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ABSTRACT OF DISSERTATION

CONTRIBUTIONS OF SPECIFIC TRPCS TO MYOMETRIAL CALCIUM ENTRY

Understanding the mechanisms that regulate contractions in the myometrium
during pregnancy may help avoid scenarios such as premature births. During labor,
increases in intracellular calcium ([Ca™”*],) have been closely correlated with human
myometrium contractions. Extracellular calcium enters the cell through voltage-operated
and signal-regulated Ca”*-entry (SRCE) mechanisms and is involved in actions such as
stimulating the contractile apparatus and replenishing intracellular Ca™" stores. In SRCE,
activation of some receptors and/or depletion of agonist-sensitive [Ca”"]j-stores
stimulates Ca -uptake from the extracellular solution. This and other SRCE mechanisms
are all important in providing regulation of calcium homeostasis. Ion channels
potentially responsible for SRCE are the canonical transient receptor potential (TRPC)
channels. The seven members (TRPC 1-7) are postulated to form hetero- or
homotetramers, thus allowing for the formation of a variety of channels possessing
different physiological properties. Additional TRPC channel regulation is also provided
by STIMI, an endoplasmic reticulum Ca™ sensor. My studies show that human
myometrium expresses higher concentrations of TRPC4 and TRPCI mRNAs relative to

other TRPCs as well as expressing STIMI proteins. Furthermore, I have found that



specific TRPC proteins are involved in the SRCE pathways when studied in immortalized
myometrial PHMI cells.

The main objective of this work was to understand the functional role of TRPC 1
and TRPC4 channels in relation to Ca™ signaling in order to elucidate their relative
significance in myometrium. The individual roles for TRPCI and TRPC4 as well as the
potential additive effects that a TRPCI plus TRPC4 double knockdown exerted on SRCE
were studied in PHMI and primary human uterine smooth muscle (UtSMC) cells. This
was achieved through RNAi mechanisms by expression of shRNAs targeting TRPCI,
TRPC4, or TRPCI plus TRPC4. The role of STIMI in myometrial Ca™ dynamics was
also investigated by use of STIM IAERM, a dominant negative form of STIM1. The data
presented here suggest that both TRPCl and TRPC4 are activated by similar G protein-
coupled receptor-stimulated Ca™ entry mechanisms; however, no additive effects were
observed by their combined knockdown. Additionally, thapsigargin- and OAG-
stimulated Ca entry were not affected by either the individual or combined knockdown
of TRPCI and TRPC4. In contrast, STIMAERM appeared to induce an inhibitory effect
on all three types of SRCE stimulation. These contributions, in addition to the important
role in CG2""* homeostasis played by voltage-operated channels and the influences of Ca™
pumps, exchangers and potassium channels, provide the myometrium with the ability to
respond in specific and precise ways to influences in its environment, both during
pregnancy and at the time of parturition.

Aida Erendira Ulloa
Graduate Degree Program in Cell and Molecular Biology
Colorado State University

Fort Collins, Colorado
Fall 2010
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CHAPTER 1

Introduction

Ion channels, important in controlling processes such as intracellular
permeability, can provide regulated calcium (Ca™)-entry pathways [1]. These Ca™ ions
can act as signals that control a variety of processes such as protein secretion, cell death,
cell proliferation, and muscle contraction.

The Ca™ signal involves an increase in intracellular Ca™-concentration ([Ca""]j)
[2;3]. This rise in [Ca™”, is of great importance in controlling the contractile activity in
the myometrium [4], The myometrium is the distinct smooth muscle layer of the uterine
wall that expands during pregnancy and is involved in contraction during labor [5].

In the myometrium, increases in [Ca™]j induce contractile activity through
activation of G protein-coupled receptors which can be achieved by stimulation with
uterine contractants such as oxytocin. Additionally, intracellular Ca™ store refilling has
proven vital for continued contractile activity [6]. Activation of receptors and/or
depletion of agonist-sensitive intracellular Ca™ stores as well as activation of

second  messengers can stimulate the rate of Ca™- uptake from the



extracellular solution. Receptor-operated Ca™" entry from the extracellular environment
can be achieved by mechanisms that are dependent or independent of intracellular Ca™
store depletion [7]. Store depletion can also induce extracellular Ca™ entry through
several mechanisms (reviewed in [7-9]). For simplicity, receptor- and store-operated
Ca™ entry mechanisms, as well as those activated by other second messengers, measured
as stimulus- and extracellular Ca”*-dependent increases in [Ca™i, are operationally
termed signal-regulated entry (SRCE) in this study. Increases in [Ca™Yjj play
Important roles in the contraction of the myometrium. These increases in [Ca™VJj
obtained either from receptor activation or store depletion, are necessary for the
production of the Ca’”-calmodulin complex (CaCaM). The CaCaM complex activates
myosin-light chain kinase which in turn phosphorylates the 20 kDa regulatory light chain
of myosin, allowing for an actin-myosin interaction. Finally, the actin-activated myosin
ATPase results in contraction (reviewed on [10]) (Fig. 1.1). Relaxation, on the other
hand, is facilitated by decreases in [Ca™]j and by covalent modification of components of
the contractile apparatus. The process for increases in [Ca™]j is mediated through cation
channels [11]; however, the molecules that constitute these channels have not been
identified with certainty. Potential candidates for the cation channels mediating SRCE
are the canonical type of transient receptor potential (TRPC) proteins [11].

TRP channels constitute a superfamily of cation permeable channels. The TRP
proteins were originally identified in Drosophila. The TRP proteins described here are
light-sensitive cation influx channels that are Ca™*-permeable and play a central role in
phototransduction pathways [12]. Since then, several different homologues have been

identified in flies, worms, fish, tunicates and mammals. In humans alone, the TRP family



Fig. 1.1. Hormones such as oxytocin (OT) activate GPCRs leading to the production of diacylglycerol (DAG) and inositol-
1,4,5-triphosphate (1P3) through the activity of phospholipase C (PLC). IPS in turn, releases C#" from the endoplasmic
reticulum (ER). G binds calmodulin (CaM) and activates myosin light chain kinase (MLCK), which induces the
phosphorylation of myosin light chain (LC), leading to ATP-dependent contractions. Store-operated depletion, as well as IPS,
and DAG, activate signal-regulated C2""* entry (SRCE) to allow Ca™ back into the cell. The canonical transient receptor
potential (TRPC) channels are potential candidates involved in SRCE. Similarly to [Ca™VJi, smooth muscle contractions can be
modulated via changes in [Na“]j. Increases in [Na’]i can activate transporters and exchangers, potentially allowing Na” influx
through NaVCa™” exchanger working in reverse mode. Also, increases in intracellular [Na*"| can induce membrane
depolarization leading to the activation of voltage-operated calcium channels and thus G2 entry. C¥™ entry via L-type

voltage-dependent Ca channels (VOC) is also highly important for the regulation of myometrial contractions.
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is comprised of more than twenty different cation channels [13]. The TRP family is
subdivided into seven subfamilies [14]. The vanilloid TRPs (TRPV), which hold
similarities to the vanilloid receptor, are activated by temperature as well as being
involved in pain-sensing, osmolarity changes and mechanical stimuli. Two members of
the melastatin TRPM family that are highly homologous to the tumor suppressor
melastatin, TRPM6 and TRPM7, contain a protein kinase on their C-terminal end as part
ofthe protein. The ankyrin TRP (TRPA) subfamily formed by its single member TRPAI
is activated by noxious stimuli such as cold temperature, mechanical stimuli and
environment irritants as well as by compounds found in garlic, horseradish and wasabi. It
is suggested to have a role in inflammatory and mechanical pain [15]. The TRPN
(NOMP-C homologues) subfamily consists of only one member found in worms, flies
and zebrafish with a role involved in mechanotransduction. The polycystin (TRPP)
subfamily is formed by the polycystic kidney disease (PKD) proteins. Potential roles in
fertility, retinal development and testis have been identified. The mucolipin (TRPML)
subfamily has been detected in intracellular vesicles and endosomes [16].

The classical or canonical TRPs (TRPC) hold the highest homology to Drosophila
TRP and they present a large number of different activation modes. The
phototransduction process in Drosophila is suggested to be analogous to the
phosphoinositide-mediated Ca™ influx process in other cells [17]. Characteristics of
TRPC channels range from cation nonselectivity, where both mono- and divalent ions
can carry inward currents, to channels exhibiting high Ca™ selectivity [7]. Some TRPCs
are thought to be Gg/n receptor-operated channels while others are activated by store

depletion and stretch. Additional activation mechanisms involve diacylglycerol (DAG)



production [7;8] and the redox process [18]. These characteristics placed TRPC proteins

as good candidates for the study intracellular Ca™ dynamics in the human myometrium.

1.1 Topology of TRP channels

TRP proteins consist of six transmembrane (TM) spanning helices, cytoplasmic
amino- and carboxy-terminal ends, and a potential pore-forming region between TMS5
and TM6 [19] (Fig. 1.2). A conserved TRP box/domain, found at the C-terminal end of
the TM6, is hypothesized to aid formation of TRPs into homo-/heterotetramer channels
[20], PIP2 binding [21] as well as a possible negative allosteric modulator of the channel
[22]. Each TRP channel-forming subunit can form a signalplex, a macromolecular
complex formed by interaction of TRP domains with other proteins (i.e., scaffold proteins
and kinases) to bring them into close proximity and facilitate the transmembrane
signaling process [23;24]. For instance, in Drosophila the signalplex is brought together
by INAD (NHERF homologue in mammals), a protein containing five PDZ domains.
fNAD is able to tether to the TRP channel, phospholipase C (PEC), protein kinase C
(PKC), and calmodulin (CaM) among others. Coexpression experiments with TRP and
INAD suggest that binding of TRP to the signalplex may abolish the apparent store-
dependent regulation of TRP [23;24].

The TRPC subfamily is composed of seven members (TRPC 1-7) divided into
TRPC4/5, TRPC3/6/7, and TRPCIl subgroups based on their amino acid homology.
TRPC2 has been found to be a pseudogene in humans but encodes channels in rat and
mouse systems. It has been suggested that TRPC3/6/7 group members cannot associate

with members of'the TRPC 1/4/5 group [25-28], but others indicate association between



The TRPC subfamily

.TRPC2
-TRPC4
_TRPC5 }

-TRPCI1
Canonical . - TRPC3

- TRPC7
- TRPC6

Homotetramer Heterotetramer

Nilius, B. (2003) Cell Calcium

Fig. 1.2. The TRPC subfamily is composed of seven members (TRPC 1-7) divided into
TRPC4/5, TRPC3/6/7, and TRPCI subgroups based on their amino acid homology.
TRPC proteins consist of six transmembrane (TM) spanning helices, cytoplasmic amino-
and carboxy-terminal ends, and a potential pore-forming region between TM5 and TM6.
A conserved TRP box/domain is hypothesized to aid formation of TRPCs into homo- or

heterotetramer channels.

members of both groups (reviewed on [14;29;30]. Domains aiding in the tetramerization
of TRPC channels may include N-terminal interactions through ankyrin-coiled coil

domains along with other C-terminal interactions [31]. The TRPC 1-7 isoform expression



profile can vary dramatically from one cell type to another as well as among the same cell
types in different organisms. The tetrameric nature of the channel and the differential
expression of specific TRPCs create the possibility of cell-specific homo- or
heterotetrameric channels with unique functional properties [25], As a result of
interaction domains in both N- and C-termini, each TRPC subunit forming the channel
can potentially contribute to the formation of macromolecular complexes unique to
specific cell types [7]. The functional and regulatory properties of these potentially

unique endogenous TRPC homo- and/or heterotetramer channels are still unknown.

1.2 Activation of TRPC channels

TRPC proteins can be activated by hormones and neurotransmitters via agonist
receptors such as G-protein coupled receptors (GPCRs) and receptor tyrosine kinases
(RTKs). Activation of receptors and/or depletion of agonist-sensitive intracellular Ca™
stores stimulate Ca"“-uptake from the extracellular environment. These receptors can
activate phospholipase Cs (PLC) which can induce hydrolysis of phosphatidylinositol
bisphosphate to produce inositol-( 1,4,5) triphosphate (IP3) and 1,2-diacylglycerol (DAG).
IP3 binds to and activates the IP3 receptors (IP3-R) in the endoplasmic reticulum (ER),
resulting in Ca release from these intracellular stores. In addition to the PLC-dependent
Ca™ release from these intracellular stores, inhibition of ER/SR Ca*-ATPase (SERCA)
pumps resulting in C2""* release and DAG itself are suggested to induce TRPC activation

directly or indirectly [7;8] (Fig. 1.1).



1.3  Characteristics of the TRPC subfamily

1.3.1 TRPC4, and TRPCS

TRPC4/5 channels are suggested receptor-operated cation (ROC) channels
activated in a PLC-dependent manner [32-35], since their activation can be abolished by
PLC inhibitors [36]. Some studies define these channels as Ca""*-permeable, nonselective
cation channels, activated independently of IP3-R activation or Ca™ -store depletion [32-
34;37-40] while others define them as activated by store depletion [34;40-43]. TRPC4
knockout studies (TRPC4'"") in mouse implicate TRPC4 proteins in agonist-induced Ca™
entry [37;44-47]. These studies suggest that TRPC4 " mice show impaired agonist-
dependent vasorelaxation. Also, DAG exhibits a negative regulatory effect on TRPC4
and TRPCS5 activation, through protein kinase C (PKC) [38;48].

Activation of TRPC4/5 may also involve signalplex formation. TRPC4/5 contain
PDZ-binding motifs absent in other TRPC isoforms, allowing TRPC4/5 interaction with
scaffolding protein NHERF/EBP50 and PLCp [35;49;50]. In addition, TRPC4/5 contain
C-terminal CaM-binding sites, enabling them to interact with CaM in a Ca”"-dependent
manner [51]; these sites may be involved in feedback inhibition of channel activity by
Ca™. Interestingly, two of the three CaM binding sites are also IP3-R-binding domains
[52;53], consistent with regulation by IP3-mediated Ca -store depletion [37].

Most TRPC4 studies have focused on the functional properties of exogenously
overexpressed TRPC4 channels. Some studies indicate that TRPC4, and the closely
related TRPCS5 channels, are receptor-operated cation channels activated in a
phospholipase C-dependent manner. Other studies define these channels as Ca™-

permeable, nonselective cation channels, activated independent of IP3-R activation or



Ca2+—store depleti.on, whereas still others suggest activation by store depletion, with or
without a potential interaction with TRPCl [41;42;54]. Interactions of TRPC4 with
TRPCI have been recorded both with endogenously and exogenously expressed proteins
[25;55;56], Interestingly, overexpression of TRPC4 renders a current-voltage
relationship (I-V) that strongly differs from that obtained in cells overexpressing both
TRPCIl and TRPC4 [32], Studies conducted by Greka et. al. [57] show that TRPC5 and
TRPCI proteins are capable of forming both homotetrameric as well as heterotetrameric
channels in the same cell. However, it is thought that overexpression systems may render
the majority of the channels as homotetramers of the subunit being overexpressed [58],
Thus, endogenous and exogenously expressed channels may display significantly
different properties depending on the TRPCs already expressed in the system of study
[58], Because of the putative heterotetrameric nature of the TRPC channels,
overexpression may not replicate the endogenous configuration of channels containing
TRPC4 in a particular tissue and may promote interactions with other proteins that do not

normally occur when TRPC4 is present at endogenous concentrations.

1.3.2 TRPCI

TRPCI is widely expressed throughout the body; it is unclear if TRPCI has a
common or tissue-specific roles [59]. It can be localized at intracellular sites such as the
endoplasmic reticulum (ER) and the Golgi apparatus as well as at the plasma membrane
[60]. Interestingly, some studies show that ectopically expressed TRPCI requires
expression of TRPC4/5 for its translocation to the plasma membrane [25;61]. In smooth
muscle cells and astrocytes, TRPCI is suggested to localize in regions adjacent to the

underlying ER when TRPCI is present in the plasma membrane [62;63].

10



TRPCl may act within cholesterol-rich lipid raft domains [64-66] where it can
interact with molecules such as IP3-RS, Gag/n, plasma membrane Ca**-ATPase (PMCA),
and the seaffolding protein INAD [55;64;67-70], Localization of TRPCI within lipid
rafts as well as its interaction with cholesterol are required for smooth muscle contraction
[71] and for Ca™ influx in submandibular gland cells [64], Similarly to TRPC4, TRPCI
contains binding sites for calmodulin that can also bind IP3-RS [60]. Furthermore,
identification of PKCa- dependent phosphorylation of TRPCI as a necessary step for
store-operated Ca™ entry [59] emphasizes the differential regulatory mechanisms
governing independent TRPC proteins.

TRPCI contains putative coiled-coil domains, important for its ability to induce
oligomerization of TRPC subunits [72;73]. It can form homotetramers [27;59;74],
heterotetramers with TRPC4/5 [25;27;32], and heterotetramers with TRPC3/6/7
[27;59;75;76], all of which exhibit different physiological characteristics. Moreover,
TRPCI may act as the key factor for heterotetramer formation, bringing members of
TRPC4/5 together with members of TRPC3/6/7 as part of the same channel [56]. Since
the subunit composition of a TRPC channel may modify its biophysical properties,
combinations of TRPC subunits could form different channels, possibly affecting
different responses when compared to its homotetrameric counterparts [73;77].

Studies of overexpressed TRPCI report either no channel activity [32], basal
channel activity unresponsive to store-depletion [72;78] or enhanced store-operated Ca\"
entry [67;79-82]. Such incongruities stress the disadvantage of overexpression studies
that may induce formation of nonendogenous channels, while also helping to identify the

functions of potential homotetramer channels. Conversely, attenuation of TRPCI

1



expression/activity results in reduction of store-operated Ca™ entry [71;77;83-87], Thus,
expression or attenuation of each TRPC may impact the type of channels formed and thus
elicit concomitant differential effects in their biophysical properties.

Based mostly on TRPCI overexpression studies, TRPCI is suggested to be a non-
selective cation channel that facilitates entry of Na” and Ca™ across the plasma
membrane. TRPCl-mediated increases in [Na“]j and [Ca™]i can help regulate smooth
muscle contractions [88]. Studies using skeletal fibers from adult TRPCf*' mice suggest
that TRPCl may be involved in Ca™ entry regulation during repeated contractions as
well as maintenance of force during sustained repeated contractions. These TRPC

mice display a decrease of endurance of physical activity [89].

1.3.3 TRPC3, TRPC6 and TRPC7

TRPC3/6/7 share biophysical characteristics such as their sensitivity towards
diacylglycerols analogs [90] whose effects are not mediated by protein kinase C (PKC).
PKC induces negative feedback regulation of these channel proteins [53;91-93]. For
instance, TRPC6 is phosphorylated by PKC, inducing an inhibition of TRPC6 activation
after carbachol-stimulation [94]. In contrast, Fyn, a member of the Src family of protein
tyrosine kinases, induces increases in TRPC6 channel activity. Response to other SRCE
mechanisms such as store depletion is dependent on the TRPC isotype expressed [95].

