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Abstract of the Dissertation

The Role of the Tumor Suppressor Kinase LKB1 in Xenobiotic

Metabolism
by
Rebecca Ann Kohnz
Doctor of Philosophy
in
Genetics
Stony Brook University
2010

The liver kinase-B1 (LKB1) is a serine/threonine kinase that has
numerous roles in human disease. LKB1 was originally identified as a
tumor suppressor kinase that, when inactivated, is responsible for the
human inherited disorder Peutz-Jeghers syndrome which is characterized
by benign gastric polyposis and increased cancer predisposition. More
recently, inactivating LKB1 somatic mutations in humans have been found
in 15-35% of non-small cell lung carcinomas and in 20% of cervical
carcinomas. LKB1 functions as a master kinase upstream of 14 different
substrates kinases and these substrates have critical roles in cell growth,
polarity, and metabolism. Previous studies show that in specialized
metabolic tissues such as the liver LKB1 and its downstream substrate

AMPK control cholesterol, lipid, and glucose metabolism. However,

il



LKB1’s role in other biological processes in the mammalian liver is poorly

understood.

To identify pathways deregulated upon loss of LKB1 signaling a
microarray screen was employed using mice with an inducible liver-
specific deletion of Lkb1. Unexpectedly, one of the most prominently
deregulated pathways upon hepatic LKB1 loss is the xenobiotic
metabolism pathway. Xenobiotic metabolism occurs primarily in the liver
and serves to remove endogenous and exogenous compounds from the
organism. Mice lacking hepatic LKB1 have reduced expression of many
phase | xenobiotic metabolism genes, collectively known as the
cytochrome P450 family (CYP). In particular, expression of CYP2E1, an
important mediator of drug interactions, was markedly reduced upon LKB1
loss. LKB1-deficient livers exhibit a decreased response to
hepatocarcinogens compared to wild-type controls. In addition, mice
lacking hepatic LKB1 are refractory to all stages of liver carcinogenesis
promoted by repeated high-dose administration of the hepatocarcinogen
carbon tetrachloride. Thus, it appears that LKB1 is an important
regulator of xenobiotic metabolism and attenuation of this pathway could

be useful in mediating toxicity of drugs or other exogenous compounds.
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CHAPTER 1: Introduction

LKB1 is a tumor suppressor gene

The rare autosomal-dominant inherited cancer disorder Peutz-
Jeghers syndrome (PJS) occurs in approximately 1 in every 120,000
births .  PJS is characterized by mucocutaneous hyperpigmentation,
benign hamartomatous polyps in the gastrointestinal tract, and affected
individuals have an increased risk of cancer malignancies [1]. Linkage
analysis using short-sequence-repeat polymorphism markers identified a
region on chromosome 19p13.3 containing a putative PJS gene [2].
Further mapping revealed a single gene mutated in PJS kindreds,
encoding a previously uncharacterized serine/threonine kinase STK11,
also known as Liver Kinase B1 (LKB1) [3-5].

Patients with PJS are ten times more likely than the general
population to develop cancer, display similar cancer risk between males
and females, and have a 48% chance of dying from cancer by age 57 [6,
7].  There may be a sequential neoplastic transformation from benign
hamartomas to adenomas and finally to carcinomas that may rely on the
loss of the remaining wild-type LKB1 allele [2]. To further investigate the
role of LKB1 in tumor suppression, several groups created knockout mice
for Lkb1. Mice homozygous for loss of LKB1 activity die in mid-
embryogenesis (E8.5-E11) from vascularization and placental
development defects [8-10]. However, as in patients with PJS, mice
heterozygous for Lkb1 develop gastrointestinal polyps with 100%
penetrance and clinically mimic the hamartomas seen in human patients.

PJS patients are susceptible not just to gastrointestinal cancer but also at



other sites including breast, lung, and pancreas (Figure 1) [11]. Some of
these tumor sites have been modeled in mice with tissue-specific deletion
of Lkb1.

Gastroesophageal (15%)
Breast (6%)

Small bowel (15%)
Colorectal (15%)
Pancreas (22-130%)
Gynecological (8.5%)
Lung (4-9%)

Figure 1. Tumor spectrum in Peutz-Jeghers syndrome patients.
Increased risk of cancer of each tumor type is cited in parentheses.
several different tumor types.  Adapted from Sanchez-Cespedes, 2007.

Most mutations in LKB1 are small insertion/deletion events or
single-base substitutions that result in protein truncation or loss of kinase
activity [12]. These are all heterozygous loss-of-function mutations and
as such mutation of the second allele of LKB1 has been demonstrated in
all malignancies found in PJS patients, and whether loss of the second
allele is required for hamartoma formation remains controversial [9, 13,

14]. Though missense mutations are not common in PJS patients, those



found tend to cluster to the kinase domain and extensive analysis of these
mutations reveal that all result in loss of LKB1 kinase activity. Thus
genetically, the function of LKB1 as a tumor suppressor is directly
connected to its kinase activity. Indeed point mutations that have been
found in PJS kindreds in the catalytic lysine and catalytic aspartic acid
which govern ATP binding, these principal mutations are employed by
investigators trying to make kinase-dead alleles of many other kinases
[15-17].  Invivo, LKB1 is found in a 1:1:1 heterotrimeric complex with the
pseudokinase Ste20-related adaptor (STRAD) and scaffolding protein
mouse protein 25 (MO25). LKB1 protein is stabilized through that
interaction and, unlike most other kinases, is activated through
phosphorylation-independent mechanisms [18-21].  This mechanism of
allosteric regulation of LKB1 highlights that cancer mutations occurring not
only in the kinase domain of LKB1 but that other mutations affecting
complex assembly and interaction with substrates and regulators are also
important [22].

LKB1 activates AMPK to control cell growth via
mTOR signaling

Given that the kinase activity of LKB1 was central to its tumor
suppressor function, several laboratories set about to identify substrates of
LKB1 which may mediate its tumor suppressor function. Multiple
independent approaches identified the AMP-activated protein kinase
(AMPK) as a direct substrate [23, 24]. LKB1 directly phosphorylates
AMPK on the critical threonine in its activation loop, resulting in a 1000X

stimulation in its kinase activity.  Unlike the little information known about
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the cellular function of LKB1 at the time, AMPK had been extensively
studied and was thought to be a key modulator of cell metabolism under
conditions of low energy [25]. A connection between cellular metabolism
and tumorigenesis was first proposed in the early 1900s by Otto Warburg,
who postulated that tumor cells rely on glycolysis rather than generating
energy by oxidation of pyruvate. Itis only in the last decade that the
molecular mechanisms controlling cell growth and metabolism have begun
to be decoded. An essential requirement for all cells is the ability to
couple proliferative signals from growth factors with nutrient availability so
that cell division only occurs when nutrients are freely available. In that
regard, AMP-activated protein kinase (AMPK) serves as the primary
energy-sensing regulator of cellular response to low ATP levels. AMPK
phosphorylation of its downstream targets results in the down-regulation of
energy-consumptive processes and up-regulation of ATP-producing

catabolic pathways until energy balance is restored [26, 27].

LKB1 is the upstream kinase capable of AMPK in vivo and as such
is a critical mediator of cellular response to low energy [21, 23, 28]. It
appears that LKB1 dictates most of the AMPK activation in all tissues
examined where LKB1 has been genetically knocked out.  In some
endothelial cells, T cells, and hypothalamic neurons AMPK activity may be
modulated by calcium and calmodulin-dependent protein kinase kinase
(CAMKK) although only in response to changes in calcium levels and not
energy levels [29-32]. Notably, LKB1 also phosphorylates a total of 14
downstream substrate kinases, although only AMPK a1 and a2 are
activated by low ATP levels (Figure 2).  The remaining 12 AMPK-

related kinases are less well-defined; substrates such as MARKSs are



required for early embryonic partitioning and polarity while the SIKs may

be involved in metastasis [33-36].
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Figure 2. LKB1-dependent kinase signaling. LKB1 is complexed
with its two regulatory subunits and directly phosphorylates and activates
14 AMPK-related kinases. Downstream substrates of the AMPKRs are
shown, with question marks next to substrates for which further in vivo

data are needed.

LKB1 and AMPK exert their role as mediators of cell growth and
division at least in part through regulation of mammalian target of
rapamycin complex 1 (mMTORC1). Highly conserved in all eukaryotes,
mTOR is serine/threonine kinase that is a central regulator controlling cell
growth and protein synthesis and is deregulated in most human cancers
[37]. mTOR is found in two functionally discrete complexes, mTORC1
and mTORC2. The mTORC1 complex includes regulatory-associated
protein of mTOR (raptor) and this scaffolding recruits downstream

substrates to control protein synthesis. mTORC1 induces the synthesis



of many growth regulators such as MYC and cyclin D1. mTORC1 is
nutrient sensitive and can be inhibited by the bacterial macrolide
rapamycin. mTORC2 is complexed with the rapamycin-insensitive
companion of mTOR (rictor) and is not inhibited by rapamycin treatment or

nutrient deprivation.

