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Liver regeneration is orchestrated by a series of autocrine and paracrine cues that function to restore hepatic tissue, however the precise cellular and molecular mechanisms that regulate these signaling events are poorly understood. Recent evidence demonstrates that hepatocyte proliferation following partial hepatectomy (PH) can be attenuated by the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor that is involved in hepatic organogenesis and cell cycle control. This growth suppression suggests that AhR modulates critical signaling processes of the regenerative program. In particular, the regeneration process is initiated by both cytokines and matrix enzymes and propagated by the potent mitogenic activity of two proteins, the c-Met transmembrane receptor and urokinase plasminogen activator (uPA). However, this growth response is limited by the expression of plasminogen activator inhibitor-1 (PAI-1) and TGF-(, which terminates hepatocyte proliferation. The goal of these studies was to determine the influence of AhR on these moieties in the context of the regenerative program. The hypothesis that AhR modulates these signaling molecules in a mito-inhibitory manner was tested using an in vivo model system of 70% PH in mice pre-treated with 2,3,7,8-tertachlorodibenzo-p-dioxin (TCDD), a potent, prototypical, and persistent AhR agonist. We demonstrate that AhR did not alter cytokine or matrix enzyme expression during the regenerative process, but markedly upregulated PAI-1 and TGF-( protein levels post-PH. As a consequence, both c-Met and uPA activation were greatly suppressed in an AhR-dependent fashion during liver regeneration as well. Conclusion: These observations suggest a novel mechanism of AhR-mediated attenuation of the regenerative response and identify a possible physiologic function of AhR in vivo.
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CHAPTER ONE

Introduction
General Description of the AhR


The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor classified within the bHLH-PAS (basic helix-loop-helix, Per-ARNT-Sim) superfamily of proteins which perceive and adapt to stimuli within the extracellular environment (reviewed in Gu et al., 2000). As a member of this protein family, AhR regulates critical physiological functions but also mediates the toxicity of a host of environmental contaminants within mammalian tissue. In particular, the protein was first discovered because of its ability to specifically respond to a large group of structurally similar compounds, the halogenated aromatic hydrocarbons (HAH) (reviewed in Swanson and Bradfield, 1995), ubiquitous pollutants commonly formed by the combustion of industrial-derived chemicals and municipal waste (Zook and Rappe, 1994). In this regard, AhR binds these exogenous ligands and transcriptionally activates enzymes for xenobiotic metabolism and biotransformation, to maintain biochemical homeostasis within the host organism.

AhR Mechanism and Structure

[image: image3.png]



AhR transcriptional activity occurs in a specific manner (Fig. 1.1). Prior to activation, AhR resides in the cytosol assembled in a complex with two chaperone proteins hsp90 (Pongratz et al., 1992), c-Src (Enan and Matsumura, 1996), and AIP1 (Ma and Whitlock, 1997). Upon ligand binding, activated AhR dissociates from these moieties and translocates to the nucleus (Ikuta et al., 1998). Within the nuclear compartment, AhR combines with another PAS family member, the ARNT (AhR Nuclear Translocator) protein (Lees and Whitlaw, 1999), forming a heterodimer essential for AhR transcriptional activity (Hankinson, 1995). The resultant AhR-Arnt complex  binds directly to DNA (at xenobiotic response elements (XREs)) within the promoter regions of AhR target genes (Murre et al., 1989; Bacsi and Hankinson, 1996; Gu et al., 2000).The AhR-ARNT dimer can also interact with other regulatory proteins, particularly pRB (Ge and Elferink, 1998; Puga et al., 2000) to modulate expression of AhR responsive genes as well.

Fig. 1.1 HAH-induced expression of target genes via an AhR-dependent mechanism.  Adapted from Whitlock (1999).
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This signaling model is based on the functional organization of AhR. Structurally, the protein contains three major functional domains  which consist of a (1) N-terminal region, (2) a PAS domain, and (3) a C-terminal region  (Fig. 1.2, Martinez et al., 2003). The N-terminus contains two components;  a ‘bHLH’ sequence which facilitates DNA binding and dimerization, and another sequence that signals AhR localization into the nucleus (Fukunaga et al., 1995). At the C-terminal region, a glutamine rich sequence potentiates transcriptional activity (Okey et al., 1994). The PAS domain of AhR is uniquely divided into two components, denoted by PAS-A and PAS-B. The PAS-A domain associates with ARNT for dimerization (Reisz-Porszasz et al., 1994) while the PAS-B region associates directly with ligands (Dolwick et al., 1993). An additional feature unique to the AhR includes possession of a transcription inhibitory domain, which directs the cell-specific expression of AhR (Ma et al., 1995). 
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Fig. 1.2 Functional organization of the AhR. The regions involved in AhR function or interaction with alternative molecules are shown with the domain structure of AhR. (Q-rich, glutamine-rich; NLS, Nuclear Localization Sequence; NES, Nuclear Export Sequence; TI, transcription inhibitory; TA; transcription activation domain. Adapted from Schecter (2003)
AhR Regulation
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Activation of the AhR is conferred by certain ligands. The AhR is largely an orphan receptor, as the endogenous ligand remains elusive. Nevertheless, several exogenous compounds have been shown to facilitate AhR activation. As mentioned previously, the most characterized ligands for AhR are the halogenated aromatic hydrocarbons (HAH), a class of structurally similar congeners which includes polychlorinated biphenyls (PCBs), dibenzofuranes, and dioxins (Fig. 1.3). 
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                    Fig. 1.3 Structures of several common HAH congeners.

AhR and TCDD


The prototypical ligand of AhR is 2,3,7,8- tetrachlorodibenzo-p-dioxin (TCDD), an HAH congener whose regulation of AhR activity is well-established. Structure-activity studies (which correlate binding affinity of dioxin compounds to AhR with their magnitude of toxicity) determined TCDD is the most potent dioxin and is highly resistant to metabolic degradation (Bradfield and Poland, 1988; Martinez et al., 2003). These AhR studies also revealed that different animal strains exhibited variable sensitivities to dioxin leading to characterization of the Ahr alleles. For example, the AhR ‘b’ allele encodes a high-affinity (Kd approx. 0.7nm/mol) Ah receptor that renders mice (C57Bl6) highly susceptible to TCDD toxicity (Birnbaum et al., 1990). In contrast, mice strains less vulnerable to TCDD-mediated effects (i.e. DBA/2 mice) contain the ‘d’ allele. It is noteworthy that TCDD is a specific agonist of AhR as animals homozygously lacking functional AhR are resistant to TCDD toxicity (Fernandez-Salguero et al., 1996). These observations provide corroborative evidence that TCDD is the archetypical ligand, binding to AhR with the highest affinity and exclusivity. 

AhR Physiologic Functions


The ubiquitous expression of AhR implies its significance as a critical regulator of physiologic function. In fact, microarray analysis reveals that AhR actually modulates an abundant assortment (approx. 100-300) of target genes (Freuh et al., 2001). Those identified demonstrate that AhR plays a predominant role in processes of cell cycle control, apoptosis, differentiation, and detoxification processes (Nebert et al., 2000).

AhR and Detoxification


To maintain biochemical homeostasis, AhR directs expression of several Phase I and Phase II detoxification genes (reviewed in Bock and Kohle, 2006). The vast majority of these gene targets promote activity of the cytochrome P450 (Cyp) family of metabolizing enzymes, particularly the Cyp1A1, Cyp1A2, and Cyp1B1 isoforms (Tukey and Nebert, 1984). Of these proteins, Cyp1A1 is the most widely studied and is considered an exclusive marker of AhR activity (Whitlock, 1999). However, regulation is not limited to the Cytochrome P450 system, as other metabolizing enzymes are activated by AhR as well (Hempel et al., 1989; Paulson et al., 1990). 
AhR and Development

AhR is a critical effector of normal cellular differentiation and development as exhibited through several observations. First, animals lacking AhR are viable, but exhibit significant defects in development (reviewed in Bock and Kohle, 2006). In particular, hepatic integrity is most affected by AhR gene loss, as liver size is markedly reduced and fetal hepatic vasculature is demonstratively compromised (Lahvis et al., 2000). Secondly, in wild-type mouse populations, both AhR and ARNT mRNA expression occurs very early in embryonic cells, which is also suggestive of AhR importance during growth and developmental stages (Abbot et al., 1995). Thirdly, deregulation of normal AhR function during early development causes aberrant formation of certain matrix infrastructures, particularly cleft palate (reviewed in Hillegass et al, 2006). Together, these observations highlight the influence of AhR in the progression and maintenance of normal development.

AhR and Apoptosis


 AhR is also implicated in executing programmed cell death. In fact, specific agonists of AhR have been shown to induce apoptosis in a variety of in vitro models (Dong et al., 2001). In addition, key pro- apoptotic markers are up-regulated in the presence of AhR activity in several tissues and cell lines (Matikainen, et al., 2001). More specifically, work performed in our lab demonstrated that AhR activity predisposes primary hepatocytes to cellular demise by inducing Fas-mediated apoptosis (Park et al., 2005).

AhR and Cell Cycle Regulation

AhR regulatory control of the cell cyclic program has been extensively studied. In in vitro models, TCDD induces an AhR-mediated, G1phase cell cycle arrest (Weiss et al., 1996).  To execute growth cessation, AhR interacts with several significant modulators of the cell cycle. In particular, mounting evidence supports that AhR associates with the hypophosphorylated form of the Retinoblastoma (Rb) protein, a critical moiety of the G1/S phase transition (Ge and Elferink, 1998). Mechanistically, synergism between AhR and pRB promotes arrest in part by depressing the E2F cell cycle progression signal (Huang and Elferink, 2005). AhR modulates other critical cell cycle checkpoint proteins to ultimately cause proliferative attenuation as well (Kolluri et al., 1999). In addition, AhR activity down-regulates several proto-oncogenes, particularly c-myc, c-fos, and c-jun, to inhibit progression of the cell growth program as well (reviewed in Gasiewicz and Park, 2003). 

As an interesting paradox, several studies demonstrate that AhR also functions as a growth promoter. In fact, certain tumor promoters are upregulated in the presence of AhR agonist stimulation (Moennikes et al., 2004 ). Additionally, cells with a defective AhR also succumb to interrupted growth (Weiss et al., 1996), indicating that AhR may also provide momentum for cell proliferation. These contradictory AhR effects on cell cycle progression and proliferation may be attributable to inherent differences between cell lines, duration of AhR signaling (Levine-Fridman et al., 2004), and that AhR responsiveness to agonists differs depending on the phase of the cell cycle at which these studies were performed (Santini et al., 2001). 

AhR and Hepatocyte Proliferation


Increasing evidence supports that AhR is a key modulator of hepatocyte proliferation in vitro and in vivo. Specifically, exclusive agonists of AhR inhibit DNA synthesis in rat hepatocytes (Hushka and Greenlee, 1995) and reduce regenerative capacity after two-thirds partial hepatectomy in rodent model systems (Bauman et al., 1995). As mentioned previously, this attenuative effect appears to be a consequence of AhR regulation of the cell cycle. For example, in 5L rat hepatoma cell lines, TCDD induces an AhR-mediated arrest of the cyclic program at G1 phase (Gottlicher and Wiebel, 1991). In addition, further investigations reveal that AhR represses critical cell cycle checkpoint proteins in vitro and similarly in vivo following PH to prevent cell proliferation as well (Kollluri et al., 1999; Marlowe et al., 2004; Mitchell et al., 2006). 

Liver Regeneration


Liver regeneration is a complex, compensatory process that restores organ mass and normal physiology after functional tissue loss (reviewed in Mangnall et al., 2003). Unlike other regenerative tissues (i.e. bone or skin), the liver regenerative response is unique by recruiting all existing mature cells within the remnant tissue to proliferate as shown in Fig. 1.4 (Fausto et al., 1993; Michalopoulos and DeFrances, 1997). These cell populations include hepatocytes, Ito (Stellate), Kupffer (macrophages), and endothelial cells from both the biliary tract and sinusoid enclaves. For regeneration, the kinetics suggest that hepatocytes initiate the proliferative process  and provide growth signals for expansion of the remaining cellular populations thereafter (Grisham, 1962; Widmann and Fahimi, 1975). 
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Fig. 1.4 The kinetics of DNA synthesis in different liver cell types during liver regeneration following partial hepatectomy. From Michalopoulos and DeFrances (1997)
Each cell type contributes to liver reconstitution in a specific manner. Proliferating hepatocytes repopulate the hepatic parenchyma, while Kupffer and Ito cells produce laminin and collagen to remodel the accompanying extracellular matrix (ECM). Lastly, endothelial cells replicate to re-establish the sinusoidal and biliary framework. Collectively, these rebuilding efforts demonstrate that liver regeneration is actually a two-fold process involving (1) the replacement of liver mass with replicating hepatocytes and (2) the reorganization of the hepatic infrastructure to match this expansion of the parenchyma (Shanmukhappa, et al. 2006). In this regard, it is quite remarkable that this coordinative process restores rodent liver back to its original mass within 7-10 days (Michalopoulos and DeFrances, 1997).


The regenerative program is appreciated molecularly as a series of phases precisely synchronized with the progression of the cell cycle (reviewed in Mangnall et al., 2003, Fig. 1.5). Within the first two hours after a regenerative stimulus and a ‘start’ signal, quiescent cells enter G1 of the cell cycle as a result of priming. This initial phase introduces cytokines and other mitogenic signals to poise cells for replication (Steer, 1995; Fausto, 2000). After G1 entry, the ‘Progression Phase’ promotes movement towards S phase through marked induction of various growth factors. Thereafter, cells advance through the critical G1/S phase transition and complete several replicative cycles until a ‘stop’ signal ushers cells to return to quiescence once an appropriate mass is achieved. The precise cues for regenerative cessation have not been thoroughly elucidated, but this ‘stop’ signal may be a function of certain growth factors such as TGF-ß (Michalopoulos and DeFrances, 1997; reviewed in Mangnall et al., 2003;).
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Fig. 1.5 Stages of the liver regenerative process. The hepatic re-growth process is divided into several phases which correspond with the progression of the cell cycle. After a ‘start’ signal, quiescent cells enter the cyclic program and replicate until a ‘stop’ signal ushers cells back into G0 once the appropriate mass is achieved. Adapted from Mangnall et al. (2003)

Molecular Components of the Liver Regenerative Response


As demonstrated in Fig. 1.5, liver regeneration is a synchronized process that integrates several effector moieties. The significance of their functional roles in hepatic restoration is described below.

