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Abstract

The liver is the most important organ of drug metabolism and plays a major role in the
detoxification of both endobiotics and xenobiotics. The process of drug metabolism is undertaken
in three distinct phases. Cytochromes p450s (CYPs), enzymes belonging to the first phase of drug
metabolism, are vital to drug metabolism. In particular, cytochrome p450 3A4 (CYP3A4), which
metabolizes 60% of FDA approved drugs, plays a crucial role in drug metabolism. The human
pregnane xenobiotic receptor (hPXR), a ligand-dependent orphan nuclear receptor, is a major
transcription factor that regulates the expression of key drug-metabolizing enzymes, including
CYP3A4. Variations in the expression of hPXR-mediated CYP3A4 in liver can alter therapeutic
response to a variety of drugs and may lead to potential adverse drug interactions. However,
molecular mechanisms of hPXR-mediated CYP3A4 expression are not fully understood. We
sought to determine whether Mg?*/Mn?*-dependent phosphatase 1A (PPM1A) regulates hPXR-
mediated CYP3A4 expression in liver hepatocytes. PPM1A was found to be
coimmunoprecipitated with hPXR. Genetic or pharmacologic activation of PPM1A led to a
significant increase in hPXR transactivation of CYP3A4 promoter activity. In contrast, knockdown
of endogenous PPM1A not only attenuated hPXR transactivation, but also increased proliferation
of HepG2 cells. This suggests that PPM1A expression levels regulate hPXR, and that PPM1A
expression and hPXR activity are regulated in a proliferation-dependent manner. Indeed, PPM1A
expression and hPXR transactivation were significantly reduced in sub-confluent HepG2 cells
compared to confluent HepG2 cells, suggesting that both PPM1A expression and hPXR-mediated



CYP3A4 expression may be downregulated in proliferating livers. Elevated PPM1A levels led to
attenuation of hPXR inhibition by tumor necrosis factor-alpha and cyclin-dependent kinase 2
which are known to be upregulated and essential during liver regeneration. In mice regenerating
livers, similar to sub-confluent HepG2 cells, expression of both PPM1A and the mouse PXR target
gene cyp3all (human ortholog of CYP3A4) was found to be downregulated. Together, our results
show that PPM1A is essential for PXR function and can positively regulate PXR activity by
counteracting PXR inhibitory signaling pathways that play a major role in liver regeneration.
These results implicate a novel role for PPM1A in regulating hPXR-mediated CYP3A4 expression

in liver hepatocytes, and may explain a mechanism for CYP3A repression in regenerating livers.
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Chapter |

Review of the Literature

Liver

One of the main functions of the liver is to detoxify endobiotics and xenobiotics, including
therapeutic drugs. These detoxified materials are then excreted from the body. The liver is
composed of specialized parenchymal and non-parenchymal cells. The hepatocytes of the liver
parenchyma, make up around 60% of all liver cells and approximately 80% of liver mass. It is in
these cells that the majority of drug metabolism in the body occurs [10-12]. Under normal
conditions, hepatocytes are relatively quiescent. However, when the liver is injured, these cells are
capable of extreme levels of replication. In studies using a partial hepatectomy, a common surgical
procedure to study liver regeneration where 2/3 of the liver is resected, approximately 95% of the

normally quiescent hepatocytes will undergo proliferation [13].

The non-parenchymal cells of liver include Kuppfer cells, hepatic stellate cells (HSCs) and liver
sinusoidal endothelial cells (LSECs). Kuppfer cells are the resident macrophages of the liver
representing approximately 35% of non-parenchymal liver cells, and 80-90% of tissue
macrophages in the body [14]. Kuppfer cells can be activated directly or indirectly causing the
release of inflammatory signals, growth control modulators, and reactive oxygen species [15]. The
Kuppfer cells also play a part in the regulation of drug metabolizing enzymes via the release of
signaling molecules [16-19]. LSECs line the sinusoidal wall and endothelial linings of the liver
forming fenestrae that act as sieve plates, allowing for an opening between the sinusoidal lumen

and the space of Disse, where transport of fluids, solutes, and particles takes place [20, 21].



HSCs are perisinusoidal cells found within the space of Disse, and have a close interaction with
both sinusoidal endothelial cells and hepatic epithelial cells [22]. These HSCs comprise about 5-
8% of cells in the liver [23] and play roles in drug metabolism, retinoid metabolism, and lipid
metabolism [24]. Damage to liver causes HSCs to transdifferentiate into cells similar to
myofibroblasts, via signaling from injured immune cells and hepatocytes [24, 25]. The HSC, as
the primary extracellular matrix producing cells in the liver, are responsible for creating a
temporary scar at the site of damage, preventing further injury to the liver. Prolonged activation of
these cells causes fibrosis of the liver [24]. During recovery of liver fibrosis, HSC activity is
greatly reduced, via cellular senescence and apoptosis, or a return to the quiescent state [26, 27].

HSCs are also involved in much of the signaling that occurs during liver regeneration [24, 25].

Overview of Drug Metabolism

Metabolism is a major mechanism by which xenobiotics, including drugs, are eliminated from the
body, and this process occurs primarily through drug metabolizing enzymes. Generally, these
enzymes are a protective mechanism of the body against potentially harmful effects from
endogenous and exogenous compounds, and can be found in various tissues and organs [28]. There
are many sites of drug metabolism including the kidney, skeletal muscle, brain, heart, skin,
gastrointestinal tract, and the lungs. However, it is the liver that is most metabolically active by
weight [29, 30]. Normally, in the case of drug metabolism, a lipid soluble, non-polar compound is
enzymatically converted into a polar, water soluble compound allowing for excretion from the
body [29]. The progression of drug metabolism can be broken down into 3 distinct phases: two

enzymatic phases and the final phase of drug transport out of the cell [31].



Phases of Drug Metabolism

Phase | Metabolism

Phase | metabolism enzymes refer to cytochromes p450 (CYPs), flavin-containing
monooxygenases (FMOs), NADPH-P450 reductases, aldehyde and ketone reductases, epoxide
hydrolases, esterases, NAD(P)H: quinone oxoreductases (NQO), sulfatases, peptidases, and p-
glucoronidases [32]. Of these phase | metabolism enzymes, the CYPs are the most extensively
studied due to the fact that the majority of drugs are metabolized by this group. CYP nomenclature
is broken down into a number for a family, followed by a letter for sub-family, and finally another
number for the specific isozyme. For example, CYP3A4 would be in the third family, sub-family
A, and be the fourth isozyme in that subfamily. To date, 18 families of CYPs have been discovered,
which are divided into 44 sub-families [33]. Of these, approximately a dozen enzymes from
families 1-3 are responsible for the biotransformation of 70-80% of xenobiotics in the body. The
most prominent of CYPs in the metabolism of clinically used drugs are CYP1A2, CYP2D6,
CYP2C9, CYP2B6, CYP2C19, CYP2C8, CYP2A6, CYP2J2, CYP2EL, and CYP3A4/5. Due to
the small number of enzymes responsible for metabolizing such a wide range of drugs increases

the necessity of understanding the regulation of CYPs [33].

All CYPs are cysteinato-heme enzymes with a prosthetic group constituted of an iron (1)
protophyrin-1X. This is covalently linked to the protein via a sulfur atom of a proximal cysteine
ligand. This prosthetic group allows for a wide range of enzymatic reactions to take place to
substrates, including, aliphatic and aromatic hydroxylation, oxidation, N- and O- dealkylation, and
destaturation [34, 35]. These reactions allow for the unmasking or formation of functional groups

(-OH, -NH2, -SH, etc.), leading to a more polar metabolite from a parent compound [35].
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CYPs act not only on clinical drugs, but also on other xenobiotics, such as environmental
chemicals, along with endogenous hormones [36]. For example, CYP3A4 acts on both testosterone
and estrogen [37, 38]. Additionally, CYP3A4 is responsible for the metabolism of bisphenol A
(BPA), an endocrine disruptor, along with 60% of clinically used drugs, making just this single
enzyme a vital part of the body’s defense mechanism [36, 39]. The CYP enzymes are capable of
inactivating drugs as well as activating pro-drugs [40-42]. Due to the wide range of substrates
knowledge of the regulation of CYPs becomes imperative, particularly in the field of

pharmacokinetics.

Regulation of the CYPs is varied, and can occur via their substrates, genetics, and pathophysiology
[33, 43, 44]. Due to the vast number of substrates that are acted on by such a small number of
enzymes, modulation of any one of the CYP enzymes can lead to drastic effects on metabolism.
Most notably are adverse drug interactions (ADIs) that can occur when two or more drugs are co-
administered that are metabolized by the same enzyme. In chronic diseases that require several
drugs to be administered simultaneously, there is a drastic increase in the likelihood of ADIs [45].
For most drugs, toxicity can occur when the key enzyme level is repressed by a substrate, to the
extent that toxic levels of one or several drugs are in circulation in the body. The loss of drug
efficacy can occur when an enzyme is induced; causing the drugs to be metabolized more quickly
than it can have the desired effect. The notable exception of this is in the case of pro-drugs, which
are activated upon metabolism. In these cases, induction of an enzyme may lead to drug toxicity,
and repression may lead to reduced drug efficacy. An example of which is drug-induced toxicity
via acetaminophen. It has been shown that increased CYP3A is capable of converting

acetaminophen to its toxic intermediate metabolite, N-acetyl-p-benzoquinone imine [46, 47].



Phase Il Metabolism

Major Phase Il metabolizing enzymes are described as conjugation enzymes, and are mostly
tansferases, which include: UDP-glucuronosyltransferases (UGTSs), N-acetyltransferases (NATS),
sulfotransferases (SULTS), glutathione S-transferases (GSTs), and methyltransferases such as
thiopurine S-methytransferase (TMPT) and catechol O-methyl transferase (COMT). Phase 1l
metabolizing enzymes have garnered less attraction than their phase | counterparts due to the
relative rarity of ADIs as a consequence of the large capacity of the conjugation system. [35].
Despite the rarity of ADIs, a drastic repression or induction of these enzymes can lead to clinically
significant alterations of normal pharmacokinetics [48]. Like CYPs, phase Il metabolizing

enzymes are capable of acting on endogenous compounds and xenobiotics [35].

Phase Il enzymes often require the availability of oxygen, nitrogen, or sulfur groups for
conjugation to occur. These open sites will act as acceptors for a hydrophilic moiety, such as
glutathione, acetyl group, sulfate, or glucuronic acid. Although phase 11 metabolism enzymes often
build off the reactions in phase | metabolism, it is not always necessary for phase | to occur first.
After the conjugation reaction has taken place, the remaining metabolite will have an increased
molecular weight and polarity, flagging it for excretion in the urine or bile [49]. The largest group
of clinically relevant phase Il metabolizing enzymes is that of the UGTs, followed by the SULTs
and GSTs. NATs comprise a small portion of clinical relevance, while TMPTs represent the

smallest clinically relevant family [50].



Phase Il Metabolism

Phase Il proteins can be found in the liver, kidney, brain, and intestine where they are responsible
for the uptake and excretion of drugs [51, 52]. Examples of key phase Ill enzymes include P-
glycoprotein (P-gp; a.k.a. multidrug resistance protein 1 [MDR1]), multidrug resistance associated
proteins (MRPs), and organic anion transporting polypeptides (OATPSs) [53-55]. Both MDRs and
MRPs are considered ATP-binding cassette transporters (ABCs) due to the use of energy from
ATP hydrolysis for transport of the substrates across the membrane [56]. Additionally, ABCs have
a huge range of substrates, allowing for a wide range of endobiotics and xenobiotics to be
transported during phase Il metabolism. OATPs are members of the solute carrier family, and
mediate ATP and sodium independent transport of organic anions, some organic cations,
conjugated steroids, and bilirubin, allowing for bidirectional transport across cellular membranes

[57-59].

Phase | Metabolizing Enzyme CYP3A4

CYP3A4 is a phase | drug metabolizing enzyme and is the most abundant CYP in both the liver
and the intestine, constituting approximately 40% of the total CYP in the body [1, 60]. In the liver
alone, CYP3A makes up 35% of the total CYP amount (Fig. 1). Furthermore, it has been shown
that of CYP3A in the liver, 95% is of the isoform CYP3A4 [1, 5]. CYP3A4 is responsible for
metabolizing approximately 60% of all clinically used drugs [61]. Additionally, CYP3A4 is
capable of metabolizing not only endobiotics such as sex steroid hormones, leukotrienes and
prostaglandins, but also other xenobiotics including pesticides, herbicides and environmental
chemicals [38, 41, 62-67]. Due to the wide substrate specificity, particularly in regards to clinically

used drugs, elucidation of CYP3A4 regulation is a critical area of research.
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CYP3A4 has the broadest substrate specificity known to date, and is capable of acting on
molecules as small as acetaminophen (Mr =151) to the large cyclosporine A (Mr =1201) [68, 69].
CYP3A4 has been shown to bind to ligands with non-Michaelis-Menton type kinetics, making
accurate enzymatic predications difficult. Moreover, due to the low specificity of CYP3A4 and
the large binding pocket, two or more ligand molecules are capable of binding to the ligand site
(heme pocket) simultaneously [70, 71]. In some cases, such as with metyrapone and progesterone,
the bound conformation of CYP3A4 is very similar to the unliganded version [72]. In other cases,
such as with ketoconazole and erythromycin, drastic changes in CYP3A4 conformation take place,
including an increase in active site volume by >80% [73]. The pocket around the heme iron in
CYP3A4 is significantly larger compared to other CYPs [74]. The heme iron itself is ligated to the
protein by a cysteine and interacts with several side chains. Additional characteristics of CYP3A4
such as hydrophobic loops, phenylalanine clusters, and unique short helices, allow for this enzyme

to have diverse substrate specificity [72].

It is known that CYP3A4 levels are dynamic, not static. That is, the gene expression of CYP3A4
is dependent on many different factors including environmental exposures, genetics, pathologic
states, and physiologic status [33, 75]. Due to the huge range of substrates acted upon by CYP3A4,
it is vital to understand the regulation of this enzyme, particularly to avoid ADIs. For example,
some substrates, such as the anti-tuberculosis drug rifampicin, are inducers of CYP3A4. It has
been shown that induction of CYP3A4 caused by rifampicin will cause increased metabolism of
other substrates of CYP3A4, such as estradiol when co-administered, leading to reduced efficacy
of the drug [76]. In contrast to this, repression of CYP3A4 can cause decreased metabolism, an
example of which is metformin, a drug used to treat type-2 diabetes [77]. In such a scenario, the

repression of CYP3A4 due to metformin may lead to toxic levels of drugs co-administered in the



body. The ADIs caused by aforementioned scenarios can potentially lead to death [78]. It is for

this reason that the regulation of CYP3A4 must be studied further to help prevent ADIs.

The Pregnane Xenobiotic Receptor

The enzymes and proteins of drug metabolism are mainly regulated by ligand activated xenobiotic
receptors [79]. These receptors often times have overlapping ligand specificity [80]. The most
common xenobiotic receptors are aryl hydrocarbon receptor (AhR), peroxisome proliferator-
activated receptor, constitutive androstane receptor (CAR), and the pregnane xenobiotic receptor
(PXR) [81-84]. The pregnane xenobiotic receptor is an orphan nuclear hormone receptor with
promiscuous ligand specificity, and is a major player in the regulation of genes involved in the
metabolism of both endobiotics and xenobiotics [85]. PXR can be considered as a major
xenosensor of the body, due to its ability recognize and regulate xenobiotics and endobiotics,
keeping the body in homeostasis [86]. PXR activation has been shown to have species to species
variation [87]. This receptor is abundantly expressed in the liver, but also is largely expressed in

the intestine and to a lesser extent in other tissues such as kidney [88].

PXR is structurally a typical nuclear receptor in that it has a DNA-binding domain (DBD) located
on the N-terminus, and a ligand-binding domain (LBD) that lies on the C-terminus (Fig. 2).
Between the DBD and LBD lies a flexible hinge region. At the very end of the C-terminus lies a
ligand-dependent transactivation function (AF-2), but unlike other steroid nuclear receptors, PXR
lacks a ligand independent transactivation function (AF-1) which would normally be found at the
N-terminus [89]. When PXR is unbound by an activating ligand, a co-repressor complex, such as
nuclear receptor co-repressor 1 (NCoR1), NCoR2, or small heterodimer partner (SHP/NC0B2)

will associate with PXR, reducing it to basal activity via the recruitment of histone deacetylases
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[89-91]. When in the presence of an activating ligand, PXR undergoes a conformational change,
the co-repressor complex is removed and a co-activator, like the steroid receptor co-activator 1
(SRC-1), SRC2, nuclear receptor interacting protein 1 (NRIP1), or the peroxisome proliferator-
activated receptor gamma co-activator (PGC-1) interacts with PXR [89, 92]. PXR must
heterodimerize with retinoid X receptor (RXR) in order to bind with the target hormone response

element (HRE), a short DNA-motif that regulates gene transcription [93].

The protein structure of PXR allows for a large binding pocket necessary for the wide range of
ligands that act as activators. The binding pocket itself is thought to be approximately 1300A3, and
has the ability to change shape to accommodate ligands of various sizes. Within the pocket itself,
there are twenty-eight amino acid side chains, of which, eight are polar and capable of forming
hydrogen bonds [92]. Although the ligand binding pocket of PXR is largely uncharged and
hydrophobic, evenly spaced polar residues critical to binding have been discovered within the

binding pocket. [94].

PXR is capable of both inducing and repressing multiple target genes allowing for coordinate gene
regulation [95]. PXR is considered the master regulator of CYP3A4, as well as playing a part in
the regulation of CYP1Al, CYP1A2, CYP2A4, CYP2A6, CYP2B6, CYP2B10, CYP2CS,
CYP2C9, CYP2C19, CYP2E1, and CYP4As, all of which contribute to 77-81% of drug
metabolism in the liver [96-102]. The most clinically relevant phase Il enzymes; UGTs, GSTSs,
and SULTs, all are transcriptionally activated via PXR [103, 104]. Finally, key phase 11l enzymes

such as MDR1 and MRP2 are also under transcriptional regulation via PXR activation [105, 106].

