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Thesis Summary

This thesis describes the screening of the sheep wool follicle for expression of
Antennapedia - like homeobox genes by RT-PCR and the isolation and characterisation of
the Hoxc-13 gene and a novel homeobox gene, Barx2.

In the RT-PCR screen of the wool follicle, nine known homeobox cDNAs,
Hoxa-4, Hoxb-2, Hoxb-6, Hoxb-8, Hoxb-9, Hoxc-4, Hoxc-5, Hoxc-9, Hoxc-13 and the
novel homeobox cDNA, Barx2 were isolated.

Northern blot analysis detected transcripts for Hoxc-13 (2.6 kb) and Barx2 (2.0
kb). Expression was confirmed by the more sensitive method of RNA protection for all of
the homeobox genes except Hoxc-4, Hoxc-5 and Hoxa-4.

In situ hybridisation analysis was performed using cCRNA probes synthesised
from the homeobox of Hoxb-6, Hoxc-5, Hoxc-9, Hoxc-13 and Barx2. Hoxc-9 and Hoxc-5
were expressed asymmetrically in the cortex of the lower follicle shaft. Hoxc-13
expression was located in the upper follicle bulb and lower shaft. A signal was not detected
for Hoxb-6 or Barx2.

The 3' cDNA ends for both Hoxc-13 and Barx2 were isolated using 3' RACE and
sequenced. Using longer gene-specific probes, the initial Northern blot and RNA
protection results for Hoxc-13 and Barx2 were confirmed. The Barx2 and Hoxc-13 genes
were isolated from an EMBL3 lambda sheep genomic library and the sequence of Hoxc-13
is reported for the first time. The Hoxc-13 protein contains a predicted 330 residues.

The expression of Barx2 and Hoxc-13 was analysed during the embryonic
development of sheep skin and in the adult skin by in situ hybridisation using gene-specific
probes. Both Barx2 and Hoxc-13 exhibit a spatial and differential regulated expression
pattern during sheep embryonic skin development.

A K14/ Hoxc-13 transgene was constructed and the production of transgenic
mice was attempted. Of 65 mice produced no transgenic mice were obtained, possibly due
to embryonic lethality of the transgene. The results suggest that both Barx2 and Hoxc-13
are important in hair development and may be involved in the regulation of cellular

adhesion molecules and the hair keratin genes respectively.
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Chapter 1 : Introduction

The work presented in this thesis focuses on expressed homeobox genes in the wool
follicle and their expression pattern in the developing wool follicle. Chapter one is an
introductory chapter and thus contains several sections that give background information on
wool follicle development, wool keratin expression in the follicle, the definition and
classification of the homeobox genes and lastly a short review of homeobox gene
expression in the developing skin and follicle. The aims of the thesis are then presented at

the end of this Chapter.

1.1 Wool Follicle Development

Human hair and wool follicle development begins at approximately 40 days
gestational age and undergoes continual developmental changes through-out the life span of
the organism. There are three main stages of hair growth once the follicle is formed (Fig.
1.1). The active phase of growth and differentiation, anagen, is followed by a short
transitional phase, catagen, in which hair growth ceases and both the dermal papilla and the
club formed at the end of the hair shaft regress towards the epidermis. Telogen, a resting
phase, succeeds catagen and during this phase the club end of the hair is anchored by
cortical cells, which penetrate the epithelial cap. The next round of hair growth is thought to
be initiated by the interaction of the stem cells found in the bulge region with adjacent dermal
papilla cells (Cotsarelis, 1990).

The overview of the developmental plan of a hair follicle is similar between species
however individual species can have unique differences. For example the mouse has a
pattern of hair growth where follicles cycle synchronously with a short anagen phase lasting
for approximately two weeks. In comparison, the sheep has an anagen phase of years and

neighboring follicles can be at different stages of the follicle developmental cycle.
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1.2 Hair Morphogenesis

At the beginning of hair follicle morphogenesis, a cluster of mesenchymal-dermal
cells aggregate into a condensed ball beneath the epidermis. A signal is then thought to be
sent from the mesenchyme to the overlying epidermis where a localised thickening of the
basal layer forms the hair peg (Hardy and Lyne, 1956). Epidermal cells at the leading edge
of the peg begin to proliferate, forming a plug that moves in a proximal direction into the
dermis. This action pushes the original cluster of dermal cells downwards and in the process
forms a tubular shaft. The plug flattens before it engulfs the mesenchymal-dermal cells as a
papilla that persists during all three stages of the hair follicle cycle. Unknown signals are
then sent from the dermal papilla cells to the germinative bulb cells that line the dermal
papilla stimulating them to divide rapidly. The bulb cells proliferate continuously at a high
rate and can generate daughter cells within 12 hours for mice and 30-44 hours in sheep. As
the daughter cells migrate towards the hair shaft in a stream like fashion (Hardy, 1992),
their structure and function changes in a spatial and temporal manner. Terminal
differentiation transforms the migrating cells into specific types of follicle cells which form
the concentric cell layers of the adult follicle (Hardy, 1992; see Fig. 1.2). Cell types that
originate from the germinative cells of the follicle bulb are the hair cuticle cells, cortical cells
(orthocortical and paracortical), the medulla cells (not present in all fibres), the three
different types of cells that make up the three inner root sheath (IRS) layers, the Henle,
Huxley and IRS cuticle and the companion layer. The companion layer is located between
the IRS and the ORS and there is both histological and biochemical evidence to support the
notion that the companion layer is not part of either the outer or inner root sheath (Rothnagel

and Roop, 1995). The mature hair fibre consists of at least two cell types, the flattened

overlapping scale cells of the cuticle and the spindle shaped cortical cells that are 100 pM

long and 5-10 uM wide. Some hairs have a central medulla which are interspersed with

relatively large air spaces. The outer root sheath cells (ORS), form the peripheral layer
around the outside of the follicle they are an autonomous layer and are not derived from the

follicle bulb. The IRS cells move into the sloughing zone, cytoplasmic organelles are
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degraded and the mature hair fibre emerges.

1.3 Hair Keratin Gene Expression

As the follicle bulb cells divide and migrate towards the epidermis they undergo
terminal differentiation. A marked feature of terminal differentiation of the hair keratinocytes
is the turning on of keratin gene families which produce keratin intermediate filament
proteins and keratin associated proteins that cross-link via disulphide bonds to give the hair
fibre its hardened character (for review see Powell and Rogers, 1994; Powell and Rogers,
1997). There are estimated to be 50-100 different hair keratin proteins residing in the hair
fibre (Gillespie, 1991; Powell and Rogers, 1997). They can be divided into two major
groups of proteins, the keratin intermediate filament proteins (IF), containing at least 40
components, and the keratin associated proteins (KAP), containing at least 10 families
(Powell and Rogers, 1994). These two groups are present in roughly equal amounts in
wool.

The hair IF keratin protein group can be subdivided into 2 classes, type I and type I
that span the molecular weight range of 40-70 Kd. The type I keratins, in general, are of
smaller size with acidic isoelectric points when compared to the neutral-basic type II
proteins. The type I IF genes contain six introns and are approximately 4-5 kb in size and
the type II IF genes contain eight introns and are approximately 7-9 kb in size (Wilson et al.,
1988; Kaytes et al., 1991; Powell et al., 1992; Powell and Beltrame, 1994).

Keratin IF are heteropolymers requiring a type I and a type II chain for IF assembly
(Hatzfield and Franke, 1985). They have the ability to assemble themselves without the aid
of additional proteins. Type I and type II intermediate filament genes are coordinately
expressed and 4-5 genes of each type expressed in the hair cortex and form filaments of 8-

10 nM in diameter in the hair cortical cells (Powell and Rogers, 1994). The basic molecular

structure for each type of IF protein is similar. A central o-helical core of 310 amino acids is

divided into four sections 1A, 1B, 2A and 2B by three linker regions L1, L12 and L2.

Heptad repeats of hydrophobic residues are found throughout the oi-helical segment which

enables the TF's to form coiled-coil subunits (for review see Steinert and Roop, 1988). The



core is flanked by non-helical sequences (amino (N)-terminal and carboxy (C)-terminal
domains) which vary in length and in sequence. They play a role in the lateral and end-to-
end cross-linking interactions necessary to pack or stabilise the coiled-coil subunits into the
filamentous structure (Steinert et al., 1985; Steinert and Roop, 1983).

During terminal differentiation of the cortical cells, the heteropolymer IFs cross-link
with an interfilamentous matrix that is composed of the keratin associated or matrix proteins.
KAPs comprise several protein families which can be subdivided into the cysteine-rich and
the glycine/tyrosine rich groups based on their amino acid composition (For reviews see
Gillespie, 1990; Powell and Rogers, 1994). The cysteine and HGT proteins of the cortex
are relatively low in molecular weight (6,000-9,000 Daltons) and help to form the tightly
bound IF aggregates.

The expression of keratin IF proteins in hair follicles has been shown by using
antibodies (Kemp and Rogers, 1970; Lynch et al., 1986; French and Hewish, 1986;

Heid et al., 1988 a,b). These immunocytochemical studies lacked the ability to distinguish
between individual components of either the hair type I or type II IF families due to their
conserved sequences. In order to overcome this problem Powell et al., (1991), synthesised
unique keratin probes representative of individual members of each family. In situ
hybridisation of these probes to consecutive longitudinal sections of the follicle revealed the
stage-specific expression of transcriptional products of individual members (Fig. 1.3). The
IF keratin genes are first to be activated and expressed in the lower follicle bulb but not in
the mitotic regions. They are subsequently expressed in all cortical cell types. K1.15 is the
first to be expressed in the follicle bulb cells (Lel Whitbread, Phd Thesis). K2.12 is
transcriptionally activated in cells in the upper part of the follicle bulb followed by the
progressive expression of K2.9, K2.10 (upper part of the bulb) and K2.11 respectively in
the lower shaft. The expression patterns of the keratin-associated proteins have also been
studied by in situ hybridisation. The HGT keratin proteins (KAP6 family and KAP7 and
KAP8 proteins) are the next group to be expressed in one side of the cortex and soon after
the cysteine genes (KAPI-4 families) are transcriptionally activated in the cells of the
complementary side. The UHS (cysteine rich KAPs) gene expression pattern is restricted to

one side of the cortex unlike the HGT and HS proteins which are expressed in both sides
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further up the follicle (Powell et al., 1992). The KAPS5 family is expressed specifically in
the cuticle and is transcriptionally activated late in follicle differentiation (Mac Kinnon et al.,

1990).

1.4 Control of Hair Keratin Gene Transcription

Most work to date has concentrated mainly on the isolation and expression patterns
of keratin proteins in the follicle and epithelial tissues. Little is known about the gene
sequences and transcription factors that control and regulate the expression of the keratin
gene families. The keratin genes are usually clustered in families usually 5-10 kb apart. The
type I IF locus has been predicted to be 500-600 kb in size containing 20-30 genes (Powell
and Beltrame, 1994; Yoon et al., 1994). This is based on data obtained from yeast artificial
chromosomes (YACS) (Yoon et al., 1994) and overlapping cosmid clones (Powell and
Rogers., 1994).

The 5'-flanking promoter regions of the keratin gene families have been sequenced
to ascertain if there are common sequence motifs that are capable of binding regulatory
proteins. Promoter sequence analysis has revealed several putative, conserved sequence
motifs, also found in epithelial IF genes, which may be involved in the regulation of hair
keratin gene expression (Powell et al., 1991, 1992; see Fig. 1.4). A palindromic sequence
named HK1, 5-CTTTGAAG-3', resides in all hair keratin gene promoters including both
IF and KAP's and is a candidate for regulating their expression (Powell et al., 1992). In the
K2.10 gene promoter, HK1 is located between 180-240 bp upstream of the transcription
start site and is not present in the proximal promoter regions of any epidermal keratin IF
genes. Interestingly, lymphoid enhancing factor 1 (LEF-1) which recognises the same core
consensus sequence 5' - CTTTGA / TA /T - 3'is up-regulated in a highly restricted pattern
just before the formation of the underlying mesenchymal condensates and commitment of
the overlying ectodermal cells to invaginate and become hair follicles (Zhou et al., 1995).
LEF-1 is able to bind to the promoters of K2.9 and K2.10 through the HK-1 motif and
there is preliminary evidence to suggest that that the LEF-1 binding site is an enhancer
element of the K2.10 promoter (Dunn et al., 1998). Knockout mice have shown that LEF-1

is not absolutely essential for initiation of follicle morphogenesis as some follicles in the
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Figure 1.4 : Putative regulatory motifs in the promoter region of a wool cortical
keratin IF type II gene (sheep K2.10). The location of the transcription start site
is indicated at +1bp. (Reprinted from Chuong, 1998).



knock out mice developed until approximately day 17 gestational age and then appeared to
be arrested (Van Genderen et al., 1994). Expression of LEF-1, driven by the K1.14
epidermal basal cell promoter results in abnormal follicle development such as defects in the
angle that the follicle develops and remarkable abnormal hair growth in the gums (Zhou et
al., 1995). These results imply that LEF-1 has a major role in follicle development at the
embryonic level.

The consensus sequences recognised by the two common transcription factors AP1
and AP2 have been found in a range of IF type II genes, K2.9, K2.10, K2.13, K2.14
(Powell et al., 1992). AP2 is thought to be involved in general keratin expression (Byrne
and Fuchs, 1993; Leask et al., 1990, 1991; Snape et al., 1991). Two motifs have been
found in epidermal keratin IF genes (Leask et al., 1990: Snape et al., 1990). They are both
similar to the AP2 motif and are involved in DNA binding interactions but do not have a
tissue specific expression. FOS, one of the proteins of the AP1 complex has also been
found in differentiating hair follicle keratinocytes (Fisher et al., 1991) which further
supports the evidence that AP1 and AP2 are involved in the regulation of keratin gene
expression.

Ten putative regulatory motifs were found within 700 bp of the transcriptional start
site in the promoter region of a wool cortical keratin IF type II gene (Powell et al., 1991,
Dunn et al., 1998). In addition to the CAAT and TATA motifs, various potential binding
sites for AP2, Sp1, Ets-1, NF1 and Lef1 were detected (Fig. 1.4). Other motifs included
the HS-1 and KTE-1 box, the latter originally identified in a Xenopus IF type I gene acting
as a general activator of embryonic keratin transcription (Snape et al., 1990) and an
AARCCAAA box (R is a purine) identified by Blessing et al., 1987.

No documentation has thus far reported the consensus sequences, containing a
central TAAT motif, recognised by the Hox gene products in the hair keratin gene

promoters.

1.5 Definition of the Homeobox

Major advances in our understanding of developmental control mechanisms have

come from studying genes which cause developmental anomalies. In particular, genes



which affect the patterning of segments in the developing embryo of Drosophila
melanogaster are prime examples. These are the coordinate genes, segmentation genes and
homeotic genes. The coordinate genes are expressed maternally during oogenesis and
establish the anterior-posterior and dorsal-ventral axes in the embryo. Segmentation genes
affect the number and polarity of the body segments and can be subdivided into i) gap genes
ii) pair-rule genes and iii) segment polarity genes. Homeotic genes act more specifically and
effect changes in structures associated with individual segments as well as changing the
repetitive nature of similar segments to become individually unique. For example the
Bithorax mutation, the first homeotic mutation discovered (Lewis, 1978), generates four-
winged flies by transforming the third thoracic segment from which halteres develop
towards a second thoracic segment from which wings develop (Bridges and Morgan, 1923)
and the Antennapedia (Antp) homeotic gene partially transforms the antennae on the head of
the fly into legs (Le Calvez, 1943).

In the Drosophila genome, eight different homeobox containing genes, also called
homeotic selector genes are clustered together on chromosome three forming a complex
named HOM-C (Homeotic-Complex). HOM-C consists of the two separate complexes
ANT-C (Antennapedia-C) and the BX-C (Bithorax-C) which are thought to have arisen
from the single division of an ancestral HOM-C cluster (Beeman, 1989). Homeobox gene
expression is present at all levels of development and determines either segmental identity,
regionalization or cell identity.

McGinnis et al, (1984) demonstrated through cross hybridisation of the last exon of
the homeotic Ultrabithorax gene (found in BX-C) with the homeotic genes Antennapedia
and fushi tarazu (belonging to the drosophila embryonic segment-polarity gene class) the
presence of a 180-183 bp DNA sequence common (0 these genes. This segment of DNA
was subsequently named the 'homeobox'. The homeobox occupies only a small proportion
of the coding region of the gene and encodes the 60-61 amino acid protein domain, the
'homeodomain' (Fig. 1.5). The three homeoboxes of the Antennapedia, fushi tarazu and
Ultrabithorax genes are highly conserved and share a 75-77% nucleotide sequence identity.
When comparisons are made at the amino acid sequence level the sequence homology

increases suggesting that some amino acids within the homeodomain are conserved between
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Figure 1.5 : Schematic representation of a Hox gene and location of homeobox.
The Homeobox consists of a 180 bp DNA sequence usually located towards the
3' end of the gene. It encodes part of the protein (60 amino acids) known as the
homeodomain



classes and essential for proper homeobox function.

Hundreds of Hox (homeobox) genes have been progressively isolated from every
phylum over the previous 15 years by cross homology / hybridisation experiments and
RT-PCR technology (for review see Carrasco et al., 1984, Duboule, 1994). Degenerate
primers are designed from uniquely conserved amino acid regions found in most homeobox
gene classes and used to amplify partial cDNA or genomic DNA fragments. Within the
mouse genome more than 70 Hox genes have been isolated of which more than 30 have
been extensively characterised (Akam, 1989; Kessel and Gruss, 1990) and more than 50
HOX genes have been isolated from Homo sapiens.

The vertebrate Hox genes are found clustered like their Drosophila counterparts
(Fig. 1.6). In mouse and humans there are four clusters of Hox genes located on separate
chromosomes (human chromosomes 11, 6, 15 and 2) each containing 13 genes that can be
arranged into paralogous groups by amino acid sequence similarity and position within each
cluster. Vertebrate homologues are found at the same relative position within their clusters.
Each cluster spans approximately 100 kb and individual genes occupy on average 10 kb of
cluster space (Ruddle et el., 1994). The clusters occurred perhaps by a series of
chromosomal duplications and expansion of a putative ancestral primordial gene cluster
(Schughart et al., 1989). It has been suggested that duplication of clusters has provided the
developmental capacity to evolve increasingly complex body plans (Kappen et al., 1989;
Ruddle et al., 1994).

Expression studies have shown that the chromosomal order of the Hox genes is the
same as their respective expression domains in the anterior-posterior axis of an organism.
This has been termed the colinearity rule such that genes expressed most anteriorly are
found at the 3' end of the cluster and genes expressed towards the posterior are located at
the 5' end. Unlike the Drosophila counter-parts where expression is contained within
discrete sections, the expression domains of vertebrate HOX genes overlap and form a
graded overlapping pattern. Most of the HOX genes are expressed in the posterior parts of
the vertebrate body and only some are expressed in the anterior regions (Hunt and

Krumlauf, 1992).
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1.6 Classification of the Homeobox Genes

Difficulties arose with the random nature of the naming and classification system as
more and more homeobox genes were isolated. A nomenclature format was devised by
Scott (1992) to simplify the rather complex task of naming each new gene and has been
adopted by the current author. The following principles apply for the mammalian Anzp-typc
cluster genes and are currently adhered to by the scientific community in large. Firstly, each
cluster has been given an alphabetical letter, A, B, C, or D. Secondly, each paralogous gene
within the clusters are given a number from one to thirteen with the most 5' gene being
designated thirteen and the most 3' paralogous gene designated one. Thirdly, human cluster
genes are typed in uppercase, for example HOXC9 and the homologous mouse genes are
typed in lower case, for example Hoxc-9. Furthermore, for the mouse homeobox genes, a
dash is placed between the letter which specifies the cluster and the number which species
the resident paralogous genes. Lastly, the name Hox is reserved for all Antp-type genes.

Other mammalian homeobox genes not found in the clusters form different smaller
classes depending on their sequences or association with other conserved motifs (Herr et
al., 1988). They are named by a three-letter abbreviation other than the term Hox. Figure
1.7 lists different classes of homeobox genes encoding conserved motifs outside of the
homeodomain. The motifs are found mostly upstream of the common homeodomain but can

be found downstream as seen in the NK-2 and PBC classes.

1.7 Homeobox Genes are Translated into Transcription Factors

In the normal development of an organism beginning from the embryo and
continuing through adult life, complex processes such as embryogenesis and organogenesis
are set into motion by molecular mechanisms only now beginning to be elucidated. These
developmental processes are controlled by the coordinated expression of genes in a temporal
and spatial dependent manner. The development of unique gene expression patterns in
morphologically identical cells is due to the action of a hierarchy of regulatory genes, many
of which encode transcription factors.

Homeobox containing genes regulate gene transcription by coding for gene

regulatory proteins acting as transcription factors. Transcription factors can activate or
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repress the level of transcription of a gene by binding to cis-regulatory regions such as
promoters, matrix-attached regions, enhancers and silencers in single or multi-component
complexes. In vivo, transcriptional activation was first demonstrated for the homeodomain
protein bicoid which interacts with its target gene hunchback (Struhl et al., 1989; Driever et
al., 1989). The fushi tarazu protein also acts as a trancriptional factor which dircctly

interacts with the fushi tarazu autoregulatory enhancer (Schier and Gehring, 1992).

1.8 The Homeodomain

Homeobox proteins bind to DNA in vitro (Fainsod et al., 1987; Odenwald et al,,
1989: Sasaki et al., 1990; Laughon, 1991) through interaction of the DNA with the
homeodomain (Fig. 1.5). The homeodomain structure resembles the yeast MAT alpha 1 and
alpha 2 type mating proteins whose helix-turn-helix conformation enables DNA binding
(Gehring et al., 1990). The homeodomain contains three defined helices, of which helices 1T
and TIT form a helix-turn-helix structure similar to the yeast repressor proteins (Fig. 1.8).
The C terminal end of helix ITI forms a separate helix four in the Antp homeodomain. The
‘turn’ resides between the helices I and III and consists of three invariant amino acids.

DNA binding studies have revealed critical residues in the homeodomain required
for sequence-specific contacts to the phosphates on the DNA backbone (Kissinger et al.,
1990; Otting et al., 1990; Wolberger et al., 1991). The main residues providing base-
specific contacts are found in helix III (Fig. 1.8), which sits in the major groove of the DNA
(Otting et al., 1990). Position 6, 9 and 10 of helix III and 13 of helix IV are critical residues
responsible for sequence-specific DNA contacts (Treisman et al., 1989). Residues at
positions 3, 5 and 7 at the amino-terminus of the homeodomain and parts of helix IT (which
contact the sugar phosphate backbone), also contribute to DNA contacts (Duboule, 1994).
Of the 60 amino acid residues of the homeodomain, 19 are important in contributing to DNA
binding by binding to either the minor or major grooves or to the sugar phosphate backbone
(Fig. 1.8).

Some motifs found outside the homeodomain as seen in the paired and POU families
also confer separate DNA binding properties. For example, the paired-box family of genes

contains a 182 amino acid domain found upstream of the homeodomain (Frigerio et al.,
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Figure 1.8: Amino acid consensus sequence based on 346 homeodomanin
sequences compiled by Duboule, 1994. Schematic representation of
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homeodomains of Antp, engrailed and MATa2. Not all of these contacts are
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# = Residues that contact the sugar-phosphate backbone.

B = Residues that make contact in the major groove of DNA.

H = residues that contribute to the hydrophobic core that is responsible for the
tertiary structure of the homeodomain. (Reprinted from Duboule, 1994).
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1986) and the POU class of genes contains an additional conserved domain which varies in
length from 147 to 156 amino acids and both motifs enable DNA binding properties separate

to the homeobox (Ruvkun and Finney, 1991).

1.9 Sequences Recognised by the Homeodomains

In cell culture, homeodomain containing proteins have been shown to regulate
transcription through interactions with specific DNA recognition sequences (Zappavigna et
al.,1991; Arcioni et al., 1992; Jones et al., 1992; Popperl and Feathersone, 1992). These
have been identified for several homeodomain classes including the POU domain (Sturm
and Herr, 1988), the paired (prd) domain (Adams et al., 1992) and the eve homeodomain
(Hoey et al., 1988). The sequences are usually a group of 10-12 base pairs centered on a
TAAT motif (Scott and Goldsmith, 1993). For example, the consensus palindromic
sequence GTTAATNATTAAC is recognised by the sequence specific DNA-binding
protein, HNF-1 (hepatic nuclear factor-1) originally identified from rat liver. HNF-1 is
necessary for the transcription of many genes in the liver such as albumin, alpha-1-
antitrypsin and surface antigens of HBV virus (reviewed in Mendel and Crabtree, 1991;
Rey-Campos and Yaniv, 1992). The consensus sequence ATTTTAATTGT is recognised by
the Fushi tarazu protein (Treisman et al., 1989), engrailed protein (Desplan et al., 1988) and
the Xenopus homeodomain-containing protein Hoxc-6 (Cho et al., 1988). Another
consensus sequence G/A/CTAATG is recognised by Hoxa-5, Hoxa-7, Hoxb-5 (Odenwald,
1989; Gross and Gruss, 1994). The protein product of the Ultrabithorax (UBX) homeotic
gene has been found to bind to specific DNA sequences containing the consensus sequence
STAATAATAATAATAATAA 3' and to repeats of the hexanucleotide TAATCG (Beachy et
al., 1988). Some homeodomains can bind to two classes of sites in which binding is
dependent on critical amino acids in the homeodomain. The eve homeodomain recognises
the TAATTG sequence and also TCAGCACCG (Hoey and Levine, 1988; Hoey et al.,
1988) and the prd homeodomain recognises TAATCG and TTTGACGT (Treisman et al.,
1989). For the prd homeodomain, recognition of the sequence TAATCG is dependent on
the amino acid at position 50, located in the third helix and recognition of TTTGACGT is

dependent on the amino acid at position 41. A perfect reverse complement of (C/
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G)TTAATTG, was shown to be an optimal binding sequence for the homeodomain of Msx-

1 protein (Catron et al., 1993) and was also located in the murine Msx-I promoter which

implies autoregulation capabilities.

1.10 Regulation of Homeobox Gene Function

The regulation of homeobox gene function involves the coordinated action of growth
factors and cytokines including post-translational modification of the protein product itself
through phosphorylation and glycosylation (reviewed by Scott and Goldsmith, 1993). Hox
genes can also directly regulate themselves either by autoregulation or alloregulation
(Fainsod et al., 1987; Jones et al., 1992).

As the DNA binding specificity is similar for the Hox proteins in vitro (Hayashi
and Scott, 1990) they are unlikely to achieve their specificity of action in vivo only on the
basis of DNA-protein interaction. Experimental results to date demonstrate that many of the
proteins can bind to similar sites, and that at least some of the proteins can bind to more than
one type of site (Zappavigna, 1994). It has been shown that biological activity in vivo and in
vitro is not always dependent on homeodomain DNA binding (Schier and Gehring, 1993).
Protein-protein interactions between different Hox proteins and with other components of
the transcriptional machinery could be critical factors in the regulation of Hox functional
specificity (McGinnis and Krumlauf, 1992). In cell culture, human HOXD9 and the
immediate upstream HOXD10 protein activate transcription of the HOXD9 promoter by
binding to a 100bp upstream element termed the Hox cross-talk region (HCR) (Zappavigna
et al., 1994). HOXDS does not bind to the HCR but antagonises the activating function of
HOXD9 / HOXD10 as shown in a cotransfection assay (Zappavigna, 1991). The HOXD8
transcriptional inhibitory function is DNA-binding independent and is not affected by
deletion of the homeodomain helix IT / II region (which forms the helix-turn-helix DNA
binding structure) but does require the helix 1 region of the homeodomain and an additional,
effector domain located at the protein amino-terminal end.

Another type of protein-protein interaction is exemplified by the POU transcription
factors (see Stern et al., 1989 and Verrijzer et al., 1992) which form dimers to increase their

DNA-binding specificities (Manak and Scott, 1993) much like the prokaryotic helix-turn-
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helix proteins (Pabo and Sauer, 1984; Ptashne 1986). Dimers are formed for several
homeodomain proteins and in each case dimerization is mediated by sequences outside the

homeodomain (Goutte and Johnson 1988; Sauer et al., 1988). The best understood example

is the MAT02 homeodomain proteins which repress transcription by binding to DNA as

either a MAT02-MATo2 or a MATo2-MATol dimer.

1.11 Hox Gene Promoter Organisation

Mammalian homeobox gene promoters are not well characterised but the present data
shows that in general, most Hox genes have minimal promoters that do not have TATA
boxes but rely on other initiators instead. Recent studies have revealed that organisation can
differ between different Hox gene promoters. For example TATA boxes are found in the
HOXCS5 (Arcioni et al., 1992) and HOXD4 promoters (Cianetti et al., 1990) but not in the
Hoxa-4 (Galiot et al., 1989) or Hoxc-4 promoter (Geada et al., 1992). Hoxa-4 and Hoxc-5
contain potential Sp1 binding sites that can mediate the initiation of transcription at multiple
closely spaced sites. Other Hox genes, Hoxc-6 (Coletta et al., 1991) and Hoxb-4 (Gutman
et al., 1994) also lack the TATA sequence motif and may depend on initiators such as Spl.
The promoter of the mouse Hoxb-4 gene contains multiple positive and negative regulatory
elements and requires HTF (Hox transcription factor), a previously unknown factor, to bind
to the sequence GCCATTGG (+1438 to +155) for expression (Gutman et al., 1994).

Recently, the promoter of the murine Msx-1 gene was analysed for potential
autoregulatory cis-acting elements. The Msx-1 promoter also lacks a TATA-like sequence
but has the recognition elements for AP-1, AP-2, AP-3, Spl, a possible binding site for
RAR : RXR (Retinoic acid receptor) and a number of TCF-1 (thyroid cell factor) consensus

motifs (Kuzuoka etal., 1994).

1.12 Hox Genes, Patterning and Cell Fate

For more than twenty years, the Drosophila embryo has been a powerful model in
studying the role of homeotic genes in the patterning of segments and segmental structures.

These genes were first discovered by their mutations which cause homeotic tansformations
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(Lewis, 1978). Over the last decade, a vast body of work has also accumulated that shows
Hox genes act to interpret positional information and control vertebrate morphogenesis
(review in Holland and Hogan, 1988; Deschamps and Meijlink, 1992; McGinnis and
Krumlauf, 1992). It is the combinatorial and overlapping expression patterns of Hox genes
in the anterior-posterior, proximal-distal and ventral-dorsal axes which s pecifies the
positioning and development of the body structures (Graham, 1993; Hunt and Krumlauf,
1992: McGinnis and Krumlauf, 1992; Ros et al., 1994). This action seems to be conserved
for the vertebrates and invertebrates and hence is a universal mechanism of development.
However, how this activity relates to the generation of anatomical variation remains to be
answered.

Genetic knockout experiments have lead to developmental abnormalities
demonstrating a direct causitive role of the homeobox genes in differentiation and cellular
lineage specification during embryogenesis (Chisaka et al., 1992; Chisaka and Capecchi,
1991; Joyner et al., 1991). For example, the knock-out of Hoxa-2 in mice results in
homeotic transformation of structures of the second branchial arch into structures typical of
the first arch (Rijli et al., 1993).

Vertebrate homeo proteins have also been identified as transcription factors required
for expression of lineage-specific genes. Pit-1 (a member of the POU gene family) is
associated with expression of several genes in the pituitary (Ingraham et al., 1988); Oct-2
(also a member of the POU gene family) is necessary for immunoglobin expression by
B lymphocytes (Muller et al., 1988) and TTF-1 (thyroid transcription factor-1) necessary
for the expression of thyroid-specific genes (Guazzi et al., 1990). In the developing limb
bud, transcripts of Msx-1 and Msx-2 become restricted to the distal mesenchyme and apical
ridge (Tickle and Eichele, 1994). The genes mentioned above do not belong to the
Antennapedia class Hox genes and are referred to as divergent homeobox genes. The cluster
Hox genes provide positional information for limb development along the anterior-posterior
axis but it may be that the divergent genes are required for control of cell type-specific gene

expression.
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1.13 Hox Genes and the Developing Limb

The developing limb has also been exploited for the study of pattern formation and is
proving invaluable in understanding how Hox genes work (review in Gardiner and
Bryant., 1996; Tickle, 1996). The limb first develops as a bud of mesenchymal cells
originating from the lateral plate mesoderm (Chevallier et al., 1977) and is covered by the
overlying ectoderm. The growth of the bud is then controlled by the apical ectodermal ridge
(AER; Fig. 1.9), a psuedo-stratified epithelium which is itself induced and maintained by
the underlying mesoderm. A population of mesoderm cells located underneath the
epithelium is called the progess zone and is itself controlled by the AER. As the limb
develops in the three axial directions, a high cell mitotic rate can be detected in the zone of
polarizing activity (ZPA) which is found at the posterior edge of the limb bud and signals to
nearby mesenchyme (Tickle and Eichelle, 1994).

In the developing limb, the expression of Hox genes in a temporal and spatially
dependent manner has been well documented for the vertebrates (Ros et al., 1994; Tickle
and Eichele, 1994 and Tabin, 1995). The Hox genes are sequentially expressed in each axial
direction and this is dictated by their chromosomal order. This is in accordance with the
temporal colinearity rule such that genes located at the 3' end of the clusters are expressed
before genes at the 5' end and tend to have a more rostral boundary of expression. Recently,
attention has been focused on the Abd B class genes of the Hox D cluster which are located
at the extreme 5' end and comprise the paralogous groups 9 to 13 (see Fig. 1.6). The Abd B
class genes are expressed in succesively more postero-distal areas at early stages of limb
development (Dolle et al., 1989; See Fig. 1.10). Genes located at the 3' end of the Abd B
class (ie. paralogous groups 9 and 10) are widely expressed during budding and are
transcribed in more proximal areas of the growing limb (Izpisua et al., 1991). Interestingly,
genes of the HOX B complex are not expressed during the development of the limb.

The expression patterns of the Abd B genes overlap in the antero-posterior axis of
the limb along which each digit develops. The zone of polarising activity is thought to
control antero-posterior patterning and maintain the apical ectodermal ridge. Hence it is has
been proposed that the ZPA orders the overlapping expression domains of the Hox genes

which in turn define territories that will become digits (Izpisua et al., 1991; Nohno, 1991).
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1.14 Hox Expression in the Skin

Reports of homeobox gene expression in skin are progressively increasing (see
Scott and Goldsmith, 1993 and Widelitz, et al., 1997 for reviews). Differential homeobox
gene expression in the skin was initially analysed by RT-PCR or RNA protection. In situ
hybridisation and immunolocalisation analysis have also been used to locate their cell-type
expression in the skin. Both Hox genes and divergent homeobox genes have been shown to
be expressed in the dermis, epidermis and follicle. The following paragraphs summarise the
results of studies that have analysed homeobox gene expression in the skin with a focus on
the epidermis and dermis. Expression in the hair follicle is detailed in the next Section
(Section 1.15).

One of the earliest reports to show that homeobox genes are expressed in
keratinocytes used RT-PCR (Thomas et al., 1989). A homeobox gene of the Antennapedia
class, HOXA7, homologous to the mouse Hoxa-7 gene, was isolated from a cultured adult
human keratinocyte library using RT-PCR. Soon after this report was published several
other groups reported differential homeobox gene expression in the skin. The differential
expression of all the Hox B genes, except Hoxb-1, in the skin of murine fetus was
demonstrated by RNA protection (Detmer et al., 1993). Expression for each gene varied
considerably at different fetal developmental stages. Additionally, Hoxa-4, -b-4, -c-4 and -
d-4 paralogous genes were shown to be expressed in mouse fetal skin with the amount of
transcript for each gene being relatively constant from the earliest gestational day examined
(day 16) to the day of birth (day 19) (Detmer, 1993). HOXC4 expression in adult human
skin was discovered by RT-PCR and RNA in situ hybridisation (Rieger et al., 1994).
HOXC4 expression in the epidermal suprabasal layers was similar to the differentiation
markers, keratins 1, 10 and 11 suggesting a possible role for homeobox genes in the
regulation of epidermal keratins. A review by Scott and Goldsmith, (1993), reported the
expression of HOXAI, HOXA4,HOXA6, HOXC2 and HOXC3 genes in human fetal
melanocytes. A divergent homeobox gene, Brn-5, a member of the POU family was
reported to be expressed in the skin (Andersen et al., 1993a).

Gradually, more reports have located homeobox gene expression in the skin using in
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situ hybridisation. These reports show that homeobox genes exhibit differential spatio-
temporal expression patterns. In the mouse, two homeobox genes, Otx] and Otx2, which
are related to the orthodenticle Drosophila gene, are both expressed in nasal epithelium at
E12.5, (Kanzler et al., 1994). OtxI was expressed in both the neurodermal and ectodermal
epithelia including corneal epithelium and upper lip epidermis. Otx2 expression was
restricted to the nasal epithelium and its associated glands. In the same study, Hoxc-8 was
detected initially in ventral thoracic skin at E14.5. During the period of E16.5 to E18.5
expression was detected in dorsal epidermal cells with strongest expression in the thoracic
ventral epidermis (Kanzler et al., 1994). Expression was restricted in the dorsal region to
the lumbar and caudal skin along the cephalo-caudal axis and from the throat to the caudal
tip in the ventral region (Kanzler et al., 1994). In the same report, the Hox genes Hoxd-9
and Hoxd-11 were shown to exhibit spatial and differential expression in developing caudal
mouse skin (Kanzler et al., 1994). Hoxd-9and Hoxd-11 were first detected in the epidermis
at E14.5 and reached their highest level of expression at E16.5. At E18.5 both Hoxd-9and
Hoxd-11 were expressed in the epidermis. Hoxd-9 was uniformly expressed in both the
basal and suprabasal epidermal layers while Hoxd-11 was preferentially localized in the
epidermal basal layer. At both two and four days after birth, Hoxd-9and Hoxd-11 were
expressed mostly in the epidermal basal layer. Another cluster gene, the Hoxb-6 gene was
shown to have a uniform expression pattern in the developing murine epidermis by in situ
hybridisation (Mathews et al., 1993).