In cells undergoing glucose or amino acid deprivation mTORC1
signaling is inhibited via two distinct phosphorylation events[38]. AMPK
can inhibit mTORC1 by directly phosphorylation and activating the
negative mTORC1 regulator tuberin, which is the product of the Tuberous
Sclerosis Complex 2 tumor suppressor (TSC2) [39].  More recently,
AMPK has been shown to phosphorylate the mTORC1 subunit raptor,
which leads to subsequent 14-3-3 binding and inactivation [40]. Thus the
LKB1-AMPK pathway turns off the mTORC1 pathway when intracellular
ATP levels are low [41]. Interestingly, mutations in LKB1, PTEN, NF1,
and TSC2 are responsible for a family of inherited cancer syndromes
collectively known as phakomatoses. Clinically, loss of function in any
one of these results in syndromes characterized by hamartomas and
aberrant mucocutaneous pigmentation defects (Figure 3).  As each of
these tumor suppressors function upstream of mTORC1 the underlying
mechanism of cell-autonomous hyperactivation of mMTORC1 results in
tumors uniquely reliant upon mTORC1 signaling [42].
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Figure 3. AMPK and PI3K signaling converge to antagonize
mTORC1 signaling. AMPK mediates mTORC1 activity through
phosphorylation of TSC2 and Raptor. Oncogenes are shown in yellow,
tumor suppressor genes in blue, while chemical compounds modulating
kinase activity are shown in purple. Note that many hamartoma and
cancer predisposition syndromes show hyperactivation of mMTORCA1.



LKB1-AMPK pathway plays key roles in organismal

metabolism

Physiologically, the LKB1-AMPK pathway is activated under
conditions of energy stress such as fasting, calorie restriction, or exercise.
AMPK is activated in adipocytes, hepatocytes, and the hypothalamus in
response to low glucose and upon refeeding this activity is decreased [43-
45]. Conversely, overnutrition and hyperglycemia can suppress LKB1-
AMPK signaling, perhaps contributing to increased cancer risk in obese or
poorly-controlled diabetic populations. AMPK also plays a role in
skeletal and cardiac muscle hypertrophy, glucose metabolism, and
exercise. Acute resistance exercise in untrained human subjects
decreases mTORC1 signaling via AMPK activation while trained human
subjects show blunted AMPK activation during exercise [46, 47].
Muscle-specific LKB1 knockout mice display a markedly decreased ability
for voluntary treadmill running and glucose uptake after muscle
contraction is severely limited [48, 49].  Incredibly, chronic AMPK
activation by orally bioavailable AMP mimetic 5-aminoimidazole-4-
carboxamide riboside (AICAR) treatment leads to a “super endurance”
phenotype with a 45% increase in running capacity in untrained mice [50].

Pharmacological intervention in the LKB1-AMPK pathway has
garnered intense scrutiny as a target of type 2 diabetes and other
abnormal metabolic syndromes. Metformin is the most widely used type
2 diabetes therapeutic and is thought to act by decreasing hepatic
gluconeogenesis, thus lowering blood sugar levels [51]. Metformin and
its more potent analog, phenformin, are mitochondrial poisons that inhibit

complex | of the respiratory chain resulting in a decline in ATP production.



Intact LKB1-AMPK signaling is absolutely required for the blood glucose-
lowering effects of metformin [52]. Similarly AICAR and A769662, the
only known small molecule capable of binding directly to AMPK, are able
to activate AMPK signaling and lower blood glucose [53, 54].

In the liver the LKB1-AMPK pathway plays important roles in
glucose and lipid metabolism. Circulating hormones such as leptin and
adiponectin are able to activate AMPK and suppress mTORC1 signaling
and gluconeogenesis [55]. Repression of gluconeogenesis by AMPK is
mediated through direct phosphorylation of transcription factors and
coactivators that control transcription of gluconeogenic enzymes such as
PEPCK and G6Pase [56]. A key positive regulator of lipogenesis,
SREBP1, accumulates during mTORC1 activation and drives lipid
formation. Mice lacking hepatic LKB1 have elevated SREBP1 levels
resulting in increased lipid buildup and hepatic steatosis (fatty
degeneration of the liver) [52]. While the maintenance of glucose and
lipid metabolism homeostasis by the LKB1 pathway is critical for the
suppression of diabetes and other metabolic syndromes it is also likely to

be important for the tumor-suppressive effects of LKB1.

The role of LKB1 in sporadic human cancers and
mouse models of cancer

Recent studies have discovered that LKB1 mutations are common
in 15-35% of non-small cell lung carcinomas (NSCLC) which represents

the majority of lung cancer diagnosis [57]. Human NSCLC cell lines and

primary tumors revealed loss of AMPK activity and mTORC1
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hyperactivation [58]. These findings suggest that a functional
LKB1/AMPK/mTOR pathway is important for suppressing tumor formation
in the lung.  Of particular interest is the discovery of K-ras oncogene co-
mutation with LKB1 in NSCLC [59]. In order to create a lung
environment in mice similar to those found in human primary tumors, mice
carrying a conditional Cre-lox activated allele of K-ras were crossed to
mice carrying conditional Cre-lox inactivated alleles of LKB1. Adult mice
were treated with adenovirus-Cre recombinase to simultaneously induce
oncogenic K-ras and delete LKB1 expression. These double mutant
mice have rapidly accelerated tumor growth and are highly metastatic [57].
Importantly, some of the carcinomas formed are squamous tumors, which
had never before been observed in genetically engineered mouse models
of lung cancer, marking the first instance of a genetically defined lung

cancer model recapitulating all subtypes of the human disease.

Using a similar Cre-Lox strategy to conditionally delete LKB1 in
prostate epithelial cells, loss of LKB1 resulted in male mice with
predisposed to hyperplasia which progressed into prostate intraepithelial
neoplasia (PIN) within 2-4 months of LKB1 recombination. Also
observed in this model were other genitourinary lesions such as
bulbourethral gland cysts, hyperplasias of the urethra, and seminal vesicle
squamous metaplasias. Immunohistochemical analysis of the resultant
PIN revealed overexpression of 3-catenin and downstream Wnt target
genes and an increase in p-Akt. Interestingly this model revealed an
unexpected surge of p-AMPK and suppression of mMTORC1in PIN lesions,
which the authors hypothesize may be due to increased PDK1 activity
[60].

11



PJS is strongly associated with pathologically distinct neoplasias in
the female reproductive tract. In human sporadic cases of cervical
cancer, at least 20% of tumors harbor somatic mutations in LKB7, marking
the first recurrent genetic alteration found in cervical cancer [61]. In aged
Lkb1 heterozygous female mice, 53% display uterine neoplasias.
Intrauterine injections of adenovirus-Cre recombinase resulted in loss of
LKB1 in the uterine lumen and provoked well-differentiated, polarized yet
highly invasive metastatic endometrial adenocarcinomas [62].

Rapamycin treatment in this model not only slowed tumor growth but
could lead to the regression of pre-existing tumors [63]. Intriguingly,
cervical cancer cell lines treated with AICAR undergo growth arrest or cell
death. Human papillomavirus virus oncogene transcription was also
suppressed with AICAR treatment, raising the possibility that cervical
cancers arising from chronic HPV infection may be susceptible to
treatment with AMPK activators [64].

In order to study the role of LKB1 loss in mammary tumors, a life-
cycle specific conditional B-lactoglobulin Cre recombinase (BLG-Cre)
system was used. Virgin female mice expressed very low levels of BLG-
Cre and therefore LKB1 recombination was low while lactating mice
expressed very high levels of BLG-Cre. Female mice were allowed to
progress through two pregnancies and then were monitored for tumor
development. After a latency of 11-21 months, 19% of these mice scored
positively for at least one mammary gland tumor. These tumors share
some histological features with female PJS patients diagnosed with breast

cancer [65].

As mutations of Lkb1 in sporadic tumors such as NSCLC is linked

to tobacco carcinogen exposure, it is not surprising that Lkb1-deficient

12



mice treated with 7,12-dimethylbenz(a)anthracene (DMBA) are especially
prone to tumor formation. Mice heterozygous for Lkb1 are prone to loss
of the wild-type allele and to squamous tumor development in both the
skin and the lung following DMBA treatment. Mice with an epidermal-
specific deletion of Lkb1 are also susceptible to DMBA-promoted
squamous cell carcinomas (SCC). Untreated mice with epidermal
deletion of Lkb1 also develop SCC after a long latency period.
Surprisingly, while DMBA treatment initiates A-T transversions in codon 61
of H-ras in other mouse models of SCC there is no evidence of activating

H-ras mutations on an LKB1-deficient background.

