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ABSTRACT
In order to discover novel genes involved in the differentiation and function of
immune cells, an ethylnitrosourea (END) mutagenesis screen was developed to
detect recessive mutations that would lead to abnormal peripheral lymphocytes.
The work described in this thesis involves the characterisation of two mutant
mouse strains generated in this ENU project, Nessy and Jasmine. Both strains
were identified due to abnormalities in peripheral lymphocytes: Nessy mice
exhibited an abnormal CD44^' phenotype on peripheral CDS'" cells, while Jasmine
mice had greatly reduced CDS'" cells in the periphery. The causative mutation in
Jasmine was mapped to the transporter associated with antigen processing 2
(TAP2) gene, which encodes a protein critical for presenting peptide antigens to T
cells and thus initiating immune responses. The phenotype of Nessy mice was
caused by a mutation in the kleisin-p gene which encodes a subunit of the
condensin II complex that has been shown to play a role in pre-mitotic
chromosome condensation. The point mutation in TAP2 of Jasmine mice revealed
a region of TAP2 that had not been previously implicated in its stability, with the
mutation greatly reducing the level of both TAP2 and TAP1 and diminishing the
levels of CDS'" lymphocytes in the thymus and the periphery.

It was demonstrated that the kleisin-p transcript was spliced in a highly atypical
manner, resulting in splice forms that encode proteins differing only in their Ntemini. All the splice forms were translated into protein and exhibited distinct
intracellular localisations. It was also shown that kleisin-p could be transcribed
with two alternative 3'UTRs and that a kleisin-|3 pseudogene was also transcribed.
Bioinformatic analyses of the kleisin-p gene and its protein products revealed that
its expression, and the activity of its proteins, are potentially under tight control at
various levels.

The point mutation in kleisin-(3 of Nessy mice was found to disrupt thymic
development. Specifically, the development of Nessy thymi is partially arrested at
the CD4-CD8- to CD4''CD8"' transition of thymocyte development, Nessy mice
have smaller thymi with disturbed microarchitecture and have reduced proportions
iv

of CD4"'CD8"', CD4"' and CDS'" T cells in the thymus. Global gene expression
changes between wild-type and Nessy thymi by microarrays revealed that Nessy
CD4"'CD8"' thymocytes were characterised by deregulated HoxA5 and DNA
damage and repair pathways. Most significantly, Nessy CD4XD8^ thymocytes
exhibited augmented cellular proliferation, accompanied by an up-regulation of
many key cell cycle genes as a result of enhanced E2F, c-myc and E-protein
activity. The microarray data also suggested that kleisin-p may interact with the
arginine methyltransferase, PRMT5, which is a component of chromatin
remodelling complexes. Importantly, the disruption of the formation and hence
activity of such a complex (by the point mutation in kleisin-p) in Nessy mice
accounts, either directly or indirectly, for almost all the other deregulated
phenotypes obsen^/ed in Nessy CD4''CD8'' thymocytes.
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CHAPTER 1

1.1 Introduction

The sequencing of the human (Lander et al., 2001, Venter et al., 2001) and mouse
(Waterston et al., 2002) genomes, as well as those of a growing list of other
organisms such as C. elegans (C elegans sequencing consortium, 1998)
chimpanzee (Chimpanzee Sequencing and Analysis Consortium, 2005), D.
melanogaster (Adams et al., 2000), A. thaliana (Arabidopsis Genome Initiative,
2000) and yeast (Goffeau et al., 1996) has provided biologists with the raw data
that constitutes the genetic blueprint governing the development and functioning
of whole organisms. Analysis of the entire genomic sequence itself from these
organisms has provided the answers to many elusive, long-standing, questions
such as accurate estimates of the total number of genes in various organisms
(20000-25000 in human and mouse) and the types and proportions of various
genetic elements that make up these genomes. Ongoing collaborative ventures
such as the HapMap project (International HapMap Consortium., 2005), which
aims to catalogue all known single nucleotide polymorphisms (SNPs) in humans
as a resource for disease linkage discovery and the ENCODE (ENCyclopaedia Of
DNA Elements) project (ENCODE project consortium, 2004), an attempt to identify
all the elements in the human genome sequence that confer biological function,
have built on these whole-genome sequencing efforts and have further illuminated
how elements of genomes may function and cooperate to build and regulate
molecules, cells and tissues.

1.2 ENU Mutagenesis

The sequencing of entire genomes (and the detailed knowledge obtained by
interrogating whole genome sequences) are landmark achievements in biology.
However, the much more challenging task awaits of deciphering the phenome,
the sum of all phenotypes (and their interactions) of cells, tissues and whole
organisms (Nelms and Goodnow, 2001, Papathanasiou and Goodnow, 2005).
The ultimate aim of this endeavour is to understand the function of each gene.
Assigning functional roles to genes bridges the gap between the genome
sequence of an organism and its phenome. Much of the mammalian genome,
however, lacks functional annotation. Various experimental approaches may be
utilised to fill these gaps but the most insightful are the observed in vivo

phenotypes resulting from genetic variations, e.g, in mice and humans. Transgenic
mice, in which a specific gene has been knocked out (either constitutively or
conditionally), have been critical for elucidating gene function in vivo and providing
insights into disease processes (Austin et al., 2004). A possible role for a gene of
interest is based on prior direct or indirect evidence that links the gene to
pathogenesis or response to infection; The mutant gene is then examined t for
evidence supporting such a role.
An alternative method for elucidating the links between the genome and the
phenome is offered by END (N-ethyl-N-nitrosourea) mutagenesis, in which point
mutations are introduced into mice at random throughout the genome. ENU
mutagenesis represents a forward genetics approach (where causative genes are
mapped after the observation of a phenotype) and is an unbiased, highthroughput method to produce and screen novel genetic variants in mice (Nelms
and Goodnow, 2001, Papathanasiou and Goodnow, 2005). ENU mutagenesis
allows large numbers of mutations to be generated in parallel and since the
mutations are random, there exists the potential to discover new genes or to
reveal new roles for previously characterised genes. In addition, no prior
knowledge of the target sequence is required and the induced mutation, rather
than eliminating the function of a gene entirely, often inactivates or changes only
one part of the protein which enables the identification of individual functional
domains and of individual splice variants (Nelms and Goodnow, 2001). A number
of ENU mutagenesis projects currently in progress aim to illuminate biological
processes as varied as T cell development and autoimmunity (Hoyne and
Goodnow, 2006), fertility (Kennedy and O'Bryan, 2006) and brain behaviour (OhI
and Keck, 2003).
The mutant mice characterised in this study were generated in an ENU
mutagenesis project under the direction of Professor Chris Goodnow at the
Australian Cancer Research Foundation laboratory, John Curtin School of Medical
Research (Nelms and Goodnow, 2001). The goal of this ENU project was to
generate mutant mice with novel immunological phenotypes caused by recessive
mutations. To obtain mice with recessive mutations, a three-generation breeding

strategy was employed (Figure 1.1) .Male C57BI/6 mice (generation '0') are
treated with END to induce genetic mutations in their spermatogonial cells and are
then crossed to normal female mice to produce generation 1 progeny. Generation
1 (G1) mice, which harbour approximately 70 to 100 heterozygous point
mutations, are crossed to normal mice to yield G2 mice which are in turn backcrossed to G1 mice to produce G3 progeny. A proportion of the G3 mice will have
a homozygous mutant allele, some of which will yield an observable phenotype
upon screening by flow cytometry for peripheral lymphocyte abnormalities. Upon
discovery of an interesting abnormal phenotype, the causative gene is identified by
outcrossing G3 mice to a mapping strain. Linkage of the phenotype to regions on
the genome is tracked using genetic markers that differ between the two strains
(such as SNPs or microsatellites). Upon narrowing down the location of the
mutation to a chromosomal interval, the interval is sequenced to determine the
identity of the mutation.

The work discussed in this thesis involves the characterisation of two ENU-derived
mutant mouse strains, Nessy and Jasmine. The Nessy mouse was identified due
to the abnormally high levels of the lymphocyte activation marker CD44 on
peripheral blood CDS"" T lymphocytes whereas a severely reduced number of
peripheral CDS'" T lymphocytes was observed in Jasmine mice (Figure 1.2). Both
strains exhibit defects in thymocyte development with Jasmine mice lacking CDS""
thymocytes in addition to lacking peripheral CDS'" T cells, while Nessy mice exhibit
a partial block in the double negative (CD4 CD8) to double positive (GD4"CD8")
transition of thymocyte maturation. The causative mutations of these obsen^/ed
phenotypes were mapped to the transporter associated with antigen processing-2
(TAP2) gene in Jasmine mice and to the kleisin-p/chromosome associated
protein-H2(CAP-H2) gene in Nessy mice, using the breeding strategies and
mapping methods outlined above. The phenotype observed in Jasmine mice is
unsurprising given that it has long been known that TAP2 is a crucial component
of the MHC class I antigen presentation pathway (Abele and Tampe, 2004). Far
more puzzling is the causative gene that gives rise to the phenotype observed in
Nessy mice. The only role ascribed to kleisin-p prior to this study is in its
contribution to condensing chromatin prior to mitosis and cell division as a

Figure 1 . 1 . T h r e e - g e n e r a t i o n ENU m u t a g e n e s i s b r e e d i n g s t r a t e g y t o
reveal r e c e s s i v e m u t a t i o n s . An ENU-treated C57BI/6 mouse is crossed to a
normal female. The resultant G1 progeny carry approximately 70-100 point
mutations. A male G1 mouse is crossed to a normal female to produce G2
progeny. A 0 2 female is backcrossed to a G1 male to produce G3. 0 3 progeny
are homozygous for certain point mutations and are screened for interesting
phenotypes. Identifying causative mutations for phenotypes of interest involves
outcrossing 0 3 mice to a mapping strain, identifying the genomic region which
encompassed the mutation, followed by sequencing to identify the precise
location of the point mutation.
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F i g u r e 1.2. I d e n t i f i c a t i o n of t h e N e s s y a n d J a s m i n e s t r a i n s . A. Nessy
mice were originally identified due to an abnormally high level of the activation
marker CD44 on the cell surface of peripheral CD8+ lymphocytes. The plots
represent the lymphocyte subset from peripheral blood. Cells were labelled with
anti-CD8 and anti CD44. B. Jasmine mice were originally identified due to a
greatly reduced proportion of CD8+ lymphocytes in peripheral blood. The plots
represent the lymphocyte subset from peripheral blood. Cells were labelled with
anti-CDB and anti CD4.
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component of the condensin II complex (Ono et al., 2004, Ono et al., 2003). The
faithful replication of chromosomes followed by cell division is a fundamental
requirement of every cell in an organism. It is therefore remarkable that a mutation
in a ubiquitous protein with a presumably vital function can lead to a cell-type
specific defect, namely compromised thymocyte maturation. This introduction will
provide an overview of the immune system, with an emphasis on the development
of T cells and the mechanisms of MHC class I antigen presentation. In addition,
the established functions of kleisin-p and TAP2 will be detailed. Finally, data
obtained from previous experiments on these mouse strains, as well as the aims
of this project, will be outlined.

1.3 The Immune System and T cell development
1.3.1 Innate and adaptive Immunity
The immune system of vertebrates, the peripatetic collection of molecules and
cells devoted to defending the body from invading microorganisms, is divided into
innate and adaptive arms. Innate immunity provides the first line of defence
against invading microbes and encompasses physical barriers (such as the
epithelium), phagocytic cells (such as neutrophils and macrophages), natural killer
cells, eosinophils and complement. The components of innate immunity direct a
non-microbe-specific immune response and are in place before infection.

Adaptive immunity on the other hand is so called because it forms and adapts in
response to infection. The hallmarks of the adaptive response are specificity for
the invading microbe and the phenomenon of immunological memory. Adaptive
immunity is co-ordinated by B and T lymphocytes, each expressing one of a vast
array of randomly generated antigen receptors, each having the potential to bind
and respond to a particular antigen. Antibodies, secreted by B cells, recognise
three-dimensional antigenic epitopes on microbial surfaces, neutralise microbes
and mark them for destruction by components of the innate response. T cell
receptors on T lymphocytes recognise short peptide antigens generated by the
degradation of microbial proteins in antigen-presenting cells and presented in the
context of major histocompatibility complex (MHC) molecules. Cytotoxic (CD8^) T
cells directly kill infected or cancerous cells while helper (CD4") T cells activate

macrophages and promote antibody production in B-cells. Immunological
memory is imparted by the differentiation of a population of antigen-specific B and
T cells into memon/ cells, which are capable of responding more rapidly and
efficaciously upon re-exposure to the microbe.

1.3.2 T cell development
T lymphocytes originate from hematopoietic stem cells (HSCs) which are
periodically released from the bone marrow into the bloodstream (depending on
the availability of progenitor niches) and seed the thymus. Here they enter a
differentiation program to finally emerge as mature CD4^ and CD8^ T cells which
enter the periphery (Bhandoola et al., 2007). In the bone marrow and blood,
several distinct populations with T lineage precursor activity have been identified
including the early lymphoid precursors (ELPs) (Medina et al., 2001), the common
lymphoid pecursors (CLPs) (Kendo et a!., 1997) and the LSK precursors Oin
seal ""c-kif) (Perry et al., 2004). All have the common core cell-surface phenotype,
Lin Seal ""c-kif. Trafficking of these cells to the thymus relies on their expression
of P-selectiin glycoprotein ligand-1 (which intereacts with P-selectin on thymic
epithelium) (Rossi et al., 2005) and on the chemokines CCL21 and CCL25 (Liu et
al., 2005).

The process of intrathymic T cell development, where developing thymocytes
undergo TCP receptor rearrangement as well as selection processes to produce a
highly diverse self MHC-restricted TCR repertoire is one of the best characterised
models of cell development (Figure 1.3). The earliest, least mature T cell
progenitors in the thymus appear to be a largely overlapping population of cells
derived from several independently identified populations that include the ETPs
(early T lineage progenitor) (Allman et al., 2003), the double negative (DN) l a / b
precursors (Porritt et al., 2004) and the CD4'° populations (Wu et al., 1991), which
all share a Lin-scarc-kit"CD24'°'"CD25 CD44^IL-7Ra-''° cell-surface phenotype.
This population is not fully T-lineage committed, having the potential to
differentiate into both types of T cells (a/|3 and y/b) as well as B cells, dendritic
cells (DC) (Benz and Bleul, 2005) and natural killer cells (Shen et al., 2003).
Commitment to the T cell lineage is thought to occur after the entry of these cells

Figure 1.3. An overview of ap T cell development in the thymus.
Thymocyte progenitors derived from the bone marrow or fetal liver, guided by Pselectin-mediated homing, enter the thymus through the bloodstream via postcapillary venules at the corticomedullary junction. The first stage of differentiation is
the double negative (DN) stage (CD4-CD8-; yellow cells). As DN cells differentiate,
they migrate towards the outer cortex in response to chemokines. DN cells
progress through a series of stages in the order: DN1 (CD44+CD25-), DN2
(CD44+CD25+) DN3 (CD44-CD25+) and DN4 (CD44-CD25-). At the DNS stage,
the pre-TCR is expressed (red) and cells are subject to (3-selection (where only
cells that have properly rearranged a TCRp chain are permitted to progress).
Surviving cells then express CD4 and CDS to become DP (CD4+CDS+) cells (light
blue) and express a mature TCR (dark blue) cells. DP cells undergo positive
selection in the cortex, a process mediated by cortical thymic epithelial cells
(cTEC, orange). Positive selection rescues from programmed cell death only those
developing thymocytes whose TCRs bind self-MHC molecules, ensuring mature T
cells are self-MHC restricted and that CDS-h T cells are specific for MHCI-peptide
complexes and CD4-^ T cells are specific for MHCII-peptide complexes. Positively
selected thymocytes, having down regulated either CD4 or CDS to become
single-positive (SP) cells (light green) then migrate to the medulla in response to
chemokine signalling. Once in the medulla, SP cells are screened for self reactivity
by peptide-MHC complexes presented by medullar/ thymic epithelial cells
(mTECs, dark green) dendritic cells (DC, purple). SP thymocytes that express self
reactive TCRs are eliminated. Mature T cells exit the thymus via blood or lymphatic
vessels.
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into thymus and to be dependent upon sustained engagement between Notch-1
ligand on the thymic stroma and delta-like-1 on the developing precursors, an
interaction which induces the expression of T-lineage associated genes crucial for
further development (Tan et al., 2005). Upon entering the thymus, further
differentiation of thymic precursors into mature CD4^ or CD8^ T lymphocytes is
contingent on the maturing cells passing several developmental checkpoints.

The most immature T cells in the thymus have a CD4 CDS' (double negative)
phenotype. After a transient intermediate CDS'" single positive stage, CD4
expression is up-regulated and cells become CD4''CD8^ (double positive, DP). DP
cells represent the largest proportion of thymocytes (approximately 80%). After a
selection process, DP cells mature into either CD4'' or CDS'" (single positive) cells
(Hayday and Pennington, 2007). DN cells may be further subdivided into DN1 DN4 subgroups based upon the expression of the cell surface molecules CD44
and CD25 (DN1: CD44"CD25-; DN2 CD44"CD25"; DNS CD44 CD25"; DN4 CD44
CD25) (Godfrey et al., 199S). Coincident with the DN2 to DNS transition, the V
(variable), D (diversity) and J (joining) segments of TCRp genes undergo somatic
recombination to form a functionally rearranged TCR|3 chain that is the n
covalently coupled to an invariant pre-TCRa chain to form, together with CDS
proteins, the pre-TCR complex expressed on DNS cells. The first developmental
checkpoint, p selection, occurs at the double negative S (DNS) stage of
development, and refers to the screening for successful rearrangements of the
TCRp chain. Unsuccessful rearrangements result in cell death whereas cells with
successfully rearranged TCRp chains are rescued from apoptosis, proliferate, upregulate CD4 and CDS, undergo allelic exclusion (where re-arrangement of
germline VDJ segments at other TCRp alleles is silenced) and initiate TCRa
somatic recombination (Spicuglia et al., 2006). Signalling through the pre-TCR is
ligand-independent and appears to be transduced upon spontaneous
oligomerisation of pre-TCR complexes (Yamasaki et al., 2006).

The next checkpoint, positive selection, occurs at the DP stage where a mature
apTCR is expressed and is capable of binding self-peptide-major
histocompatibility (MHC) complexes. Death by neglect results if the assembled

apTCR cannot bind to self-MHC-peptide. Successful TCR interactions with seitpeptide MHC complexes on cortical epithelial cells results in the rescue of these
cells from death. CD8^ T cell maturation results if the interaction involved MHC I
and CD4" if the interaction involved MHC II. Positively selected cells then migrate
to the thymic medulla where the next checkpoint, negative selection, takes place.
Negative selection eliminates cells that bear TCRs that exhibit too high an affinity
for self peptide-MHC molecules that is presented on specialised thymic epithelial
cells and dendritic cells. (Aliahmad and Kaye, 2006, Miosge and Zamoyska, 2007,
Starr et al., 2003).

Thus, the selection processes which take place in the thymus aim to produce
mature helper and cytotoxic T cells with a diverse TCR repertoire (consisting of
correctly rearranged a and (3 chains) that is self MHC-restricted and that do not
have a high affinity for self antigens in order to limit self-reactivity in the periphery.

1.3.3 MHC class I antigen processing and presentation.
Selection of T cells in the thymus and activation of T cells in the periphery both
require the correct loading of peptides on to MHC molecules. The development
and activation of CDS'" and CDA"" T cells requires the proteolysis of protein
antigens and the presentation of the resultant peptides in the context of MHC
class I and II, respectively. As mentioned. Jasmine mice have a point-mutation
mutation in TAP2. Together with TAP1, they form the heterodimeric transporter
associated with antigen processing (TAP) which translocates peptides into the
endoplasmic reticulum (ER) for loading onto the peptide loading complex (PLC),
composed of TAP1, TAP2, MHC class I and tapasin (Abele and Tampe, 2004)
(Figure 1.4). TAP2 is thus a crucial component of the MHC class I antigen
presentation pathway. Presentation of peptide antigens by the PLC is crucial for
the development of CD8-^ T cells in the thymus and for the initiation of cytotoxic T
cell responses in the periphery. In the thymus, the fate of developing T cells is
mediated by the strength of self MHC-peptide-TCR interactions, the outcome of
which determines cell fate. In the periphery, cell-mediated immunity is
coordinated by self-MHC restricted T lymphocytes which recognise peptides
presented on the cell surface by MHC molecules. CD4+ T cells recognise foreign

Figure 1.4. The MHC class I antigen presentation pathway. 1. The
chaperone protein calnexin interacts with nascent MHC class I a-chains that enter
the ER and keep them in a partly folded state. 2. Upon binding of (32microglobulin to the nascent MHC chain, calnexin dissociates and is replaced by
the chaperones calreticulin and Erp57. 3. Tapasin then binds which forms a
bridge between the TAP transporter and the MHC molecule. 4. A small fraction of
the peptides generated by the degradation of endogenous proteins by the
proteasome in the cytosol are transported into the ER lumen by the TAP
transporter, which consists of theTAPI and TAP2 subunits, 5. 6. Upon binding
of peptide to the MHC molecule, the complex is transported via the golgi
apparatus to the cell surface. 7. At the cell surface, the complex can interact with
the TCP on T lymphocytes.
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peptides derived from enzymatically-degraded proteins upon endocytosis of
extracellular antigens. These peptides are presented by MHC class II molecules
on professional APCs, an interaction which results in the differentiation of CD4+ T
cells into either TH1 or TH2 effector cells that activate other immune cells. This
process is independent of the PLC. However, the PLC, and therefore TAP, is
essential for the presentation of peptides to CD8+ T cells which recognise
peptides derived from endogenously synthesised cytosolic proteins that are
presented on the cell surface by MHC class I molecules. Class I MHC is
ubiquitously expressed on all nucleated cells and interaction of CD8+ T cells with
peptide-MHCI complexes can induce their differentiation into cytotoxic T cells that
can kill infected targets by lytic mechanisms (Groothuis and Neefjes, 2005).

The transporter associated with antigen processing (TAP) performs the essential
role of transporting peptide antigens, produced in the cytosol by the 20S
proteasome, to the ER lumen where can interact with MHC class I proteins which
are transported to the cell surface to present the antigen to T cells (Suh et al.,
1994, Abele and Tampe, 2004). The MHC! heterodimer, a non-covalent
interaction between a polymorphic MHC class I a chain and a non-polymorphic pj
microglobulin chain, is stable only when bound by peptide, thus by supplying
MHC molecules with peptides, TAP allows for the formation of a stable peptideMHC complex (Owen and Pease, 2001). The assembly and the stability of the
PLC also depends on the chaperones calnexin (Vassilakos et al., 1996),
calreticulin (Sadasivan et al., 1996) and Erp57 (Lindquist et al., 2001) and the TAPassociated protein tapasin (Sadasivan et al., 1996). TAP subsequently dissociates
from the PLC and the MHC-peptide complex is transported to the cell surface
(Figure 1.4).

The TAP heterodimer is located in the membranes of the ER and cis-Golgi
(Kleijmeer et al., 1992). TAP belongs to the ABC (ATP-binding cassette) family of
transporters which all share the same basic architecture: two nucleotide binding
domains and two transmembrane domains (TMD) (Schmitt and Tampe, 2002).
Comparisons with other ABC transporters and hydrophobicity analyses reveal that
each TAP molecule is comprised of 6 TMD with an additional 3 and 4

transmembrane N-terminal helices for TAP2 and TAP1, respectively (Schrodt et
al., 2006, Koch et al., 2006). The TMDs are linked to the cytoplasmic NBDs
which contain conserved ATP-binding, or Walker A and B, motifs (LankatButtgereit and Tampe, 1999). Restoration of TAP1 and TAP2 in cell lines deficient
in these molecules completely restored the ability of these cells to present antigen
to lymphocytes (Townsend and Trowsdale, 1993, Grandea et al., 1995) while
TAP1 mice have an almost complete lack of CD8^ T cells (Zijistra et al., 1990),
demonstrating the critical role TAP plays in the MHC class I antigen processing
and presentation pathway.
ATP hydrolysis is an absolute requirement for peptide translocation (Muller et al.,
1994, van Endert et al., 1994) and there is evidence suggesting that ATP
hydrolysis mediated by TAP2 but not TAP1 is essential for both peptide binding
and translocation (Karttunen et al., 2001, Perria et al., 2006). There is an optimal
peptide length for TAP-mediated translocation (8-16 amino acids) (Koopmann et
al., 1996), with differences in the affinity TAP has for certain peptides influencing
the types of peptides presented by MHC class (Fruci et al., 2003). TAP2
influences the transport specificity of peptides with different C-terminal amino
acids, and point mutations in TAP2 can markedly alter the spectrum of peptides
transported (Momburg et al., 1996, Armandola et al., 1996). It has also been
demonstrated that TAP2 is essential for stabilising the components of the PLC by
mediating a unique interaction with tapasin (Leonhardt et al., 2005).
Thus, TAP2 is an essential component of the peptide translocating machinery that
must function co-operatively with TAP1 to perform this function, but also makes
unique contributions to the functional properties of the TAP transporter which can
influence the MHC class I presentation pathway.

1.4 Condensins and kleisins

The ENU-induced point mutation in Nessy mice is located in the kleisin-p gene.
Kleisins are components of the multi-subunit condensin and cohesin complexes
present in all eukaryotes. They are composed of structural maintenance of
chromosome (SMC) proteins and non-SMC subunits that include the kleisins.

SMC proteins are large proteins (1000-1300 amino acids long) with Walker A and
B (nucleotide binding) motifs at their N and C termini. SMC monomers fold back
on themselves through an anti-parallel coiled-coil interaction forming a hinge
region at one end a nucleotide binding head domain at the other. Two SMC
monomers associate at the hinge domain to form a V-shaped dimer with kleisins
and other non-SMC components bridging the head domains (Hirano, 2006)
Condensin I (CI) components were originally identified as factors (later recognised
as SMC proteins) essential for the maintenance of mitotic chromosome structure
in xenopus egg cell-free extracts (Hirano et al., 1997, Hirano and Mitchison,
1994). Condensin II (Cll) was later discovered in vertebrate cells (One et al.,
2003). Cohesin was originally identified in yeast where it was found to have an
essential role in maintaining sister chromatid cohesion during cell division (Guacci
et al., 1997, Michaelis et al., 1997). Both CI and Cll share SMC2 and SMC4
subunits and are distinguished by their non-SMC subunits: condensin I is
composed of kleisin-y (or CAP-H) and the HEAT-repeat proteins CAP-D2 and
CAP-G, while Cll is composed of kleisin-(3 (or CAP-H2) and the HEAT-repeat
proteins CAP-D3 and CAP-G2 (Figure 1.5). Cohesin is composed of SMC1,
SMC3, kleisin-a (scc1) and scc3. A fourth complex involved in DNA repair,
consists of SMC5, SMC6 and kleisin-6 (Palecek et al., 2006). Prokaryotes
generally have a single condensin-like complex. The best characterised of these is
the SMC/ScpA/ScpB complex of B. subtilis (Soppa et al., 2002) and the SMC-like
molecule in £ coli, MukB, which associates with MukE and MukF, the latter
postulated to be a kleisin-like molecule (Wang et al., 2006). Purified native CI
complexes in the absence of DNA have been shown to adopt a closed-arm
conformation forming a "lollipop structure"

1.4.1 Condensins and chromosome condensation
The most comprehensively characterised function of condensins is their ability to
condense chromosomes prior to mitosis and cell division, which is a consequence
of their ability to manipulate the conformation of DNA. CI has been shown to bind
to chromatin and to introduce positive supercoils into relaxed circular DNA in the
presence of topoisomerase I in a DNA-stimulated ATPase-dependent manner
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Figure 1.5. The p r o p o s e d s t r u c t u r e of the c o n d e n s i n II c o m p l e x . The
two SMC subunits, SMC2 and SMC4, self-fold by antiparallel coiled-coil
interactions to form a hinge at one end and an ATP-binding head domain at the
other. Dimers of SMC2 and SMC4 form via interaction of their hinge domains. The
N- and C- terminal domains of kleisin-p links the head domains of SMC2 and
SMC4, respectively. MTB/CAPG2 and CAPD3 bind the N- and C-termini of
kleisin-p, respectively (Onn, 2007).

(Kimura and Hirano, 1997). The supercoiling activity of CI is regulated by
phosphorylation of CAPD2 by the cell division control protein 2 (cdc2) in a mitosisspecific manner (Kimura et ai., 1998). Similar DNA supercoiling activities are
observed in the dosage compensation complex of C. elegans, which resemble
condensin II complexes (Hagstrom et al., 2002).
The condensin holocomplex manipulates the structure of DNA by virtue of its
ability to engage and disengage its SMC head domains, an action powered by
ATP binding and hydrolysis. ATP binds the Walker motifs of SMC proteins
inducing head domain engagement of the two SMC molecules, with ATP
hydrolysis causing head disengagement. A proposed model for condensin action
based on findings from experiments on bacterial SMC complexes entails
condensin binding to DNA via the hinge region in an ATP-independent manner.
Subsequently, ATP hydrolysis allows the head domains of each SMC protein to
disengage and SMC arms to open fully, stabilising the interaction with DNA and
allowing the complex to entrap DNA (either the same or a different strand) upon
subsequent ATP binding which causes the re-linking of the head domains and
thus the closing of the SMC arms (Hirano, 2006). Dimers and multimers of SMC
molecules may also form if the head domains of different SMC monomers bind to
each other (Mascarenhas et al., 2005, Matoba et al., 2005), permitting the
gathering together of adjacent DNA molecules and the formation of large
assemblies of interconnected condensin complexes that may interact with DNA
molecules in a variety of configurations.
In mammalian cells, condensin II may localise to either the nucleus or the
cytoplasm in interphase depending on the experimental setting whereas
condensin I is predominantly cytoplasmic (gaining access to chromosomes only
after nuclear envelope breakdown in prometaphase) (Ball et al., 2002, Gerlich et
al., 2006, Hirota et al., 2004, One et al., 2004, Xu et al., 2006). At metaphase,
condensins I and II exhibit an alternate distribution along the axes of the
condensed chromatids. Depletion of CI results in swollen chromatids whereas Cll
depletion results in curlier, kinked chromosomes that show a greater separation of
their chromatid arms. Depletion of both CI and Cll in the same cell results in a
11

cloudy mass of chromosomes with no discemible chromatids, a phenotype also
observed upon depletion of either SMC4 or SMC2 (Ono et al., 2003). Cll but not
CI depletion causes an increase in the percentage of mitotic cells in early
prophase suggesting an early and late mitotic role for Cll and CI, respectively (Ono
et al., 2004). Depletion of individual CI or Cll components delays but does not
hinder mitotic progression (Ono et al., 2004, Ono et al., 2003). Prophase marks
the stage where cells are committed to progress through cell division. Up until
prophase, cells that have been stressed or have sustained chromosomal damage
have the option of decondensing chromosomes and returning to 02 phase. This
period where decondensation can occur coincides with Cll condensed chromatin.
It has therefore been proposed that Cll may be involved in a surveillance
mechanism acting as a checkpoint for correct global chromatin topology before
permitting a final commitment to cell division (Hirano, 2005).
Interestingly, condensin II dysfunction has been implicated in a disease process
when it was demonstrated that chromosomal condensation defects observed in
cells from patients with autosomal recessive primary microcephaly could be
reversed by the inhibition of condensin II components (Trimborn et al., 2006).

1.4.2 Condensins and the regulation of gene expression

One of the first suggestions that condensins may function outside the context of
mitosis came with the finding that the dosage compensation complex of C.
elegans was composed of the SMC2 and SMC4 homologues MIX-1 and DPY-27,
the kleisin-like DPY-26 and the HEAT repeat DPY-28 and thus resembled
condensin (Chang et al., 2004). The DOC assembles on one of the hermaphrodite
XX chromosomes and down-regulates the expression of these X-linked genes in
order to adjust their level of expression to match that of XO males. Repression is
achieved by recruitment of the DOC to regions upstream of genes whereby it
interferes with transcription initiation, with strongly expressed genes recruiting
more of the complex (Ercan et al., 2007).
Condensin subunits have been shown to repress the silent mating type locus in
yeast. Haploid yeast may adopt either an 'a' or 'a' mating type depending in
12

which of these two genes is expressed by the mating-type (MAT) locus. Additional
a and a genes border the MAT locus but are kept in a transcriptionally silent state.
These silent sequences are transferred into the MAT locus alternately upon each
cell division by a gene conversion event (a process where genetic material is
transferred, not exchanged) initiated by the HO endonuclease. The daughter cell
adopts the mating type of the newly de-repressed, transferred gene (Haber,
1998). Yeast cells of the 'a' type respond to 'a' factor, and vice versa, to initiate
mating whereas diploid cells which express both mating types cannot respond to
these factors. Condensin in yeast has been shown to silence the MAT locus since
mutations in YCS4, a CAPD2 homologue, permitted cell division in response to
"a" factor in yeast cells engineered to express both types of MAT loci, which
cannot normally proceed in cells expressing both mating type loci (Bhalla et al.,
2002).

Polycomb group proteins (PcG) are a conserved group of proteins present in
eukaryotes that are responsible for repressing transcription in various regions
across the genome and for maintaining this silenced state throughout the life of
the fly. This is achieved by the binding of PcGs to polycomb response elements
(PRE) in the genome followed by the packaging of adjacent DNA into
heterochromatin. PcGs exert their function as componenets of larger multisubunit
chromatin modifying complexes (Muller and Kassis, 2006). It was shown in
Drosophila that barren, a kleisin-y homologue, physically interacted with the PcG
protein polyhomeotic and was also shown to bind to PREs. It was thus proposed
that PcG proteins utilised the chromosome condensing ability of condensin to
mediate gene silencing and a specific instance of this was demonstrated when it
was show that Barren was required for the maintenance of silencing of the
abdominal-B gene in a specific body segment by binding to the upstream Fab-7
silencer (Lupo et al., 2001). Thus, experiments in C. elegans, fruit flies and yeast all
point to condensins having a gene regulation role.
A potential connection between condensins and DNA methylation also exists.
DNA methylation is involved in maintaining a repressed and condensed chromatin
structure associated with transcriptional silencing and with heterochromatic
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regions (Robertson, 2005). SMC2 and SMC4 have been shown to bind the de
novo DNA methyltransferase, DnmtSb (Geiman et al., 2004). Therefore, both CI
and II may potentially interact with DnmtSb. In addition, CI and II both bind to
Kif4A, a protein which belongs to the chromokinesin family (chromosome armbinding kinesin proteins that use the energy of ATP hydrolysis to move along the
microtubule components of the cytoskeleton) (Mazumdar and Misteli, 2005),
which also directly binds DnmtSb. Thus, CI and II may bind DnmtSb directly or via
Kif4A.
In an important paper, CAP-G2, a CI! component, has recently been shown to
repress transcription (Xu et al., 2006). CAP-G2 was shown to repress a (3galactosidase reporter in yeast, a function that was abolished in the absence of
the yeast genes SINS and RPD3, both orthologues of mammalian histone
deacetylases. Histone acetylation is associated with transcriptionally active
chromatin, thus it was proposed that CAP-G2 collaborates with histone
deacetylases to suppress gene expression. In addition, as well as being binding
partners of CAP-G2, the expression of the basic helix-loop helix proteins E12 and
SCL may be downregulated by CAP-G2 in a histone deacetylase-dependent
manner (Xu et al., 2006). in Drosophila, the condensin-ll component kleisin-p has
been shown to bind to MRG15, a subunit of the nucleosome acetyltransferase
(NuA4) chromatin remodelling complex which is a member of the MYST family of
lysine acetyltransferases (Giot et al., 2003). The functional consequences of this
interaction have not been characterised, however, NuA4 has been linked to
transcriptional co-activation, DNA repair and cell cycle progression (Doyon and
Cote, 2004).

1.4.3 Condensins and DNA repair

In addition to its chromosome condensation role, condensin have also been show
to be essential for DNA repair in a variety of settings. Single strand DNA damage
was shown to induce the association of condensin I with poly(ADP-ribose)
polymerase, a DNA nick sensor as well as with the base excision repair factors
XRCC1, flap endonuclease 1 (FEN-1) and DNA polymerase 6/e. Depletion of
condensin I was shown to compromise single strand break repair (Heale et al.,
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2006). In fission yeast with mutations in Cnd2 (a kleisin-y homologue), the repair of
UV-induced DNA damage was shown to be compromised (Aono et al., 2002). In
addition, a physical association between yeast Cut3 (an SMC4 homologue) and
Cti1 has been demonstrated: Cti1 activates DNA-protein kinase which forms an
essential component of a complex that catalyses double strand DNA break repair
(Chen et al., 2004).

Thus, in addition to their well documented canonical role in chromosome
condensation, a diverse range of interphase roles for condensins are emerging
that include the regulation of gene expression, interaction with epigenetic
modifiers and an involvement in DNA repair.

1.5 The current study
This thesis details work performed on two ENU-derived mutant mouse strains,
Nessy and Jasmine. Both these strains were identified due to abnormal T cell
phenotypes.

The Jasmine strain lacked peripheral CDS'" T cells (Figure 1.2 panel B), a
phenotype which was found to be caused by a mutation in the TAP2 gene. It was
demonstrated that the mutation greatly diminished TAP2 protein levels (as well as
of TAP1, but to a lesser extent) which caused a severe reduction of CD8+ T cells
in the thymus and in the periphery. The work on the Jasmine mouse is described
in chapter 3.

The characterisation of the Nessy mouse, and the mutated gene responsible for
the phenotype, kleisin-p, form the major part of this thesis. Work on the Nessy
mouse conducted in parallel by other members of the laboratory, Lydia Makaroff
and Katharine Gosling, yielded a number of insights that illuminated the role of
kleisin-|3 in T cell development and are discussed below.

It was found that the thymi of Nessy mice have ten-fold fewer thymocytes (Figure
1.6, panel B) and exhibit a disrupted thymic microarchitecture with less welldefined cortico-medullary junctions and sparser cortical cells compared to wild
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type mice (Figure 1.7 panel B). As mentioned, Nessy mice exhibit a profound
defect in thymopoiesis characterised by a partial block at the double negative (DN;
CD4-CD8-) stage of thymocyte development. Specifically, the block becomes
evident just after the DNS (CD44 CD25") stage. Nessy mice have an increased
proportion of double negative T cell progenitors when compared to wild type
mice, however, when taking the absolute number of thymocytes into account, the
number of DNS cells in Nessy and WT mice is equal. Compared to WT mice,
Nessy mice exhibit a 5-fold reduction in the number of DN4 cells, a 100-fold
reduction in the number of DP cells and a 100-fold reduction in CD4+ and CD8+
cells (Figure 1.6 panel A).
The expression of T cell receptor (TCR)-(3, as well as CDS, an inhibitory marker
whose expression is proportional to T cell signal strength (Azzam et al., 2001) are
increased on Nessy DP cells, suggestive of increased TCP signalling in Nessy
thymocytes (Figure 1.6 panel B). Consistent with the loss of DP cells, Nessy DP
cells have a higher level of annexin V, an apoptotic marker (Gosling et al., 2007).
BrdU incorporation revealed that decreased proliferation does not account for the
vast reduction of DP cell in Nessy mice since proliferation was actually higher in
this subset, although reduced proliferation in Nessy DN4 cells may explain the
decrease in this subset (Figure 1.7 panel A).
A block at the stage of p-selection in Nessy mice could have resulted from a
defect in the induction or the germline rearrangement of TCPp gene segments.
However, it was found that Nessy DP and SP cells likely express a full
complement of TCP V(3 chains, since they were shown to express equivalent
levels of the most common V segments to normal mice (Lydia Makaroff,
unpublished observations). Thus defective rearrangement of TCP genes in Nessy
is not the cause of the developmental block. This is further expounded in
experiments where Nessy mice crossed to 3A9 TCP transgenic mice (which
predominantly express a prearranged T cell receptor), does not correct the Nessy
phenotype (Gosling et al., 2007). If TCP rearrangement was defective in Nessy
mice, then providing Nessy thymocytes with a pre-rearranged TCP would have
allowed them to bypass this developmental block. Preliminary experiments have
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Figure 1.6. Reduced absolute numbers and altered cell-surface
phenotype of Nessy thymocytes. A. Cell number (+SEM) in thymocytes
subsets, from Nessy and wild-type mice, proceeding from the least mature
progenitors from the left to the most mature subsets on the right. Cell subset
distribution was determined by flow cytometn/ with anti-CD4-FITC, anti-CD44-TC,
Anti-CD25-PE and anti-CD8-FITC (for DN populations) or anti-CD8-TC (for other
populations). **=<0.01, t-test, two tailed. Data is from Gosling etal., 2007). B. Cell
surface expression of CDS, CDS, CD69 and TCRp on DP thymocytes from wild
type and Nessy mice as assessed by flow cytometry. Data is from Gosling et al.,
2007).
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Figure 1.7. A. The percentage of cells incorporating BrdU in total thymocytes
and in thymocyte subsets from Nessy (filled circles) and C57BI/6 (open circles)
mice. *=P<0.05; **= P<0.01 by paired two-tailed Student's f test. Cell subset
distribution was determined by flow cytometry with BrdU-FITC, CD4-PE-Cy7,
CD8-APC-Cy7, CD25-APC, and CD44-PE. Data is from Gosling etal., 2007).
B. H&E staining of formalin-fixed thymic sections from wild-type {Upper) and
nessy {Lower) mice. Representative of three mice from each group. {Left) Thymus
at 4 magnification. {Center) Medulla at 100 magnification. {Right) Cortex at 100
magnification. Data is from Gosling etaL, 2007).
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also demonstrated that negative selection proceeds normally in Nessy mice, while
positive selection is slightly enhanced (Lydia Makaroff, unpublished observations).
B cell development appears to be completely unaffected in Nessy mice, despite
the many parallel mechanisms shared with T cell development, highlighting the cell
type-specific effects of the mutation (Gosling et al., 2007).
The aims of the current study were to characterise the kleisin-p gene, with a
particular emphasis on the various modifications the kleisin-p transcript was found
to be subject to. This work is presented in chapter 4 and includes a
comprehensive bioinformatic analysis of the kleisin-p gene and the demonstration
that the kleisin-p transcript is alternatively spliced in a highly unusual manner that
generates transcripts encoding proteins with different N-termini. These isoforms
were shown to be expressed and to exhibit interesting patterns of localisation,
including a co-localisation with euchromatin. It was also demonstrated that kleisin(3 is transcribed with alternative 3'UTRs. This finding, in combination with the
verification that a kleisin-p pseudogene is expressed and the discovery of other
potential control elements (such as a conserved upstream open reading frame)
point to evidence that the expression of the kleisin-(3 gene and its protein products
are under exquisite control.
The other major aim of this study was to further characterise the role of kleisin-(3 in
T cell development by phenotypic analysis of the Nessy mouse. This work is
presented in Chapter 5. The most significant insight on the role of kleisin-p in T cell
development was obtained when global gene changes resulting from mutated
kleisin-p in double positive thymocytes of Nessy mice were assessed by
microarray analysis. This work showed that genes associated with cell cycle
progression were up-regulated in Nessy mice and also demonstrated a specific
role for c-myc, E2A and E2F transcription factors in kleisin-p-mediated thymocyte
development. In addition, Nessy thymocytes were shown to have up-regulated a
range of DNA damage and DNA repair genes and to exhibit deficiencies in HoxA5regulated genes. Most significantly, a putative epigenetic function for kleisin-p was
discovered, involving its binding to a repressive chromatin remodelling complex
(containing the arginine methyltransferase, PRMT5), the disrupted activity of which
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can account for almost all aspects of the overactive cellular proliferation and
enhanced DNA damage response observed in Nessy DP cells. Taken together,
this data points to a profound defect in the control of the cell cycle by an
epigenetic mechanism in Nessy thymocytes, that ultimately leads to a block in T
cell differentiation.
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CHAPTER 2

Materials and Methods
2.1 Mice
The Nessy and Jasmine mutant mouse strains were products of the END
mutagenesis project at the Australian Cancer Research Facility, John Curtin
School of Medical Research, ANU. All Nessy, Jasmine and C57BI/6 mice used
were bred at the ACRF. Both male and female mice were used; mice were ageand sex-matched as closely as possible within each experiment.

