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ABSTRACT
LUCIA SEMINARIO VIDAL: Mechanisms of ATP release in airwagithelial cells
(Under the direction of Eduardo R. Lazarowski, Ph.D.)

The mucociliary clearance (MCC) process that removes foreigiclpa and pathogens is
the primary innate defense mechanism in the airways. Major comgooeMCC, i.e., ion
transport, mucin secretion, and ciliary beat frequency, are tedig extracellular ATP and
adenosine, acting on cell surface purinergic receptors. Given te®lgigycal importance of
purinergic regulation of MCC activities, the objective of this @itdion was to elucidate
signaling elements and pathways relevant for ATP release fromyagpithelial cells.

The protease-activated receptor (PAR) agonist thrombin eligitegpid CA"-dependent
release of ATP. In contrast, the P2Mceptor agonist UTP caused negligible ATP release,
despite promoting a robust €aresponse. Thrombin-elicited ATP release was associated
with Rho activation, was accompanied by enhanced cellular uptakieeofiemichannel
fluorescence probe propidium iodide in a@Eand Rho kinase-dependent manner, and was
inhibited by connexin/pannexin hemichannel blockers. These studies sugbastédombin
promotes ATP release from airway epithelial cells via Rima+ C&*-dependent activation of
connexin/pannexin hemichannels.

Similarly to thrombin, hypotonic challenge triggered ATP releasghich was
accompanied by RhoA activation, MLC phosphorylation, and dye uptake. Add&seeand
dye uptake in hypotonic challenge-stimulated cells were indilbmyetransfecting cells with a

dominant negative mutant of RhoA, and by inhibiting or knocking-down pannexin 1.



Transient receptor potential-4 (TRPV4) inhibitors reduced RhoA aictiyadye uptake, and
ATP release. Thus, hypotonic stress-induced ATP release occurfhoadependent
pannexin 1 hemichannel opening, and TRPV4 likely transduces osmotie isti@sRho-

mediated ATP release.

In goblet cells, PAR agonists stimulated the concomitant releaseucins and ATP,
which was dependent on intracellular “Canobilization and cytoskeletal reorganization.
Mucin granules contained ATP, but levels of ADP and AMP within gemnekceeded those
of ATP. Direct release of ADP/AMP from mucin granules likegpresents an important
source of ASL adenosine, promotingpAeceptor-dependent ion/water secretion necessary

for mucin hydration.

In sum, this dissertation suggests a major mechanism for A&&sesfrom non-mucous
cells, i.e., Rho-dependent pannexin 1 opening. These studies also rev@#RIisapromote

Cd*-regulated secretion of ATP/ADP/AMP-rich mucin granules from goblit.ce
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CHAPTER |

Introduction



1. Mucociliary clearance in health and disease

The airway epithelium, with the combined function of mucin-secretingegjaells and
ciliated cells, is responsible for maintaining efficient mucagil clearance (MCC), the
primary innate defense mechanism against inhaled bacteriagsjiraad other noxious

particles (1).

Essential to MCC is the composition and hydration state of theawisurface liquid
(ASL) that lines the airway epithelium. The ASL is composedwaf distinct layers: a
periciliary liquid (PCL) layer and a mucus layer (2-3). The PCL layer ¢éose contact with
the cells and provides a low viscosity solution where cilia beatitééing mucus transport
towards the upper airways (4). The length of the outstretched iodi, 7 uM, defines PCL
height. The mucus layer varies in height from 0.1 uM to 50 uM, acahiposed of mucins,
e.g., MUC5AC and MUCS5B, secreted from goblet cells of the supdrfgpithelia and
submucosal glands (5-6), and is responsible for trapping of inhaledlgmrih\s discussed
below, the hydration state of ASL reflects the balance betwderseZretion and Na
absorption activities (7). Clkecretion is mediated primarily by the cyclic AMP (cAMP)
regulated cystic fibrosis transmembrane conductance reguladR)CCI channel and to
some extent by a calcium-activated chloride channel (CaCC)e viWa absorption is

exclusively mediated by the epithelial sodium channel (ENaC).

The mucus layer actas a fluid reservoir, acceptingr donating liquid to maintain
apposition of the mucus layemer surface with the tips of the cilia. Thus, when liquid is
addedo the airways luminal surface, mucus swells and clearance accel@yat&snversely,
under conditions of relative dehydratiomucus donates water to preserve PCL layer

hydration. In chronic lung diseases, where the airway surfacesneeseverelgehydrated,



the ability of the mucus layer to donate water is exhausthd. HCL layer collapses,
resultingin mucus adhesion and diminished MCC (7). Concentrated mucus plaques and plugs
form, which lead to airway obstruction and serve as a nichafiection, contributing to the
pathogenesis of chronic lung diseases, e.g., cystic fibrosis (G#ina@ and chronic

obstructive pulmonary disease (COPD) (9).

Efficient MCC activities, i.e., ion transport, mucin secretion, ahdrg beat frequency,
are crucial for maintaining healthy lungs. Therefore, itesessary for these activities to be
precisely regulated. This role is fulfilled, at least intphy extracellular nucleosides (i.e.,

adenosine) and nucleotides (e.g., ATP) acting on cell surface purinecgtors.
2. Purinergic receptors in the airways

Extracellular nucleosides/nucleotides accomplish autocrine andripardanctions via
activation ofthree widely distributed families gfurinergic receptorsP2Y receptors (P2Y-
R), P2X receptors (P2X-R), and P1 receptd?2Y-R are G protein-coupled receptors
(GPCRs) activated by uridine and adenine nucleotides, and nucleotdes.sMolecular
cloning and functional studies have identifieight human P2Y-R subtypeB2Y;, P2Y,,
P2Y,, P2Ys, P2Y11, P2Y15, P2Y13 and P2Y4 P2X-Rs comprise seven species (P2X
P2X;) of ligand-gated ion channels selectively activated by ATP. Aifding to P2X-R
induces opening of the channel, allowing cations (e.g., calcium and sddiemier the cell.
The P1 receptor family is constituted by four adenosine-actvaR@Rs: A, Aza Aoy, and
A3 receptors. The agonist selectivity and signaling propeofigsurinergic receptors are
summarized iMable 1.1 As discussed below,4R, P2Y>-R, and P2¥-R are expressed on

airway epithelial cells.



Purinergic signaling on the airway surfaces is modulatedhbyattions of a host of
ectoenzymes that dephosphorylate or transphosphorylate nucleotidestiéatiextracellular
milieu, hence, terminating or modifying purinergic receptor stth. These ectoenzymes
include ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDasesgotidacl
pyrophosphatases/phosphodiesterases (E-NPPs), alkaline phosphataselgofidase (5'-
NT), and the nucleotide converting enzymes nucleoside diphosphokinaseK)NIDE
adenylate kinase (AK) (10-16). E-NTPDases 1 and 3, as welh amidentified E-NPP,
dephosphorylate ATP. Once ATP is metabolized to AMP, the actionsNof &nd alkaline
phosphatase result in adenosine formation. Adenosine levels are lednbgladenosine
deaminase 1 (ADA1) and nucleoside transporters (14, 17). The reactialyzed by airway

nucleotide/nucleoside metabolizing ectoenzymes are descrifadblie 1.2

AR, P2Y,-R, and P2¥-R are expressed on the apical surface of human airway
epithelial cells (10, 18-22), suggesting that adenosine and adenimefunidcleotides are
endogenous modulators of airway functions. Inde®divo andin vitro studies indicate that
adenosine, ATP, UTP, and UDP are present in physiologicallyaet concentrations in
ASL (11, 23-26). Ay-R promotes cAMP-regulated CFTR activity and increasescibaat
frequency (27-28). P2¥YR is the predominant nucleotide-sensing receptor in the airways and
it is activated to a similar extent and equipotently by ATPW@hB (29). P2¥-R activation
promotes mucin secretion, enhanced ciliary beat frequency, inhibifioENaC, and
activation of CaCC (9, 18, 21, 30-35).%Ganediated CaCC responses also occur in response
to P2Ys-R stimulation, but they are smaller than BXR¢fmediated responses, likely

reflecting a less abundant expression of £RYelative to P2¥-R (10, 29).



Of note, P2X%-R has been proposed to promote CaCC activities (36); however, the
physiological relevance of P2X-R expression is not clear, since UTP anéxerted similar
potency and efficacy in the regulation of ion transport and intraaelkalcium mobilization
(18). Furthermore, in P2YR" mouse airway epithelial cells residual ATP-mediated”Ca
responses were minor and not affected by removal of extraceBats arguing against a
major role of P2X-Rs in the control of CaCC activities in thevay epithelia (29, 37).
Figure 1.1lillustrates a model that represents how ASL nucleosides aneotidels regulate

MCC activities.
2.1. Purinergic regulation of ion transport

The notion that purinergic receptors regulate airway epithehalransport, and hence the
hydration state of ASL, derived from studies indicating that AUFP and adenosine
administered to the surface of human airway epithelial cetsnpted Cl secretion and
inhibition of N& absorption (18-19, 38-39). These observations were further supporited by
vivo measurements of nasal transepithelial potential differencespomse to topical UTP or

ATP (40-41).

CFTR is the primary regulator ahloride secretion in airway epithelia. Defective CFTR
activity leads to CF, the most common lethal genetic disease in Caugagidations, which
pathognomonic feature in the lung is ASL depletion. CFTR activitycastrolled by
extracellular adenosine. Adenosine levels within the ASL aréhé 100-400 nM range,
enough to promote AR activation (25), thereby inducing formation of cCAMP and activation
of protein kinase A (PKA) (8, 22, 27-28, 41-42), leading to phosphorylation amdtamst of
CFTR (43-44). The role of endogenous adenosine in ASL hydration regulasobeba

elucidated by studies in well-differentiated primary human brahapithelial (WD-HBE)



cell cultures showing that ASL volume is depleted in the presehcBDA or AR
antagonists. Indeed, PCL height on ADA-treated normal HBE cultlgeseased from ~7
pm to < 4 um, indicating that normal cultures behave as CF aukren Ayx-R activation
is impaired (7, 25). In addition to ,AR/PKA-promoted CFTR phosphorylation and
activation, P2¥-R-induced protein kinase C (PKC) activation enhances CFTR gcfivito
scenarios have been proposed for the effect of,#2¥Yn CFTR: (i) phosphorylation of
CFTR by PKC facilitates subsequent PKA-mediated activationd@5and (i) PKC

enhances apical expression of CFTR due to inhibition of endocytosis (47).

A CFTR-independent chloride channel, CaCC, is also present on tted apiface of
airway epithelial cells, which is activated by%ahence, by P2¥R-activation. Recently,
three independent groups identifietMEM16A, also known as Anol, as a CaCC (48-50).
Bioelectric measurements in mouse tracheas, which display IoWRC&nd high CaCC-
activity relative to those of humans, indicated that TMEM16A Ca@iatedC|™ secretion
is necessary for ASL homeostasis (35). Specifically, newborenT¥6a~ mice displayed ~
60% diminished UTP-promotedaCC activity compared to WT littermates. Furthermore,
Tmem16&~ mice tracheas exhibited intraluminal mucus accumulation, likebgrsary to
diminished CI secretion and depleted ASL volume. Thus, the importance of Ca@€ oali
the fact that it may serve® protect tissues with a defective CFTR, i.e., providing an

alternative routéor CI” secretion.

ENaC is the major contributor to sodium absorption in the airway d&pitleNacC is
constitutively activated by proteolytic cleavage, and it is indtbiby CFTR and P2YR
activation. The identity of the endogenous protease that cleaves BNaiie airway

epithelial cell surface has not been fully elucidated, but prostasirother members of the



channel-activating protein (CAP) family are likely involved (51-:3NaC is inhibited by
CFTR. This concept derived from two main observations (i) GFagirepithelia absorb Na
at two to three times the normal rate, and (ii) stimult tiagse intracellulacAMP further
stimulate the already elevateadte of N& absorption in CF cells (54-55). However, the
molecular basis of CFTR inhibition of ENaC remains to be eludd@®2Y,-R stimulation
promotes ENaC inhibition (56); this inhibition is not mediated b$/@#obilization or PKC
activation but requires depletion of phosphatidylinositol 4, 5-bisphosphig (B4, 57).
The notion that ENaC activity depends onH#¥els is supported by studies indicating that
(i) ATP-promoted inhibition of Naabsorption was suppressed by neomycin, which binds to
PIP, and inhibits PLC-catalyzed RlRydrolysis and by inhibitors of PIP kinase (57) ; (ii) co-
expression of P2¥R anda,fB,y-ENaC inXenopus oocytes resulted in ATP-promoted ENaC
inhibition (57) ; (iii) PIR co-immunoprecipitated with thgsubunit of ENaC (57); and (iv)
the open probability of ENaC increased by binding of, RéRits f-subunit (34). Additional
support to the concept that P2R regulates ENaC activity through Rlgepletion has been

recently provided (58-61).
2.2. Purinergic regulation of mucin secretion

Secretory mucins are stored in granules localized at the apibatlomain of airway
epithelial goblet cells, ready for release vig@agulated exocytosis. Therefore, it has been
suggested that mucin secretion can be stimulated By-r@bilizing GPCRs, e.g.,
leukotriene receptors, and PARs (62-64). However, the major mucietagogues

identified in the airways are ATP and UTP acting on £RY30, 65-67).

In addition to C&-triggered mucin secretion, diacylglycerol (DAG) induces mucin

granule exocytosis by two mechanisms (i) activating the primpratein Muncl13-2 (68), and



(i) activating protein kinase C (PKC) (31, 69-7HKC is a key regulator of the
myristoylated alanine-rich C kinase substrate (MARCKS), lhinds to the membranes of
the mucin granule (73) facilitating its recruitment and insertiothe plasma membrane via

the contractile cytoskeleton (74-75).
2.3. Purinergic regulation of ciliary beat frequency

In normal airways, motile cilia are tightly packed on thdaxg of the epithelium, and
hence, the room required for a single cilium to beat greatlyeelscéhe space between
neighboring cilia. Therefore, a high degree of synchronization dagtwbeating cilia is
required for efficient MCC. The rate of MCC is determinedtlhy ciliary beat frequency
(CBF), which is regulated by changing the phosphorylation sfatiee cilium components
and/or intracellular G4 concentrations (76-77). The strongest extracellular signalsatisat

CBF are extracellular ATP and adenosine, i.e., acting on-R2xhd Ay-R, respectively.

P2Y,-R-promoted CBF is a calcium-dependent process.fRtimulation induces a
peak release of Gafrom inositol 1,4,5-triphosphate (IngFsensitive stores and a sustained
Ccd" influx via plasma membrane €achannels (78-80). The raise in intracellular’Ca
triggers an initial, rapid increase in CBF (81), and the sustaieédi@lux prolongs the
elevation in CBF. It has been proposed that the initial respon€BBfto rising C&' is
caused by a direct action of €an the axoneme, i.e., a detergent-resistant cilium devoid of

membranes.

Azr-R-mediated changes in CBF rely on cAMP formation and PKAvaon (21).
Although the target for PKA phosphorylation that regulates CBFnbaseen identified,
PKA-mediated phosphorylation of axonemal proteins (e.g., dyneindlghih) may regulate

CBF (82-85).



3. ATP release from airway epithelial cells

Realization of the regulatory effects that extracellutacleotides (18, 30, 39) and
nucleosides (86) exert on MCC activities suggested that thesecuted naturally occur
within ASL. Initial evidence supporting this concept emerged fetudies that measured
ATP concentrations in the bathing media of airway epithelialaétures, using the highly
sensitive luciferin/luciferase assay (87-88). These observatieresverified in studies using
samples derived from nasal turbinate lavages (11), bronchoalveolagesavareath
condensates, and sputa (24), and in studies using primary cultures oB& [ReaHs grown
on an air/liquid interface to maintain cilia and a pseudostratégthelial structure, thereby

providing anin vivo-like model (4, 24, 26, 89).

The presence of ATP within ASL, coupled to the realization that&€Pases convert
released ATP to adenosine, suggests a link among nucleotide refestsdolism, and
receptor activation, i.e., extracellular adenosine is an impaeguatator of MCC activities.

A number of studies have tested this hypothesis. Huahgal., combining
electrophysiological measurements with high performance liquidneography (HPLC)
analysis (see below) of ASL purines in Calu-3 cells, alrelthat endogenously expresses
CFTR and lacks ATP receptors, observed that (i) CFTR actsvggnsitive to the adenosine-
degrading enzyme ADA and to inhibitors of the,#R, (i) enhanced ATP release increases
CFTR activity, and (iii) ATP-induced CFTR activity decreaseshe presence of 5’'NT
inhibitors, suggesting that ATP release and metabolism iss&gder generating adenosine

at the cell surface, which acts op,/R, regulating CFTR activity (27).

These observations were further investigated in primary culturdsumian bronchial

epithelial cells. Lazarowsk&t al. noticed that extracellular ATP was metabolized within



seconds within the ASL, as measured by the degradation of exogeaddsty{->P] ATP,
and steady-state ATP levels were found in the 5-20 nM rangeTB&3%e concentrations are
far below the EG value for P2¥-R stimulation, and therefore, it is unlikely that ATP
accumulating on resting airways will promote MCC activittes P2Y,-R activation. In this
context, it was hypothesized that the concerted actions of NTBDalsieh dephosphorylate
ATP and ADP, and 5'NT, which dephosphorylates AMP, result in the foomaif a
sufficient amount of adenosine to promote MCC activities. This hypistiveas validated
using the chloroacetaldehyde derivatization technique, a sensitayefasshe quantification
of adenine-nucleotide and -nucleoside mass. The chloroacetaldelerdatization
technique consists in the quantitative conversion of the adenine riadeabsine and its

nucleotides into fluorescent N6-etheno £)-adenine derivatives, i.es;adenosineg-AMP,
e-ADP, ande-ATP. (g)-adenyl purines are separated by HPLC and readily quantifibd w

nanomolar sensitivity. Using this technique, adenosine levels ongesils were found in
the 180-350 nM range high enough to promotg-RR mediated MCC activities (25).
Furthermore, this study and others demonstrated that adenosine reanomhlbition of

adenosine receptors in WD-HBE cell cultures impaired ASL voluegglation (7, 25).
Collectively, these studies indicate that constitutive reledsAT® results in sufficient
formation of adenosine formation to activate,-R. Thus, Ay-R is the major regulator of

MCC activities in resting airways, whereas BX s relatively inactive.

The observations that (i) mechanical forces acting on epithelialromote robust ATP
release (87-88), and (ii) the airways are continuously expasetyisiological mechanical
stimuli, such as shear stress generated by airflow during liréakhing, suggested thiat

vivo ATP may reach physiological concentrations within the ASLpromote P2¥%-R
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mediated MCC activities. This hypothesis was tested by i a&tral. recapitulatingn vitro

the shear stress associated with breathing (7). The authors cbdbateshear stress
increased ATP release (~ 100 nM) onto the apical surface @apitteelium (but not to the
basolateral side), which was sufficient to regulate ASL volun&. »olume regulation was
sensitive to the ATP metabolizing enzyme apyrase (ATRDP - AMP), suggesting that

invivo extracellular ATP is necessary for ASL homeostasis.

Expression of the uridine nucleotide-activated P2ahd P2¥ receptors on the airway
epithelial cell surface suggested that extracellular UTPitangtoduct of metabolism UDP,
in addition to ATP and adenosine, are important extracellular signadolecules within the
ASL. To investigate whether UTP was released from airvpathedial cells, Lazarowsket
al. developed a method based on the high selectivity of UDP-glucosphmgphorylase for
UTP as a co-substrate for the conversion of glucose-1P to UkBsgl (90). The authors
observations’ that (i) a similar ratio of UTP to ATP was pnésn the cell bathing media
relative to the cell content, and (ii) both ATP and UTP releaseenhanced by mechanical
perturbations, suggests the existence of a common mechanism/pathwaydotiaricelease

from airway epithelial cells.
4. Mechanisms and pathways of nucleotide release

While remarkable progress has been made in understanding how ME@Gohs are
regulated by purinergic receptors, we have only recently bégumderstand how ATP

reaches the airway surface to accomplish extracellular signaling.

In secretory cells, as in neurons and neuro-endocrine ceflsre@milated exocytosis of

ATP containing granules/vesicles is a major mechanism involvéd P release (91-93). In
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cells of non-neuronal origin, such as endothelial or epithelias,c#lere is not a clearly

defined mechanism.

In airway epithelia, the complex cellular composition, i.e.,a@ll cells and mucin
secreting goblet cellsuggests that several mechanisms and pathways are involved in ATP
release. Recent studies from our laboratory and others indicatpdeience of three major
scenarios for nucleotide release, i.e., (i) constitutive relieasevesicles, (i) Ca-regulated
exocytosis of mucin granules, (iii) receptor- and mechanicatlyéed release from non-

mucous cells via connexons/pannexons [discussed below aidpters 111-VI |.
4.1. Constitutive release from vesicles

In the airways, steady-state nucleotide concentrations refléetlance between release
and metabolism. Under resting conditions, ASL ATP concentrationsinarthe low
nanomolar range. However, following addition of ecto-ATPase inhibitogt, ATP levels
increase steadily at a rate of 300-500 fmol/min?c(@5-26). This constant ATP
accumulation, suggested that airway epithelial cells rel&&geis constitutively, i.e., in the

absence of external stimuli.

The fact that UDP-sugars participate in glycosylation rmeastwithin the secretory
pathway suggested that these molecules are released as caggolesalluring the export of
glycoconjugates to the plasma membrane. This concept, coupled tbserwation that in
most cells constitutive ATP release is accompanied by tease of UDP-sugars, suggested
that the secretory pathway participates in the constitutieasel of nucleotides from non-

excitatory cells.
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The vesicular origin of extracellular UDP-sugar species wassaed by correlating UDP-
N-acetylglucosamine (UDP-GIcNAc) transporter expression in the EBV/@&ah the cellular
release of its cognate substrate, i.e., UDP-GIcNAc (94).dUaityeast model system that
exhibits constitutive (but glucose-dependent) release of UDPssagdr ATP, Sesmet al.
demonstrated that yeast mutants that lack the ER/Golgi-redii2RtGIcNAc transporter
Yead displayed impaired UDP-GIcNACc release. Yea4-defficeells complemented with
Yead4 showed UDP-GIcNAc release rates similar to wild tgeds. Furthermore, by
overexpressing HFRC1, a human Golgi-resident UDP-GIcNAc/UMBltreator in human
bronchial epithelial6HBE140 cells, the authors observed enhanced apical release of UDP-
GIcNAc, which correlated with enhanced expression of GIcNAc-congigiycans (94).
The data strongly suggest that Golgi-derived vesicles contributee constitutive release of
nucleotide-sugars from airway epithelial cells. Similar @RJsugar transporters, ATP/AMP
antiporters translocate ATP to the ER and Golgi. Therefore ppaating explanation for
constitutive release of nucleotide-sugars and ATP is thaayt mflect the continuous and
exocytotic release of these cargo molecules during congtitwxport of proteins and

glycoconjugates to the apical plasma membrane.
4.2.Ca**-regulated exocytosis of mucin granules

Evidence from our laboratory and others has recently emerged soggbe notion that
Cd*-dependent release of nucleotides from non-excitatory cells invalmesxocytotic
mechanism. Inhibition of vesicular trafficking between the ER andi®oth brefeldin A, or
depletion of ATP storage granules with bafilomycin éffectively diminished ATP release
in response to various stimuli in numerous cell systems, includingcges, hepatocytes,

epithelial, and endothelial cells (71, 95-98)
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Relevant to airway epithelia, Kreda al. identified subapical electron-translucent
granules that resemble mucin granules of goblet cells in Cadlls3(89). Real-time confocal
microscopic analyses revealed that these subapical granules caempetent for Ca
regulated exocytosis. Immunostaining and slot blot analysis indidhtstd the mucin
MUCS5AC was a major component in these granule$’-@@moted mucin secretion was
accompanied by enhanced ATP release into the apical bath. ThiesioeC& -elicited
ATP release and mucin-granule secretion were similar ardteff by conditions that inhibit
granule exocytosis, suggesting that nucleotides are stored wittlineleased from mucin
granules. Consistent with the possibility that a vesicular/graiAil& pool contributed to
Cd*-stimulated ATP release, bafilomycin, Anarkedly impaired ionomycin-promoted ATP
release from Calu-3 cells. These observations are in good agreementeeimidy proposed
mathematical model predicting that a vesicular pool of ADP/AlEtasine contributes to
ASL adenosine levels (100). Based on these observatimegpter 1V tests the hypothesis
that ATP is released from mucin granules of airway epithgdiblet cells. A corollary of this
hypothesis would be that ATP release, concomitantly with muciets&ty is a mechanism
by which mucin-secreting goblet cells produce paracrine sigoalsucin hydration within

ASL.

4.3.Mechanically- and receptor-triggered nucleotide release from non-ocous cells

via connexons/pannexons

The airways are under continuous exposure to mechanical forceprétmabte MCC
activities. During normal tidal breathing shear stress is itepaoy airflow (101), and it
varies little throughout the branching airway anatomy. Cyclic cesgiwve (transmural)

pressure also contributes to the overall magnitude of cellular sfteess. During each
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breathing cycle, the pressure gradient fluctuates below and aboespderic pressure
(102). In addition, glands secrete their hypotonic content onto airwéces, promoting
transient cell swelling (103). Shear stress, cyclic pressure, and hypobtatienge have been
replicatedin vitro in order to study stress-regulated MCC activities. Shearpassive, and
hypotonic stresses promote robust, non- lytic ATP release from WD-HBE weikch results

in P2Y>-R mediated MCC activities (7, 26, 87-88, 104-105).

