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Summary

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer death worldwide. Gaining insight into
the molecular pathways involved in the development of HCC is hence a prerequisite to design and develop
novel and effective therapeutic strategies. Metabolic reprogramming is a universal feature of tumor cells
and is characterized by increased glycolysis and diminished oxidative phosphorylation, a phenomenon
known as the Warburg effect. More recently, it has become evident that tumor cells heavily rely on gluta-
mine metabolism to compensate for the Warburg effect and to replenish the tricarboxylic acid (TCA) cycle.
However, the molecular mechanisms by which glutamine supports tumor cell metabolism remain largely
unexplored.

In this thesis, | have established the role of the nuclear receptor LRH-1 as a key regulator in the process
of hepatic tumorigenesis. | observed that LRH-1 promotes DEN-induced hepatocellular carcinogenesis
(HCC). | demonstrated that LRH-1 facilitates the production of NADPH from glutamine by favoring a non-
canonical glutamine pathway that optimizes reductive biosynthesis. Importantly, chronic and acute disrup-
tion of LRH-1 also impaired glutamine-induced anaplerosis and a-KG availability, ultimately leading to im-
paired mTORC1 signaling to block cell proliferation.

Moreover, LRH-1 also coordinates glutamine-dependent asparagine synthesis to protect tumor cell
from apoptosis induced by glutamine depletion itself. As a result, gain-of-function of LRH-1 sustained aspar-
agine homeostasis upon glutamine-deprivation to promote cell survival. Collectively, these studies unveiled
an unexpected role of LRH-1 in cancer intermediary metabolism, and warranted further studies on pharma-

cological inhibition of LRH-1 to interfere with hepatocellular carcinogenesis.

Keywords: cancer metabolism; nuclear receptor; glutamine; mTORC1; NADPH; asparagine; apoptosis; hepa-

tocellular carcinoma
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Résumé

Résumé

Le carcinome hépatocellulaire (CHC) est I'une des principales causes de décés a la suite de cancer, dans le
monde entier. Mieux comprendre les voies moléculaires impliquées dans le développement du CHC est
donc une condition préalable pour concevoir et développer des stratégies thérapeutiques novatrices et
efficaces. La reprogrammation métabolique est une caractéristique universelle des cellules tumorales et se
concrétise par une augmentation de la glycolyse et une diminution de la phosphorylation oxydative, un
phénomeéne connu sous le nom d'effet Warburg. Récemment, il est apparu évident que les cellules tumo-
rales dépendent fortement du métabolisme de la glutamine afin de compenser les conséquences de I'effet
Warburg et de reconstituer le cycle de Krebs, appelé aussi cycle de I'acide citrique (CAC). Cependant, les
mécanismes moléculaires par lesquels la glutamine favorise le métabolisme des cellules tumorales restent
largement inexplorés.

Dans cette thése, j'ai établi le role du récepteur nucléaire LRH-1 en tant que régulateur clé dans le pro-
cessus de tumorigenése hépatique. Nous avons observé que LRH-1 favorise la carcinogenése hépatocellu-
laire (HCC) induite par le DEN. Nous avons démontré que LRH-1 facilite la production de NADPH a partir de
la glutamine en favorisant une voie non canonique de la glutamine optimisant la biosynthese réductrice. De
plus, la disruption chronique de LRH-1, aussi bien qu’ aigué, altére également I'anaplérose induite par la
glutamine ainsi que la disponibilité du a-KG, menant finalement a I'altération de la voie de signalisation
mTOR pour bloquer la prolifération cellulaire.

En outre, LRH-1 coordonne aussi la synthése asparagino-dépendante de la glutamine pour protéger les
cellules tumorales contre I'apoptose induite par I'appauvrissement en glutamine. Par conséquent, le gain
de fonction de LRH-1 alimente ’homéostase de I'asparagine, grace a une privation de glutamine, pour favo-
riser la survie des cellules. Collectivement, ces études ont dévoilé un réle inattendu de LRH-1 dans le méta-
bolisme intermédiaire du cancer, et justifient de futures recherches sur l'inhibition pharmacologique de

LRH-1 dans le but de contrer la carcinogenese hépatocellulaire.

Mots-clés: métabolisme du cancer; récepteur nucléaire; glutamine; mTOR; NADPH; asparagine; apoptose;

carcinome hépatocellulaire
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Chapter 1 Introduction

1.1 Hepatocellular Carcinoma

1.11 Introduction

Hepatocellular carcinoma is the fifth most common malignancy worldwide, and is the third leading cause of
cancer death, after lung and stomach® 2. The annual incidence of HCC is similar to the death that it gener-
ates, due to its high aggressiveness and mortality3. The geographical distribution of HCC is disproportion-
ate. As shown in Figure 1.1, the highest HCC incidence occurs in resource-poor or developing countries such
as sub-Saharan African, East Asia and Melanesia, which covers 85% of the total global cases™ . In developed
countries the incidence of HCC is much lower, except in the south of Europe. Globally there is a growing
incidence of HCC, even in United States and Europe. Moreover, the risk of developing HCC increases pro-
gressively with advancing age in the population, with a peak at the age of 70-year-old®. In spite of well-
established surveillance programs in patients with chronic liver disease, most tumors are diagnosed in in-

termediate-advanced stage, and only palliative cares can be applied.

Incidence ASR

Both sexes

Liver cancer
| EN
Bl 5402
B 4254
[ 2042
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No Data

Source: GLOBOCAN 2012 {IARC)

Figure 1. 1 Global Incidence of Hepatocellular Carcinoma

(Sourced from GLOBOCAN 2012)
1.1.2  Etiology
The most frequent risk factors contributing to the development of HCC include chronic viral hepatitis (type

B and C infection), alcoholic hepatitis and exposure to aflatoxin-contaminated food. Half of all cases of HCC
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Introduction

are associated with hepatitis B virus (HBV) infection, with approximately a further 30% associated with
hepatitis C virus (HCV) infection® (Figure 1.2). Geographically, in poor and developing countries, the most
frequent risk factor associated with HCC is chronic HBV infection, while in western countries, HCV infection
appears to be the main risk factor®. Most patients with HCC have liver cirrhosis, which is characterized by a
decrease in hepatocyte proliferation, indicating a damage of the regenerative capacity of the liver, and
results in an increase in fibrous tissue and a destruction of liver cells, ultimately leads to the development
of cancerous nodules. Cirrhosis may develop from chronic viral hepatitis, alcohol abuse, inherited metabolic
disorders such as hemochromatosis, and nonalcoholic fatty liver disease (NAFLD). Other metabolic syn-
dromes, such as diabetes and obesity, have also been recognized as emerging causes of HCC®”. Moreover,
patients with HIV infection have higher incidence of developing HCC compared to controls, and recent evi-
dence supports that HIV acts as an addictive co-factor enhancing the risk of HCC in patients with chronic
viral hepatitis®. All of these factors involved in the etiology of HCC have a direct impact on patient charac-
teristics and disease course. Although a causative agent can often be identified, HCC remains an extremely
complex condition associated with a poor prognosis. Unfortunately, there are still many gaps in our current
understanding, and further research efforts are needed to fully elucidate the diverse mechanisms involved

in the pathogenesis of HCC and offer optimal prevention strategies for those at risk.

HBV

Alcohol @ lFIeY

N

NAFLD
HIV —_>
Aflatoxin Normal Liver
Diabetes
i Inherited
fOpesity disorders

Figure 1. 2 Etiologic Events Contribute to Hepatocellular Carcinoma (HCC)
1.1.3  Prevention and Treatment

Prevention

The prevention of HCC can be conducted through strategies aiming to avoid viral infection, chronic liver
damage and carcinogenesis process, to have early diagnosis of the disease, and to reduce the risk of recur-
rence. Universal vaccination against HBV infection reduces HCC incidence and HCC-related mortalityg' 10
Hepatitis B vaccination to all newborns and high-risk groups as routine immunization is recommended by

the World Health Organization™.
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Introduction

For subjects at risk of developing HCC, diagnostic test-based surveillance is applied, aiming to reduce
disease-related mortality. Ultrasound examination is recommended as the primary surveillance due to its

higher sensitivity and specificity*> **

. Computed axial tomography (CT) and magnetic resonance imaging
(MR) scans present an increased detection of HCC than ultrasound, but also a higher false-positive rate™. In
addition, the high costs, potential harm related to radiation exposure, and contrast-related injury associat-
ed with these tests make them poor candidates for HCC surveillance. Alpha-fetoprotein (AFP) measurement
is also commonly used for HCC surveillance because it is relatively inexpensive, simple to perform, and is

widely available™. However, AFP alone is not recommended due to its low sensitivity and specificity for

detecting HCC.

Treatment

The treatment of HCC is dependent on several factors including liver function, tumor size and number,
macrovascular invasion, extrahepatic spread. The recommendations for different therapeutic strategies
must be concluded from evidence-based data’®.

Curative treatment, such as hepatic resection and liver transplant (LT), offer good prognosis, but are

17.18 ) ocal

limited to early stage of HCC, while most tumors are diagnosed in intermediate-advanced stage
ablation with radiofrequency or percutaneous ethanol injection is considered the standard treatment for
patients with early-stage HCC who are not suitable for resection or LT**. Chemoembolization is widely used

20.21 1t js also the first recom-

for patients with un-resectable HCC or progression after curative treatment
mendation for patients with intermediate-stage disease having well-preserved liver function and asympto-
matic multinodular tumors without vascular invasion or extrahepatic spread. Radioembolization, involving
infusion of lodine-131 or Yttrium-90 into hepatic artery, has been shown to exhibit antitumor results, but it
is not recommended as a standard therapy as further research trials are needed to evaluate the efficacy’”
2 Finally, in patients with advanced HCC but preserved liver function, sorafenib, a multi-tyrosine kinase
inhibitor that suppresses cancer cell proliferation and tumor angiogenesis, is the only approved systemic
drug that has demonstrated a survival benefit and is the standard of care in advanced HCC patientszs'”.
Moreover, in the past few years, advances have been made in exploring the mechanisms underlying the
onset and development of HCC. Liver cancer is a remarkably complex and heterogeneous collection of dis-
eases. Nonetheless, a series of hallmarks that encompass the biological capacities of tumor cells to grow
and survive have been proposed and recently revisited?®. Although initially described nearly a century ago,

. . . . .29 30
an increasing list of novel cancer metabolism targets has been emerging™

. Researchers are actively pur-
suing predictive biomarkers as well as novel therapeutic targets for the treatment of HCC. Many com-
pounds targeting pathways in intermediary metabolism are currently tested in clinical trials and yet to show

promising results.
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1.2 Emerging Hallmarks of Cancer Metabolism

Tumorigenesis is dependent on the reprogramming of cellular metabolism as both direct and indirect con-
sequences of oncogenic mutations. In comparison to non-transformed cells, a common feature of cancer
cell metabolism is the ability to take up necessary nutrients from a frequently nutrient-deprived microenvi-

ronment and metabolize them to support uncontrolled cell growth and proliferation®'.

1.2.1  Understanding the Warburg Effect

Cancer cells usually display a markedly increased consumption of glucose, and metabolize them by aerobic
glycolysis rather than through the more energetically efficient oxidative phosphorylation that is used by
normal resting cells in the presence of oxygen®’. This rewired process, termed the Warburg effect, has been
confirmed in a variety of tumor contexts and shown to correlate with poor tumor prognosis®. Following
this phenomenon, positron emission tomography (PET)-based imaging technique using a radioactive fluo-
rine-labeled glucose analog tracer, 18F-fluorodeoxyglucose (18F-FDG), has been successfully and widely
applied in the clinic for tumor diagnosis and staging, as well as for monitoring responsiveness to treatment
(Figure 1.3)*. For many cancers, the specificity and sensitivity of 18-FDG PET to identify primary and meta-

static lesions is near 90%.

Figure 1. 3 PET-based Imaging with 18F-fluorodeoxyglucose (18F-FDG) of a Patient with Lymphoma

The mediastinal nodes (purple arrow) and supraclavicular nodes (green arrows) show that tumors in these nodes have
high levels of 18F-FDG uptake. The bladder (yellow arrow) also has high activity, because of excretion of the radionu-
clide. PET, positron-emission tomography. Adapted from®®.

An initially proposed misconception was that proliferating cells harbored defective mitochondria that
inhibited their ability to carry out oxidative phosphorylation, and thus relied on fermentative glucose me-

tabolism to meet their energetic demands. However, evidence over the last decade demonstrated that
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mitochondrial respiration persists in most proliferating cells, and in turn retains its role as the primary

source of adenosine 5'-triphosphate (ATP) generation®”*’

. Instead, the increased uptake and subsequent
preferential metabolization of glucose to lactate even in aerobic conditions have been proposed to be an
adaption to intermittent hypoxia in pre-malignant lesions, and serve more predominantly towards support-

ing biomass accumulation and redox maintenance in proliferating cells (Figure 1.4).

/ Differentiated tissues \ Proliferating tissues
oR
C000 S5

Glucose
+/-0,
l Glucose
Pyruvate [
Pyruvate
5% 85%

> Lactate

Lactate
Lactate
€0, Anaerobic co,
L lycolysis
Oxidative L Warburg Effect

(hos phorylation / Aerobic glycolysis

Figure 1. 4 Scheme of Metabolic Differences Between Differentiated Tissues and Proliferating Tissues

In the presence of oxygen, non-proliferating tissues metabolize glucose to pyruvate and oxidize it in mitochondria
through oxidative phosphorylation. When oxygen is limiting, cells can redirect the pyruvate generated by glycolysis
away from mitochondrial oxidative phosphorylation by generating lactate (anaerobic glycolysis). In proliferative tis-
sues, like tumor cells, glucose is metabolized to lactate regardless of whether oxygen is present, a phenomenon de-
nominated aerobic glycolysis or Warburg effect. Adapted from?®

Why, then, do tumor cells convert excess pyruvate to lactate rather than entering the mitochondria for
oxidative phosphorylation? Interestingly, tumor cells have only a modest increase of ATP consumption rela-
tive to their need for biosynthetic precursors and reducing equivalents in the form of NADPH. Glucose ca-
tabolism is a robust supplier of these precursors and of reducing power. In contrast, NADH and ATP gener-
ated through tricarboxylic acid (TCA) cycle act as the major negative regulator of glucose metabolism. By
converting excess pyruvate to lactate, cancer cells prevent accumulation of cytosolic NADH and excessive
ATP production, facilitating the continuation of cytosolic glucose metabolism free from feedback repression
by excess mitochondrial ATP generation. This notion has stimulated further investigations on advantages of
the uncoupling of glycolysis from oxidative phosphorylation in cancer cells. More importantly, although
glycolysis is classically depicted as a single chain of metabolic events that leads to the final conversion of
pyruvate, it doesn’t lie within a metabolic process in which one single metabolite contributes to one single
output. As a central source of carbons, glycolysis is highly interconnected with a number of other branching

metabolic pathways. Various glycolytic intermediates can serve as substrates for de novo synthesis of cellu-

17



Introduction

lar building blocks (Figure 1.5). It has been noted that under conditions of high glucose uptake, the flux of
glycolytic intermediates into these branching biosynthetic pathways could be substantially increased™.

For example, one of those sub-pathways is the pentose phosphate pathway (PPP), in which glucose-6-
phosphate can feed into the non-oxidative arm of the PPP to yield ribose-5-phosphate, which is a critical
intermediate in nucleotide biosynthesis. Glucose-6-phosphate can also shunt into the oxidative arm of the
PPP to generate ribose-5-phosphate as well as NADPH that is required for scavenging the reactive oxygen
species (ROS) and fatty acid synthesis*®. Alternatively, fructose-6-phosphate and glyceraldehyde-3-
phosphate can be branched into the non-oxidative arm of the PPP, resulting in the generation of ribose-5-

phosphate.

Glucose

-

Glucose
Hexosamine Biosynthesis Glucose-6-P ®—/> Ribose-5-P —» Nucleotides Biosynthesis

Glucosamine-6-P 4@ Fructose-6-P T
Fructose-2,6-BP 4@ Fructose-1,6-BP

Glyceraldehyde-3-P m Glycerol-3-P —» Phospholipids and Triacylglycerol
¢ Biosynthesis

b e

3-Phosphoglycerate ————> Serine —> Glycine —3  Serine/Glycine Biosynthesis

<===

2-Phosphoglycerate

Phosphoenolpyruvate

Lactate <—®— Pyruvate
o

Acetyl-CoA

Figure 1. 5 Use of Glycolytic Intermediates for Biosynthesis and NADPH Production

As a central source of carbons, glycolysis is highly interconnected with a number of other branching metabolic path-
ways. Various glycolytic intermediates can serve as substrates for de novo synthesis of cellular building blocks. En-
zymes that control critical steps are highlighted. Abbreviations: GLUT, glucose transporter; HK, hexokinase; G6PDH,
glucose-6-phosphate dehydrogenase; GFPT1, glutamine fructose-6-phospate transaminase 1; PFK, phosphofructoki-
nase; GPD1, glycerol-3-phosphate dehydrogenase 1; PHGDH, 3-phosphoglycerate dehydrogenase; PGM, phospho-
glycerate mutase; ENO1, enolase 1; PKM, pyruvate kinase muscle isozyme; PDH, pyruvate dehydrogenase; PDK, py-
ruvate dehydrogenase kinase; LDH, lactate dehydrogenase. Adapted from®’
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In addition, fructose-6-phosphate can also be utilized as a substrate for hexosamine biosynthesis (Figure
1.5). Driven by the enzyme glutamine fructose-6-phosphate aminotransferase 1 (GFPT1), fructose-6-
phosphate and glutamine can be converted into glucosamine-6-phosphate. Through the generation of N-
acetylglucosamine (GIcNAc), a substrate for N- and O-linked glycosylation, the hexosamine pathway pro-
vides substrates for cellular glycosylation reactions****.

Another important glycolytic intermediate is 3-phosphoglycerate, which serves as a precursor for the
biosynthesis of the amino acids serine and glycine. Metabolic flux studies demonstrated that cancer cells
may metabolize up to 50% of glucose-derived carbon in serine biosynthesis and its subsequent catabo-
lism®. The rate-limiting enzyme of serine biosynthesis, 3-phosphoglycerate dehydrogenase (PHGDH), is
required for the growth of PHGDH-amplified cells, and is frequently overexpressed in breast cancer and

melanoma® *

(Figure 1.5). Furthermore, reduction of dihydroxyacetone phosphate to glycerol-3-
phosphate by glycerol-3-phosphate dehydrogenase 1 (GPD1) effectively provides cells with a critical sub-
strate for the biosynthesis of macromolecules including phospholipids and triacylglycerol, while 3-
phosphoglycerate-derived serine can further feed into phospholipid synthesis as well** (Figure 1.5).

Advances over the past decade have shown that altered glucose metabolism lies directly downstream of
various oncogenes, tumor suppressors and signaling cascades’®. In particularly, rewired cellular glucose
metabolism in cancer cells can be regulated in large part by key factors, such as MYC, p53, hypoxia-
inducible factor 1 (HIF-1) and the PI3K/Akt/mTORC1 pathway.

For example, tumor suppressor p53 regulates aerobic glycolytic pathways through transcriptional acti-
vating its downstream targets TP53-induced glycolysis regulator (TIGAR) and cytochrome c oxidase 2 as-
sembly protein (SCO2). TIGAR is a negative regulator of the glycolytic enzyme phosphofructokinase-1
(PFK1). Activation of TIGAR redirects glycolytic flux towards the oxidative PPP shunt and leads to an in-
crease in the production of NADPH, which acts as a intracellular defense against ROS-induced damage®’.
SCO2 is critical for regulating the cytochrome c oxidase (COX) complex in the mitochondrial electron
transport chain. By regulating the transcription of SCO2, p53 positively up-regulates oxidative phosphoryla-
tion®®. P53 also remarkably affect glucose metabolism through its regulation of glucose transporters GLUT1
and GLUT2®, the glycolytic enzyme phosphoglycerate mutase (PGM)SO, pyruvate dehydrogenase kinase-2
(PDK-2)**, as well as glucose-6-phosphate dehydrogenase (G6PDH), the rate-limiting enzyme of PPP>2.

During cancer development, hypoxia typically occurs in the center of solid tumors where vascularization
is abnormal or limiting. As a master regulator of the cancer hypoxic response, HIF-1 plays an important role
in the regulation of cancer cell metabolism. HIF-1 promotes Warburg effect through transcriptional regula-
tion of several genes that support glucose fermentation including glucose transporters, hexokinase 2 (HK2),
lactate dehydrogenase A (LDHA)>**°. Notably, activation of HIF-1 displays additional effects on the inhibi-

tion of mitochondrial glucose metabolism, by promoting the expression of PDK1 to suppress PDH activityss'
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>’ By stimulating the conversion of pyruvate into lactate, HIF-1 subsequently blocks glucose carbon incor-
poration into mitochondrial citrate and in turn inhibits fatty acid synthesis®®. This block correlates with the
anti-proliferative effect of HIF-1 observed in hematopoietic and renal cells®®, and fits with recent genetic
evidence of HIF-1 acting as a tumor suppressor in some cancers > indicating that the function of HIF-1 in
tumorigenesis is complex and context-dependent.

Proto-oncogene MYC supports glucose metabolism through the direct stimulation of many genes in-
volved in glucose uptake and glycolysis, ultimately contributing to cancer cell growth and proliferation.
Glucose transporter GLUT1%’, HK2°!, PFK®’, enolase 1 (ENO1)®?, and LDHA®* ® have been identified as MYC-
responsive genes. In addition to the direct induction ability of glycolytic genes, MYC has also been implicat-
ed in promoting RNA splicing for the expression of pyruvate kinase M2 (PKM2), which has been associated
with proliferating cells, versus the alternative form, PKM 1%,

The PI3K/Akt /mTORC1 pathway plays an important role in the regulation of metabolic adaptations

67-69
h

required for cell growt . One downstream effect of PI3K/Akt pathway activation is the promotion of

glycolytic metabolism through Akt-mediated membrane translocation of glucose transporters, and Akt-

dependent activation of hexokinase and phosphofructokinase’®”?

. Perhaps the most dramatic metabolic
consequence of PI3K/Akt stimulation, however, is the downstream activation of the cell growth regulator
mammalian target of rapamycin complex 1 (mTORC1)73. While mTORC1 can regulate many cellular pro-
cesses, it remains best known for elevating protein synthesis through direct phosphorylation of the transla-
tional regulators 4E-binding protein 1 (4EBP-1) and S6 kinase 1 (S6K1)”®. Among the downstream targets of
mTORC1 are a number of transcription factors that coordinate metabolic gene expression, including HIF-1a,
c-Myc, and sterol regulatory element-binding protein 1 (SREBP-1). mTOR increases surface expression of

74,75
2.1t has been shown

glucose transporters, allowing cells to boost import of the major lipogenic precursor
that SREBP-mediated de novo lipogenesis is a critical component of mTORC1-driven proliferation’®.
MTORC1 also has direct effects on promoting mitochondrial biogenesis, in part via a transcriptional com-
plex that promotes the function of peroxisome proliferator-activated receptor gamma coactivator 1-alpha

(PGC-1a)""®.

1.2.2 Glutamine Metabolism in Cancer

Although glucose metabolism through aerobic glycolysis has been designated as an important hallmark of
cancer metabolism, it cannot explain all the metabolic alterations that are required to support cell growth
and proliferation. In the last decade, the importance of glutamine as an additional nutrient in fueling tumor
cell proliferation has been established®" ®.

While glucose is predominantly metabolized into lactate rather than entering the TCA cycle, cancer cells

particularly rely on glutamine to replenish TCA cycle intermediates. This process, termed anaplerosis is ac-
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complished through the conversion of glutamine to a-ketoglutarate (a-KG) via a two-step deamination
reaction catalyzed by glutaminases and then by glutamate dehydrogenase 1 (GLUD1) or transaminases®”®*
8 Cancer cells critically depend on glutamine as a fuel for proliferation, and its addition to glutamine is
considered another hallmark of tumor cell metabolism. Abrogation of glutamine metabolism blocks tumor-

. . . . . . . . 86
igenesis, indicating an accessible therapeutic window for cancer treatment
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Figure 1. 6 Glutamine Metabolism in Cancer Cells

Glutamine serves as a nitrogen source for the biosynthesis of nucleotides and various nonessential amino acids. In
addition, glutamine is an important carbon source for the replenishment of TCA cycle intermediates, which are di-
verted into various anabolic pathways during proliferation. Abbreviations: MPC, mitochondrial pyruvate carrier; PDK1,
pyruvate dehydrogenase kinase; LDHA, lactate dehydrogenase; PC, pyruvate carboxylase; GLUD1, glutamate dehydro-
genase 1; GLS1, glutaminase 1; GLS2, glutaminase 2; GOT1/2, glutamate oxaloacetate transaminase 1/2; MDH, malate

dehydrogenase; IDH, isocitrate dehydrogenase; Gin, glutamine; Glu, glutamate; a-KG, a-ketoglutarate; OAA, oxaloace-

tate; Asp, aspartate. Adapted from®®3®

Glutamine, the most abundant amino acid found in the human blood, is a major nutrient source for
most tumor cells to proliferate and survive. In fact, it donates not only carbon but also nitrogen for the de
novo biosynthesis of a number of diverse nitrogen containing compounds, including nucleotides, hex-
osamine, and nonessential amino acids (NEAAs)*"® (Figure 1.6). For instance, glutamine or glutamine-
derived glycine and aspartate are required for the de novo synthesis of both purine and pyrimidine, there-
fore some transformed cells showed abortive S phase entrance in glutamine-deprived conditions due to a

reduced supply of DNA®. Glutamine is also the obligate substrate that condenses with fructose-6-
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41-43
. It has

phosphate to form glucosamine-6-phosphate, which is a precursor for glycosylation reactions
also been demonstrated that intracellular glutamine exerts control over the uptake of various essential
amino acids through the amino acid transporter SLC1A5 and SLC7A5®.

Anaplerosis via glutamine metabolism in cancer cells replenishes the intermediates of TCA cycle®” **%*
(Figure 1.6). In some cells, glutamine fuels the majority of the cellular oxaloacetate (OAA) pool®. OAA is the
essential substrate to maintain citrate production, which can donate acetyl-CoA groups for the synthesis of
lipids®®. Suppression of pyruvate import into the mitochondria through inhibiting the mitochondrial py-
ruvate carrier (MPC) activates GDH and reroutes glutamine metabolism to generate both OAA and acetyl-
CoA, enabling persistent TCA cycle function®”. Moreover, glutamine starvation from fibroblasts was shown
to deplete intracellular pools of TCA cycle intermediates®®. Real-time *C NMR spectroscopy in human glio-
blastoma cell line showed conclusively that glutamine replenishes the bulk of anaplerotic carbon to the TCA
cycle®. The co-existence of robust glucose and glutamine metabolism in these cells resulted in production
of citrate molecules containing two glucose-derived carbons (from acetyl-CoA) and four glutamine-derived
carbons (from OAA).

Besides the contribution of glutamine to sustain metabolic intermediates, mitochondrial glutamine me-
tabolism is in addition to the pentose phosphate pathway (PPP) a major producer of NADPH * (Figure 1.6).
Export of glutamine-derived malate to the cytoplasm short-circuits the TCA cycle but delivers substrate to
malic enzyme for NADPH production. Reduction of the NADPH/NADP" ratio diminishes cell proliferation
and tumor formation by slowing down macromolecular biosynthesis and renders the transformed cells

100

vulnerable to free radical-mediated damage™ . Thus, NADPH is under most circumstances a limiting factor

for cancer cell growth and survival™

. Evidence suggests that glutamine metabolism can be the major
source of NADPH in some tumor cells. For instance, in human glioblastoma cells, glutaminolysis was pre-
dicted to produce more than enough NADPH for fatty acid synthesis; the surplus could presumably be used
for nucleotide biosynthesis and maintenance of the glutathione pool. Enzymes related to glutamine-
derived NADPH generation, such as isocitrate dehydrogenases (IDH) and malic enzymes (ME) have also

102-104 . .
. Moreover, a recent study identi-

been shown to be in tight correlation with metabolic cancer profiles
fied a novel non-canonical pathway of glutamine use that is required for tumor growth in human pancreatic
ductal adenocarcinoma (PDAC) cells®. In this pathway, glutamine-derived aspartate is transported into the
cytoplasm where it can be converted into OAA by the enzyme glutamic-oxaloacetic transaminase 1 (GOT1).
Subsequently, this OAA is converted into malate and then pyruvate, increasing the NADPH/NADP® ratio that
can potentially maintain the cellular redox state during rapid cellular proliferation. GOT1 knockdown in-

creased glutamine-derived aspartate, decreased OAA, and profoundly impaired PDAC growth in multiple

PDAC cell lines and primary PDAC cells®.
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Because of these multifaceted functions of glutamine, cancer cells thus critically depend on glutamine to
satisfy the anabolic demands of macromolecular biosynthesis and to maintain cellular redox®, impairment
of the glutamine pathway can significantly block tumorigenesis. In fact, glutamine-based PET imaging has

. . .. .. . 105, 106
recently shown promise in preclinical and early clinical studies™

. The use of 18F-labeled glutamine as a
tracer appears to provide potentially useful information to detect tumors in regions where the use of 18F-
fluorodeoxyglucose is not feasible, for instance, in imaging of tumors that are localized to sites of heavy
glucose utilization, such as the brain.