Cytokine Involvement: Interleukin-6 and Tumor Necrosis Factor 


Interleukin-6 (IL-6) and Tumor Necrosis Factor (TNF) are two well-established regulators of the priming phase of liver regeneration. To promote cell replication, TNF stimulates IL-6 secretion (Ackerman et al., 1992; Fausto, 2000) resulting in mitogenic signaling of Janus Kinase/ Signal Transducers and Activators of Transcription (JAK/STAT) transduction pathways (Fig. 1.6) (Heinrich et al, 1988).  These two cytokines are expressed immediately after PH, suggesting their significance in the regenerative response (Rai, 1996; Shinozuka et al., 1984). In addition, the lack of TNF, IL-6, or their receptors abrogates DNA synthesis after a regenerative stimulus in vivo       (Cressman et al., 1996; Yamada et al., 1997; Plumpe et al., 1999). However, cell proliferation is restored upon infusion of these cytokines back into these knockout animals (Cressman et al., 1996). Thus, cytokine surveillance serves as an important feature of the regenerative program. 
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Fig. 1.6 Cytokine involvement during liver regeneration. IL-6 and TNF promote the expression of mitogenic genes through activation of the JAK/STAT transcription factor pathway. (TNF, Tumor Necrosis Factor; IL-6, Interleukin-6, Signal Transducers Activators of Transcription; JAK, Janus Kinase)

Urokinase Plasminogen Activator Cascade 


The urokinase plasminogen activator (uPA) system is an enzyme cascade also involved in orchestrating the process of liver regeneration. Both uPA and its cell surface receptor uPAR are rapidly expressed early after partial hepatectomy in rodents (Mars et al., 1995) and facilitate the regenerative process in a three-fold manner (Fig. 1.7). First, this enzyme promotes hepatocyte proliferation by activating potent mitogenic moieties, particularly, hepatocyte growth factor (HGF), following partial hepatectomy (Mars et al., 1993; Mars et al., 1996). Accordingly, animals lacking the uPA gene demonstrate reduced levels of DNA synthesis and mitotic indices during regeneration (Roselli et al., 1998; Shimizu et al. 2001;). Secondly, the uPA cascade regulates the remodeling of the extracellular matrix (ECM) during liver regeneration. Specifically, uPA converts the fibrinolytic precursor enzyme plasminogen to plasmin, to promote the necessary break-down of hepatic infrastructure (Kim et al., 1997; Shanmukhappa et al., 2006). ECM reorganization also occurs through other matrix degradation enzymes (i.e. metalloproteinases (MMPs)), which are also under uPA regulatory control (Kim et al., 1997; Blasi et al., 1997; Baramova et al., 1997). Thirdly, uPA is implicated in cell adhesion and motogenesis as a result of its interaction with vitronectin, integrins, and other membrane–associated components during liver regeneration (Blasi et al., 1997).
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Fig. 1.7 Roles of the uPA-Plasmin system during liver regeneration and its inhibition by PAI-1. (HGF, hepatocyte growth factor; VN, vitronectin; (V, Integrin (,V;) From Wendy Mars, PhD
The uPA signaling cascade is modulated by Type 1 Plasminogen Activator Inhibitor (PAI-1). Immediately expressed after partial hepatectomy (Schneiderman et al., 1993; Thornton et al., 1994;), PAI-1 is the primary and highly specific inhibitor of uPA (Hekman and Loskutoff, 1988). In fact, PAI-1 presence is strongly correlative to the down regulation of  urokinase expression and activity during liver regeneration (Cubellis et al., 1988). More specifically, the enzyme inhibits uPA function in a synchronized manner. As shown in Fig. 1.8, PAI-1 directly associates with uPA and uPAR at the cell surface. This tertiary complex (PAI-1:uPA:uPAR) is then internalized, triggered by the direct binding of the endocytic, transmembrane protein, LDL-receptor-like protein (LRP) to uPAR (Czekay et al., 2001). Within the endosomal compartment, uPA and PAI-1 are directed to lysosomes for proteasomal degradation (Herz et al., 1992). Alternatively, both LRP and uPAR are recycled, returning to the membrane surface (Ellis et al., 1989). Thus, by removing uPA from functional activity, PAI-1 ultimately inhibits hepatocyte proliferation and ECM remodeling during the regenerative process. In addition, PAI-1 expression is often co-expressed with other factors that terminate regeneration as well (Westerhausen et al., 1991). Accordingly, animals homozygously lacking the PAI-1 gene (PAI-1-/-) demonstrate accelerated growth and earlier emergence of uPA and key growth factors during the liver regenerative response (Roselli et al., 1998; Shimizu et al., 2001). Collectively, these findings suggest that PAI-1 is a significant, negative modulator of the regenerative response.
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Fig. 1.8. Schematic of the urokinase plasminogen activator cascade and its enhanced inhibition by AhR-mediated PAI-1 during liver regeneration. 

Growth Factor Involvement


Several growth factors also participate in the liver regenerative response (Stolz et al., 1999). The most predominant effectors include Hepatocyte Growth Factor (HGF) and Transforming Growth Factor-( (TGF-(). The functional significance of these proteins during hepatic restoration has been well-characterized and is described below.

HGF


The most potent mitogen of the liver regenerative response is hepatocyte growth factor (Michalopoulos et al., 1984). Immediately following lobe loss, levels of the protein are markedly enhanced coincident with elevated levels of DNA synthesis (Lindroos et al., 1991; Pediaditakis et al., 2001). These findings suggest its critical role in stimulating mitogenic signals, which occurs upon binding to its transmembrane receptor c-Met (Borowiak et al., 2004; Huh et al., 2004). In addition, the promoter regions of both HGF and Met genes are transcriptionally regulated by IL-6, a key initiator of the regenerative response (Matsumoto et al., 1992). Accordingly, homozygous deletions of either HGF or Met genes produce embryonic lethality due to the absence of liver development (Schmidt et al., 1995). Together, these findings advocate HGF as an important effector of the regenerative response. 

TGF-(

In contrast to the mitogenic effects of the previous growth factors, TGF-( potently suppresses cell proliferation (Houck and Michalopoulos, 1989). Interestingly, TGF-( follows the initial expression kinetics of HGF; it is similarly released from the matrix immediately after PH (Fausto et al., 1991). However, hepatocyte sensitivity to TGF-( and expression of its receptor are down-regulated shortly following PH (reviewed in Mangnall et al., 2003). Coordinately, TGF-( sensitivity and expression resurge later, coincident with observations of decreased hepatocyte DNA synthesis occurring during the termination phase of liver regeneration (Braun et al., 1988). Accordingly, TGF-( is often implicated as a ‘stop’ signal in various studies. Together, these observations distinguish this growth factor as a significant terminator of the regenerative response.

Objectives and Hypothesis


The goal of the studies presented in this dissertation was to determine how AhR activity attenuates hepatocyte proliferation during the liver regenerative process. In order to do this, we induced hepatic regeneration in mice pre-treated with an exclusive AhR agonist (TCDD) using a model system of 70% partial hepatectomy (PH). We hypothesized that growth suppression occurred through AhR-mediated modulation of critical regulators of the regenerative program and designed our studies to test this possibility.

To elucidate this hypothesis, we monitored several key modulators of the regenerative program. First, as described in Chapter 2, we sought to determine whether AhR regulated the early initiators of the liver regeneration response. In particular, we hypothesized that AhR inhibited hepatic growth by decreasing expression of matrix-degrading enzymes, cytokines and their down-stream signaling pathways following PH. Secondly, Chapter 3 describes studies that monitored the presence and activation of critical, growth-regulating, trans-membrane receptors during the regenerative process. Specifically, we tested the possibility that AhR activity regulates c-Met and LRP expression to suppress hepatocyte proliferation after PH. Lastly, in Chapter 4, we examined components of the urokinase plasminogen system and hypothesized that AhR down-regulates this mitogenic cascade to reduce the regenerative response. 

As a conclusion, the results of Chapters 2-4 are summarized in the final chapter of this dissertation, and future directions to further investigate the AhR role in regenerative attenuation are also discussed. Our observations represent the first attempts to study how AhR regulates these key effectors and yielded very exciting insights into the modulation of the liver regeneration response by AhR. 

CHAPTER TWO

Susceptibility of early initiators of the liver regeneration response to AhR-mediated regulation.

Abstract


Although the progression of the liver regenerative program is a well-characterized event, the molecular cues that eventually terminate this process are poorly understood. Specifically, recent studies indicate that the aryl hydrocarbon receptor (AhR), a ligand activated transcription factor, attenuates the regenerative response after 70% removal of the liver, however the precise mechanisms of growth suppression are unclear. In vitro models demonstrate that AhR down-regulates both Interleukin-6 (IL-6) and Tumor Necrosis Factor-( (TNF-() as well as several matrix metalloproteinases; all are moieties implicated in initiating the regenerative response. The existence and physiologic relevance of AhR-mediated modulation of these effectors during liver regeneration in vivo, however, has not been elucidated. The aim of this study was to determine how AhR activity influences the expression and activity of these regulators during the regenerative process. The hypothesis that AhR activity attenuates hepatocyte proliferation by suppressing these effectors was tested using an in vivo model system of 70% partial hepatectomy (PH) in which mice were pre-treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a highly specific and potent AhR agonist. We demonstrated that neither IL-6 nor TNF-( plasma protein secretion was altered by AhR activity during the regenerative process. In addition, AhR did not modulate the activation of JAK/STAT, mitogenic transcription factors predominantly regulated by these cytokines during liver regeneration. Similarly, MMP isoforms 1,-3, and-14 were not susceptible to AhR modulation as protein expression levels were unaltered in the presence of TCDD pre-treatment. Conclusion: These observations suggest that AhR does not regulate the initiation of the liver regenerative response through modulation of key regulatory cytokines or matrix degradation enzymes.

Introduction


The aryl hydrocarbon receptor (AhR) is a ligand activated transcription factor that modulates xenobiotic metabolism, cell growth and differentiation (reviewed in Bock and Kohle, 2006). Although AhR activity occurs within many mammalian tissues, consequences of its activation have been characterized predominantly within the context of the liver. In particular, AhR supports normal hepatic organogenesis and physiology, such that malformation and aberrant function occur in the absence of the AhR gene (Lahvis et al., 2000). These observations emphasize the significance of AhR as a primary modulator of liver growth and development.

Mounting evidence supports that AhR is also a critical modulator of hepatocyte proliferation through its prominent regulation of the cell cycle. Most of these observations were characterized through AhR activation by TCDD, a persistent, exogenous environmental contaminant and prototypical ligand for AhR (Martinez et al., 2003). For example, in vitro models demonstrate that hepatocyte cell lines exposed to TCDD succumb to an AhR-mediated, G1 phase cell cycle arrest (Marlowe et al., 2004; Huang and Elferink, 2005; Kolluri et al., 1999). Likewise, growth inhibition also occurs in vivo. In particular, exogenous AhR activation attenuates liver regeneration after PH in rodents by inhibiting progression through the critical G1/S transitional phase (Bauman et al, 1995; Mitchell et al, 2006). However, growth inhibition by AhR may not be exclusively limited to its specific influence on cell cycle control, as the regenerative process involves many molecular events critical for promotion of hepatic proliferation. 


Since liver regeneration involves the replication of mature hepatocytes, this growth process requires that these quiescent cells are first primed for their synchronized movement to G1 phase of the cell cycle (reviewed in Mangnall et al., 2003). Re-entry into the cell cyclic program is initiated by two cytokines and followed by the robust dissolution of the hepatic extracellular matrix (ECM). Models of regenerating rodent liver demonstrate that both IL-6 and TNF-( are upregulated immediately after PH and are closely associated with growth promotion (Steer, 1995; Rai, 1996; Fausto, 2000). Specifically, IL-6 and TNF-( predominantly utilize the JAK/STAT transduction pathway (Heinrich et al., 1998) which transcribes mitogenic signals for liver reconstitution (Fig. 1.6). It is noteworthy that animals deficient in these cytokines lack JAK/STAT activity and exhibit a reduced proliferative response (Cressman et al., 1996; Yamada et al., 1997), providing corroborative evidence of their significance during the regenerative program.


As previously mentioned, initiation of liver regeneration is also a function of the extracellular matrix (ECM) (Martinez-Hernandez and Amenta, 1995). The hepatic matrix is a dynamic structure that provides physical support to the hepatic parenchyma, but also facilitates regeneration by (1) sensitizing cells to mitogenic stimuli (Liu et al., 1994) and (2) remodeling itself to generate new scaffolding for accommodating subsequent cell proliferation and hepatic growth (Shanmukhappa et al., 2006). Matrix degradation occurs within minutes after PH through activity of matrix metalloproteinnases (MMPs) and other proteinases which inevitably mediate multiple signal transduction pathways to modulate regeneration (Martinez-Hernandez et al., 1991; Knittel et al., 2000).


