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ABSTRACT
Tamara Tal: Investigating Tyrosine Phosphatasdaggets of Air Pollutants

(Under the direction of James M. Samet)

Exposure to ambient particulate matter (PM) is eissed with elevated rates of morbidity and
mortality. Inflammation is thought to be a centrachanism by which PM exposure induces adverse
health effects. In lung epithelial cells, a prireiparget of inhaled PM, proinflammatory signalisg
mediated by phosphorylation-dependent signalindwpays whose activation is opposed by the
activity of protein tyrosine phosphatases (PTPasekjch thereby function to maintain signaling
guiescence. PTPases contain an invariant catalysieine that is susceptible to electrophilic &tac
Therefore, we hypothesized that exposure to oxidatlectrophilic or metal cation components of
ambient PM would impair PTPase activity allowing imopposed basal tyrosine kinase activity.
Here we report that exposure to the ubiquitous BMponents Zn or diesel exhaust particles (DEP)
induce activation of the receptor tyrosine kinaggdermal Growth Factor Receptor (EGFR) in
primary human airway epithelial cells. This phogpfetion event occurs by a ligand-independent
mechanism that requires EGFR kinase activity. Ve ahow that exposure to Zn or DEP impair the
activity of PTPases, which function to dephosphate/lthe EGFR. These data provide a mechanism
by which disparate components of ambient PM carilaily activate proinflammatory signaling in
human lung cells. In summary, these data showRMinduced EGFR-phosphorylation in human
airway epithelial cells is the result of a loss BTPase activities that normally function to

dephosphorylate EGFR in opposition to baseline E&GFRRse activity.
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Chapter |: Background and significance

1-A Particulate Matter (PM) asa public health concern

Numerous epidemiological studies have associated ifhlation with adverse health effects
including diminished lung function, morbidity andortality (Dockeryet al., 1993; Koeniget al.,
1993; Schwartz, 1994). In particular, exposure tb fiRay account for as many as 500,000 deaths
worldwide each year (U.N., 1994; Nel, 2005). A mcgtudy has shown that the onset of myocardial
infarction was three times as likely for those undiials exposed to traffic within one hour of the
heart attack (Petert al., 2004). A similar association between ambientipaldte matter and the

rate of hospitalization for congestive heart falhias also been reported (Wellergual., 2005).

While the correlation between PM inhalation anddiagyulmonary events is well established, the
means by which inhaled particles exert deleteriefiscts on the cardiovascular system remains
unclear. It has been proposed that particle inlo@atay directly induce alterations in cardiac
autonomic function thereby causing changes in hetetvariability and increasing the likelihood of
myocardial infarctions (Rhodest al., 2005). It has also been hypothesized that pestoeposited in
the terminal region of the lung promote pulmonaryammation triggering a subsequent release of
blood-borne mediators into the circulatory systehiclv are thought to either induce or contribute to
pre-existing atherosclerosis, arrhythmia, and Vasalysfunction [reviewed in (Brooét al., 2003),
Figure 1-1]. As a primary target of inhaled polhitg the airway epithelium is capable of initiatimg
augmenting pulmonary inflammatory defenses by ®giing a number of mediators that can cause

chemotaxis and activation of inflammatory cellsj{jFet al., 2001). These mediators promote local



and systemic inflammation that is thought to culménin cardiovascular dysfunction [reviewed in

(Baiet al., 2006)].



Figure1-1

\ v g
Systemic

inflammation

Figure 1-1 PM and cardiovascular disease. Inhalation of PMs produces pulmonary inflammation leading to
alterations in autonomic balance in addition totetysc inflammation capable of triggering acute ahdonic
cardiovascular disease (Broetal., 2003).



1-B Composition of ambient PM

PM is a ubiquitous air pollutant particle with adsed metals, nitrates, sulfates and organic
compounds. PM is produced from both natural andchrapbgenic sources including waste
incineration, vehicular exhaust, power generatiwa,wear, wildfires and agricultural practices.tNo
surprisingly, ambient PM varies greatly in its sizemposition, and toxicity. This variation makes i
difficult to identify particle types or componentisat cause biological toxicity [Figure 1-2 from

(Seagraveet al., 2006)].

1-C PM and pulmonary inflammation

In human studies, exposure to diesel exhaust [estiDEP) has been shown to induce acute
pulmonary inflammation characterized by increasakls of neutrophils, B-lymphocytes, and the
inflammatory mediators, histamine and fibronectBalyi et al., 1999). Biopsies revealed an
upregulation of the endothelial adhesion moleci{@M-1 and VCAM-1 suggesting a possible
mechanism by which initiation of DEP-induced retment of inflammatory cells occurs (Saétial.,
1999). Inflammation-associated cytokine expressisnanother validated means of detecting
pulmonary inflammation. Exposure to the coarsetivac(PM10) of Concentrated Air Particles
(CAPs), obtained in Chapel Hill, induced upreguatiof TNFe, IL-6, and COX-2 in alveolar
macrophages, and IL-8, TNf- and COX-2 in primary human airway epithelial se(HAEC)
(Beckeret al., 2005). Exposure to the fine fraction (PM2.5) &R3 collected in Dunkerque, France
was similarly shown to induce expression of théaminatory cytokines TN IL-1p, IL-8, IL-6,
GM-CSF, and Transforming Growth Factor-beta (T@JFin cultured epithelial cells (Daghet al.,
2005). Taken together, these studies show thatsexpoto a wide variety of PM can induce
pulmonary inflammation which is hypothesized to tritnute to the presentation of cardiovascular
pulmonary inflammation which is hypothesized to tritnute to the presentation of cardiovascular

disease associated with PM inhalation (Brebkl., 2003). Although these studies describe similar
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inflammatory responses to particle challenge,ntieehanism by which particles induce pulmonary

inflammation remains unresolved.

1-D Proinflammatory signaling pathways

The MAPKSs consist of parallel kinase cascades fepth the activation of the four Serine/Threonine
MAPKs (ERK, JNK, p38 and ERKS5/BMK) (Figure 1-3). #heation of these signaling cascades
functions to drive diverse cell fates including Ifesation, differentiation, apoptosis, growth and
inflammation (Zhang and Dong, 2007). MAPK activigyregulated by the phosphorylation status of a
conserved Threonine-X-Tyrosine sequence presaheifMAPK activation loop (Ched al., 2001).
When appropriately phosphorylated, MAPK can activatdiverse set of transcription factors via

phosphorylation on regulatory Serine and Threonaselues.

Transcription factor activation stimulates its sttation to gene promoters as well as recruitroént
cofactors and the transcriptional complex to mowulthe expression of genes involved in
proliferation, migration, inflammation, apoptosis, differentiation (Chemwt al., 2001). In the case of
inflammatory signaling in lung epithelial cells, NPX-mediated activation of the transcription factors
NF«kB, AP-1 and STAT-3 leads to the generation of gtammatory signaling molecules such as IL-
8, IL-6, TNFu, COX-2 and GM-CSF in response to physiological emdcological stimuli (Hayden

and Ghosh, 2008).

A number of PM components have been associatednagtbased expression of proinflammatory
signaling cytokines in vivo, in cells and in vit&dlvi et al., 1999; Bonvallot et al., 2001; Fujiiat.,
2001; Li et al., 2002; Pourazar et al., 2005; Kinalg 2006; Matsuzaki et al., 2006; Cao et ald7)0

Perhaps most strikingly, a series of studies flioen3andstrom laboratory reported enhanced



Figure1-3

Growth Factors Mitogens Stress Signals, Inflammatory Cytokines, Growth Factors
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(serfthr) (p44/42) JNK1/SAPKgamma (similar to HOG
JNK2/SAPKalpha kinase)
v JINK3/SAPKbeta(pS4beta) Y v
Transcription
Factors Elk-1 C-jun ATF-2 MEF2C, c-Myc
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Figure 1-3 Mitogen activated protein kinase (MAPK) signaling pathways. MAPK pathways constitute a large
kinase network that regulates a variety of phygjmal processes, such as cell growth, differemmtiand
apoptotic cell death. MAPK cascades are organizednadular pathways in which activation of upstream
kinases by cell surface receptors leads to seglediivation of a MAPK module. After MAPKs are ieited
either in the cytoplasm or in the nucleus, theyuta® transcription by modulating the function ofaaget
transcription factor via phosphorylation of Serarel Threonine residues.



expression of the proinflammatory cytokines IL-Bb(razart al., 2004), IL-8 and Grae: (Salvi et

al., 2000) in bronchial biopsies obtained from humerposed to DEP. Pourazar et al. later used
archived biopsies and reported three importantiriggl (Pourazaet al., 2005). First, DEP exposure
resulted in an increase in the nuclear translocatioNFB and AP-1, demonstrating a means by
which DEP exposure can induce expression of prammihatory cytokines. Second, activation
(determined by enhanced phosphorylation) of théere@sy MAPKs JNK and p38 in response to DEP
exposure was demonstrated by immunohistochemiaadisgy. Third, total tyrosine phosphorylation
was significantly increased in biopsies obtainemmfrDEP exposed subjects. Taken together, these
data demonstrate that DEP exposure stimulates Mgifkaling, characterized by increased tyrosine
phosphorylation, leading to activation of & and AP-1 and synthesis of proinflammatory
cytokines. While the pathways involved in PM-inddcproinflammatory signaling have been
described, much less is known about the mechantymsvhich PM initiates phosphorylation-

dependent proinflammatory signaling.

1-E Epidermal growth factor receptor

As mentioned previously, the MAPK cascades canchieaded by the receptor tyrosine kinase EGFR
(Citri and Yarden, 2006) and some reports sugdest PM-induced proinflammatory signaling
begins at the level of receptor tyrosine kinases &\4l., 1999; Wuet al., 2002). EGFR (ERBB1) is
one of four ERBB family members capable of undergdiomo- and hetero-dimerization. With some
exceptions (ERBB2 is unable to bind ligand and ERB#&cks a functional kinase domain), ERBB
family members are structurally defined by the pree of an extracellular ligand-binding domain, a
single transmembrane spanning domain and cytoptapmtamembrane, kinase and C-regulatory
domains all of which are reported to contributéh® complex regulation of receptor activity (Landau

and Ben-Tal, 2008).



Upon ligand stimulation, the EGFR undergoes recgeptono- or hetero-dimerization, activation of
receptor kinase activity, and autophosphorylatibkey tyrosine residues in the Src-homology (SH)-
2 and protein tyrosine binding (PTB) domains (Galal., 1993). In particular, EGFR’s carboxy-
terminus contains three major (" ™ @ 4% and two minor (Ty1*? @ %% tyrosine
autophosphorylation sites that are differentiallyogphorylated following receptor activation by
ligand or transphosphorylation by other stimuli iie 1-4 and (Keilhacket al., 1998)].
Phosphorylation of these sites results in the reoant of SH-2-, or PTB-containing proteins, sush a
Grb2, activation of RAS and the MAPK pathways (Geleal., 1993). EGFR phosphorylation is
regulated by a number of Protein Tyrosine Phosgkatavhich function to dephosphorylation the

EGFR returning the receptor to its inactive fornalfle 1-1).

One critical mechanism through which ERBB activityegulated is by receptor dimerization (Figure
1-5). It was long believed that in the absencdgainid, EGFR dimerization was prevented (with the
exception of ERBB2). However, random, ligand-indegent dimerization of ERBB family members
has recently been reported [reviewed in (Warren laaxttigraf, 2006)]. In particular, a recent study
showed that in the absence of ligand, the majofitgGFR and ERBBZ2 receptors form dimers (Eiu
al., 2007). Another study proposed that the formatibthe ligand-less dimers actually facilitate the
formation of active dimers. This hypothesis is supgd by their finding that ligand-independent
dimers bind EGF with markedly greater affinity thdie monomers (Teramust al., 2006). The
authors speculate that the formation of the ligenatbpendent dimers primes the complex for
activation by decreasing the area through whicm#eessary components must diffuse (Teraraura
al., 2006). Regulation of EGFR activity by PTP1B isaateported to be both spatially and temporally
regulated in cells (Hagt al., 2002). In particular, EGFR and PTP1B expressi@s whown to be

restricted to the plasma membrane or endoplasriguhem, respectively, in resting



Figure1-4

EGFR

o
I Extracellular

Intracellular

Figure 1-4 The Epidermal growth factor receptor phosphorylation sites. The EGFR consist of an extracellular
ligand-binding domain, a single transmembrane sipgndomain, and cytoplasmic kinase and C-regulatory
domains containing a number of physiologically valet tyrosine phosphorylation sites (shown in red)
(Kaushanskyet al., 2008).
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Table1-1

PTPase Classification Cdll type Reference
LAR Receptor PTPase | MCcA-RH777 rat (Kulaset al., 1996)
hepatoma cells
RPTR Receptor PTPase | A431 cells (Suarez Pestarehal.,
1999)

SHP-1 Intracellular 1293T cells or COS (Tenevet al., 1997;
PTPase cells andfA431 cells Keilhacket al., 1998)

PTP1B Intracellular COS cells (Liu and Chernoff,
PTPase 1997)

TCPTP Intracellular COS cells (Tiganiset al., 1999)
PTPase

SHP-2 Intracellular ISHP-2 (-/-) wt (Quet al., 1999; Finaet
PTPase chimeras amCOS cells| al., 2006)

DEP-1/Sccl| Receptor PTPase | C. elegans (Berset et al., 2005)

Table 1-1 PTPases that regulate EGFR.
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Figure 1-5

Figure 1-5 Ligand-dependent EGFR activation. The EGFR forms ligand-less dimmers with other mersof
the ERBB recepter family. Upon ligand binding tce tlextracellular ligand binding domain, the dimmer
undergoes a conformational change assuming an asyioreconformation of the intracellular kinase a@d
regulatory domains. This allows one member of thmed to phosphorylate the other on Tyrosine resdue
(Zzhang and Dong, 2007).
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cells. Upon receptor activation, EGFR internalizatand subsequent dephosphorylation was shown

to co-localize with PTP1B.

Researchers have recently solved the conformatiothe® EGFR active site providing deeper
understanding of EGFR-dependent signaling. Appaberiinteractions between the external,
transmembrane, juxtamembrane, kinase and C-terndomiains result in the formation of an

asymmetric dimer in which one kinase domain actisdtls partner [Figure 1-5 and (Zhang and Dong,
2007)]. This mechanism of receptor autophosphaoylas relevant to the exploration of PM induced
signaling effects in primary human lung cells whartgophosphorylation is a major mechanism by
which EGFR activation occurs [(T&t al., 2006), Chapter Il and Tal, unpublished observatio

Chapter III].

The EGFR is activated by multiple ligand-independaachanisms (Figure 1-6). Src tyrosine kinase
mediates transphopshorylation of the EGFR af*fjt* ' leading to activation of the receptor’s
tyrosine kinase activity (Ticet al., 1999). Moreover, Src-mediated EGFR transactivahias been
reported has been reported in a number of cellstypeuding A431 cells (Samet al., 2003), B82
mouse lung fibroblasts (Wet al., 2002), and rat cardiac fibroblasts (Cteeml., 2006). Inactivation

of EGFR-directed PTPase activity is another ligamtbpendent mechanism by which EGFR
activation occurs where impairment in PTPase dgtiid sufficient to activate EGFR-dependent

signaling in the presence of low levels of basaFRGctivity (Zhandet al., 2006).
1-E.1 Evidencefor PM induced EGFR activation

Recently, there have been several studies linkMgeRposure to EGFR activation. First, our lab has
shown that Zfi exposure induces EGFR phosphorylation by cell-ggezific mechanisms involving
Src kinase-mediated transactivation (Sastedl., 2003) or by inhibition of EGFR-directed PTPase
activity [(Tal et al., 2006), Chapter 2] in cultured BEAS2B cells ornmary human lung cells,

respectively. In support of a PTPase driven medmaiif EGFR activation, we have also reported
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Figure 1-6
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Figure 1-6 Ligand-independent EGFR activation. Tyrosine kinase-mediated transactivation (1) ofhition of
EGFR-directed PTPase activity (2) results in ligamtependent EGFR phosphorylation.
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that exposure to a low-organic containing DEP (N&RM 2975) (Caet al., 2007b) or high-organic
containing DEP (Tal, unpublished observations, @rapl) similarly impairs EGFR-directed PTPase
activity, resulting in the activation of EGFR depent signaling. Carbon nanoparticles are also
reportedly capable of stimulating EGFR dependenivation of ERK1/2 and JNK in human
bronchial or rat epithelial cells, respectively 8k et al., 2006; Unfriedet al., 2008). Additionally, a
series of papers has recently described a mechdnysmhich PM exposure results in sustained
proinflammatory signaling involving EGFR activatidn human bronchial epithelial cells (16HBE),
PM, s or DEP treatment induced EGFR- and Erk-dependgmession of amphiregulin, a ligand of
the EGFR (Blanchett al., 2004). In support of these data, it was subsdtyuegported that PM-
induced amphiregulin is secreted toward the bam@lhtside where the EGFR is expressed in
differentiated airway epithelial cells (Rumelhagdal., 2007a). The authors propose that PM induces
EGFR-activation directly, leading to expression amphiregulin, and indirectly, through
amphiregulin induced EGFR-dependent signaling, eftnerprolonging proinflammatory signaling
through the induction of GM-CSF expression (Blarickeal., 2004; Rumelhardet al., 2007a;
Rumelhardet al., 2007b). A more recent paper, from the Sanstroborktory using archived
bronchial biopsies from human subjects exposedidsetl exhaust, provides the filist vivo data
showing a significant increase in both total andgphorylated EGFR (TY¥3 (Pourazaret al.,
2008). Taken together, these studies support theepd that PM exposure impacts EGFR-dependent

signaling.

In addition to proinflammatory signaling, activatiof EGFR-dependent signaling leads to a diverse
set of cellular outcomes including proliferationfferentiation, growth, and apoptosis (Figure 1-3).
Recently, a series of studies have elucidated ahamem of EGFR-dependent wound healing
following damage to the lung epithelium (Vermeeal., 2003; Vermeeet al., 2006a; Vermeest al .,
2006b). These studies demonstrate that the EGHBcéted on the basolateral domain while the

soluble receptor ligand heregulbnis restricted to the apical membrane. Tight juordi between
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adjacent epithelial cells form a barrier between dpical and basolateral domains thereby restgictin
diffusion of soluble ligands. However, following ofenical injury or disruption of the tight
junctions by C& chelation, heregulio- gained access to the basolateral domain and iddEG&R
kinase activation and cellular proliferation to agpthe damaged monolayer. In addition to
physiologically relevant signaling, inappropriatigation of EGFR-dependent signaling is involved
in numerous pathological outcomes including capcegression [reviewed in (Milanei al., 2008)]

and inappropriate mucin production that has begiicated in a number of hypersecretory disesases
including asthma, chronic obstructive pulmonaryedse, and cystic fibrosis [reviewed in (Nadel and

Burgel, 2001)].

1-F Protein Tyrosine Phosphatases

Tyrosine kinase activity is opposed by protein $jne phosphatases (PTPases) which function to
maintain signaling quiescence (Stoker, 2005). Pé®ase characterized by a highly conserved 11-
residue signature motif, I/VHCXAGXXR(S/T)G, whiclomtains required Cys and Arg residues
necessary for catalysis (Barfort al., 1994). The PTPase catalytic pocket has a low (G).
Therefore, the catalytic thiol group (R-SH) exiséts a thiolate anion (R-S-) at physiological pH
(Peterset al., 1998). The thiolate anion can thereby initiatéalysis by nucleophilic attack of

phosphate-bearing substrates.

It is estimated that the human genome codes for 9@ proteins in the PTPase superfamily with
additional diversity introduced by alternative puaters and splice sites and post-translational
modifications (Tonks, 2006). The PTPase superfamigubdivided into multiple classes based upon
their structure and substrate specificities (Figure’). The classical PTPases function to
dephosphorylate phospho-tyrosine bearing substraitds class of PTPases includes receptor-like

and cytosolic PTPases. Receptor-like PTPases,as€iD45 and LAR, contain an extracellular
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Figure 1-7

Protein Tyrosine Phosphatase Superfamily

Figure 1-7 Protein tyrosine phosphatase superfamily.
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ligand-binding domain, a transmembrane domain amdtandem intracellular PTPase domains. The
catalytic activity resides in the proximal D1 domavhile the distal D2 PTPase domain is reported to
be involved in enzymatic specificity and stabil{§treuli et al., 1990). Cytosolic classical PTPases,
such as PTP1B, SHP1, and PTP-PEST, contain reguledgions that flank the catalytic site and
control enzymatic activity directly- by interact®mwith the active site or by influencing substrate
specificity- and spatially- by directing subcellulacalization (Wanget al., 2003; Tonks, 2006). The
second main class of PTPases is the cytosolic Bpakificity Phosphatases (DSPs). DSPs are
defined by their ability to dephosphorylate phosgkane and phospho-threonine residues in addition
to phospho-Tyrosine bearing substrates. The bestacterized sub-division of DSPs, the MAPK
phosphatases, inactivate MAPKs by dephosphoryldtiagignature Tyrosine-X-Threonine sequence
in the MAPK activation loop (Owens and Keyse, 200He Cdc25 PTPases constitute the third class
of PTPases that function to dephosphorylate corgefhreonine and Tyrosine residues on cyclin-
dependent kinases (Waggal., 2003). In the case of Cdc25 PTPases, dephospltiorylof substrate
kinases results in their activation and drives pgegion through the cell cycle (Millar and Russell,
1992). The fourth class of PTPases, the low motgonkight PTPases, is less well understood but
has been reported to regulate a number of tyrdsmaese receptors including the platelet derived-,
vascular endothelial-, and fibroblast-growth faateceptors (Wangt al., 2003). Finally, there are
some members of the PTPase superfamily that havg@mein targets, including mRNA, complex

carbohydrates and inositol phospholipids (Raiss., 2007).

