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Abstract

Uterine fibroids or leiomyomas aremors of the uterus which result from the excessive
depositionof scarlike fibrous tissue into the myometrial smooth muscle. Although they are
not metastatic, these growths cause chronic debilitating conditions in arot8@o70f
reproductive aged women. Treatment options for this common pathology are extrentedy lim

and often involve invasive surgery or unwanted side effects. Hence there is an urgent need for

the development of better treatment options for this fibrotic disease.

To test new treatmentsa model system with which to investigate aspectsfilmfoid
pathogenesis and evaluate treatment stratagie®eded Current models are limited and
predominantly involve monolayer cell cultureBlowever such cultures do nfatcilitate the
deposition of a collagenous extracellular matexcritical component diibroids. This study
investigates the potential of a technique known as macromolecular crovedmgdel fibroid
pathology In this techniquglarge spac@®ccupying molecules are incorporated into the culture
medium facilitating the correct processing adéeposition of collagen by cells in cultur&his
techniquehas beeninvestigated incultures offibroblasts and mesenchymal stem cells.

Howeverits impact on collagen depositiday myometrial smooth muscle cells is unknown.

By immunocytochemical stainga the current studydemonstrateghat like fibroblasts

myometrial smooth muscle cells respond dmwded culture conditions by increasing
production of type Icollagen. Thisis mediated byenhancedprocessing of procollagen
enabing the secretion and gmsition of crosslinked collagen thus modelling the most

importantand symptomatic featu fibroid pathology.

Unlike monolayer cultureghe formation ofan extracellular matrix in this culture system
enables investigation of cethatrix interactios. Indeedthe current study suggedtsat the
extracellular matrix produced in these cultures rragract with cell surface receptotrs
influence alignment of the actin cytoskeletdBy this meansthese culturemayfacilitate the
process of mechanotrsauctionthought to be involved in fibroid pathogenegtarthermore
culturing myometrial cells under crowded conditions was shown to modulate the
bioavailability of endogenous growth factpfarther indicaing that this methodology may
prove usefuln sudying fibroid pathology.
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1 Introduction

Leiomyomas or fibroids are tumours of thgyometrialsmooth muscle layer of the uterus
which formstheouter muscular layer adjacent to gredometrium where embryo implantation
occurs The myometrium provicdemuscular support to the functional endometrial lirang
the developing conceptus. It is subjected to extensive remodelling during pregnancy as well as
being reponsible for generating theoordinated high magnitude cdractions required for
labour. Fibroid pathology disrupts the integrity of the myometrium with theasive
productionof scar like fibrous tissue due tmcreased productioof extracellular matrix and
in particular type | collagerVery large fibroids can cause the uterus to exparitidcsize
reached a6 or 7 months ofpregnancy(Bulun, 2013. However mlike manyother tumours
fibroids are na metastatic with their symptoms deriving from local pathology rather than
distant metastas(§Valker et al., 2008 They are not life threateninget theirnegativeimpact
onwomenos he al dfténresuléng ip ahronic odeabilitdting conditionsuch as pain,

bleeding and continence issweswell as significant reproductive morbidiigure1.1).

Endometrium

Myometrium

Abdontinal
Wall

Figure 1.1 Uterine Fibroids

Fibroids canprotrude into the uterine cavity anduse pressure on both bladdadbowel resulting in
chronic discomfort and continence issues. Fibroids can also distort the endometrium impac

fertility. Adapted fromwww.lifecenter.com
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The impact of fibroids idurther compounded byheir prevalence, being by féhe most
common tmour in women(Bulun, 2013. In anepidemiological study of womeretveenthe
ages of 35 and 4%ore tharB0% ofAfrican Americanwomen and nearly 70% @faucasian
Americanwomen develogd uterine fibroid tumours by agéty (Baird et al., 2008

With so many women affected by fibroids, the treatment costs for this condition aréhigh.
significant proportion of thcost relates tthe frequency oéxpensivesurgical interventionn

this pathologywhich often involves hysterectonfWu et al., 200Y. Time off work following
fibroid surgery orbecause of debilitating fibroid symptopaso addssignificantly to tke
societal costs accrued by this pathol@@grdozo et al., 20)2Indeed fibroids are a substantial
economicburden with an estimated cost teetbnited States ofup to 34.4 billion dollars

annually(Cardozo et al., 2032

Despite their prevalenceurrentmedicaltreatments for fibroids are less than optiraalthey
generaly target the reproductive hormoneather thantreating the fibrtc pathologyitself
which resuls in adverse side effectslence therds a great need fothe developmenof
therapeutics which act locally rather than systemicadiywever the absence afreliablein
vitro model for fibroidsto testnew therapeutics, hindetseatment developmerior this

