the polysome during the 8-cell to 16-cell transition. A 2%,
ethidium bromide stained agarose gel showing the migration of the various Dnmt cDNA
amplicons. Reactions were conducted on total RNA isolated from 75 8 to 16-cell-stage
embryos, fractionated into a subribosomal supernatant (“S’’) and polyribosomal pellet
(“P”). Expression of Dnmtl (A) was conducted using two primer sets, one to detect
exons common to all known splice variants (exons 4-5) and another set to specifically
detect the somatic isoform (exons 1-5). B-Actin transcripts were amplified as a positive
control. Expression of Dnmt3a (B) and Dnmt3b (C) were also analyzed in both
fractions. Bovine brain mRNA was isolated, reverse transcribed into cDNA and then
used as a positive control. A small volume of the phosphate buffered saline used in the
final embryo wash was passed though the RNA isolation procedure and used as a
negative control. This wash sample was reverse transcribed and used as template in a
PCR reaction to ensure no contaminating RNA was introduced (standard RT control).
Background bands can be seen in some lanes and are the result of excess cDNA
template.

Given this apparent divergence from the murine model, a transcriptional profile
of the Dnmt family throughout preimplantation development was conducted. RNA was
collected from pools of ten embryos for each of the 2-cell, 4-cell, 8-cell, 16-cell, morula

and blastocyst stages and reverse transcribed into cDNA. The mRNA for all four
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Figure 8§ RT-PCR analysis demonstrating the recruitment of the Dnmtl, Dnmt2 Dnmt3a
and Dnmt3b mRNAs onto the polysome during the 4-cell stage of bovine
preimplantation development. A 2%, ethidium bromide stained agarose gel showing the
migration of the various Dnmt cDNA amplicons. Reactions were conducted on total
RNA isolated from 4-cell-stage embryos, fractionated into a subribosomal supernatant
(“S) and polyribosomal pellet (“P”). Expression of Dnmt1 was conducted using the
primer set specifically designed to detect the somatic isoform (exons 1-5), expression of
Dnmt2, Dnmt3a and Dnmt3b were also analyzed in both the subribosomal (“S”) and
Polyribosomal (“P”) fractions. Bovine testis mRNA was isolated, reverse transcribed
into cDNA and then used as a positive control. A small volume of the phosphate
buffered saline used in the final embryo wash was passed though the RNA isolation
procedure and used as a negative control. This wash sample was reverse transcribed and
used as template in a PCR reaction to ensure no contaminating RNA was introduced
(standard RT control).

reported Dnmts is present during each stage of bovine preimplantation development

(Figure 9).
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Figure 9. RT-PCR analysis of the four known Dnmt gene transcripts during all stages of
bovine IVF preimplantation development. Transcripts of Dnmtl, Dnmt2, Dnmt3a and
Dnmt3b were amplified by RT-PCR and run on an ethidium bromide stained 2% agrose
gel. PCR amplicons of the alternate transcripts for Dnmt2 and Dnmt3b are seen here as
multiple bands migrating different distances. Testis cDNA was used as a positive
control and again a portion of the last embryo wash served as template for a negative
control.
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Similar to the testis, the preimplantation embryo contains an abundance of
alternatively spliced products, including a novel isoform of Dnmt2 (present as a double
band in figure 9), which has been designated Dnmt2-gamma (Dnmt2y, AY244714). The
coding region of Dnmt2y contains a premature stop codon resulting in the production of
a 63 amino acid protein with no identifiable domains and is therefore unlikely to produce
a functional protein (Figure 10). Recently, similar non-functional isoforms have been
identified for Dnmt3a and 3b and have been implicated in a possible translational
regulatory mechanism (Saito et al. 2002; Weisenberger ef al. 2002). Because the amino-
termini of each of these proteins contain unique domains that may function
independently of the carboxy-terminal cataylitic methyltransferase domain, further
investigation of the splice variants of each of the Dnmts is necessary to establish this
hypothesis.

Dnmt Real Time Quantification During Bovine Fetal Development

No previous study has yet examined tissue specific Dnmt expression profiles in
early bovine fetal development. To expand our knowledge base on the developmental
expression of this gene family during bovine fetal development, real time quantitation of
all four of the known Dnmt transcripts was performed. Primers and probes were
designed based on the sequence information reported above. Care was taken to ensure
that measurements of a specific Dnmt reflected all the identified splice variants. Total
RNA was isolated from fetal (16 week 25-27cm crown rump length - Winters ef al.
1942) and adult tissues using Trizol reagent. -actin transcripts were measured as an

internal control.
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hDNMT'2 TATATTCTTTTGGAAAATGTTAAAGGT TTTGAAGTATCTTCTACAAGAGACCTCTTGATA 409
75 Y1722 e GACCTCTTGATA 205
bDNMT2 TATATTCTTTTAGAAAACGT TAAAGGT TTTGAAATGTCTTCTACAAGAGATCTGTTAATA 420
bDNMT'2g TATATTCTTTTAGAAAACGT TAAAGGT TTTGAAATGTCTTCTACAAGAGATCTGTTAATA 343
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QLLAKTIENWPAR* STOP

Figure 10 Bovine Dnmt2y A) A sequence alignment of the alternatively spliced regions
of bovine Dnmt2y. Exon arrangements for each of the alternatively spliced regions of
Dnmt2y are compared. Matches are designated by a star and missing bases by a dash.
This novel isoform of bovine Dnmt2 is missing an 83 base pair section near the 5 end.
B) Translation of Dnmt2y results in a protein containing a premature stop codon and the
production of a 63 AA truncated protein with no identifiable domains.

Significant differences in Dnmt mRNA expression levels were found among
different tissue types as well as between fetal and adult stages; (Figure 11) supported by
the students T-test. On the whole, fetal expression levels are higher then those observed
in adult tissues, specifically fetal brain, heart, rumen (stomach) and lung display the
highest expression levels of all tissues examined (Figure 11). During bovine fetal
development, the brain and heart form first and continue to steadily grow throughout
development where as other tissue types appear to concentrate their growth during

specific phases (Salisbury and VanDemark 1961; Winters ef al. 1942). It is possible that
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Figure 11 Real time PCR analysis of bovine DNA methyltransferase expression in fetal

and adult tissues. Dnmt transcripts were quantified in samples of total RNA isolated
from 16 week fetal (left column) and adult tissues (right column). The Dnmt family
appears to have a tissue specific and developmentally regulated pattern of expression.
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Figure 11 Continued.

during the developmental period examined, rumen and lung tissues are in such a growth
phase.

High expression of the Dnmts during fetal development is somewhat expected given
the coordinated role of these enzymes in DNA replication and tissue specific gene
silencing. However, examination of adult tissues found that the highest expression
levels were found in brain, kidney, and testis tissue (Figure 11). Brain and kidney tissues
do not have high cellular turnover rates and were expected to have lower expression
levels. Additionally stomach tissues that are usually associated with high cellular

turnover contained lower levels of Dnmt expression. These observations suggest that



66

perhaps these enzymes play additional roles in cellular physiology besides mediating
DNA methylation.
Discussion

Bovine Dnmt] mRNA contains the coding sequence necessary to produce the
Dnmtlo splice variant but does not appear to specifically utilize this isoform during
preimplantation development. It is surprising that something thought to be this
fundamental to the early epigenetic events of mammalian development would be so
different between the murine and bovine models. Recently, Dnmtlo has been cloned
from human oocytes as well as from a South American opossum (Hayward et al. 2003
and Ding et al. 2003) although involvement of the Dnmtlo protein in the epigenetic
events of the early development of these organisms has yet to be demonstrated. Given
the high conservation of this gene and the exact spacing of the reading frames encoding
the two isoforms, it is likely that bovine Dnmtlo exists but is in fact utilized during a
different developmental time then its murine homologue. It is possible that bovine
Dnmtlo is transcribed and translated during the earliest stages of oocyte development
and utilized during this time to carry out the allele specific imprints observed in the
mouse. Whatever role this isoform plays in the embryogenesis of the bovine, it does not
appear to be involved in preimplantation development specifically and is thus not likely
to be a contributing factor to the epigenetic and developmental abnormalities observed in
cloned cattle.

Dnmt2 appears to contain all the catalytic domains necessary to carry out DNA

methylation but has only recently been demonstrated to possess any observable
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methylating ability (Okano ef al. 1998a; Herman et al. 2003; Tang ef al. 2003 and
Kunert ef al. 2003). The present study of Dnmt expression between tissues and through
development indicate that bovine Dnmt2 mRNA is expressed at significant levels in all
tissues and is, in fact, the most abundant methyltansferase found in adult testis and
ovary. This in addition to the high level of sequence conservation between species and
the multitude of reported splice variants identified for this enzyme would suggest that it
might possess some as yet unidentified critical cellular function.

Dnmt3a and Dnmt3b while absent from murine preimplantation development are
present during the initial stages of bovine development. This observation correlates with
the results presented by Dean et al. (2001), which showed that in the bovine, genomic
methylation levels begin to rise during the eight to sixteen cell transition. A similar rise
in genomic methylation is not seen in mice until after implantation, which also correlates
with the expression of murine Dnmt3a and Dnmt3b. Thus it would seem that while the
specific enzymes involved in establishing the genomic methylation levels are the same,
the timing of the events between the two species is drastically different. The difference
in the timing of this increase in genomic methylation and the corresponding expression
of the de novo methyltransferases may have arisen given the large differences in the
timing of implantation. The bovine conceptus does not implant until around day 30,
whereas the mouse embryo implants shortly after hatching from the zona pelucida (day
6). Whether the differences in implantation strategies form the basis for the different
timing of epigenetic events, or whether it is some as yet undefined embryological

process remains to be determined. Additional comparative studies as well as
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examination of the Dnmts in embryos produced by nuclear transfer may provide further

insight into their function and relevance to disease and development.
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CHAPTER III
ANALYSIS OF DNA (CYTOSINE 5) METHYLTRANSFERASE mRNA
EXPRESSION IN BOVINE PREIMPLANTATION EMBRYOS PRODUCED
FROM IN VITRO FERTILIZATION, SOMATIC CELL NUCLEAR TRANSFER

AND PARTHENOGENETIC ACTIVATION

Abnormal patterns of gene expression are the hallmark of cloned embryos and
the recent studies in cloned cattle and mice that demonstrate genomic hypermethylation
have begun to provide some explanation to these transcriptional abnormalities (Kang et
al. 2001a, Dean et al. 2001, Bourc’his et al. 2001b, Xue et al. 2002). The key
modulators of DNA methylation are the DNMTs and misexpression of these proteins
could potentially lead to the observed hypermethylation and the aberrant patterns of X-
chromosome inactivation frequently seen in animals produced by nuclear transfer.
Examination of the Dnmts and their involvement in controlling epigenetic
reprogramming during the early development of reconstructed embryos may provide a
clue as to the cause of this hypermethylation phenomenon while at the same time
revealing more about the basic biochemical roles of these important enzymes.

Investigation of Dnmt expression during bovine IVF preimplantation
development revealed an expression profile divergent from the one previously reported
for murine development. Specifically, analysis revealed the presence of mRNA
encoding the maintenance methyltransferase Dnmtl, as well as the enigmatic Dnmt2

along with the de novo methyltransferases Dnmt3a and Dnmt3b. Given that RNA
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encoding all the Dnmts is present during normal IVF development, examination of the
entire Dnmt family and expression of their respective isoforms in cloned embryos, was
undertaken. RNA was again collected from pools of ten embryos for each of the 2-cell,
4-cell, 8-cell, 16-cell, morula and blastocyst stages and reverse transcribed into cDNA.
While transcripts encoding all of the four reported bovine Dnmts are present during each
stage of NT preimplantation development, expression of Dnmtl and Dnmt2 was more
difficult to detect than during the initial studies using in vitro produced embryos. During
analysis of Dnmt1 and 2, as much as three times the amount of cDNA had to be seeded
into the PCR amplification before the product could be consistently detected. In
addition, while mRNA encoding both Dnmt3a and Dnmt3b could be detected using
similar amounts of template, the isoform banding pattern observed for Dnmt3b was
much different than the one observed during the analysis of IVF embryos (Figure 12).
Whether these abnormalities are an artifact of PCR or are in fact, due to differential
expression of the Dnmts during early clone development is unknown.
Real Time Analysis of Bovine Preimplantation Embryos Produced by in vitro
Fertilization, Nuclear Transfer and Parthenogenetic Activation

In order to more accurately assess Dnmt expression levels during the
preimplantation development of cloned embryos, real-time PCR analysis was
undertaken. In these experiments, comparisons were made between embryos produced
by IVF, somatic cell nuclear transfer and by parthenogenetic activation. Embryos
activated parthenogenetically contain two female compliments of the genome, can

develop as far as the second trimester of pregnancy but lack the ability to produce live
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Figure 12 RT-PCR analysis of the four known Dnmt gene transcripts during all stages of
preimplantation development in embryos reconstructed by somatic cell nuclear transfer.
Transcripts of Dnmtl, Dnmt2, Dnmt3a and Dnmt3b were amplified by RT-PCR and run
on an ethidium bromide stained 2% agrose gel. PCR amplicons of the alternate
transcripts for Dnmt3b are seen here as multiple bands migrating different distances.
Testis cDNA was used as a positive control and again a portion of the last embryo wash
served as template for a negative control. RT-PCR amplification of the Dnmts was
conducted on mRNA isolated from the fibroblast donor cell line for comparison.
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offspring due to abnormal expression of imprinted genes (McGrath and Solter 1984a,
McGrath and Solter 1984b). Thus examination of the Dnmt expression profiles in
embryos produced using these diverse methods may reveal specific differences imparted
either by solely containing a female genome, or by containing a nucleus derived from a
somatic cell.

As in the analysis of bovine tissue, $-Actin served as the control. RNA isolated
from pools of 10 two-cell stage, 20 eight-cell stage and 10 blastocyst stage embryos,
corresponding to approximately 50 ng of total RNA for each pool (Dr. A. Watson
personal communication), was seeded into two independent reactions measuring 3-Actin
expression levels as well as an individual methyltransferase. Examination of smaller
pools individually may more accurately reveal minor differences between the
experimental groups.

Upon obtaining the Ct” values for each of the Dnmts at each of the examined
developmental stages, the numbers were converted to the appropriate scale (a difference
of 3.6 Cr units is equal to a 10 fold difference in expression) and the reciprocals applied
to an expression scale of 100 (Figure 13).

Overall, results of real time quantitation of the bovine Dnmts revealed significant
differences in the expression of Dnmt1 and Dnmt2 between [VF embryos and NT but
surprisingly found that transcript levels for Dnmt3a and Dnmt3b were generally the
same. Similar differences exist between parthenote embryos and NT embryos but
interestingly, differences in the transcript levels of Dnmt3b can be found between

parthenote and IVF embryos. During the two-cell stage, no statistical differences in
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Figure 13 Real time PCR analysis of DNA methyltransferase expression during the
preimplantation development of IVF, NT and Parthenote bovine embryos. RNA isolated
from pools of 10 two-cell, 25 eight-cell and 10 blastocyst stage IVF, NT and Parthenote
embryos was used in a TagMan one step RT-PCR real time reaction. Measurements for
each methyltransferase were normalized to B-Actin expression and compared to each
other. A difference of 3.6 CT units represents a ten-fold difference in expression.
Measurements were applied to a scale of 100. A minimum of three independent
repetitions was carried out for each gene, during each developmental stage. Testis RNA
was run as a positive control for each independent experiment (results not shown).
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Dnmt expression can be discerned although; this may be due to the rather large standard
deviations of the samples. Of note is the difference in the expression of Dnmt3b in NT
embryos as compared to IVF, which is close to being statistically different (p-value
0.0867). However, no clear statistical differences exist at this stage.
During the eight-cell stage, a statistically significant difference in the expression of
Dnmt1 between NT and IVF embryos was observed (p-value 0.0361). A similar
difference in the expression of Dnmt1 between parthenotes and NT embryos may also
exist but at the 95% confidence level the values are not significantly different (p-value
0.079). Interestingly, a large difference in the expression of Dnmt2 between
parthenotes, as compared to both IVF and NT embryos exists (p-value 0.0116 and
0.0006, respectively). The expression of Dnmt3a is not statistically different during the
eight-cell stage while the expression of Dnmt3b is slightly higher in parthenotes than
IVF, although not enough to be statistically significant at the 95% confidence interval
(p-value 0.0513).

In embryos reconstructed using somatic cell nuclear transfer, both Dnmt1 and
Dnmt2 appear to be differentially expressed during the blastocyst stage. Transcript
levels of Dnmtl in NT embryos as compared to both IVF and parthenote development
were significantly lower (p-value 0.0231 and 0.028, respectively) and similarly, Dnmt2
transcripts were much lower in NT embryos as compared to measurements of IVF and
parthenote embryos (p- values 0.0525 and 0.0324 respectively). Expression of Dnmt3a
and Dnmt3b for all experimental groups measured at the blastocyst stage was not

significantly different.
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To gain a better appreciation for the differences in Dnmt transcript levels, Cr
values were graphed over developmental time for each experimental group (Figure 14).
Overall, the expression profiles of the Dnmts look very similar between the different
experimental groups. Dnmt2, the least abundantly expressed methyltransferase has the
most varied expression profile of all the methyltransferases. The expression of this gene
during IVF development is typical for genes during preimplantation development; a
decline from fertilization on to activation of the embryonic genome at the eight-cell
stage, followed by a resurgence in expression up to the blastocyst stage. Dnmt2 levels in
clones appear to decrease steadily over development and fail to rise again while Dnmt2
levels in parthenotes seem to remain has the most varied expression profile of all the
methyltransferases. The expression of this gene during IVF development is typical for
genes during preimplantation development; a decline from fertilization on to activation
of the embryonic genome at the eight-cell stage, followed by a resurgence in expression
up to the blastocyst stage. Dnmt2 levels in clones appear to decrease steadily over
development and fail to rise again while Dnmt2 levels in parthenotes seem to remain
high.

Of particular interest is the expression profile for Dnmtl. The patterns observed
in IVF and parthenote development are remarkably similar, however the values recorded
in NT embryos are much different. It appears that Dnmt1 levels of cloned embryos
begin at a relatively similar level at the two-cell stage, decrease during the eight-cell
stage and then rapidly decline at the blastocyst stage. This pattern is in contrast to the

slow decline observed in both IVF and parthenote embryos.
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Parthenote preimplantation development. Expression levels of each of Dnmt1, Dnmt2,
Dnmt3a and Dnmt3b are tracked over development from the 2-cell stage, through the 8-
cell to the blastocyst stage. Differing DNA methyltransferase expression profiles can be

noted here.
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Real Time Analysis of Cultured Donor Fibroblast Cells

Recently, DNA methylation has been postulated as a mechanism for monitoring
cellular ageing (Lopatina et al. 2002 and Young and Smith 2001). A correlation
between the levels of genomic DNA methylation and cellular age may have a significant
impact upon the choice of donor cell line used in studies of nuclear transfer. Further, if
this rise in DNA methylation coincides with a concurrent increase in DNA
methyltransferase expression, the ability of the oocyte to properly reprogram the
reconstructed embryo may be affected by the cellular age of the donor cell line. This
differential status of methylation and the potential differences in Dnmt expression may
be a significant factor in the observed discrepancies of the ability to clone embryos using
fetal and adult cells. In order to further investigate the possibility that Dnmt expression
levels are modulated with cellular age, the fibroblast donor cell line used in the
experiments herein were cultured as far as the cells would pass before senescence. At
several key passages, RNA was isolated from a subset of cells and the remainder stained
to examine morphology.

