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Abstract

The primary aim of this thesis was to classify the nature of the clonal expansion of
cells that gives rise to bovine and murine mammary epithelia. It is generally
assumed that the mammary gland is derived from the outgrowth of mammary—
determined stem cell progeny, and that this expansion produces a mixture of
cellular clones throughout the gland. Molecular techniques that enable the
‘visualization’ of the size and distribution of these clones will lead to a better

appreciation of mammary gland development and architecture.

In female mammals, the simplest ‘mark’ of clonality is provided by the
inactivation of one or the other of the two X chromosomes. This event occurs
early in embryogenesis and gives rise to stem cells that propagate this mark in
progeny cells throughout the life of the animal. Two approaches, that utilized X-
inactivation as a mark of clonality, were investigated, 1) naturally occurring X-
linked gene polymorphisms in cattle, and 2) artificially introduced X-linked

transgenes in mice.

The first part of this thesis deals with the isolation and utilization of polymorphic
markers on the bovine X-chromosome as markers of clonality. Such expressed
genetic markers are essential if one is to distinguish which of the two X-
chromosomes is active in a given cell. Two X-linked bovine genes, glucose-6-
phosphate dehydrogenase (g6pd) and the X-inactive specific transcript (Xist) were
selected for sequencing and SNP detection. As no specific sequence data was
available for these genes, a bovine lambda genomic DNA library was screened.
The G6PD clone selected from a lambda library was shown to be a pseudogene
and therefore not useful for the present study. Another clone, that hybridized with
an Xist gene probe, was shown to actually represent a bovine Huntingtin-
Associated Protein 1 like (Hapl-like) pseudogene, making it of no utility in this
study. However, screening of regions of exon 1 of the Xist geI{e by direct PCR
and sequencing, led to the discovery of an informative GeT single nucleotide
polymorphism (SNP). The variation, which was found in frequencies of 0.8 and
0.2 for ‘G’ and ‘T’ variants respectively (32% of females are heterozygous), was

used in a number of different ways in order to assess the clonal profile of small
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‘blocks’ of the gland (<30 mm®). In these preliminary experiments, RT-PCR
analysis of Xist expression patterns within each of the small blocks (each
comprising around 3 X 10 cells) showed general heterogeneity but the
experiments were not conclusive. Limitations of the experimental methods used

are discussed and suggestions of alternative approaches, that will offer higher

resolution, are presented.

A second experimental approach, involving mice with a reporter transgene
construct introduced into the X-chromosome (H253), was also used. The
transgene consisted of 14 tandem repeats of a lacZ nuclear-localized reporter gene
coupled with a mouse 3-hydroxyl-3-methylglutaryl coenzyme A reductase
(hmgcr) promoter (Tam and Tan, 1992). A number of researchers had already
utilized this transgenic model, and had confirmed that the cellular patterns of lacZ
expression reflected actual X-inactivation patterns in a number of tissues. While
carrying out initial investigations to ascertain the utility of this reporter system in
investigations of the mammary gland it was discovered that the usual description
of hmgcr as a ‘house-keeping’ gene is somewhat of a misnomer, as some tissues
in the mouse show very strong patterns of lacZ expression while others gave
minimal, or no, detectable expression. Furthermore, transgene expression was
observed to increase during pregnancy and it was concluded that this effect was

almost certainly a response to increased estrogen levels at this time.

Whole mount analysis of five mouse mammary glands from transgenic animals
revealed heterogeneous patterns of lacZ staining, indicating that mammary
epithelia is generally polyclonal. In total, 42% of terminal buds and alveoli
displayed a single lacZ staining pattern. Analysis of these staining patterns in
duct termini indicated that the majority of individual alveoli are derived from two

or three division competent (stem) cells.
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Preamble

Chapter 1 begins with a brief introduction and concludes with a literature
review comprising:

1) A review of general mammary development, with particular emphasis
on the importance of the Terminal End Bud (TEB) in murine and
similar structures in ruminants.

2) The current understanding of mechanisms of cellular clonality.

3) A review of established knowledge of mammary ductal clonality.

4) Details of existing approaches for measurement of cellular clones.

5) Proposed experimental approaches for the study of cellular clonality in

the bovine and murine glands.

Chapter 2 describes general methods and materials used during this project. More
specific details of methods used can be found within the relevant results chapters.
Chapter 3, the first results chapter, describes the detection of bovine Single
Nucleotide Polymorphisms (SNPs) by DNA sequencing and analysis of X-linked
genes. The second results chapter, Chapter 4, describes the development of an
RT-PCR/RFLP approach to allow the visualization of the contribution of different
stem cell clones to the mammary gland. In Chapter 5, experiments used to
determine the suitability of an animal model (a lacZ transgenic mouse) for studies
of cellular clonality in the murine mammary gland are presented. Chapter 6
details application of the techniques developed in Chapter 5, showing how the
animal model is used to visualize clonal events within mammary tissue and to
allow the prediction of precursor cell numbers contributing to individual terminal

ductal structures.

Finally, in Chapter 7, a discussion of the relevance and importance of the findings

in the present study is presented.
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Chapter One

Cellular Clonality of Mammary
Epithelial Tissue

1.1 General introduction

Mammary organogenesis follows a developmental program that occurs
predominantly postnatally (Horseman, 1999). This special feature of the
mammary gland makes it possible to observe changes in branching
morphogenesis in adult tissue and to correlate these changes to different
physiological events. In contrast, most other glandular tissues (for example,
salivary glands) undergo branching morphogenesis that is near completion at

birth, therefore making these tissues far less amenable to such study.

In virgin animals, ductal growth and lateral branching occurs to fill the
mesenchymal space; in pregnant animals, further growth, with differentiation of
milk-producing glandular components, occurs. At parturition the gland has been
organised to allow for milk secretion and its efficient transfer to suckling young.
After weaning, the gland undergoes radical restructuring, involution, to return it to
an anatomical state similar to that of the virgin animal. Subsequent pregnancy
requires the outgrowth of residual mammary tissue to produce a large mammary
ductal network. Experimental characterisation of these stages of epithelial cell
growth and reduction is essential for maximising profitability from dairy animals

(Ellis, 1998).

Mammary epithelial tissue expansion occurs by proliferation from a pool of
dedicated stem cells, with progeny of each of these stem cells forming small
populations (‘clones’) of cells in the adult gland. This thesis examines the size
and distribution of these stem cell clones within bovine and murine mammary

glands by detecting randomly inactivated X-linked marker genes.



Chapter One Literature Review 2

1.2 Stem cell theory

1.2.1 Introduction

The existence of stem cells, defined as cells that remain in the tissue and retain the
ability to proliferate throughout life, was first suggested in 1901 (Adami, 1901).
The stem cell has since been further defined as: an undifferentiated cell type, able
to divide both symmetrically and asymmetrically, which is responsible for cellular
replacement in a tissue. Stem cells must be able to switch between these different
roles throughout life (Potten, 1986; Potten et al., 1997). Consensus opinion now
considers that such cells represent a very small part of any tissue population and
are likely to exercise their proliferative function through division of intermediate
cells, the so-called transiently activated (TA) cells (Potten and Morris, 1988).
Self-renewal and production of a more differentiated progeny TA cell (so-called
asymmetrical division) is described in the 1976 Oakberg-Huckins model of stem
cell behaviour (Figure 1.1), which was based on studies of renewal of tritiated
thymidine ([*H]dThd)-labelled spermatogonial stem cells (Oakburg and Huckins,
1976).

Figure 1.1 The Oakburg-Huckins model of stem cell growth. The stem cell divides to produce
more terminally differentiated cells, the transit cells, although this is not at the expense of stem cell
numbers as such cells are able to self-renew to preserve their numbers (adapted from Potten,
1986).

Non-dividing, maturing simple

DIVldlng | — transit cell population

transit cells

Gilbert and Lajtha (1965) proposed distinct stem cell growth behaviours for each
of three broad tissue types identified, that is: 1) essentially nonreplacing — female
germ-line, CNS and muscle; 2) nonrenewing but with regenerative capacity —
liver, kidney, CT and apocrine glandular tissue; and 3) continually replacing
tissues — haemopoietic, surface epithelia, the male germ line and holocrine

glandular epithelia.
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1. Asymmetrical division 2. Symmetrical division

Figure 1.2 A summary of stem cell behaviour. SC = stem cell, TA = transiently activated cell, TD
= terminally differentiated cell. Stem cells can divide 1) Asymmetrically to produce more
differentiated progeny while self-renewing; or 2) Symmetrically to yield two parent-type stem
cells. (Drawn from data in Potten (1986).

Division during normal growth is asymmetrical, which maintains numbers of
proliferation capable cells. Stem cells are also capable of symmetrical division,
particularly in response to disease or where massive accumulation of tissue is
required quickly (Potten and Morris, 1988). For example, during mammary gland
growth at pregnancy (see Figure 1.2, part 2). Therefore, stem cell division

behaviour is dependent on tissue/niche location and developmental timing.

1.2.2 Stem cell hierarchies in Mouse gut: ‘perpetual’ regeneration

Few tissues have been subjected to rigorous study of the stem cell kinetics
involved in their growth. An exception is mouse intestine, where cellular
proliferation in the crypt-villus of the gut wall epithelia has been extensively
studied (Potten, 1986). Such structures, and the ordered nature of the clusters or
patches in which they form, provide models of self-renewing stem cells that
produce a tissue ‘subunit’ through a series of increasingly differentiated daughter
cells. The fact that each hierarchy is contained within a well defined space (the
crypt), and that descendents of the hypothesized stem cells move out of the crypt
in a well-organized fashion, facilitates observation throughout the depth of the

crypt (Hermiston and Gordon, 1995).

The crypt-villus comprises a deep well-shaped pit, the crypt of Lieberkiihn, with
walls extending steeply to terminate at the apex of the villus. Studies of adult
phenotypes have shown that an anulus of between 4 and 16 cells (the presumed
stem cells), is located about four or five cells from the base of the crypt. In

cellular kinetics studies, these cells have been found to exhibit slow cell cycle
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times relative to other crypt cells (Potten et al., 1997; Wright and Alison, 1984).
Stem cell division results in a gradient of differentiation, with the most
differentiated cells found at both the top and the bottom of the crypt. Cells
moving down the axis differentiate into a paneth cell (involved in immunity and
found at the base of the crypt) phenotype, while cells moving out of the crypt
accumulate other markers of differentiation as they become increasingly
terminally differentiated (Potten, 1986) (Figure 1.3). This stem cell activity
produces four principal cell lineages, all of which differentiate to fulfil a terminal
function as they move vertically up the crypt. In the mouse intestinal epithelium,
they are eventually sloughed off by exfoliation at the tip of the villus (Hermiston

and Gordon, 1995; Schmidt et al., 1985).

Sloughing of dead cells
N N

\ f“\ )
§ “’K Apoptosis

"\ Progeny becoming
\ mora differentiated

Gradient of differentiation

Figure 1.3. The mouse intestinal crypt-villus as a model of stem cell contribution to an organ
structure. While it is thought that an anulus of stem cells (S) is located at an average depth of 4
cells from the base of the crypt, actual stem cells and their immediate progeny (1SC, 2SC, 3SC),
that may have limited stem cell clonogenic capabilities, are found scattered throughout the lower
and middle regions of the crypt. These cells produce the functional daughter cells, 1-4, that
display increasing degrees of differentiation commitment as they enter the ‘functional-zone’, that
is, the villus, as can be seen with differentiation markers applied to such populations. (Modified
from Potten et al., 1997).

In neonate chimeric animals crypts of mixed origin have been found, and this
indicates polyclonality. However, this pattern is lost after a few weeks,
presumably because of a “purificiation” by a predominance of progeny of a single

anchored stem cell and its descendents in the crypt (Schmidt et al., 1988).
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Two theories of population and maintenance of the intestinal crypt by the stem
cells have been suggested. In the first, the stem cell pedigree concept (SCPC),
one master stem cell maintains the entire crypt through a population of daughter
stem cells (Schmidt et al., 1988). The second theory postulates that crypt
population occurs via a small population of identical stem cells that arise

simultaneously during gut morphogenesis (Hermiston and Gordon, 1995).

In support of the SCPC, stem cell organization within the crypt-villus has been
suggested to result from a single primary progenitor that produces two lineages of
progeny. The first, the enteroendocrine lineage, produces factors to stimulate the
other lineage, the enterocyte lineage, by means of a enteric neural interface (Mills

and Gordon, 2001).

1.2.3 Implications for studies of mammary clonality

As detailed above, mouse gut epithelial cellular populations have anatomical
features that make them useful for study of epithelial cellular hierarchies/clonality
in surface epithelia. However, as suggested by Gilbert and Lajtha (1965),
glandular apocrine systems, because they do not require perpetual regeneration,
are unlikely to show the exact same patterns of growth as seen in the

mouse intestine.

Nevertheless, the production of an entire organ from a small number of
progenitors is a presumed function of all stem cell populations in epithelial
organs. Mills and Gordon (2001) imply that cellular growth patterns similar to
that described in the crypt-villus system may exist in other organs, including the
mammary gland, where single progenitors produce several different cell types
(detailed below). Furthermore, it is thought that the crypt-villus model represents

a standard model for the growth of all epithelial systems (Zajicek, 1995).

1.3 Organization and growth of mammary epithelia

The formation of the adult mammary gland, with ectodermal epithelia infiltrating

a mesodermal fat pad to produce a ductal-alveolar ‘tree’, produces the cellular
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structures to support lactogenesis. Several factors, including endocrine regulation,
spatiotemporal control of cell division and death (apoptosis), regulated turnover of
ECM components, cell-cell interactions, migration and differentiation, act to

influence this development (Gumbiner, 1992).

The mammary gland is an extensively arborized epithelium with a fractal
geometry (Guarini and Onofri, 1993) embedded within a fatty stroma. The adult
gland comprises two cellular compartments, that is, the mesenchyme of fatty
stroma invaded by blood vessels and nerves, and the milk-producing epithelial
component, comprising ducts and lobules. A basement membrane of type IV
collagen, laminin and glycosaminoglycans, separates these two tissue
compartments. The epithelial compartment consists of three mature cell types, the
myoepithelia, the ductal epithelia and the alveolar epithelia, all of which are

distinguishable using epithelial specific cell markers (reviewed in Rudland, 1993).

The mammary ductal system has one or more layers of cuboidal epithelial cells,
many of which border a lumen that is continuous throughout the gland. As noted
above, these cuboidal cells are typically surrounded by a layer of elongate

myoepithelial cells.

Classically, morphological features have been used to distinguish ductal and
secretory epithelia from myoepithelia. The two mammary epithelia are
distinguishable because ductal epithelia exhibits apical microvilli and specialized
junctional complexes (as well as desmosomes) whereas myoepithelial cells
typically exhibit smooth muscle-like myofilaments, pinocytotic vesicles and

basement membrane on their basal surface (Rudland, 1987).

1.4 Mammogenesis — embryo to puberty

1.4.1 General features of rodent and ruminant embryonic
mammary development
The seminal event in mouse mammary gland formation is lateral to midline

ectoderm proliferation, resulting in the formation of a mammary band (or streak).

In mouse embryos, this band is seen between d10 and d11 of the ~21 day murine
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gestation (Sakakura et al., 1987) whereas, in bovine, it is observed between d75
and d85 of a 280-day gestation (Ellis, 1998), that is, relatively earlier than in the
mouse. Outgrowth of this band produces the mammary line that comprises a line
of stratified cells representing three layers of epithelium - the surface epitrichium,
the stratum intermedium and the malphigian layer or stratum germinatarium — as
reviewed in Ellis (1998). After local thickening, the mammary ‘hillock’ and bud -
mammae precursors - are observed. The mammary bud was originally thought to
be the product of epithelial proliferation. However, its formation is now attributed
to epithelial reorganization (Propper, 1978). Mammary bud formation coincides

with mammary line degeneration.

The next step in development is proliferation of the mammary bud epithelia to
form the primary sprout and teats. In ruminants, these result from the
proliferation of the associated mesenchyme. Secondary sprouts soon emerge from
the primary structure and, in rodents, both sprout structures (initially solid cords
of cells) canalise soon after their formation to form open ductal structures. The
mechanism of canalization is unclear, although in rodents it is assumed that cells
at the centre of the cords either move outwards or die by apoptosis. This creates a
hollow precursor ductal structure (Hogg et al., 1983). At birth, the mouse gland

consists of branching hollow tubes that open at the nipple.

Further embryonic mammary development is achieved by growth of epithelial
elements into a primary undifferentiated embryonic mesodermal fat pad. Most of
the fat pad precursors, primarily adipose tissue, fibroblasts, nerves and blood
vessels, develop posterior to the mammary bud; however, compared to the other
components, fibroblasts develop in close association with the mammary bud

proper (Sakakura et al., 1982).

1.4.2 Mammary development: birth to puberty

Isometric mammary gland growth, that is, proportional with increased animal
size, occurs between birth and the onset of puberty at around 3 wks (reviewed in

Sinha and Tucker, 1966).
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1.4.3 Mammary development: puberty to involution

Late in puberty the immature gland grows rapidly to form a ductal system that
extends to the borders of the fat pad. Between 3 and 12 weeks of age, this
allometric growth is seen as intense mitotic activity at the mammary end buds,
that have a specialized advancing edge for fatty stroma penetration (Silberstein
and Daniel, 1982). Prolactin and progesterone are important inducers of lobular
budding during this last stage of irreversible gland growth (Horseman, 1999)
(Figure 1.4). This phase of growth is also dependent on the action of estrogen and
growth hormone, probably through the action of insulin-like growth factor I (IGF-
I), which acts to induce rapid ductal growth with extensive proliferation in the

TEB - discussed below (Horseman, 1999).

During pregnancy the glandular epithelia undergoes extensive proliferation in
response to prolactin, placental lactogens, progesterone and local growth factors

(Horseman, 1999).

At parturition, levels of progesterone, estrogen, and placental lactogens, decrease
sharply so that lactogenesis can proceed. Eventual involution occurs following
milk stasis, in a signal transducer and activator of transcription (STAT)-regulated
mechanism that involves a decrease in STATS activity and up-regulation of

STATS3 expression (Philp et al., 1996).

Inhibin B
PRLR
PRL el
PRLR PR
ER Inhibin A
CIEBP cm D1
CIEBP
> > >
Newbom Puberty Preg

Figure 1.4. Diagram representing progressive steps in mouse mammary development under the
influence of various hormones (receptor expression and transcription factor involvement is also
indicated). ER - estrogen receptor, PRL — Prolactin, PRLR - prolactin receptor, inhibin 8B,
C/EBPB, STATSa — signal transducer and activator of transcription 5a, PR — progesterone
receptor, A-myb, cyclin D1, CSF-1 - colony stimulating factor 1, LAR, Mf3 and oxytocin
Involution, not pictured here, occurs after lactation ceases and involves upregulation of STAT3
and downregulation of STATS (redrawn from Hennighausen and Robinson, 1998).
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The post-involution gland resembles the virgin gland morphologically. However,
it has been shown to harbour a novel population of epithelial cells, located around
the terminal end ducts, which survive apoptosis. This was discovered using
measurements of longevity of cells expressing a Rosa-lacZ reporter construct
activated by a second transgene (WAP-Cre) during lactogenesis II. These cells
were also shown to be involved in glandular regrowth during subsequent

pregnancy (Wagner et al., 2002).

1.4.4 Human mammary development

Embryonic mammary development in humans is well characterized. Ectodermal
thickening produces two lines (extending from the axilla to the groin) by the sixth
week of embryonic development. Gland formation occurs by the development of
more than 20 separate ectodermal cords that grow into the underlying mesoderm.
At birth the gland consists of a primary lactiferous duct that branches into three to
five secondary ducts that end in TEBs (reviewed in Sell and Pierce, 1994). Before
the onset of puberty, proliferation of these simple branched ducts occurs.
Monopodial (from the sides of existing ducts), and dichotomous (at the growing
tips) branching at the termini of the primary ducts and of lateral end buds, also
occurs around this time. This allows for the differentiation into small alveolar
buds that undergo expansion at puberty to form terminal ductal lobular

units (TDLU).

During pregnancy the TDLU differentiate rapidly to form alveolar lobules, some
consisting of upwards of 200 ductules (Russo and Russo, 1987). Distension of
these alveolar lobules produces the secretory alveoli seen to increase during the
lactation phase. Post-lactational changes include alveolar involution but, overall,
the “post-lactation” gland remains in a more differentiated state than that seen

before pregnancy (reviewed in Rudland 1993).

Pockets of primitive epithelia exist within adult human glands. It has been
suggested that these cells may represent either, virginal lobules that have
remained refractory to endocrine stimulation or, reserves for the replacement of
degenerating or exhausted glandular tissue (reviewed in Rudland 1993) as shown

for similar cell populations in the mouse gland (Wagner et al., 2002).
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1.4.5 Ruminant mammary development

In cows, a 15-fold increase in the amount of DNA (that is, a cell number ‘index’)
in the gland has been measured between 2-3 months of age, with the remaining
prepubertal period characterized by linear growth (Sinha and Tucker, 1969). This
is in contrast to the isometric growth seen in the rodent gland in the comparable
period, that is, the bovine mammary gland grows allometrically (faster relative to
general growth) between 3 and 9 months.  However, between 9 months of age
and the onset of pregnancy, the bovine mammary glandular epithelium is again

observed to undergo isometric growth.

1.5 Comparing ruminant and mouse postnatal gland
morphogenesis

Parenchymal morphogenesis in the ruminant mammary gland is thought to
proceed in a distinct mechanism from that seen in the mouse gland (Hovey et al.,
1999) and this is particularly evident in histological observations (Ellis, 1998).
Ruminant gland development is, however, similar to that of the human gland with
ductal elongation by epithelial proliferation of terminal buds in TDLU (Russo and
Russo, 1987).