Some studies define TRPC3 as an agonist-operated cation channel not activated
by store-depletion [96-102], summarized in [95]). However, TRPC3 shows two different
modes of activation depending on its expression levels [103]. At high expression levels,
TRPC3 is regulated via receptor-coupling to PLC, independent of Ca”"-store-depletion,

while at low levels, TRPC3 displays activation through depletion of Ca™ stores. This
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suggests that TRPC3 expression levels may impact the properties of the channels that it
forms [90;95;104]. In contrast, store-depletion is unable to induce TRPC6 and TRPC7
activation.

Additionally, TRPC3 and 7 share their ability to be regulated by Ca*"/CaM, which
causes increased activation of these proteins [53;92], In contrast, TRPC6 exhibits an
inhibitory control induced by Ca®VCaM [105]. An interesting finding however, is that
both TRPC6 and TRPC3 contain similar CaM-1P3-R binding (CIRB) domains [52;53].

Therefore, controversy as to the regulation ofthis domain remains to be solved.

1.4 Other channels

Interplay among different channels allow the coordinated regulation of intracellular
calcium dynamics in the cell. For instance, smooth muscle contractions can be
modulated via changes in [Na%ji and [Ca™Yjj. Na” is linked to an array of cation
transporters such as (Na"+K”) ATPase, Na”-anion cotransporter, and plasma membrane
NaVCa™ exchanger. Increases in intracellular [Na®] can activate these transporters and
exchangers, having the possibility of allowing Na” influx through NaVCa™" exchanger
working in reverse mode [88]. Also, increases in intracellular [Na*] can induce
membrane depolarization leading to the activation of voltage-operated calcium channels
and thus Ca™ entry. Ca™ entry via L-type voltage-dependent Ca™ channels regulates
myometrial contractions. T-type voltage-dependent Ca™ channels induce Ca™
oscillations, pacemaker activity and contractility in smooth muscle. These increases in
Cx" entry can in turn, activate the sarcoplasmic/endoplasmic reticulum Ca™ ATPase

SERCA) and plasma membrane Ca™ ATPase (PMCA) pumps. Other channels which
p
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can be expressed in the myometrium are also important in regulation calcium dynamics
such as the ATP-dependent, BKca, small conductance (SK), voltage-gated (Ky) and 2-
pore channels by promoting membrane repolarization. These channels in turn can be
regulated by kinases stimulated via Gas, G,q and Gpy signaling pathways [106],
Exploration of the relationships between these and other proteins regulating intracellular
calcium dynamics in the myometrium is of the outmost importance to achieve an

understanding of'the control of myometrial contractions (reviewed on [107]).

1.5 STIM and Orai

Regulation of intracellular calcium dynamics involves increases in [C2""]! which
can be evoked by signals such as depletion of intracellular Ca*”stores. In order to sustain
the physiological response of Ca"™ oscillations, store-operated Ca™ channels (SOCs)
allow influx and refill of intracellular Ca™ stores such as the ER. STIMI, an ER Ca™-
binding protein, has been identified as a major player in the regulation and activation of
SOCs [108]. It acts as an ER Ca™ sensor which can interact with Orail, a plasma
membrane protein implicated in Ca™ entry [109]. STIMI is suggested to regulate TRPC
channel opening and Orail is thought to be co-functional with TRPCs. STIMI binds
some TRPCs via the SOAR (STIM Orai activating region) within the STIMI ERM
domain [110]. STIMI binds to and activates TRPCI, TRPC4 and TRPCS directly [29].
However, channel activation of TRPC3 and TRPC6 by STIMI requires the
heteromultimerization of TRPCI-TRPCS and TRPC4-TRPC6 to allow TRPCI and
TRPC4 presentation of STIMI to TRPCS and TRPC6, respectively [29]. Interestingly,

knockdown of either TRPCI or TRPC4 was unable to inhibit TRPCS or TRPC6 channel
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activity as STIMI-independent ehannel activities remained instead [29], The authors
suggest that these TRPCs can act in a STIMI-dependent and a STIMI-independent

mode, regulating their functions as SOCs or non-SOCs (reviewed in [108]).

1.6 TRPCs in the myometrium

There has been limited study of the mechanisms governing SRCE in the
myometrium. In rat myometrial cells increases in [Ca", stimulated by oxytocin,
norepinephrine, and carbachol were partially dependent on extracellular Ca™" and were
not inhibited by L-type voltage-operated Ca”"-channel (VOC) bloekers [111]. Even
though voltage-operated Ca™ entry plays an important role in regulating myometrial
eontractions [107;112], PHMI-41 cells exhibit minimal response to depolarization with
KCIl [113], and oxytocin- and thapsigargin-mediated SRCE is nifedipine-independent
[111;114]. Thus, PHMI eells exhibit SRCE activated by GPCRs and more direetly by

the depletion of [Ca™]j stores [115].

1.6.1 Endogenous expression of TRPC channel proteins in myometrial eells

Since the profile of endogenous TRPC channels influences their properties, it is
important to determine what channels are likely to be most abundant in myometrium.
While it is difficult to quantitate TRPC isoform protein expression, it is possible to
quantitate mRNA expression. Although there is not always a direct correlation between
relative mRNA and protein expression, the mRNA is a reasonable starting point.
Accordingly, endogenous expression profiles of TRPC isoform mRNAs were determined

in pregnant human myometrium, primary human myometrial cells (UTSMC), and in 2
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human myometrial cell lines (PHMI and PHM2) by quantitative real-time PCR (RT-
qPCR) [113;116]. TRPCI, TRPC4 and TRPC6 mRNAs were the most abundant mRNAs
followed by TRPC3. Western blot experiments detected TRPCI, 3 and 4 proteins in both
PHMI cells and in human pregnant myometrium, while TRPC6 protein was only
detected in human pregnant myometrium [113; 115-117].

In contrast, 1 have determined that human embryonic kidney HEK293 cells,
human mammary gland MCF-7 cells, and human placental Bewo cells have strikingly
different TRPC mRNA profiles compared to PHMI cells (Fig. 1.3). These data
emphasize the importance of knowing the TRPC profile in the cells of interest. The
presence of different TRPCs offers the possibility for channels to be in homo- or

heterotetramer conformations holding unique properties in myometrium.

1.6.2 Functions of TRPC channels in signal-regulated Ca™ entry in the human

myometrium

PHMI myometrial cells [51] exhibit SRCE in response to different stimuli such as
oxytocin to activate a GPCR-response, thapsigargin to activate a store-depletion
response, and l-oleoyl-2-acetyl-.srt-glycerol (OAG), a cell permeable analog of DAG.
[113;114;116;118;119]. These modes of Ca™ entry were inhibited by SKF96365, a
selective inhibitor of receptor-mediated Ca™ entry, and gadolinium, a stretch-activated
ion channel blocker, at concentrations relatively specific for SRCE. On the other hand,
nifedipine, a dihydropyridine L-type calcium channel blocker, did not affect these SRCE
mechanisms. These type of responses are also observed in primary human myometrial

cells. Additionally, infection of PHMI cells with an adenovirus containing TRPC3
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Fig. 1.3. TRPC profile in different human cell lines. Isolated RNA from these cells types
were subjected to RT-qPCR using primers specific for each TRPC. mRNA levels are
relative to (5-actinn. HEK293 (blue), PHMI(red), MCF-7(yellow), and Bewo (green),

respectively (left to right) (n=1).

mRNA sequence resulted in a significant TRPC3 overexpression [114]. TRPC3
overexpression enhanced the oxytocin-, thapsigargin- and OAG-stimulated [Ca™Vji
response [115]. These data demonstrate the action of TRPC3 channels in SRCE via
agonist-mediated activation, store-depletion, and DAG in myometrial cells. Even though
Ca entry by means of voltage-operated channels (VOC) plays important roles in

myometrium in vivo and in freshly isolated tissue, the cultured cells do not respond
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strongly to depolarization [51], Thus, the Ca™ entry measured in these experiments is

unlikely to be VOC-mediated.

1.7 Summary and rationale for the present study

Increases in [Ca™Jj correlate with increases in myometrial contractile activity.
Uterine contractants such as oxytocin can induce these increases in [Ca™Jj through G
protein-coupled receptor and further PTC activation, similarly to the TRP-mediated
phototransduction process in Drosophila. Previous studies in our laboratory have shown
that myometrial cells present SRCE mechanisms which are not inhibited by L-type
channel blockers, thus placing TRPC proteins as good candidates for the study
intracellular Ca™ dynamics in the human myometrium. TRPC3 overexpression in PHMI
cells displayed increases in SRCE after stimulation with oxytocin, thapsigargin and
OAG. Additionally, TRPC3 mRNA and protein expression levels were found to be up-
regulated in response to stretch in human myometrium [117]. As shown in Fig. 1.3,
endogenous levels of TRPCs differ strongly from one system to another, potentially
dictating the functional properties of the TRPC channels due to their relative abundance
in the system of study. TRPCI, TRPC4 and TRPC6 are the most abundant TRPCs in the
human myometrium. The aim of the present study was to attenuate the expression of
TRPCI and TRPC4 in order to determine the contributions of these TRPCs to SRCE

mechanisms in human myometrial cells.
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CHAPTER 2

Materials and Methods

2.1 Reagents and solutions

Primers were purchased from Integrated DNA Technologies, Inc (Coralville, 1A).
SYBR Green I nucleic acid gel stain was purchased from Lonza (Rockland, ME).
Restriction enzymes were obtained from New England Biolabs Inc. (Beverly, MA) or
Promega (Madison, WI). Fura-2/acetoxymethylester (Fura 2-AM) and Pluronic FI27
were obtained from Molecular Probes (Invitrogen, Carlsbad, CA). Oxytocin,
thapsigargin, ATP, prostaglandin F (PGF)2a, collagen solution and protease inhibitor
cocktail were purchased from Sigma-Aldrich (St. Louis, MO), l-oleoyl-2-acetyl-.w-
glycerol (OAG) was obtained from Calbiochem (San Diego, CA). Cell culture media and
other reagents were obtained from Gibco BRL Invitrogen (Carlsbad, CA). TRPCI rabbit
monoclonal antibody and its corresponding blocking peptide were obtained from
Epitomics (Burlingame, CA). TRPC4 polyclonal antibody and its corresponding

blocking peptide were purchased from Alomone Labs (Jerusalem, Israel). Anti-HA
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peroxidase mouse monoclonal antibody was purchased from Roche (Indianapolis, IN).
Primary polyclonal human PLCB3 antibody and horseradish peroxidase (HRP)
conjugated donkey anti-rabbit secondary antibodies were purchased from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA)

2.2 Cell Culture

UtSMC (Uterine Smooth Muscle Cells) cells derived from nonpregnant human
myometrium (Catalog # CC-2562 Lot # 17590) were purchased from Lonza
(Walkersville, MD). AD293 cells were obtained from Stratagene (La Jolla, CA).
UtSMC and AD293 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% fetal calf serum, 2 mM L-glutamine, 50 units/ml penicillin, and 50 pg/ml
streptomycin. Immortalized PHMI1-41 cells were derived from late-term pregnant human
myometrial tissue and retain many morphological and biological characteristics of
myometrial smooth muscle cells [1-5]. PHMI-41 cells were cultured in the media
described above including 0.1 mg/ml of G418 sulfate (Gibco BRL Invitrogen, Carlsbad,
CA). PHMI-41 cells were used at passages 20-25 and UtSMC were used at passages 6-
10. Myometrial cells were trypsinized and plated in 35 mm glass-bottomed dishes
(MatTek, Ashland, MA) or into 12 mm coverglass slides precoated with collagen solution
at 10 pg/cm for Ca -imaging experiments or into 100-mm dishes for RT-qPCR and

immunoblot studies.
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2.3 Cloning, adenovirus construction and adenoviral infection

2.3.1 Cloning

Full-length human TRPC4 alpha ¢cDNA in pcDNA3 was obtained from Dr. J.W.
Putney, Jr. (NIEHS, Raleigh NC). The TRPC4 luciferase reporter (psiTC4) vector was
constructed by introducing a Notl restriction site by polymerase chain reaction (PCR) at
each end of the TRPC4 cDNA sequence using the Expand High Fidelity PLUS PCR
System (Roche Applied Science, Indianapolis, IN); the resulting product was cloned into
the Notl site of the psiCHECK-2 vector (Promega, Madison, WI).

Addition of a CMV enhancer was placed upstream of the U6 promoter in the
pSHAG vector (pSHIE). The enhancer region of the CMV promoter (CMV-IE) in the
pEGFP-CI vector (GenBank Accession #U55763; BD Biosciences Clonetech, Mountain
View, CA) was excised and cloned into the pSHAG vector through Not I restriction sites,
giving rise to pSHAG-IE.

Full-length human TRPCI c¢cDNA derived by PCR from PHMI-41 myometrial
cell mRNA [6] and cloned into pcDNA6-B was subcloned into pcDNA6-V5 through use
of Kpn I and Not I restriction sites. TRPClI ¢cDNA was then excised and cloned into the
psiCHECK-2 vector via Pme I and Not I restriction site to obtain the TRPCI luciferase
reporter (psiTCl) vector.

STIMAERM cDNA in pRKS5/myc vector was obtained from Dr. P.W. Worley
(The Johns Hopkins University School of Medicine, Baltimore, MD). STIMAERM
cDNA was excised and cloned into pAdTrack-CMV vector through EcoR I and Not I

restriction sites.

38



TRPC4 and TRPCl shRNAs were designed using the Dharmacon siDesign
Center (Lafayette, CO). Sequences were examined for features indicating siRNA
functionality [7]. Candidate sequences homologous to other TRPCs, other ion channels
and common interaction domains, as judged by NCBI BLAST analysis, were rejected.
Selected siRNA duplex sequences were constructed to contain a human pre-microRNA
stem sequence (miR-30) which allows efficient processing of the shRNA [8]. A
scrambled control sequence was designed by entering the TRPC4-shRNA#4 sequence
into the siRNA Sequence Scrambler software (GenScript, Piscataway, NJ).
Oligonucleotides containing TRPCI-shRNA or TRPC4-shRNA sequences (four
sequences for each) were synthesized (Integrated DNA Technologies, Coralville, 1A) and
cloned into the BseRI and BamHI sites downstream of a Lf6 promoter in the pSHAG
vector (provided by G. Hannon, Cold Spring Harbor Laboratory, NY), producing the
pSH-TClshl to pSH-TClsh4 and pSH-TC4shl to pSH-TC4sh4 vectors (Table 1).

In addition, oligonucleotides containing TClsh2, TC4shl, and TC6shl sequences,
as well as a Renilla luciferase-shRNA sequence (Table 2), were synthesized (Integrated
DNA Technologies, Coralville, 1A) and cloned into the pAdT-CMR vector in different
combinations. The Rnllash construct expresses three copies of the Renilla-shRNA
sequence in tandem cloned into the Fse I, Stu I, Mlu I and Cla I restriction sites in the
multiple cloning region. TClsh and TC4sh were created in a similar fashion. TCl+4sh
as well as other combinations were created by introducing a single copy of the desired
shRNA (i.e., TClsh2 plus TC4shl plus Renilla-shRNA for TCI+4sh) using the same
restriction sites specified above. Cloning efficiency for creation of these constructs was

about 50-70%. Integrity of sequences were checked by DNA sequencing. A maximum
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Table 1. Short-hairpin RNA (shRNA) sequences for targeting TRPC4 mRNA and PCR

primers. shRNA target sequences for TRPC4 (in bold) were incorporated into the human

miR-30 pre-micro RNA (pre-miRNA) backbone. Bases in italics were used for cloning

of shRNA construct into the pPSHAG vector. PMCAI, PMCA4 and SERCA?2 primers

detect both a and b isoforms.

Target
TC4shl
shRNA

TC4sh2
shRNA

TC4sh3
shRNA

TC4sh4
shRNA

shxl
shRNA

GUS

PMCAI

Orientation
Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward
Reverse

Forward
Reverse

oligonucleotide sequence (5°-3°)
5°GCGCATGTTGGAGATGCTCTATTACCTGTGAAGCC
ACAGATGGGGTAATAGAGCATCTCCAACATATGCTT
TITT3
5°G/ITCAAAAAAGCATATGTTGGAGATGCTCTATTAC
CCCATCTGTGGCTTCACAGGTAATAGAGCATCTCCAA
CATGCGCCG?
5’ GCGAAGGTGCCTCCTATACTCCTTGCTGTGAAGCC
ACAGATGGGCAAGGAGTATAGGAGGCACCTGTGCTT
TT1"1'3»
5 'GArCAAAAAAGCACAGGTGCCTCCTATACTCCTTG
CCCATCTGTGGCTTCACAGCAAGGAGTATAGGAGGC
ACCTTCGCCG3’
5’ GCGAAGACGAGAAGTTCCAGAGAACCTGTGAAGCC
ACAGATGGGGTTCTCTGGAACTTCTCGTCTGTGCTTT
TTT3
5S"GArCAAAAAAGCACAGACGAGAAGTTCCAGAGAA
CCCCATCTGTGGCTTCACAGGTTCTCTGGAACTTCTC
GTCTTCGCCG3’
5’ GCGAAACTGATTGCTGACCATGCAGCTGTGAAGCC
ACAGATGGGCTGCATGGTCAGCAATCAGTTGTGCTT
TITT3
5 G47CAAAAAAGCACAACTGATTGCTGACCATGCAG
CCCATCTGTGGCTTCACAGCTGCATGGTCAGCAATCA
GTTTCGCCG3

5’GCGCGTAGTAATGACAATCCGCGCTCTGTGAAGCC
ACAGATGGGAGCGCGGATTGTCATTACTACTTGCTT
TITT3
5°G/ITCAAAAAAGCAAGTAGTAATGACAATCCGCGCT
CCCATCTGTGGCTTCACAGAGCGCGGATTGTCATTAC
TACGCGCCG3’
5-TCAGACTTGAACAGGCAAGGTCCA-3’

5~ AGTCCGCCATCCCACATCTGTTTA-3’

5’-GGCTTCGAGGAGCAGTGGTAC-3’
5-TGTCATTGAAGCTGGAGGGAAC-3’

5’-GGGTGGGAGAAATGAACTGA-3’°
5’-CTCTCTCCCATCCAGGACTG-3°

Target Location
516-538
NM_016179

609-631
NMO016179

1005-1027
NM016179

2106-2128
NM_016179

N/A

1399

1508

NM 016179
248

332

NM 000181
4194

4328

NM 001001323
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PMCA4  Forward 5’-CAATGCGGTGGATTGCAAAGT-3’ 4605

PCR Reverse 5 AACACAGCAGCTGACGTGACAATG-3’ 4786

NM 001001396
SERCA2  Forward 5’-TGCTGTTGGTGACAAAGTTCCTGC-3’ 622
PCR Reverse 5’-TATCTTGGTTGACAGCTCGTGGGT-3’ 773

NM 170665

of six shRNAs can be read in a given construct and no constructs were used that
contained more than three shRNAs per construct, except for the experiment described in

Fig. 5.2 (Chapter 5).