complex pathology

1.1 Pathogeness of uterine fibroids

1.1.1 Monoclonal aetiology

Although fibroids affec70-80% of womenthe underlying pathobiology of uterine fibroids is
far from clear.Neverthelessit has been known for many yeatisat these tumours ar
monoclonal in origir{Linder and Gartler, 1965This concepderivesfrom the knowledge that
femaleoffspringinheritanX chromosomevhich is paternally derivednd another of maternal
origin. One of these chromosomess randomlyinactivatedin each ell (Lyon, 196) to
ensure the correct copy number of X chromosome géMese X-inactivation occurs in a
particular cel] its progeny will inherit the same inactivated X chromosdBeutler et al.,
1967. This means that cells derived from clonal expansioribé&xtdentical patterns of X
inactivation wheeas cells derived from polyclonal expansion exhibit a mosaic of random

inactivation of both the paternal and maternal X chromoso(@dsng et al., 2006

2
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Accordingly, Linder and Gartler (1965nalysed fibroid tissue for the maternal and paternal
forms of theX linked gene for the enzynglucose6-phosphate dehydrogenagg6PD)and
found only one G6PD isoformin any given fibroid thus demonstratingunicellular
histogenesisin contrast healthymyometrial tissueeomprisesapproximately equal levels of

eachG6PDisoform, indicatingpolyclonalderivation

For many years the data from these studies has been étwglposuggesthatfibroids arise
from the clonal expansiaof a single myometrial smooth muscle cethnsformed by a cellular
insult Recently howeverthe clonal derivation of fibroids has been questioned as fibroid
comprisebothvascular smooth make cells and fibroblasts in addition trmyometrial smooth
muscle cellsUsing amther method to assessi¥activation based on methylation sites in the
human androgen receptor gene (HUMARA asstngsedifferent cells originatingfrom the
same fibroidwere all found tdeclonally related and hence derived from a single progenitor
cell (HoldsworthCarson et al., 2034This suggests that eadhdividual fibroid is an
independentmonoclonaltumour, likely resuling from alterationgo thegenome of thestem

cell of origin (Markowski et al., 2016

1.1.2 Geneticmutations in fibroid cells

The most commofibroid specificmutationhas beerfound tooccur inthe MED 12 gene which

is a sulbinit of the mediator complex on the X chromosgtheught toregulateglobal as well

as genespecific transcriptionlt bridges DNA regulatory sequences to the RNA polymerase |l
initiation complex(Mékinen et al., 2011 This mutaibn, found in both leiomyoma derived
smooth muscle cells and leiomyoma derived stem isgtieesenin up to 70% ofibroids (Ono
etal., 2012

In fibroids, genes encoding the highmobility group of proteinc ont ai ni thgpokldbe 0O /
DNA-binding motif (HMGA) are frequently affected by nomndom chromosomal
rearrangementsThese proteins are architectural transcription factdrat regulate the
transcriptionof a variety of genes. Thegchievethis by changng the DNA conformatiorby

binding to AT-rich regionsor by direct interaction with several transcriptitactors. In this

way they influence a diverse array of normablogical processes including cell growth,
proliferation and differentiation (Cleynen and Van de Ven, 2008Tumaurs with

rearrangements of the HMGAZ2 locespressdsignificantlyhigher levels of FGF#ibroblast

3



Modelling Fibroids

growth factor 2)than those with gpaently normal karyotypgHelmke et al., 2011 Taken
together MED 12 and HMGAmutationsare thought to account ftheinitiating mechanisms
underlying themajority of fibroids(Croce and Chibon, 2015

1.1.3 Repressor REST

Anotherpotentially significanpathogenic mechanism fobfioidsinvolvesthe transcriptional
repressor RESTRueda and Davis, 2013l his repressor is expressed by normal myometrial
cells anddownregulats GPR10 (G prain coupled receptoryhich is known taactivate the
mammalian pathway of rapamycin (MTORhis pathway integrates both intracellular and
extracellular signals and acts as a central regulator of cell growth and metalialgente
and Sabatini, 20Q09REST is expressed in myometrial cells but not in fibrmetls and it is
suggested thahe aberrantexpressiorof GPR10 in this tissue activates the mTOR pathway
resulting in fibrosis. Indeed mice overexpressing GPR10 in the myometdaexelop
myometrial hyperplasiavith excessiveproduction ofECM. Furthermore pathway analysis of
genes dysregulated in uterine fibroids revealed that several connective tisssiengkrking
type | and 111 collagen and TGFWargheseetgd.ot ent i
2013.

1.1.4 Oestrogen andprogesteronein uterine fibroids

While it is thought thathe initiating events underlyinmaurogenesis of fibroids involves
gene mutation or dysregulatiofet prevalence of fibroids in womeluring thereproductive
years and their regressia@iter the menopauseexemplifies theimportance of theovarian
hormonesoestrogen and progesteromefibroid development and growitKim and Sefton,
2012. Treatment witlgonadotropiareleasinghormone GnRH) agonistsalso provides strong
evidence for the importanagf the ovarian hormone fibroid pathology These agonists
inhibit the hypothalamigituitary-gonadal axisvhich produces a profound hyeestrogenic

state, resulting in fibroid regressi@umar and Sharma, 2014

The respective roles of oestrogen and progesterone in fibroid pathogenestiedusing

a xenograft model whereby human fibroid tissuas grafted under the kidney capsule in
immunodeficient mice. Thd&umours increasd in size in response tmestrogen plus
progesterone with increaselsservedn both cellular and extracellular components. Howgver

after progesterone withdrawdhe sizeof the leiomyoma xenografts decreased significantly.

