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CAR/PXR Case Study Agenda

Monday, September 27", 2010

CAR/PXR Case Study Team Opening Remarks and Introductory Topics
1:30-2:00  Introductions and Opening Remarks: Cliff Elcombe and Doug Wolf

2:00-2:45 CAR - Current State of Knowledge and Role in Biology/ Physiology:
Curtis Omiecinski and Wen Xie

2:45-3.00 BREAK

3:00-3:45 CAR- and PXR-Mediated Liver Growth in Rodents: Review of Key
Events for Phenobarbital-Induced Rodent Liver Tumor Formation: Brian
Lake

3:45-4:10 Summary of Additional Literature: Histopathology and Nomenclature:
Russell Cattley

4:10-4:35  Epigenetics and Carcinogenesis: Emphasis on Phenobarbital-Induced
Alterations in DNA Methylation and Gene Expression: Jay Goodman

4:35-4:50 BREAK

4:50-5:05 CAR-Specific Data on Other Events: A Role for Oxidative Stress?: Remi
Bars

5:05-5:30  Species Differences and Other Factors Impacting on Risk Assessment:
Cliff Elcombe

7:00 WORKSHOP DINNER - Hotel

Tuesday, September 28", 2010

Dose-Response Modeling Considerations
8:00-8:15 Review of Day 1 and Plans for Day 2

8:15-8:45  Microarray and Biological Pathway of Phenobarbital Transcriptomic
Research: David Geter and Susan Hester
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8:45-9:45  IPCS Framework Analysis of MOA for Phenobarbital-Induced Mouse
Liver Tumors (Interactive Presentation/Discussion): Douglas Wolf and
Richard Peffer

9:45-10:00 BREAK

10:00 - 10:30 IPCS Framework Analysis of MOA for Phenobarbital-Induced Mouse
Liver Tumors (Interactive Presentation/Discussion, continued): Douglas
Wolf and Richard Peffer

10:30 - 11:15 Biologically Based Dose-Response Modeling for Hepatocarcinogenic
Effects of Phenobarbital: Rory Conolly and Kenny Crump

11:15-12:00 Begin Case Study Discussion
12:00-1:00 LUNCH

1:00-5:30 Case Study Discussion with Breaks as Needed
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Introduction for CAR/PXR Case Study

These nuclear receptor case studies will be reviewed and discussed to evaluate dose-
response modeling approaches based on available data that support an understanding of
key events, associative events, and modulating factors that lead to a mouse liver tumor
response. The weight of evidence approach will follow the human relevance framework
approach used in the US EPA Cancer Guidelines and published by WHO/IPCS.

Activation of the Constitutive Androstane Receptor (CAR) by a number of chemicals and
drugs, such as Phenobarbital, has been shown to result in a liver tumor response in the
mouse. CAR does not require a ligand for activation and functions as a heterodimer with
the Retinoid X Receptor (RXR). The CAR-RXR heterodimer binds to specific DNA
response elements, which results in increased expression of multiple CAR-responsive
genes including xenobiotic metabolizing enzymes. CAR can be activated by both direct
ligand binding as well as indirect mechanisms. CAR activation has been associated with
toxic or tumorigenic responses as well as protective responses with chemical exposure.

The Pregnane X Receptor (PXR) is another xenobiotic sensing receptor that has been
shown to function in a similar manner to CAR, also forming a heterodimer with RXR.
PXR activation also leads to increased expression of specific genes including xenobiotic
metabolizing enzymes, many of which are also CAR-responsive. Some molecules can
activate both CAR and PXR, producing a combined response pattern of gene expression
and functional changes.

The relative contribution of the activation of CAR and PXR, in context of the evaluation
of the Mode of Action (MOA) for mouse liver tumor development, will be evaluated as
part of the workshop effort. However, to focus the discussions, the CAR activator
Phenobarbital will be used as the model compound to investigate the current knowledge
of its MOA regarding mouse liver tumors, and how the dose-responsive key events and
deeper understanding of molecular mechanisms involved in that MOA can help inform
what types of models are most appropriate for use in risk assessment. CAR activation is a
well documented key event for Phenobarbital-induced mouse liver tumor development
such that mice lacking the CAR gene do not have display the biological responses seen in
Phenobarbital treated wild-type mice.

For this case-study we will review and discuss the features of a CAR mediated mode of
tumorigenic action. This effort will use a weight of evidence approach to describe the
key events derived from traditional toxicology studies as well as molecular and genomic
data. In addition the characterization of dose-response information will be evaluated to
determine its value for developing a quantitative biological model. The charge questions
build off the IPCS Human Relevance Framework and the modified Hill Criteria found in
the US EPA Cancer Guidelines for evaluating the mode of action and its relevance for
human health risk.
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CAR/PXR Discussion Questions

Introduction and Definitions

This case study reviews CAR/PXR-mediated mode-of-action (MOA). The objective of
this effort is to use the weight of evidence for the key events (including those derived
from molecular, cellular and genomic data) and accompanying dose-response data to
better characterize the likely dose-response behavior for apical outcomes (e.g., liver
tumors) induced through activation of CAR/PXR. The goal is to recommend dose-
response modeling approaches that most accurately reflect the underlying biology, when
the data are available, or identify needed data.

The discussion questions have been developed building on the IPCS Human Relevance
Framework (IPCS 2007) and the modified Hill Criteria for Causality (EPA, 2005) for
evaluating the MOA for CAR/PXR activation. Because the underlying mechanistic
knowledge of CAR/PXR is relatively well- characterized, additional knowledge of
biological processes beyond the major key events is available to refine our understanding
the overall dose-response behavior. To capture the impacts of this degree of mechanistic
understanding refinements to the current IPCS (2007) framework, as being developed by
ILSI and others, are being used to characterize the nature of the biological steps involved.

Important definitions included in the charge to the expert panel include:

Key Event: An empirically observable causal precursor step to the adverse
outcome that is itself a necessary element of the mode of action. Key events are
required events for the MOA, but often are not sufficient to induce the adverse
outcome in the absence of other key events.

Associative Event: Biological processes that are themselves not causal necessary
key events for the MOA, but are reliable indicators or markers for key events.
Associative events can often be used as surrogate markers for a key event in a
MOA evaluation or as indicators of exposure to a xenobiotic that has stimulated
the molecular initiating event or a key event.

Modulating Factor: There are many factors or biological responses that are not
necessary to induce the adverse outcome, but could modulate the dose-response
behavior or probability of inducing one or more key events or the adverse
outcome. Such biological factors are considered modulating factors. Example:
excessive body weight loss at a high dose
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Discussion Questions

Step 1la: Establish Key Events in MOA for Nuclear-receptor-mediated
Hepatomegaly and Tumorigenicity.).

1. What is the Mode of Action for CAR-mediated mouse liver tumors for a model CAR
activator (e.g. phenobarbital or related compounds), as evaluated using the IPCS
Framework for Human Relevance and the modified Hill Criteria applied to mode of
action (IPCS and EPA MOA Framework)?

a. Which are key events, which are associated events that could be markers of

CAR activation, and which are neither?
b. Are there key events that are not mediated via nuclear receptor activation?
c. Using the IPCS Framework, what is the human relevance of each key event?

Step 1b: Receptor-Mediated Gene Changes (1% Key Events).

2. What are the fundamental biological steps in ligand-activation of the specific
receptor(s) necessary to affect gene expression?
a. Isthe existing molecular biology for gene regulation sufficiently understood
to define it as a key event in the MOA?

I.  Does this event meet the requirements of the IPCS Human Relevance
and MOA Frameworks to be supported as a key event?

ii.  What are the key data needs to support receptor activation as a key
event; what are the data needs to establish or exclude human relevance
of this key event?

b. Are the existing data sufficient to determine a dose-response relationship for
this biological response?

i.  Are the existing descriptions of mathematical and statistical models for
characterizing the fundamental biological steps complete?

ii. Is the existing description of concentration or dose-response data for
these steps sufficient for dose-response modeling?

iii.  Please offer examples of dose-response data for nuclear receptor-
regulated gene expression effects.

iv.  What are the data needs, if any, for dose-response characterization and
modeling?

c. Isthere an amount of ligand that would be insufficient for activating the
specific receptor for induction of changes in gene expression?

i.  Are there empirical data that show an amount of ligand that is
insufficient to activate a specific nuclear receptor such that there is no
observable change in gene expression? Has a no effect level been
demonstrated?

Step 2: Additional Biological Responses

3. Subsequent to ligand activation of the specific nuclear receptor, what are the
fundamental biological changes necessary to cause biological responses?
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a. Is there sufficient understanding of these biological responses that lead to the
adverse outcome (liver tumor) by the described mode of action sufficiently
understood?

i.  Does the proposed sequence of these biological responses meet the
criteria for establishing a mode of action and its human relevance
within the IPCS Framework?

ii.  If not, what are the key data needs to determine the mode of action
and/or the Human Relevance?

b. If these biological responses are key events, are there sufficient data to determine
a dose-response relationship?

I. Is the existing description of mathematical and statistical models for
characterizing these key events complete?

Ii. Is the existing description of concentration or dose-response data for
these key events sufficient for dose-response modeling?

iii.  If not, what are the key data needed to characterize the dose-response
relationship?

c. Isthere an amount of ligand that would be insufficient for activating the specific
nuclear receptor such that there would be no induction of these key events or
associated biological responses? Does a no effect level exist?

Step 3: Adverse Outcome (Liver Tumor Response)

4. Does knowledge of Step 1 and Step 2 support the choice of an appropriate dose-
response model for either precursor events or the adverse outcome of concern? If not,
what are the missing data and what is needed to determine these data?

Forward-looking Questions

5. When one has data for a compound that has induced liver tumors or could be
reasonably expected to induce liver tumors based on its likelihood of acting as a nuclear
receptor ligand:
a. What framework or guidance can be suggested that describe a minimum series
of assays, tests, experiments, or studies that would specifically confirm a
nuclear receptor mediated mode of action and rule out other modes.
b. If more than one nuclear receptor is activated, how does one describe the
relative contribution and interactions?

6. What would be the most appropriate data to generate to inform future risk assessments
for nuclear receptor activators?
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CAR/PXR Case Study Group Draft Presentation
Abstracts and Outlines

CAR - Current State of Knowledge and Role in Biology/ Physiology: Curtis Omiecinski
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CAR- and PXR-Mediated Liver Growth in Rodents: Review of Key Events for

Phenobarbital-Induced Rodent Liver Tumor Formation: Brian G. Lake....................

Summary of Additional Literature: Histopathology and Nomenclature: Russell Cattley
Epigenetics and Carcinogenesis: Emphasis on Phenobarbital-Induced Alterations in

DNA Methylation and Gene Expression: Jay Goodman...........ccccceereiniiriinennesiiesninnns
CAR-Specific Data on Other Events: A Role for Oxidative Stress?: Remi Bars .................
Species Differences and Other Factors Impacting on Risk Assessment: Cliff Elcombe....

Microarray and Biological Pathway of Phenobarbital Transcriptomic Research: Dave

Geter, Amber Goetz, and SUSAN HeSTOT .....uvviiiiiiiiiiiiee ettt e et e e e e e neenns

[PCS Framework Analysis of MOA for Phenobarbital Induced Mouse Liver Tumors:

Doug Wolf and Rich Peffer ...

