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ABSTRACT
The liver has a high capacity to store excess nutrients, primarily in the form of fat.
However, excess lipid deposition in the liver can be problematic, as it is associated with
metabolic disorders including fatty liver disease, type Il diabetes, and liver cancer. The
acetyl-CoA carboxylase (ACC) enzymes are major regulators of liver lipid content by
catalyzing the conversion of excess glucose in the liver to fat, and by inhibiting
mitochondrial fat oxidation. Thus, the ACC enzymes are potential drug targets because
altering their activity could correct disease states associated with excess fat deposition.
Using mice with genetic inhibition of liver ACC activity, we have uncovered a novel role
for these enzymes in regulating protein acetylation that contributes to broad changes in
cellular metabolism. At the level of whole-body physiology, we found that when a source
of dietary fat was absent, LDKO mice have increased glucose disposal into the liver,
reduction of peripheral adiposity, and improved whole-body glucose tolerance compared
to controls. Under high-fat diet conditions, LDKO mice are protected from diet-induced
fatty liver. However, a decrease in liver fat in this case is not sufficient to ameliorate diet-
induced glucose intolerance. Finally, we investigated the role of ACC activity in
tumorigenesis. Unexpectedly, inhibition of ACC activity increased susceptibility to
carcinogen-induced liver tumor. Increased liver antioxidant defenses in LDKO mice
protected cells from carcinogen-induced apoptosis and promoted tumor cell proliferation.
This study identifies a protective role for ACC enzymes against tumorigenesis. Taken
together, this work increases our understanding of liver nutrient metabolism and ACC

activity, and highlights the complexity of liver metabolic compensatory mechanisms.
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CHAPTER 1: INTRODUCTION TO LIVER FUNCTION AND ACETYL-COA

CARBOXYLASES
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1.1 Normal liver metabolism and the role of acetyl-CoA carboxylases

1.1.1 Normal function of the liver in detoxification

The liver is the main site of detoxification in the body. It has a remarkable
capability to metabolize a wide array of xenobiotics which are not produced by the body
such as drugs, carcinogens, and pollutants, as well as endobiotics which are produced by
the body such as fatty acids, hormones, vitamins, and amines-2. Ingested xenobiotics
enter from the gastrointestinal tract to the hepatic portal vein, which feeds into the liver.
Thus, most ingested xenobiotics encounter the liver and are metabolized before entering
general circulation. The liver is well-vascularized, allowing xenobiotics and endobiotics
that have made their way into general circulation to return to the liver where they can be
metabolized.

Metabolizing a vast array of endobiotics and xenobiotics, including those never
before encountered by the liver, is a demanding task which involves three phases. Phase |
metabolism is carried out by Cytochrome P450 (CYP450) enzymes. This CYP450 family
encompasses multiple enzymes that have similar mechanisms but varied substrate
preferences®. Many of the CYP450 enzymes are inducible such that expression is
increased upon exposure to certain compounds®. There is also significant genetic
heterogeneity in CYP450 enzyme expression between ethnic populations, potentially
causing drug metabolism to vary greatly depending on an individual’s genetic
background®. Regardless of the specific CYP450 enzyme or substrate, a typical Phase |
enzyme reaction is characterized by use of oxygen and NADH to add a reactive oxygen

group such as a hydroxyl radical, thereby activating the molecule®.
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The activated molecule is often more toxic than the parent molecule because the
associated free radical can cause oxidative lipid, protein, and DNA damage® unless it
directly proceeds to Phase Il metabolism, which is carried out by a wide variety of
enzymes spanning multiple gene families. These enzymes have a common function to
conjugate the reactive group of a molecule resulting in its transformation to a water-
soluble compound that can be eliminated from the body®. Glutathione (y-glutatmyl
cysteinyl glycine) is a major component of the Phase Il conjugation system in the liver’.
GSH, which is glutathione reduced at its free thiol group, is conjugated to xenobiotics by
the enzyme glutathione S-transferase, forming a glutathione S-conjugate. Additionally,
the enzyme glutathione peroxidase catalyzes the transfer of an electron from GSH to a
reactive oxygen group of an active molecule to form a hydrogen peroxide species which
decomposes to water and oxygen, allowing GSH to function as an antioxidant. The
glutathione molecule, now oxidized at its free thiol group, is unstable and rapidly forms a
disulfide bond with another oxidized glutathione molecule, forming GSSG’. Oxidation of
NADPH, catalyzed by the enzyme glutathione reductase, is required for reduction of
GSSG back to GSH?®. The glutathione metabolism system is shown in Figure 1. The ratio
of GSH:GSSG represents the antioxidant capacity of a tissue®!° and regulates essential

cellular processes such as detoxification, growth, and survival*3
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Figure 1. The Phase Il glutathione metabolism system

GSH, the reduced form of glutathione, is conjugated to xenobiotics by the enzyme
glutathione S-transferase, forming a glutathione S-conjugate. GSH also participates in a
redox reaction to convert hydrogen peroxide (H202) to water (H20) which is catalyzed by
the enzyme glutathione peroxidase. Oxidized glutathione is unstable and readily joins to
another oxidized glutathione molecule via a disulfide bond to form GSSG. The enzyme

glutathione reductase catalyzes the reduction of GSSG to GSH using NADPH.
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Phase 111 metabolism is the final step of the liver detoxification process and

involves antiporters which unidirectionally transport conjugated molecules outside the
cell for elimination. This is an ATP-dependent process carried out by proteins of the
multidrug resistance-associated protein (MRP) family, which are efflux transporters
belonging to the ATP-binding cassette (ABC) superfamily of transport proteins'4. The
MRP family acquired its name because its members were originally observed to export
chemotherapy drugs out of cancer cells, rendering the drugs ineffective®®. After exiting
the cell, these water-soluble conjugates are then eliminated from the body in the urine

(Goodman and Gilman’s The Pharmacological Basis of Therapeutics, Twelfth Edition).

1.1.2 Normal function of the liver in whole-body nutrient homeostasis

The liver is a key organ regulating whole-body nutrient homeostasis. When blood
glucose levels drop, such as occurs during food deprivation, glucagon is released by the
pancreatic alpha cells*® and promotes release of glucose and fatty acids which are stored
in the liver back into circulation for maintenance of normal blood glucose levels and
utilization by other organs. This nutrient source is particularly important for highly
metabolically-active organs which have a low capacity for glucose and lipid storage such
as the brain, cardiac muscle, and red blood cells*’8, When blood glucose levels are high,
such as after consumption of a meal, insulin is released by the pancreatic beta cells?®.
Insulin decreases liver glucose production by inhibiting glucagon production from
pancreatic alpha cells, by inhibiting gluconeogenic enzyme activity, and by suppressing

gluconeogenic enzyme expression?®?L, Insulin also enhances glucose disposal from the
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blood into peripheral tissues such as skeletal muscle, adipose tissue, and the liver?. In
skeletal muscle and adipose tissue, insulin stimulates translocation of the insulin-
responsive glucose transporter GLUT4 to the plasma membrane to promote the transport
of circulating glucose into the tissue for energy production or storage in the form of
lipid or glycogen. The liver is unique from adipose and skeletal muscle in that it does not
express a glucose transporter such as GLUT4 that translocates to the surface of the cell in
response to insulin. Rather, the liver expresses the glucose transporter GLUT2 and the
fructose transporter GLUTS5, which are constitutively localized to the plasma membrane
of hepatocytes?4%,

After transport into the liver, glucose is phosphorylated to glucose-6-phosphate
(G-6-P) by glucokinase?®. G-6-P is then converted to glucose-1-phosphate by
phosphoglucomutase and to UDP-glucose by UDP-glucose pyrophosphorylase, then
joined to a chain of glucose polymers by glucogen synthase to make glycogen, which is
the storage form of glucose molecules?’-?, The majority of G-6-P produced in the liver is
shunted to the Pentose Phosphate Pathway (PPP) for production of nucleotides and amino
acids?®. The first step of the PPP, the conversion of G-6-P to 6-phosphogluconate
catalyzed by the enzyme glucose-6-phosphate dehydrogenase (G6PD), is the main source
of NADPH production in the cell*>3!. NADPH is an important reducing agent for GSH
production (discussed in the previous section 1.1.1 Normal function of the liver in
detoxification) and for biosynthetic processes such as cholesterol and lipid synthesis3233,
The remaining G-6-P proceeds through glycolysis, which is a series of enzymatic

reactions that yields NADH3* an important reducing factor for mitochondrial oxidative



16
metabolism, and ATP, used for energy-dependent processes throughout the cell®. Rate of
flux through glycolysis is regulated by activity of the enzyme phosphofructokinase
(PFK), which converts G-6-P to fructose-1,6-bisphosphate. G-6-P enters glycolysis as a
6-carbon molecule, and the final product of glycolysis is two 3-carbon pyruvate
molecules.

The liver is the main site of fructose metabolism in the body because it highly
expresses the fructose transporter GLUT5, which facilitates uptake of fructose into the
liver from hepatic portal circulation. Because the liver efficiently takes up fructose from
the portal circulation, very little appears in the blood after ingestion compared to
glucose®®. Upon transport into the liver, fructose is converted to fructose-1-phosphate (F-
1-P) by fructokinase, which is also highly expressed in the liver. F-1-P is converted to
glyceraldehyde (GAD) and dihydroxyacetone phosphate (DHAP) by aldolase. GAD and
DHAP are converted to G-3-P by G-3-P dehydrogenase. In a multi-step process, G-3-P is
converted to G-6-P, which is processed to glycogen or converted to 6-PG by G6PD to
proceed through the PPP. The rate of conversion G-3-P to G-6-P is limited by fructose
bisphosphatase activity. Alternatively, G-3-P is converted to ribose-5-phosphate (R-5-P)
by transketolase and enters the PPP downstream of PFK and G6PD to form nucleotides
and amino acids. Although fructose is able to enter the PPP via the mechanisms
described, the rate of fructose flux through the PPP is approximately 25% that of
glucose®’. Finally, G-3-P proceeds through glycolysis to produce pyruvate. Because G-3-
P enters glycolysis downstream of PFK, the rate of pyruvate production from fructose is

higher than that of glucose®’.
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In normal liver tissue, pyruvate is transported into the mitochondria and converted
to acetyl-CoA via decarboxylation and addition of coenzyme A (CoA). Acetyl-CoA is
also produced from B-oxidation of fatty acids in the mitochondria®. Acetyl-CoA
proceeds through the tricarboxylic acid (TCA) cycle, which produces the reducing
cofactors NADH and FADH- * necessary for mitochondrial oxidative phosphorylation
(OXPHOS). OXPHOS is conducted by the electron transport chain (ETC) enzymes,
which are embedded in the mitochondrial inner membrane*. Electrons from NADH or
FADH: enter the ETC at complexes | and I, respectively. Electrons are passed from
complexes | or Il to complex 111, and from complex Il to complex IV. Complex IV then
passes electrons to molecular oxygen, which is the final electron acceptor in the ETC. As
electrons are passed along the ETC, complexes I, 11l and 1V create an electrochemical
proton gradient by pumping protons from the inner mitochondrial matrix to the inner
membrane space between the mitochondrial inner and outer membranes. This gradient
drives ATP synthase to catalyze ATP production from ADP and inorganic phosphate®!.

In addition to producing reducing factors for the ETC, the TCA cycle produces
important intermediates that feed into other metabolic pathways. One such metabolite is
citrate, which, in addition to being a TCA cycle intermediate, is transported to the cytosol
by the mitochondrial citrate transporter protein and converted to oxaloacetate and acetyl-
CoA by ATP citrate lyase. Oxaloacetate is converted to malate by malate dehydrogenase
or to pyruvate by the enzymes phosphoenolpyruvate carboxykinase and pyruvate kinase.
Malate and pyruvate are shuttled back into the mitochondria to replenish the TCA cycle*

or used for gluconeogenesis*. Acetyl-CoA serves as a precursor for lipid and cholesterol
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synthesis*. The liver glucose metabolism pathway is illustrated in Figure 2. Although
citrate is considered to be the major source of cytosolic acetyl-CoA in cells under most
conditions, acetate, which is derived from ketone and ethanol metabolism, is also

converted to acetyl-CoA by the cytosolic enzyme acetyl-CoA synthetase**.
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Figure 2. Glucose metabolism in the liver.

After entering the liver, glucose is converted to glucose-6-phosphate. Glucose-6-
phosphate can be converted to glycogen, which is the storage form of glucose molecules.
Glucose-6-phosphate can also be used for production of 6-phosphogluconate in a reaction
yielding NADPH. 6-Phosphogluconate can used for nucleotide and amino acid
biosynthesis. NADPH is used in lipid and cholesterol biosynthesis, and for GSH
production. Glucose-6-phosphate can also be converted to pyruvate, which is converted
to acetyl-CoA in the mitochondria. Acetyl-CoA is converted to citrate for transport out of
the mitochondria. In the cytoplasm, citrate can be converted back to acetyl-CoA, which is

the precursor for lipid and cholesterol synthesis.
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1.1.3 Normal function of the liver in cholesterol homeostasis

Cholesterol is an amphipathic lipid that is a major component of cell membranes
and is a critical precursor to bile salts, steroid hormones, and fat-soluble vitamins. The
liver is the primary organ for cholesterol synthesis, degradation and excretion, and it has
a central role in regulating whole-body cholesterol homeostasis*>4.

Cholesterol is synthesized in the liver from acetyl-CoA in a series of steps that are
tightly regulated by multiple feedback mechanisms. The rate-limiting enzyme in the
cholesterol biosynthesis pathway is HMG-CoA reductase (HMGCR), which catalyzes
formation of mevalonate from acetyl-CoA and is the first committed step of the
cholesterol synthesis pathway*’. HMG-CoA reductase is regulated by product feedback-
inhibition at several levels including transcription and protein degradation®4°,

When cells are depleted of cholesterol, transcription of HMG-CoA reductase
increases through binding of sterol regulatory element binding protein (SREBP)-2 to
DNA sterol regulatory elements (SRES) in gene promoters. Conversely, when cholesterol
levels are high, SREBP-2 transcriptional activity decreases. After synthesis, the SREBP-2
protein is inserted into the endoplasmic reticulum (ER) membrane as a hairpin structure
with the N- and C-terminal domains facing the cytosol. The C-terminus is normally
bound to SREBP cleavage activating protein (Scap). Scap binds oxysterols, which signal
high cholesterol levels, and thus functions as the cholesterol sensor in this system. When
Scap is bound to oxysterol, it binds to the ER membrane protein Insig, causing the Scap-
SREBP complex to be retained at the ER membrane. When cholesterol levels are low, the

SREBP-Scap complex is freed from Insig to enter the Golgi where the N-terminal
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domain of SREBP-2 is cleaved. The N-terminus of SREBP-2 then localizes to the
nucleus where it binds to SRE elements and acts as a transcription factor>®>2,

HMGCR protein has a long half-life, thus its product-stimulated degradation
plays an important role in regulating total HMGCR levels in the cell*. Like SREBP,
HMGCR is embedded in the ER membrane, and Insig is involved in regulating its
degradation. Lanosterol, which is synthesized from mevalonate in the cholesterol
synthesis pathway, binds to HMGCR and causes it to associate with Insig, resulting in
ubiquitination and proteasomal degradation of HMGCR®,

Cholesterol has multiple fates in the liver including storage, conversion to bile
acids, or packaging and export. Cholesterol is stored in lipid droplets as cholesterol
esters, and cholesterol is released from the droplets upon hydrolysis of the ester bonds by
ester hydrolases®. Conversion of cholesterol to bile acids and subsequent excretion
represents a major route for decreasing liver cholesterol levels and maintaining the
intestinal bile pool, which is necessary for digestion of dietary fats and lipid-soluble
vitamins®. Cholesterol 7a hydroxylase (CYP7A) is a CYP450 enzyme which catalyzes
the first and rate-limiting step in the bile synthesis pathway by oxidizing cholesterol to
form 7a hydroxycholesterol®®®’. Bile acid response elements within the CYP7A gene
repress activity of the CYP7A promoter in the presence of bile acids®®, thereby regulating
bile acid production by product feedback-inhibition.

Another important mechanism for lowering liver cholesterol levels and supplying
cholesterol to other tissues is cholesterol packaging and export. In the liver, cholesterol is

packaged in very-low-density lipoproteins (VLDLSs), which are lipid-containing particles
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encased by amphipathic proteins and phospholipids that make the particles soluble in
circulation®. Cholesterol and cholesterol esters represent approximately 10% and 4% of
VLDL contents, respectively®®. VLDL particles are released from the liver into
circulation, where the protein components of the particle are modified, allowing the
particles to be endocytosed at peripheral tissues such as adipose, skeletal muscle, and

cardiac muscle®?.

1.1.4 Normal function of the liver in fatty acid production

Acetyl-CoA derived from cytosolic citrate or acetate is converted to fat by the
process de novo lipogenesis. The liver is an exceptionally lipogenic tissue and plays an
important role in synthesizing and storing fat under high nutrient conditions, and
exporting fat to other organs under low nutrient conditions®?. The liver has finite
glycogen storage capacity; thus under conditions of high glucose availability, lipogenesis
acts as a ‘glucose sink’ by converting glucose precursors to an efficient nutrient-dense
form for storage®®. Lipogenesis is intricately regulated on multiple levels in order to
appropriately respond to liver and whole-body nutrient status.

The rate-limiting enzymes in lipogenesis are acetyl-CoA carboxylase (ACC) 1
and 2, which catalyze the carboxylation of cytosolic acetyl-CoA to malonyl-CoA. The
ACCs are multi-subunit enzymes encoded by separate genes that have biotin carboxylase
and carboxyltransferase domains which coordinate a two-step reaction. First, the biotin

carboxylase subunit catalyzes the transfer of a carboxyl group from bicarbonate to biotin
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in an ATP-dependent reaction. Second, the carboxyltransferase subunit catalyzes the
transfer of the carboxyl group from biotin to acetyl-CoA to form malonyl-CoA®%,

While ACC1 and ACC2 perform the same reaction to convert acetyl-CoA to
malonyl-CoA, they have distinct functions which are dictated by their intracellular
locations. ACC1 is localized to the cytosol, and so the malonyl-CoA it produces is readily
used by other cytosolic enzymes involved in lipogenesis. ACC2 has an additional
mitochondrial targeting sequence on its N-terminal domain which causes it to associate
with the mitochondrial outer membrane®®. The malonyl-CoA produced by ACC2 readily
blocks mitochondrial fatty acid oxidation by allosterically inhibiting carnitine
palmitoyltransferase (CPT1a), which transports fatty acids across the mitochondrial
membrane®’. By promoting fatty acid synthesis and inhibiting its oxidation, the net effect
of ACC enzyme activity is to promote liver fat storage. The individual roles of ACC1 and

ACC2 are illustrated in Figure 3.
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Figure 3. Function of the acetyl-CoA carboxylase enzymes in promoting fat

synthesis and inhibiting fat oxidation.

The acetyl-CoA carboxylase (ACC) enzymes ACC1 and ACC2 catalyze the same
reaction to convert acetyl-CoA to malonyl-CoA. However, they have different functions
based on their intracellular locations. ACCL1 is localized to the cytoplasm, and the
malonyl-CoA it produces is readily utilized for lipid biosynthesis. ACC2 is localized to
the mitochondrial outer membrane, and the malonyl-CoA it produces inhibits CPT1,

blocking transport of fatty acids into the mitochondria for oxidation.
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The ACC enzymes are sensitive to the nutritional status of the cell via two post-
translational mechanisms. First, ACC1 is allosterically activated by citrate, as high citrate
levels signify high cellular nutrient status and the availability of lipid precursors. Citrate
enhances ACC1 activity by inducing polymerization of isolated ACC1 dimers into
filamentous structures of up to 30 protomers, which enhance enzyme stability8,
Second, ACC1 and ACC2 are phosphorylated by AMP-activated protein kinase (AMPK).
Under conditions of low cellular ATP, AMPK phosphorylates ACC resulting in its
deactivation’®. By these mechanisms, the ACC enzymes are switched on under conditions
of high nutritional status to promote storage of excess nutrients in the form of fat, and
switched off under conditions of low nutrient status to allow ATP generation via
mitochondrial lipid oxidation.

The ACC enzymes are also highly regulated at the transcriptional level. ACC
transcription is induced in the liver by high carbohydrate feeding but decreased by
feeding of long chain saturated fat’*. Many of the effects of a high carbohydrate diet on
increasing ACC transcription are attributed to the effects of insulin, which concomitantly
increases with blood glucose. The ability of insulin to induce ACC expression is
contingent upon the transcription factor SREBP1c’>" in co-operation with the
transcription factor liver X receptor (LXR). Regulation of SREBP1c activity in response
to insulin is thought to be LXR-dependent via an LXR response element within the
SREBP1c promoter’®. In contrast, polyunsaturated fatty acids interfere with binding of
LXR to its response element, resulting in lower SREBP1c induction™. There is evidence

that insulin activates LXR through the protein complex mammalian target of rapamycin
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(mTOR), which leads to phosphorylation of LXR on activating sites’®’’, signaling LXR
translocation to the nucleus where it binds to the LXR response element on the SREBP1c
promoter.

Similarly to SREBP2, activation of SREBP1c requires proteolytic cleavage to
liberate its active N-terminal domain. In contrast to SREBP2, however, cleavage of
SREBPIc is not regulated by sterols’®. Rather, cleavage of SREBP1c is regulated by a
unique mechanism involving insulin. Acute insulin exposure causes rapid cleavage of
SREBP1c, and the presence of insulin is required to achieve production of mature
SREBP1c’®. While the exact mechanism remains unclear, it has been shown that insulin-
induced cleavage of SREBP1c requires mTOR activity, but this process is distinct from
mTOR regulation of SREBP1c transcription via LXR'’.

Deletion of SREBP1c in mice results in only a partial decrease in ACC induction
in response to high-carbohydrate feeding®, indicative of an additional transcription factor
involved in stimulating ACC transcription in the presence of high glucose. Experiments
using isolated hepatocytes have revealed that glucose directly activates ACC transcription
independently of insulin® mediated by the transcription factor carbohydrate response
element binding protein (ChREBP)®. G-6-P, which signifies high intracellular levels of
glucose or fructose, stimulates ChREBP translocation to the nucleus and transcriptional
activation by mechanisms which are still under investigation®3,

The product of the ACC enzymes, malonyl-CoA, can be linked to another
malonyl-CoA molecule to form palmitoyl-CoA in a 7-cycle process which is catalyzed by

the enzyme fatty acid synthase (FASN). This reaction is expensive in terms of reductive
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and energetic costs, as it consumes 14 molecules of NADPH and 7 molecules of ATP®,
Palmitoyl-CoA is then converted to palmitate, a fully-saturated lipid which is 16 carbons
in length (16:0), by the enzyme palmitoyl-ACP thioesterase®. Elongation of palmitate by
elongase enzymes forms lipids of varied chain lengths. Additionally, desaturase enzymes
introduce carbon-carbon double bonds to make unsaturated lipids. The primary products
of lipogenesis are the saturated fatty acids palmitate (16:0) and stearate (18:0), along with
the unsaturated fatty acids palmitoleate (palmitate that is saturated at the seventh carbon;
16:1n-7) and oleate (stearate that is saturated at the ninth carbon; 18:1n-9)%.