In non-mucous lung epithelial cell lines and WD-HBE cell cultuvdsich consist mostly
of ciliated cells, C&-mobilizing agents, such as UTP and the calcium ionophore ionomycin,
promote only minor nucleotide release, relative to ATP releaseesponse to mechanical
stimuli. For example, Tatwat al. observed that ionomycin- and hypotonicity-promoted ATP
release from lung epithelial A549 cells shared similar kisgtiowever, the concentration of
extracellular ATP induced by ionomycin was only a fraction of thedmoted by
hypotonicity (106). Similarly, we observed that UTP and ionomycomuoted negligible
ATP release compared to hypotonic challenge in WD-HBE and A549, cespectively.
Collectively, the data suggest that signals in addition or atteento C&" are involved in

hypotonic stress-induced ATP release.

It is noteworthy to mention that different mechanical stimatingg on airway epithelial
cells share some features between them, but also differ in aspeets. For example, shear
stress acts at the apical cell surface to deform aelkhe direction of flow, transmural
pressure tends to deform cells in all directions (107), and hypotballeiege produces cell
swelling-imparted membrane stretch. In addition, hypotonic stresgesliithe cytosolic

contents (26, 108) and promotes compensatory ion transport. Thus, it isgussildtress-
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specific elements contribute to airway epithelial ATP eand, therefore, caution should

be taken on generalizing conclusions from studies with one type of stress.
Cell-swelling activated anion conductance channels

Most cells react to cellular swelling with the activation aflume-sensitive anion
channels (109), which, coupled to the fact that hypotonicity-induced arelawelling
promotes robust ATP release (110-114), lead to the proposal thageaelactrochemical
outwardly directed ATP gradient (cytosolic concentration of A3B+10 mM, while the
steady-state extracellular ATP is 5-20 nM) facilitatdd®Aelease via volume-sensitive anion

channels.

Three discernible types of anion conductance are known to be attibgteellular
swelling: (i) CIC-2 channels, (ii) the volume-sensitive organimagte-anion channel
(VSOAC; synonyms: VRAC, VSOR) (109), and (iii) a ‘maxi’ large anion conductance.
Although CIC channels are widely expressed in epithelia, anaie crystal structure and
electrophysiological data from CIC channels clearly excludmgation of the large organic

ion ATP through these pores (115).

Whereas the molecular nature of VSOAC remains undefined, it hassbggested that
the maxi-anion conductance is identical to the mitochondrial voltagexdepe anion
conductance (VDAC) channel and is also present at the plasma amen{fh09). In contrast
to CIC channels, the maxi-anion channel shows broad selective conaictdiogving
different small organic anions and osmolytes to pass. Due to the nigtepokarge within
the channel, anions such as ATP and ADP are favored (116-117). Itdraprbposed that
VDAC is present in the plasma membrane as a specificesphidant (pl-VDAC-1) (118).

Consistent with this theory, studies suggested that the man-aonductance VDAC-like
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channel is a plasma membrane ATP-conductive pore in mammary catisg111) and in
macula densa cells (119). Furthermore, hypotonicity-stimulated £elease decreased in
VDAC-1 knockout mouse tissue, and increased when pl-VDAC-1 was ovessgfren
fibroblasts (114). Although these observations suggest a role of VDAKLTh release,
mechanically-induced ATP release continues to be present in teacabef pl-VDAC-1
(114). Furthermore, genomic analysis indicated absence of a pl-VD#ICesvariant in
humans (120). Collectively, these studies indicate that it is unltkaly VDAC acts as an

ATP release pathway in human airway epithelial cells.

The hypothesis that pl-VDAC acts as a maxi-anion channel hais &lso argued by
Sabirovet al. After deleting all known VDAC isoforms in mouse fibroblasts indiviuand
collectively, the authors found that the maxi-anion channel actembained unaltered (120).
Furthermore, single-channel properties, such as anionic perityeahd pore size, differed
significantly between VDAC and the maxi-anion channel, indicatag they are unrelated
proteins (121) Thus, while VDAC is unlikely to mediate ATP aske whether the maxi-

anion channel is an ATP release pathway in the airway epithelia remains tinled.def
CFTR

It was also suggested that the CFTR chloride channel either coAdiRtsr modulates a
related ATP-conductive pore (122-126). This concept derived in parh fmitial
observations suggesting that the multi-drug resistance (MDR) Bggbyein, which like
CFTR is a member of the ATP-binding cassette (ABC) family of tratesgsofunctions as an
ATP channel (127). Despite these initial observations, a number ofsstafisistently have
failed to detect differences in extracellular ATP concemngtiin normal and CFTR-

deficient epithelial tissues. For example, Redtlyl. found that ATP was not conducted
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through CFTR in intact organs, polarized human lung cell lines, ystabhsfected
mammalian cell lines, or planar lipid bilayers reconstituteti @FTR protein (128). Waét

al., carefully controlling for mechanically-induced ATP releaseported that ATP
accumulation on the surface of resting normal human nasal epittelmlwas not affected
after incubating the cells with agents that promoted elevationt@cellular cAMP and
CFTR activation (87). Subsequently, Okadlaal., using cell-attached luciferase to assess
ATP releasan situ, in real-time, demonstrated that ATP concentrations at thesudtice
and ATP release rates were comparable in cell cultures@®rmand normal donors, and that
CFTR inhibition did not affect ATP release from hypotonicaliyasiated WD-HBE cell
cultures (26). Lastly, Lazarowsei al. demonstrated that not only ATP, but also ADP, AMP,
and adenosine concentrations were similar in the ASL from normaCB&mdbnors (25). In
summary, current evidence indicates that CFTR is not involved inateduATP release

from airway epithelial cells.
Connexin and pannexin hemichannels

Connexin and pannexin hemichannels have been proposed as ATP relbasgpat a
broad range of tissues and cell types. Pannexins and connexins shaméar structure of
four transmembrane domains with the amino- and carboxy-termimdimgson the
cytoplasmic sideand two extracellular loops (129Figure 1.2 illustrates the predicted
amino acid sequence and transmembrane structure of pannexin 1. Sixtsstibumi a
hemichannel. Hemichannel assemblies composed of connexin subtmitenown as
connexons, whereas those composed of pannaxénsalled pannexons. Both homomeric
and heteromeric connexons are expressed in different tissuedargimhomomeric

pannexons are found in several cell types; however, naturally wmgruneteromeric
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pannexons have not been described (130). Dependibgtbrsubunit composition and cell
type, connexons or pannexangy be predominantly trafficked to the plasma membrane or

retainedvithin intracellular membrane pools (131).

Some connexons (but not pannexons) are gated by external divalent.dath@ssbeen
postulated that G& induces a conformational change of connexons (132) via direct
interaction with a site in the external portion of the pore (133)hEurtore, it has been
proposed that the &abinding site that accounts for both pore occlusion and blockage of
gating is formed by a ring of 12 aspartate residues (twcyeunit, between the first and
third cysteines of the second extracellular loop) (133). Therefosering extracellular Ga
concentrations is a widely-used maneuver to increase the openpsiatbility of the
connexin hemichannel (134-139). Indeed, most experimentally obtained eviddiveging
that connexins participate in ATP release relies heavily oreffieet of extracellular Ca

concentrations (140-141).

Connexin subunits are the building blocks of gap junctions formed ato$itbsect cell-
cell contact. The apposednnexin hemichannels from adjacent cells readily dock together to
form a transcellular gap junctiahannel. Consistent with their role in metabolic coupling,
gap junction channels are permeable to cytosolic metaboliteadingl ATP. Thus, it has
been speculated that connexons localize at the plasma memlsanengunctional
hemichannels and may form a regulated exit pathway for ATPedhdesing gap junction-
deficient cell lines, Cotrinat al. reported a 5- to 15-fold increase in ATP release after
expressing different connexins (Cx43, Cx32, Cx26) and removing eltlac C&",
suggesting that connexins were involved in ATP release (140). Eoéér using confocal

and electron microscopy studies, confirmed the presence of conhemriithannels in
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astrocytes. In addition, consistent with the notion that connexin hemidbamagermeable

to small molecules, lowering extracellular “Callowed the uptake of small fluid phase
fluorophores, which was blocked by antibodies against connexins (142). Areuigdo
observed that lowering extracellular Ca&oncentrations resulted in increased ATP release
from HBE160 and other cell lines, which was associated with the uptakieeo$mall dye
propidium iodide. In Cx43-expressing C6 glioma or astrocytoma cellB, rklease from a
point source cell was imaged. Light emissions resulting from akdition of a
luciferase/luciferin mixture to the cell culture were obsdrat the single-cell level in real
time. Furthermore, entry of propidium iodide into the cells in the gmotce of light
emission was shown (141). Altogether, these results support the notioroti@exin

hemichannels can be stimulated to open, thus allowing ATP release.

There are, however, several shortcomings in the hypothesisnagxin-mediated ATP
release under physiological conditions. Most studies on connexintetddP release are
based on protocols that remove or diminish extracellular divalemnesa to promote
connexin hemichannel activation, a situation unlikely to be found underopdyisal
[Ca®lex concentrations(140-142). In addition, very large, unphysiological degatiari
protocols (> 80 mV) are necessary for the opening of most connexircheamels (143-
146). While connexons have been shown to be functionally present iraimegpinembrane
and, as predicted from their hypothetical structure, could allowexthef ATP, unequivocal
proof is lacking as to whether they may open and release #ider physiological

conditions.

In contrast to connexons, plasma membrane pannekonst readily assemble into the

plaque-likeensembles that typify gap junctions (147-149). Although initial studoisated
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that functional gap junctiorsuld be formed by overexpression of pannexin Xenopus
oocytes or in human prostate carcinoma cells, no data availgigpers anin vivo role for
pannexin 1 as a componeot physiologically relevant gap junction channels. On the
contrary, studies overexpressing murine or rat pannexin 1 repopatiaéxin 1 is exported
to the cell surface as a glycosylated protein, and that pangbisaosylationprevents the
docking between pannexons on adjacent cells (147, 149). In addition, immunohistathem
and electrophysiological studies indicate that pannexirhigidy expressed in cells that do
not form gap junctions, such as erythrocytes (150). Thus, non-junctional pasmexoprise

the predominant structural state and are presumed to be functional.

Several properties associated with pannexin 1 make this protein aaliagmandidate
for an ATP-releasing channel in airway epithelial cellsmily, pannexin 1 can be activated
(i) by physiological membrane depolarizations (-20 mV to + 20),nalowing enhanced
release of small molecules, including ATP (130, 151-152), (ii) atiplogical [C&']ex
concentrations (151), and (iii) by mechanical perturbations, asatedidy studies in whole
oocytes overexpressing pannexin 1 or excised membrane patchesTies). properties
strongly suggest that pannexins may be physiologically reles@amuctive pores for ATP
release. Studies i@hapter Ill and Chapter V provide further evidence that pannexin 1

mediates ATP release from receptor- and mechanically-activatealyagpithelial cells.
Receptor-promoted ATP release

While it is recognized that mechanical stimuli promote cellddiP release without
involving cell death or damage (26, 87, 105, 153), it is not known how mechangsses

are transduced into biochemical signaling, and hence, delineatiygtematic strategy for
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identifying signaling elements regulating ATP releaseesponse to mechanical stresses in

airway epithelial cells has proven problematic.

A few studies from our and other labs reported that™-@mbilizing GPCR agonists
promote ATP release from astrocytes, endothelial, MDCK, and o#ietypes (95, 154-
156). Thus, to identify mechanistic components upstream of ATP refease airway
epithelial cells, our strategy was to investigate the effect ofteel€SPCR activation on ATP
release. Initially, we performed a systematic screenifgRIR expression in WD-HBE cell
cultures. We verified the expression of apical RPR¢ and identified basolateral protease
activated receptors (PARs), and demonstrated that PAR activasoitsr in robust ATP
release to ASL relative to P2¥R activation. InChapter Il , we discussed the nature of
these observations and defined signaling elements downstream ofh@ARarticipate in

ATP release.
5. Statement of purpose

The series of studies included in this dissertation provide thenfioslel of receptor-
promoted ATP release from airway epithelia. These studiesdasmnstrate that PAR-
elicited ATP release occurs via two mechanisms: 1) pannexin/conmexichannel opening
from non-mucus secreting cells [discussehapter Il |, and 2) mucin granule secretion
from goblet cells [discussed in detail @hapter 1V]. In addition, compelling evidence is
provided indicating that Rho GTPases, and consequently Rho kinase asid fight chain

kinase (MLCK) are key regulators of receptor-induced ATP release WD-HBE cells.

Based on our findings with receptor-activated WD-HBE cellsythe of pannexin 1 and

RhoA signaling was assessed in mechanically-stimulated yaepihelia; these studies are
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discussed irChapter V. Figure 1.3illustrates a model summarizing our current knowledge

about ATP release mechanisms in the airway epithelia.

For studying airway epithelial ATP release mechanismsyé hesed a combination of
techniques, including (1) tissue culture, (2) molecular biology, (3pisadopic- and HPLC-

based assays, (4) bioluminescent assays, (5) immunoblotting, and (6) cantwoatopy.

The knowledge gained from this research has provided novel insigbtgunhergic
regulation of airway epithelial cell functions and, ultimatelyl] wrovide new therapeutic

targets to improve MCC in chronic lung diseases.
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Table 1.1. Purinergic receptors, agonists, and signaling properties.

Agonist (human)

Signaling pathways

Adenosine receptors

A1, Az Adenosine &> |AC/|cCAMP
Aza Agp Adenosine &> AC/cAMP
P2Y receptors
P2Y; ADP G/PLCB > Ca'/PKC
P2Y, ATP =UTP G/PLCB > Ca'/PKC
P2Y, UTP G/PLCB > Ca'/PKC
P2Ys UDP G/PLCB > Ca'/PKC
P2Y1, ATP G/PLCB > C&'/PKC
G: > AC/cAMP
P2Y1, ADP G > |AC/|cAMP
P2Yi3 ADP G > |AC/|cAMP
P2Y14 UDP-glucose &> |AC/|cAMP
P2X receptors
P2X;-P2X; ATP ATP-gated cation channel

24




Table 1.2. Nucleotide/nucleoside metabolizing ectoenzymes, dubies, and reactions in
the human airways.

Reaction Enzymes
ATP -> ADP + Pi NTPDase 1
NTPDase 3
Alkaline phosphatase
ADP > AMP + Pi NTPDase 1
NTPDase 3
Alkaline phosphatase
AMP = ADO + Pi 5-NT
Alkaline phosphatase
ATP-> AMP + PPi E-NPPs
ATP + NDP S NTP + ADP NDPK
ATP + AMP S 2ADP AK
ADO - INO ADA1
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Figure 1.1. Purinergic regulation of MCC activities. In the airways, P2¥R stimulation
by extracellular ATP promotes Gq/PBRCsignaling, which results in DAG and InsP
formation, leading to the activation of PKC and*@aobilization, respectively. In ciliated
cells, P2¥%-R activation results in activation of CaCC, inhibition of the efidhesodium
channel ENaC, and enhanced CBF. The PRYexpressed on goblet cells promote$'Ca
regulatedexocytosis of mucin granules. ATP metabolism results in adend8ib®)
accumulation. Ay-R activation elicits the formation of cAMP and PKA-mediated
phosphorylation and activation of CFTR. CFTR inhibits ENaC by mechanisat are not
well defined.
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Figure 1.2. Predicted amino acid sequence and transmembranemain structure of
human pannexin 1.Red and grey circles indicate predicted sites for N-glycasyland
phosphorylation, respectively.
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Figure 1.3. Model of ATP release mechanisms in airway epitheliahis dissertation
provides new insights into the mechanisms of ATP release fromayiepithelial cells,
demonstrating that (i) pannexin 1 (Panx1) channels act as Addseepathways or pathway
regulators in non-secretory cells, (i) Rho GTPases, Rho kinasemgosin light chain
kinase are key regulators of receptor- and mechanically-indu¢@drélease, and (i) mucin
granules containing ATP, ADP and AMP are competent féf-@mulated exocytosis.
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CHAPTER Il

Assessment of Extracellular ATP Concentrations

Reprinted with kind permission of Springer Science and Business Med@a Seminario-

Vidal, Eduardo R. Lazarowski, Seiko F. Okada. Assessment of ExtdacelATP
Concentrations. In C.D. Douillet, and P.B. Rich (Ed.), Methods in Moledsialogy.
Bioluminescence: second edition. (pp. 25-36). Clifton, NJ. Humana Press. Copyright © 2009
by Springer/Kluwer Academic Publishers. All rights of reproduction of any feserved.



1. Introduction

Extracellular ATP plays important signaling roles by acihgata score of broadly
distributed cell surface purinergic receptors. ATP concentratibritbeacell surface, and
consequently the magnitude of purinergic receptor stimulation, redlewell-controlled

balance between rates of ATP release and extracellular metabolism

Given the physiological importance of purinergic signaling,gheran increased interest
in assessing nucleotide concentrations on the surface of cellstissues, and in
understanding the mechanisms of cellular ATP release. Numeppusaahes have been
developed in recent years to assess extracellular levels Bf & other nucleotides
[reviewed in (157)]. Several factors complicate the accuraasaorement of extracellular
ATP concentrations. For example, it is difficult to assess Adoncentrations in the
physiologically relevant unstirred film covering the cell scefaMoreover, robust ATP
release occurs in response to mechanical stress; thus, expgatimaneuvers (cell wash,
sampling, transporting the cell dishes) often result in atsfaFinally, rapid hydrolysis of

released ATP may compromise the relevance of ATP measurements.

In this chapter, it is discussed the use of the luciferin/ltagtebased reaction to measure
extracellular ATP concentrations with high sensitivity. Protoeoés adapted to assess ATP
levels either in sampled extracellular fluidsioisitu at the cell surface~(g. 2.1). Although
our focus is on studies of ATP release from epithelial cplistocols described here are

applicable to practically all cell types.
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2. Measuring ATP concentrations in sampled fluids: Off-line bioluminescence

detection.

This section describes a protocol that uses the luciferin/lusddrased reaction (see Note
1) to quantify ATP concentrations in samples obtained from cell euttonditioned media.
Briefly, samples are collected gently to minimize unwantechiaug@cal release of ATP, heat-
inactivated to abolish ATPase activities potentially presetitenextracellular solution, and
transported to the dark chamber of a luminometer. The luciferasevinaocktail is added

by an automatic injector, and the resulting luminescence is recdtigenlg 2.1A).

The methodology described here is applicable to ATP measuremeinidsue extracts,

biological fluids, bacterial cultures) vitro enzymatic reactions, etc.
2.1. Materials

All reagents should be of the highest purity available, and maidtdree of bacterial
contamination to avoid ATP degradation. De-ionized water should be uséstapty HPLC
grade water. Use of aerosol-protected tips is strongly reemed to avoid reagent cross-

contamination.
2.1.1. Cell culture

Experiments described in this section were performed with A549 @TCC # CCL-
185) seeded on 24-well multiwell plastic plates (BD Falcon). sCelere grown on
Dulbecco’s modified eagle’s medium (DMEM) with high glucose (@lb supplemented
with 10% fetal bovine serum (FBS), 60 pg/ml (100 I1U/ml) penicitind 100 pg/ml

streptomycin.
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2.1.2. Reagents to stimulate ATP release

In epithelial and endothelial cells, robust ATP release canitpgeted by mechanical
stimuli such as shear stress, stretch, compression, and hypotordcitgd cell swelling (26,
96, 105, 153). Reagents to stimulate ATP release by hypotonic istlesged cell swelling

are as follow:

1) Hypotonic solution: 1.2 mM Cagl1.8 mM MgC}, and25 mM 4-(2-hydroxyethyl)-1-

piperazine ethanesulfonic acid (HEPES), pH 7.4. Store at 4°C.

2) Control (isotonic) solution: 154 mM NaCl (0.9% NaCl solution), 1.2 mM IgalC8 mM

MgCl,, and 25 mM HEPES, pH 7.4. Store at 4°C.
2.1.3. Reagents to inhibit ATP metabolism

Commonly used inhibitors of ecto-nucleotidase activitiesparenethyleneadenosing-5
triphosphate [{,y-metATP), 6N-N-diethyl$,y-dibromomethylene-D-ATP (ARL-67156), and
2-phenyl-1,2-benzisoselenazol-3(2H)-one (ebselen) (26, 71, 95, 105, 156). Levamzole
been used to inhibit alkaline phosphatase activity present on epittel&®l(26). In A549
cell cultures, we obtain maximal inhibition of ATP metabolism lsing a cocktail

containing 300 uM,y-metATP and 30 uM ebselen (Ség. 2.3.
1) Ebselen: 10 mM in dimethyl sulfoxide (DMSO), aliquoted, and stored at -20°C.
2) B,y-metATP: 100 mM in water, aliquoted, and stored at -20°C.

2.1.4. Luminometry reagents

Several commercial brands of luminometers are available. Thecptatescribed below
was adapted for a Berthold AutoLumat luminometer, which is comtto process 180 test

tubes at a time (See Note 2).
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1)

2)

3)

4)

5)

6)

1)

2)

3)

4X LUMI solution: 6.25 mM MgCJ, 0.63 mM ethylenedinitrilotetraacetic acid (EDTA),
75 UM dithiothreitol (DTT), 1mg/ml bovine serum albumin (BSA), andid HEPES,

pH 7.8. Filter and store sterile at 4° C.

Luciferase fromPhotinus pyralis (Sigma, L9506) is dissolved at 0.5 mg/ml in 4X LUMI

solution and stored in 30 pl aliquots at -20° C.

Luciferin (BD PharMingen) is dissolved at 10 mg/ml in waded stored in 100 pl

aliquots, protected from light, at -20° C.

Hank's balanced salt solution (HBSS) supplemented with 1.2 mM,Gadl 1.8 mM
MgCl, (HBSS+). HBSS+ is filtered sterile and stored at 4° C. 25HBWES, pH 7.4, is

added freshly prior to experiments (See Note 3).
Clear 5 ml polystyrene or glass test tubes (e.g., Sarstedt).
ATP stock solution (e.g., 100 mM, GE Healthcare, 27-2056-01) stored at -20° C.
2.2.Methods
2.2.1. Preparation of samples

Grow lung epithelial A549 cells in 24-well plastic plates (acef area of 2 cf until

confluence (See Note 4).

Rinse gently confluent cultures with HBSS+ twice to remove debris and serum

components present in the medium.

Pre-incubate cells in HBSS+ for 1 h at 37 °C and 5% @@ tissue culture incubator.
To minimize unwanted mechanically-induced ATP release duringlsamcell cultures

should be covered sufficiently with media (e.g., 250 pl for one well of a 24pilatd).
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4)

5)

6)

7)

Expose cell cultures to reagents and/or stimuli, as descrildad.ig.3

Collect up to 100 pl of the cell bathing medium into 1.5-ml Eppendorf tplaegd on

ice.
Heat samples for 2 min at 98°C to inactivate potential nucleotidase activities
Store samples at -20°C until bioluminescence measurements.

2.2.2. Quantification of ATP (Figs. 2.2 and 2.8

This protocol assumes the use of a LB953 AutoLumat luminometem(ieriVildbad,

Germany), but can be modified to other luminometers by followirey manufacturer's

instructions.

1)

2)

3)

4)

5)

Prepare the luciferin/luciferase cocktail freshly by adding alrguot of luciferase and
luciferin stock solutions (described in Materials) to 12.5 ml 4XVIL solutions, at room
temperature (RT), protected from light. Final luciferin andferase concentrations in

4X LUMI are 265 pM and 1.2 pg/ml, respectively.

Place the luciferin/luciferase solution in the injector port oflti,kinometer. Prime the

injector line following the manufacturer's instructions.

Prepare an ATP calibration curve (e.g., up to 1000 nM ATP, see Natethe same

solution/media used for incubations with cells.
Add 30 pl of each sample to a 5 ml test tube containing 30QQ1See Note 6).

Transfer the test tubes to the dark chamber of the luminometerraceled with the
luciferin/luciferase injection and bioluminescence recording, asbitrary light units

(ALUs), as instructed by the manufacturer.
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6) Determine ATP concentration in the sample by intersectingpaALU values with the

calibration curve ALU values (See Notes 7 and 8).
Notes
1. Firefly luciferase catalyzes the following reaction:
D-luciferin + ATP + luciferase (Ly> L(luciferyl-adenylate) + pyrophosphate
L(luciferyl-adenylate) + @-> L(oxyluciferin*; AMP) + CO,
L(oxyluciferin*; AMP) = L(oxyluciferin; AMP) + photon
L(oxyluciferin; AMP) - L + oxyluciferin + AMP

2. Many luminometers are configured as micro-plate reademgpl8aolume and luciferase-
luciferin cocktail should be modified to fit the volume of an individwall, following the

manufacturer's instructions.

3. Minimum essential medium (MEM), DMEM, or several other cultomedia (without
serum) are equally effective as HBSS+ and could be used dtearatve in the sample

preparation assay. Avoid using media supplemented with ATP, such as Medium 199.
4. Seeding density of 1 x 18549 cells/well will provide confluent cultures at 24 h.

