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Abstract

This thesis describes a comprehensive study investigating the roles dfathk
potassium channelKCNMA1), L-Type calcium channel GACNA1C) and T-Type
calcium channelQACNA1G) in the maintenance of quiescence (relaxed myometrium),
the preparationdr parturition (norcontracting myometrium) and the regulation of the
co-ordinated contractions characteristic of parturition itself (contracting myometrium).
The role of these channels was investigated using primary human myouoedticaltures
under réaxed, noncontracting and contracting conditions. Protein studies revealed
changes in both the amount and channel isoforms expressed between the different
conditions. Protenprotein interaction studies revealed that tKE€ENMALl and
CACNAIC associated witlCaveolinl, Gysa n d-Adbenergic Receptor. RNA studies
revealed that the different incubation conditions modified expression of total channel
MRNA and that of various splice varianBevious research has demonstrated that the
CACNALC channel @erminuscan functionas a transcription factor termed CCAT.
Within this thesis inmmunohistochemistry staining and protein localisation studies
revealed nuclear localisation of both the CACNA1C and KCNMAZei@inii.
Therefore, gnomic studies were undertaken utilising the Gid®ay, coupled with ChIP
sequencing, to study the role of tik€ENMAL channel as a transcription factor. Ghip
sequencing data files were then analysed using Galaxy, an open accesasaeb
platform. Peak calling generated 47 peaks, 21 were successfpibechto known genes,
including RB1, JPH2 and MAP3K7. Motif discovery was then undertaken for both the
KCNMAL protein utilising GYM and the successfully mapped peaks using the Panoptic
Motif Search Tool. A helixurn-helix motif was discovered in the-€rmnal region of

the KCNMAL protein and ten putative transcription factor binding motifs were
discovered within the peak regions. The significance of these findings is discussed.
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Chapter 1 Introduction
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1.1 Reproduction

Reproduction is a fundamental process which occurs in all living organisms. It is
arguably the most important, as successful reproduction ensures the survival of the
species In mammals, successful reproduction includes the distinct processes of:
fertilisation, implantation, maturation (pregnancy) and birth (parturition). Despite the
critical importance of these processes our understanding of them is still limited, especially
in terms of describing the regulation of the switch between the pregnant state and

parturition.

1.1.1 Parturition as a Controlled Inflammatory Event

Traditionally, parturition was thought to be a hormonal event driven predominantly by
changes in progestone or cortisol synthesis. This thesis was based on strong evidence
from animal models; however, human parturition does not reflect such nfGaétshtly,
Jabbouret al. 2011) This has lead to a number of theories regarding the regulation of
human parturition. Firstlyit has been suggested that multiple paracrine/autocrine events,
fetal hormonal change and overlapping maternal/fetal control mechasisane
responsible for triggering parturition. Alternativellgere is growing evidence to suggest
that the process of human parturition is a allgd inflammatory event couplasiith a
functional progesteme withdrawalg¢eeSection 1.2.3Progesterone Withdrawhl At the

onset of physiological parturition there is an influx ofprfammatory cytokines which
coincides with an influx of inflammatory cells, neutrophils and macrophages, in both the
upper andower myometrium(Thomson, Telfeet al. 1999, Osman, Younet al. 2003,
Golightly, Jabbouet al.2011) These inflammatory cytokines and cells are significantly
reduced in women undergoirglective Caesarean sgon in comparison to women
undergoing term parturition. This demonstrates the role these factors have in term
parturition. This inflammation is not caused, in the majority of cases, by infection, but
instead is a form of sterile inflammati@@omezLopez, Guilberet al. 2010, Kobayashi
2012) However, a study examining the presence of inflammairoruterine and
gestational tissues found that inflammation was rare in these tissues prior to the onset of
parturition (KeskiNisula, Aalto et al. 2000) This would seem to suggest that

inflammation is a consequence of parturition as opposed to the cause of parturition.
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1.1.2 Sterile Inflammation

Whereas nossterile inflammation is a response to pathogens, sterile inflammation occurs
as a response to physical, chemical or metabolimnestimuli. Each stimulus produces

a tightly regulated stress response. These stress responses induce the recruitment of
inflammatory cells such as neutrophils, macrophages and leukocytes and result in

inflammation(Rubartelli, Lotzeet al.2013.

Preceding parturition there are a number of events which could initiate or enhance this
sterile inflammation pathway. Firstly, towards the end of pregnancy the myometrium is
stretched by the growirfgtus this mechanical stretch induces an incréaiee secretion

of proinflammatory cytokines which could initialise or promote sterile inflammation
(Kobayashi 2012) Second}, the process of cervical ripening which involves the
degradation of extracellular matrix proteins also leads to the release of molecules that
activate inflammatory signalling pathways and could enhance the sterile inflammation
procesgChristiaens, Zaragoz al. 2008, Challis, Lockwooet al.2009) Finally, the
concentration of pranflammatory cytokines found in amniotic fluid increases towards
parturition. These prinflammatory cytokines have been showrntduce chemotaxis of
neutrophils, macrophages and leukocytes into the uterus. Once in the uterus, these
inflammatory cells then release cytokines, matrix metalloproteinases (MMPSs),
prostaglandins and more chemokinf@mezLopez, Guilbertet al. 2010) This then
amplifies inflammatory signalling and could again enhance the sterile inflammation

process.

1.2 Regulationof These Parturition Events

The contractios seen at parturition is the culmination of a process involvetgl
maturation, membrane rupture, placental separation, cervical ripening and dilation which
then ultimately lead to eordinated uterine contraohs (Lindstrom and Bennett 2005)

Over the last few years a significant body of resehashbeen undertaken to define these

events leading up to, and including, parturition.

The process of parturition is characterised bynarease irpro-inflammatory cytokines
such as Interleukin 1 beta (L b ) , | nt e4+6)l aaduTumaur Né&crogisl Factor
(TNF) (Romero, Mazoet al. 1992, Opsjln, Wathept al. 1993, Keelan, Marviret al.
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1999, Osman, Younet al.2003) These cytokines are thought to enhance the production
of Interleukin 8 (IL-8) and prostaglandins, which then work in concert to promote cervical
ripening and ultimately, uterine contractions. However, the induction of this

inflammatory signking cascade is still to be fully elucidated.

There are also signalling cascades generated from both the fetal and the endocrine
systems. Briefly, the fetus has been shown torcinate parturition associated changes

in the myometrium via its influenaen placental steroid hormone production. Alongside

this there is a shift from progesterone to estrogen predominance, increased myometrial
oxytocin receptor and prostaglandin expression and GAP junction formation. These
changes are followed by activatiohtbe fetal hypothalamipituatry-adrenalHPA) axis

and ultimately parturitiofKota, Gayatri et al. 201 Figure 1.1).

There have beaemnumber of suggestions as to the key events which regulate the initiation

of thesesignalling cascadencluding: secretion of surfactant protein A (BPas a signal

of fetal lung maturity, initiation of membrane rupture and cervical ripening through
increased MMP xpression, prostaglandin synthesis promoting myometrial contractions,
transcriptional regul ation by Nuclear Fa
of pro-contractilegenesfunctional progesterone withdrawal resulting in the removal of

the supportfor quiescence, and regulation of ion channel expression to increase the

contractility of the myometrium (Figure 1.1). These are discussed below.
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Figure 1.1 Regulation of Parturition

A summary of the current understandingaeding the regulation of the processes of cervical ripening,
membrane rupture and myometrial contractility. The sterile inflammation process is witgieyishaded

box. Briefly, leukocyte infiltration from théetusleads to a influx of proinflammatoy cytokines. The
increase in pranflammatory cytokines alongside an increase inASIads to the activation of MMPs,
Protagl andi ns, coll agenases anGACNMHG &d a detreaseean, al ongsi d
KCNMA1 expression, subsequently lead tftsning and dilation of the cervix, rupture of tfetal
membranes and increased myometrial contrac{bityck arrows)The endocrine process is within the blue
shaded box. Briefly, there is a switch to estrogen predominance leading to increasedaprhistag
synthesis alongside increased oxytocin responsiveness again leaghifigiing and dilation of the cervix

and increased myometrial contractil{blue arrows)Fetal factors are within the green shaded box. Briefly,
activation of the fetaHypothalmic-pituitary-adrenal HPA) axis leads to activation of the placental
endocrine axis which promotes the switch to estrogen predominance and the increased expression of
prostaglandins and oxytocin responsiveness. Alongside this fetal growth produaes stretich and SP

A production which can then activate the sterile inflammation pathway. &ytim lead tsoftering and

dilation of the cervixrupture of thdetalmembranes and increased myometrial contrac(iitgen arrows)

1.2.1 The Role of Surfatant Protein A (SP-A)

SPA is secreted by thietal lungs and is used as a markefeaial lung maturity(King,

Ruchet al. 1975, Hallman, Arjomaat al. 1988, Miyamura, Malhotrat al.1994) Levels
of SPRA peak at term and it is thought they may providefedal signal for the

commencement of parturitiofiMendelson and Condon 2005, Mendelson 2009)
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Increased SA i nduces the activati onlbofffetdife B ¢
macrophages, which in turn migrate to the uterus and cause an inflammatory response
and an i ncr e a $Condondeyasuria et al.2e&idurie 3.8. Injection of

the amniotic sacs of mi c-Awas Seendoangisce nuateart ¢
|l ocalisation of the NFaB RG@hddn eyasuteinal. t an
2004, Lindstron and Bennett 2005, Gareiéerdugo, Tanfinet al.2008) These findings

suggest that the signal for the initiation of parturition is the secretion-8f $fRich then

causes the migration of macrophages into the uterus, followed by the secretion of pro
inflammatory cytokines. Thesepron f | ammat ory cytokines the
turn promotes the transcription of ptontractile genes such @gclo-oxygenase 2qGox-

2) |l eading to contractions. |t i stvatedpor t a
by cellular stress(Hoesel and Schmid 2013)rherefore, the increase in nuclear
localisation observed in the above studies may be as a response to stress rather than SP
A

In addition to its role in regulatinfgtal macrophage migration into the uterus-Sks

also a ligandor Toll-like receptor 2 (TLR2(Sato, Sano et al. 2003, Yamada, Sano et al.
2006, Henning, Azad et al. 2008nd Toltlike receptor 4 (TLR4(Henning, Azad et al.

2008) Toll-like receptors (TLRs) ar@family of membrane bound proteins that recognise
pathogens and as such binding of TLRs constitutes the initial event in the activation of
the i mmune response. Binding of TLRs al s
initiation of an inflammatory cascle. A recent study into the interaction betweemASP

and both TLR2 and TLR4 made the surprising discovery that whekiSBdministered

into the uterine cavity it supressed both inflammation and partu(dgrawal, Smaret

al. 2013) This would appear to refute its role in the initiation of parturitiorthés

research has shown &Pcan supress parturition

A further mechanism by which surfactant progemay regulate the timing of parturition

is through their role in the synthesis of prostaglan@ustactant protein is secreted from
the fetal lung into the amniotic fluid, this surfactant proteithenresponsible for the
release of arachidonic aarehich is the precursor for prostaglandin synth@Smswvman,
Phizackerleyet al. 1993, Bernal and Phizackerley 2000, Nayak, Dodaga#ai et al.
2012) Briefly, arachidonic acids cleavedrom a phospholipid bylmpspholipase. Within

the amninon acrachidonic acid is synthesised by the cleavage of amniocyte diacyl
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phosphatidylethanolamine by phospholipase A2 or phosphatidylinositol by
phospholipase C and diacylglycerol lipaBellowing this arachidonic acid is cwerted

to prostaglandin &by cyclooxygenase enzymes. Prostaglandins@Ghen converted to
prostaglandinH> by the peroxidase activity of the cyclooxygenase enzymes. Finally,
prostaglandin klis converted by different prostanoid synthases to variousgomisls

including prostaglandin £Fand prostaglandinR(Gualde and Harizi 2004)

Clearly, the study by Agrawakt al. (Agrawal, Smaret al. 2013) contradicts the earlier
findings by Condoret al.that SPA is involved in preinflammatory signalling and can
induce preterm parturitioCondon, Jeyasuriet al. 2004) This may be due to the fact
that in the study by Condaet al. SR-A was injected into the amniotic sac whereas in the
study byAgrawalet al. SRA was injected into the uterine cavity. It is possible therefore
that SPA has different roles depending on its location. A second possible explanation for
these differences is that the study by Agragtall. specifically examined thele of SR

A in infection induced parturition. In the presence of infection theiafid@mmatory role

of uterine SPA may be important in delaying parturition until tregusis fully matured

at which stage the p#imflammatory action of SFA from the ammbtic sac initiates
parturition. In addition to this the role of surfactant protein in the synthesis of
prostaglandins could either lead to a support for contraction or relaxation depending on
which prostaglandin receptors are expressed (The role of pdeoslats is more fully
discussed in Section 1.2Brostaglandin Synthegis Further work is needed to

understand these conflicting roles for-8P

1.2.2 Matrix Metalloproteinase (MMP) Expression

The processes détal membrane rupture and cervical ripemiboth involve extensive
remodelling dthe extracellular matrix (ECMBryantGreenwood and Yamamoto 1995,
Kelly 2002) The ECM of thefetal membranes and decidua is composed primarily of
collagen types I, III, IVand V(Aplin, Campbellet al. 1985, Leushner and Clarson 1986)
Within the cervix the ECM contains collagen types | an@Mlinamoto, Araiet al. 1987,
House, Kaplaret al 2009) Remodelling of the ECM is achieved through a course of
programmed collagenolysis which is mediated by MMP enzymes. Collagen degradation
is vital in the process of cervical ripening as it causes the cervix to soften and become

distensible, whichn turn facilitates the passage of tetus
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It has been shown that during parturition there is a decrease in collagen concentration, an
increase in collagen solubility and activation of MM@ampson, Liuet al. 1997,
Goldman, Weis®t al. 2003) At parturition there has been reported to be a significant
increase in MMP3 mRNA (41old) and protein within the myometrium. MMP3 degrades
collagen types |, Il and IV as well as fibronectin, laminin and elastin allha¢h are
components of the cervical ECkBryantGreenwood and Yamamoto 1995, O'Brien,
O'Shaughnessyet al. 2007) This suggests that MMP3 has a significant role in
remodelling the cervical ECM in preparation farth. MMP3 is also able to activate
MMP9 (Van den Steen, Duboét al.2002, O'Brien, O'Shaughnesstyal. 2007) MMP9
expression in théetalmembranes has been reported to be significantly increased both at
termand preterm parturitioXu, Alfaidy et al. 2002) MMP9 degrades collagen types

IV and V which are components of the ECM of bothfdtal membrane and decidua
(Aplin, Campbellet al. 1985, Leushner and Clarson 1986, Delclaux, Delacetudl.

1996) This suggests that MMP9 has a significa¢ io the ECM degradation cascade
leading to membrane rupture. MMP9 has also been implicated as a regulatory factor in
neutrophil migration across basement membréDeklaux, Delacourét al. 1996) The
increasen MMP3 leads to cervical ripening and remodelling of the ECM (Figure 1.1).
MMP3 could then activate MMP9 leadingfegal membrane rupture. These events would
also enhance the sterile inflammatory state of the myometrium via the release of
inflammatory mdecules due to the degradation of the ECM and the facilitation of

neutrophil migratiorby MMP9.

1.2.3 Prostaglandin Synthesis

Prostaglandins play a central role in the process of cervical ripening, dilation and
stimulation of myometrial contractions.d3taglandin synthesis has been shown to be a
dynamic process which is dependent on both gestational stage and s(fPaliursl and

Mitchell 1996) Spontaneous active labour is associated with a surge of prostaglandin E2
(PGE2) and prostaglandin F2U (PGF2U) whi
a localised acute inflammatory respo(Remero, Munozt al. 1996, Brown, Alviet al.

1998) Inhibition of prostaglandins has been utilised to halt the progression of parturition
(Besinger, Niebykt al.1991) while administration of prostaglandins has been shown to

induce parturitior{Ray and Garite 1992)
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PGE2 has been shown to have a diverse set of physiological actions which are dependent
on the distribution and subtype of receptors (EP) available. There are four PGE2 receptors
(EP., ER, ER;, ER), all of which are expressed in the myometrium during pregnancy.
Both ER and ER can couple to either G protein alpha subunit, group & (& G protein

alpha subunit, group | (@G Rundhaug, Simper et al. 2011}hen PGE2 binds to its EP
receptor it initialises a signalling cascade that activates phoppbkelC (PLC), resulting

in the production of both 1;@iacylglycerol (DAG) and inositol 1,4;&isphosphate (IP3).

DAG results in the activation of protein kinase C (PKC) whilst IP3 results in the
mobilisation of calcium (Figure 1.Rundhaug, Simper et al. 2011)Vhen PGE2 binds

to its ER receptor it initialises separate signalling cascade which blocksattiation

of adenylate cyclase (AC), with the effect of reduciagenosineg 0 cyEli@
monophosphatécAMP) levels. This then reduces the leveladfive protein kinase A
(PKA), leading to an increase inywsin light chain phosphorylatidiRundhaug, Simper

et al.2011) and ultimately an increase in contractility (Figure 1.2). The binding of PGE2

to either of these receptors would promote both contraction and the potentiation of the
inflammatory signal. Conversely, EBnd ER couple to G protein alpha subunit, group

S (Gy} and stimulate AC activity and cAMP, while suppressing inflammatory cytokines
(Rundhaug, Simpeat al.2011) The binding of PGE2 to either of these receptors would
therefore lead to relaxation and suppression of inflammé#8tater, Astle et al. 2006)

Figure 1.2). As such PGE2 may also have a role in maintaining quiescence (Figure 1.2).

Similar to PGEZ2 its receptors EPare also regulated in a dynamic fashion during
gestation and parturitiorfOlson 2003) The precontractile ER receptor is down
regulated by 40% between npregnant and pregnant human myometr{iulatsumoto,
Sagaweet al. 1997) In a primate model parturitiomas associated with a decrease in the
pro-relaxatory ERrecepto(Olson 2003)and in a sheep model parturition was associated
with an increase in the piontractile ERreceptor(Wu, Ma et al. 1999) Potentially
therefore, tightly regulate temporal expression of specific prostaglandins and their
associated receptors could regulate the contractility of the myometrium and hence the

timing of labour.
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Figure 1.2 Signalling Pathways Activated by the EP Rceptors br PGE2

EP; activates phospholipase C (PLC), resulting in the production of bottlidcglglycerol (DAG) and
inositol 1,4,5trisphosphate (IP3). DAG activates protein kinase C (PKC) whilst IP3 results in the
mobilisation of calcium. Efblocks the conusion of adenylate cyclase (AC), reduciugenosineg 6 ; 5 6
cyclic monophosphat@AMP) levels leading to a reduction in protein kinase A (PKA) &t ER couple

to Gy and stimulate AC activity and cAM@Rdapted with permission frofiRundhaug, Simpest al.2011)

1.2.4 Transcriptional Regul ation by NFaB
NFaB is involved in a variety of cel |l ul
i nfl ammati on, cel l c y c | eactiagrtrdnsception flattar,sai s .
transcription factor that is present in thd aehn inactive state and so does not need new
protein synthesis to be activated, meaning that it can be rapidly induced and acts as a first
responder to cell stimu{Perkins 2012)

NFaB has |l ong been associated with inflar
of the cytokines which are prevalent during parturition such as TNF ahddRerkins

2007, Perkins 2012)n addition to thismany parturition associated genes are regulated

by NFaB. A recent array study highlighte
net works within the myometrium and many

shown to be differentially regulated ¢y parturition(Chan, van den Bergt al.2014)

NFaB is comprised opfeS5(RealAyg sRbUNnanhd: RpbB;
consists of homo or heterodimers formed from the various subunits, the most prevalent
of these being the p50/RelA heterodimer. Chapetah (Chapman, EuropEinneret al.
2004)showed that there was a specific patter
in myometrium throughout humasregnancy and parturition. Relc-Rel, p100, p105

and p50 were all detected at high levelthe nonpregnant myometrium, however, there

was a significant reduction of all of these, with the exception of RelA, in both pregnant
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nontlabouring and labouring myometrium. RelA was significantly reduced between
pregnant and labouring myometrium, hawethe level of p50/RelA DNA binding was
shown to increase. This increase in DNA binding was demonstratecHlsatgphoretic
Mobility Shift Assay (EMSA) and so the caveat to this is that it does not demonstrate
binding in the context of the native protar statgSaccani, Pantanet al. 2003) it also

cannot provide any information on whether this regulation is stimulatory or inhibitory.

As stated previously, parturition is characterised byinenease inpro-inflammatory

cytokines such as HL b , -6 dnd. TNF(Romero, Mazoet al. 1992, Opsjln, Wathest

al. 1993, Keelan, Marviet al. 1999, Osman, Younegt al.2003) This influx leads to the
activati on imfurn préntBs the wXpression of mantractile genes such

as P GF 24, oxytGainxeceptor (OR) and GAP junction protein Connexin 43

(Mendelson 2009igure 1.1). Studies in the mouse have shownrthelear localisation

of the p50 and RelA subunits increased closer to term and that administration of SN50,

an NFaB inhibitor, (€entoa,yeyaburigtdd. 2004 indsedm of | abou
and Bennett 2005 Unfortunately this study did not specifically determine that this

increase in nuclear localisation was associated with an increase in DNA binding. Also

SN50 is not a NFeB specific inhibitor it i s
importation(Boothby 2001) Therefore the delay in labour onset seen could be attributed

to a gengal inhibition of the nuclear importation of transcription factors efamors.

A more recent study utilised Chibh-chip combined with expression array analysis to
reveal the role of Relk ont ai ning NFaB dimers in the regul
immortalised PHM131 human mymoterial cell line was utilised in this study with TNF
stimulation used to represent the labouring state. The-@Rrthip analysis revealed that
13,300 genomic regits were bound by Rel8ontaining dimerén the presence of TNF

and 11,110 genomic regions were bound in thetimulated cells. A portion of these
bound regions were localised to genes known to be involved in parturition such-as Cox
2 and Potassium Larg€onductance Calcium Activated channel subfamily M Beta
member 3 (KCNMB3). When this Chiéh-chip data was combined with matched
expression array analysis it revealed that 14 regions bound byd@etAining dimerin

the presence of TNF were-uggulated ad a further five were repress@tbokson, Waite

et al.2015) These genes with enriched RelA binding andegulated expression levels

are also documented by Chatal. (Chan, van den Beregt al. 2014)in their RNAseq
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study identifying differentially expressed genes in human myometrium from pregnant,
nontlabouring and actively labouring myometrium. Although this demonstrates that
NFaB does have role in regulating gene ex
role still need to be fully explored.

1.2.5 Progesterone Withdrawal

Evidence demonsites that throughout pregnancy, progesterone acting via its nuclear
receptor, regulates target genes to maintain uterine quiescence. At the end of pregnancy,
in the majority of mammalian species, the levels of progesterone sigypficantly and

the uters moves from a state of quiescence into a contractile (statdy, Janowsket

al. 2006) In contrast to this, in humans, there is no reduction in circulating progesterone.
Instead both progesterone levels and progesterone receptor levels remain elevated
throughout pregnancy and into labo{€hallis JRG, Matthewst al. 2000, Hardy,
Janowskiet al. 2006) It has been suggested, therefore, that a functional withdrawal of
progesterone occurs through action on the progesterone receptors. There are three
progesterone receptor isoforms:-RRPR-B and PRC. PRA and PRB once stimulated,

bind to progesterone receptor elements in the genome and regulate transcriptivn. PR
lacks the DNA binding domain and once bound sequesters progesterone away from the
othe receptorgfCondon, Hardyet al.2006) Studies utilising transfection techniques on
various cell lines (MCHO, HelLa, CV1, MCF7) have demonstrated that these three
isoforms have different effects on the genes they regulate. These effects were found to be
stronglyinfluenced by the cell and promoter context within which the receptor was acting
and also which cfactors were recruite@Vegeto, Shahbaet al. 1993, Chalbos and
Galtier 1994, Wen, Xt al. 1994) In most cellcontexts PRB enhances transcription

while PRA represses transcription and £Rbinds progesterone sequestering it away
from PRB (Vegeto, Shahbaet al. 1993, Giangrande, Kimbradt al. 2000, Condon,
Hardyet al.2006)

Studies in the PHMB1 human myometrialcell i ne have shown that
the expression of PR mRNA butnot PRB mR NA. PGF2U has been
at the onset of parturitiofRomero, Munozt al. 1996, Brown, Alviet al. 1998)which

has led tdhe hypothesis that functional progesterone withdrawal occurs via the action of
PGF2U promoting the i #cwhiehais turth represses thes s i o
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transcription of the prguiescent genefMadsen, Zakaet al. 2004) This research
however did not examine the effect of increased expression eARR either gene
expression or cell contractility. As regulation by-RRand PRB has been shown to be
cell type and promoter context specific it would be nexrgd® look at the effect on gene

expression within the PHM3L1 cells in order to prove or disprove this hypothesis.

When comparing PR expression betweenlatmouring and labouring human and mouse
myometrium, Condoet al.noted there was a significanp-vegulation of both the PB

and PRC isoforms in labouring tissue. Within the mouseBR1RNA significantly
increased with parturition in both the upper and lower myometrium, howeveB PR
protein levels were only seen to increase in upper myometribareTwas also a 200

fold increase in the expression of the-ERsoform, which they hypothesised could then

act as an inhibitor of PIB function and so may contribute to the functional withdrawal

of progesteron¢Condon, Hardyet al. 2006) However, PR are rapidlyosvnregulated

when cells are removed from the body and so this may affect the levels measured above.

1.2.6 lon Channel Expression

Once the processes tdtal maturation, membrane rupture and cervical ripening and
dilation are underway, the next step in grecess is doordinated uterine contractions.

The myometrial quiescent state is characterised by slow wave potentials where the
membrane potential cycles between depolarisations and repolarisations without reaching
the threshold level. However, withinrte pregnant myometrium, these slow wave
potentials become frequent and synchronised action potentials during which the
membrane potential rapidly rises and falls, causing the muscle to cqitfida¢ and
Marshall 1988)

Both the quiescent state and theseatinated contractions are thought to be mediated
by ion channels, in particular the balance between the large conductance calcium
activated potassia channel KCNMA1, MaxiK, BK or slo-1) and thel-type calcium
channel CACNALC).
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1.2.6.1TheMaxiK Channel(KCNMA1)

It has been demonstrated tK&@NMA1 plays a crucial role in regulating the contractility

of the myometrium. Studies within the rat myometr have revealed th&@CNMAL is
differentially expressed throughout pregnancy. foegnant and early pregnant rat
myometrium express high levels WCNMA1L protein and these levels are significantly
reduced at the end of pregnancy and 4pastum (Song, Zhuet al. 1999) KCNMAL1
provides a strong repolarising current which would support myometrial quiescence.
Therefore, the high levels CNMAL protein seen early in pregnancy would help
maintain the quiescent phdgpe then, as the levels ®CNMAL1 reduce towards
parturition, the myometrium would switch to a more contractile state. This theory would
need to be studied in human tissue in order to determine if it is relevant to human

parturition.

1.2.6.2L-TypeCaldum Channe(CACNALC)

The CACNA1C s thought to be a critical component of excitatammtraction coupling

in smooth muscle and as such could contribute to the regulation of labour contractions.
Studies within the rat myometrium revealed an increase imuh&er ofCACNA1Cs

within the membrane in late gestation. However, this work utilised the binding capacity
of the CACNALC inhibitor Dihydropyridine (DHP) as a measure of the number of
channels and so this will not necessarily be a representative medsacéve or
functional channels. Although the numbelGACNA1Cs was seen to increase there was

no sharp increase immediately before or during parturition which seems to refute a role
for these channels in triggering the onset of parturiMershon, Mikalaet al. 1994) It

is possible however, that changeCACNAL1C conductance rather than protein number

may provide the trigger for parturition.

In these final stages of parturition there are clear indicatiommathannel involvement.
More research needs to be done to fully define the channels within the myometrium and

how they work ceordinately with each other to change the contractility of the tissue.

1.2.7 Summary of Current Theories
Although a considerablamount of research has been done to try and understand the

processes which trigger the onset of parturition there is still no consensus on which
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process or combination or processes are ultimately responsible for the switch to the
labouring state. As sucdhere is still a lack of understanding of the key steps involved in

the switch from quiescence to contractility and further research into this is still needed.

1.3 Preterm Birth

Why is this research necessary? The human species is clearly survivingpandieg.
The problem is that the process of parturition can and does go wrong, and when this
happens it can result in preterm birth.

Each year preterm birth is the biggest cause of death in new born babies. In England and
Wales nearly 8% (1 in 13) of liveirths are born prematurely (prior to 37 completed
weeks of gestation). Evidence suggests that women who have had aipmvaterm

birth are tweanda-half times more likely to have a further preterm birth than a woman
who has not(Mercer, Goldenberget al. 1999) Historically, research has focused
primarily on improving the survival and health of preterm babies. Such efforts, however,
have done nothing to decrease the incidence of preterm birth and in factitdlemce of
severely preterm birth, which is prior to 26mpletedwveeksof gestation, is increasing
(Goldenberg, Culhanet al.2008, Chang, Larsoet al.2013)

Preterm birth can occur as a result of preternmptare rupture of membranes, labour
induction or Caesarean delivery for maternal or fetal indication or following spontaneous
labour. Current research suggests thatrogenic causes of preterm labour include,
infection, preeclampsia and intrauterine gvth restriction However, spontaneous
labour accounts for 485% of preterm births and the cause of this is still poorly
understoodGoldenberg, Culhanet al.2008)

1.3.1 Current Tocolytic Therapies

Tocolysis, (Greektokosi childbirth; lysis i loosening, dissolving, dissolutiprihe
inhibition of myometrial contractions, is currently the primary treatment for preterm birth,
with the gal being to delay birth by a minimum of 18 hours. There are a number of
tocolytics (anticontraction medications) currently used which have been designed around
our current understanding of the events leading up to parturition, which have been
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described bove. These include betalrenergic receptor agonists, calcium channel
antagonists, oxytocin receptor antagonists and progesterone. These current tocolytics,
however, are associated with contraindications for both mother and (Gyietvai,
Hannahet al. 1999)

1. 3 .2Agodistsb

TheAfir ener gi cARR B assogidtenl with bdithgsand CACNALC. Once
activated G activates AC by catalysing the formation of cAMP, which in turn activates
PKA. PKA in turn acts on a number of smooth muscle structures sytfeasarcolemma,
resulting in a decrease in calcium influx; the sarcoplasmic reticulum (SR), enhancing
calcium uptake and the actimyosin filaments, decreasing their interact{@892)which

ultimately leads to smooth muscle relaxation.

b> agonistsactivate this pathway and promote an increase in-cglalar cCAMP, a
decrease in intracellular calcium, via increased SR uptake and decreased calcium influx
(Figure 1.3 Anotayanonth, Subhedat al. 2004) Within airway smooth muscle cells,
treatment witth, agonists has been shown to cakiSANMAL channelgo open, leading

to hyperpolarisation of the cells. The combination of decreased intracellular calcium,
increased potassium efflux and decreased interaction of actin and myosin filaments leads

to muscle elaxation.

There are three b2 agoni st s cQffillabelmagthey us
FDA have not approved it for tocolysis), Ritrodrine and Salbutamol. These three are
effective at delaying delivery by 24 to 48 hours with no significafferdinces seen
between the effectiveness of each one. Treatment with these tocolytics beyond 48 hours
has no effect on the reduction of preterm birth nor does it improve perinatal morbidity or
mortality (Haram, Mortenseat al.2003) Prolonged use of these drugs is associated with

the phenomenon of receptor internalisation which results in desensitization of the target

tissue to their relaxant effec{san Geijn, Lengleet al.2005)

T h e s agonists are not uterine specific and so all three are assowittieside effects
ranging from tremor, anxiety, palpitations, nausea and headache, and the more rare but

serious side effects of pulmonary oedema (fluid accumulation in the lungs), myocardial
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ischemia (restricted blood flow causing lack of oxygen to tlethand cardiac arrest.
They can also cause metabolic side effects such as hyperglycaemia, due to-the non
specific activation of adrenergic receptors in the liver, leading to hyperinsulinemia
(excessive circulating insulin) and finally to hypokalemia éssive potassium in the
blood) due to a shift in potassium caused by insulin. They can also pass through the
placenta and may result fetal tachycardia andetal hypo or hyperglycemia at birth
(Chan, Cabroét al. 2006, Wisanskoonwong, Faleyal.2011)

1.3.1.2 Calcium Channel Antagonists

Calcium Channel antagonists act by preventing calcium influx through membrane

spanning calcium channels. This leads to a reduction in intracellular calcium which, in
turn, leads to a reduction in the creation of calcium:calmodulin complexes, a decrease in
myosin light chain kinase (MLCK) phosphorylation and subsequently a decrease in
myosin light chain phosphorylation. This then results in decreased myosin and actin

interaction promoting smooth muscle relaxation (Figure 1.3).

There are two calcium channel anatgonists currently used: Nifedipine, which is used Off
Label, is not recommended for use with patients with hypertension as it can cause an
increased risk of adverse cardascular event§laju and Dhabadi 20113nd Nicardipine

(Laas, Deist al.2012) These have lem shown to beapable otlelaying birth up to 7

days however this has only been demonstrated with a total of 242 patiestudies

(van Geijn, Lenglegt al.2005)

There are again side effegt#h the use of calcium channel antagonists but these are less
severe than t h e agenists(Eecenomy andtAbuhamide200b, King,
Flenadyet al. 2002, Haram, Mortensest al. 2003) Nifedipine was also responsible for

less severe side effects in comparison to Nicardiiiaas, Deiset al.2012) These side

effects include dizziness, nausea, headache, weakness and oedema (fluid retention) and
more rarely transient hypotensigabnormally low blood pressur®ustan 1989, van

Geijn, Lenglet et al. 2005).ike > &gonists, calcium channel antagonists can cross the

placenta but data of the effect on fetusis scarce.
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A 2011 study demonstrated there was an increased risk of seizures among infants whose
mothers were treated with calcium channel blockerssiplysdue to the effect of
decreased intracellular calcium in these infants. Neonatal seizures can be serious and can

be associated with poor neurodevelopn{Batvis, Eastmaet al.2011)

Un | i k eagdnibtelter®is no reduction in efficiency with prolonged use of calcium
channel antagonis{E&conomy and Abuhamad 2001, van Geijn, Lengletl. 2005)
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Figure 1.3 Mechanisms of Action for Tocolytics

Nifedipine, a calcium channel antagonist, promotes relaxation by blocking calcium influx through
membranebound calcium channels and in doing so blocks this contractile pathway (black arrows).
Atosiban, an oxytocin receptor antagonist, inhibitsivation of the oxytocin receptor and the associated
contractile pathway (hboai atr r owadrenewg® re¢eptar dnd tha & , a
associated pathway (green arrows) promoting relaxation.

1.3.1.3 Oxytocin Receptor Antagonist

The Oxytocin receptor is associated withd®nce activatedsy ¢stimulatesPLC which

then generates both DAG andsz lfirough the cleavage of phosphatidylinositol-4,5
bisphosphate (PIP2). 4is then released and bindsdalcium channel$ocated on the
endoplasmic reticulunfERY); in turn this causs an increase in intracellular calcium and
ultimately smooth muscle contractiofGimpl and Fahrenholz 2001Figure 1.3).
Oxytocin receptor antagonists block activation of the oxytocin receptor and so block this

signalling pathway thereby promoting smooth muscle relaxation.
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There are currently tav oxytocin receptor antagonist used for tocolysis: Atosiban and
Barusiban(Reinheimer, Beet al. 2005) Atosiban has been shown to be effective a
delaying birth for up to seven days but had no significant effect in reducing the number
of births prior to 37 week&aez, Germaist al 2003, Papatsonis, Flenadiyal.2005)

Again, oxytocin receptor antagonists can cause side effects including: headache, vomiting
and nausea and, more rarely, tachycardia, hypotension and hyperglycaemia although less
so thanRitodrine (Wex, AbouSettaet al. 2011) Once againAtosiban crosses the
placenta and, although it does not appear to accumulate in the(fibeetdsus, Muldeet

al. 2010) it can casefetal tachycardigWex, AbouSettaet al.2011)

1.3.1.4 Progesterone

The drawback of employing progesterone as a tocolytic is the fact that the mechanism of
progesterone action is unclear. Progesteroneigtht to modify the cellular structure of

the myometrium through the inhibition of gap junction formation preventiraydimated
muscular contractiofGarfield, Puriet al. 1982) It also blocks the action of oxytocin
(Borna and Sahabi 2008)

Progesterone was shown to be effective in reducinggpne birth prior to 37 weekSu,
Samuekt al.2010) Noted side eécts of this drug, however, include headaches, nausea,
breast tenderness and coughing. The long term potential for harm from the treatment is

not known and research is needed in fiWssanskoonwong, Fahy et al. 2011)

1.3.1.5 Summary

Tocolytics are onlyable to delay delivery temporarily and are rarely successful beyond
48 hours. This is sufficient time to allow the woman to be transferred to a specialist unit
and for corticosteroids to be administered to reduce neonatal organ immaturity, but it is
insufficient time for the baby to grow and fully matui@yetvai, Hannatet al. 1999,
Chatterjee, Gullanet al. 2007)

An American study in 2003 demonstrated the cost burden of preterm birth. Briefly, the
neonatal casfor a newborn weighing between 5@000g was $224,000 compared to

$1,000 for a newborn weighing over 3000g. These costs increased exponentially as
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gestational age and weight decrea@ddbert, Nesbittet al. 2003) This study did not

take into consideration any longer term care.

Preterm birth, however, does not only affect the infants in the weeks and months
following birth but in fact oneén-ten babies born severely preterm will develop a
permanent disability gin as lung disease, cerebral palsy, blindness or dedfadsw,

Wolke et al.2005) Taking into account these additional letegm costs a British study
calculated that delaying birth by as little as a week d®alve thdJK economy up to
£260m a yeafMangham, Petroat al.2009)

Evidently itis vitally importantto develop bettestrategies for preventing preterm birth
both in terms of the health of the babies involved and the health card2f383 and

this can only be done by understandingphecesses which move the myometrium from

its relaxed quiescent state to thetcactile state seen at parturition. The development of
such strategies must begin with understanding the fundamental nature of myometrial

smooth muscle and its contractile mechanisms.

1.4 Smooth Muscle Structure

There are three varieties of muscle: srhoatrdiacand skeletal. These all contract by
sliding thin actin filaments past stationary thick myosin filaments in response to an
increase in calcium and they all use adenosine triphosphate (ATP) as the energy source
for this process. This, however igere the similarities end as each muscle type has a
different; structure, organisation, meciism of excitation, excitatiecontraction

coupling, and response to contraction.

Smooth muscle is mostly located within hollow organs and vessels includingsttidar
system, or the digestive tract where contraction acts to move the contents of the tube
forward. In hollow organs, such as the bladder or uterus, contraction acts to expel the

contents of the organ.

Smooth muscle cells are spindle shaped, wiimgle nucleus and are much smaller than
the multinucleated skeletal muscle cells. Smooth muscle itself is furthezadaborised

as either single unit or multinit smooth muscle. MuHiinit smooth muscle is rare and
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can be found in the eye muscleddted to distance vision), the base of hair follicles and

the iris. Within this type of muscle tissue the smooth muscle cells are organised into
functional units which are then separately stimulated by the autonomic nervous system.
Each of these units isifictionally independent from the other units. Singh smooth

muscle is more common; it can be found in the stomach walls and the uterus. Within this
type of muscle tissue the smooth muscle cells are organised into sheets, with the cells
lying roughly marallel to each other. Each of the cells is connected to its neighbour via
gap junctions and they contract together as a single unit. Gap junctions act as low
resistance pathways which enable electrical signals to rapidly spread throughout the
tissue. Thidissue is stimulated both through the autonomic nervous system and myogenic

activity.

1.4.1 Molecular Basis of Smooth Muscle Contraction

When calcium channels on the smooth muscle membrane open and calcium diffuses into
the cell, this increase in intrdltdar calcium causes the SR to release small quantities of
calcium. Four calcium ions then bind to each calmodulin, a messenger protein which
binds calcium ions and modifies their interactions with various proteins. In this instance
activated calmodulimctivates MLCK, which in turn phosphorylates myosin through the
conversion of ATP to adenosine diphosphate (ADP). Finally, phosphorylated myosin

binds with actin and cross bridge cycling begins (Figure 1.4).
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Figure 1.4 Molecular Mechanism of Contraction

Schematic of the molecular basis of smooth muscle contraction. Calcium enters the cell via calcium
channels and causes the release of calcium from the sarcoplasmic reticulum (SR). This calcium then binds
to calmodulin formig a complex which then activates myosin light chain kinase (MLCK). Once activated
MLCK then phosphorylates the myosin light chain (MLC) which then binds to actin causing contraction.
Myosin Light Chain Phosphatase (MLCP) removes the phosphate group fréhaMLleads to relaxation.

The cross bridge cycle is the process by which the chemical energy stored in the terminal
phosphate group of ATP is converted into movement. It begins with the binding of
phosphorylated myosin to actin, followed by the releafsthe phosphate group which
causes a conformational change in myosin, which leads to the power stroke, causing the
filaments to slide and ADP to be released. A new ATP binds to myosin, allowing it to be
released from actin. The ATP is converted to ADB aryosin returns to its original

conformation. The cycle then begins again (Figure 1.5).
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Figure 1.5 Cross Bridge Cycling

Schematic representation of the Cross Bridge cycling process. 1) ATP binds to the myosin head in its |
energy configuration; 2) ATP is split into ADP and Pi and the myosin head cocks; 3) The myosin cross
bridge attaches to the actin filament with the myosin head in the high energy configuration; 4) During the
power stroke ADP and Pi are released fromrtiy@sin head and the head pivots and bends as it pulls the
actin filament.

Relaxation occurs when calcium is removed from the smooth muscle cell via the use of
the sodium calcium exchanger or the plasma membrane calcium ATPase transporter
protein (PMCA) o the Sarco/Endoplasmic reticulum calcium ATPase transporter protein
(SERCA) or a combination of these. The phosphate group is then removed from myosin
by myosin light chain phosphatase (MLCP), meaning that myosin can no longer bind to

actin to form the @ss bridges.

1.4.2. Stimulation of Smooth Muscle Contraction

Smooth muscle can be stimulated electrically. Shugle smooth muscles, such as lymph
vessels have pacemaker regions. these regions contractions are spontaneously and
rhythmically generattbecause of automatic changes in cell permeability. Once an action
potential is fired in a pacemaker cell, it will then spread to the rest of the smooth muscle
cells via gap junctions. In the intestine the membrane potential gradual alternates between
hyperpolarizing and depolarizing potentials. This is termed slow wave potential and is
caused by cyclical changes in the active transport of sodium. Although this does not
always result in an action potential, when it does it again spreads across thé¢i sgoel.
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A second excitation mechanism in smooth muscle is based on receptor activity; this form
of stimulation is independent of changes in membrane potential. Increases in IP3, through
activation of G and PLC, causes a release of calcium from iethalar stores and then,

via PKC, cause an influx of calcium through ®&CNA1C. The activity of MLCP can

also be inhibited through antagonists acting through a G protein. This reduction in MLCP
activity results in increased myosin phosphorylation aedck increased contraction
(Christopher 1996)

Finally, smooth muscle can be stimulated by mechanical activity i.e. stretching.
Stretching either arterial or uterine muscles induces light chain phosphorylation to the
same extent as radles contracted by either potassium or norepinephrine. Once the stretch
IS released the contraction which follows is spontaneous. However, if either a chelating
agent such as ethylene glycol tetraacetic acid (EGTA), or a calmodulin inhibitor such as
chlorpromazine, is added, both the light chain phosphorylation and upon release of the
stretch the spontaneous contraction is abolished. This indicates that mobilisation of
calcium is needed for both these activities. It is possible that these effects rasuthe

of mechanosensitive receptors in the smooth muscle interacting with calcium release

channels.

1.4.3 Myometrial Contractility

The myometrium is composed of smooth muscle cells embedded in an extracellular
matrix of collagen fibres and functionssisgleunit smooth muscle. In the same way as
singleunit smooth muscle, the myometrial muscle cells communicate with each other via
gap junctions. The contractile state of the myometrium is predominantly controlled by

intracellular calcium ion concentran.

1.4.3.1 Resting Membranetential

The resting membrane potential of myometrial myocytas been estimated to be
between35 and-80V (Kao 1989, Parkington and Coleman 1990, Sanborn 28@jlar

to the ntestine this resting potential gradually alternates between hyperpolarizing and
depolarizing potentials, i.e. slow wave potential. The oscillations in membrane potential
correlate with the distribution of calcium, sodium, potassium and chloride ionkhand
permeability of the cell membrane. Within the myometrium, the cellular excitability is
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dependent on the movement of sodium, chloride and calcium ions into the cells and
potassium ions out of the cells. Calcium is the key ion for increasing cellgitalahty.

This arises as calcium ions have the largest electrochemical gradient so there is a rapid
and significant rise in calcium ion concentration upon the opening of calcium channels in
the membrane, whereas resting potential is maintained by potesisannels. Potassium
channels conduct an outward current while the muscle is inactive to maintain the resting
potential. Also, after stimulus this outward current conducted by the potassium channels
repolarises the membrane and hence decreases thabaigiof the cell (Figure 1.6).

The KCNMAL1 channel is thought to be the key potassium channel to conduct these
currents within the myometrium as it is able to respond to changes in calcium as well as
membrane potentigAguilar and Mitdell 2010)
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esting Channels Close, Potassium return to
Open channels open normal
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Figure 1.6 Schematic Representation of the Generation of an Action Potential

Briefly, the membrane potential gradually rises and falls due to ion flux across the membrane but these
fluctuations do not crossetthreshold level. Then, once the calcium channels open, calcium floods into the
cell and the cell membrane rises (depolarisation) and an action potential is generated. Subsequently, when
potassium channels open, potassium leaves the cell, the cell membtantial falls (repolarisation), the
calcium channels close and the action potential is terminagcium is also removed from the cytoplasma

by the combined action of the plasma membrane calcium ATPase (PMCA), sarco/endoplasmic menmbrane
calcium ATPae (SERCA) and the sodium calcium exchantier cell then returns to its resting state.

Ca?* Channel
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1.4.3.2 Generation of Action Potentials

Contractile activity within the myometrium, like other smooth muscles, is mediated by
changes in intracellular calcium ionrmentration. Th€ ACNAL1C is the predominant
channel within the myometriuifTezuka, Aliet al. 1995, Parkington, Tontet al. 1999,
Collins, Moore et al. 20000 When the membrane depolarises to-40mV, the
CACNAI1Cs open and calcium ions flood in causing a significant increase in intracellular
calcium concentration. This increase in intracellular calcium activates the contractile

pathway described above.

T-typecalcium channelSJACNALG) have also been found ing myometriun{Fry, Sui

et al. 2006, Blanks, Zhaet al. 2007, Lee, Ahret al. 2009) It is thought that these
channels use their faster gating kinetics to propagate the action potential, or possibly by
opening atnore negative voltages they are able to elevate the membrane potential to the

voltage necessary for ti@ACNA1Cto open.

Once an action potential has been generated this is then transmitted to the rest of the tissue
via gap junctions. Garfieldt al. demonstrated that the number of gap junctions within

the myometrium increased in the final stages of pregnancy up until the start of parturition
(Garfield, Puriet d. 1982) This increase in gap junctions forms an electrical syncytium
which is necessary for the generation ofocdinated myometrial contractions.

1.4.3.3 Return to Resting Membrane Potential
Once the contraction has taken place it is necessathdotalcium to be removed, in
order to promote relaxation of the muscle and to allow the SR to replenish its calcium

stores in preparation for the next contraction.

Calcium can be removed from the cell in a number of ways. One such way is the use of
the sodium calcium exchanger. In simple terms this exchanger utilises the energy from
the electrochemical gradient of sodium, allowing sodium to flow down the gradient into
the cell in exchange for the removal of calcium i(Bisaustein and Lederer 1999, Noble

and Herchuelz 2007)Another method utilises theMCA. This transporter protein
functions by hydrolysing ATP to ADP, with one calcium ion being removed for each
molecule of ATP hydrolyse(Noble and Herchuelz 2007yhe SERCAfunctions in the
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same way as tHeMCA, with the exception that it transports the calcium from the cytosol
into the lumen of the SR. In this way the SR can replenish its stores of céfcamklin,
Winz et al.2001, Borge, Moibet al.2002)

It has been demonstrated that the expression of PMCA and SERCA protein is increased
in human myometrium during parturition. This would allow for a more rapid recovery
after a contraction and so these may have a functional role in the regular contraetions se
during parturition(Tribe, Moriartyet al.2000)

1.4.4 Regulation of Uterine @ntractility

The nonpregnant myometrium contracts as a reflex response to stretch. During
pregnancy this reflex response is siggsed and the myometrium enters a state of
relaxation termed quiescencBrior to parturition the myometrium again becomes
contractile initially, experiencing weak irregular contractions which culminate with a

relatively short burst of strong rhythmic ¢oactions at parturition.

Although the molecular basis of contraction is understood, the triggers which move the
myometrium from the quiescent state seen during gestation to the contractile state seen at

parturition are poorly understood.

It has been gygested that calcium sensitisation may play a role in this switch. Calcium
sensitisation is the phenomenon by which a given concentration of intracellular calcium
results in a larger than expected force of contractiReiz, Berget al. 2005, Arthur,
Taggartet al.2007, Wray 2007) Inhibition of myosin light chain phosphatase has been
suggested to be the mechanism through which calcium sensitization ¢dedata,
Ishizakiet al.1997) Another putative mechanism for calcium sensitization is via the loss
or reduction in calcium sensitivity of calcidatctivated potassium channels. A reduction

in, for exampleKCNMA1 channel calcium sensitivity would result in a reductiothim

repolarising current supplied by these channels and hence an increase in contractility.
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1.5 Calcium Activated Potassium Channels and Voltag®ependant

Calcium ChannelsWithin the Myometrium

Calciumactivated potassium channels, such aKtbEMAL channel, have an important

role regulating action potentials in some smooth muscles. By responding to calcium
influx they are able to maintain relaxation. Calcium channels such @MBRA1Cand
CACNAI1G, voltagedependant calcium channels, regulate the td calcium into the

cell and hence control the contractility of the muscle. It has been shown that calcium
release from the SR causes MARCNALCs to open, which in turn causes myometrial
contractions. The increased int@llular calcium level, howevethen activates the
KCNMAL channel which in turn leads to relaxation (Figur&g Chanrachakul 2006)In

theory, the balance between these calcium and potassium channels could result in either

quiescence or caractility within the myometrium.

