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Abstract

The dermal papillae of the hair follicle controk igrowth, differentiation and

apoptosis via a range of growth factors. Theseesedrgrowth factors are known to
differ between those of non-balding scalp and thafsealding scalp and can even
differ in response to a common stimuli — androgenbalding scalp androgen
stimulates the secretion of negative growth fa¢tevkile in non-balding scalp

androgen is found to exert little or no effect. Mat papilla cells (DPCs) can be
culturedin vitro, however those from balding scalp have been faendndergo

premature senescence compared to those from ndmdacalp. A major cause of
premature senescence is oxidative stress — theugratcumulation of reactive
oxygen species within the cell causing deleterioas of function. Reactive oxygen
species are known to be mediated in response togems and growth factors and
in turn may affect growth factor signalling withihe cell. Using low oxygen cell

culture as a means of reducing oxidative stregdjrigpand non-balding DPCs were
grown and characterised. It was confirmed that ¢owygen culture could increase
proliferation, delay senescence and reduce reaottygen species with both DPC
types and that balding DPCs showed a higher seitgito oxidative stress. It was
also found that secretions of growth factors by bla&ling DPCs in response to
different oxygen conditions differed greatly to tthaf the occipital DPCs.

Androgen, but not TGB-was found to modulate DPC production of catalase,

antioxidant, under low oxygen conditions and thasised a reduction in reactive
oxygen species in the balding DPCs. Balding DPCs0 allemonstrated an
upregulation of the antioxidant total glutathiohewever had a reduced fraction of

the active reduced form of the molecule. In additib was shown for the first time



that under cell culture conditions balding DPCsresp TGH3 receptors and it was
shown that proliferation and migration of the bagiDPCs could be affected by
addition of exogenous TGE- highlighting a potential role for TGF-as an

autocrine growth factor in the balding dermal papil
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Introduction
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1.1 The hair follicle

During evolution, mammals have developed hair, Wwhaerves a number of
functions. Fur coats aid thermoregulation; coatckhéss in many mammals
increases during colder months of the year to plwncreased thermal insulation
which can then be shed when the warmer seasondddair acts as a protective
barrier against the harmful effects of solar radratHair coverage and its colour can
also aid camouflage in many mammals, which may ltavderred an evolutionary
advantage (Stenn and Paus, 2001). Hairs have atbeed for specialised functions.
For example, whisker (vibrissae) hairs aid rodendddility to sense their
environment.

Compared to our primate relatives, the bodies ofleno humans have limited thick
‘terminal’ hair coverage; however, the only extémagions of human skin devoid of
hair follicles are the palms of the hands and sofdbe feet. Many regions, such as
the forehead, only have very fine unpigmented t&lhairs. The total number of
hair follicles in the skin of an adult human isiestted at 5 million, with 1 million
on the head of which 100,000 alone cover the sddlp.hair fibre is also one of the
fastest growing structures in the human body, witgrowth rate of human scalp

hairs of approximately 0.35 mm per day (Myers a@aniton, 1951).

Hair patterning is of great importance to social aaxual communication. This is as
true of humans as it is of other animals. Hair,eesly that of the scalp, allows
people to form judgements on other individuals'iliy, health, age and social
standing. One of the most common hair follicle digss is male pattern baldness,
also known as androgenic alopecia (AGA). This imesl the progressive

replacement of the larger and pigmented terminais haith thinner and shorter
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vellus ones, in a predictable pattern on the s@dhmilton, 1951, Randakt al.,
2001). This affects over 50% of males by the timeytreach their fifties (Hamilton,
1951). For this reason male androgenic alopeciablkasme a major focus of the
cosmetics industry. The most widely sold treatmeminoxidil — a topically applied
drug which is thought to improve blood flow to thalding scalp to allow regrowth
of the hair. Another treatment is finasteride —ragdtaken orally which inhibits the
body’s metabolism of testosterone into dihydrotesimne to reduce androgen
driven hair loss (for explanation of androgenictecolof the hair follicle se&ection

1.9).

1.2 Histomorphology of the hair follicle

The mammalian hair follicle is a complex, highlyngoeartmentalised structure
composed of both epithelial and dermal componeiis:germinative epithelium,
matrix, inner root sheath (IRS) and outer root #h¢@RS); and dermal papilla (DP)
and connective tissue sheath (CTS). As discusse®kation 1.3 the hair follicle
undergoes cyclical remodelling which can be dividetb three distinct stages:
anagen, catagen and telogen (Dry, 1926). Approxina®0% of human hair
follicles are in an active growth stage, anagerinduwhich the hair fibre is
produced in the follicle (Paus, 1998)jgure 1.1 demonstrates the basic structure of

a late anagen hair follicle (Norlehal., 1999).
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Figure 1.1: Basic structure of a late anagen hairdilicle. Schematic diagram
showing the organisation of the key compartmentd@iair follicle and associated

sebaceous gland. (Taken from Bull, 2002).
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1.2.1 The follicle bulb

Figure 1.1 demonstrates the location of the follicle bulktleg proximal tip of the
follicle. It is composed of germinative and hair tma epithelium, melanocytes,
dermal papilla (DP) and connective tissue sheaifSjGibroblasts and endothelial

cells which vascularise this highly metabolicalbfiae region (Norleret al., 1999).

1.2.2 Dermal papilla

The DP is pear-shaped structure almost fully emclosvy the follicle bulb
epithelium. The DP consists of specialised mesanahyfibroblasts. As well as
mesoderm-derived fibroblasts, neuronal and endath&slls form nerve fibres and
blood vessels respectively that penetrate the e hair capsule and invade into
the DP area. There is a close correlation betweersize of the DP and the size of
the hair follicle (Elliottet al., 1999). The larger the DP, the larger the hailiclel
and the thicker the hair fibre produced (Elliettal., 1999, Van Scott and Ekel,

1958).

Signalling between the DP and follicle epitheliustvital for hair follicle functioning
(reviewed in (Jahoda and Reynolds, 1996). As welloechestrating hair follicle
development, the DP possesses an instructiveyathitch governs the activities of
the hair follicle. The importance of the DP was destrated by the work of Roy
Oliver. He discovered that a) DP was essentiahtor growth (Oliver, 1966), b) if
the lower third of the hair follicle is removed theoximal CTS cells are capable of
forming a new DP and inducing regeneration of a halcle bulb (Oliver, 1966)

and c) the DP is vital for inducing hair growth @i, 1967, Oliver, 1971).
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DP cells retain their embryonic hair follicle dempinent inducing abilities, even
after culturingin vitro (Jahodaet al., 1984). Implantation of DP cells below the
epidermis of adult rat ear and footpad skin carruiecand transdifferentiate
epidermal cells into forming de novo hair follicle (Jahodaet al., 1984, Reynolds
and Jahoda, 1992). Similarly, hair follicle neogasehas been achieved by the
implantation of CTS cells underneath adult humademis (Reynoldst al., 1999).

In another key study, implantation of murine emimigomesoderm-derived cells
under rabbit corneal epithelium resulted in trafieckentiation of the epithelial cells,
with ectopic hair follicle development and epidehltype keratin expression. This is
important as it demonstrates that a) the underlynggenchyme controls epithelial
cell fate, including skin appendage formation andhe signalling pathways are

conserved between species.

1.2.3 Connective tissue sheath

Surrounding the epithelial components of the hallide is the connective tissue
sheath (CTS), also known as the dermal sheath CIlt& consists of mesenchymal
cells, namely fibroblasts and endothelial cellsi¢phhform the perifollicular blood
vessels), in a collagen rich extracellular matrbhe CTS provides structural
reinforcement to the rest of the follicle. Epitlaélmesenchyme interactions between
the ORS and CTS are thought to play an importaetirohair follicle function. In
the follicle bulb, the CTS is continuous with th& @nd migration between the two
compartments may occur (Tobet al., 2003). When the proximal hair follicle is
amputated, CTS cells can form a new DP, enabliegfeticle bulb to regenerate
(Oliver, 1966). Cultured human CTS cells allogetycgrafted onto a into human

skin activate hair follicle neogenesis wherein tieev follicle maintains the donor’s
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genetic profile (Reynoldst al., 1999). Notably, this paper also demonstrated that
this process did not trigger graft versus hostadisehighlighting the hair follicle’s

“immune privilege”.

1.2.4 Hair follicle epithelial cells

The hair fibore and IRS are produced by the follioléb epithelium, which almost
completely enclose the DP. The germinative eptinelare highly proliferative cells
(Weinstein, 1980), which give rise to a constameanh of hair matrix cells in
concentric layers that move up away from the DPe Whtogenic stimuli for the
proliferation of the germinative epithelium are @th factors secreted by the dermal
papilla (seeSection 1.4. The diffusion of growth factors from the derngalpilla
also dictates the differentiation of the epithekalls of the hair matrix into the

concentric layers of the cortex, IRS and ORS keoatites.

The cortex cells become gradually more keratinieedhey move away from the
proximal tip to make up the hair fibre. The IRSsaas rigid scaffold to the cortex,
moulding and directing its growth. The IRS endsuathe infundibulum area of
the follicle (the section above the sebaceous glémallow the hair fibre greater
flexibility. The ORS is continuous with the epitheh of the skin and encloses the
IRS. Around the area below the sebaceous glandislacspecialised region of ORS
called the ‘bulge’ region. This bulge although mot@tomical visible in the human
follicle is thought to harbour the major stem aeéervoir for the hair follicle and

surrounding skin (Cotsarele al., 1990).
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1.3 The hair follicle growth cycle

Hair fibre growth is not a continuous event. The Fallicle undergoes cycles of hair
fibre growth, followed by regression and a phaserative quiescence before
regenerating and beginning hair fibre productionimgThe length of the hair fibre
produced is therefore determined by the duratiothefgrowth phase (anagen). By
having a hair growth cycle the length of the hdard can be controlled — providing a

‘biological haircut’ for the mammal (Stenn and Pa2(01).

Stages of the human hair growth cycle were chaiaeteby Albert Kligman (1959).

For a comprehensive review on the hair cycle, $eerSand Paus, 2001.

There are three distinct stages of the hair grosyitie: the active growth stage
(anagen) during which the hair fibre is producedegressive stage (catagen) in
which the follicle partially degenerates, followéy a relatively quiescent stage
(telogen), in which the hair follicle waits for nesignals to re-enter anagen (Dry,
1926). More recently, a extra fourth stage has hmeposed entitled exogen in

which the hair fibre is shed (Milnet al., 2002).

The hair follicle can be divided into two portiomsth respect to the hair growth
cycle. The distal (upper) portion of the follicelpwn to just below the bulge region,
is said to be the ‘permanent’ region of the fodlichs it maintained throughout the
hair growth cycle. The region proximal (lower) tostis described as the ‘cycling’
portion of the follicle, as it undergoes marked oelelling during the hair cycle. For

an overview of the hair follicle growth cycle stageed-igure 1.2

28



Club
hair

Y
Sebaceous
gland
Hair
germ

Dermal
papilla
cells

Telogen

Dermal
papilla

Dermal
papilla

The old hair is shed

Catagen (Exogen) due to
TERMINAL enzymatic release
FOLLICLE
Anagen e New ANagen sy

Figure 1.2: The hair follicle growth cycle.Hair follicles go through well-
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1.3.1 Anagen

At the start of anagen, previously quiescent epéheells in the proximal follicle
adjacent to the DP (the ‘secondary hair germ’) mnthe bulge are activated, by as
yet uncharacterised signals, to proliferate. Tleisults in enlargement and down-
growth of the hair germ. The DP enlarges and besopagtially enclosed by the
proximal hair follicle epithelium, which reformsehbulb as follicle elongates. This
regeneration phase of anagen is sometimes desabguo-anagen. As with hair
follicle development, once a destined down-groméimgth has been reached,
proximal epithelial cells neighbouring the DP reseeitheir growth direction and
progress distally back towards the epidermis. Ithisse cells that then undergo
lineage restricted terminal differentiation, formithe hair fibore and IRS. Once the
cycling portion of follicle has fully reformed, thellicle is in late anagen, during
which the time the hair fibre grows is continuolibe structure of the late anagen
hair follicle is described irSection 1.2 Late anagen is a prolonged phase in large
(terminal) human hair follicles, which can last ib6 years and account for over 80-

90% of all scalp follicles (Paus, 1998).

1.3.2 Catagen

Late anagen ceases and the follicle enters whiahagin as catagen. Cessation of
germinative epithelium cell proliferation occurs darconsequently hair fibre
production stops. This coincides with many epitiledells in the cycling portion of
the follicle, particularly in the proximal folliclepithelium, undergoing programmed
cell death, known as apoptosis (for a review onpagsis, see (Hengartner, 2000).
Selective loss of cells results in shrinkage of fiblecle bulb, causing the proximal

epithelium to disclose the DP and retreat up towd#néd bulge region as an epithelial
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strand. This shrinkage causes the no-longer-growaig fibre, known as the club
hair, to be drawn upwards at the same time. Medawttie DP becomes rounded
and condenses, before trailing behind the regrgsspithelial strand. Another clear
histological sign of catagen is the marked thickgnof the vitreous or glassy
membrane of the CTS (Kligman, 1959). The DP, tdaity the CTS then retreats
upward towards the bulge region. These changesllinlé morphology have long

been characterised in detail by light microscop¥igidan, 1959) and by electron

microscopy (Parakkal, 1970).

Catagen lasts two to three weeks in human haiclied (Kligman, 1959). Catagen
provides a mechanism whereby the hair follicle stpduction of its hair fibre and
moves it towards the skin surface for subsequeeatiding. It is unclear how the
apoptosis is orchestrated so that some epitheditd of the follicle are selectively
lost without causing a disintegration of the proainfiollicle. Several factors are
thought to control catagen, including the transfogngrowth factor beta (TGPB}

isoforms (Foitziket al., 2000, Foitziket al., 1999) and dickkopf-1 (DKK-1) (Kwack
et al., 2012), although the factor or factors controlliing switch from anagen to
catagen have yet to be determined, there is thoiegbe an important role for

CLOCK genes which regulate circadian rhythms (Geyfrand Andersen, 2010).

1.3.3 Telogen

Following catagen, the shrunken hair follicle go&® a more quiescent phase. The
non-growing hair fibre (known as a club hair) igim anagen resides in the follicle,
but is eventually shed. Around 10-20% of scalpidtdk are in telogen at any given
time. In human scalp hairs, telogen lasts for axprately 2 months before the

follicle receives signals that induce a return tagen and the cycle repeats itself
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(Paus, 1998). As with the anagen to catagen swililQCK genes regulating
circadian rhythm are thought to regulate the darafor which the follicles remain

in this quiescent state (Geyfman and Andersen, 2010

1.3.4 Exogen

The club hair's excision from the hair follicle i©ot, as was originally thought, a
passive process, rather it is an active stage itself known as exogen (Van Neste
et al., 2007). During this stage the club hair losesaatthorage from the surrounding
CTS through the loss of the ORS layer. The loogb bhir is then forced upwards
by the newly formed secondary germ as it formsnignet anagen follicle (Higginat

al., 2009).

1.4 Growth factor signalling in the hair follicle

Growth factors are secreted from the dermal papittathe surrounding germinative
epithelium and hair matrix keratinocytes and argpoasible for a range of cell
activities. Growth factors provide the mitogeniorsili for the rapidly proliferating

germinative epithelium during anagen. Growth faaldfusion is also responsible
for stimulating differentiation of the hair matrimto their varying concentric layers.
One such growth factor is IGF-1, which acts as bathmitogenic and a
differentiation signal (se&ection 1.F(Philpott et al., 1994). Growth factors also
stimulate the onset of apoptosis in the ORS whiajgérs the involution of the
follicle during the regressive catagen stage of ghewth cycle. Growth factors
known to induce this response are the T88Fand DKK-1 §ee Sectionsl.5 and

1.6)(Foitziket al., 1999; Foitziket al., 2000; Kwacket al., 2012).
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Many other signalling pathways have been shownlay pnportant roles in hair
follicle development. These include epithelial gtbwactors, bone morphogenic
proteins, epidermal growth factor, fibroblast groviéctors and insulin-like growth
factors (Danilenkoet al., 1996, Philpott, 1998, Yamanishi, 1998, McElweda an

Hoffmann, 2000).

1.5 TGF

TGFJ exists as three distinct isoforms TE-B2 and B3, which confer different
roles depending on cell and tissue type. In fikaestd, the TGS typically stimulate

tissue remodelling during processes such as wowading, wherein an altered
combination and organisation of ECM components saghollagen and fibronectin
(Keski-Ojaet al., 1988, Raghowet al., 1987, Vayalilet al., 2005). They have also
been found to modulate cellular functions such radifpration in lung fibroblasts
(Moses et al., 1987) or motility as well as being indicated iroaulating cell

migration in myofibroblasts (Brenmoeh&t al., 2009) or lung fibroblasts

(Postlethwaiteet al., 1987).

TGF{1 has a growth inhibitory effect on human hairiédds (Philpottet al., 1990).

Both TGF$1 and TGF32 have been shown to be expressed in the human hair
follicle, and are known to mediate the hair folid initiation into catagen (Foitzit

al., 2000, Foitziket al., 1999). TGH3, a mediator of embryonic wound healing

(Cowinet al., 2001) is not known to be expressed in the adulirgy hair follicle.
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1.5.1 TGH receptor

The active TGH3 receptor is formed from two proteins — TGRY and TGFBRII
(Figure 1.3). Together these form a heteromeric, membrane dgtmcture which
binds all TGP isoforms as well as a number of other Activin-fgrmmolecules
(including bone morphogenic protein - BMP). Altlgpua third TGH receptor
exists (TGFBRIII) it is not known to be expressed in the hunhair follicle. TGF-
BRIl is required for the initial binding of the TG, $2 or $3 ligands. TGH1
and $3 bind to the receptor with a higher affinity tha@F{2. TGFRI is unable
to bind TGFB isoforms, instead it is phosphorylatively activhtey TGF$RII,
causing TGHRI to undergo a conformational change (Wragtaal., 1994)
activating its ability to carry out threonine/seriphosphorylation of its intracellular

mediators (se8ection 1.5.2
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Figure 1.3: TGFHB cell surface receptors and intracellular Smad sigalling
pathway. TGFB ligands bind to TGBRIl (lI) which undergoes conformational
change to reveal phosphorylative activation sites Which have serine/threonine

kinase activation of TGIRI (I). TGHRI in turn phosphorylates Smads 2 and/or 3

which subsequently form a heteromeric complex w8mad 4. Smad 2/3/4

heteromer subsequently translocates to the nuglbesein to interact with specific
DNA binding proteins (X) such as AP-1 and SP-ligadtng the transcription of

target genes.(Naka al., 1997)
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1.5.2 TGF4 intracellular mediators

The canonical intracellular transduction pathwayl G~ signalling occurs through

the Smad proteins (Lutz and Knaus, 2002). TBBFphosphorylates the C-terminus
of the Smad2 or Smad3 protein which forms a heterowith the Smad4 protein
(Figure 1.3. This complex then translocates to the nucleusraih it activates

transcription of genes controlling a wide arrayuofcesses.

TGFJ signal transduction has also been found to be atedlivia the intracellular

signalling occurs via the mitogen activated protkinases (MAPKs) family of

proteins (Yamashitet al., 2008, Shinet al., 2005).

Two of the major promoter targets of Smad are thi&l Aand SP1 transcription
factors, which promote the transcription of genastiolling a wide range of cellular
functions, including proliferation, apoptosis, nagon, cellular redox as well as
autoregulating components of the TGFsignalling pathways itself (Vayaldt al.,

2007).

1.5.3 TGF$ binding proteins (LTBPS)

The rate-limiting step controlling the level of setion of TGFB isoforms is
controlled via carrier proteins known as the lat€@&Ff binding proteins (LTBPS)
1-4. For TGFB to be secreted into the extracellular space, istnme bound and
chaperoned out of the cells by LTBP-1, -3 or -4h8menet al., 1999).

The LTBPs are able to bind to ECM components ssdibeonectin or fibrillin, thus
they are able to target T@$ to tissues with specific ECM (Hyytiainen and Kiesk
Oja, 2003, Hyytiaineret al., 2004). LTBP-2 which does not contain a binding
domain for TGF, is able to act as a competitive antagonist fes¢hECM binding
sites, effectively blocking the targeting of T@Re tissues (Hirangt al., 2007).
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TGR3 is released from the binding protein through eratyencleavage by plasmin,
thrombin and MT1-MMP (Taipalet al., 1992, Tattet al., 2008). A number of other
factors, including the presence of reactive oxygpecies, can increase the rate at

which this cleavage occurs (Kaial., 2001).

1.6 DKK-1

DKK-1 functions by disrupting Wnt signalling. Wnigsal is transduced via the
transmembrane protein family the Frizzleds, whichlocalise in the membrane
with LRP5 or LRP6 (Niehrs and Shen, 2010). DKK-lalsle to bind to LRP5/6
when associated with the co-factor Kremen (Daouasi Andonopoulos, 2011).
This process does not trigger a signalling eveméctly, instead it cause the
internalisation of the Kremen-LRP5/6 complex, thresglucing the total available
LRP5/6 exposed to the extracellular domain for Wigands (Daoussis and

Andonopoulos, 2011).

Wnt1l0b has been shown to stimulate epithelial difiation and hair follicle
growth (Ouiji et al., 2007) therefore DKK-1 action in the hair follicteay be to
disrupt this positive growth signal. It has beerwsh that mice over-expressing
DKK-1 display an early onset of catagen or can tiaitdevelop follicles altogether
(Andl et al., 2002). In humans, DKK-1 has also been shown tecloeeted by the DP

which then induces the onset of catagen (Kwetck., 2012).

1.7 IGF-1

Insulin-like growth factor (IGF) is a well estalfisd positive growth regulator of
hair follicle growthin vitro with the IGF-1 isoform being approximately 10 tsne

more potent than the IGF-1 isoform (Philpettal., 1994). IGF-1 has been shown to
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be secreted by the DP (Messenger, 1989) and stiesumitogenic growth of the
follicle keratinocytes as well as inducing diffeti@tion of the varying keratinocyte

root sheaths (Rudmaaal., 1997).

IGF-1 signalling is transduced via the IGF-1 reoepwhich is expressed in the
epidermal keratinocytes of the hair follicle (Hodatlal., 1996). IGF is able trigger a
number of signalling cascades within the cell tihauce survival or differentiation
pathways, including the PI3K-AKT pathway and theKERathway (Lewiset al.,

2009).

1.8 Androgens and hair growth

Human hair growth is influenced by a number of hons, including thyroid
hormones and female sex hormones which are imptlicatrgely during
pregnancy. During this time, hair follicles remamanagen, however postpartum
when the maternal physiology returns to normalséhillicles move into catagen

and telogen and are shed (Lynfield, 1960).

The most obvious regulators of human hair follickes the androgens. This was
first established by the work of Hamilton (1942)wimich he observed that male
eunuchs failed to go bald. Further to this, it wdsserved that men who had
begun to show signs of balding before castratiahrait demonstrate any further
hair loss, although hair did not grow back eitharaddition to this, 4 out of 12

eunuchs treated with testosterone injections baegamwing signs of baldness and

all 4 of these subjects came from families withrevjalence of AGA.

Androgens are mediators of terminal hair growtlogighout the bodyRigure 1.4).

With sexual maturity, androgens cause enlargemien¢ltus hairs to form terminal
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follicles in the axilla and pubis of both sexesdam the face, trunk and extremities
in men (Marshall, 1970). Paradoxically, in thoseowdre genetically predisposed,
androgen can trigger the development of male patbaidness (also known as
androgenic alopecia (AGA)) manifested as miniaatigs of scalp hair follicles in

the frontal and crown regions of the scalp. Polysh@ms in the androgen receptor
(AR) gene represent a major prerequisite in theiatietd of early-onset AGA

(Hillmer et al., 2005). The location of this gene on the X-chroomes emphasises

the importance of the maternal line in the inhedtof this condition.

The paradoxical effects of androgens on scalp ay Ihair are as yet not fully

understood. However, androgen effects on hair drattparticular body areas are
believed to be due, at least in part, to factochsas increased number of androgen
receptors, increased local production of high-pogyeandrogens, and/or reduced

degradation of androgens (Randlal., 2000).