In addition to its role in metabolism, it has also been shown that PXR plays a role in hepatocyte

proliferation. Partial hepatectomy of PXR-null mice showed a decrease of 17% liver mass at the
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estimated end-point of liver growth (Day 10) [7]. Hepatic steatosis was markedly decreased in
mouse models lacking PXR [7]. PXR also plays a role in diabetes and obesity, both of which
occurs due to cross talk between various hormone responsive transcription factors such as fork
head box 01, fork head box A2 , PPARY coactivator 1a (PGC-1a), and cAMP-responsive element-
binding protein, decreasing energy metabolism via downregulation of gluconeogenesis. PXR-
knockout in mice models protects against diet-induced obesity [107]. PXR also plays a role in the
regulation of genes involved in lipid homeostasis [107]. The ability of PXR to regulate the
biosynthesis and transport of bile salts may allow this receptor to become a therapeutic target in

combating cholesterol gallstone disease [108].

PXR Regulation

The regulation of PXR is critical to maintaining homeostasis via the transcriptionally regulation
of phase I and phase Il metabolizing enzymes, such as CYP3A4 and UGTs, alongside phase I11
transporter proteins, like MDRL1 [80]. PXR activity is regulated by endobiotics, such as bile acids
and xenobiotics including therapeutic drugs, dietary components, herbal supplements and

environmental chemicals [79, 109-114].

The regulation of PXR gene expression is not well understood. However, it is known that certain
endobiotics and xenobiotics are capable of modulating PXR gene expression. For instance, litholic
acid and dexamethasone have been shown to increase both PXR and its heterodimer RXR mRNA
expression in human hepatocytes [115, 116]. Additionally, clofibrate, isoniazid, perflurodecanoic
acid, and troleandomycin have been shown to modulate the levels of PXR mRNA [88].
Xenobiotics alter PXR levels and/or activity by directly binding to PXR or by indirectly acting

through cellular signaling molecules. For example, clofibrate and perflurodecanoic acid increase
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rPXR mRNA levels despite a lack of PXR ligand binding [88]. In fact, a study of 170 different
FDA approved drugs found that 54% of them modified PXR transactivation, however, not all of
these compounds were ligands of PXR [117]. The finding that PXR is can be activated in cases

without direct ligand binding, led to the discovery of PXR activation via signaling molecules.

Indeed, many signaling molecules have been shown to modulate PXR activity, resulting in altered
PXR target gene expression. An example of which is the decreased levels of PXR-mediated
CYP3A4 gene expression due to the inhibitory effect of lipopolysaccharide and tumor necrosis
factor (TNFa) induced NF-kB on the PXR-RXR dimerization in human hepatocytes [118, 119].
Conversely, when NF-«B activity is inhibited, PXR activity is enhanced [119]. Likewise, kinases
such as PKA, PKC and CDK2 signaling pathways have also been shown to reduce the activity of
PXR, most likely by altering the phosphorylation status of PXR [4, 91, 120]. Modulation of PXR
activity by signaling molecules can occur through protein-protein interactions and/or
posttranslational modifications [121-124]. An important example of a post-translational
modification affecting PXR is that of phosphorylation, a reversible process using a phosphate

group, that allows for regulation of PXR activity [9].

PXR Phosphorylation

In 1992, Fisher and Krebs were awarded the Nobel Prize for their discovery of reversible
phosphorylation as a biological regulatory mechanism [125]. Phosphorylation of proteins,
including transcription factors, is a reversible mechanism for the control of many biological
functions [126]. This post-translational modification is characterized by the addition or removal

of a phosphate group by a kinase or phosphatase respectively. The phosphorylation status of a
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protein can have an effect on its conformation, expression, stability, protein-protein interactions,

subcellular localization, etc. [127].

It is obvious that PXR regulation is dependent on several kinases, and therefore on
phosphorylation. For instance, CDK2 phosphorylates PXR on the Ser'*, Thr'®3 and Thr'®
residues. The effects of phosphorylation on specific residues such as these can be studied using
site directed mutagenesis. A phosphomimetic mutant imitates phosphorylation of a residue by
replacing a serine or threonine with a negatively charged residue such as aspartic acid. Conversely,
a phosphodeficient mutant, imitates dephosphorylation of a residue via a residue change to a small
non-polar residue such as alanine. Using this method, it has been shown that when Ser'!#is mutated
to an aspartic acid, attenuation of PXR transcriptional activity was the greatest. Independent
phosphomimetic mutations of Thr'® or Thr'>® had a marginal effect, however, simultaneous
phosphomimetic mutation of both Thr!>® and Thr*®® led to a significant inhibition of PXR activity

[128].

A second group used a similar method of phosphomimetic and phosphodeficient mutations in 18
kinase recognition sequences, discovering six amino acid residues critical for PXR activity. Ser®,
Thr®, Ser?®, Ser3®, Ser®° and Thr® all play a role in PXR activity. Thr®” was found to be
important for PXR binding to promoter regions of target genes, while Ser®, Ser’®, Ser®° and
Thr4%®are critical for the heterodimerization of PXR with RXR. Ser?%®, Ser3%, Ser®° and Thr%
are implicated in interaction between PXR and its cofactors. Lastly Thr*%® was found to play an

additional role in PXR subcellular localization [129].

In another study using site directed mutagenesis, it has been shown that changing the 57" residue,

a threonine, to an aspartic acid residue significantly decreased PXR transcriptional activity.
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Despite the lack of transcriptional activity there was no decrease in PXR protein levels and the
mutation did not interfere with the SRC-1-PXR interaction. The mutation did however alter the

nuclear distribution of PXR and decreased the DNA binding activity [130].

Investigators have found in HepG2 cells that flavonoids increased PXR gene activity without
directly binding to PXR. These flavonoids were found to decrease CDK-5 and p35, a kinase and a
subunit necessary for the activation of the kinase, respectively. This information suggests that
flavonoids increase PXR activity by decreasing the inhibition from the protein kinase CDK-5

[131].

Protein kinase C (PKC) signaling is capable of drastically decreasing PXR activity in cultured
hepatocytes and cell-based assays. PKC signaling can be activated by cytokines that are secreted
during time of sepsis, inflammation, or liver regeneration [91]. An additional kinase, protein kinase
A (PKA), has been shown to drastically reduce PXR activity in rat and human cells. Conversely,
PKA activation in mouse hepatocytes increases PXR target gene transcription, displaying the
species dependent specificity that is characteristic of PXR activation [87]. By activating PKA or
PKC signaling, PXR activity can be effectively reduced, which in turn affects PXR target gene
expression, such as CYP3A4. Other kinases that have been shown to modulate/phosphorylate PXR
activity include CDK1, casein kinase Il (CK2), a 70kDa form of ribosomal protein S6 kinase (p70
S6K), and glycogen synthase kinase 3 (GSK3) [130]. Regulation of PXR activity by these kinases
demonstrates that PXR activity is regulated by reversible phosphorylation, and that phosphatases

may also play a role in regulating PXR function.
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Phosphatases

Phosphatases generally act in opposition of kinases, removing phosphate groups as part of
reversible phosphorylation. Phosphatases are generally enriched in and sometimes located solely
in the nucleus. Protein phosphatases have been implicated in many diverse biological functions
within the nucleus that include: chromosome condensation, chromatin remodeling, ribosome
biogenesis, DNA replication/repair, and signal transduction pathways [132, 133]. These protein
phosphatases are classified into three families based on sequence, catalytic mechanism, and
structure homology. The first of the protein families is that of the large phosphoprotein
phosphatase (PPP) which contains the classic ser/thr phosphatases. The second family is the
protein tyrosine phosphatase (PTP) family. The third family is the Asp-based phosphatases that

have a distinctive DXDXT/V catalytic signature [134].

The PPP family of ser/thr phosphatases was originally subdivided into either type 1 (PP1) or type
2 (PP2) phosphatases, and then was further divided based on metal ion requirements. For example,
PP2A has no metal requirements, while PP2B requires Ca*? to be present, and that PPM (a.k.a.
PP2C) requires active Mg?*/Mn?* ions [134]. The crystal structure of the PPM family active sites
are very similar to that of the PPP family, although they share little sequence homology [135]. The
PPM family is further separated from other protein phosphatases by their metal ion requirements,
insensitivity to the phosphatase inhibitor okadoic acid, and due to their ability to function as
monomers [126]. Many of the protein phosphatases of the PPM family have been noted to have

significant restriction to the nucleus [136-138].

Many members of the PPM family have been shown to play critical roles in cellular functions. For

example, one study found that PPM1A was capable of negatively regulating p38 and JNK mitogen-
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activated protein kinase (MAPK) pathways by dephosphorylating MAPK kinase and p38 MAPK
[139]. Another member of this family PPM1G, which resides almost exclusively in the nucleus,
was found to target the stress-response kinase p38 MAPK [140, 141]. Additionally, PPM1A has
been shown to be key in the dephosphorylation of SMAD, an essential step in the termination of
transforming growth factor-p (TGF-p) signaling. PPM1A was shown to have a higher affinity for

the phosphorylated SMAD 2 and SMAD 3 and was able to physically bind to both [142].

The PTP family was originally based on its catalytic signature. However, more recent data has
shown that these proteins are more widespread than originally thought, and have been further
classified into evolutionarily diverse groups [134, 143]. Most Asp-based phosphatases display the
DXDX (T/V) catalytic signature and use a unique Asp catalytic mechanism for dephosphorylation

[134, 144].

Because phosphorylation regulates PXR function, it is logical to speculate that phosphatases are
directly or indirectly involved in regulating PXR function by inhibiting the kinase pathways.
However, in comparison to the understanding of the role of kinase signaling, there is only a meager
understanding of the extent to which PXR is regulated by phosphatase signaling. For instance,
okadaic acid, a nonspecific phosphatase inhibitor, reduce PXR’s transcriptional activity in cell-
based gene reporter assays [91], suggesting that okadoic acid—sensitive protein phosphatases (i.e.,
PPland PP2A) are involved in regulating PXR-mediated CYP3A4 gene expression, yet the exact
mechanism remains unknown. It is important to more fully understand the contribution of
phosphatases in regulating PXR function to comprehensively address the role of reversible

phosphorylation in regulating PXR-mediated CYP3A4 expression.
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Liver Regeneration

The liver has long been known for its extraordinary replicative properties. It has been shown many
times throughout the years and in many different species that an injured or resectioned liver can
return to normal size and function over the course of several weeks [145-147]. A human liver will
return to functional size and metabolic state 2-3 weeks post operation, a significantly longer time
period than smaller animal models such as the mouse, in which liver regeneration is completed
after 7-10 days [148-150]. After an insult to the liver has occurred, three general stages occur (Fig.
3). The first is the priming or initiation stage in which hepatocytes that are in proliferative
quiescence, GO phase, are prepared for proliferation. The second stage is that of the proliferation
stage, at this point actual proliferation of the hepatocyte population takes place. Finally, a
termination stage occurs where proliferation is halted as the liver reaches normal size and function.
Much of the signaling among these phases overlaps, and distinctive end points to each phase are

difficult to determine [151].

Two cell types of the liver are capable of activation to restore the liver normal conditions after
injury. The primary cell type in liver regeneration is the hepatocyte. In studies using a partial
hepatectomy (PHX) models, up to 90% of hepatocytes undergo at least one round of cell division
[152]. Hepatocytes have been shown to have amazing replicative ability, in that up to 70
replications of a hepatocyte cell has been noted [123]. These parenchymal cells also have diploid,
tetraploid, and octoploid nuclei, which may play a role in the replicative process [153]. Conversely,
hepatoblasts, a common progenitor of bile duct epithelial cells and hepatocytes adds a second

possibility for cell proliferation. It is thought that hepatocyte proliferation is relied on as the
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primary form of regeneration, and only if this pathway is inhibited are hepatoblasts called upon

[154].

There are many different models for studying the effect of liver regeneration. Cellular models
include primary hepatocytes or cell lines such as HepG2 [155, 156]. Several different animal
models have also been devised for use in studying liver regeneration. These can be broken down
into three general categories: surgical, pharmacological (chemical), or pre-existing (genetic)
models (Fig. 4) [8]. Surgical models are varied, however, the mouse partial hepatectomy model
is the most commonly used due to its reproducibility, low mortality, and defined end-points [157].
This model is classically a 2/3 surgical resection of the mouse liver. Five lobes exist in the mouse
liver; the caudate lobe, the left and right lateral lobe, and the left and right medial lobes. Of the
five lobes, 2-3 lobes are removed depending on the protocol, leaving approximately 30% of liver
mass remaining [157, 158]. Note that the return of liver mass is compensatory growth, not true
regeneration. No lobes will re-emerge from the resected liver; instead overall liver mass will

increase.

The pharmacological models use compounds that cause liver damage, thereby, allowing for study
of the subsequent regeneration. Carbon tetrachloride (CCI4) is a hepatotoxin that causes
centrilobular necrosis via the formation of a trichloromethyl radical [159]. D-galactosamin causes
hepatic damage via a decrease in uridine metabolites [160]. Thioacetamide has been used as far
back as 1959 in the study of liver regeneration [161]. Both acetaminophen and ethanol are
commonly used and available compounds that are capable of causing liver damage [162, 163].

Pre-existing models in animals are varied. These range from Gunn rats expressing Crigler-Najjar
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syndrome, the Wistar rat with hyperbilirubnemia, rabbits with heritable hyperlipidemia, and also

Dalmatians with hyperuricemia as a model of gout [164-167].

In partial hepatectomy models, the priming or intiation phase of liver regeneration is brought about
by several signaling molecules, most notably TNFa and IL-6 (Fig.3), both of which are secreted
by Kuppfer cells and hepatocytes [147, 157, 168, 169]. These two signaling molecules, released
in the first twelve hours after liver injury, activate transcription factors such signal transducer and
activator of transcription 3 (STAT3), nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB), and nuclear factor interlukin-6 (NFIL-6), which drive the hepatocyte past the GO/G1
checkpoint, priming them for proliferation [3, 170, 171]. The importance of TNFa and IL-6 has
been studied in TNFa and IL-6 deficient mice. These models have been shown to mount a
drastically decreased regenerative response, and in the case of IL-6, eventual hepatic failure after
2/3 PHX [170, 172]. NF-xB and STATS3, intermediaries of both TNFa and IL-6 signaling, have
been shown to have increased activation just one hour after PHX, displaying the immediate
response the liver is capable of mounting to acute damage [173-176]. Other important regulatory
mechanisms in the initiation of liver regeneration are the Notch-1 intracellular domain (NICD) and
B-catenin both of which increase 15-30 minutes after PHX, and when knocked down decrease the
regenerative response [177-179]. The overall effect of these signaling molecules during liver

regeneration leads to hepatocytes that have left a state of quiescence, to prepare for proliferation.

The proliferation phase is marked by many signaling molecules (Fig. 3). Key examples of which
are hepatocyte growth factor (HGF), transforming growth factor o (TGFa), and epidermal growth
factor (EGF), all of which activate and are secreted by HSCs in an autocrine manner [24, 25, 180,

181]. HGF can normally be found as an inactive single chain, however, in the presence of
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urokinase plasminogen activator (UPA), which is released in response to wound healing, HGF is
released as an active heterodimer [182]. This active heterodimer, now a potent mitogen, then binds
to the c-Met receptor, allowing for proliferation of hepatocytes [183]. Another signaling molecule
found in the proliferation phase of liver regeneration is EGF, which is perpetually barraging the
liver. Normal, healthy livers are unaffected by the constant exposure to EGF, however, an injured
liver does show a response to EGF. Whether this response is due to less hepatocyte targets, or
increased sensitivity to the EGF receptor, is not known. In response to these signaling factors,
mitogen-activated protein kinases (MAPKS), a family of kinases which play a critical role in the
cell proliferation cycle, are activated. The MAPKSs, especially p42/p44, play a significant role in
driving the cell cycle past the G1 phase after activation via growth factors and cytokines [184].
These growth factors are capable of activating other protein kinase pathways, such as CDK2,

which are essential for proliferation phase of liver regeneration [185-191].

The third and final phase of liver regeneration is that of termination (Fig 3). It is in this phase that
the liver will return to normal size and function, further hepatocyte proliferation is inhibited, and
signaling molecules involved in the priming and proliferation phase are no longer secreted. The
liver has been deemed to have a “hepatostat”, that is, it is capable of regulating its own size and
weight. This idea has come about due to the shrinkage of large livers to smaller recipients and vice
versa [192]. The mechanism for these changes is not completely understood. However, signaling
molecules released during the termination stage of liver regeneration offer an insight to this
phenomenon. One such molecule is IL-1pB, a cytokine released by Kuppfer cells that has been
attributed to the decrease in proliferation of hepatocytes during the termination stage [193].
Increased levels of IL-1p mRNA are shown to occur during the time period appropriate for the

termination stage of liver regeneration after PHX in rats. Furthermore, the exogenous addition of
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IL-1P to regeneration livers attenuates the proliferative surge of hepatocytes in rats after PHX
[194]. Possibly, the most important inhibitor of hepatocyte proliferation is TGF-f. This cytokine,
secreted primarily by stellate cells, has been shown to inhibit proliferation of hepatocytes in
culture, and decrease both the production and activation of HGF [195-198]. Another mito-inhibitor
of hepatocytes is activin, which is also secreted by HSCs and belongs to TGF- superfamily [24,

25, 199].

Hepatic CYP3A levels are altered in a variety of liver pathophysiologies, including liver
regeneration triggered by liver injury. CYP3A levels are significantly reduced during liver
regeneration [200-204]. It has been speculated that upregulation of PXR inhibitory signaling
pathways or downregulation of PXR stimulatory signaling pathways contribute to the repression
of CYP3A4 in proliferating hepatocytes of regenerating livers. However, the molecular
mechanisms for this repression have yet to be clearly defined. Our results may explain a PXR-
mediated mechanism for CYP3A repression in regenerating livers of human patients, including

those that undergo therapeutic partial hepatectomy.

