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Abstract

The notch signalling pathway is essential for the development and growth of
all mammalian cells. The canonical pathway works by cell to cell
communication and influences gene expression directly. Notch signalling plays
an important role in cell differenti@on processes in the embryo as well as in
adult tissues.In Drosophila,signallingrequires a single notch receptor and

two ligands (delta and serrateHowever,in mammalssignalling is more
complex and there ardour notch receptors (NOTCHY), three dédta like
ligands (DLL1, DLL3, DLL4) and two jagged ligands (JAG1, JAG2). The
interaction betweena notch receptor at the cell surface and its ligand on a
neighbouring cell, leads to sequential proteolytic cleavages which release the
notch intracellulardomain (NICD) from the cell surface recep(&strach et

al., 20@). The NICD enters the nucleus and forms a complex with CSL and
Mastermind to activate target geng$iESand HEYfamily member¥ Notch
receptors have modified EGike repeats where fucose hdmeen added to a
serine or threonine residue and i§1O-linked fucose can be elongated by the
action ofan enzymeftinge), enhancing or blocking ligand bindifihere have
been extensive studies on notch signalling in embryos but less is known in

adult tissues, especially with regard to noanonical pathways.

The aim of this projectvasto examine the expression of notch receptors,

ligands and specific target genes during epidermal differentiation in human
13



skin. Thisvasexamined both in human epidermfm vivo)as well as in culture
models usingHaCaT, &eratinocyte cell line. Examiningotch signalling
activity at different stages of keratinocyte differentiatiocould help to
understand the precise role of notch signalling in cell fate determination
during normal cutaneous epithelial cell growth and development, and may
indicate what role, if any notch signalling might play in the pathology of skin

disease.

Most of the work ondelta ligands has been done in embryonic tissugih
little work on adult skin. Thuspur approach focused on expression of DLL1,
DLL3 and DLL4 in human epidermis and cultured HaCaT celleXptédsion
was confirmedmRNA and protein level including sequenbatno convincing
evidence of DLL3 or DLL4 expression wasdokvidence waslso obtained

for JAG1 and JAGpressionin human epidermis and cultured cells, and
there was some indication that differential expression might occur during

terminal differentiation.

RFPCR results indicated possible changes in nligeimd levels witlcalcium
induceddifferentiation in HaCaT celind these were quantitated bgeal time
PCR (gPCHxpressiorlevelscould not benormalised toa housekeeping gene
0 JActin, human ARP, human TF2H, GRP58, B2H, RPL13 ard aBf)ose
tested were not stable enouglrhus,cDNA probes fotwo notch receptors

(N1 and N3)three ligands (DLL1, JAG1 and JA&R)esponsive genes (HES1,
14



HES5, HES7, HEY1, HEY2 and HBYItjvo keratin genes (KRT14, KRT10)
were cloned andisedto constructstandard curvesThis allowedjuantitative
estimation of expression levels tarms of copy number and fold change in
both HaCaTellsand human epidermisK14,Notchland DLLXhanged very
little in HaCaT cellbut K10,Notch3 JAG1JAG2 and HE3dvels increased
with differentiation. It was also concluded thaitgsalling via Notch3 andAG1

may influence the progress of terminal differentiation in human keratinocytes
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CHAPTER 1 Introduction

1.1 Human Skin

1.1.1 Skin Structure

Skin is the largest orgagsystem in the human body and has three main
components: an outer protective layer (epidermis), a central connective tissue
matrix (dermis) and an inner subcutaneous layer of fat (adipose). Human
epidermis is a keratinized stratified squamous epitheliurattforms a semi
permeable physical barrieio the environment(Hall and Watt, 1989; Watt,
1989). Thickness varies according to body saed epidermis ighickest on

the palms of the hand and soles/heels of the feet (¢.8.0 mm) but much

thinner at other body sites (0-4.5 mm).

A complex programme involving cell cycle arrest and terminal differentiation
controls epidermal homeostasis, a process that invobaaplexco-ordinated
changes in gene expressi¢@huonget al, 2002) It is important to mention

that the epidermis is a antinuously self renewing stratified squamous
epithelium and the stems cells that generatestiissue reside in the basal
layer. The skin appendages (pilosebaceous unit, nails and sweat glands) are
epithelial structures that arise from the epidermis dwgi embryonic

development and are contiguous with the epidermis. They maintain their own

16



stem cell populations and have their own specialised differentiation

pathways.

1.1.2 Stem Cells and Transit Amplifying (TA) Cells

In 1961, Till and McCullocheported the fiist evidence of adult cells that can
act as stem cells. This was identified after irradiation of the hematopoietic
system and since this time, stem cells have been identified in many other
tissues, including epidermis and the bulge area of hair follidettgn and
Loeffler, 199D The bulge stem cells can produce all the types of epithelial cell
required to form all the different layers of theomplexhair follicleincluding

the hair shaft(Taybr et al., 2000. In the same waythe epidermal stem cell
population produces the entire interfollicular epidermilkat is necessaryto

maintain skin integrity.

Epidermal stem cells are considered a small undifferentiated cell population
of self renewing basal keratinocyteBheycan produce a population of transi
amplifying (TA) cells that account for the majority of basal c&liskénbach
and Grinnell, 2004 The relatively minor population of resident stem ell
produce an impressive cell turnover rate to form ghhighly organized
stratified tissue lackenze, 1970; Potte& Bullock 1983; Morris et aJ 1985.