Regulation of Glutamine Metabolism

Glutamine metabolism of proliferating cells serves to meet both anaplerotic and NADPH demands to main-
tain growth and proliferation. Both signaling pathways and transcriptional machinery can regulate cellular
metabolism through coordinating glutamine utilization.

Oncogenic MYC has been shown to stimulate genes involved in glutamine metabolism at the transcrip-
tional and posttranscriptional levels. MYC directly promotes mRNA expression of glutaminase 1 (Gls1)® ',
which converts glutamine to glutamate for its oxidation in the TCA cycle and also for protein synthesis or
glutathione synthesis. It appears that MYC could also indirectly regulate the protein expression of GLS1
through its repression of the microRNAs, miR23a and miR23b, which in turn suppress GLS1 expression1°7.
This explains the observation that in the P493-6 B-cell model of human Burkitt’s lymphoma GLS1 protein

107
d™’. Pharmaco-

levels were much elevated by MYC induction while G/s1 mRNA levels only modestly induce
logical inhibition of GLS1 abrogated the growth of tumor xenografts from MYC-expressing B cells, indicating
that glutamine metabolism is essential for MYC-dependent tumorigenesi599. Intriguingly, MYC induced glu-
tamine metabolism appears to be important for cell survival under glucose- or oxygen-deprived condi-
tions®. Using isotopic labeled glutamine as the tracer, Le et al. (2012) found that glutamine import and
metabolism through the TCA cycle persisted under hypoxia, and glutamine contributed significantly to cit-
rate carbons, while under glucose deprivation, glutamine-derived fumarate, malate, and citrate were all
significantly increased®. In fact, human tumor cells whose growth is driven by the oncogene MYC are par-
ticularly sensitive to glutamine withdrawal; deficiency in glutamine but not glucose induces MYC-
dependent apoptosis®®. Glutamine depletion from MYC-transformed cells resulted in a rapid loss of TCA
cycle intermediates and cell death®. Furthermore, this dependence on glutamine for survival is not related
to the generation of ATP by glutamine metabolism. Metabolic flux tracking using 13C-labeled glucose or
glutamine in a MYC-inducible P493-6 B-cell revealed that MYC drives a glucose-independent TCA cycle using
glutamine as the substrate. The study also showed a significant contribution of glutamine to glutathione
synthesis, particularly under hypoxic conditions'®. In aerobic conditions, a marked amount of glutamine is
also converted to proline through MYC-dependent regulation of proline oxidase/dehydrogenase (POX/

109

PRODH) that are involved in proline biosynthesis™ . A study on MYC-inducible liver cancer model indicated
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that imported glutamine contributes to the production of alanine from pyruvate through transaminases in
the premalignant livers®. In frank liver tumor cells, glutaminase levels and glutamine metabolism were
increased by MYC. Glycolysis is also heightened with an increased rate of pyruvate to lactate conversion in
these hepatic tumors®. Similarly, the MYC-inducible lung cancer model displayed increased glycolysis and
glutaminolysis; however, in contrast to the liver tumors, MYC-induced lung cancer is also associated with

. . 11
increased glutamine synthetase%’ 0

. In this regard, these lung cancer cells can produce glutamine from
glutamate in addition to their ability to import glutamine. Moreover, MYC also activates the transcription
of Sicla5, which encodes the Na'-dependent amino acid transporter ASCT2 required for glutamine up-

111
take®*

. Taken together, these data provide further evidence that reprogrammed glutamine metabolism
is critical to the growth and survival of MYC-driven malignancies.

The function of p53 as a tumor suppressor has been attributed to its ability of regulating glutamine me-
tabolism. For instance, p53 activates of the expression of G/s2, which encodes a mitochondrial glutaminase,
catalyzing the hydrolysis of glutamine to glutamate. Induction of GLS2 by P53 leads to increased levels of
glutamate and a-KG, as well as mitochondrial respiration rates and glutathione (GSH) levels that protect the
cell from oxidative stress-induced apoptosis. p53 also regulates cell metabolism and proliferation by con-
trolling expression of ME1 and ME2, which are important for NADPH production and glutamine metabo-
lism. Both malic enzyme isoforms are repressed at the transcriptional level by p53. As a result, p53-
deficient cells exert enhanced levels of glutamine consumption and NADPH production. Silencing of ME1 or
especially ME2 in p53‘/' HCT116 cells markedly reduced the tumor sizes in the xenograft model™. In addi-

112 .
. Glutamine

tion, p53 is also required for cellular survival and adaptation to low glutamine conditions
deprivation stimulates p53 by regulating protein phosphatase 2A (PP2A). B55a, one of the regulatory subu-
nit of PP2A, was specifically induced during glutamine starvation in a ROS-dependent manner. B55a then
activates p53 through direct binding and dephosphorylation of EDD, an inhibitor of p53. However, another
study showed that in DMBA-induced mammary tumors, oral supplementation of glutamine increases phos-
phorylation of p53 and apoptosis'. Hence, there is still a controversy surrounding p53 activation and glu-
tamine status including glutamine supplementation or deprivation, carefully designed studies should be
performed to explore these complex relationships in different cell states.

HIF-1 plays very important roles in regulating glutamine metabolism to meet the demands of cancer
cells and to prevent cancer cells from damage of hypoxic stress. Recent studies showed that glutamine is
essential for the survival of many cancer cells under hypoxic stress. It was demonstrated that glutamine
transport is enhanced in neuroblastoma cells under oxygen-limited conditions™*. Furthermore, in rat pheo-
chromocytoma cells, key enzymes relevant to glutamine metabolism and transport including glutamine

synthetase (GS) and glutamate decarboxylase (GAD), GLS1, SLC1A2 and SLC1A3 were coordinated by hypox-

- 115 115
1a

. Exposure to hypoxia also led to an elevated rate of de novo glutamine synthesis™. As mentioned
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above, HIF-1 limits fluxes of glucose-derived pyruvate into mitochondria through inhibition of PDH activity,
thus inducing low intracellular levels of citrate that is critical for de novo lipogenesis. Alternatively, several

99, 116-118 "\ jetabolic

independent groups have described a new pathway of citrate formation during hypoxia
tracing demonstrated that glutamine import and metabolism through the glucose-independent TCA cycle
persisted under hypoxia, and consumed glutamine contributed significantly to citrate production. This pro-
cess is facilitated by cytosol isocitrate dehydrogenase 1 (IDH1) or mitochondrial isoform IDH2, which cata-
lyze a reversible conversion from a-KG to isocitrate (Figure 1.7). Under hypoxia, HIF-1 regulates both IDH1
and IDH2 to facilitate glutamine-dependent reductive metabolism in order to sustain citrate formation and
lipogenesis. Moreover, whole-genome sequencing has led to the identification of recurrent mutations of
IDH1 and IDH2 in gliomas, acute myeloid leukemias (AML), and chondrosarcomas***** (Figure 1.7). These
mutations acquire a novel reductive activity to convert a-KG to 2-hydroxyglutarate (2-HG), a rare metabo-

122

lite found at only trace amounts in mammalian cells under normal conditions™". Elevated levels of 2-HG

competitively inhibit various a-KG-dependent dioxygenases including ten-eleven translocation 2 (TET2)

DNA hydroxylases and JmjC histone demethylases that are involved in epigenetic regulations'?™"?®

(Figure
1.7). 2-HG has also been shown to suppress activity of prolyl hydroxylase domain 2 (PHD2) and subsequent-
ly maintain HIF-1 stability (Figure 1.7). However, several independent groups further claimed that they have
failed to observe a direct link between 2-HG and PHD2 inhibition, and it is currently proposed that the regu-

lation of HIF-1 stability through decreased PHD2 activity is not the primary effect of IDH mutations*?® % 2"

B30 Collectively, these results illustrated how cancer cells reprogram glutamine metabolism under hypoxia

conditions.
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Figure 1. 7 HIF-1-dependent Glutamine Metabolism

IDH, isocitrate dehydrogenase; Gln, glutamine; Glu, glutamate; o-KG, o-ketoglutarate; 2-HG, 2-hydroxyglutarate;
PHD2, prolyl hydroxylase domain protein 2. Adapted from™®

The mechanistic target of rapamycin (TOR) is a conserved serine-threonine kinase that regulates cell

131

growth and metabolism in response to nutritional status™". The importance of amino acids for TORC1 acti-

vation was initially documented in yeast, in which amino acid starvation recapitulated the effects of treat-
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ment with the TORC1 inhibitor, rapamycin, in suppressing TORC1-induced protein translation and inducing
autophagy. Moreover, in yeast, TORC1 was shown to be responsive to both glutamine and essential amino
acids (EAAs)m. Substantial evidence indicates that mTORC1-signaling appears to respond most acutely to

133,134

leucine, however glutamine is also necessary for maximal mTOR activation . Glutamine can regulate

the mTORC1 pathway by facilitating the uptake of leucine * and by promoting mTORC1 assembly and lyso-

. . 1 1
somal localization®*> %

, suggesting that glutamine serves both as an intermediary source or a signaling
metabolite to promote mTOR pathway. To better understand the mechanism through which glutamine
synergizes with EAAs to regulate mTORC1 activation, Nicklin et al. studied a cell line in which mTORC1 acti-
vation was dependent on the presence of both glutamine and the EAAs. The authors found that a portion
of the glutamine taken up through the glutamine importer SLC1A5 was rapidly exported through the bidi-
rectional amino acid transporter SLC7A5 in exchange for the uptake of extracellular EAAs. Knockdown of
SLC1AS5 in these cells impaired glutamine uptake and export, EAAs uptake, and mTORC1 activation, suggest-
ing that glutamine uptake and export is required for EAAs activation of mTORC1*. Another study showed
that glutamine in combination with leucine activates mTORC1 by enhancing glutaminolysis and a-
ketoglutarate production. Elevated glutaminolysis or a cell-permeable a-ketoglutarate analog stimulated

35 Finally, cell growth and autophagy, two processes

lysosomal translocation and activation of mTORC1
controlled by mTORC1, were regulated by glutaminolysis. A more recent study demonstrated that mTORC1
promotes glutamine anaplerosis by activating glutamate dehydrogenase (GDH), and this regulation requires

transcriptional repression of mitochondrial-localized sirtuin 4 (SIRT4) that inhibits GDH.

1.2.3  Asparagine Metabolism in Cancer

Unlike glutamine, which is a well-established nutrient for cancer cells, the role of asparagine in cancer has
been less documented. However, several studies have reported that certain types of tumors are susceptible
to L-Asparaginase (L-ASNase) treatment, which lowers cellular asparagine levels by converting asparagine

137139 Fyurthermore, primary acute lymphoblastic leukemia (ALL) cells and

into aspartate and ammonia
many ALL cell lines are unusually sensitive to asparagine depletion. Therefore systemic reduction of aspara-
gine levels by treatment of patients with the enzyme L-ASNase has become a approach to treat ALL. De
novo synthesis of the non-essential amino acid asparagine is regulated by the enzyme asparagine synthe-
tase (ASNS). ASNS catalyzes the conversion of aspartate and glutamine to asparagine and glutamate in an
ATP-dependent reaction, thereby regulating the level of both glutamine and asparagine (Figure 1.8). Ex-
pression of ASNS is strongly increased in amino acid and glucose deficient environments such as tumors
pointing to an important adaptive role of this enzyme in response to metabolic stress*****2. L-ASNase-

resistant ALLs tend to overexpress ASNS to compensate for the lack of asparagine™’. ASNS overexpression

has furthermore been linked to other solid tumors, such as those of the pancreas'*®, ovary**, and appears
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to be important for liver regeneration'®. The expression of ASNS also correlates with the poor prognosis of
glioma and neuroblastoma patients. Intriguingly, recent studies showed that ASNS overexpression or as-

paragine supplementation promotes cell survival and helps tumor cells to overcome the proliferation arrest

146

induced by amino acid depletion™. In glioblastoma cells, asparagine is necessary and sufficient to suppress

glutamine depletion induced apoptosis without restoring the levels of other nonessential amino acids or

147

TCA cycle intermediates . In these cells, knockdown of ASNS leads to cell death even in the presence of

glutamine, which can be reversed by addition of exogenous asparagine®’

. ASNS silencing in melanoma cells
was recently reported to result in cell cycle arrest**®. Similarly, in sarcoma cells a striking inhibitory effect
on proliferation was observed after the suppression of ASNS due to reduced proportion of cells in S phase

and impeded synthesis of nascent polypeptide chains™*

. Collectively, these studies suggest a critical role of
asparagine metabolism in maintaining metabolic homeostasis, and promoting cellular adaptation to meta-

bolic stresses in tumor cells, making it a novel and attractive target for anti-tumor approaches.
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Figure 1. 8 Chemical Reaction Catalyzed by Asparagine Synthesis (ASNS)

The level of ASNS expression among tissues in adult animals varies considerably, with much higher ex-

138

pression in pancreas . ASNS in tumor tissue has been linked to the trans-activating effects of oncogenic

150

effectors such as TP53 mutant ASNS expression is also linked to various metabolic stresses™®. For in-

stance, in pancreatic cancer glucose deprivation up-regulates ASNS expressionm. Similarly, ASNS is also

. . . P 142
elevated in response to amino acid restriction

. ASNS is a transcriptional target of ATF4 in response to
amino acid starvation through the GCN2/elF2a axis. The activation of the GCN2/elF2a/ATF4 pathway has
been reported in primary solid tumors, and GCN2- or ATF4-deficient cells failed to give rise to tumors in

., 146,151
vivo™

, suggesting that to maintain asparagine production is critical for solid tumor progression in their
nutrient-limited environment. Moreover, several transcriptional regulators, including C/EBPB, CHOP and
members of the ATF family, have been reported to control ASNS expression™*?™**, The link between ATF4
and ASNS and its role in conferring adaptive cell responsiveness to nutrient deprivation has been particular-
ly well studied. Amino acid deficiency is sensed by the protein kinase GCN2, which phosphorylates the
translation factor elF2a. This phosphorylation blocks translation of most mRNAs, but enhances translation

of a limited set of mRNAs, such as that encoding ATF4. Increased translation of ATF4 protein in turn pro-

motes the transcription of its target genes, among which ASNS. This signaling cascade thus ultimately en-
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hances amino acid synthesis in an attempt to overcome nutrient shortage and to trigger a survival re-
sponse. A recent study presented a previously unrecognized role for asparagine as an amino acid exchange
factor. It is suggested that under normal growth and non-starvation conditions, intracellular asparagine
exchanges with extracellular amino acids, especially serine, arginine and histidine, to promote mTORC1
activation, protein and nucleotide synthesis and cell proliferation'®. Collectively, these results indicate that
asparagine is an important regulator of cancer cell amino acid homeostasis, anabolic metabolism and pro-

liferation.

1.3  Functions of LRH-1 in Health and Disease

1.3.1 Introduction of LRH-1
The liver receptor homolog-1 (LRH-1; NR5A2) is a member of the NR5A subfamily of nuclear receptors

162 o-fetoprotein

(NRs). It is also know as fushi tarazu factor 1 (Ftz-F1) ¢!, pancreas homolog receptor 1
transcription factor '3, human B1-binding factor ** and CYP7A1 promoter binding factor'®. Like other NRs,
LRH-1 has a conserved modular structure that includes the A/B domain; the highly conserved DNA-binding
domain (DBD or C domain); the ligand-binding domain (LBD or E domain), which contains an equally con-
served ligand-dependent activation function 2 (AF2) motif that mediates coactivator interaction; and the D
domain, which serves as a flexible hinge between DBD and LBD. Moreover, LRH-1 also contains a Ftz-F1 box

between the C and DE domains, through which LRH-1 binds DNA with high affinity as monomers (Figure
1.9A).

Figure 1. 9 Structure of the Mouse LRH-1

DBD, DNA-binding domain; LBD: ligand-binding domain; AF2: ligand-dependent activation function 2. Helix (H) 12, the
position of which determines the active state of a nuclear receptor, is highlighted in green. The extended NR5A-specific
H2 (blue) provides an additional layer to the canonical LBD fold and stabilizes the active position of H12 in the LRH-1

crystal structure. The empty ligand-binding pocket is shown in gray. Adapted from 166

LRH-1 was initially considered as an orphan NR based on its constitutive activity and the absence of
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established physiological ligands. Recent studies however revealed that phospholipid species, including

phosphatidyl glycerol, phosphatidyl ethanolamine and phosphatidyl choline, as well as the second messen-

)167—169

gers phosphatidyl inositols, can bind to the large ligand binding pocket of LRH-1 (Figure 1.9B . Notably,

two other studies further identified the phospholipid dilauroyl phosphatidylcholine (DLPC) as a potent lig-

and of LRH-1"7%*"*, several synthetic agonists and antagonists of LRH-1 have been reported'’**’®

, indicating
the receptor is a bona fide druggable target. Of equal importance, interactions with cofactors or other NRs,
and posttranslational modifications (PTM) such as phosphorylation, acetylation and SUMOylation have
emerged as mechanisms to fine-tune the activity of LRH-1""*%,

LRH-1 is mainly expressed in enterohepatic tissues, exocrine pancreas and ovary, where it controls di-

181
(

vergent biological processes in development, differentiation and metabolism Figure 1.10). In the pan-

creas, LRH-1 is critically required for adequate production and secretion of the pancreatic digestive juice™”

183 184-187

. In the ovary, LRH-1 has been implicated as a key regulator in the regulation of steroidogenesis ,
ovulation®® and maintenance of pregnancylgg. The function of LRH-1 In the liver has been extensively inves-
tigated, and LRH-1 is shown to govern various metabolic pathways. LRH-1 is also implicated in different
cancers including colorectal, pancreatic and breast cancer, where it promotes cell proliferation, tumor initi-
ation and progression. The amplification of the chromosomal region harboring LRH-1 (1932.1) has been
found in liver and ovarian tumors, widening the spectrum of tumors in which LRH-1 might be involved™ %,

The recent identification of LRH-1 in the control of stemness may furthermore provide new insights that

could be directly relevant to understand the pro-tumorigenic actions of LRH-1.
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Figure 1. 10 Overview of the Diverse Functions of LRH-1

Yellow shading, metabolic processes; red shading, adaptive stress responses; violet shading, female reproduction;
blue shading, stemness, development and proliferation. Adapted from™®*,
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1.3.2  Emerging Roles of LRH-1 in Liver Metabolism
Bile Acid Homeostasis

LRH-1 has been identified as a master regulator of bile acid (BA) homeostasis. LRH-1 positively regulates the
expression of Cyp7al and Cyp8b1, which are two key genes involved in BA synthesis'®> '** (Figure 1.11).
Moreover, SHP, an atypical member of the nuclear receptor family that lacks a DNA-binding domain, re-

194, 195 . . .
"=, while the peroxisome proliferator-

presses expression of CYP7A1 by inhibiting the activity of LRH-1
activated receptor y-coactivator-la (PGC-1a) acts as a co-activator for LRH-1 and stimulates CYP7A1 ex-
pressionl%. Liver-specific deletion of LRH-1 and subsequent deficiency of Cyp8b1 eliminate the production
of cholic acid and its amino acid conjugate taurocholic acid, and thus increase the ratio towards more muri-
cholic acid species. Interestingly, this effect is attributed to the dramatic reduction of Cyp8b1, but not

197-199

Cyp7al, which in fact was not reduced upon hepatocyte-specific LRH-1 deletion in mice . Importantly,

this altered BAs composition leads to a compromised intestinal lipid absorption and enhances the fecal

198,19 |n addition to its control of key enzymes involved in BA biosynthesis, LRH-1 also

excretion of lipids
maintains hepatic BA levels through coordinating BA elimination and recycling. LRH-1 transcriptionally acti-
vates the bile salt export pump (Bsep) that encodes a transporter responsible for the canalicular secretion
of BAs®®. Multidrug-resistance protein 3 (MRP3) exports bile acids from enterocytes and hepatocytes into
the blood, thereby preventing BAs intracellular accumulation. It is demonstrated that LRH-1 controls Mrp3
expression in hepatocytes®'. Therefore in the livers following bile duct ligation in rodents, as well as some

cholestatic liver diseases in human, LRH-1 drives the induction of MRP3 to prevent hepatocellular injury

induced by BAs during cholestasis.

Cholesterol Homeostasis

LRH-1 plays indispensable roles in sustaining cholesterol homeostasis by regulating a number of hepatic
and intestinal genes critical for cholesterol metabolism. In the liver, LRH-1 critically modulates reverse cho-
lesterol transport (RCT) (Figure 1.11), a process in which excessive cholesterol from peripheral tissues is
transported to the liver and eventually excreted through the bile. LRH-1 positively regulates the expression
of several genes involved in RCT, including scavenger receptor class B type | (SR-BI)**?, ATP binding cassette
(ABC) half-transporters ABCG5 and ABCGS8’®, apolipoprotein Al (APOAI)*®*, and apolipoprotein M
(APOM)*®. By activating the expression of those genes, LRH-1 impacts diverse functions in the process of
RCT. Transcriptional regulation of SR-BI receptors increases the transfer of mature HDL particles from plas-
ma into hepatocytes. Induction of ABCG5/8 limits intestinal absorption and facilitates biliary secretion cho-
lesterol. Increase in ApoA1l and APOM are associated with high-density lipoprotein (HDL) and facilitate cho-

204, 205

lesterol clearance . Of note, a recent study reported that SUMOylation of LRH-1 promotes its interac-

tion with prospero homeobox protein 1 (PROX1) and leads to the trans-repression of hepatic RCT genes

206

such as Scarb1, Abcg5, and Abcg8°". The increased biliary sterol excretion and RCT observed in an athero-
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sclerosis-prone non-SUMOylatable Lrh-1 K289R mouse model, decreases the development of atherosclero-
sis’®. Moreover, major LRH-1 gene targets that are involved in BA homeostasis including CYP7A1 and MRP3
have also been tightly implicated in cholesterol metabolism*" 2, further highlighting the importance of

LRH-1 in cholesterol homeostasis.

Glucose Homeostasis

LRH-1 has also emerged as a key factor in hepatic glucose metabolism (Figure 1.11). LRH-1 is identified as a
direct upstream regulator of glucokinase (Gck). Under postprandial conditions, liver-specific Lrh-1 deficient
mice display reduced glucokinase (GCK) and glycogen synthase fluxes as a consequence of reduced availa-
bility of glucose-6-phosphate, the end product of GCK. Impaired glucokinase-mediated glucose phosphory-
lation in LRH-1-deficient livers was also associated with reduced glycogen synthesis, glycolysis, and de novo
lipogenesis (DNL) in response to acute and prolonged glucose exposure. Accordingly, hepatic carbohydrate
response element-binding protein (ChREBP) activity was reduced upon hepatic loss of LRH-1. These findings
identify LRH-1 as a critical regulatory component of the hepatic glucose-sensing system required for proper
integration of postprandial glucose and lipid metabolism®®. Furthermore, the role of LRH-1 in glucose ho-
meostasis has also been investigated in the condition of metabolic disorders. Treatment of dilau-
roylphosphatidylcholine (DLPC), an unusual phospholipid that binds to and stimulates LRH-1 activity, im-
proves glucose homeostasis and decreases hepatic steatosis in two mouse models of insulin resistance.

170

Both the antidiabetic and lipotropic effects are lost in liver-specific Lrh-1 knockout mice . Another study

showed that the heterozygous Lrh-1+/-mice have a mild but significant body weight gain when exposed to a

high-fat diet, but conversely do not exhibit changes in glucose or insulin tolerance®®

. These studies suggest
that receptor activation has more pronounced metabolic effects on glucose homeostasis than genetic hap-

loinsufficiency of Lrh-1.
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Figure 1. 11 Scheme Demonstrating the Main Hepatic Functions of LRH-1

RCT, reverse cholesterol transport; HDL, high-density lipoprotein; SR-Bl, Scavenger receptor class B1; G5/GS,
ABCG5/ABCGS; 7A1/8B1, CYP7A1/CYP8B1. Corepressors are illustrated in red, coactivators in green. Adapted from™®*,
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Hepatic Acute Response

Upon inflammatory stimuli due to injury, infection or chronic metabolic stress, immune cells secrete vari-
ous cytokines into the bloodstream, which may activate the acute phase response in the liver. As described
above, SUMOylation of hepatic LRH-1 leads to the recruitment of different co-repressors. Binding of
SUMOylated LRH-1 to the NCOR1/HDAC3 complex via GPS2 mediates the transrepression of acute phase

180,219 3nd modulates this hepatic response. Besides transrepressing APPs, LRH- 1 induces

response genes
the expression of interleukin-1 receptor antagonist (IL-1RA), a robust inhibitor of IL-1 signaling, thereby

exerting additional anti-inflammatory roles in the liver*".

ER Stress

Chronic endoplasmic reticulum (ER) stress results in toxicity that contributes to multiple human disorders.
Mamrosh et al. recently reported that LRH-1 initiates a novel ER stress resolution that is independent of
canonical unfolded protein response (UPR) pathways. LRH-1 induces expression of the kinase polo-like ki-
nase 3 (PLK3), which phosphorylates and activates the transcription factor ATF2. In response to ER stress,
despite a functional UPR, liver-specific Lrh-1 knockout mice cannot resolve ER stress attributed to reduced
PLK3 expression and ATF2 activity. Importantly, LRH-1 agonist treatment increases ER stress resistance and
decreases cell death, this suggests targeting LRH-1 may be beneficial in human disorders associated with

chronic ER stress®”.

Methyl-pool Homeostasis
A tight balance of labile methyl groups, typically found in choline, betaine, methionine, and folate, and a
constant supply of methyl donors such as s-adenosylmethionine (SAM) are important for proper liver func-

212,213

tions . A significant quantitative use of labile methyl groups occurs during the production of phospha-

tidylcholines (PCs), which are ligands for LRH-1. A recent study identified LRH-1 as a critical determinant of

1% (Figure 1.12). Mechanistically, the authors showed that LRH-1 tran-

methyl-pool homeostasis in the liver
scriptionally regulates glycine-n-methyltransferase (Gnmt), an abundant methyltransferase that transfers
methyl group from SAM to glycine thereby generating sarcosine. LRH-1 also directly regulates multidrug-
resistance protein 2 (Mdr2), which is a biliary phospholipid floppase that shuttles phospholipids from
hepatocytes into bile. Upon hepatic loss of LRH-1, mice display increased SAM/SAH ratios and ablated bili-
ary PC loss as a result of blunted GNMT and MDR2. Consequently, when exposed to a methionine and cho-
line deficient (MCD) diet that harshly depletes methyl groups and results in a deleterious decrease in the
PC-to-phosphatidylethanolamine (PE) ratio (Figure 1.12), liver-specific LRH-1 knockout mice do not show
the expected decrease in methyl-pool and PC/PE ratio and are resistant to hepatitis and fibrosis normally

induced by the diet™*.
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Figure 1. 12 Scheme of Methyl-group Cycling

MCD, methionine and choline deficient; PC, phosphatidylcholine; PE, phosphatidylethanolamine; MDR2, multidrug-

resistance protein 2; GNMT, glycine N-methyltransferase; GAMT, guanidinoacetate N-methyltransferase; PEMT,

phosphatidylethanolamine N-methyltransferase; Adapted from™*,

LRH-1 and Intestinal Cancer

Activation of the Wnt/B-catenin signaling pathway represents a critical event in the development of colo-

215

rectal cancers (CRC)*”. Noteworthy, It is shown that LRH-1 is highly expressed in the intestinal crypts,

where it controls intestinal cell proliferation and renewal through crosstalk with the Wnt/B-catenin path-
way’*®. More specifically, LRH-1 acts as a coactivator for B-catenin/Tcf4 to drive the expression of cyclin D1
and other B-catenin/Tcf target genes, such as c-Myc. LRH-1 also interacts with B-catenin to directly pro-

216, Through the synergy with B-catenin signaling, LRH-1 is proposed to

mote the transcription of cyclin E1
contribute to gastrointestinal tumorigenesis. Consistently, haploinsufficiency of LRH-1 markedly reduced
intestinal cancer development in both genetic (ApcMin/+) and chemical (azoxymethane) induced CRC
mouse models?"’. Expression and subcellular localization of LRH-1 are also significantly altered in neoplastic
colon compared with normal human colon?". Similarly, two isoforms of LRH-1, hLRH-1 and hLRH-1v1, are

found to be co-expressed and significantly up regulated in human gastric cancer®*®.