1-F.1 Regulation of PTPase activity

PTPase superfamily members contain conserved Qyg, ahd Asp residues critical for catalysis
(Barford et al., 1994). The microenvironment of the PTPase adite cleft lowers the pKa of the

catalytic cysteine residue to < 6, allowing it tast in its thiolate anion (R-Bform at physiological
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Figure 1-8
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Figure 1-7 Regulation of PTPase activity. PTPases are characterized by a signature mofHIZXXGXXR[S/
T], which contains an invariant Cys residue thagssential for catalysis. The environment of thiévacsite
confers an unusually low pKa on this Cysteine nasjdvhich therefore is present as a thiolate aatameutral
pH (green). However, the low pKa also renders teg@due highly susceptible to a series of oxidatiomith
concomitant reversible (yellow) and irreversibledY inhibition of PTPase activity. A number of resible,
post-translational modifications of the catalytisteine have also been reported.
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pH (Peterst al., 1998). This renders PTPases highly susceptibirativation by oxidation (Denu
and Tanner, 1998; Takakuenal., 1999) (Figure 1-8). A primary oxidation to a sudmyl derivative
(R-SOH) reversibly inactivates PTPase activity. B3d¢3 are protected from further oxidation by
mechanisms involving intra- and inter-molecularutfide formation, sulphenyl-amide formation or
S-glutathionylation (Heneberg and Draber, 2005;n®ah and Barford, 2005). The addition of
reducing agents, such as dithiothreitol (DTT), revénactivated sulphenic acids to active thiolate
anion groups. In particular, we have observed @rsat of HO,-mediated inhibition of human
recombinant PTP-1B activity following treatment wiDTT (Tal, unpublished observations). In the
presence of strong oxidizing agents, such as peamadate or peroxynitrite, subsequent stepwise
oxidations from the sulphenic (SOH) to the sulphi®QH) and sulphonic or cysteic acid ($0O
groups occur. Those PTPases that become doublyipy bxidized are terminally inhibited
(Takakuraet al., 1999). Interestingly, transient EGF-mediated EGIERvation, concurrent with ROS
generation and reversible PTPase inactivation, sla®svn to induce lateral EGFR activation,
supporting the notion that reversible inactivatmnPTPases by a single oxidation event is not a
toxicological effect, but rather a required meaons &ctivation of phospho-dependent signaling

cascades (Reynol@sal., 2003).

1-F.2 Evidencefor PM-PTPaseinteractions

In order to address whether PM exposure inhibit$d3€ activity and in light of the varied

mechanisms by which PTPase activity is regulateid, useful to discuss the components of PM and
how they might contribute to PTPase inactivatiomefe are two broad mechanisms by which
components of PM could potentially interact withH&iBes. These include both indirect inhibition,
through PM-induced formation of reactive oxygencspg and direct inhibition by PM associated

metals and nucleophilic organic compounds.
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1-F.2A Indirect PTPaseinhibition via PM -induced oxidative stress

Numerous studies have sought to identify the mdshaby which particle inhalation induces local
and systemic inflammation. Particle mass, sizesamthce area, metallic and organic contents, acids,
sulfates, nitrates, elemental carbon, and co-moilsthave been investigated and oxidative stress ha
emerged as a leading mechanism by which PM elwitsionary toxicity (Gurgueirat al., 2002;
Brook et al., 2003; Liet al., 2003; Risonet al., 2005). Oxidative stress, induced by the imbalasfce
oxidant formation and elimination, is tightly regtéd by both enzymatic (e.g. superoxide dismutase,
catalase, and glutathione peroxidase) and non-eatny(e.g.o-tocopherol and glutathione) defenses.
Oxidative stress is characterized by glutathioneéSHEB depletion and diglutathione (GSSG)
accumulation triggering the activation of redoxs@we signaling pathways and culminating in the
expression of cytoprotective- and inflammation-atsed genes (Xiaet al., 2003). Generation of
reactive species is not limited to pathologicalcontes but instead is a critical contributor to
immunological host defense (Geisttal., 2003) and a proposed mediator of phospho-depénden
signaling progression (Reynold@sal., 2003). Interestingly, reactive species is commatdscribed

in response to growth factor-mediated activationtrahsmembrane receptors (Nakashiehal.,

2005) and has been implicated in PM-related siggalberrations (Kinet al., 2006; Talet al., 2006).

PM is thought to exert oxidative stress on the llmygpresenting or stimulating cells to produce
reactive species via its metals, organics (sermanes and hydrocarbons), lipopolysaccarides, and
ultrafine constituents (Tagt al., 2003). Studies using residual oil fly ash (ROBAye demonstrated
that pulmonary inflammation is attributable to weateluble metal constituents (Gavettal., 1997,
Kodavantiet al., 1998; Gavetet al., 2003). Common soluble metallic components aststiaith

PM include F&, Cu#*, zr?*, V3"® and CF®* (Gavettet al., 1997). Mechanistically, redox-cycling
metals, such as Fe Cu#*, V¥*" and CF*'®*, can generate ROS by Fenton-type chemistry andsact
catalysts by Haber-Weiss reactions (Koppenol, 20B&) in particular, is reported to be a primary

contributor to DEP-induced @, generation (Parkt al., 2006).
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In addition to metals, bioavailable organic compisimave been reported to contribute to oxidant
effects induced by PM exposure (X@hal., 2004). Two main families of compounds, polycyclic
aromatic hydrocarbons (PAHs) and quinones, arerbddoon diesel particles (Baulaj al., 2003)
and are thereby delivered to the airway epithelifolowing inhalation. Both reactive PAH
metabolites and redox-cycling quinones generatetiveaoxygen species. In particular, NADPH-
cytochrome P450 reductase reduces quinones to gi@miige radicals which in turn, reduce oxygen
to O," and become reoxidized to the original quinone. &deciated PAHs are metabolized by
cytochrome P450s and peroxidases to oxidized demgasuch as epoxides, diols, and redox-cycling
qguinones [reviewed in (L&t al., 2002)]. A body of work has been produced suppgrthe notion
that the organic fraction of DEP, via ROS genergtis the primary mediator of PM-associated
inflammation/toxicity (Liet al., 2002; Liet al., 2003; Li and Whorton, 2003). However, it must be
noted that most studies cited in these particidarews used a Japanese diesel particle (H-DEP),
which reportedly contains approximately 50% orgardmid as such, is not representative of most
ambient DEP. The chemical composition of DEP itugriced in part by the age of the engine, type
of fuel, load characteristics, lube oil compositipnesence and efficiency of control devices amd th
sampling procedures (Wichmann, 2007). Not surpgglginpulmonary toxicity, adjuvancy, and

mutagenicity in response to DEP exposure vary lyraatong different DEP§gTable 1-2).

1-F.2B Direct PTPase inhibition

In addition to indirect inhibition by PM-induced idative stress, a growing body of literature
supports the notion that both metallic and orgadPM components can directly impair PTPase
activity by forming inhibitory electrostatic intesthons with the catalytic cysteine or by covalent

modification of catalytic and regulatory residuespectively.
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Table1-2

Particle Source Organic DCM Pulmonary Mutagenic Metal content (%)
content Extractable toxicity properties -
organic mass Fe Zn Ni Cu \
NIST-SRM Diesel 5%* 2%* +*PMNs +1 .033 .032 0 0 0
2975 powered
forklift
DEP-3 Diesel 41%¥ 18.9%¥ Adjuvants¥ n/a .078 115 0 .001
engine with a
compressor
Sagai DEP  Automobile 50%* 26.3%* +* MACs +t .004 .030 0 0 0
Adjuvant¥

Table 1-2 Diesel exhaust particles. Differences in organic content, pulmonary toxiciggjuvancy, and

mutagenecity have been reported in DEPs obtaired élifferent sources [*(Singét al., 2004),"(DeMarini et
al., 2004),¥Stevenset al., 2008), and'Dr. Seung-Hyun Cho US EPA, personal communicatiéo}. metal

content analysis, 1.0 ml 3 N HCL was used to deteznionizable concentrations of iron (Fe), zinc XZn
vanadium (V), nickel (Ni), copper (Cu), and vanadi{V) by inductively coupled plasma optical emissio

spectroscopy as previously described (Ghia., 2003).
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We and others have reported that’Za common PM constituent, may be implicated intthecity
associated with PM inhalation (Kodavaetial., 2002; Samett al., 2003; Okesoiet al., 2004; Talet

al., 2006; Kimet al., 2007). ZA" is unable to undergo redox cycling yet is a kndwmibitor of
PTPases (Haase and Maret, 2003; Haase and Maé#), 20cluding a broad spectrum of PTPases
present in airway epithelial cells (Saneetal., 1999). A mechanism of direct inhibition has been
proposed wherein Zfiblocks PTPase activity by binding to the catalgiisteine and to neighboring
histidine or aspartate residues present in thehhigbtnserved active site (Haase and Maret, 2003).
More recently, the authors suggest thaf*Zwordinated thiolates can additionally participaie
redox cycling generating disulfide and terminallyidized sulfur moieties (Krezedt al., 2007).
However, treatment of Zhexposed HAEC with the strong reductant and weaKk" Zhelator,
dithiothreitol (DTT), but not other structurally related anti-oxidants, reverses ?Zmediated
inhibition of EGFR-directed PTPase activity (Tabpublished observations). This suggests that-Zn
mediated PTPase inhibition may occur through a emgism dependent upon direct metallic attack of
the PTPase catalytic site, rather than indirectiigibiting PTPases by oxidation. Interestingly,
exposure to nucleophilic aldehydes (commonly assedi with ambient PM) was reported to
mobilize cellular ZA* from metallothionein and thionein at levels sttt to reduce PTPase activity

in HepG2 cells (Hao and Maret, 2006).

The second mechanism by which PM components arerkiio directly inhibit PTPase activity has
recently surfaced in a series of studies that pexyi the first mechanistic evidence that
environmentally relevant reactive quinones andtaides can directly inactivate PTP1B activity by a
covalent modification of reactive cysteines (lwamet al., 2007; Seinegt al., 2007). Seineet al.

reported that the reactive aldehyde acrolein itdibPTP1B activity through conjugate addition to
the catalytic cysteinén vitro (Seineret al., 2007). Notably, treatment of A431 cells with 1,2-
napthoquinone was shown to arylate two reactivéeayd residues in PTP1B, thereby inhibiting its

activity and leading to the prolonged and irrevgesiactivation of EGFR (lwamotet al., 2007).
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Taken together, these studies are in keeping Wwithconcept that DEP-associated oxy-organics can
inhibit PTPase activity and thereby directly cdmiite to proinflammatory signaling. In support of
this, activation of vanilloid receptor 1 leadingdontraction of tracheal smooth muscle in guingg pi
exposed to 1,2-napthoquinone was blocked whendeddissue was pretreated with the EGFR kinase

inhibitor PD153035 (Kikunet al., 2006).
1-G Conclusions

Exposure to ambient PM is associated with elevedégs of morbidity and mortality. Toxicological
and epidemiological studies have implicated mutiphrticle constituents as active agents of the
toxicology of PM. Inflammatory responses have besported to be a feature of many of the adverse
effects of PM exposure (Broadt al., 2003). We have previously shown thawitro exposure to PM
constituents, such as the divalent metal catiofi,Zor carbonaceous ultrafine particles, activates
multiple phosphorylation-dependent signaling patysyincluding the EGFR signaling cascade [(Wu
et al., 1999; Kimet al., 2005; Talet al., 2006), Chapter 1l]. Moreover, PM-induced EGFRatton
leads to increased expression of inflammatory ntediassuch as COX-2 and the chemokine IL-8 in
human airway epithelial cells [(Cagt al., 2007a), Tal, unpublished observations, Chaptér I
Through studies aimed at elucidating the mechawitPM-induced signaling, we have shown that
exposure to a variety of metallic components of iamtbPM blunts the activity of cellular PTPases.
Based on the mechanisms by which PTPase activitggalated, these data suggest that metallic,
oxidant or electrophilic constituents of ambient Pd&n similarly induce kinase-dependent

proinflammatory signaling in HAEC through inhibiti@f kinase-directed PTPase activity.
1-G.1 Hypothesis and specific aims of the doctor al resear ch

We hypothesized that ambient PM constituents, dioty DEP and Zfi, activate phosphorylation-

dependent signaling pathways through inhibitionPdfPases that function to maintain signaling
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guiescence and moreover, that an inhibitory intesadetween PM components and PTPases results

in the activation of proinflammatory signaling img epithelial cells.

This hypothesis was addressed in this dissertagsparch through three specific airfs:st, we
char acterized the effects of Zn?* on EGFR signaling in HAEC by examining therole of Src and
EGFR kinase activities and PTPase inhibition in Zn*-induced EGFR activation. Because
PTPases can be inhibited by electrophilic organicnmounds, we hypothesized that other
components of ambient PM such as DEP would simgilarhibit EGFR-directed PTPase activity
leading to sustained EGFR-dependent signalihigerefore, with the goal of improving the
understanding of the relationships between biologically active constituents of DEP and
mechanisms of toxicity, we investigated the effects of DEP with varying organic content on
EGFR activation and EGFR dephosphorylation in HAEC. Preliminary studies revealed that the
same exposures to PM constituents that led to lengnalisregulation characterized by EGFR
activation and impairment in EGFR-directed PTPaskvity, resulted in elevated expression of
proinflammatory mediators in HAEC. Therefore, weaahypothesized that exposure to PM leads to
proinflammatory mediator expression as a consequehdalisruption of cell signaling by PTPase
inhibition. In order to examine the link between PM-induced signaling and ensuing
proinflammatory responses, we determined the effect of PM constituents on signaling pathways
that regulate expression of proinflammatory mediators (such as1L-8) and examined the role of
signal transduction disregulation involving PTPase inhibition in PM-induced IL-8 expression in

HAEC.
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Chapter 11: Inhibition of protein tyrosine phosphatase activity mediates epidermal growth

factor receptor signaling in human airway epithelial cells exposed to Zn?*

The main findings of Specific Aim 1 (Chapter Il) meepublished in “Tal, T. L., Graves, L. M,
Silbajoris, R., Bromberg, P. A., Wu, W., and SaniketM. (2006). Inhibition of protein tyrosine
phosphatase activity mediates epidermal growthofaeiceptor signaling in human airway epithelial

cells exposed to Zff*. Toxicology and Applied Pharmacology 214, 16-23.”

TT contributed to the manuscript as follows. TT, B8, and LG conceived of the study design; TT

performed all experiments; and TT, JS, and PB wite@emanuscript.



2-A Abstract

Epidemiological studies have implicated zinc in tloeicity of ambient particulate matter (PM)
inhalation. We previously showed that exposure tetatdaden PM inhibits protein tyrosine
phosphatase (PTP) activity in human primary braacapithelial cells (HAEC) and leads to Src-
dependent activation of EGFR signaling in B82 adBAcells. In order to elucidate the mechanism
of Zn**-induced EGFR activation in HAEC, we treated HAEEh600 UM Zi1*'SQ, for 5-20min and
measured the state of activation of EGFR, c-SrcRifiEs. Western blots revealed that exposure to
Zn** results in increased phosphorylation at both trangl auto-phosphorylation sites in the EGFR.
Zn* mediated EGFR phosphorylation did not requirediybinding and was ablated by the EGFR
kinase inhibitor PD153035, but not by the Src kinhibitor PP2. Src activity was inhibited by*Zn
treatment of HAEC, consistent with Src-independe@FR transactivation in HAEC exposed to
Zn*. The rate of exogenous EGFR dephosphorylatiopsatés of HAEC exposed to Zror V¥ was
significantly diminished.Moreover, exposure of HAEC to Znalso resulted in a significant
impairment of dephosphorylation of endogenous EGFRese data show that Zn-induced
activation of EGFR in HAEC involves a loss of PTdidties whose function is to dephosphorylate
EGFR in opposition to baseline EGFR kinase activithese findings also suggest that there are
marked cell-type specific differences in the medsranof EGFR activation induced by Zn

exposure.
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2-B Introduction

Zinc (Zrf") is a ubiquitous metallic constituent of ambieartizulate matter (PM) (Chang al.,
2000; Claibornet al., 2002). Epidemiological studies have associated iftMlation with adverse
health effects including diminished lung functianprbidity and mortality (Dockengt al., 1993;
Koeniget al., 1993; Schwartz, 1994; Sanettal., 2000). In occupational settings, inhalation afczi
oxide is known to cause Metal Fume Fever, an affutbke syndrome accompanied by airway
inflammation and production of TNé&-and IL-6 (Nemery, 1990; Blaret al., 1993). Animal andn
vitro studies have shown that Zmexposure results in increased synthesis of inflatong mediators,
such as chemokines and cytokines (Kodaven#l., 2002; Richteret al., 2003; Rileyet al., 2003)

whose expression is regulated by phosphorylatiggendent signaling cascades.

Zn*" is known to affect a variety of cellular proteiand phosphorylation-dependent signaling
pathways including the Epidermal Growth Factor Réme(EGFR) (Wuwet al., 1999), Tropomyosin-
related kinase (Hwang al., 2005), the Mitogen Activated Protein Kinase (Sastel., 1998) and
insulin/insulin-like growth factor-1 (Haase and Mgr2003) pathways. These signaling pathways
originate at the level of receptor tyrosine kinas@sose phosphorylation status is regulated by
opposing protein tyrosine phosphatase (PTP) agti@stman and Bohmer, 2001). We have
previously shown that exposure to?Zican inhibit PTP activity in Human Airway Epithdligells

(HAEC) (Samett al., 1999).

The EGFR is a 170-kDa transmembrane glycoproteinrttediates the mitogenic response of cells to
a variety of polypeptides including EGF and transfiog growth factor alpha (Koret al., 1987).
Structurally, the receptor contains an extracellligand binding domain, an intracellular tyrosine
kinase domain, and a C-terminal region harboringise tyrosine residues which undergo trans- and
autophosphorylation upon receptor activation (chiret al., 1984; Hsuet al., 1990; Margoliset al.,

1990). Following ligand stimulation, EGFR undergdesmo- or heterodimerization consequently
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activating the receptor's intrinsic kinase activitfUllrich and Schlessinger, 1990).
Transphosphorylation of activating tyrosine resglbg Src kinase has also been shown to activate
the receptor (Samegt al., 2003). Both traditional, ligand stimulated reaeptctivation and
transactivation events prompt increased receptuaisdé enzymatic efficiency (Cooper and Howell,

1993).

We have previously reported that?Zactivates EGFR in human epidermoid carcinoma ¢a481),
B82 mouse lung fibroblasts (B82L), and primary HABRu et al., 1999; Wuet al., 2002; Samegt

al., 2003). The signaling mechanism by whict'Zinduces EGFR phosphorylation was shown to be
secondary to Src kinase activation in both A431R82L cells (Wuet al., 2002; Samett al., 2003).