Conclusions and Objectives

The liver is the primary site of drug metabolism and contains many enzymes that are crucial for
the metabolism of endobiotics and xenobiotics. As the metabolizer of 60% of clinically used drugs,
changes in the phase | drug metabolizing enzyme CYP3A4 can lead to severe ADIs. The
expression levels of CYP3A4 are primarily regulated by the orphan nuclear receptor PXR. The
PXR-mediated CYP3A4 gene expression is regulated not only by endobiotics and xenobiotics, but
also by cellular signaling pathways. In particular, kinases such as PKA, PKC, CDK2, p70 S6K

and CaMK Il were found to modulate PXR-activated CYP3A4 gene expression. While much is
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known about kinases’ regulation PXR-mediated CYP3A4 expression, very little is known
regarding phosphatases. In the current study, we characterized PPM1A phosphatase regulation of
PXR activity and PXR-mediated CYP3A4 expression in hepatocytes. The results of our study may

provide a mechanism for CYP3A repression in regenerating livers.
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Figure 3: A schematic representation of the three primary phases of liver regeneration with
important requlators of each phase [3].

24




Animal Models of Liver

Regeneration

Surgical Models Pharmacological Pre-existing
Models Models
l
EtOH CcCl4
D-Galactosamin
Acetaminophen

Partial Portal Branch Cholesteric Cirrhotic
Hepatectomy Ligation Models Models

Protosystemic Hereditary

Shunting

Liver Defects

Figure 4: Various methods of studying liver regeneration in animal models. TAA,
Thioacetamide. EtOH, Ethanol. CCL4, Carbon Tetrachloride. Adapted from [8]

25




Chapter 11

PPM1A phosphatase is involved in regulating PXR-mediated CYP3A4 gene
expression in liver hepatocytes

Abstract
Variations in the expression of human pregnane xenobiotic receptor (hPXR)-mediated cytochrome

P450 3A4 (CYP3A4) in liver can alter therapeutic response to a variety of drugs and may lead to
potential adverse drug interactions. However, molecular mechanisms of hPXR-mediated CYP3A4
expression are not fully understood. We sought to determine whether Mg?*/Mn?*-dependent
phosphatase 1A (PPM1A) regulates hPXR-mediated CYP3A4 expression in liver hepatocytes.
PPM1A could be coimmunoprecipitated with hPXR. Genetic or pharmacologic activation of
PPM1A led to a significant increase in hPXR transactivation of CYP3A4 promoter activity. In
contrast, knockdown of endogenous PPM1A not only attenuated hPXR transactivation, but also
increased proliferation of HepG2 cells. This suggests that PPM1A expression levels regulate
hPXR, and that PPM1A expression and hPXR activity are regulated in a proliferation-dependent
manner. Indeed, PPM1A expression and hPXR transactivation were significantly reduced in sub-
confluent HepG2 cells compared to confluent HepG2 cells, suggesting that both PPM1A
expression and hPXR-mediated CYP3A4 expression may be downregulated in proliferating livers.
Elevated PPM1A levels led to attenuation of hPXR inhibition by tumor necrosis factor-o. and
cyclin-dependent kinase 2 which are known to be upregulated and essential during liver
regeneration. In mice regenerating livers, similar to sub-confluent HepG2 cells, expression of both
PPM1A and the mouse PXR target gene cyp3all (human ortholog of CYP3A4) was found to be
downregulated. Together, our results show that PPM1A is essential for PXR function and can
positively regulate PXR activity by counteracting PXR inhibitory signaling pathways that play a

major role in liver regeneration. These results implicate a novel role for PPM1A in regulating

26



hPXR-mediated CYP3A4 expression in liver hepatocytes, and may explain a mechanism for

CYP3A repression in regenerating livers.
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Introduction

CYP3A4 catalyzes the metabolism of more than 60% of clinically used drugs in humans [205,
206]. Therefore, altered expression of CYP3A4 can affect the therapeutic response to a broad
spectrum of drugs and may lead to potential undesired drug interactions. hPXR, a member of the
nuclear receptor superfamily, is a master regulator of CYP3A4 expression [207]. Altered hPXR

activity could potentially lead to changes in CYP3A4 levels and activity.

The PXR target gene expression is regulated not only by endobiotics and xenobiotics [61, 93, 208],
but also by cellular signaling pathways [9]. For instance, p53, FOXO and NF-kB interact with and
regulate PXR function [118, 209-212]. Similarly, post-translational modifications including
phosphorylation, ubiquitination, acetylation, and sumoylation regulate PXR activity [121, 122,
213-215]. In particular, kinases such as PKA, PKC, cyclin-dependent kinase 2 (CDK2), p70 S6
kinase and Ca?*/calmodulin-dependent protein kinase Il were found to modulate the activity of
PXR [121, 128, 215]. While much is known about hPXR regulation by kinases, very little is known
regarding phosphatases. We sought to determine whether Mg?*/Mn?*-dependent phosphatase 1A

(PPM1A) regulates PXR activity.

PPM1A belongs to the family of metal ion-dependent Ser/Thr protein phosphatases (PPM).
Phosphatases of the PPM family are structurally and functionally distinguished from other
phosphatase families by their monomeric property, dependency on Mg?*/Mn?* for activity, and
insensitivity to inhibition by okadoic acid or microcystin [216, 217]. While the PPM family
currently contains 22 phosphatases, PPM1A is the most extensively characterized member of this
family [216, 217]. Notably, PPM phosphatases, including PPM1A, have been recognized to

regulate cell growth [2, 216, 218-221]. Signal cross-talk between Ser/Thr protein phosphatases
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and nuclear receptors has been reported. For example, PP1 and PP2A physically associate with the
vitamin D receptor (VDR) and PPM1B selectively modulates PPARy activity [222, 223].
Similarly, PPM1A interacts with VDR, which belongs to the same subfamily of nuclear receptors
as PXR does[224]. In the current study, we show that PPM1A interacts with and regulates the

function of PXR.

Hepatic CYP3A levels are altered in a variety of liver pathophysiological conditions, including
liver regeneration triggered by liver injury. CYP3A levels are significantly reduced during liver
regeneration [200-204]. However, the molecular mechanisms of CYP3A repression are poorly
understood. We show that PPM1A positively regulates hPXR-mediated CYP3A4 expression in
HepG2 cells, and that PPM1A expression and PXR activity are regulated in a proliferation-
dependent manner in HepG2 cells. We also show that the levels of PPM1A and Cyp3all are
downregulated in mice regenerating livers after partial hepatectomy. This positive correlation
between PPM1A and cyp3all expression provides in vivo biological relevance of PPM1A
regulation of PXR-mediated CYP3A expression. Our results may explain a mechanism for CYP3A
repression in regenerating livers of human patients, including those that undergo therapeutic partial

hepatectomy.
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Materials and Methods

Chemicals and plasmids: Dimethyl sulfoxide (DMSO), rifampicin (RIF), Ces-ceramide,
dihydroCes-ceramide, hepatocyte growth factor (HGF), dibutyryl-cAMP (db-cAMP), NG6-
Benzoyladenosine-cAMP (N-6-benz-cAMP), phorbol 12-myristate 13-acetate (PMA), and tumor
necrosis factor alpha (TNFao) were purchased from Sigma-Aldrich (St. Louis, MO). The pcDNA3,
FLAG-pcDNA3, pcDNA3-hPXR, FLAG-pcDNA3-hPXR, pGL3-CYP3A4-luc, V5-CDK2, V5-
cyclin E and pGL3-CMV-Renilla luciferase plasmids were previously described [4, 130, 225]. The
pcDNA3-PPM1A was a gift from Dr. Sara Lavi (Department of Cell Research and Immunology,
George S. Wise Faculty of Life Sciences, Tel Aviv University, Tel Aviv 69978, Israel) [2]. The
wild-type and mutant FLAG-pcDNA3-PPM1A plasmids were gift from Dr. Andrew Rice
(Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston,

Texas) [226].

Cell culture: HepG2 human liver carcinoma cells and COS-7 monkey kidney fibroblasts were
obtained from the American Type Culture Collection (Manassas, VA) and grown in Dulbecco's
Modified Eagle's Medium (DMEM) (Lonza, Allendale, NJ) supplemented with 10% fetal bovine
serum (HyClone, Logan, UT), 100 U/ml penicillin and 100 pg/ml streptomycin (Cellgro,
Swedesboro, NJ), 2 mM L-glutamine (Cellgro), and 1 mM sodium pyruvate (Cellgro). The cells
were cultured in an incubator with a humidified atmosphere maintained at 5% CO2 and 95% air
at 37°C. The assay media included phenol red-free DMEM (Lonza) supplemented with 5%
charcoal/dextran-treated FBS (HyClone) and the other additives. HepG2 cells stably expressing

hPXR and CYP3A4-luc were maintained under the selection of G418 (Cellgro) [4].
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Hepatocytes: Cryopreserved human primary hepatocytes (HU1488), the hepatocyte media and
the culture plates were purchased from Invitrogen (Carlsbad, CA) and cultured by following the
manufacturer’s protocol. Briefly, the hepatocytes were maintained for 6 h in Williams' medium
E without phenol red, supplemented with 5% fetal bovine serum and 500 nM dexamethasone, in
collagen coated 24 well culture plates in an atmosphere of 5% CO2 at 37°C. The cells were then
incubated in induction media (Williams' medium E without phenol red, supplemented 100 nM
dexamethasone) for 12 h. The cells were then treated with the vehicle or drugs in induction medium

for 48 h, unless otherwise stated, before harvesting total RNA for gene expression studies.

Transient transfection: Transient transfections were performed using FUGENE 6 (Promega).
Briefly, transfections were performed in 6-well culture plates with 2.5 ug of total plasmid DNA
per well. Cells were transfected with the following plasmids: hPXR (100 ng), PPM1A (400 ng),
CDK2 (200 ng), cyclin E (200 ng), CMV-Renilla (100 ng), and pGL3-CYP3A4-luc (1500 ng).

pcDNA3 was added to ensure that the total plasmid DNA in each transfection reaction was 2.5 pg.

Lentiviral shRNA transduction: HepG2 cells stably expressing hPXR and CYP3A4-luc were
transduced with the lentiviral particles carrying either non-silencing control sShRNA or PPM1A
shRNA (Santa Cruz Biotechnology, Santa Cruz, CA) according to the manufacturer’s instructions.
Stably-transduced cells were selected using puromycin (Cellgro) and maintained under the
selection of puromycin. To minimize any insertion site bias, pooled populations of transduced cells
were used for the assays. Human primary hepatocytes were also transduced with the control or
PPM1A shRNA lentiviral particles for 48 h, followed by 24 h treatment with DMSO or rifampicin.

Total RNA was then isolated for gene expression studies.
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PXR transactivation assays: The cells were transfected with pcDNA3 or FLAG-pcDNA3,
pPcDNA3-hPXR or FLAG-pcDNA3-hPXR, CYP3A4-luc, pcDNA3-PPM1A, FLAG-pcDNAS3-
PPM1A, CMV-renilla luciferase plasmids using FUGENE 6 (Promega). Twenty-four hours after
transfection in the growth media, about 10,000 live cells were plated in each well of a 96-well
culture plate (PerkinElmer, Waltham, MA), and treated with the vehicle or drugs for an additional
20 or 24 h in the assay media. Next, forty-eight hours after transfection, a luciferase assay was
performed to measure luminescence using the Dual-Glo luciferase assay system (Promega,
Madison, WI) and FLUOstar Optima microplate reader (BMG Labtech, Cary, NC). The firefly
luciferase activity was normalized to either the renilla luciferase activity or the number of liver
cells. Cell viability was determined using the CellTiter-Glo luminescent cell viability assays

(Promega). The normalized promoter activity was shown as relative luminescence units.

Cell proliferation assays: The lentiviral transduced and non-transduced cells were plated into 96-
well culture plates (PerkinElmer) at a density of 10,000 cells per well in a final volume of 100 pl
medium, and incubated for 48 h. The CellTiter-Glo luminescent cell viability assays (Promega)
were performed to determine the number of viable cells by quantifying the ATP present, which
indicates the presence of metabolically active cells. Luminescence was measured with a FLUOstar

Optima microplate reader (BMG Labtech).

Cell-cycle analyses: Both the sub-confluent and confluent HepG2 cells in 6-well culture plates
were trypsinized and processed for flow cytometry analysis [227]. Briefly, the cells were fixed in
70% cold ethanol and incubated with propidium iodide to stain DNA and with RNAse A to kill

RNA. The cells were then analyzed for cell-cycle profile by flow cytometry (ACCURI C6). Cell-
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cycle distribution was calculated using CFlow Plus software. The percentage of each population

in each phase of the cell-cycle was determined [225, 227].

Animals, Surgeries and Tissue Harvesting: Partial hepatectomy (PHX) surgeries were
performed on 2-3 month old male C57/BL6 mice as previously described [6]. Livers were collected
at various time points between 0 to 14 days after PHX and processed as described before for gene

and protein expression analyses [6].

RT-PCR analysis: Total RNA was extracted from the mice liver tissue, HepG2 cells or human
primary hepatocytes by using the RNeasy Mini Kit (Qiagen; Valencia, CA). The quality and
quantity of the total RNA were determined using NanoVue Plus Spectrophotometer (GE
Healthcare). Reverse transcription was performed with the QuantiTect Reverse Transcription Kit
(Qiagen) and quantitative PCR was performed by using the QuantiTect SYBR Green Kit (Qiagen)
and iCycler iQ Real-Time PCR Detection System (Bio-Rad; Hercules, CA) according to the
manufacturer's protocol. Transcripts of the 18S small subunit ribosomal RNA (18S rRNA)
housekeeping gene and mouse PXR (mPXR), Cyp3all, Ki-67, TNFa, CDK2, human PPM1A and
CYP3A4 were amplified using gene-specific primers (Table 1). The comparative Ct method was
used for relative quantification for gene expression with the following formula: ACt = Ct (test
gene) - Ct (18S rRNA); AACt (test gene) = ACt (test gene in treatment group) - ACt (test gene in
vehicle control group); the fold changes of MRNA = 2~ 24€t which indicated the relative mRNA

level of the corresponding transcript to the control samples.

Western blotting analysis: The mice liver tissue, COS-7 or HepG2 total cell lysates were

collected in RIPA buffer containing a cocktail of protease inhibitors, and protein concentration
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was determined by Bio-Rad protein assay (Bio-Rad). Equal amounts of protein were separated on
a SDS-polyacrylamide gel electrophoresis and were transferred on to nitrocellulose membranes.
The membranes were then blocked with 5% skim milk in Tris-buffered saline containing 0.1%
Tween 20, incubated with anti-PPM1A (Abcam), anti-FLAG (Sigma) or anti-actin (Santa Cruz)
antibodies in blocking buffer, washed with Tris-buffered saline, and finally incubated with HRP-
conjugated secondary antibodies (Santa Cruz) in blocking buffer. The proteins were visualized
using HyGLO Chemiluminescent HRP Antibody Detection Reagent (Denville Scientific,

Metuchen, NJ).

Coimmunoprecipitation assays: COS-7 cells were transiently cotransfected with FLAG-hPXR
and PPM1A [2] or FLAG-pcDNA. FLAG-hPXR contains the FLAG epitope fused to the N
terminus of hPXR. Fusion of FLAG tag to the N-terminal hPXR doesn’t affect the transactivation
function of hPXR in HepG2 or COS-7 cells [130]. 24h after transfection, cells were treated for
additional 24 h with DMSO or 10 pM rifampicin. The cells were lysed in triton lysis buffer
containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, protease
inhibitor cocktail (Roche, Indianapolis, IN), and Halt phosphatase inhibitor cocktail (Pierce,
Rockford, IL). Total protein concentration was determined by Bio-Rad protein assay (Bio-Rad).
Immunoprecipitation was carried out on 1 mg of total protein using anti-FLAG M2 agarose beads
(Sigma) for 2 hours at 4°C. The beads were washed twice each with lysis buffer and TBS and then
boiled in sample loading buffer (Invitrogen) to release the bound proteins, followed by western
blot analysis with an anti-PPM1A antibody. The same lysates were also probed with the anti-

PPM1A antibody and a western blot was performed.
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Statistical analysis: Data were analyzed with Student's t test by using GraphPad Prism 6 software.

Differences were considered significant (*) for P < 0.05
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Results and Discussion

PPM1A coimmunoprecipitates with hPXR. It is known that cellular signaling pathways
mediated through phosphatases, regulate the function of several nuclear receptors, thereby
modulating nuclear receptor-mediated gene expression [134, 223, 225, 228-230]. There is some
evidence showing that cellular signaling pathways, through protein-protein interactions and post-
translational modifications, regulate hPXR function and hPXR-mediated CYP3A4 expression in
hepatocytes [9, 121-124, 128, 209-211]. While much is known about hPXR regulation by kinases
[121, 128, 215], very little is known regarding phosphatases. To identify phosphatases that interact
with hPXR, we sought a proteomics approach that would identify proteins that interact with hPXR
in cell based assays. The rationale is that hPXR interacting proteins can be pulled by
immunoprecipitation of transfected FLAG-hPXR, and that the coprecipitated proteins can be
sequenced for their identity using mass spectrometry. FLAG-hPXR contains the FLAG epitope
fused to the N terminus of hPXR, and fusion of the FLAG tag to the N-terminal hPXR doesn’t
affect the transactivation function of hPXR in HepG2 or COS-7 cells [130]. We identified PPM1A
as one of the hPXR interacting proteins. Recently, phosphatases including PPM family members,
such as PPM1A and PPM1B, have been shown to interact with nuclear receptors [222-224]. To
confirm hPXR and PPM1A interaction, COS-7 cells were transiently co-transfected with FLAG-
hPXR and PPM1A [2] or FLAG-pcDNA. 24 h after transfection, cells were treated for additional
24 h with DMSO or 10 uM rifampicin. PPM1A was coimmunoprecipitated with FLAG-hPXR in
both basal (DMSQ) and ligand (rifampicin)-stimulated conditions (Figure 5). This finding led us

to hypothesize that PPM1A phosphatase may play a role in regulating hPXR activity.
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Overexpression of PPM1A leads to increased rifampicin-induced hPXR-mediated CYP3A4
promoter activity. We used the induction of CYP3A4-luc to measure the activity of hPXR in
HepG2 and COS-7 cells [130, 225]. Activation of PPM1A by overexpression led to a significant
increase in both basal (DMSO) and rifampicin-induced hPXR activation in HepG2 and Cos7 cells
(Figures 6A & 6B) [2, 226]. Similarly, pharmacological activation of PPM1A with Ces-ceramide
also resulted in increased activation of hPXR (Figure 7A) [231]. On the other hand, dihydroCs-
ceramide, an inactive analog of Ces-ceramide, did not affect hPXR activity (Figure 7B) [232].