There are significant species differences in the general structure of the mammary
gland. Perhaps the most significant is that, while the virgin mouse has mainly
primary and secondary ducts, a few end buds and few alveoli, the bovine
mammary gland (and the mammary gland of mammals with a luteal phase in their

estrous cycle) has a far more developed ductal and alveolar structure.

The mammary structure of newborn ruminants has a single primary duct
extending from each teat. The base of this duct undergoes enlargement to produce
a cavernous cistern while distal regions of the duct branch to form secondary and
tertiary ducts. These secondary branches undergo further branching to form
lobular clusters of ductules, similar to the TDLU seen in human glands (Hovey et
al., 1999). Hence, the bovine gland lacks TEBs; and ductal proliferation and
advance is achieved via highly arborescent ductal structures embedded within a

dense fibrous stroma (Ellis, 1998).
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The mechanism of ductal lumen formation also differs greatly between ruminants
and rodents. In the mouse, lumen formation occurs by apoptosis of anterior body
cells within the TEB and is simultaneous with TEB penetration of the fat pad.
Lumen formation in ruminants, where ductal apoptosis is rare (Molenaar et al.,
1996), is thought to occur by the coordinated and simultaneous separation of
already formed (closed) ducts within an entire TDLU. The duct aperture size
seems to be limited by constraints imposed by both neighbouring TDLU, that are
undergoing similar separation, and by the surrounding dense connective tissue
(Ellis, 1998). Expression of both Netrin-1 and its receptor, neogenin, has been
shown to be important in the partitioning of mouse cap cells (discussed below)
from the lumenal space, with elimination of either gene resulting in a disorganized
TEB (Srinivasan et al., 2003); the importance of this adhesion interaction in

bovine lumen formation has not yet been examined.

Studies of ruminant mammogenesis, approached through examination of mouse
models must, therefore, consider the fundamental, and sometimes dramatic,

differences that exist between the two species.

1.5.1 Rodent and ruminant gland structural comparison

Different requirements for glandular support are thought to account for many of
the anatomical differences observed in rodent and ruminant mammary glands. In
ruminants, ductal growth is seen in “veins” throughout the network of fibroblasts
within connective tissue (CT). These “veins” penetrate the adipose tissues of the
mesenchyme, forming septa of rope-like cords. In contrast, ductal growth in the
mouse occurs with the ducts directly abutting the adipose tissue. Hovey (1999)
suggests that, in the ruminant, the extensive network of CT coupled with major
ligaments provides structural support for the entire gland, a feature that is not
required in the mouse, where the flattened glands lie directly adjacent to the
underside of the animal. A table showing anatomical and developmental
differences between the murine, bovine and human glands is presented

below (Table 1.1).
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Mammary streak in
embryo at  d10-11.
Around d20, fat pad is
| seen. A collection of
hollow branching ductal

Mammary streak is
first seen around d80.
At bith a single
primary duct extends
from the teat

Development begins
7-8 wks post
conception. Wks 12-
16: groups of cells
begin. to  branch,

tubeg opening at forming primitive milk
the nipple ducts late in
pregnancy

Simple branched anlage
of ductal components

Base of the primary
duct enlarges to form a
gland cistern while
distal regions divide to
form secondary and
tertiary ducts.
Becomes  allometric
immediately preceding
puberty

Proliferation of simple
ducts coupled with
monopodial and
dichotomous
branching

Between  3-12  wks
allometric  growth is
seen. Ductal elongation
continues to form
sparsely branched ductal
network

Clusters of ductules
arising from larger
ducts are formed.
Pronounced lobule
formation relative to
rodent

3-4 years of growth
form mature structure
comprising 15-20
lobes (TDLU) that
meet the nipple via
milk ducts. Similar to
structures seen in
ruminants

Development continues

Allometric growth is

A limited amount of

| and ducts fill the entire | maintained for the first | ductal branching
| mammary fat pad few estrous cycles occurs

Extensive branching and | Allometric growth | Terminal ductal
alveoli formation occurs | returns regions differentiate
to give secretory rapidly  to form
potential alveolar lobules
Terminal differentiation | Fully developed gland. | Alveolar lobule
of ductal elements. Fully | Post-parturition distension has

| developed milk | allometry  continues | produced secretory

| producing gland briefly alveoli that allow for

' milk production

| Involution, characterized | Involution occurs. | Alveolar involution
| by extensive apoptosis, | Gland is more

returns the entire gland
back to state of the
mature virgin

differentiated than

before pregnancy

Table 1.1. A table of comparisons between developmental and anatomical features of ruminant,
human and rodent mammary glands. Sources: Tucker (1987), Sell and Pierce (1994),

Hovey (1999).
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1.6 Endocrine regulation of mammary growth -
stromal contribution

The importance of the stroma in directing epithelial branching morphogenesis has
been demonstrated by tissue transplantation experiments, in particular those
involving transplantation of salivary and mammary epithelia (interchanged
between their native stromal environments). It has been shown that, regardless of
the origin of the epithelial transplant, growth matched that expected for the
associated stromal type present. This clearly showed that stroma had a major
controlling affect on epithelial branching and general duct growth (Sakakura et
al., 1976; Sakakura et al., 1987). The mechanism whereby undifferentiated
epidermal cells are directed to differentiate and form mammary epithelia is
thought to involve hormonal signals in a mesenchymal-epithelial communication.
This communication has been implicated as having a significant influence during

fetal glandular development (Cunha, 1994; Cunha and Hom, 1996).

Significantly, the size of the fat pad or, specifically, the amount of adipose in the
fat pad, determines the number of epithelial cells found in the gland and,
therefore, has a direct correlation with the potential for milk production (Hovey et

al., 1999).

The hormonal milieu involved in directing mammary development is complicated.
For normal fetal mammary development there is a requirement for the metabolic
hormones (insulin, growth hormone, the thyroid hormones, and glucocorticoids)
and others such as the insulin-like growth factors: IGF-I (Kleinburg, 1998) and
IGF-1I (Manni et al., 1994), as well as fetal growth hormone (FGF) (Barraclough
et al., 1990). This highlights the importance of mesenchymal-ectodermal

communication in normal gland formation and maintenance (discussed below).

In the mouse, estrogen encourages ductal growth and TEB formation from ducts
while progesterone causes the differentiation of alveolar structures. Implant
experiments have shown that estrogen acts, both locally and systemically, to
regulate epithelial growth via stromal epithelial interactions and/or growth factor
production (Haslam, 1988). Associated experiments have shown that estrogen-

responsiveness required the presence of stromal cells (Haslam, 1988) and that the
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majority of TEBs and ductal epithelial cells lacked estrogen receptors (Zeps et al.,
1998). Locally, the basal ‘B cells’, which are considered to be mammary stem

cells, in the resting gland differentiate into ‘Clear’ A cells under the influence of

estrogen (Chepko and Smith, 1998).

Negative mediation of ductal growth is thought to occur via the action of a
number of factors, including transforming growth factor-B isoforms (TGF-B).
Experiments using slow release implants releasing TGF-B; showed inhibition of
ductal growth in a murine model — observed as reduced thymidine labelling
(Silberstein and Daniel, 1987). A similar inhibitory affect has been observed in

experiments in ruminants (Woodward et al., 1995).

A model describing the contribution of various stromal, ovarian and pituitary-
derived hormones to the progression of epithelial invasion of the fat pad has been

presented by Hovey (1999) (see Figure 1.5).

Ovarian steroids Mammogenic hormones
+/- +-
_Adipocytes
+/-
+/-
BM

Epithelium

Figure 1.5. A schematic showing hormonal control of mammary epithelial growth. Three levels of
regulation, from the pituitary, ovaries and the stroma itself are implicated in the regulation of
mammary epithelial growth. GF — growth factors, BM — basement membrane (redrawn from
Hovey et al., 1999).

In summary, hypophyseal and ovarian hormones, coupled with local stromal
hormones, interact in murine mammogenesis. Similar endocrine regulation is
thought to be responsible for ruminant mammogenesis (Ellis, 1998). Studies of

branching morphogenesis of the mammary cell line 1-7 HB2 have demonstrated
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the importance of the fibroblast-derived morphogenic growth factors, including
hepatocyte growth factor/scatter factor HSF/SF and various other fibroblast
derived growth factors (Berdichevsky et al., 1994), in this process. Furthermore,
a role for matrix metalloproteinases (MMPs) has been demonstrated in collagen
gel culture studies, where inhibitors of MMPs eliminated branching
morphogenesis but did not directly affect epithelial proliferation (Simian et al.,

2001).

1.7 The Terminal End Bud (TEB)

The TEB is the generator of new epithelial tissue for mammary ductal formation
and progression. The tip, flank and neck regions of the TEB are covered in an
epithelial monolayer of ‘cap’ cells. These are stem cells that characteristically
lack specialized features (such as intercellular junctions). Ductal penetration and
the formation of a myoepithelial ‘sleeve’ around the duct, is effected by apical cap
cell proliferation, while ductal elongation results from the formation of ductal
epithelia achieved by the proliferation of ‘body cells’ within the luminal region of
the TEB beneath the cap cell zone (Williams and Daniel, 1983). TEB structures
are functional until the end of puberty, when the ductal network approaches the
edges of the fat pad, at which time they are permanently replaced by terminal end
ducts (TED) and alveolar buds (Topper and Freeman, 1980; Williams and Daniel,
1983).

The stem cell characteristics of cap cells has been demonstrated by histochemical
and immunohistochemical staining that shows weak staining for markers of
differentiation in cap cells and in a subset of body cells.  Specific
immunocytochemical staining for epithelia, using monoclonal antibodies (MAbs)
to MFGM, anti-EMA and peanut lectin (PNL), produces a graded staining pattern
with the loosely-packed apical peripheral cells showing weak staining that
becomes stronger closer to the centre of the TEB. Myoepithelia specific markers,
including antibodies to keratin, PKK2 and LP34, smooth muscle actin, myosin
and vimentin (Rudland, 1991), stain the apical cells similarly to the epithelial
markers described above. Staining becomes more intense in these peripheral cells
more posterior to the apex of the TEB, and finally shows maximal intensity at the

myoepithelia of the subtending duct of the TEB (Rudland, 1991). The cap cells at
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the apex of the TEB stain positive, although weakly, for both myoepithelial and
epithelial specific markers (Figure 1.6).

TEB

Myoepithelia| \;men

Mammary gland

Epithelial markers

Figure 1.6. Schematic of a TEB in mouse mammary showing specific staining for myoepithelia
and epithelia.  Epithelial specific markers (MAbs to MFGM, anti-EMA and PNL) and
myoepithelial specific markers (histochemical staining of Smooth muscle actin and BM proteins)
(Rudland, 1993) reveal the relative location of different epithelia formed in the advancing duct by
intensive mitosis of the cap cells. Although these apical peripheral cap cells stain weakly to
moderately for both sets of markers, the epithelial specific markers stain the cortical cells most
intensely while the myoepithelial markers stain peripheral cells with a gradual increasing intensity
towards the subtending ductal myoepithelia (Lochter, 1998). (Drawn from sources in Lochter,
1998; Rudland, 1993).

Primary culture assays, involving immunomagnetic separation of epithelial and
myoepithelial lineages, showed that while pure cultures of myoepithelial cells did
not interconvert to ductal/secretory type epithelia, a portion of these cells did
differentiate into myoepithelia cell types (Pechoux et al, 1999).  This
demonstrates that the two lineages share a common progenitor stem cell, and that
the epithelial type is more plastic than the myoepithelial type, presumably because

myoepithelia represents a more terminally differentiated cell type.

Direct evidence for the existence of mammary stem cells in the TEB includes
chemical carcinogen studies that revealed a correlation between the presence of
TEB and predisposition to cancer in the mammary gland. The effective

carcinogenicity ~of  chemical carcinogens (for example, 7, 12-
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dimethylbenz[a]anthracene [DMBA] and N-nitrosomethylurea) in rodents
decreases 50 days postpuberty. In humans this developmental stage coincides
with a natural decrease in TEBs (as they differentiate into alveolar bundles and
terminal ducts) in the gland (Russo and Russo, 1978). McGregor (1977) found
that prepubertal and adolescent women, ages characterized by high amounts of
breast ductal formation, were the group most susceptible to radiation-induced

breast carcinoma in Hiroshima and Nagasaki.

1.7.1 Apoptosis in the TEB

Apoptosis plays a critical role in ductal growth phase. In a study of apoptosis
within the TEB during growth, Humphreys (1996) demonstrated that while only
7.9% of the rapidly dividing proliferative cap cells were undergoing apoptotic
processes, up to 15% of cells in the three layers of body cells immediately
adjacent to the lumen were apoptotic. Therefore, levels of apoptosis during
development are higher than that observed during either involution or pregnancy,
with 4% and 5% of cells in the TEB affected in each state, respectively (Li et al.,
1996; Quarrie et al., 1995). Moreover, other developing tissues typically display
far lower levels of apoptosis than that observed in the TEB; kidney displays 3%
(Coles et al., 1993), and optic nerve 0.25% (Barres et al., 1992) apoptotic cells
during normal development. Humphreys (1996) states that the significance of
these relative levels of involvement must be viewed against the normally low

background levels of apoptosis in quiescent cells (of only 0.1 to 1%).

In embryogenesis, rodent gastrulation is thought to be regulated by an apoptotic
signal from the endoderm that communicates with cells within the developing
embryo to cause cavitation. Cells that are anchored to the basement membrane
escape the apoptotic response to this signal (Coucouvanis and Martin, 1995).
Considering this work, Humphreys (1996) suggests that positional sensing,
relative to both the TEB and to its environment, is critical to apoptotic signalling
within the TEB and that tubular morphogenesis may occur by a mechanism

similar to that seen in the early embryo.

Patterns of apoptosis in the ruminant mammary gland are thought to be
substantially different from those in the rodent mammary gland. Molenaar (1996)

reported low numbers of apoptotic cells in virgin ewe mammary glands and
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emphasised that the observed numbers of apoptotic cells were much lower than
that seen in comparable murine glands. Ellis (1998) suggests that this observation

may reflect interspecies differences in lumen formation mechanics, as outlined in

the gland comparison above (Table 1.1).

In summary, the terminal end bud is a dynamic structure via which ductal

extension occurs by coordinated processes of proliferation and apoptosis.

1.8 Ductal branching of parenchyma

Branching parenchymal morphogenesis in the mouse has been divided into three
distinct processes. First, the entire gland is populated by increased linear ductal
length. Next, dichotomous branching occurs to expand the parenchymal area.
And, finally, the growth of collateral duct segments fills any remaining areas
(Ormerod and Rudland, 1984). Ellis (1998) stressed the importance of massive
amounts of epithelial proliferation to provide the ‘building blocks’ for such
growth, and this behaviour is examined below in a review of mammary stem

cell biology.

1.9 A model of mammary development by epithelial
outgrowth — stem cell candidates

1.9.1 Stem cells and division competence in

mammary development

As in most mammalian tissues, a fine balance of cell death and proliferation in the
mammary epithelial population is crucial for normal growth. Studies of the
human gland showed that multiple rounds of oestrus do not lead to a huge
accumulation of mammary tissue (Ferguson and Anderson, 1981). This implies
that the activity of mammary stem cells, that is, those cells capable of responding
to critical developmental timepoints by producing new epithelial cells, is balanced
by apoptosis. Indeed, it is known that apoptosis removes much of the excess

epithelial population produced during menses (Potten and Loeffler, 1990).
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Triated thymidine ([*H]dThd) labelling of virgin female rats (by intra-peritoneal
injection), allows detection of actively dividing (DNA synthesizing) cells and has
identified a population of cells (the cap cells) in mammary terminal end buds that
produce separate lineages for luminal and possibly myoepithelial cells (Dulbecco
et al., 1982). This implies that stem cells are responsible for ductal elongation
into the fat pad. The ubiquity of these stem cells in the gland was indicated by
transplantation studies where it was shown that cells taken from any part of the
mammary gland could repopulate the epithelia—free fat pad (Smith and Medina
1988). This represents clear evidence for the existence of a ubiquitous population
of ‘resting’ cells that have the potential to act as stem cells within the mammary

epithelial cell population.

Smith and Medina (1988a) have characterized the ‘repopulating ability’ of
mammary epithelial components using a combination of autoradiographic,
immunohistochemical and various morphological criteria, in conjunction with
transplantation experiments involving different portions of the murine mammary
gland. Mammary stem cells were defined as ‘uncommitted mammary cells’ that
have the potential to divide by mitosis to produce committed cell progeny without
the total loss of their own uncommitted status. The work showed that indigenous
mammary epithelia become division-defunct after a finite number of cell
divisions. The same authors found ‘pale staining’ mammary cells that: 1) were
present at all stages of development, 2) divided soon after being placed in culture,
3) were connected by desmosomes and hemidesmosomes to their neighbouring
cells. This was important as it indicated that they were not simply “wandering
lymphocytes”, and 4) produced daughter cells that functionally differentiate in the
presence of lactogenic hormones. Therefore, the cells displayed the

characteristics expected of stem cells (Smith and Medina, 1988a).

Christov (1993) used bromodeoxyuridine (BrdU) labelling in virgin BALB/C
mice to identify three division-competent cells in each gland that contributed to
epithelial growth. Smith (1996) observed that, in the progeny of a pool of 5 X 10°
transplanted B-galactosidase expressing mammary epithelial cells, lobular, ductal
and combined lobulo-ductal populations could be observed in an epithelial-free fat

pad. These experiments suggest that, while some division-competent mammary
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stem cells are committed to ductal growth and some to lobular growth, a third cell

type, which is able to produce both ductal and lobular progeny, may exist.

A more precise identification of these stem cells was carried out by Christov
(1993) who used the presence of condensed chromosomes, as markers of division
competence, to establish a model of epithelial cell hierarchies in the murine
mammary gland. This model describes three division-competent epithelial cell
populations and states that the Small Light Cell (SLC) — synonymous with the cap
cell, the suspected mammary stem cell - differentiates into the terminally
differentiated mammary cells (both secretory and myoepithelial) after passing
through two precursor stages. SLC were seen to lose their division competence as
they acquired signs of differentiation (such as lipid droplets and desmosomes).
These SLC represent about 3% of the total mammary epithelial population and are
characterized by naked chromosomes, that is, chromosomes that lack extensive
transcriptional machinery. These cells do not exhibit secretory potential due, in

part, to absence of luminal contact (Chepko and Smith, 1997).

According to the proposed model, a subset of the Undifferentiated Large Light
Cells (ULLC) secondary progenitor cells eventually differentiate into
Differentiated Large Light Cells (DLLC) and finally to functional secretory
epithelia while the remaining ULLC differentiate into pre-myoepithelial cells for

ultimate terminal differentiation into functional myoepithelia (Figure 1.7).

The proposed model for the production of functional differentiated cells in the
mouse is supplemented by results obtained in [*H]dThd studies of human breast
tissue. Such studies indicate that basal clear cells (the human SLC analogs) divide
frequently, and that the myoepithelia originates from a precursor within the
mammary epithelium after a number of cellular divisions of the precursor cell

(Joshi et al., 1986).
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Figure 1.7. Schematic of suggested hierarchies of division competent stem cell to functionally
differentiated cell in mammary tissue. SLC — small light cells, ULLC — undifferentiated large light
cell, DLLC - differentiated large light cell. DSC - differentiated secretory cell (Adapted from
Chepko and Smith, 1997).

This work is confirmed by other [3 H]dThd studies. Zeps (1996) found that, while
50% of mouse mammary cells were labelled after three injections, most of this
signal was lost after two weeks (by halving kinetics) but a small portion of cells
(varying regionally between 1 in 50 and 1 in 1000 cells) retained a [H]dThd
signal. The authors suggest that this population of cells represents the slowly

dividing functional mammary precursors that were first described by Potten and

Loeffler (1990).

The primary progenitor (SLC) cells, proposed in the Chepko and Smith model,
were shown to be capable of multiple cellular divisions before becoming
committed to a particular differentiation pathway. These division-competent (and
differentiation-committed) primary progenitor SLC divide by cytokinesis
(perpendicular or parallel to the basement membrane) to produce secondary
progenitor ULLC. Typically, perpendicular division is symmetrical and produces
two secretion committed ULLC (or two SLC). In contrast, parallel division is
asymmetrical and produces both a pre-myoepithelial cell and a progenitor ULLC.
The outcome of these divisions seems to hinge on the orientation of the cleavage

furrow and the timing of division (Figure 1.8).
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Transiently
activated cells

Figure 1.8. Possible stem cell division strategies in mammary organogenesis — predicted by the
model described by Chepko and Smith (1997). A) Symmetric division of a stem cell (SC; blue)
occurs to produce two identical SC (green) in the population of a tissue compartment, B)
Asymmetric division of a SC to give a more terminally differentiated daughter cell or TA cell
(yellow) and another SC, and finally C) symmetrical division to give two TA cells with exhaustion
of stem cell potential. Each of these division strategies are thought to occur during
mammary organogenesis.

Cells resembling SLCs and LLCs have been described in human (Ferguson,
1985), bovine (Nickerson et al., 1982), and in ovine mammary tissue (Ellis ez al.,
1995). The fact that these undifferentiated cells are found in a number of species
lends support to the notion that they possibly exist as stem cells in the

mammary gland.

Recently, three distinct progenitor populations - luminal-restricted, myoepithelial-
restricted and bipotent - have been identified in human mammary tissue (Stingl et
al., 2001). The authors used single cell culture system to show that a portion of
cells in the human mammary gland population were bipotent and capable of
generating each of the other lineages (luminal and myoepithelia) in culture.
Furthermore, they proposed that each of the cell types observed in the human
population may be directly analogous to the cells observed in the mouse
mammary, as has been proposed previously (Kordon and Smith, 1998; Smith and
Medina, 1988a).
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1.10 Clonality studies

Cellular clonality, the phenomena of proliferation by a subset of tissue-type
determined stem cells that ultimately populates a tissue compartment within a
mammalian organ, has been examined by a number of experimental strategies.