4
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Treatment with oestrogen alone neither increased nor maintained the tumourdstzging
the importance of progesterone in fibroid patholdggleed oestrogen wast mitogenic alone,
but mediatedexpression of the progesterone recepiishikawa et al., 2010 suggesting a
requirement of both hormones in the full elaboration of fibroids.

1.1.5 Growth factors

A wide variety of growth factorareimplicated in fibroid growth and it is thought that these

are influenced by oestrogen and progesterone. However the mechanisms bythgkeh
interactions occuandhow theyregulate leiomyoma growth is not well understgGiarmela

et al., 201). Thesdactorsincludeepidermal growth factqiEGF, heparinbinding EGF (HB-

EGF), platelet derived growth fact@fPDGF),insulinlike growth factor (IGF)transforming

growth factorU ( JUGF vascul ar e n dWEGH,adidic fibroblastgowth h f ac
factor (aFGF) and basic fibroblast growth factor (bF@Faddition two members of the TGF

b s up e, tthé profibrétiy factorsTGFb1l and activin A, are thought to be involved in

fibroid growth(Ciarmela et al., 20)1

1.1.5.1  Transforming growth factor-b

TGFb ,2land 3 are prototyg®efthe TGFb s u p lg and aadmologically similar isoforms

coded by separate gendéMunger and Sheppard, 2011These isoformsinhibit cell

proliferation in most cell type Conversely theystimulate mesenchymal cells to proliferate and

produce extracellular matrikriggering fibrotic response in various tissuesvino (Leask and
Abraham,2004). Indeedfibroids overexpres3 GFb1 andthisis thought to be a key factor

ther pathogenesigChegini et al., 200 TGFb3 i s al so i mplicated i
indudng elevated expreson of ECMrelatedgenes and decrdaag the expression of ECM
degradatiomelatedgeneqgJoseph et al., 201dndeed the findingthat TGB3 t r anscr i pt s
increased 4 fold in fibroids compared with myometrium indicates the importance this isoform

may have in fibroid pathologyNorian et al., 2000 However all threesoforms may be

involved in fibroid pathogenesis sindé&s5Fbl, b2, andb3, andtheir receptors haveeen

detected in human myometrium and leiomycaahe mMRNA and protein leve($ang et al.,

1997).

The TGFb sre secreted from cells as inactive compir a latent formcomplexed witha

pro-domain comprisingwo other polypeptidedatent TGFb binding protein (LTBP) and
5
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latencyassociated peptide (LAP(Wakefield et al., 1988 After secretiorthe predomains
sequester the latent T&HA complex to the extracellular mataxd in particular targetligands

to fibrillin microfibrils within the ECM(Figure1.2), ensuring their localisatiom the vicinity

of target cells and thejuxtaposition to activating molecul¢slarrison et al., 20)1There are
various mechanisms by which latent T6F ¢ a n b eOna activationanechahism occurs
by integrin binding to the prdomain resultingin the generion of a tensile force which
mediateseleasef active TGFb . ctivation can also occur lproteolytic cleavage of the pro
domainand both plasmin and matrix metalloproteinases such as MMP2 can directly cleave
latent TGFb (Harrison et al., 2011

Once activated, TGB binds to a heteraimeric receptor complexonsisting of one TGB

type | and one TG type Il receptorand mediates intracellular signalling ¥ee Smad family

of transcriptional activatorg§Figure 1.2). In the presence of TGB, the receptor activated

Smads are phosphorylated directly by the T6F r ecept or I ki nase, bi
mediatorSmad4 and translocate tioe nucleusT GFb/Smad signding is tightly controlled by

MAP kinase signking cascad (Leask and Abraham, 20p4

By means of Smad signalindGFb pr omot es e Xiprotie geses such ae f proc
collagen | and connective tissue growth fac@rGF), while suppressing the activity of genes

such as matrix metalloproteinases which degrade B&itecchiaetal., 2001TGFb i s al s oo
thought to medi& increased procollagen processing, a prerequisite for collagen fibril
formation(Varga and Jimenez, 198¢Sectionl.4.4).
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1.15.2 Activin A and follistatin

Another member of the TGE f a mdtilinyA, has also been implicated in fibroid
pathogenesisLike the TGFb sactivin A moleculesare disulphiddinked dimerswith a
propeptidedomain(Figure 1.3). However unlike TGFb which is secreted in a latent foym
activin A is biologically active upon its release from the eallits prodomaidoes not prevent
receptor binding(Sideras et al.,, 20)30Once secreted from the cehlctivin A can be
sequestered in the ECM by binding to heparan sulphate proteoglybass facilitating
interaction with its receptor and cell signalling via 8mead pathway.