In recent years Msx-1 and Msx-2 which belong to the non-cluster homeobox class
msh (muscle segment homeobox) have been reported to be expressed in skin (Chuong et
al., 1996; Stelnicki et al., 1997; Jiang et al., 1999). These two genes are expressed at
almost all sites of epithelial-mesenchymal interactions and may play a role in organ
formation controlled by these interactions (reviewed in Davidson, 1995 and Chuong, 1998).
A recent detailed report describes the differential expression patterns of HOXA4, HOXAS,
HOXA7, HOXC4, HOXB4, and HOXB7 in human fetal and adult skin (Stelnicki et al.,
1998). These genes are all expressed in the epidermis during human embryonic skin
development and although expression levels differ at any one embryonic time point, they

show similar temporal and spatial expression patterns to each other in the epidermis. Their



expression is restricted to the epidermal basal layer during early skin development, spreads

to the suprabasal layers during mid to late second trimester development and is

downregulated and restricted to the epidermal suprabasal layers in newborn and adult skin

(Stelnicki et al., 1998).

1.15 Expression of Hox Genes in the Hair Follicle

Reports of homeobox gene expression in the follicle are progressively increasing.

The location of homeobox gene expression in the follicle are summarised in Table 1.

Table 1: Summary of homeobox gene expression patterns in mouse and human follicles.

The known expression patterns of homeobox genes reported at the beginning of this project

are denoted by an ‘*’.

Hox

Sknli
Sknla
Hoxb-2
Hoxb-4
Hoxb-6
Hoxc-4

Hoxc-8

Hoxc-13
Hoxd-9
Hoxd-11
Hoxd-13
HOXA4
HOXAS
HOXA7
HOXC4

Alx4
Dix3
MOX-1
Msx1
Msx2
Otx1

* *® *

Location of Expression

Epidermis and hair cortex

Epidermis and hair cortex

Murine hair placode

Follicle placodes (promoter - tg study)
Vibrissae

Upper ORS and epidermal suprabasal
layer of adult follicle

Epithelial cells of peg, dermal papilla
fibroblast and epidermis

Bulb, cortex, companion layer of ORS
ORS, bulb, epidermis and epithelial peg
ORS, bulb and epithelial peg

Matrix cells of stage 7 caudal hair
Epidermal layers of developing placode.
Inner root sheath

Epidermal layers of developing placode.

Epidermal layers of developing placode.
Dermal fibroblasts at mid-second
trimester, absent in adult.

Dermal papilla of hair and vibrissa
Matrix cells of bulb and epidermis
Matrix of developing placode, epidermis
Matrix of developing placode, epidermis
Matrix of developing placode, epidermis
Epithelial peg and upper lip epidermis

Reference

Anderson et al., (1993b)
Anderson et al., (1993b)
Whiting et al., (1991)
Detmer et al., (1993)
Mathews et al., (1993)
Rieger et al., (1994)

Bieberich et al., (1991)
Kanzler et al., (1994)

Godwin and Capecchi (1998)
Kanzler et al., (1994)
Kanzler et al., (1994)
Kanzler et al., (1994)
Stelnicki et al., (1998)
Stelnicki et al., (1998)
Stelnicki et al., (1998)
Stelnicki et al., (1998)

Hudson et al., (1998)
Morasso et al., (1996)

Stelnicki et al., (1997)
Reginelli et al., (1995)
Reginelli et al., (1995)
Kanzler et al., (1994)
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One of the first reports of homeobox expression in the follicle was by Whiting et al.,
(1991) who showed Hoxb-2 expression in the murine hair placode. In the same year,
Bieberich et al., (1991) studied Hox gene expression in transgenic mice. The transgene used
in this study consisted of the Hoxc-8 promoter driving the E. coli Galactosidase reporter
gene. Their data suggests that Hoxc-8 is expressed in the dermal papilla of posterior ventral
and posterior dorsal pelage follicles. The authors cautioned that the expression may not be
indicative of the endogenous gene activity which may be regulated by 3' flanking or more
distant 5' flanking DNA sequences not included in the transgene. They used reverse
transcriptase-PCR analysis to show that Hoxc-8 transgene expression was greater in
posterior skin samples. In another report, Hoxc-8 expression in the dermal papilla was
confirmed by in situ hybridisation by Kanzler et al., (1994). Expression was also detected
in the epithelial component of the developing placodes located in the dorsal region at E18.5.

Expression of the two homeobox genes, Skn-Ia and Skn-1i which are closely
related to Oct-2, a member of the POU family of transcriptional activators, was detected in
the cortical cells of mouse anagen hair follicles (Andersen et al.; 1993b). The expression of
these two genes was restricted to a subset of follicles. This may be due to stage-specific
expression during cyclic mouse hair growth. These genes are divergent homeobox genes
and may contribute in part to the development of the cortical cell lineage.

MsxI and msx2 which belong to the non-cluster homeobox class msh (muscle
segment homeobox) are expressed in the epithelial matrix of the hair follicle from the
placode stage onward (Reginelli et al., 1995; Noveen et al., 1995).

Four homeobox genes, Hoxd-9, Hoxd-11, and Hoxd-13 (Antennapedia-type) and
Otxl (orthodenticle ) exhibit differential expression in the mouse integument (Kanzler et al.,
1994). Otx! transcripts were present in both nasal and facial integuments, including nasal
glands and epithelial cells forming the hair vibrissa follicles at E15.5. Hoxd-9 and Hoxd-11
expression was located in caudal skin from 14.5 days of gestation. At E18.5 both Hoxd-9
and Hoxd-11 expression was detected in the hair bud epithelial cells (stage 3 of hair
formation). Two days after birth, Hoxd-9 and Hoxd-11 were expressed in all the epithelial
follicular cells, however, four days after birth they were expressed mainly in the uppermost

outer root sheath and bulb of stage 8 follicles. Interestingly, Hoxc-13 expression was
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detected in the hair matrix 2 days after birth but was not detected in the follicle four days
after birth (Kanzler et al., 1994).

HOXA4, HOXAS, HOXA7, HOXC4 and HOXB7 exhibit temporal and spatial
expression patterns within the follicles of human fetal skin (Stelnicki et al., 1998). HOXA4,
HOXAS and HOXCH4 are expressed at week 17 however HOXC4 has a weaker signal. A
signal for HOXB7 was strong at 21 weeks and from 21 weeks to four months, HOXA4,
HOXA7 and HOXC4 are expressed in the cortex while HOXAS5 was expressed in the inner
root sheath. HOXA4, HOXAS5 and HOXA7 were expressed in newborn follicles and
extremely weak HOX gene expression was seen in adult hair follicles (Stelnicki et al.,
1998).

Hoxc-13, a member of the Abd-B class was recently reported to be expressed in the
bulb, cortex and companion layer of the outer root sheath of vibrissae and hair follicles
throughout the body (Godwin and Capecchi, 1998). Expression was first detected in

vibrissae at E13.5 and was first detected in pelage hair follicles at E15.5 (tylotrichs).

1.16 Hox Expression in Hair-Related Appendages

The chick feather bud is an analog of the developing hair follicle (Fig. 1.11 A). Over
the last ten years expression of several homeobox genes have been reported in the feather
follicle namely Hoxc-6, Hoxd-9, Msx-1, Msx-2 and Hoxc-8 (Chuong et al., 1993, Noveen
et al., 1995, Chuong 1996, Kanzler et al., 1997). Using antibodies to Hox-c6 and Hoxd-4,
Chuong et al., (1993) showed that there is a homeoprotein gradient within the mesoderm of
developing feathers, and that the expression pattern is position-specific. They hypothesized
that Hox codes, derived from the combined expression pattern of homeoproteins, determine
the phenotypes and orientation of skin appendages. Furthermore, another Hox gene, Hoxc-
8, has been proposed to play a role in the specification of dorsal skin morphogenesis and is
expressed at the first stages of feather formation in the epidermis and dermis (Kanzler et al.,
1997). Two genes originally identified on the basis of homeobox sequence homology to the
Drosophila msh gene (muscle segment homeobox gene), Msx-1 and Msx-2, are both
expressed in the epithelial placode of the feather follicle (Noveen et al., 1995).

The morphogenesis and development of the tooth also has a similar plan to the hair
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A. Schematic representation of the life cycle of the feather. The structure of the feather

follicle is the analog to the hair follicle. (Reprinted from Chuong, 1993).

B. Schematic representation of the different stages of tooth development. The development

and developmental structures of the tooth are similar to those of the hair follicle. For

example, the dental papilla of the tooth appears very similar in structure and composition to

the hair dermal papilla. (Reprinted from Chuong, 1998)
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follicle (Fig. 1.11 B). Tooth development is initiated in the oral epithelium that thickens at

discrete sites and invaginates to form the dental lamina. Over the last eight years many
homeobox genes have been implicated in the molecular basis of patterning of teeth by
various researchers (MacKenzie et al., 1992, Jowett et al., 1993, Vainio et al., 1993,
Weiss, 1994, Nieminen et al., 1995, Tureckova et al., 1995, Vastardis et al., 1996; review
in Chuong, 1998, Karg et al., 1997). The divergent homeobox genes Msx-1 and Msx-2
have been shown to be expressed in the dental placodes of mouse oral epithelium,
suggesting a role in the specification of tooth position (MacKenzie et al., 1992).
Interestingly, growth factors in the BMP- and FGF-families are expressed in dental
epithelium during initiation of tooth development and have been shown to upregulate the
expression of Msx-1 and Msx-2, (Thesleff and Sahlberg, 1996). Msx-1 knockout mice
exhibit multiple craniofacial anomalies including complete tooth agenesis (Kurisu et al.,
1997). The homeobox genes dixI, dix2, dix3 and dix5 belonging to the Distal-less (Dlx)
gene family, have also been detected in murine developing tooth germ by RT-PCR
(reviewed in Chuong, 1998, Price et al., 1998, Lezot et al., 2000). Recently Pitx2, a

Bicoid-type homeobox was reported to be expressed in the tooth (Hjalt et al., 2000).

1.17 Aims of the Research Project

A most important step in the study of hair growth is the identification of the
controlling genes. To date, very little is known about the molecular mechanisms that control
keratin gene expression in the wool follicle. It has been well established that homeobox
genes have a direct causitive role in organogenesis and patterning of the early embryo and
are pivotal in the differentiation of many cell types. Furthermore, they are focal points in cell
commitment and terminal differentiation, acting as transcription factors of particular genes or
sets of genes. In the hair follicle bulb, the commitment of the proliferating cells to specific
fates with distinctive keratin gene expression programs could be regulated by homeobox
genes. Discovering and correlating homeobox gene expression during the hair cycle would
be an important contribution to the understanding of the control of hair growth.

Prior to the initiation of this project, only a few homeobox genes had been reported

in the follicle (see Table 1). Hence, the first aim of this project was to screen the anagen
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wool follicle for expressed homeobox genes by degenerate-primed RT-PCR based on
amplification of the180 bp homeobox region.

The second aim of the project was to isolate and characterise novel homeobox genes
identified in the RT-PCR screen. In this objective the corresponding genes would be
isolated from a sheep genomic library and sequenced.

The third aim was to investigate the expression of homeobox genes in hair follicles
by RNA in situ hybridisation and compare with hair cell type and keratin gene expression
patterns.

The last aim was to undertake a functional analysis of a selected homeobox gene in

the hair follicle by ectopic expression in transgenic mice.
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2.0 Materials

2.1.0 Bacterial strains

Three F.coli K12 strains were used to propogate recombinant DNA. The genotypes of each
strain are

ED8799 : hsdS, metB7, supE(ginV) 44, supF (tyrT) 58, lacZ_M15, r k- mk- (a gift from Dr
C.S. Bawden, Department of Animal Sciences).

XL1Blue : recAl,endAl,gyrA96, thi-1, hsdR17, supE44, relAl, lac, [F' proAB, lacl9, ZAM 15

Tnl0(teth)] (Bullock, 1987).
HS5 : supFE44AlacU169 (@80 lacZ AM15)hsdR17 recAl endAl gyrA96 thi-1 relAl (Hanahan

1983).

2.1.1 Phagemid Strains

Recombinant DNA strands were cloned and subcloned into the following plasmid strains
pGEM-3Zf(+), pGEM-5Zf(+), pPGEM-7Z{(+), pGEM-1 1Z£f(+): purchased from Promega

Corporation. pBluescript II KS (+): purchased from Stratagene.

2.1.2 Construct

K1.14 / B- Globin: A gift from Associate Professor E. Fuchs.

2.1.3 Enzymes

Klenow fragment (E.coli DNA polymerase I), T4 Polynucleotide kinase, T4 bacteriophage
DNA ligase, Taq polymerase and RNase inhibitor were purchased from Bresatec Ltd.

Restriction enzymes were purchased from either Pharmacia, New England Biolabs or
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Boehringer Mannheim.

Ribonuclease T1 (RNase T1) and Ribonuclease A (RNase A) were purchased from Sigma
Chemical Company.

T4 DNA polymerase, Calf Intestinal Phosphatase (CIP) and Proteinase K were supplied by
Boehringer Mannheim.

SP6 and T7 RNA polymerase and T4 DNA ligase were purchased from Promega Corporation.
AMYV Reverse transcriptase was purchased from Pharmacia.

MMuLV Reverse transcriptase was purchased from GIBCO-BRL.

2.1.4 Buffers and Solutions

TE - 10mM Tris-HCI pH 7.5 or 8.0, 0.1mM EDTA

SSC - 150mM NaCl, 20mM sodium citrate, 1.0 mM EDTA, pH 7.0

SSPE - 150mM NaCl, 20mM sodium dihydrogen phosphate, 1.0 mM EDTA, pH 7.4
TAE - 40mM Tris-acetate pH 8.2, 20mM Na acetate, ImM EDTA pH 7.4

TBE - 130mM Tris, 50mM Boric acid, 2.5mM EDTA pH 8.3

PBS - 136mM NaCl, 2.6mM KCl, 1.5mM K3PO4, 8.0mM Na3PO4, pH 7.3

Denhardt's - 0.02% (w/v) polyvinyl pyrollidone, 0.02% (w/v) BSA, 0.02% (w/v) Ficoll.

5 X Agarose loading buffer - 0.1% Bromophenol Blue, 40% Glycerol, 5SmM EDTA, 50mM
Tris-HCL (pH8.0)

2 X Sequencing Loading Buffer - 95% formamide, 10mM NaOH, 20mM EDTA, 0.03%
bromophenol blue, 0.03% xylene cyanol.

1 X RNA Formamide Loading Buffer -95% formamide, 20mM EDTA, 0.03% bromophenol

blue, 0.03% xylene cyanol.
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2.1.5 Bacterial Growth Media
All media were prepared with water purified through the Milli-Q Reverse Osmosis
purification system and sterilized by autoclaving.
Preparation of media was the same as that described in Sambrook et al (1989).
Luria Broth and 2 x YT media were used to propagate E.coli ED8799, XL1 Blue and DHS-_.
SOC medium and Luria Broth were used for the recovery of cells after electroporation.
Agar plates were made by adding 1.5% Bacto-agar (Difco) to Luria Broth. The antibiotic

Ampicillin (Sigma) was added at 50pug / ml once the temperature of the autoclaved solution

cooled to approxiamately 40°C.

2.1.6 Radiochemicals

All radiochemicals were purchased from Geneworks (Adelaide, South Australia).

[0 -32P] - ATP (specific activity, 3000 Ci / mmole), 2. [o -32P] - dATP (specific activity,
3000 Ci / mmole), 3. [ -32P] - dCTP (specific activity, 3000 Ci / mmole), 4. [o. -32P] - rUTP
(specific activity, 3000 Ci / mmole), 5. [a -33P] - rUTP (specific activity, 3000 Ci / mmole),

6. [0, -35S]dATP (specific activity, 1000 - 1500 Ci / mmole).

2.1.7 Molecular Biology Kits

MEGA prime kit (DNA probe labelling) and cyclone sequencing kits were purchased from
Geneworks, Pty, Ltd.

Superscript II kit for cDNA synthesis was purchased from GIBCO-BRL.

Excel DNA sequencing kit was purchased from Astral Scientific.



2.1.8 Oligonucleotides

Crude and reverse phase column (RP-1) purified oligonucleotides used for sequencing and
PCR were purchased from DNA Express or Bresatec Ltd. Primers are 5’ to 3’ as written.
I. C1724 (18MER) : GAA CTG GAA AAG GAG TTC

2 C24 HINT (26MER) : TA GTC GAC CAG CCA GCA GGT TCA TCA

3. C17 HINT (26MER) : TA GTC GAC CAG ACA GGT TGG ACT TGG

4. 3'MCS (24MER) : CCG GAT CCC TGC AGG AAT TCG TCG

5. 3'MCS (18MER) : CCG GAT CCC TGC AGG AAT

6. 5' SALI C1724 (26MER) : TA GTC GAC GAA CTG GAA AAG GAG TTC
7. P1 (18MER) : GGA GGT GGG TCT GAA TGG

8. P2 (18MER) : CCC AGA AAC TCC TAC CAC

9. P3 (18MER) : TCA GTG CTG GGG AGG TAT

10. P4 (18MER): CCT GCATTC CTC TTT CTG

11.  P5(18MER): GCG TGG TAG GAG TTT CTG

12. P6(18MER) : CCC ATA CCT CCC CAG CAC

13.  P7(18MER) : GCC TGG CCT GGG GAC TCG

14. P8 (18MER) : GGG CAG GAG GGA GGG AGC

15. P9 (I18MER): TGT GCC TTT GTA TCC ATT

16. P10 (26MER) : TA GAA TTC TTC CCC GCA CCA ATA GTT

17. P11 (27MER): TA GAA TTC TGG TTC TTA AAG GTG GAC A

18.  P8SEQ (18MER) : GGG CAG GAG GGA GGG AGC

19.  PUCI16 (26MER) : TA GAA TTC GGA TCT CAA CAG CGG TAA

20. PUC68 (26MER) : TA GAA TTC CCA ATG ATG AGC ACT TTT

21. P12 (18MER): CGT TCA TTC TCG AGC CCC
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23.

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
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PUC16V2 (18MER) RP-1 : GGA TCT CAA CAG CGG TAA
PUC68V2 (22MER) RP-1 : ATC GCC AAT GAT GAG CACTTTT
P14 (22MER) RP-1 : TAC GCG GCG ACA TAA ATA GACG
PRT (24MER) RP-1 : TCC ATT CAG ACC CAC CTC CAA AGC
P277 (25mer) RP-1 : CTC CCT GCA TTC CTC TTT CTG GTT A
P151 (25MER) RP-1 : GTC AGG TAG AGT GAA GGT GAGGCG T
PUC 10 (25MER) RP-1 : CGA ACT GGA TCT CAA CAG CGGTAAG
P56 (2SMER) RP-1 : GAG AGG TTT GTG GTA GCC GAG ATG C
(21MER) : AGA CGT ACA TAA GGC TCT CCG
Lambda gt11 forward primer (24MER) : GGT GGC GAC GAC TCC TGG AGC CCG
Lambda gtl1 reverse primer (24MER): TTG ACA CCA GAC CAA CTG GTA ATG
T3 (23MER) : GCA ATT AAC CCT CAC TAA AGG GA
C13 272 (20MER) : GCC TCC ATT TCT CTC CTT AA
C13 330 (21MER) : CGG TGT GAT GAT GTT GTG TCT
C13 P439 (2IMER) : AGT CTT GCT GCT CGG TGT CGG
C13p489 (20MER) : CGG GGC TCC CTA CTC CTT GC
C13474 (21IMER) : GAA CCC CAG GAG ACC CAA CCA
P982 (21MER) : TTC TTA ATG AAG TGT ACC CGC
C13 16 (21MER) : GTG GGG AGG GCG GTG GAA ACA
P1033 (24MER) : AAA CAC CAG GAG GAG GAG GGG AGG
C13in 282 (2IMER) : TGT CTC ACA ACG TGA ACC TGC
C13 IN3 (20MER) : CAC CTC TGG AAG TCT CCCTT

P899 (20MER) : CTC TTA CTT GCC CGC CCT CA



2.2 General Chemicals

Ajax Chemical Co

Ammonium persulphate, Chloroform, Diethyl ether, Isoamyl alcohol, Propan-2-ol.
BDH

Acetic acid, Bromophenol blue, Butan-1-ol, Chloroform, Dimethyl sulphoxide (DMSO),
Formaldehyde, Formamide, Isopropanol, Magnesium Chloride, Polyethylene glycol (6000),
Hydrochloric acid, Iso-amy] alcohol, Sodium dihydrogen orthophosphate, Di-sodium
hydrogen orthophosphate, Sucrose, Urea.

Bio - Rad

Zetaprobe GT membrane.

Boehringer Mannheim

Bovine Serum Albumin (BSA), EDTA (Ethylenediaminetetracetic acid), glycogen.

E.S. E Scientific

Ethanol (crude 95%).

Gibco - BRL

Agarose low melting temperature.

May and Baker

Dimethyl formamide, Glacial acetic acid, Glycerol, Orthophosphoric acid, Sodium chloride.

Merck

30

Guanidine Isothyocyanate, HEPES ([4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid].

Miles Laboratories, Inc.
Opitmal cutting temperature embedding compound.

NEN Dupont

Gene-Screen membrane.
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Pharmacia
Dextran sulphate, Ficoll 400,Sephadex G-50.
Progen
X-gal.
Sigma
Acrylamide, Ampicillin, rATP, Bis-acrylamide, Amberlite MB-1, DNA (salmon testes), DTT
(dithiothreitol), Eosin, Ethidium Bromide, Haematoxylin, IPTG (isopropylthiogalactosidase),
B- Mercaptoethanol, Mops, PIPES (1,4- piperazinebis(ethanesulphonic acid), Salmon sperm
DNA, Sarkosyl, Sodium acetate, SDS (Sodium dodecyl Sulphate), TEMED (N,N,N,N'-
tetramethylethylenediamine), TESPA (3-aminopropyltriethoxysilane), Trizma base, Tween20,
Urea, Yeast tRNA.

Tokyo Kasei

Xylene cyanol.
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2.3 Methods
2.3.1 General DNA Methods

Phenol extraction was performed as described by Maniatis et al., 1993.
DNA was purified and concentrated by ethanol precipitation by the method of Zeugin and

Hartley (1985).

2.3.1.1 Agarose Gel Electrophoresis

DNA fragments were size fractionated on agarose gel electrophoresis as described
in Sambrook et al.,(1989). Electrophoresis was carried out in horizontal gel running
apparatus connected to a Pharmacia power supply. Gels of 55mm x 75mm were used for
analyses of restriction digests, PCR products and vector DNA. 1% agarose 1 X TAE gels
were run at 100 mA in 1 X TAE buffer. 0.7% agarose TAE gels used in southern analyses
were 20 mm X 25 mm in size and were run at 25 mA over night in 1 X TAE buffer. Gels
were stained in 0.1% ethidium bromide for 5 minutes and analysed under short wave UV
light. Samples were loaded in glycerol loading buffer containing 5 % glycerol, 0.025 %
bromophenol blue and 0.025 % xylene cyanol

Sizes of unknown DNA fragments were determined by comparison with marker
DNA fragments in Hpall-digested pUC19 DNA, EcoRI-digested bacteriophage SPP-1
DNA and HindIII-digested lambda phage DNA co-electrophoresed with the test DNA

samples. All markers were purchased from Geneworks Pty. Ltd.

2.3.1.2 Polyacrylamide Gel Electrophoresis

DNA fragments of less than 700 base pairs were size fractionated on 5-20% (w/v)
acrylamide/bisacrylamide gels. Oligonucleotides were electrophoresed using a 20% non-
denaturing polyacrylamide gel. Sequencing reactions were analysed using a 0.2 mm thick
5-6% denaturing polyacrylamide gel containing 8M Urea. The electrophoresis was
performed at 50 Watts using TBE as the running buffer. The gel was then transferred to
3MM paper and dried using a Bio Rad gel drier and then autoradiographed at room

temperature for one to two days depending on the intensity of the signal.
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The acrylamide mix was dissolved in 1X TBE and polymerised by addition of 0.1% (w/v)

APS and 0.1% (v/v) TEMED. Gels were allowed to polymerise for at least 2 hours and

then pre-electrophoresed in 1X TBE buffer for 30 minutes.

2.3.1.3 Plasmid Mini Prep DNA Isolation

To analyse clones containing possible recombinant DNA molecules the method of

Ish-Horowicz and Burke (1981) was followed.

2.3.1.4 Large Scale Plasmid DNA Isolation.

Plasmid DNA was prepared by using Qiagen mini or midi kits following the

manufacturers protocol.

2.3.2 PCR
DNA was amplified using according to the method of Saiki et al., (1988). PCR was

performed in thin-walled polypropylene PCR tubes (Lab Supplies) and in a reaction
volume of 25 l, containing 2.5 pil of 10 X PCR buffer (500 mM KCl, 100 mM Tris.Cl
[pH 8.31, 1% gelatin), 1.0 pl of a 5 mM dNTP mix, 0.5 mM-3.0 mM MgClp, 200 ng of

each primer, 100 pg of DNA, 1 unit of Taq polymerase and water to a final volume of 25

pl. The reaction was then overlayed with 15 pl of mineral oil. Optimal MgCl2

concentrations were determined for each primer pair by varying the MgCl2 concentrations

until a specific product was obtained in maximal amounts.

2.3.2.1 PCR Cycling Parameters

PCR was performed in a Perkin-Elmer robocycler. All PCRs began with a hot start
by heating the reaction to 94°C for 5 minutes and then holding at 75°C before addition of
Taq polymerase to decrease non-specific binding of primers to the DNA template. Each
PCR cycle consisted of three steps; a denaturation step to denature double-stranded DNA
(usually 95°0C for 30 seconds), an annealing step to allow the primers to hybridise to the
DNA template and an extension step at 72°C to allow the Taq polymerase to synthesise

double-stranded DNA. The annealing temperature of each PCR was determined by the
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primer with the lowest Tm (melting temperature) calculated using Oligo 4 software default
parameters. The length of time of the extension step was determined by the length of the
DNA template. Approximately thirty seconds was added to the extension time for each kilo

base of DNA.

2.3.2.2 Primer Design

Primers for PCR were designed using Oligo-4 and DNAStar software which
excludes primers that form secondary structures and primer dimers. PCR primers ranged in
length from 18 to 25 nucleotides and were designed to contain at least a 50% GC content.
Primers did not contain stretches of purines or pyrimidines greater in length than three.
Annealing temperatures of upper and lower primers were matched as close as possible.
Primers were synthesised without a 5' phosphate attached. In order to clone PCR products,
primers were phosphorylated before addition to the PCR. Primers of an RP-1 (Reverse
Phase column) purity were found to be adequate for standard PCR. To obtain 100% full-
length primers for primer extension analysis RP-1 oligonucleotides were purified through a
20% polyacrylamide non-denaturing gel. 1iug of primer was loaded in Formamide loading
buffer and size fractionated by electrophoresis. Primers were excised from the gel and

eluted over night in 300 pl of 1X TE at 379C followed by ethanol precipitation.

2.3.3 DNA Sequencing

Double stranded DNA templates were sequenced using the dideoxy chain

termination method (Sanger et al., 1980; Messing et al., 1981).

2.3.3.1Isothermal DNA Sequencing

The T4 Isothermal sequencing kit (USB) was used following the manufacturer's

conditions.
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2.3.3.2 Cycle Sequencing

PCR-amplified DNA and recombinant DNA were sequenced using the Cyclone
Sequencing kit (Geneworks) and the Excel Sequencing kit (Epicentre) following the

manufacturer's protocol.

2.3.3.3 Sequencing Primers
Sequencing primers were designed using Oligo-4 software and were purified to an
RP-1 (reverse phase) standard. Crude primers were purified through a CL6B spin dialysis

column before use.

2.3.4 Southern Transfer

PCR fragments, vector and genomic DNA fragments were transferred to Bio-rad
Zetaprobe membrane by the modified method of Southern (1977). DNA was size
fractionated in a 1% agarose gel, ethidium bromide stained and photographed. DNA greater
than 1 kb was nicked by soaking the top of the gel in 0.1 M HCI for 10 minutes. DNA was
transferred to Bio-Rad Zetaprobe membrane under vaccuum for two hours in 0.4 M NaOH
as described by Reed and Mann (1985). DNA was cross-linked to Zetaprobe membrane by
Ultra Violet light using a Bio-Rad Ultra Violet Stratalinker. The membrane was allowed to

dry at 60°C for 30 minutes.

2.3.4.1 Hybridisation of Radiolabelled Probes

Prehybridisation consisted of adding 10 mls of Denhardts - hybridisation solution
to the membrane in a Hybaid bottle. The membrane was incubated using a hybaid incubator
at 420C for 2 hours and then dispensed. Labelled probe was mixed with 10 mls of
hybridisation solution and then added to the Hybaid bottle and incubated over night at
420C. Membranes were washed at a stringency of 2 X SSC/0.1 % SDS at room
temperature for 30 minutes, then 2 X SSC/0.1 % SDS at 65°C for 30 minutes and finally
at 0.1 X SSC /0.1 % SDS at 65°C for 30 minutes. Radioactive signal was then detected

by autoradiography or use of a phosphor-image screen.
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2.3.5 Recombinant DNA Methods

2.3.5.1 Restriction Enzyme Digestion

Cleavage of DNA was carried out in a reaction volume of100 pl containing 5 units
of restriction enzyme, 1 X manufacturers buffer and incubated at 370C or as stipulated by

the manufacturer for at least 2 hours.

2.3.5.2 End Filling of DNA fragments

To create blunt ends, DNA containing 5' overhangs were end-filled using either
Klenow fragment or T4 DNA polymerase as described in Maniatis et al., (1989), following

the manufacturers conditions.

2.3.5.3 DNA Fragment Isolation from Agarose Gels

PCR-amplified DNA, restriction fragments and vectors were purified from agarose
using one of the following:

1) 1% low melting point (LMP) agarose extraction procedure.
DNA was fractionated on 1% LMP by gel electrophoresis, size-selected by comparison to
known molecular weight markers and excised from the gel. The gel slice was heated in an
eppendorf at 68°C in 1 X TE buffer for 15 minutes, phenol (pH 8.0) extracted and ethanol
precipitated.

2) Isolation from (TAE) agarose gels using a 'Geneclean' kit obtained from
Bresatec and used according to the manufacturers conditions.

3) Elution from 1% agarose gel slices or 5 - 20% polyacrylamide gel slices. The gel
slices were left in 1 X TE /0.1% SDS solution overnight followed by ethanol precipitation.

4) Excised LMP agarose (containing DNA fragments) was enzymatically cleaved
into smaller sugar molecules using Agarase (Life Technologies) following the

manufacturers conditions. Followed by a phenol extraction and then ethanol precipitated.
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2.3.5.4 Vector DNA Preparation

Vector DNA was linearised with the appropriate restriction enzyme(s), phenol
extracted and ethanol precipitated. Following Klenow (required for blunt end cloning only)
and CIP treatment, the vector was again phenol extracted and ethanol precipitated. DNA
was then fractionated by (1 X TAE) agarose gel electrophoresis. Uncut vector DNA was
separated from linear DNA by extraction from low melting point agarose. Purified DNA
was checked for contaminating, undigested DNA by fractionation via (1 X TAE) agarose

gel electrophoresis and, if required, extracted a second time.

2.3.5.5 Dephosphorylation of vector DNA

Calf Intestinal Phosphatase was used to dephosphorylate the 5' phosphate group

according to Maniatis et al., 1992.

2.3.5.6 Insert DNA Preparation

Insert DNA was excised by restrictiion digestion and then phenol extracted and
ethanol precipitated. Following Klenow treatment (required for blunt end cloning only) the
insert was again phenol extracted and ethanol precipitated. Insert DNA was separated from
plasmid DNA or non-specific PCR fragments by extraction from low melting point
agarose. Inserts smaller than 500 base pairs were eluted from 5% (20:1 acrylamide:bis-
acrylamide) non-denaturing acrylamide. PCR-amplified DNA products were treated with

Proteinase K (50 pg / ml) for 30 minutes at 37°C to denature Taq DNA polymerase.

2.3.5.7 Ligation of Vector and Insert DNA Molecules

Vector DNA (20 ng — 100 ng) was ligated to insert DNA in a 10 ! volume
containing 1 X ligase buffer (Promega), 10% PEG 6000, 2 units of T4 bacteriophage DNA
ligase (Promega) and sterile MQ water. The concentration of insert DNA depended on its
size and in keeping with a 1:1 and 1:3 vector to insert molar ratio. The reactions were
performed at 18°C overnight in a PTC-100 thermocycler (Bresatec). 1 unit of an

appropriate restriction enzyme was added to the reaction to decrease the amount of vector to
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vector religation. This step could only be administered where the enzyme did not cut the

insert internally.

2.3.6 Transformation of Bacterial strains

2.3.6.1 Calcium Chloride Competent Cells

Cells (XL1 Blue, ED8799, DH50) were made competent and transformed with
plasmid DNA using the CaCl2 method as described by Dagert and Ehrlich (1979). Half of
a ligation reaction mix was added to the cells before the heat shock step. Cells were
resuspended in 1ml of LB and grown for 30 minutes, rotating at 370C before plating onto

LB agar plates containing an antibiotic to select for transformants.

2.3.6.2 Preparation of Competent Cells For Electroporation

Bacterial cells were propagated in 500 mls of LB until the OD600 = 0.9. Cells were
spun at 3,500 rpm in a JA-20 fixed angle rotor and the supernatant discarded. Residual salt
was removed by resuspending the pellet thoroughly in sterile 10% glycerol at 4°C. The

cells were then harvested by spinning at 3,500 rpm at 4°C. The pellet was resuspended in

2 mls of sterile 10% glycerol at 4°C and aliquoted into 80ul lots, frozen with dry ice and

stored at -80°C.

2.3.6.3 Electroporation

Ligation reaction mixes were phenol extracted, ethanol precipitated and resuspended
in 10 pl of Milli-Q water. 1 pl was then mixed with 40 ul of electrocompetent cells and left
on ice for one minute. Cells were then placed into a 0.2 ml Bio-Rad electroporation cuvette
and pulsed using a Bio-Rad electroporator set at the following parameters: Resistance: 200

Ohms, Capacitance: 25 pfds, Set Volts: 250 volts. Cells were quickly resuspended in 1ml

of SOC medium and grown for 30 minutes at 379C.

2.3.6.4 Glycerol stocks

Glycerol stocks of transformed bacteria were made by adding 400 pl of an

overnight culture to 400 pl of 80% glycerol and frozen at -80°0C.
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2.3.7 RNA Methods

2.3.7.1 Total RNA Isolation

Total RNA was prepared from sheep wool follicles and outer root sheath cell lines

following the method described by Chomczynski and Sacchi (1987).

2.3.7.2 mRNA Isolation
mRNA was isolated from total RNA using the Poly-A Tract system from Promega
corporation following the manufacturer's protocol. The final eluate was ethanol precipitated

using sodium acetate and 10 ug of Glycogen.

2.3.7.3 Northern Transfer

Sheep follicle RNA was fractionated through a 1% agarose gel containing
formaldehyde as described by Hansen et al,, (1989). RNA was transferred to zeta probe

membrane in 0.4 M NaOH under vacuum for 2 hours.

2.3.7.4 Ribo-probe synthesis

Cloned fragments were transcribed with SP6, T3 or T7 RNA polymerase according
to the method of Krieg and Melton (1987). cRNA probes were labelled to high specific

activity by incorporation of o/~ 33p- fUTP.

2.3.7.5 RNA protection analyses

RNA protection analyses was performed as described by Krieg and Melton (1987).
To ascertain probe stability and efficiency of the RNase treatments during overnight
hybridisation, probe transcripts were incubated with yeast tRNA. Post-hybridisation, these
reactions were treated with RNase A / T1 or left untreated and fractionated alongside

experimental samples.

2.3.7.6 Primer extension analysis

Primer extension analysis was performed as described by McKnight et al., (1981).



40
2.3.7.7 In situ Hybridisation Analysis

Radio-labelled riboprobes were hybridised to tissue sections in situ following the
method of Cox et al., (1984) with the modifications of Powell and Rogers (1990). Tissues
were stained using Heamotoxylin (Nakanishi et al., 1975) or SACPIC (Nixon et al.,
1993).