Inactive X chromosome based techniques are the most widely used methods for
the study of cellular clonality. Other experimental approaches to the assessment
of clonal structures include cytogenetic analysis, tracking somatic mutants in vivo,
and retroviral integration (reviewed in Wainscoat and Fey, 1990). X chromosome
inactivation based assays have aso been used in tumour clonality studies where
they are used to distinguish clonal tumour tissue from normal (presumed

polyclonal) tissue in adjacent tissues (Busque et al., 1996).

1.10.1 Types of clonality assays

There are two primary methods employed to observe clonality in the tissues of
female eutherian mammals, that is: 1) examination of pre-existing variation (for
example differences between alleles) on the X chromosome, and 2) examination
of introduced variation. The latter includes the observation of tissues within
chimeric and transgenic animals, as well as animals manipulated by retroviral-

mediated introduction of cellular markers.

1.10.1.1 Protein histochemistry method

The protein or histochemical method, developed by Fialkow (1973), is used in
vitro (gel-based) analysis of glucose-6-phosphate dehydrogenase (G6PD)
isozymes to distinguish particular patterns of X chromosome inactivation
throughout a tissue. While a simple technique, because of the infrequency of the
G6PD variant - with only 1% of the Caucasian and 30% of the African population
informative (Beutler et al., 1967) — its application is limited to just a small subset

of the general population.

1.10.1.2 DNA and RNA based methods

DNA and RNA based methods rely on naturally occurring allelic differences in X-
linked genes. Vogelstein (1985), devised an RFLP strategy based on the detection

of a variable number tandem repeat (VNTR) in the hypoxanthine
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phosphoribosyltransferase (HPRT) gene for the assessment of clonality in human
tumours. This technique makes use of the fact that the inactive X chromosome is
modified by methylation whereas the active chromosome remains unmethylated.
By using methylation-sensitive restriction endonucleases, the paternal and

maternal chromosomes can be distinguished.

Since their first description by Vogelstein (1985), polymorphisms within the
human androgen receptor (HUMARA) gene have been widely used as cellular
clonality markers. This gene exhibits an 11-31 unit VNTR. In order to assess
clonality using this loci, regions of interest are first micro-dissected from tissue
sections on glass microscope slides and the DNA extracted and digested using a
methylation-sensitive restriction enzyme (usually Hpa II). Next, the region
containing the VNTR is amplified by PCR and the products electrophoresed by
polyacrylamide gel electrophoresis (PAGE). A densitometric analysis of the
bands is performed and the relative amounts of each allele determined (Figure
1.9). This assay is widely used because the majority (86%) of individuals are
heterozygous for the VNTR (Gale et al., 1996).

1 Differentially methylated X-linked VNTR element

P —- - X
X Xi ke
—

2 Digest DNA with methylation-sensitive restriction enzyme and PCR amplify
VNTR region with flanking primers

Figure 1.9. Showing cellular clonality measurement by discrimination of an X-linked Variable
Number Tandem Repeat (VNTR). 1) Different choice of methylated inactive (X;) and
unmethylated active (X,) X chromosomes in two different cells within the same tissue, 2) X, is
unmethylated and, therefore, digested with a methylation-sensitive restriction enzyme (such as
Hpa II). PCR is carried out to amplify the intact Xi VNTR region which, because it is methylated,
remains undigested. 3) The resultant PCR products are electrophoresed on an acrylamide gel in
order to discriminate the products by size. Monoclonality is evident when one band is seen while
polyclonality is assumed when two bands are observed in a single lane.

The X-linked phosphoglycerate kinase (pgk) gene has often been used in X-

inactivation assays. PGK has 8 Hpa 1II sites located close to a Bst XI restriction
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enzyme polymorphism (PM) at the 5" of the gene. Assays based on the pgk gene

allow for the analysis of very small (=100) populations of cells (Gilliland ef al.,
1991).

1.10.1.4 Retroviral incorporation

Engelhardt (1995) used retroviral incorporation as a marker of cell lineages
involved in sub-mucosal salivary gland development (in constructs comprising
lacZ, or alkaline phosphatase, under the control of cytomegalovirus [CMV]
enhancer). These methods allowed the resolution of X-inactivation profiles and,
therefore, clonality within a transfected tissue. Such studies have limited
informative regions in a tissue due to the small areas infected by an

introduced retrovirus.

1.10.1.5 General chimeric animal studies

Manipulation of mouse blastocysts can also yield useful animal models within
which clonality can be examined. Specifically, the examination of a combination
of two lineages of cells throughout a chimeric animal provides investigators with
a tool by which to examine the clonal profile of a tissue. A requirement for such
studies is that cells derived from each parental lineage can be distinguished by

histochemical techniques.

By utilizing mice that are chimeric for electrophoretic variants of NADP-
dependent isocitrate dehydrogenase, the developmental history of skeletal muscle
myotubes was shown to be via cell fusion rather than by acytokinesis (Mintz and
Baker, 1967). Furthermore, coat colour markers have been used to show that skin
epithelia has its origin in 64 randomly arranged progenitor cells which ‘stream’
from the neural crest to populate the nascent skin epithelial zone (Wolpert and

Gingell, 1970).

The timing of paternal chromosome inactivation in extraembryonic tissue has
been studied using an elegant assay with chimeric mice produced by the injection
into blastocysts (of a sandy coat coloured strain) of cells exhibiting an X-linked

translocation (Cattanach’s translocation) 3 or 4 days post-coitum.  An
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examination of the resulting coat colour patterns revealed that X-inactivation had

not taken place by embryonic d4 (Gardner and Lyon, 1971).

The experiments described above show the utility of chimeric animals in clonality
assays. Similarly, one would expect transgenic animals that are heterozygous for
an X-linked marker gene (and accordingly displaying mosaic patterns of

expression throughout a model animal) to be equally informative.

1.10.1.6 Limitations of existing techniques for clonality assessment

X chromosome based clonality assessment takes advantage of the inactive-X
choice mosaicism throughout an animal. As the choice of inactive X chromosome
is random and early (occurring in the committed stem cell), and because daughter
cells from a single stem cell maintain the same inactive X chromosome as their
parent cell, different populations (clones) of cells in female animals have either X
chromosome inactivated, that is, are mosaic for chromosome choice. This random
choosing results in different clones within a tissue that each exhibit a particular

inactive X chromosome.

The single most important requirement in an X-based clonality assay is that each
parental chromosome, that is, paternally-derived X (Xp) and maternally-derived X
(Xm), can be distinguished. As detailed above (section 1.10.1), this can be
achieved either through examination of the methylation (inactivation) status of
variable length loci on the chromosome, by distinguishing differential expression
of variable regions (at the transcript level), or by examining isozymes of proteins

produced by the expression of genes containing polymorphisms.

In the STR (or VNTR) clonality assessment method (described in section
1.10.1.2), monoclonality for either allele is assumed when a single product is
observed after electrophoresis and polyclonality when double bands (that is, both
allele amplification products) are seen (Figure 1.9). A prerequisite for such
experiments is that both parental alleles have been genotyped and that the animal

under study is heterozygous for the polymorphism examined.
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This technique, while elegant in its simplicity, has several failings. The most
important is the potential for sampling error caused by the inclusion of non-target
cells in the tissue isolated for DNA extraction. In the literature, such introduced
error is seen in contrasting assessments of clonality of human mammary tissue,
such as that detailed in the human mammary clonality studies below, where
measurements of the clonality of the same tissue type give different

clonal profiles.

Another failing of existing approaches is that such techniques are exclusively in
vitro and, therefore, provide little direct anatomical framework by which to
determine the significance of clonal regions within a tissue. Accordingly, Garcia
et al. (2000) has identified in situ assessment as being a crucial ‘next step’

required for further understanding of tumour cellular clonality.

For the present study a novel alternative approach, that examines an X-linked
single nucleotide polymorphism (SNP) in heterozygous animals as a means of
discriminating allelic differences, and therefore of determining clonality within
tissue niche, was designed and applied. As detailed in Chapter 3, the bovine
experiments used a polymorphism of the bovine X-inactive Specific Transcript
(XIST).  Accordingly, details of XIST, its expression and transcriptional
regulation, and its involvement in establishing the inactive X chromosome are

discussed below.

1.11 X-inactive Specific Transcript (XIST)

1.11.1 Inactivation of an X chromosome as a mechanism for

dosage compensation

In observations of mature nerve cells in female cats, Barr (1949) observed a well
developed ‘nucleolar satellite’ that was almost always absent in male animals.
This morphological marker was found to be a reliable indicator of sex which, the
author determined, could be readily ascertained from observation of any suitably
stained tissue section, where the condensed chromosomal body (Barr body) was

seen on the inner cell membrane.



Chapter One Literature Review 28

In her seminal work, Lyon (1961) proposed that random inactivation of one X
chromosome in the stem cells of female mammals is responsible for dosage
compensation of X-linked genes between the sexes. This inactivation effect

would produce a mosaicism of inactive X chromosome choice throughout

an animal.

According to the Lyon hypothesis, X inactivation involves random inactivation of
one X chromosome in the stem cell, and this inactivation decision is maintained
throughout a stem cell clone (that is, a stem cell and its daughter cells). This
effect, known as Lyonization, produces a heterochromatinized, hypoacetylated,
hypermethylated and condensed chromosome that is almost exclusively

transcriptionally inactive (Lyon, 1961, 1992).
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Figure 1.10. A diagram showing 1) the approximate location of the Xist gene on the mouse X
chromosome, 2) a graphic of the murine XIC and 3) a schematic representation of the Xist gene
itself. The gene was initially thought to include 6 exons encoding a 15 kb transcript (Brockdorff et
al., 1992) but was described in 1999 as comprising 7 exons (I-VII) with 7 possible
polyadenylation signals (A,) having a transcription product of 17.4 kb (Hong et al., 1999). An
eighth exon in the mouse has also been putatively identified but was not included in the diagram
due to lack of experimental proof of its existence (Chureau et al., 2002). Finally, 4) the recently
sequenced bovine XIC, a 233 kb Bacterial Artificial Chromosome (BAC), including the two genes
discovered in this region (Xist and Jpx) is included for comparison. (This figure was drawn from
the three sources referenced within the caption: Brockdorff et al., 1992; Chureau et al., 2002,
Hong et al., 1999).
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Such chromosome-wide inactivation is mediated by the X-inactive Specific
Transcript (Xist) (Figure 1.10). During X-inactivation, Xist is expressed only
from the chromosome destined for inactivation, and the gene product (RNA) coats

the same chromosome in a cis-acting manner that contributes to the silencing of X

chromosome gene expression.

1.11.2 Timing and nature of X-inactivation

X inactivation timing studies have measured the relative amounts of X-linked
gene products produced at different embryonic stages in male and female
heterozygous mice. Kratzer and Gartler (1978) used mouse litters (with an
approximate male to female ratio of 1:1) to show bimodality of hypoxanthine
guanine phosphoribosyltransferase (HGPRT) activity until the eight cell morula
stage. This was followed by X inactivation, indicated by a gradual movement to

unimodal activity (that is, single gene expression), occurring at blastulation.

Tissue-specific differences in the onset of X-inactivation are known to occur in
mouse extraembryonic tissues. Observations of female mouse embryos that are
heterozygous for Cattanach’s translocation (In7;X) indicated that mouse
extraembryonic tissues show an inactivation bias for the paternal X chromosome
(Takagi and Sasaki, 1975). Experiments with mouse embryos lacking paternal X
chromosome showed that one of the two ‘maternal-type’ X chromosomes was
inactivated in extraembryonic tissues (Rastan et al. 1980). This suggests that
while the choice mechanism of an inactive chromosome in this tissue normally
selects the paternal chromosome for inactivation, the presence of this
chromosome is not an absolute requirement for successful inactivation and

chromosome counting.

Xist expression has been detected at very early stages in embryonic development.
Avner (2000) used RT-PCR to show the presence of Xist mRNA at day 4 of
embryonic development. This correlates with non-random X-inactivation in
extraembryonic tissues, that is, preferential extraembryonic paternal X
inactivation, which is completed by 3.5-4.5 days post conception (dpc). The
same authors also showed that Xist expression was maternally imprinted until the

blastocyst stage, at which time expression became random (Avner et al., 2000).
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1.11.3 Levels of XIST/Xist transcript

Quantitative RT-PCR has shown that, in the kidney of both the adult mouse and
the 7.5 dpc mouse embryo, there are less than 2 X 10° Xist transcripts per cell
(Buzin et al., 1994). Such low expression levels are intriguing as they indicate
that the Xist transcript is not expressed in sufficient quantities to coat the entire X
chromosome (the mouse X chromosome is approximately 1.5 X 10® bp so at least
7000 15 kb transcript copies would be required for complete linear coverage).
This low copy number suggested that Xist expression may be the consequence of
X chromosome inactivation rather than being an integral part of its causative
mechanism (Brockdorff et al., 1992; Brown et al., 1992). Subsequently, however,
this theory has been disproved by experiments with Xist knock-out animals that
demonstrated that Xist is crucial to normal X chromosome inactivation

(Marahrens et al., 1997; Penny et al., 1996).

1.11.4 XIST/Xist mode of action

The Xist transcript associates with and coats the inactive X chromosome, and it
has been suspected that the transcript may interact via certain consensus
sequences along its length (Clemson et al., 1996). There are several features of
the Xist transcript that suggest functional domains within its sequence. Both the
human and mouse XI57/Xist cDNAs are long (19.3 and 17.8kb respectively, Hong
et al., 1999; Hong et al., 2000) and no evidence for conserved open reading
frames (ORF) within the gene has been found (human - Brown et al., 1992; mouse
- Brockdorff et al., 1992). Furthermore, peptide nucleic acid (PNA) studies that
eliminated normal Xist transcript function in mouse cell culture, have
demonstrated that the target Xist transcript contains sites whose disruption results
in loss of X-inactivation. While having no effect on steady state levels of Xist in
treated cells, the addition of one particular PNA (as a PNA-transportan conjugate)
resulted in the complete loss of X inactivation. The binding site of the effective
PNA-transportan was found in ‘region C’ (antisense PNA sequence:
aaattccatgactctagaa), the third of four repetitive stretches corresponding to a
region at the 5" end of exon 1 of the gene (Beletskii et al., 2001). Binding of the
PNA-transportan within region C was shown to eliminate histone mH2A

association with the inactive X chromosome, and caused the loss of localized Xist



Chapter One Literature Review 31

RNA and the loss of an observable Barr body. This study was the first to

demonstrate that the Xist transcript is organized into functional domains.

Immunoprecipitation experiments have shown that the Xist transcript associates
specifically with hypoacetylated chromatin, often co-localizing with the
hypoacetylated histone H4 at the promoters of X-inactivated genes. This suggests

that the transcript acts directly in silencing X-linked genes (Gilbert et al., 2000).

1.11.5 Nonrandom X chromosome inactivation and skewing

Clonality experiments assume fidelity of X inactivation, that is, that X
chromosome inactivation has taken place randomly throughout all tissues.
However, some experimental evidence suggests that this pattern may not always
be present. Busque (1996) tested X-inactivation ratios of 295 human females
using a human androgen receptor gene (HUMARA) based assay on blood cells and
found that significantly increased skewing of chromosomal choice was correlated
with advancing age. Some 37.9% of individuals aged 60 years and older showed
chromosome-choice skewing, while only 8.6% of neonates exhibited some degree
of skewing. In this same study, the total pool of blood stem cell progenitor
number was calculated to be between 8 and 16 cells. This estimate, reached by
stoichiometric calculation using skewed inactivation patterns in neonates, agrees
with those for other tissues and suggests that X chromosome inactivation occurs at

an early stage in embryogenesis before determination (Fialkow, 1973).

Analyses of organ morphogenesis using X-linked markers for inactivation are
more informative if the size of the stem cell pool present at the time of
inactivation is known. Estimates of the size of this progenitor population have
been made. Puck (1992) examined skewing in neonatal mice and estimated that a
pool of between 10 and 20 cells were present at the time of inactivation, while
Montiero (1998), using simulation studies, estimated that between 4 and 16 cells
were present at the time of X chromosome inactivation. Both of these suggestions
reflect the findings of X-inactivation timing experiments (Kratzer and Gartler,
1978), where bimodal expression of the X-linked gene hgprt was shown to occur

until the 8-cell (morula) stage.
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Ohno (1967) predicted that each adult tissue in mammals must have arisen from a
small number of progenitors (reviewed in Migeon, 1998). Accordingly,
inactivation events (even if truly random) acting on this small population of cells
may lead to stochastic variation resulting in unequal distributions of inactivation
choice. In this scenario, it is stochastic selection, not non-random X chromosome

inactivation, which produces the uneven ratio of inactive X chromosomes.

1.12 Using Single Nucleotide Polymorphisms
(SNPs) to measure clonal regions

An alternative to the methods discussed above is to detect and distinguish SNPs in
transcripts from X-linked genes as a direct measure of chromosome activity. As
individual clones of cells express the same allelic variant of an SNP, this method
would allow a measurement of the size, and relative contribution, of such cell

populations (clones) in a tissue.

Single Nucleotide Polymorphisms (SNPs) are naturally occurring single base
changes in DNA sequence that result in polymorphic alleles at a particular loci.
SNPs, most of which are presumed to be functionally silent, are defined as a
frequent and naturally occurring single nucleotide sequence variation (Weaver and

Hedrick, 1997).

With the recent completion of the first major phase of the human genome
sequencing project, a partial description of SNPs found in humans (that is, from
the limited number of individuals sequenced in the project) has been made
available. With some 1.42 million SNPs mapped in the human genome (by The
SNP Consortium and The International Human Genome Sequencing Consortium),
such polymorphic variation represents the majority of known human sequence
variation (the remainder being due to rearrangements, repeat length polymorphism
and insertion/deletion events) (Sachidanandam et al., 2001). The identification
and characterization of SNPs has been accelerated by the completion of the

working draft of the human genome and huge financial investment by



Chapter One Literature Review 33

pharmaceutical companies, whose particular interest is in disease-gene
linked SNPs.

While only 4.2% of polymorphisms fell within exons, 85% of all exons were
within 5 kb of an SNP (Sachidanandam et al., 2001). The human X chromosome
exhibits a low frequency of SNPs, with only 1 SNP per 3.77 kb compared with the
genome-wide average frequency of 1 SNP per 1.9 kb. Only one other
chromosome, the Y chromosome, has a lower SNP frequency (one SNP per

5.19 kb).

The exploitation of single nucleotide polymorphisms as markers of different X-
linked alleles has the advantage over other clonality measurement approaches in
that it is not complicated by variable methylation that could affect DNA-based
methods. X chromosome inactivation assays based on SNP discrimination have
used G6PD (Beutler and Kuhl, 1990), Iduronate-2-sulfatase (IDS) (Wilson et al.,
1993) and palmitoylated membrane protein (p55) (Luhovy et al., 1995a) gene —
all in in vitro experiments. Heterozygotes for these SNPs occur at frequencies of
27%, 41% and 48% respectively. In practice such SNPs could be distinguished
by ‘marker cocktails’, with approximately 90% of females informative when
using a combination of PGK and HUMARA DNA analysis and 68% informative
for IDS, p55 and G6PD SNPs (Gale, 1999).
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1.13 Studies of mammary clonality
1.13.1 Terminology

A cellular clone (“clone”) represents a family of cells deriving from a common
progenitor, that is, a single stem cell and its daughter cells. So, “clonality” is a
broad term that refers to the number and organization of clones involved in the
formation and maintenance of the particular tissue being examined. A “patch” is
a group of cells that share a common genotype contiguous at the moment of

consideration (Nesbitt, 1974).

1.13.2 History

The first attempts at elucidation of the clonality of mammary tissue involved
assessment of X-linked enzyme histochemical activity of the housekeeping gene
g6pd (Thomas et al., 1988). Cells from normal (C3H) animals were introduced to
blastocysts of GPDX animals, to produce chimeric mice (C3H-GPDX) that were
mosaic for G6PD isoforms. Thomas (1988) examined d15 lactation C3H-GPDX
chimeric animals for G6PD expression (lactation had been previously identified
as an enhancer of gbpd expression in rats (Richards and Hilf, 1972) and non-
lactating animals were shown not to be informative). Heterozygotes showed the
expected dual population of G6PD variants with most individual acinar
exclusively showing one or the other parental type. Some acinar and all ducts
display a mosaic (or mixed) parental lineage, suggesting a polyclonal origin.
Furthermore, the distribution of patches in the mammary tissue appeared non-
random, which indicated that ‘coherent clonal growth’ was producing a relatively

large patch size for each parental-type inactive X in lactating breast tissue.

The in situ results suggested a polyclonal origin for the majority of the larger
ducts, with only some smaller ducts and most individual alveoli displaying a
“monophenotypic” (homogeneous) staining pattern (Thomas et al., 1988). These
experiments also showed that, for the marker measured, physiological state
mediates gene expression. Moreover, it was demonstrated that X-linked gene
products could be exploited in the wholemount measurement of mammary cellular

clonality. Most importantly, the experiments showed that cell mingling and
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clonal growth occurred during histogenesis, and resulted in demonstrable cellular

clones in the mouse gland.

1.13.3 Stem cell number in the mouse mammary

Kordon (1998) transplanted mouse mammary tumour virus (MMTYV) infected
epithelial cells into epithelial-free mouse fat pads and estimated that a single stem
cell is theoretically able to produce 10'* to 10" multipotent offspring (that is, 11
doublings through 4 transplants were observed) before reaching senescence.
Smith (1996) estimated that there are around 2500 stem cells in the adult mouse
inguinal mammary gland. The authors also showed that, in Czech II mice, any
portion of the mammary gland was sufficient to produce an entire functional gland

after transplantation into a cleared (epithelia-free) mammary fat pad.