Given the significance of these cytokines and matrix proteins towards the regenerative process, it is notable that these moieties demonstrate susceptibility to AhR regulation. Expression of both TNF-( and IL-6 is decreased by AhR activity in a variety of different cell types particularly within the lung and the immune system (Ruby et al., 2002; Thatcher et al., 2007). Also, AhR agonists reduce cytokine expression in liver macrophages and coordinately suppress the presence and activity of cytokine-specific transcription factors (i.e. JAK/STAT) within heptaocytes (Liu et al., 1998; Wu et al., 2006;). Additionally, AhR activation coordinates tissue matrix remodeling by regulating MMP expression during development of many different tissues (Villano et al., 2006; Hillegass et al., 2006).


Considering that AhR strongly modulates these moieties in vitro and that the regenerative response is markedly reduced in the presence of AhR activity, I hypothesize that AhR disrupts initiation of the regeneration response by inhibiting the expression of IL-6, TNF-(, and the excavators of the ECM. To pursue this, I employed an in vivo model of 70% PH in mice pre-treated with TCDD to determine the effect of sustained AhR activity on these specific elements that initiate liver regeneration.

Materials and Methods

Animals 

All care and procedure conditions were approved by the guidelines set by the Institutional Animal Care and Use Committee at the University of Texas Medical Branch (UTMB) at Galveston. Wild-type (C57BL/6) mice and PAI-1 knock-out (PAI-1-/-) mice (backcrossed onto a C57BL/6 background) were purchased from Jackson Laboratories (Bar Harbor, ME) and used at 8-10 weeks of age. Animals were maintained in microisolator cages with unlimited access to drinking water and food while under a 12 hour light/dark cycle. 

TCDD 

TCDD (Cerilliant, Round Rock, TX) was dissolved in anisole and diluted in peanut oil, whereas the vehicle control consisted of peanut oil spiked with a corresponding amount of anisole. Animals were administered either vehicle or TCDD 

(20 ug/kg) by gavage 24 hours before surgery. Rationale for this dosage was described previously (Mitchell et al., 2006).
Surgical Procedures

 All surgeries were performed under isoflurane-inhaled anesthesia. Both PH and sham surgeries were performed based on a procedure described by Higgins and Anderson (1931). Mice were killed at the indicated times by cervical dislocation, and liver and blood were collected for the assays described below.
IL-6 and TNF-( Measurements

 Plasma was prepared as previously described by Mitchell et al. (2006). Briefly, blood was collected in heparin-coated tubes and plasma was recovered after centrifugation. Plasma samples were analyzed by ELISA for IL-6 and TNF-( according to the manufacturer’s instructions (BD Biosciences, San Jose, CA). The sensitivity of these assays was 0.05 ng protein per ml of plasma.

Western Blot Analysis

 Frozen liver tissue was homogenized in 50mM HEPES, pH 7.5, consisting of 150mM NaCL, 10%glycerol, 0.1% Tween 20, 7.5 mM EGTA, and these protease/phosphatase inhibitors: 25mM (-glycerolphosphate, 5 mM dithiothreitol, 1 mM NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1 (g/ml leupeptin. Protein concentrations of the liver homogenates were determined with a protein assay kit (BioRad Laboratories, Inc. Hercules, CA), and 150 ug of protein was loaded onto either 7.5 or 12% SDS gels and transferred to polyvinylidene difluoride membranes (BioRad Laboratories, Inc.). Membranes were blocked in a Tris Buffered Saline-Tween 20 (TBST) solution of 5% milk for 1 hour at room temperature and then incubated for 4 hours at room temperature or overnight at 4˚ C with the following primary antibodies: phosphorylated forms of JAK (Phospho JAK1), STAT (Phospho STAT3) (both purchased from Cell Signaling Technology, Danvers, MA), and MMP1, 3, or 14 (all purchased from Chemicon International, Temecula, CA). Membranes were incubated with secondary antibodies conjugated to horseradish-peroxidase for 1 hour at room temperature. Filters were visualized with a chemiluminescent oxidizing detection system (Perkin Elmer, Waltham, MA).

Statistical Analysis

 Data were analyzed using Graph Pad Prism Software (San Diego, CA) by a two-way ANOVA (with a Bonferroni Post-Hoc Test) and by a Mann-Whitney U Test. The data represent the mean + Standard Deviation and were considered statistically significant with a confidence interval set at 95% or p < 0.05.

 Results

AhR activity does not alter IL-6 expression after PH. 

Given the importance of cytokines towards initiation of liver regeneration (Plumpe et al., 1999), we tested the possibility that AhR activity decreased expression of IL-6 plasma protein after PH in animals pretreated with vehicle or TCDD. In vehicle-treated animals, IL-6 protein levels were minimal between 0 and 0.5 hours post-PH, but precipitously increased and peaked at 2 hours (Fig. 2.1). Notably, this 2-hour time interval marks the end of the ‘priming phase’ in the rat (reviewed in Mangnall et al., 2003). Also in vehicle-treated mice, IL-6 levels demonstratively decline 2 hours later and continue to decrease by 8 hours post-PH. Thereafter, IL-6 protein levels are minimal. TCDD treatment did not alter IL-6 protein expression, demonstrating a comparable profile of cytokine plasma protein presence over time after PH. These findings suggest  that AhR activity does not modulate IL-6 protein expression during the liver regenerative process. IL-6 plasma protein was only minimally induced at concentrations between 5-20 pg/mL in sham-operated animals and comparable between treatment groups (data not shown).
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Fig. 2.1 TCDD treatment does not alter the production of IL-6 during liver regeneration.  Mice were pretreated with vehicle or TCDD 24 hours prior to PH and sacrificed post-operatively at the indicated time. Data reflect the average plasma concentration of IL-6. Each treatment consisted of 5 to 6 mice. Results are representative of three to four separate experiments.

AhR activation does not modulate TNF expression during liver regeneration. 

Although IL-6 is coordinately induced by TNF-( (Ackerman et al., 1992), we still determined whether AhR activity suppressed TNF-( protein levels in plasma of partially hepatectomized, TCDD-treated mice. In vehicle-treated mice, TNF-( protein levels were expressed immediately at 0 and 0.5 hour post-PH, times preceding IL-6 expression (Fig. 2.2 vs. 2.1). After these initial time intervals, TNF-( protein levels were sustained through 36 hours post-PH, reaching maximal levels at 8 hours. TCDD-treated animals also demonstrated comparable levels of TNF-( plasma protein after PH, suggesting that AhR activity does not alter expression of the cytokine during regeneration. TNF-( protein levels were also minimal (approximately 20-30 pg/mL) in sham-operated mice and were also unaltered by TCDD treatment (data not shown).
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Fig. 2.2 TCDD treatment does not alter the production of TNF-( during liver regeneration. Mice were pretreated with vehicle or TCDD 24 hours prior to PH and sacrificed post-operatively at the indicated time. Data reflect the average plasma concentration of TNF-(. Each treatment consisted of 5 to 6 mice. Results are representative of three to four separate experiments.

AhR activation does not alter JAK/STAT activation after PH. 

After induction by TNF-(, IL-6 binds to its transmembrane receptor to consequently activate JAK1 and STAT3 by tyrosine phosphorylation (Heinrich et al., 1998). Activated STAT translocates to the nucleus to regulate transcription of mitogenic signals that prompt movement from G0 into the active cell cyclic program (Li et al., 2002). Based on the observation that IL-6 and TNF-( production were unaltered in mice pretreated with TCDD, we sought to confirm that AhR did not alter their downstream, functional activity by observing expression levels of activated JAK1/STAT3 transcription factors. Liver homogenates from pretreated, partially hepatectomized mice were probed for active (phosphorylated) forms of JAK1 and STAT3 by western blot at times of peak cytokine expression post-PH. Phosphorylated forms of both JAK1 and STAT3 were readily expressed by 2 hours post-PH in vehicle pre-treated mice and this activation was sustained through 8 hours post-PH (Fig. 2.3, and data not shown). TCDD-treated animals also expressed active forms of JAK1 and STAT3 between 2 and 8 hours post-PH at levels comparable to vehicle-treated mice. This observation suggests AhR does not deter activation of JAK1/STAT3 proteins during the regenerative process. The expression of unphosphorylated forms of JAK1 and STAT3 were also unaltered by AhR activation (data not shown).
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Fig. 2.3 AhR activity does not alter expression of downstream effectors of IL-6 and TNF-( during liver regeneration. Mice were pretreated with vehicle or TCDD 24 hours prior to PH and killed post-operatively at the times indicated. Liver homogenates were probed for either active (phosphorylated) forms of JAK1 or STAT3 by western blot. Actin was used as a loading control. 

AhR activity does not inhibit expression of ECM degradation enzymes after PH. 

During liver regeneration, the ECM undergoes breakdown and reformation to promote hepatocyte proliferation (Rudolph, et al., 1999; Olle et al., 2006) and to support the resultant expansion of hepatic parenchyma (Shanmukhappa et al., 2006). Matrix disruption is achieved by MMPs, which are upregulated after PH and activated within 6 hours or later (Kim et al., 2000). In particular, ECM reorganization is achieved through MMP isoforms 1,3, and 14, (Knittel et al., 2000). Since matrix remodeling is a key regulatory process of the regenerative response (Martinez-Hernandez and Amenta, 1995), we tested whether sustained AhR activity reduced expression of these proteolytic enzymes after PH.  In vehicle-treated mice, expression of MMP-1,-3,-14 proteins was induced 0 hour post-PH and was sustained through at least 8 hours (Fig. 2.4). TCDD-treated mice also demonstrated MMP expression of all three isoforms that was similar to vehicle-treated animals, suggesting AhR activation does not regulate these enzymes during the early regenerative process. 
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Fig. 2.4 AhR activity does not modulate expression of matrix remodeling enzymes after PH. Mice were pretreated with vehicle or TCDD 24 hours prior to PH and killed post-operatively at the times indicates. Liver homogenates were probed for MMP isoforms -1, 3, or 14 by western blot. Actin was used as a loading control. 

Discussion


Although liver regeneration is a sequential, multi-step process, the initiation phase is of prime importance. The liver is unique by recruiting mature, differentiated cells to replicate and reconstitute hepatic mass, but these quiescent cells must first be conditioned for cell cycle re-entry as an essential pre-requisite of the liver regenerative process. IL-6, TNF-(, and ECM remodeling enzymes initiate this process immediately following a mitogenic stimulus such as PH. Since priming is critical for orchestrating liver regeneration, we evaluated whether initiation of this process is susceptible to modulation by AhR, a negative regulator of the regenerative response. 

In the current study, I investigated the existence of AhR regulation of the effectors of the priming phase. I tested the possibility that AhR suppresses hepatocyte proliferation by reducing protein expression of key initiators of regeneration, specifically IL-6, TNF-(, and MMPs 1,3, and 14. My data demonstrate that these elements are not altered in the presence of TCDD-treatment, suggesting that AhR does not suppress these priming components to attenuate hepatocyte proliferation during the regenerative process. Surprisingly, my findings that AhR activity did not alter IL-6 and TNF-( expression contrasts with observations in several studies that actually suggest that a regulatory relationship exists between these moieties in a variety of cell lines and tissues (Liu et al., 1998; Ruby et al., 2002; Gharavi and El-Kadi, 2005). Thus, my data demonstrates that the interactions between AhR and the cytokines are distinctly different in the context of hepatic regeneration. This effect had not yet been characterized in the literature, and we were the first group to publish this observation (Mitchell et al., 2006).


Although AhR activity did not appear to interfere with cytokine expression during the regenerative process, this observation is still a significant finding. IL-6 and TNF-( production mark the onset of the priming phase. In our study, peak cytokine levels occur between 2 and 8 hours post-PH (Fig. 2.1). These kinetics are slightly slower than that proposed in the rat model by Mangnall et al. (2003). However, since rat liver regenerates slightly faster than that of mice (Weglarz and Sandgren, 2000), our findings are still consistent with this model system. In addition our data demonstrated that, TNF-( expression precedes IL-6, a sequence also characteristic of the initiation phase. Together, these findings suggest that we identified the ‘priming phase’ for the murine model system and that the signaling network between the cytokines and mitogenic transcription factors is intact and unaltered by AhR activity. 

Although TCDD treatment did not down-regulate IL-6 and TNF-(, evidence that these cytokines were not augmented by AhR activity is also important. Upregulation of both IL-6 and TNF-( is implicated in inflammation and the acute phase response (Healy and Gelehrter, 1994), thus elevations of these cytokines in the presence of TCDD treatment may have indicated hepatic injury. Although exogenous stimulation of AhR activity does induce cytokine expression and inflammatory responses in a variety of tissues (Thatcher et al., 2007), the dosage utilized in our study is well-below the LD50 for murine liver (Chapman et al., 1985) and no overt toxicity was seen within the parenchymal tissue after TCDD administration (Mitchell et al., 2006). Thus, the absence of cytokine alteration by TCDD treatment is a pertinent finding, indicating that AhR-mediated attenuation of the regenerative response is not a result of toxic insult.


The results also reflect that regulation of ECM remodeling during liver regeneration is actually an integrated and complex process. AhR modulates several MMPs during the growth of a variety of different tissues (reviewed in Hillegass et al., 2006), however, TCDD treatment did not alter the expression of these particular isoforms in liver after PH (Fig. 2.4). This observation suggests that the AhR effect on ECM reorganization is organ-specific, and strikingly different within the context of regenerating liver. However, these results do not necessarily suggest AhR does not interfere with matrix remodeling, as ECM proteolysis is not exclusive to these three MMP isoforms (Kim et al., 2000). In addition, the fibrinolytic enzyme plasmin also participates in matrix disruption after PH. Notably, AhR agonists inhibit the plasmin cascade (Sutter et al., 1991; Gaido and Maness, 1995), implying that AhR activity may impair matrix remodeling through this enzyme pathway instead. Accordingly, our studies with AhR and its regulation of this enzymatic cascade during the proliferative process (Chapter 4) may also prove applicable to aspects of ECM remodeling and may be worthy of future study (Chapter 5). 