Fatty acids synthesized in the liver are incorporated into cell membranes,
esterified and stored, or packaged and exported. De novo synthesized lipids which are
converted to phospholipids are readily incorporated into cell membranes. Inhibition of
lipogenesis has been shown to cause membrane defects and interfere with proliferation of
rapidly-dividing prostate cancer cells®’. Fatty acids are stored in the liver in the form of
triglycerides, which are compartmentalized into lipid droplets encased by
phospholipids®. Finally, fatty acids in the liver are packaged in VLDL particles to be
exported and delivered through circulation to other tissues. Triglycerides and

phospholipids represent approximately 60% and 13% of VLDL contents, respectively®.

1.1.5 Function of acetyl-CoA and the acetyl-CoA carboxylases in protein acetylation
In addition to being a necessary prerequisite for cholesterol and lipid biosynthesis,
acetyl-CoA is becoming increasingly appreciated as an important regulator of metabolic

homeostasis, particularly as a substrate for post-translational modification of proteins. It
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was first discovered that nuclear histone proteins are reversibly acetylated on lysine
residues, and that these modifications represent a main mechanism for regulation of
chromatin arrangement, DNA accessibility, and gene transcription®®%. More recently,
owing to improvements in mass spectrometry proteomics, over one thousand non-histone
acetylated proteins have been identified in the liver®. Interestingly, enzymes involved in
intermediary metabolism are preferentially acetylated even when accounting for protein
abundance®. The metabolic processes encompassing these acetylated proteins include
glycolysis, gluconeogenesis, the TCA cycle, the urea cycle, fatty acid metabolism, and
glycogen metabolism. The effects of acetylation on protein function are varied. Activities
of the fatty acid oxidation enzyme enoyl-coenzyme A hydratase/3-hydroxyacyl-
coenzyme A and the TCA cycle enzyme malate dehydrogenase are twice as high when
acetylated. Activity of the glycolytic enzyme phosphoglycerate mutase-1 is also
enhanced when acetylated®. Conversely, activity of the urea cycle enzyme
argininosuccinate lyase decreased when acetylated. Acetylation prolonged the half-life of
the gluconeogenic enzyme phosphoenolpyruvate carboxykinase 1 (PEPCK1) was
affected by its acetylation state, such that acetylation of PEPCK1 prolonged the protein
half-1ife%2. These examples illustrate that protein acetylation significantly affects the
activity or stability of an enzyme, and the mechanism by which an enzyme is regulated
by acetylation varies greatly depending on its role in a greater metabolic network.

How acetylation affects the function of particular enzymes throughout
metabolism remains to be elucidated. However, a well-established target of regulation by

acetylation is the transcriptional co-activator peroxisomal proliferator-activated receptor
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(PPAR) y coactivator-1a (PGC-1a)®. PGC-1a is a critical regulator of metabolic
flexibility by controlling expression of genes involved in mitochondrial biogenesis, fatty
acid oxidation®®, and gluconeogenesis®. PGC-1a is highly sensitive to the energy status
of a cell through reversible acetylation. SIRT1, a deacetylase enzyme that is active under
low-energy conditions®’, deacetylates and activates PGC-1a. Alternatively, PGC-1a is
acetylated and deactivated by the histone acetyltransferase enzyme GCNS5 under high
energy conditions®. When active, PGC-1a triggers mitochondrial biogenesis and
promotes transcription of genes encoding fatty acid oxidation and gluconeogenesis
enzymes. Collectively, liver PGC-1a activation under nutrient deprivation causes a shift
in metabolism to decrease glucose catabolism, increase fat catabolism, and increase
glucose release from the liver in order to maintain blood glucose levels and sustain the
metabolic needs of other tissues.

Another transcription factor that known to be acetylated is ChREBP. Acetylation
of ChREBP occurs under high glucose conditions in the liver and likely contributes to its
transcriptional activity, resulting in upregulation of lipogenic genes®,

Transfer of an acetyl group from acetyl-CoA occurs enzymatically®® or non-
enzymatically®. GCN5 was originally identified as a nuclear histone acetyltransferase
that functioned to add the acetyl group from acetyl-CoA to a lysine residue of histone
proteins®. More recently, GCN5 was found to acetylate PGC-1o and influence its
activity®*. Although acetyltransferases are actively recruited to histones, acetyl-CoA
synthesis is rate-limiting for histone acetylation®?1% demonstrating that enzymatic

acetylation is also regulated by levels of the reaction substrate, acetyl-CoA.
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Since the ACC enzymes catalyze the conversion of acetyl-CoA to malonyl-CoA,
they compete with acetyltransferases for intracellular acetyl-CoA pools. It has been
confirmed in yeast that ACC inhibition increases the intracellular acetyl-CoA pool. As
acetyl-CoA can freely distribute between the cytosol and nucleus, ACC inhibition in the
cytosol was sufficient to increase histone acetylation®1%. However, this phenomenon has
not yet been tested in a mammalian system. While acetyl-CoA can freely move between
the cytosol and nucleus because of the presence of nuclear pores, it is impermeable to
other organelles such as mitochondria and peroxisomes, causing these organelles to rely
on intra-organelle acetyl-CoA production or shuttle transport systems. Acetate can be
transported bi-directionally across the cellular cytoplasmic membrane by
monocarboxylate transporter proteins!®. Thus, the effect of ACC inhibition on organelle-

specific acetyl-CoA pools and protein acetylation has yet to be determined.



32

1.2 Acetyl-CoA carboxylases in the context of obesity and metabolic disease

1.2.1 Pathologies associated with fatty liver

Non-alcoholic fatty liver disease (NAFLD) is defined as the accumulation of fat
in hepatocytes exceeding 5% of the liver weight in a patient without significant history of
alcohol use. NAFLD is the most common liver disorder in Western society, affecting
over 30% of Americans!®%. NAFLD encompasses a progressive spectrum of liver
abnormalities from steatosis (fatty liver) to steatohepatitis (fatty liver with inflammation)
to cirrhosis (steatohepatitis with fibrosis), which can progress to liver cancer and end-
stage liver failure'®®, The typical progression of NAFLD is depicted in Figure 4. While
the pathogenesis of many NAFLD cases is cryptic, some established causes include rapid
weight loss, glucocorticoids, antiviral medications, genetic defects in lipid storage,
human immunodeficiency virus (HIV) infection, and environmental hepatotoxins®.
Obesity, type 2 diabetes, and hyperlipidemia commonly co-exist with NAFLD and are
thought to contribute to its development. Of patients with NAFLD, obesity has been
observed in 30-100%, type 2 diabetes has been observed in 10-75%, and hyperlipidemia
has been observed in 20-95% 98110-113 NAFLD itself is a risk factor for several
pathologies including glucose intolerance/insulin resistance'#%° hypertriglyceridemia

116 hypertension and cardiovascular disease?’.
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Figure 4. Typical progression of nonalcoholic fatty liver disease.

Nonalcoholic fatty liver disease (NAFLD) encompasses a progression of liver diseases
from steatosis to steatohepatitis to cirrhosis, which can lead to liver cancer. Steatosis and
steatohepatis are reversible, whereas cirrhosis features permanent liver damage. NAFLD
can initiate as steatosis or steatohepatitis, and these two conditions can be
interchangeable. Figure adapted from Cohen, Horton, and Hobbs. Human fatty liver

disease: old questions and new insights. Science. 2011;332:1519-23.
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Although NAFLD is a common feature in obesity, the association between fatty
liver and glucose intolerance/insulin resistance is thought to be independent of peripheral
adiposity!!118-120 In a study by Lee, et al.!*?, reduced glucose tolerance was as common
in lean as obese patients with NAFLD. In a study by Marchesini, et al.*?!, patients with
NAFLD had an increased prevalence of insulin resistance compared to patients without
NAFLD regardless of body mass index. Furthermore, hepatic insulin resistance is a
strong predicator of whole-body insulin resistance'?2. However, the contribution of
lipogenesis to hepatic insulin resistance and/or whole body glucose intolerance is
controversial and is currently under investigation.

Evidence exists to suggest that pathogenic accumulation of liver lipid, particularly
diacylglycerol (DAG), disrupts the insulin signaling cascade by activating protein kinase
C (PKC) and stimulating its translocation to the plasma membrane. PKC decreases
insulin receptor phosphorylation, leading to impairments in downstream pathways
causing reduced glycogen synthesis and an inability to appropriately restrain hepatic
glucose release'?®. Hepatic lipogenesis contributes to increased steady-state levels of
DAG!?*: thus hepatic lipogenesis may play a causal role in whole-body glucose
intolerance and insulin resistance!?®. In support of a causal role of lipogenesis in insulin
resistance, glucose intolerance and NAFLD, mice expressing constitutively active ACC1
and ACC2 featured elevated liver lipogenesis, fatty liver, and hepatic insulin resistance,
coincident with whole-body glucose intolerance and insulin resistance!?®. A major
confounding factor in interpreting these results is that the ACC enzymes were

constitutively active throughout the whole-body rather than specifically targeted to the
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liver and so were shown in this study to also affect lipid accumulation and insulin
sensitivity in skeletal muscle!?®. Thus, it remains unclear whether increased liver
lipogenesis is sufficient to drive NAFLD and whole-body insulin resistance or glucose

intolerance.

1.2.2 Evidence linking lipogenesis to fatty liver and the role of ACC enzymes

Liver lipid accumulation occurs by several mechanisms including 1) increased
uptake of exogenous lipid, 2) decreased export of triglyceride, 3) decreased oxidation of
stored lipid, and 4) increased de novo synthesis of lipid'?”. While de novo lipogenesis
contributes only 5% of stored liver lipids in normal fasted conditions'?8, enhanced
lipogenesis is the single greatest contributor to liver lipid accumulation in patients with
NAFLD, accounting for as much as 26% of liver lipids even in the fasted state!?®. In a
study by Diraison, et al.**°, de novo synthesized lipids increased more than 3-fold in
patients with NAFLD compared to controls, whereas re-esterification of exogenous free
fatty acids was decreased, and no significant differences were detected in fat oxidation or
triglyceride export. Most NAFLD patients also have elevated blood glucose and/or
insulin, which both promote expression of the ACC enzymes, potentially linking poor
diet and obesity to development of NAFLD. ACC expression is increased in livers of
patients with NAFLD*132 as well as levels of oleate (18:1n9)**3, which is a product of
lipogenesis®®. Although these studies implicate a role for lipogenesis and the ACC
enzymes, it is not clear whether hepatic lipogenesis is causal in NAFLD and/or glucose

intolerance. It has been proposed that inhibiting liver lipogenesis would decrease liver fat
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accumulation and improve whole-body glucose tolerance in the context of NAFLD,

although sufficient in vivo studies in this area are lacking.

1.2.3 Review of studies that have targeted liver lipogenesis

Testing the role of liver lipogenesis in whole-body and liver physiology has
proven challenging. Lipogenenis is necessary during embryonic development, as
constitutive deletion of ACC1 or FASN is embryonic lethal**1%®, Liver-specific ACC1
knockout mice were successfully generated by using loxP sequences to delete Accl
driven by hepatocyte-specific Cre recombinase!3¢13’. Although these mice completely
lacked liver ACC1 expression, ACC2 expression increased'6*” and, interestingly, these
hepatocytes were capable of lipogenesis to a similar extent as wild-type hepatocytes.
Lipogenesis in ACC1-null hepatocytes was blocked by administration of a
pharmacological pan-ACC inhibitor'®. This demonstrates that, although ACC1 is
normally associated with lipogenesis, there is not a strict cystosolic-specific pool of
malonyl-CoA, and ACC2 is capable of compensating for the lipogenic activity of ACC1
in its absence. In another study, antisense oligonucleotides (ASOs) against ACC1 and
ACC2 administered to rats by tailvein injection decreased liver ACC1 and ACC2 protein
expression by 80%, decreased liver triglyceride levels, and improved insulin
sensitivity'*®. A major caveat to this study is that the ASOs were not specifically
administered to the liver, and ACC expression was also decreased in adipose tissue to the
same extent as the liver. In the only study to-date to achieve liver-specific inhibition of
lipogenesis, FASN, which is the enzyme downstream of ACC that converts malonyl-CoA

to fatty acid, was deleted specifically in mouse hepatocytes. Paradoxically, liver-specific
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deletion of FASN caused an increase in liver fat storage when mice were fasted or fed a
fat-free diet for 4 days, as a result of decreased mitochondrial fat oxidation®. Lack of de
novo synthesized fatty acids reduces expression of PPARa target genes in the liver,
including those involved in mitochondrial fat oxidation®, indicating that de novo
synthesized fats are important PPARa ligands. Taken together, the role of liver
lipogenesis and ACC activity in NAFLD and glucose intolerance has not been fully

elucidated with existing models.
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1.3 Acetyl-CoA carboxylases in the context of liver cancer

1.3.1 Epidemiology of liver cancer

Liver cancer is the fifth most-common cancer in men and the ninth most-common
in women, accounting for 7.5% and 3.4% of all cancers worldwide in men and women,
respectively!®. Hepatocellular carcinoma (HCC) is the most common liver malignancy
and represents 85-90% of liver cancer cases'*’. Rates of HCC incidence are
approximately 2-fold higher in men compared to women, such that cumulative lifetime
risk of HCC is 0.88% in men and 0.42% in women®,

Incidence of HCC is highest in developing countries (including Eastern and
South-Eastern Asia, and Northern and Western Africa) with an average age of diagnosis
of 20 years, most likely due to higher incidence of chronic hepatitis virus infection4L,
HCC incidence in these countries is decreasing, however, with the introduction of
vaccines against Hepatitis B infection. While incidence in developed countries (including
North America, Europe, and Australia) is lower in comparison with underdeveloped
countries!3, rates are increasing in developed countries in recent decades with an average
age of diagnosis of 50 years!L. In the United States, rates of HCC incidence have more
than tripled between the years 1975 and 20113,

HCC is a highly lethal disease, with a yearly fatality ratio of 1, meaning that most
patients do not survive a year**!. In the US, HCC 5-year survival rate is 8.3%, and HCC
is inevitably fatal in underdeveloped countries. HCC is the second-highest cause of
cancer-related death in men and the sixth-highest in women worldwide. HCC accounts

for 11.2% and 6.3% of total cancer-related deaths in men and women, respectively*3°.
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1.3.2 Overview of current detection and treatment strategies for liver cancer

Early detection of HCC is necessary for optimistic patient prognosis. While
methods for detecting HCC have vastly improved in recent years, survival after diagnosis
remains bleak, indicating room for improvement in HCC screening and detection. For
decades, alphafetoprotein (AFP) has been used as a serum marker for HCC. AFP is a
glycoprotein normally produced in fetal liver. Its expression is repressed in the adult liver
but re-expression occurs in many HCC cases. However, it is increasingly apparent that
AFP is not ideally specific for HCC, as it can be highly elevated in chronic inflammatory
liver disease even in the absence of HCC. A more troubling problem with using AFP as a
screening tool for HCC is that it is not adequately sensitive, detecting approximately only
40% of HCC cases'*>!43, AFP does, however, have prognostic value, as tumors
associated with serum AFP value of greater than 100 ng/mL are more likely to be
multifocal and invasive!*,

Due to the lack of a specific and sensitive serum screening tool, currently the
most reliable method for HCC detection is imaging. While abdominal imaging techniques
have advanced considerably in recent years to allow more sensitive liver tumor detection,
it remains a challenge to detect tumors smaller than 2 cm in diameter. Magnetic
resonance imaging is the most sensitive imaging tool, as it identifies almost 80% of
tumors, including 63% of tumors less than 2 cm. However, due to challenges in detecting
small tumors, most HCC cases are not diagnosed until later stages. For many types of

cancer, positron emission tomography (PET) using ‘8F-fluoro-2-deoxyglucose (**F-FDG)
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IS a reasonably specific and sensitive imaging tool for tumors in contrast to surrounding
non-tumor tissue. However, less than 50% of HCC cases are detected using this method.
11C-acetate is more specific and sensitive for HCC compared to 8F-FDG 44, likely due to
a propensity for HCC to utilize acetate as a lipogenic substrate (discussed further in the
following section 1.3.4 Evidence for roles of lipogenesis and ACC enzymes in liver
cancer).

Detection of a tumor by imaging is often sufficient for designing an informed
treatment plan, but a tumor biopsy is performed if the tumor grade will influence the
treatment approach. Early grade HCC is pathologically characterized by well-
differentiated cells with increased cell density and hyperplasia compared to surrounding
areas and a thin irregular trabecular pattern. Progressed grade HCC takes on a nodule-in-
nodule appearance, pathologically characterized by cell undifferentiation and
enlargement, large trabecular structures, and invasiveness'*®. In addition to expert
pathological analysis, the biopsy is often evaluated by immunohistochemistry for
glycipan 3, heat shock protein 70, and glutamine synthetase, as positivity for all 3 of
these stains confirms HCC®.

After diagnosis, staging of HCC for determining a treatment strategy is a complex
matter because HCC commonly occurs in the setting of underlying fibrotic liver disease
that may have a significant impact on prognosis and treatment. The system most
commonly used by clinicians and in clinical trials to treat HCC is the Barcelona Clinic
Liver Cancer classification scheme!*®. Accordingly, HCC patients are eligible for liver

resection if there is no severe underlying liver disease as assessed by measurements of
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portal vein pressure and serum bilirubin levels, and if the HCC is in a very early stage,
defined by only one liver tumor less than 2 cm that has not invaded into the vasculature
or metastasized to a distant site. If HCC is still in an early stage, defined by a single
tumor less than 3 cm and no invasion into the hepatic portal vein, but portal pressure or
bilirubin is elevated, a liver transplantation is recommended. Liver transplantation in the
setting of hepatitis-related liver fibrosis is associated with diminished patient survival and
it is very likely that fibrosis and HCC will recur in the transplanted liver'*’-1°, Therefore,
if the HCC is in an early stage but associated diseases such as hepatitis infection and
fibrosis are present, radiofrequency (RFA) ablation is recommended. Liver resection,
transplantation, or RFA are considered potentially curative treatments4e,

Unfortunately, most HCC patients are not eligible for these curative treatments
due to late-stage HCC diagnosis or underlying disease and are left with only palliative
treatment options. For example, if HCC is in an intermediate stage, defined by the
presence of multiple tumor nodes, then treatment by transarterial chemoembolization
(TACE) is recommended. This method involves catheterization of the hepatic artery and
local delivery of a chemotherapeutic agent, typically doxorubicin or cisplatin'®2. In a
large 8510 patient study, 1-year survival for patients with unresectable HCC treated with
TACE was 82%°3, showing a benefit for many patients who qualify for this treatment,
although a cure is rarely achieved. If the HCC has progressed to advanced stage, defined
by invasion of the tumor cells into the hepatic portal vein, then the standard of care is
Sorafenib, which is a small molecule inhibitor with activity against multiple kinases

including Raf-1, B-Raf, vascular endothelial growth factor receptor 2, and platelet-
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derived growth factor receptor. Sorafenib is the only systemic therapy approved for
advanced stage HCC, but only a minority of patients are responsive and it extends patient
lifespan in aggregate by only months!>4. The most common cause of death among HCC

patients is liver failure caused by uncontrolled tumor progression'®.

1.3.3 Environmental and genetic etiology of liver cancer

Risk of HCC is highly linked to environmental factors including hepatitis
infection, aflatoxin exposure, excess alcohol consumption, obesity, and NAFLD40% |n
humans, development of HCC is a gradual process that can take as long as 30 years to
manifest after an initial insult. While it is clear that liver disease follows a typical
progression from steatosis to cirrhosis to preneoplastic hepatocyte dysplasia to HCC,
the genetic programs driving this process are not well understood. Many of the alterations
in gene expression during the preneoplastic phase of HCC occur by epigenetic
mechanisms in the absence of genetic mutations. For example, increased expression of
hepatocyte growth and inflammatory factors are a common feature of cirrhosis and
preneoplasia, and are thought to be important for early hepatocyte proliferation>1%°,
Although these epigenetic alterations are not sufficient for malignancy, they create
conditions which increase the stochastic likelihood of generating hepatocyte populations
that have a critical combination of genetic mutations that drive cancerous transformation.
Erosion of telomeres, which may occur in highly proliferative hepatocytes, produces
mitotic non-disjunction and chromosome disruption®®16!, Additionally, oxidative and
nitrosative damage to the genomic DNA, which occurs in the setting of chronic liver

inflammation and cirrhosis, leads to genetic mutations if not properly repaired®2.
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The genetic profile of HCC is quite heterogeneous, in most cases containing

structural alterations in many genes and chromosomes which may simultaneously affect
gene expression across multiple pathways regulating proliferation, death, differentiation,
and genomic integrity®3. Although DNA damage and resulting mutations may occur at
random, it is reasonable to speculate that particular clonal populations have a survival and
proliferative advantage during tumor formation. Studies supporting this theory have
identified some commonalities in genetic signatures across HCC. The most common
oncogene driver observed in HCC is activation of B-catenin, which can occur by
activating mutations in B-catenin or deletion of negative regulators of B-catenint64-167,
TP53 is a frequently mutated tumor suppressor in HCC%4-167: however TP53 is only a
weak tumor suppressor in a mouse model of HCC®8, highlighting cooperation with other
stress regulators and tumor suppressors. Mutations in Arid1A and Arid2, which remodel
chromatin, are also prevalent in HCC. Other observations include frequent loss of cell
cycle regulatory genes such as ATM and MLH1, and mutations in epigenetic regulators
such as MLL3 and MLL4%7_One study identified enrichment of positive regulators of
cell cycle including CDK4, CDC25A, CDC7 and MAPK3!° to be associated with poor-
prognosis HCC. Interpretation of these findings is confounded by the relatively small
number of HCC tumors that have been sequenced to date (approximately 100, compared
to >1000 in many other types of cancer)'®3. Most investigators are in agreement that the
most striking finding from sequencing thus far is the overall complex heterogeneity

across HCC cases.
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Which genes are critical drivers of HCC or merely bystanders remains to be

defined; however, some progress has been made in understanding the molecular
mechanisms of HCC by utilizing mouse models. The most commonly used model of
HCC is treatment of neonates with the chemical carcinogen diethylnitrosamine (DEN).
DEN is a prodrug that is converted to its active form when metabolized by liver CYP450
enzymes. Activated DEN causes both nitrosative and oxidative DNA damage, which lead
to genetic mutations and tumor outgrowth with a latency of 5 to 10 months!’. Tumors
induced by DEN reflect the genetic heterogeneity of human HCC and genetically
resemble poor-prognosis HCC®, The sexual dimorphism of HCC is also recapitulated in
the DEN model, with females being more resistant to developing tumors. This difference
has been attributed to the stimulating effects of androgens on liver cancer through Foxal
and Foxa2'™; however, the exact mechanisms leading to increased HCC in response to
androgens have not been clarified. Other chemical models include feeding aflatoxin or
peroxisome proliferators or administration of carbon tetrachloride. These models have
relatively long latency, ranging from 12 to 24 months!’®. Alternatively, implantation
models have much shorter latency, producing tumors in a matter of days to weeks.
However, these models have been proven inadequate for HCC research because they fail
to fully interact with the unique inflammatory and regenerative nature of the liver'’2,
Therefore, chemical models are favored in HCC research because they mimic the process
of random DNA injury, inflammation, cell hyperproliferation, malignant cell selection,

and tumor outgrowth that is characteristic of human HCC.
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Genetically engineered mouse models (GEMMSs) are vital tools for understanding
roles of individual proteins in liver tumor etiology. Using GEMMs, liver oncogenes
sufficient to cause liver neoplasia have been identified including Hepatitis B surface
antigen, SV40, c-Myc and H-Ras!"*17%. Additionally, liver tumor suppressors that have
been identified include Rb, TP53 and PTEN"4, Because the genetic prolife of human
HCC is exceptionally diverse, GEMMs may not recapitulate HCC as authentically as the
chemical models discussed. However, GEMMs have been combined with chemical
models in order to better understand the roles of particular proteins within the complex
setting of HCC.