2.3.2 Adenovirus Construction

A modified pAdTrack-RfA(f) plasmid was constructed (by J. Cantlon and C.
Clay) by introduction of the Reading Frame Cassette A (RfA) from the Gateway Vector
Conversion System (Invitrogen, Carlsbad, CA) into the Xbal/Xhol restriction sites in
pAdTraek (ATCC, Manassas, VA). This vector is used for introducing the shRNAs from
the pSFIAG vector into the adenoviral vector. This approach was used to produce the
shRNA TRPC4 constructs used in Chapter 4. TRPC4 shRNA adenoviral vector
assembly was performed by recombination between the attR sites of pSFI-TC4shl and the
attL sites of pAdTrack-RfA(f) using LR clonase. The pAdT-TC4shRNA clones were
checked by restriction enzyme digestion and sequence integrity was confirmed by direct
sequencing.

pAdT-MCS was modified from the pAdTrack-CMV vector by introduction of a
new multiple cloning site (MCS) between the CMV promoter and the sequence for the
GFP protein through use of the Age I restriction site. The MCS sequence is specified in
Table 2 and unique restriction sites within the new MCS of pAdT-MCS shown (Fig. 2.1).

Cloning of'this sequence into the pAdTrack-CMV vector in the correct orientation was
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Table 2. Short-hairpin RNA (shRNA) sequences for targeting TRPCl mRNA. shRNA

target sequences for TRPCI, TRPC4 and Renilla-Tuciferase (in bold) were incorporated

into the human miR-30 pre-micro RNA (pre-miRNA) backbone. Bases in italics were

used for cloning of shRNA construct into either the pPSHAG vector (pSH-TClsh2 and

pSH-TC4shl) or the pAdT-CMR vector (Rnllash, TClsh2 and TC4shl). pAdT-MCS

was cloned into pAdTrack-CMV vector as a new cloning site for introduction oftandem

shRNAs resulting in the pAdT-CMR vector. Forward and reverse primer sets 1-3 were

used to clone the tandem shRNAs into the pAdT-CMR vector.

Target

pSH-
TClshl
shRNA

pSH-
TClsh2
shRNA

pSH-
TClsh3
shRNA

pSH-
TClsh4
shRNA

pSH-
TC4shl
shRNA

Rnllash

Orientation

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

oligonucleotide sequence (5°-3°)

5’ GCGGCCAGGTTTCGTCTTGATATATCTGTGAAGCCA
CAGATGGGATATATCAAGACGAAACCTGGATGCTTTTT
T3’
S’GA"TCAAAAAAGCATCCAGGTTTCGTCTTGATATATCC
CATCTGTGGCTTCACAGATATATCAAGACGAAACCTGG
cceeeay
5°GCGCTTCTCGTGAATTGGAAGTTATCTGTGAAGCCA
CAGATGGGATAACTTCCAATTCACGAGAATTGCTTTTT
T3’
5G/17TCAAAAAAGCAATTCTCGTGAATTGGAAGTTATC
CCATCTGTGGCTTCACAGATAACTTCCAATTCACGAGA
AGCGCCGY®
5’°GCGACTGCTCATCGTAACAACTATGCTGTGAAGCCA
CAGATGGGCATAGTTGTTACGATGAGCAGCTGCTTTTT
T3’
5°G/17T1CAAAAAAGCAGCTGCTCATCGTAACAACTATGC
CCATCTGTGGCTTCACAGCATAGTTGTTACGATGAGCA
GTCGCCG?¥
5’GCGCAGGGTGACTATTATATGGTTACTGTGAAGCCA
CAGATGGGTAACCATATAATAGTCACCCTTTGCTTTTT
T3’
S’G/ITGAAAAAAGCAAATTTACTGAGTTTGTTGGTGCC
CCATCTGTGGCTTCACAGGCACCAACAAACTCAGTAAA
TGCGCCGI’

5’ GCGCGTAGTAATGACAATCCGCGCTCTGTGAAGCCA
CAGATGGGAGCGCGGATTGTCATTACTACTTGCTTTTT
T3’
S5G47GAAAAAAGCAAGTAGTAATGACAATCCGCGCTC
CCATCTGTGGCTTCACAGAGCGCGGATTGTCATTACTA
CGCGCCG3
STGCTGTTGACAGTGAGCGCAACTTCTTCGTCGAGACC
ATGCTGTGAAGCCACAGATGGGCATGGTCTCGACGAA

Target
Location
663-684
NM_003304

868-889
NM 003304

531-552
NM_003304

306-327
NM_003304

516-538
NM016179

1227-1248
psiCHECK-2
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TClsh

TC4sh

Primer 1

Primer 2

Primer 3

PAdT-
MCS

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

GAAGTTATGCCTACTGCCTCGGA3'
5S'TCCGAGGCAGTAGGCATAACTTCTTCGTCGAGACCAT
GCCCATCTGTGGCTTCACAGCATGGTCTCGACGAAGAA
GTTGCGCTCACTGTCAACAGCAZ'
S'TGCTGTTGACAGTGAGCGCTTCTCGTGAATTGGAAGT
TATCTGTGAAGCCACAGATGGGATAACTTCCAATTCAC
GAGAATTGCCTACTGCCTCGGA3'
STCCGAGGCAGTAGGCAATTCTCGTGAATTGGAAGTTA
TCCCATCTGTGGCTTCACAGATAACTTCCAATTCACGA
GAAGCGCTCACTGTCAACAGCA3'
VIGCTGTTGACAGrGAGCGCG'IXGTWJGXCWJCCGC
GCTCTGTGAAGCCACAGATGGGAGCGCGGATTGTCAT
TACTACTTGCCTACTGCCTCGGA3'
YICCGAGGCAGTAGGCAXGTXGTWTGXCXXVCCGCGC
TCCCATCTGTGGCTTCACAGAGCGCGGATTGTCATTAC
TACGCGCTCACTGTCAACAGCA3'
5’°CCTGCAGGCCGGCCATGGCTGGACCTGAGATCCAAGA
XGGTXTXJTGCTGTTGACAGTGAGCGT
5S’TTCAGGCCTATCGTAGCCCTTGAAGACTCCGAGGCAGT
AGGCA3’

S CGXTXGGCCTGAXGATCCXXGXXGGTXTATrGrrGTTG
ACAGTGAGCGS’
STTCACGCGTATCGTAGCCCTTGAAGACrCCGAGGCAGT
AGGCA3’
S'CGATACGCGTGAAGATCCAAGAAGGTATATrGCrGTTG
ACAGTGAGCG3’
S’ACCGGTATCGATATCGTAGCCCTTGAAGACTrCG/AGGr
AGTAGGCA3”
5’CCGGTAGTACTCGATCGAAGTCATTCACGTGGCGCGCC
TGCAGGCCGGCCAGGCCTACGCGTATCGAT1Y
5'CCGGTATCGATACGCGTAGGCCTGGCCGGCCTGCAGGC
GCGCCACGTGAATGACTTCGATCGAGTACT/3'

vector

868-889
NM 003304

516-538
NM016179

Fse 1
restriction site
Stu I
restriction site
Stu I
restriction site
Miu I
restriction site
Miu I
restriction site
Clal
restriction site

checked through sequencing. The Renilla-luciferase cDNA sequence was excised from

the psiCHECK-2 vector and cloned into the newly obtained pAdT-MCS through use of

Nhe I and Xho I restriction sites, giving rise to pAdT-CMR (pAdTrack-CMV, MCS,

Renilla-luc).

pAdT-CMR (Chapter 5), clones were

linearized with Pmel

Once shRNA constructs were either in the pAdTrack-RfA(f) (Chapter 4) or in the

and subsequently
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It

CMV promoter
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r > X T X
... CAGGCCGGCCAGGCCTACGCGTATCGATA 2 CCGGT-3’

111

eGFP

Fig. 2.1. Diagram ofthe Multiple Cloning Site (MCS) cloned into pAdTrack-CMV. The
sequence shown was cloned into the pAdTrack-CMV vector through use of the Age 1
restriction site found between the CMV promoter and GFP transcription start site, giving
rise to the pAdT-MCS vector. Unique restriction sites present in the pAdT-MCS vector

are specified.

electroporated into Escherichia coli BJ5183 cells according to the manufacturer’s
instructions to achieve recombination of the sShRNAs in the pAdTrack-RfA(f) or pAdT-
CMR with the adenoviral backbone plasmid pAdEasy-1 (Stratagene, La Jolla, CA). The
obtained recombined plasmids were linearized with Pad and transfected into AD-293
cells to allow viral synthesis and packaging (Fig. 2.2). The adenoviruses were amplified,
purified and titered by viral particle titration and end-point dilution. Adenoviruses used
for Chapter 4 were purified using the BD Adeno-X Maxi Purification kit (Clontech,
Mountain View, CA). Due to the higher costs involved in purifying adenoviruses
through use of this kit, adenoviruses used for Chapter 5 were crudely purified by passing

the adenovirus-containing cell lysates through a 0.45 pm PVDF filter after three rounds

44



[Left ITRrKMVjh"GF"Fr-y i U6 Promoter [ AAAAAA Tuight ITr |

Fig. 2.2. Homologous recombination to introduce the pSHAG-shRNA constructs into the
pAdTrack-Rfa vector. A second homologous recombination between the pAdTrack-
Rfa(f) or pAdT-CMR constructs and pAdEasy-1 was carried out to produce the

adenoviral particle.

of freezing in a methanol-dry ice bath for five minutes and thawing at 37°C for five
minutes. No apparent differences were observed between adenoviruses purified using the
BD Adeno-X Maxi Purification kit and those crudely purified through use of the PVDF

membrane.
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2.3.3 Adenoviral infections

Produced adenoviruses were used to infect UtSMC and PHMI-41 cells, using the
enhanced green fluorescent protein (eGFP) marker to identify infected cells. Multiplicity
of infection (MOI) of 1000 and 500 were used in PHMI-41 and UtSMC cells
respectively, resulting in 90-95% infection efficiency as determined by eGFP expression.
Cells were plated on minimal media and spun at 800 x g for five minutes at room
temperature to allow maximum contact between cells and adenovirus. Cells were used
within 72-96 h post-infection and exhibited morphology similar to that of noninfected

cells, as determined by visual inspection.

2.4 Transfection and electroporation

AD293 cells were plated at 1 x 10" cells/well in 12-well plates. Transient
transfections were performed 24 h after plating using the GenePORTER?2 transfection
reagent according to the manufacturer’s instructions (Genlantis, San Diego, CA). Cells
were cotransfected with either the psiTC4 reporter plus constructs pSH-TC4shl to pSH-
TC4sh4 or with the psiTCl reporter and constructs pSH-TClshl to pSH-TClsh4, at 1:3
molar ratios. In the case where effects of pooled TRPC4-shRNAs were analyzed versus
those of a single TRPC4-shRNA, equal molar ratios were added of each shRNA (i.e., a
I:1:1 molar ratio for TC4sh1+2+3). Samples were analyzed 48-72 hours post-
transfection using the Dual-luciferase Reporter Assay (Promega, Madison, WI).

COSM6 cells were plated at 1 x 10" cells/well in 6-well plates. Transient

transfections were performed 24 h after plating using the FuGENE 6 transfection reagent
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(Roche, Indianapolis, IN) according to manufacturer’s instructions. Cells were
cotransfected with the TRPC4 overexpression plasmid and the pSH-TC4shl construct at
a 1:3 molar ratio. Samples were analyzed 72 hours post-transfection.

PHMI-41 and UtSMC cells were trypsinized and washed with PBS (137 mM
NaCl, 27 mM KCI, 100 mM Na2HP04, 2 mM K2HPO4, pH 7.4). Electroporation was
performed using the Basic Smooth Muscle Cell kit (Amaxa Inc., Gaithersburg, MD). 2 x
10" cells were pelleted and resuspended in 100 pi Basic Nucleofector solution together
with 2 pg psiTC4 reporter, 1.5 pg pSH-TC4shl-4 and 0.5 pg maxGFP vectors and
transferred to the provided 2 mm cuvette. Cells were electroporated for 140 V, 35 ms in
the time constant mode, using the Gene Pulser Xcell system (Bio-Rad, Hercules, CA),
and were immediately diluted into 500 pi of pre-warmed eulture media. Cells were
dispensed (80 pi into 3 x 35-mm glass bottomed dishes for Ca™" imaging experiments and
350 pi into a 100 mm dish for RNA analyses), and incubated for 24 h before media was

replaced. Samples were analyzed 72-96 h after electroporation. A transfection efficiency

0f 60% was achieved.

2.5 niRNA isolation and quantitative real-time RT-PCR

Myometrial cell mRNA was isolated 72-96 h post-infection using the RNeasy kit
(Qiagen, Valeneia, CA). An on-column DNase digestion was performed using the
RNase-free DNase set according to the manufacturer’s instruetions (Qiagen, Valencia,
CA). Quantitative real-time PCR (RT-qPCR) was performed using 100 ng mRNA and

the iScript one-step RT-PCR kit with SYBR Green (Bio-Rad, Hercules, CA) in an
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iCycler Thermal Cycler (Bio-Rad, Hercules, CA). Previously designed PCR primers for
TRPC1,3,5,6, and 7 [9] and newly designed primers for TRPC4, beta-glucuronidase
(GUS), plasma membrane Ca™-ATPase isoform 1 (PMCA 1), PMCA 4, and
sarcoplasmic endoplasmic reticulum Ca™ ATPase isoform 2 (SERCA 2) (Table I) were
used at 500 nM. The PCR conditions were as follows: cDNA synthesis at 50°C for 30
min, iScript Reverse-transcriptase inactivation at 95°C for 5 min, PCR cycling where
cDNA was denatured at 95°C for 15 sec, annealed at 60°C for 30 sec, and extended at
72°C for I min. Sequence integrity of RT-qPCR products was verified by direct
sequencing. Melting curves for ail products showed single peaks. Calculations were
performed using the AACt method [10] where a given RNA was first normalized to GUS
in each sample and then expressed relative to the corresponding value in cells infected
with empty adenovirus.

RT-qPCR products for TRPCs and GUS, using 100 ng of RNA for TRPCI,
TRPC4, TRPC6 and GUS and 1pg of RNA for TRPC3, TRPCS and TRPC7, were run in
3% agarose gels in IX Tris-acetate-EDTA (TAE) electrophoresis buffer (40 mM Tris-
acetate, ImM EDTA, pH 8.0). Gels were then incubated in IX TAE buffer with SYBR
Green 1 nucleic acid gel stain (1:1000 dilution) for 30 min at room temperature with
gentle rocking.  Bands were visualized by wusing a Storm imager (Amersham

Biosciences).
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2.6 Immunoblotting

PHMI-41 cells (6 x 10") were plated in 100-mm dishes in culture medium and
infected with adenovirus at an MOI of 1000. Cells were harvested after 72-96 h and
whole cell extracts and plasma membrane extracts were prepared. For whole cell extract
preparation, cells were lysed in modified RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1% NP-40 (v/v), 1 mM EDTA, 0.25% Na-deoxycholate (v/v), 0.1% SDS (w/v))
plus protease inhibitor cocktail containing 1.04 mM 4-(2-Aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF), 0.8 pM aprotonin, 21 pM leupeptin, 36 pM bestatin, 15
pM pepstatin A, 14 pM /ra«.s'-Epoxysuceinyl-L-leucylamido(4-guanidino)butane (E-64).
Lysates were incubated on ice for 10 min and sonicated on iee for 3 cycles at 10
see/eycle, output setting 3, using a Micro Tip in a Branson Sonifier 250 (Danbury, CT).
Mixtures were then centrifuged at 14,000 x g for 15 min at 4°C. The protein
concentrations in the supernatants were measured by BCA Protein Assay (Pierce,
Rockford, IL).

For plasma membrane preparation, a previously validated method [11] was adapted
for use with small amounts of material. Cells were lysed in 200 pi homogenization
buffer (100 mM KCIl, 5 mM MgCk, 50 mM Tris-HCI, 1 mM EGTA, pH 7.2) plus
protease inhibitor cocktail as above and sonicated on ice. Mixtures were centrifuged at
10,000 X g for 15 min at 4°C, and the resulting supernatants were centrifuged at 100,000
x g for 1h at 4°C in a TLA 100.3 rotor. The resulting pellets were dissolved in 10% ice-
cold sucrose in homogenization buffer and layered over a layer of 28% sucrose in
homogenization buffer. Samples were centrifuged at 57,000 x g for 30 min at 4°C in a

TLS55 swinging bucket rotor. The plasma membrane fractions at the 10-28% sucrose
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interface were withdrawn and centrifuged at 100,000 x g for 30 min at 4°C. The resulting
pellets were resuspended in modified RIPA buffer and stored at -80°C. The protein
concentration was determined by BCA protein assay (Pierce Biotechnology, Rockford,
IL).

Cell and membrane extracts were subjected to sodium dodecylsulfate-
polyacrylamide electrophoresis in 8% gels and transferred to Millipore Immobilon-P
transfer membrane (Billerica, MA). Immunoblots were probed with primary antibodies
against TRPCI (1:500) and TRPC4 (1:200). Primary polyclonal human PLCB3 (loading
control) antibody and HRP-conjugated secondary antibodies were used at 1:2000
dilution. Where indicated, antibodies against TRPC4 and TRPCI] were preabsorbed prior
to use with the corresponding antigenic peptides overnight at 4°C at mass ratios of 1:1
and 25:1 antigenic peptide:antibody, respectively, as recommended by the manufacturers.
Bands were visualized by enhanced chemiluminescence (ECL) reagent (Amersham
Biosciences, GE Healthcare, Pittsburgh, PA). ECL signals were detected using a Storm
imager and quantitation was accomplished by ImageQuant TL software (Amersham

Biosciences).

2.7 Measurement of Intracellular Calcium

PHMI-41 and UtSMC cells were plated at 1 x 10* and 0.4 x 10" cells/ 0.8 ml,
respectively, in 35-mm glass-bottomed dishes. Alternatively, PHMI-41 and UtSMC
cells were plated at 0.25 x 10* and 0.1 x 10" cells/ 0.4 ml, respectively cells onto 12 mm
glass slides that were precoated with collagen solution at 10 pg/cm”. Cells were loaded

72-96 h after infection at room temperature for 30 min with 5 pM Fura-2-AM and 0.1%
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Pluronic F-127 in fluorescence buffer (145 mM NaCl, 5 mM KCI, 1 mM Na2HP04, 0.5
mM MgCl2, 1 mM CaCl2, 10 mM HEPES, 5 mM glucose, pH 7.4). Cells were then
washed twice in the same buffer and incubated an additional 45 min at room temperature
to allow for Fura-2 ester hydrolysis. Immediately prior to assay, cells were placed in
Ca™-free fluorescence buffer (buffer containing 100 pM EGTA but no CaCh) and
changes in fluorescence were measured at 340 and 380 nm excitation and 510 nm
emission wavelengths in an ImCyt2 imaging system (Intracellular Imaging, Inc.,
Cincinnati, OH). Cells co-expressing eGFP were identified using an eGFP/fluorescein
excitation filter (485 nm). Electroporated or virally infected cells did not display
nonspecific membrane leaks, as evidenced by the fact that no significant increases in
[Ca ]i were observed following addition of 1 mM CaCb if cells were not exposed to

stimuli eliciting SRCE. Changes in Ca™ were observed in 20-45 cells/dish.