Hamilton (1951) first established the importancefirogens in human hair growth,
when he found that castration of males before pylmevented beard and auxiliary
hair growth and after puberty reduced both (Hamilton51,9Hamiltonet al.,
1958). However, the strongest evidence that androgenvolved in regulating
human hair growth is provided by the changes seerpuberty when the
appearance of pubic and axillary hair occurs inalpalr with the rise in plasma
androgens (Wilson, 1975). In addition, one of thengry methods of treatment for

androgenic alopecia is the androgen antagoniastéride (Trueb, 2006)
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Figure 1.4: Schematic showing the differential efiets of androgens on hair
growth. Androgens have different effects on hair growthpedeling on body
location: On the beard, chest, pubis, axillae axidesities, where, beginning at
puberty, hair follicles are stimulated to becomenieal follicles; on the scalp, where
follicles are inhibited in a patterned distributian men with a hereditary

predisposition to baldness.
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1.8.1 Androgen metabolism

The major circulating plasma androgens are testmste in men and
androstenedione in women; however the effects afrastenedione may be
dependent on the enzymatic conversion to testas¢éeno peripheral tissues by
the enzyme 17B-hydroxysteroid dehydrogenase. Arah®gxist in circulation;
70% bound to sex-hormone binding globulin, 19% lbtm albumin and the rest
circulates as free androgen. Androgen production ba both glandular and
extraglandular. Androgen synthesis begins with e$terol which is converted to
pregnenolone (Hoffmann, 2002). Following -hydroxiga at the C17-position,
the action of the enzyme C17-20 lysase cleavealdiatbon moieties, leaving a C-
19 carbon steroid with a C-17 ketone in the distey. These '17-ketosteroids' make
up a group of relatively weak androgens, such aydteepiandrosterone (DHEA),
defined by their relatively low affinity for the drogen receptor. Approximately
75% of DHEA and 95% of dehydroepiandrosterone satlpiDHEA-S) is derived
from the adrenal gland (Hinson and Khan, 2004).s€heeak androgens can be
enzymatically converted to more potent androgech sis testosterone, which is the
major circulating androgerfigure 1.5). In the hair follicle the principal pathways
involved in the conversion of weak to more potamdragens are through activity of

the enzymes [Bhydroxysteroid dehydrogenase/isomeras@-HED) and 1B-

hydroxysteroid dehydrogenase RHASD).

In most target organs, testosterone can be funieabolised to DHT via the action
of ba-reductase @R). The affinity of DHT to the androgen receptor is
approximately five fold higher than that of testwshe. There are two distinct forms

of 5aR, referred to as types 1 and 2, which differ mirthissue distribution (Silveat
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al., 1994). Type 1 &R is prominent in sebaceous glands, while typeaR %s

prominent in the genitourinary tract and withinrtailicles, in the outer root sheath
and proximal part of the inner root sheath (Baghal., 1999). Other studies have
suggested that type 2xB may also be the predominant form of this enzyme i

dermal papillae (Eichelest al., 1998).

The pathway of steroid hormone metabolism studiedtrthoroughly in relation to
hair growth is testosterone and conversion of ststone to DHT (Siiteri and
Wilson, 1970). Hair follicles of the balding scdipve been shown to express higher
levels of mR2 compared to relatively low amounts in the odaicalp, making the
total levels of the more potent DHT much highetha balding follicle (Hamadet

al., 1996).
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1.8.2 Androgen receptor

The AR is an intracellular transcription factor ttheelongs to the steroid/nuclear
receptor superfamily (Quiglegt al., 1995). When the AR is ligand-activated by
androgens, it translocates to the nucleus, andshimdlimerised form to specific
genomic DNA sequences, which are called androgsporese elements in the
regulatory regions of androgen-dependent genesKgpge 1.6). Binding of the
androgen-AR complex activates or represses theessgjon of androgen-regulated
proteins (Choong and Wilson, 1998). Thus, AR cdstrthe transcription of
androgen-dependent proteins from embryogenesigdaith@od. The AR gene is
localised on the X chromosome at Xql11-12 (Braaval., 1989), is encoded in eight
exons (Lubahret al., 1988) and has, like other members of the stereddptor
superfamily, three main functional domains: theasectivation domain (TAD), the

DNA-binding domain and the ligand-binding domainaihelsdorkt al., 1995)

All steroid hormones act by diffusing through tHagmma membrane and binding to
specific intracellular receptors; these hormonepénr complexes undergo
conformational changes, exposing DNA binding sifd®e activated complexes then
bind to specific hormone response elements in tN&,OQoromoting the expression
of specific hormone-regulated genes. Variationshim levels of androgen receptor

expression and testosterone
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Figure 1.6: Mechanism of androgen actionTestosterone (T) enters the cell and is
converted by &-reductase to &-dihydrotestosterone (DHT). DHT binds to the
androgen receptor (AR) leading to a conformatiatenge in the protein and the
dissociation of several accessory proteins, indgdneat shock proteins (HSP).
Binding of the AR to the androgen response elenf@RE), along with other

transcription factors (TF) regulates the trans@iptf mMRNAs. (Itami, 1992).
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metabolism are thought to explain the variabilithieh exists in androgen
responsiveness at different body sites and betwekwiduals in terms of androgen
mediated hair growth. Scalp hair follicle growth tlought not to be androgen
dependent as a full head of terminal hair is addeduring childhood in the

absence of high levels of circulating androgens.

The mesenchyme derived dermal papilla plays an itapbregulatory role in the
follicle, altering many parameters and determinihg type of hair produced. As
steroids act via mesenchyme in many developingistelependent tissues including
breast and prostate, androgens act on the otheparments of the follicle via the
dermal papilla (Itami and Inui, 2005). As showrFigure 1.7, circulating androgen
enters the dermal papilla via its blood capillangsere they bind to androgen
receptor within the DP cells of androgen-dependhet follicles. Whether or not
androgens are first metabolised intracellularhDtdT would depend on the site of
the follicle. There is evidence to suggest that edallicles require the reduction
to DHT while others metabolise testosterone withdbts step. In male
pseudohermaphrodites withaBeductase deficiency; normal scalp, pubic and
auxiliary hair growth occurs but no beard growthtemporal recession is found.
This occurs even though plasma testosterone camatiens are high (Imperato-
McGinley et al., 1986). This suggests that although pubic andlianxihair follicles
are also dependent on androgens, the intraceladsrhanism of androgen action
differs from that of beard follicles. Thea&eduction of testosterone appears to
be necessary for the growth of beard hair but wotpubic and auxiliary hair
growth. Itamiet al. (1991) have shown using an assay farfréductase activity
that beard DP cells show increased levels @fr&ductase activity compared to

DP cells from the occipital scalp which would suppthis hypothesis, while
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Hamada and co-workers (1996) have now shown usihg tlayer
chromatography, that pubic and auxiliary PD celtdise testosterone as the
primary androgen, while very little DHT was utiléén these cells (Hamad#

al., 1996).
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Figure 1.7: Model for the mode of androgen actionn the hair follicle.

Testosterone (T) is transported to the dermal |zapif the capillary network ar
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with higher affnity for the androgen receptor (T+). These andregben cause tr
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into the extracellular matrix to induce a range @#ll functions including
proliferation, differentition and apoptosisDiagram taken froi from Randall,

(2000).
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1.8.3 Androgenetic alopecia (AGA) and androgens

AGA that affects both men and women, is one ofntfaén clinical conditions of hair
growth involving androgens and occurs in genetically predisposedvithails
(Hamilton, 1960, Birch and Messenger, 2001). Alifo AGA is not a life-
threatening condition it causes great psychologiadtess, affecting the individual's
quality of life (Moerman, 1988, Wilsomt al., 1991). AGA affects at least 50% of
Caucasian men by the age of 50 years, and up to af0&l males in later life
(Norwood, 1975). There are marked racial variatiomsncidence, for example
Caucasians are four times more likely to developAAiBan are males of African
origin (Setty, 1970). The genetic basis of AGA @dygenic, with the patterning, age
of onset and rate of progression being determihexligh the culmination of a large
number of genes, reflecting the complex array otens involved in hair growth

and patterning (Hoffmann, 2002).

One of the major driving factors of AGA is expressiof the X-linked AR gene
(Hillmer et al., 2005). This fact leads to AGA occasionally beimgprrectly referred

to as an autosomal dominant condition (Bergfel®5)9

The critical event of AGA is the shortening of #weagen (growth) phase leading to
miniaturisation of the hair folliclesee Figure 1.8 eventually leading to the
transformation of hair from long pigmented termit@alshort fine vellus type hair
(Paus and Cotsarelis, 1999). This slow transfoonabccurs in a precise, well
defined pattern on the scalp in men where the &torgcession is initiated and is
followed by balding on the crown and vertex (Haomnlt1951, Norwood, 1975). The
anagen phase in a normal adult scalp lasts fromtowas long as seven years.

However, in men with AGA, this decreases from salvgears to months, or even
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weeks, while the telogen phase remains the sanengthens (Jackson, 2000) as the
affected hairs cycle more quickly. This leads toaked reduction in the anagen-to-
telogen ratio from a normal 6 to 8:1 ratio to am@imal 0.1 to 3:1 ratio (Whiting,
1993). Moreover, the lag period between the teloged anagen phase becomes
progressively longer, leading to a reduction in thenber of hairs present on the
scalp at any one time (Courtasal., 1994). The miniaturised hair follicle ascends
from the reticular dermis to the papillary dermidigman, 1988). On histological
examination of scalp biopsies, the miniaturisatioh terminal hairs is often
associated with perifollicular lymphocytic infiltian, and eventually fibrosis

(Jaworskyet al., 1992).

Androgen receptor expression in the hair follicle seen only in those
mesenchymal portions of the follicle, namely thend& papilla and the connective
tissue sheath; no expression was seen in the nalix of the follicle bulb or in

the outer root sheath (Choudhatyal., 1992). The keratinocytes of the follicle do
not express ARs, highlighting that it is only thesanchymal cells of the follicle

which act as an androgen target (leual., 2000)

Differences in androgen receptor expression haea lodserved by Randadl al.,
(Randallet al., 1992), who showed by measuring synthetic andrdgeund to
endogenous androgen receptors on cultured dermpillgga from androgen-
dependent human hair follicles i.e. beard, pubid serotum and from relatively
non-androgen dependent non-balding scalp follicleat dermal papilla cultures
from androgen dependent follicles express more cgadr receptors than those

from non-balding areas of the scalp (Hibbettal., 1998).
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Figure 1.8. Diagrammatic representation of the hairfollicles in response to
androgens. showing gradual changes which occur in A, in arstaswulated by

androgens, e.g. beard and B, on the scalp of gatigtdisposed individuals.
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As steroids act via the mesenchyme in many statepkndent tissues, androgens
have been proposed to act on epithelial componfetitechair follicle indirectly via
the dermal papillaKigure 1.7) (Randallet al., 1991, Randalét al., 1994). The DP
has been shown to contain androgen receptors (Rabdh, 1991) and it has been
proposed that circulating androgens; e.g. testmstgerenter the DP via its blood
capillaries and bind to androgen receptors witthie DP and cells of androgen-

dependent hair follicle.

Follicles from the frontal scalp region of the rdcgy hairline which are neither full
terminal nor completely miniaturised vellus folesl are described as intermediate
follicles. These follicles when compared to ternhifiglicles from the occipital
region are smaller, less bulbous towards the prakitip, have a reduced
pigmentation of the hair fibore and have a smalfegre rounded dermal papilla

(Mirandaet al., 2010).

These follicles serve as an effective model forngreng the pathogenesis of
androgenic alopecia as cells cultured from thenmbatximarkedly different behaviour
when culturedn vitro, most notably that they are show a higher seiisitio altered
growth factor secretion when stimulated with anérogy(Bahtaet al., 2008, Kwack

et al., 2008, Inuiet al., 2002). Once bound by the androgen receptors mir@stin
dermal papilla cells of androgen-sensitive follgl@ndrogens cause alterations in
the production of paracrine regulatory factors. Sehparacrine factors then influence
the activity of other follicular cells. In some ligles, depending on the site of the
follicle, testosterone is metabolised to 5alphaydibtestosterone (DHT) prior to
binding the androgen receptor (Randall and Ebli®&2). In balding follicles it has

been shown that androgens stimulate the producimh secretion of inhibitory
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growth factors such as TGR- and DKK-1 (Kwacket al., 2012, Inuiet al., 2002).
However, in the androgen-sensitivehair folliclesr@gions such as the beard, axilla
and pubis androgens have been shown to stimulatertfduction and secretion of

the positive growth factor IGF-1 (ltarei al., 1995).

1.9 Cellular senescence and ageing

Normal diploid cells, enter a state of senescefiee a limited number of population
doublings, characterised by irreversible growthestrr enlarged and flattened
morphology, and a significantly different gene egsion profile. Cellular

senescence was first observed by Hayflick and Mesmth(Hayflick and Moorhead,
1961) who characterised the process in normal hufibaoblasts which entered a

state of irreversible growth arrest after seridfication in vitro.

In 2007, Itahanat al. found that senescent cells show activity of anoatoal 3-
galactosidase enzyme which is termed senescencetatsesi-galactosidase (SA-

gal) activity (Itahanaet al., 2007).B-galactosidase is a lysosomal hydrolase and is
normally active at pH 4. But the JAgal correlated with senescent cells is active at
pH 6. Bothin vitro and in vivo, the percentage of cells positive for $Agal
increases with respectively cumulative populati@muldling and age (Dimrét al.
1995). In addition, it is possible to find associatbetween the increase in $Agal

and the appearance of the senescent morphotypesssdiat et al., 2000).
Lysosomes are reported to increase in number aedrssenescent cells (Robbiis
al., 1970, Brunket al., 1973). SAB-gal appears to be the result of increased
lysosomal activity at a suboptimal pH, which becendetectable in senescent cells
due to an increase in lysosomal contents (Kairal., 2000). The results of similar

studies suggest that duriimgvitro ageing increased digestion of the cell's orgaselle
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may be associated with an increase of lysosomas mwad SA3-gal (Gerlandkt al.,

2003).

Senescence may contribute to ageing by two medahanisnamely the net
accumulation of senescent cells in tissues, aniihbiing the regenerative potential
of stem cell pools (Gutteridge 1992). Ageing is enegfic physiological process
associated with morphological and functional chanigecellular and extracellular
components, forced by throughout- life injury anelsulting in a progressive
imbalance of the control regulatory systems of dinganism, which includes the
hormonal, autocrine and neuroendocrine, and imnmongeostatic mechanisms (Yu
and Yang 1996). Ageing has been characterised @ ieadependent functional
decline, leading to the cell's inability to resestternal and internal challenges.
According to this description, ageing is, therefaitee result of two independent
biological processes: the loss of functionalityd éime loss of resistance to stress. The
causal factors that underlie the time-dependemtetigous processes of ageing have
not yet been well defined, and no single adequatecular explanation for ageing is
currently available. The theory of biological aggiis observed as an organism's
failure to maintain homeostasis (Gutteridge 199Rg ageing process’s contribution
to functional changes are small early in life kapidly increases with age due to the
exponential nature of the process (Harman, 1991mH@a, 1992, Timiras, 1994).
The free radical theory of ageing was proposed agntdn in 1954 which suggests
that ageing results from imperfect protection agatissue damage caused by free

radicals.
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1.9.1 P18"“? and pRB signalling

There are various different stimuli that can indacgenescence response. However,
they converge on one or two pathways that estabhshmaintain senescence growth
arrest. These pathways are directed by the tumqpressor proteins p53, P82
and pRB (Bringold and Serrano, 2000, Campisi, 2000h)ese proteins are
transcriptional regulators. Senescence that ocaftes a predetermined number of
cell divisions is commonly referred to as replieatsenescence which occurs as the
result of shortening and/or uncapping of telomeneg is mediated by p53 tumour
suppressor protein and its downstream effector®'pg3errano and Blasco, 2001,
Ben-Porath and Weinberg, 2005). Alternatively, <athay senesce rapidly in a
telomere-independent manner in response to inateequdture conditions. This
stress-induced premature activation of the senesc@nogram is thought to be
mediated by another CDK inhibitor, the B{€* protein (Jacobs and de Lange,

2004).

Senescent cells up-regulate P8 which also controls pRB activity (Hagt al.,
1996, Alcortaet al., 1996). pRB and P1¥“? function in a common pathway that is
important in the growth arrest of cells after attmumber of population doubling.
P16INK4a is a positive regulator of pRB and tumeuppressor in its own right
(Sherr and McCormick, 2002). P1§*2 acting through the pRB pathway, is thought
to be important for the senescence response (9ert8a7, Steiret al., 1999, Ohtani

et al., 2001, Jacobs and de Lange, 2004)."¥4%is induced by certain oncogenes
(Zhu et al., 1998) and other damage or stress signals (RaldsAdami, 1998,
Chen, 2000, Ramiregt al., 2001), and is required for the telomere indepenhde

senescence of some cells (Kiyomb al., 1998, Rheinwaldet al., 2002). Cell
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proliferation may be limited by P1§*? by a mechanism distinct from that utilised
by p53, since some human epithelial cells senedteratatively long telomeres and
high P16"“® expression (Kiyonoet al. 1998; Ramirezet al. 2001). Moreover,
ectopic expression of telomerase does not protach sells from replicative
senescence, suggesting that 'P¥8 expression and function are independent of
telomere status (Kiyonet al. 1998; Ramirezt al. 2001). Phosphorylation regulates
pRB function by inducing E2F release and followitige expression of E2F-
dependent proteins, such as cdc2 and cyclin A. fligesies are not expressed in
senescent fibroblasts dependable with a block iB pRosphorylation at senescence
(Cristofaloet al., 1992). Additionally, pRB is found in a hypophospylated state in
senescent fibroblasts (Stest al. 1999). Overcoming this senescence block is
possible by fusion with cells containing the virahcogene E7, which binds
unphosphorylated pRB (Ste@ al., 1999). P18"*? blocks pRB phosphorylation by
binding Cyclin dependent kinases 4 and 6 (cdk4,6¢dand inhibiting their
association with cyclin D (Serrareb al., 1993). This results in a inhibtion of pRB
phosphorylation and E2F release and concludes iceBlcycle arrest. It has been
shown in several studies that P44 levels increase in human and rodent
fibroblasts as cells are passed to terminal senesc@Haraet al., 1996, Alcortaet

al., 1996). The cell cycle arrest induced by the ihiation of P18"? occurs only

in cells that retain functional pRB (Lukatsal., 1995)

(Lukas et al., 1995). The importance of PY6"™ as a tumour suppressor is
highlighted by its regular inactivation in diffetetypes of human malignancies

(Ruas and Peters, 1998).

The P18"** and presumably the pRB pathway activate a bartéercell

proliferation, which cannot be overcome by lossp&8 function. Once the pRB
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pathway is engaged, particularly by P&, the senescence growth arrest cannot be
reversed by subsequent inactivation of p53, sitencif P18'%*2, or inactivation of
pRB (Beausejouet al., 2003). Thus, once pRB establishes repressiventitin at
E2F target genes and possibly other loci, maintemaof the heterochromatic
domains no longer requires P82 or pRB activity, which explains the remarkable
stability of the senescence growth arrest. Thus,Rb&'“*? /pRB pathway appears
to be particularly important for ensuring that teenescence growth arrest is
essentially irreversible and refractory to subseguectivation of p53, pRB, or both
(Itahanaet al., 2001). The p53, PY¥*® and pRB pathways are significant for
establishing the replicative senescence of humds ttet lead to a growth arrest
that cannot be reversed by known physiologicalagrHowever, in the absence of
P16"“*? expression, the senescence arrest can be rewsréeactivation of p53.The
replicative senescence of human cells, thereferapt necessarily irreversible once
established and P1%** plays a critical role in preventing its reversgl p53

inactivation.

P168VK*® and p19~F (p14™*F in humans) tumour suppressor proteins are encioded
the INK4a locus and the INK4a locus is a criticatget of BMI-1. BMI-1 is a
transcriptional repressor belonging to the polycardup gene family (van der Lugt
et al., 1994). Polycomb group proteins, and the count@mgctrithorax group
proteins, are important for maintaining proper gengression patterns during
development (Pirrotta, 1998). BMI-1 was identifies a c-myc-cooperating
oncogene in murine B- and T-cell lymphomagenesan (Lohuizenet al., 1991,
Hauptet al., 1991). BMI-1 has a RING finger at the amino-teras and a central
helix-turn-helix domain. It is reported that in \88 human foetal lung fibroblasts,

BMI-1 is downregulated when the cells undergo wgtive senescence. In the
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absence of BMI-1, both the PY6" and the p18" genes from the Ink4a locus are
expressed (Quellet al., 1995). BMI-1 extends replicative lifespan but sla®ot
induce immortalisation when overexpressed (ltaha&haal., 2003). Lifespan
extension by BMI-1 is mediated in part by suppmssdf the p16“® dependent
senescence pathway and requires an intact pRB pgthwt not the p53 tumour-
suppressor protein. Furthermore, deletion of RINGgdr mutant acted as a

dominant negative, inducing p6'®and premature senescence (ltatetrsh 2003).

1.9.2 The “oxygen paradox”

Most cells are well insulated from environmentalygen exposure. Within the
dermal layers of the skin the concentration of @ygs 1-5% (Wang, 2005). By
taking cells outside our body and exposing themirtathe cells experience the much
higher oxygen tension of around 21%. Normally, calture conditions include 21%
oxygen, which was initially used by Hayflick and Mtbead and most subsequent
studies thereafter. Oxygen molecules can be caevartto free radicals through
chemical and biological reactions. By reducing aetydension, we can reduce the
level of free radicals. When human dermal fibrotdaare cultured closer to
physiological conditions at 3% ,Othey attain a further 20 population doublings
(Chenet al., 1995). In contrast, different types of humansellltured above 21%
oxygen exhibit a reduced growth rate and underg@feopulation doublings (von
Zglinicki et al., 1995). Similarly, some human cells fail to imnadige even after
expressing telomerase, unless grown in low-oxygarirenments (Forsytlet al.,
2003), demonstrating that the growth arrest ofdhmsdls in atmospheric oxygen was
not due to telomere-based replicative senescenae, réther stress induced

senescence.
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Therefore, despite the fact that higher eukaryagcobic organisms cannot exist
without oxygen, oxygen itself is deleterious to itheéevelopment an unregulated
high concentrations, causing the formation of R&&Eection 1.9.3 which can be

deleterious to the cell at high levels. This pheaoanis known as the “oxygen

paradox” (Davies, 1995).
1.9.3 Reactive oxygen species

Oxygen metabolism produces reactive oxygen sp€Ri@sS) that are highly toxic to
the cell. ROS are primarily produced in the mitauthoa as a by-product of the
electron transport chain (ETC). Complex | and canxplll of the ETC generate
oxygen. Other sources of ROS comprises: the enslmdareticulum (through
cytochrome P450); the plasma membrane (through abivity of NADPH

oxidases); the cytosol (CuzZn-SOD); and the Krebgcle (aketoglutarate

dehydrogenase) (Starketval., 2004, Tretter and Adam-Vizi, 2004).

For organisms living in an aerobic environment,@sype to ROS is continuous and
unavoidable. These ROS include both free radicatmtéining highly reactive
unpaired electrons) such as the superoxide anigh l{¢roxyl radicals (OH, nitric
oxide (NO), and non-radical molecules such as hydrogen jmoi,0,) and
peroxynitrite (ONOQ (Thannickal and Fanburg 2000). ROS are also from
exogenous sources, either being taken up diregtlgdils from the extracellular
surroundings, or produced as a result of the celfjsosure to some environmental
stress. Transient variations in ROS serve impontegtlatory functions, but when
present at high and/or sustained levels ROS carecaavere damage to DNA,
protein, and lipids. Such deleterious events cam ttrigger the upregulation of

stress-induced senescence cascades such as tH&RIRB pathway.
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In addition to this ROS are able to act as cellslgnalling molecules in their own
right (Thannickal and Fanburg, 2000). Many intradal signalling molecules
contain redox sensitive peptide regions which alR@S to trigger conformational
alterations to their protein structure, conferritige proteins altered binding or

transportation properties.

It has been proposed that the pathogenesis of ngaldiay be a ROS-induced
process, fitting with the “free-radical theory @feang” (Trueb, 2009). Greying of the
hair follicle has been shown to be at least in gawn to a loss of catalase activity
(Kauseret al., 2010) (for further reading on catalase S=etion 1.9.4. Previous
work by our group has shown that balding DPCs hdtkightened sensitivity to
oxidative stress as seen via an upregulation afraber of cellular stress response

elements and antioxidants (Baletal., 2008).