Studies using the DEN model of liver cancer, in some cases combined with
GEMMs, have provided some valuable insight into mechanisms of HCC initiation and
progression. One major advancement was determining the cell type of origin in HCC.
Hepatocytes are unique from many other differentiated cell types in that they have a
robust regenerative capacity. It had been known for several decades that both hepatocytes
and liver progenitor cells are able to proliferate in order to restore damaged liver tissue,
such as after a partial hepatectomy*’”; however, it was not clear whether hepatocellular
carcinoma arose from liver progenitor cells or from differentiated hepatocytes. To resolve
this question, Bratlet et al. (2002)!® used two different strategies to label hepatic cells:
(@) inducing liver cell proliferation by feeding rats with 2-acetylaminofluorene (2-AAF)
which stimulates oval cell proliferation and suppresses hepatocyte proliferation and
labeling proliferating cells by retrovirus infection with beta-galactosidase; and (b)

performing a partial hepatectomy to stimulate replication of mature hepatocytes, followed
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by infection of proliferating cells with retrovirus containing the B-galactosidase before 2-
AAF feeding. Using the second strategy, the authors were able to demonstrate selective
hepatocyte labeling. Mice were then treated with DEN and, after disease onset, tumors
were removed from the liver and inspected for expression of 3-galactosidase. The authors
observed that the tumor cells expressed f-galactosidase, indicating that they were of
hepatocyte origin'’®. This study has had a major impact in the field by placing hepatocyte
physiology at the center of HCC research.

It had been recognized that inflammation may act as a tumor promoter in a small
subset of human cancers, but a role for inflammation in etiology for HCC was not
appreciated until Maeda et al. (2005)!"® demonstrated that inflammation was an important
mechanism in DEN-induced tumorigenesis. In this study, inactivation of hepatocyte NF-
kB, a transcription factor which promotes expression of inflammatory cytokines,
increased cell death in response to DEN. Hepatocyte death signaled to resident liver
macrophages (Kupffer cells) to increase inflammatory cytokine production, ultimately
increasing proliferation of surviving cells and increasing the likelihood of tumor
development. This process of compensatory hyperproliferation is thought to be highly
relevant in human HCC.

Because environmental factors have such a heavy influence on HCC risk, there
has been considerable effort to understand their roles in HCC initiation and progression.
For example, obesity has been identified as a significant risk factor for both HCC
incidence and mortality in multiple epidemiological studies*®®182, The increasing

prevalence of obesity in developed countries may at least partially explain the recent
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increase in HCC incidence. In order to better understand the molecular mechanisms
contributing to liver cancer risk in the context of obesity, Park et al. (2010)!®3 fed DEN-
treated mice with an obesigenic Western diet, which is high in fat and sugar. Remarkably,
mice fed the Western diet developed significantly more tumor than normal chow-fed
controls. While tumor incidence in males was relatively high regardless of diet (85 to
100%), males fed the Western diet had more and larger liver tumors. As expected,
females fed normal chow had lower tumor incidence than males (40%), but females fed
the Western diet had a 2-fold increase in tumor incidence (80%). Genetic deletion of the
IL-6 or TNF receptor genes partially attenuated DEN-induced liver tumor development in
mice fed the Western diet!®, implicating these inflammatory cytokines in promoting liver
cancer in the context of an obesigenic diet. However, whether obesity per se, an obesity-
related disorder such as fatty liver or hyperinsulinemia, and/or a diet component such as
high fat or high sugar was the major driver of liver tumor is not clear. Another study to
investigate the links between obesity and liver tumor was by Yashimoto et al. (2013)*8.
The authors showed that a Western diet altered the gut microbiome, causing an increase
in deoxycholic acid (DCA), a bile acid which is known to be secreted from gut
microbiota®®. DCA caused an inflammatory response in the liver and promoted liver
tumor induced by the chemical carcinogen dimethylbenzanthracene (DNBA), which
could be partially attenuated by administration of antibiotics or knockout of IL-1p8,
Interestingly, DCA administration to DNBA-treated mice fed a normal chow diet was not
sufficient to induce significant liver tumor, implicating another obesity- or diet-associated

factor as a culprit in HCC promaotion.
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In summary, little is currently known about the molecular etiology of HCC or
interactions between environmental factors and liver tumor development. Mechanistic
studies investigating the relationship between HCC and environmental factors such as
hepatitis infection, aflatoxin exposure, alcohol consumption, poor diet, or fatty liver are
lacking. Therefore, continued investigation in the area is crucial for developing new

preventive and therapeutic strategies for HCC.

1.3.4 Evidence of roles for lipogenesis and ACC enzymes in liver cancer

A hallmark of cancerous cells is alterations in metabolism which promote
survival, proliferation, and metastasis. The most extensively characterized metabolic
phenotype of cancer cells is increased aerobic glycolysis, coined the “Warburg effect”
after Dr. Otto Warburg who first described this phenomenon in the 1920s%. The
Warburg effect is marked by increased glucose uptake and conversion to lactate in the
cytosol rather than conversion to pyruvate in the mitochondria, even in the presence of
ample oxygen. Further studies since this initial observation have expounded on the
relevance of the Warburg effect to tumor metabolism. The Warburg effect is now
considered to be advantageous for cancer because it promotes survival in hypoxic
conditions of the tumor microenvironment, the lactate produced may assist in degrading
extracellular matrix to allow tumor metastasis to areas of higher oxygen and nutrient
availability, and pathways stemming from glycolysis synthesize materials to support
rapid cell growth and proliferation®”. For example, glucose which enters glycolysis can

be diverted to the PPP for production of the reductive molecule NADPH which is used
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for antioxidant defense and biosynthetic processes such as lipid synthesis, as well as
production of nucleotides and amino acids which are used for DNA repair and as building
blocks for new cells'®®,

Glycolysis also supplies glucose precursors that are incorporated into lipids via
lipogenesis. Although less characterized than glycolysis in the context of cancer
metabolism, upregulation of lipogenesis is similarly observed in cancer®®, including
HCC, despite its characteristic genetic heterogeneity. In a study by Yahagi, et al.1*®, all
ten patients examined had increased expression of ACCL1 in tumor tissue compared to
surrounding liver tissue. Moreover, the extent of lipogenic enzyme expression in liver
tumor has been correlated with increased clinical aggressiveness'®! and poorer patient
survival'®2, Genetic inhibition of ACC1 caused growth inhibition and apoptosis in the
HCC cell line HUH, Several theories exist for why lipogenesis is important for cancer
cell survival and proliferation even in the presence of ample exogenous fatty acids; these
include: (a) lipogenesis-derived phospholipids can be incorporated into new membranes
to support rapid cell proliferation, whereas exogenous lipids are preferentially stored or
oxidized®; (b) lipogenesis produces saturated lipids which preferentially form lipid rafts
to facilitate cancer cell growth factor signaling'®*-1%: and (c) saturated lipids produced by
lipogenesis are less susceptible to peroxidation and therefore cause less cancer cell
toxicity'®’. For these reasons, there is considerable interest in targeting lipogenesis for
prevention or treatment of HCC; however, the role of lipogenesis in cancer is poorly
understood, and inhibition of lipogenesis in the context of liver cancer remains to be

tested in vivo.
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CHAPTER 2: EFFECTS OF GENETIC INHIBITION OF LIVER ACETYL-COA
CARBOXYLASES ON WHOLE-BODY AND LIVER METABOLISM
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2.1 Use of liver-specific ACC1 and ACC2 double knockout mice to define how loss
of liver ACC activity affects normal liver and whole-body physiology in mice fed a
normal chow diet
2.1.1 Background

Both ACC isotypes are susceptible to dysregulation and are commonly over-
expressed or over-activated in disease states associated with fatty liver0®132190.198
Simple hepatosteatosis alone is thought to have a benign course®®*%, but up to 25% of
patients progress to advanced diseases'®®. Fatty liver disease is a risk factor for insulin
resistance, diabetes, and hepatocellular cancer. Thus, there is considerable interest in
developing small molecule drugs that inhibit ACC enzymes!®2%, Recently, it was shown
that chronic activation of ACC enzymes in mice is sufficient to increase hepatic fat
accumulation?®; however, it remains unclear how the complete and chronic inhibition of
ACC activity will impact liver lipid content, whole body metabolic physiology, or the
metabolic fate of cytosolic acetyl-CoA in hepatocytes. To investigate these questions, we

generated and characterized liver-specific ACC1 and ACC2 double knockout mice.

2.1.2 Increased hepatic triglyceride accumulation in the absence of ACC activity

Other groups have reported single gene knockout of either ACC1 or ACC2
individually in micet®:137201.202 However, no studies have genetically knocked out both
ACC enzymes specifically in mouse liver. In this study we generated liver-specific ACC1
and ACC2 double knockout (LDKO) mice, as follows. ACC1 and ACC2 floxed mice
were bred with mice expressing Cre under the control of a liver-specific albumin

promoter. Knockout was confirmed at the mRNA and protein levels in liver tissue
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(Figure 5A and B). To verify that ACC enzymatic activity was deficient in the liver, we
isolated primary hepatocytes from LDKO and flox control (Flox) mice and tested their
capacity to utilize *C-acetate (a cell-permeable precursor to cytosolic acetyl-CoA) for
lipogenesis. Hepatocytes from LDKO mice were completely deficient in lipogenic
conversion of acetate into lipid, but were fully capable of synthesizing sterols from this
substrate (Figure 5C). The utilization of *C-acetate for sterol synthesis was expected
because this process does not require ACC activity. Compared to Flox controls, LDKO
mice had similar body weight and adiposity (Figure 6), and had normal energy
expenditure and respiratory quotient in both fed and fasted states (Figure 7). The LDKO
mice also demonstrated normal responses to metabolic challenges with a bolus injection
of glucose, pyruvate, or insulin (Figure 5D and F). LDKO mice had similar serum
glucose, insulin, free fatty acid, and triglyceride levels to Flox controls in both the fed
and fasted states, but had 22% less (p < 0.05) serum cholesterol in the fasted state (Table
1). Hepatocytes and liver tissue demonstrated normal insulin stimulation of Akt (Figure
9). Together, these data demonstrate that loss of ACC activity in the liver does not
adversely affect whole body nutrient handling or insulin sensitivity. However, we did
find that LDKO liver mass was increased (Figure 5G) concomitant with increased
triglyceride content (Figure 5H). Histological analysis of liver tissue by Oil-red-O and
H&E staining revealed that LDKO hepatocytes accumulated microvesicular fat (Figure
51), a phenotype normally associated with a defect in fat oxidation?®®, ACC enzymes
normally function to promote fat storage; therefore, the finding that ACC deletion

increases basal liver fat accumulation was unexpected.
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Figure 5. Loss of hepatic ACC activity increases fat storage.

A) Liver Accl and Acc2 mRNA transcripts quantified by gPCR in Flox control and
LDKO mice (p <0.0001, n=10, Mann-Whitney). (B) Avidin-bead pulldown with
immunoblotting for ACC enzymes in liver lysates from flox and liver-specific ACC1 and
ACC2 knockout (LDKO) mice, with pyruvate carboxylase (PC) and propionyl-CoA
carboxylase (PCC) enzymes serving as protein loading controls. (C) Incorporation of **C-
acetate into fatty acids and sterols in primary hepatocytes. (D-F) Glucose, pyruvate and
insulin tolerance tests (D and E, n=5; F, n=3). (G) Liver to body weight percentage and
(H) triglyceride content of Flox and LDKO mice (female LDKO (n=8) and Flox (n=5),
male LDKO (n=5) and Flox (n=3); *p < 0.05, Mann-Whitney.). Data expressed as mean
+ SEM. (I) Representative liver sections stained with hematoxylin and eosin (H&E) and

Oil-Red-O; Scale bars = 100 pm.



Table 1. Serum parameters of fed or 12 h-fasted LDKO and Flox mice
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Flox

2045 + 28.8 (9)
914 + 67 (9)
082 +011@
1708 + 185 ()
097 + 012

Fed

LDKD

2338 +£27.0(10

71.9 + 5.4 (10)
0.87 £0.09 (10)
171.3 +£22.9 d)

1.34 + 027

1560 £129(9
936+ 6
140 £ 015 (9
1248+ 76(17)
042 + 0.08

Fasted

LDKO

136.3 £ 5.0(11)

735+ 3.7 (11)
1.15 & 012 (11)
144.5 + 7.9 (17)
051 01

Data expressed as mean £ SEM. * Significant difference (p < 0.05) between Flox vs.

LDKO of same condition (fed or fasted). Parentheses indicate the number of mice per

group.
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Figure 7. Diurnal respirometry.

Indirect calorimetry was used to determine (A) VO2 and (B) RER in 22 week-old female

Flox and LDKO mice at the fed state. Data expressed as mean + SEM (n=8).
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Figure 9. Insulin signaling through Akt.

A) Western blot analysis of Akt phosphorylation in liver tissue from LDKO and Flox
mice (n=3 mice). (B) Representative Western blot of whole cell lysates from primary
hepatocytes stimulated with 3 or 100 nM insulin for 10 min. (C) Quantification of

phospho-Akt/total Akt from (B) (n=4-5). Data expressed as mean + SEM.
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2.1.3 ACC inhibition paradoxically suppresses fatty acid oxidation
Hepatic fat accumulation can be caused by numerous mechanisms including

defective lipid export, increased lipid intake, increased lipid synthesis, or decreased fat
oxidation. Lipid synthesis can be ruled out (Figure 5C); therefore, we measured
triglyceride export from the liver, the clearance of triglyceride after a bolus oral gavage
of safflower oil, and the oxidation of the saturated fatty acid palmitate (Figure 10A and
C). The rate of lipid efflux from the liver was measured by treating LDKO and Flox mice
with the lipoprotein lipase inhibitor, Poloxamer 407, and monitoring serum triglyceride
accumulation over time (Figure 10A). LDKO mice had greater rates of triglyceride
export from the liver compared to Flox control mice (Figure 10A), thus indicating the
increase in hepatic fat in LDKO mice was not due to impaired lipid efflux from the liver.
We next challenged LDKO and Flox mice with an oral bolus of safflower oil and
measured triglyceride appearance and clearance from the serum. This experiment showed
that LDKO mice had normal uptake and clearance of lipid (Figure 10B). Finally, we
measured fatty acid oxidation in LDKO and Flox primary hepatocytes using *C-
palmitate. This experiment revealed that LDKO hepatocytes had a significant decrease in
fatty acid oxidation compared to Flox controls (48% decrease, p < 104, Figure 10C). The
mechanism(s) of reduced fat oxidation were investigated in more detail by assaying the
activity of key enzymes in the mitochondrial and peroxisomal fatty acid oxidation
pathways in liver lysates. Compared to Flox control tissue, LDKO liver lysates had
decreased activity of mitochondrial 3-hydroxyacyl-CoA dehydrogenase (B-HAD,

p=0.002), mitochondrial medium-chain acyl-CoA dehydrogenase (MCAD, p=0.07), and
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peroxisomal acyl-CoA oxidase (ACOX, p=0.002) (Figure 10D-F). The LDKO liver
tissue also had lower mRNA and protein expression of CPT1a; the rate-limiting enzyme
in mitochondrial fat oxidation (Figure 10G and H). Furthermore, LDKO mice showed a
trend for impaired fasting-induced ketone production; an indirect marker of hepatic fat
oxidation in vivo (Figure 101). To determine whether the decrease in fat oxidation was
compensated by altered glucose utilization, as predicted by the Randle cycle 2%, we
measured the rate of glycolysis in isolated primary hepatocytes from LDKO and Flox
mice. These data revealed a 40% increase in glycolysis in LDKO hepatocytes compared
to Flox controls (Figure 10J). Collectively, these data identify that inhibition of ACC
enzymes leads to reprogramming of hepatic glucose and fatty acid metabolism that

resembles the chronic fed state.
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Figure 10. The loss of ACC decreases hepatic fat oxidation.

A) Hepatic triglyceride production assessed by serum triglyceride levels at time points
after i.p. treatment of 1 g/kg lipoprotein lipase inhibitor, Poloxamer 407 (n=5 LDKO, n=4
Flox). (B) Oral triglyceride tolerance assessed by serum triglyceride levels at various
time points after a bolus of safflower oil (n=5). Data expressed as mean SEM; *p <
0.0001, multiple unpaired t-test with correction using Holm-Sidak method. (C) Rate of
palmitate oxidation in isolated primary hepatocytes (*p < 0.001, Mann-Whitney, seven
independent experiments). Enzyme activity assays of (D) 3-hydroxyacyl-CoA
dehydrogenase (B-HAD), (E) media-chain acyl-CoA dehydrogenase (MCAD), and (F)
peroxisomal acyl-CoA oxidase (ACOX) in liver tissue (*p < 0.05, Mann-Whitney, n=7
LDKO vs. n=5 Flox). (G and H) Hepatic CPT1a transcript levels and protein
expression.14-3-3 serves as a protein loading control. (1) Serum ketone levels at fed and
fasted states (Mann-Whitney; n=5 flox vs. n=10 LDKO). (J) Rate of glycolysis in isolated
primary hepatocytes (*p < 0.01, Mann-Whitney, five independent experiments). Data

expressed as mean £ SEM.
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Peroxisomal proliferator-activated receptor alpha (PPARa) regulates the

expression of several hepatic genes involved in fat oxidation, including Cptla. Therefore,
we investigated transcriptional changes in pathways involved in nutrient metabolism
including 5 other PPARa-regulated genes: Pdk4, Fgf21, Acox1, Hmgcs2 and Ppara. In
contrast to Cptla, no other PPARa-regulated genes were down regulated and both Pdk4
and Hmgcs2 were upregulated in liver tissue from LDKO mice compared to controls
(Figure 11A). Furthermore, there were no statistically significant transcriptional changes
in other glucose or fatty acid metabolic genes regulated by Srebplc, Pgc-1a or Pgc-15
(Figure 11B and D). These data also show that the decreases in ACOX and MCAD
activity in LDKO liver tissue (Figure 11D and F) was not due to alterations in

transcription of their respective genes, Acox1 and Acadm (Figure 11A and D).
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Figure 11. PPARa, SREBP1c, and PGC-1a target gene transcription in LDOK vs.
Flox liver.

A-D) gPCR analysis of target genes regulated by PPARa, SREBP1c, PGC-1a and PGC-

1p. Data expressed as mean £ SEM (n=5, *p < 0.05 LDKO vs. Flox).
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2.1.3 Liver ACC inhibition disrupted acetyl-CoA homeostasis and altered protein
acetylation

Acetyl-CoA is a versatile cellular metabolite utilized for ATP production,

cholesterol and lipid biosynthesis, and protein acetylation. Given the high flux of acetyl-
CoA through ACC enzymes for lipogenesis, we investigated whether the perturbation of
ACC activity could impact acetyl-CoA utilization for protein acetylation. Primary
hepatocytes and liver tissue from LDKO and Flox control mice were immunoblotted with
an antibody that recognizes acetylated lysine residues (Figure 12A and B). Compared to
Flox controls, the LDKO tissues and cells had increased immunoblotting signals across a
broad range of molecular weights (Figure 12A and B). Since deacetylase enzymes may
also regulate protein acetylation, we measured NAD* levels and compared the acetylation
pattern of ACC-deficient cells with the pattern caused by the NAD"-dependent
deacetylase inhibitor, nicotinamide (NAM). NAD" levels were similar in Flox and LDKO
liver lysates (Figure 13A), and NAM treatment induced a different pattern of protein
acetylation than was observed with ACC inhibition (Figure 12A). These data reveal that
ACC inhibition promotes global protein acetylation, and indicate that NAD*-dependent

deacetylase inhibition cannot account for the changes in lysine acetylation.

2.1.4 Subcellular compartmentalization of ACC-dependent changes in protein acetylation
It was recently shown in Saccharomyces cerevisiae that ACC1 inhibition
increases nuclear histone acetylation®; however, the Western blots demonstrated lysine

hyper-acetylation across a broad range of protein molecular weights that are not
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indicative of histones. To identify the proteins that were hyper-acetylated, we enriched
for acetyl-peptides by an anti-acetyl-lysine antibody pulldown and quantified them by
proteomics (Figure 12C). This approach resulted in the quantification of 26,843
acetylated peptides corresponding to 3586 unique acetylation sites on 1151 proteins.
After normalization to protein abundance, the distribution of acetylation site relative
abundances were positively biased (mean Log2(LDKO/Flox) = 0.30), signifying global
hyperacetylation in the LDKO liver. Specifically, 788 acetylation sites were increased by
greater than 2-fold (22% of the unique sites identified) (Figure 12D). Curiously however,
274 acetylation sites (8% of the unique sites identified) were decreased by more than 2-
fold compared to Flox controls. Since ACC enzymes only have access to cytoplasmic
acetyl-CoA, we investigated whether subcellular protein distribution correlated with
lysine acetylation. These analyses identified a significant enrichment in the acetylation of
proteins in the extramitochondrial space and hypo-acetylation of proteins located in

mitochondria (Figure 12E and Figure 14A).
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Figure 12. ACC inhibition alters liver acetyl-lysine proteome.

A) Acetyl-lysine immunoblotting of whole cell lysates of primary hepatocytes treated
with or without 5 mM nicotinamide, isolated from LDKO and Flox mice. (B) Acetyl-
lysine immunoblotting of liver tissue from LDKO and Flox mice with line scan analysis.
(C) Work flow of quantitative acetylproteomics experiments on Flox and LDKO livers.
(D) Distribution of relative abundances in acetylation sites between LDKO and Flox
mice, expressed in logarithmic scale (logz) for the entire proteome and (E) mitochondrial
vs. non mitochondrial proteins according to Mitocarta classification (n=3, p=2.2e-16,

Mann-Whitney).



70

A Liver NAD* B Acetyl-CoA

0-30 1 30 7 mFiox
B LDKO
c 25 -
- ns ‘D
£0.20 - § 2.0 -
o0 Q
£ o 1.5 4
= £
2 =
€ 0.10 - o L0 -
£
S 05 4
0.00 - 0.0 -
Flox LDKO Mito Cyto

Figure 13. Liver NAD* and acetyl-CoA levels.

A) NAD" level in liver lysates. (B) Acetyl-CoA levels in mitochondrial and cytoplasmic

fractions of mouse liver (n=4). Data expressed as mean + SEM. ns, non-significant.
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We next evaluated whether altered protein acetylation patterns caused by ACC
inhibition were biased toward particular biological or metabolic pathways. Functional
enrichment analysis identified that proteins involved in intermediary nutrient metabolism
were highly acetylated in the liver tissue of LDKO mice compared to Flox controls (eight
out of the ten most acetylated pathways, Figure 14B). In livers from LDKO mice,
glycolytic and peroxisomal fatty acid metabolic enzymes were generally hyper-
acetylated, while mitochondrial proteins involved in fat oxidation and the tricarboxylic
acid cycle (TCA) were generally unaffected or hypo-acetylated compared to Flox

controls (Figure 14C and Figure 15).
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Figure 14. ACC-mediated alterations in protein acetylation are enriched for

metabolic networks involved in intermediary nutrient metabolism.