Cells exhibited a gross change in morphology and a decline in gene expression as
would be expected for cells entering senescence. As the cells passaged, their
morphology shifted from the defined spindle shape typical of fibroblast cells to a more
oblong spread out cell body. This change in morphology was accompanied by a steady
decline in Dnmt expression (Figurel5). However, between passage 7 and 10, a
resurgence in Dnmt expression was observed followed by a rapid decline in

methyltransferase expression in all subsequent passages (Figure 15). Of further note is
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Figure 15 Real time PCR analysis of bovine DNA methyltransferase expression in the

donor cell fibroblasts, cultured for an extended period of time. A) Light microscopy of
cells cultured for varying time periods. B) (next page) Dnmt transcripts were quantified

in samples of total RNA isolated from cultures of the donor fibroblast line taken at

various passages seen in the panels of part A. The Dnmt family appears to be briefly

upregulated during passages seven and ten, followed by a rapid decline in expression in

all subsequent passages.
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the fact that Dnmt2 appears to maintain a steady state of expression while the remaining
three methyltransferases show a more pronounced decline. The significance of the spike
in Dnmt expression observed during passages 7 and 10 is unknown, but it is conceivable
that these enzymes are actively methylating the genome, directing the genome to a
transcriptionally silent state, in preparation for cellular senescence. The significance of
maintaining Dnmt2 expression levels is unknown.
Discussion

Real time quantitation of bovine Dnmt transcripts during [IVF, NT and parthenote
development has revealed Dnmt1 and Dnmt2 as the only consistently abnormally
expressed methyltransferases. However, given the lack of de novo methylating ability

reported for these two enzymes (Bestor 2000 and Tang et al. 2003) and the fact that the
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expression of these two genes is reduced in NT embryos, it is unlikely that alone, their
misexpression results in the observed hypermethylation. It is probable that Dnmt
transcription on the whole is properly reprogrammed after transfer of the somatic
nucleus into the oocyte but that inappropriate translational and regulatory control of
these proteins maintains the genomic methylation levels during a stage when they should
be receding. Inappropriate or premature translation of the Dnmts due to the loss or
disruption of some as yet unidentified translational control mechanism could indeed
account for the proposed abnormalities in DNMT function and the rapid decline in
transcript levels for Dnmt1 and Dnmt2. However, why Dnmt3a and Dnmt3b levels are
maintained is unknown.

Conversely, it is also conceivable that the drop in transcript levels for these two
genes in cloned embryos is the result of their down-regulation due to the embryo
repressing their transcription during the eight-cell and blastocyst stages in order to
compensate for the state of genomic hypermethylation. Repression of these two genes
could occur via the methylation of their promoters in a similar mechanism as outlined in
chapter two. Given the hypothesized role of Dnmt3a and Dnmt3b in laying down allele
specific imprints and methylating the viral sequences of the genome, expression of these
genes may be required at high levels to achieve their developmental function and thus
their expression is maintained (Chen et al. 2003). Examination of Dnmt expression
levels in donor cells during successive increasing passage numbers points to a threshold

cellular age, which may be relevant to selection of donor cells in studies of nuclear
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transfer. What affect, if any the Dnmt spike observed during passages seven and ten
has on an oocytes capacity to reprogram a donor nucleus remains to be examined.

Recent studies of nuclear breakdown and the dynamics of murine Dnmtlo in
reconstructed embryos is beginning to allude to inappropriate translation and trafficking
of key cellular proteins during the initial cleavage divisions of reconstructed embryos
(Gonda et al. 2003; and Chung et al. 2003). In addition, it has been noted that removal
of the female pronucleus from the oocyte precludes any ability of the zygote to
demethylate the donor genome as well as removing key modulators of murine Dnmtlo
trafficking (Chung et al. 2003; Kang et al. 2001b and Oswald et al. 2000). Taken with
the data reported above it is likely that the abnormal methylation seen in cloned embryos
is the result of a translational or protein regulatory abnormality rather then a
transcriptional one.

To date, the vast majority of anomalies reported in clones have been attributed to
the inappropriate transcription of several well defined genes. Given the data presented
here in conjunction with the recent evidence of broad scale translational / regulatory
abnormalities, it can be hypothesized that the large scale disturbances seen in clones are
not due to any single transcriptional phenomenon but rather to a loss of translational and
protein regulatory control caused by disruption of the embryonic nuclear architecture.

As biologists, we have a tendency to view the nucleus as a static structure
housing the genome when in fact; the nucleus is a dynamic structure intimately
connecting transcription and translation. Very little is known of mammalian nuclear

architecture for any given cell type let alone the organization and intricacies of the
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embryonic nucleus. Studies of the nuclear organization in somatic cells have revealed a
close association of nuclear structural proteins with elements of transcriptional, post-
transcriptional and translational control (Gonda ef al. 2003). On a large scale, the
nuclear genome can be thought of as a dynamically organized superstructure with
elements accessible to exact regulatory factors and other areas that are specifically
shielded. The process of nuclear transfer is a violent one and likely causes a massive
disruption of the nuclear organization of the zygote, ultimately replacing the intricately
organized female pronucleus with a somatic one. Removal of the embryonic nuclear
matrix very likely pulls key regulatory factors out with it and conversely, replacement of
an embryonic nuclear organization with a somatic one may permit the access of some
inappropriate factors while restricting access of other factors needed during this time.

Kang et al. (2001a) reported that removal of the female pronucleus drastically
reduces the ability of the zygote to demethylate the embryonic genome. It is very likely
that structural elements present in the male and female genomes specifically facilitate
this process and thus it can further be hypothesized that similar structural elements aid in
the regulation of the Dnmts along with several other key regulatory proteins important to
the early epigenetic patterning of the mammalian embryo. Thus, the abnormal gene
expression thought to be due to the genomic hypermethylation seen in clones is not
likely a down stream event of any single given transcriptional disruption per se but
rather the end result of inappropriate biochemical events due to the loss of basic

regulatory elements present in the nuclear matrix.
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The above hypothesis would suggest that the structural and biochemical
disruptions that cause the epigenetic and transcriptional abnormalities consistent in
cloned embryos are imparted during the initial reconstruction procedure and possibly
during the first few cleavage divisions. Further investigation of the nuclear structure of
the oocyte and its role in directing the enzymatic events of “epigenesis” during early
mammalian development will likely reveal a great deal about the patterning of the
epigenetic foundation that is so fundamental to directing gene expression during the
remainder of the growth and development of the organism.

Materials and Methods
Tissue Collection and RNA Isolation

Fetal and adult tissues were collected from slaughterhouse materials and snap
frozen in liquid nitrogen. A Dounce homogenizer (Kontes, Vineland, NJ) was used for
tissue disruption, and the Trizol (Gibco Carlsbad, CA) reagent was used to extract total
RNA.
Embryo Production and RNA Isolation

Mature bovine ova and preimplantation stage embryos were obtained using
standard procedures utilized in our laboratory for in vitro embryo production (Winger et
al. 2000). Briefly, bovine ovaries collected from a local abattoir were aspirated and
oocytes placed into maturation medium (composed of TCM 199 supplemented with 10%
fetal calf serum (FCS), 5 pg/ml FSH, 5 pg/ml LH, .05 ng/ml EGF and 1%
penicillin/streptomycin (100 units of penicillin and 100 pg of streptomycin per ml)) at 39°C

in an atmosphere of 5% CO, and air for 20-22 hours. Mature oocytes were then placed in
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culture wells containing 0.425 ml fertilization medium and semen used to inseminate at a
concentration of 1 X 10° cells per ml. After 18-20 hours, the presumptive zygotes were
removed from fertilization wells, washed in TL Hepes, and placed into 20 pl drops of
culture medium under oil in a humidified atmosphere of 5% CO, / 7% O,/ 88% N..

Embryos were washed twice though phosphate buffered saline and RNA purified
from pools of ten bovine MII oocytes or embryos (2,4,8,16-cell, morula and blastocyst
stage) using RNA isolation spin columns commercially available from Quiagen
(Valencia, CA), according to the manufactures recommendations.
Ribonucleoprotein Fractionation

In order to separate RNA into the subribosomal (less than 80S) and
polyribosomal (80S and greater) subcellular fractions, a modified protocol based on
methods previously reported by De Sousa et al (1999) was used. Briefly, embryos were
collected and washed once in Ca” Mg free PBS and then placed into 300 ul of a
detergent lysis buffer (1% NP-40, 0.4% sodium deoxycholate, 500 units RNase Out
(Gibco Carlsbad, CA), 10ug/ml cycloheximide, and 20ug yeast tRNA (Ambion Austin,
TX) in a TSM/EGTA buffer (Kidder & Conlon 1985)). Embryos were homogenized in a
mini-Dounce homogenizer on ice and the lysate centrifuged for 3 minutes at 24000g at
4° C. The postmitochondrial supernatant was then layered onto 50ul of 40% sucrose in
TSM/EGTA and centrifuged for 40 minutes at 100,000g, at 4° C. The RNA was then
isolated from the subribosomal supernatant and polyribosomal pellet using the Quiagen

RNA isolation spin columns described above.



85

Nuclear Transfer

Methods used to produce NT embryos were taken from Hill et al (2001) Briefly,
a cloned fetus was produced by NT using fibroblast cells from an adult bull. The fetus
was surgically removed from the uterus and the fetal tissue sliced into 2—-5 mm pieces.
Tissue pieces were transferred to 25 mm? flasks containing Dulbecco's modified Eagles
medium (DMEM-F12, Gibco Laboratories Inc., Grand Island, NY)+10% FBS (FBS,
Summit, Fort Collins, CO)+1% penicillin/streptomycin (Gibco) and cultured in 5% CO,
in air.

Recipient oocytes were slaughterhouse derived from predominantly Brahman
cross cattle, and matured for 17 h in Medium 199 (Gibco Laboratories Inc., NY)
supplemented with 10% (v/v) fetal calf serum (FCS, Gibco) FSH 0.1 units/ml(Sioux
Biochem, Sioux City, IA) LH 0.1 units/ml(Sioux Biochem), estradiol 1 Hg/ml (Sigma, St
Louis, MO), pyruvate 28 Hg/ml (Sigma), EGF 0.05 #g/ml (Sigma) and 1% penicillin—
streptomycin. The cumulus-oocyte complexes were vortexed 17 h post-maturation for 1-
2 min, washed, placed in 0.05% (w/v) pronase E (Sigma) for 3 min, then held in
M199+10% FCS.

Oocytes were enucleated at 19 h post-maturation. Prior to enucleation, oocytes
were placed for 15 min in Hepes-buffered M199 containing Hanks salts (H-M199,
Gibco) with 4 mg/ml fatty acid free BSA (Sigma) that contained 7.5 Hg/ml cytochalasin
B (Sigma) and 5 Hg/ml Hoechst 33342 (Sigma). At this time, oocytes were selected for
the presence of a polar body and homogeneous cytoplasm. Suitable oocytes were

enucleated in H-M199 with 7.5 Hg/ml cytochalasin B using a beveled 25 #m outside
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diameter glass pipette. Only oocytes in which the removal of both the polar body and
metaphase nucleus was confirmed by observation under UV light were included in the
experiment. Oocytes were then randomly allocated to be combined with either early or
late passage fetal fibroblasts.

Fibroblasts were combined with enucleated oocytes in 7.5 Hg/ml cytochalasin B
in H-M199 using a 30 #m outside diameter glass pipette, then returned to M199+10%
FCS. The oocyte-fibroblast couplets were manually aligned and fused in a 3.2 mm
fusion chamber that contained Zimmerman cell fusion medium using 2x20 Hs 1.6 kV/cm
dc fusion pulses delivered by a BTX Electrocell manipulator 200 (BTX, San Diego,
CA). Oocyte activation was performed 3—5 h after fusion at 27 h post-maturation, by a 4-
min incubation in 5 #M ionomycin (Calbiochem, San Diego, CA) followed by 4 min in
3% BSA in H-M199.

Reverse Transcriptase Polymerase Chain Reaction

Given the highly conserved nature of this gene family, PCR primers were
designed against regions of high homology between the mouse and human sequences
and then used to amplify the larger portions of the coding regions. The Gibco Super-
Script II and Platinum Taq Polymerase system (Carlsbad, CA) was used to amplify the
targeted regions. The cDNA amplicons were then isolated and gel purified using a PCR
Wizard Prep (Sigma, St Louis, MO) and sequenced using an ABI 3100 Genetic Analyzer
(Applied Biosystems Inc, Foster City, CA). Obtained sequences were next used to probe
a bovine cDNA library to yield the sequences of the 3’ untranslated regions. Sequence

analysis was conducted using BLAST software programs.
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Expression analysis in preimplantation embryos was conducted using RT-PCR as
above and were repeated on a minimum of three independent samples. cDNA amplicons
were again isolated and sequenced to verify expression of the gene of interest.

Sequences for PCR primers are listed in the table 1. Two independent sets of primers

were used to validate the expression of each Dnmt.

Primer Name Sequence
Dnmtl Exons 4-5 | Fwd - GATGCCTGCCCGAACCG
Rev - CCCGTGGGAAATGAGATGTGAT
Dnmtl Exons 1-5 | Fwd - GAGGAGGGCTACCTGGCTAAA
Rev - CCCGTGGGAAATGAGATGTGAT
Dnmt2 Set 1 Fwd - CCACCCTGTCAGCCCTTCAC
Rev - GGGGATGTTCAGATTCAGTTTTGG
Dnmt2 Set 2 * Fwd - GCTCTCAGAGAAAGCTGTAT
Rev - GGGGCTTGAAAGGGTAATGG

Dnmt3a Setl Fwd - GCCCCGAAAGAGCACAACG
Rev - GCCCAAGTCCTTCAGCACCAG
Dnmt3a Set2 Fwd - CTGGTGCTGAAGGACTTGGGC
Rev - CAGAAGAAGGGGCGGTCATC
Dnmt3b Setl Fwd - GTGTCCTTCCACCCTCTCTTT
Rev - GCTTGTCGCCAACCTTCAT
Dnmt3b Set2 Fwd - GCACGAGGGCAACATCAAA

Rev - CTCCAGGACCTTCCCAGCA
Table 1 RT-PCR Primer Sequences

* Primers used to detect Dnmt2 isoforms based on primers designed by Franchina et al.
2001.

5’ Rapid Amplification of cDNA Ends
Rapid Amplification of Complementary DNA Ends (RACE) techniques were
employed to sequence the 5’ regions. RNA isolated from adult testis, mature MII

oocytes and IVF 8-cell stage embryos was used with the Clontech SMART RACE (Pal
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Alto, CA) and Gibco (Carlsbad, CA) RACE kits according to the manufacturer’s
recommendations. Additionally a modified protocol adapted from Mertineit et al (2000)
was also employed. Briefly, Superscipt 2 reverse transcriptase was used with a gene
specific primer to produce cDNA, which was precipitated in ethanol. An anchor primer
blocked at the 3’end and phosphorylated at the 5’end (Sigma-Genosys Woodlands, TX)
was annealed to the cDNA using T4 RNA Ligase (New England Biolabs Beverly, MA).
A primer specific to Dnmtl exon five was then used with RACE primer 1 in the first
PCR reaction using Gibco Taq polymerase. A portion of the first PCR reaction was then
seeded into a second PCR reaction with a primer complimentary to Dnmtl exon 4 and a
second RACE primer.
Real Time PCR

TagMan® TAMRA™ Real Time probes (Applied Biosystems Inc, Foster City,
CA) were designed based on the bovine nucleotide sequences obtained for the Dnmts. A
TagMan® One-Step RT-PCR kit was used to measure gene expression on a GeneAmp
5700 Sequence Detector (Applied Biosystems). B-actin mRNA expression was used as
an internal control and analysis of variance (ANOVA) employed to compare expression
levels between tissue types. Experiments involved a minimum of 3 repetitions for each

tissue.
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CHAPTER 1V
SMALL HAIRPIN RNA MEDIATED KNOCKDOWN OF BOVINE DNA
METHYLTRANSFERASE 1: ESTABLISHMENT OF SHRNA MEDIATED

FUNCTIONAL GENOMICS IN THE BOVINE MODEL

In order to further dissect the role bovine Dnmt1 plays in the genomic
hypermethylation observed in cloned embryos, a transient disruption of Dnmt1
expression during the initial stages of preimplantation development will be conducted
using RNA interference. However, before an RNA1 based suppression of gene
expression could be attempted it was necessary to determine if an RNA1 response could
be elicited in bovine cells. Further, reliable methods to design and diagnose the efficacy
of individual interfering RNA constructs was needed before attempting a gene knock
down in the embryo. To this end, several preliminary experiments and the
implementation of protocols to allow easy design and testing of sShRNAs were carried
out.

RNA Interference in Bovine Cells
Sequencing of Bovine Dicer Argonaute 2 and Argonaute3 (Ago 2 & 3)

The process of RNA interference (RNA1) begins with recognition of double
stranded RNA (dsRNA) by the RNAse III family nuclease Dicer. This enzyme cleaves
dsRNA into small interfering RNAs (siRNA) 21 — 29 nucleotides in length. The siRNAs
are then incorporated into the multicomponent nuclease complex, RNA-induced

silencing complex (RISC), which targets specific mRNAs for destruction based on their
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homology to the siRNA. Two of the major proteins identified in the RISC complex are

Argonaute 2 and Argonaute 3 (Ago 2 and 3) (Carmell 2002).

Figure 16 RT-PCR amplification of the full-length coding sequence for bovine Dicer. A
0.5%, ethiduim bromide stained agarose gel showing the migration of bovine Dicer
amplified from fetal testis cDNA.

To determine if these major components of the RNA1 biochemical machinery are
present in the bovine model, PCR amplification and sequencing of the bovine Dicer,
Ago2 and Ago3 mRNAs was undertaken. Primers designed against homologous regions
between the mouse and human cDNA sequences were used in an RT-PCR utilizing
bovine testis mRNA (Figure 16). The complete coding sequence for the bovine
homologue of Dicer (AY386968) displayed 92% homology on the level of nucleotide
sequence and 88% identity on the level of amino acid composition, when compared to
the human sequence. Similarly, bovine Ago2 and Ago3 (AY436348) displayed 92% and

94% nucleotide homology and 95% and 99% amino acid similarity, suggesting that these
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evolutionarily conserved proteins are present in bovine cells and that the capacity exists
to trigger an RNAi based suppression of gene expression.
RNAIi Knockdown of GFP in Bovine Embryos

In order to determine if short hairpin mediated RNA interference will effectively
suppress gene expression in the bovine model, preliminary trials were conducted using
an injection system to deliver a plasmid encoding GFP into 1-cell bovine zygotes in
addition to a vector producing an shRNA targeting the GFP mRNA. Both the control
and experimental embryos were injected with a plasmid expressing DS Red as a
normalization control. In two independent trials, embryos injected with vector carrying
GFP alone exhibited the expected green fluorescence, while those injected with vectors
carrying both the GFP and shRNAs targeting GFP displayed drastically reduced
florescence (Figure 17). Results of these experiments strongly suggest that RNAi can be
employed in cattle to effectively knock down gene expression using targeted shRNAs.

These experiments also demonstrate that the mouse U6 snRNA promoter can
effectively drive the expression of a transgene in bovine cells. Of further interest is the
fact that GFP florescence was detected as early as the one cell stage. This is significant
as transcriptional activity is thought to begin at the eight-cell stage in the bovine
(Camous et al. 1986; Frei et al. 1989; Kopecny et al. 1989) although several studies
have suggested transcriptional activity as early as the two cell stage (Plante et al. 1994;
Viuff ef al. 1996). However, observation of transcription (and translation) of a gene
under the control of a snRNA promoter during the one cell stage would suggest that the

machinery necessary to achieve transcription is present and active at the one cell stage.



92

Figure 17 RNAI based suppression of GFP expression in bovine embryos. (A) Bovine 1
and 2-cell stage embryos injected with the Fug-W plasmid expressing GFP under the
control of the Mouse U6 promoter. (B) Bovine 1 and 2-cell stage embryos injected with
Fug-W and a vector expressing an shRNA homologous GFP under the mouse U6
promoter. A plasmid expressing DS-Red was injected into both experimental groups as
a normalization control.

Further, suppression of GFP expression in embryos injected with the shRNA-expressing
vector suggests that the mouse H1 promoter is also active during this early stage.

Endogenous H1 RNA forms the RNA component of nuclear RNase P and is
transcribed by RNA polymerase III (Pol IIT) (Myslinski et al 2001). The U6 snRNA
gene is also transcribed by Pol III (Domitrovich and Kunkel 2003), which suggests that
at least this enzyme is transcriptionally active during this stage. Whether Pol II, the
enzyme responsible for the transcription of protein encoding genes is also
transcriptionally active will be subject to future investigations.

As development proceeded, GFP florescence was eliminated, sometimes as early
as the four-cell stage. Whether this is an epigenetic phenomenon or a factor of plasmid

degradation remains to be examined.
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SshRNA Mediated Knockdown of the Prion Protein (PrP) — Methods for RNAi
Mediated Gene Silencing in an Agricultural Model

Introduction of shRNAs targeting GFP appeared to effectively suppress the
expression of the reporter construct but whether this technique can effectively be used to
suppress expression of an endogenous gene remains to be determined. In order to
accurately study RNAi based suppression in an agriculturally relevant model, it was
desirable to select a target gene that has been well studied, sequenced, is ubiquitously
expressed, easily diagnosed on both the level of mRNA and protein and is not essential
to cell survival. Based on these criteria, and given the biosecurity issues of working in
the bovine, the caprine prion protein was selected due to our experience working with
this animal model.