There are a number of defence systems developightahe accumulation of ROS.
These include various non-enzymatic molecules ,(glgtathione, vitamins A, C,

and E, and flavenoids) as well as enzymatic scaarsngf ROS (e.g. superoxide
dismutases (SOD), catalase, and glutathione pexhxidowever, these defence
mechanisms are not always adequate to countegrtiduction of ROS, resulting
in what is termed a state of oxidative stress (#lal al., 2000, Bai and Cederbaum,

2001, Gutteridge and Quinlan, 1992, Yu and Yan§g6)9

ROS production is also believed to be induced by-p& and in epithelial cells
such as foetal rat hepatocytes or lung fibroblastsuman origin; TGH1 induces
the production of ROS and a decrease of the adu@oki enzymes early in the
apoptotic process (Thannickal and Fanburg, 1995relrkeet al., 2001). TGH1

induces ROS production through NADPH oxidases ietdbrat hepatocytes and
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partially via complex | of the mitochondrial resgiory chain. Moreover, it was
observed that after exposure to T@E-there was a reduction in the expression of
antioxidant enzymes, primarily catalase and Mn-SQd treatment with an
analogue of Mn-SOD protects against T@Finduced apoptosis. Thus, the early
TGF{1-induced production of ROS has two different medtras to mediate, the
first of which is the involvement of extra mitoclthral NADPH oxidase-like
production of ROS and the second is the rapid dmguoHation of antioxidant genes

(Herreraet al., 2004a).

1.9.4 Catalase

Catalase is the heme containing tetrameric enzyooadf in living organisms,
usually located in a cellular organelle called pgeoxisome (Chance and Oshino,
1971). Peroxisomes are essential for proper funicigp of human cells and they
efficiently compartmentalise enzymes responsible & number of metabolic
processes, including the essenfiabxidation of specific fatty acid chains (Chance
and Oshino, 1971. These and other oxidative reatwoduce hydrogen peroxide,
which, in most cases is immediately processed ttewand oxygen and the
responsible peroxidase: catalase. But, in someairostances, the tightly regulated
balance of hydrogen peroxide producing and deggadativities in peroxisomes is
disturbed, leading to the net production and acdatiam of hydrogen peroxide
(H20,) and downstream reactive oxygen species (ROSD, Hs a harmful by-
product of many normal metabolic processes and mesfuickly converted into
other, less dangerous substances so as to preveaagd. Catalase is frequently used
by cells to rapidly catalyse the decomposition @DHinto less reactive gaseous

oxygen and water molecules (Gaetahial., 1996). Catalase is disorganised in
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ageing, missing or present at reduced levels itaicedisease states, and inactivated
In response to exposure to specific xenobioticg.Hand ROS initiate a negative
twist of molecular events resulting in oxidativendege to cellular constituency.. It
has been shown that non-toxic concentrationsal,Hirove early passage cells to a
senescent-like state which can be demonstrated diseet connection between
accumulation of ROS and ageing (Chen and Ames,)1€®ll morphology, growth,
and function were all affected. Intracellular losation of catalase and another
peroxisomal marker enzyme, alpha-hydroxy acid ed@dHAOX), in the livers of
guinea pig was studied using immunoelectron mi@pgand catalase were found
in not only in peroxisomes but also in the cytoplasnd the nuclear matrix

(Yamamotcet al., 1988).

1.9.5 Glutathione

GSH consists of three amino acids: L-glutamic atidysteine, and glycine and is
formed in a two-step process. Firstly, L-glutamiidaand L-cysteine are covalently
bonded via the enzyme glutamate-cysteine ligasacfwbonsists of an essential
catalytic subunit - GCL-C - and a rate-limiting nifget subunit — GCL-M);

Secondly, the glycine residue is added via glutethisynthetase - GSS.

The L-cysteine residue contains a thiol group. sTdgrioup may also be termed as a

sulfhydryl or -SH group, hence the shorthand GSH.

GSH in its reduced form is able to form a disulghimbnd with another molecule of
GSH to be oxidised into glutathione disulphide (&$SThe disulphide bond can be
broken by accepting the spare electron from a R@%cule, thereby neutralising

the ROS’s reactive potential. Two molecules of EUGSH can then be reclaimed
from the oxidised GSSG via the enzyme glutathieurictase - GSR. Therefore, the
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higher the concentration of GSH within the celg treater the cells ability to reduce

ROS levels (Maher, 2005).

GSH, but not GSSG, is also able to modulate celkignalling, via intervention in
transcription factor signalling (Vayaldt al., 2007). GSH disrupts the binding of
both AP-1 and SP-1 to their promoter binding seqasnn the DNA thus altering
gene transcription as a result. This representshanondirect pathway by which

ROS may alter intracellular activity.
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1.10 Working Hypothesis

Androgen activity is associated with hair loss (&alh 2008). Androgens
have been found to stimulate a number of growttofadncluding TGH3 in
the DPCs of balding follicles (Inut al., 2002). TGH3 and androgens have
both been linked to oxidative stress (Herretral., 2004b, Thannickal and
Fanburg, 1995, Pathadt al., 2008). Previous work by our group has shown
that balding DPCs senesce prematurely under cklreuconditions and this
effect is associated with increased expressionxalative stress response
proteins (Bahteet al., 2008). There is therefore the possibility thahe
androgen or TGEB-may be indicated in producing this stress respansiee
balding dermal papilla.

Alternatively, oxidative stress may induce funcabohanges within cells to
cause TGH secretion, directly via ROS acting as a signallmglecule
(Thannickal and Fanburg, 2000), through crosstalkvben antioxidants and
TGF{} upstream regulators (Vayaldt al., 2007) or indirectly through
downstream senescence mediators which themselvesaltar cellular
function (Frippiat et al., 2001). Characterisation of the cause-effect
relationship between oxidative stress and the amirgrowth factor
signalling is a primary aim for this investigation.

In addition it has been found that balding DPCgetecnegative autocrine
growth factors whose identity is unknown (Hamada &wandall, 2006).
TGF is known to be involved in autocrine regulation other tissues
(Geiseret al., 1993) Therefore a secondary aim for this investigai®mho

assess TGB-potential role as an autocrine regulator of th&€BP
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Chapter 2

Materials and methods
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2.1 Primary cell culture

All experiments described in this study were caroet on primary cells taken from
balding male patients. In all cases patient matctedples were taken from the
frontal balding region or occipital non-balding i@gto allow direct comparison of

the pathology of balding versus normal hair fodickll physiology.

All cell culture was performed in a laminar flow dt under aseptic conditions in
accordance with standard tissue culture techniduk.sterile disposable tissue
culture flasks, plates and dishes were purchased flunc (Roskilde, Denmark).
For tissue culture all centrifuge steps were usamglIEC Centra-3C Centrifuge
(International Equipment company, Dunstable, U.Kaj),sample analysis a SciQuip

1 - 15 K (Sigma-Aldrich, Poole, U.K.) centrifuge svased unless otherwise stated.

2.1.1 Hair follicle acquisition

Hair follicles were donated with patients’ consenior to the patient undertaking
elective cosmetic surgery. Hair follicles of thecipital region were acquired as
excess redundant tissue from the surgical prodess. follicles from the frontal
balding region were acquired as a 2mm punch bidpslicles were then transferred
to transportation media: Williams Media E (Sigmaol, U.K.); 100 units/ml
Penicillin (PAA, Consett, U.K.); 200mg/ml Streptoany (PAA, Consett, U.K.); 2
mM L-Glutamine (PAA, Consett, U.K.); 10png/ml Insul{Sigma, Poole, U.K.); 100

ng/ml Hydrocortisone (PAA, Consett, U.K.).

2.1.2 Dermal papilla isolation and explant culture

Hair follicle samples were individually transferremla 30 mm Petri dish containing

RPMI cell culture media (PAA Laboratories, Consdit,K.) mixed (1:1) with
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Dulbecco's phosphate buffered saline (DPBS) (PAAokatories). All steps were
carried out under a stereo dissecting microscopleo(\ Richmond, U.K.). Using a
scalpel (Fisher-Scientific, Leicestershire, U.Kndawatchmakers forceps (Fisher-
Scientific, Leicestershire, U.K.) the fibrous detrtissue and subcutaneous fat were
removed. Next, the proximal end of the follicle iemnsversely dissected just above

the distal tip of the DP.

Using 2x microlance-3 needles 25¢g x 5/8" (BectockiDison, Cowley, U.K.) the DP
was manipulated from the surrounding connectiveugssheath to expose the
connecting stalk between the DP and CTS. The statkthen dissected from the DP

side using needle in a shearing motion.

Three to five DP were dissected in this way anddierred to a T25 cfrflask. One
ml of DPC media (Williams Media E (Sigma, Pool&)tJ15% (v/v) FBS (Biosera,
Ringmer, UK); 100 units/ml Penicillin (PAA, ConsettUK); 100 mg/ml
Streptomycin (PAA, Consett, UK); 2 mM L-GlutaminBPAA, Consett, UK); 10
png/ml Insulin (Sigma, Poole, UK); 100 ng/ml Hydroiisone (PAA, Consett, UK))
was pipetted into the flask and DPs were left ogdnin a Sci-tive stem cell
incubator (Ruskinn Technologies, Bridgend, U.K.)altow DPs to adhere to the
flask surface. After ~16 h a further 9 mL of DP@dra was added and DPs were

left for 2-3 weeks to allow them to explant.

The Sci-tive stem cell incubator (Ruskinn Techna@eg Bridgend, U.K.) is an
airlocked cell culture chamber, which allows foll€@o be cultured, passaged and
assayed under controlled oxygen conditions. Forptimposes of this investigation
DPCs were cultured at 2% oxygen and 5% carbon déxie.:- within their normal

1-6 % physiological oxygen levels. After 2 passaggts were then split. Half were
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maintained at 2% oxygen while the other half weengferred to a normal cell
culture incubator (21% (atmospheric) oxygen and &¥bon dioxide). For certain
experiments DPCs were switched from one oxygenitondo another after a later

passage (P4).

Dermal papilla cells (DPCs) were then coded thlphabetically according to which
patient they had been acquired from and designasedither O (Occipital) or B
(Balding), A (grown at atmospheric oxygen levelsf) L (grown at low oxygen
levels*) and a number indicating what passage #iks evere currently at. (e.g.:-
“KoL4”, would indicate the flask contained cell®fn patient K, from the occipital

region, grown under low (2%) oxygen at passage 4.)

2.1.3 Passaging DPCs

DPCs were passaged when they were 70% confluenablging once in 5 ml DPBS,
once in 5 ml Trypsin/EDTA and incubating for approately 5 min until all the
cells had detached. The trypsinisation processm@stored under a Leica DMIRB
light microscope and stopped by adding 5 ml cultaezlium containing 10% (v/v)
FBS. The cells were centrifuged at 1,000 G, for i at room temperature. The
supernatant was aspirated, the cell pellet resagokim 10 ml culture medium and
the cells counted using a haemocytometer Seetion 2.2.)]. Cells were then
seeded for experiments, propagated at 10-20% oir theginal density or

cryopreserved.

2.1.4 Cryopreservation

Trypsinised cells were centrifuged at 1,000 G amrdemperature and resuspended

in freezing medium (10% (v/v) diethyl sulphoxide MBO) (Fisher-Scientific,
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Leicestershire, U.K.), 90% (v/v) complete culturedium containing serum) to a
concentration of 2 x facells per ml. DMSO was included in the freezingdinen to
prevent the formation of crystals during the fregzprocess that would otherwise

lyse the cells.

The cell suspension (1 ml) was transferred intdheagovial and frozen to —80°C.
After 1 — 3 days, the cell vials were transferred atored in liquid nitrogen until

required.

When cryopresereved cells were required, the vaad vemoved from liquid nitrogen
storage and thawed rapidly at 37°C in a waterbashsoon as the cell aliquot had
thawed, the cells were transferred to a 50 ml dege tube containing 10 ml
complete culture medium (relevant to the cell typedl centrifuged at 1,000 G for 5
min. The supernatant DMSO was aspirated and tHepebét was resuspended in
complete culture medium and DPCs were seeded ircmzbflasks at 2 million cells

per flask.
2.1.5 Immortalised cell lines

In addition to primary cell cultures, Swiss 3T3rb@iblast cells were purchased from
ATCC (Manassas, VA, U.S.A)). This cell line wasaddished from Swiss 3T3 cells
that were originally isolated from disaggregatedbgms of Swiss mouse and
deposited by G. Todaro and H. Green in 1962. Thie eeere cultured in T75 or
T175 cnf polystyrene culture flasks with Dulbecco’s Modifi€agle’s medium
(DMEM) (PAA laboratories GmbH, Pasching, Austriajiml10% (v/v) FBS (ATCC,
Manassas, VA, U.S.A.), 2 mM L-glutamine (PAA Labioréees GmbH, Pasching,
Austria) and 1x penicillin/streptomycin (PAA Labtwaes GmbH, Pasching,

Austria) at 37°C in an humidified chamber at 5% 5% atmospheric air. The
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culture medium was changed every two to three @aygsthe cells were passaged

(Section 2.1.3 before reaching 70% confluency to prevent tramsétion.

2.2 Cell counting

Two methods were used for cell counting, dependingthe level of accuracy

required.
2.2.1 Trypan Blue method

After trypsinisation, cells (10ul of cell suspensiowere counted using a
haemocytometer (Weber Scientific International Wdiddlesex, U.K.). To count
live cells, a 10 pl aliquot of cells was dilute@® Wwith trypan blue (Sigma-Aldrich,
Poole, U.K.) and 10 pl of this solution was depasion the haemocytometer. The
haemocytometer grid arrangement had four primamases, each containing sixteen
squares. The cells in one of the major squares vmreted, those that lay inside the
square or touched the top or left boundary werkuded; those that lay outside the
square, or touched the lower or right boundary wesi@uded. Cells in another major
grid were counted and an average of the two cowatstaken. The average count
was then multiplied by 1xfQo give the value of cells per ml. An average ¢ouas

multiplied by two to allow for the 1:1 trypan blte cell dilution factor.
2.2.2 Nucleocassette® method

Where multiple cell cultures required fast quaoéifion and reseeding,
Nucleocassettes® (Chemometec, Allergd, Denmark) eweused. The
Nucleocassettes® contain propidium iodide (PI) Wwhitercalates with the DNA of
the cells allowing them to be quickly and accusate¢ quantified by placing the

cassette into the Chemometec 200® - a spectropletéom
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To prepare samples a 100 ul of trypsinised cellss vadéiquotted prior to
centrifugation and mixed with 100 ul lysis reagei@hemometec, Alleragd,
Denmark), briefly vortexed, mixed with 100 pl of utelisation reagent
(Chemometec, Allerad, Denmark) and briefly vortexggin. Lysed samples were
then aspirated into the cassette and placed isghetrophotometer. Readings were
given as cells per ml and were multiplied by adaaif 3 (1:2 sample to reagent
dilution). Population doublings were calculated the log(cell count at end of

passage + cell count at seeding).

2.3 Immunofluorescence cytochemistry

Immunofluorescence cytochemistry is a techniquexgus fluorescent secondary
antibody to detect a primary antibody bound to afigan (i.e. protein of interest)
within a tissue or cell sample. This identifies teression pattern of a specific

protein within the sample.

All primary and secondary antibodies were diluted% (w/v) BSA TBS-T (50 mM
Tris base, 140 mM NacCl, 0.1% (v/v) Tween-20, pH)@afd all incubations were
carried out in a humidified chamber at room tempugea For primary antibodies
used sed@able 2.1 DPCs were seeded (1 x*L0nto sterile 15 mm diameter circular
coverslips (VWR, Leicestershire, U.K.) in a 12 wplate and allowed to adhere
overnight. DPCs were then washed twice in DPBS fawdl and permeabilised in
ice-cold methanol:acetone (1:1 (v/v); (Sigma-AltriAbingdon, U.K) for 2 min.
Cells were washed three times in TBS-T for 5 min\pash before incubating in
blocking solution, 1% (w/v) BSA (Sigma-Aldrich, Fep U.K.) TBS-T for 30 min.
Coverslips were then removed and inverted on to@®ful of blacking solution

containing primary antibody (s€kable 2.1) and were incubated at RT°C for 1 h.
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Cells were washed three times for 5 min per washB8-T in a 12 well plate and
then inverted onto 20 pul Alexa Fluor® Secondary IgG-L) antibodies (2 pg/ml)
(Molecular Probes, Invitrogen, Paisley, U.K.) rdisagainst the corresponding
species (sedable 2.1). Coverslips were incubated in the dark, to prév@roto-

bleaching, for 1 h.

Where double staining was required, primary andisgary antibody steps were

carried out in parallel, with antibodies combinadhe blocking solution/TBS-T.
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Protein Ab raised Supplier Dilution

in
(Product

Code)

Millipore

pRB Mouse ABC 132 1:100

Table 2.1: Antibodies and conditions for immunoflusescence.All antibodies
were suspended in Serum from animal which secomnlarigad been raised in (4%)

TBS-T (V/Iv).
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Cells were washed once in TBS-T and then once i® TBr 5 min per wash.
Samples were then washed in TBS containing 2 upgivb-diamidion-2-

phenylindole dihydrochloride (DAPI) (Sigma-AldricRpole, U.K.).

The coverslips were inverted and mounted with godob fluorescent mounting
medium (DakoCytomation, Glostrup, Denmark) onto &trpst® Plus microscope
slides (Knittel Glaser, Germany) and allowed tomedrnight in the dark at 4°C. The
fluorescent signal was observed using a Carl 42aassr Scanning Microscope LSM
510 META (Carl Zeiss Ltd., Hertfordshire, U.K.) amahalysed using Zeiss LSM

Image Browser software (Carl Zeiss Ltd., HertfordshU.K.).

2.4 Protein analysis

Protein was isolated from DPCs to be used for weditt analysis. Two methods,
one using a RIPA buffer and the other a urea buifere used to isolate protein as

outlined below. Samples were then analysed usiagvisstern blot method.

2.4.1 Total protein isolation

DPCs seeded in 6 well plates were washed twicearcold 1 ml DPBS (PAA
laboratories GmbH, Pasching, Austria) and thenbated in ice-cold 300 ul RIPA
buffer (Tris 50 mM, pH 7.3, NaCl 150 mM, SDS 0.19\(), NP-40 0.1% (v/v) (all
from Sigma-Aldrich, Poole, U.K.) and 1X Completeot@ase Cocktail Inhibitor
(Roche Diagnostics GmbH, Mannheim, Germany) forn@@d. The protein was
harvested in 1.5 ml microfuge tubes and pulse staictwice for 3 sec (Vibra Cell,
Sonic and Material Incs, Danbury, CT, USA). The gke® were then centrifuged for

5 min, 4°C, 10,000 x g to remove cell debris. Thetgin concentration of the

74



supernatant was determined using a Bradford asSegtion 2.4.2 and samples

were stored at —80°C.

As an alternative, protein isolation method 8 Mautmiffer was used. Cells were
seeded in 6 well plates were washed twice in idd-tonl DPBS and then incubated
in 300 pl of 8 M urea buffer (8 M urea, 1 M thioare0.5% (w/v) 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonat§ CHAPS), 50 mM

dithiothreitol (DTT), 24 mM spermine) for 5 min abom temperature. This is a
strong buffer which rapidly lyses the cells and atares all protein. The sample
suspension was harvested in 1.5 ml microfuge talbelscentrifuged at 10,000 x g
for 5 min at 4°C. The supernatant (containing proisolate) was transferred to
fresh microfuge tubes and protein concentration eetermined by Bradford assay

(Section 2.4.2 and, if not assayed immediately, samples wemegtat -80°C.
2.4.2 Total protein quantification — Bradford assay

The concentration of isolated protein was estimatgdg the DC Bio-Rad protein
assay kit (Bio-Rad Laboratories, Hertfordshire, lJ.Based on the Bradford assay
(Bradford, 1976). A protein standard curve was gateel using 0.2 to 1.5 mg/ml
BSA that had been reconstituted in the same byfPA or 8M urea) as the
samples to be analysed. Protein standard or saf@pl® was pipetted in triplicate
into well of a clear, flat bottomed 96-well platBigher-Scientific, Leicestershire,
U.K.). To this, 25 pl of reagent’Avas added (a 50:1 mix of reagent A and reagent
S) into each well. Following this, 200 ul of reag@was added to each well and
mixed thoroughly. The intensity of the solution @mal in each well, which was
proportional to the amount of protein, was measuisedg a spectrophotometer plate

reader measuring absorbance at 600 nm (Victor Mi@@-Label Counter, Wallac,
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PerkinElmer, MA, USA). A standard curve was plot{edersecting the y-axis at O
since the value of the blank was subtracted fromresdings) and the protein
concentration of each sample was calculated acupritie equation of the straight
line from the standard graph. From these reading$ein concentrations in the
samples were normalised and re-analysed to engqueg ®tal protein counts in each

sample.

2.4.3 Protein analysis

Western blotting can be used to estimate the egiore®f a specific protein in cell
lysates. Protein isolated from the cell is firshaired and then separated according
to size by sodium dodecyl sulphate (SDS) gel edptioresis. SDS applies a
negative charge to any positive ion on the prottias allowing the protein to be
transferred to a nitrocellulose membrane by elgtiboesis. A specific protein is
then detected on the membrane using a primary atjbwhich a secondary
antibody that is coupled to horseradish peroxid@#eP) binds to. The bound
secondary antibody can be detected by luminesadure¢o a chemical reaction with
HRP upon the addition of ECL plus (GE Healthcaracknghamshire, U.K.). The

resulting light emission is detected using an admgraphy film.

2.4.4 Sodium dodecyl sulphate - polyacrylamide getlectrophoresis (SDS-

PAGE)

Protein samples were adjusted to 1 mg/ml protecoraing to the outcome of the
Bradford assay. Protein was reduced and denatwyextithng 1:4 Laemmli buffer

(Invitrogen Ltd, Paisley, U.K.), 2% (v\f)-mercaptoethanol (VWR, Leicestershire,
U.K.) and heating for 5 min at 95°C. A NuPAGE 10%/\) Bis-Tris gel

(Invitrogen, Paisley, U.K.) was assembled into a®&oMini-cell gel electrophoresis
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tank (Invitrogen, Paisley, U.K.) according to maauitirers instructions and the tank
was filled with 1X MOPS Running buffer (InvitrogeRaisley, U.K.). Equal protein
concentration and volume of each sample was loadedthe wells of the gel. In
addition,10 pl of SeeBlue Plus Two protein standardlecular weight marker
(Inivtrogen, Paisley, U.K.) was loaded into one vl the gel. The proteins were

separated at 200 V for 50 min until the dye fregeiahed the base of the gel.

2.4.5 Western blotting

Proteins were transferred from the polyacrylamieéé tg a 45 micron Hybond C
Extra nitrocellulose membrane (GE Healthcare, Bughamshire, U.K.) in 1X
NuPAGE transfer buffer (Invitrogen, Paisley, U.Karluding 10% (v/v) methanol
(Fisher-Scientific, Leicestershire, U.K.) at 150 250 mA for 90 min at 4°C. The
membrane was removed and immediately immersed ackinlg solution and
incubated according tdable 2.2 The success of the transfer was estimated by
checking the protein marker was present on the mameb The membrane was then
incubated in 10 ml of primary antibody (s€able 2.2 for the conditions of each

antibody) on a rocking platform.

The membrane was washed three times for 5 min i&-TBnd then transferred into
10 ml 0.05 mM swine anti-rabbit HRP secondary auip (DakoCytomation,
Glostrup, Denmark)Table 2.2. All secondary antibodies were diluted 1:1006hi@
same buffer as the primary antibody and incubated cocking platform for 1 h at
room temperature. After 1 h the membrane was wadiive# times for 5 min in

TBS-T.

The protein of interest was detected by coverirggrttembrane in 1 ml ECL-Plus

chemiluminesence solution (GE Healthcare, Buckingdtare, U.K.). The blot was
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wrapped in cling-film. The resulting luminescencaswobserved by exposing the
blot to light-sensitive Hyperfilm (GE Healthcareyud&kinghamshire, U.K.) for 1 — 30
min, depending on signal intensity, in a dark rcamd the film was developed using
a Hyperprocessor automatic Autoradiography Film cBssor (GE Healthcare,

Buckinghamshire, U.K.).

2.4.7 Semi-quantitative densitometry analysis

Western blots were semi-quantitatively analyseddeiasitometry analysis using
Image-J software (Public domain, NIH). Measuremerdee taken as arbitrary units
(A.U.) from 3 individual western blots and averagedits were normalised against

measurements taken from protein loading contfbksctin orp-tubulin).