LRH-1 and Pancreatic Cancer

Several lines of evidence indicate that LRH-1 is also critically involved in development and progression of
pancreatic cancer. Recent genome wide association studies (GWAS) have identified single nucleotide poly-
morphisms in the LRH-1 gene as being strongly linked with pancreatic cancer risk’*>**°. Of note, Lrh-1 tran-

scripts are markedly elevated in human pancreatic cancer (PC) cells compared to normal pancreatic ductal

221,222

epithelium , Which correlates with profound increase of LRH-1 protein expression in human pancreatic

222 | RH-1 has also been found to promote PC

ductal adenocarcinomas compared to normal adult pancreas
cell proliferation and tumorigenicity in nude mice through the mediation of its downstream targets cyclin
D1/E1 and c-Myc ***?*2, Conversely, suppression of LRH-1 significantly inhibits PC cell proliferation®*?. Of

equal importance, LRH-1 also plays indispensible roles in promoting pancreatic cancer metastasis®** *2. PC
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cells originating from metastatic tumors have significantly higher expression of LRH-1 than in primary tu-
mor cells?®?. Overexpression of LRH-1 causes enhanced transcriptional activation c-Myc, Matrix metallopro-
teinase 2 (Mmp2), and Mmp9 in PC cell lines, as well as prominent increases in PC cell migration, invasion,
wound healing, and sphere formation in vivo®?. This suggests that LRH-1 not only promotes tumor for-

mation, but also confers a more aggressive malignant phenotype.

LRH-1 and Breast Cancer

Notably, LRH-1 is highly expressed and localized in the epithelial compartment of both invasive breast car-

224,225

cinoma and ductal carcinoma in situ . In addition, LRH-1 transcriptional program is also highly associ-

ated with a signature of poor clinical prognosis and high-grade of breast cancer®®. Depletion of endoge-

. . . ™ . o . 224, 226-
nous LRH-1 in breast cancer cells decreases cell proliferation, mobility, invasion and colony formation™

228 A well-characterized mechanism for the roles of LRH-1 in breast cancer cells is its crosstalk with estro-
gen/oestrogen receptor a (ERa) signaling. It is reported that LRH-1 directly binds the promoter of ERa, and

vice versa, expression of LRH-1 can also be directly regulated by ERa*** **°

. LRH-1 cooperates with ERa to
regulate estrogen-dependent genes such as growth regulation by estrogen in breast cancer 1 (GREB1) and
trefoil factor 1 (TFF1) 230,231 Despite this positive feedback loop between LRH-1 and ERa, it was also ob-
served that LRH-1 is expressed in ERa-negative breast cancer cells in which it controls cell migration and

invasion®?® 23

, suggesting that LRH-1 may also have an important role in hormone-independent cancers. A
recent study demonstrated that inhibition of LRH-1 affects two- (2D) and three-dimensional (3D) cell prolif-
eration of several breast cancer cells, including ERa-positive and ERa-negative cells. This phenotype is ac-
companied by the up-regulation of the cyclin-dependent kinase inhibitor CDKN1A in a p53-independent
manner. Through cooperating with FOXA1, LRH-1 attenuates the expression of CDKN1A by the recruitment
of histone deacetylase 2 (HDAC2) and controls cell proliferation independent of ERa and p53 status®*’. Fi-
nally LRH-1 may also promote breast cancer through an indirect mechanism. For instance, LRH-1 is ob-
served highly expressed in breast adipose tissue and cancer-associated fibroblasts surrounding the tumor
microenvironment where it stimulates the expression of CYP19A1, the essential enzyme required for pro-
duction of estrogens, thereby favoring the proliferation of adjacent cancer cells in a paracrine manner®**
2% In summary, LRH-1 acts as a determinant in breast cancer development and progression through regu-
lating a specific transcriptional program involved in cell proliferation in both antiestrogen-sensitive and

antiestrogen-resistant breast cancer cells.

1.3.3  Emerging Roles of LRH-1 in Stemness

Increasing evidence shows that LRH-1 is a critical transcriptional modulator in several aspects of stem cell

biology. LRH-1-deficient mice die at embryonic day 6.5—-7.5 with features typical of visceral endoderm dys-

235

function, demonstrating its indispensible roles in early embryonic development®™. Pluripotency of embry-
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onic stem cells (ESCs) and early mouse embryo is controlled by several key transcription factors such as

236

octamer-binding transcription factor 4 (Oct4), SRY-Box 2 (Sox2) and Nanog“™". The regulation of these key

factors is thus crucial for the maintenance of pluripotency and embryonic development. LRH-1 is known to
be co-localized with Oct3/4 in the inner cell mass and the epiblast of embryos at early developmental stag-

es”’. A nuclear receptor screening also identified LRH-1 as one of the components of a transcription factor

236

regulatory network that maintains pluripotency of mouse ESCs “*°. In early embryo and ESCs, embryonic

Lrh-1 expression is shown to be regulated by both Sox2 and GA-binding proteins (GABP) **®

. Another report
revealed that LRH-1 expression can also be regulated by Wnt signaling pathway, through the binding of B-
catenin to an embryonic-specific LRH-1 promoter. Moreover, one of the crucial pluripotency factors in

maintaining ESCs pluripotency, Oct4, is directly regulated by LRH-1%*"

. Strikingly, LRH-1 can even replace
Oct4 in the reprogramming from mouse embryonic fibroblasts (MEFs, murine somatic cells) to induced
pluripotent stem cells®®” **°, further demonstrating the vital role of LRH-1-Oct4 axis in the maintenance of
pluripotency. In addition to Oct4, LRH-1 also mediates other key pluripotency factors of ESCs. For example,
upon activation by B-catenin, LRH-1 subsequentially promotes the expression of Nanog and Thx3**°. LRH-1
also synergizes with Nanog to directly bind and stimulate expression of Dax1, which is a nuclear receptor

241 Moreover, LRH-1 is involved in the differentiation of mESCs

found to be highly involved in ESCs biology
to ectodermal lineage and endodermal lineage. One study revealed that microRNA-134 enhances mESCs
differentiation to ectodermal lineage, partially through its direct translational attenuation of Nanog and
LRH1?**. Moreover, it is reported that transcription factor c-Jun promotes mESCs differenciation towards

242

endodermal lineage and blocks the generation of iPSCs from MEFs“™. In particular, Jun dimerization protein

2 (Jdp2), which represses c-Jun mediated mESC differentiation, anchors LRH-1 to reprogram MEFs into iP-

243
. Furthermore, a

SCs. This suggests a role for LRH-1 in mediating the conversion of somatic cells to iPSCs
recent study identified LRH-1 as a central node in controlling neural stem cell fate decisions during devel-
opment. The authors revealed that LRH-1 blocks proliferation of neural stem/ progenitor cells (NSCs) and
additionally induces neuronal differentiation via direct regulatory effects on Ink4/Arf locus, Prox1 gene,
Notchl1 and JAK/STAT pathways. Interestingly, LRH-1 is also upstream regulated by the major neuronal and
astrocyte pathways, as well as Notch1 and JAK/STAT signaling. These observations suggest that could be a

critical regulator of neural development and a potential therapeutic target for CNS-related diseases'®.
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Chapter2 Aim

Despite the rise in the prevalence of HCC, effective therapies are still lacking and novel therapeutic ap-
proaches are urgently needed. A better understanding of the molecular mechanisms underlying the meta-
bolic processes that promote to HCC is therefore essential.

This doctoral work aimed to investigate the role of LRH-1 in the development of HCC and to gain more
insights into the molecular mechanisms by which LRH-1 controls liver carcinogenesis. To achieve this, | took
advantage of two mouse models, one carrying a hepatocyte-specific loss-of-function (LOF) mutation of LRH-
1 (Lrh1"”), and one with a knock-in Lrh1 K289R, which represents a selective gain-of-function (GOF) mod-
el for LRH-1.

| initially started by characterizing the role of LRH-1 in the process of liver carcinogenesis using LRH-1
LOF (Chapter 4) and GOF (Chapter 5) mouse models upon DEN exposure that favors the development of
HCC. Next, | studied the molecular networks through which LRH-1 regulates glutamine metabolism (Chap-
ter 4) and asparagine metabolism (Chapter 5) that contribute to liver cancer development.

The results from this thesis should lead to new insights into how LRH-1 converges with biochemical,
molecular and signaling pathways in intermediary metabolism that are intimately linked with liver cancer
development. The outcome should also spark future enthusiasm in the design and development of novel

LRH-1 antagonists as a therapeutic strategy to fight HCC.
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Chapter 3 Experimental Procedures

Animal studies

For the generation of LRH-1 floxed (LRH-1L2/L2) mice, genomic DNA covering the LRH-1 locus was
amplified from the 129Sv strain by using high-fidelity PCR. The resulting DNA fragments were assem-
bled into the targeting vector that, after linearization by Notl, was electroporated into 129Sv embry-
onic stem (ES) cells. G418-resistant colonies were selected and analyzed for homologous recombina-
tion by PCR and Southern blot hybridization. For the PCR screening strategy, primers ACE225
(5'GTCATAGGGAGTCAGGATACCATGG3'), ACE228 (5'GTTCTGACCACTTTCATCTCCTCACG3’), ACE229
(5'CTCAACTGCCGAAGAATGCTGCGG3'), and ACE231 (5'GTTAGCAATTTGGCAGATTTACGC3') were
used. Positive clones were verified by Southern blot hybridization. Therefore, genomic DNA was pre-
pared from ES cells (or mouse tails), digested with Xbal or Sacl, subjected to electrophoresis on a
0.8% agarose gel, and transferred to a positively charged nylon transfer membrane (Amersham Bio-
sciences, Saclay, France). A 0.5-kb DNA fragment (Notl-Nhel) located between exons 6 and 7 (3’
probe) and a 0.5-kb DNA fragment (Notl-Sacll) placed between exons 2 and 3 (5’ probe) were used as
probes. The karyotype was verified, and several correctly targeted ES cell clones were injected into
blastocysts from C57BL/6J mice. These blastocysts were transferred into pseudopregnant females,
resulting in chimeric offspring that were mated to female C57BL/6J mice that express the Flp recom-
binase under the control of the ubiquitous cytomegalovirus promoter. Offspring that transmitted the
mutated allele, in which the selection marker was excised, and that lost the Flp transgene (LRH-1+/L2
mice) were selected, mated with with serum albumin-Cre mice (The Jackson Laboratory), and then
further intercrossed to generate hepatocyte-specific LRH-1 knockout (Alb-Cre; Lrh-1"*"7) and wild-
type (Lrh-1"*"*"*) mice.

To generate Lrh-1 K289R mice, gDNA covering the Lrh-1 gene (NCBI Gene ID: 26424) was amplified
from the C57BL/6J strain by using high-fidelity PCR. The point mutation of interest (AAG -> AGG) was
introduced by PCR. The amplified DNA fragments were ligated into the targeting vector with a floxed
Neo cassette (Institut Clinique de la Souris, Strasbourg). The construct was then electroporated into
C57BL/6N ES cells. Colonies resistant to G418 were selected and evaluated by PCR for homologous
recombination and PCR-positive clones were further validated by Southern blotting. Karyotype-
verified ES cell clones were injected into blastocysts from BALB/c mice. These blastocysts were trans-
ferred to pseudo pregnant females. Chimeric offspring were mated to female C57BL/6J mice express-

ing the Cre-recombinase under the control of the ubiquitous cytomegalovirus promoter (CMV) to
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delete the Neo cassette. Offspring transmitting the mutated allele, in which the selection marker was
excised, and that lost the Cre transgene (Lrh1 L-/+ mice) were selected and inbred with to obtain
Lrh1 L-/L- (Lrh-1 K289R) mice. Lrh-1 K289R and Lrh-1 WT mice were backcrossed for 6-7 generations
onto commercial C57BL/6J purchased from the Jackson Laboratory.

For DEN-treated liver cancer cohorts, congenic neonatal mice at 14-day-old were intraperitoneally in-
jected with DEN at a dose of 25 mg / kg body weight to initiate tumor formation. 6 months (mid-term DEN)
or 10 months (long-term DEN) post-injection, mice were sacrificed and liver tissue was collected. The exper-
iments with the AAV8-viruses have been described previously 2% Trive-week male BALB/c nu/nu mice were
purchased from Charles River (France) and maintained in the animal facilities. All animal procedures were
approved by the Swiss authorities (Canton of Vaud, animal protocols ID 2375 and 2768) and performed in

accordance with our institutional guidelines.

Immunohistochemistry

Liver tissue was fixed overnight in phosphate-buffered 10% formalin and embedded in paraffin, sectioned
in 4 um, and stained with eosin/hematoxylin. Immunohistochemistry was performed using anti-BrdU an-
tibody (AbD Serotec, OBT0030) and anti-Ki67 (Abcam, Ab16667) antibodies. For 5-bromo-2'-deoxyuridine
(BrdU, Sigma) incorporation, mice were intraperitoneally injected with BrdU at the dose of 100 mg/kg

body weight for 4 hours before sacrifice.

Cell culture, transfection, antibodies and reagents

Hepa 1.6 mouse hepatoma cells and HepG2 cells were cultured in DMEM 4.5 g/l glucose (Gibco) with 10%
FBS (Gibco), 1% NEAA (Gibco), and 1% pen-strep (Gibco) at 37°C under a 5% CO2 atmosphere. Dimethyl-
ketoglutarate (DM-KG), N- acetyl-cysteine (NAC), and Asparagine were obtained from Sigma. For LRH-1
overexpression, Hepa 1.6 cells were transfected with pCMV-empty or pCMV-LRH-1 plasmids using jetPEl
reagent (Polyplus, France) according to the manufacturer's instructions. For GLS2 overexpression, cells
were transduced with either AdGFP or AdGLS2 viruses. siRNAs for LRH-1 and GLS2 were purchased from
Microsynth, sequences of siRNA against LRH-1 were: 5-GUGAACCAGAUGA GCCUCUCA-3', and 5'-
CACCUCACAGCAGCC UGCA-3'; sequences of siRNA against GLS2 were: 5'-AGAGCCCACUGGAGGCAAA-3',
and 5'-GAAAUCAUCAUGCCAACAA-3'. siRNAs were transfected into cells using Lipofectamine RNAIMAX
transfection reagent (Invitrogen, 13778150). 48 hours after transfection or infection, cells were rinsed with
cold PBS for 3 times and either lysed in TRIZOL Reagent (Invitrogen) for RNA isolation or RIPA buffer for
protein extraction. shRNA for mouse LRH-1 was purchased from Sigma, TRCNO000025985, sequences are:
CCGGCCCACAACAGACTGAGAAATTCTCGAGAATTTCTCAGTCTGTTGTGGGTTTTT. shRNA for human LRH-1 was
purchased from Sigma, TRCN0O000019656, sequences are: CCGGGCGTTGTCCTTACTGTCGTTTCTCGAGAAAC-
GACAGTAAGGACAACGCTTTTT. shRNA for mouse GLS2 was purchased from Sigma, TRCN0000177991, se-
quences are: CCGGGAACCTGCTATTTGCTGCATACTCGAGTATGCAGCAAATAGCAGGTTCTTTTTTG. shRNA for
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mouse ASNS was purchased from Sigma, TRCN0O000031703, sequences are: CCGGCGCTATCAAGAAACGCTT-
GATCTCGAGATCAAGCGTTTCTTGATAGCGTTTTTG. The antibodies used for this study are the following: p-
S6K (Thr389, Cell signaling, 9205S), S6K (Cell signaling, 2708), Tubulin (Santa Cruz, sc-5286), p-4EBP1
(Thr37/46, Cell signaling, 2855S), 4EBP1 (Cell signaling, 9644), GLS2 (Abcam, ab113509), ACTIN (Santa Cruz,
sc-47778), P62 (Progen, GP62-C), LC3 (Cell signaling, 4108S), HSP90 (BD Transduction Laboratories,
610418), CYP2E1 (Abcam, ab28146), ATF2 (Abcam, ab47476) and p-ATF2 (Thr 69/71, Cell signaling, 92258S),
Total Caspase 3 (Cell signaling, 9662S), Cleaved Caspase-3 (Asp175, Cell signaling, 9661), ATF4 (Santa Cruz,
sc-200), ASNS (Santa Cruz, sc-365809), VDAC (Abcam, ab14734).

DEN bioactivation and cancerogenicity analysis

Lrh-1"""* and Lrh-1"""" mice were injected with DEN (25 mg/kg body weight) on postnatal day 14. Livers
were extracted 6, 24 and 48 hours after DEN administration (n=5-6 per group and time point) and gene and
protein expression of relevant enzymes in DEN bioactivation were determined. Cancerogenicity of DEN was
determined by evaluating the levels of 8-hydroxy-2'-deoxyguanosine (Nakae et al. 1997) and O°-
ethylguanine DNA adducts (Becker and Shank 1985). Concentration of 8-hydroxy-2'-deoxyguanosine (8-
OHdG) was analyzed by enzyme immunoassay (Caymen Chemical, Cat. #589320). For detection of O°-
ethylguanine DNA adducts, DNA was isolated from liver biopsies using commercial kits (Macherey-nagel,
Ref.740952.50), and denatured by heating for 10 min at 99 °C followed by the addition of 2 M ammonium
acetate. 500ng of DNA was slot-blotted onto nylon membranes (GE Healthcare, Germany). The membrane
was then fixed for 90 min at 90 °C and blocked with 5% (w/v) non-fat dry milk in TBS-T. O%-ethyluanine was
visualized with a monoclonal antibody (Axxora, EM2-1) followed by a secondary peroxidase-coupled anti-

body and enhanced chemoluminescence detection.

Luciferase assay

HEK-293A cells in 96-wells plates were co-transfected with pGL4-TK reporter constructs driven by a heter-
ologous promoter consisting of multiple consensus LRH-1 response elements, in the presence of either
pCMV-empty control or pCMV-LRH-1 constructs using jetPEl reagent (Polyplus, France) according to the
manufacturer's instructions. Luciferase activities were measured 24 hours post transfection and normalized

to B-galactosidase activities.

Gene expression and analysis

RNA was extracted from the livers or cells using TRIZOL (Invitrogen) and purified with the RNeasy cleanup
kit for microarray analysis (Qiagen). For Q-RT-PCR, RNA was treated with DNase. cDNA was generated using
the QuantiTect® reverse transcription kit (Qiagen), and analyzed by Q-PCR using a LightCycler® 480 Real-
Time PCR System (Roche). Primers are listed in Table 1. Expression data were normalized to cyclophilin.
Microarray analysis was performed using the Affymetrix MouseGene 2.0 ST array and normalized using the

Robust Multi-array Average (RMA) method. Heatmaps were generated with GENE-E:

40



Experimental Procedures

(http://www.broadinstitute.org/cancer/software/GENE-E/index.html).

Hyperpolarization via dissolution dynamic nuclear polarization

To measure in vivo glutamine metabolism, an injectable solution of hyperpolarized [5-13C]glutamine was
obtained using a custom-built 7-T DNP polarizer (Comment et al. 2007). The *C polarization was 20 + 2 % at
the time of injection, providing a **C signal 24,000 times larger than at thermal equilibrium. A frozen solu-
tion of cesium hydroxide monohydrate (40.8 mg, 0.24 mmol) and [5- **C]glutamine (36.3 mg, 0.24 mmol)
(Sigma-Aldrich, Switzerland) was dissolved in 38 uL polarization medium containing 35 mM Ox063 radical
(Albeda Research, Denmark) was placed inside the polarizer together with 12 pL of frozen HCl (%25) to
neutralize the base during dissolution (Cabella et al. 2013). The solution was polarized at 1.00 + 0.05 K and
196.8 GHz using a nominal output power of 55 mW measured at the output of the microwave source (EL-
VA- 1, Estonia). After 4 hours, the polarized frozen solution was rapidly dissolved in 5 ml preheated deuter-
ated phosphate buffer (pH 7.5). The hyperpolarized [5-**C]glutamine solution was automatically transferred
into a separator/infusion pump located inside the bore of a 9.4-T/31-cm horizontal MR magnet (Vari-

an/Magnex, USA) prior to be injected into a phantom or a mouse, 3 s after dissolution (Cheng et al. 2013).

3>s-labelled methionine incorporation for protein translation

Hepa 1.6 cells were pre-treated with methionine-free medium for 30 min, and then 100 pCi of **S-labelled
methionine per mL was added to the cultures for 2 hr. Cells were lysed in RIPA buffer, and lysate were sep-
arated by SDS-10% polyacrylamide gels. Gels were then fixed and dried. Radiolabeled species were visual-
ized by autoradiography. The radioactivity of each lane was also scanned by phosphorimager and analysed

by ImageQuant analysis.

Cell proliferation assay

Cells were plated in 24-well plates at 2,000 cells per well in 0.5 ml of media. Media was not changed
throughout the course of the experiment. At the indicated time points, cells were fixed in 10% formalin and
stained with 0.1% crystal violet. Dye was extracted with 10% acetic acid and the relative viable cell number

was determined by attenuance (D) at 595nm.

Caspase-glo 3/7 assay
Caspase-3 and -7 activities were determined using commercial kits (Promega, #TB323) according to the

manufacturer's instructions.

Chromatin immunoprecipitation (ChlP)

206

ChIP analysis was performed as described previously with minor modifications “°. DNA was purified using

the PCR clean-up extraction kit (Macherey-Nagel), after which Q-RT-PCR was performed as described previ-

198

ously *®. Data were normalized to the input (Fold differences=2"=mple- it "chp primer sequences are

listed in the Supplemental table 1.
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Measurements of metabolites

For NADPH/NADP®, GSH/GSSG and Asn/Asp ratios, liver biopsies were extracted with 70% ethanol. Biomass
was separated by centrifugation for 10 min at 4000 rpm. Liquid extracts were then dried by vacuum-
centrifugation, re-suspended in 10 ul water per mg wet weight, and analyzed by targeted-LC-MS/MS on a
Thermo Quantum Ultra instrument equipped with a Waters Acquity UPLC. Intracellular a-KG levels were

determined using commercial kits (Abcam, ab83431) according to the manufacturer's instructions.

In vivo hyperpolarized 3C MR measurements

DEN-treated Lrh-1""* and Lrh-1"" mice were anesthetized with isoflurane (~1.8%), 0.5% O, and 0.5% air.
A 750 ul bolus containing a dose of 0.57 + 0.02 mmol/kg hyperpolarized [5-"*C]glutamine was administered
in 9 s. A series of 30° BIR4 adiabatic RF excitation pulses were applied using a custom-built dual H/Bc
probe (two 'H surface coils placed in quadrature on top of a >C single-loop surface coil) placed underneath
the animal, onto the shaved skin located on top of the mouse liver. In vivo >C MRS measurements were
respiratory-gated and triggered with simulated cardiac signal with a repetition time of 1 s. Acquisitions
were performed with an INOVA spectrometer (Varian/ Magnex, USA). The peak integrals were obtained

from summed spectra analysed using VNMRJ (Varian/Magnex, USA).

Allograft tumor study

Hepa 1.6 cells suspended in phosphate-buffered saline were injected subcutaneously into the left flanks of
nude mice (4 x 10°cells per flank). The diameters of the tumors were measured every 3 days and tumor
volumes (V) were calculated using the formula V=L*W42/2. L, length; W, width.

Statistical analysis

Data represent mean + S.E.M. Comparison of differences between two groups was assessed using two-
tailed Student’s t-tests. Multiple group comparisons were assessed by one-way analysis of variance (ANO-
VA) and Tukey's post hoc test. Differences under P < 0.05 were considered statistically significant (*P < 0.05,
**p <0.01, ***P < 0.001).
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Gene Forward primers Reverse primers

Gls2 GACCGTGGTGAACCTGCTAT TGCGGGAATCATAGTCCTTC
Gotl GACCATGAGATCCGAACTCA TGACCAAATACTCGACCTGC
Gpt2 GGACAACGTGTACTCTCCAG GGTGCAAATTGATCACCTCC
Mel GATGATAAGGTCTTCCTCACC TTACTGGTTGACTTTGGTCTGT
c-Myc TGAGCCCCTAGTGCTGCAT AGCCCGACTCCGACCTCTT
CyclinD1 CATCCATGCGGAAAATCGT TCTACGCACTTCTGCTCCTCA
CyclinEl CTGGCTGAATGTCTATGTCC TCTTTGCTTGGGCTTTGTCC

Glsl AGTGACTTGTGAATCAGCCAG GTTGCCCATCTTATCCAGAGG
Got2 GAAGCAATGGTTGCAAGAGG GTCATGTAGACCGAGAACTC
Pcx AGGAAGGGGATGTTGGTCTT TCGTCAAGGTCATTGCACAC

Cs ATTCGTGGAAGAAGCACTGG GCCATGGCTCTACTCACTGC
Aco2 GGTGACCAGGAGGCTGTAAG CCCAACATACACAGACACAACA
Ogdh AAGTGGTGGTGGGTAAGTGG TGATGATGCTCCGGTAACTG
Suclgl TAAGACCCGTGTCGTATCCC CAACCATGGTCTCCAGCAG
Suclg2 AGTTGACGATCCCACCAAAG TGGTGTAAAGGAAGCCCAAG
Pcca TCCTTGGGCACTTTTTCAAG AGGTGGAAACATGAGCATCC
Sdha GGAACACTCCAAAAACAGACCT CCACCACTGGGTATTGAGTAGAA
Sdhb GGACCTATGGTGTTGGATGC GTGTGCACGCCAGAGTATTG
Mdh1 TTCTGGACGGTGTCCTGATG TTTCACATTGGCTTTCAGTAGGT
Mdh2 TTGGGCAACCCCTTTCACTC GCCTTTCACATTTGCTCTGGTC
Gek ACATTGTGCGCCGTGCCTGTGAA AGCCTGCGCACACTGGCGTGAAA
Chrebp-a CGACACTCACCCACCTCTTC TTGTTCAGCCGGATCTTGTC
Chrebp-b TCTGCAGATCGCGTGGAG CTTGTCCCGGCATAGCAAC
Gdh1l CTATGGAGCTGGCCAAGAAG CCTATGGTGCTGGCATAGGT
Plk3 ACCTACAGCACCGCCATATC CGCAGGTAGTAGCGAACCTC
Cyp2el CTTAGGGAA AACCTCCGCAC GGGACATTCCTGTGTTCCAG
Mgmt CCTCTGTGGGGTCAGTGTTT CCTCTGTGGGGTCAGTGTTT
Asns GAGAAACTCTTCCCAGGCTTTG CAAGCGTTTCTTGATAGCGTTGT
Atf5 AGAGCCCCTGGCAGGTGA CAGAGGAAGGAGAGCTGTGAAGT
Promoter Forward primers Reverse primers

Gls2-1and 2 AGAGGCAGGCGGATTTCT AAGCCAGTGAACTCAAAATCTTC
Gls2-3 TGCCTGTAAGTGTGCACTGG GTGCTCTGGTGCAGATGAAA
Gls2-4 and 5 TTTCATCTGCACCAGAGCAC CTGGGACAGTCGGGACAC
Asns-1 AGATGGGTTCACCCTCCAAC CCACAAGGGATGTACTGCAC
Asns-2 GTGCATGCATGTGTGTGTGT AGCACTGTGGAGATGGAAGC
Asns-3 TCAACTTGATGGAGACTTTGTGA TCCCTGCAGAGATTAAAAGCA

Table 1 Primers for qRT-PCR and ChiP-qPCR
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Chapter 4 LRH-1 Coordinates Glutamine
Metabolism to Promote Liver Cancer

4.1 Hepatic Loss of LRH-1 Prevents DEN-induced Liver Carcinogenesis

To investigate the specific contribution of hepatic LRH-1 on HCC formation, we used the well-established

diethylnitrosamine (DEN) method to induce liver cancer®®. Liver-specific Lrh-1-deficient (Lrh-1""") and

hep+/+

wild-type control (Lrh-1 ) mice were injected with DEN on postnatal day 14. Tumor burden was as-

sessed 6 (mid-term) or 10 (long-term) months post-injection (Figure 4.1A). While long-term DEN-challenged

hep-/-

Lrh-1""** littermates developed multiple hepatic tumors, Lrh-1 mice were strikingly protected (Figure

4.1B-C).