Sem cells respond to multiple signalling networkeat control theirdivision,
migration, proliferation and differentiation buprecise mechanismswithin

human epidermis are not yet clear Ruchs andHorsley, 2008 Moreover,
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differences have been observed in relation to rates of basal cell proliferation
versus stratification and differentiation, which vary considerably between
embryonic and adult epidermal cellBuychs and Horsley, 2008 his can mds
easily be explained by the asymmetric division of sigtisand TA cellsa
theory supported byin vivocell kinetic assay$6tten 1974; Mackenzie 1975;

Jones et al., 1995 and Clayton et al., 2007

It has been known for several years that stem cptisvide the proliferative
potential of adult human epidermis and this small cell population resides in
the basal cell laye(Fuchs, 2008)Several studies have estimated that basal
cells are a mixture of stem cells (~10%) and TA cells (~90%). Howvtewer, s
cells are difficult to define precisely and difficult to isolate for stuthey are

said to have the capacity to self renew indefinitely and to generate large
numbers of proliferative basal cells (transit amplifying or TA cells) and this
extensive capaty for cell renewal has been demonstratéd vivo (Jones &
Watt, 1993; Gambardella & Barrandon, 2003; Gallico et &bB84 and

Compton et a| 1989)

LY GKS YAR wmMdT nQa >poplul&ions Bere RderfifleSiNgey (
epidermal basal layer: tam cells, TA cells and cells committed to
differentiation (Potten, 1974; Christophers et.,all974; Mackenzie, 1975,
Potten and Morris, 1988) In 1974, Potten introduced an idea about
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epidermal stem cell units of specific structure and he defined a grofup
tightly packed proliferative cells (about 10) as an epidermal proliferative unit
(EPU). The architecture of the epidermis was observed and this gave rise to
the central stem cell theory, the need for TA cells, #mel observation that
daughter cells beome committed to terminal differentiation as they move
through the stratified epidermisas a vertical columnThis architecture
established the idea that stem cells sit at the centre of the EPU and
continually renew themselves as well as producing sufficient daughter (TA)
cells(Potten, 1974; Mackenzie, 1997; Fuchs, 200@anwhile, stem cells also
have a remakable ability to give rise to differentiating cel{Buchs, 2008)
Based on previous observati®m vitro, it was concluded that basal cells are
likely to divide symmetrically giving rise to eqeateddaughter cell{Lowell

et al., 2000; Lowell and Wat001) However, this debate carries on and
more recent studies have suggested that basal cells divide asymmetiically

vivo (Clayton et al 2007)

More recent research has been dedicated to identifying epidermal stem cells

with molecular markersLowdl and colleaguegointed out that the level of

imMm AYGS3INARY o0dzaSR Fa F OStf &adz2N¥FIF OS Yl
cells, as stem cells expres® 3old more than TA celld.owell et al., 2000 and

Kaur et al., 2004)This was demonstrated eaati by Jones and Wat{1993)

GKSNBE i m AYy(dSaNARyYy S@Sta Ay Odz GdZNBR K

in culture were also found to be high. In addition, other investigators have
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used different cell surface markers in an attempt to locate stem cellgun s
These includa small keratinK19 which has been used as a stem cell marker
in hair follicles(Michel et al., 1996; Lyle et al., 1998hereas, p63 was used

as a marker for interfollicular epiderm{®ellegrini et al., 2001 According to
Kaur et 4(2004), there are no current assays that can adequately distinguish
stem cells from their more committed progeny (TA cells), and that
measurement of stem cell activity requires letegm assays to measure
sustained epithelial regeneration. Neverthelessearchers have so far failed

to unequivocally establish if all the cells in the basal layer are stem cells or
whether only a small number of stem cells ex{Buchs, 2008)Although,
distinct stem cells do serve different regions of skin, some do haee t
capacity to regenerate other regions when necessary. Thus, hair follicle bulge
cells can regenerate interfollicular epidermis as well as the hair follicle, under
the right conditions. However, it is not yet fully understood how stem cells are
controlled so they can contribute to different levels of cell renewal at

different times Kaur and Potten, 20}1

It is important to point out that stem callare regulated by signals from

surrounding keratinocytes. This behaviour is defined by an orchestrated
interaction between intrinsic transcriptional programmes and external signals
from local tissuesHuchs et al., 2004; Watt and Driskell, 2010; Collins et al.,
2011]). To execute different programmes of terminal differentiation, stem cells

must be instructed bysignal transduction at an early stage. However, the
20



nature of these signals remains unclear and the mechanism by which stem cell
activity is regulated during tissue regeneration is still poorly understood
(Lowell et al., 2000; Fuchs et al., 2004; Cokihsl., 2011) However, an
emerging network of signalling pathways has established that one gene (p63)
controls stem cells at a certain stage in their development and their later
commitment to differentiation of the epidermiKster and Roop, 2008)his

was proven byLechler and Fuch005) where the data suggested that p63
and i 1h-catenin have a role in directing asymmetrical cell division in the
epidermis.In addition, eMyc also hasninfluence on stem cell fate where it
stimulates stem cells to generate TA cells (suggeste@dndarillas and Watt,

1997).