A) Boxplot distribution of acetylation site of proteins based on their annotated subcellular
localizations. (B) Functional enrichment analysis of acetylated proteins identifies that
metabolic networks are significantly affected. Bubble size represents the number of
proteins in each cluster. (C) Boxplot distribution of protein acetylation sites based on

their metabolic process.
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Figure 15. Schematic showing the protein acetylation sites in metabolic pathways

that are most differentially acetylated in LDKO/Flox liver.

Pathway color scheme: Red, increased in LDKO vs. Flox; blue, decreased; red or blue

box, enzymes; circles, acetylation status of each enzyme.
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To determine whether protein acetylation corresponded with acetyl-CoA levels,
we measured acetyl-CoA in mitochondrial and cytoplasmic fractions of Flox control and
LDKO liver tissues. Curiously, both mitochondrial and cytoplasmic acetyl-CoA levels
were similar between Flox and LDKO liver tissues (Figure 13B). These data suggest that
alterations in metabolic substrate flux or increased protein acetylation balance cellular
acetyl-CoA levels independently of functional ACC enzymes. Since mitochondria were
generally hypo-acetylated, we investigated the activity and acetylation status of
complexes I, Il and 1V of the electron transport chain (ETC) and citrate synthase of the
TCA cycle (TCA). The expression of all ETC complexes was similar between Flox and
LDKAO livers as determined by Western blot using antibodies against complex I subunit
NDUFBS, complex 11 subunit of 30 kDa, complex Il core protein 2, complex 1V subunit
| and complex V alpha subunit (Figure 16A). However, proteomics analysis of acetylated
ETC components revealed variable differences in the expression and acetylation of other
individual components of the ETC (Figure 16B). To determine whether these changes
affected complex activity, we measured their activity (Figure 16C). LDKO liver lysates
had increased activity of ETC complex I, lower activity of complex Il, and similar
activity of complex IV compared to control (Figure 16C). In addition, citrate synthase

enzyme activity was increased in LDKO tissue lysates (Figure 16C).
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Figure 16. Protein expression and activity of electron transport chain complexes.

A) Western blot analysis of a liver lysates from LDKO and Flox mice separated by SDS-
PAGE and immunoblotted with five monoclonal antibodies recognizing a representative
protein in each complex involved in mitochondrial oxidative phosphorylation. (B)
Changes in protein expression (boxes) and acetylation (circles) of electron transport chain
complexes I, 11, 111, and IV. (C) Enzyme activity of complexes I, 11, and IV, and citrate
synthase in tissue lysates from LDKO and Flox control liver (n=5 Flox, n=8 LDKO,

*p < 0.05, Mann-Whitney, n=5 Flox, n=8 LDKO). Data expressed as mean SEM.
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2.1.5 Discussion

ACC enzymes are attractive drug targets for fatty liver diseases because inhibition
of their activity is predicted to decrease lipogenesis, increase fat oxidation, and thereby
reduce fat storage. Our observation that the deletion of ACC activity in the liver promotes
excess fat accumulation is entirely unexpected based on previous work in this area. The
only study to genetically target both ACC enzymes in vivo utilized antisense
oligonucleotides (ASOs) in rats. The ASO markedly decreased ACC expression in both
adipose tissue and liver, and resulted in a decrease in hepatic fat and improved insulin
sensitivity when rats were fed a high-fat diet 1*. The phenotype of the LDKO mouse and
ASO treatment are not directly comparable for many reasons including differences in the
species of rodent, the diet, the duration of inhibition, and the different tissues targeted.
Regardless of these discrepancies, the LDKO mouse described herein has allowed us to
evaluate the consequences of hepatic ACC inhibition on liver fat metabolism and whole
animal physiology. Importantly, the increase in liver fat storage in LDKO mice reveals a
gap in knowledge concerning the role of ACC enzymes in liver fat metabolism. The
increase in liver fat in LDKO hepatocytes is likely caused by reduced fatty acid
oxidation, as supported by our findings demonstrating decreased CPT1a expression;
decreased fasting ketone production; accumulation of microvesicular fat; and reduced
activities of peroxisomal acyl-CoA oxidase, mitochondrial BHAD and mitochondrial
MCAD enzymes in the LDKO liver compared to Flox controls. Furthermore, since
complex Il is involved in FADH2 oxidation that is driven by fatty acid catabolism, the

reduced activity of this complex may also contribute to impaired fatty acid oxidation in
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LDKO hepatocytes. These data indicate that ACC inhibition triggers multiple
mechanisms to repress fatty acid oxidation. It has been suggested that newly synthesized
lipids are ligands for PPARa %82%°, However, our data indicate that liver-derived
lipogenesis is not required for PPARa-mediated gene transcription since only CPT1a was
decreased in LKDO liver tissue compared to Flox controls, while five other PPAR«
regulated genes were unaltered or upregulated (Pdk4 and Hmgcs2). Furthermore, we did
not observe significant effects on other metabolic genes regulated by SREBP1c,
PGC-1a or PGC-1p in LDKO mice. These data reveal the existence of a very precise, but
unknown, mechanism whereby ACC inhibition specifically targets CPT1a at the mRNA
level to decrease fatty acid oxidation without disrupting other closely regulated genes
involved in carbohydrate and mitochondrial metabolism. In organelles such as the
nucleus, the regulation of protein acetylation is fairly well-characterized with respect to
the roles of histone acetyltransferases and deacetylases. By contrast, the regulation of
protein acetylation in the cytoplasm is insufficiently understood. In recent years, several
reports have demonstrated that protein acetylation, particularly of cytoplasmic proteins,
plays an important role in liver metabolism 922%_ In LDKO liver, protein hyper-
acetylation was observed in all organelles except mitochondria, indicating an important
regulatory role for ACC enzymes in the control of protein acetylation in the extra-
mitochondrial space. It is likely that the metabolic phenotype of reduced fat oxidation and
increased glycolysis observed in LKDO liver is related to the alterations in protein
acetylation. For example, hyper-acetylation of glycolytic enzymes is known to promote

glycolysis 93206207 The mechanisms that underlie the compartment-specific changes in
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acetylation caused by ACC inhibition require further investigation, and several scenarios
are possible. First, the loss of ACC activity in the extra-mitochondrial space may increase
the availability of acetyl-CoA for protein acetyltransferases. Several acetyltransferases
are known to localize in the cytoplasmic compartment including GCN5 and PCAF
94,208,209 however, it remains unclear whether these acetyltransferases have the broad
substrate specificity or subcellular distribution necessary to mediate the hyper-acetylation
observed in LDKO liver tissue. Another possibility is that the increase in protein
hyperacetylation occurs non-enzymatically, as has been demonstrated previously %°:100:210,
Studies in yeast demonstrate that ACC gene inhibition is sufficient to promote histone
acetylation due to increased availability of acetyl-CoA °. Similarly, inhibition of AMPK
in yeast activated ACC and led to reduced histone acetylation %. Therefore, a similar
regulation of protein acetylation by ACC enzymes may also exist in the mammalian
hepatocyte on non-histone proteins. Although we were unable to detect an increase in
acetyl-CoA levels in LDKO liver, it remains possible that certain nutritional or hormone-
activated states are required to observe acetyl-CoA accumulation. It is less likely that
decreased NAD*-dependent deacetylase activity drives global protein acetylation since
NAD" levels were unchanged in LDKO tissue and nicotinamide did not increase protein
acetylation with a similar pattern. Finally, it was recently shown that decreased activity of
mitochondrial ETC complex | is associated with increased mitochondrial protein
acetylation 2!, The LDKO liver had significantly higher complex I activity concomitant
with a decrease in protein acetylation in mitochondria, thus it is possible that

mitochondrial hypo-acetylation may be secondary to increased complex | activity. In
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summary, we observe that complete inhibition of hepatocyte ACC enzymes triggers the
activation of a compensatory pathway that preserves fat storage in the liver. We
hypothesize that the mechanism linking the loss of ACC activity to increased fat storage
IS due to increased acetylation of key metabolic enzymes and transcriptional regulatory
sensors. These sensors interpret hyper-acetylation as a nutrient replete state and
coordinate the feeding response to decrease fatty acid oxidation; an appropriate response
to nutrient excess. Future mutational studies are required to test this hypothesis and to

define how specific acetyl-lysine sites identified in this study affect protein function.

2.1.6 Summary

Collectively, this new information advances our understanding of the role of ACC
enzymes in hepatic nutrient metabolism and protein acetylation, and also reveals the
existence of a therapeutic window for drug discovery efforts targeting ACC. One
possibility is that an ideal ACC inhibitor would impair lipogenesis but maintain enough
residual activity in specific subcellular compartments to prevent protein hyper-acetylation
and avoid the compensatory inhibition of fat oxidation. These data also implicate acetyl-

CoA, like malonyl-CoA, as a potent regulator of hepatic metabolic flexibility.
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2.2 Effect of liver ACC deletion on liver and whole-body metabolic homeostasis in

mice challenged with a high-carbohydrate diet

2.2.1 Background

The liver has a finite capacity to store glucose in the form of glycogen, and when
glycogen stores are full, a high proportion of glucose taken into the liver from circulation
is diverted to lipogenesis and stored as fat, which is a more energetically-efficient form of
nutrient storage than glycogen in terms of calories per gram . Lipogenesis is a
significant source of hepatic fat, accounting for approximately 25% of total stored fat in
the liver in the fed state 128, Since hepatic lipogenesis is thought to be important as a
‘glucose sink’, we hypothesized that genetic inhibition of hepatic lipogenesis in mice
would be detrimental for maintenance of blood glucose levels in the context of a high
sugar diet. To test this, we fed Flox and LDKO mice a fat-free high-carbohydrate diet for
3 weeks, then performed a glucose tolerance test and traced glucose disposal into insulin-

sensitive organs including the liver, skeletal muscle, and adipose tissue.

2.2.2 Results

Liver-specific ACC1 and ACC2 double knockout (LDKO) mice were generated
as we have previously described 2. LDKO mice and floxed littermate (Flox) controls
were fed a 0% fat, high carbohydrate diet for 3 weeks. After 3 weeks, LDKO mice
unexpectedly showed a marked increase in glucose clearance during a glucose tolerance
test compared to Flox controls (Figure 17A and B). This phenomenon in the LDKO mice
was accompanied by an increased rate of glucose incorporation into liver glycogen

(Figure 17C). There were no differences in rates of glucose incorporation into skeletal



muscle glycogen or uptake into adipose tissue (Figure 17D and E), indicating that the

liver was the primary organ responsible for increased glucose disposal.
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Figure 17. Liver ACC inhibition increases glucose disposal into liver glycogen and

improves whole-body glucose tolerance compared to Flox controls.

A) Blood glucose levels over time and (B) area under the curve, and rates of
incorporation of glucose into (C) liver glycogen, (D) skeletal muscle glycogen, and (E)
adipose tissue during a glucose tolerance test of LDKO mice and Flox littermate controls
after 3 weeks of fat-free diet feeding. * indicates significant difference, p < 0.05 (n=5-6).

Data are represented as mean + SEM.
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We proceeded to investigate additional factors that could influence whole-body
glucose tolerance and incorporation of circulating glucose into liver glycogen. Although
insulin is a strong stimulator of glycogen synthesis?'®, there were no differences in post-
prandial or overnight-fasted serum insulin levels between Flox and LDKO mice (Figure
18A. There were no differences in overall body weight (Figure 18B). However the
LDKO mice had a significant decrease in fat mass (Figure 18C). Furthermore, livers of
LDKO mice were depleted of triglyceride, had a significant reduction of cholesterol, and

an increase in glycogen levels (Figure 18D-F) compared to Flox controls.
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Figure 18. LDKO mice fed a fat-free diet have reduced adiposity and depletion of

liver triglycerides compared to Flox controls.

A) Serum insulin levels, (B) body weight, (C) fat mass, and liver (D) triglyceride, (E)
cholesterol, and (F) glycogen content of Flox and LDKO mice after 3 weeks of fat-free
diet feeding. * indicates significant difference, p < 0.05 (n=5-6). Data are represented as

mean + SEM.
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LDKO mice did not exhibit any significant differences in whole-body oxygen
consumption or respiratory exchange ratio (Figure 19A-B), indicating that the decreased
adiposity in the LDKO mice was not due to changes in whole-body energy expenditure or

utilization of fat or carbohydrates.
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Figure 19. LDKO mice fed a fat-free diet for 3 weeks have no alterations in whole-

body oxygen consumption or respiratory exchange ratio compared to Flox controls.

A) Volume of whole-body oxygen consumption and (B) respiratory exchange ratio
during dark and light cycles in Flox and LDKO mice after 3 weeks of fat-free diet

feeding (n=5-6). Data are represented as mean + SEM.
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2.2.3 Discussion

Lipogenesis represents a major mechanism by which the liver stores excess
glucose and so it has been thought that lipogenesis is important to maintain whole-body
glucose homeostasis by acting as a glucose sink. Our results, however, demonstrate that
inhibition of lipogenesis actually increases the rate of glucose disposal in mice that have
been fed a fat-free high-carbohydrate diet, and this coincided with increased levels of
stored liver glycogen. The improvement in glucose tolerance seen in the LDKO mice is
extremely robust, and mainly due to increased glucose uptake by the liver. This finding
was unexpected since hepatic lipogenesis was thought to be necessary to dispose of
excess glucose in the context of a high carbohydrate diet. How this excess glucose is
being stored or metabolized in the liver or other organs in the absence of hepatic
lipogenesis is a question that will need to be addressed in future studies.

We have previously demonstrated that LDKO mice are unable to synthesize lipids
de novo in the liver. When LDKO mice are fed a normal chow diet which contains a
source of fat, they have an increase in liver triglyceride levels and no change in peripheral
adiposity?*2. A previous study in mice with liver-specific deletion of FASN, which
inhibits hepatic lipogenesis, showed an increase in liver lipid content even in mice on a
high-carbohydrate fat-free diet for 4 days®. In the current study, however, when the mice
are completely restricted from a source of dietary fat for 3 weeks, there is a depletion of
liver triglycerides and a reduction of peripheral adiposity. This suggests that when the
liver cannot obtain exogenous lipids or synthesize its own lipids de novo, it signals to the

adipose tissue to release lipids, likely to help meet the lipid demands of the liver and
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other organs. However, with a persistent lack of dietary fat, adipose tissue can no longer
compensate in order to maintain liver lipid levels, resulting in a decline of lipid levels in
both the adipose and liver tissues. Interestingly, although cholesterol is synthesized by a
pathway independent of lipogenesis, cholesterol levels were also significantly reduced in
the LDKO livers.

How the liver is communicating to the adipose tissue to supply lipids is not
known and will require further investigation, but may involve a liver-derived metabolite
(e.g. acetyl-CoA or lipid product) or a liver-derived hormone (e.g. fibroblast growth
factor) that is released into circulation. To investigate whether changes in adipose tissue
observed in the LDKO mice can be attributed to a circulating factor, primary adipocytes
should be treated with serum collected from Flox or LDKO mice fed a fat-free diet and
differences in adipocyte lipid uptake, lipogenesis, oxidation, and release should be
measured. If the LDKO serum contains a factor that influences adipocyte lipid
metabolism as we hypothesize, it may be possible to identify the nature of this factor(s)
by phase-extracting lipid and non-lipid serum components, or by heat-inactivating
hormones. Individual components contained in LDKO serum that are found to be
associated with changes in lipid metabolism may be added back to adipocytes to
determine which factor(s) are sufficient to recapitulate a reduction in adiposity. If the
factor(s) present in LDKO serum that reduces adiposity is identified, primary hepatocytes
should be used to determine whether this factor(s) is released by LDKO hepatocytes

directly, or whether this signal is secondary to liver-intrinsic effects of ACC inhibition.
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2.2.4 Summary

Liver lipogenesis was thought to be a necessary means to store excess glucose in
the context of high-carbohydrate feeding in order to maintain appropriate blood glucose
levels. However, the present study demonstrates that inhibition of liver lipogenesis by
genetic deletion of ACC1 and ACC2 paradoxically increased glucose disposal into the
liver and improved whole-body glucose tolerance. ACC inhibition caused a depletion of
liver triglycerides after 3 weeks of fat-free diet, accompanied by decreased adipose tissue,
suggesting communication of the liver’s nutrient status to the adipose tissue, resulting in
adipose tissue compensation. This study demonstrates the ability of the liver to influence
nutrient status of other organs such as adipose tissue and places the liver at the center of

whole-body nutrient homeostasis.
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2.3 Effect of liver ACC deletion on liver and whole-body metabolic homeostasis in
mice challenged with a high-fat diet
2.3.1 Background

Liver lipid accumulation in NAFLD has been attributed to aberrant lipogenesis. In
fasting individuals, lipogenesis normally contributes only 5% of stored liver, and may
contribute up to 25% after consumption of a meal*?, In individuals with NAFLD,
lipogenesis can account for about 25% of liver lipids even in the fasted state!2%130:214,
Expression of the ACC enzymes and the products of lipogenesis are commonly increased
in livers of NAFLD patients 13113286133 'Fyrthermore, excess accumulation of de novo
synthesized lipids in the liver has been implicated in causing insulin resistance and
glucose intolerance!!#11>123124 Therefore, it has been proposed that inhibiting liver
lipogenesis would decrease liver fat accumulation and improve whole-body glucose
tolerance in the context of NAFLD. However, no study has previously examined the
physiological effects of complete inhibition of hepatic lipogenesis in the context of
NAFLD. To determine whether dual inhibition of liver ACC1 and ACC2 improves fatty
liver and glucose intolerance in the context of NAFLD, we tested liver-specific ACC1
and ACC2 mice in the context of Western diet-induced fatty liver and glucose

intolerance.

2.3.2 Results
Liver-specific ACC1 and ACC2 double knockout (LDKO) mice were generated

as we have previously described 22, LDKO mice and Flox controls were fed a 45% fat,
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high sugar Western diet for 12 weeks. Compared to Flox controls, liver lipid levels were
were significantly reduced by over 60% in livers of the LDKO mice, whereas liver
cholesterol levels were not different (Figure 20A-B). How does this compare to mice on
normal chow? However, there were no significant differences in adipose tissue weight or
body weight between LDKO mice and Flox controls (Figure 20C-D). Furthermore,
whole-body glucose tolerance, assessed by a glucose tolerance test at 12 weeks of diet,

was not significantly different between Flox and LDKO mice (Figure 20E-F).
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Figure 20. Liver ACC deletion causes a reduction of liver triglycerides, but no

significant improvement in whole-body glucose tolerance in mice fed a Western diet.

Liver (A) triglyceride and (B) cholesterol content, (C) gonadal adipose weight, and (D)
body weight of LDKO and Flox mice fed a Western diet. E) Blood glucose
concentrations over time and (F) area under the curve (AUC) during a glucose tolerance
test in LDKO and Flox mice fed a Western diet. * indicates significant difference, p <

0.05 (n=6). Data are represented as mean + SEM.
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2.3.3 Discussion

The present study demonstrates that complete genetic inhibition of hepatic ACC1
and ACC2 significantly protected from Western diet-induced fatty liver; however, this
reduction in liver fat was not sufficient to improve whole-body glucose tolerance. These
results differ from a previous study that targeted liver ACC enzymes in rats using
antisense oligonucleotides and observed protection from diet-induced fatty liver and
glucose intolerance!®®. However, the ASOs delivered by tailvein injection also targeted
the adipose tissue, potentially explaining these different results'*®. In another study, mice
expressing constitutively active ACC1 and ACC2 had increased liver lipogenesis, and
were susceptible to fatty liver and whole-body glucose intolerance which was refractory
to metformin treatment'?®, Similarly, these results may differ from our current results
because the constitutive activation of ACC enzymes was also whole-body rather than
specifically targeted to the liver'?®, Nevertheless, we demonstrate that inhibition of
hepatic lipogenesis is sufficient to completely prevent Western-diet induced fatty liver
such that liver triglycerides are maintained at the level of chow-fed mice, but has no

effect on whole-body glucose tolerance.

2.3.4 Summary

The present study demonstrates that decreasing liver fat levels by inhibiting
ACC1 and ACC2 specifically in the liver is not sufficient to ameliorate diet-induced
glucose intolerance. Future work should examine whether inhibition of ACC1 and ACC2

in other tissues such as adipose tissue or skeletal muscle is sufficient to improve whole-
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body glucose tolerance in the context of a Western diet, and whether reduction of liver fat

levels is required for such an effect.



CHAPTER 3: METABOLIC CONSQUENCES OF PROTEIN ACETYLATION
MEDIATED BY THE ACC ENZYMES
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3.1 Effect of ACC activity on PGC-1a protein acetylation and cellular metabolism

3.1.1 Background

We have previously demonstrated that ACC inhibition alters protein acetylation at
lysine residues, such that LDKO mice had overall increased global protein acetylation
compared to Flox controls. This was accompanied by decreased expression of CPT1a,
which is the rate-limiting enzyme in mitochondrial fat oxidation. A major inducer of
CPT1ais PGC-1a, a master regulator of hepatic metabolism® %, Interestingly, the
activity of PGC-1a is known to be regulated by acetylation. When acetylated, PGC-1a is
inactive and unable to trigger transcription of its target genes, causing a shift in
metabolism toward glucose catabolism and away from fat catabolism.

Acetyl-CoA availability is rate-limiting for either enzymatic or non-enzymatic
protein acetylation!9102103 Sjnce the ACC enzymes catalyze the conversion of acetyl-
CoA to malonyl-CoA, they compete for intracellular acetyl-CoA pools, influencing
acetyl-CoA availability and protein acetylation®1%, Therefore, fluctuations in acetyl-
CoA availability caused by changes in ACC activity may be important to modulate PGC-
la and may represent a major intersection between sensing cellular nutrient status and
producing a coordinated transcriptional response. Therefore, in the present study, we test
whether blocking PGC-1a in ACC-deficient mice is sufficient to reverse the depression

in fatty acid oxidation.

3.1.2 Results
Primary hepatocytes were isolated from liver-specific ACC1 and ACC2 double

knockout (LDKO) mice and floxed littermate (Flox) controls that were fed normal chow
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or a fat-free diet (FFD) for 4 days. We first validated that LDKO mice lacked expression
of ACC1 and ACC2 in both normal chow and FFD conditions, whereas FFD induced
ACC1 and ACC2 expression in Flox hepatocytes as expected (Figure 21A). Expression
of the PGC-1a target genes Pckl and G6pc was significantly lower in the LDKO livers
(Figure 21B), indicating lower PGC-1a activity. In Flox and LDKO liver lysates we
immunoprecipitated proteins with acetylated lysine residues (AcK), then immunoblotted
with an antibody against PGC-1a. This revealed a higher levels of acetylated PGC-1a
protein in livers of LDKO mice fed normal chow compared to Flox controls. Compared
to chow conditions, FFD conditions caused a greater increased in levels of acetylated
PGC-1a in both LDKO and Flox livers (Figure 21C). shRNA knockdown of GCNS5, a
protein acetyltransferase, or overexpression of non-acetylatable PGC-1a (K13R) was
sufficient to restore fatty acid oxidation in LDKO primary hepatocytes (Figure 22A-B).
This demonstrates a complex layer of metabolic programming by liver ACC activity
involving the regulation of intracellular acetyl-CoA availability which ultimately controls

the dynamic switch between fat and glucose utilization.