5. Under the conditions described a linear ATP concentration: lureimescaelationship is
observed in the range of 0.1-1000 nM ATP. This ATP concentration ranges bV

concentrations detected in the bulk extracellular medium of most cell cultures.

6. Media or other saline-based solutions (e.g., 0.9% NaCl or PBS3ircaartions that

interfere with the luciferase reactiokifl. 2.2A and (158-159)], decreasing the sensitivity of
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the assay. Therefore, we recommend using water as the déwggamg to achieve the highest

sensitivity in the assay.

7. The luciferase reaction is inhibited by components present lircudélre media, e.g.,
anions Fig. 2.2B. Moreover, phosphatases and other components present in FBS-
supplemented and hormone-supplemented media (e.g., BEGM or SAGM, Lonza
Walkersville, MD) affect ATP availability for the lucifesa reaction. Alboumin-bound ATP

can be dissociated by heating the sample at 95°C for 2rign2.2B).

8. All test drugs added to the cells should be tested for potengadiergnce with luciferase

activity [Fig. 2.3and (159)].
3. Real-time, cell-surface measurement of extracellular ATP

In this section, we will describe methods for real-time measant of ATP by using cell
surface-bound luciferaserify. 2.1C), and will compare this method with measurements
obtained with soluble luciferas€i. 2.1B). The protocols below are designed for measuring
luminal ATP concentrations on polarized epithelial cells; however, theyssrepplicable to
measuring extracellular ATP concentrations of non-polarizdd gebwn on culture plates.
Cell surface-binding luciferase can be engineered byduariferase to cell surface binding
constructs, e.gSaphylococcus protein A (26, 156, 160), biotin, or lectins, and allows the
assessment of ATP concentrations near the cell surface. Stlegiferase assesses the
average ATP concentrations in the medium (from the cell suttadbe surface of the
bathing solution) and, when used in a small volume, reflects neasgdlice ATP
concentrationsKigs. 2.4 and 2.h For real-time assessment of ATP concentrations, cultures
(either non-polarized or polarized) are placed directly in therlameter [e.g., TD-20/20

(Turner Biosystems)].
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3.1. Materials
3.1.1. Cell culture

Cells can be grown on plastic dishes (for non-polarized cellsjamsWells (for polarized

cells) 3.5 cm or less in diameter.
3.1.2. Luminometry reagents

1) Luciferin (BD PharMingen)

2) Luciferase (Sigma, L9506)

3) Saphylococcus protein A-fused luciferase [SPA-luc; see Note 1 and (26) fafigation

protocols]

4) Buffer: HBSS+ buffered with 10 mM HEPES (HBSS/HEPES). HB$S8n be replaced

with other nutrient-containing solutions (e.g., DMEM, MEM, F12).
3.1.3. Luminometer

Luminometer with a real-time measurement function, e.g., TD-20/20€F,ubunnyvale,

CA).
3.2.Methods

3.2.1. Attachment of Staphylococcus protein A-fused luciferase ($Rluc) to cell

surface(see Note 2)

1) Wash the surface (apical, if polarized cells are usec@lbtultures with phosphate buffered

saline (PBS), 3x.

37



2)

3)

4)

5)

6)

1)

2)

Incubate the (apical) surface with 50 (for cultures of 12 mm diameter) of a blocking
solution [PBS containing 1% BSA (PBS/BSA)] for 30nnon ice. If polarized cells are

used, keep the basolateral surface immersed irumedi

Replace the blocking solution with a solution contey the designated primary antibody
(Note 3). For primary airway epithelial cells, (ul of 10 ug/ml (i.e., 1:300) anti-keratan
sulfate antibody (mouse IgG2b, Chemicon, Temecudg, i€ PBS/BSA. Incubate for 1 h

onice.
Wash 3x with PBS.

Incubate with 0.5 mg/ml purified SPA-luc (Note 1) foh at 4°C in the dark. SPA-luc will

bind to the Fc domain of the antibody attached to the cells, as indicated in 1.3.

Wash carefully 3x with PBS. Replenish the apical surfatle &P assay solution (e.g.,
HBSS/HEPES). Keep cultures in the dark at RT fon80 to equilibrate the extracellular

ATP concentrations.
3.2.2. Measurement of cell surface ATP concentrations using SPA-luc

Place a SPA-luc-bound cell culture in the TurnerZl20, add soluble luciferin (15M
final, to the apical solution for polarized cultsjyeand close the lid. When a Transwell is
used, place it in a chamber (or a dish) containing HBSS/ISE®Eover the basolateral side

(Figs. 2.1B and 2.1 Assays are typically performed at RT (Note 4).

Record baseline luminescence (arbitrary light uAiLU) every minute with 5-10 s
integration time, according to manufacturer's ingtons. Monitor ALU until baseline
luminescence is achieved (see Note 5). Baselinanésoence is usually achieved within 5

to 30 min and represents basal ATP concentratsmes-ig. 2.4).
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3) To assess stimulated ATP release, add stimuli, (@x@rmacological reagents, hypotonic
challenge, etc.) and record the ALU. ALU integration timeeds to be optimized, as well as
the frequency of recording, for each experiment.éx@mple, when airway epithelial cells
are challenged with 33% hypotonicity;® (a half volume of the initial luminal volume) is
added to the luminal solution at t = 0. The ALUaesorded for 5 min; every 0.2 s for the
first minute, then every 10 s (with 4 s integratione) for the next 4 min. A typical time-

course of ATP concentrations is showrrig. 2.5

4) At the end of each assay, an ATP-luminescence relationshlfprétion curve) is
generated to calculate ATP concentrations. Known concentratioA$hfare added to
the luminal liquid in a stepwise manner (e.g., 1 nM added twice, 18dudd twice, then
100 nM added twice - for the accuracy of the calibration curve, addaxh
concentration twice is recommended), and increases in ALUWsdext each time (see

Note 6).
3.2.3. Measurement of cell surface ATP concentrations using soluble Iderase
1) Wash the surface of cultures with PBS, 3x.

2) Add HBSS/HEPES (0.5-1 ml for non-polarized 3.5 cm cultures. Babyefor polarized
cultures- 1 cc and 25-500 pl to luminal and serosal side, respgctveen 12 mm

Transwell is used). Equilibrate the cultures in an incubator (37°C and 5%d&Q h.

3) Add luciferase (~0.8 pg/cmculture surface) and luciferin (150 uM) to the luminal

buffer, and start the measurement as described in Methods 3.2.2.
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Notes

1. SPA-luc fused to a hexa-histidine (6 x His) tag is purifiedr a Nf*-chelating column.
The 6 x His tag is cleaved by Tobacco-Etch virus (TEV) jseeafter purification. For the

detailed purification protocols, see (26).

2. The principle of SPA-luc attachment to cell surface is &wel First, bind an antibody to
cell-surface molecules; next, attach protein A (of SPA-lu¢h¢éoFc domain of the antibody.
It is important to choose an antibody that protein A is capable oingndbr example,

protein A strongly binds to total IgG, 1g6 1gGy, and Ig, but exhibit weak or no binding to

IgG;, which is the most common class of monoclonal antibodies.

3. For primary human airway cells, lectins and monoclonal antibogasst keratan sulfate
or MUCL1 served as SPA-luc attachment molecules (26). For mousé.Béb macrophages,
monoclonal antibodies against CD45.2 or H:2Kajor histocompatibility complex (MHC)
class I; for human platelets, monoclonal antibodies against CD41 ddlafABC served

as SPA-luc attachment molecules (160). For cell types in wimcling an endogenous
antigen on the cell surface for sufficient antibody attachneewlifficult, antigens can be
over-expressed [e.g., CD14 (156)]. However, the effect of antigen ppezssion on ATP

release and metabolism needs to be addressed.

4. Though it is ideal to perform ATP release assays at agibgsial temperature (37°C),
luciferase activity is dramatically decreased above 30°C (B&i)g aware that some ATP
release pathways (e.g. exocytosis) might be suppressed &rgyeratures, assays can be
carried out at RT. It is critical to maintain pH of the gssalution on cells (which contains

luciferin and luciferase) at 7.0 to 7.4 (161) by including 25 mM HEPES (pH 7.4).

40



5. Experimental maneuvers, such as changing and gatidimnal solutions and transferring
Transwells, cause robust ATP release from cellseBa& ATP concentrations are achieved
after such artifactually released ATP is hydrolyze@bgogenous ecto-ATPases, usually within

5 to 30 min of incubation.

6. The sensitivity of luciferin-luciferase reactions may vanyong assays; thus, an ATP-
ALU relationship should be generated for each assay. The end praafutisiferin-
luciferase reaction (e.g., pyrophosphate, oxyluciferin) inhibit thefelase reaction.
However, when sufficient amounts of luciferin and luciferase are includéeé aeginning of

the assay, the assay sensitivity is typically maintained for at leasin3@ncells.
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Figure 2.1. Off-line and real-time approaches to measure extralbelar ATP
concentrations.Extracellular ATP concentrations can be measured by off-linentumetry
of sampled extracellular fluids (A), or on-line luminometry usaither soluble luciferase
dissolved in medium covering the cells (B) or cell-surface lathduciferase (C). ATP
concentrations detected by each method in different volumes are esmpdfigs. 2.4 and

2.5.
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Figure 2.2. Quantification of ATP using luciferin/luciferase. (A) Anions greatly interfere
with the luciferase reaction. Calibration curves of ATP were performed by adding 30 pl of
the indicated ATP concentrations to a 5 ml test tube containing 3080uéHL54 mM NacCl.
Values are the mean + SEM of two separate experiments3n*sndicates significant
difference (p < 0.05) against control,®). (B) Serum components decrease ATP detection.
ATP was diluted at the indicated concentrations FOHHBSS+, MEM, or MEM
supplemented with 10% FBS. A 30 pl aliquot was collected and added tml test tube
containing 300 pl of water. Values are the mean + SEM of twaragpexperiments, n = 4.
(C) Albumin and other serum components affect ATP detection. 100 nM ATP was prepared
in MEM, MEM supplemented with 10% FBS, or MEM supplemented with 4 lgidhan
albumin, and incubated at RT for 10 min. Samples were heated at @8 2Gnin (except
non-heated controls) prior to ATP measurements.
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Figure 2.3. Effect of pharmacological reagents on ATP detectioA, Luciferase activity is

not affected by ATPase inhibitors, but decreases in the presence of some purinoceptor
antagonists. Calibration curves of ATP were performed in HBSS+ alone, or sugpled
with 300 uMB,y-metATP, or 30 uM ebseleinset: 100 nM ATP was prepared in HBSS+
alone, or containing 100 uM pyridoxal-phosphate-6-azophenyl-2',4'-disulfonid a
(PPADS), 100 uM reactive blue 2 (RB2), or 100 uM suramin. Values are the mean + SEM of
three separate experiments, n =B3Effect of ecto-ATPase inhibitors on ATP hydrolysisin
A549 cells. Cells were incubated for the indicated times at 37°C with 300 B$3+
containing 100 nM ATP (vehicle), 100 nM ATP and 300 gMmetATP, 100 nM ATP and

30 uM ebselen, or 100 nM ATP aBd-metATP and ebselen. Samples were collected and
luminescence recorded. Values are the mean = SEM of twoasemxperiments, n = £,
Measurements of extracellular ATP concentrations are underestimated in the absence of
ecto-ATPase inhibitors. A549 cells were incubated at 37°C for 5 min with 300 pl HBSS+ in
the absence (control) or in the presence of 3003yMnetATP and 30 uM ebselen, and
treated for 5 min with isotonic solution (Iso) or 33% hypotonic engé (Hypo). Samples
were collected and luminescence recorded. Values are the m&&M+tof 2 separate
experiments, n = 6.
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Figure 2.4. Basal ATP concentrations on the cell surfac&TP concentrations in varied
luminal volumes on resting human bronchial cells were measuredf-tige luminometry

(as in Fig. 2.1A, grey triangle), or by real-time measuremeft latiferase dissolved in bulk
(as in Fig. 2.1B, open circle), and attached to the cell suf@sen Fig. 2.1 C, solid
diamond). Values are mean + SEM of 4 Transwells/subject estathlisom 3 different
subjects. No major differences in basal ATP concentrations wieserved with these
approaches.
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Figure 2.5. Hypotonicity-induced ATP release.Primary human bronchial epithelial
cultures were exposed to luminal 33% hypotonic challenge at t = Océii¢entrations were
measured by off-line luminometry (A), real-time luminometvigh soluble luciferase (B),
and real-time luminometry with cell surface-attached lucsier@C). Varied luminal volumes
were applied on 12 mm Transwells, as indicated. D: Summary ldettating peak ATP
concentrations as measured by soluble luciferase (open cindegedl-attached luciferase
(solid diamond) in varied luminal volumes. In A-C, values are meaS8EM of 3-4
Transwells/subject established from 3 different subjects. In dilstdutions (100-500 pl),
ATP concentrations measured at the cell surface (C) arerhitdne those measured in bulk
(B) or by sampling (A). However, ATP concentrations in smalunas (25-50 ul) were
similar between cell-attached luciferase detection and soluble hszfeletection (D).
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CHAPTER IlI

Thrombin promotes release of ATP from lung epithelial cells througltoordinated
activation of Rho- and C&*-dependent signaling pathways

This research was originally published in the Journal of Biologilaémistry. Lucia
Seminario-Vidal, Silvia Kreda, Lisa Jones, Wanda O’Neal, JoAnro,TrReichard C.
Boucher, and Eduardo R. Lazarowski. Thrombin promotes release of An® limg
epithelial cells through coordinated activation of Rho- and‘-@ependent signaling
pathways.J Biol Chem 284(31): 20638-20648. Copyright © the American Society for
Biochemistry and Molecular Biology. All rights of reproduction of any forsereed.



1. Introduction

Nucleotides and nucleosides within the airway surface liquidilagg mucociliary
clearance activities, the primary innate defense mechanismethaves foreign particles and
pathogens from the airways (7, 25, 32, 105). ATP activates #fteupled P2¥ receptor
(P2Y>-R) present on the airway epithelial cell surface, promotingnraecretion and ciliary
beat frequency, and inhibiting the epithelial"Maannel (21, 32, 45, 56-57, 61, 162). In
addition, ATP induces activation of CaCC, via B and, possibly, the ATP-gated ion
channel P2X%R (18, 29, 163). Adenosine, generated from the hydrolysis of ATP inyairwa
surface liquid, activates thes@Goupled Ay-R, promoting cyclic AMP-regulated CFTR "Cl
channel activity (164) and increasing cilia beat frequency (&1he distalung, ATP and/or
adenosine (mainly via P2YR and AR, respectively) stimulate type Il cedurfactant
secretion (165), regulate alveolar ion transport and fluid cleard®&, (and contribute to
alveolar remodeling and inflammation (167-168). While it is recoefd that ATP and
adenosine are naturally occurring extracellular signals tegtlate key physiological
components of lung function (15, 25), the origin of these signals irxtrecellular milieu is

poorly understood.

Lung epithelia exhibit a complex cellular composition, and thus, deveehanisms and
pathways likely are involved in the release of nucleotides into aimeays and
bronchoalveolar space. Circumstantial evidence supports the involvemenh cfelsottory
pathways and plasma membrane channels or transporters in the cellularotlaadeotides
from non-excitatory tissues. However, unambiguous evidence forr etbgcular or
conductive/transport mechanisms in the airways and in most non-niestads is lacking.

Moreover, the regulatory processes involved in ATP release is largely unknown (169).
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While most studies with airway- or alveolar-derived epitiedells have relied on the use
of mechanical and/or osmotic stimuli to promote ATP release, biochémignals regulating
ATP release are less well-defined. Recent data suggesATifatrelease in hypotonically-
swollen lung epithelial A549 cells depends on the availability chdefiular C&" (106, 153,
170). However, Cd-mobilizing agents (e.g., ionomycin, UTP) promoted only minor releas
of ATP from these cells, relative to hypotonic shock (106, 170), stiggdbat signals in
addition to C&" are required up-stream of ATP release. This conclusion wasstdtted to
epithelial cells. For example, studies from our laboratory and tbbsghers reported that
Cd" is necessary but not sufficient to impart maximal ATPassgefrom 1321N1 human
astrocytoma cells (95, 156). In these cells, the serine-proteemahin promoted robust
Cd*-dependent nucleotide release via protease-activated receptor-1)(P&R! recent

evidence indicates that Rho signaling was involved in this response (171).

Since thrombin receptors are expressed in lung epithelial d&1%),(we reasoned that
PAR activation might physiologically mediate regulated ATIRage from these cells. In the
present study, we demonstrated that thrombin promotes robust refeA3® from A549
lung epithelial cells via PAR3 activation. We also investigatigghaling mechanisms and
pathways involved in thrombin-evoked ATP release from A549 cells ek a8 from

physiologically relevant primary cultures of WD-HBE cells.
2. Methods

Reagents Humano-thrombin was purchased from Enzyme Research Laboratories (South
Bend, IN). 2-Phenyl-1,2-benzisoselenazol-3(2H)-one (ebsefywmnethylene ATP {,y-
metATP), arachidonylethanolamide (anandamide), flufenamic acidyemaxolone, and

luciferase fromPhotinus pyralis were obtained from Sigma (St. Louis, MO). Fura-2
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acetoxymethyl-ester (Fura 2-AM), 1,2-bis(o-aminophenoxy)ethaneN\NN-tetraacetic
acid-acetoxymethyl-ester (BAPTA-AM) and thapsigargin wpuechased from Molecular
Probes (Eugene, OR). Luciferin was obtained from BD PharMingeamKlin Lakes, NJ).
The Rho Activation Assay Biochem Kit was purchased from Cytegke (Denver, CO).
Propidium iodide was purchased from Invitrogen Corp. Carlsbad, CA.AR4 fctivating
peptide TFLLRNPNDK-amide and the PAR4-activating peptide AYFGihide,
respectively (hereafter referred to as PAR1-AP and PARA4-Ad3pectively) were
synthesized at the UNC Microprotein Sequencing and Peptide Syntrasigy. myo-
[*H]Inositol (20 Ci/mmol) was obtained from Amersham PharmaciateBh (Piscataway,

NJ). Other chemicals were from sources reported previously (25, 95).

Cell culture- A549 lung epithelial cells were obtained from the UNC Tissudu@al
Facility and grown to confluence in Dulbecco’s modified Eagle’sdioma (DMEM)
supplemented with 10 % calf serum (HyClone, Ogden, UT), 60 pg/ml (/@@)Ipenicillin
and 100 pg/ml streptomycin (Gibco). Cells were grown on 35-mmi@ldisthes for real-
time ATP measurements and on 24-well plastic plates forr@d#fATP assays, cyclic AMP
formation, and inositol phosphate measurements. RhoA pulldown assays andakonf
microscopy studies were performed with cells grown on 100-mm Falcon ples$tes and 8-
well Lab-Tek Il glass chamber slides (Nalge Nunc Int., Mape, IL), respectively. Since a
gradual decline in thrombin-promoted responses was noted with passagéscells were
used within passages 3 to 14. Polarized cultures of WD-HBE getisided by the UNC
Cystic Fibrosis Center Center Tissue Culture Core Labgweown on 12-mm Transwell
supports (Costar) and maintained at an air-liquid interface thaticeithe in vivo

environment of the airway epithelia, as previously described (25-26).
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Measurement of ATP release and hydrolysisA549 ells were washed twice with HBSS
supplemented with 1.6 mM CaCll.6 mM MgC}, and 25 mM HEPES pH 7.4 (HBSS+),
and incubated for 1 hour at 37°C in HBSS+. For real-time ATP umem®nts in thin film
(Fig. 3.1B), cultures were transferred to a Turner TD-20/20 luminometer €Furn
Biosystems, Sunnyvale, CA). Luciferase (15-30 %light units mg") and luciferin (60 puM)
were added and luminescence monitored, as previously described (2&he CATP
measurements were performed via a LB953 AutoLumat luminometerth(@d), as
previously described (173). Calibration curves using known concentratioA3 ®fwere
generated at the end of each experiment. None of the reagentdwisepd ATP release
measurements interfered with the luciferase reaction. TesagsEP hydrolysis, 100 nM
ATP was added to cells in the absence or presence of 30 uM ebsele300 pMpy-
metATP, two previously characterized ATP hydrolysis inhibitd@8, (173-175). Samples
were collected at various times, and the resulting ATP condentrateasured as indicated
above. WD-HBE cells were rinsed and incubated with 300 pl mucos&iCéndl basolateral

HBSS, and ATP release was measured off-line, as described above.

Inositol phosphate formation A549 cells were labeled overnight in inositol-free DMEM
containing 2 uCi/minyo-[*H]inositol (S.A., 20 Ci/mmol). WD-HBE cells were labeled for
three days in 500 pl basolateral and 100 pl mucosal medium contaip@i/ml myo-
[*HJinositol. At the time of assay, 10 mM LiCl was added to tHis der 10 min, followed
by 20 min incubation in the presence of drugs. Incubations werentged by the addition
of 0.75 ml 50 mM formic acid and 0.25 ml 150 mM ammonium hydroxitt¢]lfositol
phosphates were separated on Dowex anion exchange columns and quanifedoasly

described (157).
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Calcium mobilization- A549 cells grown on glass coverslips were loaded with Fura 2-
AM for 30 min. Cells were washed, mounted on a platform of a fluaemeeupled
microscope, and fluorescence from 30-40 cells was acquired alkgaaB40 and 380 nm.

Other details were as previously described (26).

Cyclic AMP quantification- Cells were rinsed, pre-incubated for 10 min in HBSS
containing 200 pM 3-isobutyl-1-methylxanthine (IBMX), and subsequentlyectgdd for
an additional 10 min with 30 pM forskolin and the indicated concentratithrahbin. The
conversion of ATP to cyclic AMP was quantified by HPLC anialys 1 N°-ethenoadenine

derivatives, as previously described (25).

RT-PCR analysis Total RNA was prepared using the RNeasy Mini Kit (Qiagen,, In
Valencia, CA) and reverse-transcribed using SuperScripteNerse transcriptase (RT;
Invitrogen Corporation, Carlsbad, CA). RT-PCR was performed usinglogving cycling
conditions: 4 min/94°C, 1 min/72°C, 45 s/94°C, 1 min/55°C, and 1 min/72°C; 36 cycles.
PAR1 (GenBank M62424), PAR2 (GenBank U34038), PAR3 (GenBank U92972), PAR4
(GenBank AF080214) primers were 5-CAGTTTGGGTCTGAATTGTGTCG-FB'-
TGCACGAGCTTATGCTGCTGAC-3', 5-TGGATGAGTTTTCTGCATCTGTC@’, 5'-
CGTGATGTTCAGGGCAGGAATG-3, 5-TCCCCTTTTCTGCCTTGGAAG-3' 5'-
AAACTGTTGCCCACACCAGTCCAC-3’, 5-AACCTCTATGGTGCCTACGTGE', 5'-
CCAAGCCCAGCTAATTTTTG-3', respectively. Amplified products meesequenced at the

UNC Genome Analysis Facility.

Semi-quantitative PCR was performed in a Lightcycler PCBhing® thermal cycler (10
min/95°C; 5 s/55°C, 8 s/72°C; 45 cycles), using the Lightcycler $tast DNA master

SYBER Green | kit (Roche Applied Science, Indianapolis, IN). Melturve analysis was
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performed by heating the reactions from 65°C to 95°C at 0.11°C isteawal a fluorescence
threshold (Ct) was determined using the LightCycler Softwagesion 4.0). Ct values were
adjusted for differences in amplification efficiencies. Glyterhyde 3-phosphate
dehydrogenase (GAPDH) served as a housekeeping gene forinatimalbetween samples,
and was included in each cycling run. The melting temperatuteedCR product for each
reaction was monitored to ensure that only a single product of thexteize was amplified.
Primer pairs for PAR3 were as above. Primers for GAPDH eweés'-

GAAGTTGAAGGTCGGAGTCA-3, and 5-GATCTCGCTCCTGGAAGATG-3.The

average crossover point was determined using the Roche softwareel@itive expression
levels of PAR3 were calculated from the efficiency of the R€&ttion and the crossing

point, and normalized to the expression of the reference gene, as previously descyibed (94

Overexpression of PAR3 and dominant negative mutants of RhoGEBnd RhoA-
A549 cells were transfected with pcDNA3.1 empty vector, pmaxfeiGC GFP-
expressing vector, or vector containing the desired insert, usi®ERE HD (Roche).
pcDNA3.1 vectors expressing p115RGS and RhoA(T19N), and pBJ1 vector expidssi
tagged PARS3, were kindly provided by Dr. T. K. Harden (176-177) and Dr. Go&ghlin
(178), respectively. A transfection efficiency of 70-80% was acHieas assessed with the

GFP-expressing pmaxFP-Green-C vector.

Small interference RNA (siRNA)} Oligonucleotides targeting human PAR3 and
scrambled control (5-GGCATTCTTTGGATTCTTA-3’ and 5'-
GTGAGTTCGTTCTCTATTA-3', respectively) were purchased from Bhacon, Inc. A549
cells were transfected with 1 pg oligonucleotide, using the Am&@eofector Device™

and Cell Line Nucleofector® Kit T (Amaxa Biosystems, Gaitharg, MD), following the
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manufacturer’s instructions. Transfected cells were grown wnseupplemented DMEM

for at least 24 h, prior to assays.