Prion diseases such as mad cow disease, scrapie or Creutzfeldt-Jakob disease are
all fatal and are of major agricultural and medical significance. In these diseases the
normal cellular prion protein is transformed into an infectious self-propagating disease
agent (White et al. 2003). The exact nature of this transformation and the natural role of
the prion protein have yet to be determined. Recently, studies of prion protein knockout
mice revealed that elimination of prion expression conferred disease resistance, and that
the animals were phenotypically normal (Sailer ez al. 1994). Prion proteins (PrP) are
expressed in most major cell types and have been extensively studied in numerous model
organisms, including the cow and goat. The goat PrP gene has been sequenced and
commercial antibodies exist for detection of the protein product. Thus, the PrP gene

represents and excellent candidate with which to pioneer studies of RNAi based gene
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suppression in an agriculturally relevant model. In addition, creation of a PrP
knockdown cell line and animal will likely be of significant research interest.

RNA interference is fast becoming a standard laboratory technique for studies of
functional genomics. Using this technique, many genes can be suppressed
independently, or in large groups and the biological consequences analyzed. In addition,
genes can be suppressed to varying degrees in independent experiments creating
epimorphic alleles, which allow simultaneous examination of the biological effects of a
partial suppression versus a complete knock down (Hemann ez al. 2003). Experiments
like these may be more informative then simple knockouts based on homologous
recombination. Due to the power and versatility of this technique, it is desirable to
establish reliable, reproducible methods with which to conduct RNAi based studies of
gene expression on multiple genes in a high throughput fashion. To this end, the PrP
gene was used to study and establish an RNAi based system in the caprine model that
could easily be adapted to study genes of biological interest in other agriculturally
relevant species, including cattle. This system allows rapid design and screening of
candidate shRNAs, large scale screening of the hairpins utilizing an in vitro luciferase
reporter assay, in vitro suppression of a tagged fusion protein to validate the RNA1
molecule and ultimately creation of a transgenic cell line and testing for in vivo knock
down of gene expression.

Large-Scale Design and Synthesis of shRNAs
Small hairpin RNAs can be designed using a computer program on the Cold

Spring Harbor website (http://www.cshl.edu/public/SCIENCE/hannon.html) which



http://www.cshl.edu/public/SCIENCE/hannon.html

95

searches for sequences that are amenable to forming the hairpin loop structure (Figure
18). The output from this program will contain some base pair changes from the original
sequence owing to the fact that it is necessary to change the sequence given that design
and propagation of a vector containing an inverted repeat is difficult. Due to the fact that
the RNA base uracil will pair with guanine, as stated by the wobble hypothesis,
substitutions can be made without altering the functionality of the hairpin. The output
from this computer program was taken and modified to include a directional cloning site
on the 5’end, Pacl restriction sites flanking the entire sequence and a homologous region
to the mouse H1 promoter. The modified sequence was then used as a PCR primer to
create a short hairpin expressing sequence, under the control of the mouse H1 promoter.
Following the initial PCR reaction, sequences were cut from the gel, purified and
directionally cloned into the gateway vector pENTR-D. The Pacl sites allowed for easy
diagnosis of positive clones, which were then sequenced to verify the sShRNA and
promoter sequence. Positive clones were used in a clonase reaction, transferring the
shRNA and promoter sequence to the modified destination vector Fug-W. Fug-W is a
lenti-viral vector containing GFP under the U6 promoter and Attl sites allowing
recombinatorial insertion of gene sequences via recombination. At the end of this
cloning procedure a vector expressing GFP and a shRNA targeted to our gene of interest
was produced. All of the above procedures can be done in 96 well format and is thus

viable for high throughput studies.
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In vitro Luciferase Assay — Ligation Independent Cloning of a Reporter Construct

In order to rapidly assess that capacity of a large number of shRNAs to suppress
the expression of our genes of interest, a method was needed to create a reporter
construct that would easily allow introduction of coding sequences in a high throughput
way. To this end, ligation independent cloning was used to insert the coding sequence
for the PrP and Dnmtl gene into a vector expressing firefly luciferase. The coding
sequences were inserted into the 3’ untranslated region of the luciferase transcript, such
that RN A1 mediated suppression of our targeted gene sequence would lead to a
concurrent suppression of luciferase activity as well. This strategy of utilizing a
luciferase fusion transcript to diagnose siRNA activity has been effectively used to
identify RNA sequences that elicit maximal response (Yu et al. 2003).

Ligation independent cloning utilizes a DNA (or RNA) overhang to join two
separate DNA molecules together via homologous base pairing between the “sense” and
“antisense” overhangs (Coljee at al, 2000). Here, DNA overhangs were introduced onto
the 3’end of luciferase and the 5’ end of PrP, our gene of interest. This was
accomplished by the introduction of a 2’-O- methyl RNA base in the primer sequence,
proximal to the overhang sequence. This modified RNA base is refractory to RNase H
digestion, and causes DNA polymerase to terminate polymerization leaving a single
stranded DNA overhang. When incorporated into the final plasmid, the bacterial DNA
repair machinery can replace the modified RNA base with a normal DNA base and thus
allow normal DNA replication to proceed. Two linker overhang sequences were tested

here, one allowing the formation of a luciferase—PrP fusion protein and another that
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Figure 18 Experimental model. 1) The murine HI tRNA promoter will drive the
production of an RNA transcript containing a specific sequence, homologous to the
targeted gene. This sequence will be arranged in tandem with the “sense” sequence
followed by the “antisense” sequence. 2) In the center of the RNA transcript, between
the sense and antisense sequences, there will be a stretch of adenine residues
immediately followed by a stretch of uricil residues (indicated by the blue arrow). Base
paring between these residues and the sense and antisense sequences facilitates the
formation of a short RNA hairpin loop. 3) These short hairpins mimic endogenous
shRNAs and tigger the RNase III molecule Dicer to attack and cleave the hairpin into
21-29 nucleotide sequences, resulting in the production of small interfering RNAs
(siRNAs). 4) These siRNA molecules will then taken up by a large protein complex
called RNA Induced Silencing Complex (or RISC) that facilitates the selective
destruction of the targeted gene. GFP is also expressed from a downstream U6 promoter
allowing easy diagnosis of cells expressing the shRNAs.

inserted a stop site between the two gene sequences creating a “fusion transcript” that
produced a normal luciferase protein. A directional cloning site was inserted onto the
5’end of luciferase to allow the plasmid construct to be cloned in the correct orientation.

A schematic diagram in figure 19 outlines the procedure discussed.
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Using the primers discussed above, PCR reactions were conducted on the pGL3
plasmid (Promega) and goat testis cDNA. The amplified Luciferase and PrP sequences,
containing the modified DNA overhangs were gel purified and mixed in equal molar
ratios (Figure 19 B and C). DNA was incubated at 94°C for 5 minutes and then allowed
to cool to room temperature over the course of two hours. The annealed DNA was then
used in a Topo cloning reaction and placed in the gateway vector pENTR-D. Positive
clones were selected and sequenced and overall, the cloning reaction had a background
of approximately 25% non-positive colonies. From here, the luciferase-PrP fusion was
moved to a vector containing the CMV promoter and grown in sufficient quantities for
use in the in vitro reporter assay (Figure 19 D).

In Vitro Knockdown of the Luciferase-PrP Reporter

Using the strategies discussed above, shRNAs targeting the bovine PrP mRNA
and a luciferase-PrP reporter construct were created. In order to test whether fusion of
the PrP protein sequence to luciferase affected luminescence, two plasmids were
constructed, one containing the luciferase-PrP fusion protein coding sequence and
another that has been termed a “fusion transcript” containing a stop codon between the
two reading frames. Both plasmids were transfected into LynxA cells and luciferase
activity read on a luminomiter. Renilla luciferase activity was measured and served as a
normalization control. Both plasmids displayed luciferase activity however; the
luminescence of the fusion protein was greatly reduced when compared to the transcript
containing the stop codon. This reduction of luminescence by fusion of the two coding

sequences together may affect experimental measurements, thus all further experiments
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were conducted using the “fusion transcript” plasmid containing the stop codon between
the two coding sequences.

A total of 42 shRNAs were designed against the PrP mRNA and randomly
pooled into 6 groups of 7. Co-transfection of the reporter and with a single pool of the
shRNA expressing plasmids into Lynx A cells using calcium phosphate, allowed
diagnosis of and selection of the pool containing the hairpin eliciting maximal gene
suppression. A Small hairpin RNA designed against bovine Dnmt1 served as a control.
Luciferase activity as compared to the control was reduced in all pools examined,
however, pools 6 and 7 displayed the maximal reduction (Figure 20). Pool 7 exhibited a
greater then 5 fold reduction in luciferase activity and was thus selected for expansion
into its eight individual plasmids. These individual plasmids were then used in a similar
assay to identify the individual shRNA sequence that was most effective in suppressing
reporter gene expression.

The shRNA producing maximal reporter gene suppression was then used to
knock down a T7 tagged fusion protein. A tagged protein was used to prevent
endogenous PrP from interfering with the reporter assay. Co-transfection of the T7
tagged caprine PrP with the vector expressing GFP and the shRNA targeting bovine PrP
enabled diagnosis of shRNA effect upon PrP protein translation. Western blot analysis
was conducted using a V5 antibody to measure the recombinant PrP protein and an
antibody to GFP used to normalize the data allowing for differing transfection

efficiencies experiment to experiment.
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Figure19 LIC Procedure. (A) Schematic diagram of the LIC procedure used to
construct the Luciferase-PrP fusion reporter construct. PCR was used to insert a
directional cloning site upstream of the firefly luciferase start site and an RNA base (in
red) followed by a linker overhang inserted downstream of the luciferase stop site. The
compliment to the overhang followed by an RNA base (in red) was inserted in front of
the PrP coding sequence. (B) PCR amplification of the Luciferase and PrP coding
sequences using the LIC primers. (C) LIC cloning of Luciferase-PrP reporter. Lane 1 is
the DNA marker, lane 2 the assembled reporter construct and lane 3 the pENTR-D
backbone alone. (D) (next page) Plasmid map of the Luciferase-PrP reporter construct.
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Lenti-viral Mediated Transgenesis

Identification of a PrP suppressing shRNA enables the creation of a transgenic
animal that will effectively knock down the PrP protein using an RNAi based approach.
Previous work using recombinant lentiviral vectors has demonstrated the efficacy of
creating founder animals carrying a transgene in one generation. In these studies, viral
vectors carrying GFP were injected into the perivitelline space of 1-cell mouse embryos
and then transferred into recipient females. This approach proved to be very efficient
with 76% of the resulting pups exhibiting GFP fluorescence (Lois ef al. 2002). In
addition, the transgene was transmitted to progeny of the founder animals. A similar
approach has been used to effectively deliver shRNAs into mouse preimplantation

embryos that target (knock down) the expression of a specific gene (Rubinson et al.



102

Luminescence

8,
7,
6,
5,
4,
3,
2,
: s

PrP (Dnmt)  PrP Pool2  PrP Pool 3 PrP Pool4  PrP Pool 5 PrP Pool6  PrP Pool 7
Control

Figure 20 Inhibition of Luciferase activity using shRNAs targeting a Luciferase-PrP
transcript. Luciferase activity was assayed 3 days post-transfection using a luminomiter.
Control cells were transfected with an sShRNA molecule targeting bovine Dnmtl.
Experimental cells were transfected with pools of shRNAs targeting various regions of
the PrP coding sequence. Experiments consisted of three independent trials and six
luminescence readings per sample. Cells transfected with Pools 6 and 7 elicited the
greatest amount of reporter suppression and were thus selected for further
experimentation.

2003). This strategy is currently being employed to create transgenic shRNA expressing
animals that suppress some of the genes discussed herein but is not the subject of this
dissertation.
Discussion

The development of reliable methods to accurately diagnose shRNA function is a
critical element to establishing this technology for use in functional genomics. Study of
shRNA mediated suppression of the goat PrP has revealed that large-scale synthesis and

testing of shRNAs targeting a gene of interest is possible utilizing common laboratory



103

procedures. This greatly extends the scope of molecular studies, which can be utilized in
the caprine and other agriculturally relevant species and opens the door for use of RNAi
in the creation of disease resistant livestock. Further, it provides a secure platform from
which to launch RNAIi based studies of bovine Dnmt]1.

shRNA Mediated Knockdown of Dnmt1

In order to determine what role, if any the inappropriate expression of Dnmt1
reported above has on the genomic hypermethylation observed in cloned bovine
embryos, methods using RNA interference to transiently disrupt Dnmt1 expression were
developed. To this end shRNAs homologous to regions of the bovine mRNA sequence
were constructed using methods described above. Current literature supports the
hypothesis that siRNA sequences designed using sequences near the 5° end of a gene
work the best. Four shRNA molecules targeting this region were selected, cloned into
Fug-W and tested using the luciferase reporter assay described above. Of these four
shRNAs, the first two, targeting bases 5-34 and 623-652 produced a marginal
knockdown while shRNA three and four targeting bases 1082-1111 and 1789-1818
produced a much more pronounced effect (data not shown). Subsequently, shRNA3 and
shRNA4 were selected for further testing (Figure 21).

In order to determine what affect shRNA3 and shRNA4 have upon translation of
the bovine DNMT I protein, the coding sequence for the first two thirds of the gene was
cloned into the pcDNA3 backbone, with a T7 tag appended to the 5’end, just upstream
of the natural Dnmtl start site. Design of this vector specifically containing an

incomplete Dnmt1 protein prevents any of the toxic effects associated with
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Figure 21 Inhibition of Luciferase activity using shRNAs targeting a Luciferase-Dnmtl
target transcript. Luciferase activity was assayed 3 days post-transfection using a
luminomiter. Control cells were transfected with an sShRNA molecule targeting the
5’UTR of the FMD virus. Experimental cells were transfected with shRNAs targeting
various regions of the Dnmt1 coding sequence. Experiments consisted of three
independent trials and six luminescence readings per sample. It is likely that the
inability of the shRNAs to completely eliminate reporter luminescence is simply due to
the difference in the strengths of the CMV and H1 promoters driving reporter and
shRNA expression.

overexpression of the full-length protein (Biniszkiewicz et al. 2002). This construct was
transfected into LynxA cells as above, protein extract collected after 3 days and probed
with antibodies recognizing the T7 tag and GFP. Probing the blot with a GFP antibody

serves to normalize the data for differing transfection efficiencies between experimental
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Figure 22 shRNA mediated knock down of an amino terminal, T7 tagged Dnmt1
protein. A) Western blot of protein extracted from Lynx A cells expressing bovine
Dnmtl containing an amino terminal T7 tag, along with the Fug-W plasmid producing
shRNAs targeting various regions of the Dnmt1 coding sequence. Blots were probed
with an antibody recognizing the T7 antigen and another recognizing GFP (26.8 Kda) to
normalize for differing transfection efficiencies. Lane 1 is the molecular marker, lane 2
the 31.1 Kda T7 positive control and lane 3 a negative control using protein extract from
untransfected cells. Lane 4 is a control containing protein from cells transfected with
T7-tagged Dnmt1 and an unrelated hairpin to the FMD virus. Lanes 5 and 6 contain
extract from cells transfected with T7 tagged Dnmt1 as well as plasmids expressing
shRNA3 and shRNA4 respectively, both targeting bovine Dnmt1. B) Densitometry
analysis of the Western blot showing levels of T7-Dnmt1 expression as a ratio
normailzed to GFP. Both shRNA3 and shRNA4 produced a reduction in T7-Dnmt1
expression. Four independent trials were conducted and results presented in figure B
represent the average densitometry reading. The inability of the shRNAs to completely
eliminate the expression of the T7-tagged Dnmt1 is likely a factor of protein stability
and again, due to the difference in the strengths of the CMV and H1 promoters driving
reporter and shRNA expression.

groups (Figure 22). Results from these experiments clearly show that sShRNA3 and

shRNA4 are capable of eliciting an RNAi based suppression of Dnmtl.
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Discussion

These experiments show that several of the key biochemical elements necessary
to elicit an RNAI based suppression are present in the bovine and caprine models and
further that shRNAs can be used to effectively knock down a targeted gene in vitro. The
next phase of this project will be to test the capacity of these interfering RNAs to
modulate the hypermethylation frequently seen in cloned cattle. Given that Dnmtl1 is
thought to be the predominant methyltransferase and that its inappropriate regulation
during the initial stages of clone development could prevent the demethylation necessary
to reset the genome, targeting this gene for a transient disruption is a logical choice.
Further, given the divergent expression profile for Dnmt expression in the
preimplantation bovine embryo, it will be interesting to see if permanent disruption of
Dnmtl elicits the same effect in cattle as it does in the mouse.
Materials and Methods
Design and Cloning of Small Hairpin RNAs

Gene sequences were run through a computer algorithm on the world wide web

(http://www.cshl.edu/public/SCIENCE/hannon.html) and the output modified in the

following: the compliment to the mouse H1 promoter was added to the 3’ end of the
sequence, a directional cloning site and Pac1 restriction site added to the 5 end and the
sequence for the U6 promoter removed. These primer sequences were synthesized by
Sigma-Genesis (Woodlands TX) and used as the reverse primer in a reaction amplifying
the mouse H1 promoter. The sense primer contains a Pac1 restriction site followed by

the forward H1 promoter sequence. Reactions were set up using the NEB ThermoPol
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reaction buffer (10 mM KCl, 10 mM (NH4)2S0O4, 20 mM Tris-HCI pH 8.8, 2 mM
MgS04, 0.1% Triton X-100), 10 mM dNTP, 4% DMSO, 50pmols of each primer and 2
units of Taq polymerase. Thirty cycles of 94° C for 30sec, an annealing temperature of
55° C and a 30 second 72° C extension were used to amplify the PCR product. Samples
were run on a 2.5% agarose gel, cut and purified using a Quiagen Quiax II gel extraction
kit, according to the manufactures recommendations. Purified product (3ul) was then
seeded into a Topo cloning reaction and placed into the pENTR-D Gateway vector using
the manufactures protocol. Plasmid DNA was used to transform Top10 bacteria, which
were grown on kanamycin selective medium. Colonies were selected, grown and
plasmid purified using the Quiagen mini-prep system, according to the manufactures
recommendations. Samples were digested with the Pac1 restriction endonuclease and
the 180 base pair H1 promoter-shRNA construct separated from the vector backbone on
a 2% gel.

Positive clones were sequenced at the Texas A&M Gene Technology Lab on an
Applied Biosystems 3100 Gene Analyzer (Applied Biosystems). Sequenced clones were
then used in a Clonase reaction (Invitrogen) transferring the H1 Promoter-shRNA
construct to a modified Fug-W plasmid (Lois ef al. 2002) containing the Gateway
Recombinase Attl sites, according to the manufactures protocol. Stbl2 bacteria
(Invitrogen) were transformed with recombinant Fug-W and grown under ampicillin
selection. Colonies were selected, grown and diagnosed as above. Positive clones were
pooled or used individually in in vitro reporter assays described below. Fug-W

expresses the Green florescent protein (GFP) under the control of the U6 promoter and
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the shRNA targeting the gene of interest under the H1 promoter. GFP florescence was
used to assay transfection efficiency using standard microscopy.
Ligation Independent Cloning of Reporter Constructs

Primers homologous to the 3’end of Luciferase and the 5’ end of bovine PrP
were synthesized with a modified 2°-O-Methyl RNA residue preceding a linker sequence
(Sigma-Genesis, Woodlands TX). Sequences given in Table 2. Two linker sequences
were tested here; one, which creates a fusion protein between Luciferase and PrP, and
another that, contains a stop site and produces the normal luciferase protein. The
primers listed below were used to amplify the LIC ready Luciferase and PrP templates
using Taq polymerase (New England Biosciences). The pGL3 plasmid (Promega) and

bovine testis cDNA were used as reaction template for Luciferase and PrP, respectively.

Gene Primer Sequence
Luciferase 5’ CACCATGGAAGACGCCAAAA
Luciferase 3’ AGGTGGACCTCCCGGAGGCACGGCGATCTTTCCGCCCTT
Fusion
Luciferase 3° Stop ~ AGGTGGACCTCCCGGAGGTTACACGGCGATCTTTCCGCC
PrP 5° CCTCCGGGAGGTCCACCTATGGTGAAAAGCCACATAGG
PrP 3’ ACTATCCTACTATGAGAAAAATGAGG

Table 2 Sequences of Primers Used for Ligation Independent Cloning. Base in Red is
the modified 2°-O-Methyl RNA base. Underlined sequence in Luciferase 5’ primer is
the directional cloning sequence necessary for directional insertion into pENTR-D.