Lastly, another noteworthy finding was that cytokine and MMP expression were both refractory to TCDD treatment. Observation that these effectors were similarly unaffected by AhR activity is consistent with several studies demonstrating that these moieties are tightly coordinated together during the regenerative process. Interestingly, matrix remodeling enzymes are directly regulated by both IL-6 and TNF-( (Serandour et al, 2005). Specifically, TNF-( is an important mediator of ECM reorganization by inducing gene expression of several key MMP isoforms (Chakraborti et al., 2003). In addition, mice homozygously deficient in the IL-6 gene not only exhibit reduced hepatocyte proliferation after PH, but also the activity of enzymes critical to matrix remodeling are markedly diminished (Benbow and Brinckerhoff, 1997). Thus, the apparent cooperative relationship between cytokines and MMPs may explain their similar responses to AhR activation.


In conclusion, our data demonstrate that AhR does not modulate cytokine or MMP enzyme expression during liver regeneration. In addition, these observations are consistent with findings that TCDD administered well-after the initiation phase can still attenuate hepatocyte proliferation (Mitchell et al., 2006), also suggesting that the priming stage primarily is not a likely target of AhR-mediated control.  Together, these results suggest that AhR may suppress hepatic growth by regulating other critical effectors of the regenerative program.

Chapter Three

Modulation of transmembrane-bound receptor events by AhR early during liver regeneration.

Abstract

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that regulates cell growth and development in mammalian tissue. In particular, sustained AhR activity attenuates hepatocyte proliferation during liver regeneration following 70% partial hepatectomy (PH), however the precise mechanisms of AhR-mediated growth suppression are unclear. The liver regenerative process is coordinately modulated by many effectors, including two transmembrane receptors c-Met and LDL-receptor related protein (LRP). More specifically, c-Met receptor activity serves as a potent stimulus of hepatocyte proliferation. In contrast, LRP suppresses hepatic growth by removing liver mitogens from activity. As critical effectors of liver regeneration, these transmembrane receptors are key targets for modulating hepatocyte proliferation. Accordingly, the purpose of the current study was to investigate how AhR activity influences active c-Met and LRP expression during liver regeneration. We tested the hypothesis that sustained AhR activation suppresses hepatic growth by decreasing active c-Met and increasing LRP protein levels using an in vivo system of 70% PH in mice pre-treated with the potent, prototypical AhR agonist, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). During regeneration, activated c-Met protein was detected within 1 hour after PH, but was absent in the presence of TCDD treatment at 25 and 30 minutes post-PH. In addition, we observed that after activation c-Met is degraded at 8 hours post-PH,  an effect that was suppressed in the presence of AhR activity. LRP protein was also expressed following PH, but was markedly upregulated by AhR between 0 and 12 hours. Conclusion: Our results suggest a dual mechanism of AhR regulatory control of liver regeneration through modulation of both c-Met and LRP transmembrane receptors.

Introduction


The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that mediates the toxicity of ubiquitous environmental contaminants and regulates cellular development and proliferation in mammalian tissue (reviewed in Bock and Kohle, 2006). In particular, AhR is a prevalent effector of hepatic function and growth. Constitutive AhR function is required for proper organogenesis, as the liver is markedly underdeveloped and hepatic mass markedly decreased in the absence of AhR expression (Lahvis et al., 2000). As a critical modulator of the cell cycle, AhR also inhibits hepatocyte proliferation in vitro and in vivo. These findings were elucidated through sustained AhR activation induced by 2,3,7,8-TCDD, an exogenous, potent, and exclusive agonist of AhR. In 5L rat hepatoma cell lines, AhR activity induced by TCDD suspends cells in G1 phase of the cell cycle (Gottlicher and Wiebel, 1991). In vivo, sustained AhR activation suppresses liver regeneration after two-thirds partial hepatectomy (PH) in TCDD-pretreated mice by blocking cell cycle progression through the G1/S phase restriction point (Bauman et al., 1995; Mitchell et al., 2006). These latter findings demonstrate that AhR is a significant modulator of hepatocyte proliferation through control of the cell cycle.


Rather than modulation of the cell cyclic program, very recent studies suggest that AhR also regulates liver regeneration through novel paracine-autocrine mechanisms of proliferative control. AhR activity upregulates TGF-( (Chang et al., 2007) and PAI-1 (Lockhart et al., 2006; manuscript submitted), two key inhibitors of the regenerative response. These observations suggest that AhR regulation of hepatocyte proliferation is quite diverse and alludes to the possibility that other mechanisms of AhR-mediated modulation may also exist. 

Liver regeneration is characterized by multiple signaling processes that coordinately regulate hepatocyte proliferation. Many of these transduction events involve moieties associated within the membrane. In particular, two transmembrane receptors c-Met and LRP, are critical modulators of regenerative signaling events that occur and commence at the cell surface.


Many studies have demonstrated that c-Met is a key regulator of hepatocyte proliferation. For example in in vitro models, c-Met activity induced by its ligand, hepatocyte growth factor (HGF), potently promotes hepatocyte replication (Paumelle et al., 2002). In vivo, both PCNA expression and protein synthesis are significantly enhanced by c-Met activity in regenerative liver following PH (Horimoto et al., 1995). In addition, the absence of c-Met and HGF genes induces embryonic lethality as a result of the lack of liver development (Bladt et al., 1995; Schmidt et al., 1995; Uehara et al., 1995). Examination of these embryos post-mortem reveals an underdeveloped liver (Bladt et al., 1995; Schmidt et al., 1995; Uehara et al., 1995). Also, studies in mice with a mutant Met allele also demonstrate that cell cycle markers are markedly delayed (Paranjpe et al., 2007) and liver regeneration is significantly impaired after PH (Borowiak et al., 2004; Paranjpe et al., 2007). Together, these findings suggest that c-Met is necessary for progression of the regenerative process.

Regulation of liver regeneration by the c-Met receptor is contingent upon its activity. As previously mentioned, the Met gene encodes a heterodimeric tyrosine kinase receptor that is activated upon binding its specific ligand HGF, a highly potent liver mitogen (Comoglio et al., 1999; Sakata et al., 1996; Shiota et al. , 1994). Upon activation, c-Met is autophosphorylated and associates with an adaptor protein Gab1 to confer signals for hepatic growth (Sachs et al., 2000). In particular, c-Met recruits Src, Cbl, and MAPK to promote liver re-growth (reviewed in Birchmeier et al., 2003). Activation of these transduction pathways is followed by internalization and degradation of c-Met within the cell. 


Contrasting with the pro-proliferative effects of the c-Met receptor, LRP is a mito-inhibitory agent during liver regeneration. A well-known endocytic receptor, LRP binds a wide variety of ligands and mediates their internalization within cells (Neels et al., 1999; Willnow and Herz, 1994). In particular, LRP modulates the mitogenic urokinase plasminogen activator (uPA)-plasmin system (a critical regulator of the regenerative process) in this manner. The uPA cascade promotes regeneration by activating potent stimulators for (1) hepatocyte proliferation and (2) hepatic ECM remodeling which is necessary to accommodate expansion of the liver parenchyma (Mars et al., 1996; Liu et al., 1994; Shanmukhappa et al., 2006). Urokinase plasminogen activator activity occurs at the cell surface and is potentiated by its plasma membrane-bound receptor, uPAR (Cubellis et al, 1998). However, direct binding of uPA to its primary inhibitor (PAI-1) renders the PAI-1:uPA:uPAR tertiary complex catalytically inactive (Degryse et al., 2004) and poised for internalization and degradation within hepatocyte cells, a process that is LRP-dependent (Nykjaer et al., 1992; Herz et al., 1992). Thus, by removing mitogenic stimuli from extracellular activity, LRP serves as a negative modulator that inhibits the regenerative response.


The contribution of these moieties towards liver regeneration has been well-characterized, however their susceptibility to other sources of regulation during this process has not been elucidated. Given the significance of AhR to hepatic growth inhibition, I hypothesized that AhR attenuates proliferation by regulating the expression and activation of these transmembrane receptors during liver regeneration. To elucidate this modulatory effect, I used an in vivo system of PH in mice pre-treated with the prototypical AhR ligand TCDD.  This model system allowed investigation of c-Met and LRP regulation in the presence of sustained AhR activity.

Materials and Methods

Animals 

Please refer to Chapter Two.

TCDD

 
Please refer to Chapter Two.
Surgical Procedures

Please refer to Chapter Two.

Western Blot Analysis

 Frozen liver tissue was homogenized, fractionated and probed for western blot analysis according to a protocol described by Lagoa et al. (2005). Briefly, liver tissue was homogenized in a buffer consisting of Tris-HCl, pH 7.6 and the following protease and phosphatase inhibitors all purchased from (Sigma Aldrich, St. Louis, MO): AEBSF (50 (g/mL), sodium amiloride (1mmo.L), and several inhibitor cocktails (catalog numbers. P8340, P5726, P2714, and P2850). Resultant lysates centrifuged at 17,000 rpm for 3 hours at 4˚ C to fractionate the cytosolic supernatant from the membrane/nuclei pellet. The membrane pellet was solubilized in 1% sodium dodecyl sulfate (SDS) in the Tris-HCL buffer and inhibitors. Protein concentrations of the liver homogenates were determined with a protein assay kit (BioRad Laboratories, Inc. Hercules, CA), and 150 ug of protein was loaded onto either 7.5 or 12% SDS gels and transferred to polyvinylidene difluoride membranes (BioRad Laboratories, Inc.). Membranes were blocked in a Tris Buffered Saline-Tween 20 (TBST) solution of either 5% milk or fish gelatin for 1 hour at room temperature and then incubated overnight at 40 C with the following primary antibodies: 

Phospho–c-Met (pTyr1349) (Affinity BioReagents, Golden, CO), Met (Santa Cruz Biotechnology, Santa Cruz, CA), phosporylated forms of Gab1, Src, Cbl, and MEK1/2 (all purchased from Cell Signaling, Danvers, MA), or LRP (a generous gift from the lab of Wendy M. Mars, Ph.D, University of Pittsburgh Medical Center, Pittsburgh, PA.) Membranes were incubated with secondary antibodies conjugated to horseradish-peroxidase for 1 hour at room temperature in 1% milk or fish gelatin. Filters were visualized with a chemiluminescent oxidizing detection system (Perkin Elmer, Waltham, MA).

Results

AhR activity upregulates membrane-bound LRP during liver regeneration. 

LRP is an endocytic protein that internalizes inactive uPA:uPAR complexes from the membrane to inhibit mitogenic stimuli at the cell surface (Nykjaer et al., 1992; Herz et al., 1992). Since LRP is a significant, negative modulator of the regenerative response, we tested the possibility that sustained AhR activation would enhance its expression at the membrane surface of hepatocytes after PH. Accordingly, liver tissue homogenates from pre-treated, partially-hepatectomized mice were fractionated to resolve the plasma membrane component and probed for LRP protein by western blot. In vehicle-treated animals, membrane-bound LRP was expressed by 0 hours post-PH and reached maximal levels at 12 hours (Fig. 3.1A). In comparison to the expression levels in vehicle-treated mice, LRP protein membrane expression was enhanced in the presence of AhR activity between 0 and 8 hours post-PH. In particular, TCDD pre-treatment greatly augmented LRP expression at 0 hours post-PH. Thereafter, LRP protein levels decreased precipitously within 30 minutes, but rose to achieve maximal levels between 8 and 12 hours post-PH. After this time interval, LRP expression was comparable between treatment groups (data not shown). This data suggests that AhR activity upregulates LRP early during the regenerative process.

Recent evidence also indicates that AhR upregulates PAI-1 in vitro (Son and Rozmann, 2002) and in vivo during liver regeneration (Chapter 4, manuscript submitted). Given that PAI-1 inhibition of uPA prompts LRP expression at the membrane surface for the internalization of the PAI-1:uPA:uPAR tertiary complex, we hypothesized that AhR-mediated upregulation of LRP is coordinately dependent on the presence of these enhanced PAI-1 levels. To pursue this, liver homogenates from vehicle- or TCDD-treated, partially hepatectomized, PAI-1-/- mice were similarly fractionated and probed for LRP by western blot. Within this genetic population, a consistent TCDD-related effect is not apparent, as aberrant LRP protein expression is observed throughout the regenerative time course (Fig. 3.1B). These results suggest that AhR does not regulate LRP in the absence of PAI-1.
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Fig. 3.1 AhR activity upregulates LRP during liver regeneration. Wild-type (A) and 

PAI-1 -/- (B) mice were pretreated with vehicle or TCDD 24 hours prior to PH and killed post-operatively at the times indicates. Liver homogenates were probed for LRP by western blot. Actin was used as a loading control. 

AhR decreases active c-Met receptor protein expression after PH. 

During liver regeneration, the c-Met receptor binds a potent hepatic mitogen (HGF) to promote hepatocyte proliferation (Borowiak et al., 2004). Upon association with this ligand, c-Met is activated through tyrosine phosphorylation (Sachs et al., 2000). Given that the c-Met receptor activity is an important proponent of the regenerative response, we hypothesized that AhR inhibits c-Met receptor activation during liver regeneration. To evaluate this effect, the membrane component of fractionated liver homogenates of pre-treated, partially hepatectomized, mice was probed for the phosphorylated form of the c-Met receptor by western blot. In vehicle treated mice, activated c-Met was detected by 25 and 30 minutes post-PH (Fig. 3.2). In contrast, mice pretreated with TCDD lacked active c-Met expression at these time intervals post-PH. This finding suggests that AhR interrupts c-Met activation during the regenerative program.
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Fig. 3.2 AhR activity inhibits active c-Met expression during liver regeneration. Mice were pretreated with vehicle or TCDD 24 hours prior to PH and killed post-operatively at the times indicates. Liver homogenates were probed for the activated (phosphorylated, ‘p’) form of the c-Met receptor by western blot. Actin was used as a loading control. 