Site-directed mutagenesis of PAR3Fhe QuikChange Il XL® Site-directed Mutagenesis
Kit (Stratagene, La Jolla, CA) wassed to generate a PAR3 mutésaform (PARY)
resistant to SiRNA oligonucleotide knockdown. The sequence 5'-
GGCATTCTTTGGATTCTTA-3' was mutated to 5-GGCATTTTTTGGGTTTA-3..
Nucleotidechanges and sequence integrity of the expression veei@ confirmed by
sequencing. A549 cells were co-transfected with a pBJ1 expmessctor bearing PAR3
(100 ng) and the indicated siRNA oligonucleotide, using the Amaxa systemescribed

above.

RhoA pulldown assay-Measurements of GTP-bound RhoA were performed using the
Rho Activation Assay Biochem Kit (Rhoketin assay), accordingh® manufacturer’s
instructions. Cell lysates and pulldowns were resolved by sodium dodedhate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transfaweg@olyvinyldifluoride
membranes. RhoA was detected by Western blot, using monoclonal anti-d&tti&dy
(1:500) provided by the manufacturer and IRdye®800 conjugated affinityguugbat anti-
mouse IgG (Rockland Immunochemicals, Philadelphia, PA). Immunoblotsexeraled and

guantified using the Odissey® Infrared Imaging System (LI-COR Baseis, Lincoln, NE).

MLC phosphorylation- Proteins were resolved by SDS-PAGE and duplicated
membranes were separately blotted with anti-phospho-MLC(SeniiBpdy (1:500) or anti-
MLC (1:1000) antibodies (Cell Signaling Technology Inc. Danvers, Apoat anti-rabbit
Alexa Fluor®680 secondary antibody (Invitrogen, Eugene, Oregon). Blotsowareified as

indicated above.
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Uptake of propidium iodide- Cells were rinsed and challenged with agonist for 5 min, in
the presence of 20 uM propidium iodide. At the end of the incubation, the batiutmn
was replaced with HBSS+ containing 4% paraformaldehyde. Confoegles of nuclear
staining and differential interference contrast (DIC) werguaed in a Leica SP5 confocal
microscope, using a 561 nm laser and a 20x Leica lens (Leicana@gx. The number of

nuclei stained with propidium iodide was calculated using Adobe Photoshop.

Data Analysis- Differences between means were determined by unpaired Ssutdrst

and were considered significant when p < 0.05.
3. Results

Thrombin promotes ATP release from A549 cellsThe paucity of pharmacological
approaches to trigger regulated nucleotide release poses a préflestudying the
mechanism of ATP release from lung epithelial cells. Quantification of ikTease is further
complicated by the presence of cell surface ecto-ATPasesaghidly hydrolyze released
ATP. By implementing a protocol that quantifies ATP releaseattime in a thin film near
the cell surface (26), we investigated the action of GPCR stgoom ATP release from lung

epithelial cells.

Our initial screening revealed that the serine proteasenttiin promoted robust ATP
release from lung carcinoma A549 celsg. 3.1). However, thrombin-evoked ATP release
was evident only when ATP hydrolysis was inhibited. Specificallyhe absence of drugs,
ATP levels on resting cells stabilized around ~9 £ 2 nM and reazhedel of 12 + 4 nM
after the addition of thrombin (30 nM, 10 min). In contrast, in the presehecto-ATPase
inhibitors [30 uM ebselen and 300 BW-metATP (26)], extracellular ATP levels on resting

cells increased modestly to 22 £ 7 nM in 10 min, likely reflectngstitutive nucleotide
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release (26, 156, 173). Addition of thrombin in the presence of ebselef,yam@tATP
resulted in robust increase of extracellular ATP, which reaclmxheentration of 113 + 15

nM after 10 min Fig. 3.1A). Based on these results, subsequent measurements of agonist-
promoted ATP release were performed in the presence of 30 pNeelzd 300 uM,y-

metATP.

PAR3 mediates thrombin-promoted ATP release in A549 cellsThrombin and other
serine-proteases activate a family of four G-protein-couple@pters, referred as to
protease-activated receptors (PAR1-PAR4). Thrombin actiRéd¢sl, PAR3, and PARA4.
The remaining member of the PAR family, PAR2, is activatettysin and other proteases
but not by thrombin [reviewed in (179-180)]. To gain an insight into th& BAbtype(s)
present in A549 cells, RT-PCR studies were condudigplire 3.1B illustrates that PAR3

but not PAR1, PAR2, or PAR4 transcripts could be amplified from A549 cells.

PARs are activated by proteolytic cleavagetltd amino-terminal exodomain of the
receptor. This cleavaggenerates a new amino terminus that functions as a teligaed,
which binds to the body of the receptor and promotes signaling (179Sh8@hetic peptides
representing the newly formed amino-terminus selectively detRAR1, PAR2, and PAR4,
independent of receptor cleavage. Human PAR3 is not activated by mR&REking
peptides, which suggests that PAR3 activation requires proteolytvagle at the amino
terminal exodomain (178¥igure 3.1C shows that thrombin, but not PAR1- and PAR4-
activating peptides (PAR1-AP and PARA4-AP, respectively), teticiATP release in a
concentration-dependent manner. Enhanced ATP release was readigdlseesponse to

1 nM thrombin and was maximal with 30 nM thrombin €7 nM).
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Since activation of thrombin receptors results in phospholipasdivataan (178, 181-
182), we investigated the effect of thrombin and PAR-APs on oilg#iosphate formation,
using PHJinositol-labeled A549 cells.Figure 3.1D shows that thrombin promoted
[*H]inositol phosphate formation with a potency ¢g€ 6.3 nM) similar to that observed for
ATP release. PAR1-AP or PAR4-AP promoted negligiBi]ipositol phosphate formation
(Fig. 3.1D). Altogether, the data ifrigure 3.1 suggest that PAR3 in the only thrombin

receptor present in A549 cells.

To more definitively assess the involvement of PAR3 in thrombiitedicATP release,
the effect of PAR3 overexpression/suppression was examined. Owessigpr of PAR3
conferred enhanced thrombin-elicited ATP release and in@sitdphate formation to A549
cells, relative to vector-transfected celsg( 3.2. Gain in thrombin-promoted ATP release
was noted in cells transfected with as low as 10 ng PAR3 cD&IAAmd was robust with
100-300 ng cDNA/well Eig. 3.2A). The potency of thrombin in eliciting ATP release and
inositol phosphate formation increased by ~5 foldsE€1.1 nM) and ~7 fold (EC50 = 1.2
nM), respectively, in cells transfected with 100 ng PAR3 ADNelative to vector-

transfected cellsHig. 3.2B and Q.

The contribution of PAR3 to ATP release from A549 cells was tyrexxamined by
targeting the endogenous PARS3 via siRNA. Transfection of A549 wuells a PAR3-
selective (but not its scramble) siRNA oligonucleotide resuted60% decrease of PAR3
transcripts, as judged by quantitative PGRy( 3.3A). This manipulation also resulted in
~50% inhibition of thrombin-evoked inositol phosphate formatibig.(3.3B) and ATP
release ig. 3.30. The PAR3 siRNA approach had no effect on GPCR (other than PAR3)-

mediated signaling, since UTP-evoked inositol phosphate formationnedfected in PAR3
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siRNA-transfected cells (vehicle, 1155 + 178 cpm; UTP 5430 + 177 €AR SiRNA-
transfected cells: vehicle, 1195 + 164, UTP 5869 + 257; mean + SD, nTo &grify that
the siRNA approach did not knock down downstream effectors of PARS,veere co-
transfected with PAR3 a PAR3 cDNA mutant resistant to the PAR3 siRNA
oligonucleotide. PAR3-mediated ATP release was not affected by PAR3 siRRi#. (
3.3D). Altogether, these results indicate that PAR3 is the majatributor to thrombin-

evoked ATP release in A549 cells.

Ca”*is necessary but not sufficient for agonist-evoked ATP releasCytosolic C&" is
an important regulator of ATP release in many cells. For plgrm excitatory tissues, ATP
is released from ATP storage granules vid'@egulated exocytosis (157). €alependent
ATP release has been also reported in cells lacking $ipedi& TP storage granules (71, 99,
106, 153, 170). Pre-incubation of A549 cells with 10 uM BAPTA-AM or 1 pNpshgargin
resulted in major inhibition of thrombin-promoted ATP reledsg.(3.4A), suggesting that

cd" is required for ATP release from thrombin-stimulated A549 cells.

Since thrombin-elicited ATP release requires & @apendent step, we asked whether
Ca*-mobilizing receptors other than PARs (e.g., RRY promote ATP release from these
cells. Incubation of A549 cells with 100 uM UTP resulted in enhangadoellular ATP
concentrations, but the effect of UTP on ATP levels was modeativeeto thrombin Kig.
3.4B). To investigate whether differences in UTP- vs. thrombin-etickecond messenger
signaling have accounted for the observed differences in agonist-pmadt release,
UTP-promoted phosphoinositide breakdown was examined. UTP promoted inositol
phosphate formation responses that were greater than thrombin responses.déusleded

inositol phosphate formation, with potency order UTP = ATP >> ADPRUlas consistent
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with P2Y, receptor expressiorFig. 3.40. RT-PCR analysis confirmed the expression of
P2Y, receptor transcripts in A549 cells (not shown). Importantly, UTP pted C&"
mobilization responses in Fura 2-loaded A549 cells that were sionigreater in magnitude
than thrombin Fig. 3.4D. Altogether, the results suggest that receptor-promoted
Ga/phospholipasg- activation/C&" mobilization alone was not sufficient to elicit ATP

release from A549 cells.

Thrombin-induced ATP release is independent of Gi activabn. It has been
established that PAR1 interacts with, &G and Ggy3 families of G proteins (179, 183).
Unlike PAR1, the G protein coupling of PAR3 is poorly defined. The tiaat thrombin
promotes phosphoinositide breakdown in a PAR3-dependent manner in A54&igslisS (2
and 3.3, as well as in PAR3-transfected COS-7 cells (178), sugdiest PAR3 couples to
Gq. However, as mentioned above, signaling in additiongphi®spholipase C/Gais likely
involved in thrombin-evoked ATP release from A549 cells. To assesactivation in
thrombin-stimulated A549 cells, thrombin-promoted inhibition of cyclicAMrmation was
examined. Addition of 30 uM forskolin (in the presence of the phosphogisstenhibitor
IBMX) markedly enhanced cyclic AMP formation in A549 cellsritrol, 8 + 2 pmoles/well;
forskolin, 103 + 6 pmoles/well), which was inhibited (27% maximal inkahijtiby thrombin,
in a dose-dependent mannEig 3.5A). Pertussis toxin, which ADP-ribosylates and inhibits
G proteins, reversed the inhibitory effect of thrombin on forskolin-elicityclic AMP
formation fig. 3.5A). Pertussis toxin failed to inhibit thrombin-promoted ATP reld&sg
3.5B). Thus, while these results illustrated the presence gfcaupled thrombin receptor in
A549 cells, ATP release was not regulated hya@Givation. Consistent with these results,

pre-incubation of cells with the PI 3-kinase inhibitor wortman@@0(nM/15 min) had no
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effect on thrombin-elicited ATP releadéd. 3.5B). Thus, Pl 3-kinase, known to be activated
by B/y subunits of G proteins downstream of PAR activation (184), was not involved in

thrombin-promoted ATP release in A549 cells.

Thrombin promotes ATP release via Gyymediated RhoGEF/RhoA activation.Rho
GTPases are well-known downstream effectors pfi45via G213 activation of guanine
nucleotide exchange factors (GEF) of Rho (RhoGEF) [reviewme@85)]. Addition of
thrombin to A549 cells caused a rapid and robust activation of RhoA, radasuthe RhoA
pulldown assay. RhoA activation was observed as early as 30 s posbithianhdition and
was robust after 90 &ig. 3.6A). Thrombin-elicited RhoA activation increased considerably

in cells transfected with PARFIQ. 3.6A) and was reduced by PAR3 siRNPRid. 3.6B).

To examine the possibility that PAR3-elicited ATP releaseolved activation of
Gi121dRhOGEF/Rho, A549 cells were transfected with dominant negative ntautat
RhoGEF and RhoA. Transfection of A549 cells with p115RGS as@hhibitory protein
derived from the RGS domain of p115-RhoGEF (177), impaired thrombin-promdied A
release Fig. 3.7A). Similarly, transfection of cells with the RhoA mutant RhoA(T19N)
which tightly binds to RhoGEF but does not promote downstream effectivation (186),
markedly inhibited thrombin-elicited ATP releaseg. 3.7A). Control experiments indicated
that thrombin-promoted inositol phosphate formation was not significaitgcted by

p115RGS or RhoA(T19N) transfectiongaple 3.1).

ROCKSs are important effectors of Rho (187). Pre-incubation of A549 weth the
ROCK inhibitor Y27632 resulted in dose-dependent inhibition of thrombin-prah/id>
release, with maximal inhibition observed with 1 uM Y276BR®(3.7B and D. H1152, a

more potent and selective ROCK inhibitor than Y27632 (188), also redudéde&ldase in
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response to thrombinFig. 3.7B. ROCK activation is known to promote MLC
phosphorylation, e.g., by phosphorylating and inactivating MLC phosphati&®). (
Consistent with the possibility that MLC is an effector of ROGpstream of ATP release,
thrombin-promoted MLC phosphorylation was observed and was inhibited by 100 nM
H1152 €ig. 3.7Q). Further, ML-7 (1 uM), an inhibitor of the €&almodulin-dependent
MLCK (190), reduced MLC phosphorylatiofrigg. 3.7C) and impaired ATP releas&ig.

3.7D) in thrombin-stimulated A549 cells. None of these inhibitors affib¢he ability of

thrombin to promote inositol phosphate formatidalfle 3.1).

Altogether, the data indicate that Rho activation is necessarl AR3-promoted ATP
release in A549 cells. The data also suggest that Rho actiomediated, at least in part, by

ROCK activation, likely facilitating MLC phosphorylation by MLCK.

ATP release requires the coordinated action of G& and Rho-dependent pathways.
Since P2¥%-R stimulation has been linked to RhoA activation in endotheliad ¢291), we
asked whether UTP promotes RhoA activation in A549 cells and, if sohevhstich
activation differed from that of thrombifigure 3.8A shows that incubation of A549 cells
with 100 uM UTP resulted in RhoA activation that was similar egmtude to thrombin.
However, unlike the rapid effect of thrombin, UTP-promoted RhoA aabnatias observed
only after 15 min. Thus, while thrombin promoted RhoA activation arfd @abilization
(Figs. 3.4, 3.6, and 3)38with overlapping time-frames (30-90 s), UTP-induced RhoA

activation was dissociated in time from*CeesponsesHig. 3.4 and 3.8.

We hypothesized that Rho activation and?‘Canobilization must be temporally
coordinated to promote ATP release. To assess this hypothessyesdl pre-incubated for

15 min with 100 uM UTP (to achieve robust RhoA activation), followedab$ min
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challenge with the Ca ionophore ionomycin. As a control, cells were pre-incubated with
vehicle. Figure 3.8B illustrates that addition of ionomycin (either alone or in combanati
with UTP) to untreated cells resulted in negligible ATP rededs contrast, addition of
ionomycin to cells that were pre-incubated for 15 min with U®Rlted in robust release of
ATP (Fig. 3.8B). The simplest interpretation of these results is that maxkmé&l release

requires synchronized activation of Rho and*Gignaling.

Thrombin promotes opening of connexin-like hemichannels im C&* and ROCK-
dependent manner. Connexin and pannexin hemichannels have been proposed as a
electrodiffusive pathway for the release of ATP under variopsraxental conditions (192-
193). Connexin (but not pannexin) hemichannels close at millimolarcektriar C&"
([Ca®"]e) and open when [G§.y is lowered. Exposure to lowered extracellular divalent ion
conditions is a well-known procedure to potentiate or trigger the openingprofexin
hemichannels, leading to ATP release (194-195). In addition, both pannexinsnaedins

have been reported to release ATP at physiologically relevafi]{C&192-193).

While investigating the role of calcium in PAR-stimulated respsnsve observed that
removal of [C&]ex resulted in enhanced ATP release from resting and thrombin-stémiula
A549 cells Fig. 3.9A), suggesting that connexin hemichannels are present on the A549 cell
surface. This observation led us to investigate the possibility tbatichannels were
involved in the release of ATP from thrombin-stimulated A549 calisler normal [C&]ex
conditions. Figure 3.9B illustrates that thrombin-induced ATP release, assessed in the
presence of 1.6 mM [G§., was markedly inhibited by non selective-connexin/pannexin

inhibitors (100 uM anandamide, 100 pM flufenamic acid, and 10 uM carbenoxolone).
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Control experiments indicated that none of the hemichannel inhibitfestead thrombin-

evoked inositol phosphate formatioraple 3.1).

To further assess the possibility that thrombin promoted connexin/parirexrichannel
opening, the uptake of the hemichannel-permeable reporter dye propiddide iwas
investigated. Propidium iodide displays low intrinsic fluoresceneg, its fluorescence
increases 20- to 30- fold upon binding to nucleic acids. Under restingtioosdia small
population (<4%) of A549 cell nuclei were labeled with propidium iodide,dyet uptake
increased markedly (3-4 fold) following a 5 min incubation of thesagith 30 nM thrombin
(Fig. 3.9Q. Unlike propidium iodide, which has a relatively small molecularght (668.4
Da), the endocytosis marker fluorescein Dextran (3000-10000 Da) waskaot up by
thrombin-stimulated A549 cells (not shown). Consistent with connexin/pannexi
hemichannel involvement in agonist-promoted dye uptake, carbenoxolone inhibited¢he effe
of thrombin on nucleus-associated fluorescerfeig. (3.9D). Particularly relevant to our
present study was the observation that thrombin-induced dye uptakeaskedly inhibited
by ROCK (Y26632 and H1152) or MLCK inhibitors (ML-7), and BAPTA-AMid. 3.9D).
Unlike thrombin, UTP (100 uM) and ATP (1 mM) promoted no changelye uptakeKig.
3.9D), indicating that P2¥R activation did not suffice to induce hemichannel opening.
Moreover, lack of effect of 1 mM ATP on propidium iodide uptake asgagainst the
possibility that the pore forming P22R (196) is expressed in these cells. Altogether, the
data suggest that thrombin promoted *€aand Rho-regulated ATP release via

connexin/pannexin hemichannels in A549 cells.

Thrombin promotes mucosal ATP release from primary culturesof WD-HBE cells.

Having identified mechanistic components involved in ATP release in Aél§ we asked
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whether observations made with these cells apply to physiologicalgvant airway
epithelia. Therefore, we examined the effect of thrombin on ATéase from polarized
cultures of WD-HBE cells. Addition of 30 nM thrombin to the mucosatgartment had no
effect on ATP release (not shown). In contrast, thrombin added to tleatesas
compartment of WD-HBE cultures resulted in a robust release of ATP throughitiaé (but

not basolateral) surfac&ig. 3.10A). The data are in agreement with previous observations
indicating that (i) ATP release occurs through elementssibgiiegate to the apical domain
after cell polarization (25, 94), and (ii) PARs are expressdleabasolateral membrane of
polarized lung epithelial cells (33, 197-198). The identity of the BRdking ATP release in
WD-HBE cells remains to be elucidated. As in A549 cells, theceféf thrombin on ATP
release was markedly reduced in WD-HBE cells that weranpubated with the ROCK
inhibitor H1152, the MLCK inhibitor ML-7, or the connexin/pannexin hemichannekbloc
carbenoxoloneKig. 3.10B. Unlike thrombin, mucosal UTP caused no ATP release from
WD-HBE cells Fig. 3.10A), despite the well-established presence of P&¢eptors on

these cells [(10, 199) and deig. 3.10Q.

Regardless the lack of effect of UTP on ATP reledsg. (3.10A), the presence of
phospholipase C-activating P2¥eceptors on the apical surface of WD-HBE cells (10, 199)
suggests that ATP released onto the thin liquid film covering theosal airway epithelial
cell surface contributed, at least in part, to PAR-evoked signdlimgest this possibility, the
effect of the ATPase enzyme apyrase on thrombin-elicitélinpsitol phosphate formation
was assessed. To minimize dilution of released ATP, the mwto$ate liquid volume was
reduced to 100 pl/iwell (83 pl/dneulture). Inclusion of 5 U apyrase in this thin airway

surface liquid resulted in small (21%) but reproducible decreag#phositol phosphate
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formation in response to basolateral addition of thromlbiig.(3.10Q. As expected,
(mucosal) UTP promotedHi]inositol phosphate formation, which was nearly abolished in

the presence of apyraded. 3.100Q
4. Discussion

By examining the effects of PAR and P2Y-R agonists, we denapedtthat Rho/Rho
kinases, in concert with cytosolic €aare important regulators of ATP release. We also
demonstrated that connexin/pannexin hemichannels are likely effeét&so/ROCK and
Cd” signaling pathways that mediate ATP release from lung ejaitteglls. An additional
novel finding was that thrombin actions on A549 cells are mediated IRBPA poorly

characterized thrombin receptor subtype.

Our data, indicating that BAPTA and thapsigargin impaired ATéase from thrombin-
stimulated A549 cells, are consistent with the notion that @abilization is necessary for
ATP release. However, ATP release in response tO-i@abilizing agents (e.g., UTP,
ionomycin) represented a minor fraction relative to that observéddtinidmbin stimulation
(Fig. 3.4. Thrombin-promoted ATP release decreased in cells trandf@ath dominant
negative mutants of p115-RhoGEF and RhoA as well as in cells exjpoR€13K inhibitors
(Fig. 3.7. Thus, Rho GTPases are key regulators of PAR-elicited AlEBs& Importantly,
Rho activation itself promoted no ATP release when temporariyodaed from C&
mobilization. Therefore, Rho signaling is an obligatory partnerCaf” mobilization

upstream of ATP release in A549 cells.

Our present results are also consistent with previous studiesatnmd Rho as modulator
of ATP release. Ito and coworkers reported that Y26632 impaysapthosphatidic acid

(LPA)- and/or hypotonic challenge-promoted ATP release in humailioah vein and
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bovine aortic endothelial cells (200-201). In a recent report, Bdural. reported that
inactivation of RhoGTPases with Clostridium botulinum C3 exoenzynpained thrombin-
and LPA-promoted C&dependent ATP release from 1321N1 astrocytoma cells (171).
However, Y26632 and ML-7 had no effect on ATP release in these cgjgesing that Rho
regulation of ATP release in 1321N1 astrocytoma cells occurred independentCéf &@
MLC phosphorylation. Unlike 1321N1 cells, Y26632, H1152, and ML-7 impaired thrombin-
evoked ATP release in A549 cells. While Rho activation may utl@enstream effectors in
addition to ROCK (202), our results suggest that ROCK is an impadguatator of ATP
release from A549 cells. Moreover, our data suggest thdt @ad Rho/ROCK-dependent
ATP release from thrombin-stimulated A549 cells occurs via connex pannexin
hemichannels, a pathway that appeared not competent for ATP reteas821N1
astrocytoma cells (171). Specifically, in A549 cells: (i) thbompromoted ATP release was
inhibited by connexin/pannexin inhibitors, (ii) thrombin promoted the uptakeagfidium
iodide, an indicator of non-selective pore opening, which was inhibitgd b
connexin/pannexin inhibitors, and (iii) thrombin-elicited dye uptake ivhibited by ROCK

and MLCK inhibitors and by BAPTA-AM.

Our study did not address the identity of the putative hemichannel involvéd P
release. Based on the effect of g, connexin hemichannels likely are expressed at the
plasma membrane of A549 cells. However, whether a connexin or pannexichaenel
was responsible for the release of ATP in physiologicallyagie[C&]e, as well as the

mechanism potentially involved in hemichannel activation, remain to be invedtigate

A surprising finding in our study was that thrombin actions in A54% @gluld not be

associated with PAR1. While we have recently reported that tAR1Ppeptide
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TFLLRNPNDK promoted nucleotide release and inositol phosphate famnati 1321N1
human astrocytoma cells (95), TFLLRNPNDK failed to promote tmesponses in A549
cells. Moreover, A549 cells used in the current study do not expreR& RAnscriptsKig.
3.1). Our data also suggest that PAR4 is not expressed in A549Kiglls3.1). The finding
that thrombin actions on A549 cells were not mediated by PAR1 odRyeR striking since
the ability of PAR3 (the other member of the thrombin receptarilya to generate
intracellular signaling has been questioned (178). The finding thame®AR3 functions as

a cofactor for proteolytic activation of PAR4 in platelets hesforced the assumption that
PAR3 does not signal by itself. However, this observation msy r@flect cell type and
species specific functions for distinct PARs [reviewed in (L&Ypression of human PAR3
(but not empty vector) in COS-7 cells resulted in thrombin-evokeditohgshosphate
formation (178), likely via @mediated phospholipase C activation. In addition, co-
expression of @ (@ G protein endogenously expressed in hematopoietic cells that
promiscuously transduces GPCR activation into phospholipase C activasonjonferred
enhanced and potent thrombin-promoted inositol phosphate formation to PAR@dtad

COS-7 cells (178).