These results suggest that activation of PPM1A increases hPXR-mediated CYP3A4 activity.

Although we used Ces-ceramide to pharmacologically activate PPM1A in HepG2 cells, Ce-
ceramide was also shown to inhibit PKCa [232]. PKA is shown to suppress hPXR activity [91]. It
is not known whether Cs-ceramide binds to and activates hPXR. Therefore, it is possible that Ce-
ceramide-increased hPXR activity could be a combinatorial effect of PPM1A activation, PKCa.
inhibition, and direct hPXR activation (serving as an agonist of hPXR). Nevertheless, PPM1A
overexpression (genetic activation) studies confirm that activation of PPM1A leads to upregulation

of hPXR activity (Figures 6A & 6B).

Knockdown of PPM1A RNA levels leads to impaired rifampicin-induced hPXR-mediated
CYP3A4 promoter activity in HepG2 cells. Transactivation assays were carried out in HepG2
cells stably transfected with hPXR (pcDNA3-hPXR) and CYP3A4-luc, in which the expression
of luciferase was controlled by the hPXR-regulated CYP3A4 promoter [4]. Knockdown of
endogenous PPM1A in the HepG2 cells was achieved by transduction with lentiviral vectors
carrying PPM1A shRNA (Figure 8A). While overexpression (activation) of PPM1A enhanced

hPXR function (Figure 6), knockdown (inhibition) of PPM1A significantly impaired both basal
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and rifampicin-induced transactivation function of hPXR (Figure 8B). Transduction with
lentiviral vectors containing non-silencing shRNA (control shRNA) did not affect either PPM1A

protein expression or rifampicin induced hPXR activity (Figure 8A & 8B).

To determine whether PPM1A regulates PXR-mediated CYP3A4 gene expression in human
primary hepatocytes, PPM1A expression was knocked down using PPM1A shRNA (Figure 9A).
Transduction with control shRNA did not affect PPM1A expression (Figure 9A). Notably,
knockdown of PPM1A mRNA expression resulted in a significant reduction in rifampicin-
induced CYP3A4 mRNA expression (Figure 9B). These results led us to speculate that PPM1A

may play a significant role in the regulation of hPXR activity in vivo.

Knockdown of PPM1A promotes proliferation of hepatocytes. It is known that hPXR-activated
CYP3A4 expression in hepatocytes is regulated in a proliferation-dependent manner [4, 213]. It is
also known that PPM family phosphatases, including PPM1A, regulate cell growth [2, 216, 218-
220]. A recent study using PPM1A gene knockout mice revealed that PPM1A plays a major role
in regulating epithelial cell growth [221]. We examined whether PPM1A levels affect proliferation
of HepG2 cells. Knockdown of PPM1A levels, using sShRNA-mediated knockdown, significantly
increased proliferation of HepG2 cells (Figure 10). On the other hand, control non-silencing
shRNA did not affect proliferation of HepG2 cells (Figure 10). These results demonstrate that the

knockdown PPM1A expression in HepG2 cells impairs hPXR activity but promotes proliferation.

PPM1A expression and hPXR activity are downregulated in sub-confluent HepG2 cells.
Since PPM1A knockdown resulted in decreased hPXR activity and increased HepG2 proliferation,
we determined whether PPM1A expression and hPXR activity are affected in sub-confluent

HepG2 cells when compared to confluent HepG2 cells. Flow cytometry analysis was performed
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on the sub-confluent and confluent HepG2 cells to determine distribution of the cells in different
phases of the cell-cycle. Number of cells in the S phase of the cell-cycle was significantly higher
in the sub-confluent cells (~17%) compared to the confluent cells (~4 %) (Figure 11A). Both
PPM1A protein levels and hPXR transaction of CYP3A4 promoter activity were downregulated
in the sub-confluent HepG2 cells compared to the confluent HepG2 cells (Figure 11B & 11C).
These results confirm that PPM1A levels, similar to hPXR activity, are regulated in a proliferation-
dependent manner, and suggest that PPM1A expression and hPXR activity may be regulated in
proliferating livers [4, 213]. Additionally, similar to proliferating livers, mRNA levels of TNFa
and CDK2 were upregulated in the sub-confluent HepG2 cells as compared to the confluent

HepG2 cells (Figure 11D) [157, 233].

We next determined the biological relevance of PPM1A regulation of PXR-mediated CYP3A
expression in HepG2 as well as in mice regenerating (proliferating) livers since PPM1A has been
shown to regulate proliferation-dependent signaling pathways, such as CDK2, that modulate PXR

activity [4, 118, 119, 213].

PPM1A counteracts inhibition of hPXR activity by TNFa, HGF and CDK2. Liver
regeneration triggered by liver injury is a pathophysiological condition characterized by reduced
CYP3A expression in proliferating hepatocytes [200-204]. Hepatocyte proliferation during liver
regeneration after partial hepatectomy occurs in two phases; the priming phase and the
proliferative phase [157]. The priming is induced by cytokines such as TNFa, primarily through
NF-kB activation, whereas the proliferation is induced by growth factors such as HGF, and through

activation of various signaling pathways, including CDK2 [185-188, 234, 235].
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It is known that TNFa, HGF, and CDK2 signaling pathways, which are upregulated and essential
for hepatocyte proliferation in regenerating livers, inhibit PXR-activated CYP3A expression[4,
118, 119, 128, 213, 236, 237]. While CDK2 phosphorylates PXR to inhibit PXR activity, TNFa
induces NF-xB activation to inhibit PXR-RXRa interaction [4, 118, 128, 212]. As expected,
activation of CDK2 (overexpression of CDK2 and cyclin E) (Figure 12A) or treatment with TNFa

(Figure 12B) inhibited both basal and rifampicin-induced activation of hPXR [4].

PPM1A inhibits TNFo signaling by dephosphorylating and inactivating IKKp, a central
intermediate signaling molecule in TNFa-mediated activation of NF-xB [238]. PPM1A also
inhibits CDK2 signaling by directly dephosphorylating and inactivating CDK2 [239, 240]. We
therefore asked the question whether PPM1A activation attenuated TNFa and CDK2 inhibition of
hPXR. Indeed, PPM1A activation attenuated inhibition of hPXR by both CDK2 and TNFa (Figure
12A & B), suggesting that PPM1A can safeguard the function of hPXR in hepatocytes by
inhibiting or desensitizing TNFa and CDK2 signaling. Activated HGF has been shown to stimulate
several intracellular kinases, including CDK2 [241-243]. We therefore tested whether HGF
inhibits PXR activity, and whether PPM1A affects HGF inhibition of PXR. The results determined
that while HGF inhibited PXR function, PPM1A counteracted the inhibition of HGF on PXR

activity (Figure 12C).

However, these three PXR inhibitory signaling pathways are required for hepatocyte proliferation
during liver regeneration. If PPM1A expression is not downregulated in proliferating hepatocytes
of regenerating livers, regeneration may be affected as a consequence of PPM1A desensitization
or inhibition of HGF, TNFa and CDK2 signaling. It is therefore possible that PPM1A levels are

downregulated in hepatocytes during liver regeneration. This logical speculation is further
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supported by our findings of mutually negative regulation between PPM1A expression and HepG2

proliferation (Figures 10 & 11).

Cyp3all expression positively correlates with PPM1A expression in mice regenerating
livers. It is well known that the expression of Cyp3all (the mouse ortholog of human CYP3A4)
is significantly downregulated in proliferating hepatocytes of mice regenerating livers as compared
to normal quiescent hepatocytes [200-204]. Since knockdown of PPM1A levels resulted in
increased HepG2 proliferation and impaired hPXR-mediated CYP3A4 expression (Figures 10 &
11), we speculated that PPM1A levels could be downregulated in proliferating hepatocytes of
regenerating livers, contributing to reduction of mouse PXR-mediated Cyp3all expression. In
addition, PPM1A inhibition of both CDK2 and TNFa (Figure 12A & 12B), important factors in
liver regeneration, corroborates the speculation of decreased PPM1A activity during liver

regeneration.

To verify that the mouse livers were undergoing normal liver regeneration after PHX, we examined
the mRNA levels of TNFa, CDK2, and Ki-67 in 0 h to 7d livers after PHX. As expected, mMRNA
levels of TNFa and CDK2 as well as cell proliferation marker Ki-67 were upregulated in livers
after PHX [244]. We found that TNFa was increased significantly at 12 h, 24 h, and 48 h (Figure
13A). Both CDK2 and Ki-67 were increased significantly after 24 h until 5 d (Figures 13B &

13C).

We also examined the mRNA expression of Cyp3all and mPXR along with the protein levels
PPM1A in 0 hto 14d regenerating livers of mice after PHX [6, 7, 245, 246]. As expected, Cyp3all,
an mPXR target gene, was significantly downregulated in regenerating livers (Oh to 7d after PHX)

(Figure 14A). Interestingly, PPM1A protein expression was also downregulated in mice
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regenerating livers (Oh to 5d after PHX) (Figure 14B). mPXR mRNA levels were either unaltered
or higher after PHX (Figure 14C), indicating that Cyp3all repression in regenerating livers was
not because of reduced mPXR levels. The positive correlation between PPM1A and Cyp3all
expression in regenerating livers is consistent with downregulation of PPM1A expression and
hPXR-mediated CYP3A4 promoter activity in the sub-confluent HepG2 cells (Figure 11). The
mice liver regeneration studies provide an important in vivo biological relevance for PPM1A
regulation of PXR activity and PXR-mediated CYP3A expression in liver hepatocytes. Taken
together, these findings may provide a mechanism for repression of CYP3A in regenerating livers,
where downregulation of PPM1A, which activates PXR, may lead to CYP3A repression in

proliferating hepatocytes of regenerating livers.

Enzymatic activity of PPM1A is required for PPM1A upregulation of hPXR function.
Overexpression of wild-type (catalytically-active) PPM1A, but not mutant (catalytically-inactive)
PPM1A R174G, led to a significant upregulation of both basal (DMSO) and rifampicin-induced
activation of hPXR (Figure 15A & 15B) [2, 226]. This result suggests that enzymatic (phosphatase

or dephosphorylation) activity of PPM1A is essential for PPM1A to enhance hPXR function.

PPM1A activation counteracts inhibition of hPXR activity by kinase signaling. Several
Ser/Thr kinases, including PKA, PKC, and CDK2 phosphorylate and inhibit hPXR function [4,
87,91, 120, 128]. hPXR exists as a phosphoprotein in vivo and kinase signaling, such as PKA and
CDKZ2, increase phosphorylation of Ser and Thr residues on hPXR in vivo to inhibit hPXR function
[87, 128]. As expected, activation of PKA signaling by an activator of PKA, dibutyryl-cAMP (db-

cAMP) or a specific activator of PKA, N6-Benzoyladenosine-cAMP (N-6-benz-cAMP), resulted
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in inhibition of hPXR activity (Figure 15) [247, 248]. Likewise, activation of PKC signaling with

phorbol 12-myristate 13-acetate (PMA) resulted in inhibition of hPXR activity (Figure 16).

Since PPM1A interacts with hPXR and the phosphatase activity is essential for PPM1A to enhance
hPXR function (Figure 15), we speculated that PPM1A may act as a major Ser/Thr phosphatase
to dephosphorylate and enhance hPXR function. Indeed, PPM1A activation significantly
attenuated hPXR inhibition by CDK2 (Figure 12A) as well as by PKA and PKC signaling
(Figures 16 & 17). This suggests that PPM1A may desensitize these inhibitory signaling pathways

possibly by dephosphorylating phosphoserine/phosphothreonine residues in PXR.

Phosphatases regulate the function of other proteins through their scaffolding and/or enzymatic
activities. Currently, it is unknown whether PPM1A increases hPXR function by acting as a
scaffolding protein to alter hPXR-coregulator interactions. Also, it remains to be determined
whether PPM1A dephosphorylates hPXR/coregulators/other signaling molecules that affect hPXR
activity. Additionally, other possible mechanisms, such as altered PXR expression, localization
and DNA binding, cannot be ruled out. Future investigations are required to dissect the detailed

mechanisms.

It is possible that HepG2 cells were driven into proliferation in response to PPM1A knockdown
because PPM1A’s normal inhibitory effect on CDK2 and TNFa was released or the activity of
CDK2 and TNFa increased in response to reduced levels of PPM1A. However, it is unknown
whether PPM1A attenuates TNFa inhibition of hPXR by desensitizing IKK phosphorylation.
Similarly, it is unknown whether PPM1A attenuates CDK2 inhibition of hPXR by desensitization

of CDK2 signaling and/or hPXR phosphorylation. Along the same lines, PPM1A attenuation of

43



PKA and PKC inhibition of PXR could be due to dephosphorylation of phosphorylated hPXR as

there are no reports of direct PPM1A inactivation of PKA and PKC.

In summary, our results determine that PPM1A interacts with hPXR and positively regulates
hPXR-mediated CYP3 A4 expression by counteracting the inhibitory effect of TNFo, HGF, CDK2,
PKA, and PKC signaling. Our results also show that PPM1A levels and hPXR-mediated CYP3A4
expression are downregulated in proliferating hepatocytes. Finally, our results show that PPM1A
levels positively correlate with cyp3all levels in mice regenerating livers. These findings may
provide a mechanism for reduced CYP3A levels in proliferating livers such as injured livers

undergoing regeneration.

Our current model of PXR-mediated CYP3A4 regulation via PPM1A is based on previous studies
and our current study results. Both TNFa and CDK2 signaling pathways are vital components of
liver regeneration and inhibit PXR activity. PPM1A enhances PXR activity by counteracting the
PXR inhibitory signaling pathways such as TNFa and CDK2 (Figure 18A). It is our current
proposition that decreased levels of PPM1A in regenerating livers may in part contribute to

repressed CYP3A4 levels in regenerating livers (Figure 18B).
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Figures
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Figure 5: PPM1A coimmunoprecipitates with hPXR. COS-7 cells were transiently
cotransfected with FLAG-hPXR and PPM1A [2] or FLAG-pcDNA. 24 h post transfection,
the cells were treated with either DMSO or 10 uM rifampicin for 24 h. The cells were then
lysed with triton lysis buffer. Immunoprecipitation was performed using anti-FLAG M2
antibody. The interaction of FLAG-hPXR with PPM1A was examined by
immunoprecipitation with the anti-FLAG antibody followed by western blot analysis with an
anti-PPM1A antibody. The same lysates also underwent a western blot and probed with the
anti-PPM1A antibody. Data shown are from a representative experiment.
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Figure 6: Genetic activation of PPM1A enhances the transactivation function of

hPXR. HepG2 (A) and COS-7 (B) cells were cotransfected with hPXR, CYP3A4-luc,
PPM1A and CMV-Renilla (transfection control). After 24 h transfections, the cells were
treated with DMSO, 1 or 10 pM rifampicin (RIF) for 24 h before measuring the firefly and
renilla luciferase activities. The relative luminescence units were determined by normalizing
with the renilla luciferase control. Data represent mean + SD from eight independent
experiments. Statistical significance (*, p < 0.05) was determined using unpaired

Students t test. PPM1A cotransfected samples were compared with hPXR transfected samples
in each treatment group.
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Figure 7: Pharmacological activation of PPM1A enhances the transactivation function
of hPXR. HepG2 cells were cotransfected with hPXR, CYP3A4-luc, PPM1A and CMV-
Renilla (transfection control). After 24 h transfections, the cells were treated with DMSO, 10
uM rifampicin (RIF), 10 uM C6-ceramide + RIF or 10 uM dihydro-C6-ceramide + RIF. The
firefly and renilla luciferase activities were measured 24 h after the treatments. The relative
luminescence units were determined by normalizing with the renilla luciferase control. Data
represent mean + SD from eight independent experiments. Statistical significance (*, p<
0.05) was determined using unpaired Students t test.
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Figure 8: Knockdown of PPM1A RNA levels impairs hPXR activity in HepG2 Cells. (A)
HepG2 cells stably expressing hPXR and CYP3A4-luc [4] were transduced with lentiviral
vectors carrying control non-silencing shRNA or PPM1A shRNA. Whole-cell lysates were
collected and subjected to western blot analysis using anti-PPM1A and anti-actin antibodies
(as a loading control). Data shown are from a representative experiment. (B) Knockdown of
PPM1A impairs hPXR transactivation of CYP3A4 promoter activity. The transduced and non-
transduced cells were treated for 24 h with DMSO or 10 uM rifampicin (RIF) and firefly
luciferase activity was measured and normalized with the total number of live cells (CellTiter-
Glo cell viability assays). The relative luciferase activity is shown as the mean + SD from six
independent observations. Statistical significance (*, p < 0.05) was determined using unpaired
Students t test by comparing PPM1A shRNA samples with no shRNA samples in each
treatment group.