MaxiK

Hd I I Channel

L-Type Ca?*

Ca Channel

P2 Adrenergi
Receptor

Nitric oxide, f; - |,#*
agonists

Ca?*

Figure 1.7 Contraction/relaxation Mechanisms
A simplified scheme of the contraction/relaxation mechanisms of pregnant human myometrial cell
(Adapted with permission froi@hanrachakul 2006)

1.5.1 TheKCNMA1 (BK or slo-1) Channel

KCNMAL1 channels are integral membrane proteins that contain seven membrane
spanning domains, a peferming domain and a cytoplasmic tail region containing four
hydrophobicdomains, and a calcium bodCNMA1 channels can be formed by two
subunits, the pore o r misrup ubh i t and -subumit (Rigue @.8).at ory b

Activation of the KCNMAL channels results from changes in membrane electrical

potential and/or increasing concentrations of intracellular waldions (C&"; Miller
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2000, Yuan, Leonetti et al. 2010haking it a unique member of tpetassium channel
family. The effect of this dual sensitivity is that tK€NMAL channel can open at
increasingly negativenembrane potentials. Once open, potassium ions passively flow
through the channel, down the cells electrochemical gradient. This leads to a reduction
in intracellular potassium levels and hence membrane hyperpolarisation, resulting in

decreased cell eiability. Intracellular calcium also regulates the physical association

bet we e-m ntdbubunitd.

The link thatthe KCNMA1 channel provides between free calcium in the cytosol and
membrane potential is thought to have an important role in memexaitability (Culi,

Cox et al. 1997, Schreiber and Salkoff 1997, Schreiber, Yetal. 1999) There is,
however, a high degree of functional variability observed irktRMA1 channel and a

large proportion of tis is related to its calcium and voltage sensitiffitggrutta, Sheret

al. 1994)

B-subunit

B—subunit
coupling

a-subunit

] Voltage sensing K" pore

Inac;lva; ng

particle
(only B2 and B3)

+
+

“Calcium bowl”

+

Calcium sensin:

"CORE"

“TAIL”

Figure 1.8 The KCNMAL1 Channel

Aschematic representat i omubenitis tommisedMaf an extridcellaldr &Nn ne |l .
terminus followed by seven transmembrapanning domains (S86), with the pore (p) located between

S5 and S6, and ataining fow ydraplsobic domaing aad alcdlcium bowl and ends with

an intracellular @ e r mi n usubunitTdngsts bf and intracellulartdrminus followed by two trars
membrane spanning domains and then an intracellutarfiinus(Adapted with permisen from Orio,

Rojas et al. 2002)

1.5.1.1 Calcium Sensitivity in theCNMA1Channel

Calcium sensitivity is thought to be derivedrfran EF motif in the tail region of the
KCNMAL1 Channel(Korovkina and England 2002)An EF motif is comprised of two
alphahelices (E and F) joined by a loop; calcium is bound by that loop region. Braun and

Sy used mutational analysis combined with transfection and electrophysiology to locate
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putatve EF motifs in the mouse bramSloU-subunit. Their findings indicate that there
are two imperfect EF structurds one located in the N terminal region and one

overlapping the calcium bowl in the C terminal regiBnaun and Sy 2001)

The calcium bowl is a highly conserved segment of KKKNMAL protein which is
located between S9 and S@®chreiber and Salkoff 199and the remarkable level of
conservation between speg would indicate that this region is a functionally important
part of the channel. The calcium bowl contains a number of aspartic acid residues which
cause the region to carry an extremely negative charge. Aspartate is knovandmate

the calciumions within calcium binding proteins. Mutations abolishing the calcium
sensitivity of the calcium bowl results in a channel which opens more easily at
physiological voltages with the effect of reducing membrane excitalffichreiber,

Yuan et al. 1999) This research indicates that the calcium sensing region of the

KCNMAL channel is predominately located in thee@minal tail region.

1.5.1.2 Voltage Sensitivity in tldCNMAL1 Channel

Cui et al. showed that the voltage sensitivity of the channel is intrinsic to the channel
itself and independent of calcium bindif@ui, Coxet al. 1997) Voltage sensitivity of

the KCNMAL channel is thought to be found in theiS%4 domain. Within this, the S3

| S4 regions contain some conserved charged residues and a series of three regularly
spaced arginine residues essential in voltage dependent (Jdtiega, Wallneret al.

1997, Ma,Lou et al.2006) Mutational analysis of the charged residues in regions S1

S4, showed that although S4 contains five charged residues, only one of these actually
contributes to the channel 6s gati ngelchar
in which five of the seven charged residues in S4 contribute to its gating ¢hia,geou

et al. 2006) This would account for the lower voltage dependence oKIRMAL

channel compared to the Shaker channel despite similarities in structure. Mutation of the
charged residues in S2 and S3 showed thaethesdues accounted for ~50% of the
voltage sensitivity of th& CNMA1 channel. For a review of the different potassium
channels see Sansa@nal (Sansom, Shrivastaw al.2002)

Koval et al. extended this ntagenesibased study to include the SO region, which is

unique to theKCNMAL channel. This region is highly conserved between different
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species and so is thought to be fuandti onal

b-subunits or as part of the voltage sensing mecha(iiswal, Fanet al.2007) Mutation

of a number of conserved residues within the SO region was shown to greatly alter the
gating of the channg¢Koval, Fanet al.2007) The mechanism of this alteration would
suggest a mtifaceted role of the SO region including the modulation of active and resting
state equil i br i usuabunittadtiens dand therstabdisaton of therrestng b
state channglLiu, Li et al. 2000) Thevoltage sensitivity is therefore a property of the

N-terminal tranamembransegment®f the KCNMAL1 Channel.

1.5.1.3 Splice Variants in ttecCNMA1Channel

Splicing of theKCNMA1 channel transcript has been shown in species as diverse as
Drosophila(Adelman, Sheret al. 1992, Lagrutta, Sheet al. 1994, Wei, Solaret al.

1994) Mouse(Pallanck and Ganetzky 1994, Wei, Solatal. 1994, Benkusky, Fergus

et al. 2000, Holdinan, Ferguset al. 2002) Chicken(Navaratnam, Belkt al. 1997)

Bovine (Knaus, Eberharéet al. 1995) and Human(Dworetzky, Trojnackiet al. 1994,
Pallanck and Ganetzky 1994, Tse@itank, Fosteet al. 1994, Korovkina, Brainardt al.

2006, Davies, Zhaet al. 2007, Korovkina, Stamne=t al. 2009)this is not surprising
considering the sequence homology found between these species (~92%). Alternate
splicing of theKCNMA1 channel can alter its calcium sensitivity, voltage sensitivity,
sensitivity to protein phosphorylah and cellular localisationThis provides a
mechanism for fine tuning the channels response to a diverse range of regulatory and

conductance requirements.

Splice variants can be generated by various means such as the alternative use of cassette
exons or mutually exclusive exons, alternative splice donor sites, alternative splice
acceptors sites and intron retention. A cassette isxbe name given to an optional exon

which can be retained by optional splicing within an intrévihenone of two exons is
retained, but not bottmese are termedutually exclusive exonsSplice donor sites cause

either elongation or shortening of theepeding exon by splicing at an alternative intron
sequence near the 5' end. Splice acceptor sites cause either elongation or shortening of
the following exon by splicing at an alternative intron sequence near the 3' end (Figure
1.9 JurkatRott and Lehmanitiorn 2004) There are a number of spliceriaats found

in the humarKCNMAL1 channel, which are summarised in Table 1.1.
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Korovkina et al. demonstrated the presence of a 188ebpair (bp) exon (M1 / Mk44;
accession number AF349445) which, if inserted, would result in a 44 amino acid (aa)
segment biag inserted into the SO S1 linker region. This forms a functional channel

with diminished sensitivity to intracellular calcium and also voltage. The amino acid
sequence of the insert contains two consensus sites for protein phosphorylation and also

amyristylation site(Korovkina, Fergut al.2001, Korovkina, Brainardt al.2006)

o S

Cassette Exon Mutually exclusive exons

-/\\—/-—\/—/\—“

Alternative 5° donor Alternative 3 acceptor sites Intron Retention

sites
Figure 1.9 Splicing Events
Diagrammatic representation of the basic types of alternate spdiceérgs(Gathman 2009)

Phosphorylation alters channel functighieberman and Mody 1999)Yan et al
demonstrated that phosphorylation of affinity purifi€dNMA1 channels from rat brain
membranes altered the channels dependence on voltage and calcium for a¢¥aation
Olsenet al.2008) Phosphorylation can also have a role in prepeotein interactions,

cell membrane localisain and subcéllar targeting.

Myristylation has an important function in membrane localisation of proteins and
interaction between different subunit prote{f&ju, Kakkaret al. 1997) Given that
membrane localisation of tHe€CNMA1 channel is essential for its activity and that
associati on w-subumit cantaffectaalciure sessiivityy thebpresence of a

myristylation site within this splice variant is worthy of furtherastigation.

Korovkinaet al.went on to showhat theMk44 variant undergoes proteolytic digest. The
N-terminus was localised to the cell membrane usindocalisation experiments.
However, Korovkina demonstrated that i&44 C-terminus was not expressed on the
cell membrane but instead was intdadar and localised specifically with the

endoplasmic reticulurfKorovkina, Brainarcet al.2006) After calcium relese from the
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sarcoplasmic reticulurbased stores, however, the&minus was found to translocate

to the membrane and reconstitute with theeNninus, forming a functional channel.

Table 11 KCNMAL1 Splice Variants
Splice variats found in the humaKCNMAL Channel, their location, exon profile and the effects they

have on channel function.

Locus Channel Splice Variation  Putative Effects References
Region Profile

M1 S0-S1 linker  132bp insert Decreasedoltage (Korovkina,

Mk44 between exons 1 and C& Ferguset al.2001,
and 2 sensitivity Curley, Morrison

et al.2004)

M2 S6-S7 linker  Mutually Truncation of the (Curley, Morrison
exclusive use of  protein et al.2004)
exons 10 and 11
or 11 and 12

M3 S8S9 linker 3 variants of exon unknown (TsengCrank,

SRKR 19ia 30 Fosteret al. 1994,
truncation, Curley, Morison
skipping of exon et al.2004,
19 or the use of Davies, Zhaet
the entire exon al. 2007)

M4 S8S9 linker  Differential Mechane (Curley, Morrison

STRE utilization of sensitivity et al. 2004,

X exons 22 and 23  Hypoxia Davies, Zhao et al
(deletion of botli  inhibition 2007, Lu, Alioua
insertless, Altered reponse et al. 2006,
inclusion of 22 to PKA Pietrzykowski,
STREX-1 and Friesen et al.
inclusion of both 2008)
STREX-2)

M4 S8&S9 linker  Inclusion of exon Hypoxia (Zarei, Zhuet al.

IYF 22 insensitivity 2001, Davies,

Zhaoet al.2007)
M5 S9S10 linker Insertion or Increased (TsengCrank,
Caz27 deletion of exon  activation rate Fosteret al. 1994,

29

Yan, Olseret al.
2008)

Davieset al.investigated a splice variant in the IS89 linker region. The identified two
variants; SVcyt which contained an additional 255bp and SVO which lacked the 255bp
insert. They found that SVcyt wagtained within the cytoplasm, while SVO was
expressed on the membrgavies, Zha@t al.2007) SVcyt was found to be an inactive
form of theKCNMA1 channel while SVO was active.

The SVcyt splice variant sctually a collection of tiee distinct but adjacent splisges

which have been reported in the-S8 linker region. There is some difficultly correlating
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the research of these different splice sites as there is no common nomenclature used for

the diffearent sites.

There is a 12bp insert known as SRKR (M3), within theSS8&egion. However, the
effect of this insert on human channel function has not been fully exglitsedgCrank,
Fosteret al. 1994)

The STess Regulated EXon (M4 / STREX), also located between S8 and S9, has been
shown to increase the mechasensitivity of the channéLu, Aliouaet al.2006, Wang,
Huanget al.2010)and to confer hypoxia inhibitiofMcCartney, McClaffertyet al.2005)

The STREX insert also contains a cAMP dependant PKA consensus motif.
Phosphorylation of th&CNMA1 channel with the STREX insert by PKA facilitates
membrane depolarisationHowever, PKA phosphorylation of tieCNMAL channel
without the STREX insert facilitates membrane repolarisation. In simple terms
phosphorylation by PKA in the presence of STREX facilitates contraction and
phosphorylation in the absence of STREX facilgatpiiescencéTian, Coghill et al.

2004)

An alternative sequence to the STREX insert is the amino acid triplet I'YFAMEeNdix

1 Amino acid codg which confers insensitivity to hypox{&cCartney, McClaffertyet

al. 2005) Also reported in this region is the Ca27 (M5) ing&gengCrank, Fosteet

al. 1994, Yan, Olseret al. 2008) which is found proximal to the calcium bowhd
contains a phosphorylation site. Channels containing the Ca27 insert have increased
activation rates and their -@perativity with calcium is modifieHa, Jeonget al. 2000,

Yan, Olseret al. 2008) possibly die to its proximity to the putative EF hand motif and

calcium bowl.

The differential expression ®CNMAL isoforms in different tissues and species, and
the fact that multiple isoforms can be present in a single cell, combined with different
research teatiquesi whether RNA transcription or protein expression was studied or if
whole cell protein or membrane protein was extracted and the tissue typenusads

that it is difficult to combine this extensive research into one complete picture.
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1.5.1.4KCNMA1Channel Expressionding Gestation

The expression of differeifCNMAL channel isoforms id®oth tissue and stimulus
specific. During gestatigthe myometrial cell is increasingly permeable to calcium and
membrane potential increases to more des@drpotentials at ter@@enkusky, Fergus

et al.2000) Therefore, alternative splicing of tKE€NMA1 channel may be a mechanism

by which uterine contractility can be modulated during gestation.

The nonpregnant mgmetrium naturally contracts when subjected to stretch but the
pregnant myometrium must stretch to accommodate the growing foetus. This reflex
contraction must be inhibited until the initiation of labour, when the myometrium must
rhythmically contract to xpel thefetus Calcium channels are responsible for the
contractility of smooth muscle, and the calctactivated potassium channels counteract
the influx of calcium and maintain smooth muscle relaxation. A fine balance of these
two channels would appe#o be essential in the maintenance of quiescence during

gestation and then the progression into labour.

There is general agreement that the predominant potassium channels in myometrial cells
areKCNMAL channelgKhan, Smithet al. 1993, Song, Zhet al. 1999, Curley, Morrison

et al. 2004) and that the calcium sensitivity of these channels decreases at the onset of
labour(Khan, Smithet al. 1993, Khan, Smitlet al. 1997, $ng, Zhuet al. 1999, Curley,
Morrisonet al.2004) There is much less agreement, however, on whether this reduction
in calcium sensitivity is due to reduced expression of the cha@tenrachakul,
MatharoeBall et al. 2003, Gao, Congt al. 2009)or if it is due to a change in splice
variant expressio(Khan, Smithet al. 1997)

Gaoetal.demonstrated that -&mheasubamtspis sgsificanttyn o f
decreased between pregnant and labouring samples in both the upper and lower segment
myometrium, but the portion of the various splice variants present were not examined
(Gao, Conget al. 2009. Other research has reported a switch in the splice variant
expression between ndabouring and labouring myometrium, but these studies tend not

to put this in the context of overall expression ofKBNMA1 channe(Curley, Morrison

et al.2004)
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TheMk44 splice variant has been shown to be present in the human myom@ridey,
Morrisonet al. 2004)and has been shown to be-nggulated in labouring myometrium
(Curley, Morrisonet al.2004) This particular splice variant has decreased calcium and
voltage sensitivity and so could explain the decreased calcium sensitidyNIAL

channels found in labouring myometrium.

The expression of a second splice variant, Ca27, was found to be unchaladpediring
myometrium.Indeed, this particular variant is responsible for increastasion of the
KCNMA1 channel.Faster activation of thKCNMAL channel would result in a faste
response to meméne depolarisationThis variant may then contribute to the

maintenance of quiescence.

Finally, although STREX variant expression in the myometrium has not been directly
studied, Zhuet al. have looked at the effect of PKA in pregnamd nomrpregnant
myometrium(Zhu, Eghbaliet al. 2005) cAMP andcyclic guanidine monophosphate
(cGMP) can activate potassium channels and specificalliKl@¢MAL1 channel and in

this way may contribute to the mémance of quiescence KCNMAL1 channels
phosphorylated by PKA via cAMP, and by endogenous membrane bound Protein Kinase
G (PKG) via cGMP generate increased activity in the pregnant myomd&#hou, Wang

et al. 2000. This increased activity would inhibit the natural contractile response to
stretch. Conversely in negoregnant myometrium, PKG has been shown to inhibit
KCNMAL channels. The switch between enhancing and inhibitory effects of PKA / PKG
between pregnarnd norpregnant myometrium would indicate that there are different
splice variants present whose response to PKA / PKG differs. This switch effect correlates
well with the known properties of the STREX variant, specifically the facilitation of
membrane épolarisation following PKA phosphorylation when STREX is present, and
facilitation of membrane repolarisation following PKA phosphorylation when STREX is

absent.

The activation of PKA is dependent on the presence of CAMP. Essentially, CAMP being
formed & a result of A@mediated catalytic cyclization of ATP. This process is
dependent on the gssubunit of a stimulated @Brotein complex. EuropEinneret al.
demonstrated that @slevels in the myometrium were increased during pregnancy and
decreased durg labour(EuropeFinner, Phaneuét al. 1994, Europd-inner, Phaneudt
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al. 1997) This would result in increased PKA during pregnancy and a decrease during
labour. The effect of these changes onrKB&MAL chamel would be dependent on the

splice variant expressed at the different time points, and so a study specifically looking at
STREX variant expression in the pregnant and labouring myometrium would be the next

logical step in this research.

1.5.1.5Regulaion of KCNMA1 Expression

TheKCNMAL channel promoter has been cloned and characterised and this research has
revealed two regions of the promoter which are necessary for positive promoter
regulation. These regions are locatb@7bp to-220bp, and +80bp t®355bp from the
Transcription Starti®& (TSS). SP1 binding is thought to be responsible for the promoter
activity in the-567bp to-220bp region as this region contains 3 SP1 binding sites
(consensus -(GTEGEHGCREGGAA) (GBANC/TI3 6-331bp, -226bp, and-

222bp) and deletion of this region decreased promoter activity. Whilst the +80bp to
+355bp region is thought to contain positive regulatory elements as deletion of this region
decreased promoter activity by 50@hulipala and Kotlikoff 1999) The KCNMA1
promoter was also shown to contain a CCTCCC sequence which is located 27bp upstream
of a TATA like sequence, this positioning is identical to that found in the SM1/2 gene
and in this gene it results in irm@sed transcriptional activity of the gene within smooth
muscle (Dhulipala and Kotlikoff 1999) Two CAr G boxes (consensus
CCAITMGG306) wer e al so i-3bBpandléddObpdA CArGbgxscas i t i ons
conserved sequence motif located in genes which comprise the MAD§ene family

of transcription factors, such as serum response f@@thwarzSommer, Huijseet al.

1990) MADS-box genes are involved in a variety of functions such as muscle
development and cell proliferatioGhore and Sharrocks 1993inding of serum
response factor to CArG box chromatin has been shown to have a pivotal role in
controlling the transcription of smooth muscle specific géhle®onald, Wamhofet al.

2006) This researcgthowever did not demonstrate specific transcription factor binding

but rather inferred the impi@nce of transcription factor binding due to the location of
their binding sites in relation to the regions found to be required for positive promoter
regulation. In addition to this hypermethylation of tR€NMAL promoter has been
shown to result in dowmegulation of transcription in pancreatic duct c€Wncent,
Omuraet al.2011)
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1.5.1.6Regulation of Splice Variant¥pression

It is clear that the different splice variants allow KE@NMAL channel to findune its
response to changing physiological condigionut what triggers the expression of the
different variants at the correct timespoorly understood. Estrogen and progesterone
have been shown to affect the expression of the STREX exon. Estrogen elicits a reduction
in STREX expression while progesterone causes an increase in exp(essdman,
Ferguset al.2002, Zhu, Eghbalt al.2005)

A wide range of adrenal androgens and glucocorticoids have also been shown to affect
STREX &pression in chromaffin cell&dndrogens seem to promote STREX expression
while glucocorticoids inhibit itexpressionXie and McCobb 1998, Lai and McCobb
2002)

SVcyt is down regulated in diabetic mice, with an observed increase of up to 80 fold in
the inserless SVO variant compared to the SVcyt variant. Treatmatht insulin
increased the expression of SV¢itavies, Zhacet al. 2007) The difficulty with this
observation is that, as stated before, the SVcyt insert is comprised of three different
inserts. Therefore it isatessary to clarify which of the variant sequences is key before

conclusions can be drawn from this observation.

1.5.2 VoltageDependant Calcium Channels

These are a group ofoltagegatedion channelsfound in excitable cells that are
permeable to calcium. They are voltadgpendant as they are activatedigpolarized
membrane potentialéctivation allowscalciumto enter the cell which, depending on the
cell type, results iimuscular contractigrexcitation of neurons, ugegulation ofgene
expression or release ohormonesor neurotransmittersVoltagedependent calcium

channels are formed as a complhelx aonfd seve

T h e-subunit forms the iowonducting pore and is comprised of four repeats|\)

with each repeat containing six membrapanning domins (SI' S6 Figure 1.10).

61


http://en.wikipedia.org/wiki/Voltage-gated_ion_channel
http://en.wikipedia.org/wiki/Ion_channel
http://en.wikipedia.org/wiki/Depolarization
http://en.wikipedia.org/wiki/Membrane_potential
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Gene_expression
http://en.wikipedia.org/wiki/Gene_expression
http://en.wikipedia.org/wiki/Hormone
http://en.wikipedia.org/wiki/Neurotransmitter

subumt

+Hﬁl|n9lnnﬁlnnH§ n

Extracellular

> - subunit

-

N e’

Voltage ‘
N~ | Sensor | ‘
\ "\/ ‘.\_J ‘.__J\
I i ' B - subunit
f ’A
il ‘ N " - Intracellular

Figure 1.10 Voltage-depenant Calcium Channel
Subunit structures of a voltagkependant Calcium Channel (Adapted from Sigma Aldrich)

There are several different kinds of voltadgpendant calciurmhannels: th@euralN-
type channel, the #/pe channel involved in poorly defined processes irbthe the
closelyrelated PQ-type channels, thEACNALG involved in pacemaker activity and
the CACNALC responsible for excitatienontraction coupling okeleta] smoothand

cardiac muscland for hormone secretion in endocrine cells.

1.5.2.1 Calcium Selectivity in the VoltaBependant Calciun€hannel

The channel pore is comprised of a narrow external pore lined by the po(€ &itgrall

2000) The S5 and S6 membrane spanning domains and the meralssotated linker

region between them are responsible for the formation of the pore lining. Within the pore
there are four glutamate residues, one in each repeat. Mutational analysis has shown that
these glutamate residues are responsible for the high affinity the channel has for calcium
(Ellinor, Yanget al.1995)

1.5.2.2 Voltage Sensitivity in the VoltaDependant Calcium Channels

The S4 membrane spangidomains in each repeat serve as the voltage sensor for the
channel(Yamakage and Namiki 2002)his region is comprised of repeating positively
charged amino acids such as arginine or lysinevanyethird or fourth position. These
positive residues function as gating charges. Mutational analysis of the positively charged
residues found in the S4 segment of both potassium and sodium channels have shown
that each positively charged residue does auoitribute equally to the gating charge
(Catterall 1995) When the membrane becom@spolarised, the S4 segment moves

62


http://en.wikipedia.org/wiki/Neuron
http://en.wikipedia.org/wiki/Brain
http://en.wikipedia.org/wiki/Skeletal_muscle
http://en.wikipedia.org/wiki/Smooth_muscle
http://en.wikipedia.org/wiki/Cardiac_muscle

outwards as a result of these positively charged residues and the poréReutes1996,
Catterall 2000)

1.5.3 TheL-Type Calcium Channel (CACNAL1C)

The L-type calcium channes a type ofvoltagedependent calcium channél" stands

forlongl asting referring to the |l ength of a
make up theCACNALC. Li ke the ot hesumnitdfthe onb tha c | ¢
determines most of the channel's properties. They are responsibtaial myocardial

and vascular smooth muscle contractility.

1.5.3.1. Splice Variantse the CACNA1CCalcium Channel

As with theKCNMAL1 channel, th&€ ACNA1C is also subject to splicing. Eleven sites

of variation have been identified which span the wHhehgth of the channel these are
summarised in Table 1.2. Splice variants of@A&NA1C can affect functions as diverse

as membrane expression, voltage dependence, calcium sensitivity, calcium dependent
i nactivation, e X ¢ i t sstbuniv bindiry @md tsensitivity to ®AP ¢ o u
block (PerezReyes, Weet al. 1990, Snutch, Tomlinsoet al. 1991, Diebold, Koclet al.

1992, Soldatov 1992, Soldatov 1994, Yang, Céieal. 2000, Yang, Obinatat al.2000,
Abernethy and Soldatov 2002, Tang, Liatal. 2004, Bannister, Thom&Satewoodet

al. 2011)
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Table 12 CACNA1C Calcium Channel Splice Variants
Splice variants founds in the hum@ACNALC calcium channel, their location, exprofile and the effects they have on channel function

Locus Channel Splice Variation Profile Putative Effects References
Region
L1 N-terminus Mutually exclusive insertion of exon 1 Membrane expression (Snutch, Tomlinsoret al. 1991,
1bor 1c Soldatov 1992, Bannister, Thormas
Gatewoocet al.2011)
L2 N-terminus /| 4 nucleotide insertion between exons Unknown (Snutch, Tomlinsoet al. 1991,
S1 and 3 Soldatov 1992)
L3 | S41 S5 12 nucleotide deletion between exons  Modification of calcium sensitivity  (Soldatov 1992, Abernethy and Soldat
and 7 2002)
L4 1 S6-11 Inclusion of one of two mutually Modification of dihydropyridine block (Soldatov 1992)
exclusive exons: 8 or 8a or theletion sensitivity
of both, alongside the insertion or
deletion of exon 9
L5 Linking loop inclusion or deletion of an exon: 9* Production of no functional channel (Tang, Lianget al.2004)
between I i
L6 Linking loop inclusion or deletion of an exon: 10*  Production of non functional channel (Tang, Lianget al.2004)
between I I
L7 Il S47S5 73 nucleotide deletion Modi fication of (Soldatov 1992, Soldatov 1994,
Abernethy and Soldatov 2002)
L8 Linking loop 12 nucleotide deletion Modification of excitation / contraction (Snutch, Tomhsonet al. 1991)
between I- 111 coupling
L9 I s2 Inclusion of one of two mutually Modification of voltage dependence (Soldatov 1992, Soldatov 1994)
exclusive exons: 21 or 22 or the deleti
of both
L10 IV S21 S4 There are twelveambinations of the 5 Modification of voltage dependence, it  (PerezReyes, Weet al. 1990, Yang,
exons (30, 31, 32, 33, and 34) in this relation to the length of the linking looj Chenet al.2000)
region.
L11 C-terminus 52nt insertion Modification of Calmodulin binding anc (PerezReyes, Weet al. 1990, Snutch,
calcium dependant inactivation. Tomlinsonet al. 1991, Diebold, Koclet
L12  C-Terminus Mutually exclusive insertion of exons: £ Removal of cAMP dependant prote al. 1992, Soldatov 1992, Soldatov 199
or 45* with or without a 57 nucleotid Kinase A site Targ, Lianget al.2004)
deletion.
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It has also been shown that use of different splice variants, or corobmati splice
variants, have a marked effect on current density, activation/inactivation kinetics and cell
excitability (Snutch, Tomlinsoet al. 1991, Soldatov 1992, Kepplinger, Kadtral.2000,
Koschak, Reimeet al. 2001, Tang, Liangt al. 2004, Cheng, Pachuaat al. 2009,
Bannister, Thoma&atewoodet al. 2011) Temporal expression of specific variants
could therefore be utilised to promote either relaxation or contraction depending on the
needs of the cell.fis ability to alter the physiological properties of the channel makes it
an attractive target to study when examining the switch between myometrial quiescence
and contractility. There is, however, a paucity of information regarding the control of

expressin ofthe different splice variants.

The ability of DHP to blociCACNAL1Cs is commonly utilised to quantify the number of
channels in a particular cell or tissue sample. This could be responsible for giving
researchers false information regarding the Ee@CACNALC expression, as there are
variants with modified sensitivity to DHP blogSoldatov 1992) This highlights the
importance of directly quantifying the level of channel expression and not relying solely

on indirect methods.

Most studies have focused on a single splice variant and from this have inferred the
specific variantés effect on the channel
picture. It is unlikely that there is only one splice vatriaresent and the expression of a
combination of splice variants could have the effect of either amplifying the effects of
individual splice variants or conversely they could reduce the effects of individual
variants. This was demonstrated in a study bgr@let al. where it was shown that the

use of exon 33 with exon 9* leads to a negative shift in activation and inactivation
potential, and inclusion of 33 without 9* leads to a positive shift in both the activation
and inactivation potential€€heng, Pachuaet al.2009)

Further studies by Soldat@t al.and Kepplingeet al. also demonstrate the cumulative
effect of multiple splice variants. They both examined the region covering exor339
which may modulee tethering of calmodulin to the-@rminal and therefore have an
effect on calcium dependant inactivation of the cha(@eldatov, Zuhlkeet al. 1997,
Kepplinger, Kahet al.2000)
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Three variants have beerugted in this regiora1lCgs, a1C72 andalCy7. These three
variants contain different complements of exan$Cgs contains exon 40 with a 17bp
deletion, exon 40B and exon 43 with a 132bp extensi@;> contains exon 40, exon

41, an additional 57bp, exon 42 and exonadl3;77 contains exons 40, 41, 42, and 43.

It was found that1Cge had the fastest inactivation kinetics and recovery of the three
variants. Botha1CgsandalCr, were inactivated at more negative potentials ta@77

with alCgginactivating at the most negatipetential. Calciundependant inactivation

was eliminated im1Css and was highest ial1C77 (Soldatov, Zuhlkeet al. 1997) Also,

alCr7 was more efficiently targeted to the cell membrane and had higher conductance

and open probability thaalCgs (Kepplinger, Kaheet d. 2000)

It is possible that the poor targeting, low conductance and fast inactivationadf@se
channel are protective measures due to the lack of calbmandant inactivation found
in this channel. These would limit the amount of calcium themélecould allow into the
cell.

Another point which is frequently overlooked when studyingGB&NA1C is the fact

that the channel is only active when it is inserted into the membrane. Clearly, however,
there are splice variants which result in the clehtveing held in the cytoplasm in an
inactive state. Hence, it is important to separate active memboamal channels from
inactive cytosolic channels when measuring expression levels, especially if inferences are
then made about the effect of channel regpion on cell excitability. It would be
interesting to examine if cytosolic retention of BACNALC is a reversible process as

has been demonstrated with t&44 variant of theKCNMAL channel, as this would

open up the possibility of the cell beingalbd house a cytoplasmic storeGACNA1Cs

which could be rapidly translocated to the cell membrane when required.

The different splice variants have been shown to affect smooth muscle contractility and
so manipulation of the expression of these variemttd hypothetically lead to repression

of contractility, and may be of therapeutic use in the treatment of preterm birth. Hence, it
is important to now focus on the physiological triggers for specific splice variant

expression.
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1.5.3.2 GTerminal Proteoftic Cleavage of thEACNA1CCalcium Channel

The CACNALC has been shown to exist in two forms: a long ~220kDa protein and a
shorter ~190kDa protein. The shorter protein is formed by proteolytic cleavage of the C
terminal tail region. Calpain has been shotw be responsible for this cleavagtll,
Westenbroelet al. 1996 which occurs in exon 42 between splice variants 11 and 12.
Interestingly, it has been shown that calmodulin binds calpain substrates and in doing so
can regulate calpaimediated proteolysis causing inhibition of this proc@s&ng,
Villalobo et al. 1989, lwamoto, Liet al.2010) The 52 bp insertion at splice site 11 has
been shown to modulate calmodulin binding and therefore this splice site could have an

effect on the cleavage of the channel.

Once cleavedhe Gterminal fragment can either ¢ocalise with the rest of the channel
or can move into the nucle(blell, Westenbroelet al. 1996, Gerhardstein, Gaai al.
2000, Hulme, Konoket al. 2005, GomezOspina, Tsurut&t al. 2006, Hulme, Yarov
Yarovoyet al.2006, Schroder, Bysat al.2009, Satin, Schrodet al.2011)

Cleavage of the @erminus results in a calcium channel with four to six fold higher ion
conductance in comparison with the fldhgth channglHell, Westenbroekt al. 1996)

which would suggest that the-t€rminal region exerts some form of inhibitory control.
After proteolytic processing the-terminal fragment assates norcovalently with the

body of the channel and this interaction reduces the coupling of gating charge movement
to channel opening, and the voltage dependence of the channel is moved to more positive
membrane potentialdiulme, YarovYarovoyet al. 2006) This inhibition, however, is
relieved by cAMPdependant phosphorylatigrlulme, Konokiet al. 2005) due to the

fact that phosphorylation of a putative PKA consensgsience at serine 1,700 modifies

the interaction of the @rminal fragment with the body of the chan(téllme, Yarow
Yarovoyet al.2006) Again, there is a splice site in this location, site 12, where a 57 bp
insertion removes a cAMBependant PKA serine site in exon 48. This gives another

layer of control over channel activity.

Within the nucleus, the @rminal fragment of th€ ACNAL1C has been shown to bind

to its own promoter and downegulate transcriptio(Schroder, Byset al. 2009, Satin,
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Schroderet al. 2011) It has also been shown to regulate the expression of a number of
genes including connexin 3.1 in neurons, the Na/Ca exchanger which wanidircately

with the calcium channel to maintain cellular calci(&throder, Byset al. 2009)and

the potassium channk€ICNN3 (Figure 1.11).
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Figure 1.11 Changes in mRNA Expression due t€ ACNA1C C-terminal Fragment Expression

A subset of mRNAs identified in microarray experiments that were up regulated (red bars) or down
regulated (green bars) by expression of @&CNA1C C-terminal proteolytically cleaved fragment
(Reprinted with permission fro@@omezOspina, Tsuruta et al. 2006)

C-terminal fragment nuclear localisation has been shown to be mediated by intracellular
calcium, with decreasing calcium levels promoting nuclear localisation. Nuclear
localisdion has also been shown to be increased by seradiated cellular hypertrophy

in cardiac myocyte@GomezOspina, Tsurutat al.2006)

1.5.3.3CACNA1CCalcium Channel Expressionuing Gestation

Information regeding expression levels of theACNAL1C protein ormRNA in the
human myometrium during gestation is sparse. Parkington showed that there is an
increase in myometrial cell excitability in the third trimester, which coincides with
decreasingly negative membgapotentials. This has the effect of increasing the open
probability of voltagedependant calcium channels, which in turn provides the calcium
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influx that is a critical component for both excitatioontraction coupling and for the
phosphorylation of myas light chains, which is necessary for their contraction
(Parkington, Tont&t al. 1999)

Channelblocking experiments have provided evidence that the majority of calcium
currents are due t6ACNAI1Cs (Tezuka, Aliet al. 1995, Parkington, Tontet al. 1999,
Collins, Mooreet al.2000) TheCACNA1C senses membrane depolarisation, opens and

increases both intracellular calcium concentration and cell contraction.

Studies ofrat myometrium have shown that tmeR NA f o r-suburit ef the
CACNAI1C channel increases gradually during gestation, peaking at around a 6.9 fold
increase prior to labour then decreases sharply during labour angapsh. This

i ncr ea s-subuniis cdmprised Of at least two splice variants, termed SIV3A and
SIV3B. These two variants correlate well with some of the variants found within splice
site 10 Splice site 10 occurs between IV S2 and S4 and involves the differential utilisation
of exonghirty to thirty four. SIV3A correlaeswith the usage oféxons 30, 31, 33 and 34

or 30, 31, 34 and SIV3Borrelaeswith the usage oéxons 30, 32, 33 and 34 or 30, 32,

34 (Mershon, Mikalaet al. 1994) Prior to parturition the SIV3B splice variant is
expressed in ampproximately 2.5:1 ratio with the SVI3A variant. Then at parturition this
ratio changes to a 10:1 ratio and ppattum the ratio reverts back to 2.§Merslon,
Mikala et al. 1994) Huanget al. showed that in rabbit ventricular myocytes the SVI3B
variant was associated with greatly increased excitatimraction couplingHuang, Xu

et al. 2006) In the myometriumhe increase in expression of this variant at parturition

would support myometrial contractions.

Tribeetal.i sol at ed t wo -subunit RNMAs #omtmyosnetrzaktidsueland
showed that there was a-sugunittRNA eompaliethtc thee a s e
shorter ongTribe, Moriartyet al. 2000) Combining thisnformation with the research

by Mershoret al.related to the expression of the specific splice variants would indicate
that t heulduwrigterRNJA could correlate with t
subunit RNA could correlate with the SVI3A iemt. These splice variants are in a region

known to be involved in voltage dependence.
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Voltage dependence has been shown to be linked to the length of the linking loop between
repeat IV S3 and S#PerezReyes, Weet al.1990, Yang, Cheat al.2000) The fact that
Tribeetal.i sol at ed t wo-subunitfRNAsframthte mgometrial dissueé would
suggest that the splice variants would result in different sized proteins, and combining
this information withthe splice variants described by Mershral. would point to the

fact that this difference in size could be specifically related to the 18&ker region.
These c h-subugideselsivere falind to be associated with both term and preterm

induaed labour.

Tezukaetaldemonstrated that i f pr o-guewitfeemon e
reaching its peak levels then labour does not ofEeruka, Aliet al. 1995) In this
research @apristone, a pragsterone receptor antagonist, is used to induce labour. As
there is little understanding of the mechanisms by which a reduction in progesterone leads
to the induction of parturition, it is difficult to ascertain just how accurate a picture of
labouring myanetrium this use of onapristone provides.

Both the regulation of expression of tBACNAL1C and its functions would indicate that
it could potentially play a significant role in the preparation of the myometrium for the

switch from quiescence to contraitgilat labour.

1.5.3.4 Regulation d@ACNA1CCalcium Channel Expression

TheCACNALC promoter is less well characterised, early research into the transcriptional
regulation of theCACNAL1C was carried out on the r&&ACNALC gene, in cardiac
myocytes and vasilar smooth muscle and this research identified a possible eight TSS
and determined that the promoter did not contain a TATA his early researctid,
however, identify an initiator sequence spanning one of the TSS and so this was termed
the major TSSThe region betweetv26bp and234bp of the major TSS provided the
majority of basal promoter activifyiu, Fanet al.2000) Later research revealed a >69%
homology between the rat and hunf2aACNAL1C promoters(Dai, Saadaet al. 2002)
TheCACNALC, however, can utilise three differenttBrminal sequences depending on
the usage of either exon la, exth or neither exon. Within smooth muscle it has been

demonstrated that the majority of transcripts utilise exo(PHng, Koreret al. 2003)

Transcripts containing exon 1b have been
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region, and theegion immediately upstream of exon 1b was shown to have promoter
activity suggesting that these exon 1b containing transcripts are regulated by a separate
promoter(Saada, Dagt al.2003) This putative exon 1b promoter (Promoter B) was also
shown to be a TATAess promoter. The absence of TATA or CAAT boxes alongside the
presence of several @Grich SP1 consensus elements mean that Promoter B is
characteristic of a housekeepitype promote(Pang, Koreret al.2003) Promoter B has

been shown to contain a putative CAMP response element and binding of CREB and CBP
have been showio induce gene expressi@ffan, Cheret al.2000) Further interogation

of the Promoter B sequence revealed a putative CArG box sequence located +288bp from
the TSSSun, Cheret al.2006)and a CCTCCC sequengg7bp from the TSS, both of
these elements are important for the regulation transcription of smooth muscle genes.
Using the YAPP Eukaryotic Core Promoter Predictor tool a putative initiator sequence
was located close to the T$Sartharius, Freclet al. 2005, Gershenzon and loshikhes
2005, Jin, Singeet al. 2006)and usinghie PROMO transcription factor binding motif
search tool a THI binding sequence was located +48bp from the T¥8&sseguer,
Escuderceet al.2002, Farré, Roset al.2003) TFII-1 has been shown to be important in
initiating transcription from TATAess promotergManzaneWinkler, Novinaet al.

1996) Within TATA-less promoters the initiator sequence performs a similar function to
the TATA box in that it ceordinates the formation of a stable initiation complex which

is necessary to facilitate the binding of RNA Polymerdsand the initiation of
transcription (O'SheaGreenfield and Smale 1992, ManzamMinkler, Novina et al.

1996) As theCACNAILC promoter is C@&ich it is possible that methylation has a role

in the regulation of trascription and within the heart hypomethylation of @&CNA1C
promoter has been shown to increase gene expréksionor, Torre®t al.2015) Within

colonic smooth muscle, however, although inflammation led to a ssgppreof the
CACNALC channel transcription, no changes in the methylation status of the promoter
were observe(lChoi, Cheret al.2011) This would indicate that the effect of methylation

on theCACNAL1C promoter igissue and / or stimulus specific.

1.5.4 TheT-type Calcium Channel (CACNA1G)
The T-type calcium channak another member of theoltagegated alcium channel
family. "T" stands for transient referring to the length of activation. As with other sub

typesofvoltagggat ed cal cium channel, the U1l subu
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the channel's propertie€ACNALG calcium channels may contain one of thig¢d
subunits,1)1GU K agBav 3. Njius,dTalavethlet al. 00& v 3 . 3 ;
Talavera and Nilius 2006)

TheCACNALG calcium channel produces the pacemaker potential in theagiab(SA)

node of the bart(Mangoni, Couettet al.2006) Similarly, in thecentral nervous system
(CNS), CACNALG calcium channels contribute to tonic bursting activitshiethalamus
(Huguenard 1996 Both of these properties are potentially important in the generation of

the rhythmic spontaneous contractions seen in the labouring myometrium.

1.5.4.1 Splice Variants in tt@ACNA1GCalcium Channel

Variants of he CACNALG calcium channel are formed by the alternative use of six
cassette exons (8, 14, 16, 26, 34 and 35), two alternative splice donor sites (25C and 30B),
four alternative splice acceptors sites (25A, 25A", 25A" and 31A) and one protkiny

intron (388 Mittman, Guoet al. 1999, Chemin, Monteit al. 2001, Bertolesi, Walia Da
Silvaet al.2006, Emerick, Steiat al.2006, Shcheglovitov, Vitket al.2008) These are
summarised in Table 1.3.

Splicing of the CACNALG has been shown to affect ion conductance, membrane
expression, PKA phosphorylation sites and interaction with effector prdteivemin,
Monteil et al. 2001, Bertolesi, Walia Da Silvet al. 2006, Emegk, Steinet al. 2006,
Shcheglovitov, Vitkoet al. 2008) Expression of these different variants results in
channels with different activation/inactivation kinetics and firing patt¢éBestolesi,
Walia Da Silveetal. 2006, Emerick, Steigt al.2006) Splicing of this channel is mainly
located in the cytoplasmic loop regiofismerick, Steiret al. 2006, David, Garciat al.
2010)

Splice variants have been described Wwhace incapable of conducting ions due to the
removal of differing amounts of the repeat Il S6 h€lBhemin, Monteilet al. 2001,
Bertolesi, Walia Da Silvat al. 2006, Emerick, Steiet al. 2006) If these variats are

still inserted in the membrane as inactive channels, this then opens up the possibility that
they could compete for accessory subunit or effector protein binding and hence have a

negative effect on overall channel activity i.e. a domimagative mhibitor.
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Table 13 CACNA1G Calcium Channel Splice Variants
Splice variants founds in the hum@ACNALG calcium channel, their location, and their exon profile

Locus Channel Splice Variation Putative Effects References
Region Profile
T1 Linking loop  Insertion or deletior ~ Modification of (Shcheglovitov,
between F 11 of exon 8 protein trafficking  Vitko et al. 2008)
T2 Linking loop  Insertion or deletior Addition of a PKC  (Bertolesi, Walia
between Ik Il of exon 14 Phosphorylation Da Silvaet al.
site 2006)
T3 Linking loop  Insertion or deletior  Maodification of  (Chemin, Monteilet
between I I of exon 16 interaction with al. 2001)
effecter proteins
T4 Linking loop Three splice Non ion conducting
between III- acceptors siteis channels
v e2x05nAZ\SA (25A, (Chemin, Monteilet
6, 2! .
— : = P TST . al. 2001, Bertolesi,
T5 Linking loop  Splice donor site in Madification of ion . .
: Walia Da Silvaet
betweenll - exon 25 (25C) permeation and | 2006. Emerick
v gating “Steinet al.2006)
T6 Linking loop Insertion and/or  Modification of ion einet al. )
between III- deletion of exons permeation and
\Y 25Cand 26 gating
T7 Linking loop ~ Splice dmor site in ~ Modification of (Emerick, Steiret
between IV S4 exon 30 (30B) voltage dependent al. 2006)
i S5 activation
T8 IV S5 Splice acceptor site Prematurely (Emerick, Steiret
in exon 31 (31A)  truncated protein al. 2006)
T9 C-terminus  Insertion or deletior ~ Modification of (Bertolesi, Walia
of exon 34, 35 and length and binding Da Silvaetal.
protein coding site complement of 2006)

intron 38

C-terminal Tail

As with theKCNMA1 andCACNA1C, theCACNALG also has a variant which affects
membrane expression. The fact that all three channels have variants which affect

membrane expression would indicate that control of the channel in this way is

evoluionarily important. It would be interesting to examine if dygosolic retention of

the CACNAL1G s a reversible process as has been demonstrated withkéievariant

of theKCNMAL channel, as this would open up the possibility of the cell being able to

house a cytoplasmic store GACNA1G which could be rapidly translocated to the cell

membrane when required.

A number of studies have demonstrated that, as wWittCHRENALC, expression of a

combination of variants can have a cumulative effect on chaprogerties

Studies of the effect of exons 14, 25C, 26, and 38B on channel properties have illustrated

that inclusion of exo25C generates a channel which is activated at the most negative
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potentials and has the most negative steady state midpoimin&ssacking both exons
25Cand 26 are activated at more positive potentials and have the most positive steady
state midpoints, and those expressing exon 26 activate at midpoint potentials and a mid

range steady state midpoint.

The expression of exon Idith either exor25C or 26 increases the rate of inactivation
of these channels. The most rapid inactivation is seen with the combination of exons 14
and 25C. The expression of exon 14 without either eRb@or 26 slows the inactivation

of the channels.

In combination with either exor85C or 26 with or without exon 14, the expression of
exon 38B has no effect on inactivation. However, in the absence of all of these, exon
38B slows inactivation. Channels expressing exon 26 and with exon 38 absent have
substantially increased steady state magnitude. However, the absence of exon 38 in the
presence of exoBA5C decreases steady state magnitude, and the absence of both exons
25Cand 26 combined with the absence of exon 38 has no effect on steady statiedmagn
(Chemin, Monteiket al.2001, Jagannathan, Pwttal. 2002, Bertolesi, Walia Da Silvat

al. 2006, Emerick, Steint al.2006)

One set of variants worthy of further researchexi@ns 34, 35 and 38. Theae found

in the Gterminal region which contains binding sites for calcium, calmodulin and G
proteins. Although functional studies are lacking for these variants, analogous variants in
other CACNA1G have resulted in premature truncation, slowed activation, accelerated
inactivation and slowed recovery from inactivation. These final three cuknina
sustained firing patterndurkatRott and Lehmariiiorn 2004) which are important in

the generation of rhythmic contractions like those seen during labour.
Some of these variants have been shown welbelopmentally regulated. For example,

there is an almost global switch from exon 26 expression irfetius to exon25C

expression in the adulEmerick, Steiret al.2006)
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1.5.4.2CACNA1GCalcium Channel Expssion uring Gestation

There is little direct information regardif@ACNALG protein or mRNA levels during
gestation, although it has been reported that the expression levelCATNALG vary
in relation to gestational age, with a general increaseghiaut gestatio(Fry, Suiet al.
2006, Blanks, Zhaet al.2007, Lee, Ahret al.2009)

There is, however, electrophysiological evidence demonstrating the presence of these
channels in the myometriugiKnock and Aaronson 1999, Fry, Seti al. 2006, Blanks,
Zhaoet al.2007, Shmygol, Blankst al.2007, Lee, Ahret al.2009, Aguilar and Mitchell
2010)and a large amount of information on the potential role of these chamnalkstion

to myometrial contractility. Knowi€ACNA1G functions could contribute to processes
which are vital for myometrial smooth muscle contraction, control of resting membrane

potential and increased intracellular calcium.

The myometrium is capabté generating spontaneous phasic contractions in response to
rising intracellular levels of calcium independent of external stifiulbe, Moriartyet

al. 2000, Shmygol, Blankst al. 2007, Lee, Ahret al. 2009) The generation of these
spontaneous phasic contractions is due to the ability of the cell to fire regenerative action
potentials(Lee, Ahnet al. 2009) Regenerative actiopotentials are created when a
channel opening at a low threshold is able to initiate the opening of enough channels to

initiate an action potential.

One of the properties of th€ACNA1G is that it opens upon small membrane
depolarisations and allows calm to enter the cell. This has the effect of further
depolarising the cell membrane, which in turn allows the opening of other voltage
dependent ion channels and initiates action potential bursts. Once the membrane has
repolarised theCACNALG deactivateslowly, which results in a significant calcium

influx following an action potential.

This influx of calcium following the action potential is a potentially significant feature of
the CACNA1G function as calcium is an important secondary messenger whach,
myosin light chain kinase, is responsible for generating the force of contrégkorks,
Zhaoet al.2007)
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Transient hyperpolarisation of the cell membrane as a result of action potential bursts can
alsoactivate tonically inactivate@ACNALG. This results in more channels becoming
available to open when the membrane next depolarises and increases their ability to
generate further action potential burétanks, Zlao et al. 2007, Aguilar and Mitchell

2010) The net effect of this ianincreasean intracellular calcium levels, which in turn
could potentially have a significant role in the generation of the spontaneous phasic
contractions seen in the myometriree, Ahnet al. 2009) Specific inhibition of the
CACNA1Grresults in @creased force, frequency and amplitude of contractions, as well
as a reduction in the magnitude of the initiation sgiks, Suiet al. 2006, Lee, Ahret

al. 2009, Aguilar and Mitchell 2010)

This evidence pois to a role for calcium entry vV@ACNALGin the initiation, frequency

and force of myometrial contractions.