Hepatocellular carcinoma

After lung, stomach, and colorectal cancers, hepatocellular
carcinoma ranks the fourth most common cause of cancer death
worldwide in 2009 according to the World Health Organization. Itis well
known that infection with hepatitis B or C virus and ingestion of the rice
fungal contaminant aflatoxin B1 are important risk factors for the
development of HCC [66]. In Western society where HBV and HCV
infection rates are low the most common risk factor is chronic alcohol
abuse [67]. In most patients diagnosed with HCC treatment such as
surgical resection, radiation, and chemotherapy are often ineffective and
only palliative care may be given. The disease progression often takes
decades and HCC is associated with chronic liver disease such as
cirrhosis and chronically active hepatitis [68]. However, 5%-30% of
HCC case studies lacked such a readily identifiable risk factor [69].

13



In recent years it has been recognized that this “cryptogenic” form
of HCC is attributable to nonalcoholic steatohepatitis which is one of the
hepatic symptoms of metabolic syndrome, a collection of physical
problems such as obesity, diabetes, dyslipidemia, and insulin resistance
[70]. Epidemiological data suggests that diabetes is associated with risk
of HCC development by a 2-fold to 4-fold increase and that HCC risk in
diabetics synergizes with HCV infection and chronic alcohol exposure [71,
72]. Overnutrition by excess consumption of fatty acids and glucose can
lead to increased expression of signaling molecules such as EGF, FGF,
and NFkB in addition to suppressing the LKB1-AMPK signaling pathway
leading to mTOR activation [73]. Intriguingly, diabetics taking biguanides
like metformin or thiazolidinediones have a 70% reduced HCC risk
compared to diabetics relying on dietary control, insulin, or sulfonylureas
[74].

In addition to energy homeostasis the liver is the primary location of
detoxification of endogenous and exogenous compounds, a process
collectively known as xenobiotic metabolism. While other tissues such
as lung, intestine, and skin express many xenobiotic metabolism genes it
is the liver that bears the responsibility for detoxifying ingested
compounds. This depends on the anatomical location of the liver as the
portal vein brings drugs and chemicals directly to the liver from the gut in a
highly concentrated form [75]. The metabolism of xenobiotics in the liver
can be divided into four phases (Figure 4). The phase | oxidative
metabolism system is mediated by cytochrome P450 (CYP) family and the

flavin mixed-function oxidase family.

14
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Figure 4. Schematic of the four phases of xenobiotic metabolism.
In phase 0, xenobiotics or ligands are transported across the hepatocyte
membrane.  Recognition of these substrates by nuclear hormone
receptors is critical for the regulation of genes involved in xenobiotic
metabolism. Upon activation, nuclear receptors alter gene expression
via a conserved response element (RE) in the promoter region of target
genes. In Phase |, CYPs or FMOs mediate oxidation of xenobiotics to
hydrophobic metabolites. Conjugation with sulfate, glutathione, or
glucuronide by Phase Il enzymes converts metabolites into hydrophilic
forms for elimination by Phase Il transporters.

Phase | metabolism is often the critical step in the unintentional
formation of genotoxic or cytotoxic metabolites from much less toxic
precursor compounds. In phase Il, activated hydrophobic metabolites
are conjugated to glutathione, sulfate, or glucuronide to form hydrophilic
metabolites for elimination via the phase Ill ATP-dependent export pumps
[76].

drug oxidation [75].

In humans, less than 10 CYPs account for greater than 90% of all
One of these enzymes, CYP2E1, metabolizes and
activates many small molecules such as ethanol, carbon tetrachloride, and

acetaminophen to metabolites much more toxic than the original

15



compound [77]. Constant exposure to toxic intermediate metabolites

promotes HCC formation in rodent models [78].

Peutz-Jeghers syndrome patients exhibit a wide variety of tumor
types at sites other than the gastrointestinal tract which have been
recapitulated in genetically defined mouse models. Notably,
hepatocellular carcinoma (HCC) has not been reported among PJS
patients. This is surprising given that LKB1 disruption in the liver has
profound effects on energy metabolism and LKB1 loss in the lung,
mammary gland, endometrial tissue, and prostate have all been shown to
increase tumorigenesis. Nonetheless, little work has been done to
examine the role of LKB1 in HCC. Comparative genomic hybridization
analysis of 50 primary human HCC samples characterized the loss of 19p,
where Lkb1 resides, in 42% of samples [79]. Single-strand conformation
polymorphism PCR analysis of 80 primary human HCC tumors found one
missense mutation in the kinase domain of LKB1 (1% of cases studied)
and 6 cases (22%) of LKB1 loss of heterozygosity. In contrast, 9 of the
80 HCCs profiled had mutations in p53 (11%) and only one case with both
LKB1 LOH and p53 mutation (1%) [80]. Epigenetic silencing of LKB1 in
HCC seems unlikely as methylation profiling of the Lkb7 gene in 28
primary human HCC tumors revealed that Lkb7 remains unmethylated in

tumor tissue compared to normal adjacent liver [81].

The body of work herein probes a novel pathway deregulation after
LKB1 loss in the liver using conditional deletion of Lkb1 alleles in adult
mice. Unexpectedly, | discovered one of the most prominently
deregulated pathways upon hepatic LKB1 loss is the xenobiotic
metabolism pathway. Key findings include loss of phase | xenobiotic
metabolism gene expression and the discovery that LKB1-deficient livers

16



display a distinct lack of response following acute treatment with the
hepatocarcinogens diethylnitrosamine and carbon tetrachloride.
Furthermore, | have compelling evidence that loss of LKB1 is
hepatoprotective against chemical-induced cholangiocarcinoma
development using chronic, high-dose administration of carbon

tetrachloride.
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CHAPTER 2: Deregulation of xenobiotic
metabolism after loss of LKB1 signaling

in the liver.

Microarray analysis of livers lacking LKB1

expression

Previous work examining the role of hepatic LKB1 signaling has
shown that it is crucial to homeostatic regulation of energy metabolism
through control of gluconeogenesis and lipogenesis. One of the most
commonly prescribed type 2 diabetes therapeutic, metformin, suppresses
blood glucose levels by shutting off hepatic gluconeogenesis through
signals mediated by an intact LKB1-AMPK signaling pathway; this
pathway is required for metformin to be effective [52]. In order to
understand what other pathway effector role LKB1 might have in the liver |
took a microarray-based approach to find genes whose expression was
altered upon LKB1 loss. Age-matched adult male mice with either
homozygous wild-type or Lkb7flox/flox (henceforth referred to as +/+ and
L/L, respectively) alleles were administered via tail vein injection
adenovirus expressing Cre recombinase under the cytomegalovirus
promoter to delete exons 3-6 of Lkb1(Figure 5) [8]. Mice were allowed to
recover from viral infection for two weeks to allow any gene expression
changes due to immune response to diminish. Liver samples were
processed for downstream applications and data analysis was performed

as described in Materials and Methods.
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Figure 5. Schematic illustrating Lkb1 targeting strategy.
Administration of Cre-recombinase mediates deletion of exons 3 through 6
in the LKB1 gene with 3’ untranslated regions are shown in black. The
transcript from this allele removes exons 2-6 resulting in a translational
frameshift, eliminating the kinase domain of LKB1.

Consistent with previous findings this method of deleting LKB1 is
highly effective at abolishing LKB1 protein in the liver, which results in the
inactivation of AMPK as seen a decrease in AMPK phospho-Thr172 and
concomitant lack of phosphorylation of the AMPK downstream substrate

Raptor on Ser’# (

Figure 6a). As loss of LKB1-AMPK signaling is known
to de-repress expression of genes involved in gluconeogenesis | further
validated loss of LKB1 signaling by examining the expression of two
genes involved in gluconeogenesis, glucose-6-phosphatase (G6Pase) and

peroxisome proliferator-activated receptor gamma coactivator 1-alpha

19



(PGC1a). From the microarray results G6Pase and PGC1a were up-
regulated approximately 3.2-fold and 2.5-fold, respectively, in the LKB1-
deficient livers. PGC1a expression was reexamined using gPCR (Figure
6b).
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Figure 6. Loss of LKB1 in the liver deregulates AMPK signaling.
(a) Total liver lysates of wild type or LKB1 L/L mice. Deletion of Lkb1
leads to a decrease in phosphorylation of AMPK and subsequently of
Raptor. (b) Quantitative RT-PCR validating loss LKB1 signaling by
derepression of the gluconeogenic gene PGC1a upon disruption of the
LKB1-AMPK signaling pathway.
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To ascertain what other genes might be regulated by LKB1I ranked
the results of the microarray analysis to look at genes highly altered in
livers that lack hepatic LKB1 (Table 1). Intriguingly, several phase |
xenobiotic metabolism genes, cytochrome P450s (CYPs), were among the
most deregulated in LKB1 knockout livers while phase Il genes,
glutathione-S-transferases (GSTs) were among the most up-regulated.
LKB1 disruption greatly increased expression of two different CYPs,
Cyp17a1 and Cyp2b9 14-fold and 3.5-fold respectively. These two CYPs
have no known function in metabolism of specific xenobiotic compounds;
rather Cyp17a1 is involved in the biosynthesis of adrenal and gonadal
hormones such as cortisol and testosterone and Cyp2b9 is a
glucocorticoid-responsive CYP [82, 83].
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Table 1. The top 20 genes whose expression is down- or up-
regulated upon hepatic LKB1 loss.
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Significantly down-regulated in livers without LKB1 signaling were
many CYPs involved in xenobiotic metabolism (Figure 7). For example,
Cyp2c37 and Cyp2b10 are involved in metabolism of the non-genotoxic
hepatocarcinogen phenobarbitol. Cyp2e1 metabolizes many small
organic molecules such as ethanol and carbon tetrachloride while Cyp1a2
is involved in metabolism of polycyclic aromatic hydrocarbons, caffeine,
aflatoxin B1, and acetaminophen. It is of particular note that CYPs
involved in metabolism of compounds that are known to cause
hepatocellular carcinoma in both humans and rodents (such as ethanol
and aflatoxin B1) or acute liver failure (such as acetaminophen) are

significantly down-regulated in the absence of LKB1.