Biologically Based Dose-Response Modeling for Hepatocarcinogenic Effects of Phenobarbital:

ROIY CONOIIY ... oo e e e e e
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CAR - Current State of Knowledge and Role in Biology/ Physiology:
Curtis Omiecinski! and Wen Xie?

1Center for Molecular Toxicology and Carcinogenesis
Penn State University, University Park, PA 16802
’Depts Pharmaceutical Sciences and Pharmacology
University of Pittsburgh, Pittsburgh, PA 15260

1. Overview

a. Nuclear receptor overview — overview of the nuclear receptor subfamily, different
classes of receptor, common structural features and properties.

b. CAR & PXR as xenoreceptors — compare and contrast the CAR & PXR
xenoreceptors; introduce the issues of cross-talk, ligand promiscuity and DNA
targets.

c. Tissue Distribution — summarize information regarding the organ/cellular
distribution of CAR and PXR in mouse and human.

2. CAR Structure

a. Crystal Structure — mouse and human CAR have been crystallized. In this section
we will visualized the receptors and highlight important structural features that
contribute to unique aspects of CAR biology, such as the nature of its constitutive
activity and size/properties of its ligand binding pocket, dimerization interface
with RXR and the interactions of the CAR-RXR dimer with nuclear co-regulator
proteins such as co-activators and co-repressors.

b. Splice Variants — Describe the issue of alternatively spliced CARs. There are
several splice variants that have been identified at the RNA transcript level; will
present a diagram summarizing the variants and eliminating most from further
discussion due to lack of biological relevance, e.g., production of ‘dead’
receptors. Focus on what appear to be the most abundant and biologically
meaningful splice variants, including CAR2 — containing a 4 amino acid insertion
in the vicinity of the ligand binding pocket of the receptor, and, CAR3 —
containing a 5 amino acid insertion in the vicinity of the RXR dimerization
interface. Molecular modeling graphics will be shown to illustrate the key
structural features relative to CAR1, the reference form of the receptor.

3. Species Differences in CAR

a. Homologies and Structural Differences — reflect back on the mouse vs. human
crystal structures, provide sequence alignments to illustrate conserved and
divergent amino acids.

b. Ligand Activators/ Inverse Agonists — review differences in ligand specificities
and apparent activation potential of known CAR ligands, principally from the
mouse-human perspective but with comments on other species’ CAR receptors.

c. Indirect Activators, e.g., phenobarbital — discuss the important concept of CAR
activation with respect to direct vs. indirect CAR activators. Direct activators are
ligands for the binding pocket of the receptor, e.g., CITCO in human CAR.
Indirect activators, such as phenobarbital do not directly bind within the ligand
binding pocket of the receptor, rather activate the receptor through disrupting the
cytosolic tethering complex that otherwise ties CAR principally to the extra-
nuclear domain of the cell.
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d. Nuclear translocation — show fluorescence and immunolocalization micrographs
illustrating the cytosolic vs. nuclear distribution of CAR in the absence and
presence of activators, respectively. Summarize what appear to be the components
of the cytosolic tethering complex. Summarize a listing of genes that are up- or
down-regulated in the liver subsequent to CAR activation.

e. Regulation of CAR expression — briefly review studies analyzing the impact of
certain substances’ ability to modulate CAR expression in the hepatocyte.

4. Biological Functions of CAR

a. Lipid & Energy Metabolism — discuss the recent finding of the effect of CAR on
lipogenesis as related to hepatic steatosis and obesity. Discuss the mechanisms by
which CAR inhibit lipogenesis and obesity. These include the effect of CAR the
expression of genes involved in lipid and glucose metabolism and fatty acid
oxidation. Discuss the functional crosstalk between CAR and LXR and the
implication of this crosstalk in lipid metabolism.

b. Insulin Sensitivity — discuss the recent finding of the effect of CAR on insulin as
related to type 2 diabetes. The effect of CAR on ob/ob model as well as the high
fat diet induced insulin resistance model will be discussed. Effect of CAR on the
expression of gluconeogenic genes will also be discussed.

¢. Tumor Promotion — discuss how CAR facilitates unique phenobarbital-induced
expression changes of genes involved in key pathways in precancerous liver and
liver tumors.

NOTE: The following text is excerpted from a submitted review article to Toxicological
Sciences that is protected by copyright to Oxford University Press. Reproduction or other
use of this material requires permission from the publisher.

Citation information:

“Xenobiotic Metabolism/Disposition: From biochemical phenomenon to predictors of major
toxicities” Curtis J. Omiecinskil, John P. Vanden Heuvel, Gary H. Perdew, Jeffrey M. Peters
Center for Molecular Toxicology & Carcinogenesis, Department of Veterinary & Biomedical
Sciences, Penn State University, University Park, PA 16802

1.0 Constitutive Androstane Receptor (CAR, NR113)

1.1 Brief History and Overview

CAR was initially identified as MB67, isolated as an orphan nuclear receptor from human liver
in David Moore’s laboratory (Baes et al. 1994). Mouse CAR was isolated subsequently (Choi et
al. 1997). An unusual property of this receptor relative to other nuclear receptors can be inferred
by its name, in that the reference form or wild-type CAR does not require a ligand for its
activation. CAR functions typically as a heterodimer with the RXR and the dimer preferentially
targets DNA motifs that possess 4 or 5 direct repeat elements (DR-4, DR-5), although several
other DNA motifs have also been characterized as interacting elements (Baes et al. 1994; Choi et
al. 1997; Sueyoshi and Negishi 2001). Anderson’s research group was the first to characterize a
‘phenobarbital-responsive element’ in the 5’-flanking region of the PB-inducible rat CYP2B2
gene (Trottier et al. 1995), followed by the Negishi laboratory’s identification of the
‘phenobarbital response enhancer module’ upstream of the PB inducible mouse gene, Cyp2b10
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(Honkakoski and Negishi 1997), both activated through CAR interactions. Using transgenic
mouse constructs, the Omiecinski laboratory demonstrated that this modular region was required
for PB responsiveness in vivo (Ramsden et al. 1999). Other PB inducible genes encoding
proteins that function in all 3 phases of xenobiotic biotransformation have since been shown to
possess similar modules in their upstream promoter regions (Swales and Negishi 2004). For
example, CAR is known to up-regulate genes that encode the xenobiotic metabolizing enzymes
CYP2B, CYP2C, CYP3A, NADPH-cytochrome P450 reductase, STs, UGTs, and GSTs (Ueda et
al. 2002), as well as the xenobiotic transporters, Mrp2 and Mrp4 (Assem et al. 2004; Kast et al.
2002). In addition, results from gene expression profiling experiments have further identified a
role for CAR in the regulation of many other functionally distinct genes (Ueda et al. 2002). The
ensuing years since the discovery of CAR have been marked with efforts of many laboratories
that have defined the important role of this receptor as a mediator of xenobiotic induction
responses, its role in toxicological outcomes following xenobiotic exposures, and more recently,
the impressive roles that this receptor plays in regulating energy metabolism and lipid
homeostasis (Dekeyser and Omiecinski 2010; Moreau et al. 2008). These aspects of CAR
function are briefly reviewed in the following sections.

1.2 Xenobiotic/Ligand Activation

Specifically, CAR activation can be achieved either through direct ligand binding within the
ligand binding pocket of the receptor, or through indirect activation mechanisms. Interestingly,
both of these modes of interaction trigger release of the receptor from a cytoplasmic tethering
complex where it is then freed to undergo nuclear translocation, followed by dimerization to its
RXR nuclear partner and binding of the receptor dimer to requisite DNA motifs associated with
CAR-inducible genes (Mutoh et al. 2009). For example, the prototypical inducer PB is a
representative of a large class of structurally diverse xenobiotics that induce mammalian
biotransformation activities. Although PB induces biotransformation largely, if not exclusively,
through its interaction with CAR (Scheer et al. 2008), PB is not a direct ligand for the receptor
(Moore et al. 2000b). On the other hand, agents such as 6-(4-chloropheny)imidazo[2,1-
b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO), and 1,4-bis[2-(3,5-
dichloropyridyloxy)]benzene (TCPOBOP), directly and specifically act as potent ligand-
activators of the human and mouse CAR receptors, respectively [see Figure 1] (Maglich et al.
2003; Tzameli et al. 2000). Many drugs, natural product-derived substances and other xenobiotic
agents have now been identified as CAR activators (Chang and Waxman 2006), establishing
CAR as a critical effector of xenobiotic function and toxicity. Due to its high level of constitutive
activity, a number of ligands for CAR are referred to with the unusual descriptor of ‘inverse
agonists,’ reflecting their ability to bind as ligands to the receptor, but functioning to reduce the
overall level of receptor activity.

More recently, variants of human CAR have been identified that arise through alternative RNA
splicing. Two of these variants, termed CAR2 and CAR3, contain short 4- and 5-amino acid
insertions, respectively within the ligand binding domain of the receptor (Auerbach et al. 2003).
Estimates of their expression levels indicate that CAR2 and CAR3 comprise ~30% and ~20%
respectively, of the CAR pool in human liver (Dekeyser et al. 2009). Both of these CAR variants
possess unusual functional biology in that they are not constitutively active like the reference
form of the receptor, rather they are ligand activated. Using in silico modeling approaches as
well as data from ligand activation studies, the 5 amino acid insertion in CAR3 appears not to
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interfere with the receptor’s ligand binding pocket, suggesting that CAR3 may serve as
reasonable surrogate CAR in studies of ligand specificity analyses (Auerbach et al. 2005;
Faucette et al. 2007). However, similar assessments of CAR2 suggest that its 4 amino acid
insertion may alter the shape of the ligand binding pocket and alter its ligand specificity with
respect to reference CAR (Auerbach et al. 2003). For example, the ubiquitous plasticizer and
environmental contaminant, di(2ethylhexyl) phthalate, has been shown to be a highly potent and
selective CAR2 activator (Dekeyser et al. 2009). It is noteworthy to point out that these human
CAR variants are not present in rodents, therefore standard rodent models may not be sufficient
to assess human CAR receptor function. Further studies will be required to better determine the
toxicological and physiological impact in human tissues of the composite nature of CAR
structural variation.

1.3 Chemical Toxicity

Although CAR’s history is relatively short, CAR function has been variously associated with
both protection from and a facilitator of chemical toxicities. For example, mice that are deficient
for the CAR receptor are much more susceptible to hepatotoxicity resulting from acetaminophen
exposure (Zhang et al. 2002), a drug that is responsible for the majority of cases of acute liver
failure seen clinically in the U.S. (Lee 2003). Mechanistically, the sensitivity of CAR-null mice
to acetaminophen appears due to the deficiency in these mice in the induction of the phase Il
protective function of GST-Pi (Zhang et al. 2002). As a parallel in CAR’s history, it was found
that a traditional Chinese tea, Yin Chen, used to treat neonatal jaundice, contains a principle, 6,7-
Dimethylesculetin, subsequently identified as a human CAR activator (Huang et al. 2004a). As
bilirubin clearance is facilitated by UDP-glucuronosyltransferase 1A1 (UGT1Al), an enzyme
function included in the battery of CAR-responsive genes, it appears that these inductive effects
triggered by CAR activation may be protective for cases involving hyperbilirubinemia. Other
dietary components, including certain flavinoids, have also been identified as CAR modulators
(YYao et al. 2010), as have a number of medicinal chemicals such as the antimalarial drug,
artemisinin (Burk et al. 2005), the antiemetic, meclizine (Huang et al. 2004b), the anti-seizure
medication, phenytoin (Wang et al. 2004), and the anti-fungal agent, clotrimazole (Moore et al.
2000c). Along with PXR, CAR expression appears to offer a protective role against bile acid-
induced toxicities, reflected in the hepatic toxicity initiated by exposure to lithocholic acid
(Zhang et al. 2004). Thus, the role of CAR as a mediator of chemical toxicity and as a modulator
of chemically-induced disease is impressive, with the examples cited reinforcing the concept that
CAR functions as an integral xenobiotic sensor and a powerful biological rheostat, tuning the
response of cells and organ systems to xenobiotic exposures in both humans and many other
vertebrate species.