1.5.4.3 Regulation dCACNA1GCalcium Channel Expression

Two core promoters have been identified in the promoter region GAGNALG the

first located betweem3bp and +7bp (5 and the second located between +154bp and
+204bp (RB) from the TSYBertolesi, Jollimoreet al. 2003) Sequenti al 56
the promoter region revealed a putative enbamegion located betweeB83bp and

231bp from the TSS as there was a decrease in promoter activity when this sequence was
deleted. This enhancer region increased activity from the®moter (Bertolesi,
Jollimore et al.2003) A second research group identified the regit®bbp to the start

ATG (+267bp to +372bp from the TSS) as important for strong activation of gene
transcription, whilst they demonstrated that the region #®b2bp to-280bp from the

start ATG (-474bp to-442bp from the TSS) was responsible for negative regulation of
gene transcriptio(van Loo, Schaubt al.2012) It is possible, therefore, that the region
between +267bp to +372bp may act as an meerafor the B promoter. The region
between the two promoters (+7bp to +154bp) and prometeeRe shown to reduce the
activity of the R promoter(Bertolesi, Jollimoreet al. 2003) The activity of the two
promders was shown to be cell type specifidertolesi, Jollimoreet al. 2003) Both
CACNALG promoters have the characteristics of a TAIEAs core promoter and share
sequence similarity to other initiator sequenceghMthe promoters there are numerous
binding sites for both SP1 a-less, SRIFreabe As
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responsible for the recruitment of TATinding protein associated factors and may also
facilitate the interaction between the basalgiption machinery and the core promoter
(Bertolesi, Jollimoreet al. 2003) Egrl was shown to strongly activa@BACNAL1G
transcription, the binding of Egrl was shown to occur in the region betd/888bp and
-1350bp from the TS$%van Loo, Schaulet al.2012) Conversely, the first intron of the
CACNA1G gene contains a highly conserved REST binding site, REST is a repressor
element, binding of REST to theACNA1G was shownto strongly counteract Egrl
activation of theCACNALG (van Loo, Schaulet al. 2012) Methylation of the region
between-300bp to-800bp from the start ATG in theACNA1G was show to closely
correlate with gene imdivation in colon cancefToyota, Hoet al. 1999) and so

methylation may have a role to plan the regulation of transcription of tiiRACNALG.

1.5.5 Accessory Proteins of the Voltage Dependant Calcium Channels

As stated previously, voltaggependent calcium channels are formed as a complex of
several dif fi,ed(EACNA2DLAY wMHCACNBI-4)U a (CACNSGI-

8. The binding of t hes esubunitcanhaoarmarkes affect ni t
on channel kinetics, amplitude and trafficking.

1.5.5.1 Role of(CACNB4)Beta (b) Subunit
T h esulunit binds with high affinityo the linker loop between repeats | and Il in the
U dsubunit(Bichet, Corneet al.2000, Dolphin 2003, Opatowsky, Chenal.2004, Van
Petegem, Clarlet al. 2004) and binding of thif-subunit has been showa modify
channel traffickingBirnbaumer, Qiret al. 1998, Bichet, Cornett al. 2000, Meir, Bell
et al. 2000, Dolphin 2003, Opatowsky, Chenhal. 2004) voltage dependant activation
and inactivation ratedirnbaumer, Qiret al. 1998, Bichet, Cornedt al.2000, Meir, Bell
et al.2000, Dolphin 2003, Van Petegem, Clatlal.2004) current amplitudéMeir, Bell

et al. 2000, Dolphin2003) channel open probabiliffOpatowsky, Chert al.2004) G
protein and kinase regulatigBichet, @rnetet al.2000, Meir, Bellet al.2000) and both
the number of drug binding sites and the affinity of drug bindBighet, Cornett al.
2000, Hering 2002, Van Petegem, Clatlkal.2004)

T h esuldunitbind ng s i t subunitofthdBACNALCL, t-ihteractibon domain
(AID), is flanked by two endoplasmic reticulum retentsignals, the first occurring 16aa
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before the AID and the second 74after the AID(Bichet Cornetet al. 2000) In the

a b s e n c esulwhit thede ER rétention signals severely restrict surface expression of
the channel. | n-subumit howaver, sweface expresdion is imazeaskd,
suggesti ng t h-subunitekenrdasks tipe ERfretentibnesigral or facilitates

the release of the channel from the @Rhet, Corneet al.2000) As the channel is only

active once it iexpressed on the cell surfatestpossibility of ER reention highlights

the importance of separating active channel from inactive channel when examining the
expression of the channel and inferring what effects these changes in channel expression
may be having. Interestingly, tl@ACNALG does not require thie-subunit for surface
expressior{Dolphin 2003)

Bi ndi n gsulbuhit chubes aifhin the voltage dependence of activation and steady
state inactivation in the hyperpolarising directi@olphin 2003) This results in
channels which open at more negative membrane potentials and an increased number of
channelsopenn g .  O-subuniabintling créates channels with increased mean open
time and decreased mean closed t{Delphin 2003) which will increase intracellular

calcium. This increased intracellular calcium is vital for myometrial contraction.

1.5.5.2 Role of the (CACA2D14) 2 Delta (U2U0) Subun
The -sURiunit is composed of an extracellular U;
toatranane mbr ane U segment , whGumétDaWaattkeval.s t he U2
1996, Felix, Gurnetet al. 1997, Klugbauer, Maraist al.2003)

Putative binding sites for the trans&embrane segment have been shown in both repeats
[l and IV in the link between S5 and $eelix, Gurnetiet al. 1997) However, a binding
site has not b-seilumit off tteCACNALG (Klugbahee, Mavdist al.
2003) Binding of theU 2-siu b u n i t -subunit Hasbeen shbwn to modify channel
kinetics (Klugbauer, Maraiset al. 2003) voltage dependence of both activation and
inactivation (Bichet, Cornetet al. 2000, Klugbauer, Marai®t al. 2003) channel
trafficking (Klugbauer, Marai®t al. 2003) current amplitudéGurnett, De Waareét al.
1996, Felix, Gurnegt al.1997)and both the of number drug binding sites and the affinity
of drug binding(Felix, Gurnettet al. 1997, Bichet, Cornedt al.2000)
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Coexpression of t hi subuitskboomdchannel with ccetetated U 1
activation and inactivation kinetics; this has been shown to be a function primarily of the

U s e g mexptessionGiso increased surface expression of the channek with
resulting 2fold increase in current density in COS7 cells and this has been shown to be a

f unct i o nsubwrit spediieall(Kl@gbauer, Maraigt al.2003) COS7 cell are a
fibroblast cell line and so carmust be taken when extrapolating from this data into
smooth muscle cells. An increase in current amplitude of arowfdid®as also been
reported &t er bi n d isubgnit(@urnett, DeeNVadvdt . 1996) It is unclear if

these changes are a result of eitmpir oved targeting or- stab
subunit is having a direct modudulunitovily ef
result in increased intracellular calcium and so again will promote myometrial

contractility.

1.5.6KCNMA1, CACNAL1C and CACNA1G Channel Associations.

Caveolaspecialist lipid rafts, are small invaginations of the plasma memphaderson
1998) The presence a@aveolaechanges the local morphology of the plasma membrane
and may play a role in excitatiarontractioncoupling(Calaghan and White 20Q8)hey

are formed and maintained primarily by caveolin pragiramely caveolii, -2 and-3

(Daniel, EtYazbiet al.2006) Caveolinl and-3 can form discrete subcellulsignaling
compartments whileaveolin2 is thought to stabiliseaveolaeformed by aveolinl
(Balijepalli, Foell et al. 2006) Caveolinl and-2 are ubiquitously expressed while
caveolin3 is smooth muscle specifi€apozza, Coheat al. 2005, Kozera, Whitet al.
2009)

1.5.6.1Caveolaand Caveolins in the Myometrium

Caveolinl and-2 have been identified within the myometriiraggart,Leaviset al.
2000, Turi, Kisset al.2001, Smith, Babiychué&t al.2005) Caveolin3, however, appears
to be difficult to detect. It has been reported as absent in mouse uterine iapsies

et al.2001, Tur, Kisset al.2001)but reported as present both in rat uterine longitudinal
smooth muscle and myocytic ce(lBaggart, Leavist al. 2000, Capozza, Cohest al.
2005, Smith, Babiychukt al. 2005) This confusia may arise through species specific

differences in expression or in tissue specific differences in expression (i.e. between
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longitudinal versus circular muscle in the uterus) this would mean that studies in different

species or tissues could show diffarmvels of expression.

The activeKCNMAL channel is located on the plasma membrane and can be found within
caveoladGrunnet and Kaufmann 2004, Brainard, Mikral. 2005, Daniel, ElYazbiet

al. 2006) In the myometrium,KCNMAL1 channels haw been found to associate with
caveolinl and-2 (Brainard, Milleret al. 2005, Lu, Aliouaet al.2006) The CACNAL1C

has also been docalised to caveakin canine airway smooth rsale(Darby, Kwanet

al. 2000)and has been specifically tmcalised withcaveolin3 in cardiac and skeletal
muscle. Th&CACNA1G has also be ctocalised withcaveolin3.

1.5.6.2 The Rol€aveoladan Calcium Handling

Caveolaehave been implicated in calcium handlifi2arby, Kwanet al. 2000, Taggart,
Leaviset al.2000, Brainard, Milleet al.2005) Within the myometrium it is thaght that
caveoladacilitate the localisation of key calcium handling components. Interestingly the
SR is also closely associated witiiveolagDarby, Kwanet al. 2000)and thecaveolae
may have a role controllindpe formation of local SR calcium relegé®hn, Furstenau

et al.2000)

The structure of the calvess creates a micd o mai n whi ch can Ohousebo
increase in calcium due tocaveolalocalised calcium ltannel, which in turn causes a

| ocal calcium release event (a cdqbmi um obsparl
Furstenauetal. 2006i gure 1. 12) . I't i s possible then fo
without appreciable cytosolic calcium elevation.

1.5.6.3 The Hormonal @trol of Caveolae and Caveolins

Recent work has revealed thatveolaemay be under hormonal control, estrogen and
progesterone have been shown to regulate both the numiereaflaeand the levels of
caveolins. Stimulus with estrogen reduced the numbsanaolady ~90% and, although
progesterone had no effect on its own, when it was used in conjunction with estrogen it
prevenedthis down regulation. A membrane bound form of estragerptor has been

found localised within caveolae
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Figure 1.12 Schematic Representation of the Generation and Effect of Calcium Sparks

Calcium irflux through calcium channels housed within caveolae can result in a éatakltcium release
event (calcium spark) from ryanodine receptors on closely associated sarcoplasmic rétisukitermed
calcium induced calcium release.

1.5.6.4 Role of Caveolae and Caveolins During Gestation

In rats it has been shown thairohg the first half of gestationaveolinl and-2 expression

is suppressed to levels below that seen inpregnant controls. In the second half of
pregnancy levels afaveolinl gradually increase until the day before parturition when
they reach levels clode that seen in nepregnant controls, while levels chveolin2

remain at around 280% of control levels throughout gestati@mri, Kisset al.2001)

Cholesterol has also been showratfect the formation focaveolae During pregnancy

there is a significant increase in cholesterol which increases the nundaseofaeand

inhibits uterine activity. This could indicate thaaveolaeare involved in uterine
signalling cascades and possibly contractility. Whhkalesterol is reduced there is an
increase in the force of contraction and calcium levels, which would indicatatieatiae

use ion channels as mediators. This leads to the hypothesis that reduced cholesterol levels
in pregnancy would result in an imased risk of preterm birth and conversely that high
cholesterol levels would result in an increased risk of a prolonged labour due to the
decreased force of the contractigB8sith, Babiychulet al.2005)
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T h eARfthas been directly linked to both tadCNAL1C in neurongDavare, Avdonin

et al. 2001, Liu, Shiet al. 2004) theKCNMAL1 channel(Liu, Shiet al.2004)and both
channelgogether(Liu, Shiet al.2004) This macromolecular complex (Figure 1.13) may
also contain a G protein, an adenylyl cyclase, A-kinase anchor protein and PKA
(Chanrachakul, 2006). This complex would enable $pelcal regulation of both
channels. Whether thiomplex exists within the caveolagr whether this is a separate
process by which the two channels can be brought into close proximity, is yet to be

determined.
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Figure 1.13Proposed Macromolecular Complex
A molecular model of the proposddlCNMAL1, CACNALC, . &drenergic eceptor macromolecular
complex(Adapted with permission froriu, Shiet al.2004)

Interestingly, some of the components of this complex are required for the maintenance
of quiescence and are liged as targets for current tocolytics For example, Ritodrine, a
bpAR agoni st AR bnalhre gutet semlbrane of rhyometrial cell, and activates
AC which increases the level of cAMP, which in turn decreases intracellular cglaium
Zhanget al. 2005) Nifedipine, acalcium channel antagonists, targets calcium channels
leading to a reduction in intracellular calcium. Both these leaddeceease in uterine
contractions. This may indicate that the formation of this complex is involved in the

regulation of the timing of labour contractions.
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1.6 Work Described in this Thesis

This project focuses primarily on the changes in the excitabilithe myometrium as it
progresses from quiescence teardinated uterine contractions, and specifically the roles
KCNMAL, CACNA1C andCACNA1G channels play in these changes.

The myometrium undergoes a number of changes during gestation and atatierirofi
parturition. The most obvious of these is suppression of contraction during gestation and
the generation of strong rhythmic contractions during labour. As well as these changes,
there are a number of less obvious modifications including an intghaslepolarised
plasma membrane, an increase in intracellular calcium, increased myometrial cell
excitability and increased levels of cholesterol, estrogen and progesterone. In mice there
is also a decrease in progesterone around the onset of partufitisndecrease in

progesterone is not seen in humans and so a different mechanism may be in place.

To date it has been shown that all three chann€lSNMAl, CACNA1C and
CACNA1G) can be modulated through the expression of splice variants with differing
calcium and voltage sensitivities and gating kinetics. This would suggest that these ion
channels play a central role in both the maintenance of quiescence and in the generation

of contractions at parturition.

Quiescence could be initiated and maintaitledugh the ceprdinated expression of
KCNMAL variants, with increased activation kinetics and increased calcium sensitivity
such as the Ca27 and [/ or t-BubunitSeXpreEsi¥n. ne g ¢
Alongside the expression d€ACNALC variants wih slower activation kinetics,
increased calcium dependant inactivation and reduced membrane expression such as
variants containing exons 1c, 8, -sdb@nitor 1

expression.

Towards the end of gestation, contractomuld be initiated through a shift in the splice
variant expression. At this tiMeCNMAL channels with low calcium sensitivity such as
the Mk44 and STREX insert channels could be expressed which would promote
contraction. At the same time expressiorC&{CNAL1Cs with faster activation kinetics,

improved membrane targeting and decreased calcium dependant activation such as
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variants containing exon }swoulll*also pfrhotea n d
contraction. Increased expression of ACNALG channel vaants which promote

sustained firing would help maintain contractions.

Temporal control of expression of different ratios of channel splice variants could have a
significant role in both the maintenance of quiescence and in the initiatidn a
maintenancef contractility. Splicing requires the formation of the spliceosome complex.
The spliceosome is formed in the following way: U1 binds to the GU site in the pre

possi

mMRNA, SF1 binds to the 6A6 branch site and U2/

Then,fd | owi ng ATP hydrolysis SF1 | eaves the
site. Following this the U4/U®5 tri SnRNA is incorporated into the complex and links

Ul and U2. Finally the complex undergoes rearrangement, where U6 replaces U1l at the
GU site,to form a catalytically active compleix which U2 and U6 interact. The
formation of this complex is regulated by splicing factors which bind to splicing
regulatory elements and either enhance or silence splicing. Segmene rich proteins

are splicig factors which recruit the splicing machinery to splice sites while
heterogeneous nuclear ribonucleoproteins are splice factors which repress splicesome
assembly.\ithin the myometrium it has been demonstrated that splice factors Splice
factor 2 (SF2) andinRNPAL are controlled in a spagemporal fashiofPollard, Sparey

et al.2000, Shin and Manley 2004 F2 is a transacting splicing factor which is necessary

for all splicing to occuras itpromotes theaecruitmentof Ul to the splicesomehile
hnRNPA1 is a splicing suppressowhich represses splicease assembly by

multimerization blocking the binding of the splicing machinery.

Pollard et al. demonstrated that during gestation there was a substantialsedrea
SF2/ASF levels concomitant with a decrease in the levels of hnRNPAAle lower

uterine region. This pattern of expression was shown to be reversed in the upper uterine
region (Pollard, Spareyet al. 2000. During labour there was a further increase in
hnRNPA1/AE in the upper uterine region and a significant decrease in the levels of
SF2/ASF in the lower uterine region. Polladal. hypothesised that this polariation of
expression could regulate theasfal expression of specific protein isoforiollard,
Spareyet al.2000) This specific spacial protein isoform expression may be important in
defining the functions of the different uterine regions e.g. theeupggion governs

contraction whilst the lower region governs dilation.
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TysonCapperetal. also studied the role of splicing theregulation of uterine activity
specifically the regulation of the splicing of Cyclic AMBsponse Element Modulator
(CRBEM) protein (TysonCapper, Baileyet al. 2005) CREM has a major role ithe
regulation of CAMP-responsive gersewhich are involved in uterine activity during
gestation. CREM can exl,sta agsottewa itsroafnosrcm:
and CREMU, a transcriptional sisrpgulated®yo r .
SRp40. TysorCapperet al. showedthat SRp40 was dowregulated during pregnancy
which | ead to the expression of the- CREN
responsive genegTysonCapper, Baileyet al. 2005) This previous research
demonstrees the potentially important role splicing has in the regulation of uterine

function.

Functional analysis has revealed potential Exonic Splicing Enhancer (ESE) motifs for
SF2 within theCACNALC (Beitelshees, Navaret al. 2009) Given thesimilarities
between the channels, it is possible thattG&MA1 andCACNAL1G may also contain

ESE motifs for SF2. Further investigation of the role of channel splice variant expression
and its role in the regulation of the myetmum during gestation and parturition is

necessary.

The hypothesis is therefore:

Expression of th&CNMA1, CACNA1Cand CACNA1Gchannels and / aspecific
splice variantsalongside their suellular localisationregulates the switch between

quiescencand contactility at the end of pregnancy

The aims of this project are to:

1 To establishmyometrial cellcultures as a modslystem to examine the role
of ion channels in the switch between relaxation and contractility.

2 To measure the expression levels the KCNMAl, CACNA1C and
CACNA1G channels and to identify which splice variants are expressed

within the model system.
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To define thesub-cellular localisation of the KCNMA1, CACNA1C and
CACNALG channels within the model system.

To identify which transéption factors are utilised in thexpression of the
KCNMA1, CACNA1C and CACNALG channels.

To identify protein interactions between the KCNMA1 and CACNALC
channels and the components of the proposed macromolecular complex
discussed inSection1.5.6.4 nane | y JAdremergic receptor, ¢xand
Caveolinl.

To determine if the results from aims52are affected by altering the
contractility of the myometrial cell cultureINF will be used to induce
contraction andrichostatin A TSA) will be used to induceslaxation. TNF

has previously been shown to induce contraction in myometrial smooth
muscle stripshowever the mechanism by which it achieved this is still unclear
(Webster, Waiteet al. 2013) TSA, a pan class I/ histone deacetylase
(HDAC) inhibitor, has previously been shown &ffect the expression the
myometrial G sgene with subsequent effects on contractility but can also
affect this activity independent of chromatin remodelling via regulating non
nuclear acetylation of contractile proteins as observed by Moyreéhah
(Moynihan, Hehiret al. 2008) and Karolcz&-Bayatti et al. (Karolczak
Bayatti, Sweenegt al.2011)
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Chapter 2: Materials and Methods
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2.1 Materials

2.1.1 General Materials Reagents and Enzymes

The reagents used for the following procedures were obtained from Fisher
(Loughborough. Leics., U.K.),igna (Poole, Dorset, U.K.) and VWR International Ltd.
(Lutterworth, Leics., U.K.). iScript cDNA synthesis kits were purchased frorRBi
Laboratories (Hercules, CA, USA). PCR Master Mix and DNA loading dye was
purchased from Promega and primers fromolins MWG Biotech (London, U.K.).
Herculase 1l Fusion polymerase and dNTPs were purchased from Agilent (Stockport,
Cheshire, U.K.). All cell culture plastware was supplied by Sarstedt (Leicester, U.K.).
FetalCalf Serum (FCS) was purchased from LonzakiWgham, U.K.) and DMEM-

valine mediumwas purchased from PAA (Yeovil, Somerset, U.K.). Channel antibodies
for the KCNMA1 (APC-021), CACNA1C (ACC-003) andCACNALG (ACC-021)
channels were purchased from Al omone Lab
RelA (s¢372), CBP (s€25748), MZF (s€66991), SP1 (s¢4027),KCNMA1 Channel
N-terminus (s€14746) andCACNALC channel Gterminus (s€16230) were purchased
from Santa Cruz Biotechnology Inc. (CA, USAKCNMA1 channel Nterminus
(ab104624) an€ACNALC channel Gterminus (ab140766) for use in western blotting
were purchased from Abcam (Cambridge, uU.
(Watford, U.K.) goat artrablt and rabbit antgoat HRPconjugated secondary
antibodies were purchasérom Dako (Ely, Cambs, U.K.). All staining reagents were
purchased from Vector Laboratories (CA, USA) excluding the antibody diluent which
was purchased from Dako (Ely, Cambs, U.KChIP reagents were purchased from
Millipore (Watford, U.K.). Subcellular protein fractionation kit was purchased from
Pierce Biotechnology (Rockford, USA). MeDIP reagents were purchased from Epigentek
(Farmingdale, NY, USA).

2.1.2 Apparatus
All capital laboratory equipment marked (*) was purchased with funding from the MRC
(Grant No. 84891 to Dr N. R. Chapman)
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Equipment Model and Supplier

Freezers -80° New Brunswick Scientific Innova U535, Wolflabs’®
-20°Freezer GG5210, Fisher*

Fridges 4° Fridge Liebherr sparkfree, Wolflabs*
Chromatography CabinétVolflabs*

Centrifuges Eppendorf Centrifuge 5415R

Sigma 114
Sigma 116 Rotor

DNA Electrophoresis

Geneflow Multisub Midi, Geneflow Multisub mini

Gel Documentation

Syngene G:Box iChemi,

guantification software
Dell Vostro 1510

Syngene Genetoolersion 4

Homogeniser

IKA Ultra Turrax T25

Incubators Thermo Scientific Hera Cell 240
Sanyo CQIncubator MCQ18AIC

PCR Machine SensoQuegBradient Thermalcycler

pH Meter Jenway 3020 pH Meter

Power Pack Genefow MP-250N

Protein Blotting

Bio-Rad TranB | ot E SDry Bamsfer cell

Geneflow OmniPage Blot Mini

Protein Electrophoresis

Bio-Rad Miniprotean® Tetra Cell

Rocking Platform

Stuart

Shaking incubator

Stuart Orbital Incubator S1500

Sonication

SonicsVibra Cell

Spectrophotometer

Nanophotomer (Implen)

UV Transilluminator

TFX-20M, Vilber Lourmat

Water Purification

Ultra Clear TWF UV Plus, SG Wasseraufbereitung |

Regenerierstation GmbH Germany.
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2.1.3 General Buffers sed

Buffer

Composition

SDS-PAGE 4X Lower Buffer

1.5M Tris pH 8.8 and 0.4% (w/v) SDS

SDSPAGE 4X Upper Buffer

0.5M Tris pH 6.8 and 0.4% (w/v) SDS

SDS Loading Buffer

Prepared to a final volume of 24ml:
3.0ml 500mM Tris pH 6.8, 2.4ml glycero

4. 8 ml 10% (w/ v) -
mercaptoethanol, 600yl 0.05%  (w/
bromophenol blue and 12.0ml MilliQ wat
(18MW)

Towbin Transfer Buffer (TTB)

25mM Tris pH 7.4, 192mM Glycine and 20
(v/v) Methanol

Tris Glycine Buffer (TGB)

25mM Tris, 192mM Glycine, 0.1% (w/v) SD
and 10% (v/v) Methanol

10X Electrophoresis Buffer

Prepared to a final volume of 1L:
250mM Tris, 520mM Glycine, 10% (w/v
SDS.

Phosphate buffered Saline pH 7.3 (PBS)

137mM NacCl, 2.7mM KClI, 4.3mM N&lPQ;,
1.47mM KH2POy

Phophate buffered Saline (Tween 20) pt
7.4 (PBST)

As PBS but including 0.05% (v/v) Twe&®

Tris buffered Saline (TBS)

50mM TrisCl, pH 7.6, 150mM NaCl

Tris buffered Saline (Tween 20) (TBST)

As TBS but including 0.1% (v/v) Tweez0

Membrane Blocking Buffer Milk (TBS -
T™)

As TBST but including 10% (w/v) low fa
dried milk powder (Marvel, Premier Foods)

Tris Acetate EDTA (TAE)

Prepared as a 50X stock concentrate: 2
Tris, 57.1ml glacial acetic acid and 100
500mM EDTA pH 8.0

Whole Cell Lysis Buffer

150mM Sodium Chloride, 0.5% (v/v) Sodiu
Deoxycholate, 0.1% (v/v) SDS, 50mM Tr
pH 8.0 and 0.1% (v/v) Igepal
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2.2 Cell Culture Methods

2.2.1 Myometrial Biopsy Collection

The myometrialcell cultures utilised in this fesis had been previouslyroed from
myometrial biopsies obtained under ethical apprtwathe Rotherham Local Research
Ethics CommittedRef No. 05/Q2306/22 This favourable review was renewed by the
Leeds Bradford Research Ethics Committee in 2012 (Appendix 2; R&PRG1/022).

Use of these previously derived cultures ensured women were not subjected to any

unnecessary surgical procedures

For these previously derived cultureli women were recruited at the Department of

Obstetrics and Gynaecology at the Jessop Wing ksd$pr Women, Sheffield.

Lower segment myometrial biopsies were taken from women undergoing elective
Caesarean sections at term. The lower segment biopsies were taken from the upper lip of
the incision using tooth biopsy forceps and curved scissorplaceld immediately into
D-valine DMEM pre-chilled to 4°C.

2.2.2 Cell Culture Techniques

2.2.2.1 Generation of Myometrial Cells

Biopsies were collected imvaline medium and washed in PBS to remove excess blood.
A collagenase mix containing 10mg collagse, 0.2mg DNase, 2mg elastase, 2mg
trypsin inhibitor and 2mddovine Serum AlbuminBSA) was prepared in a sterile tube,

and was diluted with 10ml PBS immediately prior to use. This was then sterilised using
a 0.22um syringe filter. The biopsy was mindatb 3mn? pieces and added to the
collagenase mix and incubated in a shaking incubator (80rpm) at 37°C for three to four
hours. The debris was then allowed to settle under gravity. The supernatant was
transferred to a fresh sterile tube and centrifugé®@d for ten minutes. The pellet was
then resuspended ibp-valine medium supplemented with 10% (v/v) FCS, 2mM
glutamine, 100U/ml penicillin and 0.1mg/ml streptomycin and placed into a’2ssme
culture flask. After one hour the cell supernatant, doimtg the myocytes, was removed

and placed into a fresh 25éntissue culture flask and maintained in a humidified

atmosphere at 37°C and 5% £ Dhe replacement afvaline withp-valine in the culture
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medium selectively inhibits fibroblast proliferatios fébroblasts are unable to metabolise
D-valine (Gilbert and Migeon 1975After 24 hours the medium was replaced with fresh
supplemented-valine medium. A single biopsy was used to generate each individual

cell culture.

2.2.2.2 Myometrial Cell Passaging

The cells were passaged on reaching 90% confluence and expanded front da2%cm

to a 75cm flask. When confluent the 75&flask was expanded one to three etc. Cells
were passaged by discarding the mediwashing the cells briefly with sterile PBS
containing 1mM EDTA in order to remove any traces of serum prior to the addition of
trypsin (6U/ml), 3ml of trypsin was added and the flask incubated at 37°C for five
minutes. The detached cells were then gehfigersed by pipetting and then redistributed

into flasks containing fresh medium.

2.2.2.3 PHM131 Cell Passaging

PHM1-31 cells were a kind gift from Prof. Barbara Sanborn, Colorado State University,
USA (Monga, Kuet al. 1996) Cells were maintained in DMEM medium supplemented
with 10% (v/v) FCS, 2mM.-glutamine, 100U/ml penicillin, 0.1mg/ml streptomycin and
0.1mg/ml geneticin (Invitrogen). Passaging was performed as described above. PHM1
31 cells were used as a myocyte positive control during molecular characterisation of

primary myocyte cultures.

2.2.2.4 Oral Fibroblast Cell Passaging

Primary oral fibroblast cells were a kind gift from Vannessa Hearnden, Dental School,
University of Sheffield. Cells were maintained in DMEM medium supplemented with 5%
(viv) FCS, 2mML-glutamire, 100U/ml penicillin and 0.1mg/ml streptomycin. Passaging
was performed as described above. Fibroblasts were used as a fibroblast positive control

during molecular characterisation of primary myocyte cultures.
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2.3 Immunocytochemistry Techniques

2.3.1 Immunocytochemical Staining for theKCNMAL , CACNAL1C and CACNA1G
Channels.

Myometrial cells were cultured in a sixell plate. Upon reaching 80%onfluence the
cells were stimulated with 10ng/ml TNF for on
nonstimulated wells serving as a control. The cells were then fixed in 1% (v/v)
formaldehyde overnight at 4°C. Prior to staining the cells were washedtimes for

five minutes in PBS and permeabilised with PBS containing 1% (w/v) BSA and 0.1%
(v/v) Triton X-100 with three, five minute washes. After rinsing again in PBS,
endogenous peroxidase was quenched with 3% (v/v) hydrogen peroxide for 10 minutes.
The Vectastain®Elite ABC Kit was used for the following reactions. Nepecific
background was blocked with PBS containing goat serum and avidin for one hour at room
temperature. The block was removed and the primary antibody was diluted in antibody
diluentand biotin and incubated overnight at 4°C. The cells were washed in PBS and the
secondary aninouse 1gG added to each well for 30 minutes at room temperature. After
washing, the ABC reagent was added for 30 minutes at room temperature. Excess was
removedby washing with PBS and the AEC chromagen substrate added for 10 minutes

at room temperature. Cells were stored in PBS and photographed.

Antibody dilutionswere as follows:

Antibody Dilution for: Antibody used for
Antibody Immuno- Western Immunoprecipitation
cytochemistry Blot
Anti -BK ca 1:200 1:2,000 -
Anti-Ca/1.2 1:300 1:4,000 2.5ug
Anti-Ca/3.1 1:200 1:4,000 -
L-Type Ca**CP U1C 1:50 1:3,000 -
Anti-MaxiK K*c hann - 1:5,000 2.5ug
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2.4 Collagen Gel Contraction Assay

2.4.1 Preparation of Colagen for use in Collagen Gels

A 0.2% (v/v) acetic acid solution was pr
This was then added to the collagen to prepare a 6mg/ml collagen solution; this solution
was gently agitated for five days at 4°C ns@re the collagen was completely in solution.
Once the collagen was completely dissolved the solution was diluted with an equal
volume of filter sterilised water to produce a 3mg/ml collagen solution. This was gently
agitated for a further day at 4°C twudibrate the solution.

2.4.2 NaOH Titration of Collagen

In order to optimise the solidification of each batch of collagen it was necessary to carry
out a titration in order to identify the optimal amount of NaOH to add to the collagen
medium mixture. Befly, 0.4ml DMEM medium was added to each of eight
microcentrifuge tubes. Then to each tube in turn 0.2ml 3mg/ml collagen was added,
foll owed i mmediately by 1. 0¢l 1M NaOH. TI
times then left to solidify for 20 minutes. Thiopess was repeated across all eight tubes
using increasing amounts of 1M NaOHg1e | ) .

The rigidity and colour of the resulting gels were then compared, to determine the lowest
volume of NaOH required to produce the most rigid of gels, whilst turninghieol red
indicator a pale pink colour.

2.4.3 Pouring Populated Collagen Gels

Trypsin (3mls) was added to a confluent 75 ¢lask of myometriakells and the flask
incubated at 37°C for five minutes. The detached cells were then gently dispersed by
pipg ti ng and then 270¢l of suspended cell
and 3.33mls of fresh media added. This ce&e
Then to each of these aliquots in thither n 2¢C
previously optimised quantity of NaOH. This mixture was pipetted up and down three
times then 500¢l transferred to each well

Finally a further 500¢l of cell culture
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2.4.4 Collagen Gel Contraction Assay

Upon reaching 80% confluence the collagen gel was dissociated from the sides of the

we l | by running the tip of a 200c¢]l pi pette ti
was gently swirled to ensure the gel weseffloating. The myometriaells were then
stimulated with 10ng/ ml TNF, or 2¢e-g/ ml TSA,
stimulated. PHM431 cells were used as contraction positive controls while HEK293 cells

were used as contraction negative controls.ratdetermined time points the plate was

removed from the incubator for image acquisition. Images were captured using the

Syngene G:BOX Chenii6 gel documentation system. The Syngene Genetools Version

4 quantification software (SynGene, Cambridge UK) waslde trace the outline of the

gel at each time point and to calculate the mean pixel area. The surface area at each time

point is reported as a percentage of the initial gel surface area in that well, a decrease in

surface area indicates contraction wihals increase indicates relaxation.

2.5 Protein Methods

2.5.1 Whole Cell Lysi¥WCL) of Cultured Myocytes

Confluent 75 craflasks of culturedmyocytes were stimulated with 10ng/ml TNF or,
2¢g/ mli TSA or, 10ng/ mli TNF follloweddy by 2¢g/ ml
10ng/ml TNF with a norstimulated 75 criflask serving as a control. The medium was
removed and the cells washed with ice cold PBS. Then 500 pl of ice cold whole cell lysis
buffer containing protease inhibitors (Complete Mini, Roche) was addeacto flask.

Cells were scraped off the flask and transferred to a frestopted microcentrifuge tube

and then incubated for 30 minutes at 4°C on a roller. Following this incubation the lysate
was centrifuged in a preooled microcentrifuge tube for 208inutes at 11,40fat 4°C.
Protein was quantified using the nanophotometer (Implen, Germany) by measuring UV
absorbtion at 280nm, amino acids with aromatic rings primarily alzad80nmUsing

the Beer Lambert Lawherean absorbtion of one equates toomcentration 080 € g / ml
protein The ratio of UV absorbtion at A260 and A280nm was used to assess the purity
of the sample. The Ao2sofor proteinis between 0.5 and 1.5
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2.5.2 Sequential Etraction of Protein from Cultured Myocytes

Confluent 75crhflasks ofculturedmy ocyt es wer e sti mul ated 1
TSA or, 10ng/ ml TNF foll owed by 2¢g/ ml T
TNF with a nonstimulated 7%n? flask serving as a control. Sequential extraction was
performed using Pierce Sudlular Protein Fractionation Kit according to the
manufacturersoé guidelines. Bri efhegwitht he
ice cold PBS. Then 5@0 of ice cold PBS with protease inhibitors was added to each
flask. Cells were scraped off theask and transferred to a fresh jom®led
microcentrifuge tube and then centrifuged atdfad five minutes. The supernatant was
removed and 200ul cytoplasmic extraction buffer was added to the cell pellet and
incubated a a roller for ten minutes af@. The lysate was then centrifuged at §®0r

five minutes and the supernatant transferred to a fresbomted microcentrifuge tube,

this is the cytoplasmic fraction. The cell pellet was then resuspended in 200ul membrane
extraction buffer, vortexed vigously for five seconds then incubatadaroller for ten
minutes at 4C. The lysate was then centrifuged at 3g@@fr five minutes and the
supernatant transferred to a fresh-poeled microcentrifuge tube, this is the membrane
fraction. The cell pelletvas then resuspended in 100ul nuclear extraction buffer, vortexed
vigorously for 15 seconds then incubated on a roller for 30 minutes at 4 °C. The lysate
was then centrifuged at 5,09fbr five minutes and the supernatant transferred to a fresh
pre-cooledmicrocentrifuge tube, this is the soluble nuclear fraction. The cell pellet was
then resuspended in 100ul nuclear extraction buffer containing 5mM @aLC800 units
Micrococcal Nuclease, vortexed vigorously for 15 seconds then incubated at room
temperatee for 15 minutes. The lysate was then vortexed vigorously for 15 seconds and
centrifuged at 16,0@Dfor five minutes and the supernatant transferred to a fresh pre
cooled microcentrifuge tube, this is the chromatin bound nuclear fraction. The cell pellet
was then resuspended in 100ul pellet extraction buffer, vortexed vigorously for 15
seconds then incubated at room temperature for ten minutes. The lysate was then
centrifuged at 16,0@Dfor five minutes and the supernatant transferred to a fresh pre
cooledmicrocentrifuge tube, this is the cytoskeletal fracttein was quantified using

the nanophotometer (Implen, Germany) by measuring UV absorbtion at 280nm, amino
acids with aromatic rings primarily absoab 280nm. Wing the Beer Lambert Law an
absorltion of one equates to a concentration90f ¢ g /pratein The ratio of UV
absorbtion at A260 and A280nm was used to assess the purity of the samplgobhie A

for proteinis between 0.5 and 1.5
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2.5.3 Celmmunoprecipitation of Proteins

2.5.3.1 Lysis ofal Monolayer

Confluent 75crh flasks of cultured myocytes were stimulated with 10ng/ml TNF or
2eg/ ml or TSA f o-stimladed Toariflask sewingtasha cantrah Getl
lysis was performed using Pierce Crosslink Magnetic IREC&it according to the
manuf act ur er sffy, thg medid eds remaed fromBhe iflasks and the cells
washed with PBS. Seven hundred and fifty microliters of ice cold IP lysis/wash buffer
was added to each flask. The flasks were then incubated on ice for five minutes with
periodic mixing. The lysat&as then transferred to a microcentrifuge tube and centrifuged
at 13,00@ for ten minutes to pellet the cell debris. Finally the supernatant was transferred
to a new microcentrifuge tube and the protein quantifipthntified using the
nanophotometer (Imphe Germany) by measuring UV absorbtion at 280nm, amino acids
with aromatic rings primarily absorit 280nm. Wing the Beer Lambert Lawherean
absorbtion of one equates to a concentratio®®f g /pratein The ratio of UV
absorbtion at A260 and A280nnaw/used to assess the purity of the sample. BThed#

for proteinis between 0.5 and 1.5

2.5.3.2 Binding of Antibody to Protein A/G Beads

Briefly, 2ml of 1X coupling buffer (10mM sodium phosphate, 150mM NacCl; pH 7.2) was

prepared for each reaction djuting 0.1ml 20X coupling buffer and 0.1ml IP lysis/wash

buffer in 1.8ml ultrapure water. The protein AAGheadswe vortexed and 25¢l e
amicrocentrifuge tube per sample. Using a magnetic stand the beads were collected and

the storage buffer removed. The beadse then washed twicewith50 1 X coupl i ng
buffer. The antibody was then diluted 1:20 with 20X gog buffer and IP lysis/wash

buffer to a final concentration of 5¢g in 10
incubated with rotation for 15 minutes at room temperature. The beads were then

collected and the antibody solution removed. The beads twenewashed three times

once with 100¢l 1X coupling buffer and then t
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2.5.3.3 Crosslinking the Bound Antibody

Briefly, crosslinking reagent was prepartr
0.25mMDisuccinimidyl sulerate(DSS, a protein crodeking agent, which forms stable

ami de bonds with the amine side chains of
was then added to the beads and incubated with rotation for 30 minutes at room
temperature. The beads weahen collected using a magnetic stand and the crosslinking
reagent removed. The beads were then was
five minutes, tideeol IPtlysis/wash buffer.t h 200 ¢ |

2.5.3.4 Immunoprecipitation of the Prote

The protein was diluted to a concentrati
crosslinked magnetic beads and incubated overnight at 4°C with rotation. The beads were
then collected and the supernatant removed. The beads were then washeuttwice
500c¢l of | P I'ysis/ wash buffer and once w
was eluted off the beads with 50¢l el ut i
added to the eluate in order to neutralize the low pH. The resultindesamgye then

diluted 1:5 with reducingpading buffer and then boiled for 5 minutes at 100°C. A fifth

of this was loaded per lane of the Sodium Dodecyl Sulphate Polyacrylamide Gel
Electrophoresis (SDS PAGE) gels.

2.5.4 Optimisation of Block

Two of the antiboés used are raised in goRKANMAL channel Nterminus, s€l4746;
CACNAI1C channel Gterminus, s€16230 and require an angoa secondary antibody

to be used. Bwever antigoat secondary antibodies can bind to bovine IgG as well as
goat IgG(Buchwalow, Samoilovat al.2011) If this wereto happen and the membrane
had been blocked with a block containing bovine IgG it could result in the secondary
antibody bindng to the block and giving very high background. Routinely either dried
milk or BSA is used as a block, BSA contains bovine IgG and commercial milk often
contains some bovine IgG contamination. To test if there is any interaction between the
block and thesecondary antibody, nitrocellulose membrane was blocked for two hours at

room temperaturé.he membrane was then washed using-TB£ follows:

2 x quick rinses

99



1 x Fifteen minute wash

2 X Five minute washes

After washing the membranes were incubatea in20,000 or 1:40,000 dilution of HRP
conjugated secondary antibody for one hour at room temperature. The membranes were
the washed a final time and then developed using ECL reagents according to the
manufacturers guidelines using the Syngene G:BOX Gliémgel documentation system
followed by visualisation with Syngenes Ingenius Bioimaging software GeneSnap and

GeneTools Version 4 quantification software (SynGene, Cambridge UK)

2.5.5 Dot Blot

Dot blots are a quick and effective method of determining dpgmum, protein
concentration and primary antibody dilution to use during -FB&SE and Western
Blotting.

A range of protein concentrations (5, 10 and 50ug) was spotted onto nitrocellulose
membrane and allowed to dry. The membrane was then blocked ibhggT@BSTM,
or Nonprotein block (Pierce) for one hour at room temperature. The membrane was then

washed using TBS as follows:

2 x quick rinses
1 x Fifteen minute wash

2 x Five minute washes

Then each blot was incubated with primary antibody, ovetnag 4°C with gentle
agitation. The following day the membranes were washed as detailed previously and then
incubated in a 1:10,000 dilution of HRP conjugated secondary antibody for one hour at
room temperature. The membranes were the washed a finalrtahtben developed using

ECL reagents according to the manufacturers guidelines using the Syngene G:BOX
Chemi16 gel documentation system followed by visualisation with Syngenes Ingenius
Bioimaging software GeneSnap and GeneTools Version 4 quantificabitwase
(SynGene, Cambridge UK)
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2.5.6 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SIPAGE)

Protein samples were analysed by SBYSGE. Samples were diluted either 1:1 with
SDSloading buffer (prepared to a final volume of 25.0ml: 3.0mIrBPDTris pH 6.8,

2.4 ml glycerol , 4 . 8 -maertaptaetheitol, 600 . PS% IS | 1
bromophenol blue and 12.0 ml MQ water) or 1:4 with Lane Marker Reducing Sample
Buffer (Thermo Scientific) depending on the concentration of the proteinlsamp
Samples were then boiled at 95°C for ten minutes before briefly centrifuging for 30
seconds at 1,2@0n a Sigma 114 microcentrifuge.

For the large L and CACNALG calcium channel proteins (~170kDa and ~262kDa
respectively) a gradient system was emgpt using 4 20% precast gels (BiRad). The

gel was subject to electrophoresis at 150V until the dye had migrated to the end of the gel
cassette. A discontinuous 8% gel was used for the srE&lIIMAL channel (~100kDa)

and GTerminal of theCACNAL1C Chamel again the gel was subject to electrophoresis

at 150V until the dye had migrated to the end of the gel cassette.

2.5.7 Wet Transfer

The larger proteins from the-2D% precast gel underwent a wet transfer. Briefly, a
nitrocellulose membrane and six pecof 3mm Whatman paper were cut to the size of

the gel and soaked in Tris Glycine buffer (TGB: 25mM Tris, 192mM Glycine, 0.1% (w/v)
SDS and 10% (v/v) Methanol) Three fmeaked pieces of Whatman paper and the
nitrocellulose membrane were stacked ontdden on the black side of the cassette the

gel was rinsed in TGB and layered on top of the nitrocellulose membrane followed by
three Whatman papers, foam and the red side of the cassette. The cassette was closed anc
place into the Geneflow omniPAGE eleditaiting tank and the tank filled with TGB.

The proteins were transferred for 2.5 hours at 4°C and 40V. The membrane was stained

using PonceauS solution to determine if the transfer was successful.

2.5.8 SemiDry Transfer

The smaller proteins from the 8%el underwent a serdiry transfer. Briefly, a
nitrocellulose membrane and six pieces of 3mm Whatman paper were cut to the size of
the gel and soaked in Towbinds Transfer
Glycine and 20% (v/v) Methanol) Three peakedpieces of Whatman paper were
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stacked onto the platinum anode of the T+Biw® SD SemiDry Electrophoretic
Transfer Cell (BieRad) and rolled with a glass rod to remove any air bubbles. The
nitrocellulose membrane was then placed onto the Whatman papeolia again to
remove air bubbles. The gel was rinsed in TTB and layered on top followed by three
Whatman papers and rolled for a final time to remove any air bubbles. The cathode was
placed onto the stack and the latches engaged. The safety coveewgdated on the

unit and the proteins were transferred for 20 minutes at 20V. The membrane was stained

using Poncea solution to determine if the transfer was successful.

2.5.9 Western Blot

The membrane was rinsed in TBS and blocked in-TBBat roomtemperature for two

hours. The blot was washed in THSor two quick rinses, one 15 minute wash and two

five minute washes. The primary antibody was incubated either overnight at 4°€ (APC
021) or overnight at room temperature (AOQ3, ACG021, ab104624ral sc16230).

The blot was washed in TBBfor two quick rinses, one 15 minute wash and two five
minute washes. An HREonjugated secondary antibody was incubated with the blot for
one hour at room temperature, before washing in-THS8r two quick rinsespne 15

minute wash and two five minute washes. The blot was developed using ECL reagents
according to the manufacturers guidelines using the Syngene G:BOX -CBegeil
documentation system followed by visualisation with Syngenes Ingenius Bioimaging
softwae GeneSnap and GeneTools Version 4 quantification software (SynGene,
Cambridge UK) After development of the blot, manual band quantification was
performed using the Gene Tools software from Syngene (Geneflow, Staffs). All
experiments were performed ammum of three times and results are expressed as the
mean + SEM. All data analyses were conducted on GraphPad Prism Version 6 (GraphPad
Software, San Diego, Cali fornia)-testlvasr e a
performed to compare the individuatimulations against the tstimulated control;

p<0.05 was considered statistically significant.
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2.6 RNA Methods

2.6.1Total RNA Extraction

Cells were cultured in 25cdrflasks. On reaching 90% confluence the cells were
stimulated 10ng/ml TNF or, 2eg/ ml TSA or
2eg/ ml TSA f ol | owihd ndnstimulatea 2p¢rritesk s&ring as a
control. The cells were then processeddmicarding the medium, washing the cells
briefly with sterile PBS containing 1mM EDTA in order to remove any traces of serum
prior to the addition of trypsin (6U/ml), 3mls of trypsin was added and the flask incubated
at 37°C for five minutes. The detachaslls were then transferred to a 15ml centrifuge
tube and centrifuged at 2&@or five minutes.Total RNA was extracted from the cell

pellet using the EZRNA extraction Kit (Geneflow Lichfield, Staffs. U.K.), Briefly, the
medium was removed and the cellsdg directly in the flask by addition of 0.5ml
denaturing solution, the lysed cells were scraped off the flask and transferred to a clean
microcentrifuge tube, and incubated at room temperature for five minutes. An equal
volume (0.5 ml) of extraction soloh was then added, the samples mixed vigorously,
then incubated at room temperature for 15 minutes and then centrifuged agZ@ar000

15 minutes at 4°C. The aqueous colourless (upper) phase was transferred to a fresh
microcentrifuge tube antbtal RNA precipitated by the addition of an equal volume of
isopropanol (0.5 ml) and subsequent incubatior2@C overnight. Following this the
sample was centrifuged at 16,@00r 15 minutes at 4°C and the supernatant discarded.
The pellet was washed by vorteximg1lml 75% (v/v) ethanol and then centrifuged at
16,00@ for five minutes at 4°C, the supernatant was discarded. The pelleilomsd

to air dry for fiveto-ten minutes and then dissolved in 25ul Diethylpyrocarbonate
(DEPC,) water. DEPC water was useditainactivates RNase enzymes by the covalent
modification of the active site of histidine, lysine, cysteine and tyrosine residues. The
extractedtotal RNA was quantified using the nanophotometer by measuring UV
absorbtion at 260nm, using the Beer Lamhawt wherean absorbtion of one equates to

a concentration of 50¢g/ ml RNA. The rati

used to assess the purity of the sample. The2dofor pure RNA is ~2.
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2.6.2 cDNA Synthesis o€ultured Myocyte mRNA

cDNA synthesis was p®rmed using BieRad iScript cDNA synthesis Kit according to

the manufacturer s tajalRNA wds added $0,4pl bf5x igcfipt y 1 0g o f
reaction mix and made up to 20pl with nuclease free water. The reaction was then

incubated as follows:

5 minutes at 25°C
30 minutes at 42°C
5 minutes at 85°C

Hold at 4°C

One microlitre of cDNA was used per PCR.

2.7 The Chromatin Immunoprecipitation (ChIP) Assay

Two confluent 75crfiflasks of myocytes were stimulated with 10ng/ml TNF for one hour,

two confllent 75cméf | asks of myocytes were stimulated wi
two nonstimulated 75crhflasks serving as controls. The ChIP assay was carried out

using the Millipore EZmagna ChlIPKatc cor di ng t o guidelinemanuf acturer

2.7.1In Vivo Crosslinking and Lysis

Briefly, the cells were fixed by the addition of 37% formaldehyde to the media to a final
concentration of 1% for ten minutes. Glycine was added to a final concentration of
125mM for five minutes to quench any unreacted formaldehyidhe medium was
removed and the cells washed twice in ice cold PBS.