Cyp4al2b Cypl7al
Cyp2c50 Akr1b7
Cyp8b1 Gstt3
Cyp2c37 Cyp2b9
Nr1i3 Sultlal
Cyp4al2a Ppargcla
Cyp2b10 Gépc
Cyp2el Gstk1
Cypla2 Gstm2

Figure 7. Heat map of deregulated xenobiotic metabolism genes.
Transcriptional profiles from parallel harvested livers of ad libitum fed
LKB1 L/L or LKB1 +/+ littermate mice were compared. Data illustrates the
fold change in mRNA expression of a subset of genes altered in the LKB1-
deficient livers as compared to the control LKB1+/+ livers. Genes involved
in xenobiotic metabolism are highly deregulated after loss of hepatic
LKB1. Many Phase | CYP enzymes are down-regulated while Phase Il
conjugation enzymes are up-regulated. (Nrli3=CAR)
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Based on these findings, | then expanded the array analysis data
set to include mice given an acute treatment with carbon tetrachloride
(CCly) or mineral oil vehicle and AICAR (Figure 8). CCl, treatment for 24
hours or AICAR treatment for 6 hours did not robustly alter the expression
of the down-regulated CYPs in either +/+ or L/L livers. These treatments
did increase expression of several Phase Il xenobiotic metabolism genes
such as Gstm2 and Gstt3 but only in +/+ livers while L/L livers remained
unresponsive. It is surprising to note the divergent expression patterns
of Phase | and Phase Il enzymes given many of these genes share
common mechanisms of transcriptional regulation via specific response

elements in their promoter regions [76].
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Figure 8. Heat map containing genes up-regulated (red) and down-
regulated (green) upon LKB1 loss combined with treatment of the
hepatointoxicant CCl, or the AMPK-activating chemical AICAR.

Data illustrates the fold change in mRNA expression of a subset of genes
altered in the LKB1-deficient livers as compared to the control LKB1+/+
livers treated with CCl4 or AICAR. Unlike wild-type livers, LKB1-deficient
livers are incapable of down-regulating expression of the gluconeogenesis
gene PGC1a (Ppargc1a) upon AICAR treatment. CCly treatment results
in the down-regulation of many Phase Il genes in wild-type, but not L/L,
livers.
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Alteration of xenobiotic metabolism genes

In order to validate the array results, RNA prepared from these
same mice were used in a gPCR analysis of several differentially
regulated genes (Figure 9). Indeed, down-regulation of CYPs 2b10,
2c37, and 2¢50, and the nuclear hormone receptor Car and up-regulation
of Cyp2b9, Gsta1, Gstm2 and PGC-1a (the positive control for loss of
LKB1-AMPK signaling) is confirmed using this approach.
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Figure 9. qPCR analysis of xenobiotic metabolism genes.
Quantitative RT-PCR validating mRNA expression of indicated genes in
LKB1+/+ or LKB1 L/L livers as in microarray samples in A. PGC1-ais a
positive control for previously observed effects of LKB1 deletion in liver.
All analyses have a p value of < .05.

In addition to mMRNA transcript levels, western blot analysis
indicates that protein levels of many of these xenobiotic metabolism genes
are deregulated upon LKB1 loss (Figure 10). Consistent with our

microarray and qPCR results, mice lacking hepatic LKB1 protein show
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reduced levels of CYP2E1, CYP1A1/1A2, and increased expression of
POR compared to their wild-type counterparts. POR is the electron
donor for all CYP genes and its up-regulation may be an attempt at
compensation for CYP protein reductions and thus loss of catalysis of
endogenous and exogenous compounds in the L/L livers [84]. Here |
also observe the suicide substrate effect of CCl4 on CYP2E1 (lanes 1 and

2 versus lanes 5 and 6).
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Figure 10. Western blot analysis of selected genes from the
microarray analysis. Total cell lysates from livers from ad libitum fed
mice of the indicated genotypes were immunoblotted with the indicated
antibodies. LKB1 deletion results in reduced phosphorylation of AMPK
and its downstream substrate raptor, in addition to near complete loss of
CYP2E1 protein.  In addition, LKB1 loss leads to decreased
CYP1A1/1A2 and increase POR protein.
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Gene ontology and pathway analysis

In order to more fully understand the impact of the microarray
results, significantly altered genes were subject to further analysis by the
online databases the Gene Ontology and the Kyoto Encyclopedia of
Genes and Genomes. The Gene Ontology (GO) is a curated program
that developed three “vocabularies” or ontologies that describe gene
products in terms of associated biological processes, cellular components,
and molecular function [85]. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) is a database integrating information from 16 other
databases into broadly categorized systems information, genomic
information, and chemical information. These programs group the
thousands of genes whose expression were altered as seen by microarray
analysis and group them into pathways or process clusters based on
known information about each gene. This approach is useful to visualize

broad-spectrum changes within a sample set.

Using GO begets a greater understanding how groups of genes work in
concert to alter biological outcomes based not only by expression but by
function and location (Table 2). For instance the most common location
of CYP enzymes, the endoplasmic reticulum and the microsome, are
significantly altered cellular components upon LKB1 loss.  In addition,
three separate categories of the molecular function oxidoreductase activity

are also highly altered in LKB1-deficient livers.
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in p-

ID Group name value

Ontolo

Table 2. Gene Ontology terms highly altered upon LKB1 loss in the
liver. Note that many groups contain xenobiotic metabolism genes; such
as the molecular function “catalytic activity”, the cellular components
“endoplasmic reticulum” and “microsome”, and the biological process
“organic acid metabolic process”.

29



KEGG pathway analysis perhaps more clearly illustrates the
differences between wild-type and LKB1-deficient livers (Table 3).
Independent of any treatment, L/L livers consistently have “Metabolism of
xenobiotics by cytochrome P450” ranked within the top three deregulated
pathways. Frequently, pathways such as arachidonic and lineolic acid
metabolism are also deregulated. These three pathways cross-talk using
several CYP family members from the xenobiotic metabolism pathway and

therefore are also expected to be highly deregulated.
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Countin Countin

Comparison KEGGID Term class KEGG  p-value
L/L to +/+ mmu00970  Aminoacyl-tRNA biosynthesis 11 44 3.19E-07
mmu00980  Metabolism of xenobiotics by CYP P450 8 76 1.80E-06
mmu00590  Arachidonic acid metabolism 8 88 2.59E-06
mmu00910  Nitrogen metabolism 6 23 4.70E-06
mmu00272  Cysteine metabolism 5 64 7.41E-06
+/+ oil to +/+ CCl4 mmu03010 Ribosome 18 132 0.00E+00
mmu00980  Metabolism of xenobiotics by CYP P450 11 76 7.28E-07
mmu00240  Pyrimidine metabolism 12 104 6.70E-06
mmu00590  Arachidonic acid metabolism 10 88 8.88E-06
mmu00591  Linoleic acid metabolism 8 45 1.56E-04
L/L CCl4 to +/+ oil mmu00980  Metabolism of xenobiotics by CYP P450 13 76 4.00E-10
mmu00970  Aminoacyl-tRNA biosynthesis 13 44 5.21E-07
mmu00720  Reductive carboxylate cycle (CO2 fixation) 6 33 2.34E-06
mmu00591  Linoleic acid metabolism 9 45 2.84E-06
mmu04612  Antigen processing and presentation 10 104 3.74E-06
+/+ AICAR to +/+ saline mmu00980  Metabolism of xenobiotics by CYP P450 10 76 1.77E-08
mmu00591  Linoleic acid metabolism 7 45 1.88E-05
mmu00590  Arachidonic acid metabolism 7 88 4.00E-05
mmu00040  Pentose & glucuronate interconversions 5 26 5.29E-05
map00500 Starch and sucrose metabolism 6 77 1.21E-04
L/L AICAR to +/+ saline map00100 Biosynthesis of steroids 13 28 1.79E-08
mmu00980  Metabolism of xenobiotics by CYP P450 17 76 1.13E-06
mmu00970  Aminoacyl-tRNA biosynthesis 22 44 1.18E-05
map00600 Sphingolipid metabolism 12 40 3.51E-05
map04910 Insulin signaling pathway 22 77 7.05E-05

Table 3. KEGG pathways highly altered upon LKB1 loss. KEGG
analysis of microarray data showing pathways deregulated upon loss of
hepatic LKB1 signaling. Loss of LKB1 in the liver with or without
additional CCl4 treatment highly deregulates the pathway termed
“Metabolism of xenobiotics by cytochrome P450s”. Treatment of +/+
animals with CCl4 also alters this pathway.