2.2 cDNA synthesis, PGR and microarrays
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) or with
RNeasy columns (Qiagen, Germany) according to the manufacturers' instructions.
cDNA was synthesised using Superscript III reverse transcriptase (Invitrogen)
according to the manufacturers' instructions. Depending on the experiment, either
Oligo-dT or gene-specific primers were used to prime first-strand cDNA synthesis.
DNase-treatment of RNA was performed for 30 mins at 37°C with DNA-free
Turbo DNAse (Ambion, Austin TX). Conventional PCRs were performed using
Platinum Pfx DNA polymerase (Invitrogen) on a Corbett thermocycler (Corbett
Research, Sydney). Real-time PCRs were performed with Platinum SYBR Green
qPCR SuperMix on a Corbett RotorGene 3000 thermocycler (Corbett Research).
For microarray analysis, thymocytes from age and sex-matched mice were
pooled, lysed in Trizol, and subsequently processed with RNeasy columns. RNA
was DNAsed with Turbo DNase. All microarray procedures were performed at the
SRC Microarray Facility, University of Queensland, Australia. The MouseRef 6
Beadchips from lllumina (San Diego, CA) were used in this study.
The primers used in this project (written in the 5' to 3' orientation) include:
For simultaneous amplification of all three kleisin-p splice variants;
NSVF: GGCTTCTAGTCCCGTTCTAGACAT
NSVR: TCAGCCTGTCTACAGTAAGAAG
For splice variant-specific amplification;
SHORT-F GGCTTCTAGTCCCGTTCTAGC,
SHORT-R GCCTCTTGCCAGAAATAAA,
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INT-F TGGACGTGGCGGCACAGCTGGCT,
INT-R TTGTTGCTCCCATCTTCCTG,
LONG-F AGCTGGGCGAGTATCTGGAGGAG
LONG-R- TTCTTGCTCCCATCTTCCTG
For condensin II subunits:
CAPD3-FCGAGATCCTAGAGACTGGAAGAGAT,
CAPD3-R CATACTCTCGATATTGTGCACTGG;
SMC2-F ATGAAACCACCAGAGATATTATCCA,
SMG2-R TGATAGGCAATGTATAAACGACTCA;
SMC4-F GAAAAGGAGATTCAAGAAAAGGAAC
SMC4-R TCTGAGGGAGCTITGTGTTTATATC;
CAPG2-F CTATTCAGGATCTGTGTGTCAAATG,
CAPG2-R TACTTTCCTGCCAATCATAATCAAA;
For priming 18s rRNA synthesis and 18S amplification:
CTCAGTAAACCATCCAATC
18SF: CAAAGCTGAAACTTAAAGGAATTGA
18SR: GTTATCGGAATTAACCAGACAAATC
For the long 3'UTR form :
LongUTR-F GGCTTCTAGTCCCGTTCTAGACAT
LongUTR-R GGTTAAAGACGTAGGTTAGAGCA
For priming cDNA synthesis (reverse primer only) and RT-PGR of the kleisin-|3
3'UTR specifically:
3'UTR-F GAAAAGTGAGAAAAGAATGGACAA
LongUTR-R GGTTAAAGACGTAGGTTAGAGCA
For priming cDNA synthesis (reverse primer only) and RT-PCR of SC02
specifically:
SG02-F CCCTGGGCTAAGAACTAGACTG
SC02-R mGTGGTCTAGTAGGCTGAAGTC
For amplification of the kleisin-(3 pseudogenes:
PseudolF: GAGTCCTGTTCCTGTACTT
Pseudol R: GTTCAGCATAGGCATCCTT
Pseudo2F: GGCTCCTCTGTGTTAATCTGCA
Pseudo2R: CAGCCATTCTTTTTCATGTTC
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For detecting the 2XCAG splice variant:
2XCAG-F GACGTAAGATCAACGAGAGATGG
2XCAG-R AGGTCCTCGTATCTCAGGGACT
For typing mice in the Bed assay:
BccIF: CTAACCACCTAGAAACTTAGTCTCCTC
Bed R: CTGGACAAAACTGGTTCAAATTAAG
For Tmem112b:
Tmem112b-F: GACGTACCACTATGAGACTCAGTGC
Tmem112b-R: TGATGATAATCAGGACTTGCAATAA

2.3 Northern Blotting
Northern blotting was performed using the DIG northern starter kit (Roche Applied
Science, Castle Hill, Australia). To generate anti-kleisin-p mRNA transcript labelled
RNA probes, cDNA was synthesised from RNA extracted from mouse thymus. A
PGR was performed on this cDNA using primers (which also included a T7
promoter sequence) that amplified each half of kleisin-p. To make an antisense
probe the promoter sequence was added to the 5' end of the antisense PGR
primer. The PGR products were purified and T7 RNA polymerase was used to
generate RNA transcripts. During this reaction, digoxigenin (DIG) is incorporated
into the RNA transcript. RNA from mouse thymus (1 ^ig/lane) was diluted in RNA
loading buffer (50% formamide 6% formaldehyde 1X MOPS 10% glycerol 0.05%
bromophenol blue) and resolved on a 1.2% agarose gel (with 0.66M
formaldehyde). The gels and running buffer were made with 1X MOPS buffer
(20mM MOPS, 50mM NaAcetate, 20mM EDTA). In addition, all solutions were
made with diethylpyrocarbonate-treated Milli-Q water. Resolved RNA was
transferred to Hybond N+ membranes (Amersham, United Kingdom) by capillary
transfer using 20X SSG buffer (3M NaCI 0.3M NaCitrate pH 7.0). Labelled RNA
probes were diluted in DIG Easy Hyb buffer and hybridisation of probes to
membranes was performed at 68°C overnight. Membranes were then rinsed in
wash buffer (0.1 M maleic acid, 0.15M NaCI, pH 7.5, 0.3% v/v Tween 20) and then
blocked for 30 mins with DIG Easy Hyb blocking buffer. Resolved RNA was
detected by incubating membranes with anti-DIG conjugated to alkaline

21

phosphatase. DIG Easy Hyb

CDP-Star

AP substrate was applied to the

membrane and bands were visualised by exposure to X-ray film.

2.4 Chemically competent DH5a cells
Luria-Bertani (LB) medium, 30ml (10g/L tryptone, 5g/L yeast extract, 8.6mM NaCI)
were inoculated with 300^1 from a 5ml overnight culture of DH5a E.coli cells and
grown for four hours with shaking at 37°C then incubated on ice for 10 minutes.
Cells were centrifuged at 2800rcf at 4°C for 10 minutes, then resuspended in 9ml
cold TBI buffer (30mM KC2H3O2, lOOmM KCI, 10mM CaClj, 50mM MgClj, 15%
glycerol) and incubated on ice for 2 hours. Cells were again centrifuged at 2800rcf
at 4°C for 10 minutes, resuspended in 1.2ml cold TBIl buffer (10mM MOPS,
75mM CaClj, 7.5mM RbClg, 15% glycerol) and 200^1 aliquots were made in
chilled 1.5ml tubes. Aliquots were stored at -80°C.

2.5 Cloning
In order to generate GFP fusion proteins of the kleisin-|3 splice variants, wild type
and mutant kleisin-p splice variants were amplified from thymic cDNA using the
forward primer TCGAGAATTCGTTCTAGACATGGAGGATGTG and the reverse
primer GAAGAGCGGCCGCCAAGGCTGGGCCAT (engineered EcoRI and NotI
restriction sites are underlined) and cloned into the pcDNA3.1-CT/GFP vector
(Invitrogen) which produces fusions with GFP at the C-terminus. The inserts were
cloned between the EcoRI and NotI restrictions sites. DNA from plasmid or PGR
reaction was digested using the appropriate restriction enzymes purchased from
New England Biolabs (Ipswich, MA, USA). Digested DNA was run on agarose gels
and appropriate fragments cut out and purified using the Qiagen Gel Purification
Kit (Qiagen). Ligations were performed for 30 minutes at room temperature using
Promega 2X Rapid Ligation Buffer and T4 DNA Ligase (Promega, Madison, Wl).
Chemically competent DH5a cells were transformed as follows: DNA was added
to cells and mixed by gently tapping the tube. Cells were incubated for 30 minutes
on ice, then heat shocked for 20 seconds in a 37°C water bath. Cells were added
to 800[il LB and incubated with shaking at 37°C for 1 hour. 200^1 of cells was
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plated on LB plates containing the appropriate antibiotic and incubated overnight
at 37°C. Colonies were screened by colony PGR to check for inserts. Positive
colonies were expanded overnight in LB medium with 100|ig/ml ampicillin. For
small- and large-scale plasmid preparations, plasmid DNA was isolated using the
Qiagen Mini-prep Kit and Maxi Kit (Qiagen, Germany), respectively, according to
the manufacturers' instructions. Glones were checked by restriction enzyme
digest and sequencing (sequencing performed at the Australian Genome
Research Facility (AGRF), Brisbane, Old, Australia).

2.6 Cell Lines
The 293T (human kidney fibroblast) and NIH3T3 (mouse fibroblast) cell lines
(courtesy of Dr Vicki Athanasopoulos, ANU) and the EL4 (mouse thymoma) cell
line (courtesy of Dr Kristine Hardy, ANU) were grown in Dulbecco's Modified Eagle
Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 5-10% foetal calf
serum, 100U/ml penicillin, lO^g/ml streptomycin and 2mM L-glutamine.

2.7 Transfectlon into cell lines
Transfections for both 293T and NIH3T3 cells were performed in 6-well plates.
293T cells were seeded at a density of 5X10® cells per well the day before
transfectlon on sterile poly L-lysine-treated cover slips. 293T cells were
transfected using the calcium phosphate method. For each well to be transfected,
2(.ig of DNA was added to sterile TE buffer (10 mM Tris-CI, pH 7.5 1 mM EDTA) to
a final volume of ISOjil prior to transfectlon. Immediately before transfectlon of
each flask, 20^1 of 2.5M CaCIs and 200^1 of 2x Hepes-buffered saline (HBS)
(140mM NaCI, 1.5mM Na2HP04, 50mM HEPES) were added to the DNA solution
and the entire cocktail mixed before adding to the medium (supplemented DMEM)
and gently agitating to ensure even coverage. Transfectlon medium was replaced
with fresh medium 6 hours after transfectlon.

NIH3T3 cells were transfected using Lipofectamine 2000 (Invitrogen).
Transfections were performed in 6-well plates and cells were seeded at a
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concentration of 1X10® cells per well in 2.5ml DMEM without antibiotics, the day
before transfection, on poly L-lysine- treated microscope cover slips. For each
transfection, 4|ig of plasmid DNA was diluted with Opti-MEM medium (Invitrogen)
to a final volume of 250|il. 10|il of Lipofectamine 2000 was added to 240|al of OptiMEM Medium and incubated for 5 minutes at room temperature. The plasmid and
lipofectamine solutions were combined and incubated for 20 minutes at room
temperature. The DNA-liposome complexes were then added to the wells, which
had their medium replaced with 2.5ml fresh Opti-MEM.

2.8 Immunostaining

Cells were prepared for visualisation approximately 48 hours after transfection.
Mitotracker Red CMXRos (Invitrogen) was added to transfected cells at a final
concentration of 25nm for 30 minutes prior to fixation. For cells stained with the
nucleolar marker, fibrillarin, cover slips were incubated for 30 minutes with 4%
paraformaldehyde, washed with PBS, then incubated for 5 minutes with PBS/1%
Triton X-100 and washed again. Cells were then blocked with PBS-i-3% bovine
serum albumin (BSA) for 30 minutes, followed by incubation with a rabbit
polyclonal antibody to fibrillarin (Abeam) at 1|jg/ml. Cells were washed with
PBS-hO.05% Tween-20 and stained with the secondary antibody, goat anti-rabbit
IgG conjugated to Alexa Flour 568 (Invitrogen) at 1[jg/ml. Cell were then washed
3X with PBS and counterstained with Ipg/ml DAPI (Invitrogen) for 5 minutes, then
rinsed with PBS. Coverslips were mounted onto slides using Dako Cytomation
mounting medium (Dako Cytomation, Denmark). The edges of the coverslips were
sealed with nail polish. Slides were examined using a DeltaVision fluorescence
microscope (Applied Precision, Washington, USA) or a BioRad confocal
microscope (BioRad, Hercules, CA).

2.9 Custom anti-kleisin-p antibodies
Polyclonal antibodies against specific kleisin-p isoforms were made by injecting
keyhole limpet haemocyanin-conjugated peptides into rabbits. The sequences of
the peptides were as follows: long form: MEDVEVRFAHLLOPC; Intermediate
form GISLRTGRWTAA/RHSWC; short form, EDVELDQ; C-terminus,
AHTRFQTYAAPSMAOP. The short and intermediate peptides were acetylated at
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the N-terminus. The peptides and polyclonal antisera were produced by Sigma
Aldrich, Castle Hill, Australia.

2.10 Immunoprecipitation
For each sample, 5x10® lymphocytes were lysed on ice in 1 ml of RlPA buffer
(50mM Tris HCl pH 8 150 mM NaCI 1% NP-40 0.5% sodium deoxycholate). In a
1.5-ml conical microcentrifuge tube, 30 [^\ of 50% protein A-Sepharose bead
slurry (Sigma Aldrich, Castle Hill, Australia), 0.5 ml ice-cold PBS, and 5[jl of antipeptide antiserum or pre-immune serum were combined. Beads were tumbled
end over end for 1 hr at 4°C in a tube rotator. Beads were then washed 2x in
RlPA lysis buffer. The protein lysate was pre-cleared by addition of SOpI of 50%
protein A-Sepharose bead slurry, spinning and saving the supernatant. The bead
slurry and pre-cleared protein lysate were combined and incubated for 4hr at 4°C
while mixing end over end in a tube rotator. Beads were washed 4x in RlPA buffer
and 1X in PBS.

2.11 Western blotting
Protein samples were heated at 95°C for 5 minutes with sample loading buffer
(360mM Tris pH6.8, 6% SDS, 10% p-mercaptoethanol, 30% glycerol, 0.15%
bromophenol blue) before loading onto a SDS PAGE gel (7.5% separating gel:
Tris-CI pH8, SDS, 29:1 acrylamide/bis, ammonium persulfate, TEMED; 4%
stacking gel: Tris-CI pH6.8, SDS, 29:1 acrylamide/bis, ammonium persulfate,
TEMED) and running at 100V in TGS buffer (25mM Tris, 200mM glycine, 0.5%
SDS). Proteins were then either stained in the gel with Ponceau S or transferred
onto PVDF membrane (Roche, Indianapolis, IN) using BioRad (Hercules, CA)
transfer apparatus (transfer buffer: 200mM glycine, 25mM Tris, 25% methanol).
PVDF membrane was blocked overnight at 4°C in 0.2% iBIock
Biosystems,

Foster city, CA) dissolved in phosphate-buffered

(Applied

saline (PBS)

(137mM NaCI, 2.7mM KCI, lOmM Na2HP04, 2mM KH2PO4). Membranes were
washed three times for 5 minutes with PBS+0.05% Tween-20, then incubated for
2h with primary antibodies in blocking buffer. Antibodies used in this thesis
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included the custom kleisin-(3 isoform antisera which were used at a 1 in 10000
dilution, anti TAP1 and anti TAP2 used at 1 in 1000 (Santa Cruz Biotechnology,
Santa Cruz, CA), anti-|3 actin used at 1 in 1000 (Abeam, Cambridge MA), and antiGAPDH used at 1 in 2000 (Imgenex, San Diego, CA). Membranes were then
incubated for 1 hour with horse radish peroxidase-conjugated secondary antibody
in PBS with 0.05% Tween-20, and washed three more times. Membranes were
incubated

for

5

minutes

with

SuperSignal

West

Pico

Chemiluminescent

Substrate solution (Pierce, Rockford, IL), and exposed to photographic film, which
was developed using a Kodak developer (Kodak, Rochester, NY).

2.12 Silver staining
Cell lysates were heated at 95°C for 5 minutes with loading buffer (360mM Tris
pH6.8, 6 % SDS, 10-30% p-mercaptoethanol, 30% glycerol, 0.15% bromophenol
blue) and run on a 10% SDS PAGE gel. The gel was silver stained as follows: two
20 minute washes with 50% methanol/1% acetic acid, 20 minutes with 20%
ethanol, 20 minutes in water, 2 minutes with 2.4mM Na2S203, two 20 second
rinses with water, 20 minutes with 0.2% silver nitrate, 20 seconds in water, a rinse
with

developer

(360mM

NaCOg,

0.0014%

formaldehyde,

120^M

followed by incubation in developer until sufficient colour appeared.

NajSgOg)
Gels were

then fixed for at least 20 minutes in 1% acetic acid. Protein bands were excised
and stored at - 2 0 ° C prior to digestion for mass spectrometry. Gel pieces were
destained in 50% acetonitrile, 25mM

NH4HCO3 for 10 mins and

digested

overnight with 15ng/[jl trypsin. Mass spectrometn/ was performed at the Research
School of Biological Sciences, ANU on a Bruker CmniFlex

MALDI-TOF mass

spectrometer.

2 . 1 3 2D electrophoresis
Thymic lysates were prepared by lysis of thymocytes in lysis buffer (9M urea,
1%DTT, 4 % CHAPS, 1% ampholytes, 35mM Tris, I m M PMSF). Proteins were
separated in the first dimension on the basis of isoelectric point by separation on
pH 4-7 Immobiline Drystrips (Amersham Biosciences) and then in the second
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dimension according to protein size on pre-poured ExcelGel12-14

gradient

polyacrylamide gels (Amersham Biosciences) using a Multiphor II electrophoresis
unit (Amersham Biosciences). For western blotting, gels were transferred onto
PVDF

membrane

via the

semi-dry

transfer

method

using

a

Multiphor

II

electrophoresis unit (Amersham Biosciences). For staining with Coomassie blue,
gels were stained overnight in Coomassie blue staining solution

(O.lmg/ml

Coomassie G250, 20% methanol, 10% ammonium sulphate), washed in O.IM
Tris-phosphoric acid, and destained in 25% methanol.

2.14 Flow cytometric analysis
Single cell suspensions of lymphoid organs of mice were prepared by passing the
organs

through

nylon

mesh.

Erythrocytes were

depleted

from

splenocyte

suspensions by incubating for 5 mins at room temperature in red cell lysis buffer
(10mM KHCO3, 150mM NH4CI, 0.1 mM EDTA, pH 8.0). Cells were washed with
PBS, pelleted then resuspended in PBS+2% FCS containing fluorescently-labelled
antibodies, and incubated on ice for 1 hour. Antibodies used included: FITCconjugated anti-CD69 (H1.2F3);), PE-conjugated anti-CD44 (IM7), PE-conjugated
anti-CD69 (H1.2F3); PE-Cy7-conjugated anti-CD4 (RM4-5); APC-conjugated antiC D 8 a (53-6.7); anti NK1.1-PE (PK136) anti-TCR6-PE (11F2), anti-TERI 19-PE
(TER-119) and anti CD19 (1D3) (BD Biosciences, NJ, USA). Cells were then
washed three times with PBS+2% FCS. In some experiments, 10(^1 (equivalent to
1 !.ig) of 7AAD (eBioscience, CA, USA) was added to each sample after the final
wash and before analysis to exclude dead cells. Flow cytometry was performed
on a BD Biosciences FACSCalibur instrument. Cell sorting was performed on a
BD Biosciences FACSDiva instrument by the Biomolecular Resource Facility, John
Curtin School of Medical Research, ANU.

2.15 Statistical analyses
Significant differences were calculated using the two-tailed Student's t test
assuming unequal variance, using Microsoft Excel.
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CHAPTER 3

3.1 Introduction
Jasmine mice were initially identified by the almost complete lack of CD8^
lymphocytes in peripheral blood (Figure 1.2, panel B), a phenotype which was
heritable and fully penetrant and shown to be due to a point mutation in TAP2. To
further elucidate the consequences of the mutation, and to confirm a defect in the
MHC class I presentation pathway (as was predicted for such a CDS'" lymphocytedeficient phenotype), flow cytometry was conducted on thymic and peripheral
lymphocytes to assess CDS'" lymphocyte levels and the expression of MHC class I
in these compartments. In addition, to determine whether the phenotype of
Jasmine mice was caused by a reduction in the level of TAP2, the levels of TAP2
RNA and protein in Jasmine mice were assessed.
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3.2 Results

3.2.1 A conserved residue in TAP2 is mutated in Jasmine
mice
The causative mutation of the CD8" lymphocyte-deficient phenotype observed in
Jasmine mice was mapped by crossing Jasmine mice on the C57BI/6
background to NODk mice, and intercrossing the progeny. The Jasmine
phenotype exhibited strong linkage to a region on chromosome 17. Sequencing of
the interval revealed a point mutation in the TAP2 gene, an A to C in exon 5,
resulting in a threonine to proline substitution in the encoded TAP2 protein (Figure
3.1). This residue is conserved in both human and mouse TAP1 and TAP2 (Figure
3.1). The transmembrane helices indicated in the multiple alignment depicted in
Figure 3.1 are derived from a model of TAP topology as proposed by Schrodt et
al.

3.2.2 The mutation in TAP2 is located in an inter-TM helix
loop
Determining the topology of the TAP transporter has been challenging due to the
lack of structural information on similar ATP-binding cassette transporter (ABC)
transmembrane (TM) domains (limiting information on TAP structure that can be
gained by homology) and the large number of transmembrane helices precluding
its cn/stallisation. However, a reliable topological model has recently been derived
for the TAP transporter (Schrodt et al., 2006, discussed below). According to this
model, the point mutation in TAP2 of Jasmine mice is located in a very short loop
on the ER side of the transporter. This loop connects TM helices 6 and 7 (Figure
3.2) which are two of the 6 C-terminal transmembrane helices of TAP2, which,
along with the 6 C-terminal helices of TAP1, are thought to form the core domain
of the TAP transporter responsible for binding and translocating peptide across
the ER membrane into the ER lumen (Schrodt et al., 2006).
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Figure 3.1 A c o n s e r v e d r e s i d u e is m u t a t e d in T A P 2 in j a s m i n e m i c e .
The protein sequence for mouse and human TAP1 and TAP2 were aligned using
ClustalW software (http://www.ebi.ac.uk/Tools/clustalw/). The position of the
conserved T to P tranversion in TAP2 of jasmine mice is boxed in red. Amino
acids shaded in blacl< are conserved in all four sequences. The predicted Cterminal core transmembrane helices of TAP2 are drawn as blue cylinders below
the corresponding mouse TAP2 sequence, while the 3 non-core forming
transmembrane helices are indicated in green.

1
MOUSETAPl
HUMANTAPl
M0USETAP2
HUMANTAP2

10

! M A A H

V W L A A

M A S S R C P A P R G C R C L ? | - A . - ,

3 0
a., J

LLL
LLL
LLL
LLL V

A I

L A W L G T V I

[ M A i L S Y L R P W V .
I M M L P D L R P W T

LL
LL

3'' ^

"

.

W

I

.E,V

I F S L

R T A

A

3

I FS

E5?

G\

L

. i

P

GT

L :

W A

l:

W A V

T L

LG

v v R

T A L

A

OR:L
Q-L

I E S

5

LF E T

]

'•iL
M L

WG
W •3

•

1

I

a:
100
MOUSETAPl
HUMANTAPl
M0USETAP2
HUMANTAP2

G

V

R

G

V

L

G

V

G

A

C

G

V

L

R

L

1, K

T
A

A G
T

V

G

GW La a
Q Gw LA A
G
L L ••
L GL
3 F

A
S

K

S

E

N

A

H

G

A
V

L 1, K

l q :

3

L K l

J A A A

:,VG

LILAQ
LBLAH
LBLAQ
LBLAQ

I L P

V G

; • J L L P

G

raN

A L F

B H
H
9 N

A L J '
L F

F

S I

L T V S

I

1

. A K G T L R E G D S A G L L V
[ S

W

G

A

P

G

S

A

D

S

T

R

L

N S R P D A F

L

H

G S H P T A F

V G G T A S T S V V R V A S A - '

: .

. .

.WL

V A G A S R A P

• .

. .

.WL

P A R V A S A I

d
13 0
MOUSETAPl
HUMANTAPl
M0USETAP2
HUMANTAP2

A I

IIPA [ALE
L P A • iAL

,

VV

18 0

1 7 0
H ; K

• : . W A P S G N R D A G : 1

H

K

L A e

A

V

L V :

•A

V

. . .

; , w v p g g q g g s ' - n
3

P
:

A

G

r

P

V
G

Q
A

E
Q

K
E

E
K

P
E

G
Q

O
D

M I

. . .

PK
l
• C L G, s E
L K L S RPD
L 1 KLSR P D

"(j M

p v R j j

E

N

.

R

T

L

M

K

R

Q

V

g

K

K

V

L

M

w

E

- F I G

T R R
L P

GE
• LFLVIJVVL. . G E
L a a f f : ' LVV|av GE
I A A F
F F , L V l j A V [ L GE
] y l v l v ; , ; L

K R R

J

L P

1 L|S"

IP
IP
IP
IP

M A
M A
T

.

T

F F
• " F
R Y
H Y

(Z

MOUSETAPl
HUMANTAPl
M0USETAP2
HUMANTAP2

1
1

GR
GR
GR
GR

.

T

L

Lc

W

I

W

I L

V

[

V

r

< TV

r

2 10
220
• i L 'LA A L E F

R N

I L

TRN
.-FDA A,SA

. . • • A D "

C
L G -

L'-

P : •

•

: P H

A

S

C

A

I A

LF S V
: LFS F

a

v

l

e

f

v

g

:

YN T M
lYNN T M
.'FI T M
C F T 5T M

E

•^AGCR
• S A G C R

(T
MOUSETAPl
HUMANTAPl
MOUSETAP2
HUMANTAP2

K N t | A

I 1

A

Q N C IT M I y
ETKIT E „K
E T K T ELK

N

; h m h g r ] v h
' H V H S l l I

r

e v

L O G E V

. i R ' N L R l l R E Q .
• R - N I, R

I R

E

a .

T to P in J a s m i n e
V|C

'TLS
• LMS

[ILSR.
LIR
Li-'F

•••IWR- PI
Llrtr
LJV
L;.-. ]

v:
•• V:
FL:'
LL^-

FLIP
F

KLGK

L

L

P

K

I A

A

B'

VYNP

V G K

I A

A

E

V

Y

N

T

d

(T
3 6 0

MOUSETAPl
HUMANTAPl
MOUSETAP2
HUMANTAP2

TAP2

TVRSFHILEE
TVRSFWIEE
TVRSFMEE
TVRSFHEE

3 7 0
QK

F R o | E ( J e e m k t
K

F R

Eh I S I K T
j E R C R V
^AQE Q C R V

A

0

V

S H

Y

KEA

V

C

Y

K

R

3 8 0

3

KK KEAIL A
OKEAJV A
WRRDjL E

9 0

Y V A E V W T - r : Y A V

N

S W

T

T

S

K D V Y L V I R R

W R R D | 1 J E R A L Y L L I

R R

4 6 0

MOUSETAPl
HUMANTAPl
MOUSETAP2
HUMANTAP2

E K |

EKI
EKR
010

Y :

5

A A - N r-IFG
L FB
I
A ]•- Lw FG
A T •L C£

MOUSETAPl
HUMANTAPl
M0USETAP2
HUMANTAP2

1 0

5

60

5 7 0

ov A V G Q E P
ov A V G Q E P
QV V V G Q E P
S Y V-iV G Q E P

L
.'V
M L

iL

5

EVG
EV
E G
EVG

LI T g H l
I A H RL
IE

L A E
| s l v e
j H T V C N

[VMFL

5 3 0

I N R T P T M E E I

LQ'

T Q K P T M E E I

J

'KT'

R D C E . D A Q V

J

•RN

J S C E . D D K V

MCQFL
A A ^

7

9 0

HH T
J H 1LI• OV LV
J-

.WG
A

. R

R L V

E'
E . .

H v
a
a
Q a

6 60

67

0

L I L D F L A T S A L D A • N 0 1.
L I y e s p k r a s I S 'RL
I-I'V
'v L
L I L D B A T S A L D ANSQI
LiY E S P E R Y ? RJ; L
LILDHATSALD A . . . .
L'^NWRSQ(:I'R' L
LILDBATSALD
EQLA K T L W K . . . .
. FK

V|A A R A L
AV A A R A L
A 1A R A L
A ARAL

D G Q B

6
T Q t

A

9 0

!•• R •

6 5 0

MOUSETAPl
HUMANTAPl
MOUSETAP2
HUMANTAP2

5 2 0

E L[S!

PSNVTALVGFNGSGKSTVAALLQNLYQP
PGLVTALVGFNGSGKSTVAALLQNLYQP
PGBVTALVGPNGSGKSTVAALLQNLYQP
PGIVTALVGPNGSGKSTVAALLQNLYQP

MOUSETAPl
HUMANTAPl
M0USETAP2
HUMANTAP2

MOUSETAPl
HUMANTAPl
M0USETAP2
HUMANTAP2

E K H

I G J

1 0

7 2 0

I Q LM K R G C, C R A M I ^ X A L A A P A D
OQL MEKKGF W A M i V l g A P AD A P E
L Q L :< D G 0 D V AH:.RVIOORLEA . .

Figure 3.2. The mutation in TAP2 is located in an inter-TM helix ER
loop. A diagrammatic representation of the topology of the TAP transporter as
predicted by Schrodt et al. Core transmembrane helices of TAP1 and TAP2 are
depicted as green cylinders. Non-core helices are depicted as blue cylinders.
Loops connecting transmembrane helices located on the ER lumen side or
cytosolic side of the ER membrane are indicated by black lines. The red lines
indicate the peptide binding regions of the TAP transporter. The orange boxes
indicate the position of the catalytic nucleotide binding domains of the transporter.
The mutation in jasmine in this topological model is located in a loop connecting
the core transmembrane helices 6 and 7 and its position is indicated by a red
cross.
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3.2.3 CD8^ lymphocytes are greatly reduced in Jasmine
mice
Analysis of thymocytes by flow cytometry revealed that Jasmine mice have a
greatly diminished percentage of CD8^ thymocytes compared to wild type mice
(Figure 3.3). The phenotype of Jasmine mice was therefore as expected, similar to
p2 microglobulin (Pjm " ) knockout mice, which also lack MHC class I as a result of
a defect in the MHCI antigen presentation pathway. However, Jasmine mice had
slightly more CDB"" thymocytes in comparison to P j ^ ' knockout mice, in which
CDS^T cells are almost completely absent (Figure 3.3 and (Zijistra et al., 1990)).
Thus, some CDB^ T cells develop in Jasmine mice despite TAP2 deficiency. The
proportion of other thymocyte subsets (DN DP, CD4+) in both Jasmine and Pgm ''
mice are unaffected (Figure 3.3) Similar reductions in CDS'" cells were observed in
the periphery (Figure 3.4). Jasmine mice exhibited a severe reduction in the
proportion of CDS'" splenocytes. Again, as in the thymus, Jasmine mice had a
slightly increased proportion of CD8+ T cells in the spleen compared Pjm '" mice
(Figure 3.4 and (Zijistra et al., 1990)). Thus, Jasmine mice exhibit diminished CDS'"
T cell populations in the thymus and the periphery.

3.2.4 MHCI expression is diminished in Jasmine mice
Since TAP is crucial for proper MHCI-peptide assembly, and peptide binding to
MHCI is essential for MHCI stability and transport to the cell surface (Owen and
Pease, 2001), the cell-surface expression of MHC class I on Jasmine mice was
assessed by flow cytometry. As shown in (Figure 3.5), thymocytes from Jasmine
mice had greatly reduced levels of both H-2D'' and H-2K'' on their cell surface.
(Both Jasmine and Psm'^" mice are on a C57BI/6 background, which have a H-2''
haplotype). Similarly, splenocytes from Jasmine mice had greatly reduced levels of
cell-surface H-2D'' and H-2K'' (Figure 3.6). For both thymocytes and splenocytes,
the level of MHCI on Jasmine was comparable to that observed on the cells of
Pgm ' mice (Figures 3.5 and 3.6). Thus, Jasmine mice exhibit greatly reduced
levels of MHC class I molecules in the thymus and the periphery.
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Figure 3.3. The proportion of CDS'" lymphocytes in the thymus of
jasmine mice is diminished. A. Representative flow cytometric dot plots of
thymocytes from wild-type, jasmine and Pjm' at 6-8 weeks of age. Dot plots
shown were initially gated on lymphocytes prior to further gating. Shown are dot
plots of thymocytes stained with anti-CD4 and anti-CD8. B. Quantitation of the
proportion of CDS"" thymocytes in jasmine and Ps^' mice. The percent average
and standard error from 5 replicates are shown. C. The reduction in CDB-^
thymocytes specifically shown in a separate graph (*=<0.05, student's t-test, twotailed).
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Figure 3.4. The proportion of CD8^ lymphocytes in the spleen of
jasmine mice is diminished. A. Representative flow cytometric dot plots of
splenocytes from wild-type, jasmine and Psm"'" at 6-8 weeks of age. Dot plots
shown were initially gated on lymphocytes prior to further gating. Shown are dot
plots of erythrocyte-depleted splenocytes stained with anti-CD4 and anti-CDB. B.
Quantitation of the proportion of CDB^ lymphocytes in the spleens of jasmine and
Pjmmice. The percent average and standard error from 3 replicates are shown
r=<0.05, ***=<0.005, student's t-test, two-tailed).

Wild-type
17.3

-t
Q
O

P2m-/-

Jasmine
O.OS

. 26.6

0.022

21.6

0.078

m

10=-

rSafflra^Vi.." '

70 4 4 -

'

12.3
10^

10=

l7l'.9
••
1 1 1 iiiiii
1 0 ° -H
io'

lo'

10^

•

1.49

r' r r | "'1
'

10'

10'

77
••
T—' ' ' ' " " I —

10°

10'

—'

' 'i"ii|—

1.31

10^ 10^

CD8P

B

25-

* * *

w
a 20.
u

* * *

o

E

n
^

5.
CD4

CDS

Splenocyte subset

IWT
Jasmine
P2m-/-

Figure 3.5. MHC class I expression on jasmine thymocytes is
diminisiied. A. Representative flow cytometric histograms of thymocytes from
wild-type, jasmine and
sX 6-8 weeks of age. Histograms shown were initially
gated on lymphocytes prior to further gating. Shown are histograms of
thymocytes splenocytes stained with anti-H-2K'^ and anti-H-2D''. B. Quantitation
of the mean fluorescence intensity (MFI) of H-2K'' and H-2D^ on thymocytes. The
average MFI and standard error from 5 replicates are shown (*=<0.05, student's ttest, two-tailed).
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Figure 3.6. MHC class I expression on jasmine splenocytes is
diminislied. A. Representative flow cytometric histograms of splenocytes from
wild-type, jasmine and Psm'' at 6-8 weeks of age. Histograms shown were initially
gated on lymphocytes prior to further gating. Shown are histograms of
erythrocyte-depleted lymphocytes from spleens of wild-type, jasmine and Pai^^'
mice stained with anti-H-2K^ and anti-H-2D^ B. Quantitation of the mean
fluorescence intensity (MFI) of H-2K^ and H-2D^ on splenocytes. The average MFI
and standard error from 5 replicates are shown (***=<0.005, student's t-test, twotailed).
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3.2.5 TAP2 protein levels are greatly reduced in Jasmine
mice
In order to determine whether the defect in CDS'" lymphocyte development in
Jasmine mice was due to a reduction in TAP2 mRNA expression as a result of the
ENU-induced point mutation, real-time RT-PCR was carried out for TAP2 on
thymocytes from wild-type and Jasmine mice. As shown in Figure 3.7 (panel A),
the expression of TAP2 mRNA is equal in spleens of wild-type and Jasmine mice.
Western blotting for TAP2 on splenocytes was then performed to assess whether
TAP2 protein levels are affected in Jasmine mice. As shown in Figure 3.7 (panel
B), TAP2 in splenocytes of Jasmine mice is significantly reduced. In addition,
western blotting also revealed that the level of TAP1 protein was considerably
decreased in the splenocytes of Jasmine mice (Figure 3.7 panel B).
Thus, the point mutation in TAP2 in Jasmine mice primarily affects the level of
TAP2 protein but also causes a substantial reduction in the level of TAP1 protein.
This leads to greatly reduced levels of MHCI that severely compromises the
development of CDS"" lymphocytes.
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Figure 3.7. TAP2 protein levels are diminished in jasmine mice. A.
Real time RT-PCR for TAP2 mRNA was performed on RNA extracted from total
splenocytes from wild-type and jasmine mice. TAP2 mRNA expression was
normalised across the two strains to p-actin expression. B. Western blotting
performed on splenocytes from wild-type and jasmine mice for TAP2 and TAP1,
as well as p-actin, which was used as a loading control. Duplicate gels were run
for each of the antibodies used. The lysate from 5x10® splenocytes was resolved
per lane on a 12% SDS-PAGE gel. Shown are the results of 4 of 9 wildtype/jasmine pairs analysed.
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3.3 Discussion
3.3.1 TAP2 is mutated in Jasmine mice

Jasmine mice were originally identified due to severely reduced CD8+ lymphocyte
numbers in peripheral blood (Figure 1.2 panel B). The causative mutation was
mapped to the TAP2 gene (Figure 3.1). As discussed in chapter 1, the TAP1/2
heterodimer performs the essential function of transporting peptides generated in
the cytosol by proteolytic degradation, across the ER membrane and into the ER
lumen where they interact with nascent MHC class I molecules to form stable,
functional peptide-MHC class I complexes. When exported to the cell surface,
these peptide-MHCI complexes can interact with T cells bearing an appropriate
MHC-restricted T cell receptor. Interaction of the TCR on developing CD8+
thymocytes with self MHCI-self peptide complexes on the cell surface of thymic
epithelial cells is essential for their development. Interaction of self MHCI-foreign
peptide complexes on infected cells with naive CD8+ T cells is essential for the
initiation of cell-mediated immune responses (Groothuis and Neefjes, 2005). Thus,
correct functioning of TAP is essential for CDB-i- T cell differentiation and for CD8^
(cytotoxic) T cell immune responses to foreign antigen.
Insights into the function of members of the MHC class I presentation pathway
other than TAP2 have also been gained by mutational analysis. The introduction of
point mutations by in vitro mutagenesis or the construction of deletion mutants,
followed by examination of the function of these proteins in the context of antigen
presentation, have revealed the roles of individual proteins in this process. For
example, regions important for binding and stabilising MHC! have been identified
by in vitro mutagenesis for the chaperone proteins calreticulin (Harris et al., 1998)
and for Erp57 (Santos et al., 2007).
In addition, mouse models with deficiencies in MHCI presentation components
have shed light on the roles of these proteins in vivo. For example, abrogation of
MHCI function by deleting Pjm"'' demonstrated the importance of MHCI in the
generation of CD8+ lymphocytes (Zijistra et al., 1990). Deletion of Erp57
specifically in B cells demonstrated the importance of this protein in stabilising the
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PLC (Garbi et al., 2006) while tapasin-deficient mice were shown to have reduced
MHCI expression and presented an altered peptide repertoire (Garbi et al., 2000).
Functional studies of TAP1 and TAP2 mutants have also illuminated the roles of
specific domains in these molecules. Deletion of the N-terminal transmembrane
helices of TAP1 and TAP2 (4 predicted in TAP1, 3 in TAP2) demonstrated that the
remaining 6 G-terminal core helices of the complex are sufficient for assembly of
the TAP heterodimer, targeting of the dimer to the ER and binding and
translocation of peptide across the ER (Koch et al., 2006). Deletion of the Nterminal non core helices showed they are essential for tapasin recruitment.
Tapasin bridges TAP and MHGI facilitating peptide loading (Solheim et al., 1997,
Sadasivan et al., 1996, Ortmann et al., 1997) and also serves to stabilise TAP until
it binds peptide (Garbi et al., 2003, Papadopoulos and Momburg, 2007). Deletion
of the first N-terminal transmembrane helices of TAP1 and TAP2 showed that they
each recruit tapasin independently and that either may initiate the formation of the
PLC (Koch et al., 2006). Also the N-terminal domains of TAP2, but not TAP1 were
found to be essential for generating PLCs with stable MHC-peptide interactions
(Leonhardt et al., 2005). Although both TAP1 and TAP2 bind and hydrolyse ATP
(Chen et al., 2003), TAP2 appears to be uniquely critical for translocation since
mutation of key residues of the TAP2 Walker A and B sequences abrogated
peptide transport, whereas the equivalent mutations in TAP1 had no effect
(Karttunen et al., 2001); (Perria et al., 2006).
Thus, demonstration in Jasmine that a region of TAP2 that has not been
previously implicated in TAP2 function, adds to this large body of information
delineating the requirements for correct TAP function, assembly and stability that
has been obtained by mutagenesis studies in vivo and in vitro.

3.3.2 MHC class I expression and CD8^ lymphocytes are
greatly reduced in Jasmine mice

Jasmine mice exhibited significant reductions in MHC class I expression in the
thymus (Figure 3.5) and the periphery (Figure 3.6) that caused a large reduction in
thymic and peripheral CD8^ T cell numbers (Figure 3.3 and 3.4). This outcome
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would be predicted for a defect in a protein that is involved in MHC class I antigen
presentation since the lack of MHC class I would impede positive selection of
CDS" cells. This phenomenon is also observed in TAP1 ' mice (Van Kaer et al.,
1992) and pgnr'" mice (Zijistra et a!., 1990), where CDS" cells which would
otherwise become CDS SP cells are diverted into a 'death by neglect' pathway
due to their failure to interact with an appropriate peptide-MHCI complex..

As assessed by flow cytometry, Jasmine mice almost completely lack CDS" T
cells in the thymus and in the spleen (Figures 3.3 and 3.4). The greatly diminished
CDS" numbers were due to a lack of MHC! expression on Jasmine cells, as
judged by the expression of H-2D and H-2K on lymphocytes in the thymus (Figure
3.5) and spleen (Figure 3.6), which was reduced to the same extent as it was in
mice lacking Pgm.