2.3.8 Gene Isolation Methods

2.3.8.1 ¢DNA Svynthesis for 3' R.A.C.E

cDNA was synthesised using sterile PCR pipettes, pipette tips, eppendorfs and
stock solutions kept in a separate room from PCR analyses areas to prevent contamination
from amplified PCR products. Approximately 1.0 pg of wool follicle mRNA was mixed
with 2.0 pl of 10 X PCR amplification buffer, 2.0 ul of each dNTP (to give a final
concentration of 1 mM each), 0.25 pl of ribonuclease inhibitor (40,000 units / pl;
Promega), 1.0 pl 50 mM MgCl2 , 1.0 pl of 0.1 M DTT, 100 ng of the 3' Multiple Cloning
Site-oligo dT (3' MCS dT) primer 5' - CCG GAT CCC TGC AGG AAT TCG TCG
dD17YX-3(Y=A,GorC and X = A, C,GorT), 2.0 ul of AMYV reverse
transcriptase (25U / ul) and MQ water to a final volume of 20 pl. The cDNA reaction was
vortex mixed, heated at 42°C for 30 minutes and then heated at 50°C for 30 minutes to
over come premature termination of the enzyme. AMYV reverse transcriptase was inactivated
by heating at 95°C for 5 minutes. The cDNA reaction mix was diluted to 100 pul in 1 X TE.
Only 1.0 ! of the final cDNA reaction mix was used for each subsequent 3' RACE PCR.

To ensure that high quality full length first strand cDNA was being synthesised,
cDNA was radioactively labelled by adding 1 ul of o— 32P- dCTP (3000 Ci/ mmol) to the
reverse transcription reaction. Radioactively labelled cDNA was size-separated on an
alkaline denaturing gel (Maniatis et al., 1989) and detected using phosphor-image

technology.
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2.3.8.2 3' RACE-PCR Conditions for Hoxc-13

To obtain all 3' coding and non-coding sequence located downstream of the
homeobox, the technique of 3' RACE described by Frohman et al., (1988) was employed.
One twentieth of the cDNA reaction was used as template for the 3' RACE reaction. Oligo
4 software was used to design a 5' species-specilic oligonucleotide from thc homeobox of
Hoxc-13 using the sequence from clone C24 (Fig. 6.1A). The oligonucleotide sequence
was 5' - TA GTC GAC CAG CCA GCA GGT TCA TCA - 3' and was named C24Hint. A
Sall restriction endonuclease site was incorporated at the 5' end which enabled the 3'
RACE-PCR product to be cloned into the Sall site of pBSc (KS) by sticky end ligation.
Sall did not cleave the 3'RACE-PCR product internally (data not shown). The sequence of
the 3' primer used in all 3'RACE-PCR reactions was 5' - CCG GAT CCC TGC AGG
AAT TCG TCG - 3' and named multiple cloning site primer (MCS). MCS contained
complementary sequence to the 3' MCS dT oligonucleotide (excluding the poly T tail) and
hybridised to the multiple cloning site region. Control PCRs were included to determine
whether PCR products were obtained from follicle cDNA or genomic DNA

A magnesium concentration of 1.5 mM was empirically determined and the
following cycling parameters used in each PCR;

1. 940C (45secs), 72°C (2 minutes)

The PCR was held at 72°C while the TAQ polymerase and the 5' primer C24HINT was
added. This was followed by:

2. Four cycles of 940C (45secs), 56°C (2 minutes), 72°C (2 minutes)

3. The PCR was held at 729C while the 3MCS primer was added

4. 35 cycles of 949C (45secs), 63°C (2 minutes), 72°C (2 minutes)

5. A final extension step of 729C (7 minutes).
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2.3.8.3 3' RACE-PCR Conditions for Ovine Barx2

The isolation of the 3' cDNA end for ovine Barx2 was achieved by 3' RACE-PCR
following the method of Frohman (1988). To ensure that Barx2 mRNA transcripts were
present, the RNA sample described in Section 3.2.1 was used.

A magnesium concentration of 1.5 mM was used with the following cycling
parameters in each PCR.

1. 940C (45 seconds), 72°C (2 minutes).

Each PCR was held at 720C while the TAQ polymerase and the 5' primer, C17Hint were
added.

2. 4 cycles of 940C (45 seconds), 56°C (2 minutes), 720C (2 minutes)

3. The PCR was held at 720C while the 3'MCS primer was added

4. 35 cycles of 94°C (45 seconds), 63°C (2 minutes), 720C (2 minutes)

5. A final extension step of 72°C (7 minutes)

2.3.8.4 RNA Preparation for 5' RACE

The 'New 5' R.A.C.E." protocol as described by Frohman, 1992, was used to
amplify a partial fragment of the 5' end of Hoxc-13 with the following changes. The
procedure requires a small RNA oligonucleotide that is not expressed in the tissue under
study to be ligated to the 5' end of wool follicle Poly A (+) RNA. A 110 base fragment
from the pUC19 base vector (nucleotides 3054-3164 genbank Accession No: M77789)
was cloned into the Sacl site of the pBSc KS vector and the clone named pUC19-110. A
110 bp RNA oligonucleotide in the sense orientation was synthesised from clone pUC19-
110 using the T7 RNA polymerase, purified by elution from a 5% polyacrylamide gel slice
and then ligated to approximately 1 pg of wool follicle poly A(+) RNA.
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2.3.8.5 ¢cDNA Synthesis for 5' R.A.C.E

cDNA used in the 5' R.A.C.E technique was synthesised using the components of
the Supescript II kit following the manufacturer's protocol with the following changes
1) Inclusion of the 10 X PCR buffer during the hybridisation step of primer to RNA
2) Hybridisation cycling parameters were: 80°0C (5 minutes), 42°C (120 minutes), 55°C

(10 minutes) and 75°C (10 minutes).

2.3.8.6 5> New R.A.C.E

A gene-specific oligonucleotide named PRT (nucleotides 1216-1238; see Fig. 6.10
for reference), designed from the Hoxc-13 3' non-coding region was used as the primer to
synthesise the first strand of cDNA. PCR was performed using the 5° primer, pUCL6,
designed to hybridise to the 110 bp pUC19 RNA oligonucleotide and a nested Hoxc-13
primer named P4 which binds upstream from the PRT primer (Fig. 6.5 B). Cycling
parameters used in the first PCR were \

1. 989C (5", 72°C (40"), add one unit of Taq polymerase (hot start)

2.5 cycles [940C (30"), 420C (2'), 720(3")] Add pUC16

3. 35 cycles [94°C (30"), 45°C + 0.20C / cycle (1%, 729(3"]

3. 720C (15))

200 ng of each primer and a magnesium concentration of 1.5 mM were used in each PCR.
One twentieth of the PCR reaction was used as a template for a second nested PCR using a
magnesium concentration of 1.5 mM (Fig. 6.5 B). 200 ng each of a second set of nested
primers, named pUC68 and P14 (nucleotides 1014-1031; Fig. 6.10) were used. Cycling
parameters used in the nested PCR were

1. 980C (5", 72°C (40", add one unit of Taq polymerase

2. 35 cycles [94°C (30", 45°C + 0.2°C / cycle (1Y, 720(391

3. 720C (15"
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2.3.8.7 cDNA library Screening
A lambda ZAP c¢DNA library, enriched for ovine follicle cDNA's (Clontech) was

screened for full-length homeobox cDNA's using gene-specific probes. Individual clones
were isolated following the method described in Maniatis et al., (1989). To ascertain the
size of individual clones, inserts were PCR-amplified using primers designed to bind to the

flanking regions of the lambda zap vector arms.

2.3.8.8 Lambda Genomic Library Screening

To isolate a genomic clone containing a full-length homeobox gene, a lambda
EMBL3 genomic DNA library (Clontech) was screened at a high density (approximately
30,000 plaques per 15 cm filter) by the plaque hybridisation method described by Benton
and Davies (1977). Individual clones were isolated following the method described in

Maniatis et al., (1989).



Chapter 3
Isolation of Partial Ovine

homeobox cDNAS

45



46

Chapter 3 : Isolation of Partial Ovine Homeobox cDNAs

3.1 Introduction

The wool follicle contains at least 10 different cell types that make up the ORS, IRS,
cuticle, cortex, dermal papilla and in some sheep the medulla. The factors that determine the
fate of each cell type in the follicle are unknown. One group of genes that are master
regulatory genes involved in organogenesis and the determination of cell fate are the
homeobox (Hox) genes. The expression of several Hox genes in the hair follicle has recently
been documented in the literature (see section 1.15) and this group of genes may be involved
in determining the cell fate of hair follicle keratinocytes.

Once hair follicle keratinocytes in the bulb are set on a predetermined developmental
pathway, several families of hair keratin differentiation-specific genes are activated in
complex spatial and temporal patterns of expression (for review see, Powell and Rogers,
1997). How these genes are regulated is not well understood, however, because of their ability
to regulate differentiation-specific genes the Hox genes are potential candidates for the
regulation of the hair keratin genes.

Prior to the initiation of this project no one had undertaken a dedicated search for Hox
genes in the hair follicle and only four Hox genes were reported to be expressed in the hair
follicle. Two were Antennapedia-type Hox genes, Hoxb-2, expressed in the murine hair

follicle placode (Whiting et al., 1991) and Hoxc-8 expressed in the dermal papilla of the
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anagen hair follicle (Bieberich et al., 1991). The other two Hox genes were members of the
POU family, Skn-1a and Skn-1I, expressed in the cortical cells of mouse anagen hair follicles
(Andersen et al., 1993). Because vertebrates contain at least 38 Antennapedia-type Hox genes
it was logical to first screen the wool follicle for the expression of more of these genes.

This chapter details the isolation, sequencing and classification of ten partial cDNAs

representative of three homeobox classes expressed in the wool follicle.

Results

3.2 Isolation of Qvine Wool Follicle Partial Hox cDNAs

3.2.1 Amplification of QOvine Wool Follicle Partial Hox ¢cDNAs

Partial homeobox cDNAs from the wool follicle were amplified using RT-PCR using
degenerate oligonucleotides designed to conserved amino acid regions of the Antennapedia
homeobox gene class (Fig. 3.1). Two conserved amino acid regions were found by sequence
comparison of previously reported vertebrate Antennapedia-like sequences (Burglin et al.,
1989). The degenerate primers to the conserved ELEKEF (helix 1) and WFQNRR (helix 3)
motifs each had a 128 - fold degeneracy (Fig. 3.1). The length of DNA that includes the two
conserved homeobox motifs is 117bp. The two degenerate primers used to amplify this 117bp
region each contain eight extra nucleotides at the 5’ end to aid in cloning. The nucleotides

added to the 5’ end of the primers resulted in a PCR product of 133bp in length.



Figsure 3.1 : Conserved Motifs of Homeobox Genes.

Homeodomains from different species share sequence similarities. Abd-B (Karch
et al., 1985; Regulski et al., 1985), Antp (Garber et al., 1983; Scott et al., 1983), Dfd
(Hazelrigg et al., 1983) and Lab (Mlodzik et al., 1988) are Drosophila genes and Hoxa-4
(Duboule et al., 1986) and Hoxa-9 (Rubin et al., 1987) are mouse genes. '_The ELEKEF and
WFQNRR motifs boxed are perfectly conserved and were used to design degenerate
primers. The degenerate primers used to amplify partial homeobox cDNAs by RT-PCR

were;

P1 = 5- TA GAATTC GA(A/G) (C/T)TX GA(A/G) AA(A/G) GA(A/G) TT-3'
(from the ELEKEF motif) and

P2 = 5- TA GAATTC CC(G/T) XC(G/T) (A/G)TT (T/C)TG (A/G)AA CCA-3'
(from the WFQNRR motif).

Both primers have a 128-fold degeneracy. The size of a PCR product expected using
these primers is 133 bp; 16 bp contain the introduced EcoRI cloning sites and 117 bp contain
the ELEKEF and WFQNRR terminal motifs. 1000 ng of each primer was used for PCRs.
An EcoR1 site was engineered into the 5' end of both oligonucleotides so that RT-PCR
products could be cloned using sticky end ligation. The positions of the o-helices in the

homeodomain are represented by the shaded rectangular boxes. X = A, C, GorT.
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A. ¢cDNA Template

The size of the cDNA for RT-PCR was checked by incorporation of o3?P-dCTP
during synthesis. Single-stranded, heat denatured cDNA (95°C, 5 minutes) was size-
separated through a denaturing 6% polyacrylamide gel (19:1). The size of the cDNA

transcripts were compared to radiolabelled Hpall-digested pUC19 markers on the right.

B. Amplification of the Homeobox of Antennapedia Class Genes by RT-PCR
Partial homeobox cDNAs were amplified by RT-PCR. PCR products were size-
separated on a 2% agarose gel, stained with ethidium bromide and detected under UV light.
The PCRs were performed using cDNA, genomic DNA, mRNA or plasmid control DNA in
combination with the primers indicated above the gel (lanes 1-7). The plasmid control
contains a homeodomain that includes ELEKEF and WFQNRR motifs. A 133 bp PCR
product is boxed.
Pl = 5' degenerate primer designed from the ELEKEF motif of the Antennapedia
homeobox. P2 = 3' degenerate primer designed from the WFQNRR motif of the
Antennapedia homeobox. Size of SPP-1 and pUC19 markers are shown on the left of the

gel (M).
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Total wool follicle RNA was obtained from adult sheep that had been infused with the
amino acid L-cysteine for seven days (Fratini et al., 1994). Poly A(+) RNA was isolated and
used to synthesise cDNA greater than 500 bases (Fig. 3.2 A). The majority of the cDNA was
longer than 500 bases.

PCR conditions were optimized for the degenerate primer pair using a control plasmid
that contained a homeodomain and the ELEKEF and WFQNRR sequence motifs (a gift from
Paul Moretti, Hanson Centre for Cancer Research). RT-PCR cycling parameters were;

3 cycles of;

1. 94°C for 45 seconds,

2. 45°C for one minute and

3. 72°C for one minute followed by a further 37 cycles of;

4. 94°C for 45 seconds,

5. 56°C for one minute and

6. 72°C for one minute.

To ensure the amplified products were of full length, a final extension cycle consisted
of one cycle at 56°C for two minutes and then 72°C for seven minutes. Negative controls were
included to identify any contamination of amplified products from the control plasmid or

genomic DNA. PCRs consisted of the following templates and primers (Fig. 3.2 B);
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Positive controls;
1. Genomic DNA with both primers
2. Plasmid DNA with both primers
PCR experiment;
3. cDNA with both primers
Negative Controls;
4. mRNA (no reverse transcriptase) with both primers.
5. no cDNA with both primers
6. cDNA with primer 1
7. cDNA with primer 2
Control reaction 4 ensured that any amplified RT-PCR product was not due to

contamination of genomic DNA.

3.2.2 RT-PCR Result

A 133 bp product was amplified from cDNA using the two degenerate primers
ELEKEF (P1) and WFQNRR (P2)(Fig. 3.2 B; lane 3). In the same PCR reaction, several
amplified products were produced which were not of the expected size of 133 bp suggesting
that the primers were hybridising non-specifically. However, the 133 bp product was absent
from the control PCRs which contained the cDNA template and either primer one or two (Fig.
3.2 B; lane 6 and 7) confirming that the 133 bp product in lane 3 was amplified by both

primers and was not a spurious product obtained by the non-specific binding of either primer.
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A 133 bp product and multiple non-specific products were amplified from genomic DNA
(Fig. 3.2 B; lane 1) and plasmid DNA (Fig. 3.2 B; lane 2). No products were detected in the
PCR which contained mRNA that had not been treated with reverse transcriptase, verifying
that the 133 bp product obtained by RT-PCR was not due to genomic DNA or plasmid

contamination.

3.3 Cloning and Sequencing of Partial Homeobox ¢D

An EcoR1 restriction site was designed into the 5" end of the two degenerate
oligonucleotides ELEKEF and WFQNRR enabling the 133 bp PCR product to be cleaved
with EcoR1 and sticky end-ligated into an EcoR 1-digested pGEM 7Zf (+) vector. The
recombinant DNA was then transformed into XL-1 blue by electroporation. Approximately
300 colonies were obtained, of which fifty were screened. Twenty of these contained an insert
of 133 bps (data not shown). The twenty recombinant clones were manually sequenced in

both directions.

3.4 Classification of Wool Follicle Partial cDNA Clones

To verify that the inserts contained a partial homeobox, a ‘Fasta’ sequence search was
performed on DNA sequence using the data base Genbank through ANGIS (Australian
National Genomic Information Service). Some of the clones isolated were found to be
duplicates. Ten different genes were represented by the 20 clones and were grouped into three

homeobox gene classes. Three genes (Hoxb-9, Hoxc-9 and Hoxc-13) belonged to the Abd-b



Fig 3.3 : Classification of the Nucleotide and Amino Acid Sequences for the

21 Ovine RT-PCR Clones.

The sequence of the clones and published murine sequences have been compared to
human homeobox sequences and the sequence identity is expressed as a percentage (% Id) at
the right of each clone. Values given for the sequence identity were calculated using the
sequences within the boxed region. Sequence within the degenerate oligonucleotide regions
were omitted from calculations. Dashes represent sequence similarity to the sequence,
shown in full, typically the human sequence, except for Hoxc-9 where it is mouse. Ovine
Hoxc-9 was compared to murine sequence due to the unavailability of human sequence. O=
Ovine (Ovis aries), H = human (Homo sapiens), M = mouse (Mus musculus). All

homeobox sequences and their references can be found in Duboule (1994).
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Fig 3.4 : Barx2 Sequence Comparisons.

A. Comparison of the homeodomain of clone 17 with the related proteins, Dbx
(murine; Lu et al., 1994) and Cnox3 (Chlorohydra viridissima; Schummer et al.,
1992). The underlined regions at the ends represent the locations of the degenerate
oligonucleotide primers and have not been included in the % identity calculation.
Excluding the degenerate primer region, the homeodomain encoded by clone 17
shared a 67% sequence identity with the homeodomain encoded by Dbx (Lu et al,

1994) and 63% with the homeodomain encoded by Cnox3 (Schummer et al., 1992).

B. Amino acid sequence comparison of the ovine Barx2 PCR product and the
murine Barx2 homeobox (Jones et al., 1997). Ovine Barx2 homeodomain sequence
between the two degenerate primer regions ELEKEF and WFQNRR has 100%
sequence identity with the murine Barx2 homeodomain. The homeobox of ovine
Barx2 has 94% identity with the mouse Barx2 homeobox between the two
degenerate primer regions. Dashes represent conserved amino acids. O = Ovine

(Ovis aries), H = human (Homo sapiens), M = mouse (Mus musculus).
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class, six (Hoxa-4, Hoxb-2, Hoxb-6, Hoxb-8, Hoxc-4 and Hoxc-5) belonged to the Anip class
(Fig. 3.3) and one novel gene, Barx2 belonged to the Bar class (Fig. 3.4).

The homeodomain of one clone, clone 17, was quite different from anything in the
literature or databases (Fig. 3.4A). Given the normal finding of high identity between
homeodomains of equivalent genes from different species, the sequence of this clone
appeared to represent a novel homeobox gene. Clone 17 was named fox (follicle hox). Three
years later while this work was in progress the murine Barx2 cDNA was isolated and the full
cDNA sequence published (Jones et al., 1997). The fox sequence had 100% sequence identity
with the mouse Barx2 sequence and it was apparent that fox was the sheep orthologue to
Barx2 (Fig. 3.4 B). The fox gene was renamed ovine Barx2.

The clones representing the genes Hoxa-4, Hoxb-2, Hoxb-8, Hoxb-9, Hoxc-4, Hoxc-8
and Hoxc-9 contained 100% amino acid sequence identity to the human orthologues (Fig. 3.3;
listing of genes are in alphabetical order). Only Hoxb-6 (clone 16) and Hoxc-13 (clone 24)
contained single amino acid differences in the region between the degenerate primers, both
due to a single nucleotide difference (Fig. 3.3). In both clone 16 and clone 24 a guanine base
replaced an adenine base resulting in arginine to glycine and lysine to arginine substitutions,
respectively. Interestingly, each of the clones representing the ovine Hoxc-13 gene contained
a phenylalanine residue (F) as expected in the ELEKEF degenerate primer region but the

human and mouse orthologues have a tyrosine (Y) at the same position.
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To compare species-specific nucleotide changes within the homeobox, DNA sequence
where the degenerate primers hybridised during PCR (36 bp in length) was excluded, leaving
81 of a possible 117 nucleotides for sequence comparisons. Values of sequence identity
between human and sheep do not necessarily reflect values for the entire homeobox. DNA
sequence identity of the 21 ovine Hox clones to their respective human orthologue ranged

between 84-100% and the results are listed to the right of the sequencing data in figure 3.3.

3.5 Discussion

This chapter has described the use of the RT-PCR screening method to detect
expressed Antennapedia-like homeobox genes in the sheep wool follicle. Partial cDNA clones
representative of nine Antennapedia homeobox genes, namely Hoxa-4, Hoxb-2, Hoxb-6,
Hoxb-8, Hoxb-9, Hoxc-4, Hoxc-5, Hoxc-9 and Hoxc-13 and a novel gene, ovine Barx2 were
isolated and sequenced in both directions. When the Hox genes were initially isolated, no data
was published for the detection of any of the genes in the follicle except Hoxb-2 (Whiting et
al., 1991). Over the last several years, several groups have reported
gene expression of HOXA4, Hoxb-2, Hoxb-6, Hoxc-4, HOXC4 and Hoxc-13 in follicles
(see Fig. 3.5 and Section 1.15) but as yet, no one has studied the expression of Hoxb-8, Hoxb-

9, Hoxc-5, Hoxc-9 and Barx2 during follicle development.
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Fig. 3.5 : A diagram of the four mammalian HOX clusters and a representative of the
Drosophila ANT-C and BX-C clusters. Homeobox genes boxed in blue represent those
isolated in the RT-PCR screen. Homeobox genes boxed in tan represent genes that have been

reported to be expressed in the follicle. (Modified from Duboule, 1994).
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During the cloning of the partial homeobox cDNAs (133 bp RT-PCR product
amplified with the degenerate primers, WFQNRR and ELEKEF), more than 200 colonies
with potential Hox gene inserts were not analysed. Only 20 clones were sequenced of

which ten different Hox genes were located. This suggests that there may be other Hox
genes, apart from the genes mentioned so far, that are expressed in the follicle that have yet to

be isolated. Furthermore, Hox genes containing an EcoR1 site within the homeobox may not
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have been detected because their shorter insert length would make detection impossible by the
cracking methodology used to detect recombinant DNA. This problem could be overcome by
blunt end cloning of the RT-PCR product.

Upon analysis of sequence data, the 5' and 3' ends of all of the cloned partial ovine
cDNAs were highly divergent to published human sequence data. This was attributed to the
use of degenerate primers in the RT-PCR. Interestingly the primers did not require a perfect
match with the target template in order to produce an amplified product. For example, clones
13, 24, 26 and 34 encode the same ovine Hoxc-13 homeodomain but have differences in their
DNA sequence within the ELEKEF motif. The low annealing temperature of 45°C in the first
3 cycles of the RT-PCR no doubt allowed for these differences in primer-template
hybridisation from the population of degenerate primers. DNA sequence differences between
clones of the same gene (ie. ovine Hoxb-6 clone 16, contains a guanine at position 85 and
ovine Hoxb-6 clone 22, contains a cytosine at position 85) may be due to nucleotides being
misincorporated in the early steps of PCR amplification. Hence, to discern and overcome
consensus sequence errors due to PCR artefacts a number of clones representative of the Hox
gene must be sequenced.

The species-specific amino acid substitution of lysine to arginine in clone 24 (Hoxc-
13) was discarded once sequence data had been obtained from genomic DNA (Chapter 6) and
it was concluded to be a PCR artefact. All four isolates of the Hoxc-13 gene also contained the
amino acid phenylalanine (F) at position 20 of the homeodomain. Although the amino acid

difference was in the ELEKEF degenerate primer area, sequencing data obtained from 5'
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RACE and genomic clones confirmed that phenylalanine is a species-specific amino acid
change (Chapter 5).

Ovine Barx2 was a novel gene when first isolatcd during the course of this thesis but
during its characterisation the cDNA sequence of the murine orthologue was published by
Jones et al., (1997). The ovine Barx2 gene is the second vertebrate gene in the Bar family.
The partial ovine Barx2 homeodomain shared 67% sequence identity with the homeodomain
encoded by Dbx and a 63% sequence identity with the homeodomain encoded by Cnox3.
These genes are members of the Bar family which have a tyrosine instead of the usual
phenylalanine at position 49 of the homeodomain. All metazoan homeobox genes studied to
date contain a phenylalanine at that position. Clone 17 contains a phenylalanine at position 49
located within the WFQNRR degenerate primer region. Note that DNA sequence within the
degenerate primer region is ambiguous and requires further confirmation by sequence analysis
of a full-length cDNA clone or 3' RACE product and is discussed in Chapter 4.

In summary, this chapter has reported the isolation, sequencing and classification of
clones containing partial cDNAs representative of nine different Antennapedia- type

homeobox genes and one novel gene named ovine Barx2.
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Chapter 4 : Characterisation of Partial Ovine homeobox c¢DNAs

4.1 Introduction

Ten partial homeobox cDNAs were isolated from the wool follicle by RT-PCR
(Chapter 3) and were classified into the 3 classes, Abd-B, Antp and Bar. A literature search
confirmed that none of the archetypal genes of the three classes had been investigated in
relation to hair follicle development and differentiation.

To characterise the expression of these cDNAs in the wool follicle the techniques
of Northern blot analysis, RNA protection and in situ hybridisation were employed.
Characterisation was preliminary because the probes used in the expression analyses were
synthesised from the homeobox region. It was hoped that the preliminary characterisation
would acquire enough information to enable the choice of one or two homeobox genes for
further detailed study.

The aim of the work described in this chapter was to investigate the expression of

the ten homeobox cDNAs in the wool follicle.
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Results

4.2 Preliminary Northern Analysis

The possibility that the wool follicle expressed more than one type of homeobox
gene was strongly supported by a preliminary experiment in which adult wool follicle poly
A(+) RNA was analysed for expressed homeobox genes by Northern blot analysis. The
Northern blot was probed with 2 degenerate homeobox oligonucleotides designed to detect
adjacent segments at the end of helix 3 of the homeodomain (Fig. 4.1). Five poly A(+)
RNA transcripts of differing sizes were detected, 0.8 kb, 2.0 kb, 2.4 kb, 3.0 kb, and 5.0 kb,
suggesting that several homeobox genes may be involved in hair growth (B. Powell,

personal communication).

4.3 Analysis of Expression of Hox Genes in the Wool Follicle.
4.3.1 Northern Analysis of Wool Follicle Hox Genes

Expression of eight homeobox genes Hoxc-13, Barx2, Hoxc-5, Hoxc-9, Hoxb-2,
Hoxb-8, Hoxb-9 and Hoxa-4 in sheep skin was analysed by Northern blot (Fig. 4.2). Ovine
Hoxc-13 and ovine Barx2 gave relatively strong hybridisation signals, with bands at 2.6 kb
and 2.0 kb respectively indicating that they are probably more highly expressed than the
other isolated Hox genes in the sheep wool follicle. Six of the eight probes failed to give a
detectable hybridisation signal despite the membranes being washed at low stringency and

exposed for two days to a phosphor - image screen.



A(+) RNA.
A Northern blot containing Spg of wool follicle poly A(+) RNA was probed with

two degenerate oligonucleotides designed to the end of helix 3 of the Antennapedia-type
homeodomain (B. Powell, unpublished). The sequences of the oligonucleotides used were;
1. HB-1: 5' - AAA/G ATX TGG TTT/C CAA/G AAC/T A/CGX A/CG 3' and
2. HOM-1: 5' - GCA/G/T TAC TTC/T GTA/G TTC/T TTC/T CTC/T - 3'
where X = A, G, C or T. Oligonucleotides were a gift of Dr Bill Kalionis, Department of
Obstetrics and Gynaecology, Flinders University, SA and were designed by Burglin et al,
(1989). Oligonucleotide labelling and hybridisation conditions were the same as those
described by Burglin et al, (1989).

The size (kb) of five putative homeobox RNA transcripts are shown on the left of

the figure and were determined by size comparison with an RNA ladder (not shown).
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Figure 4.2 : Northern Analysis of Homeobox Gene Expression in the Wool Follicle.

A. Poly A(+) RNA (approximately 5 pg / lane; lanes 1-8) isolated from wool follicles of a
Corriedale sheep was size fractionated in a 1% agarose formaldehyde gel, transferred to
Zetaprobe GT membrane and stained with Ethidium Bromide. The location of the 285
rRNA and 18S rRNA bands are indicated to the right of the figure. Sizes of the BRL RNA

fragments (M) are indicated on the left of the figure in kilobases.

B. Strips from the Northern blot were probed separately with o- 32P- dCTP radio-labelled
fragments synthesised from the homeobox regions of ovine Hoxc-13 (clone24), Barx2
(clone17), Hoxc-5 (clone 20), Hoxc-9 (clone 18), Hoxb-2 (clone28), Hoxb-8 (clone 31),
Hoxb-9 (clone 35) and Hoxa-4 (clone 21). Filters were washed at low stringency: 2.0 X
SSPE, 1% SDS at 65°C for one hour and the signal detected by exposing for two days to a
phosphorimage screen. A mRNA species detected by the Hoxc-13 probe (lanel) was sized
at 2.6-kb while one detected by the Barx2 probe (lane2) was sized at 2.0-kb (Barx2). Sizes
were estimated by comparison with a BRL RNA ladder (M). No hybridisation signal
resulted using the ovine Hoxc-5, c-9 b-2, b-8, b-9 and a-4 probes. The location of the 28S
rRNA and 18S rRNA bands are indicated to the right of the figure.
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4.3.2 RNA protection assay

Given that only two Hox gene transcripts, Hoxc-13 and Barx2 were detected by
Northern analysis, the more sensitive RNA protection assay was used to confirm that the
ovine Hoxb-9, Hoxb-8, Hoxb-6, Hoxb-2, Hoxa-4, Hoxc-5 and Hoxc-9 homeobox genes
amplified by the RT-PCR technique were also expressed in the wool follicle. The RNA
protection assay gave protected products ranging in size from 93 -111 bp and differing in
abundance for all of the homeobox genes studied, except for Hoxa-4 and Hoxc-5
(Fig. 4.3 A & C). Hoxb-2 and Hoxb-8 genes were likely the third and fourth most

abundantly expressed respectively (Fig. 4.3 A).

4.3.3 RNA In situ Hybridisation Analysis

To detect the location of Hox RNA transcripts in the wool follicle a
preliminary RNA in situ hybridisation analysis was performed using riboprobes to the
cloned homeobox regions of Hoxb-6, Hoxc-5, Hoxc-9, Hoxc-13 and Barx2.

In the in situ hybridisation analysis, riboprobes were hybridised to whole skin
sections excised from the mid-flank region of Corriedale sheep. Control slides in which
tissues were hybridized with a sense RNA probe for each Hox class investigated were
negative.

The antisense probe derived from Hoxc-13 (clone 24), detected mRNA transcripts
in a region of follicle bulb cells adjacent and surrounding the apex of the dermal papilla
(Fig. 4.4). Expression was strongest in bulb cells located above the dermal papilla, tapered
off in the lower part of the follicle shaft and was not seen in the upper shaft. Expression

was not seen in the follicle outer root sheath, dermal papilla, inner root sheath or dermis.



Follicle mRNA.

Approximately 1.0 pg of poly A(+) RNA isolated from adult Corriedale sheep
wool follicles was hybridised with o~ 32P- rUTP radio-labelled anti-sense RNA probes to
the homeodomain. Clones represent the three classes of Antennapedia Hox genes
identified in the original RT-PCR screen for expressed sheep wool follicle Hox genes.
RNase-treated hybrids were fractionated in a 6 % polyacrylamide gel and exposed to a

phosphorimage screen for 48 hours.

A. Lanes 1-9: hybridisation products for Homeobox coding probes as indicated above the
lanes. Protected products were detected for ovine Hoxb-9, b-8, b-6, b-2, c-13 and Barx2.

The size (bases) of 0o— 32P- dCTP end-labelled Hpall-digested pUC19 markers in lane 10

are indicated on the right.

B. Computer image enhancement of A to show Hoxb-9, b-8, b-6 more clearly.

C. To detect transcripts for Hoxc-5 and c-9 the RNA protection assay was repeated with
freshly prepared adult Corriedale wool follicle total RNA. Hoxa-4 was not included.
100pg of total RNA was hybridised with o— 32P- rUTP radio-labelled anti-sense CRNA
probes to Hoxc-9 and Hoxc-5. A protected product was detected for Hoxc-9 (lane 6) but
not for Hoxc-5 (lane 9). Lanes 2, 5 and 8 show probe controls with 10ug yeast tRNA and
no RNase treatment. Lanes 1, 4 and 7 show yeast controls treated with RNase.

Barx2 (lane 1, 2 and 3) was included as a positive control.
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Figure 4.4 : Ovine Hoxc-13 In situ Hybridisation Analysis of a Corriedale Sheep

Wool Follicle.

Brightfield (A and C) and darkfield (B and D) photographs of a Corriedale skin
section hybridised with an ovine Hoxc-13 o- 33P- tUTP radio-labelled anti-sense CRNA
probe synthesised from the homeobox region. Final wash stringency was 0.1 X SSC at
659C for 30 minutes. The emulsion (Iiford L4) was exposed to the hybridised tissue
sections for 17 days at 4°C. Arrow’s point to the hybridisation signal of ovine
Hoxc-13. Note that it commences in the middle of the bulb, surrounds the upper part of
the dermal papilla and tapers off in the lowest region of the follicle shaft. Expression was
not detected in the remainder of the shaft, dermal papilla or outer root sheath. Sections
were stained with haemotoxylin. C and D are enlargements of A and B, focusing on the
bulb. C = Hair shaft cortex and cuticle, DP = Dermal papilla, O = Outer root sheath, I =

Inner root sheath. Bar in panel A =35 uM and C = 18 uM.
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A riboprobe prepared from the Hoxc-9 (clone 18) gene gave a hybridisation signal
in a restricted asymmetric pattern in the cortex of the lower hair shaft (Fig. 4.5).
Expression commenced in the lower shaft some 10 cells above the dermal papilla. In the
left follicle in Figure 4.5 B, expression is restricted to one side of the shaft and continues a
short distance towards the upper shaft. The upper shaft cannot be seen because the follicle
was sectioned at an oblique angle. In Figure 4.5 C & D two follicles have been cut
transversely through the lower shaft. In both follicles, Hoxc-9 is expressed on one side of
the cortex. The signal is in a region of cortical cells located furthest away from the ORS
thickening. To determine if Hoxc-9 was expressed in the upper shaft transverse sections of
the upper shaft were analysed. Signal was not detected in the upper shaft (data not shown).

Hoxc-5 (clone 20) was expressed in a restricted asymmetric pattern in the cortex of
the lower hair shaft in the same region where Hoxc-9 was detected (Fig. 4.6 B). Hoxc-5
expression appears to be on both sides of the left follicle in Figure 4.6 B however the
follicle was only cut through the side of the follicle shaft that contained Hoxc-5
expression. A transverse section of the lower follicle shaft revealed that the Hoxc-5 signal
was restricted to one side of the cortex (Fig. 4.6 D). Like Hoxc-9, signal is in a region of
cortical cells located furthest away from the ORS thickening.

The ovine Barx2 and ovine Hoxb-6 Hox box antisense probes did not detect mRNA

transcripts in any region of the skin.



Figure 4.5 : In situ Hybridisation Analysis of QOvine Hoxc-9.

Brightfield (A and C) and darkfield (B and D) photographs of Corriedale sheep
pelage follicles hybridised in situ with a- 33P- rUTP radio-labelled cRNA probe for ovine
Hoxc-9 (clone 18) synthesised from the homeobox region. Final wash stringency was
0.1 X SSC at 65°C for 30 minutes. The emulsion was exposed to hybridised tissue
sections for 17 days at 4°C. B is a darkfield photograph of the section in A. A and B show
oblique follicle sections, C and D show transverse sections. The arrowheads point to an
asymmetric labelling of follicle cortical cells in the lower region of the follicle shaft. No
expression was seen in the follicle bulb, outer root sheath, dermal papilla or inner root
sheath. Note that the signal in D is in a region of cortical cells located furthest away from
the outer root sheath thickening. Sections were stained with haemotoxylin. C = Cortex, DP
= Dermal papilla, O = Outer root sheath, I = Inner root sheath. Bar in panel A = 35 uM

and C = 18 uM.
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Figure 4.6 : In situ Hybridisation Analysis of Ovine Hoxc-5.

Brightfield (A and C) and darkfield (B and D) photographs of Corriedale sheep
pelage follicles hybridised in situ with o~ 33P- radio-labelled cRNA probe for ovine Hoxc-
5 (clone 20) synthesised from the homeobox region. Final wash stringency was
0.1 X SSC at 65°C for 30 minutes. The emulsion was exposed to the hybridised tissue
sections for 17 days at 40C. B is a darkfield photograph of the section in A. A and B show
oblique follicle sections, C and D show transverse sections. The arrows point to an
asymmetric labelling of follicle cortical cells in the lower region of the follicle shaft.
Again, no expression was seen in the follicle bulb, outer root sheath, dermal papilla or
inner root sheath and the signal in D is in a region of cortical cells located furthest away
from the outer root sheath thickening. Sections were stained with haemotoxylin. C =
Cortex, DP = Dermal papilla, O = Outer root sheath, I = Inner root sheath. Bar in panel A
=35uM and C = 15 yM.
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4.4 Discussion

Expression of the partial cDNA clones representative of nine Antennapedia
homeobox genes namely Hoxa-4, Hoxb-2, Hoxb-6, Hoxb-8, Hoxb-9, Hoxc-4, Hoxc-5,
Hoxc-9 and Hoxc-13 and a novel gene, ovine Barx2 was characterised by Northern blot,

RNA protection or in situ hybridisation.