Interestingly, +/+ livers treated with AICAR also display a
deregulated xenobiotic metabolism pathway. Selected features within
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this group include CYP genes that are known targets of the constitutive
androstane receptor, a nuclear receptor involved in transcription of some
Phase |, Il, and Ill genes. Wild-type livers are able to appropriately
respond to AICAR treatment by altering expression of genes involved in
metabolism of sugars; particularly in the sucrose and pentose metabolism
pathways. L/L livers are unable to respond in this manner due to lack of

intact AMPK signaling.

LKB1-deficient livers have attenuated response to

carcinogen treatment

In order to determine what biological outcome deregulation of the
cytochrome P450 genes may have | used two known hepatotoxic
chemicals, diethylnitrosamine (DEN) and carbon tetrachloride (CCls) in
wild-type and LKB1'*"** mice as the first step to understanding what
impact loss of these CYPs had on the mouse liver. DEN requires
activation through primarily through CYP2E- and some CYP2A6-
catalyzed a-hydroxylation, forming reactive metabolites that alkylate DNA
[86]. CClyis a suicide substrate of CYP2E1, being first activated to the
trichloromethyl radical which destroys the heme group of CYP2E1 and
then reacts with molecular oxygen to form the trichloromethylperoxyl
radical; both radicals lead to lipid peroxidation or attack on other cellular
macromolecules [87, 88].

Consistent with previous studies LKB1 deletion in the liver leads to
loss of AMPK activity, concomitant decreased phospho-Raptor and

increased mTORC1 activity as seen by an increase phosphorylated
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4EBP1 (Figure 11) [52]. In vehicle-treated animals it is immediately
apparent that there is a suppression of basal DNA-damage response
signaling as seen by the reduction in activated p53 phospho-Ser'® (Figure
11, lanes 1 versus 2). DEN treatment dramatically increased activated
p53, while CCl,4 treatment subtly increased activated p53. Expression of
p21, a p53 target gene, is suppressed under basal conditions in L/L
animals but at this timepoint following chemical intoxication there is no
increase in p21 protein levels in either DEN or CCls-treated livers.  There
is precedent for p53-independent induction of p21 in situations including
normal tissue development and cellular differentiation [89]. Interestingly,
p21 can still be induced in p53-null mice following liver intoxication with
CCl4 and the authors of that study conclude that the transcription factor

C/EBPa may be controlling it's expression [90].
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Signaling in mice treated acutely with
hepatocarcinogens. Total liver cell lysates harvested from mice 48
hours after treatment with the indicated compounds. Mice lacking
hepatic LKB1 have decreased phosphorylation of AMPK and Raptor (red)
and concomitant increased mTORC1 signaling as seen by increased
phosphorylated 4E-BP1 (green). Signaling through active p53 is also
basally reduced in L/L livers and attenuated after carcinogen treatment.
Protein levels of CYP2E1, the enzyme largely responsible for metabolism
of these two carcinogens, is decreased in L/L livers.

Figure 11.
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In this acute treatment, protein levels of CYP2E1 are basally
reduced in vehicle-treated L/L livers and protein expression is vastly
decreased upon treatment with DEN or CCly. CCly is a known suicide
substrate of CYP2E1 causing heme group destruction or electrophilic
protein damage, resulting in increased ubiquitin-conjugation and
elimination of the damaged protein [91]. Interestingly, from this data it
also appears that DEN or one its metabolites may be a suicide substrate
of CYP2E1 as well.

Decreased DNA-damage response signaling is not
due to loss of AMPK-mediated phosphorylation of
p53

It was recently reported that phosphorylation of the tumor
suppressor p53 was increased by activated AMPK [92]. Jones et al
found that AMPK activation induces phosphorylation of p53 on Ser'® and
mediated an AMPK-dependent cell cycle checkpoint upon glucose
deprivation. In order to gauge the contribution of genotoxic and cytotoxic
chemical-induced damage compared to loss of AMPK signaling | probed
these livers for activation of the DNA damage response pathway upstream
of p53 (Figure 12a). In addition to reduced p53 phospho-Ser15, LKB1-
deficient livers also display decreased activated Chk1, Chk2, and Rad17.
These results indicate that the reduced active p53 phospho-Ser15 is not
due to defective AMPK signaling but rather that the damage response

pathway as a whole is suppressed in L/L livers.
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Figure 12. DNA damage response and AMPK. (a) Many members of
the DNA damage response pathway are basally suppressed in livers with
LKB1 loss and CCl, intoxication does not activate the DNA damage
response pathway in L/L livers. (b) The AMPK predicted optimal
consensus motif does not match the sequence surrounding Ser15 of p53.
(c) Loss of LKB1 in MEFs does not alter p53 activation in response to
DNA-damaging treatments (blue) but increases phosphorylated p53 after
AMPK-activating treatments (green).

In addition, by using the same bioinformatic approach that identified
both LKB1 as the upstream kinase of AMPK and AMPK as the upstream
kinase of Raptor, | was able align the preferred amino acid sequence for
AMPK phosphorylation with the residues surrounding serine 15 of mouse
p53 (Figure 12b) [23, 40]. Based on that alignment (and similar
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alignments for other known phosphorylated serines in the p53 protein,
data not shown) it is unlikely that p53 is a direct target of AMPK
phosphorylation.

In order to more clearly define the role of LKB1-AMPK signaling in
p53 activation, | used primary non-immortalized MEFs either wild-type or
deleted for LKB1 and subjected them to a variety of DNA-damaging and
AMPK-activating stimuli (Figure 12c). There is no genotype-specific
response to any of the DNA-damaging treatments: gamma irradiation,
ultraviolet irradiation, or adriamycin. There is a small but noticeable
increase in phospho-p53 in L/L cells over +/+ cells at 4 hours and 8 hours
of glucose deprivation and at all timepoints in during AICAR treatment.
This result is perhaps expected based on previous studies indicating that
LKB1 L/L MEFs undergo apoptosis when deprived of glucose and that
AMPK-deficient MEFs show increased levels of basal phosphorylation of
p53 at serine 15 [52, 93].

Signaling through p53 may be active in untreated +/+ livers due to
the lack of exogenous substrates (due in part to the extremely well-defined
rodent chow) for members of the CYP family, particularly CYP2E1.

When exogenous substrates for CYP2E1 are not present within the liver,
CYP2E1 switches its “substrate load” to endogenous fatty acids causing
lipid peroxidation and establishing a low level of oxidative stress within the
hepatocytes [94]. | assessed total protein oxidation levels in +/+ and L/L
livers and discovered that livers lacking hepatic LKB1 contained less
oxidized proteins than their wild-type counterparts, perhaps explaining the

basal suppression of p53 signaling in L/L livers (Figure 13).
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Figure 13. Total protein oxidation in wild-type and LKB1-deficient
livers. . Loss of LKB1 leads to a reduction CYP2E1 enzyme and
subsequently a lower amount of total protein oxidation in untreated livers.
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Hepatocyte response to acute carcinogen treatment

To confirm the biological output of reduced metabolism of DEN and
CCly, | performed immunohistochemistry (IHC) on liver sections from each
genotype and treatment.  Untreated animals of both genotypes have
little apoptotic or necrotic hepatocytes as seen by terminal
deoxyribonucleotidyl transferse (TdT)-mediated biotin-16-dUTP nick-end
labelling (TUNEL). DEN and CCls-treated +/+ animals have increased
TUNEL positive nuclei while L/L livers have far fewer positively stained
cells (Figure 14i-vi). As seen by Ki67 positive nuclei, the proliferative
index of L/L livers is markedly reduced compared to +/+ livers treated with
DEN or CCl4 (Figure 14vii-xii). To determine if L/L livers were shunted
into senescence rather than apoptosis after treatment with
hepatointoxicants, | performed staining for senescence-associated (3-
galactosidase positive cells. Livers lacking hepatic LKB1 are overall less
senescent than their wild-type counterparts regardless of treatment.
DEN and CCl, treatment increases senescence-associated [3-
galactosidase positive areas in +/+ livers (Figure 15a). Interestingly, the
biliary epithelia in +/+ livers is more proliferative than that of L/L livers after
CCl,4 treatment (Figure 15b). Taken together, this data indicates that L/L
livers show fewer signs of toxicity and undergo little proliferation when

challenged with an acute dose of carcinogens.
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Figure 14. LKB1-deficient livers have reduced apoptosis and
subsequent proliferation after carcinogen treatment. (i-vi) There are
very few TUNEL positive cells in either genotype without carcinogen
treatments. After DEN or CCl, exposure, wild-type livers readily undergo
apoptosis while LKB1-deficient livers do not.  Similarly (vii-xii) carcinogen
treatment increases Ki67-positive cells in +/+ but not L/L animals. Note
that the most positively-scoring areas for both assays localize around bile
ducts and blood vessels.
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Figure 15. Loss of LKB1 does not promote a senescent phenotype.
CCl4 causes biliary epithelial cell proliferation. (a) Reduced
senescence-associated $-galactosidase positive areas in LKB1-deficient
livers treated with DEN or CCl,4 than their wild-type counterparts. Note
that greatest concentration of senescent-positive area in located near
blood vessels and bile ducts. (b) Dramatically increased biliary epithelial
cell proliferation after CCl4 intoxicant in +/+ but not L/L livers.