1.1.3 Epidermal Differentiation (Keratinisation)

Keratinocytes are the most abundant cell type in the epidermis and
considered to represan80% of the total cell population. They are highly
specialized epithelial cells that perform specific functions required for
epidermal renewal, cellular cohesion, and barrier format{@ambardellaet

al., 2003) They are organized as four different laydseeFigure 1.): basal,
spinous, granular and corneugickert and Rorke, 1989; Lee ef aD10) In
thickerskinat some locationgsa fifth layer (stratum lucidum) caadsobe seen.
Other minor cell types are also present in the epidermis such as Meekis

61 8820A1FG8SR 6AGK aSyaz2NeE ySNUS SyRAy 33
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immune surveillance) and melanocytes (produnelaninto protect agairst UV

damage)

Keratinocytes arattached to each other by adhesive intercellular junctions
known as desmosomes. These structures can bind intermediate filaments to
an inner plague at the plasma membrane and adhere to each other using
intercellular proteins desmocollirs and desmogleinswhich are members of

the cadherin super family of calcium dependent adhesion molec@asr¢d

and Chidgey, 2®&). The term wasntroduced ty Josef Schaffer in 1920 and is
derived from a Greek word (desmo) meaning bond and (soma) meaning body
(Delva et al 2009. Interestingly, they were first observednder the
microscopeby Bizzozerq18461901)and his insightful interpretation defined
them as adhesive cetell contacts Matoltsy, 1975; Amagai and Stanley,
20110 @ Ly { @dkndmnd) his EblleAges revealed that desmoscen
organization was more complex. FurthermorMatoltsy (1974) isolated
desmosomes from bovine nose epidermis using biochemical metlaods

defined several proteins

As the epidermis endures many mechanical stresses, it is crémial
desmosomes to form strong anchoring junctions between keratinocytes. As
intermediate filaments also attach to the inner plague, these sites of
intercellular adhesion form a supsellular network of scaffolding that can
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facilitate and distribute mechaical forces throughout the epidermisieen

and Simpson, 2007
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Figurel.1l: Schematic lllustration of the Structure of Human Epidermi
Epidermis has four major layers: basal layer attached to ltlasement
membrane, spinous layer, granular layer and the upper stratum corngum
(adapted from Zouboulis et al., 2008).

This dynamic structure is critical for maintaining keratinocyte stability. In
addition, there is evidence that desmosomes play a roledtular process
beyond that of cell adhesiorDglva et al., 2009 In fact,desmosomesppear

to contribute to cell signalling, development and differentiation in various
tissues including the skifisarrod and Chidgey, 280Petrof et al., 201)L This
means, they can participate in fundamental processes such as cell
proliferation, differentiation and morphogenesis. In particular, desmosomal
cadherins modulate intracellular signalling, control differentiation and may
induce a switch from prolifetion to differentiation upon stratificationlghii

et al., 2001;Garrod and Chidgey, 280Petrof et al., 2011)A similar related
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structure, the hemidesmosome, anchors epidermal basal cells to the
basement membrane zone. As the name suggests, this afalésmosome
on the basdateral surface of the basal keratinocyte and a different set of
specialised adhesion proteins conngttis structure to the collagen fibres of

the underlyingdermis.

As cells move from the deeper basal layer outwardsaion the spinous,
granular and cornified layers, they become specialized and this is reflected by
alterations in specific mitotic and synthetic properties as well as obvious
changes in morphology. Early efforts IBpstein and Maibach(1965)
calculatedan accepted value of 28 days for normal human epidermis to turn
over (from stem cell division to desquamation). This time includes stem cell
division, TA cell amplification, programmed terminal differentiatigranular

cellapoptosis, cornification and coroneyte desquamation.

A series of genetic changes accompanied by specific metabolic events occur as
the state of keratinocyte differentiation changes, a process called terminal
differentiation or keratinisation (se€igure 1.3. Thus, keratinocytes have a
relatively short life span in which they undergo a specific cycle of programmed
cell death with rapid metabolism, growth and differentiatiddchallreuter and

Wood, 1995).This process maintains structural stability of the epidermis and
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is dynamic so thaepidermal cell renewal is balanced by cell removal at the

skin surfaced maintain a constant thickness (homeostasis).

It is important to point out that during keratinisation, keratinocgtehange

size and shape accordingly. As soon as keratineaytave into the supra

basallayer, the nucleusndcell body become larger argtogressivelyassume

a more flattened shapdn the granular layer élow the stratum corneum, the

nucleus breaks down, and organelles are remou@anellar bodies secreted

by keratinaytes migrate towardthe cell periphery, where they release their

content of specialised lipidento the intercellular space in thdorm of
KERNRLIK20AO OSYSyliod CaAylfttftes G GKS ot
1SN GAy20e(S t2aSa Ala ydzOf Sdza | yR 2 NH
Corneocytes are not totally dead cells but they are unable to undergo any
further gene transcriptionHowever, the cells are full of structural proteins

and have the enzymes required for desquamatidhe epidermis therefore

provides a waterproof barrier that is constantly renewed from the basal layer

stem cells below.

At each stage of differentiation p&gdermal cells become more specialized and
alter both in structure and function. These changes in cellular differentiation

are controlled by both extrinsic and intrinsic factors determined mainly at the
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gene level, so studying the detailed molecular chantjat occur will allow a

more detailed understanding of the process of epidermal keratinisation.

P ——— e ——————— Stratum corneum

e
BBaEBn
ottt
:%Lgi@l@l@ Stratum basale

I Lamina basale

Stratum granulosum

Corneodesmosome Desmosome Hemidesmosome

Figure 1.2: Organization of Keratinocytes and Corneocytes in the
Epidermis. Keratinocytes at the basal layer are Hemidesmosornjes
anchor basal cells to BMZ (Basal Lamina) while desmosomes arjchor
basal cells (and suprabasal cells together). Keratinocyte structgyiral
stability is maintained by desmosomes in all living cells. They Jare
replaced by corneodesmosomes in cells of the stratum cornepim
(adapted fromBlanpain et al, 2006; Denecker et al., 2D08