>

DOB DEN (25 mg/kg) Mid-term Long-term

,. 14 days 6 months 10 months

w
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Hepatic tumours/mouse

>7 mm
Figure 4. 1 Hepatic Loss of LRH-1 Prevents DEN-induced Liver Carcinogenesis

(A) Experimental strategies of DEN administration. DOB, date of birth. (B) Representative livers of 10 months DEN-
treated Lrh-1""** and Lrh-1""7" mice. (C) Hepatic tumor number (left) and tumor size (right) in the corresponding
genotypes.

We first checked whether the robust reduction of total tumor number and size was caused by differ-
ences in DEN cancerogenicity. Bioactivation of DEN is a complex process that relies on many enzymes (Fig-
ure 4.2A). For instance, CYP2E1 catalyzes the initial step in a series of enzymatic reactions generating reac-

25 However, these

tive alkylating agents, triggering DNA alkylation, and ultimately initiating oncogenesis
alkylation adducts are also removed by DNA repair enzymes, such as O°-methylguanine-DNA methyltrans-
ferase (MGMT), which are known to counteract DEN-induced hepatocarcinogenesis**.

hep-/-

To obtain an unbiased picture on how DEN is metabolized in our liver cancer model, Lrh-1 and con-

trol Lrh-1"""* mice were injected with DEN (25 mg/kg body weight) on postnatal day 14. Livers were col-
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lected 6, 24 and 48 h after DEN administration*”’, and Cyp2el and Mgmt transcripts were both decreased
after DEN injection in Lrh-1""" livers (Figure 4.2B-C). These results suggest that loss of LRH-1 in hepato-

cytes may not only dampen the bioactivation of DEN but also blunt DNA repair capacity after DEN-induced

DNA damage.
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Figure 4. 2 DEN Bioactivation and DNA Repair Capacity in Livers of Lrh-1"""/* and Lrh-1"""" Mice

(A) Graphical representation illustrating hepatic DEN bioactivation through DNA alkylation to initiate carcinogenesis.
(B, C) Hepatic mRNA levels of Cyp2el (B), Mgmt (C) in Lrh-1"""* and Lrh-1""""mice 6, 24 and 48 hours after DEN in-
jection on postnatal day 14 (n=5-6 per group and time point).

Importantly, CYP2E1 is tightly regulated by post-translational mechanisms impacting on protein

248-250

stability . To take this additional layer of regulation into account we compared CYP2E1 protein expres-
sion in Lrh-1""*"* and Lrh-1"" livers and found no significant differences (Figure 4.3A), indicating that
CYP2E1 dependent metabolism of DEN is most likely not affected by hepatic loss of LRH-1.

Based on the complexity of DEN bioactivation, we also directly evaluated the levels of DNA alkylation as
it represents the most reliable readout for DEN-induced cancerogenicity. To do so, we assessed O°-
ethylguanine DNA adducts®' in Lrh-1"""* and Lrh-1"""" livers. Formation of the DNA adduct O°
ethylguanine is recognized as the initial step of DEN-induced oncogenesis. DEN triggered a dramatic accu-
mulation of O%ethylguanine and the induction of this alkylation product was maintained up to 48 h after
DEN exposure (Figure 4.3B-C). However, no significant differences in 0°-ethylguanine contents were ob-
served between Lrh-1""** and Lrh-1"" livers (Figure 4.3B-C), indicating equal levels of DEN activation
between the two genotypes. We further measured the oxidative DNA damage marker 8-hydroxy-
deoxyguanosine (8-OHdG) in Lrh-1""** and Lrh-1"*"" livers. While 8-OHdG formation was found to be sig-
nificantly increased after DEN exposure, the two genotypes were indistinguishable (Figure 4.3D). Taken

together, our results strongly suggest that hepatic LRH-1 does not directly affect the level of DEN-induced

DNA damage and that our DEN model is appropriate to study liver carcinogenesis.
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Figure 4. 3 Hepatic Loss of LRH-1 Does not Affect DEN-Induced DNA Damage

(A) Hepatic protein levels of CYP2E1, (B) Hepatic 06—ethylguanine DNA adducts, (C) Quantification of relative o°-
ethylguanine DNA adduct contents, (D) Hepatic concentration of 8-OHdG 6, 24 and 48 hours after DEN injection to 14-
day-old Lrh-1""** and Lrh-1""7" mice (n=5-6 per genotype and time point).

We next asked whether the abundance of LRH-1 or its translocation is induced upon the administration
of DEN. To this end, we performed immunoblotting assay to evaluate LRH-1 abundance and translocation in
livers from unchallenged, mid-term or long-term DEN-challenged Lrh-1""""* and Lrh-1"7" mice. As shown in

Figure 4.4, DEN moderately increased LRH-1 protein abundance, but did not affect its nuclear compartmen-

talization.
Cytosol Nucleus
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Figure 4. 4 Compartmentalization of LRH-1 protein in response to DEN treatment

Protein levels of LRH-1 in cytosol and nucleus fractions of livers from Lrh-1""** and Lrh-1""" mice with untreat-ed
control (Ctrl), 6 months DEN-treated (MT) and 10 months DEN-treated (LT).

Furthermore, We then performed histological and immunohistochemical analysis on the long-term DEN-
treated liver sections. H&E staining of Lrh-1""7" liver sections demonstrated less microscopic tumor foci
while BrdU and Ki67 staining confirmed reduced cell proliferation in Lrh-1-deficient livers (Figure 4.5A).
hep+/+

Moreover, long-term DEN-treated Lrh-1""" livers were significantly lighter compared to Lrh-1 livers,

while the body weight did not differ between the two genotypes (Figure 4.5B-D). Together, these results

indicate that LRH-1 is required for efficient HCC induction and progression in response to DEN treatment.
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Figure 4. 5 Histology, Body and Liver Weight of DEN-treated Lrh-1"""/* and Lrh-1"*""" Mice

(A) Representative images of H&E, BrdU and Ki67 staining of liver sections of 10 months DEN-treated Lrh-1""** and
Lrh-1""" mice. (B-D) Body weight (B), liver weight (C) and normalized liver weight to body weight (D) of mice de-
scribed in (A).

4.2 Hepatic Loss of LRH-1 Inhibits Non-canonical Glutamine Processing

LRH-1 coordinates intestinal cell renewal and tumor formation through crosstalk with the B-catenin path-

216, 217
way”

. It is also required for hepatic endoplasmic reticulum (ER) stress resolution through transcription-
al control of polo-like kinase 3 (PIk3) and subsequent phosphorylation of activating transcription factor 2
(ATF2) 22 To understand the robust tumor suppressive phenotype, we first assessed the B-catenin pathway
in mid-term DEN-treated livers, in which tumors were not yet developed (Figure 4.6A). In contrast to the

216

findings in intestinal crypts of germline Lrh-1"" mice®*®, B-catenin targets, c-Myc, Ccnd1 and Ccnel, were

not reduced in the unchallenged (Figure 4.6B) or DEN-challenged (Figure 4.6C) Lrh-1""" livers.
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Figure 4. 6 B-catenin Pathway in Mid-term DEN-treated Lrh-1""*/* and Lrh-1"*" Livers

(A) Representative images of livers from 6 months DEN-treated Lrh-1"""* and Lrh-1""7" mice. (B, C) Hepatic mRNA
levels of c-Myc, Cend1 and Cenel in Lrh-1""** and Lrh-1""”" mice under unchallenged (B) and DEN-challenged (C)
conditions.

We also evaluated the PIk3-ATF2 cascade in response to acute DEN exposure. Plk3 mRNA levels and
ATF2 phosphorylation levels were not induced by DEN (Figure 4.7), indicating that in our model LRH-1 im-

pacts on hepatocarcinogenesis via other mechanisms.
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Figure 4. 7 PLK3-ATF2 Cascade upon DEN Administration

(A-C) Relative hepatic mRNA expression of Plk3 (A), protein levels of p-ATF2 and ATF2 (B), and quantification of rela-
tive p-ATF2 to ATF2 ratios (C) in control Lrh-1""** and Lrh-1""" mice treated with DEN.

We then performed microarray analysis to compare the transcriptomes of mid-term DEN-exposed Lrh-
1"P** and Lrh-1"""" livers. As expected, gene set enrichment analysis (GSEA) confirmed previously estab-
lished functions and target pathways of LRH-1, such as synthesis of bile acids (Figure 4.8). Of interest, me-

tabolism of amino acid and derivatives scored amongst the most significantly enriched pathways (Figure

4.8A).
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Figure 4. 8 Gene Set Enrichment Analysis (GSEA) Confirmed Established Target Pathways of LRH-1

(A) GSEA demonstrates down-regulated pathways that were ranked by normalized enrichment scores (NES) in livers
of 6 months DEN-treated Lrh-1"%7" (n=6) mice compared to Lrh-1"""*
(B-C) GSEA enrichment profile (B) and heatmap displaying core enriched genes (C) of bile acid and bile salt synthesis in
livers of mice described in (A).

(n=7) mice. Specific pathways are indicated.

We next analyzed this gene set in more detail. While transcripts of several proteasomal subunits were
down-regulated in Lrh-1""" livers, a more striking reduction of several enzymes involved in glutamine ca-

tabolism was observed (Figure 4.9A).
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Figure 4. 9 Glutamine Processing Pathway Between DEN-treated Lrh-1""""* and Lrh-1"""" Livers

(A) Gene Set Enrichment Analysis (GSEA) demonstrates down-regulated pathways that were ranked by normalized
enrichment scores (NES) in livers of 6 months DEN-treated Lrh-1""" (n=6) mice compared to Lrh-1""* (n=7) mice.
Specific pathways are indicated. (B) Heatmap displaying core enriched genes of amino acids and derivatives metabo-
lism pathway that positively correlate with LRH-1 in livers of mice described in A. (C) Graphical representation of en-
zymes involved in glutamine breakdown and metabolism. Enzymes highlighted in red are reduced in Lrh-1"""" livers
as shown in panel (D). (D) Hepatic mRNA levels of GIs2, Got1, Gpt2 and Mel in livers of mice as described in (A). (E-F)
Hepatic mRNA levels of Glud1, GIs1 and Got2 (E), TCA cycle related genes (F) in 6 months DEN-treated Lrh-1""" (n=6)
and Lrh-1"P** (n=7) mice. Glud1, glutamate dehydrogenase 1; Gls1, glutaminase 1; Got2, glutamate oxaloacetate
transaminase 2; Pcx, pyruvate carboxylase; Cs, citrate synthase; Aco2, aconitase 2, mitochondrial; Ogdh, alpha-
ketoglutarate dehydrogenase; Suclgl, succinate-CoA ligase, alpha subunit; Suclg2, succinate-Coenzyme A ligase, beta
subunit; Pcca, propionyl-Coenzyme A carboxylase, alpha polypeptide; Sdha, succinate dehydrogenase complex, subunit
A; Sdhb, succinate dehydrogenase complex, subunit B; Mdh1, malate dehydrogenase 2, cytosol; Mdh2, malate dehy-
drogenase 2, mitochondrial. Data are represented as mean + S.E.M. *P < 0.05; **P < 0.01; ***P < 0.001 by two-tailed

Student's t-test.

Glutamine plays an essential role in tumor growth to support anaplerosis and reductive biosynthesis *’.
Several genes involved in the processing of glutamine were reduced in mid-term DEN-exposed Lrh-1""
livers, including mitochondrial glutaminase 2 (Gls2)), cytosolic glutamate oxaloacetate transaminase 1
(Got1) and mitochondrial glutamate pyruvate transaminase 2 (Gpt2) (Figure 4.9B-C). This pathway is remi-
niscent to a non-canonical pathway of glutamine breakdown that was earlier reported in human glioma®,
and in pancreatic ductal adenocarcinoma (PDAC) cells as an alternative mechanism to support NADPH pro-
duction via malic enzyme®. Not only these genes, but also malic enzyme 1 (Me1l), were significantly blunt-
ed, as confirmed by Q-RT-PCR (Figure 4.9D).

Many cancer cells typically rely on GLUD1 to fuel the TCA cycle through repleting a-KG?. Transcript lev-
els of Glud1, however, remain unchanged upon hepatic loss-of-function (LOF) of LRH-1 (Figure 4.9E).

Moreover, mRNA expression of glutaminase 1 (Gls1), glutamate oxaloacetate transaminase 2 (Got2) and

TCA cycle related genes were not altered between the two genotypes (Figure 4.9E-F). Collectively, these
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data indicate that an alternative pathway involved in hepatic glutamine processing is most likely compro-

mised in Lrh-1"""" mice.

4.3 LRH-1 Regulates Reductive Biosynthesis Fueled By Glutamine Processing

We previously showed that LRH-1 coordinates glucose intermediary metabolism via glucokinase (GCK) acti-
vation and subsequent ChREBP nuclear translocation’®. Consistent with this study, the ChREBP pathway

was significantly enriched between both genotypes (Figure 4.10A).
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Figure 4. 10 NADPH Production in Lrh-1""*"* and Lrh-1"*""" Livers

(A) GSEA enrichment profile of the ChREBP pathway in 6 months DEN-treated Lrh-1""* (n=7) and Lrh-1"""" (n=6) liv-

ers. (B-D) Hepatic mRNA levels of Gck, Chrebp8 and Mel (B), Gls2, Got1 and Gpt2 (C), Relative NADPH/NADP" levels

(D) in control virus infected Lrh-1""** and Lrh-1"" mice, and AAV8-GCK virus infected Lrh-1"P7" mice (n=4-5 per

group). Data are represented as mean + S.E.M. *P < 0.05 versus Lrh-1hep+/+; #P < 0.05 versus Lrh-1""7" by one-way

ANOVA and Tukey's post hoc test. (E) Relative NADPH/NADP®, (F) GSH/GSSG levels in livers of mice described in (A).

Data represent mean + S.E.M. **P < 0.01; ***P < 0.001 by two-tailed Student's t-test.

Because Mel is a known ChREBP target gene”*?**, we first analyzed if the reduction of our candidate
genes (Figure 4.9D) results from impaired GCK-ChREBP signaling. GCK reconstitution in Lrh-1"" livers re-
stored ChrebpB and Mel (Figure 4.10B), but not Gi/s2, Gotl or Gpt2 expression (Figure 4.10C), indicating
that LRH-1 regulates only Me1 via the GCK-ChREBP axis.

In parallel to the reduced Mel expression, NADPH/NADP" levels were significantly reduced in unchal-
lenged (Figure 4.10D) or DEN-challenged (Figure 4.10E) Lrh-1""7" livers, and was accompanied by a corre-
sponding reduction of the GSH/GSSG ratio in DEN-treated livers (Figure 4.10F). Although Mel was readily
rescued upon GCK reconstitution (Figure 4.10B), normalization of NADPH/NADP* levels was still incomplete

(Figure 4.10D), supporting the notion that the generation of NADPH from glutamine is also attenuated in

Lrh-1"""" livers.
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We next investigated the molecular mechanism through which LRH-1 regulates glutamine metabolism.
Overexpression of LRH-1 in mouse hepatoma Hepa 1.6 cells resulted in an increase of GLS2 transcripts and
protein, while Gotl and Gpt2 transcripts were unchanged (Figure 4.11A-B). Conversely, siRNA-mediated
silencing of LRH-1 exclusively reduced the expression of GLS2 mRNA and protein (Figure 4.11C-D). Also in
Lrh-1"7" mice, reduced hepatic GIs2 mRNA expression (Figure 4.9D) translated into lower GLS2 protein

levels (Figure 4.11E).
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Figure 4. 11 LRH-1 Directly Activates GLS2 Expression

(A-B) mRNA levels of GIs2, Got1 and Gpt2 (A), and protein levels of GLS2 (B) in Hepa 1.6 cells transfected with control
or Lrh-1 expression plasmids (n=3 per group). (C-D) mRNA levels of GIs2, Got1 and Gpt2 (C), and protein levels of GLS2
(D) in Hepa 1.6 cells transfected with with scrambled or Lrh-1-targeted siRNAs (n=3 per group). Data represent mean *
S.E.M. ¥**P < 0.01; ***P < 0.001 by two-tailed Student's t-test. (E) Hepatic protein levels of GLS2 in livers of 6 months
DEN-treated Lrh-1""*"* (n=7) and Lrh-1""" (n=6) mice.
Of interest, GIs2 is highly expressed in liver compared to G/s1 (Figure 4.12A). GLS2 deaminates mito-
chondrial glutamine, thus controlling a major anaplerotic step for hepatic glutamine utilization 8 We then
asked whether GIs2 is subjected to direct transcriptional regulation by LRH-1. Analysis of a genome-wide

2% revealed LRH-1 recruitment at the Gls2

hepatic LRH-1 chromatin immunoprecipitation (ChlIP)-seq dataset
promoter (Figure 4.12B), and computational analysis identified five putative LRH-1 response elements with-
in the GIs2 promoter under the LRH-1 ChIP-seq peak (Figure 4.12C). Site-specific ChIP assays using DNA
from mid-term DEN-treated Lrh-1"*"* and Lrh-1"""" livers revealed LRH-1 recruitment to putative binding
sites 1, 2 and 3 (Figure 4.12D). Mutation of these binding sites in mouse G/s2-luciferase reporter constructs
further mapped site 3, which is conserved in the human GIs2 promoter (Figure 4.12F), as the major site that

confers LRH-1 responsiveness (Figure 4.12E). Accordingly, silencing of LRH-1 in human hepatoma HepG2

cells also led to a significant reduction of Gl/s2 transcripts (Figure 4.12G).
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Figure 4. 12 GIs2 Is A Direct Transcriptional Target of LRH-1

(A) Hepatic mRNA levels of GIs1 and GIs2 in basal Lrh-1"""* mice. (B) UCSC genome browser (mm9) view displaying
the occupancy of mouse G/s2 by IgG and LRH-1%>°, (C) Schematic representation of the 5 putative LRH-1 response el-
ements in the proximal mouse Gls2 promoter. (D) ChIP-qPCR assay evaluating the relative LRH-1 binding to the mouse
Gls2 promoter. Amplified regions (a, b and c) are depicted in (C). (E) Luciferase activities in HEK-293A cells after co-
transfection of a Lrh-1 expression vector or with empty luciferase reporter (pGL4), long or short G/s2 promoter con-
structs with or without the indicated mutations. Data represent mean + S.E.M. ***P < 0.001 versus empty reporter
(pGL4); #P < 0.05 versus long GIs2 promoter construct by one-way ANOVA and Tukey's post hoc test. (F) GIs2 promot-
er alignment between mouse and human species. (G) mRNA levels of Lrh-1 and GIs2 in HepG2 cells infected with ei-
ther GFP or LRH-1 targeting lentiviruses (n=3 per group). Data are represented as mean + S.E.M. *P < 0.05; **P < 0.01
by two-tailed Student's t-test.

4.4 LRH-1 Regulates GLS2 to Promote Glutamine-induced Anaplerosis

Given the marked reduction of GLS2 in Lrh-1"""" mice, we hypothesized that hepatic loss of LRH-1 blunts
the conversion of glutamine to glutamate. To test the flux through GLS2 in vivo, we performed *C magnetic
resonance spectroscopy measurements following hyperpolarized [5-13C]glutamine injectionZSG' 57 [5-
13C]glutamine was hyperpolarized using dissolution dynamic nuclear polarization (DNP) and rapidly injected
into DEN-treated Lrh-1"%7 and Lrh-1""*"* mice, followed by real time recording of its conversion to [5-
BClglutamate (Figure 4.13A-B). As expected, Lrh-1"7" showed a strong decrease in hepatic [5-

BClglutamate content compared to Lrh-1"¢P**

mice (Figure 4.13C). Unlike the expression levels of gluta-
mine transporters Slcla5 and Sic7a5, which were unchanged (Figure 4.13D), hepatic a-KG levels were di-
minished in Lrh-1""""mice (Figure 4.13E), indicating that LRH-1 LOF may attenuate glutamine-fueled ana-

plerosis.
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To further explore the direct roles of LRH-1 and GLS2 in maintaining glutaminolysis and intracellular a-
KG pools, we examined the effect of glutamine metabolism on a-KG levels. Hepa 1.6 cells were starved of
glutamine for 6 hours, and removal of glutamine significantly reduced the intracellular levels of a-KG (Fig-
ure 4.13F), demonstrating that glutamine sustains glutaminolysis. We then acutely modulated LRH-1 or
GLS2 expression in Hepa 1.6 cells. In line with the reduced a-KG abundance in Lrh-1""" livers, overexpres-
sion of LRH-1 or GLS2 increased, while siRNA-mediated silencing of LRH-1 or GLS2 decreased a-KG levels in

Hepa 1.6 cells (Figure 4.13G-J). Together, these results demonstrate that LRH-1 promotes glutamine-

induced anaplerosis via the induction of GLS2.
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Figure 4. 13 LRH-1 Controls Glutamine-induced Anaplerosis and Sustains a-KG Availability

(A) GLS2 mediated biochemical reaction with hyperpolarized [5—13C]g|utamine. Red dots indicate the labeling of C5. (B-
C) Representative in vivo Be-NMR spectra showing hyperpolarized [5—13C]glutamate production with the by-product
signal of hyperpolarized [5-13C]pyroglutamate (B), The mean signal intensity of the hyperpolarized [5—13C]glutamate
formed via glutaminase (C) in the livers of DEN-treated Lrh-1""** and Lrh-1"""" mice. (D) Hepatic mRNA levels of
Slc1as and Slc7a5 in the livers of DEN-treated Lrh-1""* and Lrh-1"7" mice. (E-J) Intracellular a-KG levels in the livers
of 6 months DEN-treated Lrh-1""""* and Lrh-1"7 mice (E), Hepa 1.6 cells cultured with or without glutamine for 6 hr
(F), Hepa 1.6 cells transfected with either control or Lrh-1 expression plasmids (n=3 per group) (G), transfected with
either scrambled or Lrh-1-targeted siRNAs (n=3 per group) (H), transduced with either AdGFP or AdGLS2 viruses (n=3
per group) (1), or transfected with scrambled or Gls2-targeted siRNAs (n=3 per group) (J). Data represent mean *
S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student's t-test. Data in Figure A-C were obtained through

collaborations with Prof. Arnaud Comment's lab.

4.5 LRH-1 Modulates mTORC1 Pathway in a a-KG-dependent Manner

Glutamine is metabolized through glutaminolysis to produce a-KG. Previous studies showed that in-
creased glutamine®™ %8 or a-KG availability**® stimulates the mTORC1 signaling pathway. Of note, a robust

reduction of mTORC1 activation was observed in Lrh-1"%7 livers, as evidenced by the decreased phos-

phorylation of 4EBP1 and S6K (Figure 4.14A).
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We then investigated the importance of glutamine in the activation of mMTORC1 in Hepal.6 cells. Deple-
tion of glutamine for 6 hours reduced a-KG levels (Figure 4.13F) and inhibited mTORC1 activity (Figure
4.14B). Moreover, supplementation of a cell-permeable a-KG analogue dimethyl-KG (DM-KG) restored the
activation of mTORC1 signaling upon glutamine deprivation (Figure 4.14C), indicating that intracellular glu-

tamine and its derived a-KG are essential to stimulate mTORCI1.
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Figure 4. 14 LRH-1-GLS2 Axis Modulates mTORC1 Pathway in a a-KG-dependent Manner

(A) Phosphorylation levels of S6K and 4EBP1 in livers of 6 months DEN-treated Lrh-1"""* and Lrh-1"""" mice. (B-K)
Phosphorylation levels of S6K and 4EBP1 in Hepa 1.6 cells cultured with or without glutamine for 6 hr (B), with DM-KG
supplementation at different concentrations (C), transfected with either control or Lrh-1 expression plasmids (n=3 per
group) cultured with or without glutamine for 6 hr (D), transduced with either AAGFP or AdGLS2 viruses (n=3 per
group) cultured with or without glutamine for 6 hr (E), transfected with either scrambled or Lrh-1-targeted siRNAs
(n=3 per group) with or without GLS2 overexpression (F), transfected with scrambled or G/s2-targeted siRNAs (n=3 per
group) with or without LRH-1 overexpression (G), transfected with either scrambled or Lrh-1-targeted siRNAs (n=3 per
group) with or without DM-KG supplementation (H), transfected with scrambled or G/s2-targeted siRNAs (n=3 per
group) with or without DM-KG supplementation (I).

Based on these results, we overexpressed LRH-1 or GLS2 in Hepa 1.6 cells. In both settings, mTORC1
activity was induced in the presence of glutamine (Figure 4.14D-E). These effects were reversed upon glu-
tamine starvation (Figure 4.14D-E). Furthermore, RNAi-mediated suppression of LRH-1 or GLS2 interfered
with phosphorylation of 4EBP-1 and S6K in the presence of glutamine, while overexpression of GLS2 or LRH-
1 (Figure 4.14F-G), addition of DM-KG (Figure 4.14H-I), respectively, rescued mTORC1 activities. These data

hence suggest that the LRH-1-GLS2 axis increases a-KG levels and consequently activates mTORC1.
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4.6 The LRH-1-GLS2 Axis Promotes Cell Proliferation

Activation of mTORC1 inhibits autophagy®*®, activates protein translation®®® and promotes cell growth®*. To

investigate the importance of the LRH-1-GLS2-mTORC1 pathway, we first assessed autophagy in mid-term
DEN-treated livers. As expected, disruption of LRH-1 induced autophagy, as evidenced by reduced phos-
phorylation of ULK-1 at ser”’, blunted P62 and increased LC3-II levels (Figure 4.15A). Silencing of LRH-1 or
GLS2 decreased global protein translation as measured by incorporation of **S-labeled methionine in Hepa

1.6 cells (Figure 4.15B-C), while their overexpression enhanced translation (Figure 4.15D-E).
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Figure 4. 15 The LRH-1-GLS2 Axis Inhibits Autophagy and Promotes Protein Translation

(A) Immunoblots of phosphorylated ULK-1 at Ser757, P62, LC3-I, LC3-Il and HSP9O0 in whole lysate from 6 months DEN-
treated Lrh-1""* and Lrh-1"""" livers. (B-E) Global protein synthesis measured by *5.labelled methionine incorpora-
tion in Hepal.6 cells transfected with either scrambled or Lrh-1-targeted siRNAs (n=3 per group) (B), scrambled or
Gls2-targeted siRNAs (n=3 per group) (C), transfected with either control or wildtype Lrh-1 plasmids (n=3 per group)
(D), infected with either AAGFP or AdGLS2 viruses (n=3 per group) (E). Relative %35-labelled methionine signals were
normalized to Tubulin. Data are represented as mean + S.E.M. **P < 0.01 by two-tailed Student's t-test.

We then evaluated the link between LRH-1-GLS2 axis, a-KG and cell proliferation. As expected, LRH-1 or
GLS2 overexpression promoted cell proliferation, while additional glutamine deprivation prevented the
increase in cell proliferation (Figure 4.16A-B). Conversely, inhibition of glutaminolysis by LRH-1 or GLS2

silencing inhibited cell proliferation, while addition of DM-KG rescued this effect (Figure 4.16C-D).
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Figure 4. 16 The LRH-1-GLS2 Axis Promotes Cell Proliferation and Tumor Growth

(A-F) Relative viable cells and representative crystal violet staining images of Hepa 1.6 cells transfected with either
control or Lrh-1 expression plasmids (n=3 per group) (A), transduced either with AAGFP or AdGLS2 viruses (n=3 per
group) (B) with or without glutamine deprivation, scrambled or Lrh-1-targeted siRNAs (n=3 per group) (C), scrambled
or Gls2-targeted siRNAs (n=3 per group) (D) with or without DM-KG supplementation, scrambled or G/s2-targeted siR-
NAs (n=3 per group) (E), scrambled or Lrh-1-targeted siRNAs (n=3 per group) (F) with or without overexpression of
LRH-1 or GLS2. (G-H) Relative viable cells of Hepal.6 cells transfected with scrambled or Lrh-1-targeted siRNAs (n=3
per group) (G), scrambled or Gls2-targeted siRNAs (n=3 per group) (H) with or without NAC supplementation. NAC, N-
acetyl-cysteine. Data represent mean + S.E.M. *P < 0.05; ***P < 0.001 by one-way ANOVA and Tukey's post hoc test.
(I-J) Comparison of tumor volume (I) and growth (J) of mice subcutaneously injected with Hepa 1.6 cells that were
transduced with scrambled, LRH-1-, or GLS2-targeted shRNA (n = 6 per group). Data are represented as mean + S.E.M.
**Pp < 0.01 by two-tailed Student's t-test.