2.8 Electrophysiological Recordings

PHMI-41 cells exposed to adenoviral constructs expressing empty vector or
TC4shl sequences were cultured on glass coverslips for >72 h prior to patch clamp
experiments. Cultured cells were placed into a recording chamber (SA-OLY, Warner
Instruments) at room temperature. Cell-attached recordings were performed using an
AxoPatch 200B amplifier equipped with an Axon CV 203BU headstage (Axon
Instruments). Recording electrodes (resistance, 3-5 MX2) were pulled, polished, and
coated with wax to reduce capacitance. Currents were filtered at 1 kHz, digitized at 40
kHz, and stored for subsequent analysis. Clampex and Clampfit versions 10.2 (Axon

Instruments) were used for data acquisition and analysis, respectively. Pipette potential
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was clamped at -40 mV and all recordings were performed at room temperature (22°C).
The bath solution was 125.4 mM NaCl, 20 mM tetraecthylammonium chloride (TEA), 0.1
mM MgCI2 5 mM HEPES, 11 mM glucose, 1 pM CaClI2*and 100 nM nifedipine. The
pipette solution contained 135 mM CsCl, 2.5 mM MgCb, 10 mM HEPES, 10 mM
glucose, 10 mM EGTA, and 10 pM paxilline (pH7.2). Cell-attached channel activity was

recorded before and after addition of oxytocin (100 nM).

2.9 Data Analyses

Data are presented as mean = S.E.M. and were analyzed by t-test or one-way
ANOVA and Tukey’s test, as appropriate, using Prism software (GraphPad Software, La
Jolla CA) software. Changes in intracellular Ca™ were analyzed using numerical
analyses software (CalciumComp) developed by an engineer consultant (K. J. Bois, Fort
Collins, CO). CalciumComp aligns the initial [Ca™]i peaks, removes noise, and
calculates the extent of the increase [Ca™Ji (peak height) and integrated area under the
[Ca i transient curve. Data obtained using this method agreed within 95% with that

analyzed by manual methods.
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CHAPTER 3

Logistics for short hairpin RNA (shRNA) selection and

adenoviral construction

To assess the roles of individual TRPC channels in SRCE, gene silencing
experiments were performed by using small interference RNA (siRNA) techniques (Fig.
3.1) [1-3]. The use of siRNA oligodeoxynucleotides is a poor option since myometrial
cells are difficult to transfect and are not easily selectable because they grow slowly when
plated at low density. Thus, a viral vector-mediated RNAi method was chosen to express
both sense and antisense strands of the siRNA linked by a hairpin loop (termed short

hairpin or shRNA) from a single promoter.

3.1 Short hairpin RNA (shRNA) criteria and selection

Ten mRNA target sequences were initially selected for siRNA applications based

on TRPC4 mRNA regions targeted previously for gene silencing through siRNA and
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Fig. 3.1. Schematic representation of targeted degradation of TRPC mRNAs through

RNA interference (RNAi) mechanism by using short hairpin RNAs (shRNAs).

antisense methods [4-8]. Additionally, different loop sequences were selected in an
attempt to find the most effective constructs able to knockdown TRPC4 mRNA and
protein expression [9;10]. However, these constructs were found to be inefficient in
silencing TRPC4 mRNA expression when tested in HEK-293 cells.

Four more shRNA constructs were designed, as more information about efficient
shRNA design became available in the literature. Selection ofthese sequences made use
ofthe Dharmacon siDesign center for analysis of TRPCI and TRPC4 mRNA (accession
# NM 003304 and NM 016179, respectively). Sequences were examined for features
indicating siRNA functionality (summarized in [9-12]). A 36-52% G/C content avoids a

very high and very low internal stability of the siRNA. High internal stability may
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prevent effieient unwinding of the siRNA, while low stability could attenuate the target
binding affinity of the siRNA. Also, three or more A/U bases at positions 15-19 of the
sense strand (SS) may aid unwinding and proper loading of the siRNA into the RISC
complex. The presence of A/T at position 19 of the SS may mimic dynamics used by
naturally occurring microRNA (mRNA) precursors. Furthermore, occurrence of a U at
position 10 of the SS may enhance the RISC complex ability to cleave complementary

target mRNA.

Step-by-step design of shRNA constructs
. Go to Dharmacon website (http://www.dharmacon.com) and select siRNA”"
siDesign Center
2. Select organism of interest and place accession number for mRNA of gene of
interest (GOI); alternatively copy-paste your mRNA sequence of interest
3. Obtain siRNA sequences and select sequences holding most important set of
criteria [9-12]
a. BLAST sequences in PubMed (NCBI)
b. Try to avoid sequences with high homology to other proteins
4. Place siRNA sequence (19nt) into miRNA backbone (miR30) [13; 14]
a. Take 19nt siRNA sequence (from Dharmacon) and find its position in
mRNA sequence of GOI
b. Identify the 5° and 3’ nucleotide (nt) sequences flanking siRNA sequence

in mRNA-GOI
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C.

c.

From the mRNA-GOI, add 2nt at 5’ end and Int at 3’ end of siRNA
sequence (siRNA+flanking)
Place this sequence into miRNA backbone of miR-30
i. Notice that miR-30 backbone will produce 2 base pairs between G
& U after it is transcribed; base pairing is allowed AND necessary
in backbone
ii. Place siRNA+flanking sequence -sense strand- (siRNA-SS)
between the “5’-GCG” and loop sequences of the miR-30
backbone
iii. Place the complementary siRNA-+flanking sequence -antisense
strand- (siRNA-AS) between the loop and the “TGC-3"" of the
miR-30 backbone
Create a base pair mismatch between the nt of the siRNA-SS and the
last nt ofthe siRNA-AS
i. Keep last nt of siRNA-AS intact
ii. To create mismatch simply change the  nt of siRNA-SS; if C*nt
in siRNA-SS is
1. T-~C
2. C*A/ANC
3. G->T/G"A
4. DO NOT create a C->T mutation as this will create a G:U

base pair, and the mismatch will not be created
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-(N)i% -*siRNA sequence (19nt long)
S>-NNNNNNNNNAN)IGINNNNNNNNNNNN-3” ~ mRNA-GOI

5-NN(N)i%*-3° ~siRNA seq + flanking seq

-miR-30 loop sequence-
5’-GCGNN(N),9iC rG ra4/IGCC4C4G " "7GGGN(N)INNrGC-3’ ~into miR-30

-siRNA sense strand- -siRNA antisense strand-

5’-GCGSN(N)IK CrGrGMGCC4CAG/rTGGGI(N)INNrGC-3’ “create mismatch

-siRNA sense strand- -siRNA antisense strand-

5. Go to Integrated DNA Technologies, Inc. website (www.idtdna.coml and select
SciTools option
6. Under SciTools, select for Oligo Analyzer to get analysis of designed oligo
a. Copy/Paste sequences into software
b. Select “Hairpin” option*Calculate
c. Ensure that the minimal free energy structures obtained do not
contain/form any extra secondary structures other than those of the miR-
30 hairpin/loop
i. It should give a total of 2 different structures (both with the
hairpin/loop at a similar position as in [13].
7. Order oligos from IDT or any other reliable oligo-synthesis provider
a. Forward oligo: add 6 T at end of sequence for termination signal 75

bases total for expression under a U6 promoter
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5°-(7TCGOAA(N)ITNNCrGre;/14GCC4C4G/irG(7G!W (N)iTNNN717C 3’

b. Reverse oligo: add “GATC” at 5’ end & “CG” at 3’ end of above
complimentary strand ~8 1 bases total
i Sequences necessary for proper cloning of oligos into pSHAG

vector [ 10]

57" H a AAAAAGCANNN(N),NHCCC4 TCTGTGGCTTCACAG ~(N ), b ® C(7C

-3’

c. Since oligos are relatively long, they must be ordered PAGE-purified to

ensure proper and higher cloning efficiencies

3.2 Single knockdown

3.2.1 U6 promoter expression of an shRNA construct

Oligos containing TRPC4-shRNA sequences were cloned into the pSHAG vector
as described in the cloning section of Chapter 2. Efficiency ofthese constructs was tested
in the psiCHECK-2 system. This reporter system provides a quick and inexpensive
method to test effectiveness of shRNA sequences at knocking down the reporter-mRNA
sequence of the gene of interest. Effective TRPC4-shRNA sequences were then tested
for TRPC4 knockdown experiments in the human myometrial cells. In order to

understand the cause ofthe considerable variability experienced in the degree of TRPC4
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knockdown (as described in more detail in Chapter 4) and in an attempt to increase
TRPC4 knoekdown levels, a number of parameters related to the shRNA process in

myometrial eells were examined in more detail, as described in this section.

3.2.1.1 Addition ofa CMV enhancer

Endogenous miRNA expression occurs from CMV promoters. Studies suggest
that a CMV promoter may be necessary for the proper proeessing of the primary miRNA
molecules, which are the precursors of miRNAs [15-17]. However, at the time I
synthesized the first shRNA adenoviral constructs, the U6 promoter was being used
almost exclusively for this purpose. It has been suggested that a random sequence of
100 bp should be plaeed between the U6 promoter and the transcriptional start site for the
miRNA construct to induce the proper expression ofthe miRNA [17]. In order to test ifa
higher expression of the TRPC4 shRNA construct had an enhanced effect on TRPC4
knockdown, a CMV enhancer was placed upstream of the U6 promoter in the pSHAG
vector (pSHIE). This technique was previously tested by another laboratory and shown
to induce a greater knockdown of the protein of interest [18]. This plasmid was
cotransfeeted along with psiTC4 into AD-293 cells. Fig. 3.2A shows that a slightly
higher knockdown in TRPC4-reporter luminescence was observed with TC4shl
expressed from pSHIE than from that expressed with regular pPSHAG vector. However,
the higher knockdown displayed by pSHIE-TC4shl (89% knockdown) was not
significantly different from pSH-TC4shl (84% knoekdown). These constructs were also
transiently transfected into AD293 cells, RNA isolated 72 hr post-transfeetion and

analyzed through RT-qPCR. Fig. 3.2B shows that the potential increase in shRNA
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Fig.3.2. Addition of a CMV enhancer region to a U6 promoter does not significantly
enhance TRPC4 knockdown by TC4shl expression. (A) AD-293 cells were
cotransfected with psiTC4 and either pSH-TC4shl or pSHIE-TC4shl. Luminescence
from the Renilla TRPC4-reporter in these samples were compared to those cotransfected
with control pSHAG or pSHAG-IE, respectively (n=5). (B) AD293 cells were
transiently transfected with either pSFI-TC4shl or pSHIE-TC4shl and their respective
controls. mRNA was normalized to GUS in the same sample and expressed relative to
the value in cells exposed to empty vector (n=4). In A and B, samples were isolated >72
h post-transfection. In all cases, data represent the mean = S.E.M.; significant differences
between groups (p<0.05), as analyzed by one-way ANOVA and Tukey’s test, are

indicated by different lowercase letters.

expression by the CMV enhancer induces no increase in TRPC4 mRNA knockdown

levels (37%) than that obtained with pSH-TC4shl (34%).
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3.2.2 Knockdown using pooled shRNA constructs

Evaluation of the effectiveness of multiple TRPC4-shRNA construct combinations
was performed to determine if different combinations of TRPC4-shRNA constructs
would result in an even stronger TRPC4 luciferase reporter knockdown using the

psiCHECK-2 system (Fig. 3.3). Cotransfection of the TRPC4-shRNA constructs,

CITf"efly-luc gene'll
psiCHECK-2

51
mRNA

Translation Vs Degradation °

Fig. 3.3. Use of a Renilla luciferase reporter assay using the psiCHECK-2 to test the
efficiency of shRNA constructs in targeting the mRNA sequence of their Gene of Interest
(GOI). Expression of Firefly-luciferase takes place from a second promoter and aids in

transfection efficiency monitoring. Figure adapted from Promega Corporation.
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specified in Table 1, were performed in different combinations (i.e., sShRNA#I+2,
shRNA#l+4, shRNA#2+4, and shRNA #1+2+4) and were compared to single TRPC4-
shRNA transfection experiments. These assays compared efficiencies from single-
shRNA transfection versus multiple-shRNA transfection experiments for their efficiency
to repress of TRPC4-mRNA expression levels. Interestingly, the results suggest that no
one combination is able to induce a stronger TRPC4 mRNA knockdown than that

induced by the strongest shRNA construct present in such combination (Fig. 3.4).
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Fig. 3.4. Knockdown of TRPC4-luciferase reporter through use of pooled TRPC4-
shRNA constructs versus single TRPC4-shRNAs. AD392 cells were transiently
cotransfected with psiTC4 and different combinations of TRPC4-shRNAs (i.e.,
TRPC4shl+2, TC4shl+3, TC4shl+4, TC4sh2+4, TC4shl+2+4, and so forth) along with
their single counterparts. In all cases, data represent the mean + S.E.M. (n=5); significant
differences between groups (p<0.05), as analyzed by one-way ANOVA and Tukey’s test,

are indicated by different lowercase letters.
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3.3 Tandem shRNA expression

3.3.1 Multiple knockdowns with a single adenovirus

A modified pAdTrack-CMV vector was also constructed that contains a multiple
cloning sequence in which sets of restriction sites define places for up to six shRNA
inserts inserted between the CMV promoter and the sequence for the GFP protein,
defined here as pAdT-CMR (Fig. 3.5). The GFP is expressed in cells, indicating
infection, but fades with increasing number of shRNA constructs cloned upstream of the
GFP transcription start site, presumably an indication of shRNA processing. This may
actually be helpful to cell function. Additionally, a Renilla luciferase sequence was
cloned into pAdT-MCS under the control of a second CMV promoter to allow
independent monitoring of adenoviral infection. The resulting vector, named pAdT-
CMR, was used to produce adenoviral constructs through homologous recombination
with pAdEasy-1, as specified in the adenovirus construction section of Chapter 2.
Adenoviral particles expressing either three copies of TClsh2 (named TClsh), TC4shl
(named TC4sh) or Renilla-shRNA (named Rnllash) or single copies of TClsh2 and
TC4shl plus Renilla-shRNA in a single construct (named TCl+4sh) were used to infect
human myometrial cells (Fig. 3.6). Additional adenoviral constructs were also made to
study the effect of other TRPC knockdown combinations (i.e., TClsh2+TC6shl+Rnllash
named TCl+6sh, TC4shl+TC6shl+Rnllash named TC4+6sh, TClsh2+TC4shl+TC6shl
named TCIl+4+6sh) and are ready to be tested (Fig. 3.6). The TRPC6-shRNA construct

sequence is the same as that in the U6 vector construct used in Chung et al. [19]. These
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Fig. 3.5. Construction of pAdT-CMR vector for tandem expression of shRNAs. A new multiple cloning site (MCS) was
designed and inserted into the pAdTrack-CMV vector. The MCS enables the potential targeting of single or multiple proteins
through tandem shRNA expression and infection with a single adenoviral vector. In the example, the TCl+4sh construct is
shown. GFP expression in infected cells decreases with increasing number of shRNA constructs which serves as a marker of
shRNA processing. Renilla-luciferase cDNA was also cloned within the vector’s original multiple cloning site sequence for
tracking of adenoviral expression. Thus, pAdT-CMR stands for CMV, MCS, Renilla-luciferase. Adenoviral particles are

produced after the homologous recombination of pAdTCMV-MCS and pAdEasy-1.
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constructs show valuable potential for knocking down many different proteins with a
single adenoviral vector. For the purpose of this thesis work, however, the effect of the
combined knockdown of TRPCI plus TRPC4 through the use of the TCl+4sh construct

was the only one studied.

CMV promoter eGFP
Age I

Rnllash Renilla-luc  Renilla-luc  Renilla-luc
(control) shRNA shRNA shRNA

TRPCI TRPCI TRPCI

TClsh  — shRNA  shRNA  shRNA
TRPC4  TRPC4  TRPCA
TCdsh - shRNA  shRNA  shRNA
TRPCI  TRPC4  Renilla-luc
+ —
TCl+4sh shRNA  shRNA  shRNA
shx2 DA scrambled 2 scrambled 2 scrambled 2
(control #2) shRNA shRNA shRNA
TRPCI  TRPC6  Renilla-luc
+ —
TCl+6sh shRNA  shRNA  shRNA
Lo TRPC4  TRPC6 Renilla-luc
shRNA  shRNA  shRNA
TClaresh TRPCI  TRPC4  TRPC6

shRNA shRNA shRNA

Fig. 3.6. Tandem shRNA constructs in pAdT-CMR vector. Rnllash, TClsh, TC4sh and
TCl+4sh constructs used in Chapter 5. Other constructs, shx2, TCI+6sh, TC4+6sh and

TCIl+4+6sh are ready to be tested and were not used for the present study.
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3.4 Efficiency of adenoviral infection in PHMI cells

To test the positive infection of PHMI cells with adenoviral constructs, TRPC4
overexpression experiments were performed. An adenoviral vector was used to induce
TRPC4 overexpression (TC40E) at different time points. TRPC4 mRNA expression was
determined at 24-96 hr post-infection by RT-qPCR. PHMI cells infected with this vector
displayed a >3 fold increase in TRPC4 mRNA level (Fig. 3.7). No changes in mRNA
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Fig. 3.7. TRPC4 overexpression in PHMI cells. PHMI cells were infected with an
adenoviral vector for overexpression of TRPC4 (TC40E). (A) A >3 fold increase in
TRPC4 mRNA was observed over a period of 96 h post-infection when compared to cells
infected with an empty vector. No significant changes in (B) TRPCI, (C) TRPC6 or (D)
TRPCS5 mRNA levels are observed. mRNA was normalized to GUS in the same sample
and expressed relative to the value in cells exposed to empty vector. In all cases, data
represent the mean = S.E.M. (n=3); significant differences between groups (p<0.05), as
analyzed by one-way ANOVA and Tukey’s test, are indicated by different lowercase

letters.
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levels of TRPClI and TRPC6, the two other most abundant TRPCs in the human
myometrium, or in TRPC5 mRNA were detected after TRPC4 overexpression.
Interestingly, infection of UtSMC cells with TC40E displayed a ~40 fold increase in

TRPC4 mRNA without any changes in TRPClI or TRPC6 mRNA levels (Fig. 3.8).
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Fig. 3.8. Strong TRPC4 overexpression in UtSMC cells. UtSMC cells were infected
with adenoviral vector TC40E for expression of TRPC4. (A) TRPC4 mRNA levels
displayed ~40 fold increase induced by TC40E 72-96 h post-infection. No significant
changes in (B) TRPCl or (C) TRPC6 mRNA levels are observed. mRNA was
normalized to GUS in the same sample and expressed relative to the value in cells
exposed to empty vector. In all cases, data represent the mean + S.EM. (n=3);
significant differences between groups (p<0.05), as analyzed by one-way ANOVA and

Tukey’s test, are indicated by different lowercase letters.