1.1.4 Keratin Expression in the Epidermis

Intermediate filaments (IF) in epidermal keratinocytes are composed of
keratin protein subunits. They form a 3D filament network around the cell and
hold major organelles in place. However, taeare several keratin proteins

that form IF in the epidermis and theaxpression alters asells proliferate
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and differentiate (Bowden et al., 1987) The filaments in basal cells are
constructed from two keratins, K5 (a larger basic type Il keratin) and K14 (a
smaller acidic type | keratin)n addition, snaller amounts of K15 and K19
have alsdbeen reported in basal cells. Howeves keratinocytes commit to
terminal differentiation and move to a suptaasal position, they change their
gene expressioifEckert and Rorke, 198K5 and K14 are specifically down
regulated and differentiation relat keratins (K1 and K1@ye up-regulated.
Spinous cells contain all four keratins (K1, K5, K10 and K14) but as further
growth and differentiation occurs, granular cells contain more K1 and K10 as

K5 and K14 are progressively diluted out.

In addition, thecells of the upper spinous and granular cell layers express an
additional keratin, K2. This is a marker of late differentiation and is believed to
play a role in cornification. However, the precise role of K2 during late
differentiation remains poorly undstood (Collin et al 1992; Biklg 2004;

Sporl et al 2010.

No additional keratin gene expressiatcursin the stratum corneum at the
skin surface. However, the keratins hate na show the same biochemical
profile as thosein the lower living layers due to po#tanslational

modification that removes the basic terndh sequences fromthese
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differentiation-related keratins (K1, K10). This renders the proteins smaller

and more acidic than the original gene produ@s\denet al., 1984).

Keratin filaments terminate at desmosomes and anchor into the desmosomal
plague on the inner plasma membrane. They do not pass through the
desmosome, the two halves of which are held together by intracellular

interactions between desmocollins drdesmogleins.

In addition to alterations in keratin gene expression, many other specific
proteins are required for successful terminal differentiation and to hold the
epidermis together. A few are synthesised in spinous cells (e.g. involucrin) but
the mgority are products of the granular cell (e.g. loricrin and filaggrin).
Granular cells contain two types @&kratohyalin granule (KHG):-giranules
contain and release loricrin, a major component of the cornified envelope
while Fgranules contain and releadilaggrin, essential for the close packing
of keratin filaments in corneocytes. Granular cells also contain lamellar bodies
@YSYONIYyS O2I0dAy3 3ANIydzZ Saé¢ 2NJ ahRfl yF
by George Odlandn 1964 (Roet al, 1964) Lamellar bodies contain various
types of complex lipid including ceramid@anpain and Fuchs, 200G}hese
form complex intracellular lipid bilayers that fill the space between

corneocytes with a lipid rich environment that prevents the passage of
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aqueows molecules. This lipid barrier also prevents water getting out so

prevents dehydratiorviathe skin.

The other important part of the barrier is the cornifieell envelope. This is
made by cros$inking a number of specialised proteins (e.lgricrin,
involucrin, envoplakin, periplakin, small proliieh proteins, etc) to the
transmembrane integrins of the granular cell by the action of
transglutaminaseln this way, he cell membrane is significantly thickened
and made impervious to water and smalblacules. The envelope fills in the
plasma membrane between the desmosomes and these are further modified
to form corneodesmosomes so that the corneocytes and held firmly together
at the skin surface. This protects the human body from external
environmentd factors Chu and Morris, 20050nce the cells reach the outer
surface of the skin, the corneodesmosomes break apart under the influence
of proteolytic enzymes and the outermost corneocytes are shed in a process

called desquamatio(Hoath and Leahy, 2003arai et al., 2008)

The integrins form another important family of structural molecules in the
epidermis. Integrins are transmembrane proteins that act as cell surface
receptors to transfer information between the outside and inside of the cell.
Theyare very important for regulating epidermal growth, development and

wound repair. They consist of two different glycoprotein subunits (alpha and
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hpim FyR hci noOwith epiermal iSeieStiatibr{JanSsNat al.,

1995; Deyrieux and Wilson, 2087) ¢ KS hcin AYy(iS3INAya 2
lateral surface and form part of the hemidesmosomeiskieeps the basal cell

firmly anchored to the basement membrane zone (BMZ). Dueipiglermal
RAFFSNEBYUGAIFIGA2Y hcecin AYUGSANARY RAAGNROG
the mechanism that releases cells from the BMZ. Suprabasal cells express
hwimM YR hoim 6KAOK INB Ay@2ft SR Ay
addition to the desmsomes. Interestingly, their function switches from

contact between cells to contact with wound matrix molecules during wound

NBLI ANP CAylffes hpim Aa SELINBaZaSR 2yf

(De Lucet al., 1994Ginsberget al., 2003.

1.1.5 Calcium Regulation of Keratinocyte
Differentiation

During migration of cells from the basal layer to the stratum corneum,

keratinocytes change dramatically both in terms of morphology and cellular
biochemistry. In recent years, much progress has been made in relation to
understanding some of the detailed alecular mechanisms behind this

process.