Unlike other PARS, evidence that natively-expressed PAR3 proroeliear responses
by its own is scarce. For example, Ostrowska and Reiser Iseogmorted that thrombin, but
not a PAR1 peptide, promoted IL-8 secretion from both lung epithelial and astracygells,
and that silencing PAR1 and PAR3 simultaneously (but not PAR1 alawd)eckin reduced
IL-8 production in astrocytoma cells. The authors suggested throrctiommawere mediated
by PAR3 (203). McLaughlin et al. reported that thrombin-elicitedseadothelial electrical

resistance (TER) was mediated in part by PAR3, which (togethitr PAR1) is
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endogenously expressed in human endothelial cells. PAR3 suppressiord rasutts)%
reduction of TER, while PAR1 suppression completely reduced TER jponss to
thrombin. Based on bioluminescent resonance energy transfer-2 {BRE@surements, the
authors concluded that PAR3 dimerizes with and regulates PARAlism (204). Our data,
illustrating that (i) PAR1-AP and PAR4-AP fail to promotelular responses in A549 cells,
(i) PAR3 is the only PAR transcript present in these catisgl (iii) PAR3 siRNA decreased
thrombin-evoked responses, indicate that PAR3 is the major thromleptoedunctionally
present in these cells. Moreover, the observation that PAR3 overssign enhanced
thrombin-elicited inositol phosphate formation, RhoA activation, and Aéléase, strongly

suggest that PARS3 is capable of triggering signaling.

Collectively, our results demonstrate that thrombin actions on A5#9arel mediated by
PAR3-promoted C& mobilization and Rho activation, and that these signaling cascades
must be temporally coordinated to allow ATP release via connerimggan hemichannel

opening.

Key observations obtained with A549 cells were expanded to physidlggiekevant
primary cultures of WD-HBE cells. In these cultures, basataddition of thrombin
resulted in robust mucosal ATP release, which was inhibited by ROCK and Militors
as well as by connexin/pannexin hemichannel blockéig. 3.10A and B. In addition,
measurements ofHi]inositol phosphate formation in thrombin-stimulated WD-HBE cells
suggested a previously unnoticed autocrine action of releasedi&TRs a contributor to
PAR-evoked signallingHig. 3.10Q. In summary, our study is the first to demonstrate the

occurrence of robust ATP release in GPCR agonist-stimulated haimaay epithelial cells
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and to implicate the participation of ROCK and MLCK as potentiatreas effectors of

ATP release via connexin/pannexin hemichannels.
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Table 3.1. Thrombin-promoted inositol phosphate formation is notaffected by C&",
Rho, or connexin/pannexin inhibitors. myo-[*H]inositol-labeled A549 cells were
challenged for 20 min with 30 nM thrombin, and the resulting inositol phasphvatre
guantified as indicated in Experimental Procedures. Transfectionprasidcubations with
pharmacological inhibitors were as described in Methods.

Inhibitor Mean+£SD n
(cpm)

Control - 1638 +296 8
Thrombin - 3187 £ 516 8
Thrombin P115-RGS 3516 £251 4
Thrombin RhoA(T19N) 268@ 82 4
Thrombin 1 uM H1152 3536 £496 8
Thrombin 10 uM Y27632 3269 +202 8
Thrombin 1 uM ML-7 2924 £ 227 4

Thrombin 100 uM Anandamide 3361 +235 4
Thrombin 100 puM Flufenamic Acid 3076 + 467 4
Thrombin 10 uM Carbenoxolone 3316289 8
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Figure 3.1. Thrombin-promoted ATP release and inositol phospdite formation in a
PAR1- and PAR4-independnet manner.A, extracellular ATP concentrations were
measured on real-time, in the absence or presence of 30 pMrelasel 300 pMs,y-
metATP (added at t = 0), as described in Methods. Thrombin (30 rad)added at t = 10
min. Values are the mean + SEM of eight independent measurerBerfBAR mRNA
expression in A549 cells was determined by RT-PCR analysismila expressing the
indicated PAR were used as positive controls (Ctrl). Resultsregneesentative of nine
independent A549 cell RNA preparations. C, cells were stimulatesl fidn with thrombin,
PAR1-AP, or PAR4-AP, and extracellular ATP measured off-lasedescribed in Methods.
Values are the mean £ SEM of three independent measuremeoisnee in sextuplicate.
D, myo-[®H]inositol-labeled cells were incubated for 20 min with the ingidaigonist, and
the resulting JH]inositol phosphates were separated and quantified, as describechivdslet
Results are from three independent experiments performed with quadrugdicaikes.
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Figure 3.2. PAR3 overexpression enhances thrombin-elicited ATRelease and inositol
phosphate formation in A549 cellsA, cells were transfected with the indicated amount of
cDNA. Forty eight hours post transfection, cells were pre-incdbaith ebselen ang,y-
metATP as in Figure 3.1 and incubated for 5 min with 30 nM thrombin ocleeld and C,
cells transfected with 100 ng PAR3 cDNA were stimulated fimird(B) or 20 min (C) with
the indicated concentration of thrombin, and ATP release and inositghhatesformation
were measured as described in Figure 3.1C and D, respecilikelylata represent the mean
+ SEM of at least three independent experiments performed in quadruplicate.
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Figure 3.3. PAR3 mediates thrombin-elicited ATP release andnositol phosphate
formation in A549 cells. A, PAR siRNA reduces PAR3 mRNA expression. B, effect of
PAR3 siRNA on thrombin (30 nM)-promoted inositol phosphate formation. C, ieldRase
was measured in cells transfected with either PAR3 siRNifs @cramble oligonucleotide.
D, cells transfected as above were co-transfected with emeptgr or siRNA-resistant
PAR3® cDNA. ATP was measured off-line, 5 min after the addition of vehic 30 nM
thrombin, in the presence of 30 uM ebselen and 30@ vhetATP. The data represent the
mean + SEM of three separate experiments performed in triplicate; p < 0.05.
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Figure 3.4. C&'is necessary but not sufficient by itself for agonist-evokeATP release.
A, cells were pre-incubated for 20 min with vehicle (Ctrl),M tapsigargin (Tg), or 10 uM
BAPTA-AM (BAPTA) and ATP concentrations were measured off;lenin following the
addition of vehicle or 30 nM thrombin. Ebselen (30 uM) gndmetATP (300 uM) were
added to cells 5-10 min prior addition of vehicle/thrombin. The dat@sept the mean +
SEM of at least six separate experiments performed in quachiglB, cells were incubated
with vehicle, 30 nM thrombin, or 100 uM UTP, and ATP concentrations wessuned as
above. Cmyo-[*H]inositol-labeled cells were incubated for 20 min with the indidatrugs,
and the resulting®H]inositol phosphates were separated and quantified as in Figure 3.1D.
Results are from four independent experiments performed with quiadtepsamples. D,
cells were loaded with Fura 2-AM for 30 min, and stimulated 8@MmM thrombin or 100
MM UTP. Fluorescence from ~40 cells was acquired as descnilddethods. Representative
tracings are illustrated; similar results were obtained in six indepeegpatiments.
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Figure 3.5. Thrombin-promoted ATP release is independentf Gi activation. A, cyclic
AMP (cAMP) was measured in cells pre-incubated 18 h with 50 Imqggntussis toxin (PTX)
or vehicle, and stimulated for 5 min with 8¥ forskolin and the indicated concentrations of
thrombin. Values are the mean + SEM of two independent experimerftenped in
triplicate. B, cells were preincubated with vehicle, PTX (50mhg18 h) or wortmannin
(Wortm, 200 nM, 15 min), and incubated for 5 min with 30 nM thrombin or vehakies
are the mean = SEM of four independent experiments performed in quadruplicate.
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Figure 3.6. PAR3 promotes RhoA activation.A, total RhoA and RhoA-GTP were
measured in A549 cells transfected with 100 ng empty vector oBRBRIA, as in Figure
3.2. RhoA activation was visualized by the pulldown assay (lef),described in
Experimental Procedures. RhoA activation is expressed as foldsecomer control (vector,
t = 0); values are the mean £ SEM of ten independent experifnghty. B, PAR3 siRNA

reduced thrombin (30 nM, 5 min)-promoted RhoA activation. The Western(Ibfot is

representative of four experiments performed under similar conditidaises (right) are
expressed as fold increase over vehicle in scramble-transfagltedmean + difference to

mean, n = 4).
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Figure 3.7. Thrombin-elicited ATP release is mediated b¥:,1dRh0A/ROCK. A, ATP
release was quantified in P115-RGS-, or RhoA(T19N)- transfeotdld, after 5 min
incubation with 30 nM thrombin or vehicle. Values are the mean + SEuluofindependent
experiments performed in quadruplicate. B, cells were pre-inedibtr 1 h with the
indicated concentrations of H1152 or Y27632, and ATP release was meaiseresl rain
incubation with 30 nM thrombin or vehicle. The data are plotted as thergef stimulation
observed with 30 nM thrombin, in the absence of inhibitors. Values the tn&&M from
five separate experiments performed in quadruplicate. C, tbet @f 100 nM H1152 or 1
KM ML-7 on thrombin-promoted MLC phosphorylation is illustrated by a Western bjot (t
Quantification of p-MLC is indicated in the bottom; mean + SD, n=[8.effect of 1 uM
ML-7 on thrombin-promoted ATP release. Values are the mean #@D at least three
independent experiments performed in quadruplicate. (*) indicatesisagmiinhibition of
thrombin responses, p < 0.05. ATP measurements were performed instecpref ebselen
andp,y-metATP as indicated in previous Figures.

A B
401 120 1
0 vehicle V Y27632
B Thrombin ® 100 A W H1152
_ 30 8 80 1
% o
£ o
J — 60 1
g 2 * <
101 S o -
XX
o -
04 0-, . . . : ,
CTRL  pl15RGS RhoAT19N 10 -9 -8 -7 -6 -5
Log [inhibitor], M
C D
Vehicle H1152 ML-7
Ctrl Thr Ctrl Thr Ctrl Thr 120
(O]
]
Total i [ 80
otal o AE T .
MLC ’-ﬁﬁ —— =
) < 601 *
4 . < T
O§ B Thrombin '§
5 4
S8 2 % 20
=l -ach )
2 0% Ven
~ 0 Vehicle  ML-7

T Ctrl H1152 ML-7

77



Figure 3.8. RhoA-activation and C&" mobilization act in concert to promote ATP
release.A, RhoA activation was measured and quantified in A549 cells stteulifor the
indicated times with 30 nM thrombin or 100 uM UTP. The results (futckase relative to
untreated cells) represent the mean £ SEM of five separp&iments. B, ATP release was
measured in cells pre-incubated with vehicle or 100 uM UTP for 15anthchallenged for
additional 5 min with the indicated drugs. The data represent #a m SEM of three
separate experiments performed in quadruplicate. Ebselefi,gantetATP were added as
indicated in previous Figures.
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Figure 3.9. Involvement of connexin/pannexin hemichannels in tbmbin-promoted
ATP release from A549 cellsA, cells were pre-incubated for 2 min in EGTAfGauffered
solutions and extracellular ATP measured after an additional Sncubation with vehicle
or 30 nM thrombin. The data represent the mean £+ SEM of threeasepmxperiments
performed in quadruplicate. B, changes in ATP concentrations measured in cells pre-
incubated for 15 min with 100 uM anandamide, 100 uM flufenamic acid (F&A)0 UM
carbenoxolone (CBX), and challenged for 5 min with vehicle or 30 nM thironvalues
represent the mean + SEM of at least six separate expesipamdrmed in quadruplicate. C,
uptake of cells propidium iodide (PI) was assessed after Snmibation with vehicle or 30
nM thrombin. The images represent an overlay of propidium iodide (ssdgiated nuclear
fluorescence and DIC. D, A549 cells were pre-incubated with Meloc with 10 pM
carbenoxolone (CBX, 15 min), 10 uM Y27632 (45 min), 1 uM H1152 (45 min), 10 uM
BAPTA-AM (20 min), or with 1 puM ML-7 (45 min), and challenged for Snnwith no
agonist (Ctrl), 30 nM thrombin, 100 uM UTP, or 1 mM ATP in the presenqeaopidium
iodide. Cells were fixed and images taken and analyzed by @mcroscopy. Dye uptake
is expressed as the percent of nuclei displaying red fluorescEneedata are the mean +
SEM, n = 4. Similar results were obtained in at least thiggrate experiments performed in
guadruplicate. Bar, 100 pm. (*). p < 0.05.
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Figure 3.10. Thrombin-promoted ATP release and inositol phosphat®rmation in WD-
HBE cells. A, WD-HBE cells were incubated for 5 min with 30 nM thrombins(idateral),
100 uM UTP (apical), or vehicle; ATP released to the apichheolateral (BL) medium was
guantified, as indicated in Methods. B, WD-HBE cells were pre-irtedbhilaterally (1 h)
with 1 uM H1152, 10 uM ML-7 orl puM CBX, and apical ATP releass maasured after 5
min incubation with 30 nM thrombin (basolateral addition) or vehicle*djifositol-labeled
WD-HBE cells were incubated for 20 min in the presence of i&shRO0 nM thrombin
(basolateral addition), 100 uM UTP (apical addition), and in the absengeesence of 5
U/ml apyrase (apical addition). The resultintfi]inositol phosphates were quantified as
indicated in Methods. The data (mean + SD) represent the netsacieacounts above
background, and they are representative of two separate experiwiémtsndependent
cultures performed each with quadruplicate samples. (*) indicatgsficant difference
between apyrase-treated vs. non-treated cultures, p < 0.01.
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CHAPTER IV

Receptor-promoted exocytosis of airway epithelial mucin granules ctaining a
spectrum of adenine nucleotides

This research has been submitted for publication in The Journal ysioRigy by The
Physiological Society and Blackwell Publishing Ltd. Silvia M.e#a, Lucia Seminario-
Vidal, Catharina A. van Heusden, Wanda O’Neal, Lisa Jones, Richarcb@h&, and
Eduardo R. Lazarowski. Receptor-promoted exocytosis of airway egitheicin granules

containing a spectrum of adenine nucleotides. All rights of repraguaf any form
reserved.



1. Introduction

The airway MCC system is crucial for innate lung defen¢® major components of
MCC are ciliary beating, mucin secretion and electrolyteuid fitransport. The balance
amongst these components ensures the rapid removal of inhaled fowegigrials. Failure in
this balance may lead to airway obstructive and inflammatopasdés. For example, cystic
fibrosis results from aberrant ion transport activities and iragduydration of ASL, mucus
accumulation, and ultimately chronic obstructive pulmonary dised®®).(dhus, a key

physiological component of lung defense involves mucin hydration and clearance.

However, mucin secretion and ASL hydration / clearance functaside in distinct cell
types, i.e., goblet and ciliated cells, respectively, and thus, coootiradtthese activities is
required for effective mucus clearance. A body of evidence sughestdTP release from
airway epithelial cells provides a mechanism for the control GCMunctions [reviewed in
(206)]. Extracellular ATP and its metabolite adenosine activateesubsf purinergic
receptors expressed on the mucosal surface of airway epitbelisl The predominant
nucleotide-sensing receptor in the airways is thecdbipled P2¥ receptor, which is
activated by ATP and UTHR2Y, receptor activation promotes mucin secretion and ciliary
beating, inhibition of the epithelial Nahannel ENaC, and activation of CFTR and thé"Ca
activated Clchannel. Extracellular ATP hydrolysis results in formationd&resine, which
activates the Gcoupled Ay receptor, promoting cyclic AMP-regulated CFTR €Hannel
activity and thus, fluid secretion (206). Functional and biochemical msgdsuggest that
adenosine / 4 receptor is the major regulator of CFTR activity in airvegthelium (25).
ATP and adenosine are naturally occurring components of ASL (8)the cellular

pathways that yield these extracellular molecules are poorly defined.
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Given the complex cellular composition of airway epithelia, mdtiplechanisms and
pathways likely participate in the release of nucleotides ira. ANucleotide release from
airway epithelial cells has been proposed to occur via differecthanésms: (i) tonic release
from vesicles via a constitutive pathway in non-mucous cells (@4);a conductive
mechanism likely involving pannexin hemichannels, potentially localised witlatecl| cells
[(207) andChapter 1l ]; and (i) ATP release associated with?Geegulated exocytosis

(153).

We recently demonstrated that ATP release from goblet ikellCalu-3 cells was
associated with G&promoted mucin secretion (71). An attractive hypothesis derived from
this observation is that mucin granules store ATP, and likely, othenep nucleotides.
Relevant to this hypothesis, a recent mathematical model of ndeleegulation in the ASL
predicts the release of AMP and ADP accompanying ATP faowesicular pool (100).
Thus, a mix of nucleotides released upon mucin granule exocytosts provide paracrine
signalling to ciliated cells to increase ion and water siecréd support mucin hydration and
ultimately mucus clearance. However, the contribution of mucinuigaexocytosis to ASL

nucleotides has awaited quantification of nucleotide concentration within mucineganul

Recently, we discovered that the serine protease thrombite@limbust ATP release
from WD-HBE cell cultures [discussed @hapter Il ]. Thrombin-promoted ATP release
was mediated via activation of cognate G-protein coupled PARs. ahdyfof PARS
includes four members (PAR1, PAR2, PAR3, and PAR4). Thrombin iphksiological
activator of PAR1, PAR3, and PAR4; however, other proteases care ¢lezse receptors
and may contribute to their functian vivo (208). PAR?2 is activated by multiple serine

proteases including trypsin and tryptase, but not by thrombin (20Bvae to our studies,
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activation of PARs has been described to induce mucin secretion &stnoigtestinal and
airway epithelial cells (209-210). Thus, PAR activation of ainga@let cells may provide a
useful model to investigate the potential coordination between Aldase and mucin

secretion.

In the present study, we used WD-HBE and airway goblet-lika-@alkells to investigate
(i) whether PAR agonist-elicited mucin exocytotic secretiorassociated with enhanced
nucleotide release, and (ii) whether mucin granules purified fromaypigoblet cells contain

ATP and possibly other adenyl nucleotide species.
2. Methods

Reagents -Bafilomycin A, cytochalasin D, ionomycin, H-1152, ML7, and Y27632 were
purchased from Calbiochem (San Diego, CA). 2-Phenyl-1,2-benzisasal&(iaH)-one
(ebselen)B, y -methylene ATP, luciferase from Photinus pyralis, Pefcalhd quinacrine
were purchased from Sigma (St Louis, MO). BAPTA AM, Fluoceesly-labelled
phalloidin, Fura-2 AM, and antibodies against cytochrome oxidase sulbuaitd IV and
ATP-synthaser-subunit were purchased from Molecular Probes (Eugene, @RATP (20
Ci / mmol) was purchased from Amersham Biosciences (Risest NJ). MUC5AC and
MUC1 antibodies were purchased from LabVision (Fremont, CA). VAVHntibodies were
from Abcam (USA) and Synaptic Systems (Germany). Lucifenid antibodies against GM
130, p230 antibodies, protein disulfide isomerase, and LAMP-1 were froBi&giences
Pharmingen (San Jose, CA). Secondary antibodies were from Jackson ImmurchResesr
(West Grove, PA) and LI-COR (Lincoln, NE). Human alpha-thrombin prashased from
Enzyme Research Laboratories (South Bend, IN). The PARIl-aatjvapeptide

TFLLRNPNDK and the PARZ2-activating peptide SLIGKV werenthesized at Tufts
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University Peptide Synthesis Core Facility. Other chemigatse of the highest purity

available and from sources previously reported.

Cell culture — Airway epithelial Calu-3 cells are derived from pleural effasassociated
with human lung adenocarcinoma (211). Unless otherwise indicated,3Cadlls were
grown on 12-mm Transwell supports and maintained at air-liquid auterffor at least two
weeks, as described previously (71). Well-differentiated human badnepithelial cells
were grown on collagen-coated 12-mm Transwell supports and machtatnair-liquid
interface for at least four weeks, as described previously (212)akitissue specimens for
cell culture production and mRNA expression analyses were @lemtcording to the
guidelines of the Institutional Review Board for Protection of Humaght® at the

University of North Carolina at Chapel Hill.

RT-PCR Analysis -Total RNA was prepared using the RNeasy Mini Kit (Qiagem a
reverse-transcribed using Super- Script Il reverse transseif&T, Invitrogen). RT-PCR
analyses were performed at the UNC-CH Cystic Fibrosis €émtdéecular Biology Core
Lab using standardized protocols. Amplified PCR products were igehtify sequence
analysis at the UNC-CH DNA sequencing facility. Primasgd to amplify human PAR1,
PAR2, PAR3, and PAR4 were prepared according to Chapter llaghifent between bp 71
and 339 of human VAMP-8 was amplified with forward primer (F) 5'-
AGGTGGAGGAAATGATCGTG and reverse primer (R) 5'-

TGGCAAAGAGCACAATGAAG.

Quantification of ATP with the luciferin-luciferase assay— To measure ATP release,
WD-HBE and Calu-3 cell cultures were rinsed and pre-incubated imlOb&solateral, 0.25

ml mucosal Hank’s Balanced Salt Solution with 20 mM HEPES and 1.6Q#land 1.8
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mM Mg®* (HBSS). ATP hydrolysis inhibitors (30 uM ebselen and 300 fyM-methylene
ATP) were added for 5 min prior to stimuli. At the end of the indabataliquots of the
extracellular baths were removed, and heated fC % inactivate nucleotidases, as
described inChapter 11l . The luciferin-luciferase reaction mix was added to tubes and
luminescence recorded in an Auto-Lumat LB953 luminometer (173). Ansédriélard curve
was performed in parallel. None of the reagents used during A€Bsesimeasurements

interfered with the luciferase reaction.

Mucin secretion - MUCS5AC release by WD-HBE and Calu-3 cells was determined
immuno-slot blot analysis of the extracellular media, as prelialescribed (71). Slot blots

were scanned and quantified in a LI-COR Odyssey system (Lincoln, NE).

Intracellular calcium measurements - Calu-3 cells grown on glass coverslips were
loaded with Fura-2 AM for 15-30 min. Cells were washed, mounted on farplabf a
fluorometer-coupled Nikon microscope, and fluorescence from 30-40weadisacquired

alternately at 340 and 380 nm. Other details were as previously described irr Ghapte

Immunofluorescence and confocal microscopy — Cell cultures were fixed in 4%
paraformaldehyde, permeabilized in 0.1 % Triton X-100 for 10 min, amjeced to
immunofluorescence staining and confocal microscopic analysis, a®ysividescribed
(71).

Quinacrine associated granule fluorescence Calu-3 cell secretory granules were pre-
labelled with 10 uM quinacrine, as previously described (71). Calge \mounted on the
stage of the confocal microscope and real-time recording wismped every 10 and 30 s in
the xy axes. The fluorescence intensity of all the pixaiéaened within granules of 14#nm

diameter were measured at each time point, normalized td Veasas (time = 0), and
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averaged using Leica software. To confirm the cellular lonatwf quinacrine-loaded

granules, y-stacks were generated at the end of each experiment.

Mucin granule isolation — Calu-3 cells were grown in four 75 érulture flasks for at
least 10 days. Cells were detached using Varsene solution. Inespaements, cells were
loaded with quinacrine for 15 min prior to detaching from the flasks @eere pelleted at
500 x g and re-suspended in 4 ml of ice-cold lysis buffer (PIPES 2@H#.8, 130 mM K
glutamate, 3 mM MgG| 0.1 mM CaCJ, and 3 mM EGTA). Cells were disrupted by
cavitation (800-1000 psi, 30 min on ice). Lysate was centrifugedun&t 500 x g and the
supernatant pelleted at 5000 rpm for 3 min. The resulting pelletesaspended in isotonic
50% Percoll® suspension prepared in lysis buffer and centrifuged &#20 min at 30000
rpm using a TLS 55 rotor (TL100 ultracentrifuge, Beckman, USA). firee0.5 ml of each
gradient were collected, mixed with 1.5 ml isotonic 50% Percall§ension, and submitted
to a second ultra-centrifugation for 30 min at the same speed. yffvactions (100-pul each)
were collected and stored at °80for further analyses. In experiments using quinacrine-
loaded cells, fraction aliquots were examined under the fluoreso@npoescope to visualise
granule-associated fluorescence. The fractions of the second gradientanalysed for
nucleotide concentration and by immuno-slot blot (71), using antibodies tagaihdar
markers MUC5AC and VAMP-8 (mucin granules), MUC1 (plasma memhr&i4)130 and
p230 (Golgi), protein disulfide isomerase (PDI, endoplasmic reticulubAMP-1
(lysosome), and mitochondrial cytochrome oxidase subunits Il /nkV ATP-synthase:-

subunit.

Quantification of adenyl purines via etheno-derivatization aad HPLC analysis —Cell

cultures were rinsed and incubated as above, except that ATP ysyslnolhibitors were
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omitted due to interference with the detection of etheno-derivativesquantify adenyl
species within isolated mucin granules, purified granules weraptiesl with ice-cold 5%
trichloroacetic acid followed by ethyl ether extraction, asvipresly described (173).
Samples were derivatised with chloroacetaldehyde and thetimgstllorescent etheno-

species analyzed by HLPC, as previously described (25).

ATP hydrolysis - Isolated mucin granules (2 pug protein) were re-suspended aolde-
100 pl HEPES-buffered HBSS (pH 7.4) containing 0.1 PBJATP (100 puM). Reactions
were initiated by transferring the tubes to &@7vater bath followed by the immediate
addition of either vehicle or 0.1% triton X-100. At the end of the incobasamples were
heated (2 min at 98) to inactivate ATPase activities. The resultingi]{species were

separated by HPLC, as previously described (173).