4.4.1 Northern Blot Analysis

The length of the mRNA transcripts for Hoxc-13 and Barx2 were determined by
Northern analysis to be 2.6 kb and 2.0 kb respectively. Interestingly, similar sized
transcripts of approximately 2.4 kb and 2.0 kb were detected in a Northern blot using 2
degenerate homeobox oligonucleotides designed to detect adjacent segments at the end of
helix 3 of the homeodomain (Fig. 4.1). Transcripts of 5.0 kb, 3.0 kb and 0.8 kb were also
detected suggesting that at least three more homeobox genes can be detected by Northern
blot.

No signal was detected for the ovine Hoxa-4, ¢-5, c-9, b-2, b-8, b-9 genes by
Northern blot. Given that a faint signal was detected for the ovine Hoxc-9, b-2, b-8, b-9
genes in the more sensitive RNA protection analysis a signal may be detected by Northern
blot if more poly A(+) RNA (eg. 15 ug) is used in combination with a longer probe and
longer exposure times.

Ovine Hoxb-6 was not analysed by Northern blot, however given that Hoxb-2
appears to be expressed 2-3 times higher than Hoxb-6, as determined by RNA protection
analysis (see Fig. 4.3) and was not itself detected by Northern blot, it could be assumed

that a Northern signal for ovine Hoxb-6 would not have been detected.
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4.4.2 RNA Protection

The more sensitive method of RNA protection assay was used to confirm that nine
of the ten homeobox genes detected by RT-PCR were expressed in the wool follicle (Fig.
4.3). Of the nine genes analysed, a signal was detected for seven of them, Hoxb-9, Hoxb-8,
Hoxb-6, Hoxb-2, Hoxc-13, Hoxc-9 and Barx2. The Hoxc-13 and Barx2 probes gave the
strongest signals confirming the Northern blot data that these genes are the most
abundantly expressed.

The intensity of bands (protected product) was different for each probe and may
reflect the levels of mRNA transcript being synthesised for each Hox gene in the wool
follicle. Although it is assumed that equal amounts of follicle poly A(+) RNA template and
radioactively labelled probe were used for each RNA protection, it should be noted that no
internal standard was used for quantitative analysis, hence comparison of relative
expression levels is only an estimate.

In the RNA protection assay, protected double-stranded RNA products ranging in
size from approximately 93 to 111 bases were seen in several lanes. This size-variation can
be attributed to the riboprobes having non-homologous sequence at the 3' and 5' ends, an
inherent problem when using degenerate primers to amplify RT-PCR products. Different-
sized products will be generated depending on the ability of the 3' and 5' ends of the
labelled riboprobe to hybridize fully or partially to follicle RNA. Unstable hybridisation
may expose single stranded transcript ends to the degrading action of ribonuclease-A and
T1, while double stranded RNA products are protected.

A signal for Hoxa-4 and Hoxc-5 was not detected by RNA protection. Five years
after the initial RNA protection analysis was complete (Fig. 4.3), HOXA4, the human

orthologue of ovine Hoxa-4 was reported to be expressed in the cortex of human hair
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follicles (Stelnicki et al., 1998). HOXA4 is expressed very strongly in developing human

follicles of the fetus but has a very weak expression level in adult follicles (Stelnicki et al.,
1998). Therefore the expression levels of Hoxa-4 and Hoxc-5 may be assumed to be very
low in adult sheep follicles and may only be detected by RT-PCR or in situ hybridisation
analysis, techniques that can both detect expression at the single cell level. Failure to detect
Hoxa-4 and Hoxc-5 by Northern blot or RNA protection is probably due to insufficient
sensitivity of those methods (under the conditions used). Using longer probes and a larger
quantity of RNA in the RNA protection and Northern analysis may overcome the detection

problem.

4.4.3 In Situ Hybridisation

In choosing which of the ten Hox genes should be analysed by in situ hybridisation,
Hoxc-13 and Barx2 were chosen because of the strong signal obtained in the Northern blot.
Hoxc-9 was chosen because an RNA protection experiment had detected its expression in
the wool follicle (Fig. 4.3 C). Expression of Hoxc-5 was not detected by Northern blot or
RNA protection analyses however it was hoped that the more sensitive method of in situ
hybridisation could detect the location of its expression in the wool follicle. Hoxb-6 was
randomly chosen from the remaining genes that had not been analysed by RNA protection.
It should be noted that RNA protection data for the genes Hoxb-4, Hoxb-9, Hoxb-8, Hoxb-
6, Hoxb-2 and Hoxa-4 was not obtained before the initiation of the in situ hybridisation
analysis experiments.

In hindsight, the Hoxb-2 and Hoxb-8 genes could have been analysed by in situ
hybridisation as they were determined to be the third and fourth most abundantly expressed

genes by RNA protection (Fig. 4.3 A). However, at that stage a decision had been made to
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focus on the two most abundantly expressed genes in the wool follicle as determined by
Northern blot, Hoxc-13 and Barx2.

The in situ hybridisation experiments were performed using ribo-probes
encompassing the homeobox. Due to the high sequence identity in the homeobox shared
by paralogous cluster genes the results reported thus far with probes prepared from
segments of the homeobox are preliminary and should be repeated using gene-specific
probes.

The location of Hoxc-13 expression in the follicle bulb surrounding the dermal
papilla suggests that it may be involved in the transcriptional regulation of the keratin IF
and/or KAP genes expressed in the cortex of the wool fibre (Powell et al., 1992). Further
discussion on the expression of Hoxc-13 is found in Chapter 7.

Hoxc-5 and Hoxc-9 were expressed in an asymmetric pattern in the cortex of the
lower shaft. There are two cortical cell types, the orthocortical and paracortical cells that
are bilaterally distributed in fine wool follicles (Mercer, 1961). Most follicles have a
kinked morphology beginning at approximately the middle of the bulb, useful in
determining where cell types are located. In kinked follicles the ORS is thicker on the
concave side of the follicle. The orthocortex is located next to the ORS thickening and the
paracortex on the side of least thickening. The expression pattern of ovine Hoxc-5 seems to
correlate with the paracortical cell type because it is located in the side of the cortex
adjacent to the outer root sheath showing least thickening. Expression is remarkably
similar to that seen for the cysteine regulated KAP4 gene family in the paracortex (Fratini
et al., 1994). The cysteine rich proteins encoded by the KAP4 family are elevated in
paracortical cells of sheep wool when circulating levels of L-cysteine are elevated (Fratini

et al., 1994). To show that Hoxc-5 is expressed in the same region as the KAP4 family,
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serial skin sections from normal or a L-cysteine infused sheep could be probed with a
KAP4 gene and Hoxc-5 gene by in situ hybridisation and expression patterns compared.

The RNA used to isolate the ten Hox genes by RT-PCR was isolated from sheep
that had been kept on a basal diet for four weeks and then infused for seven days with L-
cysteine (Fratini et al., 1994). The L-cysteine infused RNA was chosen because it was
readily available from a previous experiment undertaken in this laboratory. Cysteine
infusion increases the abundance of KAP4 mRNAs that encode a family of cysteine-rich
proteins in the paracortical cells of sheep wool, but does not affect the expression of other
wool keratin gene families (Fratini et al., 1994). Northern blot and RNA protection
analysis of the ten Hox genes was performed using RNA isolated from a different origin,
namely a grazing Corriedale sheep. The expression levels of Hoxc-5 and Hoxc-9 may
change with fluctuating levels of circulating L-cysteine. This may explain why no signal
was detected for Hoxc-5 by Northern blot and RNA protection analysis and only a faint
signal detected for ovine Hoxc-9 in the RNA protection analysis. It is possible that the
ovine Hoxa-4, Hoxb-9, Hoxb-8, Hoxb-6 and Hoxb-2 genes may also be regulated by
circulating levels of L-cysteine given that they also were screened from the same RNA
sample used for RT-PCR. An RNA protection or RT-PCR quantitation of Hoxc-5 and
Hoxc-9 gene expression using gene specific probes and follicle RNA isolated from sheep
with and without infusion of L-cysteine should reveal whether the levels of these two Hox
genes are regulated by L-cysteine.

The lack of a detectable signal for the ovine Hoxb-6 and ovine Barx2 in situ
hybridization’s maybe due to the degradation of the radio-labelled cRNA riboprobe and in
vivo mRNA transcripts by ribonuclease during the in situ procedure. This may explain why

Barx2 was detected by Northern blot and RNA protection analyses but not by the in sifu
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hybridisation experiment. An in situ hybridisation was repeated for Barx2 with a gene-
specific probe and the location of its expression is discussed in detail in Chapter 5.

Hoxc-4 was detected by RT-PCR but was not analysed by Northern blot, RNA
protection or in situ hybridisation due to its initial wrong classification as Hoxc-5. The
human orthologue HOXC-4 was expressed in the suprabasal layers of the ORS in the
infundibulum of human hair follicles and in the suprabasal layers of the epidermis
suggesting that it may have a role in the differentiation of keratinocytes (Rieger et al.,
1994). Fibroblasts and lymphocytes in the perivascular dermis also expressed H 0XC-4
(Rieger et al., 1994).

In summary, this chapter has reported the characterisation of clones containing
partial cDNAs from the wool follicle representative of nine different Antennapedia-type
homeobox genes and one novel gene named ovine Barx2. Hoxc-13 was the only gene to be
detected by in situ hybridisation, Northern blot and RNA protection analysis confirming
that this gene is relatively highly expressed in the wool follicle. Barx2 was detected by
Northern blot and RNA protection however a signal was not detected by in situ
hybridisation and possible reasons for this were discussed. Hoxc-5 and Hoxc-9 were
detected by in situ hybridisation and are expressed asymmetrically in the cortex, probably
the paracortex, in a similar location to the KAP4 genes that respond to L-cysteine infusion.

The methods employed in this chapter were used to identify one or two genes of
interest to be focussed on in more detail in future experiments. The selection of the genes
chosen was based on either one of two criteria: 1. the location of their expression in the
wool follicle or 2. sequence novelty. Hoxc-13 was chosen because it was expressed in the
follicle bulb where keratinocytes are beginning to differentiate and Barx2 was chosen

because it was a novel gene.
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Chapter 5

Isolation and Characterisation

of Ovine Barx2

(Part of the work presented in this Chapter has been accepted for publication in the J ournal
of Investigative Dermatology. A copy is shown in Appendix 3)
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Chapter 5 : Isolation and Characterisation of Ovine Barx2

5.1 Introduction

Characterisation of ten RT-PCR amplified Hox genes in the adult wool follicle by a
combination of Northern blot, RNA protection and cRNA in situ hybridisation analyses
enabled the following two genes to be chosen for further characterisation, Hoxcl3 because
it is expressed in differentiating cells and Barx2, because it was a novel gene at the time of
its isolation.

In Chapter 4, expression of Barx2 was detected by Northern blot and RNA
protection analysis but not by in situ hybridisation, possibly due to the degradation of the
radio-labelled cRNA riboprobe and in vivo mRNA transcripts by ribonuclease during the in
situ procedure. Analysis of Barx2 expression in the adult wool follicle was initially
performed using a probe containing part of the homeobox (Fox probe). Due to the high
sequence conservation in the homeobox region between homeobox genes, the Fox probe
may have crossed hybridized with other homeobox genes and yielded a false result in both
the Northern blot and RNA protection assay. To overcome this potential problem, a longer
gene-specific probe downstream of the homeobox was used to detect Barx2 expression
during embryonic wool follicle development by in situ hybridisation and adult follicles by
Northern blot. To obtain a gene-specific probe, the technique of 3' RACE-PCR was used to
isolate the 3' cDNA end of ovine Barx2 from wool follicle RNA. A fragment from the
Barx2 3’ coding region was then subcloned and used to probe vertical skin sections taken
from a sheep developmental time course. The RNA protection analysis results obtained in
Chapter 4 were also confirmed with a gene-specific, 3° non-coding probe.

During the course of fully characterising ovine Barx2, the c¢DNA sequence of the
murine orthologue and its expression in embryonic mice up to the age of E12.5 was
published (Jones et al., 1997). However, Barx2 expression during embryonic development
of skin and follicles, the latter initiating at approximately E13.25, was not reported.

To elucidate the functional role of Barx2 within the wool follicle, isolation of the full
gene was attempted. A lambda sheep genomic clone containing the homeobox and 3’ end
(and possibly the 5° end) of Barx2 was isolated and characterised. While further

experiments required to determine the function of Barx2 were not possible due to time
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constraints, this Chapter details isolation of the 3 end of Barx2 and characterisation of its

expression during embryonic and adult wool follicle development.

Results

5.2 Isolation of The Ovine Barx2 3' ¢cDNA End

5.2.1 3' RACE-PCR

The isolation of the 3' cDNA end for ovine Barx2 was achieved by 3' RACE-PCR
following the method of Frohman (1988). To ensure that Barx2 mRNA transcripts were
present in the RNA, the same sample of RNA used to amplify the ten homeobox genes by
RT-PCR (described in Section 3.2.1) was used to synthesise the cDNA used in the
3'RACE-PCR. The RNA was obtained from wool follicles of an adult sheep that had been
infused with the amino acid L-cysteine for seven days (Fratini et al., 1994).

An oligonucleotide specific for Barx2 was designed using Oligo-4 software (Geneworks)
from the Barx2 homeobox (clone C17; Fig. 5.1 A). The sequence of this oligonucleotide,
was 5' - TA GTC GAC CAG ACA GGT TGG ACT TGG - 3' and contained a Sall
restriction endonuclease site at the 5' end, because the recognition site occurs at a low
frequency in genomic DNA. Sall did not cleave the 3'RACE-PCR product internally. Six
PCRs were performed and contained the following templates and primer(s);

1. cDNA with C17Hint and 3'MCS primers (PCR #1)

2. mRNA with C17Hint and 3'MCS primers (PCR #2)

3. cDNA with the 3'MCS primer (PCR #3)

4. cDNA with the C17Hint primer (PCR #4)

Control reaction 2 identified whether amplified products were the result of genomic DNA
contamination. PCR conditions are given in Section 2.3.8.3.

Multiple PCR products ranging in size from 200 bp to 1.1 kb were amplified from
PCR #1 containing cDNA with both primers C17Hint and 3'MCS (Fig. 5.1 B, lane 1). No
amplified products were seen in the control PCRs #2 to #4 ie. those containing mRNA with
C17Hint and 3'MCS primers (PCR #2), cDNA with the 3'MCS primer (PCR #3), cDNA
with the C17Hint primer (PCR #4)(Fig. 5.1 B, lanes 2, 3 and 4 respectively). As Barx2
was a novel gene, the length of the 3' end was unknown so the largest amplified product

that contained the Barx2 homeobox was cloned.



Figure 5.1 : Barx2 3’ R.A.C.E.

A. 5' Primer used in the Amplifiéation of the Barx2 3' End

The partial sequence of the Barx2 homeobox, obtained from clone 17 (Fig. 3.4) is
shown. The 5' primer used in the amplification of the Barx2 3' end is indicated by the arrow
and is named C17Hint. Note that the C17Hint primer does not overlap the degenerate

ELEKEF motif. The arrow shows the direction of DNA synthesis.

B. Amplification of the Barx2 3' cDNA_End

The 3' cDNA end of Barx2 was amplified using the 3’RACE-PCR technique. PCR
products were size-separated on a 1% agarose gel and then stained with ethidium bromide
and detected under UV light. PCRs were performed using wool follicle cDNA or mRNA in
combination with the primers indicated above the gel. Note that there are multiple PCR

products in lane 1 (the largest being 1.1 kb) and no products in lanes 2-4.
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5.2.3 Southern Blot Analysis and Cloning of the 3' RACE Product

Southern blot analysis was used to determine which 3' RACE-PCR amplified
products contained the homeobox and 3' cDNA end of Barx2. A blot containing one
twentieth of the 3' RACE-PCR products was probed with radio-labelled fragments
synthesised from the homeobox of Barx2 (clone C17; see Appendix 1 A for plasmid map).
The largest amplified PCR product that hybridised to the homeobox probe as detected by
Southern blot analysis was 1.1 kb in length (Fig. 5.2 A, B). A 0.93 kb product also
hybridised to the probe. The 1.1 kb DNA fragment was purified from the amplified 3'
RACE-PCR products by extraction from low melting point agarose, cleaved with Sall,
ligated into pBluescript KS (+) Sall vector and bacterial transformants screened for
recombinant DNA. A clone named C17B1 contained an insert of 1.1 kb and was

characterised further (see Appendix 1 B for plasmid map).

5.3 Confirmation of the Identity of the 3' cDNA End of Barx2 (Clone

C17B1)
5.3.1 Sequencing of the 3' RACE Product

To verify that clone C17B1 contained the homeobox of Barx2, nucleotide sequence
for approximately 200 bp of the 5' end of the clone was determined and compared to
sequence of the Barx2 homeobox (see Fig. 3.4 B for sequence). Excluding the degenerate
primer region, the homeobox of these clones shared 100% identity (data not shown).

Before completely sequencing the remainder of the RACE-PCR product, fragments
from different regions of clone C17B1 were isolated and used to probe a wool follicle
Northern blot and a genomic DNA Southern blot to confirm that clone C17B1 was not a

hybrid of the Barx2 homeobox and another cDNA.

5.3.2 Confirmation of the 3' ¢cDNA End by Northern Blot

Northern blot analysis was used to verify that clone C17B1 truly represented the full
3' ¢cDNA end of Barx2. A 163 bp fragment in close proximity to the 3' end of clone C17B1
was excised with BsteIl and Dral, cloned and named C17B1-NC (NC = non-coding; see

Fig. 5.5 for location of the probe and Appendix 1 D for plasmid map of clone C17B1-NC).



Figure 5.2 : Detection of the Barx2 3' End by Southern Blot.

A. Barx2 3' RACE-PCR

The 3' RACE-PCR amplified products were fractionated on a 1% agarose gel. Lane
M1, 500ng of SPP-1 and pUC19 markers. Lane 2, ovine Barx2 3' RACE-PCR products
amplified from cDNA with the C17Hint and 3'MCS primers. Lane 3, Xmnl partially
digested plasmid DNA from clone C17 which contains the homeobox of Barx2. The top
band in lane 3 at 3.3 kb is linearised plasmid DNA from clone C17 which hybridised to the
probe. Clone C17 contained two Xmnl sites resulting in the second band at 2.1 kb and the
third band at 1.2 kb. The 1.2 kb DNA fragment also contained the homeobox and hybridised

to the probe. Marker sizes (kb) are indicated on the left side of the figure.

B. Southern Blot Analysis of Barx2 3' RACE-PCR Products

3' RACE-PCR products were analysed by Southern blot. 3' RACE-PCR products
were transferred to Zetaprobe membrane and probed with an a-32P-dCTP radio-labelled
EcoR1-resected homeobox fragment from clone C17 (Barx2). The largest PCR amplified
products of 0.93 kb and 1.1 kb hybridised to the probe and are indicated by the arrows. The

1.1 kb fragment was cloned into the Sall site of pBSc KS (+).
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The fragment was prepared, radioactively labelled and used to probe wool follicle poly A(+)
RNA. A 2.0 kb mRNA transcript was detected, the same size detected by the probe
encompassing the ovine Barx2 homeobox (Fig. 5.3).

The same size transcript was also detected using a 186 bp probe DNA fragment from
the coding region of Barx2. This fragment was amplified by PCR using the two primers P7
and P11 (see Fig. 5.5 and Fig. 5.6 for location of both primers). The amplified fragment
was cloned into the Smal site of pPGEM-7Zf (+) and named C17B1-COD (Appendix 1C).

5.3.3 Confirmation of the Barx2 3' ¢<DNA End by Southern Blot

A genomic Southern blot was performed to further confirm that the cloned
fragments representing the coding (C17B1-COD; Appendix 1 C) and 3' non-coding
(C17B1-NC; Appendix 1 D) regions of ovine Barx2 were representative of the same gene.
A sheep genomic DNA blot was probed separately with radio-labelled fragments
synthesised from each clone. A band at the size of 8.5 kb appeared for each probing
(Fig. 5.4) suggesting that the separately cloned fragments from the coding and non-coding

regions of ovine Barx2 originated from the same gene.

5.4 Nucleotide Sequencing of the 3'cDNA End of Barx2 (Clone C17B1)

To obtain the sequence of the 3' cDNA end of Barx2 a combination of subcloning,
progressive deletion and oligonucleotide-primed sequencing were employed (Fig. 5.5).
DNA was sequenced in both directions to ensure that sequence information was
unambiguous.

The nucleotide sequence of clone C17B1 together with the deduced amino acid
sequence is shown in Fig. 5.6. The 3' cDNA end of Barx2 is 1,104 base pairs long and
contains a partial open reading frame of 133 amino acids (including the homeobox). The
carboxyl end of Barx2 from the end of the homeodomain to the stop codon, contains 87
amino acid residues. The 3' non-coding sequence contains 702 nucleotides and two
consensus polyadenylation signals (AATAAA) located at positions 928 and 1,085
(Fig. 5.6).



Figure 5.3 : Northern Transfer Hybridisation Analysis of Sheep Wool

Follicle Poly- A(+) RNA.

A. Poly- A(+) RNA was prepared using the poly-A-tract kit (Promega) from 1mg of total
RNA isolated from Corriedale sheep wool follicles. Approximately 5 |1g samples were
fractionated in a 1 % agarose formaldehyde gel then transferred to Zetaprobe GT membrane
(lanes 1-3). The size (kb) of the marker bands are indicated to the left of the figure. The

location of the 28S and 18S rRNA bands are indicated. M = Gibco BRL RNA Iladder.

B. Northern blot containing approximately 5 ug of poly- A(+) RNA. Strip filters were
separately probed with 0-32P-dCTP radio-labelled fragments prepared from the homeobox
(clone C17, lane 1), coding (clone C17B1-COD, lane 2) and 3' non-coding regions (clone
C17B1-NC, lane 3). Filters were then washed in 2 x SSC/0.1% SDS / 65°C for 30
minutes and exposed to a phosphor-image screen for 24 hours. The size (kb) of the
hybridisation product is indicated to the right of the figure. The location of the 28S and 18S

rRNA bands are indicated. Lane one (M) = Gibco BRL RNA ladder.

C. Schematic showing the position of each probe within the 3' end of Barx2. Lined box
represents the homeobox (1), shaded box represents the coding region (2) and the open box
represents the 3' non-coding region (3) of Barx2. AAAAA represents the poly- A tail located

at the 3’end.



| «— 2.0kb

| AAAAA— 3




Ficure 5.4 : Southern Transfer Hybridisation Analysis of EcoRI-digested

Sheep Genomic DNA.

Sheep genomic DNA was digested with EcoRI and then 10 pg samples fractionated
in multiple lanes in a 1 % agarose (1 X TAE) gel (lanes 2-8) then transferred to Zetaprobe
GT membrane. Strip filters were separately probed with radio-labelled fragments prepared
from the 3' non-coding (clone C17B1-NC, see Appendix 1 D, lanes 2-5) and coding regions
(clone C17B1-COD; see Appendix 1 C, lanes 6-8) of ovine Barx2. Filters were washed at 2
x SSC/0.1% SDS at 65°C for 30 minutes and exposed overnight to a phosphor-image
screen. The size of the hybridisation product is indicated to the right of the figure by the
arrow. The arrowhead points to Satellite DNA that has hybridised non-specifically to the
probe. Lane one (M) = SPP-1 and lambda Hi-Lo markers, sizes (kb) are indicated on the

left.
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Figure 5.5 : Schematic Showing the Restriction Map of the Barx2 3' End

and the Sequencing Strategy.

Restriction sites used for subcloning of the 3’ non-coding fragment are shown. A
163 bp Dral / BstEII fragment was subcloned into the Smal site of pBSc KS and sequenced.
Smaller fragments of the 3' cDNA end of Barx2 were prepared by progressive deletion of
DNA from clone C17B1 using the Erase-a-base kit (Promega). Deleted fragments were sub-
cloned into the Smal site of the pGEM- 7Zf (+) base vector. To extend the sequence data,
oligonucleotides were designed to the sequence obtained from the 5’ and 3’ ends of the
subclones. Names of sequencing primers are given at the beginning of the arrows. Arrows
indicate the direction and extent of the sequencing reactions. DNA from clone C17B1 was
used as the template for all cycle sequencing reactions.

The lined box represents the homeobox, the shaded box represents the coding region
and the open box represents the 3' non-coding region. AAA depicts the poly A tail. Line
represents the polylinker region of pBSc KS. RSP = Reverse sequencing primer, USP =

Universal sequencing primer.
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Figure 5.6 : The Nucleotide Sequence and Predicted Amino Acid of the 3'

End of Barx2 (clone C17B1).

The 3' cDNA end of Barx2 was sequenced and the resultant nucleotide and predicted
amino acid sequence are shown. C17B1 is 1,104 bases in length and contains a partial open
reading frame of 133 amino acids. The homeodomain is boxed. Restriction sites used to
sub-clone fragments from the 3' end are denoted. The arrows denote the location of the P7
and P11 primers used to amplify the 3’ coding probe. The proposed polyadenylation signals
are typed in bold and underlined. The stop codon (TAA) is underlined and denoted by an
asterisk (nucleotide # 401). Numbers on the left of the figure refer to amino acid position

and numbers on the right refer to nucleotide position.
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5.5 Sequence Analysis of Ovine Barx2

Excluding the glutamic acid (E) residue at the N-terminal end of the ovine Barx2
homeodomain sequence, which may be a result of degenerate primer mismatch during RT-
PCR amplification, the partial amino acid sequence of the ovine Barx2 homeodomain is
identical to both the human Barx2 homeodomain (Accession number: AF031924) and the
mouse Barx2 homeodomain (Jones et al., 1997), and 82.5% similar to the mouse Barx1
homeodomain (Tissier-Seta et al., 1995). As found in other members of the Bar family, the
ovine Barx2 gene contains the two atypical residues, threonine and tyrosine within helix 3 at
position 47 and 49 respectively (Fig. 5.7).

Downstream from the homeodomain, a leucine residue, two glycine residues, a 17
amino acid region (PTKPKGRPKKNSIPTSE) and three nearby glutamic acid residues are
common to all four proteins. The carboxyl end of Barx2 shared an amino acid sequence
identity of 84% with the mouse Barx2 carboxyl end and 63% with the mouse Barx1
carboxyl end. The ovine Barx2 3' non-coding region shares a 60.2% nucleotide sequence

identity with the mouse Barx2 3' non-coding region (Fig. 5.8).

5.6 Polyadenylation Signals of Barx2

Barx2 contains four motifs for the polyadenylation signal (AATAAA), at positions
402, 928, 1077 and 1085 in the 3' non-coding sequence (Fig. 5.6). As only one band was
detected in the Northern blot (Fig. 5.3) using the homeobox and coding probes, the
polyadenylation signal at position 402 was determined to be non-functional because a
shorter transcript of approximately 1,417 bases was not detected. It is possible that the
Northern blot was not able to detect the small size difference (149/157bp) between the
predicted transcripts produced by the polyadenylation signals at positions 928 and
1077/1085 due to insufficient size-separation of the RNA. However, two products were
detected in the Southern blot of the 3° RACE products consistent with active polyA signals
at these sites (see Fig 5.2). It is not known which of the polyadenylation signals at positions
1077 and 1085 are functional however, both are near the end of the mRNA and tandem

polyadenylation signals are not uncommon.



Figure 5.7 : Comparison of Vertebrate Barx proteins.

The partial sequence of the ovine Barx2 homeodomain and C-terminal end are
compared to human Barx2 (Accession number: AF031924), mouse Barx1 (Tissier-Seta et
al., 1995) and mouse Barx2 (Jones et al., 1997). The partial homeodomain is boxed.
Dashes indicate sequence identity with ovine Barx2. Note that excluding the glutamic acid
(E) residue at the N-terminal end of the ovine sequence, which may be a result of degenerate
primer mismatch during RT-PCR amplification, the Barx2 homeodomain from each species
is conserved. Residues that are shared with each protein are typed in bold. Downstream
from the homeodomain, a leucine residue, two glycine residues, a 17 amino acid region and
three nearby glutamic acid residues are common to all four proteins. An extra leucine residue
present in the comparable region of Barx1, downstream of the homeodomain is shown
beneath the aligned sequences. The carboxy-terminal end of each protein is indicated by an

asterisk.
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Figure 5.8 : Comparison of Mouse and Sheep Barx2 3' end.

DNA sequence from the 3' end of sheep Barx2 (top sequence) and mouse Barx2
(bottom sequence) have been aligned using DNASTAR, Inc, software. The stop codon TAA
is depicted by an asterix. The homeobox is highlighted in yellow. Boxed nucleotides indicate

sequence identity with ovine Barx2.
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Figure 5.9 : RNA Protection Analysis of Barx2 Gene Transcripts in Total

Wool Follicle RNA from a Corriedale Sheep.

A. Ten pg of total RNA isolated from Corriedale wool follicles was analysed by RNA
protection for the presence of Barx2 gene transcripts using the 3' non-coding antisense
probe (clone C17B1-NC; lane 1) which had been radiolabelled with o— 32P- rUTP. The 3'
non-coding fragment contains the first polyadenylation signal of Barx2. The homeobox
probe (clone C17, lane 2) was used as a control and yielded a protected product of 105 bases
(arrowhead). The products of the protection reactions were fractionated in a denaturing 6%
(19:1) urea-PAGE system and the gel exposed to a phosphor screen for 48 hours. The
position of the 160 base and 130 base protected Barx2 RNA are indicated on the right side of
the figure. The signal for both protected RNAs is equally intense. M = pUC19 markers,

sizes of which are given to the left of the figure.

B. DNA sequence of the 3’ end of ovine Barx2 between nucleotides 780 — 1104 (taken
from Fig. 5.6). The 163 bp DNA fragment used as a probe in the RNA protection in A.
above, is underlined. The predicted 130 bp protected fragment is boxed. Two
polyadenylation signals located at positions 928 and 1085 are also boxed. The location of the
restriction enzymes Dral and Bstell, used to excise the 163 bp 3’ non-coding fragment are

shown.
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To determine if the polyadenylation signal located at 928 was functional, an RNA
protection was performed using Corriedale wool follicle RNA and a 3' non-coding probe
(Fig 5.9 B) which encompassed the polyadenylation site. The RNA protection assay
revealed two protected products of 163 bases (full-length protected probe) and
approximately 130 bases (partially protected probe; lane 1, Fig. 5.9 A). The 160 base
protected product was the result of the probe hybridizing to a RNA transcript which is
produced when the second polyadenylation signal at position 1085 is utilized by Barx2. The
130 base protected product is produced when the first polyadenylation signal at 928 is
utilized by Barx2. Signals from the protected products were found to be of an equal

intensity.

5.7 Isolation of an Ovine Barx2 Genomic Lambda Clone

Lambda clones containing the ovine Barx2 gene were isolated from a A-GT11 sheep
genomic DNA library. Approximately 5 genome equivalents of clones were plated onto TB
agar plates and screened with a 3' non-coding fragment (clone C17B1-NC). Two clones
named 2A and 2B hybridised to the probe after a final wash at a stringency of 0.1 X SSC at

659C and were purified by four rounds of screening.

5.8 Analysis of the Barx2 Genomic Clone 2A

Clone 2A contained a 16.0 kb Sall insert (see Fig 5.10 A, lane 4). The DNA was
then cleaved with restriction endonucleases to determine the location of the restriction
enzyme sites. The position of the 3' end of Barx2 within clone 2A was located by Southern
blot using a Barx2 non-coding probe (clone C17B1-NC, Fig. 5.10 B) and was found to lie
within a 4.2 kb HindIII fragment. The exact position within the 4.2 kb HindIII fragment is
not known. A detailed restriction map of clone 2A and the location of the 4.2 kb HindIII

fragment that contains the Barx2 non-coding region are shown in Fig. 5.10 C.

5.9 Species Conservation of Barx2

To determine if the coding region of the Barx2 gene is conserved between species a

3' coding fragment isolated from Barx2 (clone C17B1-COD; see Appendix 1 C for plasmid



Figure 5.10 : Restriction Map of the Barx2 Genomic Lambda Clone 2A.

A.DNA from the genomic clone 2A was digested with single and multiple restriction
endonucleases as indicated above each lane. Cleaved fragments were size-separated through
a 1% agarose gel by gel electrophoresis and the gel stained with EtBr. The size of the
fragments were determined by comparison with SPP-1 and Lambda Hi-Lo markers (lane

M). Marker sizes (kb) are shown on the right.

B. Southern blot analysis of clone 2A. Fragments from A. were transferred to Zetaprobe
GT membrane and probed with a 163 bp Barx2 non-coding probe from clone C17B I-NC
(see Appendix 1 D for clone reference). Bands indicate which fragments hybridised to the
probe. Hybridised filters were washed in 0.1 X SSC, 0.1% SDS at 65°C for 30 minutes

and exposed to an autoradiograph for 1 hour. Size markers are shown (in kb).

C. Restriction map of the Barx2 genomic clone 2A. The Barx2 3’ non-coding region was
located within the 4.2 kb HindIII fragment. The location of Sall (S), EcoR1 (E) and HindIII

(H) sites are denoted.
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Figure 5.11 : Hybridisation Analysis of a Genomic Zoo Blot.

Mouse, human and sheep total genomic DNA (10 pg / lane) were digested with
BamHI (B), EcoR1 (E), and HindIII (H), size-separated on a 1% agarose gel, transferred to
Zetaprobe GT membrane and probed with the resected Barx2 coding region fragment (clone
C17B1-COD, see Appendix 1 C). The filter was washed in 2.0 X SSC, 0.1% SDS at 650C
for 30 minutes and exposed to an autoradiograph for 21 days at -80°C. M = Size markers

are shown in kilobase pairs at the right of the figure.
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map) was used to probe a Southern blot containing sheep, human and mouse genomic DNA
cleaved separately with the enzymes BamHI, EcoR1 and HindIlI (Fig. 5.11). The probe
hybridised most strongly to sheep DNA but also bound to mouse and human DNA. The

sizes of the hybridised fragments are given in table 1.

Table 1. Sizes of the mouse, human and sheep genomic DNA fragments that hybridised to
the ovine Barx2 coding probe.

Enzyme/ Species Human Mouse Sheep

BamHI 14.5 kb 15 kb >20 kb

EcoR1 7.4 kb 3.5 kb 14.5 kb and 8.5 kb
HindIII 4.9 kb 3.6 kb 4.2 kb

5.10 Characterisation of Barx2 Expression by In Situ Hybridisation

5.10.1 Expression of Barx2 in Embryonic Sheep skin

Barx2 expression during the development of embryonic sheep skin was analysed by
in situ hybridisation using a gene-specific probe isolated from the Barx2 3’ coding region
(clone C17B1-COD). The probe was hybridised in situ to skin from the mid-flank and snout
regions at the embryonic time points of E40, E51, E65, E75, ES0, E88, E97 and E135
(mid-flank region) and E71, E81, E88, E97 and E135 (snout region). Barx2 exhibited a
differentially- and spatially - restricted expression pattern during both epidermal and follicle
development. In the pre-follicle stage Barx2 was expressed predominantly in the ectoderm
which is 1-2 cells in thickness but was not expressed in the underlying dermis (Fig. 5.12 A
and B). In the initial stage of follicle development, when localised thickening was first
evident at discrete sites in the ectoderm, Barx2 expression was present throughout the basal
and suprabasal layers of the ectoderm but was specifically down-regulated in the
ectodermal-derived cells of the incipient follicle placode and absent from the mesenchymal
cell aggregate located directly beneath the placode (Fig. 5.12 C and D).

As the solid plug of epidermal cells moved downward into the dermis Barx2
expression commenced in the inner epithelial cells of the placode and was present in the

epidermis overlying the placode (Fig. 5.13 A-D). At this stage, occasional outer cuboidal



Figure 5.12 : In situ Hybridisation Analysis of Barx2 Expression in Mid -

flank Embryonic SKin.

Brightfield (A and C) and darkfield (B and D) photographs of mid - flank embryonic
skin at E51 (A and B) and E65 (C and D), hybridised with a Barx2 cRNA coding probe
(clone C17B1-COD, see Appendix 1 C for plasmid reference). Sections were treated with a
final wash stringency of 0.1 X SSPE at 65°C for 30 minutes and exposed for 10 days at
40C. Arrow points to the follicle placode where down regulation of Barx2 is evident. The

border between the epidermis and the dermis is indicated by the dashed line. Bar =25 pm.






Figure 5.13 : In situ Hybridisation Analysis of Barx2 Expression in

Embryonic Skin.

Brightfield (A and C) and darkfield (Band D) photographs of sheep embryonic skin
at E72. Probe, wash conditions and exposure time were as for the skin sections in Figure
5.12. Arrows indicate Barx2 expression in the epidermis and arrowheads indicate Barx2
expression in the epithelial component of the placode. The basement membrane separating
the epidermis and the dermis is indicated by the dashed line. PDP = Predermal papilla. Bar
in A and C =20 pm.
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cells in the upper part of the placode expressed Barx2 whereas at more advanced stages, as
the placode moved deep into the dermis Barx2 was expressed in most cells of the placode
(Fig. 5.14 A and B). Barx2 expression was also detected in the bulge which is the putative
location of hair follicle stem cells (Cotsarelis et al., 1990) but tapered off towards the
leading edge of the placode where epithelial cells formed the hair plug (Fig. 5. 14 A and B).
Expression was absent from the adjacent pre-dermal papilla.

In more advanced embryonic follicles, Barx2 was expressed along the entire length
of the outer root sheath, from the middle of the bulb to the epidermis where the fibre
emerged (Fig. 5.14 C and D). Barx2 was not expressed in the follicle bulb, dermal papilla,

inner root sheath or hair shaft cortex at any stage of development.