Other studies have shown that between 0.2 and 0.45% mammary epithelial cells
exhibit the ability to efflux Hoechst 33342 dye, a behaviour that is considered a
universal stem cell marker (Alvi et al., 2002). Limiting dilution cell transplant
experiments, where these undifferentiated ‘side population’ cells were introduced
to cleared mammary fat pad, showed that such cells functioned to generate

epithelial structures.

1.13.4 Calculating tissue progenitor cell number

Observations of ratios of each of the two possible X-inactivation choices (Xp- or
Xm-derived inactive X chromosome) in an adult tissue can be used to estimate
numbers of precursor cells that have contributed to that tissue. Typically, such
approaches make use of the fact that determinative events of early embryo
development are random binominal sampling events and, therefore, that statistical
analyses of differentiated mosaic tissues can give information on these
determinative events themselves (Nesbitt, 1971). Such analyses are performed by
analysis of variation (ANCOVA analysis) in mosaic compostion between mosaic
individuals, and within individual tissues in mosaic animals. These statistical
manipulations provide data regarding both the number of cells present in the
embryo at the time of inactivation (n,;) and the number of primordial precursors
that were present in each tissue (n,) (McMahon et al., 1983; Nesbitt, 1971; Stone,
1983).
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A more direct method of assessment, which can be applied to the assessment of
clonality in individual structures, has been demonstrated. Stone (2002) produced
an estimate of progenitor cell numbers in individual taste-buds by determining the
relative amounts of blue to non-staining cells after lacZ histochemistry of tissues

from a hemizygous H253 transgenic animal (using the method detailed in Chapter
6, section 6.3.3).

There has been some doubt cast on the accuracy of such methods as, in order to
perform the analysis, two assumptions, namely: 1) that cells are completely mixed
at ‘sampling’, and 2) that proliferation occurs equally from all progenitors, must

be made (Mead et al., 1987). In practice, these assumptions are difficult to test.

1.13.5 Cellular clonality in the human mammary gland

It is generally accepted that cancers arise after a set of mutations accumulate
within a stem cell and that these mutations cause unchecked proliferation
(reviewed for bowel cancer in Fearon and Vogelstein, 1990). Because, it would
be unlikely that identical mutation patterns would occur in adjacent cells, leading
to the formation of a homogenous tumour, individual tumours are assumed
monoclonal (that is, originating from a single cell), while hyperplasic outgrowth is
considered a polyclonal process comprising cells that are still responsive to both
endogenous and exogenous stimuli (Noguchi et al., 1994a). It would be valuable
to assess complete tumours for clonality to determine the relative contribution of

their constituent cellular clone/s.

There are conflicting reports regarding the clonality of breast carcinoma. In
contrasting studies, Smith (1971) used G6PD variants to show that mammary
carcinomas were monoclonal, while Fialkow (1976), also using isozyme analysis,
concluded that mammary carcinomas were polyclonal. Noguchi (1994a)
suggested that such discrepancies may be due to the inadvertent inclusion of

stromal tissue with the parenchymal tissue analysed.

Noguchi et al. (1992) reassessed the clonality of human mammary carcinoma
using RFLP analysis of PGK variants. A monoclonal pattern was the

predominant pattern observed in the tumours examined. This was in contrast with
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the polyclonal patterns of clonality observed in normal breast tissue. The authors
used this method to determine that predominantly intraductal carcinoma

(specifically when found dispersed throughout the breast) was monoclonal
(Noguchi et al., 1994a).

Recent re-evaluations cast doubt on the findings of Noguchi et al. (1992) and
produced a different measurement of patterns of clonality in human mammary
tissue. Using a HUMARA assay, Tsai et al. (1996) found that entire lobules and
large ducts in normal human mammary were monoclonal. While the patch size
was found to be between 0.08 and 0.45 mmz, measurements of homogeneous
expression of one HUMARA variant in an entire block from a human reduction
mastectomy (from a HUMARA heterozygote), demonstrated that the amount of
tissue derived from a particular stem cell (that is, the patch or clone size) may, in
some circumstances, be quite large. In further support of this evidence for large
clone size in human breast tissue, G6PD histochemical studies of breast tissue
from Sardinian women heterozygous for a temperature sensitive G6PD variant
showed suspected monoclonality within all 111 small ducts and 57 lobules

examined (Novelli et al., 2003).
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1.14 Aims and hypotheses

It has been suggested that the clonal mechanics of all epithelial tissue systems
resemble those observed in the intestinal crypt-villus (Zajicek, 1995). If so, then
one would expect individual mammary ducts to display a profile of clonality that
is roughly similar to that found in mouse large intestine. As explained above
(section 1.2.2), mouse gut progenitor stem cells are located near the base of the
intestinal crypts. The progeny from these cells become more differentiated as
they move towards the villi apex; where they ultimately undergo natural cell death
and sloughing. Mouse mammogenesis differs in some important mechanistic
aspects as it involves the TEB penetrating the fat pad with intense mitotic division
by stem cells (cap cells) at the tip of the duct. Accordingly, progeny of these
progenitor cells form end bud components, which ultimately contribute to the

mammary ducts and alveoli.
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Figure 1.11. Diagrams showing A) mouse mammary buds and B) a ruminant mammary bud,
originally from Turner (1930). The ruminant bud is characterized by clear separation from the
surrounding mesenchyme while, in contrast, the mouse mammary bud directly abuts the
mesenchyme.

It is presumed that the entire population of stem cells that contribute to this

ductal/alveolar epithelium are found within the mammary bud (Figure I1.11).



Chapter One Literature Review 39

Because of the assumed large number of such stem cells ip this structure and,
assuming an equal mitotic contribution from these cells, it was predicted that early
outgrowth would form polyclonal mammary sprouts. Further ducta] extension
could result from either: 1) a large population of stem cells contributing randomly
to new lateral branches by chance orientation to a branch point after penetration of
the primary epithelial duct through the fat pad. This would produce a
heterogeneous mixture of small cellular clones throughout the gland or, 2) stem
cells being deposited as ‘reservoirs’ along the ductal basement membrane during
growth. Hence, with ductal extension, there would be a reduction in total stem
cell numbers available for contribution to new ductal outgrowth. This may lead to
skewing where large terminal regions of the gland are produced from single stem
cell progeny or, 3) a very early selection of one stem cell in the mammary bud for
all subsequent ductal formation, resulting in an almost completely

monoclonal gland.
This thesis had the following aims:

e To develop methods for measuring the size of individual stem cell clones
in animal models

e To classify the distribution of individual stem cell clones in murine and
bovine mammary epithelia using in situ and in vitro techniques, and to
propose a model of cellular clonality in the mammary gland.

e To compare observations from each model animal, bovine and murine, to
draw new conclusions as to the suitability of each animal for the study of
human breast disease.

e To test the hypotheses that: 1) mammary tissue is predominantly
polyclonal, that is, does not display extensive regions of homogeneity for
X-linked markers (which would indicate monoclonality), 2) homogeneous
expression of X-linked markers is limited to ductal termini, and 3) cellular
clonality patterns in murine and bovine mammary tissue

are fundamentally similar.

To achieve these aims, and to test the hypotheses, a series of experiments were

designed to determine patterns of clone size and distribution in mammary tissue.
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These experiments assume that branching decisions occur along the ductal axis
where stem cell progeny contribute to new ductal structures and that these

structures can be measured using in vitro experiments or wholemount (and/or thin

section) tissue preparations.

Initially, an in vitro method using X-linked SNPs was applied to distinguish
alleles of selected X-linked bovine genes and, therefore, the cellular clone profile
of the tissue. This approach assumes that the stem cells contributing to a gland all
display a random choice of an inactive X chromosome; so that females that are
heterozygous for the expressed X-linked polymorphism will be mosaic for each
allele throughout the gland. The bovine house-keeping gene X-inactive specific
transcript (XIST) was screened for polymorphism and an expressed SNP was
identified. RT-PCR/RFLP analysis was used to measure the expressed SNP allele
ratio in heterozygous animals and, hence, to determine if the gland progenitor
pool is small; which would result in an over-representation of one allele
(assuming no chromosome selection causes a skewed ratio) in 30 mm® blocks of

tissue (representing around 3 X 10 cells).

It was decided that study of a transgenic mouse model would be the best way to
examine cellular clonality in the murine gland. A mouse with an X-linked
transgenic modification (H253), a transgene construct that includes the bacterial
lacZ gene, was chosen for use in the study. Entire whole mount glands from
hemizygous female mice were stained using a histochemical reaction that detected
the transgene product (bacterial -galactosidase). Examination of patch size and
distribution, in whole mount preparations and in thin sections, revealed the
clonality of the entire mammary ductal network in individual glands. These data
were used to make conclusions about the numbers of progenitor stem cells that

contribute to individual TEB/alveoli.
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Chapter Two

General Materials and Methods

2.1 Screening Lambda bovine genomic DNA library

2.1.1 Preparing host strain for lambda sensitivity

A loop of an XL1-blue MRA (P2) host strain glycerol stock was streaked onto an
LB-agar plate and incubated overnight at 37°C. An individual colony was then
used to inoculate 5 ml of LB media (see appendix) supplemented with 0.2% (w/v)
maltose. The media was cultured in a shaking incubator until ODggy 0.5 was
reached (assuming that 1 ODgyp = 5 X 108 cells/ml, this represents a cell
concentration of 2.5 X 10® cells/ml). This culture was then supplemented with
MgSOy to a final concentration of 10mM and incubated for an additional 5 min

before transfection with the lambda virus.

2.1.2 Titre of pre-made Lambda bovine DNA library

A lab stock of a proprietary lambda bovine genomic DNA library (Stratagene cat.
# 945701), created using DNA extracted from the liver of a cow (of undisclosed
breed), was titred to determine phage concentration. This library consists of
fragments of the B. taurus genome (between 9 and 23 kb) within DASH® II
lambda library vector arms (Figure 2.1) and was constructed by ligation of
partially digested BamHI fragments of the B. taurus genomic sequences into

BamHI digested DASH®II lambda library arms.

The phage titre was assumed to be approximately 1 X 10* phage forming units per
ul (pfu/ul). A 2 pl aliquot of the library phage was used to infect 2 ml of host
strain (ODgo9=0.5) prepared as detailed above. After 20 min incubation at 37°C a
series of aliquots (200 pl, 20 pul and 2 pl) were each added to 5 ml of lambda top
agarose (50°C), aliquoted into 10 ml falcon tubes and thoroughly mixed by

inversion. Immediately following mixing, each of the phage-infected host strain
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suspensions was poured onto separate pre-poured LB-agar plates (10 cm X 10 cm)

and an even distribution of media ensured by tilting.

Lambda B. taurus genomic library
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Figure 2.1. A diagram of the DASH® II lambda library vector showing A) unmodified commercial
DASH® 11 lambda vector, B) the vectors Multiple Cloning Site (MCS) and C) a representation of
Stratagene # 945701 B. taurus genomic DNA library (drawn from manufacturer product
information sheets with modification).

After the top agarose had solidified the plates were incubated overnight at 37°C.
The next day, plaques on each plate were counted to determine the concentration
of pfu. The phage titre for the bovine genomic DNA library used was determined
to be 1.4 X 10* pfu/pl.
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213 Library screen: transfection of host strain
XL1-blue MRA (P2)

To infect the host strain with lambda, a 10 pl aliquot of the phage library (1.4 X
10° pfu/ul) was inoculated into 2 ml of host strain prepared as detailed above and
allowed to transfect for 20 min, after which time 35 ml of LB top agarose (50°C)
was added and mixed thoroughly by inversion. Next, a pre-poured 22.5 cm
square LB-agar plate was warmed to 37°C and the top agarose/infected host strain
poured, spread by tilting and allowed to solidify. Finally, the plates were placed

in a 37°C incubator overnight to allow for plaque formation.

2.1.4 Plaque lifts

After the overnight incubation described above, the plates were chilled at 4°C for
3 h to decrease the likelihood of top agarose peeling during the plaque lift. Sheets
of Hybond™-N+ membrane were gently laid onto the top agarose, so that all
plaque-bearing portions were completely covered. A syringe needle was used to
punch holes through both the Hybond membrane (Amersham) and the underlying
agarose and agar layers. These reference holes were later used to position
autoradiographs, membranes and plates, so that plaques that corresponded to a
strong probe hybridization signal on the membrane could be individually selected
from residual viral plaques on the top agarose layer on the plate. To avoid
contamination between membranes, needles were flamed for 5 sec before each

reference hole was punched.

The first of each of the duplicate membranes used for plaque lifting on each plate
was laid down for 1 min. Subsequent membranes (usually one duplicate set were
produced per plate) were laid down for a longer period (> 2 min) in an attempt to
ensure that approximately equal numbers of phage were transferred in each lift.
After the appropriate application time, the filters were carefully lifted from the
plate with a single and even motion (using two forceps). The duplicate
membranes were placed (plaque-side up) onto a near-saturated filter paper
containing denaturing solution (0.5 M NaOH, 1.5 M NaCl) for two minutes, and
the membranes placed onto neutralising solution (0.5 M Tris/1.5 M NaCl)

saturated filter paper for 5 min. Following these treatments, the membranes were



Chapter Two General Methods and Materials 44

transferred onto dry filter paper, dried in an 80°C oven for 5 min, and the DNA
from the plaques cross-linked to the membranes by exposure to 120 mJ of UV
light (at 254 nm) using a BLX-254 crosslinker (GibcoBRL). The membranes

were stored in plastic bags at -20°C until use in hybridization experiments.

2.1.5 Phage-library Probe preparation

PCR products were labelled using Rediprime™ kit (Amersham) chemistry
according to the manufacturer’s instructions. Briefly, 20 ng of gel-purified PCR
product was placed in a 0.6 ml microfuge tube and the solution volume brought to
45 pl by the addition of TE (pH 8). The sample was denatured at 96°C for 5 min
and the solution allowed to cool briefly, after which it was added directly to the
Rediprime reagents in a 1.7 ml tube (the proprietary reagent mixture includes
Klenow, dNTPs, and random hexamer primers). The solution was mixed
thoroughly by gentle finger-flicking after the addition of 5 ul (50 p Ci) of Redivue
o-[**P]dCTP (Amersham). The labelling reaction was then allowed to continue at

37°C for 30 min and then the labelled probe stored on ice until required.

2.1.6 Probe Hybridization to plaque lifts

The library membranes lifted from the primary screen plates were placed into
hybridization tubes (Hybaid HB-OV-BXL, 7.25 cm Internal Diameter, 30 cm
Length) and prehybridized for 2 h in Church and Gilbert hybridization solution
(see Appendix 5) at 64°C. Ten ml of fresh Church and Gilbert hybridization
solution was poured into a 50 ml tube and the labelled probe, denatured by the
addition of 15 pl of 4M NaOH (final concentration ~1 M), added directly to

the solution.

This solution was added to the Hybaid™ tubes containing the prehybridized
membranes and the probe hybridized overnight at 64°C, with rotation, in a
Hybaid™ oven (Midi Dual 14). After hybridization the probe solution was
collected into a Falcon tube and stored at 4°C. The membrane was washed with
3X SSC, 0.1% SDS for 10 min, then with 0.1X SSC, 0.1% SDS for a further 5
min. The membranes were removed from the Hybaid™ tubes and washed in a

tray for another 5 min in the same solution. When the counts had decreased
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sufficiently (as assessed by Geiger counter), the washed membranes were sealed
in plastic bags and immediately placed in an autoradiography cassette for

overnight exposure to autoradiographic film (XR-OMAT, Kodak).

2.1.7 Selecting positive clones

Plaques that gave a good hybridization signal were identified on their original LB
plates by reorienting the membrane with the autoradiograph and the LB plate.
Plaques were collected by inserting the large bore end of a pipette tip through the
upper (agarose) layer of the plating media and selecting the region of media that
included the plaque of interest. This agarose plug was placed into 1 ml of SM
buffer (see Appendix 5) and allowed to elute for 1 h at room temperature on a flat-
bed shaker. Due to the proximity of plaques on the plates, most of the clones
selected in primary screens were mixed with their non-target neighbours;
consequently secondary, tertiary (and sometimes quaternary) screens were

performed to ensure the isolation of a pure lambda clone.

2.1.8 Amplifying Lambda phage — DNA extraction

A 100 pl inoculum of an overnight culture of XL1-blue MRA (P2) host strain
(supplemented with 10 mM MgCl,) was inoculated into 15ml of LB media and
grown to ODgpo=0.5. Phage aliquots of 150 pl were inoculated into 800 pl
aliquots of these plating cells, which were then incubated at 37°C for 20 min.
After this incubation the infected host strain (~950 pl) was added directly to 100
ml of NZY broth (Appendix 5) and incubated for 16-20 h with shaking. Next, 1
ml of chloroform was added and each of the cultures shaken for a further 5 min to
lyse any remaining bacterial cells. The vessels were placed in the 4°C cold-room
for 30 min to allow the chloroform to settle, then the aqueous phase elements
(phage and bacterial debris) were poured into 50 ml Beckman centrifuge tubes.
The tubes were balanced and centrifuged for 10 min at 10 000 rpm (10 000 RCF)
at 4°C using a Beckman JA20.1 rotor. The supernatant was collected and the
pellet discarded. This centrifugation was repeated once to ensure that the cellular
debris had been completely removed. Filtered 1.25% glycerine was added to a
final ratio of 0.01 % by volume. After thorough mixing the samples were

centrifuged at 20 000 rpm (40 000 RCF) in a Beckman JA20.1 rotor for 2.5 h.
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The supernatant was discarded and the pellets, representing identical and largely
intact phage, were pooled into the same 1.5 ml eppendorf tube and re-suspended
in 400 pl of TE buffer (pH 8). DNAse and RNAse were added, to final
concentrations of 37.5 pwg/ml and 12.5 pg/ml respectively, and the tubes incubated
at 37°C for 10 min. Following this incubation, 20 pl of 10% SDS (0.5% final
concentration) was added, mixed into the sample by vigorous flicking of the tube
and an incubation carried out at 60°C for 5 min. Finally, the suspended DNA
was purified by three extractions in Tris-buffered phenol (AR grade) and two

extractions in chloroform.

After these purification steps the DNA was precipitated by the addition of a 1/10™
volume of 3 M sodium acetate (pH 5.2) and two volumes of ethanol. After five
min at RT the DNA was pelleted by a 10 min centrifugation at 13 000 rpm (12
000 g) in a Heraeus (Biofuge Pico) bench-top centrifuge. The pellet was washed
once with 70% ethanol, air-dried and resuspended in 100 pl of TE buffer (pH 8).

2.1.9 Removal of arms from the lambda clone

The DASH II lambda vector used in the construction of the library has NotI sites
within the multiple cloning site (MCS) which flank its bovine DNA insert (Figure
2.2). For each candidate clone, a 3 pul (~750 ng) sample of the extracted Lambda
DNA was digested overnight at 37°C in 20 pl of 1X ‘H’ digestion buffer with 10
U of Notl (Boehringer). Following this digestion, the fragments were ethanol
precipitated, washed in 70% ethanol and the DNA resuspended in 50 pl of TE
buffer (pH 8). The restriction pattern was analysed by 1% TBE

gel electrophoresis.

The gel was placed on a mylar sheet and bands corresponding to the insert DNA
of the lambda vector, that is, bands of lower molecular weight than those
corresponding to the lambda arms, were excised from the gel using #10 scalpel
blades. For a number of clones, Notl digestion gave more than three bands,
indicating that the restriction endonuclease cuts within the insert itself (in such

cases these bands were collected separately).
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The DNA fragments within each of the gel slices were extracted using a Qiaex II
Gel extraction kit (Qiagen cat #20021) according to the manufacturer’s
instructions. Briefly this required incubation of a gel slice for 10 min at 50°C in
‘QX1 buffer’ with 1 pl/ml ‘Qiaex II DNA binding solution’ resin. Following
centrifugation and serial washing steps, the DNA was eluted into 20 ul of TE

buffer (pH 8). After purification, this extract was used directly as a cloning insert.

2.1.10 Cloning of insert DNA into phagemid Bluescript KS+

Cloning of the insert from the selected lambda clone was carried out using a
pBluescript II KS+ (pBS KS+) cloning vector (a 2961 bp vector; Stratagene cat. #
212207) with XL1-blue host strain. For each cloning experiment 200 ng of vector
(in 10 pl) was made linear by digestion with 10 U each of the restriction enzymes
Notl (gclggeege) and Sall (gltcgac) in the Boehringer digestion buffer ‘H’. These
enzymes both cut once within the pBS KS+ multiple cloning site (MCS).
Following digestion the vector was precipitated with two volumes of ethanol,
washed in 70% ethanol, and the vector pellet resuspended in 4 pl of

deionised water.

The insert DNA, digested from lambda with NotI as described above, was ligated
into the pBluescript KS+ vector using 1 U T4 DNA ligase in a 10 h reaction at
16°C in T4 DNA ligase buffer. Vector to insert 5' end ratios of 1:1, 1:2 and 1:3

were trialled for each ligation experiment.

After ligation of the insert to the appropriate docking Notl 5' sticky end overhang,
the linear vector-insert fragment was purified and the remaining sticky ends were
blunted in a 10 pl reaction with 1 U Klenow in the presence of 5 mM dNTPs.
The blunt-ended fragment was again purified by precipitation and another ligation
performed (as above) to produce a closed circular DNA molecule (Figure 2.2)

for transformation.
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Cloning strategy

Bovine genomic DNA insert
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Figure 2.2. Diagram showing 1) the cloning strategy used in library clone purification and 2)
annotated cloning vector Multiple Cloning Site (MCS) sequence. After excision of the bovine
genomic DNA insert from the arms of the lambda library vector the bovine fragment was 1a)
sticky-end ligated on a pBS KS+ vector and 1b) blunt end filled and ligated onto the
complementary end of the vector under construction. 1c) Finally the vector was purified and
aliquots used directly for transformation of the host strain used (XL1-blue) (see below) and after a
short incubation plated onto LB agar supplemented with ampicillin. The vector preparation is
detailed by a diagram of the vector Multiple Cloning Site (MCS) (2). The diagram shows Nofl and
Sall states post insertion, with the Sa/l site modified by end-filling (drawn from Stratagene product
information sheets).