Like TGFb activin A is a profibrotic cytokine and has been shownsttimulate fibroblast
differentiation into myofibroblasts, an important process in the fibrotic response following
trauma(Ohga et al., 1996 Furthermoreactivin A has been implicated in fibroid pathology,

being more highly expressed in leiomyoma compared to adjacent myomé@iavattini et

al., 2013. A further, very significantobservation is that activin A can induce thxprssion

of TGRb 1 whi ch i S considered t o be t he cent |
(Karagiannidis et al., 2006Activin A is alsoimplicated incontrolling the expression of other

regulators of fibrosis such as connective tissue growth factor and tissue inhibitor of
metalloproteinase IHedger and De Kretser, 2018nd has been shown to increase the

production of the ECM protein fibronectim leiomyoma cell{Ciarmela et al., 2034

The natural regulator of activin A is the glycoprotein follistatin which binds activin A with
very high affinity Indeedas shown irFigure 1.4, two follistatin molecules encirelactivin A,
neutralizing the ligand bynaskingonethird of its residues and its receptor binding sites
(Thompson et al., 2009n addition to the activin binding site, follistatin has a spedaifiefor
binding to heparan sulphate proteoglycans on cell surf&igsre 1.3). Interestingly the two
alternatively spiced forms of follistatinFST288and FST315 have different binding affinities
for theseproteoglycanskEST288binds to hepran sulphate proteoglycans on cell surfaces but
the Gterminal extension of FST315 normally obstructs the tagplainding site which allows
the protein to circulate. Howevehe site becomes exposagon interaction withactivin A
(Hedger and De Kretser, 2013oth FST315 and FST288 act to clear activin from the
circulation by attachment to the cell surface followed by lysosomal degraddashimoto et
al., 1997.
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Figure 1.3 Activin production, signalling and sites of regulation.

Activin A is a hogsoldhiitsBinding offactiiintAeauses dligomdrisatiobactivin typ
2 (ActR2) and type 1 (ActR1) receptors on target cell initiating intracellular signalling via smad 2/3 ar
kinases. Regulation of activin activity can occur by concurrent production efctosating heterodimers (inhib
activin AC and activin C) that compete for the receptor complex. Regulation also involves the membral
co-receptors, TGFBR3 and BAMBI. Activin A activity is also regulated by the aetinirding protein follistati
and by serum car r-magaglohulin.dtomHedger, andsDe Krétsera 20130 2
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Figure 1.4 Neutralisation of activin A by follistatin

Two molecules of follistatin bind anteutralisethe activin dimer in the extracellular space and prevent ac

signalling by type | or Il receptor complexes. Fré@illips et al., 2009

1.2 Symptoms

Fibroids are implicated irboth chronic, debilitating conditionand significant reproductive
morbidity. Theyare classified according to their locati@figure 1.5) which along with their
size dictatesnuchof their symptomatologyintramural fibroids which are encased within the
muscular wall of the myometriurare described ashe leastsymptomatic yet they canstill
result in excessive menstrual bleedjngnost likely due to an mpaired capacity of the
myometrium to contract and control bleegliftom the endometal blood vessel{Bulun,
2013. Furthermore it has been suggested that fibroids disypt the vasculature of the
myometrium which in turn disturb$lood flow throughthe straight andpiral arterieghat

supplythe endometriunfValle and Ekpo, 2015

Subserosal fibroids which extend into the abdominal caséily cause bladder and bowel
pressureresulting indysfunction of these organs such as urinary frequearayconstipation
as well as chronic abdominal discomfadrt contrast submucosal fibroids extend into the
uterine cavity and so can be ehelydisruptive to endometrial integritgausingnot only
abnormal bleding butalsoimpaired embryo implantatiofvalle and Ekpo, 2015Indeed the
expression of the transcription factor Hoxhich is necessary for endometrial receptivity
was shown to besignificantly decreased the presence afubmucosal fibroidéRackow and
Taylor, 2010. In a systematic review it was found that the presence of submucosal fibroids led
to decreased pregnancy and implantation ré@esits et al., 2000 The adverse effects of
fibroids on reproductin also extends to labour and deliverwith these tumourdeing
implicatedin the obstruction of labowand consequent need forswétricintervention(Zhao

and Rogers, 2033
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Figure 1.5 The classification of fibroids according to their location in the uterus

Intramural fibroids are situated in the myometrial muscular wall while thosertpatt on the inn
mucosal lining of the uterus are described as submucosal. Fibroids that impinge on the
serosal layer of the uterus can extend into the abdominal cavity. Pedunculated fibroids ext

the uterus on a stalk and can grow ieither the uterine or abdominal cavities.