2.4.8 Western blot membrane stripping and reprobing

In order to re-use blot membranes, a stripping stap carried out before probing
with different antibodies. Thus a housekeeping geneh a$-actin, can be detected
to check equal loading between samples. Membrames stripped by incubation
with stripping buffer (62.5 mM Tris pH 6.8, 2% (WASDS, 100 mM B-
mercaptoethanol, all from Sigma-Aldrich, Poole, U).kor 30 min at 60°C in an
oven on a rocking platform. The blot was then wdstieee times in TBS-T for 5
min at room temperature and then blocked and rbggorowith primary and

secondary antibody according$ection 2.4.5andTable 2.2
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Protein Ab raised in  Supplier Dilution Expected

Band
(Product Code)

(kDa)

TGF-BRII Mouse Abcam 1:1000 63

ab61213

pRB Mouse Millipore 1:500 110

ABC132

pSmad3 Rabbit Cell Signaling 1:500 52

#9513

B-tubulin Mouse Millipore 1:5000 50

05-611

Table 2.2: Antibodies and conditions for western Htting. All antibodies were
suspended in milk protein (3%) TBS-T (v/v).

Table 2Table 2.2: Antibodies and conditions for western blotting.
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2.5 Reverse transcriptase - polymerase chain reaoti

Reverse transcriptase-polymerase chain reactiorRBR) is a method to detect
genes that are transcribed into RNA in cells autes Extracted RNA is transcribed
into cDNA by reverse transcriptase. The presenca specific DNA sequence is
then targeted and amplified by PCR with the aidlagfonucleotide primers that are
complementary to the flanking DNA regions of instreThe PCR product is
separated by size by running the sample on aniethidromide-agarose gel that can
be visualised with ultra violet (U.V.) light. If éhsize of the PCR product correlates
with the expected size, the product can be exulaatel authenticated with DNA

sequencing.

2.5.1 Total RNA extraction from cultured cells

Cells were trypsinised as describedSaction 2.1.3and centrifuged for 5 min at
1,000 G at room temperature. The cells were theshaa twice in ice-cold DPBS
and centrifuged for 5 min at 1,000 G. The work acef and pipettes were prepared
with RNase Zap (Ambion, Cambridgeshire, U.K.) tonoxve enzymes that digest
RNA. RNA extraction was carried out using an RNebd&igi Kit (Qiagen, West
Sussex, U.K.). All centrifugation steps were atODB, G for 15 sec at room
temperature unless stated otherwise. All flow-tigitiwere also discarded unless
stated otherwise. The supernatant was aspiratedhancell pellet was resuspended
in 600 pl RLT buffer. The RLT buffer acts to lydeetcells and contains guanidine
isothiocyanate, which deactivates RNase enzymes.cel lysate was transferred
and passed through a QlAshredder Mini Spin columcdntrifugation at 13,000 G
for 2 min. The flow through solution was retainetlanixed with 600 pl of 70%

(v/v) ethanol. The sample was then transferred aitdRNeasy Mini Spin column
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and RNA (and DNA) within the sample was adhered th@ column by
centrifugation. RW1 wash buffer (350 pl) was addmad the column was
centrifuged. Genomic DNA was digested by addingu8@.:5 (v/v) DNase: RDD
buffer (RNase Free DNase Set, Qiagen, Crawley, Wessex, U.K.) to the column
and incubating for 15 min at room temperature. digested DNA was washed from
the column with 350 pl RW1 following centrifugatiofihe column was then washed
with 700 ul RPE buffer (part of RNeasy Mini kit)deentrifuged. The column was
washed again with 500 pl RPE buffer and centrifuige® min at 13,000 G. Finally,
the column was transferred to a fresh RNase-frexafuige tube and the RNA was
eluted by addition of 30 pl RNase free water to #twumn followed by

centrifugation at 10,000 G for 1 min. The RNA wasred at -80°C until required.

2.5.2 RNA quantification

Isolated RNA was quantified using a NanoDrop ND-08pectrophotometer
(Labtech International Ltd, East Sussex, U.K.). Tistrument was blanked against
1.5 pl diethyl-pyrocarbonate (DEPC)-treated watigiha-Aldrich, Dorset, U.K.).

The sample RNA content and quality was estimatechfa 1.5 ul aliquot on the

spectrophotometer measured at 260 to 280 nm.

2.5.3 Reverse transcriptase complementary cDNA symsis

Reverse transcriptase is an enzyme that transcsbege-stranded RNA into
doublestranded complimentary DNA (cDNA). ComplinregtDNA synthesis from
the RNA sample was achieved using SuperScript IistfStrand Synthesis
SuperMix (Invitrogen, Paisley, U.K.). Firstly, tiellowing reagents (10 pl 2x RT
Reaction Mix, 2 ul RT Enzyme Mix, DEPC-treated wafall from Invitrogen,

Paisley, U.K.) and 1 pug of sample RNA (final volu2@ ul) were mixed together
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and incubated for 10 min at 25°C. The tube was theanbated for 30 min at 50°C.
The cDNA synthesis reaction was terminated by hgatihe sample to 85°C for 5
min, followed by chilling on ice. Finally, 1 pl @nits) ofE. coli RNase H was added
to the mix and incubated for 20 min at 37°C to reenthe RNA template. The
cDNA sample was stored at —20°C until required g€oerate two negative controls
for PCR, the reverse transcriptase reaction wasedaout as described above but

with the omission of (a) sample RNA or (b) RT EnzyMix.

2.5.4 Primer selection and sequences

Sense and anti-sense oligonucleotide primer segsefmr PCR analysis were
designed using. Primer 3 using gene sequences ftienensembl database

(http://www.ensembl.org/index.htinl All primers were checked for non-specific

binding using NCBI genebank BLAST analysis

(http://blast.ncbi.nlm.nih.gov/Blast.ggiPrimer pairs shown ifable 2.3

2.5.5 Polymerase chain reaction

Polymerase chain reaction (PCR) was conducted mpbrong 2 pl of cDNA with
0.5 ul of sense primer, 0.5 ul of anti-sense prinddr ul 1.1X ReddyMix PCR
Master Mix (ABgene, Epsom, Surrey, U.K.) and 3 [HHC-treated water in a PCR
tube and subjecting the sample to thermal cyclimgdiions as described ifable
2.4 The 1.1x ReddyMix PCR Master Mix contained 1.2&its1 of Taqg DNA
polymerase, mM Tris HCl (pH 8.8 at 25°C), 20 mM aomium sulphate
((NH)2SQy), 1.5 mM magnesium chloride (Mgl 0.01% Tween 20, 0.2 mM
deoxyadenosine 5’-triphosphate (dATP), 0.2 mM degigsine 5'-triphosphate
(dCTP), 0.2 mM deoxyguanine 5’-triphosphate (dGTR2, MM deoxythymine 5'-

triphosphate (dTTP), an inert red dye and gel logdprecipitant. The 1.1x
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ReddyMix was a simple one-step master mix for P@R also allowed the PCR
product to be loaded directly onto an agarose gdéiowt further addition of a

loading dye.

Two negative controls (RNA-free and reverse trapsase enzyme-free) generated
from the reverse transcriptase reaction (S=rtion 2.5.3 were concurrently
subjected to the PCR. cDNA from mouse 3T3s, an inatised mouse fibroblast
cell line, was used as a positive control for TE#H; TGFfRIIl, LTBP1 and LTBP2.

Equal loading was confirmed Ifiyactin.
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Target Forward primer Reverse Primer Amplicon

(b.p.)

TGF- AATATCCTCGTGAAGAA CAGTCAACGTCTCACACACC 400

BRII CGA

LTBP2 CCCATCCTTGAGTCTCCT GAGGCCATTTCCAGGTAGTA 399

TTGC GTTGC

Table 2.3 PCR Primer pairs. Forward and reverse primers used for RT-PCR

analysis with expected amplicon base pair (b.pgssi



Step Function Temp (°C) Duration (sec) No. Of Cycke

1 Denaturation 95 60 1

2 Denaturation 95 15 30
Annealing 58-62 30
Extension 72 30

3 Extension 72 300 1

4 Hold 4 ' 0

Table 2.4: Conditions used during thermal cycling ér PCR. PCR cycles
conducted according to standard procedure. Cyclenbeu and annealing

temperature were optimised according to each prpagr
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2.5.6 Agarose gel electrophoresis

PCR products (10 pl) were loaded on to a 1% (w/gprese-tris-acetate
ethylediaminetetra-borate acid (TBE) gel containithgng/ml ethidium bromide
(Sigma-Aldrich, Poole, U.K.) in a gel tank with TA&Inning buffer. Ethidium
bromide intercalates with DNA, the intercalationusas the ethidium bromide
molecule to strongly fluoresce when exposed to Uight. This allows for the
location of DNA to be visualised on the gel unde¥Uight. The samples were run
against 10 ul Trackit 1 kB DNA ladder (Invitrogdpaisley, U.K.), to estimate the
product size, and separated by electrophoresi8dfonin at 120 V. Finally the PCR
products were visualised by U.V. light and the wak photographed using a Multi

Image Light Cabinet (Alpha Innotech Corporationn $aandro, CA, U.S.A)).

2.6 Cell senescence

A key difference previously observed in balding BR&as their greater tendency to
senesce at an earlier passage than occipital DB&daet al., 2008). While this
effect can be easily observed from the flattenedpmmogy and the reduced
proliferation rate, two methods (describedSactions 2.6.1and2.6.2 were used to

guantify and compare the level of senescence bettinectwo cell types.

2.6.1 Senescence: X-Gal method

Senescence of cells can be indicated using the geEdifc colorimetric dye 5-
Bromo-4-chloro-3-indolyB-D-galactopyranoside (X-Gal) used at pH 6 (Distral .,

1995). At this pH only senescent and quiescens telve activ@-galactosidase.

Cells were fixed in 2% (v/v) gluteraldehyde (Sigwiahich, Poole, U.K.) in DPBS

(PAA Laboratories) and then incubated in X-Galrstag solution (10mg/mL X-gal,
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40 mM citrate, 40 mM sodium phosphate, 2 mM MgCb mM potassium

ferrocyanide, 5 mM potassium ferricyanide) for 162

Photo images of the cells were then taken at x100@@nification using a
brightfield microscope (Leica). Positive cells ablle identified as those exhibiting

blue staining.

2.6.2 Senescence: 4-MU-Gal method

Senescence was quantified according to the 4-MUaGsay first described by Gary
and Kindell (2005). DPCs were either grown at 2%2t% oxygen for the entire
duration of their cell culture (7 passages), ortshnad from one condition to the
other at passage 4. DPCs were grown to 80-90% wsde in 12-well plates, for
each condition in triplicate. Cells were then lysed450 pL of buffer (40 mM
citrate, 40 mM sodium phosphate, 5mM 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfona(€HAPS) and protease
inhibitor cocktail (Roche, Lewes, U.K.); buffer adied to pH 6.0) and removed

from flask into a 1.5 mL polypropylene tubes usingell scraper.

Lysates were centrifuged for 5min at 12,000 G, pib#et was discarded and the
supernatant was mixed with an equal measuremeBk akaction buffer (40 mM
citrate, 40 mM sodium phosphate, 300 mM NaCl, 4 n#gCl,, 10 mM B-
mercaptoethanol and 1.7 mM of 4-MU-Gal (dissolved28x concentration in

DMSO); buffer adjusted to pH 6.0).

Reaction mix was then incubated at 37°C in a waaén for 1h, after which time 50
pL aliquots were taken and mixed with 400 mM sodhioarbonate solution to raise

the pH from 6.0 to 11.0, thus halting the senesspatificp-galactosidase activity.
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Three aliqots (150 pL) of the halted reaction mvere then pipetted into each well

of a 96 well plate and measured at excitation/éonssavelengths of 360/465nm.

2.7 ROS quantification

ROS levels were guantified using 5-(and-6)-carb@xy- -
dichlorodihydrofluorescein diacetate APICFDA) a fluorophore which fluoresces
after having its two acetate groups cleaved byacalular esterases and is

subsequently oxidised by ROS (Royall, 1993).

Cells were seeded at 2 x*ifito each well of a 96 well plate in DPC mediadmap
with Red-Phenol-Free William’s Media E. Cells wereated with TGH1 or BSA
control for 1-3h before analysis. After treatmemigdia was replaced with 100 pL
DPC media containing 10 uM of,BHCFDA, and then incubated wrapped in foil, to

prevent photo-bleaching, for 30 min under regulBculture conditions.

After incubation HDCFDA-containing DPC media was removed, cells weashed
3 times with DPBS and 100 pL of fresh red pheneéfmedia was added. Cells
were measured for fluorescence immediately usif®® avell plate reader set at a
temperature of 37°C and an excitation/emission Veagths of 485/527nm. A
kinetic measurement of fluorescence was conducteerein readings were taken

every 5 min for 30 min to give a linear plot ofate fluorescence.

2.8 Total/reduced glutathione assay

Total and reduced glutathione were measured simediasly using a multiwell kit
(Cayman Scientific, Michigan, U.S.A.). Reagents evaenade up according to the

protocol provided.

88



DPCs were cultured to 70-80% confluence in 6 wisltgs. Media was removed and
cells were washed three times with ice cold DPB® rfiL). After the third wash
DPBS was left on cultures. Using a cell scrapdls agere removed from the flask

and transferred to a 15 mL centrifuge tube.

The tubes were spun down for at 1,000 G for 5 mi&. DPBS was removed and
the pellet was resuspended in 1 mL of ice cold DRBSIs were then centrifuged at
10,000 G for 5 min at 4°C. The supernatant was veth@nd 500 pL of MES buffer
was added. Pellets were lysed using a sonicatosed.ysamples were then
centrifuged at 18,000 G for 15 min at 4°C. Supemntst were transferred to fresh

polypropylene tubes and the pellets were discarded.

An aliquot (50 pL) was taken from the supernatamtdrotein quantification. The
remainder of the supernatant was deproteinatedddyng@ an equal volume of 1 M
metaphosphoric acid (MPA)(Sigma-Aldrich, Poole, U).&nd left to stand for 5 min

at RT°C.

Deproteinated samples were centrifuged at 2,000rG min, 800 pL of supernatant
was mixed with 40 puL 4M triethanolamine (TEAM)(SigrAldrich, Poole, U.K.) in

a clean polypropylene tube.

To measure only the reduced form of GSH sampladetivand half were derivitised
using 2-vinylpyridine (Sigma-Aldrich, Poole, U.KJ.uL of 1M 2-vinylpyridine was
added to 100 pL of each sample. Samples were \aattard left to stand at RT°C

for 1 h.

The cocktail was added to each well using a multipipette set to 150 uL, the plate

was then covered, wrapped in foil and placed oarhital shaker for 5min.
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Plate was then put in a Synergy HT fluorescentaopiate reader (Biotek, Vermont,

U.S.A)) set to measure absorbance at 405nm at iibeirvals for 30min.

2.9 Catalase assay

Samples were prepared for the catalase assay stygiiowing cells to 70-80%
confluence in a 6 well plate under atmosphericaw bxygen conditions. Plates
were then washed in ice cold DPBS before havinglRE€Es removed using a cell
scraper (Fisher-Scientific, Leicestershire, U.K.pi5 ml ice-cold DPBS. DPCs were
then pelleted at for 5min @ 12,000 G in a refriggdacentrifuge (4°C) and the pellet
was sonicated for 3 x 3 seconds (Vibra Cell, Samd Material Inc., Danbury, CT,
U.S.A)). Sonicated samples were then re-pelletedtihe supernatant was removed

for protein quantification and subsequent catalasetional analysis.

The catalase assay was carried out using the Male®@robes: Amplex Red®
catalase assay kit (Invitrogen, Paisley, U.K.) aditg to the protocol provided.
Sample, standard or negative controls (25 pL) vegvetted into each well of a 96
well-plate, a further 25 pL of uM 3D, solution was then added to all wells. Plates
were then incubated at room temperature for 30 tesuFollowing incubation,
50 puL of Amplex Red® reagent containing 1.6 Unit$iRP, 2.6 pg/mL Amplex
Red® in DMSO was added to each well and plates wengbated for a further 30
minutes at 37°C while protected from light to pnetvephotobleaching of the
fluorescent reagents. After the incubation periad blapsed, plates were read using
a Synergy HT fluorescent microplate reader (Biotékrmont, U.S.A.) set at an

emission/excitation range of 530/560 nm.
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2.10 Growth factor ELISAs

Samples were prepared for the ELISA assay by sgddifCs at 2 x Ilinto each
well of a 96 well plate and were allowed to adh@rernight. Cells were then treated
with 0, 1 or 100 nM of DHT and incubated at eith@awr (2%) O, or atmospheric
(21%) G for 24 h and then media supernates were colledted ELISA

quantification.

Growth factor secretions were quantified using Qikare® assay kits (R&D,

Abingdon, U.K.) according to the protocol provid&bme steps vary between Kits,
for further details of differing steps s@able 2.5 Assay diluent was added to the
microplate provided, followed by 50 ul of supernatenple, standard curve control
(31.25, 62.5, 125, 250, 500 and 1000 pg/ml for TR&F- 2 and DKK-1 and 0.094,

0.188, 0.375, 0.750, 1.5, 3 and 6 ng/ml for IGFed)nedia blank. Plates were then
incubated on an orbital microplate shaker then waghtimes using the wash buffer
provided. Growth factor antibody conjugate was thdded to each well and plates
were incubated on an orbital microplate shaker thashed 4 times using the wash
buffer provided. Finally, the substrate solutionsvealded incubated in the dark for a

period of time before terminating the reaction vitie stop solution.

Plates were then read using a Synergy HT fluorésaecroplate reader (Biotek,
Vermont, U.S.A.) measuring absorbance at 450 niin wévelength correction set to

540 nm to account for the absorbance of the miatepilastic.

Samples being tested for T@Mad an additional activation step before pipettirey
supernatants onto the plate. Both TEFand -2 exist as a inactive bound form
carried by the latent TGB-binding protein (LTBP) when secreted from the sell

which is undetectable by the Quantikine® kit's haties. To release the active
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growth factor samples must first be acidified byliag 1 N HCI to the supernate
(1:5), incubating for 15 min followed by neutraliga with 1.2 N Sodium hydroxide

(NaOH) (1:5).
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Assay Diluent | Sample| Incubati | Growth | Incubati | Substr | Stop
: on Factor | on Time | ate
Soluti
Standa Conjug | B
Time A Solutio | on
rd or ate
n
Blank
TGF-p1l | RD1-21 | 50 pl 2h 100ul [2h 100 pl | 200 pl
50 pl 30 min
TGF-p2 | RD1-17 [ 100 pul | 2h 200 pl 2h 200 pl 50 pl
100 pl 20 min
DKK-1 |RD1IW |100ul |2h 200l | 2h 200 pl | 50 pl
100 pl 30 min
IGF-1 RD1-53 | 50 pl 2h 200 pl 1h 200 pl | 50 pl
150 pl 2-8°C 2-8°C 30 min
Table 2.5: Varying steps for Quantikine® ELISA kits. Assays were conducted

according to the manufacturer’s protocol.
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2.11 Cell Motility Assay

DPCs were seeded at 1 x*lifito 6 well plates. Plate was placed on a robtijica
controlled platform on an inverted light microscdpékon, Richmond, U.K.) inside
a thermostatically controlled (37°C) chamber mamgd at atmospheric oxygen
(74% N, 5% CQ, 21% Q) conditions. DPCs were treated with 10 ng/ml ofFFG

B1 or 3% BSA vehicle control at the start of eacheziment.

Ten randomly selected points were chosen from asgthand photographed using
Metamorph software (Molecular Devices Ltd., Wokiagh U.K.). The software
then recorded images at these chosen points e@emyiriutes moving between them

using the robotically controlled platform for 10¢ctes.

The resultant images were then sequenced into e-lapse video, and image
analysis was carried out using Metamorph softwareassess the velocity of

individual cells’ movements.
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2.12 Statistical Analyses

Statistical analysis was determined using an uagaBtudent’s t test, one-way
analysis of variance (ANOVA) followed by a Tukeypst-hoc test or two-way
ANOVA with Bonferroni post-hoc test depending on the number of variables being
between test samples, i.e.:- one, two or thre@etively. All statistical evaluations
were performed using GraphPad Prism 4.0 softwaen (Biego, CA, U.S.A).
Significance was assessed in all experiments askability value of *P < 0.05, **P

< 0.01, **P < 0.001 or non significant (NS) P >08. All statistical analyses were

carried out using Graphpad Prism 5 Software.
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Chapter 3

Effect of oxygen on dermal papilla proliferation

and senescence
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3.1 Introduction

Recent studies into the pathology of ageing oftthie follicle have begun to focus
on the role of oxidative stress. Known instigatafsoxidative stress, such as
smoking or U.V. radiation have been associated haiih follicle greying (Van Neste
and Tobin, 2004) (Arclet al., 2006, Kauseet al., 2010). It has been hypothesised
that the pathophysiology of the balding follicle ynalso be related to the “free-
radical” theory of ageing (Trueb, 2009), but asthetre have been no studies carried

out investigating the role of oxidative stressimlgenic (AGA).

Previously, our group reported that cultured DP&en from balding frontal scalp
hair follicles senesced much quickervitro than DPCs from non-balding occipital
scalp follicles (Bahta et al 2008). Moreover, tBEnescence was associated with
elevated expression of p16* known to mediate cell cycle arrest in response to
environmental stress. Balding DP also expressebehitevels of stress-response
proteins such as heat shock protein 27 (HSP27grsoixide dismutase 1 (SOD1)
and catalase. It was therefore proposed that plAPCs may be more sensitive to
environmental stress including oxidative stress tadl this may play a role in AGA

(Bahta et al 2008).

Under standard laboratory cell culture conditioaescare grown in an atmosphere of
CO; and air (Freshney, 2005). Under such conditioasottygen concentration 21%.
However, despite its integral role in the physigiag higher eukaryotes, oxygen is
in fact toxic to cells at too high a concentratiproducing an array of harmful
reactive oxygen species (ROS). This phenomenonawh as the “oxygen paradox”
(Davies, 1995). In the dermal layer of the skin \Wahal. (2003) have shown that

oxygen is present at around 1-5%, dependent oprtheémity to the blood supply of
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the capillary network of the sub-papillary plexusdathe highly vascularise hair
follicles (Wanget al., 2003, Wangt al., 2005). Therefore, culturing cells at low (1-
5%) oxygen reduces the toxic effects of oxygen imghroduction of ROS. As an
example of this, growing human fibroblasts undewx 8%) oxygen reduces cell
stress (as determined by DNA damage), decreasesnithber of senescent cells and
results in a quicker rate of proliferation (Chetral., 1995). To date, there have been

no published reports investigating the effectsoaf bxygen culture on DPCs.

The primary aim of this chapter was to investigtite effects of oxygen on the
growth and senescence of human DPCs from baldinignam-balding scalp. To
carry out these experiments matched balding anebafing biopsies were obtained
from hair transplant surgery. DPCs were culturedemnlow oxygen at 2% and
atmospheric oxygen at 21% as described in the rmtend methods (Chapter 2).
The effects of oxygen on DPC viability and cell |gevation were studied using an
Alamar Blue cell viability assay and population dbogs based on counting cell
numbers. Senescence was characterised by cell ologyh senescence associated
B-galactosidase (SA-Gal) activity and by western blotting for stresshiced

senescence markers pl6, pRB and BMI-1.

DHT induces different effects within different figlles in a paradoxical manner
(Randall, 2007). In the hair follicles of the be®&HIT is able to induce the secretion
of IGF-1 from the dermal papilla (Itanat al., 1995). IGF-1 is known to stimulate
proliferation of the ORS keratinocytes (ltarei al., 1995, Batchet al., 1996).

However, in the hair follicles of the balding scalpHT has been shown to induce
the secretion of TGPBA (Inui et al., 2002, Inuiet al., 2003, Hibino and Nishiyama,
2004) and DKK-1 (Kwacket al., 2012, Kwacket al., 2008), which induce apoptosis

in the ORS keratinocytes, triggering the onsetabhgen.
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3.2 Aim

To investigate the effect of oxygen on the growtkd gaenescence of human DPCs

from balding and occipital (non-balding) scalp.
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3.3 Results

3.3.1 Effects of oxygen culture conditions on DPCrgliferation — Alamar Blue

The effects of oxygen conditions on human DPC fewdition were investigated by
culturing cells from balding and non balding scalpesponse to both 2% and 21%
oxygen conditions. DPCs were explanted from patmeatched balding and non-
balding occipital DPCs at 21% oxygen for between2l4days and were then
passaged and expanded under conditions of 21% oxfggea further passage as
described inChapter 2 — Materials and Methods. DPCs were then split betw

21% oxygen and 2% oxygen at passage 2 and usdfiaxperiments described

below. Alamar Blue was used as a surrogate mafkanotiferation.