In addition, diminished cell proliferation upon LRH-1 or GLS2 suppression could also be rescued by over-
expressing of LRH-1 or GLS2 (Figure 4.16E-F). Collectively, these results indicate that the LRH-1-GLS2 axis
activates cell proliferation in a a-KG-dependent manner. It has been shown that GLS2-catalyzed deamina-

tion of glutamine is also essential for the control of intracellular ROS levels®®

. Supplementation with the
antioxidant N-acetyl-cysteine (NAC), however, could not rescue the inhibited cell proliferation upon LRH-1

or GLS2 silencing in Hepa 1.6 cells (Figure 4.16G-H), suggesting that reduced mTORC1 signaling, rather than
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induced oxidative stress, accounts for the reduction in cell proliferation. Furthermore, Hepa 1.6 cells si-
lenced for LRH-1 or GLS2 induced significantly less tumor growth after propagation in athymic nude mice
(Figure 4.16l-J). Taken together, these findings highlight that LRH-1 promotes cell proliferation through

glutaminolysis and mTORC1 signaling.

4.7 Discussion and Future Studies

Glutamine is an abundant and versatile nutrient required for the survival and growth of a large subset of

37,38

tumors . Glutamine metabolism not only replenishes TCA cycle intermediates via conversion to a-KG,

but also contributes to the production of the biological reductant NADPH that is required for macromolecu-

37,83, 85,262 . .
152522 Glutaminases favor the conversion of gluta-

lar biosynthesis and defense against oxidative stress
mine to glutamate, representing gatekeepers of glutamine processing to maintain TCA cycle and anabolic
outcomes®®. Two distinct glutaminase genes have been identified in mammals, GLS1 and GLS2%%. While
GLS1 is considered as a cancer therapeutic target, the biological role of GLS2 in cancer remains largely un-

23 In the

explored, especially in hepatocytes, where GLS2 is considered as the predominant glutaminase
study of this chapter, we observed a profound and consistent reduction of hepatic GLS2 upon chronic and
acute deletion of LRH-1. Consistent with the low abundance of GLS1 in hepatocytes and the absence of any
significant difference in Gls1 transcripts, non-invasive in vivo hyperpolarized MR spectroscopy confirmed
that the glutamine flux through GLS2 is significantly blunted in DEN-challenged Lrh-1-deficient livers. By
means of ChIP analysis and site-directed mutagenesis, we have firmly established that LRH-1 directly con-
trols GIs2 transcription. Furthermore, our findings revealed that LRH-1 more largely coordinates an alterna-
tive route of glutamine processing, which fuels glutamine-dependent anaplerosis and NADPH production.
This pathway is reminiscent to a non-canonical pathway of glutamine breakdown that was earlier reported
in human glioma® and pancreatic ductal adenocarcinoma (PDAC) cells®. Consistent with these studies em-
phasizing the role of transaminases rather than GLUD1 in glutamine processing, our findings revealed that
LRH-1 LOF significantly reduced the expression of mitochondrial Gpt2 and cytosolic Got1, while no changes
could be observed in mitochondrial Glud1, which in hepatocytes encodes for the predominant enzyme that
converts glutamate into a-KG. Of interest, recent studies identified the cytosolic transaminase GOT1 as a
crucial factor to sustain proliferation in cells with mitochondrial electron transport chain (ETC) defects®*. In
this particular context of electron acceptor deficiency, exogenous aspartate or GOT1-mediated aspartate

biosynthesis could restore proliferation of ETC defective cells*®* **°

. Although transcript levels of Got1 were
markedly reduced in Lrh-1-deficient livers, our data based on genome-wide promoter recruitment analysis
in Lrh-1""""and Lrh-1""* livers and LRH-1 LOF and GOF studies in hepatoma cell lines indicate that Got1 is

rather an indirect target of LRH-1.
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Figure 4. 17 Glutamine Processing Pathway Regulated by LRH-1

Graphical summary illustrating how LRH-1 promotes glutamine-induced anaplerosis and reductive biosynthesis in he-
patic cancer cells. Enzymes highlighted in red are reduced in Lrh-1""" livers, * indicates indirect regulation by LRH-1.

One of the most striking findings in this study is the observation that mice lacking LRH-1 in hepatocytes
are robustly protected against hepatocarcinogenesis upon DEN induction. Unlike the role of LRH-1 in the
intestine and pancreas, the oncogenic potential of hepatic LRH-1 is independent from the B-catenin/Wnt-
signaling pathway. Instead, our data are in support of a role of LRH-1 in glutamine-dependent anaplerosis
and NADPH production, two biochemical processes that are required for uncontrolled proliferation of can-
cer cells (Figure 4.17). Moreover, the enhanced mTORC1 signaling upon LRH-1-induced glutaminolysis indi-
cates that the effect of LRH-1 on glutamine processing also impinges on established kinases in cell growth
and cancer, thereby further amplifying the overall growth stimulating effect (Figure 4.17). These observa-
tions together with our previous findings linking LRH-1 to glucose-dependent fatty acid biosynthesis via
ChREBP activation®® support the notion that LRH-1 confers a pro-tumorigenic status to hepatocytes by
promoting the metabolism of the two principal fuel substrates of cancer cells, glucose and glutamine. The
stimulatory effect of LRH-1 on both glucose and glutamine metabolism is significantly attenuated in the

hep-/-

livers of Lrh-1 mice, and may hence provide an explanation for the pronounced protection against tu-

morigenesis in DEN challenged Lrh-1""" liver.
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Chapter 5 LRH-1 Coordinates Asparagine
Metabolism to Promote Liver Cancer

5.1 Lrh-1 K289R Promotes DEN-induced Liver Carcinogenesis

Those abovementioned data from Chapter 4 of the LRH-1 LOF mouse model support a pro-tumorigenic role
for LRH-1 in promoting liver cancer development. Furthermore, it is known that LRH-1 can be targeted for
SUMOylation by E3-SUMO ligases at several lysine residues, and this conserved reversible posttranslational

s . . . PR 1 1 2 2
modification affects its transcriptional activity®’” 7% 180 266, 267

. Previously, our lab has generated a Lrh-1
K289R mouse model, in which substitution of lysine 289 by arginine (K289R) prevents SUMO modification
of LRH-1 and leads to increased LRH-1 transcriptional activity. We then hypothesized that gain-of-function
(GOF) of LRH-1 in whole body Lrh-1 K289R knock-in mice would enhance HCC formation in contrast to LRH-

1 LOF.
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Figure 5. 1 Lrh-1 K289R Promotes DEN-induced Liver Cancer

(A) Experimental strategies of DEN administration. DOB, date of birth. (B) Representative livers of 8 months DEN-
treated Lrh-1 WT and Lrh-1 K289R mice. (C, D) Hepatic tumor number (C), tumor size (D) in the corresponding geno-
types. (E) Representative images of H&E, BrdU and Ki67 staining of liver sections of 8 months DEN-treated Lrh-1 WT
and Lrh-1 K289R mice. (F-H) Body weight (F), liver weight (G) and normalized liver weight to body weight (H) of mice
described in (A).
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Following the same method®*, Lrh-1 WT and Lrh-1 K289R mice were injected with DEN at 25 mg/ kg
body weight on postnatal day 14 (Figure 5.1A). Six (mid-term) or eight (long-term) months after injection,
tumor load of the mice were evaluated. In line with our previous data, Lrh-1 K289R mice developed more
hepatic tumors than the control Lrh-1 WT littermates after a long-term DEN treatment (Figure 5.1B), which
was reflected in increased tumor number and size (Figure 5.1C-D). Consistently, H&E staining of long-term
DEN treated liver sections demonstrated more microscopic tumor foci, immunohistochemical staining of
BrdU and Ki67 confirmed increased cell proliferation in Lrh-1 K289R livers (Figure 5.1E). Although no signifi-
cant changes in body weight were observed, a small increase of liver weight of Lrh-1 K289R mice was no-
ticed (Figure 5.1F-H). Collectively, these results corroborate our previous finding that LRH-1 promotes DEN-

induced hepatocarcinogenesis.

5.2  Lrh-1 K289R Induces Asparagine Metabolism

We previously demonstrated that LRH-1 coordinates glutamine metabolism through controlling the expres-
sion of GLS2 to promote cell proliferation and tumor formation. We then assessed whether the increased
tumor formation in the Lrh-1 K289R livers is attributed to an enhanced activity of the LRH-1-GLS2 axis. To
this end, we performed microarray analysis and assessed the transcriptome between Lrh-1 WT and Lrh-1
K289R livers. Although dramatically reduced in LRH-1-deficient livers (Figure 4.9D), the mRNA levels of Gls2,
Gotl Gpt2 and Mel were not significantly enhanced in mid-term DEN-challenged Lrh-1 K289R livers (Figure
5.2A-B). Noteworthy, Lrh-1 K289R exhibits increased transcriptional activity only on a selected subset of the
known LRH-1 target genes and thus cannot be described as a global constitutively active LRH-1 form®®. This
suggested that the LRH-1-GLS2 cascade does not contribute to the tumor promoting phenotype in Lrh-1
K289R livers upon DEN administration (Figure 5.2C). Strikingly, one of the most significantly enhanced tran-
scripts observed in the DEN-treated livers of Lrh-1 K289R mice compared to control Lrh-1 WT mice was
asparagine synthetase (Asns) (Figure 5.2A-B). ASNS sits at the crossroads of glutamine and asparagine me-
tabolism where it catalyzes the biosynthesis of asparagine from glutamine and aspartate through an ATP-
dependent transamination reaction (Figure 5.2C). In parallel, altered mRNA levels of Asns were also trans-
lated into significant changes in ASNS protein levels (Figure 5.2D), which were found to be solely expressed

in the cytosol (Figure 5.2E), suggesting a solid regulatory relationship between LRH-1 and ASNS.
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Figure 5. 2 LRH-1 Controls ASNS Expression In Vivo

(A) Heatmap displaying mRNA levels of GIs2, Got1, Gpt2, Mel and Asns in livers of DEN-treated Lrh-1 WT (n=7) and
Lrh-1 K289R (n=7) mice. (B) Relative hepatic mRNA expression of Gls2, Gotl, Gpt2, Mel and Asns in livers of DEN-
treated Lrh-1 WT (n=10) and Lrh-1 K289R (n=12) mice. (C) Graphical representation of enzymes involved in glutamine
and asparagine metabolism. (D) Protein levels of ASNS in livers of DEN-treated Lrh-1 WT and Lrh-1 K289R mice. (E) Cy-
tosolic and mitochondrial protein levels of ASNS in livers of DEN-treated Lrh-1 WT and Lrh-1 K289R mice. Data are
represented as mean = S.E.M.***P < 0.001 by two-tailed Student's t-test.

Given the robust changes in ASNS expression, we hypothesized that hepatic GOF of LRH-1 affects the con-
version of aspartate to asparagine (Figure 5.3A). In this regard, we performed targeted liquid chromatog-
raphy mass spectrometry (LC-MS) analysis of intracellular glutamine (GIn), glutamate (Glu), asparagine
(Asn) and aspartate (Asp). While the GIn/Glu ratio showed no difference (Figure 5.3B), a significant increase
of Asn/Asp levels in the livers of Lrh-1 K289R mice was observed (Figure 5.3C), indicating LRH-1 participates

in the regulation of asparagine metabolism.
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Figure 5. 3 LRH-1 Regulates Asn/Asp Levels

(A) Chemical reaction catalyzed by ASNS. (B-C) Relative GIn/Glu (B), Asn/Asp (C) levels in livers of Lrh-1 WT (n=10) and
Lrh-1 K289R (n=12) mice. Data are represented as mean + S.E.M.**P < 0.01 by two-tailed Student's t-test.
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Recent work has implied essential roles of asparagine metabolism in maintaining metabolic homeostasis
and promoting cellular adaptation to metabolic stress in tumor cells. In one study, it was demonstrated that

147

asparagine is sufficient to suppress apoptosis induced by glutamine depletion™’. Silencing of ASNS leads to

cell death even in the presence of glutamine, which can be reversed by addition of exogenous aspara-

. 147
gine

. This observation, however, has only been reported in glioblastoma cells. We thus asked whether
asparagine exhibits similar impact in hepatoma cells. To address this question, Hepal.6 cells were deprived
with glutamine, and then supplemented with asparagine. Removal of glutamine significantly induced apop-
tosis, as evidenced by enhanced cleavage of Caspase 3 and Caspase 7 (Figure 5.4A-B), and cell death (Figure
5.4C). Moreover, supplementation of asparagine attenuated glutamine withdrawal-induced apoptosis and

cell death (Figure 5.4), indicating that asparagine is essential for hepatoma Hepal.6 cells to evade gluta-

mine-deprivation triggered apoptosis and cell death.
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Figure 5. 4 Asparagine Suppresses Glutamine-depletion Induced Apoptosis

(A-C) Cleavage of Caspase-3 (A), Caspase 3 and 7 activation (B), Representative images captured with a Leica DM mi-
croscope at x40 bright field (C) of Hepa 1.6 cells cultured with or without glutamine (Q), and with or without aspara-
gine (Asn) supplementation (n = 3 per group) for 24 hr. Data are represented as mean + S.E.M. *P < 0.05 versus with
Q; #P < 0.05 versus without Q and without Asn by one-way ANOVA and Tukey's post hoc test.

5.3 Lrh-1 K289R Maintains Asparagine to Suppress Apoptosis

The evidence above implicated a critical role for asparagine in suppressing apoptosis. We then asked
whether the anti-apoptotic function of asparagine depends on the ability of ASNS, which is the only enzyme
maintains intracellular levels of asparagine. To address this question, we used shRNA to silence ASNS in
Hepal.6 cells. Suppression of ASNS led to apoptosis (Figure 5.5A) and impeded cell survival (Figure 5.5B) in
the absence of asparagine. These effects were reversed by exogenous addition of asparagine (Figure 5.5A-
B), supporting the notion that expression of ASNS is required for glutamine-dependent survival. Further-
more, suppression of ASNS inhibited cell proliferation in the absence of asparagine (Figure 5.5C), demon-

strating that ASNS is also required for cell proliferation.
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Figure 5. 5 Loss of ASNS Induces Apoptosis

(A-B) Caspase 3 and 7 activation (A), Trypan blue staining (B) of Hepa 1.6 cells infected with either GFP or ASNS silenc-
ing lentiviruses (n=3 per group) cultured with or without glutamine (Q), and with or without asparagine (N or Asn)
supplementation (n = 3 per group) for 24 hr. (C) Cell proliferation of Hepa 1.6 cells infected with either GFP or ASNS si-
lencing lentiviruses (n=3 per group) cultured with glutamine, and without asparagine supplementation (n = 3 per
group). Data are represented as mean + S.E.M. **P < 0.01 and *** P < 0.001 by one-way ANOVA and Tukey's post hoc
test.

Overcoming cell death is a marked feature of cancer cells*’, and metabolic reprogramming supports
cancer cell survival to eventually favor tumor formation in vivo. Given the strong association between

. . . 2 2
apoptosis and cell survival in HCC development®®® 2%

, and the marked increase of Asn/Asp ratio in livers of
Lrh-1 K289R mice, we then asked whether apoptosis is reduced in DEN-treated Lrh-1 K289R livers. To do so,
we evaluated Caspase 3 activation in DEN-treated Lrh-1 WT and Lrh-1 K289R livers, and observed a striking
reduction of cleaved Caspase 3 in the Lrh-1 K289R livers (Figure 5.6A), indicating that Lrh-1 K289R promotes
hepatic cell survival upon DEN challenge. Of interest, we also observed an increased phosphorylation of
4EBP1, suggesting that the mTORC1 pathway is activated in DEN-treated Lrh-1 K289R livers. In line with the
unaltered expression of G/s2, no significant differences in a-KG levels were observed between livers of Lrh-
1 WT and Lrh-1 K289R mice (Figure 5.6B). Moreover, depletion of glutamine in Hepal.6 cells inhibited
mTORC1 activity, while supplementation of asparagine restored the activation of mMTORC1 signaling (Figure

5.6C). Taken together, these results demonstrate that LRH-1 K289R suppresses apoptosis in DEN-treated

livers, and LRH-1 K289R may stimulate mTORC1 signaling pathway in an Asn-dependent manner.
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Figure 5. 6 Lrh-1 K289R Suppresses Apoptosis and Activates mTORC1 Signaling in DEN-treated Livers

(A-B) Cleavage of Caspase-3 and phosphorylation of 4EBP1 (A), intracellular a-KG levels (B) in livers of 8 months DEN-
treated Lrh-1 WTand Lrh-1 K289R mice. (C) Phosphorylation levels of 4EBP1 in Hepa 1.6 cells cultured with or without
glutamine or Asn supplementation.
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5.4 Define the Role of Asparagine Synthetase in Liver Tumorigenesis

ASNS overexpression has been linked to solid tumor formation, such as those of the pancreas *** and ovary
%4 and is shown to be important for liver regeneration’®. Despite the numerous existing correlations be-
tween L-asparaginase treatment and ALL pathology, in vivo studies demonstrating a causal link between
ASNS activity and tumorigenesis are currently lacking. Moreover, conflicting studies propose ASNS as a tu-
mor suppressor rather than as a tumor promoter, which would argue against a role for ASNS in HCC*".
There is hence a crucial need to unequivocally establish whether ASNS is a relevant cancer target in vivo.
Therefore, our lab has generated liver-specific ASNS mutant mice from C57BL/6N ES cells with floxed Asns
alleles (www.mousephenotype.org). These ASNS L2/L2 mice were then bred with liver-specific albumin-CRE

hep/ mice, which

transgenic mice (http://jaxmice.jax.org/strain /003574.html) to generate liver-specific Asns
have been validated (Figure 5.7A-C). We are now using these mice to investigate the role of ASNS in the
development of HCC by applying the DEN induced liver cancer model. These ASNS L2/L2 mice were also
under breeding with CMV-CRE transgenic mice (https://www.jax.org/strain/006054) to generate whole

body Asns” mice.
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Figure 5. 7 Generation and Validation of Mice with a Targeted Mutation of ASNS in Hepatocytes

(A) Schematic map of the ASNS genomic locus, the floxed allele with a neomycin cassette (neo). White boxes repre-
sent the respective exons. Mice carrying the floxed ASNS alleles were crossed with liver-specific albumin-CRE trans-
genic mice to induce Cre-mediated recombination of the floxed ASNS alleles in hepatocytes. (B-C) ASNS mRNA (B) and
protein (C) levels in primary hepatocytes isolated from ASNS"** mice and ASNS™"” mice.

5.5 Dissect the Regulatory Network of LRH-1-ASNS Cascade

Given the solid correlation between LRH-1 and ASNS, we intended to dissect the molecular network
through which LRH-1 governs ASNS expression. We first tested whether Asns is a direct transcriptional tar-
get of LRH-1. Analysis of the same genome-wide hepatic LRH-1 ChIP-seq dataset as described previously*”
revealed a weak LRH-1 recruitment at the mouse Asns promoter (Figure 5.8A), and extensive computational
analyses identified three putative binding sites in this region of the promoter (Figure 5.8B). Site-specific

ChIP analysis using DNA from mid-term DEN-treated Lrh-1""*"* and Lrh-1"""" livers, however, revealed no

LRH-1 recruitment to those three putative binding sites (Figure 5.8C). Especially when compared to LRH-1
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binding strength to the promoter of Shp, which is a well-established LRH-1 target, the recruitment of LRH-1
to Asns promoter appears to be very weak (Figure 5.8A and C). Taken together, these results suggest that

Asns transcription is most likely not directly regulated by LRH-1.
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Figure 5. 8 Asns Is an Indirect Transcriptional Target of LRH-1

(A) UCSC genome browser (mm9) view displaying the occupancy of mouse Asns and Shp by 1gG and LRH-1%>°, (B)

Schematic representation of the 3 putative LRH-1 response elements in the proximal mouse Asns promoter. (D) ChIP-

gPCR assay to evaluate the relative LRH-1 binding to the mouse Asns promoter. Data represent mean + S.E.M.

Earlier report revealed a role for the GCN2-elF2a-ATF4-ASNS pathway in the survival and proliferation
of cells derived from colon carcinoma or fibrosarcoma'*. Given the known role of ATF4 in the regulation of
ASNS gene expression, we initially examined ATF4 protein levels in livers of mid-term DEN-treated Lrh-1 WT
and Lrh-1 K289R mice, yet no significant differences were observed between the two genotypes (Figure
5.9A). Moreover, previous reports demonstrated that activating transcription factor 5 (ATF5) directly drives

271, 272

Asns transcription by binding to its promoter . We thus analyzed if the increase of ASNS in livers of Lrh-

1 K289R mice results from ATF5 stimulation. We first assessed the mRNA expression of Atf5 in mid-term
DEN-treated mice, and detected a strong induction of Atf5 in Lrh-1 K289R livers (Figure 5.9B). In parallel,
ATFS reconstitution in Lrh-1"7" livers restored Asns expression (Figure 5.9C). Analysis of the previously
described genome-wide hepatic LRH-1 ChlIP-seq dataset” revealed a LRH-1 recruitment at the mouse Atf5
promoter (Figure 5.8D). Notably, early study has described an important role of ATF5 in promoting cell sur-
|272, 273

viva . We hence hypothesized that LRH-1 may regulate ASNS expression through ATF5 to support cell

|273, 274273, 274272, 273

surviva . More experiments are currently ongoing to define the molecular mechanism in

the LRH-1/ATF5/ASNS axis.
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Figure 5. 9 ATF5 Regulates Asns Expression

(A-B) Hepatic protein levels of ATF4 (A), Relative hepatic mMRNA expression of Atf5 (B) in livers of DEN-treated Lrh-1
WT (n=10) and Lrh-1 K289R (n=12) mice. Data are represented as mean + S.E.M. ¥***P < 0.001 versus Lrh-1 WT by two-
tailed Student's t-test. (C) Relative hepatic mRNA expression of Atf5 and Asns in livers of control virus infected Lrh-
1""** and Lrh-1""7" mice, and AAVS-ATFS virus infected Lrh-1"" mice (n=4-5 per group). Data are represented as

mean + S.E.M. *P < 0.05 versus Lrh-1""""*; #P < 0.05 versus Lrh-1""" by one-way ANOVA and Tukey's post hoc test.
(D) UCSC genome browser (mm?9) view displaying the occupancy of mouse Atf5 by I1gG and LRH-17°,

5.6  Discussion and Future Studies

The biological contributions of glutamine to transformed cells are versatile and complex. Glutamine pro-
vides carbon and nitrogen for macromolecule biosynthesis, it is also involved in many cellular processes,

37,838,135 |5 addition, glutamine also con-

including anti-oxidative stress, mTOR signaling and autophagy
tributes to biosynthesis of several amino acids including asparagine that requires glutamine for de novo
synthesis via the enzyme ASNS. The importance of asparagine for tumor growth has been demonstrated by
the effectiveness of asparaginase in treating low-ASNS-expressing leukemia. Earlier studies on metabolic
profiling have identified a number of metabolites that are heavily consumed by cancer cells, including as-
paragine®’®. Recently, genetic silencing of ASNS in sarcoma cells combined with depletion of plasma aspara-

149

gine levels via asparaginase was shown to blunt tumor growth in vivo™. ASNS expression in solid tumors

%7 Thus, cancer cells appear to have high demand for

correlates with high tumor grade and poor prognosis
asparagine. However, the mechanisms behind this asparagine-dependency are largely unexplored.

In the study of this chapter, we explored the role of ASNS and its end-product asparagine in the context
of liver cancer using a selective gain-of-function (GOF) LRH-1 mouse model, in which one mutation of lysine
residue 289 to arginine (K289R) abolishes SUMO modification of LRH-1 and interferes with co-repressor
interactions, subsequently leading to selectively increased transcriptional activity of LRH-1. We observed
that Lrh-1 K289R mice developed more hepatic tumors compared to control littermates upon DEN expo-

sure. This supports our previous finding that LRH-1 confers a pro-tumorigenic role in liver cancer develop-

ment.
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Our results in chapter 4 demonstrated that LRH-1 coordinates glutamine metabolism in promoting liver
cancer progression. We thus assessed whether the previously identified mechanistic basis reliant on
GLS2/GPT2/GOT1/ME1 accounts for the tumor promoting phenotype in DEN-treated Lrh-1 K289R livers.
Notably, none of those genes were significantly changed in the livers upon GOF of LRH-1. Accordingly, in-
tracellular levels of a-KG showed no significant differences between livers of the two genotypes. Notewor-
thy, a striking increase of ASNS expression was observed in Lrh-1 K289R livers, along with a significant in-
duction of Asn/Asp ratios, indicating a strong association between LRH-1 and asparagine metabolism.

Particularly, our results revealed that asparagine plays an important role in the regulation of the cellular
adaptation to glutamine depletion. We showed that glutamine deprivation induced apoptosis in hepatoma
cells, while asparagine was necessary and sufficient to suppress glutamine-withdrawal-induced apoptosis.
Moreover, we found that deletion of ASNS led to cell death even when glutamine was present and aspara-
gine was not available. Addition of extracellular asparagine restored apoptosis and cell survival under these
conditions, indicating ASNS is required for glutamine-dependent cell survival. These results are consistent
with the findings of another study in N-Myc amplified neuroblastoma cell lines'", suggesting that adequate
availability of intrinsic or extrinsic asparagine may act as a critical apoptosis suppressor in different cancer
cell types.

Moreover, a recent study identified a novel role for asparagine as an amino acid exchange factor. It was
shown that intracellular asparagine exchanges with extracellular amino acids, especially serine, arginine
and histidine, to promote mTORC1 activation, protein and nucleotide synthesis and cell proliferation. In
chapter 4, we have demonstrated that LRH-1 stimulates mTORC1 activation in a a-KG dependent manner to
further promote cell proliferation. We then evaluated LRH-1/a-KG/mTORC1 cascade in the selective GOF
LRH-1 mouse model. Although mRNA levels of GIs2 and intracellular availability of a-KG were not changed
between DEN-treated Lrh-1 WT and Lrh-1 K289R livers, enhanced mTORC1 activation was observed in Lrh-1
K289R livers. Moreover, extracellular supplementation of asparagine rescued the inhibited mTORC1 activity
upon glutamine deprivation in Hepal.6 cells, suggesting that LRH-1 may also stimulate mTORC1 signaling
pathway through regulating ASNS expression and its product asparagine.

Collectively, the results in this chapter assigned a potential role for ASNS and asparagine in hepatoma
cell survival and cell proliferation (Figure 5.10), and raised a crucial need of establishing the in vivo rele-
vance of ASNS/asparagine in cancer. We are now assessing the effects of DEN treatment on ASNS"** and
ASNS"7 mice, and this ongoing study will provide more evidence on the importance of ASNS in liver can-
cer. Moreover, we are currently injecting DEN-treated Lrh-1 WT and Lrh-1 K289R mice with asparaginase,
which is an enzyme able to deplete circulating asparagine. Tumor burden, apoptosis and mTORC1 signaling
will be assessed in those mice to determine the contribution of ASNS/asparagine to the tumor promoting

phenotype in DEN-treated Lrh-1 K289R livers.
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Figure 5. 10 Glutamine and Asparagine Metabolism Regulated by LRH-1

Graphical summary illustrating how LRH-1 promotes glutamine and asparagine metabolism in hepatic cancer cells.
Enzymes highlighted in red are reduced in Lrh-1"P"" livers, in blue are induced in Lrh-1 K289R livers, * indicates
indirect regulation by LRH-1.