Equimolar amounts of amplified Luciferase and PrP were combined in 50ul of
ligation buffer (132 mM Tris-HCL, 20 mM MgCl2 2 mM dithiothreitol, 2 mM ATP, 15%

Polyethylene glycol pH 7.6) New England BioSciences), heated to 94 degrees for 5
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minutes and allowed to cool down to room temperature over the course of two hours. A
small aliquot (3-5ul) was used in a Topo-cloning reaction placing the construct into the
pENTR-D Gateway vector, per the manufactures recommendations (Invitrogen). Top10
bacteria were transformed, and grown on kanamycin plates. Colonies were selected,
grown, and plasmid isolated using the Quiagen mini-prep plasmid isolation system, per
the manufactures recommendation. An EcoR1 restriction digest was used to identify
positive clones, which were selected and used in a Clonase reaction, moving the reporter
gene into the pcDNA 3.1 backbone. Bacteria were grown on ampicillin media and
colonies screened as above. A single positive clone was selected for each of the two
plasmid designs (fusion protein and fusion transcript) grown and plasmid DNA isolated
to a yield of sufficient quantity for in vitro testing of the reporters.
Cloning of Tagged Proteins

The coding sequence of bovine PrP was amplified using PCR primers containing
the directional cloning sequence listed above. PCR product was isolated and used in a
directional Topo reaction placing the PrP sequence into the Gateway vector pPENTR-D.
Positive clones were used in a Clonase reaction transferring the coding sequence to the
pCDNA 3.1 — V5 Destination vector. The vector adds an amino terminal V5 fusion tag.

Dnmtl was amplified in three pieces from an RT-PCR using bovine testis cDNA.
An EcoR1 site and T7 Tag were added to the 5° end of the Dnmt1 coding sequence. A
Notl site was added to the 3’ terminus and endogenous BamH1 and HindIII restriction
sites in the central coding sequence used to assemble the full length Dnmt1 into pcDNA

3.0 (Invitrogen).
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Cell Culture and Transfection

LynX A viral packaging cell lines (Hannon Lab) were grown in DMEM — 5%
BSA. Cells were split prior to transfection using a Calcium Phosphate transfection
protocol. Briefly, for a 10cm dish, 30ug of total DNA were mixed into 900 ul of H,O,
100 ul of 0.25M Calcium Chloride in Hepes and 1 ml of BBS (50 mm BES, pH 6.95,
280 mm NacCl, 1.5 mm Na2HPO4). Mixed transfection reagent was added drop-wise to
the plates and allowed to equilibrate at room temperature for 5 minutes. Cells were
grown overnight, then washed with PBS and allowed to grow for two more days before
cells were harvested.

For the Luciferase Reporter Assay, 15ug of salmon sperm DNA were transfected
with 7.5ug of the shRNA containing Fug-W, 0.75ug Renilla expressing pRL SV40
(Promega) and 6.75ug of the Firefly Luciferase reporter construct (9:1 ratio of Firefly to
Renilla). For fusion-protein analysis, 15ug of salmon sperm DNA was transfected with
7.5ug of the shRNA containing Fug-W and 7.5ug of the vector containing the fusion
protein.

Western Blotting

Cells were collected using a standard lysis buffer (50mM Tris pH 7.8, 150 mM
NaCl, 1% Nonidet P-40 and 1ml Protease Inhibitor (Calbiochem) per 100 ml of buffer)
and protein extracted by centrifugation. Samples were loaded onto a 4-15%
polyarylamide gel and separated prior to transfer to PVDF paper (BioRad). Protein blots

were blocked in 10% goat serum, 3% milk and washed in TTBS.
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T7 tag, (Novagen) V5 tag (Invitrogen) and GFP (AbCam) antibodies were used
to probe the blots to examine protein quantities and results analyzed using the
SuperSignal Chemiluminescent assay (Pierce).

Luciferase Reporter Assay

The Promega Dual-Luciferase Reporter Assay System was used to quantify
shRNA mediated reporter gene knock down. Briefly, a passive protein lysis buffer was
used to collect protein from the transfected cells. A small aliquot (1-5ul) of the cell
lysate was added to 100 ul of Luciferase Assay Reagent Il and mixed by pipetting. A
reading was then recorded from the luminomiter. After the initial reading, 100 ul of
Stop and Glo Reagent was added and the sample vortexed. The second reading was then
recorded. The Firefly luminescence was then divided by the Ranilla luminescence and a
ratio used to compare samples. A minimum of 4 independent readings were taken for

each sample and students T-test used to affirm significance.
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CHAPTER V

SUMMARY

The results reported herin demonstrate that the DNA methyltransferase
expression profile of the early bovine preimplantation embryo is divergent from the
paradigm reported in the mouse. In addition, real time quantitative analysis of the
Dnmts in cloned embryos suggests that misexpression of these enzymes is not solely
responsible for the hypermethylation consistently seen in cloned embryos.

These experiments demonstrate that several of the key biochemical elements
necessary to elicit an RNAIi based suppression are present in the bovine model and that
shRNAs can be used to effectively knock down a targeted gene in vitro. The next phase
of this project will be to test the capacity of these interfering RNAs to modulate the
hypermethylation frequently seen in cloned cattle. Given that Dnmtl is thought to be the
predominant methyltransferase and that its inappropriate regulation during the initial
stages of clone development could prevent the demethylation necessary to reset the
genome, targeting this gene for a transient disruption is a logical choice. Further, given
the divergent expression profile for Dnmt expression in the preimplantation bovine
embryo, it will be interesting to see if permanent disruption of Dnmt1 elicits the same

effect in cattle as it does in the mouse.
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APPENDIX A
BOVINE DNMT mRNA SEQUENCES AND SEQUENCE ALLIGNMENTS

Bovine Dnmtl Complete CDS

Green Start Site = Somatic Start

Blue Start Site = Putative Embryonic Start
AAGATGCCTGCCCGAACCGCCCCGGCGCGGAETGCCTGCGCTGGCCTCCCGG
GCCTTCTCACTGCCTGACGATGTCCGCAGGCGGCTCAAAGATTTGGAAAGAG
ATAGTTTGACAGAAAAGGAATGTGTGAAGGAGAAACTGAATCTCTTGCACG
AATTTCTGCGGACAGAAATAAAGAATCAGTTATGTGATTTGGAAACCAAATT
GCATAAAGAAGAATTATCTGAGGAGGGCTACCTGGCTAAAGTCAAATCCCTT
TTAAATAAAGATTTGTCCTTGGAGAACGGAGCTCATGCTTTCAGTCGGGAAG
CGAATGGATGTCTAGAGAACGGGAGCCAGACAAGTGGTGAGGATTGCAGAG
TGGTAATGGCAGAGAAAGGCAAGCCCCCCAAACCTGTCTCCAGACTTTACA
CGCCCAGGAGAAGCAAGTCTGATGGAGAAACAAAGTCTGAAGTCTCTTCTA
GCCCCAGGATTACAAGGAAGACTACCAGGCAGACCACCATCACATCTCATTT
CCCACGGGGCCCTGCCAAACGAAAACCTGAGGAAGAACCTGAAAAAGTGAA
GTCAGACGATTCTGTTGATGAAGAAAAAGACCAGGAGGAAAAGAGACGTCG
AGTTACATCCAGAGAACGAGTTGCTGGGCTGCTCCCTGCAGAAGAACCAGG
AAGAGTAAGACCAGGAACACACATGGAAGAAGAAGGAAGAGATGATAAAG
AAGAAAAGAGACTCAGAAGTCAAACCAAAGAACCGACACCTAAACACAAA
GCTAAGGAGGAGCCAGACAGAGATGTGAGGCCTGGAGGAGCTCAGGCTGAA
ATGAATGAAGGAGAAGACAAAGATGAAAAGAGGCACAGAAGTCAACCCAA
AGATCTAGCTAGCAAACGGAGACCAGAAGAAAAAGAACCTGAAAGAGTAA
AGCCACAAGTTTCTGATGAGAAAGATGAAGATGAAAAGGAGGAGAAGAGA
CGCAGAACTACATACAGAGAACTAACCGAGAAGAAAATGACTCGAACCAAA
ATAGCCGTAGTGTCCAAGACCAATCCTCCGAAGTGCACCGAGTGCTTGCAGT
ACCTGGACGACCCTGAGCTGAGATACGAGCAGCACCCCCCCGATGCGGTGG
AAGAGATACAGATACTGACCAACGAGAGGTTGTCCATCTTTGATGCCAACG
AATCTGGCTTTGAGAGTTACGAGGATTTGCCTCAGCACAAACTAACCTGCTT
CAGCGTGTACTGTAAACGCGGTCACCTTTGCCCGATCGACACCGGCCTCATT
GAGAAGGATGTCGAGCTCCTCTTTTCTGGTTCAGCAAAGCCGATATATGAGG
ATGACCCATCTCCCGAAGGTGGTATTAATGGCAAAAATTTTGGCCCCATAAA
CGAATGGTGGATTGCTGGTTTTGATGGAGGTGAAAAGGCTCTTCTTGGCTTT
AGCACCTCATTTGCCGAGTATATCTTGATGGATCCCAGCCCAGAGTACGCAC
CACTATTCAGCGTGATGCAGGAGAAGATCTATATAAGTAAGATAGTGGTTGA
GTTCCTGCAGAGCAACCCTGACTCCACCTACGAAGACCTGATCAATAAGATT
GAGACCACCGTTCCTCCTTGTATGCTCAACTTGAATCGATTCACAGAGGATT
CTCTCCTGCGGCATGCCCAGTTCGTGGTGGAGCAAGTAGAGAGTTATGATCG
GGCTGGGGACAGTGACGAGCAGCCCATCTTCCTGAGCCCCTGCATGAGAGA
CCTCATCAAGCTGGCCGGGGTCACCCTGGGAAAAAGGCGAGCCGAGAGGCG
GCAGACCATCCGGCAACCCGCCAAAGAGAAGGACAAGGGCCCCACCAAGGC
CACCACCACCAAGCTGGTCTACCAGATCTTTGACACTTTCTTTGCGGAGCAA
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ATTGAAAAAGATGACAAGGAAGACAAGGAGAATGCCTTCAAGCGCCGGCGC
TGTGGCGTCTGTGAGATTTGTCAACAGCCCGAGTGTGGAAAGTGTAAGGCCT
GTAAGGATATGGTTAAATTTGGTGGTAGCGGACGGAGCAAGCAGGCTTGCC
AAAAGAGGAGGTGTCCCAACATGGCCATGAAGGAGGCAGACGATGACGAG
GAAGTGGATGACAATATTCCAGAGATGCCATCACCCAAAAAGATGCATCAG
GGGAAGAAAAAGAAGCAGAATAAGAATCGGATCTCTTGGGTTGGCGATGCC
GTCAAGACTGACGGGAAGAAGAGTTACTACAAGAAGGTATGCATCGACTCG
GAAACCCTGGAAGTGGGGGACTGTGTTTCTGTAATTCCAGACGACTCTTCAA
AACCACTGTATCTAGCAAGGGTCACGGCGCTGTGGGAGGACAGCAGCAATG
GGCAGATGTTCCATGCCCACTGGTTCTGTGCTGGGACGGACACGGTCCTCGG
GGCCACATCGGACCCCCTGGAGCTGTTCCTGGTTGACGAGTGTGAGGACATG
CAGCTCTCGTACATCCACAGCAAGGTGCAGGTCATTTATAAGGCGCCCTCAG
AGAACTGGGCCATGGAGGGAGGCGTGGACCCCGAGGCCCTGATGTCAGAGG
ACGACGGGAAGACCTACTTCTACCAGCTGTGGTACGACCAAGACTACGCGA
GATTTGAGTCCCCTCCGAAAACTCAGCCGACGGAGGACAACAAGTACAAGT
TCTGCGCAAGCTGTGCACGTCTGGCCGAAATGAGGCAGAAGGAAATCCCCA
GGGTCGTGGAGCAGCTCCAGGACCTGGAAGGCCGCGTCCTCTACAGCCTCGC
CACCAAGAACGGCGTCCAGTACCGGGTGGGCGATGGCGTGTACCTCCCTCCC
GAGGCCTTCACCTTCAACATCAAGCTGTCCAGTCCTGTGAAACGCCCCCGGA
AGGAGCCTGTGGACGAAGCTCTGTATCCAGAACACTACCGGAAGTACTCTG
ACTACATCAAGGGCAGCAACCTGGATGCCCCTGAGCCCTACCGTATTGGCCG
CATAAAGGAGATCTTCTGCAGCAAGAAGAGCAACGGCCGGCCCAATGAGAC
AGACATCAAGATCAGGGTCAACAAGTTCTACAGGCCGGAGAACACACACAA
GTCTACCCCAGCCAGTTACCACGCAGACATCAACCTGCTTTACTGGAGCGAT
GAGGAGGCCGTGGTGGACTTCAAGGCCGTGCAGGGCCGCTGCACCGTGGAG
TACGGAGAGGACCTGCCTCAGTGCCTCCAGGACTTCTCCGCTGGTGGCCCCG
ATCGCTTCTATTTTCTCGAGGCCTATAACGCCAAGAGCAAAAGCTTTGAAGA
TCCTCCGAACCACGCCCGGAGCACCGGAAATAAAGGGAAAGGGAAGGGGA
AAGGAAAAAACAGGACGAAATCTCAGACGTGTGAGCCGAGTGAACTGGAG
ACAGAAATCAAACTGCCGAAGCTGCGGACCCTGGACGTGTTTTCCGGCTGTG
GGGGATTGTCGGAAGGCTTCCACCAAGCAGGCATCTCGGAAACACTTTGGG
CCATCGAGATGTGGGACCCTGCGGCCCAGGCGTTCCGGTTCAACAACCCTGG
GTCCACGGTGTTCACAAAGGACTGCAACGTCCTGGTGAAGCTGGTCATGGCC
GGGGAGGTGACCAACTCCCGCGGCCAGAAGCTGCTTCAAAAGGGAGATGTG
GAGATGTTGTGCGGCGGGCCGCCCTGCCAGGGCTTTAGCGGCATGAACCGCT
TCAACTCTCGAACCTACTCCAAATTCAAGAACTCCCTGGTGGTCTCTTTCCTC
AGCTACTGTGACTACTACCGGCCCCGCTACTTCCTCTTGGAGAACGTTCGGA
ACTTCGTCTCCTTCAAGCGCTCCATGGTCCTGAAGCTGACGCTGCGCTGCCTG
GTCCGCAGGGGGTACCAGTGCACCTTTGGCGTGCTGCAGGCTGGTCAGTACG
GCGTGGCCCAGACTCGGAGGCGAGCCATCATCCTGGCTGCAGCCCCTGGGG
AGCCACTCCCGCTGTTCCCGGAGCCGTTGCATGTGTTCGCACCCCGGGCCTG
CCAGCTGAGCGTCGTAGTGGACGACAAGAAGTTTGTCAGCAACATCACCAG
GTTGAGCTCGGGTCCCTTCCGAACCATCACCGTGCGGGACACCATGTCTGAC
CTCCCTGAGATCCGGAACGGGGCCTCGGCACTGGAGATTTCATACAACCGGG
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AGCCCCAGTCCTGGTTCCAGAGGCAGCTCCGGGGCTCGCAGTACCAGCCCAT
CCTCAGGGATCATATTTGCAAGGACATGAGCGCCTTGGTGGCTGCCCGCATG
CGGCACATCCCCCTGGCCCCGGGCTCGGACTGGCGTGACCTGCCCAACATTG
AGGTGCGGCTCTCTGACGGCACCCTGGCCCGGAAGCTGCGGTACAACTACCA
CGACAAGAAGAACGGCTGCAGCAGCAGCGGCGCCCTCCGTGGGGTCTGCTC
CTGTGTGGAAGGCAAGCCCTGTGAGCCTGCGGCCCGACAGTTTAACACCCTT
ATCCCCTGGTGCCTGCCCCACACTGGGAACAGGCACAACCACTGGGCCGGCC
TCTACGGGCGTCTCGAGTGGGACGGCTTCTTCAGCACAACTGTCACCAACCC
CGAGCCCATGGGCAAGCAGGGCCGCGTGCTCCACCCCGAGCAGCACCGAGT
GGTGAGCGTCCGGGAGTGCGCCCGCTCCCAGGGCTTCCCCGACACCTATCGG
CTGTTCGGCAACATCCTAGACAAGCACCGGCAGGTGGGTAATGCTGTGCCGC
CGCCACTGGCCAAAGCCATCGGCTTGGAGATCAAGCGCTGCATGTTGGCCAA
AGCGCGCGAGAGCGCCTCAGCTAAAATCAAGGAGGAGGCTGCCAAGGACTA
GTTCTCTCCTCCTATCACCCATGTTTCTGCCACCAGAGATCCCCAACGTGCAC
TGATATTGGTGTATTTTTCACATGTCAATCAGTCAATTCAGATGTGTCGTATG
CGGTGTTTGTGGCCTTGGCTGACATGAAACTCTTCAGTGAGATTTGCCTATCG
GCTAATTTGGACTTANTGATCAAACTGTGCAGTACTTTGTCCATTCTGGATTT
TAAAAGTTTTTTTTTACGCATTATATNAAATTTACCACTGTTTGAGTGGNAAT
TAAGACTTTATGTAGNTTTTATATGTTGNAATATTTCTTCAAAAAATCTCTTC
TTAAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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Bovine DNMT1 Protein Sequence

MPARTAPARVPALASRAFSLPDDVRRRLKDLERDSLTEKECVKEKLNLLHEFLR
TEIKNQLCDLETKLHKEELSEEGYLAKVKSLLNKDLSLENGAHAFSREANGCLE
NGSQTSGEDCRVVMAEKGKPPKPVSRLYTPRRSKSDGETKSEVSSSPRITRKTTR
QTTITSHFPRGPAKRKPEEEPEKVKSDDSVDEEKDQEEKRRRVTSRERVAGLLPA
EEPGRVRPGTHMEEEGRDDKEEKRLRSQTKEPTPKHKAKEEPDRDVRPGGAQA
EMNEGEDKDEKRHRSQPKDLASKRRPEEKEPERVKPQVSDEKDEDEKEEKRRR
TTYRELTEKKMTRTKIAVVSKTNPPKCTECLQYLDDPELRYEQHPPDAVEEIQIL
TNERLSIFDANESGFESYEDLPQHKLTCFSVYCKRGHLCPIDTGLIEKDVELLFSG
SAKPIYEDDPSPEGGINGKNFGPINEWWIAGFDGGEKALLGFSTSFAEYILMDPSP
EYAPLFSVMQEKIYISKIVVEFLQSNPDSTYEDLINKIETTVPPCMLNLNRFTEDSL
LRHAQFVVEQVESYDRAGDSDEQPIFLSPCMRDLIKLAGVTLGKRRAERRQTIR
QPAKEKDKGPTKATTTKLVYQIFDTFFAEQIEKDDKEDKENAFKRRRCGVCEIC
QQPECGKCKACKDMVKFGGSGRSKQACQKRRCPNMAMKEADDDEEVDDNIPE
MPSPKKMHQGKKKKQNKNRISWVGDAVKTDGKKSYYKKVCIDSETLEVGDCV
SVIPDDSSKPLYLARVTALWEDSSNGQMFHAHWFCAGTDTVLGATSDPLELFLV
DECEDMQLSYIHSKVQVIYKAPSENWAMEGGVDPEALMSEDDGKTYFYQLWY
DQDYARFESPPKTQPTEDNKYKFCASCARLAEMRQKEIPRVVEQLQDLEGRVL
YSLATKNGVQYRVGDGVYLPPEAFTFNIKLSSPVKRPRKEPVDEALYPEHYRKY
SDYIKGSNLDAPEPYRIGRIKEIFCSKKSNGRPNETDIKIRVNKFYRPENTHKSTPA
SYHADINLLYWSDEEAVVDFKAVQGRCTVEYGEDLPQCLQDFSAGGPDRFYFL
EAYNAKSKSFEDPPNHARSTGNKGKGKGKGKNRTKSQTCEPSELETEIKLPKLR
TLDVFSGCGGLSEGFHQAGISETLWAIEMWDPAAQAFRFNNPGSTVFTKDC
NVLVKLVMAGEVTNSRGQKLLQKGDVEMLCGGPPCQGFSGMNRFNSRTYSK
FKNSLVVSFLSYCDYYRPRYFLLENVRNFVSFKRSMVLKLTLRCLVRRGYQC
TFGVLQAGQYGVAQTRRRAIILAAAPGEPLPLFPEPLHVFAPRACQLSVVVDD
KKFVSNITRLSSGPFRTITVRDTMSDLPEIRNGASALEISYNREPQSWFQRQLRGS
QYQPILRDHICKDMSALVAARMRHIPLAPGSDWRDLPNIEVRLSDGTLARKLRY
NYHDKKNGCSSSGALRGVCSCVEGKPCEPAARQFNTLIPWCLPHTGNRHNHWA
GLYGRLEWDGFFSTTVTNPEPMGKQGRVLHPEQHRVVSVRECARSQGFPDTY
RLFGNILDKHRQVGNAVPPPLAKAIGLEIKRCMLAKARESASAKIKEEAAKD*
Bold sequence = Methyltransferase Domains I, II, IV, VI, VII, VIII, IX, X respectively.
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---------------------------------------------------------- AA
CCGOGCG - - AAAAGCOGGGGECGOCT GOGCT GCOGCCGCCEOGT CTGCTGAAGCCTCOGA
CCGOGCGOGOGAAAAAGCCGRGGT CTCGT TCAGAGCT GT TCTGTCGT CTGCAACCT GCAA