Figure 3.1demonstrates that over the course of 10 days iteldPCs grown at 2%
oxygen showed a 16.11 + 1.42 fold increase in Aldohaze metabolism, while those
grown at 21% oxygen underwent 10.18 *+ 0.47 foldease in metabolism. Balding
DPCs grown at 2% oxygen showed a 5.63 + 0.55 fottease in Alamar blue
metabolism, while those grown at 21% oxygen shoaddl2 + 0.08 fold increase.
Statistical analyses using one-way ANOVA with Tulegt-hoc test showed that at
2% oxygen there was a significant increase in lomtipital and balding DPCs’

proliferation when compared to those grown at 238fgen (P < 0.001).

These data also confirm previous reports that deti®PCs proliferate at a

consistently higher rate than balding DPCs. OcaippPCs demonstrated over a
threefold increase in proliferation rate compam@dalding DPCs at 21% oxygen (P
< 0.001). In addition, it was found that this effe@s also seen at 2% oxygen, with

occipital DPCs proliferating at over twofold thee@f balding DPCs (P < 0.001).
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Figure 3.1: Effect of oxygen on DPC proliferation neasured by Alamar Blue.
Occipital and balding DPCs grown at 2% and 21% exydProliferation measured
as fold increase in metabolism of Alamar blue salbst DPCs were seeded on day -
1. Alamar Blue metabolism was first measured on@agd subsequently on day 10.
Alamar Blue metabolism was then normalised agdhestday O reading to calculate
fold increase in DPCs’ growth. Statistical analysmsried out using one-way
ANOVA with Tukey post-hoc test. ***P < 0.001. Results presented as the mean

S.E.M. for n = 5 (matched DPC samples from 5 d#if¢mpatients).
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3.3.2 Effects of oxygen on DPC proliferation as meared by population

doubling

In order to further clarify the effects of 2% and% oxygen on the DPCs’
proliferation an alternative method was used wimecell counts were taken at each
passage. Cell counter Nucleocassettes were usetkésure DPC populations at
each passage over a total of 7 passages. Graphimgdata gave an effective
visualisation of the point at which proliferatioate plateaued indicating loss of

proliferative capacity.

Figure 3.2A shows overall proliferation rate of occipital DP@scurred at a quicker
rate and underwent a higher number of populationblillg as compared to the
balding DPCsKigure 3.2B). For both occipital and balding DPCs, 2% oxygeasw
shown to maintain a greater proliferation rate cared to 21% oxygen with
occipital DPCs undergoing 16.% 0.8 populations doublings at 2% oxygen
compared to just 8.2 0.4 population doublings at 21% oxygen. Similabdg)ding
DPCs cultured at 2% oxygen underwent 12.2.4 population doublings compared

to only 4.9+ 0.3 at 21% oxygen.

These data also demonstrate that occipital DPCsrgoda higher number of
population doublings under identical conditions pamned to balding DPC. Occipital
DPCs cultured at 2% oxygen underwent 16.0.8 population doublings compared
to balding DPCs which underwent 12#20.4. Occipital DPCs cultured at 21%
oxygen underwent 8.2 0.4 population doublings compared to 4£9.3 for balding

DPC.

In additionFigure 3.2 also shows the effects on population doubling o¥img cells

from 2% to 21% oxygen and from 21% to 2% oxygEigure 3.2A shows that
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occipital DPCs that are initially cultured at 21%ygen and then switched to 2% are
able to recover and begin to undergo a quicker odtgpopulation doubling.
However, population doublings were decreased whoempibal DPCs were initially
grown at 2% oxygen and switched to 21% indicated fall in population doublings
from 16.1+ 0.8 when maintained at 2% to 139.3 when switched to 21% oxygen.
Occipital DPCs which were switched from 21% to 2%revable to achieve 9450.4
population doublings compared to 8£ 0.4 of those maintained under 21%

throughout their culture.

A similar finding was also observed for balding BPEigure 3.2B) switched from
2% oxygen to 21%, where the number of populatioabtings fell from 12.2+ 0.4
when maintained at 2% to 9450.04 when switched to 21% oxygen. Balding DPCs
which were switched from 21% to 2% underwent 8.9.4 population doublings

compared to just 4.2 0.3 of those maintained under 21% throughout tdiure.

These data confirm that oxygen has an importaecetin the proliferation of DPCs
in vitro with much higher growth rates being observed at®8fgen compared to
21%. Moreover, they show that DPCs from occipitalg consistently proliferate

faster than those from balding scalp under idehtikggen conditions.
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Figure 3.2: Growth of DPCs under different oxygen onditions. Population
doublings of occipital (A) and balding (B) DPCs gro at varying oxygen
conditions over time. Proliferation was calculatedinting the number of cells after
each passage. DPCs’ proliferation was measured ftwmn initial explantation
through to their eventual senescence. DPCs wetiallypigrown at 21% oxygen
before being equally split between 2% and 21% omymeubators at passage 2.
Cultures were then maintained for a further twospgss before being split again,
this time being either kept under the same oxygamditions or switched to the
opposite oxygen condition. Results are presentetheasnean + S.E.M. for n = 3

(matched DPC samples from 3 different patients).
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3.3.3 Effects of oxygen culture conditions on DPC onphology

Morphological differences between balding and ataipDPCs grown under the
both oxygen conditions were also apparent at pas8adalding DPCs grew in a
dispersed, disorganised fashidfigure 3.3A and 3.3B, with those grown at 21%
oxygen demonstrating a flattened “fried egg” molphg (arrow ‘a’) characteristic
of senescent cell$igure 3.3A). Balding DPCs cultured at 2% oxygen maintained a

spindly morphology (arrow ‘b’) typical of healthifyroliferating fibroblasts.

The occipital phenotype DPCs grew in a more orgahisclustered formation
(Figure 3.3C and 3.3D). Figure 3.3C shows occipital DPCs cultured at 21%
oxygen had a flattened morphology, although theyally were not yet
demonstrating the “fried egg” senescent appearabaog, still clustered in an
organised fashion (arrow ‘c’)Figure 3.3D shows occipital DPCs grown at 2%
oxygen arranged to form spindle-like cells, in @stéred pattern with clearly defined

pseudopapillae (arrow ‘d’).
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Figure 3.3: Demonstrative morphology and arrangemein of DPCs. Balding
DPCs at 21% oxygen (A); Balding DPCs at 2% oxyd#&n Qccipital DPCs at 21%
oxygen (C); Occipital DPCs at 2% oxygen (D). Arrav— Senescent, ‘fried egg’,
unclustered balding DPC; Arrow ‘b’ — Spindle-likenclustered balding DPC;
Arrow ‘c’ — Senescent, ‘fried egg’, clustered odtap DPCs; Arrow ‘d’ — raised
pseudopapilla formed from spindle-like occipital ©f? Figures representative of

generalised trend of cell morphology.
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3.3.4 Effects of oxygen culture conditions on DPGrescence

As shown inSection 3.3.3 oxygen had a marked effect on the proliferatidn o
occipital and balding DPCs as determined by tobpiutation doublings. In addition,
balding DPCs had a much slower growth rate compé#vedccipital DPCs. To
characterise this further, the DPCs analysed f@ufaiion doublings irFigure 3.2

were also investigated for cell senescence.

In order to quantify the levels of senescence fathtoccipital and balding DPCs
cultured at both 2% and 21% oxygen conditions smwmeE® associated-
galactosidase (SA-Gal) activity at pH 6.0 using 4-MU-Gal was quaieiif (see

Chapter 2 for description of method).

The data from these experiments has been analydea iways. InFigure 3.4Aand

3.4B the data have been presented to show DPCs whdgeassage (P1-4) began
at either 2% Figure 3.4A) or 21% FEigure 3.4B) oxygen. This allowed statistical
comparison of the differences between occipital 484 balding (B) DPCs cultured

under the culture conditions described above.

In Figure 3.4C and 3.4D the data have been presented to show occigtiglife
3.4C) and balding Figure 3.4D) DPCs. This allowed statistical comparison of the

effect of altering the oxygen environment of the@3P

From Figure 3.4A it can be seen that both occipital and balding ®R@intained
across 6 passages at 2% oxygen had low levels n&fssence as shown by the
R.F.U. for SAB-Gal activity of 0.18 0.006 for both occipital and balding DPC. In
contrast when balding and occipital DPCs were ra@metl at 2% oxygen for

passage 1-4 and then transferred to 21% oxygempdssage 5 and 6 a marked
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increase in DPCs’ senescence was observed. [FHigore 3.4A it can be seen
however, that there was a significantly higher (®.85) level of senescence in

balding DPCs (1.17 £ 0.19 R.F.U.) compared to ataipPCs (0.68 £ 0.06 R.F.U.).

In Figure 3.4B it can be seen that both balding and occipital BRtintained at
21% oxygen for passage 1-4 and then switched t@m2¢gen for passage 5 and 6
showed low levels of senesce (0.18 + 0.006 R.Rh&) were comparable to cells
maintained for all 6 passages at 2% oxydegure 3.4A). In contrast, when either
balding or occipital DPCs were maintained for alp&ssages at 21% oxygen there
was a much higher level of cell senescence (0.80830R.F.U. and 0.66 + 0.02
R.F.U., respectively). However, as seen for celigally maintained at 2% oxygen
and then moved to 21%igure 3.4A) significantly higher levels of senescence (P <
0.05) were seen in balding DPCs compared to oetigirom these data it can be
concluded that lower levels of senescence are wbdén both balding and occipital

DPCs when grown at 2% oxygen compared to 21% oxygen

In Figure 3.4C it can be seen that occipital DPCs grown at 2% eryfpr all 6
passages demonstrates significantly lower levelsenlescence compared to those
grown at 21% oxygen for all 6 passages (P < 0.00Wpreover, occipital DPCs
which were grown at 2% oxygen during early passagkswitched to 21% oxygen
during late passage also showed significantly higbeels of senescence (0.68 *
0.06 R.F.U.) compared to occipital DPCs culture@%t oxygen for all 6 passages
(0.18 £ 0.007 R.F.U.) (P < 0.001). Furthermore,ijmtal DPCs which were initially
cultured at 21% oxygen during early passage andesuently switched to 2%
oxygen at late passage showed significantly loereels of senescence (0.18 £ 0.009
R.F.U.) as compared to those grown at 21% oxygemlf® passages (0.66 + 0.02

R.F.U.) (P < 0.001).
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In Figure 3.4D it can be seen that balding DPCs grown at 2% oxygerall 6
passages demonstrates significantly lower levelsenlescence compared to those
grown at 21% oxygen for all 6 passages (P < 0.00Mpreover, balding DPCs
which were grown at 2% oxygen during early passagkswitched to 21% oxygen
during late passage also showed significantly higeeels of senescence (1.17 *
0.19 R.F.U.) compared to occipital DPCs culture@%t oxygen for all 6 passages
(0.19 £ 0.011 R.F.U.) (P < 0.001). Furthermore,ijmtal DPCs which were initially
cultured at 21% oxygen during early passage andesuently switched to 2%
oxygen at late passage showed significantly loereels of senescence (0.18 + 0.004
R.F.U.) as compared to those grown at 21% oxygealf® passages (0.66 + 0.015
R.F.U.) (P < 0.001). Surprisingly, balding DPCs ethwere initially cultured at 2%
oxygen during early passage and then switched % @iygen during late passage
showed higher levels of senescence (1.17 £ 0.19JR.Ehan balding DPCs grown

at 21% oxygen for all 6 passages (0.8 = 0.003 R)KRJ< 0.01).
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Figure 3.4: Relative levels of senescence in DPCghwaried combinations of
oxygen over early (P1-4) and late (P5-6) passag8enescence quantified using 4-
MU-Gal at the end of passage 6 non-balding anditglDPCs first cultured at 2%
oxygen (A) or 21% oxygen (B). Data are presentéerdtely in terms of occipital
DPCs (C) and balding DPCs (D) to allow statisticamparison of varying oxygen
conditions. Statistical analyses were carried osingi one-way ANOVA with
Tukey’s post-hoc test * P < 0.05; ** P < 0.01; *** P < 0.001; Resupresented as

the mean + S.E.M. for n = 3 (matched DPC samptas f8 different patients.
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3.3.5 Expression of senescence associated proteins

In order to further establish the intracellular mma&gism by which senescence was
occurring immunocytochemistry and western blot gsialwas conducted to confirm
the role of stress-induced senescent markers insDiP@er both oxygen conditions.
Figures 3.5A, 3.5Cand3.5E show balding DPCs cultured at 2% oxygen exhibited

minimal levels of P18X*

and pRB protein, but a higher expression of BMI-1.
Conversely,Figures 3.5B, 3.5Dand 3.5F show balding DPCs cultured at 21%
oxygen expressed both P8 and pRB protein, with a reduced expression of BMI-

1.

Densitometry analysis of the western blotsigure 3.6 demonstrates that balding
DPCs cultured at 2% oxygen express lower levelB18"** (0.6 A.U.) and pRB
(0.4 AU.) compared to those cultured at 21% oxydém and 0.7 A.U.,
respectively) at early passage (P2). Similarly, saene figure also shows that
occipital DPCs expressed lower levels of P48 (0.3 A.U.) and pRB (0.1 A.U.) at
2% oxygen compared to those cultured at 21% oxy@eid and 1.1 A.U.,
respectively) at early passage (P2). Occipital DRISe expressed lower levels of
P16"**? and pRB protein when compared to balding DPCs. éd@n by P4
P16"“*? and pRB protein expression appeared to plateaotin cell types and both
conditions, apart from occipital DPCs cultured &b ®xygen, which had a lower

expression of P18“? (0.8 compared to 1.0-1.4 A.U.).

Figure 3.7 shows simultaneous immunofluorescence stainingid"“** and BMI-
1. Occipital DPCs expressed little to no P48 with higher expression of BMI-1

observed in those grown at 2% oxygen. The baldiRG®expressed PY6* under
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both oxygen conditions, though BMI-1 was still medky expressed in those grown
at 2% oxygen, reflecting that seen with DAB stagnifhese data confirm that the

senescence quantified $ection 3.3.4s associated with upregulation of B16°.
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Figure 3.5: DAB Immunocytochemistry staining for PBINK4A, pRB, and

BMI-1 in balding DPCs cultured at 2% and 21% oxygen DPCs were cultured for
3 days prior to fixation and immunostaining. Images representative of three

separate experiments. Scale bar =50 pum.
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Figure 3.6: Western blot analysis of P18“** and pRB protein expression in
occipital and balding DPCs cultured at 2% oxygen ad 21% oxygen at passages
2 and 4.Protein was isolated from occipital and baldingd3Reultured for 3 days at
2% or 21% oxygen. DPCs were lysed using RIPA buffermalised according to
total protein concentration and 20 pug of each &s@és run on a Sigma Nu-page
electrophoresis gel3-Actin was used to determine equal protein loadiBpts
representative of n = 3 patients. Densitometry eslealculated using Image-J
software for mean of all 3 blots expressed as @ifna of -actin control presented

below each lane.
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Figure 3.7: Immunofluorescence staining for p18%*® and BMI-1 in occipital

and balding DPCs grown at 2% oxygen and 21% oxygerDPCs were cultured

for 3 days prior to fixation and immunofluorescenseining. Images are

representative of three separate experiments. Saake 50 um.
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3.3.6 Effects of oxygen on TGH- isoform secretion in balding and occipital

DPCs

The previous data showed that oxygen conditions h@are a profound effect on
proliferation and senescence of the DPCs. Therafaygen conditions may also
have an effect on the dermal papilla’s key functiotme secretion of growth factors.
ELISA kits were used to quantify secretions inte PC culture media in order to

determine the effects of oxygen on secretion of Padsoforms.

Previous studies (Inwgt al., 2002) have shown that balding but not occipitRld3
secrete TGH in response to DHT stimulation. Therefore, theezkpents carried
out in this section were done in either the absemcpresence of DHT (1 or 100

nM).

Figure 3.8 shows the effects of 2% and 21% oxygen on secretfol GF$1 and
TGF{2 isoforms by both occipital and balding DPCs ie giesence and absence of
DHT. Balding DPCs cultured at 21% oxygen showedgaificant stimulation of
TGF{1 secretion when treated with 100nM DHT (P < 0.8tthough 1 nM DHT
had no significant effect (P > 0.06)gure 3.8A). Interestingly, occipital DPCs at
21% oxygen also showed a significant increase iFBG secretion with 100nM
DHT (P < 0.01) however 1 nM DHT caused a significdecrease in TGB1
secretion (P < 0.01). Perhaps more striking wasotiservation that at 2% oxygen
DHT had the opposite effect on balding DPCs at 2%ggen demonstrating a
significant dose-dependent decrease (P < 0.00L{#RP1 secretion. Similar results
were also observed for occipital DPCs with a sigaiit decrease in TGt

secretion at 1 nM (P < 0.01) and 100nM DHT (P 0.0
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Figure 3.8B shows that for balding and occipital DPCs cultuetd21% oxygen

DHT at 100nM significantly stimulated secretionTt&F2 (P < 0.01) but at 1nM
had no significant effect. However, in contrastthe data seen for TGFt DPCs

cultured at 2% oxygen showed no significant stimotaof TGF$2 in response to
either 1nM or 100nM DHT. These data show that oryigas a significant effect on
TGF{1 and TGH2 secretion by both balding and occipital DPCs sunghests that
TGFJ} secretion may occur in response to conditionsxafative stress, but only in

the presence of 100nM DHT.
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Figure 3.8: ELISAs for TGF-p1 (A) and TGF-B2 (B) secretion by balding and
occipital DPCs cultured at 2% and 21% oxygenDPCs (2x16 per well) were
cultured for 24 h at 2% or 21% oxygen conditionsllCwere treated with 0, 1 or
100 nM of DHT.The culture media were then analylsgdR&D Quantikine ELISA
kits. Experiments were carried out in duplicate@PCs from 3 separate patients.
Statistical analysis was carried out using one-ABYDVA; * P < 0.05; ** P < 0.01,

*** P < 0.001; Results presented as the mean £Ms.Eor n = 4 (matched DPC

samples from 4 different patients).
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3.3.7 Effect of oxygen on DKK-1 secretion by cultied DPCs

DKK-1 is another growth factor used as a markecatbgen, therefore the effect of

different oxygen conditions on DKK-1 secretion wasasured using an ELISA.

Figure 3.9shows that with 2% oxygen conditions there wasigaificant difference

in DKK-1 secretions between balding and occipit®d3. However, at 21% oxygen
DKK-1 secretions were significantly higher in badiDPCs (323 pg/ml) compared
to occipital DPCs (217 pg/ml)(P < 0.05). Notablerth was not a significant change
in DKK-1 secretion by either balding or occipitaPBs when comparing between
oxygen states, but rather a trend towards a raisecretion in the balding and a
reduction in secretion by the occipital which résdlin the significant difference

overall at 21% oxygen.
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Figure 3.9: ELISA for DKK-1 secretion by balding and occipital DPCs cultured

at 2% and 21% oxygen.DPCs (2x16 per well) were cultured for 24 h at 2% or

21% oxygen. The culture media were then analyse®Ki-1 secretion by ELISA.

Measurements were carried out in duplicate in Zusgp patients. Statistical analysis

was carried out using one-way ANOVA; * P < 0.05, RS 0.05; Results presented

as the mean £ S.E.M. for n = 3 (matched DPC sanfpdas 3 different patients).
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3.3.8 Effect of oxygen on IGF-1 secretion by culted DPCs

IGF-1 is a growth factor associated with the initia of the anagen growth phase,
stimulating the proliferation of the follicular ¢pelial cells, therefore the effect of

different oxygen conditions on DKK-1 secretion wasasured using an ELISA.

Figure 3.10shows that at 2% oxygen conditions occipital DREsreted a higher
concentration of IGF-1 (347 pg/ml) compared to &éhazultured at 21% (187
pg/ml)(P < 0.01)Figure 3.10also there was a significant, though not as prooced
increase in IGF-1 in the balding DPCs cultured%tdygen (257 pg/ml) compared
to those cultured at 21% oxygen (172 pg/ml) (PG5D.Overall the occipital DPCs
were shown to secrete a significantly higher cotregion of IGF-1 than balding
DPCs at 2% oxygen (P < 0.05), but no significaffiedence was observed at 21%

oxygen.
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Figure 3.10: ELISA for IGF-1 secretion by balding and occipital DPCs cultured

at 2% and 21% oxygen.DPCs (2x16 per well) were cultured for 24 h at 2% or
21% oxygen. The culture media were then analyseddb-1 secretion by ELISA.
Measurements were carried out in duplicate in Zusgp patients. Statistical analysis
was carried out using one-way ANOVA; * P < 0.05, P*< 0.01, NS P > 0.05;
Results presented as the mean + S.E.M. for n =d&cfred DPC samples from 3

different patients).
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3.4 Discussion

The findings reported in this chapter highlight twajor differences in DPCs with
regards to proliferation and senescence. Firsfypraviously reported by our group,
balding DPCs proliferate at a slower rate and sanafier fewer passages compared
to occipital DPCs (Bahtat al., 2008). Secondly; it was found that low oxygen
culture was able to increase proliferation ratéath balding and occipital DPCs as
well as delay their senescence. This finding sugparevious reports showing that
low oxygen culture was able to delay the onseteasfescence in human diploid

fibroblasts (Chermt al., 1995, Chert al., 2000, Chen, 2000).

Though many steps may be taken to replicate ithevivo hair follicle
microenvironment in ann vitro model, there are numerous shortcomings which
impede the overall health of the DPCs. One suclidiman is the cells’ exposure to
oxygen which is harmful to cells at atmospheric%d1evels (Davies, 1995). In the
case of the cells of the dermal papilla’s microemwment the normal physiological
partial pressure of oxygen ranges somewhere betde&¥ (Wang, 2003), while
standard cell culture takes place at normal atmerspHevels of 21% oxygen.
Carbon dioxide levels were identical in both indobs (5%), while nitrogen
effectively accounts for the total remaining aitioth. For this study, this affords us
an effective model — wherein the normal cell c@tepnditions at 21% acts as an
oxidative stress condition compared to the more sjghygically comparable
environment of 2% oxygen. This method also allows to investigate and
characterise the use of 2% oxygen for DPCs cukuaemethod which is yet to be

tested for research or clinical use.
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One major observation with regards to differencetsvben balding vs. occipital and
21% vs 2% oxygen is ability of cultures to form pdepapillae. Balding DPCs grow
in a disorganised pattern, while the occipital DREsange into clusters. Of the
occipital DPCs, it is only those grown at 2% oxygemhich form raised
pseudopapillary structures indicative of the maiatee of the DPC’sn vivo

properties (Almond-Roeslet al., 1997).

With regards to the cellular morphology and arranget of the DPCs,
pseudopapillae formation is indicative of timevitro DPCs resemblance of their
vivo morphology via their maintenance of cell surfazextracellular matrix (ECM)
interaction proteins integrins beta 1, alpha 1, alpha 5 (AlImond-Roeslest al.,
1997). Expression of these integrins appears timperative to the DPCs’ function,
as dermal fibroblasts (DF) from the skin lack esgren and fail to form
pseudopapillae as a result. Furthermore, it has ®wn that pseudopapilla
formation is associated with expression of alkajphesphatase (AlImond-Roeskr
al., 1997), Alkaline phosphatase is an establishedkendor cell viability as well as
a vital component fode novo follicle induction byin vitro DPCs (McElweeet al.,
2003). These findings further support the hypothésat 2% oxygen helps maintain
viability of the DPCs and that occipital DPCs hawédunctional advantage over

balding DPCs under cell culture conditions.

Loss of proliferative capacity and a flattened naipgy are both indicators of
cellular senescence. Therefore, senescence in Bli&s vas measured using the 4-
MU-Gal assay (Gary and Kindell, 2005). This assagwsed that either balding or
occipital DPCs taken at passage 6 from 2% oxygéwilwer maintained there for the
whole span of their cell culture or merely transfey them during their late passage)

would exhibit a low level (0.18 R.F.U. £ 0.006) 8A-B-Gal activity. This suggests
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that 2% oxygen can both prevent as well as resd@€sDfrom senescence during

later passage.

Occipital DPCs exhibited higher levels of $Asal activity (0.66 R.F.U. + 0.06),
though there was no significant difference betwi@se which were either cultured

constantly at 21% oxygen or transferred to 21% exyaft later passage.