1.4 Tumor Promotion

PB is non-genotoxic, yet in rodents PB has long been noted for its capacity to act as a tumor
promoter in the development of hepatocellular carcinoma (HCC) in rodents. Standard initiation-
promotion studies comparing tumorigenesis in wild type vs. CAR-/- mice have demonstrated
clearly that CAR expression is required for the development of mouse HCC, following
promotion with either the indirect CAR activator, PB, or the direct mouse CAR activator,
TCPOBORP, a similarly non-genotoxic agent (Huang et al. 2005; Yamamoto et al. 2004).
Hepatomegaly in these models was similarly CARdependent. Mechanistically, GADD45B
(Yamamoto et al. 2010), an anti-apoptotic factor, as well as Mdm2 (Huang et al. 2005), a
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negative regulator of the p53 tumor suppressor, have been implicated as pathways activated by
CAR and contributory to the enhanced tumorigenic response in CAR wild type animals.
Recently, studies reported using connexin32 null mice determined that PB was largely
ineffective in promoting hepatocarcinogenesis in these animals (Moennikes et al. 1999), effects
apparently related to the inability of PB to block gap junctional intercellular communication
among liver hepatocytes — an underlying promotional mechanism that has been advanced for PB
and as well as other tumor promoting agents. The potential function of CAR as a regulator of
intercellular communication has not yet been well explored. However, despite these intriguing
results and mechanistic roles advanced for CAR in the development of liver cancer in mice, it is
noteworthy that convincing results from very large retrospective epidemiological studies
examining the long term effects of PB usage in human patients have revealed no increase in
incidence of hepatocelluar carcinoma (Lamminpaa et al. 2002). Yet, PB appears to function
similarly as a human CAR activator and gene inducer in human hepatocytes (Faucette et al.
2007; Kodama and Negishi 2006; Olsavsky et al. 2007). Further, in transgenic mice humanized
for either the human CAR or PXR receptor, CAR, and not human PXR, appears to function as
the primary mediator of PB activation responses (Scheer et al. 2008). These issues have
interesting and likely important toxicological implications for human vs rodent tumorigenesis
and raise critical risk assessment questions regarding the mode of action relevance of rodent liver
tumors to human cancer risk (Holsapple et al. 2006).

1.5 Physiology

In recent years, the role of CAR has expanded far beyond that of a xenobiotic sensing receptor
and regulator of xenobiotic metabolism. It is now clear that CAR also contributes to
physiological function, regulating processes that include glucose homeostasis, lipogenesis and
energy metabolism. With respect to glucose homeostasis, wild type mice treated with the
selective CAR activator, TCPOBOP, demonstrate improved insulin sensitivity and protection
from developing obesity following high fat diets, in direct contrast to CAR-/- mice (Gao et al.
2009). The metabolic benefit of CAR activation was also demonstrated in the leptin deficient
ob/ob mice (Gao et al. 2009). These effects are attributed to the mobilization of several
pathways, impacting gluconeogenesis, inhibition of lipogenesis and enhanced peripheral fat
mobilization (Gao et al. 2009). These particular effects were not observed in corresponding
studies performed in PXR mouse models. Other investigators have similarly reported a role for
CAR in the modulation of type Il diabetes, with CAR activation in mice improving glucose
tolerance, insulin sensitivity and reduction of serum glucose levels (Dong et al. 2009). Both of
these recent studies are consistent with previous observations in humans that PB treatments
decrease serum glucose levels in diabetic patients (Lahtela et al. 1985). Although the exact
mechanisms responsible for CAR’s modulation of these physiological conditions are likely
complex, one point of intersection may relate to the ability of both CAR and PXR to inactivate
FoxOL transcriptional activity (Kodama et al. 2004). FoxOL1 is fork head transcription factor that
positively controls genes involved in gluconeogenesis and is a target of insulin’s repressive
effects on the gluconeogenic pathway (Moreau et al. 2008). CAR’s apparent role in the
regulation of energy metabolism is perhaps interrelated and intriguing. At least in part, CAR
appears to play a role in thyroid hormone metabolism, as wild type mice treated with TCPOBOP
exhibit decreased levels of circulating thyroxine (T4), in contrast to CAR-/- mice, an effect that
has been attributed, at least in part, to the CAR mediated induction of T4 metabolizing enzymes
such as Ugtlal and several Sult pathways (Maglich et al. 2004; Qatanani et al. 2005). Finally,
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CAR may affect lipid metabolism by crosstalking with other NRs. A recent report suggested that
CAR may inhibit lipogenesis by antagonizing the lipogenic effect of LXR (Zhai et al. 2010). For
more detailed discussions of these aspects of CAR’s physiological roles, the reader is referred to
several recent reviews (Gao and Xie 2010; Konno et al. 2008; Moreau et al. 2008).

2.0. Pregnane X Receptor (PXR; NR112)

2.1 Brief History and Overview

Four years after the discovery of CAR, Kliewer and colleagues characterized a clone from a
mouse liver EST database that exhibited homology to ligand-binding domains of a number of
nuclear receptors (Kliewer et al. 1998). Following isolation of a full-length clone and subsequent
characterization efforts, this orphan receptor was termed the pregnane X receptor (PXR), with its
name derived from the observation that the receptor was activated by pregnane (21-carbon)
steroids such as pregnenolone 16a~caronitrile (PCN), a synthetic glucocorticoid antagonist that
had previously been recognized as an efficacious inducer of the CYP3A family of steroid
hydroxylases (Kliewer et al. 1998). The human PXR, initially termed steroid and xenobiotic
receptor or SXR, was first reported by Evans and colleagues (Blumberg et al. 1998). PXR is now
recognized as another key xenosensing member of the NR1I nuclear receptor subfamily,
functioning in parallel with CAR as a chemical sensor and gene modulator (Reschly and
Krasowski 2006). Like CAR, PXR forms a heterodimer with RXR, and following ligand
activation, interacts with a set of core gene promoter elements within xenobiotic responsive
enhancer modules that consist typically of DR3 or ER6 motifs. CYP3A genes from various
mammalian species are of particular interest as critical targets, in part due to the prominent role
that CYP3A isoforms play in the metabolism of many pharmaceutical substances and other
xenobiotics (Timsit and Negishi 2007). Both CAR and PXR are expressed at comparatively high
level in liver tissues. Since their respective discoveries, research on PXR and CAR biology and
their roles in toxicology have seen explosive growth.

2.2 Xenobiotic/Ligand Activation

CAR and PXR exhibit overlap with respect to their abilities to bind multiple ligands, and each
receptor’s repertoire of interacting ligands is species specific. For example, PCN binds to the
rodent forms of PXR, while rifampicin is selective for human PXR and TO901317 is a ligand for
both human and mouse PXR [see Figure 1] (Lehmann et al. 1998; Mitro et al. 2007). Further
examples of xenobiotics that exhibit human CAR selectivity include carbamazepine, efavirenz
and nevirapine, whereas selective human PXR activators include nifedipine, lovastatin and
hyperforin — a component of St. John’s wort (Chang and Waxman 2006; Faucette et al. 2007,
Moore et al. 2000a; Watkins et al. 2003). In addition to shared overlap among chemical ligands,
PXR and CAR also share overlap with respect to their gene targets. For example, each receptor
appears capable of transcriptionally activating CYP2B6 and CYP3A4 in humans, as well as
activation of distinct gene targets (Maglich et al. 2002). Therefore, PXR and CAR appear to
function as a dynamic and parallel set of gene regulators, casting a broad detection net that
senses the intracellular chemical milleau and accordingly modulates gene expression networks in
cell to accommodate the ongoing and changing patterns of chemical signaling.

With respect to the evolutionary nature of these receptors, both PXR and CAR are remarkable
among the nuclear receptors in that they each demonstrate marked sequence divergence across
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animal species, despite very little sequence variation between humans (Reschly and Krasowski
2006). In further view of this point, the respective crystal structures obtained from mouse and
human reveal that both PXR and CAR show considerable sequence variation across species,
even among amino acid residues that interact directly with chemical ligands (Suino et al. 2004;
Watkins et al. 2002; Xu et al. 2004). The crystal structures also indicate that the ligand binding
domain of reference CAR is a well-formed pocket with a volume of ~600 A, while the pocket of
PXR consists of an apo-volume of 1300 A, with a shape that is flexible and capable of
accommaodating a more diverse array of potential ligands than that for CAR (Moore et al. 2006).

2.3 Physiological and Toxicological Implications

Given their promiscuity in ligand specificities and overlapping gene targets, perhaps it is not
surprising that PXR and CAR cross-talk with coordinate regulatory pathways that converge on
toxiciological endpoints such as xenobiotic detoxication, adverse drug reactions, drug
interactions and bile acid toxicity, in addition to pathophysiological conditions including energy
and lipid metabolism and cholestatic liver disease. Several of these considerations have been
reviewed briefly in previous sections. As a more thorough review of these topics is beyond the
scope of this article, the reader is referred to a number of recent publications and references
therein that discuss these aspects in impressive detail (Handschin and Meyer 2005; Kodama et
al. 2004; Moore and Kliewer 2000; Stedman et al. 2005; Timsit and Negishi 2007; Wada et al.
2009). Given the first discoveries of CAR and PXR in 1994 and 1998, respectively, research into
the expanding roles of these and other xenoreceptors has provided a remarkable new base for
which to identify and characterize mechanisms and modes of toxicity associated with many
foreign chemicals. The next years of toxicological research will undoubtedly see the intersection
of current and future technologies enabling the ascertainment of genomic networks, their
regulation and interplay with the metabolome as contributors to altered biological responses
triggered by xenochemical exposures, together with the real world complexities embodied by
factors such as interindividual variability in response.

DOSE-RESPONSE ISSUES FOR CAR:

The following are data excerpts from published reports that examine dose-response relationships
of direct acting ligands for CAR. These data were derived from various biological model
systems, including direct interactions of chemical-CAR interactions using FRET ligand sensing
assays, protein-protein interaction assays with CAR together with a nuclear co-activator, SRC-1,
and, transcriptional reporter assays conducted in mammalian cells in culture.
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CAR- and PXR-Mediated Liver Growth in Rodents: Review of Key Events
for Phenobarbital-Induced Rodent Liver Tumor Formation: Brian G.
Lake

LFR Molecular Sciences, Leatherhead, Surrey, UK and Centre for Toxicology, Faculty of Health
and Medical Sciences, University of Surrey, Guildford, Surrey, UK.