It must be noted however, that striking cell-typependent variability exists within signaling
pathways (Lakshminarayana al., 1998). In order to study Zhexposure in a highly relevant
model of PM inhalation in the present study, weehaxamined the effect Znexposure on EGFR in
primary HAEC cultures. We report here that®Zexposure induces EGFR activation in HAEC
through a mechanism which does not involve Srovafitin but rather, inhibition of EGFR-directed

PTP activity.
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2-C Methods
Reagents

Tissue culture media, supplements, and supplieg wbtained from Clonetics (San Diego, CA).
Phosphate-buffered saline, tissue culture medid, @agents were purchased from GibcoBRL
(Gaithersburg, MD); bis[sulfosuccinimidyl]suberd®S’) was obtained from Pierce (Rockford, IL).
Protease inhibitors, phosphatase inhibitors, PD3530 4-amino-5-(4-chlorophenyl)-7-
(tbutyl)pyrazolo[3,4-d]pyrimidine (PP2), Compound c56), and EGF were purchased from
Calbiochem (San Diego, CA). Detergents, metal salisman collagen, Nonidet P-40,
PolyGlu:Tyr(4:1), 2B-mercaptoethanol, dithiothreitol (DTT), 1-hydroxyfine-2-thione
(pyrithione) and common laboratory reagents wenelmased from Sigma Chemical Co. (St. Louis,
MO). Tissue culture flasks were purchased from éral@Fisher Scientific, Raleigh, NC). The Src
assay kit, active EGFR, magnesium/ATP cocktail BedKinase were purchased from Upstate (Lake
Placid, NY). Polyacrylamide was obtained from Ro¢malianapolis, IN). Electrophoresis supplies
such as molecular mass standards, polyacrylamiae buffers were purchased from Bio-Rad
(Richmond, CA). PAGEr Duramide precast gels weréiobd from Cambrex (Rockland, ME).
Luminescence reagents andP]-y-adenosine triphosphate (ATP) (10mci/ml) were paseitifrom
Amersham Biosciences (Piscataway, NJ). Phospho-EGFR**Tyr'®®® and phospho-Src
(Tyr**ITyr*'® antibodies were purchased from Cell Signaling Tetbgy (Beverly, MA).
Horseradish peroxidase (HRP)-conjugated goat abtiit, goat anti-mouse, donkey anti-goat IgG, C-
terminal EGFR antibody, protein A-agarose, agammgugated EGFR, and broad specificity Src

antibodies were obtained from Santa Cruz Bioteamo(Santa Cruz, CA).
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Cdll Culture

Primary normal human airway epithelial (HAEC) cellere obtained from normal adult human
volunteers by brush biopsy of the mainstem bronalsiag a cytology brush during fiberoptic

bronchoscopy, conducted under a protocol approyeaddCommittee on the Protection of the Rights
of Human Subjects at the University of North Caraliat Chapel Hill. HAEC cells were initially

plated in supplemented bronchial epithelial cebddamedium (0.5 ng/ml human epidermal growth
factor, 0.5 pg/ml hydrocortisone, 5 pg/ml insulibQ pg/ml transferrin, 0.5 pg/ml epinephrine,
6.5 ng/ml triiodothyronine, 50 pg/ml gentamycin, riml amphotericin-B, 52 pg/ml bovine

pituitary extract, and 0.1 ng/ml retinoic acid) BHK) on tissue culture plates coated with human
collagen (Sigma), grown to confluence, and thers@ged 2 or 3 times in BEGM on ordinary tissue
culture plates. Solutions of 100 mM Zrand 100 mM V" were prepared in distilled water and used
as stocks for dilution into serum free BEGM. Theaficoncentration of both metals was 500 pM, a

concentration previously shown to be acutely nawtoxic (Samett al., 1998).

Western Blotting

Cells were extracted with RIPA lysis buffer consigt of phosphate-buffered saline (pH 7.4)
containingl% NP-40, 0.5% deoxycholate, 0.1% SDS, phosphathd#tor cocktail sets | and II, and
protease inhibitor cocktail set Il purchased fr@albiochem. Each sample was normalized for a
protein content of 30-100 pg then mixed with onkunee of SDS-PAGE loading buffer containing,
0.125 M Tris [pH 6.8], 4% SDS, 20% glycerol, 10%m@rcaptoethanohnd 0.05% bromophenol
blue. The samples were heated for 1 min at 95°Crandn adjacerines of 11% SDS-PAGE gels
or 4-20% Tris-Glycine Gradient pre-cast gels (Campmith pre-stained molecular weight markers
in Tris-glycine-SDS buffer. Electrophoresed proseimere electroblotted onto nitrocellulgsaper.

Blots were blocked with 5% non-fat milk, washedeflyi, andincubated overnight with HRP-
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conjugated antiphosphotyrosipgmary antibodies. HRP-goat anti-rabbit and HRRileky anti-goat
were used as secondary antibodies. A non-spedBieREprimary antibody, which has lower binding
efficiency when EGFR is highly phosphorylated, wased to normalize for loading variability.
Protein bands on the membrane were detagtaty chemiluminescence reagents and film as per
manufacturer'sinstructions (Amersham Pharmacia Biotech) and exgbosn high-performance
chemiluminecence film (Amersham Pharmacia Bioted¢h)some cases, blots were stripped and
reblottedusing a commercially available stripping reagerttg@icon International, Temecula, CA).
Blots were digitized using a Kodak EDAS 120 Syst@ochester, NY). Western blotting results

shown are representative of three or more expetsnen

Sc Kinase Activity Assay

Cells were lysed in a low-sdduffer containing 1% Triton X-100, 25 mM Tris, ptb72 mM EGTA,
10% glycerol, 1 mM Phenyl methane sulfonyl fluor{@®MSF) (Calbiochem, San Diego, CA), 1 mM
sodium metavanadate, 10 mM sodiflnoride, 1 pg/ml pepstatin, and 1 pg/ml leupepEnllowing
preclearing with protein-A agarose, Src kinase iwaaunoprecipitated from 500 pg cell lysate using
anti-Src kinase monoclonal antibody (Santa Crue)lfbd at 4°C. The immunoprecipitates were then
washed with lysis buffer followed by a Src reactlmrffer provided in the Src activity kit (Upstate,
Lake Placid, NY). Src kinase activity was assayetlinase buffer containing 6pCFP]<-ATP and
Src substrate peptide as per the manufacturettisugt®ns. The reaction was incubated for 10 min at
30°C with vigorous agitation in an Eppendorf Thehixer (Brinkman Instruments, Westbury, NY)
and was subsequently terminated by the additioROofil of 40% (final) TCA, and a fraction was
absorbed onto P81 cellulose phosphate paper (StiithdKit, Upstate) then washed extensively
with 1% phosphoric acid. Radioactivity retained tre P81 paper was quantified by liquid

scintillation counting (LKB Wallace, GaithersbeMD).
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Radiolabeling of [*P] PolyGlu: Tyr (4:1)

A total of 200 ug PolyGlu:Tyr was radiolabeled gsib pg of recombinant FER kinase (Upstate,
Lake Placid, NY)in the presence of 200 uCf]-y-ATP for 1 hour at 30° C in 300 pl of a buffer
consisting of 10 MM MgG] 50 mM NaCl and 0.1 mM ATP. The substrate was ipitated by
adding TCA solution to 20% wt/vol and centrifugiag12,000 x g for 5 min. The pellet was washed

three times in 10% TCA and the substrate was resuga at 10 pg/ml in 2 M Tris, pH 8.0.

In-Gel Tyrosine Phosphatase Activity Assay

The in-gel phosphatase activity assays were caaugdising a modification of a method described
elsewhere (Burridge and Nelson, 1995). Protein aetdr were prepared as for Western blots
(described previously), except that samples weteboded. The samples were then subjected to
SDS-PAGE on 11% polyacrylamide gels containif@®]PolyGlu:Tyr (approximately 1.5 million
cpm/40 ml gel). The proteins were then renaturedelyoving SDS with 20% isopropanol, followed
by extensive washing of the gels with 0.04% Twe@nm Tris, pH 8.0. Clear bands indicative of
tyrosine phosphatase activity were visualized byoradiography using a Molecular Dynamics

Phosphorimager (Molecular Dynamics, Sunnyvale, CA).

Exogenous EGFR Dephosphorylation Assay

Active EGFR (86kDa) was induced to autophosphoeylat incubation at room temperature for 5
min in Mg?*/ATP cocktail. HAEC at ~80% confluency were staryed8-14 hours prior to treatment
with 500 pM Zi* or V**in 4uM pyrithione for 20min and harvested in a spiéed Phosphatase
Lysis Buffer containing 100 mM HEPES, 0.2% NP-40,.&/ml PMSF and 10 puM c56. Cell lysates

were normalized for protein content and 100 pgrotgin was brought up in 35 pl of phosphatase
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buffer composed of 25 mM HEPES pH 7.2, 50 mM Na@l 2.5 mM EDTA. 100 ug of harvested
protein in 35 pl was added to the reaction mixtoetaining 115 pl of PTPs buffer, 10 uM ¢56 and
20 ul of phosphorylated EGFR substrate (10 ng/hickv was incubated at 30°C with mixing and
sampled at O (prior to lysate addition), 5, 10, @@dminutes. Each sample was placed in 15 pl 4X
loading buffer on ice and heated for 1 min at 10®#€n subjected to SDS-PAGE and Western

Blotting as previously described to assess thegdanphosphorylation over time.

Endogenous EGFR Dephosphorylation Assay

HAEC at ~80% confluency were starved for 8-14 hqunisr to treatment with 20 ng/ml EGF to
induce full receptor phosphorylation. After washinidh room temperature PBS, cells were treated
with 500 pM Zr* or V** in 4 uM pyrithione for 20 min and then exposedl.@pM c¢56 to inhibit
further EGFR kinase activity. Cells were harvesiadysis buffer (as previously described) without
phosphatase inhibitors, at 10, 30, and 90 secomdis@llular lysates were subjected to SDS-PAGE
and Western Blotting using phospho-specific antibe@dnabling detection of EGFR activation over
time. Separate blots were analyzed for optical itiessusing Kodak Software System. Optical

densities are shown as percentage of individuatrabn
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2-D Results

2-D.1 Zn**-induced EGFR phosphorylation in human airway epithelial cells (HAEC) requires EGFR

kinase domain activity but not EGFR ligand binding

To study the effects of Zh exposure on EGFR signaling in HAEC, we first exaedi EGFR
phosphorylation in HAEC treated with 500 puM?Zfor 5 and 20 min using phospho site-specific
antibodies. As shown in Fig. 2-1A, Zntreatment induced a significant increase in EGFR
phosphorylation at both T¥¥® and TyP* which was evident as early as 5 min. The total EGF
antibody used for normalization has reduced bindafiiciency for phosphorylated EGFR. As
reported elsewhere (Haase and Maret, 2003), tié&specificionophore pyrithione was found to
reduce inter-experiment variability in HAEC respwesess to Zfi exposure and, therefore, all
subsequent experiments in this study were conductdde presence of 4 pM pyrithione unless

otherwise noted.

We have previously shown in B82L (Wtial., 2002) and A431 cells (Sameital., 2003) that Zfi-
induced EGFR activation is independent of EGFR dénaactivity, being mediated via
transphosphorylation by Src. To characterize thehmeism by which Zi activates EGFR in
HAEC, these cells were pretreated with the poté€BiFE kinase inhibitor, c56 prior to exposure with
500 uM Zrt* or 20 ng/ml EGF for 20 min. In contrast to obseiora in B82L and A431 cells, EGFR
kinase inhibition significantly blocked Zhmediated EGFR activation in HAEC. As expected, c56

pretreatment completely abolished EGF-induced E@Résphorylation (Figure 2-1B).

To test the role of the extra-cellular ligand-bimglidomain of the EGFR, HAEC were pretreated with
a blocking antibody prior to stimulation with ZnBlocking the EGFR ligand binding domain ablated
EGF-induced EGFR phosphorylation but had no disbkrneffect on EGFR phosphorylation of

either site in response to Zr{Figure 2-1C).
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Figure 2-1. Zn*-induced EGFR activation in
Human Airway Epithelial Cells (HAEC) requires
EGFR kinase domain activity but not external
ligand binding. 2-1A;: HAEC were treated with
500 uM zrf* for 5 and 20 min in the presence and
absence of the Zfmembrane ionophore,
pyrithione (PT). Cells were harvested and
analyzed for EGFR activation by Western
Blotting using phospho-specific antibodies. The
antibody used for normalization has reduced
binding efficiency for phosphorylated EGFR. 2-
1B: Following pretreatment with 10 pM
Compound 56 (c56) or vehicle control (DMSO)
for 1 h, HAEC were treated with 500 uM Zor

20 ng/ml EGF in media containing 4 uM PT for
20 min. Lysates were analyzed for EGFR
activation via Western Blotting with phospho-
specific antibodies. 2-1C: HAEC were pretreated
with 1 pg/ml of the EGFR blocking antibody,
LA-1 for 1 hr. Cells were then exposed to 500 uM
Zn*" or 20 ng/ml EGF in media containing 4 pM
PT for 20 min. EGFR activation was assessed via
Western  Blotting  with  phospho-specific
antibodies. The results shown are representative
of three or more experiments.



2-D.2 Zn**-mediated EGFR activation does not require Src kinase activity in HAEC

The data above showed that’Zmduced EGFR phosphorylation required receptorasgénactivity
but not external ligand binding, and suggested $natactivity is not involved in EGFR activation of
HAEC exposed to Zii. To further clarify its role in Zfi-induced EGFR activation in HAEC, we
directly examined the effect of Znexposure on Src activation in these cells. Immiottibg with
phosphospecific anti-Src antibodies showed no ok levels of P-Tyf’ Src or P-Tyt*® Src in
HAEC exposed to 500 uM Zhfor 5 or 20 min relative to untreated controlsg{fie 2-2A). In
addition, pretreatment of HAEC with the Src kinas#ivity inhibitor PP2 was partially effective in
blocking Zrf*-induced EGFR phosphorylation at T and Tyf* by 20 min (Figure 2-2B). We
subsequently examined the effect of Ztreatment on Src kinase activity in HAEC. As showwn
Figure 2-2C, exposure to Zmresulted in a marked reduction in Src kinase #ytas early as 5 min,
with nearly complete inhibition by 20 min. The ibhory effect of ZA* treatment on Src activity was
also pronounced in the absence of pyrithione (EiQu2C) These results confirmed thaf*Znduced

EGFR phosphorylation is independent of Src kinaseity in HAEC.

2-D.3 Exposure to Zn** inhibits EGFR-specific Protein Tyrosine Phosphatases (PTP) in HAEC.
Phosphorylation-dependent signal transduction paybvare regulated by the opposing activities of
kinases and phosphatases, and we previously repbeeexposure to Zhand the non-specific PTP
inhibitor vanadium (V") inhibits protein tyrosine phosphatases in a huaiamay epithelial cell line
(Sametet al., 2003). We therefore examined the possibility that"-induced EGFR activation is
driven by an inhibition of the tyrosine phosphatas#vity(ies) which normally opposes baseline
EGFR autophosphorylation activity. Lysates fromE@treated with 500 uM Zfior 20 ng/ml EGF
for 20 min were subjected to in-gel phosphatasiigcanalyses ori’P-polyGlu:Tyr-impregnated
acrylamide gels. As seen in Figure 2-3%Zineatment inhibited PTPs of molecular weights fagg

from 15 to 250 kDa in HAEC, while stimulation wiHGF had no discernible effect.
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These data confirmed that exposure t6"Zan decrease PTP activity in HAEC. In order tongixe
EGFR-specific dephosphorylation, we first measutkd dephosphorylation activity in lysates
prepared from HAEC exposed to ZnV* or media alone. Dephosphorylation activity in cohtr
HAEC against exogenous P-EGFR could be observettlglever the assay period, with a marked
decrease in phosphorylation of 1fand TyP* observed by 20 min (Figure 2-4A). By comparison,
exposure to 500 pM Zhfor 20 min resulted in a significant impairmenttire rate of exogenous
EGFR dephosphorylation in HAEC (Figure 2-4A andB)-4As expected, ¥ treatment of HAEC

also induced marked inhibition of EGFR dephospladigh activity (Figure. 2-4A).
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Figure2-2
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Figure 2-2. Zn**-mediated EGFR activation does not require Src kinase activity in HAEC. 2-2A: HAEC were
treated with 500 pM Zii and 4 pM PT for 5 and 20 min. Cellular lysatesevenbjected to SDS-PAGE and
Western Blotting using phospho-specific antibodigected against Src activation residues. The testiown
are representative of three or more experimen®B:2Following pretreatment with 10 uM PP2 or veicl
control (DMSO) for 1 h, HAEC were treated with 50M Zr**in media containing 4 uM PT for 5 and 20 min.
Lysates were analyzed for EGFR activation via WasBiotting with phospho-specific antibodies. Tlesults
shown are representative of three or more expetsn@m2C: HAEC were treated with 500 pM?Zfior 5 and
20 min in the presence and absence of 8 uM PTug0sf cellular lysates were precleared with 20 notgin-A
agarose for 30 min and immunoprecipitated (IP) gisirbroad specificity Src monoclonal antibody fohn &t
4°C. The precipitated protein was assessed fokiase activity. Shown are mean$SE of three independent
experiments. *P<0.05 and **P<0.01 compared withtemn

40



Figure2-3
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Figure 2-3. Zn* inhibits Protein Tyrosine Phosphatases
(PTPases) in HAEC. HAEC were treated with 500 uM
Zn*" or 20 ng/ml EGF in media containing 4 pM PT for 20
min. 40-80 pg of protein extracts were preparedoas
Western Blots, except that samples were not boilda
samples were then subjected to SDS-PAGE on 11%
polyacrylamide gels  containing *P]PolyGlu:Tyr
(approximately 1.5 million cpm/40 ml gel). Follovgn
protein renaturation, clear bands indicative ofosymne
phosphatase activity were visualized by autoradipky
using a Molecular Dynamics Phosphorimager. Theltesu
shown are representative of three or more expetsnen
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Figure2-4
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Figure 2-4. Exogenous EGFR Dephosphorylation

was inhibited in lysates obtained from HAEC
exposed to Zn** in vitro. 2-4A: HAEC treated with
500 uM Zrf* or V**in 4 uM PT for 20 min. 1 ng/pl
active, phosphorylated EGFR substrate was mixed
with 60-100 pg of cellular lysate and the reaction
was sampled at 5, 15, and 20 min. Lysates were
analyzed for EGFR dephosphorylation over time
via Western Blotting with phospho-specific anti-
EGFR antibodies. The results shown are
representative of three or more experiments. 2-4B:
A graphical representation of the optical densities
corresponding to the blot shown.



To corroborate the findings obtained using exogenBGFR and HAEC cell lysates, we next
performed separate experiments in which the effsfctZzn® on phosphatase activity toward
endogenous EGFR was assayed in intact HAEC. HAE(fe st stimulated with EGF to induce
maximal autophosphorylation of endogenous EGFR wdtipte sites. Following treatment with 500
uM Zr?*, 500 uM V** or 20 ng/ml EGF for 20 min, a fast-acting EGFRase inhibitor (c56) was
added to the cells and the rate of EGFR dephosfatimy was then measured using immunoblotting
(Figure 2-5A). As shown in Figure 2-5B and 2-5Cdegenous EGFR dephosphorylation at both
sites in untreated HAEC was strikingly fast, witren80% of the P-TyP*®signal being lost within 10
s. In comparison, the rate of P-T§fEGFR and P-TYf*EGFR dephosphorylation was markedly
diminished in ZA™-exposed cells (Figure 2-5B). HAEC treatment witfi,Wused as a reference
inhibitor of PTP activity, also resulted in a pramced impairment of EGFR dephosphorylation at

both sites examined (Figure 2-5B).
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Figure 2-5
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Figure 2-5. EGFR dephosphorylation is inhibited by

Zn** in intact HAEC. 2-5A: A schematic displaying
the experimental protocol. 2-5B: HAEC were treated
with 20 ng/ml EGF for 5 min to induce maximal
receptor phosphorylation. Cells were subsequently
exposed to 500 puM Zhor V** in 4 uM PT for 20
min followed by 10 uM c¢56 treatment to inhibit
further EGFR kinase activity. Cells were then
harvested at 10, 30, and 90 seconds. Lysates were
subjected to SDS-PAGE and Western Blotting using
phospho-specific anti-EGFR antibodies. Band
intensities were analyzed using Kodak Software
System. Optical densities shown were normalized to
the DMSO value within each treatment group. The
results shown are representative of 5 or more
experiments. 2-5CA graphical representation of the
optical densities corresponding to the blot shown.
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2-E Discussion

We have previously reported that exposure t8 Frduces EGFR phosphorylation in A431 (Saetet
al., 2003) and B82L cells (Wet al., 2002) through a mechanism that involves trangattin of the
receptor by Src. In this study we examined the waghthat leads to EGFR activation in primary
cultures of the human airway epithelium and remorBrc-independent mechanism wherein the
initiating event appears to be not kinase activatiout rather inhibition of tyrosine phosphatase

activity by Zrf* (See Appendix B).