5.10.2 Expression of Barx2 in Embryonic Vibrissae

Expression of ovine Barx2 RNA was studied in vibrissae (whisker) follicles at the
embryonic time points of E71, E81, E88, E97 and E135. Barx2 was expressed in the
vibrissae follicle in regions comparable to the pelage follicle. For example, as the solid plug
of epidermal cells moved downward into the dermis, Barx2 expression was detected in the
inner epithelial cells of the placode and cuboidal shaped cells that lined the placode (Fig.
5.15 A and B; c.f. Fig. 5.14 A and B). Expression was also absent from cells at the leading
edge of the placode, adjacent mesenchymal cells of the pre-dermal papilla and the dermis
(Fig. 5.15 A and B).

Tn more advanced vibrissae follicles where the bulb and dermal papilla had
developed, Barx2 was expressed in the entire length of the ORS from the middle of the bulb
to the epidermis (Fig. 5.16 A and B). In mature vibrissae follicles, a few cells within the

blood sinus expressed ovine Barx2 (Fig. 5.16 D arrowheads).

5.10.3 Expression of Barx2 in Adult Sheep skin

To examine the cellular distribution of Barx2 expression in adult sheep skin, in situ
hybridisation analyses were conducted on adult Corriedale sheep skin taken from the mid-
flank region. Expression was predominantly located along the entire length of the follicle

outer root sheath but tapered off in the suprabasal layer of the epidermis located next to the
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Figure 5.14 : In situ Hybridisation Analysis of Barx2 Expression in

Embryonic Pelage Skin.

Brightfield (A and C) and darkfield (B and D) photographs of the developing
placode in embryonic skin at E81 (A and B) and E135 (C and D). Probe, wash conditions
and exposure time were as for the skin sections in Figure 5.12. Arrows in
A and B indicate Barx2 expression in the epithelial component of the placode and bulge.
Note there is no Barx2 expression in the cells at the bottom of the placode and predermal
papilla. Arrowheads in Figure D indicate Barx2 expression in the outer root sheath of the
wool follicle. The basement membrane separating the epidermis and the dermis is indicated
by the dashed line. B = Bulge, DP = Dermal papilla, PDP = Predermal papilla. Barin A =

20 wm and bar in C = 105 um.
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Figure 5.15 : In situ Hybridisation Analysis of Barx2 Expression in

Embryonic Vibrissa.

Brightfield (A) and darkfield (B) photographs of vibrissae from E71 skin. Probe,
wash conditions and exposure time were as for the skin sections in Figure 5.12. Barx2 is
expressed in the inner cells of the developing placode. Note that the epidermis is not present

above the placode. PDP = Predermal papilla. Bar in A =40 pm.
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Figure 5.16 : In situ Hybridisation Analysis of Ovine Barx2 Expression in

Embryonic Vibrissa.

Brightfield (A and C) and darkfield (B and D) photographs of embryonic sheep skin
from the snout region at E97 (A and B) and E135 (C and D) skin containing a vibrissa.
Probe, wash conditions and exposure time were as for the skin sections in Figure 5.12.
Barx2 is expressed in the vibrissa outer root sheath. Arrowheads in C and D indicate
expression in a few cells in the blood sinus. Note that the upper shaft is not present in A or
C because the follicle was cut at a slightly oblique angle. O = Outer root sheath, DP = dermal

papilla and H = Hair shaft. Bar (all panels) = 100 pm.
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protruding fibre (Fig. 5.17 A and B; also see Fig. 5.16 A, B). A few cells of the upper

dermis expressed Barx2 resulting in a scattered pattern throughout the dermis (Fig. 5.17 B).
Dermal cells expressing Barx2 appeared to have bi-lobed nuclei possibly undergoing cell
division (Fig. 5.17 C, arrow heads) and some contained multi-lobed nuclei, typical of
leukocytes (Fig. 5.17 D arrows).
As the ectoderm developed from the pre-follicle to the adult stage, Barx2 expression

appeared to be gradually down-regulated in the epidermis; compare embryonic

(Fig. 5.12 A, B) to pre-birth (Fig. 5.18 A, B) and adult (Fig. 5.18 C, D). In addition to
this gradual decline, regional variation in Barx2 expression was noted. Generally, Barx2
expression levels were higher in thicker, more cellularised epidermis (compare Fig. 5.13 B
with Fig. 5.13 D) and at sites of follicle openings. Barx2 was weakly expressed in the basal
layer of the sebaceous gland and down-regulated in sebocytes located at the centre of the

gland (Fig. 5.18 E, F).

5.11 Screening of Sheep Tissues for Barx2 Expression

Expression of Barx2 was studied in a range of sheep organs by RNA protection
(Fig. 5.19 A and B). Barx2 was expressed in sheep oesophagus and tongue and weakly in
the thymus but was not expressed in skeletal muscle, brain, heart, kidney, spleen, liver,
intestine, small intestine or lung.

Barx2 expression was also located by in situ hybridisation in the basal and
suprabasal epithelial cell layers of the sheep tongue (Fig. 5.20). Expression was not
detected in the upper epidermis or the filiform papilla. The location of Barx2 expression in

the sheep oesophagus and thymus were not determined by in situ hybridisation.

5.12 Discussion

5.12.1 Characterisation of Barx2

Ovine Barx2 was placed as the second vertebrate member of the Bar family and
encodes a predicted 670 amino acid protein. This is104 amino acids larger than the
homologous mouse Barx2, a 566 amino acid protein. The homeodomain of ovine Barx2

contains two atypical residues for the Bar family, threonine and tyrosine at positions 47 and



Figure 5.17 : Barx2 Expression in Adult Sheep Skin.

Brightfield (A and C) and darkfield (B and D) photographs of adult sheep skin.
Probe, wash conditions and exposure time were as for the skin sections in Figure 5.12.
Arrowheads in A and B indicate cells in the upper dermis expressing Barx2. Arrow in A and
B indicates Barx2 expression in the outer root sheath. C and D are photographs of cells from
the upper dermis (taken at a higher magnification). Arrowheads in C indicate cells that may
be dividing and expressing Barx2. Arrows in D indicate cells with a multi-lobed appearance
typical of leukocytes. The basement membrane separating the epidermis and the dermis is

indicated by the dashed line. Bar in A = 100 pm and bar in Cand D = 10 um.






Ficure 5.18 : Barx2 Expression in Sheep Epidermis and Sebaceous Gland.

Brightfield (A, C and E) and darkfield (B, D and E) photographs of longitudinal
sheep skin sections. Probe, wash conditions and exposure time were as for the skin sections
in Figure 5.12. Barx2 is expressed in the epidermal basal and suprabasal layers several days
prior to birth at E135 (A and B). Barx2 is weakly expressed in the adult epidermis (C and
D). Note the intense expression of Barx2 in a cell in the upper dermis just below the basal
epidermal layer (arrow). Barx2 expression is primarily associated with the basal layer of the

sebaceous gland (E and F). Barin A, C and E = 15 pm






Figure 5.19 : RNA Protection Analysis of Ovine Barx2 Gene Expression in

Total RNA from Several Tissues of a Merino Sheep.

Total RNA was isolated from an adult Merino sheep A. oesophagus, spleen,
thymus, small intestine, tongue and wool follicle B. wool follicle, spleen, thymus, brain,
kidney, heart, intestine, small intestine and lung. 10 pg of RNA from these tissue samples
was analysed by RNA protection for the presence of Barx2 expression using the C17B1-
COD antisense probe (see Appendix 1 C) which had been radio-labelled with o— 32p.
rUTP. The products of the protection reactions were fractionated in a denaturing 6% (19: 1)
urea-PAGE system and the gel exposed to a phosphor-image screen for 72 hours. The probe
controls (yeast RNA +/- RNase) were co-fractionated with test samples on the gel. The
position of the 223 base protected Barx2 RNA detected in the wool follicle, oesophagus and
tongue samples is indicated on the right side of the figure by the arrow. Some full-length

undigested probe of 293 bases is present in each lane and is indicated by the arrowhead.
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Figure 5.20 : In situ Hybridisation Analysis of Ovine Barx2 Expression in

Sheep Tongue.
Brightfield (A) and darkfield (B) photographs of adult sheep tongue. Probe, wash

conditions and exposure time were as for the skin sections in Fig. 5.12. Barx2 is expressed
in the basal and suprabasal layers of the sheep tongue. The basement membrane separating
the epidermis and the dermis is indicated by the dashed line. FP = filiform papilla.

Bar =95 uM
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49, respectively. Most homeodomains contain an isoleucine residue at position 47 and a
phenylalanine at position 49. These residues, including a glutamine at position 50 residing
in the helix 3 region, have been shown to influence the recognition of DNA target sequences
(Burglin et al., 1992). The Barx2 homeodomain is conserved between human, mouse and
sheep and shares a high degree of sequence identity (87%) with the mouse Barx1
homeodomain (Tissier-Seta et al., 1995). The ovine Barx2 homeodomain also shares a 65%
sequence identity with Cnox3 (C. viridissima, Schummer et al., 1992), and 58% with
BarH1 (D. melanogaster, Higashijima et al., 1992), BarH2 (D. melanogaster, Higashijima
et al., 1992) and Om(1D) (Tanda and Corces, 1991).

The carboxyl end of ovine Barx2 contained a string of 17 amino acid residues
located downstream of the homeodomain that may be unique for the Barx1 and Barx2
proteins and are possibly involved in protein-protein interactions due to their basic nature
and close proximity to the homeodomain (Jones et al., 1997). The mouse Barx2 protein
contains a putative leucine zipper which may mediate protein - DNA interactions and a poly-
alanine tract at the N terminal end that are not found in Barxl (Jones et al., 1997).

In Northern blot analyses, Barx2 coding and 3' non-coding probes detected a single
2.0 kb mRNA transcript in wool follicle RNA. A Barx2 mRNA transcript of
1.7 kb was previously reported in total RNA isolated from E12.5 mouse embryos (Jones et
al., 1997). The predicted, smaller ovine Barx2 RNA transcript of 1.83 kb was not detected
and presumably migrates too closely to the 2.0 kb transcript to be resolved. However, two
products of 1.1 kb and 0.93 kb both containing the Barx2 homeobox were amplified by 3'
RACE-PCR, and RNA protection confirmed that both polyadenylation signals were
functional producing two equally abundant, different-sized RNA transcripts. The second
ovine Barx2 polyadenylation signal at position 1085 (Fig. 5.6) was not reported in mouse
Barx2 by Jones et al., (1997).

The Barx2 gene is unique in the sheep, human and mouse genomes as single bands
were detected using a Barx2 coding probe in a Southern blot of human, mouse and sheep
genomic DNA digested with BamHI, EcoR1 or HindIIl. In what appears to be a
contradiction, two bands at 8.5 kb and 14.5 kb were detected for the EcoR1 digested sheep

genomic DNA shown in Figure 5.11. However, in a separate Southern blot analysis of
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EcoR1 digested sheep genomic DNA (Fig. 5.4), only the 8.5 kb band was detected from 3

different sheep. This suggests that the 14.5 kb band is probably the result of a
polymorphism.

A genomic clone which hybridizes to the Barx2 3’ coding region was isolated and
partially mapped for the first time as no other map from another species has been published
to date. The location of the 3' end of Barx2 was mapped but the location of the 5' end was
not attempted because at that stage it was decided to focus on Hoxc-13 characterisation that
had been preceding in parallel up to this stage (see chapter 6). Hence the location of intron

and exon boundaries were not found.

5.12.2 Barx2 Function

Cell adhesion molecules (CAMs) regulate cell to cell contacts and are possibly
involved in the regulation of cellular proliferation. To date, several CAMs have been
reported to be expressed in the follicle (reviewed by Muller-Rover and Paus, 1998 and
Stenn et al., 1994). E-cadherin and P-cadherin, for example, are expressed in either
complementary or overlapping patterns in the follicle depending on developmental stage and
location. Little is known about how cell adhesion molecules are regulated, although there is
increasing evidence that one of the types of target genes regulated by Hox genes are those
that encode cell adhesion molecules and several examples of this now exist (reviewed by
Chuong, 1993; Lawrence et al., 1996 and Jones et al., 1997). One pertinent example
involves Hoxb-9, possibly expressed in the wool follicle (Chapter 3), which enhances
transcriptional activation of N-CAM in vitro (Jones et al., 1992).

Evidence to date suggests that Barx2 may regulate the transcription of cell adhesion
molecules expressed during mouse embryogenesis. During mouse embryogenesis the
expression pattern of Barx2 overlaps the expression pattern of the cell adhesion molecules
L1, Ng-CAM and other neural CAMs expressed in the mantle layer (Jones et al., 1997,
Krushel et al., 1993; Moscoso et al., 1995). Furthermore, Barx2 activates and represses L1
gene activity in vitro and may also serve a dual role as activator and repressor of the genes
for the neural cell adhesion molecule Ng-CAM (Jones et al., 1997). Mouse Barx2 is

predominantly expressed in tissues under-going epithelio-mesenchymal transformations
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such as the lung buds and mesenchyme of the forelimb in embryonic mice, between E10.5
and E12.5 (Jones et al., 1997). It is also expressed in the ectodermal infoldings that
surround the eye and maxillo-nasal groove and in the first branchial pouch. However, its
expression pattern in skin at the later embryonic times of E13 to E19 when hair follicles are
developing in mice has not been reported to date.

In embryonic sheep skin, Barx2 is expressed in a temporally and spatially restricted
manner in the epidermis, pelage and vibrissae follicles. The pattern of Barx2 expression in
embryonic sheep skin overlaps the expression pattern of the cell adhesion molecules
E-cadherin reported in embryonic mouse skin (Hardy and Vielkind, 1996). The
developmental stages of epidermis and follicles in mouse and sheep are very similar but
occur at different embryonic time points. For example, placodes first develop at
approximately E14 in mice and at E51 in sheep skin. Before the formation of the placode,
ovine Barx2, murine E-Cad and murine P-Cad are expressed in the single-layered
epidermis. Once the epidermal suprabasal layer and placodes begin to form, the expression
pattern of ovine Barx2 appears most similar to the expression pattern of murine E-cadherin
whereas murine P-cadherin is expressed in different regions of the developing follicle and
epidermis (Hardy and Vielkind., 1996). For example, both ovine Barx2 and murine E-
cadherin are expressed in the inner epithelial cells of the developing placode and the cells
derived from the epithelial basal layer that line the placode. Furthermore, as the placode
moves deeper into the dermis, both ovine Barx2 and murine E-cadherin are absent from
cells at the leading edge of the follicle placode and adjacent mesenchymal cells which form
the pre-dermal papilla.

Some variation between Barx2 and E-cadherin does exist during the development of
the epidermis. Barx2 is intermittently expressed throughout the epidermal suprabasal layer
and is upregulated within regions of epithelial thickenings and epidermis located directly
above developing hair and vibrissae follicles. In contrast, murine E-cadherin appears to be
expressed evenly throughout the epidermal suprabasal layers and is moderately expressed in
the epidermal basal layer at each stage of embryonic skin development (Hardy and Vielkind,

1996).
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By analogy with Barx2 activity on L1 and Ng CAM (Jones et al., 1997) and that

ovine Barx2 is expressed in a temporally- and spatially- dependent manner during the
formation of the epidermis and follicles which compares with the expression pattern of
murine E-cadherin and murine P-cadherin, Barx2 may be involved in the regulation of these
molecules at different developmental stages.

Cell adhesion is also an important part of the immune response and a number of
families of cell adhesion molecules have been identified in leukocytes, including integrins,
selectins and ICAMS (Butcher and Picker, 1996; Kansas et al., 1996; Lawrence et al.,
1996). Ovine Barx2 was expressed in cells scattered throughout the dermis and blood sinus
of the vibrissae follicle that morphologically appeared to be immune cells because of their
distinctive lobular nuclei. Hox genes have been reported to be expressed in hematopoietic
cells lines including B and T cell lines, erythroid cell lines and myelomonocytic cell lines
(reviewed in Lawrence et al., 1996). Given the association of Barx2 with the L1 cell
adhesion molecule (Jones et al., 1997) Barx2 may also be involved in the regulation of

CAMs expressed in these cell types.
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Chapter 6 : Isolation of Ovine Hoxc-13

6.1 Introduction

Characterisation of all ten homeobox genes described in Chapter 3 was
unachievable within the time frame of the PhD and it was decided to concentrate on two
genc;s selected on the basis of two qualities i) sequence novelty and ii) location of
expression. The selection and characterisation of one of them, the ovine Barx2 gene was
described in Chapter 3.

The second gene, ovine Hoxc-13 was chosen because no information regarding its
gene structure or functional role during the embryonic development of skin or any other
organ was known. Only the sequence of the homeobox domain and its chromosomal
location had previously been reported in human (Acampora, 1989). Secondly, its
expression in the follicle bulb (described in Chapter 4) together with the knowledge that
homeobox genes are master regulatory molecules indicated that it may be a candidate gene
for the direct or indirect regulation of the wool keratin genes which are expressed in the
upper follicle bulb and lower hair shaft (Powell and Rogers, 1997; Rogers et al., 1997).

To investigate whether Hoxc-13 might regulate the wool keratin genes at a
transcriptional level, the entire Hoxc-1 3 gene was isolated, translated and used in
functional studies detailed in the next Chapter.

This chapter reports the results of several strategies used in isolating Hoxc-13 in
which the 3' cDNA end was first isolated using the 3' RACE technique (Frohman, 1988)
and the remaining 5’ sequence was then isolated using a combination of the 5’RACE
technique (Frohman, 1994) and the screening of in-house sheep genomic and sheep cDNA

libraries.
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This chapter also details the complete gene structure of the Hoxc-13 gene for the
first time, and subsequent analysis with DNA and protein sequences of similar Abd-B

homeobox genes.

Results

6.2 Diagram Summarising How the Sequence of Hoxc-13 was Obtained

The following is a diagrammatic representation showing the steps involved in obtaining the

full ovine Hoxc-13 gene coding and flanking regions.

Exon 1 Homeobox Exon 2
1
2} |
3—

1. RT-PCR clone amplified from the homeobox region using degenerate primers
(Chapter 3)

2. 3" RACE product

3. 5 RACE product

4. cDNA clone isolated from in-house sheep cDNA library

5. Genomic DNA clone (9A) isolated from an in-house sheep genomic DNA library

Diagram is not drawn to scale. Lines indicate the regions of sequence obtained from each

clone and PCR products.



6.2.1 3' RACE-PCR Results

cDNA for the 3' RACE-PCR amplification of the ovine Hoxc-13 3’ end was the
same batch used to isolate the 3' end of Barx2 as described in Section 5.2.1. Six PCRs were
performed with the following template and primers:

1. cDNA with C24Hint (see Fig. 6.1 A) and MCS primers (PCR #1)

2. mRNA with C24Hint and MCS primers (PCR #2)

3. cDNA with the MCS primer (PCR #3)

4. cDNA with the C24Hint primer (PCR #4)

5. ¢cDNA with no primers (PCR #5)

6. no cDNA with both primers (PCR #6).

PCR conditions and cycling parameters are given in Chapter two, Methods, Section
2.3.8.2. Multiple PCR products ranging from 200 bp to 1.4 kb were amplified from PCR
#1 containing wool follicle cDNA and both primers (Fig. 6.1 B, lane 1). Apart from a faint
smear at approximately 500 bp in lanes 2 and 3, no amplified products were seen in the

control PCRs. It was not known if any of the PCR products were indicative of Hoxc-13.

6.2.2 Southern Blot Analysis and Cloning of 3' RACE Products

Southern blot analysis was used to determine if any of the 3' RACE-PCR amplified
products contained the homeobox of Hoxc-13. A blot containing 3' RACE-PCR amplified
products was prepared and probed with the ovine Hoxc-13 homeobox probe (Fig. 6.2 B).
The amplified 3' RACE-PCR products detected were at 1.56 kb and 0.36 kb. The length of
the 3' end of ovine Hoxc-13 could not be estimated from any orthologous Hoxc-13 genes
due to the lack of published sequence data. Hence, the 1.56 kb 3' RACE-PCR product was
isolated and cloned (clone C24B 1; see Fig. 6.8 for clone reference and Appendix 1 B)
because it had the highest probability of containing the full 3° cDNA end, being of almost

equal size to the 3° end of Hoxa-10, another member of the Abd-B class.
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Figure 6.1 : Ovine Hoxc-13 3' RACE.

A. 5' Primer Used in the Amplification of the Hoxc-13 3' End

The partial sequence of the Hoxc-13 homeobox, obtained from clone 24 (Fig. 3.3) is
shown. The 5' primer used in the amplification of the Hoxc-13 3' end is boxed and is named

C24Hint. The arrow shows the direction of DNA synthesis.

B. Amplification of the Ovine Hoxc-13 3' RACE-PCR

The 3' cDNA end of ovine Hoxc-13 was amplified using the 3’RACE-PCR technique
(Frohman, 1988). PCR products were size-separated on a 1% agarose gel and then stained
with ethidium bromide and detected under UV light. PCRs were performed using wool follicle
cDNA or mRNA as template in combination with the primers indicated above the gel (P1 =
C24Hint, P2 = MCS-24). Note that there are multiple PCR products in lane 1 (the largest
being 1.56 kb) and a smear at approximately 500 bp in lanes 2 and 3. The lower smeared band
in lane 2 represents unused oligonucleotides. Molecular size of the SPP-1 and pUC19 markers

are shown on the left of the gel (kb).



A
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GAATTGGAAAAGGAGTTCG[fAGCCAGCAAGTTCATCH "CAAAGAGAAGCGCCGGCGCATC 60
C24Hint B

S AT T NTL S E R Q V T I W F Q N R R 39

TCGGCTACCACAAACCTCTCGGAGCGCCAGGTCACCATCTGGTTCCAARARACCGACGG 117

M1 M2 1 2 3 4



Figure 6.2 : Detection of the Hoxc-13 3’ End by Southern Blot.

A. Hoxc-13 3' RACE-PCR

The 3' RACE-PCR amplified products were fractionated on a 1% agarose gel. Lane 1,
500 ng each of SPP-1 and pUC19 markers. Lane 2, Hoxc-13 3' RACE-PCR products
amplified from cDNA with the C24Hint and 3°MCS primers. Lane 3, control DNA containing
1pg of Xmnl partially digested plasmid DNA from clone C24 that contains the homeobox of
Hoxc-13. The top band in lane 3 at 3.3 kb is linearised plasmid DNA from clone C24 that
hybridised to the probe. Clone C24 contained two Xmnl sites resulting in the second band at
2.1 kb (vector only) and the third band at 1.2 kb that contained part of the vector and the

homeobox that hybridised to the probe.

B. Southern Blot Analysis of Hoxc-13 3' RACE-PCR Products

3' RACE-PCR products were analysed by Southern blot. 3' RACE-PCR products were
transferred to Zetaprobe membrane and probed with an a-32P-dCTP radio-labelled EcoR1-
resected homeobox fragment from clone C24. The hybridised membrane was washed at a final
stringency of 0.1 X SSC, 0.1% SDS at 65°C for 1 hour prior to autoradiography (5 hours at
room temperature). The largest PCR amplified product of 1.56 kb hybridised to the probe and
is indicated by the arrow. A product at 360 bp also hybridised to the probe. Unfortunately, a

shorter autoradiographic exposure of this result was not produced.
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6.3 Confirming the Identity of the 3' ¢cDNA End of Ovine Hoxc-13 (Clone C24B1)

6.3.1 Confirmation of the 3' ¢cDNA End by Sequencing

To verify that clone C24B1 contained the ovine Hoxc-13 homeobox, approximately
200 bp of the 5' end was sequenced and compared to the ovine Hoxc-13 homeobox
sequence previously obtained from clone C24 (Chapter 3). Excluding the degenerate
primer region, the homeobox regions were identical (data not shown).

Before completely sequencing the remaining 3° RACE-PCR product, steps were
taken to prove that all of clone C24B1 was representative of Hoxc-13 and not a hybrid
between Hoxc-13 and a non-specific PCR product. To prove this, fragments from different
regions of clone C24B1 were isolated and used to probe a wool follicle Northern blot and a

genomic DNA Southern blot.

6.3.2 Confirmation of the Hoxc-13 3' cDNA End by Northern Blot

A Northern blot containing wool follicle poly A(+) RNA was probed with a
fragment isolated from the 3’ end of clone C24B1 to confirm that it detects the same size
RNA transcript detected by the Hoxc-13 homeobox probe (Fig. 6.3). To locate a fragment
at the 3’ end, a restriction enzyme map of clone C24B1 was obtained by digestion with
single and multiple restriction endonucleases (data not shown). A recognition site for each
of the restriction enzymes Pvull and Smal was mapped to the 3' end of clone C24B1
downstream from the homeobox (Fig. 6.8). The 186 bp Pvull / Smal 3' non-coding
fragment was isolated and directionally cloned into Pvull / Smal digested pBSc KS(+) and
named C24B|-NC. The 186 bp fragment was resected, radioactively labelled with
0—32P-dCTP and used to probe a wool follicle poly A(+) RNA Northern blot. A 2.4 kb
mRNA transcript was detected (Fig. 6.3, lane 3), the same size detected by the ovine
Hoxc-13 homeobox probe (clone C24; Fig. 6.3 lane 2). This suggested that the fragments

from clones C24 and C24B1-NC were contained within the same mRNA molecule.



Figure 6.3 : Northern Blot Analysis of Sheep Wool Follicle Poly A(+) RNA with Hoxc-13

Probes.

A. Approximately 5 pg of poly A(+) RNA was prepared from sheep wool follicles, size-
fractionated in a 1 % agarose formaldehyde gel and then transferred to Zetaprobe GT
membrane. The size (kb) of marker bands in lane M are shown to the left of the figure. The

location of the 28S and 18S RNA bands are indicated. M = BRL RNA ladder.

B. Strip filters from the blot were separately probed with radio-labelled fragments prepared
from the homeobox (lane 2) and 3' non-coding (lane 3) regions of Hoxc-13 (clones C24 and

C24B1-NC respectively, see Appendix 2 for clone reference). Filters were washed at a final

stringency of 2 x SSC / 0.1% SDS / 65°C for 30 minutes. The size (kb) of the hybridisation
product indicated to the right of the figure was determined by comparison to a BRL RNA
ladder in lane M. Signals were detected by an over-night exposure of the probed membrane to
a phosphor-imaging screen. The position of the 28S rRNA and 18S rRNA bands which have
hybridised non-specifically to the homeobox probe are indicated to the left of the figure. The

position of the major hybridisation at 2.4 kb is marked by an arrow at the right of the figure.
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6.3.3 Confirmation of the 3' cDNA End by Southern Blot

A sheep genomic blot was probed separately with radio-labelled fragments
synthesised from the homeodomain (clone C24) and 3' non-coding (clone C24B1-NC)
regions of ovine Hoxc-13. A single 6.4 kb band appeared for each probing (Fig. 6.4 B)
suggesting that each region of the 1.56 kb RT-PCR product was contained within one

6.4 kb genomic EcoRI DNA fragment.

6.4 Isolation of the Hoxc-13 5' End

6.4.1 5' New R.A.C.E

The length of the Hoxc-13 5' cDNA end yet to be obtained was calculated to be
between 600-850 nucleotides by subtracting the length of the 3' RACE product
(1,482 nucleotides; see later) from the full length mRNA transcript (2,400 nucleotides) and
assuming a poly A tail of between 50-300 bases.

Isolation of the Hoxc-13 5° cDNA end was attempted using the 5> New RACE
technique as described by Frohman (1994). A fragment at approximately 800 bp, not large
enough to be the full 5’ end of Hoxcl3 was amplified in the first PCR, containing the
primer pair, Puc#16 and P4 (Fig. 6.5 B, lane 2). Given the location of both primers, the
800 bp product was 400 bp too short. It was assumed that the full length 5° end may have
been amplified but was not detectable by agarose gel electrophoresis and ethidium bromide
staining.

One twentieth of the first PCR reaction was then used as a template for a second
nested PCR which amplified three major products at approximately 1.3 kb, 1.0 kb and
250 bp (B1, B2 and B3 respectively; Fig. 6.5 B, lane 3). Some faint products at 0.5 kb,
1.15 kb and a smear ranging from 1.4 kb to 3 kb werc also detected.

Amplified products from the first and second nested PCR were analysed by
Southern blot hybridisation using a probe that encompassed the Hoxc-13 homeobox

(resected from clone C24, Appendix 2A). The 250 bp band hybridised very strongly with
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Probes.

A. Sheep genomic DNA was digested with EcoRI. 10 ug samples were fractionated ina 1 %
agarose (1 X TAE) gel, stained with Ethidium Bromide, photographed and then transferred to

Zetaprobe GT membrane.

B. Strip filters from the Southern blot in (A) were separately probed with radio-labelled
fragments prepared from the homeobox (lane 2) and 3' non-coding (lane 3) regions of Hoxc-13

(ie. resected inserts from clones C24 and C24B1-NC respectively; see Appendix 2 for probe

reference). Filters were washed at a final stringency of 2 x SSC/0.1% SDS / 659C for 30
minutes. Signals were detected by an over-night exposure of the probed membrane to a
phosphor-imaging screen. The size (kb) of the hybridisation product (detected using
phosphor-image technology) indicated to the right of the figures was determined by size

comparison to SPP-1 and lambda Hi-Lo markers in lane M.
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Figure 6.5 : Amplification of the Hoxc-13 5’ end by 5° New RACE.

A. Schematic of the 5> New RACE procedure. Arrows indicate the location and direction of
the 5> New RACE oligonucleotides that are named. The black bar at the 5" end depicts the
ligated RNA oligonucleotide.

B. 5° New RACE products of the first (lane 2) and nested (lane 3) PCR’s were size separated
through a 1% agarose gel. Synthesis of cDNA and PCR cycling parameters are noted in
Chapter 2. The size of various markers are shown on the left of the figure.

C. Southern blot analysis of 5° New RACE products depicted in B. PCR products were
transferred to Zetaprobe (GT) membrane and probed with an a-32P-dCTP radio-labelled

EcoR1-resected homeobox fragment from clone C24. The hybridised membrane was washed

at a final stringency of 0.1 X SSC, 0.1% SDS at 65°C for 1 hour prior to autoradiography (2
hours at room temperature). PCR amplified products that hybridised to the probe are indicated
by the arrows. A 250 bp product (B3) yielded a strong hybridisation signal. Products at 1.3 kb
(B1) and 1.0 kb (B2) hybridised weakly.

D. Internal PCR check. Photograph of amplified PCR products size separated through a 1%
agarose gel. The primers P14 and C24Hint (Lanes 2, 5 and 8) amplify a 200 bp fragment that
is detected only in lane 8 suggesting that the templates, B1 and B2 are not derived from

Hoxc-13. DNA template. Primers used for each reaction are depicted above each lane. PCR
cycling parameters were as follows: 98°C (5%), 72°C (3*) 20 cycles of [94°C (307), 45°C (307
+0.2°C/ cycle), 72°C ( 3*)] followed by a final extension step of 72°C (15”). A final MgCl,
concentration of 1.5mM was used in each PCR. B1 = 1.3 kb product, B2 = 1.0 kb product and

B3 =250 bp product. The size of various markers are shown on the left of the figure.
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the homeobox probe and the 1.3 and 1.0 kb bands hybridised very weakly. The fainter
products did not hybridize with the probe at all (Fig. 6.5 C, lane 3).

All three PCR products detected in the Southern blot analysis were isolated,
purified and tested further to ensure that they were representative of Hoxc-13. Each of the
three PCR products were used as templates in another PCR designed to amplify an internal
200 bp fragment using the primers C24Hint and P14 (Fig. 6.5 A and D). The 200 bp
internal fragment amplified only from the 250 bp nested PCR product, B3 (see Fig. 6.5 D,
lane 8), but not from the 1.3 kb (B1) or 1.0 kb (B2) templates suggesting that they were not
representative of Hoxc-13.

Each band was then sequenced directly by cycle sequencing using the P14 gene-
specific primer as the sequencing oligonucleotide. The sequencing data revealed that the
250 bp product contained Hoxc-13 sequence but the 1.3 kb and 1.0 kb PCR products did
not (data not shown).

Due to the limited progress with the 5’ New RACE-PCR technique, a decision was

made to isolate the Hoxc-13 gene by another strategy.

6.4.2 Detection and Analysis of Genomic Hoxc-13 Clones

Genomic clones containing all or part of the Hoxc-13 gene were isolated from a
AGT11 sheep genomic DNA library. Approximately 5 genome equivalents of clones were
plated onto TB agar plates and screened with the 186 bp Pvull / Smal 3' non-coding probe
(Clone C24B1-NC; see Appendix 2 and Fig. 6.8 for location of probe). Four positive
clones were detected which were fully purified by four rounds of screening. Two of the
clones, SA and 9A contained inserts of 15 kb and 12 kb respectively. Both clones were
cleaved with a series of single and double restriction enzyme digests (Fig. 6.6, A and C)
and the restriction enzyme sites mapped (see Fig. 6.7 C). The position of the homeobox in
both clones was mapped by Southern blot analysis (see Fig. 6.6, B and D). A detailed
restriction map of both clones and the location of the homeobox is shown in figure 6.7 C.

Clones were in the same orientation in A, with 5° ends closest to the left arm of the



Figure 6.6 : Southern Blot Analysis of the Hoxc-13 Lambda Clones 9A and 5A.

A. DNA from genomic clone 5A was digested with single and multiple restriction
endonucleases as indicated above each lane. Cleaved fragments were size-separated through a
1% agarose gel by gel electrophoresis and the gel stained with ethidium bromide. The size of
the fragments were determined by comparison with SPP-1 and Lambda Hi-Lo markers (lane
M). Note that the DNA is partially digested by the Kpnl enzyme (lanes 8 and 9). Yellow
rectangles indicate bands that hybridised to the probe.

B. Southern blot analysis of clone SA. Fragments from A. were transferred to Zetaprobe
membrane and probed separately with a homeobox probe (clone C24; see Fig. 6.5 for clone
reference). Bands indicate fragments of DNA that hybridised to both probes. Multiple bands

can be detected in lanes 6, 8 and 9 due to the partially digested DNA. Hybridisations were

treated with a final wash in 0.1 X SSC, 0.1% SDS at 65°C for 30 minutes and exposed to an
autoradiograph for 1 hour. Size markers are shown (in kb).

C. DNA from genomic clone 9A was digested with single and multiple restriction
endonucleases as indicated above each lane. Cleaved fragments were size-separated through a
1% agarose gel by gel electrophoresis and the gel stained with ethidium bromide. The size of
the fragments were determined by comparison with SPP-1 and Lambda Hi-Lo markers (lane
M). Note that the DNA is partially digested by the Kpnl enzyme (lane 9). White rectangles
indicate bands that hybridised to the probe.

D. Southern blot analysis of clone 9A. Fragments from C. were transferred to Zetaprobe
membrane and probed with a homeobox probe (clone24). Bands indicate fragments of DNA

that hybridised to the probe. Hybridisations were treated with a final wash in 0.1 X SSC, 0.1%

SDS at 659C for 30 minutes and exposed to an autoradiograph for 1 hour. Size markers are

shown (in kb). Multiple bands can be detected in lane 9 due to the partially digested DNA.
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Figure 6.7 : Southern Blot Analysis of the Hoxc-13 Lambda Clone 9A and Restriction

Map of Clones 5A and 9A.

A. DNA from genomic clone 9A was digested with single and multiple restriction endonucleases as
indicated above each lane. Cleaved fragments were size-separated through a 1% agarose gel by gel
electrophoresis and the gel stained with ethidium bromide. The size of the fragments were determined
by comparison with SPP-1 and Lambda Hi-Lo markers (lane M). Lanes 5, 8, 11 and 16 contain DNA
from clone 5A so that banding patterns between clone 9A and clone 5A could be compared. Note that
the DNA is partially digested by the Kpnl enzyme in lanes 12 and 13. Yellow rectangles indicate
digested DNA that hybridised to the probe excluding the Kpnl digests of lanes 12 and 13.

B. Southern blot analysis of clones 9A and 5A. Fragments from A. were transferred to Zetaprobe GT
membrane and probed with a 450 bp PCR product amplified from a partial Hoxc-13 cDNA clone that
contained part of exon 1 (C13cDNA-450: see Section 6.4.3 for probe reference). Yellow rectangles
indicate the comparative fragment of DNA in panel A that hybridised with the probe. Note that clone

5A (lanes 5, 8, 11 and16) does not hybridize to the coding probe and therefore does not contain the

first exon. Hybridisations were treated with a final wash in 0.1 X SSC, 0.1% SDS at 65°C for 30
minutes and exposed to an autoradiograph for 1 hour. Size markers are shown (in kb).

C. Restriction map of the genomic clones SA and 9A. The location of the Sall, EcoRI and HindIII,
Smal and Kpnl sites are denoted. Exon 1 and exon 2 are indicated by the colored rectangles. The
homeobox is indicated by the small red rectangle. The homeobox, exon 2 and the 3' non-coding region
are located within the 4.5 kb HindIII / EcoRI fragment. The length of the overlapping clones 9A and
5A are represented by the brackets underneath the map. E = EcoRI, H = HindIIL, K = Kpnl and S =
Sall.

D. Restriction map of the genomic clone 9A. The length and relationship of the 3° RACE, 5’ RACE

and cDNA library clones are indicated by the brackets underneath the plasmid map of clone 9A.
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A vector. Clone SA contained 800bp of DNA upstream of the homeobox to the Sall site of
the Agtll left arm (Fig. 6.7 C). Given that the calculated length of the 5' end of Hoxc-13
was approximately I.4 kb, clone SA did not contain the complete 5" end. Clone 9A
contained 7.7 kb of DNA upstream of the homeobox and was used to obtain the remaining

sequence of Hoxc-13.