From:http://www.healthxchangeom.sg/healthyliving/womenhealth/Pages/utefibeoids-roboticssurgery

pushedimits.aspx
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1.3 Treatments

1.3.1 Surgical and radiological

Despitethe high prevalence of fibroidgeatmentoptionsare limitedand in many instances
problematic. Treatmemfteninvolves surgery and it is estimated that fibroids are the leading
cause for hysterectomy in the United Staldss is an invasive procedyravolving removal

of the uterus which is obviously not suitable for women wishing to retain their fertiégs
invasive options for treatment are myomectomy which involves surgical removal of the fibroid
alone, uterine artery embolization (UAE) which redutesblood supply to the fibroid or high
intensity focussed ultrasound (HIFU) which damages the pagiuall tissue mechanically
(Zhao and Rogers, 20L3Vith the exception of hysterectomy each of these treatment methods

incursa high rate of recurren¢€edele et al., 1995

1.3.2 Pharmacological treatments for uterine fibroids

1.3.2.1 GnRH agonists

Pharmacological treatmentsr fibroids are limited and less than optimal. For mangrgehe
mainstay of pharmacological intervention in fibroid pathology has been the use of
gonadotropin releasing hormon&nRH analogueswhich reduce serunoestrogen and
progesterone concentrations to those seen in postmenopausal.Womeationale behd this
treatment strategy is that the excessive production of ECM in uterine fiprbitd comprises

the bulk of the tumours and accounts for much of their symptompiegiependent on the
ovarian hormones oestrogen and progestefBokin, 2013. These steroitiormones can be
targetedpharmaceuticallypy GnRH agonistsuch asgeuprolide acetateSuchpharmaceltals
initially stimulate the release of FSH and Ltdrh the anterior pituitaryHoweverafterabout
tendays adecrease ithereleaseof these gonadotropin hormones ocgueslucingthe levels

of oestrogen and progesterdoneoncentrationseen in pasmenopausal womeithis results

in fibroid shrinkage However the hypeoestrogenic state produced by these drugs limits their
usefulness and they are not suitable for long term use dueriopausalike symptoms such
asdecreasgbone density. In adddn the fibroids tend to grow back quickly once the treatment
has ceased. For these reasdreatment with these analogues is usually short teften
restricted to shrinking fibroids prior to surg€umar and Sharma, 20L4As thedetrimental

side effects of prolongededuction of oestrogehave precluded longeerm use of these

12
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compoundsthere is a great need to identify new types of drugs or compounds dlgaben

effective therapies for leiomyomas with fewer side effects

1.3.2.2  Selectiveprogesteroner eceptor modulators

Until recently GIRH analogues were the only approved pharmaceutical therapy for fibroids.
However in 2012ullipristal acetate (UPA), a selectipeogesterone receptor modulator, was
approved by the European Medicines Agency to be used for preoperative fibroid treatment in
women with symptomatic fibroidsSelective progesterone modulatoBRM3g provide a

more targeted therapy than GnRH analogaesheymay act as agonists or antagonists in a
tissue dependent mann@&ouchard et al., 20)1IndeedUPA has been shown to be effective

in controlling bleedig and reducing fibroid volume without suppressing oestrogen te post
menopausal level®onnez et al., 201%Kim and Keating, 201% This is in contrast to GnRH
agonists whichsubstantidl reduce oestrogen levels with the associateshopausalike

symptoms such as reduced bone derfBibuchard, 2014

1.3.2.3 Antifibrotics

Theunwanted side effectsf hormonal treatments raisige question as twhether treatments

for uterine fibroidscould target thdibrotic process downstream from hormosainalling
Recently there has begnowing interest in drugs that specifically tarddirosisin fibroids.
Pirfenidone an orallyadministeredantifibrotic has been used in the treatment of pulmonary
fibrosisandhas ber testedon myometrial cellsin the presence of Pirfenidonewts faind

that mRNA levels of collagen type | were decreaseda dosedependent mannen both
myometrial and leiomyoma celltee et al., 1998 An important aspect ohe antifibrotic
mechanism of pirfenidone is associated with its inhibition of both production and activity of
TGFb, with consequent reduction in cell proliferation and collagen | expregkiom and
Keating, 2015.

Another potential therapeutievhich could target established fibrosis collagenase
clostidicum histolyticum which is already approved by the FDA for targeting Dugnégtr
contracturea fibroproliferative disorder in which abnormal fibroblasts deposit collagen into
the palm of the handirect injection of collagenase into the contracture was shown to improve
range of movement with treatment being well tolerai€dleman et al., 2032 Proof of

principle studies are being carried out for its poterapglication for uterine fibroidéTaylor
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and Leppert, 2002 Treatmentsthat target exging fibrosis would be of greaherapeutic
relevancedue to the fact that many fibroids are reyimptomatic until fibrosiss well
established However their effects wouldbviously need to bevery well confined to

pathological tissue.