LKB1-deficient livers display delayed uptake and

excretion of indocyanine green.

In order to determine if LKB1-deficient livers have decreased
capacity for transport of small molecules across the hepatocyte

membrane, ingress or egress, | treated +/+ and L/L mice with a single
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bolus of indocyanine green (ICG) via tail vein injection. 1CG is a widely
used diagnostic tool for measuring hepatic blood flow and function. 1CG
is taken up from the blood stream exclusively by the hepatocytes and is
excreted through the bile unmetabolized [95]. As LKB1 deletion
occurred in adult mice whose liver architecture is already fully formed
there should be no genotypic differences in hepatic blood flow, therefore
any differences in dye output should be solely due to uptake and excretion
by the hepatocytes. ICG fluoresces in the near-infrared at 805nm
therefore a live-animal imaging system capable of detecting that

wavelength is ideally suited to track dye clearance.

Five mice per genotype were given an ICG injection and then
imaged repeatedly over a 6 day period. Mice lacking hepatic LKB1
display a delayed maximal dye uptake and clearance from these animals
are also delayed, suggesting that both dye uptake and dye elimination are
affected by LKB1 loss (Figure 16a, b). Interestingly, ICG ingress is
dependent on the Oatp1 solute transport carrier and expression of Oatp1
is down-regulated in L/L livers (data not shown). Both genotypes exhibit
ICG clearance within the 6 day window of observation. This suggests
that uptake and elimination of small molecules may be delayed but is not
abolished upon loss of LKB1 in the liver and likely has minimal impact on

chemically-induced toxicity.
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Figure 16. Indocyanine green clearance assay. Mice were imaged
repeatedly during a period of 6 days after injection with dye. Clearance
was monitored by decreasing fluorescent emission of ICG.  Mice lacking
hepatic LKB1 reach maximal dye uptake more slowly than wild-type mice
and the dye concentration remains higher than wild-type mice for longer
although the two genotypes reach full dye clearance by 6 days.
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Discussion

This study has provided conclusive evidence that LKB1 is a
regulator of xenobiotic metabolism in the liver. | show that many Phase |
xenobiotic metabolism genes, the cytochrome P450 family, are
significantly down-regulated upon LKB1 loss while many Phase I
xenobiotic metabolism genes, such as glutathione-S-transferases, are up-
regulated. Itis intriguing that loss of LKB1 is able to uncouple
transcriptional regulation of these two phases, as many of these genes
share common mechanisms of transcriptional regulation via specific
response elements in their promoter regions. It is possible that both of
these changes increase the resistance of L/L livers to DEN and CCly; less
toxic metabolite intermediates would be produced as there is less
CYP2E1 enzyme to catalyze the reaction, while the increase in GSTs
would hasten conjugation and elimination of any intermediates that get
produced from the residual CYP2E1 in LKB1-deficient livers.

Implications of lowered toxic or reactive intermediate formation caused by
loss of CYP enzymes could have a striking influence on cancer risk, while
and increased antioxidant response through increased GST expression
could attenuate age-associated diseases such as Parkinson’s or

Alzheimer’s disease.

Here | have also shown that AMPK likely does not directly
phosphorylate p53 as there is no genotype-specific response to a variety
of DNA-damaging stresses in +/+ versus L/L MEFs and thus does not
contribute to the lack of p53 activation seen in L/L livers. Indeed, the
entire DNA-damage response pathway is suppressed in animals lacking

hepatic LKB1. Functionally, loss of CYP2E1 expression appears to
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ameliorate the genotoxic and cytotoxic effects of DEN and CCls. L/L
livers do not senesce or undergo apoptosis after chemical intoxication and
there is no hepatocyte proliferation that would normally be seen after such

an insult.
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CHAPTER 3: AMPK activation changes

xenobiotic expression profile

AMPK mediates expression of CAR target and non-

target genes.

A small body of literature suggests that AMPK may mediate the
activation of the constitutive androstane receptor (CAR), a nuclear
hormone receptor responsible for transcriptional activation of several
CYPs. Phenobarbitol treatment, an indirect CAR agonist, in hepatoma
cell lines triggers a physical association of LKB1 and AMPK and
subsequent increase in AMPK activity and decrease in expression of

gluconeogenic enzymes such as G6Pase and PEPCK1 [96].

Human hepatoma cell lines can be forced into re-expressing many
hepatocyte specific genes by metabolic selection on fructose-containing
media. In such cells metformin, AICAR, and phenobarbitol all increase
AMPK activity and induce transcription of the CAR target genes Cyp2b10
and Cyp3a11 [97]. Phenobarbitol and TCPOBOP (a direct CAR agonist)
treatment in the AMPK DKO mice blunts induction of the two CYPs
compared to wild-type animals [98]. AMPK activation by AICAR treatment
causes an accumulation of nuclear CAR but translocation of CAR is not
absolutely dependent on AMPK activity as the AMPK DKO mice have
relatively normal CAR translocation upon phenobarbitol treatment.  Our
lab, using a bioinformatic approach to identify AMPK substrates, does not
find that any sequence in CAR matches the AMPK recognition motif (data
not shown), suggesting that AMPK probably does not directly
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phosphorylate CAR.  When these salient features from previous work
are taken together it appears that there is cross-talk between AMPK
metabolic signaling and CAR transcriptional activation but that the

connection is indirect at best.

Consistent with these reports, our transcriptional profiling identified
the aforementioned classic CAR target gene Cyp2b10 as being an LKB1-
dependent transcript in liver. However, our findings suggest that LKB1-
AMPK signaling controls xenobiotic response beyond activation of CAR
alone. Two of the other CYPs also diminished in LKB1-deficient livers
are Cyp2e1 and Cyp2c50, which have been previously shown to not be
CAR target genes [99-101]. Cyp2e1 is ubiquitously expressed at high
levels in hepatocytes and only recently have mechanisms of
transcriptional control been identified. Cyp2e1 has probable response
elements in the promoter region for HNF1a and 3-catenin but does not
appear to contain any known CAR response elements [102-104].
Perhaps even more convincingly, CAR knockout mice have normal
expression of Cyp2e1 mRNA and protein as seen by northern blots, gPCR

analysis, and western blots [99, 105].

| hypothesized that if loss of LKB1-AMPK signaling led to a
repression of CYP gene expression that pharmacological activation of
AMPK may increase their expression in animals and primary hepatocytes.
Indeed, wild-type primary hepatocytes treated with either AICAR or
metformin increased CYP2E1 protein abundance over untreated control
hepatocytes (Figure 17). Indirect activation of CAR through treatment
with phenobarbitol or direct activation using TCPOBOP caused a very
slight increase in AMPK phosphorylation but there was no increase in
phosphorylation of the AMPK substrate Raptor, indicating that AMPK-
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mediated repression of the mTORC1 pathway is not increased with these
treatments. Phenobarbitol or TCPOBOP did not increase CYP2E1
protein abundance, further confirming that CYP2E1 is not a CAR target

gene.
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Figure 17. CYP2E1 expression and pharmacological activators.

(a) The AMPK-activating drugs AICAR and metformin increase CYP2E1
protein levels in wild-type primary hepatocyte culture. (b) The direct CAR
agonist TCPOBOP and the indirect CAR agonist phenobarbitol do not
induce CYP2E1 in wild-type primary hepatocyte culture.

Next, gPCR analysis was performed in order to further characterize
Cyp2e1 expression changes upon AMPK activation with AICAR and
metformin or CAR activation with phenobarbitol and TCPOBOP (Figure

18).
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Figure 18. Cyp2e1 expression profiling after pharmacological
activation of AMPK or CAR. Quantitative RT-PCR analysis of wild
type primary hepatocytes treated with AICAR and metformin significantly
increase Cyp2e1 mRNA levels while CAR activation through TCPOBOP
and phenobarbitol do not. Note that increased metformin-dependent
transcription is transient.