Interestingly, balding DPCs which were culture@% oxygen during early passage
but were then transferred to 21% oxygen exhibiteligher level of SA3-Gal
activity (1.17 R.F.U. £ 0.19) compared to baldin@@s grown at 21% oxygen for
the entire duration of their cell culture (0.8 RIF+ 0.003). It has been previously
reported that although cells grown under low oxybame a lower accumulation of
oxidative damage, they are in fact more sensitisetute changes in oxygen, either
via alteration of their oxygen environment or thghutreatment with hydrogen
peroxide (HO,) (Davies, 1999). In turn cells grown at 21% oxygedapt
accordingly via upregulation of antioxidants whiginotect them from entering
premature senescence. The data presented here wogdgst that the occipital

DPCs are more adaptive than the balding DPCs haage in from 2% to 21%.

To compliment these findings the protein modulawirstress induced senescence
were examined. Using immunocytology, it was foumat expression of pf&“* and
pRB — established markers of stress-induced semes¢€hen, 2000) — was higher
in balding DPCs cultured at 21% oxygen conditioopared with passage-matched
samples grown at 2% oxygen conditions. This shoamrdnverse correlation with
expression of BMI-1 — a polycomb transcriptionagutator of p18'“*? whose
expression was maintained for longer in balding BRDItured at 2% oxygen

conditions.
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Conversely, balding DPCs grown at 21% oxygen exubstrong positive staining
for both P18"** and pRB and showed loss of BMI-1 expression. Funtbee,
BMI-1 staining was shown to be maintained at higvels in occipital DPCs under

both oxygen conditons.

These findings correlate with the quantitative gsial of senescence levels as
measured using the 4-MU-Gal supporting to our gioygevious finding of the
senescence in balding DPCs being a stress-inded&*® associated phenomenon
(Bahta et al., 2008). Furthermore, these findings are indicatethe fact that
P16V ** and pRB are exaserbated by oxidative stress, ieh balding DPCs

demonstrated a higher sensitivity.

An important consideration for these findings iattthe dermal papillen vivo is not

a notably proliferative sub-cellular compartmemdded when compared to the
epithelial keratinocytes whose cell number fluotsatas the result of rapid
proliferation during anagen (Stenn and Paus, 2@0t) apoptosis during catagen
(Lindner et al., 1997) the number of cells within the DP is refaly stable during

the hair follicle growth cycle and the majority @éictuations in cell number is
thought to be accounted for by migration fibroldast and from the peripheral CTS

(Tobinet al., 2003).

Despite this, the dermal papilla still undergoeskad morphological transformation
during the hair cycle (Tobiret al., 2003). Furthermore, the morphology of the
balding dermal papilla (small, roundad)vivo is easily distinguished from that of its

healthy occipital counterpart (large, “pear’-shap@dirandaet al., 2010).

126



The key changes that occur in the remodelling efdarmal papillae occur as the
result of altered an altered extracellular matrMegsengeret al., 1991b) and

migration of the DPCs to and from the adjacent Cli&binet al., 2003).

However, undein vitro conditions the DPCs can be rapidly explanted apaweded
(Jahoda and Oliver, 1981) at proliferation ratéfedknt to their behavioun vivo.
This divergence is largely overlooked and in fdcisiwidely held fact that high

proliferation rates equate to healthy, viable cells

As well as demonstrating the cause of balding D&escence, the up-regulation of
P16V%*® and pRB is also of functional importance. pRB hasrbshown to be a
crucial regulator of growth factor secretion in rammfibroblasts (Frippiagt al.,
2001). Hence, there is a concomitant inductionasfescence with an alteration in

the cells’ growth factor secretions.

A key function of DPCs which is seen in bathvivo andin vitro conditions is the
secretion of growth factors. The induction of cataghought to occur via the
secretion of TGH isoforms (Foitziket al., 2000). Studies using the treatment of
androgen analogue R-1881 on balding DPCs causeadcagase in both TGB1
(Inui et al., 2003) and TGHB2 (Hibino and Nishiyama, 2004) secretions. The majo
endogenous androgen responsible for mediating imah the dermal papilla is
DHT. For these experiments, when quantifying Tisecretions, DPCs were tested

in the presence and absence of 1 or 100 nM of DHT.

It was demonstrated that, through modifying the BP&ygen environment, it is
possible to regulate TGFt and B2 when stimulated with DHT (1, 100 nM).
Balding DPCs secrete increased TREFand B2 when stimulated with 100 nM at

21% oxygen conditions, concurring with previousdfimgs by other groups (Inet
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al., 2003, Hibino and Nishiyama, 2004). Culturing tiedding DPCs at 2% oxygen
was able to negate any increase in DHT-stimulat&& 2 secretion (no significant
difference between vehicle control and DHT treatedls). Even more notably,
balding DPCs cultured at 2% oxygen exhibited a cedusecretion of TGB1 as

compared to the vehicle control, with the higheselof DHT (100 nM) conferring a

greater decrease in secretion.

Occipital DPCs secrete also demonstrated an ineliea8GF1 and TGH2 when
stimulated with 100 nM at 21% oxygen conditionsn@ersely, the lower dosage of
DHT (1 nM) conferred a decrease in T@Esecretion. Culturing the occipital DPCs
at 2% oxygen was able to negate any increase in-8ttiiulated TGH32 secretion
(no significant difference between vehicle conaat DHT treated cells). A 1 nM
dose of DHT caused a decrease in TRFsecretion regardless of the oxygen
environment, however with the 100 nM dosage of DétEipital DPCs at 21%
oxygen saw an increase in TGE-secretion while at 2% oxygen TG@H-secretion

decreased.

Taken together these findings suggest that DHTwdétad TGFB secretion can be
viewed as a form of stress-response when DPCs rder uhe oxidative-stress
inducing environment of 21% oxygen. Simultaneou2k4 oxygen is able to negate
or even reduce TG-secretion in an isoform specific manner in thespnee of
DHT. TGF{ is secreted as a stress-response to oxidativasstre number of other
pathophysiological mechanisms, such as pulmonhbrgdis (Cuiet al., 2011) heart
disease (Yetet al., 2011) or photo-ageing of the skin (Debacqg-Chaixiet al.,

2005).
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DKK-1 is also instrumental in regulating catagerw@€k et al., 2012). For both
occipital and balding DPCs changing the oxygen ttaongs exerted no significant
change in DKK-1 secretion. Moreover, at 2% oxyg#rere was no significant
difference in DKK-1 secretion. However, at 21% oeggbalding DPCs secreted
significantly higher levels of DKK-1 compared toogmtal DPCs. This demonstrates
occipital DPCs lower proclivity towards DKK-1 exgson and secretion under a
cell stress state, giving further evidence of catamducing growth factors being

secreted as a form of stress response.

IGF-1 is an established stimulus for ORS keratit@cyowth (Batclet al., 1996). In
this chapter it was shown that at 2% oxygen, IG&fpression is higher in both
occipital and balding DPCs, with a significantlygher secretion in the occipital
DPCs. This demonstrates that occipital DPCs aréecm a greater advantage when
under physiological conditions as IGF-1 helps tomaan the hair follicle in its

anagen growth phase.

These findings may go some way towards elucidatwegparadoxical effects of the
androgens on the DPCs wherein different growthofacare secreted by the dermal
papilla in response to androgens depending ondhddilicle type (Randall, 2007).
It is conceivable than vivo the dermal papilla’s growth factor secretion igulated
according to the conditions of the tissue microsstvinent. This model of balding as
an oxidative-stress induced condition of senesceanébe compared to the model of
oxidative-stress induced ageing of the skin whetha DF senesce, alter growth
factor secretion and alter their surrounding ECMaagsult of increased oxidative

stress over time (Reedial., 1994) (Debacg-Chainiawet al., 2005).
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There is also a potential molecular link betweertative-stress induced senescence
and growth factor secretion. Two possible pathwéys pRB-mediated TGEB-
upregulation have been shown. pRB is known to egguthe Sp-1 transcription
factor (Udvadieet al., 1993) which is a TGB1 promoter (Geisegt al., 1993). pRB
also mediates the E2F transcription factor whiclbagh responsible for inducing
cellular senescence mechanism as well as bindingetoaf GFB1 promoter region
(Thatikuntaet al., 1997). It has been previously shown thaOktinduced oxidative
stress of fibroblasts causes a sustained overesipre®f TGFBl via a pRB
regulated pathway (Frippiat al., 2001). Notably, these cells also senesce, inB pR

dependent manner as the result of the induced txédstress.

In this chapter and in previous work by this grdBahtaet al., 2008) it has been
demonstrated that balding cells secrete P&Fand B2 as well as expressing
elevated pRB compared to occipital DPCs. Furtheemiirwas demonstrated that
culturing both occipital and balding DPCs at lowyg&n reduced pRB expression
and could either negate or reduce T@F-or {2 secretion. There is therefore
evidence of a concomitant induction of senescente an upregulation of TGB-

isoforms in the DPCs, however further work musthgied out to confirm whether

pRB confers the mediation of T@Fpromoters.

In summary, we confirm the previous finding thatdiay DPCs proliferate slower
and senesce more rapidly than occipital DPCs. Eurtbre it was found that low
oxygen was able to increase proliferation and de&nescence in both balding and
occipital DPCs. Switching cells to 21% oxygen causenescence after just two
passages in both balding and occipital DPCs, withoge pronounced effect seen in
the balding DPCs, indicating a higher sensitivitydxidative stress. Low oxygen

caused cells to form in clustered formations anthecase of occipital DPCs, form
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pseudopapilla. Levels of senescence correlated piRfB and P16INK4a expression
at the protein level as well as in cytochemicallgsis. This expression demonstrated
an inverse expression pattern to BMI-1 expressioxygen conditions were also
shown to modulate growth factor secretions with lmxygen, negating or lowering
DHT-stimulated TGH31 and B2 secretions. Low oxygen also induced an increase

in IGF-1 secretion in both balding and occipital @R
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Chapter 4

Effect of oxygen on dermal papilla ROS levels

and antioxidant response
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4.1 Introduction

Oxidative stress can cause deleterious effectells, causing protein misfolding,
altering cellular signal transduction and causingADdouble strand breaks (Finkel
and Holbrook, 2000). The mitochondria are a majourse of oxidative stress
(Turrens, 1997). Reactive oxygen species (ROSYarmed as a bi-product of the
oxidisation reactions which occur in the electreansport chain (ETC) of the
mitochondria. Inefficient activity in the ETC leatts “leakage” of electrons either
via cytochrome bcl or nicotinamide adenine dinudaieodehydrogenase (Turrens,
1997) which react with oxygen molecules to formesogide. Superoxides cause a
chain reaction of highly volatile molecules contagh one or more unpaired
electrons. The altered charge on the moleculedlemresult in malformed protein

conformations, with a resultant loss of function.

In vivo, multicellular organisms are able to respond tevated levels of ROS
through upregulated expression of antioxidant pmetend peptides, however this
response is gradually lost as a result of the agpiocess (reviewed Wei et al.,

2001). Our group has previously shown that baldigC exhibit a higher
expression of stress-response proteins includireg Beock protein 27 (HSP27),

super oxide dismutase 1 (SOD1) and catalase (Bhhta 2008).

Catalase and glutathione are two critical compaentvhich protect cells from the
deleterious effects of ROS production. Catalaseesponsible for the enzymatic
conversion of HO, into H,O and Q and as such is critical for the reduction of
superoxides from the cell (Liet al., 1995). Active glutathione (GSH) is a reduced
sulfhydryl-containing peptide, which can be oxidiseo form a homo-dimer —

reduced glutathione disulphide (GSSG). This oxaatprocess requires a free
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electron, which it may accept from the unpairedgefradical electron from a ROS
(Maher, 2005). GSSH can be recycled to form two @8H molecules via the
enzyme glutathione reductase. Therefore the moporitant factor in glutathione

metabolism is the active fraction of GSH.

The previous chapter demonstrated that balding D#f senescence more rapidly
compared to occipital DPCs, and alter their grofeittor secretory function when

cultured at 21% oxygen compared to 2% oxygen.

As discussed inChapter 3, the dermal layer of the skin which surrounds the
proximal tip of the hair follicle is typically exged to lower concentrations of
oxygen (1-6%) (Wang, 2005) as compared to the neierievels of oxygen (20%)

used in DPC cell culture (Messenger, 1984).

As discussed in chapter 3, the DHT-TGFxis has been proposed as a possible
mechanism in the pathology of AGA (Inéi al., 2002). Both DHT (Pathakt al.,
2008, Leest al., 2008) and TGH- (Senturket al., 2010, Rhyuet al., 2005) are well
established mediators of cellular redox homeostd®isdate no reports have been
published examining the relative ROS levels witthia balding and occipital DPCs

or the effects of DHT and TGBF-on ROS and antioxidants in DPCs.
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4.2 Aim

To investigate the levels of ROS and the antioXslaratalase and glutathione in
human DPCs from balding and occipital (non-baldiscalp in response to oxygen

environment and in response to exogenous DHT arfef.G
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4.3 Results

4.3.1 Effect of O, on ROS levels in cultured DPCs

In order to test the effectiveness of the dichldrgdrofluorescein diacetate
(H,DCFDA) assay and to determine whether oxidativesstrcould be induced in
balding DPCs. DPCs were treated with acute dos@yyes0, 100 and 1000 uM) of
hydrogen peroxide (}D,) for 30 min.Figure 4.1 shows the relative levels of ROS
in balding DPCs. A low concentration o8, (10 uM) exerted no change in ROS
levels above the basal level measured with a DP&8cle control. At 100 puM
H,O, was able to induce a 4.14 fold increase in RO&lse(P < 0.05). A higher
concentration of 1000 uM 4@, was also tested, but this concentration causds cel
to lose adherence from the well plate, therefoiredbsage was deemed too toxic for
DPCs. Therefore, the JHACFDA assay was established as being an effectaans

of measuring ROS production under oxidative steesslitions.
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Figure 4.1: H,DCFDA assay measuring levels of intracellular ROSni balding
DPC in response to HO,. DPCs were treated with an acute dose gbHfor 30
minutes prior to the ROS assay prior to incubatthg H,DCFDA dye 1 h.
H,DCFDA fluorescence was quantified on a heated (3#Qltiwell plate reader
with relative fluorescent units (R.F.U.) being m&asl at 5 minute intervals over 30
minutes. Figures show data expressed as R.F.U.8tatistical analysis was carried
out using Student’s t test; * P < 0.05; resultssprged as the mean = S.E.M. for n =

3 (matched DPC samples from 3 different patients).
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4.3.2 Effect of oxygen and passaging on ROS levéisthe balding and occipital

DPCs

In order to determine the basal levels of ROS withe balding and occipital DPCs,
the H,DCFDA assay was conducted in DPCs cultured at B&hand 21% oxygen.
Measurements were also taken over progressive gessa order to confirm
whether oxidative stress had a cumulative effeatrawe lifespan of the DPC
cultures. DPCs were assayed from passage 3 onasitie volume of cells required

for the assay could not be met by cells at pas2age

Figure 4.2 shows that at early passage there was no staligtisignificant
difference between balding and occipital DPCs calluat either 2% or 21% oxygen
(P3). There was however a 1.98 fold increase (0i876.449 R.F.U./min) in the
level of ROS in the balding DPCs grown at 21% oxy(fe < 0.01) as well as a 2.21
fold increase (0.245 to 0.517 R.F.U./min) in theeleof ROS in the occipital DPCs

grown at 21% oxygen (P < 0.01).

At late passage (P4) there was a 3.25 fold incréa88 to 0.263 R.F.U./min) in the
levels of ROS in balding DPCs compared with ocalpDPCs cultured at 2%
oxygen (P < 0.001) as well as a 0.27 fold incré@€s92 to 0.793 R.F.U./min) in the
levels of ROS in balding DPCs compared with ocalpDPCs cultured at 21%
oxygen (P < 0.01). There was also a 3.12 foldease (0.263 to 0.793 R.F.U./min)
in the level of ROS in the balding DPCs grown a%2txygen compared to those
cultured at 2% oxygen (P < 0.001) as well as a To&8 increase (0.88 to 0.592
R.F.U./min) in the level of ROS in the occipital O® grown at 21% oxygen

compared to those cultured at 2% oxygen (P < 00001
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At late passage (P5) there was a 0.33 fold incréa9eto 1.194 R.F.U./min) in the
levels of ROS in balding DPCs compared with oceip@PCs cultured at 21%
oxygen (P < 0.01). There was no significant diffee in ROS levels between
balding and occipital DPCs cultured at 2% oxygeheré was also a 0.64 fold
increase (0.687 to 1.194 R.F.U./min) in the ledRO®S in the balding DPCs grown
at 21% oxygen compared to those cultured at 2% exyg < 0.01) as well as a 0.37
fold increase (0.635 to 0.9) in the level of ROSha occipital DPCs grown at 21%

oxygen compared to those cultured at 2% oxygen(R¥).

The results of these experiments show that oxygemnkates an increase in ROS in
both balding and occipital DPCs. However, with é&xeeption of early passage (P3)

cells the increase in ROS is much higher in baldag occipital DPCs.

These data also show a marked effect of cell passaglevels of ROS in both
balding and occipital DPCs. At 2% oxygen the iase in ROS is similar with
increasing passage between balding and occipit@&sDPiowever, at 21% oxygen
the difference in ROS levels is more marked betwesding and occipital DPC at
the later passages (P4, P5) with significantly éiglevels of ROS in the balding

DPC (P < 0.001).

These data therefore show that balding DPC are reemsitive to oxygen than

occipital DPC with regard to ROS production.
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Figure 4.2: Levels of intracellular ROS in balding and occipital DPC over

passage at 2% or 21% oxygen over passage 3, 4 anR®S levels, as quantified

using the HDCFDA assay, were conducted in balding and ocdipiR2Cs cultured

at 2% and 21% oxygen. Measurements were takencht mssage from P3 to P5.

DPCs were incubated with media containingD@FDA in the dark for 1 h. After 1

h the cells were imaged on a heated (37°C) multiplate reader with fluorescence

readings (R.F.U.) being taken at 5 minute interealer 30 minutes. Figures show

data expressed as R.F.U./min. Statistical analysis carried out using Two-way

ANOVA with Bonferroni post-test; ** P < 0.01, NS dicates P > 0.05; Results

presented as the mean + S.E.M. for n = 3 (matchHe@ Bamples from 3 different

patients).
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4.3.3 Effect of TGF$1 on ROS levels in the balding and non-balding DPCs

TGFf1 is an established mediator of catagen in the fudlicle (Foitzik et al.,
2000). It has also been indicated in the modulatibROS in a range of different
cell types (Senturlet al., 2010, Rhyuet al., 2005). Therefore intracellular ROS
production in response to a supraphysiological dokd GF{1 (10ng/ml) was

measured in balding and occipital DPCs. The finsliage presented Figure 4.3

Using two-way ANOVA analysis with Bonferroni posst there was no significant
change in ROS production in response to TBaFEompared to DPBS vehicle control
in balding or occipital DPCs at either 2% or 21%gen. These data indicate that
the modulatory effect of TGB1 on ROS production observed in other cell types is

not applicable in DPCs.

Two-way ANOVA analysis with Bonferrorpost-hoc test indicated a significantly
higher (P < 0.001) level of ROS in DPCs grown a&#%2dxygen compared to those
grown at 2% oxygen. Moreover, it was found thatdbey DPCs produced
significantly higher levels of ROS compared to pdal DPCs at 21% (P < 0.05),
but not 2% oxygen (P > 0.05). These data concur thiat presented iRigure 4.2
supporting the findings and acting as a positivetrad for the BDCFDA assay’s
effectiveness. The two-way ANOVA indicated a nogrsicant (P > 0.05)

interaction effect between the variables of oxygendition and TGH1 treatment.
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Figure 4.3: ROS levels of in balding and occipitaDPC in response to TGFB1 at

2% and 21% oxygen conditions.Using the HDCFDA assay, ROS-levels were
measured in passage 3 balding and occipital DP@seipresence or absence of 10
ng/ml TGF$1 at 2% (A) or 21% (B) oxygen. DPCs were incubatéti TGF{1 for

1 h, following which HDCFDA dye was added to the media and cells were
incubated at 37°C in the dark for 1 h. Cells warbsequently imaged on a heated
(37°C) multiwell plate reader with fluorescencediegs (R.F.U.) being taken at 5
minute intervals over 30 minutes. Figures show datpressed as R.F.U./min.
Measurements carried out in duplicate in samplesnfr3 different patients.
Statistical analyses were carried out using two-ABYOVA between cell type with
Bonferroni post-test; NS indicates no significaifteslence; Results presented as the

mean = S.E.M. for n = 3 (matched DPC samples frafiff8rent patients).
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4.3.4 Effect of DHT on ROS levels in the balding ahnon-balding DPCs

DHT plays a critical role in the pathogenesis of A@nd is also an established
modulator of ROS in androgen sensitive tissues agamouse embryonic stem cells
(Pathaket al., 2008, Leest al., 2008). To date there have been no published tepor
investigating the effect of DHT on ROS levels in@& To establish whether DHT
also affected ROS production in DPCs balding andpital DPCs were incubated
with DHT (1, 100 nM) for 1 h and then internal RP®duction was measured using

H,DCFDA.

Using the two-way ANOVA with Bonferroni post-teBtgure 4.4 shows that DHT

caused no significant increase in ROS levels inipitet DPCs cultured at 2%

oxygen, however DHT was able to induce a dose respe decrease in ROS levels
in balding DPCs cultured at 2% oxygen at 1 and dARIO(P < 0.01 and P < 0.001,
respectively).Figure 4.4 also shows that DHT did not induce an effect onSRO
levels in either balding or occipital DPCs culturatl 21% oxygen. There was,
however, a significant difference in ROS betweellibg and occipital DPCs and

between cells grown at 2% or 21% oxygen.

The two-way ANOVA indicated a significant differemgqP < 0.001) in the
expression of ROS between both cell types wherumdtat 2% or 21% oxygen,
thus concurring with the data presentedrigure 3.2 showing oxygen conditions
affected intracellular ROS levels. This findingalkscts as a positive control for the

H,DCFDA assay'’s effectiveness.
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Figure 4.4: ROS levels of in balding and occipitaDPC in response to DHT
cultured at 2% and 21% oxygen.Using the HDCFDA assay, ROS-levels were
measured in passage 3 balding and occipital DP@s avireatment of 0, 1 or 100
nM of DHT cultured at 2% (A) or 21% (B) oxygen. Memements were taken at
passage 3. DPCs were incubated with DHT for 1 llgviing which H,DCFDA dye
was added to the media and cells were incubat&d°& in the dark for 1 h. Cells
were subsequently imaged on a heated (37°C) mliltipiate reader with
fluorescence readings (R.F.U.) being taken at Sutairintervals over 30 minutes.
Figures show data expressed as R.F.U./min. Measmtsmwere conducted in
duplicate in samples from 4 different patients.tiSti@al analyses were carried out
using two-way ANOVA with Bonferroni t-test betweeall type; ** P < 0.01, *** P

< 0.001; NS indicates no significant difference.silts presented as the mean *

S.E.M. for n = 4 (matched DPC samples from 4 d#if¢mpatients).
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4.3.5 Catalase expression in balding and occipitdd PCs cultured at 2% and

21% oxygen

Catalase is responsible for the enzymatic conversfd4,0, into H,O and Q and

as such is critical for the reduction of superogittem the cell (Liret al., 1995).

Densitometry analysis of the western blotFigure 4.5 demonstrates that balding
DPCs cultured at 2% oxygen express lower levetsatdlase (0.4 A.U.) compared to
those cultured at 21% oxygen (1.1 A.U) at earlyspgs (P2). Similarly, the same
figure also shows that occipital DPCs expresseg tvake levels of catalase at 2%
oxygen (< 0.1 A.U.) compared to those cultured1& 2xygen (0.9 A.U). Occipital

DPCs also expressed lower levels of catalase whiepared to balding DPCs. From
Figure 4.5it can also be seen that catalase expression appeguiateau by late

passage (P4), in both cell types, under both camdit(1.1-1.2 A.U.).