100

A Chow FFD
Flox LDKO Flox LDKO

AcC2 o[ lll
ACC1~>{In"

B ., Pcki .. Gépc
£12{ 1 FFD 12| 1 FFD
§ 09 -1 & 09 | *
o 06 - 06 |
>
'1_-'3 0.3 4 0.3 4
2 0.0 - 0.0 -
Flox LDKO Flox LDKO
C Chow FFD 7T
Q O w
§ # § & X
IP: AcK o L

IB: PGC-1a. i FA S ]

Figure 21. ACC inhibition increases PGC-1a acetylation

A) Liver ACC1 and ACC2 expression is increased in the livers of flox mice fed a high-
carbohydrate diet, but absent in the livers of LDKO mice. (B) LDKO mice fed a high-
carbohydrate diet have reduced expression of gluconeogenic PGC-1a target genes (C)
and increased acetylated PGC-1a. * indicates significant difference, p < 0.05 (n=5-6).

Data are represented as mean + SEM.
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Figure 22. Inhibition PGC-1a acetylation is sufficient to reverse the defect in fatty

acid oxidation in LDKO hepatocytes.

Adenovirus-mediated knockdown of GCN5 (A) or over-expression of PGC-1a (K13R)
(B) increased fatty acid oxidation in primary LDKO hepatocytes. * indicates significant

difference, p < 0.05 (n=3). Data are represented as mean + SEM.
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3.1.3 Discussion

We have previously shown that inhibition of liver ACC activity causes an
increase in global protein acetylation. Liver ACC inhibition also caused decreased
expression of CPT1a, which is the rate-limiting enzyme in mitochondrial fatty acid
oxidation. Because PGC-1a is a major transcriptional regulator of CPT1a, we speculated
that ACC activity may link cellular nutrient status with the transcriptional response by
PGC1a to maintain metabolic flexibility.

The present study confirms that LDKO mice have increased acetylation of PGC-
la in the liver. PGC-1a is known to be acetylated by the acetyltransferase GCN5,
although its non-enzymatic spontaneous acetylation may also be possible. Regardless, the
probability of both enzymatic and non-enzymatic acetylation is influenced by the
availability of acetyl-CoA. Treating cells with an inhibitor of GCN5 or expression a non-
acetylatable mutant of PGC-1a was sufficient to increase fatty acid oxidation in LDKO
hepatocytes, demonstrating that the ACC enzymes regulate metabolism via influencing
PGC-1a acetylation. Therefore, we propose that inhibition of ACC activity increases the
intracellular acetyl-CoA pool, causing increased acetylation of PGC-1a by GCNS5. In
turn, acetylation of PGC-1a reduces its transcriptional activity, leading to decreased
expression of PGC-1a target genes that regulate glucose metabolism and fatty acid
oxidation, such as Pckl, G6pc, and Cptla.

ACC activity is highly regulated by cellular nutrient status at multiple
levels. First, low ATP levels cause phosphorylation and inactivation of ACC by AMPK.

Second, citrate, an important metabolite which represents the nutrient status of a cell, is
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an allosteric regulator of ACC, causing ACC polymerization and activation. Third, ACC
expression is regulated by transcription factors that are highly responsive to insulin and
glucose levels. Because ACC integrates multiple nutritional inputs, it is poised to
efficiently moderate downstream cellular metabolic adaptations. PGC-1a is required for
cellular metabolic flexibility and highly regulated by acetylation; thus, it is fitting that it
is regulated by ACC activity. However, the protein acetylome is enriched for metabolic
proteins, presenting the possibility that, in addition to PGC-1a, other transcription factors
or enzymes may be highly regulated by ACC activity. Further work will be required to

determine how ACC activity influences metabolism on a broad scale.

3.1.4 Summary

ACC activity influences the intracellular acetyl-CoA pool, resulting in altered
global protein acetylation and metabolic gene expression. ACC inhibition reduced
expression of CPT1a, the rate limiting enzyme in mitochondrial fatty acid oxidation. The
major transcription factor regulating CPT1a expression is PGC-1a, and the transcriptional
activity of PGC-1a is known to be regulated by acetylation. Therefore, we tested whether
ACC inhibition influenced PGC-1a acetylation and activity. Herein we demonstrate that
ACC inhibition causes increased PGC-1a acetylation. Furthermore, inhibition of PGC-1a
acetylation restores the rate of fatty acid oxidation in hepatocytes lacking ACC activity.
These data establish ACC activity as a major regulator of cellular metabolism at least in

part by controlling acetylation of PGC-1a.
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CHAPTER 4: THE ROLE OF DIETARY NUTRIENTS AND ACC ENZYMES IN
HEPATOCELLULAR CARCINOMA
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4.1 Effect of dietary nutrients on hepatocellular carcinoma promotion

4.1.1 Background

Environmental risk factors for primary liver cancer include viral hepatitis,
aflatoxin, alcohol, and obesity?*>216, A recent study of more than 900,000 adults in the
United States reported the relative risk of dying from liver cancer was 4.5 times greater
for men and 1.7 times higher for women with baseline body mass index (BMI) > 35,
compared to the reference groups with baseline BMI of 18.5 to 258!, Diabetes and
hyperglycemia are also highly associated with liver cancer?’??, as is dietary intake of
sugar??!. However, the pathophysiologic mechanisms linking obesity and poor diet to
liver tumor burden remain unclear and may involve a range of factors including
hyperinsulinemia, insulin resistance, glucose intolerance, inflammation, and hepatic
steatosis.

A commonly used model of experimental primary liver cancer in mice involves a
single intraperitoneal injection of the pro-carcinogen diethylnitrosamine (DEN) in
neonates. DEN is metabolized in the liver by CYP450 enzymes where it is converted to
an active carcinogen that causes DNA alkylation and oxidative damage, leading to
development of hepatocellular adenoma (HCA), which progresses to hepatocellular
carcinoma (HCC), resembling poor-prognosis HCC in humans??2-2%4_ In this study, we
investigated the role of dietary fats and sugars on primary liver tumor burden in DEN-
treated mice fed one of five diets: normal chow (NC) which is low in fat and sucrose;
Western diet based on lard (WD-L) which is high in fat and sucrose; Western diet based

on coconut oil (WD-C); fructose diet (FD) which is low in fat but high in sucrose and
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fructose; and ketogenic diet (KD) which is high in fat but low in sucrose. These diets
cause dissimilar metabolic phenotypes. For example, WD-L causes obesity, peripheral
insulin resistance, glucose intolerance, and hepatic steatosis compared to NC. WD-C is
calorically identical to WD-L, but it induces greater hepatic lipogenesis??®, which has
pathogenic and prognostic significance in primary liver cancer!®-?2®, FD was chosen
because it is calorically identical to NC, but fructose induces lipogenesis and glucose
intolerance in the absence of obesity??"??8, Finally, long-term KD promotes glucose
intolerance with less hepatic steatosis compared to mice fed a WD??°, These diets were
used to determine how the intake of dietary sugars and fats impacts tumor burden in a

mouse model of liver cancer.

4.1.2 Dietary effects on tumor burden

Figure 23A illustrates the study design. In brief, C57BL/6N mice were injected
with DEN (25 mg/kg i.p.) at 14 days of age. The mice were weaned at 3 weeks of age and
randomized to cages with non-littermates to avoid litter bias. From 6 weeks of age, mice
were fed one of five diets with varying sugar and fat content. Metabolic analyses were
performed at 22 weeks of age (16 weeks of study diet) and mice were euthanized at 32
weeks of age (26 weeks of study diet). We observed that tumor incidence was similar
between diet groups (Figure 23B); however, tumor burden and multiplicity were
significantly greater in all mice fed high-sugar diets (WD-L, WD-C, and FD) (Figure
23C-D) compared to mice fed NC. Mice fed KD, which was high in fat but low in sugar,

had low tumor burden that was comparable to mice fed NC diet. Histological analysis
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identified the majority of tumors as hepatocellular adenoma (HCA), but instances of
HCC and HCC foci were observed in livers of mice fed the high-sugar diets (Figure 23E
and Figure 24). The mouse with the median tumor burden for each diet group is shown as
a representative image in Figure 23F. In addition to males, female C57BL/6 mice were
similarly treated with DEN at 2 weeks of age and inspected for tumor at 40 weeks of age.
Interestingly, tumor incidence was higher in female mice fed high sugar diets (Figure

25A-B).
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Figure 23. Dietary nutrient content has a strong influence on liver tumor burden

and multiplicity in male mice treated with DEN.

A) Diagram of study design. (B) Tumor incidence, (C) average tumor burden, and (D)
multiplicity of DEN-treated mice at 32 weeks of age. Data presented as mean = SEM. *
indicates a significant difference compared to NC group, p <0.05 (n = 5-11). (E)
Histological classification of tumors observed (n = 4-6). HCC = hepatocellular
carcinoma, HCA = hepatocellular adenoma. (F) Representative images of livers of DEN-
treated mice and a liver from an age-matched mouse fed NC (NC no DEN) shown for

comparison.
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NC (no DEN)

Figure 24. Liver histology.

Representative images of H&E-stained liver sections (large lobes) of 32-week-old male
mice fed low sugar diets (NC, KD (top row)) or high sugar diets (WD-L, WD-C, or FD
(bottom row)) from 6 to 32 weeks of age. A liver from an age-matched mouse fed NC
(NC no DEN) is shown for comparison. HPF=hyperplastic foci, HCC=hepatocellular

carcinoma, HCA=hepatocellular adenoma.
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Figure 25. High sugar diets increase liver tumor incidence in DEN-treated females.

(A) Representative liver images and (B) liver tumor incidence of female C67BL/6 mice

treated with DEN at 2 weeks of age and fed one of five experimental diets from 6 to 40

weeks of age.
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4.1.3 Physiologic effects

DEN treatment significantly increased liver triglyceride stores in all dietary
groups compared to control mice that did not receive DEN (Figure 26A). When
comparing only DEN-injected mice, those fed WD-L and WD-C had significantly
increased liver triglycerides compared with mice fed NC (Figure 26A). Liver cholesterol
levels were significantly elevated in mice fed high sugar diets (WD-L, WD-C, and FD)
compared with those fed NC (Figure 26B). When evaluated as independent parameters,
both liver triglyceride (Figure 26A) and cholesterol (Figure 26B) significantly correlated
with tumor burden. There were no differences in overall body weights between groups,
but compared to mice fed NC, mice fed WD-C and KD had greater adiposity, whereas
mice fed FD had a trend for lower adiposity (Figure 26C—E). Overall, there was no
correlation between tumor burden and adiposity or body weight (Figure 26E and Figure
28B). This was particularly emphasized by the low tumor burden and high fat mass in
mice fed KD and the high tumor burden and low fat mass of mice fed FD. Food
consumption monitoring showed a trend for increased kCal intake in mice fed diets rich
in fat (WD-L, WD-C, KD) (Figure 28A). In females, mice fed WD-L had significantly
higher body weight compared to mice fed NC (Figure 27A). Both of the Western diets
caused significantly higher adiposity in the female mice (Figure 27B). High sugar feeding
was associated with significantly higher liver triglycerides in female mice, whereas mice
fed KD had significantly lower liver triglycerides compared to mice fed NC (Figure
27C). In females, diet had no effect on liver cholesterol levels (Figure 27D). Male mice

fed WD-C and FD had larger liver weight as a percentage of body weight compared to
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mice fed NC, while mice fed KD had smaller liver weight as a percentage of body weight

(Figure 28B-D).
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Figure 26. Liver tumor burden is highly correlated with liver fat content, but does

not correlate with adiposity in males.

A) Triglycerides and (B) cholesterol were measured in non-tumor-involved liver lipid
extracts from mice at 32 weeks of age. Data on the left are averaged per group and data
sets on the right represent the correlation between lipid and tumor burden for each
individual mouse. (C) Weights of subcutaneous adipose, (D) gonadal adipose, and (E)
combined subcutaneous and gonadal adipose of mice at 32 weeks of age. Data in bar
graphs are presented as mean + SEM. * indicates a significant difference compared to

NC, p <0.05 (n = 5-11).
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Figure 27. Dietary sugar is associated with increased liver triglycerides in females.

A) Body weights, (B) adipose tissue weights, (C) liver triglyceride content, and (D) liver
cholesterol content of 40-week-old female wildtype C57BL/6N mice treated with DEN at
2 weeks of age. * indicates significant difference from NC, p < 0.05 (n=5-9). Error bars

represent mean+SEM.
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Figure 28. Food consumption, body weight, and liver weight in males.

A) Average cumulative food consumption per mouse over the course of the study. Data
presented as mean. (B) Final body weight of mice at 32 weeks of age. Liver weight (C)
and liver to body weight (D) of mice at 32 weeks of age. For B-D, data presented as

mean+SEM. * indicates a significant difference compared to NC, p<0.05 (n=5-11).
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4.1.4 Metabolic effects

At 16 weeks of diet, serum insulin and glucose levels were measured in random-
fed (Figure 29A and B) and overnight-fasted mice (Figure 29C and D). Mice fed WD-L
and WD-C had significantly elevated serum insulin levels in the postprandial fed state
compared to mice fed NC. Furthermore, serum insulin levels in the postprandial state
positively correlated with tumor burden when compared as independent parameters
irrespective of diet (Figure 29A). Postprandial fed blood glucose levels were similar
between all diet groups (Figure 29B). Fasting hyperglycemia was observed in mice fed
WD-L and WD-C (Figure 29C), but fasting hyperinsulinemia was only observed in mice
fed WD-C (Figure 29D). Homeostatic model assessment of insulin resistance (HOMA-
IR) calculations indicated that mice fed WD-L and WD-C were insulin resistant under
basal fasting conditions (Figure 29E). Furthermore, mice fed WD-L and KD diet
displayed marked glucose intolerance compared to mice fed NC (Figure 29F). In sum, of
the metabolic parameters evaluated, post-prandial insulin was the major factor associated
with increased tumor burden. In contrast, tumor burden was not independently associated
with fasting glucose, fasting insulin, glucose tolerance, or HOMA-IR (Figure 30A-D). In
females, all mice on experimental diets had significantly worse glucose tolerance

compared to mice fed NC (Figure 31A-B).
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Figure 29. Liver tumor burden is associated with post-prandial insulin, but not

other parameters of whole-body glucose metabolism in males.

A) Fed serum insulin and (B) glucose levels, and (C) fasted serum
glucose levels after 16 weeks of study diet. (E) HOMA-IR derived

glucose and insulin levels. (F) Blood glucose levels in mice over ti
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Figure 30. Association of liver tumor burden with parameters of whole-body glucose

metabolism in males.

Correlation analyses of tumor burden and fasted serum insulin (A), basal blood glucose

(B), HOMA-IR (C), and glucose tolerance (integrated AUC) (D) after 16 weeks of study

diet. Linear regression and Pearson correlation analyses were used to test for correlation

with tumor burden (n=5-11).
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Figure 31. Glucose tolerance in females.

A) Blood glucose levels in mice over time and (B) integrated area under the curve (AUC)
during a glucose tolerance test in 22-week-old female C57BL/6N mice. * indicates

significant difference from NC, p < 0.05 (n=5-9). Error bars represent mean=SEM.
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4.1.5 Inflammation

To examine whether diet-induced inflammation was associated with liver tumor
burden, we measured mRNA expression of IL-6, IL-1f, and TNFa as markers of
inflammation in non-tumor involved liver tissue. Although no individual diet
significantly increased liver IL-6 expression, there was a significant positive association
between tumor burden and liver IL-6 expression at the level of individual mice (Figure
32A, right panel). In contrast, while mice fed the WD-C had significantly increased I1L-1
and TNFa expression, neither IL-1B nor TNFa were independently associated with tumor
burden (Figure 33A and B). Furthermore, serum inflammatory markers IL-6 or TNFa.
were not related to tumor burden (Figure 34A and B). Collectively, of the liver and serum
inflammatory markers measured, only liver IL-6 mMRNA expression significantly

correlated with tumor burden across diet groups.

4.1.6 Serum adipokines

Leptin and adiponectin are adipokines altered with obesity and both hormones are
linked to insulin sensitivity and cancer. Serum analysis of each mouse identified an
inverse correlation between serum adiponectin and both dietary sugar intake (WD-L,
WD-C, and FD) and tumor burden (Figure 34B). In contrast, leptin was not
independently associated with tumor burden despite significantly higher concentrations in

mice fed Western diets (WD-L and WD-C) (Figure 34C).
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4.1.7 Liver protein expression

To examine potential mechanisms by which diet affects liver tumor burden, we
performed Western blot analysis of proteins in both tumor tissue and non-tumor liver
tissue. We first examined expression and activation of proteins involved in genotoxic
stress response, growth and survival. AMP-activated protein kinase (AMPK) is known to
be phosphorylated and activated under conditions of genotoxic stress®°. Consistent with
this, we observed that AMPK was hyper-phosphorylated in liver tissue of mice treated
with DEN compared to non-DEN-treated mice (Figure 32A and C). However, we did not
detect any cancer-specific difference in the regulation of AMPK targets including p53
expression®3! or mTORC1 activity (as determined by p70S6K phosphorylation at T389)
(Figure 32C and Figure 35A, B, and D). In summary, DEN increased both AMPK and
mTORCL1 activity, but their activity was not correlated to diet or tumor burden in the
DEN model of liver cancer.

SIRT1 is an NAD*-dependent deacetylase that can also be activated under
genotoxic stress. Active SIRT1 can deacetylate p53 at K379, resulting in reduced p53
activity as well as degradation?®?. SIRT1 was not differentially expressed between groups
(Figure 35A and F); however, DEN treatment led to decreased acetylated p53 at K379 in

all diet groups except KD (Figure 35A and E).
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We next examined the expression of proteins involved in cell cycle regulation and
apoptosis. Compared to mice fed low-sugar diets (NC and KD), mice fed the high-sugar
diets (WD-L, WD-C, and FD) had lower p21 protein expression (Figure 32C and D) and
less cleaved caspase-3 (CASP3) (Figure 32C and E). Together, these data indicate that
high sugar diets are associated with anti-apoptosis (reduced CASP3 cleavage) and

increased cell cycle progression (reduced p21 expression).
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Figure 32. Liver tumor burden is positively correlated with liver IL-6, but

negatively associated with serum adiponectin and apoptosis in males.

A) Fold-change in mRNA expression of IL-6 in non-tumor-involved liver tissue. (Left
panel); IL-6 expression level averaged by diet. (Right panel) IL-6 expression compared to
tumor burden for each mouse in the study. (B) Adiponectin concentration in serum
collected from mice at 32 weeks of age, averaged per diet (left panel) and compared to
tumor burden in each mouse (right panel) (for A and B. n = 5-11). (C) Protein expression
in tumor tissue and non-tumor-involved liver tissue from mice at final harvest. 14-3-3
was used as a loading control. Protein expression was measured in at least three
independent mice for each group; one representative set is shown. Quantitation of
Western blot band densities for (D) p21 and (E) cleaved CASP3 (for D and E, n = 3).
Data in bar graphs are presented as mean = SEM. * indicates a significant difference

compared to NC, p <0.05.
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Figure 33. Liver inflammatory markers in males.
Fold change in mRNA expression of IL-1B (A) and TNFa (B) in non-tumor-involved

liver tissue. Data in bar graphs presented as mean+SEM. * indicates a significant

difference compared to NC, p<0.05 (n=5-11).
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as mean+SEM. * indicates a significant difference compared to NC, p<0.05 (n=5-11).
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Figure 35. Liver protein expression.

A) Protein expression in non-tumor-involved and tumor liver tissue from mice at final
harvest. 14-3-3 was used as a loading control. Protein expression was measured in at least
three independent mice for each group; one representative set is shown. Quantitation of
Western blot band densities for phosphorylated p70S6K (B), phosphorylated AMPK (C),
p53 (D), acetylated p53 (E), and SIRT1 (D). For B-F, data presented as mean+SEM. *

indicates a significant difference compared to NC, p<0.05 (n=3).
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4.1.8 Discussion

The etiology of obesity-related primary liver cancer is thought to evolve through
stages of non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis
(NASH), fibrosis and cryptogenic cirrhosis?3. Obesity is a risk factor for NAFLD;
therefore, it is considered to be a proximal contributor to the progression of liver
cancer342%, However, it remains unclear whether obesity per se or the chronic intake of
obesigenic macronutrients is most important in promoting liver cancer tumor growth
231,238 The purpose of this study was to investigate the interplay between dietary nutrients
under controlled and well-defined conditions using the DEN model of murine liver
cancer.

Of the 5 diets tested in this study, 2 diets served as known controls. The lard-
based Western diet is known to increase liver tumor burden compared to a normal chow
diet'®2% and the mechanism is widely thought to be a consequence of obesity-related
metabolic disturbances. However, the other 3 test diets (coconut oil-based Western diet,
lipogenic high fructose diet, and ketogenic diet) have not previously been evaluated in a
mouse model of liver cancer. By comparing these diets, we observed that adiposity can
be uncoupled from primary liver tumor burden. For example, mice fed a ketogenic diet
rich in lard had low tumor burden despite marked adiposity. In addition, mice fed a
lipogenic fructose diet were lean but had considerable tumor burden compared to mice
fed NC diet. The NC and FD diets had equivalent fat and carbohydrate compositions, but
the majority of carbohydrates in FD were from sugars (sucrose and fructose), whereas the

carbohydrates in NC were from uncooked starch (complex glucose polysaccharides).
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Importantly, mice fed FD developed considerable tumor burden despite being the leanest
group. In addition, FD feeding did not increase other cancer-related phenotypes including
liver inflammation or glucose intolerance compared to normal chow-fed controls. It is
notable that the DEN-treated C57BL/6N mice fed Western diets gained increased
adiposity, but did not gain significantly more body mass compared to mice fed NC. In
other studies, DEN-treated C57BL/6J mice fed Western diets have a more robust increase
in both body mass and adiposity; e.g., Park et al.'®3, The reason for the lack of a large
fold-change in body mass in this study is related to the fact that C57BL/6N mice fed NC
diet are larger than baseline C57BL/6J mice fed NC diet. For example, the NC-fed mice
in this study weighed on average 41 grams, which is a higher body mass compared to
adult C57BL/6J mice in similar studies!®. This body weight phenotype difference is
consistent with recent studies comparing the C57BL/6J and C57BL/6N strains, wherein
C57BL/6N mice gained more body weight over time than C57BL/6J mice fed NC
diet?#024! Because the C57BL/6N mice in our study gained considerable body weight
with chow feeding, the high calorie diets did not have pronounced obesigenic effects.
This result strongly supports a role for dietary sugar intake in tumor burden that is
independent of obesity and obesity-related phenotypes.