After the second wash the cells were scraped off the flask into 2ml of ice cold PBS
containing protease inhibitors. The cells were centrifuged a ®00@ive minutes at 4°C.

The cellpellet was resuspended in 0.5mls cell lysis buffer containing protease inhibitors
and incubated on ice for 15 minutes with brief vortexing every five minutes. The cell
suspension was centrifuged at §0for five minutes at 4°C. The cell pellet was
resuspaded in 05ml nuclear lysis buffer.
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2.7.2 Sonication to Shear DNA

The cell suspension was then sonicated using a vibra cell 150 (sonics) with an exponential
probe at maximum amplitude for ten seconds three times with ten second intervals and
then centrifiged at 12,30§for ten minutes at 4°C to remove any insoluble material. The
sheared chromatin was the aliquoted into 50ul aliquots with one being retained to analyse

sheared chromatin size by agarose gel electrophoresis.

2.7.3 Immunoprecipitation of Crosslinked Protein/DNA

Each aliquot was diluted one in ten with ChIP dilution buffer containing protease
inhibitors. An input sample representing the starting material was taken. Protein G
magnetic beads were prepared bygibsorbing them with salmon speBNA to reduce
background, 20ul of these prepared beads was added to each aliquot along with 5ug of
either SP1, MZF, CBP, RelA, p50 &ICNMA1 C terminal antibody or a rabbit 1gG
negative control and left to incubate overnight, on a roller at 4°C. Protega@ were
captured with a magnetic separator and the complex washed for five minutes each with a

low salt buffer, a high salt buffer, a lithium chloride buffer and a TE buffer.

2.7.4 Elution of Protein/DNA complexes and Reversal of Crosslinks of

Protein/DNA complexes to free DNA

The chromatin:RelA antibody:magnetic bead complex was resuspended in 100ul ChIP
elution buffer containing 1ul Proteinase K and incubated at 62°C for two hours with
shaking in a Stuart Orbital Incubator S1500 followed by a tentaincubation at 95°C.

The magnetic beads were then captured using a magnetic separator and the supernatant

containing the chromatin was removed to a fresh tube.

2.7.5 DNA Purification Using Spin Columns

The chromatin was then purified using Sigma &ete PCR Cleanip Kit columns
(Sigma)accor di ng t o proteol BretyusS00ulcot caluma préparation
solution was added to each column, centrifuged and the flow through discarded. The DNA
solution was diluted in five volumes of DNA bindirsplution, mixed, added to the
column then centrifuged for one minute and the flow through discarded. The filter was
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washed with 500ul ethanol wash solution, centrifuged and the flow through discarded.
The column was then teentrifuged to remove any resi@ ethanol. DNA was eluted

from the filter by applying 30pl of ultrapure water and incubating at room temperature
for one minute before centrifuging. This was then repeated with 20pul ultrapure water to

maximise DNA yield. All centrifugations were perforchat 16,000.

2.8 The Methylated DNA Immunoprecipitation (MeDIP) Assay

Two confluent 75crfflasks of myocytes were stimulated with 10ng/ml TNF for one hour,

two confluent75cif | asks of myocytes were stimulated wi
two nonstimulated 75crhflasks serving as controls. The MeDIP assay was carried out

using the EpiQuik Methylated DNA Immunoprecipitation Kit (Epigentek Farmingdale

NY USA) accordingtote ma n u f guadeélimes.er 6 s

2.8.1 Antibody Binding to Assay Plates

Briefly, each wel |l was washed once with 150c¢
anti body buffer was added t o-5eathylbytosime,l | f ol | ow
or normal mouse IgGlhe wells were sealed and incubated at room temperature for one

hour.

2.8.2 Cell Collection

The culture medium was removed from the tissue culture flasks and the cells washed once

with PBS. Then 500¢l CP3B | ysi s dmudomer was ad
temperature for five minutes. Finally the cell suspension was pipetted up and down

several times to break the cells.

2.8.3 DNA Shearing

The cell solution was then transferred to a microcentrifuge tube and incubated at room
temperature for fivaninutes. The cell solution was then vortexed vigorously for ten
seconds. The cell suspension was then sonicated using a vibra cell 150 (sonics) with an
exponential probe at maximum amplitude for ten seconds three times with ten second
intervals. Thesonicde was then clarified by centrifugation at 12,§@6r ten minutes at

4°C to remove any insoluble material.
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2.8.4 Methylated DNA Immunoprecipitation
One hundred and sixty microliters of the supernatant from above was then transferred to
anew microcentif ge t ube and 160¢l CP4 ChI P dil uft

I nput 7.5¢l was removed and placed into
solution was then removed from the wells
CP2 antibody buffer. Tdhn 150 ¢ | of the cell |l ysate wa

were sealed and incubated at room temperature for 90 minutes on a rocking platform at
501 00rpm. The supernatant was then remove
CP1 wash buffer for tarminutes each at 100rpm on a rocking platform (Stuart). Followed

by a wash with 150¢l TE for two minutes

2.8.5 Manual DNA Isolation / purification

One microliter Proteinase K wasmbeddhesd t o
was then added to each well including th
was added to the input wells. The wells were then sealed and incubated at 65°C for 15
mi nut es, then 40¢l CP6 rever sewelsarfdther wa
wells resealed and incubated at 65°C for 30 minutes. For each sample a spin column was
added to a 2ml collection tube, then 150:
and the sample transferred to a spin column. The spin columnscesiiéfuged at
10,50@f or 20 seconds, then 200¢]l 70% (v/v)
columnsspunat10,56® or 20 s e c o nd ¢ etNamot was &l@ed to éach9 0 %
column and the columns spun again at 10g5@0 20 seconds, then020 € | (VWD %
ethanol was added to each column and the columns spun atd®6@0 seconds. The
spin column was then placed in a new col
added to each column which was then centrifuged at 198020 secods. The DNA

was then stored a20°C

107



2.9 Polymerase Chain Reactio{PCR)

2.9.1 Primer Design

For characterisation of the primary cul tures
an indicator of the presence myocytes and-Tlrgll surface antigen (NM_0088.3), as

an indicator of the presencefdfroblasts. Primers were designed to amplify each of the

RNAs (Table 2.1), PHM1 RNA was used as a posi
control for Thyl, fibroblast RNA was used as a positive control fay-L. Optimised

PCR conditions are detailed in Table 2.2.

Table 21 Primers

Region of Interest Primer Sequence

actin U2 Forward 5 GGGCTTGGCTTGTCAGGGCTT& 6
Reverse 5 £GGGTGCTCAGAACGCTGGA3 6

Thy-1 Forward 5 £TGGGTGCASCAACCGGAGG3 6

Reverse 5 GGCTCAGGCACCCCCACAGT3 6

Table 22 PCR Conditions

Region of  Annealing Duration of No. of Product
Interest Temperature Denature/Anneal/elongation  Cycles size (bp)
and
Actin 64.6 25/30/45 30 239
Thy-1 65 25/30/45 25 307

For the detection of channel splice variants within the primary cultures a combination of
a literature review and Genbank sequence data was used to design primers to cover an
unspliced region in each channel and also to cover @aunf spliced regions in each

channel. Details of the primers are listed in Table 2.3.

For the ChIP and MeDIP PCRs the TransFac promoter database (http://www.gene
regulation.com/pub/databases.html) was used to identify the channel promoters. Then the
MethPrimer database (http://www.urogene.org/methprimer/) was used to identify CpG

islands within these promoter regions and also to design primers to cover the promoter

regions of the three channels. Details of the primers are listed in Table 2.4 alsodnclude

are the |1 aBU pri mer svecsohrdl ohtheRelAGllPused as a pos
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Table 23 KCNMA1 , CACNAL1C and CACNA1G channel and splice variant primers

Channel / Region Primer Sequen&®) (56

KCNMA1 Forward 5 -0CGGAGQGCAGCAGTCTTAGS3 6
Reverse 5 -AAGAAAGTCACCATGGAGGAG-3 06

KCNMA1 132 (M1) Forward 5 -&TCCTCCATGGTGACTTTCTT3 0
Reverse 5-dTACAAGTGCACCGATGCTG3 0

KCNMA1 2 (M2) Forward 5 -&GAAACCGCAAGAAATAC-3 6
Reverse 5 -®CCTCATGGAGAAGAGGTTG3 0

KCNMAL srkr (M3) Forward 5 -&GTCTGTCOCACNALGCTACTGT-3 6
Reverse 5 -&AAAGATGCAGACCACGACA-3 6

KCNMAL1 strex (M4)  Forward 5 -&TGCCAGCAACTTTCATTAG3 6
Reverse 5 -3CAGGGTCATCATCATCGTG3 0

KCNMAL1 5 (M5) Forward 5 -&CAGCATTTGCCGTCAGTG3 0
Reverse 5 -®AATATTCAAGGCAGACAAAG-3 6
CACNA1G Forward 5 -®AAGTGCTACAGCGTGGAGGCS3 6
Reverse 5 -&TCTGACCCAGCAGACCTGGE3 6
T 14 (T2) Forward 5 -&TTTGCCTCTGAGCGGGATE 0
Reverse 5 -&AGGCTGGGTGAGAAGAAATG3 6
T 25a (T4) Forward 5 -&GGCGAGGATACCAGGAACA3 6
Reverse 5 & CTGCCGACACTTGTGGAAG3 0
T 25C(T6) Forward 5 -&GAGAAGCGCCTACGAGAC-3 6
Reverse 5 -&CGATGACACCTGTGATGAA3 6
T 30 (T8) Forward 5 -&ATGCGGGCGCTGCTGGACA 6
Reverse 5 -&AGACTCGGAAGAGGGTTAGS3 6
CACNA1C Forward 5 -&CCCTATGTGGCCCTCCTGATCGTGAB 06
Reverse 5 -&TTGTCCAGCTCCTCCTCAGCGGTGAGAR 6
L 8/8*(L4) Forward 5 -&€AGTGCCAGAACGGCACGGT3 6

Reverse 5 &GCTCAACACACCGAGAACCA3 6
Reverse 5 &€GCTAAGCACACCGAGAACCA3 6

L 31 (L10) Forward 5 -&GAATACGCCCTCAAGGCCCG3 6
Reverse 5 &GGAGAGCATTGGGTATGTTCAGG3 6
L 41 (L11) Forward 5 -dGGTCCATCCTTGGTCCCCACS 6

Reverse 5 -®\GCAGCGGACACAGCCTCCT3 6
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Table 24 KCNMA1 , CACNA1C and CACNALG channel promoter primers and ChlIP positive
control primers

Channel/  Primer Sequen&®) (56 Product
Region Size (bp)

KCNMAl1 5 ¢ Forward 5 -&GCGTGGCGACAGGACTAGE 06 407
CpG Reverse 5 -&CCGAGCGCCGAGAGCAG-3 6
KCNMA1l 3 ¢ Forward 5 -&CTGGCTCTCGGCGCTCGE 6 509
CpG Reverse 5 -3TGGGCTCGTGGACCGAGGAS3 6
CACNALC Forward 5 -&CGCGAGGGGGTGTE 6 532
CpG1 Reverse 5 -@CTCTGCTGTCAAAGGGAGG3 6
CACNALC Forward 5-dTGCCGGCTCCCTTTGACAGE3 6 343
CpG 2 Reverse 5 -&CCGTGGTCTGCAGCGTTTG3 6
CACNALG Forward 5 -&CGCCCCTCCCGGACAGTGR 06 475
CpG1 Reverse 5 -&GGCTCTAGGGCGCAAGCTGA3 6
CACNALG Forward 5 -&GCCCTAGAGCCCACCAGAT3 6 377
CpG2 Reverse 5 -&€GTGCCCCGAAGGATATGGGTR 6
| aBU Forward 5 -&ACGACCCCAATTCAAATCG3 6 300

Reverse 5 -3CAGGCTCGGGGAATCACNALG-3

o

2.9.2 PCR Reactions

For the cell characterisation and splice variant PCRacgpolymerase from Promega
was used. The 25ul reaction volume was comprised of 12.5ul PCR Mester

(Promega), 50pmol of both forward and reverse primers¢cRNIA and 9.5ul ultrapure

water. The individual PCR reaction conditions are detailed in Table 2.5.

For the ChIP and MeDIP PCR&gilenté Herculase Il Fusion Polymerase was used as it

is optimised fo the amplificationof G& i ch r egi ons. The 25¢l react
of b5e¢l Her ca%aGwe/ blufDMd3Q, 0125e¢eM dNTPs, O0.125¢
reverse primers, O0.25¢l Hercul ase 11 fusion DI

Agilent, did not provide a value fortmeu mber of e n zZ2yenhe DuNPAl tasn/de It)h,e nl
up t o 2dtsepure water. hThese conditions were optimised for each of the

individual primer pairs. The optimised conditions are listedable 2.6.
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Table 25 PCR Conditions for KCNMAL , CACNAL1C and CACNA1G channel and splice variant PCRs

Channel / Region Annealing Duration of No. of Cycles Product size (bp) and exon complement
Temperature Denature/Anneal/elongation
KCNMA1 52 20/45/60 35 242
KCNMA1 132 (M 1) 54 25/30/45 35 (+ 132) 437/ (ol
KCNMAL1 2 (M 2) 50 25/30/45 35 565
KCNMAL srkr (M 3) 54 25/30/45 35 547
KCNMAL strex (M 4) 52 25/30/45 35 (+ strex) 622/ (¢
KCNMA1 5 (M 5) 53 25/30/45 35 857
CACNALG 63 30/30/60 40 394
T 14 (T2) 55.4 25/30/45 40 (+149 360/ (pld) 2¢
T 25a (T4) 57 25/30/45 40 (+25A) 311/ (25
T 25C(T6) 55.4 25/30/45 40 (+25C+26) 219 [/ (m@25C-
(p25Cxp26) 144
T 30 (T8) 58 25/30/45 40 (+30B+31A) 213 / B80B+31A) 192 / (+30881A)
164 / BOBgB1A) 143
CACNALC 63 30/60/30 40 940
L 8/8*(L4) 59 25/30/45 40 244
L 31(L10) 59 25/30/45 40 (+30+31+32+33+34) 454 / (+30+31+33+34) 37(
(+30+32+33+34) 343 / (+30+32+34) 259
L 41 (L11) 59 25/30/45 40 (+40+41+42+43) 672/ (+4840b+43) 643 /

(+40+41+42+43) 615
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Table 26 PCR Conditions for KCNMA1 , CACNA1C and CACNA1G ChIP PCRs
Channel / Region Annealing Duration of No. of Cycles

Temperature Denature/Anneal/elongation

KCNMA1 56 C 54.6 20/30/20 34
KCNMA1 36 C 60.3 20/30/20 34
CACNA1CCpG1 54.9 20/30/30 38
CACNA1C CpG 2 54.5 20/30/20 38
CACNALG CpG1 61.6 20/30/30 38
CACNA1G CpG2 58.8 20/30/30 34
|l eBU 60.0 45/60/60 38

2.9.3 Agarose Gel Electrophoresis

The PCR products were analysed by agarose gel electrophoresis. A 1.5%gameea

gel was used for the analysis of the characterisation PCRs and a 3.0% (w/v) agarose gel
for the channel splice variant PCRs. The gels were prepared by adding either 1.5g (1.5%
w/v) or 3.0g (3%w/v) agarose to 100ml Tris Acetate EDTA (TAE; 40mM Thisetate

and 1mM EDTA) buffer. This was heated in a microwave on high power until the agarose
had completely dissolved. The liquid gel was then cooled to around 55°C and GelRed
solution, a DNA intercalating agent which fluoresces under ultra violet ligheaables

the visualisation of double stranded DNA, added at a 10,000x dilution (Cambridge
Bioscience). The gel was then poured into agyepared gel cast and left to set at room
temperature. The gel was placed into a gel tank and covered in one WBdsuffer.

DNA loading dye (0.03% bromophenol blue, 0.03% xylene cyanol FF, 0.4% orange G,
15% Ficoll®400, 10mM TridHCL [pH 7.5] and 50mM EDTA [pH 8.0] Promega) was
added to each sample at a six times dilution and loaded into the gel. A current of 80V was
applied across the gel for around 40 minutes and the separated DNA fragments were
visualised using UV light at a wavelength of 310nm. Syngene G:BOX GChergel
documentation system followed by visualisation with Syngenes Ingenius Bioimaging
software GeaSnap and GeneTools Version 4 quantification software (SynGene,
Cambridge UK).
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2.9.4 Analysis of PCR Products

Bands were quantified using manual band quantification software in GeneTools. Briefly,
a box was drawn around the band taking care not to inaogeionspecific banding,

this box was copied across all visible bands by double clicking the mouse, to ensure the

box remained the same size.

The percentage of myocytes and fibroblasts in the primary cultures was calculated using
the following equatios:

(Mean pixel value actin 02 - Mean pixel value Thy-1)
X100

Percentage Myocytes
Mean Pixel value actin o2

_ Mean pixel value Thy-1
Percentage Fibroblasts = - - X100
Mean Pixel value actin o2

The analysis of the splice variant PCRs was performed as follows: first each individual
sample set and PCR reaction were analysed separately. Within each sample set and PCR
reaction the wstimulated sample was quantified as 100% the stimulateplearior the
matching PCR reactions were then quantified as a percentage of -Stenulated
reaction. The data for each sample set was then loaded into Prism and a one way ANOVA
for matched s ampl-teswawpetfdimedta compate ¢hdiveduap o s t

stimulations against the tgiimulated control.

2.9.5 Extraction of DNA from an Agarose Gel

The DNA bands were extracted from the gel for sequence analysis using Geneflow Q
Spin Extraction Purification Kit. Briefly, the DNA band was excised fritve gel and
transferred to a clean microcentrifuge tube. An equal volume (w/v) binding buffer was
added to the gel slice and incubated at 65°C for ten minutes with occasional vortexing.
The dissolved gel was then added to a spin column incubated at raperature for two
minutes and then centrifuged at 6,§30r one minute. The flow through was discarded

and 500ul wash solution added to the column, and the column centrifuged aj #®,000
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15 seconds. The column was then centrifuged for a further mntgenbve any residual

wash solution and then placed into a clean collection tube. Thirty micolitres elution
solution was added to the column and incubated for two minutes at room temperature and
then centrifuged at 10,50@or one minute. The eluted DNA waent for sequencing at

the Medical School Genomics Core Facility.

2.10 ChIP Sequencing Methods

2.10.1 Preparation of Samples

2.10.1.1 ChIP DNA Whole Genome Amplification (WGA)

Primary myocyte ChIP chromatin from 2.7.1, including both KI&NMA1 and IgG
fractions were amplified using the Sigma Whole Genome Amplification Kit (WGA) a
detail ed i n tinstectiongawith slightnodificaions. ©ne microlitre of
ChIP DNA was diluted with 9ul of ultrapure water. Two microlitres of library prepamati
buffer together with 1pul of library stabilisation solution was added to this and heated at
95°C for two minutes before cooling on ice. One microlitre of library preparation enzyme

was then added and the reaction incubated in the thermal cycler folltherfg:

20 minutes at 16°C (preooled to this temperature)
20 minutes at 20°C

20 minutes at 37°C

5 minutes at 75°C

4°C hold

During the incubation a master mix containing 7.5ul of 10x amplification master mix,
47.5ul ultrapure water and 5pl (2 unitsypdf Whole Genome Amplification (WGA)
DNA polymerase was prepared. This was added to each sample and incubated in the

thermal cycler for the following:

3 minutes at 95°C
Then 20 cycles of:
15 seconds at 95°C
5 minutes at 65°C
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4°C hold

Ten percent of thamplified DNA was run on an agarose gel to ensure a DNA smear of
the correct size was obtained. The remainder of the DNA was purified using Sigma
Genel ut e E -BpXKR folowirgy dhe manufacturers guidelines, as detailed in

section 2.7.5.

2.10.1.2 RAmplification of Amplified DNA

One round of amplification did not produce enough DNA for ChIP sequencing
experiments, therefore, the amplified DNA wasareplified using the WGA re
amplification kit to generate the 7.5ug required. The method was as follgwof
amplified DNA was added to 9ul of ultrapure water. As master mix containing 47.5ul
ultrapure water, 7.5l amplification master mix, 2.5units WGA polymerase and dNTPS
(10 mM dGTP, 10 mM dCTP, 10 mM dTTP and 10 mM dATP) was prepared. This was

addedo each sample and incubated in the thermal cycler for the following:

3 minutes at 95°C
Then 20 cycles of:
15 seconds at 95°C
5 minutes at 65°C
4°C hold

Ten percent of the amplified DNA was run on an agarose gel to ensure a DNA smear of
the correct sizeavas obtained. The remainder of the DNA was purified using Sigma
Genel ut e E -Bp&R follwing the manufacturé guidelines, as detailed in
section 27.5 The DNA was quantified using the nanophotometer lBasaring UV
absorbtion at 260nm. dihg thke Beer Lambert Lawherean absorbtion of one equates

to a concentration f 50¢ g/ ml DNA. The ratio of UV
was used to assess the purity of the sample. Dagddfor pureDNA is ~1.82.0.

2.10.1.3 ChIP Sequencing End Repair
The ChIP sequencin@hlP-seq)was carried out by Dr Paul Heath in Skedf Institute

for Translational Neuroscience (SITrAN). End Repair was carried out using the Kapa
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Bi osystems Library Preparation Kit according

a reaction mix comprising 8¢3clwaKaepa ered rldxai
enzyme mix and 50¢l fragmented DNA was prepa
mi nutes. Foll owi ng®AMPRUré XPIRRaleni waafldeditg eachc o u r t
reaction and incubated at room temperature for 15 minutes. This reactitrewgdaced

on a magnet until the supernatant was clear. The supernatant was discarded and the beads
washed twice (wWv)ethanol2 00 ¢ | 80 %

21014Adi ti on of 0 AdoftBeaDNA Bragimemtst he 306 e

This was again carried out using the Kapasgstems Library Preparation Kit according

to the manufacturerdés instructions. Briefly,
above), 42¢l water, 5¢l 10x KAPA A tailing b
prepared. This was incubated at 30°C for 30utes. This reaction was then placed on a

magnet until the supernatant was clear. The supernatant was discarded and the beads
washed twice (Wethtinol2 00|l 80 %

2.10.1.5 Ligate Adapters to DNA Fragments

At this point the protocol was switchedttte NEBNext Ultra DNA Library Preparation

Kit and the manufacturés protocols followed. Briefly, a reaction mix comprising the

beads (from above), 15¢ | Bl unt/ TA Ligase Mas

' Il umi na, lel Li gat i osimixBvashireubatedlat 20W@ ®r 1pr epar ed.
mi nutes. At this point 3¢l USER enzyme was ad

15 minutes. This reaction was then placed on a magnet until the supernatant was clear.

The supernatant was discarded and the beadewhsht wi ce wi t h 200¢l 80% (-
The DNA was then eluted from the beads by thad di t i on of 2adde | 10mM T

incubation at room temperature for two minutes. This reaction was then placed on a

magnet until the supernatant was clear. The supenates collected.

2.10.1.6 Enrichment of the Adapteiodified DNA Fragments by PCR.
The following PCR reaction mix was prepared:
Primer/i 7 Primer, 2.5¢l Universal primer/i5 p

Maste Mix. This was then amplified using the following PCR protocol:
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30 seconds at 98°C
Then 18 cycles of:
10 seconds at 98°C
30 seconds at 65°C
30 seconds at 72°C
Then:

5 minutes at 72°C
Hold at 4°C

The DNA was then agai n puarywdsihendalidatediusiegl ut e
the bioanalyser. The bioanalyser utilises chip based electrophoresis to analyse RNA and
DNA, a dye is intercalated into the sample which then runs past a filter the fragments are
detected by laser induced fluorescence. Pusiae and concentration of the sample is

then calculated by calibration against the ladder which is of known size and concentration.
Briefly, 1¢l of both the construct and tF
and the size purity and conceatton of the sample were checked.

2.10.1.7 Cluster Generation by Bridge Amplification

The flow cell surface is coated with single stranded oligonucleotides corresponding to the
adaptor sequences which were ligated to the DNA. These single stranded lagiztpte
fragments were bound to the surface of the flow cell in the presence of reagents for
polymerase based extension. The flow cell and bound DNA then underwent a series of
denaturation and extension cycles resulting in localised amplification & siradecules

in millions of unique locations across the flow cell surface.

2.10.1.8 Sequencing by Synthesis
The flow cell (from above) which now contains millions of unique clusters was then

loaded into the sequencer for automated cycles of extensiamaguhg.

2.10.2 Analysis of ChIP Sequencing Data
The .fastq files (raw data) were imported into Galaxy (https://usegalaxy.org), an open

access web based platform for Next Generation Sequencing (NGS) analysis. Galaxy is a
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framework for integrating computanal tools, the majority of NGS analysis tools can be

run from the Galaxy interface. Initially, for quality control, summary statistics were

computed for each sample. This was done by ru
FASTQ Summary .StMHeéxtsttheoANGSI QC and Mani pu
Groomer o tool was used to convert the FASTQ d

map the reads onto a reference genome, the H19 build of the human genome was loaded

as the reference gpnome>aMdpt wet AiNBBwt Mapf or
was used to carry out the mapping. Once the reads were mapped peak calling was
performed using the ANGS: Peak Calling > SICE
identification of ChIP enriched regions. Orgignificantly enrich regions were located

the NCBI Map Viewer (http://www.ncbi.nim.nih.gov/mapview/) was used to identify

genes associated with the enriched regions.

2.10.3 ChIP Sequencing Motif Enrichment Aalysis

To perform the motif enrichment analyshe first step was to retrieve the genomic DNA
sequences for the Peaks |l ocated above. This w
< extract genomic DNAO tool. This generated a
sequences. To identify overexpressed tifhrothe Panoptic Motif Search Tool
(http://www.pms.engr.uconn.edu/index.php?page=motifseq) was used. Panoptic Motif

Search is a motif discovery algorithm which has been designed to find short, core DNA

binding motifs for Eukaryotic transcription factorsdas optimised to handle large ChIP

seq datasets. The FASTA data generated in Galaxy was loaded into the Panoptic Motif

Search tool and the motif discovery algorithm run.

2.10.4 ChIP PCR \alidation of ChIP Sequencing

For validation of ChiFseq peaks tlee promoters that where shown to be bound by the
KCNMAL1 protein were selected; MAP3K7, JHP2 and RB1. Primers were designed to
amplify a portion of the promoter sequence for each of these genes which was identified
though ChIP seq peak calling (Table 2.7)Optimised PCR conditions are detailed in
Table 2.8. PCR was carried out as detailed in section 2.9.2 utilising Agilents Herculase II

Fusion Polymerase.
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Table 2.7 ChIP Validation Primers

Gene Primer Sequenx&) (5606 Product
Size (bp)
MAP3K7 Forward 5 -0GATGGCGCTTTGAGACCE3 6 127
Reverse 5 -GATGCATCTGCCACCATCAGAA-3 6
JHP2 Forward 5 -6CTGTGCTGGAAGCAAGCATAC-3 6 141
Reverse 5 -GAGGGTGCTGAAGAACACCG-3 6
RB1 Forward 5 -OTGCCAGGTATGAAGGAACTGTG-3 6 117
Reverse 5 -GACTACGTGCAAAGATAAGACCA -3 0
Table 28 ChIPseq Validation Optimised PCR Conditions
Gene Annealing Duration of No. of
Temperature Denature/Anneal/elongation Cycles
MAP3K7 54.4 20/30/15 30
JHP2 55.3 20/30/15 30
RB1 54.4 20/30/15 30
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Chapter 3: The KCNMA1 , CACNA1C and CACNA1G

Channels Expression in theCultured Myometrial Cells

Results and Discussion

"This chapter of the thesis has been published in paftVaite, S. L., S. V. Gandhi, R. N. Khan and N.
R. Chapman (2014). "The effect of tradtatinA and tumor necrosis factor on expression of splice
variants of th&K CNMA1 andCACNAL1C channels in human myometriunktont Physiol 5: 261.

(Waite, Gandheét al.2014)
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3.1 Introduction

As detailed in Chapter Onatroduction in the human myometrium, the cessation of
uterine quiesaece and the onset of both normal and preterm labour are associated with a
number of preinflammatory cytokines, including, but not limitedto;1Lb, TNF and | L
8. It has been previously demonstrated that external agents such as TNF (petent pro
inflammatol cytokine) can induce myometrial contractility while other compounds,
namely trichostativA (TSA), can promote myometrial relaxation in isolated human
smooth muscle strigku, Mazetet al.1999, Moynihan, Hehietal. 2008, Webster, Waite

et al.2013) The exact means by which this process occurred could not be elucidated. It
is likely, however, that both agentsuld influence both ion channel expression and
subsequent RNA splicing, which, in turn, would modulatgometrial contractility.

Given the effects previously reported for both TNF and TSA on primary human
myometrium and myometrial myocyt@&/ebster, Waitet al.2013) this chapter aims to
examine the expressiondsplicing pattern of th&KCNMA1 channel, theCACNALC

and the CACNALG in cultured human myometrial cells and define whether these
parameters were influenced by TNF and TSA.

TNF is a potent prinflammatory cyokine which is secreted in response to inflaatony

stimuli. TNF stimulates the inflammatory casc.
the expression of proontractile genegMendelson 2009)Within the myometrium
activation of NFaB by TNF has been shown to g
labour associated genéShan, van den Bergt al. 2014, Cookson, Waitet al. 2015).

Therefore, it is possible that the TNF may increase the contractility of the myometrium

via an effect on the expression or splicing pattern of the KCNMHWCACNALC and

the CACNAL1G channels

TSA is a broad spectrum lysine-deetylase inhibitor,rad so prevents the removal of the
acetyl groups from the histones and other proteins. Prevention of the removal of these
acetyl groups from histone lysines will have the net effect of maintaining the more open
accessible state of the DNA, this mayaaaedhanism by which it affects thexpression

or splicingof the channels. However, it is important to remember that TSA also prevents

the removal of lysine acetyl groups from other proteins and the relaxatory effect of TSA
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may also be as a result of this gerteincrease in lysine acetylation. Chen al.
demonstrated that TSA could promote the relaxatioarterial tone in vascular smooth
muscle cells via the increased acetylation of several myofilamentous pr{@¢ies,
KarolczakBayattiet al.2013)

3.2 Characterisation of Myometrial Cell Cultures

Full details of the methods used in this chapter calotred in Chapter Materials and
Methods

3.2.1 Identification of Cells in theMyometrial Cell Cultures

The aim of this chapter was to determine if TNF and TSA exerted their effect on
myometrial smooth muscle contractility via the regulation of the espye of either the
KCNMA1, CACNALC and CACNALG or their splice variants. As a first step the
myometrialcells derived from the biopsies were characterised to verify their suitability
as samples for this purpose. To this end it was first establishethétmayometrialcell
cultures consisted primarily of myocyte cells rather than fibroblasts. This was done by
measuring the expression of Atadehsufd, a
antigen expressed specifically from fibroblasts. An immortalmedan myometrial cell

line, PHM1:31 (Monga, Kuet al. 1996)was used as a smooth muscle positive control
and oral fibroblasts as a fibroblast cell positive contRICR using Thyl, showed only

faint bands (Figure 3.1A) in the PHM131 cell line and thenyometrial cellcultures
indicting there is only a low level of fibroblast or myofibroblast contamination. In contrast
to this and as expected, the fibroblast culture showed a much more interkdodimy (
Figure3. 1A) . All cultures gave an intogedse b
in the PCR indicating the presence of smooth muscle cEigufe 3.1B). Importantly,

within the myometrial cellcultures the level of fibroblast contamination was found to
vary between 1.2 and 11% which is comparable with the immortalised FiMéllline

( Figure 3.1C).

3.2.2 Channel Immunocytochemistry
Culturing of primary cells has been shown to be able to affect certain functional properties

of the cells such as the loss of steroid recef®esns, Brinkman et al. 1985, Tyagi,
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Tyagi et al. 2006) The effect of culturing on ion channel expression is unclear.
Consequently it was important to determine if the myocglécultures expressed the
KCNMA1, CACNA1CandCACNAL1G channels.

Fig. 3.1A Thy-1

Myocyte Cell Cultures
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=
= Thy-1
200 bp —p

Fig. 3.1B Actin-a2 Myocyte Cell Cultures
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Fig. 1C Composition of Myocyte Cell Cultures
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Fig. 3.1D Channel Immunocytochemistry

Figure 3.1 Myometrial Cell Cultures are Composed Primarily of Myocytes and Epress the

KCNMAL1 , CACNA1C and CACNA1G Channels

RNA from myometrial cell cultures was extracted and amplified by RBRMyometrial cell cultures
express a low level of TRY mRNA indicating a low level of Fibroblasts in the cultu{®) Myometrial

cell cultures express a high level of Aeth2 mRNA i ndicating a high | evel of
Manual quantification of the relative band intensities was used to confirprebence of myocytes and to
estimate the level of fibroblast contaminati¢@) Myometrial cell cultures are comprised of B®8%
myocytes (grey bar) and between 1.2 and 11% fibroblasts (striped bar) which is comparable to the PHM1
cultures(D) Myometrial cells were staining using antibodies specifiEE@GNMAL (1) andCACNAL1C(I1)
CACNA1G () channels. Controls excluded primaty/] and secondary antibody). Dark red/brown
staining denotes specific staining of the protein of interest (scale babjis].0
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Immunocytochemistry demonstrated that all three channel types remain present in
myometrial cell culturesKCNMAL1 - Figure3.1D, Panel ICACNA1C Figure3.1D,

Panel I,CACNA1GT Figure3.1D, Panel Ill Antiserum controlgure3.1D, Panels IV

V). Interesingly, intense nuclear stainin@rigure 3.1D PanelsIl black arrows)was
observed for both thKkCNMA1 and CACNA1C channels although the significance of

this remains unclear at present.

3.2.3 MyocyteCell Culture Contractility

The final step in charactseing themyocyte cellcultures was determining if they retained

the ability to contract. A collagen contraction assay was used for this pufdgseyte

cells were embedded within collagen gels and either letinmulated or stimulated with

TNF (Webster, Waitet al.2013)or TSA(Chen, KarolczalBayattiet al.2013, Webster,

Waite et al. 2013) or Oxytocin as a contractiocpositive control(Mitchell, Fanget al.

1998, Mukaddanbaher, Yinet al. 2001, Robinson, Schumarmt al. 2003) PHMI-31

cells and HEK293 cells left ustimulated or stimulated with TNF or TSA or Oxytocin

were used as positive and negative controls respectiVely.area of the gels was
recorded to determine what effects the stimulants had on the contractility of thé cells.
reduction in the surface area of the gel after the gel was released was an indication that
the cells retained smooth muscle tone, i.eréisestance to passive stretch during resting
state. Upon the release of the gels from the sides of the well there was a visible reduction
in the size of the gels containing bathitured myometriatellsand PHM131 cells, there

was no reduction in gel ®zseen for the HEK293 cells. This demonstrates that the
culturedmyometrial cek still retain contractile tone. The amount of contraction was
calculated as the inverse of the gel size after release expressed as a percentage of the

original gel size (Figre3.2A).

In the collagen gels containing HEK293 cells, no contraction was observed upon
treament with Oxytocin or TNF (Figur8.2B). In contrast to this, however, treatment
with Oxytocin caused contraction in both collagen embedded PBilVdnd primary cells
demonstrating that both these cells can be induced to contract (Figure 3.2B). Also, when
collagen embedded PHM3AL or primary cells where stimulated with TNF, there was a
significant reduction in gel surface area afterwards suggesting that TNF was inghicing
contraction (Figure8.2B, 3.2C).
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Fig. 3.2A Smooth Muscle Tone
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Figure 3.2 Myometrial Cell Cultures Retain Smooth Muscle Tone and the Ability to Contract and

Relax.

(A) The reduction of the surface area of the collagen after release demonstratgsntien of smooth

muscle tone in the myometrial cell cultures. In the more confluent cultures this reduction in gel size
becomes significant (p<0.05 *) There is no reduction in gel size in the HEK293 cultQregm| TNF,
100ng/ml TSA, 10g/ml Oxytocinwere added to the cells within the collagen gels with-stamulated

cells serving as a control. The cells were then imagegecific time points between 5 minutes and 8 hours
poststimulation (B) Depiction of the maximum gel contraction for each aeltafter stimulation (C)
Depiction of the change in collagen gel surface area of the primary cells over the course of the experiment
(n=5).
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Significantly, an increase in gel surface area was observed when cultures were treated
with TSA indicating thatti induced a loss of basal tone in the collagerbedded
myocytes cultures although this did not fieatatistical significance (Figur8x2B, 3.2C).

3.3 KCNMAL1, CACNAL1C and CACNA1G Channel Expression and

Splice Variant Expression

Full details of the methadused in this chapter can be found in Chaptdaterials and
Methods

For the detection of channel splice variants within the primary cultures, primers were
selected to cover an spliced region in each channel and also to cover a nhumber of
spliced rgions in each channel. The individual PCR primer sequences are detailed in
Chapter 2Materials and Methods'able 2.3 individual splice varianspecific PCR
conditions are listed in ChapteMaterials and Method$able 2.5. All channel RPCR
reactions wee done simultaneously and with the GAPDH control serving experiments
for bothKCNMA1, CACNA1C andCACNALG channelsConsequentlyigure3.3D is
duplicated in Figres 3.4D-3.8D purely for this reason.

3.3.1KCNMAL1 Splice Variants are Expressed inMyometri al Cell Cultures and are

Down Regulated by Trichostatin A

Previous studies, have reported differential effects of both TNF and TSA on signalling
pathways in myometriatells (Chapman, Smyrniast al. 2005, WebsterWaite et al.
2013) This present research sought to determine if such compounds could also influence
expression of th& CNMA1 mRNA. Total cellular RNA was amplified using primers
specific for a region withilkK CNMA1 that is conserved in all splice variangss such,

this would give an indication of overall expression of the mRNA for this channel and how
TNF and TSA affected this. Figu3A demonstrates that TSA was seen to induce a
significant reduction in expression BICNMA1 mRNA (Figure3.3A white bar).In
contrast to this, TNF was seen to indsogall but statistically significant increase in the
expression of thiKkCNMA1 channeImRNA (Figure 3.3A grey bar). Neither treatment
influenced the expression of GAPDH (Figu3e3D).
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The KCNMA1 channel is documenteid have a number of splice variar{tSurley,
Morrison et al. 2004) Consequently, it was important to determine if the expression of
such variants also occurred in hunragometrial cellcultures Moreover, it was also
salient to determine which of these variants were sensitivdNto ar TSA treatment.

Total cellular RNA was amplified using primers specific for the different splice sites
published for th&K CNMAL1 open reading frameévyometrial cellcultureswere seen to
express a number of different splice variants M1 (including bothk4el variants which

either express a 132bp insert between exons 1 and 2 or have this insert omitted); M2
(+exon 11 and 12); M3 (+exon 19); M4 (STREXard M5 (+exon 29 (Figure3.3B, C).

When cultures were subsequently exposed to either TNF or TSA,significantly
decreased the expression of ti&44 splice variand in comparison to wstimulated
cultures and the ratio between thi44 variant containing the 132bp insend the
variant lacking this insert was also significantly reduced with TSA stimulation. TNF had
no effect on either the expression of Mk44 variant or on the ratio between the insert
and inseHess forms of the vaant (Figure3B). We also observedsamilar TSAinduced
repression of both the M3 (+ exon 19 variant)l éime M4 (STREX2 variant) (Figure
3.3B).

The observed reduction in STREXlevels, while statistically significant, was, however,
small in magnitude and the relevance of this remainkanat present. Representative
gels of eachreatment are illustrated in FiguBe3C.No change in GAPDH was olrsed
with either treatment (Figur@3D).
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Fig. 3.3A Total KCNMA1 Channel Expression
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Figure 3.3 The Expression of theKkCNMA1 Channel and Splice Variants inM yometrial Cell Cultures
Myometrial myocytecell cultures were stimulated with 10ng/ml TN8¥ 1 hour 100ng/ml TSAfor 24
hoursor left unstimulated Total RNA was extracted, reverse transcribed and amplified using channel and
splice variant specific pmers. Manual quantification of the relative band intensities were used to quantify
the level of expression and this was expressed as a percentage oftimeulsted expressiafm = 8). (A)

TNF significantly increased an@SA significantly reduced the esgssion of theKCNMAL channel
(p<0.05 *) (B) Myometrial cellcultures express a range WENMAL splice variants, TNF had no effect

on splice variant expression and TSA significantly reduced the expression Wik##esplice variant
(p<0.05 *) (C) Represatative gel of the RIPCR products.) Neither TNF nor TSA influenced the

expression of GAPDH.
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3.3.2 The Combined Effect of TNF or TSA Stimulus on the ¥presson of the
KCNMA1 Channel and its Splice Variants in Myometrial Cell Cultures are
Dependent on he Order in Which they Occur.

Next it was determined if these compounds had an enhancing or diminishing effect on
each other. When the cultures were exposed to TNF prior to exposure to TSA the
expression of th&KkCNMA1 channel (Figure 3.4A, C) and the M3isp variant (Figure

3.4B, C) were significantly reduced in comparison testimulated cultures. In contrast,

the STREX2 and M5 variants were significantly up regulated (Figure 3.4B, C) in
comparison to wstimulated cultures. Indicating that when TNFpissent prior to TSA
stimulation the effect of these two compounds varies according to which splice variant is

examined.

In terms of thaKCNMA1 channel and the M3 variant this effect enhanced the effect of
TSA, whereas, with the STREX and M5 variantshe effect was different to that seen

for either of the individual compoundBhe relevance of this remains unclear at present.

When the cultures were exposed to TSA prior to exposure to TNMIkHd variant
containing the 132bp insert, and the M3 vanaete significantly down regulated (Figure
3.4B, C) in comparison to wstimulated cultures. Although the repression of these two
variants was also observed with TSA stimulation, the addition of TNF following TSA
had the effect of reducing the level of regsion to a small degree. This indicates that
when TNF exposure follows TSA exposure it has a small diminishing effect on the action
of TSA.No change in GAPDH was observed with either treatnfégu(e3.4D).
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Fig. 3.4A Total KCNMA1 Channel Expression
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Figure 3.4 The Expression of theKCNMA1 Channel and Splice Variants inMyometrial C ell Cultures
Myometrial myocytecell cultures were stimulated with 10ng/ml T+ 1 hourfollowed by 100ng/ml

TSA for twenty-four hours 100ngml TSA for twenty-four hoursfollowed by 10ngml TNF for 1 houror

left un-stimulated.Total RNA was extracted, reverse transcribed and amplified using channel and splice
variant specific primers. Manual quantification of the relative band intensities were used to quantify the
level of expression anthis was expressed as a percentage of thetimulated expressiofn = 5) (A)
TSA/TNF had no significant effect whilst TNF/TSA significantly reduced the expression IKINMAL
channel(p<0.05 *) (B) Myometrial cellcultures express a range WENMAL splice variants, TNF/TSA

had no effect on splice variant expression with the exception of M3 which was significantly reduced
(p<0.05 *)and TSA/TNF significantly reduced the expression of the MK44+132bp and M3 (+19) splice
variants(p<0.05 *). TSA/TNF alsosignificantly increased the expression of the M4 (STRE>and M5

(+29) splice variant§<0.05 *)(C) Representative gel of the FACR products.¥) Neither TNF/TSA nor
TSA/TNF influenced the expression of GAPDH.
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3.3.3CACNAI1C Splice Variants are Expressed in Myometrial C ell Cultures and are

Down Regulated by Trichostatin A

Next, it was determined if these compounds also influence expressionGAGNALC
MRNA. Total cellular RNA was amplified using primers specific for a region within
CACNA1Cthat is comserved in all splice variants. As such, this would give an indication
of overall expression of the mRNA for this channel and how TNF and TSA affected this.
Figure 3.5A demonstrates that TSA was seen to induce a reduction in expression of
CACNA1CmRNA butthis did not reach significancEigure3.5A white bar). In contrast

to this, TNF was seen to induce a significant increase in @MINALC mRNA
expression Kigure 3.5A grey bar). Neither treatment influenced the expression of
GAPDH (Figure3.5D).

The CACNALC channel is documented to have a number of splice vafibaug), Liang

et al.2004) Corsequently, it was important to determine if the expression of such variants
also occurred irmyometrial cellcultures Moreover, it was also salient to determine
which of these variants were sensitive to TNF treatment. Total cellular RNA was
amplified usirg primers specific for the different splice sites published foCIR€NALC

open reading framéTang, Lianget al. 2004) Myometrial cellcultureswere seen to
express a number of different splice variafigres3.5B, 3.5C). Briefly, the myocytes
express the splice site 4 variant containing exon 8* this variant has lower DHP sensitivity,
more rapid activation and slower deactivation kinetics than the alternative exon 8

containing varian(Soldatov 1992)

Two splice site 10 variants were observed one containing exons 30, 31, 32, 33 and 34 and
a second containing exons 30, 31, 33 and 34 these two variants affect the size and rigidity
of the S3 to S4 linker segmentsh#s been suggested that shorter linker segments result

in channels with slower gating kinetics while longer linking segments result in channels
with faster gating kinetic@PerezReyes, Weet al.1990, Yang, Cheat al.2000) Of the

two variants found in thenyometrial cek the one containing 30, 31, 33 and 34 is the
shorter variant and was found in approximately 80% of the RNA. Finally the splice site

11 variant containing exons 40, 41, 42 and 43 was alsow&aser
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Fig. 3.5A Total CACNA1C Expression
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Figure 35 The Expression of theCACNAL1C Channel and Splice Variants in Myometrial Cell
Cultures

Myometrial myocytecell cultures were stimulated with 10ng/ml TN8¥ 1 hour 100ng/ml TSAfor 24
hoursor left unstimulated.Total RNA was extracted, reverse transcribed and amplified using channel and
splice variant specific primers. Manual quantification of the relative band intensities were used to quantify
the level of expression and this was expressed as a percehthgaunstimulated expressiafm = 7). (A)

TNF significantly increased the expression of @&CNA1C channel whilst TSA had no significant effect
(p<0.05 *) (B) Myometrial cellcultures express a range@ACNALC splice variants. TSA significantly
induced expression of the exéhwariant (Left Panel; p<0.05 *) whilst also reducing expression of a number
of other splice variant§Right Panel; p<0.05 *)TNF had no effect on splice variant expressi@)
Representative gel of the RFACR products(D) Neither TNF nor TSA influenced the expression of
GAPDH.

133



When cultures were subsequently exposed to either TNF or TSA,resulted in the
novel expression dCACNA1C splice variants utilising exon &igure3.5B; Left Panel).
Un-stimulated cells and those tredt with TNF exclusively utilise exon 8% after
treatment with TSA, however, approximately 45% ofrtilRNA expressed caained the
exon 8 variant. Thatilisation of exon 8 leads to the expression of channels with higher
DHP sensitivity and slower activatiand more rapid deactivation curvesg(ires3.5B,
3.5C).

TSA also resulted in the down regulation of both forms of the splice site 1atvwatide

TNF had little effectFigures3.5B, 3.5C). The effect of TSA is what would be expected

as the faster gatingnetics of the longer form would mean that it would take less time
for the channels to fully open and hence would increase the influx of calcium and would
promote contraction. The effect of a decreased expression of this variant would therefore
lead to elaxation Figures3.5B, 3.5C).

TSA also resulted in a down regulation of the splice site 11 variant. All the treatment
groups expressed the same variant at splice site 11, this variant contained exons 40, 41,
42 and 43 with no additions or deletions. AflESA treatment the expression of this
variant was significantly reduced, there was, however, no alternative variant expressed
(Figures3.5B, 3.5C) Neither treatment influenced the expression of GAPBigure

3.5D).

3.3.4 The Combined Effect of TNF or TSA Stimulus on the Expression of the
CACNALC Channel and its Splice Variants in Myometrial Cell Cultures are
Dependenton the Order in Which they Occur.

Next, as with theKCNMA1 channelit was determined if these compounds had an
enhancing or diminishing effeon each other. When the cultures were exposed to TNF
prior to exposure to TSA the expression of IF&CNAL1C (Figure 3.6A, C) and the splice

site 11 variant (Figure 3.6B, C) were both significantly down regulated in comparison to
un-stimulated cultures. Thsplice site 4 variant containing exon 8 (Figure 3.6B left panel,

C) was also expressed. When administered in this order the presence of TNF enhances
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the effect of TSA on both the ACNALC and the splice site 11 variant. The presence of

TNF had no effectimthe expression of the splice site 4 variant containing exon 8.

When the cultures were exposed to TSA prior to exposure toti@&Expression of the
CACNAI1C (Figure 3.6A, C), both splice site 10 variants and the splice site 11 variant
(Figure 3.6B, C) wee all significantly down regulated in comparison testimulated
cultures. The presence of TNF enhanced TSA repression GAG&IALC to significant

level. However, the presence of TNF did not alter the effect of TSA alone on either of the
splice site 10variants or the splice site Mariant. The presence of TNF, again, had no
effect on the expression of the splice site 4 variant containing exon 8 (Figure 3.6B left
panel, C). No change in GAPDH was observed with either treatifiguiré3.6D).

3.3.5CACNA1G Splice Variants are Expressedin Myometrial Cell Cultures and

are Up Regulated ty TNF

Next, it was determined if these compounds also influence expressionCAGNALG

MRNA. Total cellular RNA was amplified using primers specific for a region within
CACNAL1G that is conserved in all splice variants. As such, this would give an indication
of overall expression of the mRNA for this channel and how TNF and TSA affected this.
Figure 3.7A demonstrates that TSA was seen to induce an increase in expression of
CACNA1G mRNA but this did not reach significandeéigure3.7A white bar). Neither
treatment influenced the expression of GAPDBitj(re3.7D).