Introduction

A large number of non-genotoxic chemicals have been shown to increase the incidence of liver
tumors in rats and/or in mice. Many of these chemicals have been shown to induce hepatic
microsomal cytochrome P450 (CYP) forms. Most hepatic CYP forms are induced by receptor-
mediated mechanisms resulting in an increase in gene transcription (Dickins 2004; Pelkonen et
al. 2008). For example, important nuclear receptors involved in the induction of CYP1A,
CYP2B, CYP3A and CYP4A forms comprise, respectively, the aryl hydrocarbon receptor
(AHR), the constitutive androstane receptor (CAR), the pregnane X receptor (PXR) and the
peroxisome proliferator-activated receptor alpha (PPARa). A number of other nuclear receptors
(e.g. the glucocorticoid receptor) are also involved in the regulation of hepatic CYP forms
(Yoshinari et al. 2008).

This presentation will review the available literature on CAR- and PXR-mediated liver growth in
rodents and will focus on the hepatic effects of the prototypical CYP2B form inducer
phenobarbital (phenobarbitone; PB), where a mode of action (MOA) for rodent liver tumor
formation has been established.

CAR and PXR Activators

The induction of CYP2B and CYP3A forms occurs via the activation of CAR and PXR,
respectively, both CAR and PXR heterodimerise with the retinoid X receptor (RXR), followed
by binding to response elements in DNA. CYP inducers can bind as ligands to nuclear receptors.
However, CAR in particular can be activated (e.g. by PB) without direct ligand binding by a
mechanism termed indirect or ligand-independent interaction (Lin 2006; Pelkonen et al. 2008;
Yoshinari et al. 2008). For the purposes of this presentation compounds will be referred to as
either CAR or PXR activators, without any consideration of the precise mechanism of receptor
activation.

PB is the prototypical inducer of rodent hepatic microsomal CYP2B forms. Other known CYP2B
inducers include 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), 1,1,1-trichloro-2,2-
bis(4-chlorophenyl)ethane (DDT), chlordane, dieldrin and oxazepam, whereas rodent CYP3A
inducers include pregnenolone-16a-carbonitrile (PCN), dexamethasone, clotrimazole and
troleandomycin (Dickins 2004, Martignoni et al. 2006; Maurel 1996; Nims and Lubet 1996).

A number of studies have demonstrated that there is considerable cross-talk between nuclear
receptors (Dickins 2004; Lin 2006). There is a high degree of similarity between CAR and PXR,
with some compounds (e.g. PB, clotrimazole) being activators of both receptors (Moore et al.
2000, 2003). Both CAR and PXR can regulate distinct but overlapping sets of genes, which
include genes involved in xenobiotic metabolism Maglich et al. 2002; Moore et al. 2003; Tien
and Negishi 2006).
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Some species differences in hepatic CYP form induction have been reported (Dickins 2004; Lin
2006). For example, the chlorinated hydrocarbon TCPOBOP is a potent activator of mouse CAR,
but not human CAR. In one study PB was shown to induce CYP2B forms in both the rat and
mouse, whereas TCPOBOP only induced CYP2B forms in the mouse (Pustylnyak et al. 2007).
However, at high doses TCPOBOP has been shown to induce CYP2B forms in the rat (Diwan et
al. 1996). While rifampicin is a potent inducer and dexamethasone a moderate inducer of
CYP3A4 in human hepatocytes, PCN has little effect. In contrast, PCN and dexamethasone are
potent inducers of rat CYP3A forms, whereas rifampicin has little effect (Stanley et al. 2006).

CAR-mediated liver growth and carcinogenicity

Phenobarbital (PB)

PB has been used a sedative, hypnotic and antiepileptic drug for many years (IARC 2001). It was
one of the first compounds to be shown to induce hepatic xenobiotic metabolising enzymes in
rodents (Parke 1968). PB induces CYP2B and other CYP forms (e.g. CYP2A, CYP2C) in
rodents and in humans induces CYP2B6, CYP3A4 and other CYP forms including CYP2AGB,
CYP2C9 and CYP2C19 (Martignoni et al. 2006; Nims and Lubet 1996; Pelkonen et al 2008).
The hepatic effects of PB (often administered as the sodium salt) in experimental animals and
humans have been reviewed (IARC 2001; Lake 2009; Whysner et al. 1996) and key effects are
described below, together with information on carcinogenicity, MOA for rodent tumor formation
and species differences.

Carcinogenicity of PB

Many studies have shown that PB can promote liver tumors in rats and mice (reviewed in IARC
2001; Whysner et al. 1996). Chronic treatment with PB has been reported to produce liver
tumors in a number of mouse strains. In a number of studies PB was administered either at
0.05% (500 ppm) in the drinking water or at 0.05% in the diet, giving daily intakes of around 65-
70 mg/kg/day. Although marked mouse strain differences in susceptibility to spontaneous tumor
formation are known to exist, PB has been shown to produce liver tumors in both high (e.g.
C3H) and low (e.g. C57) spontaneous incidence strains. While changes in the diagnostic criteria
for liver tumors complicate the interpretation of some of the older studies, PB does appear to be
able to produce both liver adenomas and carcinomas, as was demonstrated in a recent study with
C57BL/10J mice (Jones et al. 2009). This study also demonstrated a threshold with liver tumors
being observed in male mice at a dose level of 113 mg/kg/day, but not at a dose level of 22
mg/kg/day. Generally, the rat appears to be more resistant than the mouse to PB-induced tumor
formation, with only increased incidences of adenoma and/or altered hepatic foci being reported
in some studies (Butler 1978; Hagiwara et al. 1999; Whysner et al. 1996). However, for some
other CYP2B inducers which have a similar MOA for liver tumor formation to PB, such as
pyrethrins and metofluthrin, liver tumors have been observed in the rat and not in the mouse
(Osimitz and Lake 2009; Yamada et al. 2009). The hepatic effects of PB are more pronounced in
old than in young rats and mice. Compared to 42 day old male F344 rats, the treatment of 2.4
year old rats with 0.05% PB in the drinking water resulted in an increased incidence of some
types of foci and adenoma (Ward 1983), whereas compared to 6 week old male C3H/He mice,
the treatment of 1 year old mice with 0.05% PB in the drinking water produced and increased
incidence of foci, adenomas and carcinomas. (Ward et al. 1988).
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MOA for PB-induced rodent liver tumor formation

In recent years frameworks for analysing the MOAs by which chemicals induce tumors in
laboratory animals and the relevance of such tumor data for human risk assessment have been
developed through the International Program on Chemical Safety and by the International Life
Sciences Institute (ILSI) (Boobis et al. 2006; Cohen et al. 2003; Meek et al. 2003). The MOA
and human relevance of PB-like rodent liver carcinogens was developed at an ILS| Workshop on
rodent liver tumors held at NIEHS, RTP, NC in May 2004. The MOA was presented as part of a
workshop at the 2005 Society of Toxicology meeting (Boobis et al. 2005) and was then
subsequently published (Holsapple et al. 2006). The key events in the MOA for rodent liver
tumor formation by PB and related compounds described by Holsapple et al. (2006) comprise:

-Activation of CAR

-Increased hepatocyte proliferation
-Inhibition of apoptosis

-Liver hypertrophy

-Development of altered hepatic foci.

A diagnostic effect of PB in rodent liver is the induction of CYP forms, particularly of CYP2B
subfamily forms. The induction of CYP2B forms may thus serve as a surrogate for the wider
pleiotropic effects of PB in rodent liver. Other effects of PB that may be associated with tumor
formation or may be secondary events in the tumor process include oxidative stress (due to the
production of reactive oxygen species by CYP2B forms), effect on gap junctional intercellular
communication and DNA methylation (Holsapple et al. 2006; Lehman-McKeeman et al 1999;
Phillips and Goodman 2009).

Activation of CAR. CAR activation is clearly a key event for PB-induced liver tumor formation.
Studies in transgenic mice lacking CAR have demonstrated that, unlike wild type mice, PB does
not increase liver weight, does not induce CYP2B forms and does not stimulate replicative DNA
synthesis in CAR knockout mice (Huang et al. 2005; Wei et al. 2000; Yamamoto et al. 2004).
Moreover, although PB promoted liver tumors in normal mice initiated with the genotoxic
carcinogen diethylnitrosamine (DEN), no liver adenomas or carcinomas were observed in
knockout mice (Huang et al. 2005; Yamamoto et al. 2004). In a study with the more potent
mouse CAR activator TCPOBOP, liver tumors were observed in wild type mice with or without
DEN initiation, whereas no liver tumors were observed in CAR knockout mice (Huang et al.
2005).

Increased hepatocyte proliferation. In assessing the roles of increased cell proliferation and
inhibition of apoptosis as possible key events, attention needs to be given to the experimental
design, the methods employed and to the time points examined. For example, replicative DNA
synthesis may be investigated by the administration of a DNA precursor (e.g. 5-bromo-2'-
deoxyuridine) given as a single dose which will not be as sensitive at detecting low levels of cell
proliferation as when the DNA precursor is given continuously via the drinking water or osmotic
pump for a number of days. Other methods include immunocytochemistry for markers such as
proliferating cell nuclear antigen or Ki-67. Several studies have demonstrated that PB can induce
replicative DNA synthesis in rat and mouse hepatocytes. The stimulation of cell proliferation,
assessed as the labelling index (i.e. the percentage of hepatocyte nuclei undergoing replicative
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DNA synthesis), in rat and mouse liver is transient and not sustained, being observed after 7 and
perhaps 14 or 28 days of PB treatment, but generally not at longer treatment times (IARC 2001,
Kolaja et al. 1996a; Orton et al. 1996; Phillips et al. 1997; Whysner et al. 1996). However, while
the hepatocyte labelling index returns to control levels with sustained PB treatment, overall cell
proliferation is still enhanced due to the increase in the total number of hepatocytes per animal.
For example, employing a stereological technique, an increase in the total number of hepatocytes
was observed in rats treated with PB for 12 weeks (Carthew et al. 1998). At longer treatment
times rates of cell proliferation are enhanced in altered hepatic foci. For example, in promotion
studies in F344 rats and B6C3F1 mice where altered hepatic foci were produced by initiation
with DEN, PB was found to increase replicative DNA synthesis in the foci (Kolaja et al.
1996b,c).

Inhibition of apoptosis. Studies in the rat and in rat hepatocytes have demonstrated that PB can
inhibit apoptosis (Foster 2000; James and Roberts 1996). Mouse hepatocytes do not appear to
enter apoptosis as readily as rat hepatocytes as no increase in rates of apoptosis were seen when
C3H/He, C57BL/6 and B6C3F1 mice were given PB for 7 days followed by subsequent
withdrawal (Bursch et al. 2005a). In promotion studies in F344 rats and B6C3F1 mice following
DEN initiation PB was reported to produce an inhibition of apoptosis in altered liver foci (Kolaja
et al. 1996b,c). However, other studies suggest that the inhibition of apoptosis appears to be only
a minor determinant of tumor promotion in the mouse (Bursch et al. 2005b; Goldsworthy and
Fransson-Steen 2002). The lack of effect on apoptosis observed in some studies may be due to
the technique employed or to a large variation between animals in rates of apoptosis.