*

GAT GCCTGCCCGAACCGCCCCGECECEEGT GCCTGCGCT GECCT CCCGEECCT TCTCACT
GATGCCGGCGCGT ACCGCCCCAGCCCGGEGT GCCCACACT GGCCGT CCCGGCCATCTCGCT
GATGCCAGCGCGAACAGCT CCAGCCCGAGT GCCTGCGCT TGCCT CCCCGECAGGECTCGCT

kkkkkk **k **k **k **k **k **k **k *kkk*% * k% kk*% **k kk*%k *k*k k%

GCCTGACGAT GT CCGCAGGCGGCT CAAAGAT TTGGAAAGAGATAGT TTGACAGAAAAGGA
GCCCGACGAT GT CCGCAGGCGGCT CAAAGAT TTGGAAAGAGACAGCT TAACAGAAAAGGA
CCCGGACCATGT CCGCAGGCGGCTCAAAGACT TGGAAAGAGATGGCTTAACAGAAAAGGA

khk hkk khkkhkhkhkkhkhkkhhkhhkhhhhhhdhdx *hkhhrkhkhkk * kk kkkkkkkkkkk

ATGT GT GAAGGAGAAACT GAATCTCTTGCACGAAT TTCTGCGGACAGAAATAAAGAATCA
ATGT GT GAAGGAGAAAT TGAATCTCT TGCACGAAT TTCTGCAAACAGAAATAAAGAATCA
GT GT GTGAGGGAGAAATTAAACT TACT GCATGAAT TCCTGCAAACAGAAATAAAAAGCCA

*kkkkkkk *kkkkkk*k * k% * *kkk*k K*kkkk k*kk*% *kkkkkkkkkkk *x * %

GITATGT GATTTGGAAACCAAATTGCATAAAGAAGAAT TATCT GAGGAGGGCTACCTGGEC
GTTATGT GACTTGGAAACCAAATTACGTAAAGAAGAAT TATCCGAGGAGGGCTACCTGGC
GTTGTGTGACTTGGAAACCAAATTACATAAAGAGGAATTATCTGAGGAAGGCTACCTGGEC

kkk kkhkkhkkk kkhkkhkkkhkkhkkhkkhkkhkkhkkhkkhkkk * kkhkkhkkkk kkhkkhkkkkhkkk kkkkk kkkkkkkkkk*kx

TAAAGT CAAATCCCTTTTAAATAAAGATTTGT CCTTGGAGAACGGAGCTCATGCTTTCAG
TAAAGTCAAATCCCTTTTAAATAAAGAT TTGT CCTTGGAGAACGGT GCTCATGCTTACAA
TAAAGT CAAGT CCCTCTTAAATAAGGATTTGT CCTTGGAGAACGGAACACACACTCTCAC

khkhhkhkhhkkhk hhkhhkk *hkhkhhhdhkx *hhdhhhhhhhrhhhhhdhdhxk * k% * % * %

TCGGGAAGCGAAT GGATGT CTAGAGAACGGGAGCCAGACAAGT GGT GAGGATTGCAGAGT

CCGGGAAGT GAAT GGACGT CTAGAAAACGGGAACCAAGCAAGAAGT GAAGCCCGTAGAGT
TCAAAAAGECAACEEWTGTCCCGCCAA GCCGCCCAA- - - - - - - - - CCTGGAGAGC
* k% * % k% * k% * *kkkkkkk k% * k k * k*kkk*%k

GGT AAT GGCAGAGAAAGGCAAGCCCCCCAAACCT GTCTCCAGACT TTACACGCCCAGGAG
GGGAATGGCAGAT GCCAACAGCCCCCCCAAACCCCT TTCCAAACCT CGCACGCCCAGGAG
AGAAATGECAGACTCAAATAGATCCCCAAGATCCAGECCCAAGCCTCEIII%CCCAGEAG

* k*kkkkkkkk*k * *kk*k *k * % * k% *kkkkkkk*k

AAGCAAGT CTGATGGAGAAACAAAGT C- - - TGAAGT CTCTTCTAGCCCCAGGATTACAAG
GAGCAAGT CCGATGGAGAGGCTAAGCC:- - - TGAACCT TCACCTAGCCCCAGGATTACAAG
AAGCAAGWCEEACAGTGACACCCTTTCAGTTGAAACTTCACCTAGTTCCEWGECTACGAG

khkkkkhkkkhk k% * k% * * Kk k Kk * % * Kk ok Kk * % * *kk kK

GAAGACTACCAGGCAGACCACCATCACATCTCATTTCCCACGGGGCCCTGCCAAACGAAA
GAAAAGCACCAGGCAAACCACCAT CACATCTCATTTTGCAAAGGGCCCTGCCAAACGGAA
GAGAACCACCAGGCAGACCACCAT CACGGCT CACT TCACGAAGGGCCCCACTAAACGGAA

* % * kkkkhkkhkkhkkk *kkkkkkkkkk* *kkk k% * *kkkk*k * *kkkkk k%

ACCTGAGGAAGAACCT GAAAAAGT GAAGT CAGACGATTCTGT TGATGAAGAA- - - AAAGA
ACCTCAGGAAGAGT CTGAAAGAGCCAAAT CGGAT GAGT CCAT CAAGGAAGAAGACAAAGA
ACCCAAGGAAGAGT CGGAAGAGGEGGAACT CGGECTGAGT CGGCTGCAGAGGAG: - - AGAGA

* k k *kkkkk*k * kk*% * **%k k% % * k% k% **k k% * kk*%

CCAGGAGGAAAAGAGACGT CGAGT TACAT CCAGAGAACGAGT TGCTGGGECTGCTCCCTGC
CCAGGATGAGAAGAGACGT AGAGT TACAT CCAGAGAACGAGT TGCTAGACCGCTTCCTGC
CCAGGAT- - - AAGAAACGCAGAGT TGTAGACACAGAGAGT GGTGCT- - GCAGCTGC- TGT

* ok ok ok ok Kk *kkhkkk kkk * ok ok ok ok * * Kk kk Kk * k kkkk * kkk Kk k%

AGAAGAACCAGGAAGAGT AAGACCAGGAACACACAT GGAA- - - GAAGAAGGAAGAGATGA
AGAAGAACCT GAAAGAGCAAAAT CAGGAACGCGCACT GAAAAGGAAGAAGAAAGAGATGA
GEAEAAACTG3NM3MESHVKJKIIXXBVKIIJKIﬁCEEWCCEE%AEAECCATGTGAACA

* % * k% * % * %%k k% % *kkkkk *x *kk k% * * k% *

TAAAGAAGAAAA- - - GAGACT CAGAAGT CAAACCAAAGAACCGACACCTAAACACAAAGC
AAAAGAAGAAAA- - - GAGACT CCGAAGT CAAACCAAAGAACCAACACCCAAACAGAAACT
CI;VMBKTGACAACAGI¥¥3TCTTC(¥KJ3TCACACCA(¥K¥¥3:TATCATTC¥K}3]33AAATC

*kkk*k **k k% *k*k k% *k *kkk k*kkk *kk * * %

TAAGGAGGAGCCAGACAGAGAT GT GAGGCCT GGAGGAGCT CAGGCTGAAATGAATGAAGG

2
236
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122
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311

182
416
371

242
476
431

302
536
491

362
596
542

422
656
602

479
713
662

539
773
722

596
833
779

656
893
833

713
953
893

770
1010
953

830
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GAAGGAGGAGCCGGACAGAGAAGCCAGGEEE- - - AGGCGT GCAGECT GACGAGGACGAAGA

AAN33N33NTO&MBMJK?K?VKIJVK?KI}--CEAAACTCACTTGSM]BNEBN]BNEBA
kkkkkhkkkk **k *kkkkkkkx % * % * * % **x %
AGAAGAG- - - AAAGATGAAAAGAG - - - - - GCACAGAAGT CAACCCAAAGATCTAGCTAG
TGGAGACGAGAAAGATGAGAAGAA:- - - - - - GCACAGAAGT CAACCCAAAGATCTAGCTGC
CIX?VVV¥——FVK}3¥DVVV¥3V¥3TTCIEKFKIIJKXBKXIJKXIIJKBKSKTCCAGCTGC

* k% *k*k*k * % * * k*kk*k **k **k *kkk *kkkk *kk*%

CAAACGGAGACCAGAAGAAAAAGAACCT GAAAGAGT AAAGCCACAAGT TTCTGATGAGAA
CAAACGGAGGCCCGAAGAAAAAGAACCT GAAAAAGT AAATCCACAGATTTCTGATGAAAA
CAAACGGAGACCCAAGGAAGCAGAGCCAGAGCAGGTAGCTCCAGAGACT CCCGAGGACAG

kkkkkkkkk K**k * ok kk *kkk kk k*k * Kk ok *kk ok * k kk kk Kx

AGATGAAGAT GAAAAGGAGGAGAAGAGACGCAGAACTACATACAGAGAACT AA- - - - - - -
AGACGAGGAT GAGAGGGAGGAGAAGAGACGAAAAACGACACGTAAAAAACT GGAGT CACA

khkk kk khkkkhkk Kk Khhkhkkhkhkkkhkhkhkkhkkkk Kk *kk k% * k kkk

....................... CCGAGAAGAAAAT GACTCGAACCAAAATAGCCGTAGT
....................... CGGAGAAAAAAAT GGCTCGCGCCAAAACAGT CATGAA
QWO?TGIGWCM%GEGMCGFGNFANMrGITOmNXANMG——ﬂHGﬂ

* kkk*k * k% * Kk k k%

GTCCAAGACCAAT CCTCCGAAGT GCACCGAGT GCTTGCAGT ACCT GGACGACCCTGAGCT
CTCCAAGACCCACCCT CCCAAGT GCATTCAGT GCGGECAGT ACCT GGACGACCCTGACCT
CCCGAAGAT CAACT CACCAAAGT GCCCCGAGT GTGGCCAGCACCT AGACGACCCTAACCT

* kkkk ok ok * kk kkkkkk * Kk k Kk kkk kkkk kkhkkkkkkkk * K**k

GAGATACGAGCAGCACCCCCCCGAT GCGGT GGAAGAGATACAGATACT GACCAACGAGAG
CAAATATGGGCAGCACCCACCAGACGCGGT GGATGAGCCACAGATGCTGACAAATGAGAA
GAAGTACCAGCAGCACCCTGAGGATGCT GT GGATGAACCCCAGATGT TGACCAGT GAGAA

* * % *kkokkokkkk Kk kk Kkkkkk Kk*k * ok ok ok ok *kkk Kk * Kk k k

GITGTCCATCTTTGATGCCAACGAATCTGCCTTTGAGAGT TACGAGGAT TTGCCTCAGCA
GCTGTCCATCTTTGATGCCAACGAGT CTGGCT TTGAGAGT TATGAGGCGCT TCCCCAGCA
ACTGTCCATCTACGACTCCACCTCGACCTGGT TTGATACT TATGAAGATTCTCCCATGCA

*kkkkkkkk*k * % *kk * * * k*kkk*kk *k *k*k **k * * % * k%

CAAACTAACCT GCTTCAGCGT GTACT GTAAACGCGGT CACCT TTGCCCGAT CGACACCGG
CAAACT GACCT GCTTCAGT GTGTACT GTAAGCACGGT CACCTGT GT CCCATCGACACCGG
TAGGT TCACTTCCTTCAGT GT' GTACT GCAGT CGCGGGCACCTGT GT CCTGT CGACACCGG

* *k kk kK kkkkkk kkhkkkkkkk * *k kkk Kkkkkk kK k% khkkkkkkkk*k

CCTCATTGAGAAGGATGTCGAGCTCCTCTTTTCTGGT TCAGCAAAGCCGATATATGAGGA
CCTCATCGAGAAGAATATCGAACTCTTCTTTTCTGGT TCAGCAAAACCAATCTATGATGA
TCTCATTGAGAAGAATGTAGAGCTCTACTTTTCTGGGT GT GCCAAAGCAATTCATGACGA

khkkhkk Khhkkhkkkk K**k * kk kK% khkkhkkkkhkk * * Kk kk * k% *kkk kK

TGACCCAT CTCCCGAAGGT GGTATTAAT GGCAAAAATTTTGGCCCCATAAACGAATGGT G
TGACCCGT CTCTTGAAGGT GGT GT TAATGGCAAAAAT CTTGGCCCCATAAATGAATGGT G
GAATCCATCTATGGAAGGT GGTATTAATGGCAAAAACCT CGGGCCAATCAATCAGTGGTG

* k% kk*% kkkkkhkkhkkkk *kkkkkkkkkkk*kx * %%k %%k *%k k% * kkkk*k

GATTGCTGGT TTTGATGGAGGT GAAAAGGCTCTTCTTGGCTTTAGCACCTCATTTGCCGA
GATCACTGGCTTTGATGGAGGT GAAAAGGCCCT CATCGGCTTCAGCACCTCATTTGCCGA
GCTCAGWGECTTTGATGIH(IXI?¥3V¥33TGCTCATTGECTTCTCCACTGCATTTGCTGA

kkk kkkkkhkkkk Kkk kk K*kkk * % * kkkkk * Kk ok kkkkkkk Kk*k

GTATATCTTGATGGAT CCCAGCCCAGAGT ACGCACCACTATTCAGCGT GATGCAGGAGAA
ATACATTCTGATGGAT CCCAGT CCCGAGT ATGCGCCCATAT TTGGCECT GATGCAGGAGAA
ATACATTTTGATGGAGCCCAGCAAAGAGT AT GAGCCAATATTTGGGCTGATGCAGGAGAA

* Kk kk khkkhkhkkk Khkkhkkk *kkkk K * % * Kk k Kk * khkkhkkhkkhkhkkhkk

GATCTATATAAGTAAGATAGT GGT TGAGT TCCT GCAGAGCAACCCT GACT CCACCTACGA
GATCTACATCAGCAAGATTGT GGT GGAGT TCCTGCAGAGCAATTCCGACTCGACCTATGA
AATTTACATCAGCAAGATTGT TGT TGAGT TCCTGCAAAACAATCCTGATCCTGTATATGA

*k *k **k **k k*khkkkk **k *k k*kkkkkkkkkk * k%% * k% * **k k%

AGACCTGATCAATAAGAT TGAGACCACCGT TCCTCCTTGTATGCTCAACT TGAATCGATT
GGACCTGATCAACAAGAT CGAGACCACGGT TCCTCCTTCTGGCCTCAACT TGAACCCGCTT
AGACCTGATCAATAAGATTGAGACCACTGT TCCTCCTTCTACCATTAATGT GAACCGGT T

khkkkhkhkkhkhkkhhkk *hhkkhk K hkkhkkhkhdk *hkhkkhkrkkkkx * * kK *kkkk kK Kk*k

CACAGAGGATTCTCTCCT GCGGCATGCCCAGT TCGT GGT GGAGCAAGTAGAGAGT TATGA
CACAGAGGACT CCCTCCTGCGACACGCGCAGT TTGT GGT GGAGCAGGT GGAGAGT TATGA
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CACAGAGGACT CCCTCT TACGCCACGCCCAGT TTGTAGT GAGCCAGGTAGAGAGT TACGA

kkkkkkkkk **k *k*k * **k **k **k k*kkkk **k *k*% *k **k k*kkkkkkk k%

TCGGGCT GGGEGACAGT GACGAGCAGCCCATCT TCCTGAGCCCCTGCAT GAGAGACCTCAT
CGAGGCCGGGGACAGT GATGAGCAGCCCAT CT TCCTGACGCCCT GCATGCGGGACCT GAT
CGAAGCCAAGGACGATGATGAGACCCCCATCTTCTTGT CTCCCTGTATGAGAGCCCTGAT

* % * ok ok Kk *kk kkk kkkkkkkkk Kk*k kkkkk Khkk Kk Kk kkk k%

CAAGCT GGCCGGEGEGT CACCCT GGGAAAAAGGCGAGCCGAG - - AGGCGGCAGACCATCCG

CAAGCT GGCT GGGGT CACGCT GGGACAGAGGCGAGCCCAGGCGAGGECGGECAGACCATCAG
CCATTTGECTGGTGTCTCCCTCII¥K¥K¥KIII¥KIJVK¥¥--AEIII} ----- CGTICAT
* kkk*k *k *kk *x *hkkhkkkk *x *hkkkkkkk * Kk k k% * k%

GCAACCCGCCAAAGAGAAGGACAAGGGECCCCACCAAGGCCACCACCACCAAGCTGGTCTA
GCATTCTACCAGGGAGAAGGACAGGGEGACCCACGAAAGCCACCACCACCAAGCTGGICTA
GGGTG(H¢(IJVK}3K3VK}3KJVVK}JKIIJKI?VVKXIJKIJKIJKIJVKH:TGGTCTA

* * k kkkkkkkkk*k * kkkkk *k k*khkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkhkkkkkkkkk*k

CCAGATCTTTGACACTTTCT TTGCGGAGCAAAT TGAAAAAGAT GACAAGGAAGACAAGGA
CCAGATCTTCGATACTTTCTTCGCAGAGCAAAT TGAAAAGGAT GACAGAGAAGACAAGGA
TCAGATCTTTGACACTTTCT TCTCAGAGCAGAT TGAGAAGT ATGATAAGGAGGACAAGGA

khkkkkhkkkhkk *k *hkkkkkk* *k kkkkk Kkhkkkk K*k *kkkk Kk *kk kkkkkkkk

GAATGCCTTCAAGCGCCGGECGCT GT GECGT CTGT GAGATTTGT CAACAGCCCGAGT GT GG
GAACGCCTTTAAGCGCCGGECGAT GT GGCGT CTGT GAGGT GT GTCAGCAGCCTGAGTGT GG
GAAT GCCAT GAAGCGCCGCCGCTGT GGTGT CTGT GAGGT CTGT CAGCAGCCTGAGTGTGG

khkk khkk Kk hhkkkhkkkhkk kk Khhkhkhkk khkkhkkhkkhkk Kk khkkkhkk Kkhkkk *kkkkkkk

AAAGT GT AAGGCCT GTAAGGATAT GGT TAAAT TTGGT GGT AGCGGACGGAGCAAGCAGEC
GAAATGT AAAGCCT GCAAGGACATGGT TAAAT TTGGT GGCAGT GGACGGAGCAAGCAGGEC
GAAGT GCAAGGCGT GCAAAGATATGGT GAAGT TTGGT GGCACT GGACGGAGT AAGCAGEC

*k k% k% **k **k **k **k *kkkk *k *kkkkkkk * kkkkkkhkkk kkkkkkk*kx

TTGCCAAAAGAGGAGGT GT CCCAACAT GGCCAT GAAGGAGGCAGACGAT GACGAGGAAGT
TTGCCAAGAGCGGAGGT GT CCCAATAT GGCCAT GAAGGAGGCAGAT GACGAT GAGGAAGT
TTGCCTCAAGAGGAGGT GTCCTAACT TGGECGGT GAAGGAGGCAGACGACGATGAAGAGEC

* ok ok ok k Kk kkkkkkkkkk *k * Kk k Kk khkkkkhkkkhkkkhkkhkkk **%k *%k *%k k% *

GGATGACAATAT TCCAGAGATGCCAT CACCCAAAAAGAT GCATCAGGGGAAGAAAAAGAA
CGATGATAACAT CCCAGAGATGCCGT CACCCAAAAAAAT GCACCAGGGGAAGAAGAAGAA
TGATGATGATGT GT CAGAGAT GCCATCACCCAAAAAGCT GCATCAGGGGAAGAAGAAGAA