The deficiency in TAP2 in Jasmine, which abolishes MHC! expression, is
manifested in every cell since MHCI is expressed by almost all cells of the body,
including the thymic epithelial cells which mediate positive selection by displaying
peptide-MHCI to developing CDS" thymocytes. Although this defect in Jasmine
causes a vast reduction of CDS" lymphocytes, a small population survives in the
thymus (Figure 3.3) and also populates the spleen (Figures 3.4). This may be a
result of MHCI molecules binding peptides that have been derived from signal
sequences of secreted or membrane bound proteins (which are targeted to the
ER independently of TAP), as has been shown to occur in the T2 cell line, which
lacks TAP (Henderson et al., 1992). Alternatively, ER-specific degradation of
proteins may generate peptides that are then loaded onto MHCI molecules
(Klausner and Sitia, 1990). Finally, although the histograms in Figure 3.5 show
that MHCI levels in Jasmine mice are essentially absent, it is possible that a few
MHCI complexes that fall below the limit of detection of flow cytometry are
exported to the cell surface and are capable of selecting a few CDS+
lymphocytes.
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3.3.3 The TAP2 mutation in Jasmine is located in an inter
TM helix loop
Due to the difficulties in crystallising transmembrane proteins, the interference of
reporter tags on function and assembly of TAP1 and 2 in in vitro expression
experiments and the fact that the length and hydrophobicity of ABC transporter
TM domains are not well defined (leading to TM prediction algorithms giving
conflicting results), determining the membrane topology of TAP subunits has been
challenging. Nevertheless, a topological model of TAP1 and TAP2 has been
derived by hydrophobicity analysis and comparison with the homologous ABC
transporter, MDRl (Schrodt et al., 2006). Single cysteines (which contain thiol
groups) were introduced into the putative loops between TM segments of
cysteine-less TAP1 and TAP2 molecules. By probing for their accessibility (by
determining whether thiol-specific membrane-impermeable fluorescein-5maleimide bound to the cysteine), the model derived by homology was further
refined since this procedure verified the position of the TM segments in TAP 1 and
TAP2 (Schrodt et al., 2006). These approaches have lead to the derivation of a
topological model in which TAP1 is composed of 10 C-terminal transmembrane
domains and TAP2 is composed of 9 (Figure 3.2).
The 6 C-terminal helices in TAP1 and TAP2 form the core helices of the complex
which bind and translocate peptide (Schrodt et al., 2006) while the remaining Nterminal helices bind tapasin (Koch et al., 2004). Previous topological models
predicted 8 and 7 TMs for TAP1 and TAP2, respectively (Vos et al., 1999, Vos et
al., 2000). Unlike the topological model of Koch et al. and Schrodt et al. described
above, which was derived from a combination of bioinformatic-based TM
predictions and a complete functional in vitro expressed TAP complex, this
alternative model was based on the expression of a single TAP subunit and was
not accompanied by a functional readout. Thus, the 10 TM TAP1 and 9 TM TAP2
models are derived from a more rigorous analysis of a functional TAP dimer and
more likely to represent the topology of the native complex.
In the model of Schrodt et al., the mutation in TAP2 in Jasmine mice is located in
a short loop on the ER side connecting two core helices (and thus involved in
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peptide binding and translocation), TM6 and TM7 (Figure 3.2). TheTAP2 mutation
in Jasmine represents a unique mutation since there are no previous mutagenesis
studies in which a point mutation (or any deletions encompassing this amino acid)
has been introduced in this region of TAP2.

3.3.4 TAP2 levels are greatly reduced in Jasmine mice

Thus far, a role for the region of TAP2 mutated in Jasmine in stabilising or
influencing TAP1 structure has not been defined, thus, the demonstration that in
Jasmine mice the structural integrity of TAP2 influences the expression of TAP1
represents a novel finding. This finding contradicts studies that imply TAP1
formation must precede TAP2 in order for TAP to be assembled, and not vice
versa. It was shown that a lack of TAP1 in cell lines (Heintke et al., 2003, Seliger et
al., 2001) resulted in greatly reduced TAP2 levels, with restoration of TAP1
sufficient for the restoration of TAP2 levels. It was demonstrated by in vitro
expression of TAPl and TAP2 that TAP assembly depended on newly
synthesised TAP2, which was found to be rapidly degraded when expressed in
isolation, dimerising with pre-existing TAP1, which was stable when expressed
alone (Keusekotten et al., 2006). This suggested that TAP2 expression depends
on pre-formed TAP1. Nevertheless, the western blotting results from the Jasmine
mice clearly show that TAP2 does indeed influence the stability of TAPl. It is
possible that the discrepancy between the results of this study with those
observed in Jasmine arose due to the different influences the in vitro cell-free
microsome expression system employed in that study had on TAP assembly with
the more physiological in vivo environment available to the TAP subunits in
Jasmine mice.
It is likely that the mutation in Jasmine compromises the correct folding of TAP2
since the amino acid substitution in Jasmine represents a change from an
uncharged polar to a nonpolar amino acid with a cyclic side chain(a threonine to a
proline), which may have profound consequences for the local structure of the
TAP2 molecule. All proteins to be inserted into the ER, whether soluble or
membrane-bound, undergo a highly regulated process of quality control, with
mutated, incorrectly folded, truncated proteins or proteins that fail to oligomerise,
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subject to rapid degradation (Trombetta and Parodi, 2003). Although it is likely
TAP1 would be initially folded correctly in Jasmine mice, its greatly reduced level
implies that its expression, conformation and retention in the ER membrane are
dependent to a great extent on TAP2. In Jasmine, it is likely that the TAP2
mutation leads to both proteins failing the ER quality control mechanism which
leads to their degradation.

3.3.5 The Jasmine mouse is a valuable experimental tool

One of the most important outcomes of these experiments is that the Jasmine
mouse represents a unique in vivo model for investigating the function of the TAP
transporter: although TAPV " mice have been generated, there are no existing
mouse models where the levels of TAP2 are greatly reduced.
Jasmine mice may serve as an informative model for the investigation of the
mechanics of cross-presentation and potentially any specific role TAP2 may have
in this process in vivo. In cross presentation, dendritic cells process exogenous
antigens, (which would normally be endocytosed and degraded enzymatically in
endosomes for presentation on MHCII to CD4"' cells) for presentation via the MHC
class I pathway. In this way, pathogens that cannot infect dendritic cells and be
processed via the normal endogenous pathway may still stimulate effective CDS'"
immune responses by diverting exogenously derived peptides into an MHC class I
presentation pathway (Rock and Shen, 2005).
Cross-presentation can be TAP-dependent, whereby antigens are transferred
from phagosomes to the cytosol, or TAP-independent, whereby antigens are
presented on MHCI via a vacuolar pathway (Shen et al., 2004). The mechanisms
involved in the latter pathway remain controversial. The deficiency in TAP2,
combined with the less severe TAP1 deficiency in Jasmine offers an in vivo model
for the elucidation of the mechanism of this alternative pathway for crosspresentation and specifically for determining whether TAP2 contributes a unique
function to this process.
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Most importantly, the Jasmine strain can serve as an informative model for type I
Bare Lymphocyte Syndrome, in which patients exhibit a severe down regulation of
MHC class I (Gadola et al., 2000). Type I BLS can result from defects in any
protein involved in MHC class I antigen processing and presentation, including
TAP2 (Moins-Teisserenc et al., 1999, de la Salle et al., 1994). The disease is
characterised by a range of recurrent bacterial infections in the upper, and later in
life, lower respiratory tract. Paradoxically, given the importance of CDS'"
lymphocytes in clearing virally-infected cells, severe viral infections are lacking in
type I BLS patients (Gadola et al., 2000). In order to determine the immunological
consequences of MHO! deficiency, studies on cells of BLS patients have been
performed (Moins-Teisserenc et al., 1999). These studies, however, are limited to
the examination of peripheral blood. Therefore, the Jasmine mouse may constitute
a valuable mouse model for this disease that may permit a much more
comprehensive understanding of the pathology associated with this condition to
be gained, which may in turn lead to more efficacious therapies.
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CHAPTER 4

4.1 Introduction
Upon identification of the kleisin-p gene as tlie mutated gene responsible for the
defect in thymocyte development evident in Nessy mice, an initial bioinformatic
analysis of kleisin-|3 ESTs was conducted which suggested the existence of
additional alternatively spliced transcripts. These included variants with an unusual
splicing of exon 1 and transcripts with alternative 3'UTRs. The major aim of the
experiments presented in this chapter were to prove the existence of these splice
forms at the transcript and protein level. Apart from its involvement in
chromosome condensation as part of the condensin II complex, which itself has
not been extensively characterised, no known functional domains exist in the
kleisin-p protein. Therefore, additional In silico analyses were undertaken to further
characterise the gene, its transcripts and its protein products in order to make
predictions that may offer an insight into the biology of kleisin-p. In addition,
determining the intracellular patterns of localisation of the individual kleisin-(3
isoforms was another major aim of this work.
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4.2 Results
4.2.1 The mouse kleisin-p gene
The mouse kleisin-|3 gene (ensembi gene ID ENSMUSG00000008690; NCBI
Entrez gene ID: nCAP-H2, Non-SMC Chromosome-Associated Protein H2) is
located on chromosome 15 at cytogenetic position F1 (49.9 cM) between
89,183,582 and 89,200,589 bases (based on the ensembi mouse strain C57BI/6J
genome assembly nm36, release 45, June 2007; Figure 4.1) It consists of 20
exons and encodes a protein 609 amino acids long with a predicted molecular
weight of 68.9kDa. Kleisin-p does not have any known functional domains
according to the EBI Interpro (www.ebi.ac.uk/lnterProScan), Expasy Prosite
(www.expasy.ch/prosite/) or NCBI Conserved Domains (CCD)
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cg) databases.

4.2.2 Kleisin-p protein orthologues
Kleisins are represented throughout a diversity of eukaryotic and prokaryotic
organisms, from the kleisin-like MukF and ScpA complexes of bacteria (Wang et
al., 2006) (Mascarenhas et al., 2005), to the a-,(3-, y-, and 6- kleisins present in
higher eukan/otes (Schleiffer et al., 2003) (Palecek et al., 2006). In order to
determine which species specifically have a kleisin-p orthologue, a BU\ST search
of the mouse sequence was conducted against all available species genomes
using the BIJ\ST search available at the NCBI and Ensembi databases.
Orthologues for kleisin-(3 were detected in eukaryotic species, however no
orthologues were found in bacterial genomes. An alignment of the orthologues,
generated with PRALINE software (www.ibi.vu.nl/programs/pralinewww/;
(Simossis and Heringa, 2005) shows that the N- and C-termini of kleisin-p exhibit
the highest conservation across species (Figure 4.2). As originally determined by
Schleiffer et al., (Schleiffer et al., 2003) a bioinformatic study in which the kleisin
family was defined in eukaryotes by finding homologues of the prokaryotic kleisin,
ScpA, kleisins share a common architecture, with conserved N- and C- termini,
separated by a variable linker region (rich in polar residues). Thus, kleisin-p
orthologues conform to the general arrangement of domain distribution of kleisins.
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Figure 4.1. Mouse kleisin-p and its genomic neighbourhood. Mouse
kleisin-p (Mouse Genome Informatics ID MGI:1289164 /NCBI Entrez Gene ID
52683/Ensembl gene ID ENSMUSG00000008690; official gene symbol nCAPH2)
is located at cytogenetic position F1 on chromosome 15 between 89,183,582 and
89,200,589bp. Flanking genes on the sense and antisense strand are shown. The
exon/intron structure of the kleisin-p gene (20 exons) is also show shown drawn to
scale.
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conservation of the amino acid residue at each position, with blue being the least
conserved and red the most conserved amongst species.
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4.2.3 Prediction of kleisin-p functional domains

Since functional domains for kleisin-p have not been identified experimentally or by
homology to other proteins, MEME software was used to find motifs highly
conserved across kleisin-|3 orthologues (http://meme.sdsc.edu/meme/; (Bailey
and Elkan, 1994). Three conserved motifs were found in all species with a fourth
detected mainly in mammalian species. This fourth motif was also detected in
zebrafish and Dictyostelium, although with much lower conservation (Figure 4.3).
The three conserved motifs are located at the N- and C-termini and therefore at
the most conserved regions. Their conservation across species at these locations
may represent regions that are responsible for mediating critical functions, such as
binding other proteins of the condensin II complex. Indeed it has been
demonstrated that the N- and C-termini of the a-kleisin, Scc1, bind SMC3 and
SMC1, respectively (Haering et al., 2004).
It is interesting to note that the conserved domains of mouse kleisin-p as
predicted by MEME correspond to the ordered, or globular, regions of kleisin-p as
predicted by the Integrated Protein Disorder Analyzer software (iPDA;
http://biominer.bime.ntu.edu.tw/ipda; (Su et al., 2007) (Figure 4.4). Similar regions
of disorder were also independently predicted by GlobPlot
(http://globplot.embl.de/; (Linding et al., 2003)) (Figure 4.4 panels C). It is thought
that binding pockets, active sites and global interaction surfaces are usually
located in globular protein segments, whereas disordered segments often include
sorting signals, sites of post-translational modification and ligand domains and
often contain functional linear motifs which allow for binding of specific molecules
(Linding et al., 2003). Thus, the less conserved disordered regions of kleisin-p may
be a reflection of the species-specific functions of these regions of the protein
(such as unique phosphorylation sites or signalling motifs,), with the conserved
blocks corresponding to the common structural and protein-interaction segments
involved in binding common partners, such as the other components of the
condensin II complex.
A common feature of disordered regions in proteins is the presence of PEST
sequences (Singh et al., 2006). PEST signals are hydrophilic negatively-charged
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Figure 4 . 3 . C o n s e r v e d d o m a i n s a c r o s s kleisin-p p r o t e i n o r t h o l o g u e s .
MEME (IVIultiple Em for Motif Elicitation) software (http://meme.sdsc.edu/meme/)
designed to find common conserved motifs in a set of related protein or DNA
sequences, was used to find conserved blocks of sequence amongst kleisin-p
orthologues, which may represent motifs of crucial function hence their
conservation throughout evolution. A. The relative position of the four conserved
motifs discovered by MEME across all species with kleisin-p orthologues. B. The
sequence of each consen/ed motif, with a graph depicting the degree of
conservation of each amino acid at each position when compared across all
species. The colours of the columns in the graph correspond to categorisations of
amino acids according to their biochemical properties (blue=non-polar side
chains, green=uncharged polar side chains, magenta=acidic side chains,
red=basic side chains. H, G, P and Y have been placed in their own functional
category)
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Figure 4.4. The predicted disordered and globular regions of mouse
kleisin-p. A comparision of the disordered regions (panel B) as predicted by
iPDA (iPDA; http://biominer.bime.ntu.edu.tw/ipda) with the conserved motifs
predicted by MEME (panel A) of mouse kleisin-(3 revealed that globular (ordered)
regions correspond with evolutionarily conserved motifs. Similar regions of
disorder were independently predicted by GlobPlot (GlobPlot http://globplot.
embl.de/, panel C)

-ES
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sequence modules enriched in proline (P), glutamate (E), serine (S), and threonine
(J) residues that sen^e as signals for proteolytic degradation and that dramatically
reduce the half-life of proteins (Rechsteiner and Rogers, 1996). PESTfind software
{http://emb1.bcc.univie.ac.at/toolbox/pestfind/pestfind-analysis-webtool.html) was
used to predict whether PEST domains were present in kleisin-(3 and if so,
whether they were located in the disordered domains previously predicted. With
the exception of C elegans and A mellifera, all other kleisin-p orthologues tested
were predicted to harbour high-scoring PEST motifs. Their location in the mouse
sequence corresponded to the predicted disordered regions (Figure 4.5).
Thus, kleisin- (3 orthologues are confined to a subset of eukaryotic species and
exhibit greatest conservation at the globular N- and C-termini, which may
represent binding sites for other condensin II subunits. The termini flank a less
conserved region that contains PEST sequences.

4.2.4 Regulation of kleisin-p expression
To gain an insight into the possible transcriptional control mechanisms of kleisin-p
expression, the region upstream of the coding sequence and the predicted
transcription start site (TSS) was analysed for the prediction of transcription factor
binding sites using the Matlnspector module of the Genomatix software package
(http://www.genomatix.de/). The region immediately upstream (lOOObp) of the
predicted TSS of kleisin-p of six mammalian species was used as input. This
approach is referred to as phylogenetic footprinting and operates on the principle
that the conservation of a predicted binding site across a variety of species
increases the confidence of that prediction and therefore the likelihood that it is an
authentic site. Parameters were set at high stringency (i.e., for motifs to match the
consensus transcription factor binding site matrix with only one mismatch) and for
the detection of motifs only if present in all 6 species examined. The results of the
analysis are shown in (Figure 4.6). In all six species examined, the binding site of
13 distinct transcription factor families were predicted. Of particular note, due to
the known role of kleisin-p in chromosome condensation and mitosis, are the
predicted binding sites for transcription factors involved in cell cycle progression
such as E2F and c-myc.
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Figure 4.5. PEST sequences in mouse kleisin-p. PESTfind software
(https://emb1 .bcc.univie.ac.at/toolbox/pestfind/) was used to predict PEST
sequences in l<leisin-(5. Four iiigii-scoring PEST domains were predicted in mouse
kieisin-p (red sections in panel A) and their positions compared to tine iPDApredicted disordered regions of tiie protein (panel B) as was shown in Figure 4.4.
Indicated on panel A are the locations of PEST sequences within mouse kleisin-p
and the score assigned by PESTfind to that predicted PEST sequence. Scores
assigned by the software range from -50 to +50, with a positive score indicating a
possible PEST sequence and a score of +5 indicating a very high probability PEST
sequence.
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Figure 4 . 6 . T r a n s c r i p t i o n f a c t o r b i n d i n g site and C p G Island
p r e d i c t i o n upstreann of the kleisin-p gene. Employing a phylogenetic
footprinting approach, the Genomatix software package (Matlnspector module)
was used to predict potential transcription factor binding sites in the region
upstream of the transcription start site (TSS) of kleisin-(3 orthologues. Orthologous
kleisin-p upstream genomic sequences from various mammalian species were
retrieved from the ensembi database (http://www.ensembl.org). Only transcription
factor binding sites predicted in all six species are shown in the diagram. A
particular element predicted consists of a sequence that is usually bound by a
number of different, related, transcription factors thus the labels in the legend refer
to the motif predicted and not to any specific transcription factor (for example, the
E2F module binds most members of the E2F family). Also shown below each
sequence (in blue bars) are the locations of the CpG islands predicted for each
species using the CpGPIot software. A CpG island was not predicted for cow. The
numbering refers to distance from the TSS.
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EVI-1:Evi-1 myeloid transforming protein
YY1F:Ying and Yang activator/repressor sites

An additional feature observed in tlie 5' untranslated region of the mouse kleisin-(3
gene is the presence of a CpG island. CpG islands, which comprise ~1 % of
genomic DNA, are sequences rich in CG dinucleotides most often located in the
promoter regions of housekeeping genes. Elsewhere in the genome, CpGs are
usually methylated. Paradoxically, since CpG is an optimal substrate for
methylation by DNA methyitransferases, CG dinucleotides found in CpG islands
are generally unmethylated, a state often associated with open, actively
transcribed chromatin (Caiafa and Zampieri, 2005). The software CpGPIot
(http://www.ebi.ac.uk/emboss/cpgplot/; (Rice et al., 2000)) was used to predict
the presence and location of putative CpG islands in the regions upstream of the
transcription start site of kleisin-p in six mammalian species. As shown in Figure
4.6, a CpG island was predicted in the promoter regions of all species except
cow. This result is in agreement with data presented below which demonstrates
that kleisin-p is constitutively transcribed in mouse organs (Figure 4.15).

Inspection of the DNA sequence alignment transcription factor binding site
analysis constructed for the TFBS predictions revealed a region downstream of
the TSS but upstream of the translation start site that had a high degree of
conservation. An alignment of kleisin-|3 sequences immediately upstream of the
start codon from eight mammalian species revealed the presence of a very short,
highly consented open reading frame encoding the consensus peptide sequence
MAPEPVAG (MAPELVAG in mouse) (Figure 4.7). The presence of this conserved
upstream ORF may have important implications for the control of kleisin-p
expression as it has been shown that uORFs inhibit or delay translation at the
main ORF via various mechanisms and can thus regulate how much protein from
the main ORF is finally translated. This is achieved by the uORF providing the
translation machinery with an alternative start site which limits the rate of
translation of the main ORF (Meijer et al., 2000). Interestingly, a second uORF
unique to the mouse sequence was found downstream of the conserved uORF
(Figure 4.7).
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Figure 4 . 7 . C o n s e r v a t i o n of an u p s t r e a m ORF within m a m m a l i a n
l<leisin-p t r a n s c r i p t s . An alignment of the region immediately downstream of
the predicted transcription start sites of orthologous kleisin-p DNA sequences
revealed a highly conserved uORF 27 nt long (shown boxed in red) encoding a
peptide with the consensus sequence IVIAPELVAG. Capitalised nucleotides in blue
match the optimal Kozak consensus sequence. The start codon of the kleisin-p
gene is highlighted in blue. A second upstream open-reading frame downstream f
the conserved uORF that is present only in mouse, is also shown (boxed in red).
The start codons of the uORFs are highlighted in green and the termination
codons are highlighted in pink.
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4.2.5 Alternative 3'UTRs of mouse kleisin-p
According to the ensembi cDNA, NCBI Refseq and RIKEN FANT0M3 databases,
the mature kleisin-p mRNA transcript may have either a short 3' untranslated
region (UTR) of 132bp (ensembi transcript ID ENSMUST00000074552; NCBI ID:
AK165250) or a long 3'UTR of 1375bp (ensembi transcript ID
ENSMUST00000088717; NCBI ID AK146642; FANTOM 3 Sequence ID: 85322)
resulting in mature RNA transcripts of 2024bp and 3267bp, respectively. To
confirm the existence of these two transcripts, northern analysis was performed
on total RNA extracted from whole mouse thymus with probes encompassing the
entire protein-coding region of kleisin-(5 (Figure 4.8, panel A). Such probes would
also detect any other putative splice forms of the gene that would appear as
bands on the northern of a different size to the predicted size of the long- and
short-3'UTR transcripts. Transcripts corresponding to the predicted size of the
two alternative 3'UTR forms of kleisin-p were detected, however, no other
transcripts of a different size were detected.

To confirm the existence of the long 3'UTR form, RT-PCR was performed on RNA
from mouse tissues with primers that amplified the full length 3267bp 3'UTR
kleisin-p splice form (Figure 4.8, panel B). The long 3'UTR transcript was
expressed in all tissues examined. Interestingly, the entire gene for the murine
homologue of human sco2 (synthesis of cytochrome c oxidase-2) is located within
the antisense strand of the long 3'UTR of kleisin-p. The ecgf-1 gene (endothelial
cell growth factor 1 (platelet-derived/thymidine phosphorylase) is also located on
the antisense strand upstream of sco2 and a significant portion (892bp) of its
3'UTR overlaps with the sco2, and thus the kleisin-p, transcript (Figure 4.9). The
sequence corresponding to the sco2 gene has been omitted in ensembi and
assigned to the 3'UTR of ecgf-1 and although recognised as a human sco2
homologue in NCBI, this sequence is linked to ecgf-1 in NCBI's UniGene
database.

Comparison of the 3'UTR of six mammalian species revealed a high degree of
conservation of the two kilobases of sequence downstream of the stop codon,
and the conservation of two AAUAAA sequences (required for poly(A) tail addition)
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Figure 4.8. Northern blotting and RT-PCR confirms alternative
3'UTRs in mouse kleisin-p. A. Total RNA prepared from whole mouse
thymus was separated and hybridised with two antisense probes (orange, 1 and
2) together spanning the entire length of the kleisin-p coding sequence. Two
bands were detected corresponding to kleisin-p mRNA transcripts with alternative
3'UTRs. Including the 5'UTR and the common coding sequence (black bar panel
A), these transcripts are 2024bp and 3267bp long. Sense probes (green, 3 and 4)
served as negative controls. Blue and red arrows in panel A represent the short
and long 3'UTRs, respectively. Shown is a representative blot from two
experiments B. RT-PCR was pertormed on total RNA extracted from various
mouse organs with primers (represented by black arrows in panel A) located on
the 5' end of the kleisin-p gene and the 3' end of the long 3'UTR in order to
amplify the full-length sequence of the long 3'UTR kleisin-p. The expected
amplicon of 3018 bp was detected across all mouse tissues tested (panel B).
Shown is a representative gel from one of two similar experiments. Abbreviations:
Thy, Thymus; Br, Brain; BM, bone marrow; Test, Testis, Spl, spleen; Hrt, Heart;
Kid, kidney; Mus, Muscle; Liv, Liver; Lu, Lung.
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Figure 4.9. Genomic organisation of the kleisin-p locus and
neighbouring genes. Kleisin-(3 (blue) overlaps significantly with its 3' distal
neighbours, sco2 (red) and ecgf-1 (orange). The entire protein coding sequence
for the mouse homologue of the human sco2 gene is located within the antisense
strand of the kleisin-p long 3'UTR sequence, which is 1375bp long. The ecgf-1
gene (ensembi gene ID ENSMUSG00000022615) is also located on the antisense
strand upstream of sco2 and its 3'UTR also contains the entire coding region for
sco2 and significanty overlaps (895bp) with the 3'UTR of kleisin-p. The
Tmem112b gene (purple) is located immediately upstream of kleisin-p on the
antisense strand.
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within this region at the required positions to transcribe a short and long 3'UTR
similar in length to the mouse versions (Figure 4.10). In order to determine whether
the long kleisin-|3 3'UTR is transcribed in species other than mouse, BLAST
searches were performed using the mouse 3267bp kleisin-(3 mRNA sequence.
The sequence was used to query the EST databases of six mammalian species
for the presence of a similar sized (~3000bp) sequence. Although there were
many hits corresponding to this sequence, all kleisin-p ESTs stopped before the 3'
end of the Sco2 gene i.e, none overlapped both Sco2 and kleisin-|3. This
suggests that that the long 3'UTR form is probably not transcribed by any
mammalian species other than the mouse, but does not preclude the fact that
long 3'UTR kleisin-|3 may been expressed at some point during the evolutionary
history of these other species but was later lost.

This sequence conservation of the region corresponding to the mouse long 3'UTR
in other species (as shown in Figure 4.10) thus reflects the presence of the Sco2
gene present in this downstream region on the antisense strand, as it is in mouse,
and not due to conservation and expression of a long 3'UTR form of kleisin-(3 in
these other species. Although not annotated as such in these mammalian
genomes (except for human), an open reading frame (using ORF finder software
from NCBI (http://www.ncbi.nlm.nih.gov/rools/ORFfinder) forSco2 was indeed
detected in this region for all these other species.

4.2.6 Sense/antisense transcript co-expression
The long 3'UTR form of kleisin-(3 and the antisense Sco2 and ecgfl genes
significantly overlap. A possible outcome of the co-expression of sense-antisense
pairs in the same cell is the repression of the expression of one transcript in
response to the induction of the other (Katayama et al., 2005). To assess whether
such a relationship is possible between kleisin-p and its overlapping antisense
transcripts, real time RT-PCR analysis was performed using kleisin-p 3'UTRspecific and SC02/ECGF-specific primed cDNA (Figure 4.11). Real time RT-PCR
was conducted across a panel of mouse organs and on sorted thymocytes
subsets (DN, DP, CD4-^ and CD8-h). Although a pattern of high and low
expression for the sense and antisense transcripts in a given organ would not
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Figure 4.10. Alignment of tlie long 3'UTR region of nnouse klelsin-p
with orthologous regions in other mammalian species. Nucleotides
highlighted in black are conserved in all species. Boxed nucleotides are conserved
in all but one species. The conserved AAUAAA sequences, a critical signal for the
addition of poly(A) tails to mature mRNAs is shown boxed in red.

Figure 4.11. Kleisin-p long 3'UTR and sco2/ecgf1-specific RT-PCR
across mouse organs. Real time RT-PCR was performed on total RNA
extracted from a panel of mouse organs using cDNA whose synthesis was primed
with primers specific for either the kleisin-p long 3'UTR strand, or the Sco2/ecgf1
strand. A. Sco2/ecgf1-specific expression. B. Kleisin-p long 3'UTR-specific
expression. Abbreviations: Thy, Thymus; Spl, spleen; Liv, Liver; Test, Testis; Br,
Brain. The expression of each transcript across the organs was normalised to 18S
rRNA expression. Shown is the average mean expression and standard error from
3 experiments.
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have necessarily indicated that one transcript influenced the expression or the
longevity of the other, a reciprocal pattern of expression observed across all
mouse organs would have been more convincing of a regulatory relationship
between the sense-antisense partners. Across mouse organs, no such
relationship was observed, with both Sco2/ECGF-1 and 3'UTR kleisin-(3
transcripts having relatively higher expression in testis and liver compared to other
organs tested (Figure 4.11 panel A and B). However, in the most mature
thymocyte populations (CD4 and CDS single-positive cells), increased expression
of Sco2/ecgf-1 was accompanied by a down-regulation of the long 3'UTR form of
kleisin-p when compared to levels in the DP population (Figure 5.15)

4.2.7 Regulatory elements predicted In the klelsln-p 3'UTR

The 3'UTR element of a gene may harbour cis regulatory elements that may be
the targets of various expression regulators. It is possible that the exceptionally
large 3'UTR of mouse kleisin-p is the target of various regulatory elements that
may, depending on which 3' UTR is selected when kleisin-p is transcribed,
determine the final level of kleisin-(3 protein levels. Using the PicTar microRNA
prediction software (http://pictar.bio.nyu.edu/; (Krek et al., 2005)), two
microRNAs, mmu-miR-138 and mmu-miR-324-3p, were predicted to bind with
high confidence at multiple points along the long 3'UTR of mouse kleisin-p. Figure
4.12, panel A, shows the sequences in the 3'UTR predicted by PicTar to be
binding sites for the "seed" regions of the microRNAs (the 5' residues of which are
thought to initiate miRNA binding and have almost perfect complementarity to the
target RNA). In addition, mmu-miR-324-3p was also predicted to bind to multiple
sites on the 3'UTR of mouse kleisin-y, raising the possibility that these related
proteins may be co-regulated by this microRNA.
Interestingly, the predicted targets for mmu-mir-138 were enriched for genes
encoding DNA-binding proteins (the enrichment was statistically significant,
P<0.00063), as determined by the L2L microarray analysis software
(http://depts.washington.edu/l2l/), which finds over-represented gene ontology
(GO) groups in groups of co-regulated genes (Newman and Weiner, 2005). It is
thus possible that this miRNA principally regulates DNA-binding proteins. Kleisin-p
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is included in this category since kleisins contain N- and C-terminal DNA-binding
winged-helix domains (Fennell-Fezzie et al., 2005; Ammugam et al., 2006).

In addition to microRNA binding sites, an additional expression control element in
the 3'UTR, a 29nt gamma-interferon activated inhibitor of translation (GAIT)
element, was independently predicted by three software packages designed to
detect experimentally-verified UTR expression control elements, amongst others
(UTRscan, http://www .ba .itb.cnr.it/BIG/UTRScan/ (Mignone et al., 2005);
RegRNA, http://regrna. mbc .nctu .edu .tw/php/prediction.php (Huang et al.,
2006) and Transterm (http://www.uther.otago.ac.nz/Transterm.html, (Jacobs et
al., 2006)). The GAIT element binds a protein complex which functions to repress
translation of the protein. In order to be bound by this protein complex, the GAIT
element in the 3'UTR must adopt a specific secondary structure (Sampath et al.,
2003). MFOLD software (http://frontend. bioinfo.rpi.edu /applications/mfold/cgibin/rna-form1 .cgi, (Zuker, 2003)) was used to predict whether the predicted GAIT
element from the kleisin-p 3'UTR could adopt the required structure. Indeed, the
required terminal loop, short stem, asymmetric bulge and long stem of the
prototypical GAIT element were all present in the most thermodynamically-stable
predicted structure (Figure 4.12, Panel B).

4.2.8 Kleisin-p pseudogenes
A BLAST query of the kleisin-(3 protein-coding sequence against the NCBI and
ensembi mouse genome databases revealed two kleisin-p paralogues both
located on chromosome 17. One is located between 5437597bp and
5,439476bp and the other between 17,617,345bp and 17,616,562bp (ensembi
gene IDs ENSMUSG00000034241 and ENSMUSG00000073450, respectively).
The paralogues are processed pseudogenes since they lack most introns, have an
abundance of premature stop codons and have a 3' poly(A) tail. The paralogues
exhibit 78.4% identity (ENSMUSG00000034241) and 92.4% identity
(ENSMUSG00000073450) with the cDNA sequence of kleisin-|3 (Figure 4.13).
ENSMUSG00000073450 lacks all introns however ENSMUSG00000034241
appears to have retained the final two introns of the chromosome 15 kleisin-p
gene.
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Figure 4.12. Prediction of functional elements in the 3'UTR of mouse
kleisin-p. A. Predicted "seed' binding sites for tiiese miRNAs witiiin tine long
3'UTR (mmu-miR-138 in blue and mmu-miR-324-3p in red). The predicted GAIT
element sequence is shown boxed in green. B. A comparison of the RNA
secondary structures of the predicted GAIT element of kleisin- p (left) with the
experimentally verified GAIT element (right; picture taken from Sampath et al.
2003). All structural elements of the GAIT element's secondary structure (terminal
loop, short stem, asymmetric bulge and long stem) are present in the predicted
GAIT element of kleisin-(3.
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pseudogenes ENSMUSG00000034241 and ENSMUSG00000073450.
Alignment of the pseudogene and kleisin-p sequences with the multiple alignment
software, ClustalW, revealed that the kleisin-p paralogues exhibit 78.4% identity
(ENSMUSG00000034241) and 92.4% identity (ENSMUSG00000073450) with the
cDNA sequence of kleisin-p. The paralogue with 92.4% identity is the expressed
pseudogene. Nucleotides shown highlighted in black are conserved in all three
sequences.

Kl«i«in-b«ta
ENSKUSG00OOOO7 34SO
ENSMUSC00000034241

CGXTSTCG
GGATCTCS
CGATCTGG

Kl«iain-bot«
ENSHUSGOOOO0O7 34SO
ENSMUSG00000034241

GCACAGCTCG
GCACAGCTGGI
GCACAGCTCG

TCAGGCAGCACTBTTGATCCAGGGCTCAC
TGAGGCAGCACTITTGATCCAGGGCTCAG
TSAGGCAGCACTITTGATCCACGGCTCAC

Kl«isin-b«t«
ENSMUSC000000734 50
ENSHUSC00000034241

Klaiain-b«ta
ENSMUSG000000734 50
ENSMUSC0000003 4241

GCASCCCATC
GCAGCCCATC
CCAGCCCATC

GACIOTCAACICAOBGACICCCIGIG
GACTCTCAACTCAGIGACTCCCTGTE
GACIGTCAACTCAGIOACICCCTGTG
CCTGATGAAG
CCTGATGAAG
CCTGATGAAG

AAGAACA
AAGAACA
AAGAACA

Kl»i»in-b«t«
ENSMUSG000000734SO
ENSHUSC00000034241

Kl«isin-b«ta
ENSMUSC000000734 50
ENSMUSG00000034 241

GCTGGTCTACCAGGCTCTACATTTTATTTCTGGCAAGAGGC
GCTGGTCTACCAGGCTCTIGATTXTATTTCTGGCAAGAGGC
GCTGGTCTACCAGGCTCTIGATTTTATTTCTGGCAAGAGGC
TGAGTTCCTGBCACTGGAC
TGAGTTCCTCLCACTGGAC
TGAGTTCCTGICACTGGAC

GCCCCTTGTATAGCTGTCAGGGTGA
GCCCCTTGTATAGCTGTCAGGGTGA
GCCCCTTGTATAGCTGTCASGCTGA

GCCATACCC
GCCATACCC
:GCCATACCC

GAGGATGCAGAGGATGBAGCAGAGC
GAGGATGCACAGGATGIAGCAGASC
GAGGATGCACAGGATGIAGCAGACC

TGGACCAGATCTCCATTTCTTTTCATGAACCCAAAACCAC;.
TCCACCACATCIOCATTICTTTTOATOAAGGCAAAACCACA
TCGACCACATCIGCAITICITITGATGAAGCCAAAACCSCA

IGSCTAATGTGGATC
GGCTAATGTGGATC
GGCTAATGTGGATC

CAGGCATCCHGTGAGC
CAGGCATCCIGTGAGC
CAGGCATCCIGTGAGC

TTGGCCACCCGGAAGGATTTCAGGATCAACACBTGTA
TTSCCCAGCCCGAAGCATTTCACGATCAACACITGTA
TTGCCCAGCCGGAAGGATTTCAGGATGAACACITGTA

GGAGCCAGAAAGATCCIGAGGAC
GGAGCCAGAAAGATCCIGAGGAC
GGAGCCAGAAAGATCCIGAGGAC

GAGCAGCC
GAGCACCC
GAGCAGCC

TGTTAGATCC
TGTTAGATCC
TGTTAGATCC

GAAGTGTCTAEGAABGGGAGTCCTGBTCCTGTAC
GAAGTGTCTAGGAAIGGGAGTCCTGITCCTGTAC
GAAGTGTCTAGGAAIGGGAGTCCTGITCCTGTAC

CACACCCCACACCCCTCCCAGAGCCTGCACCBTTTTGACTCCTT
GAGACCCCACACCCCTGGCAGAGCCYGGACCITTTTGACTCCTT
GAGACCCCAGACCCCTGGCAGAGCCTGGACCITTTTGACTCCTT

GGCAGGAGGGCT
GGCAGGAGGGCT
GGCAGGAGGGCT

1130

1140

lOlC

12S0

1 2 90

GGATCTGTGGC
GGATCTGTGGC
GGATCTGTGGC

CTGTACTGG
CTGTACTGG
CTGTACTGG

1 3 00

1 3 10

1460
GAAATGTGGAACTCTTCATTGC
GAAATGTGGAACTCTTCATTGC
GAAATGTGGAACTCTTCATTGC

1 320

1470

1540
CAGGAGCAGCAT
CAGGAGCAGCAT
CAGGAGCAGCAT
1610

1620

1630

TCAATGAATCCTGTCCCTTTTCACAGCTTaTAGC
TCAATGAATGGTGTCCCTTTTCAGAGCTTITAGC
TCAATGAATGGTGTCCCTTTTCAGAGCTTITAGC

1650

lOSO

GAGACCCTTCAGAABCTGCGGAGAIGTAAGAT
ICACACCCTTCAGAAICTGCGGAGAIGTAAGAT
GAGACCCTTCAGAAICTGCGGAGAIGTAAGAT
1 340
3 50
13 6 0

1 330

1480

1490

1500

1550

1S60

TTTGATATCCATA
TTTGATATCCATA
TTTGATATCCATA

CCAGTTGGCTTCBCGGTTCCCCCAGC
CCAGTTGGCTTCICGGITCCCCCAGC
CCAGTTGGCTTCICGGTTCCCCCAGC

CCTTGCAACTG
CCTTGCAACTG
CCTTGCAACTG

TGCTCACACACCAGC
TGCTCACACACCAGC
TGCTCACACACCAGC

1510

1S7

1660

I 1 90
Ki0isin-b«ts
ENSHUSG0000007 34 50
ENSHUSCOOOOOO34241

1040

CTCCCBGAAGTMATCCAGGAaACAGAGCTGAGCCAACGCAICAGGGAlTGOGAAGATA
CTCCC|CAAaTHATCCAaGAGACAGAGCTGAGCCAACGCATCACCCA|TGCGAAGATA
CTCCCIGAACTMATCCAGCACACAGAGCTCAGCCAACCCATCAGGCAITCCCAACATA

Klei.sin-b«ta
ENSMUSC00000073450
ENSMUSG00000034241
1600

1030

GGGGTHGCAGATGACTTTCTAGAGCCC
GGGGTIGCAGATGACTTTCTAGAGCCC
GGGGTIGCAGATGACTTTCTAGAGCCC

Klaisin-b«ta
ENSMUSG00000073450
ENSMUSa00000034241

Kl«isin-b«t4
ENSMUSG00000073450
EMSHUSC00000034241

1020

IISO

GAAGGGCCCHACCTTTGCAGACATGGA
GAAGGGCCCIACCTTTGCAGACATGGA
GAAGGGCCCIACCTTTGCAGACATGGA

i-2iq
Kl«i«in-b«ta
ENSNUSS000000734SO
ENSMUSG00000034241

TCTCCCAAGAGCCAGATGG
TCTCCCAAGAGCCAGATGGI
TCTCCCAAGAGCCAGATGG

GAAACCBAAACCCTATTCTGTGCCACCBCGTGTGGAGCAGGCTCCAGGACAGAAGHCAACAGCAAGCITGCCACC
GAAAGCIAAACCCTATTCTCTGCCACC|GCTSTGGAGGAGGCTCCAGGACACAACHCAAGAGCAAGGITGCCACC
GAAAGGIAAACCCTATTCTGTGCCACCIGGTGTGGAGGAGGCTCCAGGACAGAAGHCAAGAGGAAGGITGCCACC
1120

Kl«isin-bata
eNSMUSG0000007 34SO
ENSHUSCOOOOOO34241

ICCTGTGG
'CCTGTGG
CCTGTGG

GGTTGCTCTAGAGCCTGCACAGCCMGGACCTCACAGCAGACTGCCATCIIGCCAAGGAGATACATGCT
GGTTGCTCTAGAGCCTGCAGAGCCMGGACCICACAGCAGAOTGCCATCTTGCCAAGCACATACAIGCT
CGTTCCTCTACAGCCTCCAGAGCcMGCACCTCACAGCACACTGCCATCTTCCCAAGgAGATACATGCT
iOOO

KloiBin-b«ta
ENSMUSG000000734 50
ENSMUSG00000034241

CATGGCCCTGGTGGCC
CATGGCCCTGGTGGCC
CATGGCCCTGGTGGCC

1800

GCTTCCAGACCTAT
GCTTCCAGACCTAT
GCTTCCAGACCTAT

1810

?

CCATGGCCCACCC
CCATGGCCCAGCC
TCCATGGCCCAGCC

There is evidence in the literature that some pseudogenes are transcribed into
RNA (Hirotsune et al., 2003, Korneev et al., 1999). Therefore, the possibility that
these pseudogenes were expressed was investigated. Primer locations were
chosen based on regions where the entire primer matched perfectly to the
pseudogene sequence, but mismatched the kleisin-(3 sequence at the last two 3'
nucleotides. Primers were designed this way to discriminate between pseudogene
and kleisin-p transcripts since it has been shown that single nucleotide 3' terminal
mismatches do not amplify templates with mismatched nucleotides. Therefore,
primers with two 3' terminal mismatches (such as those used here) will effectively
discriminate between pseudogene and kleisin-p transcripts (Ayyadevara et al.,
2000).

Amplicons of the correct size for ENSMUSG00000073450 were detected across
all mouse organs tested (Figure 4.14, panel B). DNAse treatment of the RNA (with
a high-efficiency DNase capable of removing trace DNA quantities) and negative
RT controls (no reverse transcriptase), which showed no bands, ensured that
there was no detectable genomic DNA contamination. Sequencing of the
amplicon confirmed the chromosome 17 origin of the transcript (Figure 4.14,
panel C). Transcript was not detected for ENSMUSG00000034241 (data not
shown). Transcripts for this kleisin-p pseudogene are represented by a UniGene
entry, Mm.353272 (which has 37 EST entries) which appeared during the course
of this study. The primers used to amplify the pseudogene were placed in an
internal section of the gene, however, the entire length of the pseudogene
transcript is covered by ESTs in UniGene, indicating that the entire pseudogene
may be transcribed.