Liver hypertrophy. PB-induced liver enlargement is due to both hepatocyte hypertrophy and
hyperplasia, with ultrastructural examination revealing a proliferation of the smooth endoplasmic
reticulum (reviewed in Lake 2009). In the rat and mouse PB-induced hypertrophy is normally
observed in the centrilobular region of the liver lobule, although some related compounds may
either produce a diffuse hypertrophy or hypertrophy in other regions of the liver lobule. The
treatment of both rats and mice with PB results in dose-dependent increases in relative liver
weight.

Development of altered hepatic foci. The chronic administration of PB results in the development
of altered hepatic foci (IARC 2001; Jones et al. 2009; Thorpe and Walker, 1973; Whysner et al.
1996). In studies in aged rats (Ward 1983), C3H/He and C57CBL/6 mice (Evans et al. 1986,
1992) and in B6C3F1 mice after DEN initiation (Kolaja et al. 1996c) the liver lesions produced
by PB were described as predominantly eosinophilic in nature.

The MOA for PB-induced rodent liver tumor formation established by Holsapple et al. (2006)
thus involves activation of the CAR, which results in a pleiotropic response leading to the
stimulation of CYP forms, liver hypertrophy, increased cell proliferation and the inhibition of
apoptosis. Prolonged treatment results in the formation of altered hepatic foci and subsequently
of liver tumors. The key events identified by Holsapple et al. (2006) will be evaluated in other
presentations. In terms of the IPCS and ILSI frameworks for analysing the relevance of a cancer
mode of action for humans (Boobis et al. 2006; Cohen et al. 2003; Meek et al. 2003), having
postulated the MOA, a series of key events are identified and evaluated using a weight of
evidence approach based on Bradford-Hill criteria. Some of these criteria are considered below.
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Concordance of dose-response relationships. Unlike some other chemicals for which MOA
studies have been performed for submission to regulatory agencies, most carcinogenicity studies
with PB have been performed at one dose level. However, an examination of the literature
demonstrates that PB produces dose-dependent effects on key events including liver weight and
replicative DNA synthesis (Jones et al. 2009; Kolaja et al 1996a; Orton et al. 1996). In a recent
study PB was found to produce liver tumors in male C57BL6/10J mice at a dietary level of 1000
ppm but not at 200 ppm (Jones et al. 2009). The treatment of male mice with 200 and 1000 ppm
PB for periods up to one month resulted in an increase in relative liver weight, whereas
replicative DNA synthesis was only increased after 3, 8 and 15 days of treatment at 1000 ppm
PB. After 99 weeks treatment significant increases in relative liver weight and centrilobular
hepatocyte hypertrophy were observed at both dose levels, but only altered hepatic foci and liver
tumors were observed at 1000 ppm PB. This study shows that some key events were increased at
non carcinogenic doses and others at just the carcinogenic dose level. Apoptosis was not
investigated in this study. Dose-response relationships for PB-induced liver tumors in CD-1 and
B6C3F1 mice have been reported in unpublished studies (reviewed in Whysner et al. 1996)
where no observed effect levels of 10 and <10 mg/kg/day, respectively, were observed. Evidence
that the effects of PB are dose-dependent is also provided by data from promotion studies in the
rat and mouse following DEN initiation (Kitano et al. 1998; Kolaja et al. 1996b).

Temporal association. If a key event (or events) is an essential element for carcinogenesis, it
must precede the appearance of tumors. Clearly CAR activation, liver hypertrophy and increased
cell proliferation are early events, whereas altered hepatic foci are only observed after chronic
treatment. Increased cell proliferation is also important in the growth of altered hepatic foci.
Effects on apoptosis have also been observed in some studies and possibly apoptosis may be
important in the growth of altered hepatic foci.

Other MOAs. In terms of excluding other possible MOAs, PB has been shown to be negative in a
wide range of genotoxicity tests and does not form adducts with DNA (IARC 2001; Whysner et
al. 1996). PB does not appear to be a PPARa activator and other MOAs including cytotoxicity,
hormonal perturbation and porphyria can also be excluded (Holsapple et al. 2006; Meek et al.
2003).

As described above there is direct experimental evidence in rodents for the key events described
above, namely CAR activation, increased hepatocellular proliferation, inhibition of apoptosis,
hypertrophy and development of altered hepatic foci. Studies in humans provide evidence of
CAR activation (e.g. induction of CYP forms) and liver hypertrophy in subjects receiving high
dose of PB. However, as described below under species differences, studies in cultured human
hepatocytes and in mice containing humanised CAR/PXR demonstrate that the mitogenic effects
of PB seen in rodent liver are not observed in human liver.

In terms of the human relevance of PB-induced rodent liver tumors there are three questions to
answer (Boobis et al. 2006). The first is: Is the weight of evidence sufficient to establish the
MOA in animals? For PB the answer is clearly yes. Questions 2 and 3 involve qualitative and
quantitative considerations, respectively. The second question is: Are key events in the animal
MOA plausible in humans?; whereas the third question is: Taking into account kinetic and
dynamic factors, are key events in the animal MOA plausible in humans? For PB it was
concluded by Holsapple et al. (2006) that the answer to question 2 was yes on the basis that the
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actual key events could occur in humans, whereas the demonstration of no cell proliferation, no
inhibition of apoptosis and no increased tumor risk in human epidemiology studies (see below)
permit the answer to question 3 to be no. Thus overall, PB-induced rodent liver tumors are not
considered to be relevant for humans. A similar conclusion was reached by Klaunig et al. (2003)
for rodent liver tumors induced by PPARa activators (peroxisome proliferators). However,
recent studies in humanised mice where mouse CAR/PXR have been replaced with their human
counterparts have demonstrated that PB does not induce replicative DNA synthesis (Ross et al.
2010) suggest that the answer to question 2 could be no, hence terminating the consideration of
the relevance of PB-induced rodent liver tumors to humans at this point.

Species differences

A number of both in vitro and in vivo studies have demonstrated species differences in the effects
of PB both between experimental animals and between rodents and humans. Data from in vitro
studies will largely be covered by another presentation, but are briefly summarised below.
Studies with peroxisome proliferators (PPARa activators) have demonstrated species differences
in effects on replicative DNA synthesis. Thus while such agents induce replicative DNA
synthesis in rat and mouse liver, they appear to be largely refractory in species such as the Syrian
hamster and guinea pig (reviewed in Lake 2009). Similarly, PB has been reported not to induce
replicative DNA synthesis in the guinea pig (Elcombe, unpublished observations). In addition,
PB has also been reported not to stimulate DNA synthesis and not to inhibit apoptosis in cultured
Syrian hamster and guinea pig hepatocytes (James and Roberts 1996).

PB has been reported not to produce liver tumors in the Syrian hamster when given in the
drinking water at a dose level of 500 ppm (Diwan et al. 1986). Many studies have demonstrated
that PB and related compounds are efficient promoters of genotoxic carcinogen-induced lesions
in rat and mouse liver (IARC 2001; Whysner et al. 1996). However, while PB can induce CYP
forms in the Syrian hamster, a number of studies have shown that the Syrian hamster is resistant
to the promoting effects of PB and related compounds after initiation with genotoxic carcinogens
(Diwan et al. 1986; Stenbéck et al. 1986; Tanaka et al. 1987).

PB has been used for many years as a sedative, hypnotic and antiepileptic agent in humans and a
number of epidemiological studies have been performed. The results of these studies
demonstrate that in human subjects receiving PB for many years at doses producing plasma
concentrations similar to those that are carcinogenic in rodents, there is no evidence of increased
liver tumor risk (Holsapple et al. 2006; IARC 2001; Olsen et al. 1989, 1995; Whysner et al.
1996).

While CAR is expressed in human liver, the induction of human CYP forms by PB and related
compounds appears to be due more to effects on PXR than to effects on CAR (Moore et al. 2003;
Holsapple et al. 2006). PB induces a number of CYP forms in human liver including CYP2B6
and CYP3A4 (Martignoni et al. 2006, Pelkonen et al. 2008).

Apart from CYP form induction, some of the other effects produced by PB and related
compounds in rodent liver have also been observed in human liver. Thus prolonged treatment
with PB and other anticonvulsant agents has been shown to increase liver size in humans, which
is associated with swelling of the hepatocytes and by ultrastructural examination the proliferation
of the smooth endoplasmic reticulum (Aiges et al. 1980; Pirttiaho et al. 1978, 1982).
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The similarities and differences between human CAR/PXR and mouse CAR/PXR have been
compared in recent studies employing double mouse CAR/PXR receptor knockout mice and in
humanised mice where mouse CAR/PXR have been replaced with their human counterparts
(Ross et al. 2010). The treatment of wild type mice with both PB and chlordane increased liver
weight, produced hepatocellular hypertrophy, increased replicative DNA synthesis and induced
CYP2B and CYP3A forms; whereas no such effects were observed in the mouse CAR/PXR
receptor knockout mice. However, while liver hypertrophy and CYP form induction was also
observed after PB and chlordane treatment in humanised CAR/PXR receptor mice, replicative
DNA synthesis was not affected.

As will be discussed in another presentation, data are available to show that while PB induces
replicative DNA synthesis in cultured rodent hepatocytes, such an effect is not observed in
human hepatocytes. PB has also been reported not to inhibit apoptosis in human hepatocytes
(Hashmall and Roberts 1999).

PXR-mediated liver growth

PXR activators appear to produce similar effects in rodent liver to those produced by CAR
activators, in that they can increase liver weight, stimulate replicative DNA synthesis and induce
CYP forms. For example, PCN has been shown to increase liver weight, stimulate replicative
DNA synthesis and to induce Cyp3all mRNA levels and enzyme activity in the mouse
(Staudinger et al. 2001, 2003). These effects were PXR-dependent as no increase in liver weight,
replicative DNA synthesis and Cyp3all mRNA levels and enzyme activity were observed in
PXR knockout mice. A number of CYP3A inducers including PCN, clotrimazole and
troleandomycin have been shown to increase liver weight and stimulate replicative DNA
synthesis in rat liver (Lake et al. 1998). While all three compounds induced hepatic microsomal
CYP3A protein levels, PCN and clotrimazole also increased CYP2B protein or enzyme activity.

In a study with wild type mice, PXR knockout mice and humanised PXR mice (where mouse
PXR has been replaced with human PXR), PCN was shown not to induce Cyp3all in PXR
knockout mice or in humanised PXR mice, whereas rifampicin induced Cyp3all in humanised
PXR mice, but not in wild type mice ((Ma et al. 2007). The similarities and differences between
mouse and human PXR have recently been investigated employing an improved humanised PXR
line, where mouse PXR has been replaced with human PXR (Scheer et al. 2010). Treatment with
rifampicin produced a greater induction of Cyp3all in humanised PXR mice compared to wild
type mice and also induced Cyp2b10 in humanised PXR mice. In contrast, dexamethasone
produced a greater induction of Cyp3all in wild type than in humanised PXR mice, with no
induction being observed in PXR knockout mice. The induction of Cyp2b10 by dexamethasone
was comparable in  wild type mice, PXR knockout mice and humanised PXR mice, thus
suggesting that Cyp2b10 induction is independent of PXR.