The lack of involvement of Src in EGFR phosphoiigiatinduced by Z# in HAEC is supported in
this study by several lines of evidence. First, RGfhosphorylation in HAEC exposed to?Zis not
accompanied by an alteration in the levels or patté phosphorylation at activating (TY) and
inhibiting (Tyr*") sites on Src. Second, by 20 min*-induced EGFR phosphorylation minimally
blocked by pretreatment of HAEC with the Src kinaggbitor PP2. Third, EGFR kinase activity is
necessary for Zfi induced EGFR phosphorylation. Perhaps the mosipetiimg data in the case
against a role for Src in EGFR phosphorylation if'Zreated HAEC, is the fact that Src kinase
activity is actually inhibited under the same coiodis in which EGFR phosphorylation is increased
during exposure to Zh Thus the data show that Src kinase activity tsrequired for ZA™-mediated
EGFR activation. However, these data do not rutettoal possibility that other PP2-sensitive kinases
contribute to ZA-mediated EGFR transphosphorylation. It is alscsiites that the required EGFR
kinase activity is itself partially inhibited by PPZrf* is also known as a competitive inhibitor of Csk
(Sun and Budde, 1999), a tyrosine kinase that fomgtto suppress Src activity and is structurally
very similar to Src. Moreover, Zhinhibits Ck2 activityin vitro (W. Wu, personal communication),
and therefore, 7 likely acts as a competitive inhibitor of all tgine kinases by displacing required

Mg** ions from specific metal binding sites (Sun and @4d1999).
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Here we report that the mechanism ofZnduced EGFR activation in HAEC is clearly distinc
from that previously reported in the A431 skin @aoma and B82L mouse lung fibroblast cells. In
those cell lines, Z# exposure was found to induce a Src-dependent &fREkinase independent
transphosphorylation of EGFR (Wtial., 2002; Samett al., 2003). The mechanistic explanation for
these differences is not known, however is it gmesto speculate that cell type differences in

permeability to ZA result in temporal variations in the inactivatidrPT Ps and the activation of Src.

The highly conserved PTP active site requires tiatcatalytic cysteine be in the thiolate form in
order to allow efficient transfer of substrate pttestes. Due to its unique microenvironment, the
catalytic cysteine has a low pKZhang and Dixon, 1993) enabling activity at pliagical pH but
also rendering the active thiolate anion highlycepsible to oxidation by ROS (Salmeen and Barford,
2005), and possibly also to attack by metal ioke Erf* (Appendix A). Transient and reversible
inhibition of tyrosine phosphatases is now recogthias an essential event in growth factor receptor
signaling(Menget al., 2004). ROS-mediated PTP inhibition has been showtcur in a variety of
cell types in response to EGF (Deyulia and Carca005), PDGF (Mengt al., 2002) and insulin
receptor (Menget al., 2004) binding. The target of the inhibition i tthiolate group in the catalytic

cysteine of the PTP, which is oxidized to the inacsulfenyl derivative.

Zn*" is a known inhibitor of PTPs (Haase and Maret,3}0Mhcluding a broad spectrum of PTPases
present in HAEC (Samet al., 1999). A mechanism of direct inhibition has retebeen proposed
wherein ZA* blocks PTP activity by binding to the catalyticstgine and to neighboring histidine or
aspartate residues present in the highly consaetde site (Haase and Maret, 2003). Treatment of
Zn** exposed HAEC with the reductant dithiothreitol neesl Z*-mediated EGFR activation
demonstrating the transient nature of the propasechanism of PTP inactivation (Tal, Appendix i).
Interestingly, Maret and colleagues have proposglyaiological role for intracellular Zhstores in
the inhibition of PTPs during receptor-mediatechalgng. According to this model, tightly regulated

fluctuations in intracellular Z are induced by oxidation of metallothionein cysteiresidues
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associated with Zf causing the release of free?Zat concentrations sufficient to inhibit PTPs and
thereby regulate phosphorylation dependent siggglathways in a reversible manner (Haase and

Maret, 2003).

In untreated HEAC, growth factor induced receptoogphorylation was extensively reversed within
10 s of the cessation of kinase activity, demotisggahe tight control that PTPs exert over recepto
tyrosine kinase signaling. The ability of Znexposure to induce a prolongation of EGFR
phosphorylation in the absence of kinase activitystrates the susceptibility of phosphoprotein
catabolism to inhibition by ZA Interestingly, our data may show differential esat of
dephosphorylation at tyrosine residues 1068 and 84gesting the involvement of multiple PTPs in
this regulatory eventfThe number of PTPs which exert activity on EGFRha$ currently known.
Implicated candidates include PTP1B (Fihtal., 1997; Hajet al., 2003), LAR (Kulast al., 1996),
PTPe (Suarez Pestaret al., 1999), SHP-1 (Keilhackt al., 1998), and T-cell PTP (Tiganés al.,
1998). Additional studies will be required to idéntthe specific EGFR-directed PTP(s) whose

activity is inhibited in HAEC exposed to Zn

The data presented in this study suggest that Isigmsduction events induced by exposure t& Zn
are initiated not by the direct induction of kinasgtivation, but through the inhibition of critical
phosphatases whose activities oppose baselineekiaetivity and normally function to maintain
signaling quiescence in resting cells. It was ngbal of this study to model the conditions ofZn
exposure experienced by HAEC in vivo. Nonethelgssjs interesting to note that serum
concentrations of Zi are approximately 25 M, and certain biologicahpartments (e.g., synaptic
space) can exceed 300 pM?Z(Chenet al., 1997; Huang, 1997). Thus, the exposure conditirses]

in this study, which did not induce overt cytoxygitnay be relevant from a toxicological as welkas
pathophysiological standpoinGiven the pervasive presence of’Zin ambient air, and the broad
role that EGFR plays in signaling processes witbalis, these findings may be relevant as a

mechanism of PM inhalation toxicity.
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Chapter 111: Epidermal growth factor receptor activation by diesel particles is mediated by

tyrosine phosphatase inhibition

The main findings of Specific Aim 2 (Chapter Illjeacurrently under revision for resubmission to
Toxicology and Applied Pharmacology “Tamara TaljliBhBromberg, Yu-Mee Kim, and James
Samet. Epidermal growth factor receptor activatimn diesel particles is mediated by tyrosine

phosphatase inhibition.”
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performed all experiments; and TT and JS wroterthauscript.



3-A Abstract

Exposure to particulate matter (PM) is associatétth imcreased cardiopulmonary morbidity and
mortality. Diesel exhaust particles (DEP) are aanapmponent of ambient PM and may contribute
to PM-induced pulmonary inflammation. Proinflammateignaling is mediated by phosphorylation-
dependent signaling pathways whose activation igosed by the activity of protein tyrosine
phosphatases (PTPases), which thereby functionaintain signaling quiescence. PTPases contain
an invariant catalytic cysteine that is suscepttbleslectrophilic attack. DEP contain electrophilic
oxy-organic compounds that may contribute to theat effects of PM. Therefore, we hypothesized
that exposure to DEP impairs PTPase activity atgvior unopposed basal kinase activity. Here we
report that exposure to 30 ug/dEP for 4 h induces differential activation of sidjng in primary
cultures of human airway epithelial cells (HAEC)pdmary target cell in PM inhalation. In-gel
kinase activity assays of HAEC exposed to DEPowf (L-DEP), intermediate (I-DEP) or high (H-
DEP) organic content showed differential activatasrintracellular kinases. Exposure to these DEP
also induced varying levels of phosphorylationta teceptor tyrosine kinase EGFR in a manner that
requires EGFR kinase activity but does not involeeeptor dimerization. We demonstrate that
treatment with DEP results in an impairment of ltatad EGFR-directed PTPase activity in HAEC
with a potency that correlates with the organictennof these particles. These data show that DEP-
induced EGFR-phosphorylation in HAEC is the restila loss of PTPase activities which normally

function to dephosphorylate EGFR in oppositiondsddine EGFR kinase activity.
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3-B Introduction

Diesel exhaust particles (DEP) are ubiquitous aitaminants in ambient and occupational settings
(Lloyd and Cackette, 2001). The composition of DiEPcomplex and variable consisting of an
elemental carbon core with adsorbed organic comimuas well as small amounts of sulfate, nitrate,
metals and other trace elements (Wichmann, 200%.cfganic fraction of DEP varies, ranging from
2-50% of the total particle mass, and has beenceded with differential pulmonary toxicity and

mutagenicity in cell and animal models étial., 2002; DeMarinit al., 2004; Singlet al., 2004).

In human studies, acute exposure (1 h) to fresblyetpted DEP has been shown to induce acute
pulmonary inflammation characterized by increasakls of neutrophils, B-lymphocytes, and the
inflammatory mediators, histamine and fibroneatilbronchoalveolar lavage fluid (Saktial., 1999).
Another study reported an increased expressiomefptoinflammatory cytokine IL-8 in bronchial
mucosal biopsies obtained from healthy human velenst exposed to DEP for 1 h (Pouragtaal.,
2005). It is also well established that DEP induites expression of proinflammatory cytokines in
cultured cell systems (Bonvallet al., 2001; Bauliget al., 2003; Matsuzaket al., 2006). Taken

together, these studies support the notion thaisexe to DEP can induce pulmonary inflammation.

Expression of proinflammatory signaling moleculss controlled by phosphorylation-dependent
signaling cascades wherein activated kinases fumcto phosphorylate downstream signaling
molecules. In the case of tyrosine kinases, thwites of these enzymes are opposed by that of
protein tyrosine phosphatases (PTPases) whichbthdtmction to maintain signaling quiescence
(Stoker, 2005). The PTPases constitute a supesfarhignzymes which contain conserved Cys, Arg,
and Asp residues critical for catalysis (Barfatdal., 1994). The microenvironment of the PTPase
active site cleft lowers the pKa of the catalytigsteine residue to < 6, allowing it to exist in its

thiolate anion (R-$ form at physiological pH (Petert al., 1998). This property renders PTPases
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highly susceptible to electrophilic attack (Denul dranner, 1998; Takakuet al., 1999; Kikunoet

al., 2006; lwamoteet al., 2007).

We have previously shown that divalent zinc {Fnanother component of ambient PM, induces
EGFR activation and upregulation of kB~dependent IL-8 expression in human airway epihel
cells (Kimet al., 2006; Talet al., 2006). Moreover, we reported thatZZIexposure did not increase
EGFR kinase activity but rather, impaired EGFR-clied PTPase activity, allowing for ligand-
independent activation of the EGFR (Eahl., 2006). A recent study showed that a specific miga
constituent of PM, 1,2-napthoquinone, impairs tfredine phosphatase PTP1B, leading to sustained
EGFR signaling (lwamotat al., 2007). However, the link between PTPase inhibittmd EGFR
activation has not been made for particulate exgssiHere we show that DEP exposure induces
EGFR-dependent phosphorylation though a mechamigoiving the inactivation of EGFR-directed

PTPase activity in primary human airway epithedigls, a principal target cell of inhaled PM.

51



3-C Materialsand M ethods

Preparation of DEP. Thee DEP samples were examined. The first, DEP lathorganic content (L-
DEP),was obtained from the National Institute of Scienaad Technolog{NIST 2975; Donaldson,
Minneapolis, MN). The material was collected usardjesel forklift and hot bag filter system. L-DEP
contains 2.0 % (wt/wt) organic matter extractabje dichloromethane (Singkt al., 2004). The
second sample, DEP with intermediate organic corfleREP), was generated in June 2@d5he
U.S. Environmental Protection Agency (Resedndhangle Park, NC) with the use of a 30-kW (40
HP) four-cylindeiDeutz BF4M1008 diesel engine connected to a 22.35&yor Bellair compressor.
I-DEP contains 18.9% (wt/wt) organic matter by dicbmethane extraction (Dr. Seung-Hyun Cho,
personal communication). The third particle, DERhigh organic content (H-DEP), was generated
using a light-duty (2,740 cc), 4-cylinder, 4JB1gyfsuzu diesel engine with torque load of 6 kg/m
generated by an ECDY dynamometer (Meiden-Sya, Toldapan) and collected as previously
described by Sagai et al. (Sagaial., 1993). H-DEPcontains 26.3 % (wt/wt) organic matter

extractable by dichloromethane (Singtal., 2004).

Cell culture and treatment. Primary normal human airway epithelial (HAEC) cellsre cultured as
described earlier (Chapter Il). Prior to particteatment, cells were growth factor starved in un-
supplemented BEBM for 9-15 h. L-DEP, I-DEP, H-DERIaarbon black suspensions (Columbian
Chemicals Company; Marietta, GA) were freshly predaat 300 pg/ml in BEBM by water bath
sonication for 10 min. HAEC were exposed to a ficahcentration of 30 pg/cnfior 4 h. HO, (100
mM) and vanadate (100 mM) were mixed at room teatpee to produce 50 mM pervanadate (PV)

stock (Sigma Chemical Co; St. Louis, MO). HAEC weeated with 50 uM PV for 30 min.

In-gel kinase activity assay. Protein kinase activities in cell lysates fractimthby SDS-PAGE were
measured as describegl Wang and Erikson (Wang and Erikson, 1992). Brjefells were lysed in a

low-saltbuffer containing 1% Triton X-100, 25 mM Tris, pH572 mM EGTA10% glycerol, 1 mM
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PMSF, 1 mM sodium metavanadate, 10 mM sodiluoride, 1 ug/ml pepstatin, and 1 pg/ml
leupeptin. Lysates weteaded onto standard 11% SDS-polyacrylamide gehdagung 25Qug/ml
myelin basic protein (MBP)n each well, 10Qug of sample protein was loaded and the gel was
submitted to electrophoriesis at 20 V for overnight£#C. After running, the gels were washed
sequentially with (i) 20% 2-propanol-50 mM Tris (p80), (ii)) 50 mM Tris(pH 8.0)-0.05% 2-
mercaptoethanolb(ffer A), (iii) 6 M guanidinehydrochloride inbuffer A, followed by repeated
washings in (iv) 0.04% Tween buffer A overnightat 4°C. Phosphorylation of MBP was carried out
by addinglO ml of 40 mM HEPES (pH 8), 2 mM dithiotheitol (D); 100 uMEGTA, 5 mM MgCl,

25 uM ATP, and 250 pCiy{*?P]JATP for 60 min at room temperature. The gel waantwashed

extensively with 5% TCA-1% sodium pyrophosphatédland exposed to film.

Western Blotting. Western Blotting was performed as earlier descrifi@ection 2-C). Graphical

representation of blot densities obtained from Segmarate experiments is also shown.

EGFR dimerization. A431 cells were cultured in Dulbecco's minimum essé medium (DMEM)
with high glucose supplemented with 10% fetal bevéerum and gentamicin (g/ml) and deprived

of serum for 12-18 h prior to treatment with DEMIMEM. Following particle exposure, cells were
washed with ice-cold PBS and treated with 1 ml & &M Bis(Sulfosuccinimidyl)suberat@BS;;
Pierce, Rockford, IL) in PBS for 30 min at room f@mature. The cross-linking reaction was stopped
by incubation in PBS containing 20 mM Tris, pH 7#dr, 15 min, and the cells were scraped into 100
pl of PBS and centrifuged at 1000g¥or 5 min at 4°C. The pellet was resuspended ip/gRIPA
buffer containing a cocktail of anti-protease ant-RTPase inhibitors, sheared with a syringe, and
subjected to Western blotting using a mouse antidndEGFR antibody cocktail that recognizes the

extracellular domain of the EGFR (Santa Cruz).

Protein tyrosine phosphatase activity assay. DEP-treated HAEC were harvested in a specialized

glove box flushed with argon with a final concetibm < 2% oxygen. HAEC were lysed using a
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Phosphatase Lysis Buffer containing 100 mM HEPEZYONP-40, 20 pug/ml PMSF and centrifuged
at 850 g for 5 min to remove cellular debris. Lgsatvere subsequently centrifuged at 20,000 g for 20
min to remove visible particles. Supernatants weogmalized for protein content. Samples
containing 10 ug of cell lysates were used to datex total PTPase activity using a 96 EnzChek
Tyrosine Phosphatase Assay Kit, as per manufattutgections (Molecular Probes; Carlsbad, CA).
Fluorescence was measured over time using excitati@55 +20 nm and emission at 46012.5 nm.
Data are shown as percent control of untreated Bandependent experiments. Two-way ANOVA

with a Bonferroni post-test was used to determigeificance.

Exogenous EGFR dephosphorylation assay. The exogenous EGFR dephosphorylation assay was

performed as described Section 2-C. Band intessitere analyzed using Kodak Software System.

54



3-D Results

3-D.1 Exposure to DEP of varying organic-content induces differential kinase activation in HAEC.

The organic content of DEP has been suggesteddadbéerminant of its toxicity (Singd al., 2004).

In order to obtain a general assessment of theafoteganic content on DEP-induced activation of
intracellular signaling pathways, protein extraptepared from HAEC exposed for 4 hours to 30
ug/ent of DEP of low (L), intermediate (I), or high (Hyganic content were subjected to an in-gel
kinase activity assay. As shown in Figure 3-1, expe to L-DEP, I-DEP or H-DEP induced
differential kinase activation profiles in HAEC. Fexample, extracts prepared from HAEC treated
with H-DEP showed activation of a distinct kinadeapproximately 45 kDa, which is altogether
absent in L-DEP and I-DEP treated cells. In comtriasatment with L-DEP resulted in the loss of a
kinase with a molecular weight of approximatelykita. Carbon black (CB) was used as a negative
control for the effect of organic-free particulaegposure, and the data show that CB exposure did no
result in noticeable changes in kinase activitatieé to controls treated with media alone. These
data showed that DEP with varying organic contemrt differentially activate intracellular kinase

activity in HAEC.
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Figure3-1
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Figure 3-1. Exposure to DEP induces differential kinase activation in HAEC. Cells were treated with
30 pg/cm L-DEP, I-DEP, H-DEP or carbon black (CB) or mediantrol (CT) for 4 h. Samples
containing 50-100 pg cell lysate were loaded ongelecontaining 25@g/ml MBP and analyzed for
kinase activity by the addition of 5 mM MgCR5 uM ATP, and 250uCi [gamm&?P]ATP. Image
contrast was optimized to show bands of intermediablecular weights. The results shown are
representative of two experiments.
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3-D.2 Exposure to DEP induces EGFR kinase-dependent EGFR phosphorylation in HAEC. The
EGFR is a critical receptor tyrosine kinase thagjutates cell growth, survival, differentiation,
apoptosis, and inflammation (Bazley and GullickQ20 Therefore, to determine whether DEP
exposure triggers EGFR activation, we first measlegels of phospho EGFR in HAEC exposed to
30 pg/cm L-DEP, I-DEP or H-DEP for 4 h using Western Blogtiwvith a phosphosite-specific
antibody. As shown in Figure 3-2A, exposure to H-DEP indu@ednarked increase in EGFR
phosphorylation levels relative to control. In aast, L-DEP or I-DEP exposure resulted in relagivel
weak EGFR phosphorylation, while CB failed to irase phospho-EGFR levels above control levels.
As expected, treatment with pervanadate (PV), arpohhibitor of PTPase activity, induced marked
EGFR phosphorylation. Time-course and dose-respexgeriments showed that 30 ugfcEhDEP

treatment for 4 h produced maximal EGFR phosphtioyldn HAEC (data not shown).

To characterize the mechanism of its activation,negt examined the functional requirements for
DEP induced activation of the EGFR in HAEC. HAECrevgretreated with the potent EGFR kinase
inhibitor, ¢56 (10 uM for 60 min) or vehicle cont@MSO) prior to exposure with 30 pg/éin-
DEP, I-DEP, H-DEP or CB for 4 h, 50 uM PV for 30mar 100 ng/ml EGF for 15 min. EGFR
kinase inhibition significantly blocked H-DEP-inceat EGFR phosphorylation in HAEC (Figure 3-
2B). P-EGFR levels induced by L-DEP and I-DEP wale® suppressed. As expected, c56 treatment
also prevented EGF-mediated EGFR phosphorylatioterdstingly, c56 pretreatment in control
HAEC completely ablated basal (control) levels @HR phosphorylation, suggesting that EGFR
autophosphorylation is the dominant mechanism dfFE@ctivation in untreated HAEC. As expected,
we observed that c56 pretreatment failed to blo¢kniediated EGFR phosphorylation. While these
results do not rule out transphosphorylation of teeeptor, they suggest that, in the absence of

EGFR-directed PTPase activity basal EGFR kinaswitgcts required for EGFR phosphorylation.
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Figure 3-2

Figure 3-2A
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Figure 3-2. DEP exposure induces EGFR kinase dependent EGFR phosphorylation. 3-2A: Cells
were treated with 30 pg/énl-DEP, I-DEP, H-DEP or CB or media (CT) for 4 h 66 pM
pervanadate (PV) for 30 min. Cells were lysed dmdstate of EGFR phosphorylation was detected
by Western Blotting using a phosphorylation-specé#itibody directed against tyrosine 8852B:
Following pretreatment with 10 uM of the EGFR ki@ashibitor compound 56 (c56), vehicle control
(DMSO), or 1 pg/ml of the EGFR blocking antibody 414or 1 h, HAEC were exposed to 30 pgfcm
L-DEP, I-DEP, H-DEP or CB or media for 4 h, 50 pM fr 30 min or 100 ng/ml EGF for 15 min.
Lysates were analyzed for EGFR phosphorylation Wastern Blotting with phospho-specific
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antibodies. The results shown are representativteeef experiments.
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3-D.3 DEP-induced EGFR phosphorylation does not require access to the EGFR ligand binding
domain or receptor dimerization. To further characterize the functional requiremefuis DEP-
induced EGFR phosphorylation, vivestigated the role of the EGFR extracellulaatig-binding
domain. HAEC were pretreated with a blocking ardijo¢clone LA-1, 1 pg/ml for 60 min) prior to
exposure with 30 pg/cni-DEP, I-DEP or H-DEP for 4 h, 50 uM PV for 30 non 100 ng/ml EGF
for 15 min. LA-1 pretreatment effectively blocke®E-mediated EGFR phosphorylation (Figure 3-
2B). In comparison, LA-1 pretreatment diminished FDEnduced EGFR phosphorylation only
partially. These data suggest that blocking the EG&and binding site is ineffective in preventing

H-DEP and L-DEP induced EGFR phosphorylation.