Calcium imaging with Fura-2 was used to measure intracellular calcium ([Ca™"Jj)
concentrations. Studies conducted to determine the effect of TRPC4 overexpression on
calcium dynamics displayed no significant changes on oxytocin-, thapsigargin-, and

OAG-stimulated calcium entry in UtSMC cells (Fig. 3.9).
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Fig. 3.9. Effects of TRPC4 overexpression on signal-regulated calcium entry. Left.
SRCE induced by either (A) 100 nM oxytocin, (B) 100 nM thapsigargin or (C) 100 xM
OAG in UtSMC cells infected with empty adenovirus (red lines) and cells infected with
virus overexpressing TRPC4 (TC40E, blue lines). Right: Mean changes in [Ca™],
resulting from addition of 1 mM extracellular 2" (SRCE), calculated as area under the
curve (integrated area) and peak height (initial calcium entry) (n=25-35 cells). Data are
representative of 17, 5 and 6 independent experiments for oxytocin, TG and OAG,

respectively.
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CHAPTER 4

Reduction in TRPC4 expression specifically attenuates G-
protein coupled receptor-stimulated increases in intracellular

calcium in human myometrial cells

4.1 Introduction

Csi signaling is achieved as a result of increases in the concentration of
intracellular free Ca™ ([Ca™"]j). Increases in [Ca™‘], correlate with increases in myosin
light chain phosphorylation and with increases in tension [1]. Stimuli such as GPCR-
activation, IPs-R activation, inhibition of endoplasmic reticulum Ca -ATPase (SERCA)
pumps resulting in endoplasmic reticulum Ca‘” store depletion, and diacylglycerol itself
(referred to in the present study as signal-regulated Ca"* entry (SRCE)) have all been
implicated in inducing TRPC activation directly or indirectly [2;3].

Human pregnant myometrial tissue, primary human myometrial cells and PHMI-

41 cells all express TRPCs except TRPC 2 (a pseudogene in humans) [4-7]. TRPC4,
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TRPCl and TRPC6 mRNAs are present in higher relative abundance than TRPC3,
TRPCS5 and TRPC7 mRNAs [7], TRPCI, 3, 4 and 6 proteins have been detected by
immunoblot in human myometrial cells and tissue [4-7]. PHMI-41 immortalized human
myometrial cells exhibit SRCE in response to oxytocin, thapsigargin and OAG [4;8-1 1],
but the involvement of specific TRPCs in one or more of these responses has not been
determined to date.

In this study the specific role of TRPC4 in myometrial SRCE was investigated
using RNA interference (RNAi). Because we have found that PHMI-41 and primary
human uterine smooth muscle (UtSMC) cells are difficult to transfect efficiently, we
constructed an adenoviral vector expressing a TRPC4 short hairpin RNA (shRNA)
construct to achieve specific TRPC4 knockdown. The data indicate that attenuation of
TRPC4 expression specifically induces a decrease in GPCR-stimulated, but not in

thapsigargin- or OAG-stimulated increases in [Ca™jj in myometrial cells.

4.2  Results

42.1 A functional RNA interference mechanism is present in human myometrial cells.

In order to study the function of endogenous TRPC4 in human myometrial cells,
we designed four putative shRNA sequences that included a pre-microRNA backbone
and tested them for their efficiency to decrease TRPC4 mRNA using the psiCHECK-2
system with a Renilla luciferase-TRPC4 fusion reporter vector (psiTC4). The sequences
ofthese constructs are listed in Table 1. Figure 4.1 A shows that the four TRPC4-shRNA

(TC4shl-4) constructs produced between 68 and 94% reduction in Renilla luciferase
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Fig. 4.1. TRPC4-reporter mRNA is suppressed by TRPC4-shRNA constructs in AD-293,
PHMI-41 and UtSMC cells. (A) Significant suppression of luminescence from a Renilla
luciferase-TRPC4 fusion reporter (psiTC4) following co-transfection of the reporter and
plasmids expressing TRPC4 shRNAs (TC4shl-4) in AD-293 cells as described in
Methods. Controls include empty vector, puc-19 vector and scrambled shRNA (shxl).
(B) psiTC4 was electroporated into PHMI-41 and UtSMC cells, together with TRPC4-
shRNA#I (TC4shl) in pPSHAG vector as described in Methods. Controls include empty
vector (pPSHAG) and pSHAG plasmid expressing a scrambled shRNA control sequence
(shxl). In A and B samples were isolated >72 h post-electroporation. Data are expressed
as % of luminescence exhibited by co-transfection of empty vector and represent mean +
S.E.M. (n=3). Background luminescence (~7%) was subtracted from all samples. Data
were analyzed by one-way ANOVA and Tukey’s test. Significant difference between

groups (p<0.05) is indicated by different lowercase letters.

77



protein expression compared to empty vector, a pUC19 vector, and a construct expressing
a scrambled TRPC4 shRNA sequence (shxl).

RNAIi requires expression and function of many components necessary for the
production and processing of the shRNA constructs. To determine the effectiveness of
this mechanism in processing the TC4shl construct in myometrial cells, the psiCHECK-2
TRPC4 reporter vector was electroporated into PHMI1-41 and UtSMC cells, along with a
plasmid expressing the TC4shl construct. Electroporation efficiency was ~60% as
determined by visual assessment of maxGFP expression from a separate plasmid.
TRPC4 mRNA was effectively targeted by the TC4shl construct, achieving >70 and 90%
reduction of the reporter in PHMI-41 and UtSMC cells, respectively (Fig. 4. IB). These
data indicated that the RNAi mechanism was adequate in myometrial cells and that the

TC4shl targeting sequence was effective.

422 TRPC4 knockdown in human myometrial cells is TRPC4-specific and attenuates

oxytocin- stimulated increases in [Can:]j

The TC4shl construct was cloned downstream of a U6 promoter into an
adenoviral vector expressing GFP under the control of a separate CMV promoter. In
PHMI-41 cells infected with the adenovirus expressing TC4shl, significant TRPC4
mRNA knockdown occurred 48-96 h post infection, with the greatest knockdown at 72-
96 h. Fig. 4.2A shows that PHMI-41 cells infected with empty adenovirus displayed no
changes in expression of any TRPC mRNA compared to noninfected cells. This
demonstrates that viral infection itself did not alter TRPC expression. TRPC RT-qPCR
amplicons show single products in agarose gels (Fig. 4.2B). In all cases, no product was

observed ifthe reverse transcriptase was omitted from the mixture, indicating that there
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Fig. 4.2. Adenovirus vector expressing TC4shl produced a specific TRPC4 mRNA knockdown in PHMI-41 cells. (A)
PFIMI-41 infection with adenovirus expressing TC4shl induced specific TRPC4 mRNA knockdown compared to effects
of empty vector (E) or scrambled shRNA (shxl). Also shown are the TRPC mRNA levels in PHMI-41 cells not treated
with adenovirus (UN). mRNA levels of other TRPCs are unchanged by exposure to any of these viral constructs. mRNA
was normalized to GUS in the same sample and expressed relative to the value in cells exposed to empty vector. In all
cases, data represent the mean £ S.E.M. (n=3); significant differences between groups (p<0.05), as analyzed by one-way
ANOVA and Tukey’s test, are indicated by different lowercase letters. (B) RT-qPCR products for TRPCI, TRPC4,
TRPC6, and GUS (obtained from 100 ng RNA) as well as for TRPCS, TRPCS and TRPC7 (obtained from 1 pg RNA) were
run in 3% agarose gels. In all cases, single bands of the expected size were observed. No bands are observed in samples

lacking reverse transcriptase (RT) in the reaction.
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was no significant amplification of DNA in these samples. The adenoviral construct
expressing TC4shl produced specific knockdown in TRPC4 mRNA, with no effect on
other TRPC mRNAs 72 h post infection as shown in the real time RT-qPCR data (Fig.
4.3). Under these conditions, there were also no apparent changes in the mRNAs for
PMCA 1, PMCA 4 or SERCA 2 (Fig 4.4). The degree of TRPC4 knockdown was
variable between experiments; we achieved a maximal knockdown of 73%, with a mean
of 54 £ 3.28%. Fig. 4.5A and 4.5B show that TC4shl suppressed TRPC4 protein
expression in both whole cell and purified plasma membrane extracts (by 40 % and 70%
relative to empty vector, respectively). In contrast, the concentration of TRPC 1 protein,
the membrane expression of which has been reported to be enhanced by TRPC4 [12;13],
was not significantly changed, relative to empty vector, in purified plasma membrane
extracts.

The specificities of the TRPC4 and TRPCI antibodies, as demonstrated by
reduction in TRPC signal once the antibody was exposed to antigenic peptide, are shown
in Fig 4.5C and Fig 4.5D, respectively. TRPC4 exhibited a band between 86 and 94 kDa
in PHMI cells using the TRPC4 antibody obtained from Alomone (and other suppliers).
When transiently expressed in COSM6 cells, the TRPC4 overexpression (TRPC4 OE)
vector produced a 100 kDa band detected with the HA tag that was reduced >70% when
coexpressed with the TC4shl construct (Figure 4.5E). Differences in apparent size may
represent differences in protein glycosylation in different cell types. Regardless, the
suppression of expression of the HA-tagged protein by TC4shl further attests to its

effieacy.
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Fig. 4.3. Real-time fluoreseence emission of SYBR Green during PCR amplification of
the TRPCs cDNAs. TC4shl induced a specific TRPC4 knockdown of 70% in this
individual experiment without affecting other TRPC mRNA expression. RNA was
isolated from uninfected PHMI-41 cells and from cells infected with empty adenovirus,
adenovirus expressing shxl and adenovirus expressing TC4shl. A control sample

lacking reverse transcriptase in the reaction is also shown.

To assess effects of TRPC4 knockdown on increases in myometrial [Ca™]i in
response to various stimuli, PHMI-41 cells were infected with adenoviral vectors
carrying either empty vector or the TC4shl construct and tested for effects on SRCE,
defined as a stimulus- and extracellular Ca**-dependent increase in [Ca™]i. Noninfected
PHMI-41 cells and cells infected with empty adenovirus behaved similarly with respect
to the SRCE responses tested, indicating that viral infection per se had no effect on

responsiveness (Fig. 4.6). The SRCE response is illustrated in the tracing in Fig. 4.7A
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Fig. 4.4. TRPC4 knockdown does not affect mRNA expression of PMCAIl, PMCA4 and
SERCA2 (both a and b isoforms for each) in PHMI cells. PHMI cells were infected
with the adenoviral constructs indicated. RNA was isolated >72 h post-infection. Data

are expressed relative to empty vector (n=1).

(left panel). Cells were stimulated in Ca™-free buffer with oxytocin, a GPCR-activator
resulting in IP3 generation, eliciting a transient increase in [Ca™]j. Once [Ca™YJj returned
to basal levels, 1 mM extracellular Ca™ was added and SRCE was observed, as indicated
by a second, extracellular Ca**-dependent increase in [Ca™]j,. No such increase was
observed if the cells were not exposed to 1 mM extracellular Ca™ or if Ca™"-free buffer
were added instead. TRPC4 knockdown did not significantly affect the initial [Ca""i
transient but resulted in >70% inhibition of oxytocin-stimulated SRCE (dotted line in the
tracing in Fig. 4.7A). In this particular experiment, a 73% reduction in TRPC4 mRNA
knockdown was achieved (Fig. 4.7A, middle panel). The summarized data for individual
cells are presented in the right panel of Fig. 4.7A.

Both the degree of TRPC4 mRNA knockdown and the extent of the inhibition of
the oxytocin SRCE response were variable between experiments for reasons that we have

yet to ascertain. Fig. 4.7B summarizes the effect of TRPC4 on inhibition of oxytocin-
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Fig 4.5. Adenovirus vector expressing TC4shl produced a specific TRPC4 protein
knockdown in PHM1-41 cells. (A), whole cell extracts and (B) purified membrane
extracts from uninfected (UN) cells and cells exposed to empty adenovirus (E), virus
expressing a scrambled shRNA sequence (shxl), or virus expressing TC4shl for > 72 h.
PLCB3 was used as normalization control. (C) TRPC4 antibody (Ab) specificity is
shown by the absence of 92 kDa band when the antibody was preabsorbed with TRPC4
antigenic peptide. (D) Antibody preabsorption using TRPCIl antigenic peptide
specifically blocks 116 KDa TRPCI band detection by the TRPCI antibody (Ab). (E)
Expression of the TRPC4-HA tag protein overexpressed (TRPC4 OE) in COSM6 cells

and suppression of'this expression by cotransfection with the TC4shl construct.

84



100nM Oxytocin

100 200 300 400

100 nM ATP SOng/ml PGF2a

Ca’*free ImMCa**

Fig. 4.6. Adenoviral infection of PHMI cells does not affect SRCE mechanisms. PHMI
cells were uninfected (blue line) or infected with empty vector (black line) and SRCE
mechanisms were tested >72 h post-infection. Tracings are from single experiments (20-

45 cells), representative of 3-10 individual experiments.

stimulated SRCE in nine experiments (mean inhibition of 52 + 3.61%). Importantly, the
degree of inhibition ofthe oxytocin SRCE response correlated with the degree of TRPC4
knockdown (Fig. 4.7C) and the qualitative specificity of the response was always
observed, regardless of the degree of knockdown. Furthermore, although considerably
less efficient, we also used electroporation to introduce shRNA plasmids into UtSMC
cells and observed a >45% decrease in TRPC4 mRNA and a >50% decrease in oxytocin-
stimulated SRCE relative to empty vector in cells co-expressing GFP from a second
plasmid (Fig. 4.8).

PFIMI-41 cells are immortalized myometrial cells. Effects of oxytocin-stimulated

increases in [Ca™"Jj were also observed in UtSMC cells. Fig. 4.9 shows >77% and >65%
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Fig 4.7. Attenuation of oxytocin signal-regulated calcium entry (SRCE) induced by TRPC4 knockdown in PHMI-41 cells.
(A) Left. SRCE induced by 100 nM oxytocin in PHMI-41 cells infected with either empty adenovirus (empty, solid line) or
adenovirus expressing TC4shl (dotted line) for >72 h. Middle. TRPC4 mRNA levels, normalized relative to empty vector, in
the experiment shown. Right. Mean = S.E.M. (n= 20-40 cells) of changes in [Ca™Ji resulting from addition of 1 mM
extracellular Ca (SRCE) in the experiment shown, calculated as area under the curve (integrated area) and by peak height
(initial calcium entry). (B) Mean changes in [Ca™Ji observed in 9 experiments. Data are presented as mean + S.E.M. and were
analyzed by t-test. In all cases, significant differences from empty vector (p<0.05) are indicated by an asterisk (¥). (C) TRPC4
mRNA knockdown is strongly correlated with attenuation of the oxytocin-SRCE response (R= 0.88196, p= <0.01). Data

samples are from PHMI-41 cells (circles) and UtSMC experiments (squares).
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Fig. 4.8. TRPC4 knockdown through non-viral delivery of TC4shl produces a similar
phenotype as that obtained using an adenoviral delivery method. UtSMC cells were
electroporated using the Basic Smooth Muscle Cell Nucleofector kit with either an empty
vector (solid line) or vector expressing the TC4shl (dotted line), selected on the basis of
GFP fluorescence. Left. SRCE induced by 100 nM oxytocin in cells expressing either
empty or TC4shl. Middle. TRPC4 mRNA levels expressed relative to empty vector in
the experiment shown. Right Intracellular calcium levels are represented by measuring
area under the curve (integrated area) and by peak height (initial calcium increase).
Samples were isolated >72hr post-electroporation (average of 15-20 cells/dish). In all
cases, significant differences from empty vector (p<0.05) are indicated by an asterisk (*).

Data are representative of 3 independent experiments.

inhibition of the [Ca™Jj transient area and peak height, respectively, of the oxytocin-

stimulated SRCE response in an experiment where > 67% mRNA knockdown was

achieved.
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Fig. 49. Specific TRPC4 mRNA knockdown and inhibition of oxytocin-stimulated

SRCE in UtSMC cells. Left. SRCE induced by 100 nM oxytocin in UtSMC cells
infected for >72 h with empty vector (empty, solid lines) or adenovirus expressing
TC4shl (dotted line). Middle. TRPC4 mRNA, normalized relative to empty vector, in
the experiment shown. Right. Mean changes in [Ca™VJj resulting from addition of 1 mM
extracellular Ca (SRCE) in the experiment shown, calculated as area under the curve
(integrated area) and by peak height (initial calcium entry). Data are presented as mean +
S.E.M. (n= 15-25 cells) and were analyzed by t-test. In all cases, significant differences
from empty vector (p<0.05) are indicated by an asterisk (*). Data are representative of 3

independent experiments.

4.2.3 TRPC4 knockdown attenuates SRCE stimulated by other G protein-coupled

receptors

In order to determine if the effect of TRPC4 knockdown was specific to oxytocin
signaling or pertained to other GPCR stimulants, we examined the effect of TRPC4

knockdown on SRCE elicited in response to stimulation of PFIMI-41 cells with ATP and

PGF2a. Significant suppression of SRCE induced by ATP (65% and 79% inhibition of
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area and peak height, respectively) and PGF2a (86% and 79% inhibition of area and peak
height, respectively) was observed in cells infected with adenovirus expressing TC4shl,
but not with empty vector (Fig. 4.10). In unrelated studies, we have determined that ATP
effects on phospholipase C beta activation in PFIMI-41 cells are inhibited by Reactive
Blue-2, a P2Y-specific inhibitor, indicating that the action of ATP is GPCR-mediated
(D. Murtazina, unpublished observations). These data support a link between TRPC4

knockdown and attenuation of GPCR-stimulated calcium entry in myometrial cells.