Conclusions

Treatment with CAR and PXR activators results in a pleiotropic response in the livers of rats and
mice, which includes the induction of CYP forms, increased cell proliferation and liver
hypertrophy. For the CAR activator PB, a MOA for rodent liver tumor formation has been
established and a number of key events identified. Studies with PB and other CAR activators
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have demonstrated species differences between the hepatic effects of these compounds in rats
and mice compared to other experimental animals and humans. One key species difference is
that while PB and related compounds are mitogenic agents in rat and mouse liver, such effects
are not observed in cultured human hepatocytes and in humanised mice where mouse CAR/PXR
have been replaced with their human counterparts.
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Summary of Additional Literature: Histopathology and Nomenclature:
Russell Cattley
Amgen, Inc.

This document addresses:
e Nomenclature of Hepatocellular Proliferative Lesions in Rodents- Mice
e Nomenclature of Hepatocellular Proliferative Lesions in Rodents- Rats
e Description of hepatic effects of phenobarbital in dogs and humans

Nomenclature of hepatocellular proliferative lesions in rodents- Mice
Definitions

Regenerative hyperplasia (considered not neoplastic)- usually multifocal, evidence of
prior or ongoing hepatocellular damage in adjacent parenchyma, bile duct or oval cell
proliferation present; hepatic architecture usually maintained, including retained portal
triads and central veins

Foci (considered potentially pre-neoplastic)— Distinguished by staining pattern, size of
hepatocytes; minimal change in hepatic architecture; some continuity of hepatic plates
and adjacent parenchyma, although limited degree of compression of adjacent
parenchyma is sometimes present; sub-typed according to predominant cytoplasmic
alteration (basophilic, eosinophilic, basophilic/eosinophilic mixed, clear cell)

Adenoma- (considered benign neoplasia)- well-demarcated lesion with distinct
compression of adjacent parenchyma; hepatic architecture not maintained

Carcinoma- (considered malignant neoplasia)- well-demarcated lesion, irregular border;
hepatic architecture not maintained (trabecular most common pattern, but solid and
adenoid also described); varying degrees of cellular pleomorphism, mitotic figures,
hemorrhage and necrosis

Historical perspective

In mouse, the proliferative hepatocellular lesions have been characterized by some different
nomenclature in earlier publications. For example Rueber and Ward (1979) referred to
neoplastic nodule (which they considered synonymous with hepatocellular adenoma) and
hyperplastic and cite a similar lesion “hyperplastic nodule” in the discussion previously reported
by IRDC in 1975. Ward et al (1979) also refer to the term “type A nodule” (considered
synonymous with hepatocellular adenoma). In further discussion (Ward and Vishakis, 1978),
hepatocellular adenoma was equated to “nodules of hyperplasia” and “type 1 (or A) nodule”,
while hepatocellular carcinoma was equated to “type B nodule”. In the same paper, the
possibility that a type B lesion might arise within and type A lesion (“nodule within nodule”)
was also recognized. In later papers, the present terminology (hepatocellular adenoma and
carcinoma) was followed with some exceptions. Notably, Evans et al (1992) analyzed the
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hepatocellular proliferative lesions in C57BL/6 and C3H/He mice in phenobarbital-treated and
control mice, and described the appearance of “basophilic nodules”, “eosinophilic nodules”, and
carcinoma. A later study by Jones et al (2009) of C57BI1/10J mice following phenobarbital
treatment reported the identification of hepatocellular adenoma that was considered “equivalent”
to the “eosinophilic nodule” described by Evans et al (1992).

Nomenclature of hepatocellular proliferative lesions in rodents- Rat
Definitions (SSNDC Guides for Toxicologic Pathology, 1994)

Regenerative hyperplasia (considered not neoplastic)- usually multifocal, evidence of
prior or ongoing hepatocellular damage in adjacent parenchyma but rarely within the
lesion, bile duct or oval cell proliferation present; hepatic architecture usually maintained,
including retained portal triads and central veins

Foci (considered potentially pre-neoplastic)— Distinguished by staining pattern, size of
hepatocytes, and nuclear features; change in hepatic architecture; variable continuity of
hepatic plates and adjacent parenchyma, although limited degree of compression of
adjacent parenchyma is sometimes present; sub-typed according to predominant
cytoplasmic alteration (basophilic-tigroid, basophilic-homogeneous, eosinophilic,
amphophilic, clear cell)

Adenoma- (considered benign neoplasia)- well-demarcated lesion with distinct
compression of adjacent parenchyma; hepatic architecture not maintained; lack evidence
of necrosis within lesion

Carcinoma- (considered malignant neoplasia)- well-demarcated lesion, irregular border;
hepatic architecture not maintained (trabecular most common pattern, but solid and acinar
or glandular also described); varying degrees of cellular pleomorphism, mitotic figures,
hemorrhage and necrosis

Historical perspective

In the rat, the proliferative hepatocellular lesions have been characterized by some different
nomenclature in earlier publications. A workshop report published in 1975 (Squire and Levitt)
characterized 3 hepatocellular proliferative lesions: foci of cellular alteration, neoplastic nodule,
and hepatocellular carcinoma. The diagnosis of neoplastic nodule was intended to replace an
earlier term, “hyperplastic nodule”. However, a subsequent publication (Maronpot et al, 1986)
eliminated the term “neoplastic nodule” in favor of hepatocellular adenoma, as the two terms
were considered synonymous as practically applied. Furthermore, the diagnosis of
hepatocellular hyperplasia was identified and was characterized as a non-neoplastic response
secondary to a primary degenerative response in the liver. This terminology was maintained
with negligible change in the subsequent publication of the SSNDC Guides for Toxicologic
Pathology (1994).
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The use of the term regenerative hyperplasia is of special interest. Hagiwara et al (1999)
described causal association of regenerative hyperplasia with 500 ppm dietary CAR agonist
phenobarbital in male F344 rats. However, this report did not characterize the evidence for prior
or ongoing hepatocellular damage in treated rats. As phenobarbital is not usually associated with
hepatocellular damage under similar conditions, the implications of the diagnosis of regenerative
hyperplasia may need further investigation.

Description of hepatic effects of phenobarbital in dogs and humans

Gaskill et al (2005) summarized literature on phenobarbital in dogs. Elevated serum enzymes
such as ALT (alanine aminotransferase) has been observed in dogs with or without other
evidence of liver injury. Liver biospsies were evaluated in dogs with elevated ALT or elevated
AP (alkaline phosphatase) or both. Histopathological examination of liver biopsies revealed
more sever and frequent abnormalities in treated dogs compared to controls, but similar
abnormalities were observed in both groups. These abnormalities included inflammation,
cytoplasmic granularity, and fibrosis, as well as an overall score of injury combining a variety of
observations. Evaluation of hepatic activity of ALT and AP in the biopsy samples suggested that
induction was not a cause of elevated serum levels of these enzymes due to phenobarbital.

The literature on effects of phenobarbital in humans includes case reports that describe effects of
long term anticonvulsant therapy. DiMizio et al (2007) reported on two cases of patients with
hepatonecrosis and cholangitis. There were autopsy cases and therefore causality was not
definitive. In another paper by Foster et al (1991), one case of phenobarbital associated hepatic
inflammation and hepatocellular degeneration and regeneration. Again, this was an autopsy case
and therefore causality was not definitive.
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Epigenetics and Carcinogenesis: Emphasis on Phenobarbital-Induced
Alterations in DNA Methylation and Gene Expression: Jay Goodman

Michigan State University
Introduction
The term “epigenetics” (Bird, 2007) was coined in 1942 by Conrad H. Waddington who was
interested in embryonic development and what signaled cells in different regions to end-up with
different sates of differentiation (Waddington, 1957). Epigenetics refers to heritable (though
epigenetic alterations can occur in non-dividing cells) mechanisms controlling gene expression
that do not involve changes in DNA base sequence. This includes imprinting, i.e., genes which
are differentially expressed based upon their parent of origin (Wilkins and Haig, 2003). The
mechanisms underlying epigenetics include: 1) DNA methylation, 5-methylcytosine content of
DNA, which frequently, but always occurs at CpG sites (Bird, 2002); 2) histone code
(Kouzarides, 2007); and 3) non-coding RNAs (Neilson and Sharp, 2008). These three
mechanisms are actually interrelated and regulate gene expression by acting in concert
(Goodman et al., 2010). Furthermore, the field of epigenetics is evolving at a rapid pace, e.g., a
new DNA base, 5-hydroxymethyl cytosine was discovered recently and it might play a role in
demethylation (Shinsuke et al., 2010). In light of the fundamental role that epigenetics plays in
normal development (Waddington, 1957; Reik, 2007) it is not surprising that we have come to
recognize the key roles that epigenetic alterations play in carcinogenesis (Jones and Baylin,
2007). Alterations in methylation can play a variety of roles in carcinogenesis (Counts and
Goodman, 1995), and a methylator phenotype has been described in cancer (Issa, 2004). Rodents
are more prone to tumor development than humans (Rangarajan and Weinberg, 2003). However,
in my opinion, the basic genes involved in tumorigenesis are likely to be largely the same in both
species. Therefore, it is reasonable to hypothesize that differences in regulation of gene activity
can contribute to this species disparity in susceptibility. A fundamental difference between
murine and human CAR is their responsiveness to a range of agonists and inverse agonists,
which might be attributable to structural variations (Stanley et al., 2006). Thus, the relative
sensitivity of mice to carcinogenesis might, in part, be due to distinct regulatory mechanisms
and/or structural features of mMCAR. Moreover, it has been demonstrated that methylation
patterns in rodent cells are less stable than those in human cells (reviewed in Goodman and
Watson, 2002), so differences in epigenetic control (e.g., DNA methylation) between the species
could, in part, underlie the enhanced propensity of rodents, as compared to humans, to develop
cancer.

Hypothesis, Model Compound, Model Systems and Overall Goal

My laboratory has a long-standing interest in discerning the mechanism(s) by which
nongenotoxic compounds cause cancer. Our working hypothesis is that susceptibility to
tumorigenesis is related inversely to capacity to maintain normal patterns of DNA methylation.
We use Phenobarbital (PB) the classic nongenotoxic rodent liver carcinogen as our model
compound. The basic experimental approach taken is to subtract effects observed in the livers of
the relatively resistant mice from those seen in the sensitive in order to focus on PB’s unique
effects on methylation and gene expression in liver tumor-prone mice. It is among these unique
effects where we believe key events facilitating tumorigenesis lie. Two model systems are
employed: 1) the liver tumor-prone B6C3F1 mouse v. the relatively resistant C57BL/6 mouse
(Becker, 1982; Phillips et al., 2009a); and 2) CAR wild-type mice v. CAR knockout mice, on a
C3H/He background (Yamamoto et al., 2004; Phillips et al., 2009b). Our overall goal is to
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elucidate progressive changes, in expression and methylation status, of genes which play key
roles in phenobarbital (PB)-induced liver tumorigenesis, with an emphasis on their potential to
affect signaling through critical pathways involved in the regulation of cell growth and
differentiation.