1.4 The extracellular matrix in fibroid pathology

1.4.1 Fibroid extracellular matrix

Fibroids comprise excessive amount®xtracellular matrix. Type | collagem particularis
increased in fibroid tissue in comparisomtymalmyometrium(lwahashi et al., 20)1Indeed

type | collagen forms the bulk oféhECM in most fibrotic pathologie@-ritz et al., 2011
Furthermore, analysis of collagen fibrils in fibroid tissue and matched myometrium by electron
microscopy demonstrated increased collagkbrils in fibroid tissue compared with the

myometriumwith no difference in fibril diametgiLeppert et al., 2004

Although collagen forms the bulk offibrotic ECM, it is reliant on fibronectinsince the
interactiono f ¢ ol | a g e swith fioqorescti isatJabsolutea requiremefatr the initial
deposition of collagefiMcDonald et al., 1982 The polymerisation of fibronectin is a cell
dependent process that requiraedi interactions with integrirend thecollager/ fibronectin

interaction isalso thought to involve integrs and to occuslose to the plasma membrane

Other extracellular matrixnacromolecules alsmnpact onfibroid pathology.Levels ofthe
large chondroitin sulphate proteoglyca&arsicanwerefound to baencreasedn fibroids whilst

the smaller proteogbandecorin wagpresentn lower abundance comparedaatient matched
myometrium(Carrino et al., 2012 A similar situationwas foundin keloid scarswhere tle
keloid expresses less decorin and more versican than matched skin S@aple® et al.,
2012. Likewise the smalproteoglycan dermatopontin is found toezder extent ifibroids
and keloids in comparison to myometri@atherino et al.,, 2004These differences may
contribute to the scarring pathology evidamthese two fibrotic conditionsSincedecorin is
known to bind TGFb, lower levek of decorin in pathological tissue may increase the
bioavalabilty of this growth factorthus stimulating the production of collagéfurthermore

addition of progesterone decredsiecorin mRNAIN a uterine leiomyoma cell linsuggesng
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that this maypbe a mechanism whereby progestergnemotesdisease progressidBarker et
al., 2015.

The role ofthe ECM in regulating the bioavailability of growth factors and hormanesl|

recognised in fibroigpathology However it isalsothought that fibroid ECMper sg has a

directrole in cellsignallingvia the integrinsthe major receptors used by cells to adhere to

ECM componentsin a process termed mechanotransductfigure 1.6). This refers to the

cellular processes that translatechanical stimuli into biochemical signals, allowing c#dls

adapt to their changing physical environmg@lurge et al., 2004 The fibroidmatrix creates a

stiff extracellular environmenexerting mechanical force on the surrounding cefid the
transduction of this force ultimately leads to a variety of cell responses such as lejabske
rearrangemdrand gene expression chan@ékorne et al., 20151t therefore follows that the

expression patterns of integriaseimportantin understanding how celfespnds to altered
environmerd. Indeedi ncrdeape es si o rblwad einmotnesggmiark eid o my o ma
cell s compar ecde ltlos naynodmeht tatinid sb odhyo wme dti at ed i
intebhgrlied to signifandnt otgossokeefl hectyam h ili it teirger o rma
celMas i k ed). al ., 2012

Importantly, fibroid cellsin vivo produce their own uniqgue ECNBecause each tumour derives
from an individual clonal cel|l there may be some variability in the extent and nature of the
ECM they produceEssentiallythe cellsof each fibroidsynthesise an ECM which reflects their
individual genetic pathology. However the ECM can alggnal to the celland it is this
dynamic interplay between cell and matrix, termed reciprpuwitychis currently thought to

be important in the pathogenesis of fibroids.
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Figure 1.6 Intracellular mechanisms of mechanotransduction.

Mechanical force is sensed by the integumentary system and activates multiple intracellular sigathiliags
Several membranbound mechanosensory complexes have been described and includeastreatéd io
channels, growth factoreceptors, integrins, and-@oteinrcoupled receptors. Of primary significance
fibroblasts and keratinocytes is matiintegrin activation of focal adhesi@omplexes that contain focal adhes
kinase (FAK). Mechanical force is transmitted across the cell membrane to activate downstream bic
pathwaysncluding but not limited to calciurdependent targets, nitric iobe (NO) signalling, mitogeiassociate
protein kinases (MAPKSs), Rho GTPases, phdsphoinositeB-kinase (PI3K). The convergence of these sig
results in the activation of transcription factors that translocate to the nucleus and awtiehtsmoresptive
genesFrom(Wong et al., 201)ladapted fronfJaalouk and Lammeing, 2009
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1.4.2 Type I collagen

Typel collagen is thought to play@ucial role infibroid pathology Herce an appreciation of
the structurginteractionsand bosynthesisof type | collagen isof centralimportance in
understanding the pathophysiology of uterine leiomyoma and also in the developnreint of a

vitro model of this fibrotic tumour.