2.1.11 Preparation of competent host strain

Host strains used in cloning experiments were prepared immediately before they
were required, as such cells give an improved transformation frequency compared

to competent cells stored for longer periods of time at -80°C.

A 0.1 ml aliquot of XL1-blue host strain from a 10 ml overnight liquid culture (10
ml of LB broth inoculated with cells from a single colony cultured on an LB plate
at 37°C overnight, then sealed and stored at 4°C for up to a week before use) was
used to inoculate 9.9 ml (final ratio: 1 part in 100 parts) of LB broth. The strain
was cultured until OD600 = 0.4, indicating that cells were in the exponential/log
phase of growth.
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One ml aliquots of the host strain culture were centrifuged for 15 secs in 1.5 ml
tubes, the supernatant was discarded and the pellet resuspended in 100 ul of cold

1X TSS (see appendix 5). The cells were stored at 4°C, for no more than 1 h,

until required in transformation.

2.1.12 Transformation

Transformations of total plasmids produced from the above ligations were
performed using a heat-shock protocol. Between 1 and 3 ul of the ligation
reaction mixture was pipetted into each 100 pl aliquot of host strain in 1X TSS
(prepared as above) on ice. After 30 min the tubes were placed into a 42°C water
bath for 1.5 min, and then immediately into an ice bucket for 5 min. One ml of
LB broth (without antibiotic) was added and the tubes incubated at 37°C for 30
min (to allow the newly transformed cells to express plasmid encoded antibiotic
resistance factors before being plated out). After the tubes were centrifuged for
20 sec at 11 000 rpm and the supernatant discarded, the cells were finally
resuspended in 50 ul LB supplemented with 10 mg/ml ampicillin.

2.1.13 Plating and selection

A 20 pl aliquot of each transformation, produced as described above, was plated
onto LB agar (supplemented with 100 pg/ml ampicillin, 0.5 mM IPTG and 40
png/ml X-gal) and distributed evenly over the plate using a sterile glass spreader.
The plates were allowed to partially dry in a laminar flow hood for 10 min, then
incubated overnight at 37°C and assessed for potential insert-positive clones by
eye. White colonies (that is, those potentially exhibiting an insert disrupting the
vector lacZ gene) were selected using a sterile toothpick and streaked across a
square on a grid labelled LB-Amp agar plate. The toothpick was then immersed
into 1 ml of LB broth AMP media for 10 sec. Both the liquid media and these
‘selection’ plates were incubated overnight at 37°C, the former with shaking. Re-
streaked plates were again assessed for the presence of white colonies and the
inoculated LB broth tubes that corresponded to positive (white) streaked colonies,

subjected to a plasmid extraction as below.
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2.1.14 Alkaline lysis plasmid extraction

For initial clone screening purposes a rapid alkaline lysis technique, essentially as
detailed by Cormack and Somssich (1997), was used. In brief this involved
centrifuging 1 ml overnight cultures of candidate clone-contaiﬁing XL1 host cells
for 30 sec at 10 000 rpm (12000 g), removal of supernatant, and re-suspension of
the cellular pellet in 0.2 ml of Solution II (1% SDS, 0.2 N NaOH). After gentle
mixing for a few minutes, 0.2 ml of Solution III (3M potassium acetate pH 5.5)
was added and the samples were mixed by inversion. Next, the samples were
centrifuged at 13 000 rpm (12 000 g) for 2 min to remove cellular debris and the
supernatant collected and transferred into clean 1.5 ml plastic tubes. An equal
volume of 100% isopropanol was added and, after thorough mixing, the samples
were centrifuged for an additional 2 min to pellet the plasmid DNA. The
supernatant was discarded and the pellet air-dried for 10 min. The pellets were
resuspended in 50 pl of TE buffer with 10 pg/ml of DNAase-free RNAase A
(Sigma) at 37°C for 10 min. Finally, a phenol/chloroform extraction was

performed to remove the RNase and the plasmid was resuspended in TE buffer.
2.2 Other protocols used

2.2.1 DNA sequencing

Sequencing reactions were carried out using % reaction volumes (with a final
volume of 5 pl) using a protocol provided by The University of Waikato DNA
Sequencing Facility. The reaction consisted of 2 pl of Bigdye II™ (Applied
Biosystems 377), 1 ul of primer (0.8 pmol/ul; 20mers were usually used), 0.5 pl
of template (100 ng of plasmid; or 1-10 ng of PCR product) and 1.5 pl of
deionised water. The cycling conditions used were: 18 to 25 extensions using an
MJ Research PTC-100 thermocycler (MJ Research, Inc) program of 96°C/10 sec
and 60°C/4 min. Products were purified by precipitation, in a final concentration
of 0.12 mM sodium acetate (pH 4.6) in 2 volumes of ethanol, for 20 min at RT.
The precipitated DNA was collected by centrifugation for 30 min at 13 000 rpm.
The pellet was washed in 200 pl of 70% ethanol, the tube centrifuged for another
10 min, the ethanol discarded and the pellet dried at 80°C for a few seconds in a
thermo-cycler. The samples were supplied in this form directly to the sequencing

facility for electrophoresis.
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2.2.2 RNA extraction from bovine and murine tissues

RNA was extracted using Trizol™ (Stratagene) reagent according to the
manufacturer’s instructions with minor modifications. Briefly, this involved
placing a piece of frozen tissue (50-120 mg) into a folded sheet of mylar plastic
sheet, smashing the tissue using a light hammer and tipping the resulting powder
into a 1 ml aliquot of Trizol™ in a 1.7 ml tube. The tube was then capped and
shaken to mix the contents and to ensure a consistent homogenate. After
incubation for 20 min at RT, 0.2 ml of chloroform was added and, following
thorough mixing by vortexing, the samples were centrifuged at 13 000 rpm for 10
min at 4°C and the aqueous phase collected. Isopropanol (0.5 ml) was added and
the samples mixed and stored at 4°C for 30 min. Finally the samples were
centrifuged for 10 min at 13 000 rpm and the resultant pellet washed in 1 ml of
75% ethanol, air-dried and, after re-suspension in 50 pl of DEPC-treated
deionised H,O, stored at -80°C.

2.2.3 DNA extraction from bovine milk for mass SNP screening

For the extractions, 50 ml milk samples were collected either directly from an
animal, or from retail milk (Anchor™ Milk). The milk sample was centrifuged
for 5 min at 3 500 rpm (2 200 g), and the top 45 ml of supernatant (and the upper
fat layer) discarded. The remaining 5 ml was transferred to a 10 ml tube and after
the addition of 5 ml of TE buffer (pH 7.5, 4°C) the tube was inverted a few times
to ensure mixing and then centrifuged at 500 rpm (45 g) for 5 min. Next, the
upper 9 ml was removed by aspiration and discarded and the remaining 1 ml of
solution carefully removed (avoiding disruption to the debris pellet). This 1 ml of
solution was transferred to a 1.5 ml tube and centrifuged for 15 sec at 13 000 rpm
(12 000 g) and the majority of the supernatant discarded (leaving about 200 pl of
solution). Following the addition of 1 ml of TE buffer (as above) to this 200 pl
solution and centrifugation for 15 sec at 13 000 rpm, the supernatant was again
discarded, this time retaining only the lowest 100 pl of solution (that is, the
fraction containing the debris-free somatic cells). Finally, 100 pl of Proteinase K
buffer (see Appendix 5) - supplemented with 40 pg of Proteinase K - was added
and the solution mixed by pipetting through a medium bore tip. The cell protein

components were digested by incubation at 55°C for 2 h. Genomic DNA was
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obtained by standard phenol/chloroform extractions and ethanol precipitation.
The numbers of cells present in the original milk sample were estimated using the

method shown in Appendix 6 (pers. comm. R.J. Wilkins, The University
of Waikato).

2.2.4 End-labelling oligonucleotide probes for use in RT-
PCR/RFLP experiments

Deoxyoligonucleotide probe (20 pmol of 5' ends) was brought to a volume of
17 ul by the addition of deionised water. End-labelling was carried out in a 20 pl
volume with 1 pl (10 U) T4 polynucleotide kinase (PNK; Roche), 2 ul of 10X
PNK buffer and 1 pl of Redivue [y**P]JdATP (10 p Ci; Amersham), for 30 min at
37°C. The reaction was stopped by the addition of 1 ul of 2 M EDTA (final
concentration of 0.2 M EDTA) and the tubes stored in an ice-bath before direct

addition to the hybridization solution.

2.2.5 Hybridization

UV cross-linked membranes were pre-hybridized in 5 ml of Church and Gilbert
hybridization buffer (see Appendix 5) for 2 h before the direct addition of 20 pmol
of labelled oligonucleotide probe. Hybridization was carried out for between 6
and 12 h, then the excess probe was removed by washing in 2X SSC/0.1% SDS
for 10 min at the hybridization temperature. Finally, the membranes were dried
and exposed to autoradiographic film overnight (or to a Fuji phosphorimaging

plate 2 h to overnight).

2.2.6 General PCR strategy

PCR was carried out as detailed in the individual results chapters. Typically,
annealing was carried out at a temperature 5°C lower than the average of the
primer T,,. Where this approach failed to yield products, annealing temperature
was lowered and/or cycle number increased in an attempt to amplify the difficult

target molecule.
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2.2.7 Developing autoradiographs

Autoradiographs were taken from their cassettes in the dark and placed in a fresh
developer (Kodak) until hybridization-positive regions were well-developed
(usually after ~2 min). The film was lifted from the developer solution, allowed
to drain briefly and placed in a fixative solution until the cloudiness on the surface
of the film had cleared. The film was then washed thoroughly in tap water and

allowed to drip dry.

2.3 Image acquisition:

2.3.1 BAS-1800 Il Phosphorimager (Fuiji)

Phosphorimaging with the BAS-1800 uses ‘photostimulable phosphor layer
(BaFX:Eu)’ coated imaging plates (23 X 25 cm). These phosphor plates store
charge from radioactive isotopes and this charge is later read by a laser-coupled
photomultiplier tube within the instrument. The distributor claims that the system
offers 10 to 100 times the sensitivity of film based autoradiography and hence
increases membrane throughput times as well as allowing direct image capture to

a computer for image quantification.

A Fuji BAS-1800II phosphorimager was used for much of the autoradiographic
‘development’. For the development of blots probed with 2p_labelled probes,
membranes were dried in a 37°C oven, placed in a plastic bag, and then taped,
signal-side up, to the positioning grid within a BAS cassette. Next, a phosphor
plate that had been cleared of residual signal by exposure to light for 20 min, was
placed into the cassette with the dry membranes. The cassette was laid flat for the
required exposure time — usually 2 h, although this was dependent on approximate

signal intensity on the membrane, measured using a Geiger counter.

Following exposure the plates were removed and placed face up into a BAS-1800
reader instrument and an image read using the associated software package ‘BAS
- Image Read’. The resultant image was cropped and its contrast/brightness

adjusted with ‘BAS — Image Gauge’ software.
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2.3.2 Photographic image acquisition

2.3.2.1 Nikon Coolpix995

Low magnification images were collected using a Nikon Coolpix995 via a
modified 10x eyepiece attachment. Wholemount images between 100x and 200x
magnification were collected in ‘manual mode’ as TIFF images (setting: ‘Hi’:
without compression) and full size (‘3:2’) to ensure maximum resolution upon

subsequent image manipulation and enlargement.

2.3.2.2 Zeiss AxioHR digital camera

Both higher magnification and/or resolution images for the in situ hybridization
(Chapter 4) and histochemical (chapter 5) studies were collected using a Zeiss
Axiocam HR on a fluorescent microscope with digital imaging software
capability.  Images were collected at magnifications between 10x (for
wholemount glands) and 400x (for in siru hybridization results). As above,

images were saved as TIFF images for later assessment and manipulation.

2.3.2.3 Agarose gel images

Ethidium bromide (EtBr) stained agarose gels were observed using a TFX-35M
transilluminator (LifeTech) and images collected using a Cohu™ CCD camera

with Scion ‘Image’ frame capture software.

2.4 Histology

2.4.1 APES treatment of glass slides

In order to treat slides to allow cross-linking adherence of tissue sections, pre-
cleaned glass slides (Semi-frosted; Erie Scientific) were soaked for 60 sec in 1%
3-aminopropyltriethoxy-silane (APES), rinsed in running tap water, and washed
3 X 10 min in DEPC H,0. The slides were subsequently allowed to air-dry, and

were stored in an airtight container until required.

2.4.2 Fixation of animal tissues

The bovine tissues used in this study were fixed in a freshly prepared 4%

paraformaldehyde  solution. This was made by dissolving 4 g
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of paraformaldehyde in 66.5 ml of DEPC-high quality water at 60°C with 3 drops
of 2M NaOH added to assist dissolving. Finally, 33 ml of 3X PBS (final 1x) was
added and pH adjusted to 7.4 with 1 M HCI after the solution had cooled.

2.4.3 Paraffin-embedding murine and bovine mammary tissues

Paraformaldehyde fixed bovine mammary glands were cut into thin (~4 mm thick)
tissue blocks before processing, whereas fixed mouse glands were processed
whole. The tissues were treated for 1 h each in 30%, 50%, 70%, 90% ethanol and
for 3 X 1 h in 100% ethanol (final in absolute ~98% ETOH). After dehydration,
the tissues were cleared in xylene for 3 X 1h and placed in histology cassettes.
The cassettes were submerged in baths of molten paraffin wax at 58°C for 3 X 1
h. Next, the tissue cassettes were taken from the final paraffin bath and the tissue
block removed and placed into a metal pouring mould (pre-filled with molten
paraffin wax). The plastic cassette insert was placed over the top of the mould,
ensuring that the liquid wax covered it, and the mould placed on an ice-cooled
tray for 20 min. Next, the moulds were placed in a beaker into which cold tap-
water was run for 20 min. The moulds were finally cooled in a fridge at 4°C for
20 min, after which time the paraffin blocks were removed from the moulds. The

excess wax was trimmed in preparation for microtome sectioning.

2.4.4 Microtome sectioning

Serial thin sections (10-15 pm) were produced using a microtome blade at a 6
degree angle to the block. These sections were floated in a water bath and
collected onto coated glass slides. Finally, the slides were dried overnight in a

42°C oven.

2.4.5 Frozen sections

Blocks of tissue from sampled glands were frozen in liquid N, immediately after
dissection. Before sectioning, the tissues were mounted onto a block using OCT
(Tissue-Tek™) mounting solution. Frozen sections (10 um) were produced,
lifted onto silane-coated slides and allowed to air-dry for 1 h. The slides were

then fixed in 4% paraformaldehyde for 5 min, and dried in an ethanol series (70%
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5 min, then 100%) after which they were stored at 4°C in 100% ethanol before use
(up to 1 month).

2.4.6 Mouse mammary wholemounts

The lacZ histochemically-stained mammary tissues were dehydrated in an ethanol
series and cleared in acetone for 30 min. After clearing, the wholemounts were
re-hydrated, stained overnight in carmine alum and dehydrated in an ethanol
series to 100% ETOH. Following this dehydration, the mounts were soaked in
xylol for I h (or until cleared) and then mounted with a xylene-based mounting

media (D.P.X) using another glass slide as a cover-slip.

2.5 Ethics and ERMA approvals

The bovine tissue used in this study was sourced from animals at a research
abattoir. As they were not slaughtered specifically for use in the experiments
described in this thesis, no special ethics approval was required for this work. The
transgenic animal tissues used in the murine studies were from culled animals
bred for an unrelated study conducted at another facility. This study had the
appropriate approval (Agresearch Ruakura AEC number 3499).

Cloning of bovine DNA fragments was carried out with approval from ERMA.

The internal biological safety committee approval reference number is:

GMO000/UOW 1.

2.6 Oligonucleotides used in this study

The oligonucleotides used as primers or probes in the present study are listed in
Table 2.1

For bovine XIST sequencing

BovXistF: ATTGTGGTATCATGAGGTGGGAAA
BovXistRev: AGCGAGGTGCTATGCTAACTCAT
Xist2Forward GCCAGTTAGTGGAGGATGGAATTA
Xist2Rev ATCAAAATCCGACCCCAGCATTAG
GregX GGGTAGGTGTTCCTCTTGAGGAA

BXist.Rev.2.1 CCAGCATTAGCCACGGGGTAGGT
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XistR1 AGGGATTCCTCTTCTGCCAACAG
XistR2 AGTTGGCCAACGATCATCTGCGA
XistF2 AGATGAGTTAGCATAGCACCTCG

XbackForw

GCCCATCGGGGCTGCGGATACCTG

Bov.Xist.Prom.Rev

CCCAACACTTTTCCAACCATATAA

XIF

ATTGTGGTATCATGAGGTGGGAAA

Bov.XF]1.back TTTTGAACACTCTAACAAAGCAGA
XF2.2 TCAGAAAGGGTGGTAGAATCGG
XR1 CGAGGTGCTATGCTAACTCAT

Bov.PM.specific. ALUI

GGTGCCGTGGCCGAAGCCCTAGC

X2R.outer

TCAAAAATCCGACCCCAGCATTAG

Bov.Xist.Prom.F

WAAGATRTMNGRMTTGCAATCWTC

PromForw|1 TTCTTAAAGCGCTGCAATTTGCTG
Promforw?2 TATTTTGCCCATCGGGGCTGCGGA
BXPM.F AATTCATAAAATATTTTTAAACAGCT
BXPM.R GGCAACCAAAAATCATTCCA

AluPM-MnlIIUpst.

GAACGTCACGCCATTGCTCTGCATTG

XF2

GCCAGTTAGTGGAGGATGGAATTA

For amplifying a probe for screening of the A library for G6PD:

Bov.G6PD.Probe.F RGTGTTGAARTGATCTCAGAGGT
Bov.G6PD.Probe.R TTCTCYMGMTCAATCTKGTGCAGC
Bov.G6PD.2ndF ATGCAGAACCACCTMCTGCAGATG
Bov.G6PD.2ndR TAGGTAAGGTCCAGCTCCGACTCCT

For sequencing the pXIST A library insert:

pXIST-T7-2 CCTCTCTGTAGCGAAGCTCCTATC
reverse primer GGAAACAGCTATGACCATG
XIST-T3-2 TCCTCAGGCACCAACTCTTCCACA
pXIST.3 CATCCCAGGTCTAGTTGCCATAGG
pXIST 4 GGTGTCCCAAGGCAATGGGAAGCT
pXISTM13.2 GGAAGTGCTAGTGGTGGTTGGCAA
pXIST.5 GAAGGGACTGCAGATTAGACACAGG
XIST.5.b CAGAGATGGGGGACATTCCAGAA
pXIST.6 CCCCAACTGAACTGCTACCTGCCA
pXIST.7 GAGAGGCCTCTGAGCTGAGT
pXIST.8 TGGCAAGATCTATGGAGCTA
XIST.9 GGGGAAGAGGAAGGAGACTT
pXIST.9.rev.2 TCCACCATGACCCGTCTGTC
pXIST.9.M13-21.2 GCCTCCTGCATCCAGATGTT
pXIST.D.Rev.2 CTTGTGTCCAGAAGCCCAATG
pXIST.10 CCTGGTCTCTGGCAGCTCAT
pXIST.11 CCACACAATCCAGGATGAAT
XIST.12 TGATGTGGTGGCCTCAATTA

For sequencing the pG6PD A library insert:

pG6PD.m13.2

GTACAAGCTGGATTTAGAAGAGGC
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pG6PD.Rev.2

ACCAAGATGATGACCAAGAAGCCT

pG6PD.B.M13.3

CTAAAGAGCCTCTTGATGAGGCTG

pG6PD.C.Rev.2

TGAATGGCAGTCTCCGTGGCATT

pG6PD.B.M13.4

TGCCAAAGAATTGATGCTTTCAA

pG6PD.C.M13-21.2

GCTGGGAAGGGTGTGAATGCCATT

pG6PD.B.m13.5 TGATAGTTGAGCATCCTCACCAGG
pG6PD.B.Rev.3 AAGAAGGCGGCATCCATACT
pG6PD.rev.3 GTGTACGGCAGGTACGTCTA
pG6PD.R.4 GGCACCTACAAGTGGGTGAA
pG6PD.rev.5 CAGGGGCAAGGTCCTCAGAA
pG6PD.6 TGGGTGGGCACGTGGATTAC

For bovine G6PD exon 10 screen

Bov.Ex10.screen.F

CCAAAGCCTGCTGTGTCCATCC

Bov.Ex10.screen.R

CAGGGTGTCACCAAGGTGCTGA

For bovine G6PD Exon 11 screen

pG6PD.B.screen.F

CCACACTGCTCCTTCTCTGTAG

pG6PD.B.screen.R AGGCTGCCCTTTCCGCCACG
pG6PD.B.Ex11.Screen.F  GCACCTTGGTGACACCCTGT
pG6PD.B.ex11.Screen.R ACGAAGAGGGGGATGGAGAG

Others:

T27-XF2-c/t-PM CCTCTCACTGGCTCCAGCT
T27-g/t-pm.2 CCTCTCACTGGCTCCAGC
Prom1-g/t-PM CCCCAAGTATCGTAAAATACTGA
T27-PM.rev CTCACCGCCAAGTTCACACT
Prom.Pvull.R.new CAACCAAAAATCATTCCAAA

26mer-G ACTAGAAGAAAGTTCAGGTTTTTAAA
26mer-T ACTAGAAGAAAGTTAAGGTTTTTAAA

G6PD-HindIll-cloning

GCTCAAAGCTTGTGGGGGTTCAC

G6PD-Sacl-cloning

GTGGAGGCAGACGAGCTCTGAA

GAPDH Forward

ACTCACTCAAGATTGTCAGCAATG

GAPDH Reverse

GTCATGAGCCCTTCCACAATGCCA

For mouse RT-PCR:

HMGCoA Reverse

CACCGCGTTATCGTCAGGATGAT

HMGCoA Forward

CCCTGGGAAGTTATTGTGGGAACA

GFP reverse

CTGCTTGTCGGGCCATGATATAGAC

GFP forward

CTTCAAGGACGACGGCAACTACAA

LacZ reverse

CGTTTCGTCAGTATCCCCGTTTA

LacZ forward

GCAAAGACCAGACCGTTCATACAG

HMGCOoA probe reverse

CTTCGTCCAGACCCAAGGAAACC

LacZ probe forward

TCGCTCGCCACTTCAACATC

Table 2.1. Oligonucleotides used in this study.
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Chapter Three

Screening Bovine X-linked

Genes for Polymorphism

3.1 Introduction

One of the aims of this thesis was to measure the size and distribution of cellular
clones in bovine mammary tissue. To achieve this, a marker that discriminates
between neighbouring cellular clones is required and, for this purpose, most

studies use polymorphic alleles of X-linked genes.