6.4.3 Screening of a Wool Follicle cDNA Library for Hoxc-13

At the same time that the sheep genomic library was screened, an amplified sheep
follicle cDNA AGT11 library (Clontech) was screened with a radio-labelled Hoxc-13 3'
non-coding fragment (clone C24B1-NC). Seven plaques hybridised to the probe after a
final wash stringency of 0.1 X SSC at 65°C for 30 minutes and were purified by four
rounds of screening.

To determine the insert size of each purified cDNA clone, the 5' end was amplified
by PCR using the primers, C13In3 (nucleotides 713-734; Fig. 6.10) and forward or reverse
primers which bind to the AGT11 vector arms. A 450 bp PCR product was amplified from
each cDNA clone and named C13cDNA-450 (data not shown). C13cDNA-450 was not
cloned but was cycle sequenced in both directions using both the C13In3 primer and
AGT11 reverse primer.

The cDNA clones contained a partial cDNA of approximately 1.95 kb. The cDNA
clones were 450 bp short of containing the full Hoxc-13 cDNA as determined by
subtracting the insert length of the cDNA clones from the mRNA transcript of 2.4 kb

detected by Northern blot.
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6.5 Location of the Intron / Exon Splice Site

The position of the intron / exon splice site was located by direct comparison of the
DNA sequence from the cDNA clone and the genomic clone 9A (data not shown). DNA
sequence differed 43 nucleotides upstream from the homeobox suggesting an intron / exon
boundary. Furthermore, the intron / exon consensus 3’ splice sequence of 'CCAG' was
located at this point. Abd-B genes usually contain only one intron located a short distance

(40-50 nucleotides) upstream from the homeobox.

6.6 Location of the First Exon in the Genomic Clone 9A

To determine if either of the genomic clones SA or 9A contained the first exon, a
Southern blot prepared from the clones DNA, cleaved with multiple restriction enzymes
(Fig. 6.7 A) was probed with the C13¢DNA-450 PCR product which hybridizes to the first
exon (Fig. 6.7 B). The probe hybridised to clone 9A but not to clone SA (Fig. 6.7 B; lanes
5,8, 11 and 16) which suggested that clone 5A did not contain the first exon. The first
exon was mapped to the 2.8 kb Sall / HindIII fragment located at the 5’ end of the lambda
genomic clone 9A (Fig. 6.7 C). A map showing the relationship between the A genomic

and cDNA clones and the 5’ and 3’ RACE products is given in Figure 6.7 D.

6.7 Nucleotide Sequencing of Hoxc-13

To obtain the full sequence of Hoxc-13 a combination of subcloning, progressive
deletion (Erase-a-base kit) and oligonucleotide primed sequencing were employed (Fig. 6.8
and Fig. 6.9). The 3° RACE clone, C24B 1, was used as the template for all cycle
sequencing reactions which used oligonucleotides designed to the 3’ end of Hoxc-13
(Fig. 6.8). To sequence the 5’ end of Hoxc-13, the 2.8kb Sall / HindIII fragment from
genomic clone 9A was sub-cloned into a Sall / HindIII- digested pBSc (KS) vector and

used as the template for sequencing the 5’ end (Fig. 6.9).

89



Figure 6.8 : Sequencing Strategy for the 3' cDNA End of Hoxc-13.

Schematic showing the restriction map of clone C24B1 and the sequencing strategy.
Restriction sites used for subcloning are shown. Two restriction sites for each of the restriction
enzymes Sacl and EcoRV were located in clone C24B1, one in the polycloning site and one in the
3' end of Hoxc-13. These enzymes were used to synthesise two subclones. A 790 bp EcoRV
fragment was cloned into the Smal site of pPGEM - 7Zf (+) and the remaining linearised vector
(3.0 kb) containing 690 bp of the Hoxc-13 3' end was religated and transformed. The sub-clones
were named C24B1-790 and C24B1-690 respectively. In the same way two more subclones,
containing an 820 bp and a 630 bp insert, were made using Sacl. The clones were named C24B1-
820 and C24B1-630. Smaller sized subclones of approximately 300 bp in length were prepared by
progressive deletion of DNA from clone C24B1 using the Erase-a-base kit protocol (Promega).
Deletion fragments were cloned into pGEM - 7Zf (+) and the insert size verified by restriction
digestion of plasmid mini-prep DNA. Arrows indicate the direction and extent of the sequencing
reactions. The lined rectangle represents the homeobox, the dotted rectangle represents the 3’
coding region and the open rectangle represents the 3' non-coding region. AAAAA depicts the poly
A tail. T7, T3 and RSP (reverse sequencing primer) indicates the beginning of sequence stretches
obtained from the EcoRV or Sacl ends of the subclones. P1 - P7 and P56 are the sequencing

primers designed using Oligo 4 software as the Hoxc-13 DNA sequence was accumulated.
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Figure 6.9 : Sequencing Strategy for the 5' cDNA End of Hoxc-13.

Schematic showing the restriction map of the 2.8 kb Sall / HindIII subclone of the
A sheep genomic clone 9A and the sequencing strategy. Restriction sites used for further
subcloning and sequencing are shown. The following fragments were subcloned into pBSc
(KS) by sticky end ligation; 740 bp Pstl/ Drall, 540 bp Drall / Pstl, 285 bp Pstl / Pstl and 325
bp Pstl / Pstl. Each subclone was sequenced in both directions to ensure that sequence
information was unambiguous. Arrows indicate the direction and extent of the sequencing
reactions. The shaded box represents the 5’ coding region (611 bp) and the open box

represents the 5 flanking region (1189 bp).
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The nucleotide sequence and the deduced amino acid sequence of Hoxc-13 are
shown in figure 6.10. Hoxc-13 encodes a predicted 330 amino acid protein with the
homeodomain located close to the C terminal end.

Sequence data revealed that the 2.8 kb Sall / HindIII clone contained the entire
5" end of Hoxc-13 including the initiation codon (ATG), and 1.2 kb of 5' flanking
sequence. The 3' non-coding region is 1,321 base in length of which the last 16 are adenine
residues suggesting the beginning of the poly A tail. Sequence obtained from the 3' RACE
product revealed that Hoxc-13 did not contain a consensus polyadenylation signal. A
similar motif, AAGAAA was present 19 bases upstream from the beginning of the poly A

tail.

6.8 Predicted Secondary Structure and Surface Probability of Hoxc-13

The secondary structure of sheep Hoxc-13 was predicted using the Chou-Fasman
method (Fig. 6.11 A, Mac Vector 6.0 Software). This method predicts that the Hoxc-13
protein consists of many turns and some regions that may form a helix structure. The
homeodomain region, known to have a helix-turn-helix conformation was predicted at the
C-terminal end.

Using Mac Vector 6.0 software, regions of the protein that are most likely to lie on
the surface were predicted (Fig. 6.11 B). This prediction was based on knowledge of which
amino acids are more likely to be found on the surface of proteins of known structure. The
majority of the amino acids at the Hoxc-13 N-terminal end (amino acids 1-250) were
predicted to be internal. The homeodomain at the C-terminal end was predicted to be found
on the surface of the protein. This is in accordance with the known ability of homeodomain

proteins to bind DNA and act as transcription factors.
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Figure 6.10 : The Nucleotide Sequence and Predicted Amino Acid Sequence of Hoxc-13.

Hoxc-13 was sequenced as outlined in Figure 6.8 and Figure 6.9 and the resultant
nucleotide and predicted amino acid sequence (single letter code) are shown. Hoxc-13 mRNA
is 2,361 bases in length plus the poly- A tail and contains an open reading frame of 330 amino
acids. The homeodomain is boxed. The proposed polyadenylation signal is in bold and
underlined at nucleotides 2261-2266. The stop codon (TGA) is denoted by an asterisk.
Nucleotide numbering begins at the first nucleotide (adenine) of the start codon ATG that has
been designated +1. Numbering of amino acids starts from the methionine residue shown in
bold. The full intronic sequence is not shown. A glycine -rich region is underlined at the
amino end (amino acids 27-45). The transcriptional start point is indicated by the arrow-head.
The primer (C13 In682) used to determine the transcriptional start point (see Fig. 6.11) is
indicated by an arrow between nucleotides 35-55. Arrows indicate the location of primers
(PRT, P4 and P14) used during the 5' RACE technique. A region rich in G and A nucleotides
which consists of multiple putative SP1 binding motifs is underlined in the 5' flanking region
(nucleotides -127 to - 67). A possible homeobox binding motif (TAAT) is enclosed by the

rectangle (nucleotides -182 to -179).
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Fig 6.11 : Predicted Secondary Structure and Surface Probability of Hoxc-13

A. The predicted secondary structure of Hoxc-13 was predicted by Mac Vector 6.0 software
(Oxford Molecular Group) that used the method of Chou-Fasman. Note that the homeodomain
region located at the C-terminal end is predicted to have a helix-turn-helix structure in

accordance with its DNA binding ability.

B. Using Mac Vector 6.0 software, the regions of Hoxc-13 most likely to lie on the surface

were predicted. Note that the region of the homeodomain is predicted to reside on the surface.
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6.9 Identification of the Hoxc-13 Transcriptional Start Site

The start of transcription of the gene was determined by primer extension analysis
(Fig. 6.12). A gene-specific oligonucleotide (C13IN682; Fig. 6.10, Nucleotides 35 -—\55)
located in the first exon produced a strong extension on sheep wool follicle mRNA. One
extension product was detected using both total RNA and poly A (+) RNA resulting in a

predicted 5' non-coding region of 62 bp.

6.10 Species Conservation of Hoxc-13

To determine if the coding region of the Hoxc-13 gene is conserved between
species a Southern blot containing sheep, human and mouse genomic DNA cleaved
separately with the enzymes BamHI, EcoR1 and HindIII (Fig. 6.13 A) was probed with a
Hoxc-13 3' coding fragment (Fig. 6.13 B; see Appendix 2 C for plasmid map of clone
C13-COD). The probe hybridised most strongly to sheep DNA but also bound to mouse

and human DNA. The sizes of the hybridised fragments are given in table 1.

Table 1. Sizes of the mouse, human and sheep genomic DNA fragments that hybridised to

the ovine Hoxc-13 coding probe.

Enzyme / Human Mouse Sheep
Species

BamHI 6.5 kb 7.4 kb 7.0 kb
EcoR|1 2.1 kb 8.9 kb 3.5kb
HindlIII 10 kb 3.5kb 6.0 kb




The transcription start point of ovine Hoxc-13 was located by a 5’ extension reaction
using the oligonucleotide C13IN682 (see Fig. 6.10 for location of C13IN682) and 10 pg of
total RNA (lane 1 and 3) or 0.5 pg of mRNA(lane 2 and 4) isolated from Corriedale wool
follicles. An oligonucleotide, P150B (Powell et al, 1992) detects a 74 base extension product
from the hair keratin gene K2.9 and was used as a control in separate 5’ extension reactions
(lanes 1 and 2). Size of the 5’ extension products were estimated from a DNA sequence ladder
at the right of the figure. C13IN682 detected a 117 base extension product (lanes 3 and 4;
indicated by the arrow on the left of the figure) resulting in a 5’ non-coding sequence of 62

bases.
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A. Human, mouse, and sheep total genomic DNA (10 pg / lane) were digested with BamHI

(B), EcoR1 (E), and HindIII (H), size-separated on a 1% agarose gel, transferred to Zetaprobe
GT membrane and probed with the resected Hoxc-13 coding region fragment (clone C13-
COD, see Appendix 2 C for plasmid map). The filter was washed in 2.0 X SSC, 0.1% SDS at
650C for 30 minutes and exposed to an autoradiograph for 21 days at -800C. M = Size
markers are shown in kilobase pairs at the right of the figure.

B. Schematic of the 2.8 kb Sall / HindIII Hoxc-13 fragment from the genomic lambda clone
9A showing the location of the 285 bp Pstl coding fragment (located in exon 1) used as a

radio-labelled probe in the Southern blot analysis in A.
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6.11 Discussion

This chapter described the isolation and sequencing of ovine Hoxc-13. This
represents the first complete Hoxc-13 sequence. Initially, 1.4 kb of the 3' cDNA end of
Hoxc-13 was amplified by 3' RACE-PCR and sequenced. The sequence downstream from
the homeobox could not be compared to the human or mouse sequence because there is no
published sequence information outside of the homeodomain for Hoxc-13 orthologues.
Without comparative sequence data it was necessary to ensure that the amplified 3' RACE-
PCR product was representative of the Hoxc-13 gene. Southern blot and Northern blot
analysis confirmed that the 3' non-coding fragment isolated from the 1.4 kb 3' RACE-PCR
product was from Hoxc-13 mRNA. The Northern blot, probed separately with the
homeobox and 3' non-coding probes confirmed that Hoxc-13 is transcribed into a 2.4 kb
mRNA species.

The acquisition of the remaining 800 bp of the Hoxc-13 5" cDNA end was difficult.
Failure to obtain this sequence by 5> New RACE was possibly due to the inherent high GC
content within the 5° end of the Hoxc-13 coding region. Since GC- rich regions form
tertiary structures that have a high melting temperature. These structures may cause DNA
polymerase and reverse transcriptase to pause as they are replicating the RNA or DNA
template strand and, consequently, the full-length coding region is not synthesised and
clones containing partial cDNA result. The recent availability of thermostable reverse
transcriptases, such as Tth (Astral Scientific) may reduce such problems in future.

Several attempts were made in the isolation of the 5' end of Hoxc-13 with each
attempt contributing more sequence. The 'new 5' RACE technique (Frohman, 1994)
extended the sequence upstream from the homeobox by only 80 bp. Clones isolated from
an in-house sheep follicle cDNA library extended the sequence by another 450 bp and
enabled the first exon to be mapped in the sheep genomic clone, 9A. Finally, the remaining
5'end and 1.2 kb of flanking sequence was obtained using clone 9A.

An ovine Hoxc-13 coding probe hybridised to genomic DNA, digested with

BamHI, EcoR | or HindIIL, from human and mouse suggesting that the gene is likely
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conserved in these species. Hoxc-13 encodes a predicted 330 amino acid protein similar to
other Abd-B-related genes. The N-terminal end contains a glycine-rich domain between
residues 27 and 48. Stretches of homopolymeric amino acids (HPAA) are a feature
commonly found in homeobox genes (reviewed in Duboule, 1994). Stretches of glycine
HPAA have been reported in a number of homeobox genes including Da BarH1, Dfd, Df
Ubx, Md Ubx, Ubx, inv, lab, otd, s59/NK-1, x Hoxb-5, h HOXA10, h HOXB3, h Hoxc-6, h
HOXD3, h HOXD9, AmphiHox3, m Evx-2, ATBF1, TCL-3, h Oct-2, m Oct-2, m SCIP, r
SCIP, m Brn-1, m Brn-2, m Hoxb-3, m Hoxc-6, m Hoxd-9, m Hoxd-11, Tes-1, m TTF-1, r
TTF-I (all references can be found in Duboule, 1994). The function of homopolymeric
amino acid regions is not clear. Some homopolymeric amino acid regions are thought to be
involved in rapid protein degradation in the PEST hypothesis (Rogers et al., 1986) while
others (acidic regions, glutamine-rich regions and proline-rich regions) have been shown to
function as transcriptional activators (Ptashne, 1988; Struhl, 1989).

The ovine Hoxc-13 promoter lacks the TATA box however upstream of the
Hoxc-13 transcription start site are several SP1 motifs within a short distance of each other.
Most cluster homeobox genes do not contain a TATA box but rely on other initiators such
as SP1. For example both Hoxa-4 (Galiot et al., 1989) and Hoxc-4 (Geada et al., 1992) lack
a TATA box and transcription is initiated by SP1. The transcription start point was located
16 nucleotides downstream from the last predicted SP1 motif or 62 nucleotides upstream
of the translation start codon.

The gene structure of Hoxc-13 is similar to other reported genes belonging to the
Abd-B class. Tt possesses all of the hallmark amino acids in the homeodomain that
characterise the 13 group paralogues, including a threonine at position 46 and a serine at
position 41. Hoxc-13 does not contain a Hexapeptide motif upstream of the homeodomain
which distinguishes Abd-B genes from the other cluster genes. It also does not contain a
conserved tryptophan residue (W) at position -6 preceding the homeodomain or a PY motif
which are distinctive for all of the Abd-B genes (Izpisua-Belmonte et al., (1991) and the

reason for these differences is not known.



Like the paralogous genes Hoxa-13, Hoxb-13 and Hoxd-13, the ovine Hoxc-13
gene contained only one intron located a short distance upstream from the homeobox. The
homeodomain of Hoxc-13 was located at the carboxyl end in the second exon and was
separated by a short region of eleven amino acids from the stop codon, a trait shared by the
Abd-B type genes. For example, Hoxa-10 contains only 14 amino acid residues and
Hoxb-13 contains 9 amino acid residues downstream of the homeodomain (Benson et al.,
1995: Zeltser et al., 1996). The Hoxc-13 3' cDNA end did not contain the consensus
polyadenylation signal AATAAA. A similar motif of AAGAAA known to work as a
polyadenylation signal (Sheets et al., 1990) was present 19 bases upstream from the
beginning of the poly A tail. However, sequence obtained from the Hoxc-13 lambda
genomic clone indicated a thymidine at that position, the typical nucleotide in the
polyadenylation signal. This discrepancy may therefore be an artifact due to the
misincorporation of the guanidine base by Taq polymerase in the early cycles of the
3' RACE-PCR. It could however, reflect a real difference because the cDNA and genomic
libraries were prepared from material isolated from different sheep breeds, namely
Corriedale (RT-PCR clones) and Merino (A genomic clones).

The secondary structure of the Hoxc-13 protein, predictedby the Chou-Fasman
method, consists of many turns that presumably internalise most of the regions of the
protein. The homeodomain is the main region that is predicted to lie on the surface of the
molecule and this is in accordance with the known ability of the homeodomain to make

contact with DNA.,
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Chapter 7 : Characterisation of Ovine Hoxc-13

7.1 Introduction

The involvement of Hoxc-13 in follicle function was discovered in the initial
RT-PCR screen for homeobox genes expressed in the wool follicle (see Chapters 3 and 4).
Preliminary in situ localization using a homeobox gene probe suggested Hoxc-1 3 was
expressed in the follicle bulb and lower shaft. This indicated a potential functional role for
Hoxc-13 in the regulation of the structural proteins of the wool fibre as hair keratin gene
expression begins in the upper bulb (Powell, 1992).

Using a gene-specific probe located outside of the homeobox region, the work
presented here set out to confirm and extend the in situ data presented in Chapter 4.
Hoxc-13 expression in adult tongue and during embryonic pelage and vibrissa follicle
development was studied by in situ hybridisation. Hoxc-13 expression in the developing
placode and embryonic skin was reported as a novel finding. Various adult sheep tissues
were also screened for Hoxc-13 expression by RNA protection using a gene-specific probe.
Lastly, to investigate the hypothesis that Hoxc-13 was involved in the regulation of keratin
gene expression, the promoter of the intermediate-filament type I gene, K14 was used to

drive ectopic expression of Hoxc-13 in transgenic mice.
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7.2 Characterisation of Hoxc-13 Expression by In Situ Hybridisation

7.2.1 Hoxc-13 Expression in Embryonic Pelage Follicles

To investigate if Hoxc-13 was differentially expressed during embryonic sheep
pelage wool follicle development, the in situ hybridisation technique was used to locate its
expression in Merino sheep skin, from the mid-flank region, at the embryonic time points of
E51, E65, E80, E99 and E135. A gene-specific probe which hybridizes to the
3' non-coding region of the Hoxc-13 gene (clone C13-NC, Appendix 2 D) was isolated
from the 3’ RACE clone, C24B1 (Appendix 2 B) and used in the in situ hybridisation
analyses of Hoxc-13 expression.

Hoxc-13 was expressed in a spatially and differentially restricted manner during
both epidermal and follicle development. In the pre-follicle stage, at E51, Hoxc-13 was
expressed predominantly in the ectoderm which was 1-2 cells in thickness but was not
expressed in the underlying dermis (Fig. 7.1 A, B).

At the initial stage of primary follicle development, at approximately E65 in sheep,
when localised thickening was first evident at discrete sites in the ectoderm, Hoxc-13
expression was present in the epithelial component of the placode (Fig. 7.1 D, E). At E65
and E80, expression was located throughout the basal and suprabasal layers of the ectoderm
and appeared to be present in the mesenchymal cells (dermal condensate) directly beneath
the epidermal basal layer (Fig. 7.1 D, E, G and H). However, at E65, Hoxc-13 expression
was absent from the mesenchymal cell aggregate that is destined to become the predermal
papilla.

At ES0, as the solid plug of epidermal cells moved downward into the dermis,
Hoxc-13 expression was detected mostly in the inner epithelial cells of the placode and at a
reduced level in the outer cuboidal cells, (Fig. 7.1 G, H). Expression was absent from the
adjacent pre-dermal papilla. No expression was detected in the periderm.

At E99 and E135, follicles were at a more advanced developmental stage (stage 7
and 8 respectively) and were producing a keratinised wool fibre. At both time points, Hoxc-
13 expression was detected in the upper bulb and lower shaft (Fig. 7.2 and Fig. 7.3). At
E135, (but not at E99) faint expression of Hoxc-13 was detected in the outer root sheath

suprabasal layer (Fig. 7.3).



f Hoxc-13 Expression in Embryonic

Skin and Developing Pelage Follicles.

Brightfield (A, D and G) and darkfield (B, C, E, F, H, and I) photographs of sheep
embryonic skin at E51 (A - C), E65 (D - F) and E80 (G - I), hybridised with an o->°P-
fUTP radio-labelled Hoxc-13 cRNA non-coding probe synthesised from clone C13-NC

(see Appendix 2 for plasmid reference). Sections were treated with a final wash stringency

of 0.1 X SSPE at 65°C for 30 minutes, exposed for 10 days at 4°C and stained in
Haemotoxylin.

Hoxc-13 is expressed in the epidermis at each time point. Arrow in D and E points
to the follicle mesenchymal aggregate where Hoxc-13 expression is not evident. At E80,
Hoxc-13 is expressed in the epithelial component of the placode and is absent in the
predermal papilla (G and H).

The follicle placode, the predermal papilla and the basement membrane separating
the epidermis and the dermis are indicated by the dashed line. Panels C, F and I represent
darkfield photographs of hybridised sense probe to sheep embryonic skin sections at E51,
E65 and E80 respectively. PDP = Predermal papilla. MA = Mesenchymal aggregate. Bar

in each panel = 20 um.
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Figure 7.2 : In situ Hybridisation Analysis of Hoxc-13 Expression in E99 Sheep Skin,

Brightfield (A, C and E) and darkfield (B, D and F) photographs of an E99 sheep
skin section. Probe, wash conditions, exposure time and staining were as for the skin
sections in figure 7.1. Panels C and D are enlargements of the follicle outlined in panels A
and B respectively. Panels B and D show Hoxc-13 expression in the wool follicle bulb and
lower shaft. Expression was strongest in the differentiating keratinocytes above the dermal
papilla and lower shaft. Hoxc-13 signal was not detected in the outer root sheath,
epidermis or dermis. Panels E and F represent brightfield and darkfield photographs of
hybridised sense probe. Note the high non-specific and random signal given by the sense
probe in panel F. The follicle, dermal papilla and the basement membrane separating the
epidermis and the dermis are indicated by the dashed line.
o= Outer root sheath, ci = Cortex and inner root sheath, DP = Dermal papilla. Bars in

each panel = 20 um.
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Ficure 7.3 : In situ Hybridisation Analysis of Hoxc-13 Expression in E135 Sheep

Skin.

Brightfield (A, C, E and G) and darkfield (B, D, F and H) photographs of E135
sheep skin from the mid-flank region (A — F) and snout (G and H). The pelage follicle in
panels C and D is an enlargement of the follicle denoted by an (*) in panel A. Probe, wash
conditions, exposure time and staining were as for the skin sections in figure 7.1. Hoxc-13
is expressed in the follicle bulb, lower shaft and outer root sheath suprabasal layer
(arrows, panel C and D). Expression was strongest in the keratinocytes above and
surrounding the dermal papilla and in the lower shaft. No Hoxc-13 signal was detected in
the epidermis. Brightfield and darkfield photographs of hybridised sense probe to sheep
E135 skin section (mid-flank region) are shown in panels E and F. Some background
signal is present in the suprabulbar region however this is well below the signal obtained
for the antisense probe. The follicle outer root sheath, cortex/inner root sheath and dermal
papilla are outlined by the dashed line. It should be noted that there is some artificial
fluorescence in the cortex and inner root sheath in panel H. o = Outer root sheath, ci =

Cortex and inner root sheath, DP = Dermal papilla. Bars in each panel = 20 pm.
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At E99, Hoxc-13 expression was not detected in the epidermal basal or suprabasal
layers (Fig. 7.2. A, B). However, at E135, low expression was detected in the epidermal
basal and suprabasal layers of some sections but not in others (compare Fig 7.3 A, B with
Fig. 7.4 A, B). This conflicting resuit may due to varying levels of Hoxc-13 expression in
different sheep at E135 or secondly, and more likely, the RNA may have been degraded in
some tissue sections but not in others. Hoxc-13 was not expressed in the epidermis in adult
sheep (Fig. 7.4. D, E). Interestingly, in E135 and adult skin, unidentified cells scattered in

the upper dermis expressed Hoxc-13 (Fig. 7.4 B and E).

7.2.2 Hoxc-13 Expression in Embryonic Vibrissa

Cluster homeobox gene expression in the developing embryo follows what has been
termed the spatial colinearity rule such that genes located further towards the 5' end of the
cluster show increasingly posteriorly-restricted expression. Due to the location of Hoxc-13
at the 5’ end of the cluster, expression would be predicted by the spatial colinearity rule to
be restricted to follicles located at the posterior end (caudal) of the sheep. To test if Hoxc-13
expression was expressed in anterior follicles of the sheep, vibrissa (whisker) follicles from
the snout region, one of the most anterior parts of the sheep were studied. These follicles are
several times larger than pelage follicles and enabled demarcation of expression boundaries
to be distinguished more clearly. Mature vibrissa are also anatomically different to pelage
follicles in that they contain a blood sinus that surrounds the outer root sheath and they
produce a fibre that has a tactile function.

Hoxc-13 expression was studied in vibrissa follicles at the embryonic time points of
E81, E88, and E135. Vibrissa follicles begin development at an earlier time point than
pelage follicles and hence a keratin fibre can be detected before pelage follicles at E81.
Hoxc-13 expression was located in vibrissa follicles at all time points studied and its
expression pattern was strikingly similar to the expression pattern seen in pelage follicles at
comparable developmental stages. At each time point studied, Hoxc-13 was expressed in
the proliferating and differentiating cells of the bulb and lower shaft, with strongest

expression in the keratinocytes located directly above and surrounding the dermal papilla



Brightfield (A and D) and darkfield (B, C, E and F) photographs of sheep

embryonic skin section at E135 (A - C), and adult skin section (D - F). Probe, wash
conditions, exposure time and staining were as for the skin sections in figure 7.1. Hoxc-13
is expressed in the epidermis at E135 but not in adult epidermis. Arrows in panels A, B, D
and E point to dermal cells expressing Hoxc-13. The basement membrane separating the
epidermis and the dermis is indicated by the dashed line. Panels C and F represent
darkfield photographs of sense probe hybridised to embryonic skin (E135) and adult

respectively. Bar in A - C = 20-um; D - F = 10 pm.
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and in the lower shaft (Fig. 7.5 and Fig. 7.6). Expression was not detected in the

proliferating cells located at the bottom of the follicle bulb or in the dermal papilla or outer
dermal sheath in any vibrissa at any of the time points studied.

At E81, E88 and E135, expression was detected in the suprabasal outer root sheath
layer, including the cells directly adjacent to the inner root sheath also known as the
companion layer (Fig. 7.5 and Fig. 7.6). Expression appeared slightly stronger in the
companion layer than in the suprabasal layer. Furthermore, at E135 Hoxc-13 expression
appeared to be present in the outer root sheath basal layer for the first time but at a reduced
level compared to the suprabasal layer. At E135, signal was detected in the inner root sheath
but this may be due to signal emanating from the hybridised, 3p-rUTP radio-labelled Hoxc-
13 probe in the bulb and cortex and was therefore inconclusive at this stage. Analysis by
non-radioactive in situ hybridisation, a technique that does not have the problem of signal
scatter, may be able to determine the status of Hoxc-13 expression in the inner root sheath.
Interestingly, at E135, Hoxc-13 expression was detected in a few cells of the blood sinus

and dermis, however, these cells were not further identified (Fig. 7.6 A, B).

7.2.3 Hoxc-13 Expression in Adult Pelage Wool Follicles

Hoxc-13 expression was identified in follicles of different sheep breeds that differ
substantially in fibre diameter and medullation (Fig. 7.7). Merino, Romney, and Tukidale
sheep follicles all expressed Hoxc-13 in the rapidly dividing and differentiating
keratinocytes above and surrounding the dermal papilla and the matrix cells lining the dermal
papilla (Fig. 7.7). In each breed, Hoxc-13 expression was strongest in a region of cells
located above the dermal papilla and tapered off in the lower part of the follicle shaft. Hoxc-
13 expression was reduced in the cortical cells of the lower shaft and was reduced even
more in the upper shaft. Tukidale sheep expressed Hoxc-13 in the medulla of the lower
shaft but further up the follicle shaft expression was reduced in the medulla (Fig. 7.7 E, F).
In each breed, expression was detected in the outer root sheath suprabasal layer including
the companion layer (Fig. 7.7 D). Expression was not detected in the dermal papilla, upper
cortex or IRS of the adult follicle. Furthermore, expression was not detected in the

epidermis or dermis of the adult skin (data not shown).



Vibrissae Follicles.

Brightfield (A, C and E) and darkfield (B, D and F) photographs of Corriedale
sheep E81 (A and B) and E88 (C - F) skin sections from the snout. Probe, wash
conditions, exposure time and staining were as for the skin sections in figure 7.1. Panels E
and F are enlargements of the area enclosed in the rectangle in panel C. Note the
hybridisation signal of Hoxc-13 in the middle of the bulb, surrounding the dermal papilla
and in the lower follicle shaft. Hoxc-13 is expressed in the suprabasal layers of the outer
root sheath. Both follicles are cut at an oblique angle, hence the top half of the hair shaft is
not shown. Some autofluorescence is detected in the inner root sheath. DP = Dermal
papilla, ¢ = Cortex, i = Inner root sheath, o = Outer root sheath. Barin A, B = 20 .um; C,D

=12 pm; E, F =8 um.






Brightfield (A and C) and darkfield (B and D) photographs of a Corriedale vibrissa
follicle at E135. Probe, wash conditions, exposure time and staining were as for the skin
sections in figure 7.1. Panels C and D are enlargements of the boxed area in panel A.
Hoxc-13 is strongly expressed in the middle of the bulb, surrounding the dermal papilla
and in the lower part of the follicle shaft. Hoxc-13 is expressed in the basal and suprabasal
layers of the outer root sheath. Arrows in panels A and B point to cells in the blood sinus
expressing ovine Hoxc-13. The follicle is cut at an oblique angle, hence the top half of the
hair shaft is not shown. bs = Blood sinus, DP = Dermal papilla, ¢ = Cortex, 1= Inner root

sheath, o = Outer root sheath. Bar in A, B =80 um; C, D =50 um.
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Romney, Merino and Tukidale Follicles.

Brightfield (A, C, E and G) and darkfield (B, D, F and H) photographs of adult
Romney (A and B), Merino (C and D) and Tukidale (E and F) skin sections. Probe, wash
conditions, exposure time and staining were as for the skin sections in figure 7.1. Hoxc-13
is expressed in the middle of the bulb, surrounding the dermal papilla and in the lower part
of the follicle shaft including the medulla in Tukidale follicles (arrows in panels G and H).
Panels G and H are magnifications of the boxed region in panels E and F. Signal is
strongest in the differentiating keratinocytes above the dermal papilla. Hoxc-13 is
expressed in the outer root sheath of each breed. Signal is not detected in the inner root
sheath or dermal papilla. Note, in B, D and F there is some autofluorescence in the follicle
shaft. Note, in E and F the bottom of the follicle bulb has folded up during sectioning. ¢ =
Cortex, i = Inner root sheath, o = outer root sheath, m = Medulla. Barin A, B = 40 pm,

bar in C, D =30 um, barin E, F = 60 um, bar in G, F = 40 pm.
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To identify whether Hoxc-13 expression overlapped with the zone of cell
proliferation in the lower bulb, expression of Hoxc-13 was compared to Histone H3 in
consecutive skin sections from a Corriedale sheep (Fig. 7.8). Histone H3 was a marker of
cellular proliferation (Chou et al., 1990) and was expressed in the lower to middle region of
the bulb where the mitotically active bulb cells are located. Hoxc-13 expression appeared to
overlap some of the mitotically active cells located in the middle of the wool follicle bulb
surrounding the tip of the dermal papilla but did not extend into the lower regions of the
bulb where histone H3 was strongly expressed (compare Fig. 7.8 A, B and E, F).

As cells move up through the lower hair shaft a host of hair-keratin proteins are
expressed (Powell and Rogers, 1994). K2.10, a hair intermediate filament type II gene, was
one of the keratins detected in the lower shaft (Powell et al., 1992). Cells in the lower
region of the shaft which express K2.10 also express Hoxc-13 (compare Fig. 7.8 A, B and
C, D). Thus, expression of Hoxc-13 appears to overlap the proliferation marker, histone

H3, at its lower boundary and the differentiation marker K2.10, at its upper boundary.

7.3 Screening of Sheep Tissues for Hoxc-13 Expression

Having established that Hoxc-13 was expressed in both pelage and vibrissa follicles,
various hair related and non-hair related tissues were screened for expression.
The tongue contains structures known as filiform papillae that are present on the dorsal side
of the tongue. The filiform papilla contains specialised compartments that undergo
esophageal, skin and hair-types of differentiation (Dhouailly et al., 1989). The tongue is
thought to resemble the hair follicle due its expression of hair-specific keratin genes such as
the hair keratin intermediate filament genes mHa3 (K1.2), mHb3 (and mHb4) which are
expressed in the posterior compartment of the filiform papillae (Tobiasch et al., 1992;
Winter et al., 1994). Furthermore, the antibody AE14, which was specific for late hair
cortex differentiation reacts in the spine region of tongue filiform papillae (Dhouailly et al.,
1989).

RNA in situ hybridisation was used to locate Hoxc-13 expression in the sheep
tongue. Hoxc-13 expression was located in the base of the filiform papilla and was

restricted to the hair-like compartment (Fig. 7.9). Expression did not appear to extend into



.

Figure 7.8 : In situ Hybridisation Analysis of Hoxc-13, K2.10 and Histone H3

Expression in Consecutive Corriedale Follicle Sections.

Brightfield (A, C and E) and darkfield (B, D and F) photographs of Corriedale skin
sections hybridised to gene-specific Hoxc-13 (A and B), K2.10 (Powell et al., 1992; C and
D) and histoneH3 (Chou et al., 1990; E and F) cRNA probes. Probe, wash conditions,
exposure time and staining were as for the skin sections in figure 7.1. Brackets in A and B
locate the extent of hybridisation signal of Hoxc-13, from the middle of the bulb, to the
lower shaft. Brackets in C and D indicate the extent of K2.10 expression in the cortex
which overlaps the Hoxc-13 signal in the lower shaft. Brackets in E and F indicate the
extent of histone H3 expression in the mitotically active cells of the bulb. Histone H3
signal in the middle of the bulb appears to overlap the lower expression boundary of
Hoxc-13. The dermal papilla is outlined by dashed lines. The follicles are cut at an oblique
angle, hence the top half of the hair shaft is not shown. ¢ = Cortex, i = Inner root sheath

and o = outer root sheath. Bar in A - E =40 um.
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Brightfield (A, C,E, G, 1 and K) and darkfield (B, D, F, H,J and L) photographs
of adult sheep tongue sections. Probe, wash conditions, exposure time and staining were
as for the skin sections in figure 7.1. Hoxc-13 is expressed in the base of the filiform
papilla. Panels A - F and G - L show the filiform papilla from different view points,
approximately 90 degrees horizontally rotated. In panels A — D and G — J, Hoxc-13 is
expressed in the base of the filiform papilla but more specifically in the hair-like
compartment. Panels C and D are enlargements of the tongue filiform papilla shown in
panels A and B respectively. The black grains in panel C were enhanced and converted to
red for visual clarity using Adobe Photoshop. Panels I and J are enlargements of the boxed
region shown in panels G and H respectively. Brightfield and darkfield photographs of
hybridised sense probe to sheep tongue sections are shown in panels E, F, K and L. Note
that there is some autofluorescence in panels B, H, F and L. The basal, suprabasal layer
and filiform papilla are indicated by the dashed line. fp = Filiform papilla and hl = Hair-
like compartment. The bar in panels A and G = 55 pm; C = 30um; E = 45um; I = 20pm;

K = 40pm.
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Hoxc-13 expression in various sheep tissues was analysed by RNA protection. ~—

Hoxc-13 RNA transcripts were detected in adult wool follicle RNA but not in spleen, liver,

thymus, brain, kidney, heart, large intestine, small intestine or lung (Fig. 7.10).