We also investigated whether altering only the type of dietary fat could affect
tumor burden. Lard fat is composed of 95% long chain fatty acids. Consumption of high-
fat high-sucrose lard-based diets results in impaired whole-body glucose tolerance. In
contrast, coconut oil is composed of 63% medium-chain fatty acids that are highly

saturated, have less deleterious effects on whole-body glucose tolerance than lard-based
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diets (Figure 29F), but exacerbate liver fat accumulation??®, We observed that both WD-L
and WD-C had increased tumor burden compared to NC; however, mice fed WD-C had
the greatest tumor burden and tumor multiplicity of all diets. One possibility is that the
lipogenic nature of medium chain fat diets contributes to worsening disease progression.
These findings may have implications for dietary consideration in Southeast Asian
populations that readily consume coconut oil and also have among the greatest incidence
of hepatitis and liver cancer worldwide?*2243,

Numerous studies have linked the pro-inflammatory cytokines IL-6, IL-1p, and
TNFa to liver cancer. Liver inflammation accompanies steatosis in the development of
NASH?%3.24 and liver cancer in humans?424524 \We observed that liver IL-6 expression
was positively associated with tumor burden. Recently, a study by Park et al.
demonstrated that IL-6 knockout mice treated with DEN and fed a lard-based Western
diet had less liver tumor burden than wild type controls fed the same diet!8. Although
this study demonstrates that loss of IL-6 is protective against liver cancer, it should be
noted that the IL-6 mutant mice were leaner than controls, had lower liver triglycerides,
and had lower serum insulin levels'®3. Thus, one possibility is that the beneficial
alterations in serum insulin or liver fat content in IL-6 knockout mice confer this
protection from liver cancer.

In the present study, liver steatosis was highly associated with liver tumor
development. Compared to mice fed NC, mice fed diets with the highest sugar content
(WD-L, WD-C, and FD) had the greatest liver lipid content and tumor burden. Since

insulin and IL-6 are potent activators of lipogenesis?*"?*8, one possible scenario is that
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high sugar consumption, coupled with elevated postprandial insulin and IL-6 expression,
provides the stimuli to promote tumor growth. The concept that lipogenesis is an
important driver of cancer progression has been suggested previously'®:1%724 Consistent
with this concept is our observation that mice fed diets low in sugar (NC and KD) had the
lowest postprandial insulin, 1L-6 expression, liver lipid content and lowest tumor burden.
Importantly, our data is in line with a recent prospective human study that identified
hyperinsulinemia as a more prominent risk factor for HCC than obesity?*°.

Adiponectin inhibits the proliferation of liver cancer cells by increasing apoptosis,
and low serum adiponectin is linked with poor-prognosis HCC in patients!. Previous
studies have shown that excess sugar consumption is sufficient to decrease serum
adiponectin levels in rats®>? and humans?3, In the present study, we observed that serum
adiponectin levels were decreased in mice fed diets containing high sugar. We also
identified that lower serum adiponectin levels were associated with less cleaved caspase-
3 and a decrease in p21 expression in liver tissue. Together, these data support a possible
scenario whereby excess sugar intake leads to a reduction in serum adiponectin that
consequently impairs apoptosis and/or enables cell cycle progression. The findings of this

study are summarized in Figure 36.
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Figure 36. Summary figure of dietary effects on liver tumor burden in mice treated

with DEN

Dietary sugar was associated with decreased apoptosis and increased cell cycle
progression, leading to higher liver tumor burden. Dietary sugar also increased post-
prandial insulin, decreased serum adiponectin, and caused liver steatosis, which may be

linked to alterations in cell survival, cell cycle progression, and tumor progression.
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4.1.9 Summary

In summary, this study demonstrates the powerful influence of nutrition on
primary liver cancer growth and progression. The matrix of diets used in this study
provides strong evidence that dietary sugar consumption is more significant for tumor
growth than over-nutrition (e.g., excess dietary fat), adiposity, and/or insulin resistance.
These data reduce the complexity of the metabolic milieu associated with liver tumor
growth and narrow attention on roles for adiponectin, post-prandial hyperinsulinemia,
and liver lipogenesis. Future nutritional studies in mice are necessary to determine
whether established liver tumor growth can be stalled or reversed if sugar is removed
from the diet. If so, these data would provide pre-clinical evidence to support testing

dietary intervention in patients diagnosed with primary liver cancer.
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4.2 Effect of ACC inhibition on hepatocellular carcinoma development

4.2.1 Background

Hepatocellular carcinoma (HCC) is one of the deadliest cancers in the world. In
spite of aggressive screening, less than 25% of patients are eligible for potentially
curative surgical resection or liver transplantation owing to the presence of advanced-
stage cancer or fibrotic liver disease. There are currently no curative pharmacological
interventions for HCC. Sorafenib, a multi kinase inhibitor, is approved for unresectable
HCC, but only a minority of patients are responsive and the survival benefits are often
limited to just a few months?®*. For many patients, only palliative care can be offered,
especially in advanced cases®®. These sobering facts illustrate the need to identify new
therapeutic targets for the treatment or prevention of liver cancer.

A well-known metabolic phenotype of HCC is increased lipogenesis 1%0-1922% pyt
whether this alteration has a functional role in HCC etiology remains unclear. Acetyl-
CoA carboxylase (ACC) enzymes are required for lipogenesis, and we have previously
validated that mice lacking hepatic ACC activity are completely deficient in
lipogenesis?!2. There is strong rationale for targeting ACC enzymes in liver cancer. First,
Calvisi and colleagues reported an increase in ACC1 enzyme expression in HCC tumor
tissue that correlated with decreased survival'®, Second, in the same study, the
knockdown of ACC1 was sufficient to increase apoptosis and reduce the viability of
human HCC cells in vitro'®!. Third, Yahagi and colleagues®® evaluated ten HCC cases
and observed increased ACCL1 expression in tumor tissue compared to adjacent non-

cancerous liver tissue of all cases. Finally, ACC enzymes are druggable targets. Based on
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this evidence, there is considerable interest in testing whether ACC enzymes represents
therapeutic drug targets for the prevention or treatment of HCC. In the present study we
investigated the role of lipogenesis in liver tumor development using mice that lack ACC

activity in the liver.

4.2.2 Results

HCC has a distinct lipogenic phenotype compared to non-cancerous liver

To better understand the relationship between ACC expression and HCC in a
broad patient population, we used the Oncomine database to evaluate ACC expression in
more than 300 HCC and non-cancerous liver specimens. These data showed that ACC1
(ACACA) gene expression was elevated by 2-fold in HCC compared to non-cancerous
liver (Figure 37A). Of the HCC cases that had associated clinical data, ACACA
expression was positively associated with tumor grade (Figure 37B). In contrast, ACC2
gene (ACACB) expression was significantly decreased by 25% in HCC tumor tissue
compared to non-cancerous liver tissue, and was not associated with tumor grade (Figure
38A-B).

We next compared these results in humans with mouse liver tumors caused by the
hepatocellular carcinogen diethylnitrosamine (DEN). DEN is the most commonly-used
mouse model of liver tumorigenesis and DEN-induced tumors are known to have genetic
signatures related to poor prognosis in humans®®. Furthermore, the DEN model

demonstrates similarities to human HCC in the context of gender bias and mechanisms of
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tumor initiation involving oxidative damage®???%, Herein, we show that DEN-induced
liver tumors had a 2-fold increase in Acaca expression compared to non-tumor tissue of
DEN-treated mice, and nearly 3-fold increase compared to normal liver of age-matched
control mice that were naive to DEN (Figure 37C). In contrast, hepatic Acach expression
was decreased by 50% in tumor tissue compared to non-cancerous tissue in DEN-treated
mice (Figure 38C). These data show that DEN-induced liver tumors in mice closely
resemble human HCC with respect to changes in ACC gene expression.

To determine whether the lipogenic program of liver cancer is maintained outside
of the tumor environment in mouse and human liver cancer cells, we measured rates of
lipogenesis in human HCC cells (HepG2 and HuH7), murine hepatoma cell lines (Hepal-
6 and Hepalclc7), primary non-cancerous murine hepatocytes (hepatocytes), and human
immortalized non-cancerous liver cells (PH5CH8). Compared to non-cancer cells, all
cancer cells had significantly higher rates of lipogenesis irrespective of whether they
were derived from mouse or human tissue (Figure 37D). In contrast, these cell lines had
no cancer-specific alterations in any other parameter of cellular bioenergetics including
basal oxygen consumption rate (OCR), extracellular acidification rate (ECAR), or spare
respiratory capacity (Figure 39A-F).

The ultimate goal of chemotherapeutics is to cause selective cytotoxicity to
malignant cells without toxicity to non-cancerous cells. Therefore, we investigated
whether the inhibition of lipogenesis differentially affected the viability of cancer cells
compared to non-cancer cells by treatment with the pan-ACC inhibitor Soraphen A

(SorA). SorA was maximally effective at inhibiting lipogenesis when used at 100 nM
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(Figure 38D), and this concentration reduced the viability of the HepG2, Hepal-6, and
Hepalclc7 cancer cells, but did not affect viability of the HuH7 cancer cells or the two
non-cancerous cells (Figure 37E). These results demonstrate that ACC inhibition has
some selectivity for killing cancerous liver cells compared to non-cancerous cells, but not

all malignant cells are sensitive to SorA.
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Figure 37. Liver cancer displays a lipogenic phenotype and liver cancer cells are

programmed for dependency on lipogenesis.

(A) Fold ACACA mRNA expression in human non-cancerous liver and HCC. (B) Fold
ACACA mRNA expression by HCC grade. * indicates significant difference from Grade

1 HCC. (C) Fold Acaca mRNA expression in non-tumor or tumor liver tissue of
C57BL/6N mice untreated or treated with DEN at 2w of age and harvested at 32w of age
(n=4-9). Rates of (D) lipogenesis in non-cancerous cells (murine hepatocytes and human
PHS5CHS), and liver cancer cells lines from human (HepG2 and HuH7) and murine origin
(Hepal-6 and Hepalclc7). For D, * indicates significant difference from hepatocytes, p <
0.05 (n=3-4). (E) Cell viability after treatment with 100nM SorA or DMSO vehicle in the
presence of 10% fetal bovine serum for 120h. * indicates significant difference from
DMSO, p <0.05 (n=3-4). (B-E) were analyzed by one-way ANOVA. Data are

represented as mean = SEM.



142

A B C D Lipogenesis
1.9 * 4 from acetate
145 1.0+ _ I_*l
_ = 5
32 n=386 * s 0.8 ) 104 £ 3
= = n=13 _ z 5
g 1.0 n=327 % o0& n=10 =12 g E |
=
E Eoa] F— 5 05 3
m 05 § § E N
é ::‘ 221 = 90%
0o T oo r r . 0.0- N ol
Non- HCC Grade 1 Grade 2 Grade 3 0“’ <?_‘,‘.\0 -)'90 $o ‘P@
cancerous HCC HCC HCC o & " 3
liver &
DEN

Figure 38. ACC2 mRNA expression in HCC and inhibition of lipogenesis by SorA.

(A) Relative fold ACACB mRNA expression in human non-cancerous liver and HCC. (B)
Relative fold ACACB mRNA expression by HCC grade. (C) Relative fold Acach mRNA
expression in non-tumor or tumor liver tissue of C57BI/6N mice untreated or treated with
DEN at 2w of age and harvested at 32w of age (n=4-9). (D) Rates of lipogenesis in
primary murine hepatocytes in the presence of 100nM SorA or DMSO vehicle (n=3). B
and C were analyzed by one-way ANOVA. * indicates significant difference, p < 0.05.

Data are represented as mean + SEM.
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Figure 39. Mitochondrial function in liver non-cancer and cancer cells.

Mitochondrial stress test in whole cells using oligomycin (2uM), BAM15 (2uM),
Antimycin A (10uM), and Rotenone (1uM) as indicated. Oxygen consumption rate
(OCR) (A) normalized to protein or (B) normalized to basal OCR and (C) mitochondrial
spare respiratory capacity in non-cancerous cells (primary murine hepatocytes and the
immortalized human liver cell line PHSCHS), human liver cancer cell lines (HepG2 and
Huh7), and murine liver cancer cell lines (Hepal-6 and Hepalclc7). Extra-cellular
acidification rate (ECAR) (D) normalized to protein or (E) normalized to basal ECAR.

(F) Ratio of OCR to ECAR (OCR/ECAR) (n=3). Data are represented as mean + SEM.
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ACC inhibition increases liver tumor incidence and multiplicity in mice

Based on the data shown in Figure 37 and a published study showing that HCC
viability is decreased upon knockdown of ACC1%, we hypothesized that ACC activity
may be important for the initiation and/or growth of liver tumors. Therefore, we next
tested whether liver lipogenesis is necessary for liver tumor development in vivo using
liver-specific ACC1 and ACC2 double knockout (LDKO) mice?'?. Double knockout
mice were used instead of an ACC1-specific knockout because ACC2 can compensate
for the loss of ACC1 to catalyze lipid synthesis!®. Thus, in order to evaluate the role of
lipogenesis, it was necessary to inhibit both ACC1 and ACC2. As outlined in Figure 40A,
LDKO mice and floxed littermate (Flox) controls were treated with DEN at 2 weeks of
age and fed a lipogenic Western diet from 6 weeks until final tumor analysis at 40 weeks
of age.

As shown in Figure 40B-D, LDKO mice had a greater than 2-fold increase in
tumor incidence than Flox controls. Furthermore, of the mice that developed liver tumors,
LDKO mice had significantly higher tumor multiplicity. LDKO livers had higher
expression of the liver tumor marker alphafetoprotein (Afp) in both tumor tissue and
nearby tissue where no macroscopically visible tumors were observed (Figure 423A).
Consistent with results in Figure 1C, Flox control mice had higher Acaca expression in
tumor tissue compared to non-tumor tissue (Figure 42B), while LDKO mice completely
lacked gene expression of Acaca and Acachb, as expected (Figure 42B-C). The lack of
ACC expression in LKDO tumor tissue confirms that the tumors did not arise from

another cell type. Furthermore, evaluation of a spontaneously immortalized cell line
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generated from a LDKO tumor also confirmed the lack of ACC1 or ACC2 expression
(Figure 42D) and complete deficiency in de novo lipogenesis (Figure 42E) despite
continued proliferation in culture. Because hyperproliferation is an important step in the
transformation of hepatocytes to HCC?’, we performed histological analysis of
proliferation in H&E stained liver tissue. LDKO mice had a greater abundance of
hyperplastic foci in compared to Flox controls (Figure 40E-F). This result is consistent
with the increased Afp observed in non-tumor tissue of LDKO mice (Figure 42A),
indicating the presence of more preneoplastic foci. This hyperproliferative phenotype was
validated by immunohistochemical staining for Ki67, a marker of cell proliferation
(Figure 40G-H). In contrast, cleaved caspase 3 (CASP3), a marker of apoptosis, was not

significantly different between LDKO and Flox controls (Figure 41A-B).
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Figure 40. Liver ACC deletion increases diethylnitrosamine-induced tumorigenesis

and liver cell proliferation in mice.

(A) Diagram of study timeline. Liver tumor (B) incidence and (C) multiplicity in Flox

and LDKO mice treated DEN at 2w of age and harvested at 40w of age. (D)

Representative images of livers of DEN-treated LDKO and Flox mice at 40w of age. (E)

Representative H&E staining of liver sections of DEN-treated LDKO and Flox mice at

40w of age and (F) quantitation of hyperplastic foci (HPF) per field (white stars indicate

hyperplastic foci). (G) Representative images and (H) quantitation of Ki67 IHC. Scale

bars=50 um. * indicates significant difference, p < 0.05 (n=10-11). Data are represented

as mean = SEM.
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Figure 41. Cleaved CASP3 staining in livers of DEN-treated Flox and LDKO mice.

(A) Representative images and (B) quantitation of Cleaved CASP3 IHC staining of DEN-
treated Flox and LDKO mice at 40w of age. Scale bars=50 pm. Data are represented as

mean + SEM.
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Figure 42. Livers and tumors of LDKO mice are completely deficient in lipogenesis.

Fold mRNA expression of (A) Afp, (B) Acaca and (C) Acach in non-tumor and tumor
liver tissue of DEN-treated Flox and LDKO mice at 40w of age (n=10-11 for non-tumor
tissue; n=3-6 for tumor tissue). (D) Protein expression of total ACC1 and ACC2 in
isolated primary murine hepatocytes and cells derived from a tumor of a DEN-treated
LDKO mouse (LDKO tumor-derived cells). RAN was used as a loading control. (E) Rate
of lipogenesis in hepatocytes with or without 100nM SorA, or in LDKO tumor-derived
cells (n=3). For F, percent change indicates difference from untreated hepatocytes. *
indicates significant difference, p < 0.05. A-C were analyzed by one-way ANOVA. Data

are represented as mean = SEM.
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ACC inhibition reprograms hepatocyte metabolism to support survival and proliferation

HCC commonly develops in the setting of obesity, fatty liver, glucose intolerance,
and hyperinsulinemia, and these physiological parameters are thought to contribute to
risk of developing HCC. Therefore, we next investigated whether differences in
physiology or nutrient metabolism may have contributed to increased tumorigenesis in
LDKO mice. While LDKO mice had no significant differences in body weight, adiposity,
liver triglyceride or cholesterol content, glucose tolerance, or serum insulin levels (Figure
43A-F), there was evidence of considerable metabolic reprogramming in the liver. Genes
involved in fatty acid transport (e.g. Fatp5 and Cd36) and their associated transcription
factor Pparg?® were upregulated in LDKO liver tissue (Figure 44A and C), while genes
responsible for mitochondrial fat oxidation (e.g. Cptla and Mcad) and their associated
transcription factor Ppargcla 2>%-26! were decreased (Figure 44B-C). Furthermore,
metabolomics analysis showed that succinylcarnitine, a metabolite of mitochondrial fatty
acid oxidation, was lower by 50% in LDKO liver tissue (Figure 44D). In contrast, gene
expression of other transcription factors involved in lipid metabolism was unchanged,
including SREBP1c and PPARa (Figure 44C). These data suggest that LDKO liver tissue
compensates for the lack of lipogenesis to maintain normal triglyceride levels by
increasing fat uptake and decreasing fat oxidation. Since hepatic ACC inhibition did not
affect physiological parameters associated with HCC, we hypothesized that the increased
tumor development in LDKO mice was related to liver-intrinsic metabolic

compensations.
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Figure 43. LDKO mice have no alterations in liver fat levels or whole-body

physiology.

Liver (A) triglyceride and (B) cholesterol content, and (C) body weight and (D) adipose
weight of DEN-treated LDKO and Flox mice at 40w of age. (E) Blood glucose
concentrations over time and area under the curve (AUC) during a glucose tolerance test
in DEN-treated LDKO and Flox mice at 22w of age. (F) Serum insulin levels in random-
fed or 12 hour-fasted Flox and LDKO mice at 22w of age. * indicates significant

difference, p <0.05 (n=10-11). Data are represented as mean = SEM.
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Figure 44. Metabolic gene expression and succinylcarnitine levels in livers of DEN-

treated Flox and LDKO mice.

Fold mRNA expression in liver tissue of DEN-treated Flox and LDKO mice at 40w of
age for metabolic genes involved in (A) lipid transport and metabolism: Fatty acid
transport protein 5 (Fatp5) and fatty acid translocase (Cd36) and (B) mitochondrial fatty
acid metabolism: carnitine palmitoyltransferase (Cpt/a) and medium chain acyl-CoA
dehydrogenase (Mcad); and (C) transcription factors: sterol regulatory element-binding
protein lc (Srebpic), peroxisome proliferator-activated receptors Ppara and Pparg, and
PPARY coactivator la (Ppargcla). (D) Levels of succinylcarnitine measured by
metabolomics in livers of Flox and LDKO mice at 40w of age. For A-C, n=10-11. For D,

n=5-7. * indicates significant difference, p < 0.05. Data are represented as mean + SEM.
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To gain a better understanding of the metabolic changes in LDKO liver tissue that
could contribute to proliferation and tumorigenesis, global metabolomics analyses were
performed on non-tumor liver tissue from 40 week-old LDKO and control mice that were
treated with DEN at 14 days of age (not shown). These data revealed upregulation of the
pentose phosphate pathway (PPP) and associated antioxidant systems. Gene expression
of glucose-6-phosphate dehydrogenase (G6pd) (Figure 45A), the rate-limiting enzyme of
the PPP, as well as its products, 6-phosphogluconate and NADPH, were both highly
elevated in LDKO livers (Figure 45B-C). NADPH is an important molecule for
antioxidant defense and is used as a substrate by antioxidant enzymes such as glutathione
reductase to reduce oxidized glutathione (GSSG) to glutathione (GSH). Consistent with
the increase in NADPH, the glutathione pathway was highly enriched in the
metabolomics data (Figure 45D), and the ratio of GSH:GSSG was higher in LDKO liver
tissue from both 40 week-old mice and 15 day old mice compared to Flox controls
(Figure 45E and Figure 46B-C). Additionally, gene expression of glucokinase (Gk), the
enzyme that converts glucose to glucose-6-phosphate, was significantly increased in
LDKO liver tissue (Figure 46A).

DEN-induced tumor initiation involves ROS production and genotoxic damage??2.
Since LDKO mice had evidence of increased antioxidant status, we investigated whether
DNA damage was altered in livers of mice exposed to DEN. Following 24 hours of DEN
exposure, LDKO mice had less DEN-induced DNA damage than controls as evidenced
by less 8-hydroxydeoxyguanosine (8-OHdG) and less YH2A.X expression, a marker of

DNA double-strand breaks (Figure 45F-H). To determine whether antioxidant defenses
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protect hepatocytes from DEN-induced genotoxic damage, primary cells were pre-treated
with the cell-permeable glutathione precursor y-glutamyl monoethyl ester (GEE) prior to
DEN exposure. These data show that GEE pre-treatment decreased DEN-induced
yH2A X, which was accompanied by reduced cleaved CASP3 expression (Figure 451-K).
Importantly, DEN treatment of Flox mice resulted in an acute increase in apoptosis and
reduction in proliferation, as evidenced by cleaved CASP3 and reduced Ki67 staining
(Figure 47A-D). However, DEN had no effect on Ki67-positive nuclei in LDKO liver
tissue and resulted in nearly half as much cleaved CASP3 compared to Flox control tissue
(0.6% of LDKO cells stained for cleaved CASP3 vs 1.1% of Flox control cells) (Figure
47A-D), indicating that the increased antioxidant status induced by ACC enzyme
inhibition ultimately protected hepatocytes from the apoptotic effects of DEN, enabling

continued proliferation.
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Figure 45. Increased liver antioxidant status is a potential mechanism for increased

cell proliferation and tumorigenesis in LDKO mice.

(A) Fold G6pd mRNA expression, (B) 6-phosphogluconate levels, and (C) NADPH
levels of DEN-treated LDKO and Flox mice at 40w of age. (D) Overall fold-enrichment
and individual metabolite levels of glutathione metabolism in DEN-treated livers of
LDKO mice relative to livers of Flox mice at 40w of age. Red indicates a significant
increase in metabolite levels, green indicates a significant decrease in metabolite levels,
and gray indicates no significant difference in levels between LDKO and Flox. Circle
size corresponds with the relative magnitude of difference between LDKO/Flox levels.
Liver (E) GSH:GSSG ratio levels of DEN-treated LDKO and Flox mice at 40w of age.
(F) 8-OHdG levels of DNA isolated from Flox and LDKO liver tissue 24h after DEN
treatment. (G) Representative Western blots and (H) quantitation of YH2A.X protein
expression in liver tissue from Flox and LDKO mice 24h after DEN treatment. (I)
YH2A.X and cleaved CASP3 protein expression of primary hepatocytes isolated from 2
week-old Flox mice then pretreated with vehicle or I mM y-glutamyl monoethyl ester
(GEE) for 1 hour, followed by the addition of vehicle or 50 uM DEN, then harvested 24
hours after DEN treatment. Quantitation of protein expression for (J) YH2A.X and (K)
cleaved CASP3. For G and I, 14-3-3 was used as a loading control. For A, C and E,
n=10-11. For B and D, n=5-7. For F-H, n=3-4. I-K show one experiment representing
three independent experiments. * indicates significant difference, p < 0.05. F, H, J and K

were analyzed by one-way ANOVA. Data are represented as mean + SEM.
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Figure 46. LDKO mice have higher liver glucokinase expression and antioxidant

status.