30



Calcium is critical for controlling the balance of proliferation and
differentiation in epidermal keratinocytes(Eckert and Rorke 1989)
Extracellular calcium suppresses proliferation and promotes differentiaifon
keratinocyteg(Yuspeet al,, 1989) Other studies have also shown that calcium
signalling is important and a sustained increase in calcium levels is necessary
for induction ard maintenance of terminal differentiatiofOda et al., 2000; Tu

et al., 200). Pillai et al (1990have shown that extracellular calcium can also
act as a modulator and activator keratinocyte differentiation. This was
examined by a comparative study withltred keratinocytesusing both the
HaCaTcell line (Boukampet al., 1988) and normal human keratinocytes
(NHK). Increasing the extracellular calcium concentration from 0.09 mM to 1.2
mM could induce morphological and biochemical changes in keratinocytes

similar to those observed during differentiatiam vivo(Micallef et al., 2009)

The effect of extracellular calcium on the induction of terminal differentiation
in cultured keratinocytes can be followed using markers of differentiation
such as keratis K1 and K10. These are only found in the spinous iay8vo

and are only expressed by differentiating cells in culture. The same is true for
other markers of differentiation such as involucrin and filaggrin, which are
localized to the upper spinous argtanular cell layers vivoand again only

F2dzy R Ay GKS Y2NB YL G dzNB(Yuspeeha, IBNL y G A |
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Keratinocytes cultured in low calcium medium (G@20 mM) grow as a
monolayer and exhibit properties of basal cells includingntibuous
proliferation and expression of basal type keratins (K5 and KAdding
calcium to the medium induece these cells to undergoterminal
differentiation. A sudden increase in calcium concentration in the culture
medium arress cell growth and switces cells into terminal differentiation.

The morphological and biochemical changes that occur in these cultured cells
resemble those occurring in suprabasal cellsiva This is also accompanied

by the expression of terminal diffenéiation markers such as K1, K10 and
involucrin(Bikle et al., 1996)There have been many studies of both primary
keratinocytes (mouse and human) and various cell lines (e.g. HaCaT, Ntert)
and a useful comparisatiustrated below inTable 1.1was publisled recently

(Micallef et al, 2009.

Table 1.1: Characteristics ofimmortalized and Normal Human
Keratinocytes. A number of measures of proliferation and
differentiation are compared (data fromdlicallef et al, 2009

m AY LINPf AISMI @ Ay LINET A-3F0% Ml

high Ca high Ca

Accumulation of S+G2 cells in hig @ {bDH OSffa
Ca

Delay in K1, K10, Involucrin in lc K1, K10, Involucrin expressed fra
and high Ca day 1 (low Ca)
K1, K10 expressed on day 3lo YMX Ywmn | YR Ly @
and high Ca in high Ca
Involucrin expressed on day 6 lo
and high Ca
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Organotypic culture can also be used and hekeratinocytes arggrown at an
air-liquid interface These undergo more extensive differentiation and have
been successfullysed to study various aspects of keratinocyte growth and

differentiation in the laboratory.

1.2 Notch Signalling Pathway

1.2.1 Historical Background

Notch wa first described as a genetic trait in the fruit f{prosophila
melanogasterpy an American geneticist and a Nobel Laureate (TH Morgan) in
the early 28 century Morgan, 1917). He described a mutated strain of fruit
fly which had notches in the wingaales and attributed this to a lack of gene
function (haploinsufficiency). However, the gene involved was not isolated,

analysed and sequenced until the 1980s.

The initial characterization of notch mutants in Drosophila was done by
Poulson while describing drosophila gut formationthe embryo(Poulson,
1945). During that time (19371945), he examined embryological effects of an
extensive series ofiotch locusdeficiencies andnanaged to identify several
other defects in embryonic and adult tissues. Later work showed that the
Notch pathway was not only essentifalr Drosophiladevelopmentbut was

necessary foall animal tissuegWharton et al., 1985; Kidd et.al1986; Fior
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and Henrique, 2009)-urthermore, this work indicated that notch mutants
were not only involved in the development of the nervous system but also in
many cell fate decisions that take placedther animal tissues(Atravinas

Tsakonas, 1999)

Interestingly, the observations by Poulson helgedtlarifythe importance of
notch activity, and hovthe absence of notch genes can lead to hyperplasia of
neural tissue at the expense of epidernflsehmann et aJ 1983; Fior and
Henrique, 2009) Also, he notch pathway was identified as a cascade of
interacting neurogenic genes that function to control the formation of the fly
nervous systengVassin et aJ 1985). Thenolecular analysis and sequencing of
notch homologues was independently undertakenWlarton and colleagues
Ay (K S(Whadoy at@l3 1985)n the early 1990s, the four mammalian
homologues of notch (Notchc#) were identified Hansson et al.,, 2004
Ligands and ceeceptors have now been identified in several speciesble

1.2).

34



Table 1.2: Notch Receptors, Ligands and Gotivators in Different Species
(data summarised frorfrior and Henrique, 2009
Species | Drosophila | C. elegans Chick Mammals
Notchl
Notch Lin12 Notchl Notch2
glp1 Notch2 Notch3
Notch4
Lag2 Deltal B::é
Delta Apx1 Delta4
DI-4
Serrate arg-2 Jaggedl Jagged1
f16b122 Jagged?2 Jagged?
CBF1/ CBF1/
Su(H) Lagl
RBPJK RBPJK
Mam1l Mam1
Mam Lag3 Mam2 Mam2
Mam3 Mam3

1.2.2 Notch Signalling in Epidermal Development

Normal epidermal homeostasis requires a tight control of pecdifion and
differentiation programs within the epidermis. It is well known thaitch
signalling regulates epidermal cell adhesion and allnbeessarycomponents

are expressed in epidermal keratinocyt®agelos and Massi, 2009

In recent years, there has been considerable progress in identifying the

signalling pathway that regulates epidermal differentiation. It is important to
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point out that movement of signals from outsid® inside the cell is
fundamentalto many biological pycessesthat take place in the skin and
other tissues. This requires an interaction between two cells (a sending cell
and a receiving cell) where specific signal transduction takes place. This
means, cell growth or differentiation in the skin is somehowdtioning in an
integrative manner in which cellular processes are controlledfqrt and

Dotto, 2003.