Type | collayen belongs to a family abllagen molecules comprisiagound 28 members. The
defining feature of thisamily is the presence of at least one triple helical regitms region
comprisesaround 966 of the molecular mass of type | collagen but as litHel@% in other
collagen types. The type | collagen molecule is heterotrinmitsisting of twdJI chains and
oneU2 chain each chairconsisting ofabout 1000 residug€hung et al., 2004which twist
around each othgstaggered by one residue form aright handed heliXProckopet al,1979).
Every third residueis the small amino acid lgcine, generating aepeating (GlyX-Y)n
sequence patterfRamshaw et al. 1998 where X and Y are frequently proline or
hydroxyproline (RicardBlum, 201J; this provide structural stability to the helidndeed
proline and hydroxyproline are essential for helix stability and the presence of hydroxyproline
in the Y position is thought to rucialfor the sharp turns in the helighoulders and Raines,
2009. In contrast the amino acis tryptophan phenylalanineand tyrosinewhich comprise
large aromatic side chainare all strongly destabilizintp the triple helixand hence rarely

presen{Persikov et al., 2003

1.4.3 Type | collagenbiosynthesis

Collagen biosynthesis has been extensively studibdl!-forming collagens are synthesized
as procollagen molecules commig anamincterminal propeptide followed by short, non
helical, Ntelopeptide, a central tripleelix, a Gtelopeptide and a carboxgrminalpropeptide.
The biosynthesief type | collagerbegins with theranscription of the thregro Uchains Two

of these known as thepro U chains, are derived from the COLIAI gene on the long arm of
chromosome 17 arttiepro (R chain is transcribed from the COLIA2 gene on chromosame 7
Collagen biosynthestherefore involvesthe coordinate expresion of two gees(Fritz et al.,
20117).

Prior to forming a triple helical molecule theseh r eahaindJundergo several post
translational modificationsn the endoplasmic reticulum (ERyhich are crucial forthe
17
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structural and biomechanical propes of collagen fibrilsOne of these ithe hydroxylation

of specific proline residugs form hydroxyprolinea reaction whichequires ascorbic acid as

a cofactor ad iscatalysed byhe enzymegprolyl-4-hydroxylaseand prolyt3-hydroxylase The
formation ofhydroxyprolinein the Y position by the hydroxylation of prolinelramatically
increases the thermal stability thle collagen | triple helixSectionl.4.2. Indeed if ascorbic
acid is unavailable to the cgysosomal degradatioof the newly synthesised collagen ensues
(Bienkowski, 1983 Reduced production of collagen vivo due to lack of dietary ascorbic
acid means that tissues such as tendon, akith blood vessels lack structural support and

become fragilemanifesting as the disease scurvy

The hydroylation of specific lysine residues and the subsequent glycosylation of
hydroxylysine residues also occurs before the formation of triple helimabiagen These are
extremely impatant post translational modifications required fobseguent crosnking of
collagen molecules in thextracellular spacéSectionl.4.4.

Following these postranslational modificatios two pro UL chains and one prid2 chain
associate with one anotrerthe Gterminal endC-propepide domains of each chdirst fold
individually and then trimerise. Biointra- and interchain disulphide bonds are formedthe
C-propeptide ad an N-linked oligpsaccharide is attachdtlamandé and Bateman, 1995
Foldingof the triple helical regiofrom the G to the Nterminusoccursto form a procollagen
molecule(Figure 1.7), a complexprocess requiringhe coordinated action of endoplasmic
reticulum enzymes as well as molecular chaperones sugkaashock protein 4HSP47),
(Lamandé and Bateman, 1995deed within the ER, procollagen is continuously bound to
HSP47 a collagerspecific chaperoneand only dissociatesvhen it enters the Golgi
Furthermorethe stabilisation of the procollagenple helix at body temperature requires the
binding of more than 20 HSP47 molecules per triple higlamande and Bateman, 1999
From the Golgi the soluble proollagen molecules arepackaged andsecreted tothe

extracellular spac@-igurel.7).
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Figure 1.7 The structure of type | procollagen

Type | procollagen is composed of two fixl) chains (solid line) and one pk&(l) chain (dottedine) forming
a unique triple helix. The {gropeptide contains a short triple helical domam intrachaindisulphide bonds.
Each chain of the globular-gropeptide is glycosylated by mannasgaraginelinked oligosaccharides (man
and this domain is stabilized by intelnaindisulphidebonds The procollagen molecule is cleaved at specific s
at both N and C-terminal regions (indicated by arrows) by ADAMTS aB#MP1/Tolloidlike proteinases
respectively.Type | collagen is a300 nm long and ~1.5 nm thick molecule containing three domains

telopeptide (Ntelo), uninterrupted triple helix and-&lopeptide (&elo). Eachd chain in the molecule is coile
into an extended lefhanded helix anthethreed chains are folded into a rightanded triple helistructure. Gal,

galactose unit; Glc, glucose ur(Yamauchi and Sricholpech, 2012

1.4.4 Type | collagenfibrillogenesis

Once in the extracellular spatike propeptides are cleaved by specific protein@Sgsrel.7)
Removal of the propeptide is achieved by the action of BMPI/tolldlee proteinases
(Bourhiset al, 2013 andcleavage of the Mropeptide regires the actiomf ADAMTS2, 3
and 14 proteinases which are activated by mammalian subtilisins such agBekhouche
and Colige, 2016