Mechanistically, we performed ChIP analysis and demonstrated that Asns is not a direct transcriptional
target of LRH-1. ATF4 and ATF5 have previously been shown to regulate Asns transcription. No differences
in ATF4 protein levels were observed between livers of Lrh-1 WT and Lrh-1 K289R mice. However, we found
that ATF5 follows the same regulation patterns as ASNS in both LOF and GOF of LRH-1 mice models. More

importantly, ATF5 reconstitution in Lrh-1"%""

restored ASNS expression, suggesting that ATF5 may act as the
intermediary mediator links LRH-1 and ASNS.

ATF5 is a member of the ATF/cAMP response element-binding protein family. Increased levels of ATF5
have been observed in many types of tumors including glioblastomam, epithelial ovarian neoplasmsm,

274277 and rectal cancer’’®. Previous studies demonstrated that ATF5 acts as an important

breast cancers
anti-apoptotic factor and is required for cancer cell survival. A genome-wide RNAi screen revealed an es-
sential ATF5-mediated survival pathway in malignant glioma, whereby activation of a RAS-mitogen-
activated protein kinase (RAS-MAPK) or phosphoinositide-3-kinase (PI3K) signaling cascade leads to induc-
tion of the transcription factor cAMP response element-binding protein-3-like-2 (CREB3L2), which directly
activates ATF5 expression. ATF5, in turn, promotes survival by stimulating transcription of myeloid cell leu-

2% |n addition, another anti-apoptotic factor B-cell leukemia lymphoma-2 (BCL-

kemia sequence-1 (MCL-1)
2) was also identified as a downstream target of ATF5, and was shown to mediate the prosurvival function
of ATF5 in glioma cells®” breast cancer cells?”*, and ovarian cancer cells®’®. Given the important role of
ATF5 in promoting cancer cell survival, and the strong association between LRH-1, ATF5 and ASNS, we
speculate that LRH-1 promotes cell survival through ATF5-mediated regulation of ASNS and its product

asparagine. Further investigations are required to dissect the molecuar network and the anti-apoptotic

function of the LRH-1/ATF5/ASNS axis.
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Chapter 6 Conclusion and Perspectives

6.1 Achieved Results

In this thesis, | focused on deciphering the role of nuclear receptor LRH-1 in liver intermediary metabolism
and cancer. LRH-1 has previously been linked with the development of several cancers, such as colorectal,
breast, and pancreatic cancer. However, until now our knowledge on the roles of LRH-1 in the development
of another major cancer type, hepatocellular carcinoma is much lacking. Furthermore, previous studies
have focused on the elucidation of how LRH-1 intersects with a number of pro-tumorigenic signaling path-
ways, where the crosstalk with B-catenin pathway represents a prevalent mechanism for LRH-1 function in
several cancer events, evidence on how LRH-1 affects tumor cell metabolism is largely unexplored. Our
findings indicated a key role of LRH-1 in the regulation of hepatic intermediary metabolism with major im-

plication in the pathogenesis of liver cancer.

More specifically, in this thesis, | identified mitochondrial glutamine processing and glutamine-
dependent asparagine biosynthesis as key mechanisms to sustain cell proliferation and cell survival in mod-
els of hepatocellular carcinoma (HCC) and pinpoint the nuclear receptor LRH-1 as a critical regulator of the-
se biochemical processes. The significance of the role of LRH-1 in HCC development is supported by the
observation that mice with a liver-specific disruption of LRH-1 function no longer developed tumors after
exposure to carcinogen diethylnitrosamine (DEN) known to trigger HCC, while mice carrying a knock-in Lrh1
K289R, which represents a selective gain-of-function (GOF) model for LRH-1, developed more tumors after
the exposure to DEN. Using non-invasive in vivo hyperpolarized MR technology, | demonstrated that dimin-
ished glutamine fluxes account for the robust tumor suppressive phenotype in LRH-1 deficient livers, ulti-
mately compromising glutamine-fueled anaplerosis and mTORC1 signaling. More specifically, | demonstrat-
ed that LRH-1 governs the hepatic expression of the mitochondrial gatekeeper of glutamine catabolism,
GLS2, to stimulate glutaminolysis, a-ketoglutarate (a-KG) replenishment, and subsequent mTORC1 activa-
tion. Unlike the more ubiquitously expressed isozyme GLS1, GLS2 expression is highly enriched in hepato-
cytes, underscoring its therapeutic relevance to target liver cancer without undue adverse effects in other
tissues. | conclude that the LRH-1-GLS2 axis is crucial in coordinating the availability of a-KG to drive gluta-
mine-induced anabolic cancer metabolism in the liver. Furthermore, | found that LRH-1 also maintains
NADPH production through coordinating the alternative route of glutamine processing reliant on GPT2,

GOT1 and ME1. | showed that NADPH/NADP" ratio was significantly diminished in LRH-1-deficient livers,
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hep/ mice.

which can also further contribute the striking tumor suppressive phenotype in the livers of Lrh-1

In addition, LRH-1 also plays a crucial role in regulating glutamine-dependent asparagine homeostasis.
Hepatic expression of ASNS, the only identified enzyme for de novo synthesis of asparagine is down-
regulated upon LOF of LRH-1 and increased upon GOF of LRH-1, with sequential modulations on intracellu-
lar Asn/Asp levels. Moreover, | also showed that ASNS or asparagine is required to suppress apoptosis and
cell death induced by glutamine removal, suggesting that LRH-1 may promote cell survival through its regu-
lation of ASNS-mediated asparagine biosynthesis.

In conclusion, studies in this thesis assigned a critical role to LRH-1 in hepatic fuel metabolism with a

striking impact on hepatic tumorigenesis. These findings demonstrated for the first time the existence of a

nuclear receptor-mediated mechanism that links intermediary metabolism to cancer growth.

6.2 Perspectives

In this thesis, | found that LRH-1 loss dramatically reduces the tumor burden in mice treated with the car-
cinogen DEN. Integrative molecular, cellular and metabolic profiling demonstrated that LRH-1 up-regulates
glutamine-dependent anaplerosis which coincides with activated mTORC1 signaling and increased cell pro-
liferation. However, GSEA enrichment analysis demonstrated several other pathways that are significant
altered between Lrh-1"""* and Lrh-1"""" livers, although less enriched than glutamine processing pathway.
For instance, | noticed that some proteasomal subunits are downregulated in LRH-1 knockout livers. Con-
sidering the sensitivity of many cancers to proteasome inhibition, it is conceivable that decreased pro-
teasome activity may have anti-tumorigenic effects. Therefore, it would be interesting in future to test
whether impaired proteasomal function upon LRH-1 loss contributes the tumor suppressive phenotype.
Moreover, recent studies identified cytosolic transaminase GOT1 as a crucial factor for sustaining pro-

264, 265

liferation in cells with mitochondrial electron transport chain (ETC) defects . In the study of chapter 4,
transcript levels of Gotl were markedly reduced in Lrh-1-deficient livers. However, our overall data based
on genome-wide promoter recruitment analysis in Lrh-1"%7 and Lrh-1""** livers and LRH-1 LOF and GOF
studies in hepatoma cell lines indicated that Got1 is rather an indirect target of LRH-1. Given the essential
role of ETC and GOT1 in cell proliferation, it will be of interest to investigate to what extent the GOT1-ETC
axis may account for the anti-tumorigenic effects in DEN-treated Lrh-1-deficient livers. In this context, fur-
ther studies are warranted to dissect the exact mechanistic basis by which LRH-1 governs Got1 expression.

The existing evidence suggests that maintenance of the TCA cycle is critical for glutamine-dependent

survival. Particularly, a cell permeable form of a-KG, DM-KG, has been shown to rescue MYC-transformed

|83, 147 hep+/+

cells from cell death upon glutamine withdrawa . Interestingly, compared to Lrh-1 , | observed a

strong induction of apoptosis in DEN-treated Lrh-1"""" livers. Moreover, Asn and a-KG levels were both
her/ ma

reduced upon hepatic loss of LRH-1, | thus speculate that the increased apoptosis levels in Lrh-1 y
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attribute from reduced availability of asparagine and a-KG. Therefore, the effect of LRH-1/GLS2/a-KG axis
on glutamine-deprivation induced apoptosis may also be interesting to study in more detail.
Furthermore, intracellular a-KG has also been tightly linked with epigenetics that have important impli-

. . 279, 280
cation in many cancers™ ™

. a-KG is one of the cofactors for several dioxygenases, including histone deme-
thylases, prolyl hydroxylases, and the TET2 DNA hydroxylases. Altered a-KG availability affects a-KG-
dependent dioxygenases with consequent regulation of genome-wide DNA methylation and histone modi-

fication?8Y 282

. In chapter 4, | observed a significant reduction of a-KG levels in LRH-1 knockout livers, it
hence would be very interesting in future to assess whether LRH-1 regulates cancer cell growth and prolif-
eration through mediating a-KG-dependent chromatin modification.

Although many facets of ASNS regulation and function have been characterized, there are still several
major gaps remaining in our knowledge. The exact roles and physiological importance of ASNS are largely
unexplored. For example, studies on ASNS have so far only implied its function on asparagine synthesis,
while its activity could also have a significant impact on the substrate aspartate. Especially, aspartate car-

85, 264, 265

ries reducing equivalents in the malate-aspartate shuttle , it has also been shown to restore apopto-

. 283 . . 264, 265
sis”” and to promote cell proliferation®™"

. Increased aspartate levels after ASNS knockdown may thus
confer a beneficial response. It is hence necessary to evaluate the levels and effects of both Asn and Asp
when modulating ASNS expression in vivo or in vitro.

Finally, the identification of small molecule agonists and antagonists as well as the discovery that specif-

ic phospholipid species act as endogenous agonists of LRH-1"7% 172175176

suggest that the receptor could be
a druggable target. In this doctoral work, | demonstrated that LRH-1 acts as a tumor-promoting factor dur-
ing liver cancer development. | also evaluated the effects of several commercially available LRH-1 antago-

. 173, 284
nists™~

on established LRH-1 target genes, cell proliferation and cell survival, the results, however,
demonstrated that these LRH-1 antagonists are neither not highly potent nor specific. Therefore, the identi-
fication and evaluation of novel potent and specific LRH-1 antagonists is needed and may offer interesting
therapeutic perspectives to treat liver cancer. Moreover, some cancers evade asparaginase sensitivity by
up-regulating ASNS expression®®®, presumably to recover intracellular asparagine pools via ASNS-catalyzed

synthesis from glutamine, thus | speculate coupling asparaginase treatment with a glutamine-low diet may

improve efficacy of asparaginase treatment.
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Various tumors develop addiction to glutamine to support
uncontrolled cell proliferation. Here we identify the
nuclear receptor liver receptor homolog 1 (LRH-1) as a
key regulator in the process of hepatic tumorigenesis
through the coordination of a noncanonical glutamine
pathway that is reliant on the mitochondrial and cytosolic
transaminases glutamate pyruvate transaminase 2 (GPT2)
and glutamate oxaloacetate transaminase 1 (GOT1),
which fuel anabolic metabolism. In particular, we show
that gain and loss of function of hepatic LRH-1 modulate
the expression and activity of mitochondrial glutaminase
2 (GLS2), the first and rate-limiting step of this pathway.
Acute and chronic deletion of hepatic LRH-1 blunts the
deamination of glutamine and reduces glutamine-depen-
dent anaplerosis. The robust reduction in glutaminolysis
and the limiting availability of a-ketoglutarate in turn in-
hibit mTORCI1 signaling to eventually block cell growth
and proliferation. Collectively, these studies highlight
the importance of LRH-1 in coordinating glutamine-
induced metabolism and signaling to promote hepatocel-
lular carcinogenesis.

Supplemental material is available for this article.
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During tumorigenesis, cancer cells usually switch from
oxidative metabolism to a highly glycolytic metabolic sta-
tus (Vander Heiden et al. 2009). While glucose is predom-
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receptor NR5A2; mitochondria; anaplerosis; mTOR; NADPH]
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inantly metabolized into lactate rather than entering the
tricarboxylic acid (TCA) cycle, cancer cells particularly
rely on glutamine to replenish TCA cycle intermediates.
This process, termed anaplerosis, is accomplished
through the conversion of glutamine to a-ketoglutarate
(a-KG) via a two-step deamination reaction catalyzed by
glutaminases and then by glutamate dehydrogenase 1
(GLUDL1) or transaminases (DeBerardinis et al. 2008;
Wise et al. 2008; Csibi et al. 2013; Son et al. 2013). Cancer
cells therefore critically depend on glutamine as a fuel for
proliferation, and abrogation of glutamine metabolism
blocks tumorigenesis, indicating an accessible therapeu-
tic window for cancer treatment (Hensley et al. 2013).

Liver receptor homolog 1 (LRH-1; also called NR5A2) is
a nuclear receptor that is enriched in enterohepatic tis-
sues, where it has diverse molecular and physiological
functions (Stein and Schoonjans 2015). LRH-1 has been
linked to cell proliferation and cancer development in
the intestine (Botrugno et al. 2004; Schoonjans et al.
2005) and pancreas (Petersen et al. 2010; Benod et al.
2011). In the liver, LRH-1 regulates various metabolic pro-
cesses, including bile acid synthesis (Mataki et al. 2007;
Lee et al. 2008; Out et al. 2011), glucose sensing and pro-
cessing (Oosterveer et al. 2012), and reverse cholesterol
transport (Stein et al. 2014). Although the function of
LRH-1 in the liver has been extensively studied, its com-
manding role in intermediary metabolism has never
been connected to tumorigenesis.

In this study, we report that LRH-1 promotes diethylni-
trosamine (DEN)-induced hepatocellular carcinoma
(HCC) by coordinating glutamine-induced anabolic me-
tabolism. We demonstrate that LRH-1 facilitates the
production of NADPH from glutamine by favoring a non-
canonical glutamine pathway that optimizes reductive
biosynthesis. Importantly, chronic and acute disruption
of LRH-1 also impairs glutamine-induced anaplerosis
and o-KG availability, ultimately leading to reduced
mTORCI signaling. These results unveil an unexpected
role of LRH-1 in cancer intermediary metabolism with
broad-ranging implications on mTORCI1 signaling.

Results and Discussion

Hepatic loss of LRH-1 prevents DEN-induced liver
carcinogenesis

To investigate the specific contribution of hepatic LRH-1
on HCC formation, we used the well-established DEN
method to induce liver cancer (Bakm and Wagner 2013).
Liver-specific Lrh 1 deficient (Lrh-1"°"~/~) and wild-type
control (Lrh-1"¢?*/*) mice were injected with DEN on
postnatal day 14. Tumor burden was assessed 6 mo
(mid-term) or 10 mo (long-term) after in I]}ectlon (Fig. 1A).
While long-term DEN-challenged Lrh-17¢7*/* littermates
developed multiple hepatic tumors, Lrh-17¢~/~ mice
were strikingly protected (Fig. 1B,C). The robust reduction
of total tumor number and size was not caused by differ-
ences in DEN carcinogenicity as evidenced by the equal
accumulation of DNA adducts induced by DEN

© 2016 Xu et al. This article, published in Genes and Development, is
available under a Creative Commons License (Attribution-NonCommer-
cial 4.0 International), as described at http://creativecommons.org/licens-
es/by-nc/4.0/.
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Figure 1. Hepatic Lrh-1-deficient mice are protected against DEN-induced HCC formation

and display reduced glutamine-dependent anaplerosis. (A) Experimental strategies of DEN ad-
ministration. )DOB) Date of birth. (B) Representative livers of 10-mo DEN-treated Lrh-11¢7+/+
and Lrh-1"¢*~/~ mice. (C) Hepatic tumor number (Ieft) and tumor size (right) in the correspond-
ing genotypes. (D)7 Hepatic O%cthylguanine DNA adducts 6, 24, and 48 h after DEN injection
to 14-d-old Lrh-1"¢"*/* and Lrh-1"P~/~ mice. n=>5-6 per genotype and time point. (E) LRH-1
protein levels in cytosol and nucleus fractions of livers from untreated control (Ctrl), 6-mo
DEN:-treated (MT), and 10-mo DEN-treated (LT) Lrh-1""*/* and Lrh-1"°"~/~ mice. (F) Gene
set enrichment analysis (GSEA) demonstrates down-regulated pathways that were ranked by
normalized enrichment scores (NES) in livers of 6-mo DEN-treated Lrh-1~/~ (n=6) mice
compared with Lrh-1"¢P*/* (n = 7) mice. Specific pathways are indicated. (G) Heat map display-
ing the core-enriched gene set “metabolism of amino acids and derivatives,” expressed in the
livers of the mice described in F. (H) Graphical representation of enzymes involved in gluta-
mine breakdown and metabolism. Enzymes highlighted in red are reduced in Lrh-1"¢"~/~ livers,
as shown in I. (I) Hepatic mRNA levels of glutaminase 2 (GIs2), glutamate oxaloacetate trans-
aminase 1 (Got1), glutamate pyruvate transaminase 2 (Gpt2), and malic enzyme 1 (Me1) in liv-
ers of mice described in F. Data represent mean + SEM. (*) P < 0.05; (**) P <0.01; (***) P <0.001 by

quired for hepatic endoplasmic reticu-
lum (ER) stress resolution through
transcriptional control of polo-like
kinase 3 (PIk3) and subsequent phos-
phorylation of activating transcription
factor 2 (ATF2) (Mamrosh et al. 2014).
To understand the robust tumor-sup-
pressive phenotype, we first assessed
the B-catenin pathway in mid-term
DEN-treated livers in which tumors
were not yet developed (Supplemental
Fig. S1E). In contrast to the findings in
intestinal crypts of germline Lrh-1*/~
mice (Botrugno et al. 2004), p-catenin
targets c-Myc, Ccndl, and Ccnel
were not reduced in the unchallenged
(Supplemental Fig. S1F) or DEN-chal-
lenged (Supplemental Fig. S1G) Lrh-
17P=1= livers. We also evaluated the
Plk3-ATF2 cascade in response to
acute DEN exposure. PIk3 mRNA lev-
els and ATF2 phosphorylation were
not induced by DEN (Supplemental
Fig. S1H; data not shown), indicat-
ing that, in our model, LRH-1 im-
pacts hepatocarcinogenesis via other
mechanisms. We then performed
microarray analysis to compare the
transcriptomes of mid-term DEN-
exposed Lrh-17¢P*/* and Lrh-17¢P=/-
livers. As expected, gene set enrich-
ment analysis (GSEA) confirmed pre-
viously established functions and
target pathways of LRH-1, such as syn-
thesis of bile acids (Fig. 1F; Sup-
plemental Fig. S1LJ). Of interest,
metabolism of amino acid and deriva-
tives scored among the most signifi-

two-tailed Student’s t-test.

exposure in 14-d-old Lrh-1""*/* and Lrh-1"°?~/~ livers (Fig.
1D; see the Supplemental Material for more details). Fur-
thermore, DEN moderately increased LRH-1 protein
abundance but did not affect its nuclear compartmentali-
zation (Fig. 1E). We then performed histological and
immunohistochemical analysis on the long-term DEN-
treated liver sections. H&E staining of Lrh-1""~/~ liver
sections demonstrated fewer microscopic tumor foci,
while BrdU and Ki67 staining confirmed reduced cell pro-
liferation in Lrh-1-deficient livers (Supplemental Fig.
S1A). Moreover, long-term DEN-treated Lrh-17¢P~/~ livers
were significantly lighter compared with Lrh-1P** liv-
ers, while the body weight did not differ between the
two genotypes (Supplemental Fig. S1B-D). Together,
these results indicate that LRH-1 is required for efficient
HCC induction and progression in response to DEN
treatment.

Hepatic loss of LRH-1 inhibits noncanonical glutamine
processing

LRH-1 coordinates intestinal cell renewal and tumor for-
mation through cross-talk with the B-catenin pathway
(Botrugno et al. 2004; Schoonjans et al. 2005). It is also re-
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cantly enriched pathways (Fig. 1F;

Supplemental Fig. S1K). We next ana-

lyzed this gene set in more detail.
While transcripts of several proteasomal subunits were
down-regulated in Lrh-1°P~/~ livers, a more striking re-
duction of several enzymes involved in glutamine catabo-
lism was observed (Fig. 1G). Glutamine plays an essential
role in tumor growth to support anaplerosis and reductive
biosynthesis (DeBerardinis et al. 2008). Several genes in-
volved in the processing of glutamine were reduced in
mid-term DEN-exposed Lrh-17¢?~/~ livers, including mi-
tochondrial glutaminase 2 (GIs2), cytosolic glutamate
oxaloacetate transaminase 1 (Got1), and mitochondrial
glutamate pyruvate transaminase 2 (Gpt2) (Fig. 1G,H).
This pathway is reminiscent of a noncanonical pathway
of glutamine breakdown that was earlier reported in hu-
man glioma (Wise et al. 2008) and pancreatic ductal ade-
nocarcinoma (PDAC) cells as an alternative mechanism
to support NADPH production via malic enzyme (Son
et al. 2013). Not only these genes but also malic enzyme
1 (Me1) were significantly blunted, as confirmed by quan-
titative RT-PCR (qQRT-PCR|) (Fig. 1I). Many cancer cells
typically rely on GLUDI to fuel the TCA cycle through
repleting a-KG (DeBerardinis et al. 2008). Transcript lev-
els of Glud1, however, remained unchanged upon hepatic
loss of function (LOF) of LRH-1 (Supplemental Fig. S1L).
Moreover, mRNA expression of Gls1, Got2, and TCA cy-
cle-related genes was not altered between the two
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genotypes (Supplemental Fig. S1L,M). Col-
lectively, these data indicate that an alterna-
tive pathway involved in hepatic glutamine
processin% is most likely compromised in
Lrh-1%"=~ mice.

LRH-1 regulates reductive biosynthesis
fueled by glutamine processing

We previously showed that LRH-1
coordinates glucose intermediary metabo-
lism via glucokinase (GCK) activation and
subsequent carbohydrate response ele-
ment-binding protein (ChREBP) nuclear
translocation (Oosterveer et al. 2012). Con-
sistent with this study, the ChREBP path-
way was significantly enriched between
both genotypes (Supplemental Fig. S2A,B).
Because Mel is a known ChREBP target
gene (lizuka et al. 2004; Chambers et al.
2013), we first analyzed whether the reduc-
tion of our candidate genes (Fig. 11) results
from impaired GCK-ChREBP signaling.
GCK reconstitution in Lrh-17"~/~ livers re-
stored Chrebpp and Mel (Fig. 2A), but not
GIs2, Got1, or Gpt2 expression (Supplemen-
tal Fig. S2C), indicating that LRH-1 regu-
lates only Me1 via the GCK-ChREBP axis.
In parallel to the reduced Mel expression,
NADPH/NADP" levels were significantly
reduced in unchallenged (Fig. 2B) or DEN-
challenged (Fig. 2C) Lrh-1%"~/~ livers and
was accompanied by a corresponding reduc-
tion of the GSH/GSSG ratio in DEN-treated
livers (Fig. 2D). Although Mel was readily
rescued upon GCK reconstitution (Fig. 2A),
normalization of NADPH/NADP* levels
was still incomplete (Fig. 2B), supporting
the notion that the generation of NADPH
from glutamine is also attenuated in Lrh-
12eP=1= livers.

We next investigated the molecular

LRH-1 drives liver cancer via glutamine processing
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Figure 2. GIs2 is a direct transcriptional target of LRH-1. (A,B) Hepatic mRNA levels of
Gck, Chrebpp, and Me1 (A) and NADPH/NADP” levels (B) in control virus-infected Lrh-
17er++ and Lrh-1"P~/~ mice and AAV8-GCK virus-infected Lrh-1"¢"~/~ mice. n = 4-5 per
group. Data represent mean = SEM. (*] P < 0.05 versus Lrh-1""*/*; (#) P < 0.05 versus Lrh-
177/~ by one-way ANOVA and Tukey’s post-hoc test. (C,D) Relative NADPH/NADP*
(C) and GSH/GSSG (D) levels in livers of 6-mo DEN-treated Lrh-17¢"*/* (n=7) and Lrh-
17P=I= (1 = 6) mice. (E,F) mRNA levels of GIs2, Got1, and Gpt2 (E) and protein levels of
GLS2 (F) in Hepa 1.6 cells transfected with control or Lrh-1 expression plasmids. n=3
per group. (G,H) mRNA levels of GIs2, Got1, and Gpt2 (G) and protein levels of GLS2
(H)in Hepa 1.6 cells transfected with scrambled or Lrh-1 targeted siRNAs. n = 3 per group.
Data represent mean + SEM. (**) P <0.01; (***) P <0.001 by two-tailed Student’s ¢-test. (I)
Hepatic protein levels of GLS2 in mice described in C. (J) University of California at Santa
Cruz (UCSC) genome browser (mm9) view displaying the occupancy of mouse GIs2 by IgG
and LRH-1 (Chong et al. 2012). (K) Schematic representation of the five putative LRH-1
response elements in the proximal mouse GIs2 promoter. (L) ChIP-qPCR (chromatin im-
munoprecipitation [ChIP] combined with qPCR) assay to evaluate the relative LRH-1
binding to the mouse GIs2 promoter. Amplified regions (a, b and c) are depicted in Figure
1K. (M) Luciferase activities in HEK293A cells after cotransfection of a Lrh-1 expression
vector and with empty luciferase reporter (pGL4) and long or short GIs2 promoter con-
structs with or without the indicated mutations. Data represent mean + SEM. (***) P <
0.001 versus empty reporter (pGL4); (#) P <0.05 versus long GIs2 promoter construct by
one-way ANOVA and Tukey’s post-hoc test.

LRH-1 recruitment to putative binding sites 1, 2, and 3

mechanism (Fig. 2L). Mutation of these binding sites in mouse GIs2-

through which LRH-1 regulates glutamine metabolism.
Overexpression of LRH-1 in mouse hepatoma Hepa 1.6
cells resulted in an increase of GLS2 transcripts and pro-
tein, while Got1 and Gpt2 transcripts were unchanged
(Fig. 2E,F). Conversely, siRNA-mediated silencing of
LRH-1 exclusively reduced the expression of GLS2
mRNA and protein (Fig. 2G,H). In Lrh-1""~/~ mice, re-
duced hepatic GIs2 mRNA expression (Fig. 1H) translated
into lower GLS2 protein levels (Fig. 2I). Of interest, GIs2
is highly expressed in the liver compared with GIs1 (Sup-
plemental Fig. S2D). GLS2 deaminates mitochondrial glu-
tamine, thus controlling a major anaplerotic step for
hepatic glutamine utilization (Hensley et al. 2013). We
then asked whether GIs2 is subjected to direct transcrip-
tional regulation by LRH-1. Analysis of a genome-wide he-
patic LRH-1 ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) data
set (Chong et al. 2012) revealed LRH-1 recruitment at
the GIs2 promoter (Fig. 2J), and computational analysis
identified five putative LRH-1 response elements within
the GIs2 promoter under the LRH-1 ChIP-seq peak (Fig.
2K). Site-specific ChIP assays using DNA from mid-term
DEN-treated Lrh-15¢P*/* and Lrh-12¢P~/~ livers revealed

luciferase reporter constructs further mapped site 3, which
is conserved in the human GIs2 promoter (Supplemental
Fig. S2E), as the major site that confers LRH-1 responsive-
ness (Fig. 2M). Accordingly, silencing of LRH-1 in human
hepatoma HepG2 cells also led to a significant reduction
of GIs2 transcripts (Supplemental Fig. S2F).

LRH-1 regulates GLS2 to promote glutamine-induced
anaplerosis

Given the marked reduction of GLS2 in Lrh-17"~/~ mice,
we hypothesized that hepatic loss of LRH-1 blunts
the conversion of glutamine to glutamate. To test the
flux through GLS2 in vivo, we performed *C nuclear mag-
netic resonance (**C MR spectroscopy measurements fol-
lowing hyperpolarized [5-'°C|glutamine injection (Cabella
etal.2013; Chenget al. 2013).[5-1*C]glutamine was hyper-
polarized using dissolution dynamic nuclear polarization
(DNP| and rapidly injected into DEN-treated Lrh-17°P~/~
and Lrh-1""*/* mice followed by real-time recording
of its conversion to [5-'*C|glutamate (Fig. 3A,B). As ex-
pected, Lrh-1""~/~ showed a strong decrease in hepatic
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[5-'3C]glutamate content compared with
Lrh-177*/* mice (Fig. 3C). Unlike the expres-
sion levels of glutamine transporters Slc1a5
and Slc7a5, which were unchanged (Supple-
mental Fig. S3A), hepatic a-KG levels were
diminished in Lrh-1%P~/~ mice (Fig. 3D), in-
dicating that LRH-1 LOF may attenuate
glutamine-fueled anaplerosis. To further ex-
plore the direct roles of LRH-1 and GLS2 in
maintaining glutaminolysis and intracellu-
lar a-KG pools, we examined the effect of glu-
tamine metabolism on a-KG levels. Hepa 1.6
cells were starved of glutamine for 6 h, and
removal of glutamine significantly reduced
the intracellular levels of a-KG (Supplemen-
tal Fig. S3B), demonstrating that glutamine
sustains glutaminolysis. We then acutely
modulated LRH-1 or GLS2 expression in
Hepa 1.6 cells. In line with the reduced
a-KG abundance in Lrh-1"¢?~/~ livers, over-
expression of LRH-1 or GLS2 increased,
while siRNA-mediated silencing of LRH-1
or GLS2 decreased, a-KG levels in Hepa 1.6
cells (Fig. 3E-H). Together, these results
demonstrate that LRH-1 promotes gluta-
mine-induced anaplerosis via the induction
of GLS2.