X-linked gene polymorphisms have been used for analysis of the cellular clonal
profile in studies of a number of tissues and disease states. For example, glucose-
6-phosphate dehydrogenase (G6PD) polymorphisms in myeloproliferative
disorders (Luhovy et al., 1995), hypoxanthine phosphoribosyltransferase (HPRT)
polymorphisms in haematological samples (Browett et al., 1988), and human
androgen receptor (HUMARA) polymorphisms in studies of thyroid gland clonal
composition (Jovanovic et al., 2003). PCR-based in vitro analysis of the mosaic
expression of these markers showed that the clonal profile of a tissue could be
found by simply determining the presence of the different alleles by

polyacrylamide gel electrophoresis (PAGE) (also reviewed in Chapter One).

At the beginning of this study there was little available genome sequence data for
X-linked bovine genes. Accordingly, it was thought necessary to screen a
genomic library for bovine homologues of known X-linked genes. The candidate
genes chosen were:

1) G6PD: An X-linked housekeeping gene used previously in studies of
cellular clonality in human specimens (Peng et al., 2000). = The human G6PD
gene is known to be reasonably polymorphic, especially for SNPs, with 18 SNPs
reported in human G6PD (Genbank: NM_000402). It was assumed that the
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bovine homologue will also display a high level of variation thereby making it a

good candidate for this study.

2) X inactive-specific transcript XIST: Bovine XIST was thought likely to

contain useful polymorphism for two primary reasons. Firstly, there was
previously published polymorphism for the human XIST gene (Rupert et al.,
1995), and secondly, evolutionary studies had shown that the gene lacked
conserved coding potential (Hendrich et al., 1993). Both of these findings
indicated that XIST sequence constraints were not likely to be rigid. Fluorescence
in situ hybridization (FISH) studies had shown that the XIST transcript localized
to a single X chromosome in cis in female somatic cells (Duthie et al., 1999),
meaning that it would provide a focal nuclear-localized marker of X inactivation
pattern and therefore the origin of particular groups of cells derived from the same

progenitor (that is, an individual clone).

It was thought that the best markers of clonality for use in this study were $ingle
nucleotide polymorphisms (SNPs). SNPs give an advantage over variable number
tandem repeat (VNTR) polymorphisms in this work as they can be readily
detected by both PCR-based and eventually by in situ methods. Going (2003)
anticipates that such in situ methods applied to study of the human breast will
reveal clonal profiles in normal and diseased tissues without the potential for

contamination from neighbouring tissues (discussed in Chapter 4).

This Chapter describes: 1) the isolation of putative G6PD and XIST clones from a
bovine genomic DNA A library, and 2) the direct sequencing of bovine XIST using
consensus primers designed from known XIST/Xist gene sequences. The
annotation of the G6PD and the XIST clones identified in the library screening is
described in appendices A.2.1 and A.2.2, respectively. The XIST sequence
obtained by direct sequencing was subjected to RT-PCR to confirm sex-linkage,
and Northern blot analysis to determine whether the gene was expressed at
reasonable levels in mammary tissue. Subsequently, the XIST fragment obtained
by direct sequencing was screened for SNPs by detection of sequence

heterogeneity at the DNA level. The potential utility of each of the identified
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SNPs in the proposed bovine mammary gland cellular clonality studies (Chapter

4) is discussed.

3.2 Methods and Materials

3.2.1 Library screening for the Bos taurus G6PD gene

A probe was produced by PCR amplification with consensus primers designed

from known mammalian G6PD sequences. The primers were:

Bov.G6PD.2ndF (forward) atgcagaaccacctmctgcagatg
Bov.G6PD.2ndR (reverse) taggtaaggtccagctccgactect

This primer pair amplified a ~1 kb fragment that included exons 9 to 12 of the
gene, a region shown to be polymorphic in other species (see Beutler and Kuhl,
1990).

The A genomic DNA library was screened using an identical method as used for
the XIST gene screening, which is detailed below in section 3.2.3 and in Chapter

2, section 2.1.5.

3.2.2 Detection of SNPs in the Bos taurus G6PD gene

A direct PCR-based approach was used to amplify regions of the bovine G6PD
clone isolated from the A library. Primers were designed from the pG6PD.B clone
sequence (as described in section 3.3.1) and these were used to amplify the

presumed exons 10 and I1 from genomic DNA samples.

Exon 10 specific primers:

Bov.Ex10.screen.F ccaaagcctgetgtgtccatce (92-114)
Bov.Ex10.screen.R cagggtgtcaccaaggtgctga (420-442)
Product: 350 bp

Exon 11 specific primers:

pg6pd.B.Ex11.Screen.F gecaccttggtgacaccctgt (423-443)
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pgbpd.B.ex11.Screen.R acgaagagggggatggagag (575-595)
Product: 172 bp
(The numbers in parentheses indicate primer binding position within the G6PD

sequence gb: AF531754 published from this study).

Exons 10 and 11 of the ‘G6PD gene’ from ten animals were sequenced in both
forward and reverse directions using the general PCR protocol described in

Chapter 2 (section 2.3.7).

3.2.3 Library screening for Bos taurus XIST

A lambda genomic library was screened for a XIST clone. A 980 bp probe
fragment was designed to the known bovine sequence (within exon 1) using the

primers shown below:

X1F (forward) attgtggtatcatgaggtgggaaa
XistR2 (reverse) agttggccaacgatcatctgcga
Product: 979 bp

These primers were designed from a genomic Bos taurus XIST gene fragment
DNA sequence deposited previously into Genbank by the author (gb: AF104906,
position 1125-2104). PCR products were electrophoresed on a 1% TBE agarose
gel, purified using a gel extraction kit (Qiagen) and end-labelled as described in

Chapter 2, section 2.1.5.

A commercial phage library was screened as detailed in Chapter 2, section 2.1.
library clones that gave a strong signal after hybridization with the XIST probe
were selected, amplified (see Chapter 2, section 2.1.8) and the 5" and 3’ A arms of
the vector removed by digestion with Notl. The inserts were isolated in a 1%
TBE gel, purified using a gel extraction kit (Qiagen), cloned into a Bluescript
KS+ vector (see Chapter 2, section 2.1.10) and sequenced using ABI dRhodamine
terminator chemistry with a ABI 377 DNA sequencer (see Chapter 2,

section 2.2.1 and below).
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Standard T3 and T7 primers (T7: gtaatacgactcactatagggcg, T3:
aattaaccctcactaaaggg) or MI13-20 and MI3 reverse primer (M13-21:
gtaaaacgacggecagtg and M13_reverse: tcatggtcatagetgtttcc) were used to obtain
the initial sequence data. Subsequently, clones that showed similarity to those
database sequences with a known coding potential were sequenced further using

internal primers designed as more sequence information was obtained.

3.2.4 XIST DNA sequencing and screening strategy for SNPs

DNA sequencing of PCR products of bovine XIST was carried out as outlined in
Chapter 2, section 2.2.1. SNPs were detected by direct inspection of
heterogeneity on electropherograms or by ClustalX-facilitated comparison of the
sequence data files from a number of different animals. Confirmation of sequence
heterogeneity for SNP2 was carried out by performing replicate sequencing runs

(with at least three-fold total sequence coverage).

This sequencing project focused on the 5' end of the XIST exon 1, as sequence
data for this region had been obtained previously by comparative genetic studies

in other species (Hendrich et al., 1993).

A portion of the bovine XIST gene was sequenced from PCR products amplified
from a B. taurus genomic template using universai consensus primers. Universal
primers (BovXistF: attgtggtatcatgaggtgggaaa, BovXistRev:
agcgaggtgctatgctaactcat), designed to a known 650 bp bison XIST gene fragment
(Bison bonasus, gb: L10727) but with consideration of sequence data from - in
order of descending weighting because of different relative similarities to bison
XIST - human, equine and leporine, were used to amplify and sequence a portion
of the B. taurus gene. Regions flanking this fragment were amplified by
sequential ‘walking’; each PCR used one known bovine sequence (found in
earlier sequences) and one primer designed from the XIST sequence data of

other species.

A gapped BLASTN search of the bovine XIST fragment was performed against
sequences stored on the NCBI databases

(http://www.ncbi.nlm.nih.gov/gquery/gquery.fcgi). ClustalX software was used



Chapter Three Screening Bovine X-linked Genes for Polymorphism 64

for the alignment of XIST sequences - human (gb:HUMXIST), murine

(gb:LO4961), equine (gb:U50911), leporine (gb:OCU50910) and bison
(gb:BISXISTAA) - to confirm sequence similarity.

3.2.5 XIST expression analysis by RT- PCR

The RT-PCR/RFLP method described in detail in section 3.2.7, using primers
(BXPM.F and BXPM.R) that incorporate a Pvull site in the reaction products,

was used to amplify a 142 bp fragment corresponding to bovine XIST.

Beta-actin (f-actin) was chosen as a house-keeping gene to determine the quality
of the RNA used and to provide a semi-quantitative measure of relative XIST
levels in the mammary and liver tissues examined. The primer sequences used for
amplification of a 251 bp fragment from the bovine f-actin transcript were:
Forward: GGCATCCACGAGACCACCTWCAA
Reverse: CACATCTGCTGGAAGGTGGACAG

3.2.6 Northern blotting

3.2.6.1 mRNA enrichment from total RNA for Northern blotting

mRNA was enriched from a 100 pl aliquot of pooled mammary gland total RNA
(50 pl from each of two animals, representing around 3.2 X 107 cells) using the
PolyATtract® mRNA Isolation system (Promega), and resuspended in 20 pl of
DEPC-treated deionised water.  This protocol selects mRNA by binding
biotinylated oligo(dT) beads to polyA RNA and then selecting these beads
paramagnetically using streptavidin-coated magnetic beads. A 5 pl aliquot of this
mRNA (~0.5 pg) and enriched mRNA prepared from male bovine liver using the

same technique were used in Northern blotting as described below.

3.2.6.2 Gel composition and electrophoresis conditions

Northern blotting was carried out according to Ausubel (1997) at conditions
recommended for successful blotting of large transcripts (the XIST transcript is
19.3 kb and 17.4 kb in the human and mouse, respectively (Hong et al., 1999;

Hong er al., 2000) and it is likely to be of a similar length in Bos taurus).
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Specifically, gels with a low agarose concentration (0.7%) were used, ethidium
bromide (EtBr) was omitted from the loading buffer, the gel was pre-treated in

NaOH before blotting, and blotting was carried using 10 X SSC transfer buffer.

All gel apparatus was pre-treated by soaking in 0.2 M NaOH. A 0.7% agarose
MOPS gel (14 X 10 cm) was prepared by dissolving 0.7 g of agarose in 72 ml of
DEPC water (see Appendix 5) and boiling. The solution was allowed to cool to
65°C and 10 ml of 10 X MOPS (see Appendix 5) added with continual stirring.
Finally, 18 ml of 12.3 M formaldehyde was added and the solution mixed and

poured into a gel tray.

For each loading, 0.5 pg of an enriched mRNA sample (section 4.2.2.1) was
bought to a volume of 11 pl with DEPC-H,0 in a 200 pul PCR tube and 5 ul of
10X MOPS, 9 pl of 12.3 M formaldehyde, and 25 pl of formamide was added.
The sample was denatured by incubation at 65°C for 15 min. After denaturation,
10 pl of a formaldehyde loading buffer (see Appendix 5) was added to each
sample, the contents mixed by gentle flicking, and the samples loaded directly on
the gel. Electrophoresis was carried out for 4 h at 5 V/cm (50 V) in 1X MOPS
buffer until the bromophenol blue (BPB) dye front had migrated approximately
half of the length of the gel. A single lane was removed from the gel, washed for
20 min in 0.5 M ammonium acetate, and then stained for 40 min in the same
solution after the addition of 0.2 pg/ul EtBr. Staining of this lane showed diffuse
staining with no clear bands, as would be expected of an mRNA enriched

specimen.

3.2.6.3 Blotting

The gel was washed 2X 5 min in DEPC-H,0, soaked in 50 mM NaOH/1.5 M
NaCl for 30 min and neutralized in 0.5 M Tris (pH 7.4)/1.5 M NaCl for 20 min.
Finally, the gel was soaked in 10X SSC for 45 min before blotting overnight onto
Hybond N+ nylon membrane using a standard upward capillary transfer (Ausubel
et al., 1997). Following blotting, the membrane was washed briefly in 2X SSC to
remove residual agarose and allowed to air-dry. The RNA was then cross-linked

to the membrane in a UV cross-linker (Stratagene, 254 nm, 120 mJ/cmz).
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3.2.6.4 XIST DNA probe hybridization

The membranes were hybridized overnight at 60°C with the probe produced as
described below, washed in 3X SSC/0.1% SDS for 10 min at 60°C and for 5 min
in 1X SSC/0.1% SDS, and exposed to autoradiographic film (XR-MAT)

overnight.

A 303 bp XIST DNA probe encompassing the SNP-containing region, was PCR
amplified from a SNP2 heterozygote DNA template (animal 696) using the
primers PFI and BXPR (see section 3.3.5), gel-purified, and labelled using

random priming (Rediprime™ kit, see Chapter 2, section 2.1.5).

3.2.7 Measuring the frequency of SNP2 by PCR-RFLP

A PCR/RFLP test was designed to allow the routine and reliable detection of
SNP2. This diagnostic test utilises mismatches incorporated into a forward primer
(BXPML.F) to produce a Pvull restriction site (CAGICTG) in products with a
guanine residue immediately 3' of the primer binding site (G-allele). The PCR
product from the other allele gives a PCR product (T-allele) that is indigestible
with Pvull. The PCR product represents positions 161 to 303 of Genbank
AF104906 (Appendix A.3.2); SNP2 is at position 188 of this sequence.

A partial nested-PCR reaction, minimised the co-amplification of a SINE
sequence (submitted to Genbank as gb:AF181665) that was sometimes seen as a
spurious product on the gel at about 430 bp. This reaction used the following first

round primer pair:

PF1 TTCTTAAAGCGCTGCAATTTGCTG

BXPM.R GGCAACCAAAAATCATTCCA

The PCR reaction was carried out using 50 ng of genomic DNA in a final reaction
volume of 25 pl (comprising 200 pM dNTPs, 0.7 U of Taqg DNA polymerase, and
0.8 pmol of each primer, for 94'C/2 min and 20 cycles of 94'C/30 sec, 60 C/20
sec, 72'C/30 sec), and gave a 303 bp product.
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A second round of PCR was carried out using the forward primer:

BXPM.F AATTCATAAAATATTTTTAAACAGCT

TARGET TTAAGTATTTTATAAAAATTTTTGGA Actual bovine XIST sequence

The forward primer BXPM.F annealed to its target with first cycle mismatches
(bolded) to produce a Pvull site. BXPM.R was used as the reverse primer in this

second reaction.

Five to ten ng of PCR product from the first reaction was used as template in a
reaction with a final volume of 25 pl (with identical amounts of PCR reagents to
those used above). The PCR conditions used were 94 C/3 min followed by 25
cycles of 94'C/15 sec, 50'C/30 sec, 72°C/30 sec with a final extension of 2 min
at 72'C.

Following PCR, 10U of Pvull was added directly to the reaction and, after 3 h of
digestion at 37 C, the resultant fragments were ethanol-precipitated, washed and
re-suspended in TE buffer before final electrophoretic separation on a 2% TBE

agarose gel (Figure 3.1).

T G T HHHHGG G -ve

500 bp

200 bp
100 bp

1 2 3 4 5 6 7 8 9 10 "

Figure 3.1. Sample TBE agarose gel (2%) showing a range of digested PCR products from
homozygous (lanes 2, 8-10 showing ‘G’ allele homozygotes, lanes 1 and 3 showing the ‘T’ Allele
homozygotes), and heterozygous (lanes 4-7) animals. Lane 11 is a negative control from the PCR
and the lanes on the far left and right of the gel are 100 bp DNA ladder (New England Biolabs).
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3.2.8 SNP2 frequency calculated on pooled DNA from a large
number of animals

A population-wide assessment of allelic ratios was measured using a protocol
described previously (Uejima er al., 2000) with minor adaptations. A 142 bp
fragment was amplified from a 1 pl aliquot (approximately 10 ng) of the first
round template using the Pvull restriction site primers BXPM.F and BXPM.R, as
described above using 26 cycles of PCR. Finally, 0.2 pmol of a *P end-labelled
reverse primer was added before the final cycle of PCR and an extension at 72°C

was carried out for 5 min, after which the tubes were placed on ice (Figure 3.2).

SNP2 BXPM.R
i A
|
-
BXPM.F
L 1492pp——

Figure 3.2. Diagram showing PCR strategy for both individual animal and mass-screen allelic ratio
determination experiments. Screening of individuals was carried out using nested PCR with the
primers: PFl and BXPM.R, followed by an ‘internal’ PCR with the primers: BXPM.F and
BXPM.R. The mass-screening experiment used a *'P-5' labelled reverse primer (BXPM.R) in the
final cycle of PCR before final digestion with the restriction enzyme Pvull.

Templates used included DNA extracted from a retail consumer milk sample (see
Chapter 2, section 2.2.3). The control for this experiment was a heterozygous

DNA sample from animal #696.

After PCR, fragments were digested with Pvull (as described above) and
separated on a 0.75 x 80 x 80 mm 15% acrylamide gel (see Appendix 5) run at 20
V/cm for 1.5 h. After electrophoresis the gels were dried and exposed overnight
to a phosphor-imaging plate. Digital images of the phosphor plates were collected
and relative quantities of cut to uncut fragments determined for each of the

samples using gel analysis software.
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3.3 Results
3.3.1 pG6PD.B clone: AF531754

Preliminary sequencing of putative G6PD clones using M13 sequencing primers
identified one clone that potentially contained the G6PD target region of interest.
This clone, which was inserted in the 5'-3' orientation relative to the vector’s
Reverse primer site, showed similarity to exons 9-12 of previously published
G6PD sequences. Notl restriction digest of this sub-cloned fragment and gel
electrophoresis for fragment size analysis on a 0.7% TBE agarose gel, showed
that the clone corresponding to the putative G6PD gene insert size was around 5
kb (Figure 3.3).

The clone was sequenced from the reverse primer end of the vector using a
walking approach until the putative end of the gene was reached (that is, only the
region similar to G6PD was sequenced). Sequence analysis was carried out using
published Genbank sequences for reference. The sequence analysis is detailed in

Appendix A.2.1.

1
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0.5kb

pXIST pG6PD.B

Figure 3.3. Photographs of 0.7% TBE agarose gels showing the selected A clones after sub-cloning
into pBluescript, plasmid purification and restriction digest with NotI (plus Sall for pXIST). 1)
pXIST a fragment with total length of around 12 kb (represented as fragments of approximately 8
kb, 1.2 kb, 1.3 kb, 700 bp and 500 bp) and 2) a bovine G6PD-like clone (pG6PD.B) comprising a
5 kb insert (digested just with NotI). The band at 3 kb is the linearized vector.
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As detailed in the Appendix, this clone was later shown to be a likely pseudogene
sequence, with similarity to published authentic G6PD sequences, and was

annotated accordingly before being submitted to Genbank (reference gb:
AF531754).

3.3.2 Bovine XIST

3.3.2.1 Sequencing XIST

In total, 2182 bp of XIST was sequenced from PCR products and submitted to
Genbank (gb: AF104906) (See Appendix A.2.3.2 for sequence data and Chapter

2, section 2.6, for primer list).

3.3.2.2 BLAST confirmation of XIST sequence
BLASTN searching (http://www.ncbi.nlm.nih.gov/BLAST) returned 410 hits for

the bovine XIST sequence (in section 3.3.1.1). These gapped results were
predominantly short sequences but also included two H.sapiens (gb:AL353804,
M97168), one leporine (gb:U50910) and an equine (gb:U50911) sequence, all of
which have at least moderate overlap with the query sequence and some of which
encompass its entire length. Similarity was also found to several rodent
sequences including Mus musculus (Mouse; gb:MMU29341) and Microtus

rossiaemeridionalis (Southern vole; gb:AJ310130).

The Bison bonasus (gb: L10727) sequence (that had the most weighting placed on
it for the initial primer design) had 98% identity to Bos taurus XIST in the 650 bp

overlap between the two sequences.

3.3.2.3 RT-PCR to confirm XIST sex-linkage
As shown in Figure 3.4, the XIST transcript was detected in the mammary and

female liver samples but not in the male liver sample.
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Xist expression
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Figure 3.4. RT-PCR to confirm female-specific XIST expression and lack of expression in the
male liver control tissue. A bovine f-actin product was amplified as a control and the expected
product of this house-keeping gene (251 bp) is shown.