These &édmat ur e d ,coosbtihgeoftheeriplerhelica domdineasd two short aon
collagenous telopeptides at each ,car@ able to selissemble and form fibrilg=igure 1.8).
During this processspecific lysine and hydroxylysine gidues in the N and Gterminal
telopeptides are oxidatively deaminated the enzymelysyl oxidase which initiates the

formation of covalent intraand inter-molecular croséinks. The telopeptidyl aldehydes
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generated byysyl oxidasereact with another aldehyder  wi t-amine gnoaps dkrived
from the unmodified lysine anldydraxylysine residuesto form the initial intra and inter
molecular cros$inks (Figure 1.8). They mature into multivalent crodsks by involving
additionalamino acid residuedn type | collagenfive monomeric collagen molecules make
up a microfibril thais staggered by a multiple of 67 nm, giving a charactetsticling pattern
termed a Bperiod Each microfibrilinterdigitates with neighhaing microfibiils, creating a
collagen fibril(McKleroy et al., 2018

1.4.5 Collagen catabolism

The mechanisms involved in the catabolism of type | collagen are important tetandein

the context of uterine fibroids as it is these processes which allow matrix dissolution and may
be amenable to therapeutic intervention. Although significant knowledge has been gained in
recent years, collagen catabolic processes are complercarmbmpletely understood. It is
known that fibrillar collagens are resistant to proteolysis by most enzymes due to their tightly
packed helical structure. However the collagenolytic enzymes cathepsin K, neutrophil elastase
and the family of matrix metalfmoteinases are able to degrade collagen fibrils (Fields et al,
2013). Of these, the zinc dependent endopeptidases known as the matrix metalloproteinases
(MMPs) have a crucial role in collagen degradatiMPIl, MMP8, MMP13 and MMP14 can

initiate degradatin of the fibrillar collagens at a specific locus about 225 from the N
terminus, yielding two fragments described as the 1/4 and 3/4 fragments. The mechanisms by
which the enzymes gain access to this cleavage site within the tightly coiled fibriltare no
completely clear. Howevesincethe type | collagen triple helix is thermally unstable and
beginstounwindat3T,iti s t hought that this |semzanaticunwi nc
accesgSarkar et al., 20)2Following this initial cleavage atlagen fibrils mayundergo further
unwinding and digestion bthe gelatinases MP2 and MMP9 which are able to degrade
denatured collagerr{gurel.9). Hencein cooperation with gelatinolytiMPsthatdigestthe
denat u-raendd -fEdgurehts, the collagenolytiMMPs can effectivelydegrade the

collagenous matrigurrounding cell§Visse and Nagase, 2003
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Figure 1.8 Type | collagen biosynthesis and fibrillogenesis

The top part of the Figure (above the cell membrane) illustrates the intracellular eventsoatih it
part of theFigure (below the cell membrane) illustrates the extracellular events. Dbergynthes
of prod chains in the ER, specific peptidyl lysine residues are hydroxylated tohfgaroxylysine
(-OH-NH2) and, subsequently, specific glycosylated hydroxylysinesidues (O-linked
glycosylation). For the latter, either single galactose (a red hexagon) or ghalas®sgtwo rec
hexagons) is attached. After these and other modifications (e.g. hydroxylapicoliog, asparagin
linked glycosylation shown asaded circles in the @ropeptide), twgrod 1 chains (solid line) ar
one pral 2 chain (dotted line) associate with one another andritdda triple helical molecule fro
the G to the Nterminus to form a procollagen molecyteckaged and secreted inhe textracellule
space. Then both -Nand Cpropeptides areleaved to release a collagen molecule. The col
molecules are then spontaneously ssemblednto a fibril and stabilized by covalent intranc
inter-molecular covalent crodmking. During fibrillogenesis, molecules are packed in paralle
are longitudinally staggered by axial repeat distance, D period (~67 nm) creating two ref
regions, i.e. overlap and whalegions, in the fibril. Fronfyamauchi and Sricholpech, 2012
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Theseextracellulardegradative processesolving MMP1 and MMP2 argypically associated
with developmental processes during rapid groofttissuegLee et al., 2006and he activity

of theseMMPsi s locally controlled bytissue inhibitos of matrix metalloproteinased IMPs)
which bind active forms of MMPs in a 1:1 stoichiome(iMurphy, 201). In contrast
remodelling of adult tissu@ppears tanvolve endocytosis oiMMP-generatedcollagen
fragments by fibroblasts and digestion in the lysosomal sydteeet al., 2006 Indeed after
initial cleavage by MMP1 or MMP8 in the ECMollagen fragments have been shown to be
engulfed by fibroblastand subjected to lysosomal degradatiéigure1.9).

Figure 1.9 Matrix metalloproteinase mediated collagen catabolism

Collagen monomers are incorporated into fibrils, which aggregate toffores Degradation of collage
fibresinvolves cleavage of fibrils by collagenolygozymes and uptake of colEyfragments bynacrophage

and fibroblasts ofurther cleavage by gelatinas€ésom(McKleroy et al., 2013
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