Phenobarbital (PB) Elicits Unique, Early Changes in the Expression of Hepatic Genes That
Affect Critical Pathways in Tumor-Prone B6C3F1 Mice (Phillips et al., 2009a)

At 2 and 4 weeks following treatment with Phenobarbital (PB), the classical nongenotoxic rodent
liver carcinogen, we elucidated unique gene expression changes (both induction and repression)
in liver tumor-susceptible B6C3F1 mice, as compared to the relatively resistant C57BL/6. Based
on their cancer-related roles, we believe that altered expression of at least some of these genes
might underlie PB-induced liver tumorigenesis. Putative constitutive active/androstane (CAR)
response elements (CARES), a subset of PB response elements, were present within multiple
genes whose expression was uniquely altered in the B6C3F1 mice, suggesting a role for CAR in
their regulation. Additionally, 3 DNA methyltransferase genes (Dnmtl, Dnmt3a, and Dnmt3b)
were repressed uniquely in the tumor-prone B6C3F1 mice, and all possess putative CAREs,
providing a potential direct link between PB and expression of key genes that regulate DNA
methylation status. Previously, we demonstrated that PB elicited unique regions of altered
methylation (RAMSs) in B6C3F1 mice, as compared to the relatively resistant C57BL/6, at 2 and
4 weeks (Bachman et al., 2006), and annotation of the regions harboring these changes revealed
51 genes (Phillips and Goodman, 2008). This is extended by the current study, which employed
RNA isolated from the same liver tissue used in the earlier investigations. Genes elucidated from
both the methylation and expression analyses are involved in identical processes/pathways (e.g.,
cell cycle, apoptosis, angiogenesis, epithelialmesenchymal cell transition (EMT),
invasion/metastasis, and mitogen-activated protein kinase (MAPK), transforming growth factor-
beta (TGF-B), and Wingless (Wnt) signaling). Therefore, these changes might represent very
early events that directly contribute to PB-induced tumorigenesis. It is instructive to consider the
possibility that, in a hypothesis-driven fashion, these genes are initial candidates that could be
utilized to develop a biomarker “fingerprint” of early exposure to PB and PB-like compounds.

The Constitutive Active/Androstane Receptor (CAR) Facilitates Unique Phenobarbital
(PB)-Induced Expression Changes of Genes Involved in Key Pathways in Precancerous
Liver and Liver Tumors (Phillips et al., 2009b)

PB-elicited unique expression changes of genes, including some of those identified previously as
exhibiting regions of altered DNA methylation (Phillips et al., 2007; Phillips and Goodman,
2009), were discerned in precancerous liver tissue and/or individual liver tumors from
susceptible constitutive active/androstane receptor (CAR) wildtype (WT) compared to resistant
CAR knockout (KO) mice. Many of these function in crucial cancer-related processes, e.g.,
angiogenesis, apoptosis, cell cycle, DNA methylation, Hedgehog signaling, invasion/metastasis,
Notch signaling, and Wnt signaling. Furthermore, a subset of the uniquely altered genes
contained CAR response elements (CARES). This included Gadd45b, a coactivator of CAR and
inhibitor of apoptosis, and 2 DNA methyltransferases (Dnmt1, Dnmt3a). The presence of CARES
in Dnmts suggests a potential direct link between PB and altered DNA methylation. The current
data are juxtaposed with the effects of PB on DNA methylation and gene expression which
occurred uniquely in liver tumor-prone B6C3F1 mice, as compared to the resistant C57BL/6,
following 2- or 4-wk of treatment (Phillips et al., 2009a). Collectively, these data reveal a
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comprehensive view of PB-elicited molecular alterations (i.e. changes in gene expression and
DNA methylation) that can facilitate hepatocarcinogenesis. Notably, candidate genes for initial
“fingerprints” of early and late stages of PB-induced tumorigenesis are proposed.
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CAR-Specific Data on Other Events: A Role for Oxidative Stress?: Remi
Bars

Bayer CropScience
Current hypothesis
The induction of a number of hepatic enzymes (e.g. Cyp 2B and/or 3A) mediated by the
activation of CAR or PXR is thought to generate reactive oxygen species (ROS) from the
metabolism of xenobiotics (1-11) and possibly endogenous molecules (15) .This oxidative stress
is usually compensated by the activity of another set of enzymes (phase 2) also inducible through
CAR, PXR or Nrf2 activation. If compensation cannot fully counteract ROS generation evidence
suggests that cytotoxicity/tissue necrosis can rapidly occur (8-11). A second possibility is that
low levels and/or chronic oxidative stress leads to the generation of “initiated”/ mutated cells
leading to tumour formation although evidence for this is questionable (12-14).

1: Evidence of oxidative stress induced by known CAR/PXR activators
1.1 DDT

e PXR/CAR-mediated responses (Cyp2 and Cyp3 mRNA up-regulated) were recorded
in the liver of ovariectomized immature rats dosed with up to 300mg/kg/day DDT for
3 days. In addition, genes associated with oxidative stress were transiently expressed
1)

e -The mechanism of hepatocarcinogenesis due to DDT treatment has been proposed to
be via chronic metabolic activation leading to oxidative stress (elevated lipid peroxide
and 8-hydroxyguanosine). The subsequent oxidative DNA damage has been
associated with the development of esosinophilic foci. (2)

1.2 Phenobarbital

e In vitro investigations using chicken hepatoma cells have shown that PB can increase
mitochondrial reactive oxygen species generation as well as AMP-activated protein
kinase (3)

e -Invitro investigations with HepaRG cells with PB led to increased gene expression of
the recognized CAR- dependent responsive cytochrome P450s as well as a number of
genes related to oxidative stress (4)

e -Treatment of rats with a 0.1% solution of PB in drinking water significantly enhanced
hydrogen peroxide generation and NADPH oxidation in the liver (5). Further
investigations conducted using the livers from this study indicated that PB reduced
decreased the pyridine nucleotide-dependent systems that protect against oxidative stress
(eg enhanced N-methylnicotinamide excretion by elevation of nicotinamide-N-methyl
transferase activity) as well as reduced GSH peroxidase and GSSG reductase activity (6)

e -Proteomic evaluation of rat liver following 5 day treatment with Phenobarbital identified
an up-regulation of proteins associated P450 induction as well as those associated with
oxidative stress. In addition a strong induction of HIFLA (recently associated with
angiogenesis and helping hypoxic cells (eg cancer cells) convert sugar to energy in the
absence of oxygen) was recorded. (7)
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2: Evidence that activation of CAR or PXR leads to enhanced liver toxicity from chemicals
known to produce oxidative stress / reactive metabolites (acetaminophen, paraquat).
2.1 CAR

e Activation of CAR by PB or TCPOBOP in mice co-treated with acetaminophen at a
non-hepatoxic dose level? (250 mg/kg) produced hepatic necrosis in wild-type
animals but not in CAR-null mice (8).

2.2 PXR

e Activation of PXR by PCN in mice co-treated with acetaminophen (350 mg/kg)
produced hepatic necrosis in wild-type animals but not in PXR-null mice (9).

e Activation of human PXR by rifampicin in double transgenic mice expressing hPXR
and Cyp 3A4 co-treated with acetaminophen (200 or 400 mg/kg) markedly enhanced
hepatic necrosis when compared to acetaminophen administration alone (10).

e Transgenic mice with activated human PXR or wild-type mice treated with PCN
showed early death and enhanced liver toxicity following paraquat administration (15
mg/kg) when compared with untreated wild-type mice. PXR-induced enhanced
paraquat toxicity was associated with decrease activity of anti-oxidative enzyme
system i.e. SOD and catalase (11).

3: Possible evidence of DNA damage due to oxidative stress induced by CAR/PXR
activator.

e PB after 6 months treatment in BigBlue Mouse assay had mutant frequency vs
control (1.37-fold) that was not stat significant , but authors report the mutation
spectra is different (e.g. more tranversions). Suggest that oxidative stress may be
involved. Same authors showed oxazepam positive in similar assay (12).

e PB negative in standard Comet assay using cells treated in vitro, but positive when an
S9 fraction was added. Oxazepam and WY-14,643 were also tested and considered
positive in the Comet assay without S9. Authors suggest oxidative stress is the source
of DNA damage in these studies, but are not certain what the reason is for a positive
response only in presence of S9 with PB (13).

e PB is negative in 32P-post-labeling of DNA assay indicating an absence of DNA
adduct formation (14).
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Species Differences and Other Factors Impacting on Risk Assessment:
Cliff Elcombe

CXR Biosciences
Abstract Pending
1. Expression levels, polymorphisms and splice variants of receptors
2. Ligand binding affinity/selectivity, including multiple receptor interactions

3. Key events (associated events?) Cell proliferation, apoptosis, GJIC inhibition,
etc., where data are available

These topics will be reviewed with the assistance of tabulated literature data.
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Microarray and Biological Pathway of Phenobarbital
Transcriptomic Research: Dave Geterl, Amber Goetz2, and Susan
Hester3

'Dow Chemical Company 2Syngenta Crop Protection Inc. *U.S. EPA

TRANSCRIPTOMICS ANALYSIS OBJECTIVES
e Case Study: analyze genomic data from low dose exposure study of phenobarbital (PB)
conducted by Dave Geter (Dow Chemical):
= Anchor transcriptional changes with conventional toxicity endpoints.
= Determine whether current understanding of MOA persists across lower dose levels
(identify changes across dose).
= |dentify whether D-R effects exist in postulated MOA key events (Figure 1).
e |dentify comparable and divergent toxicity pathways; providing information on D-R
implications of receptor biology with incorporation of MOA data.
e |dentify data gaps in the underlying MOA data and D-R modeling for NRs.

PHENOBARBITAL LOW-DOSE EXPOSURE STUDY DESIGN

On July 31, 2008, Dave Geter presented a study design to a section of the Triazole Task
Force (Richard Peffer, Richard Currie, and Joe Zhou) and US EPA scientists (Stephen
Nesnow, Susan Hester, Doug Wolf, Chris Corton, and Bill Ward) at the US EPA ORD in
RTP.

The project started with a pilot exposure to PB in order to develop a dose-response of
Cyp2b10 gene expression using male CD-1 (data in table below). Focus was on the
lower portion of the dose-response curve.

Preliminary Results from Pilot PB Study: Cyp2b10 targeted gene expression in liver.

hale Mouse 7-Day Dosing
Genes/Doses Control |0.01 mkd (005 mkd| 0.4 mkd | 05 mkd | 1 mkd S mkd A0 mkd | 50 mkd | 100 mkd
E- Actin 1 0.27 0.92 0.94 0.22 1.02 0.2z 0.92 1.07 0.295
Cyp 2610 1 1.41 062 0.45 0.31 0.54 1.43 1.91 5.16 28.72

Study Design of In-Life Phase

Based on this data the dietary dose levels of PB for the main study were 0, 0.15
(NOTEL), 1.5, 15, 75, or 150 mg/kg/day. Animals used were male and female CD-1
mice (N = 4 per exposure group) for 2 and 7 days and additional B6C3F1 and C57BL/6
male mice were exposed to 0 or 150 mg/kg/day PB for 2 and 7 days.

TGx Analysis Objectives & Activities

e Review the MOA for PB, in-life and genomic information.
= Integrate TGx data with in-life data.
= Additional data to place Dow PB data into context: EPA PB (Nesnow et al., 2009)
& Syngenta PB data).
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= Following the PB MOA model, present the triazoles and other Ag- chemicals as
examples of compounds that may share this MOA (Lake, 2009).