This RT-PCR result showed X-linkage of the XIST transcript as no XIST mRNA
was detected in RNA extracted from male liver. Furthermore, expression was
detected in the mammary specimen, which indicated that XIST would be

detectable in the mammary specimens analysed in Chapter 4.

3.3.2.4 Northern blot

A Northern blot was carried out according to the protocol in section 4.2.2. The
negative control (male liver enriched mRNA) was chosen, as male somatic cells
are not expected to express XIST and an XIST probe should not give an
autoradiographic signal in this sample. The suitability of the male liver mRNA
negative control was previously confirmed by an RT-PCR reaction using RNA
samples from the livers of both female (+ve) and male (-ve) animals that showed
the expected female specific expression XIST expression profile and that the
house-keeping gene control gene B-actin was detectable in all tissues examined
(section 3.3.2.3). The blot was probed with a 303 bp XIST probe and the resultant

autoradiograph is shown in Figure 3.5.
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Figure 3.5. Northern blot of mammary and liver (male) enriched mRNA (0.5 pg loaded). A 303
bp a-[**P]dCTP labelled DNA corresponding to a 5’ region of exon 1 of the XIST gene was used as
a probe.

This Northern blot confirmed the findings of the RT-PCR experiment presented in
section 3.3.2.3. Specifically, this blot showed that the XIST gene is expressed in a
sex-specific pattern, with expression detectable in mammary tissue (female) but
not in liver tissue (male). We endeavoured to repeat this experiment but had
insufficient enriched RNA to do so. Ideally, this experiment should be repeated
with: 1) a greater amount of enriched mRNA, 2) detection of a housekeeping gene

to confirm the quality of the specimens loaded, and 3) an additional specimen of
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enriched mRNA from female liver. As an alternative, real-time quantitative PCR
(QPCR) could be used as, like Northern blotting, this would show relative levels

of XIST expression and would confirm the sex-specific expression pattern.

3.3.2.5 pXIST clone: AF531755

0.7% TBE agarose gel electrophoresis showed that the putative XIST clone insert
had a length of around 12 kb (Figure 3.3, above). The selected subclone was
sequenced from the ‘Reverse primer’ site towards the insert to yield a total
fragment size of 3562 bp. Sequence obtained from the M13 -21 direction showed
database similarity to SINE and LINE-rich sequences. Somewhat
disappointingly, Genbank searches using the sequence obtained showed that the
presumed ‘XIST-positive’ clone had no similarity to XIST gene sequences from
other animals (or to the probe used in its identification). An in silico translation of
this sequence showed significant similarity to the huntingtin-associated protein 1
(HAP-1) gene in mouse and human (mouse gb: NM_010404; human gb:
NM_003949).

A complete sequence analysis, with exon/intron boundary prediction, was carried
out and is described in Appendix 2.2.2. The clone was annotated as an HAP1-like
pseudogene (from the limited available sequence data available) and was
submitted to Genbank (gb: AF531755). X-linkage of this fragment was

not confirmed.

3.3.3 SNPs in the Bos taurus XIST gene
Analysis of the 2182 bp of XIST gene sequence (gb:AF104906) obtained by direct

sequencing revealed two SNPs.

3.3.3.1 Candidate XIST SNP 1 (SNP1)

Ten cows were screened for polymorphisms in the 2182 bp fragment of XIST
exon 1 by direct sequencing, using ClustalX to compare the obtained sequences.
A putative SNP designated SNP1, resulting in an Mnll RFLP, was detected in
some sequences (Figure 3.6). Unfortunately, this polymorphism could not be

reliably detected. This possibly could be due to allelic dropout during PCR of the
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region. However, this explanation is not likely, given that optimal amounts of
template was used in the PCR wheras allelic dropout usually only occurs under
suboptimal conditions when the total template is present at a low copy number
and/or is of poor quality, for example, where PCR is performed on single cells. A

number of alternative strategies were used in an attempt to eliminate this problem.

Putative Mnil polymorphism

A) CCTTCCTCCACTT

CCTCC

B)

CCCcCC

C)

CCNCC

Figure 3.6. Partial electropherograms showing sequences from animal homozygous for the: a) ‘C’
variant b) ‘T’ variant and c) a heterozygous animal. While early sequencing efforts gave
promising results, this polymorphism was not reliably detectable (images were cropped from
complete electropherograms).

However, none of these methods, including the use of a proof-reading polymerase
(Pwo) in equal proportion to Tag polymerase or PCR using an allele-specific PCR
forward primer that bound immediately 5' to the SNP, produced a reliable

detection of both alleles of the SNP.
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3.3.3.2 Candidate XIST SNP 2 (SNP2)

A second putative SNP was identified by direct examination of the sequence
electropherograms obtained in 3.3.4.1 (Figure 3.7). This polymorphism has two
alleles, designated as ‘G allele’ and ‘T allele’ to indicate that one variant has
guanine while the other variant has thymine at position 188 of Genbank sequence
AF104906 (see Appendix A.3.2).
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Figure 3.7. A partial electropherogram showing both the position of SNP2 and general sequence
quality obtained for this region of the bovine XIST gene. The SNP is indicated by an arrowhead
and heterogeneity is seen at this position as the template DNA for this sequencing reaction was
sourced from a heterozygous animal.

Initial sequencing of the putative SNP-containing region was carried out at least 3
times to ensure high sequence accuracy and to confirm the authenticity of the
polymorphism (a complete electropherogram for this region of XIST in a

heterozygous animal is presented in Appendix 1).

3.3.4 Screening a population for SNP2 by PCR-RFLP

The PCR-RFLP protocol described in section 3.2.7 was applied to the
polymorphic XIST loci of 88 female animals (representing 176 total alleles). The
‘G allele’:’T allele’ ratio was found to be about 4:1, with frequencies of 0.8 and
0.2 for the G and T alleles, respectively.

While the numbers of animals screened were reasonably low (n=88), differences
in the allelic frequency were apparent in the three different breeds examined.
Friesian animals showed a frequency of 0.74 to 0.26 (n=58) while Jersey cows
exhibited a frequency of 0.65 to 0.35 (n=20) for the G and T alleles, respectively.
None of the Sahiwal animals examined in the screen (n=10) exhibited the T
allele (Table 3.1).
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Breed No. of cows | Frequency of G allele | Frequency of T allele
Fresian | 58 0.74 0.26
Jersey 20 0.65 0.35
Sahiwal | 10 1 0

88 total Avg. 0.80 0.20

Table 3.1. Allelic frequencies for SNP2. SNP2 Allelic ratio calculation from a population of

animals (n=88).

Total number of individuals with genotype data: 88
Population data sample size (number of chromosomes): 176

Average estimated heterozygosity:

32%

Average Allele Frequency:

Average Genotype Frequency:

G

0.8 GG
0.2 GT
TT

0.64
0.32
0.04

3.3.5 SNP2 Allelic ratio calculation on pooled DNA from a large

number of animals

Samples of commercial milk were assessed for total allelic ratios (section 3.2.5)

and, after comparison of the relative amounts of cut to uncut PCR product, were

found to display an allelic ratio of approximately 1:5 for the T and G alleles of

SNP2 respectively. This result is similar to that obtained by large scale screening

of individual animals (Figure 3.8) but may overestimate the frequency of the

G allele.
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TT G/G G/T Retail

142bp + |

124bp > |

Figure 3.8. A 15% acrylamide gel phosphor image showing separation of digested PCR products
in the allelic ratio experiment. The homozygous control samples (T/T and G/G) gave a single
band after PCR, restriction digest and electrophoresis. The individual heterozygote sample gave a
ratio of around 2:1 (G:T alleles) which deviates from the expected 1:1 ratio for this sample. The
pooled retail milk sample (Retail) gave a ratio of approximately 5:1 for the G and T alleles,
respectively. This showed a higher G allele than the allelic average determined by direct PCR-
RFLP (with agarose gel analysis). The higher molecular weight fragment (142 bp) is uncut
product (all T allele product) and the lighter fragment (124 bp) is completely cut (just G allele
product). Also, see Figure 4.3 in Chapter 4, which shows the amplification bias in the G/T lane
more clearly than in this figure.

3.3.6 Other potential bovine XIST SNPs

The bovine X-inactivation centre (XIC), which contains the XIST gene, was
recently sequenced and has been published in Genbank in 2002 (gb:AJ421481)
(Chureau et al., 2002). This sequence was determined from a number of bovine
genomic bacterial artificial chromosomes (BAC) (determined by ‘shotgun’
sequencing of sub-cloned sheared BAC fragments to 10-fold coverage) to produce
a 233 kb XIC fragment. This fragment was subjected to a two-sequence BLAST
search using AF104906 XIST (the partial bovine XIST sequence obtained in the
present study) as a query. This search revealed an additional putative SNP. The
putative A«—C SNP is located at position 116103 of AJ421481; position 17
of AF104906.

AJ421481: 116087 ttcttaaagcgctgcactttgctgegaccgeca 116119 (Chureau BAC sequence)
AF104906: 1 ttcttaaagcgctgcaatttgetgegacegeca 33/EXON 1 start (our sequence)

A portion of the original electropherogram is shown in Figure 3.9.
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Forward |AAGCGCTGCAATTTGCTGCG
AF104906 90 100

MV S

Reverse [CGCAGCAAATTGCAGCGCTT
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24

Figure 3.9. Electropherogram, in both forward and reverse directions, showing sequence data for
AF104906 corresponding to SNP-containing region in the BAC sequence (AJ421481) and
confirming a putative polymorphism A—C SNP3 (Grey bars).

This corresponds to the promoter region of the bovine XIST gene located 16 bases
5' to the start of the exon and therefore, while possibly evidence for an authentic
SNP, is not useful in the proposed study (Chapter 4) as it would not be present in
transcripts. The frequency of this SNP (designated SNP3) remains to be assessed

at the population level.

3.3.7 Bos taurus XIST transcript features

This bovine XIST sequence was compared with similar regions in human, mouse
and bovine (Figure 3.10). The comparison revealed marked sequence

conservation, particularly of potential AG/CT splice site acceptor/donor sites,
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Figure 3.10. Showing conservation of gene orientation in the bovine, murine and human XIC.
Used with permission from Chureau (2002).

between all three species. Bovine XIST is likely to share mouse exons 1-7, and
possibly exon 8, which is immediately adjacent to the polyA signal region. While
there has been no experimental confirmation of these exons in the bovine gene,
their presence was confirmed in the human gene (with the exception of a predicted
homolog of mouse exon 3). The bovine gene sequence and its predicted
transcript, most closely matches the murine homolog and lacks human XIST exon

2 and 7 equivalents, as predicted by Chureau et al. (2002).

In summary, these sequence data indicate that the bovine XIST transcript size is
likely to be between 16-19 kb and is more similar, structurally, to the murine than
the human XIS7/Xist gene.
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3.4 Discussion

A 2182 bp (2.2 kb) fragment of the bovine XIST gene was sequenced and
confirmed to be expressed in a sex-specific pattern using RT-PCR, with
expression detectable in tissues from female animals (mammary and liver) but not
in male liver tissue. The confirmation of XIST expression in bovine mammary
tissue indicated that, if a suitable polymorphism was found to distinguish different
alleles of XIST, the gene transcript could be used as a marker of inactive X
chromosome choice in our study of cellular clonality in the bovine mammary

gland (Chapter 4).

Three SNPs were detected within the 2.2 kb Bos taurus XIST fragment making
this sequence highly polymorphic when compared to the human X chromosome in
general; where about 1 SNP is found every 3.8 kb (Sachidanandam et al., 2001).
Of the three putative SNPs identified in bovine XIST, one was confirmed to be
authentic by PCR/RFLP-based screening of a large population of animals. This
SNP (SNP2) was selected for use in our bovine mammary gland clonality
experiments (Chapter 4). Assuming that the 1x sequencing coverage used in this
study gave accurate results, the SNP frequency, at about 1 SNP per 700 bp, may
reflect weak sequence constraints within the analysed sequence. It is interesting
to note that none of the SNPs identified in this study are located in the XIST 5’
repeat region, which has been shown to be centrally important to transcript
function (Beletskii et al., 2001). While this is likely to mean that the SNPs
identified here are functionally silent, it is possible that SNPs within the XIST
gene or promoter affect the initiation and establishment of X inactivation by
somehow affecting either the “randomness” of X chromosome choice or transcript
function. While it has not been fully characterized, SNP3 may be particularly

interesting in this respect, as it is found in the promoter region of the XIST gene.

In a screen of 88 animals of a variety of breeds, the XIST G allele was found at
80% of SNP2 loci with the T allele accounting for the remaining 20% of loci.
This is, therefore, a reasonably common polymorphism and, as around 32% of
animals are heterozygous for the SNP, the sourcing of informative heterozygotes

is very simple.
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The mass-screening allelic screening experiment (section 3.3.4), which effectively
averages out of differences in allelic frequency between breeds, revealed a similar
ratio of T to G alleles to that found in the individual animal screening for SNP2
(presented in section 3.3.5). One assumes that retail milk represents the pooled
somatic cells from the thousands of animals commercially milked in a large
collection area; maybe 2-10 X 10° animals. The results of this screening indicated
that in this large female population, the G and T alleles are present at a ratio of
approximately 4:1.  Unfortunately, however, the PCR approach used was found
to have an amplification bias to the G allele and this placed limitations on the
usefulness of this technique at the population level. This bias is examined further

and discussed in the next chapter.

Future investigations

The experiments in this chapter identified a highly heterogeneous SNP for use in
the clonality studies presented in the next chapter. However, more direct
approaches would have improved the efficiency of screening for both the targeted

gene sequences and for SNPs within these sequences.

The titre of the A library used in this study was low (1.4 X 10° pfu/ul) and would
not have been fully representative. In fact, considering the low titre, screening of
this library should probably not have been attempted. However, by using a library
of suitably high titre, an XIST exon | probe applied to a bovine genomic DNA
library is likely to have revealed an authentic XIST clone. Exon 1 of XIST in both
human and mouse is an extremely long exon (about 10kb), so a positive clone
identified in this way is likely to contain a large stretch of XIST

“coding” sequence.

Alternatively, a bovine mammary cDNA library or EST database could have been
used. This would have almost certainly prevented the isolation of pseudogenes,
which was found to be a problem when using the genomic library. The fact that a
library sourced from mammary tissue would also immediately confirm the

expression of these genes in the mammary gland is an additional advantage. After
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their identification in a library, the X-linkage of these genes could be confirmed
using expression analysis in male and female animals. Then, techniques such as
single strand conformation polymorphism (SSCP) analysis, originally used by
Orita et al. (1989), could be used to identify polymorphic DNA, and SNPs could
be subsequently identified by sequencing these polymorphic templates. Finally,
the frequency of specific SNPs could be determined by allele-specific PCR or
single nucleotide primer extension (SNuPE), and suitable SNPs selected for use in

clonality studies.
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Chapter 4

The size and distribution of
cellular clones in the bovine

mammary gland

4.1 Introduction

The measurement of the size and distribution of cellular clones in bovine
mammary tissue is important for a number of reasons. First, there is potential for
economic gain through improvements to gland development and the generation of
more persistent lactation by manipulation of growth from mammary stem cells.
Second, close anatomical similarities between the bovine and human glands make
the bovine gland a possible model for human breast cancer (Ellis and Capuco,
2002). Third, and although this may seem paradoxical given the statement just
made above, the fact that bovine mammary tumours are extremely rare (Povey
and Osborne, 1969; Swett et al., 1940) suggests that there may be critical
differences between human and bovine stem cell regulation, and the elucidation of
these may aid research into the prevention and treatment of human breast disease

(Ellis and Capuco, 2002).

While cellular clonality in the bovine gland has never been directly studied,
Novelli et al. (2003) used histochemistry to identify the extent of homogeneity in
sections of human breast tissue by determining the extent of expression of a
temperature sensitive GOPD variant (the Sardinian mutant). This in situ study
showed homogeneity in all 111 small ducts and 57 lobules examined with
heterogeneity (polyclonality) detected in just a single large duct. This study
supported the idea that many terminal ductal alveolar units (TDLU) have a
monoclonal origin. However, in vitro studies using PCR based assessment of X-

linked markers have been inconclusive, with Tsai ef al. (1996) and Noguchi et al.
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(1992) producing data suggesting that the small ducts and TDLU in the human
gland were, respectively, monoclonal and polyclonal in origin. Peng et al. (2000)
obtained data that suggested general clonal heterogeneity in the mammary gland,
using one-step RT-PCR and Pvul discrimination of a G6PD polymorphism to
show both heterogeneous and homogeneous patterns of clonality in
microdissected samples collected from normal and carcinoma tissue, respectively.
Considered together, these data indicate that monoclonality exists in individual
TDLU but that individual cellular clones or patches do not extend over large

portions of the gland.

In the light of these human data, the working hypothesis being explored in the
current work is that the bovine MG will display a similar clonal profile to that

observed in the human MG.

In order to measure the size and distribution of cellular clones in the bovine MG
and to draw comparisons between the clonal profiles in the two glands, we chose
to use an X chromosome inactivation (XCI) based approach. Methods based on
XCI are commonly used in clonality studies and reveal cellular clonal profile in
vitro by comparison of ratios of expressed alleles of X-linked genetic
polymorphic in heterozygotes (Busque and Gilliland, 1996; Shibata et al., 1996;
Tsai et al., 1996).

Small blocks of bovine mammary tissue were examined to ascertain whether they

were clonal in nature using a direct RT-PCR/RFLP protocol.

This approach, first described by Uejima et al. (2000), measures ratios of
expression of two allelic variants of an expressed SNP by incorporation of a
radioactively-labelled primer in the last cycle of PCR followed by allele-specific
digestion of the reaction products and measurement of ratios of the two alleles by
polyacrylamide gel electrophoresis (PAGE). The bovine XIST SNP used in the
current study, SNP2, is an expressed G/T difference close to the 5’ end of exon 1,

as described in Chapter 3.
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4.2 Methods

All RNA extractions and enzymatic manipulations were carried out in solutions
made using diethylpyrocarbonate (DEPC) treated deionized double-

distilled water.

4.2.1 Sample collection and storage

Fresh mammary and liver tissue samples were dissected into ~2 cm’ blocks, snap-

frozen in liquid nitrogen, and stored at -70°C until required.

4.2.2 RT-PCR/RFLP - Hot Stop method

In this method, total RNA was extracted from a series of small mammary tissue
blocks; each was 30 mm” and comprised around 3X107 cells. First strand cDNA
synthesis with random hexamer primers was used to produce cDNA (section
4.2.2.3). A fragment of the XIST cDNA was amplified by PCR with primers
designed to introduce a Pwull restriction site in products from one of the
expressed variants of the gene (allele ‘G’; as described in Chapter 3, section
3.2.7). A 5' ¥P[ydATP] labelled reverse primer was added before the last cycle of
PCR to label all reaction products. RFLP was performed using the restriction
enzyme Pvull and this revealed either heterogeneity (indicating polyclonality) or
homogeneity (indicating possible monoclonality) by examination of digested

products on a 15% PAGE gel (Figure 4.1).
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Figure 4.1. Strategy used to measure allelic ratios in MG samples. Total RNA was extracted from
bovine mammary tissue and RT-PCR used to amplify a diagnostic XIST fragment. Restriction
enzyme digest of the fragment and PAGE shows a banding pattern that reflects the ratio of alleles
in the tissue. RFLP produce three possible banding patterns: 1) just the ‘G’-allele, indicating
homogeneity, 2) heterogeneity, indicating polyclonality, and 3) homogeneity for the “T” allele.

4.2.2.1 RNA extraction from tissue blocks — estimated cell number

Total RNA was extracted from approximately 30 mm’® cubes of frozen tissue (see
Chapter 2, section 2.2.2) and was resuspended in 50 pl of DEPC-H,O. Each of
these tissue samples weighed around 30 mg. Assuming that 1 g of tissue contains
around 10’ cells, total RNA from approximately 3.0 X 107 cells (10° cells/mm®)

would be present in each resuspended total RNA sample.

In addition, 10 pm thin sections of mammary tissue were collected from paraffin
blocks. Each of these 1 cm? thin sections contains a total around 1 mm?® of tissue,

which corresponds to approximately 10° cells (section 4.2.2.1).

4.2.2.2 DNase treatment of total RNA

DNase treatment of extracted RNA was carried out to ensure that no

contaminating DNA was present in the sample used in the RT-PCR experiments.



Chapter Four Clonal Profile of the Bovine Mammary Gland 87

One microlitre of a 10x Mn?* buffer (6.6 mM MnCl,, 100 mM Tris pH 7.8) and 1
ul (1U) of RNase-free DNase (Promega; cat.# M610A) was added to 8 pl of total
RNA and the reaction incubated at 37°C for 30 min. The reaction was stopped by
adding 1.8 ul of 25 mM EGTA (final concentration of 2 mM) and incubation at
65°C for 10 min. An aliquot of this RNA was used in first strand
cDNA synthesis.

4.2.2.3 First strand cDNA synthesis

A 2 pl aliquot of DNase-treated RNA was added to a PCR tube with 0.5 ul of
random hexamer (50 ng/ul) and 7.5 pl of DEPC water, mixed thoroughly and
incubated at 75°C for 5 min before being placed on ice. After 5 min, 2 pl of 10X
synthesis buffer, 4 pl of 25 mM MgCl,, 2 ul of 0.1M DTT, 1 pl of 10 mM dNTPs
and 0.5 pl of SuperScript™III Reverse Transcriptase (200 U/ul) was added to
each tube, the tubes incubated at RT for 10 min then at 50°C for 1 h. The reaction

was stopped by incubation at 70°C for 5 min.