A0
50




PPM1A mRNA

ASO Il DMSO
2 S 1sq [ Rifampicin
T -
o
S5 r %
Xy ©
=
(@]
20
-
53
L
x = Non-silencing PPM1A
SshRNA shRNA

Rifampicin Induced CYP3A4 mRNA

BS so
7 —_—
&L
L%g 404
< =
Z Q0
X G 201
E o
o L
=
g 0
2 Non-silencing PPM1A
a4 shRNA shRNA

Figure 9: Knockdown of PPM1A RNA levels diminishes rifampicin induced CYP3A4
MRNA expression in primary human hepatocytes. (A) Primary human hepatocytes were
transduced with lentiviral vectors carrying control non-silencing ShRNA or PPM1A shRNA.
48 h after transduction, the cells were treated with DMSO or rifampicin (10 uM) for another
24 h before measuring PPM1A (A) and CYP3A4 (B) mRNA expression levels. Data represent
mean + SD from three independent experiments: *, p < 0.05; compared with control ShRNA
by unpaired Students t test.
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Figure 10: Knockdown of PPM1A RNA promotes proliferation of HepG2 cells. CellTiter-
Glo luminescence assays were performed 48 h after plating 10,000 cells/well to monitor
proliferation of non-transduced and transduced (control or PPM1A shRNA) HepG2 cells. The
luminescence of transduced cells was normalized with the luminescence of non-transduced
cells and shown as the mean + SD of six independent samples. *, p < 0.05; compared with
control shRNA by unpaired Students t test.
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Figure 11: PPM1A protein levels (B) and hPXR activity (C) are downregulated in sub-
confluent HepG2 cells while TNFa and CDK2 levels (D) are upregulated. (A) Both the
confluent and sub-confluent HepG2 cells were analyzed for cell cycle distribution using Flow
Cytometry as described in the methods. (B) Whole-cell lysates were collected from the
confluent and sub-confluent HepG2 cells and subjected to western blot analysis using anti-
PPM1A and anti-actin antibodies. Data shown are from a representative experiment. (C) hPXR
transactivation of CYP3A4 promoter activity was determined in the confluent and sub-
confluent HepG2 cells. The cells were transiently cotransfected with pGL3-CYP3A4-luc,
CMV-Renilla luciferase (transfection control), and pcDNA3 or pcDNA3-hPXR plasmids.
After 24 h transfection, the cells were treated with DMSO or rifampicin (10 uM) for another
24 h. The firefly and renilla luciferase activities were measured 24 h after the treatments using
Dual-Glo luciferase assay system. CYP3A4 promoter activity was determined by normalizing
the firefly luciferase activity with the renilla luciferase control. The results are presented as
fold increase over DMSO. The values represent the mean = SD of four experiments. *, p <
0.05; compared with the confluent HepG2 by unpaired Students t test. (D) mMRNA expression
of TNFa and CDK2 was analyzed by quantitative RT-PCR in the confluent and sub-confluent
HepG2 cells. Results from sub-confluent HepG2 are presented as fold increase over confluent
HepG2. Data represent the means of two independent experiments.
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Figure 12: PPM1A activation attenuates hPXR inhibition by CDK2 (A), TNFa (B), and
HGF (C). HepG2 cells were co-transfected with FLAG-hPXR, CYP3A4-luc, PPM1A, CDK?2
(and cyclin E-not shown), and CMV-Renilla. The cells were treated with DMSO, 10 uM
rifampicin (RIF), 20ng/ml HGF = RIF, or 20 ng/ml TNFa + RIF. The luciferase activities were
measured 20 h after the treatments. The luciferase activities were measured 20 h after the
treatments. The relative luminescence units were shown as the means + SD of five to six
experiments. *p < 0.05, determined by unpaired Students t test.

52



TNF mRNA
A (Priming Phase)
8 *

6-

4=

Relative Expression

O-
Oh 12h 24h 48h 5d 7d
Hours (h) or days (d) post PHX

CDK2 mRNA Ki-67 mRNA
B (Proliferation Phase) (Proliferation Marker)

6=

O

4=

2=

Relative Expression
>(.
Relative Expression

0= 0=

Oh 12h 24h 48h 5d 7d Oh 12h 24h 48h 5d 7d
Hours (h) or days (d) post PHX Hours (h) or days (d) post PHX

Figure 13: Regenerating mice livers have increased levels of signaling molecules
attributed to priming and proliferation. mRNA levels of TNFa (A), CDK2 (B) and Ki-67
(C) were shown at different time points after PHX. mRNA was determined by using
quantitative RT-PCR and by normalizing to 18 S mRNA level. Data represent mean £ SD. *,
p < 0.05; compared with control (0 h) by unpaired Students t test.
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Figure 14: Cyp3all levels correlate positively with PPM1A levels in mice regenerating
livers. mRNA levels of Cyp3all and mPXR (A & C) and protein levels of PPM1A (B) were
shown at different time points after PHX. mRNA was determined by using quantitative RT-
PCR and by normalizing to 18 S mRNA level. Protein was determined using western blot
analysis and by normalizing to actin protein level. PHX was performed as described in materials
and methods [6, 7]. At indicated time point post-PHX, liver tissues were removed and snap-
frozen in liquid nitrogen, and stored at —80°C until processed for RT-PCR (n=3) or western blot
(n=3). Data represent mean + SD. *, p < 0.05; compared with control (0 h) by unpaired Students
t test.

54



A HepG2 B COS7

?g 4000 mm DMSO * g’g 2000 mm DMSO

g a 3000 B RIF (1 uM) 5 2 1500 N RIF

Te B RIF (10 pM) <8

% § 20004 % § 1000

£ £ ==

E% 1000 DC% g 500 - *

< o < :I)

g E 0= g 2 0 -

& E PcDNA PPMIA PPMIA & E PcDNA PPMIA PPMI1A

o& WwT)  MT) & (WT)  (MT)
hPXR hPXR

ENRIN
N4 N4
S &
& &

Figure 15: Enzymatic activity of PPM1A is necessary for enhancing hPXR mediated
CYP3A4 promoter activity. HepG2 (A) and Cos7 (B) cells were transiently cotransfected
with pGL3-CYP3A4-luc, CMV-Renilla luciferase (transfection control), and pcDNA3-
hPXR, PPM1A wild type (WT), or PPM1A mutant (MT) plasmids. After 24 h transfection,
the cells were treated with DMSO or rifampicin (10 uM) for another 24 h. The relative
luciferase activity was determined by normalizing with the renilla luciferase control. Data
represent mean + SD from eight independent experiments. Statistical significance (*, p <
0.05) was determined using unpaired Students t test. (C) Western blot analysis showing
expression of both WT and MT PPM1A proteins in HepG2 cells.
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Figure 16: PPM1A attenuates inhibition of hPXR activity by PKA signaling. HepG2 cells
were co-transfected with hPXR, CYP3A4-luc, PPM1A, and CMV-Renilla (transfection
control). The cells were treated with DMSO, 10 uM rifampicin (RIF), 100 uM db-cAMP +
rifampicin or 100 pM N-6-benz-cAMP + RIF. Luciferase activities were measured 15 h after
treatments. The relative luminescence units were determined by normalizing the firefly
luciferase activity with the renilla luciferase control. The values represent the means + SD
from six experiments. Statistical significance (*p < 0.05) was determined by unpaired
Students t test.
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Figure 17: PPM1A attenuates inhibition of hPXR activity by PKC signaling.HepG2 cells
were co-transfected with hPXR, CYP3A4-luc, PPM1A, and CMV-Renilla (transfection
control). The cells were treated with DMSO, 10 uM rifampicin (RIF), or 100 nM phorbol-12-
myristate-13-acetate (PMA) + RIF. Luciferase activities were measured 15 h after treatments.
The relative luminescence units were determined by normalizing the firefly luciferase activity
with the Renilla luciferase control. The values represent the means + SD from six
experiments. Statistical significance (*p < 0.05) was determined by unpaired Students t test.
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Figure 18: Proposed mechanism for PPM1A regulation of PXR-mediated CYP3A4
expression in liver. (A) The current model of PXR activation via PPM1A directly or
indirectly by desensitizing PXR inhibitory signaling pathways that are essential for liver
regeneration. (B) One of the proposed mechanisms of CYP3A repression during liver
regeneration.
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Amplified
Gene/Primer sequence segment Gene ?ank
Accession no
(bp)

18S rRNA
F: 5’-GAGGTTCGAAGACGATCAGA-3’ 315 BK000964
R: 5’- TCGCTCCACCAACTAAGAAC-3’
mMPXR
F:5’- GGGATAGGGTTACAGCACGA -3’ 258 NMO010936
R: 5’- CCACCGCCATAGTTCTCATC -3’
mKi-67
F:5-TCTGGTGTTCAGGAGGTCTTC-3’ 318 NMO001081117.2
R: 5’-CTTACTGCGAGGCACATTGA-3’
mTNFa
F: 5-GGCAGGTCTACTTTGGAGTCATTGC-3’ 277 NMO13693.3
R: 5-ACATTCGAGGCTCCAGTGAATTCGG-3'
mCDK2
F: 5’-CATTCCTCTTCCCCTCATCA-3’ 337 NM183417.3
R: 5’-TTCCCCACAGCACTTAGCAT-3’
Cyp3all
F: 5'- CGCCTCTCCTTGCTGTCACA -3’ 260 NM007818
R: 5- CTTTGCCTTCTGCCTCAAGT -3’
CYP3A4
F:5- TTGGAAGTGGACCCAGAAAC -3’ 265 NMO017460
R:5- CTGGTGTTCTCAGGCACAGA -3’
hPPM1A
F:5- AGGGGTGTGTGTGTGTGTGT-3’ 278 NMO021003.4
R: 5'- AGAAGGGCACGGAACAGTAA-3'

Table 1: Sequences of forward (F) and reverse (R) primers used for quantitative RT-PCR.
18S, rRNA, mPXR, mKi-67, mTNFa, mCDK2, Cyp3all, CYP3A4, and hPPM1A
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Chapter 111

Conclusions

Changes in the expression of drug-metabolizing enzymes can lead to serious adverse drug
interactions (ADIs). It is estimated that ADIs contribute to approximately 25% of adverse drug
reactions [249], which occur in more than 2 million hospitalized patients costing more than
100,000 lives and $100 billion dollars annually in the US [250-252]. ADIs mediated through

altered levels of drug-metabolizing enzymes are preventable adverse drug reactions [253].

It is known that altered levels of drug-metabolizing enzymes, including CYP3A4, contribute to
ADIs [254-260]. It is also known that hPXR plays a major role in activating the expression of
several drug-metabolizing enzymes, primarily CYP3A4 [261]. PXR is activated by various
structurally diverse molecules, including therapeutic drugs [61, 93, 208, 262]. In recent years, an
increased awareness has been given to cellular signaling pathways for potential induction of ADIs
through modulation of PXR-regulated CYP3A4 expression. Because CYP3A4 contributes to the
metabolism of more than 60% of clinically used drugs [205, 206], changes in the levels of CYP3A4
can tremendously affect the therapeutic response of a variety of therapeutic drugs, causing serious
ADIs. Such undesired effects through PXR-mediated induction of CYP3A4 have garnered
attention in clinical and preclinical studies [112]. In some preclinical/clinical studies, PXR-
mediated induction of CYP3A4 has been shown to reduce the plasma concentrations of therapeutic
drugs, such as cyclosporine A, indinavir, oral contraceptives, tacrolimus, warfarin, verapamil and
fexofenadine [263, 264], leading to undertreatment and therapeutic failure. Besides decreasing
drug efficacy, PXR also plays an important role in drug-induced toxicity. Recent studies showed

that PXR activation enhanced acetaminophen-induced hepatotoxicity in mice, by inducing CYP3A
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and hence converting acetaminophen to its toxic intermediate metabolite, N-acetyl-p-

benzoquinone imine [46, 47].

The work cited above provides evidence that the altered levels of PXR-mediated CYP3A4
expression significantly contributes to ADIs. However, the molecular mechanisms of PXR-
mediated CYP3A4 expression are not well defined. It is known that phosphatases regulate the
function of nuclear receptors, thereby modulating nuclear receptor-mediated gene expression [134,
223, 225, 228-230]. Our results show for the first time that PPM1A interacts with hPXR and
regulates hPXR-mediated CYP3A4 expression which may eventually help predict accurate dosage
and combination of drugs to prevent the risk of ADIs. Additionally, our results show that increased
levels of PPM1A enhance the function of hPXR and decreased levels of PPM1A attenuate this
function. Future studies using PPM1A knockout mouse model would provide in vivo evidence of
PPM1A regulation of PXR-mediated CYP3A4 expression. Furthermore, future studies are

required to elucidate the mechanism of PPM1A activation of PXR-mediated CYP3A4 expression.

Since its discovery in 1998, the modulation of PXR activity, and in turn its gene targets such as
CYP3A4, has been researched greatly. Despite PPM1A’s similar date of discovery, this
phosphatase is only now garnering more attention. The regulation of PPM1A levels and activity is
a topic of great interest, especially due to its role in regulating cell growth and inflammation [2,
216, 218-221, 238-240, 265]. Therefore, PPM1A expression and activity should be regulated.
External signals could increase or decrease PPM1A expression depending on the cellular context
[2, 266-269]. PPM1A could also be regulated through its subcellular localization [2, 270].

Finally, PPM1A can be activated using pharmacological tools such as NPLC0393, a small
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molecule activator of PPM1A [271, 272]. However, a detailed understanding of PPM1A regulatory

mechanisms is lacking.

Some progress has been made on the mechanistic studies of the induction of CYP3A4. However,
very little has been achieved on the mechanistic studies on the repression of CYP3A4. It has long
been known that CYP3A4 expression is significantly repressed in proliferating hepatocytes. These
observations were made under various proliferating conditions, most notably in regenerating livers
[200-204]. The level of CYP3A repression in proliferating hepatocytes has been seen to vary in
different studies. In a rat liver regeneration model, the level of the major forms of CYP3A was
repressed by 80% [204]. In a chemically induced rat liver tumor model, CYP3A expression was
repressed by 60% [202]. In patients with liver tumor, CPY3A4 expression decreased to varying
extents among individuals [201]. A regenerative response can be triggered by the loss of liver mass
because of chemical, traumatic, metabolic, alcoholic, infectious liver injuries, obesity, or liver
cancer. Liver regeneration is achieved mainly through driving quiescent mature hepatocytes to

proliferate [157, 273, 274].

It has been speculated that upregulation of PXR inhibitory signaling pathways or downregulation
of PXR stimulatory signaling pathways contribute to the repression of CYP3A4 in proliferating
hepatocytes of regenerating livers. However, the molecular mechanisms for this repression have
yet to be clearly defined. All the investigators, that addressed the repression of CYP3A in
hepatocytes of regenerating livers, emphasized that therapy should be carefully designed for
patients with undergoing liver regeneration in order to avoid ADIs due to a reduced drug-

metabolizing capacity. However, without the knowledge of the molecular mechanisms responsible
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for the repression of CYP3A in proliferating hepatocytes, it is highly unlikely to effectively and

safely design therapies.

Our results show that both PPM1A levels and hPXR-mediated CYP3A4 expression are repressed
in proliferating hepatocytes. Additionally, our results show that elevated PPM1A levels lead to
attenuation of hPXR inhibition by TNFa and CDK2 which are known to be upregulated and
essential during liver regeneration. Most importantly, our results show that expression of both
PPM1A and cyp3all is repressed in mice regenerating livers. Together, these findings may
provide a mechanism for reduced levels of CYP3A4 in proliferating livers such as regenerating
livers. Further studies using PPM1A knockout mouse model would provide in vivo significance of

PPM1A in regulating liver proliferation and PXR-mediated CYP3A4 expression.

63



References

Paine, M.F., et al., The human intestinal cytochrome P450 "pie". Drug Metab Dispos,

2006. 34(5): p. 880-6.

Shohat, M., D. Ben-Meir, and S. Lavi, Protein phosphatase magnesium dependent 1A
(PPM1A) plays a role in the differentiation and survival processes of nerve cells. PL0oS

One, 2012. 7(2): p. e32438.

Vacca, M., et al., Nuclear receptors in regenerating liver and hepatocellular carcinoma.

Mol Cell Endocrinol, 2013. 368(1-2): p. 108-19.

Lin, W., et al., Cyclin-dependent kinase 2 negatively regulates human pregnane X
receptor-mediated CYP3A4 gene expression in HepG2 liver carcinoma cells. J Biol

Chem, 2008. 283(45): p. 30650-7.

Koch, I., et al., Interindividual variability and tissue-specificity in the expression of

cytochrome P450 3A mRNA. Drug Metab Dispos, 2002. 30(10): p. 1108-14.

Borude, P., et al., Hepatocyte-specific deletion of farnesoid X receptor delays but does
not inhibit liver regeneration after partial hepatectomy in mice. Hepatology, 2012. 56(6):

p. 2344-52.

Dai, G., et al., Pregnane X receptor is essential for normal progression of liver

regeneration. Hepatology, 2008. 47(4): p. 1277-87.

64



10.

11.

12.

13.

14.

Palmes, D. and H.U. Spiegel, Animal models of liver regeneration. Biomaterials, 2004.

25(9): p. 1601-11.

Pondugula, S.R., H. Dong, and T. Chen, Phosphorylation and protein-protein
interactions in PXR-mediated CYP3A repression. Expert Opin Drug Metab Toxicol,

2009. 5(8): p. 861-73.

Alpini, G., et al., Recent advances in the isolation of liver cells. Hepatology, 1994. 20(2):

p. 494-514.

Soars, M.G., et al., The pivotal role of hepatocytes in drug discovery. Chem Biol Interact,

2007. 168(1): p. 2-15.

Kmiec, Z., Cooperation of liver cells in health and disease. Adv Anat Embryol Cell Biol,

2001. 161: p. H1-XI111, 1-151.

Grisham, J.W., A morphologic study of deoxyribonucleic acid synthesis and cell
proliferation in regenerating rat liver; autoradiography with thymidine-H3. Cancer Res,

1962. 22: p. 842-9.

Bilzer, M., F. Roggel, and A.L. Gerbes, Role of Kupffer cells in host defense and liver

disease. Liver Int, 2006. 26(10): p. 1175-86.

65



15.

16.

17.

18.

19.

20.

21.