* ok ok ok ok * * khkkhkhkhkhkhhkx khkhkkhkhkhkk khkk Khhkkkhkkhkhkkhkhkk K*hkhkk

GCAGAATAAGAAT CGGATCT CTTGGGT TGGCGAT GCCGT CAAGACT GACGGGAAGAAGAG
ACAGAACAAGAAT CCGCATCT CT TGGGT CCGAGAAGCCGT CAAGACT GATGCGAAGAAGAG
GCAGAACAAGGACCGCATCTCCTGGCT TGGGECAGCCTATGAAGAT TGAAGAGAATAGAAC

kkkk*k *k*k * **k k*kkkk *k*k * k% * * * k*kk*k*k *kk*k *k *k*k * *

TTACTACAAGAAGGT ATGCAT CGACT CGGAAACCCT GGAAGT GGGGGACTGTGT TTCTGT
TTACTATAAGAAGGT GTGCAT TGAT GCGGAAACCCT GGAAGT GGGGGACTGTGTCTCTGT
TTACTATCAGAAGGT GAGCAT CGATGAGGAGAT GCTAGAGGT GGGCGACT GCGT CTCGGT

*ok ok ok kKk *okkokkok ok *kkkk kK *kk K Kk kk kkkkk Kkhkkkk kk *k k%

AATTCCAGACGACT CTTCAAAACCACT GTATCTAGCAAGGGT CACGGCGCT GT GGGAGGA
TATTCCAGATGATTCCTCAAAACCGCT GTATCTAGCAAGGGT CACGGCGCT GT GGGAGGA
CATTCCAGATGATTCCTCCAAACCACT CTATCTAGCCAGGGT CACAGCTCTGT GGGAAGA

khkkhkhkhkkhk *k K*k Khk khhkhkkk K*k Khhkhkhkhhkhkk Fhkhkhkhkhkhkkhk *k Fhkhkhkhkkkk k%

CAGCAGCAATGGGCAGATGT TCCATGCCCACTGGT TCTGT GCTGGGACGGACACGGT CCT
CAGCAGCAACGGGCAGATGT TTCACGCCCACT GGT TCTGCGCT GGGACAGACACAGT CCT
CAAAAATGGTCAGATGATGTTCCATGCGCACTGGTTCTGCGCTGGGACAGACACAGTCCT

* % * kkkkkk *k *k k(khkkkhkkhkkhkkhkkhkkhkkk kkhkkkkkkk kkkkk kkkk*k

CGGGGECCACAT CGGACCCCCTGGAGCT GT TCCT GGT TGACGAGT GT GAGGACAT GCAGCT
CGGGGECCACGT CGGACCCT CTGGAGCTGT TCT TGGT GGATGAAT GT GAGGACAT GCAGCT
GGGAGCCACCT CCGACCCCCTGGAACT GT TCCT GGT GGGCGAGT GCGAAAACAT GCAGCT

*k k*kkkk *k k*khkkkk k*kkkk k*kkkkk kkkk * %k k% k% kkkkkkkkk*k

CTCGTACATCCACAGCAAGGT GCAGGT CATTTATAAGGCGCCCT CAGAGAACT GGGCCAT
TTCATATATCCACAGCAAAGT GAAAGT CATCTACAAAGCCCCCT CCGAAAACT GGGCCAT
TTCCTACATCCACAGCAAGGT CAAGGT CATCTACAAAGCCCCT TCTGAAAACT GGGCCAT

Kk kk Kkkkkkkkkkkk k% *k kkkkk Kkk kk kk Kkk kk kk K*kkkkkkkkkk

GGAGGGAGGCGT GGACCCCGAGGCCCTGATGI CAGAGG: - - ACGACGGGAAGACCTACTT
GGAGGGAGGCATGGAT CCCGAGT CCCTGCTGGAGEGEEG - - ACGACGGGAAGACCTACTT
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GGAGGGAGGCACAGACCCTGAGACCACACTGCCTGGGGCTGAGGATGGCAAGACTTACTT

*kkkkkkkkk*k **%k k% *k*k k% * k% k% k*kkkk k*kkk*%

CTACCAGCTGT GGTACGACCAAGACTACGCGAGATTTGAGT CCCCTCCGAAAACTCAGCC
CTACCAGCT GT GGTATGATCAAGACTACGCGAGAT TCGAGT CCCCTCCAAAAACCCAGCC
CTTCCAGCTCTGGTACAACCAGGAGT ACGCAAGGT TTGAATCCCCACCCAAGACCCAGCC

*kk kkkkkk Kkkkkk *k kk kk kkkkk kk Kkk kk kkhkkkk Kkk kk *k K*hkkk*

GACGGAGGACAACAAGTACAAGT TCTGCGCAAGCT GTGCACGT CTGGCCGAAAT GAGGCA
AACAGAGGACAACAAGT TCAAAT TCTGT GT GAGCT GT GCCCGT CT GGCT GAGAT GAGGCA
GACCGAGGACAACAAGCACAAGT TCTGCCTATCTTGTATCCGGCTGGECT GAGCTGAGACA

*kk kkkkkkkkkkkk *kk kkkkk * Kk k *k kkkkk k% *kkkk kK

GAAGGAAAT CCCCAGGGT CGT GGAGCAGCT CCAGGACCT GGAAGGCCGCGT CCTCTACAG
AAAAGAAAT CCCCAGGGT CCT GGAGCAGCT CGAGGACCT GGATAGCCGGGT CCTCTACTA
AAAAGAAAT GCCCAAGGT CCTGGAACAAAT TGAGGAGGT GGAT GBCCGEGT CTACTGCAG

%k k*kkkk k*kkk kkkk k*kkk k% * * k k k * k k %k *kk*k kk*k * k% ok

CCTCGCCACCAAGAACGGCGT CCAGT ACCGGGT GGGCGAT GGCGT GTACCT CCCTCCCGA
CTCAGCCACCAAGAACGGCATCCTGTACCGAGT TGGT GATGGT GTGTACCTGCCCCCTGA
TTCCATCACCAAGAATGGT GT TGTCTACCGACT GGGTGACAGT GTGTACCTTCCTCCCGA

kkkkkkkkk K**k * * ok ok ok ok * kk kK *k kkkkkkkk kk kk Kk*k

GGCCTTCACCT TCAACAT CAAGCT GT CCAGT CCTGT GAAACGCCCCCGGAAGGAGCCTGT
GGCCTTCACGT TCAACAT CAAGCT GT CCAGT CCCGT GAAACGCCCACGGAAGGAGCCCGT
GGCCTTTACTTTCAACAT CAAAGT GGCTAGCCCCGT GAAACGCCCAAAGAAGGATCCTGT

khkkhkkhkk *k hhkhkkkhkkhkkkk Kk ok kk Kkk khkkkkkkkkkk kkhkkhkkk *k k%

GGACGAAGCT CTGTATCCAGAACACTACCGGAAGT ACT CTGACTACAT CAAGGGCAGCAA
GGATGAGGACCT GTACCCAGAGCACTACCGGAAATACT CCGACTACAT CAAAGGCAGCAA
GAACGAGACCCTGTACCCTGAGCACTACCGCAAGTATTCTGACTACATCAAGGGGAGCAA

* k k% kkkkk *k *k k*kkkkkkk *k *k *k k*kkkkkkkkkk *k kkkk*%

CCTGGATGCCCCTGAGCCCTACCGTAT TGGCCGCATAAAGGAGAT CTTCTGCAGCAAGAA
CCTGGATGCCCCT GAGCCCTACCGAAT TGGCCGGAT CAAAGAGAT CTTCTGT CCCAAGAA
CCTGGATGCTCCAGAGCCCTATCGCAT CGGT CGGATAAAAGAGAT CCACTGT GGCAAGAA

khkkkhkkhkk K*k K hkkkkkhkkk *%k **k *k K*k K*k kk *kkkkk* * Kk ok *ok ok ok ok Kk

GAGCAACGGCCGGCCCAAT GAGACAGACAT CAAGAT CAGGGT CAACAAGT TCTACAGGCC
GAGCAACGGCAGGCCCAATGAGACT GACATCAAAAT CCGGGT CAACAAGT TCTACAGGCC
GA- - - AAGGCAAGGT CAACGAGGCAGACAT CAAGCT GAGGCTCTACAAGT TCTACAGGCC

* % * Kk kk * *khkk kkk Kk khkkkkkkk * Kk kk kkkhkkhkkhkkhkkhkhkkhkkk

GGAGAACACACACAAGT CTACCCCAGCCAGT TACCACGCAGACATCAACCTGCTTTACTG
TGAGAACACCCACAAGT CCACT CCAGCGAGCT ACCACGCAGACATCAACCTGCTCTACTG
TGAGAATACCCACAGGTCCTACAACGGATCCTATCACACTGACATCAACATGCTTTACTG

*kkkk*k **k k*kkk *k*% %k **kk *k kkhkkkkkkkk k*kkk kkkk*k

GAGCGATGAGGAGGCCGT GGT GGACT TCAAGGCCGT GCAGGGECCGCT GCACCGT GGAGT A
GAGCGACGAGGAGGCCGT GGTGGACT TCAAGGCT GT GCAGGGECCGCT GCACCGT GGAGT A
GAGCGACGAGGAAGCT GT GGTGAACT TCAGCGACGT GCAGGGCCGCTGTACCGT GGAGT A

khkkkkk *hkkkhkk khk khkkkkk *hkkkkk * khkkkhkhkkhhkhhkhhhdh *hkhkhkhkkhdhkk*k

CGGAGAGGACCT GCCTCAGT GCCTCCAGGACT TCTCCGCT GGTGGCCCCGATCGCTTCTA
TGGGGAGGACCT GCCCGAGT GCGT CCAGGT GTACT CCAT GGGCGGECCCCAACCGCTTCTA
CEEEEAAGACCTACTTGAEAECATCCAGEATTATTCACAN33333]J:TGACCGCTTCTA

*kk kk kkkkk * *k kk kkkkk*k * *k kkkkk * kkkkkkkk

TTTTCTCGAGGCCTATAACGCCAAGAGCAAAAGCT TTGAAGAT CCT CCGAACCACGCCCG
CTTCCTCGAGGCCTATAATGCAAAGAGCAAAAGCT TTGAAGAT CCTCCCAACCATGCCCG
CTTCCTCGAGGCCTACAATTCAAAGACCAAGAACT TTGAAGACCCACCAAACCATGCCCG

*k *kkkkkkkkkk k% * k*kkkk k*kk Kk kkhkkkkkkkk *k *k kkkkk kkkk*k

GAGCACCGGAAATAAAGGGAAAGGGAAGGGGAAAGGAAAAAACAGGACGAAATCTCAGAC
TAGCCCT GGAAACAAAGGGAAGGGCAAGGGAAAAGGGAAGGGCAAGCCCAAGT CCCAAGC
CAGCCCTGGGAACAAAGGGAAAGGGAA GGGAAGGGGAAGGGGAAGCATCAGGT

kkk Kk Kkk kk Kkhkkkkkkhkk *kk Kkhkkkk kkkkk k%

GT GT GAGCCGAGT GAACT GGAGACAGAAAT CAAACT GCCGAAGCT GCGGACCCT GGACGT
CTGTGAGCCGAGCGAGCCAGAGATAGAGAT CAAGCT GCCCAAGCT GCGGACCCTGGATGT
GTCAGAGCCCAAAGAGCCT GAGGCAGCCAT CAAACT GCCCAAGCT CCGGACCCTGGATGT

* *kkkk K * Kk K* * Kk k * % khkhkk Khhkkhkk khkkhk khhkkhkhkkhkhkx k%

GTITTTCCGGCT GT GGGGGAT TGT CGGAAGGCT TCCACCAAGCAGGCAT CTCGGAAACACT
GTTTTCTGGCT GCGGGEGEEGET TGT CGGAGGGAT TCCACCAAGCAGGCATCTCTGACACGCT
GTTTTCCGGCTGTGGAGGGT TATCGGAAGGAT TCCACCAAGCAGGCATCTCGGAAACGCT
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khkkkkhk khkkkk Khk kk *kk Kkhkhkkhkk *kk hhkhkkhkhkkhkhkkhkkhkkkhkhkkhkk *k K*k k%

TTGGGCCATCGAGAT GT GGGACCCT GCGGECCCAGGECGT TCCGGT TCAACAACCCTGGGTC
GT GGGCCATCGAGAT GT GGGACCCT GCGGECCCAGGCGT TCCGECT GAACAACCCCGGECTC
GTGGGCCAT CGAGAT GT GGGACCCGGECAGCCCAGGCAT TTCGGCT GAACAACCCCGGECAC

khkhhkhhhkhhkhhhhhhhhhhhhdh *k *hkhkhhkhkdk *% *kk * *kkkkkkx *% *

CACGGT GT TCACAAAGGACT GCAACGT CCTGGT GAAGCT GGT CAT GGCCGGGGAGGT GAC
CACAGT GT TCACAGAGGACT GCAACAT CCTGCT GAAGCT GGT CAT GGCTGGEGGAGACCAC
CACAGT GT TCACAGAGGACT GCAACGT GCTTCT TAAGCT GGTCATGGCTGGEGGAGGTGAC

kkk k*khkkhkkkkkhkkk k*kkkkkkkkkk * k% * kkkkkkhkkhkkhkkhkkhkkhkkkk kkkkk*k * %

CAACT CCCGCGGCCAGAAGCT GCTTCAAAAGGGAGAT GT GGAGAT GT TGT GCGECGEECC
CAACT CCCGCGGECCAGCGGECT GCCCCAGAAGGGAGACGT GGAGAT GCT GT GCGGECGEECC
CAACT CTCTGGGCCAAAGGCT GCCACAGAAGGGECGAT GT GGAGAT GCTGT GT GGTGEECC

kkkkkk K* * ok ok ok ok * ok ok ok k Kk kkkkk kk kkhkkkhkkkkhkkk Kkhkkk Kkk khkkkk

GCCCTGCCAGGGCT TTAGCGGCATGAACCGCT TCAACTCTCGAACCTACTCCAAATTCAA
GCCCTGCCAGGGCT TCAGCGGCATGAACCGCT TCAAT TCGCGCACCTACTCCAAGT TCAA
ACCCTGCCAGGGCTTCAGT GGCATGAACCGCT TCAACT CCCGCACTTACTCCAAGT TCAA

khkhhkhkhhkhhkhhkhdk *k khhkhhhhhhhdhhhhhhhd *% k% %%k *hkhkkhhkk *kkkx

GAACTCCCTGGTGGTCTCTTTCCTCAGCTACTGT GACTACTACCGGCCCCGCTACTTCCT
AAACTCTCTGGTGGT TTCCT TCCTCAGCTACT GCGACTACTACCGECCCCGGT TCTTCCT
AAACTCCCTAGTGGTCTCCT TCCTCAGCTACT GTGACTACTACCGGCCTCGGT TCTTCCT

kkkkk *k k*khkkhkkk *k k*khkkkhkkhkkkhkkhkkhkkhkkhkkhkkk kkhkkhkkhkkhkkhkkhkkhkkkkkkk **k *k kkkkk*k

CTTGGAGAACGT TCGGAACT TCGT CTCCT TCAAGCGCT CCATGGT CCTGAAGCT GACGCT
CCTGGAGAATGT CAGGAACT TTGT CTCCT TCAAGCGCT CCATGGT CCTGAAGCT CACCCT
TCTGGAGAACGT CAGGAACT TCGT GT CCTACAGACGCT CCATGGT GCTGAAGCT CACACT

khkkkkkk Kk*k kkkkkhkkk K*k Khhkkk k% khkkkhkkkhkkkhkk *hkkkhkhkkhkk *% K%

GCGCTGCCTGGT CCGCAGEGEGEGT ACCAGT GCACCT TTGGCGT GCTGCAGGCTGGTCAGTA
CCGCTGCCTGGT CCGCATGGGCTAT CAGT GCACCT TCGGCGT GCTGCAGGCCGGTCAGTA
GCGCTGCCTGGT CCGCATGGGECTACCAGT GCACCT TTGGT GTGCT CCAGGCT GGACAGTA

khkhhkhhhkhhkhhkhhhkh *hkk *k hhkhdhhhhhhkhdk *% *hkkk *khkkkx **%k *kkk*x

CGGCGT GBCCCAGACT CGGAGGBCGAGCCAT CAT CCTGGCT GCAGCCCCT GEGGAGCCACT
CGGCGT GGCCCAGACT AGGAGGCGGGECCAT CAT CCT GGCCGCGECCCCTGGAGAGAAGCT
GGCGTGE(IIJK?KJKI?VKX?“KKK]JKTCATCTTGGCTG(?(XIIIJKX?K?VVVKH:T

kkkkkkkkkkkkk*k * k*kk*k * kkkkkhkkhkkkk kkkk **k kkkkk *k k%

CCCGCTGT TCCCGGAGCCGT TGCATGT GT TCGCACCCCGGEGECCT GCCAGCT GAGCGT CGT
CCCTCTGT TCCCGGAGCCACTGCACGT GT T TGCTCCCCGEGECCT GCCAGCT GAGCGT GGT
GCCTCTGTTCCCAGAGCCTCTGCATGIGT TTGCGCCCCGT GCCTGCCAGCTGAGCGT TGT

Kk kkkkkkhkkk khkkk*k khkkk Khhkkkhkk kk khkkkhkk Khhkkhkhkhkhkkhkhhkhkhkkhkx K%

AGT GGACGACAAGAAGT TTGT CAGCAACAT CACCAGGT TGAGCT CGGGT CCCTTCCGAAC
GGTGGATGACAAGAAGT TTGTGAGCAACATAACCAGGT TGAGCTCGGGTCCTTTCCGGAC
GGTGGATGACAAGAAGT TTGT TAGCAACAT AACGAGGCTGAGCT CGGGGCCCTTCCGAAC

khkhk Khhkhhkhhkhhhhhhhh *hhkhhkhhdx kK% *hk*x *hkhdhhhhkx *% *hkkkk %%
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Human NM 001379

CATCACCGT GCGGGACACCATGT CTGACCT CCCTGAGAT CCGGAACGGGEECCT CGGECACT
CATCACGGT GCGAGACACGATGT CCGACCT GCCGGAGGT GCGGAAT GGAGCCT CGGCACT
CATCACCGT GCGAGACACCATGT CTGACCT CCCCGAGAT CCAGAATGGAGCCTCGAATTC

khkkkkk khkkhkk Khhkkhkkk K*hkkkhkk khhkkkk K*k K*kk Kk Kk *kkk kk *kkkkk*

GGAGATTTCATACAACCGGEGAGCCCCAGT CCTGGT TCCAGAGGCAGCT CCGGGGECTCGCA
GGAGATCTCCTACAACGGGEGAGCCT CAGT CCTGGT TCCAGAGGCAGCT CCGGGGECGCACA
TGAGATCCCCTACAATGGAGAGCCACT GTCCTGGT TCCAGAGGCAGCT GCGAGGATCACA

* ok ok ok ok * kkkkk *k kkkkk Kk hhkkkhkhkkhkhkhhkhkhkhkhkkhkkhkhkhkkk kk K*k * k%

GTACCAGCCCAT CCTCAGGGATCATATTTGCAAGGACAT GAGCGCCT TGGT GGCTGCCCG
GTACCAGCCCAT CCTCAGGGACCACATCTGT AAGGACAT GAGT GCATTGGT GGCTGCCCG
CTACCAGCCCAT CCTCAGGGACCATAT CTGCAAGGACAT GAGCCCACT GGTGGCTGCCCG

kkkkkhkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkk*x **k **k **k *kkkkkkkkk*kx * kkkkkkkkkkkk*k

CATGCGGCACAT CCCCCT GGCCCCGGEGECT CGGACT GBCGT GACCT GCCCAACATTGAGGT
CATGCGGCACATCCCCT TGGCCCCAGGGT CAGACT GGCGCGAT CT GCCCAACAT CGAGGT
CATGCGGCACATCCCACT GT TCCCAGGAT CAGAT TGGECGT GACCT GCCCAACATACAGGT

khkkkkkkhkhkhkhkhk*x * % kkk kk kk Kkk khkkhkkk K*k Khkhkkhkkhkkkkk * ok k Kk

GCGGCTCTCTGACGGCACCCT GGCCCGGAAGCT GCGGTACAACTACCACGACAAGAAGAA
GCGGCTCTCAGACGGCACCAT GGCCAGGAAGCT GCGGTATACCCACCATGACAGGAAGAA
GCGCCTGGGAGATGGCGT CATAGCCCATAAGCTACAGTACACCTTTCATGATGT GAAAAA