4.2.2.4 PCR of XIST SNP diagnostic fragment

A 1 pl aliquot of the cDNA produced by first strand synthesis was added to a 25
ul PCR reaction with 2.5 pl of 10X PCR buffer (Roche), 2 pl of dNTPs (2.5 pM),
17.5 pl of high quality deionised water, 0.625 ul of Taq Polymerase (0.625 U),
and primers for the desired XIST product, and amplified using 35 cycles of PCR:
94°C/30 sec, 50°C/30 sec, 72°C/30 sec. The primers used, BXPM.F and
BXPM.R, are described in Chapter 3, section 3.3.5.

The ‘hot-stop” PCR reaction was completed by including end-labelled (see
Chapter 2, section 2.2.4) reverse primer (BXPM.R) in each reaction tube, to a
final concentration of 1 pmol, and carrying out a final cycle of PCR. This
prevents the production of labelled heteroduplex products, which could be
produced if the labelled reverse primer was incorporated at an earlier cycle

of PCR.
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4.2.2.5 RFLP

PCR products were digested by the direct addition to a 25 pl PCR reaction of 5 U
of the restriction enzyme Pvull followed by brief mixing and incubation at 37°C
overnight. After digestion, the PCR products were loaded onto a 15% TBE
acrylamide gel (see Appendix 5) and electrophoresed at 180 V (18 V/cm)
for 1.5 h.

Gels were dried using a flat bed gel drier (Biorad) and exposed to phosphor plates
for 2-12 h (as described in Chapter 2, section 2.3.1).

4.2.2.6 Direct extraction of RNA from 10 um tissue sections for RT-PCR

Multiple 10 pm sections were collected from paraffin blocks of MG from each of
three animals, two XIST G/T heterozygotes and a homozygous XIST G allele
animal. Next, total nucleic acids in the samples were extracted according to the
protocol described by Frank (1996) who compared nine different extraction
protocols and found that the following protocol gave the best yield of RT-PCR
amplifiable RNA.

The sections were placed in 1.7 ml tubes, 100 pl of 0.5% Tween-20 (DEPC) was
added and the tubes agitated briefly before incubation at 90°C for 10 min. After
the samples had cooled, 100 ul of 5% Chelex (in TE buffer) was added to each
sample and the tubes incubated at 99°C for 10 min. Next, the tubes were briefly
vortexed and centrifuged at 11 000 g for 15 min. Following centrifugation the
residual wax was removed from the surface of the solutions and, after heating the
samples to 45°C, 100 pl of chloroform was added. The solutions were gently
mixed by finger-flicking and were again centrifuged at 11 000 g for 10 min. The
upper phase was collected and the nucleic acids concentrated by precipitation in a
1/10"™ volume of 3 M sodium acetate (pH 5.5) and 3 volumes of 100% ethanol
(AR). This RNA was used as template in a first strand extension reaction as

detailed in section 4.2.2.3.
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4.2.2.7 PCR controls

In Chapter 3, an amplification preference for the ‘G’-allele was noted. To
measure this effect, and to determine the influence of contaminant polyclonal
tissue on the ability to detect clone homogeneity in tissue blocks, two control

experiments were performed:

1) Firstly, a heterozygous DNA template was amplified using 25 cycles of PCR so
that the unequal amplification of the alleles of SNP2, which was seen in earlier

experiments, could be quantified.

A genomic DNA template was diluted 1/10 (200 ng/pl), 1/20 (100 ng/ul), 1/30
(66 ng/ul) with water, and a 1 pl aliquot of each dilution was PCR amplified in a
25 pl reaction as described in section 4.2.2.4. The PCR products were digested
and electrophoresed using 15% PAGE to determine allelic ratios. The results of

this experiment are shown in section 4.3.4.1.

2) To determine whether contamination from non-epithelial polyclonal regions
within the sampled tissue would affect detection of clone homogeneity in the

glandular tissue a further control experiment was carried out.

A PCR product was amplified from two male animals, hemizygous for the T and
G alleles, respectively, using the primers BXPM.F and BXPM.R. The product
was diluted to the ratios indicated in Table 4.1. As the detected allele was also
present in the “contaminant”, the actual basic ratios of “contaminant” to *“sample
epithelia”, of between 1:3 and 1:7, were effectively equivalent to ratios of
between 1:3.5 and 1:7.5. Fifty nanograms of this mixed “contaminant:epithelia”
template was reamplified using 20 cycles of PCR (as detailed in section 4.2.2.4)
and digested with Pvull (5 U) directly in the PCR reaction buffer. The effect of
the inclusion of the contaminant mock “polyclonal tissue” was determined by
comparison of the ratios of products obtained from each PCR reaction. These are

presented in section 4.3.3.2.
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~ 105G05T  |3G
05G/05T 3T
05G/05T 4G
05G/05T 4T
05G/05T 5G
05G/05T 5T
05G/05T 6G
05G/05T 6T
05G/05T 7G
05G/05T 7T

Table 4.1. Table showing the ratios of template used in control experiments. These experiments
were designed to determine whether inclusion of connective tissue in the epithelial sample would
affect the resolution of the proposed RT-PCR/RFLP experiments.

4.2.2.8 Calculation of percentage epithelia in mammary blocks

Photographs were collected from haematoxylin/eosin stained mammary gland
sections from each of the animals in the study. Epithelial cell numbers were then
measured relative to cells within the connective tissue component of the sections
by counting nuclei of each cell type in five 400 pm2 frames within each
photograph. This count was then used to calculate the average percentage

contribution for both stromal and epithelial cells in the sections.

4.2.2.9 Animals used in the study

The primary study used mammary tissue from cull animals (animal/genotype: 696
G/T, 5780 G/G and 6244 G/T) and liver samples from a heifer and a male animal.
In an extension to this study, mammary samples from a further three SNP2
heterozygous heifers were analysed by the same RT-PCR/RFLP method applied
to the samples from the above animals. The heterozygous control used in PCR
optimisation was DNA from animal 696 (a heterozygote), and the two

hemizygous control samples for the ‘T” and ‘G’ alleles were from male animals.
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4.3 Results

4.3.1 Calculation of percentage of epithelia in mammary blocks

Analysis of cell nuclei in haematoxylin and eosin stained mammary tissue
sections revealed that only around 80% of the cells in mammary gland sections
were epithelial cells. Because there were considerable variations from animal to
animal, analyses were carried out on a number of glands from which total RNA
was to be extracted for the RT-PCR experiments (Table 4.2). The table shows a
‘corrected ratio’ determined by measuring the actual areas of lobular tissue,
comprised of epithelial cells, and of connective tissue (CT) in each sample. This
correction factors in relative density of cells in epithelia and CT with the area of
the sampled sections in which each cell type is found. These estimates were used
when interpreting the results of the control experiments, which are relevant to the

potential resolution of the Hot-Stop method.

696 1: 4.8 66.3% 1:5.6

5780 1: 4 79.5% 1:5.18
6244 1: 3.25 83% 1:4.3

Table 4.2. Table showing ratios of nuclei found within connective tissue and epithelial
components of mammary gland sections that correspond to the blocks sampled for the RT-
PCR experiments. CT: Connective tissue.

Images collected from thin sections of each of the glands are shown below (Figure
4.2). These images show both the extent of individual lobules (in two

dimensions) and the relative numbers of epithelial and stromal cells.
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Figure 4.2. Bovine Mammary Gland Sections. The extent of lobular bundles and distribution of
nuclei within the mammary glands of the animals can be seen. Images A, C and E are from glands
696, 5780 and 6244 respectively. Images B, D and F are higher magnification images from the
same glands, 696, 5780 and 6244, respectively.

4.3.2 Control experiments for RT-PCR/RFLP method
4.3.2.1 Xist SNP2 Heterozygote DNA PCR/RFLP

In earlier work, preferential G allele amplification was observed. This was

quantified by PCR (Figure 4.3) and, after 25 cycles, twice as much G as T allele
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product was found using Gelstar 4™ software quantification. Although different
PCR conditions were tried (annealing temperature, cycle time etc.) it was not

possible to correct for this preferential amplification (data not shown).

Amplification of DNA control

0.2 ug 0.1pg 0.06 ug »

i
Bk

T allele—

G allele —

1:2.2 1:2.1 1:2.1
Ratio of band intensity (T:G)

Figure 4.3. Amplification of a heterozygous DNA (from animal #696) as a control. After 25
cycles of PCR, twice as much ‘G’-allele product as “T’-allele product was observed. The amount
of genomic DNA loaded to each reaction is indicated on the figure as is the ratio of band intensity.

4.3.2.2 Contaminant spiking experiment

The methodology used in the contaminant spiking experiment, using different
ratios of ‘contaminant’ to ‘target’ is described in section 4.2.2.7. The results of

this experiment are shown in Figure 4.4.

The results of this experiment were difficult to interpret, especially in light of the
known amplification bias, which favours the G allele. Where the G-allele
predominated, co-amplification of a T-allele product was always observed.
Furthermore, amounts of this co-amplified product were not seen to decrease with
increasing relative concentration of the G allele. It is perhaps possible that
incomplete digestion of the products meant that the G allele product band was
underrepresented in these lanes. However, this seems unlikely as this RFLP
method had previously been used to successfully genotype animals (including

males) in the individual animal screening experiments in Chapter 3.

Where the T-allele was predominant, at a ratio of between 1:5.5 and 1:7.5 of

“stromal (contaminant) cells” to “epithelial cells”, a product corresponding to the
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T allele was found to predominate, with only minimal amplification of the
contaminating G allele. Even when the contaminant was present at a ratio of 1:3
to the target T allele, effectively meaning that the T allele template was 3.5 fold
the amount of the G allele template, there was clearly more T allele product than
G allele product. The T allele product was found in increasing amounts with

decreasing amounts of contaminant. As noted above, this was not true of the

reactions where the G allele was predominant.

Contaminant template:target template

1:3 14 15 1:6 1:7

T G T G T G T G T G -ve

Predominant allele

Figure 4.4. Allele ratio banding patterns observed using different amounts of a mixed
‘contaminant’ template with ‘desired’ template. The ratio of contaminant to target template is
shown above the gel picture while the predominant allele is indicated below the picture. A PCR
negative control is shown at the extreme right of the gel picture.

If the same allelic ratio as that observed in PCR amplification from a
heterozygous genomic DNA template (see 4.3.2.1) was found in this experiment,
it would be expected that the amplification preference should have doubled the
amount of G allele product relative to the T allele product. Clearly, this was not

the case.

This contaminant spiking experiment showed that inclusion of stromal tissue with
epithelial tissue in the mammary blocks sampled may affect the resolution of
homogeneously ‘G’-allele expressing samples (Figure 4.4). The apparent
preferential amplification of the T allele, which is the opposite result from that

expected in this PCR, is difficult to explain.
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4.3.3 RT-PCR/RFLP showed differential allelic expression

Figures 4.5 and 4.6 show gel pictures of alleles expressed in older cull animals
and heifers, respectively. Tables 4.3 and 4.4 show this data in tabulated form with

an indication of relative amounts of each allele detected in heterozygous animals.

Patterns of clonality in MG from 6+ yo cull animals

#696 #5780 #6244
Controls G/T G/G G/T
— —

G TGT@® 2 3 4 5 6

Figure 4.5. Alleles expressed in cull animals. Three controls are included: homozygotes for the
‘G’-allele and the ‘T’ allele, and an amplification product from a heterozygous sample. Actual
tested mammary RNA samples are sourced from: 1) and 2) animal #696, a heterozygote, samples
3) and 4) animal #5780, a homozygote for the ‘G’ allele, and 5) and 6) animal #6244,
a heterozygote. (See Figure 4.8 for controls). The circled number corresponds to the only
suspected homogeneous specimen from the 16 blocks sampled.

Animal  Genotype  Sample | Sample 2
696 G/T g/T G/t
5780 G/G G G
6244 G/T G/t G/T

Table 4.3. Table showing expressed alleles in random mammary gland samples in heterozygous
and homozygous animals. The relative intensity of each amplified band is shown by the case of
the letter used in the results boxes. The letter case used indicates relative band intensity.
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Patterns of clonality in MG of heifers

Figure 4.6. SNP2 Alleles expressed in five samples from three individual heifers.

Helfer #3 P i

Heifer #4

Heifer #5

_pontrol amplifications

amplification/RFLP from a DNA template is shown in the inset panel.

Control

3 G/T G/t G/t G/t Gh
4 G/T G/t G/t G/t G/t
5 G/T G/t G/t G/t G/t

Table 4.4. Table showing detected alleles in samples collected from three heifers. In all samples,
the G allele preferentially amplified but due to limitations of the PCR strategy used it was
impossible to determine if this digestion pattern reflected genuine homogeneity (for exclusively G
allele expressing regions) in the sample.

Analysis of the 30 mm® samples from 6 animals gave largely equivocal results. In
nearly all cases, the G allele predominated, but it could not be determined whether
this was due to preferential amplification during the PCR or actual homogeneity.
In only one sample, sample 1 from animal #696, was evidence for homogeneity of
the T allele found. If this result is viewed alongside the preferential amplification
for the G allele found in the first control experiment (section 4.3.2.1), then it may
be significant, as it would indicate that there was a predominance of cells

expressing the T allele in this specimen.

At least some of these technical problems would have been overcome if it had
been possible to RT-PCR from much smaller tissue samples. However, efforts to
use template extracted from 1 mm’ tissue samples failed to give reliable PCR

amplification (data not shown).
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4.4. Discussion

The results obtained here are clearly not definitive. Little evidence for
homogeneity (suggesting possible monoclonality) was found in samples taken
from bovine mammary glands. However, the fact that these samples were
relatively large (30mm’, corresponding to approximately 3 x 10’ cells, containing
an estimated 27000 TLDUs, at approximately 1 TDLU per 1 mm?® and 1000 cells
per TDLU) might mean that smaller areas of homogeneity, <30 mm?, would not
be detected. Interesting though, if one was to accept that one sample out of the
sixteen analyzed (that is, specimen 1 for animal #696; see Figure 4.5) was actually
displaying homogeneity, then probability considerations, with 1 of 16 30 mm?
regions shows homogeneity so 1 of 8 15mm® regions will show homogeneity etc.,
would predict that, on average, regions of around 2 mm’ in the bovine gland must
be homogeneous. If this is the case, then these regions would be larger than those
shown to be homogeneous in the mouse (Thomas et al., 1988). However, given
that the bovine gland has a weight of approximately 10 kg, compared with
approximately 0.7 g for the mouse gland, it is perhaps likely that much larger
areas of the bovine gland have a monoclonal origin (the standard formula for
calculating mammary weight [kg] is: 0.045 X W %2, where W=maternal
bodyweight). This would particularly likely if the numbers of progenitors in both
glands are approximately equal. If, however, the bovine gland is derived from a
larger progenitor population, say 1000 fold that found in the mouse gland, then it
would be unlikely that extensive regions of homogeneity would be found in the
bovine gland. If the size of the progenitor population for both glands is found to
be similar, then a transit-amplifying cell population may be particularly important
in the bovine gland. Future studies on glands from these species are likely to
examine the relative size of the stem cell progenitor population and possible

differences in involvement of a transit-amplifying cell population in gland growth.

It is interesting to note that, in the 0.7 g murine mammary gland, analysis of
epithelial patch sizes show that the gland is predominantly heterogeneous, with
homogeneity only observed in some terminal ducts (Kisseberth and Sandgren,
2004; Thomas et al., 1988), whereas, in the <1500 g human gland, homogeneity is
reported in individual TDLU (Novelli et al., 2003; Tsai et al., 1996). In these
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studies of the human breast, heterogeneity, indicating polyclonality, was seen only

in larger ducts.

Clearly, it would be preferable to measure clonality in individual TDLU or, at the
very least, just a few TDLU, in a sample of <1 mm® (the approximate size of a
single TDLU). Attempts were made to analyze the clonal profile in single 10
mm? sections, comprising around 1 mm® of tissue (106 cells), but these were not
successful, as it proved impossible to extract sufficient RNA from these tissues
for RT-PCR. If amplification had been possible, then such specimens are more
likely than larger blocks to reveal possible homogeneity in expression of the
SNP marker.

Two technical problems appeared to limit the RT-PCR analyses, the amplification
method and the low level of XIST transcripts. The RT-PCR/RFLP technique used
in this study was adapted from the Hot Stop technique originally described by
Uejima (2000). In our hands, this method was found to have a number of
limitations, especially when applied to discrimination of alleles of the XIST SNP.
A requirement of the Uejima method was that very few cycles of PCR were
performed. This is to limit the potential for amplification bias and possible
inaccurate assessment of clonality. We found that the XIST transcript was
difficult to amplify directly from cDNA. We believe that this may be due to
either of two possible reasons: 1) the expression of the gene was too low for
reliable detection (as seen in the requirement for an enriched mRNA for detection
of the XIST transcript by Northern blotting in Chapter 3), or 2) the mismatches in
the forward primer that were required to produce a Pvull site in products of the G
allele. This may have prevented the primer from annealing correctly during early
cycles of PCR. The PCR amplification bias was an added complication, as it
resulted in a two-fold preference for the G allele after 25 cycles of PCR. Although
the PCR conditions were manipulated in an attempt to counteract this bias, no real
improvement was produced. In summary, the analyses lacked both sensitivity and

discrimination.

Future investigations

e A full characterization of cellular clonality in the bovine MG will benefit

our basic understanding of MG biology. In particular, deducing the
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‘where and how’ of mammary stem cell proliferation and cellular clone
formation will reveal ways in which the bovine gland can be manipulated
to achieve more sustained lactation and greater output. It is also possible
that identification of differences between the human and bovine glands
may give clues as to why cancer is so rare in the bovine gland (that is,
beyond the obvious difference in lifespan).

XIST SNP2 has potential as a marker of clonality as heterozygotes are
found at a high frequency (32% heterozygosity) and this makes the
selection of informative animals simple. Furthermore, many studies of
XIST expression have shown that it is expressed exclusively from a single
X-chromosome so it should be a very reliable indicator of the inactive
X chromosome.

More sensitive RT-PCR techniques should be able to extend the detection
sensitivity enormously, for example, making it possible to analyse the
clonal profile in a sample of just 10 to 100 cells from a
microdissected TDLU.

As an extension to our experiments, an in situ hybridization approach
could be applied to thin sections to discriminate alleles of the XIST SNP.
Allele specific in situ hybridization (ASISH) had been used previously to
distinguish single nucleotide differences in H/9 and IGF2 transcripts with
a *°S labelled 30mer oligoprobe (Adam et al., 1996). Alternative in situ
methods, such as allele-specific primed in situ synthesis (PRINS) or allele-
specific ‘padlock’ probe hybridization (Nilsson et al., 2000) may also be
trialled to achieve the desired resolution and sensitivity for discrimination
of an SNP. We believe that these techniques may be applicable to
mammary clonality studies, particularly when a highly expressed gene is
chosen for analysis. Such an approach would allow measurement of
clonal profiles by direct observation of individual TDLU and ducts on 10
pm sections and profiles would not be affected by the presence of
surrounding stromal tissue.

With the publication of bovine mammary EST databases it has now
become simple to look for SNP in other (more highly expressed) X-linked

genes. As outlined in the discussion of the previous chapter, this would
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allow the rapid identification of alternatives to XIST for both in vitro and
in situ experimental assessment of clonality.

In situ approaches using a well-expressed X-linked gene polymorphism as
a marker of clonality will be useful as it eliminates the potential effect of
contaminating stromal (which is presumably polyclonally-derived) tissue.
Such methods will reveal the clonality of individual structures in the
bovine and comparison of these profiles with those of human and mouse
may reveal differences that must be considered when using particular
animal models of human breast disease.

Serial sections through a portion of gland could be reconstructed using 3D
imaging software after in situ hybridization on these sections to detect
each allele of the marker. This would give a better indication of general
patterns of cellular clone size and distribution throughout the gland than

would be possible from observations of 2D sections.
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Chapter Five

The H253 Mouse as a Model of
Cellular Clonality

5.1 Introduction

The bovine study in presented in Chapters 3 and 4 did not give a reliable
measurement of cellular clonality in the mammary gland. Therefore, it was
decided that an alternative approach, using observations of patterns of mosaic
expression of an X-linked transgenic marker in whole mount mouse mammary
glands, would allow a better description of clonality in the mammary gland and

aid future attempts to determine the cellular clonal profile of the bovine gland.

5.1.1 Mouse models of cellular clonality

Both whole mount and serially-sectioned mouse organs have been used in studies
of cellular clonality, for example, during kidney ductulogenesis (Lipschutz et al.,
1999). While very few studies have directly examined clonality in the mouse
mammary gland, the use of G6pd isozymes as markers of different cellular clones
in C3H-GPDX “normal” mice enabled Thomas et al. (1988) to score the clonality
of individual structures in mouse mammary glands. They found staining patterns
that indicated polyclonality in both ducts and alveoli. However, the marker could
only be reliably detected in lactating animals, so this animal was not useful in

investigations of cellular clonality at other developmental time-points.

The best model systems for study of cellular clonality allow for the unambiguous
detection of the reporter gene activity without interference from high background
levels of endogenous gene activity (Weiss et al., 1997). Obviously, for

transgenic mouse models of cellular clonality, transgene expression must also
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reflect the X-inactivation status of the cell. However, it is a well-established that
anomalies of transgene expression occur quite frequently. Krumlauf (1986)
observed tissue variation in the expression of an X-linked transgene for an o
fetoprotein minigene that, when present on the inactive X chromosome,
underwent transcriptional repression in the foetal liver but was not inactivated in
the visceral endoderm. Furthermore, other X-linked transgenes, such as a
concatemeric chicken transferrin gene insert (Goldman et al., 1987) and a human
ol(I) collagen gene (Wu et al.,, 1992) insert, have been found to either totally
escape normal inactivation, due to lack of methylation, or are incompletely
inactivated, and hence expressed at low levels from the, supposedly silent,

inactive X chromosome.

Despite the problems that are sometimes encountered with transgenic animals,
some X-linked mouse transgenes have been found to be expressed in a similar
pattern to endogenous genes; examples include CAT-32 (Collick et al., 1998<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>