4.2.4 TRPC4 knockdown had no effect on thapsigargin- or diacylglycerol-stimulated

extracellular calcium-dependent increases in [C2""Y]! in human myometrial cells

Using the same experimental design as in Fig. 4.7, the effect of TRPC4
knockdown on store-operated SRCE elicited by exposure to thapsigargin, which induces
Ca™ store depletion by blocking the endoplasmic reticulum Ca™-ATPase, was
determined. Thapsigargin treatment resulted in an increase in [Ca™VJi in the absence of
extracellular Ca™ (Fig. 4.1 1A) Notably, in contrast to the effect of TRPC4 knockdown
on oxytocin-stimulated SRCE, the thapsigargin-stimulated SRCE observed in response to
the addition of extracellular Ca™ was not affected by TRPC4 knockdown. Similarly, no
significant changes were observed in the elevation of [Ca™Jj elieited in the presence of
extracellular Ca™by OAG, a cell permeable diacylglycerol (Fig 4.1 1B). In UtSMC,

knockdown of TRPC4 also did not alter the thapsigargin response (Fig. 4.12).
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Fig. 4.10. TRPC4 knockdown induces attenuation of other GPCR-stimulated SRCE.
Top: SRCE induced by 100 )aM ATP (A) and 50 ng/ml PGF2a (B) in PHMI-41 cells
infected with empty adenovirus (solid lines) and eells infected with virus expressing
TC4shl (dotted lines). Bottom: Mean changes in [Ca™Jj resulting from addition of 1 mM
extracellular Ca™ (SRCE) in the experiment shown, calculated as area under the curve
(integrated area) and by peak height (initial calcium entry). Data are presented as mean +
S.EM. (n=35-45 cells) and were analyzed by t-test. In all cases, significant differences
from empty vector (p<0.05) are indicated by an asterisk (*). Data are representative of 4

independent experiments.
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Fig.4.11. Lack of effect of TRPC4 knockdown on thapsigargin- and OAG-stimulated
SRCE. Left. SRCE induced by either (A) 100 nM thapsigargin and (B) 100 pM OAG in
PEIMI-41 cells infected with empty adenovirus (solid lines) and cells infected with virus
expressing TC4shl (dotted lines). Middle. TRCP4 mRNA levels expressed relative to
empty vector in the experiment shown. Right: Mean changes in [C2""]! resulting from
addition of 1 mM extracellular Ca™ (SRCE) in the experiment shown, calculated as area
under the curve (integrated area) and peak height (initial calcium entry) (n=45-55 cells).
Data are representative of 10 and 7 independent experiments for thapsigargin and OAG,

respectively.
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4.2.5 Activation of cation currents by oxytocin in PHMI-41 cells was attenuated by the

expression of TC4shl

Using cell-attached patch clamp electrophysiology, single channel activity was
recorded in response to 100 nM oxytocin in PHMI-41 cells. In these experiments,
potential contributions from L-type calcium channels were minimized by inclusion of
100 nM nifedipine in the bath solution. Furthermore, a significant contribution to OT-
stimulated currents from BKca channels activated by calcium entry, as previously
reported [14], were essentially eliminated by inclusion of 20 mM TEA in the bath
solution and 10 pM paxilline in the pipette solution. Fig. 4.13A shows a representative
baseline recording with distinct single channel openings (Control). The administration of
oxytocin increased both the frequency and duration of channel activity in cells infected
with empty control vector (Fig 4.13A, Control + OT). Cells in which TRPC4 expression
was suppressed by TC4shl showed significantly lower response to oxytocin (Fig 4.13B,
TC4shl + OT). The change in total open probability (ANPo) in response to oxytocin was
significantly reduced in cells treated with TC4shl versus cells treated with empty vector

(Fig. 4.13C). (These data were obtained by A. L. Gonzales).

4.3 Discussion

TRPC proteins have been implicated in calcium signaling dynamics in myometrial
smooth muscle [4;10;15].  Previous studies have shown that, although human
myometrium expresses most TPRC mRNAs, TRPC4 and TRPCI mRNAs are expressed

in high relative abundance, along with TRPC6 [7]. However, to date, no TRPC
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Fig. 4.12. TRPC4 knockdown induces no changes in thapsigargin-stimulated SRCE in
UtSMC cells. UtSMC cells were infected with adenovirus carrying an empty vector
(solid line) or adenovirus carrying TC4shl (dotted line). Cells were analyzed >72 h post-
infection. Leff. SRCE induced by 100 nM thapsigargain (TG) . Middle. TRPC4 mRNA
levels expressed relative to empty vector in this experiment. Right. Intracellular calcium
levels are represented by measuring area under the curve (integrated area) and by peak
height (initial calcium entry), (average of 35-45 cells). Data are representative of 4

individual experiments.

knockdown studies had been conducted in this system. Since the TRPC profile can be
dramatically different between systems and since profile is hypothesized to dictate the
physiological function of the homo- and heterotetrameric TRPC channels that are formed,
it is important to determine the role of specific TRPC proteins in affecting signal-
stimulated myometrial calcium dynamics.

In an attempt to assess the role of endogenous TRPC4 in myometrial SRCE in
response to various stimuli, we used RNA interference to diminish its expression. Since
PHMI-41 and UtSMC cells are difficult to transfect by conventional methods (<40%

efficiency) and are not easily selectable, we used a viral vector to express the shRNA
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Fig. 4.13. Activation of cation currents by oxytocin in PHMI-41 cells was attenuated by
the expression of TC4shl. (A) Representative trace of single-channel cell-attached
recordings from PHMI-41 cells infected with empty vector (fop), and in response to 100
nM oxytocin (bottom).  (B) Representative trace of single-channel cell-attached
recordings from PHMI-41 cells infected with adenovirus expressing TC4shl for >72 h
(top), and in response to oxytocin (bottom). (C) Summary of the change in total open
probability (ANPq ) in response to administration of oxytocin for control (n=5) and
TC4shl (n=5) treated PHMI-41 cells. Data are presented as mean + S.E.M. and were
analyzed by t-test. The difference between the two groups was significant at (p<0.05)

and is indicated by an asterisk (*).
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constructs. Despite demonstrating that the shRNA construct was effective at targeting an
exogenous TRPC4 reporter for degradation, we experienced a variable degree of
endogenous TRPC4 knockdown using an adenoviral vector between experiments.
Although adenoviral vectors usually achieve 90-95% infection efficiency with minimal
cell toxicity, variability in the efficiency of knockdowns using viral shRNA constructs
has been reported [16; 17]. Additionally, smooth muscle cells display low adenovirus
binding levels, potentially due either to the lack or low expression of Coxsackie
Adenovirus Receptor (CAR) [18], which could contribute to variability.

The data indicate that TRPC4 mRNA and protein expression were specifically
diminished in PHMI-41 and UtSMC by the adenoviral construct expressing TC4shl,
while concentrations of other TRPCs were unaffected. PHMI-41 and UtSMC cells, as
well as rat myometrial cells, respond to oxytocin with increases in [Ca™]i that are
partially dependent on extracellular Ca™ and are not affected by voltage-operated
channels (VOC) blockers such as nifedipine [10;19;20]. Reduction in TRPC4 expression
preferentially attenuated GPCR-operated SRCE in PHMI-41 and UtSMC cells. This
appears to be a relatively general mechanism, as oxytocin, PGF2a and ATP-mediated
SRCE were also affected. Both oxytocin and PGF2a are important endogenous
stimulators of uterine contractions and play important roles during labor [21]. In
contrast, TRPC4 knockdown did not affect thapsigargin- or OAG-stimulated SRCE. The
finding that suppression of a single endogenous TRPC in myometrial cells affected a
specific type of SRCE response is further supported by our recent observation that

suppression of expression of TRPC6 has very different effects [22].
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We also observed an increase in ion channel activity after oxytocin stimulation in
cell-attached patches on cells infected with empty adenoviral vector. This activity was
observed in the presence of nifedipine, paxilline and TEA, suggesting that it was not due
to nifedipine-sensitive L-type channels or BKca channels. Importantly, oxytocin-
stimulated channel activity was markedly inhibited by expression of TC4shl. This
observation adds further support to the contention that TRPC4 plays an important role in
oxytocin-mediated SRCE.

The effects of endogenous TRPC4 knockdown in myometrial cells are similar in
some respects but not others to effects noted in other studies. TRPC4 antisense as well as
TRPC4 siRNA constructs inhibited both GPCR- and OAG-stimulated but not
thapsigargin-stimulated Sr™* or Ba™ entry in HEK cells expressing endogenous TRPCs
[23;24]. In contrast, no effect of TRPC4 knockdown on methacholine-mediated
increases in [Ca™]j in HEK293 cells was noted [25]. HEK cells have a very different
TRPC profile than myometrial cells, and endogenous channel composition may be quite
different. The specific effect of TRPC4 knockdown on GPCR-stimulated SRCE suggests
that tetrameric channels in myometrial cells that contain a significant proportion of
TRPC4 may be affected by activation of the GPCRs tested, either as a result of direct
interactions, signalplex organization or possibly as a result of co-localization in
membrane subdomains. TRPC channels can assemble into signaling complexes
containing proteins such as caveolin-1, Gag/n and PLCB3 [26]. TRPC4 and TRPCS also
contain multiple binding motifs and domains (CaM, CIRB, protein 4.1-, PDZ, and auto-
inhibitory) that may contribute to interaction with other proteins as well as to regulation

ofactivity [27].
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The most obvious interpretation for our data is that endogenous TRPC4 is primarily
responsible for GPCR-stimulated SRCE response in myometrial cells. Alternatively,
TRPC4 has been reported to enhance the localization of TRPCI in the plasma membrane
[12;13], However, since no changes in plasma membrane expression of TRPCI in
response to a TRPC4 knockdown were detected, it is unlikely that TRPC4 knockdown
disrupts GPCR-mediated SRCE indirectly by reducing TPRCI concentration at the cell
surface in myometrium. While we cannot totally rule out contributions by other TRPC
channels expressed at significantly lower mRNA levels, it seems less likely that these
TRPCs would significantly contribute to formation of heterotetrameric channels involved
in the TRPC4-sensitive parameters measured here. Although TRPC4 knockdown did not
affect PMCA or SERCA pump mRNA, the possibility that changes in expression or
activity of these proteins may affect the dynamics of the [Ca™], transients cannot be
excluded.

The activation of the SRCE response by GPCRs in myometrial cells appears to be
largely dependent on phospholipase C activation [9;10]. Capacitative or receptor- and
store-operated Ca™ entry have been postulated to involve IP3-R activation, conformation
coupling mechanisms, or signals generated by release of Ca™ from intracellular stores
[28]. Alternatively, phosphatidylinositol bisphosphate (PIP2) may exert an Inhibitory
effect on TRPC4 and TRPCS which is relieved by the GPCR-mediated degradation of
PIP2 by phospholipase C, resulting in channel activation [29].

Studies in TRPC4“* mice implicate TRPC4 in agonist-induced Ca™ entry [30].
Ca™ entry induced by thrombin was significantly diminished in aortic and lung vascular

endothelial cells isolated from TRPC4'*‘ mice, leading to impaired regulation of vascular
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tone and permeability. Interestingly, the TPRC6 mRNA PCR product [31] appears to be
more intense in TRPC4 * compared to wild-type mice. Primary aorta endothelial cells
isolated from TRPC4"' mice exhibited diminished Ca™ entry stimulated by SERCA
inhibition [30].

In the present study, OAG-mediated SRCE, which we have previously shown to be
protein kinase C-independent [11], was not significantly affected by TRPC4 knockdown.
In contrast, TRPC4 knockdown attenuated OAG-stimulated Ba™ entry in HEK-293 cells
[24]. Other studies have shown a negative regulatory effect of diacylglycerol on
overexpressed TRPC4 and TRPCS activation mediated by protein kinase C in DT40 B-
cells [32]. In myometrial cells, TRPC4 may not be a major contributor to the overall
OAG response if OAG exerts an inhibitory effect. GPCR-mediated SRCE was never
completely inhibited by TRPC4 knockdown, however, leaving open the possibility that a
portion of the SRCE response to GPCRs might involve activation of other TRPCs as a
result of localized GPCR-stimulated diacylglycerol production.

The data presented here support our hypothesis that specific signals can affect
specific types of signal-regulated Ca™" entry in the myometrium. This work increases our
understanding of the regulation of Ca™ dynamics in myometrial cells and points to a

specific role for TRPC4 in GPCR-regulated myometrial Ca™" dynamics.
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CHAPTER 5§

TRPCI and TRPC4 regulate intracellular calcium dynamics in

a different manner than STIMI in human myometrial cells

5.1 Introduction

The previous chapter analyzed the role of TRPC4, the most abundant TRPC in
human myometrium, on SRCE through knockdown mechanisms using shRNA
constructs. These studies implicated TRPC4 in G protein-coupled receptor-stimulated
Ca entry. This appeared to be a specific role for TRPC4 as other SRCE mechanisms
studied, such as thapsigargin- and OAG-stimulated Ca™" entry, displayed no changes after
a TRPC4 knockdown.

TRPCI is the second most abundant TRPC in the human myometrium. Studies
involving TRPCI overexpression have provided valuable yet contradictory data as to the
role for TRPCI in intracellular Ca™ dynamics. Attenuation of TRPCI

expression/activity results in reduction of store-operated Ca¥" entry [1-7]. TRPC4 and
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TRPCl have been suggested to form heterotetramer channels possessing biological
properties distinct from those observed in their homotetramer counterparts. [§],
Additional TRPC channel regulation can also be provided by the STIMI and Orail
proteins [9]. Studies have shown that knockdown of TRPCI and TRPC4 can transform
other TRPC channel activity from being STIMI-dependent to being STIMI-independent
[10], In a similar fashion, individual knockdown of TRPCl and TRPC4 may result in
changes on different Ca™ entry mechanisms from the mechanisms affected by inducing
the combined knockdown of TRPCI plus TRPC4 in myometrial cells. This was achieved
through the tandem expression of shRNAs targeting TRPCl, TRPC4, or TRPCI plus
TRPC4 using the pAdT-CMR adenoviral vector. This vector provided the ability to
infect cells with a single adenovirus to obtain single or multiple TRPC knockdowns. The
role of STIM] in myometrial Ca™ dynamics was also investigated by use of a
STIMI AERM construct. This is a dominant negative form of STIMI] which is incapable
of interacting with TRPCs [11].

The data obtained in this study suggest that both TRPC 1 and TRPC4 are activated
by similar G protein-coupled receptor-stimulated Ca™ entry mechanisms and that no
additive effects were observed by their combined knockdown. Additionally,
thapsigargin- and OAG-stimulated Ca™" entry are not affected by either the individual or
combined knockdown of TRPCI and TRPC4. In contrast, STIMAERM appeared to

induce an inhibitory effect on all three types of SRCE stimulation.
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5.2 Results

5.2.1 Effective single and double knockdown of TRPCI1 and TRPC4 through

expression of single and tandem shRNAs

Study of endogenous TRPCI and TRPC4 was achieved using TRPCI1 and TRPC4
shRNA constructs. The TRPC4 shRNA sequence used in the present study (TC4sh) is
the same as that specified in Chapter 4, except its ends have been changed for efficient
cloning into the pAdT-CMR vector (Table 2). The sequences for the TRPCI shRNA
constructs are specified in Table 2. TRPCI sequences were tested using the psiCHECK-
2 system for their ability to suppress a Renilla luciferase TRPCI fusion reporter vector
(psiTCl), as previously described in Materials and Methods. In the pSHAG assay the
TRPCI shRNA constructs induced 76-92% knockdown in Renilla luciferase protein
expression compared to empty vector, a scrambled TRPC4 shRNA (shxl) and a TRPC4
shRNA construct (TC4shl) (Fig. 5.1).

Adenoviral particles were used to infect the specified human myometrial cells
expressing either three copies of TClsh, TC4sh or Rnllash as well as an adenovirus
expressing a single copy ofeach TClsh, TC4sh and Rnllash (creating the TCl+4sh) were
used to infect UtSMC myometrial cells. Effectiveness of these CMR adenoviral
constructs was tested along with constructs used in the study described in Chapter 4.
TRPC4 mRNA knockdowns were measured and compared in UtSMC cells expressing a
single TC4shl sequence under a U6 promoter (U6-TC4shl), along with cells expressing
one (CMV-TC4shlXl), three (CMV-TC4shlX3) or six (CMV-TC4shlX6) copies of
TC4shl sequence under a CMV promoter (Fig. 5.2). Figure 5.3 shows that expression of

CMV-TC4shlX3 and CMV-TC4shlX6 constructs induced a greater TRPC4 mRNA
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Fig. 5.1. TRPCl-reporter mRNA is suppressed by TRPCI-shRNA construets in AD-293
cells. Significant suppression of luminescence from a Renilla luciferase-TRPCI1 fusion
reporter (psiTCl) following co-transfection of the reporter and plasmids expressing
TRPCI shRNAs (TClshl-4) in AD-293 cells as described in Methods. Controls include
empty vector, scrambled shRNA (shxl) and TRPC4 shRNA (TC4shl). Data are
expressed as % of luminescence exhibited by co-transfection of empty vector and
represent mean =+ S.E.M. (n=3). Data were analyzed by one-way ANOVA and Tukey’s
test.  Significant differences between groups (p<0.05) are indicated by different

lowercase letters.

knockdown (76% and 92%, respectively) than that obtained with the expression of one
copy of TC4shl under either the U6 or the CMV promoter (54% and 69%, respectively).
mRNAs of other TRPCs displayed no changes in expression using this tandem shRNA

expression system (Fig. 5.3). It is important to note that the strength offered by this
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Fig. 5.2. Schematic representation of constructs used for comparing the effectiveness of
the TRPC4-shRNA#l construct expressed from different promoters in Figure 5.3. A
single (CMV-TC4shlX1), three (CMV-TC4shlX3) or six (CMV-TC4shlX6) copies of
TC4shlwere expressed in tandem from a CMV promoter using the pAdT-MCS vector.
Constructs were tested along a single copy of TC4shl expressed from a U6 promoter
using the pSHAG vector for comparing the level of TRPC4 mRNA knockdown induced

by each construct relative to that of U6-Empty vector.

tandem shRNA expression system is suggested to be due to the number of shRNA

constructs processed by the RNAi machinery (i.e., one shRNA construct versus three

shRNA constructs versus six shRNA constructs) and not due to the specific number of
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Fig. 5.3. Adenoviral expression of tandem TC4shl constructs produced a stronger and
specific TRPC4 mRNA knockdown in UtSMC cells than that obtained from the single
expression of TC4shl. TC4shl was cloned into pAdT-MCS for expression of a one
(CMV-TC4shlXlI), three (CMV-TC4shiX3), or six (CMV-TC4shlX6) shRNA
constructs from a single adenoviral vector. TRPC4 mRNA knockdown was determined
and compared to effects of empty pAdT-MCS vector (CMV-Empty). Knockdowns were
also compared to previously used adenoviral vectors such as empty (U6-Empty) and
TC4shl expressed under a U6 promoter (U6-TC4shl). mRNA levels of other TRPCs
were unchanged by exposure to any of these viral constructs. mRNA was normalized to
GUS in the same sample and expressed relative to the value in cells exposed to U6-
Empty vector. Data represent the mean + S.E.M. (n=3 for TRPC4); significant
differences between groups (p<0.05), as analyzed by one-way ANOVA and Tukey’s test,

are indicated by different lowercase letters. (n=2 for other TRPCs).
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copies of the same shRNA targeting the same protein (i.e., having three copies of
TC4shl)(Fig. 5.4)[12],

Infection of UtSMC cells with adenoviral vectors expressing tandem TCIsh
constructs induced a 57% TRPCl mRNA knockdown without affecting TRPC4 mRNA
levels when compared to cells infected with shRNA targeting Renilla luciferase (Rnllash)
(Fig. 5.5, left). Similarly, tandem expression of TC4sh constructs induced a 75% TRPC4
mRNA knockdown while the TRPClI mRNA levels were not strongly affected (Fig. 5.5
right). The TCl+4sh construct induced a double knockdown of TRPCI1 plus TRPC4
(61% and 48%, respectively) (Fig. 5.5). Hence the use of these adenoviral vectors for the
tandem expression of shRNA constructs proved effective at inducing single as well as
double knockdowns of TRPCI and TRPC4. Thus, this method allows for the knockdown
of various mRNAs using a single adenovirus. This system is especially helpful when
working with systems that prove difficult to transfect and/or infect such as the UtSMC
and PHMI-41 cells used in the present study. Furthermore, knocking down multiple
mRNAs with one virus eliminates the requirement for multiple infections of the same

cells and associated ambiguities.