Although not annotated as such in any databases, a number of potential LINEs
also populate this intron (Figure 4.14 panel A). This was revealed by analysing the
fprl-1 intron sequence with the NCBI Open Reading Frame Finder (www.ncbi.
nlm.nih.gov/projects/gorf/). This analysis revealed 5 ORFs which, when translated
and queried against the InterProScan database, had domains typical of LINEs,
such as reverse transcriptase domains. It is possible that a gene can be cotranscribed if it lies immediately adjacent to a LINE, however none of the LINEs in
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Figure 4.14. Expression of the ENSMUSG00000073450 pseudogene. A. The
genomic location of the expressed pseudogene ENSMUSG00000073450 (blue bar) at
cytogenetic position 17.A2, within the intron of fprl-1 (formyl peptide receptor like-1), which is
83kb long (figure adapted from the EnsembI database). It is located between 18,048.003bp
and 18,049,781 bp. Green boxes indicate the positions of the predicted LINE elements B.
RT-PCR was performed on RNA extracted from a panel of mouse organs with primers
designed to specifically amplify the ENSMUSG00000073450and ENSMUSG0000003424
pseudogene sequences. Expression of the predicted 381 bp product for
ENSMUSG00000073450 was detected across all mouse tissues tested. Expression of
ENSMUSG0000003424 was not detected (data not shown). The PGR product originated
from cDNA and not genomic DNA since -RT controls (where reverse transcriptase was
omitted in the cDNA synthesis reaction) did not yield any PGR products, discounting the
possibility of genomic DNA contamination. Positive controls, where the primers used to
amplify ENSMUSG00000073450 (lane 1) and ENSMUSG0000003424 (Lane 2) with genomic
DNA as template, generated the predicted band sizes. Shown is a representative gel from
one of two similar experiments. Abbreviations: Thy, Thymus; Br, Brain; BM, bone marrow;
Test, Testis, Spl, spleen; Hrt, Heart; Kid, kidney; Mus, Muscle; Liv, Liver, Lu, Lung. G.
Sequencing of the amplicon to confirm that the expressed sequence corresponded to
ENSMUSG00000073450 and not the parental kleisin-p. An alignment of the kleisin-p cDNA
(blue) and the ENSMUSG00000073450 pseudogene sequence (black) with the DNA
sequence obtained from sequencing of the PGR amplicon shown in Panel A (red). Nucleotide
mismatches between kleisin-p and the predicted and sequenced pseudogene sequences are
shown highlighted in green. Primers used to amplify the pseudogene are underlined, with the
3' terminal nucleotide mismatches conferring specificity to the pseudogene sequence
highlighted in red.
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Kleisin-p GAGTCCTGTTCCTGTACCCGACATCTCCCAAGAGCCAGATGGTCCAGCGCTCAGCGGTGG
ENSMUSG00000073450-BGAGTCCTGTTCCTGTACMGACATCTCCCAAGAGCCAGATGG1CCAGCGCTCAGCGGTGG
sequence
ATGGKCAGCGCTCAGCGGTGG
AGAGGAGGATGCAGAGGATGGAGCAGAGCCCCTGGAGGTTGCTCTAGAGCCTGCAGAGCC
AGAGGAGGATGCAGAGGATGGAGCAGAGCCCCTGAAGGTTGCTCTAGAGCCTGCAGAGCC
AGAGGAGGATGCAGAGGATGGAGCAGAGCCCCTGaAGGTTGCTCTAGAGCCTGCAGAGCC
AAGGACCTCACAGCAGAGTGCCATCTTGCCAAGGAGATACATGCTGCGGGAACGACAAGG
tAGGACCTCACAGCAGAGTGCCATCTTGCCAAGGAGATACATGCT
AAGG
•AGGACCTCACAGCAGAGTGCCATCTTGCCAAGGAGATACATGCT
AAGG
GGCACCGGAGCCTGCCTCCCGGCTACAGGAGACCCCAGACCCCTGGCAGAGCCTGGACCC
GGCtCCGGAGCCTGCCTCtCGGCTSCAGGAGACCCCAGACCCCTGGCAGAGCCTGGACCC
GGClCCGGAGCCTGCCTdCGGCTlCAGGAGACCCCAGACCCCTGGCAGAGCCTGGACCC
TTTTGACTCCTTGGAATCTAAGGTCTTCCAGAAAGGGAAACCCTATTCTGTGCCACCCGG
TTTTGACTCCTTAGAATCTAAGGTCBTCCAGAAAGGGAAACCCTATTCTGTGCCACCtGG
TTTTGACTCCTTBGAATCTAAGGTCITCCAGAAAGGGAAACCCTATTCTGTGCCACCIGG
TGTGGAGGAGGCTCCAGGACAGAAGCGCAAGAGGAAGGGTGCCACCAAGTTGCAGGACTT
TGTGGAGGAGGCTCCAGGACAGAAGCACAAGAGGAAGGGTGCCACCAAGTTGCAGAACTT
TGTGG
CCACAAGTGGTACCTGGATGCCTATGCTGAAC
CCACAAGTGGTACMGGATGCCTATGCTGAAC

the fprl-1 intron are positioned in such a way as to account for kleisin-|3
pseudogene expression (Figure 4.14 panel A).

Thus, a kleisin- p pseudogene transcript, originating from chromosome 17 is
transcribed in addition to the chromosome 15-derived kleisin- p transcript.

4.2.9 Kleisin-p splice variants
Alignment of the kleisin-p EST sequences within NCBI UniGene cluster
Mm.143167 (comprised of 1031 ESTs) revealed two additional transcripts
suggestive of alternatively spliced forms. One splice form had a 93bp deletion and
the other a 17bp deletion, both in exon 1. The small size of these deletions in
comparison to the size of the entire gene precluded their detection in the lowresolution northern blot (Figure 4.8). The transcripts with no deletion, with the
17bp exon 1 deletion and the 93bp exon 1 deletion were named the long,
intermediate and short splice forms, respectively (Figure 4.15, panel A).

To confirm the expression of these splice forms and to determine whether any
transcripts exhibited a tissue-specific pattern of expression, RT-PCR was
performed on RNA extracted from mouse tissues with primers spanning these
deletions such that all three splice forms were amplified in the same reaction
(Figure 4.15, panel B). Three bands were detected across all mouse organs tested
corresponding to the predicted sizes of the amplicons for each splice variant,
confirming the expression of the three transcripts. In another approach employed
to confirm the expression of these splice variants, primers were designed which
amplified either the long, intermediate or short splice variant specifically.
Sequencing of these PGR products confirmed the presence of these deletions in
expressed kleisin-p transcripts (Figure 4.16). These primer pairs were extensively
optimised for Mg^"" concentration and annealing temperature to ensure specific
and reproducible amplification of the correct splice variant. These primers were
then used to quantify the expression of each individual splice variant across a
panel of mouse organs by real-time PGR (Figure 4.17). All splice variants exhibited
a similar pattern of expression across the organs tested, with particularly high
expression of all variants in the liver and testis. Although the similar expression
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F i g u r e 4 . 1 5 . A l i g n m e n t of k l e i s i n - p ESTs reveal t h r e e s p l i c e v a r i a n t s
w h i c h are e x p r e s s e d a c r o s s all m o u s e o r g a n s . A . Alignment of the 5'
region of the kleisin-p splice variants. The coding sequence of the prototypical fulllength form of exon 1, named the 'long' form (black), compared to the coding
sequence of the newly discovered alternatively spliced exon 1 transcripts with the
93bp deletion (the 'short' form, blue) and the 17bp deletion (the 'intermediate'
form, red). The 5' UTR is shown in green. Boxed in orange are the ATG start
codons which are used to encode full-length protein for each variant. B. RT-PCR
on RNA extracted from a panel of mouse organs using primers whose location is
depicted by the black shading in Panel A, designed to simultaneously amplif/ all
three variants. Shown is a representative gel from one of three similar
experiments. Abbreviations: Thy, Thymus; Br, Brain; BM, bone marrow; Test,
Testis, Spl, spleen; Hrt, Heart; Kid, kidney; Mus, Muscle; Liv, Liver, Lu, Lung.
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Long 232bp
Int215bp
Short 140bp

.
.

Figure 4.16. Kleisin-p splice variant-specific RT-PCR. A. Location of
PGR primers designed to specifically amplif/ each of the splice variants, long,
intermediate and short, shown boxed in black, red and blue, respectively. B. PGR
reactions for each splice variant were optimised such that a single band was
observed. Amplicons from completed real-time PGR reactions were resolved on a
3% agarose gel. The melt-curve analysis which follows each PGR run also
ensured a single band was amplified. The predicted size of each of the amplicons
(210bp long form, 208bp intermediate form and 169bp short form) were
observed. Bands were excised and sequenced with the reverse primer to confirm
their identity. Shown are the sequences obtained upon sequencing of the
amplicons. The portions of sequence shown for each variant are underlined in the
alignment in panel A.
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Figure 4.17. Kleisin-p splice variant expression in nnouse organs.

Real-time RT-PCR was performed on total RNA extracted from a panel mouse
organs with the variant-specific primers described in figure 4.16. The expression
of each variant across mouse organs was normalised to 18S rRNA expression.
Shown is the average expression and standard error from three experiments.
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pattern suggests that each splice variant is under the same transcriptional control
(i.e., that the level of each depends simply on the level of the original transcript,
from which they are all derived), it cannot be ruled out that the expression of
individual variants are controlled separately in certain cell types or in response to
specific stimuli (since the RT-PCR was carried out on whole crude organs lysates).

Splicing of introns from a pre-mRNA involves the recognition of consensus motifs
at the exon-intron boundan/ (other elements include a poly-pyrimidine tract and a
branch point sequence in the intron). The exon-intron boundaries of these newly
discovered splice variants were aligned to published consensus 5' (donor) and 3'
(acceptor) splice sites (Patel and Steitz, 2003) in order to assess their similarity to
these optimal splicing signals (Figure 4.18). Most introns have a GT and AG at
their 5' and 3' ends respectively, buried within a less consen/ed consensus
sequence. The donor splice sites of the long and short form conform well to the
consensus with both having the optimal GT at the donor site. The donor site of the
intermediate form however does not conform well to this optimal consensus
sequence, with a GC in place of the GT. The acceptor site, common to all three
variants, conforms closely to the consensus acceptor site.

An additional kleisin-p splice variant was identified serendipitously via routine
sequencing of full-length kleisin-p expression vectors where an additional GAG
was found to be included in the coding sequence. This additional GAG is derived
from the first three nucleotides of intron 15-16 and thus arises due to alternative
selection of a 3' splice site. This transcript is represented in the EST databases by
only a small percentage of the total ESTs and, based on these, it does not appear
to show a tissue-specific expression. To determine the pattern of expression of
this transcript, RT-PCR primers designed to flank the alternative trinucleotide were
designed. Digestion of the resultant PGR product with the restriction enzyme Bbvl
results in a unique pattern of fragments depending on whether the additional GAG
is present. As shown in figure 4.19, the band pattern expected if both GAGs were
present was not seen in any of the organs analysed. Due to the repeated
observation of this variant throughout various experiments however, and its
representation in the EST database, it is very likely that it does exist and that the
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Figure 4.18. Comparison of kleisin-p 5' and 3' exon 1 splice sites to
consensus splice sites. A. Diagrammatic representation of the exon 1 kleisin-p
splice variants. 1, 2 and 3 (blue, orange and red bars) represent the 5' splice sites
of the long, intermediate and short splice forms, respectively. 4 (green bar)
represents the 3' splice site common to all splice variants. Introns are represented
by dotted lines B. 5' splice site sequences of kleisin-p exon 1 aligned to the
mammalian 5' splice site consensus sequence. C. Alignment of the common
kleisin-p exon 1 3' splice site consensus sequence to the mammalian 3' splice site
consensus sequence. Matches or mismatches of the kleisin-p splice sites with
crucial nucleotides of the consensus sequence are indicated by ticks and crosses,
respectively.
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Figure 4 . 1 9 . T h e k l e i s i n - p e x o n 15 2 x C A G s p l i c e v a r i a n t is r a r e a n d
c a n n o t be d e t e c t e d by a g a r o s e gel e l e c t r o p h o r e s i s . A. Recognition
sequence of Bbvl which digests the 2xCAG, but not the 1 xCAG, variant. Shown
boxed in red is the position of the Bbvl recognition site in the 2xCAG variant,
which is lacl<ing in the 1 xCAG variant. The additional GAG in exon 15 (green) is
derived from the first three nucleotides of intron 15-16. The actual cut site is
located in exon 16 (blue). B. Primers flanking the exon 15-16 interface were used
to amplify the region surrounding the exon 15-16 interface (214bp amplicon in the
1 xCAG variant and 217 bp in the 2xCAG variant) from RNA extracted from a
panel of mouse organs, RNA from two mouse cell lines (EL4 and NIH3T3) and two
kleisin-p plasmids, one with and one without the extra GAG used as controls. The
restriction enzyme Bbvl was used to cut these amplicons; the 2xGAG variant
yields 103bp, 66bp and 48bp fragments and amplicons with one GAG produce
166bp and 51 bp fragments. The pattern of bands expected if the 2xGAG variant
was present at sufficient levels was not observed for any organ or cell line tested.
The 217/214bp band is uncut PGR product. The 103bp product, unique to the
2xGAG variant is not present in any organs. The resolution is such on this gel that
the 48bp, 51 bp and 66bp amplicons will co-migrate. Shown is a representative
gel of one of two similar experiments.
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transcript is rare and falls below the limits of detection of ethidium-stained agarose
gels.
Interestingly, the two kleisin-p pseudogenes identified (Figure 4.13) represent the
long (ENSMUSG00000034241) and intermediate (ENSMUSG00000073450)
splice variants. The alignment in figure 4.13 also revealed the presence of various
other deletions in the pseudogenes. Since processed pseudogenes are remnants
of once-transcribed genes, it was thought possible that there are kleisin-p
transcripts, originating from the authentic chromosome 15 locus, with these
deletions that represent additional splice variants. RT-PCR was performed across
mouse organs with chromosome 15 kleisin-p -specific primers flanking these
predicted deletions and PGR products were run on high percent agarose gels.
These deletions were not detected (data not shown), suggesting that that they
were most likely introduced into the pseudogenes after their incorporation into the
mouse genome.
Thus, the kleisin-p gene was found to encode different splice variants, three
differing in exon 1 (named the long, intermediate and short variants), as well as
potential GAG addition between exons 15 and 16.

4.2.10 Proteins encoded by the kleisin-p splice variants

The 17bp deletion in the intermediate form, being indivisible by three, would
change the frame of the downstream transcript resulting in a premature stop
codon. However, if translation is initiated at a second ATG start codon (located 8
bases downstream of the ATG used to initiate transcription of the long form) then
the coding region for exon 1 is brought back into frame with respect to the
remaining coding sequence (Figure 4.20). This results in the intermediate splice
form encoding an isoform of kleisin-p with a completely different N-terminus to
that encoded by the long splice form. The short splice form of the transcript with a
93 bp deletion, being divisible by 3, does not alter the reading frame of exon 1.
This results in an N-terminal truncated form but with same first five residues as the
isoform encoded by the long form (Figure 4.20, panel A). All isoforms would have
identical protein sequences downstream of exon 1.
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Figure 4.20. Kleisin-p protein i s o f o r m s . A. A diagrammatic representation
of tiie long, intermediate and siiort kleisin-|3 protein isoforms. Exon 1 of the long
and short isoforms are translated in the same frame (red), however, the
intermediate form must use a downstream ATG in a different frame (blue) in order
to encode a protein in the same frame as the long and short form from exon 2
onwards (green). B. The sequences surrounding and including the start codons of
the isoforms compared to the Kozak consensus sequence (shown boxed).
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Inspection of the genomic sequences of kleisin-p from other eukaryotic species
revealed that the second ATG is conserved in rat and chicken but not in others,
however, BLAST queries of EST databases did not yield any intermediate form-like
transcripts from these two species. Similarly, short transcripts were not found to
be present in any species other than mouse. At this stage therefore, this unsual
form of splice variation in the first exon appears to be limited to the mouse.
According to the scanning model of translation initiation, ribosomes scan
transcripts until they encounter a start codon in a favourable sequence context,
the Kozak sequence, at which point translation of the protein commences. Panel
B of figure 4.20 shows that although there are a few mismatches, the sequence
surrounding the ATG used in the long and short isoforms conforms well to the
consensus Kozak sequence, with conservation of the important nucleotides at -3
and +4. The intermediate form, on the other hand does not conform well to the
Kozak, with conservation only of the important purine at -3.

4.2.11 Expression and localisation of kleisin-p isoforms

In order to investigate the capacities of the kleisin-p splice variant transcripts to be
translated into protein (especially the intermediate form, in light of the fact that it
possesses a poor Kozak sequence), isoform-specific antibodies directed against
short peptide sequences unique to each isoform were generated. An antibody
against a peptide in the C-terminus that recognises all three isoforms was also
generated. These antibodies were intended firstly for use in western blots in order
to determine the tissue distribution of each isoform and secondly for coimmunoprecipitation experiments to reveal potential binding partners of each
isoform. In the latter experiments, co-immunoprecipitates were to be run on
polyacrylamide gels and interesting bands representing potential kleisin-p
interactors were to be identified by peptide mass fingerprinting after tryptic
digestion and mass spectrometry analysis.
In order to prove the specificity of anti-peptide antibodies, the ability of the peptide
antigen used to generate the antibody to inhibit binding of the antibody to its
target antigen was attempted. As shown in panels B and C of figure 4.21, only the
binding of the antibody recognising the C-terminus of all three isoforms could be
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Figure 4 . 2 1 . A n t i - k l e i s i n - p i s o f o r m - s p e c i f i c a n t i b o d i e s : w e s t e r n
blotting and i m m u n o p r e c i p i t a t i o n trials. A. Diagrammatic representation of
the encoded kleisin-(5 isoforms. The peptide sequences against which antibodies
were generated are indicated by an orange line. B. Demonstration of the
specificity of the anti C-terminal antibody by peptide competition of the antibodyantigen interaction followed by detection by western blot. Duplicate thymic lysates
were run with one sample incubated with antibody that was pre-incubated with
neutralising peptide, the other with antibody alone. Shown is one of two
experiments with similar results C. Attempts to demonstrate the specificity of the
isoform-specific antibodies by competing antigen binding with immunising
peptide. D. An attempt to immunoprecipitate native kleisin-p isoforms with these
isoform-specific antibodies. Thymic lysates were immunoprecipitated with
isoform-specific anti-sera (I) and with the corresponding pre-immune (P) sera
(taken as a pre-bleed from the animal prior to immunisation). Immunoprecipitated
proteins were run on an SDS-PAGE gel and visualised by silver staining.
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inhibited in tliese peptide competition experiments (whole thymus lysates from
mouse were used in this and the following experiments mentioned). Although
multiple bands were detected by western blot for the isoform-specific antibodies,
none of which could be out-competed by their corresponding peptide,
immunoprecipitations were carried out as an alternative method for detecting the
isoforms. Rather than confirming the identity of potential bands by peptide
neutralisation, the specificity of the antibody would be determined by excising any
potential bands, which could then be submitted for N-terminal sequencing. This
approach is feasible due to the different N-terminal sequences of the isoforms and
would provide definitive proof of the existence of native kleisin-|3 isoforms.
Although all anti-isoform antibodies immunoprecipitated a protein of approximately
90kDa (the size of kleisin-(3 as determined by western blot in figure 4.21, panel A),
this band was present in samples immunoprecipitated with pre-immune as well as
immune sera (panel D of figure 4.21). Therefore, it represents a non-specific
background band.

Further attempts to out-compete the binding of the isoform-specific antibodies
and to specifically immunoprecipitate the isoforms included the use of different
lysis buffers (in order to perhaps unmask hidden epitopes) as well as affinity
purification of the antisera, however, none of these additional attempts proved
successful. Thus, only the specificity of the C-terminal antibody could be
ascertained. This antibody was later used to show that kleisin-p could be
translated into protein in Nessy mice, at levels equivalent to wild type mice (Figure
5.10).

As shown in Panel A of figure 4.21 the anti-C-terminal antibody consistently
produced a single band of ~90kDa despite the fact that the predicted molecular
weight of kleisin-(3 isoforms range from 65.3kDa to 68.9kDa. A similar observed
size for kleisin-p has been observed elsewhere (Yeong et al., 2003). Posttranslational modifications of proteins (such as glycosylation) often cause proteins
to migrate slower in polyacrylamide gels and thus have a higher molecular weight,
however, it is unlikely that the addition of sugar moieties to kleisin-(3 can account
for the large difference (20kDa) between the observed and predicted size. One
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explanation for the size discrepancy is the possibility that kleisin-p is SUMOylated.
SUMOs (small ubiquitin-like modifiers) are proteins ranging in size from 12 to
10OkDa that become covalently conjugated to target proteins. SUMO targets are
involved in a variety of processes including nucleocytoplasmic transport of
proteins, transcription, DNA replication and recombination (Mukhopadhyay and
Dasso, 2007). The SUMOsp (http://bioinformatics.lcd-ustc.org/sumosp/Xue,
2006) and SUMOplot (http://www.abgent.com/tool/sumoplot) software packages
both predict SUMOylation of kleisin-p with high confidence and there is evidence
that SUMOylation regulates the function of condensin components in yeast
(Watts, 2007). Thus, SUMO modification of kleisin-p remains a possibility worthy
of further attention.

Two-dimensional polyacrylamide gel electrophoresis was also undertaken as yet
another alternative method to detect native kleisin-p isoforms. 2D gel
electrophoresis involves the separation of proteins in the first dimension according
to isoelectric point (pi, the pH at which a protein has no net electrical charge and
hence stops migrating on a pH-gradient strip subject to high voltage) and then
according to size (where the pl-separated proteins are then separated by
conventional polyacrylamide gel electrophoresis). The kleisin-p isoforms may be
separated in this way since no two isoforms share both the same pi and molecular
weight. The long, intermediate and short isoforms have predicted molecular
weights of 68.9kDa, 68.0 kDa and 65.4 kDa respectively and predicted isoelectric
points of 4.71, 4.65 and 4.57, respectively. Since all isoforms share the same Cterminus, western blotting of the entire, resolved 2D gel with the anti-C terminal
antibody can reveal the positions of the isoforms in a duplicate gel stained with
Coomassie blue, which stains all resolved proteins. The corresponding protein
spots in the Coomassie gel may then be excised and identified by mass
spectroscopy or N-terminal sequencing, as described above. Panel A of figure
4.22 shows a gel of a whole thymus lysate resolved by 2D electrophoresis and
then stained with Coomassie to reveal all thymic proteins. Panel B of figure 4.22
shows a duplicate gel blotted with the C-terminal anti-serum. Proteins potentially
corresponding to the kleisin-p isoforms were excised for analysis by mass
spectroscopy. Unfortunately, due to technical problems with the mass
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Figure 4.22. 2D electrophoresis trial to identify kleisin-p isoforms. A
whole thymus lysate was separated in the first dimension on the basis of pi using
pH 4-7 electrophoresis strips, pl-separated proteins were then separated
according to size by standard SDS-PAGE in the second dimension. Duplicate 2D
gels were run. One was stained with Coomassie blue (panel A) to reveal all thymic
proteins and the duplicate blotted with the anti-C-terminal kleisin-p antibody to
reveal kleisin-p isoforms (panel B). Circled in red in panel B are resolved proteins
potentially corresponding to the kleisin-p isoforms.
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spectrometer, these proteins were not identified. Nevertheless, although time
constraints precluded further 2D experiments, this approach remains a promising
avenue for the detection of naive kleisin-p isoforms, especially if combined Nterminal sequencing, following 2D resolution and western blotting as attempted
above.

In order to demonstrate the ability of the splice variants to be translated into
protein and to simultaneously determine their patterns of intracellular localisation,
each full-length splice variant coding sequence was cloned into the C-terminal
GFP-fusion protein vector pCDNA3.1/CT-GFP. These constructs were used to
transiently transfect the NIH/3T3 (mouse fibroblast) and HEK-293T (human
embryonic kidney cells transformed with SV40 large-T antigen) cell lines. Within
24hrs, it was observed that all splice variants produced a GFP fusion protein
product and that all kleisin-(3 splice variants could localise to either the nucleus or
the cytoplasm (Figure 4.23).

Most significantly, the intermediate isoform produced an in-frame GFP-fusion
protein despite inclusion of the first ATG in the expression vector, which would
have resulted in a sequence out-of-frame with the downstream sequence
encoding GFP (with premature termination of translation occurring 38 codons
post-ATG) resulting in no GFP production. This indicated that the second ATG
was selected as the initiating codon by the translation machinery, despite the poor
Kozak sequence surrounding the initiation codon and the presence of a stronger
upstream ATG. Similar results were obtained in both cell lines used.

Since protein localisation signals may be located at the N-termini of proteins, and
the N-terminal sequence of the kleisin-p isoforms are all different, it was proposed
that each isoform may be targeted to different sub-cellular regions or organelles.
Various sub-cellular localisation prediction programs such as WOLF pSORT
(http://www.wolfpsort.org; (Norton et al., 2007)), Mitopred (http;//
bioinformatics.albany.edu/~mitopred/; (Gudaetal., 2004)), MitoProt
(http://ihg.gsf.de/ ihg/mitoprot.html; (Glares and Vincens, 1996)), pTARGET
(http://bioapps.rit.albany.edu /pTARGET; (Guda, 2006)), pSLIP (http://pslip.bii.a55

star.edu.sg/; (Sarda et al., 2005)) and SubLoc
(http://www.bioinfo.tsinghua.edu.cn/SubLoc/; (Chen et al., 2006)), all predicted
that the long and short form are targeted to the nucleus and/or the cytoplasm,
and that the intermediate form is targeted to the mitochondria. However, it was
observed that all three isoforms displayed similar localisation patterns in both cell
types transfected, with all isoforms capable of localising to either the nucleus, the
cytoplasm or to both in the same cell (Figure 4.23). To specifically investigate
whether the intermediate form is targeted to mitochondria as predicted,
intermediate isoform GFP-fusion protein-transfected cells were stained with
MitoTracker, a mitochondrial-specific dye. It was shown that the intermediate form
did not co-localise specifically with mitochondria (Figure 4.24).

It was also observed that all isoform-GFP fusion proteins had the ability to form a
single, often spherical, body in the interphase nucleus (panels A, B, C and D of
figure 4.25) a structure that resembled the nucleolus. To determine whether the
isoforms could co-localise with the nucleolus, transfected cells were stained with
antibodies to fibrillarin, a protein associated with small nucleolar
ribonucleoproteins and a component of the dense fibrillar region of nucleoli
(Newton et al., 2003). No instances were observed, however, where there was
overlap between the kleisin-p and fibrillarin signals (Figure 4.25, panels A, B and
C). Panels E, F and G of figure 4.25 show the only other sub-nuclear bodies
morphologically similar to the spherical kleisin-p structure for comparison: the
SAM68, OPT and perinucleolar bodies. Further work involving staining with
markers specific for these structures is necessary to determine if they co-localise
with kleisin-p when it forms the spherical nuclear body.

The most interesting outcome of the GFP localisation experiments was the
repeated observation that kleisin-p appeared to frequently localise to DAPI-poor
staining regions in the nucleus of interphase cells. This was seen for all isoforms.
DAPI-poor staining nuclear regions correspond to euchromatic regions, which
represent unwound, sparse chromatin that is transcriptionally active (Gilbert et al.,
2005). Panels A, B and 0 of figure 4.26 show examples of this pattern of
localisation observed for the long, intermediate and short isoforms, respectively.
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The association of kleisin-p witin transcriptionally active regions of chromatin is
especially fascinating given the emerging role of condensins as regulators of gene
expression (Xu et al., 2006).
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Figure 4.23. Nuclear and cytoplasmic localisation of kleisin-p
isoforms. Representative nuclear and cytoplasmic localisation patterns of various
l<leisin-p isoform-GFP fusions (green) in NIH3T3 and 293T cells counterstained
with the DNA binding dye DAPI (blue). In panel A, cytoplasmic (1,2), nuclear (3)
and concurrent nuclear and cytoplasmic localisation (4) of kleisin-p isoforms in
NIH3T3 cells is shown. Panel B shows representative cytoplasmic (1), nuclear (2)
and concurrent nuclear and cytoplasmic localisation (3) of kleisin-p in 293T cells.
All images are taken from GFP-kleisin-(3 long form transfections, however, all
isoforms (long, intermediate and short) exhibited identical patterns of localisation.
The localisation of the long form in a transfected cell caught in prophase is shown
in panel C. Each image is one of a series of 0.2nM z-sections taken through the
entire cell with a fluorescence microscope, z-section images were deconvoluted.
All images in this figure are of one of the z sections from a central section of the
cell.

Figure 4.24. The intermediate form of kleisin-p does not localise
specifically to mitochondria. NIH3T3 cells were transfected with the GFPkleisin-p intermediate fusion protein and co-stained with Mitotracker. Two
examples of transfected cells displaying cytoplasmic localisation of kleisin-p and
co-stained with this mitochondrial stain are shown in panel A and B. (A1 and B1
GPP fusion only; A2 and B2 Mitotracker only; A3 and B3 overlay).

GFP

B

Mitotracker

Overlay

Figure 4.25. The nuclear body formed by kleisin-p isoforms during
interpliase. 293T cells transfected with the long (panel A), intermediate (panel B)
and short (panel C) GFP-kleisin-p fusions all are capable of forming a denselystaining nuclear body. The long, intermediate and short GPP fusions (green; A1,
B1 and C1) were counterstained with DAPI (blue; A2, B2 and C2) and stained with
an antibody to fibrillarin (red; A3, B3 and C3), a marker for nucleoli. Merged
images (A4, B4 and C4) revealed no co-localisation between the nuclear body and
the nucleolus. Identical nuclear bodies were also formed by all isoforms in NIH3T3
cells. Each image is one of a series of 0.2^M z-sections taken through the entire
cell with a fluorescence microscope, z-section images were deconvoluted. All
images in panels A, B and C are of one of the z sections from a central section of
the cell. Panel B shows a series of z-sections in 0.2!AM increments taken with a
confocal microscope, demonstrating the presence of the nuclear body in cells
transfected with the long kleisin-p isoform. DAPI and fibrillarin signals are absent
as the confocal microscope was not equipped with the required filters for their
detection. Known nuclear bodies (panel E, perinucleolar body; Panel F, OPT
domain; Panel G, SAM68 body) which resemble that formed by the kleisin-p
isoforms are shown for comparison. Panel E is from Huang et al., 2005, Panel F
from Pombo et al., 1998 and Panel G from Chen et al., 1999.
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Figure 4.26. Kleisin-p isoforms localise to euchromatic regions in the
nucleus during interphase. 293T cells were transfected with the long (panel
A), intermediate (panel B) and short (panel C) kleisin-p-GFP isoforms and
counterstained with DAPI (blue; A1, B1 and C1). The GPP signal of all three
isoforms (green; A2, B2 and C2) was shown to localise to DAPI-poor staining
regions when the two signals were overlayed (A3, B3 and C3). The red signal in
A3, B3 and C3 corresponds to the nucleolar marker fibrillarin which all cells were
also co-stained with. Identical localisation patterns for all isoforms were observed
in NIH3T3 cells. Each image is one of a series of 0.2^M z-sections taken through
the entire cell with a fluorescence microscope, z-section images were
deconvoluted. Images in this figure are from a central section of each cell.
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4.3 Discussion
4.3.1 Alternative splicing of the kleisin-p gene
One of the most interesting findings of tliis study was tlie discovery of a variety of
alternative transcripts derived from the mouse kleisin-(3 gene, each encoding
distinct protein isoforms, suggested initially by the results of a global EST
alignment and subsequently confirmed by RT-PCR and in vitro expression (Figure
4.15). Two kleisin-p transcripts were discovered in addition to the canonical form
(called the 'long' form in this study) which arise through an alternative 5' splice site
and which in combination with alternative AUG selection, encode kleisin-p
isoforms with different N-termini.
A change in the 5' splice site choice that defines the 5' interface of exon 1 and
intron 1 -2 of the long form produces the short and intermediate splice forms. For
both the short and intermediate forms, these alternative 5' splice sites are located
within exon 1 of the long form. For the intermediate transcript and short forms, the
5' splice site occurs 17bp and 93bp, respectively, upstream of the 5' exon1intronl splice site of the long form. This results in a 17bp and 93bp deletion in
exon 1 for the intermediate and short forms, respectively. The short form
consequently encodes a protein in the same frame as the long form but with a 31
amino acid deletion resulting from the 93bp deletion. The 17bp deletion in the
intermediate form, however, would disrupt the downstream reading frame and
encode a truncated protein if translation was initiated at the same AUG used in the
long and short form. This transcript, however, produces a functional full-length
protein by initiating translation from a different start codon, located 8 bases
downstream, causing exon 1 to be translated in a different frame to the long and
short forms but in the same frame from exon 2 onwards. Thus, these splicing
events result in three kleisin-p isoforms with unique N-termini.
Due to the split nature of eukaryotic genes, pre-mRNA splicing, the removal of
introns from nascent mRNA transcripts and the concomitant joining of exons, is a
necessary prerequisite for the production of translatable mRNAs. The requirement
for intron removal has lead to the evolution of alternative splicing, where elements
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of a single pre-mRNA transcript may be assembled differently to create multiple
mature mRNAs each capable of encoding a distinct protein, or performing a
unique regulatory function if the change is in a non-coding region (Black, 2003,
Blencowe, 2006). It has become clear that alternative splicing, once considered
rare (Sharp, 1994), affects most genes in higher eukaryotes, with an estimated
incidence of 40-60% in human genes (Modrek and Lee, 2002). The most
comprehensive genome-wide analysis of the mouse transcriptome, carried out by
the FANTOMS/Genome Network Consortium (Hayashizaki and Carninci, 2006),
uncovered over 43000 transcriptional units (with -20000 non-coding transcripts),
65% of which transcribe alternatively spliced variants. Combining all splice
variants, -78000 different protein products are estimated to originate from
-20000 protein-coding genes (Carninci et al., 2005). Alternative splicing has been
proposed to, at least in part, account for the apparent lack of correlation between
gene number and organism complexity by virtue of its ability to drastically increase
transcript diversity (Matlin et al., 2005).

Changes in splice site choice, such as the variable exon 1 5' splice site that gives
rise to the kleisin-p variants, may shorten or lengthen exons. In addition, 5' or 3'
terminal exons may be switched as a result of altered 5' or 3' splice site selection,
respectively. Other forms of alternative splicing include cassette exons which can
be either included or excluded in the final transcript, mutually exclusive exons (only
one of which is included for a given transcript, and the retention of introns (Black,
2003). A mature transcript may result from a combination of these modes of
splicing. Alternative 5' and 3' splice site selection is the least studied form of
alternative splicing, however, they account for 18% and 8% of conserved humanmouse events, respectively (Keren et al., 2007).

In one comprehensive computational analysis, it was proposed that alternative 5'
splice sites originate when random mutations create a new splice site in the
vicinity of a constitutive one. The new site, initially non-functional, begins to
compete with the established one, with eventually both being selected by
evolutionary pressures. It was proposed that selective forces acted in a manner
that preserved the reading frame of the ancestral transcript in the new transcript in
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order to maintain its functionality (Koren et al., 2007). This is indeed a feasible
scenario to account for the origins of the short and intermediate kleisin-|3 splice
forms. However, although the reading frame of the long form is preserved in the
short form, this is not the case for the intermediate form. Thus, this sequence of
events can account for the intermediate form's origins if it assumed that the
translation machinery could select the downstream AUG for this splice form, a
requirement if it is to produce full-length protein (Figure 4.20).
Splice sites are defined by c/s (RNA) sequences that include 5' and 3' exon-intron
interface splice site consensus sequences, a branch point sequence (BPS) and a
poly-pyrimidine tract (both located in the 3' end of the intron) as well as many
trans (RNA-associated proteins) components. As shown in figure 4.18, the exon 1
5' splice site of the long and short form conform well to the consensus splice site
sequences (especially at the crucial positions, GU at the 5' end of the intron)
known to be required for efficient splice site recognition. The intermediate form on
the other hand does not conform well to this sequence (having a GO at this crucial
position), yet in spite if this, is spliced (Figure 4.15 and 4.16).
In a genome-wide study of human splicing, it was found that these GC-type
introns constitute 1 % of the total number of introns and, importantly, the
proportion of GC-type introns associated with alternative exons was 62%
(Thanaraj and Clark, 2001). It is assumed that GC introns are processed by the
same splicing machinery that process GU introns and in this human study, it was
suggested that GC introns compensated for this weaker complementarity
resulting from mismatch to the consensus (-^2 'C instead of 'U') by having
particularly strong 3' acceptor sequences. This was proposed to be the
mechanism by which they were recognised in alternatively spliced transcripts. In
the case of kleisin-p however, a 3' acceptor site is shared by the three different 5'
splice sites and, according to this model, the much stronger alternative 5' splice
sites of the long and short form would presumably out-compete the intermediate
5' splice site from being selected, thus this cannot explain the regular and
constitutive transcription of this splice form.
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In another study (Sheth et al., 2006), a similar proportion of GC-type introns to
humans was found in mouse (0.87%), representing a total of 1500 mouse GC
introns. It was suggested that the sequence surrounding the GO in the 5' splice
site consensus compensated for the +2 'C' mismatch by conforming much more
closely at these positions. The intermediate 5' splice site does indeed match the
optimal sequence well at these other positions (as shown in figure 4.18), however,
the match is no better than the long form, therefore this also does not offer a
mechanism for its selection.
It has been demonstrated that 5' splice site selection is executed by a scanning
mechanism which always selects the 5' most site in a series of 5' splice sites
arranged in tandem (Borensztajn et al., 2006). Under this model, the 5' splice site
of the short form would always be selected in preference to both the long form
(since it is further upstream than the long one and both have equally good splice
sites) and the intermediate form, which has a poor 5' splice sequence (panel A of
figure 4.18). This model also predicts that the intermediate splice site would be
overlooked. As for the question of whether the short 5' splice site would be
preferable over the long, this is not supported by the RT-PCR data (Figure 4.15),
which indicates that the short form is the least abundant of the three.
Therefore, other mechanisms controlling 5' splice site selection in addition to the
recognition of splice site sequences, accompanied by a violation of the 5'
scanning model, must be involved in producing the kleisin-p transcripts.
Splicing is executed by the spliceosome, a large, multi-subunit macromolecular
complex composed of five small nuclear ribonucleoprotein particles (snRNPs; U1,
U2, U4, U5 and U6) which each associate with many other additional factors that
are constantly exchanged during the splicing process. It associates with the premRNA through a series of RNA-RNA and protein-RNA interactions (Valadkhan,
2007). Although the mentioned cis RNA sequences are of primary importance in
signalling splice site locations to the spliceosome, due to their short length, and
the fact that they often deviate substantially from the optimal consensus (with no
subsequent splicing errors) it has become apparent that there must be other
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sequence elements which are essential for correct splicing and for distinguishing
these common, short c/s sequences which are buried within kilobases of DMA.
Such signals are provided by the exon splicing enhancers or silencers (ESE or
ESS) or intronic splicing enhancers or silencers (ISE or ISS) (Blencowe, 2000)
(Hertel et al., 1997) (Pozzoli and Sironi, 2005). These sequence elements stimulate
splicing from a distance and may activate adjacent splice sites or repress silencers
(in the case of activators) or repress splice sites or enhancers (in the case of
silencers). SR proteins bind ESEs and play an important role in this process
(Sanford et al., 2005). Alternative exons usually have sub-optimal splicing signals
and the balance between the antagonistic actions of these enhancers and
silencers (bound by trans factors) which can either promote or inhibit the inclusion
of an exon, ultimately determines the final outcome of a splicing event.
Since the 5' splice site of the intermediate form is a weak one, a plausible
explanation for its selection involves the action of such trans factors which
regulate splicing at a distance and collaborate with the cis elements ESEs, ESSs,
ISEs and ISSs to exert control over the splicing outcome. It is conceivable, for
example, that a subset of intermediate exon-defining SR proteins bind a
proportion of kleisin-p transcripts and promote the selection of this splice site.
Indeed, a likely scenario is that each variant has its own repertoire of exon-defining
SR proteins that compete for splice site selection, with the degree of each set's
positive or negative influence on splice site selection determining the relative
proportion of each transcript in a given cell.
It has been shown that splicing outcomes can be controlled in such a manner, For
example, the SR protein SF2/ASF and the heteronuclear ribonucleoprotein A1
(hnRNP A1) compete for binding to pre-mRNAs with the latter stimulating splicing
at an upstream 5' splice site and the former at a downstream site. Depending on
their relative levels, different splicing outcomes are achieved due to their different
influence each has on the U1 snRNP's abundance and affinity for the respective 5'
splice sites (Eperon et al., 2000). The competing actions of the SR proteins
SF2/ASF and SC35 acting on alternative 5' splice sites in the tropomyosin
transcript determine the tissue distribution of the resulting two forms of the gene
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(Gallego et al., 1997). Thus, the action of competing SR proteins, each
preferentially activating a splice site, play a central role in determining alternative
splicing outcomes.

Competing trans factors such as SR proteins may also control kleisin-p splicing in
this manner. ESEfinder software (http://rulai.cshl.edu/cgi-bin/tools/ESE3/
esefinder.cgi; (Cartegni et al., 2003)) revealed the presence of a number of SR
protein-binding sites located in exon 1, including those for the SR proteins SF2,
SC35, SRp40 and SRp55. Although expression of all kleisin-p splice forms is
constitutive, RT-PCR analyses were confined to a 'snapshot' of expression at a
specific age of the mouse in crude whole-organ lysates, so it is possible that the
expression of the splice variants is differentially regulated throughout development
or in response to infection or other stimuli, and that this regulation occurs in only
certain cell types. This may be mediated at least in part by changes in the levels
and distribution of the SR proteins involved in exon definition of the kleisin-|3
transcripts.

It has also been postulated that RNA polymerase processivity plays a role in splice
site selection, where a weak splice site is included if processed by a slow RNA
polymerase II or excluded if processed by a highly processive pol II (Sanford and
Caceres, 2004). The fibronectin gene is one example whose splicing is altered by
the selection of a weak splice site as a result of slow RNA polymerase II activity
(de la Mata et al., 2003), while the splicing patterns of E-cadherin, BIM, cyclin D1
and CD44 genes are altered in this way via the inhibitory action of Brm (a
component of the SWI/SNF chromatin remodelling complex) on the elongation
rate of RNA polymerase II (Batsche et al., 2006). Therefore RNA processivity or its
regulation may also contribute to the transcription of the kleisin-p splice forms, in
particular the intermediate form which harbours a weak 5' splice.