Ligand-dependent EGFR activation results in homdhetero-dimerization of the receptor (Gunther
et al., 1990). As an independent assessment of the [lagsithat DEP induced-EGFR
phosphorylation is initiated though an extracelulgand-like mechanism, we next examined the
possibility that DEP treatment induces EGFR dinagian. To increase the likelihood of detecting
EGFR dimerization should it occur with DEP exposuve performed these experiments using A431
cells, a skin carcinoma cell line which overexpessEGFR and displays a high density of surface
EGFR molecules (Samet al., 2003). EGFR dimerization was measured in intat3Acells treated
with 30 ug/crﬁ L-DEP, I-DEP, H-DEP or CB for 4 h, or with 200/md EGF for 15 min. The
presence of EGFR dimers was then measured in presiacts by Western blotting following the
addition of a cross-linking agent (2.5 mM $SAs expected, activation by EGF resulted in EGFR
dimerization in A431 cells (Figure 3). However, espre to L-DEP, I-DEP, or H-DEP did not result
in detectable EGFR dimerization. Similarly, CB alf¥ treatments failed to induce EGFR
dimerization. Taken together with the receptor kiog experiments, these data suggest that DEP-
mediated EGFR phosphorylation occurs though a nméstma that is independent of ligand-

stimulation and receptor dimerization.
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Figure 3-3
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Figure 3-3. DEP-induced EGFR phosphorylation does not require receptor dimerization. Analysis of
EGFR dimerization was measured in intact A431 dedlated with 30 pg/cfrL-DEP, I-DEP, H-DEP
or CB or media for 4 h or 200 ng/ml EGF for 15 n@ells were then rinsed and treated with 2.5 mM
BS; for 30 min lysed and subjected to Western blottisgng an EGFR antibody that recognizes the
extracellular domain of the EGFR. The results shavemrepresentative of thee or more experiments.
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3-D.4 Exposure to DEP inhibits PTPases in HAEC. Our previous work with Zfi-induced activation

of EGFR demonstrated ligand-independent activatiathe EGFR secondary to PTPase inactivation.
To assess whether DEP can induce a similar effigdidNEC, we measured PTPase activity in lysates
obtained from HAEC exposed to 30 pgfdmDEP, I-DEP, H-DEP or CB for 4 h, 50 uM PV for 30
min or media alone. To prevent non-specific oximanf cellular PTPases, lysates were handled in an
anaerobic chamber as described previously (Mengl., 2005). Total PTPase activity was then
measured using a synthetic substrate and the dathawn as the ratio of PTPase activity in treated
versus untreated controls (Figure 3-4). Treatmdtit W-DEP- or H-DEP resulted in a marked and
statistically significant (p < 0.01) impairment Bif Pase activity in comparison to lysates obtained
from control cells (Figure 3-4). Moreover, consmtavith observed EGFR phosphorylation trends
noted earlier (Figure 3-2A), H-DEP was a more poitembitor of PTPase activity relative to L-DEP,
whereas |-DEP exposure did not show an effect dAaB&s. Consistent with their respective effects
on EGFR phosphorylation, treatment with CB did regult in significant impairment of PTPase
activity (p > 0.05) while treatment with PV inducg@donounced impairment in cellular PTPase

activity relative to control (p < 0.01).

61



Figure 3-4
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Figure 3-4. DEP exposure impairs total PTPase activity HAEC lysates. HAEC were treated with 30
ug/ent L-DEP, I-DEP, H-DEP or CB for 4 h or 50 uM PV 8@ min and harvested in an anaerobic
environment to prevent non-specific oxidation. Biotextracts (10 pg) were loaded onto a PTPase
activity kit and fluorescence was measured at usikgjtation at 355 20 nm and emission at 460 +
12.5 nm at 0-18 min Data are expressed as the ratio of picomoles o$pitade released in treated
versus control samples at 6 min (3-4A) and ratedephosphorylation over the entire assay period
are shown (3-4B). Total PTPase activity in celisated with L-DEP, H-DEP or PV were statistically
significant from control samples (P < 0.001). HAE&posed to I-DEP and CB did not result in
significant impairments in total PTPase activitygrificance was determined by one-way ANOVA

with a Bonferroni post-test (n=3).
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3-D.5 Exposure to DEP impairs EGFR-directed PTPase activity in HAEC. We next determined
whether DEP-induced EGFR phosphorylation is lintethe inhibition of PTPases that regulate the
phosphorylation status of the receptor. EGFR dgpmrylation rates were measured in lysates
prepared from HAEC exposed to 30 pg/dvDEP, I-DEP, H-DEP or CB for 4 h, or treated wif

UM pervanadate for 20 min or media alone. RecormbiRaEGFR was added to cell lysates and the
reaction mixture was sampled at O, 3, 10, and 30 amd analyzed by Western blotting. Time-
dependent dephosphorylation of the exogenous P-E&HRtrate could be observed clearly in
control HAEC lysates over the 30 min assay penwth a significant decrease in levels of P-EGFR
observed by 10 min (Figures 3-5A and 3-5B). In redrkontrast, exposure to H-DEP resulted in a
marked impairment in the rate of exogenous EGFRhagghorylation at each time point. Similarly,
treatment with L-DEP also induced a measureablaiment in EGFR dephosphorylation. Notably,
the magnitude of the effect of H-DEP and L-DEP mpairment of EGFR-directed PTPase activity
exceeded the effects of PV, the general PTPasbitohiFig. 3-5B). In agreement with the data
shown in Figure 3-4, there were no differences@FR-directed PTPase activity in lysates obtained

from HAEC treated with I-DEP or CB (Fig. 3-5A an¢bB).
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Figure 3-5
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Figure 3-5. Exogenous EGFR dephosphorylation was inhibited in lysates obtained from HAEC
exposed to DEP containing high and low but not intermediate organic content in vitro. 3-5A: HAEC
were treated with 30 pg/én-DEP, I-DEP, H-DEP or CB for 4 h or 50 pM PV 80 min. In an
anaerobic environment, 0.2 pg of active, phosplategd EGFR substrate was mixed with 100 pg of
cellular lysate and the reaction was sampled af 00, and 30 min. Lysates were analyzed for EGFR
dephosphorylation over time via Western Blottinghaphospho-specific anti-EGFR antibodies. The
results shown are representative of thee expersn&8rB: A graphical representation of the optical
densities obtained from thee independent expersr@ntor bars omitted for clarity). Band intenstie
were analyzed using Multigauge Software and shoene las % control of the intensity of the band
area minus the background (n=3).
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3-E Discussion

The mechanisms by which PM induces adverse heffditte are not well understood. Lung epithelial
cells are directly exposed to inhaled particles areda significant source of inflammatory mediators
We have previously reported that exposure t& anDEP induces proinflammatory signaling in lung
epithelial cells (Kimet al., 2006; Cacet al., 2007a; Caet al., 2007b; Kimet al., 2007). In the case of
Zn*, we have shown that impairment in tyrosine kindisected PTPase activity was the initiating
event in ZA*-induced inflammatory mediator expression (Kéfal., 2006; Talet al., 2006). Here we
report that exposure to DEP induces ligand-indepenBGFR phosphorylation though a mechanism

that involves impairment of EGFR-directed PTPadwiacin HAEC.

A recent study examining the role of basal PTPaseity in signaling showed that pharmacological
inhibition of kinases activated by insulin leads tapid dephosphorylation of downstream
phosphosubstrates (Zhaneteal., 2006). This mechanism, termed “dephosphorylatypmefault” by
the authors, demonstrates that impairment of PTRassufficient to allow phosphorylation by basal
tyrosine kinase activity to accumulate. Our dat@wshg that exogenous P-EGFR is rapidly
dephosphorylated in lysates prepared from HAECt@éckanly with an EGFR kinase inhibitor is in
agreement with this concept. Furthermore, our figdhat exposure to DEP impairs EGFR-directed
PTPase activity supports the notion that frank $&nactivation is not required for the initiation of
phosphorylation-dependent signaling in HAEC treatéith DEP. In addition, our results imply that
an impairment of EGFR-directed PTPase activity(iesufficient to enable an accumulation of basal
EGFR phosphorylation, leading to downstream phogétion-dependent signaling pathways.
Interestingly, we have recently observed that tneat with H-DEP and L-DEP but not I-DEP for 4 h
results in increased expression of the proinflanonyatnediator IL-8 in HAEC, arguing that PTPase
impairment is a pivotal event in signaling thatdeao pro-inflammatory gene expression. Moreover,

recent findings in our laboratory have also sholat L-DEP-induced increases in IL-8 expression
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can be blocked with EGFR kinase inhibitors, evigdime toxicological relevance of EGFR activation

in HAEC exposed to DEP (Tal, unpublished observatio

In order to characterize the mechanism by which Dielaces EGFR phosphorylation, we employed
a variety of tactical approaches. First, we showet treatment with an EGFR kinase inhibitor
completely abolished DEP-mediated EGFR phosphaoyldFigure 3-2B). This suggests that EGFR
autophosphorylation is a central mechanism by wBEP activates the receptor. We next sought to
determine whether DEP stimulated ligand-dependentirmlependent activation of the EGFR.
Although DEP fails to induce EGFR dimerization, dbedata were obtained in the A431 cell line
(Figure 3-3B). A431 cells were used because theggly overexpress the EGFR (Samtedl., 2003)
however, these data may not be indicative of wicatis in lung epithelial cells. In support of this,
the data shown in Figure 3-3A suggests that L-DB® H-DEP induce EGFR phosphorylation by
different mechanisms. Treatment with an EGFR-lighimtling domain blocking antibody (LA-1)
fails to block L-DEP induced EGFR phosphorylatidqturthermore, EGFR activation induced by
pervanadate treatment, a known inhibitor of PTPasvity, is similarly unaffected by LA-1
pretreatment. These data support the notion tHaEP-induces EGFR phosphorylation by a ligand
independent mechanism possibly involving inhibitiei EGFR-directed PTPase activity. In
comparison, LA-1 partially ablates H-DEP inducedREGphosphorylation suggesting that H-DEP

activates the receptor by multiple ligand- depehdead —independent mechanisms.

The thiolate cysteine residue required for PTPaatalgic activity is highly susceptible to
electrophilic attack. Recently, a series of studmes provided the first mechanistic evidence
supporting the notion that environmentally relevegdctive quinones and aldehydes can directly
inactivate protein tyrosine phosphatase 1B (PTPRddivity by a covalent modification of reactive
cysteines (lwamotet al., 2007; Seineet al., 2007). Notably, treatment of A431 cells with 1,2-
napthoquinone was shown to arylate two reactivéeayd residues in PTP1B, thereby impairing its

activity and leading to the prolonged and irrevgesiactivation of EGFR (lwamotet al., 2007).
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These studies are in keeping with the concept DEP-associated oxy-organics can directly
contribute to proinflammatory signaling though actmenism involving EGFR activation and suggest

a possible mechanism by which H-DEP induces PTipadgtion in our system.

In addition to arylation or acylation of reactive/steines, DEP-associated oxy-organics may
indirectly impair PTPase activity via redox cyclingwo main families of compounds, polycyclic
aromatic hydrocarbons (PAHs) and quinones, arerbbdoon diesel particles (Baulaj al., 2003)
and are thereby delivered to the airway epithelmith inhaled PM. In addition to irreversible oxy-
organic adduct formation, DEP-associated quinomes r@active PAH metabolites can generate
reactive oxygen (ROS) and nitrogen species (RN&} tbversibly inactivate PTPases by the
formation of —S-OH or —S-NO derivatives @@ial., 2002; Barrettt al., 2005; Chiarugi and Buricchi,
2007). ROS are also formed during the NADPH-cytootd?450 reductase-mediated metabolism of
DEP-associated quinones to semiquinone radicalsasddciated PAHs are first metabolized by
cytochome P450s and peroxidases to oxidized dem@ssuch as epoxides, diols, and redox-cycling
guinones. This source of oxidants has been implican the toxicity associated with H-DEP (>da
al., 2004) which contains 26.3 % (wt/wt) extractablgamic matter (EOM) (Singlet al., 2004).
However, this mechanism does not explain L-DEP-teduPTPase inhibition since L-DEP has a low
(approximately 2.0 % (wt/wt)) EOM (Sing#t al., 2004), arguing that the potency with which DEP
activate EGFR is not correlated with its EOM contéhis alternative view is further supported by
the inability of I-DEP (18.9% (wt/wt) EOM; (Singht al., 2004)) treatment to impair PTPase activity
in our system. Thus, the exact mechanism of inattm of PTPase activity by DEP is likely

complex and will require further investigation

PM-associated metal ions may represent an additioegehanism responsible for DEP-induced
PTPase inhibition. We have previously shown thasxre to residual oil fly ash, a metallic ash that
contributes to the PM mass in some airsheds, careglilate phosphoprotein metabolism by

inactivating PTPase activity in airway epitheliagdlls (Gavettet al., 1997, Sameet al., 1997;
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Kodavantiet al., 1998; Gavettt al., 2003). Common soluble metallic components astagtiwith
PM include F&, Cu/*, Zr?*, V¥*" and CF"®" (Gavettet al., 1997). Redox-cycling metals, such as
Fe*, CU', V3*** and CF*'®*, can generate ROS capable of inactivating PTPasesh the Haber-
Weiss reaction (Koppenol, 2001).*\?*, Fé" and CG' are reportedly present in L-DEP at
concentrations of 20, 100 and 300 ppm, respecti¢feéarket al., 2006). Thus, depending on their
speciation, it is possible that these metals doutiei to L-DEP induced PTPase inhibition and EGFR
signaling effects in HAEC. Moreover, Znwhich is found at a concentration of 400 ppm iDEP
(Parket al., 2006), and ¥°* are potent direct inhibitors of PTPase activitar(®tet al., 1999; Talet

al., 2006), suggesting an additional mechanism by kvhicDEP exposure impairs EGFR-

dephosphorylation in HAEC.

Inflammatory responses are thought to be a crifieature of many of the adverse effects of PM
exposure, including morbidity and mortality (Broetkal., 2003). Though studies aimed at elucidating
the mechanism of PM-induced EGFR activation, wenshere that exposure to DEP impairs EGFR-
directed PTPase activity in HAEC. These findingeviite evidence for an initiating mechanism
though which DEP exposure induces the expressigorahflammatory proteins such as IL-8 and

COX-2.
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Chapter 1V: Investigating the transcriptional regulation of IL-8 expression in human airway

epithelial cells exposed to diesel exhaust

The main findings of Specific Aim 3 (Chapter IV)lilbe submitted for publication in Cell Signaling
upon completion. “Tamara Tal, Steve Simmons, Rol&tbajoris, Ram Ramabhadran, Philip
Bromberg, and James Samet. Distinct regulationLe8 Expression in BEAS2B cells exposed to

diesel exhaust particles.”

TT contributed to the manuscript as follows. TT, 8R, JS, and PB conceived of the study design;

TT performed all experiments; and TT wrote the nanipt.



4-A Abstract

Particulate matter (PM) exposure induces adversathheeffects, leading to cardiopulmonary
morbidity and mortality. Inflammation is thought be a central mechanism by which PM exposure
exerts deleterious health effects. Diesel exhaatiges (DEP) are a ubiquitous component of urban
ambient PM. Exposure to DEP induces inflammatognaling characterized by MAP kinase-
mediated activation of NéB and AP-lin vitro and in bronchial biopsies obtained from human
subjects exposed to DEP. &B-and AP-1 activation results in the upregulatibgenes involved in
promoting inflammation in lung epithelial cells, @inciple target of inhaled DEP. IL-8 is a
proinflammatory chemokine synthesized by lung egitim in response to environmental pollutants.
Although DEP exposure is known to cause increaséls-8 mRNA levels, the mechanism by which
this occurs is not well understood. Here we shaat ¢éixposure to DEP with varying physicochemical
compositions differentially induces IL-8 expression primary human lung epithelial cells and
BEAS2B cells. Here we show that treatment withwa émganic-containing DEP (L-DEP) stimulates
IL-8 expression by an NiB-dependent mechanism. In contrast, we reportéRpbsure to a high
organic-containing DEP (H-DEP) induces IL-8 expr@ssindependently of N&B. These data

suggest that DEP induces proinflammatory signaiyngnultiple mechanisms in BEAS2B cells.
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4-B Introduction

Epidemiological studies have consistently demotesfran association between exposure to ambient
particulate matter (PM) and adverse respiratory eardiiovascular health effects particularly with
regards to fine particles with an aerodynamic di@me 2.5 uM (Peterst al., 2001; Peterst al.,
2004). Diesel exhaust particles (DEP), generatedh fdiesel powered engines, are ubiquitously
present in PMs derived from urban areas (Lloyd and Cackette, RODEP contain a carbon core
with adsorbed organic compounds, such as polycyaliomatic hydrocarbons and quinones
(Wichmann, 2007). These compounds or their reactivabolites can redox cycle thereby
generating reactive oxygen species (ROS)egfLal., 2002; Bauliget al., 2003; Liet al., 2003). In
support of these findings, activation of redox-#&restranscription factors, such as fand AP-1

and their upstream map kinases (MAPKs) p38 and JINiS, been reported in bronchial biopsies

obtained from human subjects exposed to dieselusxi{Rourazaet al., 2005).

Airway epithelial cells, a principle target cell omthaled DEP, synthesize and secrete a number of
chemical mediators capable of activating and réagiinflammatory cells. It has been previously
shown that DEP induces the expression of proinflatony cytokines in cultured cell systems
including IL-8, IL-1a, GM-CSF, and Grae- (Bonvallotet al., 2001; Matsuzakét al., 2006; Bauliget

al., 2007). In agreement with these findings, enhamgzthelial expression of IL-8, IL-13 and Geo-
was reported in bronchial biopsies obtained froom&w subjects exposed to DEP (Sahal., 2000;
Pourazaret al., 2005). Taken together, these studies supporhdtien that DEP exposure induces
pulmonary inflammation mediated by MAPK signalirgtivation of NikB and AP-1, and synthesis

of proinflammatory cytokines.

IL-8 is a potent neutrophilic activator and chemotaagent that is secreted by airway epithelialscel
and often used as a biological marker of envirortairinduced pulmonary inflammation (Strieter,

2002). In particular, IL-8 expression is increasedepithelial cells exposed to ambient PM, the
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metallic PM components Zn and V (Sareedl., 1998; Kimet al., 2006), as well as DEP (Saktial.,
1999; Salviet al., 2000; Mudwayet al., 2004) and residual oil fly ash (ROFA) particl&afteret al.,
1997) and the atmospheric contaminant ozone (Jaapalr, 1997b; Jasper al., 1997a). Although
some information concerning DEP-induced activatibapstream redox-sensitive signaling pathways
has been reported (Takizawiaal., 1999; Pourazaat al., 2005), the exact mechanism by which DEP

exposure induces IL-8 expression remains unclear.

The IL-8 gene contains multiple Begulatory elements in its promoter, includingdiimy sites for
NFkB, AP-1, AP-2, AP-3, CCAAT/enhancer binding prot¢in(C/EBP B), interferon regulatory
factor 1, and a glucocorticoid response elementf@idaet al., 1989; Strieter, 2002) and Figure 4-1].
Exposure to a high organic-containing DEP (H-DER$ been previously shown to induce«BF
dependent IL-8 expression in the human epithel@l line BEAS2B (Takizawaet al., 1999).
However, we have preliminary data suggesting th&B® induces increased IL-8 mRNA levels by
an NFB-independent mechanism in BEAS2B cells (Tal, utipbbd observations). Cell culture
conditions may play a role in this apparent disarey, as Takizawa et al. cultured their cells in
serum, which contains 25 ng/ml EGF among other @orepts. Furthermore, in contrast to the data

presented here, cells were not serum starved torioeatment with DEP.

In addition to H-DEP, a low-organic containing mbdeEP (L-DEP; NIST SRM 2975) can
reportedly stimulate proinflammatory signaling (§inet al., 2004; Cacet al., 2007a; Cacet al.,
2007b), suggesting that DEP may also activate r@uibependent mechanisms by which aberrant
signaling occurs in lung epithelial cells. Therefain the present study, multiple DEPs with diffare
physicochemical characteristics were used in agmgit to unravel the transcriptional regulation of

IL-8 expression in lung epithelial cells exposed©P.
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Figure 4-1 The IL-8 gene. Mire-Sluis and Thorpe. Cytokines 1998
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4-C Materialsand M ethods

Preparation of DEP. L-DEP, I-DEP, H-DEP, and CB were used in the curstady. The preparation

of these particles is described in detalil in thehmds section of Chapter Ill (Section 3-C).