During liver regeneration, AhR activity does not appear to interrupt downstream signaling effectors of c-Met activation. 

Upon activation by HGF, c-Met promotes hepatic growth through several signaling transduction pathways. In particular, MAPK (MEK1/2), Gab1, Src, and Cbl are all activated as a result of c-Met receptor activation (reviewed in Birchmeier et al., 2003). Based on the observation that AhR activity interferes with c-Met receptor activation, we tested the hypothesis that the activity of these downstream signaling effectors would also be disrupted by AhR. For analysis, whole liver homogenates were probed for the phosphorylated (activated) form of these proteins by western blot.  Although we observed phospho-Met early after PH (Fig. 3.2), we extended our time intervals in the event that activation of these effector molecules was not exactly coincident with the times of phospho-Met receptor expression. Phosphorylated forms of these moieties were expressed at 0 hours post-PH and persisted through 8 hours (Fig. 3.3). In TCDD-treated mice, expression levels were comparable to vehicle-treated mice, suggesting that AhR does not overtly affect these markers of c-Met activity during the liver regeneration process.


Fig. 3.3 AhR activity does not alter expression of downstream effectors of active c-Met during liver regeneration. Mice were pretreated with vehicle or TCDD 24 hours prior to PH and killed post-operatively at the times indicates. Liver homogenates were probed for either active (phosphorylated) forms of Gab1, Cbl, MEK1/2, and Src by western blot. Actin was used as a loading control. 

AhR activity suppresses the down-regulation of the c-Met receptor during liver regeneration. 

The c-Met receptor is a primary regulator of hepatocyte proliferation by conferring signals of its mitogenic ligand, HGF (Borowiak et al., 2004; Huh et al., 2004). However after activation, the c-Met receptor itself is internalized from the membrane and degraded within the cytosol of hepatocytes (Horimoto et al., 1995). Since degradation is a marker of c-Met receptor activation and activity, we hypothesized that mice pre-treated with TCDD would not exhibit this degradation response, given that AhR interrupts phospho-Met expression after PH (Fig. 3.2) For determination, unfractionated whole liver homogenates were probed for the c-Met receptor by western blot. Comparable levels of c-Met protein was expressed by both vehicle and TCDD-treated, partially hepatectomized mice from 0 to 4 hours post-PH (data not shown). However by 8 hours post-PH, c-Met expression was minimal in vehicle-treated mice, in comparison to levels demonstrated in TCDD-treated mice (Fig. 3.4), suggesting that AhR suppresses the down-regulation of the c-Met receptor during the regenerative process. 


Fig. 3.4 AhR suppresses the down-regulation of the c-Met receptor after PH. Mice were pretreated with vehicle or TCDD 24 hours prior to PH or SHAM procedure and killed post-operatively at 8 hours post-PH. Liver homogenates were probed for c-Met receptor by western blot. Actin was used as a loading control. 

Discussion


The transmembrane receptors play a significant role in directing the liver regenerative response. In particular, both LRP and c-Met receptors are prime regulators of hepatocyte proliferation after PH. These two effectors coordinately regulate the liver regenerative program, however their susceptibility to modulation was unclear. Accordingly, my study is the first to identify a source of regulation of both LRP and c-Met during regeneration. Specifically, my findings demonstrate that AhR alters the expression of these effectors in a mito-inhibitory fashion after PH and suggest another mechanism of AhR-mediated suppression of the hepatic regenerative response. 

In the current study, I investigated the regulatory relationship between AhR and these two receptors during liver regeneration. As shown in Fig. 3.5, both LRP and c-Met transmembrane receptors modulate hepatic restoration conversely through two, separate mechanisms. LRP is an endocytic protein that attaches to the PAI-1:uPA:uPAR complex and internalizes the mitogenic uPA system to remove the enzyme cascade from activity, thereby inhibiting liver regeneration. Alternatively c-Met binds its ligand HGF, and is activated by tyrosine phosphorylation to transduce proliferative signals through Gab1, Src, Cbl, and MAPK. As a consequence of activation, the c-Met receptor is internalized and degraded within lysosomes of cells. My findings demonstrate that AhR enhances membrane-bound LRP expression (Fig. 3.1A) and suppressed activated c-Met receptor expression and down-regulation (Fig. 3.2, 3.4), effects that could promote the attenuation of hepatocyte proliferation associated with AhR activity (Bauman et al., 1995). 


Fig. 3.5  c-Met and LRP regulation of the liver regenerative response.

The regulatory relationship between AhR and LRP is an intriguing finding that demonstrates that AhR modulates the regenerative response in a collaborative manner. In particular, our studies suggest that AhR-mediated, upregulation of LRP may be related to the ability of the transmembrane protein to down-regulate the mitogenic uPA system coordinately with PAI-1. PAI-1 is the specific inhibitor of uPA activity by directing uPA-endocytic removal by LRP (Czekay et al., 2001). In addition, this inhibitor is upregulated by AhR activity (Son and Rozman, 2002; Chapter 4). Thus, AhR-mediated upregulation of LRP may reflect an attempt to match the increased induction of PAI-1 in order to promote efficient clearance of uPA during liver regeneration. This coordinative relationship was also made apparent within the PAI-1 knockout population, as AhR was unable to regulate LRP expression in the absence of PAI-1 (Fig. 3.1B).  This result also highlights the importance of PAI-1 in AhR regulation of the liver regenerative response, a very significant functional relationship elucidated and discussed in Chapter 4. Together, these considerations suggest that AhR-mediated regulation of LRP is a functionally relevant mechanism to inhibit hepatocyte proliferation during liver regeneration.


In addition to LRP, my findings also suggest that AhR modulates the active form of the c-Met receptor as a mechanism to attenuate the regenerative process as well. We found that c-Met receptor was activated very early after PH and was down-regulated 8 hours thereafter, observations consistent with other studies (Hoshino et al., 1993; Stolz et al., 1999) Active c-Met is a potent growth inducer whose expression precedes and promotes the initiation of DNA synthesis during the latter portion of the regenerative program (Lindroos et al., 1991). Thus, my observation of AhR-mediated interruption in active c-Met expression and down-regulation may suffice to stifle the proliferative response. Together, these disruptions mechanistically support the observation that AhR suppresses the hepatic proliferative response during regeneration (Bauman et al., 1995).


Although interpretation of c-Met function was important in our investigation, a limitation of the study was that I was only able to demonstrate that AhR modulates the expression of the activated form of c-Met, we were unable to verify activity by observing  the phosphorylation status of downstream effector molecules. Curiously, analysis of several downstream targets of c-Met receptor activation did not reveal an AhR-related, inhibitory effect on expression levels of these moieties. However, c-Met-mediated alteration of these signaling pathways is a subtle and transient event (Personal Communication, Wendy Mars, Ph.D.), therefore we may need to further dissect our time intervals to detect possible AhR-mediated changes in the activation of these molecules. In addition, these transduction pathways are not entirely exclusive to regulation by only c-Met, also making interpretation of c-Met receptor activity difficult to discern.


Lastly, AhR control of both LRP and c-Met represents a highly novel mechanism of regenerative control. Although these two transmembrane receptors regulate hepatocyte proliferation in two divergent manners, LRP and c-Met activity may actually be coordinately related through their apparent regulatory control of the mitogenic uPA cascade. Given the role of LRP in the sequestration of uPA and uPAR to inhibit hepatocyte proliferation, it is noteworthy that both uPA and uPAR have also been shown to co-immunoprecipitate with active c-Met during the regenerative process to promote proliferation as well (Stolz et al., 1999). These observations suggest that activity of LRP and c-Met may directly counter each other during the regenerative process to vie for possession of the enzyme system. Thus, our data could actually reflect efforts by AhR to finely regulate both receptors to achieve a mito-inhibitory effect.


In conclusion, these studies demonstrate a modulatory relationship between AhR and the transmembrane receptors LRP and c-Met. Our results suggest that AhR regulates these receptors to promote anti-proliferative effects within hepatocytes, proposing an AhR-mediated mechanism for the attenuation of liver regeneration.

Chapter Four

Regulation of Plasminogen Activator Inhibitor Type 1 by the Aryl Hydrocarbon Receptor during Mouse Liver Regeneration

Abstract

Although the physiology of liver regeneration has been well characterized, the cellular and molecular events that regulate this process remain elusive and poorly understood. Recent studies indicate that the liver regenerative process following partial hepatectomy (PH) can be down regulated by activation of the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor that is implicated in liver development and cell cycle regulation. One recently described target gene for the AhR is plasminogen activator inhibitor-1 (PAI-1), which appears to function in curtailing the regenerative response. The goal of the present study was to determine how AhR activation influences PAI-1 expression and activity in the context of the regenerative program. The hypothesis that AhR activity suppresses liver regeneration by increasing PAI-1 activity was tested using an in vivo model system of 70% partial hepatectomy (PH) in which mice were pre-treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a potent and persistent exogenous AhR agonist. I demonstrate that AhR-mediated suppression of the regenerative response is dependent upon PAI-1 presence and that sustained AhR activity augments PAI-1 protein levels in plasma, with peak expression occurring at 8 and 36 hours post-PH. Likewise, increased PAI-1 transcript levels were upregulated in the liver of TCDD-treated mice and correlated with the expression of PAI-1 protein in the plasma. Between 12 and 16 hours post-PH, PAI-1 plasma levels in TCDD-treated mice exhibited a four-fold decrease that corresponded with enhanced PAI-1 protein uptake within hepatocytes during this time. Increased PAI-1 expression in TCDD-treated mice appeared to confer a functional significance by diminishing the presence of a critical liver mitogen, hepatocyte growth factor (HGF), in an AhR-dependent manner. Conclusion: These findings suggest a novel role for the AhR in regulating the regenerative response through the induction and activity of PAI-1. 

Introduction
The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that directs the expression of genes involved in the regulation of biochemical homeostasis, cell proliferation and apoptosis (Nebert et al., 2000; Bock and Kohle, 2006;). Although the AhR is ubiquitously expressed in mammalian tissues, its enhanced presence within the liver implies a particularly prominent role in hepatic physiology (Li et al., 1994). For example, the constitutive presence of a functional AhR is necessary for the development of both the organ itself as well as hepatic vasculature (Walliser et al., 2004). Accordingly, animals lacking the AhR gene exhibit a reduction in liver size and poor parenchymal perfusion, suggesting the importance of AhR in normal hepatic growth and function (Gonzales and Fernandez-Salguero, 1998; Lahvis et al., 2000). 

Increasing evidence indicates that cell cycle regulation by the AhR exerts a pronounced effect on hepatocyte proliferation. Much of this data is derived from investigations in which the AhR is activated by its prototypical ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a potent, persistent and ubiquitous environmental pollutant (Mandal, 2005). For instance, in vitro studies demonstrate that sustained AhR activity following exposure to TCDD inhibits growth by arresting hepatocytes in G1 phase of the cell cycle (Kolluri et al., 1999; Weiss et al., 1996) Similar effects on proliferation are also observed in vivo, as exogenous AhR activation attenuates the regenerative response after partial hepatectomy (PH), apparently by targeting the G1/S phase transition of the cell cycle (Bauman et al., 1995; Mitchell et al., 2006). However, liver regeneration is fundamentally a multi-step process and the precise regulatory mechanisms are unclear.
A well-studied mechanism apparently responsible for regulating the regenerative process involves the urokinase plasminogen activator-plasmin system (Rosselli et al., 1998). Urokinase Plasminogen Activator (uPA) is a serine protease that promotes proliferation by activating hepatocyte growth factor (HGF), a potent mitogenic stimulus that potentiates regeneration (Lindroos et al., 1991; Mars et al., 1993). In addition, uPA cleaves the fibrinolytic enzyme precursor plasminogen to plasmin to direct the necessary breakdown and remodeling of the extracellular matrix to accommodate the increase in parenchymal tissue that results from the regenerative response (Shanmukhappa et al., 2006). The primary inhibitor of uPA is plasminogen activator inhibitor-1 (PAI-1), whose induction during regeneration regulates both the proliferative and matrix remodeling aspects of the hepatic regenerative response (Hekman and Loskutoff, 1988; Naldini et al., 1992; Thornton et al., 1994). To execute inhibition, PAI-1 directly associates with uPA, which is attached to its cell surface-bound receptor uPAR, to form a trimeric complex that is internalized for uPA degradation within hepatocytes (Cubellis et al., 1990; Grimsley et al., 1995). In this manner, PAI-1 negatively regulates the regenerative response, such that mice homozygously lacking this enzyme demonstrate an accelerated rate of hepatocyte proliferation in comparison to wild-type populations (Shimizu et al., 2001) 

Although the functional importance of PAI-1 activity during regeneration is well characterized, its source of regulation has been attributed to several factors (Westerhausen et al., 1991, Koziczak et al., 2001; Kortlever et al., 2006). In addition, recent evidence also indicates that the gene encoding PAI-1 is a target of AhR transcriptional control (Son and Rozman, 2002). In particular, exogenous treatment of mouse hepatoma cells with TCDD was found to increase PAI-1 mRNA levels and protein, and this upregulation appears to occur through an AhR-mediated pathway (Puga et al., 2000). Nevertheless, direct AhR-mediated induction of PAI-1 in vivo has not been demonstrated, and the physiological relevance of such induction is unclear.

Given that AhR activity reduces hepatocyte proliferation and that PAI-1 is an established negative modulator of the regenerative response, we tested the hypothesis that AhR activity influences hepatic growth by regulating the expression and activity of PAI-1 within the regenerating liver. To pursue this, I used an in vivo model system of PH in mice pre-treated with TCDD to determine how AhR activation modulates the PAI-1-uPA system during liver regeneration. 