7.4 Functional Characterisation of Hoxc-13

In the adult, Hoxc-13 expression appeared to be restricted to the hair follicle and
tongue, both of which express hair-type keratins. The expression of Hoxc-13 in the follicle
bulb and in the tongue filiform papillae base, regions where the keratin genes are first
expressed, strongly suggested that Hoxc-13 was involved in the regulation of the hair
keratin genes. To test this hypothesis, an attempt to create transgenic mice that ectopically
express Hoxc-13 was undertaken. We hoped that the ectopic expression of Hoxc-13 would
cause an alteration in the normal mouse phenotype and more importantly direct the

expression of hair keratin genes in tissues where they were not normally expressed.

7.4.1 Construction of the K14/ Hoxc-13 Transgene

To gain insight into the possible role of the Hoxc-13 gene in follicle development, an
attempt was made to ectopically express sheep Hoxc-13 in mouse basal keratinocytes using
the human keratin K14 promoter. The intermediate filament type I gene, K14, was
expressed in the epidermal basal layer (Vassar et al., 1989), a layer that does not normally
express Hoxc-13 in the adult sheep (see Fig 7.4). Hence, the K14 promoter was ideal to

drive the ectopic expression of Hoxc-13 to the basal layer of the epidermis. The K14

promoter has previously been used to drive the ectopic expression of TGF-a and TNF-o in

transgenic mice (Vassar and Fuchs, 1991; Cheng et al., 1992). Furthermore, the K5
promoter, the intermediate filament partner of K14 has also been used to drive the ectopic
expression of another homeobox gene, DIx (Morasso et al., 1996).

The first step in producing transgenic mice was to construct a K14 / Hoxc-13
transgene (detailed in Fig. 7.11, Fig. 7.12 and Fig. 7.13). In the making of the transgene,

the intention was to isolate the Hoxc-13 gene from the genomic clone 9A and insert it



Figure 7.10 : RNA Protection Analysis of Ovine Hoxc-13 gene Expression in Total

RNA from Various Adult Sheep Tissues.

Ten pg of total RNA isolated from adult wool follicle, spleen, liver, thymus, brain,
kidney, heart, large intestine, small intestine and lung tissue samples taken from a
Corriedale sheep were analysed by RNA protection for the presence of ovine Hoxc-13

gene transcripts using the 183 bp non-coding antisense probe derived from clone C24B1-

NC (Appendix 2) that had been radiolabelled with o— 32P- rUTP. The products of the
protection reactions were fractionated in a denaturing 6% (19:1) urea-PAGE system and
the gel exposed to a phosphor screen for 36 hours. The probe controls (yeast RNA +/-
RNase) were co-fractionated with test samples on the gel. The position of the 183 base
protected ovine Hoxc-13 RNA detected in the wool follicle sample is indicated by the
arrow on the left side of the figure. No protected products of this size were detected in any
of the other tissue samples. In each lane residual undigested probe that contains insert and
polylinker sequence is indicated by the small arrow at 269 bases. The sizes of the end
radio-labelled a-**P-dCTP Hpall-digested pUC19 fragments are indicated on the right side
of the image. It should be noted that the location of tissue biopsies with respect to the

whole organ was not recorded.
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downstream of the K14 promoter. The first step in the production of the K14 / Hoxc-13

transgene was to subclone the entire Hoxc-13 gene (from the genomic clone 9A) into the
base vector, pGem 11Zf (Promega). An attempt to subclone the entire gene, contained
within a 10.5 kb Sall / EcoRI fragment of clone 9A (Fig. 7.11 A), proved unsuccessful
because no fragments were being inserted into the vector. At this stage it was assumed that
the length of the DNA fragment (10.5 kb) was too long for complete replication by the
bacterial strains used (ED8799 and XL1 Blue) or secondly, Hoxc-13 was toxic to the
bacterial strains.

To avoid the problem of length, the Hoxc-13 gene was shortened by 2.3 kb by
omitting part of the 5.3 kb intron during subcloning of the Hoxc-13 gene. This was
achieved by joining two genomic fragments 1) a 1.6 kb Xhol / HindIII fragment, that
contained the 5’ end of Hoxc-13 and 2) a 4.5 kb HindIII / EcoRI fragment, containing the
3’ end of Hoxc-13 (see Fig. 7.11 A for the location of both fragments in the genomic clone
9A). Initially, a 2.8 kb Sall / HindIII fragment located at the 5 end of clone 9A, that
contained the 1.6 kb Xhol / HindIII fragment, was subcloned into the vector pBSc SK
(Fig. 7.11 B; clone C13 S/H 2.8). Likewise, the 4.5 kb HindIII / EcoRI fragment located at
the 3’ end of clone 9A was subcloned into the vector pBSc SK (Fig. 7.11 C;
clone C13 H/E 4.5). Both clones were digested with restriction enzymes to ensure that the
correct fragments had been cloned (Fig. 7.11 D, E). A Xhol, Sall and HindII digest of
clone C13 S/H 2.8 produced DNA fragments of the predicted sizes of 3.0 kb (pBSc vector),
1.6 kb (exon 1 and part of the 5’ end of the intron) and 1.2 kb (5’ flanking sequence). A
HindIII and EcoRI digest of clone C13 H/E 4.5 produced predicted DNA fragments of
3.0 kb (pBSc vector) and 4.5 kb (3’ end of Hoxc-13).

The 1.6 kb Xhol / HindIII fragment was resected from clone C13 S/H 2.8 and
joined to the 4.5 kb HindIII / EcoRI fragment, resected from clone C13 H/E 4.5, by in vitro
ligation. Both fragments joined through their common HindIII site forming a 6.1 kb
fragment (Fig. 7.12 A) that contained 12 nucleotides of the 5° untranslated region, the
translation start codon, both exons, 3.03 kb of the intron, the 3* non-coding region (1.3 kb)
and 0.8 kb of the 3’ untranslated region. Four distinct products were detected in the ligation

reaction, three of which were not required. The 9.0 kb fragment was formed by the 4.5 kb



Figure 7.11 : Subcloning Fragments of the Genomic Clone 9A.

A. Partial schematic of the lambda clone 9A containing the ovine Hoxc-13 gene.

B. Plasmid map of clone C13 S/ H 2.8. A 2.8 kb Sall / HindIII fragment from lambda
clone 9A containing 5' flanking region, 5' untranslated region, the first exon and part of

the first intron was subcloned into the Sall / HindIII sites of pBSc (KS).

C. Plasmid map of clone C13 H/E 4.5. A 4.5 kb HindIII / EcoRI fragment from lambda
clone 9A containing the 3' end of the intron, exon 2 and 3' non-coding region and 3'

flanking region was directionally cloned into the HindIII and EcoRI sites of pBSc (KS).

D. Restriction digest of clone C13 S/H 2.8. Triple-digested (H = HindIIL, S = Sall and X =
Xhol) DNA was size-separated through a 1 X TAE 1 % agarose gel. Predicted fragments
of 3.0 kb (vector pBSc KS), 1.6 kb (Xhol / HindIII fragment) and 1.2 kb (Sall / Xhol

fragent) were detected.

E. Restriction digest of clone C13 H/E 4.5. Double-digested (E = EcoRlI, H = HindIII)
DNA was size-separated through a 1 X TAE 1 % agarose gel. Predicted fragments of 3.0

kb (vector pBSc KS) and 4.5 kb (HindIII, EcoRI fragment).
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Figure 7.12 : In vitro Ligation of the 5’ and 3’ ends of Hoxc-13.

A. Products of a ligation reaction between the two fragments 1) 1.6 kb Xhol / HindIII
fragment resected from clone C13 S/H 2.8 (Fig. 7.11 B) and 2) 4.5 kb HindIII / EcoRI
fragment resected from clone C13 H/E 4.5 (Fig. 7.11 C) were size-separated througha 1 X
TAE 1 % agarose gel (lane 2). Both fragments joined through their common HindIII site
and the subsequent 6.1 kb fragment is indicated by the arrowhead on the right of the gel.
Excess fragments in the ligation reaction can be seen in lane 2 at 9.0 kb (4.5 kb HindIII /
EcoRI fragment joined to itself), at 3.2 kb (1.6 kb Xhol / HindIII fragment joined to itself)

and at 1.6 kb (1.6 kb Xhol / HindIII fragment).

B. Cartoon showing the possible combinations of the two fragments in the ligation

reaction of panel A. The 6.1 kb transgene is boxed.

C. Plasmid map of clone C13 X/E 6.1 containing the shortened Hoxc-13 gene (6.1 kb).

Location of restriction enzyme sites are indicated.

D. Single and multiple restriction digests of clone C13 X/E 6.1. Cleaved DNA was size-
separated through a 1 X TAE 1 % agarose gel. Restriction enzymes for each reaction are
indicated above each lane. Predicted fragments of 1.6 kb and 7.7 kb were detected for the

HindIII digest verifying that the correct fragment was cloned.

B = BamHI, BII = BstEI] E = EcoRI, H = HindIIl, K = Kpnl, N = Nsil, S = Sall,

X = Xhol.
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HindIII / EcoRI fragment ligating to itself at both the HindIII and EcoRI sites (Fig 7.12 B).

A band at 1.6 kb represented excess 1.6 kb Xhol / HindIII fragment that was not involved
in the ligation reaction. Some of the 1.6 kb XhoI / HindIII fragment ligated to itself resulting
in a band at 3.2 kb.

The 6.1 kb fragment was excised and purified from low melting point agarose and
directionally cloned into the Xhol and EcoRlI sites of the vector pGem 11Zf
(clone C13 X/E 6.1; Fig. 7.12 C, D). Successful cloning of the 6.1 kb fragment was
verified by digestion of the DNA of clone C13 X/E with restriction enzymes that yielded
predicted DNA fragments (Fig. 7.12 D). For example, BamHI digestion of the plasmid
DNA yielded the correct fragments of 2.2 kb, 3.4 kb and 3.7 kb.

To complete the production of the K14 / Hoxc-13 transgene, the shortened 6.1 kb
Hoxc-13 gene fragment was inserted downstream of the K/4 promoter. Initial attempts to
subclone the shortened 6.1 kb Hoxc-13 gene fragment into the Xhol site of the K14 plasmid

(see Fig. 7.13 A, for plasmid map) by standard cloning techniques failed. This may have

been due to the combined length of the K14 promoter / 3 - globin intron (2.7 kb) and the

Hoxc-13 gene fragment (6.1 kb) being too large for stable bacterial replication. This
problem was overcome by using the method of ‘in vitro ligation” which enabled the

transgene to be produced without the need for stable bacterial replication of the full-length

transgene. Using this technique, the 2.7 kb K14 promoter / B - globin intron fragment was

joined to the shortened 6.1 kb Hoxc-13 gene fragment (Fig. 7.13 D). The resultant K14/ B

- globin | Hoxc-13 transgene (8.8 kb) was excised from a low melting point agarose gel and
purified. To ensure that the 8.8 kb in vitro ligated product was isolated, the DNA of the
purified transgene was size-separated through a 1% agarose gel (Fig. 7.13 E) and secondly,
digested with the restriction enzyme Xhol to yield predicted DNA fragments of 2.7 kb and
6.1 kb (Fig. 7.13 F).

Furthermore, the purified transgene DNA was sequenced using the primer
C13IN682, the same primer used to determine the transcriptional start point (see Fig. 6.10
for location of primer). The primer, C13IN682, binds downstream of both the Xhol ligation

site and the Hoxc-13 translation start codon. Sequence data that spanned the Xhol ligation



Figure 7.13 : Construction of the K14/ Hoxc-13 Transgene.

A. Plasmid map of clone K14. Clone K14 contains the mouse K/ 4 promoter and human f-globin
intron fragment (Vassar et al., 1989). The cassette was a gift from Professor Elaine Fuchs.

B. Plasmid map of clone C13 X/E 6.1. Location of restriction enzyme sites are indicated.

C. Schematic of the K14 / Hoxc-13 transgene (not drawn to scale). The transgene was created in
the following steps: 1) Clone C13 X/E 6.1 was cleaved with Nsil then end-filled using Klenow
fragment to reduce further ligation at this site. 2) Clone K14 was linearised with Sfil then end-
filled using Klenow fragment to reduce further ligation at this site. 3) Both linearised fragments
were pooled, cleaved with Xhol, and then ligated in vitro through the common Xhol site. 4) The
pGem 11Zf vector arms were excised with Eco R1 and the resultant 8.8 kb K14 / Hoxc-13
fragment was purified from low melting point agarose.

D. Photograph of a 1% agarose gel containing, in lane 2, products of the in vitro ligation reaction
described in C. The position of the K14 / Hoxc-13 transgene (8.8 kb) is indicated by the arrowhead
at the right of the figure. Excess fragments that did not participate in the ligation reaction can be
seen in lane 2 at 2.7 kb (K14 promoter), at 3.2 kb (vector-11Zf ) and at 6.1 kb (Hoxc-13 X/E
fragment). Two bands at 12.2 kb and 5.4 kb were produced by ligation of the 6.1 kb C13 X/E
fragment and 2.7 kb K14 promoter to themselves respectively through the Xhol site.

E. Photograph of a 1% agarose gel containing, in lane 2, the purified 8.8 kb K14/ Hoxc-13
transgene that was injected into mouse blastocysts in an attempt to produce transgenic mice.

F. Xhol restriction digest of the 8.8 kb K14 / Hoxc-13 transgene DNA. Cleaved DNA was size-
separated through a 1 X TAE 1 % agarose gel. Two predicted fragments of 6.1 kb and 2.7 kb were

detected. In relevant panels E = EcoRI, H = HindIII, N = Nsil, S = Sfil, X = Xhol. B = BamHI.
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site confirmed that both the K14 promoter / - globin intron fragment and the Hoxc-13

gene fragment had joined at the Xho I site (data not shown).

7.4.2 Production of Transgenic Mice

Transgenic mice production was contracted out to the laboratory of Dr Alan Fawcett
and performed interstate at CSIRO, Division of Animal Production, Prospect, Sydney, New
South Wales. The purified K14 / Hoxc-13 8.8 kb transgene, prepared as detailed in Section
7.4.1, was resuspended in 10mM NaCl, 1mM Tris and 0.1mM EDTA and injected into

mouse blastocysts at a concentration of Spg / ml. The transgene was initially tested for

possible toxic effects to embryos by examining progression to the blastula stage after
microinjection. The transgene was microinjected into the pronucleus of 76 embryos that
were cultured in vitro for several days at 38°C / 5% CO, until they developed into a blastula.
An acceptable blastocyst survival rate of 64% was obtained (data not shown).

To produce transgenic mice, the transgene was microinjected into the pronucleus of
552 embryos that were transferred to 27 pseudo-pregnant females. An overall pupping rate
of 12.6% was obtained resulting in 67 pups being born. It should be noted that attempts in
making transgenic mice with other investigators transgenes before and after the attempt with
the K14 / Hoxc-1310 kb transgene yielded higher pupping rates ie. before (20.5% and
24.9%) and after (19.7%, 25.5% and 44.5%).

7.4.3 Detection of Transgenic Mice

Southern blot analysis was used to test if pups carried the K14/ Hoxc-13 transgene.
Genomic DNA was isolated from the tails of 67 pups born, digested with BamHI and the
Southern blot was probed with a 0.28 kb Pstl Hoxc-13 coding fragment (Fig. 7.14 A). A
7.4 kb BamHI fragment from the endogenous mouse Hoxc-13 gene, predicted from the
Southern blot of mouse genomic DNA shown in Chapter 6 (Fig. 6.13), was detected in
each lane of the Southern blot (Fig. 7.14 C). However, the predicted 3.4 kb BamHI
fragment, located only in the transgene (Fig. 7.14 B), was not detected in any lane. Thus,

none of the pups carried the K14 / B-Globin | Hoxc-13 construct.



A. Schematic of the 2.8 kb Sall / HindIII fragment from clone 9A showing the location of
the 285 bp Pstl coding fragment (located in exon 1) used as a radio-labelled probe in the
Southern blot analysis (panel C) of mouse genomic DNA to detect the transgene. See
Appendix 2 C for the plasmid map of clone C13-COD that contains the 285 bp PstI coding

fragment. Schematic is not drawn to scale.

B. Schematic of the K14 / Hoxc-13 transgene showing the location of the restriction
enzymes and size of various regions of the transgene. The location of the 3.4 kb BamHI
fragment, present only in the transgene, is indicated by the green bar. The location of the
probe (285 bp Pstl coding fragment) that binds to the 3.4 kb BamHI fragment is indicated
by the black bar. Note that 2.2 kb of the intron between the BamHI sites was deleted from

the transgene and is denoted by the ‘//’. Schematic is not drawn to scale.

C. Genomic DNA isolated from the tails of 67 mouse pups was cleaved with BamHI
and analysed by Southern blot to test if the K14/ Hoxc-13 transgene was present.

A 7.4 kb BamHI fragment from the endogenous Hoxc-13 gene was detected.in each lane
however the 3.4 kb BamHI fragment from the transgene was not detected indicating that
none of the pups were transgenic. M = Lambda Hi-Lo markers. C1 = 10 pg of non-
transgenic mouse genomic DNA cleaved with BamHL C2 = K14 / Hoxc-13 transgene

cleaved with HindIIl. A predicted fragment of 4.3 kb is detected by the Pstl coding probe.
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7.5 Discussion
This Chapter has described the analysis of Hoxc-13 expression in sheep embryonic
and adult wool follicles by in situ hybridisation and secondly, an attempt to produce

transgenic mice to gain insight into the function of Hoxc-13.

7.5.1 : Hoxc-13 Expression in Sheep skin and Comparison with other Hox

Genes

During embryonic development, Hoxc-13 expression varies differentially and
spatially in both the epidermis and developing placode. In the epidermis, ovine Hoxc-13
was expressed evenly thoughout the basal and suprabasal layers of embryonic skin at E5l,
E65, E80, E99 and E135 but was not expressed in adult epidermis. Expression of other
homeobox genes in the developing epidermis has been reported by other investigators
(Mathews et al., 1993; Kanzler et al., 1994; Chuong et al., 1996; Stelnicki et al., 1997;
Stelnicki et al., 1998; Jiang et al., 1999). Two Abd-B genes, Hoxd-9 and Hoxd-11, show
some similar expression patterns in embryonic skin at comparable time points as Hoxc-13
although their expression was restricted to the mouse caudal skin (Kanzler et al., 1994;
Chuong, 1998). Expression of both genes was first detected in the epidermis at E14.5 and
reached a peak level at E16.5. At E18.5, Hoxd-9 was expressed evenly throughout the
epidermis whereas Hoxd-11 was predominant in the epidermal basal layer. At two and four
days after birth both Hoxd-9 and Hoxd-11 were expressed predominantly in the epidermal
basal layer. Hoxd-13, another member of the Abd-B class and in the same paralogous group
as Hoxc-13, was not expressed in the developing murine epidermis during the same time
points.

The homeobox genes HOXA4, H OXAS5, HOXAT, HOXC4, HOXB4, and HOXB7
are also expressed in the epidermis during human embryonic skin development (Stelnicki et
al., 1998). Although expression levels differ at any one embryonic time point, these genes
show similar temporal and spatial expression patterns to each other in the epidermis. Their
expression was restricted to the epidermal basal layer during early skin development, spread
to the suprabasal layers during mid to late second trimester development and was then

downregulated and restricted to the epidermal suprabasal layers in newborn and adult skin.
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This was in contrast to ovine Hoxc-13 which was expressed uniformly throughout
embryonic epidermis but was not expressed in the adult epidermis (Stelnicki et al., 1998).

Hoxc-13 expression was also detected transiently in the dermal condensate at initial
stages of follicle placode development at E65 and E81. Interestingly, in the chick embryo,
the paralogous gene, Hoxd-13, is expressed in dermal cells during plantar reticula
morphogenesis however it was not expressed once the plantar reticula were formed (Kanzler
et al., 1997, Chuong, 1998). Furthermore, Hoxd-13 was expressed in the perichondrial
mesenchyme and plantar skin in the foot of chick (E10.5) and mouse (E17.5) embryos,
(Kanzler et al., 1997, Chuong, 1998). Lastly, ovine Hoxc-13 expression, like the human
homeobox genes, could not be detected in the initial stages of follicle placode development
in the mesenchymal aggregate. This suggests that Hoxc-13 is not involved in follicle
initiation.

Hoxc-13 was expressed in the epidermal-derived cells of the developing placode, a
similarity that echoes the expression of the homeobox genes Hoxc-8, Hoxd-9 and Hoxd-11
in the mouse (Kanzler, et al., 1994). Like Hoxc-13, all three genes were expressed in the
epithelial cells of the developing placode. Varying slightly, Hoxc-8 expression was also
detected in the dermal papilla, a region that does not express Hoxc-13. Two days after birth,
Hoxd-9 and Hoxd-11 continued to be expressed in all the epithelial cells of the placode. At
this time, Hoxd-13 expression was confined to the hair matrix epithelial cells where
presumably Hoxc-13 is expressed at this time point in mice. Four days after birth, both
Hoxd-9 and Hoxd-11 were expressed in the uppermost outer root sheath and the lower
bulb, a region that appears to overlap the proximal limits of Hox-cI3 expression. At this
point in time, Hoxd-9, Hoxd-11 and Hoxd-13 were not detected in the hair matrix cells
above the dermal papilla where Hoxc-13 is predominantly expressed. Hence, Hoxc-13
appears to have a unique expression pattern in the developing follicle amongst the known
Hox genes reported to date.

In sheep, once vibrissa and pelage follicles had developed to a stage where a fibre
was produced, Hoxc-13 expression was detected in the follicle bulb and lower shaft. A clear
comparison can be made between the timing of the formation of the fibre in developing wool

follicles and the transcriptional activation of Hoxc-13 in the bulb. Production of the
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keratinised fibre begins at approximately E99 for sheep pelage follicles and at approximately
E81 in vibrissae that are at an F4 stage of development (Hardy and Lyne, 1956) the same
time that Hoxc-13 was expressed in the follicle bulb and lower shaft. Little is known about
when the hair keratin genes are transcriptionally activated in embryonic sheep follicles but
many keratin gene families are activated during the formation of the fibre. Transcription
factors such as LEF-1, Sp1, AP2-like and NF1-like proteins have been shown to bind to the
promoter of the intermediate filament gene K2.10 (Dunn et al., 1998). The expression data
for Hoxc-13 suggests that it could be involved directly or indirectly in the regulation of the
differentiation-specific genes of the wool fibre, as early as E81 in whisker and E99 in sheep
pelage follicles.

In adult follicles, the extent of Hoxc-13 expression in the bulb and lower shaft was
compared with the expression of histoneH3 (Chou et al., 1990) a marker of cellular
proliferation and the keratin type II intermediate filament gene K2. 10, a marker of cellular
differentiation (Powell et al., 1992). Hoxc-13 expression was detected in some of the
proliferating cells surrounding the apex of the dermal papilla which also express histoneH3.
Strongest Hoxc-13 expression was seen in cells of the upper bulb and lower shaft. In the
Jower follicle shaft, expression was detected in differentiating cells that express K2.10.
Hence, Hoxc-13 expression encompasses the region where keratinocytes are either
proliferating or differentiating. This suggests that Hoxc-13 may play a role in the
transitionary state between proliferation and differentiation for hair keratinocytes located in
the bulb. This is further discussed in the concluding Discussion in the following Chapter.

During the course of this work, Hoxc-13 expression was reported in the mouse hair
follicle (Godwin and Capecchi, 1998). In their experiments, Godwin and Capecchi, (1998)
inserted lacZ into the homeodomain so that a non-functional protein was synthesised whose
location could be detected by enzymatic assay. The knockout mice developed follicles that
showed that Hoxc-13 was not required for follicle initiation or development. However, the
follicles produced hair fibres that were brittle and broke off at the skin surface resulting in a
hair-less phenotype suggesting that Hoxc-13 plays an important role in hair fibre formation.

Godwin and Capecchi (1998) reported Hoxc-13 expression, at both the RNA and

protein level, in similar regions of the follicle and tongue as reported here. They found
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Hoxc-13 protein in the hair bulb and companion layer, the layer of the outer root sheath next
to the inner root sheath, but not in the epidermis or other outer root sheath layers. In the
present study, ovine Hoxc-13 expression was detected in the companion layer of sheep
pelage and vibrissa follicles and in the basal and suprabasal cells of the outer root sheath
layer, the developing epidermis and placode. The difference in Hoxc-13 expression between
sheep and mouse may be species-specific. It should be noted that in sheep, it is not known if
the Hoxc-13 mRNA is translated in the outer root sheath suprabasal layer or during the
dévelopment of the epidermis and placode. The expression of Hoxc-/13 mRNA in these
regions was not reported in the knockout mouse. However, on closer inspection of the
Hoxc-13 RNA in situ hybridisation analysis by Godwin and Capecchi (1998) there seems to
be a mRNA signal in the E'13.5 skin of the forelimbs and head region of wild type mouse

embryos (Fig. 7.15).

Fig. 7.15 : Photographs of E13.5 mouse embryos. The mouse embryo in panel A contains

a non-functional Hoxc-13 protein. Hoxc-13 protein expression was monitored by B-

galctosidase staining of heterozygous Hoxc-1 3"““Zembryos (panel A) and mRNA expression
by in situ hybridisation in wild-type embryos (panel B). Note the blue staining in panel B
that indicates mRNA expression, in the skin of the forelimbs, shoulders, neck and face.
White arrow indicates expression in the vibrissae. Black arrow indicates expression in the tail

and black arrowhead indicates faint expression in the nails. Reprinted from Godwin and

Capecchi (1998).
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The authors dismiss this expression, claiming a low signal to noise ratio, yet the
forelimb signal is stronger than that accepted as real around the vibrissa. The data presented
here support Hoxc-13 expression in embryonic epidermis. Because they focussed on protein
detection, Godwin and Capecchi (1998) may have overlooked potential expression of
Hoxc-13 at the RNA level during the development of the epidermis, placode and in the outer
root sheath suprabasal layer. It is possible that Hoxc-13 is transcribed in these regions but
not translated. This result emphasizes the need to analyse the expression of homeobox genes
at both the RNA and protein level. Inmunolocalisation analysis of Hoxc-13 in embryonic
sheep skin sections may determine if the protein is expressed in these regions.
Unfortunately, a specific antibody, was not available during the course of this thesis for such
a study.

In the present study, Hoxc-13 expression was also detected in the base of the
filiform papilla of the tongue. Filiform papilla contain a hair-like compartment which
express hair-type keratin proteins (Dhouailly et al., 1989; Tobiasch et al., 1992; Winter et
al., 1994). Hoxc-13 was not expressed in other tissues surveyed such as the large intestine,
small intestine, liver, lung, skeletal muscle, brain, thymus, heart, kidney, esophagus or
spleen. Although not an exhaustive survey, the finding that Hoxc-13 was expressed in only
the tongue and the hair follicle suggests that it might have been “recruited” to these
anatomically similar structures for a similar role. If Hoxc-13 does regulate the expression of
hair keratin proteins, those keratins expressed in both the follicle and tongue are prime
candidates.

Expression of Hoxc-13 in both the tongue and vibrissae, two of the most anterior
locations of the sheep, breaks the rule of spatial colinearity for the first time (Duboule,
1998). The rule states that Hox genes located at the 5’ end of the cluster are transcribed in
more caudal areas than the Hox genes located at the 3’ end. Therefore expression of the
Abd-b type genes that are located at the 5° end of the cluster, would be expected to be
restricted to follicles located at the posterior region of the sheep (reviewed in Duboule,
1994). The expression of other cluster homeobox genes such as Hoxd-9, Hoxd-11 and

Hoxd-13, which also belong to the Abdominal B group appear to follow this rule. Their
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expression is limited to the posterior regions and hence are confined to epidermis and
follicles located in the most caudal regions (Kanzler, 1994).

The expression of Hoxc-13 in unidentified cells of the dermis and vibrissae blood
sinus also breaks the spatial colinearity rule (Fig. 7.3 E and F). These cells may be
fibroblastic or hematopoietic, however conclusive identification requires the use of
molecular markers. Hox gene expression in hematopoietic cells has been reported
(Lawrence et al., 1996, Zimmerman and Rich, 1997) but a clear role for Hox gene function
in these cells has not been determined. Interestingly, HOXC4 which also exhibits spatial
and temporal changes during human embryonic skin and follicle development is expressed

in fibroblasts and occasional lymphocytes in the perivascular dermis (Rieger et al., 1994).

7.5.2 : KI4 / Hoxc-13 Transgene Production.

To investigate the role of Hoxc-13 we attempted to produce transgenic mice
expressing a K14 / Hoxc-13 transgene. The K14 promoter was chosen because it is
expressed in the epidermal basal layer (Vassar et al., 1989) a region that does not express
Hoxc-13 in the adult epidermis. To investigate if Hoxc-13 regulates, directly or indirectly,
the hair keratin genes, an ideal cell line was one that was similar to hair keratinocytes but
that did not express hair keratins. Epidermal keratinocytes are functionally and
morphologically similar to hair keratinocytes and do not express hair-specific keratins. They
were therefore a logical choice for the ectopic expression of Hoxc-13.

The construction of the K14 / Hoxc-13 transgene proved difficult and attempts to
transform plasmids containing the full-length transgene into the bacterial strains ED8799 and
XL1 Blue proved unsuccessful. The method of ‘in vitro’ ligation was used to overcome
problems of stable bacterial replication. Interestingly, several months after the attempt to
produce transgenic mice, the full-length transgene was cloned using the vector PBR322 and
the bacterial strain ABLE K (Stratagene) which lowers the plasmid copy number to 10 per
bacterium to avoid toxicity problems.

Unfortunately, of 67 mice born, there were no transgenics and a second attempt
could not be undertaken due to budget and PhD time limitations. It should be noted that

transgenic mice were produced with various transgenes from different researchers by the
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microinjection facility at CSIRO, Division of Animal Production, in Sydney. A pupping rate
of approximately 20% before and after the microinjection of the K14/ Hoxc-13 transgene
was obtained, suggesting that there were no routine technical problems. However the lower
pupping rate obtained with the K14 / Hoxc-13 transgene suggests that cannibalisation by the
mother may have occurred. Cannibalisation is known to occur if pups have an abnormal
phenotype. In the present study, it was not known whether abnormal transgenic mice were
born which may have been cannibalized by the mother because they were first checked two
days after birth. Another possibility that cannot be discounted is that there may have been
resorption of abnormal transgenic fetuses during pregnancy. In a repeat experiment, pups at
various time points could be taken prior to birth and tested by RT-PCR or Southern Blot to
see if they carry the K14 / Hoxc-13 transgene.

Interestingly, transgenic mice ectopically expressing a similar type of transgene K5 /
DIx3 in the epidermal basal cell layer lead to an abnormal epidermal phenotype and perinatal
lethality (Morasso et al, 1996). In that case the expression of the homeobox gene, DIx3,
was driven by the keratin K5 promoter that targets the same tissues as the K14 promoter.

This implies that the K14 / Hoxc-13 transgene may cause perinatal death.



112

Chapter 8

Concluding Discussion
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Chapter 8: Concluding Discussion

8.1 Introduction

This thesis has described the results obtained from screening the sheep wool follicle
for expressed Antennapedia -like homeobox genes and secondly the isolation and
characterisation of two genes, Hoxc-13, related to the Drosophila homeotic gene
Abdominal-B and Barx2, that belongs to the Bar class.

Prior to the initiation of this project no one had undertaken a dedicated search for
homeobox genes in the hair follicle and only four homeobox genes were known to be
expressed in the hair follicle. Two were Antennapedia-type homeobox genes, Hoxb-2,
expressed in the murine hair follicle placode (Whiting et al., 1991) and Hoxc-8 expressed
in the dermal papilla of the anagen hair follicle (Bieberich et al., 1991). The other two
homeobox genes were members of the POU family, Skn-1a and Skn-11, expressed in the
cortical cells of mouse anagen hair follicles (Andersen et al., 1993b).

Reports of homeobox expression during skin and follicle development have
increased over recent years. Several reports have speculated on the function of the
homeobox genes in the follicle, however, no study has explained why there are so many
homeobox genes activated in a temporaily and spatially restricted manner during both
embryonic skin and follicle development. Furthermore, the genes that are targeted by the
homeoproteins in the skin are mostly unknown.

The main aim of this Chapter is to summarise the thesis results, relate them to the
wider fields of follicle and homeobox gene biology and discuss future directions of study

from the work presented.
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8.2 Isolation and Characterisation of Homeobox ¢cDNA Clones from the Wool Follicle

The first aim of the thesis was to isolate homeobox cDNA clones from the anagen
wool follicle and characterise their expression pattern in the wool follicle. Given that two
Antennapedia-type homeobox genes had been reported before this project had started and
that vertebrates were known to contain at least 38 Antennapedia-type homeobox genes, it
was logical to first screen the wool follicle for the expression of more of these genes. In the
RT-PCR screen of the wool follicle using degenerate primers to the ends of the
Antennapedia -type homeobox, nine homeobox genes, Hoxa-4, Hoxb-2, Hoxb-6, Hoxb-8,
Hoxb-9, Hoxc-4, Hoxc-5, Hoxc-9, Hoxc-1 3 and a novel homeobox gene Barx2, which
belonged to the Bar family were isolated. During the cloning of the partial homeobox
cDNAs, more than 200 colonies with potential Hox gene inserts were not analysed. Only
20 clones were sequenced of which ten different Hox genes were located. This suggests
that there may be other Hox genes, apart from the genes mentioned so far, that are
expressed in the follicle that have yet to be isolated. A question arises then, that if ten
genes were found from sequencing only 20 clones, how many more genes would be found
by sequencing the 200 clones isolated? Another point to consider is that although the
degenerate primers used in the RT-PCR screen were designed initially to detect
Antennapedia-type genes, they were able to amplify the Barx2 gene, a gene that does not
reside within the Hox cluster. This implies that divergent homeobox genes can be
amplified using the degenerate primers described, as long as the conserved motifs of
WFQNRR and ELEKEF reside in their homeodomain.

Expression of the ten isolated homeobox genes in the wool follicle was analysed by
a combination of Northern blot and RNA protection. Northern blot analysis detected

transcripts for only two of the eight genes studied, ovine Hoxc-13, which produced a 2.6 kb



RNA transcript and ovine Barx2 which produced a 2.1 kb RNA transcript. Using the more
sensitive method of RNA protection, expression was confirmed for all of the homeobox
genes except Hoxc-5 and Hoxa-4. During the course of this project, HOXA4 was reported
by others to be expressed in very low levels in the cortex of follicles (Stelnicki et al, 1998).
Tt should be noted that Hoxc-4 was not analysed by RNA protection in this thesis due to an
oversight during the initial analysis.

Over the last few years, several groups have reported the expression of Hoxb-2,
Hoxb-6, Hoxc-4, HOXA4, HOXC4 and Hoxc-13 in follicles (Table 1). To date no one has
studied the expression of Hoxb-8, Hoxb-9, Hoxc-5, Hoxc-9 and Barx2 during follicle
development. Both Hoxb-8 and Hoxb-9 expression have been detected by RNA protection
analysis of whole skin extracts from E12 and E17 fetal murine skin (Detmer et al., 1993).
It is not known if these genes are expressed in the follicle, dermis or epidermis as the
location of their expression was not analysed by in situ hybridisation or
immunolocalisation. In the present study, the possibility that these genes were amplified
from a dermal or epidermal origin cannot be ruled out. This may have occurred if a few
cells from the dermis and/or epidermis were carried over during the wool follicle isolation
procedure resulting in a mixed pool of RNA, used in the RT-PCR screen, from follicle,
dermal and epidermal origin.

Preliminary expression data of ovine Hoxb-8, Hoxb-9, Hoxc-5 and Hoxc-9 in adult
sheep wool follicles including RNA protection, Northern and in situ hybridisation analysis
(Hoxc-5 and Hoxc-9) was obtained using cRNA probes that encompassed their homeobox.
Non-specific hybridisation of these probes to other homeobox genes may occur as a result
of the high percentage of sequence identity shared between the homeobox genes within

this region. Therefore, these results require verification using cCRNA probes that encompass
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a region of the gene outside the homeobox. Usually, the 3’ non-coding DNA of a gene
contains regions that are gene-specific.

The preliminary in situ hybridisation analysis of ovine Hoxc-9 and Hoxc-5 revealed
that they were asymmetrically expressed in the cortex, possibly the paracortex, of the
lower follicle shaft where the keratinocytes begin their terminal differentiation programme.
Interestingly, the cysteine rich proteins encoded by the KAP4 family are elevated in
paracortical cells of sheep wool when circulating levels of L-cysteine are elevated (Fratini
et al., 1994). The expression pattern suggests that Hoxc-9 and Hoxc-5 may play some role
in the regulation of the keratin genes expressed in the paracortex. These results require
further verification by in situ hybridisation using Hoxc-9 and Hoxc-5 gene-specific probes
located outside the homeobox. Co-localisation of these homeobox genes with a member of
the KAP4 family could be achieved by two colour in situ hybridisation using digoxygenin
and fluorescein labeled riboprobes. Further investigation is required to determine if the
KAP4 proteins are upregulated directly or indirectly by the homeoproteins Hoxc-9 and
Hoxc-5. A super-shift assay in which hybridisation of the Hoxc-9 and Hoxc-5 proteins
with the KAP4 promoter may show that the Hoxc-9 and Hoxc-5 proteins can bind directly
to the KAP4 promoter. Co-transfection of a construct that drives the expression of Hoxc-9
or Hoxc-5 proteins with a KAP4 promoter / LacZ reporter construct in a keratinocyte cell
line may show if the Hoxc-9 and Hoxc-5 proteins can transcriptionally activate the KAP4
proteins. It should be noted that one of the difficulties in this approach is that there are no
immortalised hair keratinocyte cell lines available. In another approach, a transient
co-transfection assay as reported by Andersen et al, (1993b) could be used. In their
transient co-transfection assay, a CMV promoter was used to drive the eclopic expression

of the two POU homeobox genes, Skn-1a and Sknl-i in HeLa cells. Skn-1a and Skn1-1i



proteins then bound to the other co-transfected construct that contained the promoter of the
human cytokeratin 10 gene linked to a luciferase reporter. Both Skn-1a and Skn1-I
activated transcription of the human cytokeratin 10 gene that was detected by a luciferase
reporter. Therefore, co-transfection of a construct containing the CMV promoter that
drives the expression of Hoxc-9 or Hoxc-5 proteins with a KAP4 promoter / LacZ reporter
construct in the HeLa cell line may show if the Hoxc-9 and Hoxc-5 proteins can

transcriptionally activate the KAP4 proteins.