Cell culture and treatment. Primary normal human airway epithelial (HAEC) cellere obtained
from normal adult human volunteers by brush biopsyhe mainstem bronchus, using a cytology
brush during fiberoptic bronchoscopy, conductedenradprotocol approved by the Committee on the
Protection of the Rights of Human Subjects at timévérsity of North Carolina at Chapel Hill and
cells were cultured as previously reported [(@adl., 2006), Section 2-C]. HAEC were growth factor
starved in un-supplemented BEBM for 9-15 h priop#oticle treatment. BEAS2B cells were derived
by transformation of human airway epithelial cellsh an ad12-SV40 adenovirus construct (Reddel
et al., 1988). BEAS2B cells (subclone S6) were obtaimethfthe Human Studies Division, National
Health and Environmental Effects Research LaboyatdrS. Environmental Protection Agency, and
maintained in keratinocyte growth medium (KGM, CaebBioproducts, Clonetics Division, San
Diego, CA). Cells were then growth factor starvedun-supplemented KGM for 9-15 h prior to
particle treatment. L-DEP, I-DEP, H-DEP and carlddack suspensions (Columbian Chemicals
Company; Marietta, GA) were freshly prepared at 1@@fml in BEBM or KBM by water bath
sonication for 10 minutes. HAEC or BEAS2B cells warxposed to a final concentration of 10

ug/ent for 4 h.

Real-Time Quantitative PCR. Relative gene expression in HAEC and BEAS2B aglse quantified
using Real-Time Quantitative PCR. Total RNA wadated using a Qiagen kit (Qiagen, Valencia,
CA) and reverse transcribed to generate cDNA uasilitigh Capacity cDNA Reverse Transcription
kit (Applied Biosystems, Foster City, CA). Oligoneactide primer pairs and fluorescent probes for
IL-8, Glyceraldehyde 3-phosphate dehydrogenase [@APfirefly luciferase (FLuc), and enhanced

green fluorescent protein (EGFP) were designedgusimprimer design program (Primer Express,
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Applied Biosystems) and obtained from IntegratedADNechnologies (Coralville, 1A). Quantitative
fluorogenic amplification of cDNA was performed mgithe ABI Prism 7500 Sequence Detection
System (Applied Biosystems), primer/probe setstdrest and TagMan Universal PCR Master Mix
(Applied Biosysytems). The relative abundance e8land GAPDH mRNA levels were determined
from standard curves generated from a seriallytetilstandard pool of cDNA prepared from cultured
human airway epithelial cells. The relative aburmdanf GAPDH mRNA was used to normalize
levels of IL-8 mRNA. The relative abundance of FLarsd EGFP mRNA levels were determined
from standard curves generated from serially diluGL3-basic and pHygroEGFP plasmids,
respectively. To control for transduction efficignthe relative abundance of EGFP mRNA was used

to normalize levels of FLuc mRNA. Data shown argresentative of 3 or more experiments.

Synthesis of lentiviral promoter reporters. Briefly, the IL-8 promoters were digested from $h@L2
parent vectors by BamHI and Xhol and cloned inte Eanti transfer vector (Open Biosystems)
between the BamHI and Xhol sites. The sequenceth&ilL-8 wildtype (IL-8 wt-FLuc) promoter
and a promoter bearing a mutateddBResponse element (IL-8- MB-FLuc) have been previously
published [(Jaspert al., 1999) and Figure 4-2]. The NB and AP-1 promoters were generated by
annealing complementary oligos which were then edbmto the lenti transfer vector between the
Nhel and Xhol sites. The sequences for th&BlBnd AP-1 promoters are as follows. For the tandem

repeat NFkB (NFkB sites in bold)

GGGGACTTTCCGCTTGGGGACTTTCCGCTGGGGACTTTCCGCTGGGGACTTTCCGCT
GGGGACTTTCCGCGGAGACTCAAGAGGGTATATAATG and for the tandem repeAP-1

(AP-1 sites in bold)

GCATGACTCAGAGAAACGCTGGAAGAAACGCAGGTATGACTCAGTAGTGCGGACAGA

GTGATAAACGATGACTCAGGAGAAATAGGGGAGACAGCCCATAACTAGCCAATCACGT
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Figure4-2

Figure 4-2A IL-8 wt-FLuc
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Figure 4-2 Lentiviral promoter reporters. Schematics describing the IL-8 wildtype (4-2A);8Lpromoter with
a mutated NKEB binding site (4-2B) and a synthetic tandem répéthe NKB consensus sequence (4-2C).
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AATCTGCTGCTTGCAATCAAAAAAACCACCGCTACCAGTATAAAAGGGGGGGAAGTCGT
GTCTTACCGGGTTATCAGTCTT. All transfer vector constits were confirmed by DNA capillary
sequencing. HEK293T cells were co-transfected withified transfer vector plasmids and lentiviral
packing mix (Open Biosystems) by a calcium phosphatthod. Sixteen h post-transfection, media
was replaced with 6 ml fresh Dulbecco’s modifiegjles medium (DMEM) + 5% fetal bovine
serum and cells were incubated for 48 h. Media hasested and centrifuged for 10 minutes at
5,000 g, and the supernatants were transferraeritesmicrofuge tubes. Viral stocks were stored a
80 °C. To titer, 70,000 HEK293T cells stably exgieg the rTTAS3 (tet-off) transactivator were
transduced with 25 pl of undiluted, 1:5, 1:25, 512:625, and 1:3125 dilutions. Viral titer was
determined 72 h post-transduction by counting tadréscent colonies by fluorescent microscopy
(red colonies are present due to rTTA3-mediated/atadn of secondary TRE-turboRED reporter

within transgene) and back-calculating transducinigs per ml stock.

Lentiviral promoter reporter assays. To determine an appropriate multiplicity of infiect (MOI),
BEAS2B cells were transduced for 72 h with MOI o215, or 10 of IL-8 wildtype-firefly luciferase
(IL-8 wt-FLuc) or a synthetic NéB tandem repeat-FLuc (MB-FLuc). Following transduction, cells
were challenged with 20 ng/ml Tumor necrosis factdif NF) for 4, 6, or 24 h and assessed for the
presence of luciferase mMRNA by RT-PCR. To obtaablst transduced cell lines, BEAS2B were
transduced with IL-8wt-FLuc (MOI 5), IL-BIFkB-FLuc (MOI 5), or NkB synthetic-FLuc (MOI 5)
for 72 h and carried for the duration of the studil. cells were co-transduced with E&EGFP
(MOI 10) in order to control for transduction eféacy. Transduced cells were treated with 10
ng/cnt L-DEP, I-DEP, H-DEP or CB or 20 ng/ml TNF for 4amd assessed for promoter reporter

activity by RT-PCR. Shown are data representativea more experiments.

Satistical Analysis. Data are presented as meaSH. Two-tailed paired Student’s t test or one-way
ANOVA was used to evaluate differences betweenrobmind treated groups; values of P < 0.05

were considered statistically significant.
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4-D Results

4-D.1 DEP exposure induces IL-8 expression in primary and immortalized human lung epithelial
cells. To study the effects of DEP exposure on proinflatemyasignaling in lung epithelial cells, we
first examined IL-8 expression in HAEC treated withpg/cr L-DEP, I-DEP, H-DEP, or CB for 4-
24 h using RT-PCR. The data are expressed as ltheliange over control normalized to GAPDH
MRNA levels. As shown in Figure 4-3A, each DEP igetil expression of IL-8 with varying potency
and kinetics. Moreover, the rank potency by whiokse DEPs induce IL-8 expression is similar to
that with which they induce phosphorylation of thgidermal Growth Factor Receptor (EGFR) and
impair EGFR-directed PTPase activity (Chapter IBoth L-DEP and I-DEP induced a time-
dependent increase in IL-8 mMRNA levels, whereasEHREnduced IL-8 expression peaked at 4 h and
stabilized at an approximately 10-fold increas®uighout the remainder of the time course. Carbon

black (CB), used as a particle control, inducedna-tependent increase in IL-8 expression.

In order to assess the transcriptional regulatfodEP-induced increases in IL-8 expression, we next
employed the immortalized lung epithelial cell lIM@EAS2B, which is amenable to stable
transduction. First, non-transduced BEAS2B cellsewteeated with 10 pg/chl-DEP, I-DEP, H-
DEP, CB or 20 ng/ml TNF for 4-24 h and IL-8 expieaswas assessed by RT-PCR. In agreement
with Figure 4-3A, DEP induced IL-8 expression wattsimilar rank potency at 4 h (H-DEP > L-DEP
> |-DEP) (Figure 4-3B). In contrast, while H-DEP pasure induced a robust induction in IL-8
MRNA 6 h post exposure, neither L-DEP, |I-DEP or §iBnulated IL-8 expression at 6 h and all
particles failed to induce IL-8 expression at 2@-fyure 4-1B). As expected, TNF, a potent inducer
of IL-8 expression, induced a robust increase 8 INRNA at 4 and 6 h. Because the focus of this
study is on early signaling events in response E lreatment and the similarities noted between
DEP treated HAEC and BEAS2B cells at 4 h, the radai of experiments were carried out in

BEAS2B cells treated with particles for 4 h.
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Figure4-3

Figure4-3A
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Figure 4-3. Exposure to DEP induces differential 1L-8 expression in lung epithelial cells. 4-3A: Primary human
airway epithelial cells (HAEC) were treated with fi/cnf L-DEP, I-DEP, H-DEP or carbon black (CB) or
media control (CT) for 4 h. Following RNA extraati@nd cDNA generation, samples were assessed 8r IL
expression by RT-PCR. 4-3B: BEAS2B cells were &datith 10 pg/crhL-DEP, I-DEP, H-DEP or carbon
black (CB), media control (CT), or 20 ng/ml TNF #h and IL-8 mMRNA levels were determined by RT-PCR
Data are normalized to GAPDH mRNA levels and exgrdsas the fold change over controls. The results
shown are representative of thee or more experanent
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4-D.2 L-DEP and H-DEP induce IL-8 promoter reporter activity in BEAS2B cells. The data above
show that L-DEP and H-DEP induced IL-8 expressiorHAEC and BEAS2B cells at 4 h post
exposure (Figure 4-3A and 4-3B). To further clariheir respective roles in DEP-induced IL-8
expression in BEAS2B cells, we examined the eftdcDEP exposure on IL-8 promoter reporter
activity directly in BEAS2B cells co-transduced kvitlentiviral promoter reporter constructs
expressing the human wild type IL-8 and kEFRiromoters linked to firefly luciferase and EGFP,
respectively (IL-8 wt-FLuc and ElIEGFP). Because particles interfere with lumineseeand
fluorescence measurements, and luciferase prokgiregsion requires 24 h of DEP exposure (Tal,
unpublished observations) promoter reporter agtivias assessed by RT-PCR 4 h following particle
treatment. FLuc mRNA levels are normalized to EGRRNA levels and expressed as the fold
change over controls. As shown in Figure 4-4A, atistically significant elevation in promoter
reporter activity was measured in cells exposeti0tqug/cmi L-DEP or H-DEP. In contrast, both I-
DEP and CB exposure failed to induce IL-8 promaoggorter activity. As expected, TNF exposure

resulted in a pronounced increase in IL-8 promadporter activity.

To confirm that transduced cells appropriately oespto particle exposures by synthesizing IL-8,
endogenous IL-8 mRNA levels were assessed in thee SANA pools initially probed for FLuc
expression. In support increased promoter repatgvity (Figure 4-4A), both L-DEP and H-DEP
exposure resulted in a 10-20 fold increase in eedogs IL-8 mMRNA, respectively (Figure 4-4B). In
comparison, both I-DEP and CB exposure failed tlud® IL-8 expression whereas TNF induced a
highly significant increase in IL-8 mRNA. Interewgly, although the magnitude of response to DEP
exposure varies greatly when comparing promoteortep activity to endogenous IL-8 expression,
the relative potency with which individual DEPs uné these effects is conserved (Figure 4-4A and

4-4B).
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Figure4-4
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Figure 4-4. DEP exposure induces IL-8 promoter reporter activity. BEAS2B cells were stably co-
transduced with lentiviral promoter reporters cargythe human wildtype IL-8 promoter linked to
firefly luciferase (IL-8 wt-FLuc) and EREGFP. Transduced cells were treated with 10 pglom
DEP, I-DEP, H-DEP or CB, media (CT) or 20 ng/ml TR# 4 h and cDNA generated from cell
lysates was analyzed for (4-4A) FLuc and EGFP e4B¥% endogenous IL-8 and GAPDH by RT-
PCR. FLuc and IL-8 mRNA levels were normalized B8RP or GAPDH mRNA levels, respectively
and the data is expressed as fold change overtarftatistical significance was determined by-one
way ANOVA with a Bonferronni’'s or Dunnett's Multipl Comparison Test (* P < 0.05, **P <
0.001). The results shown are representative ef thenore experiments.
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4-D.3 L-DEP- but not H-DEP-induced IL-8 promoter reporter activity is NFxB dependent. The IL-8
promoter contains putative binding sites for selveeanscription factors including NdB, AP-1, and
C/EPB18, among others [Figure 4-1 and (Jasgees., 1999)]. H-DEP exposure has been previously
reported to drive IL-8 expression by an#f~dependent mechanism (Takizaeaal., 1999). We
therefore examined the possibility that tff-mediated transcriptional activation was respdasibr
L-DEP and H-DEP induced IL-8 expression. To do BEAS2B cells were stably co-transduced
with IL-8 lentiviral promoter reporter containing rautated NkB response element (IL{¥8F«B-
FLuc), and EFd-EGFP. Transduced cells were exposed to 10 pfgLeBEP, I-DEP, H-DEP, CB or
20 ng/ml TNF for 4 h and promoter activity was mead by RT-PCR as previously described.
Mutant promoter reporter data was compared to Mtd-Luc data reported in Figure 4-4A. As
shown in Figure 4-5A, L-DEP-induced wildtype proemotreporter activity was blunted in cells
transduced with the mutant reporter suggesting thBEP-induced IL-8 expression is NB-
dependent in BEAS2B cells. In comparison, H-DER4zet promoter reporter activity was not
statistically different between the wildtype andtemi promoters. TNF is known to induce 8-
dependent IL-8 expression (Smihal., 1994). In agreement, transduction with the mupasamoter
completely abolished promoter reporter activityg(fFe 4-5A). In contrast, there were no statistycall
significant differences detected between the wildtand mutant promoter reporter activity in cells

exposed to I-DEP or CB (Figure 4-5A).

To confirm that transduced cells respond appragliato treatment with DEP, endogenous IL-8
expression was measured in cells transduced withWwi-FLuc and IL-8 NFkB-FLuc. As shown in
Figure 4-5B, L-DEP, I-DEP and H-DEP induce IL-8 gegsion with a similar rank potency as

reported earlier (Figures 4-3B and 4-4B).

Although our observation that H-DEP induces IL-Bmbter reporter activity in cells transduced with

the IL-8NF«B-FLuc lentiviral promoter reporter (Figure 4-5/)at odds with a previously published
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report (Takizawat al., 1999), the data presented here suggested th&Muuces IL-8 expression
by an NkB-independent mechanism. In order to confirm thisdings, BEAS2B cells stably
transduced with a lentiviral promoter reporter egsing tandem repeats of the dBFconsensus
sequence was generated @BFH-Luc) and tested in response to DEP exposuresh@svn in Figure
4-5C, exposure to H-DEP failed to induced®Fpromoter reporter activity. This is in agreemetth
earlier data showing that H-DEP induces IL-8 exgims by an NEkB-independent mechanism
(Figure 4-5A and 4-5C). By comparison, L-DEP treatiminduced NKB promoter reporter activity
(Figure 4-5C). These findings align well with earliobservations that are suggestive of amBNF
dependent mechanism by which L-DEP exposure resuitscreased IL-8 expression (Figure. 4-5A
and 4-5C). As expected, TNF exposure induced roN&&B promoter reporter activity. Increased
NFkB (consensus sequence) promoter reporter activaty also observed in cells treated with I-DEP
and CB. To confirm that transduced cells respgmt@priately to treatment with DEP, endogenous
IL-8 expression was next measured in cells trarediwgth NFB-FLuc (Figure 4-5D). Although the
magnitude of the response was greater in cellsesgprg NikB-FLuc, the rank potency with which
DEP exposure induced IL-8 expression was similéin&b reported earlier (Figures 4-3B, 4-4B and 4-

5B).
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Figure4-5

Figure 4-5A
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Figure 4-5. L-DEP but not H-DEP exposure
induces NFxB-dependent I1L-8 expression in
BEAS2B cells. BEASE2B cells co-transduced
with EFlo-EGFP and IL-8 wt-FLuc (data
from 4-4A) and compared to data obtained
from BEAS2B cells co-transduced with
EFlo-EGFP and IL-8\F«B (Figure 4-5A).
Cells were exposed to 10 pgfcirDEP, |-
DEP, H-DEP or CB, media (CT) or 20 ng/ml
TNF for 4 h and (4-5A) EGFP and FLuc or
(4-5B) IL-8 and GAPDH mRNA levels were
assessed by RT-PCR. FLuc and IL-8 mRNA
levels were normalized to EGFP or GAPDH
MRNA levels, respectively, and expressed as
fold change over controls. Statistical
significance was determined by a two-tailed
Student’'s T Test or by one-way ANOVA
with a Bonferronni’'s Multiple Comparison
Test (*P < 0.05, **P < 0.001). The results
shown are representative of thee or more
experiments. BEASE2B cells co-transduced
with  NFxB-FLuc and EF&-EGFP were
exposed to 10 pg/cn.-DEP, I-DEP, H-DEP

or CB, media (CT) or 20 ng/ml TNF for 4 h
and (4-5C) EGFP and FLuc or (4-5D) IL-8
and GAPDH mRNA levels were assessed by
RT-PCR. FLuc and IL-8 mRNA levels were
normalized to EGFP or GAPDH mRNA
levels, respectively, and expressed as fold
change over controls. The results shown are
representative of two experiments.



4-D.4 Involvement of EGFR in DEP-induced IL-8 expression. We and others have implicated EGFR
in DEP-induced proinflammatory signaling effectdaiihetet al., 2004; Talet al., 2006; Cacet al.,
2007b; Rumelharet al., 2007a; Rumelharet al., 2007b; Pourazaat al., 2008). It has been proposed
that DEP associated electrophilic compounds (lwarebtl., 2007), DEP-generated ROS, or ROS
produced by cells in response to DEP exposure mip@FR-directed PTPase activity leading to
sustained EGFR activation (Tetlal., 2006; Caaet al., 2007b). However, the toxicological relevance
of these findings in relation to DEP-induced prtanfatory signaling is unclear. To determine
whether EGFR is involved in DEP-mediated increasdk-8 expression, BEAS2B cells expressing
IL-8 wt-FLuc were pretreated with an inhibitor oGER kinase activity (c56) for 1 h followed by
exposure to 10 pg/én.-DEP, I-DEP, H-DEP, CB or 20 ng/ml TNF for 4 hdaRLuc expression was
measured by RT-PCR. As shown in Figure 4-6A, c5étrpatment blunts L-DEP and H-DEP
mediated increases in IL-8 promoter reporter agtivhs expected, c56 is unable to block TNF-
induced IL-8 promoter reporter activity. Intereglin c56 pretreatment enhanced I-DEP’s ability to

induce IL-8 promoter reporter activity.