* ok ok ok ok k * Kk kkk * ok kkk kkhkkkk Kk Khkk Kk * * Kk kk *kk kK

CGGCTGCAGCAGCAGCGGECGCCCT CCGTGEEGT CTGCTCCTGTGT GGAAG- - - GCAAGCC
CGGCCGCAGCAGCT CTGGEGECCCT CCGTGEGGT CTGCT CCT GCGT GGAAGCCGGECAAAGC
TGGCTACAGCAGCACCGGT GCCCTGCGT GGAGT CTGT TCCTGTGCAGAAG- - - GCAAGGC

* k% *kkkkk*k *k k*kkkk k*kkkk k*kkkk kkkkk *x * k k% * k kk *

CTGT GAGCCT GCGGCCCGACAGT TTAACACCCT TATCCCCT GGT GCCTGCCCCACACT GG
CTGCGACCCCGCAGCCAGGCAGT TCAACACCCT CATCCCCT GGT GCCT GCCCCACACCGG
CTGCGACCCT GAGT CCAGGCAAT TCAGCACCCT CATCCCCTGGT GCCTGCCGCACACTGG

kkk kk Kk K* Kk ok kk kk Kk Kkkkkkk Khhkhkhkhkkhkhkhkhkhkhkkhkkhkk *hkhkkk Kk

GAACAGGCACAACCACT GEECCGECCT CTACGEGECGT CTCGAGT GGGACGECTTCTTCAG
GAACCGGCACAACCACT GGGCTGECCT CTAT GGAAGGECT CGAGT GGGACGECTTCTTCAG
GAACCGGCACAACCACT GGGCTGECCT CTACGGEGECGT CTGGAGT GGGATGECTTCTTCAG

khkk hhkhkkhkhkhkhhkhhhhhhk *hhkhkkk %% *k kk kkkkkkkk khkkhkkkkkkkk

CACAACTGT CACCAACCCCGAGCCCAT GGECAAGCAGGGCCGCGT GCTCCACCCCGAGCA
CACAACCGT CACCAACCCCGAGCCCAT GGECAAGCAGGGECCGCGT GCTCCACCCAGAGCA
CACCACTGT CACCAACCCT GAGCCCAT GGECAAGCAGGGT CGGGT GCTCCACCCGGAGCA

kkk k*k kkhkkhkkhkkhkkhkkhkkhkkhkkhkk kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkk *k kkkkkkkkkkk *kkk*%x

GCACCGAGT GGT GAGCGT CCGGGAGT GCGCCCGCT CCCAGGGCT TCCCCGACACCTATCG
GCACCGT GT GGT GAGCGT GCGGGAGT GTGCCCGCTCCCAGGGCT TCCCTGACACCTACCG
GCACCGGGT CGT GAGT GT TCGGGAAT GTGCCCGCTCCCAGGEGECT TTCCAGATAGCTACCG

khkkkkk *kk Kkhkkkhkk kk khkkkhkk khk khkkhkkhkkhkkkhkhkkhkkhkhk **k *k Kk *kk k%

GCTGI TCGGCAACAT CCTAGACAAGCACCGGCAGGT GGGTAAT GCTGTGCCGCCGCCACT
GCTCTTCGGCAACAT CCT GGACAAGCACCGGCAGGT GGGCAAT GCCGT GCCACCGCCCCT
GTTCTTCGGCAACAT CCT GGACAGACACCGGECAGGT GGGTAATGCT GTGCCACCACCCCT

* k kkkkkhkkhkkkkhkkhkkk *kkk khkhkhkhkhkhkhhkhhkhk *hkhkkk *hkkkk *% %% *%

GGCCAAAGCCAT CGGCT TGGAGAT CAAGCGCT GCAT GT TGGCCAAAGCGCGCGAGAGCGEC
GGCCAAAGCCATTGGCT TGGAGATCAAGCT TTGTATGT TGGCCAAAGCCCGAGAGAGTGC
GCCATTGGCCTGGAGAT TAAGCTCTGCCTGCTGT CCAGT GCTCGGGAGAGCGEC

kkkkhkkhkkhkkhkkhkkhkkhkkk *k*k *kkkkkk *kk*% * % **%k **%k k%% k% **%k k*kkkk k%

CTCACCT- - - - - - AAAATCAAGGAGGAGG: - - CTGCCAAGGACTAGT TCTCTCCTCCTAT
CTCACCT- - - - - - AAAAT AAAGGAGGAGGAAGCT GCTAAGGACTAGT TCTGCCCT CCCGT
ATCAGCTGCAGTTANM33VVVK?KK?KXXHCETACCAAGGN:UM} -------------

*ok ok ok ok Kk *kk kkkkkkk *kk ok kkkkkkkkk

CACCCATGI TTCTGCCACCAGAGAT CCCCAACGTGCACTGATATTGGTGTATTTTTCACA
CACCCCTGI TTCTGGCACCAGGAATCCCCAACATGCACTGATGI TG - - TGTTTTTAACA

Mouse NM_ 010066

Bovine DNMT?2
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4532
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4628
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Bovine Dnmt2 Complete CDS
Green = Start Site Red = Stop Codon

CCGGGGGGCGGCGCGGGAATGGAGCCCTTGCGGGCCCTGGAGCTATACAGC
GGAATTGGGGGCATGCACCAGGCTCTCAGAGAAAGCTGTATACCTGCACAA
GTGGTGGCTGCTGTTGATGTAAACACTGTTGCTAATGAAGTATACAAGTATA
ATTTTCCTCACACACAGTTACTGGCCAAGACAATTGAAGGCATTACACTAGA
AGAGTTTGACAGATTATCTTTCAATATGATTTTAATGAGCCCACCCTGTCAGC
CCTTCACAAGAATTGGCCTGCAAGGTGATGTGACTGATCCAAGGACAAATA
GCTTCTTACATATTCTAGACATTCTCCCAAGATTACAAAAATTACCGAAGTA
TATTCTTTTAGAAAACGTTAAAGGTTTTGAAATGTCTTCTACAAGAGATCTGT
TAATACAAACAATAGAAAATTGTGGTTTTCAGTATCAAGAATTTCTACTGTC
TCCAACCTCTCTTGGCATTCCAAATTCAAGATTACGGTACTTCCTTATTGCAA
AGCTTCAGCCAGAGCCATTCCCTTTTCAGGCCCCTGGTCAGGTACTGATGGA
GTTCCCCAAAACTGAATCTGAACATCCCCCTAAATATGCAATAAATGCAGAA
AAGAAAACTGAAGAAAAGAAAACTGGACCAAAGATTTGCTTTGATAGCAGC
ACACAGTGTTCTGGAAAAGAGGCCATTCTTTTTAAGCTTGAAACTGCAGGAG
AAATTGACAGGAAACATCAACAGGACAGCGATCTCTCTGTGCGAATGCTAA
AAGATTTTCTTGAAGATGACATTGACAAGCATTCATTCTTTTTACCACCAAA
GTCATTACTGCGATACGCTCTTTTGTTAGACATTGTTAAACCCACTTCCAGAA
GATCCATGTGCTTTACAAAAGGTTATGGACGCTACATAGAAGGGACAGGAT
CTGTGTTACAGACAACAGAGGATGTGCAGATTGAGAATATCTACAAATCCCT
TACCAGTTTGTCACAAGAAGAAAAGATAATGAGATTGTCAATGCTTCAACTT
CGATTTTTCACTCCTAAAGAAATAGCAAATCTCCTTGGATTTCCTCCAGAGTT
TGGATTTCCTGAGATGACAACTGTCAAACAGCGTTACCGTCTACTTGGAAAT
AGTCTCAACGTGCATGTTGTAGCTAAACTAATCAAAATCCTATGTGACTAAT
TTTTTAAATAACTCTGAAAGAGGGTCACAGTTTTCTGTCATATCCATATAGTA
ACTTTGAAATTCTTTTTTGAATTAATTTTGACAAAATTTGACTAAATTATTTTT
CTCTTTAATAAGA
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Bovine DNMT?2 Protein Sequence

MEPLRALELYSGIGGMHQALRESCIPAQVVAAVDVNTVANEMEPLRALELYS
GIGGMHQALRESCIPAQVVAAVDVNTVANEVYKYNFPHTQLLAKTIEGITLEEF
DRLSFNMILMSPPCQPFTRIGLQGDVTDPRTNSFLHILDILPRLQKLPKYILLE
NVKGFEMSSTRDLLIQTIENCGFQYQEFLLSPTSLGIPNSRLRYFLIAKLQPEPF
PFQAPGQVLMEFPKTESEHPPKYAINAEKKTEEKKTGPKICFDSSTQCSGKEAILF
KLETAGEIDRKHQQDSDLSVRMLKDFLEDDXDKHSFFLPPKSLLRYALLLDIVK
PTSRRSMCFTKGYGRYIEGTGSVLQTTEDVQIENIYKSLTSLSQEEKIMRLSMLQ
LRFFTPKEIANLLGFPPEFGFPEMTTVKQRYRLLGNSLNVHVVAKLIKILCD*

Bold sequence = Methyltransferase Domains I, II, IV, V VI, VII, VIII, IX, X
respectively.

Sequence Allignment

Bovi ne - CCGGGEGEEECEECECEEEAAT GGAGCCCT TGCGGGECCCT GGAGCTATACAGCGGAATTGG 59
Human  --e-e-e - CGCGGGGAT GGAGCCCCT GCGGGT GCTGGAGCTATACAGCGGECGT GGG 48
Mouse CGGT CGCGGT TGCGAGAGGATGGAACCT CTGCGT GTCCTGGAGCTGTACAGTGGCATTGG 60
k*k *x k kkkkk k% *kkkk Kk kkkkkhkkkhkk kkkkk k% * Kk %k
Bovi ne GGGCATGCACCAGGCT CTCAGAGAAAGCTGTATACCTGCACAAGTGGTGGECTGCTGTTGA 119
Human CGGCATGCACCACGCGCT GAGAGAAAGCTGTATACCTGCACAAGT GGTGGCTGCCATTGA 108
Mouse TGGCATGCACCACGCGCT GCGAGAAAGT CATATCCCTGCACATGTGGTGGCTGCTATTGA 120
kkkkkkkkkk*k **k k% *kkkkk*k *kkk kkhkkhkkkhkkhkkk k*khkkkkkkkkk*k * k k%
Bovi ne TGTAAACACTGT TGCTAATGAAGTATACAAGTATAATTTTCCTCACACACAGITACTGEC 179
Human TGTCAACACTGTCGCTAATGAAGTATACAAGTATAATTTTCCTCACACACAGITACTTGC 168
Mouse TGTGAATACTGT TGCTAATGAAGTATACAAGCATAATTTTCCTCATACTCACTTACTGIC 180
kkk k*k kkhkkkk kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkk kkhkkkkkkkkkkkk **k *k k*kkk*% *
Bovi ne CAAGACAATTGAAGGCATTACACTAGAAGAGT TTGACAGATTATCTTTCAATATGATTTT 239
Human CAAGACGATTGAAGGCATTACACTCGAAGAGT TTGACAGATTATCTTTTGATATGATTTT 228
Mouse AAAGACAATTGAAGGTATTTCACTGGAAGACT TTGACAAGCTATCTTTCAATATGATTTT 240
kkkkk K kkkkkhkkk *kk kkhkkk *kkkk kkhkkkkk*k kkkkkk*k kkkkkhkkkkk*k
Bovi ne AATGAGCCCACCCT GT CAGCCCT TCACAAGAAT TGGCCTGCAAGGTGATGTGACTGATCC 299
Human AATGAGCCCT CCCTGCCAGCCAT TCACAAGGAT TGGCCGECAGCGTGATATGACTGATTC 288
Mouse AATGAGCCCT CCATGCCAGCCATTCACAAGAAT TGGCCTACAGGGGGATATGACCGATCC 300
kkkkkhkkhkkhkkk*k **k **k *kkkk k*kkkkkkk*k *kkkkk* %k *%k **k*k *kkk*k *k*k *x
Bovi ne AAGGACAAATAGCTTCTTACATATTCTAGACATTCTCCCAAGATTACAAAAATTACCGAA 359
Human AAGGACGAATAGCTTCTTACATATTCTAGATATTCTCCCAAGATTACAAAAATTACCAAA 348
Mouse AAGGACAACTACGCTTCTTGTATATTCTAGATATTCTCCCAAGATTACAAAAATTACCCAA 360
kkkkkk * k*kkkkkkk*k kkkkkhkkhkkhkkhkkhkk *khkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkk*x **%
Bovi ne GTATATTCTTTTAGAAAACGT TAAAGGT TTTGAAATGTCTTCTACAAGAGATCTGTTAAT 419

Human GTATATTCTTTTGGAAAATGT TAAAGGT TTTGAAGTATCTTCTACAAGAGACCTCTTGAT 408
Mouse GTATATTCTCTTAGAAAATGT CAAAGGT TTTGAAGTATCTTCTACAAGAGGGCTGCTGAT 420

khkkkhkkhkkhk K*k Khhkkhkkk K*k Fhkhkhkhkkhdhhkkh * *hkkhkkhkhkhhhkx * % * kK



Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne
Human
Mouse

Bovi ne

ACAAACAATAGAAAATTGTGGT TTTCAGTATCAAGAATTTCTACTGT CTCCAACCTCTCT
ACAAACAATAGAAAATTGT GECTTTCAGTACCAAGAATTTCTATTATCTCCAACCTCTCT
ACAAACAATAGAAGCCTGTGCCTTTCAGTATCAAGAGT TTCTATTGTCTCCTTCTTCTCT

khkkkkhkkkkhkkk* khkkkk Khhkkhkkkhkkk Khhkkkk *hkkkkk * kkkkk * kkkkk

TGGCATTCCAAATTCAAGATTACGGTACT TCCTTATTGCAAAGCT TCAGCCAGAGCCATT
TGGCATTCCAAATTCAAGGCTACGATATTTTCTTATTGCAAAGCT TCAGT CAGAGCCATT
AGGCATTCCAAACT CGAGGCTCCGATATTTTCTCATTGCAAAGCT TCAGTCAGAGCCTTT

khkhkkhkhkkhkhkhkk *k k% *k kk kk Kkk kk khkkkkhkkkhkhkkhkhkhkhkhkk khkkhkkkk k%

CCCTTTTCAGGCCCCT GGT CAGGT ACT GATGGAGT TCCCCAAAACT GAATCTGAACATCC
ACCCTTTCAAGCCCCT GGT CAGGT ACT GATGGAGT TCCCCAAAAT TGAATCTGTACATCC
CCCCTTCCAGGCCCCTGGACAGATACTGATGGAGT TTCCTAAAATTGTAACTGTTGAGCC

%k *k k*k k*khkkkhkkhkkhkkk k*kk kkhkkkkkkkkkkkk k*kk k*kkk *k * k%% * k%

CCCTAAATATGCAATAAATGCAGAAAAGAAAACT GAAGAAAAGAAAACT GGACCAAAGAT
ACAAAAATAT GCAAT GGAT GTAGAAAATAAAAT TCAAGAAAAGAACGT TGAACCAAATAT
ACAAAAATATGCAGTAGTTGAAGAAAGTCAGCCAAGAGTGCAGAGAACTGEACCACGTAT

* kkkkkkkkk * *k kkkkk * Kk k *k  kkkk * %

TTGCTTTGA- - - TAGCAGCACACAGT GT TCTGGAAAAGAGGCCATTCTTTTTAAGCTTGA
TAGCTTTGA- - - TGGCAGCATACAGT GT TCTGGAAAAGATGCCATTCTTTTTAAGCTTGA
CTGTGCTGMBMI)KI)KI)K)K)MBNSTTCTGEAAAAGATACCATTCTCTTTAAGCTTGA

* Kk k khkhkhkk *hkk *hkkhkhkhkhkhkk khkkhkhkhk Khhkhkhkhkkkh*k

AACT GCAGGAGAAAT TGACAGGAAACAT CAACAGGACAGCGATCTCTCTGT GCGAATGCT
AACTGCAGAAGAAAT TCACAGGAAAAAT CAACAAGATAGT GATCT CTCTGT GAAAATGCT
GACTGTAGAAGAAAGGGACAGGAAACATCAACAAGACAGT GACCTCTCTGTGCAGATGCT

*kkkk **k *kkk*k kkkkkkhkkk *kkkkkk **k **k **k *kkkkkkk*k *kk k%

AAAAGATTTTCTTGAAGATGACATTGACAAGCATTCATTCTTTTTACCACCAAAGT CATT
AAAAGATTTTCTTGAAGAT GACACT GACGT GAACCAGTATCTTTTACCACCAAAGT CATT
GAAAGACTTCCTTGAAGATGGC—--GACACAGATGAGTACCTTTTACCACCCAAGTTATT

kkkkk Khk khkkkkkkkkk * * Kk k * khkkkkkkhkkkhkk kkhkkk *k*k

ACTGCGATACCCTCTTTTGI TAGACATTGT TAAACCCACT TCCAGAAGATCCATGTGCTT
GCTGCGATATGCTCTTCTGT TAGACATTGT TCAGCCCACT TGTAGAAGGTCCGTGTGCTT
GCTGCGATACGCTCTCTTACTAGATAT CGT GAAGCCCACGT CCAGAAGGTCCATGIGCTT

khkkhkhkhkkhkk khkkkk * *kkhkkk kK k% * kkkkk K khkkhkk Khhkk hhkkkkkh*k

TACAAAAGGT TAT GGACGCT ACATAGAAGGGACAGGAT CTGT GT TACAGACAACAGAGGA
TACCAAAGGATAT GGAAGCTACATAGAAGGGACAGGGT CTGT GT TACAGACT GCAGAGGA
TACGAAAGGGT AT GGGAGT TACAT AGAGGGGACAGGCT CCGT GT TACAGGCT GCAGAGGA

*kkk *kkkk *kkk*k * kkkkkkkk kkhkkkkhkkkk *k kkkkkkkkk * *kkkkk*k

TGTGCAGATTGAGAATATCTACAAATCCCTTACCAGT TTGT CACAAGAAGAAAAGATAAT
TGTGCAGGT TGAGAATATCTACAAATCCCTTACCAATTTGT CACAAGAAGAACAGATAAC
TGCGCAGATTGAGAATATCTACAAATCTCTTCCTGATTTGCCACCAGAAGAAAAGATAGC

Kk kkkk Khhkkhkhkkhkkhkhkkhkkhkhhkhkk *kx * khkkk Kkhkk khkkkkhkkk Kkhkkkk

GAGATTGTCAATGCTTCAACTTCGATTTTTCACT CCTAAAGAAATAGCAAATCTCCTTGG
AAACCTGT TAATACT TAAACT GCGATAT T TCACTCCTAAAGAAATAGCAAATCTCCTTGG
TAAATTGI CAATGCT TAAACT GCGATAT TTCACACCGAAAGAAAT TGCAAATCTCCAGGG

* khkk khkk Khkk Khhkkk Khhkkk Khhkhhkkk Khk kAhkhkhkhkhkhk Kkhkkhkhkkhkkk * %

ATTTCCTCCAGAGT TTGGATTTCCT GAGATGACAACT GT CAAACAGCGT TACCGT CTACT
ATTTCCTCCAGAGT TCGGAT TTCCT GAGAAGATAACAGT GAAACAGCGT TATCGCCTACT
ATTTCCTCCAGAATTTGGGT TTCCT GAGAAGACAACAGT GAAACAGCGT TACCGGCTGCT

kkkkkhkkhkkhkkhkkhkkhkkk **k **k *khkkkkkkkkk **k *k*k **k k)kkkkkkkkkk **k **k k%

TGGAAATAGT CTCAACGT GCATGT TGTAGCTAAACTAATCAAAATCCTATGTGACTAATT
TGGAAATAGT CTCAACGT GCATGTAGT AGCTAAACTAATCAAAATCTTATATGAATAATT
TGGCAATAGCCT CAACGT GCATGT GGTAGCAAAACT CCTCACAGT CCTGTGTGAAGGATT

khkk khhkkhkkk Khhkkkhkkkhkkhkkhkhkkhkhkhk *hkkhkk *hkkk* kkk Kk kk k Kk Kkk*k * Kk ok

TTTTAAATAACT CTGAAAGAGGGT CACA- - GTTTTCTGTCATATCCATATAGTAACTTTG
TTG AAATAACTCTGAAAGATGGTCATATGATATTCCTTCATTTTCAGAGAGTAATTCTG
TGG AAATGCCTCTGAGAGCTG- TCA --AE%IGECECTAATTCTAGATAGTAATTCCA