5.2.2 TRPCI and TRPC4 share a role in G protein-coupled receptor-stimulated calcium

entry

The role of TRPC4 in human myometrial cells on SRCE in response to various
stimuli was analyzed in a previous study (Chapter 4). To ensure that the new viral
system rendered similar results, TRPC4 knockdown studies were conducted in addition to

examining the effects resulting from a TRPCI] knockdown on SRCE.
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Fig. 5.4. Schematic representation of the effect obtained from the tandem expression of
shRNA constructs. Increased “pink protein” knockdown levels are observed as the
number of shRNAs expressed increases. That is, three shRNAs result in a better
knockdown than two shRNAs (compare C and B). Two shRNAs result in a better
knockdown than a single shRNA (compare B and A). Notice that the same level of
knockdown for “protein pink” is achieved in C and D as long as the same number of
shRNAs is expressed. That is, as long as a total of three shRNA constructs are expressed
in each case, the specific number for the same pink-shRNA (three copies of pink-shRNA
in C versus a single copy of pink-shRNA in D) becomes irrelevant. This is because the
observed increase in effectiveness is provided by the tandem expression of the shRNA
constructs which results in greater processivity, rather than by the increase in copy

number for a specific shRNA.
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Fig. 5.5. Specific TRPC mRNA knockdowns produced by adenovirus vector expressing
tandem TClsh, TC4sh and TC1+4sh in UtSMC cells. Left. TRPC1 mRNA knockdown
was obtained by tandem expression of TClsh and TCl+4sh compared to effects of
control shRNA (Rnllash) and TC4sh. Right. Tandem expression of TCd4sh and TC1+4sh
induced a TRPC4 mRNA knockdown when compared to Rnllash and TClsh. mRNA
was normalized to GUS in the same sample and expressed relative to the value in cells
exposed to empty vector. In all cases, data represent the mean = S.E.M. (n=4);
significant differences between groups (p<0.05), as analyzed by one-way ANOVA and

Tukey's test, are indicated by different lowercase letters.

USMC cells were infected with a single adenovirus expressing either Rnllash
(control), TClsh, or TC4sh constructs for the study of their single and specific
knockdown effects on SRCE. Cells infected with the control shRNA (Rnllash) were
stimulated in Ca’'-free buffer with oxytocin, a GPCR-activator resulting in IP;
generation, eliciting a transient increase in [Ca™"];. Onece [Ca®']; returned to basal levels,

I mM extracellular Ca®™ was added and oxytocin-stimulated SRCE was observed, as
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indicated by a second, extracellular Ca”*-dependent increase in [Ca™Ji (Fig. 5.6, blue
line). In contrast, expression of TClsh resulted in a significant decrease of oxytocin-
stimulated SRCE (Fig. 5.6, green line). An overall inhibition of 41% and 56% of the
[Ca™]i transient area and peak height, respectively, was produced by TClsh (Fig. 5.6,
green bars).

Similar to the results obtained in Chapter 4 with the U6-promoter virus, inhibition
of oxytocin-stimulated SRCE was observed in cells expressing TC4sh through this new
system (Fig. 5.6, red line). This construct induced a 38% and 45% inhibition of the
[Ca ]i transient area and peak height, respectively (Fig. 5.6, red bars) These data
suggest that TRPCl and TRPC4 share a similar role, by aiding in regulation of calcium
entry stimulated by G protein-coupled receptor activation. Similar experiments were also
performed in PHMI-41 cells and comparable inhibitory effects of TRPCI and TRPC4

knockdowns on oxytocin-stimulated SRCE inhibition were observed (Fig. 5.7).

5.2.3 Stimulation of calcium entry through thapsigargin or diacylglycerol does not

involve TRPCI

The potential regulation of calcium entry by TRPCI induced by store-depletion
through treatment with thapsigargin, an endoplasmic-reticulum Ca”*-ATPase blocker,
was also analyzed. Stimulation of infected cells with thapsigargin in the absence of
extracellular calcium displayed a slow and gradual increase in [Ca™Jj. Thapsigargin-
stimulated SRCE was not affected by a TRPCI knockdown (Fig. 5.8A, green line). As
previously observed with the U6-construct, expression of TC4shl also had no significant
effect on thapsigargin-stimulated calcium entry (Fig. 5.8A, red line). Additionally,

elevation of [Ca™Vli elicited in the presence of extracellular Ca™ by OAG, a cell
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Fig 5.6. Oxytocin signal-regulated calcium entry (SRCE) is significantly attenuated by
knockdown of TRPCI and knockdown of TRPC4 in UtSMC cells. Left. SRCE induced
by 100 nM oxytocin in UtSMC cells infected with either control adenovirus (Rnllash,
blue line), adenovirus expressing TClsh (green line) or adenovirus expressing TC4sh
(red line) for >72 h (10-25 cells per experiment). Right. Mean £ S.E.M. of changes in
[Ca™i resulting from addition of I mM extracellular Ca™ (SRCE), calculated as area
under the curve (integrated area) and by peak height (initial calcium entry). Data are
presented as mean + S.E.M. (n=5); significant differences between groups (p<0.05), as
analyzed by one-way ANOVA and Tukey’s test, are indicated by different lowercase

letters.

permeable diacylglycerol, displayed no significant changes with either TRPCl or TRPC4

knockdown (Fig. 5.8B, green and red line, respectively). Similar responses were also

found in PHMI-41 cells when treated with these adenoviral constructs (Fig. 5.9).
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Fig. 5.7. Inhibition of oxytocin-stimulated SRCE in PHMI cells by knockdown of either
TRPCI or TRPC4. Left. SRCE induced by 100 nM oxytocin in PHMI cells infected for
>72 h with control vector (Rnllash, blue line), adenovirus expressing TClsh (green line),
or adenovirus expressing TC4sh (red line) (n= 10-25 cells). Right. Mean changes in
[Ca™Ji resulting from addition of 1 mM extracellular Ca™ (SRCE). TClsh induced a
61% and 81% inhibition of the [Ca™]i transient area (integrated area) and peak height
(initial calcium entry), respectively. TC4sh induced a 56% and 86% inhibition of the
[Ca ]i transient area (integrated area) and peak height (initial calcium entry),
respectively. Data are presented as mean = S.E.M. (n=3); significant differences between
groups (p<0.05), as analyzed by one-way ANOVA and Tukey’s test, are indicated by

different lowercase letters.

5.2.4 Dual knockdown of TRPCI plus TRPC4 display no additive effects on SRCE

mechanisms

In an effort to determine if combined TRPCI plus TRPC4 knockdowns would

produce an even stronger inhibition of calcium entry after oxytocin stimulation, UtSMC
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Fig. 5.8. Lack of effect of either TRPCI or TRPC4 knockdown on thapsigargin- and
OAG-stimulated SRCE in UtSMC cells. Left. SRCE induced by either (A) 100 nM
thapsigargin and (B) 100 pM OAG in UtSMC cells infected with Rnllash adenovirus
(blue lines) and cells infected with virus expressing TClsh (green lines) or TC4sh (red
lines). Right: Mean changes in [Ca"""], resulting from addition of 1 mM extracellular C2*"*
(SRCE), calculated as area under the curve (integrated area) and peak height (initial
calcium entry) (n=20-35 cells). Data are presented as mean = S.E.M. (n=5); significant
differences between groups (p<0.05), as analyzed by one-way ANOVA and Tukey’s test,

are indicated by different lowercase letters.
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Fig.5.9. TRPCl knockdown and TRPC4 knockdown induced no changes on
thapsigargin- and OAG-stimulated SRCE in PHMI cells. Left. SRCE induced by either
(A) 100 nM thapsigargin and (B) 100 pM OAG in PHMI cells infected with Rnllash
adenovirus (blue lines) and cells infected with virus expressing TClsh (green lines), or
TC4shl (red lines). Right: Mean changes in [Ca™Jj resulting from addition of 1 mM
extracellular Ca (SRCE), calculated as area under the curve (integrated area) and peak
height (initial calcium entry) (n=20-35 cells). Data are presented as mean = S.E.M.
(n=10 for thapsigargin and n=5 for OAGQG); significant differences between groups
(p<0.05), as analyzed by one-way ANOVA and Tukey’s test, are indicated by different

lowercase letters.



and PHMI cells were infected with the virus expressing both TClsh and TC4sh
(TCl+4sh).  Simultaneous knockdown of both TRPCI and TRPC4 in the same cell
induced a specific decrease on oxytocin-stimulated calcium entry (Fig. 5.10A).
interestingly, this inhibition was not significantly greater than that obtained after
knockdown of either TRPCl or TRPC4 alone. Furthermore, a TRPCl plus TRPC4
knockdown showed no significant changes in thapsigargin-stimulated calcium entry (Fig.
5.10B) or OAG-stimulated calcium entry (Fig. 5.I0C). Thus, TRPCI] and TRPC4 have a
specific role in G protein-coupled receptor-stimulated SRCE in human myometrial cells.
This role on SRCE seems to be dependent on the coexpression of TRPCI and TRPC4
since their double knockdown shows no additive effects on oxytocin-stimulated SRCE

from their single knockdown counterparts.

5.2.5 A dominant negative form of STIMI affects G protein-coupled receptor-
stimulated calcium entry through a potentially different mechanism than TRPCI

and TRPC4

Thapsigargin-stimulated SRCE was not affected by knockdown of TRPCI,
TRPC4 or by TRPC6 [13]. In contrast, the STIM/Orai complex has been implicated in
store depletion-operated calcium entry [9; 14], which might be operable in myometrial
cells. The laboratory has determined that both STIMI and Orail mRNAs are expressed
in PHMI cells (Phillips and Sanborn, unpublished observations). To study the roles of
STIM1 on SRCE in the human myometrium, a dominant negative form of STIMI,
namely STIMIAERM, was used. Overexpression of STIMIAERM, cloned into an
adenoviral vector under a CMV promoter, affected calcium dynamics following oxytocin

stimulation. Similar to responses obtained from TRPC1and/or TRPC4 knockdowns.
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Fig. 5.10. Specific TRPCl, TRPC4 and TRPCI plus TRPC4 knockdown induces a
specific inhibition of oxytocin-stimulated SRCE in UtSMC (left) and PHMI (middle)
cells while displaying a lack of effect on thapsigargin- and OAG-stimulated SRCE. (A)
SRCE induced by 100 nM oxytocin in cells infected for >72 h with a control shRNA
targeting Renilla-luciferase (Rnllash, blue lines) or adenovirus expressing TClsh (green
lines), TC4sh (red lines), or TRPCI plus TRPC4 shRNAs (TCl+4sh, pink lines). SRCE
induced by either (B) 100 nM thapsigargin and (C) 100 pM OAG (n=10-35 cells). Right:
Mean changes in [Ca™Jj resulting from addition of 1 mM extracellular G2 (SRCE) in
both UtSMC and PHMI cells, calculated as area under the curve (integrated area) and
peak height (initial calcium entry). Data are presented as mean + S.E.M. (n=6 for
oxytocin; n=8 for thapsigargin; n=12 for OAQG); significant differences between groups
(p<0.05), as analyzed by one-way ANOVA and Tukey’s test, are indicated by different

lowercase letters.
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STIMIAERM overexpression produeed a significant decrease in SRCE elicited by
oxytocin following extracellular Ca™ administration (Fig. 5.11 A). Effects observed were
70% and 61% inhibition ofthe [Ca™Ji transient area and peak height, respectively when
compared to those of control.

Further identification of potential additional roles for STIMI on SRCE in the
human myometrium was studied using thapsigargin to inhibit the endoplasmic reticulum
Ca -ATPase pump and deplete this store. Fluman myometrial cells expressing
STIMIAERM stimulated with thapsigargin displayed an increase in [Ca™]j in the absence
of extracellular Ca™ (Fig. 5.1 IB). However, in contrast to the lack of effect of TRPCI
and TRPC4 on thapsigargin-stimulated calcium entry, a significant decrease in SRCE
was observed after addition of extracellular Ca™ in cells expressing the dominant
negative STIMI1 (Fig. 5.11B). STIMIAERM induced a 45% and 57% inhibition of the
[Ca ] transient area and peak height, respectively. These data suggest that STIM1 is
involved in regulating intracellular Ca™ dynamics after store-depletion through the action
of thapsigargin.

Interestingly, stimulation of human myometrial cells expressing STIMIAERM with
OAG in the presence of extracellular Ca™ also induced an apparent inhibition in SRCE
(Fig. 5.11C). A 32% and 57% inhibition ofthe [Ca™VJj transient peak height and area are
observed, respectively. Together, these data suggest that STIMI may regulate [Ca™]i

dynamics via pathways in addition to those involving TRPCI and/or TRPC4.
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Fig. 5.11. STIMIAERM significantly inhibits oxytocin and thapsigargin signal-regulated
calcium entry (SRCE) while also inducing an apparent decrease in OAG-SRCE in
UtSMC cells. Left. SRCE induced by (A) 100 nM oxytocin (B) 100 nM thapsigargin and
(C) 100 pM OAG (n=10-15 cells), in UtSMC cells infected with either control
adenovirus (Rnllash, solid line), adenovirus expressing STIMAERM (dotted line) for >72
h (10-15 cells per experiment). Right. Mean = S.E.M. of changes in [Ca™Ji resulting
from addition of 1 mM extracellular Ca™ (SRCE), calculated as area under the curve
(integrated area) and by peak height (initial calcium entry). Data are presented as mean +
S.E.M. (n=5 for oxytocin; n=7 for thapsigargin; n=2 for OAG) and were analyzed by t-
test. In all cases, significant differences from Rnllash (p<0.05) are Indicated by an

asterisk (¥*).
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5.3 Discussion

TRPC4 and TRPCI are the two most abundant TRPC mRNAs in the human
myometrium. Overexpression studies have been widely used for determination of the
roles of TRPCs in intracellular Ca™ dynamics. Potential risks arise from these types of
studies, as the endogenous TRPC channels may be altered by the ectopic expression of a
particular TRPC. Thus, our studies are centered on the effects that the individual TRPCI
and TRPC4 knockdowns had on SRCE mechanisms in human myometrial cells. Since
these proteins are suggested to interact and form heterotetramers, the combined TRPCI
plus TRPC4 knockdown was also studied.

Based on a reporter assay screen, one shRNA was selected per respective TRPC
protein to construct the TClsh and TC4sh adenoviral expression vectors. Tandem
expression of TRPC4-shRNA constructs under a CMV promoter proved effective at
inducing stronger knockdowns than those observed by the single expression of the
TRPC4-shRNA by either the U6 or CMV promoter. Additionally, levels of other TRPCs
remained unchanged. Thus, adenoviral vectors Rnllash, TClsh, TC4sh, and TCl+4sh,
targeting knockdown of Renilla-luciferase (control), TRPCI, TRPC4 and TRPCI plus
TRPC4, respectively, allowed use of a single adenovirus for infection of myometrial cells
to achieve knockdown of multiple TRPCs, thus maintaining cell viability to a maximum.

Expression of TClsh, TC4sh and TCl+4sh constructs proved effective at inducing
significant decreases in mRNAs for their respective TRPCs. Furthermore, TRPC4
mRNA levels were unaffected by the TRPCI knockdown. In the same fashion, TRPCI

mRNA levels did not display strong changes after a TRPC4 knockdown.
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Controversy exists on the specifie role of TRPCl and whether it is a
multifunetional protein possessing eell-type specific roles (20). This controversy has
arisen mostly as a result of data obtained in overexpression studies, thus not providing
much insight into the actions of endogenous TRPCl-containing channels [15]. Analyses
of endogenous TRPCI via use of antisense DNA targeting TRPCI reveal attenuation of
store-operated Ca entry in a variety of cell lines [1;3].

TRPCl and TRPC4 predominate in myometrial cells. Due to the potential for
TRPCI to interact with TRPC4 in channel formation, several studies have looked at the
effects resulting from the knockdown of either protein on intracellular Ca™ dynamics.
Some studies link TRPCI and TRPC4 to activation via thapsigargin-stimulated Ca™
entry [16]. For instance, antisense DNA targeted against TRPCl and TRPC4 reduced
these protein levels and inhibited basal channel currents that were enhanced by
thapsigargin [2].

In human myometrial cells, specific TRPCl knockdown induced a significant
inhibition in the oxytocin-stimulated Ca™ entry. In accordance with studies performed in
Chapter 4, a similar oxytocin-stimulated SRCE inhibition was observed with reduction in
TRPC4 mRNA. Another shared feature between TRPCI and TRPC4 appears to be the
lack of an effect on both thapsigargin- and OAG-stimulated SRCE. Thus, these data
suggest that both TRPCl and TRPC4 are specifically involved in G protein-coupled
receptor-stimulated calcium entry. Interestingly, the combined knockdown of TRPCI
plus TRPC4 displayed was no more effective in inhibiting oxytocin-SRCE than responses
obtained from single TRPCI or TRPC4 knockdowns. Similarly, no changes in

thapsigargin- or OAG-stimulated Ca™ entry were observed between single or double
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knockdowns of these TRPCs. Levels of other TRPCs resulting from these knockdowns
could be analyzed to ensure that knockdown of TRPCI, TRPC4 or their combination do
not induce changes in any other TRPC. Such an effect was observed in A7r5 vaseular
smooth muscle cells, where TRPCI knoekdown was accompanied by an increase in
TRPC6 mRNA and protein levels as well as an increase in CPA-(a reversible SERCA-
pump inhibitor) induced Ca™ entry [17],

TRPCI is suggested to form homo- or heterotetramers in different eombinations
with other TRPCs [8;15;18-22]. Since TRPCI may be a key faetor for heterotetramer
formation, it may modify TRPC channels, giving them unique characteristics [1;23],
which may be determined by the different signalplexes formed as a result of the subunit
composition of a specific TRPC channel. Another protein involved in the regulation of
TRPC channels is STIMI. This ER-Ca™ sensor is suggested to modify TRPC ehannel
activity in response to different stimuli.

The study of the effeet of STIMI on SRCE in the human myometrium was
achieved through overexpression of the dominant negative STIMI, namely
STIMIAERM. In contrast to the effeets obtained by knockdown of TRPCs in the present
study, STIMI AERM indueed a signifieant inhibition in oxytoein-, thapsigargin-, and
OAG-stimulated Ca™" entry.