LRH-1 modulates the mTORC1 pathway
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Figure 3. LRH-1 controls glutamine-induced anaplerosis and regulates mTORC] activ-
ity. (A) GLS2-mediated biochemical reaction with hyperpolarized [5-'*C]glutamine. Red
dots indicate the labelling of C5. (B-D) Representative in vivo '*C MR spectra showing
hYPerpolarized [5-3C]glutamate production with the by-product signal of hypergolarized
[5-13CJpyroglutamate (B), the mean signal intensity of the hyperpolarized [5-"*C]gluta-
mate formed via %}utaminase (C), and intracellular a-KG levels (D) in the livers of
DEN-treated Lrh-1"°?*/* and Lrh-1"*"~/~ mice. (E-H) Intracellular a-KG levels in Hepa
1.6 cells transfected with either control or Lrh-1 expression plasmids (n=3 per group
(E) or scrambled or Lrh-1 targeted siRNAs (n =3 per group) (F), transduced with either
AdGFP or AAGLS2 viruses (n = 3 per group) (G), or transfected with scrambled or GIs2 tar-
geted siRNAs (n = 3 per group) (H). (I) Phosphorylation states of S6K and 4EBP1 in the liv-
ers of mice described in B. (J-M) Phosphorylation states of S6K and 4EBP1 in Hepa 1.6
cells transfected as in E (]), transduced as in G (K), transfected as in F (L), or transfected
as in H (M) with or without dimethyl-KG (DM-KG| supplementation (L,M). Data repre-
sent mean = SEM. (*) P <0.05; (**) P <0.01; (***) P <0.001 by two-tailed Student’s t-test.

in an a-KG-dependent manner

Glutamine is metabolized through glutami-

nolysis to produce a-KG. Previous studies showed that in-
creased glutamine (Duran et al. 2012; Bar-Peled and
Sabatini 2014) or a-KG (Duran et al. 2012) availability
stimulates the mTORCI1 signaling pathway. Of note, a ro-
bust reduction of mTORCI activation was observed in
Lrh-1"¢P=/~ livers, as evidenced by the decreased phosphor-
ylation of 4EBP1 and S6K (Fig. 3I). We then investigated the
importance of glutamine in the activation of mMTORCI in
Hepa 1.6 cells. Depletion of glutamine for 6 h reduced a-
KG levels (Supplemental Fig. S3B) and inhibited mTORC1
activity (Supplemental Fig. S3C). Moreover, supplementa-
tion of a cell-permeable a-KG analog, dimethyl-KG (DM-
KG), restored the activation of mTORCI signaling upon
glutamine deprivation (Supplemental Fig. S3D), indicating
that intracellular glutamine and its derived a-KG are es-
sential to stimulate mTORCI. Based on these results, we
overexpressed LRH-1 or GLS2 in Hepa 1.6 cells. In both
settings, mTORCI1 activity was induced in the presence
of glutamine (Fig. 3],K). These effects were reversed upon
glutamine starvation (Supplemental Fig. S3E,F). Further-
more, RNAi-mediated suppression of LRH-1 or GLS2 in-
terfered with phosphorylation of 4EBP1 and S6K in the
presence of glutamine, while addition of DM-KG or over-
expression of GLS2 or LRH-1, respectively, rescued
mTORCI activities (Fig. 3L,M; Supplemental Fig. S3G,
H). These data hence suggest that the LRH-1-GLS2 axis in-
creases a-KG levels and consequently activates mTORCI.

The LRH-1-GLS2 axis promotes cell proliferation

Activation of mTORCI inhibits autophagy (Kim et al.
2011), activates protein translation (Ma and Blenis 2009),
and promotes cell growth (Schmelzle and Hall 2000). To
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investigate the importance of the LRH-1-GLS2-mTORC1
pathway, we first assessed autophagy in mid-term DEN-
treated livers. As expected, disruption of LRH-1 induced
autophagy, as evidenced by reduced phosphorylation of
ULK-1 at Ser757, blunted P62, and increased LC3-II levels
(Supplemental Fig. S4A). Silencing of LRH-1 or GLS2 de-
creased global protein translation as measured by incorpo-
ration of *°S-labelled methionine in Hepa 1.6 cells (Fig. 4A,
B), while their overexpression enhanced translation (Sup-
plemental Fig. S4B,C). We then evaluated the link between
LRH-1, a-KG, and cell proliferation. As expected, LRH-1 or
GLS2 overexpression promoted cell proliferation, while
additional glutamine deprivation prevented the increase
in cell proliferation (Fig. 4C,D). Conversely, inhibition
of glutaminolysis by LRH-1 or GLS2 silencing inhibited
cell proliferation, while overexpression of LRH-1 or
GLS2 rescued this effect (Supplemental Fig. S4D,E). More-
over, diminished cell proliferation upon LRH-1 or GLS2
suppression could also be rescued by addition of DM-KG
(Fig. 4E,F), indicating that the LRH-1-GLS2 axis activates
cell proliferation in an a-KG-dependent manner. It has
been shown that GLS2-catalyzed deamination of glu-
tamine is also essential for the control of intracellular
reactive oxygen species (ROS) levels (Hu et al. 2010). Sup-
plementation with the antioxidant N-acetyl-cysteine
(NAC), however, could not rescue the inhibited cell pro-
liferation upon LRH-1 or GLS2 silencing in Hepa 1.6
cells (Supplemental Fig. S4F,G), suggesting that reduced
mTORCI signaling rather than induced oxidative stress
accounts for the reduction in cell proliferation. Further-
more, Hepa 1.6 cells silenced for LRH-1 or GLS2 induced
significantly less tumor growth after propagation in athy-
mic nude mice (Fig. 4G). Taken together, these findings
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highlight that LRH-1 promotes cell proliferation through
glutaminolysis and mTORCI1 signaling.

In conclusion, our study assigns a critical role to LRH-1
in hepatic fuel metabolism with a striking impact on he-
patic tumorigenesis. Unlike the role of LRH-1 in the intes-
tine and pancreas, the oncogenic potential of hepatic
LRH-1 is independent from the p-catenin/Wnt signaling
pathway and is instead driven by the regulation of specific
gene programs involved in mitochondrial glutamine ca-
tabolism (Fig. 4H). The enhanced mTORCI signaling
upon LRH-1-induced glutaminolysis indicates that the ef-
fect of LRH-1 on glutamine processing also impinges on
established kinases in cell growth and cancer, thereby fur-
ther amplifying the overall growth-stimulating effect.
These observations, together with our previous findings
linking LRH-1 to glucose-dependent fatty acid biosynthe-
sis via ChREBP activation (Oosterveer et al. 2012), support
the notion that LRH-1 confers a protumorigenic status to
hepatocytes by promoting the metabolism of the principal
fuel substrates of cancer cells. Further studies are warrant-
ed to fully understand its role in human HCC and explore
its potential as a drug target.
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Figure 4. The LRH-1-GLS2 axis promotes protein translation and
cell proliferation. (A,B) Global protein synthesis measured by 2°S-la-
belled methionine incorporation in Hepa 1.6 cells transfected with ei-
ther scrambled or Lrh-1 targeted siRNAs (n=3 per group) (A) or
scrambled or GIs2 targeted siRNAs (n =3 per group) (B). Relative %°S
methionine signals were normalized to Tubulin. Data represent
mean + SEM. (*) P<0.05; (**) P<0.01 by two-tailed Student’s t-test.
(C-F) Relative viable cells and representative Crystal Violet staining
images of Hepa 1.6 cells transfected with either control or Lrh-1 ex-
pression plasmids (n=3 per group) (C) or transduced with either
AdGFP or AAGLS2 viruses (n = 3 per group) (D) with or without gluta-
mine deprivation or scrambled or Lrh-1 targeted siRNAs (n=3 per
group) (E) or scrambled or GIs2 targeted siRNAs (n =3 per group) (F)
with or without DM-KG supplementation. Data represent mean =
SEM. (*) P<0.05; (***) P<0.001 by one-way ANOVA and Tukey’s
post-hoc test. (G) Comparison of tumor growth and volume of mice
subcutaneously injected with Hepa 1.6 cells that were transduced
with scrambled, LRH-1 targeted, or GLS2 targeted shRNA. n =6 per
group. (H) Graphical summary illustrating how LRH-1 promotes glu-
tamine-induced anaplerosis and reductive biosynthesis in hepatic
cancer cells. Enzymes highlighted in red are reduced in Lrh-17¢"~/~
livers, and an asterisk indicates indirect regulation by LRH-1.

LRH-1 drives liver cancer via glutamine processing

Materials and methods

Animal studies

Hepatocyte-specific LRH-1 knockout (Lrh-1"¢~=) and wild-type
(Lrh-1"¢7*/*) mice were previously reported (Oosterveer et al. 2012). Con-
genic neonatal mice at 14 d old were intraperitoneally injected with
DEN at a dose of 25 mg per kilogram of body weight to initiate tumor for-
mation. Six months (mid-term DEN) or 10 mo (long-term DEN) after in-
jection, mice were sacrificed, and liver tissue was collected. The
experiments with the AAVS viruses have been described previously (Oos-
terveer et al. 2012). Five-week-old male BALB/c nu/nu mice were pur-
chased from Charles River and maintained in the animal facilities. All
animal procedures were approved by the Swiss authorities (Canton of
Vaud, animal protocol IDs 2375 and 2768) and performed in accordance
with our institutional guidelines.

ChIP

ChIP analysis was performed as described previously with minor modifica-
tions (Stein et al. 2014). DNA was purified using the PCR clean-up extrac-
tion kit (Macherey-Nagel), after which qRT-PCR was performed as
described previously (Mataki et al. 2007). Data were normalized to the in-
put [fold differences = 27t sample —Ceinputh CHIp primer sequences are list-
ed in Supplemental Table 1.

Measurements of metabolites

For NADPH/NADP* and GSH/GSSG ratios, liver biopsies were extracted
with 70% ethanol, and biomass was separated by centrifugation at 4000
rpm for 10 min. Liquid extracts were then dried by vacuum centrifugation,
resuspended in 10 pL of water per milligram of wet weight, and analyzed
by targeted liquid chromatography-tandem mass spectrometry on a
Thermo Quantum Ultra instrument equipped with a Waters Acquity ultra
high performance liquid chromatographer (UPLC). Intracellular a-KG lev-
els were determined using commercial kits (Abcam, ab83431) according to
the manufacturer’s instructions.

In vivo hyperpolarized "*C MR measurements

DEN-treated Lrh-17¢P*/* and Lrh-17¢"~/~ mice were anesthetized with
~1.8% isoflurane, 0.5% O,, and 0.5% air. A 750-pL bolus containing a
dose of 0.57 mmol/kg=0.02 mmol/kg hyperpolarized [5-'*Clglutamine
was administered in 9 sec. A series of 30°C BIR4 adiabatic RF excitation
pulses were applied using a custom-built dual 'H/"*C probe (two 'H sur-
face coils placed in quadrature on top of a '*C single-loop surface coil)
placed under the animal on the shaved skin located above the mouse’s
liver. In vivo "*C MR measurements were respiratory-gated and triggered
with simulated cardiac signal with a repetition time of 1 sec. Acquisi-
tions were performed with an INOVA spectrometer (Varian/Magnex).
The peak integrals were obtained from summed spectra analyzed using
VNMR]J.

Allograft tumor study

Hepa 1.6 cells suspended in phosphate-buffered saline were injected subcu-
taneously into the left flanks of nude mice (4 x 10° cells per flank). The di-
ameters of the tumors were measured every 3 d, and tumor volumes (V)
were calculated using the formula V = LxW?/2, where L is length, and W
is width.

Statistical analysis

Data represent mean + SEM. Comparison of differences between two
groups was assessed using two-tailed Student’s t-tests. Multiple group
comparisons were assessed by one-way ANOVA and Tukey’s post-hoc
test. Differences under P <0.05 were considered statistically significant
(P<0.05 [*], P<0.01 [**], and P <0.001 [***]).

More experimental Materials and Methods are included in the Supple-
mental Material.
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SUMMARY

Reverse cholesterol transport (RCT) is an antiathero-
genic process in which excessive cholesterol from pe-
ripheral tissues is transported to the liver and finally
excreted from the body viathe bile. The nuclear recep-
torliver receptor homolog 1 (LRH-1) drives expression
of genes regulating RCT, and its activity can be modi-
fied by different posttranslational modifications. Here,
we show that atherosclerosis-prone mice carrying
a mutation that abolishes SUMOylation of LRH-1 on
K289R develop less aortic plaques than control litter-
mates when exposed to a high-cholesterol diet. The
mechanism underlying this atheroprotection involves
an increase in RCT and its associated hepatic genes
and is secondary to a compromised interaction of
LRH-1 K289R with the corepressor prospero homeo-
box protein 1 (PROX1). Our study reveals that the
SUMOylation status of a single nuclear receptor lysine
residue can impact the development of a complex
metabolic disease such as atherosclerosis.

INTRODUCTION

Atherosclerosis is a disease characterized by excessive
cholesterol accumulation in vessel walls. It evolves from a com-
plex interplay between hypercholesterolemia, dyslipidemia, and
chronic inflammation and encompasses several tissues and
organs (Weber and Noels, 2011). Rupture of an atherosclerotic
plague may lead to a myocardial infarction or stroke, two of
the primary causes of morbidity and mortality in the world (Weber
and Noels, 2011).

Liver receptor homolog 1 (LRH-1 or NR5A2) is a member of the
NR5A subfamily of nuclear receptors (NRs) that binds as a mono-
mer to its response elements (Fayard et al., 2004). The transcrip-

P

@ CrossMark

tional activity of LRH-1 is governed by multiple factors, including
the binding of ligands and posttranslational modifications, which
together define its interaction with transcriptional coregulators
(Fernandez-Marcos et al., 2011; Lee and Moore, 2008). LRH-1
is highly expressed in tissues of the enterohepatic axis, where it
has diverse molecular and physiological functions (Fayard et al.,
2004) ranging from local glucocorticoid production in the intestine
(Coste et al., 2007) to glucose sensing in the liver (Oosterveer
et al., 2012). Interestingly, one of the first described LRH-1 target
genes is scavenger receptor B type 1 (Scarb1) (Schoonjans et al.,
2002), a gene that is expressed in many tissues and plays
important functions in reverse cholesterol transport (RCT), an
antiatherogenic process in which excessive cholesterol from
peripheral tissues is transported to the liver and finally excreted
via the bile (Rosenson et al., 2012). Although several other LRH-
1 target genes involved in cholesterol metabolism have been
identified, including carbox! ester lipase (Cel) (Fayard et al.,
2008), ATP binding cassette member subfamily G5 (Abcgb),
Abcg8 (Freeman et al., 2004), and apolipoprotein M (Apom)
(Venteclef et al., 2008), so far no study has demonstrated that
LRH-1 activity is critical for proper RCT or atherogenesis.

LRH-1 is targeted for SUMOylation by E3-SUMO ligases at
several lysine residues, and this conserved reversible posttrans-
lational modification affects its transcriptional activity (Chalkia-
daki and Talianidis, 2005; Lee et al., 2005; Talamillo et al.,
2013; Venteclef et al., 2010; Ward et al., 2013). SUMOylation of
human LRH-1 is considered to attenuate its transcriptional activ-
ity, yet the mechanistic basis underlying this repression is poorly
understood. Although one study reported that the SUMOylated
form of LRH-1 is sequestered into promyelocytic leukemia
(PML) protein bodies (Chalkiadaki and Talianidis, 2005), another
study proposed that SUMO modification of LRH-1 stabilizes the
recruitment of the transcriptional nuclear receptor corepressor 1
and histone deacetylase 3 (NCoR1/Hdac3) corepressor complex
through its association with G protein pathway suppressor 2
(GPS2) (Venteclef et al., 2010).

In this study, we demonstrate that mice carrying a mutation on
lysine 289 of LRH-1 (Lrh1 K289R mice) display reduced LRH-1

Cell Metabolism 20, 603-613, October 7, 2014 ©2014 Elsevier Inc. 603
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Figure 1. Non-SUMOylatable LRH-1 K289R Displays Increased Reporter Activity and Impaired SUMOylation In Vitro

(A) Schematic overview of LRH-1 highlighting the lysine residues that were mutated. DBD, DNA binding domain; FTZ, fushi tarazu homology domain; LBD, ligand
binding domain; AF2, activation function 2 domain.

(B) Luciferase assay performed in HEK293T cells that were cotransfected with a pGL3::(LRHRE)s-TK-LUC and a pCMV plasmid coding for LRH-1 WT or the
outlined mutant constructs. n = 3. The experiment was replicated three times.

(C) Immunoprecipitation of V5-tagged LRH-1 to detect the SUMOylated band of LRH-1 (arrowheads). HEK293T cells were transfected with pCMV-V5::LRH-1 WT
or pCMV-V5::LRH-1 K289R, pCMV::PIAS3, and/or pcDNA-HA::SUMO-1-HA. The experiment was replicated at least three times.

(D) Immunoprecipitation of V5-tagged LRH-1 to detect the SUMOylated band of LRH-1 in HEK293T cells that were transfected with pCMV-V5::LRH-1 (WT or
K289R) and pCMV-FLAG::SENP1. The experiment was replicated at least three times.

(E) Residues adjacent to K289 are required for SUMOylation and function of LRH-1 activity. Luciferase assay was performed in HEK293T cells that were
cotransfected with a pGL3::(LRHRE)s-TK-LUC and pCMV plasmid coding for LRH-1 WT or the outlined mutant constructs. n = 3 from three separate experiments.
(F) Immunoprecipitation of V5-tagged LRH-1 to detect SUMOylation of the different mutant constructs used in (E).

Data are represented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 relative to Lrh-1 WT, as determined by ANOVA and Bonferonni post hoc or Student’s
t test. Arrowheads, LRH-1*SUMO-1 band; §, short exposure; f,long exposure.

Interestingly, the K289R mutation displayed the highest tran-
scriptional activity, whereas the remaining K mutations (K173R,
K213R, or K329R) had neither an effect as single mutations nor
an additive effect when mutated together with K289R (Figure 1B).
Next, we analyzed whether the enhanced activity of LRH-1
K289R was also associated with a reduction in the SUMOylation
status. Human embryonic kidney 293T (HEK293T) cells trans-
fected with either LRH-1 wild-type (WT) or LRH-1 K289R were
cotransfected with either PIAS3 SUMO ligase alone or in combi-
nation with SUMO-1 substrate. Basal LRH-1 WT SUMOylation
was clearly detectable, whereas it was nearly undetectable
in LRH-1 K289R (Figure 1C). Cotransfection with PIAS3 and
SUMO-1 slightly increased SUMOylation of LRH-1 WT (Fig-
ure 1C). Notably, LRH-1 K289R SUMOylation remained low after
PIAS3 and SUMO-1 cotransfection, showing that mutating a sin-
gle K residue can affect the total SUMOylation status of the tran-
scription factor (Figure 1C). Moreover, cotransfection of LRH-1
WT or LRH-1 K289R with the isopeptidase sentrin/SUMO-spe-
cific protease 1 (SENP1) efficiently removed the SUMO modifi-
cation from only LRH-1 WT (Figure 1D). The SUMO acceptor

SUMOylation and increased expression of genes regulating
cholesterol transport. When crossbred to atherosclerosis-prone
low-density lipoprotein receptor (Ldlr) knockout mice, Ldlr—/—
Lrh-1 K289R mice show improved RCT and diminished athero-
sclerosis development in comparison to control mice. Mechanis-
tically, this effect is attributed to the specific loss of interaction of
the mutated form of LRH-1 with the corepressor PROX1, thereby
increasing the expression of LRH-1 target genes involved in RCT.

RESULTS

Non-SUMOylatable LRH-1 K289R Displays Increased
Transcriptional Activity In Vitro

The murine LRH-1 protein has several lysine (K) residues that
could be SUMOylated. They are located in the DNA binding
domain, hinge region, or ligand binding domain (Figure 1A). On
the basis of previous studies (Lee et al., 2005), we mutated the
most relevant K residues to non-SUMOylatable arginines (R)
and analyzed their potential to trans-activate a heterologous
LRH-1 reporter by transient transfection assays (Figure 1B).

604 Cell Metabolism 20, 603-613, October 7, 2014 ©2014 Elsevier Inc.
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Figure 2. The LRH-1 SUMO Acceptor Motif Is Conserved in Vertebrates, and Mutation of Its Lysine Triggers Activation of Cholesterol Homeo-
stasis Genes In Vivo

(A) Alignment of the amino acid sequence surrounding the murine LRH-1 K289 residue with other species. The blue-lined box highlights the aligned amino acids
homologous to the SUMO acceptor motif, and the gray shading marks the sequences with an intact SUMO acceptor sequence.

(B) Protein alignment of LRH-1 (NR5A2) with other monomeric NR showing conserved sequences surrounding the LRH-1 K289 residue. Green, high homology;
red, low homology.

(C) Overview of the genomic and protein sequence surrounding the K289R mutation. Mutation of a single nucleotide (AAG — AGG) at genomic level leads to
K289R mutation of the translated protein.

(D) Venn diagram depicting the number of genes that are significantly up- or downregulated in Lrh-1""~/~ (n = 8) in comparison to Lrh-1"P*/* (Qosterveer et al.,
2012) (n = 8) as well as Lrh-1 K289R (n = 7) in comparison to Lrh-1 WT (n = 7) mice.

(E) Heatmap displaying the expression of selected LRH-1 target genes in the corresponding genotypes (n = 4 per genotype).

(F) Hepatic expression of genes that regulate cholesterol homeostasis in Lrh-1 WT (n = 8) and Lrh-1 K289R (n = 9) mice.

Data are represented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 relative to Lrh-1 WT, as determined by Student’s t test. See also Figures S1

and S2.

motif W-K-x-E is found in many SUMOylated proteins. Although
the lysine residue can be targeted for SUMOylation, the adjacent
hydrophobic (¥) and acidic glutamate (E) residues are also
necessary to mediate the conjugation with the SUMO E2 enzyme
Ubc9 (Bernier-Villamor et al., 2002). Mutation of these two sites
(1288A and E291V) also increased LRHRE-driven reporter activ-
ity (Figure 1E) and reduced LRH-1 SUMOylation (Figure 1F),
showing that not only the lysine but also an intact SUMO acceptor
motif is crucial for the SUMO-dependent function of LRH-1.

LRH-1 K289R Activates Selected Target Genes In Vivo

To understand the relevance of this particular SUMO acceptor
lysine residue, we carried out comparative alignment studies.
Alignment of the amino acids surrounding the murine LRH-1
K289 with other species demonstrated that this particular

SUMO acceptor motif is highly conserved in vertebrates but
not in the chordate lancelet (Branchiostoma floridae), sea urchin
(Strongylocentrotus purpuratus), fruit fly (Drosophila mela-
nogaster), or roundworm (Caenorhabditis elegans; Figures 2A;
Figure S1A available online). However, homologous proteins in
C. elegans and D. melanogaster have other sites that can be tar-
geted for SUMOylation (Talamillo et al., 2013; Ward et al., 2013).
Next, we compared the murine LRH-1 protein sequence with
other monomeric NRs with special focus on the highly variable
and intrinsically disordered hinge region (Krasowski et al.,
2008). Besides the close homolog NR5A1 (SF-1), only the reti-
noic-acid-receptor-related orphan receptors (RORs:NR1F1,
NR1F2, and NR1F3) displayed somewhat homologous hinge
regions (Figure S1B). Closer alignment of LRH-1 with NR5A1
and the three RORs showed that only NR1F1 and NR1F2 contain

Cell Metabolism 20, 603-613, October 7, 2014 ©2014 Elsevier Inc. 605
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the conserved SUMO acceptor motif (Figure 2B). These bio-
informatic data suggest that SUMOylation of this site is specific
for a very small subset of NRs and highlights the functional
importance of the hinge region in these selected NRs.

To analyze the physiological impact of the K289R mutation on
LRH-1 function in vivo, we generated a knockin mouse line con-
taining the K289R mutation Lrh-1 K289R (Figures 2C and S2A).
The offspring of Lrh-1 K289R breeders were born under normal
Mendelian and sex ratios, and no apparent dysmorphic pheno-
type could be observed in these mice (data not shown). The
mutation did not affect the expression of LRH-1 in the liver in
comparison to Lrh-1 WT and hepatocyte-specific Lrh-1"%P+/+
mice (Figure S2B). Then, we performed microarray analyses on
livers in order to compare the transcriptome of hepatocyte-spe-
cific Lrh-1"%P~/~ (Qosterveer et al., 2012) and Lrh-1 K289R mice
to their corresponding controls. Only 57 of the 244 genes
(23.4%) whose expression was decreased in Lrh-1"°"~~ mice
were induced in Lrh-1 K289R mice (Figure 2D and Table S1).
Several of the established LRH-1 target genes that are reduced
in Lrh-1"P~'~ mice were oppositely regulated in Lrh-1 K289R
mice (Figure 2E). Intriguingly, most of the selected hepatic
LRH-1 target genes involved in cholesterol metabolism were
increased in Lrh-1 K289R in comparison to Lrh-1 WT mice, as
determined by gPCR analyses (Figure 2F). Although hepatic
expression of Cyp8b1 was nearly absent in hepatocyte-specific
Lrh-1"*"~'~ mice (Mataki et al., 2007), it was only mildly enhanced
in Lrh-1 K289R mice (Figure 2F). This was reflected in the compo-
sition of bile acids in the gallbladder. Although the total bile acid
content did not differ, Lrh-1 K289R mice had slightly increased
tauro-conjugated cholic acid (tCA) and less tauro-conjugated
muricholic acid (tMCA) (Figure S2C). Altogether, these data
show that LRH-1 K289R exhibits increased transcriptional activ-
ity on a selected subset of LRH-1 target genes and cannot be
described as a global constitutive active LRH-1 form.

LRH-1 K289R Protects against Atherosclerosis
Development

Given that many of the genes affected in Lrh-1 K289R mice are
involved in cholesterol homeostasis, we hypothesized that

Data are represented as means + SEM. *p < 0.05,
*p < 0.01, **p < 0.001 relative to LL-WT, as
determined by Mann-Whitney U or Student’s
t tests. See also Figure S3.

LRH-1 K289R may affect cholesterol metabolism, and hence hy-
percholesterolemia-driven diseases, such as atherosclerosis. To
study the role of LRH-1 K289R in atherosclerosis, we crossbred
Lrh-1 WT and Lrh-1 K289R mice to atherosclerotic-prone Ldlr
knockout mice in order to generate Ldlr~'= Lrh-1 WT (LL-WT)
or Ldlr~”’~ Lrh-1 K289R (LL-K289R) mice. Then, 8-week-old LL-
WT or LL-K289R mice were subjected to a high-cholesterol
diet (HCD) for 14 weeks. Body and liver weight (Figures S3A
and S3B), and also gross morphology of other organs, were
similar between the different genotypes (data not shown).
Notably, en face plaque analyses of the thoraco-abdominal aorta
demonstrated that LL-K289R mice developed significantly less
atherosclerotic plaques than LL-WT mice and also accumulated
less cholesterol in their aortas (Figures 3A-3C). Advanced pla-
que analyses of the aortic sinus stained for collagen imaging
revealed no changes in necrotic core size, cap thickness, or
collagen content in LL-K289R in comparison to LL-WT mice
(Figures S3C-S3E). Total plasma cholesterol did not differ be-
tween the mice, and plasma triglyceride levels were only slightly
reduced before administering the HCD and were not significantly
changed upon HCD feeding (Figures S3F and S3G). Although no
changes in triglyceride content were observed in the lipoprotein
fractions, a small reduction in the cholesterol content of the
low-density lipoprotein subfraction of LL-K289R mice could be
noticed (Figures S3H and S3l). Furthermore, hepatic triglyceride
content was not changed in overnight fasted LL-K289R mice,
whereas cholesterol content was only slightly increased (Fig-
ure 3D). Stainings of liver cryosections showed no apparent dif-
ference in neutral lipid content and cellular morphology between
the two genotypes (Figure 3E). These data demonstrate that
LL-K289R mice develop less atherosclerosis, possibly as a
consequence of improved RCT.