* * Kk ok Kk kkhkkkkk K*k * kkk K * * * k kkkkk K*

AAATTCTTTTTTGAATTAATTTTGACAAAATTTGACTAAATTATTTT-- - - - - - CTCTCT
AAATTCTGTTTTGAACTAATTCTGGTGAAATTTAACTAAATTATTTTAAT- - - - CTGTCC

AGATTCTATCTTGAATGAATTCTTATAGAGT TCAGCTAAATTCTTTGAATAGCATTTTCC
* kkkkk * kkhkkkk *kkk*k Kk * Kk %k kkkkkhkkk Kk*k * k %k
TTAATAAGA: - - - = = = = = = = === m o e @ mf e e e

479
468
480

539
528
540

599
588
600

659
648
660

716
705
720

776
765
780

836
825
837

896
885
897

956
945
957

1016
1005
1017

1076
1065
1077

1136
1125
1137

1196
1185
1197

1254
1244
1253

1306
1300
1313

1315

138
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Hurran TTATTAAGAAATTTGGATTTTATTAAAAAAATCCATGT GTTTCATCAAATTTATATTACT 1360

Mouse TGGGTAATTCAGCAGGAACT TAAATGT GTACATCCAATTGTCCCTCACATTTATGTCACT 1373
* * % %

Human AF012128

Mouse AF012129
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Bovine DNMT3b Protein Sequence

MKGVDSLINEDKHANRREDSVITDGAVIAQCCDSKQSPSPRILQSISTLE
IIGARGVRGRRSSSRLSKREVSSLLSYTQDLTGDGDGEGEDGDGSDTPVM
PKLFRETRTRSESPAVRTRNNSSTSTRERHRPSLRSTQGRQARNHVDESP
VAFSTTRSLRRRTGSSAGTPWPSPASPYLTIDLTDEDVVPQSSSTPYARL
GQDSQQESMESSQLDADGRDADSTEYQDGKEFGIGDLVSCGGKIKGFSWW
PAMVVSWKATSKRQAMSGMRWVQWFGDGKFSEIPADKLVALGLFSQHFNL
ATFNKLVSYRKAMYHALEKARIRAGKMFPSSPGDSLEDQLKPMLEWAHGG
FKPTGVEGLKPNNKQPENKTRRRTADDSATSDYCPPPKRLKTNCYNNGKD
RGEEDQSREQMASDVASNKGNLEDSCLSCGRKNPVSFHPLFEGGLCQTCR
DRFLELFYMYDDDGYQSYCTVCCEGRELLLCSNTSCCRCFCVECLEVLVG
AGTAAEAKLQEPWSCYMCLPQRCHGILRRRKDWSVRLQAFFTSDPGLEYE
APKLYPAIPANRRRPIRVLSLFDGIATGYLVLKELGIKVEKYVASEVCEE
SIAVGTVKHEGNIKY VNDVRNITKKNIEEWGPFDLVIGGSPCNDLSNVNP
ARKGLYEGTGRLFFEFYHLLNYTRPKEGEDRPFFWMFENVVAMKVGDKRD
ISRFLECNPVMIDAIKVSAAHRARYFWGNLPGMNRPVIASKNDKLELQDC
LEFNRTAKLKKVQTITTKSNSIRQGKNQLFPVVMNGKEDVLWCTELERIF
GFPVHYTDVSNMGRVARQKLLGRSWR

Bovine Dnmt3b Isoform Sequence Allignment

DNMT3b5 GNNTGAAGT AAGCAT GAAGGGAGT CGACAGCCT AAT CAAT GAAGACAAGCACGCCAACAG 60
DNMT3b3 GNNTGAAGT AAGCAT GAAGGGAGT CGACAGCCT AAT CAAT GAAGACAAGCACGCCAACAG 60
DNMTI'3b1 GNNTGAAGT AAGCAT GAAGGGAGT CGACAGCCT AAT CAAT GAAGACAAGCACGCCAACAG 60
DNMT3b4 GNNTGAAGT AAGCAT GAAGGGAGT CGACAGCCTAAT CAATGAAGACAAGCACGCCAACAG 60
kkhkkhkkkhkkhkkhkkhkkhkkhkkhkkhkhkhkhkhkkhkhkhkhkhkhkhkhkkhkhkhkkhkkhkkhkkhkkhkkhkhkkhkkhkkhkkhkkkkkhkkkkkkkkkkkkkkkkk*x*%x
DNMT3b5 AAGGCGAAGACT CCGT CAT CACCGACGEEECCGT CATCGCCCAGT GT TGT GACTCCAAGCA 120
DNMT3b3 AAGGGAAGACT CCGT CAT CACCGACGGGEGECCGT CATCGCCCAGT GTTGTGACTCCAAGCA 120
DNMI'3b1 AAGGCGAAGACT CCGT CAT CACCGACGEEECCGT CATCGCCCAGT GTTGTGACTCCAAGCA 120
DNMT3b4 AAGCGAAGACT CCGT CAT CACCGACGEEECCGT CATCGCCCAGT GTTGTGACTCCAAGCA 120
kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkhkhkkhkhkhkhkhkkhkhkhkkhkhkkhkhkkhkkhkhkkhkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkkkk*x*%x
DNMT3b5 GTCTCCTTCACCCCGGAT CCTGCAGT CTATCAGCACCCT GGAGATCATAGGT GCCCGAGG 180
DNMT3b3 GTCTCCTTCACCCCGGAT CCTGCAGT CTAT CAGCACCCT GGAGATCATAGGTGCCCGAGG 180
DNMI'3b1 GTCTCCTTCACCCCGGATCCTGCAGT CTATCAGCACCCT GGAGATCATAGGT GCCCGAGG 180
DNMT3b4 GTCTCCTTCACCCCGGATCCTGCAGT CTATCAGCACCCT GGAGATCATAGGT GCCCGAGG 180
kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkhkkhkkhkhkkhkhkhkkhkkhkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkkk*x*%x
DNMT3b5 TGT CAGAGGCCGCAGAT CAAGCT CACGACT GT CCAAGAGGGAGGT CTCCAGCCTGCTAAG 240
DNMT3b3 TGT CAGAGGCCGCAGAT CAAGCT CACGACT GT CCAAGAGGGAGGT CTCCAGCCTGCTAAG 240
DNMI'3b1 TGT CAGAGGCCGCAGAT CAAGCT CACGACT GT CCAAGAGGGAGGT CTCCAGCCTGCTAAG 240
DNMT3b4 TGTCAGAGGCCGCAGAT CAAGCT CACGACT GT CCAAGAGGGAGGT CTCCAGCCTGCTAAG 240
kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkhkkhkkhkhkkhkhkhkkhkkhkkhkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkk*x*%x
DNMT3b5 TTATACT CAGGACCT GACGGGT GAT GGAGAT GGCGAGGGAGAAGACGGGGATGGCTCCCGA 300
DNMT3b3 TTATACT CAGGACCT GACGGGT GAT GGAGAT GGCGAGGGAGAAGACGGGEGATGCECTCCGA 300
DNMTI3b1 TTATACT CAGGACCT GACGGGT GAT GGAGAT GGCGAGGGAGAAGACGGGGATGGCTCCGA 300
DNMT3b4 TTATACT CAGGACCT GACGGGT GAT GGAGAT GGCGAGGGAGAAGACGGGGATGGCTCCCGA 300
kkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkhkhkkhkhkkhkhkhkhkhkhkhkhkkhkhkhkkhkkhkhkhkkhkkhkhkkhkhkkhkkhkkhkkkhkkkkkkkkkkkkkkkkkk*x*%x
DNMT3b5 CACTCCAGT GATGCCAAAGCT CT TCCGAGAAACCAGGACT CGGT CTGAAAGCCCAGCTGT 360
DNMT3b3 CACTCCAGT GATGCCAAAGCT CTTCCGAGAAACCAGGACT CGGT CTGAAAGCCCAGCTGT 360
DNMI'3b1 CACTCCAGT GATGCCAAAGCT CTTCCGAGAAACCAGGACT CGGT CTGAAAGCCCAGCTGT 360

DNMTI'3b4 CACT CCAGT GATGCCAAAGCTCTTCCGAGAAACCAGGACT CGGT CTGAAAGCCCAGCTGT 360

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkhkkhkkhkkhkhkkhkhkhkkhkhkkhkhkkhkkhkkhkkhkhkkhkkhkhkkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkk*x*%x



DNMT3b5
DNMTI'3b3
DNMT3b1
DNMT3b4

DNMT3b5
DNMTI'3b3
DNMT3b1
DNMT3b4

DNMT3b5
DNMTI'3b3
DNMT3b1
DNMT3b4

DNMT3b5
DNMTI'3b3
DNMT3b1
DNMT3b4

DNMT3b5
DNMTI'3b3
DNMT3b1
DNMT3b4

DNMTI'3b5
DNMT3b3
DNMT3b1
DNMTI3b4

DNMTI'3b5
DNMT3b3
DNMT3b1
DNMTI'3b4

DNMTI'3b5
DNMT3b3
DNMT3b1
DNMTr'3b4

DNMT'3b5
DNMT3b3
DNMT3b1
DNMTr'3b4

CCGAACCCGAAATAACAGCAGT ACCT CCACCCGGGAGAGGCACAGGCCCTCCCTACGITC
CCGAACCCGAAATAACAGCAGT ACCT CCACCCGGGAGAGGCACAGGCCCTCCCTACGTTC
CCGAACCCGAAATAACAGCAGT ACCT CCACCCGGGAGAGGCACAGGCCCTCCCTACGTTC
CCGAACCCGAAATAACAGCAGT ACCT CCACCCGGGAGAGGCACAGGCCCTCCCTACGTITC

Khkhkhkhkhhkhkhhkhkhhkhhkhhkhhhkhhkhhkhhhkhhkhhkhkhhkhhkhhkhhhkhhkhhkhhkhkhhkhkhk ok k%

CACCCAAGGCCGGECAGGCCCGCAACCACGT GGATGAATCCCCTGTGGCGT TCTCAACTAC
CACCCAAGGCCGGCAGGCCCGCAACCACGT GGATGAAT CCCCTGTGGCGT TCTCAACTAC
CACCCAAGGCCGGCAGGCCCGCAACCACGT GGATGAATCCCCTGTGGCGT TCTCAACTAC
CACCCAAGGCCGGECAGGCCCGCAACCACGT GGATGAATCCCCTGTGGCGT TCTCAACTAC

LR R R R R R R R R R TR R R R

CAGGT CCCT GAGGCGAAGGACGGGAT CCT CTGCAGGCACGCCAT GGCCGT CCCCCGCCAG
CAGGT CCCT GAGGCGAAGGACGGGAT CCTCTGCAGGCACGCCAT GGCCGT CCCCCGCCAG
CAGGT CCCTGAGGCGAAGGACGGGAT CCTCTGCAGGCACGCCAT GGCCGT CCCCCGCCAG
CAGGT CCCT GAGGCGAAGGACGGGAT CCT CTGCAGGCACGCCAT GGCCGT CCCCCGCCAG

Kk khkhkhkhhkhkhhkhkhhkh Ak hkkhk kA hhkhhkhhkhhkhhhkhhkhhkhhhkhhkhhkhhkhkhkkhkk k%

CCCCTACCT CACCAT CGACCT CACAGACGAGGAT GT GGT GCCGCAGAGCAGCAGCACGCC
CCCCTACCT CACCAT CGACCT CACAGACGAGGAT GT GGT GCCGCAGAGCAGCAGCACGCC
CCCCTACCTCACCAT CGACCT CACAGACGAGGAT GT GGT GCCGCAGAGCAGCAGCACGCC
CCCCTACCT CACCATCGACCT CACAGACGAGGAT GT GGT GCCGCAGAGCAGCAGCACGCC

Kk khhkhhhkhhkhhkhkhhkhhkhhkhhk kA hhkkhkhhkhhkhhhkhhkhhkhhkhkhhkhkhkhkhhkkkkk k%

CTACGCCCGCCT GGGCCAGGACAGCCAGCAGGAGAGCAT GGAGT CCTCGCAGCTGGACGC
CTACGCCCGCCT GGGCCAGGACAGCCAGCAGGAGAGCATGGAGT CCTCGCAGCTGGACGC
CTACGCCCGCCT GGGCCAGGACAGCCAGCAGGAGAGCATGGAGT CCTCGCAGCTGGACGC
CTACGCCCGCCT GGGCCAGGACAGCCAGCAGGAGAGCATGGAGT CCTCGCAGCTGGACGC

LR R R R R R R R R R R TR R R R

AGACGGCAGAGAT GCAGACAGCACT GAGT ATCAGGAT GGGAAGGAGT TTGGAATAGGAGA
AGACGGCAGAGAT GCAGACAGCACT GAGT ATCAGGAT GGGAAGGAGT TTGGAATAGGAGA
AGACGGCAGAGAT GCAGACAGCACT GAGT ATCAGGAT GGGAAGGAGT TTGGAATAGGAGA
AGACGGCAGAGAT GCAGACAGCACTGAGT ATCAGGAT GGGAAGGAGT TTGGAATAGGAGA

LR R R R T R R

TCTTGI GI'CGT GT GGGGGAAAGAT CAAGGGT TTCTCCTGGT GGCCTGCCATGGTGGTGTC
TCTTGI GI CGT GT GGGGGAAAGAT CAAGGGT TTCTCCTGGT GGCCTGCCATGGTGGTGTC
TCTTGT GT CGT GT GGGGGAAAGAT CAAGGGT TTCTCCTGGT GGCCTGCCATGGTGGTGTC
TCTTGI GI CGT GT GGGGGAAAGATCAAGGGT TTCTCCTGGT GGCCTGCCATGGTGGTGTC

e R R R R

CTGGAAGGCCACCT CCAAGCGGCAGGECAAT GT CTGGCATGCGGT GGGTCCAGTGGTTTGG
CTGGAAGGCCACCT CCAAGCGGCAGGCAAT GT CTGGCAT GCGGT GGGTCCAGTGGTTTGG
CTGGAAGGCCACCT CCAAGCGGCAGGCAAT GT CTGGCAT GCGGT GGGTCCAGTGGTTTGG
CTGGAAGGCCACCT CCAAGCGGCAGGECAAT GT CTGGCATGCGGT GGGTCCAGTGGTTTGG

LR R TR R

TGATGGCAAGT TCTCCGAGAT TCCAGCAGATAAGT TGGT GGCATTGGGATTGI TCAGCCA
TGATGGCAAGT TCTCCGAGAT TCCAGCAGATAAGT TGGT GGCAT TGGGATTGT TCAGCCA
TGATGGCAAGT TCTCCGAGAT TCCAGCAGATAAGT TGGT GGCATTGGGATTGI TCAGCCA
TGATGGCAAGT TCTCCGAGAT TCCAGCAGATAAGT TGGT GGCATTGGGATTGT TCAGCCA

R R R TR R R R

420
420
420
420

480
480
480
480

540
540
540
540

600
600
600
600

660
660
660
660

720
720
720
720

780
780
780
780

840
840
840
840

900
900
900
900

141



DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

DNMT3b5
DNMT3b3
DNMI'3b1
DNMT3b4

GCACTTTAACT TGGCGACCT TCAATAAGCTGGT CTCT TACAGGAAGGCCATGTACCATGC
GCACTTTAACTTGGCGACCT TCAATAAGCT GGT CTCTTACAGGAAGGCCATGTACCATGC
GCACTTTAACT TGGCGACCT TCAATAAGCTGGT CTCT TACAGGAAGGCCATGTACCATGC
GCACTTTAACT TGGCGACCT TCAATAAGCTGGTCTCTTACAGGAAGGCCATGTACCATGC

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkhkhkkhkhkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkkkkkkk*x*x

TCTGGAGAAAGCCAGGAT CCGGGECT GGCAAGAT GT TCCCCAGCAGCCCT GGAGACT CACT
TCTGGAGAAAGCCAGGAT CCGGGCT GGCAAGAT GT TCCCCAGCAGCCCT GGAGACT CACT
TCTGGAGAAAGCCAGGAT CCGGGECT GGCAAGAT GT' TCCCCAGCAGCCCT GGAGACT CACT
TCTGGAGAAAGCCAGGAT CCGGGECT GGCAAGAT GT TCCCCAGCAGCCCT GGAGACT CACT

kkhkkhkkhkkhkkhkkhkkhkkhkkhkhkhkhkhkkhkhkkhkkhkhkkhkkhkkhkkhkkhkkhkhkhkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkkhkkhkkhkkkkkkkkkkkkkkkk*x*%x

GGAGGATCAGCT GAAGCCCATGI TGGAGT GGGCCCAT GGAGGECT TTAAGCCCACT GEEGT
GGAGGATCAGCT GAAGCCCATGI TGGAGT GGGCCCAT GGAGGECT TTAAGCCCACT GEGGT
GGAGGATCAGCT GAAGCCCATGI TGGAGT GGGCCCAT GGAGGCT TTAAGCCCACT GGGGT
GGAGGATCAGCT GAAGCCCATGI TGGAGT GGGCCCAT GGAGGECT TTAAGCCCACTGEEGT

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkhkkhkkhkhkkhkhkkhkhkhkkhkhkhkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkkk*x*%x

CGAGGGT CTCAAACCT AACAACAAGCAACCAGAGAAT AAGACGCGGAGACGCACAGCTGA
CGAGGGT CTCAAACCT AACAACAAGCAACCAGAGAAT AAGACGCGGAGACGCACAGCTGA
CGAGGGT CTCAAACCT AACAACAAGCAACCAGAGAAT AAGACGCGGAGACGCACAGCTGA
CGAGGGT CTCAAACCT AACAACAAGCAACCAGAGAAT AAGACGCGGAGACGCACAGCTGA

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkhkkhkkhkhkkhkhkhkkhkkhkkhkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkk*x*%x

CGACT CAGCCACCT CTGACT ACT GCCCCCCACCCAAGCGCCTCAAGACAAATTGTTACAA
CGACT CAGCCACCT CTGACT ACT GCCCCCCACCCAAGCGCCTCAAGACAAATTGTTACAA
CGACT CAGCCACCT CTGACTACT GCCCCCCACCCAAGCGCCTCAAGACAAATTGI TACAA
CGACT CAGCCACCT CTGACT ACT GCCCCCCACCCAAGCGCCTCAAGACAAATTGTTACAA

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkhkkhkhkkhkhkhkkhkkhkhkhkkhkkhkhkhkkhkkhkkhkhkkhkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkkkhkkhkkkkkkkkkkkkkk*x*%x
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GGT GCT GGT GGECGCCEECACGCECGECAGAGGCCAAGCT GCAGGAGCCCTGGAGT TGCTA
GGT GCT GGT GGECGCCEEECACGCECGECAGAGGCCAAGCT GCAGGAGCCCTGGAGT TGCTA
GGT GCT GGT GGECGCGCEGECACGECGECAGAGGCCAAGCT GCAGGAGCCCTGGAGT TGCTA
GGT GCT GGT GGECGCCEEECACGECGECAGAGGCCAAGCT GCAGGAGCCCTGGAGT TGCTA

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkhkhkkhkhkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkkkkkkk*x*x

CATGT GTCTCCCGCAGCGT TGCCACGGCAT CCT GCGECGCCGCAAGGACT GGAGT GTGCG
CATGT GTCTCCCGCAGCGT TGCCACGGCAT CCT GCGGECGCCGCAAGGACT GGAGT GTGCG
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TCTGCAGGCCTTCT TCACCAGCGACCCCGGGECT CGAATAT GAAGCCCCCAAGI TATACCC
TCTGCAGGCCT TCTTCACCAGCGACCCCGGECT CGAATAT GAAGCCCCCAAGT TATACCC

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkhkkhkkhkhkkhkhkkhkhkhkkhkhkhkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkkk*x*%x

TGCGATTCCTGCAAACCGAAGGCGGCCTATTCGAGT CTTGTCACTGT TTGATGGAATTGC
TGCGATTCCTGCAAACCGAAGGCGGECCTATTCGAGTCTTGTCACTGT TTGATGGAATTGC
TGCGATTCCTGCAAACCGAAGGCGGCCTATTCGAGT CTTGTCACTGT TTGATGGAATTGC
TGCGATTCCTGCAAACCGAAGGCGGCCTATTCGAGTCTTGTCACTGT TTGATGGAATTGC

kkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkhkkhkkhkhkkhkhkhkkhkkhkkhkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkkk*x*%x

AACAGGGTACT TGGT CCTCAAAGAACT GGCCAT CAAAGT GGAGAAAT ACGT GGCCTCCGA
AACAGGGTACTTGGT CCT CAAAGAACT GGGCAT CAAAGT GGAGAAATACGT GGCCTCCGA
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