Roberts, R.A., et al., Role of the Kupffer cell in mediating hepatic toxicity and

carcinogenesis. Toxicol Sci, 2007. 96(1): p. 2-15.

Ding, H., et al., Modulation of Kupffer cells on hepatic drug metabolism. World J

Gastroenterol, 2004. 10(9): p. 1325-8.

Kresse, M., et al., Kupffer cell-expressed membrane-bound TNF mediates melphalan
hepatotoxicity via activation of both TNF receptors. J Immunol, 2005. 175(6): p. 4076-

83.

He, Q., J. Kim, and R.P. Sharma, Fumonisin B1 hepatotoxicity in mice is attenuated by

depletion of Kupffer cells by gadolinium chloride. Toxicology, 2005. 207(1): p. 137-47.

Andres, D., et al., Depletion of Kupffer cell function by gadolinium chloride attenuates
thioacetamide-induced hepatotoxicity. Expression of metallothionein and HSP70.

Biochem Pharmacol, 2003. 66(6): p. 917-26.

Wisse, E., et al., The liver sieve: considerations concerning the structure and function of
endothelial fenestrae, the sinusoidal wall and the space of Disse. Hepatology, 1985. 5(4):

p. 683-92.

Wisse, E., et al., Structure and function of sinusoidal lining cells in the liver. Toxicol

Pathol, 1996. 24(1): p. 100-11.

66



22,

23.

24,

25.

26.

27.

28.

29.

30.

Yin, C., et al., Hepatic stellate cells in liver development, regeneration, and cancer. J

Clin Invest, 2013. 123(5): p. 1902-10.

Blaner, W.S., et al., Hepatic stellate cell lipid droplets: a specialized lipid droplet for

retinoid storage. Biochim Biophys Acta, 2009. 1791(6): p. 467-73.

Friedman, S.L., Hepatic stellate cells: protean, multifunctional, and enigmatic cells of the

liver. Physiol Rev, 2008. 88(1): p. 125-72.

Lee, U.E. and S.L. Friedman, Mechanisms of hepatic fibrogenesis. Best Pract Res Clin

Gastroenterol, 2011. 25(2): p. 195-206.

Kisseleva, T., et al., Myofibroblasts revert to an inactive phenotype during regression of

liver fibrosis. Proc Natl Acad Sci U S A, 2012. 109(24): p. 9448-53.

Krizhanovsky, V., et al., Senescence of activated stellate cells limits liver fibrosis. Cell,

2008. 134(4): p. 657-67.

Rushmore, T.H. and A.N. Kong, Pharmacogenomics, regulation and signaling pathways

of phase I and Il drug metabolizing enzymes. Curr Drug Metab, 2002. 3(5): p. 481-90.

Williams, R.T., Hepatic metabolism of drugs. Gut, 1972. 13(7): p. 579-85.

Krishna, D.R. and U. Klotz, Extrahepatic metabolism of drugs in humans. Clin

Pharmacokinet, 1994. 26(2): p. 144-60.
67



31.

32.

33.

34.

35.

36.

37.

Wang, H. and E.L. LeCluyse, Role of orphan nuclear receptors in the regulation of drug-

metabolising enzymes. Clin Pharmacokinet, 2003. 42(15): p. 1331-57.

Nishimura, M. and S. Naito, Tissue-specific mMRNA expression profiles of human phase |
metabolizing enzymes except for cytochrome P450 and phase 11 metabolizing enzymes.

Drug Metab Pharmacokinet, 2006. 21(5): p. 357-74.

Zanger, U.M. and M. Schwab, Cytochrome P450 enzymes in drug metabolism:
regulation of gene expression, enzyme activities, and impact of genetic variation.

Pharmacol Ther, 2013. 138(1): p. 103-41.

Meunier, B., S.P. de Visser, and S. Shaik, Mechanism of oxidation reactions catalyzed by

cytochrome p450 enzymes. Chem Rev, 2004. 104(9): p. 3947-80.

Jancova, P., P. Anzenbacher, and E. Anzenbacherova, Phase Il drug metabolizing
enzymes. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub, 2010. 154(2): p.

103-16.

Niwa, T., et al., Metabolism and interaction of bisphenol A in human hepatic cytochrome

P450 and steroidogenic CYP17. Biol Pharm Bull, 2001. 24(9): p. 1064-7.

Usmani, K.A. and J. Tang, Human cytochrome P450: metabolism of testosterone by
CYP3A4 and inhibition by ketoconazole. Curr Protoc Toxicol, 2004. Chapter 4: p. Unit4

13.

68



38.

39.

40.

41.

42.

43.

44,

45.

Tsuchiya, Y., M. Nakajima, and T. Yokoi, Cytochrome P450-mediated metabolism of

estrogens and its regulation in human. Cancer Lett, 2005. 227(2): p. 115-24.

Zhou, S., et al., Clinical outcomes and management of mechanism-based inhibition of

cytochrome P450 3A4. Ther Clin Risk Manag, 2005. 1(1): p. 3-13.

Bistolas, N., et al., Cytochrome P450 biosensors-a review. Biosens Bioelectron, 2005.

20(12): p. 2408-23.

Wang, R.W., et al., Human cytochrome P450 3A4-catalyzed testosterone 6 beta-
hydroxylation and erythromycin N-demethylation. Competition during catalysis. Drug

Metab Dispos, 1997. 25(4): p. 502-7.

Cheng, Z.N., et al., Role of cytochrome P450 in estradiol metabolism in vitro. Acta

Pharmacol Sin, 2001. 22(2): p. 148-54.

Honkakoski, P. and M. Negishi, Regulation of cytochrome P450 (CYP) genes by nuclear

receptors. Biochem J, 2000. 347(Pt 2): p. 321-37.

Morgan, E.T., Regulation of cytochromes P450 during inflammation and infection. Drug

Metab Rev, 1997. 29(4): p. 1129-88.

Pirmohamed, M., et al., Adverse drug reactions. BMJ, 1998. 316(7140): p. 1295-8.

69



46.

47.

48.

49.

50.

51.

52,

Cheng, J., et al., Rifampicin-activated human pregnane X receptor and CYP3A4
induction enhance acetaminophen-induced toxicity. Drug Metab Dispos, 2009. 37(8): p.

1611-21.

Guo, G.L., et al., Enhanced acetaminophen toxicity by activation of the pregnane X

receptor. Toxicol Sci, 2004. 82(2): p. 374-80.

Brown, K.K., A., Mechanisms of Drug Interactions I: Absorbtion, Metabolism, and
Excretion, in Drug Interactions in Infectious Disease, S. Piscitelli, Rodvold, K., and Pali,

M., Editor. 2011, Humana Press.

Gonzales, F.a.T., R, Drug Metabolism, in The pharmacological basis of theraputics, L.

Brunton, et al, Editor. 2005, McGraw Hill. p. 71-91.

Gonzalez, F.T., R., Drug Metabolism, in Goodman and Gilman's The Pharmacological

Basis of Theraputics, L.L. Brunton, J.; & Parker, K, Editor. 2006, McGraw Hill.

Kim, R.B., Organic anion-transporting polypeptide (OATP) transporter family and drug

disposition. Eur J Clin Invest, 2003. 33 Suppl 2: p. 1-5.

Staudinger, J.L., et al., Regulation of drug transporter gene expression by nuclear

receptors. Drug Metab Dispos, 2003. 31(5): p. 523-7.

70



53.

54.

55.

56.

57.

58.

59.

Brinkmann, U. and M. Eichelbaum, Polymorphisms in the ABC drug transporter gene

MDR1. Pharmacogenomics J, 2001. 1(1): p. 59-64.

Kerb, R., S. Hoffmeyer, and U. Brinkmann, ABC drug transporters: hereditary
polymorphisms and pharmacological impact in MDR1, MRP1 and MRP2.

Pharmacogenomics, 2001. 2(1): p. 51-64.

Tirona, R.G. and R.B. Kim, Pharmacogenomics of organic anion-transporting

polypeptides (OATP). Adv Drug Deliv Rev, 2002. 54(10): p. 1343-52.

Mizuno, N., et al., Impact of drug transporter studies on drug discovery and

development. Pharmacol Rev, 2003. 55(3): p. 425-61.

Shitara, Y., et al., Comparative inhibitory effects of different compounds on rat oatpl

(slc21al)- and Oatp2 (Slc21a5)-mediated transport. Pharm Res, 2002. 19(2): p. 147-53.

Reichel, C., et al., Localization and function of the organic anion-transporting

polypeptide Oatp2 in rat liver. Gastroenterology, 1999. 117(3): p. 688-95.

Li, L., P.J. Meier, and N. Ballatori, Oatp2 mediates bidirectional organic solute

transport: a role for intracellular glutathione. Mol Pharmacol, 2000. 58(2): p. 335-40.

71



60.

61.

62.

63.

64.

65.

66.

Luo, G, et al., CYP3A4 induction by drugs: correlation between a pregnane X receptor
reporter gene assay and CYP3A4 expression in human hepatocytes. Drug Metab Dispos,

2002. 30(7): p. 795-804.

Lehmann, J.M., et al., The human orphan nuclear receptor PXR is activated by
compounds that regulate CYP3A4 gene expression and cause drug interactions. J Clin

Invest, 1998. 102(5): p. 1016-23.

Chiba, M., et al., Hepatic microsomal metabolism of montelukast, a potent leukotriene

D4 receptor antagonist, in humans. Drug Metab Dispos, 1997. 25(9): p. 1022-31.

Dean, B.J,, et al., Metabolism of MK-0524, a prostaglandin D2 receptor 1 antagonist, in
microsomes and hepatocytes from preclinical species and humans. Drug Metab Dispos,

2007. 35(2): p. 283-92.

Hodgson, E., In vitro human phase | metabolism of xenobiotics I: pesticides and related
chemicals used in agriculture and public health, September 2001. J Biochem Mol

Toxicol, 2001. 15(6): p. 296-9.

Luckert, C., et al., Polycyclic aromatic hydrocarbons stimulate human CYP3A4 promoter

activity via PXR. Toxicol Lett, 2013. 222(2): p. 180-8.

Usmani, K.A., et al., In vitro human metabolism and interactions of repellent N,N-

diethyl-m-toluamide. Drug Metab Dispos, 2002. 30(3): p. 289-94.

72



67.

68.

69.

70.

71.

72.

73.

Kuzbari, O., et al., Comparative analysis of human CYP3A4 and rat CYP3A1 induction
and relevant gene expression by bisphenol A and diethylstilbestrol: implications for

toxicity testing paradigms. Reprod Toxicol, 2013. 37: p. 24-30.

Patten, C.J., et al., Cytochrome P450 enzymes involved in acetaminophen activation by
rat and human liver microsomes and their kinetics. Chem Res Toxicol, 1993. 6(4): p.

511-8.

Pichard, L., et al., Cyclosporin A drug interactions. Screening for inducers and inhibitors
of cytochrome P-450 (cyclosporin A oxidase) in primary cultures of human hepatocytes

and in liver microsomes. Drug Metab Dispos, 1990. 18(5): p. 595-606.

Atkins, W.M., Non-Michaelis-Menten kinetics in cytochrome P450-catalyzed reactions.

Annu Rev Pharmacol Toxicol, 2005. 45: p. 291-310.

Kenworthy, K.E., et al., Multisite kinetic models for CYP3A4: simultaneous activation
and inhibition of diazepam and testosterone metabolism. Drug Metab Dispos, 2001.

29(12): p. 1644-51.

Williams, P.A., et al., Crystal structures of human cytochrome P450 3A4 bound to

metyrapone and progesterone. Science, 2004. 305(5684): p. 683-6.

Ekroos, M. and T. Sjogren, Structural basis for ligand promiscuity in cytochrome P450

3A4. Proc Natl Acad Sci U S A, 2006. 103(37): p. 13682-7.

73



74.

75.

76.

77.

78.

79.

80.

Yano, J.K., et al., The structure of human microsomal cytochrome P450 3A4 determined

by X-ray crystallography to 2.05-A resolution. J Biol Chem, 2004. 279(37): p. 38091-4.

Park, G.R., Molecular mechanisms of drug metabolism in the critically ill. Br J Anaesth,

1996. 77(1): p. 32-49.

LeBel, M., et al., Effects of rifabutin and rifampicin on the pharmacokinetics of

ethinylestradiol and norethindrone. J Clin Pharmacol, 1998. 38(11): p. 1042-50.

Krausova, L., et al., Metformin suppresses pregnane X receptor (PXR)-regulated

transactivation of CYP3A4 gene. Biochem Pharmacol, 2011. 82(11): p. 1771-80.

Goldberg, R.M., et al., Drug-drug and drug-disease interactions in the ED: analysis of a

high-risk population. Am J Emerg Med, 1996. 14(5): p. 447-50.

Aouabdi, S., G. Gibson, and N. Plant, Transcriptional regulation of the PXR gene:
identification and characterization of a functional peroxisome proliferator-activated
receptor alpha binding site within the proximal promoter of PXR. Drug Metab Dispos,

2006. 34(1): p. 138-44.

Plant, N., Interaction networks: coordinating responses to xenobiotic exposure.

Toxicology, 2004. 202(1-2): p. 21-32.

74



81.

82.

83.

84.

85.

86.

87.

Paech, K., et al., Differential ligand activation of estrogen receptors ERalpha and ERbeta

at AP1 sites. Science, 1997. 277(5331): p. 1508-10.

Nolte, R.T., et al., Ligand binding and co-activator assembly of the peroxisome

proliferator-activated receptor-gamma. Nature, 1998. 395(6698): p. 137-43.

Sogawa, K. and Y. Fujii-Kuriyama, Ah receptor, a novel ligand-activated transcription

factor. J Biochem, 1997. 122(6): p. 1075-9.

Chawla, A., et al., Nuclear receptors and lipid physiology: opening the X-files. Science,

2001. 294(5548): p. 1866-70.

Orans, J., D.G. Teotico, and M.R. Redinbo, The nuclear xenobiotic receptor pregnane X
receptor: recent insights and new challenges. Mol Endocrinol, 2005. 19(12): p. 2891-

900.

Marino, M., et al., Xenosensors CAR and PXR at work: impact on statin metabolism.

Curr Drug Metab, 2011. 12(3): p. 300-11.

Lichti-Kaiser, K., C. Xu, and J.L. Staudinger, Cyclic AMP-dependent protein kinase
signaling modulates pregnane x receptor activity in a species-specific manner. J Biol

Chem, 2009. 284(11): p. 6639-49.

75



88.

89.

90.

91.

92.

93.

94,

Zhang, H., et al., Rat pregnane X receptor: molecular cloning, tissue distribution, and

xenobiotic regulation. Arch Biochem Biophys, 1999. 368(1): p. 14-22.

Pondugula, S.R. and S. Mani, Pregnane xenobiotic receptor in cancer pathogenesis and

therapeutic response. Cancer Lett, 2013. 328(1): p. 1-9.

Johnson, D.R., et al., Regulation and binding of pregnane X receptor by nuclear receptor
corepressor silencing mediator of retinoid and thyroid hormone receptors (SMRT). Mol

Pharmacol, 2006. 69(1): p. 99-108.

Ding, X. and J.L. Staudinger, Repression of PXR-mediated induction of hepatic CYP3A

gene expression by protein kinase C. Biochem Pharmacol, 2005. 69(5): p. 867-73.

Moore, D.D., et al., International Union of Pharmacology. LXII. The NR1H and NR1l
receptors: constitutive androstane receptor, pregnene X receptor, farnesoid X receptor
alpha, farnesoid X receptor beta, liver X receptor alpha, liver X receptor beta, and

vitamin D receptor. Pharmacol Rev, 2006. 58(4): p. 742-59.

Kliewer, S.A., et al., An orphan nuclear receptor activated by pregnanes defines a novel

steroid signaling pathway. Cell, 1998. 92(1): p. 73-82.

Watkins, R.E., et al., The human nuclear xenobiotic receptor PXR: structural

determinants of directed promiscuity. Science, 2001. 292(5525): p. 2329-33.

76



95.

96.

97.

98.

99.

100.

101.

Hariparsad, N., et al., Identification of pregnane-X receptor target genes and coactivator
and corepressor binding to promoter elements in human hepatocytes. Nucleic Acids Res,

2009. 37(4): p. 1160-73.

Anapolsky, A., et al., The role of pregnane X receptor in 2-acetylaminofluorene-mediated
induction of drug transport and -metabolizing enzymes in mice. Drug Metab Dispos,

2006. 34(3): p. 405-9.

Lemaire, G., G. de Sousa, and R. Rahmani, A PXR reporter gene assay in a stable cell
culture system: CYP3A4 and CYP2B6 induction by pesticides. Biochem Pharmacol,

2004. 68(12): p. 2347-58.

Wolf, K.K., et al., Role of the nuclear receptor pregnane X receptor in acetaminophen

hepatotoxicity. Drug Metab Dispos, 2005. 33(12): p. 1827-36.

Yoshinari Kouichi, T.E., Negishi Masahiko, Honkakoski Paavo, Receptor-Mediated
Regulation of Cytochromes P450, in Cytochromes P450 Role in the Metabolism and

Toxicity of Drugs and other Xenobiotics, C. loannides, Editor. 2008. p. 429-434.

Handschin, C. and U.A. Meyer, Induction of drug metabolism: the role of nuclear

receptors. Pharmacol Rev, 2003. 55(4): p. 649-73.

Wrighton, S.A. and J.C. Stevens, The human hepatic cytochromes P450 involved in drug

metabolism. Crit Rev Toxicol, 1992. 22(1): p. 1-21.

77



102.

103.

104.

105.

106.

107.

Shimada, T., et al., Interindividual variations in human liver cytochrome P-450 enzymes
involved in the oxidation of drugs, carcinogens and toxic chemicals: studies with liver
microsomes of 30 Japanese and 30 Caucasians. J Pharmacol Exp Ther, 1994. 270(1): p.

414-23.

Maglich, J.M., et al., Nuclear pregnane x receptor and constitutive androstane receptor
regulate overlapping but distinct sets of genes involved in xenobiotic detoxification. Mol

Pharmacol, 2002. 62(3): p. 638-46.