These findings correlate with the data showRigure 4.2 demonstrating that higher
catalase expression was observed in those cellshwiad a higher level of ROS
i.e.:- balding DPCs or DPCs cultured at 21% oxyggms suggests a homeostatic
response of catalase to help regulate ROS; howiévierimportant to note that
despite catalase expression it appears to be ut@iiaintain ROS levels at those

seen in the occipital DPCs.
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Figure 4.5: Western blot analysis of catalase expssion in occipital and balding
DPCs cultured at 2% or 21% oxygen at passages 2 ard Protein was isolated
from occipital and balding DPCs cultured for 3 day2% or 21% oxygen. DPCs
were lysed using RIPA buffer, normalised accordingotal protein count via the
Bradford assay and 20 pg of each lysate was runaoisigma Nu-page
electrophoresis geB-actin was used to confirm equal protein loadDegnsitometry
values calculated using Image-J software for mefaallo3 blots expressed as a

fraction off3-actin control presented below each lane.
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4.3.6 Functional analysis of catalase in balding aoccipital DPCs

A functional catalase assay was used to furthetbsh the difference in catalase
expression in balding and occipital DPCs culturédath oxygen conditions. In
addition to this, based on the findings detailed~igure 4.4 catalase activity in
response to DHT (100 nM) was tested. Assays warduwzied on early passage (P2)
DPCs before the plateau effect observedrigure 4.5in order to detect the most

biologically significant differences.

Figure 4.6 shows catalase activity in was higher in baldingd3 (40.8 nM/min)
compared to occipital DPCs (25.8 nM/min) cultured2& oxygen (P < 0.01).
Catalase activity was also higher in balding DPZ%.{ nM/min) compared to
occipital DPCs (47.3 nM/min) cultured at 21% oxydén< 0.01). Overall catalase
activity was higher in both balding and occipitd?©s when cultured at 21% oxygen
compared to 2% oxygen (P < 0.01 for both cell typ&bese data concur with the
western blot analysis shown iRigure 4.5 confirming that increased catalase

expression directly correlates with its increasetivay.

DPCs were treated with DHT (100 nM) at either 2%2&f6 oxygenFigure 4.6

shows that DHT was able to increase catalase gcivDPCs grown at 2% oxygen.
Balding DPCs saw an increase in catalase activiagnf40.8 nM/min in control
treated cells to 61.9 nM/min when treated with DEU0 nM) (P < 0.01). Similarly,
occipital DPCs saw an increase in catalase activagn 25.8 nM/min in control
treated cells to 38.5 nM/min when treated with DET0 nM) (P < 0.01). DHT (100
nM) exerted no significant effect (P > 0.05) ondwady or occipital DPCs when

cultured at 21% oxygen.
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These data taken with the findingsHigure 4.4, wherein it was shown that DHT
could reduce ROS production in balding DPCs cuttae2% oxygen, indicate DHT
as having a role in protecting the balding DPCafiaxidative stress via modulating

catalase and its resultant antioxidative function.
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Figure 4.6: Activity of catalase in balding and ocpital DPC cultured at 2%

and 21% oxygen in response to DHT (100 nM).

Balding and occipital DPCs cultured at 2% or 21%g®n were pre-treated with
0.001% (v/v) ethanol vehicle control or DHT for 1@ells were subsequently lysed
and normalised by Bradford total protein assay mreésured for catalase activity
using Amplex Red assay. Experiments were carri¢dnoduplicate on DPCs from 3
separate patients. Statistical analyses was caotedising two-way ANOVA with
Bonferroni post-test; * P < 0.05, ** P < 0.01; Risupresented as the mean +

S.E.M. for n = 3 (matched DPC samples from 3 ddifémpatients).
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4.3.7 Functional analysis of glutathione in baldingand occipital DPCs at 2%

and 21% oxygen

Glutathione plays a critical role in the eliminati@f ROS within all cell types
(Maher, 2005). Using the 5,5’-dithiobis-(2-nitrolzenc acid) (DTNB) reaction assay
(seeChapter 2) total glutathione, and its respective fractiorisite reduced and
oxidised forms (GSH + GSSG), was quantified in bejdand occipital DPCs
cultured at 2% and 21% oxygefigure 4.7 shows the reduced and oxidised
glutathione concentrations in balding and occipi®Cs cultured at 2% oxygen
were not significantly different (P > 0.05). BaldildPCs cultured at 21% saw a
significantly increased expression of total gluiatle (3.413 uM) compared to
occipital DPCs (2.72 pM) (P < 0.001). However, thection of total glutathione
which was in its active reduced form (GSH) was #igantly lower in balding DPCs

(0.743 pM) compared to occipital DPCs (0.914 uMk(@.05).

The overall trend in these data can be best ardilyg®bserving the relative fraction
of active glutathione (GSH) as presentedTable 4.1 Although culture at 2%
oxygen confers a lower expression of total glutatki (2.304 uM in both occipital
and balding DPCs) the overall fraction of activeHc® oxidised GSSG remains
relatively high for occipital (41.1%) and baldin86(7%) DPCs. Comparatively,
GSH to GSSG fractions are much lower when DPCscalteired at 21% oxygen,
with occipital DPCs exhibiting 33.5% GSH and badidPCs exhibiting an even

lower 21.8% GSH.
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Figure 4.7: Total glutathione concentration showingreduced (GSH) and
oxidised (GSSG) fractions in balding and occipitaDPC cultured at 2% and

21% oxygen.

Balding and occipital DPCs cultured at 2% or 21%ygen were lysed and
normalised by Bradford total protein assay and womegk for total glutathione
concentration using the DTNB assay. Experimentewarried out in duplicate on
DPCs from 3 separate patients. Statistical analsesscarried out using Student’s t
test; * P < 0.05, ** P < 0.001, NS P > 0.05; Resudresented as the mean + S.E.M.

for n = 3 (matched DPC samples from 3 differeniguds).
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Total Glutathione Reduced Oxidised Active
GSH+GSSG Glutathione Glutathione Glutathione
(UM) GSH GSSG Fraction
(uM) (UM) GSH:Total
Occ 2% 2.304 £0.12 0.948+0.14 1.356+0.03 41.1%
Bald 2% 2.304 + 0.09 0.846 £0.11 1.458 +0.04 36.7%
Occ 21% 2.727 £0.12 0.914 £0.19 1.813+0.01 33.5%
Bald 21% 3.413+0.2 0.743 £0.25 2.67 £0.35 27.7%

Table 4.1: Relative fractions of reduced/oxidised Igtathione in balding and

occipital DPCs at 2% and 21% oxygenData from Figure 4.7 presented in table

form to highlight the relative ratios of active tdthione between balding and

occipital DPCs at 2% and 21% oxygen.

152



4.4 Discussion

Standard laboratory cell culture conditions growscem an atmosphere of 5%-10%
CO, and air. Under such conditions the oxygen conaéotr is 21%. However, in
the dermal layer of the skin, where the dermal lmaps located, the oxygen
concentration is between 1 and 5%, dependent oprthemity to the blood supply
of the capillary network of the sub-papillary plexand the highly vascularise hair
follicles (Wanget al., 2003, Wangt al., 2005). Therefore, under standard laboratory
conditions, DPCs are not cultured at their phygimal oxygen concentration and

this could promote a stress phenotype (Davies, Y1995

The data in this chapter show that 21% oxygen awgrpssive passaging both
significantly increase the levels of ROS in DPCsosM importantly, the data
demonstrate that balding DPCs produce more ROSrumuth oxygen conditions
compared to occipital DPCs, with a more pronounetect seen at 21% oxygen.
Oxidative stress is the most probable cause ohitreased stress-related senescence
seen in the balding DPCs at 21% oxygen conditiagglemonstrated in ti@&hapter

3. Other groups have demonstrated the link betwaetative stress and senescence
in other types of fibroblast cells. Under atmospheell culture, IMR-90 fibroblasts
have been shown to senesce after fewer passagesthibse grown under low
oxygen (Chenet al., 1995). In addition, hyperoxia (40% oxygen) indidiaapid
senescence in lung fibroblasts (von Zgliniekial., 1995) similar to the senescence

inducing effect seen with an acute concentratioH®, (Frippiatet al., 2002).

Our group has previously shown that the increasedigvity to oxidative stress in
balding DPCs was associated with higher expreseiostress response proteins

including catalase (Bahtet al., 2008). Catalase is involved in the mitigation of
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oxidative stress, conferring a cell protective effegainst oxidative stress (Batial.,
1999). The data in this chapter further confirmsthdindings, showing catalase
expression and activity is higher in balding DP@mpared to occipital DPCs, and
that its expression and activity is reduced at 28fgen relative to 21% oxygen in
both balding and occipital DPCs. This reduced eaatal activity occurs in
conjunction with the reduced ROS levels seen atoygen and in occipital DPCs

demonstrating catalase as an important stressfissgawotein in the DPCs.

Catalase has been found to play an important roleir follicle ageing within the
melanocytes (Kausest al., 2010). For example greying hair follicles havieoaer
expression of catalase compared to healthy, pigedédiollicles (Woodet al., 2009).
These data contrast with the findings shown in ttliapter, where the catalase
expression is higher in the balding DPCs. This midéy highlights a fundamental
difference between the relative pathogeneses ofirgyaand balding. In balding
follicles the stress response is active, but maybeoable to cope with the higher

levels of ROS being produced. In greyness thisstresponse is already lost.

TGF1 is known to be important in hair follicle growttycling (Foitzik et al.,
2000). TGFB isoforms are also known regulators of ROS producin various cell
types, such as hepatocyte carcinoma (Serdugk., 2010) lung fibroblasts (Cuat
al., 2011) or renal epithelial cells (Rhy al., 2005). It has also been found that
DPC secreted growth factors were able to act upenDPC itself in autocrine
regulatory manner (Hamada and Randall, 2006). Toere TGF$1 was
exogenously applied to DPCs cultured at 2% and 8%9gen to determine whether
they affected ROS production. The data presenteel $tfeow that TGBL does not

induce an effect on ROS production in the DPCss Important to note that DPCs
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were only exposed to TGFE for 1 hour and a longer exposure may be requoed

observe an effect.

DHT is an established agonist of the dermal papikdis (Inui et al., 2002).
Androgen receptors are found in balding and oaligiiPCs, with balding cells
expressing a higher number of receptors (Hibbetrgs., 1998). DHT’s action as an
inhibitor of ROS production has been demonstratechurine embryonic stem cells
(Pathaket al., 2008, Leeet al., 2008). The data in this chapter indicate a novlkel
for DHT in the DPC wherein ROS production was rextlién a dose-response
manner in the balding DPCs. This function was alssociated with an upregulation
of the antioxidant enzyme catalase in responseH® D both balding and occipital
DPCs. This effect was only observed when cells wattired at 2% oxygen and not
21% oxygen. All previous studies of DHT on DPi@sitro have been conducted at

21% oxygen suggesting this effect is prevented uhiggh levels of oxygen.

One potentially important observation in this cleapis that normal cell culture
conditions of 21% oxygen may mask the beneficitda$ of DHT reducing ROS in
balding DPCs. A similar action with regards to DHihibiting ROS has also been
observed in murine embryonic stem cells ((Pattiad., 2008, Leeet al., 2008). In
Chapter 3 it was demonstrated how different oxygen condgicould significantly
modulate the secretory output in balding and otali@PCs. Here we see another
example of altered function within the DPCs unasv bxygen whereby low oxygen
enables DHT to stimulate upregulation of catalastemtially resulting in a further
reduction of ROS levels. This highlights a potdnpiasitive feedback loop wherein
DPCs whose microenvironment confers a reductioliR@S levels can maintain

these low levels through further DHT stimulatiorid effect would then be lost in
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cells whose microenvironment conferred a higher RDEd up, for example the

DPCs of the poorly vascularised balding scalp.

DHT also promoted catalase activity in occipital @Pcultured at 2% oxygen,
however unlike balding DPCs this was not associatétl a reduction of ROS
levels. The next step to elucidating DHT’s role ROS regulation would be to
analyse androgen sensitive follicles from the beptbis or axillary to determine

whether catalase and ROS are regulated via the B&fhedependent mechanism.

Regulating ROS within the cell is a tightly conteal homeostatic equilibrium that
plays a major role in intracellular signalling (Retyal., 2012). For example ROS can
cause the upregulation of HSP27 and ATM both ofcWwhias well as acting to
mitigate cell damage by protein misfolding, ashe tase of HSP27 (Mymrikaost
al., 2011), or DNA double-strand breaks, in the cds&TdM (Hawkins et al., 2011),

concomitantly act as intracellular signalling matats themselves.

In this chapter it has been demonstrated that thiotae, is also regulated by oxygen
conditions along with different levels of expressioetween balding and occipital
DPCs. Glutathione can also act as an intracellsignalling molecule, affecting

transcription via a number of mechanism (Maher,5200

Glutathione is upregulated at 21% oxygen compawe2Pb oxygen conditions, in a
similar manner to catalase, and a significantlyhbrgexpression is seen in balding
DPCs compared to occipital DPCs at 21% oxygen. Hewethe fraction of
glutathione which remains in its active, reduceanfdGSH) is significantly lower in
balding DPCs compared to occipital DPCs culture@®% oxygen. The oxidised
form of glutathione (GSSG) can be recycled to GS&l the enzyme glutathione

reductase (Maher, 2005). Therefore glutathione aede is the critical rate-
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determing step dictating the levels of GSH in tle#lscand is a more accurate

indicator of the cells’ ability to regulate ROS (Ma, 2005).

Active GSH also regulates intracellular signallimg blocking the promoter binding
sites of AP-1 and SP-1 (Vaya#i al., 2007). SP-1 is a known target of the androgen
receptor and binding between them can be blockéd giutathione (Curtiret al.,
2001). GSSG does not affect the same pathways &% tG&efore the relative
balance between these two oxidative states mayercamfglutathione the ability to
act as a ROS sensitive signal modulator. Therehésefore scope for further
examination of the role of GSH signalling and wleeth is able to modulate DHT
signalling. Notably, TG can auto-induce the transcription of itself via thP-1
and SP-1 promoters via the intracellular Smad digga(Geiseret al., 1993, Van
Obberghen-Schillinget al., 1988), the potential relevance of which is exgtbr

further inChapter 5.

In summary, at low oxygen the levels of ROS in Hmdlding and occipital DPCs are
reduced. Balding DPCs exhibit a consistently higlesel of ROS compared to
occipital DPCs, however they also appear to be mesponsive to DHT induced
catalase upregulation which is associated withdaigigon in ROS levels, an effect
that is only observed at 2% oxygen. Balding DPGs akpress higher levels of total

glutathione, but the active GSH fraction is lowempared to occipital DPCs.
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Chapter 5

Expression of TGF$ receptors and effects of

TGF-p on occipital and balding DPCs
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5.1 Introduction

The primary function of the dermal papilla is thougp be the control of hair follicle
cycling by secreting growth factors that regulatevwgh, differentiation and
apoptosis of the surrounding hair follicle epitheli (Stenn and Paus, 2001). During
the growth cycle, the hair follicle undergoes coexpkissue remodelling which
changes the size and shape of the dermal papdlanigration and alteration of the
hair follicle extra cellular matrix (Tobiet al., 2003, Messenget al., 1991a, Elliott

et al., 1999). In contrast to occipital DP, the macropblggy of balding DP is
smaller, rounder and do not penetrate as deepyting hair matrix (Mirandat al.,

2010).

The possibility of autocrine regulation in the datrpapilla has been explored in a
report by Hamada and Randall (2006), in which medien from balding DPCs
inhibited the growth of occipital DPCs, but the afie growth factors responsible
for this autocrine regulation were not elucidatddzF isoforms can inhibit
proliferation and act an autocrine fashion in Idigoblasts (Moset al., 1987).
TGF$1 and B2 signalling have been reported as playing an itapbrrole in
signalling within the hair follicle, although thestudies have concentrated on their
effects on inducing apoptosis in the ORS at theebo$ catagen (Foitzilet al.,

2000, Foitziket al., 1999).

TGF signalling occurs via the TGE+eceptors. The TGB-receptor exists as three
different serine/threonine kinase subunits TjgFH-(also referred to as Alk5), TGF-
BRIl and TGFBRIIl (Wranaet al., 1992). Within the pilo-sebacious unit only the
TGF$RI and TGFBRII subunits are expressed (Paisl., 1997). The TGHBRI

and BRIl subunits combine to form a functional heteroeim TGFBRII receptor
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first can bind either of the TGFigands within the extracellular space, the ligand
bound TGFBRII subunit then activates TGFRI via phosphorylation (Wranet al.,
1992). Phosphorylated TGRIthen initiates cytoplasmic signalling by
phosphorylating Smads 1, 2, 3 or 5, which subsdfueanslocate to the nucleus to
regulate the transcription of target genes (Miyazenal., 2000). TGRS signalling
can be blocked by using the inhibit6B-431542, a compound which specifically

blocks the action of the TGBRI subunit (Inmaret al., 2002)

TGF{$ must be bound by latent TGFbinding proteins (LTBPs) 1, 3 or 4 in order
for the protein to be secreted to the extracelldiamain (Saharinest al., 1999).
The LTBPs are able to bind to ECM components swglitaonectin or fibrillin,
whereupon they release the active Tskgand (Hyytiainen and Keski-Oja, 2003,
Hyytiainenet al., 2004). This mechanism allows the T@GHRgands to be targeted to
tissues with specific ECM. Unlike LTBP1, 3 and 4,BP2 is unable to bind TGB-
but acts as a competitive antagonist to isoform8 &and 4 for the fibronectin and
fibrillin binding sites (Hiraniet al., 2007). TGRS is released from the LTBPs
through enzymatic cleavage by plasmin, thrombin Bfd.-MMP (Taipaleet al.,
1992, Tattiet al., 2008). A number of other factors, including pHidhe presence of
reactive oxygen species, can increase the ratdiahwhis cleavage occurs (Kad
al., 2001). The overall activity of TGF-s therefore controlled by the rate at which

it can be secreted with and subsequently releasedthe LTBPs.

Based on the previous datah@pter 3) demonstrating TGPB4 and 2 are secreted
from both balding and occipital DPCs this chaptepleres the potential role for

TGF isoforms as autocrine regulators in the dermaillpap

160



5.2 Aim

To investigate the potential role of TGE-andp2 as autocrine growth regulators of

the dermal papilla.
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5.3 Results

5.3.1 Expression analysis of TGIB-receptors in DPCs

In order to establish whether T@Fsignalling could be transduced by DPCs, mRNA
of TGF signalling components were analysed by PEBure 5.1 shows balding
DPCs expressed higher levels of T@ERF mRNA relative to occipital DPCs.
Balding DPCs also expressed TGRH mRNA while the occipital DPCs only

expressed only trace levels.

LTBP1 activates, whereas LTBP2 inhibits T@GHigand binding activity, therefore
LTBP isoforms were also analysed by PCR. The dadavdigher levels of LTBP1
MRNA in the balding DPCs compared to occipital DPCsnversely, the occipital
DPCs expressed higher levels of LTBP2 mRNA comp#oeldalding DPCs. Thus

the LTBP mRNA profile would facilitate TGB-signalling in balding DPCs but

inhibit the TGFB pathway in occipital DPCs.

162



TGFBRI

TGFBRII

LTEP1

LTEP2

B-Actin

Occ  Bald

Figure 5.1: PCR for TGF-g signalling components in DPCsExpression of TG-
B receptors | and Il and binding proteins LTBP1 &m@#P2 in occipital and baldin
DPCs cultured at 21% oxygeA single PCR product was detected in each
matching the predicted producte for TGFSRI (301 b.p.), TGHRII (400 b.p.),
LTBP1 (207 b.p.), LTBP2 (399 b.p.) p-actin (516 b.p.) The figure is

representative of three separate experim
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The protein expression profiles of T@Freceptors in DPCs were also analysed.
Figure 5.2 shows that both TGBRI and TGFBRIlI were expressed in the DPCs.
Densitometry analysis showed expression in theili@l®PCs was higher for both
receptor subunits (TGBRI = 1.2 A.U.; TGFBRII = 1.4 A.U.) compared to occipital
DPCs (TGFBRI = 0.4 A.U.; TGFBRIlI = 0.3 A.U.) correlating with the mRNA
given in Figure 5.1 Notably the trace levels of TGRII mMRNA seen in the
occipital did transcribe signal as expression ef shbunit could be observed at the

protein level.
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Figure 5.2: Western blot analysis of TGI-pRI and TGF-BRII protein expression
in occipital and balding DPCs at passage Protein was isolated from occipit
and balding DPCs cultured for 3 days at 21% oxy@#Cs were lysed using RIF
buffer, normalised according to total protein coand 20 pg c each lysate was
separated by SDBAGE then detected using the appropriate antibodies (
Table 2.2. Equal protein loading protein loading was conétmby (-tubulin.
Representative images from immunoblots taken fo= 3 separate patien
Densitomety values calculated using ImeJ software for mean of all 3 blc

expressed as a fraction (-tubulin control presented below each I
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5.3.2 Smad3 phosphorylation in DPCs

TGFJ signalling affects cellular function by activati®mad transcription factors
though phosphorylation. Therefore, to assess PBQEeeptor activity, levels of
phosphorylated Smad3 (pSmad3) was analysed by iminhetting in the presence

or absence of recombinant TGE-

Densitometry analysis of the western bliot$igure 5.3shows that TGIB1 induced
phosphorylation of Smad3 in both occipital (0.3 A.and balding DPCs (0.6 A.U.),
while no phosphorylation of Smad3 was seen in eitlaéding or occipital DPCs in
the absence of TGFt. Balding DPCs exhibited a higher degree of phosgétion

compared to the occipital DPCs.

These data demonstrate that DPCs express fundjiadive TGF receptors that
are able to phosphorylate Smad3. Balding DPCs wddde the requisite
components for autocrine TQF-signalling, via higher expression of TGF-
receptors and through the ability to secrete mdg&Jf with higher expression of

LTBP1 and lower expression of the inhibitory LTBP2.
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Figure 5.3: Western blot analysis of phosphorylation of Smad3ni balding and
occipital DPCs.Protein was isolated from occipital and balding BRf@ated witt
BSA control or 10 ng/ml TG-p1. DPCs were lysed using RIPA buffer, normali
according to total protein concentration and 20 qfigeach protein lysate wi
separated by SDSAGE then detected by using the appropriate antibodseg
Table 2.2. Equal protein loading protein loading was cangéd by (-tubulin.
Representative images from immunoblots taken fo= 3 separate patien
Densitometry values calculated using Ir-J software for mean of all 3 blo

expressed as a fraction-tubulin control presented below each I
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5.3.3 The effect of TGH on DPC proliferation

In order to ascertain whether T@Feould induce a functional effect on the DPCs by
inhibiting cell growth, an Alamar Blue assay wasidocted on balding and occipital

DPCs treated with TGB4, 2 or BSA vehicle control over a period of sevengday

Alamar blue analysis showed balding and occipit®CDproliferation rates were
inhibited by both isoforms of TGP- (Figure 5.4). However, balding DPC
proliferation was more severely compromised thacipsal DPC proliferation by
TGF{f31 and 2. Occipital DPCs underwent 87.392.8 (P < 0.05) proliferation,
whereas balding DPCs underwent 61 2%2.6 (P < 0.01) proliferation when treated
with TGF{31. Occipital DPCs proliferation rate reduced to499+ 3.5 (P < 0.05)
were as balding DPCs proliferation was significan#duced to 63.1%7.6 (P <
0.001) when treated with TGE2. There was no significant difference in inhiditi
of growth in either balding or occipital DPCs beemghe TGH1 and B2 isoforms.
These data appear to correlate with the previowdrfgs demonstrating that balding
DPCs express TGB-+eceptors to a higher degree, as can be seehe/imdreased

inhibitory effect on the cell function of proliferan.
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Figure 5.4: Effect of TGF$1 and f2 on the proliferation of balding and
occipital DPCs.Alamar Blue metabolism was measured at day 0 apd/dR.F.U.
Balding and occipital DPCs were treated with BSAtool or 10 ng/ml TGH1 or -
2. Measurements for TGFL or $2 treated DPCs were normalised against BSA
treated controls for each cell type. Statisticallgsis was carried out using one-way
ANOVA; * P < 0.05, * P < 0.01, *** P < 0.001; re#ts presented as the mean +

S.E.M. for n = 3 (matched DPC samples from 3 d#if¢mpatients).
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5.3.4 The effect of TGFB1 on DPC migration

Migration of the DPCs is thought to play an impattaole in the cell-cycle
remodelling of the dermal papilla’s morphology. Aysés was carried out to
determine whether TGE-could affect DPC migrationFigure 5.5 shows the
average motility velocities of balding and occipiaPCs in the presence and

absence of 10 ng/ml TG[FL.