It was observed that an extra CAG was occasionally included in the coding region
of kleisin-p that was derived from the first three nucleotides of intron 15-16 and
thus arose due to alternative selection of a 3' splice site (Figure 4.19). This splice
site is in the NAGNAG motif category (where N is any nucleotide) which refers to
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the sequence at the 3' end of such introns. In the case of the kleisin-|3 transcripts,
the inclusion of an extra CAG results in the insertion of an extra glutamine residue.
Such trinucleotide splice variations take place in 43.7% of splicing acceptor sites
and 23.7% of donor sites in the mouse genome (Chern et al., 2006). It has been
argued that such variations arise due to stochastic binding of the splicing
machinery and simply represent transcriptional 'noise' that is tolerated by the cell
(Chern et al., 2006), however, other analyses have concluded that the
consequences of such splicing is non-random, regulated and functional, with the
resultant subtle changes fine-tuning the functions of proteins (Hiller et al., 2004).
Such a change may alter a post-translational modification in kleisin-(3, or alter its
ability to bind to other proteins or to DNA, such as altering the kinetics of binding
to other condensin II subunits.
Computational genome-wide studies of alternative splicing have shown that
splicing events that alter the reading frame of a transcript are uncommon (Modrek
et al., 2001), and that the majority preserve the reading frame (Sorek et al., 2004).
In one study, it was shown that splicing events that altered the reading frame (and
that did not cause a protein truncation) comprised only 6% of all splicing events
analysed, with all caused an extension of the C-terminus (Modrek et al., 2001). It
was therefore unsurprising that few examples of isoforms encoded by transcripts
resulting from splicing events such as those that produce the kleisin-p
intermediate form (i.e., where one reading frame is disrupted by a splicing event
but a new one restored through the use of an alternative AUG), were found in the
literature.
Nevertheless, bioinformatic analyses of human (Magen and Ast, 2005) and mouse
(Frith et al., 2006b) mRNA and EST databases have predicted a few instances
where a reading frame has been disrupted by splicing but encode a functional
protein due to a rescuing event. However, a modification identical to that which
produces the intermediate form of kleisin-p (a different 5' splice site choice
coupled to alternative AUG selection) was not amongst these examples. The
study by Magen et al. (which analysed human genes) uncovered a few examples
where a skipped internal exon, which would have altered resulted in truncated
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proteins, was rescued by a change in the reading frame of the preceding exons.
In a genome-wide study of expressed mouse sequences, 159 cases where
altered splicing created a transcript that encoded a protein with at least some of
the amino acid sequence derived from a different reading frame, were detected
(Frith et al., 2006b). In both these computational analyses, splicing resembling the
intermediate form of kleisin-p was not predicted. The case of kleisin-p highlights
the fact that perhaps many such splicing events are missed by large scale
computational predictions due to the inability to envisage the combination of
events which can co-operate to modify primary transcripts and control translation.

Examples of experimentally verified intermediate form kleisin-p-like splicing events
are rare and only two similar splicing modifications have been found in the
literature. The first is the a-s isoform of Inpp4b (Inositol polyphosphate 4phosphatase type II) which is created by the exclusion of exon 5 (Ferron and
Vacher, 2006). This would result in a truncated protein (due to a stop codon in
exon 6), however the use of a different AUG (within exon 3) allows for the
production of a protein with a sequence identical to the original downstream from
exon 6 but with a completely different N terminus, encoded by exons 3 and 4 in a
different reading frame. The otubain-1 ARF isoform arises due to lack of splicing
between exons 4 and 5. Translation from an alternative AUG maintains the
downstream reading frame but encodes the upstream exons in a different reading
frame (Scares et al., 2004). In both these instances, the reading frame is restored
by the selection of a different start codon, however, the event which creates the
initial reading frame disruption is not a change in the 5' splice site choice as it is
for the intermediate kleisin-(3 form.

Alternative splicing can produce transcripts encoding proteins lacking functional or
targeting domains, employing this strategy as another means of regulating protein
function and expression. For example, it has been shown that alternative splicing
commonly produces versions of the same protein lacking membrane-spanning
regions, allowing the cell to control when a particular protein is secreted (Xing et
al., 2003). A recent genome-wide study utilising the FANT0M3 dataset analysed
splicing in kinases and phosphatases and predicted that a substantial portion of
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the -70% of transcripts predicted to be alternatively spliced in this sub-group of
genes included variants that appear non-functional, that were missing vital
domains such as ligand binding domains or signal transducing domains and
therefore served a regulatory, not a functional role (Forrest et al., 2006).
Kleisin-(3 variants may similarly represent such decoy forms. Such a role can be
envisaged for the short form of kleisin-p, which lacks almost all the N-terminus
encoded by exon 1. The short form may allow kleisin-p to bind to condensin II
subunits and perform basic condensin II functions, such as chromosome
condensation, but render it unable to perform other functions that may be
mediated by the N-terminal section that is present in the long form. Incorporation
of the short form into Cll instead of the long form thus is one way for the function
of the long form to be down-regulated. Although it is metabolically expensive for
the cell to produce a protein de novo in order to down-regulate a certain function
(when it could simply refrain from transcribing it in the first instance), this allows the
cell to selectively preserve one function of condensin II while rapidly abolishing that
which is conferred by the long form N-terminus (by bypassing the need for
transcription). Alternatively, the short form may disrupt kleisin-p's ability to link
SMC2 with SMC4 and thus prevent the entire Cll complex from functioning
altogether, since it has been shown that the N and C termini of kleisins mediate
SMC-binding (Haering et al., 2004) (Fennell-Fezzie et al., 2005) (Onn et al., 2007)
or it may disrupt the binding of a non-SMC protein, since the N-terminus of
kleisin-p has been shown to bind CAPD3 (Onn et al., 2007).
On the other hand, replacement of one domain with another, as may be the case
with the intermediate form, raises the interesting possibility that it confers a
different function upon condensin II (or kleisin-p if it has the capacity to function in
isolation) due to its completely different N terminus. Examples of genes that utilise
such domain replacement include bcl-x, a bcl-2 related gene which produces a
pro-apoptotic and an anti-apoptotic isoform (Boise et al., 1993) and caspase-8
which also encodes pro- and anti-apoptotic isoforms. Both of these examples
produce isoforms with different biological activities that arise due to the
replacement of a section of the protein with a novel sequence by means of
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alternative splicing. The different N-terminal polypeptide in the intermediate kleisin(3 form may mediate unique protein-protein interactions that may allow condensin
II, via kleisin-p, to adopt a different function.

4.3.2 Regulation of kleisin-p expression
Mammalian protein-coding genes share a number of common regulatory elements
including the core promoter, which serves as the docking element for the basal
transcription machinery (and includes the transcription start site and the TATA
box) and elements bound by transcription factors which include upstream
activating sequences (or enhancers) or upstream repressing sequences (or
silencers) which can up- or down-regulate expression, respectively (Maston et al.,
2006). The sequencing of the whole genome of a number of eukaryotic
organisms has allowed phylogenetic footprinting, a comparative genomics
approach, to be applied to the prediction of transcription factor binding sites.
Transcription factors bind short, highly degenerate sequences. Consequently,
scanning a single sequence for the presence of known binding motifs would
mostly yield false positives. Phylogenetic footprinting refers to the process of
comparing orthologous sequences between species in order to identify highly
conserved, and presumably functionally important, elements (Zhang and Gerstein,
2003). The presence of a motif in most or all orthologues would therefore increase
the confidence that the prediction was biologically significant. Such an approach
was used to predict the binding sites of a number of potential transcription factors
that may regulate the expression of kleisin-p.

The most striking result from this analysis was the prediction that transcription
factors controlled by kleisin-p, including E2F, c-myc and E-box factors, potentially
control the expression of the kleisin-p gene (Figure 4.6). As discussed in chapter
5, defective kleisin-p in Nessy thymocytes deregulates the expression of these
transcription factors : E2F and c-myc activity is increased, while E-box proteins
(specifically, those encoded by the E2A gene) are inappropriately switched off
(Figures 5.21, 5.23 and 5.24). It is thus possible that in wild-type mice kleisin-p
down-regulates its own expression by down-regulating E2F and c-myc
expression, and up-regulates its expression by inducing E2A proteins.
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CpG islands are another predicted feature that may potentially play a role in the
control of kleisin-p expression. CpG islands are CO dinucleotide-rich sequences
located in the promoter regions of some genes and which remain non-methylated.
They are associated with 60% of mammalian genes and are the most reliable
predictor of promoters in mammalian genomes. CpG islands adopt an open
chromatin state allowing direct access to DNA for transcriptional regulators. CpG
islands are present in the promoters of most housekeeping genes and half of all
genes which exhibit tissue-specific expression (Larsen et al., 1992, Caiafa and
Zampieri, 2005). The presence of CpG islands in all but one of the mammalian
species' kleisin-p promoter region examined corroborates the RT-PCR results that
kleisin-p expression is constitutive. Interestingly, a CpG island was also predicted
upstream (~300bp) of the transcribed kleisin-p pseudogene which was also found
to be constitutively expressed. Thus, the presence of a CpG island facilitates the
apparent requirement for constitutive kleisin-p expression. Although speculative,
this also suggests that kleisin-p may not only be required for pre-mitotic
chromosome condensation (the only function currently ascribed to kleisin-p), but
required at all times of the cell cycle.

4 . 3 . 3 Translational control of kleisin-p isoforms
Translation of mRNAs is an intricate multi-step process involving a multitude of
proteins with many potential interventional points for regulation. Translation begins
with binding of the elF2-GTP-Met-tRNA complex to the small ribosomal subunit,
facilitated by eiFs-1, -1A and 3, to form the 43S preinitiation complex. Assisted by
eiF-B and H, the eif4F complex (consisting of eif4-E, -A and -G) assembles on the
5' methylguanosine cap (added to all mRNAs upon their synthesis) and unwinds
structures in the 5'UTR. The poly(A)-binding protein (PABP) bound to the poly A
tail of the mRNA (which interacts with eif4G), eiF3 and eif4F then load the mRNA
onto the 43S complex, to form the 48S complex, which scans the mRNA in the 5'
- 3' direction for the first AUG initiation codon embedded in a favourable
sequence context (i.e., a Kozak sequence). The SOS initiation complex is formed
when the large 60S ribosomal subunit joins this complex. AUG recognition and
BOS formation trigger GTP hydrolysis releasing met-tRNA into the ribosome. The
SOS translation-competent ribosome may then catalyse the first peptide bond
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upon addition of a subsequent amino acid (Gebauer and Hentze, 2004, Kapp and
Lorsch, 2004).

In mammals, the optimal context for the recognition of the initiation codon by the
43S ribosome complex is GCCRCCaugG, (a=+1) with a purine at -3 (A being
more efficient than G) and G at +4 being the positions which mutagenesis
experiments have determined are the most crucial for AUG recognition by the
scanning mechanism (Kozak, 1999). If the AUG is in the optimal context, the
ribosome almost always initiates at this point, whereas if both -3 and +4 positions
are altered, translation usually begins at a downstream AUG (termed "leaky
scanning'). Intermediate cases have the potential to produce two transcripts from
the one mRNA by starting at both AUGs (Kozak, 2002).

Examples of genes encoding two transcripts via leaking scanning include G/EBPa
(Lin et al., 1993) and c-myc (Spotts et al., 1997), both in mouse. Leaky scanning
was shown to be biologically relevant in these examples (and not the result of
faulty scanning by the 43S complex), as the different isoforms were shown to have
opposing biological activities. It has also been demonstrated that AUG selection
may be a regulated process, where particular AUG is chosen in response to
particular signal (Probst-Kepper et al., 2001, Spotts et al., 1997). Thus, despite
ubiquitous and constitutive expression of kleisin-(3 splice variants across all organs
tested (Figure 4.15), there may be mechanisms that influence the efficiency of
AUG selection, which may be signal- or tissue-specific, that may ultimately
determine if kleisin-p isoforms, particularly the intermediate form, is translated into
protein. In addition, since each isoform has the same complement of PEST
regions (Figure 4.5), once translated, a particular isoform may be degraded rapidly
and replaced by another if required, which can be rapidly translated into protein
due to the already abundant transcript present. Optimising the AUG context of the
first AUG in kleisin-p by mutagenesis followed by the detection of the resultant
isoforms may determine whether the intermediate isoform is the result of a 'leaky
scanning' mechanism. Changes in relative isoform abundance if the length
between the AUGs is increased may also provide evidence that kleisin-p isoforms
are due to leaky scanning (Matsuda and Dreher, 2006)
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Upstream ORFs have the potential to down-regulate translation at the main ORF
by providing alternative translation start sites: the short peptide translated from an
uORF can interact with and cause the stalling of ribosomes (Pickering and Willis,
2005). The presence of an uORF may also alter mRNA stability and trigger the
nonsense-mediated decay pathway (Ruiz-Echevarria and Peltz, 2000). Finally, a
ribosome may reinitiate translation at the main ORF, the rate of which is influenced
by many factors (such as the reloading of the ribosome with initiation factors)
which in turn determines the level of protein produced (Morris and Geballe, 2000).
Upstream ORFs have been shown to repress a variety of proteins including
connexin 41 (Meijer and Thomas, 2002) and huntingtin (Lee et al., 2002).

Given the very high sequence conservation of the kleisin-(3 uORF across
mammalian species (Figure 4.7) and the fact that the initiation codon of the uORF
in all species conforms well at some critical positions of the consensus Kozak
sequence (with all having a G at +1 and an A at -3), it is extremely likely that it
represents an important expression control element of kleisin-p, serving to downregulate the expression of at least one kleisin-p isoform, perhaps under a specific
set of conditions or in response to a certain signalling event. There is also the
intriguing possibility that the uORF confers a cell or tissue specific control upon
kleisin-p, as has been demonstrated for the T cell-specific uORF-mediated
repression of S-adenosylmethionine decarboxylase (AdoMetDC). T cell specificity
is achieved by a unique placement of the 5' cap on mRNA in T cells that give
ribosomes in T cells exclusive access to the uORF whereas it is ignored in all other
cell types (Ruan et al., 1994).

In addition to the conserved uORF, mouse kleisin-p uniquely has an additional
uORF located further downstream (Figure 4.7). Examples of genes with multiple
uORFs in their transcripts include mdm2 (Brown et al., 1999) and multidrug
resistance-associated protein 2, mrap2 (Zhang et al., 2007). It has been shown for
mdm2 that each uORF contributes to translational suppression, while in the
mrap2 gene only one of the three uORFs is capable of influencing the translation
of the transcript. Assessment of protein levels upon mutation of the uORF's AUG
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or promoter activity in mouse by luciferase assays could provide confirmation that
tliese elements are used to control mouse kleisin-p translation.

4.3.4 Alternative kleisin-p 3'UTRs and potential antisense
regulation
It was shown that the murine kleisin-p has two alternative 3' UTRs, confirming the
existence of two predicted mature kleisin-p mRNA transcripts in the NCBI RefSeq
and RIKEN FANT0M3 cDNA databases. It is likely that the alternative 3'UTR
transcripts are created by the use of alternative polyadenylation sites within the
3'UTR sequence. Processing of the pre-mRNA at the 3' end involves the addition
of a poly A tail and requires the presence of an AAUAAA hexamer sequence (a
highly conserved sequence in eukaryotes essential for binding of cleavage and
polyadenyation specificity factor, CPSF) a CA dinucleotide after which cleavage
occurs (which binds cleavage stimulatory factor, CstF) and a U- or GU-rich
downstream sequence element. Cleavage is directed by CPSF, CstF polyA
polymerase (PAP) and cleavage factors I and II (CFI and II) (Seller, 2006). Indeed,
inspection of the 3'UTR sequence reveals the presence of two AAUAAA motifs at
the required positions in order to produce the 3'UTRs of the observed sizes.
It has become increasingly apparent that motifs in the untranslated regions of
mRNAs have the potential to affect mRNA cytoplasmic localisation, where mRNAs
are transported to regions where their protein products function , (Hesketh, 2004),
nuclear export, mRNA stability and translational efficiency (Hughes, 2006). Thus,
kleisin-p transcripts with alternative 3'UTRs may be subject to differential control
mechanisms, with the long UTR containing unique regulatory motifs potentially
under the control of regulators absent in the short 3'UTR.
Considering the length of the long 3'UTR of mouse kleisin-p, it is not surprising
that it is predicted to be potentially targeted by miRNAs (Figure 4.12). microRNAs
down-regulate the protein levels of their targets, of which each has 200 on
average via a largely unknown mechanism involving binding to the 3'UTR of target
RNA transcripts and repressing their translation (Krek et al., 2005). miRNAs are
processed in the nucleus by Drosha into hairpin precursors approximately ~70nt
long which are then cleaved by Dicer to mature active microRNA molecules which
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are 21 -25nt long (He and Hannon, 2004). Therefore, despite ubiquitous and
simultaneous expression of kleisin-p transcripts with both the long and short
3'UTR as was demonstrated in the thymus, for example, (figure 4.8), tissue- or
stimulus-specific induction of mlRNAs acting on the long 3'UTR may determine
the final level of kleisin-p protein levels in different cell types or under different
conditions.

Translational control may also be mediated by the predicted GAIT element which
resides in the kleisin-p 3'UTR (Figure 4.12). The GAIT element was originally
shown to inhibit the translation of ceruloplasmin mRNA upon stimulation of cells
with interferon-Y (Sampath et al., 2003). Inhibition is achieved by translocation of
the L I 3 60S ribosomal subunit (induced by IFN-y-mediated phosphorylation) to
the GAIT complex (bound to the GAIT 3'UTR element), which binds eif4G,
blocking recruitment of the mRNA to the 43S subunit. Inhibition of eif4G would
result in global translation inhibition, however the GAIT element ensures this
process is transcript-specific (Kapasi et al., 2007). It has been shown that viral
infection can induce premature chromosome condensation by the interaction of
viral proteins with condensin components in order to provide more
extrachromosomal space for viral DNA replication and exit of mature virus from
the nucleus (Lee et al., 2007). It is possible that IFN-y produced during the course
of a viral infection induces the GAIT complex, which may in turn mediate downregulation of kleisin-p expression. This may constitute a universal defence
mechanism that combats this premature condensation and attempts to limit the
extent of viral replication. Kleisin-p is well placed to do this as it is ubiquitously
expressed (Figure 4.15) and viruses have the potential to infect all cells.

The long 3'UTR of kleisin-|5 is of particular interest due to its extensive overlap with
the coding region of Sco2 and the 3'UTR of ecgf-1 which are both transcribed
from the opposite strand. A recent analysis of the mouse genome for the types
and abundance of antisense transcripts revealed that 72% of all genome mapped
transcriptional units (43553) overlap with some cDNA or 5' or 3' EST. When
considering transcript pairs of full-length cDNAs, 4520 of these form senseantisense pairs on exons and 4129 pairs formed exon-intron overlaps only. 3'/3'
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overlaps were found to be the least common type of overlap (Katayama et al.,
2005), the type of overlap observed between kleisin-p and sco2/ecgf-1
transcripts. The kleisin-p locus may additionally be especially rare, with overlaps of
transcripts derived from three genes. This antisense arrangement is not conserved
in other species, since, as discussed, the long 3'UTR appears to be unique to
mouse. However, it has been demonstrated that sense-antisense pairs, if
functional, most likely operate in species-specific pathways, since only 6.6% of
sense-antisense pairs are conserved between mouse and human (Numata et al.,
2007).

Sco2 is a copper-binding chaperone protein and is one of 30 ancillary
components required for the synthesis of the 13-subunit cytochrome C oxidase,
the terminal enzyme active in the ATP-generating electron transfer chain of cellular
respiration (Horng et al., 2005), while ecgf-1 (endothelial cell growth factor 1 or
thymidine phosphorylase) is an angiogenesis promoter (Toi et al., 2005) and
catalyses the breakdown of thymidine to the base thymine and the sugar 2-deoxyD-ribose 1 -phosphate, contributing to the homeostatic maintenance of the
nucleotide pool (Brown and Bicknell, 1998). The concurrent expression of these
c/s-antisense transcripts with the long 3'UTR form of kleisin-p in the same cell
raises the question of what the consequences are of the long, perfectly
complementary double-stranded RNA (dsRNA) duplexes that may form between
the long 3'UTR kleisin-p and sco2 transcripts and the long 3'UTR and ecgf-1
transcripts.

The cellular responses to dsRNA are varied and include transcriptional
interference, RNA masking, RNA interference and RNA editing (Lavorgna et al.,
2004). Double-stranded RNAs derived from overlapping transcripts may be
processed into microRNAs to regulate gene function (as described above).
Transcriptional interference arises as a consequence of the inability of opposite
strands to accommodate two sets of the RNA processing machinery concurrently.
This may result in down-regulation of both overlapping gene, as is observed in the
GAL7 and GAL10 genes of yeast (Prescott and Proudfoot, 2002). RNA masking
involves the obstruction of crucial regulatory elements by the antisense transcript,
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such as regulatory motifs in the UTRs or splicing signals. For example, ErbAa2
splicing is inhibited by antisense transcripts (Munroe and Lazar, 1991). In RNA
editing, nuclear adenosine deaminase catalyses the deamination of up to 50% of
the adenosines to inosines, resulting in nuclear retention of the transcript or its
enhanced degradation in the cytoplasm upon recognition by inosine-RNA-binding
proteins. RNA editing is observed in dsRNA overlaps of greater than 10Obp
(DeCerbo and Carmichael, 2005).

It is conceivable that the long, overlapping transcripts at the kleisin-p locus can
initiate at least one of these responses, having consequences for the regulation
and hence expression of either of the three overlapping transcripts. For example
RNA masking may hinder the binding of the mlRNAs or the GAIT element
predicted to bind the 3'UTR of kleisin-p, or alternatively may alter the splicing of
the Sco2 gene, while RNA editing may control the rate at which kleisin-p mRNA is
transported to the cytoplasm for translation. The relative strength of the pathways
activating the expression of each of the overlapping genes (in response to
environmental stimuli), for example, may determine which gene's transcriptional
machinery overcomes the imposed transcriptional interference if all three genes
receive simultaneous activation signals. Adding to this complexity is the possibility
that under different circumstances only certain splice variants of kleisin-p (i.e. the
long, intermediate or short) may be transcribed with the long 3'UTR and therefore
these antisense controls may be confined to a particular splice variant.

A possible regulatory interaction between sense-antisense pairs may be
monitored by assessing correlation of expression under different conditions, e.g.
the levels of each sense/antisense transcripts in response to a stimulus such as
lipopolysaccharide stimulation of macrophages as employed in (Katayama et al.,
2005). Cases of reciprocal expression are suggestive of a regulatory interaction
between the sense and antisense transcript. It is entirely possible, however, that
such a pattern of expression is co-incidental, therefore, demonstrating that the
sense/antisense transcripts influence each other's expression is crucial and can
be achieved by strand-specific RNAi. Reciprocal expression of Sco2 and the
kleisin-p 3'UTR was observed at the more mature stages of thymocyte
74

development (Figure 5.16). The down-regulation of kleisin-p in CD4+ and CD8+
cells accompanied by the increase in Sco2 is by no means evidence of coregulation between these genes, and this awaits confirmation by the
aforementioned experiments. Nevertheless, the finding that Sco2 levels increase
at the SP stage of thymocyte development is intriguing, since, due to its
involvement in cellular metabolism, an increased requirement for this gene would
be expected at the immature double-negative stage, when cells undergo massive
proliferation upon p-selection, not the double-positive stage, when proliferation is
largely suppressed (Onoyama et al., 2007)

4.3.5 Kleisin-p pseudogene expression

Earlier estimates that only 2% of the genome is transcribed (into protein-coding
genes) have been overturned with the finding that 63% of the genome is
transcribed into some form of RNA (Liu et al., 2006, Carninci et al., 2005). This
has challenged the view that proteins are the principal bioactive molecules. In one
study it was found that half the unknown transcriptome comprised nonpolyadenylated RNAs most of which are thought not to encode proteins (Cheng et
al., 2005). It has also been estimated that the mouse genome contains
approximately 20000 pseudogenes (Zhang et al., 2004) and that about 10% of
the mouse transcriptome is comprised of non-coding RNAs that includes protein
coding genes with disrupted transcripts and expressed pseudogenes (Frith et al.,
2006b). Similarly, it has been shown that the human genome contains
approximately 20000 non-coding RNAs (including transcribed pseudogenes)
(Torrents et al., 2003), and that up to 20% of these can be transcriptionally active.
Only 5% of these have orthologues in the mouse, indicating that non-coding
RNAs are highly species-specific (Harrison et al., 2005).
Two processed kleisin-p pseudogenes, one with an especially high degree of
sequence conservation (>90%) with the parental kleisin-p gene, were discovered
on chromosome 17 (Figure 4.13). Pseudogenes can arise by gene duplication
during DNA replication and cell division when an extra copy can be inserted into a
new chromosomal location. Processed pseudogenes on the other hand, such as
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the kleisin-(3 pseudogenes, resemble mature RNA (they lack introns, promoter
regions and have poly(A) tails) and arise by virtue of the reverse transcriptase
activity of long interspersed elements (LINEs) (Dewannieux and Heidmann, 2005).
LINES are transposable elements comprising 30% of most eukaryotic genomes
and can give rise to processed pseudogenes by inserting reverse-transcribed
RNA sequences into random positions in the genome (Esnault et al., 2000).
Pseudogenes may be non-functional (i.e. non protein-coding or non-regulatory)
from the time they were copied due to a defect in the copying process or may
accumulate deleterious mutations over time rendering them non-functional
(D'Errico et al., 2004),

It was demonstrated that one of the kleisin-p pseudogenes,
ENSMUST00000097387, was expressed (Figure 4.15). It is located within an
exceptionally large (>80kb) intron of the gene for the G-protein coupled receptor,
formyl peptide receptor like-1 (fprl-1) (Figure 4.15). Fprl-1 stimulates the antigenprocessing abilities of myeloid cells, induces chemotaxis and binds lipoxin A4. It
has also been shown to interact with a broad range of pathogen ligands and is
thus thought to paly a role in innate immunity (Miao et al., 2007). The expressed
pseudogene is located within an fprl-1 intron and since oligo-dTs were used to
prime cDNA synthesis, and the poly(A) tail of mature mRNAs is added after
splicing, there is no possibility that the observed expression of the gene is simply
derived from a yet to be fully spliced fprl-1 pre-mRNA.

The expressed pseudogene cannot encode protein as it is interrupted by
premature stop codons in all three reading frames. As such, it may be classed as
a non-coding RNA and thus there exists the possibility that the transcript has a
regulatory role. For example, in one of the rare instances where a biological role
has been demonstrated for an expressed pseudogene, it was shown that the
transcript of the makorin-1 gene is stabilised in trans by the transcript of its
corresponding pseudogene (Hirotsune et al., 2003). Disruption of the pseudogene
greatly reduced the mRNA levels of makorin-1. It was proposed that this control
was achieved because the makorin-1 and pseudogene transcripts share a binding
site for a destabilising factor. The pseudogene transcript competes for binding of
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this factor, thus increasing the stability of makorin-1. Alternatively, it was proposed
that makorin-1 and the pseudogene could share binding sites for a
transcriptionally repressive protein. In the absence of the pseudogene transcript,
which normally would bind the factor, the level of makorin-1 would decrease due
to the increased level of the repressive factor available to bind it. The possibility
that the expressed kleisin-p pseudogene may also perform such a function adds
to the potentially complex regulatory network that controls kleisin-p activity.

Although not tested for specifically, it possible that an antisense transcript also
originates from the kleisin-p pseudogene locus. If this is the case, it is possible
that this transcript could have a regulatory role similar to that observed for the
expressed nitric oxide synthase pseudogene, for example, which transcribes an
antisense transcript to the authentic NOS transcript and forms an RNA-RNA
duplex with which it represses NOS (Korneev et al., 1999)

The unusually high sequence similarity between the pseudogene transcript and
kleisin-p may be a consequence of an evolutionary pressure acting to preserve the
function of the pseudogene, suggesting it may perform an important function.
Alternatively, the expression of this pseudogene in mouse may be a recent
acquisition and the high sequence homology to the parental gene is a reflection of
the relatively limited time it has had to accumulate mutations.

It remains to be elucidated how the transcription of the pseudogene is initiated
(such as which promoters and transcription factors are involved) and whether its
expression (which was show to be constitutive (Figure 4.14) but to varying
degrees across different organs), changes in response to certain signals. It has
been shown that there is a bias for expressed pseudogenes to be located in close
proximity to the 5' and 3' ends of protein coding genes thereby appropriating
these gene's promoters for their own expression or expressed as part of the UTR
of the protein coding gene (Harrison et al., 2005). The kleisin-p pseudogene does
not meet these conditions and it is therefore likely that its expression may be due
to the presence of cryptic promoters elements located within the fprl-1 intron. As
discussed below, there is also the intriguing possibility that the pseudogene
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transcript is a precursor for three 29-31 nucleotide piRNA transcripts, a recently
discovered class of microRNA-like molecules with an as yet largely unknown
function.

4.3.6 Non-coding RNAs transcribed from the kleisin-p gene
Another potential source for kleisin-|5 non-coding transcripts may be the
chromosome 15 kleisin-p locus. It cannot be assumed that the cell will always
choose the appropriate start codon for each splice variant transcript i.e. that the
second ATG will always be chosen for the intermediate transcript and the first
chosen for the long and short, which will result in full length proteins. There may
be instances where the translation machinery chooses the inappropriate start
codon for the respective transcript in which case a nonsense-mediated decay
(NMD) response could ensue. NMD is a quality-control process that is activated
when a premature stop codon has been introduced into transcripts through errors
in transcription or processing, ensuring protein synthesis is aborted (and mRNAs
are rapidly degraded) and the accumulation of potentially toxic misfolded
polypeptides is thus prevented. Transcripts with a premature stop codon more
than 50 nucleotides upstream of a splicing-generated exon-exon junction are
potential substrates for NMD (Amrani et al., 2006).

If this choice of start codon for kleisin-|3 transcripts is controlled and not
stochastic then this may represent an additional means to fine-tune the expression
of kleisin-p and limit the amount of functional coding transcripts. Evidence
supports the proposal that in addition to functioning in quality control, NMD is an
evolutionary important gene expression control mechanism (Jones et al., 2001,
Labow et al., 2001, Lewis et al., 2003). Figure 4.27 depicts the transcription
events that would lead to NMD in the kleisin-p transcripts. It is conceivable that a
requirement (at least under some circumstances) to down-regulate kleisin-p may
initiate a signal enforcing an otherwise inappropriate start codon to be selected.
This would result in the transcripts depicted in Figure 4.27 for each splice variant,
each having a premature stop codon. These transcripts are candidates for NMD
as they satisfy the 50 nucleotide rule required for NMD initiation by the translation
machinery.
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Figure 4.27. The possible truncated proteins and potential NMD
transcripts derived from the kleisin-p gene. Highlighted in red are the
short proteins encoded if the inappropriate ATG start codon is used for translation
initiation for each of splice variant transcripts. The encoded proteins are shown if
the first ATG is used for the internnediate transcript (Panel A), the internnediate ATG
used for the long transcript (panel B) and the internnediate ATG used for the short
transcript (panel C). Exons 1, 2 and 3 are shown in green, blue and back,
respectively. Displayed in boxes to the right is the distance between the premature
stop codon (highlighted in yellow) and the closest downstream splicing-generated
exon-exon junction. The distance is greater than 50bp, making the transcripts
candidates for NMD.
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Approaching the question of start codon selection in l<leisin-p transcripts from
another angle, it is also plausible that selection of the inappropriate start codon
results in short peptides (highlighted in red in Figure 4.27) which simply terminate
at the first 'premature' stop codon encountered. A recent analysis of the mouse
transcriptome revealed the existence of 3000 short proteins less than 100 amino
acids long (previously not identified due to restrictive criteria defining the minimal
length of proteins) most derived from longer exons encoding longer peptides, with
a significant fraction encoding novel sequences (Frith et al., 2006a). Such short
N-terminal kleisin-p polypeptides, if they exist, could, for example, antagonise the
binding of full-length kleisin-p to its N-terminal binding partners, SMC2 and CARDS (Onn et al., 2007).

Finally, there are two more potential sources of non-coding RNAs derived from the
kleisin-p locus. The first is three RNA transcripts that belong to the newly
discovered class of small non-coding RNAs, the Piwi-interacting RNAs (piRNAs)
that appear to be derived from kleisin-p transcripts (named piR-20056, piR139178 and piR-120027, with GenBank identifiers DQ552944.1, DQ723856.1
and DQ704705.1, respectively). piRNAs were discovered when a class of small
RNAs 24-31 nt long, distinct from microRNAs which are ~21 nt long, were found
to co-purify with the testes-specific Piwi proteins (Girard et al., 2006, Lau et al.,
2006). Interestingly, the piRNAs within the kleisin p sequence have pertect
homology to both the chromosome 15 kleisin-(3 transcript and to the expressed
chromosome 17 kleisin-p pseudogene, thus the piRNA transcripts may be derived
from either or both of these expressed sequences. There are in excess of 50000
different piRNA species (as opposed to several hundred mlRNAs) discovered to
date and their role is unclear, however it has been proposed that they function in
epigenetic regulation since Piwi has been shown to complex with polycomb group
proteins in order to cluster polycomb-responsive (homeotic) sequences (Grimaud
et al., 2006).

The second possible source of non-coding RNAs are transcripts which may be
derived from the introns of the kleisin-p gene. When pertorming a BU\ST query of
the intronic sequences of kleisin-p against the RIKEN/FANT0M3 collection of
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cDNAs, it was found that a ~150bp module (which is present in three locations
within kleisin-p introns 1 -2 and 3-4) was conserved almost perfectly in
approximately 200 genes. This 150bp module was always located in the 3'UTR of
these genes. Two possibilities ensue: that the modules within the kleisin-p introns
are simply remnants of one of these gene's 3'UTR transcript, which has integrated
into the genome at those three positions in the introns of kleisin-p (via the action of
retrotransposons) or that these transcripts are derived from the kleisin-p introns.
With the latter scenario comes the implication that these transcripts may perform
a regulatory role by binding to the 3'UTR of these transcripts, since they exhibit
almost perfect complementarity over -150 nucleotides.

4.3.7 Kleisin-p isoform expression and localisation
It has been shown that alternative splicing causes changes in localisation to 8% of
protein-encoding TUs in the mouse (Davis et al., 2006) and it has long been
known that protein localisation signals may be located at the N-termini of proteins
(Neupert and Herrmann, 2007, Hegde and Bernstein, 2006). It was therefore
proposed that the kleisin-p protein isoforms, which differ markedly in their Ntermini as a result of alternative splicing, may be targeted to different sub-cellular
compartments. Various sub-cellular localisation prediction programs all predicted
a mitochondrial targeting sequence for the intermediate form (and, depending on
the program, either a nuclear or cytoplasmic localisation for the long and short
forms), however, there was no co-localisation of the signals in cells which had
been stained with a mitochondrial marker and had been transfected with a GFP
fusion of the intermediate isoform (Figure 4.24). All Isoform-GFP fusion revealed
similar sub-cellular localisation patterns in two different cell lines, with all isoforms
capable of localising to the nucleus or the cytoplasm. This is in agreement with
other studies which have found that condensin II subunits may localise either to
the nucleus (Ono et al., 2004) or to the cytoplasm (Xu et al., 2006).

It was demonstrated that all isoform-GFP fusion proteins could form a single
spherical body in the nuclei of interphase cells, morphologically resembling the
nucleolus (Figure 4.25). Condensin I and II components (Beenders et al., 2003,
Cabello et al., 2001), and importantly kleisin-p itself (Fujimoto et al., 2005), have
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been shown to co-localise with the nucleolus in various cell types and all
condensin II components have been identified by mass spectroscopy and peptide
mass fingerprinting in highly-purified nucleolar fractions (Leung et al., 2006).
Despite these precedents, none of the kleisin-p isoforms (all of which were
capable of forming this structure) co-localised with the nucleolus (Figure 4.25).

With nucleolar targeting of kleisin-|3 ruled out, other structures the observed
nuclear body morphologically resembles are the OPT domain (Pombo et al.,
1998), the perinucleolar compartment (PNC) (Huang et al., 1998)} and the
SAM68/SLM nuclear body (SNB) (Chen et al., 1999).

Both SNBs and PNCs are often but not always localised to the nucleolar
periphery. Both structures are collections of RNAs and RNA-binding proteins.
SNBs were first visualised when the proteins src-associated in mitosis 68kDa
(Sam68) and Sam 68-iike mammalian-1 and -2 (SLM-1 and -2) were shown to colocalise into a single nuclear structure in HeLa cells (Chen et al., 1999). Sam68
participates in cell cycle progression and proliferation (Busa et al., 2007) and in
alternative splicing and apoptosis (Paronetto et al., 2007). It has been proposed
that Sam68, SLM-1 and SLM-2 function as signalling adapters since they bind a
variety of signalling molecules (Di Fruscio et al., 1999, Fusaki et al., 1997). Since
SNBs contain RNA (with a demonstrated physical association between individual
SNB proteins and RNA), it is anticipated that they link signalling pathways with
RNA metabolism. Similarly, a number of RNA polymerase Ill-derived transcripts
and RNA-binding proteins, such as the poly-pyrimidine binding protein and raverl
(both involved in alternative splicing) have been localised to the PNC (Huang et al.,
1998) and thus a RNA metabolism role has also been tentatively assigned to this
body.

The OPT (Oct-1/PTF/Iranschption) domain appears just prior to mitosis, during
G1 phase and disappears at the S (DNA synthesis) phase of the cell cycle. OPT
domains are rich in a subset of transcription factors and RNA polymerase II and
have been shown to associate preferentially to certain regions on certain
chromosomes. Like nucleoli, OPT domains are thought to bring together certain
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groups of genes on these chromosomes where, in this structure, the appropriate
transcription machinery has been concentrated in order to facilitate the expression
of those genes. Transcription actively takes place at OPT bodies, and as a result
they have been dubbed "transcription factories" (Pombo et al., 1998).

Thus, the possibility exists that kleisin-p may be a part of a larger complex
composed of these proteins, contributing to the morphology of the SNB domain
and acting in concert with these proteins in the processing, splicing and perhaps
export of RNAs. The existence of RNA binding regions in kleisin-p have been
predicted by the BindN (http://bioinformatics. ksu.edu /bindn/; (Wang and Brown,
2006)) and RNABindR (http://bindr.gdcb.iastate.edu/ RNABIndR/; (Terribilini et al.,
2007)) programs and since kleisins belong to the winged-helix (and therefore
nucleic acid-binding) class of proteins (Arumugam et al., 2006), this provides
evidence toward the possibility that the SNB and PNC bodies (and kleisin-p, if it
indeed associates with these structures) is an agglomeration of RNA-binding
proteins co-ordinating common RNA metabolism functions. Immunofluorescence
staining of kleisin-p GFP fusions with antibodies to SNB or PNC proteins can
confirm their co-localisation and reciprocal co-immunoprecipitations can reveal a
potential physical association between these proteins.

It has been observed that, once a cell exits mitosis, chromosomes adopt two
distinct morphologies. Large regions of each chromosome may decondense and
become euchromatin (transcriptionally active, unmethylated with high-diversity
sequence) or condense into heterochromatin (methylated, transcriptionally-silent,
repetitive sequences) (Gilbert et al., 2005). Heterochromatic regions can be
visualised with DNA-binding dyes (such as with DAPI, used in this study) as
densely-staining foci within the interphase nucleus. In interphase nuclei, it was
shown that all kleisin-p isoforms were in some instances able to localise
exclusively to DAPI-poor staining regions, indicating that they preferentially
associated with euchromatic regions (at least under some circumstances during
interphase) and therefore transcriptionally active territories.
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As mentioned in chapter 1, in addition to their role in condensing chromosomes
prior to mitosis, evidence is accumulating that condensins perform a variety of
other functions that includes the regulation of gene expression (Lupo et al., 2001,
Ercan et al., 2007). The observation that kleisin-p localises to regions that
correspond to sites of active transcription and the fact that it is frequently
associated with such euchromatic regions provides evidence that kleisin-p, either
as part of a complex or in isolation, is capable of regulating gene expression.

4.3.8 Concluding remarks
In this chapter, data are presented demonstrating that the mouse kleisin-(3
transcript is subject to a variety of alterations. Most significantly, it was shown that
kleisin-p has three splice forms, each of which was demonstrated to encode a
protein with a distinct N-terminus. The existence of a fourth variant (which inserts
an extra amino acid into the protein) was also demonstrated. It was also shown
that kleisin-p can be transcribed with either a long or short 3'UTR. Taking all these
possible alterations to the kleisin-p transcript into account, there are 12 different
possible mature mRNA transcripts for kleisin-(5 in the mouse (+/- long 3'UTR,
short, intermediate and long forms, +/- extra CAG) potentially encoding six distinct
proteins (long, intermediate and short, +/- extra glutamine) (Figure 4.28).

In addition to the many possible points at which the splicing of the kleisin-p gene
may be controlled to yield the different splice forms, evidence for the existence of
other regulatory mechanisms were discovered which may regulate the activity of
the kleisin-p splice forms and its protein products at the transcriptional or
translational level. Such controls include the potential regulation of transcription by
a variety of cell cycle-associated transcription factors, translation initiation by an
uORF, regulation by antisense transcripts derived from an expressed kleisin-p
pseudogene, possible regulation of expression by 3'UTR elements and also via
the regulated transcription of non-coding transcripts. The collective actions of all
these potential regulatory influences provide evidence that the activity of kleisin-p
is tightly regulated by a complex array of competing factors, and there exists the
possibility that each splice form may be independently influenced by these
regulatory factors. Finally, it was shown that the kleisin-p splice variants are
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translated into proteins, each of which may confer a distinct function upon the
condensin II complex, and that the isoforms could adopt a range of intracellular
localisation patterns, most interestingly the formation of an intranuclear structure
and localisation to euchromatic regions.
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Figure 4 . 2 8 . A d i a g r a m m a t i c r e p r e s e n t a t i o n of all t h e p o s s i b l e
m o d i f i c a t i o n s of the mouse kleisin-p t r a n s c r i p t . When taking into account
the long and short 3'UTR, the short, intermediate and long splice forms, and the
possible inclusion of an extra CAG, 12 distinct transcripts may be derived from the
kleisin-p gene
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CHAPTER 5

5.1 Introduction
As mentioned in chapter 1, Nessy mice were initially identified in an ENU
mutagenesis screen due to abnormally high levels of expression of the activation
marker, CD44, on peripheral CD8^ T cells (Figure 1.2, panel A) the expression of
which on lymphocytes normally varies widely. Nessy mice were also found to have
a partial block in thymocyte development, which resulted in hypocellular thymi, the
phenotype which was of greatest interest. An extensive flow cytometry survey was
conducted to reveal the consequences of the point mutation and the thymic
developmental block on the phenotype of thymic and peripheral lymphocytes in
Nessy mice. Most significantly, in order to elucidate in greater detail the nature of
the thymocyte developmental block, global gene changes between normal and
Nessy thymocytes were assessed by microarray analysis.
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5.2 Results

5.2.1 Nessy mice exhibit clianges in the proportion and the
activation state of lymphocyte subsets
Nessy mice exhibit a partial block in thymocyte development in the DN to DP
transition, with a severely decreased proportion of DP thymocytes accompanied
by a large increase in the percentage of DN cells (Figure 5.1, panel A). The
absolute numbers of DN cells are approximately equal in wild-type and Nessy
mice, however, there is a 100-fold and 50-fold reduction in DP and SP
thymocytes, respectively, in Nessy mice (Figure 1.6 panel A and (Gosling et al.,
2007)). In addition, Nessy thymi are partially arrested at the DNS (CD4'CD8 CD44
CD25^) stage of development (Figure 5.1, panel B) a stage coincident with the pselection checkpoint when the pre-TCR is expressed.

To discover any additional irregularities in lymphocyte subpopulations, flow
cytometry analysis was conducted in wild-type and Nessy mice. Lymphocyte
populations in the thymus and spleen were examined as well as the intraepithelial
lymphocyte cells of the gut, which make up almost half of the T-cell population in
higher vertebrates (Rocha et al., 1991). The significant results of these analyses
are shown in Figures 5.1-5.7. In addition to a significant reduction of thymocyte
subsets (Figure 5.1), Nessy mice have a significantly reduced percentage of CD4
and CDS T lymphocytes in the spleen (Figure 5.2 panels A and B). Nessy mice
also have changes in the proportions of intraepithelial lymphocyte (lEL) populations
in the gut, with increases in the percentage of the CD8a'"CD4'' subset (Figure 5.3,
panels A and D) as wells as the ySTCR^CDSaa''subset (Figure 5.3, panel B and
D), and a decrease in the CD8ap+ subset (Figure 5.3, panel C and D).