Fasting does not increase CYP2E1 in the mouse

liver

Dietary restriction to 50% of normal food calories and fasting
conditions in rats increase liver Cyp2e1 expression and potentiates
hepatotoxicity with CCl, [106, 107]. However, during overnight fasting,
AMP concentrations rise in adipose tissue but not muscle or liver and
consequently there is AMPK activation only in adipose tissue [43]. Long-
term calorie restriction in rats has been shown to decrease both active,
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phosphorylated AMPK and total AMPK protein; perhaps as compensation

for constitutively active low-nutrient signaling [44].

Because nearly all of the previous studies were performed in rats, |
used liver lysates from fasted mice to determine what, if any, effect fasting
had on AMPK activation and CYP2E1 protein level in the murine liver.
Similar to the results found in rats, an 18-hour fast did not increase the
phosphorylation of AMPK or the downstream target Raptor, indicating that
AMPK activity is not induced by fasting (Figure 19). Loss of LKB1 in the
liver further suppressed AMPK activation and fasting did not increase
AMPK phosphorylation in these animals. Unlike the previous studies,
fasting in mice does not increase CYP2E1 expression. Fasting (for 18
hours or less) and starvation (for 1 to 3 days) may potentiate different
metabolic signaling; whether starvation in mice increases CYP2E1 is

unknown.

50



++* +/+ L/L L

LKB1

(light) CYP2E1

-—

PAMPK | QD@D w s
—
e

(dark) CYP2E1

(light) P-p53 [ ™ [ses

(dark) P-p53 | s w

Tubulin E!Dlm

Figure 19. Fasting in mice does not induce CYP2E1. Total liver
lysates from wild-type fed ad libitum (asterisk) and wild-type fasted
animals show no activation of AMPK or induction of CYP2E1 after an 18hr
fast. Fasting does not increase CYP2E1 in L/L livers.

To more directly examine whether acute AMPK activation was
sufficient to promote CYP2E1 increase at the protein level, | used
intraperitoneal injection of AICAR to induce AMPK activation in the liver.

In mice with intact LKB1 signaling but not mice lacking hepatic LKB1, a
single dose AICAR is capable of increasing AMPK-mediated
phosphorylation of Raptor confirming activation of AMPK. In this
experiment, CYP2E1 protein abundance increases 3 hours after treatment
(Figure 20).
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Figure 20. Brief AICAR treatment induces a burst of CYP2E1
expression. Total liver lysates from mice of the indicated genotype were
sacrificed 3 hours after a single injection of AICAR display an increase in
CYP2E1 protein level. CYP2E1 was detected by two antibodies: Abcam
(*) and Millipore (%).

Pre-treatment with metformin and AICAR before

hepatointoxication

Because a brief AICAR treatment in wild-type mice caused an
increase in CYP2E1 protein, | next tested whether a daily treatment
regimen with AMPK activating drugs would cause an increase in CYP
enzymes and potentiate response to a single, acute dose of CCly. By

restricting the administration of metformin or AICAR to once daily, this
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model reflects a dosage schedule that would be suitable for use in
humans. Mice were given saline, metformin, or AICAR daily at 9am for
one week, at 5pm on the 7™ day mice were either given vehicle (oil) or
CCls.  On the morning of the 8™ day mice were given a final dose of
saline, metformin or AICAR. Mice were sacrificed 24 hours after
administration of oil or CCls, which is 8 hours after the last dose of AMPK-

activating drugs (Figure 21).
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Figure 21. Schematic illustration of the pre-treatment experiment.
Mice either wild type or LKB1 L/L are given once daily injections of saline,
metformin, or AICAR for one week before being challenged with CCl,.

In wild-type oil-treated mice this treatment regimen did not alter
basal levels of CYP2E1 expression (Figure 22). There was no increase
in L/L livers of CYP2E1 enzyme after daily treatment with metformin or
AICAR. After CCly intoxication, +/+ livers display a striking decrease in
CYP2E1, again due to the suicide substrate effect of CCl4 on the enzyme.
Saline treatment did not alter the previously seen phenotype of basal

suppression of phosphorylated p53 in L/L livers, while metformin and

53



AICAR both increased phosphorylated p53 in L/L oil-treated livers;
approaching that seen in +/+ oil-treated livers. The basis for this
increase in p53 phosphorylation is unknown.  Upon intoxication with
CCly, there is a slight increase in phosphorylated p53 in metformin-treated
+/+ animals, suggesting that there may be a synergistic effect of combined
treatments, even if there are no changes in CYP2E1 protein abundance at

this timepoint.
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Figure 22. Results from the pre-treatment experiment. Total liver
lysates from mice of the indicated genotype and treatment. Daily doses
of metformin or AICAR do not increase basal CYP2E1 expression or
significantly alter expression of CYP1A1/1A1 or CYP2B enzymes. After
CCl, intoxication, there is a slight increase in phosphorylated p53 in
metformin treated animals, suggesting that metformin and CCl,4 synergize
to promote the damage response. Both metformin and AICAR treatment
stabilize CYP1A/1A2 protein levels in +/+, but not L/L, animals following
CCly4 treatment.
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Metformin pretreatment caused a very slight increase in the amount
of CYP2B enzymes, perhaps due to CAR activation as mentioned in
previous work. Interestingly, the genotypic differences in CYP2B
expression become most apparent after intoxication with CCls.  Wild-type
CCls-treated mice have an increased amount of CYP2Bs while L/L livers
lack the induction of these enzymes.  Other groups have shown that
CAR knockout mice are slightly resistant to CCls;-mediated toxicity, and
CCl, administration in mice causes an up-regulation of CYP2B10 and
CYP3A11, two other CYP enzymes with the capability to metabolize CCl,
when administered at very high doses [108, 109]. It appears that at this
dose, 1500mg/kg CCl4, expression of CAR target genes are being induced
which is dependent on an intact LKB1-AMPK pathway.

Intriguingly, the expression of CYP1A1/1A2 changes dramatically in
a genotype-specific manner after CCl4 treatment.  Oil-treated animals
display a steady-state CYP1A1/1A2 protein expression that is not
perturbed by loss of hepatic LKB1-AMPK signaling or treatment with
AMPK activators. Cyp1a1/1a2 enzymes are not CAR target genes and
have not been found to be influenced by AMPK expression. Cyp1a2 has
response elements for both the aryl hydrocarbon receptor (AhR) and the
pregnane X receptor (PXR) while Cyp1a1 has a response element for
AhR alone [76]. In vivo administration of CCl, is known to inhibit
induction of both Cyp1a1/1a2 isozyme mRNAs and proteins [110].
Indeed, in both +/+ and L/L livers CCIl4 treatment decreases CYP1A1/1A2.
Unexpectedly, AICAR and metformin pretreatment protect against this

inhibition.

Using this particular protocol it is impossible to determine if
CYP2E1 expression was transiently increased after every injection of
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metformin or AICAR. It may be that a transient increase in CYP2E1is
coupled to increased degradation of the extra protein to maintain a steady-
state level of enzyme. lItis clear that at the endpoint chosen here there is
no significant increase in CYP2E1 expression. Consistent with these
findings, once daily injection of metformin or AICAR in rats and mice was
also shown to not be sufficient to promote expression of CAR target
Cyp2b10, despite its induction in an AMPK-dependent manner in
hepatocytes [111]. These data suggest that the prolonged level of
AMPK activation achievable with once-daily therapy is not sufficient to
induce significant transcription. Perhaps more sustained or prolonged
treatment with more potent AMPK-activating agents would increase these
CYPs. It remains to be seen if this pretreatment regimen is capable of
altering immediate hepatocyte response to CCly intoxication. Useful
assays to parse out such details include immunohistochemical staining for
Ki67 and TUNEL, both of which would offer a wider insight into the
hepatocyte behavior that may not be captured by western blot analysis.
Given the increase observed in CYP2E1 protein at 3hr post-AICAR in
mice (Figure 20), one might envision that exposure to a toxin within a
narrow window after metformin or AICAR administration could alter

sensitivity.  Future studies would be needed to address this hypothesis.

Mechanistic insight into deregulation of xenobiotic

metabolism by LKB1 loss

In an effort to understand the mechanism by which broad
deregulation of xenobiotic metabolism occurs after LKB1 signaling

disruption | used nuclear lysates prepared from +/+ and L/L livers.
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Previous studies have identified HNF4a as a potential substrate for AMPK
and bioinformatic analysis of the preferred AMPK substrate recognition
motif suggests the sequence around serine 313 in the orphan nuclear
receptor HNF4a is a good candidate for phosphorylation by AMPK,
consistent with published in vitro kinase assays [112]. In fact, it has been
shown that AICAR activation of AMPK results in diminished HNF4a
protein levels and down-regulation of HNF4a target genes; many of which
are involved in xenobiotic metabolism [112, 113].