8.3 Barx2

It was impossible within the three-year period of this PhD to isolate, sequence and
characterise all of the homeobox genes amplified in the RT-PCR screen (Chapter 3). Barx2
was chosen because it was a novel gene at the time of its isolation.

Initially, 3' RACE was used to amplify the 3’ cDNA end of ovine Barx2 that was
isolated and sequenced. To obtain the full ovine Barx2 gene for functional studies, an
EMBL3 lambda sheep genomic library was screened and a clone that may contain the full
Barx2 gene was isolated. The sheep genomic clone was isolated in 1994 and three years
later while characterising Barx2, the murine orthologue was isolated by another research
group and the cDNA sequence published (Jones et al, 1997).

Barx2 was most similar to the Bar family of Hox genes. The Barx2 homeodomain
is identical between sheep, mouse and human and differs by one residue from chicken
Barx2b. As found in other members of the Bar family, the ovine Barx2 homeobox contains
the two atypical residues, threonine and tyrosine within helix 3. This region may influencc

DNA binding specificity (Jones etal.,1997). Downstream of the homeodomain the Barx2
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proteins are perfectly conserved for a further 35 amino acids including a segment of 17
amino acids, including a number of basic residues, also conserved with Barx1. This
17-amino acid basic region resulted in a 2-fold decrease in binding to homeodomain
binding site sequences from the Ng-CAM and L1 genes and a 6.5-fold increase in binding
to the homeodomain binding site from the N-CAM promoter (Edelman et al., 2000).
Furthermore, a 24-residue N-terminal region of Barx2 was essential for repression of
N-CAM promoter activity. When this region was absent, Barx2 activated the N-CAM
promoter. A 63-residue C-terminal domain was required for this activation (Edelman et al.,
2000). During hair follicle development N-CAM is expressed in the epithelial cells of the
hair placode (stage 2), outer cells of the placode destined to become the outer root sheath
(stage 3 and 4), and in the dermal papillae and dermal cells during stages 4 to 8 (Vielkind
et al., 1995). Hence, one of the functions of Barx2 during follicle development may be to
regulate and more specifically to repress N-CAM activity during the development of the
follicle.

The sheep wool follicle and mouse Barx2 transcripts are of similar size. In addition,
hybridisation studies of human, mouse and sheep genomic DNA using a Barx2 coding
probe detected single bands in several genomic digests, indicating that Barx2 may be
encoded by a single gene. This finding was also confirmed for the mouse using two
different Barx2 probes (Jones, et al., 1997). In the present study, a partial map of a
genomic clone containing the 3’ end of Barx2 was reported. The human BARX?2 gene was
recently cloned, consists of four exons ranging in size from 85 to 1099 bp, and is located
on human chromosome 1125 (Hjalt and Murray (1999), Krasner, et al., 2000).

Interestingly, this chromosomal location is within the minimal deletion region for Jacobsen
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syndrome, a syndrome including craniosynostosis and other developmental abnormalities
(Krasner, et al., 2000).

Barx2 was abundantly expressed in other keratinizing epithelia, namely oesophagus
and tongue, and weakly expressed in thymus. In the tongue, Barx2 was expressed in the
basal and suprabasal cells of the lower half of the tongue epithelium but not in the upper
epithelium or filiform papilla. Expression was not detected in several other non
keratinising tissue namely, adult spleen, skeletal muscle, brain, heart, kidney, liver and
lung. Although expression was not detected in the adult sheep spleen, Barx2 was reported
to be strongly expressed in the adult mouse spleen (Jones et al., 1997). The reason for this
difference between the two species is unclear. A subsequent analysis of Barx2 expression
in the spleen from another sheep using RT-PCR or RNA protection analysis will confirm
the initial result.

To explore the role of Barx2 in the follicle, Barx2 expression in wool follicle
development was examined from initiation through to formation of the mature, fibre-
producing follicle. Barx2 exhibited a spatially restricted expression pattern during both
epidermal and follicular development. Barx2 was uniformly expressed in the embryonic
ectoderm but was transiently downregulated during the initiation of follicle
morphogenesis. Subsequently, Barx2 was expressed throughout the epithelial component
of the developing follicle except for a small group of cells at the leading edge of the
follicle placode. Those Barx2-negative cells are destined to form the follicle bulb and are
the progenitors of the inner root sheath and hair shaft. In adult follicles, Barx2 was
expressed throughout the outer root sheath but not in the inner root sheath or hair shaft, or

in dermal cells associated with the follicle.



During the course of this project, mouse Barx2 was isolated in a screen for factors
regulating the gene for the cell adhesion molecule, L1 (Jones ef al, 1997). Mouse Barx2
appears to be able to both activate and repress the LI promoter. In mouse embryogenesis
Barx2 is expressed in the central and peripheral nervous system and the ectodermal lining
of craniofacial tissues, regions which express L1 and another cell adhesion molecule,
Ng-CAM (Jones et al, 1997). Barx2 expression was studied in the developing embryo at
E10.5, E11.5 and E12.5 but was not reported at later developmental time points. Hence,
Barx2 expression was not reported in follicle development which, for pelage hairs, begins
at E13.25 in the shoulders.

Interestingly, the pattern of Barx2 expression in follicle morphogenesis is strikingly
similar to that of the cell adhesion molecule, E-cadherin. E-cadherin and P-cadherin, the
subject of several studies in the follicle, are expressed in complementary or partially
overlapping patterns, depending on developmental stage and location (Hirai et al, 1989;
Fujita et al, 1992; Hardy and Vielkind, 1996; Muller-Rover et al, 1999). E-cadherin is
primarily located in the suprabasal layers and to a lesser extent in the basal layers, whereas
P-cadherin is found in the proliferative, basal layers. Thus, in developing hair placodes,
E-cadherin is abundant in the upper portion and reduced in the epithelial cells at the
leading edge and P-cadherin shows the opposite pattern. Advanced follicles exhibit high
levels of E-cadherin in the outer root sheath and a lesser amount in the differentiating hair
matrix cells; in contrast, P-cadherin is restricted to a low level in the basal outer root sheath
but is abundantly expressed in proliferating hair matrix cells.

Two other intriguing features of Barx2 expression in follicle morphogenesis have
been uncovered in this study. In the midst of a generalised expression in the embryonic

ectoderm and the follicle placode, Barx2 is transiently downregulated in the ectoderm at
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follicle initiation and is not expressed in epithelial cells at the leading edge of the placode.
At both sites dynamic cell movement occurs as the cells move down into the dermis, a
process that requires plasticity in cellular adhesion. Exclusion of Barx2 expression from
these regions may signify that the cellular processes controlled by Barx2 in follicle
morphogenesis are likely to be involved in maintaining a more stable tissue architecture
rather than a dynamic one. Given the finding of Barx2 expression in tongue and
oesophagus, it is possible that Barx2 may have a general function in controlling adhesive
processes in keratinising epithelia.

Lastly, Barx2 expression was also detected in dermal cells that looked
morphologically similar to leukocytes. Faint expression of Barx2 was also detected in the
sheep thymus, an organ that produces lymphocytes. Furthermore, Barx2 expression was
also detected in the spleen of mice (Jones et al., 1997) an organ that stimulates
lymphocytes in the same manner as in lymph nodes. Other Hox genes have been reported
to be expressed in hematopoietic cells lines including B and T cell lines, erythroid cell
lines and myelomonocytic cell lines (reviewed in Lawrence et al., 1996). Barx2 may play

some role in regulating the cell adhesion molecules of these cells.

8.4 Hoxc-13

Ovine Hoxc-13 gene, a member of the Abdominal-B class, was chosen because its
expression in the follicle bulb correlated to the initiation of hair keratin gene expression in
the hair cortex. A combination of RT-PCR, 3’ and 5° RACE and genomic cloning was
used to obtain a complete, predicted cDNA sequence for Hoxc-13 and over 1 kb of
promoter sequence. As for all Abd-B-related genes, Hoxc-13 does not have the conserved

pentapeptide upstream of the homeobox (Duboule, 1994). It contains two exons separated
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by an intron of 5.3 kb that is located a short distance upstream from the homeobox, a
similarity in other Abd-B-related genes, for example Hoxb-13 (Zeltser et al., 1996). The
homeodomain is in the second exon and the protein terminates soon after the C-terminal
end of the homeobox. The protein encoded by the Hoxc-13 gene contained 330 residues,
similar in size to other Abd-B related genes that range between 320 and 340 residues (see
Duboule, 1994).

Expression of Hoxc-13 during embryonic pelage and vibrissae follicle development
was studied by in situ hybridisation analysis. Hoxc-13 expression was detected in the
epidermis before the initiation of follicle development at E51 and continued in the
epidermis during each stage of follicle develop until at least E135 although the levels
gradually declined and were negligible in the adult epidermis.

Hoxc-13 was expressed in both the dividing and differentiating cells of the
embryonic pelage and vibrissae bulb. Hoxc-13 expression initiated in the bulb of both
pelage and vibrissae follicles during the formation of the wool fibre when most likely the
hair keratin gene families are activated. Interestingly, when Hoxc-13 is deleted from the
mouse genome, both follicles and brittle hair fibres are produced (Godwin and Capecchi,
1998). Hence Hoxc-13 is not the initiating signal for follicle development and is not solely
required for production of a keratinised fibre. However, the fact that the knockout fibres
were brittle suggests that Hoxc-13 may be required for the activation and expression of
specific keratins as similar phenotypes have been produced by the overexpression of
keratin intermediate filament genes (Powell and Rogers, 1990). Brittle hairs resulting in a
hair-loss phenotype were produced in mice that overexpress a keratin intermediate filament
protein in the cortex. The brittleness was attributed to an imbalance in the ratio of keratin

intermediate filament to keratin associated proteins. Hence, when Hoxc-13 expression was

122



S

£ %=

123

ablated, an imbalance of keratin intermediate filament or keratin associated proteins may
have lead to the production of brittle fibres.

Is Hoxc-13 required for the expression of a particular type of keratin protein? One
would assume that the same keratin protein would be expressed in all of the
morphologically different and independent cells where the Hoxc-13 protein is expressed
such as the hair, tongue and nails. The possibility arises that an unknown secondary factor
may be required in addition to Hoxe-13 for expression of the target genes. It should be
noted that at this stage it is not known whether the Hoxc-13 protein is expressed in the
scattered cells of the upper dermis. Furthermore, it is not known what genes Hoxc-13
regulates and it may be that Hoxc-13 regulates other transcription factors or growth factors
that in turn regulate keratin genes. Comparison of the hair IF and KAP protein composition
of normal mouse follicles with mouse follicles that do not contain the functional Hoxc-13
protein (ie. knockout mice), by two dimensional protein gel, may give insights into which
type of keratin genes are regulated, directly or indirectly, by Hoxc-13.

To examine the possibility that Hoxc-13 directly regulates keratin IF and/or KAP
genes, a transient co-transfection assay as reported by Andersen et al, (1993b) could be
used. In this approach, a construct containing the CMV promoter that drives the expression
of the Hoxc-13 protein would be co-transfected into the HeLa cell line with another
construct containing the promoter of an intermediate filament type I or II gene linked to a
LacZ reporter. Expression of the lacZ gene is detected by staining for B-Galactosidase. The
intermediate filament genes would be the logical choice to first study as their expression
initiates in the upper bulb and overlaps Hoxc-13. Three ovine genes that are prime

candidates are K1.2, K2.10 or K2.12 because their expression domains overlap ovine



Hoxc-13 in the bulb. K2.10 (mouse Hb4, human Hb3) expression initiates in the lower
shaft and extends well into the upper wool shaft (Powell et al., 1992). K2.12 (human Hb5)
expression parallels Hoxc-13 even closer than K2.10. K2.12 expression begins immediately
above a small population of matrix cells at the base of the hair bulb and the trichocytes
lining the dermal papilla and extends upward through the matrix and ends in the lower part
of the cortex of the hair shaft (Powell and Rogers, 1997, Rogers et al., 1997). K1.2 (mouse
and human Ha3) is expressed in hair shaft cortex, above the dermal papilla and also in the
filiform papilla of tongue (Winter et al., 1994).

Another role that Hoxc-13 may have is to control the proliferation or differentiation
status of these cells. Although it is not known if the cells of the upper dermis expressing
Hoxc-13 are proliferating or differentiating, cells expressing Hoxc-13 in the tongue, follicle
bulb and outer root sheath are moving between a transitionary state of proliferation and
differentiation. Furthermore, homeobox genes have been previously shown to control the
proliferation and differentiation status of hematopoietic cells (Deguchi, et al., 1992;
Sauvageau, et al., 1995; Helgason, et al., 1996).

To try and elucidate the functional role of Hoxc-13 in the follicle, a construct was
made with the intention of ectopically expressing Hoxc-13 under the control of the K14
promoter. The K14 promoter has been shown to be functional in transgenic studies
undertaken by others (Vassar and Fuchs, 1991; Cheng et al., 1992). K14 was chosen to
drive the expression of Hoxc-13 in cells of the adult epidermal basal layer, a region that we
thought, at the time of transgene construction, did not express Hoxc-13. Initial in situ
hybridisation analysis of Hoxc-13 mRNA in adult sheep skin did indeed reveal an absence
of Hoxc-13 expression in the epidermal basal and suprabasal layers. In situ hybridisation

analysis, performed after the attempt to make a transgenic mouse, revealed Hoxc-13
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mRNA expression also in the embryonic epidermis and developing placode. However,
Godwin and Capecchi (1998) showed that the Hoxc-13 protein was not expressed in the
embryonic epidermis and postnatal epidermis. Therefore, in hindsight, it would be better to
drive the ectopic expression of Hoxc-13 in a tissue where Hoxc-13 has not been expressed

in at any time point.

8.5 Final Conclusion

It is difficult to predict the total number of homeobox genes that are involved in the
development of the follicle. The number of reported homeobox genes expressed in the hair
follicle has increased in recent years and it would appear that there are many more yet to
be characterised as only a few of the currently known homeobox genes have been studied
in the follicle (see Introduction, Table. 1). This is probably due to the vast numbers of
homeobox genes that have been isolated and new ones continually being added to the list
each year. Current cDNA array chip technology, that is able to determine the expression
profile of thousands of expressed genes in any tissue, could be used to determine the total
number of homeobox genes expressed in the follicle in a short period of time. Furthermore,
this technology could show the differential expression of all of the homeobox genes during
each stage of embryonic follicle development.

An important point to consider is that most reports on homeobox gene expression
have focussed mainly at the RNA level but have not shown if the homeodomain protein is
expressed in the same tissues. It may be that some homeobox genes are transcribed but not
translated. A pertinent example was shown in this thesis where Hoxc-13 appeared to be
transcribed during the development of the embryonic mouse epidermis but the Hoxc-13

protein was not expressed (Godwin and Capecchi et al., 1998). Hoxc-13 RNA was
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expressed in the sheep embryonic epidermis and placode however it is not known if the
protein was expressed. Immunolocalisation of Hoxc-13 in sheep skin using an antibody
should be performed in order to verify Hoxc-13 expression in these regions.

Homeobox genes are known to be essential for the patterning and development of
many segmental structures in both invertebrates and vertebrates (Gilbert, 1994) but
questions that still remain to be addressed in the development of the epidermis and follicle
are;

1) Why are there so many homeobox genes expressed during the development of

the epidermis and follicle and what function do they individually have? Is there
a redundancy aspect?

2) Do homeodomain proteins function independently or cooperatively with other
homeodomain proteins or unknown secondary factors to determine the fate of
every follicle cell type?

3) If the homeodomain proteins act as transcriptional regulators what genes do

they target in the follicle?

The role of homeobox genes in the development of embryonic epidermis and
follicle and the mechanism of action is not fully understood. Stelnicki et al., 1998 propose
that HOX proteins function as gene activators to upregulate cellular proliferation in the
early developing epidermis and then act as repressers that downregulate cellular
proliferation in the outer layers of the mature skin. The mode of action may be I) as
independent DNA binding proteins or II) in conjunction with a variable set of partner
proteins (including PBX) to activate and repress cellular proliferation depending on the

tissue they are expressed in.
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In conclusion the target genes of the transcription factors encoded by the homeotic
genes are largely unknown, but have been well implicated in controlling the expression of

differentiation-specific genes and adhesion molecules on the membrane.
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Appendix 1

A. Plasmid map of clone C17. Clone C17 contains the partial homeobox of Barx2(117bp).
Clone C17 was created by inserting the EcoRI cleaved117bp Barx2 homeobox amplified
by RT-PCR using the degenerate primers, WFQNRR and ELEKEF, into the EcoRlI site of
pGEM 7Zf (+).

B. Plasmid map of clone C17B1. A 1.1 kb 3’RACE product was klenow treated and then
inserted into the Smal site of pBSc KS.

C. Plasmid map of clone C17B1-COD. A 223 bp coding fragment from clone C17B1 was
PCR - amplified using the primers P7 and P11 (see figure 5.6 for location of the primers)
and inserted into the Smal site of pGEM 7Zf (+).

D. Plasmid map of clone C17B1-NC. A 163 bp Bstell / Dral fragment from clone C17B1 was
excised with the enzymes Bstell and Dral, klenow treated and inserted into the Smal site

of the base vector pBSc KS.
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Appendix 2

A. Plasmid map of clone C24. Clone C24 contains the partial homeobox of Hoxc-13 (117bp).
Clone C24 was created by inserting the EcoRI cleavedl 17bp Hoxc-13 homeobox
amplified by RT-PCR using the degenerate primers, WFQNRR and ELEKEF, into the
EcoRI site of pGEM 7Zf (+).

B. Plasmid map of clone C24B1. A 1.4 kb 3'RACE product was klenow treated and then
inserted into the Smal site of pBSc KS.

C. Plasmid map of clone C13B1-COD. A 285 bp Pst I coding fragment was cleaved from the
2.8 kb Sall / HindIII fragment of the lambda clone 9A (see Fig. 6.7 C and Fig. 7.14 A) and
inserted into the Pstl site of the base vector pBSc KS.

D. Plasmid map of clone C13-NC. A 183 bp Smal / Pvull 3’ non-coding fragment was

cleaved from clone C24B1 and inserted into the base vector pB Sc KS.



Xbal/EcoR1 170 ECOR HindIl

T7
Hoxc-13 SP6

C24
pGEM 7Zf (+) ColE1 origi
3.12 Kb

Smal

Pvull

3 non-coding 1.4kb

ColE1 origin

Hindlll



C13 - COD
pBSc KS

3.22 Kb

3.12 Kb

ColE1 origin



131

Appendix 3

Publication in the Journal of Investigative Dermatology.



SHORT COMMUNICATION

Expression of the Homeobox Gene, Barx2, in Wool Follicle

Development

Guy Sander,' C. Simon Bawden, Philip 1. Hynd, Antonietta Nesci, George Rogers, and Barry C. Powell'

Department of Animal Science, University of Adelaide, Waite Campus, Glen Osmond, South Australia

We have cloned ovine Barx2, a member of the Bar class
of homeobox genes, and present the first description
of Barx2 expression in wool follicle development.
Barx2 is uniformly expressed in the embryonic ecto-
derm but is transiently downregulated during the
initiation of follicle morphogenesis. Subsequently,
Barx2 is expressed throughout the epithelial com-
ponent of the developing follicle except for a small
group of cells at the leading edge of the follicle
placode. These BarxZ-negative cells are destined to
form the follicle bulb and are the progenitors of the
inner root sheath and hair shaft. In adult follicles,
Barx2 is expressed throughout the outer root sheath

but not in the inner root sheath or hair shaft, or in
dermal cells associated with the follicle. The pattern of
Barx2 expression in follicle morphogenesis is similar to
that of the cell adhesion molecule E-cadherin, a simil-
arity that echoes Barx2 coexpression with the L1 cell
adhesion molecule in other tissues during mouse
embryogenesis. Barx2 is also expressed in tongue and
esophagus, two other keratinizing tissues, and we
speculate that Barx2 may have a general function in
controlling adhesive processes in keratinizing epithe-
lia. Key words: Barx/cadherin/cell adhesion/follicle/homeo-
box/lenkocyte/moleeule/onter voot sheath. J Invest Dermatol
115:000-000, 2000

air follicle morphogenesis initiates in response o

signaling between embryonic ectoderm and meso-

derm, and the subsequent extensive morphologic

changes that occur invalve dynamic mteractions

between epithelial cells and between epithelial and
mesenchymal ¢ells, Cell—cell interactions are mediated by cell
adhesion molecules, and expression of a number of these,
principally the cadherins and integrins, has been identified during
follicle morphogenesis (for a review see Muller-Rover and Paus,
1998). E-cadherin and p-cadherin, the subject of several studics in
the follicle, are expressed in complementary or partially overlapping
pateerns, depending on developmental stage and location (Hirar et al,
1989; Fujita er al, 1992; Hardy and Vielkind, 1996; Muller-Rover
¢t al, 1999). E-cadherin is primarily located in the suprabasal layers
and to a lesser extent in the basal layers, whereas p-cadherin is
found in the proliferative basal layers. Thus; in developing hair
placodes, E-cadherin is abundant in the upper portion and reduced
in the epithelial cells at the leading edge, and p-cadherin shows
the opposite pattern, Advanced follicles. exhibit high levels of
E-cadherin in the outer roor sheath and a lesser amount in the
differentiating hair matrix cells; in contras, p-cadherin is restricted
to a low level in the basal outer root sheath but is abundantly
expressed in proliferating hair matrix cells, In a pioneering
experiment, Himi ef al (1989) demonstrated the importance of
these molecules in follicle morphogenesis using antibodies to block
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both cadherins in cultured skin explants, causing dramatic changes
in follicle development.

Anather group of molecules that have been implicated in the
development of follicles are the homeobox genes. In recent years, 3
number of homeobox genes have been shown to be differentially
and spatially expressed during embryonic development of the
epidermis and follicle: msx-1 and msx-2 (MacKenzic of al, 1991;
1992; Noveen ¢f al, 1995), Skn-1 A and Skn-11 (Andersen et al,
1993), Hox2.2 (Mathews et af, 1993), Ox-1, Otx-2, Hoxe-8, d-9,
d-11, and d-13 (Kanzler et al, 1994), HOXC4 (Rieger et al, 1994),
DIx3 (Morasso ef al, 1996), Hoxc-13 (Godwin and Capecchi,
1998), HOXA4, HOXAS, HOXA7, HOXC4, HOXB4, and
HOXDB7 (Stelnicki er al, 1998). Although little is known about
which molecules are regulated by the products of these genes, other
homeobox genes have been implicated in controlling expression of
cell adhesion molecules (Cillo ef al, 1996; Wang et al, 1996; Jones
of dl, 1997: Edelman and Jones, 1998; King et al, 1998; Lincecum
o al, 1998; Meech et al, 1999; Nguyen Ba-Charvet et af, 199%
Siegler and Jia, 1999), Recently, a vertebrate homolog of the
Drosophila Bar hor gene, mouse Barx2, was isolated in a
screen for factors regulating the gene for the cell adhesion molecule
L1 (Jones ct al, 1997). Bax2 appears to be able to both activate and
repress the L1 promoter. In mouse embryogencsis Barx2 is
expressed in the central and peripheral nervous system and the
ectodermal lining of craniofacial tissues, regions that express L1 and
another cell adhesion molecule, Ng-CAM (Jones cf al, 1997). In
this study we have cloned an ovine Barc2 cDNA from the follicle
and present the fist description of its expression in follicle
development in a pattern that is strikingly similar to that of
E-cadherin.

MATERIALS AND METHODS

Cloning of ovine Bars2 Using reverse transcriptase polymerase phase
reaction (RT-PCR), a partial ovine Barx2 cDNA clone of 117bp was
isolated from adult wool follicle ¢cDNA. Degenerate primers to the
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Figure 1. Comparison of 1 Barx pr The partial

sequence of the ovine Bux2 homeodomain and C-terminal domain are
compared with chicken Barx2b (Smith and Tabin, 1999}, human Barx2
(sccession number AF031924), mouse Barx1 (Tissier-Seta ef al, 1995), and
mouse Barx2 (Jones of al, 1997). The partial homeodomain is boxed.
Dashes indicate sequence identity with ovine Barx2. Resdues that are
shared with each Barx2 protein are typed in bold. The carboxy-terminal
end of each protein is indicated by an asterisk. To maximize alignment,
Sextra” lencine and glycine residues in mouse Barx 1 and an “extra” alanine
residue in chick Barx2b relative to ovine Barx2 are shown helow the
sequence comparisons. A -+ indicates that a space has been added between
residues to maximize alignment. Note that the glutamic acid (E) residue at
the N-terminal end of the ovine sequence may be a result of degenerate
primer mismatch during RT-PCR amplification.

comserved  regions (ELEKEF and WFQNRR) of the Drsophila
A pedia 1 lonmin were as described by Burglin et al (198Y),
The partial he clone was st ed in both directions by cycle
sequencing and identified as Barx2 by database sequence searches using
AMNGIS (A lian National ic Infi Retrieval System)

A subsequent pactial ovine Barx2 ¢DNA clone of 1104bp (accession
number AF265552) representing the 3° end of Barx2 was isolated using 3
PCR-RACE (Frohman e al, 1988). The olij;onncl:otide 5'-CCG
GATCCCTGCAGGAATTCG TCGET);YX-3" (Y =A, G, or C, and
X=A, C, G, or T) was used to prime the fisst strand  eDMA. The
upper primer (5-TAGT CGACCAGACAGGTTGGACTTGG-3) was
designed from the partial Barx2 homeobox using Oligo-4 software
(Bresatee, SA). The oligonucleotide contained a Sall restriction endo-
nuclease site for cloning into pBSc KS (Stratagene). The seq of the
lower primer was §-CCGGATCCCTGCAGGAATTCGTCG-Y. A
magnesiunm concentration of 1.5mm was used in the PCR. with the
following patanieters: (i) one cycle at 94°C (453), 72°C (2min); (i) while
the PCR was held at 72°C the TAQ polymerase and the upper primer
were added; (iii) four cyeles of 94°C (455), 56°C (2min), 72°C (2 min;
(iv) the PCR was then held at 72°C while the lower primer was added;
{v) 35 cycles of 94°C (45s), 63°C (min), 72°C (Zmin); (vi) 2 final
extension step of 72°C (7 min) and then held at 4°C (overnight).

Once the 3 cDNA end was cloned, a 223 bp Bae2 3 coding fragment
adjacent to the homeobox was amplified by PCR using the upper primer
5 _TGGTTCTTAAAGGTGGACA-3" and lower primer 5-CTGGGC-
CTGGCCTGGGGACTCG-3 and was cloned into a pGEM-7Zf Smal
vector (Barx2 3’ coding). This Barx2 3’ coding fragment was used as a
gene-specific probe for the northern, RNA protection, and in ity
hybridization experiments.

Northern blot analysis  Total RNA was isolated from adult Corriedale
sheep wool follicles and poly-A(+) RNA was prepared (Poly-A-tract kit
Systen 1V, Promega). Approximately 3pg samples of poly-A(+) RMNA
wete fiactionated in a 196 agarose formaldehyde gel and then tansferred 0
Zetaprobe GT membrane (Bio-Rad) and probed with the 223bp Barx2 3’
coding fragment labeled with o-P-dCTP. Filters were washed in
2 % sodium citrate/chloride buffer/0.1% sodinm dodecyl sulfate at 65°C
for 30min and exposed to a phosphor-image screen lor 24 h.

RNA protection Ten micrograms of total RNA isolated from adult
sheep esophagus, spleen, thymus, tongue, and wool follicles was analyzed
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Figure 2. Analysis of Barx2 expression in adult sheep wool follicles.
(A A transcript of approximately 2kb was identified by northem blot.
M=BRL RNA ladder. (B) RNA protection analysis of adult sheep
esophagus, spleen, thymus, tongue, and wool follicle with an ovine Barx2
¥ coding probe. The position of protected Barx2 IUNA is indicated by the
arrp. Some full-lengdy undigested probe of 203 bases is present in each
lane (uretdicad). (C, D) Bare2 expression in vertical sections of adult sheep
tongue: Mote expression in the lower hall of the tongue epitheliun. Part
(€) is photographed in bright field and () in dark field, Dashes mark the
underlying basal layer. Srale bar: 150 .

by IRNA protection for Barx2 expression using an a-2P-rUTP labeled
Barx2 ¥’ coding antisense probe. The products of the protection reactions
were fractionated in a denaturing 6% (19:1) wrea-polyacrylamide gel
electrophoresis system and the gel was exposed to a phosphor-image screen
for 72 h. Probe controls (with yeast RNA, * RNase) were cofractionated
(data not shown).

In situ hybridization Vertical skin sections fron a time-course of wool
follicle developrent and from adult sheep tongue were hybridized with an
a-2PrUTP-hbeled ¢cUNA probe, prepared from the 223bp Bax2 3
coding fragment, as described previously (Powell and Rogers, 1990).
Hybridized sections were treated with a final wash stringency of 0.1 X
SSPE at 65°C for 30min and exposed for 10d av 4°C. Sections were
stained with hematoxtin and photographed under bright-field and dark-
field illumination.

RESULTS AND DISCUSSION

We have cloned a partial ovine Barx2 <DNA from the wool follicle
by RT-PCR. (Fig1). The Barx2 homeodomain is identical in
sheep, mouse, and human and differs by one residuc from chicken
Barx2b. As found in other inembers of the Bar family, the ovine
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Figure3. In sitn hybridization analysis of
Barx2 expression during embryonic follicle
development. (A-H) Bane2 expression in the
developing embryonic epidermis and follicle. (I-L)
Barx2 s expressed in the outer root sheath of 2
vibrissa follicle. (K, 1) Higher magnification of
the boxed section in part (f) showing expression
of Barx2 in the outer root sheath. (M, N) Barx2
expression in the epidermis several days prior to
Lirth. (O, 19 Barx2 is weakly expressed i adult
epidermis. Mote the intenge expresion of Barx2
i a cell in the upper dermis (amon) just below the
epidernial basal layer. (Q, R) Bav2 expression
is primarily associated with the basal layer of the
sebaceous glnd. (S, 1) Bars2 s abundantly
expressed in cells scautered throughout the upper
adult dermis (amowheads} and in the outer root
sheath of pelage follicles. The artificial fluores-
cence in the cortex is due to its high refractivity.
(U, V) Higher magnification of dermal cells show-
ing Barx2 expression (black grains). In all panels,
the basal layer is indicated by the dashed line.
Arrows and  anoilieads v all figures point to
features described in the text. The following stages
of follicle development follow Hardy (1992): (4,
B), stage 0z (C, D), stage 1; (B D), stage 2 (G,
H), stage 3; (I-L), stage 8; (M, N), E135 skin; (O-
1), adult skin of old sheep, Note that parts (S)
and (T) show partial sections of stage 8 follicles.
PDP, predermal papilla; B, bulge; O, outer root
sheath; C, hair cortex and cuticle; I, inner root
sheath. Seale bar. (A) 40y (C) 55 pm; (EB) 30 pm;
(G 40um;  (H70pm; (K, M, O)35um;
(Q) 25 pm; (S) 210 umy; (L) 15 pm.

Bars2 homeobox contains the two atypical residues threonine and
tyrosine within helix 3. Downstream of the homeodomain the
Barx2 proteins are perfectly conserved for a further 35 amino acids
including a segment of 17 amino acids also conserved with Barxl.
In the remaining carboxy terminal region, 15 amino acids found at
various positions are conserved between the Barx2 proteins; eight
of these are glutamic acid residues, such that the carboxyl end has a
markedly acidic nature.

Northern analysis revealed a Barx2 mRINA of approximately
2kb in sheep wool follicle RNA (Fig24), of similar size to the
mouse Barx2 transcript (Jones ef al, 1997). Bars2 was abundantly
expressed in other keratinizing epithelia, namely esophagus and
tongue, and weakly expressed in thymus (Fig 2B); in the tongue
Bars2 was expressed in the basal and suprabasal cells of the lower
half of the tongue epithelium but not in the upper epithelium or
filiform papilla (Fig2€, D). Expression was not detected in adult
spleen (Fig2B), skelerl muscle, brain, heart, kidney, liver, and
lung (data not shown).

To explore the role of Barx2 in the follicle, we examined Barx2
expression in wool follicle development from initiation through to
formation of the mature, fiber-producing follicle (Fig3). Barx2

Barx2 EXPRESSION IN THE FOLLICLE 3

exhibited a spatially restricted expression pattern during both
epidermal and follicular development. Before follicle initiation,
Barx2 was expressed throughout the embryonic ectoderm (FigdA,
B). In the initial stage of follicle development, morphologically
identified by epithelial thickening, Bar2 was ransicntly down-
regulated in the ectodermal-derived cells of the incipient follicle
placode (Fig3C, D; amow). As the follicle placode advanced down
into the dermis, Bare2 was expressed in the inner epithelial cells of
the plcode (Fig3E, F; anowhead) and was present in the epidermis
overlying the placode (Fig3E, F; amow). This transient down-
regulation in expression suggests that not only is Barx2 not involved
in follicle initiation but that its continued expression might be
counter-productive.

At more advanced stages the level of Bary2 expression appeared
to increase in the follicle placode (compare Fig3E, F, G, H) and
most placode cells expressed Bary2, including cells in the bulge
(Fig3G, H; amow), the putative location of hair follicle stem cells
(Cotsarelis ¢f al, 1990). A norable distinction was the absence of
Barx2 expression from the epithelial cells at the leading edge of the
follicle placode, however (Fig3G, H; amowhead). These epithelial
cells, which are rapidly dividing, are destined to form the follicle
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bull and are the progenitors of the inner root sheath and hair shaft,
In late-stage pelage and vibrissae follicles Barx2 was expressed along
the entire length of the outer root sheath, abundantly in the
suprabasal cells and to a lesser extent in the basal cells (Fig 3I-L). At
the junction of the outer root sheath and the epidermis Barx2
expression was markedly reduced. Expression was not detected in
the dermal papilla, follicle bulb, inner root sheath, or hair shaft at
any stage of development.

As the ectoderm developed from the prefollicle to the adult
stage, Barx2 expression appeared to be gradually downregulated in
the basal and suprabasal layers of the cpidermis [compare, for
example, embryonic (Fig 34, B) to prebirth (Fig 3m, N) and adult
(Fig30, P)]. In addition to this gradual decline, regional variation
in cpidermal Barx2 expression was noted. Generally, Bux2
expression levels were higher in thicker, more cellularized
epidermis and at sites of follicle openings (Fig3E, F). We also
noted that Bars2 was weakly expressed in the basal layer of the
sebaceous glind and downregulated in differentiated sebocytes
locared at the center of the gland (Fig3Q, R).

In adult skin, several other cell types showed intense Barx2
expression. These included some cells of the blood sinus in vibrissae
follicles (data not shown) and scattered cells in the upper dermis
(Fig 3S-F). The latter cells appeared to have bi-lobed or multi-
lobed nuclei, typical of leukocytes.

We have shown that the homeobox gene, Barx2, is expressed in
diverse epithelial tissues and have focused on its expression in
follicle development. Barx2 is expressed in a pattern that is
strikingly similar to E-cadherin in embryonie ectoderm, placode
development, and the adult outer root sheath (Hiri ef al, 1989;
Fujita et al, 1992; Hardy and Vielkind, 1996), We did not detect
Barx2 expression in differentiating hair matrix cells or the inner
root sheath, however, where isolated E-cadherin immunoreactivity
is reported. In general, the similarity in expression between Bary2
and E-cadherin echoes Barx2 coexpression with another cell
adhesion molecule, L1, in other tissues during mouse embryo-
genesis (Jones ef al, 1997) and we speculate that Bax2 may regulate
changes in cell adhesion during follicle morphogenesis.

Two other intriguing features of Barx2 expression in follicle
morphogenesis have been uncovered in this study. In the midst of a
generalized expression in the embryonic ectoderm and the follicle
plicade, Bax2 is transiently downregulated in the ectoderm at
follicle initiation and is not expressed in epithelial cells at the
leading edge of the placode. At both sites dynamic cell movement
oceurs as the cells move down into the dermis, a process that
requires plasticity in cellular adhesion, Exclusion of Barc2
expression from these regions may signify that the cellular processes
controlled by Barx2 in follicle morphogenesis are likely to be
involved in maintaining a more stable tissue architecture rather than
a dynamic one. Given the finding of Barx2 expression in tongue
and esophagus, it is possible that Barx2 may have a general function
in controlling adhesive processes in keratinizing epithelia.

We thank Nicole Wilson for kindly providing the embryonic sheep skin sections.
This project was finded by grants from the Anstralian Rescarch Council and the
Cooperative Research Center for Premium Quality Wool.
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