Statistics — Student’s paired t-test was performed using Excel 2003; p < 0a81 w

accepted to indicate statistical significance.
3. Results

PAR agonists elicit release of ATP associated with mucina WD-HBE cells. In
Chapter IIl , we indicated that basolateral, but not mucosal, addition of the sggotease
thrombin resulted in enhanced mucosal ATP release from WD-tilBEres. Since cellular
responses to thrombin and other serine proteases are mediated bgrmefithe family of
PARs, we investigated whether PAR stimulation in WD-HBEscelicited mucin secretion
coordinate with ATP release. Expression of PARs was verified/D-HBE cells by RT-
PCR analysis. PAR1, PAR2, and PARS3, but not PAR4 transcripts weskfiad in WD-
HBE cultures Fig. 4.1A). Thrombin (50 nM, 5 min), a physiological agonist for PAR1 and

PAR3 (208) promoted both mucin secretiéig( 4.1B) and ATP releasd~(g. 4.1C)into the
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apical bath of WD-HBE cultures. Activation of PARs by thedgieate proteases involves
proteolytic cleavage aothe amino-terminal exodomain of the receptor, generating a new
amino terminus that functions as a tethdigahd (208). Synthetic peptides, mimicking the
tethered ligand, can selectively activate PAR1 and PAR2 indep&ndéntéceptor cleavage.
Human PARS is not activated by PAR3 mimicking peptides (208). Basalabcubation of
WD-HBE cells for 5 min with PAR1 and PAR2 activating peptilfAR1-AP and PAR2-

AP, respectively) resulted in enhanced mucosal mucin secretiohTdhdeleaseKig. 4.1B,

C). PAR activation did not elicit mucin or ATP release into the basolateral batbhimen).

PARs promote C&*-dependent mucin secretion from Calu-3 cellsGoblet cells are
sparsely expressed in WD-HBE cell cultures, making purificatibigoblet cell granules
difficult. Therefore, airway goblet-like Calu-3 cells (71) werglized as a cell model to
investigate the contribution of mucin granule exocytosis to ATRseleBased on a previous
study suggesting the presence of ‘@aobilizing PARs in Calu-3 cells (198), the expression
of PAR transcripts in these cells was examined by RT-PCGRlldstrated inFigure 4.2A,

transcripts for PAR1, PAR2, and PAR3, but not for PAR4, could be amplified in these cells.

Consistent with the concept that all PARs couple to Gg and phospholipastv&tion
(208), Calu-3 cells loaded with Fura-2 AM displayed increased cilttdar C&"
mobilization in response to thrombin (50 nM), PAR1-AP (100 uM), or RARZ100 uM)
(Fig. 4.2B). As shown inFigure 4.2C, thrombin-evoked C& mobilization was negligible in
PAR1-AP-pretreated cells, suggesting that desensitization BfLR#evented Calu-3 cells
from responding to thrombin. Control experiments indicated that PAR2vAked
responses were not affected by PAR1-AP pre-treatnfagt ¢.20. Although the data

cannot rule out a contribution of PAR3 to thrombin-evoked responses, thg iestical
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efficacies of thrombin and PAR1-AP and the PAR1-AP desensitizatfect on thrombin in
eliciting C&* mobilization suggest that PAR1 is the major thrombin receptor ssegulein

Calu-3 cells. Our results suggest that PAR2 is also robustly expressed ireftsese ¢

The secreted mucin MUCS5AC is highly expressed in Calu-3s call revealed by
fluorescence microscopy analyses that identified ~ 1-um aeam MUCS5AC-
immunoreactive granules in 30-40% of Calu-3 cell cultures (71). Hawnfied that Calu-3
cells express Gamobilizing PARs, we asked whether activation of these recepsuited
in enhanced mucin secretion. Incubation of the cells with thrombin, &R Dr PAR2-AP
(5 min) resulted in marked (~70%) loss of MUCS5AC intracellulamunoreactive granules
(Fig. 4.3A and B, suggesting that PAR agonists elicited mucin granule secretionthese
cells. To further verify the effect of PARs on mucin secretpaarized monolayers of Calu-
3 cells were stimulated basolaterally with PAR agonists hadMUC5AC content in the
extracellular solution assessed by immuno-slot blot analysmubation of cells with
thrombin, PAR1-AP, or PAR2-AP resulted in enhanced secretion of M@Ck#o the
apical extracellular solutiorF{g. 4.30). Similarly to previous observations with ionomycin-
stimulated Calu-3 cells (71), negligible mucin secretion to lihsolateral solution was
observed in PAR-stimulated Calu-3 cells (not shown). Thus, PAReelimucin secretion

reflects an exocytotic process associated with the apical plasma amenahrCalu-3 cells.

It has been well-established that receptor-mediated muciretisec reflects a Ca&
dependent process (32). Incubation of Calu-3 cells with BAPTA AMhatate intracellular
Cd&* impaired thrombin-induced mucin secretion, as assessed by the dermes
microscopy observation of MUC5AC-immunostained cdtig(4.4A) and immuno-slot blot

analysis of Calu-3 cell apical secretiolsg( 4.4B). Consistent with the notion that actin
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cytoskeleton remodelling is required for mucin granule exocytosis {8%, thrombin-
promoted mucin secretion was inhibited by cytochalasin D (whichumgtsrthe actin
cytoskeleton), ML7 (a myosin light chain kinase inhibitor), and H1152nlibitor of Rho
kinase, a known upstream effector of myosin light change kinadeaetin cytoskeleton
remodeling during exocytosis (3%ig. 4.4A and B).PAR1-AP- and PAR2-AP-stimulated
cells also displayed reduced MUC5AC secretion when pre-incubatbdhe Rho kinase
inhibitor H1152 Fig. 4.4A and B. Moreover, changes in the organization of actin
cytoskeleton were observed in PAR-stimulated Calu-3 cells belgh fluorescent
phalloidin as previously described in thrombin-stimulated non-epithe&fis (95) (not

shown).

PAR-promoted mucin secretion is associated with enhancedelease of ATP
Incubation of Calu-3 cells with PAR agonists resulted in enhareledse of ATP into the
mucosal (but not basolateral) compartmémng (4.5. Maneuvers that affected mucin granule
exocytosis in Calu-3 cells, such as chelating intracellul&f (BAPTA-AM), inhibiting Rho
kinase (HH152) and myosin light chain kinase (ML7), or disruption of the adbsk®leton
(cytochalasin D), reduced, although did not abolish, ATP relé@ashrombin-stimulated
Calu-3 cells Fig. 4.5. Bafilomycin A;, an inhibitor of the vesicular’H ATPase that loads
ATP into specialized granules in secretory cells (213), alstalparinhibited (~ 30%
inhibition) ATP release from thrombin-stimulated Calu-3 cefigg(4.5. Altogether, our
results are consistent with the hypothesis that a vesicglantlar component, e.g., mucin

granules, contributed at least in part to ATP release from PAR-stimulateeBCells.

Isolated mucin granules contain adenine nucleotideShese results, together with our

previous observation that €aegulated mucin granule secretion is accompanied by
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enhanced ATP release (71), suggest that mucin granules are a sbesamytotic ATP
release. To more definitively assess this possibility, weazedil a strategy that takes
advantage of the fluorescent dye quinacrine that labels Calli-§rasules (71) to isolate
mucin granules from these cells. A representative image of ginedabelled Calu-3 cells
displaying strong granular fluorescence is showirigure 4.6A. Stimulation of the cells
with thrombin, PAR1-AP, or PAR2-AP resulted in loss of granuledamoing quinacrine

fluorescenceKig. 4.6B).

Next, we subjected quinacrine-labelled Calu-3 cells to sublaelffractionation and
fluorescently labelled granules were isolated using two consecttivénuous Percoll®
gradients. Quinacrine-labelled granules (it diameter) were concentrated within a

fraction Fig. 4.7A) that was also enriched in MUC5AEIg. 4.7B and Q.

VAMP-8 has been proposed as the R-SNARE in goblet cell granatytesis (32) based
on its broad participation in exocrine secretion (214). Thereforenwestigated whether
VAMP-8 is associated with airway epithelial mucin granuleetean and, hence, could serve
as an additional marker for granule purification. RT-PCR analgdisated that VAMP-8
transcripts were present in native airway epithelial tisanelsin Calu-3 and WD-HBE cell
cultures (not shown). Importantly, VAMP-8 immunoreactivity co-loealisvith MUC5AC
in the mucin granule fraction (i.e., fraction Eg. 4.70, and in granules of intact Calu-3
cells Fig. 4.7D left panel). Addition of thrombin to Calu-3 cell cultures resllia
decreased VAMP-8 immunoreactivity, which re-distributed to a diffuseddeliular pattern,
concomitantly with the loss of MUCS5AC granule stainingig( 4.7D, right panel).
Collectively, these data suggest VAMP-8 should be a valid mddemucin granule

isolation.
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The MUCS5AC / VAMP-8-containing fraction exhibited negligible amouofsMUC1
(plasma membrane marker), GM 130 and p230 (Golgi markers), proseifictk isomerase
(endoplasmic reticulum marker), LAMP-1 (lysosomal marker), a@iochondrial markers
cytochrome oxidase subunit Il / IV and ATP-synthassubunit Fig. 4.7Q. Thus, we
conclude by these independent markers, MUC5AC and VAMP-8, thdtadepurified a

mucin granule population.

We next measured the adenyl nucleotide content of the variousoficacATP was
concentrated in the same fraction as MUC5AC and VAMP-8 (i.etidrad, Fig. 4.8A).
ATP levels within isolated mucin granules were 0.003 - 0.01 fmaleb 6r 500-900 pmoles

/ mg protein, and represented < 2 % of the total cellular ATP content.

In addition, ATP metabolites were abundant in the MUC5AC / VAMRe8Fiched
fraction Fig. 4.8A). Indeed, in isolated mucin granules, ADP and AMP were the mmval
species (approximately 60% and 30%, respectively), while ATP ambside comprised ~
10 % and ~ 2 % of total purines, respectivelyyg( 4.8B). This pattern of nucleotide
distribution within mucin granules clearly contrasted with that obsgeivethe whole cell
lysate, where ATP represented the dominant (~ 70 %) adenyes{éig. 4.8B). These data
suggest that an ATP hydrolyzing activity was present in uhegeh of the mucin granule.
Using PHJATP as radiotracer, an ATPase activity was revealed inimmgcanules

permeabilized with Triton X-100 (150 £ 16 nmol ATP / min / mg protein, n = 2).

ADP and AMP accompanied ATP release from PAR-stimulatectells. The relatively
high levels of ADP and AMP, relative to ATP, in mucin granuléig.(4.8B) suggest that
these nucleotide species are co-released with ATP and muoirexamine this possibility

directly, the adenyl purine content of Calu-3 cell surface ligua$ assessed by etheno-
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derivatization. A marked increase in ADP, AMP, and ATP accumulati@s observed in
mucosal samples from cells stimulated with thrombin (50 nM, 5 min), relative t@kcoelis
(Fig. 4.9. The net increase in ATP concentration (28 + 3 nM) measuithdtiis assay was
~50% lower than that observed using the luciferase assay (57 + FigM4.5. This
difference is consistent with the fact tifigg-met-ATP and ebselen, which efficiently block
extracellular ATP hydrolysis on airway epithelia [as illustrate@hapters 1l and Il ], were
included in the luciferase assay but not in the derivatization miptge to interference of
the blockers in the detection of etheno-species. Importantly, theanease in mass of ATP,
ADP, and AMP combined following thrombin addition (95 + 11 rfivg. 4.9 substantially
exceeded the mass of ATP release detected in the pregehtPase inhibitors (57 £ 5 nM,
Fig. 4.9. The most likely interpretation of these data is that mucinujearelease of ADP /
AMP contributed, at least in part, to the accumulation of theseespiecCalu-3 cell surface
liquid.

4. Discussion

Gel-forming mucins, the principal polymeric species of the arwucus, are condensed
inside specialized granules and released from cells Viar€gulated exocytotic mechanisms
(215-216). Mucin release requires synchronized secretion of ionster i@ mucin
dispersion into the ASL, but these transport activities are notssqumen goblet cells (215).
Thus, the mechanisms by which electrolyte transport and mucintiseceetivities are
synchronized are poorly understood. Given that mucin secretion is acuethpy enhanced
nucleotide release (71) and that ASL nucleotides and nucleosideateeguvay epithelial
electrolyte transport activities (71, 206), we hypothesizedntiiain granules themselves are

the source of coordinately released nucleotides. We tested htlmethesis by (i)
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characterizing the contribution of receptor-mediated mucin secritionicleotide release,

and (ii) quantifying the nucleotide content within isolated mucin granules.

Our results demonstrate that primary cultures of WD-HBE egltsimmortalized Calu-3
cells express functional PAR1 and PAR2, which upon activation, prongted€pendent
mucin secretion and ATP release onto the apical surface. Thevatiserthat thrombin-
promoted ATP release was patrtially inhibited by maneuvers tpstdeATP from vesicular
compartments (e.g., bafilomycin A suggests that thrombin-elicited ATP release was
mediated, at least in part, by an exocytotic mechariisgn 4.5. Moreover, ATP release was
reduced under conditions that inhibited mucin exocytosis (i.e., intrlgetalcium chelating
with BAPTA AM, actin cytoskeleton disruption with cytochalasin Bdanhibition of Rho
and myosin light chain kinases with H1152 and ML7, respecti¥ety;4.5, also consistent

with a mucin granule secretion contribution to ATP release.

Previously, the presence of ATP in the mucin granules had been hypethbased on
the premise that mucin molecule packaging and granule integmtyenergy dependent
processes (217). Direct testing of this hypothesis has beenngadjebecause the scant
numbers of goblet cells within normal airway epithelia and grafralglity has hampered
the isolation of intact mucin granules. Taking advantage af-@alkell cultures that comprise
up to 40% goblet-like mucin granule expressing cells (71), we waeeta obtain a sub-
cellular fraction highly enriched with mucin granules. Employangell cavitation method
and applying two successive continuous Percoll® gradients, mucin gsawele isolated
devoid of measurable amounts of other cellular components. Importargypudation of
isolated mucin granules were intact, since ATP was enriché@ imticin granule-containing

fraction (Fig. 4.8A). Moreover, AMP and to a greater extent ADP were more abutickamt
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ATP in this fraction Fig. 4.8B), strongly suggesting that a spectrum of adenyl nucleotides

(rather than ATP alone) are released from mucin granules during muciyiesisc

It could be argued that the relative high content of ADP / AMP regbdein the mucin
granule may be due to an artifact consequent to granule isolatigra @hosphatase activity
associated with the cytosol-facing side of the granule membcan&l have rapidly
hydrolyzed ATP upon disruption of the mucin granule. This possibilgynseunlikely since,
for nucleotide measurements, mucin granules were disrupted in tleenpee of
trichloroacetic acid, which rapidly inactivates enzyme acésitiThus, the relative high
content of ADP / AMP relative to ATP in the lumen of granuleggssts the presence of
metabolic activities, e.g., energy-dependent and / or phosphorylatotiores, inside the
granule. Supporting this notion, an activity capable of hydrolyzing exagefH]ATP with
a rate of 150 £ 16 nmol ATP / min x mg protein was detectesbiated granules following
granule permeabilisation with Triton X-100. Thus, ATP, ADP, and AM®Ni co-exist
within intact mucin granules. While mucin granule isolation wasopexd at 4°C, a
condition that minimizes ATPase activities, the relative aburelah@denyl species within
isolated mucin granules in living cells remains to be determinedertheless, the net
increase in mass of ADP / AMP in secretions from PARdted cellsFig. 4.9 surpassed
that predicted from the hydrolysis of ATP released aléing @.5. Thus, the data strongly
suggest that an intracellular pool contributed to ADP and AMP eelddss conclusion is
consistent with the predictions of a recently described matieahabodel of nucleotide
regulation in ASL. According to this model, AMP and ADP are preditddzk released from

airway epithelia via an exocytotic mechanism (100).
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Our results suggest that mucin granules release ADP / ANdReference to ATP. Such a
pattern of nucleotide release from goblet cells offers a poltgtisiological advantage to
the airway of selectively activating ion / water transpotivaies on neighboring ciliated
cells, while minimizing autocrine feedback on mucin secretion fgwhlet cells (see a
proposed model of ASL nucleotide regulationFigure 4.10. Specifically, released ADP
and AMP can be rapidly hydrolyzed to produce adenosine, which selg@reenotes liquid
secretion via an # receptor / CFTR-mediated mechanism on ciliated cells (7, 25). In
contrast, adenosine receptors are not expressed in goblet celldisameature, plus the
relatively low levels of ATP release, prevent autocrine @ition of further mucin release
from goblet cells. Such a mechanism maximises the capachydrate mucins in normal

airways, but allows fine control of mucin secretion.

It is worth noting that non-exocytotic mechanisms likely alsaticbute to ATP release in
airway epithelia. InChapter Ill we demonstrate that thrombin promotes robust release of
ATP from WD-HBE cells, which are largely dominated by non-mucous celisekss from
lung epithelial A549 cells, which are devoid of mucin granules. Ael@ase from these cells
was partially inhibited by inhibitors of connexin/pannexin hemichanrselggesting the
involvement of conductive mechanisms. A prediction in this scenartbais conductive
nucleotide release e.g., from non-mucous cells, would reflect aditosiucleotide
concentrations, i.e., ATP would be the predominant released specresb$auvation that
significant amounts of AMP and ADP are stored within and relelasadmucin granules in
thrombin-stimulated Calu-3 cells is predicted to reduce eméribution of the cytosolic pool

to nucleotide release in goblet cell metaplasic airway epithelia.
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An additional contribution of our study was the identification of VAMBS8the vesicle
SNARE protein associated with MUC5AC granules in airway elmthgoblet cells Fig.
4.7). Although investigation on the contribution of VAMP-8 to mucin secratidreyond the
scope of the current study, the fact that VAMP-8 immunostainindistabuted upon
agonist-stimulated MUC5AC secretioRiq. 4.7D) provides the first experimental evidence
of a functional role for VAMP-8 in goblet cell granule exocytoass,previously speculated

(32).

Thrombin was utilized as a tool to initiate agonist-mediated Adi€ase in our studies.
However, thrombin has been reported to be present in the airwaysesftpatith bronchial
asthma and allergic rhinitis (218-219) and to stimulate mucin temtréhrough PAR1
activation in airway epithelial cells(219). PAR2 is not actigdig thrombin but is activated
by trypsin, tryptase, catepsin G, and proteinase 3, and its exprassup regulated in
respiratory epithelium subsequent to inflammation in asthma and G2IR¥D Activation of
PAR2 has been linked to mucin secretion in gastrointestinal epltleelis (220-221) but,
according to one study, PAR2 promotes only modest mucin secretponses in airway
epithelial cells (210). Our data, however, suggest that, like PARR2R#&omotes robust
mucin secretion (and ATP release) in two airway epithelillmmedels. Because chronic
airway inflammation is accompanied by goblet cell metapl@3®, a thrombin and/or
trypsin-like PAR-dependent mucin and ATP secretagogue actmdy be a significant

feature of chronic lung diseases.

In summary, our results demonstrated that mucin granules are artantpsource of
releasable ATP, ADP, and AMP, providing paracrine signaling tated cells for mucin

hydration. By releasing predominantly ADP and AMP, mucin grarhée® the capacity to
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minimize autocrine stimulation of mucin release, while favoringnadine formation,
selectively activating ion / water secretion from cilthieells. Lastly, the observation that
both PAR1 and PAR2 agonists elicited robust mucin secretion from malarnnnolayers of
goblet-like Calu-3 cells suggests that similar processegsbmaa feature of chronic muco-

obstructive lung diseases.
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Figure 4.1. PAR agonists stimulate mucin and ATP release froMWD-HBE cells. A, RT-
PCR analysis indicating that PAR1, PAR2, and PAR3 (but not PARMsCripts were
amplified in WD-HBE cells; RT, reverse transcriptase. B,WD-HBE cultures were
incubated basolaterally with vehicle, 50 nM thrombin, 100 uM PAR1eAR00 uM PAR2-
AP for 5 min at 37° C. The apical bath was analyzed for mucin coloyeimimuno-slot blot
(B) and ATP content by the luciferin-luciferase assay EXperiments were performed in
quadruplicate with cultures from three different donors. The reavitsexpressed as the
mean £ SEM (*, p < 0.01).
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Figure 4.2. Calu-3 cells express PAR#, RT-PCR analysis indicating that PAR1, PARZ2,
and PAR3 (but not PAR4) transcripts were expressed in Calu-3 d8|I<C, Intracellular
calcium mobilization was assessed in Calu-3 cells loadedRuiti-2. Cells were challenged
with 50 nM thrombin, 100 uM PAR1-AP, or 100 uM PAR2-AP added independ@)tigr
consecutively (C). The tracings are representative of threependent experiments
performed in duplicate.
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Figure 4.3. PAR agonists stimulate mucin release from Calu-3 ¢l Calu-3 cells were
challenged with vehicle, 50 nM thrombin, 100 uM PAR1-AP, or 100 uM RARZor 5
min at 37°C. A, Mucin granule content was determined by immumisgaivith a MUC5AC
antibody followed by confocal microscopy analysis (bar = 100 pum)Quantification of
MUCS5AC immunostaining in Calu-3 cultures. C, Mucin release in timeehal bath was
assessed by slot blot as in Figure 4.1. The results of a refase experiment are
illustrated, and the data are expressed in arbitrary units atioeamgean £ SEM (n = 4; *, P<
0.01). Similar results were obtained in three independent experiments.
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Figure 4.4. PAR-stimulated mucin release is G4 and cytoskeleton dependentCalu-3
cells were pre-incubated for 30 min at 37 °C with either vehiclggMIBAPTA AM, 5 uM
cytochalasin D, 100 nM H1152, 10 pM Y27632, or 1 uM ML7. Cells werdertgdd with
vehicle, 50 nM thrombin, 100 uM PAR1-AP, or 100 uM PAR2-AP for 5 miB7aC. A,
Mucin granule content was quantified by immunostaining as in Fig8réB4Mucin release
in the apical bath was assessed by slot blot as in Figure 4.lrirkepts were performed
three times, each condition in quadruplicate. The results of a eepaige experiment are
illustrated and data are expressed as percentage of control fnfeaN; *, p< 0.01 vs.
control).
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Figure 4.5. PAR-stimulated ATP release involves a vesicular, €a, and cytoskeleton-
dependent mechanismCalu-3 cells were pre-incubated with inhibitors as in Figure 4.4, or
with 4 uM Bafilomycin A for 30 min at 37 °C. Mucosal ATP release following the addition
of the indicated PAR agonists (5 min at 37°C) was assessed hsirgctferin-luciferase
assay in the presence of blockers of ecto-nucleotidases. Erpé&siwere performed in
guadruplicate with three independent cultures. The results of aertatige experiment are
illustrated, and the data are expressed as the differenaedmetPrAR agonist and basal
values (basal ATP values, 15 =+ 5 nM), (mean = SEM; *, p < 0.0lpaced to thrombin
stimulation; #, p < 0.01 compared to PAR1-AP and PAR2-AP stimulation).
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Figure 4.6. PAR agonists stimulate secretion of quinacrine-labed granules.Calu-3 cell
mucin granules were loaded with quinacrine (10 uM, 20 min at 37°C). Cells were maunted i
a confocal microscope and real-time images of the DIGma¥ski illumination (grey) and
fluorescence (green) channels acquired every 30 s (see MetBelis)wvere challenged with
vehicle (control), 50 nM thrombin, 100 uM PAR1-AP, or 100 pM PAR2-APOxerlay of

the DIC and fluorescence confocal images of quinacrine-labellégt3eells in control
conditions; bar = 10 um. B, Representation of the change in fluoresteansity associated
with 1 pm-granules after 5 min incubation with vehicle or PAR ager(in = 3; mean +
SEM; *, p <0.01).
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Figure 4.7. Isolation of mucin granules from Calu-3 cellsMucin granules were isolated
from Calu-3 cells using two consecutive Percoll® gradients agidbedcin Methods; the
results of a representative isolation experiment are ilbestr#@, Confocal microscopy image
(DIC [/ fluorescence channel overlay) of an isolated mucin geafrom Calu-3 cultures
labelled with quinacrine. B, Image of the immuno-slot blot for MUC5#&@resenting the
first eight fractions of the second gradient. C, The profile oetie distribution in the
second gradient fractions was assessed by immuno-slot blot y&odics antibodies that
recognize the indicated cellular markers. The quantificatioheofiensitometry data for each
organelle marker is expressed as % of the total lysate cobtehbcalization of VAMP-8
and MUCS5AC was assessed by immunostaining under resting (coletitolpanels) or
thrombin-stimulated (50 nM, 5 min at 37° C; right panels) conditions in-@alells; bar =

10 pum.
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Figure 4.8. Isolated mucin granules contain ATP and other nuctgides. A,
Quantification of the amounts of ATP and total adenyl purine th e# the fractions
collected in the second gradient was performed by etheno-dest@tizand HPLC analysis.
Data are expressed as the concentration of ATP (left art)t@al adenine-containing
species (right axis); note that left and right axes repreltfatent concentration ranges. B,
Quantification of the content of adenyl purine species (ATP, AAN?P, and adenosine) in
the total cell lysate and isolated mucin granule fraction (iaetibn 4) was performed by
etheno-derivatization and HPLC analysis. Data are the avefdgear independent granule
isolations and represent the percentage distribution of each spétiagspect to the total
adenyl purine content in the fraction (mean = SEM). Note: theadt&tyl purine mass in the
mucin granule fraction represented < 5 % of the cell lysate content.
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Figure 4.9. Nucleotide composition of Calu-3 cell secretion€alu-3 cells were stimulated
with thrombin (50 nM, 5 min at 37°C) and the apical bath was collectdcanalyzed for
adenyl purines as above. The results of a representative expearadllustrated, and data
are expressed as the mean = SEM; * |, p< 0.01 compared to nonastich(lbasal) levels.
Similar results were obtained in two independent experiments performed in quadeuplic
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Figure 4.10. Model of adenyl nucleotide regulation in ASLThe schematics represent a
ciliated and goblet cell of the airway surface epithelium. Muoiocytosis from goblet cells
is accompanied by release of adenyl nucleotides present in mguasmles as co-cargo
molecules. ADP is the prevalent species followed by AMP and ATP. In ABP and AMP
(and ATP) are rapidly metabolised by ecto-nucleotidases into adendslenyl purines
have autocrine and paracrine regulatory activities on epithelial Eer example, adenosine
stimulates the 4 receptor on ciliated cells. CFTR, which is expressed int&di@ells, is
activated by Ay, receptor-promoted cAMP formation. Thus, chloride secretion is ireneas
and sodium absorption is reduced (by CFTR-mediated inhibition of ENdfibh \wenerates
the driving gradient for water secretion necessary to disperdg segreted mucins into the
ASL. ATP released from mucin granules stimulates R2¥eptors on goblet cells for further
mucin secretion, and on ciliated cells resulting in activation MEWM16A or CaCC,
activation of CFTR, and inhibition of ENaC.
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CHAPTER V

Rho-dependent pannexin 1-mediated ATP release from airway epiia

This research is a manuscript in preparation. Lucia SemiWata; Silvia M. Kreda, Seiko

F. Okada, Juliana Sesniichard C. Boucher, and Eduardo R. Lazarowski. Rho-dependent
pannexin 1-mediated ATP release from airway epithelia. ghltsi of reproduction of any
form reserved.