To further examine the role of the EGFR in DEP umll IL-8 expression we next determined
whether c56 pretreatment was sufficient to preM@BP induced increases in endogenous IL-8
MRNA in BEAS2B cells expressing IL-8 wt-FLuc. Asosim in Figure 4-6B, c56 pretreatment
markedly blocked L-DEP- and H-DEP-mediated IL-8 regsion and weakly blocked I-DEP-induced
IL-8 expression. An increase in IL-8 mMRNA levelsresponse to CB was also diminished by c56
pretreatment. Interestingly, TNF-induced IL-8 exgmien was partially blocked by c56. TNF is
known to induce IL-8 expression though TNF receptwdiated activation of NdB. Although
substantial crosstalk is reportedly involved in MABignaling (Pimienta and Pascual, 2007), our
data showing that c56 blocks TNF induced IL-8 egpi@n suggests that c56 may have downstream,

off-target effects. Taken together, these dataesigipat EGFR may be involved in DEP-induced IL-
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8 expression although, in light of off-target comseand the fact that these data are derived from a

single experiment, these findings should be inttgat with caution.
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Figure 4-6
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FLuc mRNA

_” control
| | B 10 uM c56

= DD

IRRRRRRS
CRRARAXL
QOO

o0d;
XXX

EXXA —_—
RRX] B Bl

fold change vs control
(normalized to EGFP mRNA)
L .29

ol . .
CT TNF L-DEPI-DEPH-DEP CB CT TNF L-DEPI-DEPH-DEP CB
10 pglem? 10 pglem?
= IL-8 mRNA
s& 20— Emedia
i Am - o
T o m 310 uM c56
S8 15+ R .
Qg ] [ | | 1222
;:Ur\ 1 1 11 1 ] 11 1 1 1
So 104 [ I I ) I =
% -
2. LIEIEIE [ e
- = 1
s | Pttt [ 111
- = cl|—|IIIIIIIIII|—|IIIIIIIIII
£ CT TNF LDEPIDEPH.DEP CB CT TNF L.DEP!DEPH.DEP CB
GLLQ/CmZ o] 2

Figure 4-6B

Figure 4-6. Characterizing the role of the EGFR in DEP-induced proinflammatory signaling. BEASE2B cells
co-transduced with IL-8 wt-FLuc and EEGFP were pretreated with 10 uM ¢56 or vehicletmdrior 1 h.
Cells were then washed and treated with 10 pgiedEP, I-DEP, H-DEP or CB, media (CT) or 20 ng/ml
TNF for 4 h and (4-6A) EGFP and FLuc or (4-6B) Ila8d GAPDH mRNA levels were assessed by RT-PCR.
FLuc and IL-8 mRNA levels were normalized to EGRFGAPDH mRNA levels, respectively, and expressed
as fold change over controls (n = 1).
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4-E Discussion

The mechanisms by which DEP induces adverse hediidtts are not well understood. Lung
epithelial cells are directly exposed to inhaledPFD&nd are a significant source of inflammatory
mediators. We have previously reported that expotul-DEP induces proinflammatory signaling
in lung epithelial cells characterized by increasggression of IL-8 and Cox-2 (Cabal., 2007a;

Caoet al., 2007b). However, it is unclear whether the physiemical properties of DEP determine
proinflammatory signaling in lung epithelial celdoreover, the transcriptional regulation by which
these signaling events occur are not well undedstblere we report that exposure to DEP with low

or high organic content induces IL-8 expressiomisyinctly different mechanisms in BEAS2B cells.

While the mechanism by which DEP induces proinflatory signaling in airway epithelial cells is
not fully understood, information concerning thehpeays involved has been reported. DEP-exposure
has been shown to activate the redox-sensitivadrgation factors AP-1 and MB (Takizawaet al.,
1999; Bonvallotet al., 2001) in addition to their upstream, stress-eeld?lAPKs, p38 and JNK, in
human lung biopsies (Pouraztral., 2005). Activation of these molecules promotestthascription
of pro-inflammatory cytokines, triggering a pulmopanflammatory response characteristic of PM
exposure (Kinet al., 2006). The data presented in Chapter IV sughestitDEP and H-DEP induce
IL-8 expression by distinctly different mechanisnhs. particular, we report that L-DEP triggers
NFkB-dependent IL-8 transcriptional activation (Figairé-3A and 4-3C). These findings are in
agreement with studies demonstrating DEP-mediat€@BNactivation (Takizawaet al., 1999;
Bonvallotet al., 2001). In contrast, we report that H-DEP exposndeices IL-8 expression by an

NFkB-independent mechanism.

Induction of IL-8 expression is controlled in pdoy an enhancer region upstream of the
transcriptional start site (base pairs -126 to {F&jure 4-1 and (Jaspegbal., 1999)]. As mentioned

previously, the enhancer region contains cis-actiyl, NKB, and C/EPB response elements
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(Mukaida et al., 1989; Strieter, 2002). All three elements areuiegl for maximal transcriptional

activation (Jaspert al., 1999).

H-DEP exposure has been previously reported toedHiv8 expression by an NB-dependent
mechanism in BEAS2B cells (Takizaveh al., 1999). However, here we provide several lines of
evidence showing that H-DEP inducesdBFindependent IL-8 transcription in BEAS2B cellstsk
H-DEP-induced promoter reporter activity was notvented by use of an IL-8 promoter reporter
carrying a mutated N€B response element (IL-8-MB-FLuc, Figure 4-5A). Second, DEP failed to
induce NB promoter reporter activity in BEAS2B cells stabignsduced with a lentiviral promoter
reporter expressing tandem repeats of th&BNEonsensus sequence @B-FLuc, Figure 4-5C)
Taken together, these data suggest that, in opposd earlier published findings (Takizawgal.,
1999), H-DEP induces NiB-independent IL-8 expression. One possible expiamafor the
alternative mechanism of proposed here is the tedimselves. BEAS2B cells cultured in serum-
supplemented KGM results in a morphologic shifsgmamous epithelial cells (Jaspers, unpublished
observations). The results reportedTakizawa et al. were obtained in BEAS2B cells cultured in
serum (Takizawat al., 1999) and therefore, a different cell type thaat tvhich generated the data

presented here (obtained in BEAS2B cells appraglyiatultured in serum-free KGM).

In support of NkB-independent mechanism by which exposure to H-DitReases IL-8
MRNA levels, Zhaat al. showed that treatment with Lysophosphatidic AtiBA) resulted
in the activation of its cognate GPCW®hich in turn, stimulated transactivation of the EGby

protein kinase & (Zhao et al., 2006). Activation of p38, JNK, NiB, and AP-1 and increased
expression of IL-8 in primary human airway epithkkells was also observed in cells exposed to
LPA. Interestingly, LPA-induced IL-8 expression,tmot MAPK, AP-1, or NkB activation, was
almost completely blocked by downregulation of EA®RSIRNA or by pretreatment with an EGFR

kinase inhibitor. These data demonstrate a roleEl6FR in LPA-induced IL-8 expression that is
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independent of AP-1 and NB (Zhaoet al., 2006). Moreover, this study highlights a crossli
between GPCR and EGFR receptors and provides aopbgisal role for GPCR/EGFR signaling in
the synthesis of IL-8 (Zhaet al., 2006). Future studies involve the use of lerdivipromoter
reporters carrying a tandem repeat of the AP-1/BIPB3 consensus sequences to test the hypothesis

that H-DEP induces IL-8 expression by andBFndependent mechanism.

Transcriptional activation is just one means byckhiells regulate gene expression. Transcripts are
additionally controlled via splicing, polyadenylati, mRNA transport (nuclear export, cytoplasmic
compartmentalization, and polysomal localizatioapd by mRNA turnover (stabilization and
destabilization) (Wilusz and Wilusz, 2004; ldual., 2005; Garneast al., 2007; Ibrahinet al., 2008).
Gene regulation is controlled by the complex intBom of these varied regulatory events and it
therefore seems likely that the relative contrimitof transcriptional and posttranscriptional egent
differs greatly in response to different stress8tskingly, recent studies using cDNA microarrags
compare steady-state mRNA versus newly transcrib®NA reveal shown that over half of all
known stress-response genes are regulated by changerRNA stability (Faret al., 2002; Kawaliet

al., 2004). One common feature found in transcripés tindergo rapid turnover, such as cytokines
and cell-cycle associated proteins, is the presehadenosine-uridine-rich elements (AURES) in the
3’ untranslated regions (3'UTRs) (Capsital., 1986). AURES interact with a number of proteins

thought to either impede or induce mRNA degradatidarneatet al., 2007).

A recent study reported that LPS-induced nitricdex{NO.) generation stabilized a large set of
MRNA transcripts by activation of Erk1/2 or p38 MA® (Wanget al., 2006). Sequence analysis
revealed an over-representation of AURESs in theTRWE of transcripts stabilized by NO.-induced
P38 MAPK signaling. In contrast, CU-rich elemen®JRES) were over-represented in a group of
transcripts stabilized by Erk1/2-dependent sigmalifaken together, these data indicate that MAPK-
specific signaling is involved in distinct mechang by which mRNA is stabilized. p38-dependent

MAPK signaling in particular, has been implicated regulating the mRNA half life of over 40
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AURE-containing genes including IL-8 (Wamgal., 2008). In support of this, we have observed that
MRNA stabilization is the main mechanism by whiemodiamond particles induce IL-8 expression
in the absence of transcriptional activation in HAESIlbajoris, in preparation). Therefore it is
possible that DEP exposure induces IL-8 messaddizttion in BEAS2B cells. However, our data
showing that L-DEP and H-DEP induce IL-8 promotgparter activity suggests that mRNA stability
would be only one of multiple mechanisms by whidBFDexposure increased IL-8 expression in our

model.

We have previously shown that exposure to L-DEBER, or H-DEP induces differential EGFR
activation in HAEC [Tal, Submitted, Chapter llIh support of these findings, here we report that
DEP induces IL-8 expression and IL-8 promoter regaactivity with a similar rank potency (H-DEP
> L-DEP > I-DEP). These data are in agreement widthier reports showing that these DEPs have
differential pulmonary toxicity (Singhkt al., 2004), mutagenic potential (DeMariial., 2004), and
adjuvant properties (Stevems al., 2008). Therefore, these data suggest that orgammtent is an
inaccurate means of predicting particle toxicityl dhat the exact mechanism of signal disregulation

by DEP is likely complex and will require furthenestigation.

We report that exposure to DEP induces EGFR adativaand proinflammatory signaling
characterized by increased IL-8 expression in HAB@ BEAS2B [Tal, submitted, Chapter Ill and
Tal, unpublished observations, Chapter IV]. Howewris unclear whether EGFR-dependent
signaling is causally related to IL-8 expressioiif d@rinstead, occurs in parallel. While there amme
reports suggesting that EGFR activation induces$ lexpression, the data is generally obtained
through the use of EGFR kinase inhibitors whichnated earlier, likely have off-target effects. The

role of the EGFR in IL-8 expression will be disoeds$n detail in the following chapter (Chapter V).

In summary, DEP is a pervasive environmental comant known to activate proinflammatory

signaling in lung epithelium. Here we provide evide that DEP exposure can enhance expression of
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IL-8 mMRNA by distinct NikB-dependent and —independent mechanisms in brdregtitaelial cells.
Future work includes the use of AP-1 and C/ERBIdtype and mutant promoter reporters to further

elucidate the mechanisms by which DEP exposurecggliL-8 expression in lung epithelial cells.
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Chapter 5: Concluding Remarks

The research presented here was designed to de¢ewhiether exposure to ambient PM constituents
activate tyrosine phosphorylation-dependent siggapathways through inhibition of PTPases that
function to maintain signaling quiescence in airwepithelial cells.In support of this, we have
demonstrated that exposure to disparate PM compmnéncluding ZA™ and DEP, induce
phosphorylation of the EGFR by a similar mechaniBirst, we show that Z# or DEP-mediated
EGFR phosphorylation requires EGFR kinase actiBgrcond, through the use of a ligand-blocking
antibody and dimerization assays, we report thet* Zmd DEP induce EGFR phosphorylation
independently of receptor dimerization. Third, wew that both Zff and DEP exposure result in
impairment of total and EGFR-directed PTPase dgtifiaken together, these data support the notion
that exposure to different components of ambient $tiilarly blunt the activity of PTPases that
exert their activity against the EGFR. Therefonethie presence of low levels of basal kinase dgtivi
an impairment in EGFR-directed PTPase activity Woehable EGFR-dependent signaling to occur

unopposed in lung epithelial cells (Figure 5-1).

Based on these findings, we hypothesized that iiidribof PTPase activity by PM exposure would
result in the activation of phosphorylation-deperidsignaling and culminate in the synthesis of
proinflammatory mediators such as IL-8. In ordeexamine the link between PM-induced signaling
and ensuing proinflammatory responses, we detednine effect of PM constituents on signaling
pathways that regulate expression of IL-8. Here neport that DEP treatment results in the
expression of IL-8 by mechanisms dependent andcpirttdent of NkB in cultured lung epithelial

cells.



Figure5-1
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Figure 5-1 Zn** and DEP induce EGFR-dependent signaling through inhibition of EGFR-directed PTPases.
Impairment in PTPases that function to regulateB@&R results in an accumulation of basally phosghted
EGFR leading to activation of MAPK pathways and agudation in genes involved in inflammation, cell
growth and differentiation, apoptosis, and muciodurction.
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5-A Toxicity associated with ambient PM inhalation

The cardiovascular risk associated with exposureantbient particulates is well documented
(Dockeryet al., 1993; Schwartz, 1994; Petatsal., 2001; Peterst al., 2004; Peterst al., 2006).
However, the mechanisms by which PM induces advkhesdth effects are not well understood.
Although, oxidative stress, triggering proinflamaat signaling in the lung, has emerged as a leading
mechanism by which ambient PM might trigger cardlopnary attack (Gurgueirt al., 2002; Liet

al., 2002; Xiaoet al., 2003; Xiaet al., 2004), there are a number of other, less weldistu
mechanisms that may also contribute to the adveesdth effects associated with PM exposure
(Figure 1-1). In particular, inhaled ultrafine PMrc reportedly bypass the lung completely by
transposition through the lung epithelium, enterihg cardiovascular system and thereby directly
exerting deleterious effects on the heart (Gessal., 2005). PM exposure has also been reported to
induce cardiac oxidant stress by autonomic siggaksulting in significant functional alterations i
the heart (Rhodest al., 2005). More recently, air pollution exposure lmeen associated with a
disruption of the blood-brain barrier and neuranimation in the sudden death of children and
young adults living in highly-polluted cities (Caln-Garciduenaat al., 2008). A disruption of the
blood-brain barrier by DEP exposure involving inflmatory signaling and oxidant stress has
recently been described in rat and mice brain leajgb (Hartzet al., 2008) providing a novel

mechanism by which ambient PM might induce deletexineurological health effects.
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5-B PM-induced mechanisms of toxicity

Numerous studies have sought to identify the mdshaby which particle inhalation induces local
and systemic inflammation. Particle mass, sizesamthce area, metallic and organic contents, acids,
sulfates, nitrates, elemental carbon, and co-moilsthave been investigated and oxidative stress ha
emerged as a pivotal mechanism by which PM elipitbnonary toxicity (Gavetet al., 1997;
Gurgueiraet al., 2002; Kodavantet al., 2002; Liet al., 2002; Brooket al., 2003; Gavetét al., 2003;

Risomet al., 2005).

PM exposure exerts oxidative stress on the lungregenting or stimulating cells to produce reactive
species via its metals, organics, lipopolysaccaridgad ultrafine constituents (Tab al., 2003).
Among them, bioavailable organic compounds haven bleported to contribute to oxidant effects
induced by PM exposure (Xit al., 2004). Two main families of compounds, PAHs anthgnes,
are adsorbed on diesel particles (Baetigl., 2003) and both reactive PAH metabolites and redox
cycling quinones generate ROS via reduction by NARtochrome P450 reductase resulting in the
formation of semiquinone radicals capable of redgadxygen to @. A body of work has been
produced supporting the notion that the organictiiba of DEP, via ROS generation, is the primary

mediator of PM-associated toxicity (ki al., 2002; Liet al., 2003; Li and Whorton, 2003).

In addition to bioavailable organics, studies usmegidual oil fly ash have demonstrated that
pulmonary toxicity is attributable to water-solulsieetal constituents (Gavedt al., 1997; Kodavanti

et al., 1998; Gavettt al., 2003). In particular, ubiquitous soluble metattmmponents such as¥e
CU, V¥ and CF"®", can generate ROS by Fenton-type chemistry andsacatalysts by Haber-

Weiss reactions (Koppenol, 2001).
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We and others have also reported that’Za common PM constituent, may be implicated in the
toxicity associated with PM inhalation (Kodavaeitial., 1998; Soukupt al., 2000; Kodavantet al.,
2002; Okesoret al., 2004). Although Zff is unable to undergo redox cycling, the metalotats a
known inhibitor of PTPases (Kiret al., 2006; Talet al., 2006), including a broad spectrum of
PTPases present in HAEC (Sareedl., 1999). Here we report that Zrmediated PTPase inhibition
may occur through a mechanism dependent upon divetdllic attack of the PTPase catalytic site,
rather that indirectly inhibiting PTPases by oxidat(Chapter Il and Appendix A). As shown in
Figure 1-2B, Zn is present in ambient PM, partidylan urbanized and industrialized areas although
these data do not identify the speciation of Zrsene (Seagravet al., 2006). Analysis of DEP (NIST
SRM 1650, representative of DEP produced by heany-diesel engines) by X-ray absorption fine
structure and proton-induced X-ray emission andlyaisa revealed the presence of high
concentrations of Zi relative to other metals (Huggiesal., 2000). Although DEP SRM 1650 was
not used in the present studies, these data deratmtitat a characteristic DEP contains measurable
concentrations of Zfi that may be involved in DEP’s mode of action. r model, pretreatment of
cells with a ZA" chelating agent prior to DEP exposure would dematestvhether Zii contributes

to DEP-induced toxicity. Additionally, future exjraents include the determination of the?Zn

content in L-DEP, I-DEP, and H-DEP by inductivebupled plasma mass spectrometry.
5-C Mechanisms of PM-induced PTPaseinhibition

The data presented here supports the concepttthatusally dissimilar components of ambient PM
induce signal disregulation characterized by ingeeain phospho-EGFR levels, reduced rates of
EGFR dephosphorylation and therefore, inhibitiorefBFR-directed PTPase activity, and activation

of proinflammatory signaling in HAEC and BEAS2B IsdITal, Chapters I-lll, (Kimet al., 2006; Tal
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et al., 2006; Cacet al., 2007)]. A more thorough discussion detailing hong* and DEP potentially
interact with PTPases can be found in Chapters Bliiefly, based on the literature and the data
presented here, we suspect thaf*Zand DEP inhibit PTPase activity by direct and iadi
mechanisms. First, the nucleophilic catalytic dystepresent in all PTPases is susceptible to direct
inhibitory interactions with a variety of PM companrts including electrostatic associations with
metal cations, such as Zrand \?"** (Stankiewiczet al., 1995; Haase and Maret, 2005) and covalent
modification by DEP-associated electrophilic orgagompounds (Iwamotet al., 2007; Seineet al.,
2007). Second, PTPases are indirectly inhibited oXkilation of the catalytic cysteine by DEP-
associated quinones and PAHs @tial.,, 2002; Xiaet al., 2004). Taken together, these studies

provide a plausible mechanism by whictfZand DEP exposure induce similar effects in outesys

Although the catalytic cysteine is often hypothedizto be susceptible to post-translational
modification (Chiarugi and Buricchi, 2007), it i&ely that other regulatory residues are targets of
direct and indirect inhibition by Zh and DEP. A recent report examining the effects1f
napthoquinone on PTP1B activity demonstrated thatleophilic histidine (Hi§) and cysteine
(Cys™) residues, in addition to the catalytic cysteir@ys<'®), are susceptible to covalent
modification by 1,2 napthoquinone (Iwameioal., 2007). The authors speculate that althought€ys
is non-catalytic, it may act as a site of allosténhibition (lwamotoet al., 2007). In the case of Zf

the metal cation is hypothesized to form inhibitetgctrostatic interactions with multiple cysteine

and histidine residues located near the catalytiowe (Haase and Maret, 2003).

There is accumulating evidence that PM-associatedrephilic aldehydes and quinones such as
acrolein and 1,2 napthaquinone, respectively, @amlently modify critical cysteine and histidine
residues thereby irreversibly inhibiting PTPasavégt (Iwamoto et al., 2007; Seinegt al., 2007).
While these data show that reactive organic comgewommonly found in ambient PM directly
impair PTPase activity, it is not known whethersthe&ompounds inactivate PTPase activity when

associated with particles. The data presented dem@nstrate for the first time that DEP exposure
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reduces the rate of EGFR-directed PTPase actigdgdihg to sustained EGFR phosphorylation in
HAEC (Tal, Submitted, Chapter Ill). However, thesga can not distinguish the exact mechanism by
which DEP inhibits PTPase activity. In particularis unclear whether DEP associated electrophilic
compounds are covalently inhibiting PTPase actigitparticipating in redox cycling resulting in the

oxidation of PTPases. Furthermore, the role &f Znd other metal cations in DEP-mediated toxicity

is not well understood.