However, signal transduction can also be mediated by several other factors
such as ion movements into and out of the cell and by modifying proteins by
phosphorylation(lversen et al., 2005 hus, multiple signals from surrounding
keratinocytes are involved in inducing the maturation of an individual
epidermal cell. Several important signalling cascades have been implicated in
the control of keratinocyd differentiation. These include the WhtCatenin
pathway Huelsken et al., 2001l Sonic Hedgehog (ShHjaf and Khavari,
1999; Hurlbut et al., 2007NFr | LR JBeitz et al., 1998; Nickolof et al., 2002
and cMyc Gandarillas et al.,, 1997 Homeobox (HOX) genes are also
considered as a critical player in the embryologic development of Sldat{

and Goldsmith 1993. In addition, lbne morphogenetic protein (BMP)
signalling is expressed throughout most of the developing skin epithelium and
this appeardgo inhibit the early stages of hair follicle morphogenegiadle et

al., 2004; Blanpain and Fuchs, 2R%otch signalling has now been added to
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the list of intercellular communication pathways that are involved in cell fate

determination within theskin

Abroad spectrum of developmental processes is regulateddigh signalling
(ArtavanisTsakonas et al., 1999There are a number of core players that
participate and the initial interaction requires contact between two
transmembrane proteins, a notcheceptor on one cell and a delagged
family ligand on an adjacent céfortini, 2001) However, there are 4 different
notch receptors and 5 different ligands in human cellaking interactions
complex. Differential expression of notch receptors andaigls can vary in
interfollicular epidermis and skin appendages, correlating with distinct cell

fates and the control of different programmes of differentiation.

Severalstudies haveestablisheda dual role for notchmediated changes in
some cells. For exple, Notch 1 allows basal cells to detach from the BMZ by
down regulating integrins but at the same time, it promotes early up
regulation of differentiation markers such as keratins (K1 and K10) and
involucrin. It also prevents the induction of loriciamd filaggrinin the lower

epidermis so these molecules are oelypressedn the granular layer.
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Recently, it was shown byloriyamaet al (2008) that notch signalling induces
granular cell differentiation and, simultaneously, prevents premature
differentiation of spinous cells due to the simultanes existence of both a
transcriptional activator and repressor downstream of notch duringlepnal

development(Figure 1.3.
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Figurel.3: Expression of Notch Receptors, Ligands and Target
Genes in Human Epiderm{adapted fromWatt et al, 2008).

The original notch signalling pathway components (e.g. delta (DLL) and
mastermind (MAM) genes) were isolated from neurogenic tissuds
Drosophila (Egan et .al1998) The notch signalling pathway is a process of cell
to cell communication that mediates sit signals that are able to regulate

cell fate decisions and maintain stem cell populations.
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The notch gene encodes a single transmembrane receptor pr¢fajure 1.4
that contains many EGF repeats and three membsareximal repeats
(Lin12/Notch/Glpl). The intracellular domain also has four distinctive
regions: a RAM domain, ankyrin repeats, TAD and RIBS8iRins (Baron,
2003) This polypeptide is synthesised in teadoplasmic reticulumcleaved
into two portions and hese are linked in a nowovalent manner bythe

heterodimerization region.
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Figurel.4: Schematic Structure of Notch receptoFheextracellular region
of the Notch receptor in Drosophila has 36 EGKE repeats (coloured in
purple) but fewer in mammals (296, differ in Notchl, 2, 3 and 4). Thjs
region is where Notch interacts with the ligand and EGF repeats 11 and 12
are essential for binding. The adjacent noin, known as a Lih2 repeat
(coloured in blue), is rich in cysteine and lies in close proximity to [the
heterodimerization domain (coloured in pink), responsible for binding the
two portions of the notch receptor together. The intracellular part of Notch
has four domains: a RAM (RBPjk Associated Molecule) domain (coloufed in
green) that enhances CSL (CBF1/Su(H)) binding, an adjacent sefies of
Ankyrin repeats (coloured in orange) that mediate CSL binding apd a
transactivation domain (TAD, coloured in y®l)o necessary for DNA
binding. Finally, the PEST domain (coloured in red) which is rich in proline,
glutamate, serine and threonine, targets Notch for degradation (adapted
from Radtkeet al.,2005;Fiuza and Arias, 2007

Plasma Membrane

In Drosophila, notch signalling lgnrequires three gene products: a single
notch receptor and two ligands (delta and serrate). In contrast, mammals
have four different notch receptors (NOTCH1, NOTCH2, NOTCH3 and
NOTCH4), three deligke ligands (DLL1, DLL3 and DLL4) and two jagged

ligands (JAG1 and JAG2). The number of notch receptors and ligands also
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varies with species but despite this variation, notch signalling plays an
essential role in several developmental processes common to all vertebrates

(Louvi andArtavanisTsakonas, 200@sshown inFigures 1.5 and 1.6
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Figure 1.5 Schematic Diagram of Notch Signalling Pathway in
Drosophila. Notch receptos are singlepass membrane molecules
activated by Deltdike and Serrate family membrandound ligands.
Notch is transported to the plasma membrane #go cleaved but
otherwise intact polypeptides. Interaction with ligand leads to two
proteolytic cleavages that free the intracellular domain (NICD). The NIGD
translocatesto the nucleus, where it forms a complex with DNA binding
proteins (CS) and displa@s a histone deacetylase (HDAw)-repressor
(CoR) complex. Components of an activation complex, such as MAML1
and histone acetyltransferases (HATSs), are recruited to th€éDESL
complexand activate Notch target genes. Note: CBT and SMRT are n(
involved in target gene activation (adapted from the following website
http://www.genome.jp/keggbin/show_pathway?org _name=dme&mapno
=04330.