The CD44''' phenotype that is observed on Nessy mice on peripheral blood
lymphocytes (Figure 5.1 panel A) is also present on 004"" and CDB^ splenocytes
(Figure 5.5 panels A l , A2 and B1) and in thymocyte subsets (Figure 5.4, panels A
and B), suggesting that this abnormality is not acquired in the periphery but
present during thymocyte ontogeny. Nessy splenocytes also show a higher level
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Figure 5.1. Defective T-celi differentiation in nessy. Representative flow
cytometric dot plots of wild-type and nessy honnozygous C57BI/6 thymocytes at
6-8 weeks of age. All dot plots sliown were initially gated on lymphocytes (based
on forward scatter (FSC) and side scatter (SSC) properties) prior to further gating.
A. The major thymocyte subsets in wild-type and nessy mice defined by staining
of total thymocytes with anti-CD4 and anti-CD8. B. Definition of DN thymocyte
subsets in wild type and nessy mice by staining total thymocytes with anti-CD4,
anti-CD8, anti-CD25 and anti-CD44. The CD25 vs. CD44 dot plots shown were
gated on CD4-CD8- (DN) thymocytes.
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were initially gated on lymphocytes prior to further gating and on live cells as
assessed by propidium iodide staining. Shown are dot plots of lELs stained with
anti-CD4 and anti-CD8a (A), anti-CDBa and anti-TCR6 (B) and anti-CD8a and
anti-CD8p (C) D. Quantitation of the percentage of lEL subsets. The percent
average and standard error from 3 replicates are shown (*<0.05, student's t-test,
two-tailed).
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Figure 5.4. Nessy thymocytes exhibit a increased CD44 expression.
A. Representative CD44 histograms of wild-type and nessy homozygous C57BI/6
lELs at 6-8 weeks of age. Histograms shown were initially gated on lymphocytes
prior to further gating. Total thymocytes were stained with anti-CD4, anti-CD8 and
anti-CD44. The expression of CD44 displayed was determined from the individual
thymocyte subsets from a CDS vs. CD4 dot plot B. Quantitation of the mean
fluorescence intensity (MFI, geometric mean) of CD44 on thymocyte subsets. The
average MFI and standard error from 6 replicates are shown (**=<0.01, *=<0.05,
student's t-test, two-tailed).
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expression of CD44 displayed is from individual thymocyte subsets determined
from CD8 vs. CD4 dot plots B. Quantitation of the mean fluorescence intensity
(MFI) of CD44 on thymocyte subsets (B1) and CD69 on TCRp splenocytes (B2).
The average MFI and standard error from 4 replicates are shown (*=<0.05,
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of the activation marker CD69 (Figure 5.5 panels A3 and B2), as is also observed
in Nessy thymocytes (Figure 1.6 panel B). Forward scatter vs. side scatter dot
plots revealed that both thymocytes and splenocytes of Nessy mice are larger
(Figure 5.6 panel A and Figure 5.7 panel A). Specifically, Nessy DP and SP
thymocytes are larger, as deduced by forward scatter properties (Figure 5.6
panels B and C), a phenotype that was also observed in Nessy CD4" and CD8^
splenocytes (Figure 5.7 panels B and C).

Thus, the mutation in kleisin-p in Nessy mice disrupts T cell development and
alters the proportions and increases the activation state of lymphocyte subsets in
the thymus and the periphery.

5 . 2 . 2 Kleisin-p is mutated in Nessy mice
Nessy mice were created by ENU mutagenesis (on a C57BI/6 background) and
thus harboured a point mutation in a gene that affected thymocyte developmental
progression. To map the location of the mutation, Nessy mice were outcrossed to
the NOD strain, allowing the phenotype to be linked to an interval on chromosome
15. Sequencing of the interval revealed a point mutation in exon 1 of the kleisin-p
gene (Figure 5.8 panel A), an A to T substitution. As detailed in chapter 4, the
kleisin-p gene transcribes three splice variants. The single nucleotide change in
this codon affects the protein sequence of the long and intermediate splice forms,
while the short form, which lacks the region surrounding the point mutation, is
unaffected and is therefore identical in wild-type and Nessy mice. In the long form,
an asparagine reside replaces isoleucine, while in the intermediate form a
threonine residue replaces serine. Both amino acid changes appear to be located
in predicted coiled regions connecting a-helices or p-sheets (Figure 5.8 panel A).

Although Nessy mice could be identified by determining the level of CD44 on
CD8"' peripheral blood lymphocytes by flow cytometry, only affected homozygous
mice could be identified in this way, therefore a method for typing mice that
allowed for the identification of heterozygous as well as homozygous mice was
required. This would allow for more targeted breeding strategies where, for
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Figure 5.6. DP and SP Nessy thymocytes are larger than wild-type
cells. A. Representative forward scatter vs. side scatter dot plots of total
thymocytes from wild-type and nessy homozygous C57BI/6 thymocytes at 6-8
weeks of age. B. Representative forward scatter histograms of individual
thymocyte subsets as determined from CD4 vs. CDS dot plots C. Quantitation of
the forward scatter MFI of individual thymocyte subsets. The average MFI and
standard error from 6 replicates are shown (*=<0.05, student's t-test, two-tailed).
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Figure 5.7. CD4^ and CD8^ Nessy splenocytes are larger than wildtype cells. A. Representative forward scatter vs. side scatter dot plots of total
splenocytes from wild-type and nessy liomozygous C57BI/6 thymocytes at 6-8
weeks of age. B. Representative forward scatter histograms of individual
splenocyte subsets as determined from CD4 vs. CDS dot plots C. Quantitation of
the forward scatter MFI of individual splenocyte subsets. The average MFI and
standard error from 6 replicates are shown (*=<0.05, student's t-test, two-tailed).
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Figure 5.8. The kleisin-p gene is m u t a t e d in nessy mice. A.
Diagrammatic representation of the kleisin-p splice variants and their encoded
isoforms, indicating the point mutation in each and the resultant amino acid
change. The single nucleotide change in this codon, a T to A substitution, affects
the protein sequence of the long and intermediate splice forms, while the short
form, which lacks the region surrounding the point mutation, is unaffected. In the
long form, an asparagine reside replaces isoleucine, while in the intermediate form
a threonine residue replaces serine. The position of each mutation in the context
of predicted secondary structural elements is also shown. Secondary structure
was predicted using Predict Protein software (http://www.predictprotein.org). B.
Utilisation of the point mutation in kleisin-p in a combined PCR/restriction digest
assay to identify wild-type, nessy and heterozygous mice. The point mutation
abolishes a Bed restriction site in nessy mice. Digestion of the PGR products
followed by agarose gel electrophoresis yields a 575 bp band for nessy mice, a
410bp and 165bp band for WT mice (in which complete digestion would take
place) and all three of these bands in heterozygotes.
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example, heterozygous mice in a litter could be identified and bred to obtain more
Nessy mice, in addition to those obtained by breeding homozygous mutants.

The A to T nucleotide substitution was utilised in the design of an assay to detect
wild type, Nessy and heterozygous mice. The substituted T nucleotide in Nessy
mice abolished a B e d restriction site. Therefore, PGR fragments encompassing
the point mutation, digested with B e d and resolved on an agarose gel will have a
unique pattern depending on the genotype of the mouse. In wild-type mice, both
alleles would be cut by B e d yielding two bands, while in Nessy mice, neither
allele would be cut, yielding one uncut band. In heterozygous mice, only one allele
will be cut and this yields three bands (Figure 5.8 panel B)

5 . 2 . 3 Kleisin-p transcripts and protein levels are not
altered in Nessy mice
It was demonstrated in the previous chapter that all three kleisin-(3 splice variants
are expressed in all organs (Figure 4.15). The question therefore arose as to
whether all three splice variants are also expressed in nessy tissues. Since it is
possible for transcriptional signals to be located within coding, as well as noncoding, regions of genes (Lee and Young, 2000), and since the mutation in kleisinP in Nessy is in a coding region, it was conceivable that the mutation could affect
transcription of one of the variants. RT-PCR for the splice variants across organs
was performed. RT-PCR revealed that their expression did not show any
discernible differences between wild-type and Nessy mice (Figure 5.9 panel A).

The next question which arose was whether the point mutation affected
expression of the nessy protein. Indeed, as was shown in chapter 3, a single point
mutation in TAP2 was sufficient to almost completely abolish its protein levels in
the Jasmine mouse. Western blotting for kleisin-p was performed on thymic
lysates from wild-type and Nessy mice to determine whether the RT-PCR data,
which suggested expression was similar in wild-type and Nessy mice, was
reflected at the protein level, or whether kleisin-p were affected in Nessy mice. It
was shown that kleisin-p protein levels were equivalent in thymi from wild-type and
Nessy mice (Figure 5.9 panel B), suggesting that the defect in T cell development

Figure 5.9. The e x p r e s s i o n of kleisin-p splice variants and kieisin-p
protein levels are u n a f f e c t e d in nessy mice. A. RT-PCR was performed on
RNA extracted from organs of wild-type and nessy mice for kleisin-p splice
variants using primers which detect all three splice variants simultaneously. Shown
are the representative results from one of three identical experiments. Products
were resolved by electrophoresis on a 3.5% agarose gel. B. Antiserum raised
against a c-terminal peptide of kleisin-p was used for western blotting on thymic
lysates from wild-type and nessy thymi. Lysate from 5x10® thymocytes was
loaded per lane. To ensure loading between lanes was equal, duplicate samples
were run and blotted with an antibody to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Shown is one of two repeat experiments.

amplicon
band
sizes

Thy

Spl

Liv

Lun

Br

Mus

Kid

Hrt

Int

Tes

W N W N W N W N W N W N W N W N W N W N

B

klelsin-p

-90kDa

GAPDH

-36kDa

ladder
band
sizes

observed in Nessy mice is not a result of insufficient levels of kleisin-p in Nessy
mice. Although the anti-kleisin-p antibody used in this blot recognises all three
isoforms, the RT-PCR expression data of the splice variants, the result of this
western and the fact all isoforms of kleisin-(3 GFP fusion proteins were expressed
as efficiently in transfected cells as wild-type versions (data not shown) suggests
that the protein level of individual isoforms are not affected.
Therefore, the phenotype of Nessy mice does not appear to be caused by a lack
of expression of any of the kleisin-p splice variants nor as a result of a deficiency of
kleisin-p at the protein level.

5.2.4 Kleisin-p regulates the expression of the non-SMC
CM component, CAPG2/MTB
To determine whether the expression of other CI! subunits was affected in Nessy
mice, real-time RT-PCR was performed on RNA from organs of wild type and
Nessy mice. The expression levels of SMC2, SMC4 and CAPD3 were not altered
between the two strains (Figure 5.10, panels B, C and D). Interestingly, Nessy
mice had an approximately two-fold higher expression level of CAPG2/MTB in the
thymus, spleen and brain (Figure 5.10, panel A), a finding that was confirmed in
the microarray analysis described below.

5.2.5 The kleisin-p point mutation does not affect the
expression of an adjacent upstream gene
Inspection of the genomic region surrounding the 5' region of the kleisin-p gene
revealed that it is in close proximity to the 5' region of a gene located on the
antisense strand. This upstream gene has been annotated as Tmemi 12b. It has
no known functions or functional domains, has homologues in a variety of species
and appears to be an integral membrane protein (Figure 5.11 panel A). It has been
demonstrated that single nucleotide polymorphisms or induced single-base
changes in the promoter regions of genes can alter their expression (Healy et al.,
2007) (Menendez et al., 2006). The point mutation in kleisin-p is approximately
600bp from the transcription start site of Tmemi 12b (Figure 5.11 panel A), and
therefore potentially in its promoter region. Transcription factor binding site
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Figure 5.10. MTB/CAPG2 expression is increased in nessy nnice. Real
time PGR was performed on RNA extracted from organs of wild-type and nessy
mice for components of the condensin II complex other than kleisin-p. Expression
was normalised to 18S RNA levels. The expression of CARDS (B), SMC2 (C) and
SMC4 (D) was equal in organs of nessy and wild-type mice, however,
MTB/CAPG2 levels were increased by approximately two-fold in nessy thymus,
spleen, testis and brain (A). The average relative expression and standard error
from 3 replicates is shown (***=<0.005, **=<0.01 *<0.05, student's t-test, twotailed)
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Figure 5.11. The point mutation in nessy l<leisin-p does not affect the
expression of the upstreann Tmemi 12b gene. A. A diagram representing
the genomic location of the [<leisin-(3 and Tmem112b gene. The position of the
point mutation in nessy is marl<ed with a cross and is 613 bp from the start of the
Tmemi 12b gene, located upstream of the l<leisin-p gene on the antisense strand.
B. The GATA3 matrix consensus sequence as derived from 63 experimentally
verified binding sequences. Values listed under each nucleotide indicate the
frequency of that nucleotide at that given position in the motif. The region of the
l<leisin-p sequence predicted by the Genomatix software (http://www.genomatix.
de) to represent a potential GATA3 motif is shown for wild type and nessy. The
critical T nucleotide which is changed to A in nessy and potentially disrupts
binding of GATA3 is shown in red. C. real time RT-PCR analysis for the
Tmemi 12b gene was performed on RNA extracted from organs of wild-type and
nessy mice. Tmemi 12b expression across mouse organs was normalised to 18S
RNA expression. The average relative expression and standard error from 3
biological experiments are shown.
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analysis (using Genomatix software, http://www.genomatix.de) of the region
encompassing the Nessy point mutation revealed that the prediction of a GATAbinding module site was abolished in Nessy mice as a result of the point mutation.
The T to A substitution in Nessy kleisin-p abolished a core thymidine nucleotide in
this motif, which at this position in the motif is absolutely necessary for GATA
binding (Figure 5.11, panel B). Mice with a disrupted GATA-3 gene exhibit a
thymic phenotype remarkably similar to Nessy mice, also exhibiting a partial block
in the DN to DP transition, specifically at the DNS subset, as well as similar
reductions in thymocyte cell numbers (Pal et al., 2003). It was thus conceivable
that the phenotype observed in Nessy mice was entirely, or at least in part, due to
the disruption of the expression of this upstream gene. If this were the case, then
this would have to be incorporated in the planning of future experiments designed
to determine the cause of the thymocyte developmental block in Nessy. To
investigate this possibility, real time RT-PGR was carried out on organ lysates from
wild-type and Nessy mice in order to quantitate the expression of the Tmem112b
gene. As shown in Figure 5.11 panel B, expression of this gene was equal in wildtype and Nessy mice. Therefore, the point mutation in kleisin-p does not affect the
expression of the Tmemi 12b gene immediately upstream and therefore does not
contribute to the Nessy phenotype. The point mutation in kleisin-p is therefore
sufficient to account for the phenotype of Nessy mice.

5.2.6 Kleisin-p splice variants are ubiquitously expressed
It was originally hypothesised that one of the kleisin-p splice variants was
thymocyte specific. If so, then this offered a potential explanation for the Nessy
phenotype: the thymocyte-specific variant would be responsible for the T cell
developmental role of kleisin-p, while its other functions such as chromosome
condensation would be executed by the other variants on all other organs. As
demonstrated in figure 4.15, however, this was shown not to be the case, with all
organs tested expressing all three variants.

Since the aforementioned RT-PGRs were performed on whole thymi (Figures 4.15
and 5.9), it was possible that the individual thymocyte subsets expressed different
kleisin-p splice variants. For example, if all three splice forms were expressed at
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the DN stage but only the expression of the long form was maintained beyond this
stage (at the DP and SP stages), then this would provide a potential explanation
for the Nessy phenotype: After down regulation of the short and intermediate
forms at this stage, expression of the long form in wild type mice would allow
normal T cell development to ensue, whereas in Nessy mice the mutated kleisin-|3
long form would produce the observed developmental block.

To determine whether the expression of any of the kleisin-(3 splice variants are
thymocyte-stage specific, real-time RT-PCR was performed on FACS-sorted
thymocyte subsets from wild-type mice. To ensure that only T lymphocytes were
used in this analysis, in addition to staining with anti-CD4 and anti-CD8 antibodies,
thymocytes were also stained with markers for B cells (B220), NK cells (NK1.1)
red blood cells (TER119) and yb T cells (TCR8). These markers allowed for the
exclusion of non-T cells that were CD4 CD8". Fluorescence activated cell-sorting
(FACS) was performed on thymocyte sub-populations in order to purify DN, DP
and SP cells, based on CD4 and CDS expression, which were negative for these
non-T cell markers (Figure 5.12 panel A). The purity of the resultant sorted cell
populations was subsequently checked by flow cytometry, and were used only if
the purity of a particular population exceeded 95% (Figure 5.12 panel B). Realtime RT-PCR on these sorted population revealed that all kleisin-p splice variants
were expressed at all stages of thymocyte development (Figure 5.13, panels A, B
and C). Therefore, there are no thymocyte-stage-specific splice variants,
suggesting that all three may contribute to T cell development. Real time RT-PCR
using strand-specific primers for the kleisin-(3 3'UTR (Figure 5.15, panel B) and
Sco2 (Figure 5.15, panel A) was also performed on these sorted thymocytes
subsets. Down-regulation of kleisin-|3 3'UTR expression at the SP stages was
accompanied by an increase in Sco2 expression at these stages. The implications
of this result in the context of antisense expression control were discussed in
chapter 4.
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Figure 5.12. Purification of tilymocyte subsets by FACS. An example of
the gating and sorting strategy employed used to obtain highly enriched
thymocyte subsets for gene expression analysis by RT-PCR and microarrays.
Thymocytes from wild-type mice were stained with phycoerythrin (PE)-conjugated
anti-B220, anti-NK1.1, anti-TER119 and anti-TCR6 as well as anti-CD4 and antiCD8 (conjugated to fluorescein isothiocyanate and PerCP, respectively).
Thymocyte subset gates which defined the subsets to be sorted (DN, DP, CD4
and CDS) were set on a CD4 vs. CDS plot after gating on PE-negative
lymphocytes.
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Figure 5.13. Real-time RT-PCR for kleisin-p splice variants in
thynnocytes subsets purified by FACS. Real-time RT-PCR was performed
on total RNA extracted from thymocyte subsets purified by FACS from wild-type
thymi using the splice variant-specific primers shown in Figure 4.16. Expression of
the variants across the subsets was normalised to 18S rRNA expression. Data
shown are the average and standard error from 3 experiments (*=<0.05,
**=<0.005).
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Figure 5 . 1 5 . Real-time RT-PCR for t h e 3'UTR of kleisin-p a n d S G O 2
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5.2.7 Kleisin-p splice variant expression is down-regulated
at the SP stage
An interesting observation from the data examining thymocyte subset-specific
kleisin-p splice variant expression was that the expression of the long (Figure 5.13,
panel A), intermediate (Figure 5.13, panel B) and short (Figure 5.13, panel C)
splice variants was reduced by approximately half in the SP stages, as compared
to the DN and DP stages, which had similar levels of expression. The mature
apTCR is first expressed at the DP stage, therefore it is possible that signalling
through the apTCR can stimulate the down-regulation of kleisin-p splice variant
expression with this change becoming particularly evident at the SP stages.

To provide further evidence for this proposal, the effects on the expression of
kleisin-p splice variants following stimulation of the apTCR was monitored by realtime RT-PCR at various time points after stimulation with phorbol-13-myristate12-acetate (PMA) and ionomycin (loM). The combined use of PMA, which
activates protein kinase C, with loM, a calcium ionophore, mimics TCR activation
in T cells. In non-transformed, mature T lymphocytes, PMA/loM induces cytokine
production and proliferation. However, in transformed cells, PMA/loM causes
growth inhibition and eventually leads to cell death (Desrivieres et al., 1997). This is
also the case for immature thymocytes (Desrivieres et al., 1997). Since expression
of the a(3TCR at the DP and SP stages of thymocyte development coincides with
cell cycle arrest (Onoyama et al., 2007), EL4 cells (a T cell lymphoma cell line)
were used for the stimulation since they respond to a(3TCR activation in a similar
way to thymocytes with regard to proliferation and thus mimic the response to
strong TCR signalling in thymocytes (Desrivieres et al., 1997).

The expression level of all splice variants fell to approximately half their levels of
that observed in unstimulated cells within 1 hour of PMA/loM stimulation and
remained at this level 16 hours post-stimulation (Figure 5.14, panels A, Band C).
Thus, these results show firstly that all splice variants can be transcriptionally
controlled, possibly by apTCR signalling and secondly that signalling through the
mature a^TCR, first expressed at the DP stage, may down-regulate the
expression of the splice variants.
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5.2.8 Microarray analysis of Nessy and wild-type DP
thymocytes.
In order to gain a much deeper insight into the role kleisin-p plays in normal T cell
development, global gene expression changes between DP thymocytes of wildtype and Nessy mice were examined by microarray analysis. The microarrays
used in this study were the lllumina WG6 (WholeGenome) v1.1 MouseRef
Expression Beadchips. lllumina Beadchip arrays are constructed by introducing
50 nucleotide oligonucleotide-bearing

beads to microwells etched into the

surface of a silicon substrate deposited on a slide. Each array monitors the
expression of more than 47000 transcripts. The Beadchip array content was
created by combining the Mouse Exonic Evidence Based Oligonucleotide
1(MEEB0) set, the RIKEN FANTOM 2 database, and the National Center for
Biotechnology Information (NCBI) Reference Sequence (RefSeq) database
(http://www.illumina.com). Each bead contains hundreds of thousands of copies
of covalently-attached probes and is represented with an average 30-fold
redundancy on the array. Consequently, each reading is taken multiple times
across the array. Six entire arrays are deposited onto one slide and steps
downstream of hybridization are performed in parallel on each BeadChip, reducing
experimental variation. RNA samples undergo first- and then second-strand full
length cDNA synthesis, which is then used to generate biotinylated antisense
RNAs, using biotin-UTP and T7 RNA polymerase, for hybridisation to the arrays.
Hybridisations and array scanning were performed at the SRC Microarray Facility,
University of Queensland.

Preliminary experiments were conducted in order to determine the optimal
method for extracting RNA for maximal yield and minimal contamination from
genomic DNA (gDNA). Sufficient quantities for both RNA quality control and for
labelling and hybridisation were required. Total RNA was extracted from
thymocyte suspensions using three different methods: TrizoL, RNeasy columns,
and RNeasy columns combined with an optional on-column genomic DNA
elimination step. It was apparent that the bulk of the nucleic acid that was isolated
using columns without the gDNA elimination step was genomic DNA (Figure 5.16
panel A, lane 3 ) and although pure RNA was obtained if the gDNA elimination
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step was employed, the RNA yield was extremely small as judged by agarose gel
electrophoresis (Figure 5.16 panel A, lane 1) and by spectrophotometric
quantitation. Trizol produced a slightly higher yield of relatively pure RNA free of
gDNA, however, much RNA was also lost during processing (Figure 5.16 panel A,
lane 2 and as assessed by spectrophotometric quantitation). In addition, Trizol
used exclusively was incompatible with downstream labelling steps. The protocol
which was finally employed involved an initial homogenisation step in Trizol
followed by purification with RNeasy columns, followed by a separate DNAse step
which resulted in a high RNA yield with no detectable gDNA (Figure 5.16 panel A,
lane 4).

Since the developmental defect in Nessy mice occurs at the DNS stage (a subset
in which Nessy and wild-type mice have equal total numbers), with the largest
reduction in thymocyte numbers in Nessy evident at the DP stage, it was decided
to examine the expression of genes in this subset. It was reasoned that it is at this
stage where the developmental defect begins to be so pronounced and aberrant
gene expression caused by mutant kleisin-p would be most profound.

It was determined in a series of preliminary sorts that the number of DP
thymocytes purified from one Nessy thymus, which has ten-fold fewer thymocytes
than a wild-type thymus, was repeatedly about 3 x 1 T h i s is substantially less
than the theoretical number of thymocytes expected for Nessy DP cells and
losses sustained during preparation and the sort may account for the loss. This
number of cells yielded approximately 400ng of total RNA using the modified
RNeasy protocol described above, however, 2^g of RNA was required for
processing. It was therefore necessary that thymi would have to be pooled to
obtain enough cells for the quantities of RNA required. Three biological replicates
each consisting of thymi pooled from 6-7 age- and sex-matched mice were
performed for each strain. DP thymocyte populations from each strain were
purified from pooled thymi by FAGS (the FAGS strategy used to obtain DP cells for
microarray analysis is described in figure 5.12).
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5.2.9 Normalisation and clustering of microarray data
Prior to the analysis of microarray data, raw data must be normalised in order to
account for differences in signal intensity observed between arrays that are not a
result of biological differences between the samples. Examples due to technical
issues include unequal quantities of starting RNA and difference in labelling
efficiencies between samples. Therefore, normalisation is essential if meaningful
biological comparison are to be made between experimental groups. In addition,
both software packages used to analyse the data (see below) required normalised
data as input. Quantile normalisation was performed using the BeadArray package
(Dunning et al., 2007) run in the BioConductor software environment
(http://www.bioconductor.org). Quantile normalisation ensures the distributions of
the data are equal by ranking the genes on each array from highest to lowest
values, dividing them into sets and adjusting the values so that the average of the
sets on the different arrays are equal.

Even prior to normalisation, there was little variation in the scatter of the raw
intensity values between the six microarrays as depicted by the box-plot in figure
5.16, panel B1. Box plots visually display the scatter of data by depicting the interquartile range as a box, the median as a line within that box, with lines connecting
the extreme highest and lowest values to the box. After applying a normalisation
adjustment, the corrected signal intensities between each of the six microarrays
was confirmed by the post-normalisation box plots which show extremely similar
box-plots for each of the six arrays (Figure 5.16 panel B2).

Cluster software (Eisen et al., 1998) was used to provide a simple representation
of how well the replicates within an experimental group correlated to each other. If
the biological replicates in each experimental group were of high quality and had a
high degree of correlation between the individual replicates in one experimental
group, then the replicates of each experimental group would cluster together in a
dendogram. A hierarchical clustering algorithm was used with the average linkage
clustering option. As shown in figure 5.16, panel C, this was indeed the case for
the three biological replicates from wild-type and Nessy mice.
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Figure 5.16. A. RNA extraction optimisation. Agarose gel electrophoresis
of RNA extracted from mouse thymocytes using different protocols. Lane 1,
RNeasy with gDNA elimination; Lane 2, TriZOL; Lane 3, RNeasy without gDNA
elimination; Lane 4, Trizol lysis followed by RNeasy and a separate DNase step.
B. Normalisation of microarrays. Quantile normalisation of the three wildtype and nessy replicate arrays was performed using the BeadArray package
{Dunning, 2007 #328} run in the BioConductor software environment
(http://www.bioconductor.org). B1 depicts the distribution of the raw expression
values prior to normalisation, while B2 depicts the values after normalisation. C.
Cluster analysis. Dendogram output of the wild-type and nessy replicate arrays
after processing by Cluster software (http://rana.lbl.gov/ EisenSoftware.htm)
employing a hierarchical clustering algorithm.
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5.2.10 Microarray analysis of DP thymocytes reveals
multiple roles for kleisin-p in thymocyte development.
The microarray data obtained from the wild-type and Nessy DP subsets was
analysed using two software packages. Significance Analysis of Microarrays
software (SAM; http://www-stat.stanford.edu/~tibs/SAM/; (Tusher et al., 2001))
was used to determine expression changes in individual genes, while Gene Set
Enrichment Analysis software (GSEA; www.broad.mit.edu/gsea/; (Subramanian et
al., 2005)) was used in order to determine whether any entire biological pathways
were altered between the two strains by determining whether the set of genes
within a known pathway are also present amongst the up-regulated genes in
either wild-type or Nessy mice. Pre-compiled gene sets used by GSEA may be
genes which compose a well-established consensus pathway constructed from
many experiments (such as those deposited in the BioCarta database;
http://www.biocarta.com) or may represent gene sets from published microarray
experiments and are thus composed of genes shown to be co-regulated in
response to a certain condition.

5.2.11 Significance Analysis of Microarrays (SAM)
SAM determines differential expression between two phenotypic groups on a
gene-per-gene basis. In identifying differentially expressed genes at the 0.05
confidence level by a traditional t-test, an unacceptably large number of genes will
be identified by chance due to the very large sample population. SAM employs a
modified t-test that takes the large sample population (i.e., all genes on the array)
into account. For each gene SAM calculates an observed "d-value". The mean
change in expression for that gene (derived by dividing the average of the replicate
samples of one experimental group by the average of the replicates of the other) is
divided by the standard deviation of the values in each array. The d-value
calculated in this manner is the " observed relative difference" value. The replicate
values for that gene are then randomly shuffled between the two experimental
groups (i.e., replicates belonging to the wild-type group will be shuffled with those
belonging to the Nessy group) and the d-value is re-calculated on these randomly
shuffled values. The replicate values are re-shuffled repeatedly and a d-value is
calculated each time. The average of all these d-values is the "expected relative
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difference" value. The observed score is plotted against the expected score as a
line on a graph and genes are plotted in relation to this as individual dots. The
more a gene deviates from the expected score (ES) vs. observed score (OS) line,
the more significantly changed its expression is deemed to be. Also, a false
discovery rate (FDR) is nominated by the user by adjusting a "delta" value in the
software: higher delta values lower the FDR but decreases the number of
significantly expressed genes. A minimum fold change cut-off must also be
entered. Both the number of genes and the inclusion of individual genes in the
derived list of differentially expressed genes will change depending on the values
chosen for these two parameters. The genes considered not significantly changed
according to nominated delta value are enclosed by two lines drawn on either side
of the central ES vs. OS line, while genes outside these lines are considered
significantly differentially expressed.
For the data in this study, two different fold-change cut-offs were chosen and for
each of these, SAM was applied with two delta values. The graphical results of
these analyses are shown in Figure 5.17. For the 1.4 fold-change cut-off, a delta
value of 1 and 4 resulted in a total of 1634 and 224 differentially expressed genes,
respectively. For the 2 fold-change cut-off, a delta value of 1 and 4 resulted in a
total of 210 and 57 differentially expressed genes, respectively. Thus, changing
these parameters greatly alters the SAM output, however, regardless of the
stringency settings selected far more genes tend to be up-regulated than downregulated in Nessy mice. The individual genes whose expression was determined
to be statistically significantly up-regulated for the 1.4-fold change for both wildtype and Nessy DP cells, delta 1, are listed in Appendix 1.

5.2.12 Gene Set Enrichment Analysis (GSEA)
GSEA is able to overcome the limitations of traditional statistical tests when
applied to microarrays that may result in no gene changes surpassing any
significance thresholds, or far too many significant hits that would be difficult to
interpret. This is achieved by considering whether entire biological pathways are
over-represented in a phenotype as opposed to calculating differences in the
expression of individual genes. The input for GSEA is data from a microarray
experiment in which two phenotypes are compared and is thus ideal for an
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Figure 5.17. Quantitation of differential gene expression by SAM
analysis. The number of genes differentially expressed between wild-type and
nessy DP thymocytes under different statistical stringencies. Shown are
statistically significant expression changes greater than 1.4-fold with delta values
of 1 and 4 (Panels A and B) and changes greater than 2-fold with delta values of 1
and 4. The predicited FDR is also shown for each analysis.

Fold-change cut-off 1.4,
FDR: 0.59% (delta=1)

B

Fold-change cut-off 1.4,
FDR: 0%
(delta=4)

Fold-change cut-off 2,
FDR: 0%
(delta=1)

^

Fold-change cut-off 2,
FDR: 0%
(delta=4)

analysis of wild-type vs. Nessy thymocytes. All genes represented on the arrays
are ranked according to their differential expression values such that the genes on
one end of the list represent those most up-regulated in the first group (in this
case, wild-type) and those at the other end represent those most up-regulated in
the second group (in this case, Nessy). Those in the middle have similar
expression levels in both strains. GSEA then considers a pre-defined gene list and
determines whether the members of this set are randomly distributed throughout
this ranked list or whether they cluster at one end of the list. If they do so in a
statistically significant manner then this gene set is correlated with the
corresponding phenotype. A further consideration that must be taken into account
is that some pre-compiled gene sets are mixtures of genes that have both
increased or decreased in response to a certain condition. It is therefore important
that experimental conditions that accompany the gene list be consulted.

The input for GSEA analysis was the post-normalised data from the six
microarrays. An additional adjustment of the data was necessary since GSEA
does not accept replicate genes names, and since some genes are represented
on the array by multiple probes, a strategy had to be devised in order to determine
which probe would be included in the analysis for that gene. The strategy decided
upon was to select the probe that yielded the largest change in expression
between Nessy and wild-type for that particular gene. For genes where some
probes yielded a change between wild-type and Nessy and some did not, this
processing excluded those probes that showed no change, which most likely
represented probes that did not perform well during hybridisation of the sample.

GSEA calculates an enrichment score (ES) which determines how well a given
gene set correlates with the extreme ends of a ranked gene list and hence with
the greatest gene changes associated with each of the two phenotypes. The ES is
calculated by progressing along the ranked list of genes and increasing a runningsum statistic when a gene from the test set is encountered and decreasing it if a
gene from the test set is absent.
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GSEA summarises the result for each gene set graphically (Figures 5.18-5.24).
The top section of the graphical output shows the ES score as the running sum
statistic progresses along the gene list. Positive correlations will increase the value
of the ES score and if the ES score peaks close to one end of the gene list, then
that particular gene set is likely to correlate with the phenotype associated with
that end of the gene list. A 'leading edge' subset of genes, those genes that are
immediately before the peak of the ES score, is also calculated and is composed
of genes which contributed the bulk of the final ES score. Since it is unlikely, under
different biological settings, that every single gene in a correlated gene
set/pathway will also be present in the up-regulated genes of the phenotype that it
was correlated to, GSEA reports the individual members that were correlated as
the leading edge subset and these are considered the 'core' correlating genes
from the gene set. The vertical black bars and the red to blue horizontal bar in the
middle portion of the graphical output shows where the members of the test gene
set occur along the ranked gene list. In this study, correlation with the wild-type
phenotype is denoted in red, while correlation with Nessy is denoted in blue, with
darker shades indicating a stronger correlation. The Y axis on the bottom portion
of the graphical output shows the value of the "ranked metric" score for each
gene along the ranked list and is a measure of how well a given gene correlates
with the phenotype. Positive values indicate correlation with one phenotype and
negative with the other.

In the enrichment plot, genes correlated with the wild-type phenotype are
coloured red and with Nessy are coloured blue, with darker shades denoting a
stronger correlation. Accompanying each plot is a ranked list and heat map of the
correlating gene set (Appendix 2), where genes from the test gene set are listed in
the order in which they occur on the experimental ranked gene list with. Each
replicate array is displayed individually, with the genes in each denoted by a
coloured box where dark red represents high expression, dark blue low
expression, with shades in between representing intermediate levels (the colouring
in the heat map, unlike the graph, is not an indication of correlation to a specific
phenotype).
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Importantly, a false discovery rate (FDR) is calculated which reports the estimated
probability that a particular gene set represents a false positive finding.
The authors of the software nominate a value of 25% (determined empirically)
below which a gene set should be considered to be biologically relevant. An FDR
of 25% (indicating that the gene set is likely to be valid 75% of the time) is deemed
an appropriate cut-off value firstly due to the lack of coherence in most expression
datasets (i.e., the sporadic nature of the differentially expressed genes which often
do not all fall into several distinct pathways) and secondly the relatively small
number of genes being analysed.

The individual gene sets which were found by GSEA to correlate significantly to
either wild-type or Nessy up-regulated genes are presented in Table 5.1 along
with the FDR which was calculated by GSEA for that particular gene set. Although
a total of 81 gene sets were significantly correlated to the Nessy phenotype
(FDR<0.25), the vast majority were gene sets related to enhanced cell cycle gene
expression under a variety of experimental conditions (such as comparisons of
cancer cells to normal cells). Thus, only three examples are given in table 5.1. The
remaining significant gene sets are those listed in the table that were not related to
a generalised cell-cycle increase. The graphical output for each significant gene
set is shown in figures 5.18-5.24. The corresponding gene lists with heat maps for
significant gene sets are included in Appendix II. Only one gene set which fell
below the 25% FDR cut-off, which corresponded to the up-regulation of HoxA5
targets, was found by GSEA to correlate significantly to the phenotype of wild type
DP thymocytes (Figure 5.18). On the other hand, many more gene sets correlated
with the phenotype of Nessy DP thymocytes that were well below the required
threshold for statistical significance. The highest-scoring gene sets were those
that involved DNA replication genes and up-regulated cell cycle genes (Figure
5.19), genes up-regulated upon E2F1 expression or retinoblastoma inhibition
(Figure 5.20), genes up-regulated in response to c-myc overexpression (Figure
5.21), genes up-regulated upon deletion of E2A (Figure 5.22), genes up-regulated
in response to DNA damage and DNA repair genes (Figure 5.23) and genes
regulated by protein arginine methyltransferase 5 (PRMT5) (Figure 5.24).
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T A B L E 5.1. GSEA pathways correlated to genes up-regulated in either wild-type or
Nessy DP cells

Pathways/gene sets correlated to wild-type mice

Gene set

Reference

Description

FDR*

Chen_H0XA5_Targets_UP

Chen H, 2005

Genes up-regulated in
H0XA5-induced cells

0.048

Pathways/gene sets correlated to nessy mice
Gene set
Reference
Cell cycle/proliferation

Description

FDR

Serum_fibroblast_cell_ cycle

Chang HY, 2004

0

DNA_Replication_Reactome

http://www.genmapp.org

G1 _to_S_Cell_Cycle_reactome

http://www.genmapp.org

Cell cycle genes expressed in
fibroblasts after exposure to
serum
Genes involved in DNA
synthesis
Genes expressed during the
G1 to S phase transition (cell
cycle entry)
Associated with DNA damage
and repair
Invlovled in DNA repair
Induced in mouse lymphocytes
upon exposure to 6
genotoxins*
Up-regulated in keratinocytes
by UV-B
Genes induced by DNA
damage and invloved in DBS
repair

0.001

0
0

DNA Repair
DNADamageSignaling

http://www.broad.mit.edu/

Brentani Repair
Genotoxins_AII_4hrs_reg

Brentani H, 2003
Hu T, 2004

UVB_NHEK2_up

Takao J, 2002

ATR/ATM/BRCA1/2

http://www.biocarta.com

0.008
0.002

0.002
0.001

TranscriDtion Factors
YU MYC UP
MYCjargets

Yu D,2005
Zeller K, 2003

Schuhmacher_MYC_UP

SchuhmacherM, 2001

REN_E2F1_Targets

Ren B, 2002

Vernell_PRB_cluster _1

Vernell R, 2003

GREENBAUM_E2A_UP

Greenbaum S, 2004

Genes activated by c-myc
Genes responsive to c-myc in
multiple systems
Genes up-regulated by c-myc
an a B cell line
Up-regulated by E2F1 in
primary fibroblasts
Up-regulated by E2F
induction/Rb down-regulation
Induced in E2A-deficient cell
lines

0
0

Up-regulated in NIH-3T3 cells
upon RNAi-mediated
knockdown of PRMT5

0

Chromatin remodellers
Pal S , 2 0 0 4

PRMT5_KD_UP
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Figures 5.18. The HoxA5 target gene set that was significantly correlated by
GSEA to genes up-regulated in wild-type DP cells
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Figures 5.19. Three
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Figures 5.20. A. Gene sets correlated to genes up-regulated in Nessy
nnice corresponding to A. E2F1 overexpression and B. Rb inhibition
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Figures 5.21. A. Gene sets
correlated to genes upregulated in Nessy mice
corresponding to c-myc
overexpression
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Figures 5.22. A. The gene set resulting from E2A inhibition that was
correlated to genes up-regulated in Nessy mice.
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Figures 5.24. A. The gene sets corresponding to PRMT5 inhibition that
was correlated to to genes up-regulated in Nessy mice
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5.3 Discussion
5.3.1 Kleisin-p is mutated in Nessy mice
Nessy mice were initially identified in an ENU-mutagenesis screen by the
abnormally high expression of CD44 on peripheral lymphocytes (Figure 1.2 panel
A). The causative ENU-induced mutation, an A to T substitution, was identified in
exon 1 of the kleisin-p gene. Due to the long and intermediate splice variants
which are encoded in different frames in exon 1, the single point mutation causes
a different change in each of these isoforms. In the long form the mutation causes
isoleucine to be replaced by an asparagine residue, whereas in the intermediate
form a threonine replaces a serine. The mutation has no effect on the short splice
form as it does not contain the portion of sequence in which the mutation is
located (Figure 5.8, panel A).
The amino acid substitution in the long isoform represents a change from a nonpolar to an uncharged polar residue. An important factor governing protein folding
is the distribution of polar and non-polar amino acids. Non-polar amino acid side
chains often cluster in the interior of a protein molecule while polar side chains
often cluster on the outside where they can interact with other polar molecules,
such as water. Thus, the amino acid change in the long form may alter the local
protein structure surrounding the mutation, affecting a protein binding-site, for
example. The amino acid change in the intermediate form represents a change
from one uncharged polar residue to another, thus the likelihood that it causes
changes in the local structure is not high, however, the change may alter a
phosphorylation site, as serines are often modified in this way. An inability of the
long form to complex with another required protein or of the intermediate form to
receive a critical regulatory signal may ultimately lead to the Nessy phenotype.

5.3.2 IVIutant kleisin-p affects the proportion of lymphocyte
subsets in Nessy mice.
In Nessy mice, the point mutation in the kleisin-p gene causes a perturbation in
thymocyte development resulting in smaller thymi with 10-fold fewer thymocytes
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than normal mice (Gosling et al., 2007). This decrease in total thymocyte number
is due to a partial block in the developmental progression of thymocytes from the
DN to DP stage (Figure 5.1 panel A) specifically at the DNS stage (Figure 5.1 panel
B) resulting in a decrease in the proportion and number of DP and SP thymocytes
in Nessy thymi. Since Nessy and wild-type thymi have equivalent numbers of
thymocytes up to and at the DNS stage (Gosling et al., 2007), it can be concluded
that migration of T-cell precursors into the thymus from the blood is not affected in
Nessy mice and kleisin-p is therefore not essential for development prior to the
DNS stage. Thus, it is at or immediately after the DNS stage that kleisin-p is
required with the mutated version setting in motion a series of events that disrupt
normal thymopoiesis. Therefore kleisin-p has an essential and non-redundant role
in thymocyte development. The proportions of T lymphocytes in the periphery are
also altered in Nessy mice, with a marked reduction in the percentage of CD4^
and CDS" T cells in the spleen (Figure 5.2 panel A and B). Thus, the SP cells that
progress past the developmental block do not proliferate to an extent that would
homeostatically restore the proportion of these subsets in the spleen to wild-type
levels, however they do proliferate significantly since Nessy mice only have 2.5fold fewer T O R P - F cells in their spleens, as compared to a 50-100 fold decrease in
SP thymocytes (Figure 1.6 panel A)
Nessy mice also exhibit alterations in the proportions of various intraepithelial
lymphocytes (lELs) in the gut. lEL populations are diverse and include
apTCR"CD4" cells, apTCR^ODBaP" cells, apTCR^CDSaa cells and ySTCR"
CDSaa" cells (Hayday et al., 2001). In addition, CD4 CD8- T cells can account for
up to 10% of all lELs in the mouse gut (Hayday et al., 2001) while a subset of
CDSaa-h cells may also express CD4(Das et a!., 2003, Lefrancois, 1991). The
apTCR'^CD4"' and CDSap"" lELs have a conventional DP thymic origin since they
are absent in athymic mice (Guy-Grand et al., 1991). CDSaa cells, however,
although thymus-derived, appear to be follow a distinct developmental pathway,
being derived from CDSaa DP cells that becomes DN upon agonist selection in
the thymus (where T cells are positively selected by agonist ligands, that for other
cell types would induce T cell deletion) and which then re-acquire the CDSaa
homodimer subsequent to thymic exit (Gangadharan et al., 2006).
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Nessy mice were shown to have an increased percentage of the TCR6^CD8aa^
subset (Figure 5.3 panel B and D). Since all TCR6"IELs in the gut are CDSaa"
(Hayday et al., 2001), these represent the TCRyS^CDSaa" subset. Increases were
also observed in the CD8aa"CD4" subset (Figure 5.3 panel A and D), with a
concomitant decrease in the percentage of CD8a"CD8p" cells (Figure 5.3 panel C
and D). Taken together, this data points to a decrease in the proportion of CD8a(3
lELs that have a conventional thymic origin and an increase in the CD8aa subsets
of the lEL population. It is thus possible that the development of subsets destined
to form the lEL CD8aa'" population in Nessy mice are not as severely affected as
the conventional CD8ap subset which populates the periphery.