1. Introduction

The MCC process that removes foreign particles and pathogendifeomrways is the
primary innate defense mechanism in the lung (222). Nucleotides andsidekewithin the
ASL regulate key components of MCC via activation of epithelkedll surface purinergic
receptors (206, 223). ATP activates thgdBupled P2¥-R that promotes mucin secretion
and ciliary beat frequency, and regulates electrolyte tranapdrASL volume production by
inhibiting sodium absorption (21, 32, 45, 56-57, 61, 162) and promoting CaCC adBiity (
29, 35, 48-49, 163). Adenosine, generated from the hydrolysis of ATP, actikiatés-
coupled AR that promotes cyclic AMP-regulated CFTR €hannel activity (164) and
increases CBF (21). While ATP and adenosine are naturally ougsrgnaling molecules in

ASL (7, 11, 25-27), the mechanisms of airway epithelial ATP release alg poderstood.

The lung epithelia exhibit a complex cellular composition, and thusradewechanisms
and pathways likely are involved in the release of nucleotideshataitways. Studies with
goblet-like cell models indicate that ATP and other nucleotidesedleased concomitantly
with MUCS5AC, a secretory mucin, during €aegulated exocytosis of mucin granules (71).
Thus, mucin secreting granules may constitute an important SOUA& oATP, providing a
pathway for paracrine signaling to ciliated cells, i.e., for mugdration and clearance. A
vesicular mechanism of nucleotide release may also operate imummus cells. For
example, by selectively manipulating the levels of expressidaotgi-resident nucleotide-
sugar transporters in 16HBEI4eells, a cell line that mimics aspects of ciliated epighel
Sesmaet al. demonstrated that the Golgi lumen is an important source otebtlar UDP-
sugar constitutively released from cells (94). Although not fosmi#monstrated, a similar

mechanism may apply for the constitutive release of ATP.
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Mechanical forces during tidal breathing and coughing and cellisg during hypotonic
gland secretions are ubiquitous stimuli imparting robust ATP sel&@m the airways, but
the mechanism involved in mechanically-promoted airway epithall&® release are not
well-defined (7, 26, 87, 105, 224). Recently, Ranstral. reported that ATP release from
hypotonically-swollen WD-HBE cell cultures was nearly 60% lted by non-selective
hemichannel blockers or by knocking down pannexin 1, via ShRNA (207). Thus, pafinex
is a candidate ATP release pathway in hypotonically swolldNBE cells. However,
regulatory signaling elements transducing hypotonic/mechanreassnto ATP release have

not been identified.

In Chapter 1ll , we described that activation of G protein-coupled PAR resulted in
enhanced release of ATP from WD-HBE cells, which was atteduby non-selective
inhibitors of connexins/pannexin hemichannels. PAR-elicited ATP geleaflected a Rho-
dependent mechanism, suggesting a link between Rho activation arzhdwemel opening.

In the present study we tested the hypothesis that ATFseefean mechanically stimulated

airway epithelial cells involves a Rho-regulated opening of pannexin 1-hanmels.
2. Methods

Reagents- 2-Phenyl-1,2-benzisoselenazol-3(2H)-one (ebsefymethylene ATP R,y-
metATP), carbenoxolone, flufenamic acid, and luciferase fiemtinus pyralis were
obtained from Sigma (St. Louis, MO. Luciferin was obtained from BD PharMi(igenklin
Lakes, NJ). The Rho Activation Assay Biochem Kit was purchdsmd Cytoskeleton
(Denver, CO). ML-7 and H1152 were purchased from Calbiochem. HC6704% kuad gift
from Dr. David Clapham (Hydra Biosciences). The pannexin 1 klsigc peptide

WRQAAFVDSY (*°Panx1) (196), and its scrambled versioiiPanx1) SADYRVAFWQ,
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generated using the online software at Genscript
(http://www.genscript.com/scrambled_library.html) were synthédsizat the UNC
Microprotein Sequencing and Peptide Synthesis Facility. Other chlsmvere from sources

previously reported (25, 71).

Cell culture and incubations- Primary cultures of WD-HBE cells were provided by the
Cystic Fibrosis/Pulmonary Research and Treatment CenteneTBsocurement and Cell
Culture Core at UNC. WD-HBE cells were grown on 12-mm Transsugdports (Costar)
and maintained at air-liquid interface, as previously descril2éd 225). A549 lung
epithelial cells were grown to confluence on plastic dishetesasribed irChapter Il . Cells
were rinsed twice with HBSS supplemented with 1.6 mM a8 mM MgC}, and 25 mM
HEPES pH 7.4 (HBSS+) and pre-incubated as indicated below imothespgonding assay
sections. Hypotonic challenge was applied by gently replacinghindeof the volume of the
extracellular solution with a HEPES-buffered (pH 7.4) solution coimgil.8 mM MgCj}
and 1.6 mM Cag| thus reducing the solution tonicity to 200 mOsm, as previously described
(26). A saline-based (isotonic) solution containing the above additionsises for volume

replacement in control cultures.

For experiments involving phasic motion-promoted shear stress, WD ddBures were
placed on the platform of an in-house designed device, which wasctdijto rotational
go/stop cycles (28 cycles/min) inside a humidified incubator (7). citemge in velocity
caused by this phasic motion was similar to changes seen duarruigpiinspiration during

normal tidal breathing, as previously described (7).

Measurement of ATP release-ATP concentrations in WD-HBE and A549 cells were

guantified off-line via a LB953 AutoLumat luminometer (Berthold)dascribed irChapter
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lll. Calibration curves using known concentrations of ATP were genaratbd end of each
experiment. None of the reagents used during ATP release nreastsanterfered with the

luciferase reaction.

RT-PCR analysis- Total RNA was prepared using the RNeasy Mini Kit (Qiagen,, Inc
Valencia, CA) and reverse-transcribed using SuperScripteNerse transcriptase (RT;
Invitrogen Corporation, Carlsbad, CA). RT-PCR was performed usingltiogving cycling
conditions: 4 min/94°C, 1 min/72°C, 45 s/94°C, 1 min/55°C, and 1 min/72°C; 36 cycles.
Amplified products were sequenced at the UNC Genome Analysidityzadrimer

compositions are indicated Trable 5.1.

Semi-quantitative RT-PCR was performed in a Lightcycler R@Rhin€ thermal cycler
(10 min/95°C; 5 s/55°C, 8 s/72°C; 45 cycles), as desarb€tapter Il . GAPDH served as
a housekeeping gene for normalization between samples, and was inalweegh icycling
run. The melting temperature of the PCR product for each react®mwoaitored to ensure
that only a single product of the correct size was amplifiednd?s for GAPDH were:
forward, 5-GAAGTTGAAGGTCGGAGTCA-3, and reverse, 5'-

GATCTCGCTCCTGGAAGATG-3'. Other primer pairs are indicated able 5.1.

Uptake of propidium iodide- WD-HBE cells were rinsed and challenged for 5 min in the
presence of 20 uM propidium iodide (added apically). At the end of thdbation, the
bathing solution was replaced with HBSS+ containing 4% paraformaldehcquisition of
confocal images and quantification of nuclei staining were peddras described in Chapter

SiRNA- Oligonucleotides targeting human pannexin 1 (5-

GCATCAAATCAGGGATCCT-3) and its scrambled control (5-
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GCTTGACCCACGGTATAA-3"), were purchased from Dharmacon Inc. A5éBscwere
transfected with 1 pg oligonucleotide using the Amaxa Nucleof&xteice™ and Cell Line
Nucleofector® Kit T (Amaxa Biosystems, Gaithersburg, MD),dwaihg the manufacturer

instructions. Assays were performed 48 h after transfections.

Overexpression of dominant negative mutants of RhoGEF and RhoApcDNA3.1
vectors encoding p115RGS and RhoA(T19N) were kindly provided by Dr. T. KleHar
(176-177). A549 cells were transfected with empty vector or vecdwotaining the desired

insert using the Amaxa Nucleofector Device™.

RhoA pulldown assay-Measurements of GTP-bound RhoA were performed using the
Rho Activation Assay Biochem Kit, following to the manufacturestiuctions, as described

in Chapter 111 .

MLC phosphorylation- Proteins were resolved by SDS-PAGE and duplicated
membranes were separately blotted with anti-phospho-MLC(SeniiBpdy (1:500) or anti-
MLC (1:1000) antibodies (Cell Signaling Technology Inc. Danvers, MApded by goat
anti-rabbit Alexa Fluor®680 secondary antibody (Invitrogen, Eugene, Oreganjuriablots

were revealed and quantified as describedhapter 111 .

Cell volume regulation- Changes in cell height were measured to estimate cell golum
changes, as described previously (26). In brief, WD-HBE cedievioaded with 5 uM
calcein-AM (Molecular Probes, Eugene, Oregon) for 30 min at 37 °Capical surface of
cultures was equilibrated for 10 min with 33 pl HBSS+ and the osityotd the solution
was reduced to 200 mOsm, as indicate above. Xz-scanning image®ht@ireed every

second for initial 15 s, then every 5 s for next 75 s.
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Data Analysis- Differences between means were determined by unpaired Ssutdrst

and were considered significant when p < 0.05.
3. Results

Hypotonic stress promotes pannexin 1l-mediated dye uptake andTP release.
Connexins and pannexins form non-junctional hemichannels and they have dygesegrto
release ATP in receptor- and hypotonic shock-stimulated aippéiielial cells [(207) and
Chapter IIl ]. However, whether connexin/pannexin hemichannels form functional pores at

the WD-HBE cell surface and, if so, how are they regulated, is not well-unaolerst

As an initial test for the expression of functional hemichannels @HBE cells, the
uptake of the hemichannel-permeable reporter dye propidium iodideinvastigated.
Propidium iodide displays low intrinsic fluorescence, but its fluorescenceses€0- to 30-
fold upon binding to nucleic acids. Under resting conditions, a small nuofd¢BE cells
displayed nuclear labeling with propidium iodide, but nuclear fluorescencreased sharply
upon exposure of the cells to hypotonic challergg.(5.1A and B. The time-course of
propidium iodide uptake following the hypotonic challenge was neddstical to that of
ATP releaseKig. 5.1B). Both propidium iodide uptakd-ig. 5.10 and ATP releaseF(g.
5.1D) were markedly impaired in the presence of 10 uM carbenoxoloneoracé root
derivative that preferentially albeit not selectively inhibitsnpexin hemichannels over
connexin hemichannels and volume regulated anion channels (226-228). Control experiments
indicated that carbenoxolone did not affect hypotonicity-induced welliag (Fig. 5.4A).
Consistent with the notion that released ATP promotes regulatangnealiecrease (RVD) in
hyponically-swollen WD-HBE cells (26), carbenoxolone delayed RWHg.( 5.4B).

Flufenamic acid, a potent inhibitor of connexin hemichannels (229) thalags low affinity
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towards pannexin 1 (226) had no significant effect on ATP releas@rapddium iodide
uptake in WD-HBE cells Fig 5.1C and D. The potential involvement of pannexin 1 in
ATP release and dye uptake was further tested by asgdbs effect of the pannexin 1-
selective blocking peptidé®Panx1. *®Panxl (30 pM), but not its scrambled control,
completely blocked the uptake of propidium iodide in hypotonically-chadiényD-HBE
cells Fig. 5.10. ATP release was in parallel inhibited Bpanx1 Fig. 5.1D. These results
strongly suggest that pannexin 1 is an important mediator of Algase from WD-HBE
cells. It is worth noting, however, that inhibition of ATP releage®anx1 (50-60%) was
less robust than the nearly 100% inhibition observed on dye uptake (cdfgmsrg.1C and
5.1D), suggesting that mechanisms additional to hemichannel opening contobAfEP

release in these cells.

RT-PCR analysis confirmed the expression of pannexin 1 in WD-HHE €ig. 5.2A).
Sequencing analysis of the product of the PCR reaction indicat@ustdréon of GGT ATG
AAC ATA 66 bp upstream of the termination codon of pannexin 1, suggebandghe 426
amino acid-long pannexin 1b [Gene Bank NP_056183.2 (230)] is the major pannekin 1 s
variant expressed in WD-HBE cells. Brain-specific pannexi@30D) and pannexin 3 could

not be amplified in these culturdsq. 5.2A).

Experiments illustrated also Figure 5.2 indicated the presence of pannexin 1 transcripts
in lung carcinoma A549 cellsF(g. 5.2B). Like WD-HBE cells, A549 cells displayed
enhanced propidium iodide uptakeid. 5.20 and ATP releaseg. 5.2D) in response to
hypotonic challenge, which were inhibited by carbenoxolone'®ahx1. Also similar to
WD-HBE cells, *®Panx1 nearly completely blocked dye uptake while robustly, but not

completely, impaired ATP release.
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Unlike WD-HBE cells, A549 cells can be efficiently transfecteith cDNA expression
vectors and siRNA oligonucleotides [as describe@hapter Il ]. Thus, we took advantage
of these cells to further assess, via siRNA, the involvemegpamfiexin 1 in ATP release and
dye uptake. A549 cells transfected with pannexin 1 siRNA olygontisdso (but not its
scrambled version) exhibited a ~50% reduction of pannexin 1 transemgls IEig. 5.3A).
The siRNA approach was selective for pannexin 1 since it did fextdhe expression of
connexin 43 transcriptsig. 5.3A). Pannexin 1 siRNA-transfected cells exhibited ~50%
reduced hypotonic challenge-promoted ATP relekge 6.3B) and propidium iodide uptake

(Fig. 5.30).

Collectively, the data ifrigures 5.1-5.3strongly suggest that pannexin 1 mediates the
uptake of propidium iodide and contributes to the release of ATP in hypostneiss-

stimulated airway epithelial cells.

Rho GTPases regulate ATP release from hypotonically stimulateairway epithelial
cells. Based on our studies i@hapter Il suggesting that Rho GTPases are important
regulators of ATP release in cells stimulated with thenegrotease thrombin, we examined
the possibility that Rho signaling is involved in ATP release from hypotorgsssstimulated
WD-HBE cells. Therefore, the effects of inhibitors of ROCK an@OX downstream
effectors were investigated in WD-HBE cell cultures subgetbehypotonicity-induced cell
swelling (26). Hypotonic challenge-promoted ATP release was eéducthe presence the
ROCK inhibitor H1152 Fig. 5.95. The regulatory domain of MLC is a major downstream
effector of ROCK. By phosphorylating and inactivating MLC phospleat@©CK facilitates
MLC phosphorylation by MLCK (187). Consistent with the possibility thatLC

phosphorylation was involved in ATP release from hypotonicity-stirad|l&/D-HBE cells,
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the MLCK inhibitor ML-7 markedly reduced ATP release from theslés Fig. 5.5A). ML-7
and H1152 had no effect on hypotonic stress-elicited cell swekigg $.30. These results
suggest that hypotonic stress promoted Rho/ROCK activation and enhaficgd

phosphorylation upstream of ATP release.

To directly verify that hypotonic stress induces Rho activationMiod phosphorylation
in WD-HBE cells, RhoA-GTP and MLC phosphorylation were measugeth® pulldown
assay and phospho-MLC (Serl9) immunoblot, respectively. As illudtratEigure 5.5B
and C, hypotonic stress enhanced RhoA activation and MLC phosphorylation, reslyect
relative to control cells. Consistent with the notion that RC&K! MLCK act on MLC

(187), H1152 and ML-7 reduced MLC phosphorylation in hypotonicity challenged BB-H

cells Fig. 5.50.

While the above-described experiments indicated that RhoA wastadt in response to
hypotonic challenge, evidence that Rho activation is involved in Adl@ase relies on
pharmacological inhibitors with less than ideal selectivity.fi@e conclusively assess the
involvement of Rho in ATP release, the effect of a dominant negativant of RhoA,
RhoA(T19N), which tightly binds to Rho-GEF but does not promote downstréfantose
activation, was examined. A549 lung epithelial cells transienthnstected with
RhoA(T19N) cDNA. Transfected cells displayed reduced hypotehaxk-evoked ATP
release, relative to empty vector-trasnfected cdilg. (5.6A). Unlike RhoA(T19N), cell
transfection with p115-RGS, which inhibits the coupling betwee/zand p115-RhoGEF
in response to GPCR activation [s€hapter Ill] had no effect on hypotonic shock-
promoted ATP releaséig. 5.6A). As expected, RhoA activation and MLC phosphorylation

were impaired in cells transfected with RhoA(T19Rigé. 5.6B.
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Rho signaling regulates dye uptake in airway epithelial cellddaving determined that
ATP release from hypotonic stress-stimulated cells fleets a Rho-dependent process
(Figs. 5.5 and 5.pand (ii) is associated with pannexin 1 activatiéig$. 5.1 - 5.3 the
potential link between Rho signaling and hemichannel opening wasredrioth the Rho
kinase inhibitor H1152 and the MLCK inhibitor ML-7 caused a nearly cetaphhibition of
hypotonic challenge-promoted propidium iodide uptake in WD-HBE deids 6.7A and B.
Moreover, transfection of A549 cells with RhoA(T19N) markedly redueduptake of

propidium iodide in these cell&ig. 5.70).

Shear stress promotes airway epithelial ATP release in ahi® kinase-, MLCK-, and
pannexin 1-dependent manner. Hypotonic shock was utilized above as a tool to initiate
cell swelling-mediated ATP release. In addition to cell snglltriggeredin vivo by
hypotonic gland secretions (103), the airways are continuously exjfmoskdar stress during
tidal breathing and coughing, which impart ATP release-depend@@ activities (7).
However, how shear stress elicits ATP release is not knownp#ilngsis derived from our
studies inChapter Ill and current observation§&i¢s. 5.1-5.7 is that Rho GTPases and
pannexin hemichannels are upstream regulators and effectors tiketpeof ATP release.
Therefore, we examined the effects of pannexin 1 blockers and Rise®maCK inhibitors
in the release of ATP from shear stress-stimulated WIE-E@| cultures. Using a specially-
designed device, WD-HBE cell cultures were subjected to exetelin/deceleration cycles to
deliver phasic shear stress over the apical cell membranepwaties similar to airflow-
induced shear stress (7). Consistent with an involvement of Rho smnahear stress-

induced ATP release was partially inhibited by H1152 and ME#j. 6.8. Moreover, shear
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stress-elicited ATP release was also reduced in the peesei carbenoxolone or the

pannexin 1 blocking peptid&8Panx1 (but not its scrambled control peptidéy(5.9).

TRPV4 as a potential effector upstream of ATP releaseThe transient receptor
potential vanilloid (TRPV) 4 channel is a broadly expressemrcathannel that acts as a
sensor of various physical stimuli such as heat, osmotic sstessr stress, and stretch (231-
233). Patrticularly relevant to our study, it has been receepgrted that TRPV4 mediated
ATP release in response to osmotic stress in the thick ascemdm@fl the renal medulla
(234) and in stretch-stimulated urothelia (235). Since TRPV4 is abupn@apressed in the
airways, we hypothesized that TRPV4 transduces mechanicallistmio Rho/pannexin 1-
mediated ATP release in airway epithelia. An initial assest of this hypothesis indicated
that ruthenium red (10 puM), a non-selective inhibitor of TRP channelgeally inhibited
hypotonic stress-promoted ATP release in WD-HBE cells (datahmin). Consequently,
the effect of the highly selective TRPV4 inhibitor HC67047 wasmemed. As depicted in
Figure 5.9 pre-incubation of the cells for 30 min in the presence of 10 uM HC67047
markedly impaired ATP releaseri§g. 5.9A) and dye uptakeHg. 5.9B and Q in
hypotonicity-challenged WD-HBE cells. Control experiments inedahat HC67047 did
not affect hypotonic-stress-elicited cell swellirigg. 5.40), indicating that the target of the
TRPV4 inhibitor was located downstream to the cell volume chandeplasma membrane
stretching triggered by the osmotic challenge. Lastly, HC67047 cahplenpaired
hypotonic stress-promoted RhoA-GTP formation, but had no effect on theeRbanse to

thrombin activation of PAR$g. 5.9D).
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4. Discussion

A key physiological component of lung function involves the complex and ebt w
defined mechanism that controls MCC activities. Nucleotides (BXP) and nucleosides
(i.e., adenosine) are present in physiologically relevant contengsan ASL bothin vivo
andin vitro. Compelling evidence suggests that these molecules acting theli@picell
surface purinergic receptors are major regulators of eletgrtgnsport, cilia beating, and
mucin secretion (206). However, the mechanisms that control tleeseetd nucleotides into

ASL are incompletely understood.

We now demonstrate that WD-HBE cells display hypotonic stressqied uptake of the
hemichannel probe propidium iodide with kinetics overlapping that of Adiase. We
further show that the non-selective hemichannel inhibitor carbenoxdloagannexin 1-
selective blocking peptid®Panx1, and pannexin 1 siRNA markedly decreased dye uptake,
in addition to reducing ATP release. Thus, pannexin 1 is functiongthessed at the airway
epithelial plasma membrane, i.e. as an ATP (and dye) permdadmmeat. However, the
major finding of the current study is that the pannexin 1-agsocectivities are controlled
by Rho GTPases and their downstream effectors. Specificallydemonstrated that
hypotonic stress elicited MLC phosphorylation in a Rho kinase-dependsmtemand that
inhibition of MCL phosphorylation (with the Rho kinase inhibitor H1152 or the Mir@ase
inhibitor ML-7) decreased ATP release and impaired dye uptBkp5(5A and 5.7A).
Furthermore, our results show that hypotonic stress promotes RhivAtiact in airway
epithelial cells Fig 5.5 and that selective inhibition of RhoA activation (using a RhoA
dominant negative mutant) resulted in impaired MLC phosphorylationypliydke, and ATP

release Fig. 5.6 and 5.J. Taken together, these results strongly suggest that RhoA/Rho
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kinase activation (and subsequent MLC phosphorylation) is an earlyupstpeam of
pannexin 1l-mediated ATP release in hypotonic stress-stimulgiditelea. We have not
addressed the mechanism by which Rho contributed to pannexin 1-medidettldase.
However, given the actions exerted by Rho/Rho kinase on cytoskeleton congpfmng.,
regulating MLC phosphorylation and actin polymerization (189)], one smemulis that
Rho-promoted membrane-cytoskeletal rearrangements faailpatenexin 1 interaction with

regulators.

Our study provides new clues as to the potential mechanism by which hypdiaitenge
resulted in Rho activation. We demonstrated that TRP channel inhibmtotsedly reduce
ATP release from WD-HBE cells. We also demonstrated ttiethighly selective TRPV4
inhibitor HC67047 not only reduced hypotonic stress-triggered ATP eeledismpaired dye
uptake and Rho activatiofrifj. 5.9. The most compelling interpretation of these results is
that TRPV4, which is a mechano- and osmo-senséf @ad Md") channel abundantly
expressed in the airways, transduces hypotonic cell swellinglifetgd shear stress) into
Rho activation. Although we have not investigated the signaling thatTiRE3/4 with Rho,
Cd*-elicted RhoGEF activation likely is involved. This hypothesis ipamt based on a
recent study illustrating that TRPC6 (a distant relativeTBPV4) contributes to RhoA
activation in endothelial cells via €adependent protein kinase C activation and subsequent
phosphorylation and inhibition of GDP dissociation inhibitor-1 (GDI-1) and phoszttianyl
and activation of p115RhoGEF (236). In this regard, however, our data sugdetftetha
Gai214p115-RhoGEF pathway, a major mechanism for Rho activation in RARtated
cells [discussed ihapter Il ], is not involved in hypotonic stress-elicited Rho activation.