—
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Figurel.6: Schematic Diagram of Notch signalling Pathway in Mammal
Notch proteins (Notchl-4 in vertebrates) are singjgass membrane
receptors activated by Delta and Jagged families of membbausd
ligands.Notch is tansported to plasma membrane awo polypeptides
bound together at thecleavage site Ligand mteractiors lead to twomore
proteolytic cleavages that releasedlintracellular domain (NICD). The NIC
translocates to the nucleus, forms a complex watfiDNA binding protein
(CSL and displaes the histone deacetylase (HDAc)-repressor (CoR)
complex. Components ofhe activation complex, such as MAML1 an
histone &etyltransferases (HATS), are recruited to the NE3ID complex,

leading to activation ohotch target genes. Note: Hairless and Groucho Ie

not involved in target gene activation (adapted fro
http://mww.genome.jp/kegg/pathway/hsa/hsa04330.html).
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1.2.3 Structure of Notch Receptors and Ligands

of jagged is absent in deltaFiizaand Arias,2007). However, both

lig2). This is considered the most interesting region for notch signalli
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There are two main differences in structure between delta and jaggeglie
1.7). Firstly, jagged has 18 epidermal growth factor (EGF) repeats while delta

only has 9. Secondly, the cysteine rich region withinak&acellular portion

are

transmembrane receptors and have a cysteine rich called DSL d2eltde

ng as it



mediates the interaction with the notch receptor EGF repeats-12lregions
associated with ligand binding). Moreover, theédminal region is crucial for
this interaction. The structure of the notch receptor and both ligands (delta

and jagged) is shown Figue 1.7below Fiuzaand Arias 2007.

Extracellular region

DsL

EGF-like
repeats
DsL
EGF-like
repeats

EGF-like
repeats

LIN 12

: repeats
Cys-rich P!
region
Non covalent

Plasma Membrane Heterodimerization domains

RAM

Delta Jagged Ankyrin

repeats

TAD
Intracellular region Notch + PEST

Figure 1.7: Schematic illustration of Notch Receptor and Ligand (Delfa,
Jagged)Structure Notch ligandgdelta, jaggedand rrate) are composed
of a DSlregion containing several EGF repeatssponsible forreceptor

interactions Jaggedand ®rrate) alsocontain an extracellular cysteirrich

regionbut delta does not Notchhasup to 36 EGHike repeatsin mammals
varies between 286 EGF repeats depeimgy onNotch 1,2, 3 or 4) EGF
repeatsites 11 and 12 are sufficient to mediate the interaction. Notch also
contains a cysteinegich region (Lin-12 repeat$ in close proximityto the
heterodimerization domain that nowgovalently tethers the extracellular
domain to prevent ligand independent signallingNotch intracellular
domains have four specific regionRAM (RBPjk Associate Molecule
Ankyrinrepeats (mediate the interaction between Notch and CBF1/Su (H)),
a transactivation domain (TADand a PESdomain (involved in notch
degradatior). PM: plasma membran@dapted fromFiuzaand Arias2007).

~—
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1.2.4 Notch Signalling Pathways

Notch signalling can occur via canonical or sanonical pathway

(Figure 1.8. The canonical pathway is notch cleavage dependent while

non-canonical pathway does not require cleavage of the receptor.

Canonical Non Canonical

I J
Notch Notch Cleavage
— s
Cleavage not required

* |

Ll * 1 L
* Axon growth and Guidence
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Dab €— —/> o
NICD l

\

/ Differentiation into Myotubes // KK

Peripheral Nervous System

_). Targets
Neural Crest Development NF-KB  gene

from Talora et al2008).

Figure1.8: Schematic of Canonical and Nd@Panonical Notch Signalling
Pathways Canonical notch signalling requires an interaction betws
receptor and ligand thateleasesthe intracellular domain (NICD) by
series of proteolytic cleavages. This domain translacatethe nucleus,
dislodges transcriptional cerepressors and enabdegene activation. Non
canonical signalling does not require irfreembrane cleavage ang
interaction between the receptor and ligand signals via NICD, Trib/Dagb or
other signalling pathway<an influence tissue development (adapte

)
en

|

o
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In 2002,0kajima and Irvinesuggested that notch signalling via its ligands is
positively regulated by a trargolgi protein called OFUT1. However, when
OFUT1 is ovesxpressed, it appears to inhibit notch signalling. This
paradoxical effect was apparewtldue to increased removal of notch
molecules from the cell surface (plasma membrane) and their entryant®

of the protein degradation systes(e.g. the ubiquitin proteasom@. This
mechanism prevents excessive accumulation of notch receptors at the cell
surface(Sasamura et al., 2007yhus, howOUFT1 contributeto higher levels

of notch activation during development is still not clear.

In general, notch signalling is triggered by cell to cell contact and this
communication is essential for the cortepatterning of animal tissues.
Interestingly, the interaction between the notch receptor and its ligands is
complex and bottserrate and delta can act as signal activators or inhibitors in

a concentratiordependent mannerKiuza et al., 200)0The notch eceptor is
presented on the surface of one cell where it can then interact with ligands on
neighbouring cells. The signalling pathway has several st&kigpgé¢ 1.9 and

these can be defined according to a series of proteolytic cleavages (labelled S1

to S9.