If previous studies are correct, loss of AMPK would lead to less
degradation of HNF4a leading to an increase in HNF4a target gene
expression. In my work, nuclear extracts of +/+ and L/L livers show that

on Ser®™

is lost upon disruption of LKB1-AMPK signaling (Figure 23).
After CCl4 intoxication, there is a nearly global loss of phosphorylated
HNF4a in wild-type livers, suggesting that transcriptional activation of
HNF4a target genes is important during the detoxification process.
Combining previous studies with my own work, this would indicate that
HNF4a is active and should lead to transcriptional activation, not
repression. Therefore, it is unlikely that HNF4a is responsible for the loss
of xenobiotic metabolism genes observed in the LKB1-deficient livers,

though it could play a role in the up-regulation of the Phase Il enzymes.

Likewise, several groups have reported that mice with liver-specific
knockout of B-catenin display deregulated xenobiotic metabolism genes
similar to my results as both the conditional 3-catenin and LKB1 knockout
mice display nearly abolished expression of CYP2E1 [103, 104]. In the
bioinformatic-based list of putative AMPK substrates, dishevelled 2, is a
candidate substrate for phosphorylation by an AMPK-related kinase
subfamily, the MARKs. This LKB1-MARK pathway-dependent
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phosphorylation presumably turns off Wnt signaling through 3-catenin;
loss of this signaling should lead to increased transcription of B-catenin
target genes. Indeed, in the LKB1-deficient livers there is a slight
increase in nuclear B-catenin accumulation, suggesting that 3-catenin is
actively transcribing target genes. As is the case with HNF4aq, it is
therefore also unlikely that lack of B-catenin-based transcription is

responsible for the deregulation of xenobiotic metabolism genes.
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Figure 23. Possible mechanisms through which loss of LKB1 may
deregulate the xenobiotic metabolism pathway. Total liver lysates
indicating that loss of LKB1-AMPK signaling decreases the amount of
phosphorylated, inactive HNF4a, which should enhance transcription of
HNF4a target genes. Loss of LKB1-MARKSs signaling increases the
nuclear accumulation of -catenin, which should enhance transcription of
B-catenin target genes.
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After combing through known and putative AMPK and AMPKR
substrates gleaned from bioinformatic analysis by cross-referencing them
in known literature to involvement in xenobiotic metabolism or the
regulation thereof, | then used the microarray results to pick out CYP
enzymes with significant expression changes upon genotype or treatment
and subjected them to a transcription factor analysis. | hypothesized that
there may be a DNA binding motif conserved among the CYP genes
down-regulated versus the CYP genes up-regulated. Finding a
conserved DNA sequence in the promoters of down-regulated CYP genes
could provide information leading to identification of a transcription factor

necessary for activation of these genes.

The program FIRE was used to identify de novo binding sites
enriched in the CYP genes of interest. This program reliably finds DNA
and RNA regulatory motifs by relying on the mutual information between
sequence and gene expression measurements [114].  When the
program was set to a high-stringency significance test, FIRE returned no
significantly enriched sites. Upon lowering the stringency requirements,
FIRE discovered the motif TTTTATC. was enriched in CYP enzymes
whose expression is induced after LKB1 loss (Table 4). This motif aligns
best with a motif for the transcription factor hunchback.  As this motif
was found only in CYP genes up-regulated after LKB1 loss it was likely
not involved in the decreased response of chemical intoxication. Based
on this information, this motif and possible transcription factor were

therefore not studied in depth.

59



Binding sites upstream of CYP genes E-value | Alignment

hb: hunchback 5.8e-06 | —~TTTTATC-
NTTTTTNYKS

TBP: TATA binding protein 5.7e-05 | ~GATAAAA-—————-
NTATAAAWRNNNNNN

Evil 2.1e-04 | ———- TTTTATC--
NNTTATCTTRTCTN

Foxgl: HNF-3/forkhead-like protein 1 | 1.3e-03 | GATAAAA----
WATAAACAATN

MEF2A: myocyte enhancer factor 2A 1.7e-03 | ——TTTTATC-
CTATTTATAG

Binding sites upstream of X.M. genes E-value | Alignment

MNBIA (Dofl) 1.9e-03 | KGMTTKTGN
-NCTTT---

PBF: prolamin box binding factor 2 .5e-03 KGMTTKTGN
-RCTTT---

Dof2 5.1e-03 | KGMTTKTGN
NGCTTT---

Dof3 7.3e-03 | KGMTTKTGN
NGCTTT---

Gfi: growth factor independent 1 7.6e-03 NCAMAAKCM---
--NMAATCWNNN

Table 4. De novo binding sites discovered by FIRE upstream
xenobiotic metabolism genes. The motif . TTTTATC. was enriched in
CYP genes whose expression was increased upon LKB1 loss.  The
motif .JAGT]CA[ACJAA[GT]C[AC]. was enriched in Phase | xenobiotic
metabolism genes.
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FIRE also discovered that the motif .[AGT]CA[AC]JAA[GT]CIAC].
was enriched in 12 CYP genes as well as 4 flavin mixed-function oxidase
genes, another component of phase 1 xenobiotic metabolism. From the
microarray data, 5 of the 12 CYPs are down-regulated, 3 are up-regulated,
and 4 do not change upon LKB1 loss without additional chemical
treatment. This motif has some similarity with the known binding site of
the Dof family of transcription factors; Dof1, 2, and 3 are involved in
carbon metabolism in plants but have no mammalian orthologs [115].
Because the second motif was not conserved solely in CYPs down-

regulated upon LKB1 loss | chose not to pursue it further.

To search for known transcription binding sites and factors, two
publically available programs, TRANSFAC and MATCH, were employed.
The TRANSFAC database gives information about eukaryotic transcription
factors and their known genomic DNA binding sites [116]. MATCH
allows the user to query genes of interest against the TRANSFAC
database, searching for a wide variety of known transcription factor
binding sites [117]. Binding site confidence was established based on
mammalian conservation of sequence [118]. When a loose threshold
was applied to the CYP gene set, Oct1 and C/EBP have conserved sites
in mammals in ~20 of genes (Figure 24a). Oct1 conserved binding sites
were found in 3 up-regulated CYPs, 5 unchanged CYPs, and 14 down-
regulated CYPs. C/EBP sites were found in 4 up-regulated CYPs, 6
unchanged CYPs, and 9 down-regulated CYPs.  After increasing the
threshold to minimize the false-positive discovery rate MATCH discovered
that myogenin and HNF4 have conserved sites in mammals in ~4 of the
CYP genes (Figure 24b). Myogenin conserved binding sites were found
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in 1 up-regulated CYP, 1 unchanged CYP, and 2 down-regulated CYPs.

HNF4a conserved binding sites were found in 3 down-regulated CYPs.

Considering the results of the above, there apparently are no
transcription factor binding sites, known or de novo, that appear in a
significant fraction of the down-regulated CYP genes.  Combining the de
novo motif search with the TRANSFAC search indicates that transcription
factor binding is likely not the mechanism by which LKB1 signaling is

regulating transcription of a large fraction of CYP genes.
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Figure 24. Transcription factor analysis. (a) Searching TRANSFAC
for liver binding sites with a loose threshold reveals that the transcription
factors Oct-1 and C/EBP have conserved sites in 20 of the deregulated
CYP genes. Oct-1 sites were found in 3 up-regulated CYPs, 5
unchanged CYPs, and 14 down-regulated CYPs. C/EBP sites were
found in 4 up-regulated CYPs, 6 unchanged CYPs, and 9 down-regulated
CYPs. (b) Searching TRANSFAC for all mammalian binding sites with a
strict threshold to minimize false-positives. Myogenin conserved binding
sites were found in 1 up-regulated CYP, 1 unchanged CYP, and 2 down-
regulated CYPs. HNF4a conserved binding sites were found in 3 down-
regulated CYPs.
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Discussion

Just as loss of LKB1-AMPK signaling decreases expression of
many CYP enzymes, hyperactivation of AMPK signaling through
pharmacological means transiently increases expression of many CYPs.
If the above results hold true in the human liver there may be hitherto
cryptic and detrimental consequences to AMPK activation. Metformin is
one of the most widely prescribed anti-diabetic therapeutic for type 2
diabetes and lowers blood glucose levels through activation of the LKB1-
AMPK pathway. In humans medical complications arising from diabetes
and other concurrent diseases are often also treated by pharmacological
intervention; important drug metabolism and drug-drug interactions could
be altered for several hours following metformin treatment.  Clinically
this could have an important effect on hepatotoxicity, which is often major
reason for drug withdrawal from the mass market, and frequently is not

discovered in animal models or small clinical trials.

From the results of the FIRE and TRANSFAC analysis, | posit that
it is improbable that the mechanism of down-regulation stems from lack of
a DNA-binding transcriptional activator or, conversely, increased binding
of a repressor in the promoter regions of the CYP genes involved in
xenobiotic metabolism. It remains possible that a transcriptional
coactivator or repressor, without DNA binding capabilities, may be
involved in down-regulation of so many CYP enzymes. This
transcriptional coregulator would need to be a fairly omnipresent member
of transcription factor complexes in order to deregulate so many Phase |
and Phase Il xenobiotic metabolism genes that do not share common

response elements. One possibilit