Specifically, thrombin-promoted RhoA activation was not affectedhle TRPV4 inhibitor
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(Fig. 5.9B, and transfection of cells with p115-RGS, a dominant negative mofant
pl15RhoGEF, resulted in inhibition of thrombin-promoted ATP release witditedtting
hypotonic stress-evoked ATP releagég( 5.6A). Whether hypotonic stress/TRPV4fCa
activates pll15-RhoGEF (or other RhoGEF) independently 9b16 remains to be

elucidated.

The airways are continuously exposed to mechanical forceshea:. stress imparted by
airflow during tidal breathing and coughing, which promote MCC functioa®\ViP release
(7, 105). Our data demonstrate mechanical shear stress-promotedele@Be that was
diminished by inhibitors of Rho kinase, MLC kinase, and pannexin 1. Although the
mechanism of shear stress-promoted ATP release remairextessively investigated than
hypotonic stress- or receptor-promoted nucleotide release, outsresggest that common
signaling pathways and effectors operate in response to theselpgically relevant

stimuli.

It is worth nothing, however, that pathways in addition to pannexin 1 ldayribute to
ATP release in WD-HBE cells. Indeed, our result&igures 5.1, 5.5, and 5.dicate that
residual ATP release activity is evident under conditions in whieh uptake has been
completely or nearly completely abrogated'anx1 or H1152. While these results suggest
that connexins do not contribute to the residual ATP release, volgukded channels,
maxi-anion channels (121), and vesicle exocytosis (94, 170) are potasttahnisms for

pannexinl-independent nucleotide release.

In sum, we have shown that pannexinl is an important contributor toré&l&&se in
hypotonic stress- and shear stress-stimulated airway epiti@lr data also indicate that

hypotonic stress induces Rho activation upstream of pannexin hemichanmagpped that

124



TRPV4 channels likely transduce hypo-osmotic stress into RhoA-peoimgdnnexin 1-

mediated ATP release.
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Table 5.1. Primers used for standard PCR amplification of pannans (Panx) and
connexin 43 (Conx 43)Sequences are indicated in the3’ order.

Panx 1 forward GAGGTATCTGAAAGCCACTTCAAGTACCC
Panx 1 reverse TATGGTACCGCGCAAGAAGAATCCAGAAGTC
Panx 2, forward ACCAAGAACTTCGCAGAGGA

Panx 2 reverse CCACGTTGTCGTACATGAGG

Panx 3 forward AGCTCCGATCTGCTGTTCAT

Panx 3 reverse AGGGTTCTAAGCCAGCCAAT

Conx 43 forward GGGTTAAGGGAAAGAGCGACC

Conx 43 reverse CCCCATTCGATTTTGTTCTGC
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Figure 5.1 Hypotonicity-induced dye uptake and ATP release in WD-HBEcells. A,
uptake of propidium iodide was assessed on real-time in response%e layB8tonic stress,
as described in Methods. The images represent propidium iodide-gs$oaiaclear
fluorescence; bar, 100 um. B, time-course of hypotonic stress-pmbmdie release and
propidium iodide uptake. Results are expressed as the percent of disgkying
fluorescence. Similar results were obtained in at least separate experiments performed
in quadruplicate. C and D, WD-HBE cells were pre-incubated for Ybwth vehicle or
with 10 pM carbenoxolone (CBX), 100 pM flufenamic acid (FFA), 100 1I®&anx1 or its
scrambled control*(Panx1), and challenged for 5 min with isotonic solution (Iso), or
hypotonic solution (Hypo) containing the indicated drugs. The reseltha mean = SEM, n
= 4. Dye uptake (C) and ATP release (D) were assessadoas. (*) indicates significant
inhibition of hypotonic responses, p < 0.01.
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Figure 5.2 Hypotonicity-induced dye uptake and ATP release in A549 csllA, pannexin

1, 2 and 3 mMRNA expression in WD-HBE cells was determined B8R analysis, using
primers listed inTable 5.1 Results are representative of six independent WD-HBE cell RNA
preparations. As positive controls (Panx-Ctrls) we used pcDNA3.legsipg human
pannexin 1 (Panx 1), brain (Panx 2), and skin (Panx 3). B, expression oxipamaescripts

in A549 cells was assessed by RT-PCR as above in panel A. ke wgdtpropidium iodide
was assessed after 5 min incubation in isotonic (Iso) or hypotétyipo] solution, as
described in Figure 5.1C. Values are the mean = SEM. Sinesalts were obtained in at
least three separate experiments performed in quadruplicate.<1),qd. D, cells were pre-
incubated with vehicle or with the indicated concentrations of carlodorox (CBX, 15 min),

25 min with either®Panx1 or’®Panx1, and challenged for 5 min with isotonic or hypotonic
solution containing the indicated drugs. ATP concentrations wereunegiaand analyzed as
described in Figure 5.1D. Values are the mean + SEM of sixpamient experiments
performed sextuplicate.
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Figure 5.3 Pannexin 1 mediates hypotonicity-induced ATP releaseA, pannexin 1
siRNA reduces pannexin 1 (Panx1), but not connexin 43 (Cx43), mRNA exprésgan +
SEM, n = 4). B, ATP release was measured in A549 cells traedfedth either pannexin 1
siRNA (Panx1-siRNA), its scramble oligonucleotide (scr-sgNor vehicle (control), and
incubated for 5 min in isotonic (Iso) or hypotonic (Hypo) solutions. Tha dgpresent the
mean + SEM of three separate experiments performed in ttgli€a cells transfected as
above were challenged for 5 min with isotonic (Iso) or hypotonigp{ solutions
containing propidium iodide. Cells were fixed, and dye uptake wasuned as described in
Figure 5.1C. The data represent the mean + SEM of at least itidependent experiments
performed in quadruplicate. (*), p < 0.01.
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Figure 5.4. Effect of reagents on hypotonicity-induced cell swelg. A, calcein-labeled
WD-HBE cells were preincubated for 15 min with 10 puM carbenoxold@BXj.
Representative xz images of cells upon isotonic/hypotonic chall&dene-course of the
effect of carbenoxolone on hypotonicity-elicited cell swelling BuD. The data represent
the mean = SEM of three independent experiments performed icdteli(*), p < 0.05. C,
Quantification of cell height in swelling and RVD phases in deltsibated in the presence
of vehicle (Ctrl), 1 puM H1552 (45 min pre-incubation), 1 uM ML-7 (45 minripoeibation),
10 puM carbenoxolone (CBX), 10 uM HC67047 (30 min pre-incubation), and opatlen
with hypotonic solution containing the indicated drugs. (*) indicatesfsgnt inhibition of
RVD, p < 0.05, (mean £ SEM, n = 4).
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Figure 5.5. Hypotonicity-induced ATP release is associated witRho activation and
MLC phosphorylation. A, WD-HBE cells were pre-incubated for 45 min with 1 uM H1152
or 1 uM ML-7, and ATP release was measured after a 5 min incubation in hypsubrion
(Hypo) or isotonic control (Iso). Biotal RhoA and RhoA-GTP were measured in cells
incubated for 5 min in the presence of 5 U/ml apyrase witlonsot(lso) or hypotonic
solution (Hypo). RhoA activation is expressed as fold increase averot (right panel);
values are the mean + SEM of seven independent experiments. CokffgcM H1152 or 1
MM ML-7 on hypotonicity-promoted MLC phosphorylation. Quantification of p@Mls
indicated on the right panel; mean £ SD, n = 4.
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Figure 5.6. RhoA activation mediates ATP release in response to hypotonicess. A549
cells were transfected with empty vector, p115-RGS, or RhoA(J.19I\ hypotoncity-
elicited ATP release was assessed 48 h post transfections\Gkighe mean =+ SEM of
three independent experiments performed in quadruplicate. B and C, Rte#tian and
MLCp in response to hypotonic stress were measured in celisfdcded as above. Values
are expressed as fold increase over isotonic in empty vectofetgtscells (mean £ SEM,
n=4).
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Figure 5.7. RhoA activation is required for propidium iodide uptake. A and B, WD-

HBE cells were pre-incubated for 45 min with vehicle, 1 uM H112l uM ML-7, and

incubated for 5 min with isotonic (Iso) or hypotonic (Hypo) solutiortha presence of
propidium iodide. The data are the mean + SEM, n = 4. Bar, 10@*ym.< 0.01. C, A549
cells transfected with an empty vector or RhoA(T19N) were incdifate5 min in isotonic
(Iso) or hypotonic (Hypo) solution, and propidium iodide uptake measured,sasbeel

above. The results represent the mean + SEM of four separatéemexus performed in
triplicate, (*), p < 0.05.
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Figure 5.8. Pannexin 1, Rho kinase and MLC kinase contribute tshear stress-induced
ATP release.A, ATP concentrations were measured in cells under static condibions
subjected to shear stress for 25 min in the presence of ve@itdg { ptM H1552 (20 min
pre-incubation), 1 uM ML-7 (20 min pre-incubation), 10 uM carbenoxolone (CBXuM
Y%Panx1, or 30 pM**Panxl. Values represent the mean + SEM of at least six &epara
experiments performed in quadruplicate. (*) indicates significanbiiidm of shear-stress

responses, p < 0.05.

©

8 31

o

2

g 2

hL/

o T

|_ 4

) 1 .

0.

Cirl Citrl ML7 H1152 CBX 19Panxl scrPanxl
Static Phasic motion

134



Figure 5.9. Hypotonic challenge-induced Rho activation and pannexih mediated ATP
release is sensitive to TRPV4 inhibitionA, WD-HBE cells were pre-incubated for 30 min
with vehicle or 10 uM HC67047 followed by a 5 min hypotonic challeagd, ATP release
was measured as indicated in Methods.RBpA activation was measured in cells pre-
incubated as above and challenged for 5 min (in the presence ofegpyithsisotonic (Iso)
or hypotonic (Hypo) solution, or 30 nM basolateral thrombin (Thr). C, weseencubated
with HC67047 as above and propidium iodide uptake was assessed #sedascFigure
5.1C. The data are the mean + SEM, n =4. (*), p < 0.05.
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CHAPTER VI

General Discussion



1. Overview of results

ATP and adenosine within the ASL bathing the airway epithelia aggldey components
of the MCC mechanisms that protect the lung against foreigmclpartand pathogens.
However, it is not completely understood how these molecules are generated ih tAd&S
work within this dissertation has unveiled a major mechanism refpp@isr ATP release in
ciliated cell-dominated human airway epithelia. It demonstrdtaspannexin 1 acts as an
ATP release pathway, and that Rho GTPases are key regubadr$ release upstream of
pannexin 1. An additional important contribution of the present work is théfidation and
characterization of signaling initiated by activation of PABsalized at the basolateral
surface of WD-HBE cells. PAR studies not only were crucialoan findings on Rho-
dependent pannexin-1 mediated ATP release from ciliated epjtbali greatly contribute to

identify a major pathway for ATP release from goblet cells, i.e., mucin graaatetion.

Collectively, these findings greatly improved the current undeding of nucleotide-
mediated regulation of airway epithelial cell functions, and prowndes avenues for
therapeutic strategies that will aid individuals with chronic ldmgpases characterized by

deficient MCC, such as CF.

2. Signaling elements involved in ATP release

The airway epithelia are continuously exposed to physical fane¢smpart ATP release-
regulated MCC activities. In WD-HBE cell cultures, stimdiat mimic these forces, i.e.,
shear stress, cyclic compressive stress, and hypotonic dejpeomoted cell swelling,
induce robust ATP release (7, 26, 105). However, it is not known how medrstnisses
are transduced into biochemical signaling, and hence, delineatiygtematic strategy for

identifying signaling elements regulating ATP releasaimvay epithelial cells has proven
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problematic. Furthermore, a major limitation in studies of thehax@isms that regulate ATP
release from airway epithelial cells is the paucity of plaaaiogical tools to promote
nucleotide release in these cells. Previously, few studies frormmnouother labs reported that
C&*-mobilizing GPCRSs (e.g., P2Y-R and PAR) promote ATP reléase astrocytoma and
endothelial (95, 154-156). Based on these studies, we reasoned that itingstgeeffect of
GPCR activation on ATP release from airway epithelial cethsild provide a strategy to

identify mechanistic elements upstream of ATP release.

Our observations described@hapter Il are the first that demonstrate the occurrence of
robust ATP release in GPCR-stimulated lung epithelial cetisluding physiologically
relevant cultures of WD-HBE cells. Using a highly sensitiveféuii-luciferase assay for
ATP quantification in real-time (described in detail Chapter 1), we observed that the
PAR agonist thrombin elicited rapid and robust release of ATP fumy epithelial A549
cells in a C&-dependent manner. In contrast, the RRYagonist UTP caused negligible
ATP release, despite promoting robust'@asponses. Therefore, signals in addition &' Ca
participate in receptor-promoted ATP release. PAR-induced AEBselwas associated with
activation of Rho GTPases, and was diminished in cells transfedfedlominant negative
mutants of Rho A and p115-Rho GEF. The involvement of Rho in ATP relesséuwher
supported by the observation that ATP release from thrombin-sti&ulA549 and WD-
HBE cells decreased in the presence of ROCK inhibitors. Thusmbin-induced ATP
release involves activation of thg £2/RhoA/ROCK signaling pathway. ROCK activation is
known to promote phosphorylation of the myosin regulatory light chain. Censsisith this

concept, we found that MLC is an effector of ROCK upstream of ATP release.
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Based on the observations with PAR-stimulated cells, the involvem&itadROCK and
MLC in hypotonic stress-induced ATP release was investigatésl.demonstrated that
hypotonicity-promoted ATP release from WD-HBE cells was aqaomed by activation of
RhoA and enhanced phosphorylation of MLC. Inhibition of ROCK and MLCK difm&uls
hypotonic challenge-induced ATP release. Furthermore, hypotemditiced ATP release
was impaired in airway epithelial cells transfected withRi®A dominant negative mutant

(RhOAT19N).

Altogether, these results strongly suggest that activatiohoARROCK and MLCK are
necessary for ATP release in both receptor- and mechanitalyiated WD-HBE cells.
Although we have not investigated signaling downstream of MLC phogplion, it is
possible that Rho/ROCK activation and MLC phosphorylation promote cyttekele
rearrangement leading to insertion or activation of an ATP chaermg, pannexin 1 (see

further below).
3. Pathways for regulated ATP release from airway epithelial cells

ATP release has been proposed to occur either via (i) cyto8®dkc release through
channels or transporters, or (ii) exocytotic release of ATRlesdi vesicles. However,
unambiguous assessment of the contribution of conductive or exocytbRcrélease in

airway epithelial cells has remained elusive.

The work presented in this dissertation provides a quantitative and utaolec
understanding of the contribution of conductive and exocytotic pathway iretease of

nucleotides from ciliated and goblet epithelial cells, respectively.
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Connexin hemichannels, and more recently pannexin hemichannels, havedpeeseg
as pathways for ATP release in several cell types (141, 150, 152238p, In airway
epithelial cells, circumstantial evidence suggests that conhexmchannels have contribute
to ATP release under low extracellulard41, 238), a situation unlikely to be found under
physiological conditions. While connexins have been shown to be funcyi@xgiessed as
plasma membrane hemichannels and may allow the exit of ATPemaims to be
demonstrated whether they may open and release ATP under phgsiolf@e ex
concentrations, i.e., ~ 2 mM. In contrast to connexins, pannexins are exjuottesl cell
surface as glycosylated proteins, and therefore, it is unlikelypdonexons to form gap
junctions (147, 239). Thus, pannexons in the non-junctional plasma membramedicesd
to comprisethe predominant structural state (240). Pannexons open under physiological
extracellular calcium concentrations and at resting membrarent@$ in response to

mechanicastress, thus, pannexons are appealing candidates for ATP-releasing channels

In our studies of PAR-induced ATP release from WD-HBE calluces, we found that
non-selective blockers of connexin/pannexin hemichannels diminished bothelBBe and
the uptake of the hemichannel-permeable dye propidium iodide, suggestigrP release
from thrombin-stimulated cells occurs via hemichannels. We expahdse bbservations to
illustrate that ATP release from hypotonically- and sheasststimulated WD-HBE cells
was reduced in the presence of hemichannel inhibitors. Confocal aupyostudies verified
that hypotonicity-induced ATP release was associated with a&ped ruptake of the
hemichannel-permeable reporter dye propidium iodide, which was irthibiig
carbenoxolone, a potent and selective pannexin 1 inhibitor. RT-PCR ianafiy&/D-HBE

cells revealed the expression of pannexin 1, but not pannexin 2 or 3. A pahrsetective
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blocking peptide (but not its scrambled control) nearly completelyishigal hypotonicity-
induced propidium iodide uptake, and diminished ATP release from WD-HHBE ce
Moreover, siRNA against pannexin 1 diminished hypotonicity-evakesghonses. Highly
relevant to these observations, propidium iodide uptake was inhibited bit RQCMLCK
inhibitors, and by transfecting cells with RhoAT19N. Collectively, data suggest that
pannexin 1 acts as an ATP release pathway in hypotonicatiylated WD-HBE cells,
which consist mostly of non-mucus cells, and that hemichannel openiregulated by

RhoA/ROCK/MLCK.

It is noteworthy to mention that the pannexin 1-selective blockingdeepbolished the
uptake of propidium iodide induced by hypotonic challenge, but only partatynished
ATP release, suggesting that additional mechanisms are involtee ialease of ATP from
WD-HBE cells. Based on published studies, it is possible thatréisisual ATP release

occurs via maxi-anion channels (121), VSOAC channels (228), or vesicles (94).

While investigating PAR-promoted ATP release we found that gtké&tairway
epithelial Calu-3 cells, express PAR1, PAR2, and PAR3. SinceXadlis do not express
C&*-mobilizing P2Y or muscarinic receptors, we hypothesized that BéRation would
provide a physiological approach to promote*’@agulated mucin secretion. Confocal
studies illustrated that incubation of cells with thrombin, PARPL-And PAR2-AP resulted
in loss of MUCS5AC immunoreactive granules. In addition, extracelladutions were
analyzed by slot blot and showed enhanced secretion of MUC5AC. Ndigw®AR-
induced mucin secretion was accompanied by ATP release. HPUgsiandetected a
marked increase relative to control in ADP, AMP, and adenosine, incadtat ATP, in

samples stimulated with thrombin. MUC5AC-containing granules vealated and showed
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to contain ATP, ADP, and AMP. In sum, isolated mucin granules contsignéicant pool
of adenine nucleotides susceptible to release upon agonist-promotedsecretion. These
findings are in good agreement with a mathematical model preditiaigADP and AMP

within vesicles are an important source of ASL adenosine (100).
4. Protease activated receptors in the airway epithelia

The protease thrombin not only cleaves fibrinogen and other solublenpsotestrates,
but also triggers a host of responses in platelets, endothelial liepitned other cells trough
the cleavage of cell surface receptors, PARs. PARs are GtP@Rsonvert an extracellular
proteolytic cleavage event into a signaling cascade: PARg aathethered ligand, which
remains occult until an NFterminal fragment of the receptor is proteolytically removed
Four PARs have been cloned and characterized (241). PAR dnd34 are targets for
thrombin. In contrastPAR2 is resistant to thrombin but is activated by trypsin and other

proteases (241-242).

Several studies have reported that PARs are expresseadstatileehe mRNA level, in
various cell types of the respiratory tract, including epithekdls, endothelial cells, alveolar
cells, smooth muscle cells, mast cells, and alveolar macropl{ag8s In addition to
thrombin and trypsin, proteases that may be present in the regpiratdrand activate PARs
include mast cell tryptase (which activates PAR2), mastctginase (that activates PAR1)
and neutrophil cathepsin G (activating PAR2 and PAR4), and exogenpyses such as

the house dust mite Der p1 (which activates PAR2)(218).

Our studies have defined for the first time a physiologoial for PAR3. We showed that
thrombin activation of PAR3 promotes Canobilization, RhoA activation, and ATP release

from A549 cells. RT-PCR analysis identified transcripts for threviously poorly
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characterized PAR3, but not for other PARs in A549 cells. Trangfeoficells with human
PAR3 cDNA increased thrombin-induced RhoA activation, inositol phosplateafion,
and ATP release. Conversely, siRNA against PAR3 diminished thneewoked responses.
Collectively, these data indicate that (i) PAR3 is capablerigfdring signaling, and (i)
PAR3 mediates thrombin actions in A549 cells. Furthermore, our stuwligcated that
activation of PAR1, PAR2, and possibly PAR3 promote ATP release asth reecretion
from Calu-3 cells. In sum, our studies demonstrate that ggoteases acting via basolateral
PAR1, PAR2, and/or PAR3 in airway epithelial cells act as potent and robusli $oinATP

release.

It has been reported that PAR expression is up-regulated duriogichnflammatory
diseases, such as asthma and COPD (218), which are charadigrgmulet cell metaplasia
and mucus plug formation (32). Thus, a corollary of our findings as BAR-dependent

mucin (and ATP) secretagogue activity may contribute to the pathogendms®fliseases.

5. Future Directions

This dissertation research has shed new light on mechanisnpatheipate in regulated
ATP release from airway epithelial cells, i.e., Rho/ROCK/Ml,.@nd provides compelling
evidence for a role of pannexin 1 as an ATP release pathwaye Wislresearch provides
essential basic knowledge regarding these pathways in heakimains to be investigated
whether increased or diminished activity of these pathways patis in the maintenance of

chronic lung diseases, e.g., COPD, asthma, and CF.

Our studies suggest that an osmotically/mechanically adive¢é@sor transduces cell
swelling into Rho activation. Based on recent literature suggestiat TRPV4 mediates

osmotic stress-induced ATP release in urethelial and renhkgagitcells (234-235), and our
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observations that pharmacological inhibitors of TRPV4 diminished hypaostreiss-induced
RhoA activation (and ATP release), we propose that TRPV4 $ulilich a role. Future
studies should define, unambiguously, the involvement of TRPV4 in hypotorlenge

and shear stress-promoted ATP release from airway epithelial cells.

How activation of TRP channels results in Rho activation is not knotvn.GI Pases are
regulated by: (1) GEFs, which replace GDP with GTP thesslbyating Rho proteins; (2)
GTPase-activating proteins, which inactive Rho by by convertimg&TP to inactive Rho-
GDP; and (3) guanine nucleotide dissociation inhibitors, which sequebteGDP from
GEF. It has been recently proposed that Rho GTPases act downstréaifsfas second
messengers of osmotic stress (243-244). Our findings indicated Alixstimulated ATP
release requires dzy;1dp115RhoGEF activation upstream of RhoA, however, transfection of
cells with a p115RGS did not affect hypotonic stress-induced AlBRs®, suggesting that
Gaiz13 IS not activated by hypotonic challenge. It remains to be iigatst whether

p115RhoGEF or other GEFs transduce TRPV4 activation into Rho-dependent ATP. release

It has been also reported that hypertonic stress induces the phytejptrorof the actin-
binding ezrin-moesin-radixin (EMR) proteins (244), which act as epstractivators of Rho
by sequestering Rho GDI (245). On speculative grounds and based acttbeat TRPC4
and TRP5 are associated with EMR proteins (246-247), hypotoniiera@ may promote

TRPV4-mediated ERM-phosphorylation resulting in Rho activation.

The discovery of pannexin 1 as a major contributor to ATP releasedirway epithelial
cells opens several potential lines of investigation. For exanppiéeomic analysis of

pannexin 1 immunoprecipitates should identify partners of pannexin 1. Ewgnthake
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studies would lead to elucidate the role of cytoskeleteal compoaedtsther effectors in

Rho/ROCK/MLCK-regulated pannexin 1-mediated ATP release.

Since ASL ATP and adenosine are important molecules in health aaselighe role of
pannexin 1 under these conditions grants further investigation. For exaApP and
adenosine are key players in the asthma inflammatory casezd8e¢49). A recent study
showed that intranasal administration of carbenoxolone attenuat@lsasthma features in
a mouse asthma model (250), and suggested that pannexin 1l-medi&ecidase is an
important contributor to these features. Generating a pannexi) fini{cé would be a major

step in assessing this hypothesis.

The therapeutic potential of enhanced ATP release into the ASLbéen studied in
diseases characterized by ASL volume dehydration, such as CGfe& Plainical trials of
aerosolized non-hydrolysable nucleotides delivered to the airwayatiehts with mild CF
lung disease indicate a significant improvement in lung function (251-2&8yever, in
most patients with CF lung disease, aerosolized nucleotides haventeape trough the
dehydrated and compact mucus layer, and reach the airway ¢atlesto activate P2¥Rs.
In this scenario, enhancing endogenous ATP release seems anagewastalternative.
Based on our findings with pannexin 1, future studies should test in G @Wuse models
whether overexpression of pannexin 1 in the airway epithelium es/ére obstructive lung

phenotype.
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