(A) Fold change in Gk mRNA expression of DEN-treated Flox and LDKO mice at 40w
of'age. (B) GSH:GSSG ratio and (C) NADPH levels in liver tissue of Flox and LDKO
mice 24h after DEN treatment. For A, n=10-11. For B and C, n=4. * indicates significant

difference, p < 0.05. Data are represented as mean + SEM.
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Figure 47. LDKO livers maintain proliferation and are resistant to apoptosis acutely

in response to DEN treatment.

IHC in liver sections of LDKO and Flox mice treated with vehicle (Mock) or DEN at 2w
of age and harvested 24h after treatment. (A) Representative images and (B) quantitation
of Ki67 staining. (C) Representative images and (D) quantitation of Cleaved CASP3

staining. Scale bars=50pm. * indicates significant difference, p < 0.05 (n=4), analyzed by

one-way ANOVA. Data are represented as mean + SEM.
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Discussion

Lipogenesis is a metabolic pathway that is upregulated in many types of cancer
including liver cancer. Lipogenesis is thought to be advantageous to cancer cells because
this pathway supplies new lipids for the synthesis of membranes, it produces saturated
lipids that are not subject to oxidation and may increase lipid raft signaling domains, and
de novo synthesized lipids may serve as ligands for transcription factors!8%193197 The role
of lipogenesis in cancer has been tested primarily in the context of cell-based systems or
pharmacologic approaches, where the data consistently show that blocking lipogenesis
impairs cancer cell viability?®2. However, the role of lipogenesis in cancer has not been
studied using mouse models lacking lipogenesis. To test the role of lipogenesis in
primary liver cancer, we used mice lacking ACC enzyme activity specifically in
hepatocytes and subjected them to the hepatocellular carcinogen DEN. Unexpectedly, the
loss of ACC activity resulted in an increase in tumorigenesis. Although lipogenesis may
assist cancer cells in some contexts, the present findings clearly demonstrate that de novo
synthesized lipids are not essential for liver tumor formation or progression.

It is curious that inhibiting ACC activity exacerbated liver tumorigenesis. The
mechanism whereby ACC enzyme inhibition contributes to increased tumorigenesis was
not associated with most of the hallmark risk factors for liver cancer including hepatic
steatosis, obesity, or glucose intolerance. However, global metabolomics data revealed
that ACC-deficient liver tissues had increased PPP metabolites. Since the PPP produces
NADPH and the lipogenesis pathway consumes NADPH, it was not surprising that

intracellular NADPH levels were increased in ACC-deficient liver. NADPH is a
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substrate for antioxidant defense enzymes including glutathione reductase, and
accordingly we observed an increase in the ratio of reduced:oxidized glutathione
(GSH:GSSG). These data demonstrate that the lack of ACC activity resulted in an
environment with strong antioxidant defense. It is likely that this antioxidant environment
contributed to increased tumorigenesis by increasing the survival of hepatocytes injured
by DEN treatment. In support of this hypothesis, GEE treatment alone was sufficient to
reduce DEN-induced caspase 3 cleavage. Notably, despite being partially protected from
the genotoxic effects of DEN, the LDKO mice developed more tumors. This suggests
that DNA damage, although blunted, was sufficient for hepatocyte transformation. These
data reveal a role for ACC enzymes in cell antioxidant status and survival in the context
of cancer. This result is consistent with the observation by Hay and colleagues wherein
AMPK activation promoted cancer cell survival and proliferation by inhibiting ACC
enzymes'?. In the Hay study, NADPH levels and the GSH:GSSG ratios were increased;

however, PPP activity was not evaluated.

4.2.3 Summary

The current study demonstrates an important role for hepatic ACC activity in
regulating antioxidant defense and susceptibility to tumor development. Because the mice
used in this study had a perinatal deletion of the ACC enzymes and compensatory
pathways were established prior to carcinogen exposure, future studies should determine
how inhibition of lipogenesis in established tumors may affect their growth or
progression. In light of the present data, clinical interventions targeting ACC activity

should be approached with caution, as ACC inhibition may exacerbate tumorigenesis.
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CONCLUDING REMARKS AND FUTURE DIRECTIONS

The liver carries out many responsibilities on behalf of the body including
detoxification, cholesterol synthesis, fatty acid synthesis, and nutrient storage and export.
Aberrations in these processes have been linked to a myriad of diseases including type Il
diabetes, atherosclerosis, fatty liver disease, and liver cancer. Therefore, understanding
the molecular basis of these processes is of great consequence to human health.

The major storage form of excess nutrients in the liver is fat; however, excess fat
deposition in the liver can be problematic, as it is associated with metabolic disorders
including fatty liver disease, type Il diabetes, and liver cancer. The ACC enzymes are
major regulators of liver lipid content by catalyzing the conversion of excess glucose in
the liver to fat, and by inhibiting mitochondrial fat oxidation. Thus, inhibition of the ACC
enzymes was expected to prevent the development of fatty liver. To better understand the
role of ACC activity in normal liver metabolism and in the context of metabolic disease
we developed liver-specific ACC1 and ACC2 double knockout (LDKO) mice that
completely lacked hepatocyte lipogenesis.

Characterization of LDKO mice on a normal chow diet revealed unexpected
phenotypes of increased hepatic triglyceride and decreased fat oxidation. We also
observed that chronic ACC inhibition led to hyper-acetylation of proteins in the extra-
mitochondrial space. These data reveal the existence of a sensory pathway that detects
acetyl-CoA availability and adapts lipid metabolism to increase hepatic fat stores. Further

work is required to understand the metabolic processes affected by ACC inhibition, and
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to elucidate the functional consequences of these alterations in liver and whole-body
metabolism.

Liver lipogenesis is thought to be important for storing excess glucose in the
context of high-carbohydrate feeding, thus the lack of glucose disposal into lipid was
expected to increase blood glucose levels. However, we demonstrated that inhibition of
liver lipogenesis paradoxically increased glucose disposal into the liver and improved
whole-body glucose tolerance. ACC inhibition caused a depletion of liver triglycerides
after 3 weeks of high-carbohydrate fat-free diet, accompanied by decreased adipose
tissue. This indicates that the liver communicates its need for lipid to the adipose tissue,
resulting in adipose tissue compensation, emphasizing the importance of liver signals in
whole-body nutrient homeostasis. The factor(s) release by the liver to communicate its
nutritional status to the adipose tissue has yet to be identified, and may represent
promising points of therapeutic intervention in the context of whole-body glucose
intolerance.

We found that liver ACC inhibition protected mice from diet-induced fatty liver.
However, a decrease in liver fat was not sufficient to ameliorate diet-induced glucose
intolerance. Future studies should test whether inhibition of lipogenesis in other tissues
such as adipose tissue or skeletal muscle is sufficient to improve whole-body glucose
tolerance in the context of a Western diet, and whether reduction of liver fat levels is
required for such an effect.

Our studies of liver ACC inhibition have revealed that ACC activity regulates the

intracellular acetyl-CoA pool, causing global alterations in metabolic protein acetylation
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and expression. A consequence of this metabolic reprogramming was reduced fatty acid
oxidation in hepatocytes, in conjunction with decreased expression of the rate-limiting
enzyme in fatty acid oxidation, CPT1a. A major regulator of CPT1 expression, PGC-1a,
is known to be highly regulated by acetylation. We confirmed that PGC-1a was
hyperacetylated in LDKO livers, and inhibition of PGC-1a acetylation in LDKO
hepatocytes was sufficient to restore normal rates of oxygen consumption. This work
demonstrates that ACC activity controls metabolic flexibility at least in part by regulating
PGC-1a acetylation. Many metabolic proteins are known to be regulated by acetylation;
therefore, it is possible that ACC regulates a host of proteins to coordinate metabolic flux
based on cellular nutrient availability. Understanding the full extent of metabolic
regulation by the ACC enzymes will require considerable effort, but may reveal potential
points of therapeutic intervention for metabolic disease.

Liver cancer is an especially fatal disease that is highly influenced by
environmental factors such as obesity, insulin resistance, and fatty liver. Previous studies
have demonstrated that an obesigenic Western diet promotes liver tumor development,
but whether obesity was required for this effect was unclear. In mice predisposed to
developing liver tumor by a liver carcinogen, we found that dietary sugar promoted liver
tumor regardless of dietary fat content and obesity. Tumor burden was, however,
positively correlated with liver fat accumulation, postprandial insulin, liver inflammation,
and negatively correlated with adiponectin. Furthermore, livers of mice fed high sugar

diets had indications of less apoptosis and more progression through cell cycle. This
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study revealed that dietary sugar can drive liver tumor progression, and opens the door
for future studies to test the specific role of sugar metabolism in liver cancer.

Very little is currently understood about the molecular etiology of liver cancer.
Lipogenesis is a hallmark metabolic phenotype of liver cancer a may represent a
connection between dietary sugar and liver cancer, however its role in liver cancer
development or progression was unclear. Unexpectedly, we found that LDKO mice
treated with a liver carcinogen had increased susceptibility to carcinogen-induced liver
tumor. This was associated with a robust antioxidant defense that was secondary to
decreased NADPH consumption via lipogenesis and increased NADPH production from
the pentose phosphate pathway. Increased NADPH maintained glutathione in a more
reduced state, and administration of glutathione precursors was sufficient to reduce DEN-
induced DNA damage in hepatocytes. This study demonstrates that lipogenesis is not
necessary for liver tumor growth, and identifies a protective role for ACC enzymes
against tumorigenesis by modulating antioxidant defense. It remains to be tested whether
blocking ACC activity in tumor cells that have upregulated lipogenesis is an effective
strategy to prevent tumor growth and progression.

This present work helps to clarify the role of liver nutrient metabolism and
lipogenesis in normal liver function and metabolic disease (summarized in Figure 48).
We have identified a broad role for the ACC enzymes as nutritional rheostats, regulators
of metabolic protein activity, and modulators of cellular antioxidant status and growth.
Although ACC appeared as an appealing therapeutic target in fatty liver disease, we have

learned that hepatic ACC inhibition is not sufficient to prevent diet-induced glucose
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intolerance. Furthermore, our studies warrant caution when targeting ACC enzyme
activity, due to metabolic compensations that promote liver tumor development.
Additional research in liver nutrient metabolism and the role of the ACC enzymes is
needed to continue to unravel these complex regulatory mechanisms and to identify
potential points of therapeutic intervention for diseases such as type Il diabetes and liver

cancer.
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Figure 48. Model for the role of sugars and acetyl-CoA carboxylase activity in liver

and whole-body pathophysiology.

ACC enzyme activity inhibits protein acetylation. Protein acetylation has broad effects on
liver metabolism which may collectively promote cell survival and proliferation. Thus,
the ability of ACC enzyme activity to block cell survival and proliferation may involve
regulation of protein acetylation. Dietary intake of sugar (i.e. glucose and fructose)
promotes liver steatosis via a mechanism dependent on ACC enzyme activity; however,
liver steatosis is not sufficient to cause whole-body glucose intolerance in the context of a
high-sugar Western diet. Liver steatosis is linked to production of the inflammatory
cytokine IL-6 in the liver. IL-6 production by adipose-resident immune cells may be
stimulated by high-sugar feeding. High-sugar feeding decreases adipose-derived
adiponectin. Adiponectin signaling prevents cell survival and proliferation. Circulating
glucose causes the pancreas to release insulin. IL-6 and insulin signaling promote cell
survival and proliferation, whereas adiponectin signaling prevents cell survival and
proliferation. Thus, increased IL-6 and insulin and decreased adiponectin may be
mechanisms by which dietary sugar intake promotes liver cell survival and proliferation

to increase liver tumor development.
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METHODS

General mouse husbandry

Mice were housed and bred in a temperature-controlled room (22°C) on a 12-hour light-
dark cycle in filter-top cages with ad libitum access to food and water. Mice were fed a
standard chow diet (7912 Teklad LM-485 from Harlan Laboratories; 25 kcal% protein,
17 kcal% fat and 58 kcal% carbohydrates) unless otherwise specified. All animal
experiments were performed according to standard operating procedures approved by the

Institutional Animal Care and Use Committee at University of Virginia.

Generation of LDKO and Flox mice

Ozgene Australia (Murdoch, Australia) was contracted to generate Accl and Acc2 floxed
mice described previously?°1:2%3, Mice were produced on a pure C57BL/6 background
using Bruce4 embryonic stem cells. Accl and Acc2 floxed mice were bred with C57BL/6
FLPe mice to delete the neomycin selection cassettes. To generate liver-specific
deletions, female Accllox/lox/Acc2lox/lox mice were bred with male
Accllox/lox/Acc2lox/lox mice expressing liver-specific albumin-Cre. Offspring from this
cross produced a 1:1 ratio of LDKO (liver-specific double ACC knockout) to floxed

control (Flox) offspring.

Breeding of wildtype C57BL/6N mice

Male and female C57BL/6NHsd mice were purchased from Harlan Laboratories.
The C57BL/6N strain was chosen over C57BL/6J because the latter has a gene mutation

in nicotinamide nucleotide transhydrogenase (Nnt) that contributes to glucose intolerance
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and reduced insulin secretion“, Mice were time-mated to produce litters simultaneously.

Offspring male and female C57BL/6N mice were treated with DEN

Diets for study of metabolic effects in LDKO and Flox mice
To study the effects of liver ACC deletion in the context of a high-carbohydrate fat-free

diet, Flox and LDKO mice were fed a diet that contained (w/w) <1% fat (03314, Harlan
Teklad) from 20 weeks of age for 3 weeks. To study the effects of liver ACC deletion in
the context of a high-fat diet, Flox and LDKO mice were fed a diet that contained (w/w)

21% lard and 20% sucrose (D12451, Research Diets) from 28 weeks of age for 12 weeks.

Diets for liver cancer studies

From 6 weeks of age, mice were fed one of five experimental diets. Food was provided
ad libitum in order to prevent alterations in food-seeking behavior and disruptions in
normal set-points for food intake. Dietary intervention was delayed until 4 weeks after
treatment with the carcinogen, to distinguish tumor initiation by the carcinogen from
promotion of lesion growth by the diets. Weight of food consumed per cage was
measured bi-weekly from diet initiation until study completion. kCals consumed were
calculated based on kCal content per gram of food for each diet. kCals consumed per
cage were then divided by the number of mice in the cage to estimate kCals consumed

per mouse.
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Diets for DEN-treated wildtype mice
Diets were prepared in-house according to methods previously established in our
laboratory?®!, with modifications to macronutrient (i.e., fat and carbohydrate) content. All
diets contained (w/w): 4% Mineral Mix AIN-76 (Harlan Teklad), 1% Vitamin Mix AIN-
76 (Harlan Teklad), 0.4% choline bitartrate, 0.3% methionine, and 2% gelatine. NC
contained (w/w): 6% wheat bran, 67% uncooked corn starch, 17% casein, and 3%
safflower oil. FD contained (w/w): 6% wheat bran, 21% uncooked corn starch, 31%
sucrose, 15% fructose, 17% casein, and 3% safflower oil. WD-L and WD-C contained
(w/w): 18% uncooked corn starch, 5% wheat bran, 21% sucrose, either 23% lard or
coconut oil, 18% casein, and 3% safflower oil. KD contained (w/w): 71% lard, 16%
casein, and 6% safflower oil. Sample size sufficient to detect a 20% change in tumor
number was estimated a priori, using a power analysis based on group means and
standard deviations previously reported'® (n = 6-12 mice per diet group). Only 6 of 8
mice in the male KD group completed the study, as 2 mice were euthanized before study
completion due to wounds incurred from fighting. The euthanized mice did not show

evidence of tumor burden.

Diet for DEN-treated LDKO and Flox mice
Starting at 6 weeks of age, mice were fed a Western diet (D12451, Research Diets) which

contained (w/w) 21% lard and 20% sucrose.
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Respirometry

Oxygen consumption rate (VO>) and respiratory exchange ratio (RER) were measured
under consistent environmental temperature (20-22°C) using an indirect calorimetry
system (Oxymax series, Columbus Instruments, Columbus, OH), as described®. Studies
were commenced after acclimation to the metabolic chamber with airflow of

0.5 L/min. Gas samples were measured at 16-min intervals over a 24-hour period with

food and water provided ad libitum unless indicated otherwise.

Serum collection and preparation

Submandibular whole blood was sampled from mice in the random-fed (postprandial)
state (21:00 hours) or after a 12-hour overnight fast. Serum was isolated by allowing
coagulation for 30 minutes at room temperature followed by centrifugation at 2,000 x g

for 15 min at 4°C, then stored at -80°C until further analysis.

Serum metabolite measurements

Metabolites were determined according to manufacturers’ protocols: Triglyceride assay
(Pointe Scientific); Cholesterol assay (Infinity Cholesterol Liquid Reagent, Thermo
Scientific); Free fatty acid assay (BioVision); Ketone assay (Cayman); NAD™ assay
(BioAssay System). In DEN-treated male C57BL/6 mice, serum cytokines were
measured by ELISA colorimetric assay Kits in serum collected at the time of harvest (IL-

6 and TNFa, Cayman Chemical; leptin and adiponectin, Boster Biosciences).
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Histology and immunohistochemistry
Liver samples were fixed in 10% neutral buffered formalin and paraffin-embedded for

microtome sectioning (5 um thick) and hematoxyline&eosin staining. Frozen-sections
from OCT-embedded liver samples were used for Oil-Red-O staining as previously

described 2%, Microscopy was performed and analyzed on a ScanScope.

DEN treatment of mice
Mice were treated with diethylnitrosamine (DEN) (25 mg/kg) at 14 days of age via

intraperitoneal (i.p.) injection as described!®*2%®, Mice were weaned at 21 days of age and
randomly allocated to cages. All weaned mice were fed a standard chow diet until 6

weeks of age.

Metabolic tolerance testing and insulin sensitivity.

Tolerance testing was performed in LDKO and Flox mice fasted for 6 hours, or C57BL/6
mice fasted overnight for 12 hours. Mice were injected with glucose (1.5 g/kg i.p.),
insulin (1 U/kg), or pyruvate (2 g/kg) and tail vein blood glucose levels were monitored
over time. Insulin and glucose measurements were collected in the random-fed state at
19:00 hours, or in the basal state after a 12-hour overnight fast. Glucose was measured in
whole blood using an Accu-Chek glucometer (Roche Diagnostics) and insulin was
measured in serum using an ELISA colorimetric assay kit (Crystal Chem) according to
the manufacturer’s protocol. Insulin sensitivity was estimated using the HOMA-IR

U

] . . basal glucose (ﬂ)
method?®’, calculated using the formula: basal insulin (mT) * -

405
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Triglyceride production and oral triglyceride tolerance assays

To measure hepatic triglyceride production rate, female mice (12 wks of age) were
injected i.p. with 1 g/kg body weight Poloxamer 407 % and serum triglyceride levels
were measured over 24 h. Mice were fasted from 08:00 to 12:00 hours, and tail vein
whole blood was sampled prior to injection then at 1, 2, 6, and 24 h after injection. To
determine oral triglyceride tolerance, mice were fasted from 08:00 to 12:00 hours prior to
receiving safflower oil by oral gavage (10 mL/g body weight). Tail vein blood was
sampled prior to gavage then hourly for 6 hours. Serum was isolated and stored at 20°C

until triglyceride assay (Pointe Scientific).

Tissue collection of DEN-treated mice and tumor analysis

Male mice were euthanized at 32 weeks of age (26 weeks of study diet) and female mice
were euthanized at 40 weeks of age (34 weeks of study diet). All mice were euthanized in
the random-fed state between 09:00 and 11:00 hours. Tumor multiplicity, which
represents the number of surface-hemorrhaging tumors per liver, was counted. The

diameter of each visible tumor (>0.5 mm in diameter) was used to calculate tumor
- 4 . .
volume using the formula: 37 radius3. Individual tumor volumes were summed to

calculate total liver tumor burden per animal. For male C57BL/6 mice, tumor burden
values were used throughout the study to test for correlations with diet-related parameters
as a representation of both tumor size and number. Mice without visible tumors were
excluded from tumor burden, multiplicity, and all other analyses (n = 1-2 per group). For
all mice, the large lobe of the liver was kept for histology, and the remaining liver was

divided into non-tumor-involved and tumor-involved tissue, snap-frozen in liquid
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nitrogen, and stored at -80°C until further biochemical analyses. The weights of both
gonadal and subcutaneous fat pads were summed and represented as combined adipose
weight per animal. To study the effect of liver ACC1 and ACC2 genetic deletion in mice,
liver ACC1 and ACC2 double knockout (LDKO) mice were generated on a C57BL/6J
background as we have previously described! and compared with floxed (Flox)
littermate controls. To determine whether loss of ACC expression could decrease or
increase tumor incidence, we used female mice for this study because tumor incidence is
approximately 30%, whereas for males tumor incidence is approximately 90% 183266,
Offspring female LDKO and Flox mice were treated with 25 mg/kg DEN at 14 days of
age via i.p. injection. For the long-term DEN study, mice were genotyped and paired with
littermates and weaned to cages at 21 days of age, n=10-11 per genotype. Starting at 6
weeks of age, mice were fed a Western diet (D12451, Research Diets) which contained
(w/w) 21% lard and 20% sucrose. Tumor burden analysis and final tissue collection was
performed at 40 weeks of age. For the acute DEN study, mice were genotyped at 12 days
of age, treated with DEN at 14 days of age according to our standard protocol, and then

tissues were collected 24 hours after DEN treatment for analysis.

Liver histology and immunohistochemistry

The large lobe of the liver was paraffin-embedded for microtome sectioning (5 um thick)
and hematoxylin & eosin (H&E) staining or immunohistochemistry (IHC). Slides were
digitally scanned using an Aperio ScanScope (SC System) to produce high-resolution
images (resolution: 0.25 pum per pixel). Histological analysis and IHC quantitation was

performed in a blinded manner. Hyperplastic foci (HPF) were identified by the presence
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of focal basophilia. HCA was characterized by the presence of basophilic cells and cells
containing glycogen and fat, resembling human HCA. HCC was distinguished from pre-
neoplastic lesions if three or more of the standard criteria were met: undifferentiated
trabecular structure; enlarged, mild-moderately polymorphic hyperchromatic nuclei with
enlarged nucleoli; presence of basophilia; increased abundance of mitotic figures; and
invasive growth?®°-2"1 HCC that developed within HCA was classified as HCC foci, and
HCC that arose from hepatic tissue was classified as bona fide HCC. IHC guantitation

was performed on 6 randomly-selected 3cm? areas for each animal.