= Present this MOA without the need for detailed genomic data for additional
chemicals and analyses.

e Microarray data analysis
= Treatment groups used in this analysis included concurrent control animals and all
treated groups.
= Study Design:
e Sex, species and sample size: male and female CD-1 mice, n=4.
e Dose levels: 0, 0.15, 1.5, 15, 75, and 150 mg/kg/day.
e Time points: 2 and 7 days dietary exposure.
= Quality assessment and statistical analysis of the raw transcriptomic dataset to
define the DEGs.
= Parameters for normalization, defining the FDR, correlation and PCA and other
statistical tests:
e The expert judgment of the Principle Scientist will guide the initial analyses.
= Comparisons: gender|treatment|time; cross-studies comparison(s), etc.
= Doses — pairwise tests, combining doses into ranges (0.15 — 1.5 = low dose),
etc.?
= Each samples is always referenced to its concurrent control.
= Description of other comparisons such as Ratios, Fold-Change, FC-Ratio, etc.
= Time points
e Evaluation of controls to determine how time points were evaluated
= Overlap between analytic approaches.
= Commonality of the DEGs for pathway analysis.
= Documentation of the microarray and compilation of DEG lists.

e Pathway/Network Analysis
= Resulting DEGs analyzed for network building to aid in biological interpretation.
= Detailed documentation of the pathways analysis.
= The expert judgment of the Principle Scientists guided the initial analyses.
= From the network analyses:
= Were the postulated MOAs verified by the DEGs and pathways modulated by
treatment, across dose and time?
= Define and suggest additional objectives for continued analysis.

PROJECT MEMBERS

David Geter, Ph.D. Toxicologist, Project Lead  Dow Chemical
Susan Hester, Ph.D. Pl Systems Biology, US EPA
Analyst
Richard Currie, Ph.D.  Toxicologist, Analyst Syngenta Crop Protection, Ltd.
Amber Goetz, Ph.D. Toxicologist, Analyst Syngenta Crop Protection, Inc.
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IPCS Framework Analysis of MOA for Phenobarbital Induced
Mouse Liver Tumors: Doug Wolf! and Rich Peffer2
U.S. EPA %Syngenta Crop Protection Inc.

Purpose: The purpose of this presentation, and the Pre-Meeting materials that precede it,
is to briefly make all CAR/PXR Team participants aware of the rigorous, stepwise
criteria to be followed in the IPCS Framework for establishing: 1) that the animal MOA
is sufficiently understood, and the key events are adequately defined using the analytic
approach of the Hill criteria for causation; 2) whether the animal MOA is plausible in a
qualitative way for humans; and 3) if so, considering kinetics and dynamics among
species, whether the animal MOA is plausible ,based on knowledge of quantitative
differences, in humans. This evaluation should then lead to a scientifically defensible
conclusion regarding the human relevance of CAR/PXR activation in rodents.

After establishing the steps needed to follow this process, the further purpose will be to
efficiently gather all the data brought forth by the presenters at this Workshop ahead of
time (if available), enter it into appropriate analysis tables (with references as needed) to
determine which biological responses are key events using the Hill criteria. Through a
facilitated discussion, the group will decided which of the observed effects in the liver
after Phenobarbital treatment are key events (causal), associated biological responses that
could act as markers of effect, or neither.

Overall Plan: A series of tables were created as templates to populate with data related
to PB-induced liver tumors. Each panel member was asked to provide data for these
tables as pre-meeting materials in the established format, ahead of the meeting, and
provide them to TERA where the information will be collated. The collated tables will
be provided to the participants at the workshop for review. The comments in the tables
will help to frame the extent and direction of discussion for the Weight of Evidence to
establish key events in the mode of action and human relevance analysis. It is important
for these summaries to be provided to TERA ahead of the meeting to facilitate effective
discussion at the meeting so that we can successfully evaluate each key event and the
associated data according to the IPCS Framework in the time available.

Additional Potential Data Needs from CAR/PXR Participants or from Literature:
PK and TK data on relationship of blood concentration vs. mg/kg/day dose in mice for
Phenobarbital for relating in vitro dose-response to in vivo effect levels. Other CAR
activators to support plausibility and coherence for specific key events with PB.
(examples could be: TCPOBOP, oxazepam, cyproconazole, fenbuconazole, PFOA,
PFOS). Relevance of variation in tumor outcome of different strains of rats treated with
PB.
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Biologically Based Dose-Response Modeling for
Hepatocarcinogenic Effects of Phenobarbital:

Rory Conolly
U.S. EPA
1. What is a BBDR model?
e Pharmacokinetics
e Pharmacodynamics

2. Reasons for developing BBDR models

Organization of information

Identification of data gaps

Input to experimental design

Analysis of existing data and of new data

Reduce uncertainty in prediction of risk outside the range of data

3. Steps in model development

e Collection of relevant information
O Literature review
0 Targeted experimentation

e Qualitative modeling
0 “nodes and edges” graph representing sequences of key events

e Initial quantitative modeling with structure based on the nodes and edges
graph

e [teration of model development with collection of new data.

e Use of “mature” model for risk prediction.

4. Data needs
e Good knowledge of PK mechanism to define target tissue dose
0 PBPK modeling preferred
¢ Identification of key events
0 Receptor activation
o Downstream events
e Dose-response and time course for key events and apical effect (tumors)
o Discrimination among events based on dose and time
e Careful consideration of how to describe model elements known to be
important components of the exposure-dose-effect continuum but for which
data are sparse of lacking.
o E.g., quantitative description of preneoplastic lesions (?)
0 Need to avoid creating uncertainty in predictions of dose-response and
time-course due to use of unsupportable assumptions

5. Question to debate: Where is the “tipping point” when the biologically based
model becomes arguably preferable to the statistical model for prediction of low
dose risk?

All abstracts and outlines are in draft form Page 61



6. Summary
e Recipe for development of BBDR model
¢ Reduce uncertainty by maximizing use of relevant data, in contrast to
statistical modeling
e Critical need for coordination of experimental design with data needs of the
BBDR model.
e Cheaper in the long run!

Rory Conolly
Louisiana Tech University

Abstract to be provided.
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CAR/PXR Figures and Data Tables
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CAR/PXR Figures

Mode of Action/Human Relevance Framework

Is the weight of evidence NO i
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Figure 1 - IPCS Framework Decision Tree Process for Assessing MOA and Human
Relevance (Boobis et al. (2006)
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Figure 2 - Example of a graphical representation of NOAELs and LOAELSs for biological
responses in rats after exposure to ammonium perchlorate and their related human
equivalent dose. (USEPA, 2002)
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CAR activation

During Workshop (Live):

CAR MOA Pathway of key events
hereasad RO will be constructed based on Panel
Decisions.

PXR activation

Altered gene expression

Altered DNA methylation

Oxidative stress

‘ Epigenetic changes ‘

Decreased apoptosis

‘ Single cell necrosis ‘

‘ Gap Junction communication inhibition

Decreased cholesterol

Cytochrome induction

Hypertrophy

Clonal expansion

Figure 3 - Mode of Action diagram for Phenobarbital-Induced Mouse Liver Tumors.
(To be developed at the workshop after going through the data tables.)
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CAR/PXR Tables

Four tables are found below. Tables 1-4 are inter-related and Tables 2-4 depend on how one fills out Table 1 — Hill criteria for key events
determination. Table 1 has been populated with proposed events based on the current literature and recent research; other events may be appropriate
to add. Two lines have been filled in for examples. These tables will be filled in and discussed during the workshop.

The possible involvement of more than one mode of action at the tumor site should be considered. Pertinent observations that are not consistent with
the hypothesized mode of action can suggest the possibility of other modes of action. Some pertinent observations can be consistent with more than
one mode of action. Furthermore, different modes of action can operate in different dose ranges.

If there is evidence for more than one mode of action, each should receive a separate analysis. The information on all of the modes of action should

be integrated to better understand how and when each mode acts, and which mode(s) may be of interest for exposure levels relevant to human
exposures of interest.
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Table 1. Framework Using Hill Criteria to Determine Key Events in Phenobarbital Mouse Liver Tumor MOA (draft)

Possible Key Events

Strength

Consistency
(Reproducibility)

Specificity

Temporal
Relationship

Biological
Gradient
(Dose-
Response)

Biological
Plausibility

Coherence

Causal
(Key
Event)
Associated
(Marker?)
Neither

CAR activation

PXR activation

Altered gene expression

Altered DNA
methylation/epigenetic
changes

Cyp 2B induction

Cyp 3A induction

Cyp 1A induction

[additional entries ....]

Other CYPs induction

Other Enzyme Induction
(UDPGT, EH, GST)

Oxidative stress/ROS

Hypertrophy
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Possible Key Events

Strength

Consistency

(Reproducibility)

Specificity

Temporal
Relationship

Biological
Gradient
(Dose-
Response)

Biological
Plausibility

Coherence

Causal
(Key
Event)
Associated
(Marker?)
Neither

Increased cell
proliferation

Decreased apoptosis

Single cell necrosis

Gap Junction
communication inhibition

Decreased cholesterol

Clonal expansion

Tumors
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Table 2. Time Concordance Table (draft)

Events

Species
and Strain

Times
tested
and dose
levels

In vitro
data
(time?)

1 day

2-6 days

7-27
days

28-90
days

91 days
-1lyr

>1yr | Ref.

CAR activation

PXR activation

Altered gene
expression

Altered DNA
methylation/epigenetic
changes

Cyp 2B induction

Cyp 3A induction

Cyp 1A induction

Other CYPs induction

Other Enzyme
Induction (UDPGT,
EH, GST)

Oxidative stress/ROS

Hypertrophy

Increased cell
proliferation
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Events

Species
and Strain

Times
tested
and dose
levels

In vitro
data
(time?)

1 day

2-6 days

7-27
days

28-90
days

91 days
-1lyr

>1yr | Ref.

Decreased apoptosis

Single cell necrosis

Gap Junction
communication
inhibition

Decreased cholesterol

Clonal expansion

Tumors
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Table 3. Dose Concordance Table (draft)

Key Event or Marker

Species and
Strain

Doses Tested

NOEL

LOEL

Reference

CAR activation

PXR activation

Altered gene expression

Altered DNA methylation/epigenetic
changes

Cyp 2B induction

Cyp 3A induction

Cyp 1A induction

Other CYPs induction

Other Enzyme Induction (UDPGT,
EH, GST)

Oxidative stress/ROS

Hypertrophy

Increased cell proliferation

Decreased apoptosis
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Single cell necrosis

Key Event or Marker

Species and
Strain

Doses Tested

NOEL

LOEL

Reference

Gap Junction communication
inhibition

Decreased cholesterol

Clonal expansion

Tumors
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Table 4. Species Concordance Table (draft)

Key Event or Marker

Mouse

Rat

Hamsters

Primates

Human

CAR activation

PXR activation

Altered gene expression

Altered DNA methylation/epigenetic
changes

Cyp 2B induction

Cyp 3A induction

Cyp 1A induction

Other CYPs

Other Enzyme Induction (UDPGT,
EH, GST)

Oxidative stress/ROS

Hypertrophy

Increased cell proliferation

Decreased apoptosis
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Single cell necrosis

Key Event or Marker

Mouse

Rat

Hamsters

Primates

Human

Gap Junction communication
inhibition

Decreased cholesterol

Clonal expansion

Tumors

Others......
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