The CACNA1G s documented to have a number of splice varig@itemin, Monté et

al. 2001, Bertolesi, Walia Da Sihat al.2006, Emerick, Steiat al.2006, Shcheglovitov,

Vitko et al.2008, David, Garciat al.2010) Consequently, it was important to determine

if the expression of such variants also occurred in human myahcstils Moreover, it

was also salient to determine which of these variants were sensitive to TNF treatment.
Total cellular RNA was amplified using primers specific for the different splice sites
published for theCACNAL1G open reading framgEmerick, Steinet al. 2006)
myometrial cellcultureswere seen to express a number of different splice variants
(Figures3.7B, 3.7C).
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Fig. 3.6A Total CACNAI1C Expression
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Figure 3.6 The Expression of theCACNAL1C Channel and Splice Varants in Myometrial Cell
Cultures

Myometrial myocytecell cultures were stimulated with 10ng/ml TK#t 1 hourfollowed by 100ng/ml

TSA for twenty-four hours 100ngml TSA for twentyfour hours followed by 10ng/ml TNF for 1 hoar

left un-stimulated.Total RNAwas extracted, reverse transcribed and amplified using channel and splice
variant specific primers. Manual quantification of the relative band intensities were used to quantify the
level of expression and this was expressed as a percentage oftimulaited expressiofn = 4) (A) Both
TNF/TSA and TSA/TNF significantly reduced the expression ofGA€NA1C channel(p<0.05 *). (B)
Myometrial cellcultures express a range GACNALC splice variants. Both TNF/TSA and TSA/TNF
significantly induced exprsfon of the exo8 variant (Left Panel; p<0.05 *). TSA/TNF also reduced
expression of a number of other splice varigRight Panel; p<0.05 *)TNF/TSA had no effect on splice
variant expression with the exceptiongpflice site 11 variant containing ex040, 41, 42 and 43 which

was significantly reduced (Right Panel p<0.05(}) Representative gel of the FACR products(D)
Neither TNF/TSA nor TSA/TNF influenced the expression of GAPDH.
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Briefly, within the myocytes a splice site 2 variant excludirgrel4 was observed, this
variant will lack a PKC phosphorylation sigBertolesi, Walia Da Silvat al. 2006) At

splice site 4 the variant observed contained exon 25 without the utilisation of the splice
acceptorsites and so would form a functional chan(@hemin, Monteilet al. 2001,
Bertolesi, Walia Da Silvat al.2006, Emerick, Steiat al.2006) The splice site 5 variant
observed excluded ex@bCand contained exo26, this will modify the channels gating
propertieChemin, Monteilet al. 2001, Bertolesi, Walia Da Silvet al. 2006, Emerick,
Steinet al.2006) Two variants were observed at splice site 7/8 one containthgelon

30B and 31A, and one excluding exon 30B and containing exon 31A. Exon 30B modifies
the voltage dependence of the char{eherick, Steiret al. 2006) however, exon 31A
results in prematurely truncated t&im (Emerick, Steiret al. 2006) and so both these

variants will result in truncated protein.

When cultures were subsequently exposed to either TNF orTM¥Aresulted in a small
but significant up regulationf@plice site 2 variant excluding exon 14 (Figure 3.7B, C),
this variant will lack a PKC phosphorylation s{iertolesi, Walia Da Silvat al. 2006)
PKC has been demonstrated to stimul@fCNALG activity and sahe loss of a PKC
site would reduce the stimulatory effect of PKC on the chafaek, Kanget al.2006)

TNF also resulted in the significant-oggulation of the splice site 4 variant containing
exon 25, this forms a functional channel which will activatel inactivate at more
hyperpolarised potentialéHawkins and Kearney 2012Yhis will have the effect of
allowing these channel to open at more negative membraneiplstantd so will support

contraction.
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Fig. 3.7A Total CACNA1G Expression

Il Un-stimulated
600, @ +TNF
[0 +TSA

400+

2004

CACNAIG

Channel Expression
(% of Un-stimulated Expression)

Fig. 3.7B CACNAI1G Splice Variant Expression - Quan

=
S

|-

£ 3 ;

7 = B Un-stimulated

g 2000, [ +TNF

-t

) O +TSA "

= T 1500

- -

g S

= E 1000

Tt

& o=

> Z 500 -

s & :

wn o T2 T5
® (- Exon 14) T4 (- Exon 25¢ +
S’

+ Exon 314 + Exons 30B +Exon 31A
Q(Lower band| & 31A (Upper Lower band
= band) <
6 ® & ©
S ieazel
CACNAILIG CACNALIG
T4 +25 <l — T4 +25
T5 -25¢ = T5 -25¢
+26 +26
s s

Pri Ay Primers
e {n-stimulated +TNF

Fig. 3.7D GAPDH Expression
4 x 10% -

3x10* |

2x10%

1x10* 4

GAPDH Expression
(Arbitrary Units)

0 < o
F &S

titation

T7/8

T7/8 (- Exon 30B

& 31A (Upper

{Jr Exons 30B
band)

CACNAIG
T4 +25
T5-25¢

+26

s —»

\

Primers

(+ Exon 25) Exon26) (+Exons30B +Exon31A)
&31A
Fig. 3.7C CACNAIG Splice Variant Expression — Represen)tative Gels

+Exon 31A
Lower band
—

CACNA
T7/8

w;
-

T4

-1
[

+ Exons 30B
& 31A (Upper

band)

Figure 3.7 The Expression of theCACNAL1G Channel and Splice Variants in Myometrial Cell

Cultures

Myometrial myocytecell cultures were stimulated with 10ng/ml T 1 hour 100ng/ml TSAfor 24
hoursor left unstimulated Total RNA was extracted, reverse transcribed and amplified using channel and
splice variant specific primers. Manual quantification of the relative band intensities were used to quantify

the level of expression and thiss expressed as a percentage of thstinmulated expressiofm = 5) (A)

Neither TNF nor TSA had a significant effect on the expression @A@NA1G channel(B) Myometrial
cell cultures express a range @ACNALG splice variantsTNF significantly ircreased the expression of
T2 (-exonl4) and T4 (+exon 25) while TSA significlgrincreased the expression (-exon25c +exon
26) and T7/8 (+exons 30B & 314p<0.05 *) (C) Representative gel of the FATR products.¥) Neither

TNF nor TSA influenced # expression of GAPDH.
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The exclusion of exor25C has the effect of creatin@ACNALG which are less
inactivated at rest and therefore are more readily available to open in response to

depolarisation of the membra(t@enatore and Spafford 2012)

TSA had little effect on the expression of any of the splice variants observed in the
primary myogte cultures. Neither treatment influenced the expression of GAPDH
(Figure3.7D).

3.3.6 TheCombination of TNF or TSA Stimulus on theExpressionof the CACNALG

Channel and its Splice Variantsin Myometrial Cell Cultures had Differing Effects
Dependanton the Splice Variant Observed

Next, as with theKCNMAL1 channel andCACNALC it was determined if these
compounds had an enhancing or diminishing effect on each other. When the cultures were
exposed to TNF prior to exposure to TSA the effects observed weresistamnt. In the
majority of experiments there were no bands observed on the gels which may indicate
that the expression of these splice variants was significantly reduced or it may indicate a
problem with the PCR reactions. Since it was not possiblaiftdently determine which

of these explanations was correct any meaningful interpretation of the analysis was

therefore impossible.

When the cultures were exposed to TSA prior to exposure toti@&Expression of the
CACNA1Gwas increased, although thislshot reach significance (Figure 3.8A, C). The
expression of the splice site 4 variant containing exon 25 and the splice site 5 variant
containing exon 26 anekcluding exon 25C were both significantly up regulated (Figure
3.8B, C) in comparison to the wwtimulated cultures. The addition of TSA prior to TNF

was observed to have an enhancing effect on both the expressiorCHENAL1G and

the splice site 5 variant as these were increased to a higher level than that seen after
exposure to TNF alone. Thedition of TSA had little additional effect on the expression

of the splice site 4 variant in comparison to TNF alone. No change in GAPDH was
observed with either treatmemtigure3.8D).
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Figure 3.8 The Expression of theCACNA1G Channel and Splice Variants inMyometrial Cell

Cultures

Myometrial myocytecell cultures were stimulated with 10ng/ml TNg¥ 1 hourfollowed by 100ng/ml

TSA for twenty-four hours 100ndml TSA for twentyfour hours followed by 10ng/ml TNF for 1 hoar

RNA was extracted, reverse transcribed and amplified using channel and splice
variant specific primers. Further analysis was only performed on the TSA/TNF samples. Manual
guantification of the relative band intensities were ugeduantify the level of expression and this was
expressed as a percentage of thestimulated expressiofm = 5). (A) TSA/TNF had no significant effect

on the expression of tteACNA1G channel(B) Myometrial cellcultures express a range@ACNAL1G

splice variants, TSA/TNF significantly increased the expression of the T4 (+ exon 25) andx®b (
25c+exon 26) splice varian{p<0.05 *) (C) Representative gel of the RFACR products.¥) Neither

left un-stimulated.Total

TNF/TSA nor TSA/TNF influenced the expression of GAPDH.
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3.4 Discussion

At the end of pregnancy the myometrium switches from a state of relative quiescence,
which is seen throughout pregnancy, to the contractile state characteristic of parturition.
Although the molecular basis of contraction is understood, thestagghich move the
myometrium from the quiescence to the contractile state seen at parturition remain to be
defined.

The myometrial quiescent state is characterised by slow wave potentials where the
membrane potential cycles between depolarisationseqadarisations without reaching

the threshold level for action potential generat{®arkington, Tontaet al. 1999)
Howeve in the myometrium at parturition, these slow wave potentials become frequent
and synchronised action potentials during which the membrane potential rapidly rises and

falls, causing the muscle to contrédtilde and Marshall 1988)

Both the quiescent state and the coordinated contractions are thought to be mediated
through mechanisms that involve ion channels and in particulKIGhN&IAL potassium,
CACNAI1C andCACNA1G channels.

3.4.1Analysis of KCNMA1 Channel Expression inMyocytes
This research has demonstrated thgbmetrial cell cultures contasnumber of
differentKCNMAL channel splice variants includimgk44 and STREX2.

Splice site 1 variantMk44) comprises a 132bp insertion, which has previously been
described by Korovkinat al. Variants containing the insert 44 +132bp) have
diminished calcium and voltage sensitivity, the inserted sequence itself has been shown
to contain both a phosphdagion and a myristylation site. This variant can also undergo
proteolytic cleavage after which thetBrminal is located on the membrane while the C
terminal is held with the endoplasmic reticulum. The&e@ninal is released after release

of calcium fromsarcoplasmic reticulum based stores andorstitutes with the N
terminus on the membraifKorovkina, Fergu®t al.2001) The presence of this variant
shows that there alkCNMAL channels with diminished calcium and voltage sensitivity

within the myometrium.
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Splice site 2 comprises theutually exclusive use of exons 10 and 11 or 11 and 12, within
the myocytes exons 11 and 12 are utilised. This variant can result in premature truncation
of the protein. The loss of thet€rminal tail of the channel will result in the loss of the

calcium sensitivig of the channel.

Splice site 3 comprisdke insertion of 40aghe utilisation of the entiref exon 19), the
insertionof4ag t he 36 truncation of exon 19) or
exon 19). Within the myocytes the entire of exonsl@tilised, there is no information as

to the effect of the inclusion of the whole exon on channel gating kinetics.

Splice site 4 consists of the differential utilisation of exons 22 and 23. The variant present
in the myocytes contained both exons 28 28 and so is the STREX variant. The
STREX-2 variant has increased mechasmsitivity and hypoxia inhibition. Interestingly

the STREX2 insert also contains a cAMé&ependant PKA consensus motif which when
phosphorylated facilitates membragiepolarisabn and hence promotes the contractile
phenotype of the cells.

Splice site 5 comprises the insertion or deletion of exon 29, the variant expressed within
the myocytes contains exon 29. This insertion results in increased activation rates and
their coopenmtivity with calcium is modified. It is thought these effects are due to the

proximity of the splice site to the calcium bowl.

3.4.2 Analysis ofCACNAL1C Channel Expression in Myocytes

This research has also demonstrated tt@tmyometrial cell culturessedas amodel
expresgpro-contractile splice variants of tiiBA\CNA1Cincluding splice site 4 containing

exon 8%, splice site 10 containing exons 30,31,32,33 and 34 and splice site 11 containing
exons 40, 41, 42 and 43.

Splice site 4 is comprised of tmeutually exclusive use of exons 8 and 8*. The PCR
results show that it is exon 8* that is expressed in the myocytes. The expression of 8*
results in a channel with decreased DHP sensitivity, rapid activation and slow
deactivation kinetic§Goodwin, Leedset al. 1999) The kinetics of the channel would

promote contraction.
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The CACNALC splice site 10 is a complex site which involves the differential usage of
exons 30, 31, 32, 33 and 34 which result in different gt linking loop between IV

S2 and S4. The myocytes express two forms of this variant, a longer one containing exons
30, 31, 3233and 34 and a shorter one containing exons 30, 31, 33 and 34. The longer
form containing exon 32 correlates well with SV|3Bhich has been shown to have
increased excitatienontraction coupling(Huang, Xuet al. 2006) and so the less
abundant expression of this form would decrease the excitability of the cell and promote

relaxation.

Splice site 11 encompasses exons 40, 41, 42 and 43, variants in this region include use of
exon 40A (exon40 19bp), +125bp (exon 40B), exon 41A and exon 43 +132bp or the
use of exons 40, 41, 42 and @&ldatov 1994)The additional 19bp found in exon 40 in
comparison to exon 40A are thought to modulate the tethering of calmodulin te the C
terminal and impact on the calcium dependant inactivation afittheneGerhardstein,

Gao et al. 2000) The splice site 11 variant found to be expressed in the myocytes
contained exons 40, 41, 42 amn\riadt8escribed i s
by Kepplingeretal. (Kepplinger, Kahet al.2000) Calciumdependant inactivation was
found t o be HvadahteThigvariam was dise found t€be more efficiently
targeted to the cell membrane and had higher acadoe and open probability than the
other variants at this siigepplinger, Kahret al. 2000) The expression of this variant

would push the cells towards a more contractile state.

3.4.3 Analysis ofCACNAL1G Channel Expression in Myocytes

Finally, the results demonstrated thatometrialcell cultures used as a modaipressa
number of differenCACNALG splice variants including omission of exon 14, utilisation
of exon 25 with no additions and utilisation of exBf. These variants are again

predominantly precontractile.

TheCACNA1Gsplice site 2 involves the insertion or deletion of exon 14, only the deleted
exon 14 variant was found to be present in the myocytes. Expression of this variant will
result in thedss of a PKC phosphorylation site. PKC has been demonstrated to stimulate

CACNA1G activity and so the loss of a PKC site would reduce the stimulatory effect of
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PKC on the channéPark, Kanget al. 2006) The inclusion of exon 14 with either exon
25Cor exon B results in channels with increased inactivation rates. As exon 14 is not
expressed in these cultures these channel will not have this increased inactivation rates
and so will support contraction.

TheCACNAL1Gsplice site 4 involves the possible use ntiember of splice acceptor sites

onexon 25.Ex0 25 contains 3 splice acceptor sites
however none of these have been utilised in the my@A@NA1G. Use of these splice

acceptor sites can result in nmm conducting channelsp she lack of use of these sites

is a good indicator that tteACNAL1G channels are able to conduct calcium ions through

their pore. Variantgontaining exon 25 have been shown to activate and inactivate at

more hyperpolarised potentigldawkins and Kearney 2012 his will have the effect of

allowing these channel to open at more negative membrane potentials and so will support

contraction.

The CACNALG splice site 5 comjses the mutually exclusive use of ex@BC or 26.

Within the myocytes it was exon 26 which was found to be expressed. Channels
expressing exon 26 have been shown to activate at midpoint potentials andaageid
steady state midpoinChemin, Monteilet al. 2001, Jagannathan, Puet al. 2002,
Bertolesi, Walia Da Silvat al. 2006, Emerick, Steipet al.2006) The exclusion of exon
25Chas the effect of creatifgACNAL1G which are less inactivated at rest and tfoeee

are more readily available to open in response to depolarisation of the membrane
(Seratore and Spafford 2012)

The CACNALG splice site 7/8 involves the use of a splice donor site in exon 30 (30B)
and / or the use of a Splice acceptor site in 31 (31A). Within the myocytes there were
splice variants expressing both exons 30B and 31Avandnts expressing just exon
31A. Inclusion of exon 30B results in channels with modified voltage dependant

activation, and inclusion of exon 31A results in prematurely truncated protein.

3.4.4 The Effect of TNF
The initiation of the contractile stateen at parturition is characterised byirzrease in
pro-inflammatory cytokines such as-IL b , -6 dnd. TNF(Romero, Mazoet al. 1992,
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Opsjln, Watheret al. 1993, Keelan, Marviet al. 1999, Osman, Younet al.2003) The

data from the collagen gel contraction sasdilemonstrating the contractile action of TNF
and the preaelaxant function of TSA are in broad agreement with the published data on
the effects of TNF and TSA on contractility of isolated smooth muscle §8gubwsky,
Adamset al.2006, Fitzgibbon, Morrisoget al.2009, Europd-inner, Taggarét al.2013,
Webster, Waitet al.2013)

In terms of calcium flux, using hippocampal neurons, TNF stimulation has been shown

to increase calcium current density by aro@0&6 and this increase can be attributed to

an increase ICACNALC current(Furukawa and Mattson 1998&jurukawaet al. went

on to show that this increase was depend

resulted in repression of these calcium current increases.

Calcium sensitizatiorhas also been suggested as playing a role in the switch from
quiescence to contractility. Calcium sensitization is the phenomenon by which a given
concentration of intracellular calcium results in a larger than expected force of contraction
(Ratz, Berget al. 2005, Arthur, Taggast al.2007, Wray 2007)TNF has been shown to
enhance C4 responsiveness tdold in airway smooth muscle. It has been shown that
TNF may cause this increased?Csensitivity throughriducing increased IP3 turnover
and hence increased release of'@am intracellular store#nother putative mechanism

for calcium sensitization is via the loss or reduction in calcium sensitivity of calcium
activated potassium channels. A reductionfan,example KCNMAL1 channel calcium
sensitivity would result in a reduction in the repolarising current supplied by these

channels and hence an increase in contractility.

This data demonstrates that TNF induced a small but statistically significandgsean

the transcription of th&KCNMAL1 channel. This initially appears to be at odds with TNF
promoting contraction, however, amp regulation in transcription does not always
correspond to an up regulation of translation. Kial. demonstrated this lagetween
KCNMA1 RNA and protein upegulation in chick cochlear development and determined
that it was due to delays in protein synthesis and trafficking / scaffolding of the channel

subunitgKim, Beyeret al.2010. A similar delay may be occurring in the myometrium.
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The expression of tHecCNMAL1 STREX-2 variant was unchanged with TNF stimulation,
however, Gsis known to decrease during parturitiuropeFinner, Phaneuét al.
1994)and as a result of this the level of PKA would decrease. This decrease in PKA
would result in decreased phosphorylation of tKENMAL1 channel, but any
phosphorylation in the presence of STREXvould facilitate membrangepolarisation

and suport contraction(Tian, Coghillet al. 2004) This support of contraction would
decrease as the levels of PKA decrease. Hypothetically this could lead to support for
contraction while PKA levels are high at therst parturition, then a gradual switch to

support quiescence as the PKA levels drop leading to termination of parturition.

TNF also resulted in a significant up regulation of @#&CNA1Cwhile the overall splice

variant profile was unchanged.

TNF did not affect overall expression of tRACNALG. It did, however, induce a small

but statistically significantly increase in the expression of the splice site 2 variant without
exon 14. The levels of PKC have been shown to increase towards the onset iibpartur
(Li, Zhang et al. 2012) and PKC phosphorylation has been shown to activate the
CACNALG (Park, Kanget al.2006) Therefore, the loss of a PKC phosphorylation site
may act to limitthe activation of th€ ACNA1G at this juncture.

TNF also caused an increase in the expression of the splice site 4 variant containg exon
25. Thisvariant resuli in channels which open more easily at more negative membrane
potentials and as such theseiaars may be key to the myometriums ability to generate
spontaneous phasic contractions. The generation of these spontaneous phasic contractions
is due to the ability of the cell to fire regenerative action poterftiaks, Ahnet al.2009)
Regenerative action potentials are created vehenannel opening at a low threshold is

able to initiate the opening of enough channels to initiate an action pot€A2ZINA1Gs

with the ability to open at more negative membrane potentials due to the presence of these
variants will allow calcium to ert the cell and so will push the membrane potential to
more positive potentials which will then allow tBACNA1Cs to open and generate an

action potential.
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3.4.5 The Effect of TSA

The transition of the myometrium from the quiescent state to the coletistetie seen at
parturition has been shown to be facilitated by the down regulation of the hCG/LH
receptorsPhillips et al. demonstrated that TSA promoted the transcriptional activation
of the hCG/LH receptor gene and hence the maintenance of quieéebiliges, Tyson
Capper Née Pollaret al.2005, Moynihan, Hehiet al.2008) It has also been shown that
the maintenance of myometrial quiescence is facilitated by the expressionsof G
Acetylation of the @Gspromoter by CBP is necessary for its expression within the
myometrium and therefore TSA may also act by preventing the deacetylation af $he G
promoter and hence promote the expressionmffd the maintenance of myometrial
quiescencéWebster, Waiteet al.2013)

This research suggests a further possible mechanism for tHogipsrent action of TSA

via its effect on the expression of tK€ENMAL potassium andCACNALC channels.

After TSA stimulation theCACNALC expressed variant containing exon 8 and exon 8*,
the presence of variants containing exon 8 would result in a less contractile phenotype.
TSA resulted in a significant down regulation of both channels. This reduction in channel
transcription would result ircells much less responsive to calcium and hence less

contractile.

TSA did not affect the overall expression of tBBCNALG, however the expression of
splice variants containing exon 2@dthose containing both exons 30B and 31A were
significantly upreguated. The I11S6 portion of th€EACNALG calcium channel has a

role in its inactivation, exon 26 lies within this region and therefore may affect the
inactivation of the channel. The-t€rminal tail region of th&€€ ACNA1G channel has

been shown to be respdie for the fast inactivation of the chanri{8taes, Talaverat

al. 2001) therefore, inclusion of exon 31A which can result in premature truncation of
the protein may alter the inactivation of the channel. Although further research is need
to fully explore the effets of these splice variants on myometrial contractility, the
documented effects of these splice variants would suggest that they would support a more

relaxed phenotype.
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3.4.6 The Combined Effect of TNF and TSA

If histone deacetylase inhibitors are toda¥eloped as potenticolytics it is important
to understand their effect on tkeCNMA1 channel CACNA1C andCACNA1Gwhen it
is introduced either before and after the cytokine influx characteristic of parturition.

When the primary myocytes were stiml with TSA following TNF stimulation there

was a significant downegulation of both th&KCNMA1 andCACNA1C channels which

was greater than that seen with TSA alone. When the myocytes were stimulated with TNF
following TSA stimulation TNF seems to be alib partially recover the expression of

the KCNMAL1 channel in comparison to that seen with TSA alone. WittCh€NA1C

when added second TNF is only able to prevent the further-degutation which is seen
when the stimulants are added in the reverserord

The expression of the ACNALC variant containing exon 8, seems to be dependent on
TSA stimulation. This variant is expressed whether TSA used before or after TNF
stimulation indicating that acetylation may have an important role in the expression of
this variant. HDAC inhibition has been shown to alter splicing of ~700 genes and to
reduce the interaction between splicing regulator SRp40 and the target fibronectin exon
(Hnilicova 2010) A similar number of genes were observed to change in the myometriu
upon TSA administration as shown by KarolcBskyatti et al. (KarolczakBayaitti,
Sweeneyet al.2011). As TSA is a general HDAC inhibitor this may explain the switch

in splice variant expression.

The effect on the expression of both the long and staornts at splice site L10 of the
CACNALC seem to be dependent on the order of the two stimulations. When TNF
stimulation occurs first the expression of these two variants is similar to that seen in TNF
stimulation alone. However, when TSA stimulation wscfirst the expression of these

two variants is similar to that seen with TSA alone. The converse is the case for the
KCNMAL splice variant containing exon 19 (M3) When TNF stimulation follows TSA
stimulation, it appears that TNF blocks the TSA inducadardregulation of this variant,
however when TSA stimulation follows TNF stimulation, TNF is not able to completely
block the dowrregulation of this ariant although it is less dowegulated than is seen

with TSA alone.
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There are also splice variantsreeghe combined stimulation results in a greater effect
than either stimulation on its own. This is the case foKiGBIMA1 STREX-2 variant
and theKCNMAL variant containing exon 29, where TNF stimulation followed by TSA
stimulation results in a significaop-regulation of both variants.

Websteret al. demonstrated that TNF could overcome TSA induced myometrial
relaxation in smooth muscle strigd/ebster, Waitet al.2013) When combined with the

data includedere this would indicate that the effect of TNF on K&NMAL channel,

the KCNMAL Splice site M1 +132bp, M3 exon 19, tBACNA1C splice site L10/11,

the CACNALG splice sites T4 and T6 variants are key to inducing contraction. It would
be necessary, howeveto carry out patch clamp recordings and/or collagen gel
contractions assays to determine the overall electrical/ contractile effect of these

combined stimuli on the cells to verify this.

3.5 Conclusion

This research suggests that increasing TNF levielgagturition could promote the
increased calcium sensitivity of the myometrium through the expressiK@NMAL
channelslice variants documented to hastecreasectalcium and voltage sensitivity
alongside CACNALC calcium channelslocumented to haveapid activation, slow

deactivation kinetics and increased excitatontraction coupling.

The combined effect of TN&n theincreasen transcription o CACNA1C channels and
the expression of proontractiieKCNMA1 channel variants may serve to tip the fine
balance of the channels allowing action potentials to be generated and propagated across

the tissue resulting in contraction.

TSA was seen to promote a relaxatory effect on the cells, this is appears to be through the
significant reduction in transcrigim of both channels resulting in cells that are less

excitatory.

As these channels will only affect the contractility of the myocytes once they are localised
to the cell membrane the next step in this research would be to examine the expression
and localkation of the channel proteins and the effect of exposure to TNF and TSA on
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this expression and localisation. A further area worthy of investigation is whether the
expression of the different splice variants observed in the RNA data resulted in the
expresion of different protein isoforms. These two areas will be the focus of the
following chapter.

150



151



Chapter 4: Localisation of theKCNMA1 , CACNA1C and
CACNA1G Proteins in Myometrial Cell Cultures Results and

Discussion
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4.1 Introduction

In Chapter 3,ite collagen gel contractionses/ demonstrated that TNF causaghificant
contraction irmyometrial cellcultures and TSA caudeelaxation in these cultures. Next,

the expression of tHECNMAL1, CACNA1CandCACNALG channels were examined to
determine if lhe contractile effect of TNF or the relaxatory effect of TSA was mediated
via changes in the amount of channels expressed or in the splice variant profile of the
expressed channels. The results of these studies indicated thktbaoring term
pregnant mgcytes expressed a number of different splice variants. These included the
KCNMA1 Mk44+132bp, Mk44-132bp, M2 (exon 11+12), M3 (exon 19), M4 (STREX2)
and M5 (exon 29) variants, t@ACNALC L4 (exon 8* or Exon 8), L10 (exons 30, 31,

33 and 34 or exons 30, 332 and 34) and L11 (40, 41, 42 and 43) variants and the
CACNA1G T2 (exon 14 deleted), T4 (exon 25), T6 (exon 26) and T7/8 (exon 31A or
exon 30B and 31A) variants. Upon TNF stimulation bothkB&IMA1 andCACNALC
expression was significantly tnegulatedand upon TSA stimulation both channels were
significantly down regulated and the splice variant profile of @&CNA1C and
CACNA1G was significantly altered.

The KCNMA1, CACNALC and CACNA1G are membrangpanning proteins which

form pores that pass froome side of the membrane to the other. These pores open and
close in response to particular signals, when open these pores allow the passage of ions
either into or out of the cell. Each ion channel has specific gating characteristics meaning
only the corret ion can pass through the appropriate pore. The charge of the ion passing
through the channel and the direction in which the ion is moving (either into or out of the
cell) will affect the potential of the cell membrane, this then triggers further eoltag
sensitive channels to open or close. Within smooth muscle cells this propagated signal

will then lead to either contraction or relaxation of the cell.

In very simple terms an increased numberK@NMA1 channels would mean an
increased number of potassiuons leaving the cell for any given activation and this will
have the effect of reducing the membrane potential and returning the cell to the resting
state more quickly. In the same way an increased numbe&ZAG@NAL1C and/or
CACNA1G would mean an increadenumber of calcium ions entering the cell for any

given activation and this will have the effect of increasing the membrane potential and
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generating an action potential more quickly. The caveat to this would be that the channels
are housed within thelasnamembrane and have the same gating kinetics, however, this

is unlikely to be the casa vivo.

The KCNMAL1 channel has been shown to undergo splicing and expression of these
different splice variants can have diverse effects on the channel from attexiggting

of the channel, the introduction of cleavage sites and even truncation of the channel
protein. One such splice variant, k¥, which was expressed in theyometrial cell
cultures and has been described by Korovkire.undergoes proteolytiagest and after

this digest the Nerminus of the protein is expressed on the cell membrane while the C
terminus is intracellular and localised specifically with the endoplasmic reticulum
(Korovkina, Brainarcet al.2006) After calcium release from the sarcoplasmic reticulum
the Gterminus translocates to the cell membrane anecowalently associates with the
N-terminus When the @erminus is associated with thetdrminus the channel has
decreased calcium and voltage sensitivity demonstrating that -teemhus has an
inhibitory effect on channel gating. Therefore, it is important to determine the location of
both temini of the KCNMAL channel in order to understand the potential effect the

channel will have on membrane potential.

The Gterminal KCNMAL1 antibody utilised had been used for western blotting previously

by a number of research groy@dioua, Luet al.2008, Shi, Liuet al.2013)and had been

shown to be specific. The-términal KCNMAL1 antibody had been tested in western blot
against the recombinant peptide used as an immunogen but there was no data on its ability
to detect endogenous protein, therefore less confidence canml plaitee data obtained

from the use of this antibody.

The CACNALC channel has been shown to exist in two forms, a 220kDa protein and a
190kDa protein. The shorter channel is formed as altre$ the cleavage of the-C
terminal region. Calpain has been shown to be responsible for this cle@igige
Westenbroelet al. 1996)which occurs in exon 42 between splice variants 11 and 12.
Interestingly, it has been shown that calmodulin binds calpain substrates and in doing so
can regulate calpaimediated protegkis causing inhibition of this proceggvang,
Villalobo et al. 1989, lwamoto, Liet al. 2010) An insertion at splice site 11 has been
shown to modulate calmodulin binding and therefore this splice site couldhafect
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on the cleavage of the chanr@hce cleaved, the-@rminus can either elocalise with

the Nterminus of the channel or it can translocate to the nucleus. The loss of the C
terminus of the channel results in-& 4old increase in ion conductee in comparison to

the full length channel. So similar to ti&CNMAL channel the @erminus of the
CACNAI1C channel has an inhibitory effect. The primary myocytes were shown to
express a splice site 11 variant containing exons 40, 41, 42 and 43, thd &y have

an effect on the cleavage of @ACNALC. The proteolytic processing of thet€minus

of the CACNALC has been shown to generate fragments6, 48 and 30kDa (Figure

4.1; Gao, Cuadraet al. 2001) which, when they associate with the main body of the

channel protein and have a role in inhibiting channel function.

Size
NH, COOH 240kDa
N, 190kD
NH, COOH 56kDa

NH, COOH 48kDa

NH,——CO0O0H 30kDa

Figure 4.1 Diagrammatic Representation of the Generatiorof the Various CACNA1C C-terminal
Fragments

Therefore, it is again important to determine the location of both termini of the
CACNAI1C channel in order to understand the potential effect the channel will have on
membrane poterat.

The Nterminal CACNALC antibody utilised had been used for western blotting
previously by a number of research gro(ijpsZhanget al.2013, O'Connell, Muset al.
2015)and had been shown to be specifibe C-terminal CACNA1C antibody hachot
been tested in western blot, therefore less confidence cau pidbe data obtained from

the use of this antibody.

Immunocytochemistry staining of ttreyometrial cel, in Ghapter 3, showed evidence
of nucleatdocalisation for both thECNMA1 andCACNA1Cchannels. Although nuclear
localisation has been previously described forGA&NALC channel(GomezOspina,

Tsurutaet al.2006, GomezOspina, Panagiotakas al.2013) nuclear localisation of the
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KCNMAL channel was a novel finding. It is important to determine if this nuclear
localisation was an artefact from the staining protocol or iKt@&IMA1 channel does
indeed localise to the nucleus. If tR€ENMAL channel is shwn to localise to the nucleus

by western blot analysis it is also important to determine which portion of the channel
(N- or C-terminus or both) is found within the nucleus. For the above reasons both an
antibody specific to the ferminus and one spedfio the CGTerminus were used for
western blotting for both theCNMA1 and theCACNALC channels

Studies of the€ ACNALG protein within human male germ cells and human cerebellum
cDNA has revealed that ti®ACNALG protein exists in a number of isoformsgliuding

a longer 262kDa protein and a shorter 249kDa prdfdionteil, Cheminet al. 2000,
Jagannathan, Pumet al. 2002) These isoforms have been shown to be the result of
alternative splicing, with the 249kDafr m resul ting from the use of
splice donor site on exon 25 combined with the acceptor site on exon 27 (Figure 4.2A
Monteil, Chemiret al.2000) Alternatively, the 262kDa protein results from tiee of a

5 -@plice donor site on exon 25 combined with the acceptor site on exon 26 (Figure 4.2B;
Monteil, Cheminet al.2000) The 249kDa form has the most positive voltage range for
steady state inactivatiofMonteil, Cheminet al. 2000) meaning that th& ACNA1G
inactivates more slowly allowingiore calcium to enter the cellVithin the primary
myocyte cultures the cells were observed to express splice variants containing exon 25
and exon 26 and so correlate well with the 262kDa form of the protein, however, it is still
pertinent to identify while isoforms of theCACNALG are expressed by the primary

myocytes.

The Gterminal CACNAL1G antibody utilised had been used for western blotting
previously and had been shown to be spe@Nguyen, Bietet al.2013)
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Fig. 4.2A Generation of TTCC 249kDa protein

Tntron Intron
Exon 25 Exon 26 Exon 27

Fig. 4.2B Generation of TTCC 262kDa protein

Intron Intron
Exon 25 Exon 26 Exon 27

Figure 4.2 Diagrammatic Representation of the Generation of the 262kDa and 249kD@ACNA1G
Isoforms

The aim of this chapter was, therefore, to measure the expression KCNMAL
channel,CACNAL1C and CACNALG proteins and to identify any alternative isoforms
expressed within the primary myocytes. Further to this, the localisation KCIN&AL,
CACNAI1C and CACNALG proteins and their isoforms within the cell was then
examined. Finally, the effect of TMand TSA on the expression and localisation of the
KCNMA1 channelCACNA1C andCACNA1G was studied.

4. 2.2 Gb Loading Control

In order to be certain that any changes in band intensity visible on the western blots were
as a result of the different stimulations and notaasesult of errors, either when
quantifying the protein or when loading the gel, astem blot was ran utilising a

housekeeping protein which is unaffected by the different stimulations.

The housekeepi ng .Jhisastrautingly usetl in theeresearvela ggoupzab
a control and is not part of either the myometrial relaxatiocomtraction pathways
(Phaneuf, Europ€&inneret al. 1993, Europd-inner, Phaneuét al. 1994, Salomonis,
Cotteet al. 2005) All channel western blots were carried out with the same protein
sampl es wi ontrol serhireg expdryiments foKCNMAL1, CACNAL1C and
CACNAlGc hannel s. No change in Gb was obser

protein fractions (Figure 4.3)
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Fig. 4.3 Gp Expression
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Myometrial cell cultures were stifated with 10ng/ml TNF, 100ng/ml TSA, 10ng/ml TNF followed by
100ng/ml TSA (+TNF/+TSA), 100ng/ml TSA followed by 10ng/ml TNF (+TSA/+TNF) or left un
stimulated. Protein was extracted, separated by SDS PAGE and western blotted. Manual quantification of
the elative band intensities were used to quantify the level of expression and this was expressed as arbitrary
units. None of the treatmentshachy ef fect on Gb expression in any

4.3 The KCNMA1 Channel

4.3.1 NTerminal KCNMA1 Protein and Protein Fragments are Expressed in
Myometrial Cell Cultures and are Unaffected by Either TNF or TSA

This present research sought to deternfif@&NF or TSA could influence expression of
the KCNMAL protein. Total cellular protein was istéd, separated by SDS PAGE and
subsequently western blotted with an antibody directed to therminus of the
KCNMAL1 protein.

Blotting with the Nterminal atibody did not detect full lengtKkCNMAL protein as
evidenced by the lack of band at 138kDa (Figure 4.4A) this may indicated that the protein
is N-terminally truncated. The #&rminal antibody did detect two fragments of the
KCNMAL protein one at 65kDa arahe at 50kDa (Figure 4.4A). This would indicated
that there ar&KCNMAL proteins which have had thet€minal region cleaved from the

body of the channel expressed within the primary myocyte cultures. Cleavage ef the C
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terminal region of th&KCNMAL proten has been shown tiacrease the channels calcium
and voltage sensitivity and thus would support relaxafitie. 65kDa bandorresponds

to a band reported by Knaasal. They determined that this band was produced when the
KCNMAL channel was cleaved betareresidues 640 and 69Rnaus, Eberhargt al.
1995)

When cultures were subsequently exposed to either TINIFS&, neither had any
significant effect on either thKCNMA1 protein level or the fragments expressed in

comparison to wstimulated samples (Figure 4.4A).

4.3.2 Membranel ocalisation of the 50kDa NTerminal KCNMA1 Protein Fragment
Expressed h Myometrial Cell Cultures is Significantly Increasedby TNF

Next it was determined if these compounds had an effect on the localisation of the
KCNMAL protein or protein fragments. Protein was isolated by sub cellular fractionation,
separated by SDS PAGE and supsmntly western blotted with an antibody directed to
the N-terminus of th&K CNMAL protein.

Blotting with the Nterminal antibody revealed the same complement of fragments as was
detected within the whole cell protein preparations (65kDa and 50kDagHgiB, C).

Full length (138kDaXCNMA1 channel was also detected in the cytoplasmic fraction
(Figure 4.4B).

When cultures were subsequently exposed to either TNF or TSA, TNF resulted in a
significant increase in the membrane bound S50KO@NMAL in compaison to
unstimulated samples (Figure 4.4C; p<0.05). The increase in this fragment would appear
to be at odds with action of TNF as this fragment would support relaxation due to the lack
of theinhibitory C-terminal tail region. TNF did not have any sigodnt effect on the
localisation of the other fragments and TSA had no significant effect on any of the

fragments observed in comparison to thestimulated samples.
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Fig. 4.4 KCNMA1 N-terminal Domain

Fig. 4.4A Total Cellular KCNMA1 Protein — Representative Gel and Quantitation
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Figure 4.4 The Expression of theKCNMAL1 Channel Protein in Myometrial Cell Cultures Utilising

an N-terminal Antibody

Myometrialmyocytecell cultures were stimulated with 10ng/ml TRt twenty-four hours 100ng/ml TSA

for twenty-four hours 10ng/ml TNFfor 1 hour followed by 100ng/ml TSAfor twentyfour hours
(+TNF/+TSA), 100ndml TSA for twentyfour hours followed by 10ng/ml TNF for 1 hour (+TSA/+TNF)

or left unstimulated.Protein was extracted, separated by SDS PAGE and western blotted. Manual
guantification of the relative band intensities were used totiudhe level of expression and this was
expressed as arbitrary un{ts= 3) (A) Within total cellular proteirmyometrial cellcultures express two
KCNMAL1 proteins (right panel), +TNF/+TSA caused a significant down regulation of the 50kDa fragment
in comparison to TSA (p<0.09. (B) Cytoplasmic localisation of th€CNMA1 protein (right panel), no
treatment had any effeeCNMAL protein expressioifleft panel).(C) Membrane localisation of the
KCNMAL1 protein (right panel), TNF cause a significant incrdasmembrane localisation of the 50kDa
fragment in comparison to tstimulated (p<0.05*), none of the other treatments had any &f&eMMAL

protein expressioleft panel)
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4.3.3 Localisation of theKCNMAL1 Protein and Protein Fragments Epressed in
Myometrial Cell Cultures is Unaffected by @mbined TSA and TNF Stimulation.

Next it was determined if these compounds had an enhancing or diminishing effect on
each other.

When the cultures were exposed to TNF prior to exposure to TSA and then blotted with
the Nterminal antibody there was no significant effect on the expression KOIR&AL
channel protein, protein fragments or their subcellular localisation in comparison to un
stimulated samples (Figure 4.4A, B, C). However, there was a significant deicr¢as
expression of the 50kDa fragment within the total cellular protein in comparison to
exposure to TSA alone (Figure 4.4A; p<0.05). This fragment was expressed at a level
similar to the TNF samples, indicating that TSA does not affect the effettfobm this

fragment.

When the cultures were exposed to TSA prior to TNF and blotted wikkrminal
antibody there was again no significant effect on the expression WCIRBAL channel
protein, protein fragments or their subcellular localisation mgarison to usstimulated
samples (Figure 4.4A, B, C).

4.3.4 GTerminal KCNMA1 Protein and Protein Fragments are Expressed in
Myometrial Cell Cultures and are Unaffectedby Either TNF or TSA

This present research sought to determine if TNF or TSA cofiicence expression of

the KCNMAL1 protein. Total cellular protein was isolated, separated by SDS PAGE and
subsequently western blotted with an antibody directed to thern@nus of the
KCNMAL1 protein.

When the Germinal antibody was utilised, a 138kpatein was detected (Figure 4.5A),
which represents full lengtkCNMAL protein. This is in apparent disagreement with the
results from the Merminal antibody, however, this discrepancy could be explained by
differences in the efficiency of antibody bindi between the Nand Gterminal

antibodies.
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Fig. 4.5 KCNMAI1 C-terminal Domain
Fig. 4.5A Total Cellular KCNMAT1 Protein —Representative Gel and Quantitation
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Figure 45 The Expression of theKCNMAL1 Channel Protein in Myometrial Cell Cultures Utilising a
C-terminal Antibody

Myometrialmyocytecell cultures were stimulated with 10ng/MIF for twenty-four hours 100ng/ml TSA

for twenty-four hours 10ng/ml TNFfor 1 hour followed by 100ng/ml TSAfor twenty-four hours
(+TNF/+TSA), 100ngml TSA for twentyfour hours followed by 10ng/ml TNF for 1 hour (+TSA/+TNF)

or left unstimulated.Prokein was extracted, separated by SDS PAGE and western blotted. Manual
guantification of the relative band intensities were used to quantify the level of expression and this was
expressed as arbitrary un{ts= 3) (A) Within total cellular proteirmyometral cell cultures express two
KCNMAL1 proteins (right panel), +TNF/+TSA caused a significant down regulation of the 138kDa
fragment in comparison to TSA (p<0:05+TSA/+TNF cause a significant down regulation of the 138kDa
protein in comparison to ustimulated (p<0.05*) and TNF (p<0.0%(B) Cytoplasmic localisation of the
KCNMAL1 protein (right panel), TSA caused a significant up regulation of the 65kDa fragment in
comparison to wstimulated (p<0.05*) and +TSA/+TNF caused a significant down regulatioheof t
138kDa protein in comparison to TSA (p<0:P5(C) Membrane localisation of thKiCNMAL protein

(right panel), no treatment had any effE@NMA1 protein expressiofieft panel)

A second possible explanation is that the protein detected by-ten@al antibody is

lacking a small portion of the-éérminus, this would mean that it would not be detected
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by the Nterminal antibody, while at the same time the reduction in overall protein size
would not be immediately apparent. Theteminal antibody ats detected a 65kDa
KCNMAL protein fragment (Figure 4.5A). This fragment is lacking theéehhinal
region, utilising the binding site of the-t€rminal antibody it is possible to predict that
this fragment of the protein is comprised of just theefninaltail region and so lacks

the membrane spanning domains and importantly will not contain the channel pore and

SO cannot conduct ions.

When cultures were subsequently exposed to either TNF or TSA, neither had any
significant effect on either thKkCNMAL protein level or the fragments expressed in

comparison to wstimulated samples (Figure 4.5A).

4.3.5 Cytoplasmic Localisation of the 65kDa GCTerminal KCNMALl Protein
Fragment Expressedn Myometrial Cell Cultures is Significantly Increasedby TSA

Next it wasdetermined if these compounds had an effect on the localisation of the
KCNMAL protein or protein fragments. Protein was isolated by sub cellular fractionation,
separated by SDS PAGE and subsequently western blotted with an antibody directed to
the Gterminus of theKCNMAL1 protein.

When the protein was probed with thet&minal antibody both full length (138kDa)
KCNMAL protein and the 65kDa-trminally truncated fragment were detected within

the cytoplasmic and membrane bound fractions (Figure 4.5B, C)

When cultures were subsequently exposed to either TNF or TSA, TNF did not have any
significant effect on the localisation of any of the fragments. TSA, resulted in a small but

statistically significant increase in the cytoplasmic localisation of thB&%agment but

had no significant effect on any of the other fragments observed in comparison te the un

stimulated samples.

4.3.6 KCNMA1 138kDa Protein Expressed in Myometrial Cell Cultures is
Significantly Decreasedby Stimulation with TSA Followed by TNF.
Next it was determined if these compounds had an enhancing or diminishing effect on

each other.
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When the cultures were exposed to TNF prior to exposure to TSA and then blotted with
the Gterminal antibody there was no significant effect on the ege®f theKCNMA1
channel protein, protein fragments or their subcellular localisation in comparison to un
stimulated samples (Figure 4.5A, B, C). However, there was a significant decrease in the
expression of the 138kD&CNMAL protein within the total dkilar protein in
comparison to exposure to TSA alone (Figure 4.5A; p<0.05). This fragment was
expressed at a level similar to the TNF samples, indicating that TSA does not affect the
effect of TNF on this fragment.

When the cultures were exposed to TSAor to TNF and blotted with @rminal
antibodythe 138kDaKCNMAL protein was significantlglecreased in the total protein
samples (Figure 4.5A; p<0.05) in comparison to thetimulated samples. The 138kDa
KCNMAL protein was significantly decreased hwt the total cellular protein in
comparison to TNF samples (Figure 4.5A; p<0.05) indicating that in this order TNF and
TSA have a combined effect which is different to either ones individual affect. Within
the cytoplasmic fraction the 138kICNMAL proten was significantly decreased in
comparison to TSA samples (Figure 4.5B; p<0.05). Indicating that in this order TSA and
TNF again have a combined effect which is different to and greater than the effect of each

individual stimulus.

Although it is importat to understand the mechanism driving the combined effect of TNF
and TSA on th& CNMAL channel it is pertinent to remember that they did not cause any
significant change in membrane bouKCNMAL1 protein and therefore may not

influence the contractility ahe cell.

4.4 The CACNA1C Channel

4.4.1CACNALC Protein Isoforms are Expressedin Myometrial Cell Cultures and

are Unaffectedby Either TNF or TSA

This present research sought to determine if TNF or TSA could influence expression of
the CACNALC protein.Total cellular protein was isolated, separated by SDS PAGE and
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subsequently western blotted with an antibody directed to therminus of the
CACNAI1C protein.

Blotting with the Nterminal antibody revealed that the primary myocytes express both
the lang (240kDa) and short form (190kDa) of ti@ACNALC which have been
previously documente(Figure 4.6A;Hell, Westenbroelet al. 1996) The 240kDa band

is representative of the full leng@ACNALC protein. The 190kDa band is representative
of CACNALC proteins which have a modified-€€rminus(De Jongh, Warneet al.
1991) This shorte protein is formed by podtanslational proteolytic processing of the
C-terminus which occurs vivoand not as an artefact of the protein purification process
(De Jongh, Colviret al. 1994) The 240kDa form wasapproximately twefold more
abundant than the 190kDa form (Figure 4.6A).

When cultures were subsequently exposed to either TNF or TSA, neither had any
significant effect on either tteACNA1C protein isoforms or the fragments expressed in
comparison tahe unstimulated samples (Figure 4.6A).

4.4.2 MembraneLocalisation of the CACNA1C 190kDaProtein Isoform Expressed

in Myometrial Cell Cultures is Significantly Increasedby TNF

Next it was determined if these compounds had an effect on the localisétiba
CACNAI1C protein isoforms. Protein was isolated by sub cellular fractionation, separated
by SDS PAGE and subsequently western blotted with an antibody directed te the N
terminus of theCACNALC protein. Blotting with the Nterminal antibody revealetiat

the long (240kDa) and the short (190kmA)CNALC isoforms are located in both the
cytoplasmic and membrane fractions (Figure 4.6B, C). This illustrates the importance of
sub cellular localisation of the channel proteins as only a portion c€EA@NAL1C
detected in the total cellular protein is localised to the cell membrane and hence will have

aneffect on cell contractility.
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Fig. 4.6 CACNA1C N-terminal Domain

Fig. 4.6A Total Cellular CACNAI1C Protein —Representative Gel and Quantitation
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Fig. 4.6B CACNAI1C Cytoplasmic Localisation — Representative Gels and Quantitation
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Figure 4.6 The Expression of theCACNALC Protein in Myometrial Cell Cultures Utilising an N-
terminal Antibody

Myometrialmyocytecell cultures were stimulated with 10ng/ml TRt twenty-four hours 100ng/ml TSA

for twenty-four hours 10ng/ml TNFfor 1 hour followed by 100ng/ml TSAfor twentyfour hours
(+TNF/+TSA), 100ndml TSA for twentyfour hoursfollowed by 10ng/ml TNF for 1 hour (+TSA/+TNF)

or left unstimulated. Protein was extracted, separated by SDS PAGE and western blotted. Manual
guantification of the relative band intensities were used to quantify the level of expression and this was
expressed as arbitrary unifs = 3) (A) Within total cellular proteirmyometrial cellcultures express two
CACNAI1C proteins (right panel), +TNF/+TSA caused a significant up regulation of the 190kDa fragment
in comparison to TSA (p<0.0%. (B) Cytoplasmic loelisation of theCACNALC protein (right panel), no
treatment had any effe@ACNALC protein expressioffleft panel)(C) Membrane localisation of the
CACNAI1C protein (right panel), no treatment had any effeBCNALC protein expressioieft panel)

When alltures were subsequently exposed to either TNF or TI3K resulted in a
significant increase in the membrane localisation of the short (190BB&NA1C
protein isoform in comparison to tstimulated samples (Figure 4.6C; p<0.05). The short

form of theCACNALC lacks the G&erminal tail regionloss of the @&erminus of the
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CACNALC has been shown to result in a4fold increase in ion conductance in
comparison to the full length channel. The presence of this isoform GARNALC

would support contractioMNF did not result in a significant change in the expression or
localisation of the longer (240kD&ACNALC isoform in comparison to ustimulated
samples (Figure 4.6B, C). TSA had no significant effect on the expression or localisation
of either of thewo CACNALC protein isoforms in comparison to-stimulated samples
(Figure 4.6B, C).