Tolson, A.H. and H. Wang, Regulation of drug-metabolizing enzymes by xenobiotic

receptors: PXR and CAR. Adv Drug Deliv Rev, 2010. 62(13): p. 1238-49.

Haslam, I.S., et al., Rifampin and digoxin induction of MDR1 expression and function in

human intestinal (T84) epithelial cells. Br J Pharmacol, 2008. 154(1): p. 246-55.

Albermann, N., et al., Expression of the drug transporters MDR1/ABCB1,
MRP1/ABCC1, MRP2/ABCC2, BCRP/ABCG2, and PXR in peripheral blood
mononuclear cells and their relationship with the expression in intestine and liver.

Biochem Pharmacol, 2005. 70(6): p. 949-58.

Spruiell, K., et al., Role of pregnane X receptor in obesity and glucose homeostasis in

male mice. J Biol Chem, 2014. 289(6): p. 3244-61.

78



108. He, J,, etal., PXR prevents cholesterol gallstone disease by regulating biosynthesis and

transport of bile salts. Gastroenterology, 2011. 140(7): p. 2095-106.

109. Sui, Y., etal., Bisphenol A and its analogues activate human pregnane X receptor.

Environ Health Perspect, 2012. 120(3): p. 399-405.

110. Schuetz, E.G., C. Brimer, and J.D. Schuetz, Environmental xenobiotics and the
antihormones cyproterone acetate and spironolactone use the nuclear hormone
pregnenolone X receptor to activate the CYP3A23 hormone response element. Mol

Pharmacol, 1998. 54(6): p. 1113-7.

111. Wyde, M.E., et al., Di-n-butyl phthalate activates constitutive androstane receptor and
pregnane X receptor and enhances the expression of steroid-metabolizing enzymes in the

liver of rat fetuses. Toxicol Sci, 2005. 86(2): p. 281-90.

112.  Moore, L.B., et al., St. John's wort induces hepatic drug metabolism through activation of

the pregnane X receptor. Proc Natl Acad Sci U S A, 2000. 97(13): p. 7500-2.

113. Ohbuchi, M., et al., Coordinated roles of pregnane X receptor and constitutive
androstane receptor in autoinduction of voriconazole metabolism in mice. Antimicrob

Agents Chemother, 2013. 57(3): p. 1332-8.

114.  Xie, W., Nuclear Receptors in Drug Metabolism. 2008, Hoboken, NJ: Wiley. 338.

79



115.

116.

117.

118.

119.

120.

Pascussi, J.M., et al., Dexamethasone induces pregnane X receptor and retinoid X
receptor-alpha expression in human hepatocytes: synergistic increase of CYP3A4

induction by pregnane X receptor activators. Mol Pharmacol, 2000. 58(2): p. 361-72.

Kliewer, S.A. and T.M. Willson, Regulation of xenobiotic and bile acid metabolism by

the nuclear pregnane X receptor. J Lipid Res, 2002. 43(3): p. 359-64.

Sinz, M., et al., Evaluation of 170 xenobiotics as transactivators of human pregnane X
receptor (hPXR) and correlation to known CYP3A4 drug interactions. Curr Drug Metab,

2006. 7(4): p. 375-88.

Gu, X,, et al., Role of NF-kappaB in regulation of PXR-mediated gene expression: a
mechanism for the suppression of cytochrome P-450 3A4 by proinflammatory agents. J

Biol Chem, 2006. 281(26): p. 17882-9.

Zhou, C., et al., Mutual repression between steroid and xenobiotic receptor and NF-
kappaB signaling pathways links xenobiotic metabolism and inflammation. J Clin Invest,

2006. 116(8): p. 2280-2289.

Ding, X. and J.L. Staudinger, Induction of drug metabolism by forskolin: the role of the
pregnane X receptor and the protein kinase a signal transduction pathway. J Pharmacol

Exp Ther, 2005. 312(2): p. 849-56.

80



121.

122.

123.

124.

125.

126.

127.

Staudinger, J.L., et al., Post-translational modification of pregnane x receptor.

Pharmacol Res, 2011. 64(1): p. 4-10.

Smutny, T., S. Mani, and P. Pavek, Post-translational and post-transcriptional
modifications of pregnane X receptor (PXR) in regulation of the cytochrome P450

superfamily. Curr Drug Metab, 2013. 14(10): p. 1059-69.

Masuyama, H., et al., The pregnane X receptor regulates gene expression in a ligand-

and promoter-selective fashion. Mol Endocrinol, 2005. 19(5): p. 1170-80.

Biswas, A, et al., Acetylation of pregnane X receptor protein determines selective
function independent of ligand activation. Biochem Biophys Res Commun, 2011. 406(3):

p. 371-6.

Kresge, N., R.D. Simoni, and R.L. Hill, The process of reversible phosphorylation: the

work of Edmond H. Fischer. J Biol Chem, 2011. 286(3): p. e1-2.

Tasdelen, 1., et al., The serine/threonine phosphatase PPM1B (PP2Cbeta) selectively

modulates PPARgamma activity. Biochem J, 2013. 451(1): p. 45-53.

Chen, Y.E., et al., The significance of CP29 reversible phosphorylation in thylakoids of

higher plants under environmental stresses. J Exp Bot, 2013. 64(5): p. 1167-78.

81



128.

129.

130.

131.

132.

133.

134.

Elias, A., et al., Identification and characterization of phosphorylation sites within the

pregnane X receptor protein. Biochem Pharmacol, 2014. 87(2): p. 360-70.

Lichti-Kaiser, K., et al., A systematic analysis of predicted phosphorylation sites within

the human pregnane X receptor protein. J Pharmacol Exp Ther, 2009. 331(1): p. 65-76.

Pondugula, S.R., et al., A phosphomimetic mutation at threonine-57 abolishes
transactivation activity and alters nuclear localization pattern of human pregnane x

receptor. Drug Metab Dispos, 2009. 37(4): p. 719-30.

Dong, H., et al., Flavonoids activate pregnane x receptor-mediated CYP3A4 gene
expression by inhibiting cyclin-dependent kinases in HepG2 liver carcinoma cells. BMC

Biochem, 2010. 11: p. 23.

Shi, Y., B. Reddy, and J.L. Manley, PP1/PP2A phosphatases are required for the second
step of Pre-mRNA splicing and target specific SnRNP proteins. Mol Cell, 2006. 23(6): p.

819-29.

Bollen, M. and M. Beullens, Signaling by protein phosphatases in the nucleus. Trends

Cell Biol, 2002. 12(3): p. 138-45.

Moorhead, G.B., L. Trinkle-Mulcahy, and A. Ulke-Lemee, Emerging roles of nuclear

protein phosphatases. Nat Rev Mol Cell Biol, 2007. 8(3): p. 234-44.

82



135.

136.

137.

138.

139.

140.

141.

Das, A.K,, et al., Crystal structure of the protein serine/threonine phosphatase 2C at 2.0

A resolution. EMBO J, 1996. 15(24): p. 6798-809.

Dai, J., et al., Characterization of a novel human protein phosphatase 2C family member,

PP2Ckappa. Int J Mol Med, 2006. 17(6): p. 1117-23.

Wenk, J. and G. Mieskes, Cytosolic and nuclear localization of protein phosphatase 2C

beta 1 in COS and BHK cells. Eur J Cell Biol, 1995. 68(4): p. 377-86.

Komaki, K., et al., Molecular cloning of PP2Ceta, a novel member of the protein

phosphatase 2C family. Biochim Biophys Acta, 2003. 1630(2-3): p. 130-7.

Takekawa, M., T. Maeda, and H. Saito, Protein phosphatase 2Calpha inhibits the human

stress-responsive p38 and JINK MAPK pathways. EMBO J, 1998. 17(16): p. 4744-52.

Fiscella, M., et al., Wip1, a novel human protein phosphatase that is induced in response
to ionizing radiation in a p53-dependent manner. Proc Natl Acad Sci U S A, 1997.

94(12): p. 6048-53.

Takekawa, M., et al., p53-inducible wipl phosphatase mediates a negative feedback
regulation of p38 MAPK-p53 signaling in response to UV radiation. EMBO J, 2000.

19(23): p. 6517-26.

83



142.

143.

144,

145.

146.

147.

148.

149.

Lin, X., et al., PPM1A functions as a Smad phosphatase to terminate TGFbeta signaling.

Cell, 2006. 125(5): p. 915-28.

Alonso, A, et al., Protein tyrosine phosphatases in the human genome. Cell, 2004.

117(6): p. 699-711.

Meinhart, A., et al., A structural perspective of CTD function. Genes Dev, 2005. 19(12):

p. 1401-15.

Nagasue, N., et al., Human liver regeneration after major hepatic resection. A study of
normal liver and livers with chronic hepatitis and cirrhosis. Ann Surg, 1987. 206(1): p.

30-9.

Yokoyama, H.O., et al., Regeneration of mouse liver after partial hepatectomy. Cancer

Res, 1953. 13(1): p. 80-5.

Fausto, N., Liver regeneration. J Hepatol, 2000. 32(1 Suppl): p. 19-31.

Chen, M.F., T.L. Hwang, and C.F. Hung, Human liver regeneration after major
hepatectomy. A study of liver volume by computed tomography. Ann Surg, 1991. 213(3):

p. 227-9,

Lin, T.Y., et al., Regeneration of human liver after hepatic lobectomy studied by repeated

liver scanning and repeated needle biopsy. Ann Surg, 1979. 190(1): p. 48-53.

84



150.

151.

152.

153.

154.

155.

156.

157.

Blindenbacher, A., et al., Interleukin 6 is important for survival after partial hepatectomy

in mice. Hepatology, 2003. 38(3): p. 674-82.

Zimmermann, A., Regulation of liver regeneration. Nephrol Dial Transplant, 2004. 19

Suppl 4: p. iv6-10.

Azuma, H., et al., Enrichment of hepatic progenitor cells from adult mouse liver.

Hepatology, 2003. 37(6): p. 1385-94.

Weglarz, T.C., J.L. Degen, and E.P. Sandgren, Hepatocyte transplantation into diseased
mouse liver. Kinetics of parenchymal repopulation and identification of the proliferative

capacity of tetraploid and octaploid hepatocytes. Am J Pathol, 2000. 157(6): p. 1963-74.

Overturf, K., et al., Serial transplantation reveals the stem-cell-like regenerative

potential of adult mouse hepatocytes. Am J Pathol, 1997. 151(5): p. 1273-80.

Michalopoulos, G., et al., Liver regeneration studies with rat hepatocytes in primary

culture. Cancer Res, 1982. 42(11): p. 4673-82.

Dayoub, R., et al., Liver regeneration associated protein (ALR) exhibits antimetastatic

potential in hepatocellular carcinoma. Mol Med, 2011. 17(3-4): p. 221-8.

Michalopoulos, G.K., Liver regeneration. J Cell Physiol, 2007. 213(2): p. 286-300.

85



158.

159.

160.

161.

162.

163.

164.

Mitchell, C. and H. Willenbring, A reproducible and well-tolerated method for 2/3

partial hepatectomy in mice. Nat Protoc, 2008. 3(7): p. 1167-70.

Bruccoleri, A., et al., Induction of early-immediate genes by tumor necrosis factor alpha
contribute to liver repair following chemical-induced hepatotoxicity. Hepatology, 1997.

25(1): p. 133-41.

Grun, M., H. Liehr, and U. Rasenack, Significance of endotoxaemia in experimental
"galactosamine-hepatitis™ in the rat. Acta Hepatogastroenterol (Stuttg), 1977. 24(2): p.

64-81.

Kleinfeld, R.G. and E. Von Haam, Effect of thioacetamide on rat liver regeneration. Il.

Nuclear RNA in mitosis. J Biophys Biochem Cytol, 1959. 6: p. 393-8.

Diehl, A.M., Effect of ethanol on tumor necrosis factor signaling during liver

regeneration. Clin Biochem, 1999. 32(7): p. 571-8.

Gardner, C.R., et al., Reduced hepatotoxicity of acetaminophen in mice lacking inducible
nitric oxide synthase: potential role of tumor necrosis factor-alpha and interleukin-10.

Toxicol Appl Pharmacol, 2002. 184(1): p. 27-36.

Cornelius, C.E. and 1.M. Arias, Animal model of human disease. Crigler-Najjar
Syndrome. Animal model: hereditary nonhemolytic unconjugated hyperbilirubinemia in

Gunn rats. Am J Pathol, 1972. 69(2): p. 369-72.

86



165.

166.

167.

168.

169.

170.

171.

Jansen, P.L. and R.P. Oude Elferink, Hereditary conjugated hyperbilirubinemia in Wistar
rats: a model for the study of ATP-dependent hepatocanalicular organic anion transport.

Adv Vet Sci Comp Med, 1993. 37: p. 175-95.

Watanabe, Y., Serial inbreeding of rabbits with hereditary hyperlipidemia (WHHL-

rabbit). Atherosclerosis, 1980. 36(2): p. 261-8.

Provoost, A.P., et al., Successful prolonged correction of an inborn metabolic defect by
heterotopic auxiliary liver transplantation in a dog model. Transplant Proc, 1993. 25(2):

p. 1950-1.

Yoshigali, E., et al., Interleukin-1beta induces tumor necrosis factor-alpha secretion from

rat hepatocytes. Hepatol Res, 2014. 44(5): p. 571-83.

Takano, M., et al., Hepatocytes produce tumor necrosis factor-alpha and interleukin-6 in

response to Porphyromonas gingivalis. J Periodontal Res, 2012. 47(1): p. 89-94.

Streetz, K.L., et al., Interleukin 6 and liver regeneration. Gut, 2000. 47(2): p. 309-12.

limuro, Y. and J. Fujimoto, TLRs, NF-kappaB, JNK, and Liver Regeneration.

Gastroenterol Res Pract, 2010. 2010.

87



172.

173.

174.

175.

176.

177.

178.

Yamada, Y., et al., Initiation of liver growth by tumor necrosis factor: deficient liver
regeneration in mice lacking type | tumor necrosis factor receptor. Proc Natl Acad Sci U

S A, 1997. 94(4): p. 1441-6.

Cressman, D.E., R.H. Diamond, and R. Taub, Rapid activation of the Stat3 transcription

complex in liver regeneration. Hepatology, 1995. 21(5): p. 1443-9.

FitzGerald, M.J., et al., Rapid DNA binding by nuclear factor kappa B in hepatocytes at

the start of liver regeneration. Cell Growth Differ, 1995. 6(4): p. 417-27.

Miscia, S., et al., Tumor necrosis factor alpha (TNF-alpha) activates Jak1/Stat3-Stat5B

signaling through TNFR-1 in human B cells. Cell Growth Differ, 2002. 13(1): p. 13-8.

Wang, Y., et al., STAT3 activation in response to IL-6 is prolonged by the binding of IL-6

receptor to EGF receptor. Proc Natl Acad Sci U S A, 2013. 110(42): p. 16975-80.

Monga, S.P., et al., Changes in WNT/beta-catenin pathway during regulated growth in

rat liver regeneration. Hepatology, 2001. 33(5): p. 1098-109.

Kobhler, C., et al., Expression of Notch-1 and its ligand Jagged-1 in rat liver during liver

regeneration. Hepatology, 2004. 39(4): p. 1056-65.

88



179.

180.

181.

182.

183.

184.

Nejak-Bowen, K.N. and S.P. Monga, Beta-catenin signaling, liver regeneration and
hepatocellular cancer: sorting the good from the bad. Semin Cancer Biol, 2011. 21(1): p.

44-58.

Block, G.D., et al., Population expansion, clonal growth, and specific differentiation
patterns in primary cultures of hepatocytes induced by HGF/SF, EGF and TGF alpha in

a chemically defined (HGM) medium. J Cell Biol, 1996. 132(6): p. 1133-49.

Ogura, Y., et al., Hepatocyte growth factor promotes liver regeneration and protein
synthesis after hepatectomy in cirrhotic rats. Hepatogastroenterology, 2001. 43(38): p.

545-9.

Mars, W.M., R. Zarnegar, and G.K. Michalopoulos, Activation of hepatocyte growth

factor by the plasminogen activators uPA and tPA. Am J Pathol, 1993. 143(3): p. 949-58.

Nakamura, T. and S. Mizuno, The discovery of hepatocyte growth factor (HGF) and its
significance for cell biology, life sciences and clinical medicine. Proc Jpn Acad Ser B

Phys Biol Sci, 2010. 86(6): p. 588-610.

Talarmin, H., et al., The mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase cascade activation is a key signalling pathway involved in the
regulation of G(1) phase progression in proliferating hepatocytes. Mol Cell Biol, 1999.

19(9): p. 6003-11.

89



185.

186.

187.

188.

189.

190.

191.

Gomez-Lechon, M.J., et al., Cell cycle progression proteins (cyclins), oncogene
expression, and signal transduction during the proliferative response of human

hepatocytes to hepatocyte growth factor. Hepatology, 1996. 23(5): p. 1012-9.

Jackson, L.N., et al., PI3K/AKkt activation is critical for early hepatic regeneration after
partial hepatectomy. Am J Physiol Gastrointest Liver Physiol, 2008. 294(6): p. G1401-

10.

Fausto, N., A.D. Laird, and E.M. Webber, Liver regeneration. 2. Role of growth factors

and cytokines in hepatic regeneration. FASEB J, 1995. 9(15): p. 1527-36.

Galun, E. and J.H. Axelrod, The role of cytokines in liver failure and regeneration:

potential new molecular therapies. Biochim Biophys Acta, 2002. 1592(3): p. 345-58.

Connor, P., et al., Epidermal growth factor activates protein kinase C in the human

endometrial cancer cell line HEC-1-A. Gynecol Oncol, 1997. 67(1): p. 46-50.

Kermorgant, S., D. Zicha, and P.J. Parker, PKC controls HGF-dependent c-Met traffic,

signalling and cell migration. EMBO J, 2004. 23(19): p. 3721-34.