Protein isolation and Western blotting
Liver tissue was homogenized in RIPA buffer (10 mM TRIS pH 8.0, 0.5 mM EGTA,

1% Triton X-100, 0.2% SDS, 100 mM NaCl) with protease inhibitors cocktail

(Roche) and phosphatase inhibitors (2 mM sodium orthovanadate, 1 mM sodium
pyrophosphate, 10 mM sodium fluoride, 250 nM microcystin). Liver ACC proteins were
analyzed using avidin-pulldown as described previously?®t2'2, For acetyl-lysine
immunoblotting, liver tissue or cells were lysed in RIPA buffer (50 mM TRIS pH 8.0,
100 mM NaCl, 0.5 mM EGTA pH 7.0, 0.4% v/v Triton X-100, 10 mM nicotinamide),
with protease inhibitors cocktail (Roche) and phosphatase inhibitors (2 mM sodium
orthovanadate, 1 mM sodium pyrophosphate, 10 mM sodium fluoride, 250 nM
microcystin LR), and immunoblotted with an antiacetyl-lysine antibody (Cell Signaling
9441). Cells were lysed in HES-SDS lysis buffer (250 mM sucrose, 20 mM HEPES, pH
7.4, 1 mM EDTA, 2% SDS). Antibodies used for immunoblotting were: phospho-Akt

(S473) (587F11; Cell Signaling 4051), pan Akt (C67E7, Cell Signaling 4691), pan 14-3-3
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(H-8, Santa Cruz, sc-1657), Mitomix rodent OXPHOS cocktail (Mitosciences MS604),
CPT1 (H-40, Santa Cruz, sc-98834) and alpha-tubulin (H-300, Santa Cruz, sc-5546),
phospho-p70S6K (T389) (Cell Signaling 9206S), phospho-AMPK (T172) (Cell Signaling
2535P), AMPK (Cell Signaling 2793S), p53 (Santa Cruz 6243), acetyl-p53 (K379) (Cell
Signaling 2570S), SIRT1 (Millipore 07-131), p21 (Abcam 7960), cleaved CASP3 (Cell
Signaling 9661), Cyclin D1 (Santa Cruz 753), pan ACC (Cell Signaling 3676), RAN
(Cell Signaling 4462), Ki-67 (Epitomics 4203), and YH2A.X (Cell Signaling 9718S).

Line scan analysis was performed using Image J.

RNA isolation and qPCR

Liver (2 mg, Trizol) or cells (1 mg, Direct-zol) total RNA was semiquantitated by
standard two-step RT-PCR (High Capacity cDNA synthesis Kit, Roche; Sensifast SYBR
Green mix, Bioline) using genespecific primers (Integrated DNA Technologies). Relative
fold expression was calculated using the delta-delta Ct method with Cyclophilin A as a

housekeeping gene. Primer sequences are listed in Table 2.

Liver fat content
Lipid was extracted from frozen liver tissue based on the method from Folch?™2.

Colorimetric assay kits were used to measure triglyceride (Pointe Scientific) and
cholesterol (Infinity, Thermo Scientific) content of the lipid extracts according to the

manufacturers’ protocols.
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NADPH and NADH assays
NADPH and NADH was measured in liver using enzyme cycling assay kits (Abcam

65349 and Promega G9071, respectively) according to the manufacturers’ protocols.

GSH:GSSG assay
GSH and GSSG were measured in liver samples using a fluorescent detection kit

(BioVision K264) according to the manufacturer’s protocol. Prior to the assay spin

columns (EMD Millipore 10kDa) were used to eliminate interfering proteins.

8-OHdG assay

Genomic DNA was extracted from frozen liver tissue using a purification spin column
followed by DNA elution according to manufacturer’s instructions (Qiagen AllPrep®
DNA/RNA/Protein Mini). Extracted DNA was converted to single-stranded DNA by
incubation at 95°C for 5 minutes then rapidly chilled on ice. Single-stranded DNA was
then digested to nucleosides in 20 mM sodium acetate buffer pH 5.2 containing nuclease
P1 (Sigma N8630) at a final pH of 5.2 at 37°C for 2 hours, followed by incubation in 100
mM Tris buffer containing alkaline phosphatase (Sigma P6774) at a final pH of 7.5 at
37°C for 1 hour. The nucleoside-containing mixture was centrifuged at 6000 x g for 5
minutes and the supernatant was used for the 8-OHdG assay. 8-OHdG was quantitated

using an ELISA assay according to the manufacturer’s protocol (Cell Biolabs STA-320).
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Metabolomics in liver tissue of DEN-treated LDKO and Flox mice

Metabalomics was performed by Metabolon, Inc. (Durham, North Carolina, USA).
Samples were prepared using the automated MicroLab STAR® system from Hamilton
Company. A recovery standard was added prior to the first step in the extraction process
for QC purposes. To remove protein, dissociate small molecules bound to protein or
trapped in the precipitated protein matrix, and to recover chemically diverse metabolites,
proteins were precipitated with methanol under vigorous shaking for 2 min (Glen Mills
GenoGrinder 2000) followed by centrifugation. The resulting extract was divided into
five fractions: one for analysis by UPLC-MS/MS with positive ion mode electrospray
ionization, one for analysis by UPLC-MS/MS with negative ion mode electrospray
ionization, one for LC polar platform, one for analysis by GC-MS, and one sample was
reserved for backup. Samples were placed briefly on a TurboVap® (Zymark) to remove
the organic solvent. Instrument variability was determined by calculating the median
relative standard deviation (RSD) for the standards that were added to each sample prior
to injection into the mass spectrometers. Overall process variability was determined by
calculating the median RSD for all endogenous metabolites (i.e., non-instrument
standards) present in 100% of the pooled matrix samples. The LC/MS portion of the
platform was based on a Waters ACQUITY ultra-performance liquid chromatography
(UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer
interfaced with a heated electrospray ionization (HESI-II) source and Orbitrap mass
analyzer operated at 35,000 mass resolution. The sample extract was dried then
reconstituted in acidic or basic LC-compatible solvents, each of which contained 8 or

more injection standards at fixed concentrations to ensure injection and chromatographic
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consistency. One aliquot was analyzed using acidic positive ion optimized conditions
and the other using basic negative ion optimized conditions in two independent injections
using separate dedicated columns (Waters UPLC BEH C18-2.1x100 mm, 1.7 pum).
Extracts reconstituted in acidic conditions were gradient eluted from a C18 column using
water and methanol containing 0.1% formic acid. The basic extracts were similarly eluted
from C18 using methanol and water, however with 6.5mM Ammonium Bicarbonate. The
third aliquot was analyzed via negative ionization following elution from a HILIC
column (Waters UPLC BEH Amide 2.1x150 mm, 1.7 um) using a gradient consisting of
water and acetonitrile with 10mM Ammonium Formate. The MS analysis alternated
between MS and data-dependent MS2 scans using dynamic exclusion, and the scan range
was from 80-1000 m/z. The samples destined for analysis by GC-MS were dried under
vacuum for a minimum of 18 h prior to being derivatized under dried nitrogen using
bistrimethyl-silyltrifluoroacetamide. Derivatized samples were separated on a 5%
diphenyl / 95% dimethyl polysiloxane fused silica column (20 m x 0.18 mm ID; 0.18 um
film thickness) with helium as carrier gas and a temperature ramp from 60° to 340°C in a
17.5 min period. Samples were analyzed on a Thermo-Finnigan Trace DSQ fast-
scanning single-quadrupole mass spectrometer using electron impact ionization (El) and
operated at unit mass resolving power. The scan range was from 50—750 m/z. Raw data
was extracted, peak-identified and QC processed using Metabolon hardware and software
foundations for informatics components were the LAN backbone, and a database server
running Oracle 10.2.0.1 Enterprise Edition. Compounds were identified by comparison to

library entries of purified standards or recurrent unknown entities based on authenticated
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standards that contains the retention time/index (RI), mass to charge ratio (m/z), and
chromatographic data (including MS/MS spectral data). Following log transformation
with the minimum observed value for each compound, Welch’s two-sample t-test was

used to identify biochemicals that differed significantly between experimental groups.

Evaluating mRNA expression using Oncomine.

A search was conducted within Oncomine™ (www.oncomine.com) for “Hepatocellular
Carcinoma”. A filter for studies that reported expression of ACC1 (ACACA) and ACC2
(ACACB) was then applied. Studies that reported mRNA expression data for both HCC
and non-cancerous liver tissue were identified, resulting in 3 independent studies which
encompassed data from a total of 327 HCC and 386 non-cancerous liver samples. One
study contained clinical data for HCC grade for each sample, so this data was also used in
a separate analysis to compare mRNA expression by tumor grade. All mMRNA expression
values were converted from Log to linear scale, then mRNA expression of HCC tissue
was expressed as fold-difference from the non-cancerous liver within each individual
study. Linear fold-expression values from the individual studies were pooled to allow

overall comparison of mMRNA expression in HCC compared to non-cancerous tissue.

Cell culture
Primary mouse hepatocytes were isolated according to an established protocol?”®, seeded

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 4.5 g/L glucose,
10% fetal bovine serum, 1 uM dexamethasone, and 100 nM insulin for 4 h, and cultured

overnight prior to experiment in DMEM with 4.5 g/L glucose and 10% fetal bovine
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serum. For protein acetylation experiments, primary hepatocytes were treated with
nicotinamide (NAM) at 5 mM for 24 h. For insulin stimulation experiments, hepatocytes
were cultured in serum-free DMEM with 1 g/L glucose, 0.2% bovine serum albumin, 100
nM dexamethasone and no insulin for 3 h prior to addition of insulin for 10 min. DMSO
was used as vehicle control. For metabolic characterization experiments, hepatocytes
isolated from an adult wildtype C57BL/6J mouse and cell lines were cultured overnight
prior to experiment in DMEM with 4.5 g/L glucose and 10% fetal bovine serum. For cell
viability assays, cells were seeded at 2000 cells/well in 96-well plates. After 120 hours of
treatment with compounds, viability was measured by addition of thiazoyl blue
tetrazolium bromide (MTT) reagent. Formazan crystals were solubilized in 0.1%NP40 in
acidified isopropanol and absorbance read at 590/620nm?"4, For experiments testing the
effects of DEN in vitro, primary hepatocytes were isolated from 2 week-old Flox and
LDKO mice and seeded at 3x10° cells/mL. Four hours after isolation, the media was
changed to DMEM supplemented with 1 g/L glucose, 0.2% bovine serum albumin, 100
nM dexamethasone, and 1 nM insulin. The next day, the cells were treated with vehicle
or 1 mM glutathione monoethyl ester (GEE; cell-permeable glutathione precursor)
(Bachem H-1298) for 1 hour, then vehicle or 50 uM diethylnitrosamine (DEN) was

added. Cells were harvested 24 hours after DEN treatment for Western blotting.

In vitro metabolic substrate competition assays and enzyme activity assays

Substrate competition assays were performed on monolayered hepatocytes (20,000
cells/cm2) in Krebs-Ringer Phosphate buffer (1.2 M NaCl, 6 mM Na2HPO4, 60 mM

KCI, 4 mM NaH2PO4, 12 mM MgS04, 125 mM HEPES pH7.4, 10 mM CaCl2)
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supplemented with non-labeled substrates: 50 UM acetate, 5mM glucose, 0.5mM
glutamine, 125 uM palmitate and 1 mM carnitine, and one of the following radioactive
labeled substrates: 10 uCi/mL **C-acetate (de novo lipogenesis), 10 pCi/mL 3H-glucose
(glycolysis) or 2 uCi/mL *C-palmitate (fatty acid oxidation). Cells were incubated in
sealed wells at 37°C for 1.5 h. Lipids were extracted by the Folch method®’ and analyzed
by scintillation counting or thin-layer chromatography to measure de novo lipogenesis.
Palmitate oxidation was determined by acidifying each well with 2 M perchloric acid and
trapping carbon dioxide in 2 M NaOH in a small tube placed in the well. Acid soluble
14C-labeled metabolites were extracted by centrifugation to determine incomplete
palmitate oxidation. Glycolysis was measured by scintillation counting 3H-glucose that
was converted to 3H-H,0 using the diffusion equilibrium method. Measurements of the
activity of oxidative enzymes involved in metabolism and mitochondrial function were

performed as described previously?'?.

Seahorse Extracellular Flux assays

Measurement of oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of cells during a mitochondrial stress test was performed using a Seahorse XF-
24 Flux Analyzer (Seahorse Biosciences) as we have previously described?’427,
Mitochondrial spare respiratory capacity represents the difference between the maximal
oxygen consumption rate upon addition of the mitochondrial uncoupler BAM15?° and the

basal oxygen consumption rate at minute 18 before addition of Oligomycin.
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Acetyl-CoA measurements

Acetyl-CoA levels were measured by mass spectrometry using methods described in
Refs. 276277 For quantification in mouse liver, tissue pieces (40 mg) were homogenized in
500 pL ice-cold isolation media (250 mM sucrose, 10 mM Tris-HCl and 1 mM EGTA),
and centrifuged at 800 x g for 5 min at 4°C to pellet cell debris and nuclei.

Cleared cell lysate was centrifuged at 10,000 x g for 10 min at 4°C to obtain a pellet
enriched in mitochondria. Pellets were resuspended in 1 mL of 6% perchloric acid, and
the supernatant (cytoplasm and microsome) fraction was mixed with an equal volume of
12% perchloric acid. *3C-3-malonyl-CoA (0.5 uM final) was added as a recovery
standard. After centrifugation and ultracentrifugation of extract, supernatant was applied
to a solid-phase extraction column (Oasis HLB 1 cc-30 mg, Waters) preconditioned with
acetonitrile then milliQ water. Bound acyl-CoAs were washed with milliQ water, eluted
with acetonitrile, dried under nitrogen gas at 37°C, and resuspended in 120 pL of solvent
A (2% ACN, 10 mM ammonium acetate, 5 mM acetic acid, 10 mM DIPEA) and
analyzed by HPLC-MS. Analyses were performed using a triple quadrupole mass
spectrometer (AB-Sciex 4000 Q-Trap) coupled to a Shimadzu LC-20AD LC system
equipped with a Supelco Discovery C18 column (50 mm 2.1 mm 5 um bead size)
integrated with a precolumn (4 x 4 mm). A binary solvent system (total flow 0.25
mL/min) was used that consisted of the following solvents, A: 98.6% H20, 2%
acetonitrile, 5 mM acetic acid, 10 mM N,N-Diisopropylethylamine, 10 mM ammonium
acetate; B: 75% acetonitrile, 25% solvent A. Chromatographic runs started at 100% A for
1 min, a linear gradient to reach 100% at 3.5 min, then 100% B for 2 min, and finally

100% solvent A for 2.5 min (8 min total). Column temperature was set to 30°C and the
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flow rate was 0.5 mL/min. Measurements were carried out in positive mode using
previously published transitions for acetyl-CoA (m/z 857.2 — m/z 350.2) and **C-
malonyl-CoA (m/z 810.4 — m/z 303.2)?"®27" ysing the following settings (DP, EP, CE,
CXP, in volts: 91, 10, 43, 8; 106, 10, 41, 10; 116, 10, 43, 10). Quantification was carried
out by measuring peak areas using the software Analyst 1.5.1 that were corrected for

recovery using **C-malonyl-CoA as an internal standard.

Acetylation proteomics

Sample preparation

Liver tissue was dounce homogenized in 9 M Urea with addition of complete EDTA-free
protease inhibitor cocktail (Roche), 10 mM nicotinamide, and 50 mM butyric acid. After
sonication on ice for 30 seconds, lysates were centrifuged at 10,000 x g and assayed for
protein content using the BCA method. Protein extracts were reduced with 5 mM DTT
and alkylated with 15 mM iodoacetamide. A 2.5 mg aliquot of protein from each sample
was diluted 5-fold with 50 mM Tris pH 8.2 and digested overnight with trypsin
(Promega) at 37°C. The resulting peptides were acidified to pH 2 with trifluoroacetic acid
(TFA) and desalted (but not eluted) using a tC18 SepPak cartridge (Waters) prior to on-
column isotopic labeling of primary amines by reductive demethylation?’8. After
desalting, 5 mL of labeling reagent (light: 0.4% CH20, 60 mM NaCNBH3 in 0.5 M MES
pH 5.5, heavy: 0.4% CD20, 60 mM NaCNBD3 in 0.5 M MES pH 5.5) was passed
through the column at approximately 0.5 mL/min. The reaction was quenched by 15
column volumes of 1% TFA, washed with 0.5% acetic acid. Labeled peptides were eluted

and mixed in a 1:1 ratio for further analysis. Immediately after mixing heavy (+34.0689
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Da) and light (+28.0313 Da) peptides, a 100 pg aliquot was removed for quantitative
analysis of the unmodified proteome and dried by vacuum centrifugation. Peptides were
resuspended in 0.1% NH4O0H and fractionated in step-wise format with increasing
concentrations of acetonitrile on microfilters constructed in-house using pH-resistant
SDB-XC reverse phase chromatography material (3M Empore)?’®. Eluates were dried by
vacuum centrifugation and stored at -20°C prior to further analysis. Labeled peptides
containing acetylated lysines were enriched after mixing by immunoaffinity purification.
Briefly, 4.9 mg of dried peptides were resuspended in 50 mM MOPSNaOH pH 7.2, 10
mM Na2HPO4, 50 mM NaCl and incubated overnight at 4°C with pre-conjugated acetyl-
lysine antibody (Immunechem). Immunoprecipitates were washed four times and eluted
with 0.15% TFA. Acetylated peptides were desalted and fractionated in a stepwise format
with increasing concentrations of NHsHCO3 using microfilters constructed in-house
using SCX material (3M Empore). Eluates were desalted, dried, and stored at -20°C prior

to further analysis.

LC-MS/MS and data processing

Samples were subjected to reverse phase liquid chromatography on an EASY nLC
(Thermo) equipped with a 40 cm x 75 um column packed in-house with 1.9 mM Reprosil
C18 particles (Dr. Maisch) and online analyzed by tandem mass spectrometry in a Q-
Exactive (for unmodified peptides, 90 min gradients) or an LTQ Orbitrap Velos (for
acetylated peptides, 120 min gradients). Mass spectra were acquired using a data

dependent acquisition method (twenty most intense precursors selected for
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fragmentation) with dynamic exclusion (30 seconds). Raw spectra were converted to
mzXML open data format and searched using Sequest against a concatenated forward
and reverse version of the Uniprot mouse protein sequence database (v11/29/2012),
digested with trypsin and allowing for up to two missed cleavages. Peptide mass
tolerance was 50 ppm. Fragment ion tolerance was 0.36 for LTQ-Orbitrap-Velos data and
0.01 for Q-Exactive data. Carbamidomethylated cysteine (+57.021464), dimethylated
lysine (+28.0313), and dimethylated peptide N-terminus (+28.0313) were searched as
fixed modifications. Oxidized methionine (+15.994915), heavy dimethylated lysine
(+6.03766), and heavy dimethylated peptide N-terminus (+6.03766) were searched as
variable modifications in all cases. For acetyl-lysine enriched samples, an additional
variable lysine modification was used: +13.97926, which corresponds to the difference
between an acetyl group (+42.0105) and the fixed dimethyl group (+28.0313). This
accounts for the fact that a lysine can be acetylated or dimethylated, but not both.
Identified peptides were filtered to a false discovery rate of <1% and allowing only
peptides that were correctly labeled and a minimum of 7 amino acids in length.

For protein analysis, peptides were additionally filtered to a protein level FDR of <1%. In
general, because acetylation events cause missed cleavages to occur yielding only one
possible lysine candidate, site localization was not an issue. Nevertheless, localization
scores and site refinement were performed using an in-house implementation of the
Ascore algorithm?® where an Ascore >13 equates to p <0.05. Maximum peak intensities
and heavy-to-light (H/L) ratios for identified peptides were calculated using an in-house

peptide quantification algorithm. To be considered for quantitation, we required a peptide
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signal to noise ratio >5. For most peptides (>90%), both light and heavy isotope
intensities were measured. If only one isotope was measured, a ratio was calculated
between peptide intensity and local noise. When more than one peptide was measured,
the average H/L ratio was computed. For protein quantitation, H/L ratios for peptides
mapping to the same protein were averaged. Similarly, for acetylation site quantitation,
H/L ratios for peptides mapping to the same site were averaged. Resulting datasets were
log transformed. To control for mixing error, both the acetylation site data and protein
data were normalized to the median protein ratio. Finally, acetylation site quantifications
were individually corrected for changes in its respective protein by subtracting the log:

ratio of the parent protein from the acetylation site ratio.

Bioinformatics

Statistical analysis was performed in R version 2.15.2. For subcellular compartment
analysis, protein identifications were mapped to Gene Ontology Cellular Component
terms using gene sets from the Molecular Signatures Database MsigDB?8!, For
mitochondrial protein analysis, the mouse MitoCarta database?®? was converted to
Uniprot identifiers and used to assign high confidence mitochondrial proteins to the
datasets. Metabolic pathways and proteins were manually curated from IlUBMB-
Nicholson metabolic pathway diagrams (http://www.iubmb-nicholson.org), and plotted
according to log: fold change using Cytoscape v2.8.3 283, Functional enrichment analysis

was performed using DAVID bioinformatics resources v6.7 28,
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Acetylated proteins were queried for enrichment against a background containing all

proteins found in the proteome dataset.

Statistical analyses

Results are presented as mean + standard error of the mean (SEM) and compared by two-
tailed parametric student’s t-test unless otherwise indicated. For male DEN-treated
C57BL/6 mice, group results are presented as mean + standard error of the mean (SEM)
and compared by one-way ANOVA followed by Fisher’s PLSD post-hoc test. Tumor
burden (mm?) and multiplicity values were log.-transformed to stabilize group variance,
which is appropriate when standard error is proportional to changes in the mean. One-
way ANOVA and Fisher’s PLSD post-hoc tests were performed on the logz-transformed
data. Scatter plots were analyzed by linear regression to determine line of best-fit,
followed by Pearson’s correlation analysis to measure the correlation coefficient between
two variables. Statistical significance was accepted at p <0.05. Statistical analyses were

performed using GraphPad Prism v6.00.
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Gene Forward [3'-3') Rewverse [5'-3')
Acaco GTCTECTGGEAAGTTAATCOCAG TCCTGCAGCTCTAGCAGAGS
Acach ACAGAGATTTCACCGTCGCGT CECAGCGATGCCATTGT
Afp COCGCTTCCCTCATCC GAAGCTATCCCAAACTCATITTCG
Cd3s GATGACGTGECAAAGAACAG TCCTCGEGEGETOCTEAGTTAT
Cptla TTEGGCCEETTGCTGAT GTCTCAGGGCTAGAGAACTTGGAR
CypA CEATGACGAGCCCTTGE TCTGCTGTCTTTGGAACTTTETE
Fotp5 GQCACCTTCTGACCCAGTACT GTAAGCAGCCAAGEAATCCA
Gape CCGGATCTACCTTGCTGCTCACTTT  TAGCAGGTAGAATCCAAGOGLLARALC
Gepd AAGAAGCCTGGCATGTTCTT GAAGCCCACTCTCTTCATCA
Gk COCTGAGTGECTTACAGTTC ACGGATGTGAGTGTTGAAGT
Mcod GCAGGTTTCAAGATCGLAATG TEAMACTCCTTGGTGCTCCACT
Pk CACATGCTCTTOGAACTCTTCAAG TEATTETAAGGTCTTCTTTTCCCAAG
Ppargclo COCTGCCATTGTTAAGAC TECTGQCTGTTCCTGTTTT
Ppara TECAAACTTGEACTTGAACG AQGAGEACAGCATOGTGAAG
Pparg GATGCAAGGETTTTTTCCGAAG CAAGGCACTTCTGAAACCGACA
Srebplc CETCTECACSCCCTAGG CTEGAGCATETCTTCAAATGTG
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