4.4.3 Localisation of theCACNALC Protein Isoforms Expressedn Myometrial Cell
Cultures is Unaffectedby Combined TSA and TNF Stimulation.
Next it was determined if tlse compounds had an enhancing or diminishing effect on

each other.

When the cultures were exposed to TNF prior to exposure to TSA and then blotted with
the Nterminal antibody there was no significant effect on the expression of either of the
CACNAI1C pratein isoforms, protein fragments or their subcellular localisation in
comparison to wstimulated samples (Figure 4.6A, B, C). However, the short (190kDa)
CACNAIC protein isoform was significantly increased within the total cellular protein

in comparisond TSA (Figure 4.6A; p<0.05). As with tieCNMA1 channeljn this order

TNF and TSA have a combined effect which is different to and greater than the effect of

each individual stimulus.

When the cultures were exposed to TSA prior to TNF and blotted wikkrminal
antibody there was again no significant effect on the expression cZAGNALC
channel protein, protein fragments or their subcellular localisation in comparison to un

stimulated samples (Figure A6B, C).

4.4 4CACNALC C-terminal Protein Fragmentsare Expressedin Myometrial Cell
Cultures and are Unaffectedby Either TNF or TSA
This present research sought to determine if TNF or TSA could influence expression of

the CACNALC protein. Total cellular protein was isolated, separated by SDS PAGE a
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subsequently western blotted with an antibody directed to thern@inus of the
CACNALC protein.

When western blotting was carried out using @&CNAL1C C-terminal antibody it
revealed that within the primary myocytes BACNAL1C C-terminal region ha been
proteolytically processed resulting in the generation of a numb@AGINALC protein
fragments (Figure 4.7A). The 48 and 30kDa fragments correspond to those previously
documented by Gaet al. (Gao, Cuadraet al. 2001) however a third previously un
reported 102kDa fragment was also detected (Figure 4.7A). This 102kDa fragment was
only detected at a very low level within the tatallular protein, and appears to comprise

the entire Germinal tail, this may have arisen as a result of the extraction process or it
may be a noveh vitro proteolytic cleavage product.

When cultures were subsequently exposed to either TNF or TSthendéad any
significant effect on either tteACNA1C protein isoforms or the fragments expressed in
comparison to the ustimulated samples (Figure 4.7A).

4.4.5 Localisation of theCACNALC C-terminal Protein Fragments Expressedn
Myometrial Cell Cultur esis Unaffectedby Either TNF or T SA

Next it was determined if these compounds had an effect on the localisation of the
CACNALC C-terminal protein fragments. Protein was isolated by sub cellular
fractionation, separated by SDS PAGE and subsequently weébétied with an antibody
directed to the @erminus of theCACNALC protein.

Following blotting with the @&erminal antibody the small-@rminal fragments were
found in both the cytoplasm and the meanie fractions (Figure 4.7B, C).
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Fig. 4.7 CACNA1C C-terminal Domain

Fig. 4.7A Total Cellular CACNA1C Protein —Representative Gel and Quantitation
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Fig. 4.7B CACNAI1C Cytoplasmic Localisation — Representative Gels and Quantitation
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Figure 4.7 The Expression of theCACNALC Protein in Myometrial Cell Cultures Utilising a C-
terminal Antibody

Myometrialmyocytecell cultures were stimulated with 10ng/ml TRt twenty-four hours 100ng/ml TSA

for twenty-four hours 10ng/ml TNF for 1 hour followed by 100ng/ml TSAfor twentyfour hours
(+TNF/+TSA), 100ndgml TSA for twentyfour hours followed by 10ng/ml TNF for 1 hour (+TSA/+TNF)

or left unstimulated.Protein was extracted, separated by SDS PAGE and western blotted. Manual
quantification of the relative band intensities were used to quantify the level of expression and this was
expressed as arbitrary uniis = 3) (A) Within total cellular proteirmyometrial cellcultures express a
number of CACNA1C proteins fragments (righganel), no treatment had any eff@ACNA1C protein
expressior{left panel) (B) Cytoplasmic localisation of thECNMAL protein (right panel), no treatment

had any effecCACNALC protein expressiofleft panel)(C) Membrane localisation of the ACNAL1C
protein (right panel), no treatment had any efl@&CNA1C protein expressiofleft panel)

The cytoplasmic fraction contained the 102, 48 and 30kDa fragments previously observed
in the total cell protein blots whilst the membrane contained a 56kDa fragnaeldition
to the 102, 48 and 30kDa fragments (Figure 4.7C). The significance of this observation

is still to be fully explored.
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Neither TNF nor TSA had any significant effect on the expression or localisation of any
of the small Gterminal fragments isomparison to wstimulated samples (Figure 4.7B,

C). However, the @erminal fragment blots were inconsistent which may have
contributed to the lack of any statistical significance being found between the different

groups.

4.4.6 Localisation of theCACNAL1C C-terminal Protein Fragments Expressedn
Myometrial Cell Cultures is Unaffectedby Combined TSA and TNF Stimulation.
Next it was determined if these compounds had an enhancing or diminishing effect on

each other.

When the cultures were exposed toFTAhd TSA in either order and then blotted with
the Gterminal antibody there was no significant effect on the expression of the
CACNALC channel protein, protein fragments or their subcellular localisation in
comparison to wstimulated samples (Figure A,7B, C).

45 The CACNAL1G Channel

4.5.1CACNA1G Protein Isoforms are Expressedin Myometrial Cell Cultures and

are Unaffectedby Either TNF or TSA

This present research sought to determine if TNF or TSA could influence expression of
the CACNALG protein.Total cellular protein was isolated, separated by SDS PAGE and
subsequently western blotted. Blotting with @&CNAL1G N-terminalantibody revealed

that the primary myocytes express both the long (262kDa) and short form (249kDa) of
the CACNA1G which have ben previously documented (Figure 4.84gnteil, Chemin

et al. 2000) The 249kDa form utilises exons 25 and 27 whilst the 262kDa form utilises
exons 25, 26 and 27. The 243k form has the most positive voltage range for steady
state inactivatiorfMonteil, Chemin et al.2000)and so will inactivate more slowly hence

it will provide a greater contribution to the influx of calcium into the cell.

When cultures were subsequently exposed to either TNF or TSA, TNF resulted in a small
increase in the 249kDa form vi$ti TSA resulted in a small decrease in the 262kDa form

although neither of these reached significance (Figure 4.8A).
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4.5.2 MembraneLocalisation of the CACNAL1G 262kDaProtein Isoform Expressed

in Myometrial Cell Cultures is Increasedby both TNF and TSA

Next it was determined if these compounds had an effect on the localisation of the
CACNA1G protein or protein fragments. Protein was isolated by sub cellular

fractionation, separated by SDS PAGE and subsequently western blotted.

Blotting with theCACNA1G antibody revealed that only the 249kDa isoform was located
within the cytoplasmic fraction (Figure 4.8B), howeuee cytoplasmic protein fraction

was also seen to contain a band at around 157kDa and one at around 69kDa (Figure 4.8B).

These smaller metularmassbands (~157 and ~69kDa) do not equate to any previously
reported isoforms of the ACNALG calcium channel. The most likely explanation is that
these bands are as a result of a proteolytic process which occurred during the purification
procedureand are therefore not physiologigatelevant. This hypothesis ssipported by

the fact that these small molecular weight bands are only present in the cytoplasmic
fraction and the full length protein is completely absent from this fracéi6thin the
membrane fraction there was no evidence of the 249kDa isoform and the 262kDa isoform

was only expressed at a very low level (Figure 4.8C).

When cultures were subsequently exposed to TNF or TSA, neither had any effect on the
expression of either the 249kDsnform of the protein fragments within the cytoplasmic
fraction (Figure 4.8B). However, both TNF and TSA increased the amount of the 262kDa
isoformwithin the membrane fraction in comparison testimulated samples although

this did not reach significan¢€igure 4.8C).
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Fig. 4.8A Total Cellular CACNA1G Protein —Representative Gel and Quantitation
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Fig. 4.8B CACNAI1G Cytoplasmic Localisation — Representative Gels and Quantitation
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Fig. 4.8C CACNA1G Membrane Localisation — Representative Gels and Quantitation
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Figure 4.8 The Expression of theCACNAL1G Protein in Myometrial Cell Cultures Utilising an N-
terminal Antibody

Myometrialmyocytecell cultures were stimulated with 10ng/ml TR twenty-four hours 100ng/mITSA

for twenty-four hours,10ng/ml TNFfor 1 hour followed by 100ng/ml TSAfor twenty-four hours
(+TNF/+TSA), 100ndml TSA for twentyfour hours followed by 10ng/ml TNF for 1 hour (+TSA/+TNF)
or left unstimulated.Protein was extracted, separated by SDS5P and western blotted. Manual
guantification of the relative band intensities were used to quantify the level of expression and this was
expressed as arbitrary unfts= 3) (A) Within total cellular proteimmyometrial cellcultures express a two
CACNAAI1G proteins (right panel), no treatment had any ef@&CNA1G protein expressiofleft panel)

(B) Cytoplasmic localisation of th€ ACNALG protein (right panel), within this fraction two addition
protein fragment were observed (right panel). No treatmaditaimy effecCACNALG protein expression
(left panel)(C) Membrane localisation of tHeACNA1G protein (right panel), no treatment had any effect
CACNALC protein expressio(left panel)
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4.5.3 Localisation of theCACNAL1G Protein Isoforms Expressedn My ometrial Cell
Cultures is Unaffectedby Combined TSA and TNF Stimulation.

It was therdeterminedvhetherthese compounds had an enhancing or diminishing effect
on each other. When the cultures were exposed to TNF and TSA in either order and then
blotted wih theCACNAL1G antibody there was no significant effect on the expression of
the CACNALG channel protein isoforms or their subcellular localisation in comparison

to unstimulated samples (Figure 4.8A, B, C).

4.6 Nuclear Localisation

4.6.1The CACNALC Proteinis Found Localised Within the Nucleusin Myometrial

Cell Cultures

Previous research has demonstrated that once cletheedCACNALC C-terminal
fragment can either elocalise with the rest of the chanigelell, Westenbroelet al. 1996,
Gerhardstein, Gaet al.2000, Hulme, Konoket al. 2005, Hulme, Yarowarovoyet al.

2006, Schroder, Bysst al.2009, Satin, Schrodet al.2011)or can move into the nucleus
(GomezOsphna, Tsuruteaet al. 2006, Schroder, Byset al. 2009, Satin, Schrodest al.

2011) Within the nucleus the -@&rminal fragment of th€ ACNA1C has been shown to

act as a transcription factor. It was shown to bind to its own promoter and down regulate
transciption (Schroder, Byset al. 2009, Satin, Schrodet al. 2011) It has also been
shown to regulate the expression of a number of genkgling connexin 3.1 in neurons;

the Na/Ca exchangewhich works ceordinately with the calcium channel to maintain
cellular calcium(Schroder, Byset al. 2009) and the potassium channé{CNN3. To
determine if the @erminus of theCACNALC enters the nucleus within the primary
myocyteculturessoluble nuclear and chromatin bound nucleatein was isolated by
sub-cellular fractionation, separated by SDS PAGE and subsequently western blotted.
After blotting with the Gterminal CACNA1C antibody a 30kDa bind was observed
within the solubé nuclear fraction (Figure 4.10A), however no band was observed in the

chromatin bound nuclear fraction (Figure 4.10B).
When cultures were subsequently exposed to either TNF or TSA, a SXONALC
protein band was observed in the soluble nuclear protsstion (Figure 4.10A), again

there was no band observed in the chromatin bound nuclear fraction (Figure Al@0B).
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statistical analysis was carried out on these results as the gels were loaded with the same
volume of protein and not the same concentnadioe to the low concentration of protein

extracted in these fractions.

Although the Gterminal was not localised in the chromatin nuclear fraction in this study,
as it was found within the soluble nuclear fraction it is possible that it still has role
regulating transcription in these cells. Although it is outside the bounds of this thesis the
role of theCACNAL1C C-terminal transcription factor within primary myocytes igrtiny

of further investigation.

Fig. 4.9 CACNA1C C-terminal Domain
Fig. 4.9A Soluble Nuclear CACNA1C Protein —Representative Gel

<
102kDa——» ikl i .
56kDa——» = - &
48kDa——»
30kDa ——p awee  — " ‘

Fig. 4.9B Chromatin Bound Nuclear CACNAI1C Protein —Representative Gel

-
< 5 %
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Figure 4.9 Nuclear Localisation of theCACNALC Proteinin Myometrial Cell Cultures Utilising a C-

terminal Antibody

Myometrialmyocytecell cultures were stimulated with 20ng/ml Tid¥ 1 hour 100ng/ml TSAfor twenty

four hours,or left unstimulated.Protein was extracted, separated by SDS PAGE ancemmeiotted.
Manual quantification of the relative band intensities were used to quantify the level of expression and this
was expressed as arbitrary urfits= 3) (A) TheCACNA1Cwas detected within the soluble nuclear protein
fraction(B) The CACNA1C was not detected within the chromatin bound nuclear protein fraction.
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4.6.2 The KCNMA1 Channel Protein is Found Localised Within the Nucleusin
Myometrial Cell Cultures.

In Chapter 3following immunocytochemistry staining of the primary myocytes nuclear
localisation of theKk CNMA1 channel was observed. This was a novel finding, therefore

it was important to rule out the possibility that this nuclear localisation was a staining
artefact. To do thissoluble nuclear and chromatoound nuclear protein was lated

by subcellular fractionation, separated by SDS PAGE and subsequently western blotted.
After blotting with theKCNMA1 C-terminal antibody in the ustimulated samples there

was noKCNMAL1 protein found within the soluble nuclear protein fraction (Fegti9A),
however, within the chromatin bound nuclear fraction there was a band for the 138kDa
KCNMAZ1 protein (Figure 4.9B).

When cultures were subsequently exposed to either TNF or TSA, both resulted in the
appearance of a 138kDa and a 65KIZNMAL protein band within the soluble nuclear
fraction (Figure 4.9A). A faint 138kDECNMA1 band was observed in the chromatin
bound nuclear fraction following exposure to TNF, however no bands were observed in
this fraction after exposure to TSA (Figure 4.9B). Mhtistical analysis was carried out

on these results as the gels were loaded with the same volume of protein and not the same

concentration due to the low concentration of protein extracted in these fractions.

Although these findingsupport the immunocgthemistry observations, it is important
to remember that the bands observed could be a result of protein carry over during the
sub-cellular fractionation protocol. The putative role of KENMA1L channel within the

nucleus is still to be fully explored.
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Fig. 4.10 KCNMA1 C-terminal Domain
Fig. 4.10A Soluble Nuclear KCNMA1 Channel Protein —Representative Gel
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Figure 4.9 Nuclear Localisation of theKCNMAL1 Protein in Myometrial Cell Cultures Utilising a C-

terminal Antibody

Myometrial myocyte cell cultures were stimulated with 10ng/ml TNF for 1 hour, 100ng/ml TSA for twenty
four hous, or left uastimulated. Protein was extracted, separated by SDS PAGE and western blotted.
Manual quantification of the relative band intensities were used to quantify the level of expression and this
was expressed as arbitrary units (n &).The KCNMA1 channel was detected within the soluble nuclear
protein fraction(B) The KCNMAL1 channel was detected within the chromatin bound nuclear protein
fraction

4.7 Discussion

4.7.1 TheKCNMA1 Channel Protein Antibodies

Firstly, it is necessary to address thikkerences seen in the results from the two different
KCNMAL antibodies. Th&KCNMAL1 N-terminal antibody was raised against a synthetic
peptide from the Merminal of the HumanKCNMAL channel conjugated to an
immunogenic carrier protein, it was suppliedmsle serum, not affinity purified and it

had only been tested in western blot against the recombinant protein used as an
immunogen. Although these factors would seem to make it a poor choice of antibody for
this purpose, it was chosen as the majorigtberK CNMA1 N-terminal antibodies were
raised in goat. The issue with using primary antibodies raised in goat for western blotting
is finding an appropriate blocking solution because thegamai secondary will cross

react with both BSA and mitkontainng blocking buffers giving a very high n@pecific
background signa{Buchwalow, Samoilovat al. 2011) The originalKCNMA1 N-
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terminal antibody was raised iro@ and despite optimisation it was not possible to
acquire a suitable signal:noise ratio using a variety of blocking buffers including BSA,
Milk, non-protein block or serum block at any of the primand secondary antibody
concentration combinations iestigated. Therefore, a pragmatic decision was taken:
although theKCNMA1 N-terminal antibody used was not ideal it was the better choice.
The antibody itself may therefore have contributed to the differences seen in comparison

to the Gterminal antibody.

There are also intrinsic differences between the protein structures in the region of the
binding sites for the Nand Gterminal KCNMAL channel proteins. The -Mrminal
antibody binds between amino acids 100 and 150 of the protein, this region encempasse
part of the intracellular loop between the SO and S1 segments, the transmembrane S1
segment and also part of the intracellular loop between segments S1 and S2 while the C
terminal antibody binds at the very end of the intracellutggr@inal tail regio. The N

terminal antibody binds in a region composed of transmembrane helix structures and
intracellular linking loops while the @rminal is 848 amino acids in length and is

composed of intracellular helix and beta strand structures.

The Nterminal rgion and the SO transmembrane spanning domain are responsible for
coupi n g o-Bubunit{Veallnbr, Meeraet al. 1996, Morera, Aliouat al.2012) The
b-subunit increases the calcium and voltage sensitivity oKIbBBEMA1 channel and
hence supports quiescence. Korovkeétaal. idenified and characterised WRCNMA1L
variant in which a 132bp exon is inserted between exons 2 @siilting in an additional
44aabeing inserted in the linking loop between SO and S1. The inserted amino acids
contain two consensus sites for protein phosghton and also a myristylation site
(Korovkina, Ferguegt al.2001, Korovkina, Brainardt al.2006) KCNMAL1 channel with

this insert have been shown to be proteolyticallywvddawhen cleaved the-términus

is located inthe membrane and thet€minuslocalises to the sarcoplasmic reticulum.
The binding site for the fferminal antibody is in the vicinity of this proteolytic cleavage
and therefore if the channel has been cleaved this may destroy the antilwbdy bite
(Figure 4.11).

All of the above are plausible explanations for why th€eé¥dminal antibody worked less
well in the western blot but ultimately the most probable explanation is that as the
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antibody recognised a linear peptide epitope i.e. a siintpeptide, a harsher denaturing

lysis buffer such as RIPA buffer would have been more appropriate. This would have

ensured that the antibody recognised the peptide more readily and was more able to bind.

The less harsh lysis buffer which was used wddde resulted in a decrease in the
availability of a suitable epitope for the antibody and hence a reduced signal. This then
combined with the nospecificity of a wholeserum antibody gave blots with low

signal:noise ratios which were difficult to inpeet.

4.7.2 TheKCNMA1 Channel Protein Fragments

Due to the low signal:noise ratios achieved in theeihinal western blots it is necessary

to treat the data generated from these with caution until it can be validateodus
fragments were detected the N-terminal antibody that were not detected when the C
terminal antibody was used, indicating that these fragments were lackingé¢nmiGal
region. Initially these fragments were dismissed as not physiologically relevant as they
had been identifiedreviously by Knaugt al.and were determined to be-pyoducts of
proteolytic cleavage which has occurred as a result of the purification p(#cesss,
Eberhartet al. 1995)

Utilising the knowledge that it is the-Terminal region that is absent it is possible to
approximate the location of the cleavage sites for these fragments and interestingly the
cleavag sites for all three fragments (50, 65 and 90kDa) occur in regions of kpbeen s

variants (Figure 4.11).

Fig. 4.11 MaxiK Channel Protein

MEK44
Insert Pore
{1
L1
Eil.‘]l;ngal 50kDa 65kDa 90kDa C-terminal
1oocy Fragment Fragment Fragment Antibody

Figure 4.10 Diagrammatic Representation of theKCNMAL protein

Details the location of key features including tharoiel pore, splice sites (M2ed; M3Green; M5Blue).
The Gterminus is highlighted with a grey box and theeximinus with a black box:he putative cleavage
sites for the generation of the protein fragments are highlighted by the white Bhaemtibog binding
sites are detailed as is thtk44 insertion.

The 90kDa fragment is cleaved in the region of splice site M5 (Figure 4.11), this site is

|l ocated in the |Iinking | oop between S9 and
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Splice site M5 involes the insertion or deletion of exon 29 and result§GNMAL
channels with an increased activation 1@eengCrank, Fosteet al. 1994, Yan, Olsen

et al.2008) In a separate study to identify where the calcemsitivity of theKCNMA1
channel was locate8chreiberet al. demonstrated that abolishing the sensitivity of the
calcium bowl resulted iIKCNMAL channels with increased activation rat8shreiber,
Yuanet al.1999) Taken together with the protein and splice variant data in this,study
would indicate that the insertion of exon 29 could rasuthe introduction of a cleavage

site which then results in the cleavage of theninal tail region effectively removing

the calcium bowl from the core of the channel and abolishing the channels calcium

sensitivity resulting in a channel with incredssctivation rates.

The 65kDa fragment is cleaved in the region of splice site M3 (Figure 4.11), this site is
located in the linking loop between S8 and S9, the effects of this splice variant have not
yet been fully identified. The splice site involvafeatential utilisation of exon 19, at the
protein level this results in the insertion ofa&@the utilisation of the entiref exon 19),

the insertion of 4a4 t he 306 truncation of exon 19)
skipping of exon 19). Tser@rark demonstried that the insertion of the 4essulted in

a KCNMAL1 channel with a 3to 4-fold decrease in calcium sensitivifysengCrank,
Fosteret al. 1994) These same 4aa are at the start of the #i@a#at bu the effect this

insert had on calcium sensitivity was not examined. Three of the four inserted amino acids
are positively charged and Tseng suggested that the decrease in calcium sensitivity was
either because this positive charge was interacting wehc#icium binding site or
because the inserted amino acids were causing conformational changes in the protein
structure(TsengCrank, Fosteet al. 1994) Combining the splice variant data, which
shows that the coptete exon 19 is utilised in these primary myocytes, with the protein
data reported here suggests a third possibility: the utilisation of the complete exon 19
introduces a cleavage site and that the calcium sensiagrhal tail can then be cleaved

from the channel. This would have the effect of reducing the calcium sensitivity of the

channel.

The 50kDa fragment is cleaved in the region of splice site M2 (Figure 4.11), this site
involves the mutually exclusive use of exons 10 and 11 or exons 11 andid Zan
result in either truncated ndanctional channels or functional channels with strongly

altered gating kinetic&Soom, Gessnat al.2008) Interestingly, if the location of the-C
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terminal antibody is utilised to approximate the cleavage site for the 65kDa fragment
detected by this antibody, the cleavdgethis fragment occurs in a similar location to

the cleavage site of the 50kDa fragment: this may indicate that the two fragments
complement each other. The splice variant data have shown that the primary myocytes
express exon 11 and 12, and so theer@inally truncated 50kDa fragment may be
generated as a result of proteolytic cleavage of the protein at a cleavage site introduced
via the utilisation of exons 11 and 12. The loss of tHer@®inal tail region would alter

the gating kinetics of the charinghich has been reported as an effect of alternative

splicing in this region.

To determine if any of these scenarios are physioloigially relevant it would be necessary
to determine the structure of the channelivo. It would also be pertinant to undake

channel activity recordings in order to determine the specific effect on channel gating.

4.7.3 Protein Fragments of theCACNA1C Channel

The Nterminal antibody detected two forms of BACNALC channel on the western
blots, the first at 240kDa is peesentative of the full length channel and the second at
190kDa is representative oCACNAL1C channel which has undergone ptranslational
modification were the @erminus has been proteolytically cleaved. Theeninal

antibody detected four differefragments.

The 190kDa fragment detected by theédxminal antibody, has been reported to lack a
portion of the Germinal tail of the channel and this cleavage occurs in a known splicing
region (Figure 4.12). @erminal truncation of th&€ ACNAL1C has ber described in
cardiac cellfTsengCrank, Fosteet al. 1994, Satin and Schroder 200Bjain cell§De
Jongh, Colviret al.1994)and skeletal musclglulme, Konokiet al.2005) This cleavage

has been shown to occur between amino acids 16899 of thecCACNA1C (De Jongh,
Warneret al. 1991) close to a calpain cleavage site. Indirect evidence suggests that a
calpainlike protease is respon$gbfor the proteolytic processing of the channel. De
Jonghet al.demonstrated that calpain | is capable of cleaving a 37kDa fragment from the
C-terminus of theCACNALC (De Jongh, Colviret al. 1994) This would corelate well

with the smallest fragment detected by thée@ninal antibody and as such this small

fragment and the 190kDa fragment may actually be generated as a result of a single
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cleavage event. Hedlt al.went on to show that this cleavage was indunedn influx of
calcium and that this cleavage can be blocked by calpain inhififetls Westenbroek
et al. 1996)

Fig. 4.12 LTCC Channel Protein
190kDa 30kDa
Fragment 1-'1'aiment

I [

N-terminal 102kDa - ) C-r‘émlinal
Antibody Fragment  S6kDa  48kDa 7 o 40
Fragment Fragment

Figure 4.11 Diagrammatic Representation of theCACNALC Protein

Details the location of key features including, splice sites {R&dl; L12Green).The Gterminus is
highlighted with a grey box and thetidrminus with a black boxthe putative cleavage sites for the
generation offte protein fragments are highlighted by the white bokks.antibody binding sites are
detailed.

Reports on the role of the-@rminus and hence the effects of cleaving ther@inus
initially appear to be conflicting. Firstly, it has been shown thaadwdge of the C
terminus removes the major site of CAMP dependant phosphorylation from the body of
the channel ser1928Gao, Yatanet al.1997) Phosphorylation of this sé1928 residue

has been shown to result in-tggulation of the channéGao, Yatanet al. 1997) This
evidence would suggest then, that cleavage of tterr@inus should resulh down
regulation of the channel. In fact, however, the proteolytically cleavA@NA1C
calcium channel has been shown to have ta &-fold higher ion conductance than the
full length channe{Wei, Neelyet al. 1994) The Gterminally cleaved fragment has also
been shown to neoovalently associate with the body of the channel on the membrane
and exert an inhibitory effe¢Gao, Cuadrat al.2001) Weiet al. suggestethat the G
terminal tail folded over changing the proteins structure and inhibiting the activity of the
channel(Wei, Neelyet al. 1994) If the phosphorylation of sér928 resulted in the-C
terminus being unablke fold round as Wei sygsts then this phosphorylatiamuld, in

effect have the same effect as removal of thiE=@ninus.

Splicing may be involved in modulating the role of thée@ninus as there are a number

of splice sites in the @rminus which hee been shown to modulate the gating properties
of the CACNA1C. Splice sites L11 and L12 involve in the inclusion of additional
nucleotides and/or the utilisation of an alternative exon and both are in the vicinity of the

putative cleavage site (aal6869) and set1928 and so it is possible that these splice
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variants may either remove the phosphorylation site or introduce a cleavage site. Splice
site 11 involves exon 40 which encompagbkesputative cleavage site arglise site 12
involves exon 44 whicencompasses s&b28 (Figure 4.12). The splice variant analysis
showed that the myocytes express exon 40 with no addition or deletions and so this may

contain the cleavage site responsible for the truncation GAGNALC.

As with theKCNMAL1 channel itwvould be necessary to determine if these splice sites did
indeed have the effects suggestedto undertake channel activity recordings in order to

determine the specific effect on channel gating.

4.7.4 TheCACNA1G Channel Protein

There were two main ptein forms for th&€ ACNA1G channel evident from the western

blots, the first at ~262kDa and the second at ~249kDa, this range in protein size of the
CACNALG has been reported previougiunker, Sharget al.2003,Bertolesi, Walia Da

Silva et al. 2006) Two forms of theCACNAL1G were defined by Monteit al, a short

version ter merdndAGNADBgEr ver sicolhesdtwor med CACN
forms were shown to contain distinct-11V | 0105 $ormedtilising an alternative

56 splice donor site in exon 25 (Monteihbi ned wi't
Cheminet al. 2000) The splice variant analysis revealed that the primary myocytes

express exons 25 a@b this would account for the longer form of tBACNALG. A

second splice site which could also account for the detection of a SQAENALG

protein is splice site 9 with can include the deletion of exons 34 affthi3& and Noebels

2009; Figure 4.13), this splice site was not included in the splice variant analysis and so

it is not possible to determine if these exons are present or not.

There were a further two smaller fragments ofGA&NA1G also detected. The smallest

of these §9kDa) occurs within splice site T1 splicing in this region has been shown to
result in the modification of protein trafficking (Figure 4.8}cheglovitov, Vitkeet al.

2008) The second fragment (157kDa) does oxxur in or near a known splice site and

so this fragment may be caused due to the protein extraction techniques and hence is
physiologically irrelevant or it may be a novel finding (Figure 4.183. with the
KCNMA1 and CACNALC further work is need to fly characterise these channel

isoforms and fragments.
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Fig. 4.13 TTCC Channel Protein
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Figure 4.12 Diagrammatic Representation of theCACNALG Protein

Details the location of key features including splice sitesK&dl; T9Green).The Gterminus is
highlighted with a grey box and the-términus with a black boxThe putative cleavage sites for the
generation of the protein fragments are highlighted by the white boxes. The antibody binding site is
detailed.

4.7.5 The Role of the KCNMAl, CACNA1C and CACNA1G Channels in
Myometrial Contractility.

In the unstimulated samplesvhich are representative of the end of pregnancy prior to
the initiation of contractionghe data shows thhbth full length and truncatd€diCNMA1
channel forms are present in both théoplasm and inserted into the membrane, full
length and post translational modifi€@ACNAL1Cs are present again in the cytoplasm
and inserted in the membrane, with the cytoplasmic fraction containing more channel than
the membrane and full lengtBACNALG is present in the whole cell lysis but is not
detectablelocalisedto the membraneThis demonstrateshat at this juncture the
myometrial myocytes express channels which have decreased calcium sensitivity
(truncated KCNMAL1 channel forms), and increasednicconductance (truncated
CACNA1C) meaning when th€€ ACNALC is triggered to open the membrane will
depolarise more rapidly and thlCNMAL channel will respond less rapidly and so the
cell will repolarise more slowly tipping the fine balance of the cell awotir of

contraction.

At the initiation of labour the myometrium is subject to dtumof cytokines including

TNF. Therefore, TNF stimulated cellmay serve as a modef this time point. In the
primary cells after TNF treatment, full lengtt€NMAL channel protein was again seen

in both the cytoplasmic and membrane fractions but the level was unchanged from the
unstimulated cultures. Membrane localisation of the 50kDa fragment which represents
KCNMAL channels with decreased calcium sensitivity is iasee after TNF treatment.
Posttranslational modifie€CACNAL1C was also present in both fractions and membrane

localisation of this protein was increased after TNF treatment. Finally full length
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CACNAL1G was detectetbcalisedto the membrane after TNF tresnt. Demonstrating
that the influx of cytokines, specifically TNF, causes a mobilisation of the- post
translationally modifiedC ACNA1C andCACNALG proteins from the cytoplasm to the
membrane whilst promoting the membrane expression of the less respobisive 5

KCNMAL channel fragment and hence increases the contractility of the cell.

TSA, is a broad spectrum lysine deactylase inhibitor which has been seen to cause
relaxation in myometrial strips, therefore, TSAmulated cells promote a relaxed
myometrialphenotype. In the primary cells, after TSA treatment, there wasease

in the full lengthKCNMAL1 channel protein although this appears to be restricted to the
cytoplasmic fraction. A decrease in full length@C was also observed but this was not
significant. Visually this decrease @ACNALC expression appears to be focused in the
membrane fraction although again this was not significant. Finally Ti@Cwas again
presentiocalisedto the membrane. This demonstrates that TSA may act by increasing
transcription of th&KCNMA1 channel and by supporting the removal of @RCNA1C

from the membrane. Importantly TSA seems to be workirtiy slower kineticthanseen

with TNF.

If histone deacetylase inhibitors are to be developed as tocolytic agentspbisant to
determine the combined effects of TNF and TSA. This will inform the decision of whether

the tocolytic is more effective administered prior to the cytokine influx or after it.

As TSA has been shown to cause relaxation of the primary culiiuissperhaps
unsurprising to see that it also causes an incredaSENMAL channel protein. However

this increase in channel protein appears to be confined to the cytoplasmic fraction and not
the membrane fraction and sould not be expected twntribue to the excitation of the

membrane.

It is interesting to note that when TNF is added, either before or after TSA, the TSA
associated increase KCNMAL channel protein is not seen indicating that TNF can
abrogate the effects of TSA on the expressiothisf protein. TSA has been shown to
induce ubiquitindependent degredation of proteins via the 26s proteasome pathway
(Caron, Boyaultet al. 2005, Alao, Stavropouloet al. 2006, Kong, Linet al. 2006)
ResearchypDenniset al.demonstrated the disruption of proteosome function can inhibit
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progesterone receptdependant transcriptian a delayed mannefhis inhibition was
linked to a decrease in promoter histone acetylation, however treatment with TSA was
unabk to restore progesterone mediated transcripfi@ennis, Lonardet al. 2005)
Progesterone has been shown to cause an increise expression of the KCNMA1
STREX exon(Holdiman, Fergust al.2002, Zhu, Eghbakt al.2005)andTNF has been
shown to to ugregulate progesterone recepto(Jang, Gucet al. 2012) Progesterone
receptor A has been shown to repress transcrifg@Geangrande, Kimbreét al. 2000,
Condon, Hardet al.2006)and therefore it is possible that in the case of KCNMAL1 TSA

is unable toreverse the effect of TNF on thprogesterone receptdependent

transcription oflhe channel.

The effect of TSA and TNF together on tR€éNMAL1 channel can be different than that

of TNF or TSA on their own. For example within the cytoplasmic fraction the mean
intensity of theKCNMA1 138kDa band is increased inetifNF and TSA stimulated
groupscompared to the ustimulated group. The intensity of this band then drops to
below the intensity of the ustimulated band in both the +TNF/+TSA and +T$SANF

groups. This could be because the action of T&phesses theanscriptiono f  1(WuB U
StarzinskiPowitzet al.2010)and so the usual negative feedback ®oopof | e BU an
may no longer function and inhibit the cascade caused by TNF. The effect is therefore
enhanced when the TNF cascade is triggered then the negative feedbackeid atoisk

the case with the +TNFTSA group.

4.8 Conclusion

This data hademonstrated that there are multiple isoforms oKiiBIMA1, CACNAL1C
andCACNA1G expressed within the primary myocyte cultures. These isoforms could be
generated either by splicing of the RNA or proteolytic processing of the protein. The
presence of variaiprotein fragments for both tHédCNMA1 and CACNALC protein
indicate that these proteins haveebeleaved. This cleavage may haveshenade
possible by the utilisation of different splice variants in the generation of the RNA. The
fragments generated bydse cleavage events have been shown to be capable of
regulating channel function and as such have a role in regulating the contractility of the
cell. Another way in which channel function can be modulated is via the proteins it

associates with on the celiembrane. The different isoforms and fragments of the
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KCNMAL and LTCC reported in this chapter may have role in the selection and or
recruitment of other proteins which in turn may enhance or repress the action of the
channel. The next step thereforeasihcover what proteins tbechannels associate with

and whether TNF or TSA have an effect on this association, this will be the focus of the

following chapter.
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Chapter 5: Co-Localisation of the KCNMA1 and CACNA1C

Proteins with Caveolinnl ,>Adrener gi ¢ Receptor and

Cultured M yometrial Cells Results and Discussio
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5.1 Introduction

In Chapter 4 it was shown that TNF causes mobilisation of bottCAE@NA1C and
CACNA1G proteins from the cytoplasm to the membrane whilst promoting the
membrane laalisation of the @erminally truncated 5S0kDECNMAL channel fragment

and in this way may increase the contractility of the cell. Moreover, TSA caused a small

decrease in thEACNA1C localised to the membrane.

The cell membrane consists of approximat96 protein. As well as these proteins the
membrane also contains small invaginations called caveolae. Caveolae are flask shaped
structures which are rich in proteins and lipids, they have a role in the regulation of

channels and calcium signallifgarton and Simora007)

Previous research has demonstrated that caveolae can facilitate the localisation of key
calcium handling proteins, and has directly linked th&R to both theCACNA1C
(Davare, Avdoniret al.2001, Liu, Shiet al.2004)the KCNMAL1 channelLiu, Shiet al.
2004)and both channels togethiu, Shiet al.2004) This macromolecular compléx
thought to also containguanosines friphosphate G TP)-binding protein complex and

may also involve actin flamen{€hanrachakul, Broughtdripkin et al. 2004, Brainard,

Miller et al. 2005, Chanrachakul 2006This complex would enable specific local
regulation of both channels.has not been elucidatedether this complex exists within

the cavede(Figure 5.1)or whether this is a sefe process by which the two channels

can be brought into close proximity

Therefore, the next steypasto understand the membrane microenvironment within which

the channels are functioning.

Using ceimmunoprecipitation and western blotting this chapeaks to determine what,
if any protein complexes containing tK&CNMAL1 and CACNALC are present in the
myometrium and if these complexes exist within caveolae. Further tdhaigsossible

effect of TNF and TSA on any complexes discovevedinvestigated
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5.2 Optimisation of Protein and Antibody Concentrations for

Western Blotting

As in Chapter 4 a dot blot was utilised to optimise the protein and antibody concentrations

for use in western blotting. Diffee nt quanti ti es

of

protein

applied directly to a nitrocellulose membrane (Geneflow, Staffs) as dots, then incubated
with different dilutions of primary antibody (1:500, 1:1000 and 1:2000). Secondary

antibody was then added and thlets developed using Westar Supernova (Geneflow,

Staffs) detection reagents. At least one combination for each antibody produced clear dots

on the dots blots (Figure 5.2)
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Figure 5.2 Dot Blot Optimisation

The antibody targednd antibody dilutions are detailed in the figure. The numbers 1, 2, 3, 4 related to the
amount of protein added inthatdot; 8 € g-51 02 g5 0 8 g ianegativelcontrol (no protein). The
lack of dot in the negative control of each blot and #ioé bf background on the majority of blots show

the block is effective and that each antibodyasking. The dark spots indicate thatibodiesare

detecting protein. Blots were developed with WestStar Supernova ECL reagent.

|
4

5.3 Analysis of Data

After manual band quantification of the western blot img@amalysis was performed as
follows. Within each sample sahe unstimulated sample was quantified as 100%, the
stimuated samples for the matchingstern blots were then quantified as a percentage

of the unstimulatedsample For the ceimmunoprecipitation experimentbe value
ascribed to nospecific binding of IgG was subtracted from the specific binding value.
That value was then expressed as a percentage of the input fraction with the inpat fractio
intensity being taken as 100%ll experiments were repeated three times and the results
are expressed as the mean £ SD. All data analyses were conducted on GraphPad Prism
version 6(GraphPad Software, San Diego, Californiahere a one way ANOVA with
Dunet t-dest was@earformed to compare the individual stimulations against the
unsti mul at ed control ; p" 0. 05 w Althouglt o n s |
statistically analysis of the @emmunoprecipitations were performed the data is not
presentd in this thesis. Due to the limitations of the immunoprecipitatiomigales any
analysis can only bsemtquantitative and therefore the presentation of statistical data

relating to these could be misleading.
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5.4 Expression of Accessory iteins in Myometrial Cell Cultures.

Prior to determining if th&K CNMA1 and CACNA1C exist within a macromolecular
complex and what form this complex takes it was first necessary to determine if the
myometrial cells expressed the putative accessory proteinsC&+1 a pAR andl if

either TNF or TSA had an effect of the level of expression of these proteins. To this end

Western blots were carried out for each of the accessory proteins.

5.4.1 Expression of G dn Myometrial C ell Cultures

After whole cell lyss protein extraction, Gdvas detected in all the samples (Figure 5.3A
left panel). On the western blots two isoforms of tlhepBotein were detected, a ~54kDa

and a ~46kDa variant (Figure 5.3A left panel), these are designated the long and short
isoforms of Gy gespectivelyNorthup, Sternweist al. 1980, Mumby, Kahret al. 1986,

Olney, Tsuchiyeet al. 1996, Pollard, Kraineet al. 2002) These two isoforms of &3

have been shown to be generated by alternaplieing with the short form being
generated by the exclusion of exor{Kbzasa, Itohet al. 1988) These two different
isoforms havébeen shown to have different regulatory functions, with the longer form
more able to support hormosémulated AC activity(Sternweis, Northuet al. 1981)

and pref er ent-adehefgig recemafsadamingps)rn compharisoro the

short form. Expression of these two isoforms has been found to be tissue specific
(Novotny and Svoboda 1998)ithin the myometrium it has been reported that both the
long and short Gsisoforms are expressed at a considerably higher level in pregnant
myometrium versus nepregnant and in labouring myometrium the levels are reduced to
that seen in nepregnantEuropeFinner, Phaneuét al. 1994 EuropeFinner, Phaneuf

et al. 1996)
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Fig. 5.3A Total Cellular G, Protein —Representative Gel and Quantitation
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Figure 5.3 Expression of Gis Cav-1  a nAR infMyometrial Cell Cultures

Myometrial cell cultures were stimulated with 10ng/ml TNF for 1 hour, 100ng/ml TSA for twieaty

hours, or éft unstimulated Protein was extracted, separated by SDS PAGE and western blotted. Manual
quantification of the relative band intensities were used to quantify the level of expression and this was
expressed as a percentage of thestimulated expressiofm = 3) (A) Left Panel Representativey@lot,

both the long (54kDa) and short (46kDa) Soforms were detected, Right paigQuantification.There

was no change in totalf@xpression with either treatme(B) Left Panel Representative Gablot, Right

paneli Quantification. TSA caused significant down regulation of Cal (*p<0.05). (C) Left Panel
Representati ve b2 ARnttichtiont Both RNFghdt TSAcauses la significant down
regulation of BbB2AR (*p<0.05)

There was no significant change in tb&allevel of Gy protein detected aftezitherTNF

or TSAstimulation compared to the «gtimulated controls (Figure 5.3A right panel).
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5.4.2 Expression ofCaveolin 1 (Cav-1) in Myometrial Cell Cultures

As mentioned previously caveolae are small flslsped invaginationsfdhe cell
membrane, the formation of these structures requires the expression of caveolin proteins
(Fra, Williamsonret al. 1995, Drab, Verkadet al. 2001, Razani, Engelmaat al. 2001)
Caweolins are a family othree integral membrane proteins, €avCav2 and Cav3,

which all form hairpin loops which are inserted into the membrane with the N and C
termini both facing the cytoplasmic side of the membi@henier, Partoret al. 1995)

These caveolin proteins form oligomers and when these associate with cholesterol and
sphingolipids they result in tfermation of caveolae. In smooth muscle €akas been

shown to be crucial for the formation of caveolae.

After whole cell lysisprotein extraction, Cat was detected in all the samples (Figure
5.3B left panel). There was no significant change in thel lef Cav1 protein detected
after TNF stimulation compared to the-stimulated controlgFigure 5.3B right panel).
After TSA stimulation, however, the amount of Chyprotein detected was significantly
reduced (p<0.05; Figure 5.3B right panel).

A large number of bands were observed on the-Cavestern blots, these are labelled
nonspecific (n/s; Figure 5.3B left panel). However, there is evidence to suggest that Cav
1 can form stable hetexaigomeric complexes with Ca¥ (Scherer, Lewi®t al. 1997)

and this may explain the banding pattern seen on the western blot. The proteins

represented by these other bands have not been conclusively identified for this thesis.

54. 3 Ex pr ezxsAdrénergic Receptobin Myometrial Cell Cultures

T h eARDbs a Gprotein coupled receptémcated withinthe cell membrane which binds
Norepinephrine and gnephrine. When stimulatedt h e>AR bresults in the
hyperpolarization of smootnuscle aneffectmediated by thaugmentation of potassium
ion conductancéKotlikoff and Kamm 1996)Briefly, stimulation of théb,AR activates

AC via Gy shich in turn converts ATP to cAMP. cAMP then catalyses the activation of
PKA which in turn phosphorylates key proteins, including KENMA1 channel.
Phosphorylation of thKCNMA1 channel leads to its &eation and hence relaxation of
the muscldKume, Takaket al.1989, Tanaka, Yamashiaal.2003) AR agonists such
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as ritrodine were used to inhibit labour by causing relaxation in the smooth muscle of the

uterus(Haram, Mortensert al.2003)

Using whole cell protein exdr ¢ t 28R wa$detected in all the samples (Figure 5.3C left
panel ). There was a si g2AR pgraten aetectedaiechote a s e
TNF and TSA stimulation compared to thestimulated controls (p<0.05; Figure 5.3C

right panel). This réuction in expression was greatest in the TSA stimulated samples.

5.5 Optimisation of Immunoprecipitation

5.5.1 Optimisation of Antibody Binding

Each step of the antibody binding and crosslinking process was tested using two amounts
of both the KCNMA1 ad CACNAL1C Nterminalantibodes( 2. 5¢ g and 5. 0.
effects of addingitherreducing or nofreducing sample buffer to the sample prior to
analysis by SDS PAGE were also compared. The first step in this process was to verify
that the antibody was successfully bound to the beads: édbsslinking the antibody to

the beads, the supernatant, termed the flow through, was collected. This would contain
any antibody that has not bound to the beads. Nexicromslinked antibody was eluted

from the beads using elution buffer (0.1% (WCI pH2.0), this step was repeated and

the two elutions collected. Finally a sample of the beads was collecteshdhid contain

crosslinked antibody.

Following ceaimmunoprecipitaion the presence of the immunoprecipitating antibody in
the proteireluate can mask specific signals from the subsequent western blot. This is due
to the fact that the HRPonjugated secondary antibody can bind to the
immunoprecipitation antibody as well as the primary antibody utilised in the western blot.
Depending on th size of the protein that is being detected the immunopreciptating
antibody IgG heavy and light chains can mask the specific protein signal. The apparent
size of these IgG basdiepends on if the antibodyiigact or reduced. If the antibody is
intact, oth the heavy and light chains will migrate together through the gel and will be
detected higher on the membrane (~75kDa) than reduced antibody where the heavy and
light chains migrate separately (36kDa and ~2%Da respectively)To determine the

level of interference from both reduced and intact contaminating immunoprecipitating
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antibody, each sample was divided into two aliquots. One aliquot was diluted-in non
reducing laoding buffer and the second in réagitoading buffer. The SDS amiT T in

the relucing buffer combined with boiling the sample breaks the secondary and tertiary
structure of the proteins resulting in the separate migration of the heavy and light 1IgG

chains, whilst nofreducing loading buffer will leave the antibody intact.

Each of he samples was analysed by SDS PAGE on an 8% resolving gel, transferred to
nitrocellulose membrane and then after blocking, incubated with the appropriate

secondary antibody to detect the presence of any primary antibody in the sample.

There was no antdaly detected in the flow through samples, indicating that the antibody
had successfully bound to the beads. The first elution contained a detectable amount of
antibody indicating that the crosslinking was not 100% efficient. The second elution
contained mah less antibody demonstrating that the elutions have removed the majority
of noncrosslinked antibody. Finally the beads did contain detectable antibody
demonstrating that a portion of the antibody had been successfullyliokess to the

beads (Figure.BA).

Two different amounts of antibody were examin
to determine if this affected the efficiency of the crosslinking. There were no differences

in the amount of antibody detected at each of the stages betweetwthgseups (Figure

5.4A).

Intact antibody was detect high up on the membrane and therefore, will not interfere with
the visualisation of the specific proteins of interest. Reduced antibody, however, was
detected in the same region as the specific pmimia expected to be and so these will

interfere with the interpretation of the-comunoprecipitation blots (Figure 5.4A).
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Fig. 5.4A Verification of Antibody Cross-linking

Fig. 5.4B Verification of Protein Immunoprecipitation

Flow

Through Elution
—_—
" ~y fr

Input

+P

Intact
Antibody
IgG Heavy Chain—»
IgG Light Chain —»

GB/_>

Fig. 5.4C Protein A HRP Trial
Flow
Through Elution
—_—r— —

e = o= BE
AR AA AE
v+ o+
Intact b .4
Antibody -
IgG Heavy Chain ——» .
IgG Light Chain ——» -
GBﬁ - .

Flow Through Elution1  Elution 2 Beads
|
on  oh on o on oo on o
o o & o o o .
&8 3 &3 3 &3S 3 & '3 g | Loading
= 2 =2
25§ 2% 5 23 § A% 5 | B
&K .2 & A~ M
on o0 on o e o o on .
S Fon Fon G o oo o Antibody
i ey S AnLR 10 2 W s M Sy 2
[S 2NN o BVSR o BUVS R o BUST o ISR o BUSN o BUSEEN o
Intact * .
Antibody .q u
IgG Heavy Chain —» ' “
[
. . ' -
IgG Light Chain
i

Figure 5.4 Optimisation of Co-Immunoprecipitation Protocol

After crosslinking of thes bantibody to the beads the crosslinked beads and antibody were incubated both
with and without protein (+p arico respectively), wibound protein was removed and bound protein was
eluted from the beads. (A) Verification of Antibody Créis&king. No antbody was detected in the wash

(flow through) following antibody crosslinking. Antibody was detected following elution from the beads
(Eluion1; Elution2). Antibody was detected in the bead sample indicating the crosslinking was partially
effective. Detectedntibody was high on the blot in samples diluted in-remtucing loading buffer and the
heavy and light IgG chains were detected separately in samples diluted in reducing loading buffer. (B)

Verification of Protein Immunoprecipitation. No antibody is détd in either of the flow though lanes
crossili

p elution antibody is detected indicating that the elution removes some of the crosslinked antibadyg, this

indicating that the antibody is

al so seen in the +p elution. I n

t he

+p el

nked

was successful. (C) Protefk HRP Trial. Flow Through and Elution (+p) samples were diluted in

reducing loading buffer, one elution sampte/fr) was diluted in neneducing sample buffer. No antibody

was detected in either of the f|

ow

though

is detected in the +p flow through lane. No antibody was detectediiptired +tpalt i on s ,
in the +p elution. In the +p/nr elution antibody is detected indicating that antibody is present but just not

detected by proteita HRP. +pi +0.3mg protein:p i no protein
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5.5.2 Optimisation of Immunoprecipitation Western Blots
To ensure the antibodies did not obscure data interpretation on the blot, they were
chemically crosdinked to the beads. To determine if this crbsking had been

effective, a test I mmunoprecipitation was <car

Theimmunoprecipt at i on was carried out both with 500c¢
protein:-p) and with O0.3mg tot al cellul ar protein
protein: +p). Under both these conditions samples were collected at each step of the
immunopre@itation protocol namely, the flow through from the beads following the first

incubation and the elution of the immunoprecipitated protein from the beads. Reducing

loading buffer was added to all the samples which were subsequently analysed by SDS

PAGEfd | owed by western blotting for GbD.