Materials and Methods

Animals 

All care and procedure conditions were approved by the guidelines set by the Institutional Animal Care and Use Committee at the University of Texas Medical Branch (UTMB) at Galveston. Wild-type (C57BL/6) mice and PAI-1 knock-out (PAI-1-/-) mice (backcrossed onto a C57BL/6 background) were purchased from Jackson Laboratories (Bar Harbor, ME) and used at 8-10 weeks of age. Animals were maintained in microisolator cages with unlimited access to drinking water and food while under a 12 hour light/dark cycle. 

TCDD


Please refer to Chapter Two.
Surgical Procedures

Please refer to Chapter Two.

PAI-1, uPA, and TGF-( Measurements

Blood was collected in heparin-coated tubes and plasma was recovered after centrifugation. Plasma samples were analyzed by ELISA for active PAI-1 and unbound uPA according to the manufacturer’s instructions (Molecular Innovations, St. Louis, MO). The sensitivity of these assays was 0.05 ng protein per ml of plasma.

5’-Bromo-2’-deoxyuridine Labeling and Histopathology

 Liver proliferation was evaluated through the use of  5’-Bromo-2’-deoxyUridine (BrdU; Sigma Aldrich, St. Louis, MO). Mice were injected intraperitoneally with 50 mg/kg BrdU 2 hours before sacrifice. Formalin-fixed liver tissues were prepared for immunohistochemical analysis by standard procedures in the UTMB Research Histopathology Core Facility. Paraffin-embedded sections stained with either an anti-BrdU antibody (Molecular Probes, Carlsbad, CA) or with hematoxylin and eosin (H&E). The number of BrdU-positive nuclei of hepatocytes was assessed (without knowledge of treatment group) in four different fields for each liver sample and tabulated as an average percentage.

PAI-1 Immunofluorescence Staining and Confocal Laser Scanning Microscopy  

Fresh liver tissue was quick frozen and prepared for immunofluorescence staining according to the protocol described by Lagoa et al. (2005). OCT-embedded tissue was sectioned (5(m) and fixed in 2% paraformaldehyde dissolved in PBS for 7 minutes. Slides were washed in PBS containing 0.5% bovine serum albumin and 0.15% glycine and blocked with 20% donkey serum for 45 minutes at room temeperature. Tissues were incubated overnight at 4˚ C with a rabbit anti-PAI-1 antibody (American Diagnostica Inc., Stamford, CT) in PBS+BSA+Glycine and for 1 hour with a secondary antibody conjugated to a Cy3 fluorophore (Jackson Immuno Research, West Grove, PA) in PBS+BSA+Glycine to detect PAI-1. To detect hepatocyte borders, cell membranes were stained for E-cadherin (GeneTex, San Antonio, TX) and followed by a Cy5 conjugated donkey secondary antibody (Jackson Immuno Research). Nuclear DNA was stained with  DAPI (Molecular Probes, Carlsbad, CA) and rinsed with PBS. Slides were mounted with ProLong Mounting Media (Molecular Probes) and cover-slipped. Visualization of the tissues was achieved with a Zeiss L10 microscope and camera in the Confocal Microscopy Research Core Facility at UTMB.

Quantitative Real Time RT-PCR (qRT-PCR) Analysis

 RNA was isolated from frozen liver tissue at the indicated times after surgery with an RNAqueous kit (Ambion Inc, Austin, TX) according to the manufacturer’s protocol. qRT-PCR was performed by the Sealy Center for Cancer Cell Biology and Real-Time PCR Core Facility at UTMB as described by Mitchell et al (2006).
Western Blot Analysis

 Frozen liver tissue was homogenized, fractionated and probed for western blot analysis according to a protocol described by Lagoa et al. (2005). Briefly, liver tissue was homogenized in a buffer consisting of Tris-HCl, pH 7.6 and the following protease and phosphatase inhibitors all purchased from (Sigma Aldrich, St. Louis, MO): AEBSF (50 (g/mL), sodium amiloride (1mmoL), and several inhibitor cocktails (catalog numbers. P8340, P5726, P2714, and P2850). Resultant lysates centrifuged at 17,000 rpm for 3 hours at 40 to fractionate the cytosolic supernatant from the membrane/nuclei pellet. The membrane pellet was solubilized in 1% sodium dodecyl sulfate (SDS) in the Tris-HCL buffer and inhibitors. Protein concentrations of the liver homogenates were determined with a protein assay kit (BioRad Laboratories, Inc. Hercules, CA), and 150 ug of protein was loaded onto either 7.5 or 12% SDS gels and transferred to polyvinylidene difluoride membranes (BioRad Laboratories, Inc.). Membranes were blocked in a Tris Buffered Saline-Tween 20 (TBST) solution of either 5% milk or fish gelatin and probed for either Hepatocyte Growth Factor (HGF) (R&D Systems, Minneapolis, MN) or PAI-1 (American Diagnostica, Inc.). Membranes were incubated with secondary antibodies conjugated to horseradish-peroxidase for 1 hour at room temperature in 1% milk or fish gelatin. Filters were visualized with a chemiluminescent oxidizing detection system (Perkin Elmer, Waltham, MA).

Statistical Analysis

 Data were analyzed using Graph Pad Prism Software (San Diego, CA) by a two-way ANOVA (with a Bonferroni Post-Hoc Test) and by a Mann-Whitney U Test. The data represent the mean + Standard Deviation and were considered statistically significant with a confidence interval set at 95% or p < 0.05.

Results

AhR suppression of hepatocyte proliferation is not evident in the absence of PAI-1. 

Given the importance of PAI-1 in liver regeneration and the regulation of 

PAI-1 expression by AhR activation, we sought to determine whether PAI-1 knockout mice demonstrated a resistance to TCDD-mediated AhR-induced suppression of regeneration. Mice homozygously lacking the PAI-1 gene were treated with TCDD or vehicle prior to PH, and liver sections were evaluated for proliferation throughout the regenerative process. In vehicle-treated PAI-1-/- mice, DNA synthesis peaked at 36 hours post-PH (Fig. 4.1A,B) with a magnitude of proliferation comparable to that of wild-type. In contrast to results obtained in wild-type mice (Fig. 4.1C), TCDD treatment of PAI-1-/- mice did not suppress liver regeneration. Only sparse BrdU- positive nuclei were detected in sham-operated PAI-1-/- mice treated with TCDD or vehicle (data not shown), indicating that TCDD treatment by itself does not induce hepatocyte proliferation. These observations indicate that AhR-mediated inhibition of liver regeneration is dependent upon PAI-1 expression.


Figure 4.1.  AhR-mediated suppression of liver regeneration requires PAI-1.  PAI-1 knockout mice or Wild-type mice were treated with vehicle or TCDD 24 hours prior to PH. Animals were pulsed with BrdU 2 hours prior to sacrifice at the indicated times. Remnant liver tissue was harvested, sectioned and stained for immunohistochemical analysis. A, BrdU-positive nuclei from PAI-1 knockout mice were counted in four separate, random fields of liver tissue per mouse.  Graph represents average percentage of BrdU-positive nuclei in tissues from three mice per treatment group. Representative photomicrographs (40X) of liver tissue at 36 hours post-PH depict BrdU staining (B). C, For comparative purposes, BrdU-positive nuclei from Wild-type mice were counted in four separate, random fields of liver tissue per mouse. Graph represents average percentage of BrdU-positive nuclei in liver tissue from three wild-type mice per treatment group. Asterisks indicate a significant difference compared with vehicle group at the same time point (p< 0.05).

AhR activity increases PAI-1 protein and mRNA expression after PH. 

Based on our observation that TCDD-mediated suppression of regeneration by the AhR requires PAI-1, coupled with a recent report that demonstrates that TCDD treatment induces PAI-1 in hepatocyte-derived cell lines in vitro (Puga et al, 2000; Son an Rozman, 2002), we hypothesized that AhR activity would upregulate PAI-1 expression in the regenerating liver. To pursue this, I measured PAI-1 levels in plasma from wild-type animals that underwent PH. During regeneration of vehicle-treated mice, PAI-1 protein was first detected in plasma 8 hours post-PH, with peak levels observed between 16 and 24 hours post-PH (Fig. 4.2,A). In contrast, TCDD-treated mice demonstrated a markedly different pattern of plasma PAI-1 expression, that reached approximately 100-fold higher than vehicle-treated mice. This AhR-mediated increase in PAI-1 was first evident at 0.1 hours, peaked between 8 and 12 hours post-PH, sharply and reproducibly declined by 16 hours after PH, and then steadily progressed towards a second peak throughout the remainder of the time course. This exaggerated, AhR-dependent increase in PAI-1 was specific to the regenerative process, as PAI-1 levels were minimal in sham-operated mice (data not shown).

To address the oscillations in PAI-1 protein levels in the plasma, I measured hepatic mRNA levels of PAI-1 by quantitative RT-PCR (qRT-PCR) analysis.  In vehicle-treated mice, PAI-1 mRNA was induced by 30 minutes after PH and showed peaks at 8 and 14 hours (Fig. 4.2B and inset). Similarly, PAI-1 transcript levels were rapidly induced following PH in TCDD-treated mice, and exhibited a two-peak pattern distinguished by a precipitous decline at 12 hours post-PH. However, the extent of PAI-1 mRNA induction was amplified approximately 10-fold in comparison to vehicle-treated mice. 


Figure 4.2. TCDD treatment increases PAI-1protein and transcript levels during liver regeneration. Wild-type mice were pre-treated with vehicle or TCDD 24 hours prior to PH and sacrificed at the indicated time interval. A, Plasma was analyzed for PAI-1 protein by ELISA (A). Graph depicts the average plasma concentration of PAI-1 in  mice pre-treated with vehicle (open bars) or TCDD (solid bars) at each time interval (n=6).  B, RNA was isolated from remnant liver tissue and quantified by qRT-PCR for PAI-1 transcript. mRNA levels were normalized to 18S rRNA. Graph represents data run in triplicate from 2 different experiments. Asterisks indicate a significant difference compared with vehicle group at the same time point (p< 0.05). 

Plasma uPA is decreased by AhR activity during liver regeneration

 Because PAI-1 protein levels were found to be elevated as a result of AhR activation, we determined whether PAI-1 activity would likewise be increased. Given that the primary function of PAI-1 is to bind and sequester uPA, thereby preventing the uPA-mediated activation of HGF (Naldini et al., 1992), we measured levels of unbound uPA as an indication of PAI-1 activity during liver regeneration. As shown in Figure 4.3A, uPA protein levels peak at 12 hours post-PH in vehicle-treated animals and decline thereafter. In contrast, TCDD treatment elicited a two-fold decrease in unbound uPA at this time but had no significant effect at other times. Note that the reduced levels of unbound uPA at 12 hours in TCDD-treated animals inversely corresponds with higher levels of PAI-1 protein at this time (Fig. 4.2A), which is consistent with enhanced PAI-1 activity in these mice. This observation suggests that PAI-1 regulation by AhR is also relevant functionally by inhibiting uPA availability during the regenerative process.


Figure 4.3.  Levels of uPA plasma protein during liver regeneration. Wild-type mice were pre-treated with vehicle or TCDD 24 hours prior to PH and sacrificed after surgery at the indicated time. Average concentration of  unbound uPA in the plasma from three animals per treatment group. Open bars reflect data from vehicle treated mice, solid bars indicate data  from animals pre-treated with TCDD.  Asterisk indicates a significant difference compared with the vehicle group at the same time point (p<0.05).

AhR activity increases uPAR mRNA transcripts after PH

 We reasoned that the observed increased levels of PAI-1 accompanied by the decreased uPA content in plasma found in TCDD-treated mice after PH would be associated with increased hepatic uPAR levels as well, since the receptor uPAR is required for efficient internalization of uPA (Czekay et al., 2001). Thus, enhanced utilization during this 12-16 hour time interval would necessitate increases in uPAR expression. We found that peak uPAR expression occurred 14 hours post-PH (Fig. 4.4) in vehicle-treated mice. In contrast, mice treated with TCDD demonstrated maximal uPAR expression one-hour earlier, and the magnitude of the response was enhanced six-fold over that of vehicle-treated animals at this time. Transcript levels of uPAR were minimally induced in sham-operated mice and an AhR- related effect was not observed in these mice (not shown).


Figure 4.4.  Levels of uPAR transcript during liver regeneration. Wild-type mice were pre-treated with vehicle or TCDD 24 hours prior to PH and sacrificed after surgery at the indicated time. uPAR transcript levels quantified by qRT-PCR and normalized to 18S rRNA. Open bars reflect data from vehicle treated mice, solid bars indicate data from animals pre-treated with TCDD. Asterisk indicates a significant difference compared with the vehicle group at the same time point (p<0.05).

PAI-1 protein levels are upregulated in liver homogenates as a result of AhR activation during regeneration

 Since one consequence of PAI-1 activity is the internalization of PAI-1:uPA:uPAR complexes from the cell membrane surface (Cubellis et al., 1990; Grimsley et al., 1995), we determined whether AhR activity affected the localization and the expression level of PAI-1 in hepatocytes. Liver homogenates were fractionated to resolve the membrane and cytosolic (encompassing the endosomal compartment) components and probed for PAI-1 protein by western blot at key time intervals of plasma protein expression. PAI-1 internalization was assessed by its expression within the cytosolic component. In vehicle-treated mice, PAI-1 protein was detected in the cytosol at 0.5 and 8 hours post-PH, but was not detected thereafter (Fig. 4.4, 4.5). In contrast, cytosolic PAI-1 was reduced at these times in TCDD-treated mice but was markedly enhanced at 12 hours post-PH. Membrane-bound PAI-1 expression was detected in vehicle pre-treated mice by 8 and 12 hours post-PH, and appeared to diminish by 16 hours. However, TCDD treatment enhanced PAI-1 membrane protein expression at these times as well as 16 hours post-PH. In quiescent livers of sham vehicle- and TCDD-treated mice, only minimal amounts of intracellular and membrane-bound PAI-1 protein were detected in quiescent liver of both vehicle- and TCDD-treated mice (not shown). 