There was no significant difference in motility Wwetn occipital and balding DPCs
in the absence of TGB1 (Figure 5.5. TGF$1 did not significantly inhibit occipital
DPCs’ motility (P > 0.05), however TGt significantly reduced cell motility in
balding DPCs, falling from a velocity of 0.76 pumfminder control conditions to
0.50 pm/min (P < 0.05) when treated with TEE-These data correlate with the
findings detailed in the previous sections showir@F- isoforms as having a

greater effect on balding DPCs.
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Figure 5.5: Motility of balding and occipital DPCswith TGF- p1 treatment. DPC
motility was measured using timelapse photogragvery 10 min for 24 h) at 21%
oxygen. Balding and occipital DPCs were treatechvBSA control or 10 ng/ml
TGF{1. Statistical analysis was carried out using Sitidd test; * P < 0.05, NS >
0.05; results presented as the mean = S.E.M. 08 imatched DPC samples from 3

different patients).
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In conclusion, the data presented here show theessijon and functional activity of
TGF receptors in DPCsn vitro. Furthermore, TGPB1 is able to reduce cell
motility in balding DPCs. The components required TGF{} signalling — binding
proteins and receptors) are expressed at higheislavthe balding DPCs compared
to the occipital DPCs and this translates to bglddCs having a markedly higher
sensitivity to TGHB1 with regards to the cell functions of prolifecatiand motility.
This data taken with the previous observation DBCs secrete TGE-isoforms
suggests that TGE-isoforms may act as growth inhibitory autocrinetdas in a
manner hypothesised by Hamada et. al (2004), athouportantly it must be noted

that these findings only prove TG¥s effect as an exogenous treatment.
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5.4 Discussion

The majority of studies examining growth factorrgtiing within the hair follicle

concentrate on the paracrine secretions of the alepapilla and the effect these
factors induce in the surrounding epithelial keratiytes of the germinative
epithelium, hair matrix and outer root sheath (8tand Paus, 2001). However, little
is known about what growth factors affect the reellmy of the dermal papilla

itself.

Such growth factors may be systemic, possible catels include glucocorticoids
(Thorntonet al., 2006), adenosine (Hwamgal., 2012), and androgens (Elli@ttal.,
1999). The possibility of localised control by gtbwiactors secreted by the dermal
papilla itself has been hypothesised and proveprimcipal (Thorntonet al., 1998,

Hamada and Randall, 2006).

The data presented in this chapter show P&RNnd B2 as potential candidates for
such autocrine growth regulation through confirmatof expression of functional
TGFJ receptor heterodimer, phosphorylation of intadaflimad3 and functional
assays. A critical question is then whether thisvenin vitro mechanism can be

applied to then vivo hair follicle.

Expression of TGH- receptors within the human hair follicle is predoamtly
localised to the epithelial cells, however a neamstant expression of TGIRI is
maintained in the dermal papilla throughout the bgcle in mice while TGBRII is
expressed almost exclusively during catagen (Faa., 1997). TGFB receptors
expression at all stages of the human hair cyctenwd been conducted therefore
their expression in the dermal papilla cannot Hedrwut. Both receptor subunits

must be expressed in order to form a fully funciometerodimer, therefore
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presenting a difference in the expression pattétheoreceptors between vivo and
in vitro DPCs. The two possible explanations for this asd:th) TGFB receptor
expression in the human dermal papilla differs hat tof the mouse, or b) that

expression of the TGBreceptor is an artefact of vitro cell culture.

There is the possibility that TGF-receptors are only expressed vitro. Cells
undergo changes in protein expression during tbegss of dedifferentiation which
occurs during cell culture. It has been reported Human dermal fibroblasts which
express TG receptors when cultured in monolayer downreguld@& 3 receptor
expression when cultured in 3D collagen spheroitrioes (Kunz-Schughast al.,
2003). Such findings demonstrate the dynamic nattigeowth factor signalling and

its inextricable link to cellular remodelling.

Nonetheless the findings reported in this chapites gew evidence that support the
theory of autocrine regulatory pathway in cell atdtd DPCs (Hamada and Randall,
2006) and go further to highlight TGR- and B2 as key components of this

pathway.

The Alamar Blue proliferation assay was carried tmtconfirm and extend the
findings of Hamadaet al. (2006). However, as discussedGhapter 3, the dermal
papilla does not proliferate or apoptose to a suiisal degreein vivo, instead
relying on alteration in ECM composition and cellignation during tissue
remodelling (Elliottet al., 1999, Tobiret al.). For this reason, the migration assay is

a more suitable indicator of DPC function than geoation.

The timelapse method was chosen to quantify mmnainstead of the more
commonly used “scratch assay” due to the natufidblast movement. Compared

to epithelial cells, which move as a unified migrat front in a scratch assay
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(Fitsialoset al., 2007), fibroblasts movements are more indivicarad varied, thus
net movement into a scratch is not an effectivayasdsing the timelapse allowed

data to be collected on a large number of indiVideds.

Another key functional effect of TGF-is the ability to modulate ECM protein
expression. TGIB- isoforms have been shown to initiate secretiontisfue
remodelling enzymes such as plasmin activator itdgrl (PAI-1) in fibroblasts
collagen and fibronectin (Keski-Oghal., 1988, Raghowvet al., 1987, Vayalilet al.,
2005) as well as being indicated in modulating oeigration (Brenmoehkt al.,
2009) (Postlethwaitet al., 1987). In turn TGH is targeted to specific tissues based
on their ECM composition. LTBPs 1, 3 and 4, thajutate TGFB release to target
tissue, bind to fibronectin and fibrillin beforeleasing TGH (Saharinenet al.,
1999). In addition LTBP2, shown in this chapteib® expressed by balding DPCs,
but not by occipital DPCs, acts as a competitiveagonist for the LTBP binding
sites, inhibiting the targeting of TGFtsoforms to the ECM and therefore inhibiting
TGFJ release (Hyytiainen and Keski-Oja, 2003) (Hiranal., 2007). Notably, the
rate of release of TGF4rom the LTBP in the extracellular domain is aisoreased

in the presence of ROS, (Kdd al., 2001) which as shown in the previous chapter
are produced at higher levels in the balding DP@ghvmay therefore lead to an

increase rate of TGE-signalling.

ROS have also been shown to regulate P&gnalling in the intracellular domain
as well as the extracellular domain. Data in trevimus chapter showed that TGF-
Bl was unable to affect ROS production in eitherdipgl or occipital DPCs,

therefore suggesting that the regulation of TgGsignalling is downstream to ROS

activity. One potential mechanism for this downatneregulation is via ROS’ affect
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on reduced glutathione levels within the cell. Ryas studies in mouse 3T3
fibroblasts have shown that T@Fmediated alteration of ECM formation is a
process which is controlled by intracellular glhtahe levels (Vayalikt al., 2007,
Vayalil et al., 2005). The latter study showed that this mecmarascurred via the
SP-1 promoter (TGIB-signalling target), which also autoregulates tla@dcription
TGFfRI (Periyasamyet al., 2000) and TGBRII (Ammanamanchkt al., 1998).
TGFJ is also known to regulate its own expression bgitp@ feedback (Van
Obberghen-Schillinget al., 1988). Therefore TGBs self-regulatory behaviour
along with its susceptibility to ROS and glutathedevels within cells may account

for the higher expression of TGFreceptors in the balding DPCs.

In summary, these data show that balding DPCs sgpyeeater levels of TGFRI
and BRIl in vitro, which was translated to a functional affect of FHd and B2
being able to suppress balding DPC proliferatiod amgration. Increased TGfF-
signalling could therefore reduce the ability a thermal papilla cells to migrate and
from the connective tissue sheath. This wouldltésihe smaller, rounder and poor
remodelling ability that is observed in the baldifodjicle’s dermal papilla. Since
higher levels of TGH are secreted by balding DPCs (letal., 2002) the increased
TGFR signalling capabilities observed in this chapteuld explain the marked

difference in the macrophysiology of the dermaliji@petween follicle types.
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Chapter 6

Role of oxidative stress in the balding dermal

papilla
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6.1 Discussion

The research presented in this thesis demonstrated mechanisms of DPC action
in androgenic alopecia. The primary finding wast thteess induced senescence is
associated with oxidative stress and that ROS ffantdahe DHT-TGFB signalling
axis within balding and non-balding DPCs. Furthemeat was found that balding
DPCs showed a greater sensitivity to oxidativesstiaduced senescence caused by
transferring cells from 2% oxygen to 21% oxygene Timdings develop previously
published research that showed that cultured bg@RCs senesced after fewer
passages and had an upregulated expression oftiggidsdiress and senescence

markers (Bahtat al. 2008).

The findings of this thesis demonstrate that bgddPCs express higher levels of
ROS than occipital DPCs in a similar manner tolttgher levels of ROS produced
in ageing dermal fibroblasts (Poljsak and Dahm&@,2, Trueb, 2009). Recent
work in micein vivo has shown that elevating ROS levels in the skimqugh the
knockdown of the ubiquitous antioxidant Sod2, cduséevated levels of DNA
damage inducing cellular senescence and a resutgd appearance of the skin

(Velardeet al., 2012).

Interestingly, it was found that balding DPCs exgesl higher levels of catalase and
glutathione when compared to occipital DPCs. Thisni contrast to the theory of
free-radical ageing, in which levels of ROS inceeagithin organisms as their
antioxidant functionality diminishes (Poljsak an@tnane, 2012). In addition, in
hair follicles it has been shown that greying Hallicles have a lower expression of

catalase compared to healthy, pigmented follidléeddet al., 2009).
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Therefore, although greying and balding may shar@namon molecular mediator in
the form of catalase, the mechanisms by which #tbqgenesis of these conditions
occur is likely to occur in a different manner, lviegards to time frame over which
the process occurs. Although the shedding of haimale-pattern baldness may
appear to be a gradual process, this is merelgghappearance of tens of thousands
of acute events within each individual follicle. e'tiollicle’s terminal-to-vellus
switch is thought to occur as an “abrupt changegrqust a few, or perhaps even a
single hair cycle (Whiting, 2001). The balding fclkés used for these experiments
are miniaturised but not yet full vellus hairs, r¢fere the finding that DPCs from
these follicles express a higher level of catalaseld support the theory of an
“abrupt” terminal-to-vellus switch, in which the rdeal papilla is mounting a
reactionary response to an acute stress eventateond studies have compared the
levels of ROS between greying and pigmented felicland it remains to be
elucidated as to which stress mechanisms leads® ¢b pigmentation within the

follicle.

It should also be noted that while catalase exmess higher in the balding DPCs,
ROS levels are also higher demonstrating that #hdirg DPCs despite mounting an
elevated response to increased ROS are unabledtweethem to a substantial
degree. Evidence for this was also shown via thasemement of total and reduced
glutathione, wherein despite total glutathione lsvieeing higher in the balding
DPCs the equilibrium of reduced to oxidised glutatle is weighed more towards

the oxidised fraction when compared to occipitald3P

On a functional level, it was found that oxygen iemvment could affect the growth
factor secretion of the DPCs, with 2% oxygen abledgate the DHT-induced TGF-

B1 secretion observed at 21% oxygen in previousiesudnuiet al., 2002, Inuiet
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al., 2003). It was found that culturing DPCs at lowgen caused a marked increase
in IGF-1 secretion, with a greater increase seeocoipital DPCs, IGF-1 being one

of the key epithelial mitogenic stimuli required frair follicle growth.

Previous work has shown that balding but not otalifbPCs respond to synthetic
androgen R-1881 by producing TGE- (Inui et al., 2002). Conversely our study
demonstrated that occipital DPCs could also sedrée{$1 and B2 in response to
DHT. In addition it was found that DHT was ableinorease expression of catalase
in both balding and occipital DPCs, resulting irdecrease in ROS levels in the
balding DPCs. Occipital DPCs are classically déscias androgen-insensitive,
however their insensitivity stems from a lack ai-reductase which converts
testosterone from the blood into DHT, rather thamf a lack of androgen receptors
(AR). To support this, it has been previously dest@ated that occipital DPCs do
express AR, but at lower expression levels thatbiddeding DPCs (Hibbertst al.,
1998). The addition of exogenous DHT in culturetesys therefore bypasses the
crucial step of DHT synthesis viaxeductase testosterone metabolism. The fact
that similar effects can be induced in balding aodpital DPCs with DHT supports
the theory that androgen sensitivity in the derpagilla is predominantly controlled

by Sa-reductase (Kaufman, 1996).

The role of ROS in the causation of baldness iaragggm shift in the way in which
we think of the pathophysiology of androgenic almpeAndrogenic alopecia is well
established as a polygenic condition whose onsgtpatterning is influenced by a
large number of different genes (Hoffmann, 2002)e Tollicles of the balding scalp
are genetically predisposed to undergo transfoonatito the smaller, unpigmented

vellus follicles (Paus and Cotsarelis, 1999). Thetdrs affecting an individual's
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propensity towards free-radical induced ageingadse likely to be influenced by
hereditary factors — such as reduced expressiorandioxidants or increased
expression of factors within the stress-inducecseence pathways. The differences
between the frontal and occipital follicles maydee to developmental differences.
The frontal parietal regions of the scalp develophie embryo from the neural crest
cells, while the occipital scalp forms from the wdsrm (Van Neste D, 1996)
resulting in dermal papillae which are phenotypicalissimilar and express a
different array of proteins. Equally, consideratioust also be given the overall
effect on the follicles by environmental factors,they diet, alcohol, drug or tobacco
consumption, physical or emotional stress or UVesxpe (Trueb, 2009). The work
in this thesis helps to draw a link between thedensic (different antioxidant
expression) and extrinsic (different oxygen envin@mts) factors. Low oxygen was
able to delay senescence of both occipital andirglBDPCs and this effect was
associated with a reduction in ROS production. dditgon it was discovered that
culturing DPCs at low oxygen could alter their stions of the growth factors TGF-

B1 82, DKK1 and IGF-I.

One theory which may unite intrinsic and extringactors in vivo is that the
patterning of androgenic alopecia is based on tlabalic effects of DHT on bone
formation in the skull (Taylor, 2009). The contidugrowth of the skull in adult
males forces a remodelling of the skin with a regtuction in the vascularisation.
This theory is supported by the fact that baldintlidles are poorly vascularised
compared to occipital follicles (Miranda al., 2010). Reduced vascularisation is a
well established cause of skin ageing (Chung and E007). Moreover, one of the
most effective known treatments for male pattertdiess is through the use of

minoxidil which stimulates cutaneous blood flow whapplied directly to balding
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scalp (Westeret al., 1984). It achieves this via activation of the A3éhsitive
potassium channels of the arterial smooth musclés, cayperpolarising the
membrane to prevent calcium influx via the voltagged calcium channels. This
causes a drop in cytosolic calcium which is reqlit@ activate contraction of the
arterial smooth muscle. The relaxed resistanceiest¢hen allow a greater volume

of blood to the scalp (Cohn et al., 2011).

Unlike thein vitro model, wherein lower oxygen concentration leada teduction
in ROS through the reduction in oxygen exposurevi@&a 1995) it has been
reported thatn vivo that hypoxia may in fact lead to an increase inSR@urrens,
1997). The proposed mechanism for this is that urig@oxic, vasoconstricted
conditions where oxygen levels to the tissues ammatly reduced, transfer of
electrons in the Kreb’s cycle is switched at ubmgpiinone step to create,8,
leading to the generation of ROS. Therefore, in ¢betext of the balding scalp,
reduced vascularisation resulting in hypoxia of tbealised tissue causing the
necessary switch in the Kreb’s cycle to cause arease in ROS. Work to study the
effects of low oxygen on the growth of whole fdiis using the “Philpott model”
may also lead towards a greater understanding eofdiffierent effects of hypoxia

between then vivo andin vitro models of hair growth.

The tissue microenvironment of the balding haili¢tds, particularly with regards to
vasculature and the resultant levels of oxygerusdifin may play a critical role in
pathogenesis of the balding phenotype. Interestinghir follicles which are
transplanted from the occipital region to baldingntal scalp become well
established and grow healthily just as they woulithiw the occipital regions
(Hwanget al., 2009). This suggests occipital follicles contam intrinsic ability to

alter the peripheral tissue microenvironment pdgghrough the processes of ECM

182



remodelling or angiogenesis. TBE-is known to modulate the components of the
ECM (Vayalil et al., 2005), therefore follicles with DPs which secretduced TGF-
B1 (such as those of the occipital scalp) couldltéswan altered ECM of the balding
scalp they are transplanted to. Further work taldisth the tissue remodelling of
balding scalp region before and after hair trangpl#on, as well as analysis of the
levels of ROS within this region would help to fugt understand the observations

seen by Hwanet al. (2009).

Despite the fact that higher eukaryotic aerobic aorgms cannot exist
without oxygen, oxygen itself is inherently dangesdo their existence, causing the
formation of ROS which can be deleterious to thél e¢ high levels. This
phenomena is known as the “oxygen paradox” (Davi@85). Low oxygen culture
is able to mitigate this effect by reducing thelgekxposure to oxygen, thus
reducing their production of ROS. The tissue celtiurcubator effectively mimics
the physiological microenviroment of the DPCs. histrespect low (2%) oxygen
incubator is analogous to well-vascularised heattbgipital scalp, while the normal
atmospheric (21%) oxygen incubator is analogousegooorly vascularised skin of
the frontal balding scalp. The findings detailedtims thesis demonstrating the
alteration of the growth factor secretion profile bmth the occipital and balding
DPCs grown at different oxygen conditions wouldsup this analogy and go some
way towards explaining the scalp-site-specificatiéhces in dermal papilla function.
In addition to this low oxygen culture of DPCs ké&de implications for the fields of

research, hair-transplantation and industry.

DPCsin vitro culture systems attempt to model conditions thasety resemble
physiological conditions. For example, DPCs ardutatl in media that has been

optimised for their specific nutrient requireme(idessenger, 1984). One of the best
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established methods fam vitro hair follicle study is the “Philpott model” in wth
whole follicles may be grown in media, thus mainitag the DPCs and surrounding
tissues in their normal physiological arrangemdphilpott et al., 1990). More
recently, it has been found that DPC culture caropmised through the use of
collagen spheroid matrices which act as a morealsieit model of the papilla
structure and allow DPCs to maintain th@nivo properties for longer (Higginat

al., 2010).

The use of low oxygen culture would serve as aaladki addition to the list of
parameters for optimised DPC culture. Low oxygenuloprovide a more
physiologically relevant model for growing DPCswveall as prolonging the number

of passages for which cells remain viable for expentation.

Another important application of low oxygen cultuveuld be in the field ofle novo
follicle synthesis, wherein new whole follicles mag formed using implanted DPCs
taken from an existing hair follicle (Reynolds addhoda, 1992). Current hair
transplantation methods rely on transplantatiorwhble follicular units from the
occipital to the balding regions of the scalp (Bear 2003). There are a finite
number of available follicles which can be used tfos process and the operation
itself requires highly invasive removal of the gcalhe potential to take a relatively
less invasive biopsy from a single follicular umrhich may then have its DPCs
expanded under cell culture conditions to formrikeessary tissue for new follicles

has obvious benefits for both patients and surgeons

Low oxygen culture of biopsied cells would grantmarous benefits for this process.
The maximum vyield of cells which could be expandeudild be greatly increased as

shown by the higher replicative capacity of DPCewgr under low oxygen. A
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quicker rate of proliferation would also mean fastenaround times for surgeons to
treat patients. In addition low oxygen culture poEdly maintains the DPCs
inductive capacity, as DPCs grown under low oxygenntain their ability to form

pseudopapilla, a marker of the cells’ maintenariaeanal papilla specific function.

The role of ROS and antioxidants in mediating theding DPC phenotype
represents a pathway that could potentially beetadyto prevent the balding hair
follicle phenotype. The majority of established na¢oks of hair follicle cycling
secreted by the DP are growth factors such as f;GdpKK-1 and IGF-1, all of
which represent contentious drug targets due toahge of effects they may induce
in cells. Intervention of the growth factor sigmadj pathways is likely to affect
downstream pathways in the follicle and surroundikipn and would be logistically
difficult to localise to the dermal papilla alorntioxidants may therefore represent

a more viable, less side-effect prone target fophylactic therapy of baldness.

The findings of this thesis also showed that TgSFeceptors were expressed in
DPCsin vitro at 21% oxygen and that these allowed for Ti&aFand B2 to inhibit
the proliferation and migration of cells , moreovkis effect was more marked in
balding DPCs. This is in contrast to a previoysore that showed mouse dermal
papilla has not been reported to express full PGEeeptors in micen vivo (Pauset

al., 1997). There is a possibility that TGHReceptor expression is an artefact of cell
culture, perhaps related to oxidative stress ak Welelucidate this there is a need to
confirm expression of the TGF-~receptors within human folliclesh vivo and to

repeat the TGIB-functional assays at 2% oxygen conditions.

In summary, oxidative stress appears to play a magte in the mediation of

proliferation, senescence, migration and growthofasecretion in the dermal papilla
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with the balding DPCs demonstrating a markedly digiensitivity to the build up of
ROS within the cell, as seen by an elevated steegmnse of elevated antioxidants.
Cross-talk between these antioxidants, ROS, celesmnce mediators and the
growth factor pathways may go some way towards amiplg the different
behaviour seen in the balding follicles’ dermal ifap when compared to those of

the occipital hair follicle.
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6.2 Study Overview

An overview of the major findings of this and theesis and how they fit with the
currently established model of DHT-stimulated T@&Becretion in the balding DPCs

can be viewed below{gure 6.1).
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Figure 6.1: Model of DHT-TGF-p-axis in the DPC incorporating ROS,
senescence and autocrine pathways) Experiments carried out using DHT, unlike
the synthetic androgen R-1881, was able to inducesponse in both balding and
occipital DPCs. 2) DHT was found to stimulate casel expression with an
associated decrease in ROS levels in balding DB@spnly at 2% oxygen. The
transcription factors mediating this process weog investigated and it was not
established what other antioxidants were affectedBT stimulation. 3) Further
work is required to establish the factors contngjlthe production of ROS within the
mitochondria, predominantly the NADPH isoforms. dhere are established
differences in the levels of total and active dhitane between balding and occipital
DPCs, further work is required to understand tHecefthis may have on nuclear
transcription. 5) The senescence mediator RB acta &ranscription factor for a
number of growth factors, including the T@B- Further work is required to
establish whether this pathway is relevant in sesr@sDPCs. 6) Autocrine TGfF-
signalling within the DPCs has been shown to fuomctn principal at 21% oxygen.
Further work is required to confirm whether thisam&nism is an oxidative stress
mediated effect and whether it is functional witlire dermal papillan vivo. 7)
Further work is required to ascertain whether glhoféctor secretions from the
dermal papilla are able to affect the perifollicwéain.
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6.3 Future work

This study highlighted several areas for poteritialre work:

Explore the effects of DHT on antioxidants

While this study showed that DHT was able to insecthe activity of catalase in the
DPCs at 2% oxygen, this only led to a marked deserégaROS in the balding DPCs.
Therefore, it would be of interest to deliberateiakihother, if any, antioxidants are
upregulated downstream of DHT. Moreover, as thesteal reduction in ROS was
only seen in the more androgen sensitive baldinG£)®he next step for this line of
investigation would be to see whether androgenitten<DPCs from the beard,
axilla or pubis also upregulated antioxidant prdaaucwith an associated reduction

in ROS.

Investigate the factors controlling initial ROS praduction

While this study showed that balding DPCs had avated antioxidant response
compared to occipital DPCs, it was shown that thklibhg DPCs still exhibited a
higher level of intracellular ROS. Therefore furthgork elucidating the factors
which control initial ROS production may help targa greater understanding of the
redox equilibrium within the DPCs. The NADPH mol&xsi of the mitochondria

would be the most logical starting point for thigel of investigation.

Investigate the role of the SP-1 transcription faair

SP-1 represents a common downstream target for ff Gfstathione, and pRB as
well as acting as a transcription control upstredmGF-f. The possibility that this
transcription factor may represent a key focal-pdm the control of the DPC

function warrants further investigation.
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Confirmation of TGF- B as an autocrine growth inhibitor of the dermal paplla

The work shown in this thesis demonstrated that-pG¥as able to act upon DPCs
when applied exogenously, however further stepseareired to confirm this as true
autocrine regulation. This could be conducted oypdating TGFf secretion using
DHT, as previously shown then transferring mediagmum free cultured cells in the
presence or absence of a T@hibitor such as SB431542. A suitable functional
measurement for this assay would be the motilisagpsdescribed in the previous
chapter. Further to this expression of the TGieceptor within the DPCs must be
further investigated. It would be of interest teaesain whether the TGE+eceptor
was expressed in DPCs cultured at 2% oxygen. litiaddhistological analysis of
balding and occipital dermal papillagvivo would be key to gauging the importance

of TGF as an autocrine regulator of the DP.
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