In the Awithout proteim (-p) samplethere were no immunoprecipitating antibody IgG
bands detected on the blot in the flow through lanes, however, in the elution sample lanes
immunoprecipitating antibody heavy and ligiiain 1IgG bands were detected on the blot
(Figure 5.4B). The lack of bands in the flow through sample indicates that the antibody
crosslinking experiment was effective in removing contaminating immunoprecipitating
antibody. The IgG bands in the elutioangples, however, indicate that the elution
procedure removes some of the crlasked antibody from the beads.

In the fAwith proteird (+p) sample there was no immunoprecipitating antibody IgG bands

detected on the blot in the flow through lanes, howewmer,t hi s sampl e a band f
detected. This may indicate that too much protein has been added to the
immunoprecipitation. In the elution lane both immunoprecipitating antibody IgG bands

and a Gb band were detected o es thathtee bl ot ( F

immunoprecipitation is working and recovering the expected protein.

As a final optimisation step, a different secondary antibody was trialled. The traditional
secondary antibodies used for western blotting recognise both intaetaceddanibody

which can lead to high background especially on western blots from immunoprecipitated
protein. As has been explained previously this high background can mask the signals of
interest on the western blot. Lal al. demonstrated that this issue canrésolved by

using ProteiPA HRP as an alternative secondary. Pro#&ilHRP recognises almost
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exclusively intact antibody. As the SDS and DTT in the reducing buffer combined with
boiling the sample breaks the secondary and tertiary structure of the ptioierenders

the immunoprecipitating antibody undetectable by the PréteitRP secondarylLal,
Hayneset al.2005)

To determine if a ProtetA HRP conjugated secondary antibody could overcome the
issues associated with immunoprecipitating antibody contamination of the
immunoprecipitated  protein the follow experiment was carried out.
Immung@@r eci pitations were performed with b
(without protein-p) and with 0.3mg total cellular
(with protein: +p). Under both these conditions samples were collected at each step of the
iImmunoprecipitation protocol namely, the flow through from the beads following the first
incubation and the elution of the immunoprecipitated protein from the beadéwitine
proteird(+p) elution sample was then divided equally into two aliquots. Ggaatlwas

diluted in reducing sample buffer (+p/r) which should render the immunoprecipitating
antibody undetectable by ProtedtHRP. The second aliquot was diluted in freducing

sample buffer (+p/nr) meaning that the immunoprecipitating antibody éxtdete by
ProteirA HRP. The remaining samples were diluted in reducing sample bufiér, (
+p/r). All the resulting samples were then analysed by SDS PAGE followed by western
blotting using the ProtetA HRP secondary antibody.

In all thefwith proteird (+p) samplesGb pr ot ein was detected &
and in the elution (Figure 5.4C), this indicates that the pr&teéitRP secondary is of a
comparable sensitivity to the traditional HRRonj ugat ed secondar yods

western blding.

In the sample diluted in nereducing loading buffer contaminating antibody was detected
high up on the membrane (Figure 5.4C). However, in all the samples diluted in reducing
loading buffer there was no contaminating IgG detected (Figure 5.4G)d&mmonstrates

that if reducing loading buffer is used in combination with the Pré&atRP secondary

the high background due to the immunoprecipitating antibody is eliminated.
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5.6 Association ofKCNMA1 and CACNA1C with Other Proteins in

Myometrial Cell Cultures.

KCNMA1 and CACNAI1C presentwithin myometrialcells, were extractedfrom cell
cultures which were either left unstimulated, or stimulated with 10ng/ml TNFugtml
TSA. The protein was extracted using a fa@maturing IP Lysis buffer (pH7.4, 25M
Tris, 150mM NaCl, 1mM EDTA, 1% (v/v) NP40, 5% (v/v) glycerol; Pierce IRIEo
Kit). Theproteinwas quantified using a nanophotometsr UV absorption at A280nm.
Once the protein was extracted the Pierce IRECkit was used to immunoprecipitate
proten complexes containingCNMAL1 or CACNALC protein by utilisingk CNMA1

and CACNA1C specific antibodies. Nospecific 1gG was also wused to
immunoprecipitate the protein as a measure of thespenific background signal from
the immunoprecipitations. Finalfyroteirs which had not been immunoprecipitated was
used as an input control to demonstrate that the protein of interest was present in the
sample. Preast 420% SDS PAGE gels were loaded with input protein, KGNMA1

and CACNA1C immunoprecipitated prote and then probed with each of the putative
accessory proteins. The exceptions to this werEK@¥MA1 N-terminal IP subsequently
western blotted with thKCNMAZ1 N-terminal antibody and the IP subsequently blotted
with Gy s these were incorrectly loaded as follows; infUENMAL, 1gG, CACNALC

due to limited samples it was not possible towe these blots.

5.7 Immunoprecipitation Control Blots
As controls, western blots were also probed with the same antibody thasedsou

immunoprecipitate the protein.

When proteisimmunoprecipitated with th€CNMA1 N-terminal antibody was western
blotted using the samECNMAL N-terminal antibody there were bands detected at
138kDa, 65kDa and 50kDas well as some nespecific (n/$ bands (Figure 5.5A). The
138kDa, 65kDa and 50kDa bands correlate with bands detected BYON&AL N-
terminal antibody in Chapter 4 Figure 4.4.heT controls and tests of the
immunoprecipitationdescribed previously, suggest that the interactions ao#fisger
theKCNMAL protein.Therefore, these bands are representative of full |d0QNMAL
channel (18kDa; Figure 5.5A), and two -@rminally truncatedKCNMAL channel
(50kDa and 65kDa; Figure 5.5A). Also there is ss(@NMAL banding in the IgG lanes
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(Figure 5.5A) which would indicate that there has been somepedific bindingoy the
IgG antibodyduring the immunoprecipitation step, which has not be removed by the

subsequent washing steps.

There was banding for theCNMAL protein in all three of themmunoprecipitations
carried out using thEKCNMA1 N terminal antibody (wstimulated, +TNF and +TSA)
indicating that all the immunoprecipitations have been successful (Figure 5.5A).

When the protein immunoprecipitated with tB&CNA1C N-terminal antibodywas
western blotted using the san@ACNALC N-terminal antibody there were bands
detected at 240kDa and 190kRa well as some nespecific (n/s) bands in the
immunoprecipitation lanes (Figure 5.5B). The 240kDa and 190kDa bands correlate with
bands detecteby theCACNALC N-terminal antibody detailed in Chapter 4 Figure 4.6.
The controls and tests of the immunoprecipitation run previously would agggest

that the interactions are specific for tBACNALC protein Therefore, these bands are
representatie of full length CACNAL1C channel (240kDa; Figure 5.5B), and a C
terminally truncatedCACNALC channel (190kDa; Figure 5.5BJhere arealso some
intensenon-specificbands detected, these are below@A&ENALC bands and are not of

the correct size to be thgG heavy or light chains. It is possible that these bands represent
IgG heavy chain dimers, however, it has been demonstrated that the -prdi&i
secondary used does not detect the reduced IgG heavy and light dlnerefore, at
present the identitgf these bands is uncle@omeCACNALC bandingwas also noted

in the IgG lanes (Figure 5.5A0ndicatingthat there has been some rgpecific binding
during the immunoprecipitation step, whisfasnot removediuringthe washing steps.

There was bandinfpr the CACNAL1C in each of the immunoprecipitations carried out

using theCACNAL1C N-terminal antibody (wstimulated, +TNF and +TSA) indicating
that the immunoprecipitations have been successful (Figure 5.5B).

201



Fig. 5.5A KCNMAI1 Control Immunoprecipitation — Representative
Blots
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Figure 55 Immunoprecipitation Controls

Myometrial cell cultures were stimulated with 10ng/ml TNF, 100ng/ml TSA, or le$tinmulated. Protein
was extracted, immunoprecipitated WRENMAL N-terminal, CACNA1C N-terminal and IgG antibodies
then separated by SDS PAGHElamestern blottedA) Representative blots (fCNMAL N-terminal and
IgG immunoprecipitations western blotted WKICNMAL N-terminal antibodyKCNMAL protein was
detected in alKCNMAL N-terminal immunoprecipitations indicating that the immunoprecipitatias
successful. (B) Representative blots@ACNALC N-terminal and 1gG immunoprecipitations western
blotted with CACNALC N-terminal antibody.CACNALC protein was detected in alACNA1C N-
terminal immunoprecipitations indicating that the immunoprecipitativas successful. [P
immunoprecipitation, WB western blot, n/§ nonspecific.

5.7.1 The KCNMA1 Channel is Found Associated with Gsin Myometrial Cell
Cultures

When the protein immunoprecipitated with tK€ENMAL N-terminal antibody was
western blo&d using the Gsantibody there was a band detected at 54kDa as well as
some norspecific (n/s) bands (Figure 5.6A). This 54kDa band correlates with the band
detected by the &antibody in Figure 5.3A. The presence of thig§pecific band
indicates thaGysis associated with thEKCNMAL channel in urstimulated samples.
Following exposure to TNF and TSA tR€NMAL channel was again found associated
with Gy sWithin the TNFRstimulated samples there was also a secangbd@d detected

at 46kDa, this corrates with the band detected by the s&htibody in Figure 5.3A.
Although the association was evident in each of the repeats the intensity of the band
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observed varied between repeats. There was no corresponding bands detected in the 1gG

IP lanes indicating low level of background signal (Figure 5.6A).

5.7.2 The CACNALC Channel is not Found Associated with G dn Myometrial Cell
Cultures

When the protein immunoprecipitated with tB&CNAL1C N-terminal antibody was
western blotted using thegGantibody thee was no banding observed at either 54 or
46kDa, there was some ngpecific banding detected (Figure 5.6A). Indicating that G
is not found associated WitbACNALC in un-stimulated samples. Following exposure
to TNF there was no association betweenG@GA&ENALC and Gy sevident. Exposure to
TSA, however, resulted in the association of#d theCACNALC as evidenced by the
observation of a 54kDa band (Figure 5.6A). Unlike KGNMA1 channel there was no
association found between tBACNALC and the shorGgy dsoform. The results from
these cammunoprecipitations were inconsistent, and the association betwesmd
the CACNALC was only evident in one repeat from the TSA stimulated samples. The
input band was clear on these blots indicating that theofa@Gk and in theCACNALC

IP lanes was not a consequence of an unsuccessful western blot but rathegshantG
routinely associated with th€EACNALC in these primary myocyted here was no
corresponding bands detected in the IgG IP lanes indicatlog level of background

signal (Figure 5.6A).

5.7.3 Caw1 Immunoprecipitations

It is pertinent to note that in the input lanes on these blots thd ®and is high on the
blots this, may be due to a failure to dissociate the stable haigomeric caonplexes
which Cavl has been show to for(®cherer, Lewiset al. 1997) However this high
molecular weight band has not been positively identified for this thestse input lanes
there was no band detected corresponding to the 22kDa& @aiein, however following

IP with either theKCNMAL1 channel oiCACNAL1C antibodies and subsequent western
blotting with the Cavl antibody, bands were detected at 22kDa, which sporeds to
the accepted size of the Gaprotein. The following discussions of the association of the
KCNMA1 andCACNA1Cwith Caw1 are based on the presence of the 22kDa bands.
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Figure 56 KCNMA1 N-terminal and CACNA1C N-terminal Associations with G s Cav-1
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Myometrial cell cultures were stimulated with 10ng/ml TNF, 100ng/ml TSA, or leftinmulated. Protein
was extracted, immunoprecipitated WKENMA1 N-terminal, CACNAL1C N-terminal and 1gG antibodies
then separated by SDS PAGE and westdotted(n = 3) (A) Representative blots ddCNMAL1 N-
terminal, CACNAL1C N-terminal and IgG immunoprecipitations western blotted withahtibody (B)
Representative blots dCNMA1 N-terminal, CACNALC N-terminal and IgG immunoprecipitations
western blaied with Cavl antibody. CasMl protein was detected in a{CNMAL1 N-terminal and
CACNA1C N-terminal immunoprecipitations. (C) Representative blots KENMAL N-terminal,

CACNALICN-t e r mi

nal

and

| gG i mmunopr eAcR painttaAiRqoditein wie st er n

was detected in alKkKCNMA1 N-terminal and CACNA1C N-terminal immunoprecipitations. P
immunoprecipitation, WB western blot, n/$ non-specific.
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5.7.4 The KCNMA1 Channel is Found Associated with Cavl in Myometrial Cell
Cultures

When the pragin immunoprecipitated with th&KCNMA1 N-terminal antibody was
western blotted using the Gdvantibody there was a band detected at 22kDa as well as
some norspecific (n/s) bands (Figure 5.6B). This 22kDa band correlates with the band
detected by the Calantibody in Figure 5.3B. The presence of this-Capecific band
indicates that Cat is associated with tteCNMA1 channel in urstimulated samples.
Following exposure to TNF and TSA, tKENMA1 channel was again found associated
with Caw1 There washo corresponding bands detected in the IgG IP lanes indicating a

low level of background signal (Figure 5.6A).

5.7.5 The CACNALC Channel is Found Associated with Cavl in Myometrial Cell
Cultures

When the protein immunoprecipitated with tBACNAL1C N-terminal antibody was
western blotted using the Gdvantibody there was a band detected at 22kDa as well as
some nonspecific (n/s) bands (Figure 5.6B). This 22kDa band correlates with the band
detected by the Calantibody in Figure 5.3B. The presencelugtCavl specific band
indicates that Cat is associated with tteACNALC channel in urstimulated samples.
Following exposure to TNF and TSA, tBACNA1Cchannel was again found associated
with Caw1,

There was no corresponding bands detected in tRdRdanes indicating a low level of

background signal (Figure 5.6A).

5.7.6 TheKCNMA1 ChannelisFound As s o c p-Adteredjic Receptbr inb
Myometrial Cell Cultures

When the protein immunoprecipitated with tR€NMAL N-terminal antibody was
westernb | ot t ed AR antibgdy thdreewasha band detected at 85kDa (Figure
5.6C). This 85kDa band cor rARladibodysn Figuree h t |
5.3C. The prARseprce fofc thRaingR b assbciaccdwitethe t h a
KCNMAL channel in urstimulated samples. Following exposure to TNF and TSA, the

KCNMAlc hannel was agai n ARoThanredvasane cooesporainge d  w
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bands detected in the IgG IP lanes indicating a low level of background signal (Figure
5.6A).

5.7.7 The CACNA1C ChannelisFound As s o c i-Adtererdic Receptdr inb

Myometrial Cell Cultures

When the protein immunoprecipitated with tB&CNAL1C N-terminal antibody was

western bl otAReanibodyshere gas & bamd detected at 85kDa (Figure

5.6C). This 85kDa band cor rARladibodysn Figuiree h t he ba
5.3C. The prARseprce fofc thhRiIN#AR B assbciacdwitethe t hat D
CACNAILC channel in urstimulated samples. A second band at ~42kDa was also

observed within theCACNALC IP lanes. It is possible that the 85kDa band represents a

AR di mer whil st t hi s ARmoadmer@dngerd) Salaltpolrt e pr esent s
al. 2000) Salahpouret al. demonstrated that o mo di mer i s aARiwasna of t he b
prerequisite for cell surface targeting. Therefore the 42kDa putative monomer band may

i ndi cat e>AR ibiatérnalisdd, tlee implications of this will be explored in the

discussion Following exposure to TNF and TSA, tl®ACNALC channel wa again

found as s 0:2R and agaln bath theh85kDa and 42kDa were present. There

was no corresponding bands detected in the IgG IP lanes indicating a low level of

background signal (Figure 5.6C).

5.7.8 The KCNMAL1 N- and C-termini are Associatedn Myometrial Cell Cultures
When the protein immunoprecipitated with tK€ENMAL N-terminal antibody was
western blotted using thECNMA1 C-terminal antibody the BkDa band detected
(Figure 5.7A) was very faint, and no band was detected at 65kDa. T8kBd dand
correlates with the band detected by KENMAL1 C-terminalantibody in Chapter 4
Figure 4.5Neither TNF nor TSA stimulation had any effect on this association.

5.7.9 The CACNA1C N-terminus and the KCNMA1 C-terminus are Associated in
Myometrial Cell Cultures

When the protein immunoprecipitated with tBACNAL1C N-terminal antibody was
western blotted using tHeCNMAL1 C-terminal antibody there was a8®a band and a
65kDa band detected in the-atimulated samples (Figure 5.7A). Both thé&K3a and
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65kDa bands correlate with the band detected bK@®REMAL C-terminalantibody in
Chapter 4 Figure 4.5The presence of thiKCNMA1 specific band indicates that the
KCNMA1 C-terminal is associated with tf@eACNALC N-terminal in unstimulated
samples. Thengsence of the 65kDa band indicates there is an association between the
CACNA1CandKCNMAL channels which lack the-d¢rminal region including the pore.

The significance of this association between @ECNALC and non ion conducting
KCNMAZ1 channel forms istill to be elucidatedNeither TNF nor TSA stimulation had

any effect on this association.

Fig. 5.7A KCNMA1 C-terminal Co-Immunoprecipitation — Representative Blot

.

Input

18G
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Fig. 5.7B CACNAI1C C-terminal Co-Immunoprecipitation — Representative Blot
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Figure 5.7 KCNMA1 N-termial and CACNA1C N-terminal Associations with theKCNMA1 C-
terminal and CACNALC C-terminal

Myometrial cellcultures were stimulated with 10ng/ml TNF, 100ng/ml TSA, or lefstimulated. Protein
was extracted, immunoprecipitated WKENMA1 N-terminal, CACNAL1C N-terminal and IgG antibodies
then separated by SDS PAGE and western bloffedRepresentative blotsf KCNMAL N-terminal,
CACNAI1C N-terminal and IgG immunoprecipitations western blotted WKRGENMAL1 C-terminal
antibody (B) Representative blots oKCNMAL1 N-terminal, CACNAL1C N-terminal and IgG
immunoprecipitations western blotted Wi@ACNAL1C C-terminal antibody. IPT immunoprecipitation,
WB i western blot, n/$ non-specific.
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5.7.10The CACNA1C N-terminus and the CACNAL1C C-terminus are Associated

in Myometrial Cell Cultures

When the protein immunoprecipitated with tB&ACNAL1C N-terminal antibody was
wesern blotted using th€ ACNA1C C-terminal antibody there was a band detected in
the unstimulated samples (Figure 5.7B). This band appears to lie between the 240kDa
and 190kDa bands detected in the input lane. As explained above this may either be an
artefact of the gel or it may representCACNALC which has lost a smaller portion of

the Gterminal region during the extraction of immunoprecipitation protocols. The
presence of thi€CACNALC specific band indicates that tiBACNALC N-terminal is
associated wit the CACNALC C-terminal in unstimulated sampledNeither TNF nor

TSA stimulation had any effect on this associatidiso there is SOm&ACNALC
banding in the IgG lanes (Figure 5.5A) which would indicate that there has been some
nonspecific binding dung the immunoprecipitation step, which has not be removed by

the subsequent washing steps.

5.8 Discussion

5.81 Gy Expression in Myometrial Cell Cultures.

The results reported herein appear to conflict with previous research which has reported
repressionof Gis expression both with TNF stimulation and in labouring myometrial
biopsies,however this previous research either examined the effect of TNFupon G
promoter activity(Chapman, Smyrniast al. 2005, Webster, \Aite et al. 2013) or
compared the expression ofjé nonpregnant, pregnant ndabouring and pregnant
labouring biopsy samples. As such neither can be directly correlated to the data presented

here.

There is a paucity of information reported regagdime effect of TSA on the expression
of G although Europé-inner et al. reported an wpegulation of Gs in pregnant
myometrium and Webstast alreported that Gsluciferase reporter plasmid promoter
activity is induced by TSA which would suggest thaetylation of the promoter and/ or
other factors regulating this region are needed for expredSisopeFinner, Phaneudt

al. 1993, Webster, Waitet al.2013) The data reported above, again appears to conflic
with these previous studies. However, Websteal. looked at the effect of TSA on the
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Gu promoter and induction of a promoter does not necessarily lead straight to an increase
in protein. Increasing levels of protein are dependent on increased translation and possibly
increased retention or decreased removal of the protein as well asreasenn the
transcriptiorof the mRNA. These other factors may explain the differences seen between

the effect of TSA on G¢rotein levels and its effect on the promoter.

5.8.2 Cavl Expression in Myometrial Cell Cultures.

TNF has been reported to ba#tpress the expression of Caun HUVEC cells(Sun,

Muller et al.2003)and to have no effect on Gawexpression in Bovine aortic endothelial
cells(Wang, Wanget al. 2008)therefore the effect of TNF on Gdvappears to be tissue
specific.Caw1 has been reported to gradually increase during pregnancy up to the start
of labour and then decrease to levels seen ipnegnant myometriur(iruri, Kisset al.

2001) The data reported herein demonstthtg TNF has no significant effect on the
expression of Cat. In contrast to this observation TSfipears to causesmall but
statistically significant reduction in expression. This would suggest that within
myometrial smooth muscle cells TNF is not thieving force for the reduction in Celv

seen at parturition.

Boopathiet al.demonstrated that the transcritption factor GAG #s responsible for the
transcriptional repression of Gdv(Boopathi, Gomest al. 2011) and Casliniet al.
demonstrated that expression of GABAvasrestored after TSA treatmef€aslini,
Capochichiet al.2006) This was shown to be via the increased acetylation of H3 (lys9
and lys4), H4 (lys5, 8, 12 and 16) and H3 Lysine K4 methylation which led to a more
open gene structure and hence increased the transcription of-GATl#e effect of TSA
could therefore be via its promotion of the-nggulation of GATA6 and then the
subsequentepression of Cat expression by GATA. The data reported herein is in

broad agreement with these previous findings.

5.8 32-Adrenergic Receptor Expression in Myometrial Cell Cultures.
As b2AR agonists have been utilised as tocolytics it would beagdehat TNF would
cause a down regul at pARandthatis indeed the gaperinaatas i 0 |

described above.
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A's t.AReis well documented to support relaxati@gotlikoff and Kamm 1996, Liu,

Nwosuet al. 1998, Chanrachakul, Mathar@all et al. 2003, Tanaka, Yamashi& al.

2003)and TSA has also been shown to cause relax@taynihan, Hehiret al. 2008,

Webster, Waitest al. 2013)it appears contractory, therefore, that TSA would down

r egul aARe In tadi therebhas been a study which indicates thaapatylation of

key histones, namely Histone ARtamschptibhi st one 4,
although this research was conductechurine {1 and T2 cells and therefore this may

be a tissuspecific effect. The findings reported above, however, indicate that in the case

of cultured myometrial smooth muscle cells TSA causes a significant down regulation of

t h eAR.bAlthough outsidethe scope of this thesis, the mechanism by which TSA

S upr esAR expréssidn is certainly worthy of further investigation.

59 Protein-Protein Interactions

5.9.1 Gu dnteractions

Gusis a heterotrimeric G protein subunit that activates AC and herceAMP-
dependant pathway, it is activated by G prowmnpled receptors. Upon activation,
proteins such as & which are involved in signal transduction, can undergo regulated
and reversible translocation within the cell, moving between the membram@asyh or
nucleus. Upon activatioy shas been shown to reversibly detach from the membrane
and become a soluble protdiRansnas, Svobodat al. 1989, Levis and Bourne 1992,
Wedegaertner, Bourret al. 1996) SameG proteins and G protein coupled receptors are
concentrated within caveolgd€hang, Yinget al. 1994, Chun, Liyanaget al. 1994,
Lisanti, Schereet al. 1994, Chakrabarti, Chargf al. 2010) The nature of Ggprotein
interactions is therefore transient and1oowalent in nature which explains the difficulty

in getting consistent eanmunoprecipitation repeats for this protein.

Gu das been shown to stimulate dihydropyridgemsitive calcium channels, suchtlaes
CACNA1C (Yatani, Imotoet al. 1988) In these skeletal muscle T tubules, however, the
CACNAI1C displayed notably different kinetics and ion conductance. By using patch
clamp experiments that study demonstraddition of exogenous purifiedirotein
increased the open probability of these channels. They concluded that this activation of
the CACNA1C by Gy dvas via a second pathway which is distinct from the activation of
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the CACNALC by PKA as there was no ATP in the system. However, thidysitas
performed on Ttubule calcium channels which had been reconstituted into lipid bilayers
and so have been removed from their cellular context. This may explain the difference in
the kinetics and ion conductance observed and may affect the effecpaftGe channel.

G proteins have also been shown to have a role in both the stimulatory and inhibitory
regulation of calcium activated potassium channels such a&K@NMAL1 channel
(Kume, Grazianeet al. 1992) This regulation of calciumactivated potassium channels
was again twdold as described for theACNALC. In one pathway after activation of

the Gprotein coupled receptor, K diffuses along the membrane and activates the ion
channel. In the second pathway &ctivates AC which catalyses the conversion of ATP

to CAMP. In turn cAMP binds to the inhibitor subuof PKA, inducing a conformational
change which allows PKA to break away in an active form. PKA then phosphorylates and

activates the ion channel.

The ceimmunoprecipitation blots revealed that in the unstimulated cells there is no
apparent interactionetween @ and theCACNALC, this could be an indication that the
channel has not been activated at this point. There is evidence of an interaction between
Gusand theKCNMA1 channel After TNF stimulation both channels show interaction

with Gg and, although thenteraction with th&CACNA1C was only seen in one of the
repeats, this israindication that Gsis interacting with these channels. After TSA
stimulation both th&KCNMA1 and theCACNALC show an interaction witlsy sAs has

been explained previously,s&an both inhibit and stimulate tH€CNMA1 channel and

the switch between these two roles is thought to be regulated by changes in the properties
of theKCNMAL1 channel itsel{Kume, Grazianet al. 1992) It is therefore possible that

the effect of Gson theKCNMA1 channel could change depending on which splice
variant d the KCNMAL1 channel it is interacting with. This thesis has already
demonstrated that TNF and TSA affect the expression d@¢MA1 channel and its

splice variants. This could then lead to the hypothesis that under TNF stimulation G
inhibits theKCNMA 1 channel while under TSA stimulatiory@&timulates th& CNMA1

channel.

Confirmation of these results and more investigation as to the mechanism by which TSA
seems to promoteg&timulation of theCACNALCis necessary. TSA is a broad spectrum
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lysine deacetylase inhibitor and as such it prevents the removal of lysine acetyl groups
from a range of cellular proteinsg@as been shown to stimulate thtACNA1C via the
CAMP/PKA pathway, and therefore TSA may promote this interaction via the
maintenance adicetylation of key proteins in this pathway.

5.9.2 Caw1 Interactions

Caw1 is a scaffolding protein within the caveola complex and as such forms strong stable
interactions with a variety of proteirf¥homas and Smart 2008Faveolae, and hence
cavolin, are thought to have a role in calcium signalling, through their ability to house
key calcium signalling molecules within caveolae microdoméderby, Kwanet al.

2000, Chanrachakul 20Q6)his arangement allows efficient signalling between the ion

channels and their downstream targets.

TheKCNMAL1 channel has been shown to interact with-Cata a key caveolin binding

motif located between amino acids 1600F15 within the G&erminal region(Alioua, Lu

et al.2008) This association of thECNMAL1 channel with Ca: is thought to have a
negative effect on the gating propertiesthe KCNMAL1 channel, as disruption of
caveolae has been shown to incrd@S&IMA1 current(Lu, Aliouaet al.2006)this has

been shown to be due a reduction in the surface expressik@MIMAL when it is
associated with Ca¥ (Alioua, Lu et al. 2008) However, this reduction in surface
expression of th&CNMA1 channel may not equate to a removal of KE@&NMA1

channel from either the plasma membrane or caved@agalies into the function of
caveolae have demonstrated that they can open and close this means they can further
regulate the surface expression of KENMAL channel while it is still housed within

the caveolaéOh, Mcintoshet al. 1998) Briefly, association of th&CNMA1 channel

with Cawv1 promotes the localisation of ti&NMAL channel to caveola@rainard,

Miller et al.2005) Once housed within the caveolae, surface expression KCIN&AL

channel can then be regulated by the opening and closing of the caveolae. Taking this into
account the observations by ketial.thatthe disruption of caveolae increas&SNMA1

current, could be explained by the disruption causing the caveolae to open hence
increasing the surface expression of lE&NMA1 channel and subsequently increasing

the KCNMAL current. The observation by Aliougt al. could be interpreted as the
KCNMAL channels being housed in closed caveolae. Being able to relj@iglAl
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surface expression in this way would allow rapid chang€€NMAL current depending

on the needs of the cell.

Studies demonstrating the assdion between th€€ ACNALC and caveolae has mostly

been undertaken in cardiac myocytes. In this cell system there appears to be a separation
betweenCACNALC which are involved in excitatienontraction coupling and those
which are localised to caveolaeddmave a role in calcium signalling. For example it has
been shown that caveolmralisedCACNALC can selectively signal to the nucleus via

the NFAT transcription factor, when this signalling is blocked there is no effect on the
contractility of the cel(Makarewich, Correlet al. 2012). Moreover, in airway smooth
muscle,CACNALC have also been seen to localise within caveolae however the effect

of this calocalisation on the contractility of the cell or on the kinetics oiGAENALC

gating were not examind@arby, Kwanet al. 2000) A further study, within intestinal
smooth muscle, again fou@ACNALCto be localised within caveolae, however, unlike

in cardiac muscle, this localisation is thought to have a role in contraction, relaxation, the
production of cal ci um 0 s p dDarket &tYaahned al.p 0 s s i
2006) This research would indicate that the locaisabf CACNALC within caveolae

serves different functions within different tissuékwever, these three studies were
undertaken in different tissues and utilised different methodologies so it is difficult to
determine if the observations are from distipobcesses or whether each study has
highlighted an aspect of a larger more complicated process. Ideally the techniques in each
individual study should be utilised together in order to get a more complete picture of the
role of the interaction between GawandCACNALC.

Cawv1 forms covalent interactions with other proteins and the presence of these more
stable protein interactions has meant that thegounoprecipitation data is much more
consistent than was seen with thes&-immunoprecipitation datas discussed above
association with Cal was seen to reduB€CNMA1 cell surface expressidhu, Alioua

et al. 2006) although this may be via its association with closed cavedd@awal has

also been shown to target tKEENMAL1 channel to caveola@Brainard, Milleret al.

2005) A second site in the-@rminal region of th& CNMA1 channel has been shown

to be important for plasma membrane localisation of the channel, this isdlbedtecen

amino acids 11171123 so it is possible that tHeCNMAL1 channel could still be
transported to the membrane but that it is subsequently housed outside of the caveolae. If
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this is the case themlack of association with Cavwould increasesurfae expression

of the KCNMAL1 channel whilst an association with Cd&v would increasethe
localisation of theKCNMA1 channel to caveolae. As explained previously housing
KCNMAL channels within caveola@sults in the decreased surface expression on the
KCNMA1 channelgAlioua, Lu et al.2008)

It is difficult to interpret the effect of these changes in association betweKC &ALl
and Ca-1 without further research into the associated changes in contrakitiyMA1

protein localisation anKCNMAL splice variant expression.

There is anassociationbetweenCACNAL1C and Cawv1 after TNF stimulation. This
association could improve the eféacy of calcium signalling and excitatimontraction

coupling and hence promote contraction.

5.9, 3:ARbInteractions

T h eARfGs one of a family of adrenergic receptors and this family is among the best
characterised of the-@rotein coupled receptorshe adrenergic receptor family can act

as scaffolding proteins and in this way they can bring together a variety of proteins and
the proteins housed in this complex will then determine what cellular effect is seen upon

activation of the adrenergic recep{@otecchia, Stanasikt al.2012)

TheKCNMAlc hannel has been shdMRnand tbewARMda chikaetde t o
activated relaxation. The mediation wdlaxation has been shown to both cAMP

dependent via PKA phosphorylation and cAMP independent possibly through direct

action by G sindependent of PKAnediated phosphorylatiofKume, Graziancet al.

1992, Scornik, Gdinaet al.1993, Kume, Halét al.1994, Tanaka, Yamashighal.2003,

Tanaka, Horinouchet al. 2005)

b2AR agonists have been used to treat preterm labour. The caveat of these drugs, however,
is thatthelongertheyareadministeredhe less effecte theyare at stopping contractions.

This isdue to the phenomenon of receptor internalisation which results in desensitization
(van Geijn, Lengleet al.2005)
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TheCACNA1Ch as al so been s hownARtimocarthae myoeyigu | at
(Jurevicius and Fischmeister 3® Schréder and Herzig 199%owever, unlike the
KCNMA1 channel this regulation is completely cAMIBpendant via PKA
phosphorylatior{Jurevicius and Fischmeister 1996, Kuschel, Zéioal. 1999, Schroder

and Herig 1999) Direct interaction between tiBACNALCa n d ARhas also been
reported in the brain, this complex was shown to be housed in the plasma membrane but
did not associate with Celvor Cav3 indicating that this complex exists separately from
caveolagDavare, Avdoniret al. 2001) The regulation of th€EACNALICby tARe b
within rat ventricular myocytes has been shown to be highly localised to the cell
membrane and the signal did not diffuse through the cytGé@nrizu, Xiaoet al 2000)

Thi s demons bARaeedsso be dimeatisedtwithaheXACNALCin order to

be able to regulate it.

The data shown herein demonstrates K the KCNMA1 and CACNA1Cchanned
associatew i t h 2ARhire un&timulated cells and following HotTNF and TSA
stimulation. This is a good indication thaithchannetarer e gu |l at eARurder t he
these conditions. However neither TNF nor TSA had any ddtleceffect on the level of

theseassociatioa

The CACNALC was also shown to associatehwita 4 2AR Prateinpalthough the

level of association was unchanged by the different stimulations. Salabpalr
demonstrated that h-ARmwad a prerequisteafor icall rsurfacd t h
trafficking (Salahpour, Angerst al.2004) Thi s woul d t hen sARggest
has either been internalised or retained in the ER. Receptors that fail to reach the plasma
membrane have been shown to be capable of exerting a dominant negative effect on the
trafficking of other receptors to the membrafhe@n, Kuraviet al. 2011) It would
interestiy t o el ucidate i f t he ARsmlthe CACNALOI® bet
a mechanism by which the CACNALC can be retained intracellularly or whether this
localisation is cancidental due to both proteins being independently retained in the ER.
Thelate coul d put atARfaded to dimerise and thé GACNAL@ chdnnel
expressed the Mk44 +132bp variant which has been shown to result irt¢hmitus

being localised to the ER.
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5.9.4 Channel Interactions

The KCNMAL channel has been shown todergo proteolytic cleavage and as a result
the Nterminal localises to the plasma membrane while ther@inal localises to the
endoplasmic reticulurfKorovkina, Brainarcet al. 2006) The Gterminal can then nen
covalently reassociate with the fierminal domain following calcium release from the
sarcoplasmic reticulum. Association of the &hd CGtermini results in a decrease in
calcium and voltage sensitivity of tteCNMA1 channel. This may be a result of
increased interaction with Cal which is dependent on thet€minal region(Alioua,

Lu et al.2008) The data described herein reveatassociatiorbetweernthe KCNMAL

N- and Gterminiwhich could result in the decreased calcium and voltage sensitivity of

theKCNMAL1 channel which would result in a more contractile phenotype.

As with the KCNMAL1 channel the CACNA1C channel has also been showndergo
proteolytic cleavage. Following this cleavage the cleaved CACNAit€r@inal can
non-covalently associate with the rest of the channel negatively affecting channel gating.
The IP data from the CACNAL1C-irminal IP followed by western blottingith the
CACNALC Gterminal antibody reveal a 2dDa in the upstimulatedandboth a 240 and

a 190kDa band in the ustimulated and TNF stimulated grouf#&gure 5.7B) This

would lead to idea that the 190kDa proteauld be formed in aalternative wayhrough

use of alternative splice variamessibly asplice site L10. These splice variants alter the
length of the linking loop between IV S2 and IV S4 in the channel. A shorter linking loop,
which would need to be utilised to formetehorter channelesults in &SCACNALC with
decreased excitatietontraction coupling and ultimately a less contractile phenotype.
This would result in a shorter channel containing both thand Gterminii as detected

on the blots. It would be necessary to sequence sherter form of the protein to
determine if the truncation is as a result of differences in the length of the linking loop
between IV S2 and IV S4 or as a result of the cleavage of #tegn@nal domain.
Folllowing TSA stimulation a single band was seténs band was between 240 and
190kDa (Figure 5.7B) and therefore may be representative of the 190kDa proteolytically
cleaved CACNALC channel with thet€rminal region nostovalently associated with

it.

TheKCNMA1 C-terminal was also found associated viliie CACNAL1C N-terminalin

un-stimulated samples and following exposure to either TNF or (Fgpure 5.7A) This
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association was seen both with full lendl€NMA1 channel and with the 65kDa
KCNMAL channel which lacks the-derminal domairfFigure 5.7A) Asexplained above

the Gterminal domain can be cleaved from the body of the channel and can then non
covalently reassociate with the fierminal domain. Therefore the interaction between

the 65kDaKCNMAL protein and th&CACNAL1C may demonstrate that the hd G

termini of the KCNMA1 channel are nonovalently associated. This noovalent
association can be lost during the immunoprecipitation procedure and hence the results
show theKCNMA1 C-terminal domain is associated WitBACNAL1C N-terminal
Alternatively, it is possible that th€ ACNALC N-terminalis interacting only with this

C-terminal domain without any link to the-tdrminal domain of th&KCNMA1 channel.

The CACNA1C C-terminal region was found associated with K&NMA1 N-terminal
following exposurdo either TNF or TSAFigure 5.7B) Following TNF stimulationhis
association was between tK€ENMAL N-terminal domain and the 190kEACNALC
protein which is lacking its @erminal domain. This isoform of tt@ACNALC has four

to six fold higher ion conactance than the longer 240kDa isofof@ao, Cuadrat al.
2001) Association between theCNMA1 channel and this 190kDa isoform magrmit
theKCNMAL channel to respond more rapidly and hence limit the effect of the increased
ion conductance of the 190k[@ACNALC. Following TSA stimulation this association
was between the KCNMA1 dferminal anda CACNALC channel between 240 and
190kDa(Figure 5.7B) and therefore may be representative of the 190kDa proteolytically
cleaved CACNA1C channel with thet€rminal region nostovalently associated with

it.

5.10 Conclusion

Although theK CNMA1 andCACNA1Cwere seen to associate with each other, Gav

1 a nAMR, iths difficult to determine from the blotting data if this association is
representative of close proximity to each other on the membrane or if they are housed
together eit her ARmorwihincaveolad oeboth. Whista imitatitne b
of the ceimmunoprecipitation technique as it cannot identify simultaneously all the
proteins within a complex. It also does not provide evidence of direct protein:protein
interactionsPositive resultshereforemay indicate that two pteins interact directly or

may indicate that theynteract via one or more bridging molecules. This could include
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bridging proteins, nucleic acids (DNA or RNA), or other moleculesdetermine the full
complement of proteins with the putative complexescussed above it would be
necessary to carry out triple staining and confocal microscopy analysis, and this is
something which should be done in the near future. To identify direct interaction between
the proteins methods like protein affinity chromatogrgpor affinity blotting could be

utilised, ion exchange column could then be used to determine the strength of this binding.

In the preceding chapters of this thesis it has been demonstrated that the myometrial cell
cultures express a range d{CNMA1 channel, CACNAL1C and CACNAL1G splice
variants. Alongside, and perhaps as a result of, these different splice variants they also
have been shown to express a range of different protein isoforms and protein fragments,
which may be generated as a result of migtee cleavage. It has been demonstrated that
these different protein isoforms and fragments are localised to both the cytoplasm and
plasma membrane. In addition, it has been demonstrated thafQGN&ALl and
CACNA1C channelsassociate with each othas well asGysCavl a sAR. D
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Chapter 6: Requlation of Transcription
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6.1 Introduction

In Chapter three the expression of & NMA1, CACNA1C andCACNALG channels

was examined to determine if the contractile effect of TNF or the relaxatory effeésfof

was mediated via changes in the amount of channels expressed or in the splice variant
profile of the expressed channels. The results of these studies indicated that in the model
I.e. in the umstimulated samples, theweerea number of different splcvariants being
expressed by the channels. These includeK®EMAL1 Mk44+132bp, M44-132bp,

M2 (exon 11+12), M3 (exon 19), M4 (STREX2) and M5 (exon 29) variants, the
CACNAI1C L4 (exon 8* or Exon 8), L10 (exons 30, 31, 33 and 34 or exons 30, 31, 32
and 34)and L11 (40, 41, 42 and 43) variants andG#&CNAL1G T2 (exon 14 deleted),

T4 (exon 25a), T6 (exon 26) and T7/8 (exon 31A or exon 30B and 31A) variants. Upon
TNF stimulation, expression of both tK€ENMA1 andCACNALC channel mRNAwvas
significantly upreaqulated. Moreover, upon TSA stimulation, both channels were
significantly downregulated and the splice variant profile of tBACNA1C and
CACNA1G was significantly altered. Consequently, the next step was to examine how
these changes in channel expressiene regulated at the transcriptional level.

In vivo, DNA is found in complex with histones and other ancillary proteins: this complex

is termed chromatin. The purpose of chromatin is to package the DNA into a small enough
volume to fit in the nucleus vile protecting the DNA structure and sequence. This
packaging of the DNA also has a role in controlling gene expression. Heterochromatin is
a tightly packed form of chromatin which can silence gene transcription. Euchromatin is

less condensed and contaihe majority of actively transcribed genes.

The basic unit of chromatin is the nucleosome, this consists of 147bp of DNA wrapped
1.65 times round an octamer of histones which contains two copies of each histone
protein: H2A, H2B, H3 and H4. Within this eplex the DNA has 14 contact points with
the histone octamétuger, Madeet al.1997) this forms a stable protein:DNA complex.

Although ths is a stable complex it is also dynamic.

These nucleosomes have been shown to impede transc(igtieretic and Luse 1986,
Lorch, LaPointeet al. 1987) and so to enable transcription to take place a number of

modification of this nucleosome complex occur.
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The histones themselves can undergo modifications including acetyB#onister and
Kouzarides 1996, Greer and Shi 2Q1ethylation(Rea, Eisenhabet al. 2000, Fuks,

Hurd et al. 2003, Fuks, Hureet al. 2003, Levy, Kuocet al. 2011, Greer and Shi 2012,
Yang, Guoet al. 2012)and phosphorylatiofHurd, Bannisteet al. 2009)all of which

are laid down in a dynamic fashion and can potentially be inherited during n{€icess

and Shi 2012) Histone acetylation is the covalent modification of the epsilomo

group of conserved lysines by histone acetyltransferases. Histone acetylation was first
observationally linked to transcriph by Allfrey et al. (Allfrey, Faulkneret al 1964)

Since this early observation a large amount of research has focused on this link between
acetylation and transcriptigBrownell, Zhouet al.1996, Candau, Zhoet al.1997, Kuo,

Zhou et al. 1998) and has strengthened the hypothesis that histone acetylation is an
important part of transcriptional activation. Conversely, historgcetglation, the
process by which the acetylation is removed from the lysine by histone deacetylases
(HDACS) has been linked to transcriptional represél@unton, Hassigt al. 1996, Yang

and Seto 2003)In thede-acetylated state the tail of the histone proteins have a positive
charge and this promotes interaction with the negatively charged phosphate groups of the
DNA, when the tail is acetylated the charge changes from positive to neutral and this
disrupts thehistone:DNA interaction. This weaker association has the result of making
the DNA more accessible to transcription fac{&tsinke and Horz 2003, Zhao, Herrera

Diaz et al.2005)

The first step in the initiatio of transcription is formation of the preinitiation complex,
containing Transcription Factor (TF) 1B, TFIID, TFIE, TFIIF and TFIIH. These
assemble on the promoter DNA with RNA polymerase Il and support the accurate
initiation of transcription(Nikolov and Burley 1997)Following the formation of this
complex further transcription factors are then recruited to the promoter these
transcription fators bind to DNA in a sequensgecific manner. Once bound to DRA

they can either promote or block the action of RNA polymelgsehich controls the
transcription of the gene, and in this way can enhance or reduce the expression of specific
genes. These transcription factors can be either constitutive or induCdistitutive
transcription factors are continually expressed, and their expression is antddepon
extracellular signalspn the other had inducible transcription factors are synthesised

within the cell in response to certain stimuli. One such stimlgich can induce nuclear
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localisation of transcription factors is TNF. This may be the mechanism by which TNF

regulates the expression of the channels.

Another factor which can affect the transcription of a gene is DNA methylation. This is a
biochemicaprocess which adds a methyl group to either the fifth carbon atom of cytosine
nucleotides or the sixth nitrogen atom of adenine nucleotides. In mammals approximately
60-90% of all CpGs are methylated, themmethylated CpGs are often clustered in CpG
islands which are located in the regulatory regions of g@&eaton and Bird 2011)
Abnormal methylation of these CpG islands can result in the gene being transcriptionally
silenced. There are two methods by which methylation can affect transcription, the first
is by the methyl group physically hampering transcription factor binding. 8bcon
methylated DNA can be bound by proteins termed, m&@ip@-binding domain proteins,

these proteins then recruit other proteins such as histone deacetylases, which then modify
the histones resulting in the formation of tightly packed heterochromatichws$
inaccessible to transcription factors. Increased expression-offfmmmatory cytokines,
including TNF, have been shown to mediate inflammaitnoluced DNA methylation
changegHahn, Hahret al. 2008, Niwa,Tsukamotcet al. 2010, Hur, Niwaet al. 2011,
Kominsky, Keelyet al.2011, Katsurano, Niwat al. 2012)and therefore this may be an
alternative method by which TNF can regulate the transcription of the channels.

Although there has been some researdicating that hormones such as estrogen,
progesterongHoldiman, Ferguset al. 2002, Zhu, Eghbalet al. 2005) and insulin
(Davies, Zhaeet al.2007)can regulate the exgssion of th&K CNMA1, CACNAl1Cand
CACNALG channels or their splice variants, there is very little research into how this
regulation occurs at the level of chromatin:protein interactions. This is a significant void
in the understanding of how these chanmetsregulated and in turn how they regulate
the contractility of the myometrium. If the aim is to be able to manipulate the expression
of the channels and their splice variants in order to directly modulate the contractility of
the myometrium it is vitayl important to fill in this void in our understanding of how the

channels are regulated.
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6.2 Identification of Transcription Factor Binding Sites

For each of the channels the region encompassing the promoter regions of the genes, was

identified and the spience entered into the TransFac® datafidseys, KetMargoulis

et al. 2006) Transfac® provides data on eukaryotic transcription factors, their

experimentally proven binding sites and consensus sequences wWhtpgene

regulation.com/pub/databases.html). Using the TFsearch tool the genomic sequences

were interrogated to identify putative transcription factor binding sites. From the list of

transcription factor binding sites identified number of transcriptiofiactors were

selected for further analysis (Figure 6.1).

-700bp

-700bp

Fig. 6.1A Schematic Representation of the KCNMA1 Promoter

TSS

KCNMAL 5°

Fig. 6.1B Schematic Representation of the CACNA1C Promoter

KCNMAL 3’

TSS

_| | | l +300bp

CACNAICCpG 1

Fig. 6.1C Schematic Representation of the CACNA1G Promoter

-700bp | |

CACNAICCpG 2

TSS

CACNALIGCpG 1

CACNAIG CpG 2

Figure 6.1 Schematic Representation of th& CNMA1 , CACNA1C and CACNA1G Promoters

(A) KCNMAL promoter;(B) CACNALC promoter andC) CACNA1G promoter. The transcriptiostart

site (TSS) is indicated by a black arrow. CpG islands identified within the promoters are represented by the
grey bar. Transcription factor binding motifs are indicated by vertical bars, green represents SP1 motifs,
Red indicates MZF1 motifs, Bluaedicates CBP motifs, Orange indicates p50 motifs and Yellow indicates

RelA motifs.

NFaB

has

been

i mp | i althiteeecannel@urikdwa and Blajtsoh at i o n

1998, Green and Peers 2002, Scragg, Featrah 2005, Cookson, Waitet al. 2015)
Although, binding sites for RelA, cRel and p50 were identifiethin the CACNA1G
promoter,N F 8 lBnding siteswere not identified from the genomic sequence of either

224

of



the KCNMA1 or CACNALC promoters However,it was decided tgerform ChIPs on

all three promoters with both RelA and p50 antiseratth'e | ac k of NFaB
bi nding site may indicate that within ¢t}
described noitanonical moti{Wong, Teixeiraet al.2011)

6.3 ldentification of CpG Islands Within the Promoter Regionsof

the Channel Genes

The region encompassing the promoter regions of the genes, was dooedsC rich.

The sequence of these regions was entered into the MethPrimer détabaseDahiya

2002) for CpG island prediction. The following parameters were used for CpG island
prediction: window size was set to 100, so the program will calculate parameters within
this window, the step was set to 1, the obseteesekpected GC ratio was set to 0.6 and

the percentagef G plus C was set to 50%. Briefly the program will examine 100bp at
once, this is termed the window, then it will move along one bp, termed the step, and
examine 100bp from this location. Within each window the program will calculate the
observed numbesf CpGs within the window in comparison to the expected number of
CpGs. Finally within each window the program will calculate the total number of C and
G and express this as a percentage of the total number of bp in the window. The formal
definition of aCpG island is a region with an observed to expected ratio of >60%,
meaning 60% of the G and C in the sequence are in the form of CpG, and a GC percentage

>50%, meaning more than 50 of the nucleotides in the window are either C or G.

Within the KCNMA1 pronoter a single CpG island encompassing 898bp (653bp
upstream to 244bp downstream of the TSS) was identified (Figure 6.1A). There were two
CpG island identified within th€ACNAL1C promotersequence: the first encompassing
480bp (654bp to 175bp upstream @ F5S) and the second encompassing 383bp (141bp
upstream to 241bp downstream of the TSS; Figure 6.1B). Finally two CpGsisianel

also identified within th&€CACNA1G promotersequence: the first encompassing 386bp
(548bp to 163bp upstream of the TSS) dhd second encompassing 342bp (96bp
upstream to 245bp downstream of the TSS; Figure 6.1C).
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6.4 ChIP / MeDIP Primer Design and PCR Optimisation.