Figure 4.5.  TCDD treatment modulates PAI-1 protein levels in hepatocytes during liver regeneration. Wild-type mice were treated with vehicle or TCDD 24 hours before PH and sacrificed post-PH at the indicated time. Remnant liver tissue was fractionated to facilitate detection of protein in either the membrane (memb.) or cytosolic/soluble  (sol.) components. Homogenates were probed for PAI-1 protein or actin by western blot. Actin was used as a loading control. Representative blots of results consistently observed in 2 separate experiments.

AhR activation enhances PAI-1 protein expression and uptake within hepatocytes after PH

  Given our observations that peak levels of PAI-1 at 12 hours markedly decrease by 16 hours in TCDD-treated mice, we hypothesized that this decline reflects internalization within the liver and accordingly investigated PAI-1 distribution in hepatocytes using confocal microscopy. Minimal levels of immunofluorescent staining for PAI-1 were detected in liver sections from vehicle- or TCDD-treated mice prior to PH (Fig. 4.6, 0h). In vehicle-treated mice, PAI-1 staining remained modest, with increases observed at 15-16 hours. In contrast, TCDD-treatment was associated with marked fluctuations in PAI-1 expression between 12-16 hours post-PH. The decrease observed at 13 hours is coincident with the decline in PAI-1 transcript levels during that time interval (Fig. 4.2).  A caveat worth noting is that immunofluorescent staining does not distinguish between newly synthesized PAI-1 within the cytosol and PAI-1 internalized through endocytosis. However, I reasoned that the detection of any PAI-1 at the cell surface would be consistent with the detection of an active PAI-1 moiety, presumably complexed by uPA and uPAR. Thus, yellow-stained areas represent the merging of red and green fluorochromes, representing PAI-1 and E-cadherin, respectively, the latter of which is a structural component of the cell membrane. These observations suggest that PAI-1 protein is localized at the hepatocytes between 12 and 16 hours post-PH, an effect that is enhanced by AhR activity.
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Figure 4.6. TCDD treatment enhances PAI-1 protein localization within hepatocytes during the regenerative process. Wild-type mice were treated with vehicle or TCDD 24 hours before PH and sacrificed post-PH at the indicated interval. Liver tissue was sectioned and stained with antibodies to E-cadherin, PAI-1, and nuclear DNA. Images were obtained by confocal microscopy at 63X magnification. Photomicrographs depict PAI-1 (red), E-cadherin (extracellular membrane; green) and DAPI-stained nuclei (blue) from vehicle- and TCDD pre-treated mice at the indicated times post-PH. Yellow areas represent co-localization of PAI-1 (red) and E-cadherin (green). Data are representative of 2-3 experiments, with 3 mice for each treatment group.

During regeneration, levels of hcHGF are decreased in TCDD-treated mice

 To determine the functional significance of the AhR-mediated increases in PAI-1 expression and activity observed in TCDD-treated mice, we measured hepatic levels of activated HGF during this time interval of enhanced PAI-1 activity and consequent internalization. Synthesized as an inactive, single-chain protein, HGF must be processed into an active, two-chain form which includes a heavy chain (referred to as hcHGF), to confer essential signals for hepatocyte proliferation (Naka et al, 1992). Since this conversion is achieved through uPA activity, HGF activation is accordingly negatively regulated by PAI-1. Hence, we predicted that levels of hcHGF would be reduced in TCDD-treated mice. As shown in Fig 4.7, hcHGF was detected 12-16 hours after PH in both vehicle and TCDD-treated mice. However in TCDD treated mice, hcHGF protein was markedly diminished as compared to vehicle-treated mice between 12 and 14 hours post-PH. Thereafter, hcHGF levels in TCDD-treated mice appeared to rebound by 15 hours post-PH, which coincides with the decline in plasma PAI-1 levels at this time (Fig. 2). This observation suggests that PAI-1 regulation by AhR is relevant functionally by decreasing HGF activation during regeneration.


Fig. 4.7.  Levels of active HGF are decreased in the regenerating livers of mice treated with TCDD. Wild-type mice were treated with vehicle or TCDD 24 hours prior to PH. Mice were killed at the time indicated, and liver homogenates were probed for the active form of HGF (heavy chain, hcHGF) by western blot. Actin was used as a loading control.

TGF-beta is upregulated by AhR activity during liver regeneration.

 TGF-beta is a growth factor associated with suppression of hepatocyte proliferation (Houck and Michalopolous, 1989) and is implicated as a terminator of the regenerative response (reviewed in Mangnall et al., 2003). In addition, TGF-beta regulation is often associated with PAI-1 expression during the regeneration process (Westerhausen et al., 1991). Given that AhR attenuates the regenerative response and upregulates PAI-1 (Figs 2,5, and 6), we hypothesized that TGF-beta would be upregulated in the presence of TCDD-treatment. To test this possibility, we measured TGF-beta protein in the plasma of partially-hepatectomized, pre-treated mice. In vehicle-treated animals, TGF-beta plasma protein was expressed by 0 hours post-PH and peaked at 20 hours (Fig. 4.8). TCDD-treated animals demonstrated comparable levels of TGF-( plasma protein to that of vehicle-treated animals, but were significantly enhanced at 36 hours post-PH. This observation suggests that AhR activity up-regulates TGF-beta specifically during the latter portion of the regenerative process.

Fig. 4.8 TCDD treatment upregulates the production of TGF-( during liver regeneration.  Mice were pretreated with vehicle or TCDD 24 hours prior to PH and sacrificed post-operatively at the indicated time. Data reflect the average plasma concentration of TGF-(. Each treatment consisted of 5 to 6 mice. Results are representative of three to four separate experiments.

Discussion 

Liver regeneration is a complex process that appears to be regulated at several different levels, including through the uPA-PAI-1 cascade. Given that PAI-1 expression is minimal in the intact liver, its promotion following tissue resection suggests that PAI-1 plays a significant role in restoring organ mass (Sawdey et al., 1991). PAI-1 presence during the regenerative process has been conjectured to inhibit hepatocyte proliferation (Thornton et al., 1994) and ECM remodeling (Shanmukhappa et al., 2006), two processes regulated by uPA and potentiated by uPAR (Ellis et al., 1991; Mars et al., 1995). Furthermore, PAI-1 has been shown to alter the kinetics of regeneration, as animals lacking the PAI-1 gene exhibit an accelerated proliferative response as compared to wild-type animals (Shimizu et al., 2001).  In the present study, I evaluated the expression of PAI-1 during liver regeneration in relationship to several endpoints of PAI-1 function.  Additionally, we identified a novel source of regulatory control of PAI-1, through the activation of AhR.

In this current study, we investigated AhR-modulation of the uPA-PAI-1 cascade during liver regeneration. As shown in Figure 4.9, uPA activity at its cell-surface receptor uPAR cleaves HGF to its active form. For inhibition, PAI-1 binds to uPA and directs the attachment of LDL-Receptor-related protein-1 (LRP-1, an endocytic protein) to uPAR promoting the internalization of the PAI-:uPA:uPAR complex within hepatocytes. In the cytosol, uPA:PAI-1 are degraded through the lysosomal pathway, while uPAR and the LRP-1 are recycled back to the membrane surface (Czekay et al., 2001). Our results suggest that this inhibitory pathway is potentiated by AhR through regulation of PAI-1. During regeneration, PAI-1 protein and transcript were upregulated in the presence of TCDD (Fig. 4.2). The decline in PAI-1 protein in plasma was marked by enhanced PAI-1 protein expression with the cell membrane and cytosol of hepatocytes (Figs. 4.5, 4.6). This cellular localization coincidentally modulated uPA, uPAR, and HGF function and that this is an AhR-dependent process (Figs. 4.3, 4.4, 4.7 respectively).


Figure 4.9. Schematic of the urokinase plasminogen activator cascade and its enhanced inhibition by AhR-mediated PAI-1 during liver regeneration. 

Increasing evidence implicates a role for the AhR in regulating hepatocyte proliferation both in vitro and in vivo (Puga et al., 2000).  Several studies have demonstrated that suppression of cell growth in TCDD-treated cell lines and animals depends on the AhR-mediated modulation of several critical regulators of cell cycle progression (Kolluri et al., 1999; Mitchell et al., 2006). Instead, our findings indicate that AhR-mediated suppression of liver regeneration requires PAI-1 expression, as treatment with TCDD failed to inhibit regeneration in mice lacking this gene.  It is noteworthy that PAI-1-/- mice do in fact express a functional AhR, based on the observed expression of cytochrome P4501A1, an exclusively AhR-regulated gene (data not shown).  Given the functional capacity of the AhR in PAI-1-/- mice, my findings suggest that any AhR-mediated induction of cell cycle regulators is insufficient for suppressing liver regeneration in the absence of PAI-1.  This is intriguing because it suggests that the AhR may regulate hepatocyte proliferation by multiple mechanisms that integrate extracellular mitogenic cues within the intercellular proliferative program.

Our data describing the levels of mRNA during the regenerative process are consistent with other reports in wild-type animals (Schneiderman et al., 1993). Moreover, our observation that exposure to TCDD increases PAI-1 expression has been previously demonstrated in vitro (Son and Rozman, 2002). However, what was striking was the degree to which TCDD treatment increased PAI-1 expression as compared to control mice, at some time points as much as 100-fold.  The observation that the kinetics of PAI-1 expression were similar between vehicle- and TCDD-treated mice suggests that the fluctuations in PAI-1 levels after PH are actually the product of the regenerative program involving other transcription factors, but the amplitude of the response is influenced by AhR activity. 

The observation that treatment with TCDD increased PAI-1 transcript levels in the regenerating liver corroborates findings that suggest that PAI-1 is a direct target of AhR-mediated transcriptional activity (Son and Rozman, 2002; Puga et al., 2000).  In fact, the PAI-1 promoter is purported to contain an AhR response element that facilitates AhR-dependent transcription, lending support to the suggestion that AhR activation directly regulates transcription of the PAI-1 gene; however, these mechanisms have not been firmly established.  Given the fluctuations in PAI-1 transcript levels in the regenerating livers of both vehicle- and TCDD-treated mice, it is also possible that co-factors required for PAI-1 transcription may be expressed or recruited at different stages of the regenerative process.  

The concordance between PAI-1 mRNA and plasma protein levels detected during the initial regenerative period (0-20 hours) is lost thereafter with PAI-1 plasma levels increasing in the absence of comparable increases in transcript (Fig. 4.2). However, the enhanced protein expression is still a TCDD-dependent effect, implying an AhR-role, but is likely to occur through an indirect mechanism not yet characterized nor is its precise impact on regeneration known. Thus, it is possible that increased expression of PAI-1 in TCDD-treated mice may result from a synergistic interaction between AhR activation and an unidentified element of the regenerative program. For example, Chang et al (2007) report that AhR upregulates TGF-beta, an established negative effector of hepatocyte proliferation (Houck and Michalopoulos, 1989). This is intriguing because TGF-beta regulation is associated with the expression of PAI-1 (Westerhausen et al., 1991). Thus, the data is consistent with these findings (Fig 4.8) and demonstrates the relevance of AhR-mediated upregulation of these two moieties together as a means to suppress hepatocyte proliferation during the latter intervals of the regenerative process.
In addition to demonstrating that AhR activity promotes PAI-1 expression, I was also able to correlate this expression with increased PAI-1 activity, using uPA expression and HGF processing as endpoints (Shimizu et al., 2001; Sawdey and Loskutoff, 1991).  For example, we found that enhanced plasma levels of PAI-1 protein in TCDD-treated mice at 12 hours coincided with a marked decrease in uPA protein availability at this time.  This finding suggests that decreased levels of circulating uPA reflect increased internalization of the uPA:uPAR:PAI-1 complex, due to the abundance of PAI-1 available at this time.  Also, the sharp increase in uPAR transcript observed in TCDD-treated mice at 13 hours post-PH could reflect a compensatory increase triggered as a result of rapid uPAR internalization, or as a consequence of previously elevated PAI-1 levels in the circulation. These findings correspond with marked increases in PAI-1 expression in hepatocytes clearly demonstrated in liver tissue of TCDD-treated mice.

Increased internalization and subsequent inactivation of uPA is consistent with the observed reduction in hcHGF, which is produced as the result of uPA-mediated cleavage of inactive HGF (Naldini et al., 1992; Mars et al., 1993).  Interestingly, the diminution of hcHGF detected in TCDD-treated mice occurred 12-14 hours post-PH, which coincides with the time at which hcHGF levels typically begin to increase markedly (12-16 hours post-PH) (Pediaditakis et al., 2001).  Given the significant role of hcHGF in promoting compensatory regeneration, this decrease in hcHGF levels during this critical interval of time would have a physiologically relevant impact on the regenerative process (Lindroos et al, 1991). 

Although the observations suggest that elevated levels of PAI-1 in TCDD-treated mice are due to a synergistic interaction between AhR activation and the regenerative process, it could be argued that the enhanced induction of PAI-1 is a consequence of trauma incurred either through lobectomy or TCDD administration.  Indeed, PAI-1 has been shown to be expressed during the acute phase reaction, a systemic reaction that serves to reduce the extent of tissue damage after insult (Healy and Gelehrter, 1994).  Certainly, accessing the peritoneal cavity during surgery is invasive and most likely contributes to the minimal induction of PAI-1 we observe after sham operations (data not shown).  However, considerations by Mangnall et al. suggest that the anatomy of the partial hepatectomy procedure allows for whole lobe resection without causing significant trauma to the remaining tissue (Mangnall et al., 2004). Furthermore, previous studies have demonstrated that TCDD treatment prior to PH does not affect IL-6 or TNF-alpha expression, two key markers of the acute phase response to cellular injury (Healy and Gelehrter, 1994). With regards to PAI-1 expression as a consequence of TCDD toxicity, the dose of 20 ug/kg of TCDD used in these studies is not overtly toxic to the liver in wild-type mice and would likewise not elicit toxicity in the liver of  PAI-1 -/- mice, based on the preservation of normal liver architecture observed in these animals  (Chapman et al., 1985) (data not shown).