To better understand how DEP impairs PTPase agtigitway epithelial cells can be treated with
organic extracts obtained from different DEPs ametlls of EGFR phosphorylation and as well as
total and EGFR-directed PTPase activity can be uredsto determine whether the biological
activity resides in the organic extract. In ordedetermine whether the particles themselves ar the
soluble components mediate DEP-induced signalifiecesf, similar experiments can be conducted
using particles or particle washes obtained fronPD&ashed” in media for 4 h, then spun down and
resolubilized. Furthermore, the role of soluble at®tsuch as 7 can be similarly assessed by
treating HAEC with the Zfi chelating agent TPEN prior to DEP exposure. Whike data generated
from the aforementioned experiments will reveal somformation about biologically active
compartments present in DEP, more studies are ddgedsharacterize the mechanism by which DEP
interacts with cellular PTPases. To do so, cellsldcdbe pretreated with metal chelators or
antioxidants or transfected with antioxidant expmeg constructs to determine whether metals or
oxidant stress is involved in DEP-induced signalgigregulation. The most rigorous means of
identifying the inhibitory mechanism is by the idiénation of DEP-induced covalent modifications

to PTPases by mass spectrometry (lwanebsb., 2007).
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5-D PM-induced activation of EGFR-dependent signaling

The data presented here and elsewhere demonstaatexposure to Zhand DEP induce activation
of the EGFR and proinflammatory signaling charazesr by increases in IL-8 expression in lung
epithelial cells [Chapter llI-IV and (Kingt al., 2006; Talet al., 2006)]. However, it is unclear
whether PM-induced EGFR-dependent signaling leadspregulation of IL-8 in our system. A
number of recent studies support the notion thaEE@ctivation causes an upregulation of IL-8.
First, a recent study showed that IL-8 expressimoluced by exposure to the inflammatory mediator
MMP12 was blocked in A431 cells treated with EGFHRake inhibitors or EGFR siRNA (Quement
et al., 2008). Second, rhinovirus-induced IL-8 expressi@s blocked by pretreatment with EGFR
kinase inhibitors and by overexpression of a kinemsetive EGFR (Liuet al., 2008). Third, in
agreement with these studies, exposure to phorbahytistate 13-acetate, a model inflammatory
agent, or gram-negative bacterial lipopolysaccleamgs shown to induce EGFR-dependent IL-8
expression in airway epithelial cells (NCI-H2N2) ghéinagaet al., 2007). Taken together, these
studies provide evidence supporting the direct oblthe EGFR in increases in IL-8 mMRNA levels in

response to proinflammatory stimuli.

In addition to proinflammatory signaling, activatiof EGFR-dependent signaling leads to a diverse
set of cellular outcomes including proliferationfferentiation, growth, and apoptosis (Figure 1-3).
Recently, a series of studies have elucidated ahaméem of EGFR-dependent wound healing
following damage to the lung epithelium (Vermeeal., 2003; Vermeeet al., 2006a; Vermeest al.,
2006b). These studies demonstrate that followinghaeical injury or disruption of the tight
junctions by C& chelation, apically restricted EGFR ligand gaimedess to the basolateral domain
and thereby inducing EGFR kinase activation anduleel proliferation to repair the damaged
monolayer. In addition to physiologically relevasignaling, inappropriate activation of EGFR-

dependent signaling is involved in numerous patlsiofogical outcomes including cancer
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progression [reviewed in (Milanegt al., 2008)] and inappropriate mucin production thad baen
implicated in a number of hypersecretory disesas#ading asthma, chronic obstructive pulmonary

disease, and cystic fibrosis [reviewed in (Nadel Bargel, 2001)].

5-E ldentity of PTPasesthat regulate EGFR activity in lung epithelial cells

Previously published reports and data presented t@hapters Il-1ll) reveal that Zhand DEP
induce EGFR phosphorylation by a ligand-independeathanism (Samet al., 2003; Talet al.,
2006). In the case of Zfy we report that Zii exposure induces Src-dependent (Saghat., 2003)
and Src-independent (Tel al., 2006) EGFR phosphorylation in A431 cells and HAESSpectively.
Moreover, we observed an impairment in cellular &@FR-directed PTPase activity in HAEC
exposed to Zfi and DEP [(Takt al., 2006), Chapter 2 and Tal unpublished observatiGhapter 3].
While these findings do not rule out the possipithe PM exposure induces transactivation of the
EGFR by intracellular tyrosine kinases, they idgrnéi common mechanism of PTPase inhibition by
which disparate components of ambient PM similadtivate the EGFR. For PM-induced inhibition
of EGFR-directed PTPase activity to result in dawgen signaling in the absence of EGFR
transactivation by cytosolic tyrosine kinases, lewels of basal EGFR kinase activity required. In
support of this, preventing EGFR autophosphorytatiy c56 abolished EGFR phosphorylation in
HAEC exposed to media (Figure 2-5A) suggesting E@FR autophosphorylation is the dominant

mechanism by which EGFR phosphorylation occurs ubdsal conditions.

Here we report that structurally dissimilar computseof ambient PM (DEP and Zhinhibit EGFR-
directed PTPase activity (Figures 2-4, 2-5, 3-4 arb). Although many PTPases have been shown
to regulate the phosphorylation status of the EGF&ble 1-1), we have not identified specific
PTPases that control phospho-EGFR levels and apaiied by PM exposure in our system.

Recently, a new technique has been described tbaldwallow for the identification of PTPases
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inhibited by PM exposure that function to regul&&FR activity (Liet al., 2007). Briefly, the
methodology reverses the role of the substratekarages in traditional in-gel tyrosine kinase atyiv
assays (Figure 3-1). Rather than impregnating #lewith a kinase substrate and running lysates
obtained from different treatment groups to detaemtiheir effect on cellular kinase activity, active
kinases are impregnated in the gel to identify BEBaapable of dephosphorylating themefLal .,
2007). Future studies are currently being designedidentify PTPases that regulate the
phosphorylation status of the EGFR and are intdbiig PM exposure by impregnating gels with

phosphorylated/active EGFR.
5-F Summary

Exposure to ambient PM is associated with elevedgb of morbidity and mortality. Inflammation is
thought to be a central mechanism by which PM exympiduces adverse health effects. In lung
epithelial cells, a direct target of inhaled PMpegure to ambient PM has been shown to activate
tyrosine phosphoylation-dependent signaling cultimga in the synthesis of proinflammatory
mediators capable of recruiting and activatingutating immune cells. Here we report that exposure
to the ubiquitous PM components Zror DEP induce activation of the receptor tyroskiease
EGFR in human airway epithelial cells. This phogptaiion event occurs by a ligand-independent
mechanism that requires EGFR kinase activity. Vée ahow that exposure to Zror DEP impair

the activity of PTPases that function to dephosylate the EGFR. Taken together, these data show
that PM-induced EGFR-phosphorylation in human ajnggaithelial cells is the result of a loss of
PTPase activities which normally function to degtasylate EGFR in opposition to baseline EGFR
kinase activity. We additionally show that DEP esp@ induces proinflammatory signaling
characterized by increases in IL-8 expression. khge we report that DEP exposure induces

NFkB-dependent and NdB-independent IL-8 expression in airway epithediglls.
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In summary, exposure to ambient PM, an extremeljptex and heterogenous environmental
pollutant is associated with an increased riskasfliopulmonary morbidity and mortality. The data
described in this dissertation support the contiegttthe components of PM, particularly metals and
specific organic compounds, are primary contritaitior particle-induced toxicity. Furthermore, our
findings showing that two structurally dissimilaMPcomponents (Zfi and DEP) induce signal
disregulation characterized by EGFR kinase-depdngé&fR phosphorylation, inhibition of cellular
PTPases including those PTPases that directly atgtihe phosphorylation status of the EGFR, and
induce proinflammatory signaling suggests thathitinin of PTPase activity is a unifying mechanism

by which ambient air pollutants exert toxicologiefliects in airway epithelial cells.
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Appendix A: Zn?" directly impairs EGFR-dependent PTPasesin HAEC

A-1Background

We and others have reported thaf’Za common PM constituent, may be implicated intthécity
associated with PM inhalation (Gavettal., 1997; Kodavantét al., 2002; Talet al., 2006). ZA" is
unable to undergo redox cycling yet is a knownbitbr of PTPases (Kinet al., 2006; Talet al.,
2006; Caoet al., 2007), including a broad spectrum of PTPaseseptes HAEC (Samett al.,
1999). A mechanism of direct inhibition has recgriten proposed wherein Zrblocks PTPase
activity by binding to the catalytic cysteine amdnieighboring histidine or aspartate residues ptese
in the highly conserved active site (Haase and M2@05). Treatment of Zhexposed HAEC with
the strong reductant and weak’Zohelator, dithiothreitol (DTT) but not other sttucally unrelated
anti-oxidants, can reverse Zsmediated inhibition of EGFR-directed PTPase aftiv{Tal,
unpublished observations, Appendix A). This suggebat ZA-mediated PTPase inhibition may
occur through a mechanism dependent upon direclinedttack of the PTPase catalytic site, rather

that indirectly inhibiting PTPases by oxidation.

104



A-2 Methods (Cell culture, exogenous EGFR dephosphorylatrion assays, and Western blotting were

performed as previoudy described in Sections 2-C, 3-C, and 4-C)
Radiolabeling of [*P] PolyGlu: Tyr(4:1)

A total of 200 ug PolyGlu:Tyr was radiolabeled gsib pg of recombinant FER kinase (Upstate,
Lake Placid, NY)in the presence of 200 uCFfP]-y-ATP for 1 hour at 30° C in 300 pl of a buffer
consisting of 10 mM MgG] 50 mM NaCl and 0.1 mM ATP. The substrate was iprated by
adding TCA solution to 20% wt/vol and centrifugiag12,000 x g for 5 min. The pellet was washed

three times in 10% TCA and the substrate was resugal at 10 pg/ml in 2 M Tris, pH 8.0.
Recombinant PTP1B activity assay

In a polypropalene 96 well plate, 0.1 pg of recamahi agarose conjugated PTP1B (Upstate) was
added to 3 pug*fP]PolyGlu:Tyr(4:1) diluted in a reaction buffer ¢aming 20 mM Hepes pH7.4, 350
mM sucrose, and 150 mM KCI per well. To stop thacten, 50 pl of the reaction mixture was
sampled at 1, 5, 10, and 20 min and placed intdsveeintaining 150 ul 10% TCA. Following the
assay period, the plate was microcentrifuged atimmax speed for 10 min. 150 pl of the unpelleted

mixture was removed and assessed for radioachyitiquid scintillation counting.
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A-3 Results

A-3A Treatment with Chelators but not Reducing Agents Reverses Zn*-Mediated EGFR
Phosphorylation. Zrn?* has been postulated to influence phosphorylatiepeddent signaling
pathways by forming both direct electrostatic iatdions with highly conserved PTP residues
thereby directly inhibiting enzymatic activity (Hsmand Maret, 2005). Although Zris not a redox
active metal, it is possible that treatment witf Znduces the formation of reactive species, thereby
indirectly causing PTP inhibition and activationE&B6FR-dependent signaling. In order to determine
whether ZA" exposure induces EGFR phosphorylation directlindirectly, through the generation
of oxidants, following exposure to 50uM Zrior 30 min, HAEC were treated with theZrthelators
TPEN or DTT or structurally dissimilar antioxidantslipoic acid (LA) or N-acetyl cysteine (NAC).
As shown in Figure A-1, TPEN and DTT but not NAC loA were capable of reversing Zn
mediated EGFR phosphorylation at ¥ These data suggest that?Zinduces Tyr-kinase

phosphorylation by a mechanism independent of oxittamation.

A-3B. Zn**-mediated impairment of EGFR-directed PTPase activity is metal but not oxidant-
dependent. Phosphorylation-dependent signal transductionvpah are regulated by the opposing
activities of kinases and phosphatases. We preyioeported that exposure to Zrinhibits a broad
range of cellular PTPases in HAEC (Samtedl., 1999) including those which regulate EGFR kinase
activity (Tal et al., 2006; Caoet al., 2007). We have also recently shown thaf*Znediated
impairment of tyrosine kinase activity is not liett to the EGF-receptor but also the cellular kirase
ERK and JNK by a similar mechanism of impairmentRifPase activities (Kingt al., 2006).
Therefore, it is likely that the ability of Zhto inhibit PTPase activity is conserved acrossethire
PTPase family. However, the mechanism which Zmpairs PTPase activity is unclear. As shown in
Figure A-2 inhibition of human recombinant PTP1Bidty by Zn* is reversed by DTT. We have

reported previously that Ziinduce EGFR phosphorylation by a mechanism invaltire
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Figure A-1
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Figure A-1 Treatment with Chelators by not Reducing Agents Reverses Zn?*-Mediated EGFR Phosphorylation.
HAEC were treat with 50 pM Zf for 20 min the rinsed with room temperature PBSeimove excess Zh
Cells were then treated with 100 uM TPEN, 1 mM DTOQ pM LA, or 10 mM LAC for 30 min. EGFR
phsophorlyation was measured by Western blotting.
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Figure A-2
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Figure A-2 DTT reverses Zn**-mediated impairment in PTP1B activity. Agarose conjugated human
recombinant PTP1B was treated with 500 uM*Zor 20 min then added to a reaction mixture coritej 10
mM DTT and f%P]PolyGlu:Tyr(4:1). The reaction mixture was sandpi 1, 5, 10, and 20 min and PTP1B
activity was assessed by liquid scintillation. Btatal significance was determined by one-way ANOWith a
Dunnett’'s Multiple Comparison Test (* P < 0.01, *¥0.001). The results shown are representativiewf
independent experiments.
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We have reported previously that?Zimduce EGFR phosphorylation by a mechanism invglire
inactivation of EGFR-directed PTPase activity. Hiere, we next examined the possibility that DTT
treatment would reverse Zrinduced impairment in EGFR-directed PTPase agtivis shown in
Figure A-3, treatment with DTT but not NAC reverséd*-mediated inhibition of EGFR-directed

PTPase activity further supporting the concept Bmét inhibits PTPase activity by a mechanism that

is independent of oxidant generation.
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Figure A-3
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Figure A-3 Inhibition of exogenous EGFR dephosphorylation by Zn** was reversed by DTT but not NAC in
lysates obtained from HAEC exposed to Zn* in vitro. HAEC treated with 50 uM Zfiin 4 uM PT for 20 min.
Cells were rinsed then treated with 10 mM DTT or@AL ng/ul active, phosphorylated EGFR substrate wa
mixed with 60-100 ug of cellular lysate and thectem was sampled at 5, 15, and 20 min. Lysates wer
analyzed for EGFR dephosphorylation over time vigsWrn Blotting with phospho-specific anti-EGFR
antibodies. The results shown are representatitiereé or more experiments.
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Appendix B: Zn? induces EGFR phosphorylation in differentiated HAEC cultured under air-

liquid interface

B-1 Background

The conducting region of the airways is lined wjtheudo-stratified ciliated columnar epithelia
forming the first line of defense against inhaleathpgens, particles and xenobiotics. Polarization,
mediated by the appearance of tight and adherextigunal complexes, precedes- and is required for-
differentiation (Ros®t al., 2007). Recently, a series of elegant studies khwgddated a mechanism
of cellular regeneration following damage to thadwepithelium (Vermeeet al., 2003; Vermeeet

al., 2006). These studies employed primary human girsthelial cells differentiated under air-
liquid interface culturing conditions. Briefly, EGFis located on the basolateral surface in
differentiated HAEC grown under air-liquid interea¢dHAEC-ALI) but not undifferentiated cells,
while the soluble receptor ligand heregutinis restricted to the apical membrane. Tight juondi
between adjacent epithelial cells form a barrigwieen the apical and basolateral domains thereby
restricting diffusion of soluble ligands. Howevéollowing mechanical injury or disruption of the
tight junctions by C& chelation, heregulio- was liberated from the apical domain and induced
basolaterally localized EGFR kinase activation aedlular proliferation to repair the damaged
monolayer. It is unclear whether the mechanismMfriRediated receptor tyrosine kinase activation
will be affected by the state of cellular differiation, junctional complex formation and subsequent

receptor localization.
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B-2 Methods Primary human bronchial epithelial cells were atai from three different healthy,
nonsmoking adult donors. The protocol and consaemb fivere approved by the University of North
Carolina School of Medicine Committee on the Pricd&xcof the Rights of Human Subjects. Cells
were obtained by cytological brushing at bronchpgcand expanded to passage three in bronchial
epithelial growth medium (BEGM). Cells were platd vitrogen-coated filter supports inserted into
12-well culture plates and maintained as descrifirediously (Turiet al., 2002). 500 nM retinoic
acid was added to culture medium after cells rehd@% confluence to promote differentiation.
Air-liquid interface culture was initiated 48 houeger by removing the apical medium, and basal
medium containing 100 nM retinoic acid was usedtli@ remainder of the culture period. The cells
were maintained in ALl culture for 28 days prior treatment with EGF or Zhas previously
described (Section 2-C). All other methods usedhin following experiments were performed as

previously described (Sections 2-C and 3-C).
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B-3 Results

B-3A EGF-mediated EGFR phosphorylation requires ligand access to the basolateral domain in
HAEC differentiated under air-liquid interface. As mentioned previouslyabner et al. has elucidated

a mechanism by which the respiratory epitheliunenegates following injury (Vermeet al., 2003).

To verify our experimental model, we determinedtthAEC-ALI expressed EGFR on the
basolateral side by immunohistochemistry. As shawhigure B-1A, EGFR is uniformly expressed
on the surface of HAEC cultured on plastic and seifged by media. In contrast, following
differentiation under air-liquid interface, EGFRpe&ssion is restricted to the basolateral domain
(Figure B-1A). To further verify the experimentabdel, HAEC-ALI were treated with 50 ng/mi
EGF for 20 min and assessed for the state of EGieREak phosphorylation using phospho-specific
antibodies directed against Erk THTyr*®. As expected, EGF-induced Erk phosphorylation was
only observed in cultures that were exposed basaléy (Figure B-1B). This suggests that EGFR
localizes to the basolateral domain and also,dg#tive of the presence of functional tight junos
within our experimental model. Additionally, preatment with the Ca chelator EGTA disrupted

204

Cd*-dependent tight junctions, thereby inducing phasBrk ThP%Tyr*® in apically stimulated
cells (Figure B-1B). These experiments confirm pyas reports in which receptor localization and
cellular polarization (as evidenced by the resoiciof soluble ligands implicating the presence of

functional junctional complexes) indicate the preseof differentiated airway epithelium (Vermeer

etal., 2003).

B-3B Zn?* Induces kinase-dependent EGFR phosphorlyation in HAEC-ALI. We have previously
reported that Zfi-induced EGFR phosphorylation requires EGFR kiregiity in HAEC [Chapter
Il, (Tal et al., 2006)]. Additionally, membrane permeability to?Zbut not EGFR ligand binding was
required to initiate EGFR phosphorylation and dawassn signaling [Chapter I, (Tat al., 2006)].

This suggests that Zhmediated EGFR phosphorylation requires metal pat@cess to the
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FigureB-1

HAEC-ALI

Figure B-1 EGF-mediated EGFR phosphorylation requires ligand access to the basolateral domain in HAEC
differentiated under air-liquid interface B-1A. HAEC were cultured under submerged (HAEC) or ajuild
interface (HAEC-ALI) conditions for then EGFR expston was assessed by immunohistochemistry (red
arrows). B-1B. HAEC-ALI were apically and basolatiéy pretreated with 10 mM EGTA for 30 min followed
by treatment with 50 ng/ml EGF for 20 min and EHopphorylation was assessed by Western blotting.
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intracellular domain. To ascertain whether Zn2+diated, EGFR phosphorylation depends upon the
state of cellular differentiation, HAEC-ALI wereetited Apically (Ap) or Basolaterally (BL) with 50
UM Zr** in the presence or absence of pyrithione (PTBmin and assessed for the state of EGFR
and ERK phosphorylation by Western Blotting. Ap aBHd treatment with Zfi induced robust
phosphorylation of EGFR T§#'®only when concomitantly exposed to PT (Figure B-2Rese
data are in agreement with earlier findings denratisg that ZA*-mediated EGFR phosphorylation
requires intracellular labile Zhin HAEC [Chapter 2 (Tal et al., 2006)] and HAECHA(Figure B-

2A).

We have previously reported that Znexposure induces EGFR kinase dependent EGFR
phosphorylation in HAEC (Tadt al., 2006). To determine whether a similar mechanisrB GFR
activation in conserved in differentiated cells, EH2-ALI were pretreated with the EGFR kinase
inhibitor c56. As expected, pretreatment with tli@HR kinase inhibitor c56 blocked ligand-mediated
receptor phosphorylation (Figure B-2B). As shownFigure B-2A, c56 prevented Zrnduced
EGFR phsophorylation. Taken together these datayestigthat Zfi-mediated EGFR kinase-
dependent EGFR phosphorylation occurs independenftlyhe state of cellular differentiation,

junctional complex formation and subsequent readptalization.
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Figure B-2

Figure B-2A 10 uM c56
4 uM PT 4 uM PT
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Figure B-2B 10 UM ¢56 BL
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" ——— - B aCtin

Figure B-2 Zn* induces kinase-dependent EGFR phosphorlyation in HAEC-ALI B-2A. HAEC-ALI were
pretreated with 10 uM c56 for 1 h then treated AfBb with 50 pM Zrf* in the presence or absence of 4 uM
PT for 30 min. EGFR phosphorylation was measuretMagtern blotting with phospo-specific antibodiBs.
1B. HAEC-ALI were pretreated with 10 uM ¢56 for Idilowed by apically or basolaterally treatmentiwb0
ng/ml EGF for 30 min and EGFR and Erk phosphorgtativere assessed by Western blotting.
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