Primers were designed to flank each of the CpG Islands predicted0A®EALC and

CACNALG promoters for usenithe ChIP and MeDIP assays. Due to the predicted size

of the CpG Island in th&kCNMAL1 promoter, it was decided to design primers sets to

cover the 56 region and 306 region individual/l\
size are listed in Chapté&wo Materials and Methodslable 2.4.

It was not possible to get PCR amplification utilisingq polymerase for any of the
promoter region primer pairs (data not shown) and the reason for this could not be
defined. Therefore this lack of amplification ¢dbe due to a combination of factors
including the G&ich nature of both the promoter regions and primers and possibly the
particular batch ofTaq used had lower specific activity. However, the safag
polymerase was utilised successfully for the PGRtiens detailed in chapter 3. Due to
these difficulties, the Herculase Il fusion polymerase was trialled. Herculase Il fusion
polymerase is specifically engineered to amplify difficult targets such asdB@gions.
Consequently after optimisation, P@Riplification of the G&ich regions was possible

with all the primer sets.

For optimisation an initial annealing temperature of 5°C below the averagé the

primer pair was selected. Then the optimisation parameters suggested by the Herculase II

fusion pol ymer ase manufacturer wer e used. Brie
polymerase (note that the manufacturer, Agilent, did not provide a value for the number

of enzyme units/el), 0.25&eM each primer, 250c¢
suggested DISO should be trialled at betweer8@o (v/v) of the final concentration.

Therefore optimisation PCRs were performed with 1%, 4% and 8% (v/v) DMSO. Initially

the manufacturersd guidelines regarding PCR
Briefly, these vere: 95°C for 2 minutes then 30 cycles of 95°C for 20 seconds, Primer T

less 5°C for 30 seconds, 72°C for 20 seconds then a final extension at 72°C for 3 minutes.

Following the initial steps detailed above, further optimisation reactions were undertaken
as needed for each of the individual primer sets. These steps included: increasing the
number of cycles to improve the signal intensity, decreasing the annealing time or altering

the annealing temperature to improve the specificity of primer binding,asiag the
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elongation time to decrease the number of low molecular weighspeeific amplicons,
decreasing the elongation time to decrease the number of high molecular weight non
specific amplicons and decreasing the amount of input DNA to reducing sg€Ene

specific optimisations undertaken for each primer set is summarised below

FortheKCNMA13 6 pr i mer s, PCR amplification wa:
(v/v) DMSO (Figure 6.2A ). The reaction utilising 4% (v/iv) DMSO had fewer-non
specific PCR pducts and so it was decided to further optimise this reaction. The
following parameters were altered, the number of cycles was increased to 34, the
annealing time was decreased to 20 seconds and the elongation increased to 30 seconds.
These adjustmentsgved successful and the nepecific PCR products were almost
eliminated (Figure 6.2A II).

For theKCNMA1 56 pri mer s, PCR amplification wa
DMSO. However, the specific band was very faint in comparison tespeaific
amplicons (Figure 6.2B 1). Therefore the annealing temperature was reduced by 1°C and
the other parameters were unchanged. After this modification the specific band had
brighter intensity but there was a smear on the gel (Figure 6.2B Il). This may have been

a rdlection on too great an amount of input DNA, therefore, the input DNA was reduced
to l1lgl to try and eliminate the smearing,
Reducing the input DNA reduced the smear but significantspecific amplicons
remained (Figure 6.2B Ill). To overcome this two further optimisation protocols were
tried: firstly the number of cycles was increased to 38; secondly the elongation step was
increased to 30 seconds. Again all other parameters were unchanged. Increasgiig the
number was not effective (Figure 6.2B 1V). Howewveicreasing the elongation time

significantly reduced the nespecific PCR products (Figure 6.2B V).
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Fig. 6.2A Optimisation of KCNMA1 3’ ChIP PCRs 4 ovel
cycles
DMSO 20s Annealing

| M 8% 4% 1% II M 30s Elongation
=
s —p - - -—
KCNMALS soobp —> B8 88 KCNMAT1 3’ 509bp—> o s
/s
- n/s —»

——
imer dimers -
Primer dimers —» - - Primer dimers —»

Fig. 6.2B Optimisation of KCNMA1 5’ ChIP PCRs
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Figure 6.2 Optimisation of KCNMA1 Promoter ChIP PCRs

(A) Optimisation ofKCNMA13 6 Pr i mer s. PCRs were performed with diff
((vIv) 1%, 4% and 8%) PCRs worked best with 4% (v/v) DMSO (I). PCRs were repeated with 4% (v/v)

DMSO, 34 cycles, a 20 second annealing sted a30 second elongationep; this PCR was successful

(1. (B) Optimisation ofKCNMAL 56 Pr i mer s. PCRs were performed with di
DMSO ((v/v) 1%, 4% and 8%) PCRs worked best with 4% (v/v) DMSO (I). PCRs were repeated with 4%

(v/v) DMSO and an annealing tempéaure of 54.6°C (11). These PCRs were obscured by smearing on the

gel . The previous PCR was repeated but with 1¢l DNA (1
non-specific bands. The previous PCR was repeated with either 38 cycles or a 3D edeagation step

(IV). The PCR with a 30 second elongation step was successful.

For theCACNALC CpG Island 1 primers, PCR amplification was successful with 4%
DMSO, however there was smearing and-apecific banding also present (Figure 6.3A
). As withthe KCNMA1 56 pri mer s, a number of di fferent

employed.
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Fig. 6.3A Optimisation of CACNA1C CpG1 ChIP PCRs
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Fig. 6.3B Optimisation of CACNA1C CpG 2 ChIP PCRs
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Figure 6.3 Optimisation of CACNA1C Promoter ChIP PCRs

(A) Optimisation of CACNALC CpG 1 Primers. PCRs were performed with different conceotsmtbf

DMSO ((v/v) 1%, 4% and 8%) PCRs worked best with 4% (v/v) DMSO (I). PCRs were repeated with 4%
(v/v) DMSO and with either a 10 second or a 30 second elongation step (I1). The PCRs were improved by
the 30 second elongation step. This PCR was repeathree different annealing temperatures; 54.9°C,
55.9°C and 56.9°C (lll). The PCR was successful at 54.9BF Optimisation of CACNAL1C CpG 2
Primers. PCRs were performed with different concentrations of DMSO ((v/v) 1%, 4% and 8%) PCRs
worked best with1% (v/v) DMSO (l). PCRs were repeated with 4% (v/v) DMSO and 38 cyclesh(i),

PCR was successful

Briefly, these included: reducing the DN
elongation to 30 seconds or decreasing the elongation to 20 seconds (Figure 6.3A 1l) and
optimisation of the annealing temperature (Figure 6.3A IIl). The lowest angealin
temperature (54.9°C) produced a band of the correct size although this was faint it was

un-obscured by nospecific banding (Figure 6.3A 111).

For theCACNALC CpG Island 2 primers, PCR amplification was successful with 4%
DMSO (Figure 6.3B I), howevehis band was faint. The cycle number was increased to
38 to improve the intensity of this band. This produced a clear band of the correct size

without either smearing or nespecific bands (Figure 6.3B 1I).
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For theCACNALG CpG Island 1 primers, PCR amjdiition was successful with 1%

DMSO, therefore no further optimisation was required (Figure 6.4A).

For theCACNAL1G CpG Island 2 primers, PCR amplification was successful with 1%
DMSO, therefore no further optimisan was required (Figure 6.4B).

Fig. 6.4A Optimisation of CACANAI1G CpG 1 ChIP PCRs

DMSO
M 8% 4% 1%

CACNAI1G CpGl 475b, '
nlsE: -

Primer dimers

Fig. 6.4B Optimisation of CACNA1G CpG 2 ChIP PCRs

DMSO

—_—

8% 4% 1%

M
CACNAI1G CpG2 377bp ' —
e L
—
Primer dimers —» { m

Figure 6.4 Optimisation of CACNA1G Promoter ChIP PCRs

(A) Optimisation of CACNAL1G CpG 1 Primers. PCRs were performed with different concentrations of
DMSO ((v/v) 1%, 4% and 8%) PCRs worked with 1% (v/v) DM$B). Optimisation ofCACNALG CpG

2 Primers. PCRs were performed with different concentrations of DMSO ((v/v) 1%, 4% and 8%) PCRs
worked best with 1% (v/v) DMSO.

6.5 Experimental Results

6.5.1 The ChIP Assay

In order to study the transcription of ti€NMA1, CACNA1CandCACNAL1Gchannels

the ChIP assay was used. From the TransFac analysis of the promoter regions a number
of transcription factors were selected for study utilising the ChlIP assay. These were: CBP,
MZF, SP1, H3, p50 and RelA. Brieflgix T-75 flasks of primary myocytesere grown

to 100% confluence. Two of these flasks were then stimulated with 10 ng/ml TNF for 1

h, two were stimulated with 100 ng/ml TSA for 24hrs and two were left unstimulated.
The ChIP assay was then carried out as detail€thapter 2Materials andMethods
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6.5.2 The MeDIP Assay

The MeDIP assay is a modified version of the ChIP assay, instead of isolating chromatin
which is bound by specific transcription factors, the MeDIP assay selectively isolates
methylated genomic DNA sequences. It does thiathising an antibody speft for 5-
methylcytosine. Six T5 flasks of primary myocytes were grown to 100% confluence.
Two of these flass were then stimulated with A4¢/ml TNF for one hoy two were
stimulated with 100g/ml TSA for 24 hours and two weleft unstimulated. The MeDIP
assay was then carried out wusing the Epi

Kit as detailed in ChapterMaterials and Methodsection 2.8

6.6 Analysis of Data

After manual band quantification of the PCR images, arslyas performed as follows:

the value ascribed to nonspecific binding of IgG was subtracted from the specific binding
value. That value was then expressed as a percentage of the input fraction with the input
fraction intensity being taken as 100&l. experiments were repeated three times and the
results are expressed as the mean + SD. Each repeat represented a single myometrial
biopsy. All data analyses were conducted on GraphPad Prism versibaré,awone way
ANOVA with Dunet s -fest was performetb compare the individual stimulations

against the unstimulated control; p 0.05

6.6.2 DNA Shearing

The importance of correctly shearing the DNA for use in the ChIP and MeDIP assays
cannot be overstated. Over stieg the DNA will result in very small promoter fragments
which can be detrimental to the downstream PCR analysis. This phenomenon occurs
because very small fragments (<100bp) can reduce primer recognition and hence reduce
PCR efficiencyMoreover,overshearing the DNA can damage the transcription factor
proteins and hence reduce the antibody binding efficighag compromising the
immunoprecipitation. Undeshearing the DNA is also problematic. This produces large
fragments which can result in the immynecipitation of chromatin distant from the
transcription factor binding site and hence increase the risk of false positive results. After
sonication a portion of the chromatin from each sample vaaslysedby AGE to
determinedll the samples had fragmentvithin the correct rege (2000 1000bp; Figure

6.5).
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6.6.3 ChIP Controls

A Histone H3 antibody was used as a control for the ChIP assay as the amount of H3
associated with a promoter should be relatively consistent across all stimulations.
Significant \ariations in the normalised H3 enrichment would indicate significantly
different cell numbers in the different ChlP samples. Significant differences in cell
numbers may skew the results of the ChIP assay. Following the ChIP assay, when the
promoter primerPCRs were subsequently performed on the H3 immunoprecipitated

chromatin, the results were inconsistent (Figure 6.5B). Therefore, no further analysis of
these was undertaken

Fig. 6.5A Ultrasonic Cavitation of ChIP and MeDIP Chromatin — Representative Gel

—_——

ChIP MeDIP
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Fig. 6.5B Histone H3 Control ChIP Immunoprecipitation— Representative Gel
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KCNMAL3 [ e e
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Figure 6.5 ChIP Assay Controls

(A) Ultrasonic Cavitdon of Myometrial Cell DNA. Formaldehyde fixed nuclei isolated during the ChIP

and MeDIP assays were sonicated on ice for 3 x 10 second intervals. The sheared DNA was visualised on
a 1.5% (w/v) agarose gel and calibrated against a LowRanger ladder (MPNA shears were most
intense between 500 and 200iB) Histone H3 Conrol ChIP ImmunoprecipitatiborRepesentative gels.

ChIP chromatin was immunoprecipitated using Histone H3 antisera spamific rabbit IgG, the resulting
chromatin was then amplifieusing the channel promoter specific primers.
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6.6.4 Validation of ChIP Protocol

The difficulties in generating consistent results which were experienced during the ChIP
and MeDIP assays could be due to a number of factors. Firstly the ChIP and MeBRIP assa
themselves may have been poorly executed and hence the inconsistency between the
repeats. Secondly, the high GC content of the promoter regions under study may be
affecting the efficiency and hence the consistency of the PCR reactions. ChIP has been
routinely carried out within the research group utilising RelA antiserum and a robust
positive control for this ChIP is available. Therefore, this positive control PCR was
performed utilising the same ChIP chromatin immunoprecipitated with RelA as was used
for the PCRs above. This will reveal if the ChIP assay has worked as expected. The
positive control | aBU PCR worked well wi
input and specific signal intensity (Figure 6.10). This indicates that the problems

experierwed are likely due to the GC rich nature of the promoter regions.

Fig. 6.6— I[xBa positive control PCRs - Representative Gels

Un-
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@)
&)

=

| Input
RelA

l Input
IeG
RelA

| Input
£

IxBa

Figure 661 e BU Positive Control ChIP PCR

ChIP chromatin was immunoprecipitated using RelA or-specific rabbit IgG, the resulting chromatin
wasthenamplifed using primers specific to the | aBU pro
that there is little nospecific banding. There is a low level of Rel A binding in thestimulated sample,

TNF results in an increase in the signal intensityRelA binding and TSA results in the loss of RelA
binding. These results indicate that the ChIP assay is working correctly.

6.7 Transcription Factor Binding

Despite the optimisation of the promoter primer PCRs described above the ChiIP PCRs
wererepeately inconsistent, displaying a high degree of variability in the input, IgG and
specific signal intensitieShis made analysis difficult and any meaningful interpretation

of the analysis impossiblé high level of IgG binding was observed in number of the
ChIP reactions (Figure 6.6A |, Bahd6.8 A 1). The intensity of the IgG band is a measure

of the level of norspecific binding within the specific IP reaction. Therefore, the intensity

of the 19G bands observed in the figures listed apeeeld suggesthat there is a high

level of nonspecific binding in these ChIP reactions. The IgG samples underwent the

same PCR amplification as the specific IP samples and, as stated above, also suffered
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from the same inconsistencies. It is therefore, possible hiegetlgG bands do not

accurately reflect the level of background sigidlerefore figures are only shown for

gels were the intensity of the specific band is greater than that for the Ig@lgstimple

observations from the ChIP PCRs are discussed below

6.7.1 TheKCNMA1 Promoter

6.7.1.1 Th&KCNMA1Pr omot er 306

In the unstimulated sample SP1, CBP. MZF (Figuré A.I) and RelA (Figure &. A

Regi on

II) were observed to occupy this region of the promoter. Following exposure to TNF,

the binding observedhithis region of the promoter was unchanged (Figuté\6.and

II). However, following exposure to TSA no binding was observed for MZF (Figure

Al)orRelA (Figure6/A | | )
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t he

360 end of

Input

I I

Fig. 6.7A — KCNMA1 3’ ChIP Immunoprecipitation PCRs - Representative Gel

= e 9 = S
2 0 H = 2 90 9
I £ 83 & I E® 22
Un-stimulated — e — Un-stimulated
+TNF — — e — +TNF
+TSA = - +TSA

Fig. 6.7B — KCNMA1 5’ ChIP Immunoprecipitation PCRs - Representative Gel
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Figure 6.7 KCNM A1l Promoter ChIP PCRs- Representative Gels
ChIP chromatin was immunoprecipitated using CBP, MZF, SP1 (), p50, RelA (Il) espenific rabbit
IgG, the resulting chromatin was then amplified using eitheKbBBMAL ¢c ha nn e |

primers(A) or theKCNMAl1c hannel 58

t he

30

promoter

promoter spe

pr o mdR).ahe Ig& pignal intnisitees varied me r s

greatly between repeats and between the different PCRs. Specific signal within the IP lane also varied

greatly. No further analysis was undertaken.

6.7.1.1 Th&KkCNMALPr o mo t egion 5 6

R

In the unstimulated sample SP1 CBP, MZF (Figuré B.1) and p50 (Figure &.B II)

were observed to occupy this region of the promoter. Following exposure to either TNF
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or TSA, the binding observed in this region of the promoter vissally decreased
(Figure 67 B | and II).

6.7.2 TheCACNA1C Calcium Channel Promoter

6.7.2.1 TheCACNA1CPromoter CpGL1 Bgion

In the unstimulated sample SP1 CBP, and MZF were observed to occupy this region of
the promoter (Figure 8 A). Binding wasot observed for either p50 or Relthese PCRs

also had high levels of IgG sign&ixposure to either TNF or TSA did not appear to affect
the binding of SP1, CBP or MZF (Figure86A). Exposureto TSA did result in the
observation of RelA and p50 binditgthis region of the promotenowever these PCRs
also had high levels of IgG sigreahd so little confidence can be placed in the specificity
of the RelA or p50 bands.

Fig. 6.8A — CACNAI1C CpGIl ChIP Immunoprecipitation PCRs
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Fig. 6.8B — CACNA1C CpG2 ChIP Immunoprecipitation PCRs
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Figure 6.8 CACNALC Promoter ChIP PCRs- RepresentativeGels

ChIP chromatin was immunoprecipitated using CBP, MZF,, 80, RelA or norspecific rabbit IgG, the
resulting chromatin was then amplified using either@#&CNA1C CpG1 promoter specific prime(8.)

or theCACNALC CpG2 promoter specific prime(B). The IgG signal intensities varied greatly between
repeats and between the different PCRs. Specific signal within the IP lane also varied greatly. No further
analysis was undertaken.

6.7.2.2 TheCACNAL1CPromoter CpG2 Bgion

In the unstimulated sample SRABP, and MZF were observed to occupy this region of
the promoterintense IgG was also observed in these ChlRkke theCACNA1CCpG1l
region binding was also observed for RelA (Figure 6.7 B). Exposure to either TNF or
TSA did not appear to affect thending of SP1, CBP or MZFhowever,these ChIPs
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again showed a high level of IgG signakposure to TSA did result in the observation

of p50 binding to this region of the promoter (Figure 6.7 B).

6.7.3 TheCACNA1G Calcium Channel Promoter

6.7.3.1 TheCACNAL1GPromoter CpG1 Bgion

In the unstimulated sample SP1 CBP, MZF and RelA were observed to occupy this
region of the promoter (Figure®A | and II). Following exposure to TNF, only CBP and
RelA binding were observed bound to this region of the pron(eigure 69 A | and II).
Following exposure to TSA the promoter was seen to be bound by SP1, CBP, MZF and
RelA as seen in the tstimulated samples but in addition p50 was also observed binding
to this region of the promotddowever all TSA stimulated CR$ for SP1, CBP and MZF

also displayed high intensity IgG signals.

Fig. 6.9A - CACNAILG CpG1 ChIP Immunoprecipitation PCRs
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e

g <2 O]
) wy
2R &

Input

Un-stimulated

+TNF |

+TSA

Figure 6.9 CACNA1G Promoter ChIP PCRsi Representative @lIs.

ChIP chromatin was immunoprecipitated using CBP, MZF, SP1 (I), p50, RelA (1) espexific abbit
IgG, the resulting chromatin was then amplified using eithetGR€NA1C CpG1l promoter specific
primers (A) or the CACNA1C CpG2 promoter specific primef8). The 1gG signal intensities varied
greatly between repeats and between the different P&eific signal within the IP lane also varied
greatly. No further analysis was undertaken.

6.7.3.2 TheCACNAL1GPromoter CpG2 Bgion
In the unstimulated sample SP1 CBP, MZF were observed to occupy this region of the
promoter however, these ChIPs alssplayed high intensity IgG signaRelA was also

seen to occupy this region of the promdtégure 6.8 B)Unlike theCACNAL1G CpG1
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region, exposure to either TNF or TSA had no visual effect on the observed transcription

factor binding in ths region (Figre 6.8 B).

6.8 Methylation of the Channel Promoters

As with the ChIP assay, the MeDIP assay PCRs were agpeatedlyinconsistent,

displaying a high degree of variability in the input, IgG and specific signal intensities.

This made analysis difficulira any meaningful interpretation of the analysis impossible.

Therefore, only simple observations from the MeDIP PCRs are discussed below.

Ther e

stimulated and TNF stimulated

was S o0ome

me t h y KCGNMAlgpromotebregeom i telun o n

sampléBigure 6.9). However,continual high

background precluded any meaningful analysis. No methylatksnobservetbllowing

exposure to TSA (Figure 6.9).

Some methylation of th€ACNALC CpG 2 promoter region was evident in the un

stimulated samples. Thimethylation was also evident followirgpth TNF and TSA

stimulation (Figure 6.9)

Some methylation of th€ACNALG CpG 2 promoter region was evident in the un

stimulated samples. This methylation was also evident followoty TNF and TSA

stimulation (Figire 6.9)

Un-

Fig. 6.10— MeDIP Immunoprecipitation PCRs - Representative Gel
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Figure 6.10KCNMA1 , CACNA1C and CACNA1G Promoter MeDIP PCRs
MeDIP chromatin was immunoprecipitated usiniyléthyl Cytosine antisera or nespecific rabbit IgG,
the resulting chromatin was then amplified using thanmel promoter specific primers. The IgG signal

intensities varied greatly between repeats and between the different PCRs. Specific signal within the IP

lane also varied greatly. No further analysis was undertaken.
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6.10 Discussion

There were confoundinigctors when it came to interpreting the results of the ChIP and
MeDIP assays. Firstly, the promoter regions of the three channels werea@aking

PCR optimisation difficult. Regions of DNA with high GC content are more stable than
regions with low GCQontent. These regions have a tendency to form complex secondary
structures meaning that they are more resistant to melting. In addition to this, the primers
designed for G&ich regions are more likely to form setir crossdimers and can also

form stemloop structures which then impedes the progress of the DNA polymerase. This
means that there can be a high proportion of incomplete DNA templates formed during
the PCR reaction. To overcome these problems, DMSO was used in the PCR reactions as
it disruptsthe base pairing, reducing secondary structure and making the DNA more labile
for heat denaturation, DMSO also facilitates primer annealing and hence improves

amplification.

Secondly, even after optimisation of the PCR, the results repesatedlyinconsstent,

with the same reaction mix and times producing clear results in one experiment and poor
results in a second experiment. @€h regions are not only more stable they are also
less specific, meaning they are more prone tepriming with other G&ich regions;

this leads to inconsistent results. The only option to overcome this waslésign the
primers so they were less G{€h. This howeverwas not an option due to the constraints

of the ChIP assay. ChIP primers have to be designed withproheoter region in order

to be able to interpret the results effectively, and the promoter regions in question are GC

rich.

Finally, themyometrialcell cultures were not cell cycle synchronised prior to the ChIP
assay. The principle behind cell synchsaion is to ensure all the cells in culture are at

the same phase in the cell cycle; the assumption is then made that synchronised cells will
all respond identically to stimuli. The decision was taken not to synchronise the cells for
the following reasonProgression through the cell cycle has been shown to be regulated
by both potassium and calcium channels. Potassium channels are responsible for
hyperpolarising the plasma membrane, which is necessary for the cells to move. from G
to S (Wonderlin and Strobl 1996, Ouadikhidouch and Ahidouch 2013)Calcium
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channels are thought to provide transient signals at checkpoints within the cell cycle

which are necessary for the cell to continue cydnitaker 2006,

Serum starvation which is routinely used to synchronise cells has been shown to have an
effect on the expression of tKENMA1, CACNA1CandCACNAL1Gchannels. It causes

an up regulation oboth theKCNMA1 and CACNALC and a down regulation of the
CACNA1G (Woodfork, Wonderliret al. 1995, Panner, Cribket al. 2005, Patel, Clunn

et al. 2005) These changes in regulation of transcription of the chamm&sobscure
changes in regulation due to TNF and TSA. Instead of synchronising the cells the
decision was taken to grow the cell cultures to complete conflueneéhis vascular

tissue smooth muscle cells have been shown to switch from a prolifetataveontractile
phenotypgCharron, Niliet al.2006) upon reaching confluence. This has primarily been
studied in vascular smooth muscle cells and in these cells this switch in phenotype is
accompanied by changes in the expression of both potassium and calcium channels. By
growing the cells until thewere confluent in the culture flasks the majority of cells
should have moved out of the proliferative phenotype into the contractile phenotype and
hence any changes in transcriptional regulation would be more reflective of this

contractile phenotype andthdue to the cells being in different phases of the cell cycle.

6.11 Conclusion

Unfortunately due to the difficulties encountered while carrying out the ChIP experiments
on the channel promoters, it has not been possible to reach any conclusion regarding
regulation of the transcription of any of the channels. Further work is needed to
circumvent these issues in order to be able to generate consistent results which can then
be analysed and interpreted. It was decided that the focus should now swibteh to
examining putative role of théCNMAL channel within the nucleu3he transcription

factor CCAT has been shown to be generated from ttezrinal tail of the CACNALC
channel proteifGomezOspina, Tsurutat al. 2006) therefore, the nuclear localisation

of KCNMAL observe in Chapter 3 Figure 3.1 D | and Chapter 4 Figure 4.10 may indicate
that the Gterminal of KCNMA1 channel may also function as a transcription factor
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Chapter 7: ChlIP Sequencing
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7.1 Introduction

Immunocytochemistry staining of the primary myocgtdtures and western blotting of

both the soluble nuclear and chromatin bound protein fractions revealed nuclear
localisation of theKCNMA1 channel. In order to determine if this nuclézcalised
KCNMAL protein bound to DNA and hence had a role in thelsggpn of transcription

it was decided to undertake a proof of concept study by utilising the ChIP assay followed
by DNA sequencing (ChHeq). This approach was decided upon as there was no
information regarding what genes tRENMAL protein may be assmated with and
therefore there were no known targets for standard PCR analysis of the ChIP DNA. The
advantage of using Ch&eq as opposed to the conventional PCR or ©hEhip
approaches is that Cheqg sequences all the DNA found to be associated tinith
KCNMA1 protein, these sequences can then be aligned with the genome and
subsequently with individual genes. In this way it is possible to reveal the full complement
of KCNMAL protein:DNA associations within the nucle@hIP-seq also gives improved
signakto-noise ratio, is able to detect more peaks and the detected peaks are narrower in

comparison Chlfn-chip (Ho, Bishopet al.2011)

This putative dual role of thKCNMAL protein as an ion channel and a transcription
factor, although novel for thKCNMAL protein, has been reported previously for the
CACNA1C protein. In this channel the-trminus has been shown to enter the nucleus
and regulate gene transcripti@omezOspina, Tsurutat al.2006)

The CACNAILC transcription factor, termed CCAT, is generated from thier@inal tail

of the CACNALC calcium channel protein and its entry into the nucleus is negatively
regulated by the electrical activity of the cell. CCAT can also bind to the remainder of the
channel protein reducing calcium influx through the channel. In this way it is similar to
the potassium channel binding protein Kchip/DREAM. These proteins interact with Kv
K™ channels increasing potassium eff(Béhring, Dannenbergt al.2001)and also act

as transcriptional repressqiéenn, Haynet al. 2008) The production of the CCAT
fragment was not found to l@eregulatedprocess However its nuclear localisation and
subsequent transcriptional activity was found to be regulayemtracellular calcium
levels; with a reduction inntracellular calcium promoting nuclear localisation and an

increase repressing nuclear localisation. Once within the nucleus, CCAT was found to
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up-regulate a number of genes including gap junction membrane channel protein beta 5
and EGR], it also dowrregulated a number of genes such as the transcription factor
GATAG6 and the potassium intermediate/small conductance calcium activated channel
Kcnn3 (GomezOspina, Tsurutet al. 2006) Further research has demongtdathat the

CCAT transcription factor is generated from a promoter within the coding region of the
CACNAI1C gene(GomezOspina, Panagiotakost al. 2013) This intenal promoter
drives the expression of exons 46 and 47 independently, however, they also demonstrated
that CCAT and th€ ACNALC protein are expressed in a complementary fashion in the
developing brain this would suggest that there is still a link betweeexpression of
these two proteins. The CCAT fragment is approximately 75kDa in size, the size of the
KCNMAL protein localised to the nucleus is between approximately 65kDa and 138kDa,
the smaller of these is comparable with CCAT.

As explained above Chigeq is a powerful tool used to map global DNA binding sites

for any protein of interest. The workflow for Ch#feq firstly involves characterising the
antibody to be used, then using the ChIP assay to selectively enrich for DNA sequences
bound to a partidar protein. Oligonucleotide adaptors are then added to the fragments
of DNA isolated in the ChIP assay to enable these fragments to be sequenced using
parallel sequencing. Finally, the ChIP fragments are sequenced, this involves size
selection for fragmets that are approximately 300bp long. These fragments are then
sequenced simultaneously using a genome sequencer. In this study, cluster amplification
was utilised, this involves creating clusters of approximately 1000 clonal copies of each
of the adaptetigated ChIP DNA fragments on a solid flow cell substrate. This then
produces a high density array of clusters on the flow cell surface which is then sequenced
by a genome analysing program. Each cluster is sequenced in parallel base by base during
each ead using novel fluorescently labelled reversible terminator nucleotides. This data
is then collect as .fastq files which can then be aligned to the genome and individual genes
identified.

Characterisation of the antibody to be used is important as talyqgaf a ChlIP
experiment and hence the downstream &3@® is governed by the specificity of the
antibody and the degree of enrichment achieved in the immunoprecipitation. The
ENCODE and modENCODE consortia recommend using a primary and secondary test
to characterise each monoclonal antib@dgndt, Marinovet al.2012) The primary tests
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recommended are either a western blot or immunofluorescence stainege Wil

provide information omuclear localisation,rossreactivity and any isoforms detected

by the antibody. Theseondary tests ar e, ChlPesingantibadies or fAknoc
against a different epitope or a different member of a complex, immunoprecipitation using

epitope tagged constructs or binglisite motif analysis. These tests ensure the antibody

is suitable for use in the ChIP assay and add confidence to the data obtained frem ChIP

seq.

The sensitivity of the ChH8eq is dependent on a number of factors including, the depth

of the sequencingun, the library complexity and the distribution of the target protein.

The depth of the sequencing run is the number of mapped sequence tags, for example a

6l ane6 can generate 200 million reads and so
10million reads per library. The ENCODE and modENCODE consortia recommend a

minimum of 20million mapped reads per sample in order to have confidence in the data

(Landt, Marinovet al.2012) Library complexity, the amount ohique DNA molecules

in the sample also affects the sensitivity of Gh#e|, this can be affected by both the

genome being studied and the amount of DNA recovered from the ChIP assay. Finally

the distribution of the target protein; this will dependvdmatthe protein of interest is.
Transcription f act or sfactorswhith ptoduceloealisédpsbarpnt s our c
peaks, these are easier detected and as a result thsdghi® more sensitiv@ailey,

Krajewskiet al.2013)

Once the .fastq files aremggrated it is then necessary to utilise NGS analysis software to
align the reads to the genome, perform peak calling to identify regions of ChIP
enrichment, and if possible to identify DNA binding site motifs. In this study Galaxy
(https://lusegalaxy.orggn open access web based platform was used for NGS analysis
(Giardine, Riemeret al. 2005, Blankenberg D, Von Kuster & al. 2010, Goecks,
Nekrutenkoet al.2010) Within this platform Bowtie for lllumina was uséad align the

reads to the genome, this uses a BurrdWeeeler transformation to create a permanent,
reusable index of the genome. Greater than 80% of the reads should be mapped otherwise
this indicates that there is an issue with the sequencing datecal@aik uses algorithms

to identify regions which have more reads than the background in this study the SCIER

algorithm was usedZang, Schonest al. 2009) Finally, motif identification was
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undertaken, this was done using only the highedidmmce peaks and the Panoptic Motif
Search Too(Dinh and Rajasekaran 2013)

7.2 Antibody Characterisation

As this was a proebdf-concept study it was decided that it would be best use one of the
two antibodies which had been used previously during immunocytostrgnand
Western Blotting. The ENCODE and modENCODE consortia recommend utilising a two
stage antibody characterisation were the primary test can be a western blot, as these two
antibodies have been used in western blots already this was utilised asntiny pest.

The Gterminal antibody gave much cleaner western blots which revealed nuclear
localisation (Chapter 4 Figures 4.5 and 4.9A), no apparent cross reactivity and only two
isoforms of theKCNMAL protein(138kDa and 65kDaand therefore this antibgadvas
selectedlt is not possible at this stage to determine conclusively if either the 138kDa or
the 65kDa KCNMALC proteins are used to generate this putative transcription factor.
However, the protein detected within the chromatin bound nuclear fractarapter 4
Figure 1.10B was larger than 65kDa so it is more probable that it is generated from the
138kDa KCNMAL protein. A second possibility is that, like CCAT, the putative
transcription factor is transcribed from an internal promdtkr.secondaryest was
undertaken at this stage but this will need to be done prior to any further experimentation

should theKCNMAL1 protein be shown to act as a transcription factor.

7.3 The ChIP Assay
In order to study the putative transcription factor activity @ KIKNMA1 channel the

ChIP assay was used. Briefix T-75 flasks of primary myocytes were grown to 100%
confluence these were left unstimulat&@tie ChlP assay was carried out as detailed in
chapter Material and Method$Section 2.7. The samples incladinree repeats each of
input andKCNMAL1 immuoprecipitated chromatin. It was not possible to carry out a
control PCR to determine if the ChIP had been succesafiktated previously this is a
novel putative transcription factor and therefore there iknown target to serve as a
positive control. After quantification of the ChIP chromatin it was apparent that there was
insufficient chromatin for use in the sequencing reaction (Table 7.1). To circumvent this

issue whole genome amplification was carriat] as detailed in chapteraterials and
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MethodsSection 2.10.1.1, on the ChIP chromatin this gave sufficient DNA for ChIP
sequencing (Table 7.2).

Table 71 Quantification of ChlIP Chromatin

Sample Input (total) KCNMAL IP (total)
Rpt 1 4.0ng/ul (180ng) 4.5ng/ul (202ng)
Rpt 2 4.5ng/ul (202ng) 2.0 ng/ul (90nQ)
Rpt 3 1.0ng/ul (45nQ) 2.0 ng/ul (90ng)

A portion of the chromatin waanalysed by2% AGE in order to determine if the
fragments were in the correct size range {200bp; Figure 7.1). Figuré.1 shows the
majority chromatin fragments are between 1@D0bp with the smear extending up to a

maximum of 500bp.

Table 72 Quantification of ChIP Chromatin F ollowing Whole Genome Amplification

Sample A260/A280 A260/A230 ng/ ¢l Total ng
in 2E

Input R1 1.793 2.364 130 3,250
KCNMAL IP R1 1.607 1.216 113 2,825
Input R2 1.833 2.276 165 4,125
KCNMA1 R2 1.683 2.156 173 4,325
Input R3 1.724 2.174 125 3,125
KCNMA1 R3 1.811 2.030 168 4,200

Fig. 7.1 Ultrasonic Cavitation of ChIP DNA — Representative Gels

Input KCNMAL IP
—_—_—
Rl R2 R3 Rl R2 R3
500 bp —» 500 bp —»
200 bp —» - ' - 200 bp —» - - -
100 bp —» 100 bp —»

Figure 7.1 Ultrasonic Cavitation of ChIP DNA - Representative Gels

Formaldehyde fixed nuclei isolated during the ChIP assay were sonicated on ice for 3 x 10 second intervals.
The sheared DNA was visualised on a 1.5% (w/v) agarose deladibrated against a LowRanger ladder

(M). The DNA shears were most intense between 200 and 100bp with a smear extending up to 500bp.

7.4 ChIP Sequencing

ChIP sequencingras conducted by Dr Paul Heath, SITrale first step in the process

was library peparation, this was initially undertaken using the Kapa Biosystems Library
preparation Kit (Kapa Biosystems KR0426), however, after starting it was discovered
that the required adapters were not included in the kit. It was therefore necessary to switch
to the NEB Next Ultra DNA library preparation kit Multiplex Oligos for lllumina (Index
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PrimersSet 1;New England Biolabs E7370) and the library preparation was completed
with this kit. Although the ChIP samples have a range of fragment sizes, this library
preparation preferentially selects fragments of ~300bp and in this way, the library loaded
onto the flow cells consists of approximately equal fragment sizes. All the prepared
libraries where then loaded onto lane five of the flow cells at a concentodtiddpM

and onto lane six of the flow cell at a concentration of 8pM. The library samples were
prepared and then sequenced as paretreads. This means that the sequence is read
from each end of the molecule. Paiatd reads, in addition to knowingetlength of the

library fragments, gives one sufficient information to then map the reads to a reference
genome. Table 7.3 details the labels for the samples on the Illlumina HiScan SQ system

and how these relate the ChIP samples (Table 7.3).

Table 7.3 Sample Labels for ChiRseq

Sample ChiPseq Label Information
Input Chromatin Rptl-input CGATGT L005 R1 001 Paired end reads
Repeat 1 Rptl-input CGATGT LOO5 R2 001 loaded on lane 5
Rptl-input CGATGT L0O06 R1 001 Paired end rads
Rptl-input CGATGT L006 R2 001 loaded on lane 6
KCNMAL IP Rptl-KCNMA1 TGACCA LO05 R1 001  Paired end reads

Chromatin Repeat 1

Rptl-KCNMA1 TGACCA L005 R2 001

loaded on lane 5

Rptl-KCNMA1 TGACCA L006 R1 001

Rptl-KCNMA1 TGACCA L006 R2 001

Paired end reads
loaded on lane 6

Input Chromatin

Rpt2input ACAGTG L005 R1 001

Paired end reads

Repeat 2 Rpt2-input ACAGTG L0O05 R2 001 loaded on lane 5
Rpt2input ACAGTG L006 R1 001 Paired end reads

Rpt2-input ACAGTG L006 R2 001 loaded on lane 6

KCNMA 1IP Rpt2KCNMA1 GCCAAT LO05 R1 001 Paired end reads

Chromatin Repeat 2

Rpt2KCNMA1 GCCAAT L005 R2 001

loaded on lane 5

Rpt2-KCNMA1 GCCAAT L006 R1 001

Rpt2KCNMA1 GCCAAT L006 R2 001

Paired end reads
loaded on lane 6

Input Chromatin

Rpt3input CAGATC L005 R1 001

Paired end reads

Repeat 3 Rpt3input CAGATC L0O05 R2 001 loaded on lane 5
Rpt3input CAGATC LO06 R1 001 Paired end reads

Rpt3input CAGATC L006 R2 001 loaded on lane 6

KCNMAL IP Rpt3KCNMAL1 CTTGTA LO05 R1 001  Pairal end reads

Chromatin Repeat 3

Rpt3KCNMA1 CTTGTA LO05 R2 001

loaded on lane 5

Rpt3KCNMA1 CTTGTA L0O06 R1 001

Rpt3input CTTGTA LO06 R2 001

Paired end reads
loaded on lane 6

7.5 Sequencing Run Quality Control
A number of quality controls are undertaken during gguencing run, the first of these
is analysis of the raw cluster counts. The raw cluster counts should have a maximum of

950,000 on the graph in Figure 7.2 blue is the raw count data and green is the percentage
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that have passed the quality scoring. Th® @&lue for the green bars should be greater
than 80%, for this sequencing run the Q30 values were 75.1 and 76.4% these are a little

lower than the recommended value (Figure 7.2 A, B).

Fig. 7.2A Raw Cluster Counts for Flow Cell Lane Five
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Fig. 7.2B Raw Cluster Counts for Flow Cell Lane Six
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Figure 7.2 Raw Cluster Counts

ChIP frgments were sequenced simultaneously on a genome sequencer by cluster amplification. Clusters
of approximately 1000 clonal copies of each of the adapter ligated ChIP DNA fragments are created on a
solid flow cell substrate. Producing a high density arfaglusters on the flow cell surface which is then
sequenced by a genome analysing program. At cycle four of the sequencing reaction a count of the raw
clusters is performed. The bars represent the raw count data and the blue bars are those that have passed
quality scoring (A) Raw cluster counts for flow cell lane 5. 75.1% of clusters passed the quality control
check (B) Raw cluster counts for flow cell lane 6. 76.4% of clusters passed the quality control check

Next, at cycle fourthe cluster density fagach lane is plotted as a box plot. The samples
for this study were loaded in lanes five and six, in figure 7.3 it is evident that that the
cluster density in these lanes is much lower than in the other lanes (Figure 7.3). Later in
the run, however, theluster density improved and these lanes were equivalent to the
other lanes. At cycle 12he phasing and pighasing data is checkeBhasing occurs

when sequencing of some molecules in the in the cluster falls behind by one or more
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cycles. Prephasing ocarswhen sequencing of some molecules in the in the cluster skips
ahead by one or more cycles. Therefore, the percentage phasptuggneg is a measure

of the number of molecules in a cluster which have either fallen behind or skipped ahead.
Libraries wth low diversity or unbalanced libraries can have high levels of phasing/pre
phasing. The percentage phasingfpinasingshould be less than 0.5%, this was the case

in lanes five and six (Table 7.4t the 25" cycle the chastity filter results are disygal.

Each base gives off a signal and the base with the higest intensity signal is the base called.
The chastity filter measures the purity of the signal from each cluster and removes clusters
that have to much intensity corresponding to bases other th@ncalled base. It is
calculated by dividing the higest intensity signal from the called base and dividing this
by the higest intensity from the called base plus the next higest intensity sigmal.
purpose of the chastity filter is to remove data widoks not meet the overall quality
criteria of the filter. The results are displayed as Clusters PF % (passing filter) in the
analysis report within lanes five and six less than 50% of the clusters passed the filter
(Table 7.4). This is low and indicatdst either the ChIP assay or the library preparation

or both need optimising.

Fig. 7.3 Cluster Density as Calculated at Cycle Four
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Figure 7.3 Cluster Density

ChIP fragments were sequenced simultaneously on a genome sequencer by cluster amplification. Clusters
of approximatelyl000 clonal copies of each of the adapter ligated ChIP DNA fragments are created on a
solid flow cell substrate. Producing a high density array of clusters on the flow cell surface which is then
sequenced by a genome analysing program. At cycle foureo$efjuencing reaction a measure of the
cluster density is performed. The box plots represent the cluster density, flow cell lane 5 and 6 box plots
are highlighted with a black box. The cluster density for both flow cell lanes 5 and 6 are low.
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Table 74 ChIP-seq run Quality Control Checks
Cluster Phas/Pr Cluster Phas/ Clusters Phas/Pr Cluster Phas/Pr
s PF ephas sPF Prephas PF (%) ephas s PF ephas

Lane (%) (%) (%) (%) (%) (%) (%)

5 38.98 0155/ 3898 0.000/ 3898+ 0.000/ 3898  0.011/
+/- 0.294  +- 0.000  36.72 0.000  +- 0.018
36.72 36.72 36.72

6 4945 0.212/ 49.45 0.000/ 4945+ 0.000/ 49.45  0.005/
+/- 0.403  +- 0.000  35.41 0.000  +- 0.007
35.41 35.41 35.41

7.6  Quality Control of Data on Galaxy

For quality control ptposes summary statistics was computed for each of the .fastq files
generated by the sequencing. The FastQC quality control gives information regarding the
quality of the .fastq data. For the following quality controls data is only shown for the
paired endeads from both input andCNMAL1 immunoprecipitated chromatin repeat

one loaded in flow cell lane five.

7.6.1 Basic Statistics
This gives simple composition statistics for the data set, including total number of
sequences, sequence length and perce@@gédable 7.5 shows that these basic statistics

are consistent across all the data sets.

7.6.2 Per Base Sequence Quality

This plot represents the range of quality values over all the bases at each position,
interestingly the reverse read of the paired mratls (R2) for each sample in each lane
failed this quality assessment but the forward read of the paired end reads (R1) all passed
(Figure 7.4 A, B).
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Table 75 ChIP-seq Basic Statistics

No of Poor Quality Sequence  %GC
Sequences Sq Length
Rptl Input LOO5 R1 873205 0 93 43
Rptl Input LOO5 R2 873205 0 93 43
Rptl Input LO06 R1 1016194 0 93 43
Rptl Input LO06 R2 873205 0 93 43
Rptl KCNMAL LOO5 R1 1012337 0 93 44
Rptl KCNMA1 LOO5 R2 1012337 0 93 43
Rptl KCNMA1 LO06 R1 1159413 0 93 44
Rptl KCNMAL1 LO06 R2 1159413 0 93 43
Rpt2 Input LOO5 R1 752076 0 93 43
Rpt2 Input LOO5 R2 752076 0 93 43
Rpt2 Input LO06 R1 873673 0 93 43
Rpt2 Input LO06 R2 873673 0 93 43
Rpt2 KCNMA1 L0O05 R1 1164338 0 93 43
Rpt2 KCNMA1 LO05 R2 1164338 0 93 43
Rpt2 KCNMA1 LO06 R1 1353323 0 93 43
Rpt2 KCNMA1 L0O06 R2 1353353 0 93 43
Rpt3 Input LOO5 R1 833431 0 93 43
Rpt3 Input LOO5 R2 833431 0 93 43
Rpt3 Input LO06 R1 989943 0 93 43
Rpt3 Input LO06 R2 989943 0 93 43
Rpt3 KCNMA1 L005 R1 950257 0 93 44
Rpt3 KCNMA1 L005 R2 950257 0 93 43
Rpt3 KCNMA1 L0O06 R1 1115135 0 93 44
Rpt3 KCNMA1 LO06 R2 1115135 0 93 43
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Fig. 7.4A Per base sequence quality -Input Chromatin Repeat 1
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Figure 7.4 Per Base Sequence Quality

A measure of the probability thatbase is called incorrectihe Fhred Score, was calculated for each base

in the sequence. For each position a BoxWhisker plot was drawn. The central red line is the median value,
the yellow box represents the intguartile range (255%), the upper and lower whiskers represent the
10% and 90% points and the blue line represents the mean quality.-@kis ghows the quality scores.

The background of the graph is divided into very good quality reads (green), reasonable quality reads
(orange) and poor quality reads (re@) Per base segmce quality for Input repeat 1. The forward read
passed this quality control check (left panel), the reverse read failed this check as the lower quartile for a
number of bases was less than 5 and the median for a number of bases was less than Z@lyigB) pa

Per base sequence quality \€NMAL IP repeat 1. The forward read passed this quality control check
(left panel), the reverse read failed this check as the lower quartile for a number of bases was less than 5
and the median for a number of bages less than 20 (right panel).

7.6.3 Per Sequence Quality Scores

This quality control identifies if there is a subset of the sequences which have low scores.
A good quality dataset should have a mean quality score of 37, whilst a poor quality data
set wll have a mean quality score of around 17. These values are determined using the
Phred algorithm, which is a measure of the probability that a base is called incorrectly.
For example a Phred score of 30 means that there is a 1:1000 probability of eecincor
base call giving a base call accuracy of 99.9%. All of the sample reads passed this test

with a peak at around 37, a number of the samples also had a peak of around 29 (Figure
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7.5 A, B). This should not be a problem as it routine to count bases githlity score

of greater than 20.
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Fig. 7.5B Per sequence quality Score —Chromatin Immunoprecipitated with
KCNMAI1 Repeat 1
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Figure 7.5 Per Sequence Quality Score

A measure of the probability that a base is called incorrécllye Phred Score, was calculated for each
sequenceThis quality control identifies ifhere is a subset of the sequences which have low scores. A

good dataset should have a mean quality score of 37, whilst a bad data set will have a mean quality score
of around 17.The xaxis shows the quality scorgs) Per sequence quality score foplt repeat 1. The

forward read passed this quality control check (left panel), the reverse read also passed this check (right
panel). (B) Per sequence quality scoreK@NMAL IP repeat 1. The forward read passed this quality

control check (left panel), ¢hreverse read also passed this check (right panel).

7.6.4 Per Base Sequence Content

This shows the proportion of each base at each position in the read. In a random library
the base frequency should be approximately equal at all positions over alhdise Ife

there are strong biases which change for different bases this represents an overrepresented
sequence which is contaminating the library. All datasets failed this quality control, this
appears to be an issue with the first 30bp of each sequenegaasltthis point they have
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passed the quality control check (Figure7.6 A, B). This may be associated with either the

adapters or the whole genome amplification step that was undertaken.

Fig. 7.6A Per base sequence content —_Input Chromatin Repeat 1
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Figure 7.6 Per Base Sequence Content

Plot of the proportion of each base position in a file for which each of the four normal DNA bases has been
called.The xaxis shows the position in the read and tkaxig shows the percentage. In a random library

all four lines should run roughly parall@ each other. (A) Per Base Sequence Content for Input repeat 1.
Both the forward (left panel) and reverse (right panel) failed this quality control check as the difference
between A and T, and G and C were greater than 20% in a humber of positionsr B2 Sequence
Content fokKCNMAL1 IP repeat 1. Both the forward (left panel) and reverse (right panel) failed this quality
control check as the difference between A and T, and G and C were greater than 20% in a number of
positions.

7.6.5 Per Sequence GContent

This plot show the GC content across each sequence. A random library there should be
little difference between positions and the overall GC content should be similar to that
seen in the genome. Deviations from this can indicate that there isarepresented
sequence, or there has been a problem in the library preparation. All but one of the data
sets passed this quality control (Figure 7.7 A, B); the one exception wakKBNIaA1l
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LOO6 R2 this didnoét fail t htlee digtubatibniway ¢ o1

slightly offset from normal (Data not shown).

Figure 7.7 Per Sequence GC Content

This measures the GC content across the whole length of the sequence (Red line) and compares it to a
modelled normal disibution of GC content (Blue line)lhe xaxis shows the mean GC contgi#) Per
sequence GC content for Input repeat 1. The forward read passed this quality control check (left panel), the
reverse read also passed this check (right panel). (B) Per seq@éncontent foKCNMA1 IP repeat 1.

The forward read passed this quality control check (left panel), the reverse read also passed this check (right
panel).

7.6.6 Duplicate Sequences

This counts the number of times any sequence occurs in the data fe¢rapibts the
relative number of sequences with different degrees of duplication. Diverse libraries
should not have a high degree of duplication, low level of duplication may indicate a high
level of coverage of the target sequence. High levels of @tiolrcare indicative of some

kind of enrichment bias. All the samples passed this quality control as the percentage of

duplicated sequences was below 0.72% (Table 7.6, Duplicate Sequences).
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