In conclusion, the results of this study suggest that the AhR participates in the liver regenerative process by modulating PAI-1 expression.  The ability of AhR activation to regulate hepatocyte proliferation through PAI-1 may prove applicable to the management of hepatic disease, as deregulation of the uPA cascade is implicated in the pathogenesis of several liver conditions, particularly hepatocellular carcinoma and cirrhosis (Zheng et al., 2000; Seki et al., 2006).  In recognizing that AhR activity can regulate this cascade, engineering of safe, therapeutic agonists or antagonists to modulate PAI-1 may be useful in treating disorders of hepatic regulation.

CHAPTER FIVE

Summary and Future Directions
Summary


The overall goal of the studies presented in this dissertation was to elucidate the mechanism underlying the AhR-mediated attenuation of liver regeneration. To pursue this, we monitored how AhR activity modulated critical regulators of the regenerative response following partial hepatectomy (PH) in mice pre-treated with a potent agonist of AhR. Our findings indicate that AhR regulates PAI-1 to suppress hepatocyte proliferation during liver regeneration. This conclusion is based on several observations. First as a result of PH, PAI-1 protein and transcript levels were markedly enhanced 100-fold in the presence of TCDD, suggesting that AhR upregulates PAI-1 specifically in the context of the regenerative process (Chapter 4). Secondly, AhR-mediated, PAI-1 regulation caused mito-inhibitory effects by suppressing the uPA cascade which is responsible for promoting hepatic growth through HGF and c-Met receptor activation. Accordingly, we found that AhR activity reduced active forms of both HGF (Chapter 4) and the c-Met receptor (Chapter 3) and prompted uPA removal by upregulating the endocytic transmembrane receptor LRP (Chapter 3). Thirdly, the results also demonstrated that AhR-mediated modulation of PAI-1 is significant functionally, as AhR was incapable of suppressing hepatocyte proliferation in the absence of PAI-1 (Chapter 4). Accordingly, these manifestations of AhR-mediated PAI-1 regulation during the regenerative process are depicted in Fig. 5.1.
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Fig. 5.1 Suppression of cell proliferation genes by the AhR during the liver regenerative process. AhR activity upregulates PAI-1 to inhibit the mitogenic uPA enzymatic cascade.
This finding that AHR mediates an autocrine-paracrine mechanism of replicative control through PAI-1 is quite intriguing, as most studies demonstrate that AhR suppresses hepatocyte proliferation by directly modulating critical regulators of the cell cycle. In particular, in vitro models suggest that AhR regulates key cell cyclic inhibitors including p27 and hypophosphorylated Rb to induce a G1 phase cell cycle arrest (Kolluri et al., 1999; Weiss et al., 1996; Huang and Elferink, 2005). In addition, we have also found that AhR modulates the cell cycle program through G1 cyclin-dependent kinase (CDK2) regulation to inhibit liver regeneration after partial hepatectomy in vivo (Mitchell et al., 2006). However, our observation of AhR-mediated upregulation of PAI-1 may also represent an additional means of cell cycle control by AhR. For example, PAI-1 activity also regulates the expression of several key cell cycle modulators (particularly p53, cyclin D1, and E2F) to ultimately depress cell replication (Koziczak et al., 2001; Kortlever et al., 2006). Thus, AhR-mediated modulation of PAI-1 may serve as an upstream mechanism to ultimately exert cell cycle control, complementing these previous findings. This consideration may also explain why AhR attenuates regeneration in wild-type animals, but is rendered incapable of such growth suppression in animals homozygously lacking the PAI-1 gene (Mitchell et al., 2006; Lockhart et al., 2007, manuscript under review). Accordingly, the apparent cross talk between PAI-1 and critical cell cycle regulators could represent a convergence of these extra- and intracellular signaling pathways to systematically and synergistically attenuate the regenerative response after PH. 

The observation that a regulatory relationship exists between AhR and PAI-1 during the regenerative process was also especially exciting for several other reasons. First, previous in vitro studies had reported that the PAI-1 gene is under AhR transcriptional control, however the functional significance of this regulation was unclear (Puga et al., 2000; Son and Rozman, 2002). Thus, these results suggest that this modulatory relationship exists to regulate hepatic growth during liver regeneration. Accordingly, the study is also the first to identify an in vivo source of PAI-1 regulation during the regenerative process. Secondly, this regulatory relationship between AhR and PAI-1 may explain the underlying AhR influence on both c-Met and LRP expression, two transmembrane receptors whose modulation during the liver regenerative process had also not been previously characterized. Lastly, AhR-mediated regulation of PAI-1 may also aid in understanding the termination of the regenerative program, whose precise molecular cues are poorly understood. Together, these findings and considerations help broaden the understanding in the fields of both liver regeneration and AhR biology. 

 Further Directions


Based on the observations that AhR activity modulates many critical regenerative effectors, it is logical to further elucidate the manifestations of these effects during the hepatic growth response.


In our studies, PAI-1 was significantly enhanced by AhR activity, however an intriguing observation was that the concordance between transcript and plasma protein expression was lost during the latter intervals of the regenerative time course (Fig. 4.2). Again, evidence of TCDD-induced augmentation of PAI-1 expression still implies an AhR-role, but may reflect an indirect mechanism possibly involving AhR recruitment of, and synergism with, other co-factors to attenuate hepatocyte proliferation. In particular, we have already identified that AhR upregulates TGF-beta (Fig, 4.8), a mito-inhibitory cytokine that is a recognized modulator of PAI-1 expression in vitro (Houck and Michalopoulos, 1989; Westerhaussen et al., 1991). As previously mentioned, PAI-1 activity is also associated with p53, E2F, and cyclin D1 expression, however these regulatory effects have not been characterized in the context of in vivo liver regeneration.

 Each of these moieties exert specific effects on cell replication. For example, PAI-1 modulates p53 and cyclin D1 to induce replicative senescence in vitro (Kortelever et al, 2006) and is down-regulated by E2F to promote cell growth (Koziczak et al, 2001). Thus to induce a mito-inhibitory phenotype, we would hypothesize that p53 is upregulated while both E2F and cyclin D1 are down-regulated in the presence of AhR activity during liver regeneration. For analysis, liver homogenates would be probed for these effectors in partially-hepatectomized, TCDD-treated mice to test whether AhR activation alters expression of these factors in this fashion. Since these three effectors are also specific regulators of the cell cyclic program, evidence of TCDD-mediated modulation of their expression may suggest that AhR also regulates hepatocyte proliferation through these molecules as well. Again, this finding would be highly consistent with previous observations in our lab (Mitchell et al., 2006) and would also provide corroborative evidence that AhR upregulates PAI-1 to ultimately prompt control of the cell cycle.


Although PAI-1 modulation by AhR was elucidated in the context of hepatocyte proliferation in this dissertation, the effect of its upregulation in the context of ECM remodeling could also be addressed. Matrix reorganization is also a critical component of the liver regenerative process (Shanmukhappa et al., 2006). In Chapter 2, we identified several enzymes that participated in matrix remodeling, particularly the MMPs. In addition, plasmin is another fibrinolytic enzyme that plays a prominent role in this process and is susceptible to inhibition by PAI-1 and AhR activity (Sutter et al., 1991; Kim et al., 1997; Gaido and Maness, 1995). Given that TCDD treatment upregulates PAI-1 after PH, plasmin protein levels may also be reduced by AhR activity during liver regeneration. To investigate this, liver homogenates from TCDD-pretreated, partially-hepatectomized mice would be probed for plasmin protein by western blot. Evidence of decreased expression would also suggest that AhR attenuates the liver regenerative process not only through inhibition of hepatocyte proliferation, but also through impairment of the ECM remodeling regime.


In summary, together these studies compliment the findings of the current study and may also further elucidate the role of AhR in the attenuation of the liver regenerative response as well.
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Abstracts

Mitchell KA, Lockhart CA, Huang G, Elferink CJ. Sustained Aryl Hydrocarbon Receptor Activity Attenuates Liver Regeneration. Mol. Pharmacol. 2006, 70:163-170.

In hepatocyte-derived cell lines, either loss of aryl hydrocarbon receptor (AhR) function or treatment with a persistent AhR agonist such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) can disrupt G1 phase cell cycle progression. The present study used liver regeneration to explore mechanistically how AhR activity modulates hepatocyte proliferation in vivo. Treatment of mice with 20 mug/kg TCDD 1 day before 70% partial hepatectomy (PH) resulted in a 50 to 75% suppression in liver regeneration. Impaired proliferation was not associated with changes in levels of interleukin-6 or tumor necrosis factor-alpha, which prime quiescent hepatocytes to enter G1 phase. In fact, administration of TCDD 12 h after PH, a period well beyond the priming phase, still induced the G1 arrest. Decreased proliferation in TCDD-treated mice correlated with reduced cyclin-dependent kinase-2 (CDK2) activity, a pivotal regulator of G1/S phase transition. In contrast to observations made in cell culture, suppressed CDK2 activity was not strictly associated with increased binding of the CDK2 inhibitors p21Cip1 or p27Kip1. However, TCDD decreased levels of cyclin E binding to CDK2, despite normal cyclin E expression. The evidence also suggests that TCDD-induced hepatic growth arrest depends upon sustained AhR activity because transient AhR activation in response to endogenous queues failed to suppress the regenerative response. These findings establish a functional role for the AhR in regulating normal cell cycle control during liver regeneration.
Lockhart CA, Mitchell KA, Huang G, Elferink CJ. Upregulation of PAI-1 by the Aryl Hydrocarbon Receptor During Mouse Liver Regeneration. Hepatology 2007 

(manuscript under review)

Although the physiology of liver regeneration has been well characterized, the cellular and molecular events that regulate this process remain elusive and poorly understood. Recent studies indicate that the liver regenerative process following partial hepatectomy (PH) can be down regulated by activation of the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor that is implicated in liver development and cell cycle regulation. One recently described target gene for the AhR is plasminogen activator inhibitor-1 (PAI-1), which appears to function in curtailing the regenerative response. The goal of the present study was to determine how AhR activation influences PAI-1 expression and activity in the context of the regenerative program. The hypothesis that AhR activity suppresses liver regeneration by increasing PAI-1 activity was tested using an in vivo model system of 70% partial hepatectomy (PH) in which mice were pre-treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a potent and persistent exogenous AhR agonist. We demonstrate that AhR-mediated suppression of the regenerative response is dependent upon PAI-1 presence and that sustained AhR activity augments PAI-1 protein levels in plasma, with peak expression occurring at 8 and 36 hours post-PH. Likewise, increased PAI-1 transcript levels were upregulated in the liver of TCDD-treated mice and correlated with the expression of PAI-1 protein in the plasma. Between 12 and 16 hours post-PH, PAI-1 plasma levels in TCDD-treated mice exhibited a four-fold decrease that corresponded with enhanced PAI-1 protein uptake within hepatocytes during this time. Increased PAI-1 expression in TCDD-treated mice appeared to confer a functional significance by diminishing the presence of a critical liver mitogen, hepatocyte growth factor (HGF), in an AhR-dependent manner. Conclusion: These findings suggest a novel role for the AhR in regulating the regenerative response through the induction and activity of PAI-1. 




Summary of Dissertation

Liver regeneration is orchestrated by a series of autocrine and paracrine cues that function to restore hepatic tissue, however the precise cellular and molecular mechanisms that regulate these signaling events are poorly understood. Recent evidence demonstrates that hepatocyte proliferation following partial hepatectomy (PH) can be attenuated by the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor that is involved in hepatic organogenesis and cell cycle control. This growth suppression suggests that AhR modulates critical signaling processes of the regenerative program. In particular, the regeneration process is initiated by both cytokines and matrix enzymes and propagated by the potent mitogenic activity of two proteins, the c-Met transmembrane receptor and urokinase plasminogen activator (uPA). However, this growth response is limited by the expression of plasminogen activator inhibitor-1 (PAI-1) and TGF-(, which terminates hepatocyte proliferation. The goal of these studies was to determine the influence of AhR on these moieties in the context of the regenerative program. The hypothesis that AhR modulates these signaling molecules in a mito-inhibitory manner was tested using an in vivo model system of 70% PH in mice pre-treated with 2,3,7,8-tertachlorodibenzo-p-dioxin (TCDD), a potent, prototypical, and persistent AhR agonist. We demonstrate that AhR did not alter cytokine or matrix enzyme expression during the regenerative process, but markedly upregulated PAI-1 and TGF-( protein levels post-PH. As a consequence, both c-Met and uPA activation were greatly suppressed in an AhR-dependent fashion during liver regeneration as well. Conclusion: These observations suggest a novel mechanism of AhR-mediated attenuation of the regenerative response and identify a possible physiologic function of AhR in vivo.
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� Data from this chapter were published as part of the following manuscript: Mitchell KA, Lockhart CA, Huang G, and Elferink CJ (2006). Sustained AhR activity attenuates liver regeneration. Mol. Pharmacol. 70:163-170.


� Data from this chapter were submitted to Hepatology in the following manuscript: Lockhart CA, Mitchell KA, Huang G, Elferink CJ. Regulation of Type 1 Plasminogen Activator Inhibitor during mouse liver regeneration. Figures 4.1C represent data generated by Kristen Mitchell, PhD. which was published in the manuscript mentioned in Chapter 2. 
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