5.3.3 Mutant kleisin-p increases the activation state of
lymphocyte subsets in Nessy mice.
Nessy DP thymocytes expressed higher levels of the activation marker CD44
compared to wild-type DP cells (Figure 5.4 panel A and B). It has been
demonstrated that the cell surface molecules CD5, CD3 (a component of the
TCR), CD69 and the TCR itself (Figure 1.6 panel B, from (Gosling et al., 2007))
were also all up-regulated on DP cells in Nessy mice. This suggests that Nessy DP
cells are transducing stronger than normal TCR signals. CD44 expression was
also significantly higher on DN and SP thymocytes (Figure 5.4, panel A and B).
The activated phenotype in the thymus is also evident on lymphocytes in the
periphery, where CD44 expression is significantly higher in Nessy mice on both
CD4^ and CD8^ T lymphocytes in the spleen (Figure 5.5 panel A1, A2 and B1) as
is CD69 on TCRf3+ splenocytes (Figure 5.5 panel A3 and B2).

The up-regulation of CD44 on the cell surface of Nessy lymphocytes may be a
direct result of inappropriate activation mediated by mutated kleisin-p. Although
CD44 was not found to be up-regulated in Nessy DP cells by microarray analysis,
this does not preclude increases in CD44 via post-transcriptional mechanisms.
Alternatively, increased CD44 on DP cells may result from the enhanced
proliferation observed in Nessy DP cells (Figure 1.7 panel A) and as deduced by
microarray analysis discussed below) since it has been observed that CD44 levels
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can correlate with proliferation (Kuncova et al., 2005).

If signalling is transduced

via CD44 on Nessy thymocytes (i.e., if CD44 ligand is present in the thymus and is
capable of activating CD44), then this may contribute to the proposed enhanced
cell death of Nessy thymocytes (discussed below) since CD44 cross-linking has
been shown to induce apoptosis of thymocytes (Foger et al., 2000). Higher CD44
levels may also account for the high expression of cdkn1 a/p21 WAF observed in
Nessy DP cells since CD44 ligation has been shown to induce the transcription of
this gene (Zada et al., 2003).

Alternatively, the high expression of CD44 may be a consequence of a general
heightened activation state of Nessy lymphocytes, also suggested by the increase
in CDS, CD69 and the TCR. The high CD44 and expression on Nessy DP and SP
cells is also observed on thymocytes of mice with exaggerated T cell signalling
such as mice with mutations in c-cbl (Naramura et al., 1998) and SLAP
(Sosinowski et al., 2001). CDS is a negative regulator of TCR signalling and its
expression is proportional to TCR signalling strength (Azzam et al., 2001). Its
increased expression in the Nessy thymus may be a direct response to stronger
TCR signalling and may constitute an attempt to restrain an overactive signal.
TCR signal strength determines the fate of DP cells. No signalling leads to death
by neglect, weak signalling leads to positive selection, while a strong signal leads
to the deletion of these cells by negative selection (Werlen et al., 2003). Therefore,
increased TCR signalling in Nessy mice resulting in excessive negative selection
was proposed as a possible mechanism to account for the hypocellular thymi of
Nessy mice. However, this was shown not to be the case since negative selection
of Nessy thymocytes was not enhanced in a TCR transgenic mouse model of
negative selection (as described in chapter 1). Nevertheless, TCR signalling in
mature thymocytes of Nessy mice may be over-active, but subtle enough so as
not to enhance negative selection.

5.3.4 Condensin II subunit expression
RT-PCR and western blotting showed that the expression of kleisin-p transcripts
(Figure S.9, panel A) and levels of kleisin-p protein (Figure S.9, panel B) are similar
in wild-type and Nessy mice. This was also demonstrated in the microarrays
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where kleisin-p expression was shown not to be significantly different statistically
(Table 5.2). Therefore, the defect in thymocyte development in Nessy mice is not
due to reduced levels of kleisin-p. Real-time RT-PCR analysis of other Cll subunits
revealed a 2-fold increase in expression of MTB/CAPG2 in thymus, spleen and
brain in Nessy mice compared to wild-type mice (Figure 5.10, panel A). This
finding was confirmed in the microarray analysis of DP cells (Table 5.2) where
CAPG2 up-regulation was observed. This may be a direct consequence of
deregulated kleisin-p activity, which may normally, either directly or indirectly,
repress the expression of this gene (an activity that may be compromised in Nessy
mice due to mutated kleisin-p). Alternatively, these two proteins may share a
common function with the increase in Nessy mice of MTB/CAPG2 representing a
compensatory mechanism in response to reduced kleisin-(3. A similar explanation
may account for the statistically significant increase in expression of all the nonSMC components of CI (CAP-H, CAP-D2 and CAP-G) in Nessy DP cells as
revealed by the microarray data (Table 5.2). Expression levels of SMC2, SMC4
and the other components of Cll, CAPD3 and kleisin-p, were not altered
significantly either in Nessy organs as assessed by real-time RT-PCR (Figure 5.10)
or in Nessy DP cells by microarray analysis (Table 5.2).

5.3.5 Expression of kleisin-p splice variant expression is
ubiquitous and transcriptionally co-regulated

In order to explain the Nessy thymocyte phenotype, it was originally hypothesised
that the variants may exhibit tissue- or thymocyte subset-specific expression. It
was demonstrated, however, that no individual kleisin-p splice variants were organ
(Figure 4.15 and 5.10) or thymocyte-subset- specific (Figure 5.13). The ubiquitous
expression of each variant suggests that they do not have an organ-specific
function and the question remains of what unique roles, if any, the variants have.
It was found, however, that in sorted thymocyte subsets, expression of all splice
forms is decreased at the SP stages by approximately 2-fold, relative to the DP
stage (Figure 5.13). Similarly, pharmacological activation of the TCR pathway in
EL4 cells (with PMA/loM) also reduced the expression of all the kleisin-p splice
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variants within 1 hour of stimulation (Figure 5.14). Stimulation of the TCR on both
EL4 and DP thymocytes results in a cessation of proliferation and cell cycle exit
(McConkey et al., 1989, Onoyama et al., 2007). The initiation of the down
regulation of kleisin-p at the DP stage (and which becomes evident at the SP
stage) at a time which coincides with cell cycle exit is consistent with the
demonstrated role for condensin II as a component of the mitotic chromosome
condensation machinery (Ono et a!., 2003). Since the pattern of expression of all
splice variants is similar, this suggests that they are under the same transcriptional
controls (at least during T-cell development), and that the down-regulation of all is
required for normal thymopoiesis.

As discussed below, it is possible that kleisin-p exerts effects on the cell cycle and
apoptosis via its ability to regulate gene expression, possibly as a component of a
chromatin remodelling complex. It is thus conceivable that its down-regulation is
required in order to limit its control on the expression of genes that are required for
T cell proliferation. Analysis of microarray data (using SAM, Figure 5.17) that
compared whole genome expression of wild-type and Nessy DP thymocytes
(discussed below) revealed that more genes were up-regulated in Nessy than wild
type cells, and that this was particularly evident for genes with greater than 2-fold
expression in Nessy. This implies that kleisin-p normally is primarily a repressor of
gene expression, at least in DP thymocytes. Thus, the alleviation of this ability to
repress genes may be a requirement for normal T-cell development beyond the
DP stage, hence its down-regulation after this point of development.

5.3.6 Microarray analysis of wild-type and Nessy doublepositive thymocytes
To gain a deeper understanding of the effects of mutated kleisin-p and how it
causes the T-cell phenotype observed in the Nessy thymus, microarray analysis
was undertaken to determine the differential gene expression between wild-type
and Nessy mice in DP cells, the most severely affected thymocyte subset.
Microarray analysis revealed a large variety of genes and molecular pathways
differentially expressed in the two strains. The particular genes and pathways upregulated in wild type mice (and therefore necessary for normal T cell development
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but deficient in Nessy mice) and tliose up-regulated in Nessy mice (downregulated in wild type mice and therefore deregulated in Nessy mice) provided
explanations for known aspects of the developmental T cell phenotype observed
in Nessy mice and offered further insights into how the point mutation in kleisin-p
ultimately leads to perturbed thymocyte development.
Two approaches were undertaken to analyse the microarray data that was
generated. Firstly, SAM software was used to determine the differential expression
of genes between Nessy and WT thymocytes on a gene per gene basis.
Depending on nominated fold-change and false discovery rate cut-offs, SAM
determines which genes exhibit the most significantly different expression
between two phenotypes. Secondly, GSEA analysis was applied to the data to
determine whether genes within known co-expressed gene sets (or related genes
that belong to the same molecular pathway) correlate with the genes up regulated
in either wild-type or Nessy cells, thus permitting a more global view of the data
and revealing significant differences in entire pathways between the two
phenotypes.
GSEA proved to be invaluable in uncovering the biochemical perturbations that
most likely underlie the defect in T cell development in nessy mice. The
interpretation of data from the SAM analysis was more challenging due to the
variable nature of the output: lower stringency settings, even with a very low false
discovery rate, produced ven/ large lists of genes deemed to have statistically
different expression between the two strains, making discussion of changes in
individual genes unfeasible. On the other hand, high stringency settings, although
producing much shorter and more manageable lists of genes, may have missed
many authentic and important changes (a reason, in fact, for deciding to interpret
the microarray data with GSEA in addition to SAM). A comparison of the genes
lists generated with high and low stringencies revealed that many of the genes upregulated in nessy mice under high stringency, for example, were clearly the more
highly changed members of a single pathway with other members simply not
exceeding this arbitrary statistical threshold and therefore excluded. Nevertheless,
SAM analysis was useful for corroborating GSEA data and also for identifying
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individual genes whose expression differed between nessy and wild-type
thymocytes, principally, genes which appeared consistently at the top of these
lists regardless of the stringency settings.

As shown by GSEA, far fewer gene sets were represented in up-regulated wild
type mice than in nessy mice. In fact, only one gene set, associated with
increased HoxA5 activity, showed a statistically significant correlation with genes
up-regulated in wild-type DP thymocytes. Its absence in nessy DP cells highlights
the importance of HoxA5 activity in the development of normal T cells and its
regulation by kleisin-p/CII. On the other hand, many more gene sets and pathways
correlated with genes associated with the nessy phenotype. The cell cycle/cellular
proliferation pathway, transcription factor target genes (of c-myc, E2F, E2A), DNA
damage response and DNA repairs pathways and genes regulated by epigenetic
modifiers (PRMT5) are pathways that correlated with the Nessy phenotype with a
very high statistical significance.

The remainder of this chapter details the pathways and genes found to be
differentially represented in wild type and Nessy DP thymocytes. The pathways
revealed by GSEA and discussed below are summarised in table 5.1. Individual
genes mentioned in the text are listed in table 5.2 and in Appendix 1.

5.4 Genes/pathways up-regulated in wild-type mice
5.4.1 Homeobox genes
GSEA revealed that wild-type thymocytes are associated with the up-regulation of
HoxA5 target genes (Figure 5.18) and this was supported by the SAM analysis
that showed that HoxA5 was significantly up-regulated in wild type mice (Table
5.2) Therefore, kleisin-p-regulated HoxA5 activity is essential for normal T cell
development as evidenced by its abrogation in Nessy thymocytes.

Homeobox, or Hox, genes encode transcription factors originally identified in
Drosophila that have crucial functions during development. In mammals, there are
39 Hox genes organised into four clusters (A, B, 0 and D). All Hox proteins have a
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60 amino acid motif in common, the liomeobox domain, whicli controls their
interaction with specific binding sites on DNA (Svingen and Tonissen, 2006). Little
is known regarding the role of Hox proteins in thymopoiesis, although it has been
shown that HoxA3 mutant mice are athymic (Manley and Capecchi, 1995). A
number of Hox genes including HoxMO, HoxA11 and HoxA7 (the latter also highly
expressed in wild-type cells and therefore lacking in nessy cells) (Table 5.2) are
expressed throughout all stages of human thymocyte development (Taghon et al.,
2003), however the implications of this for T cell development are not known.

A role for HoxA5 in thymocyte development was proposed when it was found that
its expression (as wells as that of HoxA9 and HoxA10) was induced in immature
thymocytes within 6h of transfection with intracellular notch ligand. Notch ligand
(which is cleaved off notch receptors upon ligand binding) dimerises with CSL and
translocates to the nucleus and activates notch target genes (Weerkamp et al.,
2006). Notch expression is essential for T lineage commitment since notchdeficient bone marrow precursors adopt a B cell fate and develop into B cells after
entering the thymus (Radtke et al., 1999) while constitutively-active notch in
hematopoietic progenitors forces them to differentiate into immature T cells even
in bone marrow (Pui et al., 1999). Notch signalling is also essential for the DN-DP
transition since notch 1 and CSL conditional mutants exhibit defects in the
generation of DP thymocytes (Wolfer et al., 2002) (Tanigaki et a!., 2004) and
simultaneous inhibition of all notch family receptors results in a severe defect in DP
thymocyte generation (Maillard et al., 2004). Examination of HoxA5 knockout
mice, however, did not reveal any defects in hematopoiesis in either fetal or adult
thymi, possibly due to the functional redundancy of the HOX factors, which may
compensate for HoxA5 (Weerkamp et al., 2006). Nevertheless, the representation
of HoxA5 and its targets in wild-type but not Nessy DP cells suggests that it plays
an important role in thymocyte development with an activity that is kleisin-pdependent, that possibly co-operates with notch signalling.
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Figure 5 . 2 5 . O v e r v i e w of t h e cell c y c l e . The progression of ceils through
the cell cycle is orchestrated by cyclins, cyclin dependent kinases and their
inhibitors. Cyclins are functional only when complexed to cyclin dependent
kinases (CDKs). These complexes critical proteins required for cell cycle
progression. Cyclins appear sequentially throughout the cell cycle. D type cyclins
are induced upon mitogenic stimulation, which induces the expression of genes
such as c-myc, which (amongst a range of other activities) can induce cellular
proliferation by inducing essential cell cycle genes such as Cyclins E and D. Cyclin
D associates with cdk4 and cdk6 and phosphorylates the retinoblastoma (Rb)
protein and in so doing removes its inhibitory influence on cell cycle progression.
When hypophosphorylated, Rb is complexed to and thus inhibits E2F transcription
factor activity, whose activity is critical for cell cycle progression. The Rb/E2F
complex binds promoters of E2F target genes and represses their transcription by
recruiting histone deacetylases. When phosphorylated, E2F dissociates form Rb. It
thus loses its ability to block the cell cycle and permits cells to advance into G1
phase by allowing E2F factors to activate target genes that include genes
essential for S phase entn/ such as Cyclin E, and DNA polymerases. Cyclin E is
induced prior to S phase, complexes with Cdk2 and is also capable of
phosphorylating Rb. Cyclin A initially associates with cdk2 and then cdk1 and its
activity contributes to the G2 to M phase transition. CDK1 complexes with cyclin
B prior to M phase and is the main mediator of M phase entry. Cellular stress or
DNA damage activates p53 which induces cell cycle arrest (by activating the cell
cycle inhibitor
or induces apoptosis. Other cell cycle inhibitors include p27,
p57, p16INK4a and p14ARF (not shown) which all interfere with cyclin/CDK
complexes. Proteins other than E2F and c-myc (discussed above) that were also
shown to be deregulated in nessy DP cells are included in the diagram. These
include the transcription factor E47/HEB which has been shown to normally inhibit
cdk6 activation (and therefore inhibit the cell cycle) and PRMT5 which has been
shown to repress cyclin E and E2F activity.
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5.5 Genes/pathways up-regulated in Nessy mice
5.5.1 Tine cell cycle and cellular proliferation

The correlation of genes up-regulated in Nessy DP thymocytes with gene sets
associated with cellular proliferation, the cell cycle and DNA replication was the
most striking and numerous of the highest-scoring phenotypes revealed by GSEA.
The key components of the cell cycle, as well as the components that are
deregulated in nessy DP cells henceforth discussed, are depicted in a diagram in
Figure 5.25. Figure 5.19 shows three representative cell cycle-related gene sets
that were correlated to the up-regulated genes in nessy DP cells. This phenotype
is in complete agreement with data showing that Nessy DP cells incorporate
bromodeoxyuridine into DNA at a faster rate than WT cells (Figure 1.7). Inspection
of the individual genes in gene sets which were matched to Nessy and of the upregulated genes in Nessy as determined by SAM revealed that a host of cell cycleand proliferation-associated genes had increased expression in Nessy DP cells.
These included cyclin D, cyclin-dependent kinase 4 (cdk4), retinoblastoma (Rb)
targets such as E2F factors 1 and 2, other positive regulators of the cell cycle
such as c-myc, cdc2 (cdk1), cdc6 and cdc20 (the latter two are S-phaseinducers) and a variety of molecules required for DNA replication including all the
minichromosome maintenance (MCM) complex components as well as all DNA
polymerases a, p and 8, responsible for replicating nuclear DNA (Table 5.2).
Cyclins and cdks are at the core of the cell cycle machinery and are induced upon
pre-TCR signalling (Aifantis et al., 2006). These molecules integrate stimulatory
and inhibitory mitogenic/proliferation signals and then instruct the cell to execute a
pro- or anti-proliferation program based on the relative strength of these
antagonistic signals. Cyclins (which are rate-limiting due to their fluctuating levels
during the cell cycle) form a complex with and phosphorylate cyclin-dependent
kinases, activating their catalytic activity, with each complex subsequently
phosphorylating a set of target proteins that promote cell cycle progression. Dcyclins, the principal respondents of mitogenic signals, associate with cdk4 and
cdk6 and induce cells to progress into G, phase of the cell cycle from a quiescent
state. Go phase. In late G,, cyclin E complexes with cdk2, which drives entr/ into
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synthesis, S, phase where DNA is replicated. Cyclin A initially associates with
cdk2 at the onset of S phase and then with cdc2 (Cdk1) in Gj phase. Cyclin B
then associates with cdc2 triggering mitosis (Sanchez and Dynlacht, 2005; Miele,
2004, Bloom and Cross, 2007). c-myc positively regulates the cell cycle by
activating cyclin/cdk complexes and down regulating cell cycle inhibitors (Obaya
et al., 1999; Qietal., 2007).
The retinoblastoma (Rb) protein serves as the major checkpoint in the cell cycle.
CyclinD/cdk4/cdk6 and cyclinE/cdk2 sequentially phosphor/late Rb.
Dephosphorylated Rb inhibits cell cycle progression by binding the E2F proteins,
transcription factors important for cell cycle progression thereby inhibiting their
function. When phosphorylated, Rb's inhibitory properties are lost and cell cycle
entry is permitted, since E2F members can bind to DNA to activate transcription
of their target genes. (Planas-Silva and Weinberg, 1997; Bloom and Cross, 2007).
Thus, key molecules of the cell cycle are up-regulated in Nessy thymocytes. The
up-regulation of key cyclin/cdk complexes, their presumed enhanced inhibition of
Rb leading to E2F over-expression, the up-regulation of other key cell cycle genes
such as c-myc and of proteins involved in DNA replication and mitosis indicates
that Nessy cells have lost the ability to properly regulate the cell cycle and cellular
proliferation. Precise control of the cell cycle is maintained throughout thymocyte
maturation. The timely activation and inhibition of the cell cycle is critical for
normal T cell development, and results in aberrant thymocyte development if the
normal controls of the cell cycle are compromised (Aifantis et al., 2006).
Suppression of the cell cycle, accompanied by cell cycle exit, are requirements for
the initiation of VDJ recombination at the TCRp locus prior to p-selection (Hoffman
et al., 1996). Upon expression of the pre-TCR at DN3, cell cycle entry and a surge
in proliferative activity are two of the major properties of p-selected cells (Michie
and Zuniga-Pflucker, 2002). Proliferation of immature thymocytes is one of the
major functions of signalling through a functional pre-TCR/CD3 complex since
pre-TCR deficient thymi are small and arrest at the DNS stage (Fehling et al.,
1995) and pre-TCR signalling induces events which allow for cell cycle entry and
progression including Rb hyperphosphorylation, cyclin A, B , cdc2 and CDK2
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induction, down-regulation of cell cycle inhibitors such as p27, S-phase
progression and increased DNA synthesis (Hoffman et al., 1996). This expansion
allows a given TCRp chain to eventually pair with many different TCRa subunits to
create a diverse TCR repertoire.
Other proteins can profoundly affect the cell cycle in developing thymocytes. The
pre-TCR activates Id3 via the Ras/Raf pathway, an inhibitor of E2A that prevents
thymocyte proliferation and differentiation until (3-selection (Engel and Murre,
2002). An important role for EGR3 in thymocyte proliferation has also been
demonstrated since in its absence the DN to DP transition is impaired, the result
of a severe defect in the proliferation of DN cells (Xi and Kersh, 2004). Cyclin D3,
activated preferentially by the pre-TCR and not the mature TCR (by E2Fs and cmyc, amongst others), is also a critical for cell cycle entry at DNS and for T cell
development beyond the DN stage (Sicinska et al., 2003). CDS chains, She and
SLP-76 have also been demonstrated to be critical regulators of early thymocyte
cell cycle entry (von Boehmer et al., 1999). Upon differentiating to DP cells,
proliferation must transiently cease in order to allow for TCR-alpha rearrangement
to occur to allow further differentiation into SP cells (Michie and Zuniga-Pflucker,
2002) (Moroy and Karsunky, 2000).
Taken together, it is apparent the cell cycle in thymocytes is controlled by a myriad
of factors, and it in turn influences the activity of a variety of downstream effectors,
underscoring the importance for its exquisite control during thymopoiesis. It is
therefore not difficult to conceive that a perturbation in the cell cycle will have
profound effects on a process that requires its precise control, such as thymocyte
development. The deregulation of specific cell cycle components, such as E2F
factors and c-myc, was detected by GSEA and SAM analysis and these are
outlined below.

5.5.2 E2F Factors

GSEA analysis revealed a correlation between E2F1 target genes and those upregulated in Nessy DP thymocytes (Figure 5.20) while SAM analysis showed that
E2F1 is itself up-regulated, as well as increases in E2F2, E2F3, E2F6 and E2F8
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(when slightly less stringent parameters were used (Table 5.2). As already
discussed, E2F factors are critical positive regulators of the cell cycle and the
detection of genes up-regulated by a specific cell-cycle factor (as is the also the
case with c-myc, and E2A, discussed below) provides a more detailed picture of
the specific causes and consequences of the nature of the enhanced cell cycle
phenotype of Nessy DP cells.
To date, 8 E2F family members (E2F1 -8) have been discovered. They are
transcription factors that regulate the expression of genes involved in cell cycle
progression, particularly at the G1 -S transition. In order to function as
transcription factors E2F1 -6 must dimerise with DP family proteins (DP1 -4). The
activity of some E2F-DP dimers (those of E2Fs 1 -5) are controlled by Rb (or by the
other two pocket proteins, p107 and pi 30) which, when hyperphosphorylated,
bind to E2F-DP dimers blocking their transcriptional activity, while the others E2Fs
act independently of pocket proteins (DeGregori and Johnson, 2006) (Stanelle and
Putzer, 2006).
A role for E2F-1 as an essential factor for cell cycle entn/ has been well
established. It drives cells into S phase when ectopically expressed in quiescent
fibroblasts (Johnson et al., 1993) and induces the expression of genes required for
the progression of the cell cycle such as cyclins, c-myc, and proteins involved in
DNA replication (Matsumura et al., 2003). In addition, mice with defects in E2F1
(and E2F2 and 3) have severe proliferative defects (Wu et al., 2001).
The association of Nessy DP cells with E2F1 target gene hyperactivity, combined
with the up-regulation of E2F1, E2F2 and E2F3, provides, at least in part, a cause
for the over-proliferation phenotype observed in Nessy cells. The up-regulation of
these factors at the transcriptional level was shown by GSEA/SAM analysis, and it
is likely that the increase in transcription is accompanied by an increase in their
activity, since it was also found by GSEA that nessy DP cells correlated with a
gene set resulting from Rb inhibition (Figure 5.20). The other E2F members which
are up-regulated in Nessy DP thymocytes, E2F6 and 8, operate independently of
Rb, thus their deregulation is likely a result of disruption of other pathways
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(Christensen et al., 2005). E2Fs1 -3 are predominantly pro-proliferative factors and
considered transcriptional activators. E2F6 and 8 on the other hand (as well as
E2F4-7) are transcriptional repressors and associated primarily with cell cycle exit
(Trimarchi et al., 2001, DeGregori and Johnson, 2006), Thus, both pro- and antiproliferative E2Fs are upregulated in Nessy DP cells however, of these
antagonistic factors, the effects of the proliferative factors apparently predominate
as demonstrated by the over-proliferation signature of DP cells.
Paradoxically, in addition to its role in promoting cellular proliferation, a seminal
study revealed that E2F1 is an important pro-apoptotic factor (Field et al., 1996),
since thymocytes from E2F1 -deficient mice failed to undergo normal apoptosis
resulting in hypercellular thymi with expanded DP and SP subsets. This defect
was ascribed to a defect in the normal execution of apoptosis in thymocytes and
since development of other organs was unaffected, it was proposed that E2F1
may have a special role in the thymus where it suppresses inappropriate cellular
proliferation and triggers cell death. Consequently, its overexpression in Nessy DP
cells may be contributing to the greatly reduced cellularity of Nessy thymi.
Interestingly, there is a special role for Rb in the E2F1 apoptosis pathway. The
pro-apoptotic properties of E2F1 appear to be unique amongst the E2F family and
it has been shown that Rb can regulate the apoptosis-promoting activity of E2F1
separately from other E2F functions by binding to a distinct pro-apoptotic domain
of E2F1 (Dick and Dyson, 2003). Rb binding masks this domain and prevents
E2F1 induced-apoptosis. If Rb is unavailable to do this, as may be the case in
Nessy mice, then this would result in excessive cell death. Therefore in addition to
the postulated Rb deregulation in Nessy cells driving proliferation as a result of
unrestrained E2F1/2 activity, deregulated Rb will likely enhance the apoptosisinducing capacity of E2F1. Thus, excessive E2F1 activity in the thymus may
contribute to the hyperproliferative state of DP cells, as well to excessive
apoptosis leading to the hypocellular thymi observed in Nessy mice.
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5.5.3 c-myc
A phenotype of c-myc hyperactivity was also found to be a property of Nessy DP
thymocytes as demonstrated by the correlation of up-regulated genes in Nessy
with sets of genes activated by c-myc (Figure 5.21) as well as the finding by SAM
that c-myc itself was upregulated (Table 5.2). c-myc was originally identified as an
oncogene (Vennstrom et al., 1982) that normally functions in controlling cell
growth and proliferation (Pelengaris et al., 2002). It is a basic helix-loop-helix
(bHLH) leucine zipper transcription factor that must dimerise with its partner
protein, Max, also a bHLH protein, in order to function as a transcriptional
regulator (Blackwood et al., 1992). Mitogenic signals rapidly induce c-myc, and its
expression correlates highly with cellular proliferation and is present at high levels
throughout the cell cycle. It directly stimulates the expression of cell cycle
regulators including cyclins (Bouchard et al., 2001) and E2F proteins (Sears et al.,
1997) and down-regulates cell cycle inhibitors (Claassen and Hann, 2000).

In addition to its role as an inducer of cellular proliferation, c-myc is also a potent
inducer of apoptosis as was demonstrated in two seminal studies (Askew et al.,
1991, Evan et al., 1992). Withdrawal of IL-3 from an IL-3-dependent cell line
constitutively expressing c-myc resulted in a rapid induction of apoptosis, in
contrast to IL-3 withdrawal from normal cells which resulted in arrest at the G1
phase followed by a more delayed cell death (Askew et al., 1991). c-myc also
induced apoptosis in fibroblasts: a cell line which expressed c-myc constitutively
exhibited normal proliferation kinetics however, in low serum conditions these cells
were paradoxically unable to arrest their growth as evidenced by the high
proportion of cells in G2/M phase. It was revealed that serum (a survival signal)
withdrawal induced apoptosis in these cells, regardless of which stage of the cell
cycle the cell was in. Due to these results and data showing that c-myc-deficient
cells were resistant to apoptosis (de Alboran et al., 2004), it was proposed that cmyc could have a pro-apoptotic role. Thus, c-myc sensitises cells to undergo
apoptosis unless a growth signal is provided. The ability of c-myc to induce
apoptosis when its own expression increases is thought to constitute and intrinsic
safety mechanism in order to restrain its potent proliferative capacity as a means
to avoid neoplasia.
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c-myc has a well established role in thymocyte development. Pre-TCR signalling
induces c-myc in DNS cells. Expression of c-myc during thymocyte development
is highest at DNS, falls in the most immature DP cells (CD4-hCD8+CDSIo) and then
increases again in the most mature DP (CD4-^CD8-^CDShi) and SP cells
(Broussard-Diehl et al., 1996). Ablation of c-myc in mice results in 10-fold fewer
thymi. DNS and DN4 subsets have the same numbers of cells with the reduced
cellularity entirely due to a sharp reduction in DP cells, c-myc is required for
proliferation at the DN4 stage and its absence causes a large reduction of cells in
S/M phase due in large part to the induction of the cell cycle inhibitors
cdkn1a/p21 WAF and p27. The reduced thymic cellularity in c-myc '" thymi is
entirely due to reduced proliferation and not impaired differentiation of cells from
the DN to the DP stage since progenitors from c-myc' mice cultured on 0P9-DL1
cells up-regulated CD4 and CDS at comparable levels to normal mice without
dividing (Dose et al., 2006). Thus, c-myc has an important role in thymocyte
development.
Since c-myc activity was found by GSEA to be increased in Nessy thymi,
transgenic mouse models in which c-myc is specifically and conditionally
overexpressed may offer an insight, at least into some of the phenotypes in Nessy
mice that are the result of enhanced c-myc activity. In one such mouse model, an
increase in thymocyte number was obsen^/ed due primarily to an increased
proportion of DP cells (BIyth et al., 2000). This was accompanied by an increase
in the proportion of cells entering the cell cycle. A concurrent decrease in DN cells
suggested that the DN-DP transition was accelerated. Induction of c-myc also
resulted in a greater susceptibility of DP thymocytes to p53-independent
apoptosis (BIyth et al., 2000).
In another study utilising thymocyte-specific c-myc-inducible mice crossed to H-Y
TCR transgenic mice, which simulate positive or negative selection (depending on
whether male or female mice are used), it was observed that c-myc induction
enhanced positive selection but had no discernible effects on negative selection,
c-myc overexpression, combined with a mitogenic stimulus, resulted in enhanced
proliferation in vitro. Proliferation of thymocytes was also enhanced in vivo in the
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HY-TCR transgenic positive selection model. It was shown that over-expression
of c-myc in vitro significantly enhanced caspase-mediated apoptosis, however an
increase in the number of apoptotic cells was not seen in vivo when thymi of cmyc-inducible H-Y TCR mice were examined (Rudolph et al., 2000).
Although some of the characteristics of c-myc ablation and not enhancement are
mirrored in Nessy mice (such as decreased DP numbers and hypocellular thymi),
Nessy DP thymocytes also exhibited known characteristics of c-myc
overexpression. Therefore the results of the studies in which c-myc is
overexpressed in thymocytes assist in explaining some of the phenotypic
characteristics of Nessy thymocytes that may be attributed to c-myc
overexpression. Enhanced proliferation as a result of c-myc overexpression may
contribute to the demonstrated uncontrolled proliferation of Nessy DP thymocytes.
Most importantly, augmented c-myc activity may sensitise Nessy DP cells to
apoptosis and it has been indeed shown that Nessy cells, like cells overexpressing
c-myc, die much faster in vitro (Katharine Gosling, PhD thesis, Australian National
University) This may contribute to the massive cell losses in Nessy thymi:
abnormally heightened c-myc in Nessy DP cells, possibly resulting from sustained
expression of DN3-induced c-myc into the DP stage, combined with
antiproliferative signals provided to early DP cells in preparation for TCR-a chain
rearrangement, may divert Nessy cells into an apoptotic pathway. Overexpression
of c-myc also appears to enhance positive selection, a phenomenon also
observed in Nessy mice (Lydia Makaroff, PhD thesis Australian National
University), therefore the (far fewer) cells that survive may traverse the positive
selection checkpoint faster than wild type cells.
Another characteristic of Nessy lymphocytes, the observation that both
thymocytes and splenocytes are larger compared to wild-type cells as assessed
by forward scatter properties, can also be attributed to c-myc overexpression
(Figure 5.6 and 5.7) since it has been shown that c-myc overexpression leads to
an increase in cell size (Iritani and Eisenman, 1999). This phenotype of increased
cell size in thymocytes was also seen in haematoxylin and eosin stained sections
of Nessy thymi, where it was evident in the cortical regions (Figure 1.6 panel B).
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Thus, although increased c-myc expression cannot by itself explain the Nessy
phenotype, it is likely that c-myc overexpression contributes to some aspects of
the Nessy phenotype such as over-proliferation, enhanced positive selection,
increased susceptibility to apoptosis and to the abnormally large lymphocytes of
Nessy mice.

5.5.4 E Proteins

E2A deficiency is another phenotype which Nessy DP thymocytes strongly
correlate with according to GSEA analysis (Figure 5.22): genes that were up
regulated in cell lines after E2A disruption correspond to genes up-regulated in
Nessy DP thymocytes. E2A encodes two bHLH transcription factors, E12 and
E47, which arise via alternative splicing of a gene encoding part of the bHLH
domain (Murre et al., 1989). Together with Hela E box binding protein (HEB) and
E2-2 they constitute the mammalian class I bHLH proteins (also called E proteins)
which activate transcription of target genes by binding to an upstream E box
sequence. In lymphocytes, E proteins function as heterodimers with other E
proteins. In thymocytes, E47 is found complexed to HEB (Engel et al., 2001), The
activity of E proteins is regulated by Id proteins, which are inhibitors of E proteins
and it has been shown that Id2 and Id3 are especially involved in regulating E
proteins during lymphocyte development (Rivera et al., 2000). The expression of
E2A, HEB, Id2 and Id3 is not diminished in Nessy mice (Table 5.2) therefore
mutated kleisin-p in Nessy affects the E47 and or HEB protein, either directly or
indirectly.

E47 is expressed highly in immature thymocytes at the DN1/DN2 stages and it
has an important role in the initiation of T cell development. Its expression is
reduced at the DP stage and is essentially absent in SP cells (Engel et al., 2001).
E2A- deficient mice have hypocellular thymi with a decreased proportion of DP
thymocytes, a developmental block at DN1 and a severe reduction of DN2/3
(CD25") stage cells (Bain et al., 1997). Mice in which E47 is specifically disrupted
also have a significantly decreased percentage of DP thymocytes (Bain et al.,
1999). Thymi from HEB '" are hypocellular, have a decreased proportion of DP
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cells and an increase in DN cells accompanied by a developmental block at the
DNS stage. Their thymi also have no discernible corticomedullary boundary
(Wojciechov\/ski et al., 2007). E2A proteins also influence the survival of
thymocytes. It has been shown that DP cells from E2A' mice are more
susceptible to apoptosis in vitro (Bain et al., 1997) and that the viability of DP cells
from E47 ' ' mice is also impaired (Bain et al., 1999).
Since one role of E47 appears to be the differentiation of the least mature
thymocyte subset, DN1, (Bain et al., 1997) it is unlikely that E47 activity is
compromised in Nessy mice at this point since they experience a developmental
block at the later DNS stage. On the other hand, the developmental block in
Nessy may be attributed to the disruption of the E47-HEB association at DNS
since development of HEB ' thymi is affected at this stage (Wojciechowski et al.,
2007).
As mentioned, E2A protein activity is normally down-regulated at the DP stage
and since GSEA revealed an E2A-deficient phenotype in Nessy DP cells, this
reduction must occur to a greater extent in Nessy DP cells compared to the
reduction that normally occurs in wild-type DP cells. This may have implications
for developmental events at and after the DP stage. Induced E47-deficiency was
demonstrated to aberrantly activate cdk6 which was shown to cause uncontrolled
cellular proliferation (Schwartz et al., 2006). Thus, the down-regulation of E47
activity of nessy DP cells may contribute to their over-proliferation phenotype . In
HEB " , intermediate positive cells, the immediate precursors of DP cells, uniquely
exhibit a greatly diminished proliferative rate and this suggests that HEB plays a
role in driving the formation of DP cells (Wojciechowski et al., 2007). Thus,
diminished HEB activity in Nessy may also be affecting ISPs and this may be
responsible for supplying fewer DP precursors leading to the observed reduction
in this subset. When the inhibitor of E47, IdS, was transduced into a DP cell line,
cell surface expression of TCRp, CDS, CD44 and CD69 all increased. This
phenotype is identical to that of Nessy DP cells (Figure 5.4 and (Gosling et al.,
2007)) and can therefore be attributed to the deduced reduction in E2A activity in
Nessy DP cells.
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Thus, many of the thymic phenotypes of mice lacking E2A components are
recapitulated in Nessy mice and can be attributed to E47 or HEB deficiency. As in
Nessy mice, E47''" thymi have reduced DP numbers with thymocytes having a
heightened susceptibility to apoptosis. A lack of HEB activity causes a phenotype
that is also reminiscent of Nessy thymi, including a hypocellular thymus, a
decreased proportion of DP cells, an increase in DN cells a developmental block
at the DNS stage, and disrupted thymic architecture. Therefore, an augmented
reduction of E2A proteins particularly at the DP stage, caused by mutated kleisinp in nessy DP thymocytes, can account for many of the key aberrant thymic
phenotypes of Nessy mice.

5.5.5 DNA damage and repair
DNA damage response and repair genes such as those induced by UV radiation
or genotoxins were significantly up-regulated in Nessy mice as determined by
GSEA and SAM analysis (Table 5.1 and Figure 5.23). DNA damage activates the
ATM (Ataxia Telangiectasia Mutated)/ATR (Ataxia Telangiectasia and Rad3-related)
and DNA PK (Protein Kinase) proteins which act to stabilise p53. Accumulation of
p53 leads to either the induction of an anti-proliferation program (via expression of
genes such as p21, the cdk inhibitor, leading to cell cycle arrest) or to apoptosis
by inducing molecules such as Bax (Efeyan and Serrano, 2007, Aylon and Oren,
2007). A range of genes involved in the DNA damage response are up-regulated
in Nessy DP cells (Table 5.2).

The ATM kinase is one of the first DNA damage sensing proteins induced and is
central in co-ordinating the double strand break (DSB) repair response by either
stopping the cell cycle or activating cell death pathways (Shiloh, 2003). ATM
enhances p53 activity and activates the checkpoint kinases chek1 and chek2.
Chek2 and ATM inhibit MDM2 which is involved in p53 degradation and they may
also activate p53 directly. p53 induces the cell cycle inhibitor p21WAF/cdkn1a
(Matei et al., 2006). BRCA1 is also induced by ATM, and is often found complexed
to proteins involved in DNA repair (Shiloh, 2003). ATM also activates a complex
composed of Mre11, RAD50 and NBS1, which is involved in DNA repair via
homologous recombination (D'Amours and Jackson, 2002). ATM also activates
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FANCD2, which complexes with BRCA2 (Wang and D'Andrea, 2004) and effects
DNA repair by activating RAD51 which also plays a central role in DNA repair via
homologous recombination (Marmorstein et al., 1998).

GSEA revealed a correlation of DNA damage and repair pathways with genes upregulated in Nessy (Figure 5.23) while SAM analysis revealed an up-regulation in
Nessy DP cells of key positive ATM effectors such as chek1, BRCA2, RAD51 and
FANCD2 (Table 5.2). In addition, other DNA repair proteins such as Apex1, Xrcc2
and Xrcc3 (Loignon et al., 2007, Liu and Lim, 2005), were also shown to be upregulated in Nessy DP cells, providing strong evidence for an augmented DNA
damage response pathway in Nessy DP thymocytes. DSBs are a prerequisite for
thymocyte development and are indeed critical for the formation of functional
TCRs (Matei et a!., 2006).

Two hypotheses could potentially explain the up-regulation of DNA damage and
repair genes in Nessy thymocytes. The first involves the double strand breaks
(DSBs) that are created during thymocyte maturation. The second attributes this
outcome to the enhanced proliferation of nessy DP thymocytes.

Due to condensin's close association with chromatin and the demonstration that
condensins can participate in DNA damage detection and repair (Blank et al.,
2006 ; Heale et al., 2006; Chen et al., 2004) kleisin-p may be able to detect
chromatin alterations induced by double strand breaks (DSBs) in thymocytes. It is
possible that kleisin-(3 monitors DNA for the completion of DSB repair and then
signals for down-regulation of DNA repair genes. If unable to detect DSBs
properly, as may be the case in Nessy thymocytes, then despite successful DSB
repair (which is the case in Nessy mice as TCR recombination is unaffected)
mutated kleisin-p would continue signalling for the up-regulation of DNA damage
and repair genes, as is observed in Nessy DP cells. Thus kleisin-p may not
necessarily participate in DNA repair, but may receive signals upon successful
DSB repair for the down regulation of DN repair genes.
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The untimely initiation of a DNA damage response in Nessy mice potentially
explains the paradoxical up-regulation of the cdkn1a/p21WAF gene in Nessy
thymocytes, which is a major inhibitor of the cell cycle. SAM analysis revealed
cdkn1a/p21 WAF to be a highly up-regulated gene in Nessy DP thymocytes
(Table 5.2). This finding contradicts the enhanced proliferation phenotype that is
evident in Nessy thymocytes since cdkn1a/p21WAF inhibits cell cycle progression.
It accomplishes this by inhibiting the activity of CDK2/cyclin complexes
(Brugarolas et al., 1999) and blocking DNA synthesis (Waga et al., 1994). p21WAF
is a transcriptional target of p53 and plays a central role in inducing cell cycle
arrest in response to DNA damage (el-Deiry et al., 1994).Therefore, although this
gene is tied intimately to the cell cycle, its up-regulation in Nessy thymocytes is
most likely a result of the aberrant induction of the DNA damage signalling
pathway. Thus, signals causing unrestrained proliferation in Nessy thymocytes
originate from one pathway (such as the over-expression of c-myc and E2F-1),
while p21 induction is the result of a separate pathway induced in response to
DNA damage.
An alternative explanation to account for the high level of cdkn1a/p21 WAF in
Nessy involves its demonstrated ability to stabilise cdk4/6 complexes, which is in
contradiction to its well established role as a cell cycle inhibitor (LaBaer et al.,
1997). It is possible that p21 adopts this function in thymocytes with its
overactivity in Nessy DP cells simply a component of the pro-proliferation pathway
after all.
A link between DNA damage pathways and E2F and c-myc, the activities of which
are both increased in Nessy DP thymocytes, provides an alternative explanation to
account for the up-regulation of DNA damage response genes observed in Nessy
ceils, c-myc over-expression causes DNA damage leading to the ATM-dependent
accumulation and phosphorylation of p53, demonstrating that ATM is critical for
the inhibition of uncontrolled cell proliferation induced by oncogenic stress
(Pusapati et al., 2006). It has also been demonstrated that E2F1 responds to DNA
damage by inducing apoptosis in a p53-dependent manner. DNA damageinduced apoptosis mediated by E2F1 also requires ATM and other components of
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the ATM pathway (Rogoff et al., 2004). Thus, the DNA damage pathway activated
in Nessy cells may be a result of the aberrant expression of these two transcription
factors and not due to the failure of kleisin-p to signal for the down-regulation of
these genes.