In agreement with our results, Abdullaev, et. al. [24] show that knockdown of
either TRPCl or TRPC4 in endothelial cells had no effects on thapsigargin-stimulated
SRCE nor on I(CRAC). However, no studies were performed to test the roles of these
TRPCs upon any other type of stimulation. Furthermore, knoekdown of either STIMI or

Orail abolished thapsigargin-stimulated Ca™" entry.
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Other studies conducted in HEK293 cells suggested that STIMI1/Orai signaling
and TRPC signaling occur in different plasma membrane domains. TRPC channel
activity was linked to mechanisms dependent on phospholipase C without involvement of
STIMI [25],

It is interesting to note that similar experiments in different systems of study
render quite different results. For instance, contrary to the study found by Abdullaev, et.
al.[24], shRNAs targeted for the single knockdown of TRPCI or TRPC4 in mesangial
cells induced a significant decrease in the thapsigargin-induced membrane currents to the
same extent as that presented by the double knockdown of TRPC 1 plus TRPC4 [26]. In
this same study, RNAIi silencing of STIMI significantly reduced this same type of SRCE
mechanism.

Other studies in our laboratory analyzed the role of another relatively abundant
TRPC isoform, namely TRPC6, via RNAi. These studies suggest that TRPC6 is
exclusively involved in OAG-mediated Ca™ entry [13]. Due to the inhibitory effect
induced by STIMAERM on OAG-stimulated SRCE, it would be of interest to study the
effect that the other TRPC knockdown combinations would have along with the study of
STIMI. This would help elucidate if the responses obtained by STIMI AERM are due to
the lack of STIMI regulation on channels such as TRPCIl, TRPC4 and TRPC6, or if the
TRPC channels created work independently of STIMI. We cannot rule out the
possibility that the inhibition in SRCE observed in these studies may be due to the
overexpression of STIMI AERM, which even though it is a dominant negative form of

STIM, it could still affect formation of endogenous TRPC channels.

128



A similar study to that proposed above was performed by Potier et. al. [27] which
showed that in vascular smooth muscle cells, single knockdown of TRPCI, TRPC4 or
TRPC6 as well as the combined knockdown of these TRPCs displayed no effects on
thapsigargin-stimulated SRCE. However, knockdown of STIMI significantly diminished
the response to thapsigargin.

TRPCl and TRPC4 channels have different properties in different systems,
probably because the composition of endogenous channels is dependent upon the nature
of isoforms expressed in a cell-specific pattern. For instance, study of TRPC4 plus
TRPCI1 double knockdown has previously been achieved in rat skeletal muscle [2],
resulting in inhibition of thapsigargin-stimulated currents. These contradictory roles for
TRPCI1 and TRPC4 could be explained by the different TRPC profiles potentially found
in each system. For example, as mentioned previously, human myometrial cells
displayed a very different TRPC mRNA profile (TRPC4> TRPC1> TRPC6> TRPC3>
TRPC5> TRPC7) to that found in rat myometrium (TRPC4» TRPC6> TRPCI1>
TRPC5> TRPC7> TRPC2; no TRPC3 expressed) [28;29].

TRPCIl and TRPC4, the two most abundant TRPCs in the human myometrium,
share a similar role in the regulation of [Ca™VJj resulting from activation of G protein-
coupled receptors. TRPC6, the next most abundant TRPC in the human myometrium,
allows for regulation in [Ca™ji following OAG stimulation. The changes in [Ca™yj
dynamics induced by STIMIAERM in response to all three types of stimulations tested
may suggest that STIMI could be required for TRPC1:TRPC4 heterotetramer channels to
function in response to G protein-coupled receptor activation. In a similar fashion, since

TRPC6 knockdown displays an inhibition in OAG-stimulated SRCE in human
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myometrial cells [13], TRPC6 may also require an interaction with STIMI for its

activation in response to OAG stimulation. SRCE induced after store depletion by

thapsigargin stimulation may occur through a required STIMI interaction with Orai

proteins. Together, these data suggest that the [Ca™Yji dynamics resulting in response to

different stimuli in the human myometrium may be finely tuned by the specific

expression and potential interactions occurring among TRPCs and STIMI proteins.
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CHAPTER 6

Conclusions and Future Directions

Myometrial smooth muscle contractions are achieved by increases in [Ca ], The
canonical type of transient receptor potential (TRPC) channels have been identified as
potential candidates involved on signal-regulated Ca™ entry (SRCE) mechanisms in
human myometrial cells. The human myometrium expresses TRPC4 and TRPCI
mRNAs in greatest abundance. In response to stretch, human pregnant myometrial cells
exhibit an increase in TRPC3 and TRPC4 mRNA, TRPC3 protein expression, and
cyclopiazonic acid-induced store depletion [1]. Interleukin-Ip specifically upregulated
TRPC3 protein expression in myometrial cells without influencing TRPC3 mRNA and
had no effect of TRPC4 mRNA or protein [2].

Significant increases in myometrial TRPC6 and TRPC7 mRNAs and TRPC3,
TRPC4 and TRPC6 proteins have been reported in human myometrial term at labor
eompared to term not in labor samples [2]. In another study, a specific decrease in
TRPC4 mRNA, but not protein was observed with the onset of labor

in human fundal myometrium, with no changes in TRPCI, TRPC3 and
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TRPC6 mRNA or protein [3], The basis for the discrepancies between these studies and
for the lack of correlation between changes in TRPC mRNA and protein are still
unknown.

The main objective of this project was to determine the role of TRPCI and
TRPC4 on SRCE mechanisms after stimulation of G protein-coupled receptors via
uterine contractants such as oxytocin, inhibition of the SERCA-pump via thapsigargin,
and OAG, a cell-permeable form of diacylglycerol. Since TRPC overexpression risks
alteration of endogenous TRPC channels, shRNA constructs were designed that
significantly decreased TRPCl and TRPC4 mRNA levels.  Additionally, since
myometrial cells used for these studies have proven difficult to transfect, adenoviral
vectors were produced for the expression of each shRNA. These shRNA constructs were
expressed from either a U6 promoter or through their tandem expression under a CMV
promoter. This tandem expression was especially helpful for the induction of'a combined
TRPCl plus TRPC4 knockdown in myometrial cells. TRPCI- and TRPC4-shRNAs
induced a specific and significant knockdown in their respective TRPC mRNAs. TRPC4
protein levels were also significantly reduced after TRPC4 knockdown when shRNAs
were expressed under a U6 promoter. TRPCI protein is reduced using the tandem
TRPCI shRNA system (D. Murtazina, unpublished results). Protein levels obtained after
TRPC4 and TRPCI plus TRPC4 knockdown still remain to be determined. The TRPC4
antibodies currently in the market are of poor quality.

Calcium imaging experiments revealed that TRPCl and TRPC4 are specifically
involved in G protein-coupled receptor-stimulated SRCE, as neither TRPCl nor TRPC4

knockdown showed changes in thapsigargin- or OAG-stimulated Ca™ entry.
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Interestingly, the combined TRPCI plus TRPC4 knockdown displayed similar regulation
of [Ca™]i dynamics as those obtained by the single TRPCl or TRPC4 knockdown.

Since TRPC1 and TRPC4 are the most abundant TRPCs in the myometrium,
there is a significant possibility that some endogenous TRPC heterotetramers include
these two proteins. Due to the similar responses obtained after a TRPCl or TRPC4
knockdown, it is possible that these TRPCs require each other for heterotetramer
formation and function. This idea might explain the weak increase in oxytocin-SRCE
observed after TRPC4 overexpression in human myometrial cells. Future experiments
analyzing TRPCI overexpression may show a similar lack of increase in [Ca™VJi after G
protein-coupled receptor stimulation as those observed with a TRPC4 overexpression
system. No significant changes would be expected from TRPCI overexpression, as some
studies suggest that TRPC1 may require TRPC4 for TRPC1’s translocation to the plasma
membrane [4;5]. On the other hand, overexpression of both TRPCI plus TRPC4 could
potentially result in a significant increase in [Ca™]i after G protein-coupled receptor
stimulation due to the ability of these proteins to come together in the right stoichiometry
to forming functional channels in the human myometrium.

In the present study, OAG-mediated SRCE, which we have previously shown to
be protein kinase C-independent [6], was not significantly affected by TRPCI or TRPC4
knockdown. In contrast, TRPC4 knockdown attenuated OAG-stimulated Ba™ entry in
HEK-293 cells [7]. Other studies have shown a negative regulatory effect of
diacylglycerol on overexpressed TRPC4 and TRPCS activation mediated by protein
kinase C in DT40 B-cells [8]. In myometrial cells, TRPC4 may not be a major

contributor to the overall OAG response if OAG exerts an inhibitory effect.
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Other studies in our laboratory identified TRPC6 as an important player in OAG-
mediated SRCE but not GPCR- or store depletion-mediated SRCE [9], OAG-mediated
SRCE is sensitive to VOC inhibition by nifedipine and requires extracellular Na”,
suggesting that TRPC6 carried predominantly Na” and increased intracellular Ca™ as a
result of membrane depolarization and activation of VOC channels [9]. Interestingly,
neither GPCR- nor store depletion-mediated SRCE were sensitive to nifedipine or
removal of extracellular Na”* in human myometrial cells. Further TRPC knockdown
studies could be performed using the tandem shRNA constructs expressing different
combinations of TRPCI, TRPC4 and TRPC6 shRNAs. These combined knockdown
studies could help identify the relationships and/or interdependence existing among these
TRPCs for the control of intracellular Ca™ dynamics.

Since STIMI has been suggested as a potential direct regulator of TRPCI and
TRPC4 channel activity, a STIMAERM construct was used. This dominant negative
form of STIMI is unable to interact with TRPC proteins.  Overexpression of
STIMIAERM induced significant decreases in oxytocin-, thapsigargin- and OAG-
stimulated Ca™ entry. This observation suggests that STIMI may require interaction
with TRPCs for regulation of Ca™ influx in response to at least some of the SRCE
stimulants studied. However, the possibility that STIMI AERM overexpression affected
the native channel assembly cannot be discarded. STIMI and Orail, predominantly
endoplasmic reticulum and plasma membrane proteins, respectively, have been
implicated in the Ca™ entry response to endoplasmic reticulum store depletion resulting

from Ca"™"-ATPase inhibition (Fig. 6.1) [10; 11]. Stimulation of SRCE or Ca™" currents by
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STIM: regulation and activation of store-operated
channels (SOCs)

SOCs PM  Orai

TRPC

STIM (ER-Ca 2+sensor)

Allow influx and
refill of intracellular

calcium stores Liao, PNAS 2007

Fig. 6.1. STIMI proteins act as Ca™" sensors in the ER membrane. STIMI regulates and
activates store-operated channels (SOCs) which are important to allow the influx and
refill of intracellular calcium stores. STIMI is suggested to interact with Orai proteins

and/or TRPC proteins to regulate the function ofthese channels as potential SOCs.

some, but not all, GPCRs has been reported to be attenuated by STIMI knockdown
or by STIMI dominant negative expression [11;12]. Overexpression studies indicate that
TRPCI, 4, and 5 can physically interact with STIM1 whereas TRPC3, 6, and 7 do not do
so [13;14]. Other studies implicate Orail as a binding partner of TRPC3 and TRPC6
channels [15]. In this case, the STIM/Orai interaction stimulated by decreases in Ca™
stores has been postulated to decrease the Orai/TPRC interaction and promote TRPC
activation. The involvement of STIM was studied in Chapter 5. However, the role of
Orai in GPCR-stimulated SRCE in myometrium remains to be explored, but the lack of

an effect of TRPCI and/or TRPC4 knockdown on thapsigargin-stimulated SRCE
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suggests that any potential TRPCl and/or TRPC4 interaction with STIM1 would not
contribute markedly to this effect.

Evidence for a separate Ca entry pathway involving intracellular phospholipase
A2 activation by a calcium influx factor (GIF) generated in response to release of Ca™
from intracellular stores has been reported [16]. Although the current studies do not
directly address this pathway, the lack of effect of TRPC1 and TRPC4 knockdown on
thapsigargin-mediated SRCE suggests that this mechanism is not a major component of
the GPCR response in myometrial cells.

One possible mechanism for the regulation of TRPCl and TRPC4 in the human
myometrial cells might involve the formation of TRPC1-TRPC4 heterotetramers as a
requirement for the formation of a functional channel. A signalplex could then be formed
by STIMI binding to TRPCI, aiding in its regulation (Fig. 6.2). On the other hand, P-
catenin has been identified as a regulator of TRPC4-mediated Ca""-signaling [17]. P-
catenin has been shown to promote TRPC4 plasma membrane targeting and a cell
adhesion-dependent increase in agonist-induced Ca™ signaling [17]. Regulation of P-
catenin occurs via glycogen synthase kinase-3 beta (GSK-3P), a kinase involved in
several cellular pathways such as cell division, cell adhesion and gene expression among
many others [18]. Interestingly, GSK-3P interaction protein (GSKIP) has recently been
identified as an A-kinase anchoring protein (AKAP) [19]. GSKIP directly interacts with
PKA and GSK-3P, providing a mechanism for the integration of PKA-mediated
inactivation of GSK-3p.

This potential pathway could be involved in a contraction-relaxation mechanism

in which a relaxant such as the hormone relaxin activates G,,s pathways, thus inducing the
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Fig. 6.2. Potential mechanism for the regulation of TRPCl and TRPC4 in human
myometrial cells. TRPCI and TRPC4 protein expression allow formation of
TRPCL:TRPC4 heterotetramers. This assembly of the TRPClI and TRPC4 proteins
serves as a requirement for the formation of a functional channel. A signalplex could
then be formed by STIMI binding to TRPCI. This interaction may aid in the regulation
of TRPCI:TRPC4 heterotetramer channels in response to G protein-coupled receptor

activation to induce SRCE in human myometrium.

production of cAMP. Increases in cAMP production result in the activation of PKA
which allows for the activation or stimulation of relaxant pathways [20]. As the
activation effects by PKA take place, PKA is able to bind to GSKIP. GSK-3p, also

bound to GSKIP, is phosphorylated and inactivated by PKA [19]. This inactivation
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prevents GSK-3p from phosphorylating and inactivating p -catenin [21], This allows P -
catenin to target TRPC4 to the plasma membrane and thus form functional
heterotetramers along with TRPCl. The TRPCI-TRPC4 heterotetramer allows Ca™
influx, inducing increase in [Ca™Jj in response to a G protein-coupled receptor stimulus,
which in turn activates the contractile machinery. TRPCI ensures binding with STIMI,
allowing for proper refilling of the intracellular Ca™ stores which are vital for continued
contractile activity (Fig. 6.3).

The present studies provide insights that may be helpful in dealing with the
problem of preterm births. Premature birth is currently one of the greatest health
problems worldwide contributing to about 75% of all perinatal deaths [22]. Furthermore,
the rate of premature births in the U.S.A. has increased by a rate of approximately 20%
from 1990 to 2005 (Fig. 6.4). The reported annual societal economic cost of preterm
births in the U.S.A. in 2005 was of at least $26.2 billion [23]. Understanding the
mechanisms governing the control of the contraction-relaxation mechanisms occurring in
the human myometrium will aid in targeting effective treatment options for preterm
labor.

The genomic and non-genomic actions of progesterone are thought to promote
myometrial relaxation, making progesterone largely responsible for the maintenance of
pregnancy [24;25]. In lower mammals, the onset of labor has been closely associated
with mechanisms resulting in progesterone withdrawal along with a rise in estradiol
levels. However, levels of both progesterone and estradiol remain stable in primates[25].
Efforts to determine the pathways involved in the transformation of the myometrium

from a quiescent tissue to a highly contractile and excitable state involves array-based
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Fig. 6.3. Potential pathway for regulation of the contraction-relaxation mechanism in the human myometrium. (Left) A
relaxant hormone induces Gas activation leading to the production of cAMP which in turn results in the stimulation of relaxant
pathways through activation of PKA. PKA binds GSKIP. GSK-3p, also bound to GSKIP, is phosphorylated and inactivated
by PKA preventing GSK-3P from phosphorylating and inactivating P -catenin. p -catenin then targets TRPC4 to the plasma
membrane to form functional heterotetramers along with TRPCl. The TRPCI-TRPC4 heterotetramer allows Cx"* influx,
inducing increase in [Ca [i in response to a G protein-coupled receptor stimulus, which in turn activates the contractile
machinery. TRPCI ensures binding with STIMI, allowing for proper refilling of the intracellular Ca™ stores which are vital
for continued contractile activity. (Right) Absence of a relaxation stimulus leads to GSK-3P activation and further p -catenin
degradation. Lack of P -catenin regulation prevents TRPC4 from translocating to the plasma membrane allowing formation of
nonfunctional TRPC1 homotetramers to form in the plasma membrane preventing SRCE, in response to a contractant signal
activating G protein-coupled receptors, to occur. This system could potentially ensure a fine-tuning mechanism of the

contraction-relaxation pathway.
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studies. These studies suggest that activation of an inflammatory response has a causal
relationship to the induction of a functional progesterone withdrawal [25], Common
agents used for the treatment of preterm labor involve selective p2-adrenoceptor agonists
to induce activation of protein kinase-A (PKA) through cAMP production. Atosiban, a
competitive inhibitor of the oxytocin receptor, prevents increases in [Ca™]i in a reversible
manner, making it a good candidate for treatment of preterm labor [26]. Calcium channel
antagonists, such as the L-type channel blockers nifedipine and verapamil, have also been
considered for the prevention of preterm labor [27;28]. However, as with many other
agents, adverse side effects to both the mother and fetus have to be considered as many
other contractant signals activated by these channels are still required.

Stretch signals activate the contraction-relaxation pathways inducing phasic
contractions of the myometrium [29]. Fine tuning of the contractile pathway involves
activation of different SRCE mechanisms, such as GPCR-activation to allow Ca™ entry
from the extracellular space as well as the refilling of the intracellular G¥""* stores for the
proper continuation of contractions [30]. The lack of effect of nifedipine on SRCE in
response to oxytocin stimulation as well as that induced by store depletion suggests that
other channels, rather than voltage-operated channels, may be involved [29]. The TRPC
knockdown studies presented here show a relevant link of these TRPC channels with the
regulation of [Ca™], dynamics in human myometrial cells and thus the potential
regulation of myometrial contractions during labor.

This work increases our understanding of the regulation of Ca™ dynamics in
myometrial cells and points to a specific role for TRPCI and TRPC4 in GPCR-regulated

myometrial Ca dynamics. The data suggest that this contribution, in addition to the
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important role in Ca’" homeostasis played by voltage-operated channels and the
influences of Ca™ pumps, exchangers and potassium channels, provide the myometrium
with the ability to respond in specific and precise ways to influences in its environment,

both during pregnancy and at the time of parturition.

Premature births in USA increased
20% between 1990 and 2005

Figure 5. Percentage of preterm births; United
States, 1990, 2004, and 2005

Percentage

1990 2004 2005
Year

on pr««mnary data
SOURCE CDC/NCHS National W al Statistics System

In 2005, premature birth cost the US $26.2 billion (Inst. Med., 2006)

Fig. 6.4. The incidence of premature births increased by around 20% from 1990 to 2005
in the United States. Several emotional and physical hurdles can arise due to premature
births to both mother and baby. Additionally, premature births carry a high economic
cost. In 2005 alone, premature births had a reported societal economic annual cost of

$26.2 billion in the United States.
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