S1 cleavage takes place in the traymdgiin mammalsduring the transportof

the notch receptorto the plasma membrane but that does not appear to be
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the case inDrosophila A study byKidd and Lieber(2002) using a furin
resistant receptor showed that S1 cleavage was not required nfmch

function inDrosophila

However, there is still no consensus concerning the role of S1 cleavage in
notch function in mammals. Additionally, S1 cleavage appearhaee
different effects on the surface expression of N1 and N2 but is not required
for pathway activation. Another observation was tHafand binding makes a
conformational change in the RR (negative regulatory region) and then
metalloproteinase cleavagis?2) can remove the extracellular domé@ordon

et al., 2009)

The Slcleavagesite acts as a negative regulator of the receptor (NRR)
prevent notch activation in the absence of ligarkbpan and llagan, 2009
This cleavage is done by an enzymevimaas furin convertase within the
Golgi complexduring transport to the plasma membrane. This cleavage of
mammalian notch receptors yields a noavalently associated extracellular
domain and transmembrane subunit which form a heteiimeric unit(Rand

etal., 2000)

The second proteolytic cleavage (S2) takes place at the cell surface after an

interaction between the receptor on one cell and a ligand (delta or jagged) on
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a neighbouring cell. This cleavage is mediated by members of the ADAM
family of metaloproteinases(Gordon et al., 2009)The interaction between
receptor and ligand exposes an extracellular metalloproteinase sensitive site
and the cleavage is done by an ADAM metalloproteinase such as TACE. This
releases the extracellular domain (ECD) tha NICD still remains membrane
tethered asthis cleavage occurs external to the cell membrane. The cell
membrane tethered NICD is the substrate for the next proteolytic step (S3

and S4).

In vivostudies in drosophila have shown that these two conseeutieavages

(S3 and S4) require presenilin proteins in order to release the NICD and
activate notch signalling by translocation to the nucleus. In mammals,
presenilin is associated with a large number of other proteins that make up
the 1 -secretase complexX&3 cleavage takes place within tethered NICD where
presenilin and nicastrin release a soluble NICD. Interestingly, a recent report
by Taniguchi et a(2002) suggests that presenilin may not be the protein that
directly cleaves notcl{Baron, 2003) The notch intracellular domain (NICD)
once released from the plasma membrane can move to and enter the
nucleus. A repression complex consisting of CSL andptessor proteins

binds to DNA and keeps gene expression levels lowHsgee 1.9.
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Figure1.9: Schematic lllustration of Notch Signalling Pathway in Mamma

S

Notch receptors on cell surface interact with ligand on a neighbouring ¢ell.

Receptorligand binding triggers notch signalling viaseries of proteolytic

cleavages. The first cleavage by furin convertase (S1) occurs before ligand

triggering while the second cleavage by a transmembrane metalloprotein
(ADAM) termed TACE (transactivation converting enzyme) removes
extracellular denain. The final cleavage (83 { n 0 -sécketaskcomplex

ase
the

releases the notch imacellular domain (NICD). This can then enter the nucleus
and displace gene empressors. NICD binds to mastermind (MAM) and CSL

(CBF1, Su(H) or LA®to form a complex thtacan activate target genes HE
and HEY family (adaptdtbm Bianchi et al., 2006; Tien et al., 2009; Yin et
2010.
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Therefore, in the absence of signalling, transcriptional repression of notch
target genes occurs in the nucleus. However, oncédN#Granslocated to the
nucleus, the RAM domain triggers structural changes in theepeessor and

this is displaced. RAM is an essential structure for the association of NICD and
CSL. In mammal&;Promoter binding factor 1GBF1) functions as the CS3litu

and once the caepressor has been displaced, MAM can bind to form a
ternary complex that acts as a transcriptional activator. The MANactor is

very important in organizing this complex as it can recruit other proteins that
play a role in the trangiptional up regulation of target gendge.g. HESand

HEY) However, it also recruits cyclin C and cydiépendent kinase 8 (CycC:
CDK&8) which can hyperphosphorylate the NICD so that it becomes a target for
PESTependent degradation by Sell10 ubiquitigdse Eryer et al., 2004 This
reduces nuclear levels of NICD and terminates activation of transcription,

allowing a tight control of notch signalliffgior and Henrique, 2008)

Notch receptors contain three highly conserved Lin12/Notch repeats and a
heterodimerization domain (HD) that interacts to prevent premature
signalling in the absence of ligand (d&gure 1.10. The EGF repeats can also
be modified by adding various sugansd this allows enzymes such as Fringe

to modulatereceptoractivity.
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Figure1.10: Domain Structure of Notch Receptor ProtanNotch ligands
bind to the extracellular domain (EGF repeats1P) ofthe receptor in a
non-covalent manner. The intracellular domain detaches after a seriep of
proteolytic cleavages that releases the NICD. LIN12 repeats modplate
interactions between extracellular and intracellular domains. RAM
(CBF1/RBPJ kappa (RBRabsotated molecule in mammals and th
transactivation domain (TAD) aid release of NBEZI allow activation of
target genes in the nucleus. PESTProline, Glutam¢ Acid, Serine,
Threoninerich and NLS= Nuclear Localisation Signal. Transcriptiopal
activation domain (TAD) differs among the fonotch receptors(adapted
from Haltiwanger and Stanley, 2002; Wu and Griffin, 2004; Radtkal.,
2005)

D

1.2.5 Notch Transcriptional Regulation

Although the NICD is a shdied transcription factor, it is possible that some
notch target genes encode stable transcription factors that could produce a
sustained activity of the pathwassignallingdepends on theamount of NICD
inside the nucleusand this only appears to require a low concentration.
However, in the absence of NICD, CSL will bind 4®messors (e.g. SMRT,

SPEN) and these will keep transcription silent.
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