5.5.6 PRMT5
GSEA also revealed that gene expression in Nessy DP cells is associated with
protein arginine methyltransferase (PRMT5) deficiency since up-regulated genes in
Nessy significantly matched the profile of genes up-regulated in a cell line in which
PRMT5 expression had been inhibited (Figure 5.24). PRMT5 is one of 8 protein
arginine methyltransferases, a family of proteins that post-translationally modify
proteins by adding methyl groups to the nitrogen atoms of arginines (Bedford and
Richard, 2005). PRMT5 can influence the initiation and processing steps of
transcription directly by adding methyl groups to histones, specifically histone H4
and H3 (Pal et al., 2007) and histone H2A (Branscombe et al., 2001)), Sm
proteins, which are involved in the production of snRNPs for the pre-mRNA
splicing machinery (Miranda et al., 2004) and RNA transcript elongation factors
(Kwak et al., 2003). PRMT5 has also been found in a number of chromatin
remodelling complexes that predominantly have repressive activity (Pal et al.,
2003).

Histones form the principal components of chromatin, the proteins complexed to
DNA that control DNA compaction and gene activity. The nucleosome forms the
fundamental unit of chromatin and is composed of an octamer of histones (two
each of H2A, H2B, H3 and H4) around which approximately 165bp of DNA is
wrapped. Chromatin can be modified in response to regulatory signals in three
ways: Firstly, histone variants may replace core histones and impart new
properties onto the nucleosome (Jin et al., 2005) such as the replacement of
histone H3 with histone variant H3.3 in non-dividing cells which participates in the
activation of the transcription of specific genes (Ahmad and Henikoff, 2002).
Secondly, the tails of histones or the histone itself may be covalently modified by
histone-modifying enzymes. Such modifications serve as binding sites for
regulatory proteins and these modifications (which include the addition or removal
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of methyl, acetyl or phosphate groups) play important roles in processes such as
transcription, DNA repair and replication (Kouzarides, 2007). Finally nucleosomes
can be remodelled by complexes that use the energy of ATP to alter the structure
of the nucleosome, making DNA more or less accessible to DNA binding proteins.
Chromatin remodelling complexes shuffle the positions of individual nucleosomes,
causing histone octamers to move short distances along the DNA strand,
exposing DNA binding sites and making them accessible to regulatory factors.
Different classes of chromatin remodelling complexes disrupt nucleosome
structure in different ways and individual complexes may be associated with
factors that bind to specific DNA sequences(Tsukiyama, 2002, Saha et al., 2006).
It has been demonstrated that PRMT5 directly interacts with components of the
SWI/SNF chromatin remodelling complex, BAR, (including the Brg1, hBrm, Baf57
and Baf45 subunits). This complex also may contain mSinSA (a co-repressor) and
histone deacetylases (which are associated with transcriptional repression) (Pal et
al., 2003). PRMT5 is also found in NuRD remodelling complexes, which are part of
the Mi-2/CHD class of chromatin remodellers. Specifically, it has been isolated
from a NuRD complex composed of Mi-2a, Mi-2p, MTA1-3, HDAC1 and 2, as
well as MBD2. The latter component was specifically methylated by PRMT5 and
mediated PRMT5 recruitment to CpG islands on chromatin (Le Guezennec et al.,
2006).
Chromatin remodelling complexes have been implicated in normal T cell
development. Conditional deletion of Brg1 in thymocytes, the catalytic component
of BAF, resulted in hypocellular thymi with severe developmental defects at the
DN4-DP transition. Pre-TCR components were expressed at the same levels at
DNS, indicating Brg1 influences thymocyte development after this stage, (Gebuhr
et al., 2003, Chi et al., 2003). Deletion of Mi-2p in thymocytes also revealed that it
is required for thymocyte development (Williams et al., 2004). These mice had
reduced thymus cellularity overall with a severely reduced DP compartment but an
increased proportion of CDS SP cells. Deletion of the co-represser, mSinSA, also
causes hypocellular thymi with defects specifically in the development of CD8+
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cells. The survival of DP and CD8+ thymocyte in these mice is severely
compromised (Cowley et al., 2005).
To date, only one PRMT (PRMT4 or CARM1) has been shown to directly
participate in T cell development (Kim et al., 2004). PRMT4-deficient mice had
hypocellular thymi, with thymocytes partially arresting at the DN1 stage. The
phenotype was attributed to TARPP (thymocyte cyclic AMP-regulated
phosphoprotein), which is specifically expressed in immature thymocytes, not
receiving a crucial methyl group from PRMT4.
There is indirect evidence, however, that PRMT5, and its association with
chromatin remodelling complexes and other transcriptional regulators, can
profoundly influence T cell development and contribute to the phenotype
observed in Nessy DP cells. For example, PRMT5 can associate with the
transcriptional repressor, blimp-1, in order to target methylation to blimp-target
genes (Ancelin et al., 2006). Blimp-1 has an essential role in thymocyte
development since blimp"'" mice have decreased DP and SP populations with
elevated cell death in the DP compartment (Martins et al., 2006), similar to Nessy
mice. The expression of blimp-1 in Nessy and wild-type mice is equal (Table 5.1),
thus in Nessy mice, the association of kleisin-p with a PRMT5-blimp-1 complex
may be disturbed, with its compromised repressive function contributing to the
Nessy phenotype.
PRMT5 transcript levels are not altered in Nessy DP thymocytes as determined by
SAM analysis (Table 5.2). Therefore, an explanation to account for the PRMT5deficient phenotype of Nessy cells involves its ability to influence transcription as a
component of multi-subunit chromatin remodelling complexes (Pal et al., 2003)
(Le Guezennec et al., 2006, Saha et al., 2006). It is possible that kleisin-p may
bind PRMT5 when it is associated with the BAF and NuRD remodelling
complexes, with a disruption in the kleisin-|3-PRMT5 binding in Nessy affecting the
T-cell developmental roles of these complexes. If PRMT5 activity in one such
complex depends to some extent on binding to kleisin-p (at least in thymocytes),
and mutated kleisin-(3 disrupts this association (by eliminating a PRMT5 binding
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site) then the ability of this complex to remodel chromatin and thus regulate DNA
accessibility may be altered, thus influencing gene expression. Thus, disruption of
the assembly or activity of PRMT5-containing chromatin remodelling complexes
by mutant kleisin-|5, which have known roles in thymocyte development, have the
potential to disrupt thymocyte development. Although some of the outcomes for
thymocyte development upon disabling BAF or NuRD do not match those seen in
Nessy, this may be a reflection of the specific and more subtle defects imposed
on these complexes by defective kleisin-p, which may only abolish some or
different aspects of their function.
The mode of action of PRMT5 and of the chromatin remodelling complexes it has
been found in are documented, however, the question remains of what role
kleisin-p or the entire Cll complex may be playing as a component of these
complexes. An intriguing possibility is that these complexes include kleisin-p in
order to utilise its chromatin condensing ability to compact chromatin. Thus,
kleisin-p may be used to locally condense chromatin in regions of the genome
where transcriptional repression is required, a task that is initiated by nucleosome
remodellers which have direct access to nucleosomes. The presence of PRMT5 in
these complexes may further influence the conformation of chromatin through its
methylation activities (which may further silence gene expression). Furthermore
association of transcription factors with these complexes may target their
remodelling activities to certain genes, as has been demonstrated for the
transcription factor YY1, which utilises the IN080 remodelling complex to activate
transcription and access target promoters (Cai et al., 2007). In addition, nm23, a
gene under the control of PRMT5 that was shown by SAM analysis to be
significantly up-regulated in Nessy DP thymocytes, provides further support for a
role of Cll-mediated PRMT5 regulation of genes in thymocyte development. As
part of a complex containing Brm/Brg-1, PRMT5 was shown to derepress nm23
expression when its levels were reduced by RNAi (Pal et al., 2004).
Overexpression of nm23 induces apoptosis (Kang et al., 2007) so a similar
derepression may contribute to the hypocellular thymi seen in Nessy thymocytes.
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Table 5.2. A list of individual genes mentioned in the text. For each gene, the
post-normalisation expression values for each replicate array is given, as well the
average expression in wild-type and Nessy DP cells and the fold change of the
gene (Nessy/WT). Statistically significant differential expression was determined by
the SAM analysis.
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171.4
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Significantly, PRMT5 deficiency in Nessy thymocytes provides a direct link
between mutated kleisin-p and the exaggerated cell cycle/proliferation phenotype
in Nessy mice. Rb may inhibit the transcriptional activity of E2Fs not only by
shielding their DNA transactivation domains but also by recruiting a variety of
chromatin modifying factors to the promoter regions of E2F target genes such as
histone deacetylases (Luc et al., 1998) Importantly, PRMT5 also plays such an
epigenetic role in E2F target gene expression: Rb recruits E2F/PRMT5
(themselves part of a larger complex) to the promoter of E2F target genes and it
was shown that this complex could also inhibit the expression of the cyclin E1
gene (Fabbrizio et al., 2002). In another study, it was shown that a PRMT5containing remodelling complex, by binding c-myc, was able to repress the c-myc
target gene, cad (carbamoyl-phosphate synthetase 2, aspartate
transcarbamylase, and dihydroorotase). Interestingly, expression of both cyclin E1
and the cad gene are up-regulated 2-fold in Nessy thymocytes and this loss of
repression is what would be expected if a PRMT5 complex could no longer
function if its function was dependent on kleisin-p. Therefore, PRMT5 deficiency
may contribute to the over-proliferation phenotype of Nessy DP cells, as well as to
the reduction in thymocytes numbers due to cell death, through the alleviation of
its repressive functions on E2F-1, other positive regulators of the cell cycle such
as cyclin E1 and also its ability to modulate the transcriptional targets of c-myc, all
of which are amongst the principal deregulated components of Nessy
thymocytes. Also, since PRMT5 mediates repressive functions, its deficiency
provides an explanation for the de-repression observed in Nessy DP cells, as
evidenced by the greater number of genes up-regulated in Nessy DP cells as
determined by the SAM analysis.

5.6 Concluding remarks
The phenotypic analysis of thymocytes in Nessy mice has revealed a complex role
for kleisin-p in thymocyte development which, when mutated, initiates a series of
events that disrupt thymocyte development and leads to lymphocyte abnormalities
in the periphery. This results in reduced proportions of T lymphocytes in the
thymus and spleen as well as of lELs in the gut, with more subtle changes in the
latter compartment. It is possible that the C D 8 a a subset of lELs, which have a
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distinct thymic developmental pathway, are less affected than the conventional
CD8ap T lymphocytes. It was also shown that Nessy T lymphocytes are larger
than normal, a phenotype that is likely due to the increased c-myc activity
demonstrated in Nessy lymphocytes.
Mutated kleisin-p in Nessy mice was also shown to ultimately lead to increased
expression of the CI! subunit, MTB/CAPG2, as well as the CI non-SMC subunits
CAP-H, CAP-G and CAP D2. The kleisin-p splice variants were found to be
ubiquitously expressed across all thymocyte subsets, eliminating stage-specific
expression of the variants as an explanation for the T-cell specific nature of the
phenotype observed in Nessy mice. It was shown that the variants were
transcriptionally co-regulated, with all decreasing upon thymocyte differentiation
and upon activation of EL4 cells. It is possible that the isoforms allow kleisin-p to
either bind different proteins (due to their different N -termini) and confer different
functions upon Cll or that they disrupt the assembly of Cll. The latter hypothesis
could be tested by performing reciprocal co-immunoprecipitations of kleisin-p
isoforms and Cll components that have been cloned into expression vectors with
different epitope tags. All kleisin-p splice variants and other Cll components were
cloned into FLAG and myc expression vectors, respectively, but due to time
constraints these experiments were not performed. Also, co-immunoprecipitated
proteins, identified by mass spectroscopy, from T cells and non-T-cells
transfected with tagged wild-type and Nessy kleisin-p constructs may shed light
on the T-cell specific nature of the Nessy defect (by demonstrating unique binding
of a protein to kleisin-p in T cells, for instance). The completion of these
experiments in future remain key to determining the function of the kleisin-p
isoforms.
Microarray analysis of DP cells was crucial in elucidating the mechanisms
responsible for causing the T cell developmental phenotype in Nessy. The key
aspect of the abnormal phenotype in Nessy mice was determined by this analysis
to be an increase in the proliferation of Nessy DP thymocytes, and specifically
identified the deregulation of the c-myc, E2F factors, and E2A proteins, which are
central cell cycle control factors. This is especially pertinent since an increase in
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cellular proliferation has already been demonstrated for Nessy DP cells (Gosling et
al., 2007), thus providing a key validation of the microarray study. Also discovered
in Nessy DP cells were increases in DNA repair and DNA damage response
genes. This can potentially be explained by the increased c-myc activity, or could
alternatively reflect an aberrant response to TCP double strand breaks. The
deregulation of the PRMT5 and HoxA5 pathways were also implicated in
contributing to the altered thymic phenotype in Nessy mice.
The question remains whether there were any particular pathways that were
expected to be uncovered by the microarray analysis however were not, based on
the initial hypotheses of how the thymic phenotype of nessy mice is established.
Based on increased TCP, CDS and CD44 expression on Nessy DP thymocytes, it
was originally hypothesised enhanced TCP signalling lead to increased cell death
and thus to hypocellular thymi in nessy mice. However, genes of the TCP
signalling pathway were not found to be up-regulated in Nessy DP cells. This may
be due to the fact that key components regulating TCP signalling operate at the
post-translational level (e.g. by phosphorylation of targets), which would not result
in increased transcription and therefore go undetected by microarrays.
Alternatively, GSEA can only make comparisons to gene sets deposited in its
database. It is possible therefore, that a T cell signalling gene set was not present
in the GSEA database. Indeed, for this reason it is possible that not all of the
defects in Nessy cells were captured by GSEA. Lastly it possible that increased
TCP signalling is simply not a characteristic of Nessy DP cells.
The greatly reduced cellularity of Nessy thymi, combined with data that shows
Nessy lymphocytes have a survival disadvantage In vitro and in vivo and have a
slightly heightened expression of annexin V (Gosling et al., 2007) suggests Nessy
thymocytes are highly susceptible to apoptosis. A possible explanation to account
for the fact that up-regulation of pro-apoptotic genes was not detected by the
microarrays is the demonstration that the removal of apoptotic cells in the thymus
by intrathymic phagocytic macrophages operates with extreme efficiency. Indeed,
it has been shown that the vast majority of dead or dying lymphocytes are located
within large distended intrathymic macrophages (Surh and Sprent, 1994).
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Therefore, the high rate of thymocyte death in Nessy thymocytes would be
inconspicuous since apoptotic cells are cleared so rapidly by macrophages. This
is especially applicable in this study as sorted DP populations were used for the
microarrays.

Thus, disruption of the cell cycle and altered cellular proliferation appear to be a
major consequence of mutated kleisin-p in Nessy thymocytes. Since kleisin-p is
involved in chromosome condensation and cell division (Ono et al., 2003), it could
be argued that it is this traditional function of kleisin-p that is affected by the
mutation with the subsequent defects simply a result of defective or interrupted
chromosome condensation. However, this is unlikely since, although proliferation
of DN4 cells is decreased, DP cells actually exhibit enhanced proliferation and
diminished proliferation would be predicted if any component essential for cell
division was impaired. Also, since kleisin-p is ubiquitous, a universal defect in cell
division would be expected, however Nessy mice are viable, fertile, the same size
as normal mice and have no apparent defects in cell division in any other cell type.
It could be argued that kleisin-p has a special chromosome condensation function
in thymocytes, perhaps due to their requirement for intense proliferation,
however, B cells have a similar requirement yet their development is unaffected in
Nessy mice (Gosling et al., 2007). As well as a role in chromosome condensation,
a gene expression function for condensins is emerging ((Xu et al., 2006).
Therefore, the most plausible explanation is that the phenotype in Nessy mice is
caused by a separation of function allele which affects kleisin-p's function as a
regulator of gene expression, specifically in thymocytes, but preserves its
chromosome condensation role in all cells.

Of all the pathways and genes identified by GSEA and SAM analysis, respectively,
an important question is which of these changes in nessy mice are directly
affected by mutant kleisin-p and which are downstream effects. One of the most
intriguing and most likely explanations is the putative association of kleisin-p with a
repressive PRMT5-containing chromatin remodelling complex. PRMT5 deficiency
in Nessy thymocytes can account for almost all the phenotypes observed in nessy
mice, including the enhanced proliferation phenotype, the increase in the activity
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of key cell cycle molecules such as E2Fs and c-myc, which in turn can account for
the increase in DNA damage response genes. It is still uncertain why the nessy
phenotype is T cell specific, however, the potential association of a thymocytespecific subunit with this complex provides an explanation for the T cell-specific
phenotype resulting from mutated kleisin-p in nessy mice.
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CHAPTER 6

6. General Discussion

The work presented in this thesis describes the characterisation of two ENUderived mouse strains, Nessy and Jasmine, both of which exhibit defects in T cell
development due to point mutations in kleisin-p and TAP2, respectively. ENU
mutagenesis complements traditional gene-targeting approaches for elucidating
gene function, such as the creation of gene knockout mice. The unbiased nature
for elucidating gene function afforded by ENU mutagenesis is achieved because
interesting phenotypes are discovered after point mutations are induced at
random in the genome. In this manner, ENU mutagenesis screens ultimately aim
to reveal functions of novel genes or to uncover new roles for known genes.
Despite the predictability of the phenotype of Jasmine mice (a lack of CD8-1lymphocytes) upon discovery that the causative mutation resided in TAP2, the
point mutation disclosed a region of the protein that had not previously been
implicated as crucial for its assembly, nor for the stability of TAP1, as was
demonstrated in this study.
The fascinating discovery that kleisin-p is involved in T cell development, as
evidenced by the thymic phenotype of Nessy mice, is a testament to the potential
of ENU mutagenesis to reveal completely unexpected roles for characterised
proteins. Thus, ENU mutagenesis can direct conventional research into new areas
unforeseeable by other methodologies. This was the case with the Nessy strain : it
is unlikely that kleisin-|3 would have otherwise been nominated for study in the
context of T cell development since its role in condensing chromosomes was its
only characterised function to date and it was not a molecule that had been
scrutinised by immunologists. The insights provided into the biological roles of
these two molecules as outlined in the previous chapters follows a stnng of results
obtained from ENU mutants which have defined new roles for well characterised
molecules such as lkaros(Papathanasiou et al., 2003), Carma-1 (Jun et al., 2003)
and NF-kB (Miosge et al., 2002) and revealed a function for a hitherto completely
uncharacterised gene encoding a RING-type ubiquitin ligase that was shown be
essential for limiting antibody responses to self-antigens, and therefore critical for
preventing autoimmunity (Vinuesa et al., 2005).
132

The data presented in Chapter 4 highlights the remarkable predictive power of in
silico bioinformatic methods to reveal important biological functions of genes and
proteins. As a consequence of database searches for kleisin-p, it was predicted
that firstly, kleisin-p could potentially be transcribed with 2 alternative UTRs,
secondly, that there existed two paralogues of kleisin-(3 on chromosome 17, and
thirdly and most interestingly, the discovery that, upon alignment of all kleisin-(3
ESTs, there were potentially two additional splice forms of kleisin-p that were
generated in a highly atypical manner, if transcribed. Subsequent testing of all
these predictions proved that kleisin-p was indeed transcribed with a long and
short 3'UTR, that one of the two paralogues (a processed pseudogene)
transcribed an mRNA transcript with a very high homology to the authentic gene
and that kleisin-p does in fact transcribe three splice forms which differ only in the
exon 1 sequence (the existence of a fourth variant, one in which an extra CAG is
included in the transcript, was also demonstrated).
One of the most significant findings to emerge from these bioinformatic
explorations and their subsequent verification experimentally is that collectively the
data is suggestive of a gene whose activity and protein products are under tight
control and potentially subject to regulation at multiple levels. The long 3'UTR of
kleisin-(3 potentially allows for regulation by antisense transcripts, microRNA and
GAIT element binding. It is also possible that kleisin-p expression can also be
regulated via the action of its expressed pseudogene. The presence of an uORF
may also be important for controlling the rate of translation and hence level of
kleisin-p protein, while PEST motifs may control its longevity. The complexity of
this control increases dramatically when considering the possibility that the kleisinp splice forms may be individually regulated by these factors.
Expression of the kleisin-p splice variants in cell lines as GPP fusion proteins
proved that all isoforms are made into proteins. The fact that there exists three
isoforms of kleisin-p potentially has far-reaching implications for the function of
condensin II. The long form is known to be a component of condensin II, with its N
terminus binding CAPD3 and SMC2 and the 0 terminus binding SMC4 and
CAPG2/MTB. If the short and intermediate isoforms are unable to incorporate into
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Cll in this way, then they may represent decoy isoforms that down-regulate
condensin II function. On the other hand, if they can bind Cll components, then
the different isoforms, by virtue of their different N termini, may bind different
proteins and thus bestow different functions upon the Cll complex.
Also of great interest are the intracellular localisation patterns of the kleisin-p
isoforms upon expression in vitro. All splice forms could adopt a nuclear or a
cytoplasmic localisation, all could form a spherical nuclear body and most
interestingly, all were shown, in some interphase cells, to localise almost
exclusively to euchromatic regions, which coincide with areas of the genome that
are undergoing transcription. Determining the composition of these structures and
the circumstances under which specific localisation patterns are adopted would
be a major finding and would contribute much towards elucidating the biological
role of Cll. For example, staining cells with markers for heterochromatin, such as
HP1 -a, or for RNA polymerases, may confirm the euchromatic localisation of
kleisin-p. Staining cells with chromosome-specific dyes could determine whether
the obsepw'ed sub-nuclear spherical structure was indeed an OPT domain-like
agglomeration of specific chromosomal regions brought together by kleisin-p.
Also, although all isoforms displayed similar subcellular localisation patterns, it is
possible that the isoforms bind to different regions along condensed chromatids,
since it has been shown that Cll exhibits a punctate distribution along the length of
condensed mitotic chromosomes (Ono et al., 2003). This could be tested for by
performing metaphase spreads on GFP-isoform transfected cells, or by probing
with isoform-specific antibodies.
The determination of the global gene changes between wild-type and Nessy DP
cells by microarrays (as outlined in chapter 5) proved indispensable in elucidating
the role kleisin-p plays in T cell development. It provided explanations for much of
the phenotypic data that had been observed and yielded promising and exciting
new avenues for further investigation.
As shown by GSEA, HoxA5 activity was significantly correlated to genes upregulated in wild-type DP thymocytes. Its absence in Nessy DP cells highlights the
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importance of kleisin-p-regulated HoxA5 function in tlie development of normal T
cells. On the other hand, many more gene sets and pathways correlated with
genes associated with the Nessy phenotype. The cell cycle/cellular proliferation
pathway, particularly the target genes of the c-myc, E2F and E2A transcription
factors, DNA damage and repair pathways and genes regulated by an epigenetic
modifier, PRMT5, are pathways that all correlated significantly to the Nessy DP
phenotype.

The gene expression changes detected by microarray analysis of wild-type and
Nessy DP cells represent a snapshot of the changes in a single population of
maturing thymocytes. It would thus be highly informative to determine the gene
expression changes in other thymocyte subsets between wild-type and Nessy
mice. This would contribute greatly towards confirming the conclusions reached
with the DP data. More importantly, due to the highly dynamic nature of T cell
development, which is characterised by variable gene expression patterns in
different stages of development, this analysis may reveal the deregulation of yet
more genes and pathways that may be occurring in the formative phase prior to
the DP stage and in the more mature subsequent SP stage. This may uncover yet
more vital clues as to what other roles kleisin-(3 may be playing in these other
stages of thymocytes development.

The most tantalising result to emerge from the study of Nessy thymocytes was the
discovery of the potential association of kleisin-p with a repressive PRMT5containing chromatin remodelling complex. The association of kleisin-p, which can
interact with and condense chromatin, with PRMT5, which can influence gene
expression by its methylating activity and its inclusion in chromatin remodelling
complexes, is an attractive explanation for the mechanism of action of kleisin-|3 in
maturing thymocytes A disruption of this association, as is postulated to be the
case in Nessy thymocytes, can account, either directly or indirectly, for most of
the phenotypes observed in Nessy thymocytes. Derepression of genes leading to
the enhancement of the E2F, c-myc and E2A pathways, leading to the
hyperproliferative state of Nessy DP cells, as well as the observed enhanced DNA
damage response, can all be attributed to a defective kleisin-p-PRMT5
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association. In addition, due to tlie modular, multi-subunit nature of chromatin
remodelling complexes, the possibility arises that a subunit unique to T cells exists
in this complex, the association of which is disrupted in Nessy thymocytes. This
offers an explanation for the T cell-specific nature of the phenotype observed in
nessy mice. Thus, it remains of paramount importance to determine the
interacting partners of kleisin-p in order to confirm its association with PRMT5 and
also to determine the identity of the members of the chromatin remodelling
subunits with which it is proposed kleisin-p is associated.
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SAM analysis: Genes up-regulated in wild-type DP thymocytes (1.4 fold minimum, delta 1)
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SCI18073.11 4 1 - S

Cnnm3

1.5

0.589219043

SCI077044.6 17-S

Aricl2

1.4

0.351121061

SCI39433.17 3 0 1 - S

Pecami

1.5

0.384648536

SCI00228602.2 5 - S

4930402H24Rik

1.4

0.351121061

GL31342149-S

D230007K08Rik

1.5

0.384648536

Sd23696.18 276-S

Ccdc21

1.4

0.351121061

SCI31860.6 5 1 9 - S

2210010G17Rik

1.5

0.25223837

SCI068552.1 11-S

1110003E01Rik

1.4

0

SCI39131.1.1 2 9 - S

2900084G01Rik

1.5

0.384648536

SCI46872.13 7 - S

Cerk

1.4

0.351121061

ri|4732478E01|PX00052A231AK028984|2945-S

Slc37a2

1.5

0.307865083

SCI073447.3 4 9 - 8

WcJr13

1.4

0.547084573

ri|A530055J02|PX00141K04|AK080063|1919-S

A530055J02Rik

1.5

0

SCI0050771.2 184-S

Atp9b

1.4

0.566573591

SCI44437.25_103-S

Adamtse

1.5

0

SCI49801.15 2 1 7 - 8

Satbl

1.4

1500031 A17Rik

1.5

0.566573591

0.292305115

Gl 3 8 0 7 7 7 6 9 - S

SCI49981.15.1 5 6 - 8

Gtf2h4

1.4

0 25223837

SCI52637.16.1 4 - S

PipSklb

1.5

0.384648536

SCI020393.12 71-S

Sqk

1.4

1.5

0.501627108

0.307865083

S0I21676.20 2 3 7 - S

6330569M22Rlk

SCI022644.5 2 6 5 - S

Rnf103

1.4

Abi3

1.4

0 25223ft37

SCI0066610.1 3 1 7 - 3

0.25223837

SCI0238871.11

Pde4d

1.4

SCI00210146.1

Irgq

1.4

0.25223837

0.351121061

Gl 3 8 0 8 9 0 8 2 - 8

Gm845

1.4

1.4

0 38464fiS.'^fi

Map4k2

0.501627108

SCI00233315.2 5 8 - 8

MtmrlO

1.4

0.292305115

172-S

SCI52873.29 9 - S

15-8

Pled

1.4

0.25223837

SCI0016428.2 1 7 - 8

Itk

Tnik

1.4

1.4

ri|A630059J03|PX00146G14|AK042112l3338-S

0.307865083

SCI25487.7 6 9 1 - 8

0.351121061

Zcchc7

Rbak

1.4

1.4

0.547084573

0.566573591

SCI25810.5 6 7 0 - S

SCI18657.41

4930402H24Rik

1.4

Zfp36

1.4

0

Gl 3 4 7 8 7 4 1 3 - S

0.547084573

SCI47703.8 1 3 2 - S

Tef

493243aA13Rik

1.4

1.4

0.25223837

0 25223837

rl|A630007M06|PX00144C04IAK04141112317-S

Gl 3 8 0 7 6 7 9 5 - 8

LOG386510

1.4

Tbxa2r

1.4

0

SCI38652.3.1 5 4 - S

0.566573591

SCI066892.2 1 - S

Elf4e3

1.4

1.4

0.547084573

0 566573591

Gl 3 8 0 8 2 9 3 8 S

Fbxoll

Gl 3 8 0 7 6 2 2 3 - S

LOC241944

Abcb4

1.4

1.4

0.25223837

SCI0073827.1 2 1 3 - 8

0.351121061

SCI26912.28.1

1110012D08Rik

1.4

Foxpl

1.4

0.547084573

0.566573591

ri|6330416B21|PX00008B10|AK031837|2652-S

SCI0016205.1 1 - 8

(S l m a p l

1.4

ri|4933407H13|PX00019B04|AK030163l1214-S

Zswima

1.4

0.292305115

0.307865083

SCI28709.9_141-S

Abtbl

1.4

Parpe
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0.25223837

0.566573591

SCI36871.20.1 2 4 0 - S

SCI0001587.1 5 0 - 8
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1.4

Anxa7
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0 25223837
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SCI0003599.1 3 - 8
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1.4

0.25223837
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SCI0170755.15 107-S

S9k3

1.4

SCI022793.9 329-S

Zyx

1.4

0.25223837
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Hspa4l

1.4

0.384648536

0.25223837

ri|170C10C16L23I2X0C1036C1 a|AK005680|1025-S
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1.4

0.566573591

GL3e076809-S

Gm27

1.4

0.351121061

SCI0004190.1 3-S

MII5

1.4

0.547084573

SCI0331360.1 192-S

Znf24

1 4

0 351121061

SCI17654.5.1 10-S

Rampi

1.4

0.351121061

SCI48389.2 565 S

Lrnq2

1.4

0 566573591
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NS92

1.4

0.25223837

scM4261,1.1 139-S

Slc30al

1.4

0.351121061

SC1C1022214.2 142-S

Ube2h

1.4

0

SCI26570.35 194-S
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1.4

0

SCI20023.12.1 20-S

•gap4

1.4

0.384646536

SCI0320569.2 106-S

A130023l24Rik

1.4

0.566573591

SCI00227893.1 292-S

Zen

1.4

0.351121061

SCI069228.1 123-S

2810407L07Rik

1.4

0.25223837

scn6146.28_80-S

Lamcl

1.4

0.25223837

SCI0072278.1 319-S

Ccpgl

1.4

0

ri|963Cl036C09|PXCX)116H01IAK036102|1818-S

Azi2

1.4

0.292305115

scl094091.6_116-S

Trimll

1.4

0.307865083

sd00037l3.1_190-S

Ssbp2

1.4

0.351121061

SCI0109302.1 30-S

9130215G10Rik

1.4

0.292305115

SCI46852.4 352-S

2010001J22Rik

14

0.566573591

SCI052857.1 311-S

Gramdl a

1.4

0.25223837

GL28488577-S

[Vic1li2

1.4

0.547084573

SCI072194.1 255-S

Fbxl20

1.4

0.566573591

ri|A430046P16|PX00135010IAK04003111660-S

A430046P16Rik

1.4

0.307865083

sclOI 9063.8 2-S

Ppt1

1.4

0.501627108

scl29998,16 610-S

5830411G16Rik

1.4

0.25223837

SCI39447.7.1 219-S

Icam2

1.4

0.384648536

Gl 34328512-S

D12Ertci553e

1.4

0.384648536

Gl 6753667-S

Dok2

1.4

0.25223837

SCI39696.12 14-S

Pdk2

1.4

0.25223837

sol33529.1.1073_300-S

Cyld

1.4

0

SCIOI07375.1_234-S

Slc25a45

1.4

0.307865083

SCI24829.3 156-S

Cnr2

1.4

0.351121061

SCI0004098.1 24-S

Abhdil

1.4

0.25223837

SCl068736.1_270-S

Acssi

1.4

0.292305115

scl16010.9_219-S

Stt2d2

1.4

0.25223837

SCI0001227.1 769-S

Glccil

14

0.351121061

SCI29537.12 355-S

Foxi2

1.4

0.25223837

SCI42051.1.630,1-S

9430099N05Rik

1.4

0.501627108

Gl 38079826-1

Pcnp

1.4

0.566573591

SCI00231717.2 326-S

A230106M15Rik

1.4

0

sclOOl 6642.1 78-S

Pfkm

1.4

0.25223837

scl39287.25.U-S

Tmc6

1.4

0.25223837

Gl 38076757-S

Gm31

1.4

0.25223837

SCI15745.2.1 5-S

G0s2

14

0.25223837

SCI073752.4 114-S

1110033L15Rik

1.4

0.384648536

SCI23878.10 23-S

Smapll

1.4

0.384648536

SCI011747.1 83-S

Anxa5

1.4

0.292305115

Gl 38093933-S

LOC236371

1.4

0

SCI21654.3 502-S

Gyb561d1

1.4

0.25223837

scl00235633.2_97-S

Als2cl

1.4

0.384648536

SCI61150.2.72 138-S

A630084N20Rik

1.4

0.547084573

SCI0019108.2 16-S

Prkx

1.4

0.547084573

501069825.1 31-S

2010001 H16Rik

1.4

0.384648536

SCI42611.4 130-S

Trib2

1.4

0.292305115

SCI0068187.1 36-S

CIdnIO

1.4

0
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SCI0023834.1 74-8

Gfral
Cdc6

2.6

SCI40142.12 149-8

Shmtl

2.6

0.124184842

SCI22518.14.1,14-8

2.6

0

scl43337.5_334-S

Gbp3
Tykl

2.6

0

GL20880761-S

Gm248

2.6

0

scl20342.7_47-S
SCI40859.13.1 14-8

2.5

0

Grn

2.5

Cox6a2

2.5

0.307865083
0.258961141

Zfp365
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E130115121 RIk

2.5
2.5

0
0

lllumina probe ID
SCI29554.6.1 30-S
Sd47072.5 281-S

Gene
Fold
Markersymbol ID change

q-value

Usp18

5.6

0
0
0.501627108

Ly6a

5.5

SCI53342.2 24-S

Mpegl

52

scl0246730.3_14-S
SCI063606.2 17-S
SCI42587.7 160-S

Oaslq
Isq15

5.1
5.1

Rsad2

scl26323,5,1 40-S

PlacS
Ifi27
2010001M09Rik

4.6
4.4

0

scl30620.3.1_5-8
SCI37856.7 341-8
SCI60603.15.1 33-S
SCI53151.1.226 33-8

0
0
0258961141

SCI27442.47.1 8 - 8

4.3
4.2

0.124184842

SCI41343.8 1-8
SCI28312.12.1 12-S

KIkl

4.1

SCI26112.11 493-S

Ifrtm3
Dtxl

4.0
3.9

0.384648538
0
0.220923647

SCI014961.2 4-S
SCI068713.2 9-S

Rmcsl
Ifitml

GL21539592-S
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3.9
3.5
3.4

SCI33241.10_186-S
Sd47073.5.231 36-S

IrfS
Ly6c1
Oaslq

SCIC1076933.2 252-S
SCI51527.5.1 25-S
SCI016612.5_71-S
SCI30506.2 36-S

scl023960.6,30-S
SCI078418-2 288-S
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SCI17433.3.1 30-S
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SCI015019.3 96-S
SCI018050.1 7-S
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Gl 38089507-S
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ril2510028JOa|2X00060l20|AK0110161628-S
SCI0065971.2 58-S
Gl 38074115-8
sclOI 5024.2 236-S

ri|4833427B12|PX00028009|AK0147761939-S
Sd012575.1 2 - 8
SCI39273.6 263-S
Gl 38091453-S
n|3830430K15|PX00007B04|AK028375I954-S
SCI0003653.1 57-S
SCI069784.5 29-8
SCI40219.8.1 51-8
sclOOl 2575.2 208-8
SCI021638.5 137-S
SCI0002839.1 0 - 8
SCI0016619.1 79-8

Rnase6
Hbb-bl
Phlda3
Hbb-bl
Kll<1b26
H2-Q8
KJk1b4
Hbb-bl
Hbb-bl
Hbb-bl
Hbb-bl
Gins2
Hbb-bl
Hbb-bl
1700021 K02Rik
EG240921
H2-T10
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Cdknia
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Gm881
Gins2
Genpk
1500009L16Rlk
Pdllm4
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Tcrq-V4
Srm
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3.3
3.3
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3.1
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3.0
3.0
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2.9
2.9
2.9
2.9
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2.8
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2.7
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0
0
0.124184842
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0
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0
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0
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0.124184842
0

0
0

0.124184842

0
0
0

0
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0
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SCI53341.4 558-8
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SCI00016.1 5-S
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SCI0068395.1 77-S
SCI33833.8 84-S
SCI32817.6.1 8 - 8
SCI0012443.2 180-S
SCI43589.10.1 80-8
SCI0014980.1 39-8
SCI52691.13 82-8
SCI36857.20.1 69-8
SCI000304.1 6 - 8
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SCI015039.10 13-S
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SCI018103.3 14-8
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SCI000469.1 48-8
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0
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0
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2.4
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2.4
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2.4
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0
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0

2.4
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2.4
2.4

0.124184842
0.547084573

4632417K18Rik
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2.4

0.124184842

2.4

0.124184842
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2.4
2.4

0.124184842
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2.4
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2.3
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2.3

0
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2.3
2.3

0.124184842
0.307865083

2.3
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0.124184842
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2.3

0
0.124184842

2.3
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0.501627108
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Rfc4
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Mthfdl
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Srm
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2.3
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0
0

2.3
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2.3
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0
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0
0.124184842
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0
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2.2

0
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0.124184842
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TRGV2 M12831 T cell receptor qamma variable 2 3-S
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2.2
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0
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0
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0
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2.0
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Tcf19
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2.2

0

SCI18344.17.1_25-S
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2.0
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SCI0020088.2 249-S

Rps24

2.0
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2.2
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scl48804.7.78_52-S

2.0

0

2.2
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0
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0
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0
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2.0
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SCI0003320.1 12-S
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2.0

0
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0.220923647
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2.0
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SCI000928.1 86-S
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0

SCI45649.23.1 18-S

Wdhdl

2.0
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Chafib

2.0
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0
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SCI0015051.1 246-S
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2.2
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2.2

0
0.258961141
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2.2

0.124184842
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0.384648536
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5031412l06Rik
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2.1

0.124184842
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2.0
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0
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2.0
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0
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Appendix 3
GSEA heat maps displaying the individual gene sets discussed in chapter 5 that
were determined to correlate in a statistically significant manner to genes upregulated in either wild-type or nessy DP thymocytes. Genes from the correlated
test gene set are listed in the order in which they occur on the experimental
ranked gene list. Each replicate array is displayed individually. The colouring in the
heat map, unlike the graphical displays in figures 5.18-5.24, is not an indication of
correlation to a specific phenotype but rather a measure of expression, with each
coloured box representing one gene on one replicate array. Dark red represents
high expression, dark blue low expression, and shades in between represent
intermediate levels. The yellow bar on the left of each heat map denotes the
leading edge subset of genes as calculated by GSEA.
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Amendments requested:
Introduction:
-Section 1.2. ENU introduces single base pair substitutions rougliiy evenly throughout the genome (unlike
alternative forms of mutagen, such as radiation), at a rate of between one base in every 100,000 to two
million, with AT to TA transversions and AT to GC transitions the most common mutations induced. The
majority of such mutations will not induce any measured phenotypic effect, however, each gamete will contain,
on average, 43 loss-of-function mutations. For any given gene which affects the phenotype being measured, a
loss-of-function allele should be produced, on average, once in every 700 gametes, and so the screening of
1000 gametes for an altered phenotype should be able to detect the majority of genes with a non-redundant
role.
-Section 1.4.2. page 12. DCC refers to the C elegans dosage compensation complex.

Chapter 3:
-The TAP1 gene is located 16000bp upstream of the TAP2 gene. The probability of the induction of mutations
in two genes in such close proximity is extremely low. Nevertheless, TAP1 was sequenced in nessy mice and
no mutations were found.
- TAP2 is a well characterised protein, the disruption of which is expected to result in the phenotype seen in
Jasmine mice. The mapping data, together with the demonstration of a mutation in TAP2, is therefore
sufficient evidence that the causative mutation has been correctly identified. None-the-less, it could be
formally demonstrated that the mutation in TAP2 in jasmine mice is the cause of the observed phenotype by
performing gene rescue experiments. Bone marrow cells from jasmine mice (B6.Ly5b) could be virally
transduced with the wild-type TAP2 gene, and the cells transplanted into RAG k/o mice. IVIHC class I
expression and/or the presence of CD8 T cells among the donor-derived lymphocytes would demonstrate
gene rescue.

Chapter 4
-Section 4.2.9. The assertion that the short form is the least abundant variant was based on the fact that it
only represented an extremely small proportion of the total mouse kleisin-p ESTs (>1000) deposited in the
NCBI Unigene database.
-Section 4.2.11. page 53, second paragraph, last line. Should refer to Figure 5.9 not 5.10
-Section 4.3.1. Page 66. Even though not demonstrated in this study, it is conceivable that the splice forms of
kleisin-p are under some circumstances regulated differently at the transcriptional level e.g. in certain cell
types or at certain stages of development.
-Figure 4.16. The sequence of the short form forward primer should read
5TAGACATGGAGGATGTGGAGC3' and the blue box denoting this primer should be shifted to the right to
denote this.
-Fig 4.25. Line 12 in legend should read "Panel D" not Panel "B"
-Figure 4.27, legend. "Exons 1, 2 and 3 are shown in green, blue and black" should read "Exons 1, 2 and 3
are shown in black, blue and green"

Chapter 5
-Section 5.2.3. Westem blots were performed on thymocytes primarily due to our greater interest in the effect
of kleisin-p on thymocyte development.
-Section 5.2.8. It would have been ideal to perform microarray analysis on all subsets (DN, DP and SP) to
provide a comprehensive view of the changes in gene expression between wild-type and nessy thymocytes at
all stages of development, especially the DN3 subset, the stage where the thymic defect is first observed
during thymocyte maturation in nessy mice. In order to achieve this, a new protocol for extracting RNA from
such small cell numbers would have had to be formulated, however, due to time constraints, this was not
undertaken.
-Figure 5.5. Line 11 in legend. Should read "splenocytes" not 'Ihymocytes".
-Figure 5.9. The difference in size between the isoforms is too small to be resolved on the SDS-PAGE gels
used, therefore only one band is expected, presumably a mixture of the three isoforms.
-Figure 5.14. Panels A, B and C refer to the long, intermediate and short splice forms, respectively.