Taniguchi, F., et al., Hepatocyte growth factor promotes cell proliferation and inhibits
progesterone secretion via PKA and MAPK pathways in a human granulosa cell line.

Mol Reprod Dev, 2004. 68(3): p. 335-44.

90



192.

193.

194.

195.

196.

197.

198.

Starzl, T.E., et al., Baboon-to-human liver transplantation. Lancet, 1993. 341(8837): p.

65-71.

Xu, C.S., et al., The role of Kupffer cells in rat liver regeneration revealed by cell-

specific microarray analysis. J Cell Biochem, 2012. 113(1): p. 229-37.

Boulton, R., et al., Nonparenchymal cells from regenerating rat liver generate
interleukin-lalpha and -1beta: a mechanism of negative regulation of hepatocyte

proliferation. Hepatology, 1997. 26(1): p. 49-58.

Ikeda, H., et al., Activated rat stellate cells express c-met and respond to hepatocyte
growth factor to enhance transforming growth factor betal expression and DNA

synthesis. Biochem Biophys Res Commun, 1998. 250(3): p. 769-75.

Houck, K.A. and G.K. Michalopoulos, Altered responses of regenerating hepatocytes to
norepinephrine and transforming growth factor type beta. J Cell Physiol, 1989. 141(3): p.

503-9.

Gohda, E., et al., TGF-beta is a potent inhibitor of hepatocyte growth factor secretion by

human fibroblasts. Cell Biol Int Rep, 1992. 16(9): p. 917-26.

Davis, B.H. and A. Chen, Transforming growth factor beta and liver regeneration: the

stage may be set, but what's the script? Hepatology, 1996. 23(6): p. 1703-5.

91



199. Ho, J,, et al., Activin induces hepatocyte cell growth arrest through induction of the
cyclin-dependent kinase inhibitor p15INK4B and Spl. Cell Signal, 2004. 16(6): p. 693-

701.

200. Favre, C,, etal., Putrescine decreases cytochrome P450 3A4 levels during liver

regeneration in the rat. J Hepatol, 1998. 28(4): p. 700-8.

201. George, J., et al., Pre-translational regulation of cytochrome P450 genes is responsible
for disease-specific changes of individual P450 enzymes among patients with cirrhosis.

Biochem Pharmacol, 1995. 49(7): p. 873-81.

202. Habib, S.L., et al., Altered expression of cytochrome P450 mRNA during chemical-
induced hepatocarcinogenesis and following partial hepatectomy. Toxicol Appl

Pharmacol, 1994. 124(1): p. 139-48.

203. von der, D. and T. Hultin, The enzymatic composition of rat liver microsomes during

liver regeneration. Exp Cell Res, 1960. 19: p. 591-604.

204. Marie, 1.J., et al., Inhibition of cytochrome P-450p (P450111A1) gene expression during
liver regeneration from two-thirds hepatectomy in the rat. Biochem Pharmacol, 1988.

37(18): p. 3515-21.

205.  Guengerich, F.P., Cytochrome P-450 3A4: regulation and role in drug metabolism. Annu

Rev Pharmacol Toxicol, 1999. 39: p. 1-17.

92



206.

207.

208.

209.

210.

211.

212.

Veith, H., et al., Comprehensive characterization of cytochrome P450 isozyme selectivity

across chemical libraries. Nat Biotechnol, 2009. 27(11): p. 1050-5.

Xie, W., et al., Orphan nuclear receptor-mediated xenobiotic regulation in drug

metabolism. Drug Discov Today, 2004. 9(10): p. 442-9.

Staudinger, J.L., X. Ding, and K. Lichti, Pregnane X receptor and natural products:

beyond drug-drug interactions. Expert Opin Drug Metab Toxicol, 2006. 2(6): p. 847-57.

Elias, A., J. Wu, and T. Chen, Tumor Suppressor Protein p53 Negatively Regulates

Human Pregnane X Receptor Activity. Mol Pharmacol, 2013. 83(6): p. 1229-36.

Kodama, S., et al., Nuclear receptors CAR and PXR cross talk with FOXOL1 to regulate
genes that encode drug-metabolizing and gluconeogenic enzymes. Mol Cell Biol, 2004.

24(18): p. 7931-40.

Kodama, S. and M. Negishi, PXR cross-talks with internal and external signals in

physiological and pathophysiological responses. Drug Metab Rev, 2013.

Xie, W. and Y. Tian, Xenobiotic receptor meets NF-kappaB, a collision in the small

bowel. Cell Metab, 2006. 4(3): p. 177-8.

93



213.

214.

215.

216.

217.

218.

219.

Sivertsson, L., et al., Induced CYP3A4 Expression in Confluent Huh7 Hepatoma Cells as
a Result of Decreased Cell Proliferation and Subsequent PXR Activation. Mol

Pharmacol, 2012.

Sugatani, J., et al., Regulation of pregnane X receptor (PXR) function and UGT1Al gene
expression by posttranslational modification of PXR protein. Drug Metab Dispos, 2012.

40(10): p. 2031-40.

Sugatani, J., et al., Threonine-290 Regulates Nuclear Translocation of the Human
Pregnane X Receptor Through its Phosphorylation/dephosphorylation by
Ca2+/calmodulin-dependent Protein Kinase Il and Protein Phosphatase 1. Drug Metab

Dispos, 2014.

Lammers, T. and S. Lavi, Role of type 2C protein phosphatases in growth regulation and

in cellular stress signaling. Crit Rev Biochem Mol Biol, 2007. 42(6): p. 437-61.

Shi, Y., Serine/threonine phosphatases: mechanism through structure. Cell, 2009.

139(3): p. 468-84.

Klumpp, S., M.C. Thissen, and J. Krieglstein, Protein phosphatases types 2Calpha and

2Cbeta in apoptosis. Biochem Soc Trans, 2006. 34(Pt 6): p. 1370-5.

Tamura, S., et al., PP2C family members play key roles in regulation of cell survival and

apoptosis. Cancer Sci, 2006. 97(7): p. 563-7.

94



220.

221.

222.

223.

224,

225.

226.

Lammers, T., et al., Role of PP2Calpha in cell growth, in radio- and chemosensitivity,

and in tumorigenicity. Mol Cancer, 2007. 6: p. 65.

Yang, X., et al., Delayed re-epithelialization in Ppmla gene-deficient mice is mediated

by enhanced activation of Smad2. J Biol Chem, 2011. 286(49): p. 42267-73.

Bettoun, D.J., et al., A vitamin D receptor-Ser/Thr phosphatase-p70 S6 kinase complex
and modulation of its enzymatic activities by the ligand. J Biol Chem, 2002. 277(28): p.

24847-50.

Tasdelen, 1., et al., The serine/threonine phosphatase PPM1B (PP2Cbeta) selectively

modulates PPARgamma activity. Biochem J, 2013.

Inoue, K., et al., Maxacalcitol ameliorates tubulointerstitial fibrosis in obstructed kidneys

by recruiting PPM1A/VDR complex to pSmad3. Lab Invest, 2012. 92(12): p. 1686-97.

Pondugula, S.R., et al., Protein phosphatase 2Cbetal regulates human pregnane X
receptor-mediated CYP3A4 gene expression in HepG2 liver carcinoma cells. Drug Metab

Dispos, 2010. 38(9): p. 1411-6.

Budbhiraja, S., R. Ramakrishnan, and A.P. Rice, Phosphatase PPM1A negatively
regulates P-TEFb function in resting CD4T+ T cells and inhibits HIV-1 gene expression.

Retrovirology, 2012. 9: p. 52.

95



227.

228.

229.

230.

231.

232.

233.

Delnnocentes, P., P. Agarwal, and R.C. Bird, Phenotype-rescue of cyclin-dependent
kinase inhibitor p16/INK4A defects in a spontaneous canine cell model of breast cancer.

J Cell Biochem, 2009. 106(3): p. 491-505.

Hinds, T.D., Jr., et al., Protein phosphatase 5 mediates lipid metabolism through
reciprocal control of glucocorticoid receptor and peroxisome proliferator-activated

receptor-gamma (PPARgamma). J Biol Chem, 2011. 286(50): p. 42911-22.

Rochette-Egly, C., Nuclear receptors: integration of multiple signalling pathways

through phosphorylation. Cell Signal, 2003. 15(4): p. 355-66.

Zhang, Y., et al., Estrogen inhibits glucocorticoid action via protein phosphatase 5
(PP5)-mediated glucocorticoid receptor dephosphorylation. J Biol Chem, 2009. 284(36):

p. 24542-52.

Perry, D.M., et al., Identification and characterization of protein phosphatase 2C

activation by ceramide. J Lipid Res, 2012. 53(8): p. 1513-21.

Lee, J.Y., Y.A. Hannun, and L.M. Obeid, Ceramide inactivates cellular protein kinase

Calpha. J Biol Chem, 1996. 271(22): p. 13169-74.

Jaumot, M., et al., Activation of cdk4 and cdk2 during rat liver regeneration is associated
with intranuclear rearrangements of cyclin-cdk complexes. Hepatology, 1999. 29(2): p.

385-95.

96



234.

235.

236.

237.

238.

239.

Maher, J.J., Cell-specific expression of hepatocyte growth factor in liver. Upregulation in
sinusoidal endothelial cells after carbon tetrachloride. J Clin Invest, 1993. 91(5): p.

2244-52.

Matsumoto, K. and T. Nakamura, Hepatocyte growth factor: molecular structure and
implications for a central role in liver regeneration. J Gastroenterol Hepatol, 1991. 6(5):

p. 509-19.

Donato, M.T., et al., Human hepatocyte growth factor down-regulates the expression of
cytochrome P450 isozymes in human hepatocytes in primary culture. J Pharmacol Exp

Ther, 1998. 284(2): p. 760-7.

Ishii, T., et al., Hepatocyte growth factor stimulates liver regeneration and elevates blood
protein level in normal and partially hepatectomized rats. J Biochem, 1995. 117(5): p.

1105-12.

Sun, W., et al., PPM1A and PPM1B act as IKKbeta phosphatases to terminate

TNFalpha-induced IKKbeta-NF-kappaB activation. Cell Signal, 2009. 21(1): p. 95-102.

Cheng, A., P. Kaldis, and M.J. Solomon, Dephosphorylation of human cyclin-dependent
kinases by protein phosphatase type 2C alpha and beta 2 isoforms. J Biol Chem, 2000.

275(44): p. 34744-9.

97



240.

241.

242.

243.

244,

245.

246.

Cheng, A., et al., Dephosphorylation of cyclin-dependent kinases by type 2C protein

phosphatases. Genes Dev, 1999. 13(22): p. 2946-57.

Usatyuk, P.V., et al., Role of c-Met/phosphatidylinositol 3-kinase (P13k)/Akt signaling in
hepatocyte growth factor (HGF)-mediated lamellipodia formation, reactive oxygen
species (ROS) generation, and motility of lung endothelial cells. J Biol Chem, 2014.

289(19): p. 13476-91.

Orian-Rousseau, V., et al., Hepatocyte growth factor-induced Ras activation requires

ERM proteins linked to both CD44v6 and F-actin. Mol Biol Cell, 2007. 18(1): p. 76-83.

Frey, R.S., et al., Phosphatidylinositol 3-kinase gamma signaling through protein kinase
Czeta induces NADPH oxidase-mediated oxidant generation and NF-kappaB activation

in endothelial cells. J Biol Chem, 2006. 281(23): p. 16128-38.

Gerlach, C., et al., Ki-67 expression during rat liver regeneration after partial

hepatectomy. Hepatology, 1997. 26(3): p. 573-8.

Apte, U., et al., Enhanced liver regeneration following changes induced by hepatocyte-

specific genetic ablation of integrin-linked kinase. Hepatology, 2009. 50(3): p. 844-51.

Apte, U., et al., Beta-catenin activation promotes liver regeneration after

acetaminophen-induced injury. Am J Pathol, 2009. 175(3): p. 1056-65.

98



247.

248.

249.

250.

251.

252.

253.

Seternes, O.M., et al., Activation of protein kinase A by dibutyryl CAMP treatment of NIH
3T3 cells inhibits proliferation but fails to induce Ser-133 phosphorylation and

transcriptional activation of CREB. Cell Signal, 1999. 11(3): p. 211-9.

Makranz, C., et al., CAMP cascade (PKA, Epac, adenylyl cyclase, Gi, and
phosphodiesterases) regulates myelin phagocytosis mediated by complement receptor-3

and scavenger receptor-Al/ll in microglia and macrophages. Glia, 2006. 53(4): p. 441-8.

lyer, S.V., et al., Mining clinical text for signals of adverse drug-drug interactions. J Am

Med Inform Assoc, 2014. 21(2): p. 353-62.

Lazarou, J., B.H. Pomeranz, and P.N. Corey, Incidence of adverse drug reactions in
hospitalized patients: a meta-analysis of prospective studies. JAMA, 1998. 279(15): p.

1200-5.

Leape, L.L., etal., The nature of adverse events in hospitalized patients. Results of the

Harvard Medical Practice Study Il. N Engl J Med, 1991. 324(6): p. 377-84.

Ernst, F.R. and A.J. Grizzle, Drug-related morbidity and mortality: updating the cost-of-

illness model. J Am Pharm Assoc (Wash), 2001. 41(2): p. 192-9.

FDA,

T., http://www.fda.gov/drugs/developmentapprovalprocess/developmentresources/drugin

teractionslabeling/ucm110632.htm.

99


http://www.fda.gov/drugs/developmentapprovalprocess/developmentresources/druginteractionslabeling/ucm110632.htm
http://www.fda.gov/drugs/developmentapprovalprocess/developmentresources/druginteractionslabeling/ucm110632.htm

254,

255.

256.

257.

258.

259.

260.

NCCAM, Summary of Roundtable Meeting on Dietary Supplement-Drug Interactions.

The National Center for Complementary and Alternative Medicine, 2012.

Di, L., et al., A perspective on the prediction of drug pharmacokinetics and disposition in

drug research and development. Drug Metab Dispos, 2013. 41(12): p. 1975-93.

Zhang, L., et al., Predicting drug-drug interactions: an FDA perspective. AAPS J, 20009.

11(2): p. 300-6.

Huang, S.M. and L.J. Lesko, Drug-drug, drug-dietary supplement, and drug-citrus fruit
and other food interactions: what have we learned? J Clin Pharmacol, 2004. 44(6): p.

559-69.

Parkinson, A., Biotransformation of xenobiotics, in Casarett and Doull’s Toxicology-The
Basic Science of Poisons, K.C. ed, Editor. 2001, McGraw-Hill: New York. p. pp 133-

224,

Thummel, K.E. and G.R. Wilkinson, In vitro and in vivo drug interactions involving

human CYP3A. Annu Rev Pharmacol Toxicol, 1998. 38: p. 389-430.

Zhang, W., et al., Dietary regulation of P-gp function and expression. Expert Opin Drug

Metab Toxicol, 2009. 5(7): p. 789-801.

100



261.

262.

263.

264.

265.

266.

267.

Chen, Y., et al., Nuclear receptors in the multidrug resistance through the regulation of
drug-metabolizing enzymes and drug transporters. Biochem Pharmacol, 2012. 83(8): p.

1112-26.

Wang, Y.M., et al., Piperine activates human pregnane X receptor to induce the
expression of cytochrome P450 3A4 and multidrug resistance protein 1. Toxicol Appl

Pharmacol, 2013. 272(1): p. 96-107.

I1zzo, A.A. and E. Ernst, Interactions between herbal medicines and prescribed drugs: an

updated systematic review. Drugs, 2009. 69(13): p. 1777-98.

I1zzo, A.A., Interactions between herbs and conventional drugs: overview of the clinical

data. Med Princ Pract, 2012. 21(5): p. 404-28.

Dvashi, Z., et al., Protein Phosphatase Magnesium Dependent 1A Governs the Wound

Healing-Inflammation-Angiogenesis Cross Talk on Injury. Am J Pathol, 2014.

Lee, S.J,, et al.,, PKCdelta as a regulator for TGF-beta-stimulated connective tissue
growth factor production in human hepatocarcinoma (HepG2) cells. Biochem J, 2013.

456(1): p. 109-18.

Kobayashi, T., et al., Phosphorylation of Mg(2+)-dependent protein phosphatase alpha
(type 2C alpha) by casein kinase Il. Biochem Biophys Res Commun, 1993. 195(1): p.

484-9.

101



268.

269.

270.

271.

272.

273.

274.

Yoshizaki, T., et al., Protein phosphatase-2C alpha as a positive regulator of insulin
sensitivity through direct activation of phosphatidylinositol 3-kinase in 3T3-L1

adipocytes. J Biol Chem, 2004. 279(21): p. 22715-26.

Bu, S, et al., Opposite effects of dihydrosphingosine 1-phosphate and sphingosine 1-
phosphate on transforming growth factor-beta/Smad signaling are mediated through the

PTEN/PPM1A-dependent pathway. J Biol Chem, 2008. 283(28): p. 19593-602.

Wu, S.K., et al., Expression of PTEN, PPM1A and P-Smad?2 in hepatocellular

carcinomas and adjacent liver tissues. World J Gastroenterol, 2007. 13(34): p. 4554-9.

Brautigan, D.L., et al., Allosteric activation of protein phosphatase 2C by D-chiro-
inositol-galactosamine, a putative mediator mimetic of insulin action. Biochemistry,

2005. 44(33): p. 11067-73.

Wang, L., et al., Activation of protein serine/threonine phosphatase PP2Calpha

efficiently prevents liver fibrosis. PLoS One, 2010. 5(12): p. €14230.

Fausto, N., J.S. Campbell, and K.J. Riehle, Liver regeneration. Hepatology, 2006. 43(2

Suppl 1): p. S45-53.

Michalopoulos, G.K. and M.C. DeFrances, Liver regeneration. Science, 1997.

276(5309): p. 60-6.

102



	Abstract
	PPM1A phosphatase is involved in regulating PXR-mediated CYP3A4 gene expression in liver hepatocytes
	Abstract