To assess a potential contribution of macrophages in the
observed phenotype, we measured Lrh-1 in isolated thioglyco-
late-elicited peritoneal macrophages. In comparison to its expres-
sion in the liver, Lrh-1 was barely detectable in macrophages
under the conditions analyzed (Figure S4A; bioGPS Lrh-1 expres-
sion pattern, http://biogps.org/#goto=genereport&id=26424).
Furthermore, treatment with acetylated LDL (acLDL) to trigger

606 Cell Metabolism 20, 603-613, October 7, 2014 ©2014 Elsevier Inc.



Cell Metabolism
Role of LRH-1 SUMOQylation in Atherosclerosis

A B
_5 5.0 O LL-WT é 5.0 Abcat Abcgb Abcg8 Scarb1
a3 b I LL-K289R @
[0} [0
a * x N o OLL-WT
s 2.5 — 525 WLL-K289R
[} [
= =
o ©
§0 NN H N N &O.OD d Jejun Il Duod Jejun |l Duod Jejun Il Duod Jejun Il
@ S uod Jejun lleum Duod Jejun lleum Duod Jejun lleum Duod Jejun lleum
& PP P S & Qoé\ WO : : : :
LA S S SN L
E F G H
Plasma Feces Feces Liver Bile Bile
(Chol) A (Chol) (BA)
12 2.0 . 1x102 0.15
E oo o 215 . 3 8x10° !
E 8] ©% ee® E Y E 6x10°4 o 50.10 . °
o (S) ’}‘! 01.0 fore v O 4x103 Oci)o : O L%:Q oo
N 44 © ° ® 0.5 P x * 0.05 T
O o 2x1073 00
0.0
| J K L
Bile flux > Chol excretion = BA excretion > PL excretion o LL-WT
= 20 - ) ) 500 - 5 50 . o LL-K289R
E 15 3 & 400 % 40 &
EN < S300{ , < 30 o
. c &
3% £ E 2000, T E20le20 °
E 0.5 g 35 100{ &> _g 10 -@-
@ 0.0 c g 0 c 0

Figure 4. Improved Reverse Cholesterol Transport and Biliary Sterol Excretion in LL-K289R Mice

(A) Hepatic expression of genes affecting cholesterol metabolism in LL-WT and LL-K289R mice. n = 9 per genotype.

(B) Intestinal expression of genes affecting cholesterol metabolism in LL-WT and LL-K289R mice. Duod, duodenum; Jejun, jejunum. n = 9 per genotype.
(C-H) LL-WT and LL-K289R mice were injected with *H-cholesterol loaded LL-WT macrophages. Detection of *H-tracer in plasma (C), fecal cholesterol (Chol; D),
fecal bile acids (BA; E), liver (F), bile cholesterol fraction (G), and bile BA fraction (H). n = 10 LL-WT; n = 12 LL-K289R.

(I-L) Bile excretion (I) and biliary secretion rates of Chol (J), BA (K), and phospholipids (PL; L). n = 10 per genotype.

Data are represented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 relative to LL-WT, as determined by Mann-Whitney U or Student’s t tests. See also

Figure S4.

foam cell formation or lipopolysaccharide (LPS) in order to eval-
uate the inflammatory response did not trigger any significant
difference in acetylated LDL accumulation, Scarb1 expression,
or inflammatory markers between Lrh-1 WT and K289R macro-
phages (Figures S4B-S4H), suggesting that the effects on aortic
lipid accumulation are not likely related to differential macrophage
function.

LRH-1 K289R Protects against Atherosclerosis by
Promoting RCT

Intrigued by the marked decrease of atherosclerotic lesions in
LL-K289R mice and the increased expression of genes involved
in hepatic cholesterol homeostasis in Lrh-1 K289R mice (Fig-
ure 2F), we analyzed the expression of genes involved in RCT
in the liver. Notably, hepatic expression of Abcal, Abcg5,
Abcg8, Apoe, and Scarb1 was significantly increased in LL-
K289R in comparison to LL-WT mice (Figure 4A). Given that
many of these genes are also expressed in the intestine
and contribute to whole-body cholesterol homeostasis, we
analyzed their expression pattern in the duodenum, jejunum,
and ileum. Surprisingly, none of these transcripts was
increased in any of the three intestinal sections (Figure 4B).

Moreover, microarray analyses of jejunal sections from Lrh-1
K289R and Lrh-1 WT mice did not display differential expres-
sion of cholesterol and lipoprotein regulators that are ex-
pressed in livers and intestine (Figure S4l), indicating that
LRH-1 K289R specifically induces the expression of cholesterol
transport regulators in the liver.

To analyze whether the increased expression of RCT genes
has physiological consequences, we performed in vivo macro-
phage-to-feces RCT and biliary flux studies. In vivo RCT analysis
was performed by injecting peritoneal macrophages that were
loaded with [®H]-cholesterol (3H tracer) ex vivo into recipient
LL-K289R and LL-WT mice. 3H-tracer counts were significantly
increased in the fecal cholesterol fraction of LL-K289R in com-
parison to LL-WT mice, whereas no major differences were
observed in the fecal bile acid pool or the plasma, hepatic, or
biliary pools (Figures 4C-4H). Furthermore, gallbladder cannula-
tion revealed that bile flow was increased in LL-K289R in com-
parison to LL-WT mice (Figure 4l). In line with the increased
bile flow, biliary cholesterol, bile acids, and phospholipids excre-
tion were also enhanced in LL-K289R in comparison to LL-WT
mice (Figures 4J-4L). These data establish LRH-1 K289R as a
potent mediator of bile secretion and RCT in vivo.
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Figure 5. Liver-Specific Lrh-1 Knockout Mice Do Not Develop More Atherosclerosis
) Quantification of aortic plaque area in Ldlr /=~ Lrh-1"P*/* (Ld-WT, n = 12) or Ldlr '~ Lrh-1""~/~ (Ld-LKO, n = 11) mice.

) Representative aortas of Ld-WT and Ld-LKO mice stained with Oil-Red O.

D-I) Ld-WT and Ld-LKO mice were injected with *H-cholesterol loaded Ld-WT macrophages. Detection of 3H tracer in plasma (D), fecal cholesterol (E), fecal BA

(A
B
(C) Hepatic expression of genes affecting cholesterol metabolism in Ld-WT and Ld-LKO mice. n = 9 per genotype.
(
(

F), liver (G), bile Chol fraction (H), and bile BA fraction (I). n = 13 Ld-WT; n = 10 Ld-LKO.
Data are represented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 relative to LL-WT, as determined by Student’s t test. See also Figure S5.

Liver-Specific Lrh-1 Knockout Mice Do Not Develop
Increased Atherosclerosis

Even though the transcriptome and targeted gene expression
analyses argue against Lrh-1 K289R as a simple constitutively
active form of LRH-1 (Figures 2D-2F), we nevertheless explored
whether the hepatocyte-specific Lrh-1"°"~'~ mice would yield an
opposite phenotype on RCT and atherosclerosis development.
Therefore, we crossbred hepatocyte-specific Lrh-17P~/= with
Ldlr~'~ mice in order to generate Ldlr~'~ Lrh-1"°P*/* (Ld-WT) or
Ldlr~'= Lrh-1"*"~= (Ld-LKO) mice and fed them an HCD for
12 weeks. Body and liver weight did not differ between the geno-
types (Figures S5A and S5B). Interestingly, Ld-LKO did not
develop more atherosclerotic lesions than Ld-WT mice (Figures
5A and 5B), although the expression of the RCT regulators (Fig-
ure 5C) and binding of LRH-1 to the Abcg5/Abcg8 intergenic
promoter (Freeman et al., 2004) (Figure S5C) was significantly
lower in the Ld-LKO liver. Moreover, in vivo RCT analysis demon-
strated an increased fecal sterol content in Ld-LKO mice, which
could explain why these mice do not develop more atheroscle-
rotic lesions (Figures 5D-5l). The increase of fecal sterols in
Lrh-1"%"~/~ mice most likely stems from the compromised intes-
tinal sterol absorption, which was previously reported to be the
consequence of reduced Cyp8b1 in the liver shifting the bile
acid pool toward more hydrophilic bile acids (Figure 5C) (Mataki
et al., 2007; Out et al., 2011).

Compromised Binding of LRH-1 K289R with the
Corepressor PROX1 Derepresses Hepatic RCT Genes
Several corepressors have been reported to fine-tune the activity
of LRH-1 in a context specific manner. In the liver, corepressors
such as small heterodimer partner (SHP or NROB2) and prospero
homeobox protein 1 (PROX1) as well as the NCOR1/HDAC3
corepressor complex can repress LRH-1 activity (Goodwin

et al., 2000; Lee and Moore, 2002; Lu et al., 2000; Qin et al.,
2004; Venteclef et al., 2010). To test the assumption that LRH-1
SUMOylation affects the interaction of LRH-1 with potential core-
pressors, we carried out coimmunoprecipitation experiments in
HEK293T cells transfected with LRH-1 WT or LRH-1 K289R in
the presence of the corepressor SHP, PROX1, or NCOR1. Sur-
prisingly, we observed that the interaction between LRH-1 and
PROX1 was lost or much weaker when LRH-1 K289R was ectop-
ically expressed (Figure 6A), whereas no difference in interaction
was observed with SHP or detected with NCOR1 (data not
shown). This would suggest that optimal PROX1-LRH-1 interac-
tion may at least require transient SUMOylation of K289 of LRH-1
WT. To assess this possibility, we coexpressed the isopeptidase
SENP1 in order to enzymatically remove SUMO from its
substrates. SENP1 robustly reduced the interaction between
LRH-1 WT and PROX1, supporting the hypothesis that the
SUMOylation status affects the interaction (Figure 6B), which
might be direct or be mediated by a third partner. Interestingly,
the weaker interaction observed between PROX1 and LRH-1
K289R was further reduced by addition of SENP1, suggesting
that other SUMOylatable sites in the protein complex may
enhance the interaction between the two proteins (Figure 6B).
Given that loss of binding to the corepressor PROX1 would pro-
vide a mechanistic basis for explaining the enhanced activity
of LRH-1 K289R, we next explored whether differential Prox1
expression between liver and intestine could explain the absence
of effects on intestinal RCT genes in Lrh-1 K289R mice (Fig-
ure 4B). Interestingly, Prox1 mRNA was almost undetectable
in the small intestine and only marginally expressed in the colon
in comparison to liver (Figure 6C; bioGPS Prox1 expression
pattern, http://biogps.org/#goto=genereport&id=26424), thus
most likely contributing to the differential expression of RCT
genes between liver and intestine.
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Figure 6. Compromised Binding of LRH-1 K289R with Prox1 Derepresses Hepatic RCT Genes

(A) LRH-1/Prox1 ColP in HEK293T cells overexpressing V5-tagged LRH-1 (WT or K289R) and FLAG-tagged Prox1. The experiment was replicated at least three
times.

(B) LRH-1/Prox1 ColP in HEK293T cells overexpressing V5-tagged LRH-1 (WT or K289R), FLAG-tagged Prox1, and FLAG-tagged SENP1. The experiment was
replicated three times.

(C) Comparative Prox1 expression in liver, duodenum (Duod), jejunum (Jejun), ileum, and colon of LL-WT and LL-K289R mice. n = 9 per genotype.

(D) Expression of Scarb1, Abcg5, Abcg8, Abcat, and Abcg1 in Lrh-1"°P~/~ primary hepatocytes that were infected or transfected with LRH-1 (WT or K289R) and
Prox1. n = 3. The experiment was replicated with three batches of primary cells.

(E) LRH-1/Prox1 ColP in primary hepatocytes that were infected or transfected with V5-tagged LRH-1 (WT or K289R) and FLAG-tagged Prox1. n = 2 from
independent batches of primary hepatocytes.

(F and G) Effect of overexpression (F) and small-interfering-RNA-mediated silencing (G) of Prox1 in WT primary hepatocytes n = 3. The experiment was replicated
with two batches of primary cells.

(H) Model showing how LRH-1 WT and LRH-1 K289R regulate the expression of key genes controlling hepatic cholesterol transport and its consequence on RCT
and atherosclerosis. S, SUMO-1.

Data are represented as means + SEM. *p < 0.05 and **p < 0.01 relative to non-Prox-1-transfected controls, as determined by Student’s t test. See also
Figure S6.

To study the molecular effect of the PROX1-LRH-1 interaction
in more detail, we decided to use primary hepatocytes. Notably,
both Lrh-1 and Prox1 transcripts were reduced to ~25% of their
expression in whole livers but were clearly detectable (Fig-
ure S6A). We isolated primary hepatocytes from Lrh-1"P~/~
mice and infected them with an adenovirus containing
the LRH-1 WT or K289R followed by ectopic expression
of PROX1. Interestingly, while expression of Abcg? was not
affected or rather increased in cells overexpressing PROX1,

the expression of Scarb1, Abcg5, and Abcg8 was diminished
in cells in which LRH-1 WT, but not LRH-1 K289R, was reconsti-
tuted (Figures 6D and S6B), demonstrating that the repressive
function of PROX1 on LRH-1 activity depends on an intact
LRH-1 K289 SUMOylation site. Furthermore, LRH-1 K289R
failed to bind PROX1 in transfected primary hepatocytes,
whereas LRH-1 WT/PROX1 interaction was intact (Figure 6E),
demonstrating that the LRH-1/PROX1 complex can assemble
in vitro and ex vivo. To assess whether we could mimic the effect
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of LRH-1/PROX1 interaction in a physiologically relevant cell
model, we next overexpressed or silenced Prox1 in WT pri-
mary hepatocytes. While overexpression of Prox1 reduced the
expression of the RCT regulators (Figure 6F), silencing of Prox1
had the opposite effect (Figure 6G). Altogether, our data suggest
that SUMOQylated LRH-1 WT recruits the corepressor PROX1
and hence is unable to selectively activate the transcription of
important cholesterol receptors and transporters (Figure 6H). If
SUMOylation of LRH-1 is defective as in our LRH-1 K289R
mutant, then the PROX1-mediated repression is weakened or
lost, thereby facilitating the induction of RCT genes and dimin-
ishing the progression of atherosclerosis (Figure 6H).

DISCUSSION

Posttranslational modification by SUMO affects the function
of a large number of nuclear proteins, including NRs (Geiss-
Friedlander and Melchior, 2007; Treuter and Venteclef, 2011).
Although various NRs have emerged as reversible SUMO targets
modulating almost every aspect of NR function in cell models,
very few studies have established in vivo functional roles of NR
SUMOylation in health or disease. This is rather surprising given
the prominent role of NRs in the pathogenesis of diseases
and the repressive imprint of SUMOylation on NR activity. In
this study, we have generated a mouse model harboring a
K289R mutation that strongly affects LRH-1 SUMOylation and
function. We demonstrate that loss of SUMOylation by mutating
the critical lysine acceptor site in the LRH-1 protein is sufficient to
protect mice against the development of a chronic metabolic
disease such as atherosclerosis. More importantly, we provide
evidence that the beneficial effect on atherosclerosis is caused
by enhancing the transcription of hepatic RCT genes, such as
Abcal, Abcg5, Abcg8, and Scarb1, without any involvement of
gut- or macrophage-specific RCT genes. These findings are
consistent with a recent study in Drosophila showing that
SUMOylation of the LRH-1 homolog Ftz-f1 affects the expres-
sion of the scavenger receptor Snmp1, which is required for
cellular cholesterol uptake and subsequent steroid synthesis
(Talamillo et al., 2013), suggesting that LRH-1 SUMOylation
may impact on a similar physiologically conserved pathway.

Alignment of the protein sequence of LRH-1 with other NRs re-
vealed that, aside from SF-1, only members of the ROR family
have a hinge region that is comparable to that of LRH-1 (Fig-
ure 2B). Although in SF-1, mutation of two conserved SUMO
acceptor lysine residues in the hinge region leads to a striking
developmental phenotype in mice, characterized by inappro-
priate sonic hedgehog signaling and impaired endocrine tissue
development (Lee et al., 2011a), our study shows that disruption
of only one of these conserved SUMO sites in LRH-1 has a sig-
nificant impact on adult homeostasis and protects against the
development of a chronic disease. Surprisingly, SUMOylation
of the homologous motif in RORa seems to activate instead
of repressing its transcriptional activity (Hwang et al., 2009);
however, its physiological properties have not been reported.
These studies collectively indicate that SUMOylation of the hinge
region has profound functional consequences among a very
small subset of NRs.

The mechanistic features by which SUMO modulates the ac-
tivity of NRs vary considerably and can range from interference

Cell Metabolism
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with- to promotion of protein-protein interactions or alternatively
competition with other PTMs (Geiss-Friedlander and Melchior,
2007; Jentsch and Psakhye, 2013). Our data suggest a role for
LRH-1 SUMOylation in promoting protein-protein interactions.
This finding is in line with previous studies showing that
SUMOylation of LRH-1 K224, the human lysine residue corre-
sponding to mouse LRH-1 K289, binds to a transcriptional core-
pressor complex consisting of NCOR1, HDACS, and GPS2 and
regulates the expression of acute phase response genes in hu-
man hepatoma cells (Venteclef et al., 2010). Interestingly, this
study further demonstrated that mouse LRH-1 binding to the
haptoglobin promoter was reduced in Sumo1 knockout in com-
parison to WT livers. In our study, we reveal an unanticipated
mechanism by demonstrating that LRH-1 K289R fails to bind
another corepressor (i.e., PROX1), and we furthermore show
that this impacts on the RCT genes, ultimately leading to
enhanced bile flow and atheroprotection. The study by Venteclef
et al. (2010), along with our work, propose that SUMOylation of a
single K residue of LRH-1 promotes the recruitment of specific
corepressor complexes. Importantly, our data demonstrate
that the effect of LRH-1 SUMOylation depends on tissue-spe-
cific corepressor interaction.

The physiological stimuli and timing that affect LRH-1
SUMOylation in the liver are unknown. In primary granulosa
cells, SUMO-driven sequestration of LRH-1 into nuclear bodies
is abruptly reversed by cAMP and results in the induction
of LRH-1 target genes (Yang et al., 2009). Intriguingly, this is
accompanied by a robust reduction of the Ubc9 and Pias3
genes, which are part of the SUMO conjugation machinery.
Conversely, expression of the SUMO-specific isopeptidase
Senp2 was increased. Although the crosstalk with the cAMP
signaling has not been evaluated in the context of LRH-1
SUMOylation in liver cells, it is tempting to speculate that
different physiological and/or pharmacological cues could
trigger specific posttranslational modifications in LRH-1, which
in turn could recruit specific corepressor complexes.

Several studies have identified natural or synthetic LRH-1 ac-
tivators and inhibitors (Ingraham and Redinbo, 2005). A recent
study has identified the unusual phospholipid dilauroyl phospha-
tidylcholine as an LRH-1 ligand (Lee et al., 2011b). Future studies
should test whether ligand activation, posttranslational modifi-
cations such as SUMOylation, and coregulator recruitment are
interconnected. The tissue and context-specific nature of such
effects may offer an ideal therapeutic window for activating a
receptor and exploit beneficial effects, without causing adverse
effects that are common with NR therapeutics (Marciano et al.,
2014). In this context, it is important to point out that the biolog-
ical effects of LRH-1 K289R cannot be compared to those
induced by a gain-of-function of LRH-1 or by a potential drug
that would enhance the activity of LRH-1 in a broader manner.
In fact, the Lrh-1 K289R mice show increased activation of
selected LRH-1 target genes, whereas other targets are not
affected. The Lrh-1 K289R mice also seem to display no effects
on RCT in the gut, most likely because LRH-1 and PROX-1 are
not coexpressed in the same cells of the crypt-villus epithelium
(Botrugno et al., 2004) or because of the low abundance of
PROX-1 in the intestinal mucosa (Figure 6C). Likewise, no
changes on Scarb1 gene expression could be detected in mac-
rophages (Figure S4E). Such a restriction of the effects of LRH-1
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to selected tissues—in this case, the liver—and a subset of
target genes, may be the key to drive only antiatherogenic ef-
fects of LRH-1. A better understanding into how SUMOylation
of LRH-1 and ensuing coregulator recruitment can be modulated
will be instrumental and may provide opportunities for pharma-
cological intervention to combat common diseases, such as
atherosclerosis.

EXPERIMENTAL PROCEDURES

Animal Studies
The generation of the Lrh-1 K289R mouse model is described in detail in the
Supplemental Experimental Procedures. Congenic C57BI/6J Lrh-1 WT or
Lrh-1 K289R mice were crossbred with congenic C57BI/6J Ldlr knockout
mice in order to generate Ldlr /'~ Lrh-1 WT (LL-WT) or Ldlr™'~ Lrh-1 K289R
(LL-K289R) mice. LL-WT and LL-K289R mice were kept on an HCD (1.25% to-
tal cholesterol, Harlan TD.94059) for 14 weeks starting at the age of 8 weeks.
Similarly, congenic C57BI/6J Lrh-1"*"~'~ and Lrh-1"°"*"* mice (Qosterveer
et al., 2012) were crossbred with Ldlr'~ mice in order to generate Ladlr~"~
Lrh-1eP*/* (Ld-WT) or Ldlr~'~ Lrh-1"°P~/~ (Ld-LKO) mice and fed a HCD for
12 weeks. All animal procedures were approved by the Swiss authorities
(Canton of Vaud, animal protocols ID #2561 and #2768) and performed in
accordance with our institutional guidelines.

Site-directed mutagenesis, subcellular fractionation of liver tissue, immuno-
precipitation (IP), Coimmunoprecipitation (ColP), and western blotting are
explained in the Supplemental Experimental Procedures.

Protein Alignment

All protein alignments were performed with the standard Geneious (Blosum62
matrix) or ClustalW (BLOSUM matrix) algorithm from the Geneious software
(http://www.geneious.com).

Gene Expression and Analysis

RNA was extracted from the livers and jejunums of ad libitum fed Lrh-1 WT
(n = 7) and Lrh-1 K289R (n = 7) mice and from liver of ad libitum fed Lrh-
1hep*’* (n = 8) and Lrh-1hep ™/~ (n = 8) mice with TRIZOL (Invitrogen) and
purified with the RNeasy Cleanup Kit for Microarray Analysis (QIAGEN). For
quantitative RT-PCR (qRT-PCR), cDNA was generated with the QuantiTect
Reverse Transcription Kit (QIAGEN) and analyzed by gPCR with a LightCycler
480 Real-Time PCR System (Roche), and the primers are listed in the Table S2.
Expression data were normalized to 36B4 or B2M mRNA levels. Microarray
analysis was performed with the Affymetrix MouseGene 1.0 ST or Affymetrix
MouseGene 2.0 ST array and normalized with the robust multiarray average
method. A table of reciprocally regulated transcripts is provided in Table S1.
Venn diagram analysis and heatmaps were performed with GENE-E (http://
www.broadinstitute.org/cancer/software/GENE-E/index.html). For the Venn
diagram, the overlap of nominally significantly changed genes (p < 0.05 and
fold change > 1.5) among the groups was analyzed.

Chromatin Immunoprecipitation

ChlP analysis was performed as described previously with minor modifications
(Duggavathi et al., 2008). DNA was purified with the PCR Clean-up extrac-
tion kit (Macherey-Nagel), after which gPCR was performed as described
previously (Mataki et al., 2007). Data were normalized to the input (fold differ-
ences = 2~ (Ctsample — Ctinpuy " ChIP primer sequences are listed in Table S3.

Lipoprotein Separation

Pooled plasma samples were subjected to fast protein liquid chromatography
gel filtration with a Superose 6 Column (GE Healthcare). Individual fractions
were assayed for cholesterol and triglyceride concentrations with commer-
cially available enzymatic assays (Roche).

Hepatic Lipid Analyses

Hepatic lipids were extracted according to the Bligh and Dyer (1959) protocol.
Triglyceride and cholesterol contents in plasma and hepatic lipid fractions
were quantified with enzymatic assays (Roche).

Cholesterol Uptake and LPS Stimulation of Peritoneal Macrophages
Thioglycolate-elicited peritoneal macrophages were harvested, cultured, and
starved in vitro and then loaded with 50 pg/ml Dil-labeled acetylated LDL for
4 hrin order to assess the cholesterol uptake or 10 ng/ml LPS for 4 hr in order
to analyze the expression of inflammatory markers.

Reverse Cholesterol Transport

RCT protocol was adapted from Meissner et al. (2010). In brief, thioglycolate-
elicited mouse peritoneal macrophages were harvested, cultured in vitro,
loaded with 50 pg/ml acetylated LDL and 3 pCi/ml 3H-cholesterol for 24 hr,
and equilibrated in RPMI 1640 medium containing 1% penicillin/streptomycin
and 0.2% BSA for 6 hr. For in vivo RCT, two million labeled LL-WT macro-
phages were injected intraperitoneally into recipient LL-WT or LL-K289R
mice. Mice were sacrificed 48 hr postinjection, and plasma, liver, gallbladder,
and feces were stored at —80°C until further analysis. Counts within liver were
determined after the solubilization of the tissue. Fecal samples were dried,
weighed, and thoroughly ground. Then, aliquots were separated into bile
acid and neutral sterol fractions prior to liquid scintillation counting.

Bile Flow and Bile Composition

Bile duct cannulation was performed as described previously (Kruit et al.,
2005) with LL-WT and LL-K289R mice. In brief, hepatic bile was collected
for 30 min from the common bile duct via cannulation of the gallbladder, and
bile flow was determined gravimetrically assuming a density of 1 g/ml for
bile. Bile composition was analyzed by high performance liquid chromatog-
raphy (HPLC) tandem mass spectrometry as described previously (Mataki
et al.,, 2007).

Primary Cell Culture

Primary hepatocytes from hepatocyte-specific Lrh-1"°P~'~ mice were isolated
with Liberase Blendzyme (Roche) perfusion as described previously with minor
modifications (Ryu et al., 2011). Lrh-1"*°~/~ hepatocytes were plated in Dul-
becco’s modified Eagle’s medium 4.5 g/I glucose with 10% fetal bovine
serum. Cells were infected with an adenovirus expressing LRH-1 WT or
LRH-1 K289R 4 hr after plating followed by transfection of a Prox1 plasmid
with Lipofectamine 2000 (Invitrogen). Cells were lysed 48 hr postinfection
and used for subsequent analysis.

Reporter Assays

Transient transfections in HEK293T cells were performed with Lipofectamine
2000 (Invitrogen) or JetPEI (Polyplus) as previously described (Oosterveer
etal., 2012). In brief, cells were transfected with pTK-GL3 reporter constructs
driven by a heterologous promoter consisting of multiple consensus LRH-1
response elements (pGL3::(LRHRE)s-TK-LUC) in the presence of either
pCMX::LRH-1 WT or the KR mutant constructs. Luciferase activities were
measured 24 hr posttransfection and normalized to B-galactosidase activities.

Immunohistochemistry

En face plaque analysis was performed on thoraco-abdominal aortae that
were fixed with 10% paraformaldehyde overnight and then stained with QOil-
Red O (Stein et al., 2010). Aortic sinuses were cut into 5-um-thick serial cryo-
sections and stained with Sirius Red in order to measure necrotic core size,
cap thickness, and collagen content (Stein et al., 2010). Means were taken
from n = 6 mice per genotype, and three serial cryosections were evaluated
from each mouse.

Statistical Analyses

Data are expressed as means + SEM. Analysis of en face atherosclerotic pla-
que content and bile excretion rates was carried out with Mann-Whitney U
tests. Comparison of differences between two groups of other experiments
was assessed with unpaired two-tailed Student’s t tests. Multiple group com-
parisons were assessed by one-way ANOVA and Bonferonni post hoc tests. p <
0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
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